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FOREWORD

Nuclear analytical techniques, and related isotopic tracer methods, are already 
well established as important tools in a wide variety of different kinds of environ
mental studies. They provide a wealth of information — some of which may be dif
ficult or impossible to obtain by any other means — on sources, pathways and effects 
of many environmental pollutants that are now considered to have a negative impact 
on human health. Work of this kind has been supported in one way or another by the 
IAEA for almost the whole of its history, which now stretches back for 40 years.

One of the particular strengths of nuclear methods is in analytical quality 
assurance, including the validation of analytical methods and the development of new 
analytical reference materials. These methodologies are therefore helping to harmo
nize the data produced not only by nuclear techniques themselves, but also by other 
non-nuclear methods of analysis. They are thus playing an important role in the appli
cation of newly emerging quality management and quality assurance standards (e.g. 
ISO-25 and ISO-9000) in environmental analytical laboratories. At the same time 
they are helping to meet some of the goals of Agenda 21, of the United Nations 
Conference on Environment and Development, relating to the monitoring and control 
of environmental pollutants.

The aim of this symposium was to provide an international forum for discus
sion of these topics. Its programme covered a wide variety of applications of nuclear 
(and related) analytical techniques (mainly neutron activation analysis, energy dis
persive X ray fluorescence, particle induced X ray emission and inductively coupled 
plasma-mass spectrometry) as used in the study of air particulates, solid waste 
products, sediments, food, water, human tissues, biomonitors and other kinds of 
environmental samples. Overall it may be concluded that, although some of the 
techniques under consideration may no longer be regarded as particularly new, they 
still have an important role to play in providing high quality environmental analytical 

* data.
The host institute for the symposium was the National Centre for 

Compositional Characterisation of Materials (NCCCM), Bhabha Atomic Research 
Centre, Hyderabad, India. The IAEA would like to express its thanks to the Director 
of the NCCCM, S. Gangadharan, as well as to the Government of India, for their 
assistance in providing the facilities for this symposium, which was attended by 
77 participants and 12 observers from 31 countries.
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NUCLEAR ANALYTICAL TECHNIQUES 
Strong and weak points, 
obstacles and opportunities

JJ.M. de GOEIJ, P. BODE 
Interfaculty Reactor Institute,
Delft University of Technology,
Delft,
Netherlands

Abstract

NUCLEAR ANALYTICAL TECHNIQUES: STRONG AND WEAK POINTS, OBSTACLES 
AND OPPORTUNITIES.

A survey is presented of various nuclear analytical techniques (NATs), particularly in 
relation to applications in environmental and related life sciences studies. The type of informa
tion attainable as well its typical features in terms of strong and weak points are discussed 
against the background of non-nuclear techniques. The features are: (a) the underlying 
physically different basis for the analysis; (b) isotopic rather than elemental measurement; 
(c) mostly no effect of electrons and molecular structure; and (d) the penetrating character of 
nuclear radiation. The main obstacles for the appropriate use of NATs are lack of adequate 
information on their potentials and lack of typical examples. These obstacles have become 
worse because of the liberal policies of acceptance of articles by editors and referees. 
Furthermore, various practical problems and constraints in the application of NATs may also 
act as obstacles. Guidelines are given to overcome these obstacles and increase oppor
tunities for NATs to be used in niche areas in the analytical market where they can yield 
valuable or even unique analytical information on environmental and related life sciences 
studies.

1. INTRODUCTION

The environment and related life sciences have become topics of growing con
cern, demanding an increasing amount of investigation, both fundamental and 
applied. Although the majority of analyses are performed using non-nuclear tech
niques, nuclear and related isotope tracer techniques have become well established 
and important tools, complementing non-nuclear methods. These nuclear analytical 
techniques (NATs) provide a wealth of information — some of which is difficult or 
impossible to obtain by other means — on, for example, the sources, pathways and 
effects of many environmental pollutants that are now considered to have a negative 
impact on biota and, in particular, on human health.

3
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Before discussing nuclear analytical methods, a definition should be given of 
the word ‘analytical’. Traditionally, an analysis may be qualitative (is the analyte pre
sent?) or quantitative (how much of the analyte is present?). Since analytical tech
niques — both nuclear and non-nuclear — have gradually reached quite low detec
tion limits, the qualitative aspect of analysis has actually lost its importance. On the 
other hand, the question ‘how much’ — or, more appropriate for environmental and 
related life sciences studies, ‘how few’ — of a given analyte is not always sufficient. 
Sometimes additional information on the analyte is required to obtain a proper insight 
of, for example, chemical form, spatial distribution, structure, kinetic behaviour, 
and/or reaction mechanism. Within the framework of this paper, the term ‘analytical’ 
refers also to obtaining the latter type of information.

2. NUCLEAR ANALYTICAL TECHNIQUES: DEFINITIONS,
UNDERLYING PHYSICAL BASES AND CLASSIFICATION

2.1. What are NATs? The narrow definition

Members of the public and also many scientists associate NATs primarily with 
ionizing radiation, involving health risks and special precautions. Moreover, these 
NATs are quite often associated with large and expensive nuclear instrumentation, 
such as nuclear reactors or cyclotrons, which are only available at specialized insti
tutes. This association implies that the focus is on those NATs which deal with 
nuclear excitations, electron inner shell excitations, nuclear reactions, and/or radio
active decay, e.g. instrumental neutron activation analysis (INAA), radiochemical 
neutron activation analysis (RNAA), particle induced X ray emission (PIXE), X ray 
fluorescence (XRF) and radiotracer studies. On the other hand, mass spectrometry 
and nuclear magnetic resonance (NMR), which do not involve ionizing radiation and 
are quite often performed as ‘in house’ techniques, are consequently not directly 
considered as NATs.

2.2. What are NATs? The broad definition

In principle, nuclear techniques are based on the properties of the nucleus itself, 
as compared with non-nuclear techniques which use the properties of the atom as a 
whole, primarily governed by properties of the electrons arranged in shells. However, 
fundamentally as well as practically no sharp line can be drawn between nuclear and 
non-nuclear techniques. Mass spectrometry deals with ionized atoms, and rarely with 
the bare nucleus; however, the signal is determined by the mass differences of the 
nucleus. In this survey mass spectrometry will be considered as a nuclear technique.



IAEA-SM-344/15 5

Some NATs are based not only on nuclear properties, but on a combination of nuclear 
and electronic properties, either within a single technique, or within a ‘hyphenation’ 
of two techniques.

Examples of the first category are NMR and Mossbauer spectrometry, where 
the nuclear signal is fine tuned by the electron energy levels, also giving information 
on the chemical state. Examples of the second category are modem chemical 
separation methods coupled to radioactivity detection or mass spectrometry. PIXE, 
as one of the varieties of ion beam analysis, deals with electron shell ionization and 
thus is formally a non-nuclear technique. However, since PIXE requires almost 
the same equipment as other varieties of ion beam analysis, it is mostly incorporated 
in the domain of the nuclear physicist and practically it is considered here as a 
nuclear technique. To a lesser extent this is also the trend for the various new modes 
of XRF.

Whereas in non-nuclear techniques isotopes of the same element generally can
not be distinguished, in nuclear techniques they can, and actually specific isotopes are 
measured instead of elements, generally consisting of a mixture of two or more iso
topes. However, since poly-isotopic elements have constant isotope ratios, direct 
quantitative information on the associated elements is obtained. Since isotopes of a 
given element may be discriminated, analytical information may be obtained by using 
elements enriched in a particular stable isotope or labelled with a radioisotope, e.g. in 
isotope dilution analysis. In addition, isotope studies may also yield kinetic and 
mechanistic information. Both nuclear and isotope techniques will be included in the 
term ‘nuclear analytical techniques’ (NATs).

2.3. Physical basis and classification of NATs

Nuclear parameters which serve as a basis for NATs are mass, spin and magnet
ic moment, excited states and related parameters, and the probability of nuclear reac
tions. When dealing with a radioactive isotope, the properties of half-life and the 
types and energies of the emitted radiation are also involved. Table I provides a survey 
of NATs grouped into nine categories, together with the main type of information 
generally obtainable within each category. It should be noted that categories overlap, 
and that some NATs may be listed in more than one category.

The survey focuses on ‘established’ NATs only, i.e. techniques which have been 
used and proved to be useful in the field of environmental and related life sciences 
studies. Nuclear techniques which have only rarely been used as analytical tools 
are considered as ‘not established’ NATs so far. These comprise, for instance, 
analysis via perturbed angular correlations, analysis via positronium chemistry, 
or via muon spin resonance. For the underlying nuclear and other physical principles 
of the various ‘established’ NATs, the reader is referred to textbooks and review 
articles.
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TABLE I. CLASSIFICATION OF NATs BY CATEGORY

Category Main types of information obtainable3

Mass spectrometry 1,3
Ion beam analysis 1, 2
Nuclear magnetic resonance spectrometry 1,2, 3,4
Mossbauer spectrometry 1 ,3 ,4
Neutron scattering and diffraction 3 ,4
Activation analysis 1
Isotope dilution and related analyses 1,3
Stable isotope and radiotracer studies 1,2, 3, 5,6
Direct radioactivity determinations 1

a 1 : Quantitative information (mass or concentration); 2: spatial information (lateral or depth 
distribution); 3: species information (chemical and/or physical form); 4: structural infor
mation (electronic and/or structural); 5: kinetics; 6: reaction mechanisms.

3. NUCLEAR ANALYTICAL TECHNIQUES: GENERAL FEATURES,
STRONG AND WEAK POINTS

Within the world of nuclear physicists and most users of NATs it is now well 
agreed that nuclear and non-nuclear analytical techniques should be viewed as being 
complementary, rather than competitive. 1 This means that in this survey the main 
attention is focused on features of NATs as strong points, as additional analytical 
possibilities to those of non-nuclear techniques, rather than on features of NATs that 
fall short as compared with non-nuclear techniques.

The typical features of NATs may be grouped into four categories. It is empha
sized that these features can be distinguished, but not always separated or considered 
in isolation. In principle, each of the NATs listed in Table I displays one or more of 
these features. These features are considered in terms of their strong points and, 
where necessary, also their weak points.

3.1. The physically different bases of NATs

Compared with non-nuclear analytical methods, NATs have a totally different 
physical basis for analysis. Moreover, the nuclear parameters vary from element to

1 INTERNATIONAL ATOMIC ENERGY AGENCY, Comparison of Nuclear Analyti
cal Methods with Competitive Ones, IAEA-TECDOC-435, IAEA, Vienna (1987).
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element in a different way as compared with atomic — quite often purely chemical
— parameters of the various non-nuclear analytical techniques. This means that NATs 
create an interesting addition to the analytical possibilities available, since the strong 
and weak points of NATs and non-nuclear techniques are distributed differently over 
the Periodic Table. For instance, about half of the atoms in living cells are hydrogen, 
invisible in X ray structural analysis but very visible using neutron scattering/ 
diffraction and NMR. Examples from molecular biology are: analysis of protein 
crystals; lipid layers of biological membranes; and the dynamics of hydration water 
in proteins.

The underlying principles of NATs ensure that quite often the relationship 
between the analyte and the observed signal can be expressed in an exact, mathemat
ical, physics based equation. Thus, the variables which can affect inaccuracy are iden
tifiable and quantifiable, and contribute to the great accuracy of NATs.

In cases where NATs and non-nuclear analytical methods provide in principle 
the same information, the difference in physical basis between the two methods 
makes NATs well suited as independent methods of reference, particularly taking into 
account the advantages listed in Sections 3.2-3.4. For instance, in most certification 
programmes of trace elements in reference materials for environmental and related 
life sciences, stable isotope dilution analysis and neutron activation analysis (NAA) 
have become indispensable tools.

Finally, NATs may act also as ‘pioneers’ for non-nuclear techniques, disclosing 
analytically new fields of interest. Once the importance of these fields has been 
recognized, efforts will be made to obtain access to them using non-nuclear methods 
as well. A striking example is the present set of immunological assays, which began 
at the time with the radioimmunoassay (RIA) of iodine containing hormones. Now 
there are several competing immunological assays without a radioactive label, e.g. 
enzyme linked immunosubstrate analysis or assays using fluorescent labels. Another 
example is the reliable determination of trace elements at very low levels. Once 
RNAA had disclosed realistic, but rather low, values in environmental and related life 
science materials, non-nuclear techniques have been improved to meet the increasing 
demand for the reliable determination of low levels of trace elements, e.g. of 
chromium and mercury.

3.2. Isotopic analysis rather than elemental analysis

The majority (75%) of elements consist of two or more stable isotopes and have 
several radioactive isotopes. Chemically, all the isotopes behave identically. However, 
the nuclear parameters of the nuclei in the various isotopes of a given element differ, 
and thus their responses also differ in NATs. These characteristics enable tracer 
experiments to be carried out, where the tracer and ‘tracee’ (the compound to be
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traced) behave in a similar manner chemically, but differently in nuclear-physical 
terms, so that the tracer and tracee can be distinguished.

This principle is the basis of various NATs, e.g. isotope dilution analysis and 
RIA. It is also the basis for tracer studies with radioisotopes or with isotopically 
enriched stable tracers to obtain information on spatial, temporal, kinetic and 
mechanistic aspects, these aspects being rather important in the field of environmen
tal and related life sciences. Tracers (labelled compounds) are used in the study of 
many chemical, biochemical, and biological processes and methods, providing an 
additional dimension to non-nuclear analytical methods. For instance, the use of 14C 
and 3H (measurement via their radioactivity), 1 5N, 180  and 2H (measurement 
via mass spectrometry) and 1 3 C, 170  and *H (measurement via NMR) as a label in 
a variety of organic compounds has contributed substantially to the increase of 
knowledge on reaction mechanisms and kinetics.

Natural radionuclides, and to a lesser extent human-made radionuclides, pro
vide information on various processes not only in the laboratory but also on a global 
scale. For instance, measurement of the cosmogenic radionuclide 14C provides 
information as to pathways of carbon dioxide in the global environment, and the 
results may discriminate between carbon dioxide from the burning of recent biomass 
and that of fossil fuel. Radioactivity releases from sources of natural radioactivity 
(e.g. phosphate fertilizer plants) and nuclear fuel reprocessing plants have been used 
to study the movement of sea water and sediments as well as sedimentation rates. 
Similarly, fall-out of natural radionuclides (e.g. 7 Be, 22Na and 2 1 0 Pb) and artificial 
radionuclides (e.g. 137Cs and 1 3 1I) have been useful in the study of processes in lower 
and higher layers of the atmosphere.

The fact that with NATs specific isotopes are measured rather than elements 
needs a caveat. Normally the isotope ratios of elements are identical for samples 
and standards. Thus, isotopic analysis is also direct elemental analysis. However, 
some elements may be artificially enriched or depleted with respect to a particular 
isotope. This is the case for Li, В and U, and one should be prepared for such 
deviations.

Using radiotracers, the radioactivity signal is only indicative for the tracee, 
when the specific activity (the ratio between radiotracer and tracee) is constant in time 
and uniform over space. However, this ratio can easily change owing to exchange 
with non-labelled pools of the tracee in the system under study. Determination of 
specific activities and compartmental modelling may be useful tools in handling 
this problem. A comparable warning and solution applies to the use of stable enriched 
isotopes as tracers.

It has been mentioned that, chemically, isotopes (stable or radioactive) of an 
element behave identically. This is true, except for small and generally negligible 
differences owing to so-called isotope effects. Particularly with light elements 
and with ‘multistep’ environmental and biological processes, a slight isotopic
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fractionation may occur which can be revealed by mass spectrometry. The occurrence 
of fractionation in the ratios of, for example, 1 2 C/1 3 C, 1 6 0 /180  and has
successfully been used for the study of reaction mechanisms and kinetics in some 
branches of the environment and related life sciences. However, these fractionations 
are generally too small to be a cause of error in the application of NATs, except in 
some cases when dealing with 2H and 3 H.

About 25% of all stable elements are mono-isotopic, which does not permit 
work with isotopically enriched elements. Many elements do not always have 
radioisotopes with a suitable half-life and/or emitted radiation to work with. 
Sometimes there is also the problem that the necessary isotopically enriched elements 
and radioisotopes are not commercially or otherwise available, or do not meet the 
required specifications. Moreover, these materials are quite often not used as 
elements, but have to be incorporated in specific compounds.

3.3. No effect (or a limited effect) of the electronic and molecular structure

In many non-nuclear analytical techniques, the signal relevant for detection 
depends on the chemical state of the analyte and, consequently, the occurrence of an 
analyte in more than one chemical and/or physical state may act as an interference, 
leading to erroneous results. Since the nucleus is rather insensitive for such effects, 
NATs are in principle not sensitive either. This contributes — in addition to the dif
ferent nuclear-physical base — to the possibility of, for example, activation analysis 
as a method of reference.

On the other hand, this insensitivity is also a serious drawback, since particu
larly in the environment and related life sciences quite often information on a particu
lar form of an element is required, e.g. methylmercury rather than total mercury. 
Therefore, a number of NATs consist of hyphenated systems, e.g. chemical 
separation methods coupled to, for example, radioactivity detection or mass spectro
metry. Generally in these methods the chemical (e.g. biological, physiological, 
biochemical) part ensures selectivity, while the nuclear part ensures detectability and 
sensitivity.

In some NATs there are specific interactions (couplings) between the energy 
levels of the electrons and nuclei. Although such interactions are rather weak, they 
may occasionally provide interesting possibilities for information on electronic and 
molecular structures. This is the case for analysis via the Môssbauer effect and via 
NMR. In particular, the latter technique has gained substantial importance for struc
tural analysis, since some of the constituent elements in organic materials have suit
able nuclei, e.g. !H, 13C and 3 1 P. However, it should be noted that only a part of the 
nuclei is suited for NMR, and the Môssbauer effect can only be applied to a rather 
limited number of nuclei.
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In most NATs the excitation and de-excitation signals penetrate through matter, 
thereby enabling non-invasive measurements without disturbing the processes to be 
studied. This is the case where radio waves and a magnetic field (NMR), neutrons 
(neutron scattering/diffraction, NAA) and gamma radiation (activation analysis, 
Mossbauer spectrometry, radiotracer investigations and radioisotope dilution 
analysis) are used.

Important examples of non-invasive measurements of organisms are: 
magnetic resonance imaging (MRI), single photon emission computed tomography, 
in vivo NAA, NMR localized spectroscopy, and positron emission tomography 
(PET). The first two methods have proven to be very useful for routine application in 
medical diagnosis, while the third method is also applied in diagnosis, but much less 
frequently. The last two methods have been shown to be extremely useful in physio
logical studies. For instance, PET with n C or 18F labelled compounds has provided 
much insight into various metabolic and pharmacological processes, particularly in 
the otherwise rather inaccessible brain. Another non-invasive example is measure
ment of natural or artificial radioactivity on the basis of gamma emission, e.g. in cases 
of internal contamination.

However, as a weak point it should be mentioned that not all NATs 
possess the penetrating character of nuclear radiation. For instance, ion 
beam analysis scattering methods, charged particle activation analysis, 
XRF and beta counting deal with a relatively short range in matter, which implies 
relatively small samples and analyses of surface and near surface layers only. 
For the measurement of alpha radiation, a chemical separation of the emitter is 
necessary.

4. OBSTACLES TO AND OPPORTUNITIES FOR NATs

It is obvious that opportunities for NATs should primarily be sought among 
those problems and questions where they can provide valuable or even unique 
information. However, it appears that the share of NATs in the analytical market 
is not so high as their potential would justify. This is not fully understood, and 
there are two main causes for this. First, there is a lack of adequate information 
on and typical examples of NATs for target groups. Second, various practical 
constraints and problems are present when using NATs. Both causes act as obstacles 
which were hitherto not discussed much, since they are not directly related 
to the principles of the techniques. The obstacles will be discussed, as well as 
the guidelines to counteract them, thus strengthening the opportunities for 
their use.

3.4. Penetrating character of nuclear radiation
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‘Unknown, unloved’ and ‘example is better than precept’ are two English 
expressions. They are also relevant to the use of NATs, indicating implicitly obstacles 
and opportunities. It is evident that for many analytical problems where NATs may be 
a way out, the researchers involved are not well aware of the potentials, indicating 
inadequate education and knowledge on NATs.

Unfortunately, publications dealing with NATs are mostly not very educational 
or stimulating. For instance, rarely is a NAT justified as a technique of choice. Often 
the results and conclusions would not differ at all if a non-nuclear analytical 
technique was used instead. This does not give the readers — mostly uninformed of 
the potential of NATs — an adequate view as to the features and sometimes unique 
possibilities. The level of acceptance of articles by journal editors and referees is 
generally rather liberal and certainly does not stimulate laboratories to use NATs for 
appropriate problems.

The following guidelines appear necessary as a kind of remedy, addressed to 
various target groups: nuclear physicists developing and applying NATs, researchers 
from various fields in the environment and related life sciences, editors and referees 
of scientific journals, and educational institutes:

— For a proper application of NATs the first requirement is dissemination of 
information on them to scientists from the relevant fields of application, as well 
as to scientists from the analytical field. Education and information should be 
clear, realistic and fair to other, non-nuclear, methods as well. Thus, no adver
tising of NATs as a panacea is necessary, nor should practical problems and 
constraints be ignored as has unfortunately been done in the past.

— The second requirement is that NATs should be performed at the current state 
of the practice; many applications and methods presented years ago may 
receive a new life when modem types of radiation sources, detectors, chemical 
separations and/or software are used. Although NATs have good prospects for 
analytical quality, this must actually be demonstrated. To be successful, they 
should not be taken as they are available from the literature, but always adopted 
to the specific problem at hand. Thus, the development and application of NATs 
often require scientific and interdisciplinary co-operation.

— Finally, NATs should be applied in a meaningful way to realistic problems, 
where they yield information which cannot be obtained very easily using other 
techniques. Thus, NATs should be balanced as much as possible with other 
methods and, if necessary, they should be combined with non-nuclear tech
niques. Therefore, nuclear physicists should develop an interest in and some 
knowledge of environmental and related life sciences fields, as well as of 
non-nuclear analytical techniques. The application of NATs should not only be

4.1. Lack of adequate information and typical examples
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published in journals dealing with nuclear sciences, but also in journals related 
to the relevant fields of environmental and related life sciences.

4.2. Practical problems and constraints

Various practical problems and constraints constitute a barrier to the appropri
ate use of NATs. These will be discussed below as obstacles, and where possible sug
gestions will be presented. The guidelines are addressed to various target groups: 
boards of nuclear research institutes, nuclear physicists developing and applying 
NATs, researchers from various fields of environmental and related life sciences, and 
governmental institutions.

4.2.1. Aspects of ionizing radiation

One of the perceived constraints is that various NATs deal with ionizing radia
tion. This implies quite often the necessity of a health or safety department, special ' 
measures to handle sources of ionizing radiation, radioactive waste disposal and/or 
special training, all adding up to cost and efforts. This applies, for example, to INAA, 
PIXE, XRF and radiotracer techniques, all used frequently in environmental and 
related life sciences studies. Furthermore, not only has the public become somewhat 
sensitive to ionizing radiation, but also some researchers suffer from a psychological 
barrier to the application of NATs.

The public also considers nuclear physics to be difficult science, secret and 
sometimes even mysterious, with hardly any useful spin-offs except for nuclear 
power and nuclear arms. The rather critical public attitude’ towards radioactivity, 
radiation and nuclear energy has led to less funding of nuclear physics research, 
including the development and application of NATs. Some guidelines are 
as follows:

— Nuclear physicists have an important task to show to both the public and scien
tific communities that nuclear physics is valuable and sometimes indispensable 
through a variety of NATs used in environmental and related life science studies 
for human well being.

— Nuclear physicists should also educate the public as to the real risks of ionizing 
radiation.

4.2.2. Large investments and centralized facilities

Generally, NATs require substantial investments. Although instruments for 
NMR and mass spectrometry are rather expensive, they have found wide application. 
This is due to the fact that these instruments are dedicated to a specific purpose and
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the associated costs can be shared by groups from different organizations. Moreover, 
they do not deal with ionizing radiation, which would require special measures.

Other NATs also require expensive instrumentation, e.g. ion beam analysis, 
neutron scattering/diffraction, activation analysis and accelerator mass spectrometry. 
Particle accelerators and nuclear research reactors play a dominant role here. The 
guidelines are as follows:

— Nuclear ‘machines’ in different institutes should preferably be complementary 
to each other with respect to specifications, options and scope of application.

— A policy to keep nuclear machines available and accessible for students and 
researchers is necessary. This implies shared responsibilities by, and co
operation between, universities, other research institutions and government.

— Nuclear machines should be fully exploited for a variety of purposes. Multi
disciplinary exploitation, and thus reduction of costs per investigation as well 
as the resolution of important problems (including many in the field of the 
environment and the life sciences), has already been shown to be helpful in 
creating support from the general public and/or government. Within this frame
work, partial commercial exploitation is also useful, e.g. silicon transmutation 
doping, INAA and radionuclide production.

4.2.3. User friendly characteristics

Most NATs cannot be purchased as push button technologies. Nuclear reactors 
and particle accelerators are usually built and operated for a variety of purposes, 
not just for NATs. To perform NATs, specific auxiliary equipment and software in 
conjunction with these machines have to be developed, assembled and/or tested 
by the researchers themselves. Moreover, the experimental procedures and complex
ity of results often require substantial support from the technical and scientific staff 
of the nuclear laboratory. Automation of analyses is hardly present in most NATs.

This contrasts with most non-nuclear analytical techniques, where manufac
turers do most of the development work and supply to the market turnkey equipment 
with a high degree of automation and computerization, enabling the analysis of a 
large series of samples at a low price and with user friendly software so that operation 
does not require much skill. Moreover, the turn around times may be short, and in situ 
analysis is quite often feasible. This frame of reference makes scientists interested in 
NATs gradually more demanding, and sometimes rather reluctant to use them. One 
guideline here is as follows:

— In the future development of NATs, attention should be paid to greater automa
tion, computerization and user friendly operation. In particular, standardization 
of software is necessary.
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4.2.4. Aspects of interdisciplinary co-operation

Environmental and related life sciences researchers have to find appropriate 
institutes with the relevant facilities and find the associated scientific staff interested 
in the application of NATs, ranging from interdisciplinary scientific co-operation to 
purely rendering services. This approach implies dependence upon others, inconven
iences and costs for travel and stay elsewhere, not receiving direct answers to analyt
ical questions, loss of confidentiality and/or the need to learn more about the specific 
fields of the partner. All of these aspects may sometimes act as an impregnable 
barrier. Some guidelines:

— A continuous exchange has to occur between researchers in the fields 
of environment and related life sciences on the one hand and experts in 
NATs on the other. This ‘cross-fertilization’ should occur at various levels in 
scientific and professional training, in the practice of science and in 
publishing.

— Once the valuable and sometimes unique potential of NATs is understood 
and accepted — or, even better, experienced — researchers in the field of 
environment and related life sciences will be motivated to cope with the 
‘inconveniences’ mentioned above which are involved in transferring their 
analytical problems and samples to an external laboratory. Experience has 
shown that for most scientists and students in the nuclear field it is an 
attractive feature to implement their activities in other disciplines. In parti
cular, interdisciplinary co-operation may stimulate nuclear scientists 
and students to push themselves to the limits of their NATs and explore new 
potential.

4.2.5. Aspects of continuity

Several nuclear reactors and particle accelerators and associated departments in 
various parts of the world have been closed, while others cannot function at the state 
of the art level because of a shortage of funds. Professorial chairs in the nuclear field 
which became vacant were quite often discontinued, while scientists well trained 
in the nuclear field had to move to other fields.

When considering the further development of NATs, practical problems may 
be expected owing to the retirement of a large number of scientists in the next 
decade, namely those who faced the introduction of semiconductor detectors, 
multichannel analysers and computers. With a few exceptions, groups employ
ing NATs are already dealing with a steadily declining staff, and it is not 
realistic to expect considerable development of NATs. Two suggestions here are 
as follows:
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— ‘Centres of excellence’ can be established by the present generation, where the 
fundamental development of NATs is stimulated, co-ordinated and/or per
formed. However, a prerequisite for success is that the parties concerned must 
demonstrate that investment in young people and new facilities will really have 
a pay-off, i.e. that NATs remain to provide valuable — and sometimes indis
pensable — contributions to progress in various disciplines.

— Related to the topic of rejuvenation of scientists is the aspect of generally poor 
documentation of laboratory expertise. The new generation of scientists 
continuing the work of the older generation has to ensure the proper transfer of 
expertise so that no time and money is lost in starting further improvements of 
NATs.
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Abstract

QUALITY MANAGEMENT SYSTEM AT THE AGENCY’S LABORATORIES IN 
SEIBERSDORF AND VIENNA (RIAL).

Confidence in product quality, in the quality and competence of the manufacturer and in 
the quality of testing and calibration laboratories is a prerequisite for mutual recognition 
between producers and customers both within a country and between different countries. This 
confidence is necessary not only for economic and commercial reasons but nowadays is also 
the basis of the acceptance and credibility of new scientific and technological developments. 
Traceability of measurements and calibrations to basic SI units with accompanying uncertainty, 
traceability of data and data comparability, as required by quality standards, must therefore also 
be the essential ingredients of good science in any laboratory. The best way for a laboratory to 
formally demonstrate its quality, i.e. conformity with quality standards, is to be accredited or 
certified with respect to its entire range of activities. In the case of the Agency’s Laboratories 
at Seibersdorf and Vienna (RIAL), which belong to a large ‘non-profit’ international organiza
tion such as the IAEA, in addition to the reasons mentioned above one has to consider that 
RIAL has the additional and internationally very visible role of transferring nuclear techniques 
and know-how, training scientists, performing measurements and calibrations, and distributing 
its own products on a worldwide scale. Therefore, RIAL also has to serve as a model labora
tory for the Agency’s Member States in quality management in its fields of operation. For all 
these reasons the decision was taken to establish a formal quality system at RIAL. In consid
eration of the wide range of tasks performed in different fields, the ISO standard 9001 was 
selected as the one to be followed in the establishment of the quality system. The approach and 
actions undertaken by RIAL to comply with internationally recognized quality requirements 
are described in the paper.

1. INTRODUCTION

1.1. Mission of the IAEA and its laboratories

The programmes of the IAEA are tailored to promote the transfer of nuclear 
techniques and know-how to developing countries; to foster research and development
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in nuclear energy areas; to assist in assuring the safety of nuclear facilities; to spur the 
exchange of scientific and technical information; and to apply safeguards to nuclear 
materials and facilities. The Agency’s Laboratories at Seibersdorf and Vienna (RIAL), 
which are part of the IAEA’s Department of Research and Isotopes, supports selected 
Agency programmes through experimental and training activities.

1.2. Role of RIAL

The Agency’s Laboratories participate in the implementation of the Agency’s 
programmes in food and agriculture, human health, environmental and earth sciences, 
physical and chemical sciences, radiation protection and safeguards by:

— Providing scientific services such as quality control and chemical and radio
chemical analyses;

— Undertaking research and development related to Co-ordinated Research 
Programmes and technical co-operation projects;

— Training scientists from developing countries in the use of appropriate nuclear 
and related techniques.

In technology transfer the efforts are mainly directed towards those techno
logies which contribute to better human health, to low input and sustainable agricul
tural practices, sustainable industrial development, and environmental monitoring and 
protection. In these efforts the Agency’s Laboratories collaborate with laboratories in 
developing countries which have been identified as focal points for the creation or 
strengthening of national or regional infrastructures in the field of applications of 
radiation and isotopes [1 ].

The activities of the Agency’s Laboratories must be subject to quality assurance 
procedures. These are necessary to provide reliance in the use of data by national and 
regional laboratories as well as to instil confidence in the transferred technologies.

1.3. Organizational structure and main service activities of RIAL

The Agency’s Laboratories are structured into three laboratories which are 
under the direction, co-ordination and administration of a Director (DIR-RIAL). They 
are the FAO/IAEA Agriculture and Biotechnology Laboratory; the Physics, 
Chemistry and Instrumentation Laboratory (PCI); and the Safeguards Analytical 
Laboratory (SAL). Each laboratory has a Head and is divided into Units (led by Unit 
Heads). The support services are aggregated in a service structure called General 
Services and Safety Section (GESS), with a Section Head.

The main activities in the area of scientific/technical services of the three 
laboratories and corresponding Units are:



IAEA-SM-344/2 19

— FAO/IAEA Agriculture and Biotechnology Laboratory

• Soil Science Unit: Responsible for 15N determinations on plant samples to 
study nitrogen fixation; and agronomic evaluation of natural rock phosphates 
for which 32P isotope techniques are routinely used.

• Plant Breeding Unit: A mutation treatment service is provided to plant breeding 
institutes; in vitro and in vivo irradiation with 60Co gamma rays or by fast 
neutrons of different materials.

• Animal Production and Health Unit: Adaptation, development and transfer of 
radioimmunossay and enzyme linked immunosorbent assay (ELISA) kits for 
fertility studies and the diagnosis of diseases in livestock.

• Entomology Unit: Services are provided in support of projects on control/ 
eradication of medflies and tsetse flies with the sterile insect technique. Large 
quantities of freeze-dried blood as well as sterilized insects are produced and 
supplied to laboratories in Agency Member States. Also, entomological 
equipment is designed, tested and procured for other laboratories.

• Agrochemical and Residues Unit: Procurement, purification, quality control 
and supply of radioactively labelled pesticides to laboratories in Agency 
Member States. Preparation, supply, analysis of pesticide formulations and 
analysis of samples for pesticide residues.

— Physics, Chemistry and Instrumentation Laboratory

• Instrumentation and Physics Unit: Responsible for the development of special 
non-commercially available instruments; X ray fluorescence and ion beam 
analyses of different samples; and the maintenance, repair and servicing of 
nuclear instrumentation.

• Chemistry Unit: Operates Analytical Quality Control Services (AQCS), 
produces and distributes reference materials and organizes intercomparison 
exercises. A very broad range of advanced nuclear and conventional analytical 
techniques are used.

• Dosimetry Unit: Organizes radiation dose intercomparisons, and designs and 
develops special dosimetry devices.

• Isotope Hydrology Unit: Analyses water samples for H and О isotopes and 
inorganic ions, organizes analytical intercomparison exercises and distributes 
reference materials.

— Safeguards Analytical Laboratory

• Chemical Analysis Unit: Responsible for analyses of uranium and plutonium 
and other chemical elements in samples of nuclear materials.
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• Isotopic Analysis Unit: Performs isotopic analyses of uranium and plutonium in 
samples of nuclear material.

— Training (performed in all Units of the FAO/IAEA Agriculture and Bio
technology and PCI Laboratories)

• In-service training of fellows: Fellows work alongside staff scientists for 
1 - 1 2  months in the application of specific nuclear techniques for solving 
practical problems. Concentration is on hands-on training.

• Inter-regional training courses: 20-30 participants, each from a different 
country, attend lectures and practical exercises covering selected topics over a 
five-eight week period

• Group training: Groups of six-eight fellows are trained on practical topics for 
a period of two-six months. The fellows receive technical tutoring and attend 
formal lectures. They gain extensive hands-on experience under the close 
supervision of the laboratory’s technical staff.

• Scientific visitors: Acquire information on the recent status of research/know
ledge in specific nuclear techniques or gain general familiarity with specific 
disciplinary areas. The visits last from a few days up to two weeks.

— Support services

• These comprise health physics, industrial safety, procurement and inventory, 
waste management, the mechanical workshop, maintenance, transportation and 
the library.

2. QUALITY OF THE RIAL OPERATION

2.1. Present status

The IAEA has been active for more than forty years in the fields of nuclear 
safety, radiation and isotope applications, radiation protection, nuclear energy, 
safeguards verification, transfer of peaceful nuclear techniques and technologies to 
developing countries, and in the preparation of regulatory documents and 
procedures necessary for performing the relevant activities. All these activities 
require very stringent quality standards. RIAL has in general complied well with 
its mission in support of various Agency programmes through the various labora
tory services for Member States described above, trying to operate always at the 
highest quality level. The relevance of RIAL in the delivery of selected
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programmes of the Agency and the high quality standard of its operation are 
demonstrated by the extensive request for RIAL products (ELISA kits, reference 
materials, etc.) from all over the world, a high level of interest from laboratories in 
IAEA Member States to participate in intercomparison runs and other external 
quality assurance activities organized by RIAL, and the very good appreciation for 
the successful operation of different laboratory networks (safeguards analyses, 
environmental analyses for the detection of undeclared nuclear activities, environ
mental analyses of radioactive contaminants, Secondary Standard Dosimetry 
Laboratories, etc.). RIAL is also involved in many Agency technical co-operation 
projects, the training of a large number of fellows and scientific visitors and the 
holding of about four interregional training courses each year. RIAL has also 
gained worldwide appreciation for its participation and contributions in different 
joint programmes with other international organizations, such as the Food and 
Agriculture Organization of the United Nations (FAO), World Health Organization 
(WHO), World Meteorological Organization (WMO), International Office of 
Epizootics (OIE), United Nations Environment Programme (UNEP) and the 
European Union.

2.2. Need for the introduction of a formal quality system at RIAL

Nevertheless, in order to assure and continuously improve the quality of RIAL’s 
operations and to formally express the quality of RIAL’s services, products and test 
results, the need to establish a laboratory-wide quality system has been recently 
recognized as vital and urgent by a number of external reviewers and consultants, as 
well as by the Agency’s scientific staff.

Moreover, it was recognized that since the Agency’s Laboratories play an 
important and internationally very visible role in: (a) transferring nuclear technology 
and know-how; (b) training scientists; (c) performing measurements and calibrations; 
and (d) distributing its own products on a worldwide scale, RIAL also has to serve as 
a model laboratory for the Agency’s Member States in quality management in its 
fields of operation. For these reasons, a decision to establish a formal quality system 
at RIAL was taken by RIAL’s management and accepted by the Agency’s top 
management at the end of 1995. The actions which have been undertaken so far, and 
the necessary organizational structures which it was necessary to create to achieve the 
objective, are described below.

2.3. Quality Management Officer (Quality Management Supervisor)

A new post of Quality Management Officer (Quality Management Supervisor) 
was created and attached to the Director’s office of RIAL. A person with the relevant 
duties and responsibilities for the quality system at RIAL was nominated.
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2.4. RIAL Quality Team

A RIAL Quality Team was created. The members of this team are the 
DIR-RIAL (Chairman), the three Laboratory Heads, all Unit Heads and the Quality 
Management Officer. During the time of implementation of the quality system the 
Quality Team has the:

— Overall responsibility for all the actions undertaken in the field of quality 
management in RIAL,

— Function of a consultant group.

All relevant documentation concerning RIAL’S quality system must be approved 
by the Chairman of the Quality Team. The Quality Team meets as frequently as 
necessary upon the request of its Chairman or the Quality Management Officer.

Once a quality system has been established, the Quality Team:

— Becomes a Management Review Committee (headed again by its Chairman), 
representing management’s part of the quality system,

— Has the function of constantly improving the quality system at RIAL.

The overall responsibility for maintaining the established quality system is 
transferred to the Quality Management Officer, who reports directly to DIR-RIAL 
and, when requested, to the Management Review Committee.

2.5. Support from IAEA top management

The proposal for establishing a quality system has obtained support from the 
top management of the Department of Research and Isotopes to which RIAL belongs. 
Following written information about the reasons for and the intention of establishing 
a quality system at RIAL and after discussion with representatives of RIAL manage
ment, the Agency’s Deputy Director General of the Department of Research and 
Isotopes officially approved the action.

2.6. Assessment of financial and personnel resources

A preliminary assessment of the financial and personnel requirements for the 
introduction of the quality system at RIAL has been made for a three year period. The 
funds needed should not exceed US $75 000. A breakdown is shown in Table I.
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TABLE I. FINANCIAL RESOURCES (IN US DOLLARS) AND PERSONNEL 
REQUIRED FOR THE INTRODUCTION OF THE QUALITY SYSTEM AT RIAL

1996 1997 1998

High quality, calibrated laboratory ware $ 1 0  0 0 0

Assessment and certification of the 
quality system by a third party

$15 000 
to $30 000 $15 000

Quality Management Officer 
(already available)

Staff time for training, preparation of 
documents, education, etc.

3 days/month 3 days/month Routinely

Internal auditor course $7500 to 
$ 1 0  0 0 0

External expert $ 1 0  0 0 0  

2  months

2.7. Selection of quality standards

One of the basic decisions in the implementation of a quality system is the selec
tion of appropriate quality standards. These have to be related to the specific activities 
of the laboratory and have to be internationally accepted. On the other hand, whenever 
they concern an already regulated field, the appropriate standards are obligatory. The 
main international quality standards presently available are listed in Table П.

Comparison of EN-45001, ISO/IEC Guide 25 and ISO-9002 shows that these 
systems appear to have essentially similar aims. One fundamental difference does, 
however, exist. While ISO-9002 mainly considers a laboratory quality assurance 
system, EN-45001 and ISO/IEC Guide 25 also assess the competence of a laboratory 
specified in terms of relevant skills, qualification of staff and documented validation 
of laboratory procedures. Concerning the Organisation for Economic Co-operation 
and Development Good Laboratory Practices (OECD GLP) standards, it has to be 
mentioned that there is no conflict between OECD GLP and ISO/ffiC Guide 25. The 
OECD GLP regulations can be considered as being complementary to the general 
criteria of the EN-45001 standard for specialized chemical laboratories. 
Environmental Protection Agency Good Laboratory Practices (EPA GLP) standards 
are specific for the field of agrochemicals, including the manufacture and testing of 
chemicals. These standards are also accompanied by specific forms for reporting data
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TABLE II. M AIN INTERNATIONAL QUALITY STANDARD DOCUMENTS

ISO-9000 Quality Management and Quality Assurance Standards: Guidelines for
Selection and Use

ISO-9001 Quality Assurance in Design and Development, Production, Installation
and Servicing

ISO-9002 Quality Assurance in Production and Installation

ISO-9003 Quality Assurance in Final Inspection and Testing (no longer in use)

ISO-9004 Quality Management and Quality System Elements: Guidelines

EN-45001 General criteria for the operation of testing laboratories

ISO/IEC Guide 25 General requirements for the competence of calibration and testing 
laboratories

OECD GLP GLP principles applied mainly to analytical chemical laboratories
concerned with genetic, clinical, pharmacological, toxicological and 
other biochemical studies (Europe)

EPA GLP Standards applied to the manufacturers of agrochemicals and to
laboratories testing health and environmental effects of these chemicals. 
Issued by the Environmental Protection Agency (USA)

NAMAS Accreditation standard: General criteria for calibration and testing
laboratories.

to the EPA and are obligatory in the USA. A detailed comparison of the various 
quality standards shows that the most concise standards for testing and calibration 
laboratories are described in ISO/ŒC Guide 25. All other standards require more 
supporting documents and clear descriptions of each activity [2-5].

Nowadays it is apparent that the ISO-9000 quality standard series, with its sub
sequent series of ISO Guides, is becoming a worldwide accepted series of quality 
standards. These standards are applicable for practically all activities. Although com
pliance with these standards builds confidence in design, development, production, 
installation and servicing, it does not guarantee the quality of testing and calibration 
results. Also, the third party (external) assessment scope is different in the standard 
selected: ISO-9000 deals with certification, ISOAEC Guide 25 deals with accredita
tion and OECD GLP deals with registration.

Taking into consideration the large variety of RIAL operations and the fact that 
RIAL is part of a ‘non-profit’ international organization, and on the basis of a 
comparison among the appropriate quality standards available (Table Ш), the
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TABLE III. CHAPTERS/SECTIONS IN DIFFERENT INTERNATIONAL 
QUALITY STANDARD DOCUMENTS DEALING WITH THE SAME SUBJECT

Subject ISO/IEC Guide 25 ISO-9001 ISO-9002 OECD GLP 
(Section 2)

Management
organization 4 4.1 4.1 1

Quality system
audit and review 5.2-5.6 4.1,4.17 4.1,4.16 2.2, 9.2, 10.2

Quality manager 5.1 4.1 4.1 1 . 1 , 2

Quality manual 5.2 4.2 4.2 2 . 1

Staff 6 4.18 4.17 1.1, 1.3

Environment 7 4.1 lh, 4.1 lj 4.11h, 4.1 lj 3.1-3.4

Equipment 8 4.11 4.14 4.1

Calibration/
traceability 9 4.11b, c, e-g 4.10b, c, e-g 4.1, 7.2

Test methods 1 0 4.7-4.11 4.7-4.11 2.2, 4.1, 6.1,

Sample handling 1 1 4.8, 4.10, 4.15 4.7, 4.9, 4.14

6.2, 7.8 

6 . 1

Records 1 2 4.5, 4.16 4.4, 4.15 3.4, 9, 10

Reports 13 4.10.4, 4.16 4.9.4, 4.15 —
Subcontracting 14 4.6.2 4.5.2 —
Support services 15 4.6, 4.7 4.5, 4.6 —
Complaints 16 4.13,4.14 4.12, 4.13 —

following decisions were taken concerning the selection of the appropriate standards 
to be followed, the time-frame for implementation and objectives:

— A laboratory-wide quality system will be established according to ISO-9001 
quality management standards;

— Where the products are measuring or calibration results, the requirements of 
ISO/IEC Guide 25 will also be fulfilled;

— If there are existing international regulations already prescribing the technique 
or method to be applied for specific work performed at RIAL, they will be 
followed;

— The RIAL quality system should be established within a two year period;
— The final goal of this action is the certification of the RIAL quality system to 

internationally accepted standards.
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2.8. Internal awareness building

All RIAL staff members have been informed about the establishment of a 
formal quality system through several lectures, personal contacts and distribution of 
relevant literature. Information meetings have been organized for all staff members. 
Questions arising from these meetings have been answered and made available to all 
RIAL staff.

2.9. Assessment of the present situation

The assessment of the present situation at RIAL in relation to the selected 
quality standards has started. A quality questionnaire was prepared and distributed to 
all RIAL Units with the aim of identifying eventual non-conformities and to prepare 
an exact plan for the implementation of the quality system. The quality questionnaire 
covers organizational structure, the activities of each RIAL Unit, major and minor 
equipment and instrumentation, procedures, chemicals and computer software.

2.10. Internal auditors

As required by every quality standard, the internal audit will be performed by 
RIAL itself. For this reason each RIAL Unit has nominated a person who attended an 
internal auditor course. This course was given by Excel Partnership (United 
Kingdom), an organization which is accredited for such training by the British 
Standards Institution (BSI). BSI also issued certificates to the attendees. The internal 
auditors were selected from the laboratory technical staff. In most cases they will also 
perform the function of quality co-ordinators in the respective Units.

2.11. Traceability of measurements and calibrations

Actions to establish traceability to the international measurement system (SI) of 
mass, time and other relevant fundamental measurements have been initiated. For 
example, all the balances at RIAL are now annually checked and set in conformity 
with producers’ declarations on precision and linearity. This is done by representa
tives of Mettler in Vienna. Mettler holds an ISO-9002 certificate for technical services 
including installation, technical advice, maintenance, inspection, measuring and test 
of equipment, precision balances, analytical instruments and related systems. In 
addition, training of the technical staff involved in weighing will soon be organized 
to obtain the most updated information on new weighing equipment and techniques.
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2.12. Written procedures

The recent review of RIAL’s operations has shown that well established and 
written quality assurance procedures are at present only partially in place. For this 
reason the preparation of written working instructions and standard operating 
procedures (SOPs) has been given top priority and has started immediately (where 
not yet in place). As there are no clear internationally available instructions on the 
preparation of such documents, ISO-78/2 was chosen as a common guidance 
document [6 ]. In each separate case the relevant chapters of this standard are 
followed. As this document dates back to 1982, two additional chapters on trace
ability and uncertainty [7] were included. Preparation of written procedures is one of 
the most time consuming parts in the establishment of a quality system. Therefore 
this action was started as early as possible and in parallel with other actions. This 
should permit enough time for the preparation and final harmonization of the 
documents.

2.13. Contacts with other organizations

Although a quality system is specific for each organization, and therefore it has 
to be established internally by describing the actual work performed in that organiza
tion, the experience of other organizations with similar activities can prevent one 
from repeating common mistakes in the establishment period. Therefore, different 
organizations with already established quality systems were contacted by RIAL. The 
most important organization in the case of RIAL is the Austrian Research Centre, 
Seibersdorf, holding an ISO-9000/EN-29000 certificate and located on neighbouring 
premises. It must be emphasized that these contacts are also important since formal 
certification in Europe is still performed on a national scale. RLAL has at the moment 
decided to adhere to the Austrian traceability chain (where appropriate) and the 
Austrian certification system.

It should also be mentioned that the IAEA has already established contacts 
with, or is a member of, different international bodies and committees active in the 
field of harmonization and standardization. For instance, the IAEA is actively 
represented at ISO/TC-85 (Characterization of Solid and Solidified Waste), 
ISO/REMCO-ISO (Committee on Reference Materials), IUPAC Interdivisional 
Working Party on Harmonization of Quality Assurance Schemes for Analytical 
Laboratories, and EURACHEM Austria.

Finally, it must be mentioned that plans for future activities and development 
strategies of the IAEA, including RIAL, are frequently prepared with the help of 
consultants where the most updated information in different scientific and technical 
fields is obtained from appropriate external experts.
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Regarding the obtaining of a formal certification by RIAL, one has to take into 
account the specificity of RIAL as a laboratory belonging to a large international 
organization such as the IAEA. Some specific issues of RIAL in this respect are listed 
below:

— The IAEA follows a staff policy based on the rotation of its Professional grade 
staff. The duration of contracts is normally between three and seven years. Only 
exceptionally are long term contracts issued. Moreover, there is no overlapping 
period between a Professional staff member leaving the Agency and a new
comer (this is an important additional reason for the existence of written 
standard operating procedures and working instructions).

— At the moment it is very difficult to increase the RIAL staff. For this reason the 
quality system has to be established with the existing staff, which simultane
ously has to continue performing the normal duties and responsibilities 
assigned.

— Many parts of RIAL’s operation are related to activities which are implemented 
at or through the IAEA Headquarters in Vienna. It is thus not always easy to 
define a clear producer-customer relationship.

— Staff members are involved simultaneously in different activities, such as the 
provision of scientific services, research and development, training of fellows, 
and the writing of reports. Moreover, the duties and responsibilities of RIAL 
staff include travel of different duration to Member States. Owing to the 
specialization of the work performed by each staff member, it is difficult to 
replace the absent person.

— Many RIAL activities, i.e. regional training courses, are organized in Agency 
Member States. Although these are Agency activities, it is not always possible 
to maintain control of their overall quality.

— Formal certification is still based on national certification systems. One of the 
requirements is that all the quality system documentation should be written in 
the national language. Although located in Austria (where German is the 
official language), English is the working language of the IAEA.

The issues mentioned above are specific for the IAEA. They have to be incor
porated in the quality system and appropriately described. Since RIAL is the first 
laboratory of the United Nations family intending to implement a quality system and 
looking at the possibility of obtaining international certification, a solution for these 
issues has to be found at the international level. Steps in this direction are being 
undertaken.

2.14. Specific RIAL issues
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The main external reasons for implementing a quality system in an organization 
are different in nature, i.e. statutory; international and national regulations and agree
ments; collaboration and contractual requirements. The main internal reasons are to 
reduce costs; improve the internal and external profile; improve the ability to meet 
internal and external customers’ needs on time, at the correct quality and on budget; 
and improve the efficiency and effectiveness of the operations. In the case of RIAL 
one more reason is very important. With a successfully implemented quality system, 
RIAL should also serve as a model for quality assurance procedures for the Agency’s 
Member States.

Implementation of a laboratory-wide quality system at RIAL has therefore been 
recognized as a necessary step to maintain and improve the quality of operations in 
all its areas of involvement. Although a quality system is already in place in some 
areas of RIAL, this step is required to obtain international acceptance of all the tech
nical/scientific laboratory services and products, as well as for the acceptance and 
credibility of the scientific activities of RIAL. It is expected that the introduction of 
this quality system will bring the entire day-to-day operations of RIAL to interna
tionally accepted quality standards within two years. The final step of this process 
will be the formal certification of the RIAL quality system according to ISO 
Standard 9001.

3. CONCLUSIONS
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Abstract

EXPERIENCE IN IMPROVING THE ACCURACY OF REACTOR NEUTRON ACTIVA
TION ANALYSIS.

The neutron activation analysis (NAA) laboratory of the Department of Nuclear Physics, 
China Institute of Atomic Energy, has been making efforts to improve the accuracy of reactor 
NAA (RNAA). Experience in neutron flux monitoring, internal validation based on K0 relative 
standardizations, external validation, and the development of unique RNAA procedures are 
briefly introduced.

1. INTRODUCTION

Remarkable progress has been made in the accuracy of trace analysis over past 
decades owing to technical advances and the implementation of quality control based 
on the use of certified reference materials (CRMs). However, there is still much room 
for improvement. A survey of a recent compilation of 175 biological CRMs from all 
over the world [1] shows that among the 83 naturally occurring elements, the number 
of elements with no value at all is 2 0 , of which 13 can be determined by neutron 
activation analysis (NAA). Among the remaining 63 elements, the number of 
elements with no certified value is 12, with 10 of them NAA suitable; there are 14 ele
ments with no certified value having uncertainty better than 1 0 %, of which 1 2  are 
NAA suitable. Thus, at least 40% (34 out of 83) of naturally occurring elements are 
not certified or are only poorly certified in existing biological CRMs; most of them 
are NAA suitable.

Despite its excellent record in multi-trace-elemental certifications of CRMs 
(40-70% usage frequency of all techniques), NAA has not been recognized as a 
reference (or definitive) method in reference material (RM) certifications because of 
insufficient accuracy and relative nature. The only generally recognized definitive 
method for trace analysis, isotope dilution mass spectroscopy (IDMS), has so far not 
been widely used in RM certifications.

Neutron activation analysis is now facing increasingly serious challenges from 
newly developed trace analytical techniques, especially inductively coupled

31
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plasma-mass spectroscopy (ICP-MS), in multi-element capability, detection limits, 
speed, cost, isotope specific capability, etc. One of the strong points that remains and 
will be there for a long time for NAA is the high level of accuracy for multi-elements 
in bulky solid materials.

Our laboratory has been making efforts in two areas: minimizing total 
uncertainties towards theoretical limits by making use of existing knowledge and 
techniques and implementing quality control; and establishing reliable, all-round 
parametric NAA techniques. Some of the experience is briefly introduced in this 
paper.

2. NEUTRON FLUX MONITORING

The approximate composition of a material to be analysed is always acquired 
before NAA from the customer and/or from trial instrumental neutron activation 
analysis (INAA), especially for elements with high thermal/epithermal neutron 
capture cross-sections and/or high concentrations. A subroutine, NFSS, is used for the 
estimation of the neutron flux self-shielding factor, Fs, based on Zweifel’s approxi
mation [2 ]:

Fs= 1 -  (0.923 + ln(l/Z))*Z/2

where Z = TIL, with Г = thickness, in cm, and l/L = EN(o¿.
‘Less than’ information (e.g. for B, Cd) and interpolation values (e.g. for Gd) 

are sometimes used when concrete concentration values are not available. When 
Fs > 99%, the neutron flux self-shielding effect is considered negligible. Otherwise, 
Fs should be experimentally determined and used for corrections of final results.

TABLE I. SELF-SHIELDING ESTIMATION OF NODULE SAMPLES

Element
GSPN-2, Fa SPN-3, Fa

130 mg 5 mg 2 0 0  (ig 130 mg 5 mg 200 (Xg

Mn 0.968 0.998 1 0.971 0.989 1

Co 0.972 0.996 1 0.969 0.998 1

Fe 0.970 1.003 1 0.972 1.003 1

Sb 0.969 0.999 1 0.965 0.999 1

Experiment (average) 0.970 0.999 1 0.969 0.998 1

Calculation 0.973 0.996 1 0.970 0.996 1

a Neutron flux self-shielding factor.



IAEA-SM-344/7 33

Table I shows an example of NAA for two Chinese Mn nodule RMs, which 
contain 20-30% Mn, 0.2-0.3% Co and 20-30 (Xg/g Gd (by interpolation from 
chondrite normalized rare earth element pattern). Experimental values for 200 (Xg 
samples were obtained by sample dissolution and by quantitatively transferring the 
sample solution onto filter paper pads.

A sample size of 5 mg has been proven to be free of neutron flux self-shielding. 
Results from a 5 mg sample size were used for elements that were homogeneous 
enough to ignore sampling uncertainty (compared with the analytical uncertainty). 
Otherwise, results from a 150 mg sample size were used with corresponding Fs 
corrections. The spatial gradients of thermal and epithermal neutron fluxes are always 
monitored by placing Fe wires and Zr foils at different positions over the sample 
package.

3. INTERNAL VALIDATION PROCEDURES

3.1. Hybrid K0 relative standardizations

The K0 method developed by the Belgium-Hungary group has been adopted 
and computerized in our laboratory and extended to include three non-l/v nuclides 
(working K0 for 1 5 1 Eu, 1 7 6 Lu and 1 9 1 Ir(n, y) reactions) [3] and five rarely used 
nuclides (1 0F, 3 0 Si, 4 0 Ar, 76Ge and 1 3 0 Te(n, y) reactions) [4]. A total of 6 8  elements 
can now be determined by K() NAA. Hybrid /^-relative NAA software, ADVNAA, 
has been written and successfully used for five years. In the preliminary output of 
ADVNAA, two parallel values are always given from the K0 and relative methods, 
respectively, for each analytical line of elements with corresponding standards 
irradiated (together with the samples). Values from K0 alone are given for elements 
without the corresponding standards irradiated. An example of the preliminary output 
is shown in Table II.

Systematic errors relative to standardization may be identified by a comparison 
between KQ and relative results. The hybrid IK0 relative methods in interference 
corrections are:

(a) Fission interferences. On the basis of the fact that the oth of 2 3 5 U(n, / )  obeys 
the 1/v law and Q0 of 235U(n,J) equals 0.472 (very small), the neutron spectrum 
independent factors, IKQ, were defined [5], compiled for all the 6 6  possible 
fission interferences and used in a subroutine of ADVNAA:

IKr, ----------------  (theory) =
M  0* у* ст0*

M* 0  у Oq* F + <2nsp *^0
(experiment) (Ref. [5])

¿sp F + Qo
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TABLE II. AN EXAM PLE O F NAA SOFTW ARE, ADVNAA, OUTPUTS FOR 
SRM -1633a

Element EV * 0 Relative
Error
(%)

Element EY * 0 Relative
Error
(%)

As 559 137 135 2 . 2 Fe 1099 93.8m 94. lm 2 .2

As 657 143 145 5.1 Fe 1292 94.2m 92.9m 2 . 1

Ba 373 148m 136m 14.6 Hf 482 7.19 7.31 3.7
Ba 496 128m 130m 5.8 Lu 208 1.08 1 . 1 1 3.3
Br 776 2.32 2.31 19 Rb 1076 130 126 6.5
Ca 160 11.7m 9.78m 17 Sb 564 6.56 6.18 2 .8

Ce 145 172 167 2 .6 Sm 103 17.5 16.6 2

Ce 293 172 168 1 1 Sc 889 39.7 40.6 2

Со 1173 43.6 45.7 2 .6 Sc 1 1 2 0 40.2 39.8 2

Со 1332 43.2 46.1 2 .6 Ta 1 2 2 1 1.99 1.95 7.7
Cr 320 197 190 2 .8 Tb 879 2 .6 2.54 14
Cs 604 9.97 1 1 . 2 3.7 Tb 1177 2.72 2 .6 8 16
Cs 795 1 0 . 1 10.3 4.6 Th 312 24.6 24.3 2

Eu 1 2 2 3.71 3.68 2.4 U 277 10.7 9.76 7
Eu 1274 3.65 3.46 8.5 Yb 282 7.81 7.79 4
Eu 1408 3.33 3.4 3 Yb 396 7.71 7.61 2.9

Note: m stands for mg/g; other values are in jxg/g

(b) Threshold reaction interferences. On the basis o f pre-confirmation of the 
reactor fast neutron spectrum being close to the prim ary 235U fission, the 
following equation holds:

M* © of A <Dth
JKa = -----------*— (theory) = — ^ ----------

M  0 *  Oq* Asp* Cy
1 + Qo*

V
(experiment) (Ref. [3])

The IK0 values for 103 threshold reactions were com piled. The фу values can be 
instantly determ ined by the 54Fe(n, /?)54M n reaction.

(c) Gamma-spectral interferences. The 1KQ concept can also be used here as 
follows:

K0 A (F + Q0*)
IKr. = —  = — ^ -----------—  (Ref. [3])

KQ* Asp* (F + Q())
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TABLE III. AN EXAMPLE OF INTERFERENCE CORRECTIONS IN SL-3 
ANALYSIS

Element
Type of 

interference
Relative

interference
Factor
IKQ

Apparent 
content (|Xg/g)

Zr 235U (n,f) 9.2 9.2 2 2

Mo 235U {n,f) 1 . 1 1 . 2 2.5
Ce 235U(«,/) 0.27 0.27 0.65
La 235U (n,f) 0.017 0 .0 2 0.04
Sm 239Np у spectrum 0.056 0.083 0.17
Ba i°3Ru у spectrum 6 . 1 5.8 14
Lu 239Np y spectrum 0 .0 2 0.019 0.04
Nd 235U (n,f) 0 .2 2 0.23 0.5
Se 182Ta у spectrum 1.76 1.23

The IK0 values for 163 cases were compiled and input into a subroutine of ADVNAA.
The parametric IKQ method and the conventional relative method (based on 

interference standards) are used simultaneously in ADVNAA for each interference 
case. An example is given in Table П1. Systematic errors relative to interference 
corrections may be identified by this hybrid procedure.

3.2. Use of multi-indicators and multi-analytical lines where applicable

As can be seen from Table II, the preliminary output of ADVNAA gives values 
from all analytical lines of all indicators detected for a given element of interest, 
e.g. 559 and 657 keV lines from 76As for As; a 145 keV line from 1 4 1 Ce; and a 
293 keV line from 143Ce for Ce, and coiTesponding uncertainties. Systematic errors 
in peak analysis, gamma ray self-absorption, abnormal isotopic abundance, etc., may 
be identified by intercomparisons. All results mentioned in the above items are out
put as a preliminary report, from which a final report can be produced by a simple 
operation on a ‘decision making’ menu in ADVNAA.

4. EXTERNAL VALIDATION PROCEDURES

4.1. Use of CRMs for quality control

At least two CRMs with the best possible matches to the unknown samples in 
matrices and concentrations of elements of interest are used in most analyses for
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TABLE IV. INTERCOMPARISON OF TWO URANIUM ORE TAILING RMs 
FOR Hg

Sample WZ-1 WZ-3

Laboratory No.a 1 2  3 4 1 2  3 4
Laboratory average 290 270 250 280 8.00 8.40 8.00 7.60
Certified value 273 ± 20 8.00 ± 0.30

a 1: NAA; 2: double channel atomic fluorescence; 3, 4: cold atomic absorption spectrometry.

quality control. The only exception is the analysis of multi-element patterns in 
forensic and archaeological fields, where secondary RMs are used.

4.2. Use of independent techniques

Independent techniques are used mostly in RM certification analysis or for 
certain important elements. An example is given in Table IV for Hg determinations in 
two Chinese uranium ore tailing RMs. KQ alone was used in NAA for preventing 
cross-contamination between the volatile Hg standard and unknown samples. The 
good agreement between results from ÆT0-NAA and the other techniques verifies the 
reliability of # 0-NAA for Hg.

5. DEVELOPMENT OF SIMPLE, QUANTITATIVE AND ROBUST 
REACTOR NAA (RNAA) PROCEDURES

Taking advantage of the high energy resolution of Ge gamma ray spectrometry 
and the carrier chemistry of radiochemical separation, a set of RNAA procedures has 
been developed with the following characteristics:

(a) Very simple procedures, usually one step;
(b) Stable and quantitative chemical yields;
(c) Very loose operating conditions (e.g. applicable at solution media of 1-14M 

HN03).

An example is given in Table VI for RNAA of IAEA-331 Spinach [6 ]. Three 
one-step procedures were used, all of them have quantitative yields and a wide range 
of applicable media. After INAA, some ten additional elements were determined with 
this RNAA scheme.
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TABLE V. RNAA SCHEME FOR IAEA-331 SPINACH

Procedure Proper medium Element determination Yield (%)

h n o 3/h 2s o 4,
Br added

Concentration
h n o 3+ h 2s o 4

Cd, La, Lu, Mo, Sb 
(after Br T)

99 ± 2

0.048M NaDDTC 
CHClj extraction

1-8M HCl Cu (in organic phase) 97 ± 3

Retention on AAOa column 1-14N HNO3 As, P 97 ± 3

a AAO: acetic aluminium oxide.

In summary, the use of the NFSS subroutine gives an advance judgement on 
whether the neutron flux self-shielding effect is negligible or adjustable — a 
prerequisite for any version of NAA. The hybrid nature of ADVNAA provides 
abundant internal validation functions to detect and then minimize systematic uncer
tainties. The parametric nature of ADVNAA, when fully established, satisfies the 
traceability requirements for a definitive (or reference) method in RM certifications 
as set by the International Organization for Standardization. When RNAA has to be 
used, a most delicate step (radiochemical separation) in the NAA traceability chain is 
added. Simple, quantitative and robust procedures make the traceability chain shorter 
and more reliable.
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Abstract

IMPLEMENTATION OF A QUALITY SYSTEM TO A STUDY ON NATURAL CONTA
MINATION USING NUCLEAR AND RELATED ANALYTICAL TECHNIQUES.

Nuclear and other related analytical techniques are used for the general purpose of 
investigating the causes, as well as the primary and secondary sources, of natural conta
mination with arsenic in the Pampa plain of Argentina. The main objective of the overall study 
is the definition of the geographical distribution of the process of contamination with arsenic, 
and some other particular objectives of the investigation are oriented to obtain additional 
information on: (a) geochemical behaviour of arsenic and other associated trace elements;
(b) characteristics of the primary and secondary sources of contribution; (c) eventual presence 
of other toxic elements; and (d) influence on the quality of groundwater and soils of the area. 
For the analysis of water, soils and loess deposits of the whole region, the following techniques 
and elements are included. Neutron activation analysis: As, Al, Ba, Br, Ca, Ce, Cl, Co, Cr, Cs, 
Dy, Eu, Fe, Ga, Hf, K, La, Lu, Mn, Na, Nd, Rb, Sb, Sc, Sm, Ta, Tb, Ti, U, V, Yb, Zn and Zr 
(soils and loess). Atomic absorption spectrometry: As (waters). Inductively coupled plasma- 
atomic emission spectrometry: As, Ba, Cd, Cr, Sr and Pb (waters). Wave dispersive X ray 
fluorescence: Rb and Sr (soils and loess), As, Co, Cu, V and Zn (waters). Total reflection X ray 
fluorescence: As, Br, Co, Cr, Cu, Fe, Ni, Pb, Sr, Ti, V and Zn (waters). A quality system for the 
study has been implemented. The stages were connected with a group of actions, starting from 
the specific quality assurance programmes of the laboratories and, in relation with the present 
study, through sampling, chemical analyses with their procedures and, finally, treatment of the 
results. As a complement, the laboratories participated in IAEA intercomparison rounds. The 
results and the implications of the implementation of the system are discussed.
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A worldwide tendency, which at the present time almost rules scientific 
research, is the application of concepts of quality assurance and quality control to all 
laboratory practices, as adopted in the 1970s by some specialized industries. 
Erroneous or questionable data may result in deleterious social and economic conse
quences, and therefore the harmonization of measurements is one of the international 
priorities, this being also valid for developing countries.

The regional situation in Latin America is in consonance with the aforemen
tioned trends. More than a decade ago, a project on nuclear analytical techniques 
(ARCALIV) was included in the ARCAL programme, its general objective being to 
improve the analytical capacity of the national laboratories, from the point of view of 
accuracy, sensitivity and reliability, and to use this capacity for the resolution of real 
problems of national and regional interest.

It is worthwhile mentioning the two purposes in that objective, one of them the 
application of analytical techniques (nuclear and related ones) and the other empha
sizing aspects directly associated with the quality of the results. The project evolved 
from initial training courses to more ambitious activities, such as the completion of 
Co-ordinated Research Programmes (CRPs): ‘Nuclear Analytical Techniques for the 
Analysis of Foodstuffs and Agricultural Products’ and the ‘Use of Nuclear Analytical 
Techniques for the Study of Water and Atmospheric Contamination’ which started in 
1988 and 1993, respectively. The remaining activities were designed as support for 
both CRPs.

Quality assurance was a relevant subject in such activities. Thus, the following 
workshops were organized: ‘Analytical Quality Assurance’ (Argentina, 1990); 
‘Strategies for Collection and Preparation of Samples in Environmental Studies’ 
(Chile, 1992); ‘Quality Assurance in the Analysis of Environmental Samples’ 
(Venezuela and Uruguay, 1995); and ‘Accreditation of Analytical Laboratories’ 
(Chile, 1995). Complementary intercomparison rounds were specifically prepared in 
order to provide additional tools for validation of the methods utilized by the partici
pating laboratories.

In Argentina, at the Comisión Nacional de Energía Atómica (CNEA), a pro
gramme of quality assurance for analytical laboratories was designed in 1990. Within 
this programme, a quality system was implemented to perform investigations in 
industry, health and environmental sciences. From the good level already reached at 
that time, the implementation of this system allowed the improvement and 
demonstration of the reliability of analytical results by the application of international 
quality criteria in the framework of the ISO/IEC Guide 25.

When the CRP ‘Use of Nuclear Analytical Techniques for the Study of Water 
and Atmospheric Contamination’ was officially announced, a proposal was presented 
with the title ‘Investigation on the Origin of Natural Contamination in an Area of

1. INTRODUCTION
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Endemic Regional Chronic Hydroarsenicism of the Argentine Republic’, which was 
subsequently accepted by the IAEA as a research agreement. Arsenic contamination 
affects the quality of soils and waters of large areas of the country, mostly used for 
cattle raising and agriculture. The impact of the problem on the population has long 
been recognized. This disease, endemic regional chronic hydroarsenicism, was 
described in the first decades of this century, its origin being attributed to the 
ingestion of waters from contaminated zones.

As is implicit in the title of this CRP, the purpose of the study is the investiga
tion of the causes, as well as the definition of the sources, of natural contamination 
with arsenic in the Pampa plain of Argentina. Some results and first conclusions of 
the research, which started with preliminary actions in 1992 and is still in progress, 
have already been presented [1, 2] and a final report will be published in 1997. 
Consequently, the present paper will be confined to a discussion of the aspects related 
to quality assurance and the implementation of a quality system for the study.

2. GENERAL SCOPE

The main objective of the overall study is to define the geographical distribu
tion of the process of arsenic contamination. Some other particular objectives of the 
investigation are designed to obtain additional information on the:

— Geochemical behaviour of arsenic and other associated trace elements,
— Characteristics of the primary and secondary sources of contribution,
— Eventual presence of other toxic elements,
— Influence on the quality of groundwater and soils of the area.

The programme comprises sampling over a 50 000 km2  area, followed by 
analysis of the collected samples of water, soils and loess deposits. The following 
techniques and elements are included:

— Neutron activation analysis: As, Al, Ba, Br, Ca, Ce, Cl, Co, Cr, Cs, Dy, Eu, Fe, 
Ga, Hf, K, La, Lu, Mn, Na, Nd, Rb, Sb, Sc, Sm, Ta, Tb, Ti, U, V, Yb, Zn, Zr 
(soils and loess);

—Atomic absorption spectrometry: As (waters);
— Inductively coupled plasma-atomic emission spectrometry: As, Ba, Cd, Cr, Sr, 

Pb (waters);
— Wave dispersive X ray fluorescence: Rb, Sr (soils and loess), As, Co, Cu, V, Zn 

(waters);
— Total reflection X ray fluorescence: As, Br, Co, Cr, Cu, Fe, Ni, Pb, Sr, Ti, V, Zn 

(waters).
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The accomplishment of the activity plan involves the contribution of about 20 
professionals and technicians from different laboratories of the CNEA and the 
assistance of the staff of the Dirección Nacional de Tecnología Nuclear (Uruguay) for 
analysis by total reflection X ray fluorescence. The sampling campaigns were 
conducted by a professional of the Dirección Nacional de Servicio Geológico. With 
respect to the CNEA, personnel from its three atomic centres (Centro Atómico 
Bariloche, Centro Atómico Constituyentes and Centro Atómico Ezeiza) are partici
pating in the investigation.

Because of the large number of people and sectors involved and the intrinsic 
nature of the plan, which involves sampling over an extended area and the use of 
several techniques for the analysis of many elements, proper co-ordination of the 
activities is a primary requisite for successful fulfilment. The application of the 
quality system is the guarantee of meaningful and reliable results.

3. IMPLEMENTATION OF THE QUALITY SYSTEM

3.1. Quality system for the laboratories

Implementation of the quality system for the Analytical Chemistry Department 
of the CNEA [3] was carried out covering different stages, which will be described in 
the chronological order of their execution:

— An inventory of the capabilities of personnel, equipment and technical know
ledge was first carried out in all the laboratories.

— The second stage was the organization of the structure of the department and its 
interphases comprising the following relationship: leadership — quality assur
ance — laboratories. A first level of documentation (level A) was developed, 
consisting of a quality manual that described the quality system, according to 
the policy and the declared quality objectives, and the applicable norms.

— A third stage comprised the definition of the analytical methodology, including 
the preparation of the specific documentation (level C), such as sampling 
protocols, analytical procedures, working instructions, forms, requirements for 
analysis, reports of analysis and certificates. Other pertinent documentation was 
prepared covering validation of methods, calibration of the instruments, use of 
certified reference materials (CRMs), quality control, statistical control, 
traceability and rounds of intercomparison.

— The documentation corresponding to a second level (level B) was elaborated, 
comprising the procedures of the quality system (programmed procedures 
which describe the activities required for implementing the elements of the 
quality system); training and qualification of personnel; external and internal
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auditing; complaints; treatment of non-conformities and corrective actions; and 
optimization of the system.

— At a final stage, evaluations and qualifications of the laboratories were 
performed aimed at future accreditation and/or recognition by national and 
international organizations.

Separate actions along these lines were carried out for the Activation Analysis 
Laboratory of the Centro Atómico Bariloche, which does not belong to the Analytical 
Chemistry Department of the CNEA.

3.2. Actions connected with the present study

All the laboratories prepared their procedures for technical execution of the 
methods according to a general procedure elaborated by the quality management 
sector. Protocols for the sampling of soils and water were also prepared and other 
documents on the requirements for analysis and report of analysis were specifically 
adapted.

The operational scheme of the process of data generation for the investigation 
is as follows. After carrying out the sampling campaign, the samples and the 
pertinent protocols are sent to the quality sector, which revises the documentation. 
This sector distributes the samples among the laboratories through the requirements 
for analysis document. The laboratories perform the determinations according to the 
procedures already written and inform the quality sector of the results, by the report 
of analysis. Finally, the quality sector revises the documentation and the treatment of 
the results.

3.2.1. Description of the documentation

3.2.1.1. Sampling

The following data are included in the protocol for water sampling: (1) proto
col number; (2) date and time of sampling; (3) area of sampling; (4) location of the 
site (road or way, private property, other location); (5) origin (windmill, well with 
water taken by bucket, manual perforation, lagoon, course of superficial water);
(6 ) climatic conditions (during the sampling; in the previous days); (7) depth;
(8 ) type of sample; (9) volume; (10) codification; (11) tools for sampling; (12) use 
of the water (human or animal intake, watering, industrial or other uses); (13) in situ 
observations and determinations (pH, temperature, conductivity, colour, odour, other 
determinations); (14) filtration; (15) filter characteristics; (16) treatment of the 
suspended material; (17) conservation and storage of the sample; and (18) final 
observations.
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The data included in the protocol for sampling of soils are: (1) protocol number;
(2) date of sampling; (3) area of sampling; (4) location of the site (road or way, private 
property, other location); (5) climatic conditions (during the sampling; in the previous 
days); (6 ) depth; (7) type of sample; (8 ) approximate weight; (9) codification; 
(1 0 ) tools for sampling (1 1 ) use of the soil (agriculture, settlements, industrial or 
other uses); (12) in situ observations and determinations (pH, temperature, colour, 
odour, other determinations); (13) conservation and storage of the sample; and
(14) final observations.

3.2.1.2. Analysis

The procedures for technical execution of the methods are: (1) objective;
(2) scope; (3) definitions; (4) references; (5) applicable documentation — 
antecedents; (6 ) instruments, materials and reagents; (7) previous requisites;
(8 ) examples; (9) description of the analysis; (10) limitations; (11) operational condi
tions and critical parameters; (12) corrective measures; (13) precautions; (13) storage 
of the sample; (14) expression of the results (calculations, detection limit, precision);
(15) control of procedure; (16) documentation; and (17) records.

The requirements for analysis document contains the following items: 
(1) request; (2) sample identification; (3) material; (4) date of reception; (5) labora
tory; (6 ) data about sampling and conditioning of the sample; and (7) list of the 
samples and elements to de determined.

The final document is the report of analysis, comprising the following points:
(1) sample identification; (2) material; (3) date of reception; (4) date of execution;
(5) reference documentation; (6 ) laboratory; (7) analytical method; (8 ) standards;
(9) list of samples, requested determinations and obtained results.

3.2.1.3. Quality control

A general policy adopted for the implementation of the analytical programme 
was the search, whenever possible, for more than one technique applied to the 
determination of the same element. Starting from arsenic, the most relevant element 
in connection with the purpose of the investigation, some other elements were 
determined by two techniques in selected groups of samples. The agreement between 
redundant results allowed the definition of the level of consistency of the data 
provided by laboratories employing different techniques and methods.

In addition, the laboratories went on with their participation in the intercom
parisons organized by the IAEA. Five intercomparison rounds were organized during 
the execution of the ARCALIV project, three of them as activities related to a previ
ous CRP, ‘Nuclear Analytical Techniques for the Analysis of Foodstuffs and 
Agricultural Products’, and the remaining ones associated with the present CRP, ‘Use
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of Nuclear Analytical Techniques for the Study of Water and Atmospheric 
Contamination’. The RMs provided as unknown samples in the last two intercom
parisons were water, river sediment, lichen, soil and cabbage.

As usual, the participating laboratories obtained from the intercomparisons a 
measure of the validity of their methods by a comparison between their own results 
and the certified values for the RMs. The results of the Argentine participants in the 
intercomparison have been published in the reports of the meetings organized in the 
framework of both CRPs and show good agreement with certified values, but some 
additional criteria could be derived from the results given by the remaining labora
tories. Table I shows an interesting example, which has been discussed by Montoya 
and Kestelman [4], that provides the possibility of comparing three different methods 
of activation analysis: a parametric method based on a modification of the convention 
of Stoughton and Halperin [5] (laboratory 1, one of the participants in the present 
research agreement); a method using the k0 factors, as defined by Simonits et al. [6 ] 
(laboratory 2); and, finally, the traditional comparative method (laboratory 3). The 
analysed material was in this case the CRM 320/BRC River Sediment.

A reasonable agreement is observed, in particular, for both parametric methods; 
the possible causes of some discrepancies were also discussed in Ref. [4]. In connec
tion with the purpose of this work, it is pertinent to point out that the relatively low 
value reported for arsenic by laboratory 1 , which reflected a tendency already 
observed in its own internal quality control, led to the revision and subsequent change 
of the nuclear constants selected for this element. In that sense, the concept of trace
ability of nuclear constants, as proposed in Refs [7, 8 ], could provide an additional 
tool for the implementation of the quality system

4. FINAL COMMENTS

The particular objectives in the present study have been successfully achieved, 
and the implementation of a quality system supports the reliability of the results. As 
was planned, and is being carried out, this work shows an example of execution in 
consonance with the modern trend of assuring the quality of all the steps in the 
investigation. The implementation of the quality system transcends the limits of the 
present study, and can be considered as part of the general philosophy of the applica
tion of quality criteria to scientific research.

The protocols and documents of procedures used in this work have been 
adopted for the entire Latin American region. This example of co-operative work had 
been preceded by the preparation in Argentina and distribution to the ARCAL 
members in 1992 of the ‘General Guide for the Preparation of Manuals of Quality 
Assurance in Analytical Laboratories’. This guide is, at the present time, used by most 
of the countries in the region. In that sense, the policy of mutual collaboration
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TABLE I. RESULTS OBTAINED FOR CRM 320/BRC RIVER SEDIMENT BY 
DIFFERENT NEUTRON ACTIVATION ANALYSIS METHODS 
(concentrations in fXg/g, unless otherwise stated)

Element Certified Concentration, Concentration, Concentration,
values laboratory 1 laboratory 2 laboratory 3

Al (%) 8.99 ±0.38 8.4 ±0.1
As 76.7 ± 3.4 67.4 ± 3.0 78.3 ± 4.0
Ba 437 ± 40
Ca 2.46 ± 0.21 2.39 ± 0.08
Ce 98.6 ±8.0  71.0 ±4 .0  79.6 ± 3.5
Co 19.5 ±0.46 20.1 ±0.1 15 ±1
Cr 138 ± 7  137.3 ±4 .2  141.1 ±6.4
Cs 5.21 ± 0.28
Dy 7.28 ±0.90 8.12 ±0.56
Eu 1.51 ±0.18 1.57 ±0.08
Fe (%) 4.51 ±0.24 4.47 ± 0.34 4.45 ± 0.08
Hf 7.78 ±0.43 6.11 ±0.30
Hg 1.03 ±0.12 1.08 ±0.17
К  2.44 ± 0.16 2.42 ±0.14
La 47.4 ± 1.5 44.0 ± 1.7 43.9 ± 2.3
Lu 0.969 ± 0.040 0.488 ± 0.020
Mg(%) 3.33 ±0.18 1.99 ±0.11
Mn 768 ± 31 763 ± 16
Mo 4.9 ± 1.4
Na (%) 1.971 ± 0.090 1.99 ± 0.08 1.82 ± 0.06
Nd 43.8 ± 4.3 35.6 ± 3.2
Ni 75.2 ± 1.4 79.6 ±7.4
Rb 149.7 ± 6 .8  107 ± 8

Sb 0.404 ± 0.040
Sc 15.25 ±0.37 15.25 ±0.40 15.56 ±0.74 13.8 ±0.6
Sm 8.45 ± 0.39 8 .6  ± 0.6 8.27 ± 0.42
Sr 209 ± 33
Ta 1.511 ±0.070 1.28 ±0.08
Tb 1.191 ±0.050 1.38 ±0.17
Th 17.33 ±0.87 17.3 ±1 .0  19.5 ±1 .4
Ti 0.537 ± 0.080 0.49 ± 0.02
U 5.65 ± 0.40 4.16 ±0.47
V 113.5 ±8.5 107 ± 2
Yb 4.14 ±0.46 3.34 ±0.13
Zn 142 ± 3 141.3 ± 5.7
Zr 390 ± 38
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established in the ARCAL programme since the beginning of the activities was again 
followed.

The actions planned through the development of programmes such as the 
present one in the Latin American region are continuously increasing. In this respect, 
a document for a new ARCAL project on quality assurance of analytical laboratories, 
prepared on the basis of work presented by Argentina and Chile, has been accepted 
by the national co-ordinators. The activities of this specific project on quality 
assurance started in 1997.
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Abstract

TOTAL QUALITY MANAGEMENT TO PREVENT INCORRECT RESULTS AND A 
WASTE OF RESOURCES.

Incorrect results lead to quality costs because of the repetition of work needed, customer 
dissatisfaction or eventually financial claims. There is an international trend that laboratories 
should provide objective evidence of their performance. This can be accomplished by quality 
assurance and extensive documentation of the work process and, eventually, via a quality 
system and quality management. Two approaches to standard operating procedures are 
described and the need for checkpoints, quantified criteria and non-conformance management 
is discussed. It is also emphasized that harmonization should not be restricted to the laboratory 
itself, but will also contribute to the quality assurance and comparability of data in inter
laboratory research programmes. The different international standards for quality systems are 
briefly compared; a few consequences typical for nuclear analytical techniques are given. The 
advantages and drawbacks of formal accreditation are discussed and examples are given of the 
scope of accreditation. Finally, a cost-benefit evaluation is given of the development of a 
quality system and keeping accreditation, as a case study rather than as a general guideline.

1. INCORRECT RESULTS AND QUALITY COSTS

A chemical analysis consists of a chain of actions each with links to supporting 
actions such as calibration, equipment performance checks and ultrasonic cleaning. 
In each of these actions mistakes may occur. Thus, there is a distinct chance that the 
final result will be wrong. Though quality control (QC) samples can be included to 
inspect the quality of the final result, accidentally incorrect results may still occur 
with far-reaching consequences:

(a) When the mistake or final incorrect result is noticed before reporting, the action 
or complete analysis may have to be repeated to attain a good result. As a 
consequence of capacity limitations, repetition of work may cause other
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planned work to be postponed. Thus, deadlines for reporting these other 
analyses may be exceeded. Repetition of work leads to direct quality costs; 
exceeding deadlines leads to customer dissatisfaction, and can also be regarded 
as a quality cost.

(b) When the incorrect final result is detected after reporting, re-analysis may be 
demanded, which leads to the same quality costs as mentioned earlier; 
additionally, customers may lodge claims with the laboratory because of, for 
example, economic losses incurred as a result of decisions taken on the basis of 
the incorrect results.

(c) Incorrect results also lead to declining confidence, and eventually legal dis
putes; sometimes customers may demand additional validation of the analytical 
method.

(d) In university related analytical laboratories, incorrect results may seriously 
delay student projects.

(e) So far, it has been assumed that repetition of the analysis is possible because 
there is ample material available, or a new analysis can still be done on the same 
analytical portion (e.g. when using non-destructive methods). The situation 
becomes more troublesome when the analytical portion is unique or the sample 
has been lost via dissolution.

(f) When results are used in multilaboratory or international projects, incorrect and 
non-comparable results may frustrate the entire project. It means a waste of 
time and money, taking into account, for example, preparation of the project, 
sampling, distribution and evaluation.

So far, only quality costs related to the incorrect final results have been
discussed. However, laboratories are often not aware of the waste of time and money
owing to:

(g) Absence of proper documentation, and centralized registration of observations, 
equipment settings, and environmental conditions. Often much time has to be 
spent in trying to recreate the conditions under which an analysis was carried 
out in the past when errors are suspected afterwards; sometimes this is not 
possible.

(h) Single points of failure in the organization. For instance, when only one person 
knows how to perform a critical action in the analysis, the continuation of work 
may be endangered if this person is absent.

(i) No systematic planning of all parts of the analysis, and absence of a system for 
stock control of, for example, vital laboratory consumables.

(j) Intentional and unintentional variations. When non-technical personnel carry
out the analysis, their lack of scientific background hinders understanding of 
the reasons for the various operations, which may result in shortcuts being



IAEA-SM-344/13 51

taken, elimination of steps and substitution of reagents in a commendable effort 
to increase productivity and to save time and money.

Probably all analytical laboratories include some form of QC in the analysis, 
and some include certain components of quality assurance (QA). Quality control 
involves the use of blanks, QC samples (reference materials, in-house standards), 
replicate samples, blind samples, spikes and measurement of recovery. Quality 
assurance requires much more:

(1) Calibration, statistical evaluation and use of control charts,
(2) Participation in laboratory intercomparisons and proficiency testing,
(3) Validation of the analytical methods and traceability of the results,
(4) Procedures for checking and reporting,
(5) Procedures for instrument performance checking.

However, sometimes even QA is not sufficient to ensure the proper and efficient 
operation of a laboratory. In many laboratories not all procedures for QC/QA work 
and actions are written down. As a result, some of these procedures will be known 
only to individuals. Others are considered to be ‘common knowledge’, or at least 
everyone ‘thinks’ they are common knowledge until one day something goes wrong 
because apparently not everyone was aware of the correct procedure, criteria or 
specifications and checkpoints. This emphasizes the necessity of harmonizing and 
documenting all operations so that they are unambiguous; to quantify the criteria for 
acceptance of data and to develop a system for internal inspection (auditing).

2. REQUIREMENTS AND TOOLS

2.1. Minimum requirements

A laboratory seeking to produce consistently data of known quality and uncer
tainty should, as a minimum, give objective evidence that:

(a) Validated methods are used which are fully documented. The methods should 
be under statistical control. Their staff should be trained in accordance with the 
job descriptions.

(b) A programme for internal QC has been implemented to produce data of known 
quality and uncertainty.

(c) The laboratory regularly participates in proficiency testing schemes or labo
ratory intercomparisons to assess, independently, the quality of the data 
produced.
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How to give ‘objective evidence’? This is usually accomplished by thorough 
documentation and registration of observations, not only for the chain of actions 
which comprise the direct analysis, but also for all supporting activities. For instance, 
the purity and stoichiometry of chemical compounds should be made demonstrable 
when this is critical for the quality of the results, but the laboratory should also 
demonstrate that measures have been taken to prevent improper use of the chemicals 
which would compromise their quality.

2.2. Checkpoints and quantified criteria

Critical checkpoints must be identified by answering the following questions:

(a) What are the sources of error in every individual step of the work process?
(b) Are these sources of error identifiable and quantifiable?
(c) What is their contribution to the final analytical uncertainty?
(d) Is it possible to prevent their occurrence (a test of the fitness before usage, or 

regular adjustment and/or calibration), or can results afterwards still be 
corrected?

Quantified criteria are needed to pass a checkpoint. It is not an easy task to
quantify the common ‘knowing’ or ‘feeling’ that a result is ‘good’, but it should be
done to make decisions reproducible, trackable and unambiguous. In defining the 
criteria, the laboratory should be well aware of its mission and the consequences to 
its operation if its own criteria cannot be fulfilled. It may happen that a laboratory has 
to weaken the desired criteria, thereby perhaps sacrificing some accuracy and 
precision in return for continuity of operations.

2.3. Standard operating procedures and harmonization

Often each employee has developed his/her own way to carry out a given task. 
When a laboratory has several employees, there may also be a range of possible 
mistakes, and it will be a waste of time and money to develop procedures, evaluate 
checkpoints and derive criteria for each of them. This emphasizes the need for 
harmonized, standard operating procedures (SOPs) for virtually every individual 
operation in the laboratory; the laboratory can decide this itself. When formal accred
itation is sought (see Section 3), the corresponding standards prescribe the minimum 
set of SOPs.

Consensus on the harmonization of operations may be accomplished by having 
the SOPs drafted by the employees who carry out that part of the work; staff may later 
on amend the drafts, remove the jargon, check if the sequence of actions is logical, 
check if the interpretation of the actions will be unambiguous and inspect for the
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checkpoints and criteria. Removing the jargon is essential, since SOPs also form the 
starting point for the training of new employees.

Standard operating procedures are needed not just for actions directly related to 
the analysis, but also for supporting operations. It is necessary to document how 
equipment management is organized, e.g. administration, purchasing and installation, 
performance checks and calibration, maintenance and training. It should be clear who 
is mainly responsible for these aspects. This applies also for chemicals, reference 
materials and laboratory tools. Since one of the aims of QA and the quality system is 
to assure the quality and uncertainty of the reported data, an SOP is needed for 
checking and approval before release of the final results and/or calculations.

2.4. Types of SOPs

The work process can be laid down in SOPs using the following approaches:

(a) The analytical process is dissected into many small unit operations, each 
described in an SOP, e.g. for receipt of samples, weighing, sample drying, use 
of oven and choice of analysis protocol. Then, an outline is given of how the 
analysis is carried out by composing the required unit operations. Such an 
approach makes the laboratory flexible in operation; it makes it possible to 
‘optimize’ the final analytical protocol by careful selection of the available 
SOPs. This approach is rather useful for nuclear analytical laboratories since in 
multi-element determinations like PIXE, XRF and NAA, the type and number 
of element(s) often do not have many consequences for the analytical proce
dure. 1 Also, for radiochemical NAA (RNAA), this procedure has advantages 
because it allows for the selection and combination of different protocols for 
sample dissolution and chemical separations.

Another advantage of this approach is that it contributes to the ability to survey 
all operations of the laboratory and related activities; on the basis of their 
interactions, checkpoints and criteria may be defined. Since one SOP may be in 
use by different employees for different types of analyses, actions following 
non-conformance such as troubleshooting are beneficial for all applications and 
are thus rather cost effective.

(b) Alternatively, the determination of a given analyte in a given matrix can be 
laid down entirely in one SOP, e.g. an SOP for the determination of Fe in 
aerosols, or Cu in sea water after preconcentration. Such an SOP thus serves

1 PIXE: particle induced X ray emission; XRF: X ray fluorescence; NAA: neutron 
activation analysis.
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as a ‘cookbook’ for the analyst. It can be advantageous, e.g. in RNAA, where 
procedures may be dedicated, but it diminishes the flexibility of the laboratory 
once another analyte has to be determined or when the sample type is 
different. Additionally, the cost effectiveness of troubleshooting may be less 
effective. One SOP for one determination is sometimes preferred to ensure a 
high degree of reproducibility of the data, e.g. for product control or legisla
tion purposes.

2.5. Non-conformance management

The staff also has to decide which actions should be followed when a situation 
occurs which is different from that anticipated in the SOP (‘non-conformance’), and 
when criteria are not fulfilled. In the SOPs these actions may already be identified; 
sometimes work may proceed since it is sufficient to register the non-conformance and 
corrective actions — like mathematical corrections — can be applied to assure the 
overall quality. Sometimes it is necessary to interrupt work immediately to assess and 
eliminate the cause of the non-conformance and to prevent it from happening again.

2.6. Other aspects of harmonization

Harmonization of operations is an approach to improve effectiveness at a labo
ratory, reduce miscommunications and enhance comparability of data. Harmonization 
should be included in the definition stage of multilaboratory research programmes, or 
in programmes in which, for example, samples are being collected at different 
locations or in different countries. A sampling protocol should be made in advance, 
documented and verified, with attention being paid to non-conformance. Sampling 
equipment might be standardized, as well as: sample treatment, storage and sub
sampling; the duration of, for example, freeze-drying; dissolution; the type of control 
samples used, etc. Forms can be developed for the registration of pre-defined 
conditions during sampling. But attention should also be directed to harmonization in 
reporting, aspects of significant digits and, quite important, the way detection limits 
are defined and calculated, and the way the uncertainty of the data is attained.

2.7. Attitude to quality

Quality assurance requires a change in the attitude of employees. An awareness 
of the necessity for a different approach to how work should be done and checked is 
usually the most difficult to achieve and may easily require several months. 
Employees may feel offended and mistrusted when it is decided to have vital 
calculations and the final results verified by a colleague who is not directly involved 
in the analysis and is thus without a conflict of interest. It is important to realize that
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the old way of working is not being condemned, but that new requirements have 
developed outside the laboratory which require this different attitude.

2.8. From QA towards quality systems

During the development and implementation of QA, it may already become 
clear that there are many links with the organizational structure and management of 
the laboratory. One of the employees may be appointed as a quality co-ordinator; 
his/her duties would be to inspect how the reorganization of work is effectuated in 
practice and whether work is really being carried in accordance with the SOPs, or if 
deficiencies are still occurring. When such aspects are also described in procedures 
(e.g. who takes decisions, how the tasks and responsibilities of equipment managers 
are carried out, how to report and internal auditing), a quality system may be attained.

2.9. International standards for quality systems

The internationally accepted (minimum) requirements for a quality system have 
been described in different documents:

(a) The ISO-9000 series of standards, which describe the requirements of a quality 
system for (1 ) design/development, production, installation and servicing 
(ISO-9001); (2) specification for production and installation (ISO-9002); and
(3) specification for final inspection and test (ISO-9003). This series of 
standards is most commonly used for organizations manufacturing products or 
supplying products and services. The compliance of the quality system with one 
(or more) of these standards may lead to formal ‘certification’, which is given 
by a third party certification body. ISO-9000 certification implies that the way 
a product has been made or a service is given is well described, but that its 
quality is not necessarily covered in advance.

(b) The ISO/IEC Guide 25, ‘General Requirements for the Competence of Calibra
tion and Testing Laboratories’ , 2  and the derived series of standards such as (in 
Europe) the EN-45000. The ISO/IEC Guide 25 differs from ISO-9000 by its 
emphasis on the demonstration of technical competence by personnel, partici
pation in laboratory intercomparisons and detailed descriptions of test and 
calibration methods. More detailed requirements exist for the management of 
equipment and materials, the use of reference materials and for reporting. 
Accreditation for compliance with the criteria is given by a national accredita
tion body, which in itself operates in accordance with special ISO standards.

2 The ISO/EEC Guide 25 is currently in the final stage of a major revision. A new 
version is expected which might be issued as a standard rather than as a guide.
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The audit of the quality system is done by a team, including one or more experts 
with technical knowledge of the methods to be accredited. A laboratory with an 
ISO-9000 certification does not comply with the demands and interpretations 
of ISO/IEC Guide 25; however, laboratories meeting the requirements of 
ISO/IEC Guide 25 comply with the relevant requirements of the ISO-9000 
series of standards when they are acting as suppliers producing calibration and 
test results.

(c) The ‘good laboratory practices’ (GLP) scheme is internationally accepted for 
laboratories carrying out analyses and evaluations for regulatory purposes, such 
as: the safety of pharmaceuticals; testing of food additives, cosmetics and toxic 
agents; animal experiments; or studies of materials harmful to the environment. 
Performance to GLP principles is referred to as ‘GLP compliance’. Whereas a 
quality system for ISO-9000 and ISO/IEC Guide 25 certification and accredi
tation refers to a given product or test, GLP compliance requires a description 
of all operations in the laboratory or organization. Compliance is confirmed by 
a national body, commonly operating under a Ministry of Health or similar 
organization.

The text of, for example, ISO/IEC Guide 25 or the EN-45000 series of 
standards is rather compact. In their startup phase many laboratories therefore have 
difficulties with the interpretation of the requirements towards the SOPs to be 
developed. A useful document with an interpretation of the standards has been 
compiled by EURACHEM, the Co-operation for Analytical Chemistry in Europe and 
WELAC, the Western European Laboratory Accreditation Corporation [1].

3. ACCREDITATION OR NOT?

3.1. Why formal accreditation?

In a contractual situation it becomes rather impractical when the ‘customer’, i.e. 
the supplier of the samples, has to inspect the laboratory’s ‘objective evidence’ on the 
quality of the produced data and determine how realistic are the reported uncertain
ties. In many cases the customer does not have the technical and scientific ability to 
do so. This highlights the difficulty of mutual acceptance of data and trustworthiness 
of laboratories. Often, reanalysis or extensive disputes on the quality of the data are 
the result.

Laboratory accreditation is the key to removing this mistrust and the related 
waste of time and money. National laboratory accreditation bodies have been 
formed which verify the technical competence of a laboratory to carry out specific 
tests and if the laboratory’s quality system is in compliance with the ISO/IEC
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Guide 25 or derived standards (like EN-45001). The accreditation is not given once 
and for all, but for a given period, such as one or two years, after which a new audit 
is carried out.

3.2. Advantages and consequences of formal accreditation

Laboratory accreditation may involve relatively high costs. The question there
fore may be raised whether these costs are justifiable and if accreditation is really 
necessary. When there is no formal reporting to a third party, the ISO-9000 series may 
be suitable to implement a quality system to be certified, though certification also 
involves costs. However, when the laboratory issues certificates or reports, for 
instance on product specifications, material compositions or environmental analysis, 
it is very well possible that the customers may demand that the laboratory demon
strate its technical competence via the formal accreditation. As an example, the 
Ministry for Housing, Planning and the Environment and the Ministry for 
Transportation in the Netherlands decided in 1994 that laboratories participating in 
environmental tests should by preference be accredited according to EN-45001. 
Similarly, industry becomes selective when analyses are needed, and thus laboratory 
accreditation may be of strategic importance.

Accredited laboratories have found that formal accreditation appears to be a 
stimulus for their employees since it increases the status and respect of the laboratory 
and employees are proud of ‘their’ quality system. The annual accreditation audit 
sometimes serves as a ‘guard dog’ when facing declining discipline with SOPs. It also 
forces management to have a programme for internal auditing which pays attention 
to the analytical process, the documentation and the effectiveness of management. 
Such audits, and the related programme for actions, keep the quality system in a 
continuous state of improvement.

3.3. Scope of accreditation

Accreditation is given to carry out specific tests which are laid down in the 
‘scope of accreditation’ [2]. The laboratory itself decides on this scope of accredita
tion; it is usually a list of tests specifying the analyte determined, the technique used, 
the type of samples it is applied to, the limits of detection and an indication of the 
degree of accuracy. The scope of accreditation thus might be something like ‘...the 
determination of Cu in sea water by AAS...’, but also, for example, ‘...multi-element 
determinations by INAA in sediment, aerosol, rock and plant material.’ Even when a 
laboratory applies several techniques (e.g. AAS, NAA and XRF) and all operations 
are laid down in a quality system and a quality manual, the scope of accreditation may 
be limited to only one test. Again, the laboratory decides itself for which test it wants 
or needs accreditation.
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In principle, nuclear analytical techniques (NATs) do not pose special problems 
when developing a QA programme and a quality system. However, quite often 
laboratories with NATs have a strong relationship with universities or non-profit 
research establishments; in addition, the groups of people involved are sometimes 
rather small. Sometimes students are hired to run routine analyses; how is their 
competence and insight assured and demonstrated? Another difficulty may be 
encountered with deputizing, not only with respect to, for example, equipment, but 
also for the approval and authorization of the final reports. For instance, if this is 
normally done by the head of the laboratory, is there a formal deputy with sufficient 
independence and insight to take over this job in the head’s absence?

For laboratories employing NATs it is often difficult to find an independent 
expert with sufficient insight into the NATs and the ISO criteria to carry out an audit. 
Bilateral arrangements by neighbouring countries may be a way out; sometimes 
advantage can be taken of a visiting scientist (if he/she is sufficiently knowledgable 
on the quality criteria and interpretation of the standards).

4. QUALITY SYSTEMS AND NUCLEAR ANALYTICAL TECHNIQUES

5. PITFALLS IN DEVELOPING A QUALITY SYSTEM

Though the importance of a QA programme may be evident and the steps to a 
quality system and its management may sometimes be small, there are several reasons 
why laboratories fail in successfully realizing this goal:

(a) Wrong motivations. A QA programme and development of a quality system in 
accordance with ISO requirements ask a lot of all employees: accustomed ways 
of working may have to be abandoned, more paperwork is required and new 
checks are perceived as mistrust rather than as a tool to prevent repetition of 
work. When the laboratory has not identified its own deficiencies, or its motive 
in improving the style of working, a situation may easily grow in which the 
reasons for the changes are considered to be only ‘because the outside world 
says so’, and the QA will not be supported by the employees; they will not 
identify their own benefits from it.

(b) No support from the top. The development of a QA programme requires time; 
it also may require additional resources to comply with the minimum 
requirements, or, for example, for additional (technical) training. If both the 
time investment and, consequently, the reduced normal ‘production’ are not 
acceptable, or when resources are not available, the laboratory faces a difficult
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task. Formal approval from the top also makes it clear to all employees the 
importance of the changes to be made.

(c) In su ffic ien t tim e  f o r  a w a re n e ss  b u ild in g . Part of the time needed to develop a 
QA programme has to be invested in building the awareness of the employees, 
since they have to abandon traditional ways of working and comprehend and 
accept the necessity of the new approaches. This is an important process that 
should not be underestimated, since QA requires the consensus of all 
employees and bottom-up development. If too much pressure is put on the 
employees to get started, only top-down pressure will be experienced.

(d) U n re a lis tic  tim e-fra m e. Laboratory managers should avoid being too optimistic 
on the time required to achieve all the changes. When asking for support from 
top management an unrealistically short time-frame may be set, or the time 
required for awareness building underestimated. As a consequence, support 
from the top may end before the programme has been completed and only bits 
and pieces of an ineffective QA programme may remain.

(e) N o  co m m itm e n t b y  th e  staff. A QA programme fails when laboratory manage
ment considers itself too busy to get involved, or when it drops the strict rules 
of the programme at the first crisis as something nice to have, preferring instead 
quick results.

(f) In c o r re c t ex p ec ta tio n s . One of the misconceptions [3] regarding QA and 
especially quality management is that the results will be of a better quality, e.g. 
because of a higher degree of accuracy. The laboratory defines the targets for 
the quality and uncertainty of the results to be reported in accordance with the 
mission of the laboratory, its technical abilities and the condition of the 
facilities. A laboratory will not automatically produce ‘superb’ results once it 
has a quality system. However, with a QA system the results and the conditions 
under which they have been obtained will be trackable, and the probability of 
repeating the work and reporting incorrect results will be considerably reduced. 
Obtaining better results because of a quality management system and accredi
tation is a great misconception. Quality management is not meant to lead to 
better specifications, but to achieve greater effectiveness of operations, full 
documentation and mutual acceptance of data.

6. COST-BENEFIT ANALYSIS: A CASE STUDY

The quality system at the INAA laboratory of the Interfaculty Reactor Institute 
in Delft, Netherlands, was accredited in February 1993 for its compliance with the 
EN-45001 criteria [3-5]. This cost-benefit analysis [6] is meant to be an individual 
case study, rather than one that can be used for general applicability.
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6.1. Development costs of the quality system

In the development stage, between January 1990 and November 1992, there 
was no time keeping. However, later study revealed that the effort invested by the 
seven employees (staff and some of the analysts) in the development of the quality 
system added up to about 2 person-years. Assistance from an external consultant 
came to about 0.7 person-years. Miscellaneous costs included small investments in 
the laboratory and stationery for manuals and forms, all amounting to a sum equiva
lent to approximately 25-30% of the laboratory’s running costs for one year (salaries 
and other expenses).

6.2. Costs for maintaining the quality system

Once accredited, recurring annual costs3 should be taken into account. The 
following contributions can be distinguished-.

(a) Preventive costs are those required to keep unacceptable data from being 
generated in the first place. They include costs associated with the training of 
personnel, the necessary system calibrations, internal quality control and per
formance checks. Calibrations (equipment, element standardizations, pipettes 
and balances) and performance checks add up to about 1 person-year.

(b) Appraisal costs are those required to sustain the system. These include internal 
audits and alterations in the quality manual. They require the attention of the 
quality co-ordinator (0.3 person-years) and the Institute’s quality manager 
(0.05 person-years). Also, the costs of the audit by the National Council for 
Accreditation should be included.

(c) Correction costs are those required to correct conditions that have been found 
to be out of control or less than satisfactory. These include costs for trouble
shooting, implementation of corrective and new preventive measures and 
reanalysis of samples.

The total of these annual costs amounts to approximately 20-25% of the annual 
running costs of the laboratory; prevention costs are the most important component 
(approximately 75% of the total).

3 The implementation of the quality system has, in the respective years, been justified 

in the annual R&D programme of the Institute. Therefore, the cost-benefit evaluation does not 
include a proportional part of these costs of implementation. This is analogous to the cost 
analysis of INAA which also does not include the costs related to the development of the 

technique, but only the running costs.
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The costs for sustaining an accredited quality system are ‘out of pocket’ costs. 
The benefits are more difficult or even impossible to quantify in monetary terms, 
since many of them are only measurable in terms of improved effectiveness of oper
ation and a considerable reduction in non-conformance [3, 5]:

(a) Less repetition of analyses and fewer corrections as a result of last moment 
discoveries of mistakes and miscalculations. A conservative estimate is that 
every employee ‘earns’ approximately 10% of his/her time.

(b) Ability to track analyses because of the extensive documentation and registra
tion of the relevant parameters. The time savings are estimated at approximately 
5% for every employee. Additionally, it works as a time saver in the training of 
new personnel.

(c) Documentation and the assignment of deputies reduce the risk of ‘single points 
of failure’. The benefit is the continuation of operations, and is not quantifiable.

(d) Quality assurance prevents the release of ‘bad’ results and possible claims and
other costs. On the basis of an evalaution of analyses between 1992 and 1995, 
it is now known that on average incorrect results may occur in 5% of all 
samples analysed, the reporting of which is prevented by timely corrective
actions prior to the release of the reports. These samples would otherwise
probably be analysed again; thus, an estimate of benefits can be made.

(e) Accreditation prevents discussions on the verification of results, since this
is implicitly covered by the accreditation; the gain in time is again not
quantifiable.

(f) Laboratory accreditation has become indispensable to be eligible for third party 
contracts.

The estimated total of the quantifiable benefits amounts to approximately 15% 
of the annual running costs. When comparing the costs of sustaining the quality 
system, the non-quantifiable benefits (reduction of single points of failure, prevention 
of claims because of reported incorrect results, no disputes on quality) and income 
from commercial INAA services should not be forgotten.

7. FINAL REMARKS

Managers of analytical laboratories will have to get used to the fact that new 
requirements apply to quality assurance and the organizational aspects of their 
laboratories. The way in which work is now required to be carried out may be 
different from what was taught in the past. It is therefore important to realize that

6.3. Benefits of the quality system
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these new requirements are not a condemnation of the earlier performance of the 
laboratories. They are ‘just’ new insights and beliefs to help to improve the perfor
mance of the laboratory in terms of effectiveness of operations, assurance of quality 
and uncertainty of the results, to prevent a waste of time and money, and to generate 
among customers acceptance of, and confidence in, the results.

It is understandable —  though not justifiable —  that non-profit laboratories 
may put these new requirements aside assuming that the movement towards quality 
systems and laboratory accreditation is contemporary, and is only a new gimmick for 
industrial organizations to distinguish themselves because of economic competition. 
However, non-profit laboratories —  like universities or research organizations —  can 
learn from the benefits of quality management. If the new requirements are not taken 
seriously, the laboratory may classify itself as an academic curiosity, thereby weak
ening its competitive position nationally and maybe even internationally. Universities 
also have a mission to educate and train academics in an environment which is not too 
different from what society calls for, and society will call for academics who are 
capable of managing laboratories in which, following company objectives, quality 
management has been implemented.
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Abstract

QUALITY MANAGEMENT FOR LABORATORIES USING NUCLEAR AND ISOTOPIC 

TECHNIQUES: THE ANSTO EXPERIENCE.
Environmental studies are being used to assess the impact of current and past activities 

on the environment, and the potential impact of future activities on the environment. 
Laboratories use nuclear and isotopic techniques for research, the provision of analytical ser
vices, the provision of calibration services, the provision of calibration standards or a mixture 

of these activities on a national, regional or international basis. The need will increase for lab
oratories to be able to provide confidence that the laboratory’s test results and reports can be 

independently assessed and verified in accordance with the requirements given in ISO-9000 
and ISO/EEC Guide 25. The paper looks at reasons for implementing a management system, 
the process and some of the experiences from the Australian Nuclear Science and Technology 

Organisation. The decision to develop, implement and maintain a management system that 
meets the requirements is influenced by a number of external and internal reasons. Regardless 

of the approach actually used to prepare the procedures and instructions and implement the 
quality system, a plan is required that provides resources and target dates for preparation and 

achievement of each phase of the system’s implementation. Implementation of the system 
requires the procedures and instructions to be actually put to use in their real work environ
ment. The implementation process needs to be monitored by progress meetings comparing 
planned objectives against actual achievements. Without full and frank audits and management 
reviews there is a danger that the system’s procedures, instructions and forms will not reflect 
what is done and the system can become a millstone for the organization rather than an asset.

1. INTRODUCTION

Environmental studies are being used to assess the impact of current and past 
activities on the environment, and the potential impact of future activities on the envi
ronment. In the Member States of the International Atomic Energy Agency, these 
studies are being undertaken by laboratories using nuclear and isotopic techniques for 
research; the provision of analytical services (e.g. for routine monitoring); the 
provision of calibration services; the provision of calibration standards or a mixture
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of these activities on a national, regional or international basis. While the potential 
for this R&D and the provision of these services may be expected to grow, so will the 
expectation that these laboratories will be able to provide the necessary assurance and 
confidence that the laboratory’s product, that is, test results, reports, etc., can be inde
pendently assessed and verified. Internal and external customers and stakeholders 
will require this confidence. This paper looks at reasons for implementing a manage
ment system that meets the requirements of ISO-9000 and ISO/IEC Guide 25,1 ’2 the 
process and some of the experiences from the Australian Nuclear Science and 
Technology Organisation (ANSTO).

ANSTO is Australia’s leading nuclear science and technology organization 
and is located on the southern side of Sydney with a staff of approximately 850. 
It is structured into Divisions, with each Division covering a specific area of 
R&D or support. The Divisions are: Environment, Materials, Physics, Nuclear 
Technology, Radiopharmaceuticals, Safety, Engineering, Corporate Services, 
Information Management, Business Collaboration, and Government and Public 
Affairs.

2. DECISION TO IMPLEMENT

In common with many organizations, ANSTO’s decision to develop, implement 
and maintain a management system that meets the requirements defined in standards 
such as ISO-9001 and ISO/IEC Guide 25 has been influenced by a number of exter
nal and internal reasons. The external reasons include:

(a) S ta tu to ry  a n d  re g u la to ry  req u irem en ts . For the operation of ANSTO’s research 
reactor, which is a national facility, and the development and supply of nuclear 
medical products.

(b) In te rn a tio n a l reg u la tio n s  o r  a g reem en ts . For the packaging and transport of 
radioactive materials.

(c) C o n tra c tu a l req u irem en ts . ANSTO’s expertise is being utilized by industry 
within and outside Australia. Increasingly, Divisions or Units are finding that 
external customers are asking about their quality system.

1 There is a need to recognize that the ‘quality system’ and the ‘management system’ 
are the same thing. All too often some perceive the quality system and the management system 

as two separate systems.
2 While ISO-9000 [1] and ISO/IEC Guide 25 [2] are the main references for this paper 

and Symposium, the IAEA’s Codes of Practice, Safety Guides and Technical Reports on qual
ity assurance all provide very useful reference material.
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(1) The desire to standardize processes where possible. The actual process of free 
thinking required for R&D cannot be standardized and there should be no 
attempt to do so. In an R&D organization, there are many processes that can 
and need to be standardized. Standardization of processes where possible 
facilitates:

(i) Improvement in the control and undertaking of processes, including tests;
(ii) Identification of duplication and waste;

(iii) Implementation of process improvement.

The problem with informal systems is that duplication and waste become 
accepted as ‘normal’. Process improvement is a topic frequently discussed, but 
if the management system is informal how can a process be improved if how it 
is actually controlled and undertaken is not really known? In an informal sys
tem each person has a number of ways of doing it.

(2) The desire to reduce costs due to the ‘lack of quality’. That is the cost of not 
doing the correct thing the first time in the most efficient and effective manner. 
Examples of this include errors in data transcription and errors in handling 
samples —  problems that can occur in all laboratories with informal systems.

(3) The desire to retain the knowledge and experience of the organization. A 
properly prepared instruction records the knowledge and experience of a staff 
member on how to control and undertake a particular process or test. The 
instruction can then be used to train other staff to carry out a process or test. 
The problem of depending on one person’s expertise was recognized by the 
Agency [3] some years ago.

(4) The desire to achieve third party certification to provide customers and stake
holders with independent assessment of the Division’s or Unit’s management 
system (see point (c) in the external reasons).

(5) To improve the work environment and morale. If a project falls behind 
schedule or the required item or service does not meet expected require
ments, then there is conflict which is not good for the individual or the 
organization.

All organizations, to a varying degree, address many of the quality system 
requirements either formally or informally. All too frequently it is the latter. A review 
or audit of the current system against the quality system elements can be used to iden
tify just what the status of the current system is against the requirements and where 
action is needed. While this method has not been used for implementation within 
ANSTO to date, it has been used in other organizations.

The internal reasons include:
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F IG . 1. Process fo r the development and implementation o f a quality management system.

3. METHODOLOGY FOR IMPLEMENTATION

The textbook methodology for development and implementation of a quality 
system is outlined in the flow chart in Fig. 1. Within ANSTO, development and imple
mentation in the Divisions or Units has been by:
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(a) Following the textbook method, starting with the quality policy and working 
down; or

(b) Starting with the instructions and then working up; or
(c) Starting with the procedures and then the instructions, followed by the quality 

manual.

The actual method used is influenced by the needs at the time, e.g. project or job 
requirements, or a staff member leaving.

Experience has shown that regardless of the approach taken to develop and 
implement a quality system, a plan is required that provides target dates for prepara
tion and achievement of each phase of the system, that is, the quality policy, the qual
ity manual, the procedures, the instructions, the forms, the training, and the internal 
audits to assess the level of implementation and compliance and, where applicable, 
the third party audit for certification. The plan also needs to identify who is to do what 
and when and the required resources. Unfortunately, in situations where implementa
tion is long and difficult there is a tendency to blame the requirements of the standard 
rather than the true cause. The true cause can include a lack of proper planning of 
resources, possibly failure to set a realistic time for development and implementation 
and, most importantly, lack of commitment by the head of the laboratory or a senior 
line manager.

4. RESPONSIBILITY AND AUTHORITY

The responsibility for the development and implementation of a quality system 
rests with the person with ‘executive responsibility’. For ANSTO as a whole this is 
the Executive Director and for ANSTO’s Divisions it rests with the respective 
Division Director. Within the Divisions each level of management and each individ
ual has a specific responsibility for the activities they control and undertake. 
Ownership and the responsibility for the development and implementation of the 
quality system (which, as already stated, is its ‘management system’) within a spe
cific unit or laboratory needs to be maintained not only by the manager of the labo
ratory, but also by the laboratory’s personnel. To achieve this ownership and commit
ment the development team for a laboratory needs to include the laboratory’s man
ager and, where applicable, the senior line managers and/or staff member(s) from the 
laboratory. Potential problems here include the laboratory manager taking no active 
part or visible responsibility for development and implementation —  this sends a neg
ative message to staff.

In addition to defining responsibility, there is also a need to define the authority. 
All too frequently there is confusion between responsibility and authority; they 
are, however, different and need to be properly clarified. Where a process goes across
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an organizational interface there is even greater need to clarify responsibility and 
authority.

5. DOCUMENTATION

The documentation within ANSTO follows a typical pyramid structure (see 
Fig. 2) as follows:

(a) ANSTO quality policy, procedures and directives. These all define require
ments that apply across the whole of ANSTO.

(b) Divisional quality policy, quality manual, procedures manual and instruction
manual. Having these at divisional level provides a focus for the Division and 
its Unit personnel.

(c) In some Divisions there are also procedures at Unit level. The instruction 
manuals are Unit level documents.

The following is an outline of the management system documents indicated 
above:

(1) Quality policy: This defines ANSTO’s and the Division’s objectives for quality
and their commitment to quality.

(2) Quality manual (or policy manual): Defines the policies for the Division’s
management system and addresses the requirements of the selected standard.

(3) Procedures manual(s): The format of procedures within ANSTO is controlled
by an ANSTO procedure. A procedure is viewed as a process management
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document that identifies the purpose and scope of the process, who, what, why, 
how and when actions are carried out and what records are to be retained and 
where.

(4) Instructions (also called 'Work Instructions’ ): These clearly define how a spe
cific task is to be undertaken and controlled. They are also controlled by an 
ANSTO procedure that defines the format and numbering. An example of the 
development of instructions is from one of ANSTO’s laboratories utilizing 
nuclear and isotopic techniques which went from being managed by the use of 
a ‘notebook’ and very few formal procedures and instructions at the start of 
1995 to having 41 formal instructions by July 1995, with the number still 
growing

It has been found that preparing a flow chart before beginning the writing of an 
instruction helps to clarify the process. Even with a process where there are only two 
people involved there can be a number of revisions to the flow chart before there is 
agreement on how the process is controlled and undertaken. Problems can be experi
enced by failing to involve those who actually undertake the process in the prepara
tion of the procedures and instructions.

6. IMPLEMENTATION

Implementation of the quality system requires the procedures and instructions 
to actually be put to use in their real work environment. Regardless of how many 
reviews are undertaken of the drafts, putting the procedure or instruction into use is 
the best test. With experience and feedback a procedure or instruction can always be 
revised to ensure that it reflects the actual way of doing the task. Some of the 
questions raised during this phase include:

(a) Is the work environment adequate for the task? Safety and proper work 
environment are prime considerations within ANSTO.

(b) Can the measure and test equipment (MTE) actually perform the required 
measurement and are they calibrated? For the Environment Chemistry 
Laboratories to date this has not been a problem. In other parts of ANSTO 
calibration problems have been identified and addressed. Proper calibration of 
MTE is important. In Ref. [4] it is reported that in “25-30% of all cases erro
neous results were attributed to calibration errors”. The following example 
from an audit on another organization is given to show how problems can arise. 
Because of shortage of funds the certified reference material (CRM) was not 
being used as required. This problem was compounded by the fact that the 
instruments log did not record when the CRM was used. If a problem was to be 
identified with a test result there was no way of knowing for which tests the
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CRM had been used, so throwing doubt on all the earlier tests. The people in 
this laboratory are highly trained and conscientious but their quick fix to the 
funding problem provided the potential for major problems.

(c) Is the equipment being properly maintained? The implementation process can
and does need to be monitored by progress meetings comparing planned objec
tives against actual achievements. Some implementation problems observed in 
ANSTO and elsewhere include:

(1) Failure to ensure that personnel are trained in the procedures and instructions 
relevant to their duties. The belief that the staff members are experienced and 
do not need training.

(2) Failure to ensure adequate resources. This includes people, equipment and 
materials, including reference samples (remember the CRM example above).

(3) Failure to change the organizational culture. The customer will take what we 
give them and be happy; close enough is good enough. Changing culture takes 
time and effort.

(4) Lack of real commitment. Staff can be and are influenced by what they perceive 
their line manager or higher management in the organization really thinks.

7. AUDIT

The need for an audit of the quality system is identified in ISO-9000 series and 
ISO/IEC Guide 25. If undertaken properly these quality system, or management sys
tem, audits provide a mechanism for assessing what actually is being achieved or hap
pening, against what is thought to be the status of the management system and its 
processes. A difficulty experienced in the early phase of implementation within 
ANSTO, which is not unusual, is resistance to the audit and the audit findings by the 
staff being audited. With experience, however, it is found that the Unit and laboratory 
managers begin to welcome the audits as a tool to help them know what is happening 
and to identify opportunities for improvement. The second part of the auditing 
process is how well the manager of the area audited responded to the audit findings 
and addresses audit non-conformance.

8. MANAGEMENT REVIEW

Without full and frank management reviews led by the person in charge of the 
area a false understanding of the current status of the management system and what 
is actually being achieved could be gained. The management review needs to take into 
account the results of audits, review of non-conformance and corrective action logs,
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customer complaints and the future strategies of ANSTO and the Division. Without 
this there is a danger that the management system’s procedures, instructions and 
forms will not reflect what is actually done and the system can become a millstone 
rather than an asset. Problems experienced during a management review and audit 
include not responding to audit findings and/or not implementing the corrective 
action and, through lack of action, creating a culture of ‘why bother’.

9. CONCLUSION

Has the development and implementation within ANSTO been worth it? The 
short answer is yes, but it is recognized that there is still a long way to go. ANSTO, 
like many organizations, has no real data on the level of the cost due to ‘lack of 
quality’ before the start of implementation, so a true monetary gain cannot be 
identified.

The change in culture taking place can be seen in the words of one researcher: 
“I had not realised how many times we re-invented the wheel because we could not 
remember exactly how we did it last time”. Corporate knowledge is being recorded 
in the procedures and instructions which are being used for training.

One Division is certified to ISO-9001:1994 and in all the research Divisions 
there are Units well advanced in the development and implementation of the man
agement system to meet the requirements. In the Division with the certified quality 
system there are reports of a reduction in the number of non-conformances being 
recorded, which leads to improved customer satisfaction and harmony within the 
Division.
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A b s t r a c t

A GRAPHICAL TECHNIQUE FOR POST-ANALYTICAL QUALITY CONTROL.
No matter how great the effort, some errors will slip past quality assurance (QA), 

quality control (QC) and total quality management (TQM) into the analytical results. When 
older data or data whose QC procedures are unknown are used, the problem may be even 
worse. The paper demonstrates a graphical approach to ‘post-analytical quality control’ in 
elemental data for atmospheric aerosol and precipitation that relies on the chemical regularities 
of their three major sources, crust, sea and pollution, to display the underlying patterns of 
composition and to allow the analyst to visually identify data points that deviate far enough to 
warrant a closer look. The basic technique uses log-log scatter diagrams whose vertical axis is 
X/Al and whose horizontal axis is Se/Al or Na/Al. When large data sets are plotted in this way, 
asymptotes of either or both sources (crust/pollution or crust/marine) appear, from which 
elemental ratios X/Al, X/Se and X/Na in the pure crustal, pollution, and marine sources can be 
read directly from the plots. With practice, normal environmental variations can be 
distinguished from analytical errors, thus allowing various types of analytical problems 
to be revealed and preventing them from leading to incorrect conclusions. The paper shows 
several cases of analytical problems discovered in this way for aerosol and precipitation 
in Narragansett, Rhode Island, problems that would probably have otherwise gone unnoticed.

1. WHY WE NEED POST-ANALYTIC AL QUALITY CONTROL

In spite of our best efforts, errors inevitably slip into our analytical results. Even 
when we use the best standard reference materials, the most comprehensive total 
quality management (TQM), and the most advanced quality assurance (QA) proce
dures, some fraction of our data will still be erroneous. ‘Bad’ values may be even 
more frequent in our older analyses and in data from external sources whose proce
dures we cannot vouch for. As analysts, we must maintain a healthy skepticism about 
every piece of data we encounter. We need a system of what, for lack of a better term, 
will be called post-analytical quality control (QC).

73
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How can we identify errors in data after the fact? While there are surely a 
variety of ways, the one shown here looks for inconsistencies within a given data set 
that is expected to be internally consistent. By ‘internally consistent’ is meant that if 
a data set consists of enough analyses1 of a material or type of material composed of 
a limited number of well defined components, each having a generally reproducible 
composition, the proportions of the elements in the overall material should vary 
smoothly and over predictable ranges. The suitable post-analytical QC technique will 
define these patterns and ranges and flag any data points that seem to lie outside them. 
Fortunately for environmental scientists, media such as aerosols and precipitation fre
quently satisfy these criteria because large data sets for each are becoming available 
and because aerosols and precipitation are typically combinations of crustal, marine, and 
pollution sources that are well defined and compositionally distinct from one another.

2. WHY A GRAPHICAL APPROACH TO POST-ANALYTICAL QC?

The graphical approach to post-analytical QC can be very powerful when the 
substance being analysed has only a few main components, each with different com
positions and distinct reference elements that can be applied to various axes. Thus the 
basic requirements for graphically interpreting data are very similar to those for post- 
analytical QC. The properties of environmental media, including but not necessarily 
limited to aerosols and precipitation, fit these requirements well enough that they are 
ideally suited to demonstrate the concept and the technique for implementing it.

3. THE NEW GRAPHICAL TECHNIQUE

The graphical technique used here was developed for the purpose of determin
ing the composition of the crustal fraction of atmospheric aerosol at a given site solely 
from a suite of measurements of the aerosol at that site. The crustal composition is 
needed to calculate aerosol-crust enrichment factors of elements in the aerosol, which 
provide valuable clues about their origins. The graphical technique was designed to 
take advantage of the large variations in composition of the aerosol at a given site, 
which for many elemental ratios can amount to factors of 100 to 1000 in just a sea
son of daily samples [1]. In data sets containing hundreds of samples, a few samples 
can be expected to be essentially crustal in composition, or at least much more nearly 
crustal than the rest of the samples. From these near crustal samples and others of

1 Our experience at the University of Rhode Island suggests that at least 50-100 samples 
are required to make this approach satisfactory.
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a generally similar character, the composition of the crustal component can be extra
polated. This procedure gets its power from drawing most of its information from the 
small fraction of the samples most resembling the crust and weighting the others 
much less.

The graphical technique is simple and straightforward: construct log-log scat
ter diagrams whose vertical axis in the X/Al ratio of the samples (where X  is the ele
ment of interest and Al is the crustal reference element) and whose horizontal axis is 
Na/Al or Se/Al (where Na and Se are the marine and pollution reference elements, 
respectively). These horizontal axes create a continuum with most crustal samples 
farthest to the left and most marine or most pollution samples farthest to the right. 
Depending on which components are sufficiently enriched in subsets of the samples, 
asymptotic ‘tails’ pointing to elemental ratios of the pure materials can appear at 
either or both ends of the plot. On the left, the X/Al ratios form a near horizontal zone 
that converges on the asymptotic crustal ratio (X/Al)crust that can be read with rea
sonable accuracy even if none of the samples actually reach it. On the right, a 45° 
zone appears whose asymptotic value represents the pollution ratio (X/Se)pollution or 
the marine ratio (A7Na)manne. Thus one plot can provide the compositions of two of 
the three main components simultaneously. Under the best conditions, the asymptotic 
ratios can be read to 10% or less. Occasional multiple tails can be easily seen and 
handled like single tails. The graphical technique can also be applied to precipitation 
or to individual components of pollution.

Three typical examples of this type of plot, for aerosols at Narragansett, are shown 
in Fig. 1. The upper panel (Fig. 1(a)) is the ‘crustal/pollution plot’2 for Ti. Consistent 
with Ti being non-enriched in aerosol [2], this plot is nearly horizontal and converges 
towards a clear pollution asymptote for Ti/Al (» 0 .0 6 )  at the left hand end. The middle 
panel (Fig. 1(b)) is the crustal pollution plot for Cs. Caesium’s modest enrichments in 
many aerosols [1] appear here as a crustal tail in combination with a 45° pollution tail, 
with asymptotic Cs/Se of about 0.015, at the right hand end. The lower panel (Fig. 1(c)) 
is the ‘crustal/marine plot’3 for Mg. Illustrating M g’s mixed crustal/marine character at 
Narragansett, this plot shows a clear crustal tail with asymptotic Mg/Al of about 0.25 and 
a long, narrow marine tail with asymptotic Mg/Al of about 0.1. For a detailed description 
of the technique and its applications, see Ref. [3] and expected follow-up papers.

4. EXAMPLES OF GRAPHICAL POST-ANALYTICAL QC

This section presents four examples of graphical post-analytical QC that range 
from the simplest to the sophisticated. All are drawn from our large data sets on trace

2 Where Se/Al is used for the horizontal axis.
3 Where Na/Al is used for the horizontal axis.
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FIG. 1. (a) Crustallpollution plot ofTi; (b) crustallpollution plot of Cs; and (c) crustal/marine
plot ofMg, all in Narragansett aerosol.
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elements in aerosols and precipitation at Narragansett, Rhode Island, USA, a semi- 
rural community of about 20 000 people located along the western shore of 
Narragansett Bay. Although well within the populous northeastern USA, 
Rhode Island and environs still contain enough open forest that aerosols and precipi
tation measured there represent the non-urban region from Boston through at least 
New York [1].

The aerosol data contain about 750 daily high volume samples taken 
from 1982 to 1984 and analysed for up to 40 elements by non-destructive neutron 
activation. Sulphate was also measured by turbidimetry. The precipitation samples 
number about 250 and were collected between 1985 and 1989. All were taken 
manually during rain and snow. In order to produce data that would be strictly 
comparable with aerosol data, we introduced the precipitation directly into double 
lined plastic bags, where it remained throughout the analysis. At the conclusion 
of the event, we closed the bag, froze it and then freeze-dried it. We later analysed 
the bag and its residue the same way that we ordinarily analyse filter samples 
of aerosol. By using up to 700 mL of precipitation per sample, we were able 
to generate elemental data that were of very nearly the same quality as for 
aerosols and that included total particulate and total dissolved components of the 
precipitation [4].

4 . 1 .  S i m p l e  o u t l i e r s

The simplest analytical problem that can be revealed graphically is the 
outlier. Although outliers represent only a tiny fraction of data for most elements, 
they are important because they can disproportionately distort statistical data. 
Figure 2(a) is a scatter plot of the crustal elements Sc andAl in Narragansett aerosol. 
The great majority o f the points fall into a well defined central zone as a factor 
of two to three in width. Assuming this zone to represent ±3o, it implies a standard 
deviation of about 15% for the Sc/Al ratio. Since typical analytical uncertainties 
for Sc and Al in our aerosol samples are a few per cent each, the environmental 
standard deviation for the Sc/Al ratio in Narragansett aerosol is just over 10%, a 
remarkably small number considering the wide range of sources and locations 
that can contribute Sc and Al to Narragansett’s aerosol. Of the 750 points, about 
15-20 (2%) fall well outside the regular pattern established by the others. 
Most of these outliers lie at factors of roughly three to four from the central 
zone.

The analysts naturally wonders whether the outliers are created by some simple 
cause. From the crustal/marine and crustal/pollution plots for Sc (Figs 2(b) and (c)), 
the influences of high marine aerosol and high pollution aerosol on Sc can be tested. 
The results, however, show no clear link with either quantity. Thus, the outliers of Sc 
versus Al appear to be random effects.
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FIG. 2. (a) Scatter diagram of Sc and Al; (b) crustall marine plot of Sc; and (c) crustall
pollution plot of Sc, all in Narragansett aerosol.
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4.2. Larger scatter of data at lower concentrations

Every analyst ‘knows’ that all else being equal, lower concentrations mean 
larger analytical uncertainties and more scattered results. It is not necessarily so, how
ever. At Narragansett, for example, concentrations of the best determined elements in 
aerosol remain high enough that their effective uncertainties become independent of 
the concentration. The scatter diagram of Sc and Al (Fig. 2(a)) shows this effect very 
clearly. Over the lowest two decades of concentration of both elements, the width of 
the central zone of Sc /А1 ratios does not change noticeably.

The story for elements not measured so well is different, however. When Eu in 
the same aerosol is plotted against Al, the geometric width of the central zone nearly 
triples as concentrations decrease by two decades (Fig. 3(a)). Against even this broad
ened zone, a few outliers can still be seen. The lower limit of this zone, created by a 
quasi-reproducible detection limit for Eu, forms an asymmetric bottom to the 45° 
zone that is clearly seen as an apparent increase of Eu/Al ratios at the pollution end 
on the crustal/pollution plot for Eu (Fig. 3(b)). Had we plotted Fig. 3(b) first, we 
might have erroneously interpreted this increase of Eu/Al as the beginning of a pol
lution component rather than as an artefact o f detection limits for one of the compo
nents. That no such increase in the ratio appears at the pollution end for a well 
measured crustal element is shown by the crustal/pollution plots for Sc (Fig. 3(c)).

4.3. Systematic errors

Graphics can very sensitively reveal systematic errors in data sets. The next 
three figures show a case that we discovered in our data well after the fact. The 
crustal/pollution plot for Sm, even though horizontal, appeared to be suspiciously 
thick vertically (Fig. 4(a)). When replotted as Sm versus Al (Fig. 4(b)), a possible rea
son appeared: two or three narrower 45° zones that suggested systematic error(s). 
Corresponding plots for precipitation at Narragansett also showed multiple zones, 
except that there appeared to be two rather than three and one of them below the 
Sm/Al ratio of 1СГ4 (Figs 5(a) and 5(b)). To track down the source of the problem, we 
examined the temporal sequence of the Sm/Al ratios (Fig. 6). The results for precip
itation were fairly simple, most of the low values coming in an early series of mea
surements and the higher values being genuine environmental variations with low 
ratios in the spring and summer contrasting with values twofold to fourfold higher in 
the fall and winter (Fig. 6(b)). Thus, while the ratios below 10-4 were analytical 
errors, the variability of ratios greater than 10-4 was real, apparently a result of some 
seasonal phenomenon that we do not understand. Even with many years of experience 
with trace elements in the atmosphere, we had been fooled into thinking that the 
‘crustal’ Sm and Al should keep the kind of near constant ratios shown by Sc and Al. 
So much for the inductive process!
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FIG. 3. (a) Scatter diagram of Eu and Al; (b) crustal/pollution plot of Eu; and (c) crustall
pollution plot of Sc, all in Narragansett aerosol.
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FIG. 4. (a) Crustall pollution plot o f Sm; and (b) scatter diagram o f Sm and Al, both in 
Narragansett aerosol.

The temporal patterns for Sm/Al in aerosol were harder to decipher (Fig. 6(a)). 
The first impression from this plot was that they bounced around with no apparent 
pattern except to stay in the general range found in precipitation. The temporal his
tory of the analyses provided the answer. The first samples to be analysed were from 
the summers and winters of 1982-1984, with the intervening springs and falls being 
analysed later. With this in mind, Fig. 6(a) shows clearly that the Sm/Al ratios of the 
springs and falls were higher than those of the winters and summers,with these latter 
results agreeing with values from our analyses at other sites, the bulk of the precipi
tation data and literature data in general. Apparently some of our Sm data for a 
restricted period of analysis were systematically in error. We now believe that the 
problem came from an erroneous value for the mass of Sm in our standard that was 
entered into the calculational program by one of the analysts. Our use of the graphi-
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FIG. 5. (a) Crustal/pollution p lo t o f  Sm; and (b) scatter diagram  o f  Sm and Al, both in 
N arragansett precipitation.

cal approach for determining crustal composition at Narragansett prevented these 
wrong data from affecting our conclusions about Sm.

4.4. Graphical patterns distorted by additional components

Our last example of graphical post-analytical QC is also the most complex. It 
concerns an instance where unusually high concentrations of one component in the 
aerosol created an analytical problem with another component that, for all intents and 
purposes, could only have been discovered graphically. The case in point is Mn in 
aerosols at Narragansett. Because Mn in most temperate aerosols is a mixture of 
crustal and pollution components, its crustal/pollution plots typically display the 
beginnings of a pollution tail, in addition to a well defined crustal tail. At Narragansett,
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Julian date

FIG. 6. (a) Sm/AI versus Julian date in Narragansett aerosol; (b) Sm/Al versus Julian date in 
Narragansett precipitation.

however, the crustal/pollution plot for Mn appeared to be irregular in shape, having a 
kind of step function plateau of high ratios near its centre as well as an unusual number 
of anomalously high and scattered points near its pollution end. This odd shape can 
be seen clearly in Fig. 7(a). The unusual features stand out clearly when irregular Mn 
is compared with the smoothly varying Fe (also of mixed crustal/pollution origin) and 
the horizontal, purely crustal Sc. The contrast between Mn and the other two elements 
is seen even more clearly in their scatter diagrams versus Al (Fig. 7(b)). Something 
was raising some of the concentrations of Mn that fell near the centre of the Al or 
Se/Al values, and by up to a factor of two or more in extreme cases.

The obvious candidate was high marine aerosol, which brings enough Na to 
impart, through 15 h 24Na, a high background to spectra from short irradiations and
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Al (ng • m'3)

FIG. 7. (a) Crustal/pollution p lo ts  ofF e, Mn and Se; and (b) scatter diagram s o f  Fe, Mn and  
Sc versus Al, both in N arragansett aerosol.

short counts. The marine aerosol also brings high Mg, whose 844 keV photopeak of 
9.6 min 27Mg can interfere with the 847 keV photopeak of 2.6 h 56Mn, even after the 
sample has been allowed to decay for 20 min or more. Narragansett experiences 
pulses of extremely high marine aerosol several times each winter, when coastal 
storms and their strong easterly winds pass by. At these times, Mn is also less con
centrated than usual because the air mass has come from the Atlantic Ocean, 
sometimes without coming into contact with land for the last several hundred kilo
metres. Under these circumstances, the Mn/Mg ratios are extremely unfavourable for 
the analyst.

To see whether marine aerosol was indeed responsible for the degradation of 
M n’s crustal/pollution plot, we superimposed crustal/pollution plots for Na and Mn 
on the same graph (Fig. 8(a)). The result was an exceedingly good correspondence
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between zones of high Na/Al and high Mn/Al, even though the Mn/Al increased by 
many times less than did the Na/Al. For example, Mn/Al’s abrupt increase at Se/Al 
ratios of just over 10-3 (the beginning of the ‘plateau’ referred to above) corresponded 
precisely to a zone of sharply increased Na/Al ratios. The beginning of the zone of 
high, scattered outliers of Mn/Al at Se/Al ratios of about 3 x Ю-3 matched a zone of 
decadally higher Na/Al ratios associated with the coastal storms. At the extreme 
upper ends of both plots, seven individual high points of Mn/Al could be matched 
with high points of Na/Al, as shown by the dotted lines.

This circumstantial interpretation gains in strength when contrasted with the 
analogous plots for Na/Al and Sc/Al versus Se/Al (Fig. 8(b)), where no effect is seen 
for Sc/Al and none is expected. Figures 9(a) and 9(b) for Na-M n versus Fe-M n 
strengthen the case still further by showing no plateau for Fe/Al and nearly no high
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FIG. 9. (a) Crustal/pollution p lo ts fo r  N a and Mn; and (b) crustal/pollution p lo ts  fo r  Na and 
Fe, both in N arragansett aerosol.

points at its pollution end or any link with the highest values of Na/Al. The result is 
that Mn stands alone among these elements in having its concentrations raised by 
unusually high marine aerosol at Narragansett, apparently through residual interfer
ence of 27Mg on 56Mn.
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Abstract

QUALITY CONTROL STRATEGIES AT THE ENVIRONMENTAL SPECIMEN BANK OF 
THE FEDERAL REPUBLIC OF GERMANY.

Stringent quality control (QC) and harmonization of sampling protocols are fundamental 
requirements for long term environmental monitoring as it has been carried out at the 
Environmental Specimen Bank (ESB) of the Federal Republic of Germany for more than 
15 years. Reliable data for legislation and recommendations need to be of the highest quality 
both from the analytical as well as the acquisition points of view. Quality assurance measures, 
thus, should always start at the sampling site where errors due to the wrong specimen, 
contamination or loss, wrong containers or biodégradation can influence the final result 
fundamentally. At the ESB, specially designed sampling protocols have been developed to 
minimize such unwanted influences. To ensure a maximum of sample integrity the materials 
are deep frozen at the site of sampling and processed under liquid nitrogen temperatures so that 
the finally analysed aliquot in the laboratory represents well the particular sector of the 
environment intended to be studied. The samples are taken in large quantities (2.5 kg), stored 
in the vapour phase of liquid nitrogen (< -150°C) at the place of sampling, transported to the 
laboratory cryogenically, ground, homogenized and made into aliquots (5-10 g fresh) 
cryogenically and stored ‘deep cool’ until use. Analytical quality control comprises the use of 
in-house (matrix identical) reference materials (RMs), analysis of certified RMs, intermethod 
comparison and participation in interlaboratory comparison exercises, as well as participation 
in certification campaigns for candidate RMs from international and national organizations. 
The final data set is checked for outliers and typing errors by experienced personnel before it 
is released to the general public. Only if consensus in replicate measurements with more than 
one technique is found (within the limits of uncertainty) can those values can be regarded as 
being representative, accurate and reliable.

1. INTRODUCTION

“...[A] sample as being representative of the “whole” and its syncretic nature of 
being a unit of matter and information is of utmost importance because we conclude
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the information of the nature of the “whole” from the signals evaluated from the 
sample” [1]. This more philosophical statement points directly to the fact that our 
knowledge about the quality of the environment is directly connected to the quality 
of the samples that we take for generating the data from which we draw conclusions. 
It is a well known fact, however, that errors in sampling can produce results which are 
wrong with respect to the natural situation by more than 1000%. Particularly ‘diffi
cult’ matrices such as blood or ice from the Poles showed for many years that even 
stringent contamination control could not always produce representative analytical 
results. The steady decline of Pb concentrations found in sea water over the last 
50 years (see Fig. 1) is another example of why it is so important to collect the 
materials in a standardized and strictly controlled way and to store these original 
materials in such a way that no chemical perturbation may occur over extended 
periods of time.

10 000

1940 1950 1960 1970 1980

Year of publication

FIG. 1. R eported concentrations o f  P b  in sea w ater from  1950 until the present (range — 
□ : surface w ater; ■ / deep water).
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The Environmental Specimen Bank (ESB) of Germany, as one instrument of a 
more general environmental quality survey by the Federal Government, is sponsored 
by the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety 
and co-ordinated by the Federal Environmental Agency in Berlin. It is located at the 
Research Centre Jiilich and associated with the Institute of Applied Physical 
Chemistry. For sampling and characterization, four institutions are working together 
and the project has now —  after an initial pilot phase of five years —  been 
permanently working since 1985 [2, 3]. It has been initiated for the systematic 
collection and chemical characterization of environmental samples from represen
tative ecosystems from terrestrial, limnic and marine areas of the Federal Republic of 
Germany [4]. The proof samples are stored to be used for retrospective analysis of 
unrecognized hazardous substances and the prospective evaluation of trends.

Different biological indicator organisms are collected in large amounts from 
each selected sampling site on an annual basis (see Table I). Most of the materials are 
frozen directly at the place of collection in the vapour phase of liquid nitrogen and

2. THE ENVIRONMENTAL SPECIMEN BANK CONCEPT

TABLE I. MATERIALS REGULARLY SAMPLED FOR THE ESB, GERMANY

Specimen Latin name Specification

Spruce/pine P icea abies/Pinus sylvestris One year old shoot
Beech Fagus sylvatica Leaves
Poplar Populus nigra ‘Italica’ Leaves
Deer Capreolus capreolus Liver
Pigeon Columba liv ia f. Domestica Egg
Earthworm Lumbricus terrestis Tissue

A porrectodea longa
Soil
Air Only monitoring
Wet deposition Only monitoring
Freshwater mussel D reissena polym orpha Flesh
Bream Abram is brama Muscle, liver
Sediment, fresh water
Sediment, marine
Brown algae Fucus vesiculosus Thallus
Common mussel M ytilus edulis Flesh
Seagull Larus argentatus Egg
Eelpout Zoarces viviparus Muscle, liver
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transported to the laboratory. A specially designed cryogenic mill (Cryo Palla, KHD, 
Cologne) is available for grinding the materials without thawing and water loss [5]. 
The milling process can be repeated several times until more than 80% of the 
materials have a particle size <200 pm. At least 250 aliquots of the homogenized, 
freshly frozen material (5-10 g each) are stored at -150°C in liquid scintillation glass 
vials. Samples from this stock are randomly selected and distributed to analytical 
chemists for organic and inorganic analysis. A number of toxicologically important 
polyaromatic hydrocarbons (PAHs), chlorinated hydrocarbons (HCHs) and a number 
of elements such as As, Ba, Ca, Cd, Co, Cu, Fe, Hg, K, Mg, Mn, Na, Ni, P, Pb, S, Se, 
TI and Zn are determined routinely in the annual samples. Together with the biometric 
data and the description of the sampling parameters (temperature, wind, length, age, 
etc.) a huge data set is being created which is the basis for chemometric and statistical 
evaluation such as trend inquiries or significant differences between locations. The 
freshly frozen samples are ideal starting materials for spéciation analysis of labile 
organometallic compounds.

The analytical armoury for inorganic characterization is composed from atomic 
emission and absorption spectrometry in various modes (ICP-AES, GFAAS, 
HGAAS, CVAAS and SSAAS), voltametric and potentiometric techniques (SV and 
potentiometric stripping analysis), mass spectrometry (ICP-QMS and ID-MS with 
thermal ionization), and NAA techniques (INAA, RNAA and PGNAA) [6].1 In 
addition to various digestion systems, a number of liquid and gas chromatographic 
separation techniques are available and some of them are coupled directly to a 
sensitive determination technique (GCAAS, HPLC-HGAAS, HPLC-CVAAS and 
HPLC-ICP-MS)2 [7]. Arsenic species as well as methyl mercury and organic Sn 
species are being determined in selected matrices of the ESB, as some of the 
organometallic compounds are known to exhibit much higher toxicological effects 
than the salts of the same element.

1 ICP-AES: inductively coupled plasma-atomic emission spectrometry; GFAAS: 
graphite furnace atomic absorption spectrometry; HGAAS: hydride generation atomic absorp
tion spectrometry; CVAAS: cold vapour atomic absorption spectrometry; SSAAS: solid 
sampling atomic absorption spectrometry; SV: square wave voltametry; ICP-QMS: inductively 
coupled plasma-quadrupole mass spectrometry; ID-MS: isotope dilution-mass spectrometry; 
INAA: instrumental neutron activation analysis; RNAA: radioisotope neutron activation 
analysis; PGNAA: prompt gamma neutron activation analysis.

2 GCAAS: gas chromatography atomic absorption spectrometry; HPLC-HGAAS: high 
pressure liquid chromatography-hydride generation atomic absorption spectrometry; HPLC- 
CVAAS: high pressure liquid chromatography-cold vapour atomic absorption spectrometry; 
HPLC-ICP-MS: high pressure liquid chromatography-inductively coupled plasma-mass 
spectrometry.
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Data evaluation from the large data set generated each year and documented in 
a special data bank is carried out using regression, discriminant and cluster analysis 
of selected data sets. Great care has to be devoted to the interpretation of either time 
or spatial trend statements. As these results are used by politicians and journalists 
also, careful documentation of our findings is mandatory.

3. QUALITY CONTROL MEASURES

3.1. Sampling

The taking of large amounts of the sample minimizes the contamination risk. 
The number of individuals pooled for a specific sampling should be large enough to 
ensure a representative composite sample. Stringent protocols have been developed 
for each particular matrix in order to standardize and document the specific circum
stances at each sampling period. Standard operating procedures (SOPs) exist that 
define the minimum requirements that should be followed for each matrix sepa
rately [8]. Deviations from the SOPs —  should they happen —  are carefully 
documented in the protocols. Materials like spruce shoots or fish muscles are 
immersed at the spot of sampling in stainless steel containers above liquid nitrogen to 
ensure that no biological and/or chemical degradation can occur during transport and 
storage. The deeply frozen materials are transported to the laboratories in Jülich for 
further treatment.

3.2. Sample homogenization

The frozen bulk materials (2.5-5 kg) in the stainless steel containers are 
coarsely broken by either a stainless steel or titanium pestle and introduced into the 
pre-cooled Cryo mill equipped with an oscillating drum and rods made either of stain
less steel, titanium or PTFE (polytetrafluoroethylene). The free flowing cold powder, 
representing the entire material including water, is collected at the bottom end of the 
mill and can be introduced for another milling process several times until the particle 
sizes are small enough to satisfy good sample homogeneity. Milling is carried out 
under clean room conditions. The finely ground powder is manually made into 
aliquots in 20 mL liquid scintillation containers, labelled with bar codes and stored 
until further use in the vapour phase over liquid nitrogen.

3.3. Chemical analysis

Apart from direct methods such as SSAAS and INAA, other spectrometric and 
electrochemical methods need total digestion of the biological materials prior to
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determination. Different techniques for mineralization of the solid materials are 
available and can be used in exchange: specially designed open acid digestion for Hg 
analysis, pressure digestion in PTFE bombs for AAS and MS, high pressure ashing 
for electrochemical techniques and microwave digestion for various purposes.

Control of blank values under realistic conditions is of paramount importance 
for all analytical procedures, particularly for those with a lot of sample manipulation 
such as digestion and mineralization steps prior to analysis. Blank value 
determination was carried out for all the available analytical techniques and detection 
limits were calculated on the bases of either the calibration graph methods or 
repetitive measurements of sample-free (blank) measurements. Detection limits for 
INAA are calculated according to the following equation:

С  = 3 SBI /  m

where the factor of 3 is chosen for the limit of detection and a factor of 10 can be used 
for the calculation of the limit of determination; SB1 is the standard deviation of the 
blank values calculated from measurements of 10 Suprasil ampoules, each one 
measured three times; and m  is the concentration of the respective element calculated 
on the basis of the synthetic standards, in [ng/g].

In Table II, the results for realistic detection limits calculated according to the 
blank value technique are given for INAA as applied to the ESB materials (irradia
tion: 20 h at 5 x 1013 n-cm ^-s"1 , measurement time: 10 000 s).

The concept for the use of ‘in-house and matrix matching’ reference materials 
(RMs) was already developed in the early beginnings of the ESB monitoring pro
gramme. The year by year sampling of identical matrices needs long term stability of 
the analytical procedures to ensure that possible trends in concentrations are really

TABLE II. DETECTION LIMITS FOR INAA AS CALCULATED FROM BLANK 
MEASUREMENTS

Element LTD Element LTD Element LTD

Sc 1 x 1 0 - 7 Au 5 x 10- 7 Eu 2 . 2  x 1 0 - 6

Sb 0 . 0 0 0 1 Tb 0 . 0 0 0 1 Sm 0 . 0 0 0 1

U 0 . 0 0 0 2 Hf 0 . 0 0 0 2 As 0 . 0 0 0 2

Co 0.0003 La 0.0004 Th 0 . 0 0 1

Ru 0 . 0 0 2 Br 0.0075 Yb 0 . 0 0 1

Та 0 . 0 1 Ce 0 . 0 1 2 Zr 0.03
Cr 0.03 Nd 0.05 Te 0 .1

Zn 0 . 2 Na 0.33 Sn 0.4
Mo 0.7 W 0.9 Fe 60
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FIG. 2. Long term stability o f  H g determ ination in ESB specific RM  Brown A lgae II.

due to changed environmental impact and not due to differences in the performance 
of analytical capability. Long term stability of analytical performance is convincingly 
demonstrated in Fig. 2 where results from the analysis of Hg in spruce shoots are 
shown for more than ten years. For several ESB matrices an extra sampling of almost 
50 kg from the same area and the same material was performed and processed in the 
standard ESB manner. The material is freeze-dried before use and available to the 
analytical chemist together with the actual material to be analysed. A great deal of 
analytical experience exists with these RMs and therefore they can be considered as 
being very well characterized [9, 10].

Intermethod comparison of results is one of the fundamental aspects for quality 
control (QC) and assuring the accuracy of the results obtained for ESB materials. As 
already mentioned above, we strive for a methodological overlap of all the elements 
determined in the ESB matrices. This is still far from being fully implemented, but 
for Cu, Zn, Cd, Se and Pb we regularly use more than one technique for determina
tion and for other elements we have alternative methods available that can be used in 
cases where questionable results are generated by only one technique. In particular, 
multi-element techniques such as INAA and ICP-MS can be applied to materials 
where doubtful analytical results have been produced by others or concentrations are 
close to the limits of determination of other techniques. Some examples of inter
method comparisons from our institute demonstrated with a previous intercomparison 
organized by the IAEA are shown in Figs 3 and 4.
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As in IAEA Lichen

Se in IAEA Lichen
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l^g/kg
As in IAEA Cabbage

INAA AAS, DPASV, IDMS IAEA result

Se in IAEA Cabbage

FIG. 3. Intermethod comparison fo r  As and Se in Lichen and C abbage issued by the IAEA 
(DPASV: differential pulse anodic stripping voltametry).

Hg in IAEA Lichen

ng/kg
Hg in IAEA Cabbage

Zn in IAEA Lichen
mg/kg

Zn in IAEA Cabbage

FIG. 4. Intermethod comparison for Hg and Zn in Lichen and Cabbage issued by the IAEA.
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Certified reference materials (CRMs), as issued by international organizations, 
are a generally accepted tool to prove the accuracy and reliability of the applied 
analytical procedure. The regular use of CRMs strengthens the analyst’s conviction of 
the reliability of his/her own results and provides a strong link of a laboratory to the 
rest of the world. These results, if properly documented, are truly comprehensible by 
independent analytical methods at different places. For some applications where 
matrix effects play a major role, the unavailability of certain matrices of interest or 
different concentration ranges in CRMs from the ones being looked for could hamper 
the applicability of CRMs for true analytical quality assessment. For some environ
mentally interesting elements such as Tl or Pt, no biological CRM with certified 
values exists up to now [11].

Finally, participation in intercomparison exercises for the characterization of 
candidate RMs organized by international bodies or national producers of CRMs is 
valuable in improving the reliability of analytical performance on an external basis. 
The producer is sending out the homogeneous material to a large number of analyti
cal laboratories which generate their results as accurately as they can and supply the 
results to the producer. After the results have been evaluated with stringent statistical 
methods, a report of all submitted results, including one’s own coded laboratory 
results, is submitted to the participants. Each participant now has the opportunity to

Laboratory No.

FIG. 5. Intercomparison o f  A s determ ination in a  candidate RM, Mussel, organized by  the 
German Chem ical Society.
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compare his/her own performance in the light of the results produced by the others. 
Discrepancies may be interpreted and actions for improvement can be implemented. 
Although time consuming, participation at least two to three times per year in such an 
intercomparison is a challenge for every analytical technique at the ESB laboratories. 
An example involving the determination of As in mussel flesh, organized by the 
German Chemical Society, is shown in Fig. 5.

Data evaluation is the final but most important step in the total analytical 
procedure. Before analytical results from the ESB can be released to the public, 
stringent data revision has to be carried out to avoid typing errors, to correct 
inconsistencies between results from different techniques and/or to reject outliers 
from the data pool. This does not mean that an arbitrary data manipulation of 
unwanted results can be performed, but a careful evaluation by independent, 
competent personnel should be carried out and all data in question should be 
discussed with the responsible analyst before a decision about rejection or inclusion 
in the data pool can be made. Only data that have passed these quality procedures can 
be considered as being approved and reflecting the state of the art information on our 
environmental quality.

4. CONCLUSION

The impact on the quality of our environment —  from human activity or from 
natural events —  is by no means restricted to national borders or regional boundaries. 
Information on certain aspects of the quality of life as reflected by environmental 
pollution is to a large extent produced by analytical measurements. The worldwide 
harmonization of such analytical procedures is a fundamental requirement to assess 
the already existing impact and to develop pollution mitigation strategies as well as 
forecasts of trend developments. The modelling of environmental issues on a global 
scale can only be as accurate as the available data used in the forecast.

A valuable instrument for the demonstration of a comprehensive quality system 
and for the generation of sound environmental information is the ESB. The 
experience gained over more than 15 years following the ESB concept, as described 
above, is encouraging and could be used as a basis for a harmonized protocol for 
reliable sampling, sample preparation and data generation for environmental quality 
assessment. The opportunity to use stored samples for retrospective analysis is the 
final clue for harmonized, high quality information that has to be decoded from the 
natural, representative materials by the application of appropriate analytical 
techniques. It opens a realistic window to the future when more powerful techniques 
will be available, other compounds and elements hitherto not yet recognized are in 
focus and last, but not least, harmonized protocols for chemical analysis and data 
evaluation will be generally accepted and applied.
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Abstract

SAMPLING AND PROCESSING OF BIOLOGICAL AND ENVIRONMENTAL 
SPECIMENS FOR COMPOSITIONAL STUDIES: ISSUES AND PERSPECTIVES.

The harmful effects on health from the presence of undesirable organic and inorganic 
constituents in the environment is a widely discussed subject. The primary goal here is to 
develop a reliable basis for risk assessment, and it is desirable to perceive the risks from both 
organic and inorganic constituents, metals, and solvent and drug residues in our environment. 
In order to achieve this goal, a primary requirement is that a reliable analytical measurement 
process is in place. Such a system calls for qualified analysts, validated working procedures 
and good laboratory facilities with adequate instrumentation. However, much emphasis 
during the methods developmental phase is placed on instrumentation, while factors 
affecting the ‘total quality’ of a bioenvironmental investigation (e.g. insight into the sources 
of analytical errors arising from improper sampling, inappropriate methods of sample 
preparation and matrix effects, if any) continue to be overlooked. In addition, unless other 
tools for risk assessment such as sound biomonitoring programmes (real-time and long term) 
based on environmental epidemiological concepts are properly used in generating data, inter
preting the significance of the findings will continue to be a challenge. Therefore, dedicated

* Certain commercial equipment, instruments, or materials are identified in this paper 
in order to adequately specify the experimental procedure. Such identification does not imply 
recommendation or endorsement by the National Institute of Standards and Technology, nor 
does it imply that the materials or equipment identified are necessarily the best available for the 
purpose.

Contribution of the US National Institute of Standards and Technology are not subject 
to copyright.
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efforts are needed for: (a) consolidating the biological basis for the selection of specimens 
for environmental surveillance; (b) developing strategies for the long term preservation of 
sampled materials; (c) accomplishing harmonization in the development of protocols and 
carrying out analytical measurements; and (d) recognizing multidisciplinary expertise for 
understanding pollution trends to form a reliable basis for health risk assessment in exposure 
situations.

1. INTRODUCTION

Compositional studies of biological and environmental specimens are required 
for several reasons, e.g. to reveal basic matrix properties, that is major, minor and 
trace components. This, however, is only a first step in decoding the compositional 
profile of a complex matrix. In many situations assays have to be extended to include 
a search for specific chemical forms of an analyte to establish links between chemical 
species and the associated biochemical response. The underlying mechanism may 
involve a simple response through the accumulation of an analyte, resulting in high 
concentrations or formation of a complex, speciated chemical entity. These processes 
are helpful in the identification of biomarkers that are needed to assess health risks 
stemming from excessive exposure to chemical substances.

It is recognized that many metals and organic contaminants can induce adverse 
health effects in humans even at relatively lower concentrations than previously 
defined thresholds for exposure [1]. Further, the effect of cumulative dose arising 
from chronic exposure to industrial emissions and acid rain has created a great 
demand for chemical measurements in many environmental media. However, success 
in these efforts depends on the ability to generate chemical compositional informa
tion that is analytically reliable and reproducible. By and large, it is linked to: (a) the 
validity of the sampled specimen to represent the matrix it was extracted from; (b) the 
capability of a chosen chemical measurement system to generate reliable results; and 
finally (c) the awaremess of the investigators in acknowledging the need for interdis
ciplinary expertise.

The purpose of this contribution is to focus on the requirements for the 
sampling and processing of environmental specimens procured for compositional 
investigations. Further, because of the increasing significance of the role of bio
markers in epidemiological investigations, the usefulness of less commonly used 
specimens such as placenta and breast milk (as biomonitors for both organic and 
inorganic contaminants) and adipose tissue (as a biomonitor for organic pollutants 
only) is briefly discussed. Environmental samples related to radioactivity monitoring 
will not be discussed here.
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2. PLANNING ENVIRONMENTAL STUDIES

Incorporation of a ‘total’ quality assurance (TQA) programme is essential in 
planning an environmental study, particularly when the study also includes analysis 
of the biological specimens required. The role of TQA is to encompass all aspects of 
the investigation: experimental design, collection of analytically and biologically 
valid specimens, validated methods for measurement, proper evaluation of analytical 
data, and meaningful interpretation of the results. Of particular concern is the fact that 
even now a significant portion of the existing analytical information related to 
environmental studies is derived from analyses of uncontrolled and often ‘spot’ 
samples (e.g. hair, urine, soil and foods) with cursory sampling plans and inadequate 
analytical quality assurance (AQA) procedures. Yet, major decisions of public health 
concern are being made that are dependent on the analytical information obtained by 
such studies. In practice this calls for introducing proper measures that address both 
biological (related to sample validity) and analytical (related to measurement) 
standardization procedures.

For a comprehensive bioenvironmental monitoring programme, basic planning 
should take into consideration the requirements of both inorganic and organic pollu
tants. If the focal point is organic pollutants, then retention of the biochemical 
integrity of the specimen (e.g. by cryogenic preservation) is of highest consideration 
during the pre- and post-sampling stages. On the other hand, sampling tools (e.g. 
tools made of Ti) and ambient conditions play a crucial role if inorganic pollutants are 
of primary concern.

3. ENVIRONMENTAL SAMPLES

Samples associated with the environment can be of diverse origin (biological 
and other sources). In fact, practically any sample with a link to some kind of 
environmental concern qualifies to be in this chain. To summarize the situation, some 
examples are listed below.

Environmental samples can be classified into two groups: natural and anthro
pogenic. Under the natural type the main groups are air, water, soil and sediment, 
vegetation, foods and material from animal and human sources. Similarly, Aflatoxin 
(metabolites of moulds that infest foodstuff under certain climatic conditions), which 
is endemic to a wide variety of foods in different parts of the world, is of natural 
origin. A somewhat similar argument can be made also for methylmercury, which is 
linked to marine organisms and soil bacteria. Anthropogenic sources include residues, 
emissions and effluent streams from industrial activities, preventive agricultural 
practices involving the use of pesticides, sewage sludge, animal waste and similar 
disposals.



104 IYENGAR

To simplify further discussions, the samples will be identified under non- 
biological and biological sources. In dealing with environmental samples, because of 
the diversity of matrices, both biological and analytical standardization aspects (see 
Section 5) should be considered to safeguard the integrity of the study. Factors 
affecting the biological integrity of the sampled material, as well as issues relevant to 
the sampling and processing of such specimens, are briefly reviewed in the following 
sections.

4. NON-BIOLOGICAL SAMPLES, VALIDITY, SAMPLING
AND PROCESSING

4.1. Air

Air sampling is carried out to analyse ‘whole air’ or to assess the particulate 
matter from dust (e.g. soil, ash), mist (condensation of vapours in air) and fumes 
(metallic vapours). If particular gaseous contaminants are suspected, appropriate 
solid absorbents (e.g. activated carbon, silica gel, activated alumina, porous poly
mers) are used to concentrate the analyte in question, and then analysed following a 
desorption step. When the investigation is focused on particulate matter in the air, it 
is important to determine total suspended particulates as well as to differentiate the 
size of the particles. This is because particles in the size range below 10 |xm are able 
to efficiently penetrate into deep sections of the lung causing serious health impair
ment. This is a matter of concern also in the context of occupational health. A number 
of sampling systems using filters, impingers, impactors, etc., that permit collection 
and differentiation of particle size are currently in use. Typically, a two stage 
operation is used for collecting respirable dust. The first stage uses a cyclone (or an 
elutriator) to remove the large non-respirable particles, then a high efficiency filter or 
a stacked filter unit collects the fine particles at the second stage. Their mode of 
operation, merits and shortcomings have been reviewed elsewhere [2-4].

4.2. W ater

Water samples consist of surface water (lakes, streams, rivers, ponds, rain and 
sea water), and groundwater (underground aquifers). Representative sampling of 
water, especially flowing streams, is problematic and multiple samples and sites 
should be considered. A common precaution required is to minimize interaction 
between the sample and the container. The sample collection procedure varies 
depending upon the analytes (organic, inorganic, or both) to be assayed. While a glass 
or quartz container is preferred when sampling for organic constituents, appropriately 
cleaned Teflon or high density polyethylene containers should be used to safeguard
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inorganic integrity. For trace element determinations the samples can be preserved by 
acidification with ultrapure nitric acid. For short periods storage in a refrigerator is 
adequate, while for the long term the samples must be frozen to prevent bacterial 
growth and to minimize sample interaction with the container surface. Further 
guidance on sampling and processing waters can be found elsewhere [5].

The preparation of water samples for isolating organic contaminants in water is 
generally accomplished by a simple liquid liquid-extraction using a suitable immis
cible organic solvent. An alternative method when preconcentration is required is to 
use a sorbent column extraction (e.g. polyurethane foam). This method is suitable for 
field application since large volumes of water can be extracted and only the concen
trated fraction on the column needs to be transported to the laboratory. When volatile 
organics are involved, the water is simply purged with an intergas, recovered by 
solvent extraction or sorbent column extraction. On the other hand, when non-volatile 
water soluble compounds, biological or particulate matter are involved, lyophilization 
under frozen condition is an excellent mode of concentrating the matrix constituents.

Processing water samples for dissolved, suspended and total metals requires 
different treatments. Disssolved metals are determined in the filtrate (acidified 
following separation) after passing through a 0.45 (im cellulose membrane filter. 
Suspended metals will be on the filter. They are recovered from the filter by digesting 
with concentrated nitric acid. For total metal, an acidified water sample (no filtration) 
is taken in a quartz beaker and digested with concentrated nitric acid and used for 
measurements. The dissolution step is not required if techniques such as instrumental 
neutron activation analysis (INAA) or X ray fluorescence (XRF) are used. In all cases 
it is necessary to analyse freshwater samples soon after collection. Containers made 
of polyethylene, polypropylene, Teflon, quartz and polycarbonate have all been used 
to store water samples and the purpose of storage determines the suitability of the 
container material. For example, a borosilicate container is preferred when organic 
contaminants are of interest.

4.3. Soils and  sediments

Kratochvil et al. [6], in their review on sampling for chemical analysis, have 
categorized soil variability in three ways: (1) microvariation, the variability between 
points in the soil separated by fractions of an inch;1 (2) mesovariation, the variability 
between points in the soil separated by up to a few feet;2 and (3) macrovariation, the 
variability between points in the soil separated on a scale larger than a few feet. For 
these and other reasons, sampling soil (primarily a mixture of humus, clay, sand and 
other particulate matter) is beset with intrinsic heterogeneity problems. Usually,

1 1 inch = 25.4 mm.
2 1 foot = 0.3048 m.
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several subsamples are collected and blended to obtain a composite. The depth at 
which the soil is sampled is a crucial parameter, and samples have to be obtained from 
various known depths using core sampling devices made of appropriate materials and 
collected in Teflon or polyethylene jars, and stored in a refrigerator. The moisture 
content can vary greatly if not handled properly. For a detailed discussion see Ref. [7].

Sediments (silicates, organic material, living organisms, sandy substances, etc.) 
are usually found under stagnant as well as flowing water. Usually, a grab sample is 
taken and carefully contained in appropriate containers as mentioned for water and 
soil sampling.

The preparation of soils and sediments for organic analysis is carried out by the 
Soxhlet extraction (a continuous extraction) procedure using an appropriate solvent. 
Volatiles are analysed by the purge-and-trap technique using an inert gas.

Processing samples of soils and sediments for inorganic analysis can be quite 
challenging depending upon the method of analysis. If the samples are carefully dried 
and homogenized, they can be made into pellets (or discs) and used for non
destructive modes of analysis by INAA or XRF. For methods requiring sample 
dissolution, strong treatment with concentrated acids or fusion will be required before 
dissolution of the residue. Special care should be taken to ensure that the resulting 
sample is clear and is free from insoluble particulate matter. Extensive chemical 
manipulations should be avoided since it requires additional efforts for controlling 
contamination from reagents and laboratory wares.

In soil science, soil fractionation is a common requirement for many reasons. 
This is accomplished by selective leaching of analytes as opposed to assaying for total 
content. Such spéciation processes can be complicated and establishing method 
validity is highly desirable. Recognizing this need, selected reference materials 
(RMs) representing coal fly ash, soil, sediment and sludge matrices are being 
characterized [8].

5. BIOLOGICAL SPECIMENS, VALIDITY, SAMPLING
AND PROCESSING

5.1. Special issues related to sampling

The efforts expended during sampling and processing are to a certain degree 
related to the tolerance limits set for the acceptance of the results of an investigation. 
Therefore, prior knowledge of the required quality standard is helpful in saving time 
and expense.

The human body, as an analytical sample for compositional study, serves as a 
good example in the above context. For the information to be useful, the population 
perspective (epidemiological aspects of sampling) has to be answered. Sampling
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situations can be totally different under the following situations: whole body (as a 
single sample, e.g. in vivo analysis situations); partial body (e.g. in vivo measure
ments of occupational exposure to Pb, Cd and Hg); organs (autopsy cases); and 
specific tissues and body fluids (biopsy and aspirated specimens for clinical investi
gations). Under these conditions of sampling many factors have to be taken into 
account. These are technical as well as medico-legal in nature and the logistics are 
influenced by the purpose of the investigation, i.e. establishment of baseline data, 
environmental biomonitoring, and assessment of human health from short and long 
term exposure to pollutants.

Medical personnel engaged in specimen collection (e.g. blood) will be required 
to follow both sterile (medical stipulations) and non-contaminating conditions (trace 
analysis requirements) if the samples are to be valid for analysis. This involves not 
only training the medical personnel in trace analysis problems, but also educating the 
analytical community to observe safety precautions in handling specimens that have 
a potential for infection. For example, the medical personnel should get acquainted 
with dust free requirements and the use of titanium, Teflon or other acceptable non- 
metallic accessories, while the analysts should learn to deal with biohazard hoods 
(special work benches).

5.2. Influence of presam pling factors

It should be recognized that failure to recognize the parameters relating to the 
‘bio’ dimension of bioenvironmental specimens at the right time can lead to erroneous 
results. Biological systems are dynamic entities unlike static inorganic situations. 
Therefore, the mechanisms for representative sampling of biomaterials are generally 
more difficult than sampling inorganic pools. Therefore, any sampling plan that 
includes biological specimens must take into account a host of situations identified as 
presampling factors [9]. These include biological variations (e.g. changes resulting 
from age, sex, genetic, environmental and seasonal influences, and food habits), post
mortem changes (e.g. cell swelling, imbibition, and autolysis), and other sources of 
errors such as internal contamination (e.g. medication) and inadvertent entities (e.g. 
haemolysis not visually recognized and errors in weighing critically small samples). 
Practically all types of biological samples (solids and fluids) are affected to varying 
degrees in one way or the other and are open to systematic errors. As a consequence 
of post-mortem changes, significant variations in rat liver for concentrations of Ca, K, 
Mg and Na, as well as trace elements Cu, Fe and Zn, have been demonstrated [10].

The impact of presampling factors on the integrity of the specimen is rather 
detrimental to the sample validity and should not be underestimated. Unfortunately, 
the severity of presampling factors continues to be neglected by the bioanalytical 
community. This situation needs to be corrected by incorporating more biological 
considerations (i.e. biological standardization) into the sampling protocol.
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5.3. Concerns related to the validity of samples

A major consideration in any trace element analytical measurement in a sample 
is the ‘quality’ of the sample. In the case of biological specimens, this concerns both 
conventional analytical practices (e.g. prevention of exogenous contamination) as 
well as biological aspects (e.g. retention of biochemical viability). This is required in 
order to: (a) ensure that the information obtained is compatible with the purpose of 
the investigation; (b) relate the elemental concentration data to desired biomedical 
needs and parameters, e.g. to specific cells, cellular components, enzymes or proteins 
to facilitate meaningful data interpretation; and (c) carry out trace element spéciation 
in the same specimens, when required. Therefore, the specimen collection and 
preparatory techniques must be capable of preserving the analytical quality, 
biological property and biochemical integrity of the sample.

To give a simple example, clotted blood (useful for obtaining serum), 
heparinized blood collected in the conventional manner and the same collected under 
controlled contamination conditions are samples of different biochemical validity 
with respect to their usefulness for biological trace element studies.

5.4. Biological fluids as environmental specimens

The body produces a variety of fluids of which only some are useful for envi
ronmental monitoring purposes, e.g. whole blood (erythrocytes in some cases), milk 
(colostrum, transitional and mature), saliva, sputum, sweat and urine. From a trace 
element composition point of view, biological fluids are generally heterogeneous 
media containing suspended or fragmented cells and other proteins or crystalline 
particles. Fluids such as milk are emulsions. The complexities involved in sampling 
biological fluids for trace element research studies require both analytical and 
biomedical perceptions. Biological fluids are susceptible to bacterial growth in the 
unfrozen state and sampling and preparation should be designed to overcome these 
difficulties. Since most biological fluids are suspensions or emulsions, care should be 
taken to select the phase of interest, or to ensure that the phases are properly mixed if 
sampled as a whole.

Every effort should be directed at procuring samples that satisfy both biologi
cal and analytical validity. The example of sampling breast milk to study organic 
contaminants illustrates this clearly. The fat content of breast milk from individual 
donors fluctuates during feeding, within each day and between days. It has been 
shown that hindmilk samples have a higher fat content than foremilk samples [11]. 
This is an important source of variation when lipophilic pollutants are assayed. Hence 
different fractions from a single donor during the day should be collected and mixed. 
The results of breast milk analysis should be expressed both on a whole milk (for 
calculating the intake of pollutants by infants) and milk fat basis (for risk assessment
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purposes). For lipophilic contaminants, expressing the results on a milk fat basis 
eliminates errors from sample inhomogeneity and also permits better comparison 
with adipose tissue results.

5.5. Human specimens as environmental biomonitors

Human specimens that are meaningful as biomonitors and are obtainable under 
practical considerations fall into two groups: those requiring invasive procedures (e.g. 
whole blood and adipose tissue) and others amenable to non-invasive procedures (e.g. 
breast milk, urine, hair and placenta). The use of biomonitors to assess exposure to 
chemicals in the environment is a recognized procedure in epidemiological investiga
tions. Commonly used specimens from human subjects are blood, urine, faeces and 
breath. In specific cases (monitoring for drugs, methylmercury and As) scalp hair has 
been used. Related discussions can be found elsewhere [12-14]. There are a few other 
specimens that are suitable as biomonitors for the assessment of prior exposures to a 
variety of contaminants in epidemiological studies but are infrequently used, e.g. 
placenta, breast milk and adipose tissue.

5.5.1. Monitoring fo r  inorganic contaminants

At issue is the suitability of human specimens for real time monitoring (RTM). 
Clinical specimens such as whole blood (for Cd and Pb and their metabolites), hair 
(for As and also methylmercury), and urine (for both organic and inorganic pollutants, 
especially urinary As) are good specimens for RTM, and their relative merits are 
summarized elsewhere [15].

Breast milk has been shown to be useful for monitoring the concentration levels 
of As, Cd, F, Hg, Mn [16] and Pb [15].

Placenta has been used to identify elevated levels of Cd and Hg under different 
exposure conditions. Under normal environmental situations, the information 
obtained from placental analysis is an indicator of a time aggregate. However, the data 
interpretation should include the effect of placental age on its weight. These and other 
aspects that qualify placenta as a bioindicator specimen have been reviewed [17]. 
Placenta is an effective barrier for Cd, an additional tool (besides hair) for monitor
ing for As, and a modest indicator of intermediate to long-term exposure to Pb. As a 
discarded maternal tissue, the availability of placenta as a sample does not pose 
serious problems. However, owing to a variety of reasons it is difficult to obtain a 
representative sample of placenta [17]. Therefore, if logistics are not in place to 
collect the entire sample, subsamples from multiple sites should be obtained, pooled 
and homogenized.

To understand the role of placenta as a biomonitor, it is useful to compare it 
with amniotic fluid which is a recognized specimen for the diagnosis of congenital
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abnormalities. The amniotic fluid test is repeated if a reconfirmation of the diagnosis 
is sought. In the case of placenta, sampling is carried out at the time of parturition, a 
one time event. Therefore, placental sampling resembles an RTM process for the 
foetus during its in utero exposure to the placental source of pollutants. The 
usefulness of this biomonitoring process can be seen in two ways: an assessment of 
pollutants in placenta and subsequent measures to mitigate their harmful effects is 
mainly beneficial to the mother; to the infant the intervention diminishes the pollutant 
intake during the suckling period. The knowledge of exposure of the foetus to metals 
such as Pb and Hg and other pollutants during the gestation period helps to initiate 
preventive measures to minimize excessive post-natal exposure of the child to those 
toxicants.

5.5.2. Monitoring fo r  organic contaminants

The suitability of whole blood and milk for the RTM of organic pollutants, 
especially the former, as indicators of aromatic hydrocarbons [18] offers a good 
starting point for discussion. Several organic chemicals are excreted in breast milk. 
Reasonable quantities of samples, especially for RTM purposes, can be obtained. 
Several studies have been conducted around the world to investigate the presence of 
organohalogens in human milk as documented in a monograph [19].

Breast milk offers possibilities to biomonitor both the mother and the child for 
heavy metals as well as organic toxicants, and several applications are being 
documented. Contaminants that are soluble in fat, environmentally persistent 
compounds such as DDT, PCBs, dioxins and selected heavy metals have been studied 
in human milk. In some cases, the intake of these toxicants is shown to be high and 
well above the acceptable levels as specified by national and international expert 
groups. Extensive investigations have been carried out on human milk to detect 
numerous organic pollutants [19]. DDT and its metabolites are still the most 
frequently determined compounds, especially in samples from developing countries. 
For example, in a recent study from Venezuela, levels of DDT residues in human milk 
from various rural populations were monitored. All mothers showed measurable 
levels o f DDT residues in their milk ranging from 5.1 to 68.3 (ig/L and the levels were 
found to be significantly increased with age [20]. Other chlorinated pesticides 
determined are dieldrin, heptachlor epoxide, hexachlorocyclohexanes and 
hexachlorobenzene.

Among PCBs, polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated 
dibenzofurans (PCDF) have been reported in samples from developed countries [19]. 
Among other chemical compounds determined in human milk are organophosphorus, 
polycyclic aromatic hydrocarbons, and nitrosamines. Investigations carried out in 
several countries have demonstrated a link between human milk fat for p,p’-DDE and 
PCBs, p,p’-DDT and PCBs, among several other compounds [19].
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Adipose tissue and liver have been recognized as accumulators of lipophilic 
constituents, particularly organochlorine pesticides; similarly, they are also proven to 
be accumulators of many other organic contaminants. However, the collection of 
these specimens involves invasive techniques and the logistics, including 
medico-legal aspects, have to be in place for implementation.

Adipose tissue is suitable for the analysis of several epidemiologically sought 
pollutant exposures. Contaminants such as pesticides, polycyclic aromatic hydrocar
bons and halogenated hydrocarbons enter the food chain through the biosphere. 
Organic pesticides are generally highly stable, lipophilic substances that tend to 
accumulate in adipose tissues over time. Adipose tissue (biopsy) sampling is 
considered to be a simple procedure and even the few milligrams of sample material 
obtainable from this procedure enables monitoring for halogenated hydrocarbons that 
are found to be several times higher in this tissue than in the blood of the sampled 
individuals. Obtaining moderate to large quantities of adipose tissue during surgery 
or at autopsy is similarly considered to be an uncomplicated process. In an investi
gation reported recently, concentrations of organochlorine insecticide residues such 
as DDT, DDE and HCH were determined in human adipose tissue samples obtained 
during autopsies from urban and suburban areas of Veracruz city in Mexico. The 
adipose tissue proved to be a very useful specimen [21].

Among other easy to obtain specimens, urine but not hair has been shown [22] 
to be a good specimen for the RTM of pentachlorphenol (PCP). Placenta as a poten
tial specimen for biomonitoring organic pollutants does not appear to have been 
explored and offers possibilities for further research work.

5.5.3. Procedures fo r  tissue handling

Guidance on the physiological and anatomical aspects of tissues and fluids is 
provided elsewhere [15]. The technical aspects of handling selected tissues of 
environmental interest are presented below. The main problem in sampling blood rich 
organs such as liver and kidney is to minimize residual blood, but definitive technical 
procedures are still lacking. A quick rinse with high purity water to remove the bulk 
of the blood, or blotting with filter paper (ashless) or special wipes (clean room 
utilities, fibre-free) tested for non-contaminating performance are potential solutions. 
Transporting the organ intact within its capsule to the tissue handling laboratory is 
helpful in minimizing the exposure of the samples to the generally less favourable 
working conditions faced in the autopsy room. The laboratory environment provides 
a better setting for the removal of interfering components such as adipose and 
connective tissues, and blood and blood vessels.

Blood samples are conveniently obtained by venipuncture. Various consider
ations limit the widespread use of standard surgical needles for the drawing of 
blood. Collection of blood in 10 or 20 mL fractions successively using the same
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needle and discarding the first two or three as rinse fractions is recommended. 
However, this method is not entirely suitable for elements such as Cr and Mn. 
Hence, use of a plastic or Teflon catheter is preferred since it greatly minimizes the 
problem of contamination for difficult elements such as Mn and the discomfort to 
subjects since a single rinse provides a valid sample. Use of Teflon catheters is 
becoming a recognized mode of blood collection for the determination of trace 
elements. Isolating serum and plasma from erythrocytes if necessary can be carried 
out as outlined elsewhere [23]. Haemolysis must be avoided since elements such as 
K, Fe and Pb which are at higher concentrations in the erythrocytes may affect the 
values.

Breast milk samples are collected either by manual expression or by using 
plastic breast pumps after cleaning the nipples with distilled water and letting them 
air dry for a couple of minutes. It is necessary to empty at least one breast completely 
and mix before collecting the sample, as the mean composition changes during the 
feed itself, e.g. fat content. The status of the sample, i.e. colostrum, transitional or 
mature, should be clearly defined since the stage of lactation influences the protein 
content and, therefore, affects the results for protein bound elements. Guidance on 
sampling breast milk has been discussed [16].

Urine as a random (spot) specimen is of limited use and, therefore, 24 hour 
collections should be made. This is usually done after omitting the first void at the 
start and including the last one at the end of the 24 hour period. The use of high 
density polyethylene bottles precleaned by leaching with nitric acid and hydrogen 
peroxide followed by extensive rinsing with high purity water is recommended. 
Following sample collection, aliquots are taken as soon as possible after vigorous 
shaking of the contents, using pipettes rinsed several times with the same urine pool 
to be subsampled. It is preferable to freeze these subsamples to avoid interaction 
between the sample and container. Mild acidification of urine prevents precipitation 
and enhances storage stability.

Liver sampling requires special precautions for the determination of both 
organic and inorganic constituents as described in a protocol of the National Institute 
of Standards and Technology (NIST) [24]. Accessories made of Teflon have proven 
to be most suitable for protecting against extraneous contamination (with the excep
tion of Cr and F). The protocol specifies the use of such non-contaminating items as: 
dust and talc free vinyl gloves; free cleaned dust free Teflon sheets, bags and 
containers; high purity water; and titanium/Teflon knives. This procedure helps to 
avoid contamination from elements such as Cr and Ni arising from the use of stainless 
steel knives. The liver samples are sealed in Teflon bags, frozen in liquid nitrogen and 
shipped to the laboratory for storage.

The kidney as an organ permits duplicate sampling. The structural and 
functional characteristics vary considerably, depending upon whether the tissue is 
from the cortex or the medulla or the distal part of a pyramid. Certainly the mineral
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compositions of these areas differ significantly. It would be desirable to determine the 
elemental content separately. However, if the analysis of the whole kidney is desired, 
thorough homogenization is mandatory. The presence of blood presents some 
difficulties in separating the medulla from the cortex. However, if the sample is freeze 
dried prior to processing, the two components are easily separable and the capsule can 
also be detached readily. The procedures for processing other tissue samples are 
discussed elsewhere [23].

5.6. Anim al specim ens for environm ental studies

Animals as a source of environmental samples offer the advantage of collection 
of internal organs (e.g. kidney and liver) from slaughter houses, besides the usual 
samples of milk and blood (e.g. assessment of Pb status). For example, in a very 
extensive study of that kind, 4360 samples of moose liver and kidney were collected 
in Sweden in 1982. As a result of liming, and mobilization of Mo from the soil to the 
plant, the Mo levels in moose livers increased, suppressing Cu metabolism owing to 
M o-Cu antagonism, resulting in the death of these animals. The whole cycle lasted 
just five years [25]. Similarly, several marine species (e.g. oysters, bivalves, fish, 
dolphins and pilot whales) have been effectively used as environmental samples to 
monitor changes in their environment [26]. Another advantage is that entire organs 
from small animals can be analysed, thus circumventing heterogeneity problems of 
sampling as sections. Processing these samples for analysis is not different from that 
of human specimens (see Section 5.5.3).

5.7. Food sam ples

In general, it is essential to recognize the bulk properties of foods before 
designing a sampling plan. For instance, it is useful to know whether the food is fresh, 
processed or unprocessed, a commercially packed commodity, or diets prepared as 
part of a daily intake study. These require different sampling considerations [27]. The 
collection of staple foods such as rice and legumes is simple since it is not very 
difficult to obtain representative samples [28].

The sampling methods for foods/diets may be classified according to three 
categories. Direct methods such as: (a) precise weighing of actual food consumed 
over 24 hours; (b) duplicate portion collection; and (c) market basket or total diet 
studies. Indirect methods refer to: (1) food balance sheets and per capita consump
tion; (2) household food surveys; (3) 24 hour and 7 day recalls; (4) diet history/ 
frequency questionnaires; and (5) unweighed records and dietary dairies. The third 
approach relates to estimation from biological markers using specimens such as urine, 
faeces, whole blood/plasma and serum. All the approaches outlined above are prone 
to different kinds of errors. For example, the direct methods and the methods based
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on biological markers are susceptible to both sampling and analytical errors, while the 
direct and indirect approaches are prone to generate under or overestimation of 
intake [29, 30].

5.8. Vegetation

The effect of continuous exposure to metals and gaseous components of 
organic and inorganic substances (including radioactive isotopes) has been investi
gated in a number of plants. This has led to the concept of using vegetation as an 
indicator of changes taking place in the environment. Thus, several specimens such 
as algae, fungi, ferns, grass, lichens, mosses, pine needles, sea weed, tree bark and 
tree rings have been found to be useful environmental samples. These materials also 
offer some unique advantages: some of these samples are naturally spread over wide 
areas and are already in place ready to be sampled, and are inexpensive and 
uncomplicated. They can also be used to identify sources of pollution. If needed, 
they are transplantable to the vicinity of sources of industrial emissions to meet 
specific monitoring needs. For an extensive discussion on plants as biomonitors, see 
Ref. [31].

Importantly, botanical specimens provide a metabolic mechanism to assess 
contaminants incorporated into the food chain. For example, sea weed has been 
successfully used in monitoring heavy metal pollutants in many countries [32]. 
Lichens and mosses have proven to be very sensitive indicators of accumulation of 
heavy metals (Pb in particular), organic compounds such as PAHs, PCBs and pesti
cides, gaseous pollutants (sulphur dioxide from fossil fuel combustion, fluoride, etc.). 
Because of the widespread distribution of lichens and mosses, they are particularly 
well suited to track down radioactive contamination from airborne sources. Such 
applications have been successfully carried out near nuclear installation sources. 
Similarly, the use of freshwater plants, including algae, offer similar possibilities to 
assess the accumulation of radioactivity. Submerged species have been reported to 
generally show higher accumulation than emergent species [32]. Tree rings, depend
ing upon the life span of the tree, can be used to record pollution trends over a few 
years by repeatedly sampling the same tree.

On the negative side, the diversity in the availability of species has made the 
comparison of data between studies difficult. Therefore, it is desirable that monitoring 
studies are confined to typical representative species in well defined environments, 
and include standardized sampling and processing steps. Further, based on literature 
surveys, the measured responses of higher plants to gaseous pollutants have been due 
to stress conditions rather than being specific to a particular pollutant, and efforts 
should be aimed at assessing characteristic damages caused by a specific pollutant 
(e.g. bioassays to quantify the effect) when visible injuries to leaves have set in. These
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and related issues of using botanical specimens as indicators of environmental 
changes taking place have been discussed in great depth [32].

Sampling botanical specimens is technically not difficult. The collection of 
lichens offers a good example. If regional sampling is planned, a statistical sampling 
model has to be in place. Several lichen segments should be collected along with the 
bark substrate from the same tree and treated as one sample. Similarly, samples 
should be collected from a group of trees to define it as a set of samples from one 
location. Preparation of the sample for analysis includes separation of the lichens 
from the bark substrate with non-metallic tweezers, washing with distilled water to 
remove sand and dust, freezing in liquid nitrogen and ginding into a fine powder 
using a suitable mortar and pestle, and freeze drying. Lichens from the same tree are 
mixed and treated as a composite representative sample. The freeze-dried powder is 
ready for analysis. The entire sequence of sampling and analysis of lichens is well 
covered in a thesis [33].

5.9. Sam ple processing considerations

Progress in the technical aspects of sample preparation has contributed to 
several improvements. However, along with lack of information on reliable sampling 
procedures for guidance under field conditions, contamination still figures as a major 
issue in many cases. Information on long term storage (several years) and its impact 
on the validity of the stored biomaterial, and reliable experimental findings on the 
quantitative recovery of biominerals during acid decomposition of different types of 
sample matrices are still scarce.

5.9.1. Identifying potential sources o f contamination

In addition to the imminent situations, such as contamination from F and Ti 
when accessories made of Teflon and titanium, respectively, are used, there can be 
unsuspected situations causing contamination and, therefore, periodically it is 
necessary to carry out experimental checks (e.g. analysing before and after process
ing and processing under different conditions, such as washing and no washing) to 
ascertain that the procedural steps are under control.

It is also useful to look for pairs of elements that can be linked to the 
same source of contamination. For example, variation in both Al and Sc (before and 
after processing, for example washing) would signal the presence or absence of dust 
particles. One investigation [34] documents the impact of soil/dust particles on 
the concentrations of Al, Si, Sc, Ti, V, Fe and Co (known as soil markers because 
of their high concentrations). Stainless steel is a frequently suspected source of Cr 
and Co, among other metals. However, when total diet pellets prepared using a
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stainless steel press were analysed, high concentrations of Cr (but not Co) was 
observed. This indicated that the steel press was not the source in this case, and the 
Cr contamination was traced to the Teflon blender used for homogenizing the 
diet [35].

5.9.2. Matrix problems and sample treatment

Solid samples have to be brought to solution either by an acid decomposition 
step or by some kind of fusion treatment. This is an essential requirement for many 
analytical techniques before the analytical signal can be obtained. There have been 
many studies to assess the possible loss during dissolution owing to the escape of 
gaseous products, precipitation and sorption, and undissolved fractions. It is 
obvious that unrecovered fractions due to either loss or retention on various surfaces 
would introduce a systematic error. Plant materials are good examples since they 
contain considerable amounts of silica. There have been very few systematic studies 
to assess the undissolved material under common methods of matrix dissolution. A 
method such as INAA is ideally suited to study this problem. The neutron 
irradiated material can be first assayed instrumentally (without any treatment), then 
subjected to various dissolution procedures, filtered and the residual radioactivity on 
the filters measured. This is an elegant way of assessing the undissolved fraction. 
Using this approach, significant quantities of residual Cr, Sc and Fe from apple and 
peach leaves were recovered from the filter papers as undissolved fractions [36]. 
Similarly, the physical and chemical characteristics of siliceous or calcareous matter 
in a number of botanical samples have been investigated [37]. Such studies 
are needed for different kinds of matrices to establish standard conditions for 
mineralization.

5.9.3. Sample storage and preservation

The implications of long term storage (several years) on the overall validity of 
the stored biomaterial is still of concern since studies on matrix stability following 
extended periods of preservation are scarce. Some investigations have been carried 
out at NIST to evaluate storage stability. The results show no significant changes for 
Se and Zn, whereas losses of As from bovine liver matrix (freeze-dried) have been 
suspected with prolonged storage at ambient temperature [38]. Stability information 
over five and a half years of storage at -30° to -4 0 °C  has also been carried out in a 
Canadian study, demonstrating that several chemical residues have been shown to be 
stable in herring gull egg homogenate by systematic reanalysis [39]. Similarly, in a 
German study, human specimens of blood and liver have been shown to be stable for 
Cd and Pb over several years [40]. Lyophilized human body fluid reference materials 
have been shown to be stable for a period of five years for Hg, Pb and Al [41].
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However, the behaviour of mercury was unpredictable among different reconstituted 
materials if these materials were not assayed within a few hours of reconstitution.

6. TRACE ELEMENT SPECIATION

The importance of spéciation in environmental samples is well recognized. 
Spéciation knowledge helps to understand the bioavailability, toxicity and mobility 
of a given chemical entity and facilitates estimation of the biological impact. 
Spéciation chemistry requires highly specialized analytical expertise and has been 
dealt with in great detail in recent publications [5, 42-44]; therefore, only a brief 
discussion is included here.

In water samples, methylmercury, As(III) and As(V), and organotins have been 
studied to determine storage stability. A number of methods based on filtration, 
centrifugation, dialysis, gel filtration, adsorption on ion exchanges and solvent 
extraction principles applicable for spéciation of aquatic samples have been 
discussed [4].

Trace element spéciation in soils and sediments has been an active area of 
research. Initial separation of different fractions is accomplished by sieving, gravity, 
sedimentation and centrifugation, followed by separations to obtain organic, inor
ganic and metallic fractions. Specific spéciation chemistry will follow this step by 
introducing an appropriate extraction step, as exclusively discussed for the spéciation 
of sediments [45].

Trace element spéciation in biological samples is generally carried out on 
soluble fractions of cytoplasmic components. Standard requirements here are homo
genization, centrifugation and chromatographic separation of the soluble proteins. 
Other procedures involve dialysis and ultrafiltration of biological fluids (e.g. ultrafil- 
trable ionic species in blood), electrophoresis and gel filtration. If the separation 
chemistry is well established, and extraneous contamination is under control, in some 
cases the species can be quantified by measuring the content of trace elements in the 
isolated fractions by means of atomic absorption or mass spectrometry. These and 
other possibilities are discussed elsewhere [5,44].

7. CONCLUDING REMARKS

There have been considerable improvements in the quality of analytical results 
for several types of analytes, as seen from the data for environmental matrices such 
as air, water, plants and tissues. Much of the improvement observed can be attributed 
to superior instrumentation and enhanced awareness of procedural aspects of 
analysis, particularly prevention of contamination and loss of the analyte.
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However, when the investigations involve biological specimens combined with 
analysis for organic constituents and spéciation chemistry, the system may not be 
very sound. Uncertainty in retaining the biological validity of the sample, failure to 
anticipate the influence of presampling factors and irreproducible situations faced in 
carrying out spéciation chemistry are adversely impacting overall progress in the 
bioenvironmental analysis areas.

Of particular concern is the lack of development of proper protocols in planning 
an investigation, including adequate priority for sample characterization, as demon
strated by specimen banking projects [46, 47], and failure to infuse interdisciplinary 
perspectives as an integral part of the project. As a result, there appears to be some 
stagnation in efforts to apply trace element analysis effectively to solve environmental 
issues [48].

On the biomonitoring front, air monitoring has proved to be very valuable in 
monitoring health, and the IAEA has demonstrated it very effectively for a group of 
countries drawn mainly from the developing world [12,49]. An important part of this 
work is that harmonized protocols have been developed for the sampling and sample 
collection of airborne particulate matter in well defined urban and rural locations. 
Further, monitoring techniques based on plant indicators are practical, useful and cost 
effective. This is especially attractive from the perspective of developing countries. 
Therefore, more such applications should be identified, and are worth supporting, 
provided that harmonized protocols are used for sampling, sample processing and 
analysis of the collected samples.
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Abstract

SAMPLING, SAMPLE STORAGE AND PREPARATION OF BIOMATERIALS FOR INAA 
DM CLINICAL MEDICINE AND OCCUPATIONAL AND ENVIRONMENTAL HEALTH.

The investigation concerned the effect of different stages of sampling, sample storage, 
preparation and analysis on the results of estimation of major and trace elements in biological 
materials using the method of instrumental neutron activation analysis (INAA). Short and long 
lived radionuclide INAA using nuclear reactor channels was applied to determine the levels of 
biomaterial contamination with a variety of chemical elements contained in a stainless steel 
blade in the course of sampling, as well as levels of element loss during different methods of 
dehydration (lyophilization and oven drying) and mineralization (oven ashing). Also estimated 
were the dynamics o f decreasing fresh sample mass as a result of moisture evaporation and the 
dynamics of increasing the lyophilized sample mass for different durations and conditions of 
storage, as well as losses of biosample mass following thermal and radiation exposure during 
long term neutron irradiation in the reactor channels. On the basis o f the results obtained, 
methods of sampling, sample storage, preparation and analysis were suggested which ensure 
high accuracy of the results during investigation of element content in medical and biological 
materials.

1. INTRODUCTION

The analysis of medical and biological samples, especially those obtained 
under clinical conditions, is connected with a variety of special requirements. These 
are mainly defined by regulations regarding the use of instruments to select samples 
of fluids and tissues. The regulations include conditions for taking material during 
biopsies and autopsies, conditions of operation, the mass limit of the sample obtained 
and the necessity of obtaining extremely accurate analysis results.

The investigation focused on the influence of different stages of sam
pling, sample storage and preparation, as well as the analysis of instrumental
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neutron activation analysis (INAA) results. The aims of the study included esti
mation of:

—  The degree of biological object contamination during sampling by means of 
conventional medical instruments;

—  The dynamics of sample mass decrease as a result of moisture evaporation from 
the time of sample collection until weighing;

—  Levels of chemical element loss during freeze-drying, oven drying at 
105°-110°C, and oven ashing;

—  The dynamics of dried sample mass increase caused by air moisture sorption 
during storage;

—  Levels of dry mass loss of the biological sample during long term irradiation in 
a nuclear reactor as a result of thermal and radiation exposure;

—  The degree of influence of adhesive Scotch polyethylene tape and different 
kinds of Whatman paper used conventionally in micromethods as a sample 
sorbing and packing material.

2. METHODS

All samples of human fluids and tissues were obtained under true clinical 
conditions in the hospital of the Medical Radiological Research Centre (MRRC), 
Obninsk, to refine the diagnosis. In addition to the purpose of diagnostics, biological 
samples were used for solving problems raised in this paper.

A thyroid gland was used to study the effect of surgical instruments on element 
content in biological samples. The extracted thyroid was placed on a plastic (poly
ethylene) tray and a 1 cm3 sample was cut out with a generally used stainless steel 
blade. The sample was further divided into six approximately equal sections. The part 
of the thyroid untouched by the blade was used to cut out another 1 cm3 sample with 
a titanium knife. This sample was also divided into six sections. Only such additional 
instruments as Teflon tweezers and polyethylene gloves were used for sampling. The 
samples were weighed, lyophilized, weighed again and homogenized. Tissue samples 
with dry mass ranging from 30 to 50 mg were wrapped in foil made of highly pure 
aluminium. The same foil was used to wrap the synthetic standards and reference 
material. The thyroid and standard samples were put in a quartz ampoule which was 
soldered, placed in a transport container and irradiated in the reactor for subsequent 
long lived radionuclide INAA to determine Ag, Co, Cr, Fe, Hg, Rb, Sb, Se and Zn.

The material from 12 thyroid and 12 prostate puncture biopsies was used to 
investigate sample mass losses following moisture evaporation, depending both on 
the duration and conditions of storage. Half of these materials were weighed 
immediately after sampling and placed in Petri dishes. The material was kept at room
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temperature and repeatedly weighed at about 1, 3, 4, 5, 6 and 30 h. The same proce
dure was used for the rest of the material with only one exception: a cotton wool wad 
wetted with distilled water was placed inside the Petri dishes.

Three thyroid glands were taken to estimate the effect of drying procedures on 
chemical element content in the biological materials. Short lived radionuclide INAA 
was used to determine Br, Ca, Cl, I, K, Mg and Na in the whole frozen glands. Then 
each thyroid was homogenized and divided into two sections. One was dried in a 
vacuum (~103 Pa) at below 0°C (lyophilization), while the other was oven dried at 
105°-110°C up to the constant mass. The duration of drying in both cases was 120 h. 
Short lived radionuclide INAA was used to determine Br, Ca, Cl, I, K, Ma and Na in 
thyroid samples dried using two methods, while long lived radionuclide INAA was 
used to analyse Co, Cr, Fe, Hg, Rb, Sb, Se and Zn.

Tissues of the lung, thyroid and prostate glands were taken to study element 
losses during ashing. Three 4-5 g samples of each organ were used. First, the samples 
were frozen and then the contents of Al, Br, Ca, Cl, I, K, Mg, Mn, Na and Sr were 
evaluated by short lived radionuclide INAA. The samples were further oven dried at 
105°-110°C for five days and then oven ashed at 450°C for three days. The contents 
of the same elements were determined in ashed samples using short lived INAA as 
with samples of the fresh frozen tissues.

The possibility of air moisture sorption by lyophilized samples and the resulting 
increase of their mass were evaluated by means of sample weighing at different time 
periods after the drying procedure. Seven lyophilized samples (blood plasma, saliva, 
blood, lung, prostate, testes and thyroid) were kept in an open container while another 
seven were stored in a closed container at room temperature. The mass of the samples 
kept inside the open container was first measured just after lyophilization, and then
0.25,0.5,1.0,2, 3,4, 21 and 96 h later. The samples in the closed container were also 
first weighed just after the lyophilization procedure, after 0.25,0.5, 1.0 and 24 h, and 
then a year or more later.

Changes in biosample mass following thermal and radiation exposure during 
long term neutron irradiation were determined by weighing samples prior to and after 
irradiation. Each sample of lyophilized tissue and fluids, prepared for long lived 
radionuclide INAA and wrapped in foil made of highly pure aluminium, was weighed 
together with the foil prior irradiation. The irradiation was carried out in a vertical 
water cooled reactor channel for 96-120 h. All the time samples were inside a 
soldered quartz ampoule placed in an aluminium transport container. After irradiation 
and the usual two to three week delay, the samples wrapped in aluminium foil were 
weighed and then repackaged for subsequent spectrometric measurement.

The element content of Whatman paper and Scotch polyethylene tape was 
studied to estimate the effect of sorbing, fixing and packing materials often used 
for radionuclide INAA of milligram quantities of biomaterial. The method of short 
lived radionuclide INAA was used to study the contents of Br, Ca, Cl, K, Mg, Mn,
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Na and Sr in five Whatman patterns produced in Germany, the Russian Federation 
and the United Kingdom, as well as in polyethylene based adhesive tape from 
Russian production.

An analytical balance with 0.000 05 g accuracy was used for weighing. All 
instruments, appliances, containers, ampoules, test tubes, polyethylene film and 
gloves, as well as aluminium foil, were washed in acetone and alcohol before use.

INAA was carried out using the WWRc reactor. A horizontal channel with a 
neutron flux density of 1.7 x 1013 n-cm_2-s_1 was used for the short lived radionuclide 
analysis. The channel was equipped with a pneumatic rabbit system and cooled with 
compressed air. Long term irradiation within a vertical channel with a neutron flux 
density of 1.2 x 1013 n-crrr2-s_1 was used for the long lived radionuclide analysis. A 
100 cm3 Ge(Li) detector coupled with an on-line, computer based multichannel 
analyser system was used for quantitative spectrometry of the irradiated samples. The 
irradiation and measurement conditions for different tissues and fluids were chosen 
to be optimum for the simultaneous determination of the maximum number of 
chemical elements with the maximum statistical error of measurement [1]. 
Measurements were carried out by the relative method using a comparison between 
the emitting intensities of the appropriate radionuclides in the studied sample with 
those in the standard. Chemically pure inorganic compounds were used to prepare the 
standards. In addition to the self-prepared standards, we used multi-element synthetic 
standards based on a phenol-formaldehyde resin [2, 3]. The accuracy of the results 
was controlled by means of simultaneous analysis of IAEA reference materials [4]. 
The results were statistically treated using both parametric (t test) and non-parametric 
(Wilcoxon test for conjugate pairs) criteria of the difference.

3. RESULTS AND DISCUSSION

The contents of all the studied elements (Ag, Co, Cr, Fe, Hg, Rb, Sb, Se and 
Zn) in thyroid samples taken with a stainless steel blade were higher than in samples 
taken with a titanium knife (Table I). However, the difference appeared statistically 
reliable only for Co (1.7 times higher) and particularly for Cr, the concentrations of 
which were about 50 times higher in the blade selected samples. These results agree 
well with the reference data [5, 6], and thus the following conclusion can be drawn. 
It is completely impermissible to use stainless steel blades for sampling biomaterials 
intended for trace element analysis. The alternative is to use titanium knives, though 
surgeons and pathologists dislike using them. Pure titanium is rather soft and so the 
knives are insufficiently sharp and need frequent sharpening. Therefore, a compro
mise acceptable to both surgeons and analysts has been adopted for practice at 
MRRC. This involves the use of conventional surgical instruments during operations 
or autopsy procedures. In addition, resected or autopsy materials are taken in greater
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TABLE I. CONCENTRATIONS OF SOME ELEMENTS IN THYROID TISSUE 
SAMPLES TAKEN WITH A  STAINLESS STEEL BLADE AND A TITANIUM 
KNIFE

Concentration (pg/g dry tissue)

Element Blade (Q,) Titanium knife (Q2) g ,/g2
t test 

P<
Mean ± SDa V ^ c) Mean ± SD Ÿ>(%)

Ag 0.060 ± 0.053 88 0.024 ±0.011 46 2.50 __

Co 0.095 ± 0.029 31 0.055 ± 0.017 31 1.73 0.01
Cr 40.2 ± 23.6 59 0.84 ± 0.48 57 47.9 0.01
Fe 322 ± 228 71 193 ± 70 36 1.67 —
Hg 0.023 ± 0.012 52 0.016 ± 0.009 56 1.44 —
Rb 9.5 ± 7.9 83 6.0 ± 1.8 30 1.58 —
Sb 0.19 ± 0 .20 105 0.09 ± 0.03 33 2.11 —
Se 3.2 ± 2.2 69 2.0 ± 0.7 35 1.60 —
Zn 177 ± 182 103 100 ± 33 33 1.77 —

a SD: standard deviation. 
b V: variation coefficient (SD/X)100%.

amounts so that ‘pure’ tissue samples can be cut out with a titanium knife for 
elemental analysis. Only titanium instruments should be used for puncture biopsies 
of different tissues and organs.

The extracted samples of tissues and fluids rapidly lose their mass as a result of 
moisture evaporation. This mostly concerns samples of puncture and aspiration 
biopsies when the sample mass is only several milligrams. An hour later the material 
from puncture biopsies in a Petri dish has lost about 50% of its mass (Table II). The 
rate of drying can be slightly decreased by increasing the moisture content of 
environmental air (Table II). However, the best way is to weigh the samples immedi
ately after they have been taken. Therefore, the analytical balance should be located 
in the same operating or pathology-anatomy room. In case of delay, the sample 
should be weighed several times within short periods of time and the sample mass 
should be extrapolated to the moment of sampling [7].

The only acceptable method of biomaterial dehydration is freeze-drying in a 
vacuum (lyophilization). Oven drying can result in a great loss of volatile elements 
[8-11], in particular such halogens as Br, Cl and I (Table III). Biomaterial mineral
ization by oven ashing is completely unsuitable since it leads to considerable uncon
trolled losses of both trace elements and some major minerals (Table IV); this is a 
well-known fact [9, 12-15].
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TABLE II. CHANGE IN RELATIVE MASS OF WET TISSUE PUNCTURE MATERIAL AS A RESULT OF EVAPORATION, 
DEPENDING ON THE CONDITIONS AND DURATION OF STORAGE

Material n
Conditions Relative puncture mass (mean ± SEb)

of storagea 68 min 197 min 264 min 326 min 386 min 2916 min

Prostate 6 1 0.459 ± 0.014 0.360 ± 0.006 0.360 ± 0.006 0.343 ± 0.006 0.345 ± 0.006 0.343 ± 0.006
puncture
sample 6 2 0.772 ± 0.029 0.510 ±0.045 0.421 ± 0.023 0.381 ±0.021 0.362 ± 0.016 0.337 ± 0.017

Thyroid 6 1 0.546 ± 0.075 0.416 + 0.056 0.410 ± 0.056 0.408 ± 0.053 0.406 ±  0.054 0.402 ±  0.052
puncture
sample 6 2 0.815 ±0 .012 0.582 ± 0.021 0.486 ± 0.020 0.450 ± 0.008 0.431 ±0.008 0.403 ± 0.003

a 1: storage in a Petri dish at room temperature; 2: storage in a Petri dish containing a cotton tampon wetted with distilled water. 
b SE: standard error of the mean.
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TABLE III. INFLUENCE OF THE METHOD OF DRYING ON CHEMICAL 
ELEMENT CONCENTRATIONS IN THYROID TISSUE

Element
Relative concentrations t test

Fresh
I

Freeze-dried
П

Oven-dried
Ш Л -П Л -III p n-m

Ag 1.00 0.54 —
Br 1.00 0.98 0.64 — <0.01 <0.01
Ca 1.00 0.95 0.91 — — —
Cl 1.00 1.04 0.84 — <0.01 <0.01
Co 1.00 0.96 —
Cr 1.00 0.91 —

Fe 1.00 0.92 —

Hg 1.00 1.00 —
I 1.00 0.93 0.12 — <0.001 <0.001
К 1.00 0.99 0.95 — — —
Mg 1.00 0.94 0.93 — — —
Na 1.00 1.02 0.98 — — —
Rb 1.00 1.00 —
Sb 1.00 1.00 —
Se 1.00 0.96 —
Zn 1.00 1.00 -

Note: Fresh —  INAA samples of fresh frozen tissue; freeze-dried — INAA samples of
lyophilized tissue (frozen sample dried in a vacuum for 120 h); oven-dried —  INAA samples 
of oven dried tissue (105°C during 120 h).

TABLE IV. LOSS OF CHEMICAL ELEMENTS DURING DRY ASHING OF 
BIOLOGICAL SAMPLES

Relative loss of chemical elements during ashing 
Biomaterial --------------------------------------------------------------------------------------

Al Br Ca Cl I к Mg Mn Na Nr

Lung (%) 63 95 78 86 — 76 85 89 90 —

p*< 0.001 0.001 0.001 0.001 — 0.01 0.001 0.05 0.001 —

Thyroid (%) 68 64 26 88 100 28 58 81 58 —

p*< 0.001 0.001 — 0.001 0.001 — 0.001 0.01 0.001 —

Prostate (%) 62 65 22 48 — 25 37 47 22 72
p*< 0.05 0.01 — 0.01 — — 0.05 0.01 0.01

p *: Student t test
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TABLE V. CHANGE IN RELATIVE MASS OF LYOPHILIZED BIOLOGICAL SAMPLES AS A RESULT OF AIR MOISTURE 
SORPTION, DEPENDING ON THE DURATION OF SAMPLE STORAGE AT ROOM TEMPERATURE

Biological sample
Duration of sample storage (h)

0 0.25 0.5 1 2 3 4 21 96

Èlood plasma 1.0000 1.0042 1.0090 1.0127 1.0211 1.0295 1.0355 1.0536 1.0614
Saliva 1.0000 1.0040 1.0228 1.0317 1.0446 1.0495 1.0515 1.0515 1.0545
Blood 1.0000 1.0058 1.0115 1.0192 1.0355 1.0470 1.0566 1.0662 1.0701
Lung 1.0000 1.0093 1.0155 1.0258 1.0361 1.0464 1.0526 1.0598 1.0639
Prostate 1.0000 1.0081 1.0161 1.0232 1.0373 1.0484 1.0565 1.0635 1.0685
Testes 1.0000 1.0089 1.0138 1.0217 1.0296 1.0384 1.0414 1.0434 1.0473
Thyroid 1.0000 1.0087 1.0163 1.0228 1.0347 1.0434 1.0521 1.0619 1.0662

Mean 1.0000 1.0070 1.0150 1.0224 1.0341 1.0429 1.0499 1.0571 1.0617
±SEa 0.0007 0.0016 0.0022 0.0027 0.0026 . 0.0031 0.0030 0.0031

a SE: standard error of the mean.
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TABLE VI. CHANGES IN THE RELATIVE MASS OF LYOPHILIZED 
BIOLOGICAL SAMPLES AS A RESULT OF AIR MOISTURE SORPTION, 
DEPENDING ON THE DURATION OF SAMPLE STORAGE IN CLOSED 
POLYETHYLENE AMPOULES AT ROOM TEMPERATURE

Biological
sample

Duration of sample storage 1 year 
and moreOh 0.25 h 0.5 h 1 h 24 h

Blood plasma 1.0000 1.0006 1.0006 1.0012 1.0012 1.0753
Saliva 1.0000 1.0000 1.0000 1.0020 1.0020 1.0881
Blood 1.0000 1.0000 1.0019 1.0019 1.0019 1.0979
Lung 1.0000 1.0000 1.0010 1.0010 1.0010 1.0928
Prostate 1.0000 1.0000 1.0010 1.0010 1.0010 1.0968
Testes 1.0000 1.0000 1.0010 1.0010 1.0010 1.0759
Thyroid 1.0000 1.0000 1.0000 1.0000 1.0000 1.0923

Mean 1.0000 1.0001 1.0008 1.0012 1.0012 1.0884
±SEa 0.0001 0.0003 0.0003 0.0003 0.0035

a SE: standard error of the mean.

TABLE VII. CONCENTRATIONS (MEAN ± SEa) OF SOME ELEMENTS IN THE 
MATERIALS USED FOR SAMPLE SELECTION AND PREPARATION (SHORT 
LIVED RADIONUCLIDE INAA)

Whatman paper_________________  Polyethylene

Element

(ng/g)

United
Kingdom

Germany
Russian

Federation
based
Scotch

tapen ± 5 n ±  5 n ± 5

Br 0.89 ± 0.24 1.16 ± 0 .29 <DLb 0.13 ±0.03
Ca 18.7 ± 5 .0 82.3 ± 20.7 323 ± 65 8.5 ± 1.5
Cl 31.5 ± 5 .1 101 ± 11 283 ± 41 36.1 ± 13.0
К 30 ± 17 102 ± 35 213 ± 60 16.0 ± 3.2
Mg 4.0 ± 1.6 14.4 ± 4.8 <DLb 13.1 ± 3 .8
Mn 0.090 ± 0.009 0.81 ± 0 .09 4.5 ± 0.7 0.049 ± 0.006
Na 23.9 ± 6.4 131 ± 3 2 216 ± 3 9 8.7 ± 2.1
Sr <DLb 118 ± 41 <DLb <DLb

a SE: standard error of the mean. 
b DL: detection limit.
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Lyophilized biomaterials sorb air moisture rather quickly (Table V). Only three 
hours after keeping material in an open container, the material mass can be 5% higher. 
This process is much slower in a tightly closed polyethylene container; however, 
when lyophilized biomaterials have to be stored for a long time their mass can be 10% 
higher (Table VI). That is why samples to be analysed should be taken immediately 
after biomaterial lyophilization. After long term storage of lyophilized biomaterial in 
polyethylene containers, the material should once more be lyophilized before taking 
samples for the analysis.

Lyophilized samples lose their mass considerably after long term irradiation 
(for 100 h and more) in nuclear reactor water cooled channels with a flux of more 
than 1013 n-cm_2-s_1. These losses are the result of thermal and radiation exposure 
followed by transformation of the sample organic matrix into gaseous phase. The 
extent of loss depends on many factors: biomaterial origin, sample mass, sample 
quantity and location inside a quartz ampoule, etc. In accordance with our data, losses 
of biosample mass can reach 40%. These losses must be controlled by weighing 
samples wrapped in aluminium foil prior to and after irradiation.

Strips of Whatman paper are often used as sorbing material for selecting 
microlitre quantities of biofluids (drops of blood, sweat, saliva of small salivary 
glands, crevicular fluid, etc.). To operate with milligram quantities of dried bio
material, i.e. a puncture biopsy for example, it is convenient to use Scotch tape that 
fixes the sample well. However, it should be noted that sorbing, fixing and packing 
materials such as Whatman paper or Scotch tape can greatly influence the results of 
the analysis because they contain significant quantities of some elements (Table VII). 
It therefore follows that if biosamples were irradiated during INAA along with 
sorbing, fixing and packing materials, and if these materials were not removed before 
measurement, then their influence should be taken into consideration each time with 
the help of a blank test.
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Abstract

THE ROLE OF NEUTRON ACTIVATION ANALYSIS IN THE DEVELOPMENT AND 
CERTIFICATION OF NIST ENVIRONMENTAL STANDARD REFERENCE MATERIALS.

Neutron activation analysis (NAA) often plays an important role in the certification of 
inorganic constituents in many environmental standard reference materials (SRMs) in view of 
its accuracy, multi-elemental capability, ability to assess homogeneity, high sensitivity for 
many elements and essentially blank free nature. In addition, instrumental neutron activation 
analysis (INAA) requires no chemical dissolution prior to analysis, unlike most other analytical 
techniques. Since the concentration of an element certified in a National Institute of Standards 
and Technology SRM is usually determined by at least two independent analytical methods, the 
use of INAA as one method eliminates the possibility of common error sources resulting from 
sample dissolution. INAA also possesses the ability to assess the level of inhomogeneity of a 
material. The paper briefly highlights the role that NAA has played in the certification of recent 
environmental SRMs.

1. INTRODUCTION

Well characterized certified reference materials (CRMs) are typically required 
for quality assurance (QA) purposes when analysing environmental samples. To meet

* Certain commercial equipment, instruments, or materials are identified in this paper in 
order to adequately specify the experimental procedure. Such identification does not imply 
recommendation or endorsement by the National Institute of Standards and Technology, nor 
does it imply that the materials or equipment identified are necessarily the best available for the 
purpose.

Contributions of the US National Institute of Standards and Technology are not subject 
to copyright.
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this need, the US National Institute of Standards and Technology (NIST) issues a 
wide variety of environmental standard reference materials (SRMs) with certified 
concentrations of various elements, and which can be used for QA purposes. 
Instrumental neutron activation analysis (INAA) often plays an important role in the 
certification of inorganic constituents in many complex-matrix SRMs in view of its 
accuracy, multi-elemental capability, ability to assess homogeneity, high sensitivity 
for many elements and essentially blank free nature. In addition, INAA requires no 
chemical dissolution prior to analysis, unlike most other analytical techniques. Since 
the concentration of an element certified in a NIST SRM is usually determined by at 
least two independent analytical methods, the use of INAA as one method eliminates 
the possibility of common error sources resulting from sample dissolution [1]. INAA 
also possesses the ability to assess the level of inhomogeneity of a material at small 
sample sizes.

2. MATERIALS AND METHODS

The NIST research reactor (NBSR) is heavy water cooled and moderated, and 
currently operates at 20 MW [2, 3]. This reactor first became operational in 1967, 
operated at 10 MW from 1969 to 1984 and was upgraded to 20 MW in 1985. 
Pneumatic tubes are currently available for activation analysis with thermal neutron 
fluence rates from 3 x 1011 to 1 x 1014 n-cm_2-s_1 and are highly thermalized com
pared to most other reactor facilities. A new rapid irradiation facility to allow the 
determination of nuclides with very short half-lives has recently been installed and is 
currently being characterized [3].

A variety of detector and computer systems are available at NIST for counting 
and data reduction. A description which was published several years ago is unchanged 
in basic outline [4]. Ten general purpose Ge gamma detectors are supplemented by a 
low energy detector, a well detector and low background detectors for sample count
ing. Several detectors are optimized for high rate gamma spectrometry, including loss 
free counting [5]. Three computer controlled sample changers are available. An 
alpha-beta detector and an alpha spectrometer are used for special samples. Two 
Compton shielded spectrometers are operated for prompt gamma activation analysis, 
one installed on a thermal neutron beam and one in the Cold Neutron Research 
Facility. A cold neutron depth profiling instrument is also installed.

Spectra are acquired with various multichannel analysers (MCAs). Stand-alone 
MCAs are connected by serial links to a micro VAX 3400, which acts as a central 
mass storage and communications server and on which the NAA software package is 
installed. In addition, four VAX stations and a PC control the acquisition interface 
modules via Ethernet, and in turn transfer data via Ethernet to the central micro VAX 
when spectrum analysis cannot be accomplished locally. Desktop PCs are linked to
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the minicomputers and counting systems via serial lines or Ethernet for post-NAA 
processing, statistical evaluation and report writing. The Ethernet loop which runs 
throughout the reactor building is linked to the rest of the NIST campus through high 
speed fibre optics, and then to the worldwide Internet.

A number of radiochemical separation procedures are currently used for the 
analyses of SRMs including: a group separation of Ag, As, Cr, Mo, Sb and Se based 
upon the inorganic ion exchanger HMD (hydrated manganese dioxide) [6-9]; single 
element procedures for Cd, Cu and Hg based upon solvent extraction with various 
metal diethyldithiocarbamate compounds in chloroform [7-10]; a solvent extraction 
procedure for Sn based upon the extraction of Snl4 into toluene [7, 8]; and a solvent 
extraction procedure for Cr based upon the extraction of Cr6+ into a solution of triben- 
zylamine/toluene [11].

3. DISCUSSION

Neutron activation analysis is particularly valuable for SRM certification in 
view of the relatively high degree of accuracy which can be attained, and its funda
mentally different sources of error compared with other analytical techniques used at 
NIST. Accuracy at the 1-2% level is relatively easy to achieve by NAA in cases where 
counting statistics are not limiting; however, to achieve this level of accuracy it is 
important to minimize and evaluate all sources of errors. This is particularly impor
tant for errors which are often inadequately considered in many NAA laboratories 
such as those due to differences in irradiation and counting geometries of the samples 
compared with the standards, and those involved in preparing multi-elemental stan
dards. Counting geometry errors can easily become the most important source of 
error when samples are counted close to the detector. For example, if samples and 
standards are counted 1 cm from the detector canister, and the interaction between the 
emitted gamma rays and the active region of the detector occurs an additional 1 cm 
below the surface of the detector canister, a 1 mm thickness difference between sam
ples and standards (average distance to detector differs by 0.5 mm) will produce an 
error of approximately 5%, since radiation decreases with the square of the distance. 
A 2 mm thickness difference will produce an error of approximately 20% when sam
ples and standards are counted directly upon the detector canister. In view of the dif
ficulty of producing samples and standards with exactly the same thickness (i.e. 
difference <1 mm), the sample (standard)-to-detector distance should be increased to 
10 cm or more, whenever possible, to reduce counting geometry errors. Even at 
10 cm, a 1 mm thickness difference will produce an error of almost 1%, and must be 
considered when highly accurate results are desired.

Errors in preparing standards, especially multi-element standards, are also 
extremely important if accurate results are desired. Errors in the preparation of
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standards and ways to overcome many of these errors have been discussed pre
viously [12, 13].

During the last several years NIST has issued new or renewal SRMs in such 
environmental matrices as coal fly ash, estuarine sediment, soils and domestic sludge. 
A summary of the role of NAA is given in Table I. As an example, SRM-1633b (Coal 
Fly Ash) was renewed in 1994. INAA provided analytical information for 15 of the 
23 elements certified, as well as for 22 of the 24 non-certified elements whose con
centrations are given for ‘information only’. Table II lists a comparison of the INAA 
ata with the other data used for certification. The average difference between the 
INAA values and those reported by other analytical techniques was 1.7% (relative). 
The estimated 95% confidence intervals for all elements, except Al and U, overlap, 
and these two miss overlapping by only 0.5% relative. It should be noted, however,

TABLE I. CONTRIBUTION OF NIST NAA MEASUREMENTS TO THE 
CERTIFICATION OF RECENT ENVIRONMENTAL SRMS

SRM
No.

Year of 
certification

SRM name NIST NAA contributions

1632b 1995 Trace Elements in Coal Complete INAA (14)a, RNAA (1) 
homogeneity

1633b 1993 Constituent elements in 
Coal Fly Ash

Complete INAA (17), 
homogeneity

1634c 1995 Trace Elements in Fuel Complete INAA (4 of 5 certified; 
3 of 4 information)

1646a 1995 Estuarine Sediment Complete INAA (8), RNAA (4), 
homogeneity

1941a 1994 Organics in Marine 
Sediment

Complete INAA —  non-certified 
Values for 27 elements

2704 1990 Buffalo River Sediment Complete INAA (10)
2709 1993 San Joaquin Soil Complete INAA (10), RNAA (4), 

homogeneity
2710 1993 Montana Soil INAA —  Shorts (3), RNAA (5), 

homogeneity
2711 1993 Montana Soil INAA —  Shorts (5), RNAA (6), 

homogeneity
2781 1995 Domestic Sludge RNAA (5), PGAA (2)

a Values in parentheses are the number of elements certified using the indicated technique. Elements 
listed on the certificates with non-certified concentrations are not included here unless specified.
PGNAA: prompt gamma neutron activation analysis; RNAA: radiochemical neutron activation analysis.
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TABLE II. COMPARISON OF ANALYTICAL DATA USED FOR THE 
CERTIFICATION OF SRM-1633BS FLY ASH

Element INAA Method 2 Method 3

As (M-g/g) 135.0 ± 1.5 137.6 ± 3 .1  (FIA-HAAS)

Al (%) 14.85 ± 0 .19 15.23 ± 0 .13  (XRF)

Ba (fxg/g) 720 ± 13 701 ± 6 (IDMS)

Ca (%) 1.47 ± 0.03 1.53 ± 0.04 (ICP-OES) 1.56 ± 0 .07  (XRF)

Cr (ng/g) 196.0 ± 2.2 202.1 ± 7.3 (FAAS)

Fe (%) 7.71 ± 0 .09 7.92 ± 0.25 (XRF)

K(% ) 1.949 ±0 .022 1.961 ±0.043 (FES) 1.93 ± 0.04 (XRF)

Mn (|xg/g) 132.0 ± 1.6 131.1 ± 4 .4  (FAAS)

Na (M-g/g) 2011 ±22 1995 ± 80 (FES)

Se (p,g/g) 10.26 ± 0 .15 10.3 ± 0.4 (FIA-HAAS)

Sr (ng/g) 1034 ±  21 1041.1 ± 4.7 (IDMS) 1040 ± 3 2  (FES)

Th (|ig/g) 25.64 ± 0.28 25.73 ± 0.65 (IDMS)

Ti (M-g/g) 7910 ± 120 7850 ± 210 (XRF)

U ((J-g/g) 8.61 ± 0.22 8.936 ± 0.063 (IDMS)

V (p-g/g) 295 ± 4 296.9 ± 6.5 (ICP-OES)

Note: Uncertainties represent the estimated overall analytical uncertainties at the 95% confi
dence level.

FAAS: flame atomic absorption spectrometry; FES: flame emission spectrometry; FIA- 
HAAS: flow injection analysis-hydride atomic absorption spectrometry; ICP-OES: induc
tively coupled plasma-optical emission spectrometry; IDMS: isotope dilution mass spectro
metry; XRF: X ray fluorescence.

that there was a lack of agreement between INAA and atomic spectroscopy tech
niques for two of the elements determined in this material, namely Rb and Sb. The 
concentrations of these elements have not been certified but are given for ‘informa
tion only’. The Rb concentration determined by INAA was 9% higher than deter
mined by flame emission spectrometry; however, the 95% confidence intervals 
missed overlapping by only 2% relative. The Sb concentration determined by elec
trothermal atomic absorption spectrometry, however, was 40% higher than that deter
mined by INAA, and the 95% confidence levels missed overlapping by more than 
20%. The cause of the difference in Sb values is not known at this time.

One of the most important properties of any CRM is its homogeneity. 
Obviously, each analytical portion at the recommended analytical subsample size
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must contain the same concentrations of each of the certified components. The pri
mary homogeneity characterization of SRM-1633b was performed by INAA  
and XRF. Using these techniques, no inhomogeneity in excess of 1% relative was 
observed for sample sizes <100 mg. Table III summarizes the observed precision for
13 100-mg samples measured by INAA.

A second example of the value of INAA for evaluating homogeneity was 
observed during the original certification of SRM-1632b Trace Elements in Coal. 
SRM-1632b. The primary method used to evaluate homogeneity was XRF. However, 
the INAA results indicated a potential problem for Fe. Although only six samples 
were measured by INAA, the observed relative standard deviation (RSD) (2.3%) was 
inconsistent with counting statistics combined with other sources of experimental 
variability. XRF, however, did not see any heterogeneity for this element. The second 
analytical technique used for certification was atomic absorption spectrometry, which 
found an RSD of 1% for Fe; however, the sample size used was four times greater 
than for INAA, and so a factor of two difference in precision was not unexpected if a 
major source of variability was material heterogeneity. Since Fe was determined 
by INAA in multiple counts of each sample, and two different gamma rays were used 
for quantification, the data were examined to see if there was consistency among 
determinations of each sample of the coal. As can be seen in Table IV, multiple deter
minations of each individual sample agreed within counting statistics. This agreement 
can eliminate the possibility of most sources of analytical variability other than count-

TABLE III. OBSERVED PRECISION FOR 100 mg SAMPLES OF SRM-1633b, 
FLY ASH, BY INAA

Element Mean concentration 1 a 3 RSD (%)

Al (%) 14.85 0.19 1.3
V CkLg/g) 294.7 4.2 1.4
Mn (|lg/g) 132.0 1.5 1.1
Na (|Xg/g) 2011 16 0.8
As (M-g/g) 135.0 1.0 0.7
La (M-g/g) 93.7 0.5 0.5
Sc (ng/g) 41.22 0.26 0.6
Cr (M-g/g) 196.0 1.5 0.8
Fe (%) 7.71 0.08 1.2
Co (M-g/g) 49.6 0.3 0.6
Ce (|ig/g) 192.7 1.2 0.6
Th (M-g/g) 25.64 0.15 0.6

a Observed standard deviation for 13 100-mg samples.
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TABLE IV. IRON CONCENTRATIONS DETERMINED FROM REPLICATE 
COUNTS OF SRM-1632b COAL

Bottle-count Fe (ng/g) 
via 1099 keV

Fe (|lg/g) 
via 1291 keV

Probability of 
exceeding3

5-1 7494 ± 68b 7390 ± 75b
5-2 7455 ± 50 7474 ± 59 91.7 %
5-3 7444 ± 31 7469 ± 35

12-1 7377 ± 67 7441 ± 73
12-2 7426 ± 50 7366 ± 59 96.0 %
12-3 7401 ± 29 7403 ± 33

17-1 7424 ± 61 7305 ± 68
17-2 7336 ± 47 7382 ± 58 46.8%
17-3 7306 ± 29 7303 ± 33

19-1 7748 ± 58 7756 ± 66
19-2 7769 ± 47 7 7 2 1 ± 56 81.7 %
19-3 7709 ± 30 7766 ± 34

22-1 7390 ± 56 7373 ± 64
22-2 7326 ± 45 7333 ± 55 82.3%
22-3 7391 ± 29 7356 ± 32

27-2 7646 ± 55 7743 ± 64
27-3 7673 ± 30 7664 ± 34 68.1%

a Probability of exceeding observed variability in a normal distribution (based upon reduced Chi-squared 
values).

b Uncertainties are la  counting statistics.

ing statistics, including: pulse pile-up (samples had significantly different dead times 
during replicate measurements); gamma ray interferences; peak integration method; 
timing; etc. Note that blanks were measured and were found to be insignificant. The 
only possible sources of analytical error which could have affected these measure
ments of homogeneity would be: determination of sample masses; irradiation and 
counting geometry differences; neutron self-shielding differences; neutron scattering 
differences; and gamma ray self-shielding differences. All these sources of error or 
variability, however, would affect all elements determined in the same samples to 
essentially the same degree (for the experimental conditions used). Observed RSDs 
for Се, Co, La and Sc determined in the same samples were <1% relative. In fact, the 
observed RSD for Sc (a particularly good analytical match for Fe) was 0.4%, thus 
eliminating the possibility that the above mentioned sources of error caused the 
observed Fe variability. It was postulated at the time that a single ‘nugget’ of iron
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pyrite in each of the two samples determined by INAA to have slightly higher Fe 
values could be responsible for this elevation if the nugget were just large enough 
to pass through the sieve used to process the coal, and that such a nugget buried 
inside of a deep sample measured by XRF might be missed. Subsequent determi
nations of S by IDMS also found excess variability in this material.

4. CONCLUSIONS AND RECOMMENDATIONS

Neutron activation analysis has been extensively used at NIST in the certifica
tion of elemental concentrations in environmental SRMs. Its inherent high sensitivity 
for many elements, multielemental capability (especially in the instrumental mode), 
ability to assess homogeneity, essentially blank free nature, potential for accuracy and 
difference from other methods of analysis used at NIST have made NAA extremely 
valuable in this role. When high accuracy is desired, such as in certifying reference 
materials, it is important to evaluate all significant sources of error including those 
involved in counting geometry and in multi-elemental standards preparation. It is also 
of great value to exploit some of the unique QA capabilities of NAA [14] to check for 
internal consistency and eliminate the possibility of potential measurement errors.
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Abstract

RECENT DEVELOPMENTS IN BIOLOGICAL AND ENVIRONMENTAL REFERENCE 
MATERIALS IN JAPAN.

Biological reference materials (RMs) for elemental spéciation were prepared at 
the National Institute for Environmental Studies. A new human hair RM, prepared by 
cryogenic grinding using a ceramic disc mill, is certified for methylmercury, total Hg, Cd, 
Cu, Pb, Sb, Se and Zn, together with reference values for Al, Ag, As, Ba, Ca, Co, Fe, Mg, 
Mn, Na, S and V. Hijiki Seaweed RM was prepared for As spéciation, particularly for use in 
the analysis o f As(V). Scallop Tissue RM will be certified for arsenobetaine. At the 
Meteorological Research Institute, a fallout RM for radioactivity measurements was 
prepared by using deposition samples collected at 14 stations throughout Japan between 
1963 and 1979. The fallout RM has an averaged composition of the fallout radioactivity in 
Japan during the period. A recommended value is given for 137Cs activity, as well as 
information values for 90Sr and Pu isotopes. The Japan Society for Analytical Chemistry has 
recently issued the certified reference material (CRM) River Water for ultratrace element 
analysis o f fresh water. This CRM consists o f a set o f two bottles: natural and spiked waters. 
The ‘natural’ water is certified for sub-ppb levels of Pb, Cr, As, Cu, Fe, Mn, Zn, В and 
Al, while the ‘spiked’ water is intended for use in the regulatory analysis o f tap water and 
fresh water.

1. INTRODUCTION

The use of certified reference materials (CRMs) is essential to maintain the 
accuracy and precision of analytical results, particularly in the analysis of real world 
specimens such as biological and environmental samples. To meet these ever 
increasing demands, the National Institute for Environmental Studies (NIES) has 
undertaken over the last 20 years the preparation of a variety of biological and
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environmental reference materials (RMs). The NIES CRMs for trace element 
analysis include Pepperbush, Pond Sediment, Chlorella, Human Hair, Mussel, Tea 
Leaves, Vehicle Exhaust Particulates, Sargasso Seaweed and Rice Flour 
Unpolished [1-8].

NIES recently launched new projects for biological and environmental 
CRMs for elemental spéciation studies. NIES No. 11 Fish Tissue and No. 12 Marine 
Sediment, prepared, are intended for use in the analysis of organo-Sn compounds [9]. 
NIES No. 13 Human Hair was recently prepared as a renewal of the previous NIES 
No. 5 Human Hair and is certified for methylmercury and trace elements [10]. 
Collaborative analysis of the NIES No. 14 Hijiki Seaweed and NIES No. 15 Scallop 
Tissue RMs prepared for As spéciation studies is under way.

In this paper the details of the NIES No. 13 Human Hair CRM will be described 
first, together with a preliminary result on As spéciation studies of the NIES Hijiki 
Seaweed and Scallop Tissue RMs.

In Japan, radioactivity measurements of fallout samples have been going on 
since 1957 at the Meteorological Research Institute (MRI) and at 11 meteorological 
observatories all over the Japanese islands. The present activity level has decreased 
close to the detection limit and, therefore, it is important to ensure that there is 
quality control in determining fallout radioactivity. This situation is especially true 
for the radionuclides that require rigorous chemical separation, e.g. pure beta 
emitters such as 90Sr. A most practical way of ensuring the quality of the data is to 
use an RM having a similar matrix to the sample. The US National Institute of 
Standards and Technology (NIST) provides various kinds of standard reference 
materials (SRMs) for the determination of environmental radioactivities. The 
International Atomic Energy Agency has been organizing a series of inter
comparison programmes and has been supplying RMs for both radioactivity and 
stable element determination in various environmental samples. So far, however, 
there has been no fallout RM available for radioactivity measurement. In this paper 
the preparation of a fallout RM for activity measurement conducted at MRI is also 
introduced.

In Japan water quality standards have recently been revised, resulting in a new 
regulation level for trace elements at concentrations at the ng/mL (ppb) level. 
Analytical problems have been reported associated with ultratrace analysis, e.g. 
sensitivity, selectivity and contamination and, therefore, there is a great demand from 
laboratories engaged in the routine analysis of tap water and fresh water for a water 
RM certified for the regulatory elements at the ppb level. The Japan Society for 
Analytical Chemistry (JAC), an academic organization, has recently undertaken the 
preparation and certification of a river water RM, which consists of a set of two 
bottles, with natural and spiked waters, for ultratrace element analysis. Finally, a new 
approach to lead certification of RM being conducted by the academic body is 
introduced in this paper.
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2. NIES HUMAN HAIR CRM FOR METHYLMERCURY
AND TRACE ELEMENTS

2.1. Preparation

Since the essentiality and toxicity of an element are closely related to its 
chemical forms, elemental spéciation has increasingly become important in human 
nutrition and environmental sciences. Fortunately, recent remarkable developments in 
both separation and detection techniques have made it possible to prepare and certify 
natural matrix RMs for elemental spéciation. In 1985, NIES issued the No. 5 Human 
Hair CRM, prepared from male scalp hair [3]. This RM was certified for Ca, Cd, Cr, 
Cu, Fe, Hg, K, Mg, Mn, Na, Ni, Sr and Zn, together with reference values for Al, Ba, 
Br, Cl, Co, P, Pb, Rb, Sb, Sc, Se and Ti. This material (1000 bottles) was distributed 
worldwide and, unfortunately, is now out of stock. In consideration of the great demand 
for a human hair CRM to assess the toxicological and nutritional status of individuals, 
NŒS recently prepared a new human hair CRM for methylmercury and trace elements.

Human hair is one of the most difficult materials to be pulverized, and in the 
preparation of the human hair CRM a most crucial point is the need to powder the mate
rial efficiently with insignificant contamination from grinding vessels. For the 
pulverization of NIES No. 5 Human Hair, an agate ball mill was used as this was the 
best technique available at the time of preparation. NIES No. 5 was thus contaminated 
with a small portion of agate debris, which led to relatively high concentrations of some 
elements. In the preparation of a new human hair material (NIES No. 13), special 
attention was paid to reduce contamination from the grinding vessel to an insignificant 
level. In this case a cryogenic technique with a ceramic disc mill was used. To take into 
consideration trace impurities and grinding efficiency at liquid nitrogen temperature, the 
mill was made from Si3N4. The disc mill consists of a ceramic inner ring, a polytetra- 
fluoroethylene (PTFE) intermediate ring and a ceramic outer vessel with a ceramic lid.

NIES No. 13 Human Hair was prepared from a total mass of the same lot of 
human scalp hair used for NIES No. 5. About 50 g of precleaned human hair was 
placed between the rings. The ceramic mill was cooled in a liquid nitrogen bath and 
set on a Shatterbox 8510 (Spex Industries, Inc.). Grinding for 2 min yielded a fine 
powder of human hair. The pulverized material was sieved through a 100 (im nylon 
screen. The sieved human hair powder (3 kg) was homogenized in a V-blender for 1 h 
and then put into 1000 glass bottles (3 g each). The bottles containing the human hair 
RM have been stored at -20°C.

2.2. Determination of methylmercury, total mercury and trace elements

Collaborative analysis of methylmercury in NIES No. 13 was carried out by 
eight laboratories. Methylmercury was determined by gas chromatography with
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electron capture detection (GC-ECD), GC-cold vapour atomic fluorescence 
spectrometry (GC-CVAFS), extraction atomic absorption spectrometry (EAAS) and 
high pressure liquid chromatography-inductively coupled plasma-mass spectrometry 
(HPLC-ICP-MS). The analytical values for methylmercury showed good agreement, 
with an average value of 3.8 jxg/g as Hg. The certified value of 3.8 ± 0.4 |ig/g is given 
for methylmercury (as Hg) in NIES No. 13.

With respect to total Hg, the reported values were in good agreement with the 
results obtained by AAS, neutron activation analysis (NAA), prompt gamma ray 
activation analysis (PGAA) and isotope dilution-ICP-MS (ID-ICP-MS). It is note
worthy that stable ID-ICP-MS, recognized as a definitive method, has been success
fully applied to the determination of total Hg in human hair. Based on the results, the 
certifed value of 4.42 ± 0.20 (ig/g is provided for total Hg in human hair.

2.3. Elemental composition of NIES No. 13

Table I lists the certified and reference values for NIES No. 13, together with 
those values for NIES No. 5 for comparison [10]. Since the same lot of human scalp 
hair was used as the starting material for the preparation of both human hair CRMs, 
the elemental composition of the two materials are very similar. The contents of Al, 
Fe, Mg and Ti in the new CRM are much lower than those in the previously prepared 
human hair, which provides evidence that contamination from the grinding device 
was much reduced for NIES No. 13. However, as shown in Table I, the concentration 
of Al, Fe and Mn in the material is much higher than the normal concentration range 
of the elements in Japanese male hair [11], indicating that contamination from the 
ceramic mill was still significant for these elements.

Most biological and clinical CRMs lack certified values for elements which 
might be essential for animal growth but are present at very low levels (ng/g or less) 
and are thus difficult to accurately determine. Through the collaborative analysis of 
human hair, good agreement was achieved among the reported values for Ag, As, Cd, 
Sb and V even at their ng/g levels. As a result, the certified or reference values are 
given for these elements in the certificate.

3. HIJIKI SEAWEED AND SCALLOP TISSUE RMs FOR ARSENIC
SPECIATION STUDIES

Much work has been undertaken to identify As compounds in the marine 
environment [12]. Four species, namely As(V), As(III), monomethylarsonic acid 
(MMAA) and dimethylarsonic acid (DMAA) have been detected in sea water by 
hydride generation AAS (HGAAS) techniques. The most frequently reported 
organoarsenical compound in marine organisms is arsenobetaine. Arsenic toxicity
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TABLE I. COMPARISON OF ELEMENTAL CONCENTRATIONS IN NIES 
NO. 13 HUMAN HAIR, NIES NO. 5 HUMAN HAIR AND NORMAL JAPANESE 
VALUES

Element NIES No. 1 3 a’b NIES No. 5 a' b Japanese0

Total Hg 4.42 4.4 5.6
Methylmercury 3.8 — 5.3
Cd 0.23 0.2 0.15
Cu 15.3 16.3 14.2
Pb 4.6 (6.0) 4.5
Sb 0.042 (0.07) —
Se 1.79 (1.4) 0.64
Zn 172 169 125
Ag (0.10) — —
Al (120) (240) 12.3
As (0.10) — —
Ba (2.0) (3.2) —
Ca (820) 728 482
Co (0.07) (0.10) —
Fe (140) 225 17
Mg (160) 208 84.2
Mn (3.9) 5.2 0.8
Na (61) 26 43.1
S(% ) (5.0) — 4.5
V (0. 27) — —

a In (xg/g dry weight unless otherwise indicated.
b Figures in parentheses indicate reference values; others are certified values 
c Ref. [11].

depends on its chemical form. Of the inorganic forms of As, arsine is highly toxic, 
and arsenite is accepted as being more toxic than arsenate. The toxicity of organic As 
compounds also varies; those of natural origin appear to be non-toxic or of low 
toxicity. Since some marine organisms contain a relatively high concentration of the 
element, determination of the chemical forms of As is of particular importance in 
order to study its toxicity in human nutrition and in the marine environment.

Considering the above mentioned background, NIES recently prepared RM  
No. 14 Hijiki Seaweed for inorganic As spéciation and No. 15 Scallop Tissue for 
spéciation of organic As. In Japan a variety of marine algae (fresh or dry) has been 
consumed as foodstuffs. Hijiki Seaweed (Sargassum thunbergii), a marine brown 
algae, is a typical seafood and is usually boiled prior to consumption. It is known that 
Hijiki contains a relatively high concentration of inorganic As, more toxic compared
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FIG. 1. HPLC-ICP-MS chromatogram o f As in a methanol extract o f the NIES Hijiki Seaweed 
RM (A: As(V); B: dimethylarsinoylriboside (sulphide form); C: dimethylarsinoylriboside 
(sulphate form)).

with organic arsenicals. Fortunately, there has been no report concerning a particular 
disease related to the consumption of As containing Hijiki or other marine algae.

Figure 1 shows a preliminary result by HPLC-ICP-MS for As spéciation of the 
NIES Hijiki Seaweed RM [13]. Inorganic As(V) was detected as the most abundant 
peak followed by several small peaks ascribable to arsenosugars. This RM is intended 
to be certified for the concentration of As(V). On the other hand, the chemical form 
of As in NIES Scallop Tissue was found mostly to be arsenobetaine. Collaborative 
analysis of these RMs to arrive at their certification is now under way.

4. MRI FALLOUT RM FOR RADIOACTIVITY MEASUREMENT

4.1. Preparation

The monthly collected samples obtained at each station of the Japan 
Meteorological Agency monitoring network were sent to the MRI laboratory for 
determination of radionuclides. About one-third of each sample collected throughout 
Japan during 1963-1979 was used to prepare the RM. Each portion of the samples was 
combined and dried in an electric oven at 110°C. The total weight of the composite 
sample was about 4 kg. The sample was then pulverized in a porcelain rolling pot mill 
for about 6 h. The particle size of the resulting powder was estimated to be less than 
150 mesh. The powder was then mixed well by passing it repeatedly through a stain
less steel riffle sampler. The whole sample was divided into 16 portions, each of which 
was then divided into about 60 glass vials. Finally, about 1000 vials, each containing 
4 g of the fallout sample, were prepared as the fallout RM [14].
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In order to confirm the homogeneity of radionuclide distribution, a homo
geneity test was carried out by measuring the 137Cs activity in 16 samples. The 
standard deviation of the average value of the 16 samples was smaller than those in 
each measurement error, indicating that the inhomogeneity of this RM should be 
within an acceptable range. The standard deviations of the 90Sr and Pu measurements 
for five samples were less than 5%, which is another demonstration of the good 
homogeneity of the material.

4.2. Fallout characteristics

The sample used for the preparation of the fallout RM was a composite of the 
fallout materials collected at 14 sites covering a wide area of Japan during 
1963-1979. The sample can be considered to have a fairly averaged composition of 
the fallout materials in Japan, because the covered area was sufficiently wide. The 
1960s and 1970s were remarkably polluted decades in terms of radioactive elements. 
The cumulative deposition of 90Sr and 137Cs at MRI since 1957 reached about 30% 
of the total fallout activities by 1962, as high as 80% by 1964 and 90% by 1970. The 
highest yearly deposition was observed in 1963 as a result of the large atmospheric 
nuclear explosion tests. The activity concentrations of 90Sr, 137Cs and Pu isotopes in 
the fallout RM were several hundred times greater than the present level of deposi
tion. About 40% of the total amount of the composite material was collected during 
1963-1970. Therefore, this fallout RM contains an important part of the global fall
out materials originating from such nuclear detonations and can be regarded as being 
representative of the fallout radioactivity in Japan in these years.

4.3. Collaborative analysis

An intercomparison exercise leading to certification of the fallout RM was first 
started by MRI and the Japan Chemical Analysis Centre in 1993. Up to the present 
time, 15 institutions other than MRI have joined the intercomparison programme. The 
relevant radionuclides involved artificial nuclides such as 90Sr, 137Cs and Pu isotopes 
and the naturally occurring radionuclides 210Pb and 226Ra, The analytical data were 
decay corrected to the normalization data of 1 January 1993.

Table II shows the radioactivities of the fallout RM reported by the participating 
laboratories [14]. Eight laboratories have reported 137Cs concentrations determined 
by gamma spectrometry. The laboratory coded as 01 employed low background beta 
counting coupled with chemical separation for 137Cs determination, the result being 
in good agreement with others. In Table II, the average values and the weighted 
means are also included, taking into account both the precision of each determination 
and the accuracy of each data set. At present, only the calculated values of 137Cs can 
be used as an estimate of the true value. Considering the precision and accuracy, the
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TABLE П. COLLABORATIVE MEASUREMENT OF RADIONUCLIDES IN 
MRI FALLOUT RM (mBq/g)

Laboratory code 137Cs 90Sr 239, 240pu 238pu 210pb  226R a

01 298 ± 3 186 + 3 6.32 ± 0 .10 0.25 ± 0.03
02 304 ± 11
03 328 ± 11
04 314 ±6
05 342 ± 11 248 ± 7 7.23 ± 0.54 0.04 ± 0.08
06 314 ± 9
07 6.41 ± 0.15 0.27 ± 0.01
08 290 ± 9
09 305 ± 3 661 ± 1 5  15 ± 2
MRI 309 ±6 198 ±8 6.49 ± 0.30 0.14 ±0.08
Mean 312 ± 16 211 ± 3 3 6.61 ± 0.42 0.27 ±0.11 661 15
Weighted mean 311 211 6.52 0.28

weighted mean can provide a better estimation of the true value. Therefore, the 
weighted mean, 311 mBq/g, can be set as a recommended value of 137Cs in the fall
out RM.

The activity ratios between the 90Sr, 137Cs and Pu isotopes, based on the data 
shown in Table II, can be regarded as typical for those in the 1960s and 1970s, 
corresponding to the average over those periods. Since 90Sr and 137Cs have close half- 
lives, the obtained 137Cs / 90Sr ratio, about 1.5, would be the actual ratio during those 
periods.

5. JAC RIVER WATER RM FOR ULTRATRACE ANALYSIS

5.1. Preparation

The JAC has recently initiated preparation and certification of a variety of RMs 
to serve the needs of JAC members. The advatages of this certification system are that 
collaborative analysis with qualified laboratories can be efficiently organized, 
considering the analytical techniques available, the matrix of the sample to be 
analysed, the substances and their concentrations to be determined, and so on. 
Besides, appropriate advice and suggestions during sample preparation procedures 
can be obtained from members working in various scientific fields. The JAC has 
already issued two CRMs, High-purity Silicon Oxide and High-purity Aluminium, 
both for the determination of ultratrace levels of U and Th in the LSI materials. The
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JAC has recently prepared and certified a river water RM for use in the ultratrace 
analysis of elements in fresh water.

The river water used for this RM was obtained at a water filtration plant in 
Yokohama, where river water is being supplied through a pipeline from the Doshi 
River, Yamanashi Prefecture. The water was filtered through a 0.45 (J.m filter, pooled 
to five polyethylene drums of 200 L  capacity and acidified immediately by the 
addition of high purity nitric acid to yield a final nitric acid concentration of about
0.1M. The polyethylene drums were transported to a clean laboratory and allowed to 
stand for a few weeks. The acidified river water was filtered again through a 0.2 |im 
membrane filter. Out of the five drums, two drums of water were used for a natural 
level sample and the other three drums of water were prepared as a spiked sample. 
The unspiked river water was blended and packed into 700 acid washed Teflon PFA 
bottles, each containing 500 mL of the water. To the spiked river water, each of the 
following elements was added as a solution prepared from a high purity metal or salt 
to give a final concentration corresponding to from one-half to one-tenth of the 
environmental standard level: Pb, Cr, Cd, As, Se, Cu, Fe, Mn, Zn, В and Al. After 
blending, the spiked river water was packaged into 900 acid washed Teflon PFA 
bottles each containing 500 mL of the water. The JAC River Water RM consists of a 
set of two bottles: the natural level (JAC-0031) and the spiked (JAC-0032) waters.

5.2. Certification

A homogeneity test was performed on both the natural and spiked waters using 
graphite furnace AAS (GFAAS) and ICP-MS. Triplicate analyses of six randomly 
selected bottles showed good homogeneity of the prepared materials. A preservation 
test involving examination by determining trace levels of Zn, Cu and Pb by 
ID-ICP-MS showed no significant changes in the element concentrations over several 
months of storage.

At this stage, a technical committee in charge of the certification of the River 
Water RM was organized at the JAC. Collaborative analysis of the RM was designed 
by the committee and then carried out by 35 participating laboratories for the deter
mination of Pb, Cr, Cd, As, Se, Cu, Zn, Mn, Fe, Al and B, for which the regulation 
level had been set, and for Ca, Mg, К and Na. Analytical techniques used include 
ICP-MS, ID-ICP-MS, ICP-atomic emission spectrometry (ICP-AES), HGAAS, 
flame photometry, NAA and spectrofluorimetry.

The certification of the River Water RM was conducted according to ISO 
Guide 35 (1989). First, technical measures were applied by the committee to each of 
the reported values, e.g. suitability, detection limit, and/or selectivity of the methods 
employed for the elements. Analytical values judged not to be appropriate were 
removed from further statistical treatment. Second, two statistical outlier tests, 
Cochran’s test followed by Grubb’s test, were applied to reject outliers, if present.
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TABLE III. CERTIFIED AND REFERENCE VALUES FOR JAC RIVER WATER 
CRM

JAC-0031 natural river water JAC-0032 spiked river water

Certified value Method Certified value Method

Pg/L Pg/L

Pb 0.026 ± 0.003 a,b Pb 9.9 ± 0.2 a,b,c,d
Cr 0.14 ± 0 .02 a,d Cr 10.1 ± 0.2 a,c,d
Cd (0.003) a Cd 1.00 ± 0.02 a,c,d
Se (0.1) a,e,h Se 5.2 ± 0 .3 a,d,e,h
As 0.28 ± 0.04 a,d,e,h As 5.5 ± 0.3 a,d,e
Cu 0.88 ± 0.03 a,b,c,d Cu 10.5 ± 0.2 a,c,d
Fe 6.9 ± 0.5 a,c,d Fe 57 ± 2 a,c,d
Mn 0.46 ± 0.02 a,c,d Mn 5.4 ± 0.1 a,c,d
Zn 0.79 ± 0.05 a,b,c,d,e Zn 11.3 ± 0 .4 a,c,d
В 9.1 ± 0 .5 a,с В 59 ± 2 a,с
Al 13.4 ± 0.7 a,c,d,i Al 61 ±2 a,c,d,i
Ni — Ni 10.2 ± 0.3 a,c,d

mg/L mg/L

К 0.68 ± 0.02 a,c,f,g,h К 0.67 ± 0,01 a,c,f
Na 4.2 ± 0 .1 a,c,f,g Na 4.5 ± 0 .1 a,c,f,g
Mg 2.83 ± 0.06 a,c,f,h Mg 2.86 ± 0.04 a,c,f
Ca 12.5 ± 0.2 a,c,f,h Ca 12.5 ± 0.2 a,c,f

Note: Values in parentheses are reference values.

Analytical methods used: a: ICP-MS; b: ED-ICP-MS; c: ICP-ES; d: GFAAS; e: HGAAS; 
f: flame AAS; g: flame photometry, h: NAA; i: spectrofluorimetry.

Finally, the certified value was computed as an average value of all the acceptable 
values. The uncertainty of the certified value was estimated as the 95% confidence 
limits of the mean by using a full-nested design of ANOV, according to ISO 
Guide 35.

Table П1 lists the certified and reference values for the JAC River Water CRM. 
For the background level natural sample, the certified values are given for Pb, Cr, As, 
Cu, Mn, Zn at their sub-ppb levels, for Fe, B, Al at ppb levels, and for K, Na, Mg, Ca 
at ppm levels. The concentrations of the heavy metals are extremely low, even at the 
one-tenth to one-half concentrations of those in the NRCC Riverine Water CRM. For 
Cd and Se, however, only reference values are given for information. For the high 
level spiked sample, the certified values are provided for Pb, Cr, Cd, Se, As, Cu, Fe,



IAEA-SM-344/36 155

Mn, Zn, B, Al, Ni, К, Na and Ca. For the regulatory elements, the intended concen
trations corresponding to from one-tenth to one-half of the environmental standard 
level were achieved. The spiked water will be of great use in laboratories engaged in 
routine analysis of tap water and fresh water.
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Abstract

PROCEDURES FOR CERTIFICATION OF BCR ENVIRONMENTAL REFERENCE 
MATERIALS.

Environmental reference materials (RMs) are assuming increasing importance to ascer
tain comparability between measurements carried out at different places and at different times. 
The need for co-operation across national boundaries requires RMs that are certified by 
organizations that are internationally accepted as being technically competent. The European 
Commission has certified a considerable number of environmental RMs under the name BCR 
(Bureau Communautaire de Référence) and methods of certification are continually being 
updated. A BCR certification is invariably based on the collaborative efforts of a number of 
European laboratories with demonstrated competence in their field. The paper presents an 
overview o f the principles and procedures now being followed before a certificate of analysis 
is issued.

1. INTRODUCTION

The increasing awareness of environmental quality transcends national borders 
and has led to increasing demands for environmental monitoring. International 
comparability of environmental analyses carried out by different laboratories in many 
countries using different instruments requires universally accepted reference mate
rials (RMs). Most widely accepted are certified reference materials (CRMs) from the 
National Institute of Standards and Technology (NIST)1 (USA), Bureau 
Communautaire de Référence (BCR —  European Union) and the IAEA.

The first environmental RM, however, was prepared by Humphrey Bowen of 
the University of Reading, United Kingdom, in 1965 from dried leaves of kale 
(Brassica oleráceo) which served the analytical community well in the field of trace 
element analysis for many years. The National Bureau of Standards (NBS) did not 
bring out a similar RM until 1971, when NBS standard reference material SRM-1571

1 Form erly the National B ureau o f  Standards.
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Orchard Leaves became available. However, this material was grossly contaminated 
with lead-arsenate and was therefore the first example of an RM from the polluted 
environment.

During the last 25 years the number of environmental and biological RMs has 
grown to more than 300, but still there is a need for additional types of matrix and 
levels of concentrations. A recent survey [1] lists 22 different producers of CRMs, and 
it goes without saying that not all these materials are of the same quality.

For more than two decades the European Commission has produced and certi
fied RMs under the name BCR, and more than 50 such materials for the quality con
trol of environmental analysis have become available [2]. Methods of preparation and 
certification have been continually updated in accordance with international standards 
[3-5], and existing guidelines [6] are currently being amended [7]. In what follows, 
the procedures used to implement the guidelines are described, as well as the 
principles applied before a certificate of analysis is issued.

2. FEASIBILITY STUDY

All projects begin with a feasibility study, which serves to specify the require
ments to be fulfilled, to discover and solve any unexpected problems and to ascertain 
the success of the real certification project without engaging laboratories in excessive 
cost or effort. Most important is therefore the preparation of a test batch of the mate
rial to be certified, followed by an intercomparison exercise among all potential 
participants in the certification analysis.

2.1. Preparation of a test batch

The exact property value that needs to be certified has a decisive influence on 
the preparation of an RM. For environmental purposes a matrix RM is usually 
needed, but the nature of the substances or chemical species of interest —  the ‘deter- 
minands’ —  needs to be specified in advance in order that losses or contamination can 
be avoided during the processing of the material.

The concentration level of interest may represent a natural uncontaminated 
environment, a natural but contaminated environment, or an artificially spiked mate
rial at a level corresponding to a regulatory limit. In all cases the quality of the test 
material is determined by its:

(a) Representativeness,
(b) Homogeneity,
(c) Stability.
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2 .1 .1 . R epresen tativeness

The RM must be representative of the actual samples being analysed, not only 
with respect to the matrix composition, but also with respect to the chemical species 
to be determined. Its exact environmental origin must be specified with respect to 
geographical location, plant or animal species, as well as the methods used in its col
lection. Complete documentation must include dates and other pertinent information 
for each batch of virgin material to be used for the preparation of an RM.

Processing of the material usually begins with comminution by crushing, 
milling and grinding. These processes could lead to contamination, as well as losses 
of determinand, and the BCR RMs are therefore usually treated in Teflon equipment 
under cryogenic conditions in order to minimize such risks.

Stabilization of the material often requires sterilization in combination with a 
reduced water content; this is a crucial step that requires careful consideration of each 
particular case. The destruction of microorganisms will inevitably affect other 
chemical entities, although the use of gamma radiation avoids heating of the material. 
Freeze-drying of a material down to below 1% of moisture has proven helpful for the 
long term stability of many environmental materials.

Final mixing of the various batches may be associated with the addition of spik
ing material in order to increase the natural level of a determinand. In principle this 
is a process that could be carried out with high accuracy, but in practice it is not so 
easily done [8]. Since the chemical state of the determinand in the virgin material is 
frequently not known, it is hardly possible to add it in the same chemical state, and 
its physical state will never be the same. The representativeness of the RM is 
therefore severely jeopardized by the spiking process, even if the final mixing is 
impeccable.

2.1 .2 . H om ogeneity

With respect to major components, satisfactory homogeneity is usually 
achieved immediately after the processing and final mixing of the material; however, 
differences in density among such components may lead to subsequent segregation 
during storage or transport of the material. Subsampling therefore should always be 
preceded by thorough mixing in order to ascertain uniformity.

A multiphase material can never be completely homogeneous with respect to 
trace or ultratrace components; thorough mixing leads to uniformity, which means 
that components are randomly distributed in the material, but not necessarily evenly. 
The degree of uniformity is characterized by a sampling constant [9], which is con
trolled by the particle size distribution of a given material.

Sampling constants also depend upon the physical and chemical forms of the 
determinand in a material, as well as on its concentration. Differences between



160 HEYDORN

elements may therefore be quite large [10], and therefore sampling constants should 
be determined separately for each determinand.

BCR RMs are usually jet milled to a relatively narrow particle size distribution, 
with at least 90% of the particles having a diameter of less than 250 mm; large parti
cles have been removed by sieving and the amount of foreign material is kept at a 
minimum of <1%. These precautions are assumed to yield a material of satisfactory 
homogeneity when a minimum sample size is specified.

Experimental verification of satisfactory homogeneity is performed for a 
variety of determinands over a wide range of concentrations by methods of high 
precision under repeatability conditions. Table I shows results obtained by inductively 
coupled plasma (ICP) for 21 elements in BCR CRM-144R Domestic Sewage 
Sludge [11] for samples of 50 and 100 mg, taken from ten different bottles, with ten 
samples from the same bottle. Based on results like these it is concluded that no sig
nificant lack of homogeneity would be observed when samples of at least 50 mg are 
used for analysis. Among the determinands to be certified, Cd appears to have the 
largest sampling constant of approximately 1 g, which is quite satisfactory.

2.1 .3 . S tab ility

The certified values for an RM should remain unchanged over a long period of 
time when storage takes place under specified conditions. For environmental 
specimen banking, very rigorous conditions, such as permanent storage in an inert 
atmosphere at liquid nitrogen temperature, are imposed in order to obtain the maxi
mum possible stability over an unlimited period. For environmental RMs much less 
demanding storage conditions should be chosen that are commensurate with the 
expected time until the supply of a particular material is exhausted.

For obvious reasons the certified values should remain valid also after trans
portation to the end user of the material, which might involve exposure to elevated 
temperatures and humidity during a period of several days. It is in the best interests 
of the BCR as well as the end user that the specified storage and transport conditions 
are as close to normal as possible. Experimental tests of stability are therefore carried 
out by comparing results obtained under normal or elevated temperatures with results 
obtained under storage at very low temperature, using a method of high precision 
under conditions of reproducibility.

Results for six elements in BCR CRM-144R Domestic Sewage Sludge obtained 
after six months of storage at 20°C and 40°C relative to the results after storage at 
-20°C [11] are shown in Table II. The BCR RMs are not certified for a limited period 
of time; stability checks therefore have to be carried out by the European Union 
Standards, Measurements and Testing (SMT) programme at regular intervals during 
the entire lifetime of the RM.
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TABLE I. COEFFICIENTS OF VARIATION (CV) OF RESULTS FOR THE 
TOTAL ELEMENT CONTENTS WITHIN —  AND BETWEEN —  BOTTLE 
HOMOGENEITY OF BCR CRM-144R DOMESTIC SEWAGE SLUDGE AT 
50 AND 100 mg LEVELS OF INTAKE [11]

Sample Element CV (%) CV (%) CV (%)
mass between bottles within bottles method

Al 2.4 2.1 2.5
В 1.9 2.1 0.4
Ba 1.5 1.5 1.0
Ca 1.8 2.0 0.5
Cd 5.5 4.0 3.4
Co 3.1 4.1 2.8
Cr 3.0 2.8 2.0
Cu 2.5 2.0 1.3
Fe 1.4 1.8 2.0
К 1.1 1.6 1.8
Mg 1.6 1.8 0.8
Mn 1.7 1.5 0.9
Mo 4.5 4.2 3.6
Ni 2.7 2.7 2.2
P 2.7 2.9 2.0
Pb 2.3 3.5 1.7
s 2.1 1.5 1.2
Sn 4.2 5.4 2.4
Sr 1.2 1.9 3.1
V 1.8 2.2 0.9
Zn 1.6 1.4 0.9

Al 2.6 3.3 2.5
В 2.9 3.2 0.4
Ba 2.3 3.1 1.0
Ca 3.0 2.0 0.5
Cd 5.5 4.8 3.4
Co 3.4 1.9 2.8
Cr 2.3 2.1 2.0
Cu 2.4 1.8 1.3
Fe 1.7 3.1 2.0
К 2.1 2.0 1.8
Mg 2.0 1.6 0.8
Mn 2.3 2.0 0.9
Mo 5.1 5.9 3.6
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TABLE I. (cont.)

Sample
mass

Element
CV (%) 

between bottles
CV (%) 

within bottles
CV (%) 
method

100 mg Ni 3.8 4.1 2.2
P 3.2 2.1 2.0
Pb 4.3 4.1 1.7
S 3.2 2.6 1.2
Sn 4.7 5.4 2.4
Sr 1.8 2.0 3.1
V 3.1 2.6 0.9
Zn 3.5 2.5 0.9

TABLE II. NO R M ALIZED  RESULTS OF THE STABILITY ST U D Y  OF BCR  
CR M -144R  D OM ESTIC SEWAGE SLU D G E AFTER STORAGE AT DIFFERENT  

TEM PERATURES (-2 0 °C , +20°C  A N D  +40°C ) [11]

+20°C/-20°C +40°C/-20°C
Element Time

(months) Ratio Uncertainty Ratio Uncertainty

С 6 0.998 0.005 0.997 0.005
Cd 6 0.94 0.06 0.95 0.06
Cu 6 1.027 0.025 1.031 0.020
N 6 0.996 0.012 1.000 0.010
Ni 6 0.994 0.031 0.996 0.033
Pb 6 0.964 0.039 0.946 0.037

2.2. Analytical intercomparison

An intercomparison exercise serves to detect discrepancies among various 
laboratories and methods, identify their sources and eliminate their influence on the 
certification procedure. All analytical methods potentially capable of contributing to 
the certification should be represented at the intercomparison, but only laboratories 
with assumed proficiency in actually carrying out such determinations should be 
invited to participate.

Results from ten different laboratories participating in a feasibility study for the 
certification of As in urine [8] are shown in Fig. 1 with their individual means and 
95% confidence intervals. Discussions among the participants should lead to the
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FIG. 1. Results o f an intercomparison exercise for determining total arsenic in a urine RM 
intended fo r  BCR certification [8]. Bars indicate 95% confidence intervals.

elimination of differences between laboratories using the same method, as well as an 
explanation of possible biases between different analytical methods. As a result of the 
intercomparison some laboratories, as well as some methods of analysis, may have to 
be eliminated from the certification project. A minimum of five laboratories with at 
least two independent analytical methods is needed for certification, which may in 
some cases necessitate more than one intercomparison round.

2.3. Certification project

As a result of the feasibility study all problems that may influence the outcome 
of the certification project should have been identified. Only if these problems have 
been eliminated or solved in a satisfactory manner can we proceed with certification.

Preparation of the actual RM for certification will be carried out on the basis of 
the experience gained with the preparation of the test batch, but the quantity will be
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more than an order of magnitude larger. The material will be dispensed in 1-2000 
containers, each with enough material for at least two samples of the minimum 
sample weight. Each container must be clearly labelled with its content as well as a 
serial number for identification. The material in its containers will be stored under 
suitable conditions by the Institute for Reference Materials and Measurements 
(IRMM) in Geel, Belgium.

Homogeneity testing as well as stability control have to be carried out in accor
dance with the guidelines, and the stability tests must continue throughout the dura
tion of the certification project.

3. CERTIFICATION ANALYSIS

Only after the production of a sufficient quantity of a representative RM and 
subsequent testing for homogeneity and stability can the actual certification process 
begin. The procedure to be followed aims at achieving certified values without bias 
and with accurately known imprecision.

The certification analyses therefore must be carried out by laboratories that 
have demonstrated their ability to apply particular methods without known bias to the 
analysis of a material similar to the one to be certified. During the performance of the 
actual analyses they must take all necessary actions to ascertain the quality of the 
data, to evaluate the uncertainty of their results and to demonstrate their traceability.

3.1. Quality assurance

The most important part of a QA/QC activity is that everything associated with 
the analysis be painstakingly documented. This means that the analytical work is 
completely covered by comprehensive operating procedures, that it is checked that 
these procedures are strictly adhered to, and any unavoidable deviation or improvised 
procedure is carefully recorded. This applies not only to procedures developed by the 
laboratory itself, but no less to standard operating procedures prescribed by BCR to 
be used by all participants, such as the method to be used for drying the RM in a 
reproducible manner.

Quality assurance means that all equipment used in the analysis is operating 
within specifications, and that balances and volumetric glassware, etc., are calibrated. 
It also means that the analyst should be up to the mark and not suffering from physio
logical or psychological stress.

Most of these conditions would be covered if the laboratory held an official 
accreditation for performing these analyses. However, certification analysis is not a 
routine task and certification often has to rely on analytical methods that have not yet 
reached a stage where accreditation would be relevant. The BCR therefore does not 
want to limit participating laboratories to those that are accredited.
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Each laboratory should make five to six determinations under reproducibility 
conditions from two different containers and on at least two different days. When 
results refer to dry matter, drying has to be carried out on a separate sample, taken 
simultaneously with the analytical sample. It is the responsibility of the laboratory to 
analyse a sufficient number of blank samples under conditions exactly similar to 
those used for the analysis of the real samples.

Certification of the total content of a species in an RM requires each laboratory 
to demonstrate that neither losses nor contamination occurred during the analysis. For 
analytical methods that require sample dissolution, it must be ascertained that the 
determinand is completely brought into solution.

3.2. Uncertainty

Although the absence of significant bias should be decisive for the choice of ana
lytical methods for certification, the reproducibility of the analytical techniques 
employed must be adequate to yield a satisfactory uncertainty of the certified value. No 
firm limit for the acceptable imprecision has been made, but as a general rule the 
coefficient of variation of the results from the feasibility study should not exceed 10%.

The participants in the certification project are required to establish an 
uncertainty budget [12] that duly accounts for the observed variability of actual 
results. Such a budget must take into account not only the sources of variation that 
affect the analysis of a sample, but must include uncertainties associated with the 
calibration of the equipment, with corrections for blank value and with variations 
in chemical yield, as well as other variations between batches, operators or day of 
the week.

The results to be used for certification must be independent of each other, which 
means that they must not rely on the same calibration and they should reflect all the 
sources of significant variations as included in the budget. They should be in statisti
cal control, which means that their variability is in agreement with the standard 
deviations estimated from the uncertainty budget.

This is tested by calculation of the Г-statistic corresponding to each determi
nand from the set of n = 6 measurements,

T  y (y,- -  A)2 
^  Ô?

where y  refers to a result and a to its estimated standard deviation; if the method is in 
statistical control, the values of T  follow a y} distribution with 5 degrees of freedom. 
Significant deviations from statistical control show the presence of unknown sources 
of variability that need to be identified and accounted for before results could be 
considered for certification.
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Certified RMs serve to provide traceability for analytical laboratories that use 
them as a part of their quality assurance system. A CRM must therefore provide 
traceability to a more fundamental system, namely the International System of Units 
(SI). This is usually interpreted such that the certified values are referring directly to 
a comparison with a known quantity of the pure determinand.

The analysis of any existing CRMs is an important part of the usual quality 
assurance/quality control activities, but cannot be used to establish traceability for a 
certification analysis.

Calibration is the process that links the analytical signal to the known quanti
ties, and the choice of ‘calibrant’ is therefore crucial. For the determination of ele
ments in a CRM, the calibrant should either be the pure element or a stoichiometric 
compound. In both cases the purity of the material needs to be checked in some way, 
and in some cases a certain amount of processing may be needed in order to ascertain 
a well defined chemical composition.

Unless the measurement procedure is inherently linear, calibrations should 
always bracket the analytical signal from the sample, and interpolation between two 
neighbouring points is more reliable than linear regression over a wide range of cali
bration points. Matrix interference must be taken into account by careful matrix 
matching of the calibration standards; it must be remembered that standard addition 
does not compensate for non-linear matrix effects.

Results should always be reported in SI units, such as mg/kg or mg/L and never 
in ppm, mg% or other such units that have now become obsolete.

4. BCR CERTIFICATION

Although it is acceptable to certify on the basis of analytical results obtained in 
a single laboratory —  and even based on a single definitive method —  this approach 
is not used by the European Commission Certification of BCR RMs is invariably based 
on results from a network of qualified laboratories using at least two independent 
methods of analysis.

The certification process includes a technical meeting with all participants that 
results in a certification report. This report is then submitted to the SMT Scientific 
Advisory Group —  formerly the Certification Committee —  and based on their rec
ommendation the European Commission issues a certifícate.

4.1. Technical meeting

When all results from the certification project are available, they are processed 
and presented, as shown in Table III, for each property to be certified. Simple means

3.3. Traceability



TABLE III. INDIVIDUAL RESULTS FOR THE DETERMINATION OF CHROMIUM IN BCR CRM-144R DOMESTIC SEWAGE 
SLUDGE [11]

Laboratory Method Number Replicates (mg/kg) Mean SD

11 ETAAS 5 114.00 105.00 98.90 96.70 102.00 103.320 6.745

03 FAAS 5 113.60 103.60 110.90 114.60 110.90 110.720 4.304

02 ICP-AES 5 108.00 106.00 105.00 111.00 109.00 107.800 2.387

05 ICP-AES 5 100.29 101.14 104.69 103.23 102.18 102.306 1.730

09 ICP-MS 6 107.00
108.00

108.00 109.00 98.00 98.00 104.667 5.203

13 IDMS 6 106.60
101.00

103.20 101.90 98.60 100.50 101.967 2.735

04 INAA 5 100.90 98.90 99.70 98.80 97.80 99.220 ■ 1.156

06 INAA 5 107.00 106.00 103.00 103.00 101.00 104.000 2.449

13 INAA 6 102.60
101.60

104.90 99.80 104.00 104.40 102.883 1.942

14 INAA 5 102.70 107.30 105.50 106.50 107.30 105.860 1.915

ETAAS: Electrothermal atomic absorption spectrometry: FAAS: furnace atomic absorption spectrometry; ICP-AES: inductively coupled plasma- 
atomic emission spectrometry; MS: mass spectrometry; IDMS: isotope dilution mass spectrometry; INAA: instrumental neutron activation analysis.
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FIG. 2. Results o f a certification project for determining total chromium in BCR CRM-144R 
Domestic Sewage Sludge [11]. Bars indicate 95% confidence intervals.

and standard deviations are calculated, and laboratory means and 95% confidence 
intervals are presented in Fig. 2 as a bar chart. This information is made available to 
all participants well in advance of the technical meeting so that laboratories with 
results that deviate from the rest can check their records and make additional investi
gations if needed.

At the meeting all results are scrutinized and the reasons for significant dis
crepancies are clarified. Each laboratory must be prepared to demonstrate adherence 
to all requirements with respect to the quality of their data and results which are open 
to technical doubt are not accepted for certification.

No results are dismissed for purely statistical reasons, and if statistical outliers 
are eliminated for technical reasons, all results for which the same technical reasons 
apply must be eliminated, even if they are not outliers.
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4.2. Certification report

After the technical meeting the project co-ordinator will prepare the certifica
tion report in accordance with the guidelines [6]. This report should provide full 
documentation of all aspects needed for judging the quality of the RM, as well as the 
justification for the certification. The data sets are subjected to a series of statistical 
tests to assess the conformity of the distributions of individual results as well as the 
laboratory means to normal distributions.

In addition, tests for variance homogeneity are made in order to ascertain that 
a set of results with large variance does not unduly affect the simple mean of means; 
if the standard error of the mean of the set exceeds the standard deviation of the mean 
of means, this set is eliminated from the data used for certification.

In the set of results presented in Table III no outlying data set was found, but 
the variance of results by ETAAS was significantly larger than the rest; however, it 
could be retained for certification in accordance with the criterion given above. 
Neither the individual data sets nor the means showed any significant deviation from 
a normal distribution.

The certified value is now calculated as the simple mean of all accepted labo
ratory means and the uncertainty is presented as the 95% confidence interval 
estimated from the distribution of the mean values.

4.3. Scientific Advisory Group

The certification report is now submitted to the Scientific Advisory Group for 
the SMT programme in order to ascertain that the project is completed in accordance 
with the guidelines, and that the proposed values with their associated confidence 
intervals can be accepted for certification. At least three members of the Group 
assume the task of scrutinizing the certification report in considerable detail, and their 
comments are presented to the Group for a plenary discussion.

Just like the referees of a scientific paper submitted for publication in a high
ranking journal, the Group will:

(a) Recommend certification without reservation;
(b) Recommend certification, provided minor corrections are made;
(c) Recommend major changes in the report, followed by resubmission;
(d) Recommend rejection.

The last two decisions are not taken lightly because item (c) will result in consider
able delay in the certification of a potentially sorely needed CRM, and (d) would 
imply a waste of a considerable amount of money spent on the project.
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COMMISSION OF THE EUROPEAN COMMUNITIES 

COMMUNITY BUREAU OF REFERENCE -  BCR -

CERTIFIED REFERENCE M ATERIAL 

CERTIFICATE OF ANALYSIS

CRM 545
Cr(VI) and total soluble Cr in filter loaded with welding dust

Mass fraction (mg-kg-1)

COMPONENT CERTIFIED 
VALUE (1)

UNCERTAINTY
(2)

P

Cr(VI)
total soluble Cr

40.16
39.47

0.56
1.29

11
7

(1) Unweighted mean value o f the means o f p accepted sets o f data, 
each set being obtained in a different laboratory and/or with a dif
ferent method o f determination.

(2) Half-width of the 95% confidence interval of the mean defined iii (1).

DESCRIPTION OF THE SAMPLE

The material consists o f a glassfibre filter loaded with welding dust, containing approximately 
100 ng Cr(VI). Additional information on the preparation and the certified values is given in 
the certification report.

INSTRUCTION FOR USE

The sample can be used as it is from the bottle. The filters are mounted individually in polycar
bonate monitor cases. To open the monitor, loosen the two upper parts of the monitor from the 
lower part containing the filter, remove the blue stopper from the bottom, lift the exposed filter 
and PTFE rings by gently inserting a needle (or similar device) through the bottom hole, and 
transfer the exposed filter and PTFE rings to a beaker with a pair of tweezers; then proceed with 
the sample dissolution in alkaline buffer (Na0H-Na2C03) as described in the certification report. 
Because of a small difference of dust load on the filters, it is recommended to normalise the 
results for the weight of the welding dust (given in Annex П of thee certification report for each 
individual filter). The filters should be stored in the dark (at ambient temperature or below).

Please consult the instructions for use prio r to opening the bottle w ith the reference material.

Brussels, November 1996 BCR
for certified true copy

FIG. 3. Example o f a BCR certificate o f analysis issued by the SMT.
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As soon as possible after the recommendation of the Scientific Advisory Group, 
correction and final editing of the certification report is carried out, and the report is 
printed.

The certificate is prepared by the European Commission in accordance with its 
status as a legally binding document, and an example is shown in Fig. 3. Both documents 
accompany each shipment of the CRM from the IRMM facility in Geel, and IRMM 
maintains responsibility for the proper storage and stability of the final material.

5. FUTURE DEVELOPMENTS

The BCR guidelines for the certification of RMs are under constant evaluation 
in the light of new experience gained with the aim of streamlining the certification 
process and to shorten the time spent and the expense incurred.

5.1. Certification project

It is important to avoid recommendations by the Scientific Advisory Group of 
items (c) and (d) at the stage when essentially all the work has been done. This means 
that the guidelines should be so clear and comprehensive that every project will be 
completed in a satisfactory manner.

In some cases the state of the art in analytical chemistry is not sufficient to 
arrive at results that are good enough for certification; this should be demonstrated 
already at the feasibility study. However, this may be a difficult decision to reach 
among the participants themselves, and it may therefore be useful to present the 
results of the feasibility study to the Scientific Advisory Group before the actual 
certification process is initiated.

5.2. Certificate

A certificate for the amounts of substances in an RM should follow the same 
metrological principles as do certificates for other properties of a material. This 
means that the certification should be carried out in accordance with the philosophy 
of the Bureau international des poids et mésures, and certified values and their 
uncertainties should be presented in accordance with the guidelines of the 
International Organization for Standardization [13].

This means that analytical results should be corrected for all known biases, 
including losses of the determinand during processing. It also means that the uncer
tainty budget must include contributions from such corrections, as well as all other

4.4 Certificate of analysis



172 HEYDORN

effects that could influence the results. If this is done properly, it means that not only 
results from individual sources are in statistical control, but also the total values from 
all the various laboratories and methods would be in statistical control when tested by 
the T statistic.

In that case it would seem logical to base the certification on the statistically 
weighted mean values of each laboratory and use the estimated standard deviation of 
this value multiplied by a coverage factor as an expression of the uncertainty. To 
conform with other certifying bodies the coverage factor would be taken as being 
equal to 2.

5.3. Validity

The certificates are based on results obtained 6-12 months prior to the certifi
cate date and they do not expire; it is assumed that the certified values remain valid 
until the certificate is declared invalid by the SMT.

Clearly, the elemental composition of a solid material is unlikely to change 
even over a very long time when kept under controlled conditions. However, the 
increasing need for a CRM with certified contents of complex organic compounds, or 
with information on the chemical state of various elements, necessitates making indi
vidual estimates of possible changes with time, as well as the associated uncertainty.

This would require assigning a well defined period to each material, during 
which the certified value and its associated uncertainty would remain valid. The cer
tified value would then be extrapolated to the mid-point of the period of validity, and 
the uncertainty increased accordingly. This procedure has already been introduced by 
NIST [14] for certified aqueous solutions.

6. CONCLUSIONS

Certified RMs are an indispensable commodity for environmental studies that 
involve measurements separated by long distances and long time periods. The confi
dence in the certified values and their uncertainties rests with the organization that 
issues the certificates; this confidence is crucial and can be preserved only so long as 
the organization keeps abreast of the latest developments in analytical chemistry as 
well as in metrological science.
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Abstract

THE IAEA’S ANALYTICAL QUALITY CONTROL SERVICES (AQCS) PROGRAMME 
ON INTERCOMPARISON RUNS AND REFERENCE MATERIALS.

For more than 30 years the IAEA has been operating a programme of Analytical Quality 
Control Services (AQCS) concerned mainly with intercomparison and reference materials 
(RMs) for radionuclides, trace elements and pesticide residues. Through this programme the 
IAEA has established itself as a worldwide centre for analytical quality assurance which assists 
its Member States to maintain and improve the quality of analytical data obtained in their 
laboratories. The large number of participants in IAEA AQCS intercomparison runs and 
extensive use of IAEA AQCS RMs in laboratories around the world testify to the importance 
of this programme. However, demands on the level of confidence for certified values are 
continuously increasing. They are clearly stated in the recently published ISO Guide 34 
‘Quality System Guidelines for the Production of Reference Materials’. The main aim in the 
paper is to describe the present procedures o f the IAEA AQCS concerning the production of 
RMs, with special reference to materials of environmental interest, and to compare them with 
the latest requirements mentioned above.

1. INTRODUCTION

Since the 1960s, when the IAEA’s Analytical Quality Control Services (AQCS) 
programme was started (at that time for the assessment of the reliability of low level 
radiochemical analysis [1]), this programme has developed into an important world
wide organization of intercomparison runs, many of which lead to the certification of 
reference materials (RMs). During this period the types of matrices and measurands 
(analytes) to be determined or certified have outgrown the limits of radioactive
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materials. Nowadays, nuclear, industrial, environmental and biological materials 
(including some of marine origin) are also covered [2]. Although many different 
IAEA Sections and Units are involved in the realization of the AQCS programme, 
only the part related to the Agency’s Laboratories at Seibersdorf is included in this 
paper. Since the 1960s, more than 70 RMs have been certified and more than 150 
worldwide intercomparison runs have been organized by the Agency’s Laboratories 
at Seibersdorf.

Several intercomparison runs conducted recently within the framework of the 
AQCS programme have been for the purpose of proficiency testing of participants in 
some of the IAEA’s own Co-ordinated Research Programmes (CRPs) and technical 
co-operation projects. To this end, specific intercomparison materials have been 
developed or selected, and proficiency testing has been performed according to 
protocols developed by the International Union of Pure and Applied Chemistry 
(IUPAC), the International Organization for Standardization (ISO) and the 
Association of Official Analytical Chemists (AOAC) International [3]. These 
procedures have the advantage of providing a readily understandable measure of 
performance (z score) which can be applied to any kind of measurand or matrix.

One of the basic prerequisites for the correct use of RMs is that they should be 
similar to the ‘real’ samples being analysed in terms of the matrix composition and 
concentrations of measurands of interest. In order to assist analysts to identify and 
select ‘appropriate’ RMs, the IAEA has recently prepared a comprehensive database 
of biological and environmental RMs for trace elements, radionuclides and some 
other analytes. This database, which is available as a cost-free publication, includes 
RMs that are available internationally from all known suppliers —  not only from the 
IAEA itself [4, 5].

IAEA AQCS intercomparisons are organized as is summarized in the following 
sections. One common outcome of such intercomparisons is the subsequent 
certification of the material for specific measurands. The following description of the 
selection, production and certification procedures has two aims. First, it is important 
for users of RMs to understand the certification approach so that they may be able to 
utilize the RM properly. Second —  and this is the main aim of the present paper —  
it is of interest to compare the IAEA’s procedures with the latest requirements for the 
production and certification of RMs.

One of the first steps to be undertaken by any organization that wishes to 
introduce the use of a quality system, and which would also like to apply for formal 
certification/accreditation, is to assess the present organizational structure and its 
operations with respect to its mandate and objectives and in comparison with the 
related quality standard [6]. In the spring of 1996, the first edition of ISO Guide 34, 
‘Quality System Guidelines for the Production of Reference Materials’, was 
published [7]. Prior to this a draft version of this guide had already been in circula
tion for some time among members of the ISO Committee on Reference Materials
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(ISO/REMCO), and since then the stated requirements have already been harmonized 
between all major RM producers. This guide has also been put in conformity with all 
other relevant quality standards, i.e. the ISO-9000 series [8], ISO/IEC Guide 25 [9], 
EN-45000 [10] and GLP [11]. The IAEA has been present all through the preparation 
and acceptance of ISO Guide 34.

2. PRODUCTION OF IAEA AQCS RMs —  PRESENT SITUATION AND 
COMPARISON WITH THE REQUIREMENTS OF ISO GUIDE 34

As the IAEA plays an important role in technology and information transfer to 
its Member States, it is to be expected that its services and products should comply 
with all relevant international quality requirements, and that they should be up to date. 
A comparison of the present procedures for the production of RMs in the 
IAEA AQCS with the requirements of ISO Guide 34 has been carried out in order to 
identify what actions may be necessary to achieve full compliance with these new 
requirements.

2.1. Selection of the material

Practically all new IAEA AQCS RMs are initially treated as intercomparison 
materials. RMs produced by the IAEA AQCS are normally suitable for use as quality 
control materials for the following kinds of analyses: radionuclides, trace elements, 
stable isotopes, agrochemicals or organometals, and organic microcontaminants. New 
materials are normally chosen to meet specific needs arising out of the IAEA’s CRPs 
and technical co-operation projects. Some recent examples are as follows:

—  To prepare a new RM with a specific matrix (e.g. biological, environmental 
non-biological, food and water) to be used for proficiency testing of partici
pants in a particular programme.

—  To prepare a new RM with a defined concentration level of radionuclides/trace 
elements of interest, e.g. human hair spiked with methylmercury —  normal and 
elevated levels, and algae —  natural and elevated levels of heavy metals, 
organometals or agrochemicals.

—  To prepare a new RM with a specific particle size distribution, e.g. airborne 
particulate material with a mean particle size distribution of around 10 pm; 
single cell algae.

—  To prepare a new RM in a specific final form, e.g. airborne particulate material 
loaded on filters, to be directly applicable as an RM for microanalytical tech
niques, e.g. X ray fluorescence.
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—  To prepare a new material as requested by users or collaborators, e.g. 
GEMS/FOOD-EURO/LAEA intercomparison food samples (milk powder).

2.1.1. Comparison with ISO Guide 34

In the selection of new candidate RMs, the IAEA is joining international efforts 
to fill the gaps in the list of existing RMs and is particularly addressing the needs of 
its Member States. Planning is done through consultants meetings and Advisory 
Groups, where all the related issues are discussed. Recommendations obtained from 
participating experts are used as a basis for future actions. These procedures conform 
to the requirements of ISO Guide 34, paragraph 5.1 —  planning.

2.2. Collection of the material

The IAEA AQCS RMs cover a wide range of environmental and biological 
matrices. In many cases they represent unique samples from all over the world. 
Possible arrangements for the collection of a new material are listed below:

—  Collected by IAEA staff, e.g. lake sediments and hay;
—  Collected by IAEA staff in collaboration with other institution(s), e.g. lichen;
—  Collected by other institutions in agreement with IAEA AQCS, e.g. soil and 

milk powder;
—  Material prepared by IAEA staff, e.g. cabbage;
—  Material prepared by another institution in collaboration with IAEA AQCS, e.g. 

algae;
—  Material prepared from commercially available materials, e.g. milk powder and 

spinach.

2.2.1. Comparison with ISO Guide 34

For the collection of new materials, written procedures are normally followed, 
e.g. the guidebook ‘Measurement of Radionuclides in Food and the Environ
ment’ [12]. However, some of the procedures are still to be written (although they are 
already established). In general, these procedures comply with the requirements of 
ISO Guide 34. In some cases, when the preparation of new materials is done by 
collaborators on a contractual basis, the material is still characterized at the Agency’s 
Laboratories. In addition, information about the collaborator’s knowledge and 
experience is requested by the IAEA before the contract is signed. This complies with 
ISO Guide 34, paragraph 4.4 —  collaborators.
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2.3. Processing

Materials are normally processed in such a way that their final chemical and 
physical characteristics represent as closely as possible the original characteristics of 
the material. Necessary steps in the preparation of RMs are:

—  D rying/lyophilization,

—  Homogenization,
—  Bottling,
—  у sterilization (60Co source).

Each of the following steps in processing the material is applied only when 
necessary:

—  Cleaning (e.g. physical removal of parts which differ from the required matrix),
—  Grinding,
—  Sieving,
—  Milling/jet milling.

2.3.1. Comparison with ISO Guide 34

The Agency’s Laboratories are, in general, technically competent and 
adequately equipped for the preparation of RMs. At the moment a lack of written 
standard operating procedures (SOPs) to be followed in the process is one of the 
major non-conformities with paragraph 5.2 —  material preparation. An important 
factor connected with the processing of RMs is the laboratory environment —  
paragraph 4.1. At present, in the case of the IAEA AQCS, this still does not provide 
optimal conditions, especially when larger quantities of the material are received or 
are to be prepared. Also, the flow of the sample through the laboratory still has to be 
optimized.

2.4. Characterization (internal)

Before the samples are further processed and distributed to the participants of an 
intercomparison run, they are preliminarily characterized at the Agency’s Laboratories. 
Initial characterization and preparation include the following procedures:

—  After preliminary homogeneity tests, a decision has to be made whether the 
material will be used as an intercomparison material. If yes, processing 
continues; if no, processing stops.

—  Weighing a bulk sample.
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—  Moisture/solid ratio determination.
—  Particle size distribution analysis.
—  Preliminary determination of the levels of trace elements (instrumental neutron 

activation analysis, atomic absorption spectrometry and inductively coupled 
plasma-emission spectrometry) or radionuclides (y spectrometry, a  spectro
metry, P scintillation counting and neutron activation analysis).

—  Homogeneity tests of the bulk material (selection of some measurands to be 
used as indicators of homogeneity and their accurate determination in selected 
subsamples).

—  Bottling, labelling.
—  Sterilization (y irradiation, 60Co source).
—  Homogeneity testing to assess the homogeneity which will be assigned to the 

intercomparison material.
—  Internal analysis of measurands —  as many as possible with our existing 

analytical techniques; whenever possible at least two independent analytical 
techniques are applied.

—  Internal validation of results and assessment of the material.

2.4.1. Comparison with ISO Guide 34

As in the processing of RMs, the lack of existing SOPs is currently the main 
problem in their characterization, although all the necessary measurement methods 
have been established and are suitable for the intended purpose: paragraph 5.3 —  
measurement methods. The IAEA AQCS laboratories are sufficiently well equipped 
with modem measuring equipment. However, what still needs to be improved is doc
umented control of performance registered on control charts, documentation on 
maintenance of the equipment and documentation on calibration status —  paragraph
5.4. Considerable effort has already been invested at the Agency’s Laboratories to 
assure appropriate calibration of the measuring instruments and to establish 
appropriate traceability of measurement results —  paragraph 5.5. In most cases, the 
Agency’s Laboratories are responsible for the preliminary characterization of 
materials and for the assessment of homogeneity and stability (paragraph 5.5), while 
in the assessment of the property values of the RMs they contribute only as a 
participant in the intercomparison run, the results of which serve as a basis for 
certification, as described below.

2.5. Intercomparison run

As already mentioned, the IAEA has over 30 years of experience in organizing 
worldwide or regional intercomparison runs. The following is the list of actions 
related to the planning and organization of an intercomparison run:
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— Preparation of a plan of future intercomparisons (consultants meeting, research 

projects, etc.);
—  Collection of information about the intercomparison (AQCS Catalogue, invita

tion letter);
—  Collection of requests;
—  Preparation of an information sheet, reporting forms, diskettes, labels (addi

tional information is included if needed), and questionnaires related to the 
quality of procedures applied;

—  Shipment of samples and related documentation to the participants;
—  Collection of the results by the IAEA AQCS (at least three, but preferably six, 

determinations for each analyte should be reported with uncertainty evaluated);
—  Reminders sent to participant not reporting the results;
—  Acknowledgement letter sent to participants for the results received by the 

IAEA.

2.5.1. Comparison with ISO Guide 34

See the remarks under evaluation of results and certification.

2.6. Evaluation of results

Before the results obtained from the participating laboratories undergo any 
statistical treatment at the AQCS, they are checked by comparing hard copy reports 
with the data reported on a PC diskette. Also, the input files for the statistical com
puter program are prepared. The procedures applied for evaluation of the results are 
listed below:

—  Data check by IAEA staff; printout of input files sent to participants for 
confirmation.

—  Statistical evaluation of the reported data to determine the distribution of the 
reported values, identify ‘outliers’ and arrive at an estimate of the true value. 
Method based on normal distribution of data, repetitive mode of identification 
and rejection of outliers by application of four empirically selected statistical 
tests (Dixon, Grubbs, skewness and kurtosis) until no further rejection occurs 
at the one sided significance level a  = 0.05 [13].

—  Statistical evaluation supported by expert’s judgement based on: analytical 
consideration; and the quality of the data reported from a laboratory as 
evaluated by quality indicators (completeness of data, precision of data, proce
dure description, known general performance of a method in a given matrix and 
sample composition).
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2.6.1. Comparison with ISO Guide 34

As already mentioned, several intercomparison runs conducted recently have 
been for the purpose of proficiency testing of participating laboratories in some of the 
IAEA’s regionally oriented CRPs and technical co-operation projects. In these cases 
proficiency tests were organized following the guidelines of the IUPAC/ISO/AOAC 
international protocol for proficiency testing of chemical analytical laboratories [3].

2.7. Certification

The output file obtained after statistical treatment of intercomparison data 
contains information on the mean value of laboratory means, 95% confidence 
interval, number of accepted results, identification of outliers, results from each 
single laboratory (including mean value) and method code for the analytical 
techniques used. Such an output file, supported with a graphical presentation of the 
data, is the basis for the decision on possible certification of each specific measurand. 
Values meeting the following criteria are accepted as reference values:

—  Twenty or more participants have reported results for the respective measurand;
—  The relative standard deviation of the overall mean value does not exceed a 

certain percentage (which differs depending on the concentration and type of 
the measurand);

—  The number of rejected values in the evaluation does not exceed a certain 
number (the remaining number of accepted values has to assure statistical 
validity);

—  The recommended value is based on concurrence of results from at least two 
independent techniques;

—  Other values that fulfil only part of the requirements can be included for 
information;

—  The full evaluation is described in a report provided to participants, and also 
available to others on request.

2.7.1. Comparison with ISO Guide 34

The present AQCS certification process involves, as a first step, the use of four 
empirically selected statistical tests (Dixon, Grubbs, skewness and kurtosis) [12] to 
identify, by means of a computer program, those data that are acceptable for further 
processing. This procedure is completely objective in the sense of being operator 
independent. The next step, which now involves expert judgement on the part of the 
operator, is to take account of the quality of each of the accepted results based on 
indicators such as the completeness and precision of the data reported, the use of
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internal and external quality control materials, and details of the methods used. This 
evaluation may lead to a deselection of some of the previously accepted values, and/or 
to a widening of the confidence intervals for some of the recommended values. These 
procedures, as currently used by the IAEA AQCS, have two components of non
conformity with ISO requirements [7, 14]: (a) they do not provide a traceability link 
to SI units; and (b) in some cases subjective (though expert) judgements enter into 
selection of the data to be used for certification purposes and the estimation of the 
uncertainties of the certified (recommended) values.

2.8. Storage

The bulk intercomparison material is normally prepared in an amount sufficient 
to meet the needs of the AQCS programme for some years after the intercomparison 
run has been finished. Every two years the IAEA AQCS issues a catalogue of the 
available RMs and planned intercomparison runs. Samples are stored in the Agency’s 
Laboratories and are available upon request for the price listed in the catalogue [2]. 
To ensure control over the characteristics of the material, the following concepts or 
procedures are applied:

(a) Samples are prepared to be stored under normal ambient conditions unless 
otherwise stated.

(b) To monitor possible changes in materials which contain easily degradable 
components, portions of some materials are also stored at liquid nitrogen 
temperature for reference. During control analyses, portions are withdrawn 
from this storage and compared with those stored under ambient conditions.

2.8.1. Comparison with ISO Guide 34

Although the storage facilities need some improvement and reorganization, 
they could be identified only as a minor non-conformity according to paragraph 4.5
— material handling and storage. In the future, additional stability testing over a 
range of conditions of possible deteriorating influence on the RMs (e.g. different 
levels of humidity, temperature, light) will also have to be carried out, and the expiry 
date should be provided in the certificate — paragraph 5.2.

2.9. After sales services

During the last 30 years the IAEA AQCS has established a database of its 
customers of around 6500 addresses. AQCS customers receive information related to
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TABLE I. COMPARISON OF THE PRESENT SITUATION CONCERNING THE 
PRODUCTION OF RMs WITH THE REQUIREMENTS OF ISO GUIDE 34 [7]

ISO Guide 34
Documented
procedures

Established 
but not

Not
established

Different
from Remarks

documented yet standard

4. ORGANIZATIONAL
REQUIREMENTS

4.1 Environment **

4.2 Quality policy * * ISO Guides 30, 
31 and 35

Quality system ******* ***

4.3 Management, staffing
and training ******* *

4.4 Collaborators ** Intercomparison

4.5 Material handling
and storage ***** *

4.6 Records and reports ***

4.7 After sales services * *

5. PRODUCTION
CONTROL

5.1 Planning * * * Intercomparison

5.2 Material preparation * *

5.3 Measurement
methods ** ISO Guide 25

5.4 Measuring equipment **** Intercomparison
5.5 Traceability and

calibration * * Common
problem

5.6 Assessment of
homogeneity and
stability ****

5.7 Data manipulation
Uncertainty *
Computers **

5.8 Characterization ' * Intercomparison

5.9 Assessment of
property value ***
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RMs and intercomparison runs whenever it is updated and at the same time they are 
encouraged to report their data obtained by the use of AQCS RMs back to the IAEA:

(a) Files of all participants and consumers of IAEA intercomparison 
materials/RMs are kept at the IAEA AQCS;

(b) All participants and consumers are immediately informed about changes con
cerning a specific RM;

(c) All participants and consumers receive the AQCS catalogue on a biannual basis 
in which they are informed about the status of RMs, and current and planned 
intercomparison runs.

2.9.1. Comparison with ISO Guide 34

This is in conformity with paragraph 4.7 — after sales services. A comparison 
is also presented in Table I. Chapters 4 and 5 of ISO Guide 34, covering organi
zational requirements and production control, were taken into consideration in 
preparing this table. Four levels of conformity are considered: (a) procedure(s) in 
place and documented; (b) procedures in place but not documented; (c) procedures 
not established and not yet documented; and (d) procedures different to standard. An 
asterisk indicates the present status. If there is more than one asterisk, then a related 
chapter in the guide includes more than one requirement.

3. CONCLUSION

A survey of the current scope of the AQCS shows that the programme comple
ments the RMs of other producers to address the needs of the IAEA’s customers 
around the world. The main emphasis of the IAEA’s programme is in the area of 
environmental and human health related materials relevant for trace element and 
radionuclide determinations. IAEA AQCS RMs have been and are successfully being 
used in many laboratories around the world.

To maintain and improve the quality of its operations, the Agency’s 
Laboratories at Seibersdorf are also implementing a quality system according to 
ISO-9000 series quality management standards [5] (ISO Guide 34, paragraph 4.2 — 
quality policy and quality system), including laboratory activities related to the AQCS 
programme. In support of these aims, the IAEA has technically well equipped 
laboratories and an established system of production and certification of RMs. This 
comparison with ISO Guide 34 shows that the IAEA materials fulfil most of the 
requirements listed.

To also expand the use of AQCS materials, which are at the moment appropriate 
for quality control purposes, to the metrological field, some additional effort and
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changes in the certification procedure will be needed to establish traceability and to 
evaluate the uncertainty of the property values assigned. To achieve this goal some 
actions are already planned. The first was an IAEA consultants meeting on the 
traceability of IAEA AQCS RMs to SI units, which was held in November 1996, and 
the second will be a CRP on the same topic. The expected outcome of these two 
activities are clear guidelines for a future certification procedure and a practical 
example of certification by a network of well qualified laboratories. With these 
actions the AQCS programme is trying to follow as closely as possible the latest strict 
quality requirements for RM producers, and thereby also fulfil the expectations of 
IAEA Member States to obtain high quality RMs. In this way the IAEA is also 
joining international efforts to ensure the harmonization of reporting and compara
bility of analytical results independent of when and in which laboratory they were 
obtained.
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Abstract

EPITHERMAL NEUTRON ACTIVATION ANALYSIS OF 40 BIOLOGICAL AND 
ENVIRONMENTAL REFERENCE MATERIALS FOR IODINE.

Epithermal neutron activation analysis (ENAA) was used to determine the contents of 
iodine in 40 biological and environmental standard reference materials. Cadmium, boron and 
a combination of cadmium and boron were adopted as thermal neutron shielding materials. 
Irradiation was carried out in the Miniature Neutron Source Reactor (China Institute of Atomic 
Energy). The 443 keV photopeak of I28I was used. The analytical precision, expressed as the 
relative standard deviation, is 10-20% at 20-100 ng/g, 4-10% at 100-500 ng/g and 2-8% at 
>500 ng/g iodine level. The detection limits of iodine in a neutron flux of 1 x 1012 n-cm-2-s-1 
have been found to vary between 10 and 30 ng/g, 65 and 95 ng/g, and 25 and 68 ng/g for the 
boron nitride (BN) shielding ENAA in the inner irradiation site, the Cd shielding ENAA in the 
permanent epithermal irradiation site and the BN + Cd shielding in the permanent epithermal 
site under various irradiation, decay and counting conditions, respectively.

1. INTRODUCTION

Iodine is one of the trace elements essential to human health. However, both an 
excess or deficiency of this element is harmful for human health. Iodine deficient dis
order (IDD) is a worldwide disease [1, 2]. In the study of the protection and control 
of IDD, accurate determination of iodine content in various biological and 
environmental materials is necessary. In order to assure analytical quality, the stan
dard reference material (SRM) with matrix similar to that of the sample needs to be 
simultaneously analysed with the sample. However, iodine in most biological and 
environmental SRMs has not been certified, e.g. in 90 biological SRMs for trace ele
ments compiled by the IAEA in 1990, only 13 have certified iodine values [3]; in 21 
biological SRMs for trace elements produced by China, only one SRM was certified
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for iodine [4]. Thus, the present status of iodine certification in SRMs is unsatisfac
tory with regard to the requirements of the analytical quality control of iodine in 
various biological and environmental materials.

The most commonly used methods for the determination of iodine are 
colorimetry [5], ion selection electrode [6 ], X ray fluorescence [7, 8 ], voltametry [9] 
and neutron activation analysis (NAA) [10-15]. Iodine is a volatile element and its 
content in biological and environmental materials is very low. On the other hand, the 
chemical analytical methods for this trace element usually destroy the samples. Thus, 
the analytical quality of iodine is very difficult to assure. Compared with other 
methods, NAA is more sensitive and accurate for the determination of iodine, but the 
strong radioactivity of 2 4 Na, 3 8 C1, 2 8 Al, 56Mn and 42K produced by activation with the 
total spectrum of reactor neutrons in biological and environmental samples critically 
interferes in the analysis. Thus, radiochemical NAA has been used to improve the 
detection limits of I [15-18]. Epithermal NAA (ENAA) can be used to reduce the back
ground caused by the interfering radioactivity and to improve the detection limits for 
iodine in biological and environmental samples [13,14,19-23]. In this work, the iodine 
contents in all 21 biological SRMs for trace elements produced by China and in some 
biological and environmental SRMs prepared by the IAEA and the US National 
Institute of Standards and Technology (NIST) were determined.

2. EXPERIMENTAL

2.1. Preparation of comparative chemical standards for iodine

A stock standard solution of 1.12 mg iodine/mL was prepared by dissolving an 
appropriate amount of high pure KI03  in high purely deionized water. A working 
standard of 11.20 (J.g iodine/mL was prepared by diluting a certain amount of the 
stock standard with high purely deionized water. A solid comparative standard of 
iodine was prepared by pipetting 1 0 0  p.L portions of the iodine working standard on 
quantitative analytical filter paper and drying at room temperature. This sample was 
heat-sealed in a 5 cm x 5 cm polyethylene film cleaned with 1:1 HN03 and deionized 
water. A liquid comparative chemical standard of iodine was prepared by transferring 
100 |xL portions of the iodine working standard and 900 |iL high purely deionized 
water into 1.2 mL polyethylene vials. These vials were heat-sealed for irradiation.

2.2. Preparation of reference materials and samples

Chinese biological and environmental SRMs [24] were purchased from the 
Center of Certified Reference Materials of China and other certified reference 
materials (CRMs) or reference materials (RMs) were obtained from NIST or the
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IAEA. All solid materials were dried at 80SC for 4 h, and the lyophilized human urine 
and bovine serum SRMs were made into liquid samples according to the procedure 
described by the producers.

About 150-200 mg dried solid SRM (~100 mg for sediment SRM) was heat- 
sealed in a 5 cm x 5 cm polyethylene film. 1.0 mL prepared liquid human urine and 
bovine serum SRMs were transferred into 1.2 mL polyethylene vials and heat-sealed.

2.3. Cadmium and boron shields

A permanent epithermal neutron irradiation site using 0.75 mm thick cadmium 
as a shield, which was installed in the outer site of the beryllium reflector of the 
Miniature Neutron Source Reactor (MNSR) (China Institute of Atomic Energy), was 
used. Two kinds of containers with 1.8 mm thick boron nitride (BN) were used as the 
boron shield facility, the smaller one in a 7 mL rabbit capsule in the inner irradiation 
site, and the bigger one in a 25 mL rabbit capsule in the outer irradiation site. The 
sketch and characteristics of a permanent epithermal neutron irradiation site and BN 
shielding vials have been reported [25, 26].

2.3.1. Irradiation and у ray spectrum measurement

The BN shield vials containing samples or standards were placed into a rabbit 
capsule and heat-sealed. All solid samples were irradiated at the inner irradiation site 
and all liquid samples at the outer irradiation site of MNSR. The analytical conditions 
are listed in Table I.

The irradiated samples were counted with a personal computer multichannel 
analysis system, which consists of a high purity germanium (HPGe) detector, a mul
tichannel analyser and a computer. The energy resolution of this system is 1.96 keV 
for the 1332 keV peak of 6 0 Co, its relative detection efficiency is 25% and the

TABLE I. THE ENAA CONDITIONS OF IODINE AND BROMINE

Thermal Epithermal Irradiation Decay Counting
neutron flux neutron flux time time time
(ncm_2 s_1) (nemos’ 1) (min) (min) (min)

Sample
type

8.0 x 1011
6.0 x 1011
4.0 x 1011

2.6 x 1010

1.9 x 1010

5.0 x 109

15

10

5

5

2 0

2 0

10

2 0

2 0

Solid
Sediments

Liquid
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peak-to-Compton ratio is 48:1. The NAA software CLAE/SPAN, produced by the 
China Institute of Atomic Energy, was used to identify the radionuclides and to cal
culate their radioactivity. The relative method was used to calculate element contents, 
the standard and samples were counted on the same position, and the dead time of the 
detector was controlled to be below 1 0 %.

3. RESULTS AND DISCUSSION

3.1. Analytical method and conditions

In biological and environmental materials, Na, Cl, K, Mn and Al are present in 
large amounts. Thus, the conventional NAA of iodine was seriously interfered with 
by the high radioactive background of 2 4 Na, 3 8 C1,4 2 K, 56Mn and 28Al activated with 
the integrated reactor neutron spectrum of the reactor, and the analytical sensitivities 
for iodine were very poor. Therefore, a rapid post-irradiation radiochemical separa
tion or preconcentration process is usually needed to improve the detection limits of 
iodine [12, 15-17]. But in the pre-concentration procedure, the loss and contamina
tion of iodine is difficult to avoid. Therefore, the analytical quality cannot be assured. 
Further, the short half-life of 128I not only makes the post-irradiated radiochemical 
separation more difficult, but it is also responsible for high radiation doses to the 
operator. As iodine has strong resonance absorption peaks in the epithermal region, 
whereas interfering elements such as Na, Cl, Mn and Al have low resonance integral 
cross-sections, the epithermal NAA can significantly improve the detection limit of 
iodine.

The nuclear data of I and the interfering nuclides are listed in Table II [27], 
together with the cadmium ratios (RCd) and boron ratios (RB) of all nuclides and 
advantage factors of each element to sodium (Fa'). RCá and RB are the radioactivity 
ratios of a nuclide activated with an integrated reactor neutron spectrum with that of 
an epithermal neutron spectrum using Cd of 0.75 mm thickness and BN of 1.8 mm 
thickness as shielding materials, respectively. Fa' = (X()1/2/X refers to the advantage 
factors of ENAA for elements, where X is the cadmium ratio or boron ratio of the 
nuclide of interest and X¡ is the cadmium or boron ratio of the interfering nuclide — 
Na. It can be observed that the advantage factor of iodine is 20 times higher than Na 
for ENAA compared with conventional NAA. Thus, ENAA is suitable for the 
analysis of iodine.

3.2. Shielding material

In ENAA, cadmium, boron (or boron compounds) and a combination of 
cadmium and boron are usually used as thermal neutron shields. Rossitto et al., who
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TABLE П. NUCLEAR DATA AND ADVANTAGE FACTORS OF INTERESTING 
AND INTERFERING ELEMENTS

Element
Nuclear
reaction

I/o a 
[27]

у ray 
energy 
(keV) 
[27]

Resonance 
peak energy 

(eV)
^Cd Fa' (Cd) Fa' (B)

Al 27Al(n, y)28Al 1.05 1779.0 8240 33.9 0.15 47.9 0.13
Br 79Br(n, y)80Br 11.9 616.3 51.4 2.29 2.24 2.61 2.40
Cl 37Cl(n, y)38Cl 0.49 1642.7 30 600 32.5 0.16 43.8 0.14

I 127I(n, y)128I 24.8 442.9 43.0 1.81 2.85 2.11 2.97
Mn 55Mn(n, y)56Mn 1.04 846.8 412 19.9 0.26 20.1 0.31
Na 23Na(n, y ^ N a 0.66 1368.6 3130 26.2 0.19 39.2 0.16

a / /a  is the ratio of the resonance integral cross-section to the thermal neutron cross-section.

studied the characteristics of Cd and В neutron filters [28], found that Cd is an 
effective shield for the analysis of elements with a resonance peak energy of the (n, y) 
reaction lower than 2 eV. However, for elements with resonance peak energies of 
between of 2 and 15 eV, a combination of Cd and В is preferable. Above 15 eV, В of 
sufficient thickness and a combination of В and Cd is more effective. Parry [19] has 
studied ENAA using a combination of В and Cd as a shield. The determined cut-off 
energy of this shield was 5 eV. The resonance peak energies of the reactions 1 2 7 I(n, y) 
128I is 43.0 eV. Thus, the boron (or boron compounds) or a combination of cadmium 
and boron is better than cadmium alone. From Table II, it also can be seen that the 
advantage factors of iodine and bromine using BN as a shield are slightly larger than 
those using Cd as a shield. The detection limits of iodine in three kinds of SRM, 
Mixed Diet (IAEA-H-9), Spinach (NIST-1570) and Human Hair (GBW-09101) were 
calculated using the expressions described by Currie [24] (see Table 1П).

TABLE III. COMPARISON OF THE DETECTION LIMITS OF ENAA FOR 
IODINE

Shield material Irradiation site
Detection limits (ng/g)

IAEA-H-9 NIST-1570 GBW-09101

BN Inner channel 25 24 11
Cd Outer channel 95 90 58
Cd + BN Outer channel 42 41 25
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The ENAA using Cd alone and a combination of Cd and BN as a shield was 
carried out in the epithermal neutron channel in the outer side of the beryllium reflec
tor, and the ENAA using BN alone as a shield in the inner irradiation site of the 
MNSR. Since the radioactivity of irradiated Cd is very strong, it is not suitable to 
use Cd instead of BN as a movable shielding vial. On the other hand, the diameter 
of the inner irradiation site of the MNSR is not big enough if Cd + BN is used as 
a shield.

It can be seen from Table 1П that using the same experimental conditions, 
shields of Cd + BN are more beneficial than Cd alone and that BN as a shield in the 
inner irradiation site is better than Cd + BN in the outer irradiation site for the deter
mination of iodine. The reason is that for the same reactor power, the neutron flux in 
the inner irradiation site is two times higher than in the outer irradiation site, and the 
ratio of epithermal to thermal neutron flux in the inner irradiation site is three times 
higher than in the outer irradiation site. Thus, irradiation using BN as a shield is opti
mum for the determination of iodine. In this work, the liquid samples were irradiated 
in the outer epithermal neutron irradiation site and all solid samples in the inner irra
diation site using BN as a shield.

3.3. Interference

128I has two characteristic у ray peaks of 442.9 keV (branching ratio of 0.169) 
and 526.6 keV (branching ratio of 0.0159). The у ray peak of 1 3 5 Xem produced by 
134Xe (n, y) is 526 keV, which seriously interferes with the measurement of the 
526.6 keV у ray peak of 1 2 8 I. In addition, the branching ratio of the 526.6 keV peak 
of 128I is significantly lower than that of the 442.9 keV peak. Therefore, the 442 keV 
у ray was used to analyse iodine.

The characteristic у ray energy of 23Ne produced by 2 3 Na(w, p) and 2 2 Ne(n, y) 
is 439.9 keV. Though two peaks of 442.9 and 439.9 keV can be identified by the mul
tichannel analyser used, a remarkable overlap between these two peaks occurs. As in 
biological and environmental materials, sodium is a major component and Ne is pre
sent in air and in samples; high 23Ne activity seriously interferes with the determina
tion of iodine. Owing to the significantly shorter half-life of 23Ne (37.2 s) in compar
ison with 1 2 8 I, this interference can be easily eliminated by decaying the irradiated 
samples for 5-10 min.

As packing materials likely contain some iodine, all of the polyethylene films 
and containers have been soaked in 1:1 HN03 for three days and washed with deion
ized water. The clean polyethylene films and vials were analysed using the same 
conditions as the samples, and iodine was not detected. Since iodine is a volatile 
element, the loss of iodine during the irradiation process has been studied, and the 
results indicate no significant loss for a 60 min irradiation at a neutron flux of 
1 x 1 0 1 2  n-cm_ 2  s_1, irrespective of the kind of shield used.
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Our ENAA results and certified or reference values of iodine and bromine in 16 
international SRMs and 24 Chinese SRMs are in agreement with the certified or 
available reference values (see Table IV [29-35] and Table V).

3.4. Analytical results

TABLE IV. CONTENTS OF IODINE AND BROMINE IN 16 INTERNATIONAL 
SRMs BY ENAA

Iodine (ng/g)
Name and code of SRM

This work, mean ± SDa Certified or reference value

Spinach NIST-1570 971 ± 19 (6) 1160 ± 4 0  [12], 1080 ± 6 0  [21] 
1100 ± 200 [29], 1180 ± 100 [13]

Spinach NIST-1570a 1604 ± 26 (6)
Mixed Diet NIST-8431 a 736 ± 27 (8) 820 ± 10 [30], 690 ± 40 [13] 

813 ±55 [18]
Bovine Liver NIST-1577a 261 ± 18 (7)
Citrus Leaves NIST-1572 1690 ± 37 (6) 1770 ±65 [12], 1620 ± 8 0  [31], 

1870 ± 60 [18],1760 ± 165 [13], 
1890 ± 50 [30], 1840 ± 30b

Orchard Leaves NIST-1571 169 ± 10 (6) 177 ± 18 [12], 167 ± 10 [32], 
180 ± 2 0  [20], 190 ± 7 0  [14], 
172 ± 4 [33], 170b

Oyster Tissue NIST-1566 2885 ± 42 (6) 2760 ± 90 [12], 3209 ± 134 [34] 
2720 ± 200 [18], 2800b

Cabbage IAEA-359 27.9 ± 2.5 (6)
Tuna Tissue IAEA-350 
Shrimp Tissue IAEA-MA-

1129 ±61 (6)

Med-86/TM 3093 ± 101 (7)
Muscle Tissue IAEA-MA-M-2/TM 19 960 ± 740 (6)
Fish Tissue IAEA-MA-B-3/OC 1248 ± 27 (8)
Shrimp Tissue IAEA-A-3/TM 2689 ± 142 (8) 2910 ± 31 [35]
Mixed Diet IAEA-H-9 399 ± 26 (8) 372 ± 3 0  [12], 370 ± 45  [13], 

407 ± 17 [18]
Hay IAEA-V-10 194 ± 10 (8) 168 ± 10 [12]
Horse Kidney IAEA-H-8 112  ±8  (6)

a Values in parentheses represent the number of measurements; numbers in square brackets are references. 
b Certified value.
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TABLE V. ANALYTICAL RESULTS OF 24 CHINESE SRMS FOR IODINE AND 
BROMINE BY ENAA

Name and code of SRM
Iodine (ng/g) 

this work, 
mean ± SDa

Name and code of SRM
Iodine (ng/g) 

this work, 
mean ± SDa

Peach Leaves GBW-08501 445 ± 22 (7) Sediment GBW-07310 1847 + 116(7)
Wheat Powder GBW-08503 31.7 ±2.8  (7) Sediment GBW-07311 1978 ± 111 (7)
Wild Cabbage GBW-08504 95.3 ± 10.9(7) Sediment GBW-07312 1799 ± 148 (7)
Tea Leaves GBW-08505 200 ± 18 (7) Shrub Leaves GBW-07602 635 ± 23 (7)
Skim Milk powder GBW-08509 385 ± 19 (8) Shrub Leaves GBW-07603 629 ± 15 (7)

Pork Liver GBW-08551 101 ± 7 (7) Poplar Leaves GBW-07604 689 ± 13 (7)
Pork Muscle GBW-08552 23.1 ±2 .0  (8) Codnopsis polosula 

GBW-09501 503 ± 26 (8)

Mussel GBW-08571 7142 ±222(8) Forsythia suspensa 
GBW-09502 83.3 ± 6.7 (7)

Prawn GBW-08572 224 ± 13 (8) Lyophilized human urine 
GBW-09102b 46.8 ± 8.0 (6)

Human Hair GBW-09101 874 ± 17 (7) Lyophilized human urine 
GBW-09103b 78.0 ±11.0 (8)

Tomato Leaves ESP-Iе 982 ± 22 (8) Bovine Serum 
GBW-09131b

61.2 ± 7 .4  (8)

Bovine Liver11 1504 ± 33 (7) Fodder6 86.6 ± 6.8 (7)

a Values in parentheses represent the number of measurements.
b Certified values: 875 ng/g for GBW-0910; 1600 ± 400 for GBW-07310, 2000 ± 300 for GBW-07311 

and 1800 ± 300 for GBW-07312.
c Prepared by the Institute of Ecology and Environment, Shanghai Institute of Nuclear Research, China. 
d Prepared by Academia Sinica, China. 
e Prepared by the Institute of Food Analysis, China.

The analytical precision, expressed as the relative standard deviation, is better 
than 6 % for the SRMs in which the iodine level is higher than 100 ng/g. But for some 
solid SRMs with iodine contents lower than 100 ng/g and for Tea Leaves (GBW- 
08085), the analytical precision is between 6  and 12%. The analytical precision is 
related to the counting statistical errors (counting error Er = (N + 2B)l/2/N, where N 
is the net peak area of the nuclide of interest, and В is the background area under the 
peak). The counting error is between 10 and 15% at 50-100 ng/g and 10-20% at less 
than 50 ng/g iodine. The counting error of the Tea Leaves is between 15 and 20% 
because of the high background induced by Mn and Al which exist in higher concen
trations in tea leaves. The analytical precision of iodine in three liquid SRMs is
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between 12 and 18%, which is larger than those of solid samples. Besides the count
ing error, the inhomogeneity of the neutron flux at the irradiation site may contribute 
to the lower precision. In the epithermal neutron irradiation site, the inhomogeneity 
of the epithermal neutron flux in the radial direction of the rabbit capsule is below 
5%, somewhat larger than that in the inner irradiation site (<2%). Although the 
sample was kept in the same position in the irradiation capsule as the standards for 
the analysis of liquid samples, it may still cause a larger error than that in the inner 
irradiation site.

4. CONCLUSION

The contents of iodine in 40 biological and environmental SRMs were deter
mined. The analytical precision is better than 10% for most samples. Because the 
ENAA method used does not need any chemical treatment of the sample, loss and 
contamination of iodine can be avoided, which assures analytical accuracy. The 
detection limits of this procedure for iodine reaches 10 ng/g. ENAA using BN as a 
shield and in the inner irradiation site can be used to analyse samples with an iodine 
content of above 20 ng/g. ENAA using Cd shielding in the outer epithermal neutron 
irradiation site is appropriate for the analysis of samples with iodine contents of above 
300 ng/g. The analysis time needed for one sample is less than 40 min.
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Abstract

THE SIGNIFICANCE OF VERY ACCURATE RNAA METHODS FOR QUALITY ASSUR
ANCE AND CERTIFICATION OF CANDIDATE REFERENCE MATERIALS.

The reliability of results of inorganic trace analysis produced by various laboratories is 
often far from adequate, as demonstrated by several international comparisons. Hence there is 
a need for methods with ‘guaranteed’ accuracy which could be used to check the accuracy of 
routine analytical methods, and for certification of the candidate reference materials. General 
principles for the construction of such methods employing radiochemical neutron activation 
analysis (RNAA) are presented. The basic approach involves the combination of neutron acti
vation with selective and quantitative post-irradiation isolation of the indicator radionuclide by 
column chromatography, followed by gamma ray spectrometric measurement. Several criteria 
were formulated to decide when the analytical result may be acknowledged as having been 
obtained by a ‘definitive’ or ‘very accurate’ method. The importance of such methods for 
quality assurance is emphasized and illustrated by several examples. Definitive methods for the 
determination of copper and cobalt in biological materials as well as very accurate methods for 
the determination of cadmium, nickel, molybdenum and uranium in similar matrices are briefly 
described.

1. INTRODUCTION

The development of modem inorganic trace analysis is closely associated with 
the history of nuclear energy. With the advent of the atomic era at the end of the 
Second World War, it appeared necessary to devise techniques capable of determining 
minute quantities of some elements, especially those with a high neutron absorption 
cross-section, in uranium used as a fuel in nuclear reactors and in some other 
materials employed in nuclear technology. Later, the requirements set by the tech
nology of semiconductors and other very pure materials made the determination of 
trace constituents at the jig/g (ppm) or even lower level an indispensable element of 
quality control in research and industry.
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The increased awareness of the role of essential elements in human health, 
and the sometimes narrow gap in concentrations between essentiality and toxicity 
drew the attention of analysts to the necessity of developing new methods for the 
determination of low levels of several elements, including toxic ones (Hg, Cd, Pb, 
etc.), in a variety of biological materials, body fluids and other tissues. Finally, as 
environmental pollution became a global problem it became evident in many 
countries that it is necessary to monitor water, ambient air, food, etc., for trace 
element content.

2. RELIABILITY OF MEASUREMENTS IN INORGANIC TRACE ANALYSIS

Nowadays important decisions in the spheres of technology, law, administra
tion, medicine and environmental protection may depend on the results of methods of 
trace analysis. If the decisions based on these results are to be correct, the results 
themselves must be reliable, i.e. both accurate and precise.

However, the reliability of the methods of trace analysis is not always adequate. 
Examples are shown in Table I [1-7], in which the ranges of results obtained in 
several international interlaboratory comparisons for some ‘difficult’ trace ele
ments are presented. One can easily note that in some cases the range may reach 
four or five orders of magnitude and little or no improvement with time over a 
period of more than 2 0  years could be observed despite apparently constant 
progress in instrumentation, automation, etc. A wide spread of analytical results 
was observed even in cases where participating laboratories were selected on the 
basis of their good reputation and previous experience in the field (‘sel. labs.’ in 
Table I).

Similarly pessimistic conclusions could be drawn from the so-called ‘normal 
levels’ of trace elements in human serum as compiled by Versieck and Comelis [8 ]. 
Although the levels of at least essential trace elements in body fluids are homeostat- 
ically controlled and as such should vary little for healthy individuals, the literature 
data differ by orders of magnitude. There is no doubt that analytical errors are respon
sible for the wide spread of results. Hence, assurance of the quality of analytical 
results in trace analysis is still an important problem.

Quality assurance in analytical chemistry denotes the totality of procedures 
used to ascertain that the results of analytical measurements are good enough for their 
intended purpose [9, 10]. In this paper a study carried out over a dozen or so years in 
the Department of Analytical Chemistry, Institute of Nuclear Chemistry and 
Technology, Warsaw, on devising ‘definitive’ and ‘very accurate’ methods for the 
determination of selected trace elements in biological materials will be presented and 
its significance for quality assurance will be emphasized.
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TABLE I. RANGES OF ANALYTICAL RESULTS FOR SOME ‘DIFFICULT’ 
ELEMENTS OBSERVED IN INTERLABORATORY COMPARISONS

Material Element No. of labs Range of results
[reference]

Lunar Soil 12070 Cd 3 0.045-1.9 |ig/g 1971 [1]
Sb 3 0.009-1.3 pg/g

Fuel oil Ag 4 (sel. labs) 0.0006-0.1 pg/g 1974 [2]

Hg 5 (sel. labs) 0.005-0.4 pg/g

Coal К 8 (sel. labs) 20-2200 pg/g 1974 [2]

Soil-5 As 30 5.9-212 pg/g 1979 [3]
Co 48 0.3-800 pg/g
Cr 47 10-705 pg/g
Pb 23 8-700 pg/g

IAEA A-11 Cd 8 1.1-1660 ng/g 1980 [4]
Milk Powder Co 18 0.004-51.5 pg/g

Cr 16 0.016-1160 pg/g
Ni 10 0.083-83.3 pg/g

IAEA A-11 Co 7 (sel. labs) 3.7-40 ng/g 1987 [5]
Milk Powder Mo 6 (sel. labs) 79-400 ng/g

Ni 4 (sel. labs) 22.1-500 ng/g

IAEA-155 Cd 25 0.73-38000 ng/g 1990 [6]
Whey Powder Co 22 3.4-4980 ng/g

Cu 42 0.183-38.3 pg/g
Ni 20 0.18-35.4 pg/g

CTA-OTL-1 Cr 43 0.038-11.6 pg/g 1993 [7]
Oriental Cs 17 0.117-315 pg/g
Tobacco Na 43 48.2-8083 pg/g
Leaves Pb 40 0.051-19.5 pg/g

Note: sel. labs: selected laboratories.
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3.1. Basic definitions and general strategy

According to the definition given by Uriano and Gravatt [11], “definitive 
methods of chemical analysis are those that have a valid and well described theoreti
cal foundation, have been experimentally evaluated so that reported results have 
negligible systematic errors, and have high levels of precision” . 1 In our approach to 
devising ‘definitive’ methods it was assumed that these methods should be in princi
ple single element methods based on a combination of neutron activation with selec
tive and quantitative isolation of the analyte in a state of high radiochemical purity 
using column chromatography followed by gamma ray spectrometric measurement. 
The other requirement was that once elaborated and validated, such methods should 
be suitable without changes for the analysis of a rather broad category of samples 
(e.g. biological materials).

The following set of rules has been adopted when devising our definitive 
methods for the determination of selected elements in biological materials [12-14]:

(a) A single element method based on neutron activation combined with selective 
isolation of an element by column chromatography with practically 1 0 0 % 
yield, as confirmed by tracer experiments, should preferably be used.

(b) All potential sources of error starting from sampling and sample dissolution up 
to gamma spectrometric measurement should be identified at the stage of ela
borating the method and removed, or appropriate corrective actions introduced 
into the procedure.

(c) Whenever possible, the colour of the ion in question (or its complex) added as 
a carrier should be used for visual control to safeguard against the unexpected 
failure of the separation procedure.

(d) With each set of samples at least two standards should be irradiated, one of 
which is later on processed exactly as are the samples and the other is not. The 
specific activities of both standards should agree within predetermined limits.

(e) A residual blank resulting from the contact of the sample with the sample con
tainer and the background should be measured in each series of determinations.

The philosophy of such an approach is well justified if one takes into account 
the unique features of neutron activation analysis (NAA) (a nuclear method of

3. DEFINITIVE AND VERY ACCURATE METHODS

1 The term “definitive method” has been used in this work in the sense of the original 
definition by Uriano and Gravatt, without reference to a possibly slightly different understand
ing of this term as could be used by other researchers.
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generally good accuracy, nearly free from blank problems, insensitive to the chemi
cal state of the element in the sample, providing good detection limits for many ele
ments, etc.). The merits of NAA were discussed in numerous monographs and review 
papers [15-18]. Irrespective of the fact that NAA is a multi-element technique and 
many elements can usually be determined by purely instrumental variants of the 
method, the best detection limits and utmost accuracy and precision can be achieved 
when the radiochemical version of NAA is employed, assuring the lowest Compton 
background and interference-free measurement of the gamma ray spectrum. 
Quantitative recovery of the analyte is not so difficult to achieve, provided the entire 
procedure is optimized with respect to the one element of interest and comprehen
sively tested using radioactive tracers, and the method subsequently validated by 
analysing various reference materials with a certified content of the analyte in ques
tion. Ion exchange and/or extraction chromatography are logically the methods of 
choice for accurate radiochemical separations, providing high chemical selectivity 
combined with self-acting repetition of the elementary act of partition of solutes 
between stationary and mobile phases, and enabling in several cases visual control of 
the separation run.

Even the most carefully elaborated method may give erroneous results due to 
human errors, etc. Therefore, definitive and very accurate methods should have some 
intrinsic mechanisms to safeguard against making gross errors which otherwise might 
go unnoticed. The following criteria were employed in our work:

(1) No observations that something might go wrong during the analysis.
(2) Positive visual control of the column separation process (if applicable). The

coloured band containing the analyte should not have travelled more than one 
half to two thirds of the column length during the elution of impurities.

(3) Agreement of standards. The standard which has passed the whole analytical 
procedure should agree within predetermined limits (approximately a few per 
cent) with that measured directly.

(4) The residual blank is small in comparison with the content of the analyte being 
measured.

(5) The result for an analyte in the certified reference material (CRM) irradi
ated and analysed in the same series as the sample agrees with the certified 
value.

Only when all the above criteria were simultaneously fulfilled was the result 
acknowledged as having been obtained by the ‘definitive’ method. In the case of very 
accurate methods in which no visual control of the analyte band was available, and/or 
the procedure involved simultaneous separation or determination of two elements, the 
remaining four criteria had to be simultaneously fulfilled.
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The analytical scheme for the determination of copper in biological materials 
[12] is presented in Fig. 1 and the validation of the method by the analysis of several 
CRMs is shown in Fig. 2. It is worth stressing that, as was shown by us [12], accurate 
results for samples with the lowest copper content can be obtained only if appropriate 
corrections for the natural background, residual blank (originating from the contact of

3.2. Examples of definitive methods

FIG. 1. Flow sheet o f the ‘definitive’ method for the determination of copper in biological 
materials (PE: polyethylene).
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the sample with canning material), residual 24Na content and 6 4 Zn(«, p)64Cu reaction 
are introduced. As most probably not all these factors were taken into account by at 
least some laboratories contributing results used for certification, we believe that our 
values for IAEA A-ll Milk Powder: 0.325 ± 0.015 mg/kg and for IAEA V- 8  Rye 
Flour: 0.800 ± 0.050 mg/kg are at present the best estimates of ‘true Cu contents’ in 
these materials.

Another definitive method for the determination of cobalt in biological mate
rials was devised in our laboratory [13, 19]. The performance of the method is 
illustrated in Fig. 3.

3.3. Examples of very accurate methods

The same radiochemical separation scheme which has been elaborated for 
cobalt can be used for the simultaneous determination of cobalt and nickel by 
irradiating the samples in a Cd shielded reactor channel and using the following reac
tion with fast neutrons: 5 8 Ni(n, p)5 8 Co. As in this case some compromise in the irra
diation and counting conditions must be made and the 810.8 keV photopeak of 58Co 
is counted on the Compton background of 6 0 Co, the method is not called ‘definitive’ 
but ‘very accurate’ [2 0 ].

Another very accurate method has been devised for the simultaneous determi
nation of molybdenum and uranium (via 2 3 8 U(n, y)2 3 9 Uj^ 2 3 9 Np) [21, 22]. The flow 
sheet of the procedure is presented in Fig. 4. As has been shown, the systematic error 
due to the interfering reaction 2 3 5 U(n,/)99Mo may also be very considerable in the 
case of biological materials and must not be neglected. Our method enables the 
simultaneous determination of Mo and U and calculation of an appropriate correction 
factor in each run, which makes possible derivation of the true Mo content (see 
Table П).

Our very accurate method for the determination of Cd in which amphoteric 
resin was used for the very selective isolation of Cd from all other radionuclides 
[23, 24] yielded excellent results when tested on CRMs with a Cd content varying 
over five orders of magnitude (see Fig. 5). The method has been used to confirm the 
results of an international comparison which resulted in the certification of Oriental 
Tobacco Leaves (CTA-OTL-1) for Cd (see Fig. 6 ).

4. CONCLUDING REMARKS

‘Definitive’ and ‘very accurate’ methods are not intended for routine work. 
They can play an important role in quality assurance by checking the accuracy of 
other methods of trace analysis and for certifying new CRMs, as well as for support
ing the results of certification based on interlaboratory comparison.
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( I Certified value and limits; —  Experimental mean and limits)

FIG. 2. Analysis o f CRMs for copper by the definitive method.

FIG. 3. Analysis o f CRMs for cobalt by the definitive method. Results by the definitive method and 
their confidence limits are shown as horizontal lines. Certified values and their confidence limits 
are presented as vertical lines. Code numbers: 1 — Versieck’s Serum; 2 — IAEA A-11 Milk 
Powder; 3 — IAEA H-9 Human Diet; 4 —Bowen’s Kale; 5 — IAEA H-8 Horse Kidney; 6 — IAEA 
V-10 Hay Powder; 7 — CTA-OTL-1 Oriental Tobacco Leaves.
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FIG. 4. Flow sheet o f the ‘very accurate’method for the simultaneous determination of 
molybdenum and uranium in biological materials.
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FIG. 5. Analysis of CRMs for cadmium by the very accurate method.

IAEA H-8 Horse Kidney
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Our result and limits by the very accurate method
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FIG. 6. Comparison o f the ‘recommended value’ fo r  cadmium in Oriental Tobacco Leaves 
(CTA-OTL-1 ) with the result by the very accurate method.
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TABLE II. RESULTS OF MOLYBDENUM DETERMINATION BEFORE AND 
AFTER CORRECTION FOR URANIUM FISSION

Analysed
material

Molybdenum content (ng-g 0 a 
X ± tQ 05 í  n"1/2(n) Certified or

Result without 
correction for 

uranium 
Xapprox.

Result after 
correction for

Difference (%)
100 (*approx - I trac)

information
value

(ng-g-1)

*true

NIST-1547 
Peach Leaves

76.3 ±4.8 (10) 59.2 ± 4.0 (10) +28.9 60 ± 8b

NBS-1566 
Oyster Tissue

332.1 ±22.9 (8) 207.9 ± 17.5 (8) +59.3 (<200)c

NIST-1566a 
Oyster Tissue

367 ± 92 (3) 229 ± 51 (3) +60.3 —

IAEA-331 
Spinach 
(NIST-1570a 
Spinach Leaves)

530 ± 64 (4) 356 ± 45 (4) +48.9

a Arithmetic mean ± confidence interval for significance level 0.05 (No. of results). 
b Certified value. 
c Information value.
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Abstract

CANDIDATE BCR REFERENCE MATERIALS FOR ARSENIC AND SELENIUM DETER
MINATIONS IN HUMAN SERUM AND URINE.

The pilot production of candidate reference materials for the quality assurance and 
statistical control of methods to determine toxic trace elements in biological samples is 
described. In the initial phase the project concerns a lyophilized human blood material 
containing Cd and Pb, a lyophilized human urine material containing As, Cd, Co and Cr, and 
a liquid human serum material with Al, Se and Zn at three different levels, representative of 
environmental and occupational exposure. The homogeneity and stability of the pilot batches 
were investigated by determining Al and Zn in serum, As in urine, Cd and Pb in blood at the 
medium level. The pilot batches produced were deemed to be homogeneous with respect to all 
the trace elements tested, and there was no indication of thermal instability except that the 
arsenic levels decreased significantly with time at 200°, 370° and 450°C. Thirty-two labora
tories from 12 different countries participated in an intercomparison round organized to test the 
suitability of the reference material and validate the methodological approaches for certifica
tion purposes. Focusing on the neutron activation results, the outcome of this first intercom
parison exercise demonstrates that the comparability of the calibration standards needs 
improvement. Therefore, for the certification round stronger efforts will be undertaken to 
document the spiked concentrations and to reduce their uncertainties, and the laboratories will 
be required to meet defined quality criteria for the checking and documentation of traceability.
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1. INTRODUCTION

Exposure to toxic and carcinogenic substances such as As, Pb, Cd, Co, Cr and 
Ni is considered a major environmental and occupational problem. Such exposure 
may pose both a short and a long term health risk for workers and the population at 
large living in industrial regions [1]. When the health risk has to be assessed and 
actions taken to reduce exposure, reliable results for trace elements in human fluids 
are of crucial importance. Regulatory biological limits have been introduced to limit 
exposure, e.g. Biological Exposure Indices (BEI) in the USA [2] and Biological 
Tolerance Values (BAT) in Germany [3].

The quality of measurement results must be documented by the use of certified 
reference materials (CRMs). Therefore, to enable laboratories to validate their ana
lytical performance of trace element measurements, the availability of whole blood, 
serum and urine CRMs at representative levels is of great importance [4].

In this context, the European Commission’s Standards, Measurements and 
Testing Programme (SMT, formerly BCR) launched a project dealing with the pro
duction of such candidate reference materials, co-ordinated by the National Institute 
of Occupational Health, Denmark, in co-operation with the Laboratory of Analytical 
Chemistry at the University of Gent, Belgium.

2. EXPERIMENTAL

2.1. Samples

Three types of samples were produced: lyophilized human blood samples with 
three levels of Cd and Pb, lyophilized human urine samples with three levels of As, Cd, 
Co and Cr, and liquid human serum samples with three levels of Al, Se and Zn. The low
est (unspiked) levels correspond to occupationally non-exposed reference levels. The 
medium and high levels correspond to progressively increased levels of occupational 
exposure, achieved by spiking the low level batch with the relevant component. When 
BAT and BEI values exist, these were chosen as target values for the spiked levels. The 
spiked concentrations and their uncertainties are presented in Table I.

2.1.1. Whole blood samples

Fresh blood was obtained from normal healthy Danish blood donors and 
checked for the hepatitis В antigen, hepatitis С and HIV 1+2 antibodies, spiked with 
Pb and Cd and lyophilized by the National Institute of Occupational Health, 
Denmark, following the procedure previously described [5]. To improve the stability 
of the liquid phase after reconstitution, sodium-EDTA (ethylenediamine tetra acetic 
acid) was used as an anticoagulant.
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TABLE I. ELEMENTAL SPIKED CONCENTRATIONS

Spiked concentration ± SD (|Xg/L)

Medium level High level

Human blood Pb 157 ± 1.6 419 ±4.2
Cd 3.27 ± 0.03 7.63 ± 0.08

Human serum Al 40.8 ± 0.8 143.8 ± 2.9
Se 24.6 ± 0.5 50.7 ± 1.0
Zn 358.5 ±7.1 1353 ± 27

Human urine As 48.4 ± 0.9 148.2 ± 3.0
Cd 4.9 ±0.1 9.9 ± 0.2
Cr 4.9 ±0.1 19.7 ± 0.4
Co 9.9 ± 0.2 59.1 ± 1.2

2.1.2. Serum samples

Fresh blood was obtained from normal healthy Danish blood donors and 
checked again for the hepatitis В antigen, hepatitis С and HIV 1+2 antibodies. After 
spontaneous coagulation the serum was separated by centrifugation. The sera were 
mixed and the serum pool was sterile filtered and spiked with the elements. As regards 
spiking with selenium, a Titrisol(R) standard solution containing (1.000 ± 0.002) g Se 
as Se02  dissolved in 6.3% HN03 (Merck, Cat. No. 109915) was used to produce two 
aqueous spiking solutions containing 8.25 ± 0.07 mg Se/L (solution A) and 12.0 ±0.1 
mg Se/L (solution B). Both solutions were sterilized in an autoclave, and 5.0 ±0.1 mL 
of solution A was mixed with 1700 ± 17 g of serum to make the medium level, while
5.0 ± 0.1 mL of solution В was mixed with 1200 ± 12 g of serum to make the high 
level. To calculate the spiked concentrations a density of serum of 1.028 g-cm- 3  was 
estimated, based on a total protein concentration of 6 8  g/L of serum [6 ].

2.1.3. Urine samples

Lyophilized urine from healthy subjects was prepared by Randox, Ireland, from 
fresh urine obtained from healthy, non-occupationally exposed subjects and spiked 
with Cd, Co, Cr and As. The As spiking solution containing 980 ± 10 mg As(V)/L 
was prepared from As standard solution from Sigma (Cat. No. A9787). The medium 
level was produced by adding 225 ± 2 |iL of the As spiking solution to 5000 + 5 mL 
of urine, while the high level was prepared from 2500 ± 3 mL of urine spiked with 
383 ± 3 |iL of the As spiking solution. The urine was distributed in vials by weight
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(10.21 ± 0.02 g per vial for the medium level, and 10.24 ± 0.02 per vial for the high 
level). A density of 1.016 g-cm- 3  was estimated from the dry matter content of the 
urine (39.3 g/L) [6 ]. The residual volume after lyophilization was estimated to be
0.22 ± 0.03 mL. The lyophilized material was reconstituted using 10.0 ±0.1 mL of 
pure water.

2.1.4. Uncertainty calculations

The uncertainty of the spiked concentrations was estimated by uncertainty bud
gets in accordance with the BIPM (Bureau international des poids et mesures) 
approach [7] using the spreadsheet technique described by Kragten [8 ]. The major 
uncertainty components for Se in serum were the concentration of the spiking solu
tion (relative standard uncertainty: 0.9%) and the volumetric equipment used in mix
ing spiking solution and serum (combined relative standard uncertainty of volumetric 
equipment: 2.2%). The two uncertainty components combine to a total relative stan
dard uncertainty of 2.4%. Calculation of the uncertainty of spiked concentrations in 
urine involves evaluation of an additional uncertainty component, namely the 
lyophilization/reconstitution process. Thus, the uncertainty components for As in 
urine were (relative standard uncertainties): 1 .0 % (concentration of spiking solution),
0.9% (volumetric equipment used in the spiking process) and 1.0% (lyophilization/ 
reconstitution process), which combine to a total relative standard uncertainty of 
1.7%. The uncertainty of the spikes in blood was estimated the same way. The major 
uncertainty components (relative standard uncertainties) were: 0 .6 % (concentration 
of spiking solution), 0.5% (volumetric equipment used in the spiking process) and
0 .6 % (lyophilization/reconstitution process), which combine to a total relative 
standard uncertainty of 1 .0 %.

2.2. Homogeneity and stability

The homogeneity of the pilot batches was investigated for the medium level by 
determining Al and Zn in serum, As in urine and Cd and Pb in blood. With respect to 
arsenic in urine, ten samples were measured in triplicate in random sequence by the 
hydride generating atomic absorption spectrometry (HGAAS) method (see below). 
The analytical repeatability standard deviation (CV) was 3.7%. Evaluation of the 
results by the DANREF PC software [9] indicated that there was no statistical differ
ence between the arsenic content of the ten vials (P  = 0.72). The analytical repeat
ability standard deviations (CV) were 1% (Zn) and 3.5% (Al). The material was 
deemed homogeneous based on investigation of 22 samples. Likewise, the blood was 
found to be homogeneous with respect to Cd and Pb after determination of these ele
ments in 12 samples analysed in triplicate. Analytical repeatability standard devia
tions (CV) were 3.5% for Cd and 1.5% for Pb.
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Stability of the materials was investigated at three temperatures, 20°, 37° and 
45°C. Samples stored at -21°C (blood and urine) or -70°C (serum) served as reference. 
After 4 weeks and 13 weeks the element concentrations were determined in three sam
ples for each temperature. Each sample was analysed in triplicate to obtain the analyti
cal repeatability standard deviation. The ratio of the mean at the elevated temperature to 
the mean at the reference temperature served to detect lack of stability. The 95% confi
dence interval around the ratio was calculated, and the ratio being significantly different 
from unity (P  < 0.05) was taken as an indication of instability.

None of the materials showed signs of instability with respect to element 
concentrations, except urine with respect to arsenic determined by HGAAS (see 
below). After four weeks at 20°C, the decrease in As concentration was approxi
mately 2.5% (not significant) and after 13 weeks 4% (P  < 0.05). At higher tempera
tures the change in stability was more dramatic, reaching a 20% decrease in As con
centration after 13 weeks at 45°C. At present it is not clear if the decrease in stability 
is due to a decrease in total As, or a chemical modification of hydride generating AS 
species to non-hydride generating species.

2.3. Analytical methods

The analytical methods used to study homogeneity and stability are all based 
on graphite furnace atomic absorption spectrometry using Zeeman background cor
rection, except determination of Zn in serum (flame atomic absorption spectrometry) 
and As in urine. The latter was determined by HGAAS with flow injection, as 
described previously [10]. Data supplied by laboratories L6  and L14 were based on 
the analytical methods neutron activation analysis with radiochemical separation 
(RNAA) and instrumental neutron activation analysis (INAA). The calibration stan
dards used were As2 0 3  Matthey ‘Specpure’ from Johnson Matthey and Co, Ltd, 
London (L6 ) and As (purity 99.9998%) in 4M HN03 from Aldrich Chemical Co. 
(L14) for As determinations, and Se02  (purity 99.999%, verified against NIST spec
trometric solution SRM-3149)1 in 1M HN03  from Merck for Se determinations.

3. INTERCOMPARISON STUDY

3.1 Protocol

Thirty-two laboratories from 12 different countries participated in the inter
comparison study by determining one or more elements. Five samples of each level

1 NIST: National Institute of Standards and Technology, Gaithersburg, MD, USA; 
SRM: standard reference material.
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of the different materials were dispatched to the participants. Instructions for handling 
the samples were enclosed, and the laboratories were asked to perform five indepen
dent replicates and supply information on the pretreatment of the samples, the detec
tion principle and detailed information on the calibration, e.g. type of calibration, the 
producer of the calibrator lot number and purity. The analytical methods used were 
atomic absorption spectrometry, electrothermal AAS, flow injection analysis AAS, 
inductively coupled plasma-atomic emission spectrometry, inductively coupled 
plasma-mass spectrometry, INAA and RNAA. The mean As results for RNAA and 
the spiked concentrations are given in Tables П and III and the Se results for INAA 
are presented in Table IV.

TABLE II. DETERMINATION OF ARSENIC IN URINE REFERENCE 
MATERIALS FOR TOXIC ELEMENTS BY NAA WITH RADIOCHEMICAL 
SEPARATION (|Xg/L)

Level
Lab. 14 Lab. 6 Pooled results

Mean SEM Mean Mean SEM df T

I 13.2 0.4 13.7 13.49 0.27 8 3.8
П 60.9 1.4 63.5 62.2 1.0 9 2.5
Ш 171.1 3.9 164.9 168.0 2.8 9 4.2

SEM: standard error of mean.

TABLE III. TEST FOR SPIKING IN THE DETERMINATION OF ARSENIC IN 
URINE MEASURED BY RNAA (|ig/L)

Level
As spike (S) As recovered (R) Ratio

S SDs R SD* R/S SDR/s

П - 1 43.4 0.9 48.7 1.0 1.122 0.033
m-i 148.2 3.0 154 2.8 1.042 0.028

Weighted mean ratio 

Г =3.37

1.076 0.022 

P(x2 > T ) >  0.050 NS

NS: not significant.
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TABLE IV. TEST FOR SPIKING IN THE DETERMINATION OF SELENIUM IN 
SERUM REFERENCE MATERIAL FOR TOXIC ELEMENTS MEASURED BY 
NAA (|ig/L)

Level
Se spike (S) Se recovered (R) Ratio

S SD, R 0
0 R/S SD/j/s

II-I 24.6 0.5 18.6 1 . 8 0.76 0.07
III-I 50.7 1 . 0 47.2 2.3 0.93 0.05

Weighted average 0 . 8 8 0.04

Difference 0.175 0.090

? =1.96 P > 0.05 NS

4. RESULTS AND DISCUSSION

4.1. Arsenic in urine

With an a priori precision of 5% compounded with counting statistics, the 
results obtained by Laboratory 14 were in excellent statistical control [4]; the same 
uncertainty was applied to results from Laboratory 6 , and the pooled results showed 
no additional variability. The T test demonstrated the absence of significant bias 
between the two laboratories (Table II).

The standard uncertainty of the pooled results is just below 2%, which is essen
tially the same as the uncertainty of the added spikes. The use of regression analysis 
is therefore not possible [4]; instead, we have to regard the unspiked material as a sort 
of blank value to subtract from the other results before a comparison with the added 
spikes can be carried out (Table III). Fortunately, the uncertainty of the result for the 
unspiked material is so small that it does not significantly influence the uncertainty of 
the blank corrected values.

Ratios between observed and added As were indistinguishable for the two 
levels of added spike, which shows that the calibration function is linear within the 
estimated uncertainties in the entire range investigated. However, the slope of the 
calibration line is significantly greater than 1 , which means that the calibration stan
dards and the spiking solutions used are not compatible (Table III).

It will be necessary to investigate this significant discrepancy, which might be 
associated with inadequate traceability to international standards by one or more of 
the parties involved.
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The absence of statistical control that was detected by the analysis of preci
sion [1 1 ] may be associated with some variability from the sampling stage which will 
be taken into account at the certification exercise.

The standard uncertainties of the ratios between the observed and added Se are 
therefore based on a small number of degrees of freedom, which means that they 
cannot be compared using the T test. Instead we have to resort to the Student’s t test 
to see whether their difference is significantly different from zero. With a value 
of t = 1.96, we have P > 0.05, which means that their difference is probably 
insignificant (Table IV).

The weighted average is therefore meaningful, and it shows that the ratio 
between the observed and added Se is probably less than 1, which again means that 
the traceability of the calibration standards and the spiking solutions are not 
compatible.

5. CONCLUSIONS

The outcome of the first intercomparison engaging 32 laboratories was promis
ing enough to justify production of the materials for a certification round. However, 
it will be necessary for the preparation of the spiked materials to be more carefully 
documented and the uncertainty of the spike reduced. The participating laboratories 
will be required to fulfil quality criteria, such as traceability of calibration standards, 
the use of CRMs where possible and documentation of the procedure for calibration. 
Further, the laboratories shall employ the guidelines of ‘Good Laboratory Practices’ 
(GLP) and follow standard operating procedures for calibration of the analytical 
balance, volumetric equipment and so on.

The materials are now being prepared and the homogeneity and stability of the 
materials will be studied. The certification campaign started in spring 1997.
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Abstract

ROLE OF THE SELF-VALIDATION PRINCIPLE OF NAA IN THE QUALITY 
ASSURANCE OF BIOENVIRONMENTAL STUDIES AND IN THE CERTIFICATION OF 
REFERENCE MATERIALS.

It is well recognized that one of the most important ways of verifying or harmonizing 
analytical data is to obtain results from independent or diverse methods. Neutron activation 
analysis (NAA) is already known as one of the most favourable techniques for obtaining 
reliable data in intercomparisons, the certification of reference materials and other quality 
assurance steps on account of its inherent properties. However, in the paper it is emphasized 
that NAA also possesses the additional in-built and unique advantages, so far little exploited, 
of being able to perform in independent analytical modes or methodological routes, thus 
providing a means of internally validating or cross-checking the data it generates. This has been 
termed the self-validation principle or approach. In the paper the self-validation principle is 
explained and the elements of analytical independence arising from the isotopic character of 
NAA, its different modes of instrumental (non-destructive) and radiochemical operation and 
additional alternative strategies involving diversity of activation, separation and counting are 
exemplified. A table listing alternative activation routes for about 30 elements is included. The 
use of self-validation to provide consistent analytical data from different methodologies of 
activation analysis is illustrated with concordant results obtained for certified or standard 
reference materials.

1. INTRODUCTION

There is a need to harmonize systems of chemical analysis to ensure that 
analyses carried out in different laboratories and countries are comparable in terms of

223
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their accuracy or uncertainty. This is dictated by the increasing complexity of 
analytical requirements, demands for quality and economy and international co
operation [1]. Examples of issues that are critically dependent on sound chemical 
analysis and international co-operation are environmental control and monitoring, 
biomedical studies, and evaluation of the health and nutritional status of various 
populations.

There are national and international systems to guarantee the quality of 
measurements [1 , 2 ], but these are more suited to physical measurements than to 
chemical analysis. Several key international organizations are involved in the devel
opment of international chemical measurement systems with different viewpoints: 
learned and professional — IUPAC (International Union of Pure and Applied 
Chemistry); metrology — BIPM (International Bureau of Weights and Measures); 
quality focus — EURACHEM (A European Focus for Analytical Chemistry); accred
itation — ILAC (International Laboratory Accreditation Conference); and standards
— ISO (International Organization for Standardization). Similarly oriented institu
tions are active in these fields at European and national levels [1]. As a result of these 
activities, considerable progress has been made in improving the quality of chemical 
analysis in recent years. Nevertheless, advances are still needed, especially in light of 
concerns over proving the accuracy and traceability of analysis results.

The best way of verifying measurement accuracy is traceability of the results to 
SI units and primary standards. The hierarchy of links in chemical traceability is as 
follows: the definition of SI units such as the kilogram and mole; realization of the SI 
units in the form of primary standards such as the kilogram; relative atomic masses; 
pure chemical reference materials (RMs); primary methods; matrix RMs; secondary 
methods and RMs; and working methods and RMs [1]. Although there are primary 
standards for physical measures such as mass, length and time (their custodian is the 
BIPM), it is not possible to have a single chemical primary standard for the chemical 
yardstick, the mole,, for obvious reasons (the vast number of chemical compounds 
and/or species, a limited life span of many of them, etc.). Moreover, chemical factors 
such as matrix effects and modifications of a substance during analysis (dissolution, 
separation, preconcentration, etc.) constitute a break in the chain of traceability or 
create an additional source of uncertainty at the least. At present, approaches to 
solving traceability problems are being widely discussed [1, 3-6]. The best solution 
consists of the characterization of chemical standards and RMs by absolute (primary) 
methods, such as isotope dilution mass spectrometry, and continuing down the chain 
in establishing traceability links to the secondary standards and RMs, and to working 
levels. This approach requires that a vast number of the top level (primary) matrix 
RMs be available.

In the preparation of RMs, neutron activation analysis (NAA) plays a 
significant role [7-10] owing to the many favourable features of the technique for 
elemental analysis. As summarized by Byrne [7], these include: the technique’s
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sensitivity and wide applicability, especially for trace element analysis; the virtual 
absence of an analytical blank; its relative freedom from matrix and interference 
effects; its non-destructive nature in many cases; its property in its radiochemical 
mode of allowing trace element radiochemistry to be performed under controlled 
conditions by carrier additions, and the ease of obtaining the chemical yield by the 
carrier recovery or radiotracer method; its high specificity; and, finally, its totally 
independent principle as a nuclear based property, in contrast to the electronic nature 
of other analytical methods. Two frequently forgotten features include its isotopic (as 
opposed to elemental) basis, and the fact that the method is theoretically simple and 
well understood, which means that sources of uncertainty can be modelled and well 
estimated.

Some of these features also form the basis of the technique’s unique capability 
for providing internal self-validation or cross-checking, amounting even to fully 
independent analytical data which can significantly increase the credibility of the 
analytical results and assurance of their accuracy. Use of the self-validation principle 
of NAA can thus contribute to both improving the quality control of laboratory data 
and to increasing the quality of RM certification, which is very important for solving 
the traceability problems of the international chemical system, and for increasing the 
quality of analytical results in bioenvironmental studies, as well. Examples of the use 
of the self-validation principle of NAA, mainly in intercomparison and certification 
campaigns of newly prepared biological RMs (i.e. before the certified or information 
values were known), or in problem solving, are presented in this work. First, however, 
the self-validation principle is explained in detail.

2. THE SELF-VALIDATION PRINCIPLE OF ACTIVATION ANALYSIS

2.1. Self-validation based on independent nuclear reactions

The most rigorous form of self-validating activation analysis was defined by 
Byrne [7]:

“As a method where the analytical data provided by two (or more) 
independent characteristic indicators, preferably in independent measure
ments mode, are in agreement.”

The primary source of independence is the essentially isotopic nature of 
activation analysis, i.e. activation of different isotopes of the same element, and the 
possibility of using different, essentially independent, isotopic nuclear reactions, such 
as (n, y), (n, p), (n, a), (n, 2n), (n,f) in NAA. The (n, j )  reactions (and others) can lead
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TABLE I. SELECTED NUCLEAR REACTIONS AND THEIR PARAMETERS 
FOR SELF-VALIDATING NAA

Element
Target nuclide 

(abundance (%))
Nuclear
reaction

T |/2 of the 
product

A
(Bq/|lg)

Main gamma 
lines (keV)

F 19F (100) (n, y)20F 
(n, p ) 19 0

(n, a)16N

11.0 s
27.1 s

7.13 s

3185
33.6

247

1633.1 (100) 
197.4 (97), 
1375.6 (59) 

2750 (1), 6128 (69)

Na 23Na (100) (n, 7)24Nam 
(n, 7)24Na

20.1 ms
15.02 h

1.05 xlO 5 
5.21 x 104

472 (100) 
1368.6 (100), 
2754.1 (100)

Mg 26Mg (11.01) (n, y)27Mg 

(n, p)24 Na

9.45 m 

15.02 h

0.75

11.1

843.8 (72), 
1014.4 (28) 

1368.6 (100), 
2754.1 (100)

Si 28Si (92.2) (n, p)28Al 2.25 m 33.7 1778.8 (100)
29Si (4.7) (n,p)29 Al 6.52 m 55.8 511.0 (200), 

1273 (91)
30Si (3.1) (n, Y)31Si 2.62 h 3.52 1266.2 (0.07)

P U> -o о о (n, p)31Si 
(n, a)2SAl

2.62 h 
2.246 m

3.08
9.80

1266.2 (0.07) 
1778.8 (100)

S 36S (0.015) (n, y)37S 5.06 m 0.13 3102.4 (90)
34S (4.2) (ti, a)31Si 2.62 h 0.0077 1266.2 (0.07)

Cl 37C1 (24.23) (n, Y)38Clm 
(n, y)38C1

0.8 s 
37.2 m

119
332

671.3 (100) 
1642.4 (32.8), 
2167.5 (44)

Ca ^Ca (0.0033) (n, Y)47Ca 
- 47Sc

4.54 d 0.22 159.4 (70), 
1296.8 (75)

48Ca (0.19) (n, Y)49Ca 8.72 m 24.4 3084.4 (91.7)

Sc 45Sc (100) (n, Y)46Scm 
(n, Y)46Sc

18.7 s
83.8 d

1.16 x 106 
1.22 x 106

142.5 (100) 
889.3 (100), 
1120(100)

Fe 54Fe (5.8) (n, p)34Mn 312.5 d 0.048 834.8 (100)
58Fe (0.31) (n, y)59Fe 44.6 d 2.55 1099.3 (56), 

1291.6 (44)
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Element Target nuclide 
(abundance (%))

Nuclear
reaction

T1/2°fthe
product (Bq/|Ag)

Main gamma 
lines (keV)

Со 59Co (100) (n, 7)60Com 
(n, y)60Co

10.48 m 
5.21 &

1.36 x 105 
590

58.6 (2.1) 
1173.2 (99.9), 
1332.5 (100)

Ni 58Ni (67.9) (n, /j)58Co 70.78 d 4.21 5 11 (30), 
810.6 (99.4)

<*№ (1.08) (n, y)65No 2.52 h 7.64 366.5 (4.8), 
1481.7 (25.4)

Cu 63Cu (69.1) (n, y)64Cu 12.7 h 1.27 x 105 511(37), 
1345.8 (0.48)

65Cu (30.9) (n, y)66Cu 5.10 m 8258 1039 (9)

Zn MZn (48.9) (n, y)65Zn 243.7 d 43.6 1115.5 (49.80)
68Zn (18.6) (n, y)69Znm 13.9 h 7657 438.9 (100)

Se 74Se (0.9) (n, y)75Se 120 d 901 264.5 (58.5), 
279.5 (25)

76Se (9.0) (n, Y)77Sem 17.5 s 1.32 x 105 161.9 (59.5)
78Se (23.5) (n, Y)79Sem 3.89 m 1182 95.7 (10)
80Se (50.0) (n, y)81Se 18.5 m 908 275.9 (0.50), 

290 (0.4)
82Se (9.0) (n, y)83Se 22.5 m 204 226 (35), 356 (75), 

512 (45)

Br 79Br (50.69) (n, y)80Br 17.4 m 2.20 x 104 617 (7.2)
81Br (49.31) (n, y)82Br 35.4 h 2.38 x 104 554.3 (72), 619 (40), 

776.5 (83)

Rb 85Rb (72.2) (n, Y)86Rb 18.65 d 435 1076.6 (8.8)
87Rb (27.8) (n, Y)88Rb 17.7 m 121 898 (14.5), 

1836.1 (21.4)

Sr 84Sr (0.56) (n, y)gsSr 65.2 d 2.03 514(99.3)
^Sr (0.56) (n, Y)85Srm 67.7 m 2.52 151.3 (11.6), 

231.7 (85)
86Sr (9.9) (n, Y)87Srm 2.81 h 26.1 388.4 (83)

Zr 94Zr (17.4) (n, Y)95Zr 
- 95Nb

65.5 d 3.22 724.2 (43), 
756.7 (54.6), 
765.8 (99)

96Zr (2.8) (n, y)97Zr 
- 97Nb

16.8 h 10.7 657.9 (98), 
743.4 (94)
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TABLE I. (cont.)

Element
Target nuclide 

(abundance (%))
Nuclear
reaction

T1/2 of the 
product

A,
(Bq/(Xg)

Main gamma 
lines (keV)

Mo 98Mo (23.8) (n, 7)"Mo 
_99Tcm

66.02 h 214 140.5 (81.3), 
181.1 (7.0)

100Mo (9.63) (n, y)101Mo 
- 101Tc

14.6 m 79.3 191.9 (18.1),
306.9 (82.8)

Ag 107Ag (51.83) (n, y)108Ag 2.41 m 2.67 x 105 632.9 (1.7),
433.9 (0.47)

109Ag (51.83) (n, y)110Agm 250.4 d 169 657.7 (94.4),
884.7 (73.5)

109Ag (48.17) (n, Y)110Ag 24.6 s 2.44 x 106 657.7 (4.5)

Sn 112Sn (0.96) (n, Y)113Sn 
- 113Inm

115.1 d 2.36 391.7 (64.2)

116Sn (14.3) (n, Y)117Snm 14 d 2.34 158.4 (65)
122Sn (4.72) (n, Y)I23Snm 40.1 m 6.83 159.7 (84)
124Sn (5.8) (n, Y)125Snm 

(n, y)125Sn
9.2 m 
9.65 d

65.0
7.28

332 (99) 
915.5 (4), 
1066.6 (9), 
1088.9 (4)

I 127I (100) (n, y)128I 

(n, 2n)nel

25.0 m

13.0 d

1.19 x 104 

0.094

442.9 (17.5), 
526.6 (1.7) 

388.5 (32.4), 
666.2 (31.2)

Sb 12,Sb (57.25) (n, y)122Sb 2.72 d 2.51 x 104 564.1 (63)
123Sb (42.75) (n, Y)124Sb 60.3 d 908 602.7 (20), 

1691.5 (50)

Cs 133Cs (100) (n, Y)134Csm 
(n, y)134Cs

2.9 h 
2.06 a

556
649

127.4 (14)
604.7 (97.6),
795.8 (85.4)

Ba 130Ba (0.101) (n, Y)131Ba 11.7 d 17.6 216(21),
496.3(41.3)

135Ba (6.59) (rt, y)136Bam 0.308 s 1306 818 (100), 
1050 (100)

138Ba (71.66) (n, y)139Ba 83.3 m 92.8 165.8 (22)

Hf 174Hf (0.17) (n, Y)175Hf 70 d 93.5 61.5 (14), 
343.6 (85)
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TABLE I. (cont.)

Element
Target nuclide 

(abundance (%))
Nuclear
reaction

Ti/2 ° f  the
product (Bq/|J.g)

Main gamma 
lines (keV)

177Hf (18.5) (n, y)178Hfn 4.3 s 6940 325.6 (93.7), 
426.5 (96.2)

178Hf (27.2) (n, у)179НГ 18.7 s 6.04 x 105 215.5 (82), 
307 (24.3)

179Hf (13.8) (n, у)180Н Г 5.5 h 1454 215.3 (82), 
332.2 (93), 
443.1 (80)

180Hf (35.1) (n, y)181Hf 42.4 h 1066 133 (43), 482.2 (86)

Pt 196Pt (25.3) (n, y)197Pt 18.3 h 2075 80.1 (21), 
191.3 (5.7)

198Pt (7.2) (n, y)199Pt 30.8 m 232 317 (5.6), 
542.7 (16.5)

198Pt (7.2) (n, y)199Pt 
- 199Au

3.13 d 916 158.4 (76.8), 
208.2 (16.6)

Hg 196Hg (0.15) (n, y)197Hg 64.1 h 1.49 x 104 67.0 (20), 68.8 (36), 
77.3 (20), 77.9 (13)

202Hg (29.7) (n, y)203Hg 46.6 d 274 279.2 (81.5)

Tl 203T1 (29.5) (n, y)204Tl 
(n, 2«)202T1

3.78 a 
12.2 d

21.6
0.061

69-71 (1.1) 
439.5 (95)

u 235U (0.72) 

235U (0.72) 

235U (0.72)

(n,f) 

(n,f) 

(n,f)

Various

Various

Various 
gamma emitters 
Measurement of 
delayed neutrons 

Fission track 
technique

238U (99.27) (n, y)239U 23.5 m 5987 74.7 (59.3)
238U (99.27) (n, y)239U 

- 239Np
2.35 d 2.38 x 104 106.1 (100), 

228.2 (55), 
277.5 (61)

to different (radio)isotopes (or radionuclides) for polyisotopic elements, while the 
remaining reactions lead to different (radio)nuclides for a given target isotope.

The diversity of the products which can be utilized in NAA is further extended 
by parent-daughter relationships, such as 238U (n, y) 239U —> 239Np -» 2 3 9 Pu. Table I 
shows that the elements Hf, Se and Sn can be determined by employing up to five
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fully independent nuclear reactions leading to different products by NAA, and more 
than 25 other elements can be determined employing at least two independent 
reactions giving gamma emitting nuclides. Only those elements are included in 
Table I that are frequently being determined in bioenvironmental studies. Further, 
only those reactions are given in Table I that would provide detection limits of an 
element not differing by more than two orders of magnitude under practical 
conditions (considering suitable decay and counting times and other counting 
conditions in gamma ray spectrometry). Other elements and isotopic routes not 
considered in Table I for which self-validating NAA could be applied involve some 
rare earth elements and Rh, Os, and Ir, as well as those reactions giving pure beta 
emitters. To give an estimate of elemental detection limits using various reactions, the 
activity at the end of a reactor irradiation, Ar, at a thermal neutron fluence rate of 
1 x 1 0 1 3  n- cm 2-s 1 with epithermal to thermal and fast to thermal flux ratios of 1:50 
and 1:10, respectively (using the data from Ref. [11]), is also given in Table I for the 
irradiation times of 1  s, 1 min and 1 0  h for assaying radionuclides with half-lives of 
< 1 s, 1 s to 5 h, and > 5 h, respectively.

The range of independent isotopic routes to analytical data is broadened much 
further if we go beyond neutron activation and include photon and charge particle 
reactions [1 2 ] and the technique of cold neutron induced, prompt gamma activation. 
The last technique (for a review, see Ref. [13]), provides yet another independent 
source of information because it is based on the measurement of gamma rays of the 
highly transient excited compound nucleus and not those produced by the subsequent 
decay of the radionuclide produced. Thus, the signal rate depends only on the neutron 
capture cross-section (inversely proportional to the neutron velocity and hence the 
advantage of cold neutrons) and not, as in conventional NAA, on the existence of a 
radionuclide product with suitable decay and measurement properties. It is thus 
independent of whether or not the nuclide formed is radioactive.

2.2. Internal self-validation of NAA

In addition to the undoubted independence of analytical data provided by NAA 
using different isotopic reactions, other elements of independence exist in NAA 
methods. Internally independent routes to analytical information in NAA can be 
provided in several ways:

(a) Using the different modes of NAA — non-destructive, instrumental NAA
(INAA) or radiochemical NAA (RNAA);

(b) Using selective activation (with thermal, epithermal or fast neutrons);
(c) Using selective measurement techniques (alpha, gamma and X ray

spectrometry, Compton suppression counting in gamma ray spectrometry, 
gamma-gamma or beta-gamma coincidence counting, beta and Cerenkov
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counting and delayed neutron or fission track counting for uranium 
determination);

(d) Using combinations of the above.

This philosophy is based on the fact that NAA (like all analytical methods) is 
liable to errors which may not always be apparent. The major potential sources of 
error include interfering nuclear reactions and interferences with correct signal 
collection (noise, pile-up losses, coincidence losses, coincidence peaks and other 
artefacts, radionuclide interferences). Use of the four strategies (a)-(d) provides 
assurance that these errors will not be repeated but will be substantially reduced (or 
altered) in the alternative route; the more elements of independence are combined, the 
less the likelihood of repeating the same error.

Another important source of independence in comparative NAA is the use of 
alternative standards, prepared from different stoichiometric compounds. Yet another 
useful internal check of standards is to compare element comparator standards, 
which, if the photopeak ratio is known, gives an experimental value of the kQ factor, 
with the k0 values tabulated by De Corte et al. This approach was shown by Heydom 
and Damsgaard [14] to be useful for the quality assurance of INAA and in detecting 
unexpected variability associated with inaccurate comparators.

Of the four strategies given above, the best conditions for independence of data 
(and hence for quality assurance, it must always be stressed) are satisfied by (a), when 
INAA and RNAA are compared. Use of RNAA dramatically improves the selectivity 
of signal measurement and eliminates or greatly reduces all the sources of signal error 
listed above. This can be illustrated by the reduction in background signal achieved 
by Byrne and Versieck [15] for ultratrace vanadium determination in biological 
materials. Use of a well designed RNAA procedure resulted in a virtually zero 
background in a well type HPGe detector for counting 5 2 V, whereas in INAA the 
background would amount to 1 0 5- 1 0 6  counts (and naturally make detection totally 
impossible). Of course, additional and different sources of error can be introduced in 
RNAA (e.g. the chemical yield), but if the results from the two approaches are 
concordant it may be concluded that neither type of error is appreciable.

Another type of comparison of INAA with RNAA is that form of INAA based 
on a pre-irradiation separation of the analyte followed by INAA (sometimes termed 
‘chemical’ or ‘molecular’ activation analysis). Again, since the possible errors 
involved in the two techniques are quite different, the comparison can validly be 
considered to be independent.

Other strategies in RNAA involve using a variety of radioactive separations and 
counting techniques, so that RNAA itself can be internally validated. The usefulness 
of a combination of RNAA with several different counting methods for internal self
validation in the low level determination of thallium in biological and environmental 
materials has recently been demonstrated by Kucera et al. [16].
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F IG . 1. Block diagram o f strategies fo r self-validation in NAA.

There are also several possibilities to perform internal self-validation using a 
purely instrumental approach, e.g. by comparing normal INAA results with those 
obtained by the application of epithermal neutron irradiation followed by Compton 
suppression counting in gamma ray spectrometry. For instance, Landsberger and 
co-workers [17, 18] showed that the above INAA mode may also lead to a drastic 
reduction of background and spectral interferences compared with routine INAA for 
several sample types. In another case, it was shown [19] that in INAA of low levels 
of antimony in biological materials, results based on the 564 keV peak of 122Sb 
increased with time owing to 134Cs interference, whereas 124Sb at 1691 keV gave
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TABLE II. RESULTS FOR (FORMERLY) CZECHOSLOVAK BIOLOGICAL RMs 
USING THE SELF-VALIDATION PRINCIPLE OF NAA

Element (unit) Nuclear reaction NAA mode
This work 

x ± 95% CI (N)
IRANT value3

CSRM 12-02-02 Green Algae (Chlorella kessleri)

As (ng/g) 75As (n, y)76As RNAA 87 ± 33 (3) 76.1 (50-90) n
75As (n, y)76As INAA 85 ± 9 (6)

Cu (jxg/g) 63Cu (n, y)64Cu RNAA 19.7 ± 2 .1 (3) 19.6 ± 1.1 с
63Cu (n, y)64Cu INAA 17.4 ± 1.8 (6)

Sb (ng/g) 121Sb (n, Y)122Sb RNAA 92 ± 15 (3) 94.6 (83-111) n
123Sb (n, Y)124Sb INAA 92 ± 7 (6)

CSRM 12-02-03 Lucerne

As (ng/g) 75 As (n, y)76As RNAA 247 ± 87 (3) 262 ± 20 i
75As (n, y)76As INAA 237 ± 32 (6)

Cu (|Xg/g) 63Cu (n, Y)MCu RNAA 11.6 ±2 .1 (3) 11.7 ±0.8 с
63Cu (n, y)mCu INAA 11.2 ± 1.0 (6)

Sb (ng/g) 121Sb (n, Y)122Sb RNAA 80 ± 17 (3) 83 (71-100) n
123Sb (n, Y)124Sb INAA 81 ± 7  (6)

CSRM 12-02-04 Wheat Bread Flour

As (ng/g) 75 As (n, y)76As RNAA 17.3 ± 1.1 (6) 17.0 ± 4.6 i
75 As (n, y)76As INAA 19.3 ± 1.8 (6)

Cu (M-g/g) 63Cu (n, y)mCu RNAA 3.08 ± 0.05 (5) 2.77 ±0.12 с
63Cu (n, y)54Cu INAA 3.09 ± 0.46 (5)
65Cu (n, y)66Cu INAA 3.15 ±0.14 (6)

a c: certified value; i: information value; n: non-certified value, overall mean (range of reported 
results).

consistent results. Figure 1 is a block diagram illustrating the combination of different 
strategies of internal validation or self-checking in NAA.

3. EXPERIMENTAL

Details of various modes of INAA and RNAA procedures employed at the 
Nuclear Physics Institute (NPI), Rez, have already been described [16, 10-22], as 
well as those employed at the Jozef Stefan Institute (JSI), Ljubljana [23].
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TABLE III. RESULTS FOR NIST BIOLOGICAL AND ENVIRONMENTAL RMs 
USING THE SELF-VALIDATION PRINCIPLE OF NAA

Element (unit)
Nuclear
reaction

NAA mode3
This work 

x ± 95% CI (N)
NIST valueb

NIST SRM-1573a Tomato Leaves

Ba (|Xg/g) 138Ba (n, y)139Ba INAA 57.1 ± 12.2 (6) 63 i
130Ba (n, y)131Ba INAA 63.0 ± 3.8 (6)

Sb (Ц-g/g) 121Sb (л, y)122Sb RNAA 61.9 ± 8.8 (6) 63 ± 6 с
123Sb (n, y)124Sb INAA 59.9 ± 9.7 (6)

V (|ig/g) 51V (n, y)52V RNAA 0.783 ± 0.057 0.835 ± 0.010 с
51V (n, y)52V INAA 0.81 ± 0.2 0 (6)

Tl(ng/g) 203T1 (n, у)204Т1 RNAA, c2 47 ±7 —

203T1 (n, y)204Tl RNAA, c3 51 ± 14

NIST SRM-1633a Coal Fly Ash

Tl (ng/g) 203T1 (n, 2n)202Tl RNAA, cl 5.70 ± 0.57 5.7 ± 0.2
203T1 (n, y)204Tl RNAA, c2 5.58 ± 0.25
203T1 (n, y)204Tl RNAA, c3 5.41 ± 0.67
203T1 (n, y)204Tl RNAA, c4 5.80 ± 1.14

a c l: counting of gamma rays of 202TI; c2: counting of Hg X rays of 204T1; c3: liquid scintilla
tion counting of 204T1; c4: Cerenkov counting of 204T1. 

b c: certified value; i: information value.

4. RESULTS AND DISCUSSION

Results of self-validating NAA obtained in certification campaigns of one of 
the (formerly) Czechoslovak biological RM producers (Institute of Radioecology and 
Applied Nuclear Techniques (IRANT), Kosice, Slovakia) are summarized in Table II, 
while those obtained for the United States National Institute of Standards and 
Technology (NIST) Standard Reference Materials (SRMs) are shown in Table III. 
Additional results are given in Table IV. The values found in different independent or 
internal self-validation modes are in agreement with each other within the evaluated 
uncertainties and, importantly, with certified information and other reported values, 
except for Cu in CSRM 12-02-04. This seems to suggest that in this RM a certified 
value for Cu has been derived, from an open intercomparison in which 37 laborato
ries participated, mostly employing various atomic absorption spectrometry (AAS) 
and atomic emission spectrometry (AES) methods, that slightly departs from the true 
value. This may be due to the purely statistical approach employed for the evaluation
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TABLE IV. RESULTS FOR VARIOUS RMs USING THE SELF-VALIDATION 
PRINCIPLE OF NAA

Element (unit)
Nuclear
reaction

NAA mode3 This work Certified

NIST SRM-1633a Fly Ash

U (jLLg/g) 238U («, у) 239U—>239Np 
238U (n,f)m l

INAA 10.4 ± 0.3 (6) 
RNAA 10.3 ± 0.4 (4)

10.2 ± 0.1

I (Mg/g) 127I (n, y)128I 
127I (n, y)128I

INAA-p 0.47 (2) 
RNAA, si 0.441 ± 0.043 (4) 
RNAA, s2 0.446 ± 0.025 (4)

NIST SRM-1549 Non-fat Milk Powder

I (Mg/g) 127I (л, y)128I 
127I (n, y)128I

INAA-p 3.33 ± 0.27 (3) 
RNAA, s2 3.51 ±0.19 (4)

3.38 ± 0.02

IAEA SL-1 Lake Sediment

I (Mg/g) 127I (и, y)128I 
127l (и, y)128I 

127l (n, 2n)m I

RNAA, si 9.8 ± 0.4 (4) 
RNAA, s2 9.2 ± 0.6 (4) 
RNAA, s2 8.7 ± 1.0

a INAA-p: pre-irradiation separation; si: KOH fusion; s2: 0 2 combustion.

of the intercomparison [24]. This case also demonstrates how the self-validation 
principle of NAA can be utilized for detecting inaccurate values obtained by other 
analytical techniques.

In addition to these important advantages, there may, however, be one possible 
limitation of the self-validation NAA principle which concerns employing nuclear 
reactions of different isotopes of an element. In this case, the natural abundance of 
individual isotopes must be unchanged to be able to arrive at results in mutual 
agreement and representing the true value of the element under consideration. 
Obviously, this is not a severe limitation, because changes in the isotopic composi
tion of natural, technologically unchanged materials are very rare. Care should be 
taken, however, in selecting materials for the preparation of standards of uranium, 
because some uranium compounds are presently being prepared from materials 
depleted in 2 3 5 U.

An alternative term for self-validation could be internal or self-consistency. 
This perhaps better emphasizes that the principle of obtaining consistent data by
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different routes is the key to quality control and a precondition for intercomparison 
and certification programmes. Also, even within a given measurement technique, 
every small step in self-consistency is valuable; for example, repeating a counting 
measurement later can reveal the presence of impurities (half-life inconsistency), 
geometrical factors, a changed signal at a lower count rate, or other errors. The great 
range and variety of methods used in NAA, and especially in RNAA, should be 
considered a positive aspect; the belief that data are redundant or methods superfluous 
is contrary to the principle of consistency through diversity. On the other hand, the 
trend to standardization of methods, inherent in preparing laboratory manuals, and the 
accreditation process would seem to reduce this desired diversity.

The first formulation of the self-validation principle seems to have been in a 
paper on analytical evaluation of comparative data on trace elements in biological 
materials, by Kosta and Byrne [25]. In discussing activation analysis, it was stated 
that:

the availability of an analytical approach through two...or more... 
activable isotopes, and by combining destructive and instrumental modes, 
provides the possibility of cross-checking.”

Recently, it has been emphasized that NAA, and especially RNAA, can only 
survive if it concentrates on its inherent strengths in fields such as RM certification 
and quality control. The self-validation principle offers a unique tool available to 
activation analysis for verifying data, and should therefore be utilized much more in 
this kind of analytical work.
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A b s t r a c t

NEUTRON BEAM METHODS IN THE ANALYSIS OF REFERENCE MATERIALS.
Facilities have been established at numerous research reactors for chemical 

analysis using neutron beams. Neutron depth profiling (NDP) is used to measure the 
depth distribution of those elements that undergo (n, p)  or (n, a) reactions with thermal 
neutrons. Prompt gamma activation analysis (PGAA) employs the gamma radiation 
emitted when a neutron is captured. The combination of PGAA and instrumental neutron 
activation analysis (INAA) can be used to determine non-destructively over 30 elements in 
a single sample. The characterization of reference materials is aided by the practical v 
non-dependence of PGAA, like NAA, on the nature of the sample matrix. New opportuni
ties have opened recently with the development of cold neutron beams and neutron optical 
devices.

1. INTRODUCTION

Beginning in the late 1970s, permanent facilities were established at several 
research reactors for chemical analysis using prompt nuclear reactions induced in a 
sample placed in a beam of neutrons from the reactor. Two kinds of reaction products 
have been used, for two different kinds of analyses: neutron depth profiling (NDP) 
and prompt gamma activation analysis (PGAA).

Neutron depth profiling is used to measure a small number of nuclides (most 
importantly 3He, 6 Li, 1 0B, 14N and 1 70) which undergo (n, p )  or (n, a )  reactions with

* Certain commercial equipment, instruments, or materials are identified in this paper 
in order to adequately specify the experimental procedure. Such identification does not imply 
recommendation or endorsement by the National Institute of Standards and Technology, nor does 
it imply that the materials or equipment identified are necessarily the best available for the purpose.

Contributions of the National Institute of Standards and Technology are not subject to 
copyright.
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thermal neutrons. Measurement of the energy spectrum of the charged particles, in 
combination with the known stopping power of the matrix, give the concentration of 
the target nuclide as a function of depth from the surface, nearly down to the 
maximum range of the charged particle.

Prompt gamma activation analysis employs the gamma radiation emitted when 
a neutron is captured by a nucleus in the sample. The characteristic energy of the 
gamma ray (or most often the sum of gammas in a multilevel cascade) is simply the 
binding energy of the neutron, typically 5-10 MeV. As in instrumental neutron 
activation analysis (INAA), the gamma spectrum gives qualitative and quantitative 
information about the chemical composition of the sample. The most important 
elements for PGAA are those that do not give gamma radioactive products after 
neutron irradiation (H, B, C, N, Si, P, S) or have high radiative capture cross-sections 
(B, Cd, Sm, Gd), especially those elements that are difficult to analyse by other 
methods (H, B). The combination of PGAA and INAA is particularly powerful, since 
the two methods together (using similar gamma spectrometric equipment and meth
ods) can determine non-destructively over 30 elements in a single sample. Only 
oxygen among the major elements cannot be measured by either technique. If 
oxygen is absent (for example, metals) or if the material is composed of oxides (such 
as many rocks), then a complete analysis which sums to 1 0 0 % can often be 
performed.

PGAA has been employed effectively in environmental and health related 
measurements in our laboratory and elsewhere. Characterization of reference materi
als is aided by the comparative independence of PGAA (like NAA) from chemical 
matrix effects. Major and minor elements of low Z are not determined by most routine 
laboratory techniques, especially those that require liquid samples. Although classi
cal methods, especially combustion, are well suited in some cases, these methods are 
labour intensive and require skilled practitioners. PGAA is a useful non-destructive 
alternative.

NDP has been thoroughly surveyed by Downing et al. [1, 2]; the latter paper 
lists 16 laboratories in which NDP is performed or being planned. PGAA was 
recently reviewed in a monograph [3] and in an article [4] with 143 references. 
Applications of analysis with neutron beams at the National Institute of Standards and 
Technology (NIST) reactor have been described in detail by Mackey et al. [5] 
In the past 30 years, PGAA has been performed at over 30 research reactors 
worldwide.

2. APPLICATIONS OF NDP

The chief applications of NDP are in the materials sciences. For example, the 
depth distribution of He in metals is of special interest for fusion power. Lithium is
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measured in Li niobates, Li-Al alloys and in glasses. Boron is one of the most com
mon dopants in silicon semiconductors, and a component of protective 
glass films on integrated circuits. Nitride films are of increasing importance 
in the machine tool industry. A particular virtue of NDP is that the analytical 
signal depends on the matrix only through the nuclear stopping power; in 
particular, the signal is unaffected by whether the sample is a conductor or an 
insulator.

3. APPLICATIONS OF PGAA

Biological and environmental standard reference materials (SRMs) 
analysed for certification by PGAA in the past few years at NIST include 
SRM-1548a Typical Diet (for B, N, Na, Cl and K), SRM-1570a Spinach (H, B, N, 
Na, S, Cl, K, Ca and Cd), SRM-1573a Tomato Leaves (H, B, C, N, S, Cl, K, Ca, Cd, 
Sm and Gd) [6 ], and SRM-2781 Domestic Sludge (B, N, Cl, К and Cd). PGAA is 
well suited to the characterization of coal and fly ash SRMs [7-10]. Standard rocks 
and minerals have been analysed for major and minor constituents in several labora
tories [11-13]. Metals have been analysed for H [14, 15], В [16] and major elements 
[17-19]. Table I [20-56] lists the reactor based facilities where PGAA has been 
carried out.

As early as 1968 [22, 23], a perceptive group of scientists at the Commissariat 
à l’énergie atomique (CEA) at Orsay, France, compared prompt and delayed neutron 
capture reactions and concluded that, neutron for neutron, prompt reactions are intrin
sically more sensitive. The difficulty, of course, is that the flux in external neutron 
beams is five or six orders of magnitude lower than at the irradiation positions inside 
the reactor. These pioneers pointed out all the important experimental facts in PGAA:

“As things stand at present, analysis by capture gamma-ray detection is 
in general distinctly inferior to radioactivation analysis. Attempts at 
improvement should be directed toward an increase in [the efficiency] £',
i.e. the detection volume, a maximum decrease in the sample-detector 
distance, and finally the development of channels delivering a high ther
mal neutron flux contaminated as little as possible by fast neutrons and 
gamma-ray radiation.”

This innovative work mentioned several topics that were not widely applied 
until much later: the use of a curved neutron guide, gamma-free 6LiF for shielding 
and beam stop, internal standards for accuracy and in vivo applications.

The literature offers several examples of reactor PGAA systems that were 
constructed but not exploited, are marginally useful, or have not emerged from the 
planning stage. Still others are now inactive after early success. The common factors
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TABLE I. HISTORICAL LIST OF REACTOR BASED PGAA FACILITIES

Location
Fluence rate

Year
(nf2-s-1) Reference(s)

Cornell Univ., Ithaca, NY, USA 1966 1.7 x 1010 [20]
Univ. of Washington, Seattle, WA, USA 1968 [21]
CEA, Orsay, France 1968 2 x 1011 [22, 23]
Technical University, Munich, Germany 1973 2 x 1011 [24]
ILL, Grenoble, France (cold guide) 1973 1.5 x 1014 [25]
PINST, Pakistan 1975 1.2 x 1011 [17]
IVIC, Venezuela 1976 4.8 x 10n [18]
Los Alamos, NM, USA (internal) 1976 4 x 1015 [26, 27]
ILL, Grenoble, France (guide) 1979 8 x 1012 [28]
NBSR, Maryland, USA (thermal) 1979 4 x 1012 [7, 29]
JAERI, Tokai, Japan (thermal) 1980 [30]
MURR, Columbia, MO, USA 1981 5 x 1012 [31]
Univ. of Michigan, Ann Arbor, MI, USA 1982 2.4 x 1011 [32, 33]
KURR, Kyoto, Japan (guide) 1983 2 x 1010 [34]
McMaster Univ., Hamilton, Canada 1984 6 x 1011 [35]
Musashi Institute of Technology,

Kanagawa, Japan 1984 1 x 109 [36, 37]
North Carolina State U., Raleigh, NC, USA 1986 1 x 1011 [38]
ILL, Grenoble, France (thermal guide) 1987 1.3 x 1012 [13]
KFA, Jiilich, Germany (cold guide) 1987 2 x 1012 [39, 40]
Imperial College, Ascot, United Kingdom 1987 2 x 1010 [41]
AEC, Pretoria, South Africa 1988 [42]
Cornell Univ., Ithaca, NY, USA

(cold, in progress) [43, 44]
CRN, Strasbourg 1990 1 x 1010 [45]
DINR Dalat, Viet Nam 1992 5 x 1010 [46]
BNC Budapest, Hungary (guided) 1993 [47, 48]
NBSR, Gaithersburg, MD, USA (cold) 1993 1.5 x 1012 [49]
JAERI, Tokai, Japan (cold and thermal) 1993 1.4 x 1012;

2.4 x 1011
[50]

Univ. of Texas, Austin, TX, USA (converging) 1993 [51, 52]
MIT, Cambridge, MA, USA (diffracted) 1993 6 x I010 [53]
AERE, Bangladesh (proposed) [54]
NIST, Gaithersburg, MD, USA (cold) 1995 8 x 1012 [55]
SINQ, Villigen, Switzerland

(spallation, under construction) [56]
Chile, India, Indonesia, Islamic Republic of Iran,

Thailand Proposed or in progress
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in the m ore productive systems appear to be high quality neutron beams and 
long term  institutional com mitm ent. The successes o f some low intensity beams 
point to the great im portance of low background in the facility design. As an example, 
careful attention paid to the apparatus design [36] gave a detection lim it o f 5 ng В 
per kg of tissue using a beam w ith a fluence rate o f only 1 x  109 m _2-s-1 from  a 
100 kW  reactor. Low background requires that intense gam m a rays and fast 
neutrons be absent from  the beam  striking the sample. Neutron guides [57, 58] 
give com plete freedom  from  fast neutrons but are m uch m ore expensive than 
filters. A  great deal o f theoretical and experim ental study on filters for neutron beams 
has been done [35, 37, 46, 54, 59-61]. Commonly, several tens of centim etres of 
single crystal silicon, and on occasion quartz and sapphire, have been used for beam 
filters.

4. CHEM ISTRY AND PHYSICS

Analysts need definitive data (gam m a ray energies and intensities) in order to 
interpret capture gam m a spectra qualitatively in term s of specim en com posi
tion. Som e published  tables are surprisingly  incom plete, inconsisten t and 
incorrect [62]. Before the Lone com pilation appeared, still the m ost com plete 
after 15 years [63], chem ists irradiated pure m aterials to identify analytically useful 
capture gam m a rays and their interferences and establish sensitivities. These 
laboratory tables have been supplem ented but not replaced by published data. 
Each PGAA system has been individually calibrated for sensitivities w ith standards 
o f  each elem ent to be determined; the calibration in general m ust be repeated 
whenever the apparatus is modified. A  fundam ental approach (called k0) based 
on ratios o f capture rates is being developed [64-67] which will elim inate this 
problem.

The accuracy o f PGAA suffers from  bias in hydrogenous samples m ore than 
does INAA. Hydrogenous specim ens show ~15% higher capture rates per target atom 
than do ‘m assless’ standards. These effects are explainable by the elastic scattering of 
neutrons from  the initially parallel beam  [68]; experiments and calculations agree 
quantitatively [69] to better than 2%. This bias vanishes for spherical specimens [70] 
or isotropic neutron fields, and for other cases is readily elim inated by calibration 
with standards m atched to the sample matrix [71]. Neutrons from  a cold source gain 
energy in a specim en at room  tem perature, and so show lowered sensitivity 
in hydrogenous materials; cooling the specim en removes this com plication [72]. 
The study o f  scattering in  PG A A  is leading to an im proved understanding 
o f scattering absorbers in the (nearly) isotropic neutron fields used in conventional 
NAA.
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T he increasing availability  o f  high quality  neutron beam s throughout 
the world, especially from  reactor cold sources, has m ade possible the increased 
application  o f N D P and PG A A . R ecent developm ents in neutron focusing 
technology  prom ise spatially  resolved nuclear analysis on a subm illim etre 
scale [73, 74].

PGAA and N D P have established a place for themselves in the ‘tool k it’ of 
analytical chemistry com parable to (and often together with) NAA. The development 
of recent new applications and facilities suggests that this branch of applied nuclear 
physics will continue to find use in solving problem s that conventional chemical 
analysis cannot solve so well.
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Abstract

PROTON MICRO-PIXE CONTROL OF STANDARD REFERENCE MATERIALS FOR 
PIXE ENVIRONMENTAL APPLICATIONS.

In quality control processes, certified standard reference materials (SRMs) are of great 
importance. They are necessary for checking the effectiveness and precision of analytical 
techniques, as well as for comparing results between different laboratories. Owing to the 
relatively low sample mass analysed by the particle indued X ray emission (PIXE) method, 
sample inhomogeneity has to be considered in the PIXE analytical technique. The trace 
element distribution and elemental composition of SRMs must be constant in all portions of the 
SRM and as close to the certified values as possible, even in the smallest amount of the sample 
used. In order to study these effects, several powder SRMs and the candidate SRMs used in 
environmental and biological applications of the PIXE analytical method have been tested for 
reliability at the microgram scale. Inhomogeneity in each of these samples has been tested in a 
series of micro-PIXE measurements, using a focused ion beam from the Zagreb proton micro
probe facility. The concentrations of the trace elements in the SRMs should approach the broad 
beam PIXE values by increasing the scan size. At the same time, the inhomogeneities observed 
in areal distributions of trace elements in the SRM sample can be related to the scattering of 
the elemental concentration around the mean value with the increasing of scan size. That is, the 
elements that have less homogeneous areal distributions, as observed by the microprobe, are 
found to have more scattered elemental concentrations than ones that have homogeneous areal 
distributions.

1. INTRODUCTION

Particle induced X  ray em ission (PIXE) spectroscopy is usually stated to be a 
fast, accurate and m ulti-elem ental analytical method. However, lack o f sample hom o
geneity is a  real and frequently neglected problem  in PIXE sample analysis. This is 
o f  extreme im portance for standard reference m aterial (SRM ) samples, in which trace
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elem ent distribution and m atrix com position m ust be constant in all portions o f the 
sample and as close to the certified values as possible.

Sam ple inhom ogeneity influences the precision o f the PIX E analytical tech
nique in  three ways:

(a) Owing to the stopping o f protons in  the sample energy and the dependence of 
the X  ray production cross-section on proton energy, the proton beam excites 
only a  small portion o f the sample. That portion can be sm aller than the m ini
m um  o f the required am ount o f sample which is necessary to regard the sample 
as homogeneous.

(b) D epending on the X  ray attenuation in  the sample, detected proton induced 
X  rays o f lighter elem ents often com e from  the surface layers o f the sample, 
thus m aking the analysed volume of the sample even smaller.

(c) Owing to m atrix com position inhom ogeneities, additional errors can be 
introduced in  calculations o f  the proton stopping and X  ray attenuation coeffi
cients needed in calculations of trace elem ent concentrations. Inhom ogeneity in 
SRM  samples can be tested in m icro-PIXE m easurem ents by focused ion 
beam s from  a proton m icroprobe facility [1] using two different analytical 
procedures:

(1) By scanning the proton beam  across the sample surface, sim ultaneously 
detecting proton induced X rays, it is possible to obtain elemental maps 
displaying the distribution of the certified elements, showing the areal 
distribution and possible inhomogeneity o f m onitored certified trace 
elements.

(2) In addition, by simply changing the proton beam  scanning area it is pos
sible to select the appropriate am ount o f the sample analysed by PIXE 
spectroscopy, i.e. by increasing the beam  scanning area, the analysed 
am ount o f the sample is increased too. In  this way it is possible to  relate 
changes o f the elem ental concentration with the changing o f the actual 
am ount o f sam ple analysed.

2. EXPERIM ENTAL SET-UP

SRM  inhom ogeneity measurem ents have been made in a series o f micro-PIXE 
measurem ents, using a focused ion beam  from  the Zagreb proton m icroprobe 
facility [1]. For the standardless (fundamental parameter) quantitative analysis, which 
is today accepted as being the m ost flexible, experimental param eters are o f extreme 
importance.
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2.1. Si(Li) detector

The detector solid angle and efficiency are the m ost im portant experimental 
param eters that have to be determined. The detector solid angle is determ ined by 
separate m easurem ents o f the sample to detector distance and detector active area. 
D istance is evaluated in the m ost usual way, by accurately m easuring the variation of 
the X  ray intensity as a function o f the sample (source) to detector distance.

Since the experience of m any authors has shown that the detector area often 
differs from  the quoted value, its area has to be determ ined by experiments. Use of 
different sized apertures can be one way o f doing this. It has to be noted that som e
tim es the area is energy dependent owing to  the incom plete charge collection regions 
at the detector edge.

Although nowadays different radioisotope or fluorescence X  ray sources can be 
used, in our case we used a set o f m ulti-elem ent glass standards and thin M icrom atter 
single elem ent standards.

2.2. Filters

Quite often filters are used for optim izing the PIX E set-up for particular ana
lytical problem s. Since the com position o f  m ost com monly used filters is well known, 
careful w eighing is often sufficient. Alternatively, standard samples can be used in the 
same way that the detector param eters w ere determined. Filter thickness is varied 
until the best agreem ent with the reference value is obtained.

2.3. Charge measurement and dead time correction

W hen quantitative analysis is carried out by the absolute method, charge 
m easurem ent and dead tim e correction have to be reliable. This is especially 
im portant w hen many detectors are used simultaneously, each having its own dead 
tim e or live accum ulated charge. The use o f  pulsers is often the m ost suitable way, 
since data acquisition systems can have large pulse processing tim es. A  useful test o f 
the reliability o f  dead tim e correction can be analysis o f the same sample with 
different beam  currents. In the case o f m icrobeam  PIXE, the low currents involved 
m ay be difficult to measure. Charge norm alization on the Rutherford backscattering 
(RBS) spectrum  sim ultaneously acquired can be an additional test o f reliable charge 
m easurem ent.

2.4. Other experimental parameters

Small inaccuracies in param eters such as beam  energy and detector angle can 
produce errors which can accum ulate into a large system atic error. For example, with
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a target to detector angle o f 60°, an accuracy in  angle of ju st 1% will produce up to 
3% systematic error in the calculated results.

Concerning stability of the whole system, it is desirable to have a standard 
sam ple which is analysed frequently. It is worth mentioning that the accum ulation of 
an ice layer on the front detector surface can change efficiency in the region o f X  ray 
energies below 2 keV.

Finally, the num erical analysis o f com plex PIXE spectra with many overlap
ping peaks can also introduce errors and the software used m ust be carefully consid
ered. In our experience it is important that the fitting routine used by different users 
should give the same results.

3. SAM PLE CHARACTERIZATION

In order to obtain the best accuracy o f the quantitative PIX E analysis, samples 
m ust be hom ogeneous and have a flat surface at the m icrom etre scale level. Also, if  a 
thick target is used, knowledge o f the m atrix com position is needed.

The advantage o f m icro-PIXE is the possibility o f monitoring the homogeneity 
o f all elem ents in the sample by means o f the X  ray intensity maps across the scanned 
region. In this way homogeneity, localized contam ination and surface roughness 
(visible only in light elem ent maps) can be m onitored on-line [2-4]. In the case of 
broad beam  PIXE, this cannot be seen, but a sim ple m icroscope for optical exam ina
tion can give valuable inform ation as well.

The m atrix com position needed for thick target analysis is m ost often obtained 
from  sim ultaneous RBS analysis. Elastic cross-sections for the backscattering of 
protons is today known with significant accuracy, and use o f one o f the RBS analysis 
software packages can give suitable results for the input o f PIXE quantitative 
evaluations.

4. HOM OGENEITY TESTS

PIX E spectra, collected on the entire scanning area, have been analysed in order 
to obtain concentrations o f  the monitored certified trace elements within the scanning 
area. In order to m ake consistent tests o f SRM s, each sample was analysed five times 
by the proton m icroprobe PIXE/RBS set-up in Zagreb. First, three measurem ents 
were made with a 3 M eV proton m icrobeam scanned over a 600 x  600 |im 2 area; the 
fourth m easurem ent had a decreased scan size to 225 x  225 |_im2, while the last 
measurem ent had the sm allest scan size o f 75 x  75 |im 2. Each m easurem ent resulted 
in PIX E intensity m aps for all elements present in the sample, while the total PIXE 
spectrum was used for quantitative analysis. The following samples were analysed:
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51. N IS T 1 SR M -1832 Thin Glass Film  on Polycarbonate;
52. IAEA-396AS Vienna Urban Dust, coarse;
53. IAEA-396AM  Vienna Urban Dust, 5|i,m;
54. IAEA-392A Algae;
55. СТА V TL 2 Virginia Tobacco Leaves;
56. R M F II Spruce Shoots.

A part from  N IST SR M -1832, which was used for calibration, all reference materials 
are considered as unknown samples.

Since for PIXE the thick target analysis is im portant to determ ine the m atrix 
elem ent com position, RBS m easurem ents were also made. The GISA3 program  [5] 
was used for the sim ulation of RBS spectra and their com parison w ith experimental 
spectra.

The concentrations of matrix com ponents C, N  and О obtained in this way were 
the first approxim ation for the PIX E quantification procedure, which was perform ed 
using the GUPIX software package [6]. By iterative procedure, input matrix com po
nents (other than C, N and O) were corrected for final analysis o f all elem ents heavier 
than N a [4]. For each m easurem ent, X  ray intensity maps for particular scanning 
regions were collected, together with the respective total PIX E spectrum.

5. RESULTS AND DISCUSSION

H om ogeneous distribution was observed for all elements only in the NIST 
SRM -1832 thin glass standard (Fig. 1). A ll other SRM s and canditate SRM s pressed 
in pellets showed inhom ogeneous distribution for some elements. The N IST glass 
standard also showed the m ost constant results when a com parison was m ade between 
the results obtained from  different scan sizes. This is not the case only for Cu and Co, 
for the largest scan size.

Quite interesting results were obtained for IAEA-392A Algae, which was the 
m ost hom ogeneous standard tested. The only inhomogeneity was observed for Mn 
and Fe (Fig. 2), which also has the greatest discrepancy for these elements com pared 
with the rest o f the results. It is quite reasonable to  make the assumption that this is 
caused by contam ination during sample preparation. M icro-PIXE analysis can there
fore also be used for tests o f possible localized contamination.

Among the two fractions o f the Vienna Urban Dust IAEA-396 SRM  (Figs 3 
and 4), the fine fraction sample shows a higher degree o f homogeneity. From the 
X  ray intensity maps, very weak inhomogeneity is visible only for silicon. The coarse

1 NIST: National Institute of Standards and Technology, Gaithersburg, MD, USA.
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FIG. I . Inhomogeneity micro-PIXE scan and concentration versus scanning area dependence
fo r  NIST SRM-1832 Thin Glass Film on Polycarbonate.
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FIG. 3. Inhomogeneity micro-PIXE scan and concentration versus scanning area dependence
for SRM IAEA-396AM Vienna Urban Dust, 5 jlm fraction.



IAEA-SM-344/54 259

Area (mm2)

1x105

1x104

0.01 0.10 
Area (mm2)

1.00

• - Na в _ p A -Cl © - Mg ■ - Al * -Si
V - Ti ♦ -Cr ® -Mn -S ♦ - К • -Ca
© -Zn e - Fe

FIG. 4. Inhomogeneity micro-PIXE scan and concentration versus scanning area dependence
for SRM IAEA-396AS Vienna Urban Dust, coarse fraction.
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FIG. 5. Inhomogeneity micro-PIXE scan and concentration versus scanning area dependence
for SRM RMFII Spruce Shoots.
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fraction has m ore significant inhomogeneity, visible for Si, Al, Ca and Ti. In the 
concentration data for the fine fraction sample, ju st one elem ent (Cr) has results 
scattered around m edium  values m ore than 10% and this is probably caused by insuf
ficient statistics.

G reater inhom ogeneity is observed for the SRMs RM F II Spruce Shoots 
(Fig. 5) and СТА V TL 2 Virginia Tobacco Leaves (Fig. 6). However, scattering o f the 
results is for m ost o f the elem ents still w ithin ±10% , even at the microgram  scale, 
w ith some elements having results scattered within ±25% (Si, P, S, Zn for RM F II and 
Al, Si, Fe for СТА V TL 2).

The concentrations of the trace elem ents in the SRM s should approach broad 
beam  PIX E values by increasing the scan size. A t the same time, the inhomogeneities 
observed in areal distributions o f trace elem ents in the SRM  sample can be related to 
variations o f the elem ental concentrations around the mean value. Namely, the 
elements that have less hom ogeneous areal distributions, as observed by the m icro
probe, are found to  have m ore scattered elem ental concentrations than the ones that 
have hom ogeneous areal distributions.

In addition to the above, dedicated software was developed in order to evaluate 
the actual analysed m ass (AAM ) o f the sample for the respective sample elements,
i.e. elem ental mass which produces 90% o f the detected X  ray yield in PIXE 
m easurem ents.

The curves showing the A AM  for elements with Z  = 14-30 in SRMs 
LAEA-396AM Vienna Urban Dust, IAEA-392A Algae and СТА VTL 2 Virginia 
Tobacco Leaves and the scanning area o f 600 x 600 jj,m2, are shown in Fig. 7.

It can be seen that the A AM  increases with the atomic num ber of the monitored 
elem ent, faster for lower atomic numbers. In addition, the A A M  depends on the 
matrix com position and is smaller for heavier m atrix com ponents. It should also be 
noted that the A AM  for a 600 x  600 ц т 2 scanning area ranges from  10 to 40 jug, and 
from  50 to 200 |Xg in the case o f  2 x 2 m m 2 broad beam  PIXE analysis, which implies 
that the SRM s should m aintain hom ogeneity down to the microgram  level.

6 . CONCLUSIONS

From the results presented it can be seen that in the case of the environmental 
and biological SRM s tested here, quite satisfactory results can be obtained. In spite 
o f the very small m asses analysed, ju st 10 |Ltg o f silicon for the largest scan size 
(600 x  600 ц т 2) and 0.15 |Xg for the sm allest scan size (75 x  75 |j.m2), the results for 
some SRM s are always within ±10%  (Algae and Vienna Urban Dust fine fraction).

These quite encouraging results were obtained using scanning proton m icro
probe PIXE analysis, which also showed the potential to be used as a m ethod for the 
testing of SRMs.
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FIG. 6. Inhomogeneity micro-PIXE scan and concentration versus scanning area dependence
fo r  SRM  СТА VTL 2 Virginia Tobacco Leaves.
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FIG. 7. Actual analysed mass for elements with Z = 14-30 in SRMs IAEA-396AM Vienna 
Urban Dust, IAEA-392A Algae and СТА VTL 2 Virginia Tobacco Leaves. The scanning area 
is 600 x 600 fim2.

It can also be noted that deviations from  average values are not the largest for 
the small scan sizes as expected. We believe that even with small m asses exposed to 
PIXE analysis all SRM s can be used if  m ore than ju st one region is analysed.
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Abstract

DETERMINATION OF HALOGEN TRACES IN ORGANIC MATRICES BY PHOTON 
ACTIVATION.

The contents of chlorine, bromine and iodine in organic matrices were determined by 
photon activation analysis. The electron energy of the electron linear accelerator was varied to 
determine the optimum conditions to suppress activation of the matrix element carbon. In order 
to develop a reference material for the analysis of pentachlorophenol (PCP) in wood, the over
all chlorine contents, which are the sum parameters of organic and inorganic chlorine, were 
analysed and compared with chlorine due to PCP. Chlorine, bromine and iodine in used oils 
were determined with respect to the legal limit of 2000 pg/g, above which the oils have to be 
treated as special waste according to German law.

1. INTRODUCTION

The determ ination o f chlorine, brom ine and iodine in solids or in m ineral oils 
is conventionally carried out by digestion and subsequent determ ination o f the form ed 
halides in aqueous solution. W ith photon or neutron activation analysis, no digestion 
is necessary and chlorine, brom ine and iodine are, in contrast to titration with silver 
nitrate, easily determ ined individually [1]. Som e results o f chlorine determ inations in 
wood and chlorine, and brom ine and iodine determ inations in used oils, which were 
analysed by photon activation, are reported in this paper.

2. EXPERIM ENTAL

Brem sstrahlung for photon activation analysis was generated by an electron 
linear accelerator [2]. W ith a current o f 100 pA , the electrons were accelerated onto 
a tantalum  target which had a thickness o f 7 mm. The sample position for activation 
behind the target was moved periodically in the horizontal and vertical direction so 
that hom ogeneous irradiation was achieved.

265
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Activations with different electron energies were carried out for half an hour 
w ith graphite, dried potassium  chloride, potassium  iodate and potassium  brómate. 
Since carbon has no characteristic gam ma line, the positron annihilation line at 
511 keV  was used to determ ine the carbon activity. To induce com plete annihilation, 
the carbon samples were placed between two 2 m m  copper plates and m easured with 
a Ge detector. The absorption due to the copper m aterial was corrected. All activities 
were related to the tim e at the end of the activation period.

In order to determ ine the chlorine content in wood, polyethylene vials were 
placed in  alum inium  containers and rinsed at least four times with acetone. A fter 
evaporation o f the rem aining solvent, the wood chips were filled into the polyethylene 
vials. A  definite am ount o f dried sodium chloride or potassium  chloride was wrapped 
in alum inium  foil which was then welded into polyethylene foil. A fter 1 h o f activa
tion, the wood chips were pressed into a tablet and the em itted gam m a radiation was 
detected. The chloride standards were m easured directly on the detector and on the 
wood tablet so that the standard value could be corrected due to geom etry effects and 
absorption. The polyethylene vials which had been cut up were m easured at the same 
tim e with another Ge detector.

Using a Soxhlet extractor, 4 g of wood chips were extracted with 60 m L of 
hexane/acetone (1:1) for 4 h. The solvents were obtained from  M erck, Darmstadt, 
Germany, in ‘suprasolv’ quality which is appropriate for organic trace analysis. The 
volume o f the extract was reduced and a defined part was given to a  0.1 m ol/L 
solution o f potassium  carbonate. The glass equipm ent was rinsed with hexane before 
usage to avoid unnecessary contamination. The aqueous phase was extracted with 
hexane and the hexane solution was discarded. Acetic acid anhydride was added to 
the aqueous phase which was then extracted twice with hexane.

A n internal standard was added, and the hexane solution was analysed quanti
tatively by gas chromatography. For this a m easured part o f the hexane solution was 
injected on-colum n into a DB 5 column (60 m, 0.32 mm  inner diameter, 0.25 pm 
layer thickness). Hydrogen was used as the carrier gas applying 150 kPa and nitrogen 
was used as the m ake-up gas with a flow rate o f 60 mL/min. The oven tem perature 
was increased from  50° to 250°C with a  rate o f 15°C/min. An electron capture 
detector was used at a  tem perature o f 350°C.

For som e experiments, the potassium salt o f pentachlorophenol (PCP) was 
produced and analysed quantitatively by capillary electrophoresis. The results o f this 
alternative m ethod agreed quite well w ith the results o f the gas chrom atographic 
method.

In order to determ ine halogen contents in m ineral oil, polyethylene vials were 
rinsed with acetone and, after evaporation o f the remaining solvent, around 1 g o f oil 
was filled into each o f them. Definite amounts o f KCI, К В Ю 3 and K I0 3, which were 
wrapped into alum inium  foil and welded into polyethylene foil, were used as external 
calibrating agents. The oil containing vials and the calibrating substances were
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Nuclear reaction
Characteristic gamma ray lines in keV, 

and absolute emission probabilities in per cent
Half-life

35C1 (у, n) 34Clm 147 (45), 1178 (12), 2129(38) 32 min
81Br (n, Y) 82Br 554 (70), 619 (44), 777(83) 35.34 h
127I (y, n) 126I 389 (35), 666 (34), 754 (4) 13 d
12C (Y, n) UC 511 20.38 min

Note: The underlined gamma ray lines are those used for the analyses.

activated together in alum inium  containers for half an hour. The oil was placed in 
polyethylene vials which had not been activated and measurem ents w ith a Ge detector 
were taken to determ ine the chlorine content. W ith a subsequent overnight counting, 
the brom ine and iodine contents were determined. All values w ere corrected for 
geom etry and absorption effects.

3. MATRIX EFFECTS

W hen oil or wood samples are activated, the m atrix elements carbon or carbon 
and oxygen are unintentionally activated as well. The induced specific activities for

Carbon

Electron energy (MeV)

FIG. 1. Induced specific activity o f carbon (x),  chlorine (0), iodine (A ) and bromine (O) at 
different electron energies o f the electron linear accelerator.
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different electron energies o f the electron linear accelerator are given in Fig. 1. The 
corresponding nuclear reactions with the relevant gam m a ray lines are summ arized in 
Table I. A n electron energy o f 19 M eV was found to be an optim um value, since 
chlorine, iodine and brom ine could be activated quite well, while activation o f carbon 
was kept at a low level. With the sample m aterial wood, the additional activation of 
oxygen interferes with the chlorine determ ination only moderately, since the 150  
half-life o f 2.07 m in is short com pared with the 34Clm half-life o f 32 min.

4. CHLORINE DETERM INATION IN  W OOD

Pentachlorophenol in wood was analysed in order to develop a reference 
m aterial with a well characterized PCP content. The PCP analysis was carried out by 
extraction, form ation o f a derivative and quantitative analysis by gas chrom ato
graphy [3]. Spiked m aterial and m aterial which had been treated with PCP when it 
was brought on the m arket showed a different extraction behaviour. In addition, first 
m easurem ents suggest that the results differ when the unspiked m aterial is extracted 
with different solvents. Thus, the overall chlorine content, reflecting the sum 
param eter o f organic and inorganic chlorine, m ight give valuable additional 
inform ation [4, 5].

Since first photon activation measurem ents had shown that contamination 
m ight be a source o f error, polyethylene vials were carefully rinsed, filled with the

TABLE II. CHLORINE IN  W OOD

Sample No.
Chlorine content 

(Pg/g)
Chlorine on polyethylene 

vials3 (pg/g)

1 52.2 __
2 59.9 < 3
3 50.8 10
4 55.2 15
5 48.3 8
6 47.5 < 3
7 44.6 < 3
8 56.2 < 4
9 39.4 <5
10 121.5 < 3
11 59.1 < 3

3 The chlorine masses or their detection limits were related to the 
wood masses.
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wood chips and the chips activated using an alum inium  container. A fter activation, the 
chips were pressed into tablets to reduce the sample volume so that unnecessary 
geom etry effects during detection could be avoided. The m easurem ents were carried 
out using the gam m a ray line at 147 keV. The am ount of chlorine on the polyethylene 
vials was determ ined with parallel m easurem ents using another Ge detector.

The results o f the chlorine analyses are given in  Table II for one o f the wood 
batches under investigation. The chlorine values covered a range from  around 40 to 
60 pg/g, but one o f the 11 values was m uch higher at 121.6 pg/g and not taken into 
account in calculating the average. The average was determ ined to  be 51.3 pg/g with 
a standard deviation o f 6.5 pg/g.

The counting statistics of the chlorine signal, which had around 700-3000 
counts, and the background correction m ainly contribute as sources o f error. Errors 
due to weighing the external standard and the counting statistics o f its signal are, 
however, o f m inor im portance. A lthough the chlorine content on the surface o f the 
polyethylene vials is caused by contam ination on the inner and the outer surface and 
transfer o f  chlorine to the wood chips is certainly incom plete, the rem aining 
contam ination cannot be ruled out. Owing to the different sources o f error, an assess
m ent as to how a lack of hom ogeneity m ight have also contributed is difficult.

In order to determ ine the PC P content, the wood samples were extracted with a 
m ixture o f acetone and hexane. Conversion with acetic acid anhydride led to the 
acetylated PCP derivative. The quantitative analysis was carried out by gas 
chrom atography using an electron capture detector. The result o f  the PCP analysis 
was determ ined to be in the range of from  30 to 40 pg/g, which corresponds to a 
chlorine content due to PCP ranging from  20 to 27 pg/g. The overall chlorine content 
is thus around twice as high as the PCP chlorine content.

Further samples are being studied with wood from  another batch. These 
samples are extracted with organic solvent and subsequently with water so that not 
only the overall chlorine content but also the rem aining chlorine content after the 
extraction processes is determined.

5. H A LOGEN DETERM INATION IN  OIL

The chlorine, brom ine and iodine contents in used m ineral oils o f different 
origin were determ ined by photon activation analysis because used oils have to be 
treated in Germany as special waste (‘SondermiilF or ‘besonders iiberwachungs- 
bediirftiger A bfall’) if  the overall chorine content exceeds a value o f 2000 pg/g. In 
com parison to DIN-51408 [6], according to which the oil is diluted with solvent, 
burnt and the chlorine content determ ined coulometrically, photon activation analysis 
has the clear advantage that no digestion is necessary and no blank value has to  be 
taken into account. In addition, chlorine, brom ine and iodine can be analysed
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individually by one activation due to their characteristic gam m a lines, whereas 
coulom etric determ ination provides only the overall chlorine content, which is the 
sum param eter o f the chlorine, bromine and iodine contents.

The gam m a ray lines used for analysis are given in Table I. W ith respect to the 
half-life and relative intensity, no other analytically relevant nuclear reaction could be 
used for the chlorine determination. For iodine, the 127I (и, у) 128I reaction (not given 
in Table I) and the line at 443 keV  might be used for the analysis as well. For bromine 
with activation using 19 M eV electrons, the 81Br (y, n) 80Brm reaction (not given in 
Table I) m ight be used, but the line at 617 keV interferes with the line at 619 keV (see 
Table I) and the line at 666 keV  interferes w ith the iodine line w ith the sam e energy 
(see Table I). Thus, the 81Br (n, y) 82Br reaction was used for the brom ine analysis.

As Table П1 shows, the chlorine contents from  11 to around 4000 pg/g were 
determ ined for the eight oil samples studied. The analyses were carried out using the 
gam m a ray line at 147 keV  and partly the line at 2129 keV. Both lines have a sim ilar 
em ission probability, but the efficiency of the Ge detector used was 0.13 at 147 keV  
and 0.0098 at 2129 keV. Thus, the values o f the 147 keV  line are m ore accurate than 
those o f the 2129 keV  line owing to the statistical nature of radioactivity.

For 1 g o f oil, at an activation of 30 m in with our experim ental set-up and a 
counting period o f 1.5 h, the detection lim it for chlorine is 7 pg/g. The corresponding

TABLE III. C H LO R IN E, BR O M IN E AND IO D IN E 
CONTENTS IN  USED OIL

Sample No.
Chlorine content

(yg/g)
Bromine content

Qjg/g)
Iodine content 

(Pg/g)

1 4230 49 9.7
3910

2 69 18 17
77

3 14 2.9 4.9
4 11 <4.2 < 1.7
5 11 <2.5 1.2
6 455 < 4.6 <0.5

473
7 133 <3.2 <0.5

145
8 36 <21 <6

Note: If two chlorine values are given, the first refers to a determina
tion at 147 keV and the second to a determination at 2129 keV.
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detection lim it for an overnight run with the Ge detector was determ ined to be 4 pg/g 
for brom ine (efficiency o f the detector at 554 keV: 0.042) and 0.5 pg/g for iodine 
(efficiency of the detector at 389 keV: 0.058). W ith the same activation set-up, but 
w ith longer activation tim es, higher am ounts o f oil or, in the case o f brom ine and 
iodine, longer counting periods, these detection limits m ight be reduced. W ith respect 
to the legal lim it o f 2000 pg/g, chlorine determ ination by photon activation is a rea
sonable method, though the chlorine contents o f the oil samples covered a range of 
alm ost three orders o f magnitude.
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A b strac t

USE OF NUCLEAR AND RELATED TECHNIQUES IN HYDROLOGICAL 
APPLICATIONS.

The stable isotope composition of water molecules and dissolved compounds is investi
gated extensively in hydrological and hydrogeological studies to derive information about 
water origin and processes during water circulation. The radioactive isotopes tritium and 14C 
are used in hydrology for the dating of groundwater and for the estimation of water mixing 
processes. The IAEA supports scientific research and improvement of laboratory techniques in 
hydrology by the worldwide distribution of reference and intercomparison materials and by the 
organization of laboratory intercomparison exercises. Many improvements in interlaboratory 
comparability have been achieved in the last decades, but harmonization of analysis methods, 
data compilation and of calibration methods is still of great importance owing to the increas
ing number of new laboratories working in this field. Intercomparison exercises are frequently 
organized for stable isotope analysis (hydrogen, oxygen, carbon and sulphur) as well as for 
radioactive isotopes (tritium and 14C). These intercomparison exercises will be even more 
important in the future for proficiency testing of laboratories which aim to work according to 
internationally accepted quality assurance protocols. About 30 different reference and inter
comparison materials for stable isotopes of light elements are available at the IAEA.

The stable isotope com position o f w ater m olecules and o f dissolved com pounds 
is investigated extensively in hydrological and hydrogeological studies to derive 
inform ation about water origin and processes during water circulation. The radio
active isotopes tritium  and 14C, present in m ost environmental water samples, are 
used in hydrology for the dating o f groundwater and for the estim ation o f water 
mixing processes.

The IAEA supports scientific research and im provem ent o f laboratory tech
niques in hydrology by the worldwide distribution o f reference and intercomparison 
m aterials and by the organization o f laboratory intercom parison exercises.
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The IAEA Isotope Hydrology Laboratory has until now perform ed five inter
com parison exercises for tritium at environmental levels (low level), the last one in 
1994—1995. Fifty-seven laboratories participated in this last exercise where four 
different water samples with tritium  activities of about 0, 1, 5 and 20 TU (tritium 
units) were distributed. A pplied detection techniques included liquid scintillation 
counting and proportional gas counting, both with tritium enrichment, as well as mass 
spectrometric tritium  detection by the T /3He ingrowth method. A fter removal o f 
gross outliers and further statistical treatm ent the results showed good accordance 
with the estim ated standard error of mean o f only 0.009 TU up to 0.076 TU.

As assistance to M em ber States, the IAEA Isotope Hydrology Laboratory 
frequently prepares laboratory working standards and spike solutions for electrolytic 
enrichm ent for other tritium  laboratories, traceable back through careful dilution o f a 
certified N B S 1 hot tritium  standard.

Several 14C intercom parison exercises have been organized by the IAEA, the 
last one in  1991 involving the distribution o f six different organic and inorganic inter
com parison materials w ith 14C activities between 0 and 130 pM C (per cent modern 
carbon). Sixty-nine laboratories participated in this exercise.The estim ated standard 
error o f m ean was between 0.02 and 0.11 pM C for five o f  the materials, for one of 
them only a 95%  confidence interval o f 0.24 pM C for the m edian could be calculated. 
These six intercom parison m aterials are still available for 14C laboratories for inter
com parison and calibration purposes.

The m ass spectrom etric determination o f stable isotope ratios for light elements 
is o f particular interest for hydrological investigations since the w ater m olecule itself 
is used as an ideal tracer. N atural variations for stable isotope ratios o f hydrogen and 
oxygen in hydrology range from  1:2 for hydrogen and 1:1.1 for all water reservoirs 
worldwide and show m uch sm aller dynamics in any local study. Therefore, isotope 
ratios for water samples have to be determined with high precision to use them for 
hydrogeological interpretation.

M any improvements in interlaboratory com parability have been achieved in the 
last decades, but the harm onization of analysis methods, data com pilation and of 
m ass spectrometric calibration is still o f high importance due to the perm anently 
increasing num ber o f laboratories working in this field.

Owing to the small isotopic variations in environmental samples, in hydrology 
and geochem istry the absolute isotope ratios them selves are norm ally not considered. 
Instead, during m ass spectrometric analysis the sample is directly com pared with a 
working standard (relative measurem ent) w ith resulting m uch higher precision than 
by absolute isotope ratio determinations. This is reflected by the introduction of

1 US National Bureau of Standards, now the National Institute of Standards and 
Technology (NIST).
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artificial 5 scales, where only the deviation o f a sample isotope ratio Rx(sa) versus the 
isotope ratio o f a standard m aterial Rx(st) is used for elem ent x:

8et(sa)st = (Rx(sa) -  Rx(st))/Rx(st) 1000 (in per mille)

with R  being the ratio o f the m inor isotope versus the m ost abundant isotope (e.g. 
(18OVSMo w 's calculated by m easurem ent o f isotope ratios R  o f 180 / 160  for the 
sample and the standard VSM OW ).2 W hen referring in this paper to 8 scales for a 
given element, this means the m ost com m only used ô scale for each elem ent (52H, 
813C, ô 15N, 6180  and ô34S).

This m ajor im provem ent in analytical precision was possible since in nearly all 
case studies only the relative isotopic deviations are im portant for hydrogeological 
purposes, whereas the absolute isotopic ratios are, in com parison, o f low interest. 
Such artificial 5 scales are established for the stable isotopes o f many light elements. 
The zero point o f each o f those scales is arbitrarily fixed by the use o f a natural or 
virtual m aterial against which the relative variations of the stable isotope ratios o f the 
considered elem ent in natural com pounds are expressed. Those m aterials are called 
prim ary reference m aterials and include SM OW  for isotopes o f hydrogen and oxygen 
in water samples, Pee Dee Belem nite (PDB) for isotopes of carbon and oxygen in 
solid materials, Canyon Diablo Troilite (CDT) for sulphur isotopes and atmospheric 
air for nitrogen isotopes.

In principle, these prim ary reference m aterials allow the calibration o f all 
laboratories to a com m on isotopic 8 scale for each element. This was exactly the 
purpose for their introduction. However, atmospheric air is the only one o f these 
prim ary reference m aterials w ith practically indefinite availability. In contrast, 
SM OW  was only a hypothetical m ean for ocean water isotopic com position and never 
existed physically [1], whereas both PDB and CDT existed, but have now been 
exhausted for a long tim e. Therefore, so-called calibration materials were produced 
and carefully calibrated directly or indirectly versus the prim ary reference materials. 
These calibration m aterials nowadays are used for the calibration o f m ass spectro
m etric m easurem ents and define the m odem  8 scales.

However, the 5 scales defined by the use o f the available calibration materials 
have to be distinguished from  the old ones using directly the primary reference 
m aterials SMOW, PDB and CDT, since in spite o f careful calibration small deviations 
of the assigned defined  isotope values from  the correct ones cannot be excluded 
definitively. To overcome this difficulty and to ensure the com parability of isotopic 
values for the future with further improved analytical capabilities, it was decided to

2 VSMOW: Vienna Standard Mean Ocean Water.
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relate all m easurem ents using the new calibration m aterials to new defined primary 
reference m aterials as the zero point o f each S scale. Those new prim ary reference 
materials are called VSMOW, VPDB and VCDT (V stands for Vienna) and are 
defined in such a way that they ideally will coincide with the old isotopic zero points 
defined by SM OW  [1], PDB and CDT.

VSM OW  was produced by H. Craig in 1967 as a m ixture o f several distilled 
seawater com pounds with an isotopic com position o f hydrogen and oxygen as close 
as possible to SMOW. The rem aining slight differences are regarded as being not o f 
practical im portance, but are still considered by referring all measurem ents using this 
m aterial to the VSM OW  8 scale. By stating the used 8 scale (stating the corres
ponding prim ary reference material), all m easurem ents can be easily transform ed to 
any 8 scale. Later, a second calibration m aterial for water samples was produced 
called Standard Light Antarctic Precipitation (SLAP). Its 5 values for hydrogen and 
oxygen are at the lower end for environm ental water samples and were defined by 
international agreem ent versus VSMOW. Therefore, any laboratory is able to 
norm alize the 5 scales for mass spectrometric measurem ents o f hydrogen and oxygen 
isotopic com position o f  water samples, so that the hydrogen and oxygen 8 values of 
a  m easurem ent o f SLAP versus VSM OW  will correspond to their defined values. This 
can be used to correct for equipm ent specific discrim ination factors. Through this 
procedure, significantly better agreem ent between the results o f different laboratories 
in intercom parison exercises was achieved [2, 3]. VSM OW  is a prim ary reference 
m aterial and calibration m aterial at the same time.

VPDB is a virtual (non-existing) primary reference material and is defined by 
assigning internationally agreed and fixed 5 13C and 5180  values to NBS-19, a calcite 
calibration material, versus VPDB [4]. In the ideal case, both PDB and VPDB would 
define the same zero point for their 8 scales.

In the same manner, V CDT was proposed as a  new virtual standard for sulphur 
isotopes, defined by a fixed sulphur VCDT 834S value for IAEA-S1, an artificially 
produced silver sulphide [5], so that the CDT and VCDT scales should coincide. 
However, for VCDT, the sulphur 8 value o f IAEA-S1 is not yet fixed by international 
agreement.

A bout 30 different reference and intercom parison materials for the stable 
isotopes o f hydrogen, carbon, nitrogen, oxygen and sulphur are distributed by the 
IAEA in co-operation with NIST. M ost o f these m aterials were produced by 
individual scientists and institutions under IAEA  technical contracts, by NIST, by the 
U nited States Geological Survey and by the IAEA itself. These m aterials cover a wide 
spectrum of isotope ratios and com pounds for different applications. Production of 
new m aterials is ongoing, the m ain projects in the future including the production o f 
a new batch o f VSMOW , some sulphur standards and C 0 2 gas standards.

In tercom parison  exercises w ere organized fo r stable isotope analysis 
(hydrogen, oxygen, carbon and sulphur) as well as for radioactive isotopes (tritium
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and 14C). These exercises will be even m ore im portant in the future for the proficiency 
testing o f laboratories which aim  to w ork according to internationally accepted 
quality assurance protocols.
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Abstract

ANALYSIS OF LARGE SAMPLES BY NEUTRON ACTIVATION ANALYSIS: QUALITY 
ASSURANCE ASPECTS.

The need for quality assurance in large sample instrumental neutron activation analysis 
(INAA) requires the development of unconventional methods of quality control. Certified ref
erence materials are not available at the 1-5 kg scale; moreover, inhomogeneities which might 
affect the accuracy of the real sample analysis would not be reflected in the analysis of a 
reference material or in-house control sample even when available. Model studies indicate that 
inhomogeneities with strong gamma ray absorbing properties have the largest effect on the 
accuracy of the concentrations. The occurrence of these inhomogeneities may be derived from 
gamma spectrum analysis. Other opportunities for quality assurance are with the calculated 
estimates of the parameters describing neutron and gamma ray self-attenuation, and eventually 
through direct assessment after homogenization of the large sample, subsampling and 
conventional analysis.

1. INTRODUCTION

A m ethod for large sample instrum ental neutron activation analysis (INAA) has 
been developed at the Interfaculty Reactor Institute in  Delft, Netherlands [1-5]. The 
m ethod does not require any a priori knowledge of the com position o f the sample and 
does not lead to any disturbance o f the collected material. The facilities allow for the 
processing o f samples w ith m axim um  sizes o f 15 cm  diam eter and 1 m  length, which 
correspond to m axim um  masses o f approxim ately 50 kg.

Several types o f samples have been processed to explore the opportunities 
presented by the method, and to ‘advertise’ these opportunities to scientists in 
applied fields [6]. These feasibility studies included the analysis o f harbour sediment, 
construction waste and several types o f m aterials from  the recycling industry.

W hereas the quality o f the results o f conventional INAA can well be assessed 
by, for example, sim ultaneous processing o f certified reference materials and blanks, 
quality control in large sample INAA introduces new problem s o f a practical and
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fundam ental nature. It is virtually impossible to subject large samples o f certified 
reference m aterials to quality control. B ut even when a suitable quality control 
sample is available, it is questionable whether the accuracy o f the results o f such a 
sample reflects the quality o f the results o f the real sample. In  conventional analysis, 
the degree o f accuracy o f the results o f the control sample m ay indicate systematic 
errors, also applicable to the results o f the real sample. An underlying implicit 
assum ption is that the hom ogeneity in both trace elements and matrix com position is 
the same for the control and real samples. B ut this may be not the case when 
analysing large samples because sample inhomogeneity is one o f the reasons for 
applying the technique. The correction algorithms for neutron and gam m a ray self
attenuation assum e that the sample can be considered to be macroscopically 
hom ogeneous; however, it can often not be predicted if  this assum ption is fulfilled. 
Therefore, the degree o f accuracy o f the results o f a large control sample does not 
necessarily reflect the degree o f accuracy o f the real sample. Additionally, taking into 
account the definition o f ‘accuracy’, viz. Ref. [7] “ ...the closeness o f agreement 
between the result of a m easurem ent and the true value o f the quantity being 
m easured...”, the question arises if  the accuracy can ever be assessed for large samples 
through conventional ways. Thus, in  the development o f large sample INAA, further 
study is directed to m ethods to determine the quality o f the calculated concentrations.

2. FACILITIES AND M ETHODS

2.1. Irradiation facility

The large sam ple irradiation facility [1, 5] is located in the reactor’s therm al 
colum n which has been custom ized to obtain a well therm alized neutron flux. In the 
irradiation facility, water is used as a shielding against neutrons and gam m a rays. The 
large sam ple —  surrounded by flux m onitors —  is packed in a polyethylene 
container. The sam ple can be rotated around its vertical axis during irradiation. The 
neutron flux is approxim ately 3 x 1012 m_2-s_1 (cadmium ratio > 104), which is a 
factor o f 104-1 0 5 lower than in the other irradiation facilities o f the reactor. 
The product o f  neutron flux and sample mass is about the same as in  conventional 
INAA.

2.2. Measuring facility

The m easurem ent o f the induced gam m a activity is perform ed with a gam m a 
ray spectrom eter integrated in a scanning device. The detector is a 96% high purity 
germ anium  detector. Both the spectrom eter and the scanner are operated through a 
workstation o f the laboratory’s local area network. The scanner allows for rotation
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around the vertical axis of the sam ple during counting. Vertical displacem ent with 
respect to the detector is also possible, e.g. for longitudinal scanning.

2.3. Methods to correct for neutron and gamma ray 
self-attenuation phenomena

Correction for neutron self-attenuation is based on the neutron flux depression 
as m easured ju st outside the large sample. From  m easurem ents at three positions 
around the sample the param eters can be derived (neutron diffusion length, neutron 
diffusion coefficient and undisturbed neutron flux) which are needed to describe the 
neutron flux inside the sample [3].

Correction for gam m a ray self-attenuation is based on the effective linear 
attenuation coefficients determ ined through the transm ission o f gam m a rays from  a 
reference source. The gam m a ray self-attenuation correction is integrated w ith the 
calculation o f the detector’s photopeak efficiency for a voluminous sample [2].

Com bination of both correction algorithms yields an ‘overall correction factor’ 
which reflects the difference in actual detector response for a given gam m a energy 
com pared with the theoretical detector response if  the sample had been a massless 
point source located in the large sam ple’s centre, w ithout any neutron and gam ma 
attenuation [4].

2.4. Analytical protocol

Large sample INAA requires additional steps in the analysis procedure 
com pared with conventional INAA:

(a) Background correction. The background o f the spectrom eter is determined, 
followed by m easurem ent o f the spectrum  o f the sam ple’s natural radioactivity. 
W hen processing samples with sizes approxim ately 104 larger than in conven
tional NAA using neutron fluxes approxim ately 104 low er than in conventional 
NAA, the natural activity is m easured very well and has to be corrected for later 
on in the procedure. W hen the spectrum o f the activated sample is processed, 
the gam m a ray lines o f the natural radioactivity are processed differently from 
the gam m a rays o f the induced radioactivity, since on these only corrections for 
gam m a ray self-attenuation have to be applied.

(b) Transmission measurement. Measurement of the spectrum o f a 152Eu calibration 
source, with and without the sample between source and detector. This is neces
sary for later determ ination o f the effective linear attenuation coefficient p(£y).

(c) Irradiation and measurement o f  the activated sample. These steps are carried 
out according to the traditional INAA protocols in use for the given type of 
m aterial and radionuclides to be measured.
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(d) M easurem ent o f  zinc f lu x  monitors. This step is also according to the traditional
ENAA protocols, but m ore flux monitors are involved.

(e) D ata processing.

(1) The spectra from  the 152Eu transm ission m easurem ent are corrected for 
background contribution using the recorded spectrum  o f the non
activated sample. From  the transm ission m easurem ents, the linear 
attenuation coefficients p (£y) are derived.

(2) Together with the inform ation on the neutron flux under reference condi
tions, the neutron fluxes derived from  the zinc m etal flux monitors are 
processed to yield the mean neutron flux Фт, the effective neutron 
diffusion length L  and the neutron diffusion coefficient D  o f the sample.

(3) The overall correction factor C f E J  is calculated through the M onte Carlo 
approach using the experimentally determ ined values p(Ey), Фт , L  and D, 
and includes the photopeak efficiency for voluminous sources.

(4) The gam m a ray spectrum of the non-activated sample is corrected for the 
spectrom eter’s background and further processed with C f E interpreted 
using a gam ma ray catalogue resulting in the natural radioactivity in 
Bq-g-1.

(5) The spectrum o f the activated sample is first corrected for the back
ground contribution using the spectra o f the non-activated sample and the 
spectrum  o f the spectrom eter’s background. Then, the spectrum is 
processed using the overall correction factor C f E J ,  and the corrected 
peak areas can be further interpreted for elem ent assignm ent and 
calculation o f the concentrations; the latter is done through the k0 
approach.

3. DIFFICULTIES AND OPPORTUNITIES FOR QUALITY CONTROL
AND QUALITY ASSURANCE

3.1. Effects of inhomogeneities

Com puter sim ulations have been used to explore how the final concentrations 
m ay be affected if  this assum ption o f a macroscopically hom ogeneous distribution of 
both m ajor and trace elements is not fulfilled [8, 9]. The samples in this m odelling 
were cylindrical with a diam eter o f 12 cm and a length o f 20 cm, and were com posed 
o f known amounts o f sim ple substances like C, H 20  and S i0 2. In the model for 
matrix inhom ogeneities, these substances were considered as separate layers, 
either in the axial or radial direction; in  the model for trace inhomogeneities, 
five extrem e cases o f trace elem ent distribution w ere considered. In  Fig. 1
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FIG. 1. Simplified representation o f the models applied in the homogeneity studies (I, II: 
matrix inhomogeneities; III-VII: trace inhomogeneities).

the various models are shown. Both inhom ogeneities w hich m ight affect the correc
tion for neutron self-attenuation as well as for gam m a ray self-attenuation were 
considered. In this first approxim ation, neutron spectrum changes owing to self-ther- 
m alization are neglected because o f the high ratio o f therm al over non-thermal 
neutrons (>104).

Correction factors for these samples were calculated and com pared with the 
correction factors which would result if  the sample had consisted of a homogeneous 
m ixture of the com ponents:

with

С = correction factor, analogous to Ct(Ey) m entioned in Section 2.4, 
h -  hom ogeneous, 
i = inhomogeneous, 
j  = neutrons (n) or gam m a rays (y), 
к -  either matrix or trace.

3.1.1. M atrix and trace inhomogeneity affecting correction fo r  gamma ray 
self-attenuation

The Cy matrix values for axially and radially distributed matrix inhomogeneities 
and the values for С trace are given in Fig. 2. Axial inhôm ogeneities may be 
accounted for by several transm ission m easurem ents at different heights around the 
sample, and subsequent correction for gam m a ray attenuation for every layer. Radial 
inhom ogeneities can only be detected by tom ographic approaches. The curves in 
Fig. 2 show that, for the models considered here, for E,{ > 100 keV, the accuracy 
of results may be affected by 15% or less owing to m atrix inhom ogeneities, but 
it can also be seen that trace inhom ogeneities have stronger effects than matrix 
inhomogeneities.
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FIG. 2. Cy „Qtrfria: axial, b: radial) values and ¡race values for inhomogeneities affecting 
the correction for gamma ray self-attenuation (sample type 1-1: C-H20-C; type 1-2: 
H20-C-H20 ; type 1-3: C-Si02-C; type 1-4: S i02-C-Si02;for the following sample types, i.e. the 
inner and outer core, 11-5: C, H20 ; type 11-6: H20 , C; type 11-7: C, S i02; type 11-8: S i02, C. 
Types 1II-VII: based on matrices H20 , C, Fe and Pb).

3.1.2. M atrix inhomogeneity affecting the correction fo r  neutron self-attenuation

The flux profile in the inhom ogeneous sample has been calculated for radial 
inhom ogeneities (model П o f Fig. 1), with С and H20  as constituents, using tabulated 
values for D  and L. From  this calculated profile for the inhom ogeneous sam ple the 
flux depression ju st outside the sample can also be derived. These depressions are the 
result of m atrix properties but do not contain inform ation on the inhom ogeneities as 
such. As in the procedure with real samples, assuming homogeneity, the flux depres
sions can be used to estim ate D  and L  and the expected flux profile assuming macro-
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FIG. 3. Cn trix values for inhomogeneities affecting the correction for neutron self
attenuation (sample composition as for Cy tmce (Fig. 2) and sample types II-5 and II-6).

scopic homogeneity. Both the calculated and estim ated profiles can now be used to 
calculate the overall correction factors Ch(Ey) and C¡(Ey), and thus o f  C n matrix, which 
is presented in Fig. 3. It can be seen that the eifects o f this type o f inhom ogeneity are 
considerably sm aller than for gam m a ray attenuation correction.

3.1.3. Trace inhomogeneity affecting the correction fo r  neutron self-attenuation

A  2 L  sample was m odelled consisting o f  graphite, w ith at the central vertical 
axis an Au wire with a 0.1 cm diameter. As with the radial matrix inhomogeneities, 
the neutron flux profile was calculated directly on the basis o f the knowledge o f the 
inhomogeneity, while the resulting flux depressions were used for retrospective 
estim ation o f the profile and to determ ine C n trace, which is given in Fig. 4.

These model studies dem onstrate that the sm allest errors m ay occur if  the 
inhom ogeneities are matrix inhom ogeneities. They have a direct influence on p(£^), 
D  and L, thereby implicitly correcting the effect o f the inhomogeneity.

Trace elem ent inhom ogeneities do not affect the attenuation parameters, and 
inaccuracies may occur; the m odel studies indicate that the largest effects are due to 
inhom ogeneities which influence gam m a ray attenuation. This can be dem onstrated 
by interpreting, for example, the results o f a drill core consisting o f C a C 0 3 (density 
= 2.7 g_1-c n r3, 2 L sample), assuming a tiny grain o f Zn somewhere in the sample. 
The m axim um  error in the elem ent’s concentration —  due to inhomogeneity —  can
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FIG. 4. Cn trace value for inhomogeneity affecting the correction for neutron self-attenuation. 
For the trace element distribution see Fig. 1, model TV. The Cn+J, lrace is also given.

now be found using p (438 keV) = 0.250 cm-1, p (511 keV) = 0.234 cm-1, 
p (1115 keV) = 0.163 cm-1 for C a C 0 3 and the curves from  Fig. 3:

0.56 <  Cyi|nce (438 keV) <  1.90,
0.58 < C Y’trace (511 k e V )<  1.80,
0.69 < trace (1115 keV) < 1.48.

The m inim um  values apply if  the Zn grain lies at the upperm ost corner o f the sample, 
while the m axim um  values are reached if  the Zn grain is in the centre o f the sample. 
In this exam ple, the Zn concentration can be found within a factor o f two.

3.2. Indications of conflicts

Quality assurance in large sample INAA includes inspection o f indicators for 
m acroscopic inhom ogeneities. The gam ma ray spectrum interpretation is one o f these 
indicators. U pon spectrum  analysis, the peak areas are m ultiplied w ith the overall cor
rection factor and im plicitly corrected for the detector’s efficiency for voluminous 
sources. A ll gam m a rays (including sum peaks) are simultaneously used for elem ent 
assignment. Obviously, when the overall correction factor is affected by inhom o
geneities, the intensity ratios will not match the expected ratios and a poor fit and 
incom plete assignm ent is reported.
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Also, the values o f p(Ey), D  and L  have indicative value. These param eters 
should have physically realistic values and be within certain intervals; typically,

0.06 cm-1 < p (121 keV) < 0.65 cm-1,
0.03 cm”1 < p (1408 keV) < 0.10 c n r 1,
4 cm < L  < 20 cm,
0.5 cm < D < 3 cm.

Currently, the possibility o f corrective actions when there is such an indication for 
inhom ogeneity is being studied.

3.3. Validation

The accuracy o f the results o f large sample INAA can also be assessed by 
sample processing (homogenization, or separation and subsampling) after the large 
sample analysis has been com pleted and subsequent analysis o f the small samples by 
conventional INAA. This is not possible for all samples and it is obviously a time 
consum ing and costly approach. The m ethod has been applied to several sample types 
and the data o f large sample INAA and conventional INAA (using a certified 
reference m aterial for internal quality control) are com pared through a z chart 
p lo t1 [6]. A n exam ple o f such a plot for sedim ent is given in Fig. 5.

Separation in many fractions was applied to check the accuracy o f the analysis 
o f shredded electronic waste. The copper fraction was separated and the am ount was 
established by weighing, which gave a gross indication o f 5%. The Cu concentration 
resulting from  large sample INAA on 2 kg shredded waste was 5.5 ± 0.5 (2c)% .

4. CONCLUSIONS

The analysis o f very large samples is a  unique feature o f INAA and offers the 
prospect o f application in interesting niche areas. However, it is not only the applica
tions which are a scientifically interesting aspect o f large sample INAA; the analyti
cal chem ist is also faced with new challenges w ith respect to quality control and qual
ity assurance, and to understand and properly interpret the quality of the data. From

^small ^ large
Z =

^small + ^Lge

with csmall ]alge = element concentration as found by conventional INAA and large sample INAA, 
respectively; and o small large = uncertainty corresponding to the element concentrations.



288 BODE

Elements determined

FIG. 5. z chart presentation for comparison o f INAA on large samples and small sample 
harbour sediment.

m odel studies o f inhomogeneities it can be concluded that inhomogeneities affecting 
gam m a ray attenuations have the largest effect on accuracy; however, an indication of 
such an inhom ogeneity m ay be derived from  the gam m a ray spectrum interpretation. 
New m ethods have still to be developed to account for inhom ogeneities, either 
through correction of the calculated concentration or through an extra contribution to 
the uncertainty.
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Abstract

DETERMINATION OF BORON IN ROCKS, COAL AND COAL ASH: HOW DOES USE 
OF THE п Ъ(р, a) REACTION COMPARE WITH.CONVENTIONAL TECHNIQUES?

The determination of boron by nuclear reaction analysis (NRA) employing the 
n B(p, a )8Be reaction is compared with several conventional techniques for boron deter
mination in several different matrices. It is found that good correspondence is obtained with 
United States Geological Survey standard rock powders, but for coal and coal ash significant 
and variable differences are found between NRA and wet chemical and inductively coupled 
plasma-atomic emission spectroscopy, raising questions about the possible effects of 
microscopic sample inhomogeneity on alpha particle yield in the NRA method.

1. INTRODUCTION

In New Zealand, the determ ination o f boron by nuclear reaction analysis (NRA) 
through the n B(p, a )  reaction [1, 2] has been adapted for use on geological m atri
ces [3] with a proton m icroprobe and, m ore recently, has been used on coal and coal 
ash samples containing high boron concentrations —  in the weight % range. In 
principle, this N RA  m ethod should be able to provide rapid, accurate, absolute 
determ inations down to a few m g/kg with sim ple sample preparation. For example, 
60 samples can be m easured with 1 d o f accelerator time. On the other hand, 
conventional w et chem ical and spectroscopic m ethods are generally long and 
intricate, typically requiring a series o f preparation steps such as com bustion, fusion, 
digestion, extraction and/or complexation, and finally analysis by mass spectrometry, 
colorim etry or absorption or em ission spectroscopy.

The advantages for the NRA m ethod in term s o f turnaround tim e and cost are 
significant. However, its results need to be evaluated by com parison with those
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obtained by m ore conventional techniques. In this w ork a suite o f  samples analysed 
by other m ethods such as prom pt gam ma neutron activation analysis (PGNAA), 
inductively coupled plasm a-atom ic em ission spectroscopy (ICP-AES), spectrography 
and w et chem istry w ere reanalysed using our routine NRA technique.

2. NRA M ETHODOLOGY

Targets are prepared for irradiation w ith the proton beam by grinding the 
samples as finely as possible and pressing them  into pellets held with W hatman 
cellulose backing. Various grinders have been tried and one steel ring mill, contain
ing boron that had been used on the hardening process, contaminated rock samples 
w ith up to  200 m g/kg o f boron. It has been found that a pressure of 200-400 M Pa is 
adequate for pelletizing, although in some cases it is necessary to vary this pressure 
in order to obtain robust pellets. A  polished stainless steel or a nitrided titanium  anvil 
is used for the surface o f the pellet that will be exposed to the beam. 1 cm pellets 
about 2 -4  mm  thick, w ith about 10 mg o f powdered sample exposed in the central
5 or 6 m m  o f the pellet are m ounted onto standard 1/2 in pin-type SEM  (scanning 
electron m icroscopy) stubs and sputter-coated with spectroscopic grade carbon, as for 
analytical SEM  examination.

A  schematic o f the experim ental set-up is given in Fig. 1 and the accelerator and 
IBA cham ber are described in  Ref. [4]. A n incident proton beam  energy of 750 keV 
is used in order to exploit the 300 keV wide resonance at 660 keV in the n B(p, a ) 8Be 
reaction. The concentration o f boron in the target is inferred from  the yield o f alpha 
particles, as detected w ith a 300 mm 2 silicon surface barrier (SSB) detector at 150° 
to the incident beam  direction. The high flux o f elastically scattered protons is kept 
from  the detector by a  10 |J.m M ylar film, where they are fully stopped, but which 
allows the energetic alpha particles through. A  com plication arises for oxide samples

FIG. 1. Experimental geometry adopted for the n B( p, a) NRA. Typical conditions: 5 цС of 
incident charge; 1,1.5 or 2 mm beam spot; 20-80 nA.
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such as rocks or well burnt ash, since the 180 (p, a ) 15N  reaction from  the naturally 
occurring 180  in the sample gives significant interference in the charged particle 
spectrum  for samples containing less than about 1000 mg/kg boron. For this reason, 
only a high energy region o f the n B(p, a ) 8Be spectrum  may be used. Interference 
m ay also occur from  the 15N(p, a ) 12C reaction, w ith 1% nitrogen contributing the 
equivalent o f about 10 m g/kg boron. However, none o f the samples used for the 
present w ork contained high concentrations o f nitrogen.

It m ay be shown for uniform  samples that the yield Y  per incident proton of 
alpha particles from  the 1 a ) 8B e reaction is given by:

where к  is a constant that includes the solid angle o f the detector and the reaction 
cross-section; CB is the m olar boron concentration in the sample and R  is the range 
that the protons penetrate into the m atrix being investigated. It has been shown [5] 
that only small errors are incurred by replacing l/R  by the stopping power S  o f the 
m atrix for protons at that energy below which one half o f the yield is generated, and 
only slightly greater errors are incurred by replacing l/R  w ith the stopping pow er of 
the m atrix for protons at the incident beam  energy.

Supposing that the yields Yu from  an unknown and ^std from  a standard sample 
are measured. Then, from  Eq. (1), w ith the obvious m eanings for the subscripts, we 
may write

The nuclear m ethod is sensitive to the m olar concentration CB o f boron nuclei, 
whereas the quantity that is usually cited is the weight concentration WB o f boron 
atoms or o f the oxide B20 3. Suppose that atom i has atomic m ass M¡, and that the 
sample, com posed o f atoms i w ith relative atom ic concentration C;, has an average 
atomic m ass A  given by

(1)
R

(2)

A = Y jC t Л / , where = 1

It is then trivial to dem onstrate that

A
(3)
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Substituting Eq. (3) into Eq. (2), again with obvious m eanings for the subscripts, we 
obtain

11

'  S J A U '
Y

_ std . _ ^ s td ^ s td _

We use the U nited States G eological survey (USGS) S D O l standard 
(128 mg/kg boron) and take into account the matrix effects o f stopping pow er and 
average atomic m ass in the ‘unknow n’ sample, w hose m ajor elem ent com position is 
therefore required. A n indication o f the relative effects o f the ‘S/A’ correction m ay be 
obtained from  the values given for 750 keV  protons in Table I.

3. COM PARISON W ITH  OTHER M ETHODS

As a first step in  assessing the relative perform ance of the NRA  method, we 
independently determ ined boron by NRA in several suites o f samples (Table II [6-8]) 
that had previously had boron determined in them  by a variety of conventional 
methods, and for w hich the sam ple m aterial was still available.

The best correspondence between N RA  and existing data was obtained for the 
measurem ents on the USGS rock standards, given in  Fig. 2. From  this it m ay be 
concluded that the N RA  m ethod provides accurate determ ination to  levels below 
about 5 mg/kg.

TABLE I. S/A CORRECTION FOR VARIOUS MATRICES, NORM ALIZED TO 
THE VALUE FOR PURE S i0 2

Matrix SiOz USGS SDOl USGS granite С CaO Fe Fe20 3

S/A 1.0 1.01 0.99 1.16 0.93 0.66 0.79

TABLE II. SAM PLES FO R  W HICH TH E N RA  M ETHOD WAS COMPARED 
W ITH  CONVENTIONAL M ETHODS [6-8]

Samples Matrix Boron levels (mg/kg) Analytical method

USGS standard rocks Aluminosilicate 0.2-128 PGNAA [6]
New Zealand rocks Aluminosilicate 5-50 Spectrography [7]
New Zealand coal Carbon 200-400 ICP-AES
New Zealand coal ash Oxides/carbon 100-16 000 Curcumin/colorimetry [8]
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O ur redeterm inations o f boron on a num ber o f  samples, which were the subject 
o f an early study [9] which em ployed a spectrographic m ethod [7], show rather less 
agreem ent with the previous m easurem ents (Fig. 3). Overall, NRA has under
determ ined boron com pared with the spectrographic method. Furtherm ore, there is

[B] mg/kg (USGS)

FIG. 2. NRA o f boron in a series o f USGS rock standards. The error bars represent ± 2 a  due 
solely to the counting statistics. The straight line is simply ‘y -  x ’.

FIG. 3. NRA versus spectrographic determination o f boron in rocks. The error bars are simply 
± 2afrom  counting statistics; the line is ‘y = x ’.
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considerably m ore scatter in the results than would be expected from  the counting 
statistics alone. G iven the good perform ance o f N RA  against USGS standard rocks, 
it would be tem pting to conclude that the spectrographic method, which required 
operator judgem ent to estim ate the am ount by w hich a photographic film  was 
darkened, was not as reliable as the N RA  method. A  sim ilar trend, however, is

FIG. 4. NRA versus ICP-AES for boron in coal. The error bars are simply ±  2 a  from count
ing statistics; the line is ‘y  = x ’.
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FIG. 5. Repeat measurements on the same coal sample showing that the coal samples are 
stable for incident beam doses up to about ten times those used for the determinations.
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observed in  the coal ash samples described below and a further hypothesis is 
developed there.

The third set o f samples consists o f a series o f coals for which boron had been 
determ ined using ICP-AES by ВНР Pty in Australia for the Coal Corporation o f New 
Zealand Ltd. Sam ple preparation consists o f ashing, fusing with sodium carbonate 
and acid digestion. The NRA  m easurem ents are com pared with the ICP-AES 
m easurem ents in Fig. 4. There is m ore scatter than would be expected solely on the 
basis o f counting statistics, but overall there is reasonable agreem ent between these 
two sets o f m easurem ents.

Since these m aterials are organic, it is reasonable to ask how stable they are 
when placed in a vacuum and irradiated w ith protons. Figure 5 shows a sequence of 
determ inations on one o f the pressed coal pellets from  this series o f samples. We 
conclude that the coal samples are stable for the beam doses used in the NRA  
determinations.

The final series o f samples investigated were coal ashes in which boron had 
been determ ined by w et chemistry. The standard m ethod [8] used was originally 
developed for ashes having m axim um  boron levels m ore than an order o f magnitude 
lower than the m axim um  levels encountered here, and the m ethod had to be adapted 
to cope w ith this. The m aterial is ashed, fused and digested to allow reaction with 
curcum in and determ ination by colorimetry. In Fig. 6 it m ay be seen that the 
differences between the NRA m ethod and the curcum in m ethod for the coal ash are

FIG. 6. NRA versus wet chemical determination o f boron in coal ash from a number o f 
New Zealand industrial furnaces (LOI: loss on ignition).
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substantial: up to a factor o f two, and systematic. On average the NRA m ethod under- 
determ ines the boron with a high degree o f variability. We have not yet been able to 
resolve these differences, but we have excluded loss o f boron under the proton beam 
(see Fig. 5 above) and sampling variability is excluded since repeat determ inations on 
pellets from  separate aliquots o f ash give the same results.

A nother hypothesis is that boron is present in a particular com ponent o f the coal 
ash that is under-represented on the surface at the end o f the packing and com pression 
process used to form  the pellets for the NRA method. One m ay think o f boron spheres 
o f radius r  greater than the depth o f analysis o f the NRA method, em bedded in  a 
boron-free ductile m atrix (or vice versa), in  which case one is faced with a 
m icroscopic sam pling problem . Four of the coal ash samples w ere further ground in 
order to generate as fine a pow der as possible, and the boron reanalysed by NRA. On 
average the redeterm inations w ere 5% higher, and in one case the determ ination was 
27% higher than on the original powder (but still 35% lower than the curcumin 
determ ination), but in  the three other cases the second determ inations w ere within 
10% o f the original determinations. Nevertheless, these results are still inconclusive 
and this hypothesis needs further testing.

4. DISCUSSION A ND CONCLUSIONS

The good correspondence obtained between NRA and PGNAA in the USGS 
standard rocks, together with linearity reported in the literature for artificially 
prepared standard samples [10], indicates that the NRA  m ethod is as sound as any of 
the conventional m ethods for determ ining boron. The conceptual sim plicity of the 
method, together w ith the m inim al sample preparation requirem ents, well established 
knowledge o f how to take into account the m atrix effects and good knowledge o f 
possible interfering nuclear reactions ought to m ean that the NRA m ethod could be 
confidently extrapolated in principle to any matrix. However, the results presented 
here suggest that this m ay not be the case. A part from  invoking the possibility o f 
problem s in some o f  the conventional techniques, the hypothesis rem ains that 
inhom ogeneity o f boron concentration on a scale com m ensurate with the depth 
sam pled by the incident proton beam, com bined w ith the pellet pressing process, 
results in a relative depletion o f boron in  the surface o f  the pellet for some samples. 
It is expected that sim ple m odelling (assum ing boron spheres in chewing gum, for 
example) and scanning proton m icroprobe m easurem ents on pressed pellets should 
shed som e light on this question. Future work will involve both theoretical and 
experim ental investigations o f the effect o f sample inhom ogeneity on alpha particle 
yield, together with critical evaluation o f  the conventional m ethods for boron 
determ ination.
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Abstract

EPITHERMAL NEUTRON ACTIVATION ANALYSIS FOR STUDYING THE ENVIRON
MENT.

Epithermal neutron activation analysis (ENAA) has certain advantages over conven
tional instrumental neutron activation analysis (INAA) for many trace elements in terms of 
improvement in precision and lowering of detection limits. INAA has been shown to be useful 
for a number of sample types of interest in environmental studies, and should find more exten
sive use in this area. Analysis of airborne particulate matter is a case where ENAA should be 
particularly useful. A similar case where ENAA has shown strong performance is in the 
analysis of mosses used as biomonitors of atmospheric deposition, where 45 elements were 
determined. In this and other cases, however, induction coupled plasma-mass spectrometry 
(ICP-MS) is a very strong competitor, offering data for even more elements. A comparison of 
INAA and ICP-MS for moss analysis is presented, and cases where INAA is unique are 
discussed.

1. INTRODUCTION

The advent o f analytical techniques for the sim ultaneous determ ination o f a 
great num ber of elem ents has created an enorm ous interest for m ulti-elem ent studies 
in environm ental sciences. Since the introduction o f  em ission spectrom etry m ore 
than 60 years ago, a variety o f optical, X  ray, mass spectrometric and nuclear 
techniques have been introduced and applied to studies o f rocks and minerals, soils, 
plant and anim al tissue, aerosols and many other sam ple categories o f environmental 
interest. A t the present tim e the m ost popular m ulti-elem ent techniques for studies o f 
environm ental problem s seem to be induction coupled plasm a-em ission spectrometry
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(ICP-ES), particle induced X  ray emission (PIXE), instrum ental neutron activation 
analysis (INAA) and, m ost recently, induction coupled plasm a-m ass spectrometry 
(ICP-M S). Each o f these techniques has its own merits and problem s.

INAA as a m ulti-elem ent technique depended on the development o f stable 
solid state detector systems for gam ma spectrometry. First introduced for the analy
sis o f  silicate rocks [1], INAA soon found applications for other sample types of envi
ronm ental interest such as aerosols [2], fly ash [3], water [4] and plant tissue [5]. The 
strongest merits o f INAA were relatively few sources o f systematic errors, lower 
detection lim its in many cases than what could be achieved by other m ulti-elem ent 
techniques and the fact that no dissolution o f the sam ple was necessary. M oreover, it 
was in some cases possible to analyse very small samples for a considerable num ber 
o f elements. On the other hand, the precision and detection lim it that could be 
obtained often depended strongly on the elem ent com position o f  the sample, and a 
com bination o f different irradiation and counting tim es was necessary to  achieve an 
optim al result. Last, but not least, INAA showed poor perform ance for some o f the 
elements o f greatest interest in environmental pollution studies, i.e. lead, nickel, 
copper, cadm ium  and tin, and had to  be supplem ented by other techniques in cases 
where these elements were o f importance [6]. Therefore, although still having a 
strong position in specific cases such as the analysis o f aerosols, INAA has lost 
considerable ground since its strongest period in  the 1970s. In particular, the intro
duction o f ICP-M S, w hich offers low detection lim its for m ost elem ents in the 
Periodic Table, has m ade INAA less attractive than before for a num ber o f  m ulti
elem ent studies.

The stronger com petition from  analytical techniques has m ade it m ore neces
sary than before for the activation analyst to look for approaches to  improve the selec
tivity and detection power o f his or her methods. In many cases this can be achieved 
by m eans o f  epitherm al neutron activation analysis (ENAA), where the therm al neu
trons are excluded by surrounding the samples with a suitable filter material, enabling 
only the resonance and fast reactor neutrons to penetrate into the sample. In the 
present paper the perform ance o f  ENAA in environmental studies is discussed and, 
based on the experience o f the authors, some examples are given where it has been 
possible, using ENAA, to determ ine trace elem ents w hich could not be done as well 
by non-nuclear techniques.

2. ACTIVATION W ITH EPITHERM A L NEUTRONS

The neutron energy spectrum  in a  nuclear reactor is conventionally divided into 
the following three parts:

(1) Reactor fast neutrons, exhibiting an energy range up to at least 15 MeV, and
with the m ost probable energy at about 1 MeV;
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(2) Neutrons o f interm ediate energies, which are in the process o f slowing down in 
the reactor. They are usually called resonance neutrons, and include neutrons 
w ith energies from  below 1 eV  to about 1 MeV;

(3) Therm al neutrons, which are in therm al equilibrium  w ith the moderator, with a 
m ost probable energy of about 0.03 eV, depending on the neutron temperature.

The therm al neutrons can be effectively rem oved by means o f a filter consist
ing o f some m aterial with a very high therm al neutron absorption cross-section, such 
as boron, cadm ium , or gadolinium. This facilitates selective activation with the 
epitherm al neutron flux in  the reactor (resonance + fast neutrons). The practical ‘cut
o ff’ value o f the therm al neutron filter depends on the character and thickness o f the 
filter material. For the com m only used 0.7 m m  cadm ium  foil it is about 0.4 eV.

M ost radioactive nuclides originating from activation with thermal or resonance 
neutrons are produced by (и, у) reactions. In the thermal neutron region the (n, y) activa
tion cross-section o f most nuclides follows the 1/v law (inversely proportional to the 
neutron velocity). Some nuclides mainly follow the 1/v law also in the epithermal region, 
whereas others show strong resonances in their cross-section function in that region. 
Therefore, the ratio of thermal to epithermal activation shows large variation between 
different target nuclides, as conveniently illustrated by the ratio of the resonance activa
tion integral/thermal neutron cross-section (/q/Oq) of the nuclides concerned. Whereas 
this ratio is o f the order o f 0.5 for nuclides following the 1/v láw in the resonance region, 
it may be as high as 100 in other cases. This means that the radionuclide distribution 
originating from epithermal activation may deviate strongly from that apparent when the 
whole reactor spectrum is employed, and that forms the basis o f ENAA.

In Table I [7] relevant data for long lived nuclides (T ]/2> 15 h) shown to be suit
able for determ ination by ENAA are listed, along w ith the m ost im portant interfering 
nuclides in environm ental samples, and in Table II a sim ilar list is presented for short 
lived nuclides. Norm ally the advantage o f ENAA is significant if the / q/g0 ratio 
corresponding to the radionuclide o f interest is ten tim es'higher or m ore than that o f 
the interfering nuclide, provided that the total counting rate of the epithermally 
irradiated sample is sufficiently high to ensure good counting statistics.

In addition to im proving detection limits, ENAA sometim es leads to a reduc
tion in fission product interference from  uranium , such as in  the determ ination of 
m olybdenum  [7]. Moreover, fast neutron induced reaction products play a m uch more 
prom inent role than in ordinary INAA. This means that detection lim its for elements 
such as Ni and Si which can be determ ined via (n , p )  reactions are greatly improved. 
On the other hand, interference from  (n , p )  and (n, a )  reactions in the determination 
o f elem ents such as Na, M g, Al and Cr becom es m ore troublesom e and m ust be 
carefully controlled.

For a m ore com prehensive treatm ent o f ENAA the reader is advised to review 
Refs [8-10].



304 FRONTASYEVA and STEINNES

TABLE I. FEASIBILITY OF ENAA FOR SOM E ELEM ENTS YIELDING LONG 
LIVED ISOTOPES (T 1/2 > 15 h) BY (n , y) REACTIONS

Element Target nuclide T 1/2 of product 
nuclide

( W  [7]

A Ga 71Ga 14.1 h 6.7
As 75 As 26.3 h 13.6
Se 74Se 119.8 d 10.0
Br 81Br 35.3 h 19.3
Rb 85Rb 18.7 d 14.8
Sr 84Sr 64.8 d 13.2
Zr 96Zr 16.7 h 248
Mo 98Mo 65.9 h 53.1
Ag 109 Ag 249.7 d 17.5
Cd 114Cd 53.5 h 39.6
Sn 112Sn 115.1 d 48.4
Sb 121Sb 2.70 d 33.0
Sb I23Sb 60.2 d 28.8
Cs 133Cs 2.06 a 12.7
Ba 130Ba 11.8 d 24.8
Sm 152Sm 46.7 h 14.4
Eu 153Eu 8.56 h 5.7
Cd 158Cd 18.6 h 31.0
Tb 159Tb 72.1 d 17.9
Ho 165Ho 26.8 h 10.9
Tm 169Tm 128.6 d 14.5
Ta 181Ta 114.4 d 32.3
W 186̂ y 23.9 h 13.7
Re 185Re 90.6 h 15.4
Au 197 Au 2.7 d 15.7
Th 232Th 27.4 d (233Pa) 11.5
U 238U 2.35 d (239Np) 103.4

В Na 23Na 15.0 h 0.59
P Sip 14.2 d 0.49
К 42K 12.4 h 0.97
Ca 46Ca 4.53 d 1.3
Sc 45Sc 83.8 d 0.43
Cr 50Cr 27.7 d 0.53
Fe 5SFe 44.5 d 0.97
Co 59Co 5.27 a 1.99
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TABLE I. (cont.)

Cu 63Cu 12.7 h 1.14
Zn 64Zn 243.9 d 1.91
La 139La 40.3 h 0.88

Ce 140Ce 32.5 d 0.83
Nd 146Nd 11.0 d 2.00

Eu 151Eu 12.4 a 0.87
235U (Fission) 0.48

Note: A —  favourable with ENAA; В — favourable with thermal NAA.

TABLE II. FEA SIBILITY  OF ENAA FOR SOM E ELEM ENTS 
SHORT LIV ED  ISOTOPES (T 1/2 < 10 h) BY (n, j )  REACTIONS

YIELDING

Element Target nuclide T1/2 of product 
nuclide

(V ° 0) [7]

A F 19p 11.2 s 23.4
Br 79Br 4.42 h 13.2

17.7 min 11.0

Rh 103Rh 42.3 s 7.6
4.34 min 7.5

In 115In 54.2 min 16.8
Sn 124Sn 9.52 min 60.1
I 127j 25.0 min 24.8

Lu 175Lu 3.64 h 34.8
Th 232Th 22.3 min 11.5
U 238u 23.5 min 103.4

В Mg 26Mg 9.46 min 0.64
Al 27A1 2.24 min 0.71
Cl 37C1 37.2 min 0.69
Ca 48Ca 8.72 min 0.45
Sc 45Sc 18.7 s 0.55
Ti 50Ti 5.76 min 0.67
V 51y 3.75 min 0.55

Mn 55Mn 2.58 h 1.05
Ni MNi 2.52 h 0.67
Cu 65Cu 5.10 min 1.06
Ba 138Ba 83.1 min 0.88
Dy 164Dy 1.26 min 0.25

2.33 h 0.19
U 235u (Fission) 0.48

Note: A — favourable with ENAA; В —  favourable with thermal NAA.
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Since Brunfelt and Steinnes [11] reported the first m ulti-element study by means 
of ENAA, dealing with silicate rocks, this technique has becom e a routine tool in 
many earth science laboratories. It may therefore seem surprising that ENAA hardly 
seems to have been used in corresponding studies o f environmental samples such as 
soils and sediments, which normally consist mainly o f m ineral m atter and therefore 
should be similar- to silicate rocks with respect to the mixture of radionuclides after 
neutron activation.

Another example where ENAA was shown early to exhibit an excellent m ulti
elem ent capability was in the case o f coal and coal fly ash [12]. It is not known to the 
authors to w hat extent ENAA m ay have been used later for routine analyses o f coal 
and coal ash, but there is a deficiency of published m aterial on this matter.

The ENAA o f biological material was first studied in a systematic m anner by 
Кибега [13]. A lthough a considerable num ber of papers on this topic have appeared 
in the literature, the ENAA o f biological m aterial has not proved equally feasible as 
for geological material. The reasons for this appear to be threefold:

(a) M any elements with favourable epithermal activation properties are present at 
extremely low levels in biological tissue.

(b) One o f the m ajor interfering nuclides in INAA of biological material, 82Br, is 
produced from  a nuclide with a high /g /a0 ratio.

(c) Biological samples generally require m ore space during irradiation, and are 
m ore sensitive to high temperatures.

In general, the im provem ent w ith epithermal activation relative to  conventional INAA 
seems to be greatest for the elements Ni, As, Se, Sr, Mo, Ag and I.

Two areas o f environmental analysis seem to deserve particular attention when 
the feasibility o f ENAA relative to non-nuclear m ulti-elem ent techniques is to be 
discussed: the analysis of airborne particulate m atter and the related subject o f the 
analysis o f biom onitors o f atmospheric deposition.

3.1. Analysis of airborne particulate matter

Ever since the first applications of INAA to study trace elements in air particu
late matter, a majority of investigations related to trace elements in air at rural and 
rem ote locations have relied on this technique. This is m ainly due to the fact that the 
total m ass of the aerosol collected on a filter sample is often rather small, and thus 
favours direct instrum ental techniques rather than those depending on dissolution of 
the sam ple prior to analysis. A ir filter analysis therefore seems to be an area where 
INAA can hardly be replaced by any non-nuclear analytical technique at the present

3. ENAA IN MULTI-ELEMENT STUDIES OF ENVIRONMENTAL SAMPLES
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state of the art. Comprehensive texts on the INAA of airborne particulate matter have 
appeared in the literature [14, 15].

The elements that form the major activity upon neutron activation of aerosols 
are very much the same ones as in the case of, for example, silicate rocks and fly ash. 
This means that the advantages of using epithermal activation should also be similar, 
provided that the induced activity is sufficient to yield satisfactory counting statistics. 
As shown by Landsberger [16], this is indeed the case for several trace elements of 
importance in studies of long range atmospheric transport. It is therefore surprising 
that ENAA has been so little used in aerosol studies. In the opinion of the authors this 
is an area where much remains to be done, and at the Joint Institute for Nuclear 
Research, Dubna, ENAA is now being used in several projects involving the analysis 
of aerosol filters.

3.2. Analysis of moss used as a biomonitor of atmospheric deposition

Another challenging area for the environmental analyst is the determination of 
trace elements in mosses and lichens used as biomonitors of atmospheric deposition. 
Such primitive plants have no root system, and therefore absorb nutrients and other 
chemical substances on their surface predominantly from the atmosphere. Mosses 
have been used in Norway since 1977 on a regular basis to monitor the atmospheric 
deposition of heavy metals in a nationwide grid. The analytical approach used from 
the beginning was INAA, supplemented by atomic absorption spectrometry for the 
elements Pb, Cd, Cu and Ni. Prior to the survey in 1990 it became evident that 
ICP-MS, which had then become available, was able to produce results of acceptable 
quality for all elements of first priority [17], and has therefore been used since then 
in regular monitoring work.

During the same period, work has continued to test the feasibility of other 
analytical techniques for trace element determination in moss. In particular, the use 
of ENAA was investigated employing the IBR-2 pulsed fast reactor in Dubna, which 
is characterized by a particularly high fraction of resonance and fast neutrons in the 
total spectrum. By this means the determination of 15 elements (Zr, Sn, Hf, Ta, W, 
Au, Th and eight rate earth elements) previously not detected in such samples was 
demonstrated [18], and the relative merits of ENAA and ICP-MS in moss analysis 
were discussed on the basis of an intercomparison exercise [19].

Prior to a recent deposition study in 1995 covering large parts of Europe, three 
moss reference samples were produced and distributed among more than 60 labora
tories in 15 countries to test the relative performance of different laboratories and 
analytical techniques [20]. The results of this intercomparison demonstrated that good 
ICP-MS laboratories are now capable of producing apparently satisfactory results for 
about 55 elements in mosses. The corresponding figure for ENAA is around 45. In 
the Periodic Table shown in Fig. 1 those elements which can be determined in moss
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by either ENAA or ICP-MS are marked. In 40 cases both techniques can be used, and 
for a majority of these elements it is difficult on the basis of present evidence to give 
preference to one technique or the other. In seven cases (Sc, As, Sb, Hf, Ta, Au and 
Th) ENAA is judged to be the preferred technique, whereas ICP-MS seems prefer
able in five cases (Sr, Sn, Ba, Ce and Nd). Four elements (Cl, Br, I and Se) could only 
be determined well by ENAA, whereas the reverse situation applied for another 14 
elements (Li, Cu, Ga, Ge, Y, Cd, Te, Pr, Dy, Ho, Er, TI, Pb and Bi). The choice of 
either multi-element technique thus depends on the purpose of the investigation and 
the priority of the elements.

It should be added that the simultaneous determination of the halogens Cl, Br 
and I, which is rather straightforward by ENAA in mosses as well as in several other 
environmental sample types, is hardly possible at all by any existing non-nuclear 
technique at the levels concerned.

3.3. Environmental analysis: Total concentrations or acid extractable
fractions of elements?

In classical chemical analysis the determination of an element in a given 
sample always meant the total concentration of the element, regardless of chemical 
form. Environmental samples are often a mixture of organic and mineral material, 
and it is therefore difficult to find a simple method of total decomposition prior to 
wet-chemical analysis. Techniques such as INAA/ENAA not requiring sample 
dissolution therefore have a great advantage if the total concentration is the aim of 
the analysis.

In environmental studies there is now a great tendency to use strong acids, 
most often concentrated nitric acid, for sample decomposition, e.g. in high 
pressure bombs. This treatment leaves a large part of the mineral matter undis
solved, but it is very likely to extract all forms of an element that could become 
bioavailable on a short time-scale. Being rather simple it is now the preferred pro
cedure in many environmental studies, including monitoring programmes such as 
the aforementioned European moss survey. In the intercomparison of trace 
elements in reference moss samples preceding the 1995 deposition survey, the 
laboratories were therefore requested to use concentrated nitric acid if decomposi
tion was required for their method. This resulted in systematically high results 
from INAA for elements primarily associated with soil particles supplied to the 
moss by wind erosion [21]. For elements in the moss typically associated with air 
pollution there was no such bias.

The advantage of the ‘non-destructive’ nuclear methods stated above may 
therefore turn to a disadvantage if acid extractable rather than total concentrations are 
preferred. The choice of ENAA or an alternative non-nuclear multi-element technique 
may therefore depend on whether or not the total concentration is requested.
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Activation with epithermal neutrons offers a distinct advantage to conventional 
INAA for a number of trace elements in many categories of samples involved in envi
ronmental studies, and extended use of ENAA is therefore recommended. Analysis of 
air particulate matter is a case where extensive application of ENAA is likely to be 
particularly fruitful. A similar case where ENAA has shown strong performance is in 
the analysis of moss samples used to monitor atmospheric deposition, where as many 
as 45 elements have been determined.

The strongest competitor among non-nuclear multi-element techniques is defi
nitely ICP-MS. In cases where samples can be dissolved in a small volume of nitric 
acid, and where the chloride content of the sample is low, such as in moss, the num
ber of trace elements that can be determined with acceptable quality may be very 
high. In the case of moss there were only four elements (Cl, Br, I and Se) among those 
determined by ENAA where ICP-MS failed to give any useful result. The three 
halogens, however, represent a case where no non-nuclear techniques can match the 
performance of ENAA for environmental studies.

The choice of analytical technique also depends on whether the total content or 
an acid extractable fraction of the elements in question is desired. In such a case the 
force of nuclear techniques such as ENAA is evident when total concentrations are 
required.

4. CONCLUSIONS
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Abstract

TRACE ELEMENT DETERMINATIONS IN ENVIRONMENTAL MATRICES USING 

NUCLEAR AND OTHER INSTRUMENTAL TECHNIQUES.

The National Centre for Compositional Characterisation of Materials has been set up 

with an important objective of providing validation of analytical programmes of national 

interest. Towards this aim, multitechnique analytical procedures have been investigated to 

characterize environmental samples using nuclear, spectrochemical and chromatographic tech

niques to provide intertechnique validation of results. Adsorption studies of Cr(VI) on active 

carbon have been carried out. The efficacy of such a treatment in chromium removal has been 

studied through spectrophotometry and instrumental neutron activation analysis (INAA). 

Determination of arsenic and mercury in water samples was carried out using hydride genera

tion and cold vapour atomic absorption spectrometry, respectively. In the analysis of silicate 

matrices, soil, sediment and urban dust, various conventional wet digestion procedures like 

HN03 + H2S04 + HF, HNO3 + HCl + HF and alkali fusion have been carried out. Closed 

system microwave digestion in polytetrafluoroethylene (PTFE) digestion vessels were also 

carried out with different acid mixtures to study the release of many elements. A comparison 

of the different digestion procedures is presented. The use of quartz furnace hydride generation 

atomic absorption spectrometry for the determination of arsenic in silicate matrices has been 

validated through INAA.

1. INTRODUCTION

The usefulness of the large mass of analytical data on different environmental 
matrices like soil, sediment, urban dust (air particulates) and water rests on the 
reliability of the values reported. Harmonization of environmental measurements 
refers to the ways to improve such reliability. Towards this aim, multitechnique 
analytical procedures have to be adopted to characterize environmental matrices for 
cross-validation. Nuclear techniques, particularly instrumental neutron activation 
analysis (INAA), with minimal sample handling, have long been used for ascertaining
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the accuracy of results obtained using other spectrochemical methods. This paper 
illustrates the use of such a multitechnique approach for some environmental samples.

2. EXPERIMENTAL

2.1. Samples

Groundwater and inland lake water samples were collected in clean acid 
washed containers and stored as per standard procedures. The silicate matrices 
investigated in this study are IAEA-327N, IAEA-394 and IAEA-395, i.e. Soil, Coal 
Fly Ash and Urban Dust samples, respectively, circulated as typical samples relevant 
to air pollution studies, for intercomparison.

2.2. Irradiation and measurement

Neutron irradiation was carried out at the Apsara reactor, Bhabha Atomic 
Research Centre, Mumbai (formerly Bombay), and the gamma spectrometry was 
done using a high purity germanium (HPGe) (Canberra, USA) detector coupled to a 
computerized multichannel analyser (MCA) system.

2.3. Spectrochemical measurements

Cold vapour atomic absorption spectrometry (CVAAS) measurements for 
mercury were carried out using a unit (MA 5800E) procured from the Electronics 
Corporation of India (ECIL). Hydride generation experiments were carried out using 
a PS Analytical model PSA10.003 continuous hydride generator, and quartz tube 
AAS measurements for arsenic were carried out with a Varian 875 AAS system. Ion 
chromatography (IC) studies, including post-column derivatization of Cr(VI) using 
diphenylcarbazide and subsequent estimations, were done on a Dionex-DX 300 IC 
system.

2.4. Reagents

High purity nitric acid was prepared using a quartz sub-boiling unit and high 
purity HCl using isopiestic distillation. AnalaR (analytical reagent) grades HF, HC104 
and H2S 0 4 were obtained from E. Merck, India. High purity water was obtained using 
a Milli-Q system delivering 18 megohm water.
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3.1. Chromium

3.1.1. Studies on the adsorption o fC r(V I) on carbon pow der

Cr(VI) enters natural waters through effluents from the electroplating and tan
ning industries, which are identified as major pollution sources. As Cr(VI) is known 
to be adsorbed on active carbon, an attempt has been made to look into the feasibility 
of generating carbon (active) from plastic wastes, which can be used for the treatment 
of such effluents. This offers a double advantage of reducing plastic wastes into a 
material that can be beneficially used.

Cr(VI) as chromate was found to be adsorbed on carbon, produced from labo
ratory plastic wastes, through a high temperature treatment step in the absence of air. 
Aqueous solutions with known quantities of Cr(VI) were shaken with carbon powder. 
The dependence of adsorption on pH, time of shaking, concentration of chromium 
and the amount of carbon powder used was studied. The residual Cr(VI) in the liquid 
sample was determined using an IC-photometric detection system through post
column complexation with diphenylcarbazide. The carbon powder in each experiment 
after filtration was dried and the chromium content was estimated using INAA. Some 
experiments were also conducted to study the selective adsorption of chromium (III) 
on zinc oxide. The results are presented in Table I and discussed in Section 5.

3.2. Arsenic

The recent episode of groundwater contamination in some districts in West 
Bengal, India, has brought into focus the need for accurate techniques for the

3. ANALYSIS OF WATER SAMPLES

TABLE I. COMPARISON OF THE PERCENTAGE OF 
RESIDUAL CHROMIUM BY IC AND INAA WITH 
RESPECT TO pH

pH Ion chromatography INAA

3 0.0 27.0

5 4.5 26.0

7 12.0 11.4

9 19.0 32.0

Note: A 10 mL solution of 10 ppm Cr(VI) was shaken with 100 mg 
of carbon for 1 h in the above studies.
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determination of arsenic in water samples. A quartz furnace hydride generation AAS 
(QFHGAAS) method has been standardized in our laboratory, wherein to a 20 mL 
sample aliquot 2.5 mL of HCl was added. To reduce As(V) to AS(III), 1 mL of 1:1 
solution of KI (1M) and ascorbic acid (0.2M) was added, heated on a water bath for 
30 min, cooled and made up to 25 mL, keeping the HCl concentration at IN. Arsine 
was generated from the above solution using a PS Analytical continuous hydride 
generator in batch mode with a 0.5% NaBH4 solution maintained in 0.05% NaOH and 
passed through a preheated (800°C) quartz furnace using argon carrier gas. 
Groundwater samples as well as municipal water samples, analysed by the above 
procedure, were found to contain As in the range of 2-10 ng/mL.

3.3. Mercury

The determination of mercury in water samples at ppb levels is possible with 
neutron activation analysis (NAA) after a preconcentration step. CVAAS and amal
gam trapping followed by furnace AAS are the two frequently used spectrochemical 
approaches for the determination of mercury at ppb levels.

As irradiation of water samples directly in many reactors is prohibited, the 
adsorption of inorganic mercury on polyaniline, a conducting polymer with anion 
exchange properties, has been investigated. It is found that at pH approximately 1, the 
adsorption of inorganic mercury (Hg2+) is almost total, with Kd values in excess of 
104. Organic mercury is not adsorbed and hence poly aniline can be used for the 
separation of organic and inorganic forms. The uses of polyaniline in the determina
tion of mercury in water samples using NAA are described in detail elsewhere [1].

The amalgam trapping-fumace AAS and CVAAS approaches for the determi
nation of mercury in the waters of the Hussainsagar in Hyderabad were carried out 
using the following procedure. A sample aliquot (water) of 100 mL was taken in a 
400 mL beaker; 5 mL of H2S 0 4 and 2.5 mL of H N 03 were added, followed by 15 mL 
of 5% potassium permanganate solution. An excess of K M n04 solution was added 
until the purple colour lasted for more than 10 min. Finally, 8 mL of 5% K ^ O g  
solution was added and kept on a water bath for 1 h and cooled down to room 
temperature. From this wet digested sample an aliquot of 10 mL was taken in the 
reaction vessel of the mercury analyser, followed by the addition of 2 mL of 10% 
H N 03 and 2 mL of 20% SnCl2 solution and stirring for 5 min, and then the 
absorbance was measured. This procedure estimates the total mercury content. For 
inorganic mercury determination, a water sample without wet digestion was taken 
and the inorganic mercury ion was reduced by SnCl2 in the hydride generator unit and 
finally deposited on the gold-platinum gauze. In a subsequent step of atomization at 
10003C, the absorbance due to the released mercury atoms was measured. The 
average total mercury content in the lake water was found to be 8 ng/mL. The 
inorganic mercury content was determined by the amalgam trapping AAS technique
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alone and was found to be around 0.2 ng/mL. Thus, a large fraction of the mercury in 
the lake water was found to be in organic form.

4. ANALYSIS OF SILICATE MATRICES

The IAEA samples Soil (327N), Coal Fly Ash (394) and Urban Dust (395), 
which were circulated as typical environmental samples for intercomparison analy
sis,were analysed using a variety of sample dissolution techniques. They are (a) open 
digestion with H2S 0 4/HC104 + H N 03 + HF, (b) alkali fusion with NaOH in zirco
nium crucibles, and (c) closed system microwave acid digestion using the proportions 
suggested by Lamothe et al. [2]. Graphite furnace atomic absorption spectrometry

TABLE II. INTERTECHNIQUE COMPARISON OF DIGESTION PROCEDURES

Element Sample

ICP-AES FAAS

Microwave

digestion

Open acid 

digestion

Open acid 

digestion

Ca Soil 4 700 4 600 __

Coal Fly Ash 33 600 38 900 —

Urban Dust 119 100 — —

Fe Soil 26 200 20 600 27 100

Coal Fly Ash 65 800 50 200 66 200

Urban Dust 68 200 55 600 71 300

Mg Soil 4 360 4 900 3 600

Coal Fly Ash 13 100 15 200 12 200

Urban Dust 22 600 25 900 24 000

Mn Soil 1 800 1 710 1 780

Coal Fly Ash 1 085 1 140 1 125

Urban Dust 1 124 1 103 953

Zn Soil 61 66 60

Coal Fly Ash 1 099 1 029 1 025

Urban Dust 3 010 3 195 3 200

Note: Values (in mg/kg) are mean values of multiple determinations. The total error in these 

values ranges from 1 to 7% for different elements.
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(GFAAS), inductively coupled plasma-atomic emission spectrometry (ICP-AES) and 
spectrophotometric techniques were used to estimate various major, minor and trace 
constitutents. Table II gives the comparison of the results obtained using the different 
digestion steps.

A comparative study on the determination of arsenic in these samples using 
acid digestion, alkali fusion and INAA has been carried out. The digestion procedures 
are given in detail elsewhere [3].

Separate aliquots were taken from the above digests and the content of As was 
determined by QFHGAAS, as described in Section 3.

The arsenic content in these samples was also estimated through INAA using 
US National Institute of Standards and Technology (NIST) Standard Reference 
Material (SRM) 1633b Coal Fly Ash as the reference sample. The above NaOH fusion, 
followed by the QFHGAAS procedure, has been applied to two more IAEA environ
mental samples, namely Baltic Sea Sediment (IAEA-SEDI) and New York Harbour 
Sediment (IAEA-SED 2). The results are given in Table III.

5. RESULTS AND DISCUSSION

5.1. Adsorption of chromium on carbon powder

Carbon powder, produced from plastic wastes, was found to adsorb Cr(VI). As 
is seen in Table I, the efficiency of adsorption of Cr(VI) decreases with an increase in

TABLE III. DETERMINATION OF ARSENIC IN SILICATE MATRICES (mg/kg)

Sample INAA
QFHGAAS

Microwave digestion NaOH fusion

NIST SRM-1633b 

Coal Fly Ash 133.0 ±4.0 135.0 ± 4.0 137.0 ±3.0

(136.2 ± 3.6) 

Soil 4.9 ± 0.8 4.9 ± 0.2 5.2 ±0.2

Coal Fly Ash 52.5 ± 6.6 46.0 ± 2.0 47.0 ± 1.0

Urban Dust 13.3 ±0.2 13.0 ± 1.0 14.0 ± 1.0

Baltic Sea Sediment — — 67.0 ± 1.5

New York Harbour — — 24.0 ± 2.0

Sediment
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pH, a trend noted by other workers too on carbon produced from various other 
sources. It was also found that the extent of removal of chromium increased with the 
time of shaking and reached a maximum at about one and a half hours. Increasing the 
amount of carbon led to increased absorption. But the residual chromium values mea
sured as a function of pH, as indicated by INAA results, differed considerably from 
the values obtained using the spectrophotometric procedure based on post-column 
derivatization using diphenylcarbazide in the IC system. INAA results indicate that 
the overall removal of Cr is more efficient at a neutral pH region. The reduction of 
Cr(VI) to Cr(III) by organic matter, which is not detected by the spectrophotometric 
procedure, in addition to the reduced adsorption of Cr(VI) at higher pH, would 
explain the difference. Thus, it would be erroneous to compute the extent of total 
chromium removal, based on spectrophotometry alone, without recourse to tech
niques like INAA or other spectrometric techniques that can be used to estimate total 
chromium. INAA, which is highly suitable for the determination of adsorbed 
chromium on carbon powder, without recourse to the tedious dissolution of carbon as 
required by the other spectrochemical methods, offers a handle along with 
spectrophotometry for studies on the removal of Cr(VI) to correctly evaluate the 
extent of chromium remaining after such treatment. Zinc oxide prepared using 
different routes showed different behaviour with respect to the adsorption of Cr(III) 
and Cr(VI). Preliminary results indicate that Cr(III) could be selectively and quanti
tatively retained on ZnO prepared by heating zinc nitrate. The use of INAA and 
particle induced X ray emission (PIXE) in the estimation of adsorbed chromium is 
being investigated, which would provide a way to use these techniques for spéciation 
study.

5.2. Comparison of results on digestion procedures

A comparison of the values of major, minor and trace quantities of some ele
ments obtained through various digestion procedures (Table II) shows fairly good 
agreement among the results. Microwave (oven) digestion (closed system), which 
uses minimum amounts of reagents and is free from external contamination, is well 
suited for the analysis of these environmental matrices, as is illustrated.

5.3. Comparison of INAA and QFHGAAS for determination of arsenic

Hydride generation approaches require a loss-free dissolution of the sample, the 
quantitative reduction of As(V) to As(III) and a reproducible hydride generation step. 
The exceptionally good agreement of the results on arsenic in the three samples, in 
addition to NIST SRM -1633b Coal Fly Ash, obtained using INAA, and microwave 
digestion and alkali fusion followed by QFHGAAS has demonstrated the validation 
of the chemical steps used by us for the determination of arsenic. The close agreement
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between alkali fusion and INAA illustrates that this fast dissolution step can be con
fidently used for the determination of arsenic in such silicate matrices. The arsenic 
content in Baltic Sea Sediment and New York Harbour Sediment was determined 
using this approach.

6. CONCLUSION

The use of INAA for the validation of other analytical approaches has been 
illustrated. In the Cr(VI) adsorption studies, the extent of removal of chromium could 
be properly evaluated. The validation of chemical steps used in HGAAS for the deter
mination of arsenic has helped to enhance its reliability. There is a perceptible 
decrease in the use of nuclear techniques, particularly NAA, due to the closure of 
reactor facilities. But the role of nuclear techniques in providing validation support to 
analytical programmes still remains important. Close interaction of analysts using 
nuclear and non-nuclear techniques is a must to ensure the success of harmonization 
attempts on environmental results.
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Abstract

PROBLEM OF ‘GOOD’ SAMPLES IN BIOENVIRONMENTAL STUDIES.

The final task of any analytical work is to describe a system in terms of chemical com

position. This means that samples to be analysed should be ‘good’ for the studied system, 

otherwise even a very correct analytical method will lead to incorrect conclusions. The paper 

tries to illustrate some specific sources of errors in bioenvironmental sample analysis. Possible 

ways to eliminate samples of low representativeness; and the issue of sampling harmonization 

are discussed.

1. INTRODUCTION

The final task of any analytical work is to describe a sample, object, system 
(ecosystem or subsystem) or process in terms of chemical composition. Because the 
significance of the final analytical result is affected by reproducibility (caused by both 
method and sampling) and accuracy (systematic error), the strategy of the study 
should at least foresee solution of the following problems:

—  Provision of necessary and sufficient accuracy and reproducibility of analyses 
(analytical quality assurance);

—  Adequacy of the sample (from the point of view of elemental composition) to 
the studied system or process (sampling adequacy);

—  Compensation for, or consideration of, spatial composition inhomogeneity 
(spatial representativeness);

—  Compensation for, or consideration of, temporal elemental composition 
changes (temporal representativeness);

—  Usage of sample storage and pretreatment procedures which do not change the 
sample composition (sample invariability).

All these issues are interconnected and ignoring one of them leads to incorrect 
conclusions even when using the most modem and expensive analytical methods. 
This idea is illustrated by a few examples (in fact, the number of possible illustrations 
is too large to be considered within the present paper).

321
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All data used for illustration of the problems listed above were obtained using 
various techniques of neutron activation analysis, mainly instrumental neutron acti
vation analysis (INAA). The accuracy of the method used was proven by various stan
dard reference materials (SRMs) and by our laboratory’s participation in the certifi
cation of some SRMs.

2. ANALYTICAL METHOD

3. ‘GOOD’ METHOD

Among other problems of bioenvironmental studies the problem of analytical 
quality is studied within the framework of an analytical quality assurance system 
(AQAS), an analytical quality control system (AQCS) and good laboratory practices 
(GLP), together with the accompanying standardization documents. Very important in 
this field is the use of SRMs. In this field (especially in bioenvironmental SRMs), the 
IAEA plays a critical role [1], evaluating new SRMs and providing information on 
SRMs prepared all over the world. Despite the fact that most SRMs are certified for 
a limited number of elements, their application is at present the most fruitful way to 
choose the ‘good’ method.

4. ‘GOOD’ SAMPLE

4.1. Sampling adequacy

Two very typical cases can be considered. The first one is extraction of a 
sample from a multicomponent system. The most obvious illustration is the necessity 
to separate the sample from its natural environment —  organs from blood, plants from 
soil and dust, etc. Despite the existence of various recommendations, complete sepa
ration of the sample to be studied is hardly possible because after each separation pro
cedure the final sample contains the rest of the other components, or (if the separa
tion is too strong) the composition of the final sample is changed. Additional diffi
culties arise if the exact definition of the final sample is complicated as in the case of 
the separation of the solid and liquid phase of water where it is not exactly defined 
from what size of particle or cluster the liquid ends and the solid phase begins.

The second case is connected with the description of the composition of a system 
on the basis of the composition of a part of the constituting components. A typical 
case is the study of the concentration of trace elements in atmosphere. Usually the 
atmospheric composition in the case of metals (trace elements) is characterized by 
airborne particulate matter with rather large size particles (depending on the sampler
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from 0.1 ц т  and more). Experiments with cascade impactors show that in many cases 
significant amounts of elements are present in particles of smaller sizes. Moreover, 
many elements are present in the atmosphere in ultra-micrometre size particles and in 
the gas or vapour phase [2]. It is known that mercury is present in the atmosphere 
predominantly in the vapour-gas phase, but it is less known that in many cases (in 
the vicinity of high temperature sources of pollutants like volcanoes, metal melting 
factories, etc.), even for less volatile elements, the composition of ultra-thin particles 
and the vapour-gas phase can be more descriptive for atmosphere characterization 
than usually collected rough aerosols.

4.2. Spatial representativeness

Two cases of spatial composition inhomogeneity are discussed.
The first one is the elemental composition mosaic pattern. The composition of 

soils of one type taken from one field may differ ten and more times. The same situ
ation prevails in the case of rocks, individual plants of the same species, etc. This type 
of inhomogeneity, widely known in geology and agrochemistry, requires the collec
tion of samples from various places followed by mixing to obtain an average sample.

The second case is typical for living matter. The composition inhomogeneity 
of tissues (organs) and all organisms can be very significant. The more complicated 
the organ (in structure or histology), the more significant are the grades of composi
tion. In the case of a rather small object (organism, organ, tissue), it is possible to 
analyse it in whole, but larger objects probably need a special sampling protocol.

4.3. Temporal representativeness

The composition of atmosphere, in most cases, changes very rapidly with the 
meteorological situation (e.g. before and after rain), and the composition of plants and 
water is inter alia connected with season. The composition of human tissues and 
fluids depends on the physiological and other conditions.

As an example, Fig. 1 shows the concentration of potassium in whole peri
pheral blood of a single donor during 24 h. The samples were taken with an interval 
of about 30 min from the finger. The dried samples were analysed using INAA. 
These data show quite significant changes within one day even for such a strongly 
homeostatically controlled element like potassium. For trace elements the interval 
of concentration changes is much greater. Similar temporal changes can be reduced, 
but not eliminated, using more statistically significant sample collection. In 
the study [3], we have analysed more than 2000 samples of whole human blood 
from an Uzbekistan population group. The time of sample collection was also taken 
into consideration. As an example, changes of concentrations of potassium and 
selenium are shown in Fig. 2.
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(% dry weight)

FIG. 1. Change in potassium concentration in whole human blood o f a single person, 
(per cent dry weight).

Hours

FIG. 2. (a) Change in potassium concentration in whole human blood (dry weight); (b) change 
in selenium concentration in whole human blood (dry weight).
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In many cases an analyst receives a sample for analysis without complete infor
mation of its collection and storage conditions and pretreatment techniques. This can 
result in a number of uncertainties in the conclusions.

Many analytical methods require the removal of organic matter. Ashing is 
usually employed for this purpose. Even with strong temperature control and ashing 
in protective inert gases (nitrogen, argon, etc.), the loss of many elements is very 
significant [4]. As an example, the values of element losses from mulberry tree leaves 
are given in Table I (ashing was carried out for 1 h).

4.4. Sample invariability

TABLE I. ELEMENT LOSS IN ASHING 
OF MULBERRY TREE LEAVES

Element

Loss (%)

500°C 1000°C

Na 30-40 45-55

P 20-35 35̂ 10

S 20-35 40-60

К 30-35 90-95

Sc 15-25 25-30

Mn 40-45 65-85

Fe 10-15 30-50

Co 45-50 45-55

Cu 30-40 45-55

To study the thermal stability of hair composition, homogenized samples 
were dried at various temperatures for 1 h and then analysed using INAA. The results 
obtained are given in Table II. Even at lower temperatures the losses of some ele
ments are significant. At higher temperatures, the losses of some elements are close 
to 100%. Losses of Na and other non-volatile elements are not easily explainable 
(perhaps co-distillation and/or too rapid temperature elevation?), but similar behav
iour was found for other kinds of samples too [5]. These results indicate that for 
biological samples drying at 70-80°C or lyophilization is preferable.

Another possible source of error is connected with sorption. It is well known 
that many elements from liquid samples can be lost due to sorption on the walls of 
the flasks in which they are stored (especially if the flasks are made of plastics). Less
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TABLE II. ELEMENT LOSS IN HAIR DRYING 
AND ASHING

Element

Loss (%)

100°C 200°C 300°C 450°C

Na 24 25 25 71

Cl ~0 ~0 ~0 96

Sc ~0 ~0 ~0 '-'0

Cr -0 17 20 38

Mn 13 21 54 99,6

Fe 30 35 40 40

Cu ~0 ~0 4 70

Zn ~0 ~0 ~0 ~0

Se ~0 ~0 24 72

Br 26 27 68 99

Cd ~0 28 72 >90

Sb ~0 ~0 ~0 66

I 20 31 >67 >67

Au 42 85 92 96

Hg ~0 7 20 >93

studied is the problem of sorption of impurities from the atmosphere, especially 
when the samples are ground and have an extended surface. For many kinds of 
bioenvironmental samples this source of systematic error can be significant. To 
prove the possible impact of storage conditions, we prepared homogenized 
samples of hair. Ten parallel subsamples 80-100 mg for each method of storage 
were stored for 14 d in sealed bags made of cleaned polyethylene film, in covers 
made of tracing paper and in closed Petri dishes. The samples were then analysed 
using INAA. The data obtained, given in Table III, illustrate the idea that 
even commonly accepted storage techniques do not completely protect the 
samples from possible contamination from the atmosphere or the loss of volatile 
elements.

For wet and liquid biological samples there is the problem of changing 
or smoothing of concentration gradients in a sample (water in solid and liquid 
phases, blood cells and plasma, organs of complicated structure such as the human 
eye, etc.).
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TABLE III. CHANGES IN COMPOSITION OF HAIR SAMPLES AFTER 
STORAGE (mg/kg)

Element Polyethylene foil Tracing paper Petri dish

Na 98 ± 9.2 84 ± 7.0 77 ± 6.1

Cl 490 ± 36 390 ± 40 520 ± 35

Ca 490 ± 22 590±18* 220 ± 15**

Sc 0.009 ± 0.0003 0.015 ± 0.004** 0.010 ± 0.002

Cr 1.5 ±0.11 0.70 ±0.12** 1.0 ±0.09*

Mn 0.081 ±0.011 0.13 ±0.014* 0.10 ±0.011

Fe 28 ± 3.5 35 ±4.1 21 ± 1.8

Co <0.01 0.042 ± 0.008 0.020 ± 0.007

Cu 12 ± 1.4 36 ± 2.3** 46 ± 3.6**

Zn 200 ± 12 260 ± 15 160 ± 14*

Se 0.49 ± 0.07 0.43 ± 0.07 0.24 ± 0.05*

Sb 0.14 ±0.02 0.15 ±0.02 0.14 ±0.02

I 9.3 ± 1.1 6.8 ± 0.61* 2.5 ± 0.22**

La 0.076 ± 0.0068 0.060 ± 0.0051 <0.01

Au 0.091 ±0.007 0.088 ± 0.009 0.041 ± 0.006**

Hg 3.6 ± 0.27 3.6 ± 0.21 2.7 ± 0.28*

U 0.11 ±0.015 0.21 ± 0.016** 0.12 ±0.014

* D < 0.1. 
** P<0.01.

5. NATURAL STANDARD DEVIATION

The total standard deviation (error) assuming absence of systematic error can 
be described by the following expression:

s 2 = O s n2at

where S is the total deviation, is the analytical deviation which is controlled 
(or seems to be controlled) by an analyst and Snat is the deviation given by sample 
inhomogeneity (low representativeness) caused by many different factors, some of 
which were discussed above.

Obviously, sampling and analytical procedures should allow us to obtain compa
rable values of Sàn and Snat. In other words, when the value Snat is high there is
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log С (mg/kg)

FIG. 3. Natural standard deviation o f human hair composition.

no necessity to use extremely accurate methods. That means that for many tasks less 
accurate (and less expensive) analytical methods may be used to obtain significant 
data.

The most important regularity of natural standard deviation is that it is higher 
for less abundant elements and for more generalized systems. This regularity can be 
illustrated by many examples [4]. One of the possible illustrations can be taken from 
a study [6] which gives a comparison of data on the chemical composition of homo
genized samples of hair taken from various places on the head of a single person 
(where the reproducibility is close to the analytical deviation) and samples taken from 
different places on the head and analysed separately (the values of natural deviation 
can be calculated from these data). A comparison of values of the natural deviation 
with the average concentration is given in Fig. 3.

The more generalized data that have to be obtained within the analytical study 
(the less homogeneous is a sample collection), the more difficult it is to reduce the 
influence of natural deviation, as is illustrated for manganese concentration in mul
berry tree leaves (Table IV).

6. DISCUSSION

The simplest way to reduce the natural deviation seems to be sample collection, 
which covers all temporal, geometric and other changes (collection of samples for the 
entire period under study, and collection of whole organisms or organs, etc.). 
Obviously, this way is not acceptable owing to the enormous number of samples to 
be collected and analysed.

Another way is to analyse a huge number of more or less randomly collected 
samples to overcome possible uncertainty in a very simple way where the error is 
given by the equation:
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TABLE IV. NATURAL DEVIATION OF MANGANESE IN MULBERRY TREE 

LEAVES

Sample RSDnat

Taken from a single tree 0.15

Taken from different trees on the same site 0.18

Taken from a single tree within three months 0.22

Taken from different trees on the same site within three months 

Taken from different trees in an area of 10 km2 at different sites

0.27

within three months 0.57

Taken from different trees in an area of 100 km2 within three months 1.0

m2 = S2 In

Obviously, studies including hundreds of samples can reduce the total errors to 
acceptable values. However, from the point of view of analysis costs this method is 
also not acceptable.

The third way to reduce natural deviation is to collect a reasonably large 
number of samples with sample mixing and averaging. If only one weight for analy
sis is taken from an averaged sample, the total deviation is (S2n + S2at)/n and if n1 
parallel analyses are made the deviation is (5 ^  + S2at)/nnv  There are other possible 
methods of sample averaging taken from some other fields (such as the mining 
industry).

Finally, a strong sampling protocol and detailed description of the sampling 
procedure is required for a useful comparison of the data obtained by various authors. 
The recommendations for hair sampling are widely accepted [7].

For most kinds of bioenvironmental samples a clear and comprehensive 
protocol for sample collection and preparation is not available at present. Some rec
ommendations can be used from related fields —  such as collection of a day’s urine 
from the field of medicine or collection of soil from five parts of a field (envelope 
method) from agrochemistry.

7. CONCLUSIONS

Examples given above as well as others given by many authors allow us to con
clude that the application of good analytical methods does not ensure correct results 
and that in many cases (if not in most) incorrect analysis results are caused by wrong 
samples rather than by the wrong method.
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Finally, the old recommendation that the ‘analyst should know the whole his
tory of the sample and should be familiar at least with the basic principles of the
field in which his results are to be used’ is still valid and should be taken into
consideration in the elaboration of AQAS/AQCS and GLP.
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A bstract

QUALITY ASSURANCE AND APPLICATION OF INAA AND EDXRF TECHNIQUES IN 

ENVIRONMENTAL SCIENCES.

The sampling and analysis of air particulates and rainwater for fallout radioactivity in 

the late 1950s and 1960s have provided substantial experience in carrying out trace element 

measurements on environmental samples from many cities in the country. The common factors 

have been sampling methods and gamma/X ray spectrometry. Regular procedures in use over 

the last 30 years have shown that harmonization of environmental data can be achieved by 

following tested procedures with good analytical practices. Regular quality assurance 

procedures have allowed investigations, through trace element determinations, of a number of 

varied topics ranging from health related applications and long range transport of aerosols to 

cloud physics and geochemical studies. For trace element measurements instrumental neutron 

activation analysis (INAA) and energy dispersive X ray fluorescence (EDXRF) methods have 

been used. Generally, fewer problems have been encountered with INAA where the results are 

fairly precise as compared with EDXRF, where more care is required in the analysis. Some 

errors that creep in with EDXRF could be attributed to pellet preparation and interference 

corrections. Some topics to which these two analytical techniques have been applied at the 

Bhabha Atomic Research Centre are discussed in the paper.

1. TRACE ELEMENTS IN ENVIRONMENTAL SAMPLES

Investigations on trace element concentrations in the environment have been 
prompted by several considerations, chief among them being the concern about the 
effects of toxic elements on living beings. Such measurements have perhaps been put 
to greater use in other fields than in health related work. Trace element data have been 
applied in a variety of disciplines in atmospheric science alone, like cloud physics, air 
mass movements, long range transport, geochemical cycle of elements and aerosol

* Formerly Bombay.
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mass movements, long range transport, geochemical cycle of elements and aerosol 
material balance [1].

Generally, the trace elements to be measured in environmental samples are in 
the micro gram to nanogram per gram range and vary over orders of magnitude even 
in the same matrix. Two instrumental methods, instrumental neutron activation 
analysis (INAA) and energy dispersive X ray fluorescence (EDXRF) are now 
established techniques for these studies owing to their multi-element capability and 
fairly good analytical sensitivity. The methods are essentially complementary to each 
other. The application of nuclear and related methods to aerosols over the last few 
years have been reviewed by Maenhaut [2].

2. QUALITY ASSURANCE AND HARMONIZATION
OF ENVIRONMENTAL DATA

Our laboratory at the Bhabha Atomic Research Centre (BARC) had a network 
of stations in India for fallout sampling from the late 1950s. Radioactivity measure
ments on aerosols and deposited fallout collected from these stations were analysed 
to provide an overall picture of the radioactive contamination across the countiy. 
Careful application of quality assurance (QA) methods permitted harmonization of 
environmental radioactivity data from the country and a consistent picture of radio
active contamination could be drawn for several years. In Fig. 1, the variation of 137Cs 
activity in air measured in different stations in India over several years is shown [3]. 
The increases in the spring season as well as the absolute activity variations with 
latitude are clearly seen in this figure. By studying the 95Zr/137Cs ratio in air at these 
stations, conclusions could be drawn about the series of nuclear weapon tests in 1958, 
1961 and 1962.

The experience gained over the years from fallout monitoring was subsequently 
utilized in carrying out trace element measurements on environmental samples from 
many cities in India, initially by only INAA and subsequently by EDXRF as well. 
These two analytical methods and direct gamma spectrometry for U, Th and К  have 
provided constant cross-checks, since at least a few elements are measured by two out 
of the three methods. In fact, the experience over the last 30 years has also been that 
harmonization of environmental data can be achieved with good experimental 
practices.

The usefulness of INAA and/or EDXRF for urban aerosol analysis was 
evaluated [4] and it was found that 18 elements (including Rb, Br and As, which were 
detected in some samples) were measurable by EDXRF and 15 by INAA, of which 
four were measured by both methods. The apparent per cent mass (excluding oxygen 
and nitrogen) accounted for by EDXRF analysis was 24.8%, while the weight 
percentage of elements determined by INAA totalled 6.35, of which Na, Fe and Zn



334 SADASIVAN

INAA
12 elements 0.17

FIG. 2. Apparent weight percentages o f various elements in aerosol samples in Mumbai.
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accounted for 1.28, 4.28 and 0.62%, respectively (Fig. 2). The per cent mass of the 
remaining 12 elements determined by INAA together totalled only 0.17%. The 
potentially toxic elements such as Pb, Zn, Cu and Ni are readily analysed by EDXRF 
and, in addition, As at higher levels can also be determined. On the other hand, the 
elements readily analysed by INAA were only Zn, As and Hg. Thus, with the excep
tion of Hg, toxic elements in ambient aerosols could be analysed by EDXRF. It would 
thus seem that the EDXRF method, which has multi-element capability and is non
destructive (despite limitations on sensitivity) is more suited for the analysis of bulk 
samples of ambient aerosols.

Quality assurance was ensured by several methods such as analysis of standard 
reference materials (SRMs), intercomparison analysis, independent measurements by 
alternate methods and analysis by another laboratory in BARC (by atomic absorption 
spectrometry). We regularly participate in intercomparison exercises for trace 
elements (e.g. of fly ash organized by the Institute of Radioecology and Applied 
Nuclear Techniques, Kosice, Slovakia [5]), as well as for radioactivity measurements. 
We had also organized an intercomparison exercise on aerosol analysis during an 
earlier IAEA Co-ordinated Research Programme (CRP) [6]. The last major inter
comparison exercise the author participated in was the analysis of IAEA SD-M-2/TM 
Marine Sediment [7], where 121 laboratories from 51 countries reported results for 
up to 62 elements from 20 000 individual measurements. In Fig. 3, our results are 
compared with medians finalized by the IAEA Marine Environment Laboratory 
(IAEA-MEL) in Monaco. The results from this intercomparison have shown that our 
analysis has improved considerably over the years. In this exercise, we found that 
incorrect values for two elements, К  and Rb, were entered against our laboratory. In 
the case of К  the error occurred at IAEA-MEL and in the case of Rb our report 
contained a typing error, the value being given as 1093 instead of 109.3. Generally, 
we encounter less problems with activation analysis. The EDXRF analysis, however, 
has shown some problems. We could attribute improper interference corrections in 
the case of Pb. This has been taken care of now with the use of dedicated software. 
With EDXRF, errors also arise due to pellet preparation. Over the last 30 years our 
experience with environmental sample analysis has been that values in most cases 
could only be reported with a minimum error of 15%, due mostly to sampling errors.

3. APPLICATION OF TRACE ELEMENT DATA
ON ENVIRONMENTAL SAMPLES

3.1. F ly ash  d isposal by th e rm a l pow er p lan ts

A large variety of environmental samples were analysed over the last 24 years 
for specific applications. Under an earlier IAEA CRP on the use of nuclear and
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nuclear related techniques in the study of environmental pollution associated with 
solid wastes, a detailed analysis of the composition of coal, fly ash and bottom ash 
samples from various thermal power plants in India was carried out. A large number 
of elements, including toxic elements like As, Cr, Cu, Mn, Pb, Se, Sb, V and Zn using 
EDXRF and INAA methods and U, Th and К by gamma spectrometry, were 
analysed. The samples were sieved into two sizes and analysed. Studies on the 
leaching and deposition pattern of the fly ash were also undertaken. Inter-£lement 
correlations in the fly ash samples showed associations of Si with K; Cu and Zn with 
Pb; К  with Rb and Al; and Ca with Sr and Fe with Ti. The ratios of the element 
concentrations in fly ash and in the corresponding coal samples were found to be 
about 3-5 for most elements, except for Cr and Sb for which it was 6; for Pb it was 
9 and for As it was as high as 33 in one sample. Such ratios for ESP ash and coal for 
all the elements was found to vary from 2 to 4, except for Pb for which it was 12.4 
[8, 9].

In a related study, possible groundwater contamination from a fly ash pond was 
evaluated [10]. In Table I the estimated leach water quality for various toxic elements 
are given. Based on these and the cation exchange capacity (CEC) of soil at the 
disposal site (15-30 meq/100 g) and other relevant parameters like groundwater 
hydrology, pond size and geology of the site, it was concluded that there is no possi
bility of groundwater contamination due to the ash pond.

3.2. A tm ospheric science

3.2.1. Transport o f aerosols

During the Indo-Soviet Monsoon Experiment in 1973, size separated aerosols 
over the Arabian Sea were collected using a four stage cascade impactor and analysed 
by INAA for trace elements, which showed that the size distribution for Na and Cl 
was similar. However, for the other two elements from sea water, Br and I, the distri
butions were different, with high concentrations of these in small particles [11]. 
Significant amounts of the soil origin elements Fe, Mn and Cr were found in particles 
> 0 .1  fim even over the sea, and both Zn and Sb were found to be highly enhanced 
with respect to soil composition. These results had an important bearing on the long 
range transport of aerosols.

3.2.2. Cloud physics

From simultaneous sampling and analysis of aerosols, cloud water and rain 
water, the following major inferences were drawn [12, 13]: (a) the chemical compo
sition of cloud water in the monsoon rains over the west coast with respect to its Na
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Element
Concen

tration3

Total

leach

(%)

Leach water 

quality 

(lig/mL)

Discharge limit 

surface waterb 

(M-g/mL)

Drinking water0 

Desirable Permissible 

(H-g/mL)

Cr 98 0.665 0.000 37 2.0 0.05 0.05

Fe 29 300 0.15 1.10 — 0.3 1.0

Co 8.6 2.12 0.01 — — —

Cu 77 0.47 0.02 3.0 0.05 1.5

Zn 93 3.52 0.186 5.0 5.0 15.0

As 4.1 BDLd — 0.2 0.05 0.05

Cd 0.10 — — 2.0 0.01 0.01

Hg (ppb) 8.21 8.64 0.000 04 0.01 0.001 0.001
Pb 12.8 2.04 0.015 0.1 0.05 0.05

a Concentration is in ppm unless otherwise specified. L/S ratio =100 

b ISI-2490. 

c ISI-10500

d BDL: below detection limit.

and Cl content was greatly influenced by giant particles; (b) there was no gaseous 
iodine absorption in rain drops and the aerosol composition adequately explained the 
halogen content of rain water; (c) cloud droplets in the warm orographic clouds were 
formed on the entire size range of sea salt particles; (d) there was fractionation of Br 
and I at the sea-air interface; (e) the geochemical cycle of halogens could be evalu
ated; (f) trace elements in air and rain water serve as useful tracers for studying air 
mass movements.

3.2.3. Urban aerosol sources

The various source contributions to the aerosol mass over several cities in India 
could be identified by INAA and EDXRF analysis of air particulates. The remarkable 
consistency with which the data from across the country could be fitted in an overall 
picture showed that it is rather easy to harmonize the data on environmental matrices. 
In the case of air particulate data from several cities, it was found that the elements 
Fe, Se, Co, Mn and Cr generally had a soil origin, while Sb, Zn, As and Hg were 
found to be from anthropogenic sources, like domestic fuel and refuse burning 
[14, 15].

The element enrichment in aerosols over four cities, relative to the Earth’s crust 
(with reference to Si) are presented in Table II [15]. The elements Al, Si, K, Ca, Ti, 
V, Mn, Fe, Rb and Sr have low enrichment factors except for Ca, Mn and V in
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TABLE II. ELEMENT ENRICHMENT FACTORS IN 
AEROSOLS OVER FOUR CITIES

Element
Enrichment factors (rock, Si)

Mumbai Bangalore Nagpur Jaipur

Al 0.9 1.5 4.8 1.8

Br 346 230 45 79

Ca 4.6 1.7 1.3 2.6

Cl 440 123 57 102

Cu 75 101 21 25

Fe 2.5 2.1 1.2 1.7

К 1.1 0.9 0.6 1.3

Mn 3.2 2.6 2.4 1.9

Ni 6.6 23 BDLa 5.6

Pb 512 495 120 96

Rb 2.5 2.8 2.2 2.4

S 217 52 20 16

Sr 2.0 0.9 0.6 1.3

Ti 2.6 1.3 1.5 1.7

V 8.5 3.5 1.6 1.8

Zn 187 152 66 50

a BDL: below detection limit.

Mumbai, V in Bangalore and Al in Nagpur. In the coastal city of Mumbai, Cl and Br 
have significant contribution from sea salt. For the anthropogenic elements, the 
maximum to minimum concentration ratio varied between 10 and 40, though Pb at 
Mumbai and Zn at the other three cities showed even larger variations.

The aerosol measurements also showed that the crustal origin elements 
followed a unimodal distribution while the pollution origin elements were bimodally 
distributed owing to their releases in both vapour and particulate forms. In another 
study on size separated aerosols at Mumbai [16], fairly large concentrations of the 
toxic elements Sb, Hg, etc., were found in particles of <1 (im for which the alveolar 
deposition is high.

A total of 28 elements could be measured in aerosol samples collected at 
Mumbai and 7 different sources; crustal aerosols, both heavy mineral fraction as well 
as shale and limestone, combustion (refuse burning), fertilizer plant and oil refinery 
emissions, sea salt, etc., could be identified as contributors to the aerosol mass at the 
sampling site [4].
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TABLE III. WEIGHT PER CENT OF MAJOR ELEMENTS 
(EXCEPT Al AND 0 2) IN DUST PARTICLES MEASURED BY 
ELECTRON EXCITED XRF

Element 0.7 цт 5 |ima 50 |imb 100 (im

Si 31.72 14.75-17.06 23.37 52.49-70.06

К 13.46 4.45-8.45 1.58 3.36-5.44

Ca 16.01 1.21-1.49 3.62 2.85-4.88

Fe 11.53 6.23-7.56 16.40 1.96-5.20

a Particles embedded in large particles. 
b Spherical in shape and highly conducting particles.

3.2.4. Aerosols from a remote site

Air particulates from a remote place were analysed and the results showed [17] 
that the aerosols at the site could be divided into four categories (Table III): particles 
of about 1 (Am representing transported soil with a high concentration of K, Ca and 
Fe; particles of about 5 p.m originating from clay minerals and embedded in large 
particles; and particles representing exclusively quartz grains occurring in two size 
ranges of about 50 jim and 50-100 (im. The aerosols of about 50 (im size had a 
specific shape and were highly conducting, with a large percentage of Fe. Those in 
the 50-100 |J.m range had an irregular shape with a very high concentration of Si.

3.2.5. Aerosols in two size ranges from urban and semi-urban sites

Currently we are participating in an IAEA CRP on applied research on air 
pollution using nuclear related analytical techniques, where the composition of 
aerosols collected in two size ranges, viz. 2-10 |im  and < 2 (j.m, at two sites are being 
investigated. The results from this study are presented in another paper in this 
Symposium.

3.3. Geochemical studies

In another application, though not directly connected to environmental science, 
geochemical studies were carried out on core samples (shale and limestone) from the 
shelf off the coast of Mumbai [18]. The analysis was by INAA and EDXRF and for 
U, Th and К by direct gamma spectrometry as well. The variation in К/Th, К/U and 
Sr/Ca with depth in the sediment core samples are shown in Fig. 4. Our investigations
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К/Th К/U Sr/Ca

FIG. 4. Depth profiles ofK/Th, К/U and Sr/Ca — off-shore core samples, Arabian Sea.

showed that the trace element abundances of the shales off the west coast o f India are 
generally similar to marine shales elsewhere. The depositional setting was pre
dominantly an argillaceous one and the sediments were derived from weathering and 
transportation of the Deccan Trap flows. Clay and detrital components govern the 
element abundances in these sediments. A break in the chemistry was observed at a 
depth of about 1600 m, corresponding to a palaeontological age of 22.5 million years, 
and was attributed to a change in the depositional environment and/or the provenance. 
The change was attributed to some tectonic event in the past.
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A b strac t

ANALYTICAL QUALITY ASSURANCE IN TRACE ELEMENT ANALYSIS USING 

DIFFERENT TECHNIQUES IN THE BANGLADESH ATOMIC ENERGY COMMISSION.

Experience with analytical quality assurance in trace element analysis in the laboratories 

of the Bangladesh Atomic Energy Commission are discussed with some specific illustrations. 

It is concluded that regular intercomparisons of analytical results for blind samples are needed 

to maintain the quality of analytical work in the laboratories. It is necessary to build up an 

institutional framework for such intercomparisons where they do not exist.

1. INTRODUCTION

Interest in trace and ultratrace elements in biological systems and the environ
ment has increased in recent times globally. This has led to the emergence of quality 
assurance as a major issue in analytical measurements in these fields [1-5]. Analytical 
quality assurance exercises have been carried out over a number of years in trace 
element analyses at the Bangladesh Atomic Energy Commission (BAEC) using 
techniques such as PIXE, EDXRF, TXRF, AAS, INAA and DPP.1 Validation of the 
methods used for any major work is usually carried out through the analysis of 
certified standards. However, sometimes standards similar in matrix and composition 
to the field samples may not be available. In such casés, validation and good know
ledge of the fundamentals of the techniques are not necessarily sufficient to obtain 
good analytical results. Meticulous attention to detail is needed on the part of the 
analyst to ensure quality results.

* Present address: Chemistry Department, Dhaka University, Dhaka, Bangladesh.

1 PIXE: particle induced X ray emission; EDXRF: energy dispersive X ray fluorescence; 

TXRF: total reflection X ray fluorescence; AAS: atomic absorption spectrometry; INAA: 

instrumental neutron activation analysis; DPP: differential pulse polarography.
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In our laboratories we usually use methods which can be classified into two 
groups according to the treatment of the samples required. In the instrumental 
methods little or no sample preparation is involved. The samples are analysed in the 
form they are received except for drying, grinding, etc. There are no contamination 
problems in these processes normally. In these methods simultaneous multi-parameter 
measurements are usually made. The main problems in such methods arise from the 
minimum detection limits (MDLs) of the methods and inter-element interference.

The MDLs in these methods usually depend on the sample matrix composition. 
It is therefore necessary to keep track of MDLs to obtain quality results. Inter-element 
interference also depends on the concentration of the elements. At certain concentra
tion levels inter-element interference between two elements can be ignored, but if the 
concentration of one of them increases beyond a certain limit it may not be possible 
to analyse the other element at all.

In the other group of methods where some type of sample pretreatments are 
used, additional problems of sample contamination or loss may arise. However, in 
these methods MDLs can be improved by the use of preconcentration, and inter
element interference can by reduced by dilution or separation. These methods usually 
need ashing or wet chemical processing. Ashing causes loss and wet chemical 
processes introduce the possibility of contamination.

Validation of the methods is usually done by the use of certified standards 
before any major analyses are undertaken. However, as the samples to be analysed 
and the standards used for validation of the methods are never exactly the same, the 
problems mentioned above can be missed even by very experienced analysts. These 
points are illustrated through some case studies.

2. CASE STUDIES

2.1. A ir filter analysis

We participated in an interlaboratory comparison of air filter samples under the 
auspices of the IAEA [6]. Our results using PIXE along with the median values for 
all participating laboratories are shown in Table I. The median values rather than the 
mean are shown for the intercomparison data as these data were available only in 
graphical form. It can be seen that our results for As turned out to be rather high for 
the fine fraction where the Pb content was high, although perfectly good results were 
obtained in validation experiments using biological standards and also for the coarse 
fraction where the Pb content was low. We have also been getting very high As values 
in our survey data which aroused our suspicion.

The problem was investigated further by the analysis of four air filters with high 
Pb content using NAA at the University of Illinois at Urbana, USA [7]. These results
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TABLE I. INTERCOMPARISON OF ELEMENTAL CONCENTRATIONS IN 
AIR FILTERS SUPPLIED BY THE IAEA. THE PIXE METHOD WAS 
USED FOR ANALYSIS IN OUR LABORATORY

Element

Fine fraction (ng/filter) Coarse fraction (ng/filter)

This lab. Overall median Score2 This lab. Overall median ;Score8

К 9 304 ± 248 10 200 ± 1500 -0.6 4914 ± 241 10 300 ± 3000 -1.8

Ca 26 491 ± 179 24 250 ± 2000 1.1 8646 ± 148 15 000 ± 3000 -2.1

Ti 684 ± 30 1 530 ± 200 0.8 886 ± 27 1 440 ± 300 -1.8

Cr 35.6 ± 8.6 50 ± 15 - 1.0 14.7 ± 8.6 40 ± 15 -1.7

Mn 440 ± 11 450 ± 60 -0.2 177 ±9 300 ± 100 - 1.2

Fe 16 948 ± 52 17 500 ± 2000 -0.3 7583 ± 37 12 800 ± 4000 -1.3

Ni 43.3 ±5.1 35 ± 17 0.5 33.3 ± 4.9 16 ± 10 1.7

Cu 86.8 ± 6.2 120 ± 50 -0.7 55.4 ± 5.6 75 ±50 -0.4

Zn 345 ±11 350 ± 10 -0.5 106 ±7 220 ± 60 1.9

As 123 ± 19 95 ± 10 2.8 54.8 ± 14 70 ±20 -0.8

Br 26.1 ± 9.3 20 ± 10 0.6 31.6 ± 10.5 20 ± 10 1.2

Sr 75.8 ± 17.1 71 ±30 0.2 51.3 ± 14.6 70 ± 10 -1.9

Pb 881 ±46 1 080 ± 150 -1.3 357 ± 33 450 ± 150 -0.6

3 Score = (laboratory value - overall median)/(SD in median).

TABLE II. INTERCOMPARISON OF К  AND As CONCENTRATIONS IN FOUR 
AIR FILTERS

Sample

No.

К (ng/m3) As (ng/m3)

PIXE NAA Score3 PIXE NAA Score3

18C 197 ±2 259 ± 34 -1.8 4.7 ± 0.4 0.35 ±0.10 >3

18F 331 ±2 353 ± 25 -0.88 12.6 ± 1.7 1.16 ±0.08 >3

58C 1485 ± 5 1949 ± 177 -2.6 180 ±5 18.2 ±0.8 >3

58F 2216 ±9 2088 ±170 +0.7 275 ± 15 14.8 ± 0.8 >3

a Score with respect to NAA values.
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are shown in Table II. This confirmed our difficulties with As analysis in air filters 
and was traced to an inherent problem in the PIXE analysis of As in the presence of 
large quantities of Pb. Similar problems have been found in Ni results in the presence 
of high levels of Fe and in Cr data in the presence of high levels of Mn.

2.2. A nalysis o f  biological sam ples

We participated in another intercomparison programme on the analysis of two 
plant reference materials: IAEA-336 Lichen and IAEA-359 Cabbage [8]. The results 
from our laboratory along with the intercomparison mean values are shown in 
Table III. It can be seen that in the case of Na analysis one of our results (IAEA-336) 
was an outlier, although the same procedure (AAS) was involved. This was a case of 
contamination while carrying out solution chemistry.

A high score was obtained in the case of Cr for LAEA-359. This was a case of 
analysis near the detection limit. In the IAEA-336 sample high scores were obtained 
for К  and Ni. This happened because of the low concentration of these elements near 
detection limits and the high concentrations of Ca and Fe.

The high scores in the case of Pb data using PIXE for both the samples again 
are due to concentrations close to detection limits. Here, the DPP method yields better 
results. In air filter analysis, good scores were obtained for Pb analysis (Table I) as 
the concentrations were much higher than the detection limits.

3. CONCLUSIONS

Our experience shows that validation of the methods of analysis using cer
tified standards is not always sufficient to ensure the quality of the analytical data 
produced in a laboratory. Meticulous attention to detail is needed to ensure qual
ity since some details are missed at times even by the most experienced analysts. 
Regular intercomparison of analytical results for blind samples are needed to 
focus attention on any problems which may exist and thus help in maintaining the 
quality of analytical work in the laboratory. Such intercomparison exercises 
should be carried out nationally, regionally and internationally from time to time. 
It is not possible for many developing countries to prepare samples of adequate 
quality for intercomparison work. In such cases, certified standards may be used 
as long as the identity of the samples is not known to the analyst. Co-ordination 
points for national and regional intercomparison studies should be developed 
where feasible.
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TABLE III. INTERCOMPARISON OF TRACE AND MINOR ELEMENT 
CONCENTRATIONS IN IAEA-359 LICHEN AND CABBAGE

Element Method2

IAEA-336 
Concentration (mg/kg)

IAEA-359 
Concentration (mg/kg)

Mean ± SD 
This lab.

Mean ± SD 
Intercomp.

Scoreb Mean ± SD 
This lab.

Mean ± SD 
Intercomp.

Scoreb

Ka Al 1280 ± 112 323 ± 36 27 497 ±8 577 ± 66 -1.2

Mg Al 891 ± 13 584 ± 195 1.6 2533 ± 48 2025 ± 394 1.3

К Al 1830 ± 29 1836 ± 143 -0.02 33 571 ± 495 32 979 ± 2981 0.13
X3 11051246 -5.1 34 099 ± 671 -0.44

Ca Al 3805 ± 350 2870 ± 666 1.4 17 105 ± 466 19 125 ± 1668 -1.2
X3 2776 ± 97 -0.14 21 601 ± 640 1.5

Ti X3 57.7 ± 4.7 46.2 ± 19.3 0.6 9.2 ± 3.3 14.3 ± 3.9 -1.3

Cr X3 <0.7 1.07 ± 0.30 — 2.2 ± 0.4 1.30 ±0.19 4.6

Mn X3 53.9 ± 1.9 62 ±7 -1.2 27.9 ± 0.5 31.3 ±3.2 -1.1

Fe Al 374 ±6 430 ± 61 -0.94 152 ± 28 155 ± 18 -0.15
X3 368 ± 16 1.0 145 ± 11 -0.55

Ni X3 4.1 ± 1.5 1.23 ±0.40 7.1 1.7 ± 0.6 1.3 ± 0.4 1.0

Cu Al 3.3 ±0.01 3.6 ± 1.3 -0.2 6.3 ± 0.4 5.5 ± 0.7 1.0
X3 2.29 ±0.18 -0.97 4.8 ± 0.9 -1.1

Zn X3 29.7 ± 1.1 30.25 ± 4.57 0.12 37.2 ± 0.6 37.9 ± 2.6 -0.27

Br X3 11.5 ±4.7 13.04 ±2.15 0.17 7.0 ± 0.6 6.72 ± 0.99 0.28

Rb X3 1.97 ±0.45 1.78 ±0.22 0.86 7.2 ±0.4 6.1 ±0.7 1.8

Sr X3 11.5 ±0.5 9.59 ± 1.38 1.4 58.2 ± 1.9 52.2 ± 4.8 1.4

Pb X3 6.01 ± 0.64 4.88 ± 0.25 4.5 1.6 ± 0.7 1.05 ± 0.45 2.2
VI — 1.34 0.64

a Al: AAS; VI: DPP; X3: PIXE.

b Score = Laboratory mean - intercomparison mean)/SD in intercomparison mean.
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A bstract

QUALITY ASSURANCE OF NEUTRON ACTIVATION ANALYSIS OF TRACES OF 

VANADIUM IN WORKPLACE AIR, THE ENVIRONMENT AND HUMAN TISSUES.

The essentiality, distribution and toxicology of vanadium are still areas of ongoing 

research at the present time. Analytical quality assurance procedures, such as analysis of suit

able reference materials (RMs) or comparative analyses using independent analytical tech

niques, should be extensively applied in these studies in order to elucidate the existing dis

crepancies and gaps in our knowledge of vanadium levels in the biosphere, environment and 

especially in human tissues, where vanadium is present at extremely low levels. Results of 

vanadium determination by instrumental and radiochemical neutron activation analysis at con

centrations ranging from less than 0.001 mg/kg to several hundreds of mg/kg in a number of 

environmental and biological RMs, mostly those recently prepared, are presented. Problems of 

quality assurance in vanadium related environmental studies are discussed in terms of the avail

ability of suitable matrix and vanadium level matched RMs for the following matrices: work

place and ambient air; soils, sediments and waters; botanical materials; and animal and human 

tissues. The possibilities of pursuing quality assurance by comparative analyses of the above 

matrices using independent analytical techniques are briefly evaluated. The need for quality 

assurance of the pre-analytical stages of the above studies, especially those aimed at establish

ing normal vanadium values in selected human tissues, is also mentioned.

1. INTRODUCTION

Vanadium is an important pollutant of the environment because it is released in 
large quantities to the atmosphere by burning fossil fuels, especially oil. Furthermore, 
various processes in ferrous metallurgy involve the production of vanadium contain
ing vapours which condense to form respirable aerosols. These metallurgical

349
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processes and the production of vanadium steel alloys and other compounds may also 
result in the pollution of other compartments of the environment, namely soil and 
water [1].

The important role of vanadium in biological systems, including the element’s 
essentiality, have been discussed in several books and review papers [2-5]. On the 
other hand, the adverse effects of vanadium on organisms and human health have also 
been reported [4-6], namely on occupational exposure occurring, for instance, in 
boiler cleaning or vanadium pentoxide production. Exposed workers may suffer from 
irritation of the eyes and especially the respiratory tract [6]. Recently, increased mor
bidity from acute viral and bacterial respiratory airway infections was found in chil
dren living in an area polluted by emissions from a vanadium pentoxide production 
plant [7]. Obviously, the essentiality, distribution and toxicology of vanadium are still 
areas of ongoing research at the present time. Analytical quality assurance (QA) pro
cedures should be applied extensively in these studies to guarantee that accurate vana
dium values are obtained. This is a prerequisite for elucidating and evaluating the 
existing gaps and discrepancies in our knowledge of vanadium levels in the biosphere, 
the environment, and especially in human tissues and body fluids, where vanadium is 
present in extremely low concentrations [3, 8, 9].

There are several widely available analytical techniques capable of accurate 
vanadium determination in various matrices at the (ig/g level, such as graphite furnace 
atomic absorption spectrometry (GFAAS), inductively coupled plasma-atomic emis
sion spectrometry (ICP-AES), particle induced X ray emission (PIXE) and instru
mental neutron activation analysis (INAA). However, for determination in many 
types of biological samples where vanadium levels are at the ng/g level and below, the 
choice of suitable analytical methods is limited. The use of radiochemical neutron 
activation analysis (RNAA) (with totally post-irradiation separation) seems to be 
superior for this purpose [9], although GFAAS with preconcentration [10], INAA 
with pre-irradiation separation in a clean (class 100) laboratory [11] and high resolu
tion ICP-mass spectrometry (ICP-MS) [12] were also successfully applied. As with 
analytical techniques, the availability of suitable reference materials (RMs) decreases 
with decreasing vanadium levels.

In a recent review [13], 35 biological and environmental RMs with certified 
vanadium values higher than 1 mg/kg (and 29 RMs with non-certified values) were 
listed, while for vanadium concentrations below this level only 9 RMs (and 20 RMs 
with non-certified values) are available. Of the latter category, only one environmental 
RM exists with a certified vanadium value below 1 (ig/kg or Ц-g/L (0.3 ± 0.021 (ig/L 
in NRCC-SLRS-3 Riverine Water) and no RMs of biological origin. In biological 
RMs, there are only non-certified values available of 0.06 |lg/kg and 0.65 Ц-g/kg, dry 
weight, in National Institute for Standards and Technology (NIST) standard re
ference material (SRM) SRM-1598 Inorganic Constituents in Bovine Serum and 
Versieck’s Second Generation Human Serum RM, respectively, the latter value being
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determined in the authors’ laboratories. This lack of low level vanadium biological 
RMs is a severe handicap for the QA of vanadium related biological and biomedical 
studies.

In the present paper, results are reported for vanadium determination in recently 
issued environmental and biological RMs, as well as experience in QA obtained in 
our studies on vanadium levels in workplace air, the environment and human or 
animal tissues by concurrent analyses of suitable RMs or using the self-validation 
principle of NAA [14, 15].

2. EXPERIMENTAL

2.1. S am ple p re p a ra tio n

Samples of RMs weighing 150-300 mg, except for NIST SRM-1648 Urban 
Particulate Matter, of which 1-5 mg aliquots were used, were heat-sealed into pre
cleaned polyethylene (PE) vials in a clean sample preparation room. The dry weight 
of the RMs was ascertained on separate, non-analysed aliquots using procedures 
prescribed by the RM producers. Some samples of RMs were dry-ashed prior to 
analysis in precleaned quartz vials, as described earlier [16, 17]. Ash aliquots were 
heat-sealed into PE vials. Sampling and sample handling of other sample types, such 
as air particulate matter (АРМ), water, human blood, urine, hair, and nails have 
already been described [16-19].

2.2. A nalysis

INAA was carried out mostly at the Nuclear Physics Institute (NPI), Rez, 
by 1-3 min irradiation in a nuclear reactor at a thermal neutron fluence rate of 
5-8 x 1013 c n r 2-s_1, followed by counting using various HPGe coaxial detectors 
(relative efficiency 11-36%, full width at half-maximum (FWHM) resolution 
1.8-1.9 keV for the 1332.5 keV photons of 60Co) for 5-10 min after a decay time of 
3-10 min.

RNAA was performed at both the NPI and the Jozef Stefan Institute (JSI), 
Ljubljana. In the former institute, the same irradiation conditions were used as for 
INAA, while in the latter institute irradiation was carried out at a thermal neutron 
fluence rate of 4 x 1012 crrr2-s-1 for 10-12 min. Then, one of two recent RNAA ver
sions of vanadium determination at the ultratrace level [16] was used. Basically, this 
consists of rapid wet ashing of intact (or only freeze-dried) samples, or additional wet 
ashing of samples dry ashed prior to irradiation in a mixture of concentrated H2S 0 4 
and H N 03. Wet ashing is completed by an addition of concentrated HC104, fuming 
off, then adjustment of the solution to 5 mol/L HCl, addition of K M n04, and
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vanadium (V) is subsequently extracted with a 0.2% solution of N-benzoyl-N-phenyl 
hydroxylamine (N-BPHA) in toluene. Measurements of 5 mL fractions containing 
separated 52V for 7 min were carried out either in a well type HPGe detector (active 
volume 120 cm3, resolution FWHM 2.2. keV for the 1332.5 keV photons of 60Co) at 
JSI or using the coaxial HPGe detectors of the NPI. Other experimental details have 
already been reported elsewhere [16-19].

3. RESULTS AND DISCUSSION

3.1. Results for RMs

Results for vanadium in environmental and biological RMs are summarized in 
Table I [20-30]. These RMs were analysed either as control materials (if there were 
already known certified or information values for vanadium, such as in NIST SRM- 
1648 Urban Particulate Matter, NIST SRM-2704 Buffalo River Sediment, NIST 
SRM-1577a Bovine Liver, Bowen’s Kale and IAEA H-4 Animal Muscle) in the above 
mentioned studies [16-19], or as part of our co-operative programmes with NIST, 
aimed at intercomparisons in the development and certification of new RMs. In the 
latter case, the reported values were of course obtained prior to certification of the 
new RMs at NIST or other issuing organizations. Evidently, excellent agreement was 
reached between certified and/or information and the reported values, disregarding 
whether the analyses of RMs were performed after or before their certification. This 
demonstrates the excellent accuracy of our NAA procedures at all vanadium levels 
encountered, which is especially valuable at very low vanadium levels. The only 
exception is NIST SRM -1648, for which our results are lower than the NIST certified 
value by 11%, but, on the other hand, compare very well with literature values 
compiled by Gladney et al. [21]. This can hardly be explained by the much smaller 
sample weights analysed (1-5 mg) than the minimum weight recommended in the 
NIST certificate (100 mg), because it can be presumed that the literature values were 
obtained using higher sample weights than those in the present work. Moreover, this 
RM exhibits very good homogeneity even for 1-5 mg aliquots, as can be inferred 
from Fig. 1, which shows individual analysis results obtained within a three year 
period plotted against the weight of the aliquots analysed.

3.2. Possibilities for QA of vanadium related environmental
and biomedical studies

3.2.1. Workplace and ambient air monitoring

In our study on contamination of workplace air in a V20 5 production plant [19], 
vanadium concentrations in the range of about 20-5000 |J.g/m3 were found. Filters



IAEA-SM-344/27 353

TABLE I. VANADIUM IN ENVIRONMENTAL AND BIOLOGICAL 
RMs (mg/kg, DRY WEIGHT)

This or previous work [16] Referencê ) and
Reference material

Method3 x ± s (N) literature values

NIST SRM-1648 

Urban Particulate

INAAb 124.6 ±5.3 (26) *140 ±3 [20] 

121 ±8 [21]

NIST SRM-2704 

Buffalo River Sediment

INAAb 92.3 ± 6.7 (6) *95 ± 4 [22]

Bowen’s Kale INAAb

RNAA-A0

0.374 ± 0.026 (7) 

0.384 ± 0.019 (5)

*0.386 ± 0.058 [23]

CTA-FFA-1 

Fine Fly Ash

INAAb 248 ±4 *260 ± 10 [24]

NIST SRM-1577a INAAC 0.093 ± 0.005 (3) *0.099 ± 0.008 [25]

Bovine Liver RNAA-W0 0.094 ± 0.003 (3) 0.097 [21]

NIST SRM-1515 

Apple Leaves

RNAA-Wb 0.237 ±0.015(3) *0.26 ± 0.03 [26]

NIST SRM-1573a INAAb 0.810 ± 0.019 (6) *0.835 ± 0.010 [27]

Tomato Leaves RNAA-Wb 0.783 ± 0.057

NIST SRM-1570a 

Spinach Leaves

INAAb 0.558 ± 0.035 (6) *0.57 ± 0.03 [28]

IAEA H-4 RNAA-W0 0.00271 (1) *0.003d [29]

Animal Muscle RNAA-A0 0.002 62 ± 0.000 33 (6) 0.002 78 ± 0.002 1 [30]

IAEA A-13 RNAA-W0 0.001 00 ± 0.000 15 (14)

Animal Blood RNAA-A0

RNAA-Wb

0.001 16 ± 0.000 15 (5) 

0.001 11 ±0.000 03 (3)

IAEA-336

Lichen

INAAb 1.51 0.08 *1.5d [13]

JSI Bovine Serum RNAA-W0 0.005 ± 0.0002 [30]

(internal RM) RNAA-A0 0.0046 ± 0.0004 (3)

Versieck’s second RNAA-WC 0.000 67 ± 0.000 05 [30]

Generation 

Human Serum RM

RNAA-AC 0.000 66 ± 0.000 10 (3) 0.000 60 [12] 

*0.000 65d [13]

a RNAA-A: dry ashing mode; RNAA-W: wet ashing mode. b Analysed at the NPI, Rez. 

c Analysed at the JSI, Ljubljana. d Information value.
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FIG. 1. Comparison o f INAA results for vanadium in 1-5 mg portions o f NIST SRM-1648 
Urban Particulate Matter with the NIST certified and literature values and their uncertainties 
(the NIST certified and the literature values are represented by fu ll and dashed lines, respec
tively; error bars o f individual INAA results represent the statistical counting error).

loaded with several mg of vanadium rich particulates (10-500 mg/kg) can easily be 
obtained in such an environment during a short sampling period (1 h) using medium 
volume samplers (15-20 L/min). A variety of environmental RMs (fly ash, dust par
ticulates, soils) is available to match these vanadium contents or absolute amounts in 
simultaneous RM analysis for QA purposes. Much more limited possibilities exist for 
QA of airborne particulates collected from the ambient air (in the surroundings of 
pollution sources and in control regions), in which vanadium concentrations are 
usually found in the range of 1-300 ng/m3 [9,19]. Thus, much smaller vanadium con
tents and absolute amounts need to be determined compared with workplace air 
because in current 24-48 h campaigns only several tens or hundreds of mg of mate
rial are collected, especially if a two (or more) stage collecting device is employed. 
At present, there is no suitable RM for АРМ available (especially on a filter and with 
blank filters, suitable for evaluating QA of the blank correction). This is a severe 
handicap not only for vanadium, but also for checking the accuracy of determination
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of many other elements in air pollution studies. Only two small series of simulated 
АРМ filters and blank filters were prepared for QA in the IAEA Co-ordinated 
Research Programme on applied research on air pollution using nuclear related ana
lytical techniques [31, 32]. A plausible solution seems to be to use 1-2 mg aliquots 
of NIST SRM-1648 because of its excellent homogeneity, as illustrated in Fig. 1. 
However, in this case a filter, which is always present in real АРМ samples, is miss
ing and the absolute amounts of vanadium are still somewhat higher than in the 
majority of real airborne particulate samples. Comparative analyses of АРМ samples 
on filters using INAA and PIXE, which are also capable of high accuracy determina
tion of vanadium (and many other elements) in this type of sample, can also be 
recommended for QA purposes in air pollution studies.

3.2.2. Soil, sediment and water analysis

There are 25 soil and 13 sediment RMs listed in recent surveys of RMs [13, 33] 
with vanadium certified concentrations in the range of 16.5-346 mg/kg. This makes 
it possible to achieve both a very good matrix and a vanadium level match on co- 
analysing these RMs with real soil and sediment samples for QA purposes. For water 
analysis, only three RMs are given in the reviews [13, 33], one with a certified 
vanadium value of 0.0003 mg/L, one seawater RM with a non-certified value of 
0.023 mg/L and one contaminated water filter media RM with a non-certified value 
of 40 mg/kg. For checking the accuracy of vanadium determination in uncontami
nated water (usually at the 0.1-1 |ig/L level) using NAA, some low level biological 
RMs can also be employed due to the substantial matrix independence of the tech
nique. Alternatively, QA of vanadium in water, especially for elevated levels, can 
easily be pursued by comparative analyses using various absorption, emission and 
mass spectrometric techniques, for which water is an ideal matrix.

3.2.3. Botanical samples

The quality of vanadium assay in botanical samples can be assured by control 
analyses of some of 11 RMs with certified and 12 with non-certified vanadium values 
in the range of 0.005-3.08 mg/kg in the former category. Moreover, many other 
analytical techniques can be used for comparative analyses, especially at vanadium 
levels exceeding 0.1 mg/kg.

3.2.4. Animal and human tissues

Reference materials with certified vanadium concentrations are largely missing 
even for target tissues in which the element predominantly accumulates, such as bone, 
kidney, liver and lung. Only three RMs with certified vanadium concentrations
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(Whole Egg Powder, Lobster Hepatopancreas and Oyster Tissue with mean values of
0.459 mg/kg, 1.64 mg/kg and 4.68 mg/kg, respectively) and five RMs with non-cer- 
tified concentrations (Bovine and Human Serum, Human Hair, Elevated Toxic Metals 
in Urine and Bovine Liver with mean values in the range of 0.000 06-0.26 mg/kg) are 
listed for animal and human tissues in the review [13]. Therefore, much analytical 
effort is still needed to arrive at certified values at the lower end of the above range, 
especially below 0.001 mg/kg, because such vanadium levels in human urine, blood 
and its components should be considered as the most indicative for the occupationally 
non-exposed population [9, 16, 30]. Besides RNAA, GFAAS with preconcentration, 
INAA with preseparation in a clean laboratory and high resolution ICP-MS proved to 
have the potential for accurate vanadium determination at these extremely low levels, 
and therefore these techniques may be recommended for comparative analyses of the 
above tissues. ‘Normal’ vanadium levels in other human tissues which potentially 
have the capability of indicating exposure to vanadium, such as hair and nails, are 
usually around 0.1 mg/kg and besides one presently existing human hair RM, several 
certified botanical RMs may also be used for control analysis. Alternatively, con
secutive analyses of these tissues by INAA and RNAA employing the self-validation 
principle of NAA [14, 15] can increase the credibility of the results obtained.

3.3. Q uality assurance of pre-analytical stages

To arrive at valid results in environmental and biomedical studies, QA prin
ciples should be adhered to not only in sample analysis, but also in planning sample 
collection and sample handling procedures to guarantee that a representative sample 
with unchanged chemical composition is obtained. This is usually understood in 
terms of contamination free and analyte loss free sampling, sample handling and 
storage. However, in studies concerning biological materials, a more complex situa
tion exists because sources of biological variations of analyte contents should be 
identified and accounted for. Basic approaches and methods for QA in sample col
lection for environmental monitoring have recently been outlined by Wagner [34]. 
For studies aimed at establishing elemental reference values in human blood, serum 
and urine, guidelines were elaborated with respect to a number of pre-analytical 
factors, such as year and country of the study, ethnic origin, residence in urban or 
rural regions, or near a contaminated area, a sufficient number of subjects, health 
status, dietary habits, alcohol consumption and smoking habits, medication/ 
supplementation, occupation and hobbies, contamination control, storage of samples 
and other possible factors [35, 36]. Of these, living near a contaminated area (for 
instance, polluted by burning fossil fuels, especially oil), occupation and hobbies 
and contamination free sampling, sample handling and storage seem to be most 
important in the case of vanadium [9].
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Abstract

NON-DESTRUCTIVE ANALYSIS OF MERCURY BY THE ENERGY DISPERSIVE 

X RAY FLUORESCENCE TECHNIQUE IN BEAUTY CREAMS SOLD IN KENYA.

Analysis of mercury in 100 different beauty creams by the energy dispersive X ray 

fluorescence technique is described. Each sample was brought to a melt by warming on a 

water bath at 40-50QC, and then poured onto a 2.5 cm diameter Mylar backed aluminium ring 

so as to acquire the configuration of a homogeneous pellet when cooled. No other physical 

or chemical treatments were applied to the sample. The results of our mercury level 

measurements and analysis ((_Lg/g) showed that: (a) the detection limit for the detector system 

was 3.3; (b) ‘Madonna’ (green) (n = 10) had the highest level of mercury: 29 000 ± 2800; (c) 

‘Madonna’ (red) (n = 10) had a level of 18 000 ± 1700; (d) ‘Pimplex’ cream (n = 10) had 

6800 ± 690; (e) ‘Shirley’ (original) (n = 10) registered 14 000 ± 1100; (f) ‘Bestlady’ cream 

registered 13 000 ± 1300; (g) ‘Topsine’ (n  = 10) had 1600 ± 150; (h) ‘Fennel’ (n = 10) had 

4300 ± 430; (i) ‘Shirley’ (new), ‘Dermovate’ and ‘Topshirley’ creams (n = 10 each) registered 

mercury levels below the detection limit; (j) there was a significant difference (p < 0.001) in 

the results for ‘Madonna’ (red), ‘Pimplex’ and ‘Shirley’ (original) for batches bought during 

March and September 1995. The health implications of some of these high levels of mercury 

present in some beauty creams in Kenya are discussed.

1. INTRODUCTION

Elemental analysis using the X ray fluorescence (XRF) technique was per
formed more than 65 years ago. Since then, the utility of the technique has increased 
tremendously [1]. This has been due to the advent of high intensity X ray sources, fast 
counters, detectors with high resolution and low drift of the electronic systems.
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The goal o f this study was to develop a fast, non-destructive technique for 
analysing heavy metals in beauty products by the use of energy dispersive X ray 
fluorescence (EDXRF). The technique is based on fundamental parameters [2], an 
adaptation of a calibration procedure for a particle induced X ray emission (PDŒ) sys
tem [3] and software developed for EDXRF analysis of environmental samples [4].

The sale of beauty products in Kenya is unrestricted. This has resulted in the 
market being flooded with many products that are sold particularly to darker 
skinned women to enhance their appearance. However, very few studies have been 
carried out to establish the heavy metal content of these products [5-8]. In one 
clinical investigation, women with damaged kidneys were found to suffer from a 
higher incidence of nephrotic syndrome because of using skin lighteners containing 
mercury [9]. In South Africa, Findlay et al. [10] reported that people who used skin 
lightening creams containing hydroquinone suffered from chronic face poisoning 
(ochronosis). In this paper, we report the results o f a study involving the analysis of 
the mercury content in beauty creams sold in Kenya and their health implications.

2. MATERIALS AND METHODS

2.1. S am pling  a n d  sam ple  p re p a ra tio n

Samples (n = 100) of beauty creams were bought randomly from various retail 
shops in Nairobi and its environs during the months of March and September 1995. 
Each sample was under its normal package/protection cover and suffered no 
atmospheric exposure that would lead to contamination and deterioration. Each 
sample was squeezed into a clean beaker and then heated on a water bath at 40-509C 
until melting was complete. The melt was then poured onto a 2.5 cm diameter Mylar 
backed (Spectro-Film grade: Somar, Inc., USA) aluminium ring [11] so as to acquire 
the configuration of a homogeneous pellet (0.3 g/cm2) when cooled. No other 
physical and/or chemical treatments were applied to the sample.

2.2. A nalysis

The EDXRF system utilized in the work has previously been described [12]. It 
consists of a 28 mm2 x 5 mm thick ORTEC Si(Li) detector with a beryllium window 
thickness of 25 (im, a Canberra amplifier/pulse processor with a Model 2020 pile-up 
rejector and a Canberra S I00 PC based multichannel analyser system. The detector 
resolution (full width at half-maximum (FWHM) was 190 eV at the Mn K a  line at
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5.9 keV, while the pulse shape time constant was 10 |is. The excitation source was 
109Cd (20 mCi) with a run time of 300 s.1

The spectra data deconvolution was by AXIL based software [13], while quanti
tative analysis was by QAES software [4]. The detector system was calibrated using an 
oil standard reference material (SRM) —  NIST2 SRM-1634b —  and some in-house 
standards for L-lines. Calculation of the mercury concentration in the samples was 
based on the intensity recorded (/), being taken as equal to a product of sensitivity (S), 
concentration of a given element (C), absorption coefficient (A) and enhancement 
factor (E) [4]. For mercury, enhancement is absent (E = 1) since there is no additional 
excitation of mercury by any other fluorescent radiation emitted by other elements 
present in the sample. The absorption correction factor was measured experimentally by 
the use of a pure molybdenum target, whereas the sensitivity curve was generated from 
the use of the oil SRM and in-house standard for other L-lines which were not present 
in the oil standard. The intensity (area under the mercury peak) was read from the 
spectrum fitting by AXIL.

For intercomparison and verification of results, a few of the samples were 
extracted and analysed using an alternative technique as described by Wandiga and 
Jumba [6]. Aliquots (0.5 g) were digested first with H2S 0 4 (1 h) and then 6% aqueous 
potassium permanganate (2 h). The excess permanganate was destroyed with 
hydroxylamine and the aqueous extract analysed by flameless cold vapour atomic 
absorption spectrometry (CVAAS) using a Pye Unicam SP 90A at 253.7 nm. The 
detection limit obtained was better than 4 ng.

3. RESULTS AND DISCUSSION

The results o f mercury analysis are shown in Fig. 1. The typical spectra of 
cosmetic products analysed are shown in Fig. 2. The elemental sensitivity for the 
EDXRF system used is shown in Fig. 3, while the absorption correction factors for 
mercury varied between 1.5 and 1.8, implying light matrix samples. The enhancement 
correction factor was taken to be 1 because no other heavy metal was present in most 
of the samples to additionally excite mercury L-lines. The correlation between analyti
cal results obtained by intercomparison of the EDXRF and CVAAS techniques was 
better than 95% for the samples analysed (Fig. 4).

Results of mercury level measurements and analysis showed that the cosmetic 
cream ‘Madonna’ (green) had the highest level (in M-g/g) of mercury: 29 000 ± 2800

1 1 curie (Ci) = 3.70 x 1010 Bq.

2 National Institute of Standards and Technology (USA).
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followed, by ‘Madonna’ (red) cream with 18 000 ± 1700. Significant differences 
(p  < 0.001) in the analytical results for ‘M adonna’ (red), ‘Pimplex’ and ‘Shirley’ 
(original) were observed for the samples bought in M arch and September 1995. 
The creams ‘Shirley’ (new), ‘Dermovate’ and ‘Topshirley’ registered values below 
the detection limit (3 M-g/g).

Two significant findings of this study is that mercury is present in some of the 
beauty products being sold in Kenya. This confirms previous findings which reported 
levels of mercury above 1 |u.g/g [7]. Secondly, the level of mercury is not constant in 
different batches of some products bought during the sampling periods. For example, 
the mercury levels (|xg/g) during the month of March 1995 for Madonna (red) was 
16 080 ± 1030 (n = 5); Pimplex cream (n = 5) had 4350 ± 290, while Shirley (original) 
had 18 090 ± 890 (n = 5). For the month of September 1995, the mercury levels (jxg/g) 
were: 20 900 ± 1400 (n = 5), 9644 ± 630 (n = 5) and 10 895 ± 690 (n = 5), respectively. 
The highest variation (121.7%) was for Pimplex cream. This has implications for 
quality control during the manufacture of these products and it is possible that some 
products could be on sale with even higher levels of mercury than those shown in 
this work.

Mercury levels in some of the products analysed were above the World Health 
Organization (WHO) limit of 5 ¡xg/L in human blood [14]. Although the levels of 
mercury absorbed through the skin will usually be less than the levels in the samples 
analysed, the health implications of the use of some of these products need to be 
investigated further. This is especially important in order to trace the causes of the 
presence of mercury in nails and hair [8], plus renal problems and hypertension, 
reported previously and attributed to heavy metals, particularly among the youth in 
this country [15]. In their study involving African women in Kenya, Barr et al. [9] 
attributed damaged kidneys to the effect of mercury present in the skin lightener 
creams used by the women. However, studies by Kinuthia et al. [16] observed that 
there was no single etiological factor found to be of major significance in the causa
tion of nephrotic syndrome in Nairobi. The latter authors suggested the presence of a 
chemical pattern of nephrotic syndrome which co-existed with haematuria, azotemia 
and hypertension.

The major risks to human health arise from the neurotoxic effects of mercury 
in adults [17] and its toxicity to the foetus if  women are exposed to methyl mercury 
during pregnancy [18]. Since the form of mercury present in these beauty creams is 
largely organic [19], there is a need for the local authorities to implement stringent 
measures to curb the sale of these products. This is more so especially when the 
level of mercury appears to have increased tremendously in comparison to that 
reported in the survey done by Wandiga and Jumba [6]. Organic mercury has 
greater affinity for the brain and, in particular, posterior cortex as well as adipose 
tissue beneath the skin [14]. The technique developed above can be utilized for fast 
and regular monitoring and has the added advantage of permitting multi-elemental
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analysis. Other well known chemical analytical techniques take too long, owing to 
lengthy sample preparation procedures before analysis, and also require expensive and 
toxic reagents.
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Abstract

VALIDATION OF THE INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS 
METHOD FOR MERCURY ANALYSIS IN HAIR SAMPLES USED FOR BIOMONI
TORING OF MERCURY ENVIRONMENTAL CONTAMINATION.

Environmental mercury contamination has lately become of widespread concern in Brazil 
owing to gold extraction activities in the Amazon region and also to industrial activities. It is 
estimated that tonnes of mercury are thrown in the rivers of the Amazon region annually or are 
evaporated into the open air owing to the amalgamation procedure employed in gold extraction. In 
the present work, as part of an IAEA Co-ordinated Research Programme (CRP), three main pop
ulation groups were studied: a control group of individuals with no suspicion of contamination by 
mercury; a group of people living near the Billings Dam, located in one of the most heavily indus
trialized parts of the country, and several Indian tribes living in Xingu Park, an Indian reservation 
located in the Amazon region. An important part of the CRP was the validation of the analytical 
methodology for the analysis of total mercury in the hair samples of the population groups stud
ied. Instrumental neutron activation analysis (INAA) was chosen for the analysis of mercury in 
these samples. It has the advantage of being non-destructive, which can be quite convenient when 
dealing with a large number of samples, which is the case in epidemiological studies. The experi
mental procedure consisted of ¡radiation of the hair samples in the ША-RI nuclear research reac
tor and measurement of the gamma radioactivity of 197Hg. For the validation of the analytical 
methodology, the following reference materials (RMs) were analysed: IAEA MA-A-2/TM Fish 
Flesh Homogenate; SHINR-HH GBW-9101 Chinese Human Hair and the candidate RMs 
IAEA-085 and IAEA-086 Human Hair. The recently acquired RM BCR CRM-397 was also 
analysed. The accuracy and precision of the INAA method for the analysis of these RMs is 
discussed, as well as the applicability of the method to the analysis of mercury in the hair of 
the population groups studied.
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1. INTRODUCTION

Contamination of the environment by mercury has become of general concern 
in Brazil in recent years owing to increasing industrial activities and mainly to gold 
extraction by amalgamation with mercury in the central and northern states of the 
country, mainly in the Amazon region [1,2]. High levels of mercury in fish caught in 
the rivers of the region, as well as in human hair and urine, have been detected by 
different authors in the Tapajós, Madeira and Negro River Basins [3, 4].

The Radiochemistry Divison of Instituto de Pesquisas Energéticas e Nucléaires 
(IPEN/CNEN-SP) has recently been engaged in a similar kind of work, in the frame
work of an IAEA Co-ordinated Research Programme (CRP) entitled ‘Environmental 
Exposure to Mercury in Selected Human Populations as Studied by Nuclear and Other 
Techniques’ [5]. In this CRP, hair was chosen as the biological monitor owing to its ease 
of collection, stability during storage and the fact that it can trace the history of the con
tamination during the period of time in which it remains on the head [6].

In the case of the Brazilian project, the main focus of the study was an Indian 
reservation located in Xingu Park, in the Amazon region, where several Indian tribes 
have lived for many years. Xingu Park is at a considerable distance from the gold 
exploration sites of the Amazon region and initially it was supposedly free of mercury 
contamination. The collection and analysis of hair of individuals from ten of these 
tribes have shown mercury concentrations several orders of magnitude higher than 
those found in a control population.

For the analysis of total mercury in hair samples, instrumental neutron 
activation analysis (INAA) was the method of choice owing to its non-destructive 
character and adequate sensitivity for the levels of mercury found in hair. An 
important part of the project was also the validation of the analytical methodology for 
mercury determination, which was very much stimulated by the IAEA CRP.

For this validation, the following reference materials were analysed: IAEA 
MA-A-2/TM Fish Flesh Homogenate, SHINR-HH GBW-9101 Chinese Human Hair, 
and the candidate RMs IAEA-085 and IAEA-086 Human Hair. The recently acquired 
RM BCR CRM-397 was also analysed.

2. EXPERIMENTAL

2.1. Collection and washing of hair samples

The hair samples were collected and washed according to the protocol recom
mended by the IAEA [7]. The samples were cut using stainless steel scissors, from 
the occipital area of the head and as close as possible to the scalp in an amount 
corresponding to about 2 g.



IAEA-SM-344/58 373

The hair was then cut with the scissors into segments as short as possible and 
transferred to a glass vial for washing with acetone. The samples were covered com
pletely with the solvent and stirred at frequent intervals for 10 min, and the solvent 
carefully decanted. After drying of the solvent at room temperature, the hair was 
homogenized and washed three times with distilled water. A final washing step with 
acetone was then carried out and the samples were left to dry in the open, at this point 
being ready for analysis.

2.2. Determination of total mercury in hair and in RMs by INAA

Owing to the need to analyse hundreds of hair samples for this study, it was 
considered to be more convenient to use INAA for total mercury determination and 
to use polyethylene envelopes for irradiation, which are cheaper and easier to handle 
than quartz ampoules. About 100-200 mg of the prepared hair samples and of the RM 
were weighed in polyethylene envelopes previously washed with diluted nitric acid 
and deionized water. Irradiation was carried out for a period of 1 h in a pneumatic 
station under a thermal neutron flux of about 1012 n-cnr2-s_1 in the IEA-R1 research 
reactor.

The standards were prepared by pipetting about 1 (ig of mercury, in the nitrate 
form, onto sheets of Whatman No. 40 filter paper previously impregnated with a 
solution of thioacetamide to prevent mercury losses by volatilization before and 
during irradiation, as recommended by Noguchi et al. [8].

After a decay period of about 70 h, samples, RMs and mercury standards were 
measured in a GMX 20195 ORTEC Ge detector with a resolution of 1.9 keV in the 
1332 keV peak of 60Co. The detector is coupled to an ADCAM 918A multichannel 
buffer and associated electronics. Spectrum analysis was performed by means of the 
VISPECT2 software developed by D. Piccot from Saclay, France [9]. For the calcu
lation of mercury concentrations, the 69 and 77 keV peaks of 197Hg (T1/2 = 64.1 h) 
were used.

3. RESULTS AND DISCUSSION

Table I presents the results obtained for the analysis of total mercury by INAA 
in the following RMs: IAEA MA-A-2/TM Fish Flesh Homogenate; SHINR-HH 
GBW-9101 Chinese Human Hair; BCR CRM-397; and in the candidate RMs IAEA- 
085 Human Hair, elevated level and IAEA-086 Human Hair, low level.

It can be observed that the relative errors obtained for the human hair RMs were 
very good: 1.3% for Chinese Human Hair and 2.8% for BCR CRM-397. The relative 
error for the RM of marine origin, i.e. Fish Flesh Homogenate, of 5.7% was not as 
good as for the hair RMs, but still acceptable at this concentration level. This could
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TABLE I. ANALYSIS OF MERCURY IN RMs BY INAA

Reference
material

ppm Hg 
(certificate)

ppm Hg 
(present work)3

Relative error 
(%)

Relative standard 
deviation (%)

IAEA MA-A-2/TM 
Fish Flesh 
Homogenate

0.47 ± 0.02 0.50 ± 0.06 5.7 9.4

SHINR-HH GBW-9101 
Chinese Human Hair

2.16 ± 0.21 2.13 ±0.05 1.3 7.8

IAEA-085 
Human Hair

b 26.8 ± 1.1 b 8.7

IAEA-086 
Human Hair

b 0.66 ± 0.04 b 9.5

BCR-CRM 397 
Human Hair

12.3 ± 0.5 12.0 ± 0.9 2.8 7.2

a Confidence limits at the 95% level. 
b Material in the process of certification.

be explained by the difference in matrix composition, since the materials of marine 
origin present high activities, owing to the high concentrations of elements such as 
sodium and bromine, and consequently present more complex gamma ray spectra, the 
hair matrix being cleaner for INAA.

The relative standard deviations present higher values than the relative errors 
and varied between about 7 and 9%, which can also be considered as being acceptable 
for analysis at the ppm level.

Table II presents some of the results obtained for the analysis of hair samples 
in the framework of the IAEA CRP entitled ‘Assessment of Environmental Exposure 
to Mercury in Selected Human Populations as Studied by Nuclear and Other 
Techniques’ [10]. It can be observed that the means varied from less than 1 ppm 
(group of residents at Billings Dam, Sâo Paulo, Brazil) to more than 20 ppm (Indian 
Group 6), which corresponds approximately to the concentration range of the RMs 
analysed.

One important conclusion that arose from the CRP, apart from considerations 
about the validation of the methodology, was that all the Indian tribes analysed 
present concentrations of mercury in hair much higher than the controls, which could 
mean that they are at risk of mercury contamination. The most probable source of 
contamination is fish, which is the main source of protein for these populations, but
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TABLE II. SUMMARY OF THE RESULTS OBTAINED FOR MERCURY 
CONTENTS IN THE HAIR OF THE BRAZILIAN POPULATION GROUPS 
STUDIED

Population group x í Median xG Range

Controls 1.06 0.61 0.96 0.90 0.26-2.9
Billings Dam 0.88 0.68 0.74 0.71 0.30-3.0
Indian group 1 18.50 5.9 18.0 17.1 6.87-34.3
Indian group 2 12.0 4.0 10.7 11.4 6.54-21.6
Indian group 3 8.7 3.0 8.2 8.2 4.5-18.5
Indian group 4 13.2 3.8 13.0 12.7 4.8-25.3
Indian group 5 10.6 3.9 11.5 9.4 1.7-15.1
Indian group 6 20.6 10.0 18.8 19.0 8.1-57.3
Indian group 7 16.5 5.5 15.8 15.5 2.5-30.2
Indian group 8 17.2 6.0 16.2 16.3 2.10-31.7
Indian group 9 17.7 4.1 16.6 17.3 10.9-25.0
Indian group 10 8.1 9.0 2.8 4.7 1.5-33.1

x  = arithmetic mean 
xG = geometric mean

further investigation has to be conducted in the region of Xingu Park and materials 
other than hair have to be analysed, such as fish, sediments, plants and aerosols.

The INAA method can be considered as adequate for the monitoring of total 
mercury in the hair of the populations that were object of the study as regards 
accuracy, precision and required sensitivity.

The procedure employed for INAA, with a relatively short irradiation time of 
30 min to 1 h and using mercury standards pipetted on filter paper impregnated with 
thioacetamide to avoid loss of mercury during irradiation, was convenient to handle 
the number of samples involved in this kind of study. Up to the present time about 
400 hair samples have been analysed and many more analyses will have to be done, 
since the study is being extended to other regions of Brazil where gold exploration 
occurs.

4. CONCLUSIONS

The analysis of several RMs, mainly of human hair matrices, has shown that the 
INAA method was very adequate in terms of accuracy, precision and sensitivity for 
monitoring mercury levels in the hair of several Brazilian population groups. The 
procedure adopted for INAA, using relatively short irradiation times and mercury
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standards pipetted on filter paper impregnated with thioacetamide and encapsulated 
in polyethylene envelopes, allowed the determination of mercury in about 400 hair 
samples.
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Abstract

USE OF HUMAN PLACENTA FOR ENVIRONMENTAL BIOMONITORING: 
PRELIMINARY OBSERVATIONS ON MULTI-ELEMENTAL ANALYSIS OF PLACENTAL 
TISSUE IN A DELHI HOSPITAL.

The recent increase in the hazards of environmental pollution has led to the search for 
adequate methods of biomonitoring of aquatic/terrestrial animal and human tissues in a 
prospective and retrospective manner. Environmental specimen banking is a natural corollary 
for these purposes in view of the limitation of human autopsy material. In the search for an 
alternative approach, the choice of the ubiquitous placental tissue appears promising from 
several aspects. Hence, a feasibility study was undertaken for the estimation of important non
toxic as well as toxic inorganic elements. After sampling of the tissues the analytes were 
prepared in ‘Suprapur’ H N 03 and digested in a ‘Parr bomb’ in a domestic microwave oven. 
Simultaneous multi-elemental analysis for 21 elements was carried out with inductively 
coupled plasma-mass spectrometry (ICP-MS). Out of 101 analytes originally planned, the 
estimation of 26 samples has been completed so far. The results demonstrated operational ease 
and internal consistency in terms of the standard reference material (SRM) (SRM-1643b or 
SRM-1643c) of the National Institute of Standards and Technology, which was run 
concurrently with the samples. The values of 5.48 ± 1.94 ppm for Cu, 0.02 ± 0.02 ppm for Co, 
1.64 ± 0.92 ppm for Se and 0. 14 ± 0.14 ppm for Mb are in close agreement with the published 
literature apart from some variation in the values of heavy metallic elements Zn, Fe, Cd and Pb. 
Although the average levels of Cd and Pb were less than the reported values, the corresponding 
finding of higher values for toxic elements As, Cd and Pb in some of the samples is noteworthy.
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The investigation justifies the ICP-MS technique for the rapid and comprehensive estimation 
of non-toxic and toxic constituents in multi-elemental biological trace element analysis of 
placental tissue. Similar confirmation in the future for corresponding organic pollutants would 
strengthen the case of placenta as the tissue of choice for biomonitoring covering several 
epidemiological parameters and thus promote a comprehensive, placenta based environmental 
specimen banking programme.

1. INTRODUCTION

There is a growing awareness of the multiple factors constituting pollution of 
the air, water and foodstuffs. People living under the different environmental 
conditions prevailing in rural and urban areas, including slums, are constantly 
exposed to different environmental pollutants. Prominent among them are auto
mobile exhausts, industrial fumes and effluents, and increasing use of pesticides and 
social habits like tobacco smoking, both active and passive. Broadly, the pollutants 
can be grouped under the categories organic and inorganic. With sufficient 
concentration and continuous or intermittent exposure of varying duration, several 
pollutants find their way into living beings, human as well as animal. When the 
physiological limits of excretion or disposal are crossed, they are retained in the 
body. Ultimately, biological tissues act as a mirror of environmental pollution by 
alien or extrinsic organic as well as inorganic pollutants. A proper appraisal of such 
temporal and secular trends at the biological tissue level underlie the current concept 
of biomonitoring in terms of real time monitoring or long term monitoring of human 
as well as animal tissues [1, 2].

In recent years, a large number of national and regional biomonitoring 
programmes have emerged [3]. Some of them are based on systematic collection, 
storage and retrieval as well as immediate prospective or retrospective analysis of a 
wide spectrum of organic and inorganic contaminants of marine, aquatic and 
terrestrial life forms. Advances in technology have enabled the development of 
environmental specimen banks (ESBs) based on fish, bovine liver, horse kidney, etc.
[2]. Many of them are limited in their scope since they are not equally exposed to the 
environmental hazards to which human populations are subjected. Thus, ESBs of 
human tissues may be considered as the logical corollary. However, although ideal, 
the systematic collection of human autopsy tissues is subject to many uncertainties or 
variables, such as limited autopsies, their non-representative character with regard to 
age and sex and, above all, the duration of environmental exposure, Moreover, in 
many countries where the health services are already spread thinly, a dependable 
autopsy service programme for the purposes of an ESB is well nigh impossible. The 
drawbacks are only compounded by undue reliance on medico-legal autopsies, 
barring a few calamities like the Bhopal toxic MIC gas disaster [4].
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Hence, in the quest for ESB of human tissues, there is a need to examine 
alternate approaches [5], fulfilling technological requirements and criteria from the 
stage of collection and storage of adequate numbers of tissue samples, preparation of 
samples of analytes and estimation of desired constituents, organic or inorganic, and, 
finally, statistical interpretation of the data. It was felt that the perennial and plentiful 
placental tissue could be more dependable for ESB purposes. Apart from being the 
largest available biopsy tissue [6], it has the added advantage of assessing accumu
lation over a specific period of nine months of pregnancy of the mother who runs the 
risk of exposure to pollutants and toxicants. By virtue of its universal availability, it 
offers scope for the generation of extensive data encompassing diverse epidemi
ological parameters, such as international and national variations on a geographical 
and regional basis, rural versus urban habitats, socioeconomic, dietary, nutritional and 
other maternal factors like anaemia, tobacco smoking and suspected environmental 
exposures to industrial effluents or vehicular emissions in cities. The scope for simul
taneous estimation of toxic and non-toxic elements enables a comparison of the 
extent of toxic pollutants. It may, however, be noted that due to the inability to 
completely remove the contained blood, perhaps the values for iron may have to be 
discounted or treated separately [7].

Although there are occasional reports on the biological trace element analysis 
profile of placental tissue, they are limited in approach and confined to a few ele
ments [8-10]. Also, it has to be realized that increasing the number of elements to be 
estimated by a sequential method could be a cumbersome and tedious procedure. 
Instead, some of the acknowledged nuclear methods like neutron activation analysis 
(NAA) and inductively coupled plasma-mass spectroscopy (ICP-MS) permit 
simultaneous estimation of all the desired elements.

2. MATERIALS AND METHODS

Taking into consideration all factors, it was planned to undertake the feasibility 
of simultaneous multi-elemental analysis of a total of 101 randomly selected 
placental tissues from the deliveries in the Department of Obstetrics and Gynaecology 
of Safdarjang Hospital, New Delhi. This is one of the largest Government hospitals 
in Delhi, with over 16 000 deliveries annually, catering to the lower middle and 
poorer classes.

2.1. Details of sample collection and analyte preparation

Special care was taken to standardize the procedures for sample collection and 
preparation of analytes employing reagents with the highest grade of purity. The 
salient features of the procedure evolved in the course of this investigation by Sindhu
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et al. [11] are as follows. The placenta collected within two-three hours after delivery 
were weighed after draining out excess blood. Properly washed tissue from the 
central placental units, weighing approximately 5-6 g, was wrapped between folds of 
filter paper and transferred to 10-15 volumes of AR Grade Acetone — the 
dehydrating reagent of choice by virtue of its low molecular weight (58.08) and low 
boiling point (56°C). With successive changes of acetone, the tissue was 
progressively dehydrated as well as defatted. Approximately 100-150 mg of trimmed 
dry tissue was subjected to alternate treatment with fresh acetone, followed by further 
dehydration and evaporation at 48°C, until concordant values for dry weights were 
obtained. The tissue was cooled in a desiccator before final weighing and transferred 
to a polypropylene tube. After the addition of 5 mL of ‘Suprapur’ grade HN03, the 
stock solution was kept in a metal free hood for completion of the preliminary 
digestion of the tissue and discharge of liberated gaseous products. The stock solution 
was then transferred to a pre-weighed polytetrafluorethylene ‘Parr bomb’ and the lid 
was closed airtight. The process of digestion was completed in a domestic microwave 
oven at power settings of 4, 5, 6 and 7 for 2 min each. On cooling, the Parr bomb was 
carefully opened and the analyte was transferred to polypropylene tubes. All blank 
solutions were prepared under identical conditions.

2.2. Details of ICP-MS instruments and methodology

Simultaneous multi-elemental analysis of the samples was carried out at the 
National Geophysical Research Institute, Hyderabad, an ICP-MS national facility. 
ICP-MS is a well established and powerful nuclear tool (commercial introduction in 
1983) for simultaneous multi-element analysis and it is also an excellent spectro
scopic technique for the analysis of a variety of samples. The instrument employed 
for the purpose of estimation was a VG Plasma Quad (VG Elemental Ltd, Winsford, 
Cheshire, UK). Basically, the instrument has three parts: (1) conventional argon 
plasma (ICP) operating at a temperature range of 6000-9000 K, with a nebulizer, a 
spray chamber and other related accessories; (2) a conventional quadrupole mass 
spectrometer which permits rapid scanning of the selected mass range between 0 and 
300 atomic mass units; and (3) an interface unit consisting of water cooled nickel 
cones each containing a small orifice at the centre which allows sampling of the 
plasma gases and transfer of the ion beam into the mass spectrometer. Samples in the 
form of a solution are introduced through a peristaltic pump at a rate of about 1 mL 
per minute into the central region of plasma at atmospheric pressure with the help of 
the nebulizer as an aerosol at a temperature of approximately 9000 K, resulting in a 
series of processes involving desolvation, vaporization dissociation, atomization and 
ionization. Because of the high temperature, chemical interference is at a minimum. 
Complete details of the instrument, including detection limits, etc., are given 
elsewhere [12].
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Five millilitres of the analyte sample were diluted four times after the addition 
of internal standard rhodium, a mono-isotopic element, before being analysed. A 
standard reference material (SRM), SRM-1643b or SRM-1643c Water Reference 
Material, from the National Institute of Standards and Technology (NIST), USA, was 
run concurrently with each analysis batch to evaluate the accuracy of trace element 
determinations in the samples. This standard contains 21 elements (Be, В, V, Cr, Mn, 
Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, Ag, Cd, Sb, Ba, TI, Pb and Bi). The concentrations 
of all 21 elements were estimated, although only 13 were of biological relevance. For 
reasons already explained, the values for Fe were not considered. The remaining 
12 elements include nine essential or non-toxic elements (V, Cr, Mn, Co, Ni, Cu, Zn, 
Se and Mo) and three known toxic elements (As, Cd and Pb). Although biologically 
important, two non-toxic (Ca and Mg) and one toxic (Hg) elements could not be 
estimated because of the absence of these elements in the selected SRM. For purposes 
of quality assurance, an IAEA reference material, MA-A-2 Fish Flesh Homogenate, 
was used and processed along with one batch of samples.

Although initially the analysis of 101 samples was envisaged and analytes 
prepared accordingly, so far, actual estimations could be completed in only 26 
placental samples and these are reported in this ‘preliminary’ communication.

3. RESULTS AND DISCUSSION

Since the results of a large number of analyte samples are expected, an effort 
has been made to present only interim results and comment on the trends with the 
meagre data available in the literature. The data have been presented as values in |ig/g 
dry weight of placenta.

As mentioned earlier, a water reference material from NIST (SRM-1643b or 
SRM-1643c) was run concurrently with each analysis to evaluate the accuracy of 
trace element determinations in the samples. The values for the SRMs obtained in the 
study were in close agreement with the certified values. Since the values of the SRMs 
were quite consistent in all the runs, the estimation , in all probability, is harmonious. 
Further, reagent blanks consisting of ‘Suprapur’ grade nitric acid and the certified 
reference material (MA-A-2 Fish Flesh Homogenate from the IAEA) were also 
analysed along with the samples and their values were also found to be similar to the 
certified values.

For the purpose of comparison with the values of trace elements in placental 
tissue as reported in the literature, only the summary statistics of the whole cohort of 
26 cases have been taken into account. The standard deviation (SD) of the levels of 
nine elements (V, Cr, Mn, Fe, Ni, Cu, Zn, As and Se) out of a total of 13 was less than 
half of their average values, while the SD of two elements (Co and Mo) was equal to 
that of their average value and in the remaining two elements (Cd and Pb) was greater
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than their averages. In view of the wide variation in the individual values, which could 
be largely due to biological differences, it was decided to use the median values for 
the purpose of comparison with the published data. The results of estimation and 
summary statistics for these 26 samples are presented in Table I. Although the 
ICP-MS technique is reported to have very low detection limits [12], it is noteworthy 
that the values were below the detectable limits in substantial numbers of cases with 
regard to Co (12/26), Se (1/26), Cd (12/26) and Pb (12/26).

In this study it has been observed that the average Cu level in the placenta of 
women in Delhi is 5.48 ± 1.94, with a median of 4.95, which compares well with the 
published literature of 5.65 [7] and 6.3 [10]. Likewise, the reported range of 
58.0-77.8 [7] and 66.6 ± 14.4 [10] for the zinc level are marginally higher than the 
present average of 41.87 ± 7.95, suggesting a moderate degree of lower zinc values 
in the cases examined so far. For Fe the average value of 259.45 ± 94.29 and a median 
of 226.85 is apparently less than the figures cited by Iyengar et al. [7], but is much 
higher than the Nigerian figures of 84.3 ± 18.9 [10]. The intermediate figures 
recorded here, in spite of the reservations expressed earlier, confirm the widespread 
prevalence of anaemia in Indian women. The average and median Co values of
0.02 ± 0.02 are within the comparable range [7]. However, the absence of detectable 
levels of Co in 12 out of 26 cases also points towards the issue of anaemia prevalent 
in the Indian community. Similarly, it is noteworthy that in the case of Se the value of

TABLE I. RANGE, MEAN, MEDIAN AND STANDARD DEVIATION (SD) OF 
THE LEVELS (IN |ig/g DRY WEIGHT) OF BIOLOGICALLY IMPORTANT 
ELEMENTS IN THE PLACENTA OF INDIAN WOMEN

Statistics V Cr Mn Fe Co Ni Cu

n 26 26 26 26 26 26 26
Minimum 2.20 0.70 1.00 139.30 0.00 0.05 3.20
Maximum 8.00 4.00 4.10 497.50 0.06 1.15 13.20
Mean 4.92 1.84 2.26 259.45 0.02 0.58 5.48
Median 5.05 1.75 2.10 226.85 0.01 0.57 4.95
SD 1.50 0.70 0.75 94.29 0.02 0.28 1.94

Statistics Zn As Se Mo Cd Pb

n 26 26 26 26 26 26
Minimum 30.70 0.04 0.00 0.03 0.00 0.00
Maximum 62.10 0.63 3.98 0.66 0.34 0.44
Mean 41.87 0.37 1.64 0.14 0.06 0.07
Median 40.65 0.36 1.65 0.08 0.02 0.00
SD 7.95 0.15 0.92 0.14 0.09 0.11
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1.64 ± 0.92 and a median value of 1.65 are apparently satisfactory but for a non- 
detectable value in 1 out of 26 cases. In the remaining non-toxic elements the findings 
are comparable with the data in the available literature.

Of the three toxic elements considered, the average As value of 0.37 ± 0.15 and 
median of 0.36 is higher than the reported figure of 0.19. The average level of 
placental Cd was 0.06 ± 0.09 and the median value was 0.02. This value is much 
lower than that reported in the literature [7]. Moreover, in one-half of the cases it was 
below the detection limit. This favourable feature may perhaps be due to the low 
smoking habit of Indian women. Finally, as regards Pb levels, the average of
0.07 ± 0.11 but a median value of 0.00 and absence in 12 out of 26 cases indicates the 
uneven exposure levels of the women to vehicular exhausts. Obviously, if these trends 
are confirmed in the remaining samples it would be more meaningful.

4. SUMMARY AND CONCLUSIONS

The validity of the estimations has been determined by the accuracy and close 
reproducibility of the data for the SRM used with each batch of estimations. Since the 
values are close in the different estimations, it is presumed that the ICP-MS method
ology is fairly consistent. A comparison was made with the available information 
contained in Ref. [7]. It would appear that there is some degree of similarity in the 
case of some of the non-toxic elements, like Co and Zn, and a few other elements 
between the values given by Iyengar et al. and the present investigation. The values 
for other non-toxic elements, like Cr and Mn, are higher than those reported by 
Iyengar et al. [7]. Amongst toxic elements (As, Cd and Pb), the average level is 
higher than the reported figures only in the case of As, for which we do not have any 
explanation for the time being. It is hoped that after completion of the analysis of all 
the samples a definite trend may emerge. In the cases of Cd and Pb, distinctly higher 
values were seen in individual cases which is suggestive of a higher degree of 
environmental pollution. With regard to Fe, our values appear to be less than those 
reported by Iyengar et al. [7], but higher than the Nigerian figures of Mbofung and 
Subbarau [10]. The standard deviations in general were much lower in the case of all 
the elements except Cd and Pb, indicating that there was greater homogeneity in the 
samples and possibly the methodology.

This study clearly brings out the feasibility of multi-elemental analysis of a 
representative tissue like the placenta. Owing to the particular choice of the SRM 
originally obtained, it has not been possible to fully exploit the opportunity for 
estimating the full gamut of 20 biologically relevant elements. However, in the future, 
it should be possible to increase the numbers to include some elements like Ca, Mg, 
Ce, Th and Sn, though not Hg, in place of the seven biologically non-relevant 
elements. Finally, it is hoped that once the issue of acceptability of placental tissue
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for biological monitoring of inorganic elements is set on a firm basis, the 
methodology for searching for organic pollutants could also be undertaken to permit 
composite studies of the placenta for the purposes of ESB, in view of its several 
advantages.
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Abstract

ANALYSIS OF HUMAN MATERIALS BY MICROWAVE INDUCED PLASMA-MASS 
SPECTROMETRY.

When various kinds of element concentrations in human materials or environmental 
samples were analysed, microwave induced plasma-mass spectrometry (MIP-MS) was used 
for elements below ppm levels and flame atomic absorption spectrophotometry for rela
tively high concentrations. First, standard materials of hair, serum and milk were analysed. 
In the hair material of the Bureau Communautaire Référence (BCR) CRM-397, which had the 
certified values of Cd, Hg, Pb, Se and Zn, our analytical results agreed well with the certified 
values. In the National Institute for Environmental Studies (NIES) No. 13 Hair Material, which 
had the certified values of Ca, Cu, Hg, Pb, Sb, Se and Zn, and the reference values of 12 ele
ments, our results agreed well with the certified values, except Sb, for which our result was 
1.38 times higher. Our results for Ca, Co, Cr, Fe, Mn and Na were within 10% of the reference 
values. In the hair material of GBW-07601 prepared in China, which has the certified 
values of 39 elements and the information values of 23 elements, our analytical results of Mn, 
Fe Co, Cu, Se, Sr, Ba, Bi, Mg, Na and Zn were within 10% of the certified values. In National 
Institute of Standards and Technology (NIST) SRM-1598 Bovine Serum and NIST SRM-1549 
Non-fat Milk Powder, our analytical values of Co, Cu, Mn, Mo, Rb, Se and Zn in Bovine 
Serum, and Co, Cu, K, Mg, Mn, Na, P, Pb, Rb, Se and Zn in the Non-fat Milk Powder showed 
good agreement. It is interesting that the contents of the various elements in these materials 
may reflect the environments, living habits and other existing conditions of the countries 
producing the materials. When the results by MIP-MS were ascertained, inductively 
coupled plasma-mass spectrometry was used. After evaluating the technical method, 
human hair, serum and milk samples were analysed. The analytical results are presented 
in the paper.

1. INTRODUCTION

Microwave induced plasma-mass spectrometry (MIP-MS) was developed in 
Japan. The purpose in using this method is the same as that for using inductively 
coupled plasma-mass spectrometry (ICP-MS) in the field of analytical application.
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The differences between MIP-MS and ICP-MS are related to the plasma forming 
techniques; the former uses microwave induced plasma and the latter uses inductively 
coupled plasma. We have set up a multi-element analysis, 72 elements at once, using 
MIP-MS consuming N2 gas. A basic report has been published.1

MIP-MS accepts liquid samples as well as atomic absorption spectro
photometry (AAS). Therefore, pretreatment, such as a decomposing or digesting 
procedure for solid samples, is necessary. Although blood samples are liquid, since 
they contain much protein and lipids, it is better to pretreat them prior to using 
analytical equipment. A simplified wet ashing technique is widely used in a draft 
chamber. This method allows a little contamination from the ambient, although air 
is drawn from the chamber to the outside. This contamination cannot be neglected 
at the low level detection limits of ICP-MS or MIP-MS. In order to avoid contamina
tion from the ambient, a microwave digestion method and ultrapure grade reagents are 
employed.

Recently, we analysed many kinds of samples such as hair, blood, organs, 
semen, follicular fluid, excreta from humans or animals, water, soil and food includ
ing rice, milk, fish, vegetables and meat. From this experience, we decided that the 
elements existing at relatively high concentrations, are determined by flame atomic 
absorption spectrometry (FAAS), for example Ca, Mg, Na and Zn in hair, K, Mg and 
Na in sera, and Ca, K, Mg and Na in milk samples. The remaining elements, existing 
at low concentrations below ppm, are determined by MIP-MS. We also used ICP-MS 
when necessary; that is, when the analytical results were far from reference or 
information values in the standard materials, we tried both methods.

First, we will introduce our analytical results of standard materials of hair and 
then we will compare the results with the certified, reference, or information values. 
Then we will present analytical results of human hair, serum and milk samples 
in this paper.

2. MATERIALS

2.1. Standard materials

Three kinds of human hair samples (BCR CRM-397, NIES No. 13 (Japan), and 
GBW-07601 (China)), SRM-1598 Bovine Serum (NIST) and SRM-1549 Non-fat 
Milk Powder (NIST) were used.2

1 SHINOHARA, A., CHIBA, М., INABA, Y., Analysis of trace elements in materials 
by microwave induced plasma-mass spectrometry, Jpn J. Hygiene 49 (1994) 924—934.

2 BCR: Bureau Communautaire Référence; NIES: National Institute for Environmental 
Studies; NIST: US National Institute of Standards and Technology.
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2.2. Human hair samples

Two hundred hair samples from children living in Kazakhstan were provided, 
which included 100 patients (51 male and 49 female) and 100 controls (65 male and 
35 female).

2.3. Human serum samples

A total of 337 healthy male and 118 female serum samples were provided. 
They were from persons living in the Tokyo area who were working with several 
companies. They received medical examinations, including blood and urine tests, 
at least once a year. Their serum specimens were given to us four weeks after 
completion of all examinations.

2.4. Human breast milk samples

Thirty samples of human breast milk were provided by the Snow Brand Milk 
Company Limited. Milk samples of 2434 mothers from just after delivery to
16 months were collected and divided into 30 categories according to season and 
secretion period. Equal volumes of milk samples belonging to the same category 
were mixed up and 30 samples were prepared.

3. EQUIPMENT AND OPERATING CONDITIONS

The equipment used and the operating conditions were as follows:

(1) High performance microwave digestion unit: MLS 1200 MEGA, Milestone 
Company, Italy. The operating procedures were: 250 W for 1 min, 0 W for 
1 min, 250 W for 5 min, 400 W for 5 min and 500 W for 5 min.

(2) MIP-MS: P-7000, Hitachi Company, Japan. The operating conditions are 
shown in Table I.

(3) ICP-MS: PMS-2000, Yokogawa Analytical Systems, Japan. The operating 
conditions were as follows: plasma gas (Ar) flow at 14 ± 0.5 L/min 
and support gas (Ar) at 0.8 ± 0.2 L/min. 89Y was used as an internal 
standard.

(4) Atomic absorption spectrophotometry: Z-6000, Hitachi Company, Japan. 
This was used as an acetylene-air FAAS. The sample flow rate was 
5.8 mL/min.
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TABLE I. OPERATING CONDITIONS
FOR MIP-MS

Power: 1.3 kW
Carrier gas flow (N2): 1.3 L/min 
Sampling cone: Platinum 
Temperature of cooling chamber: 4°C 
Scanning conditions:

Dwell time: 50-100ms 
Number of sweeps: 3 times 
Sample flow: 0.24 mL/min

Elements measured:

51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu,
68Zn, 71Ga, 72Ge, 74As, 80Se, 85Rb, 88Sr,
90Zr, 95Mo, 105P d ,107Ag, m Cd, 115In, 118Sn, 
121Sb, 128Te, 133Cs, 195Pt, 202Hg, 205T1,
2 ° 8 p b , 2 3 2 T h ;  2 3 8 u

Internal standard: ,53Eu

4. ANALYTICAL PROCEDURE

An appropriate amount of each sample was put in a Taftener vial and a double 
amount of ultrapure nitric acid (Tama Chemical Company, Japan) was added. Then 
a screw cap was put on and it was left overnight at room temperature. Each sample 
was then digested in a high performance microwave digestion unit. In the case of the 
samples which did not digest, 30% hydrogen peroxide of a half amount of nitric acid 
was added. After digestion, the total volume was adjusted at 2.0 mL with ultrapure 
water. After further appropriate dilution, AAS was applied to the sample solution for 
elements of relatively high concentrations, and MIP-MS or ICP-MS was applied for 
below ppm elements in the original samples.

5. RESULTS

Human hair standard materials. The element concentrations in BCR CRM- 
397, NIES No. 13 and GBW-07601 with certified, reference, or information values 
are shown in Table II.



TABLE II. ANALYTICAL RESULTS OF HUMAN HAIR STANDARD MATERIALS

Element 51 у 55Mn 57Fe 59Co

MIP-MS (unit: pig/g) 

63Cu 75 As 80Se 88Sr 107 Ag in Cd 121Sb 135Ba 2°8pb 209b  i

NIES Mean 
Certified value

0.219
(0.270)

3.684
(3.9)

112.6
(140)

0.076
(0.070)

16.031
15.3

0.079
(0.10)

1.854
1.79

2.714 0.089
(0.10)

0.246
0.23

0.058
0.042

1.378 5.087
4.6

0 .014

BCR Mean 
Certified value

0.377 9.090 41.895
(0.11)

0.462 102.6 0.202 2.055
2.0

4.888 0.507 0.598
0.521

0.345 8.030 35.012
33.0

GBW Mean 
Certified value

0.170 5.894
6.3

56.27
54

0.065
0.071

10.36
10.6

0.248
0.28

0.615
0.60

22.23
24

0.042
0.029

0.144
0.11

0.054
0.095

17.65
17

7.874
8.8

0.326
0.34

FAAS (unit: fig/g)

Element Mg Na Zn

NIES Mean 133.8 56.8 161.0
Certified value (160) (61) 172

BCR Mean 
Certified value

176.9 35.3 198.6
199

GBW Mean 350.2 148.9 191.8
Certified value 360 152 190
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FIG. 1. Histogram o f Co, Cu, Cd and Pb concentrations in children’s hair.
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TABLE III. ELEMENT CONCENTRATIONS OF 
NIST SRM-1598 BOVINE SERUM

Element Analytical value Certified value

Cu (M-g/g) 0.754 ± 0.069 0.72
Rb 0.173 ±0.007 0.17 ±0.02
Sr 0.025 ± 0.001 0.025 ± 0.003
Zn 0.89 ± 0.098 0.89 ± 0.06

Co (ng/g) 1.56 ±0.50 1.24 + 0.18
Mn 4.22 ± 1.55 3.78 ± 0.32
Mo 12.9 ± 1.7 11.5 ± 1.1
Se 48.3 ± 0.5 42.4 ± 3.5

Note: Mean ± SD (n = 4)

Children’s hair. Analytical results of four important elements, Co, Cu, Cd and 
Pb, are shown in Fig. 1. Children were divided into five categories: control living in 
Almaty (n = 40), control living in other places (n = 60), patients with diseases such 
as itai-itai (и = 14), patients with anaemia (n = 14), and patients suffering from other 
symptoms (n = 72).

Serum samples. The results of NIST SRM-1598 are shown in Table III. The 
analytical results of human sera are shown in Table IV.

Milk samples. As shown in Table V, the values of 12 elements agreed well with 
the certified or reference values. The results of 30 breast milk samples are shown in 
Table VI.

6 . DISCUSSION

Hair samples. The BCR and NIES samples were completely digested by the 
application of our method. However, in the GBW sample precipitates remained even 
after repeating the method twice. In the BCR sample, our results were close to the cer
tified values, as shown in Table II. In the NIES sample, the results for elements which 
had the certified values were satisfactory except Sb, which was 1.38 times higher. 
Among the elements which had reference values, Ca, Na, Mn and Co showed good 
agreement. The GBW sample had certified or information values for 62 elements, and 
our analytical results were not satisfactory in more than ten elements. The cause of 
this may have been precipitation in the digested solution.



TABLE IV. VARIOUS ELEMENT CONCENTRATIONS IN HEALTHY ADULTS

IAEA-SM-344/59 3 95

Element
Male (n = 337) Female (n = 118)

Mean SD
(Hg/mL)

Mean
(P-g/mL)

SD

Ag 0.001 0.001 0.001 0.001
As 0.009 0.009 0.008 0.008
Ba 0.041 0.276 0.055 0.303
Be 0.001 0.002 0.001 0.002
Bi 0.0001 0.000 . 0.0001 0.001
Ca 105.6 12.9 103.9 10.1
Cd 0.001 0.002 0.001 0.003
Co 0.0001 0.001 0.0001 0.001
Cr 0.015 0.041 0.016 0.032
Cs 0.0001 0.001 0.0001 0.001
Cu 0.969 0.294 0.980 0.284
Fea 2.319 2.135 2.921 9.947
Ga 0.0001 0.001 0.001 0.001
Ge 0.003 0.006 0.002 0.005
Hg 0.006 0.016 0.008 0.020
In 0.0001 0.000 0.0001 0.000
Ka 365.3 123.8 318.1 121.1
Li 0.007 0.012 0.006 0.011
Mg 21.9 1.9 21.2 1.6
Mn 0.004 0.007 0.008 0.040
Mo 0.003 0.005 0.002 0.003
Na 3229.6 239.3 3182.6 259.6
Ni 0.005 0.015 0.009 0.025
P 151.0 25.6 146.5 27.5
Pb 0.059 0.419 0.076 0.332
Pd 0.001 0.003 0.001 0.002
Rb 0.407 0.184 0.326 0.147
Pt 0.002 0.005 0.002 0.004
Se 0.157 0.052 0.148 0.045
Sn 0.006 0.011 0.004 0.007
Sr 0.030 0.021 0.024 0.019
Te 0.002 0.004 0.002 0.003
Th 0.003 0.019 0.005 0.024
Tl 0.0001 0.000 0.0001 0.000
U 0.0001 0.000 0.0001 0.000
V 0.001 0.001 0.001 0.002
Zn 0.979 0.421 0.951 0.390
Zr 0.021 0.017 0.019 0.018

a High value rather than the so-called normal value due to haemolysate.
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TABLE V. ANALYTICAL RESULTS OF NIST SRM-1549 NON-FAT 
MILK POWDER

Element Method
Analytical value 

(M-g/g)
Certified value 

(M-g/g)

Ca FAAS 12 820 ± 640 13 000
63Cu MIP-MS 0.678 ± 0.042 0.7
К FAAS 16 010 ± 250 16 900
Mg FAAS 1234 ± 20 1200
55Mn MIP-MS 0.262 ± 0.027 0.26
95Mo MIP-MS 0.417 ± 0.042 (0.34)
Na FAAS 4800 ± 460 4970
P Colorimetry 10 030 ± 280 10 600
2°8pb MIP-MS 0.021 ± 0.026 0.019
85Rb MIP-MS 11.962 ±0.180 (11)
Se MIP-MS (peak height) 0.124 ±0.003 0.11

Fluorometry 0.12
Zn FAAS 46.72 ± 2.08 46.1

The children’s hair samples were sent by a paediatrician in Kazakhstan. She 
considered that some in-patients were suffering from metal toxicity. Cu concentra
tions in patients were higher than for other elements. The relation between element 
concentrations and disease will be surveyed in the near future.

Serum samples. Our results of NIST SRM-1598 were 100-105% of the certi
fied values in elements at ppm levels and 112-126% in ppb level elements (Table III). 
Human serum samples were not collected for trace element analyses. After use in 
regular medical tests, the remaining samples were transferred to us. Thus, they were 
left for more than one month after being drawn and centrifuged, with the blood cells 
settling at the bottom of the test-tube and the serum on top. The purpose of this analy
sis was to determine the trace element concentrations in the sera of healthy adults, and 
to make a preliminary study of the possibility of adding measurement of certain ele
ment concentrations to annual health checks. It is hoped to use the analytical results 
of sera from patients in the field of preventive medicine for such problems as 
hypertension, diabetes, or dementia.

Milk samples. The concentrations of major elements in milk are well known, 
while those of trace elements are very limited. We tried to establish analytical results 
for the concentrations of various elements in milk. We found that elemental concen
trations in breast milk were much lower than those in commercial cow’s milk, except 
for Se and Cu.



TABLE VI. ELEMENT CONCENTRATIONS IN BREAST MILK

Method

Element

MIP-MS

7Li

MIP-MS MIP-MS 

51V 52Cr

MIP-MS

55Mn

MIP-MS

57Fe

MIP-MS

59Co

MIP-MS

6°Ni

MIP-MS

63Cu

MIP-MS

75 As

MIP-MS

80Se

MIP-MS MIP-MS 

85Rb 88Sr

MIP-MS

m Cd

Mean 0.004 0.002 0.004 0.007 0.770 0.002 0.019 0.308 0.032 0.033 0.608 0.050 0.006

SD 0.004 0.001 0.003 0.004 0.222 0.001 0.010 0.101 0.028 0.005 0.093 0.008 0.002

Method AAS AAS AAS AAS AAS AAS Colorimetry

Element К Ca Na Mg Zn Zn P

Mean 499.9 269.1 188.8 27.45 2.58 2.58 164.9

SD 64.5 22.6 59.6 3.07 1.18 1.18 17.8

Unit: (J-g/g, ra = 30
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Recently, analytical equipment and analytical environments have been 
improved. Multi-element analyses are often used in many laboratories. The MIP-MS 
or ICP-MS techniques, as well as neutron activation analysis, are available for multi
element analysis. It is very important to note that the matrix in samples often inter
feres with determinations, and that the matrix effect is greatly different depending on 
the kind of materials. Standard materials, which have the same matrix as the samples 
which are to be analysed, and which have the certified values of as many elements as 
possible, are needed. At present, however, commercially available standard materials 
are very limited. Such procedures should be useful in establishing ‘harmonization of 
health related environmental measurements’.

7. COMMENTS AND CONCLUSIONS
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Abstract

DEPENDENCE OF ELEMENTAL CONCENTRATIONS IN ALZHEIMER BRAIN TISSUE 
ON DISEASE DURATION AND IMPLICATIONS

There has been recent interest in determining elemental concentrations of brain tissue 
affected by Alzheimer’s disease and comparing these with concentrations in ‘normal’ brain 
tissue. Although age and sex influences on elemental concentrations are often allowed for, the 
duration for which a patient was suffering from Alzheimer’s disease is a factor rarely consid
ered. In the work presented the concentrations of sodium, potassium, chlorine and bromine in 
the frontal lobe of the Alzheimer brain are determined using the techniques of particle induced 
X ray emission (PIXE) and instrumental neutron activation analysis (INAA). Concentrations of 
Na, Cl and Br were found to be high in Alzheimer brain tissue compared with ‘normal’ tissue, 
with concentrations lowest in brain tissue of long disease duration. Potassium, on the other 
hand, was found to have low concentrations in Alzheimer brain tissue but exhibited the highest 
concentrations in brain tissue of longest disease duration. The implication of this is that for 
concentrations from different sources to be compared, the disease duration is an important 
factor.

1. INTRODUCTION

Over the past decade a number of papers have appeared in the literature com
paring the elemental composition of brain tissue from ‘normal’ and Alzheimer cases, 
for example the publications by Ehmann et al. [1] and Andrasi et al. [2]. Elemental 
concentrations in Alzheimer’s tissue have been of interest for examining the possible 
involvement of environmental toxins such as Al, Cd, Hg and Pb and the enzymatic 
involvement of elements such as Br. There has also been recent interest in the possi
bility of a free radical role in Alzheimer’s disease [3], giving importance to elements 
such as Se in the anti-oxidant glutathione peroxidase (GSH-Px).

Although in most studies attention has been paid to the effects of age and sex 
on elemental concentrations, the duration for which patients suffered from

399
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Alzheimer’s disease prior to death is a value rarely, if ever, quoted. However, the work 
presented here suggests that a number of elemental concentrations may be dependent 
upon the disease duration, and so for results from different sources to be compared 
this information is required. This work is part of a large project to examine the 
distribution of elemental concentrations in ‘normal’ and Alzheimer brain tissue using 
particle induced X ray emission (PIXE), Rutherford backscattering (RBS) and 
instrumental neutron activation analysis (INAA), determining between them the 
concentrations of some 20 elements.

2. SAMPLE DETAILS

Brain tissue samples were obtained from the Alzheimer Disease Brain Bank, 
Institute of Psychiatry, London, and confirmed as either Alzheimer or ‘normal’ by 
their histology. Samples originated from the major cortical lobes, namely the frontal, 
parietal, temporal and occipital lobes and from both brain hemispheres of 15 ‘normal’ 
and 19 Alzheimer patients. Samples stored at the Brain Bank were snap frozen as 
coronal slices and stored at -70°C. On transfer to the University samples were 
maintained frozen by dry ice packaging. On arrival the samples were immediately 
weighed and freeze-dried to a constant mass (typically for 100 h) to remove all free 
water. The calculation of sample specific dry to fresh weight ratios allowed for the 
conversion of dry weight concentrations to fresh ones, the latter being more repre
sentative of the element state in vivo. Samples were further prepared for elemental 
analysis by the removal of possibly contaminated sample edges using a polyethylene 
spatula, homogenization and compression into 5 mm diameter pellets. For materials 
to be analysed by PIXE and RBS, samples were made 1 mm thick and attached 13 to 
a target plate with two certified standards, namely IAEA A-13 Animal Blood 
and Bowen’s Kale [4]. Samples to be irradiated for NAA were placed in clean 
polyethylene containers.

3. EXPERIMENTAL DETAILS

PIXE and RBS were conducted simultaneously using the University of Surrey 
Ion Beam Facility. A 2 MeV proton beam of 4 nA current was scanned over 4 mm2 
of the sample surface to reduce sample heating effects and a charge of 8-10 jiC 
collected.

Samples for INAA were irradiated in the Imperial College Consort II 
reactor at a thermal neutron flux of 1 x 1012 n-cm_2-s_1 for time periods ranging 
from 2 min to 72 h. Zirconium wire flux monitors were simultaneously irradiated 
for flux correction measurements. The comparative method of analysis was
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TABLE I. DRY TO FRESH WEIGHT CONVERSION RATIOS IN THE 
CORTEX OF ‘NORMAL’ AND ALZHEIMER CASES (MEAN ± 1 STANDARD 
DEVIATION)

Region Normal cases (и) Alzheimer cases (n)

Frontal lobe 0.194 ± 0.021 (26) 0.185 ±0.027 (27)
Occipital lobe 0.196 ±0.021 (19) 0.196 ±0.019 (21)
Parietal lobe 0.205 ± 0.026 (19) 0.185 ± 0.020 (21)
Temporal lobe 0.200 ± 0.020 (18) 0.183 ±0.026 (17)

used for both PIXE and INAA using the two certified standards mentioned 
above.

4. RESULTS AND DISCUSSION

4.1. Dry to fresh weight conversion ratios

Using two tailed student t tests, the dry to fresh weight conversion ratio of 
Alzheimer brain tissue was found to be significantly lower than that of ‘normal’ tissue 
in the frontal (p < 0.05), parietal ip < 0.01) and temporal (p < 0.05) lobes, but not 
significantly different for the occipital lobe (Table I). The increased water content of 
Alzheimer brain tissue has been reported previously in the literature [1], although the 
difference between brain regions has not been highlighted. It is interesting to note that 
the conversion ratio of Alzheimer patients was not significantly different from 
the ‘normal’ in the occipital lobe, since this is the cortical region least affected in 
Alzheimer’s patients in terms of the numbers of plaques and tangles, the amount of 
brain atrophy and the reduction in blood flow and glucose metabolism [5].

The conversion ratio was also found to be dependent upon the disease duration, 
with samples from patients with longer disease durations displaying, as may be 
expected owing to the progressive nature of Alzheimer’s disease, conversion ratios 
more different from the ‘normal’ than patients with short disease duration (Table II).

4.2. Elemental compositions

RBS analysis was used to determine the major elemental composition of the 
samples. This information was required for corrections to be made for sample 
attenuation of the proton beam and emitted X rays in PIXE analysis. The major 
elemental compositions (in dry weight) were calculated to be: 85 ± 3% C; 5 ± 2% N;
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TABLE II. DEPENDENCE OF THE DRY TO FRESH 
WEIGHT CONVERSION RATIO FOR ALL CORTICAL 
REGIONS ON DISEASE DURATION IN ALZHEIMER 
CASES (MEAN ± 1 STANDARD DEVIATION)

Disease duration (n) Dry to fresh weight ratio

Normal (63) 0.199 ±0.023
2-3 years (22) 0.191 ± 0.026
4-5 years (6) 0.184 ±0.020
6-7 years (5) 0.177 ±0.026
8-9 years (15) 0.178 ±0.016

9 ± 2% O; and 1.0 ± 0.7% Na for ‘normal’ brain tissue and 83 ± 5% C; 7 ± 3% N;
10 ± 3% O; and 0.9 ± 0.6% Na for Alzheimer tissue. The major elemental 
concentrations in the cortex were not significantly different for Alzheimer and normal 
cases.

PIXE and NAA were used to determine minor and trace elemental concentra
tions in each of the cortical lobes in ‘normal’ and Alzheimer brain tissue. Elemental 
levels of Na, Mg, P, S, Cl, K, Ca, Sc, Fe, Zn, Se, Br, Rb, Cd and Cs were obtained. 
Here the results for only Na, Cl, К and Br concentrations in the frontal lobe are pre
sented. The concentrations of Na, Cl and Br were found to be significantly increased 
in Alzheimer brain tissue compared with ‘normal’ brain tissue, whereas potassium 
concentrations were decreased. Mean fresh weight concentrations (in pg/g) for all 
‘normal’ and Alzheimer cases as determined by PIXE analysis and INAA are given 
in Table III, as well as the significance of the difference between the ‘normal’ and

TABLE III. Na, Cl, К AND Br FRESH WEIGHT MEAN CONCENTRATIONS (IN 
¡ug/g ± 1 STANDARD DEVIATION) IN ‘NORMAL’ AND ALZHEIMER BRAIN 
TISSUE SAMPLES

Element Technique Normal (n = 26) Alzheimer (n = 26) p  value

Na INAA 1690 ± 360 2000 ± 290 <0.002

Cl
INAA
PIXE

1710 ± 360 
1900 ± 460

2190 ± 340 
2570 ± 690

<0.001
<0.001

К
INAA
PIXE

2630 ± 850 
2490 ± 680

2200 ± 680 
2160 ± 720

<0.1
<0.1

Br INAA 0.95 ± 0.23 1.34 ±0.30 <0.02
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FIG. 1. Fresh weight concentrations ofNa, Cl, Br and К  in the frontal lobe with disease dura
tion (1 standard deviation error bars).

Alzheimer concentrations. Confidence is given in the values obtained for К and Cl 
concentrations by the agreement between the PIXE and INAA derived concentra
tions. The same degree of harmonization in the concentration of elements commonly 
detected by both techniques, such as Fe and Zn, was also observed.

When elemental concentrations are plotted against disease duration, correla
tions are found to be significantly negative for Na (p < 0.05) Cl (p < 0.01), and 
Br (p < 0.02) and, at a much lower level of significance, positive for К (p < 0.1) 
(Fig. 1). This finding is the reverse of what would be expected intuitively since 
samples with longer disease durations are displaying more ‘normal’ concentrations 
than those from short disease durations. It is not known if this finding is a result of 
patients with the largest concentration imbalances having the shortest survival times 
or if an initial upset in concentrations can somehow be compensated for as the dis
ease progresses.

It is interesting to note that when the concentrations of the environmental toxin 
Cd was correlated with other elemental concentrations, it was found that a significant 
correlation between Zn and Cd existed (<0.01) in Alzheimer brain tissue but not in 
normal tissue, whereas the reverse was true for the correlation between Ca-Cd 
(<0.02) and Fe-Cd (<0.05).
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In this work the elemental composition of Alzheimer brain tissue has been 
found to be dependent upon the duration the patient suffered from Alzheimer’s dis
ease prior to death. In addition, the trend that concentrations followed with increased 
disease durations was not as may be expected and further work following elemental 
concentrations in vivo may be required. This would involve work to investigate the 
extent to which fluids such as blood and CSF can be used to draw conclusions on 
brain tissue concentrations. Meanwhile, the implications of this work are that when 
quoting the concentrations of elements in the Alzheimer brain the disease duration 
should also be given. Otherwise erroneous conclusions may be reached.
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Abstract

CONCENTRATIONS OF TOXIC METALS AND RADIONUCLIDES IN KAZAKHSTANI 
BREAST MILK.

Numerous reports have highlighted the profound health and economic consequences of 
environmental degradation in the former USSR. The potential consequences of contamination 
for breast milk safety are of concern to health authorities. The paper presents data on 
concentrations of toxic metals and radionuclides in breast milk samples collected in 
Kazakhstan. The data are from a larger study designed to provide a scientific basis for the 
development of a national infant feeding policy. Breast milk samples were collected in eight 
sites (including the former Soviet nuclear site of Semipalatinsk) in 1995. Between 12 and
17 samples per site were collected for a total of 115 samples. At the time of collection,
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within-clinic compositing of breast milk samples was completed for radionuclide analysis for 
a total of 22 composite samples. Rigorous collection protocols were followed to ensure that 
samples were not contaminated during collection. Breast milk was hand expressed into 2 oz 
(60 mL) plastic containers through plastic funnels, acid washed to be free of the contaminants 
under study. Two independent analytical techniques, inductively coupled plasma-mass 
spectrometry (ICP-MS) and neutron activation analysis (NAA), were used to facilitate 
verification of results. The ICP-MS laboratory also used inductively coupled plasma-atomic 
emission spectrometry (ICP-AES) for the determination of the major elements zinc and iron. 
Minor elements were measured by ICP-MS. 137Cs was determined by a high sensitivity and 
high resolution Ge detector. Results by NAA and ICP-AES or NAA and ICP-MS indicate 
excellent agreement between the two methods. For the toxic elements, the median 
concentrations in breast milk are within the range of median concentrations in other countries. 
,37Cs was not detected in any of the samples. All the major minerals and electrolytes showed 
breast milk levels within reference values. Likewise, levels of all essential trace elements were 
comparable to the median concentrations in other countries. Based in part on the results of this 
study, the Ministry of Health of Kazakhstan is promoting breast feeding.

1. INTRODUCTION

Numerous reports have highlighted the profound health and economic conse
quences of environmental degradation in the former USSR [1]. The consequences for 
maternal and child health — and specifically for breast milk contamination — are of 
particular concern in the newly independent Republic of Kazakhstan [2]. Kazakhstan 
borders the Aral Sea, an internationally recognized ecological disaster area [3]; is 
home to Semipalatinsk, the former Soviet nuclear testing site; and has numerous 
plants for chemical synthesis, metal mining and milling, weapons manufacture and 
petrochemical exploration and refineries. The present study was undertaken to assist 
the Ministry of Health in making infant feeding recommendations by analysing breast 
milk for chlorinated compounds (chlorinated pesticides, PCBs, dioxins and furans), 
toxic metals and radionuclides [4]. This paper focuses on results from toxic metal 
and radionuclide analyses. Results from the analysis of chlorinated compounds were 
previously published [5].

2. POPULATION AND SAMPLING METHODS

Sampling sites were selected to provide a profile of high risk exposures to pos
sible contaminants. Breast milk samples were collected in eight sites in central and 
northern Kazakhstan (including Semipalatinsk) in April 1995. These sites included 
areas of industrial development, plants for chemical synthesis (Aktubinsk and 
Pavlodar), metal mining and milling (including one of the world’s largest chromium
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mines in Khromtau), weapons manufacture (Ust-Kamenogorsk), and plants for petro
chemical exploration and refineries (Aktau). Because many of the contaminants 
under study are ubiquitous, protocols for sample collection and analysis specified by 
the World Health Organization (WHO) and IAEA [6] were used to ensure that study 
results would be directly comparable with international data.

Clinic personnel contacted women who met the following selection criteria:
(a) first lactation; (b) infant 2-20  weeks of age; and, (c) mother and infant apparently 
healthy. Between 12 and 17 samples per site were collected for a total of 115 sam
ples. At the time of collection, within-clinic compositing of breast milk samples was 
completed for radionuclide analysis. Each composited sample contained 5 mL from 
5 women, yielding 22 composite samples.

Rigorous collection protocols were followed to ensure that samples were not 
contaminated during collection. Breast milk (approximately 50 mL) was hand 
expressed into 2 oz (60 mL) plastic containers through plastic funnels, acid washed 
to be free of the contaminants under study. Women were required to wash their hands 
and breasts with purified water. Immediately after collection, samples were frozen 
until analysis. Drinking water was obtained from clinic taps and soil samples were 
collected near community gardens. To monitor extraneous contamination during the 
collection procedure, a field blank consisting of high purity water bottled at the 
laboratory was poured through a plastic funnel into a sample collection bottle at 
each site.

3. ANALYTICAL METHODS

3.1. Sample Preparation

Human milk samples were mixed thoroughly for 10-15 min in a commercial 
ultrasonic mixer (sonicator). Five grams of milk were weighed into a precleaned, 
70 mL quartz digestion vessel, and 2.0 mL of sub-boiling nitric acid were added. The 
vessel was sealed with polytetrafluoroethylene (PTFE) film and a quartz cap was 
secured with a tungsten clip. Five vessels were inserted in an aluminium heater block 
and placed in an autoclave unit. Typically, one method blank containing no. milk 
sample was prepared for every nine samples. Two sets of five samples were digested 
each day. The unit was pressurized with nitrogen and the samples were heated under 
computer control with a sequenced temperature-time program. The bulk of the dis
solution reaction occurred at 230°C for 90 min. After digestion, the samples were 
cooled to room temperature and the resulting solution was diluted to 14.0 mL with 
distilled deionized water.
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3.2. Element analysis by ICP-AES

An inductively coupled plasma-atomic emission spectrometer (Optima 3000, 
Perkin-Elmer Corporation, Norwalk, CT, USA) was used for the simultaneous 
determination of major elements in digested milk and reference materials. Calibration 
functions for Ca, K, Mg, Na, Zn and P covered the range of 1.0-200 mg/L, and Fe 
and a second Zn wavelength covered the range of 0.5-10 mg/L. Quality control and 
quality assurance protocols were followed throughout the analysis. Emission spectra 
were measured at the following wavelengths: P, 213.618 nm; Mg, 285.213; 
Ca, 315.887; Na, 589.995; K, 776.491 nm; Zn, 202.548, 213.856; and Fe, 239.562.

3.3. Element analysis by ICP-MS

Quantitative analysis of milk samples was performed with a commercial 
inductively coupled plasma-mass spectrometer (Perkin-Elmer Sciex Model 5000a, 
Perkin-Elmer Corporation, Norwalk, CT). Calibration functions were obtained for a 
series of multi-element standard solutions ranging in concentration from 1 to 
100 ng/mL. Quality control and quality assurance protocols were followed through
out the analysis. Twenty-eight elements were determined quantitatively. The isotopes 
measured for these elements include 7Li, 9Be, n B, 27Al, 45Sc, 48Ti, 51V, 52Cr, 55Mn, 
57Fe, 59Co, 60Ni, 63Cu, ^Zn, 69Ga, 75As, 79Br, 82Se, 85Rb, 88Sr, 98Mo, 114Cd, 133Cs, 
138Ba, 205T1, 208Pb, 232Th and 238U. The determination of arsenic and selenium was 
repeated with a separate, more accurate, procedure developed subsequently.

3.4. Element survey analysis by ICP-MS

Survey (or semiquantitative) analysis of milk samples was also performed with 
a commercial ICP-mass spectrometer (Perkin-Elmer Sciex Model 5000a, Perkin- 
Elmer Corporation) employing their TotalQuantll program. A nitric acid blank, an 
internal reference solution containing 40 ng/mL of Ge, Re and Rh, and an external 
standard solution containing 20 ng/mL of Li, Mg, V, Cu, Cd, La and Pb were used. 
Our earlier documentation of this approach verified that an accuracy of 20 ± 20% can 
be expected for the majority of elements in biological minerals. Approximately 29 
elements, including Hg, As and Se, were found to give acceptable recovery. One 
exception was Al. Thirty-four elements are reported in the present study.

3.5. Element analysis by neutron activation analysis (NAA)

A high flux neutron irradiation was carried out using the 1 MW TRIGA reactor 
at the University of Texas at Austin. Samples were prepared by sealing about 0.5 mL
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of the specimen in high purity quartz ampoules. Quartz was chosen over poly-vials to 
avoid the loss of volatile elements such as Hg and Se during neutron irradiation. 
Individual standards were prepared for each element from US National Institute of 
Standards and Technology (NIST) atomic absorption standards. In addition, NIST 
standard reference materials (SRMs) Coal Fly Ash (SRM-1633b) and Peach Leaves 
(SRM-1547) were analysed for quality assurance.

After irradiation in the reactor neutron flux, samples were counted for 4 h each 
using a high purity germanium (HPGe) detector. HPGe has high energy resolution, 
and is typically 1.8 keV at a 60Co photopeak of 1332 keV. Gamma ray counting was 
done using the HPGe detector coupled to a Nuclear Data 9900 series multichannel 
analyser. A commercial peak search routine and data analysis software were used to 
obtain the raw count rate for each gamma ray or signature photopeak of interest. 
Using a computer program, the count rates were converted to concentrations by 
comparing the activities with the irradiated standards.

3.6. Radionuclide analysis

The target analyte was 137Cs, a radioisotope produced through nuclear fission 
with a half-life of approximately 30 years. This radioisotope decays by beta emission, 
releasing a high energy photon or signature gamma ray with an energy of 661 keV. 
A high resolution germanium detector was used so that the signature background 
gamma rays (665 keV from naturally occurring 238U and 232Th) could be 
distinguished from the analyte of interest.

The HPGe detector was housed in a lead chamber, which served to minimize 
natural background radiation. The detector scanned the entire gamma ray region from 
100 to 3000 keV so that any and all radionuclides present would be detected simul
taneously. Data from each sample were stored and displayed on a Nuclear Data (ND) 
9900 system, which was connected to the detector. The detector was calibrated with 
a NIST traceable standard (137Cs). Each sample was counted for 12-20 h. The 
detection limit, determined by counting a standard sample with known 137Cs radio
activity (NIST SRM-4200B-7), was assessed to be 2.8 pCi.1

4. RESULTS AND DISCUSSION

Results by NAA and ICP-AES or NAA and ICP-MS indicate excellent agree
ment between the two methods (Table I).

1 1 curie (Ci) = 3.70 x 1010 Bq.
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TABLE I. COMPARISON OF NAA, ICP-AES AND ICP-MS RESULTS

Zinc (ppb)_________ NAA______ ICP-AES

Aktau 2185 2130
Aktubinsk 1763 1750
Khromtau 1967 1950
Pavlodar 1318 1280
0 . Semip 1368 1330
N. Semip 1454 1420
Ust-K 1847 1770
Almaty 1670 1600

Se (ppb) NAA ICP-MS

Aktau 20.5 20.9
Aktubinsk 23.2 23.3
Khromtau 20.3 26.2
Pavlodar 21.5 16.3
O. Semip 22 17
N. Semip 18.8 14.2
Ust-K 24.4 20.3
Almaty 19.5 13.8

Co (ppb) NAA ICP-MS

Aktau 0.38 0.35
Aktubinsk 0.32 0.35
Khromtau 0.34 0.33
Pavlodar 0.28 0.26
0 . Semip 0.26 0.25
N. Semip 0.022 0
Ust-K. 0.29 0.27
Almaty 0.25 0.23

Cs (ppb) NAA ICP-MS

Aktau 1.18 0.94
Aktubinsk 0.65 0.68
Khromtau 0.56 0.77
Pavlodar 0.57 0.65

O. Semip 0.57 0.64
N. Semip 0.47 0.55
Ust-K 0.8 1.02
Almaty 0.7 0.87

Fe (ppb) NAA ICP-AES

Aktau 268 266
Aktubinsk 296 309
Khromtau 417 410
Pavlodar 228 220
O. Semip 354 346
N. Semip 122 86
Ust-K. 351 345
Almaty 244 243

Rb (ppb) NAA ICP-MS

Aktau 385 380
Aktubinsk 325 317
Khromtau 320 324
Pavlodar 360 348
O. Semip 328 322
N. Semip 311 293
Ust-K 435 417
Almaty 326 316

Sc (ppb) NAA ICP-MS

Aktau 2.55 2.56
Aktubinsk 2.06 1.88
Khromtau 2.04 1.93
Pavlodar 1.92 2.13
O. Semip 2.02 2.23
N. Semip 2.38 2.74
Ust-K 2.51 2.98
Almaty 1.98 1.93

ICP-AES: inductively coupled plasma-atomic emission spectrometry; ICP-MS: inductively 
coupled plasma-mass spectrometry; NAA: neutron activation analysis; O. Semip: Old 
Semipalatinsk; N. Semip: New Semipalatinsk; Ust-K: Ust-Kamenogorsk.
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For the toxic elements, the median concentrations of breast milk observed are 
within the range of median concentrations in other countries (Table II) [6-9]. 
Aluminium concentrations in breast milk are known to vary widely. The concentra
tions found in this study (3-22 ng/g) are close to the low end of concentrations 
reported in the literature. In a recent study involving 42 Croatian women, a mean 
concentration of 380 ng/g was reported (range 4-2670 ng/g) [10]. Similarly, a mean 
concentration of 90 ng/g has been reported from 40 Turkish women [11].

Very little information is available in other reports on the antimony content of 
breast milk and the toxicity of dietary antimony. The average dietary absorption is 
estimated to be about 5% in humans [12]. With few exceptions the range of concen
trations reported in Kazakhstan are within the range reported elsewhere.

Concentrations of arsenic found in this study are similar to concentrations 
reported in the literature. Even the occasional high concentration of 5 ng/g in Aktubinsk 
contributes to a total daily intake of 3.5 mg/d for an exclusively breastfed infant (con
suming 700 mL of breast milk/d). Assuming a body weight of 5 kg, the 3.5 mg is less 
than the maximum tolerable daily intake of 2 mg/kg body weight [13].

Information about beryllium in breast milk and other foods is scarce. In 
Kazakhstan, a median concentration of 0.025 ng/g was measured only in samples 
from Aktau. Beryllium is generally not found in biological samples. When beryllium 
is detected, it is usually in high concentrations resulting from accidental exposure. 
Low concentrations as found in the present study are not likely to pose human health 
risks.

The median cadmium concentrations are well below the range of global con
centrations reported in the literature. The highest concentrations found of 0.47 ng/g 
in Old Semipalatinsk would result in an intake by an exclusively breastfed infant of 
350 ng/d and a weekly intake of less than 2.5 mg/kg body weight (assuming a 5 kg 
infant). This is less than the provisional tolerable weekly intake of 6.7-8.3 mg/kg 
body weight [14]. Thus, even the highest concentrations do not appear to pose any 
health risks.

The range of lead concentrations and median concentrations are very low com
pared with international data and lower than samples detected in Bragin Settlement 
and Ovruch following the Chernobyl accident [15]. The weekly lead intake for an 
exclusively breastfed infant of 25 mg is well below the provisional tolerable weekly 
intake for infants and young children [16]. Although metallic thallium is widely 
recognized as being toxic, little information is available in the literature about the 
toxicity of dietary thallium. Thallium is rapidly and completely absorbed and readily 
excreted in the urine [9]. In Kazakhstan, thallium was detected in the parts per trillion 
range only in some of the samples from Almaty, Old and New Semipalatinsk and Ust- 
Kamenogorsk. Median concentrations were all below the limit of detection except in

4.1. Toxic elements



TABLE П. TOXIC ELEMENTS BY SITE (BREAST MILK)

Aktau Aktubinsk Almaty Khromtau Pavlodar
Old

Semipalatinsk
New

Semipalatinsk
Ust-

Kamenogorsk

Reference values

Literature WHO/LAEA 
1991d

Aluminium 8.16a 19.19 11.33 ND 21.65 2.70 ND ND 16-392° __
(Al) (ng/g) (ND2-68.44) (ND-105) (ND-44) (ND-52.8) (ND-126) (ND-37.6) (ND) (ND-248.4) — 1^1

Antimony 0.27 0.14 0.09 0.10 0.11 ND ND 1.19
(Sb) (ng/g) (0.12-0.31) (0.11-0.58) (ND-8.15) (ND-10.44) (0.11-0.88) (ND-27.97) (ND-6.9) (0.14-2.18)

Arsenic 0.40 0.40 0.41 0.46 0.39 0.50 0.36 0.55 0.25-3e 0.2-0.6
(As) (ng/g) (0.08-2.95) (0.24-4.76) (0.3-1.81) (0.3-2.29) (0.4-5.59) (0.31-1.82) (0.21-0.79) (0.3-1.9)

Beryllium 0.025 ND ND ND ND ND ND ND — —
Be (ng/g) (ND-0.124) (ND) (ND) (ND) (ND) (ND) (ND) (ND)

Cadmium 0.041 0.012 0.046 0.048 0.007 0.036 ND 0.046 2-24° <1
(Cd) (ng/g) (ND-0.38) (0.001-0.131)(0.001-0.105X0.01-0.23) (ND-0.183) (ND-0.47) (ND-0.361) (0.016-0.167)

Lead 0.051 ND 0.165 0.187 0.228 0.249 ND 0.258 l-5 e 2-5
(Pb) (ng/g) (ND-1.165) (ND-2.73) (ND-0.71) (ND-1.33) (ND-2.39) (ND-4.95) (ND-0.598) (ND-1.63)

Mercury 0.67 ND ND 0.021 ND ND ND 0.08 l - 3 b 1.4—1.7
(Hg) (ng/g) (<0.1) (<0.1) (<0.1) (<0.1) (<0.1) (<0.1-2.5) (<0.1) (<0.1)

Nickel 8.9 6.9 8.8 6.4 7.3 9.7 ND 5.5 10-20e 11-16
(Ni) (ng/g) (6.2-332) (4.3-13.2) (6.18-13.6) (4.5-13.1) (5.1-16.4) (5.2-21.1) (ND-8) (5.56-16.6)

Thallium ND ND ND ND ND ND 0.007 ND — —
(Tl) (ng/g) (ND) (ND) (ND-0.008) (ND) (ND) (ND-0.066) (ND-0.032) (ND-0.03)

a Median (range). b ND: not detected. c Ref. [7]. d Ref. [9]. e Ref. [8].
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Ust-Kamenogorsk where the median concentration was 7 pg/g. The concentrations of 
toxic elements in all water and soil samples were within the range of international 
reference data.

4.2. Major minerals and electrolytes

As expected, all major minerals and electrolytes at each site are within 
reference values (Table III) [17, 18]. With respect to sodium, several extremely high 
concentrations were observed in Aktubinsk. Such a spread of concentrations is also 
observed in global reference values and most likely reflect differences in dietary 
intake and subsequent excretion of sodium through breast milk. For example, intake 
as high as 12 g of salt per day was recorded in Bragen, Novozybkhov and Ovruch [12]. 
In contrast, the average global intake in a recent review was about 6 g per day [19].

4.3. Essential trace elements

The concentrations of all essential trace elements were comparable to the 
median concentrations in other countries (Table IV). Results for chromium show a 
wide range of concentrations (0-328 ng/g). Median concentrations range from
20.4 ng/g in New Semipalatinsk to 100.8 ng/g in Almaty. A majority of recent inves
tigations have reported very low concentrations in breast milk (0.8 to 1.5 ng/g). Early 
higher concentrations were attributed to methodological problems, including sample 
contamination. In this study, low concentrations found in high purity water blanks, 
however, suggest that contamination of the sample by atmospheric dust did not occur. 
Other recent studies have reported high concentrations of chromium in breast milk 
(up to 105 ng/g), similar to the concentrations found in Kazakhstan.

Chromium, while an essential trace element, is toxic at high concentrations. 
Intestinal absorption of inorganic chromium is low, about 1-3%, regardless of dietary 
chromium status [20]. Absorption in infants has not been studied [9], though it may 
be expected to be high as most metals as well as organic contaminants are well 
absorbed from breast milk [21- 22].

Although manganese concentrations appear to be in reasonable agreement with 
published global concentrations and IAEA results, marginal variations were observed 
in individual samples. Median concentrations were below 3 ng/g in New 
Semipalatinsk and Pavlodar. Molybdenum concentrations were also low (<1 ng/g) in 
Aktau, Aktubinsk, Almaty and Khromtau. However, because recommended dietary 
allowances are not available for these elements, the nutritional implications of these 
low concentrations, if any, are unclear.

The concentrations of the remaining essential trace elements are in the range of 
reference values with the exception of low concentrations in some sites for iron, zinc 
and iodine. In New Semipalatinsk, 6 out of the 12 samples are very low in iron



TABLE Ш. MAJOR MINERALS AND ELECTROLYTES BY SITE (BREAST MILK)

Aktau Aktubinsk Almaty Khromtau Pavlodar
Old

Semipalatinsk
New

Semipalatinsk
Ust-

Kamenogorsk

Reference values

Literature WHO/IAEA 
1991c

Calcium 332a 285 285 289 342 315 320 294 97-610b 220-300
(Ca) (fi-g/g) (249-498) (250-451) (182-412) (253-350) (240-380) (256-438) (244-394) (235-381)

Magnesium 36.2 37.2 35.2 34.6 37 39.4 38.5 35.9 19.8-47.6d 29-38
(Mg) (|Xg/g) (26.5-51) (23.4-50.9) (24-48) (27.8-39.4) (33.5-60.4) (29.4-49.2) (30.2-54.5) (24-48)

Phosphorus 153 152 164 155 148 161 144 146 35-234d 135-155
(P) (ng/g) (134-217) (77-203) (104-209) (111-201) (124-186) (131-223) (101-191) (61-219)

Potassium 559 580 514 583 546 604 525 540 340-745e 410-550
(K) (H-g/g) (426-674) (459-692) (415-615) (357-682) (441-594) (473-969) (399-723) (456-701)

Sodium 119 124 117 185 128 214 133 165 140-635f 90-130
(Na) (|xg/g) (86-237) (48-967) (47-207) (101-555) (67-665) (84-511) (90-717) (88-501)

a Median (range). 
b Ref. [7]. 
c Ref. [9]. 
d Ref. [17]. 
e Ref. [18].
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TABLE IV. ESSENTIAL TRACE ELEMENTS BY SITE (BREAST MILK)

Aktau Aktubinsk Almaty Khromtau Pavlodar
Old

Semipalatinsk
New

Semipalatinsk
Ust-

Kamenogorsk

Reference values

Literature WHO/IAEA 
1991e

Cromiuma 55.5b 56.7 100.8 61.2 61.1 83.9 20.4 58.9 0.2-105d 0.8-1.5
(Cr) (ng/g) (28.5-137) (24.5-104) (31-209) (41.8-91) (18.5-155) (34.3-327.5) (NDC-91) (45.1-194.3)

Cobalt 0.319 0.257 0.202 0.326 0.248 0.241 ND 0.238 0.2-0.7d 0.15-0.35
(Co) (ng/g) (0.15-0.83) (0.18-1.13) (0.104—0.424)(0.23-60.461)(0.179-0.447) (0.113-0.394) (ND) (0.146-0.558)

Copper 376 290 265 357 293 295 276 283 200-400d 180-310
(Cu) (ng/g) (114—489) (196-452) (138-421) (256-627) (225-354) (212-491) (121-454) (139-456)

Iodine 53 42 29 61 35 28 31 34 40-8011 55-65
(I) (ng/g) (18-94) (20-72) (17-67) (40-131) (19-43) (19-80) (15-157) (19-79)

Iron 213 293 204 319 226 347 62 273 300-600d 350-720
(Fe) (ng/g) (130-755) (160-950) (98- 611) (114-906) (49-420) (194-558) (ND-362) (152-659)

Manganese 3.68 3.83 3.34 4.76 2.81 3.09 1.01 3.06 З-Ю'1 3^1
(Mn) (ng/g) (1.82-8.34) (2.2-20.48) (1.88-8.02) (2.22-13.44) (1.7-9.84) (2.27-6.53) (ND-4.28) (1.33-6.42)

Molybdenum 0.66 0.6 0.77 0.55 0.64 1.26 1.08 1.59 1—4d 0.3-3
(Mo) (ng/g) (0.16-4.08) (0.13-11.7) (0.491-4.686) (0.25-5.29) (0.111-9.877) (0.64—4.26) (ND-7.75) (0.28-7.06)

Selenium3 13.0 12.8 10.8 14.3 10.3 12.3 10.9 14.0 10-25d 13-24
(Se) (ng/g) (10.3-18.02) (8.888-37) (8.2-16.1) (8.57-21.25) (8.49-15.68) (9.68-15.68) (9.23-13.76) (9.4-19.95

Zinc 2.07 1.64 1.29 1.79 1.23 1.02 1.12 1.17 l-2d 0.7-2
(Zn (ng/g) (0.68—4.48) (0.16-4.19) (0.45-2.85) (0.5-3.54) (0.61-2.89) (0.5-3.41) (0.36-2.69) (0.22-3.65®)

a At high concentrations these elements can be toxic. b Median (range). c ND: not detected. d Ref. [7]. e Ref. [9]. f Ref. [8]. g 9.77 omitted as an outlier.
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TABLE V. OTHER TRACE ELEMENTS BY SITE (BREAST MILK)

Aktau Aktubinsk Almaty Khromtau Pavlodar
Old

Semipalatinsk
New

Semipalatinsk
Ust-

Kamenogorsk

Reference values

Literature WI lO/IAI-’A 
1991b

Barium 1.63a 1.83 1.86 1.56 2.12 1.52 1.36 1.54 — -
(Ba) (ng/g) (0.67-2.79) (0.81-69.75) (0.5-5.43) (0.67-4.52) (0.77-5.21) (0.55-4.83) (0.64-2.25) (0.48-4.12)

Caesium 0.822 0.669 0.831 0.662 0.665 0.560 0.591 0.575 1-5C —
(Cs) (ng/g) (0.62-2.24) (0.34-1.27) (0.547-1.235X0.434—1.886X0.295-1.103) (0.395-1.01) (0.268-0.752) (0.567-2.368)

Rubidium 387 307 298 331 330 327 297 302 300-1200° —
(Rb) (ng/g) (272-498) (233-419) (228-407) (241—436) (192-538) (228-407) (222-379) (368-496)

Scandium 2 1.93 1.79 1.97 1.83 1.71 2.45 1.88 - —
(Sc) (ng/g) (0.67-9) (1.18-2.44) (0.35-3.97) (1.18-2.34) (0.72-5.17) (1.06-4.98) (1.61^1.59) (1.46-4.79)

Strontium 111 116 81 74 79 66 79 73 60-77 350-720
(Sr) (ng/g) (80-120) (78-160) (31.3-165.7) (51-113) (66.3-188) (46-116) (46-146) (40-101)

Thorium 0.00163 ND ND ND ND ND ND ND — —
(Th) (ng/g) (NDd-18.3) (ND) (ND) (ND-2) (ND) (ND-24) (ND) (ND)

Uranium 0.0098 ND ND ND ND- ND ND ND - —
(U) (ng/g) (ND-18) (ND-35) (ND-73) (0.8-13) (ND) (ND-18.7) (ND) (ND)

a Median (range). 
b Ref. [9]. 
c Ref. [8]. 
d ND: not detected.
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(32-83 ng/g). These low samples correspond to a daily intake of 22-58 mg for an 
exclusively breastfed infant. Because of stores available at birth, iron deficiency 
anaemia is unlikely in infants less than six months of age. After this age, however, 
diets deficient in iron do pose health risks. Daily requirements for iodine are also only 
met in samples from Aktau and Khromtau. Median concentrations of zinc are similar 
to international data; however several samples from New Semipalatinsk are extremely 
low in zinc (<500 ng/g), which may pose a risk of deficient intake of this nutrient.

4.4. Other trace elements

Among the other trace elements, concentrations observed for caesium, 
rubidium and strontium are similar to the limited published information available 
(Table V). For barium and thorium comparative data are available from a Japanese 
study on transitional milk [23]. In this study, barium concentrations were 
1.6-2.15 ng/g compared with 1.3-2.12 ng/g in the present study. Thorium concentra
tions were <0.07 ng/g in the Japanese study compared with concentrations in the parts 
per trillion range in the three sites where thorium was detected (Aktau, Khromtau and 
Old Semipalatinsk). Uranium was detected in the parts per trillion range in Aktau, 
Aktubinsk, Almaty, Khromtau and Old Semipalatinsk.

5. CONCLUSIONS

The results of this study show concentrations of toxic metals in breast milk to 
be consistent with the range of concentrations observed in other countries. 
Radioactivity was not detected in any of the samples. Based in part on the results of 
this study, the Ministry of Health is promoting breast feeding. It is hoped that the 
results of the study will be effective in counteracting widespread concerns about 
breast milk contamination in Kazakhstan, as well as help foster a more scientific 
approach to address similar concerns throughout the region.
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Abstract

A QUALITY ASSURANCE PROGRAMME FOR THE DETERMINATION OF SELENIUM 
IN FOODS BY INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS.

Selenium is unevenly distributed through the biosphere. The levels, species and 
bioavailability of selenium in foods depend greatly on the geochemical environment in which 
they are grown. Variation in geochemical conditions can not only lead to certain diseases in 
animals but also influence the selenium body burden in humans. For these reasons, there is an 
increasing interest in monitoring selenium levels in foods and diets. A quality assurance 
programme has been developed for the determination of low levels of selenium in foods and 
diets by cyclic and pseudo-cyclic instrumental neutron activation analysis (INAA) using the 
short-lived (half-life = 17.4 s) 77Sem nuclide. Both conventional and anti-coincidence gamma 
ray spectrometry techniques have been employed. Pseudo-cyclic INAA in conjunction with 
anti-coincidence counting has been found to provide the most reliable results. Internal and 
external quality assessments have been done using a number of parameters.

1. INTRODUCTION

The biological essentiality of selenium for animals was first evidenced in 1957. 
However, it was not until 1973 that an enzyme called glutathione peroxidase was 
proven to be a selenoenzyme. At present, selenium is known to be a normal compo
nent of several enzymes, proteins and some aminoacryl transfer nucleic acids. Low 
levels of selenium intake are reported to cause diseases such as Keshan disease, while 
about two orders of magnitude higher levels of selenium are known to cause toxic 
effects. Certain selenium compounds have been claimed to prevent carcinoma, slow 
the ageing process, enhance sexual activities, etc.

Selenium levels of soils can vary widely from one part of the world to the other. 
Low levels of soil selenium in Finland have been reported to be responsible for the 
low selenium content of agricultural products, which led to low dietary intake of

421
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selenium. In 1984, soil was fertilized with selenium in the form of sodium selenate in 
Finland. During 1984-1986, changes in the selenium content of foods, average 
dietary intake, and in serum have been reported. Very high intakes of selenium in the 
seleniferous zone of Venezuela have also been reported. Selenium concentrations of 
whole blood in humans from different parts of the world have been reported to vary 
between 0.054 in Egypt and 0.818 g/mL in Venezuela.

There is an increasing interest in monitoring the levels of selenium in various 
environmental compartments, and in understanding its role in human nutrition and 
metabolism. Neutron activation analysis (NAA) and other analytical methods are being 
developed in several laboratories for the measurement of total and species-specific 
selenium in blood, urine, soft and hard tissues, food, water, proteins, soils, etc.

Selenium has six stable isotopes which can produce seven nuclides on thermal 
and epithermal/fast neutron activation. The nuclear data [1-3] for various selenium 
isotopes and their activation products are shown in Table I. The most commonly used 
selenium nuclide in NAA is 75Se, which has a relatively long half-life of 119.8 d. The 
target isotope 74Se has a low abundance of only 0.87%, but is compensated by a fairly 
high thermal neutron absorption cross-section of 51.8 b. The use of the 75Se nuclide 
requires lengthy irradiation at a high neutron flux, and long decay and counting 
periods which can lead to a total experimental time of two to three weeks. Obviously, 
it is a time consuming and expensive procedure and may not always be desirable for 
routine analysis of a large number of samples for selenium.

Moreover, most of the intense gamma rays emitted by 75Se are generally 
subject to interference caused by overlapping gamma rays from other nuclides. Some 
of the more important interferences are listed in Table II. For example, the 121.1 keV 
gamma ray of 75Se is interfered with by the more abundant 121.8 keV gamma ray of 
152Eu produced from 151Eu, which has a relatively high abundance and a very large 
cross-section. There is also a minor interference from 177Lura. The most commonly 
used gamma rays of 136.0 and 264.7 keV of 75Se are interfered with by the 136.3 keV 
gamma ray of 181Hf and the 264.1 keV gamma ray of 182Ta. The 279.1 keV gamma 
ray of 203Hg causes interference on the 279.5 keV gamma ray of 75Se. The 400.7 keV 
gamma ray of 75Se is free from interference but has a low population. Makarewicz 
and Zeisler [4] used a well type Ge detector to enhance the sensitivity of selenium 
determination using the 400.7 keV peak. They noted the potential drawbacks of high 
input count rate, pile-up losses and decrease in resolution.

Alternatively, the short lived 77Sem (half-life = 17.4 s) nuclide can be used for 
selenium determinations. It can be produced by theimal neutron absorption from 
76Se, which has a ten times greater isotopic abundance, but a 2.5 times lower cross- 
section than 74Se (Table I). Since the half-life of 77Sem is short, saturation activity can 
be reached in a short time, leading to enhanced sensitivity. The 161.9 keV gamma ray 
of 77Sem could be interfered with by the 162.3 keV gamma ray of 116inm2 with a half- 
life of only 2.18 s (Table П). A decay time of 20 s can eliminate this potential
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TABLE I. NUCLEAR DATA FOR SELENIUM BY NAA

423

Isotope 
(% abundance)

CTth
(b)

Nuclide Half-life
7 ray 
(keV)

(% population)

74Se (0.87) 51.8 ± 1.2 75 Se 119.8 d 121.1 (17.1) 
136.0 (58.7) 
264.7 (58.5) 
279.5 (24.8) 
400.7(11.4)

76Se (9.02) 21 ± 1 77Sem 17.4 s 161.9 (52.5)
77Se (7.58) 0.733 ± 0.05a 77Sem 17.4 s 161.9 (52.5)
78Se (23.52) 0.33 ± 0.04 79Sem 3.89 min 97.9 (8.9)
80Se (49.82) 0.08 ± 0.01 81Sem 57.28 min 102.9 (12.7)
80Se (49.82) 0.53 ± 0.04 81Se 18.45 min 275.9 (0.67) 

290.1 (0.55) 
828.4 (0.28)

82Se (9.19) 0.039 ± 0.003 83Se 22.3 min 225.2 (32.7)
356.7 (70) 
510.2 (43) 
718.2(15)
836.8 (13)

82Se (9.19) 0.006 ± 0.0004 83Sem 70s 356 (20) 
676 (17) 
989 (19) 
1031 (30) 
2054 (13)

a Fast reactor neutron cross-section.

interference. It should be noted here that indium is rarely detected in biological 
materials such as foods and diets.

The use of the 77Sem nuclide in routine instrumental neutron activation analysis 
(INAA) can considerably reduce the total experimental time and cost. Although the 
conventional INAA procedure involving a one shot irradiation-decay-counting scheme 
can be used, precision and the detection limit can be significantly improved by using 
cyclic INAA (CINAA). In CINAA, a sample is irradiated for a short time and is rapidly 
transferred to a detector for counting for a short period. The entire process is immedi
ately repeated for an optimum number of cycles. If several minutes to days are allowed 
to elapse in between the repetition of the irradiation-decay-counting cycles, then the 
technique is called pseudo-cyclic INAA (PCINAA). We have developed several INAA 
methods for the determination of ppb levels of selenium [5-12] in a variety of matrices.



TABLE II. INTERFERING NUCLIDES AND GAMMA RAYS FOR SELENIUM BY NAA

Nuclide of interest Interfering nuclide

Nuclide y ray (ke V) y ray (ke V) Nuclide °th Isotope
(half-life) (% population) (% population) (half-life) (b) (% abundance)

75Se (119.8 d) 121.1 (17.1) 121.8 (28.4) 152Eu (13.54 a) 5900 ± 200 151Eu (47.8)
121.6 (5.9) 177Lum (161.4 d) 7 ± 2 176L u (2.6)

136.0 (58.7) 136.3 (5.8) 181Hf (42.4 d) 12.6 ± 0.7 180Hf (35.1)
264.7 (58.5) 264.1 (3.6) 182Ta (114.4 d) 8200 ± 100 181Ta (99.99)
279.5 (24.8) 279.1 (33.5) 203Hg (46.6 d) 4.9 ±0.1 202Hg (29.7)

77Sem(17.4 s) 161.9 (52.5) 162.3 (34) 116Inm2 (2.18 s) 92 ± 14 115In (95.72)

ZHANG 
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These methods include conventional INAA, CINAA and PCINAA using both 
conventional and anti-coincidence gamma ray spectrometry.

Because of the nutritional significance of selenium, a large number of food and 
diet samples are being analysed for this element in our and other laboratories. It is 
important that the selenium levels be measured under an extensive quality assurance 
programme. Several publications, such as Refs [13-21], have emphasized the need to 
maintain a rigorous quality assurance programme in an analytical laboratory. Quality 
assessment and quality control are the two components of quality assurance [18]. 
Quality assessment is the mechanism employed to verify that the analytical procedure 
being used is operating within well defined and acceptable limits. Internal quality 
assessment deals with the day to day precision of measurements of an analyte(s) 
within a single laboratory, whereas external quality assessment evaluates the accuracy 
of the results. Both internal and external quality assessments of selenium measure
ments in foods and diets by PCINAA using conventional and anti-coincidence gamma 
ray spectrometry are described here.

2. EXPERIMENTAL

2.1. Irradiation

All samples and standards were irradiated in the inner pneumatic irradiation 
sites of the Dalhousie University SLOWPOKE-2 reactor (DUSR) facility. At 
these sites, the thermal flux is 5 x 1011 n c n r2 s_1 and the epithermal flux is 2 x 1011 
n-cnr2 s-1 when the DUSR is operated at half-power of 8 kW. The stability, homo
geneity, and reproducibility of the DUSR neutron flux have previously been 
described [22-24].

The selection of timing parameters, namely the irradiation time (t¡), decay time 
(td), counting time (tc) and the number of cycles (n) depended mainly on the sample 
matrix and the major elements present. For most food samples, these parameters 
were: of 30 s, td of 10 or 20 s, tc of 30 or 40 s and n of up to 5. The 161.9 keV
gamma ray of 77Sem was used for assaying selenium and it was free from interference 
under the experimental conditions employed.

2.2. Elemental comparator standards

All elemental comparator standards used in this work were made from the 
plasma emission spectroscopy standard solutions supplied by Seigniory Chemical 
Products (SCP) Canada, Ltd. These standards had a certified purity of >99.999% and 
most of them had a concentration of 1000 ppm. A stock solution of a desired con
centration was prepared from the 1000 ppm standard by dilution.
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For short irradiations, 1 mL of the diluted plasma emission standard solu
tions were pipetted into 1.2 mL (small) polyethylene vials, capped and heat- 
sealed. For long irradiations, 500 mL of the diluted standard solutions were pipet
ted onto finely ground sucrose (obtained from Koch Light Laboratories in the 
USA) into the small polyethylene vials, a few drops of deionized distilled water 
(DDW) were added to form a homogeneous mixture, and then dried under an 
infrared lamp before heat-sealing the cap. Eppendorf pipettes were carefully cali
brated prior to use for dilutions and transfers. The comparator standards were of 
identical geometry and contained approximately similar amounts of selenium as 
the samples.

The water used was first distilled in a quartz apparatus and then deionized using 
an ultrapure deionization column purchased from the Fisher Scientific Company. This 
DDW was used for making solutions, diluting solutions and washing all apparatus. 
All materials and reagents used in this work were analysed for ‘blanks’ using similar 
experimental conditions.

2.3. Reference materials

A number of reference materials (RMs), certified reference materials (CRMs) 
and standard reference materials (SRMs) were obtained from the US National 
Institute of Standards and Technology (NIST) and the IAEA. These were used for 
evaluating the accuracy of the methods developed and for studying matrix 
interferences.

The mass of these materials used varied between 100 and 700 mg depending on 
the minimum mass recommended, the sample matrix and the dead time. Several 
samples of the materials were weighed directly into small polyethylene vials, capped 
and then heat-sealed. If the vial was half full with the sample, then a trimmed vial cap 
was pushed down the vial to maintain a constant geometry before heat-sealing. This 
small sample vial was then placed inside a medium size (2.8 cm diameter, 5.2 cm 
height) polyethylene irradiation vial and heat-sealed. A second empty small vial 
(spacer) was put on the top of the small vial containing the sample inside the medium 
size vial to hold the sample vial in place. This double sealing was a safety precaution 
in case one of the seals were to break open, preventing the contamination of the pneu
matic tube when the sample was being transferred out of the irradiation site of the 
reactor.

All vials used were obtained from the Olympic Plastic Company (USA) and 
precleaned using the following procedure. The vials were first washed with distilled 
water to remove dust particles before soaking them in 1:4 reagent grade HCl acid for 
24 h, then rinsed with DDW to get rid of the remaining HCl from the vials. These 
vials were further soaked in 1:4 ultrapure HN03 acid for another 24 h. The vials were 
then rinsed thoroughly with DDW and dried in air.
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The principal detector used in this work, in both conventional and anti- 
coincidence gamma ray spectrometry, consisted of an EG&G ORTEC high purity 
germanium (HPGe) p-type coaxial detector with a crystal diameter of 51.2 mm and a 
length of 65.2 mm. The detector had a peak to Compton ratio of 93:1, a relative effi
ciency of 25% with respect to a standard Nal(Tl) detector, and a resolution of 1.8 keV 
at the 1332 keV photopeak of 60Co.

The guard detector used in anti-coincidence gamma ray spectrometry consisted 
of a 10 in x 10 in Nal(Tl) annulus with five photomultiplier tubes (PMTs) supplied by 
Harshaw and a 3 in x 3 in Nal(Tl) plug (1 inch = 25.4 mm) with one PMT supplied 
by Teledyne. The peak to Compton plateau ratio of this system was 582:1 at the 662 
keV photopeak of 137Cs, using the IEEE convention of the number of counts per 
channel in the Compton plateau (358-382 keV).

3. RESULTS AND DISCUSSION

Several parameters were first evaluated then optimized for measuring the most 
reliable selenium levels in foods and diets. The geometry factors, namely the distance 
of the sample from the HPGe detector surface and the relative position of the Nal(Tl) 
annulus with respect to the HPGe detector, affecting the anti-coincidence counting 
efficiency were investigated. Several samples of IAEA H-8 Horse Kidney (see 
Table Ш) were irradiated at the DUSR facility and counted at various distances for 
this purpose. The source was counted at 14 cm from the surface of the HPGe detector

2.4. Conventional and anti-coincidence gamma ray spectrometers

TABLE III. EFFECT OF COUNTING GEOMETRY ON THE STANDARD 
DEVIATION (SD) FOR SELENIUM IN IAEA RM H-8 HORSE KIDNEY

Sample distance 
from detector 
(cm)

77Sem (162 keV peak) 
sensitivity

(C/|ig)

Se content 
(ppm ± SD) 

N  = 6

RSDa
(%)

1 1112 ±84 4.99 ± 0.38 7.64
2 959 ± 80 5.11 ±0.43 8.48
3 652 ± 72 4.97 ± 0.55 11.02
4 387 ± 48 5.46 ± 0.68 12.37

a RSD: relative standard deviation.

Experimental conditions: t¡ = 30 s, td = 20 s, tc = 40 s.
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TABLE IV. EFFECT OF DECAY TIM E ON TH E STANDARD DEVIATION (SD) 
FOR SELENIUM  IN  IAEA RM  H -8 H ORSE KIDNEY

Decay
time
(s)

77Sem (162 keV peak) 
sensitivity 

(C/Hg)

Se content, 
(ppm ± SD) 

N  = 6

RSDa
(%)

10 1801 ±71 4.93 ± 0.20 4.09
20 1146 ±58 4.72 ± 0.27 5.75
30 811 ±45 4.68 ± 0.29 6.20
40 548 ± 26 5.03 ± 0.33 6.55
50 385 ± 24 4.85 ± 0.32 6.63

a RSD: relative standard deviation. 

Experimental conditions: i. = 30 s, tc = 40 s.

TABLE V. EFFECT OF COUNTING TIM E ON TH E STANDARD DEVIATION
(SD) FOR SELENIUM  IN  A  M ARINE FISH SAM PLE

Counting
time
(s)

77Sem (162 keV peak) 
sensitivity 

(C/|ig)

Se content 
(ppm ± SD) 

N = 4

RSDa
(%)

20 1125 ±61 1.29 ±0.08 6.13
30 1643 ± 82 1.20 ±0.07 5.70
40 1801 ± 72 1.21 ±0.06 4.68
50 1956 ± 96 1.31 ±0.07 5.06
60 2001 ± 198 1.24 ±0.07 6.01

a RSD: relative standard deviation.

Experimental conditions: t¡ = 30 s, td = 10 s.

keeping the N al(Tl) annulus at the fixed position. It is evident that the best percent
age relative standard deviation (RSD%) was obtained at the ‘ 1 ’ position.

It is well known that the angular distribution o f the scattered photons depends 
on the energy o f the prim ary photon and interactions o f the primary photon with the 
detector material. In general, the scattering angle decreases with increasing energy of 
the prim ary photons and vice versa. Therefore, the relative position o f the NaI(Tl) 
annulus with respect to the HPGe detector will have som e influence on the extent o f 
suppressing background due to scattering. Experim ents have been carried out to find 
the optim um  position o f the N al(Tl) annulus with respect to the HPG e detector. A 
standard source o f 137Cs was used for this purpose. The source was counted at a  fixed
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TABLE VI. SELENIUM CONTENT OF BIOLOGICAL RMS BY CINAA AND 
PCINAA

Reference material, 
issuing agency and 

number

This work 
(in ppb)

Certified, information and 
[Literature] values 

(in ppb)

Citrus Leaves, NIST SRM-1572 34 ± 2 (25)
Spinach, NIST SRM-1570 41 ± 9 [40 ± 14]
Com Bran, NIST RM-8433 44 ± 4 45 ±8
Apple Leaves, NIST SRM-1515 51 ± 7 50 ± 9
Soft Winter Wheat Flour, NIST RM-8438 80 ± 4 76 ± 9
Seronorm 906 92 ± 4 94 ± 3
Non-Fat Milk Powder, NIST SRM-1549 110 ± 6 110 ± 10
Mixed Human Diet, IAEA H-9 97 ± 15 110 ± 10
Peach Leaves, NIST SRM-1547 145 ± 13 120 ± 9
Mixed Diet, NIST RM-8431a 260 ± 50 242 ± 30
Animal Blood, IAEA A-13 260 ± 30 240 ± 80
Total Diet, NIST SRM-1548 275 ± 9 245 ± 5
Animal Muscle, IAEA H-4 350 ± 24 280 ± 30
Rice Flour, NIST SRM-1568a 370 ± 12 380 ± 40
Rice Flour, NIST SRM-1568 320 ± 17 400 ± 100
Hard Spring Wheat Flour, NIST RM-8437 580 ± 38 560 ± 39
Bovine Liver, NBS SRM-1577a 720 ± 19 710 ± 70
Bovine Liver, NIST SRM-1577b 710 ± 11 730 ± 60
Bovine Liver, NBS SRM-1577 1130 ±26 1100 ± 100
Wheat Flour, NIST SRM-1567 1000 ± 59 1100 ±200
Wheat Flour, NIST SRM-1567a 1180 ±25 1100 ±200
Durum Wheat Hour, NIST RM-8436 1235 ± 15 1230 ± 90
Whole Egg Powder, NIST RM-8415 1370 ±25 1390 ± 170
Human Hair, NIESa CRM-5 1610 ± 70 (1400)
Fish Flesh, IAEA MA-A-2 1380 ± 43 1700 ± 300
Oyster Tissue, NIST SRM-1566 1910 ±89 2100 ± 500
Oyster Tissue, NIST SRM-1566a 2150 ± 97 2210 ± 240
Wheat Gluten, NIST RM-8418 2555 ± 14 2580 ± 190
Horse Kidney, IAEA H-8 4725 ± 36 4670 ± 300

a NIES: Will provide later.

sample distance of 0 cm from the surface of the HPGe detector. The Nal(Tl) annulus 
position was varied from 1 to 12 cm. The best peak to Compton plateau was obtained 
over a range of 2.5^.5 cm annulus distance. These positions of HPGe and Nal(Tl) 
were used for the detection of the 161.9 keV peak of 77Sem in food and diet samples.

The effect of decay time on the RSD for selenium in IAEA H-8 Horse Kidney 
was evaluated. The samples were irradiated for 30 s, allowed to decay for between
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10 and 50 s and counted for 40 s. The results are presented in Table IV. The best RSD 
of 4.09% was obtained for a td of 10 s. Henceforth, most analyses were done using a td 
of 10 s.

The effect of counting time on the RSD for selenium in a marine fish sample 
was also examined. The samples of fish were irradiated for 30 s, allowed to decay for
10 s, and counted for 20-60 s. The results are shown in Table V. The best RSD of 
4.68% was obtained for a tc of 40 s. Almost all food and diet samples were analysed 
using a tc of 40 s.

The half-life of 77Sem in the real samples was randomly measured. An average 
value of 17.5 s obtained in this work agrees very well with the literature value of
17.4 s (Table I), indicating no interference from either 116lnm2 (Table II) or the matrix.

Internal quality assessment was done using a number of steps including those 
described above. Selenium comparator standards were prepared and analysed by the 
optimized conditions. Control charts were constructed. One such chart for 20 analy
ses is shown in Fig. 1. Most measurements were within ±lo, and all were within ±2a.

External quality assessment was also carried out by various means. A number 
of RMs and CRMs of biological origin and of a wide range of selenium content were 
analysed by the PCINAA-anti-coincidence method developed in this work. The 
laboratory means of at least five replicate measurements of each of these materials are 
given in Table VI along with their certified, information or literature values [25-27]. 
These values are also shown as a plot in Fig. 2. It is evident that both the accuracy 
and precision of the method are very high.

Selenium standard number

FIG. 1. The internal quality assessment control chart for selenium.
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Certified and information values (ppb)

FIG. 2. External quality assessment chart for selenium.

TA BLE V II. SELEN IU M  LEVELS 
STANDARD DEVIATIONS

OF VARIOUS FOODS AND TH EIR

Sample Se content RSDa No. of Counting
description (ppm ± SD) (%) measurements statistics (%)

Beef steak 0.601 ± 0.052 8.58 4 6.82 ± 0.74
Marine fish 1.22 ±0.07 5.80 4 5.69 ±0.12
Rice flour 0.465 ± 0.023 4.96 4 5.02 ± 0.29
Shelled seeds 0.628 ± 0.053 8.47 3 7.75 ± 0.70

a RSD: relative standard deviation.

Experimental conditions: t¡ = 30 s, td = 10 s, tc = 40 s.
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Over 200 food and diet samples were analysed using this method. The results 
o f only four samples are shown in Table VII. The RSD was found to vary between 
5 and 8 .6 %. It is also clear from  the table that many o f these deviations can be 
accounted for by counting statistics.

It can be concluded that various simple steps can be incorporated in daily 
experiments to assure the quality o f selenium measurements. Many o f these steps were 
employed in the present work and found to be very useful and not too time consuming.
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A b strac t

APPLICATION OF PIXE, NAA AND ICP TECHNIQUES TO THE DETERMINATION OF 
TRACE ELEMENTS IN FOOD AND DIET SAMPLES

The particle induced X ray emission (PIXE) technique was applied to the measurement 
of trace elements in total diet samples collected in Japan for estimation of their daily dietary 
intake. The results of PIXE were compared with instrumental neutron activation analysis 
(INAA) results. Concentrations of Cl, Mn and Zn by PIXE analysis agreed well with the results 
from INAA, but Ca, Fe and Cu concentrations varied between these two techniques. PIXE data 
were preliminarily compared with INAA and inductively coupled plasma-atomic emission 
spectrometry (ICP-AES) results using a type of tea sample. A little higher concentration of Cu 
than that by PIXE and a much lower value than that by INAA were indicated. For Zn, 
concentrations by PIXE and ICP-AES agreed well with each other, while INAA gave a much 
lower value. From those results, PIXE was demonstrated to be recommendable for the 
determination of Ca, Mn, Fe, Cu and Zn in the dried and homogenized diet sample, while 
INAA was found to be better for determining Na, Al, Cl and I, both being convenient non
destructive analytical methods. Furthermore, internal radiation doses by 137Cs and 90Sr in the 
average Japanese were estimated to be 2.30 (iSv/a and 1.27 |iSv/a, respectively, as the effective 
dose equivalents, using the literature data and the daily intake for К  and Ca currently obtained. 
Moreover, ICP-mass spectrometry (MS), known for high sensitivity and selectivity, was used 
to determine Th and U in diet samples.
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1. INTRODUCTION

Food is one o f the m ain routes for the intake o f trace elements from  the envi
ronm ent to humans. It is im portant to determ ine the daily dietary intake o f  such ele
m ents in the fields o f toxicity and nutrition. In 1990 and 1991, a Japanese research 
group collected total diet samples, using the duplicate diet method, from  various areas 
in  Japan to investigate the relationship between stomach cancer incidence and the 
dietary intake o f trace elements. It was necessary to develop a reliable and convenient 
analytical m ethod for this research. We obtained small portions o f the samples, about 
1 g o f dried pow der o f  each sample, and we applied the particle induced X  ray em is
sion (PIXE) technique to the m easurem ent o f trace elements for estim ation o f their 
daily intake. The trace elements in the same samples were also determ ined using 
instrum ental neutron activation analysis (INAA). By com paring the results, we could 
assess the applicability o f PIX E as a m ethod for the non-destructive analysis o f food 
samples. M oreover, we com pared PIXE, INAA and inductively coupled plasm a- 
atomic em ission spectrom etry (ICP-AES) in the determ ination o f elements in 
M ate-cha, a type o f tea popular in South America.

As an application o f the present analytical work, we calculated the Japanese 
internal radiation dose using radioactive nuclides such as 137Cs and 90Sr based on the 
daily intake data o f the elements.

ICP-m ass spectrometry (MS) has recently been developed as a highly sensitive 
and yet rapid m ethod for the determination o f trace elements and long lived radio
nuclides. In this report, it was used for determ ining 232Th and 238U in the diet 
samples.

2. MATERIALS AND M ETHODS

2.1. S am pling  o f  to ta l d ie t

Total diet samples were collected from  six Prefectures in Japan using the dupli
cate diet method. The num ber o f samples was alm ost 500, as shown in Fig. 1. Each 
diet sample was hom ogenized in  an electric blender, freeze-dried and m ade into pow
der. Out o f  500, the results o f 100 samples obtained from  the Aomori area are m en
tioned here.

2.2. P IX E  analysis

A bout 5 m g o f the diet sample powder was form ed into a tablet (5 m m  diam e
ter, 0.7 m m  thick) with a tablet m aker and placed on a carbon adhesive tape attached 
to a plastic sample holder (Fig. 2). This tablet was irradiated for about 5 m in w ith the
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2.3 M eV proton beam  (3 m m  diameter) in vacuum at a rate o f about 10 nA  up to 
3 (Д.С o f the integrated beam  current. For the determ ination o f elemental concentra
tions, Bovine Liver produced by the US National Institute of Standards and 
Technology (NIST) was used as a standard in the same form  as the samples. Twenty 
dried and pow dered samples were processed and analysed in a day in this way.

2.3. INAA

A bout 100 mg o f sam ple was doubly packed into a pre-cleaned polyethylene 
bag and irradiated with therm al neutrons at the research reactor (TRIGA M ark II) o f
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FIG. 2. Sample tablet for PIXE analysis.

Rikkyo University. For long lived nuclides to be induced, the irradiation tim e was 
24 h  w ith a neutron flux of 1010 n-cm_2 -s_1, and 5 min for short lived nuclides with a 
1 0 11 n c m  2-s 1 flux. A  volume o f standard solution o f each elem ent, com mercially 
available for atom ic absorption spectrometry (Wako Ltd, Tokyo, Japan), was dis
pensed onto a clean filter paper and irradiated sim ultaneously as the standard for the 
determ ination o f elements. A fter a suitable cooling time, gam m a ray spectra were 
obtained with a Ge detector. For quality control o f these analyses, N IST SRM -1577a 
Bovine Liver was analysed as a reference sample in the same m anner as the samples.

2.4. IC P -A E S

About 50 m g o f sample was digested in 20 mL H N 0 3 (Wako Ltd, Super Special 
Grade) using a m icrowave digestion system (CEM  M DS-81D) and diluted to 25 mL 
o f 2% H N O j. E lem ental concentrations were determ ined by an ICP atomic emission 
spectrom eter (Seiko SPS70000). The em ission intensity o f each elem ent in the 
samples was com pared with that o f  the same standard solutions as used in INAA.

2.5. D e te rm in a tio n  o f  T h  a n d  U in the  d ie t sam ple  by IC P -M S

Working in a chem ical hood (Class 100), a portion o f about 0.25 g ash was 
digested with a m ixture o f 2 m L concentrated nitric acid (Tama Chemicals,
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Tamapure-AA) and 0.5 m L perchloric acid (Tama Chemicals, Tamapure-AA) in a 
beaker until only a white residue remained. The residue was dissolved in 10% nitric 
acid w ith bism uth as the internal standard. Isotopes o f 232Th and 238U were analysed 
by ICP-M S (VG Isotopes, Plasm aQuad PQ2 Plus). N IST SRM-1571 Orchard Leaves 
was analysed along with the samples for accuracy and precision checks.

3. RESULTS AND DISCUSSION

3.1. C o m p ariso n  o f P IX E  a n d  INAA resu lts

From  the PIXE spectra o f about 5 mg o f dried diet sample, Al, P, Cl, K, Ca, Ti, 
M n, Fe, N i, Cu, Zn, A s, Se, Br, R b and Sr were detected, as shown in Fig. 3(a). From 
the gam m a ray spectra o f about 1 0 0  mg o f dry diet sample obtained by neutron acti
vation, Na, M g, Al, S, Cl, K, Ca, Cr, M n, Fe, Co, Cu, Se, Br, Rb, Sr and I were 
detected (Fig. 3(b)). The concentrations o f these elem ents were determ ined w ithout

FIG. 4. Comparison of elemental concentrations in total diet samples as determined by PIXE 
and INAA.
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TABLE I. PRACTICAL DETECTIO N  LIM ITS UNDER TH E CONDITIONS 
EM PLOYED (ppm DRY W EIGHT) (SAM PLE W EIGHT: PIXE, 5 mg; INAA, 
1 0 0  mg)

Element
Methods

Element
Methods

PIXE INAA PIXE INAA

Cl 1 0 0 1 0 0 Br 1 10

К 10 1 0 0 0 Rb 1 1

Ca 1 0 0 1 0 0 Sr 1 10

Cr 0 .1 0 .1 Na 1 0 0

Mn 1 1 Mg 10 0

Fe 1 10 Al 1

Cu 1 10 Co 0 .1a 0 .0 1

Zn 1 10 Se Ia 0 .1

I 10a 0.5

a Not detected in Bovine Liver (tablet).

any chem ical treatm ent for either PIXE or INAA samples. In this study our aim was 
to com pare the results from  these two m ethods in many samples one by one.

Figure 4 shows determ ination results for elem ents in 100 diet samples from 
Aom ori Prefecture using PIX E and INAA methods. Elem ental concentrations 
obtained from  both m ethods showed good agreem ent for K , Cl, M n and Zn, while Ca 
concentrations differed in many samples between the two m ethods. Since sensitivities 
for Fe, Cu and Sr by INAA are lower than those by PIXE, these elem ents were not 
detected in many samples. W hen these elements were identified in the gam m a ray 
spectra, the INAA data tended to  be higher than the PIXE results. It was difficult to 
determ ine Rb by PIXE because o f the interference from  Br which was present in the 
diet in greater am ounts than Rb. Hardly any Sr was detected by INAA because o f the 
large background from  the high concentrations o f N a and Cl in the samples.

Table I indicates the practical m inim um  detectable concentrations for both 
methods under the conditions em ployed in this study. In general, PIX E showed higher 
sensitivity than INAA except for Co, Se and I. Na, M g and Al were not determ ined 
by PIX E because o f the gain setting o f the detector and interfering X  rays from  the 
alum inium  sample chamber.

The relative standard deviation calculated from  replicate PIX E determinations 
was generally sm aller than 10%. The largest case was found for Cu (23%). Table II 
presents the results o f PIX E analysis o f N IST SRM -1548 Total D iet Sample for five 
elements. As shown here, reasonable agreem ent with the certified values was con
firm ed except for Cu. The num erical results o f the determ ination o f  seven elements
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TABLE II. RESULTS O F PIX E ANALYSIS 
OF NIST SR M -1548 TOTAL DIET (ppm DRY 
W EIGHT)

Element Present result Certified value

К 5861 ± 193a (3.3b) 6060 ± 28
Ca 1341 ± 121 (9.0) 1740 ± 7.5
Mn 4.87 ± 0.61 (12.5) 5.2 ± 0.4
Fe 38.4 ±4.1 (10.7) 32.6 ± 3.6
Cu 2.19 ±0.38 (17.4) 2.6 ± 0.3
Zn 30.7 ±2.19 (7.1) 30.8 ± 1.1

a Mean ± SD for three measurements. 
b Relative standard deviation.

by PIXE and four by INAA for the above 100 diet samples are sum m arized in 
Table III [1, 2].

3.2. D ete rm in atio n  o f elem ents in  M ate-cha using  P IX E ,
IN A A  a n d  IC P -A E S

The ICP technique would be expected to give higher sensitivity than INAA. We 
tried to apply ICP to the diet samples; however, we found some difficulty in dissolv
ing the dried diet sample, probably due to its dietary fibre content. We com pared three 
trace analytical techniques, PIXE, INAA and ICP-AES, using M ate-cha samples, a 
type o f tea popular in South America. Preliminary data obtained from  the analysis o f

FIG. 5. Determination o f elements in Mate-cha using INAA, PIXE and ICP-AES.



TABLE III. CONCENTRATION OF ELEM ENTS IN AOM ORI DIET SAM PLES AS DETERM INED BY  PIX E AND  INAA, AND 
ESTIM ATED DAILY INTAKES OF TH E ELEM ENTS

Cla К Ca Mn Fe Cu Zn Naa Mga Ala Br

Average concentration 19 000 6480 1150 9.70 46.1 4.44 24.8 14 500 517 33.0 28.0
(ppm/dry weight)
SD 6150 1850 560 11.70 57.7 4.76 19.4 5430 392 2 0 .1 17.0

Median (ppm/dry weight) 18 800 6080 990 8.05 31.9 3.15 2 0 .6 13 900 466 26.1 24.2

Daily intake6 (mg/p/d) 9500 3230 575 4.85 23.1 2 .2 2 12.4 7250 258 19.8 14.0
Daily intake0 (mg/p/d) 495 4.03 16.0 1.58 10.3 233 13.1 12.1

Min. Health Welfare (mg/d) [1] 8970 580 4.00 1 2 .0 2 .0 0 6.50 5830 250
Kimura et al. (mg/d) [2] 500 5.50

a INAA results.
b Calculated from the average concentration. 
c Calculated from the median concentration.
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five kinds o f M ate-cha using ICP-AES are com pared in Fig. 5 with data by PIXE and 
INAA analyses. Ca concentrations determined by PIX E were lower than those by 
INAA and ICP-AES. In the PIXE analysis, there was some difficulty in determining 
Ca, since X  rays from  the large amounts of К  in  M ate-cha affected the Ca X  rays and 
caused a counting error in the com parison o f the intensity with that o f Bovine Liver. 
The PIX E and ICP-AES results agreed well in Fe and Zn concentrations, while INAA 
gave lower concentrations than these two m ethods. A  further experim ent will be 
necessary to clarify if  there is any systematic error in these determinations

The PIX E technique needs only a small am ount o f sample to determ ine trace 
elements. A few milligrams o f dried diet powder were enough to determ ine the 11 ele
m ents m entioned above. Therefore, uniform ity o f the samples is more im portant in 
PIX E than in INAA and ICP-AES. Since sample digestion is necessary for an ICP 
analysis, purity o f the chemicals and clean tools are very im portant factors in this 
method.

3.3. E stim atio n  o f Ja p an e se  daily  d ie ta ry  in tak e  o f elem ents

We did not have inform ation about the w et w eight o f each whole diet sample; 
we only knew the concentrations o f elements for sample dry weight. Therefore, we 
estim ated the daily intake o f elements as average values at each sampling area 
through the following calculations:

De = Ce(T-'L(Gi xWi x0.01)) 

where

De is the average daily intake of an elem ent in  the area (mg/d);
Ce is the average concentration o f any element in the total diet in the area 
(ppm  dry weight);
T is the daily consum ption o f the total diet in the area (g/d);
G( is the daily consum ption of each food group in  the area (g/d);
W¡ is the water content o f each food group (%);
Ce is the average concentration o f each elem ent in the total diet obtained from  this 
study;
T, G¡ and W¡ were derived from  publications o f the M inistry o f Health and Welfare
[1] and the Science and Technology Agency [3], Japan.

Therefore,

Calcium: De (Ca) = Ce(T-T  (G¡ x W¿ x 0.01))
= 1150 ppm  x  (1462 g -  962 g) = 575 mg/d,

Potassium: De (K) = 6460 ppm  x  (1462 g -  962 g) = 3230 mg/d.
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Table П1 com pares our calculated daily intakes with data in the literature. Our 
data coincided well w ith the others, in  spite of several assumptions m ade in the cal
culation. The Japanese M inistry o f H ealth and W elfare reported that the Ca daily 
intake in the Aomori area was 580 m g/d in 1992. O ur value was found to  be almost 
the same.

3.4. A pp lication  o f th e  daily  in ta k e  o f elem en ts in  es tim ating  
th e  in te rn a l dose fro m  137C s a n d  90S r

Using these values o f daily intake, we estim ated internal radiation doses by 90Sr 
and 137Cs. The relative concentrations o f 90Sr and 137Cs in the total diet in the Aomori 
area were reported to be 0.16 Bq/g o f Ca and 0.039 Bq/g o f K, respectively, accord
ing to the Radioactivity Survey D ata in Japan [4]. The daily intakes o f 90Sr and 137Cs 
were then calculated as 0.092 and 0.13 Bq/d, respectively. These daily intakes would 
result in the effective radiation dose equivalents o f 1.67 |J.Sv/a for 90Sr and 2.30 |iSv/a 
for 137Cs. However, the actual radiation doses m ay be found to be m uch sm aller than 
the effective dose delivered by 40K contained in all types of food which the average 
Japanese consum es during a year, 0.35 m Sv/a [5].

4. DETERM INATION BY  ICP-M S OF Th AND U IN DIET SAM PLES

For the determ ination o f 232Th and 238U, ICP-M S has been dem onstrated to be 
especially effective [6 , 7]. The result o f the analysis o f N IST Orchard Leaves is 
referred to  in Table IV, which shows good agreem ent with the literature. D iet samples 
collected from  31 Prefectures in  Japan by using the duplicate portion m ethod were 
analysed by ICP-M S. The detection lim its for 232Th and 238U were 1.3 and 2.9 
pg/m L, respectively. The m ean concentrations and standard deviations o f both 
nuclides in the diet samples were found to be 25 ± 12 ng/g ash (n = 62) and

TABLE IV. RESULTS OF ICP-M S ANALYSIS 
OF N IST SR M -1571 ORCHARD LEAVES FOR 
Th A ND U (ppm DRY W EIGHT)

Element Analytical value Certified value

Th (232Th) 60.2 ± 0.5a 64 ± 6

U (238U) 29.9 ± 0.5 29 ± 5

a Mean ± SD for three measurements.
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44 ±  12 ng/g ash (n = 62), respectively. U sing these values, the daily intakes of 232Th 
and 238U in the average Japanese adult m ale were estim ated to be 0.44 and 0.71 jxg/d, 
respectively [8 ].

5. CONCLUSIONS

The PIXE technique was used to determ ine the concentrations o f elem ents in 
total diet samples and its results were com pared with those o f INAA and ICP-AES. 
The Ca daily intake currently obtained was in good agreem ent with that published by 
the M inistry of H ealth and Welfare. Daily dietary intakes o f Ca and К  were applied 
to estim ate radiation doses in  the average Japanese from  90Sr and 137Cs.
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A b strac t

QUACKS AND QUALITY OF BIOMONITORING.
The analysis of the signal-to-noise ratio of a survey is introduced as a means to assess 

the quality of a survey. Here, the survey signal is defined as the survey variance, the 
survey noise is determined by measurement of the local variance (variance per site). The signal- 
to-noise ratio, and thus the quality of the survey, can be improved by factor analysis aided 
processing of the data. This is illustrated by processing data from various biomonitoring 
programmes on trace element air pollution. Cleanup of the data set, in which a bias- 
introducing contribution is removed (for example, the soil factor) or source profile isolation, 
in which attention is focused on a single source, yields strikingly different indications of the 
quality (or suitability) of the biomonitoring species when compared with the indications 
obtained from the original data set. The approach stresses that the quality of a survey depends 
largely on the decisions taken with respect to the selection of the biomonitor material; 
these decisions should be based on optimalization of the signal-to-noise ratio rather than on 
minimalization of the noise only.

* Only an abstract appears here since parts of this paper have been published in Science 
of the Total Environment 1 7 6  (1995) 33-43 and 1 8 0  (1996) 107-116.
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A b s trac t

X RAY FLUORESCENCE TECHNIQUE FOR THE ASSESSMENT OF POLLUTION BY 
HEAVY METALS AND THEIR UPTAKE BY SOME INHABITANT FLORA OF LUNAWA 
LAGOON, SRI LANKA.

The paper describes the use of the X ray fluorescence (XRF) technique for the 
assessment of the status of heavy metal pollution of Lunawa lagoon, Sri Lanka, and the 
potential of Eichhornia crassipes, Panicum proliferum and Ipomoea aquatica in removing 
heavy metals from wastewaters. Sampling was done at two sites selected at the lagoon. 
The relative abundance (biomass) of each plant species found in the study area was determined 
and was expressed as dry weight/m2. Oven dried plant material was further analysed for 
elemental composition by the XRF method. The relative abundance (biomass) of 
P. proliferum at both sites was found to be twofold when compared with the other 
two species, E. crassipes and I. aquatica. Pollution of the sediments of the lagoon with metals, 
vanadium, manganese, iron, copper, zinc, arsenic, lead and cadmium was greater at site 1 than 
that of site 2, which was polluted mainly with Al, Ni and Hg. Eichhornia crassipes was 
observed to be the most efficient species in the uptake of Zn, Ni, Cu, Pb, Cd, As, Mn and Fe 
among the species tested. Panicum proliferum was equally efficient as E. crassipes in 
the uptake and the removal of Zn, Pb, Fe and Al. Panicum proliferum also showed a greater 
removal of Ni and Cu than that of E. crassipes due to the higher relative abundance of 
the former. Ipomoea aquatica also showed a considerable uptake of Zn, Ni, Cu, Mn, Al 
and As. The results obtained from XRF for zinc were in agreement with atomic absorption 
spectrometry (r = 0.81). It can be concluded from our results that P. proliferum and 
I. aquatica could be considered as resistant plant species for high concentrations of
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heavy metals comparable with E. crassipes and they could also be used as potential heavy 
metal removers in wastewater treatment systems.

1. INTRODUCTION

The rapid industrialization and urbanization process in Sri Lanka has 
accelerated the deterioration o f its environm ent owing to the unsuitable waste
water disposable practices employed. M ost industries in Sri Lanka discharge 
their effluents w ithout any pretreatm ent and this has led to serious pollution 
problem s o f surface waters, low lying lands and marshes, especially in the most 
densely populated and industrialized areas in Colombo and its suburbs. Lunawa 
lagoon, situated in an industrialized area close to Colombo, has been identified 
as a highly polluted water body with high concentrations o f organic matter, 
nitrogen, phosphate and heavy metals such as Cr, Cu, Co, As, Zn, Al, Cd, Ba 
and Li [1].

The discharge o f heavy metals into water bodies leads to the concentra
tion o f toxic elem ents within food chains in the freshwater ecosystems. Therefore, 
control o f pollution containing heavy metals is essential. Heavy metals are com monly 
rem oved from  wastewater by chem ical precipitation. During the last decade interest 
has been focused on biological approaches for the removal o f heavy metals from 
aqueous solutions. The use o f aquatic plants, apart from  microorganisms, as 
heavy m etal removers can offer a potential alternative to existing m ethods for 
detoxification and also for the recovery of toxic or valuable metals from  industrial 
effluents.

Studies conducted with water hyacinth (Eichhornia crassipes) have shown 
that this aquatic plant is capable o f efficiently removing heavy metals from 
industrial effluents [2 - 6 ] and have concluded that water hyacinth tanks and lagoons 
could be m ost econom ically used for pollution control o f industrial waste [4]. The 
reed bed treatm ent system (RBTS) is used in the treatm ent o f wastewater with 
increasing success in the U SA and Europe and has proved to be a viable, low cost 
and sustainable technology [7]. In RBTS, macrophytes such as the Phragmites, 
Scrirpus and Iris species are used to detoxify the pollutants. Therefore, it is 
also im portant to search for alternative tropical macrophytes which are capable of 
efficiently rem oving heavy m etals and reducing other toxic pollutants from  
wastewaters.

This paper describes the use o f the X  ray fluorescence (XRF) technique for the 
assessm ent o f the status o f heavy m etal pollution of Lunawa lagoon and the potential 
of its inhabitant flora, E. crassipes, Panicum proliferum and Ipomoea aquatica in 
removing heavy metals from wastewaters.
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2.1. Study area

Lunaw a lagoon is situated about 19 km  from  Colombo City. It is about 2500 m 
in length and about 100-250 m  in width. There are a num ber o f factories and 
workshops in the project area. The report o f a water pollution survey conducted in 
1986 has indicated that a total o f 750 m 3 o f industrial wastewater per day is 
discharged into this lagoon, originating mainly from  the Central Railway Workshop 
and textile industries [8 ]. The wastewater is heavily polluted with dyes, oil and 
chemicals

2.2. Sites of sampling

Two sam pling sites were selected about 100 m  from  each other on the eastern 
bank o f the lagoon.

2.3. Determination of relative abundance of plants

The relative abundance of plants in the study area o f the lagoon was determined 
by using a 0.5 m x 0.5 m  quadrant. The quadrants w ere m easured random ly in 
eight locations at either site. Each plant species included in the quadrants was 
separated, washed thoroughly to rem ove sludge and other extraneous m aterials and 
air dried. Samples were oven dried at 70°C until a constant weight was obtained. The 
relative abundance o f each plant species was expressed as the dry w eight of each plant 
species distributed in 1 m 2 o f the study area.

2.4. XRF

Oven-dried (70°C) samples were ashed at 500°C in a muffle furnace for 6  h, 
m ixed thoroughly to achieve hom ogeneity and stored in a desiccator. Pellets were 
prepared from  ash with a diam eter o f 25 mm using a SPECAC 30 t hydraulic 
press.

M ulti-elem ental analysis in the pelleted ash samples was carried out by the 
energy dispersive XRF technique using a Seiko SEA 2010 L, which has an Rh anode 
X  ray tube. Detection was accom plished with an Si(Li) detector. The resolution o f the 
detector at 5.9 keV was 160 eV. The analysis settings were as follows: samples were 
counted for 700 s at 50 kV  voltage and 10 mm  aperture. The data processor perform s 
both qualitative and quantitative analysis o f spectral data. The system software uses 
appropriate scatter intensities in a fundam ental param eter m atrix calculation to 
analyse the unknown sample.

2. MATERIALS AND METHODS
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For atom ic absorption spectrometry (AAS), weighed ash samples were dis
solved with 5N H N 0 3 and 25% HCl and filtered. A zinc standard solution (50 ppm) 
was prepared using 90% Zn powder dissolved in  HCl. The standard addition m ethod 
was used to determ ine the concentration of Zn in the plant samples. AAS was carried 
out using an atomic absorption flam e em ission spectrophotometric instrument, model 
A A -880 M ark II. The concentration of the atom ized Zn was determined using a 
program  and adjusting the wave length to 213.9 nm.

3. RESULTS AND DISCUSSION

Our results indicated that the relative abundance (biomass, in g/m 2) o f P. pro
liferum (35.9 g/m 2) at both study sites in  the lagoon was found to be twofold when 
com pared with the other two species, E. crassipes (16.7 g/m 2) and I. aquatica 
(13.4 g/m 2).

High levels o f pollution in sediments o f the lagoon with heavy m etals were 
observed. The concentrations o f heavy m etals, Vn, M n, Cu, Zn, As, Fe, Pb and Cd, 
observed in sediments were higher at site 1 than at site 2. The concentrations of Al, 
Ni and Hg were greater at site 2.

The results o f the uptake o f metals by P. proliferum, I. aquatica and E. cras
sipes grown in the lagoon are presented in  Table I. E. crassipes was observed to be 
the m ost efficient species in the uptake o f Zn, Ni, Cu, Pb, Cd, As, M n and Fe among 
the species tested. O ur results o f the uptake of Cu and Pb by E. crassipes are in 
agreem ent with previous work [2], but a higher uptake was observed in Ni, Zn, Cd 
and As.

U ptake o f zinc by P. proliferum was equally efficient (74.4 mg/kg) as for 
E. crassipes (80.8 mg/kg). I. aquatica also showed a considerable uptake o f Zn 
(47.0 mg/kg). The highest removal o f Zn by P. proliferum (2.74 m g/m 2) was observed 
when com pared with E. crassipes (1.15 m g/m 2) and I. aquatica due to the higher 
abundance o f Proliferum grass in  the lagoon. Results obtained from  XRF for zinc 
were in  agreem ent with AAS (r = 0.81).

A sim ilar uptake o f Cu by P. proliferum and I. aquatica com parable to that o f 
E. crassipes was observed. P. proliferum rem oved the highest am ount o f Cu when 
com pared with the other two species.

A  nickel content o f 20.0 mg/kg was observed in P. proliferum and /, aquatica, while 
the former removed the highest amount o f Ni (0.74 mg/m2) among the species tested.

In the uptake o f lead, P. proliferum was equally efficient as E. crassipes, but it 
appeared to rem ove m ore Pb (0.17 mg/m 2) from  lagoon water when com pared with 
the latter (0.13 m g/m 2).

2.5. Atomic absorption spectrometry



IAEA-SM-344/46 455

TABLE I. UPTAKE OF HEAVY METALS BY  E. crassipes (E. c.), P. proliferum 
(P. p.) A ND I. aquatica (I. a.) AT LUNAWA LAGOON, SRI LANKA

Heavy
metal

Concentration mg/kg Removal (mg/m2)

E. с P.p I. a E. с P.p La

Zn 80.8 ± 1.3 74.4 ± 1.0 47.0 ± 1.1 1.15 2.74 0.49

Ni 33.610 .7 20.0 ± 0.5 19.8 ± 0.7 0.48 0.74 0 .2 1

Cu 7.1 ± 1.0 4.3 ± 0.7 5.1 ± 1.0 0 .1 0 0.16 0.05

Pb 6.9 ± 2.0 4.9 ± 1.1 1.4 ±0.9 0.13 0.17 0 .0 2

Cd 11.3 ±0.7 6.4 ± 0.4 ND 0.16 0 .1 1 ND

As 7.0 ± 0.4 ND 4.0 ± 0.3 0.09 ND 0.42

Mn 138 ± 3.0 51.8 ±0.3 51.1 ±2.4 1.96 1.91 0.53

Fe 967 ± 2.3 795 ± 2 235 ±1 13.77 29.35 2.46

Al 3429 ±31 3264 ± 19 3609 ± 25 48.82 120.41 37.68

Note: Results are a mean of three samples.

A  considerable am ount o f Cd and As was taken up by P. proliferum and by 
I. aquatica, respectively. Removal o f arsenic was greater by I. aquatica (0.42 m g/m 2) 
when com pared with that o f E. crassipes (0.09 m g/m 2).

From  our results it is clear that P. proliferum was effective in the uptake o f Pb, 
Fe, Al, Zn, Ni, Cu and M n and their rem oval from  lagoon water. Ipomoea was also 
effective in the removal o f Zn, Ni, Cu, As, M n and Al. As such, P. proliferum and
I. aquatica could be considered as resistant plant species for high concentrations of 
heavy m etals com parable with E. crassipes. Therefore, they could be used as poten
tial heavy m etal removers from  industrial wastewaters. However, further experim en
tation should be undertaken to determ ine the suitability o f P. proliferum, I. aquatica 
and E. crassipes as pollutant removers, including heavy metals, in wastewater treat
m ent systems such as the RBTS operated in tropical conditions.

A  quality control test for the loss o f elements during the ashing procedure was 
not carried out as the objective was to identify inhabitant flora in removing heavy 
metals from  the wastewater. However, this is planned for the next phase, which is in 
progress.
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Abstract

ION BEAM ANALYSIS METHODS IN AEROSOL ANALYSIS, QUALITY ASSURANCE 
AND INTER-TECHNIQUE COMPARISONS.

The Aerosol Sampling Programme (ASP) at the Australian Nuclear Science and 
Technology Organisation (ANSTO) has been sampling ambient atmospheric fine particles and 
using accelerator based ion beam analysis (IBA) methods to characterize them for many years 
now. Two classes of particles, namely, fine particles of less than 2.5 pm diameter (PM2.5) and 
particles with diameters between 2.5 and 10 pm, have been studied. Since the beginning of 
1992, the ANSTO ASP network has operated over 48 fine particle sampling units in the field 
around Australia and at several international locations, including Indonesia, New Zealand, 
Singapore and the United States of America. To date, over 12 000 filters from these samplers 
have been characterized by ША techniques on the 3 MV Van de Graaff accelerator at ANSTO. 
The four IBA techniques of particle induced X ray emission (PIXE), particle induced gamma 
ray emission (PIGME), particle elastic scattering analysis (PESA) and Rutherford back- 
scattering (RBS) have been applied simultaneously to analyse the particles on each filter for 
over 24 different elements, including H, C, N, O, F, Na, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, 
Fe, Co, Ni, Cu, Zn, Br and Pb. These elements cover the most commonly occurring compounds 
in fine atmospheric particles at concentrations above about 1 ng/m3 of air sampled. The 
manipulation of this large database containing multi-elemental information on thousands of 
filters, from dozens of sites and extending over several years is discussed in this paper. 
Particular attention is paid to the experimental set-up, detection limits, errors, calibrations, 
quality assurance related to operating large monitoring networks and comparisons of ША 
measurements with other techniques on the same filter samples.

1. INTRODUCTION

The Aerosol Sampling Program m e (ASP) at the Australian Nuclear Science and 
Technology Organisation (ANSTO) has been sampling am bient atmospheric fine 
particles and using accelerator based ion beam  analysis (IBA) m ethods to characterize 
them  for many years now [1-6]. We have restricted ourselves to studying two classes 
o f particles, nam ely fine particles o f less than 2.5 pm  diam eter (PM 2.5) and particles

457



458 COHEN

with diameters between 2.5 and 10 pm. Atm ospheric aerosol particles in this size 
range have significant health effects [7-9], are transported over large distances of 
often hundreds or even thousands o f kilometres, and are most efficient light scatterers, 
producing visible pollution and haze. Atmospheric fine particles (PM2.5) have also 
been studied recently for their scattering o f solar radiation and their subsequent 
effects on clim ate change and global warming [1 0 ].

Two types o f fine particle sampler have been employed. A cyclone based 
sam pler w ith a PM 2.5 cutoff for flow rates of 23 L/m in and a stacked filter unit (SFU) 
containing a coarse 2 .5 -10  |im filter and a fine PM 2.5 filter designed for average flow 
rates o f 16 L/min. The cyclone system uses a 25 mm  diameter stretched Teflon filter 
and the SFU a 47 m m  Nuclepore polycarbonate filter. Each filter was typically 
exposed for a 24 hour period from  m idnight to m idnight tw ice a week on a Sunday 
and Wednesday.

Since the beginning o f 1992, the ANSTO A SP network has operated over 48 
such units in the field around Australia and at several international locations, 
including Indonesia, New Zealand, Singapore and the United States o f America. To 
date, over 12 000 filters from  these samplers have been characterized by IBA 
techniques on the 3 M V Van de G raaff accelerator at ANSTO [11, 12]. The four IBA 
techniques o f particle induced X  ray emission (PIXE), particle induced gam m a ray 
em ission (PIGM E), particle elastic scattering analysis (PESA) and Rutherford 
backscattering (RBS) have been applied sim ultaneously to analyse the particles on 
each filter for over 24 different elements, including H, C, N, O, F, Na, Al, Si, P, S, Cl, 
K, Ca, Ti, V, Cr, M n, Fe, Co, Ni, Cu, Zn, Br and Pb [1, 2, 5]. These elements cover 
the m ost com m only occurring com pounds in  fine atmospheric particles at concentra
tions above about 1 ng/m 3 o f air sampled and have enabled a fairly com plete picture 
o f fine particle sources to  be determined through standard statistical m ethods such as 
principal com ponents analysis (PCA) [13] and source apportionment techniques such 
as chem ical m ass balance m ethods [5, 12, 14].

In this paper we discuss the manipulation o f this large database containing 
m ulti-elem ental inform ation on thousands of filters from  dozens of sites and 
extending over several years. Particular attention is paid to the experimental set-up, 
detection limits, errors, calibrations, quality assurance related to operating large 
m onitoring networks and com parisons o f IBA measurem ents with other techniques 
on the same filter samples.

2. DATA ANALYSIS

The ASP network deals with hundreds o f filter samples per month. It is there
fore im portant to have an analysis system that logs each filter and its passage through 
this system, as well as a fully autom ated IBA system. The collection of so m uch data
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FIG. 1. Frequency plot of the mass obtained for 900 Teflon filters from the ASP network.

also allows for many self-consistent internal checks to be perform ed automatically. 
For example, each filter is exposed for 24 hours so a quick com puter check o f the 
logged exposure tim es could easily detect any deviation and flag it for further 
investigation. Also, each filter is weighed before and after exposure to determine the 
gravim etric mass o f the fine particles deposited on it. A  typical frequency plot o f the 
m ass o f fine particles on a collection o f nearly 900 filters is shown in Fig. 1. This 
distribution is lognormal, as expected, and has an average m ass o f  around 1 0  pg/m 3 

o f air sampled, corresponding to about 310 pg o f m aterial per filter. Any mass 
m easurem ent falling outside this expected distribution can be flagged by a com puter 
and then quickly checked for possible errors.

Consistency checks of this type on all of the param eters m easured can be made 
and m easurem ents that fall outside the expected range for that param eter flagged with 
an error code. This m ethod o f tagging each m easurem ent with an error code that it 
carries throughout its life in the system  has proved invaluable in  the ASP network. 
W ith the advent o f large PC based spreadsheet packages such as M icrosoft Excel, it 
is possible to sort the data according to their error code and to reject data w ith certain 
error codes or to only analyse data with a given error code to determ ine where there 
m ight be problems.

2.1. Calibration of the measurement techniques

Gravimetric mass and the m ulti-elem ental Ю А m easurem ents are the key para
meters m easured by the A SP network. Each o f these m ust be properly calibrated and
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Jakarta JICA, 1996-1-18

X ray energy (keV)

FIG. 2. Typical PIXE spectrum for a Teflon filter collected in central Jakarta on 1996-01-18.

the associated accuracy and precision determined. The nature o f the small am ount o f 
sample on each filter means that we are typically measuring only a few hundred 
m icrogram s o f sample in total and some of the elements determined occur at levels 
m ore than four orders o f magnitude below this. A m icrobalance capable o f gravi- 
m etrically weighing to ± 1  pg was used to determ ine the m ass o f fine particles on each 
filter which typically weighed 40 mg each before exposure. Calibrated standard 
weights o f 20, 50, 100 and 200 m g were m easured before and after each weighing 
session. The result o f  such a weight calibration for the 20 mg standard m easured over 
a 12 m onth period was (20.0062 ± 0.0015) mg, showing that the accuracy o f our 
gravim etric m easurem ent was around ±1.5 pg with a precision o f around 6.2 pg. 
Since the m ass o f fine particles on a filter was determ ined by the subtraction o f two 
such m easurem ents, the accuracy of the gravimetric m ass was around ±3 pg in a total 
mass o f between 50 and 500 pg o f m aterial per filter.

The m ass m easurem ent was also dependent on the relative hum idity as the fine 
particles absorb water vapour, and for relative hum idities above 60% the m easured 
gravim etric m ass may increase dramatically. It was therefore important to m ake all 
m easurem ents at the same tem perature and relative hum idity and only after the filters 
had been stored for 24 hours, allowing them to com e to equilibrium  with their 
surroundings. The Ш А techniques were perform ed in a vacuum cham ber attached to 
the accelerator so all water vapour and some volatile species were lost during this 
analysis. To check the extent o f these possible losses, many filters were weighed
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FIG. 3. Measured to nominal PIXE concentrations for thin Micromatter foils ofAl, Si, Cl, Ca, 
Fe and Sr over a 30 month period.

before and at various tim es after the IBA. It was found that on average about ( 8  ±  5)% 
of the total m ass of particles on the filters was lost im m ediately after analysis in 
vacuum, but that this mass returned to pre-analysis value after 1 2  hours o f storage in 
the tem perature controlled room. This dem onstrated that the bulk o f the lost m ass was 
associated with water vapour.

A  typical PIX E spectrum obtained for a Teflon filter exposed in the centre of 
Jakarta for 24 hours is shown in Fig. 2. The PIXE m ethod was used to determine 
elem ents from  Al to Pb. Each peak in  Fig. 2 represents an elem ent and the area o f that 
peak above the background is related to the concentration o f that elem ent present in 
the filter. The total fine particle m ass at Jakarta on 1996-01-18 was 55 pg/m 3. The 
sulphur concentration was calculated to be 2 2 0 0  ng/m 3 and the copper concentration 
only 23 ng/m 3. The determ ination of these elemental concentrations is dependent on 
how well the peak areas can be extracted from  the background, the counting statistics 
for each peak and the experim ental error associated with the PIXE measurement. 
Inspection o f Fig. 2 shows that the background was essentially zero for X  ray energies 
above 6  keV  (elements above Fe), but rises to a maxim um  at 2 keV  (elements around 
S). Hence errors associated with background subtraction and counting statistics are 
different for different elements across the Periodic Table.

The m easurem ent errors associated with the IBA techniques were determined 
by regular m easurem ent o f calibrated thin standards spanning the elemental X  ray 
energy range o f interest. Figure 3 shows the m easured to nom inal ratio for six
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TABLE I. TY PICA L PERCENTAGE ERRORS AND M DLs FOR TH E 
DETERM INATION OF ELEM ENTAL COM POSITION OF ATMOSPHERIC 
AEROSOLS ON TEFLON FILTERS U SING IBA TECHNIQUES

Species
Counting error 

(%)
Experimental error 

(%)
Total error 

(%)
MDL 

(5 min)

Mass __ • 5 7 1 Hg
F 5 9 11 350 ng/m3

Na 5 9 11 180 ng/m3

Al 2 0 9 2 2 7 ng/m3

Si 5 3 8 3 ng/m3

P 40 3 40 3 ng/m3

S 1 3 6 2.4 ng/m3

Cl 16 3 17 2 .8  ng/m3

к 2 3 6 1.5 ng/m3

Ca 6 3 8 1.7 ng/m3

Ti 32 3 33 1 .2  ng/m3

V 78 3 78 1 .0  ng/m3

Cr 61 3 61 0 .8  ng/m3

Mn 27 3 28 0 .8  ng/m3

Fe 5 3 8 0 .8  ng/m3

Ni 47 3 47 1 .0  ng/m3

Cu 24 3 25 1 .2  ng/m3

Zn 14 3 15 1.7 ng/m3

Br 16 3 17 5 ng/m3

Pb 15 3 16 13 ng/m3

H 3 9 11 2 1  ng/m3

С 5 11 13 400 ng/m3

N 10 12 16 150 ng/m3

0 8 11 14 2 0 0  ng/m3

Organic concentration 3 9 11 2 1 0  ng/m3

Element concentration — 9 1 0 3 ng/m3

Volume — 5 5 0 .8  m3

M icrom atter reference standards m easured regularly over a 30 month period. The 
standard concentrations were supplied as ±5% , as shown by the dotted lines on the 
plot. The average ratio over this period was (1.00 ± 0.03), showing that this type of 
IBA m easurem ent can be repeated very precisely and with an accuracy o f ±3%  over 
a long period o f tim e if  sufficient care is taken with the experimental set-up. Typical 
counting errors, experim ental errors and the total error (obtained by adding these in 
quadrature) are shown in Table I for the 24 elements m easured by the four sim ulta
neous IBA techniques, as well as several other param eters used in the analysis.
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TABLE II. TY PICA L TRACE ELEM ENTAL CONCENTRATIONS M EASURED 
IN  TH E BLA N K  POLYCARBONATE N U CLEPO RE FIN E AND COARSE 
FILTERS SENT TO JAKARTA BUT NOT EXPOSED

Element

Coarse filter 2.5-10 jim Fine filter PM2.5

Concentration
(ng/m3)

MDL
(ng/m3)

Concentration
(ng/m3)

MDL
(ng/m3)

Silicon 2 2 0 50 11 0 50
Sulphur 60 40 80 40
Chlorine — 35 40 35
Nickel — 2 5 2

Iron 10 7 10 8

Bromine 45 30 — 30

It is im portant to know the errors associated with the determ ination o f each 
elem ent or param eter measured, as well as the m inim um  detectable lim it (MDL). In 
Table I, the M D L for each elem ent is given for the IBA m ethods. The m easured M DL 
is a function o f the signal to background ratio as shown in Fig. 2. Generally, peaks 
with areas below three standard deviations of the background counts are considered 
to be below the MDL. As the concentration of a particular elem ent decreases, and 
approaches the M DL for that element, the associated percentage error gets larger and 
approaches ±100% , as can be seen in Table I for elements like V  and Cr, which 
typically occur at concentrations o f around 1 ng/m 3.

2.2. Blank measurements

The IBA m ethods use high energy proton beams to excite the m aterial on the 
filters to produce X  rays, gam ma rays or scattered particles characteristic o f this 
material. These protons have sufficient energy to pass directly through both the 
m aterial on the filters and through the filters themselves with very little energy loss. 
They are therefore capable o f exciting elements in the filter m aterial which are not 
associated with the particulate m atter on the filter itself. It is thus im portant to analyse 
blank, unexposed filters using the same m ethods as applied to  the exposed filters to 
determ ine what, if  any, trace elements may be present. In fact, the choice o f filter 
m aterial is extremely im portant when using IBA techniques that m easure so many 
different elements. Teflon is a good choice for this application because it contains 
only carbon and fluorine, both detectable by IBA methods, and it is generally free of 
trace elements. O ther filter substrates, such as polycarbonate, nylon and glass fibre, 
contain a range o f trace elements that can interfere with the measurements. In
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Table II, we show typical trace elem ent concentrations (in ng/m 3 o f air sampled) for 
blank polycarbonate fine and coarse Nuclepore filters used in parts o f our Jakarta 
study. These blank filters went through exactly the same procedures as the exposed 
filters, except they were not actually placed in the SFU. Some of the concentrations 
given in Table I are well above the MDLs and are cause for real concern when the 
blank concentrations approach the m easured exposed filter concentrations for a given 
element. For example, brom ine levels o f 45 ng/m 3 equivalent in the coarse blanks 
w ere com parable with those measured in the exposed filters over a 24 hour period. 
This large background subtraction adds significantly to the errors associated with 
brom ine m easurem ent using these filter types.

2.3. Self-consistency within a technique

The m ulti-elem ental nature o f IBA techniques allows us to identify most 
chem ical species present in  the particles on the filter, particularly for the Teflon 
filters. In fact, there are two distinct methods that can be used to check the internal 
consistency o f the elem ental determination made by these m ethods. The first is to just 
simply add up the concentrations o f all the elements present and com pare it with the 
total m easured gravim etric mass. The reconstructed mass obtained by summing the 
elements in this way we call RCM S. If  all elements are determined, then we would 
expect the RCM S to equal the gravimetric mass.

The second m ethod is to assume that elements occur in  particular chemical 
forms such as silicon, aluminium and iron as oxides, sodium and chlorine as sea salt, 
and hydrogen, nitrogen, sulphur and oxygen as am monium sulphate. If  enough of 
these key com m on com pounds can be identified, then the sum o f their concentrations 
rather than their individual elem ental sums can be used to com pare w ith the gravi
metric mass. It has generally been found [5 ,1 1 ,1 2 ,1 5 ]  that only six com mon species 
are needed to determ ine the fine particle reconstructed mass (RCM ) in this way. 
These are am m onium  sulphate (NH4 )2S 0 4, am m onium  nitrate NH 4N 0 3, sea salt 
(NaCl), soil (oxides of Al, Si, Ca, Ti and Fe), organic m atter (H0  09C0 7 1 O0  20) and 
elemental carbon. Table I shows that the IBA techniques measure all o f the elements 
needed for both RCM S and RCM  to be constructed. Figures 4(a) and 4(b) are 
com parisons o f average monthly RCM  and RCM S values with the m easured gravi
metric m ass for all the A SP network sites using Teflon filters for 1995. The two plots 
show linear high correlation coefficients (R2 > 0.9), w ith RCM  underestimating the 
gravim etric mass by 8 % and RCM S overestimating by 6 %. Both estimates are within 
one standard deviation o f the gravimetric mass; the standard deviations associated 
with RCM S were generally larger than for RCM  because the RCM S was calculated 
from the sum o f dozens o f different elements, some with particularly large error 
estimates. Total carbon as m easured by the RBS technique is com posed o f carbon in 
organic matter, carbon as elem ental carbon and carbon in  the Teflon filter (which is
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(a) RCM versus mass - All sites 1995

Оœ

(b)

Mass (ng/m3)

RCMS versus mass - All sites 1995

Mass (ng/m3)

FIG. 4. A plot of the reconstructed mass (a) RCM and (b) RCMS versus the gravimetric mass 
for Teflon filters for all sites in the ASP network for 1995.

24% carbon). The subtraction o f carbon in the Teflon filters from  the total carbon to 
determ ine the total carbon in the fine particles has a systematic error in it w hich tends 
to produce overestimates in the RCM S values. RCM  is a more reliable estimate 
because it underestimates the gravim etric m ass as expected, since IBA measurem ents 
in vacuum are expected to reduce the mass by about 8 % owing to the loss o f water 
vapour from  the filters, as discussed above.

Plots like those in Fig. 4 are also useful to identify points that do not lie on the 
line either due to errors in the gravim etric m easurem ent or errors in the elemental
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Mass versus flow rate Jakarta

PM10 GENT Flow rate (L/min)

FIG. 5. Plot of the mass per filter versus the flow rate for two SFUs in Jakarta at the JICA 
and BBIK sites for November 1995 to June 1996. The solid curves are laboratory tests on 
similar units.

determination. Again, in a large database these can readily and automatically be 
identified by sorting ratios and checking for values that lie outside three standard 
deviations from  the mean. The plots are also useful to m onitor the scatter in results 
with time. For instance, in the first year o f operation the standard deviation o f the 
linear fit to RCM  versus gravimetric mass was ±24%; this reduced to ±12% in the 
second year and has rem ained between ±11%  and ±13%  in subsequent years. This 
reflects the consistent operation o f the group perform ing the weighing and the group 
perform ing the IBA m easurem ents on thousands of filters and is a good check on the 
quality o f the results produced over time.

For large databases containing many parameters as a  function o f time, scatter 
plots o f one param eter against another are very useful for fault finding. For instance, 
in Fig. 5 we show a p lot o f total mass per filter in micrograms versus the m easured 
flow rate in litres per m inute through the SFU for a seven month period for two sites 
in Jakarta. The SFUs are designed for an average flow rate o f 16 L/m in and should 
operate between 13 and 18 L/m in for the correct particle size selection. As the mass 
on the two filters increases, the flow rate through the unit drops sharply. Laboratory 
tests on the units (solid lines in Fig. 5) show that for norm al operation the flow rate 
should not drop below 13 L/m in for mass loadings below 1000 pg per filter. Figure 5 
confirmed this for the unit at the JICA site. However, for the unit at the BBIK site 
m ost of the points o f Fig. 5 lie outside the expected range o f operation defined by the 
laboratory test runs and for points inside the dotted circle o f Fig. 5 flow rates well 
below 13 L/m in were m easured for a filter m ass loading below 1000 pg. If  these
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PIXE/ PIGME versus neutron activation

NAA (ng/m3)

FIG. 6. Comparison of PIXEIPIGME data with neutron activation data on the same 104 
filters for 14 different elements per filter.

results are true, then this unit is clearly operating outside its specifications and the 
data obtained is not reliable.

3. COM PARISONS W ITH  OTHER TECHNIQUES AND INSTRUM ENTS

As with all analytical methods it is im portant to com pare several techniques on 
the same sample and against certified reference standards. IBA techniques lend them 
selves particularly to this procedure, since the analysis does not destroy the filters. 
A lso, it is good practice to com pare different instruments m easuring the same para
m eter at the same time on the same sample.

3.1. Neutron activation analysis

As a check o f the accuracy o f our PIG M E and PIXE IBA techniques, 104 filters 
w ere analysed independently by neutron activation analysis (NAA) for the 14 ele
ments Na, Mg, Al, Cl, K, Ca, Ti, V, M n, As, Br, Sr, I and Ba. The NAA technique was 
calibrated against a known US National Institute o f Standards and Technology 
reference m aterial using 2 0  mg samples, which was considerably below the recom 
m ended m inim um  sample size of 150 mg for this technique. This was done so that 
the elemental concentrations in the standards would be better matched with those in
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PIXE versus 1C potassium Jakarta PM2.5

PIXE K (ng/m3)

FIG. 7. Comparison of ion chromatography (IC) potassium results with PIXE potassium 
results on the same filters for three PM2.5 sites in Jakarta in 1996.

the filters whose average mass was around 200 pg. This m eant that some o f the 
elements, Ti, Ca and As for example, had poor sensitivity as the sample size was too 
small for the NAA technique. The combined results for all filters for all 14 elements 
are shown in Fig. 6 , where the PIXE/PIGM E concentrations obtained from  IBA 
techniques are plotted against the NAA concentrations over four decades of 
concentration. The line o f best fit shows the two techniques agree to within 4%, with 
a correlation coefficient o f R2 = 0.96. Below 100 ng/m 3, some points lie below the 
line o f best fit because as the concentration o f an elem ent decreases, the M DL for the 
NAA technique is reached before the M DL for the IBA techniques. Nevertheless, the 
correspondence between the two techniques is excellent over the entire range of ele
ments and concentrations. This provides great confidence in the accuracy o f the IBA 
techniques.

3.2. Ion chromatography

A further 54 Teflon filters have been independently analysed by PIXE and then 
ion chrom atography (IC). The results for these are shown in Figs 7 -9  for the elements 
K, Ca and Br, respectively. All three plots show good linear correlations (R2 > 0.85) 
over a broad range of elemental concentrations, with potassium and calcium  concen
trations (Figs 7 and 8 ) falling within ±5% for the two different techniques. However, 
for the brom ine results the IBA PIX E m ethod consistently overestimates the results 
obtained by IC by 38% on average. To explain this we need to look closely at the 
methods em ployed by the two techniques. PIXE required no sample preparation and
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PIXE versus 1C for calcium Jakarta PM2.5

PIXE Ca (ng/m3)

FIG. 8. Same as for Fig. 7 for calcium determinations.

PIXE versus 1C bromine Jakarta PM2.5

PIXE Br (ng/m3)

FIG. 9. Same as for Fig. 7 for bromine determinations.

blank Teflon filters showed no brom ine content above the M DL o f 5 ng/m 3, whereas 
for IC the particulate m atter on the filter was dissolved off the Teflon filter using 
distilled water before analysis. Hence, IC m ethods only m easure the soluble ionic 
com ponent; insoluble bromine is left on the filter undetected. This could explain the 
possib le difference betw een the tw o independent techniques and it clearly  
dem onstrates the need to use different m ethods of analysis on the same samples 
where possible.
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SFU cyclone comparison sulphur-PM2.5 
Lucas Heights 1994-1995

Cyclone PM2.5 (ng/m3)

FIG. 10. Comparison ofPM2.5 sulphur concentrations as measured by a Gent SFU and the 
ASP cyclone unit at the Lucas Heights site on the same day for the period 1994-1995.

3.3. Instrument comparisons

Often, com parisons o f one instrument against another measuring the sample 
param eter can be made. A t selected sites in the ASP network redundant instruments 
are em ployed, that is different instruments m easuring the same thing at the same time. 
F igure 10 is a plot o f the data obtained for PM2.5 sulphur concentrations at the Lucas 
Heights site for the tw o year period 1994-1995 as m easured by the Gent SFU and the 
cyclone samplers. The average Gent SFU sulphur concentration over the period was 
(417 ± 297) ng/m 3, the equivalent cyclone value was (419 ± 295) ng/m 3 and the 
average ratio (SFU/Cyclone) was (1.06 ± 0.3). The least squares fit to the data of 
Fig. 10 showed that on average the SFU data were within 3% o f the cyclone data, 
although the variability was ±20% . The data dem onstrate that at this site these two 
instruments were clearly m easuring the same parameter, namely the PM 2.5 sulphur 
concentration in the atmosphere.

4. SUMM ARY

In this paper we have reported on the application of accelerator based ion beam 
m ethods to the analysis o f fine particles on filter papers. We have discussed the
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problem s associated with data analysis, including calibration o f the m easurem ent 
techniques, errors associated with the m easurem ents, the im portance o f measuring 
sample blanks and how large databases can be used to check for self-consistent 
results. Com parisons o f the IBA techniques on filters with NAA and IC for elemental 
concentrations ranging over four orders of magnitude were presented. In summary, 
the IBA m ethods are ideally suited for filter analysis and aerosol characterization. 
They require no sample preparation, are non-destructive and can analyse for over 
2 0  elements simultaneously in ju st a few minutes of accelerator running time.
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Abstract
STATISTICAL METHODS FOR QA/QC OF ANALYTICAL DATA EXEMPLIFIED BY 
IAEA PROGRAMMES ON AIRBORNE PARTICULATE MATTER.

An introduction to data validation methods is presented with examples. Data validation 
is the process of examining the results of the analytical methodology to identify potential 
problems within the analytical process, unusual events during the sampling period, or errors in 
transcribing and presenting the results. The use of such processes means that only validated 
data are employed for further analyses, and can thus be better relied upon as a basis for deci
sion making because of the reliability of the information. Examples of data validation are given 
using results from the IAEA’s two Co-ordinated Research Programmes on the application of 
nuclear analytical techniques for the analysis of airborne particulate matter.

1. INTRODUCTION

W ith the advent o f com puter control o f data recording systems, such as those 
typically used in nuclear m ethods o f elem ental analysis, e.g. instrumental neutron 
activation analysis, X  ray fluorescence, or particle induced X  ray em ission, it is 
possible to quickly determ ine a large num ber o f elements in a substantial series of 
samples w ithout direct interaction by the analytical chemist. It is thus necessary to 
consider ways in which these data can be utilized in  order to be certain that the data 
obtained are correct, and that the inform ation then being transm itted to others 
who m ay make decisions based on such inform ation is as representative and correct 
as possible. The objective o f this paper is to describe some data validation m ethods 
that can be used to review the data obtained from  program m es such as IAEA Co-ordi
nated Research Program m es (CRPs) in which samples o f airborne particulate m atter 
are collected and analysed for elem ental content using nuclear analytical methods.

D ata validation refers to those activities perform ed after the fact, that is, after 
the data have been collected. D ata validation and quality control (QC) techniques are

473
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different. Quality control methods are employed to minimize the amount o f ‘bad’ data 
being collected, while data validation seeks to prevent such data from  getting through 
the data collection and storage process without being recognized as being problem 
atic. The idea is to  prevent such data from  being influential in  decision making. Data 
validation should be perform ed as soon as possible after data collection so that ques
tionable data can be checked by recalling inform ation on unusual events and on spe
cific meteorological conditions that may have affected the environment being sampled.

Also, such validation efforts can help to identify problem s that then result in 
prom pt application o f corrective actions. Such an iterative process can lead to a higher 
rate o f capture o f acceptable quality data. D ata validation is the process by which data 
are screened and either accepted or flagged for further investigation following a pre
determ ined set o f criteria based on the study objectives and the type of data being 
examined.

Data validation can be accom plished by several methods. Validation can be 
m anual or com puterized. Validation is perform ed to isolate spurious values since 
these values cannot and should not be automatically rejected. Records o f ‘invalid’ 
data should be maintained. M ost o f the statistical tests described in  this report are 
described in detail by Barnett and Lewis [1].

Data validation procedures can be conveniently divided into four categories:

—  Routine check and review procedures which should be used to some extent in 
every data validation process,

—  Tests for internal consistency o f the data,
— Tests for consistency w ith previous data (historical or tem poral consistency),
— Tests for consistency with other data sets collected at the same tim e or under 

sim ilar conditions (consistency of parallel data sets).

2. ROUTINE VALIDATION CHECKS

There are four types o f routine validation checks:

(1) D ata identification checks,
(2) Unusual event review,
(3) Determ inistic relationship checks,
(4) D ata processing procedures.

2.1. Data identification checks

D ata have to be properly identified as to the location and tim e that the sampling 
occurred and proper correspondence between the data variable labels like elem ent and
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FIG. 1. Plot of К concentration (ng-nr3) as a function of the day 
of the year for July and August 1976 at Regional Air Pollution Study 
site 112.

actual values for that species. This includes m aking certain that SI units (|ig-m  3, or 
n g -n r3, etc.) are properly used.

2.2. Unusual event review

A log should be m aintained to record extrinsic events such as construction 
activity in the sampling area, dust storms, traffic jam s and other activities that might 
result in high or unusual com position samples. For example, a plot o f fine particle К  
(n g -n r3) m easured during a sam pling campaign in St. Louis, M issouri, during 
the mid-1970s is shown in Fig. 1. This particular series o f data points com es from 
July and A ugust 1976 [2]. It can be seen that there are two points that are very high 
com pared with all o f the other data values. In this case, the sampling site was at a 
sports stadium at a university in the city o f St. Louis on 4 July 1976, the 200th 
anniversary o f the national independence day o f the USA, and there was a m ajor fire
works display. Potassium  nitrate is a m ajor ingredient in gunpowder and thus alm ost 
12 (xg-m-3  o f К  was observed in the sam ple obtained from  12 noon to 12 m idnight on 
that date. Knowledge o f the kind o f activities that were conducted near the sampler 
m ade it easy to identify the source o f the anom alous samples and since this was 
an unusual event that was not expected to be repeated on a regular basis, it was 
reasonable to exclude these samples from  the analysis o f these data. In Table I one 
can see the difference in the m ean values calculated over all o f the data set and 
w ith the two unusual event data points removed. These two samples in a data set
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TABLE I. COM PARISON OF DATA W ITH  AND 
W ITH OU T SAM PLES FROM  4 AND 5 JULY 1976 
(n g -n r3), RAPS STATION 112, JULY AND AUGUST 
1976, FIN E FRACTION

Element
With 

4 and 5 July 
mean

Without 
4 and 5 July 

mean

Al 220 ± 30 200 ± 30
Si 440 ± 60 450 ± 60
S 4370 ± 310 4360 ± 320
Cl 90 ± 10 80 ± 9
К 320 ± 130 150 ± 9
Ca 1 1 0  ± 10 1 1 0  ± 10

Ti 63 ± 13 64 ± 13
Mn 17 ± 3 17 ± 3
Fe 2 2 0  ± 2 0 2 2 0  ± 2 0

Ni 2.3 ± 0.2 2.3 ± 0.2
Cu 16 ± 3 15 ± 3
Zn 78 ± 8 75 ± 8

Se 2.7 ± 0.2 2.7 ± 0.2
Br 140 ± 9 130 ± 8

Sr 5.0 ± 4.0 1.1 ± 0 .1

Ba 19 ± 5 15 ± 4
Pb 730 ± 50 720 ± 50

o f 1 0 0  samples substantially perturb the estim ated m ean values for several elements 
(K, Sr and Ba), but do not affect some o f the other elements very m uch (S, Si, Fe, 
etc.).

A nother way to p lot data is as a frequency distribution, as shown in Figs 2 
and 3. Conventional frequency distribution plots are shown in Fig. 2, while box and 
whisker plots are shown in Fig. 3. It can be seen that the distributions o f fine particle 
mass and sulphur shown in these figures are strongly positively skewed and, thus, do 
not fit a norm al or even a symm etric distribution function. The box and whisker plot 
em phasizes the same result by showing the m edian value as a notch in the box, with 
the notch corresponding to the width o f the confidence interval for the median. The 
central box covers the m iddle 50% of the data values, between the lower and the upper 
quartiles. The whiskers extend to the extreme (maximum and minimum values). The 
whiskers only extend to those points that are w ithin 1.5 times the interquartile range. 
Those values that lie outside o f those bounds are plotted as individual points. The
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FIG. 2. Frequency distributions for fine particle mass (left) and sulphur (right) concentrations.

FIG. 3. Box and whisker plots for fine particle mass (left) and fine sulphur (right) concentrations.

m ean value is denoted by the point w ithin the box. The m ean typically lies above the 
m edian for environm ental data given the com monly observed positive skewness of 
the distributions.

2.3. Deterministic relationship checks

D ata sets that have two or m ore physically or chemically related variables 
should be routinely checked to ensure that the m easured values for any individual 
variable do not exceed the corresponding m easured values of an aggregate param eter 
that includes the individual parameter. For exam ple, no individual elemental con
centration or even the sum of the m easured elements should exceed the total
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Sampling day

FIG. 4. Fine particle black carbon, sulphur and total mass for a series of samples.

m easured sam ple mass. This check is one o f the reasons why it is useful to determine 
the total airborne mass concentration as well as the concentrations o f the individual
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elements. In Fig. 4 we show the plot o f fine particle mass as well as black carbon and 
sulphur as m easured at sites in a m ajor city studied in another IAEA CRP. It can be 
seen that the individual species concentrations are always less than the total m easured 
m ass concentration.

2.4. Data processing procedures

‘Perform ance A ssurance and D ata Integrity Practices’, published by the 
US Departm ent o f Com m erce [3], lists 67 procedures in  use for detecting and, when 
possible, correcting errors as they occur in com puter systems. Com m ercially avail
able codes generally have used these principles to determ ine that their program s are 
functioning correctly. However, if  a specific code is written for a particular sampling 
and analysis program , then the program s need to checked to be certain that they are 
num erically accurate.

3. TESTS FOR INTERNAL CONSISTENCY OF THE DATA

These tests check values in a data set that appear atypical when com pared with 
the entire data set. Com m on anom alies o f this type include unusually high or low 
values, or large differences in adjacent values. These tests will not detect errors that 
alter all values o f the data by either an additive or multiplicative factor. The follow 
ing tests for internal consistency are listed in order o f increasing statistical sophisti
cation.

(1) D ata plots,
(2) Dixon ratio test,
(3) Grubbs test,
(4) Gap test,
(5) ‘Johnson’ p test,
(6 ) M ultivariate test.

3.1. Data plots

D ata plotting is one of the m ost effective means o f identifying possible 
anom alies. Figure 1 provided a good exam ple o f being able to identify an unusual 
event in the data. Figure 4 also dem onstrates an anom alous data point. There is the 
sample that shows over 100 (ig-m-3  o f total fine particle mass. However, the corre
sponding S value is ~2 (ig-m-3, while the corresponding black carbon concentration 
is -4 .8  |ig - irr3. Even if all o f the S is present as (NH4 )2S 0 4, there is still a large frac
tion o f the fine particle m ass when one examines all o f the m easured elemental
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species. Thus, this value appears to be anom alous and requires additional exam ina
tion to be certain that the m ass concentration values have been correctly reported.

Software is available that permits rapid and easy plotting o f large quantities of 
data, thereby m aking this approach to data screening sim ple to perform. It is recom 
m ended that one make both a set o f time series plots (value against day during which 
the sample was taken) and bivariate plots (one elem ent versus another) for each pos
sible pair o f elements. In some statistical packages, such as STATGRAPHICS, this 
series o f bivariate plots is called a draftsm an’s plot and can be constructed quite 
easily.

3.2. D ixon ra tio  test

The D ixon ratio test is the simplest o f the statistical tests recom m ended for 
evaluating the internal consistency o f data. The test for the largest value requires only 
the identification o f the lowest (jcj) and the two highest values (xn_x and xn) in the data 
set. The ratio

is calculated and then com pared w ith tabulated values in  the appropriate table [1 ]. 
Consistency is indicated by a ratio near zero; a possible data anom aly is indicated by 
a ratio near unity. The critical values of the ratio are derived on the assum ption o f  a 
normal distribution and, thus, a logarithmic transform ation is usually needed for most 
environm ental data. Exam ining the loge of the airborne fine m ass and fine S concen
trations plotted above yields values of the D ixon test o f 0.05 and 0.01, respectively. 
The value corresponding to the num ber of samples in the data set is obtained from 
tables available in  Barnett and Lewis [1] and elsewhere. The calculated values are 
com pared w ith this tabulated value and in this case are not anomalous.

3.3. G ru b b s  test

This test, like the D ixon ratio, assumes norm ally distributed values. However, 
it only requires com putation of the mean, x, and the standard deviation (s) o f the data. 
The test statistic is

where xn is the largest value in  the data set. The calculated T is com pared with a 
tabulated value at an appropriate level o f risk. Again for these data sets, the results 
suggest that they are not anomalous.
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3.4. Gap test

This test identifies possible data anom alies by examining the length of the gap 
or distance between the two largest values (xn and xn_j), the second and third largest 
values (jc j and xn_2), and sim ilarly for other gaps. The two param eter exponential 
distribution is fitted to the upper tail o f the distribution o f the sample data and the 
probabilities o f the observed gap sizes determined. If  the probability is very small, the 
larger value is considered to be a possible data anomaly.

3.5. ‘Johnson’ p test

This test, developed at the US Environm ental Protection Agency [4], fits a dis
tribution function (e.g. lognormal or W eibull distributions) to the upper tail o f the 
sample data distribution, and then com pares the consistency o f the largest value with 
that predicted by the fitted distribution.

3.6. Multivariate test procedures

The procedures given above can be used for testing data sets w ith m ore than one 
variable by applying them independently to each variable. However, this approach 
may be inefficient, particularly when the variables are statistically correlated. In some 
cases, a m ultivariate test w ill show that a value of one variable that appears to be an 
outlier using a single variable test is consistent w ith the data set when one or more 
other variables are considered.

Conversely, there m ay be a value o f a variable which is consistent with the other 
data in the set when considering only one variable, but which is definitely a possible 
outlier when considering two or m ore variables. Principal com ponent analysis can 
often be helpful in identifying these kinds o f problem s [5].

4. TESTS FOR CONSISTENCY W ITH PREVIOUS DATA (HISTORICAL 
OR TEM PORAL CONSISTENCY)

These tests check the consistency o f the data set with respect to sim ilar data 
recorded in  the past. In particular, these procedures will detect changes where each 
item is increased (decreased) by a constant or by a multiplicative factor. The tests for 
historical consistency include:

(1) Gross lim it checks,
(2) Pattern and successive difference tests,
(3) Param eter relationship tests,
(4) Shewart control chart.
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4.1. Gross limit checks

Gross lim it checks are useful in detecting data values that are either highly 
unlikely or generally considered impossible. Upper and lower lim its are developed by 
exam ining historical data for a site or for other sites in the area. W henever possible, 
the lim its should be specific for each m onitoring site and should consider both the 
variable and the characteristics o f the instrument/m ethod.

4.2. Pattern tests

These tests check the data for pollutant behaviour which has never or very 
rarely occurred in the past. Like gross lim it checks, they require that a set o f lim its be 
determ ined em pirically from prescreened historical data. Values that lie outside of 
these predeterm ined lim its are flagged for further investigation. It is recom m ended 
that the following patterns be examined:

—  The individual concentration values,
—  The difference in adjacent concentration values,
—  The difference or percentage difference between a value and both o f its adja

cent values (spike test),
—  The average o f four or m ore consecutive values.
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FIG. 5. The concentration ofBr versus Pb for fine particles in a city where leaded gasoline is 
used in cars. The error bars are the one standard deviation estimates and the line is the 
unweighted linear regression ofBr against Pb.
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4.3. Parameter relationship tests

Param eter relationship tests can be divided into a  determ inistic test involving 
theoretical relationships between variables (e.g. fine S and fine particle mass) or 
em pirical tests that determ ine whether or not a variable is behaving norm ally in rela
tionship to the observed behaviour o f one or more other variable. For example, coarse 
crustal elements including Al, Si, Ti, and Fe should norm ally covary. Figure 5 shows 
the relationship between Pb and Br in areas where leaded gasoline is still used in 
m otor vehicles, as seen in one o f the CRP cities.

4.4. Shewart control chart

This is the same type o f control chart that is norm ally being used as part o f the 
standard approach to QA/QC in analytical methods. For example, the weighing o f a 
standard w eight at the start o f each day when unexposed or exposed filters are being 
weighed. A  sim ilar set o f control charts can be developed for concentration data, 
recognizing that there is likely to be a  m uch w ider range o f values that will be defined 
by the historical database. There will also be problem s when there has been a con
certed effort to reduce pollutant concentrations through the im position o f air quality 
m anagem ent practices that then make the existing historical database unrepresenta
tive o f the current situation.

5. TESTS FOR CONSISTENCY W ITH  OTHER DATA SETS
COLLECTED AT TH E SAM E TIM E OR U NDER SIM ILAR
CONDITIONS (CONSISTENCY OF PARALLEL DATA SETS)

The tests for internal consistency implicitly assume that m ost o f the values in 
the data set are correct. Consequently, if  all o f the values in a data set incorporate a 
small positive bias, tests such as the D ixon ratio test would not indicate that the data 
set was inconsistent. A m ethod o f identifying systematic bias is to com pare the data 
set with other sets that presum ably have been sampled from  the same population (i.e. 
the same air m ass at the same time) and to check for differences in the average value 
or overall distribution o f values. For example, Fig. 6  shows a plot o f a com parison of 
values for fine particle mass between the Gent sam pler and a cyclone im pactor used 
in the A SP program m e in New South Wales, Australia [6 , 7].

In these cases, m easurem ents at nearby sites in  an air monitoring network or 
side by side intercom parisons in conjunction with other independent investigators can 
be used to look for system atic differences. In Fig. 6  we show the com parison between 
the values of fine particulate matter m ass as m easured by the IAEA/Gent stacked fil
ter unit (SFU) and the A ustralian 2.5 |im  cyclone sam pler (ASP sampler). It cannot
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FIG. 6. PM2.5 as measured with the ASP/IMPROVE cyclone and the IAEA/GENT sampler. 
The solid line is the 1:1 correspondence. The dashed line is the regression line and the 
dashed-dotted-dashed line represents the 95% confidence interval.

be determ ined a priori whose values are correct, but if differences exist it does indi
cate that careful checks of everyone’s procedures are needed. In this case, the ASP 
sam pler should collect m ore m ass because the size cutpoint is higher than that in  the 
SFU.

6 . SUM M ARY

It is possible to learn a considerable am ount about the quality o f a data set 
by examining the data. D ata validation m ethods can be used to identify potential 
problem  points that require further examination. These points can arise because of 
unusual events that produce very high or very low values. It m ay be that these sam 
ples should be excluded from  further analysis because they do not represent the nor
mally observed situation. They may also be present because o f errors in the sampling 
and analysis process and examination may perm it identification o f problems. If the
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data permit, new values can be calculated after the process has been fixed. 
Alternatively, it may only be possible to ensure that future data do not include such 
errors. The key point is that the data should be exam ined for their quality before start
ing to use them for other purposes such as receptor modelling, so that tim e is not 
spent in  analysing problem atic data.
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CHEMICAL CHARACTERIZATION AND SOURCE IDENTIFICATION OF AIRBORNE 
PARTICULATE MATTER IN SANTIAGO, CHILE.

A long term study on the behaviour and chemical characterization of airborne parti
culate matter (АРМ) in Santiago, Chile, has been undertaken within the framework of a Co
ordinated Research Programme (CRP) supported by the IAEA. Sampling of АРМ at two 
urban residential stations in Santiago was performed daily and twice a week at a rural site. 
Sampling was carried out using PM 10 Gent type sample collectors provided by the IAEA. 
Neutron activation analysis (NAA), X ray fluorescence (XRF), proton induced X ray emission 
(PIXE), atomic absorption spectrometry (AAS) and ion chromatography (IC) were used for 
the chemical characterization of the АРМ. Black carbon was measured using a smoke stain 
reflectometer. Analytical quality assessment for NAA, XRF, PIXE, IC and AAS was based 
mainly on the exchange of samples among these laboratories. In addition, a set of special 
samples was collected simultaneously, at one of the collection stations, with identical PM10 
samplers over a five day period and analysed by the different analytical techniques. Several 
significant correlations were found between a number of elements and also between the fine 
fraction mass and black carbon. The elements As, Cu and S also correlate well, which could 
indicate a possible contribution of copper smelters to the АРМ of the city. Factor and cluster 
analyses were performed with the data to determine possible sources of the elements 
measured in the study.
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1. INTRODUCTION

The release to the atm osphere of pollutants in high concentrations, such as in 
Santiago, Chile [1, 2], can have adverse health effects on the general public, particu
larly in urban areas. To develop strategies to m anage the air quality, it is necessary to 
understand the flow of m aterials through the system, the sources and sinks, transfor
m ation and transport pathways o f the species o f interest. An approach that is exten
sively being used by many laboratories is the exam ination o f data based on the 
chem ical characterization o f airborne particulate m atter (АРМ ), provided by a variety 
of analytical techniques using statistical analysis and receptor modelling. The 
elem ental characterization of АРМ  in Santiago City using reliable multi-elemental 
analytical techniques is a good approach towards a better understanding o f the large 
and acute air pollution problem  o f the city.

The objectives o f the project comprised: (a) the siting of three collection 
stations o f А РМ  to evaluate rural and urban-residential surroundings in the Santiago 
area; (b) sample collection campaigns to study the seasonal behaviour o f А РМ  in the 
city; (c) the use o f as many analytical techniques as possible, including proton 
induced X  ray em ission (PIXE), instrum ental neutron activation analysis (INAA), 
atomic absorption spectrom etry (AAS), ion chrom atography (IC) and isotope dilution 
(ID); and (d) the assurance o f the quality of the data through extensive intercomparison 
exercises [3].

2. EXPERIM ENTAL

2.1. S iting  an d  sam pling

Three collection stations were set up: station A, located at a rural site 30 km 
south o f Santiago; station B, an urban site downtown in the city, located on the campus 
o f the Faculty of Physical and M athem atical Sciences of the University o f Chile; and 
station C, situated in  an urban residential site on the east side o f the city [4].

The collection o f А РМ  was m ade using stacked filter unit (SFU) PM 10 Gent 
type sample collectors [5] provided with an SFU for two Nuclepore membranes: one 
an A piezon coated coarse pore size (8.0 jam) and a second one a fine pore size 
(0.4 pm). These samplers were supplied by the IAEA for the participating institutes 
in the CRP m entioned above.

Samples were collected tw ice a week at station A  (rural site) for a 24 h period 
and daily at stations В and С (downtown and urban residential sites) for a 12 h period 
(10:00-22:00 hours). The results presented in this paper correspond to a sampling 
cam paign carried out during the 1993 w inter (A ugust-Septem ber) and 1994 summ er 
(January) seasons.
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The m em branes were weighed before and after the collection o f the АРМ , 
under controlled conditions o f hum idity and temperature, w ith a Sartorious m icro
balance. The installation of the polycarbonate m em branes onto the SFU was carried 
out in  the laboratory.

2.2. Analysis

The samples were analysed by different techniques and methods. First, a gravi
m etric analysis was perform ed to determ ine the am ount o f m aterial collected on both 
fractions. The sam ples w ere then subm itted for analysis by non-destructive 
techniques: reflectóm e try, PIXE, X  ray fluorescence (XRF) and neutron activation 
analysis (NAA). Afterwards, the samples were chem ically processed and analysed by 
AAS, IC and ID. The reflectom etric analysis, for the determ ination of black carbon 
(soot), was perform ed at the Faculty of Physical and M athem atical Sciences at the 
University o f Chile, PIXE was carried out at the Institute o f Physics, University of 
Sâo Paulo, Brazil, and NAA, XRF, AAS, IC and ID were done at the laboratories of 
the Chilean N uclear Energy Commission. In addition, the Physics Laboratory at the 
Faculty o f Sciences o f the University o f Chile joined the project with its PIXE 
facilities (PIXE2) to assess the actual capabilities o f their technique for these kinds of 
samples.

The original proposed scheme o f analysis aim ed at the determ ination o f the 
following analytes by the indicated techniques:

INAA: A l-A s -B r-C d -C o -C u -F e -H g -N a -N i-S b -S c -V -Z n
PIXE(2): A l-C a -C l-C r-C u -F e -K -M n -S i-S -T i-Z n
AAS: C a -C d -C u -F e -K -M g -N a -N i-P b -M n -Z n
XRF: A s-C r-C u -F e -H g -P b -Z n
IC: Sulphate (SO¿_)-N itrate (NOô)-Chloride (C r)-A m m onium

(NH+)
ID: Sulphate (SO 2-)
Reflectóm e try: Soot or black carbon

2.3. Analytical quality control

The availability of a num ber o f analytical techniques at the participating insti
tutes provided a good opportunity to attem pt a com prehensive chem ical characteriza
tion o f the АРМ . However, it was necessary to em phasize analytical quality control 
procedures to harm onize all the chem ical m easurem ents. For this purpose, external 
analytical quality control exercises (AQCEs) were carried out involving all the ana
lytical techniques available at the participating institutes. Such exercises consisted in 
the analyses o f samples collected sim ultaneously with three PM  10 collectors at the
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same sampling station (station C). The first three samples were analysed by NAA to 
detect any differences in the operating conditions o f  the PM  10 samplers or in the 
m anipulation o f the samples. INAA was selected because o f the large num ber of 
elem ents that it can determ ine and its non-destructive capabilities. O ther samples 
collected w ithin these quality control exercises were analysed by the other techniques 
with the procedures used routinely for this type o f  material.

3. RESULTS AND DISCUSSION

3.1. A naly tica l q u a lity  con tro l

The results o f the determ ination of the elements o f interest in three samples by 
INAA to check the reproducibility o f the sampling procedure are shown in Table I. 
These results showed that the samplers w ere working in a com parable way with 
respect to the m ass collected and the volume sampled. It should be m entioned that the 
actual concentration of the elements in the samples was not known and thus the 
following interpretation is based on a relative assessment.

Table П indicates the results o f the analysis o f other samples collected within 
this first AQCE by all techniques. It can be seen that there are significant differences 
between some techniques for a given element. In the case o f Al, PIXE2 always gives 
low er values as com pared with NAA, while XRF always gives higher concentrations 
for Ca in the fine fraction, but sim ilar results for the coarse fraction when com pared 
with AAS and NAA. Ion chrom atography in all samples gave m uch higher

TABLE I. DETERM INATION BY  NAA OF TH E ELEM ENTAL COM POSITION 
OF THREE SAM PLES OF А РМ  COLLECTED SIMULTANEOUSLY 
(VALUES IN  ng/m 3)

Seta Technique Al As Br Ca Cl Cu Fe Na V Zn

A l-F NAA 0.41 0.13 0.064 0 .2 1 0.075 0.034 0.39 0.34 0.006 0 .1 0

A2-F NAA 0.34 0.15 0.064 0.23 0.069 0.039 0.44 0.34 0.005 0.13

A3-F NAA 0.42 0.15 0.071 0.31 0.094 0.038 0.44 0.36 0.006 0.14

Al-C NAA 2.58 0.04 0.097 1.41 0.144 0.041 2.19 0.76 0.006 0.07

A2-C NAA 2.30 0.04 0 .1 1 0 1.05 0.136 0.060 2 .1 2 0.77 0.005 0.06

A3-C NAA 2 .6 6 0.04 0 .1 1 1 1.48 0.131 0.051 2.79 0.85 0.006 0.08

a F: fine fraction; C: coarse fraction.
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TABLE II. DETERM INATION BY D IFFERENT TECHNIQUES OF THE 
ELEM ENTAL COM POSITION OF FIV E SETS O F SAM PLES 
OF А РМ  COLLECTED SIMULTANEOUSLY (VALUES IN  ng/m 3)

Seta Technique Al As Br Ca Cl Cu Fe Na Pb S V Zn

Al-F NAA 0.41 0.13 0.064 0.21 0.075 0.034 0.39 0.34 0.006 0.10
A2-F NAA 0.34 0.15 0.064 0.23 0.069 0.039 0.44 0.34 0.005 0.13
A3-F NAA 0.42 0.15 0.071 0.31 0.094 0.038 0.44 0.36 0.006 0.14

Bl-F PIXE 0.23 0.16 0.25 4.57 0.07
B2-F NAA 0.37 0.03 0.085 0.24 0.056 0.042 0.61 0.50 0.011 0.18
B3-F IC 1.432 4.97

Cl-F NAA 0.41 0.03 0.058 0.25 0.055 0.045 0.53 0.34 0.010 0.15
C2-F XRF 0.66 0.008 0.52 0.266 0.03
C3-F AAS 0.18 0.28 0.368 0.11

Dl-F NAA 0.34 0.05 0.054 0.22 0.056 0.022 0.45 0.25 0.006 0.11
D2-F PIXE 0.26 0.18 0.26 0.005 4.43 0.05
D3-F IC 0.710 3.40

El-F AAS 0.19 0.13 0.297 0.04
E2-F XRF 0.67 0.017 0.52 0.219 0.01
E3-F PIXE 0.34 0.21 0.27 0.002 1.64 0.03

Al-C NAA 2.58 0.04 0.097 1.41 0.144 0.041 2.19 0.76 0.006 0.07
A2-C NAA 2.30 0.04 0.110 1.05 0.136 0.060 2.12 0.77 0.005 0.06
A3-C NAA 2.66 0.04 0.111 1.48 0.131 0.051 2.79 0.85 0.006 0.08

Bl-C PIXE 3.20 2.08 1.92 1.90 0.05
B2-C NAA 4.16 0.01 0.101 2.68 0.154 0.054 4.51 1.72 0.012 0.14
B3-C IC 0.638 2.09

Cl-C NAA 3.42 0.01 0.073 2.15 0.142 0.072 4.73 1.20 0.010 0.10
C2-C XRF 1.93 0.010 2.67 0.105 0.04
C3-C AAS 1.89 0.58 0.103 0.07

Dl-C NAA 2.79 0.01 0.069 1.79 0.140 0.044 2.98 0.85 0.007 0.08
D2-C PIXE 1.09 1.05 0.032 1.15 0.44
D3-C IC 0.463 0.90

El-C AAS 2.94 0.55 0.310 0.13
E2-C XRF 2.61 0.014 3.11 0.192 0.02
E3-C PIXE 1.34 1.75 1.88 0.002 0.80 0.07

a F: fine fraction; C: coarse fraction.
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concentration values for Cl when com pared with NAA, but sim ilar results to PIXE2 
for the elem ent S. Good agreem ent was found between AAS and XRF for Pb, while 
all the results for this elem ent reported by PIXE2 were m uch lower. Several elements 
o f interest were determ ined by one technique only, giving no possibility to assess the 
quality o f the data against other local laboratories. In this case, the results were 
com pared w ith those reported by PIXE from  the Institute o f Physics, University o f 
Sâo Paulo, Brazil.

The results o f the first AQCE allowed the laboratories to detect problem s in 
their procedures and improve them  to obtain results com parable with other tech
niques. A  second AQCE was carried out after the laboratories corrected the analytical 
methods, w ith better results. In this second AQCE, the laboratories were prom pt in 
reporting, in addition to the concentration values, their actual lim its o f detection and 
quantitation, uncertainty, reproducibility and repeatability where applicable. A  selec
tion o f appropriate analytical techniques for each analyte was considered after evalu
ating the following aspects:

(1) The detection lim it o f the technique; which should be at least three times lower
than the sm allest am ounts o f analyte m easured in actual samples;

(2) The technique should be able to m easure the analyte in  a large num ber of
samples;

(3) The m easured analyte should be characteristic o f an em ission source;
(4) The analytical technique has proven to be reliable based on the AQCEs.

On the basis o f these requirem ents, the following techniques were considered 
acceptable for m easuring the analytes of interest for the characterization of samples 
obtained during the developm ent o f  the project:

INAA: A l-A s -B r-C u -N a -S b -S c -Z n -V
AAS: C d -K -M g -P b
PIXE2: C a -F e -S -S i-T i
IC: C l--N H ;-N O j

The analysis o f  PIX E carried out at the Institute o f Physics, University o f Sâo Paulo, 
perm itted the determ ination o f  the following elements: Al, As, Br, Ca, Cl, Cr, Cu, Fe, 
K, Mn, Ni, Pb, S, Si, Sc, Ti, V and Zn.

3.2. D a ta  in te rp re ta tio n

Various statistical tests, such as correlation coefficients, factor analysis and 
cluster analysis, were used for the interpretation of the analytical data [6 , 7].
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In general, the behaviour of the analytes and the mass concentrations in the 
АРМ of Santiago collected during August-September 1993 (winter season) and 
January 1994 (summer season), show the characteristic seasonal variation of the 
aerosols in the city. The results showed higher values for analytes and mass concen
trations in the АРМ collected in 1993 than in 1994. The values for winter 1993 correlate 
well with reports that describe a highly polluted city during the winter season.

There is a significant difference in the mass concentration between the rural and 
the urban residential sampling sites (Fig. 1). In the winter time the fine mass concen
tration can reach values above 1 0 0  0 0 0  ng/m3, while in summer it shows an average 
of 30 000 ng/m3. The influence of anthropogenic activities on the atmosphere of the 
city is exemplified by the difference in the concentrations of both Br and Pb when 
comparing rural and urban sites (20 fold), i.e. station A with stations В or С (Fig. 2). 
The levels of Br and Pb in the city are rather high, with a maximum of 100 and 
300 ng/m3, respectively. In the rural site, the more relevant contribution to the АРМ 
comes from natural origins, such as soil, although element characteristics from 
biomass burning (Cl, K, Zn, V) were also detected.

In an attempt to determine the sources of the main constituents of the АРМ in 
the city, coefficient correlations were calculated for the analytes. Correlations 
between elements Pb, Br and black carbon show the influence of internal combustion 
engines running on leaded gasoline, Ti, Fe, Ca and Si indicates their origin in the soil 
dust (Fig. 3). Incinerators and biomass burning show their presence with a high 
correlation between Zn, Ni, Mn and V. A correlation found for the elements As, Cu 
and S might indicate that copper smelters, situated about 100 km from the city, are 
contributing to the АРМ (Fig. 4). The large concentration of S as measured by PIXE 
and SO|_ as measured by ion chromatography in the aerosols, in some cases reaching 
values higher than 10 000 ng/m3, indicate a large source for this element [8 , 9].

The concentration of АРМ in the city in summer time decreases sharply with 
the disappearance of the permanent inversion layer that remains over the city during 
the winter months. The relative increase of the concentration of elements such as Ca, 
Fe and Si compared with elements of anthropogenic origin (Pb, Br, К and Mn) during 
the summer season indicates a larger contribution from natural sources to the АРМ of 
the city. In addition, particulate mass analysis confirms a greater concentration of 
coarse than fine particulates in the summer season, which indicates a natural source 
for the aerosols in the atmosphere of the city.

A factor and cluster analysis was carried out to determine elements with similar 
or related behaviour in the АРМ and to detect common sources. The factor analysis 
showed four factors, as indicated in Table III. The first factor, composed of Br, black 
carbon, Pb and V, has its origin in cars and buses running with leaded gasoline. Factor 
two groups the elements Ti, Si, Ca and Fe, all from natural origins, specifically from 
soil. The third factor, including the elements Cl, K, Ni, Zn and V, may have its origin 
in biomass burning. The fourth factor consists of the elements As, Cu and S (or SO|“)
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Sampling stations 

I -о- Summer -«- Winter |

FIG. 1. Comparison of АРМ concentrations at a rural site (A) with two urban residential 
areas (В, C) in Santiago in the winter season.

Sampling stations 
I - a -  P b  -<>- Brj

FIG. 2. Correlation between Pb and. Br concentrations at a rural site (A) with two urban 
residential areas (В, C) in Santiago in the winter season.
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Sampling stations 
I —o— Si -e-Ca -*-Fe|

FIG. 3. Correlation between Ca, Fe and Si at a rural site (A) with two urban residential areas 
(В, C) in Santiago in the winter season.

A----------------------►  В---------------------------------- ► С ------------------------------►
Sampling stations 

l-» -S  - b-C u -*-As|

FIG. 4. Correlation between As, Cu and S at a rural site (A) with two urban residential areas 
(В, С) in Santiago in the winter season.
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TABLE III. RESULTS OF THE FACTOR ANALYSIS PERFORMED FOR 
ANALYTICAL DATA FOR THE WINTER SEASON

Variable Factor 1 Factor 2 Factor 3 Factor 4

FPMa <0.500 <0.500 <0.500 0.537
Black carbon 0.749 <0.500 <0.500 <0.500
Si <0.500 0.805 <0.500 <0.500
S <0.500 <0.500 <0.500 0.843
Cl <0.500 <0.500 0.775 <0.500
К <0.500 <0.500 0.733 <0.500
Ca <0.500 0.795 <0.500 <0.500
Ti <0.500 0.807 <0.500 <0.500
V 0.604 <0.500 0.523 <0.500
Mn <0.500 <0.500 <0.500 <0.500
Fe <0.500 0.71 <0.500 <0.500
Ni <0.500 <0.500 0.738 <0.500
Cu <0.500 <0.500 <0.500 0.787
Zn <0.500 <0.500 0.607 <0.500
As <0.500 <0.500 <0.500 0.900
Br 0.899 <0.500 <0.500 <0.500
Pb 0.928 <0.500 <0.500 <0.500

Possible Cars, buses Soil Biomass Copper
sources (leaded gasoline) burning smelters

a FPM: fine particle matter.

whose source is postulated as the copper smelters near Santiago. Cluster analysis 
confirmed the factor distribution and included Mn in the third factor as a contribution 
to the group of elements originating from biomass burning.

4. CONCLUSIONS

The chemical characterization of the АРМ in Santiago, Chile, was carried out 
using a number of nuclear and non-nuclear analytical techniques. To obtain reliable, 
reproducible and harmonized data from different analytical techniques it was neces
sary to establish appropriate analytical quality control procedures in the form of 
external AQCEs. Nuclear based analytical techniques were able to determine most of 
the analytes of interest with good accuracy and precision.
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There is a significantly higher concentration of particulate matter in the atmo
sphere of urban residential areas in Santiago as compared with rural sites. The con
centration of some elements of anthropogenic origin is important and could represent 
a risk to the health of the population. The principal sources of the elements found in 
the aerosols are cars and public transport, biomass burning and, possibly, copper 
smelters. The winter season presents the highest concentration of АРМ owing to 
adverse climatic conditions, while summer is the season with the lowest fine fraction 
concentration levels.
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Abstract

COMPOSITION AND DISTRIBUTION OF FINE PARTICULATE AEROSOLS IN THE 
MUMBAI CITY AREA.

The concentrations of 19 elements, namely As, Br, Ca, Cl, Co, Cr, Fe, Hg, K, La, Na, 
Pb, S, Sb, Sc, Si, Sm, Ti and Zn, were determined in fine (<2 (J.m) and coarse (2-10 pm) 
fractions of aerosols collected at two locations, Chembur and Borivli in Mumbai, using energy 
dispersive X ray fluorescence and instrumental neutron activation analysis. Their distributions 
are discussed in relation to source terms. The errors in measurement of most of the elements 
were about ±15%, except Al and Si for which the error was ±25%. In an interlaboratory inter- 
comparison run for the estimation of elemental concentrations on filter dust, results were found 
to be within 2o of the mean derived from the values of all the laboratories except for Sc, Pb 
and La. The cumulative frequency distribution of aerosol loads collected at both sites is 
indicative of a lognormal distribution in both the size fractions, suggesting the existence of 
more than one source. The geometric mean values of dust loads for fine and coarse fractions 
were computed from the best fit line and they are 75 (ig/m3 and 146 (ig/m3, respectively, for 
Chembur and 22 |ig/m3 and 44 |i.g/m3, respectively, for Borivli samples. Aerosol loads at 
Chembur showed about three times higher mass than that of Borivli. Enrichment factors (EFs) 
for different anthropogenic elements, calculated with respect to Si in standard crustal rock were 
of the same order for coarse fractions collected at both the sites except for Sb and Zn. The EF 
values for Sb and Zn in coarse fractions were higher by a factor of 1.5 and 3.5, respectively, for 
Chembur. On the other hand, EF values for As, Cr, Hg and S in fine fractions were found to be 
lower at Chembur compared with Borivli and Sb and Zn exhibited higher EF values than that 
for the coarse fraction. The correlation coefficients and factor analysis in both size fractions at 
these locations suggest four sources of pollutants, namely wind driven soil dust, sea salt, refuse 
and wood/coal burning. At Chembur, contributions from the wear and tear of vehicle tires (Cr 
and Zn), though less prominent, were also observed.

* Formerly Bombay.

499



500 NEGI et al.

1. INTRODUCTION

The study of atmospheric aerosols, especially the distribution and elemental 
composition of fine particle size aerosols, is gaining importance because of their 
association with respiratory and cardiovascular diseases [1]. The anthropogenic 
sources for the generation of aerosol loads are motor vehicles, power generation 
through coal combustion and other industrial processes. These fine size particles have 
a very long lifetime and are easily transported over long distances. This paper 
presents aerosol loads and their chemical composition in two size fractions ( < 2  |im 
and 2-10 p.m) from samples collected between 1993 and 1996 at two sites in Mumbai 
(formerly Bombay). Site 1 is Chembur, a suburban residential area close to a highway 
and surrounded by various industrial units. Site 2 is Borivli, a green suburb of the city 
near to the sea shore. The elemental distribution in the aerosol mass is discussed in 
relation to source terms using enrichment factors (EFs), correlation coefficients and 
factor analysis.

2. MATERIALS AND METHOD

The Gent stacked filter unit1 used for aerosol sample collection consisted of a 
Perspex filter holder to contain two Nuclepore filters having 0.4 |j,m and 8.0 |a,m size 
pores for collecting fine (<2 |j,m) and coarse (2-10 (J.m) particles. The filter holder is 
connected to a suction pump with a flow rate of 17 L/min. The unit has in-built 
facilities for adjusting the time of sample collection, the indication of total volume of 
air collected and the flow rate. Each sample was collected for 10-12 h per day (24 h). 
The sampler was adjusted in such a way that sampling was on for 20 min and off for 
the next 20 min. A total of 73 samples were collected and analysed at Chembur and 
20 samples at Borivli during the study period.

The mass of the aerosol collected in both the size fractions was measured 
independently by a gravimetric method using a digital balance with a weighing 
sensitivity of 10 (Xg. The concentrations of 19 elements, namely As, Br, Ca, Cl, Co, 
Cr, Fe, Hg, K, La, Na, Pb, S, Sb, Sc, Si, Sm, Ti and Zn, in both the size fractions of 
aerosol mass were determined using energy dispersive X ray fluorescence (EDXRF) 
and instrumental neutron activation analysis (INAA). For EDXRF analysis, an X ray 
spectrometer with a Si(Li) detector was used. The spectra were acquired and analysed 
using PC based multichannel analysers (MCAs) with such software as PCA and 
PCA95. The samples were mounted on plastic film holders and exposed to 55Fe 
X rays to determine the concentrations of Si, S, Cl, K, Ca and Ti. An X ray tube with

1 Built by W. Maenhaut of the University of Gent, B-9000 Gent, Belgium.
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Mo foil as the secondary target in a three axis geometry was used for determining the 
concentration of Pb. The quantification was carried out using thin film standards of 
Ca and Pb.

For INAA measurements, the samples were packed in polythene envelopes and 
irradiated in a neutron beam (ф = 1 0 13 n-cm_2 -s_1) of a swimming pool type reactor. 
The irradiated samples were counted in a gamma ray spectrometer with an HPGe 
detector coupled to a PC based MCA. The quantification was carried out by 
irradiating the reference standards of coal and fly ash along with the samples.

3. QUALITY ASSURANCE OF THE ANALYSIS

The accuracy of measurements for some of the elements on the filter dust was 
determined using different techniques like EDXRF and ENAA. Table I gives the 
values for a few elements analysed by EDXRF and INAA techniques. Silicon was 
analysed by the wet chemical method and compared with EDXRF results. The overall 
errors, including sampling and analysis, were estimated to be about ±15% for most of 
the elements, except for Al and Si for which the error was ±25% [2]. Our laboratory 
participated in the interlaboratory comparison exercise initiated by the IAEA for air 
particulate samples collected on Whatman 541 and Teflon filters as a part of an 
IAEA/Bhabha Atomic Research Centre (BARC) Co-ordinated Research Programme 
(CRP) on the use of nuclear and nuclear related techniques in the study of

TABLE I. ELEMENTAL CONCENTRATIONS (|J.g/m3)
IN AIR PARTICULATE SAMPLES ON WHATMAN-541
FILTERS OBTAINED USING TWO DIFFERENT
TECHNIQUES

Sample Element EDXRF INAA

1 Fe 9.8 10.9
Zn 0.14 0.16

2 Br 0.014 0.014
3 Zn 0.82 0.93
4 Fe 8.37 8.47

Br 0.013 0.013
5 Fe 4.34 5.29

Zn 0.27 0.27
Br 0.03 0.033

6 Fe 3.97 3.76
Zn 0.13 0.11
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TABLE II. INTERLABORATORY COMPARISONS OF 
ELEMENTAL CONCENTRATIONS (ng/m3) IN AIR 
PARTICULATES ON WHATMAN-541 FILTERS2

Element Filter 1 Filter 2

Ce 3.54 (4.13 ±0.52) 7.86 (8.66 ± 2.98)
Co 5.63 (4.66 ± 1.74) 11.74 (10.33 ±2.31)
Cr 164 (152 ± 15) 441 (503 ± 103)
Eu 0.13 (0.115 ±0.02) 0.27 (0.235 ± 0.05)
Fe 5190 (5245 ± 850) 8650 (10391 ± 1828)
Hf 0.34 (0.30 ± 0.05) 1.17 (0.95 ±0.31)
La 1.80 (1.94 ±0.42) 6.46 (4.65 ± 0.92)
Na 2140 (1640 ± 472) 5320 (4963 ± 541)
Pbb 227 (172-185) 170 (176-202)
Sc 0.74 (1.16 ±0.25) 3.05 (2.84 ± 0.29)
Sm 0.24 (0.33 ± 0.07) 1.17 (0.96 ±0.18)
Th 0.40 (0.46 ± 0.07) 1.05 (1.16 ±0.16)
Zn 1700 (1645 ± 404) 2800 (3589 ± 922)

a Numbers in parentheses are mean values derived from the results all 
laboratories.

b Pb values from vehicle exhaust samples on a Teflon filter.

environmental pollution associated with solid wastes. Nine laboratories took part in 
this intercomparison exercise and 30 elements were determined using different 
techniques like EDXRF, particle induced X ray emission (PIXE), INAA and atomic 
absorption spectrometry (AAS). The results for 14 elements which were determined 
by our laboratory are summarized in Table II. The results from our laboratory for 
most of the elements were within 2 a of the mean derived from the values of all the 
laboratories, except for Sc and Pb in filter 1, and La and Pb in filter 2 [3].

4. RESULTS AND DISCUSSION

Table III gives the elemental concentrations and aerosol loads at both the sites 
for the two size fractions. Aerosol loads at the Borivli site were about three times 
lower as compared with the Chembur site. The dust loads in the coarse fraction at 
Chembur exceed the Central Pollution Control Board’s recommended annual average 
value of 60 |ig/m3 for PM10 aerosols in residential areas.

The concentrations of the crustal elements, namely Ca, Fe, K, Na, Sc, Si and Ti 
at Chembur in the coarse fraction are two to three times higher as compared with
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TABLE III. MEAN CONCENTRATIONS (ng/m3) OF ELEMENTS IN AEROSOLS

Chembur (80 samples) Borivli (20 samples)

2.0-10 ц т  < 2.0 ц т  2.0-10 ц т  < 2.0 |im

PMa 157.0 ±74.0 85.0 ± 54.0 54.80 ±34.11 28.06 ± 17.27
(146.9) ± (1.63) (75.0) ± (1.98) (44.69) ± (1.98) (23.35) ±(1.86)

As (IN) 13.89 ±58.18 3.86 ± 7.41 10.5 ± 0.30 5.07 ± 7.80
Br (IN) 22.48 ±31.6 18.3 ± 12.2 21.98 ±7.78 0.98 ± 0.55
Caa (ED) 5.56 ±3.06 0.53 ± 0.93 2.48 ± 2.44 0.34 ± 0.23
Cla (ED) 1.70 ± 1.64 0.32 ± 0.28 1.98 ± 2.27 0.10 ±0.25
Co (IN) 4.04 ±2.58 0.96 ± 0.72 1.76 ± 1.68 0.96 ± 1.21
Cr (IN) 70.58 ±81.66 36.4 ± 39.3 35.0 ± 19.0 52.6 ± 30.2
Fea (IN) 6.07 ±3.57 0.78 ± 0.45 2.41 ± 1.36 0.74 ± 0.40
Hg (IN) 4.70 ±4.60 3.94 ±3.16 2.18 ± 1.52 2.10 ± 1.87
Ka (ED) 0.48 ±0.40 0.22 ±0.14 0.24 ± 0.20 0.44 ± 0.44
La (IN) 2.29 ± 1.82 0.53 ± 0.38 0.12 ±0.06 0.05 ± 0.03
Naa (IN) 2.28 ± 1.41 0.61 ± 0.31 0.73 ± 0.83 0.34 ± 0.28
Pba (ED) 0.34 ±0.38 0.17 ±0.17 0.17 ±0.05 0.17 ±0.06
Sa (ED) 0.95 ±0.50 0.94 ± 0.69 0.24 ± 0.37 0.81 ±0.69
Sb (IN) 6.51 ±7.91 3.06 ± 3.28 4.13 ±7.08 2.20 ± 2.64
Sc (IN) 1.51 ±0.96 0.18 ±0.17 0.54 ± 0.32 0.13 ±0.06
Sia (ED) 8.77 ±4.93 2.00 ± 1.56 3.91 ± 2.65 0.93 ± 1.13
Sm (IN) 1.21 ±2.41 0.14 ±0.17 0.11 ±0.14 0.03 ± 0.03
Tia (ED) 0.57 ±0.33 0.10 ± 0.12 0.20 ± 0.09 0.14 ±0.17
Zna (IN) 0.72 ±0.42 0.18 ±0.18 0.07 ± 0.04 0.09 ± 0.08

a Concentrations in (Xg/m3. The geometric mean of dust loads is in parentheses.

Borivli, as seen in Table II. In the fine fraction, the concentration levels of Fe, Sc and 
Ti are smaller at both the sites. While the concentrations of Si, Na and Ca are lower 
by a factor of 2 at Borivli, К shows an increase by a factor of 2. Concentrations of 
anthropogenic elements are similar at both the sites in fine aerosol fractions, whereas 
the same is not observed for coarse fractions. The concentration of elements like As, 
Cr, Sb, Hg and Pb in coarse fractions are about two times higher at the Chembur site 
as compared with the Borivli site. However, Zn and S concentrations are about ten 
and four times higher, respectively, at the Chembur site. The trend is the same in the 
fine fraction except for that of the Cr concentration which is marginally higher at the 
Borivli site. Concentrations of anthropogenic elements like As, Cr, Pb and Zn in 
coarse fractions at the Chembur site are not significantly different than the earlier 
reported values of these elements in total suspended particulate matter (TSPM) at the 
Trombay site [2].
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(a)
99.99 99.9 99 98 95 90 80 70 60504030  20 10 5 2 0 0.1 0.01

Cumulative percentage probability

FIG. 1. (a) Cumulative percentage probability plot for dust load at Chembur (Д : size 
2.0-10 /лт; О: size <2.0 ¡лт).

The cumulative frequency distribution of aerosol loads in both the size fractions 
collected from Chembur and Borivli is indicative of a lognormal distribution, 
suggesting the existence of more than one source (Figs 1(a) and 1(b)). The geometric 
mean concentrations computed from best fit lines for fine and coarse fractions at the 
Chembur site were 75 (J.g/m3  and 147 |J.g/m3, respectively, with a standard geometric 
deviation of 1.98 and 1.63, respectively. The same values for the Borivli site for fine 
and coarse fractions were 22 p.g/m3 and 44 |ig/m3 with a standard geometric deviation 
of 1.92 and 1.98, respectively.

Enrichment factors (EFs) for various anthropogenic elements, calculated with 
respect to Si in standard crustal rock, are presented in Fig. 2. The EFs for all the
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(b)

FIG. 1. (b) Cumulative percentage probability plot for dust load at Borivli (A: size 
2.0-10 fim; O: size <2.0 jlm).

elements except Sb and Zn are of the same order for coarse aerosol fractions collected 
at both sites. The EF values for Sb and Zn in the coarse fraction are higher by a factor 
of 1.5 and 3.5, respectively, for the Chembur site. The EF values for the fine fraction 
are lower for As, Cr, Hg and S and are higher for Sb and Zn at the Chembur site as 
compared with the Borivli site.

The pollution sources at Chembur and Borivli were identified by varimax 
rotated factor loadings of elemental concentrations [4]. These are summarized in 
Tables IV and V, respectively. Factor loadings less than 0.50 have been omitted in 
these tables. At Chembur, the coarse fraction of aerosol is mainly due to resuspended 
soil from the ground (high factor loadings for Ca, Се, Co, Fe, La, Sc, Si and Ti) with
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Element
Coarse fraction Fine fraction

1 2 3 4 1 2 3

As 0.81
Br -0.90 0.67
Ca 0.80 0.96
Ce 0.56
Cl 0.72
Co 0.66 0.58 • 0.59
Cr 0.72 0.86

Fe 0.66 0.77
К 0.61
La 0.51 0.52 0.62
Na 0.85
Pb -0.65 0.69
S 0.54 0.50
Sb -0.69 0.85
Sc 0.74 0.52
Si 0.86 0.83
Sm -0.89
Ti 0.76 0.96
Zn 0.69 0.76

% Variance 59.2 10.9 7.2 4.90 36.6 19.3 16.2
Resus Refuse Sea salt Tires Refuse Resus Wood
pended pended

soil soil

a variance of 59.2% . The second largest source is refuse incineration (Br, Pb, Sb and 
Sm) with a variance of 10.9%. The third source is sea salt (Na and Cl). The fourth is 
a weak source arising from the wear and tear of vehicle tires (Cr and Zn), along with 
soil dust components of K, Sc, Co and La.

The main source in the fine fraction at Chembur is the result of refuse burning 
(Fe, Br, S, Sb, Pb and Zn) with a variance of 36.6%. The other two minor sources are 
resuspended soil (Ca, Si and Ti) and wood burning (As, Cr and La). The number of 
samples analysed for the Borivli site is less at the present stage and hence some 
crustal elements such as Ca, Ce, La, Si, Sm and Ti have been removed for factor 
analysis. The indicators for soil source for this study are Fe, К and Sc. The concen
tration of Pb could not be measured in all the samples and therefore it was not 
included in factor analysis. The coarse fraction at the Borivli site consists of four
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TABLE V. FACTOR LOADINGS FOR ELEMENTS AT BORIVLI

Coarse fraction Fine fraction
Element

1 2 3 4 1 2 3 4

Br -0.53 -0.56 -0.83
Cl 0.92
Co -0.79 0.50
Cr 0.88 -0.76
Fe -0.79 0.53 0.68

Hg -0.58 0.62
К -0.75
Na 0.75 0.60 0.90
S 0.63
Sb -0.59 0.50 -0.72
Sc - 0.86 0.64 -0.54
Zn 0.89 0.69

% variance 43.5 18.9 14.1 8.8 42.6 19.8 13.1 9.3
Resus- Refuse Sea Uniden Resus Refuse Uniden Uniden
pended salt tified pended tified tified

soil soil
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FIG. 2. Enrichment factors with respect to Si in crustal rock.
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sources, namely soil, refuse burning, sea salt and unidentified unique sources for Br, 
Hg, Na and Sb. The indicators of refuse burning, namely Cr, Fe and Zn, showed good 
correlation with concentrations of Co and Sb, though the factor loadings did not 
indicate high values. Among the four factors for fine aerosol, factor 1 and factor 2 
were identified with soil dust (Fe, Sc, Zn and S) and refuse burning (Br, Cr and Sb), 
respectively. Factor 3 (Na and Co) could not be assigned any source term. Even 
though the factor loading for Hg is 0.62 in the fourth factor, it does not show strong 
association with any other element, indicating an unidentified source.
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Abstract

VALIDATION AND INTERPRETATION OF AIR PARTICULATE DATA USING A 
COMBINATION OF ELEMENT AND RADIONUCLIDE MEASUREMENTS.

The concentrations of chemical elements and radionuclides in the ambient air of Ho Chi 
Minh City were measured every month from 1993 to 1995 in a co-ordinated air pollution 
monitoring programme using low background gamma spectrometry, instrumental neutron 
activation analysis and polarography methods. The pooling of radionuclide and elemental 
concentration values yielded synergy in the validation of analytical data and identification of 
air particulate sources modelled by multivariate factor analysis. Varimax rotation factor 
analysis based on the monthly variations of elemental concentrations revealed five air 
particulate sources, i.e. resuspended soil dust, firecracker and biomass burning, residual oil 
combustion, traffic and construction activities. As should be expected, 7Be was not found to be 
associated with any of these air particulate sources. It was shown by correlation analysis that 
137Cs air particles are derived mainly from local secondary sources rather than being supplied 
from the stratosphere along with 7Be.

1. INTRODUCTION

Routine measurements of airborne radioactivity using the low background 
gamma (LBG) spectrometry method are being conducted worldwide for monitoring 
radioactive fallout that may be associated with nuclear explosions or abnormal 
releases of radionuclides into the atmosphere from nuclear power facilities. Although 
being concerned with artificial radionuclides, such as 1 3 1 I, 137Cs and other fission 
products, the measurements also yield activity concentrations of naturally occurring 
isotopes, e.g. 7 Be, 4 0 K, 2 2 6 Ra, 228Ra and 2 1 0 Pb, Similarly to chemical element species, 
radionuclide species carry information on the various properties and sources of air 
particulate matter (АРМ) that makes airborne radioactivity monitoring more valuable 
when it is combined with an air pollution monitoring programme in which the APM’s
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elemental compositions are measured and air pollution sources are to be identified. 
The advantage of such a combined monitoring programme is apparent, particularly in 
the identification of air particulate sources using multivariate statistical analysis in 
which 7 Be, as well as 1 3 7 Cs, are included in the data set along with elemental species. 
7Be air particles are transported from the stratosphere and upper troposphere by 
atmospheric vertical exchange processes [1 ] and have a short residence time in the 
ground air due to radioactive decay (T, /2 = 53 d) and wet deposition. Their concen
tration in air exhibits weak spatial variability across the urban area. Owing to these 
properties, 7Be is unique among air particulate species and it cannot be associated 
with any industrial or anthropogenic sources. Nuclear-test-derived 137Cs is also 
transported from the stratosphere and may be associated with resuspended soil dust 
and biomass burning ash as secondary sources. Our previous work showed evidence 
of airborne 137Cs transported from temperate latitudes to the equatorial zone (of 
South East Asia) during winter monsoon conditions associated with Siberian 
anticyclones [2]. Thus, l37Cs data may also provide useful information on the sources 
of АРМ.

2. SAMPLING AND ANALYSIS

The monitoring of airborne radionuclides and elemental compositions of АРМ 
has been conducted in Ho Chi Minh City since 1993 in the framework of a co
ordinated air pollution monitoring programme sponsored by the city committee for 
science, technology and the environment. Lead and total suspended particulate (TSP) 
matter (or PM 10 since 1996) were measured weekly, while the concentrations of 
elements and radionuclides were determined every month.

The sampling site is located atop an eight storey building in a residential area 
north of downtown Ho Chi Minh City. Sampling was done during working hours on 
week days. A high volume air sampler with a flow rate of -700 m3/h was used for 
collecting TSP on chlorinated vinyl polychloride Petrianow filters, FPP-15. About 
1 0 0  0 0 0  m3  of air were collected every month.

Dust loaded filters were cut into several sections for elemental and radio
nuclide analyses. The elemental compositions of TSP were determined by INAA 
at the 500 kW Dalat Nuclear Research Institute reactor and by the polarography 
method (for lead) using an Omega Metrohm 647 polarograph [3]. For instrumen
tal neutron activation analysis (INAA), sample irradiations were carried out 
separately for short (5 min), medium (20 min) and long (10 h) lived nuclides. The 
INAA method provides concentration data for about 35 elements in TSP; out of 
these, 18 elements including Al, As, Br, Ca, Ce, Cr, Fe, K, La, Na, Sb, V, Zn, etc., 
can be determined with accuracies of around 5%. The accuracy for lead was also 
about 5%.
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Airborne radionuclides were measured by low background gamma (LBG) 
spectrometry using a shielded 70 cm3  HPGe (high purity germanium) detector [4]. 
The integral background for the energy range from 100 keV to 2 MeV is 1.7 counts/s. 
The dust loaded air filters were sealed in gas-tight boxes and stored for two to three 
weeks to allow radioactive equilibrium to be achieved in the 226Ra decay series so that 
226Ra can be determined through gamma rays of its daughter products, e.g. 214Bi 
(609.3 keV). 228Ra was determined via the gamma lines of its daughter product 2 0 8 T1 
(583.1 keV). Each sample was measured for 24 h. The uncertainties of the activity 
concentrations of radium isotopes and 40K were about 15-20%, associated in part 
with the deduction by the backgrounds from the lead shielding and laboratory 
construction materials. The uncertainties of the 7Be concentration values were about 
5%. Concerning 1 3 7 Cs, the lower detection limit was 0.04 |J.Bq/m3.

3. EXPERIMENTAL RESULTS

Figure 1 shows the monthly variations of the concentrations of Fe, Ti, V, Sb, Br 
and 7 Be. As will be seen later, these species are characteristic of air particulate major 
sources identified by Varimax rotation factor analysis. Most of the elemental species 
have a common seasonal variability trend, i.e. higher concentrations in dry 
(December-May) than in rainy (June-November) seasons. Moreover, each species 
has its own temporal variations induced by both atmospheric processes and changes 
in its source strength, making possible the resolution of АРМ sources by using factor 
analysis.

40K (uBq/m3)

FIG. 1. Regression of potassium upon 40 К data.
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The mean (±standard deviation) of 137Cs and 7Be activity concentrations for 
the two years 1993-1994 are 0.092 (±0.073) pBq/m3  and 0.82 (±0.52) mBq/m3, 
respectively. Data from the Southeast Asia region are not available for comparison. 
There are only data from Japan, where 137Cs in airborne dust has been systemati
cally measured by a monitoring network all over the country [5]. Most of the data 
published in the last few years are at the level of detection limits, about
0.3 pBq/m3. Concerning 7 Be, activity concentrations measured in this work are 
lower than the average value obtained from monitoring stations in the lattitude 
band 0-20°N [6 ].

4. COMPARISON OF CONCENTRATION VALUES OF ELEMENT 
AND RADIONUCLIDE SPECIES

The regression of potassium upon 40K values yielded a satisfactory consistency 
of the two analytical methods with <r> = 0.87 (Fig. 1). The regression line

К (ng/m3) = a + b [40K (pBq/m3)]

was obtained, with

a = (34 ± 104) ng/m3

and

b = (30 ± 3) ng/pBq

while the values calculated from nuclear data are a = 0 and b = 32.3 ng/pBq, indicat
ing that at least no systematic differences exist between data obtained by the two 
different measurement techniques using, in particular, different calibration methods.

The regression of thorium and uranium data upon activity concentration values 
of 228Ra and 226Ra showed that in АРМ radium isotopes are in radioactive decay 
equilibrium with their parents, 232Th and 2 3 8 U. The activity ratios.2 2 6 Ra/238U and 
2 2 8 Ra/232Th deduced from the regression analysis are 0.95 ± 0.15 (<r> = 0.78) and
0.90 ± 0.12 (<r> = 0.81), respectively.

137Cs has no direct association with caesium. In fact, there is only a very weak 
correlation (<r> = 0 .1 ) between the concentration values of these two species.
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Varimax rotation factor analysis was applied to 31 monthly samples measured 
from December 1992 to June 1995. Along with 16 elements, TSP mass and 7Be 
activity concentrations were included in the data set (Table I [7]). The inclusion of 
TSP mass allowed us to determine the elemental profile as well as the contribution 
of each source component following the procedure proposed by Keiding et al. [8 ] 
(the results of such calculations will be discussed in another publication). For com
parison, Table I shows the results of factor analysis for two versions, i.e. without 
and with 7Be in the data set.

In the first version, the common variance of 17 variables (16 elements plus 
TSP) is 14.3. Among elements having low communalities are Zn, As, Ca and Pb. Five 
factors explaining 93% of the common variance were retained. The fingerprints of 
residual oil combustion (V) and traffic (Br, Zn) are found in factors 3 and 4,

TABLE I. VARIMAX ROTATED FACTOR LOADINGS, COMMUNALITIES (h2) 
AND STANDARD DEVIATION (SD) OF LOADINGS [7] FOR 31 TSP SAMPLES 
COLLECTED FROM DECEMBER 1992 TO JUNE 1995

5. IDENTIFICATION OF АРМ SOURCES

Fl F2 F3 F4 F5 F6 h2 SD

Na 0.67 0.68 0.62 0.56 0.18 0.21 0.27 0.88 0.91 0.08
Al 0.5 0.53 0.4 0.39 0.66 0.64 0.25 0.2 0.9 0.9 0.09
К 0.47 0.5 0.61 0.58 0.24 0.28 0.43 0.38 0.86 0.87 0.1
Ca 0.57 0.59 0.55 0.54 0.74 0.76 0.14
Fe 0.93 0.93 0.28 0.22 0.13 0.95 0.95 0.06
Sb 0.83 0.81 0.31 0.37 0.84 0.85 0.11
Zn 0.78 0.76 0.65 0.66 0.17
Pb 0.74 0.75 0.36 0.37 0.77 0.76 0.14
Cr 0.82 0.87 0.21 0.17 0.29 0.16 - 0.2 0.83 0.9 0.09
V 0.4 0.42 0.27 0.27 0.76 0.72 0.23 0.26 0.86 0.86 0.11
Br 0.9 0.9 0.84 0.85 0.11
As 0.33 0.33 0.73 0.74 0.72 0.76 0.14
Ce 0.92 0.93 0.17 0.17 0.2 0.17 0.15 0.12 0.96 0.96 0.06
La 0.68 0.7 0.38 0.37 0.41 0.39 0.82 0.83 0.12
Ba 0.78 0.78 0.32 0.33 0.83 0.84 0.12
Ti 0.39 0.43 0.5 0.53 0.31 0.3 0.56 0.51 0.87 0.77 0.14
TSP 0.91 0.92 0.17 0.17 0.27 0.22 0.21 0.22 0.1 0.99 0.99 0.04
7Be 0.82 0.87 0.11
Note: Only factor loadings numerically higher than two times their SDs aregiven. Numbers, in italics 
correspond to the version with 7Be included in the data set.
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TABLE II. CORRELATION 
OF 137Cs WITH OTHER SPECIES
(significance levels are given in brackets)

137Cs

137Cs 1
7Be 0.003 (0.99)
Br -0.1 (0.6)
Ca 0.08 (0.7)
Ce 0.25 (0.26)
Fe 0.21 (0.35)
К 0.39 (0.06)
Sb 0.57 (0.005)
V 0.12 (0.6)
Zn -0.02 (0.9)

respectively. Some crustal elements (Al, Ti) are also associated with V, suggesting 
that factor 3 may represent resuspended road dust contaminated with particles from 
oil combustion emissions. However, most crustal elements have high loadings in the 
first factor, which can be attributed to resuspended soil dust.

Sb, Pb, As and К have high loadings in factor 2. The discharge of firecrackers 
is identified as being among the source components associated with this factor. This 
practice was widespread before 1994 until it was banned by the Government in 
January 1995 [2]. The discharge of firecrackers was extremely extensive during the 
lunar New Year festival, which fell in January 1993 and February 1994, as shown in 
the monthly variation pattern of Sb in Fig. 2. New Year festival maxima were also 
observed with concentrations of Pb, As and K. However, the discharge of firecrack
ers is not a unique source component of the second factor. Open burning of household 
and municipal garbage and biomass burning (including forest fires in the dry season) 
may also be important sources contributing to this factor. This was confirmed by 
studying the correlation of 137Cs with elemental species, as discussed later (Table II).

Ca and Ti have the highest loadings in factor 5 which may be attributed to a 
nearby construction site. Hotel construction was going on within about 150 m of the 
monitoring site.

The above factor loading pattern remains generally unchanged if 7Be is 
included as a variable in the data set, but in this case six factors were retained, and 
7Be fell in the sixth factor in which other elemental species were almost absent. The 
differences in the factor loadings of factors 1 through 5 in the two versions are
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F IG . 2. Monthly variations ofFe, Ti, V, Br, Sb and 7Be.

negligible, generally much less than one standard deviation. On the other hand, within 
two standard deviations (0.2), 7Be is not found to be correlated with factors 1 through 
5 (only a weak loading, 0.19, is found with factor 1 — resuspended soil dust). This 
finding, plus the absence of elemental species in factor 6 , provided proof of the
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quality of the data set used in multivariate factor analysis as well as the above 
interpretation of the source pattern.

137Cs could not be included in the data set due to the poor accuracy of the 
experimental data. Ten concentration values recorded mostly in rainy months are 
around the detection limit. However, correlation analysis was done to investigate the 
relationship of 137Cs with the above six factors. In this analysis, concentration values 
with poor accuracy were excluded from the data set. The results are shown in Table
II. No association was found with 7 Be, indicating that the replenishment of primary 
137Cs particles from the stratosphere is insignificant. It is also reasonable that 137Cs 
was not correlated with Br and Zn (traffic), V (residual oil burning) and Ca and Ti 
(construction activities). 137Cs was found correlated (at the 0.05 significance level) 
with Sb and K, indicating that the contribution of biomass burning may be important 
in factor 2. To some extent, 137Cs is also associated with resuspended soil dust. Thus, 
airborne 137Cs in Ho Chi Minh City is mainly derived from local secondary sources 
rather than being supplied from the stratosphere. The correlation analysis could not 
give any information concerning the long range transport of 137Cs from temperate 
latitudes found previously in Ref. [2].

6 . CONCLUSIONS

The pooling of concentration data obtained from combined measurements of 
radionuclides and elemental compositions of АРМ yielded synergy for the validation 
of analytical data and the interpretation of АРМ sources identified by multivariate 
factor analysis. Data on 4 0 K, 226Ra and 228Ra were used to check concentration val
ues of potassium, uranium and thorium obtained by the INAA method. Five air par
ticulate sources (resuspended soil dust, firecracker plus biomass burning, residual oil 
combustion, traffic and nearby construction works) were identified by Varimax rota
tion factor analysis based on the variations of АРМ elemental compositions. As 
expected, 7Be was not found to be associated with any of these sources. 137Cs was not 
found to be correlated with 7 Be, but was significantly correlated with the elements 
that are characteristic of the second factor (Sb, K). This indicates that 137Cs is derived 
mainly from local secondary sources rather than transported from the stratosphere 
along with 7 Be.
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Abstract

VAPOUR PHASE MERCURY IN THE ATMOSPHERE: METHODOLOGY FOR INSTRU
MENTAL NEUTRON ACTIVATION ANALYSIS.

Atmospheric gas phase mercury was collected on commercial activated charcoal by a 
mercury collection apparatus in Antalya, on the Mediterranean coast of Turkey. Because of the 
high collection efficiency due to its high surface area and low blank concentration for mercury 
and other metals, activated coconut charcoal was used as a sorbent material. Ozone was also 
monitored automatically during the collection period. Instrumental neutron activation analysis 
was used as the analytical technique. The collected charcoal samples were irradiated with 
neutrons at the CNAEM reactor with a flux of 1.1013 n-cm-2-s-1. The 77 keV gamma ray energy 
of 197Hg (T1/2 = 2.672 d) and 279 keV gamma ray energy of 203Hg (Tl/2 = 46.61 d) isotopes 
were analysed separately. The 75Se correction for 203Hg was made because of interfering 
gamma ray energy. The average concentration of gas phase mercury was found to be 
3.7 ±1.5 ng-mr3. The correlation with other gas phase pollutants was also investigated.

1. INTRODUCTION

Mercury is an element of significant toxicological importance which may cause 
well characterized health problems in humans. Since the late 1960s and early 1970s, 
growing recognition of the widespread occurrence of mercury has generated an 
interest in determining this trace contaminant in a diverse array of environmental 
matrices. Mercury additions to the environment are a continuing concern for the 
world community because of the toxic nature of certain mercury compounds, e.g. 
alkylated mercurials and the potential for the mercury species to be transformed into 
chemically and biologically more toxic forms [1]. The modem realization of mercury

519



520 ARAS et al.

as a public health hazard came about because of the Minamata disaster in Japan 
during 1953-1956. After that, methyl mercury contamination was observed in 
Iraq [2].

Mercury and its compounds are released into the atmosphere from natural and 
anthropogenic sources. There are only three representative chemical forms associated 
with the geochemical cycling of mercury between oceans and the atmosphere. These 
would be elemental (Hg°), divalent (Hg2+) and methylated (CH3 Hg+) mercury. 
Elemental mercury vapour is generally assumed to be the dominant (95-98%) form 
of mercury in the atmosphere. Particulate phase mercury is generally only a few per 
cent of total airborne mercury [3, 4].

Mercury emissions from anthropogenic sources have become a major environ
mental issue. Because of its high vapour pressure, mercury is emitted to the atmos
phere primarily as a vapour, as opposed to the aerosol form, and it persists in this 
physical state. Therefore, it is important to develop techniques for both collection and 
determination of vapour phase mercury in the environment

In the past a large number of analytical techniques such as ultraviolet (UV) 
absorption spectrophotometry, atomic absorption spectrometry (AAS), thin gold film 
surface resistance, instrumental or radiochemical neutron activation analysis (INAA, 
RNAA) and X ray fluorescence (XRF) have been applied. In general, many of these 
methods depend upon preconcentrations of the mercury in some medium. Each of 
these methods has various advantages and disadvantages.

2. ASSESSMENT OF THE DETERMINATION OF MERCURY BY INAA

The determination of mercury in environmental samples by INAA is 
accomplished by irradiating the sample with neutrons, followed by a radiochemical 
separation of mercury and subsequent detection of the radiation, e.g. the 279.2 keV 
gamma ray from 2 0 3 Hg. As seen in Table I, two naturally occurring mercury isotopes 
are suitable for total mercury determinations, 196Hg and 2 0 2 Hg. Although 196Hg has a 
lower abundance as compared with 2 0 2 Hg, it is much more sensitive for total mercury 
determinations due to its higher cross-section and shorter half-life product. Under 
identical irradiation conditions (e.g. 12 h), 197Hg production is 50 times larger than 
for 2 0 3 Hg. Additionally, the 77.4 keV gamma line of 197Hg is free from interference 
from other radiation, while the 279.2 keV gamma line from 203Hg is not. Therefore, 
the isotope 197Hg is better suited for INAA based on its decay properties and the 
absence of any required chemical separations.

If the 203Hg isotope is used for determinations in unknown matrices which may 
contain both Ta and Se, the situation is more complex. The 279.2 keV line in 203Hg 
cannot be separated from the 279.5 keV line of 7 5 Se. In order to know how much of 
the radiation measured at ‘279.2 keV’ is from the 279.2 keV line of 203Hg alone, we
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Nuclear
reactions

Abundance of 
stable isotopes

Cross-section
(b)

Tl/2
(d)

E^ of product 
nuclei 

keV (abundance)

196Hg(n, y),97Hg 0.15 3100 2.672 77.4 (18.2)
202Hg(и, y)203Hg 29.8 41.9 46.61 279.2 (77.3)
74Se(«, y)75Se 0.9 52 119.8 279.5 (24.7)

264.6 (58.6)
ш Та(л, Y)182Ta 99.99 20.5 114.5 264.1 (3.6) 

1189.0(16.3) 
1221.4(27.1)

must subtract from the measured intensity the contribution from the 279.5 keV line 
of 7 5 Se. This can be corrected by measuring the 264.6 keV line of 7 5 Se. By knowing 
the branching ratios in the decay of 75Se and the detection efficiency, one can
determine the amount of 279.5 keV radiation and the needed correction by measuring
the 264.6 keV line of 7 5 Se. Yet this line is also not ‘unique’ as it has interference from 
the 264.1 keV gamma line of 1 8 2 Ta. However, the contribution of this Ta radiation can 
be corrected for by measurement of the 1189.0 or 1221.0 keV lines of 182Ta which 
are not interfered with by any other radiation. If we measure the total areas under the 
279, 264 and 1221 keV gamma ray peaks determined with a high purity germanium 
(HPGe) detector, the above correction can be made by using the following equation:

279(Hg) = 279(total) -  0.42 [264(total) -  0.57 x 1221(Ta)]

where 279(Hg) and 1221(Ta) are the areas under the peak as at 279 keV and 
1221 keV, corresponding to 203Hg and 1 8 2 Ta, respectively. The 279(total) and 
264(total) are the total areas under the gamma ray peaks at 279 and 264 keV. The 
coefficients are calculated taking into account the gamma ray intensities given in 
Table I and the relative detector efficiencies of the gamma rays involved. For this 
calculation, the ratios of efficiency are taken as

ЕЩ279) Eff(264)
---------  = 1 and -----------  s  4.3
ЕЩ264) ЕЩ1221)

This three stage correction introduces errors due to the simple subtraction and 
uncertainties in branching ratios and detector efficiencies. Depending upon the
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75 keV 
Pb X ray

Energy (keV)

FIG. 1. Lead X  ray attenuation by low Z  shielding liners

relative concentrations of Hg, Se and Ta in the sample, it may not be possible 
occasionally to determine mercury and/or Se with an acceptable level of accuracy.

Although it is necessary to make a correction in the determination of the 
279.2 keV gamma ray of ?0 3 Hg, there is no need to make any correction for the 
77 keV gamma rays of 1 9 7Hg. But 77 keV also has some disadvantages. There is very 
high background under the 197Hg peak at 75 keV due to the Compton scattering of 
high energy gamma rays. These gamma rays also produce X rays at 75 keV origi
nating from lead shielding which can overshadow the mercury peak. Since many 
nuclides emit X rays which are characteristic of their decay product it is important to 
also examine the low energy regions of the spectrum. To solve these types of 
problems the sample has to be cooled enough to reduce the intensity of the high 
energy gamma rays from short lived isotopes (e.g. 15 h 2 4 Na), or smaller volume 
detectors can be employed which are not sensitive to high energy gamma rays, or the 
inside of the detector can be covered with copper or aluminium liners as shown in 
Fig. 1. We can still use 203Hg for internal quality assurance whenever needed.

3. EXPERIMENTAL

Gas phase mercury was collected at a station on the Mediterranean coast of 
Turkey approximately 20 km west of the town of Antalya. The station is not under the
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FIG. 2. The vapour phase mercury collection assembly.

direct influence of the local point sources and consists of two components, a platform 
and a field laboratory. The platform is approximately 20 m above sea level, including 
such equipment as wet and dry deposition and high volume samplers. A field 
laboratory made up of a caravan which is 30 m from the sea includes a gas phase 
mercury collection system and an automated ozone analyser.

The gas phase mercury collection system in the field laboratory contains a gas 
flow meter, pump, power supply, flow controller, high density polyethylene tubes 
and, finally, a sampler. Gas phase mercury and particulate phase mercury were 
collected by a mercury collection apparatus, shown in Fig. 2. The mercury collection 
apparatus can be split into two parts, particulate and gas phase mercury collection. 
The particulate phase was collected on 3 mm pore size Teflon filters. Gas phase 
mercury was collected on activated charcoal. Activated charcoal is a good adsorbent 
material because of its high collection efficiency and large surface area. In this study, 
a commercial carbon type PCB activated carbon was used for gas phase mercury 
collection. It is made from selected grades of coconut shell to impart the superior 
hardness that is necessary for long term applications. The efficiency of charcoal was 
checked by using a high specific activity vapour phase elemental mercury tracer; it 
was found that the efficiency is more than 98% [5].

The efficiency of charcoal was also tested by two stage collection and similar 
results were obtained. Sampling was started in December 1994 and ended in January

TABLE II. SUMMARY STATISTICS OF THE MEASURED SPECIES (ng-nr3)

Elements N Arithmetic mean Geometric mean Median Range

Hg 41 3.7 ± 1.5 3.4 3.6 1.1-7.0
Br 21 38 ±25 32 32 9-109
As 16 4.9 ± 4.8 3.2 3.0 0.8-15
o 3 41 60 ± 19 57 64 25-101

Quick
connect

fitting
with

automatic
shut-off

6 mm Teflon 
tube with 100 mg 
charcoal sorbent

2 |im Millipore
Teflo™ 25 mm

particulate filter 
filter holder
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TABLE III. COMPARISON OF GAS PHASE MERCURY WITH LITERATURE 
VALUES.

Sampling site
Average (ng-m~3) 

(Concentration ± SD)
References

Coastal
Long Island, USA 2.9 ± 0.5 [6 ]
Mediterranean, Sicily 2.6 ± 1.3 [6 ]
Southern bight of the North Sea 4.0 ± 0.3 [6 ]
Swedish west coast 2.7-2.Ó [7]
Broward County, Florida 3.3-2.8 [8 ]
Southwestern Sweden 3.7-2.8 [9]
Continental 4-10 [10 ]
Northern Wisconsin 1 .6 8  ±0.26 [11]
France 3.2 [12 ]
Tennessee 2.4 ± 0.5 [13]
Scandinavia 2-4 [14]
Swedish coast 2.7 ± 1.0 [7]
Antalya 3.7 ±1.5 This work

Open ocean
Northern Atlantic 1.5 ±0.2 [15]
Equatorial Pacific Ocean 1 .0  ± 0.1 [15]
South Atlantic Ocean 1.1 ± 0 .2 [16]
Southern Atlantic 1 .2  ± 0 .2 [17]
Northern Atlantic 1.5 ±0.2 [1]
South Pacific Ocean 1.1 ± 0 .1 [18]

Point sources
Mount Etna volcanic area 8.9 ±3.7 [18]
Cinnabar mining area [19]

0.05 m 58.1
12.3 2 .8

Coal fired power station [10 ]
0.25 km 1700
7 km 1 0 0 0

2 2  km 2 0 0

Background near a chlor-alkali 12

complex, Livamo, Italy 3-5 [2 0 ]

SD: standard deviation.
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1995. In this period, 14 air samples were collected in one day intervals. Sampling was 
started again on 15 May 1995 and ended on 5 July 1995. During this period an 
additional 27 air samples were collected. The samples were encapsulated in quartz 
tubes for irradiation. Irradiation was carried out at the ÇNAEM research reactor in 
Istanbul for 4 h, with blanks and standards under a thermal neutron flux of 
1 x 101 3 n-cm_2 -s_1. The long and short half-life radioisotopes of mercury were 
counted separately. After two-three days of cooling, the gamma ray emission from 
the samples was measured with an HPGe detector with a full width at half-maximum 
of about 1.95 keV for the 1332 keV line of 6 0 Co. The gamma ray spectrum was 
analysed by a MicroSAMPO program and all the necessary corrections explained 
above were applied. We also measured gas phase Br and As and ozone concentrations 
in the atmosphere and discussed their relationships.

In INAA, the quality of the generated data is checked by using standard 
reference materials (SRMs). In this study, US National Institute of Standards and 
Technology SRM-2704 Buffalo River Sediment and SRM-8408 Tennessee River 
Sediment were used.

4. RESULTS AND DISCUSSIONS

The statistical summary for the measured species is given in Table II. According 
to this table, gas phase mercury and 0 3  showed normal distribution. Gas phase Br and 
As showed lognormal distribution.

The observed gas phase Br concentration may be due to the evaporation of 
organic Br from the sea. The observed concentration of As is most probably due to 
coal burning from picnic areas and long range transport. The detected 0 3  concentra
tion could be due to secondary 0 3  produced photochemically from precursor gases 
like NO, N02  and hydrocarbons, and represents general regional background.

In atmospheric studies, comparison of atmospheric data with the literature is 
quite important. In order to know the extent of pollution, comparison of the observed 
concentration of mercury with literature values is given in Table III [6-20]. According 
to this table, our mercury concentration was found to be similar to coastal sampling 
sites. However, there are still differences in mercury concentrations because of 
differences in the emission rates of mercury in different point sources, the season in 
which air samples were collected, the long range transport of mercury and meteo
rological parameters like the frequency of rainy days, mixing height, temperature and 
humidity.

Multiple linear correlations of gas phase Hg, As, 0 3  and Br were computed in 
order to observe the interspecies relations between them. Computed correlation 
coefficients for Hg, As, Br and 0 3  are given in Table IV. According to this table, it 
was found that pollutants are not strongly correlated with each other. Mercury showed
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TABLE IV. BINARY CORRELATION COEFFICIENTS

Elements Hg Br As o3

Hg 1.00
Br 0.44 1.00
As 0.07 0.33 1.00
o3 -0.026 0.34 0.65 1.00

negative correlation with 0 3  which may be the result of oxidation of elemental 
mercury to divalent form which is more soluble in water.
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Abstract

SOME ASPECTS OF SAMPLING OF ATMOSPHERIC TRACE ELEMENTS.
Trace elements are known to exist in atmospheric air in a large variety of phases which 

are in dynamic equilibrium. Sampling procedures can disturb this equilibrium and this may 
lead to a discrepancy between the elemental composition of air samples and the actual trace 
elemental composition of air. The influence of the duration of sampling procedures on the 
elemental composition of particulate matter collected was studied. Instrumental neutron 
activation analysis was used for determination of the trace elemental composition of the 
samples of atmospheric pollutants collected using fibre filters, as well as for the elemental 
composition of samples of rain water which is also an indirect assessment of the trace 
elemental composition of air. The elemental compositions of the atmospheric contaminants and 
of rain water samples were found to be highly variable, depending on the conditions of 
sampling. It was shown that different elements have different patterns of dependencies on 
sampling conditions. This helps to assess the trace element phase distribution in the air, and 
some conclusions on this in the data obtained were made. On the other hand, this variability 
demonstrates the necessity of taking into consideration temporal and other conditions and of 
standardization of sampling procedures to obtain comparable results in different laboratories 
and locations.

1. INTRODUCTION

The trace elemental composition of ambient air is a subject of considerable 
importance in the environmental sciences and numerous studies have been carried out 
in this field. It is known that trace elements exist in the atmosphere in the dynamic 
equilibrium of a large variety of phases, including particulate matter of different sizes 
both solid and liquid, and in the vapour-gas phase. Disturbance of this equilibrium, 
for instance in the course of a sampling procedure, can lead to a discrepancy between 
the elemental composition of the samples collected and the actual elemental compo
sition of air.

The collection of atmospheric trace elements on fibre filters by pumping air is 
the most widely used sampling procedure. During its use the equilibrium mentioned

529



530 KIST

above can be disturbed due to such processes as evaporation and/or desorption of 
volatile phases sorbed or condensed on solid particles (e.g. organic compounds [1 ]).

Along with direct means, indirect techniques such as the analysis of rain or 
snow water are rather common for the assessment of air contamination [2,3]. During 
precipitation the trace element content of the air can change as contaminants are 
washed out. For different phases the dynamics of this washing out, and consequently 
the dynamics of changes of the composition of water, can be different.

We tried to estimate the significance of the possible changes in the elemental 
composition of matter to be collected during a sampling procedure. To this end we 
studied the influence of sampling duration (and the volume of air passed), as well as 
the dependence of the elemental composition of rain water samples on sampling dura
tion (i.e. the duration of rain).

2. EXPERIMENTAL

Samples of airborne particulate matter were collected by pumping air through 
fibre filters AFA-HA (Russian Federation) with an air flow rate of 0.12 m3/min and 
the filter holder located 5 m above ground surface. Sampling was performed in a res
idential area of Tashkent city. A series of six samples was collected with sampling 
duration varying from 10 to 60 min (10, 16, 20, 25, 30 and 60 min) in a random 
sequence.

Samples of rain water were collected in a suburb area of Tashkent city in glass 
flasks. Five samples were collected consecutively one after the other during a single 
rain shower. Sample volumes were 250, 400, 200, 250, and 200 mL. The rain water 
samples were filtered through 2.3 (xm membrane filters (‘Synpor’, Czech Republic). 
The filtrates were dried under ‘soft conditions’ (80°C) in polyethylene cuvettes.

Instrumental neutron activation analysis (INAA) was used to determine the trace 
element composition of exposed fibre filters and samples of rain water. The samples 
(exposed fibre aerosol filters, membrane filters with rain water solid phase and dry 
remains on cuvettes) were sealed into polyethylene bags, then irradiated for 15 s at a 
neutron flux of 5 x 101 3 n-cm_2 -s_1. After 15 min of ‘cooling’, measurements of the 
gamma ray spectra of samples were carried out for determination of Cl and Mn using 
the short lived radionuclides 3 8 C1 and 5 6 Mn, respectively. After one week of ‘cooling’, 
the samples were packed in a foil of high purity aluminium for mediation. Aerosol sam
ples were irradiated for 20 h at a neutron flux of 5 x 1013 n*cm-2 -s_1, while rain water 
samples were irradiated for 10 h at the same flux. After irradiation the samples were 
taken out of foil and repacked in fresh polyethylene bags. Measurements of gamma ray 
spectra for the determination of Na, As, Br, La, Sm, W and Au on medium lived and Sc, 
Cr, Fe, Co, Zn, Se, Sr, Rb, Sb, Ce, Eu, Tb, Hf, Ta and Hg on long lived radionuclides 
were performed on the 7th and 25th days after irradiation, respectively.
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For the gamma ray measurements a Ge(Li) detector connected to a multi
channel analyser coupled with a microcomputer for spectra analysis and quantifica
tion was used. Quantification was performed by the relative method with the use of 
standards prepared by applying known amounts of elements on ashless filter paper, 
packed and irradiated with the samples. The accuracy of analysis was checked by 
using standard reference materials of soil and plants packed and analysed along with 
the samples.

3. DISCUSSION

In general, the elemental compositions of samples of atmospheric contami
nants, collected on fibre filters, and of rain water were found to be variable depend
ing on the temporal conditions of sampling. Along with the observed irregular varia
tions, a common feature was revealed in both cases -  a general decrease of element 
concentrations with rain duration in the case of rain water collection and a decrease 
of some elemental content with an increase in sampling duration in the case of aerosol 
samples.

In considering the rain water samples, the solid and liquid phases of the sam
ples should be distinguished. Mean element concentrations, the ratios between con
tent in solid and liquid phases are shown in Table I.

For the solid phase the main regularity revealed was a general decrease of ele
ment concentrations with rain duration. The ratios between the sum of the element 
concentrations in the two first samples and the sum for the last two samples are also 
shown in Table I. Three main patterns of elemental concentration changes were 
found. The first pattern was common for a large group of elements, which included 
Na, Cl, Sc, Cr, Mn, Fe, Co, Zn, Rb, Cs, Sr, Sb, Cs, La, Ce, Sm, Eu and Lu. Another 
group of elements included Br, W, Au and Hg. Surprisingly, Cr and I had a similar 
pattern of dependency of content on sampling duration. For Cl, As and Se individual 
patterns were observed. To bring the data for different elements to a single scale the 
elemental concentrations were related to the mean concentration for the same element 
calculated for the whole series. This allowed us to average these data for groups of 
different elements. The common patterns for these groups calculated on average for 
the relevant element data are shown in Fig. 1.

At the end of the rain element concentrations were on average three times as 
low as at the beginning. A general decrease of element concentrations can be 
explained by the washing out of contaminants during rain. The solid phase of-rain 
water represents mainly water insoluble coarse dispersed aerosol particles, while the 
liquid phase may represent water soluble compounds and ‘thin’ and vapour-gas 
phases of atmospheric contamination. For the' solid phase this trend of decrease of 
element concentration with rain duration was especially remarkable for the first group
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TABLE I. MEAN ELEMENT CONCENTRATIONS IN SOLID AND LIQUID 
PHASES OF RAIN WATER

Element
Mean 

concentration 
in solid phase 

(Ц-g/L)

Mean 
concentration 
in liquid phase 

(Ц-g/L)

Ratio
(3/2)

Ratio (Cj + C2)/(C4 + C5)

Solid phase Liquid phase

1 2 3 4 5 6

Na 39 371 9.5 3.4 1.0

Cl 37 751 20 3.7 0.37
К 139 332 2.4 4.0 0.93
Sc 0.085 0.013 0.16 3.6 1.5
Cr 2.3 1.5 0.63 8.5 1.6

Mn 2.8 0.33 0.12 3.1 0.38
Fe 303 33 0.11 3.6 1.4
Co 0.19 0.11 0.56 2.1 1.3
Zn 28 212 7.6 2.3 0.19
As 0.25 0.80 3.3 2.5 1.3
Se 0.13 0.43 3.2 1.1 0.92
Br 0.09 5.1 58 2.3 1.4
Rb 0.99 1.6 1.6 4.6 1.5
Sr 4.0 24 6.0 1.6 0.33
Ag 0.18 0.16 0.89 1.6 0.94
Sb 0.20 0.80 4.0 4.9 1.2

I 0.18 2.92 16 2.7 0.47
Cs 0.05 0.09 1.7 2.4 0.23
La 0.19 0.04 0.23 3.7 3.2
Ce 0.53 0.16 0.30 2.8 2.7
Sm 0.047 0.0076 0.16 4.1 2.8

Eu 0.016 0.0060 0.38 2.2 1.9
W 0.15 0.86 5.7 0.8 0.14
Au 0.00046 0.0016 3.6 3.2 0.66

Hg 0.054 0.90 17 1.4 0.84

of elements. The content of Br, W, Au and Hg in the solid phase varied irregularly 
during the rain and the general trend of decrease was not evident. In the case of the 
liquid phase, the concentrations of most of the elements varied significantly in an 
irregular pattern.

Significant variability of element composition data in the case of aerosol fil
ters was revealed as well. The initial data were transformed using the following equa
tion:

= 3 (Сч /т() / (CLaJ/mLa + CCeJ/mCe + CSmJ/rnSm)
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Volume (mL)

FIG. 1. Changes of element concentrations in solid phase of rain water with rain duration. 
The element concentrations are normalized to the mean concentration of the same element 
(C^/mj) (1: mean values for Na, Cl, Sc, Cr, Mn, Fe, Co, Zn, Rb, Cs, Sr, Sb, La, Ce, Sm, Eu and 
Lu; 2: mean values for Cr and I; 3: mean values for Br, W, Au and Hg).

where A ■. is a value calculated for element i in sample j; С is the concentration of 
element i in sample j; and m¡ is the mean value of element i concentration. The coef
ficient 3 was introduced only with the purpose of bringing the A¡j value to about 1.

Such a recalculation allowed the element concentrations relative to the sum of 
the content of La, Ce and Sm to be obtained. These three elements are mostly in the 
phase of aerosol coarse particulate matter and represent soil input. Thus the trapping 
efficiency for various elements compared with that for coarse dispersed aerosol was 
assessed. To make the data more visual the data were related to the average values for 
each element. The data obtained are shown in Table II.

As can be seen from the table, the relative concentrations of most of the elements 
did not change much, or varied around 1. Along with these variations, which can also 
be a basis for grouping the elements based on their spéciations, or sources, a drop in the 
relative concentrations can be observed for such elements as Cr, As, Br, Sb, Ba, W, Au 
and Hg. The most significant drop was observed for Br and Hg (2.4 and 2.6, respec
tively).

From our point of view this drop can be caused by the change in sorption capa
bility of the filters during sampling, which results in a change of trapping efficiency for 
thin aerosols and vapour-gas phases of trace elements. Another possible explanation is 
that the elements existing in air in the vapour-gas and thin aerosol phases and sorbed on
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TABLE II. CHANGES OF FILTER ELEMENTAL COMPOSITION, A - . VALUES

Element Sampling duration (min) Ra

10 16 20 25 30 60

Na 0.67 0.77 1.03 1.28 1.05 1.04 0.69
Cl 0.69 1.59 0.53 2.26 1.63 0.74 0.96
Sc 0.68 1.49 0.63 1.35 1.47 0.94 0.90
Cr 0.64 2.77 1.17 1.72 1.08 0.65 1.97
Mn 0.77 0.96 1.10 1.40 0.94 0.98 0.90
Fe 0.87 1.16 0.93 1.28 1.10 0.96 0.99
Co 1.10 1.43 0.82 1.28 0.86 1.00 1.45
Cu 0.88 1.04 1.10 1.60 0.77 0.93 1.2

As 0.65 1.89 0.83 2.60 1.22 0.69 1.3
Br 0.55 2.85 0.83 2.33 0.47 0.96 2.4
Sb 0.92 1.42 1.25 2.48 0.69 0.73 1.7
Ba 1.32 1.80 0.84 1.41 0.92 0.84 1.8
La 0.99 1.06 0.93 1.03 1.09 0.98 0.99
Ce 0.99 1.06 1.07 1.02 0.76 1.06 1.1
Sm 1.01 0.88 0.99 0.95 1.16 0.96 0.90
Eu 1.15 1.32 0.82 2.00 1.11 0.84 1.2

Ta 0.53 0.89 1.14 2.75 1.16 0.72 0.76
W 0.51 3.28 0.70 2.42 0.95 0.76 2.2

Au 1.19 1.38 1.33 2.35 0.71 0.64 1.9
Hg 1.29 2.32 0.92 3.31 1.05 0.36 2.6

Th 1.23 1.18 1.09 1.14 1.14 0.86 1.2

a Ratio of the sum of the Af . values in the first two samples to that of the sum in the last two samples.

filter and aerosol particles are desorbed and removed from the filter with the air flow 
during sampling, which becomes more evident with longer sampling duration.

4. CONCLUSIONS

On the basis of the data obtained in the course of these experiments and taking 
into consideration the chemical and physical properties of the elements, the following 
can be concluded. Na, Cl, Sc, Mn, Fe, Co, Zn, Rb, Cs, Sr, Sb, Cs, La, Ce, Sm, Eu 
and Lu existed in the air in coarse dispersed aerosol phases. Cr, As, Br, Sb, W, Au 
and Hg existed in the air in more thin aerosol or vapour-gas phases. These conclu
sions are supported by our previous data [4, 5] obtained using the passive sorption 
sampling technique and by studies of aerosol filters and snow and rain water ele
mental composition, which also grouped elements in a similar pattern.
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On the other hand, the variability of sample composition demonstrates that 
even very accurate analytical techniques may give incomparable results owing to dif
ferences in sampling protocols even when using similar sampling techniques. The 
techniques mentioned above of atmospheric trace element contaminant sampling 
(passing air through filters and rain water) cannot collect all the matter to be analysed 
owing to the multiplicity of forms of contaminants and differences in catching effi
ciencies for different contaminant forms. They can be considered rather as techniques 
to obtain ‘fingerprints’ of atmospheric trace elemental content, i.e. the ratios between 
different elements. Even so, these ‘fingerprints’ may vary depending on sampling 
conditions, including temporal ones. Thus, consideration of the temporal conditions 
of sampling is necessary to standardize sampling procedures so as to harmonize sam
pling procedures and obtain compatible data.
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A b s t r a c t

FACTORS IMPORTANT FOR QUALITY ASSURANCE IN TRACE ANALYSIS OF SOLID 
WASTES AND AIR PARTICULATES.

Large amounts of solid wastes are disposed of in landfill sites in Canada, the United 
States of America and elsewhere. Some of these are incinerated to reduce their volume and the 
incinerator ashes produced are also disposed of in landfills or lagoons. Further, the incineration 
process produces air particulate emissions through the stacks. All these are environmental 
pollutants containing toxic inorganic elements. All aspects of these solid wastes have been 
studied, from concentrations of these elements in various types of wastes, through their 
leaching properties for environmental elemental toxins, to their health effects. The solid wastes 
produced by communities, industries, municipalities and hospitals are not uniform or 
reproducible in terms of input material. Therefore, in order to study them and their impact on 
the environment, protocols, procedures, quality control and quality assurance methods have to 
be devised and strictly followed so that the data collected over a period of time and over several 
cities and countries can be meaningfully compared and understood. The paper deals with such 
protocols developed for sampling from solid waste dump sites and incinerators, methods of 
analysis and analytical quality control using international comparator standards, methods to 
isolate relevant particle size fractions and leaching protocols, methods of analysing tissue 
samples containing the toxins, and related issues.

1. INTRODUCTION

During the last decade our laboratories have studied many aspects of the envi
ronmental impact of solid wastes, their incineration processes and the health effects of 
the released toxic elements [1,2]. Urban solid wastes in North America consist of many 
types of wastes, among them municipal wastes, sewage sludge, industrial wastes and
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hospital wastes. In addition, the incinerator ashes of such wastes also constitute a 
major portion of the solid wastes generated.

The disposal of solid wastes, including incinerator ashes, has a significant 
impact on the environment. All of them contain toxic inorganic chemicals that can be 
released to the environment. In order to reduce the need for large numbers of landfill 
sites for raw solid wastes, incineration is used to reduce the bulk by about 80%. 
However, the incinerator ashes contain higher concentration of toxins and, further, 
they can be leached out into the environment and waterways rather easily. Also, the 
incineration process produces fine air particulates containing the toxins and these are 
carried from the stack to some distance and to the surrounding communities. This is 
particularly a problem with incinerators which are located in crowded urban areas, 
such as hospital incinerators. The problem of waste disposal therefore comes down to 
a balance between waste reduction by incineration versus the associated increased 
risks from the incineration process.

While great progress has been made by many investigators, this field is still in 
the early stages of understanding. Much work needs to be done to identify the factors 
that determine the pathways of toxic elements, mechanisms of leaching, other 
processes which release these elements, the kinetics, metabolic pathways and patho
genic processes affecting human health. Solid wastes and ashes are varied and not 
strictly controlled due to the variability of input material. The reproducibility, accu
racy and harmonization of data from different centres are therefore complex and often 
difficult. Thus, an overlying concern and need are quality control (QC), quality 
assurance (QA), and reliability of data from various centres and investigators. We 
have attempted to address these quality issues by defining sampling protocols, leach
ing procedures and analytical assay methods.

2. SAMPLE COLLECTION

2.1. Incinerator ash

A variety of incinerator ash samples were collected in this work. These include 
bottom ash, fly ash, electrostatic precipitator ash from several municipal waste incin
erators and two hospital incinerators. Since the input to the incinerators is not strictly 
controlled and can vary depending on the time of year, summer versus winter for 
example, strict protocols are necessary for collecting a representative and 
reproducible sample. Therefore strict protocols were developed and followed for this 
sample collection phase. The samples were collected over a long period of time on a 
daily or weekly basis depending on the plant. They were mixed together to arrive at 
a composite sample. These were thoroughly mixed and a representative sample was 
collected.
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Incinerator samples contain a variety of particle sizes. The leaching properties 
depend on the particle size. Therefore, in order to obtain reproducible data the 
experimental samples were acquired by taking the representative sample and grind
ing it in an agate mortar, homogenizing it and sieving to 100 mesh size. This sample 
is then used for further experiments. Most of our leaching studies were done with this 
1 0 0  mesh sample since it is not practical to conduct every aspect of the study with all 
the different particle sizes. This method and protocol is generally followed by many 
centres conducting this type of environmental study.

2.2. Air particulates

As in the case of solid wastes, here again a strict protocol is required to obtain 
representative reproducible samples for further study. Air particulates not only have 
different particle sizes which behave differently and have different leaching proper
ties, their health impact is also varied depending on their entry into the lungs and dis
solution by lung fluids. Our protocol used a Hi-Vol (high volume) air sampler. Air 
samples were collected near industrial sites and hospital incinerators over 12-18 h 
periods. Many (15-25) repeat samplings were done using a six stage Sierra 235 cas
cade impactor (Anderson, Gainsville, MD, USA). The collection surface was a 
Whatman 41 filter which was coated with hexane which minimizes ‘bounce-off’ from 
one stage to the next.

In the case of hospital samples it was felt that dividing aerosols into six differ
ent particle sizes entailed much analytical effort and was not really necessary. From 
the point of view of respirable samples, only samples under 1 - 2  pm size were impor
tant. Accordingly, in these cases, the sampler was converted to a two stage sampler 
with the cut-off between a particle size of 1 to 2 mm. These protocols were strictly 
followed in collecting air particulate samples from the urban environment around 
Toronto which is the area of study in our work.

3. ANALYTICAL TECHNIQUES

While we were mainly interested in the toxic elements, e.g. As, Cd, Hg and Se, 
the samples were analysed for many other elements as well [3,4]. The data would be 
useful for understanding the mechanisms and processes that operate and some 
elements may be recognized as being toxic at a later date. It would also be useful for 
developing ‘particle source signatures’. The analysis was done mainly by instrumen
tal neutron activation analysis (INAA). The elements assayed by this method included 
Ag, Al, As, Br, Ca, Cd, Cl, Co, Cr, Cs, Cu, Eu, Hf, I, K, La, Mg, Mn, Na, Sb, Sc, Se, 
Sm, Ti, V, W and Zn. We also used photon activation analysis to assay Ba, Br, Ce, Ca, 
Na, Sb, Ti, U and Zr and the environmental toxins Pb, Ni and Cd. Particle induced
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TABLE I. TRIPLICATE ANALYSIS OF ASH
SAMPLES

Element Result obtained |xg/g (SD)a

Ag 1.98 ±0.2
Al (%) 2.25 ± 0.03
As 65.7 ± 4
Ba 393 ± 32
Cd 10.2 ± 0.95
Co 9.9 ± 0.5
Cr (%) 2.91 ± 2.2
Fe (%) 11.2 ± 0.2

Sb 40.9 ± 2.0
Sc 2.3 ±0.1
Se 1.8 ± 0.2
Sm 1.4 ±0.13
V 20.9 ± 5.0
Zn 1659 ± 105

a Concentrations in (j.g/g except when indicated as per cent.

X ray emission (PIXE) was used to analyse Cd, S, Si, Ni and Pb. PIXE analysis was 
done on separate sectors of the same air filters which had been analysed by INAA for 
about 25 elements using 2.4 MeV protons at the University of Guelph accelerator. 
Further graphite furnace atomic absorption spectrometry (GFAAS) analysis was used 
to analyse for Pb, Al and Cd. By using different techniques we could compare the 
assay results of certain elements. This is an effective means of QC and QA. Further, 
all these procedures were counterchecked by analysing international certified stan
dards to ensure the accuracy and precision of our analytical measurements. A typical 
example of reproducibility of triplicate samples is given in Table I.

4. LEACHING STUDIES

Our studies were also directed towards the leaching of toxic elements from 
incinerator ashes and air particulates. The leachability of toxins was measured under 
two protocols. One was 18 h leachability at pH5 and a solid to liquid ratio of 1:20 as 
set out by the US Environmental Protection Agency [5]. The Other protocol used was 
to elucidate more chemical and bonding information using a sequential leaching pro
tocol under different chemical environments as devised by Tessier [6 ]. Typical data 
on total concentrations and from 18 h leaching are given in Tables II and III.
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TABLE II. TOTAL ELEMENTAL CONCENTRATIONS OF SOLID WASTES

Element
Municipal incinerator ash 

(pg/g) (SD); n = 3
Hospital incinerator ash 

(M-g/g) (SD); n = 3

Ag 88.5 (1.4) 85.1 (1.5)
Al (mg/g) 59.7 (0.8) 158 (1.5)
As 105.7 (4.9) 6.5 (0.4)
Ba 85.5 (8.3) 3592 (49)
Br 572 (11) 297 (4)
Ca (mg/g) 80.9 (0.8) 82.8 (0.8)
Cd 563.3 (51.2) 20.9 (2)
Co 31.4 (1) 48.2 (1.5)
Cr 380 (7) 417 (8)
Fe (%) 3.5 (0.1) 0.86 (0.2)
Hg 7.5 (0.3) 3.0 (0.2)
La 21.5 (1) 37.3 (1.4)
Sb 1164 (20) 80 (5)
Sc 8.7 (0.1) 13.4 (0.2)
Se 49.1 (1) 13.4 (0.6)
Sm 2.7 (0.1) 5.7 (0.1)
Ta 5.4 (0.2) 3.5 (0.2
V 119 (2.1) 126 (2.1)
W 8.5 (0.3) 10.5 (0.4)
Zn (mg/g) 26.9 (0.6) 6.1 (0.14)

We also studied the solubility of chemical elements from air particulates in 
respirable and non-respirable size fractions. In the respirable fraction, different 
elements showed varying solubilities, e.g. Na, Cl and Br (50-90%), Ca, Mg and Al 
(12-35%) and Mn, Ti and V (5-25%). As noted earlier, the two fractions were 
collected many times over several months under a strict collection protocol. The 
results were reasonably reproducible, thereby showing that the procedures and 
protocols are effective and meaningful comparative data can be collected.

5. AIR EMISSIONS

The analysis both of ambient air particulate matter near an incinerator and the 
ash residue can permit some inferences to be drawn concerning the behaviour of inor
ganic components, some toxic, that are contained in the waste materials input to the 
incinerator. Such indirect assessment of the fate of toxic inorganics and heavy metals 
may often be necessary for at least two reasons: (1 ) direct stack sampling is not
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TABLE III. PERCENTAGE OF ELEMENTS LEACHED3  FROM 
VARIOUS SOLID WASTES

Element Municipal incinerator ash Hospital incinerator ash

Ag 6.3 3.5
Al 4.8 12.4
As 20.3 12.6

Ba 12.2 4.3
Br 75.9 79.8
Ca 20 22.5
Cd 76.4 46.4
Co 11.3 2.9
Cr 3.8 1.1

Fe 5.8 16.3
Hg 6.7 13.3
La 14 10.2

Sb 0.3 2.0

Sc 2.9 0.6

Se 17.5 19.4
Sm 1.9 0.2

Ta 5.6 14.3
V 7.6 5.2
W 4.7 14.3
Zn 52.8 13.8

a 18 h leaching; mean values; n = 3.

TABLE IV. PRECISION OF REPLICATE INAA OF HOSPITAL AREA AEROSOL

Element Concentration (pg-irr3) Mean % deviation

Ti 123 134 120 126 6.3
Br 7.6 7.4 7.4 7.6 2.6

Mg 3120 3160 3320 3200 3.8
Cu 2100 2180 2080 2120 2.8

Na 2400 2350 2430 2393 2.0

V 6.2 6.4 6.8 6.5 6.1

Al 1200 1230 1190 1206 2.0

Mn 82 87 85 85 3.1
Cl 8900 8500 8800 8733 2.6

Ca 10 290 9830 10 130 10 083 2.1
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feasible in units such as hospital incinerators, nor is access provided to most 
municipal or industrial stacks, and, (2 ) it is also not feasible to obtain a representative 
analysis of wastes being incinerated because of their inherent inhomogeneity. 
However, repeat sampling of ambient aerosol downwind from an incinerator stack for 
periods up to 24 h and collecting incinerator bottom ash or electrostatic precipitator 
collections can provide effective averaging over hour-to-hour fluctuations in inputs 
and emissions. Notwithstanding their value for emission monitoring, source identifi
cation and receptor modelling, such samples vary appreciably on different sampling 
days and, provided concentration measurements are subject to strict QA and QC, the 
day-to-day variability in ambient aerosols can be subjected to covariance analysis 
among the different ‘signature’ trace elements. In this respect, analytical QC is 
absolutely vital to being able to resolve such concentration data sets for air filters to 
yield valuable information needed for air pollution control. Among the measures 
taken to ensure comprehensive and high quality analytical results is the use of 
complementary methods such as PIXE and atomic absorption spectrometry (AAS) to 
check and extend the results provided by direct INAA of air filters.

Table IV lists analytical precisions for the INAA of ten typical elements as 
obtained from replicate measurements of a homogenized hospital waste solid. It can 
be observed that most of the variability is accounted for by the inherent statistical 
fluctuations of counting low level radionuclides. None of the elemental mean 
concentrations has a deviation greater than that expected by the counting statistics 
standard deviation, thereby demonstrating that no random analytical errors or sample 
inhomogeneity are evident at more than 2-3%. Similarly, the absolute accuracy 
obtained by these instrumental techniques in the analysis of a certified standard, NIST 
SRM-1632b, was also within the limitations of counting error in which a comparison 
of our mean results and the certified values indicated that most elements are free 
of imprecision and inaccuracies significantly greater than counting errors, except Br 
and Ti.

An ambient aerosol concentration data set obtained by repeated air samplings 
over a three month period downwind from two Toronto hospital incinerators [7] near 
the university campus (identified here as Site 1 and Site 2) is summarized in Table V. 
Some trace elements in the air filters were obtained only by PIXE, viz. Cd, Ni and Pb, 
several others were analysed also by INAA and the results averaged. While the set of 
35 (Hi-Vol) filters collected at Site 1 and 26 at Site 2 do provide representative mean 
aerosol concentrations (in ]jg-rrr3) at each site for the three month period, the results 
vary over a considerable range from day to day because of differences in stack emis
sion rates, wind direction and speed. For example, Cd varied at Site 1 from 0.9 to 
18 pg-rrr3. However, the individual concentration results (comprising a large data set 
of 61 sets each for 25 elements) were very useful as the basis of covariance analysis, 
a procedure accomplished using the STATGRAPHICS statistical software pack
age [8 ]. An attribute of multi-elemental, instrumental analytical methods, such as
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TABLE V. CONCENTRATIONS IN AEROSOLS NEAR HOSPITALS AND IN 
INCINERATOR ASH

Element
Aerosol concentration (pg-irr3) Ash concentration (pg/g)

Hospital 1 Hospital 2 Hospital 1 ash Hospital 2 ash

Ag 5.3 4.2 160 80
Al 2460 1680 40 200 52 000
As 12.4 9.3 98 72
Br 27 42 180 108
Ca 4905 803 25 000 48 000
Cd 8.2 6.0 680 630
Cl 4300 7800 99 000 81 000
Co 1.12 1.82 18 29
Cr 32 27 2422 2100

Cu 2370 1829 2.2 6.8

Fe 1640 1230 36 500 58 200
I 1.4 >0.8 6.8 7.2
К 550 1100 32 050 28 000
Mn 115 278 1260 1100

Na 625 1890 18 200 40 800
Ni 23 26 — —

Pb 210 330 — —

Sb 6.4 4.9 750 1400
Se 2.3 2.9 66 22

Ti 150 230 21 000 24 000
Zn 434 330 18 000 22 000

TABLE VI. FACTOR PATTERNS FOR HOSPITAL SITE 1 AEROSOLS (FACTOR 
LOADING COEFFICIENTS)

FI (soil) F2 (hospital) F3 (cement) F4 (vehicle) F5 (combustion)

Sc (0.96) Cd (0.93) Ca (0.99) Br (0.97) S (0.96)
Al (0.93) Cl (0.92) SWa (0.93) Pb (0.84) As (0.82)
La (0.80) Ag (0.86) Si (0.76) Mn (0.72) Zn (0.39)
Sm (0.72) Sb (0.62) Fe (0.58)
Fe (0.65) Zn (0.38)

Southb (0.82)

a SW: southwest wind direction. 
b South: south wind direction.

These parameters are correlated in the same way as an element.
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INAA and PIXE, which aids multivariant statistical analysis is that each air filter is 
analysed simultaneously for groups of trace elements such that certain factors which 
could cause variability for that filter, e.g. activation and counting parameters, intro
duce the same imprecision into each concentration result for that filter and these tend 
to cancel in covariance analysis.

Table VI lists the results of multivariant co-factor analysis in terms of elements 
closely grouped together in their day-to-day concentration variations, and their (so- 
called) factor loadings, shown in parentheses for each element, indicate the ‘good- 
ness-of-fit’ for that element’s covariance with the several other elements with which 
it was strongly correlated in each filter. Noting that many of the factor loadings are 
high (positive) values approaching unity, it can be stated that the analytical data set is 
of good to excellent quality. The postulate is made in performing such covariance 
analyses that trace elements that are emitted together from particular dominant local 
emission sources will (i) vary in their concentrations in tight correlation with the daily 
emission level and the local meteorology, and can thus be recognized as ‘signatures’ 
of those sources, and (ii) can be distinguished from components coming from other 
sources and other wind directions. Another technique that is used [9] to further 
distinguish local air pollution sources through the multi-elemental trace analysis of 
air filters is the use of particle size separation air sampling, such as dichotomous or 
multistage impactor samplers operating on aerodynamic principles. This is particu
larly useful and necessary when certain toxic components such as Pb can be 
contributed from several sources in different particle size ranges, viz. submicrometre 
Pb from incinerators and super-micrometre Pb from contaminated surface soils near 
motorways.

The identification of each element grouping in Table VI, or ‘chemical factor’ as 
coming from soil (Al, Fe, La, Sc and Sm), hospital incinerators (Ag, Cd, Cl, Sb and 
Zn), cement dust (Ca, Fe and Si), motor vehicle emissions (Br, Mn and Pb), or a 
combustion source (As, S and Zn) was done by reference to separate analyses of 
typical local source material and, to a lesser extent, to published information.

6 . ANALYSIS OF TISSUE FOR TRACE ELEMENTS

One important aspect of this work is finding direct evidence of adverse health 
effects from toxic trace elements in humans. We have worked particularly on two 
elements, aluminium and cadmium, in the manifestation of pathogenic effects. 
Extensive work has been done by our group on the role of aluminium in the patho
genesis of Alzheimer’s disease and to a lesser extent on the role of cadmium in bone 
diseases. In the case of aluminium in tissue we found that extra care and effort are 
required in the preparation of samples for analysis. Bulk analysis, for excess 
aluminium over normal values, is simply not sufficient. This arose out of the
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observation that two laboratories analysing Alzheimer’s tissue samples could not 
arrive at the same results. Our laboratory found excess aluminium in these tissues, 
whereas another reputed laboratory found normal levels only. In this instance, it was 
found that we both obtained the same results when homogenized normal tissue was 
analysed at the two laboratories. The results were different when small samples of 
tissue were analysed at the two sites using different methods and protocols [10]. It 
was found that aluminium in these tissues is localized in subcellular fractions and 
small samples approximately 10 mg dry weight should be analysed. If larger samples 
are taken, then the aluminium assayed represents the diluted bulk value which tends 
to be near normal and thus the ‘hot spots’ of pathogenic evidence are missed. 
Similarly, in the case of cadmium in bone, in order to isolate diseased spots, bulk 
analysis of bone is again not appropriate. The histology of contaminated bone shows 
unmineralized osteoid spots [1 1 ] and the cadmium is again localized at specific 
subcellular sites. Thus, in analysing tissues for toxic trace elements histology has to 
be performed to isolate subcellular locations of possible affected spots. These small 
spots could then be selectively analysed with techniques which analyse small samples 
such as GFAAS or laser emission mass spectrometry. Thus, the samples chosen for 
analysis in these cases should not be simple bulk analysis, but innovative techniques 
and sample selection and preparation have to be used.
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Abstract

SOLID WASTE AND LEACHING STUDIES USING NUCLEAR ANALYTICAL 
TECHNIQUES.

As a result of the awareness of the potential hazards that solid wastes may pose to the 
environment, many countries have instituted research agendas and regulations to address these 
issues. During the past fifteen years there has been a plethora of leaching studies proposed to 
ascertain the potential impact that solid wastes may have on water quality. Regulatory 
laboratory leaching procedures should be applicable to a variety of waste types while providing 
useful data for the prediction of leachate quality generated by the wastes in a landfill 
environment. Although it is unrealistic to expect a single laboratory leaching procedure to 
reliably assess all wastes, an ideal procedure would include the following features: (a) use a 
leaching medium to be encountered in a landfill; (b) include procedures to estimate the 
intensity and dynamics of leachable constituents; (c) minimize sample particle size alteration;
(d) optimize the liquid to solid ratio to minimize leachate dilution and experimental variability;
(e) avoid exotic laboratory apparatus; and (f) restrict procedures used to those conveniently 
performed by laboratory personnel. In the University of Illinois laboratories, the focus is on 
assessing the short and long term hazards from municipal solid waste, incinerator ash and coal 
fly ash through the elemental analysis of heavy metals in ash and leachates using a variety of 
multi-elemental techniques. Other studies have included the identification of heavy metals in 
household plastics and the characterization of contaminated soils in urban environments. These 
techniques included neutron activation analysis, X ray fluorescence spectrometry and 
inductively coupled plasma-atomic emission spectrometry. The leaching tests have included 
the Toxicity Characteristic Leaching Procedure, water batch extraction, sequential extraction 
and column tests. The philosophy of leaching procedures, the strength of non-destructive multi- 
elemental techniques, and results from studies over the past five years are presented.
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1. INTRODUCTION

In recent years public concern has been focusing more on issues dealing with 
the state of the environment and ecology. Stemming from this interest, there now is a 
growing desire to identify and discontinue activities of detriment to the environment 
and to find ways to remedy the damage already caused. One of the most complex 
issues challenging public health policy is the disposal of industrial and municipal 
solid wastes (MSW). As a temporary solution to this problem, communities world
wide have started or are considering to begin incinerating their waste before disposal. 
Incineration can help to relieve landfill space limitation restrictions and thus reduce 
the price that these communities must pay to dispose of their wastes. However, the 
ash resulting from this incineration process possesses some unique, and potentially 
environmentally harmful, characteristics that must be understood before disposal. The 
results reported in this work comprise the investigations over a five year period of 
MSW, coal ash, contaminated urban soil and household plastics.

2. METHODS OF ANALYSIS

2.1. Multi-elemental analysis

All samples were analysed by thermal, epithermal and Compton suppression 
neutron activation analysis (NAA) using the 1.5 MW TRIGA reactor at the University 
of Illinois. A detailed description of the irradiation and counting procedures employed 
is presented elsewhere [1]. X ray fluorescence (XRF) spectrometry was employed to 
determine copper, lead, strontium, sulphur and tin content. Inductively coupled 
plasma-atomic emission spectrometry (ICP-AES) was used to analyse the leachates.

3. MUNICIPAL SOLID WASTES

Thirty kilogram grab samples of bottom, combined and fly ash from an MSW 
incinerator were provided by the US Army Water Experimental Station in 
Mississippi. Approximately 1-2 kg of each grab sample was separated by particle size 
using ASTM1 standard sieves. The fly ash, airborne residue removed from emission 
particles and gases, was segregated into seven different fractions: <20, 20-38, 38-63, 
63-106,106-150, 150-250 and >250 mm. The bottom ash or slag consists mostly of 
stones, shards of glass, chunks of metal and sandy grit. The bottom ash was separated 
into six size fractions: <0.300, 0.300-0.600, 0.600-1.18, 1.18-2.00, 2.00-9.50 and

1 ASTM: American Society for Testing and Materials.
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>9.50 mm. The combined ash was separated into 11 size fractions: <20, 20-38, 
38-63,63-106,106-150,150-300,300-600,600-1180,1180-2000,2000-9500 and 
>9500 mm.

3.1. Toxicity Characteristic Leaching Procedure

The Toxicity Characteristic Leaching Procedure (TCLP) [2] was developed as 
a criterion to determine if a waste was to be considered hazardous or normal. Our 
earlier study of size fractionated and bulk fly ash showed that the concentration of 
metals in the TCLP leachate depends more on the pH of the resulting solution than 
on the metal concentration in the various ash size fractions [3].

3.2. Water batch extraction

For assessing the leachability of monofilled wastes, extraction methods using 
deionized water as the extraction fluid are more representative than procedures using 
acetic acid or acetate buffer. The rates at which metals leach from the ash particles are 
not addressed in the TCLP test. A series of water batch extractions (Table I) was 
completed to determine the leaching dynamics of metals from grab samples of fly, 
bottom and combined MSW incinerator ash. The liquid to solid (LS) ratio step size 
and total LS ratio are varied from 2-5 and 2-40, respectively.

3.3. Sequential extraction

The elemental characterization of the fly ash relates the distribution of 
elemental concentrations present in the size fractionated and bulk ash but very little 
about the chemical availability of the elements. A more thorough characterization of 
MSW incinerator fly, bottom and combined ash can be achieved by modifying a 
sequential extraction procedure for the spéciation of particulate trace metals in 
sediments [4]. The extraction procedure is outlined in Table II.

4. RESULTS AND DISCUSSIONS

Compared with globally averaged soil [5], the bulk ashes also contained 
elevated amounts of numerous elements. Table III [6 ] summarizes the elemental 
concentrations in bulk MSW incinerator fly, bottom and combined ash and soil. All 
the ashes exhibited similar elemental enrichments compared with soil. Elements 
preferentially distributed on the smallest fly ash particles dominate the bulk fly ash, 
causing the fly ash levels to exceed those of the bottom and combined ashes. 
Elements preferentially distributed on the largest fly ash particles are generally
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TABLE I. PROCEDURE FOR WATER BATCH EXTRACTION

(1) Prepare extraction fluid: 1 drop of H2S 04 per 6 L deionized water to get pH4.0-4.5.
(2) Measure 200 g of ash into a 2000 mL Erlenmeyer flask.
(3) Add fluid to ash. Choose LS ratio = 2 initially and increase it as the total LS increases.
(4) Place flasks on an orbital shaker and agitate for 22 h. Set the speed so that continuous 

mixing occurs (150-170 rev./min).
(5) Remove the flasks the next day and allow the ash to settle approximately 30-45 min 

before filtering.
(6) Mount filters in holders and wash the filter holder apparatus by filtering 1 L of IN 

HNOj and rinse with at least 3 L of deionized water.
(7) Measure the pH of the unfiltered extraction fluid by removing 30 mL into a clean 

beaker and taking it to the pH meter. Record the pH.
(8) Use large opening serological pipettes to remove fluid from flasks and deliver to 

filtering flasks. Be sure not to mix pipettes. Try to avoid sucking ash into the pipette.
(9) If the filter becomes clogged (5-20 mm ash on it), remove and peel filter away from 

the ash. Place the ash pellet on parafilm, remount the filter to keep the same side toward 
ash and continue. Filter until you recover the same amount of fluid you added. A slurry 
will remain in the bottom of the flask. The first extraction will not recover 400 mL due 
to the ash absorbing some of the fluid.

(10) Add new extraction fluid to the ash and restart. Remember to replace the filtering pellet 
in the sample. Start at step 5 the next day.

(11) Measure and record the pH of the filtered fluid. It should be the same as the unfiltered 
sample.

(12) Transfer two samples of each extraction into polyethylene bottles. Use a separate 
pipette for each extraction. Acidify the samples.

NAA 2% ultrapure HN03 49 mL sample, 1 mL nitric acid.

ICP 2% ultrapure HN03 46.5 mL sample, 1 mL nitric, 2.5 mL HCl.
5% ultrapure HCl

LS: liquid to solid; N: normal.

present in higher levels in the bottom and combined ashes. Mercury is a notable 
exception. Extremely high levels of mercury on the largest fly ash particles 
( - 2 0 0  mg/g) push the bulk fly ash concentration to -60 ppm versus 1 0  ppm and 
15 ppm for bottom and combined ash, respectively.

4.1. Water batch extraction

Elements such as Cd, Cl, Cr, Pb, Se and S are known to be water leachable 
constituents of MSW incinerator fly ash. These elements are probably preferentially 
deposited on the surface of the ash particles. The two main factors driving the
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TABLE II. SEQUENTIAL EXTRACTION PROCEDURE

Chemical fraction Extraction technique Procedure

(1) Readily exchangeable 
ions

Exchange with excess 
cations

1M MgCl2 (40 mL); pH7.0, 
1 h at room temperature; 
continuous agitation.

(2) Carbonate bound, 
surface oxide 
bound ions

Release by mild acid 1M NaOAc adjusted to pH5.0 
with HOAc (40 mL);
5 h at room temperature; 
continuous agitation.

(3) Ions bound to Fe-Mn 
oxides

Reduction 0.04M NH2OH HCl in 25% 
(vol./vol.) HOAc (100 mL); 
6 h at 96 ± 3°C; 
occasional agitation.

(4) Organically and 
sulphide bound 
ions

Oxidation 0.02M HN03 (15 mL)
+ 30% H20 2 (25 mL) 
adjusted to pH2 with HN03; 
2 h at 85 ± 2°C; 
occasional agitation.
30% H20 2 (15 mL) adjusted 
to pH2 with HN03; 3 h at 
85 ± 2°C; occasional 
agitation.
After cooling to room 
temperature, 3.2M NH4OAc 
in 20% (vol./vol.) HNO3 

(25 mL); 0.5 h; 
continuous agitation.

(5) Residual None Dry at 65°C for 24 h.

leaching were the quantity of water in intimate contact with the ash and the pH of the 
leachate. The pH range of the batch extraction leachates did not change despite 
extending to a total LS ratio of 220.

Few of the measured elements showed increases in leachate concentration 
during the course of the batch extractions. Aluminium concentrations peaked at a total 
LS ratio of 14 for the bottom and combined ash leachates but oscillated for the fly ash 
leachate. The silicon concentration in the fly ash leachate achieved its maximum at a 
total LS ratio of 26. Silicon leachate concentrations near 1 ppm are insignificant since
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TABLE III. SUMMARY OF RANGES OF ELEMENTAL ABUNDANCES IN 
MSWI FLY, BOTTOM AND COMBINED ASH AND AVERAGE SOIL. ATT. 
CONCENTRATIONS ARE IN |ig/g UNLESS OTHERWISE SPECIFIED

Element Fly ash Bottom ash Combined ash Soil3

Ag 46.1-55.3 17.5-28.5 10.1- 12.1 0.1

Al 3.19-7.84% 6.20- 6.68% 6.18-6.61% 7.1%
As 269-355 47.2-52.0 48.6-57.0 6

Au <0.069-0.223 0.067-0.083 0.12- 0.22 0.004b
Ba <700 710-720 1090-1120 500
Br 3830-3920 676-830 558-574 5
Ca 20.19-20.81% 9.8-17.5% 9.77-10.1% 1.37%
Cd 246-266 47.6-65.5 39.9-49.2 0.06
Ce 9.71-12.0 27.8-38.4 22.4-26.4 50
Cl 12.5-12.8% 2.50-2.68% 2.54-2.63% 0.01%
Co 11.3-13.5 65.2-90.3 24.8-30.5 8

Cr 146-169 623-807 325-416 100

Cs 1.99-2.46 0.84-1.27 0.50-1.09 6

Cu 390-530 1560-2110 1140-1540 20

Fe 0.59-0.66% 8.33-9.11% 7.60-8.37% 3.8%
Hg 59.1-65.0 9.1-9.7 15.7-17.0 0.03
In 1.50-1.67 0.45-0.71 0.45-0.54 0.07b
Mn 360-366 1060-1120 1720-1790 850
Mo 14-26 100-181 25-34 2

Na 1.71-1.73% 1.78-1.97% 2.03-2.11% 0.63%
Pb 3200-4320 2090-2860 1850-2490 10

Rb 30-40 24-32 25.4-33.5 100

S 3.9-5.3% 2.1-2.9% 2.7-3.6% 0.07%
Sb 1441-1697 373-430 275-319 (2-10?)
Sc 2.29-2.41 3.88^.51 3.48-3.72 7
Se 6.7-11.2 <2.52 <2.35 0.2

Si 4.40-5.61% 11.93-12.52% 11.87-12.76% 33%
Sm 1.17-1.72 2.37-2.68 3.21-3.28 —

Sn 470-630 300-410 260-350 10

Sr 114-154 206-278 218-296 300
Ta <0.54 1.98^1.11 2.04-2.42 —

Th 2.85-3.21 4.31-4.86 3.98-4.12 5
Ti 3300-6300 7500-18 100 6100-6700 5000
V 27-36 46-137 <33.5 100

Zn 13 360-13 490 6610-6790 8690-8830 50

a Average soil concentrations derived by Bowen [5]. 
b Crustal rock concentration compiled by Mason [6].
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Si occurs at approximately the 10% level in the ash, which is a factor of hundred 
thousand fold. Based on this result, it is clear that concentrations of Si and Al, which 
form the centre matrix, will stabilize at high LS ratios. Somewhat unexpectedly, the 
concentration of sulphur in the fly ash leachate reached a peak of 542 ppm at a total 
LS ratio of 18 and then declined as more water passed over the ash. Many elements 
were at or below detection limits in all ash leachates. In most cases the high pH of the 
leachate kept the elements from leaching, despite moderate concentrations in the ash. 
Elements at or below detection limits in all the leachates include As, Cd, Co, Fe, Mn, 
Ni, P, Sb, Se, Sn, TI and V. It is unlikely that any of these elements will leach from 
ash in an ash monofill since the pH should remain high. Based on this study, the 
absence of the usually environmentally significant elements As, Cd, Sb, Se, Sn and TI 
from the leachates suggests that these elements do not'pose a leaching hazard in an 
ash monofill. This is not a universal conclusion since the elemental concentrations in 
field leachates may vary significantly based on the waste stream and incineration 
process. The metals Ag, Be, Pb, Ti and Zn produced small spikes in the fly. ash 
leachates but were undetected in the bottom and combined ash leachates. Copper was 
undetected in all the fly ash leachates but released spikes from the bottom and 
combined ashes. Most metals considered toxic are either released with initially spiked 
concentrations or do not enter the leachate in water batch extractions. Despite the low 
proportions of the metals released, the vast quantities of ash produced in MSW 
incineration can be a significant source of metals to ground or surface water. Among 
slowly released elements, only sulphur provokes concern. Barring the introduction of 
a significant acid source, the leachate produced by an ash monofill is likely to have 
very low concentrations of metals.

4.2. Sequential extraction

The four extractions and the residual ash were analysed for slightly different 
sets of elements. Only liquids were analysed by the ICP apparatus. The residue was 
not analysed for B, Be, Mg, P, Pb, Sn and TI because the ICP equipment was not set 
up to analyse acid digested samples. The liquid extractions were not irradiated for the 
analysis of short lived radioisotopes due to high levels of Ca, Cl and Na in the 
extracts. Other short lived elements analysed in the residue but not analysed in the 
extracts include Dy, I, In, U and V. The overlap of elements analysed in the extraction 
fluids, the residue of the extractions and the ash includes Ag, Al, As, Au, Br, Cd, Ce, 
Co, Cr, Cs, Cu, Fe, Hg, Mn, Mo, Na, Ni, Pb, Rb, S, Sb, Sc, Se, Si, Sm, Sr, Ta, Th, Ti, 
V and Zn.

Four TCLP regulated metals exhibit possible mobility in a monodisposal 
environment. Silver is readily leached from the smallest fly ash particles in the first 
extraction but not under any other circumstances. Seventy-five per cent of the fly ash 
mass consists of the three smallest size fractions which may enhance the mobility of
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the silver. The leachable fraction of silver in the fly ash is likely to wash out quickly. 
Arsenic enters the leachate under mildly acidic conditions for all the ash samples. The 
inability of arsenic to leach from the ash in alkaline and neutral environments places 
it in the slow release long term leaching hazard category. Cadmium and lead are two 
of the most widely studied heavy metals. Their profiles of fraction availability are 
similar. Lead enters the first extraction for all the fly ash samples, with the highest 
levels coming from the larger particles. Cadmium is detectable in the first extractions 
from the larger fly ash particles but not from the small ones. Both Cd and Pb are 
concentrated on the smallest fly ash particles. The black flaky particles may have 
deposits of Cd and Pb that are more easily released than from the majority white 
powdery particles. Considering the high levels of Cd and Pb in the fly ash, the limited 
mobility of the metals in the'first extraction still suggests that short term releases of 
Cd and Pb are likely hazards. Furthermore, the high levels of these metals in the 
second extraction of all samples implies that they present a long term leaching 
problem in a mildly acidic environment as well. Few elements are found in all four 
extracts, indicating a variety of chemical forms. Arsenic and lead show the greatest 
distribution of chemical forms among the elements of environmental concern. 
Cadmium is found in all but the fourth extraction. Because As, Cd and Pb are found 
in such a variety of chemical states, attempts to stabilize MSW incinerator ash must 
render their leachable forms immobile while not adversely mobilizing those fractions 
which are inert. Care must also be taken to avoid releasing static forms of other metals 
when stabilizing the ash.

5. COLUMN TEST STUDIES WITH MSW FLY ASH

In an attempt to understand the dynamic characteristics of the leachate 
produced by MSW incinerator fly ash exposed to a water similar to rain water, the 
column test/lysimeter experiment was conducted. The concentrations of 33 elements 
were determined for the leachate, in addition to some of the physical parameters of 
the ash and column set-up. This information may be of use in future investigations 
dealing with the behaviour of MSW incinerator fly ash in a monofill and for making 
predictions regarding potential groundwater hazards.

5.1. Materials and experimental set-up

The column used for this experiment was designed and built at the University 
of Illinois. The unique feature of these two column designs is the presence of a small 
cylindrical ring attached to the bottom plate of the column and located coaxial with 
the outer wall, with the primary sampling outlet also located coaxial with the column 
and mounted on the bottom plate. In addition, a secondary sampling outlet is located
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F IG . 1. Schematic diagram o f a column test (M SW I: municipal solid waste incinerator).

near the colum n wall, separated from  the centre o f the colum n by the cylindrical ring 
(Fig. 1). The colum n was filled w ith M SW  incinerator fly ash to a depth o f 16.1 cm 
by the successive filling and com pacting o f seven layers, each o f 100 g. A fter a 100 g 
layer was transferred to the column, that layer was com pressed with a 2.5 in diameter 
plastic ham m er that was pressed firmly on the surface .2

6 . RESULTS AND DISCUSSION

In leachate samples, the elem ents As, Bi, Co, Hg, M n, Ni, P, Se, Sn and Tl were 
never found in concentrations above the m inim um  detectable lim it (MDL). This is of 
particular im portance for the disposal o f M SW  incinerator ash since, if  a toxic

2 1 inch = 25.4 mm.
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elem ent is not present in ash leachates, then it cannot enter the ground ecosystem, 
provided the landfill containm ent is sufficient to arrest non-dissolved ash particles.

The elem ents Ag, Cd, Cu and V were each found in detectable concentrations 
in the first leachate sample, with all subsequent samples showing concentrations less 
than the MDL. A ll four of these elements are am photeric and slightly soluble in both 
acidic and basic solutions, which may help explain their presence in the first solution 
and their quick attenuation, as sample leachates quickly becam e m ore basic.

The elem ents Al, B, Ba, Be, Ca, Cr, Fe, K, Li, Mg, Na, Pb, Si, Sr, Ti and Zn 
each showed a high initial leachate concentration with subsequently diminishing, 
although detectable, elem ental concentrations. The elements Fe, M g and Si showed 
an increase in  leachate concentration after the initial spike and fall; this may be due 
to the changing o f colum n properties as air bubbles were released. In addition, these 
trends m ay be influenced by the fact that over time, as the other elements and chem 
icals present in  the leachate decreased, the leachate interactions with the remaining 
elem ents w ere changed. O f the rem aining two elements analysed by ICP-AES, Mo 
was found to leach slowly before attenuating to levels near the M DL. A ntimony levels 
hovered near the M DL throughout the experiment, w ith concentrations occasionally 
increasing and then lowering. The chemical reactions responsible for the leaching 
trends o f these two elem ents is unknown but may be related to the presence, or 
absence, o f other elements dissolved in the leachate.

One o f the m ost im portant reasons leaching studies are perform ed is to try and 
predict the levels o f potentially harmful elements that can enter the groundwater. 
A nother leaching test, TCLP, sets maximum elemental concentrations for eight 
elements; m aterials that result in leachate concentrations higher than these are 
considered hazardous according to the Resource Conservation Recovery A ct (RCRA) 
and m ust be handled accordingly. These lim its are outlined in  Table IV, while the

TABLE IV. M A X IM U M  CONCENTRATION OF INORGAN IC CONCENTRA
TIONS FOR RC RA  TCLP

EPA Hazardous Waste number Contaminant Maximum concentration (mg/L)-

D004 Arsenic 5.0
D005 Barium 100.0

D006 Cadmium 1.0

D007 Chromium 5.0
D008 Lead 5.0
D009 Mercury 0.2

D010 Selenium 1.0

D011 Silver 5.0
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F IG . 2. TC LP  elements found in column leachates (M SW I: municipal solid waste incinerator; 
T C L P : Toxicity Characteristic Leaching Procedure).

colum n leachate concentrations for those elements found in the leachate are shown in 
Fig. 2.

A ccording to the RCRA definition o f a hazardous waste, the Pb levels in 
approxim ately the first three pore volum es o f colum n leachate are hazardous. The 
only other elem ents present above the M D L are Ag, B a and Cr. Leachate concentra
tions o f these elem ents are below legal lim its at the start o f the experiment. These 
results are prom ising regarding the potential groundwater contam ination hazard near 
an ash m onofill site; however, in a real monofill stagnation o f leachate fluids by an 
im perm eable barrier, w ithout the removal o f accum ulated leachates, would likely 
result in a marked increase in leachate elem ental concentrations.

7. COAL A SH DISPOSAL REGULATIONS

The prim ary Federal regulation concerning the disposal of solid wastes is the 
RCRA. Several states default to these regulations but many have their own more 
stringent regulations. In an A ugust 1993 ruling, the US Environmental Protection 
Agency (EPA) determ ined that: “Large-volume wastes from  coal-fired electric 
utilities pose m inim al risks to hum an health and the environment. Therefore, it is 
unnecessary to m anage these wastes as hazardous.” The coal and ash samples for this 
study w ere provided by the U S A rm y C onstruction  E ngineering R esearch  
Laboratories. The samples originated from  A bbott Power Plant (Cham paign, Illinois), 
Chanute A ir Force Base (Rantoul, Illinois) and the Rock Island Arsenal (Rock Island, 
Illinois). Bottom  and fly ash samples from  each site were provided for a total o f six 
ash varieties.
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Table V is a summ ary o f  the sequential extraction leachate results for the TCLP 
elem ents and B. Silver, As and Hg were not detectable in any o f the samples. 
Selenium  was only found in the ‘bound to F e-M n oxide’ fraction (extract fraction 3) 
in the Rock Island bottom  ash. This isolated occurrence is suspect, however, since the 
fly ash solids contained m ore Se than the bottom  ash solids and would likewise be 
expected to leach detectable levels.

8. RESULTS AND DISCUSSION

TABLE V. SEQUENTIAL EXTRACTION DATA FO R DETECTABLE TCLP 
ELEM ENTS AND BORON IN LEACHATE SAMPLES

Sample Ba Cd Cr Pb Se В

AB1 0.649 <0.11 <0.068 <0.59 <1.20 0.18
CB1 0.245 <0.11 <0.068 <0.59 <1.20 1.11
RBI 0.654 <0.11 <0.068 <0.59 <1.20 0.55
AF1 0.364 <0.11 <0.068 0.68 <1.20 6.24
CF1 0.228 <0.11 <0.068 <0.59 <1.20 2.67
RF1 1.21 <0.11 <0.068 <0.59 <1.20 3.88

AB2 1.00 0.166 0.162 <0.17 <0.43 3.02
CB2 0.402 <0.030 0.075 0.18 <0.43 1.63
RB2 0.894 <0.030 0.048 0.18 <0.43 0.57
AF2 2.83 0.894 0.762 0.39 <0.43 9.81
CF2 0.463 0.034 0.104 0.78 <0.43 4.78
RF2 1.44 <0.030 0.064 0.31 <0.43 2.05

AB3 0.468 0.026 0.183 0.28 <0.88 1.20
CB3 0.395 <0.022 0.284 0.29 <0.88 0.89
RB3 0.821 <0.022 0.068 <0.11 1.04 0.49
AF3 0.919 0.070 0.338 0.42 <0.88 2.63
CF3 0.659 <0.022 0.138 0.35 <0.88 1.14
RF3 1.02 <0.022 0.099 0.29 <0.88 1.48

AB4 0.636 0.071 0.269 <0.13 <0.63 1.04
CB4 0.377 <0.016 0.075 <0.13 <0.63 0.43
RB4 0.754 <0.016 0.040 <0.13 <0.63 0.32
AF4 1.59 0.028 0.274 <0.13 <0.63 2.12

CF4 0.558 <0.016 0.100 <0.13 <0.63 0.50
RF4 1.92 <0.016 0.248 <0.13 <0.63 1.28

Sample codes: AB# — Abbott bottom ash; CB# —  Chanute bottom ash; RB# — Rock Island 
bottom ash; AF# —  Abbott fly ash; CF# — Chanute fly ash; RF# —  Rock Island fly ash.

The # symbol refers to the fraction number in Table I (all concentrations in mg/L).
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M inor levels o f lead were detected. The data m ay suggest that lead in the ash 
m ay be bound to carbonates, surface oxides and F e-M n  oxides, but this is certainly 
not conclusive. Generally, for the concentration data to be considered truly reliable, 
the levels m ust be at least three to five tim es higher than the M DL. It was shown, how
ever, that no lead was bound to the organics/sulphides fraction. Fly ash lead showed 
enhanced leaching com pared to lead in  the bottom  ash. Chrom ium  in the ash samples 
did not seem to be readily exchangeable (extract fraction 1 ), but was found in  the later 
extract fractions. The highest Cr levels were found in the A bbott fly ash extracts. In 
both the bottom  and fly ash (all three sites com bined), over 93% o f the Cr rem ained 
in unextractable forms. The A bbott fly ash leachate sample also contained the only 
appreciable level o f Cd (carbonate/surface oxide bound). The data suggest cadm ium  
would not leach readily.

Barium  was the m ost prevalent TCLP elem ent detected in the leachate samples. 
The A bbott and Rock Island fly ash samples contained relatively higher levels o f Ba, 
particularly in the carbonate/surface oxide bound and organic/sulphide bound 
fractions. Since Ba levels in the ash solids ranged from  260 to 530 ppm, significant 
B a was expected to exchange readily (extract fraction 1). Levels o f Ba, though minor, 
were detected in the ‘readily exchangeable’ fraction.

Figure 3 depicts extract data for Ba, Cr and Pb in fractional form. The fraction 
o f an elem ent in a given extract is calculated by multiplying the LS ratio o f the extract 
by the ratio o f the concentration o f the elem ent in the extract to the ash concentration. 
The residual fraction was determ ined by subtracting the sum of the percentages for 
the first four extract fractions from  100. Recovery losses such as ash which adhered 
to pipette and centrifuge tube walls are not accounted for with this m ethod of 
calculating the residual fraction. These losses can be assum ed to be negligible. M ost 
o f the boron detected in the leachate samples belonged to the carbonate/surface oxide 
bound fraction. All four fractions displayed boron leaching activity. Furtherm ore, the 
A bbott fly ash leached the m ost total boron. Generally, the fly ash samples exhibited 
m ore substantial leaching than the bottom  ash samples. This was expected due to the 
relatively higher concentrations in the fly ash solids.

The results obtained from  this study support the recent continuation o f coal ash 
waste exemption from  Federal hazardous waste regulation (RCRA). Nevertheless, 
studies o f coal ash leaching behaviour m ay help determ ine the m ost appropriate 
disposal and utilization methods.

9. PLASTICS

Highly enriched concentrations o f several heavy metals have been found in 
M SW  incinerator ash. In an effort to identify the possible sources o f these metals, a
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Cr (bottom ash)

Residual (96.37%) 
Ext 4 (1.35%)- 
Ext 3(1.88%)- 
Ext 2 (0.40%) 
Ext 1 (0.00%) -

Cr (fly ash)

Residual (93.01%) —
Ext 4 (2.77%) - ,
Ext 3 (2.56%) - Д  
Ext 2 (1.66%) —
Ext 1 (0.00%) ■

Pb (bottom ash)

Residual (70.86%) —

Ext 4 (0.00%) 
Ext 3 (23.27%) 

Ext 2 (5.88%) 
Ext 1 (0.00%)

Pb (fly ash)

Residual (67.66%) —

Ext 4 (0.00%)
Ext 3(17.82%)
Ext 2 (9.95%)
Ext 1 (4.57%)

Ba (bottom ash)

Residual (92.14%) ■ 
Ext 4 (2.78%) 
Ext 3 (2.65%) 
Ext 2 (1.45%)- 
Ext 1 (0.98%)-

Ba (fly ash)

Residual (82.34%)

Ext 4 (7.74%) 
Ext 3 (4.94%) 
Ext 2 (3.60%) 
Ext 1 (1.37%)-

F IG . 3. Barium, chromium and lead in extracted form  (Ext: extract fraction).

variety o f disposable household plastic products was examined for heavy m etal 
content. The concentrations of several trace and heavy metals including Ag, As, Au, 
Ba, Br, Cd, Cr, Cu, Fe, M n, Sb, Se, Sn, Sr, V, W  and Zn were determined. The results 
indicate a w ide range o f concentrations for these elements, w ith large variations in 
plastics o f sim ilar colour and intended use.

10. EXPERIM ENTAL

Plastic samples were purchased from  local grocery and drug stores. The 
samples were chosen to reflect a broad range o f consum er goods and uses. In 
addition, selection was done so as to have several groups o f products with sim ilar uses 
and several groups o f products sim ilar in plastic type, e.g. polystyrene and high 
density polyethylene, and colour.
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TABLE VI. SUMMARY OF CONCENTRATION RANGES FOR THE
ELEMENTS ANALYSED

Element Units
Maximum

sample
concentration

MDL
Minimum

sample
concentration

MDL

No.
of

samples
analysed

No. of 
samples 
below 
MDL

Ag ppb 53.0 ± 15.5 49.1 30.9 ± 12.6 41.0 63 61
Al ppm 39 400 ± 900 220 1.02 ± 0.05 0.04 64 1
As ppb 851 ± 11 11 2.82 ± 0.25 0.78 61 10
Au ppb 7.66 ± 0.34 0.54 0.035 ± 0.005 0.012 61 4
Ba ppm 15 227 ± 798 57 3.00 ± 1.05 3.40 63 36
Br ppm 65.8 ± 3.3 0.1 0.0858 ± 0.0044 0.0200 61 0
Ca ppm 70 800 ± 2600 210 3.21 ± 1.44 1.74 64 7
Cd ppm 4802 ± 66 1.5 0.0218 ±0.0024 0.0066 61 12
Cl ppm 41 764 ± 1802 195 3.65 ± 0.48 0.88 64 1
Co ppm 72.6 ± 0.4 0.2 0.0604 ± 0.0041 0.0081 63 1
Cr ppm 1034 ± 5 0.5 0.0860 ± 0.0297 0.0964 63 8
Cs ppb 408 ± 10 24 47.8 ± 3.4 8.6 63 6
Cu ppm 474 ± 19 50 0.236 ± 0.090 0.292 64 43
Fe ppm 13 806 ± 147 26 4.50 ± 1.53 4.85 63 4
In ppb 15.4 ± 1.0 3.0 0.104 ± 0.044 0.142 64 47
Mn ppm 120 ±9 1.5 0.0437 ± 0.0152 0.0420 64 18
Mo ppm 122 ± 1 0.1 0.007 88 ± 0.002 15 0.006 99 61 31
Na ppm 1900 ± 100 109 2.37 ± 0.42 1.08 64 5
Ni ppm 6.75 ± 2.22 7.28 0.864 ± 0.305 0.982 63 55
Sb ppm 306 ±4 0.07 0.003 37 ± 0.000 14 0.000 36 61 2
Sc ppm 3.45 ± 0.04 0.01 0.003 28 ± 0.000 23 0.000 54 63 3
Se ppm 1101 ±8 1.0 0.0645 ± 0.0236 0.0769 63 26
Si ppm 35 616 ± 1305 2987 51.5 ±22.2 71.8 63 27
Sm ppm 1.81 ±0.02 0.01 0.000 409 ± 0.000 21 0.000 06 61 6
Sn ppm 37.1 ±0.9 2.5 0.0743 ± 0.0280 0.0909 63 40
Sr ppm 125 ±4

OOOO 0.725 ± 0.278 0.900 63 40
Th ppm 5.13 ±0.03 0.03 0.0163 ± 0.0020 0.0061 63 4
Ti ppm 25 000 ± 1100 50 11.6 ± 1.8 5.6 64 15
U PPb 923 ± 22 60 1.64 ± 0.38 1.23 61 28
V ppm 24.9 ± 1.8 1.8 0.003 24 ± 0.001 25 0.003 97 64 27
W PPb 804 ± 54 168 1.14 ±0.40 1.30 61 9
Zn ppm 354 ±5 5 0.252 ± 0.045 0.140 61 13

MDL: minimum detectable limit.



TABLE VIL ELEMENTAL CONCENTRATIONS OF As, Cd, Cr, Sb, Se, Sn, V AND Zn FOR 25 PLASTIC PRODUCTS

Plastic product Classification Colour Type

Elemental concentration

As Cd Cr Sb Se Sn V Zn

ppb ppm ppm ppm ppm ppm ppm ppm

Drinking cup Plasticware Green 2 38.9 0.121 0.395 0.0122 0.487 0.300 <MDL 102
Drinking cup Plasticware Blue 6 85.1 <MDL 0.163 0.087 <MDL <MDL 0.0425 112
Cooking oil bottle Food container Clear 1 <MDL 1.64 <MDL 231 <MDL <MDL <MDL <MDL
Tortilla chip bag Food container Multi 7 6.44 1.67 1.60 0.0196 4.37 <MDL - <MDL
Soda bottle Food container Clear 2 <MDL 2.27 <MDL 306 <MDL <MDL <MDL <MDL
Soda bottle Food container Green 2 <MDL <MDL <MDL 272 <MDL <MDL 0.0045 <MDL
Soda bottle label Food container Multi 5 33.1 0.104 18.2 0.161 0.698 <MDL 22.2 354
Soda bottle label Food container Multi 5 32.5 1.41 21.1 0.109 1.11 1.31 24.9 <MDL
Dish soap bottle Cleaning supplies Opaque 2 <MDL <MDL 3.15 <MDL <MDL 1.12 0.0034 <MDL
Dish soap bottle Cleaning supplies Green 2 40.3 0.0358 1.27 0.0185 <MDL <MDL <MDL 4.48
Detergent bottle cap Cleaning supplies Blue 5 29.6 0.125 2.16 0.0067 0.118 <MDL 0.834 119
Detergent bottle Cleaning supplies Blue 2 94.1 3.42 22.6 0.581 0.0240 0.216 0.0612 19.1
Garbage bag Bags Brown Unknown 101 <MDL 5.08 0.631 <MDL 0.392 0.537 1.83
Garbage bag Bags Black Unknown 437 <MDL 3.22 0.696 0.172 3.61 1.48 23.6
Grocery bag Bags Brown 2 125 0.0140 1.64 0.0475 <MDL <MDL 0.223 21
Mouthwash bottle Personal hygiene Clear 1 <MDL <MDL <MDL 226 <MDL <MDL 0.0501 <MDL
Shampoo bottle Personal hygiene Blue 3 34.5 0.227 0.686 0.741 <MDL 37.1 <MDL <MDL
Shampoo bottle Personal hygiene Green 2 39.4 <MDL 3.37 0.0157 0.250 2.48 0.403 35.0
Hair spray bottle Personal hygiene Orange 2 88.3 0.0049 3.39 0.0078 0.473 8.63 0.175 56.4
Disinfectant bottle Personal hygiene Brown 2 75.4 8.38 5.99 0.0230 <MDL 0.101 0.127 245
Pen cap Pens Orange Unknown 17.8 22.1 1034 0.158 <MDL 0.336 0.221 13.8
Pen cap Pens Yellow Unknown 310 16.5 920 24.7 <MDL <MDL 0.365 3.27
Pen cap Pens Red Unknown <MDL 4802 0.618 <MDL 1101 2.37 <MDL 58.4
Water gun Toys Red Unknown <MDL 0.0131 0.134 0.0012 <MDL <MDL <MDL 33.6
Telephone casing Other White Unknown 289 85.9 0.372 1.58 2.78 <MDL 0.0472 222

Note: Values in italics are the greatest determined concentration.

MDL: minimum detectable limit.

562 
LANDSBERGER 

et al.



IAEA-SM-344/20 563

Sixty-four plastic samples were analysed; however, for some specim ens not all 
elem ents w ere able to be determined. In  Table V I, the colum n listing sam ples below 
M DL refers to the num ber o f samples below their own particular M DL. W ith samples 
above the M DL, concentrations for a particular elem ent usually span the entire range, 
which indicates the large com positional variation am ong specimens.

Concerning the distribution o f elements within a specific sample, Table VII 
provides inform ation on 25 different plastic products. Due to space constraints, only 
the elem ents As, Cd, Cr, Sb, Se, Sn, V and Zn are listed. These elem ents were all 
found in large concentrations for several o f the samples listed. For the maxim um  
concentration determ ined for a particular element the value is given in italics.

Some trends between sample classification and elem ental concentration can be 
seen. For example, soda bottles have similar concentrations for several elements. 
Additionally, products sometim es em ploy Sb and Zn to increase the flam e retardant 
properties o f plastic, as found in the telephone casing listed in Table V. However, 
these trends cannot be generalized to all products, as dem onstrated by the variations 
in garbage bags and pen caps. It m ight seem logical that samples sim ilar in colour 
would have sim ilar elem ental concentrations, at least for elements used in pigments, 
such as Cd, Co, Cr and Zn. A gain though, while some relations can be identified, 
such as the presence o f Co in  some blue coloured plastics, the presence o f Ti in some 
white plastics and the presence o f Cd in some red plastics, fewer samples follow these 
trends than do not. The same is true for different types of plastics. Plastics m ade of 
PETE w ere found to contain high levels o f Sb, but for HD PE type plastics, the most 
num erous analysed, no elem ental trends could be found.

11. RESULTS AND DISCUSSION

TABLE V III. HEAVY M ETAL LEV ELS IN 
EAST ST. LOUIS SOILS

Metal ESL range 
(ppm)

Normal soils 
(ppm)

As 5-120 6

Cd <0.9-14 0.06
Pb 33-2100 10

Ni 20-450 40
Sb 0.7-50 2-10

Sn <15-1200 10

Zn 70-11 000 50

Note: Normal soil values taken from Bowen [6].
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Perhaps the m ost im portant inform ation that can be gleaned from  Table VII 
concerning M SW  and M SW  incinerator ash is the identification o f products with 
large concentrations o f heavy metals. These products, following the enriching behav
iour o f the incineration process, have the potential to contribute a large am ount of 
heavy metals to the ash while at the same tim e transform ing these metals to a form  
m ore readily able to enter the environment. M any o f the items investigated were 
found to have one or m ore o f  the elements listed in Table V at a concentration of 
1 ppm  or greater. Further, while more research needs to be done to determine the 
extent to which an incinerator enriches various elements from  plastic combustion, 
concentrations o f 50 ppm  or m ore for As, Cd, Cr, Sb, Se and Zn, as found in  various 
items analysed in this study, are certainly o f concern with regard to M SW  and M SW  
incinerator ash.

12. ENVIRONM ENTAL A SSESSM ENT OF A N URBAN CITY

The city o f East St. Louis, Illinois, USA, has an abundant history o f industrial 
activity. However, post-W orld War II industrial abandonm ent elim inated m ost o f the 
blue collar jobs. The population decreased by alm ost half from  1960 to 1990, w ith an 
unem ploym ent rate o f 30% in 1990. Over half o f the population lives below the 
poverty level but the com m unity has shown trem endous will and resolve. In 1987, the 
poor econom ic activity and environmental conditions caught the attention o f State 
representatives. The East St. Louis Action Research Project was created as a joint 
effort between the University of Illinois and the residents o f East St. Louis as a 
protocol for revitalizing the once prosperous community. The project agenda was 
developed to include neighbourhood beautification, housing im provement, job 
creation, park developm ent and environmental assessment.

Included among the many industries in and around East St. Louis are secondary 
aluminium copper and lead smelters, a prim ary zinc smelter, steel and slag works, 
chem ical production and a coal fired power plant. Soil core samples from  the ‘A 
horizon’ were collected and the top three inches analysed for the heavy metals As, Cd, 
Pb, Hg, Ni, Sb, Sn, and Zn. Nearly all neighbourhoods o f East St. Louis were repre
sented. Neutron activation analysis was em ployed to determ ine As, Cd and Sb 
(epitherm al NAA) and Hg, Ni, Sn and Zn (thermal NAA). X  ray fluorescence was 
em ployed for Pb determination. No significant Hg levels were detected in the soils. 
The ranges o f heavy m etals are provided in Table VIII.

As the data indicate, the range of values is large. Especially alarming is the 
extent and levels o f Cd, Sb and Pb contam ination with upper lim its o f 14, 50 and 
2100 ppm, respectively. These three metals are prevalent throughout the western half 
o f the city, while dropping to ‘acceptable’ levels far to the east o f the industrial 
sectors. Enrichm ent factors (EFs) relative to scandium in globally averaged soils are
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TABLE IX. TY PICA L EN RICH M EN T 
FACTORS (EFs)a FOR M OST CONTAMI
NATED EAST ST. LOUIS SOILS

Metal EF

As 60
Cd 700
Pb 200

Ni 14
Sb 6501
Sn 100

Zn 170

a Enrichment factors normalized to scandium 
value in rock (see Ref. [6]).

presented in Table IX. The EF elucidates the magnitude o f contam ination and shows 
that, w ith the exception o f N i and Hg, at least one test site produced extremely high 
heavy m etal concentrations. However, the extent o f contam ination throughout the 
western half o f the city is dom inated by Cd, Sb and Pb components. In these areas, 
the EF for Cd, Sb and Pb are greater than 50 for many sites. W ith the present results, 
a protocol will be developed to consider the m obility o f the heavy metals. This 
includes pH, total organic content, and so il-silt-clay  m easurem ents. In addition, 
scanning electron m icroscopy/energy dispersive X  rays will be used to identify heavy 
m etal m ineral phases and leaching experiments to  quantify chem ical m obility and 
groundwater infiltration effects.
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Abstract

ANALYSIS OF SEDIMENTS FROM THE CENTRAL PART OF THE PERSIAN GULF 
USING PIXE.

The environmental damage incurred by the Persian Gulf from the spillage of oil by 
tankers, the Persian Gulf war and other sources has been rather severe in recent years. A study 
of the contaminant elements demonstrates the existence of heavy and toxic metals in Persian 
Gulf waters. In the paper, 24 individual sediment samples from the central part of the Persian 
Gulf have been analysed by use of the particle induced X ray emission (PIXE) technique. 
Samples were first converted into a fine, homogeneous powder. Pellets 12 mm in diameter 
and 2 mm thick were made using 2.5 MeV protons from the 3 MeV Van de Graaff accelerator 
at the Nuclear Research Centre in the Atomic Energy Organization of Iran. The measured 
concentrations of Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Sr, Cd and Pb are shown to be much 
higher than the concentrations of these elements in the Earth’s crust and those of mean 
sediments.

1. INTRODUCTION

The Persian G ulf ecosystem  is one o f the rarest in the world. The variety of fish 
and other living species in the sea has been the basis o f incom e o f the local people for 
a long time.

In spite o f the im portance o f the environm ental life in this region, the regional 
governments have not made sufficient efforts to alleviate the problem s. Oil pollution 
caused by recent wars and also oil tankers which illegally em pty their ballast water
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into the Gulf, as well as other unexpected incidents have dam aged the ecosystem 
o f the Persian Gulf.

M ore that 16 m illion barrels o f oil are exported from  this region every day. On 
average, about 0.43%  o f this capacity remains in the tankers and is spilt into the G ulf 
through ballast water. A fter the leakage o f oil to the water, light hydrocarbons sepa
rate from  the water surface as a result o f evaporation, and heavy hydrocarbons, which 
contain heavy and poisonous elements, enter the sediment bed and endanger living 
species at the bottom  o f the Persian Gulf. Previous studies show that 76, 43, 28, 14,
13, 12 and 9% o f elements such as Pb, Co, Cd, Ni, V, Zn and Cu, respectively, in the 
sediments o f the northwestern part of the Persian G ulf are derived from  human 
actions. Statistical analysis indicates that the source o f Co, Cd and V is mainly oil 
pollution. Particle induced X  ray emission (PIXE) is usually claim ed to be a fast, 
accurate and multi-elem ental analytical method. In the present work, this technique is 
applied to m easure the concentration of various elem ents in sediments from  the cen
tral part o f the Persian Gulf.

2. EXPERIM ENTAL DETAIL

Twenty-four individual samples from  the central part of the Persian G ulf were 
analysed using the PIXE method. The samples were supplied by the environmental 
faculty of Tehran University. In order to m inim ize distribution heterogeneity, samples 
were sieved through a 63 ц т  sieve using distilled water. The samples were then dried

E n e r g y  ( k e V )

FIG. 1. Typical spectrum o f sediment.
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at 70°C for 24 h. They were first converted into a  fine, hom ogeneous pow der using 
an agate m ortar and then pellets o f 1 2  m m  diam eter and 2  m m  thickness were made 
on a m etallic disc. A  thin film of graphite was sprayed on the pellets to achieve bet
ter conductivity. The samples w ere analysed in  the PIXE set-up o f the Van de G raaff 
Laboratory at the N uclear Research Centre.

A ll bom bardm ent was carried out in a vacuum with a 2.5 M eV proton beam  of 
3 mm  diameter. A  280 |im  thick M ylar absorber was placed in front of the Si(Li) 
detector to absorb low energy X  rays originating from  the m atrix elements in the 
sample. The beam  current at the target was norm ally about 10 nA , the counting rate 
was kept below 1 0 0 0  counts/s and the preset charge was 2 0  |iC .

The PIXE spectra, as shown in Fig. 1, were analysed by means o f the linear 
least squares fitting program  AXIL-84 [2]. To confirm  the accuracy of the system, two 
reference m aterials (SD-M -2/TM  M arine Sedim ent and Sl-1 Lake Sediment) were 
analysed under the same conditions, and the results w ere in good agreem ent with 
recom m ended values within less than 5% accuracy. The m easured minimum, 
m axim um  and m ean concentrations o f Ca, Ti, Cr, M n, Fe, Co, Ni, Cu, Zn, Cd and Pb 
as com pared w ith the concentrations of these elem ents in the E arth’s crust and those 
o f m ean sediments [3] are shown in Table I.

TABLE I. CONCENTRATIONS OF ELEM ENTS

Elements Cu
(ppm)

Zn
(ppm)

Pb
(ppm)

Ni
(ppm)

Co
(ppm)

Cd
(ppm)

Cr
(ppm)

Mn
(ppm)

Fe
(wt%)

Ca
(wt%)

Persian
Gulf
Min 15 30 5 30 2 28 15 50 1.36 11.14
Max 115 851 58 159 22 172 180 710 2.16 27.28
Mean 47 136 18.5 96 10 97 80 312 1.96 20.36

Earth’s 50 75 14 80 20 0.3 — 850 4.6 3.3
crust

Mean 33 95 19 52 14 70 770 4.1 6.6

sediments

3. CONCLUSIONS

As is shown in Table I, the concentrations o f m ost o f the elements under inves
tigation is m uch higher than the concentrations o f these elem ents in the E arth’s crust 
and those o f mean sediments. As a result, the recent oil pollution can cause irrepara
ble dam age to the Persian Gulf. M ore attention should be paid to the protection and
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developm ent o f the biological resources o f the Persian Gulf. The development of 
friendly and stable relations am ong the countries o f the region can be the m ost sig
nificant step taken. The regional countries m ust operate industries along the coast of 
the Persian G ulf in  such a way as to protect environm ental life. Loading and off
loading oil harbours should be equipped with installations to receive oil wastes. 
A nother positive step against the pollution o f the Persian G ulf is co-operation among 
regional countries in organizing strike team s to fight pollution caused by tanker 
accidents.
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Abstract

ELEMENTAL ANALYSIS OF MOROCCAN MARINE SEDIMENTS USING INAA AND 
XRF.

The X ray fluorescence (XRF) analysis of marine sediments from the Atlantic Moroccan 
continental shelf for the content of major, minor and trace elements was performed utilizing an 
energy dispersive X ray spectrometer and radioisotope excitation with 55Fe, 109Cd and 241 Am 
annular sources. Results were assessed for accuracy by the analysis Of standard reference 
materials Soil-7 and SL-1 Sediment from the IAEA. Some results were also compared with the 
analysis by instrumental neutron activation analysis (INAA) performed on the same specimens 
at the Laboratoire de chimie nucléaire in Strasbourg. The results for most of the elements 
obtained by XRF were accurate to about 10%, while the accuracy of trace element 
determinations was much worse, 20-30%. On the other hand, it was concluded that XRF 
analysis complements in many cases the results from INAA, but its main disadvantage was 
poor sensitivity in the determination of important trace elements, mainly rare earth elements. 
Since the XRF technique is much cheaper, it could replace INAA in the analysis of many 
elements and also enable analysis of more samples, obtaining in such a way statistically more 
reliable geochemical data. The objectives of the analysis were to determine the geochemical 
areas on the Atlantic coast of Morocco, to understand the mechanisms of sediment transport 
from the coast to the sea, and assess the pollution of the coast as a result of human activities.

571



572 BOUNAKHLA et al.

Determ ination o f the geochem ical characteristics o f superficial sediments o f the 
M oroccan Atlantic continental shelf is one part o f the global knowledge o f m atter 
transfer between continents and oceans. This needs first the identification and dosage 
o f  chem ical elem ents in the continental sediments where physical, chemical, 
geological and biological mechanism s and social phenom ena influence the complex 
interface between continents and oceans.

Chem ical elements are found in the sediment covering the continental shelf and 
are an integrated part o f the m inerals that constitute the sediment. This allows deter
m ination o f the conditions governing the production o f terrigeneous sediment, as well 
as its evolution through transport and accum ulation in  the m arine environment. These 
elements can also be carried by suspended particles in the sedim ent as a result o f 
many m echanism s (such as adsorption, com plexation and co-precipitation), or com e 
from  m arine production, notably biological production. Thus, these chemical 
elem ents result from  the different biogeochem ical cycles and are pollution indicators.

Geographically, sediments were collected from  the following five regions from  
the north with a hum id or sem i-arid climate to the south with an arid to Saharan 
climate (Fig. 1):

—  Between Larache and Asilah, to the south o f Oued Tahaddart and Loukkos;
—  The plain o f Gharb, from  both sides o f Oued Sebou;
—  The R abat region, from  both sides o f Oued Bouregreg;
—  The Casablanca region (very urbanized, with many types o f industry);
—  The A gadir region, in front o f Oued Souss.

The northern area is hilly w ith a hum id or sem i-arid climate and a developed 
network o f  rivers. It is a very urbanized region, w ith many types o f industry. The 
southern area is fairly flat, w ith an arid to Saharan clim ate and has a very irregular 
hydrographic network. Sampling was done using Shipek grab samples in order to 
avoid sedim ent perturbation and to protect it from  leaching. The sampling was carried 
out in stations situated at variable depths, from  the coast to the external continental 
shelf, and in some cases to the top o f the continental slope. Granulometric analysis o f 
the sedim ents shows that, in  general, they are o f m ud or muddy sand.

1. INTRODUCTION

2. EXPERIM ENTAL

To date, 19 samples have been analysed by the X  ray fluorescence (XRF) 
m ethod and 20 samples have been analysed by both XRF and instrum ental neutron
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FIG. 1. Sediment collection sites (♦ : sampling areas 1-39).



TABLE I. ANALYSIS OF REFERENCE MATERIALS SOIL-7 AND SL-1 (CONTENTS IN ppm)

Si (%) K(%) Ca (%) Ti (%) Mn Fe (%) Zn

Soil-7 Certified values 18* 1.21* 16.3* 0.300* 631 (604-650) 2.57* 104(101-113)
XRF 17.20 ± 0.83 1.1610.12 151 1.41 0.264 1 0.027 532 1 55 2.33 1 0.22 73 1 8

Si (%) K(%) Ca (%) Ti (%) Mn (%) Fe (%) Zn

SL-1 Certified values 1.5 0.25 0.510 0.346 6.74 223 (213-230)
(0.48-0.554) (0.333-0.362) (6.57-6.91)

XRF 1.0910.05 0.257 1 0.011 0.411 10.402 0.281 1 0.027 5.83 1 0.55 180 1 17

As Br Rb Sr Y Zr Nb

Soil-7 Certified values 7* 51 (47-56) 108 (103-114) 21 (15-27) 185 (180-201) 12.5*
XRF 8 1 1 3 8 1 4 8 3 1 8 2 3 1 3 1391 13 7 1 1

As Br Rb Sr Y Zr Nb

SL-1 Certified values 27.5 ± 2.9 6.82 (5.09-8.55) 113 (102-124) 80 (*) 185 (180-201) 17*
XRF 30 ±3 5 11 8 3 1 8 5 6 1 5 127 1 12 101 1

Ba La Ce Nd Pb

Soil-7 Certified values 28 (27-29) 61 (50-63) 30 (22-34) 60 (55-71)
XRF 2 2 1 4 5 0 1 4 1714 71 1 7

Ba La Ce Nd Pb

SL-1 Certified values 639 (586-692) 52.6 (49.5-55.7) 117 (100-134) 43.8 (41-46.6) 37.7 (30.3-45.1)
XRF 691 ± 54 3 7 1 4 9 5 1 6 3 9 1 5 30 13

Note: Values with an asterisk are not certified (only for information).
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activation analysis (INAA). The procedure used in INAA is described by Sabir 
e t al. [1]. The following procedure was used for XRF:

—  Interm ediate uniform  pellets from  sediments were prepared using a 20 mm 
pellet die and hydraulic press, SPECAC;

—  55pe , 109Cd and 2 4 1 Am  annular sources from  the Isotope Products Laboratory 
w ere adapted to a Eurysis Si(Li) detector and used to induce fluorescent X  rays 
from  the samples. These X  rays w ere detected by an Si(Li) detector having a 
resolution o f 170 eV at 5.9 keV, and analyzed by a Canberra S I 00 m ultichannel 
analyser which was coupled to a com puter for data storage and analysis.

—  Spectrum  fitting was perform ed using the A XIL (Analysis o f X  ray Spectra by 
Iterative Least-Squares Fitting) software package (Canberra Packard, Benelux).

The concentrations o f elements were calculated by the QAES (Quantitative 
A nalysis o f Environm ental Samples) program  written by one o f the authors 
(P. Kump). This program  allows the determination of the calibration factor S¡ (or the 
sensitivity) and the absorption correction factor F¡. In fact, for m onochrom atic 
excitation, the basic relation between the am ount o f a elem ent in a homogeneous 
interm ediate thickness sample [2 ] and its respective m easured fluorescent /  can be 
presented in the following non-linear relationship:

m, = (IilS iW i

where mi is the m ass per unit area o f the ¡th element. The non-linearity is caused 
m ainly by the self-absorption o f the excitation and fluorescent radiation in the 
sample.

The Si factor depends on physical constant geom etry and certain spectrom eter 
param eters which define excitation, deexcitation and the detection o f X  rays in a 
fluorescence experiment. Its determ ination for each elem ent was done by inter
polation and/or extrapolation from  the three calibrations o f the different X ray 
systems that were used (55Fe, 109Cd and 2 4 1Am). These calibrations were perform ed 
using m ainly pure m etal plates and some stable chemical com pounds [3].

The F¡ factor was determ ined by the ém ission-transm ission technique [4]. In 
this technique, the curve absorption versus energy can be constructed by m easuring 
the absorption o f elements in a m ulti-elem ental target, and by interpolation and/or 
extrapolation the F¡ factor can be calculated for all elements.

In our case, to construct the curve of absorption jj versus energy E, we 
measured the absorption o f a m olybdenum  foil on transparent samples and used the 
model

№  = a 0(Z)Ea'
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TABLE II. CONTENTS OF Si, K, Ca, Ti, Cr, Rb, Sr AND Pb IN 39 MOROCCAN 
MARINE SEDIMENTS ANALYSED BY  THE XRF ANALYSIS METHOD 
(NORTHERN AREAS: FROM 1 TO 29; SOUTHERN AREAS: FROM 30 TO 39)

Sample
Si

(%)
К

(%)
Ca
(%)

Ti
(%)

Cr
(ppm)

Rb
(ppm)

Sr
(ppm)

Pb
(ppm)

1 26.5 ± 1.2 1.67 ± 0.07 0.122 ±0.006 0.442 ± 0.018 154 ± 24 94 ±9 76 ±7 7 ± 1
2 27.6 ± 1.2 1.74 ±0.07 0.362 ±0.015 0.395 ± 0.016 118 ±22 75 ±7 69 ±7 4 ± 1
3 25.5 ± 1.2 1.82 ±0.07 0.141 ±0.007 0.437 ± 0.018 170 ± 22 95 ±9 74 ±7 6 ±  1
4 26.9 ± 1.2 1.64 ±0.07 0.121 ±0.006 0.419 ± 0.017 142 ± 22 84 ±8 71 ±7 8 ± 1
5 26 ± 1.1 1.94 ±0.08 0.172 ±0.007 0.464 ± 0.019 110 ±22 97 ±9 74 ±7 7 ± 1
6 26.5 ± 1.2 1.91 ±0.08 0.260 ±0.011 0.444 ± 0.018 108 ± 23 88 ±8 71 ±7 9 ± 2
7 27.2 ± 1.2 1.89 ±0.08 0.167 ±0.007 0.458 ± 0.019 110 ± 22 95 ± 9 74 ±7 10 ± 2
8 26.9 ± 1.1 2.12 ±0.09 0.303 ± 0.013 0.468 ± 0.019 87 ±21 102 ± 10 80 ±8 7 ± 1
9 28.1 ± 1.2 1.89 ±0.08 0.207 ± 0.008 0.473 ± 0.019 121 ±23 95 ± 9 80 ±8 9 ± 2
10 28.4 ± 1.2 1.63 ±0.07 0.169 ±0.008 0.455 ± 0.019 114 ±23 83 ±8 80 ±8 9 ± 2
11 26.6 ± 1.1 1.53 ±0.06 0.238 ± 0.010 0.392 ± 0.016 134 ± 23 80 ±8 71 ±7 5 ± 1
12 27.9 ± 1.2 1.81 ±0.07 0.254 ±0.011 0.450 ± 0.018 105 ± 22 91 ± 9 77 ±7 7 ± 1
13 25.2 ± 1.2 2.20 ± 0.09 0.251 ±0.012 0.454 ± 0.019 120 ± 23 103 ± 10 73 ± 7 12 ± 2
14 25.1 ± 1.1 1.91 ±0.08 0.148 ±0.007 0.461 ± 0.019 140 ± 24 102 ± 10 77 ±7 5 ± 1
15 24 ± 1.1 2.17 ±0.09 0.395 ± 0.017 0.429 ± 0.017 190 ± 27 98 ± 9 76 ±7 12 ± 2
16 24.3 ± 1.1 2.22 ± 0.09 0.305 ± 0.013 0.432 ± 0.018 146 ± 25 104 ± 10 74 ±7 18 ± 2
17 24.8 ± 1 2.15 ±0.09 0.215 ± 0.009 0.451 ±0.018 95 ±21 107 ± 10 74 ±7 8 ± 1
18 23.9 ± 1.1 2.24 ± 0.09 0.351 ±0.015 0.416 ± 0.017 122 ± 22 101 ± 10 72 ±7 9 ± 2
19 25.3 ± 1 2.21 ± 0.09 0.286 ± 0.012 0.440 ± 0.018 125 ± 23 104 ± 10 79 ± 7 8 ± 2
20 25.1 ± 1.1 2.23 ± 0.09 0.417 ±0.018 0.420 ± 0.017 392 ± 45 98 ±9 77 ± 7 9 ± 2
21 26.6 ± 1.2 2.30 ± 0.09 0.358 ± 0.015 0.454 ± 0.019 100 ± 22 107 ± 10 80 ±8 9 ± 2
22 23.5 ± 1 2.07 ± 0.08 0.345 ± 0.014 0.403 ± 0.016 89 ± 19 92 ±9 68 ±6 11 ± 2
23 26 ± 1 2.49 ±0.10 0.412 ± 0.017 0.417 ± 0.017 143 ± 26 102 ± 10 72 ±7 12 ± 2
24 26.4 ± 1.1 2.13 ±0.09 0.409 ± 0.017 0.463 ± 0.019 102 ± 20 80 ±8 77 ± 6 7 ± 1
25 26.7 ± 1.2 2.38 ±0.10 0.336 ±0.014 0.463 ± 0.019 129 ± 25 103 ± 10 74 ±7 7 ± 2
26 26.1 ± 1.1 2.19 ±0.09 0.355 ± 0.014 0.420 ± 0.017 84 ±20 93 ±9 72 ±7 8 ± 1
27 25.3 ± 1.1 2.30 ± 0.09 0.397 ± 0.017 0.453 ± 0.018 110 ±22 99 ±9 72 ±7 7 ± 1
28 25.9 ± 1.1 2.35 ± 0.09 0.464 ± 0.019 0.423 ± 0.017 120 ± 23 94 ± 9 80 ±8 10 ±2
29 26.9 ± 1.1 2.33 ± 0.09 0.308 ± 0.013 0.449 ±0.018 89 ±20 99 ± 9 71 ±7 6 ±  1
30 27.5 ±1.2 2.29 ± 0.09 0.345 ± 0.014 0.453 ± 0.018 125 ± 23 91 ± 9 68 ±7 6 ±  1
31 24.2 ± 1.1 1.56 ±0.06 4.12 ±0.17 0.291 ± 0.012 <LDL 52 ±5 134 ± 13 8 ± 1
32 22.7 ± 1 1.91 ±0.08 4.50 ±0.18 0.321 ± 0.013 <LDL 70 ±7 124 ± 12 9 ± 2
33 18.9 ±0.9 2.08 ± 0.09 5.08 ± 0.21 0.315 ±0.013 <LDL 81 ±8 156 ±15 16 ± 2
34 17.5 ± 0.8 1.77 ±0.07 7.38 ± 0.30 0.268 ±0.011 <LDL 62 ± 6 232 ± 22 8 ± 2
35 16.4 ± 0.7 1.34 ±0.06 19.9 ± 0.8 0.177 ±0.007 <LDL 36 ± 4 1100 ± 104 7 ± 2
36 23.1 ± 1 1.93 ±0.08 4.55 ±0.18 0.312 ±0.013 <LDL 71 ±7 153 ± 15 9 ± 2
37 19 ± 0.9 2.13 ±0.09 5.53 ± 0.22 0.307 ±0.013 80 ±22 79 ±7 184 ± 17 12 ±2
38 18.8 ±0.9 1.88 ± 0.08 7.45 ± 0.03 0.277 ± 0.011 92 ±24 68 ±7 234 ± 22 12 ±2
39 14.5 ±0.8 1.29 ±0.05 16.80 ±0.68 0.153 ±0.006 65 ±27 40 ±4 668 ± 63 4 ± 2
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to take account of the absorption jumps. Parameter AQ depends on the atomic number 
Z of the element, while A ] is more or less constant for all elements and varies in an 
approximate range from -2 .7  to -3 .1 .

The results were assessed for accuracy by analysing standard reference 
materials from the IAEA, namely Soil-7 and SL-1 Sediment. The results obtained for 
most o f the elements were accurate to about 10%, while the accuracy o f trace element 
determination was much worse, i.e. 20-30%  (Table I).

3. RESULTS AND DISCUSSION

The results obtained, mainly using the XRF analysis method, allowed the 
identification and the determination o f content o f 30 elements: Al, Si, Cl, K, Ca, Ti, 
V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Br, Rb, Sr, Y, Zr, Nb, I, Cs, Ba, La, Ce, Nd, Sm, 
Pb and Th. The following conclusions are derived from the preliminary analytical 
data treatment:

(1) In comparison with the mean contents usually found in sediment rocks, super
ficial sediments covering the Moroccan Atlantic continental shelf have, for 
most o f the chemical elements especially the rare earth elements, standard 
contents. However, in all o f the geographical sampling sites, these sediments 
are characterized by high Si and Al and remarkably low Rb, Sr and Cs 
abundances.

(2) The geographical distribution o f the elements and their concentrations allows 
us to define three groups:

(a) Elements which show low variations in all samples analysed.
(b) Elements showing distinct variations o f concentrations according to the 

geographical sampling site. Thus, the regions north o f Casablanca present 
relatively significant concentrations o f Si, Ti, Rb, I and Nb, whereas the 
southern areas present relatively significant concentrations o f Ca, Sr, Ba, 
Mn and Cl. Figure 2 and Table II illustrate these variations for Si, K, Ca, 
Ti, Rb and Sr. The unequal distribution o f the Si, Ti, Rb, I, Nb and Ca, Sr, 
Ba, Mn, Cl groups between the northern and southern areas allows us to 
determine the influence o f the climate, the importance of the hydro- 
graphic network and the productivity o f biomass in the marine environ
ment on the conditions governing shelf sedimentation in these areas. The 
northern area is marked by the important relief o f the R if and Atlas 
mountains, a subhumid to semi-arid climate favouring hydric erosion 
where sediment production is evacuated to the ocean by non-temporary 
rivers (i.e. the Loukkos, Sebou, Bouregreg, etc.), whereas the southern
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Sampling areas
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- • - R b

Sampling areas

FIG. 2. Correlation between elements, (a) Ti/Si; (b) Ca/Sr; (c) Rb/K. Northern areas: 1-29; 
southern areas: 30-39.
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Sampling area

FIG. 3. Variation ofPb and Cr concentrations versus sampling areas.

area is characterized by the aridity o f its climate and the existence o f a 
permanent upwelling favouring biological production. Thus, at sites 35 
and 39 (in Fig. 2) situated close to the continental slope in the south, Si 
and Ti concentrations are lowest, whereas Ca and Sr are highest.

(c) Elements which are probably pollution indicators, such as Cr, Mn, Fe, V, 
Ni, As, Cs, I and Pb, with high concentrations on the agricultural plains 
(where fertilizers are used) and at industrial and urban agglomerations 
and ports (especially in Casablanca, Mohammadia and Kénitra). Figure 3 
illustrates this indication o f pollution for Pb and Cr.
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It is important to recognize that 1000 sediment samples were collected and that 
this work is only a preliminary study. Analysis o f samples by XRF is still being 
carried out. Using a planar germanium detector with an 241Am source for excitation, 
much better determinations o f  rare earth element concentrations will be possible. 
These elements could be very good tracers o f sediment.
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Abstract

ION CHROMATOGRAPHIC DETERMINATION OF URANIUM IN EFFLUENTS: AN 
INTERLABORATORY COMPARISON WITH NEUTRON ACTIVATION ANALYSIS.

During the conversion process of ammonium diuranate (ADU) to nuclear grade uranium 
dioxide in the processing plants, several liquid effluents such as aqueous solutions of nitrates 
of sodium and ammonium, together with minute amounts of uranium, are generated. Three 
such effluents which can be identified in a typical process plant based on the ADU route are:
(a) ammonium nitrate effluent from the precipitation stage of pure uranyl nitrate solution 
(UNPS); (b) sodium nitrate effluent generated after precipitating out uranyl nitrate raffinate 
cake; and (c) storm drain water collected from plant floor washings which require treatment for 
reuse. In addition, the effluents also contain calcium and magnesium at low levels. The 
complexity of the effluent chemistry is the major challenge for many of the analytical 
techniques which require matrix removal prior to uranium determination. The single column 
ion chromatography (SCIC) method developed and described in the paper for determining trace 
quantities of uranium is an attractive one as it is simple, rapid and sensitive apart from 
eliminating the prior matrix removal step. This newly developed method involves dynamic 
separation and preconcentration of uranium on a low capacity resin based cation exchange 
column and subsequent detection by spectrophotometry at 520 nm after post-column 
derivatization with 4-(2-pyridyl azo) resorcinol (PAR). The results of the proposed SCIC 
method were compared with instrumental neutron activation analysis (INAA) and were found 
to be in good agreement. The INAA method involves irradiation of the sample with thermal 
neutrons in a nuclear reactor and counting the gamma rays emitted during the nuclear reaction 
using a high purity germanium coaxial detector coupled to a multichannel analyser. However, 
in INAA, for samples containing a high level of sodium, especially for the NaN03 effluents, 
prior removal of sodium is mandatory before irradiating the sample. The relative standard 
deviation of the present SCIC method is <2% at the cited level.
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1. INTRODUCTION

The production of nuclear fuel, mostly U 0 2 for power generation, in fabrication 
facilities generates a fair amount o f low level alpha ray emitting radioactive waste, 
comprising mainly nitrates o f  sodium/ammonium together with minute amounts of 
uranium. Three such effluents which are identified in a typical process plant based on 
the ammonium diuranate (ADU) route are: (a) ammonium nitrate effluent; (b) sodium 
nitrate effluent; and (c) storm drain water effluent. Since uranium is chemically and 
radioactively toxic it acts as a double health hazard on ecological and human 
systems [1]. This demands statutory process control with emphasis on effective 
effluent treatment prior to its discharge in order to reduce the damage caused to the 
ecosystem.

A  variety o f methods have been cited in the literature for analysing low level 
waste for its actinide content, and the search for new techniques which are capable of 
quantitative trace level analysis in a complex system is still on. The present 
techniques available for low level uranium analysis include the flow injection 
technique, laser induced fluorimetry, thin layer X  ray fluorescence (XRF) spectro
metry, polarography, spectrophotometry, liquid scintillation, gamma ray spectrometry 
and inductively coupled plasma-atomic emission spectrometry (ICP-AES) [2-9]. 
However, most o f  these techniques involve matrix removal prior to the determination 
of uranium. Hence, the proposed single column ion chromatography (SCIC) method, 
which involves post-column derivatization o f the analyte and subsequent determina
tion by spectrophotometry, is a very attractive method from the standpoint o f rapidity 
and precision.

2. EXPERIMENTAL

2.1. Methodology of SCIC

The procedure involves separation and preconcentration o f uranium on a 
100 mm x  4.6 mm i.d. dynamic universal cation exchange column o f 7 |im  particle 
size. The absorbance o f  uranium and 4-(2-pyridyl azo) resorcinol (PAR) 1:1 complex 
is measured by a dual channel UV-Vis spectrophotometer o f Spectra Physics USA  
(model UV-2000 series) at 520 nm after post-column derivatization in a reagent 
delivery reaction module (RDR-1, Timberline, USA) with a pneumatic flow control 
system using 2 x  lO^M  PAR. The eluant used was 0.01M  ammonium sulphate in
0.05M  sulphuric acid (pH1.8) with a flow rate o f  1 mL/min. The sample (pH8) prior 
to injection was filtered through a maxiclean cartridge and injected through a six port 
rheodyne valve (model 9125, Rheodyne, Inc., USA) with a 100 ]iL fixed sample loop. 
A single column ion chromotograph, from Altech, USA, with a 325 model digital
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high pressure liquid chromatograph (HLPLC) pump with built-in pulse dampener 
was employed for the present work.

2.2. Methodology of instrumental neutron activation analysis (INAA)

A  1 mL aliquot o f the sample was taken in duplicate onto a high purity 
polythene sheet and prepared under an infrared lamp. Nuclear grade uranium standard 
solutions in duplicate containing around 20 pg each were pipetted and prepared under 
the same conditions and interposed in the samples. The set containing around 20 
samples was then put in a polythene pack and irradiated with a thermal neutron flux 
o f 1012 n -cn r2-s-1 for 7 h. The irradiated samples were brought into the counting 
assembly after allowing a cooling period of 1-2  d to decay down the 24Na activity.

The measurements o f the desired gamma emissions were carried out using a 
high purity germanium coaxial detector of relative efficiency 20% and a full width at 
half-maximum (resolution) o f 2.0 keV at 1332 keV energy peak coupled to a 
programmable 4 К  multichannel analyser. The concentration o f uranium in the 
samples was estimated by selecting suitable gamma peaks o f energies 228.1 keV and 
277.6 keV from 239Np which is a reaction product o f 238U (n, p) 239Np nuclear 
reaction with a half-life o f 2.35 d.

2.3. Reagents

All the chemicals, i.e. sodium nitrate, ammonium nitrate, acetic acid and 
pyridyl azo resorcinol were o f reagent/HPLC grade. Ultra high quality water from the 
Milli-Q system was used for this work.

2.4. Standard solutions

A  stock solution o f 100 mg/L o f uranium was made by oxidizing nuclear grade 
U 0 2 pellets to U 3Og and dissolving an appropriate amount of U 30 8 in nitric acid. 
Everyday standard solutions for effluents ranging from 0.1 to 10 mg/L o f uranium in 
the matrix medium o f sodium nitrate (containing -1 0  g/L), and ammonium nitrate 
(containing -1 0  g/L) were prepared from the stock solution. In the case of storm drain 
water standards (range 0 .25-1 .5  mg/L o f uranium) the addition o f sodium nitrate and 
ammonium nitrate is not needed since these are not encountered in the real time 
samples.

2.5. Sample solution

The analyte concentration was brought into working range by suitable dilution 
with water.
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During the fabrication process of nuclear fuel several radioactive effluents are 
generated. Three such effluents identified in a typical plant based on the ADU route 
are: (a) ammonium nitrate effluent from the precipitation stage o f pure uranyl nitrate 
solution; (b) sodium nitrate effluent from the solvent extraction stream after precipi
tating out uranyl nitrate raffinate with sodium hydroxide; (c) storm drain water col
lected from plant floor washings which is used for gardening purposes after treat
ment. A  maximum limit o f 50 mg/L o f uranium for effluents and 0.5 mg/L o f uranium 
for storm drain water have been stipulated by the local health physics unit for safe 
discharge.

A  typical chromatogram o f uranium in effluents is shown in Fig. 1, which has 
a retention time o f around 2.45 min. A  linear calibration graph was obtained between 
peak height in millimetres versus uranium concentration in mg/L for all three media. 
A recovery rate of >99% of the uranium in a matrix containing impurities at concen
tration ranges as normally found in effluents was obtained. In addition to uranium, the 
effluents contain high concentrations of nitrates o f sodium and ammonium along with 
calcium and magnesium.

In order to meet the primary requirements o f the SCIC technique, namely, low  
acid medium, the PAR reagent in 3 mm NH4O H /l mm CH3COOH was employed in 
preference to a more sensitive and selective reagent, namely Arsenazo-III whose 
molar extinction coefficient is very high compared with PAR which requires a high 
acidic medium. PAR reacts with the uranyl ion at pH < 3 to form protanated complex 
U 0 2RH+. Under present conditions, i.e. at pH > 3.5, a complex o f formula U 0 2R is 
formed whose absorption maxima are around 520 nm. The acidity is maintained 
between pH5 and 8 for quantitative stable complex formation. This provides 
flexibility to use the reagent in conditions which are most suitable for ion separation 
by a cation column. The effluent samples were diluted before injection to reduce the 
salt concentration. The alkaline earth metal ions, if  present, do not interfere as they 
are well separated from the analyte peak and it is also less sensitive for detection as 
the molar extraction coefficient value of the alkali and alkaline earth metals complex 
with PAR is relatively negligible. If no other ions are present in the sample solution 
other than uranium, the column acts as a pre-concentrator.

3. RESULTS AND DISCUSSION

FIG. 1. A typical chromatogram o f an effluent containing uranium.
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TABLE I. COMPARISON OF URANIUM CONCENTRATION 
VALUES (IN mg/L) OBTAINED BY THE PROPOSED SCIC 
METHOD WITH THOSE OBTAINED BY THE INAA  
METHOD

Serial No. SCIC value INAA value

Al 1.80 2.0

A2 31.00 29.0
A3 12.50 13.8
B1 2.90 3.0
B2 16.00 15.5
B3 8.00 7.3
Cl 1.80 1.6

C2 0.70 0.8

C3 55.00 47.0

Note: The letters A, В and С represent samples from NH4N 0 3, NaN03 
and storm drain water medium, respectively.

Table I shows good agreement between the results obtained by the proposed 
SCIC method with those obtained by INAA for the determination of uranium in all 
the three effluent streams. In the INAA technique the presence o f 23Na interferes in 
the determination o f uranium. This is because 23Na on irradiation with neutrons gives 
24Na as the reaction product, which in turn gives highly intense and high energy 
gamma rays (1368 keV, 2754 keV). Thus, the low energy gamma rays from uranium 
get shielded. Therefore, prior to irradiation the samples were subjected to conven
tional column chromatography to bring down the sodium level. A  single sample 
analysed ten times by SCIC on different days gave a relative standard deviation value 
o f <2%, which shows the fairly good precision o f  the SCIC method.

Based on the above findings it is concluded that uranium in trace levels can be 
successfully determined in effluent stream samples by the SCIC technique. This 
method is fast, simple, precise and can be used for routine analysis.
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STUDY OF HEAVY METAL CONTENT OF RIVER WATER IN THE JAKARTA AREA 
USING X RAY FLUORESCENCE.

Determination of the content of the heavy metals Cr, Fe, Cu, Ni, Zn, Cd, Co, Hg and Pb 
in river water in the Jakarta area was carried out. The aim of the investigation was to monitor 
heavy metal pollution in the environment, especially in river water. The samples were collected 
from February until June, around industrial, housing and coastal areas. Systematic sampling 
was carried out along the river, from the industrial area in south Jakarta, through housing areas 
(the centre of the city), up to the industrial area around the coast. Two litres of water were 
collected and immediately acidified (pHl-2) by adding 4 mL of nitric acid. The water samples 
were preconcentrated with ammonium pyrolidine diethyldithiocarbamate (APDC). The blank 
was prepared in parallel, utilizing distilled water. The detection limit of X ray fluorescence 
(XRF) analysis was determined according to well known statistical criteria (3̂ 1 В/t). The XRF 
method was used to analyse the samples and 109Cd was used as a radioactive source to irradiate 
the preconcentrated samples. The results showed that the concentrations of heavy metals were 
higher around the industrial area.

1. INTRODUCTION

Jakarta is the capital of Indonesia. The growth o f industries and urbanization 
has increased rapidly since 1980. Thirteen rivers pass through Jakarta, e.g. the 
Ciliwung, Kalibaru, Sunter, Pesanggrahan, Angke and M ukrevat rivers. Many 
factories are located along these rivers, producing such items as batteries, textiles,
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paints, metals, plastics, food and drugs. Some o f these factories discard their wastes 
into the rivers. The utilization o f vehicles for transportation o f oil and coal for facto
ries has also contributed significantly to the heavy m etal contam ination o f the envi
ronm ent. The increased application of pesticides, fertilizers and other agrochemical 
com pounds can also increase heavy metal pollution.

This study was carried out using X  ray fluorescence (XRF) to support the m on
itoring o f heavy m etal pollution in the environment, especially in river water. A  sim
ilar study, the analysis o f cadmium (Cd) in river water from  the Pesanggrahan, 
Cisadane and Ciliwung rivers was done by Tontowi and Rahayu [1]. There is another 
report o f  the analysis o f heavy metals in river water by Joni Togar [2], but analytical 
w ork was done only by atom ic absorption spectrom etry (AAS). System atic 
sam pling was carried out along the rivers from  the industrial areas in the south of 
Jakarta that pass through the residential areas (the centre o f the city) up to the indus
trial area around the coast. The water samples w ere analysed after being preconcen
trated using am m onium  pyrolidine diethyldithiocarbam ate (APDC) [3]. The elements 
were then analysed using a radioisotope excited XRF system with a  109Cd annular 
excitation source. The analysis was perform ed not later than three days after sam 
pling. The elem ents found were Cr, Cu, Fe, Ni, Zn, Cd, Co, Hg and Pb. The results 
were com pared with analysis using AAS and neutron activation analysis methods.

2. M ATERIALS AND M ETHOD

2.1. Samples

Sampling was carried out from  February until June. W ater samples were taken 
from  22 locations along the rivers Sunter, Kalibaru, Ciliwung, Pesanggrahan, Angke, 
M ukrevat and Ancol (Table I and Fig. 1). The water collected (2 L) was im m ediately 
acidified (p H l-2 )  by adding about 4 m L of nitric acid to the samples. In order to pre
vent any possible adsorption by heavy metals on the flask walls, polyethylene flasks 
w ere used.

2.2. Sample preparation

2.2.1. R iver water samples

Norm ally in river water trace metals are in ppb concentrations, so sample pre
concentration had to be done for XRF analysis. In the laboratory, the samples were 
first filtered through an ordinary cellulose filter and then through a M illipore filter in



TABLE I. LOCATION OF RIVER WATER TAKEN ACCORDING TO FIG. 1
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No. Name of river Name of location Area

1 Pesanggrahan Pasar Jum’at Housing
2 Pesanggrahan Bintaro Housing
3 Angke Sodetan Office shopping centre
4 Mukrevat F.D.K. Metal industry
5 Mukrevat A.B.C. Battery industry
6 Angke Kapuk Fishery
7 Ancol Jembatan Simanis Tourism
8 Sunter P.T. Bogasari Meat industry
9 Sunter Podomoro Car workshop

10 Sunter Sunter Lake Tourism, fishery
11 Kalibaru Kemayoran Housing
12 Kalibaru Percetakan Office, school
13 Kalibaru Frisian Flag Milk industry
14 Kalibaru Y.K.K. Metal industry
15 Ciliwung Kelapa Dua Housing, school
16 Ciliwung Pejaten Housing, school
17 Ciliwung Jatinegara Housing, shopping centre
18 Ciliwung Halim Drinking water processing
19 Kalibaru Dunmex Pharmaceutical industry
20 Kalibaru Meiwa Plastic industry
21 Kalibaru Dulux Paint industry
22 Kalibaru Malagi Textile industry

order to rem ove all suspended particles. Prior to analysis the water samples were 
digested using H N 0 3 and H 2 0 2  because some o f the samples contained a lot o f 
organic matter. The water samples were preconcentrated by adding 10 m L o f 1% 
ADPC solution into the 500 m L water samples and mixed for half an hour. A fter fil
tering through a Nuclepore filter (pore size 0.4 |xm), the filter deposits were analysed 
by a radioisotope excited XRF system with a 109Cd annular excitation source. The 
analysis was done not later than three days after sampling. The blanks w ere prepared 
in  parallel using double distilled water [3].

2.2.2. Standard reference m aterial samples

To evaluate the sensitivity and accuracy o f X RF analysis for analysing trace 
m etals in river water, two standard reference m aterials (SRM s) from  the IAEA 
(SL-1 and Soil-7) were used. The procedure was as follows. A n SRM  was dried at a
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No. of channels

FIG. 1. Spectrum o f river water sample precipitate, measured by a 109Cd source.

tem perature o f  70°C for 48 h. A fter drying, pellets with a diam eter o f 3 cm were made 
using a pressure o f 1 2  atm . 1

2.3. Analysis by the XRF technique

The energy dispersive X  ray spectrometer o f the X R F analysis system consisted 
o f a sem iconductor Si(Li) detector with preamplifier, amplifier, HV bias supply and 
a PC based multichannel analyser. A ll the parts o f the spectrom eter were from  EG& G 
(ORTEC). T he energy resolution o f the spectrom eter was 170 eV  at 5.9 keV. The elec
tronic system  o f the spectrom eter also had pile-up rejection and live tim e correction 
circuitry (PUR/LTC), which was indispensable for proper analytical work. It has pro
duced a linear response in m easured intensity o f  characteristic X  rays up to very high 
counting rates, corresponding to a  dead tim e above 60%. The spectrum acquisition 
tim e for water precipitate samples was around 1000 s with 10 9Cd. A  typical spectrum 
o f the water precipitate on Nuclepore m easured by the 109Cd source is shown in 
Fig. 2 .

1 1 atmosphere, standard = 1.013 25 x 105 Pa.
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FIG. 2. Water sampling locations.

A nalysis o f com plex X  ray spectra has been perform ed with the AXIL program 
from  the QXAS software package, distributed by the IAEA [4]. The quantitative 
analysis has assum ed that the precipitate samples are thin samples, for which a linear 
relationship between the m easured intensity and the corresponding am ount o f ele
m ent in the sample is valid and can be written in the following form:

/,• = SI(pd)¡



TABLE П. CONCENTRATION RANGES OF TRACE METALS IN  RIVER WATER IN  T H E JAKARTA A REA  FROM  FEBRUARY 
TO JU N E 1996 Oig/L)

Element Cr Fe Ni Cu Zn Hg Pb Co Cd

Angke XRF 9.78-71 104-797 3.82-30 <DL-10 2.76-19 7.68-45.2 6.72-28.6 — —
(3)a NAA <DL-91.2 <DL-1070 — — <DL <DL — 0.03-0.05 <DL-0.32

AAS <DL <DL <DL <DL <DL <DL <DL — —

Pesanggrahan XRF 8.02-35.7 415-1450 6.22-8.44 2.11-4.61 4.7-50 <DL-10.2 5.90-9.08 — —

(2)a NAA <DL-31.6 200-1050 — — <DL-47 <DL — <DL-0.07 <DL
AAS <DL <DL <DL <DL <DL <DL <DL — —

Mukrevat XRF 9.61-94.61 34.3-1750 3.76-43 <DL-5.94 7.32-71.6 7.8-40 5.48-40 — —
(2)a NAA <DL-55.3 <DL-1066 — — <DL <DL — 0.05-0.07 <DL-0.30

AAS <DL <DL-1300 <DL <DL <DL-25 <DL <DL — —

Ancol XRF <DL 51.6-118 0.85-5.13 <DL-1.49 1.54—4.62 <DL^5.53 <DL-4.73 — —
(Da NAA <DL <DL-87 — — <DL <DL — <DL-0.08 <DL-0.35

AAS <DL <DL <DL <DL <DL <DL <DL — —

Sunter XRF 9.68-38.2 41.8-303 3.87—4.2 0.94-5.56 0.88-5.92 <DL-13.3 <DL-7.29 — —
(3)a NAA 9.70-43.6 <DL-137 — — <DL <DL — 0.039-0.124 <DL-0.24

AAS <DL <DL <DL <DL <DL <DL <DL — —

Kalibaru XRF <DL-30.95 238-1246 <DL-15.9 3-27.1 8.56-70.58 <DL-14.9 3.1-175 — —
(8)a NAA <DL-24.58 <DL-1050 — — <DL <DL — <DL-0.03 <DL

AAS <DL <DL <DL <DL <DL <DL <DL — —

Ciliwung XRF <DL-16.95 41.8-719 1.67-3.22 2.11-8.32 4.61-48.2 <D1^8.34 3.74-1.4 — —
(4)a NAA <DL-12.6 <DL-605 — — <DL <DL — <DL <DL

AAS <DL <DL-780 <DL <DL <DL-55 <DL <DL — —

a Points o f sampling location.
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where

Ij is the intensity o f elem ent i,
S¡ is the sensitivity (counts/s per g/cm 2),
(pd)i is the area w eight o f elem ent i.

Quantitative analysis in XRF analysis at first requires calibration of the system, 
i.e. to determ ine the sensitivity constants St. A  set of pure elements and stable com 
pounds with known concentrations for elements o f interest were utilized for this pur
pose. Once the sensitivities are known, the analysis o f the thin sam ple was straight
forward. The accuracy o f elem ental determ inations in XRF analysis depends on the 
statistical errors o f m easurem ent. For errors in calibration procedure, i.e. in the deter
mination of S¡ (Sj in principle is the slope of the linear calibration curves for the 
respective elem ents in the case o f a thin sample), and for errors in  the evaluation of 
matrix corrections, in general an accuracy o f better than 1 0 % can be achieved.

2.4. SRM analysis

In these experiments the accuracy was checked by the analysis o f IAEA SRMs 
(SL-1 and Soil-7). In Table II, the analysis results are com pared with the reference 
data (certified). In m ost cases the discrepancies are within the quoted errors o f the 
analysis and the reference data, but in m ost cases are within 1 0 % of the reference val
ues. The results for trace elem ent concentrations are usually m ore in errror because 
o f poorer statistics for the m easured intensities.

The water precipitate samples were analysed as thin samples, but according to 
the concentration of elem ents obtained in the residue deposit; the thickness of this 
deposit was assessed and the results w ere corrected for absorption. For m ost elements 
the recovery is usually between 80 and 90%.

The detection limits o f XRF analysis have been determ ined according to well 
known statistical criteria (3Vfi/i). The detection limits are quoted for m ost o f the 
elements of interest in water precipitate samples. The values were determ ined at a 
background relative error o f 1 %.

3. RESULTS AND DISCUSSION

T he resu lts o f X R F analysis o f river w ater sam ples are show n in 
Table III, and com pared with AAS results. The detection lim its o f the elements are 
shown in Table IV [5]. The high concentrations o f Cr (94.61 ppb), Fe (1750 ppb), Ni 
(43 ppb), Hg (40 ppb) and Zn (71.60 ppb) were found in M ukrevat River. The high
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TABLE III. DETECTION LIM IT OF ELEM ENTS (IN  ppb PER (ig/L) USING 
AAS, XRF AND NAA (VALID FO R  WATER SAM PLE PRECIPITATE)

No. Element AAS XRF NAA

1 Cr 100 7 39

2 Fe 145 7 100

3 Cu 100 3 —

4 Ni 220 7 —

5 Zn 500 2 194

6 Hg 50 3 88

7 Pb 237 3 —

8 Cd 200 — 75

9 Co 76 — 10

TABLE IV. RESULTS FOR SRM s SL-1 AND SOIL-7 U SING XRF ANALYSIS [5]

Element
SL-1 (|xg/g) Soil-7 (|ig/g)

Analysis Certified Analysis Certified

Mn 3470 3460 ± 160 627 ± 10 634 ± 28

Fe 65 100 ± 1220 67 400 ± 1700 26.20 ± 0.87 25.8 ± 0.5

Zn 232 ± 15.6 223 ± 10 109 ± 5.51 104 ± 3

Rb 98.6 ± 6.14 113 ± 11 47.2 ±2.11 51 ± 3

Sr 66a OO О 97.6 ± 6.37 108 ± 5

Zr 188a 241a 159 ± 62 185 ± 5

Cr 111 ± 10 104 ± 9 65 ± 19 60 ± 11

Ni 35 ± 6.68 44.9 ± 80 30 ±6 26 ± 5

Cu 27 ± 6.68 30 ± 5.6 13 ± 2.5 11 ±2

Pb 47 ± 4.42 37.7 ± 7.4 68 ± 4.3 60 ±6

a Information value.
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TABLE V. M U N IC IPA LITY  R E G U 
LATIONS O F TH E G O VERNM EN T, 
1995-1996

Element Unit Maximum permissible

Fe mg/L 2

Cu mg/L 0.1

Zn mg/L 1

Cr mg/L 1

Hg mg/L 0.002

Pb mg/L 0.1

As mg/L 0.1

Cd mg/L 0.01

Ni mg/L 0.10

concentration o f these metals in this area could be attributed to the discharge of 
wastes from  the battery and m etal industries. These results are consistent w ith the 
results o f surveys carried out by other researchers in 1995 [1]. In the previous surveys 
the highest concentration of Fe in some places was 2600 ppb and for Zn it was 
50 ppb, the m easurem ents being carried out using AAS. The highest concentration of 
Cu and Pb, 27 ppb and 175 ppb, respectively, were found in Kalibaru River, sur
rounding the industrial area which contained paint, textile, metal, food and drug fac
tories, while the concentraions o f Co and Cd were very low. The high concentration 
in this river water could be also from  pollution caused by traffic, as well as by a gen
erator station that utilizes leaded petrol engines. In the previous surveys Cu was found 
to be 90 ppb, the m easurem ent being carried out by AAS. These results were still 
lower than the value in the G overnm ent Regulation (1995-1996) (Table V). 
According to a survey [1], the flow rate o f Angke river water was 1930 L/s, 
Pesanggrahan 540 L/s and Ciliwung 12 420 L/s. Based on these flow rate values, the 
quantity o f metals carried to the Java Sea was estim ated at about 32.253 kg/year from 
the Angke River, 9.247 kg/year from  the Pesanggrahan River and 207.568 kg/year 
from  the Ciliwung River. The totals were alm ost 250 kg/year from  the three rivers, 
which means that m ore than 250 kg/year of metals were carried to the Java Sea from 
the 13 rivers in Jakarta.
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The XRF analysis m ethod was more advantageous than the AAS method, since 
m ost o f the trace elem ents could be analysed simultaneously. XRF is highly sensitive 
for determ ining Cu, Pb, Zn, Fe and Ni, while NAA is highly sensitive for determ in
ing Co, Cr and Cd, but not sensitive enough for Zn and Fe. Finally, the results showed 
that the concentration range o f heavy metals in  river water is generally higher in 
industrial areas, but these values are still lower than those in the Government 
Regulations.
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Abstract

ANALYSIS OF HEAVY ELEMENTS IN COMMERCIAL PHOSPHATE FERTILIZERS 
AND COAL ASH USING X RAY FLUORESCENCE SPECTROMETRY.

Multi-element analysis results of heavy elements in commercial phosphate fertilizers 
and coal ash measured by energy dispersive X ray spectrometry are reported. It was found that 
although both coal ash and phosphate fertilizers have higher concentrations of heavy elements 
than either soil collected near the fertilizer plant or uncombusted coal, coal ash has higher 
levels of heavy elements. Levels of thorium and uranium in phosphate fertilizers were 
measured to be 23 and 23.8 ppm, respectively.

1. INTRODUCTION

The fertilizer industry serving agriculture and food production uses, among 
others, m inerals containing P, К  and S. These m inerals are not clean. They contain 
other im pure elements that are transferred to the marketed products or residues o f the 
production process and further on to soils and plants. Am ong the impurities that have 
been assayed by several workers because of their potential undesirable health effects 
are toxic heavy elements and natural radioactivity [1-3].

The bulk of the com m ercial phosphate fertilizers used in Zam bia are either 
im ported or m ade from  im ported concentrates o f P2 0 5, since local phosphate ores 
have a low phosphate content that makes them only suitable for producing partially 
acidulated phosphate rock fertilizer. Coal is used as a raw m aterial and a primary 
energy source at the fertilizer plant in Kafue, 40 kilom etres from Lusaka. The m ajor 
residues and emissions o f the plant are bottom  ash, cinder (roasted pyrite slurries), fly 
ash and flue gases.

O ur earlier w ork has reported on natural radioactivity in Zam bian phosphate 
rocks and products as well as coal and coal ash [4, 5]. Another study that one of us 
participated in has reported on heavy elements in phosphate rocks from  Zam bia and

597
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nine other countries [6 ]. Heavy elements in Zam bian coal, coal ash and com mercial 
fertilizers have not been reported previously. This paper reports on heavy elements 
determ ined in these matrices using 109Cd excited X  ray fluorescence (XRF) 
spectrometry.

2. EXPERIM ENTAL

Samples analysed for heavy elements are shown in Table I. Coal, coal ash and 
soil samples were aliquots o f samples previously analysed for natural radioactivity [ 1 ] 
and ground to  a m esh size of <45 ¡xm. Fertilizer samples collected at regular intervals 
over six months from  the plant at Kafue were also ground to a m esh size o f <45 |xm.

All spécim ens w ere prepared as pellets o f interm ediate thickness (30 m g/cm 2) 
pressed at 1 0 1  after careful hom ogenization o f a m ixture o f each sample m aterial and 
cellulose pow der (at ratios o f 6:1 for coal, 5:2 for coal ash/phosphate fertilizer and 4:1 
for soil) in an agate mortar. Three replicate pellets per sample were prepared and m ea
sured (2000 s) using an energy dispersive spectrometer. A  1.85 GBq 109Cd source was 
used for specim en excitation. X  ray spectra collected by an Si(Li) detector (full width 
at half-m axim um  180 eV  at 5.9 keV) and a Canberra Series 40 m ultichannel analyser 
were analysed by A X IL software [7].

3. RESULTS AND DISCUSSION

Analyte concentrations were determined using a modified version of the emis- 
sion-transm ission m ethod [8 ]. Tables П-V  are examples of replicate means of heavy 
element concentrations measured in coal, coal fly ash, soil and phosphate fertilizer sam
ples, while Table VI shows a summary of the concentrations o f heavy elements in all 
assayed samples. The results show that although both coal ash and fertilizer samples 
have higher concentrations o f heavy elements than either soil collected near the fertil
izer plant or uncombusted coal, coal ash has much higher levels o f heavy elements.

Table VII shows results o f the XRF quality control measurem ents on standard 
reference materials, nam ely; ENO Fly Ash and CRM -32 M oroccan Phosphate Rock. 
From  the table it is apparent that the concentrations o f m ost heavy elements deter
m ined in the reference materials are in good agreem ent with certified values.

4. CONCLUSIONS

From  an environm ental managem ent point o f view it is im portant to carry out 
heavy elem ent audits in various industrial wastes or products through which toxic
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heavy elem ents can be redistributed. In this work, the XRF m ethod has been used to 
conduct such an audit, giving total concentrations o f toxic heavy elem ents in Zam bian 
coal ash and com m ercial phosphate fertilizers. The form er constitutes a m ajor form  
o f solid waste at Kafue and M aamba, while com m ercial phosphate fertilizers are used 
in all agricultural zones o f the country. This w ork is an exam ple o f efforts by the 
National Council for Scientific Research (NCSR) aim ed at providing environm ental 
data for land use and planning using one o f the few m ulti-elem ent analysis facilities 
available in the country.

TABLE I. SAM PLES ASSAYED FOR HEAVY ELEM ENTS

Sample type Sample code Sample description

Coal KACO Coal sampled at fertilizer plant, 
four samples taken

Fly ash FASH Fertilizer plant fly ash, four 
samples taken

Bottom ash BASH Fertilizer plant bottom ash, four 
samples taken

Dump ash DPASH Maamba red ash of self-combusted 
coal cleaning residues dumped 
used in open pit mines

Soil FLSOIL Soil sample collected near the fly 
ash lagoon at the fertilizer plant

BDSOIL Soil sample collected near the 
bottom ash dump site at the 
fertilizer plant

SOIL Four soil samples from various 
locations in Zambia

Phosphate fertilizer 1A D compound (composition: 20% 
N, 20% P20 5, 10% K20 , 8% S)

IB D compound
1C D compound

ID D compound
IE D compound
2A R compound (composition: 20% 

N, 20% P20 5, 9% S)
ЗА X compound (composition: 20% 

N, 10% P2Os, 5% K20 , 9% S)
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TABLE II. HEAVY ELEM ENTS (ppm) IN COAL

Analyte KACOl KAC02 КАСОЗ KAC04 Mean Range

Ti 2493 ± 41 2509 ± 68 2355 ± 71 2405 ± 112 2440 2355-2509
Mn 148 ± 24 89 ± 9 196 ± 15 181 ± 18 171 89-196
Cu 36 ± 4 22.1 ± 2.4 18.7 ± 2.1 29.4 ± 3.8 26.4 18.7-35.5
Zn 45 ± 4 21.2 ±2.5 30.2 ± 3.0 45 ± 7 30.3 21.1^5
Sr 148 ±6 128 ± 5 187 ± 22 130 ± 4 148 28-187
Y 22.9 ± 1.0 20.6 ± 1.0 19.6 ± 1.5 30.7 ± 1.7 23.4 19.6-30.7
Zr 122 ± 4 116 ± 4 126 ±8 144 ±21 127 116-144
Pb — — 15.1 ± 1.3 — —

TABLE III. HEAVY ELEM ENTS (ppm) IN  COAL FLY ASH

Analyte FAS HI FASH2 FASH3 FASH4 Mean Range

Ti 5100 ± 185 5346 ± 167 5212 ±170 6258 ± 159 5479 3639-6258
Mn 764 ± 19 226 ± 26 325 ± 32 143 ± 11 385 143-764
Cu 513 ± 18 459 ± 33 621 ± 33 553 ± 33 538 459-621
Zn 175 ± 10 143 ± 18 94 ±6 55 ± 4 117 55-175
Rb 13.5 ± 0.6 13.6 ±2.2 13.4 ±0.1 21.8 ± 1.8 15.6 13.4-21.8
Sr 591 ± 15 475 ± 33 563 ± 20 361 ± 20 498 361-591
Y 53 ± 2 45 ±4 43 ± 2 50 ± 3 48 27.7-53
Zr 371 ± 11 306 ± 40 411 ± 17 433 ± 35 380 207-433
Pb 52 ± 7 39 ±3 16.2 ± 1.3 — 35.7 16.2-52
Th 21.0 ± 1.9 19.8 ± 0.4 8.0 ± 0.2 19.3 ± 0.5 17.0 8.0- 21.0

TABLE IV. HEAVY ELEM ENTS (ppm) IN  DPASH, FLSO IL AND BDSOIL

Analyte DPASH FLSOIL SOIL1 SOIL2 SOIL3 SOIL4 BDSOIL

Ti (% wt/wt) 1.15 ± 0.03 0.49 ± 0.05 0.11 ±0.02: 0.17 ±0.01 0.20 ± 0.02 0.42 ± 0.06 0.72 ± 0.05
Mn 374 ± 26 271 ± 25 133 ± 27 203 ± 25 357 ± 29 1886 ± 204 373 ± 38
Cu 104 ±9 16.0 ± 0.8 43 ±4 <13 — 70 ± 10 82 ± 10
Zn 127 ±7 20.0 ± 1.0 42 ±5 90 ±7 28.3 ± 2.0 116 ± 8 26.4 ± 2.6
Rb 30 ±2 46 ±3 350 ± 10 254 ±7 50 ±3 47 ±3 74 ±4
Sr 724 ± 19 47 ±3 33.4 ±2.2 50 ±3 60±3 27.1 ± 2.7 23.0 ± 2.2
Y 104 ±4 35 ±2 101 ±4 44 ± 3 11.6 ±2.3 37 ±3 41 ±3
Zr 744 ±20 308 ± 12 218 ±8 231 ±8 118 ± 6 338 ± 10 460 ± 17
Pb 85 ±3 <20 254 ±11 <16 <18 115 ± 8 <20
Th 51 ±3 <7 73 ±4 18.5 ±3.7 19.0 ± 2.0 <8 <8



TABLE V. HEAVY ELEMENTS (ppm) IN COMMERCIAL PHOSPHATE FERTILIZER SAMPLES

Analyte 1A 1B 1C 1D IE 2A ЗА Mean Range

Mn 189 ±4 181 12 20514 193 1 17 169112 204 1 6 128 1 14 181 128-205
Fe 4182 ± 98 4313197 57591228 8559 ± 20 52001185 61961130 216014 5196 4182-8559
Cu 54 ±2 5513 7213 714 ± 54 206 1 9 15101 112 383 1 10 427 54-1510
Zn 147 ±7 153 110 4015 84113 1621 13 215 1 10 9112 127 40-215
Br 208 ± 17 221 ± 12 180 ±6 211 ±6 11513 — 120 1 15 176 120-221
Sr 519 ±33 522 1 21 515 130 852 1 66 3421 15 2791 11 391 1 34 389 279-852
Y 62 ±3 661 1 2512 3814 6312 6414 2712 49 25-66
Zr 10.1±1.1 12.4 10.4 — 39.5 11.8 _t 5 11.910.3 12618 40 10.1-126
Th 31.912.7 27.2 1 1.8 9.8 1 0.8 11.811.3 22.410.9 39.41 1.4 18.213.8 23.0 9.8-31.9
U 29.1 1 1.7 27.01 3.3 9.31 1.8 25.1 ±4.3 28.110.8 35.7 1 2.3 12.31 1.5 23.8 9.3-29.1
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TABLE VI. SUMMARY OF HEAVY ELEMENTS (ppm) IN COMMERCIAL
FERTILIZERS AND COAL ASH

Analyte
Maamba coal 

sampled at 
Kafue

Kafue
fly
ash

Kafue
bottom

ash

Maamba
red
ash

Kafue
soil

Phosphate
fertilizer

Ti 2440 5479 4039 1.15 
(% wt/wt)

4922 —

Mn 171 385 253 374 271 181
Cu 26.4 538 2002 104 16.0 427
Zn 30.4 117 508 127 20.0 127
Br — — — — — 176
Rb — 15.6 17.7 30 46 —

Sr 148 498 520 724 47 389
Y 23.4 48 36.0 104 35 49
Zr 127 380 334 744 308 40
Pb — 35.7 — 85 — —

Th — 17.0 17.6 51 — 23.0
U — — — — — 23.8

TABLE VII. HEAVY ELEM ENTS IN  REFERENCE MATERIALS (ENO FLY ASH
A N D  C R M -32 M O RO CC A N  ROCK PHOSPHATE 
ANALYTICAL LTD, UN ITED  KINGDOM )

: SU PPLIED B Y  M BH

Analyte
This work 

ENO values
Certified 

ENO mean
Certified 

ENO range

This work 
CRM-32 

values

Certified
CRM-32

mean

Ti 0.44 ± 0.2a 0.46 ± 0.02a 0.42-0.49a 140 ± 40 171 ± 10
Cr — — — 250 ± 40 257 ± 16
Mn 570 ± 70 634 607-661 <25 18.8 ± 1.3
Fe 6.9 ± 0.3a 7.46 ± 0.12a 7.23-7.703 1679 ± 150 1608 ± 70
Ni 73 ± 12 77.0 ± 6.5 64.2-89.8 40 ±8 34.6 ± 1.9
Cu 63 ±8 61.0 ±2.4 56.2-65.7 43 ± 9 33.7 ± 1.4
Zn 153 ± 11 149 ± 4 141-157 264 ± 25 253± 6
As 1775 ± 63 1790 ± 54 1680-1900 <11 9.5 ± 0.5
Rb 153 ±6 149 ± 4 141-157 — —

Sr 280 ± 9 283 ±11 262-304 1070 ± 58 —

Y 35.9 ± 2.8 — — 291 ± 17 —

Zr 169 ±6 222 ± 27 170-274 37 ±6 —

Pb 50.2 ± 12 41.7 ±4.9 32.0-51.3 <7 —

Th 13.0 ± 3.0 15.3 ± 0.8 13.7-16.9 —

U <8 7.29 ± 0.39 6.13-8.85 130 ± 5 125

a In % wt/wt.
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Presented by J.R. Estévez Alvarez

A m ethod was developed for the sanitary screening of cadm ium  in river sedi
ments. A  device for the direct analysis o f  solids by atom ic absorption spectrom etry 
w ith electrotherm al atom ization was constructed in co-operation with the National 
Centre for Scientific Research.

The analytical system consists o f a graphite tube with a  graphite cup inserted in 
it to hold the sample. The device can be used with Pye U nicam -Philips equipment. It 
can analyse samples from  0.5 to 5 'mg.

The program m e for the graphite furnace (PU 9095) (Table I) was established by 
an ash-atom ization curve for a sedim ent matrix. The instrum ental param eters were 
set following the m anufacturer’s recommendations.

A bsorbance (as peak height) was m easured for four replicates o f each sample. 
Calibration was accom plished using different m asses o f standard reference m aterial 
SRM -645 R iver Sedim ent from  the US N ational Institute o f Standards and

IAEA-SM-344/63P

TABLE I. FU R N A C E PR O G R A M M E FO R  TH E D ETER M IN A TIO N  OF 
CADM IUM  IN RIVER SEDIM ENTS

Step
Temperature

(°C)
Hold time

(s)
Ramp

CC-s-1)

Dry 1 2 0 2 0 5
Ash 300 90 2 0

Atomization 1 1 0 0 5 >2 0 0 0 a
Clean 1 2 0 0 5 > 2 0 0 0

a Internal flow rate: 0 m3 s ', autozero.
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Technology (formerly National Bureau o f Standards) [1], with a cadm ium  certified 
value o f 10.2 ± 1.5 Jig/g. For SRM -1645, the cadm ium  value was determ ined using 
neutron activation analysis (NAA) and polarography.

Linearity was evaluated up to 0.03 |ig  o f cadmium. The typical value for the 
slope o f a linear regression line was about 12.7 absorbance units per |xg Cd, with r2 
values calculated to be 0.996 or higher. The curve intercepts were not statistically 
different from  zero.

Previously, the m ean cadm ium  concentration o f five SRM -1645 samples was 
determ ined by the standard addition technique. A queous standards prepared by volu
m etric dilutions o f spectrometric standard solutions (Sigma, St. Louis, M O, USA) in 
deionized water w ere added (directly in the graphite cup) to a series of accurately 
weighed SRM  samples o f approxim ately the same mass. The cadm ium  value found 
was 10.2 ± 2.7 (xg/g, and it was considered to be in good agreem ent with the task 
value.

The detection lim it was calculated as three tim es the standard deviation o f the 
cadm ium  m easurem ents m ade in  12 synthetic blank samples o f 4 mg, with a com po
sition o f S i0 2 :C aC 0 3 (4:1). The value found was 0.3 ja.g/g.

Sedim ent samples were collected from  10 rivers used as a water source for 11 
cities with m ore than 5000 inhabitants in Cuba. International Organization for 
Standardization recom m endations were consulted for the sampling design. Samples 
were collected at five points in each river to a 1 0  cm  depth with a polyvinyl chloride 
(PVC) tube. Sam pling was perform ed twice during the two typical seasons o f the year 
in Cuba. One sedim ent sample from  each river and one o f the SRMs were analysed 
by infrared spectrom etry to study their m atrix com position, and all were found to be 
similar.

The river sam ples were prepared for analysis as follows. A portion of each sed
im ent sample (particle size <63 ц т )  was transferred to an agate mortar; 2 m L of 
ethanol were added to the sample and it was hom ogenized for 20 min. Later the 
sam ple was dried using an infrared lamp and finally it was stored in polyethylene 
containers. The sample mass for analysis was m easured on a Teflon sheet and it was 
quantitatively transferred to the graphite cup using a plastic device. The same 
procedure was used to prepare the SRM  samples.

The relative standard deviations calculated from  the cadm ium  measurem ents 
m ade in  four replicates o f each sample were about 12%. This value has to be 
considered as norm al [ 1 ].

Cadm ium  concentrations determined in the river sediment samples were below
1.1 |ig /g  in  all cases. It was concluded that cadm ium  concentrations in  these river sed
im ents were not a health hazard, also taking into account the fact that cadm ium  water 
levels in these rivers have been found [2 ] to be below the drinking water quality 
national standard for cadm ium  o f 0.005 m g/L [3], or even the guideline value of 
0.003 m g/L  recently established by the W orld H ealth Organization [4].
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During the past few years studies o f environm ental pollution in Cienfuegos Bay 
(located to the south and m iddle o f Cuba) have increased substantially due to the eco
nom ic im portance of the region [1]. Industrial and urban development has increased 
the quantity o f wastewater discharged into the bay, w ith a consequent decrease in the 
environm ental quality o f the m arine ecosystem . The aim o f this paper was to study 
the feasibility o f several energy dispersive X  ray fluorescence (EDXRF) m ethods in 
the multi-elem ental analysis o f m arine biological and sedim ent samples collected 
from  exotoxicological research pools.
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Thirty-three sediment, 16 fish (corvina —  Micropogonias furnieri —  gonad 
and muscle) and 7 oyster (Crassostrea rhizoforae) samples were analysed. The 
elem ental concentrations o f K, Ca, Ti, Cr, Mn, Fe, Cu, Zn, As, Br, Rb and Sr 
w ere quantified by EDXRF. Em ission transm ission (ETF in thin layer, ETT in thick 
layer) [2], fundam ental param eters (FPs) [3, 4] and the I/С  relative m ethod (matrix 
effect correction using inelastic scattering peak) [5] were employed. Flam e atomic 
absorption spectrophotom etry (FAAS) was used as an alternative m ethod for the 
determ ination o f Ca, Ti, Cr, M n, Fe, Ni, Cu and Z n in  sediment samples and o f K, Ca, 
Mn, Fe, Cu, Zn and Pb in  biological specimens. A ll the results w ere com pared.

The accuracy o f the absolute m ethods (ET, FP) was evaluated using 13 certified 
reference m aterials (CRM s). Both CRM s and the samples were o f <87 |im  grain size. 
Pellets o f -0 .0 5  g/cm 2  and =0.6 g/cm 2 were prepared (for measuring the absorption 
coefficient and samples, respectively). The CRM s used were: IAEA SL-1, Soil-5, 
Soil-7; NRCC BCSS-1, PACS-1, TORT-1, DOLT-1, DORM -1, NBS SRM -1567, 
NBS SRM -1574, NBS SRM -1575, NIST SRM -1566 and NIES C R M -09.

ED XRF m easurem ents were perform ed with an Si(Li) detector (r£ = 1 8 0  eV, 
M n K a), 109Cd annular radioisotopic source (555 M Bq) and a suitable spectrometric 
track. All spectral analyses and quantifications were made using the IAEA AXIL 
package [6 ].

The concentration range o f the analysed elements in the samples, as well as the 
reproducibility for all the methods, are shown in Table I. The relatively high concen
trations o f As in the biological samples were caused by the addition o f this element 
in  several pools.

The selected m ethods and their metrological characteristics are summ arized in 
Table II.
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TABLE I. CONCENTRATION RANGES IN THE ANALYSED SAMPLES

Biological samples Sediment samples Biological samples Sediment samples

Element
Min.
conc.

Max.
conc.

Min.
conc.

Max.
conc.

Element Min.
conc.

Max.
conc.

Min.
conc.

Max.
conc.

K(%) 0.73 2.19 0.88 1.4 Zn (ng/g) 21 1315 76 166
Ca (%) 0.034 4.90 0.47 1.86 As (ц-g/g) <30 562 <20 46
Ti (%) — — 0.51 1.13 Br (M-g/g) I I a 387a 10 40
Cr (|ag/g) — — 100 260 Rb (ng/g) <4 8.6 33 54
Mn (%) <0.002 0.015 0.0600 0.1228 Sr (jxg/g) 2.5 207 92 327
Fe (%) 0.0040 0.0550 5.14 7.17 Y (M-g/g) — — 21.7 26
Ni (M-g/g) — — 5.8 51 Zr (|lg/g) — — 143 306
Cu (p.g/g) <30 353 51 100 Nb (|ig/g) — — 6.0

OOC\

Pb (M-g/g) <45 — <45 —

a Reference values.
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TABLE II. SELECTED ANALYSIS M ETHODS

Biological materials Soils and sediments
Element -------------------------------------------------------------------------------------  ------------------------------------------------------------------------------

Method Accuracy Reproducibility Method Accuracy Reproducibility

К ET, I/C 5-20 2-15 ET 10-19 8.1-23
Ca ET, I/C 12-14 2-15 ET 27-38 3.9-11
Ti — — — ET 2.6-19 2.8-12
Mn ET, I/C 10 10 ET 6.3-26 4.7-13
Fe ET, VC 5-15 7-25 ET, I/C 0.7-15 1.6-5.9
Zn ET, I/C 5-10 2-15 ET, I/C 10-14 3.7-11
Cu I/C 4.0-24 5.0-15.1 — — —
As ET ? 5.0-14 ET 3.8-24 8-11
Br ET 1.5-17 1.7-11 ET, I/C 3.6-16 6.9-13
Rb I/С 5-10 3.2-19 ET, I/C 2.2-8.3 4.3-5.0
Sr VC 5-10 2,4-9.2 ET, I/C 3.1-20 2.4-5.4
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[5] DE VRIES, J.C., VREBOS, B.A., “Quantification in X-ray fluorescence analysis of 
infinitely thick samples”, Handbook on X-Ray Spectrometry: Methods and Techniques 
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E X P E R IE N C E S  W IT H  IM PL E M E N T A T IO N
O F  A Q U A LITY  A SSU R A N C E SY STEM
AT AN A N A LY TIC A L C H E M IS T R Y  LA B O R A TO R Y

P. LAM  RAM OS, N. ALBERRO M ACIAS,
C.M. GACITA SUAREZ, M.J. VALDES FUENTES 
Center for Studies on N uclear Developm ent (CEADEN),
Havana,
Cuba

Presented by J.R. Estevez Alvarez

Since January 1992, personnel o f the Analytical Chemistry Laboratory of the 
Center for Studies on N uclear Development have been using the term inology ‘quality 
m anagem ent’, ‘quality assurance’ and ‘accreditation process’. This was m otivated by 
the desire to achieve laboratory accreditation in that year according to international 
criteria (ISO/IEC Guide 25 and ISO-9000 series). The m ost im portant reason for this 
was economic, because it was necessary to increase the analytical services offered by 
the Laboratory. This m eant that the Laboratory needed official recognition o f its 
technical competence.

A  working group was created to carry out the analytical services. This group 
was com posed of technicians with knowledge and experience in the operations they 
carried out and were m anaged by an analyst with greater experience and qualifica
tions. Also, in order to guarantee the quality o f services, a person was appointed with 
the responsibility of linking the several stages involved in the provision of services, 
such as receiving client requests and samples, delivering these to the analysts for 
carrying out the tests, m onitoring precision and reproducibility (according to the 
national guidelines [ 1 ]), elaborating and delivering the official laboratory report to the
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client and recording each stage o f work. This technician was supervised by the labo
ratory manager.

To m onitor accuracy, the national guideline [2] dealing with the periodic 
m ailing o f a certain num ber o f samples to a control laboratory was applied. In 
addition, reference m aterials were used and/or part o f the test m aterials were analysed 
by alternative techniques.

To obtain laboratory accreditation, an initial period o f tim e was needed that 
included the study, establishm ent and im plem entation o f protocols covering quality 
m anagement, i.e. the laboratory conditioning to com ply with quality system require
m ents on the basis o f which accreditation would be given.

In June 1992, the evaluation process was carried out by the N ational Office of 
N orm alization according to the criteria o f ISO/IEC Guide 25, and in October the* 
Laboratory received the Certificate o f Accreditation for three years. The accreditation 
covered the quality system (QS) o f the Laboratory, as well as testing activities for the 
analysis o f uranium  in m inerals, lixiviation liquors and waters and analysis o f the 
chem ical com position o f metals and ferrous and non-ferrous alloys.

The im plem entation o f the QS m eant the following:
9

—  A new organizational structure and adm inistrative management;
—  A cquisition of the required QS docum entation (manuals, written procedures, 

forms, records, etc.);
—  W ork flows for the perform ance and quality control o f the services (Fig. 1);
—  M aintenance, calibration and verification plans for equipm ent (administrative 

m anagem ent of equipment);
— Program m es for the training and requalification o f personnel;
—  Inspection and auditing system  plans (internal and external assessments).

The principal advantages deriving from  the implem entation o f this quality 
system are:

—  Establishm ent o f a m ore appropriate working style (organization);
—  Clear specification o f the responsibilities o f each m em ber o f the Laboratory;
—  G reater control o f possible deviations and greater discipline in the work;
—  Increase in the num ber o f clients;
—  Increase in  the scientific rigour of the investigation activity;
—  Im plem entation o f  internal quality control on a m ore rigorous level in accor

dance w ith recom m ended international guidelines [3 ,4 ];
—  Granting by the Ships’ National Inspection and Classification Body o f the 

‘Certificate o f H om ologation’ in M ay 1995 for the quantitative analysis o f 
m icro and macrocom ponents in liquids, steels and light alloys;

—  Supply o f com petitive services at international quality level.
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On the basis o f the experience acquired during the introduction o f this system, 
the following should be mentioned:

—  Awareness o f quality m anagem ent by directors o f the organizations is necessary 
for a successful QS;

FIG. 1. Laboratory flow chart fo r the execution o f repetitive services.
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—  Im portance o f securing em ployees’ understanding and acceptance o f the need 
for, and the philosophy o f  quality m anagem ent and laboratory accreditation, 
both em otionally and rationally, as well as a satisfactory interpretation o f the 
requirem ents to be fulfilled;

—  Indispensability, for the realization of QS, o f the active participation o f all 
persons directly involved in the execution and quality o f the services;

—  System atic assessm ents (audits) and checks o f all QS elem ents, as constituents 
o f  the operating procedure, m ust be strictly carried out;

—  Proper selection, interpretation and use o f guidelines concerning im plem enta
tion and evaluation o f quality assurance practices in laboratories and for QS 
certification.

The working experience with the system has shown the need for systematic 
im provem ents and extension to other areas for two m ain reasons. The first is the inno
vative and creative character o f research activity. The second is the introduction of 
new testing activities, for exam ple the development and application o f control envi
ronm ental tests (i.e. the analysis o f soils, natural zeolites, marine sediments, waters 
and plants.).

In January 1996, the Laboratory again received a Certificate o f Accreditation, 
dem onstrating the validity o f quality practices as an im portant tool to ensure 
com petitive laboratory services.
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SHORT TIME NEUTRON ACTIVATION ANALYSIS 
FOR HEALTH RELATED ENVIRONMENTAL STUDIES

K.M. OCHSENKÜHN, N.N. PAPADOPOULOS 
National Centre for Scientific Research ‘Demokritos’,
Athens,
Greece

IAEA-SM-344/71P

In health related environmental research, toxic substances such as Al, As, Cd, 
Co, Cr, Pb, Se and Zn in human blood, serum, urine and other biomedical material 
are usually encountered in very low concentrations, so that very sensitive analytical 
techniques are required to determine their concentrations. Neutron activation analysis 
(NAA) is a suitable nuclear analytical technique for many trace elements in biomed
ical material. However, this technique is sometimes time consuming if long lived 
nuclides have to be analysed because long waiting and counting periods are often 
required to reduce possible strong short and medium lived nuclide matrix interfer
ences. On the other hand, if the long lived nuclide matrix interferences are high, short 
lived nuclides cannot be measured in time before their decay because high count rates 
and long dead times might block the multichannel analyser, and thus the short lived 
nuclide spectrum might be lost.

In order to overcome this problem, an electronic loss-free counting system has 
been developed by which the count losses are compensated by their artificial addition 
to the multichannel analyser spectrum, permitting gamma spectrometry at high — 
even varying — count rates with a high percentage of pulse dead time. In addition, 
the distance between the radioactive sample source and the radiation detector can be 
varied during the counting time by a stepping motor, driven by a controller or a 
computer program, either stepwise or continuously [1]. Thus, the count rate can be 
optimized for compensation of the radioactive decay by increasing gradually the 
counting geometry factor and consequently the counting efficiency [2]. Thus, even for 
short lived nuclides the count rate can be kept constant and the counting period can 
be prolonged [3]. In combination with cyclic and cumulative activation the total 
counts can then be increased and the counting statistics improved considerably.

In order to ensure the reliability of the above technique, several measurements 
and intercomparisons with other laboratories and techniques are being performed and 
will be repeated under various experimental conditions. At first, standards with different 
masses and with known element concentrations have been measured after calibration of 
the analytical system to verify that the results do not depend on the count rate and the 
dead time up to a certain limit, by use of the loss-free counting system. This
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independence, even at high count rates and dead times, was also checked by adding 
known amounts of one element to a certain standard to verify the linearity of the system.

As a second step, samples of human blood, human serum and human urine are 
being analysed for toxic trace elements such as Al, As, Co, Cr, Se and Zn using 
various irradiation-waiting-counting time sequences, and are being intercompared 
with the results of other laboratories for characterization and certification of new 
analytical reference material. This work is still in progress.

It is obvious that by the above technique the measurement time can be reduced 
considerably, not only by enhancing the measurement of short lived nuclides, whenever 
possible, but also when mixtures of short and long lived nuclides are present in the 
sample because they can then be measured simultaneously shortly after mediation, 
even at high count rates and dead times. This means that the analytical throughput can 
be increased considerably. Thus, the needs of more customers can be covered, even if 
they are far away from the nuclear reactor. They can simply send their samples to the 
reactor for irradiation and measurement at a nuclear analytical laboratory adjacent to 
the reactor and the data can either be evaluated at the reactor site or sent back by elec
tronic mail or on computer disk to the customer/user to be processed and evaluated by 
him/her. As a consequence of the increased number of users, the utilization of the 
nuclear reactor can be enhanced considerably, reducing also the cost of analysis.

It should be noted that, because of the increased demand for immediate 
measurements after irradiation, a well equipped nuclear analytical laboratory at the 
reactor site should be available. On the other hand, sufficient automation of the irra
diation facility and the sample transfer and counting system is required, taking into 
account the increased sample throughput capacity of the analytical system.

In conclusion, the new development in NAA, by a combination of various 
special techniques, broadens its range of application, especially in health related 
environmental studies, since it improves the sensitivity, enhances the half-life range 
of measurable nuclides and increases the analytical throughput capacity by shortening 
the measurement time.
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AN ACCURATE CALIBRATION OF THE DETECTION EFFICIENCY
OF A LOW LEVEL GAMMA RAY SPECTROMETRY ASSEMBLY
FOR ENVIRONMENTAL SAMPLES

Y. NIR-EL*
Agency’s Laboratories, Seibersdorf,
International Atomic Energy Agency,
Vienna

Presented by A. Fajgelj

The determination of radioactive measurands in environmental samples or in 
foodstuffs is often faced with the difficulty of measuring low levels of radioactivity. 
A weak peak in a gamma spectrum can be masked by the intensity of the background. 
A background property which must be considered is its level of fluctuation. This has 
a direct impact on the statistical significance of the measured peak.

The fundamental statistical treatment by Currie1 shows that the low limit of 
detection is proportional to the square root of the number of background counts under 
the peak, where the proportionality factor varies with the confidence level chosen. A 
more interesting parameter is the minimum detectable activity (MDA), expressed in 
becquerels and defined as the smallest quantity of radioactive nuclide which can be 
determined reliably. The MDA is inversely proportional to the absolute detection effi
ciency at the full energy photopeak. Smaller MDAs can be obtained by lowering the 
background and increasing the detection efficiency.

The recently installed low level gamma spectrometry assembly at the Agency’s 
Laboratories, Seibersdorf, incorporates a passive background reduction, using a non
contaminated lead shield and an extra low activity detector assembly which was con
structed from selected clean components. The high detection efficiency was achieved 
by installing a large HPGe (high purity germanium) detector of 69% relative effi
ciency and using large volumes of samples in the 1.3 L Marinelli beaker configura
tion of closer source-detector geometry.

Calibration of the detection efficiency was performed by a set of 14 IAEA 
certified reference materials (CRMs), a standardized solution of 134Cs, solutions of 
two pure potassium salts and two mixed radionuclide gamma reference standard

IAEA-SM-344/44P

* Present address: Soreq Nuclear Research Centre, Yavne 81800, Israel.
1 CURRIE, L.A., Anal. Chem. 40 (1968) 586-593.
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solutions. The accuracy of calibration results is manifested in the high significance of 
the regression lines obtained in the fitting analyses. The efficiency results are 
traceable to the certified and standard reference materials, which were used as 
‘calibrands’.

The performance of the assembly can be shown, as an example, by the analysis 
of the relatively low 137Cs activity of the IAEA A-14 Milk Powder CRM, which was 
found to be 1.37 ± 0.05 Bq/kg (reference date: 31 August 1987).

IAEA-SM-344/42P

STUDIES OF TRACE ELEMENTS IN DIETARY INTAKE 
OF A SELECTED GROUP OF INDIAN ADULTS BY EDXRF

P.K. PATRA, M. LAL 
Nuclear Physics Division,
Bhabha Atomic Research Centre,
Trombay, Mumbai*,
India

Trace elements are essential for the body since they cause chemical reactions 
that lead to proper digestion, absorption of nutrients from food and production of hor
mones. Therefore, a balanced diet should contain a certain quantity of each of the 
essential trace elements. A deficiency of these elements can be regulated to a certain 
extent by the body’s self-regulating mechanism. In certain circumstances, such as ill
ness, the body needs to be supplemented with certain drugs prescribed to compensate 
for the loss of these elements. In general, people who consume a variety of food items 
in their daily diet are better placed to obtain the required amount of trace elements. 
For such people it is not easy to determine the exact quantum of trace elements in the 
diet due to the variety of food items consumed by them during different seasons and 
because of different eating habits in different regions. Moreover, the concentrations 
of trace elements in the consumed food items depend considerably on the soil and 
other environmental factors in the growth of the plants. In view of these observations, 
the present study includes a group of manual workers who consume limited food 
items like rice, wheat, ‘bajra’ (pearl millet), ‘jowar’ (a type of sorghum), onions, salt, 
chillies and bananas in their daily diet. The limited dietary intake of this group is due 
to social conditioning and low income.

Formerly Bombay.



POSTER PRESENTATIONS 621

To analyse the trace elements in these food items we employed a lithium drifted 
silicon (Si (Li)) X ray detector of 30 mm2 x 3 mm size having an energy resolution 
of 200 eV for 5.9 keV Mn Ka X rays coupled to the annular radioisotope sources of 
109Cd (10 mCi) and 241 Am (100 mCi)1 for exciting the characteristic X rays of the 
elements present in the samples. A PC based multichannel analyser and printer were 
used for recording the X ray spectra. Samples were prepared by adding cellulose to 
each of the finely powdered dried samples; the resulting mixture was pressed into a

TABLE I. CALCULATED AVERAGE INTAKE OF Fe, Cu, Zn AND I PER DAY 
PER ADULT

Food item Concentration of trace elements (in mg) + error
per 500 g of consumption per adult per day

Fe Cu Zn I
Rice 300 + 5 28 + 1 30 ± 1 ND
Wheat 375 + 8 21 ±3 18+3 ND
Maida 115 + 3 17 ± 3 40 ± 1 ND
Jowar 56 + 5 ND 80 ± 0.8 ND
Bajra 200 + 6 ND 45 ± 1 ND
Onion 200 ±6 38 ± 1 26 ± 2 ND
Banana 256 + 5 17 + 4 ND ND
Salt ND ND ND 300 + 6 (ng)

ND: Not detected.

TABLE II. QUANTITATIVE RESULTS AND QUOTED VALUES FOR Fe, Cu 
AND Zn

Element
Concentrations (in ppm) of elements in Pond Sediment

Quoted Calculated + error

Fe 6.53% 6.32% + 90 (ppm)
Cu 210 ppm 241 + 18
Zn 343 ppm 278 + 15

1 curie (Ci) = 3.70 x 1010 Bq.
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TABLE III. ABSORPTION OF Fe, Cu AND Zn IN THE BODY

RDA per Calculated bodily
Elements adult per day- absorption per

(mg) adult per day (mg)

Fe 10 10.5g
Cu 2 0.8
Zn 15 2.0

thin pellet having a diameter of 2.5 cm. Each pellet of the samples was run for a 
counting time of 1-2  h.

Of the five samples each of rice, wheat, bajra, jowar, onions, salt and bananas 
analysed to determine such essential trace elements as Fe, Cu, Zn and I, the average 
concentrations of these elements were determined assuming a consumption of 500 g 
of cereal per day per adult. In the case of common salt, the daily consumption was 
taken to be 10 g. The calculated average intake of Fe, Cu, Zn and I per day per adult 
is shown in Table I. For evaluating the reliability of the quantitative measurements, 
we used an international standard, ‘Pond Sediment’. The matrix of the standard was 
diluted by adding an equal quantity of cellulose. The homogenized mixture of the 
standard sample was pelleted and counted for 2 h, and the quantitative results 
obtained and quoted values for the elements Fe, Cu and Zn are shown in Table II.

As per the recommended dietary allowances (RDAs), an adult2 needs 10 mg of 
Fe, 2 mg of Cu and 15 mg of Zn per day. There is a great variation in the absorption 
of these trace elements in the body from various food items (Table III). Thus, mea
suring the amount of trace elements in the food we eat is not very meaningful unless 
this absorption factor is taken into account. For example, the absorption factor in the 
case of meat in the diet is five times higher than in the case of cereals and vegetables. 
Assuming an absorption factor of 5% in the case of cereals, the bodily intake of Fe, Cu 
and Zn are calcualted taking the average value of each of the elements from Table I. It 
is seen that the daily requirement of Fe can be met through the intake of only cereals 
in the diet, whereas Cu and Zn obtained from a diet of cereals is not adequate for this 
group of workers and is required to be supplemented by other additional dietary 
items. In the case of iodine, the daily requirement of 200 jag is met through the intake 
of iodized salt only. Manual workers use ordinary salt, where iodine is not detected 
and is therefore much less than the daily requirement.

2 LEN, М., Minerals and your Health, Allen and Unwin, New York (1986).
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From the present study it is seen that there is a need for the manual workers to 
supplement their diet with additional food relatively richer in these essential trace 
elements.

IAEA-SM-344/52P

TRACE ELEMENT ANALYSIS OF A FEW SELECTED 
PHARMACEUTICAL DRUGS BY ENERGY DISPERSIVE X RAY 
FLUORESCENCE

M. LAL, P.K. PATRA, D. JOSEPH 
Nuclear Physics Division,
Bhabha Atomic Research Centre,
Trombay, Mumbai*,
India

A few selected pharmaceutical drugs prescribed for different ailments arising 
out of deficiency of trace elements are analysed for their elemental concentrations by 
energy dispersive X ray fluorescence (EDXRF). Ca, Ti, Cr, Mn, Fe, Cu, Zn, Br, Sr 
and Mo are some of the trace and minor elements detected in the drugs Rbtone, Zevit, 
Calcimax and Pregnacare. The results of analysis of these drugs by the EDXRF 
method with values specified by pharmaceutical companies for these elements are 
compared.

Deficiency of essential trace elements in the diet results in various ailments [1]. 
Deficiency of Zn, for example, results in skin rash, hair loss, abdominal pain and 
diarrhoea. The increased requirement of various nutrients after recovery from illness 
is met through taking the prescribed diet supplemented by the drugs prescribed to 
compensate for the loss of various trace elements. We have analysed a few samples 
of the four drugs Rbtone, Zevit, Calcimax and Pregnacare using the EDXRF method 
for determining their major and trace elements.

The X ray set-up consists of a lithium drifted silicon (Si(Li)) detector of 
30 mm2 x 3 mm size having an energy resolution of 200 eV for 5.9 MnKa X rays. 
Two annular radioisotope sources, 109Cd (10 mCi) and 241Am (100 mCi) are 
employed for exciting charactristic X rays of the elements present in the samples. The

* Formerly Bombay.
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spectrometer is coupled to a PC based multichannel analyser with a printer. Samples 
of these drugs are ground to a fine powder and an equal quantity of cellulose powder 
is added to each sample for binding to make a thin pellet. The resulting mixture is 
homogenized and pressed into a pellet of 2.5 cm diameter. Each pellet is run for a 
counting time of one hour.

The values specified by the pharmaceutical company and analysis by EDXRF 
to determine the concentrations of the trace elements are shown in Tables I and II, 
respectively. It is observed that the weights of the different samples of the same drug 
show a variation of about 5% from the mean value. Cr and Br are observed as impu
rities in Rbtone. The concentrations of Fe and Mn are within 10% of the specified 
values by the companies, whereas variation is more than 10% in the case of Cu. 
Deviation in the concentration of Ca from quoted values of Calcimax drug is 
observed to be very large.

The dosage of trace elements prescribed by a physician for an ailment should 
be within the prescribed limits for effective treatment. To observe the quality control 
of these drugs in the pharmaceutical industry a rapid method of elemental analysis 
like EDXRF can be useful.

REFERENCE
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(WOOLFSON, A.M.J., Ed.), (1986).

TABLE I. ELEMENTAL CONCENTRATIONS (ppm) OF CALCIMAX AND 
PREGNACARE SPECIFIED BY PHARMACEUTICAL COMPANIES

Sample No. Ca Mn Fe Cu Zn

C-l 26.6% NS NS NS 2667
C-2 26.7% NS NS NS 2661
C-3 27.1% NS NS NS 2705
C-4 26.5% NS NS NS 2646
D-l NS 3073 46 090 1537 30 726
D-2 NS 3369 50 504 1684 33 669
D-3 NS 3358 50 369 1679 33 579
D-4 NS 3694 55 411 1847 36 940



TABLE II. ELEMENTAL CONCENTRATIONS (ppm) OF RBTONE, ZEVIT, CALCIMAX AND PREGNACARE DETERMINED 
BY EDXRF

Sample No. Ca Ti Cr Mn Fe Cu Zn Br Sr Mo

A-l 13 356 — 417 — 61 991 18 201 96 — —

A-2 13 152 — 419 — 61 159 18 505 92 — —

A-3 19 185 — — — 81 255 24 729 136 — —

A-4 14 101 479 369 — 66 686 19 696 155 — 13
A-5 10 837 — 340 — 42 614 16 838 112 24 20
B-l — — — — 112 31 313 — — —

B-2 1039 — — _ 26 56 812 — — —

B-3 534 — — — 308 55 180 — — —

B-4 568 — — — 296 55 180 — — —

B-5 — — — — 174 32 263 — — —

C-l 17.98% — — — 307 2037 — 190 —

C-2 11.58% — — — 169 2611 — 218 —

C-3 10.46% — — — 189 2069 — 186 —

C-4 10.71% — — — 314 2529 — 248 —

D-l — — — 817 44 589 1795 34 821 45 32 —

D-2 — 737 170 2197 50 094 2251 38 796 38 29 —

D-3 — — — 1866 37 651 1043 29 365 42 40 —

D-4 — — — 2451 37 384 1344 32 574 — — —

A: Rbtone; B: Zevit; C: Calcimax; D: Pregnacare; NS: not specified.
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MASS SPECTROMETRY FOR HEALTH RELATED STUDIES

S.K. AGGARWAL 
Fuel Chemistry Division,
Bhabha Atomic Research Centre,
Trombay, Mumbai*,
India

IAEA-SM-344/76P

Mass spectrometry is a valuable analytical tool for determining the isotopic 
composition and concentration of different elements at sub-ppm levels in biological 
and environmental samples. The increasing use of stable enriched isotopes as tracers 
for investigating the bioavailability of various elements in humans has further 
strengthened the role of mass spectrometry in health and environment related studies. 
Amongst the gamut of different techniques being used, mass spectrometry in con
junction with isotope dilution occupies a unique place owing to its freedom from 
matrix effects, and accuracy is not affected due to non-quantitative recovery of the 
element of interest from the matrix. Thermal ionization mass spectrometry (TIMS) 
and inductively coupled plasma-mass spectrometry (ICP-MS) are the two most 
commonly used techniques; the former is a ‘gold standard’ for determining the 
smallest changes in isotope ratios with the highest precision and accuracy by injecting 
extremely small amounts of expensive tracers without disturbing the homeostasis. 
The other options available to biomedical and environmental laboratories not 
equipped with dedicated inorganic mass spectrometers (TIMS, ICP-MS) are the use 
of general purpose organic mass spectrometers with gas chromatography-mass 
spectrometry (GC-MS) and fast atom bombardment-mass spectrometry (FAB-MS). 
Though GC-MS and FAB-MS cannot compete with TIMS and ICP-MS from the 
point of view of precision and accuracy, they provide useful alternatives in many 
instances. Recent advances include the use of resonance ionization mass spectrometry 
and accelerator based mass spectrometry, which provide the capability to measure 
extremely small isotope ratios (<10_1° or lower) and in the presence of isobaric 
interfering elements.

* Formerly Bombay.
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ROLE OF PROPER SAMPLING IN THE ESTIMATION 
OF THE DAILY INTAKE OF SOME TRACE ELEMENTS 
BY THE ADULT INDIAN POPULATION

D.D. JAISWAL, M. PARAMESWARAN, H.S. DANG 
Health Physics Division,
Bhabha Atomic Research Centre,
Trombay, Mumbai*,
India

IAEA-SM-344/91P

Trace elements are known to play an important role in human health. Whereas 
the essential trace elements are known to sustain life, the toxic ones affect human 
health adversely. Taken together, their intake and retention in the body have implica
tions for human health. The study of the daily intake of these trace elements by the 
normal Indian population can provide important baseline data, against which changes 
and the possible health effects could be studied. The estimation of the daily dietary 
intake of the trace elements is generally carried out by the trace element analysis of 
either a: (1) duplicate diet, (2) institutional diet, or (3) market basket study. In order 
to assess the possible variations in the intake data obtained by these three different 
approaches, a preliminary study was made to obtain the estimate of the daily dietary 
intake by the adult Indian population employing the three approaches. The results 
obtained are reported.

The samples of duplicate diet were obtained from 15 subjects living in an urban 
area of India (Mumbai). The institutional diet samples were collected from a hospital 
located in Mumbai. The diet samples collected from the hospital essentially repre
sented the diet that was prescribed to the patients who were basically healthy and 
were admitted to the hospital only for observation purposes. The market basket 
consisted of all food types in quantities which represented the daily intake by an 
average adult Indian and were obtained on the basis of the large scale national survey 
carried out by the National Institute of Nutrition, Hyderabad, India. Sample prepara
tion was carried out by taking the standard precautions to avoid trace element conta
mination, as well as loss of the trace elements of interest during sample processing. 
In all, the daily dietary intake of 12 trace elements, namely Na, K, Ca, Mg, Fe, Zn, 
Mn, Cu, Br, Co, Se and Sb, was studied in the three kinds of diets using both neutron

* Formerly Bombay.
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activation analysis (NAA) and atomic absorption spectrophotometry (AAS). The 
results are shown in Table I.

It is clear from the table that the estimation of daily dietary intake of various 
elements by the adult Indian population based on duplicate, institutional and total diet 
analysis could show variations by factors ranging from 1.3 to 2.0. It is therefore 
important to adopt appropriate sampling procedures depending upon the information 
required. Whereas the duplicate diet could provide accurate data for a specific popu
lation group, it may not be representative of the intake of the entire country, unless 
very large duplicate diet samples are collected from subjects with different food 
habits and residing in various parts of the country. The institutional diet could well 
provide information about trace element intake in a balanced diet representative of the 
individual country or the region. The market basket analysis, on the other hand, could 
provide data on the availability of trace elements from the daily diet for an average 
adult. More realistic trace element intake data representative of the country’s adult 
population could be obtained from the cooked market basket diet.

TABLE I. COMPARISON OF THE DAILY DIETARY INTAKE OF SOME 
ELEMENTS IN TOTAL, DUPLICATE AND INSTITUTIONAL DIETS

Element
Daily intake

Ratio
(max./min.)

Total diet Duplicate diet Institutional diet

Na (g) 3.9 ± 0.4 3.0+ 0.6 3.3 ±0.7 1.3
K(g) 2.0 ± 0.3 2.0 ± 0.1 3.0 ±0.5 1.5
Ca (g) 0.3 +0.1 0.5 ±0.1 0.5 ±0.1 1.7
Mg (g) 0.4 ± 0.2 0.3 ±0.1 0.4 ±0.1 1.3
Fe (mg) 17.7 + 5.0 12.1 ±2.3 14.9 ± 3.0 1.5
Zn (mg) 10.2 + 3.4 7.5 ± 1.2 11.4 ± 1.8 1.5
Mn (mg) 7.8 + 2.4 4.2 ± 0.3 4.0 ± 0.5 2.0
Cu (mg) 7.8 ±0.8 1.8 ±0.4 2.1 ± 0.2 1.2
Br (mg) — 3.6 ± 0.8 6.5 ± 0.4 1.8

Co (Hg) 16 ± 5 20 ± 4 27 ± 4 1.7
Se (pg) 110 + 38 73 + 27 105 + 18 1.5
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STUDY OF THE DISPERSION OF SIMULATED SEWAGE
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BY THE RADIOTRACER TECHNIQUE: A CASE STUDY
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Domestic sewage from the north Mumbai region is collected in the sumps of 
the sewage treatment plants at Goregaon and Malad (Figs 1(a) and 1(b)). Screened 
and degritted sewage is passed through aeration tanks before being discharged into 
Malad Creek. The Municipal Corporation Brihanmumbai has planned to construct a 
few aerated lagoons near the mouth of the creek, i.e. at Versova and at Malad, under 
a water quality management scheme. Studies on the environmental impacts of 
discharges from the proposed lagoons into the creek were undertaken by the National

* Formerly Bombay.



630 POSTER PRESENTATIONS
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FIG. I.(a) isocount contour maps (flood tide experiment); (b) isocount contour map (ebb tide 
experiment).

Environmental Engineering Research Institute (NEERI), Mumbai. As the waste
waters discharged into Malad Creek have the potential to impair water quality at Juhu 
and Madh beaches (see Figs 1(a) and 1(b)), safeguarding these beaches against micro
bial contamination was the major concern while evaluating the proposed aerated 
lagoons [1]. At the request of NEERI, radiotracer experiments were carried out at 
Versova to study the dispersion of the sewage plume, emanating from the existing 
sewage treatment plants at Malad and Goregaon, in the creek.

To study the dispersion of the sewage in a tidal cycle, two separate experiments 
were carried out, one each at the slack period of the flood tide and the slack period of 
the ebb tide. Spring tides were considered appropriate to study the effect of strong 
currents. The sewage plume emanating from the sewage treatment plants at Malad 
and Goregaon was simulated at Versova by pumping the creek water from one side of 
a boat and delivering it onto the creek bed on the other side of the boat through a 
diffuser held in the direction of tidal currents at a rate of 40 L/min. An aqueous 
solution of ammonium bromide labelled with 82Br was chosen as the radiotracer in 
view of its excellent properties for ‘tracing’ water. About 27 and 92 GBq of the tracer 
was used for the flood tide and ebb tide experiments, respectively. The radiotracer 
was diluted in 30 L of water and was discharged continuously into the simulated
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sewage at a rate of 250 mL/min for 2 h. The concentration of the radiotracer was 
monitored in creek/coastal waters using waterproof scintillation detectors connected 
to a scaler/rate meter. Lateral transects at various longitudinal distances from the 
discharge point/radiotracer injection point were tracked using boats. The locations of 
the monitoring boats were continuously fixed using a computerized positioning 
system. The concentration of the radiotracer, in counts per minute (counts/min), was 
monitored at a 2 m depth, and at certain specific locations vertical profiles of the 
radiotracer were also obtained.

The radiotracer concentrations obtained were plotted on a site plan to obtain 
isocount contours (Figs 1(a) and 1(b)). In the flood tide experiment the tracer was 
detected up to a distance of about 2 km (Fig. 1(a)) from the injection point in the 
north-east direction and in the ebb tide experiment (Fig. 1(b)) it was detected up to 
4.9 km towards the south of the injection point. The maximum lateral spread observed 
was about 200 and 1600 m for the flood tide and ebb tide experiments, respectively. 
Dilution factors, calculated as a ratio of the concentration of the tracer at the injection 
point to that at a particular location in the sewage plume, were obtained at different 
distances from the injection point. It was observed that during flood tide the dilution 
factors at different distances from the injection point were comparable to that during 
ebb tide experiments, even though the volume involved during a flood tide is limited 
because of the narrow width of the creek, averaging about 400 m. As can be seen from 
Fig. 1(b), the tracer did not move towards the human activity centres like Juhu Beach, 
Madh Beach, the Sun ’n Sand Hotel, etc.

A two dimensional advection dispersion model with adequate reflection at the 
coastal or channel boundary was used to simulate the experimental radiotracer data. 
The processes considered are dispersion, advection and radioactive decay [2]. The 
best estimates of the values of longitudinal and lateral dispersion coefficients were 
obtained by the least squares method. A longitudinal dispersion coefficient and a 
lateral dispersion coefficient of 20 and 2 m2/s, respectively, were obtained for the 
creek during flood tide. The method of moments [3] was also used to estimate the 
dispersion coefficient. Dilution factors were also obtained by the Brooks’model [4].

The incorporation of the findings of the radiotracer experiments into a water 
quality mathematical model (i.e. model calibration) helped in forecasting the dilution 
and dispersion patterns for the anticipated enhanced disposal of sewage in the future, 
thus examining mathematically a cost-effective water quality management option for 
the creek [1]. The water quality mathematical model studies indicated that owing to 
the large magnitude of the wastewater discharges from the Malad service area, the 
proposed aerated lagoons will not improve the ecological conditions in Malad Creek. 
However, if Malad discharges are diverted away from the creek, treated wastewater 
from the Versova service area (projected for the year 2005) with effluent BOD and 
ammonia-N levels of 30 and 3 mg/L, respectively, could be discharged into the creek 
without any adverse ecological impacts.
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ANALYSIS OF AIR PARTICULATE AND DRINKING WATER 
SAMPLES FOR TOXIC ELEMENTS BY PIXE 
AND NUCLEAR REACTIONS
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Low energy accelerators, with their ability to provide a variety of projectiles 
and particle energies, are versatile nuclear analytical tools. Simultaneous multi
element analysis using particle induced X ray emission (PIXE), element specific 
analysis using nuclear resonance reactions, backscattering and resonance scattering; 
and particle induced gamma emission are some of the measurement techniques which 
can be used for the elemental analysis of environmental samples. For specific sam
ples that may degas or lose cellular liquids, external ion beams from the accelerator 
can be used.

A 3 MV terminal tandem accelerator has been installed in the National Centre 
for Compositional Characterisation of Materials. It is provided with two ion sources: 
a duoplasmatron for hydrogen and helium gas and a universal caesium sputter ion 
source for all heavy ions in solid form for injection into the accelerator. Energy 
analysis is done by a switching-cum-analysing magnet having ±15° and ±30° beam 
ports, supported by an electrical quadrupole triplet lens for beam focusing. Clean, oil- 
free vacuum obtained by using turbomolecular pumps at the sample chamber end
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permits the determination of light elements such as hydrogen, carbon, nitrogen and 
oxygen. The application of PIXE, proton resonance scattering and nuclear reaction 
analysis for specific application to environmental samples is discussed.

Analytical programmes have been started on trace element analysis of air par
ticulate matter and drinking water samples. The air particulate material is collected on 
cellulose and membrane filters using a high volume sampler. Multi-element analysis 
is carried out using PIXE and instrumental neutron activation analysis on subsamples 
from each run. Source excited energy dispersive X ray fluorescence analyses on 
major components have also been carried out. A comparison of vacuum and non
vacuum PIXE measurements is under way.

Sensitive analysis of carbon at 0.02 p.g/cm2 levels has been standardized using 
resonance backscattering spectrometry at proton energy Ep = 1.73 MeV. 
Determination of the total carbon content on air particulate samples collected on 
glass/quartz fibre have been attempted with a slightly defocused beam. Determination 
of elemental carbon on these samples, after acid treatment to remove carbonates, is 
being done. These results are being used for evaluating a reflectance spectrometric 
procedure for the determination of elemental carbon on air filter samples.

Fluoride contamination of groundwater used for drinking purposes is a severe 
health problem in some areas in the State of Andhra Pradesh. Very sensitive determi
nation of fluorine can be carried out using the l9F(p, ау)1бО resonance reaction at 
proton energies of 872 and 1375 keV. This reaction has been used to evaluate the 
removal of fluoride through adsorption on active carbon. The sample was spread as a 
thin layer on a filter paper support and prompt gamma rays of 6.14 and 6.9 MeV from 
16o were measured using a Nal(Tl) detector. A film of CaF2 of known thickness 
deposited on tantalum was used as a standard for the estimation of fluorine.
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1. INTRODUCTION

In this work 73 samples of uranium bearing ores from the Uro and Mieri Lake 
areas (Nuba Mountains, western Sudan) were analysed in thick sample form. The 
scattered radiation method was used to determine matrix similarity and to correct for 
matrix absorption [1]. The accuracy of the method was evaluated by the analysis of 
one geological standard having the same coherent to incoherent ratio, i.e. the same 
matrix.

2. EXPERIMENT AND METHODS

2.1. Experimental set-up

The X ray fluorescence (XRF) system consisted of 109Cd as the excitation 
source, an Si(Li) detector with a resolution of about 180 eV for Mn К X rays with the 
appropriate electronics and a multichannel analyser (MCA). The spectrometer was 
calibrated using thick pellets prepared from chemical compounds of known 
stoichiometry and metal sheets of pure elements.

2.2. Sample preparation and XRF measurements

The rock samples were first ground to fine powder to eliminate the particle size 
effect. To about 0.5-1.0 g of the material a binding solution was added and the 
process of grinding was repeated. This material was pressed into a thick pellet form
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using a hydraulic pressure die. The spectra of each sample was collected for 1000 s. 
The AXIL program was used for the spectrum analysis and evaluation.

2.3. Calibration for the scattered radiation method

The intensity for the coherent and incoherent scatter was determined and the 
ratio was calculated to test the similarity of the matrix. The ratios of the intensity for 
uranium and strontium characteristic X rays to that of the incoherent were calculated. 
From these intensity ratios eight samples were selected so that these samples covered 
the whole range of intensity ratios, i.e. two samples with the lowest and two with the 
highest ratios and four ratios to the incoherent peak.

These eight samples were analysed in a medium thick sample form using the 
XRF method. The absorption correction was performed by the emission transmission 
method [2] and the concentration of the uranium and strontium was obtained.

A linear regression of the intensity ratios of uranium and strontium to the inten
sity of the incoherently scattered peak in each of these eight samples on the concen
tration of the specific element in these samples was performed. The results of this 
regression were later used to determine the concentration of uranium and of strontium 
in all the samples for which /¿ and /¡ncoherent were determined.

3. RESULTS AND DISCUSSION

The ratio of the coherent to the incoherent scatter intensity was found to range 
between 0.208 and 0.288, so the matrix in all of these samples was considered to be 
similar. Tables I and II show the intensity ratio and the concentration for U and Sr for 
the samples which were selected for the calibration process and analysed by the 
emission transmission method. Results for the linear regression of the intensity ratio 
on the concentration of U and Sr for these samples are shown in Table III. From these 
data it is clear that a linear relation exists between the intensity ratio and the concen
tration (high correlation coefficient).

We could analyse only one geological standard. A value of 115 ppm for 
uranium was obtained, while the certified value was 140 ppm. This result can be 
considered to be accurate within the experimental error. Results for the samples from 
this area (Table IV) show varying concentrations for some samples having a uranium 
content of around 0.1%. These results showed that uranium concentration in the 
samples collected from the Nuba Mountains area can be described as lean or very lean 
from the geological point of view. However, from the environmental point of view 
these concentrations of uranium, and consequently 226Ra, deserve further study to 
assess their environmental impact.
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TABLE I. SELECTED SAMPLES

Сц (ppm) Aj ̂ incoherent Sample No.

182 14.3 49
31 2.66 3

562 51.3 33
455 37.6 31

17.9 1.73 66
952 82.28 55
220 20.8 11

TABLE II. IN TEN SITY  RATIO AND STR O NTIU M
CONCENTRATION FOR SELECTED SAMPLES

c Sr ^Sr ̂ incoherent Sample No.

732 104 49
185 27.1 3

2490 408 33
2678 408 34

432 59.5 36
3438 545 55

TABLE III. LINEAR REGRESSION OF THE CALIBRATION DATA

Correlation
coefficient

Intercept
Slope
(Hg_1)

Element

0.998 0.035 0.087 U
0.998 -7.875 0.161 Sr
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TABLE IV. RESULTS FOR SOME SAMPLES AS CALCULATED FROM THE 
CALIBRATION PARAMETERS

C Sl Cu (/Sr//.„coherent) Ю00 (VAncoherent) Ю0О Sample No.

555.8 26.9 85.6 2.43 U1
909.2 283 140.0 25.6 U2
175.9 29.5 27.1 2.66 U3
193.5 29.8 276.0 6.69 U4
472.8 72.8 123.0 6.57 U5
568.2 87.5 121.0 7.90 U6

1244.3 191.6 224.0 17.3 U7
1172.2 180.5 141.0 16.3 U8
1495.6 230.3 434.0 20.8 U ll
387.6 59.7 453.0 5.39 U12
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Food and beverages ingested by humans represent a potentially proficient path
way of exposure to toxic and nutritionally important minor and trace elements. At the 
present time, less than one third of the 90 naturally occurring elements are known to 
be essential for life. If 11 major elements and 6 noble gases are excluded, 73 elements 
of the periodic system remain and, because of their low concentration in living matter, 
are termed ‘trace elements’. Also, it may not be correct to classify them as essential 
and toxic elements because toxicity, while inherent in all elements, is but a function 
of the concentrations to which humans are exposed. Therefore, a logical classification 
of the 73 trace elements would be those with proven essentiality and the rest for 
which essentiality is ‘not now known’. This classification leaves room for the possi
bility that future research will include additional elements as being essential.

Food normally supplies a major proportion of the total daily trace element 
intake. Since the late 1950s, concerns over the introduction of trace elements and 
many other components into the environment as a result of human activity have 
greatly increased. Besides soil and water, food is also contaminated with trace metals 
by mechanized farming, the use of chemicals, food processing, canning, etc. In order 
to minimize adverse impact, it is important to measure trace element levels in total 
diet, various food items and inhaled air. For the purpose of diet collection and inclu
sion of these kinds of variations in dietary habits, we have selected three different 
population groups. Information about the first and second groups, LAL and ODTU, 
were already given in our earlier publications. The third group was ftom Ankara 
University Hospital. Samples were collected by the duplicate portion technique 
during January-March and June-July 1992. These are assigned as winter and summer
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samples, respectively. These subjects were relatives of the patients staying with them. 
Their diets were composed mostly of the regular hospital diet, plus a few extras from 
home or market. Samples were collected for three consecutive days for each subject.

The samples were homogenized, freeze-dried and powdered. They were 
analysed for their trace element content by instrumental neutron activation analysis 
(INAA). The IAEA standard reference material (SRM) H-9 Mixed Human Diet, H-4 
Animal Muscle and SRM-1648 Urban Particulate Material (National Institute of 
Standards and Technology) were used as primary multi-element standards.

Summer and winter samples were irradiated at the Massachusetts Institute of 
Technology MIT-II Research Reactor. The samples were subjected to two different 
levels of irradiation: first, for 5 min to observe radioisotopes with short half-lives; and 
second (after they were allowed to decay for several days) for 4—12 h to observe 
radioisotopes with long half-lives. We have determined the concentration of more 
than 25 elements at mg/kg or |ig/kg levels. As far as the individual elemental con
centrations are concerned, the ratio of concentrations of maximum to minimum are in 
general less than 2.0. Some of the measured elemental concentrations have a large 
coefficient of variance (CV) (%) owing to different dietary habits (Na and Cl) and 
cooking utensils (Al and Cr).

The correlation coefficients between elements give information about their 
sources. They were calculated using combined winter and summer samples. As 
expected there is a strong correlation between Na and Cl. Also, there is high correla
tion between Mg and Cr, Cl, Mn, Fe, Se, Co and Mo. Analysis shows tht Mg, Mn, Zn, 
Mo, Se, Cr and V are the main minor and trace elements in wheat. A positive corre
lation between K, and Ca and Zn indicates their common source, namely vegetables.

The determination of enrichment factors (EFs) is another approach to source 
apportionment. The EF is defined as:

where Cx and Cn are the concentrations of any element x and normalizing element n, 
respectively. As expected from the above equation, if EF < 1, then element x in the 
sample originates from the source under consideration.

What are the main sources of trace elements in total diet? They come from 
sources such as vegetables, meat, water and other staple foods. Wheat is a major 
staple food of Turkish people, accounting for about 50% of dry diet. It has the highest 
Mg concentration compared with other staple foods. Therefore, we used Mg as и in 
the above equation and calculated EFwheat values.

Considering the uncertainties in EF calculation, we may assume elements 
having EF < 2.00 originate from wheat. In our calculations, Zn, Se and Ca have larger 
EF values. It is known that the main source of Ca is dairy products and that of Zn and 
Se is meat and vegetables.
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We also calculated the daily dietary intakes of trace elements of LAL, ODTU, 
summer and winter subjects. For the most essential elements like Ca, K, Mg and Fe, 
the daily dietary intakes for all the groups are within the recommended values. For 
almost all groups, Zn and Se are lower than RDA values. It is known that Se and Zn 
concentrations in Turkish soil are somewhat lower than in other countries.

This work shows that INAA is one of the most useful techniques for the deter
mination of trace elements in diet.

IAEA-SM-344/96P

STUDY OF ELEMENTAL COMPOSITION VARIATIONS 
OF AIR PARTICULATE MATTER IN HO CHI MINH CITY 
USING NUCLEAR AND NUCLEAR RELATED 
ANALYTICAL TECHNIQUES

N.T. BINH, Y. TRUONG, V.T. HA,
N.H. AN, N.T. NGO, L.N. SIEU 
Dalat Nuclear Research Institute,
Dalat,
Viet Nam

With 4.5 million inhabitants, i.e. about 6% of Viet Nam’s population, Ho Chi 
Minh City accounts for one third of the country’s industrial output. However, rapid 
population growth, urban development and soaring investment activities in recent 
years have caused increasing concerns about environmental issues.

A Co-ordinated Research Programme project on air pollution monitoring has 
been undertaken since December 1992 in Ho Chi Minh City to obtain baseline data 
on toxic gases (S02, NOx), air particulate matter (АРМ) and its elemental composi
tion, and to design an adequate management scheme. The results of the project acti
vities illustrate the appropriate application of nuclear and nuclear related analytical 
techniques.

The characterization of АРМ was done by instrumental neutron activation 
analysis (INAA) at the Dalat Nuclear Research Reactor (about 40 elements) in com
bination with complementary techniques such as XRF, low level counting and 
spectrometry and polarography. The results of the monitoring of АРМ and its com
position carried out during three years, 1993-1995, are presented.

The monthly variation of АРМ, Al, Ag, As, Ba, Br, Ca, Cd, Ce, Cl, Co, Cr, Cs, 
Cu, Eu, Fe, Hf, Hg, I, K, La, Lu, Mg, Mn, Na, Nd, Pb, Rb, S, Sb, Sc, Se, Sm, Ta, Tb,
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Th, Ti, U, V, W, Yb and Zn were recorded, as were their concentration ranges. The 
variation in concentrations exhibited maxima during December-February, when the 
average temperature was lowest and dry fallout dominated. The influence of the main 
meteorological conditions on variations in АРМ and its element concentrations was 
studied and some correlations have been identified.

The variations in enrichment factors (EFs) are calculated by the following:

(EFjc = (*/Al)APM/(*/Al)soi|)

High enrichment factors for Pb (EF = 156), Zn (EF = 119), Sb (EF = 84) and Ca 
(EF = 100) provide evidence of air pollution caused by human activities, mainly 
motor vehicle exhaust and construction.

АРМ concentrations varied between 49 and 76 (ig/m3 in the rainy season 
(May-October) and 82 and 118 |ig/m3 in the dry season (WHO guideline: 
60-90 |Ag/m3). АРМ originated mostly from soil dust.

Abnormally high concentrations of lead (up to 1580 ng/m3), antimony, potas
sium, sulphur, bismuth, etc., were observed during the last two weeks of January 
1993, when a large quantity of firecrackers was discharged to welcome the traditional 
Lunar New Year festival. Since the ban on the use of firecrackers by the Government 
late in 1993, the air pollution has been reduced substantially during the subsequent 
New Year Festivals.
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