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Series Preface

There has been a rapid expansion in the provision of further education in recent
years, which has brought with it the need to provide more flexible methods of
teaching in order to satisfy the requirements of an increasingly more diverse type
of student. In this respect, the open learning approach has proved to be a valuable
and effective teaching method, in particular for those students who for a variety
of reasons cannot pursue full-time traditional courses. As a result, John Wiley &
Sons, Ltd first published the Analytical Chemistry by Open Learning (ACOL)
series of textbooks in the late 1980s. This series, which covers all of the major
analytical techniques, rapidly established itself as a valuable teaching resource,
providing a convenient and flexible means of studying for those people who, on
account of their individual circumstances, were not able to take advantage of
more conventional methods of education in this particular subject area.

Following upon the success of the ACOL series, which by its very name is
predominately concerned with Analytical Chemistry, the Analytical Techniques
in the Sciences (AnTS) series of open learning texts has been introduced with
the aim of providing a broader coverage of the many areas of science in which
analytical techniques and methods are increasingly applied. With this in mind,
the AnTS series of texts seeks to provide a range of books which covers not only
the actual techniques themselves, but also those scientific disciplines which have
a necessary requirement for analytical characterization methods.

Analytical instrumentation continues to increase in sophistication, and as a
consequence, the range of materials that can now be almost routinely analysed
has increased accordingly. Books in this series which are concerned with the
techniques themselves reflect such advances in analytical instrumentation, while
at the same time providing full and detailed discussions of the fundamental con-
cepts and theories of the particular analytical method being considered. Such
books cover a variety of techniques, including general instrumental analysis,
spectroscopy, chromatography, electrophoresis, tandem techniques, electroana-
lytical methods, X-ray analysis and other significant topics. In addition, books in
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this series also consider the application of analytical techniques in areas such as
environmental science, the life sciences, clinical analysis, food science, forensic
analysis, pharmaceutical science, conservation and archaeology, polymer science
and general solid-state materials science.

Written by experts in their own particular fields, the books are presented in
an easy-to-read, user-friendly style, with each chapter including both learning
objectives and summaries of the subject matter being covered. The progress of the
reader can be assessed by the use of frequent self-assessment questions (SAQs)
and discussion questions (DQs), along with their corresponding reinforcing or
remedial responses, which appear regularly throughout the texts. The books are
thus eminently suitable both for self-study applications and for forming the basis
of industrial company in-house training schemes. Each text also contains a large
amount of supplementary material, including bibliographies, lists of acronyms
and abbreviations, and tables of SI Units and important physical constants, plus
where appropriate, glossaries and references to literature and other sources.

It is therefore hoped that this present series of textbooks will prove to be a
useful and valuable source of teaching material, both for individual students and
for teachers of science courses.

Dave Ando
Dartford, UK



Preface

This book builds upon previous texts by the same author, namely Extraction
Methods for Environmental Analysis (Wiley), which was published in 1998, and
Methods for Environmental Trace Analysis (Wiley), published in 2003. The latter
was part of the same series as is this book, i.e. ‘Analytical Techniques in the
Sciences’ (AnTS). This new book expands upon the techniques described in the
previous two books and focuses on their application to assess the bioavailability
and bioaccessibility of metals and persistent organic pollutants in environmental
samples. The book is arranged in eight chapters as follows.

Chapter 1 considers the link between human health and contaminated land. A
particular focus of this chapter concerns the regulations placed on local authori-
ties in England as a result of the Environmental Protection Act 1990: Part IIA.
Examples of Soil Guideline Values (SGVs) are presented, along with their use
for defining limits associated with different land-uses, including residential, allot-
ments and commercial/industrial sites. An approach to assess contaminated soils
relative to SGVs is given based on the Mean-Value and Maximum-Value Tests.
Examples are provided which allow the reader to calculate values for these two
tests.

Chapter 2 considers the different sample preparation techniques applied to solid
and liquid samples for elemental analysis. In particular, the need to ‘destroy’ the
matrix by heat and/or acid(s) for solid samples, whereas in the case of liquids
the emphasis is on pre-concentration and/or separation of metals from solution.
In addition, the different analytical techniques capable of performing quantitative
analysis of metals/‘metalloids’ in environmental samples are reviewed. A unique
aspect of this chapter is the undertaking of SWOT analyses for elemental analysis
techniques to highlight the parameters that should be considered when choosing
between the different techniques.

Chapter 3 evaluates the different sample preparation techniques applied to
solid and liquid samples for persistent organic pollutant analysis. In particular,
the need to liberate these pollutants from the matrix by heat and/or organic
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solvents for solid samples, whereas in the case of liquids the emphasis is on pre-
concentration and/or separation of persistent organic pollutants from solution. In
addition, the different analytical techniques capable of performing quantitative
analysis of persistent organic pollutants in environmental samples are reviewed.
As for Chapter 2, a further unique aspect of this chapter is the undertaking of
SWOT analyses, in this case for persistent organic pollutant analysis techniques
to highlight the parameters that should be considered when choosing between
the different approaches.

Chapter 4 considers the different sample preparation techniques applied for
single and sequential extraction of metals from soils and sediments. In particular,
the use of the single extraction methods (based on acetic acid, ammonium nitrate,
calcium chloride, ethylenediamine tetraacetic acid (EDTA), diethylenetriamine
pentaacetic acid (DTPA) and sodium nitrate) for metal bioavailability studies.
Also considered is the use of a procedure based on the sequential extraction of
metals. In addition, the use of bioassays, in the form of earthworms and plants, for
assessing metal bioavailability is reviewed. Finally, the role of Certified Reference
Materials in single and sequential extractions of metals from soils and sediments
is considered.

Chapter 5 evaluates the different sample preparation techniques for non-
exhaustive extraction (cyclodextrin, supercritical fluid extraction, sub-critical
water extraction, solid-phase microextraction and membrane separations) of
persistent organic pollutants from soils and sediments. In addition, a mathematical
approach to predict weak and strong solvents, based on the Hildebrand solubility
parameter, is proposed. Finally, the use of bioassays, in the form of earthworms
and plants, for assessing persistent organic pollutant bioavailability is reviewed.

Chapter 6 describes the different approaches for assessing the oral bioac-
cessibility of metals and persistent organic pollutants from solid environmental
samples. After a brief introduction to human physiology, the key components in
the design of an in vitro gastrointestinal approach are discussed. Finally, examples
of the use of in vitro gastrointestinal extraction for metals and persistent organic
pollutants are presented.

Chapter 7 contains four case studies from the author’s own laboratory. Case
study one considers the uptake of metals (Cd, Cu, Mn, Pb and Zn) by plants
(lettuce, spinach, radish and carrot) grown in compost under greenhouse con-
ditions. Case study two considers the oral bioaccessibility of metals (Cd, Cu,
Mn, Pb and Zn) from plants (lettuce, spinach, radish and carrot) grown on con-
taminated compost using an in vitro gastrointestinal extraction approach. Case
study three considers the uptake of persistent organic pollutants (α-endosulfan,
β-endosulfan and endosulfan sulfate) by lettuce plants grown in compost. Finally,
case study four considers the oral bioaccessibility of persistent organic pollutants
(α-endosulfan, β-endosulfan and endosulfan sulfate) by lettuce plants grown in
compost using an in vitro gastrointestinal extraction approach.
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The final chapter (Chapter 8) provides examples of forms that could be used
to record laboratory information at the time of carrying out experiments. Guide-
lines are first given for the recording of information associated with sample
pre-treatment. Then, specific forms are provided for the recording of sample
preparation details associated with environmental samples containing metals or
persistent organic pollutants. Finally, guidelines are given for the recording of
information associated with the analysis of metals and persistent organic pollu-
tants. This chapter concludes with a resource section detailing lists of journals,
books (general and specific) and Web addresses that will act to supplement this
text.

John R. Dean
Northumbria University, Newcastle, UK
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Chapter 1

Contaminated Land and the Link
to Human Health

Learning Objectives

• To appreciate the environmental impact that people have had on the land
on which we live.

• To be aware of the statutory responsibilities that local authorities in England
have as a result of the Environmental Protection Act 1990: Part IIA.

• To appreciate the link between contaminated land and human health.
• To be aware of the UK Soil Guidelines Values for metals and persistent

organic pollutants.
• To define the different land uses that are linked to the UK Soil Guidelines

Values.
• To be able to define the following terms: exposure, intake dose, uptake dose

and bioavailability.
• To be able to calculate the mean-test value for an environmental pollutant.
• To be able to calculate the maximum-test value for an environmental

pollutant.

1.1 Introduction

The land on which we live is a precious resource that needs to be protected
and conserved. However, the utilization of the land by humans has resulted in
its contamination. When you travel around the country, you become aware of

Bioavailability, Bioaccessibility and Mobility of Environmental Contaminants John R. Dean
  2007 John Wiley & Sons, L td. ISBN: 978-0-470-02577-2
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the issues associated with past industrial activity, for example, the remnants of
former tin mines in Cornwall, derelict mine workings in Yorkshire and former
mills in Lancashire, as well as the clearing of former industrial sites to build new
houses and offices. All households and commercial activities generate waste that
is removed by waste-disposal engineers from our bins.

SAQ 1.1

Where does the waste from your household end up?

In England, the Contaminated Land Regulations (Environmental Protection
Act 1990: Part IIA) came into force in April 2000. These regulations require
local authorities in England to identify sites which fall under the definition of
‘contaminated land’ and provide suitable remediation options that agree with
the ‘suitable-for-use’ approach. The statutory responsibilities on local authorities
include the following:

• To inspect their areas to identify contaminated land.

• To prepare and serve notifications of contaminated land.

• To establish whether sites should be designated as ‘special sites’ and thus
become the responsibility of the Environment Agency.

• To serve remediation notices where necessary.

• To undertake assessment of the best practicable remediation option and test
for ‘reasonableness’.

• To consult other parties, including the Environment Agency.

• To compile and maintain registers of contaminated land.

The inspection of areas of potential contaminated land by local authorities is an
important first step in this process. As well as inspecting the land, it is necessary
to identify whether it has a significant pollutant linkage between a source (i.e.
the contaminant), a pathway (e.g. ingestion) and a receptor (e.g. a human being).
This present book is concerned with these linkages and the approaches available
to establish whether pollutants are bioavailable.

1.2 Soil Guideline Values
In the UK, Soil Guideline Values (SGVs) have been and are being developed for
a range of metals/metalloids and organic contaminants in order to assess the risk
to humans. In selecting the potential contaminants to be explored, two criteria
have been used [1]:
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(1) Contaminants should be commonly found on many sites and at concentrations
likely to cause harm.

(2) Contaminants that show a potential risk to humans and/or have the potential
to cause issues associated with natural waters, ecosystems or the integrities
of buildings.

The lists of potential inorganic and organic contaminants identified for the assess-
ment of industrial land in the UK (and their receptors) are shown in Table 1.1
and 1.2, respectively. Soil Guideline Values represent ‘intervention values’, i.e.
an indicator that a soil concentration above the stated level might provide an

Table 1.1 Inorganic contaminants and their receptors [1]

Contaminant Receptors

Humans Water Vegetation
and

ecosystem

Construction
materials

Metals
Barium �
Beryllium � � �
Cadmium � � �
Chromium � �
Copper � �
Lead � � �
Mercury � � �
Nickel � � �
Vanadium � �
Zinc �
‘Semi-metals’ and non-metals
Arsenic � �
Boron � �
Selenium � � �
Sulfur � � �
Inorganic chemicals
Cyanide (complex) � � � �
Cyanide (free)a � � �
Nitrate �
Sulfate � � �
Sulfide � � �
Other
Asbestos �
pH (acidity/alkalinity) � � � �
a Free cyanide is broadly equivalent to ‘easily liberatable cyanide’, which covers compounds that can release
hydrogen cyanide at pH 4 and 100◦C.
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Table 1.2 Organic contaminants and their receptors [1]

Contaminant Receptors

Humans Water Vegetation
and

ecosystem

Construction
materials

Acetone � �
Oil/fuel hydrocarbons � � � �
Aromatic hydrocarbons
Benzene � � � �
Chlorophenols � � � �
Ethylbenzene � � � �
Phenol � � � �
Toluene � � � �
o-Xylene � � � �
m,p-Xylene � � � �
Polycyclic aromatic hydrocarbons � �
Chlorinated aliphatic hydrocarbons
Chloroform � � �
Carbon tetrachloride � � � �
Vinyl chloride � �
1,2-Dichloroethane � � � �
1,1,1-Trichloroethane � � � �
Trichloroethene � � � �
Tetrachloroethene � � � �
Hexachlorobuta-1,3-diene � � �
Hexachlorocyclohexanes � � �
Dieldrin � � �
Chlorinated aromatic hydrocarbons
Chlorobenzenes � � �
Chlorotoluenes � � �
Pentachlorophenol � � �
Polychlorinated biphenyls � � �
Dioxins and furans � � �
Organometallics
Organolead compounds � �
Organotin compounds � �

unacceptable risk to humans and that further investigation and/or remediation is
required. As well as the numerical values associated with the concentration of the
contaminant, limits are indicated for a range of land-uses. The standard land-uses
defined are residential, allotments and commercial/industrial. These land-uses are
defined as follows [1–11].
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1.2.1 Residential
People live in a wide variety of dwellings including, for example, detached,
semi-detached and terraced properties, up to two storeys high. This land-use
takes into account several different house designs, including buildings based
on suspended floors and ground-bearing slabs. It assumes that residents have
private gardens and/or access to community open spaces close to the home.
Exposure has been estimated with and without a contribution from eating home-
grown vegetables, which represents the key difference in potential exposure to
contamination between those living in a house with a garden and those living in
a house where no private garden area is available.

1.2.2 Allotments
These represent the provision of open space, commonly made by the local author-
ity, for local people to grow fruit and vegetables for their own consumption.
Typically, each plot is about one-fortieth of a hectare, with several plots to a site.
Although some allotment holders may choose to keep animals, including rabbits,
hens and ducks, potential exposure to contaminated meat and eggs has not been
considered.

1.2.3 Commercial/Industrial
There are many different kinds of workplace and work-related activities. This
land-use assumes that work takes place in a permanent single-storey building,
factory or warehouse where employees spend most time indoors involved in
office-based or relatively light physical work. This land-use is not designed to
consider those sites involving 100% ‘hard cover’ (such as car parks), where the
risks to the site-user are from ingestion or skin contact, because of the implau-
sibility of such exposures arising while the constructed surface remains intact.

Soil Guideline Values, according to the different land-uses, for selected met-
als are shown in Table 1.3 while those for organic compounds are shown in
Table 1.4. It is observed that while the concentrations differ for each metal/organic
compound, due to their different toxicities, some common aspects are observed
with respect to land-use.

DQ 1.1

Which type of land-use has the highest concentration?

Answer
The highest concentrations are observed for land to be used for com-
mercial/industrial activities.
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Table 1.3 Soil Guideline Values according to land-use for selected metals

Standard
land-use

Soil Guideline Values
(mg kg−1 dry weight soil)

Arsenica Cadmiumb Chromiumc Leadd Inorganic mercurye Nickelf Seleniumg

Residential
with plant
uptake

20 1–8h 130 450 8 50 35

Residential
without plant
uptake

20 30 200 450 15 75 260

Allotments 20 1–8h 130 450 8 50 35
Commercial/

industrial
500 1400 5000 750 480 5000 5000

a Data taken from DEFRA/EA [2].
b Data taken from DEFRA/EA [3].
c Data taken from DEFRA/EA [4].
d Data taken from DEFRA/EA [5].
e Data taken from DEFRA/EA [6].
f Data taken from DEFRA/EA [7].
g Data taken from DEFRA/EA [8].
h Values alter with respect to pH: 1, 2 and 8 mg kg−1 dry weight soil for pH 6, 7 and 8, respectively.

Table 1.4 Soil Guideline Values according to land-use for selected organic compoundsa

Standard
land-use

Soil Guideline Values
(mg kg−1 dry weight soil)

Ethylbenzeneb Phenolc Toluened

1% SOM 2.5% SOM 5% SOM 1% SOM 2.5% SOM 5% SOM 1% SOM 2.5% SOM 5% SOM

Residential
with plant
uptake

9 21 41 78 150 280 3 7 14

Residential
without
plant
uptake

16 41 80 21900 34400 37300 3 8 15

Allotments 18 43 85 80 155 280 31 73 14
Commercial/

industrial
48 000 48 000 48 000 21 900 43 000 78 100 150 350 680

a SOM, soil organic matter.
b Data taken from DEFRA/EA [10].
c Data taken from DEFRA/EA [11].
d Data taken from DEFRA/EA [9].

As can be seen above from the definition of commercial/industrial land, the
risk to humans is minimal. This is in contrast to other land-uses, i.e. allotments
and residential, where the SGVs are significantly lower.

DQ 1.2

What is the consequence to humans of low SGVs?
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Answer

In these situations, the risk to humans is greatest and therefore the soil
requirement in terms of metal concentration is lower.

It is also noted that cadmium (Table 1.3) has SGVs for ‘residential-with-plant-
uptake’ sites and allotments which are pH-dependent. In addition, all data for
organic compounds (Table 1.4) are soil organic matter-dependent.

1.3 Risk to Humans

The risk to humans from exposure to environmental contaminants is a major
concern of regulatory agencies in countries worldwide. In this context, environ-
mental contaminants relates to organic compounds, metals, metalloids, inorganic
chemicals and others (including asbestos). Exposure to these environmental con-
taminants can result from a variety of pathways.

SAQ 1.2

Which types of direct exposure pathways can you think of?

DQ 1.3

Which types of indirect exposure pathways can you think of?

Answer

Indirect exposure can occur via pathways through the food chain, includ-
ing contaminant uptake by plants followed by consumption by animals
or humans. In the case of the former, exposure can continue through the
food chain for the majority of humans who pursue an omnivorous or
carnivorous diet.

Exposure can be defined as ‘the amount of chemical that is available for
intake by a target population at a particular site. Exposure is quantified as the
concentration of the chemical in the medium (for example, air, water or food)
integrated over the duration of exposure. It is expressed in terms of mass of
substance per kg of soil, unit volume of air or litre of water (for example, mg kg−1,
mg m−3 or mg l−1)’ [12]. As chemical exposure to humans occurs externally,
this is referred to as the intake dose. The intake dose is defined as follows:
‘the amount of a chemical entering or contacting the human body at the point of
entry (that is, mouth, nose or skin) by ingestion, inhalation or skin contact. Actual
intake will be a function of the chemical characteristics and the nature of the target
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Exposure to chemical

Entry into body through
the mouth, nose or via
contact with the skin 

Absorption into blood
and lymphatic systems 

Transport to organs

Effects on organs

Excretion from body 

IntakeIntake

UptakeUptake

Figure 1.1 Human exposure to chemicals and the possible pathways (modified from
DEFRA/EA [12]).

population and their behaviour patterns. Intake dose is expressed in terms of mass
of substance per kg of body weight over a period of time (for example, mg kg−1

bw d−1)’ [12]. However, not all substances that are ‘intaken’ by the body are
absorbed and therefore it is possible to define the uptake dose as ‘the amount
of a contaminant that reaches the circulating blood having been absorbed by the
body through the skin, the gastrointestinal system and the pulmonary system,
expressed in terms of mass of substance per unit volume of blood (for example,
mg l−1)’ [12]. In reality, the uptake dose is normally related to the intake (dose)
by the bioavailability of the contaminant. Bioavailability is therefore defined as
follows: ‘the fraction of the chemical that can be absorbed by the body through the
gastrointestinal system, the pulmonary system and the skin’ [12]. The relationship
between exposure, intake and uptake is shown in Figure 1.1.

1.4 An Approach to Assess Contaminated Soils
Relative to Soil Guideline Values

The human health risk from a contaminated site can be determined after sam-
pling of the designated area followed by the appropriate analytical technique to
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determine the level of contamination (see Chapters 2 and 3). Once the level of
contamination, from the designated site, has been determined, the determined val-
ues can be compared to the appropriate SGVs. A statistical approach to compare
values, has been determined [13] based on the Mean-Value Test. In order to com-
pare values, the following information is required from the chosen, appropriately
sampled, contaminated site:

• arithmetic sample mean

• standard deviation of the mean

• maximum concentration value obtained.

This approach is based on an identification of the 95% confidence limit of the
measured (concentration) mean value and to compare the upper 95th percentile
value with the SGV using the mean-value test described below.

1.4.1 Mean-Value Test [13]
The sample mean value (x), based on only a few samples, may be a poor estimate
of the true (population) mean. Therefore, a ‘no-remedial action’ decision based
on x less than the Soil Guideline Value, G, may not be adequately ‘health-
protective’ when x is computed from only a small number of samples. It is
therefore desirable to state with a given confidence (e.g. the 95th percentile) that
the population mean is less then the value of G.

The steps involved in the calculation are as follows:

(1) Calculate the arithmetic sample mean, x.

(2) Calculate the (unbiased) sample standard deviation, s.

(3) Select an appropriate t-value from standard tables (Table 1.5 gives the
t-values for a 95th percentile confidence limit).

Table 1.5 Single-tailed t-values (95th percentile confidence
limits) and their relationships to sample sizes (n) [13]

n t n t n t

— — 11 1.812 21 1.725
2 6.314 12 1.796 22 1.721
3 2.920 13 1.782 23 1.717
4 2.353 14 1.771 24 1.714
5 2.132 15 1.761 25 1.711
6 2.015 16 1.753 26 1.708
7 1.943 17 1.746 27 1.706
8 1.895 18 1.740 28 1.703
9 1.860 19 1.734 29 1.701

10 1.833 20 1.729 30 1.699



10 Bioavailability, Bioaccessibility and Mobility

(4) Calculate the upper 95th percentile bound of the sample as:

US 95 = x + ts√
n

(5) Compare the upper bound value (US95) with the Soil Guideline Value, G.

If the upper bound value (US95) is less than G, then the Mean-Value Test has been
passed and the site may be considered not to present a significant possibility of
significant harm to human health in the context of the regulations (Environmental
Protection Act 1990: Part IIA). Conversely, if the test fails, then it is necessary
to consider whether more samples should be taken (as the number of original
samples for the test was low) or to make a determination as contaminated land
(Environmental Protection Act 1990: Part IIA), taking into account the other
requirements of the regime, such as presence of a significant pollutant linkage.

NOTE: Some analytical data sets will include samples determined as below the
detection limit of the instrument used. In these cases, and for the purposes of per-
forming the calculation, assign a value equal to the detection limit. For example,
if the value reported for Pb is < 0.5 mg kg−1, a value of 0.5 mg kg−1 should be
used for calculation.

DQ 1.4

Carry out the Mean-Value Test [13] for the following ten samples taken
from a residential site (without plant uptake) where the level of chromium
contamination (mg kg−1 dry weight soil) was determined to be as follows:

x1 = 69 x2 = 120 x3 = 220 x4 = 376 x5 = 156
x6 = 109 x7 = 205 x8 = 320 x9 = 96 x10 = 196

The Soil Guideline Value (G) for chromium is 200 (Table 1.3).

Answer
By using the above data, it is possible to:

(1) Calculate the arithmetic sample mean, x, as 186.70.

(2) Calculate the (unbiased) sample standard deviation, s, as 99.24.

(3) Obtain the t-value from Table 1.5 for n = 10, as t = 1.833.

(4) Calculate the upper 95th percentile bound of the sample as:

US 95 = x + ts√
n

US 95 = 186.70 + [(1.833)(99.24)]/
√

10

US 95 = 244.22
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(5) Compare the upper bound value (US 95) with the Soil Guideline
Value, G.

The upper bound value is greater than the Soil Guideline Value of
200 and therefore the data do NOT pass the Mean-Value Test. In these
circumstances, two options are possible: take further samples to gain a
more representative sampling of the site or take remedial action, if, for
example, further sampling is not practicable, or time-scales dictate rapid
action.

SAQ 1.3

Carry out the Mean-Value Test for the following data and recommend what, if
any, further action is required.

The following twelve samples were taken from a commercial site and the
level of arsenic contamination (mg kg−1 dry weight soil) was determined to be as
follows:

x1 = 189 x2 = 520 x3 = 420 x4 = 324 x5 = 356 x6 = 450
x7 = 506 x8 = 410 x9 = 380 x10 = 389 x11 = 456 x12 = 502

The Soil Guideline Value (G) for arsenic is 500.

1.4.2 Maximum-Value Test [13]
Individual contamination values that exceed the SGVs will always require fur-
ther investigation, even when the Mean-Value Test has been passed. However,
the issue of accepting or rejecting maximum values that exceed the SGVs is
not straightforward. The primary goal of health protection needs to be balanced
against the fact that sampling of contaminated sites, followed by analytical mea-
surement, can lead to significant variability in the data obtained, particularly at
low analyte concentrations. In deciding whether to take additional samples to
analyse (as indicated in the example above) it is necessary to consider whether
the maximum value in a given data set has come from the sample statistical
population or indeed whether it is, in fact, a statistical outlier.

One approach [13] assumes that all data are derived from a normal statistical
population. It is argued [13] that it is reasonable to ‘log’ the measured values
as this results in a more-or-less symmetric distribution which approximates to a
normal distribution.

In operation, the individual measurements (x1, x2 . . . xn) are ‘log-transformed’
prior to calculation of the sample mean (y) and unbiased sample standard devi-
ation (Sy). The Maximum-Value Test parameter (T ) is therefore:

T = (ymax − Y)/Sy
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If the value of T is smaller than some critical value, the maximum value may
be accepted (at the particular level of confidence) as a member of the underlying
population from which the other measurements were taken. If T is greater than
the critical value, the maximum value is treated as an outlier, which may indicate
a localized area of contamination.

DQ 1.5

Carry out the Maximum-Value Test [13] for the following ten sam-
ples taken from a residential site (without plant uptake) where the level
of chromium contamination (mg kg−1 dry weight soil) was determined
to be as shown in Table DQ 1.5 (expressed in concentrations and log
concentrations).

Table DQ 1.5 Sample data for the
Maximum-Value Test

i xi yi = log xi

1 69 1.839
2 120 2.079
3 220 2.342
4 376 2.575
5 156 2.193
6 109 2.037
7 205 2.312
8 320 2.505
9 96 1.982

10 196 2.292

The objective is to decide whether the maximum value, x4 = 376
(ymax = 2.575), should be treated as an outlier, or whether it is
reasonable to be considered as coming from the same underlying
population as the other samples.

Answer
By using the above data, it is possible to:

(1) Calculate the arithmetic sample mean of the y-values, as y = 2.216.

(2) Calculate the (unbiased) standard deviation of the y values, as sy =
0.2337.
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Table 1.6 Critical values
to test for the presence of
outliers [13]

N 5% 10%

4 1.46 1.42
5 1.67 1.60
6 1.82 1.73
7 1.94 1.83
8 2.03 1.91
9 2.11 1.98

10 2.18 2.04
12 2.29 2.13
14 2.37 2.21
16 2.44 2.28
18 2.50 2.33
20 2.56 2.38

(3) Obtain the outlier test statistic as:

T = (ymax − Y )/sy

T = (2.575 − 2.216)/0.2337 = 1.54

Then, compare this value (T = 1.54) with the critical value (Tcrit) in
Table 1.6.

In the context of critical values being used for contaminated soil anal-
ysis, the concern is with regard to accepting a value which should be
treated as an outlier. As 10% critical values are more stringent, they
should be used for health-protection purposes, rather than the 5% values.

Therefore, the maximum value statistic calculated above (T = 1.54)

is less than the 10% critical value of 2.04. Thus, it is reasonable to
conclude that the maximum value is indeed part of the same underlying
distribution as the other values.

NOTE: It is worth remembering that passing an outlier test does not
prove that a maximum value is not an outlier possibly representing
an (undiscovered) area of contamination. It simply indicates that the
maximum value is reasonably consistent with belonging to the same
underlying distribution as other measurements.

SAQ 1.4

Carry out the Maximum-Value Test for the following data and determine whether
the value is an outlier or not [13].
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The following twelve samples were taken from a commercial site and the level
of arsenic contamination (mg kg−1 dry weight soil) was determined to be as
shown in Table SAQ 1.4 (expressed in concentrations and log concentrations).

Table SAQ 1.4 Sample data for the
Maximum-Value Test

i xi yi = log xi

1 189 2.276
2 520 2.716
3 420 2.623
4 324 2.510
5 356 2.551
6 450 2.653
7 506 2.704
8 410 2.613
9 380 2.580

10 389 2.590
11 476 2.678
12 502 2.701

Summary

The link between human health and contaminated land is demonstrated in this
chapter, in particular, the regulations placed on local authorities in the UK as
a result of the Environmental Protection Act 1990: Part IIA. Examples of Soil
Guideline Values (SGVs) are presented, along with their use for defining limits
associated with different land-uses, including residential, allotments and com-
mercial/industrial sites. An approach to assess contaminated soils relative to the
SGVs is given based on the Mean-Value and Maximum-Value Tests.
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Chapter 2

Sample Preparation and
Analytical Techniques for
Elemental Analysis of
Environmental Contaminants

Learning Objectives

• To appreciate the different approaches available for preparation of solid and
liquid samples for elemental analysis.

• To be aware of the procedure for preparing a solid sample using acid diges-
tion with a hot-plate and microwave oven.

• To be aware of other decomposition methods, i.e. fusion and dry ashing.
• To be aware of the procedure for preparing a liquid sample using liq-

uid–liquid extraction.
• To be aware of other extraction methods, i.e. ion-exchange and co-

precipitation.
• To understand and explain the principles of operation of atomic absorption

spectroscopy (AAS).
• To describe the benefits and mode of operation of a flame, graphite furnace,

hydride generation and cold-vapour generation as used in AAS.
• To understand and explain the principles of operation of an inductively

coupled plasma.
• To understand the principles of operation of a range of nebulizers.

Bioavailability, Bioaccessibility and Mobility of Environmental Contaminants John R. Dean
  2007 John Wiley & Sons, L td. ISBN: 978-0-470-02577-2
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• To be able to describe the operation of an inductively coupled plasma–mass
spectrometer.

• To appreciate the range of mass spectrometers used in inductively coupled
plasma–mass spectrometry (ICP–MS).

• To be able to identify isobaric and molecular interferences in ICP–MS.
• To understand the role that a collision/reaction cell can play in the alleviation

of interferences in ICP–MS.
• To understand and explain the principles of X-ray fluorescence spectroscopy.
• To understand the principles of anodic stripping voltammetry.
• To appreciate the concept of a hyphenated technique as associated with

chromatography and atomic spectroscopy.

2.1 Introduction

The analysis of elements (metal, metalloids and some non-metals) in the Periodic
Table can be carried out by using a variety of analytical techniques, includ-
ing those based on atomic spectroscopy, X-ray fluorescence spectroscopy, mass
spectrometry and electrochemistry.

SAQ 2.1

How do you think you would decide which analytical technique to use?

This section contains brief reviews on the principle techniques of atomic
spectroscopy, including atomic absorption and atomic emission spectroscopy,
energy-dispersive X-ray fluorescence spectrometry, inorganic mass spectrometry
(principally inductively coupled plasma–mass spectrometry) and electrochem-
istry (anodic stripping voltammetry). However, first it is necessary to consider
the different sample preparation approaches that may be required prior to analysis.

2.2 Sample Preparation for Elemental Analysis

2.2.1 Solid Samples
Solid samples for elemental analysis frequently require decomposition of the
matrix to release the metals. An exemption to this is when analytical techniques
are used to analyse solids directly (see, for example, Section 2.6 on X-ray fluo-
rescence (XRF) spectroscopy). Decomposition involves the release of the metal
from a matrix using a reagent (mineral/oxidizing acids or fusion flux) and/or heat.
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2.2.1.1 Dry Ashing

This involves heating the sample in a silica or porcelain crucible in a muffle
furnace in the presence of air at 400–800◦C. After decomposition, the residue is
dissolved in mineral acid and transferred to a volumetric flask prior to analysis.

DQ 2.1

Can you identify any problems that may arise when heating samples to
high temperatures (400–800◦C)?

Answer

Problems can arise due to loss of volatile elements, e.g. Hg and As.
Therefore, while compounds can be added to retard the loss of volatiles
its use is limited.

2.2.1.2 Acid Digestion (including Microwave)

Acid digestion involves the use of mineral or oxidizing acids and an external
heat source to decompose the sample. A summary of the most common types of
acids used and their applications is shown in Table 2.1. Acid digestion can be
carried out in open glass vessels (beakers or boiling tubes) by using a hot-plate
or multiple-sample digester (Figure 2.1).

DQ 2.2

What advantage does the use of a multiple-sample digester have over
a hot-plate?

Answer

A multiple-sample digester allows a number of samples to be prepared
simultaneously.

An example of a method for the acid digestion of soils is show in Figure 2.2.
An alternative approach to conventional heating involves the use of microwave

heating.

SAQ 2.2

How does microwave heating work?

Commercial microwave systems allow multiple vessels to be heated simulta-
neously. The microwave energy output of a typical system may be 1500 W at a
frequency of 2450 MHz at 100% power. Pressures (up to 800 psi) at temperatures
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Table 2.1 Some examples of common acids used for wet decomposition. From Dean,
J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley
& Sons, Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by
permission of the University of Greenwich

Acid (s) Boiling
point (◦C)

Comments

Hydrochloric (HCl) 110 Useful for salts of carbonates, phosphates,
some oxides and some sulfides. A weak
reducing agent; not generally used to
dissolve organic matter

Sulfuric (H2SO4) 338 Useful for releasing a volatile product; good
oxidizing properties for ores, metals, alloys,
oxides and hydroxides; often used in
combination with HNO3. Caution: H2SO4

must never be used in PTFE vessels (PTFE
has a melting point of 327◦C and deforms at
260◦C)

Nitric (HNO3) 122 Oxidizing attack on many samples not
dissolved by HCl; liberates trace elements as
the soluble nitrate salt. Useful for dissolution
of metals, alloys and biological samples

Perchloric (HClO4) 203 At fuming temperatures, a strong oxidizing
agent for organic matter. Caution: violent,
explosive reactions may occur – care is
needed. Samples are normally pre-treated
with HNO3 prior to addition of HClO4

Hydrofluoric (HF) 112 For digestion of silica-based materials; forms
SiF6

2− in acid solution; caution is required
in its use; glass containers should not be
used, only plastic vessels. In case of
spillages, calcium gluconate gel (for
treatment of skin-contact sites) should be
available prior to usage; evacuate to hospital
immediately if skin is exposed to liquid HF

Aqua regia
(nitric/hydrochloric)

— A 1:3 vol/vol mixture of HNO3:HCl is called
aqua regia; forms a reactive intermediate,
NOCl. Used for metals, alloys, sulfides and
other ores – best known because of its
ability to dissolve Au, Pd and Pt

a Protective clothing/eyewear is essential in the use of concentrated acids. All acids should be handled with care
and in a fumecupboard.
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Sample tube

Acid

Sample

Sample well

Heating block

Figure 2.1 Schematic of a commercial acid digestion system. From Dean, J. R., Methods
for Environmental Trace Analysis, AnTS Series. Copyright 2003.  John Wiley & Sons,
Limited. Reproduced with permission.

(up to 300◦C) are achievable. A typical operating procedure for the digestion of
a sample of soil is shown in Figure 2.3.

2.2.1.3 Fusion

Occasionally, samples, e.g. silicates and oxides, are not destroyed by the action
of acid. In this situation, fusion is used. In this process, excess reagent (e.g.
sodium carbonate, lithium meta- or tetraborate and potassium pyrosulfate) and
the sample are placed in a metal crucible, e.g. platinum, and heated in a muffle
furnace (300–1000◦C) for 1–2 h. After cooling, the melt can be dissolved in a
mineral acid. The high salt content of the final solution may lead to problems in
the subsequent analysis.

2.2.2 Liquid Samples
Normally, in the analysis of liquid samples for trace, minor and major metals, no
sample pre-treatment apart from filtration (0.2 µm) is required. However, sample
pre-treatment in the form of separation and/or pre-concentration may be required.

DQ 2.3

Why might pre-concentration of a sample be required?

Answer

This may be required if the chosen analytical technique is not sensitive
enough to measure (ultra)-trace metal concentrations.
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1 g soil sample placed in beaker

Add 10 ml 1:1 nitric acid.
Cover with a watch glass.

Heat (< bpt) for 15 min

Cool the sample. Add 5 ml concentrated nitric acid.
Cover with watch glass.

Heat (< bpt) for 30 min (additional nitric acid
added until no brown fumes given off)

Reduce volume to < 5 ml and cool.
Add 2 ml water and 3 ml 30% H2O2 and heat (< bpt).
Additional H2O2 added until effervescence ceases.

Process continued for 2 h at T < bpt. Reduce volume
to < 5 ml

Add 10 ml HCI and heat (< bpt)
for 15 min

Filter/centrifuge, if necessary.
Quantitatively transfer to 100 ml

volumetric flask.
Analyse by GFAAS or ICP–MS

Filter and quantitatively
transfer to a 100 ml

volumetric flask.
Analyse by FAAS or

ICP–AES

Figure 2.2 The EPA procedure for the acid digestion of sediments, sludges and soils
using a hot-plate: GFAAS, graphite-furnace atomic absorption spectroscopy; FAAS, flame
atomic absorption spectroscopy; ICP–MS, inductively coupled plasma–mass spectrome-
try; ICP–AES, inductively coupled plasma–atomic emission spectroscopy. From Dean,
J. R., Methods for Environmental Trace Analysis, AnTS Series. Copyright 2003.  John
Wiley & Sons, Limited. Reproduced with permission.

2.2.2.1 Liquid–Liquid Extraction
In this technique, a large volume of the aqueous sample, containing the metal,
is mixed with a suitable chelating agent. After metal-complexation, the resultant
species is collected in an immiscible organic solvent.

SAQ 2.3

What is a metal complex?
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Accurately weigh 0.50 g of sample
into digestion vessel

Add 10 ml concentrated nitric acid. If any vigorous
reaction occurs, allow to subside before capping the

vessel according to the manufacturer's guidelines

Place the carousel in the microwave oven and
connect each vessel to the central overflow container

with the appropriate tubing

Ensure that the carousel containing the digestion
vessels is appropriately balanced. Empty places should

be filled with vessels containing acid only

Irradiate for 10 min at 100%
power (or according to the
manufacturers guidelines)

At the end of the programme, allow the vessels
to cool to room temperature prior to opening

Filter and then quantitatively transfer
to 100 ml volumetric flasks.

Analyse the samples

Figure 2.3 A typical procedure used for the microwave digestion of sediments, sludges
and soils. From Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series.
Copyright 2003.  John Wiley & Sons, Limited. Reproduced with permission.

The basis of this technique is that the metal present in a large volume of
sample water is effectively and quantitatively transferred into a small volume
of organic solvent. The most commonly used chelate in atomic spectroscopy is
ammonium pyrrolidine dithiocarbamate (APDC). This reagent, normally used as
a 1–2% aqueous solution, is extracted with the organic solvent methylisobutyl
ketone (MIBK). The procedure for the extraction of metals from solution using
APDC and MIBK is shown in Figure 2.4.

2.2.2.2 Ion-Exchange

Cation-exchange chromatography is used to separate metal ions (positively
charged species) from aqueous solution as follows:

(1) Metal ion (Mn+) pre-concentrated on cation-exchange resin

nRSO3
−H+ + Mn+ = (RSO3

−)nMn+ + H+ (2.1)
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Place 100–150 ml of aqueous sample in a 250 ml
pre-cleaned glass bottle

Add 5 ml of a 1% APDC–DDDC solution (prepared
by dissolving 10 g l−1 of

ammonium pyrrolidine dithiocarbamate (APDC) with
diethylammonium diethyldithiocarbamate (DDDC)

Agitate the container for 10 s on a vortex mixer

Add 20 ml 4-methypentan-2-one (often called
methylisobutyl ketone (or MIBK)) and vortex-mix for a

further 20 s

Allow the resultant mixture to stand for 5 min. Then,
remove the organic layer (MIBK containing the metal

chelate) for analysis. Standards for calibration should be
prepared in the same manner, i.e. chelated and extracted

Figure 2.4 A typical procedure used for the liquid–liquid extraction of metals. From
Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series. Copyright 2003.
 John Wiley & Sons, Limited. Reproduced with permission.

(2) Desorption of metal ion using acid

(RSO3
−)nMn+ + H+ = nRSO3

−H+ + Mn+ (2.2)

An alternative approach, which allows the separation of an excess of alkali
metal ions from other cations, uses a chelating ion-exchange resin (e.g. Chelex
100). This type of resin forms chelates with the metal ions. It has been found
that Chelex-100, in acetate buffer at pH 5–6, can retain Al, Bi, Cd, Co, Cu, Fe,
Ni, Pb, Mn, Mo, Sc, Sn, Th, U, V, W, Zn, Y and rare-earth metals, while at the
same time not retaining alkali metals, alkali-earth metals and anions (F−, Cl−,
Br− and I−).

DQ 2.4

Identify the alkali metals.

Answer
Lithium (Li), sodium (Na), potassium (K), rubidium (Rb) and caesium
(Cs).
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DQ 2.5

Identify the alkali-earth metals.

Answer

Beryllium (Be), calcium (Ca), magnesium (Mg), strontium (Sr) and bar-
ium (Ba).

2.2.2.3 Co-Precipitation

This allows quantitative precipitation of the metal ion of interest by the addition of
a co-precipitant, e.g. Fe(OH)3, to the sample solution. Further sample preparation,
e.g. dissolution, is required for the analyte prior to analysis.

2.3 Atomic Absorption Spectroscopy

Atomic absorption spectroscopy (AAS) is a commonly encountered technique in
the laboratory due to its simplicity and low capital cost. Its limitations are based
on its ability to be able to measure only one metal/metalloid at a time and its
short linear dynamic range. The main components of an atomic absorption spec-
trometer are a radiation source (typically a hollow-cathode lamp), an atomization
cell (typically a flame or graphite furnace) and methods of wavelength selection
(monochromator) and detection (photomultiplier tube) (Figure 2.5). The hollow-
cathode lamp (Figure 2.6) generates a characteristic narrow-line emission of a
selected metal.

DQ 2.6

If you were going to analyse a sample for its iron content what hollow-
cathode lamp would you need to have in the AAS instrument?

Answer

After considering the brief information provided so far, it should have
become obvious that as the technique can only analyse one element at

Radiation
source

Atomization
cell

Wavelength
selection Detection

Figure 2.5 Block diagram of a typical atomic absorption spectrometer layout. From Dean,
J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John
Wiley & Sons, Limited, Chichester, UK, 1997.  University of Greenwich and reproduced
by permission of the University of Greenwich.
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Connecting pins
Hollow cathode

Glass envelope

Silica window

Ar gas

Figure 2.6 Schematic diagram of a hollow-cathode lamp used in atomic absorption spec-
troscopy. From Dean, J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition,
ACOL Series, John Wiley & Sons, Limited, Chichester, UK, 1997.  University of
Greenwich and reproduced by permission of the University of Greenwich.

a time the choice of hollow-cathode lamp is important. Therefore, to
analyse for iron requires an iron hollow-cathode lamp.

The atomization cell is the site were the sample (liquid or vapour) is introduced
and dissociated, such that metal atoms are liberated from a hot environment.
Typical atomization cells are a flame or graphite furnace. The hot environment
of the atomization cell is sufficient to cause a broadening of the absorption line
of the metal of interest. Utilizing the narrowness of the emission line from the
hollow-cathode lamp (HCL), together with the broad absorption line created in
the atomization cell, means that the monochromator only has to isolate the line of
interest from other lines emitted by the HCL (Figure 2.7). This unique feature of

Hollow-cathode-lamp
emission

Absorption
in flame

Monochromator

Spectral bandpass of
monochromator

(0.1 nm)

λ

Figure 2.7 Basic principle of atomic absorption spectroscopy – the ‘lock and key’ effect.
From Dean, J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL
Series, John Wiley & Sons, Limited, Chichester, UK, 1997.  University of Greenwich
and reproduced by permission of the University of Greenwich.
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AAS gives it a high degree of selectivity, i.e. the ability to measure the element
selected in preference to other elements present in the sample.

The most common atomization cell is the pre-mixed laminar flame in which
the fuel and oxidant (air) gases are mixed, in an expansion chamber, prior to
entering the slot-burner (the point of ignition of the flame). Two flames are used in
AAS, i.e. the air–acetylene (temperature, 2500 K) or the nitrous oxide–acetylene
(temperature, 3150 K) flame.

SAQ 2.4

What other flames could be used?

Both are located in a slot-burner which is positioned in the light path of the HCL
(Figure 2.8). The air–acetylene flame (slot length, 100 mm) is the most commonly
used, whereas the hotter nitrous oxide–acetylene flame (slot length, 50 mm) is
reserved for the more ‘refractory’ elements, e.g. Al. It is common, therefore, to
refer to this technique as flame atomic absorption spectroscopy or FAAS.

The introduction of an aqueous sample into the flame is achieved by using a
pneumatic concentric nebulizer coupled with an expansion chamber. The pneu-
matic concentric nebulizer (Figure 2.9) consists of a stainless-steel tube through
which a Pt/Ir capillary tube is located. The sample is drawn up through the
capillary tube by the action of the oxidant gas (air) escaping through an exit

Lightpath

Expansion chamber
with slot-bumer head

Figure 2.8 Schematic diagram of the slot-burner used in flame atomic absorption spec-
troscopy. From Dean, J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition,
ACOL Series, John Wiley & Sons, Limited, Chichester, UK, 1997.  University of
Greenwich and reproduced by permission of the University of Greenwich.
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Aqueous sample

Air

Air and aqueous
sample interact to
form an aerosol 

Figure 2.9 Schematic diagram of the pneumatic concentric nebulizer.

Flow spoiler

Nebulizer

End-cap

Mixing chamber
with burner head

Figure 2.10 The nebulizer–expansion (mixing) chamber system used for sample intro-
duction in flame atomic absorption spectroscopy. From Dean, J. R., Methods for Envi-
ronmental Trace Analysis, AnTS Series. Copyright 2003.  John Wiley & Sons, Limited.
Reproduced with permission.

orifice located between the outside of the capillary tube and the inside of the
stainless-steel tube. The interaction of escaping air with the liquid sample causes
the formation of a coarse aerosol (this process is called the Venturi effect).

DQ 2.7

What function does the expansion chamber (Figure 2.10) fulfil?

Answer
The function of the expansion chamber is two-fold. The first is to convert
the coarse aerosol generated by the nebulizer into a finer aerosol for
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transport to the slot-burner for atomization and allow residual aerosol
particles to condense and go to waste. Secondly, the expansion chamber
allows safe pre-mixing of the oxidant (air) and fuel (acetylene or nitrous
oxide) gases prior to introduction into the slot-burner.

Another type of atomization cell is the graphite furnace and thus the tech-
nique which uses this cell is referred to as graphite furnace atomic absorption
spectroscopy or GFAAS (note: sometimes this approach is also referred to as
electrothermal atomic absorption spectroscopy or ETAAS). The graphite fur-
nace is used when only a small amount of sample is available or when an
increase in sensitivity is required. The graphite atomizer replaces the expan-
sion chamber/slot-burner arrangement as the atomization cell. A small discrete
sample (5–100 µl) is pipetted onto the inner surface of a graphite tube through
a small opening (Figure 2.11). Light from the HCL passes through the graphite
tube (typical dimensions are a length of 3–5 cm with a diameter of 3–8 mm).
The passage of an electric current through the graphite tube, via water-cooled
contacts, allows controlled heating. These heating stages (Figure 2.12) are pre-
programmed into a controller to allow (a) solvent to be removed from the sample
(drying), (b) removal of the sample matrix (ashing), (c) atomization of the ele-
ment, (d) cleaning of the graphite tube of residual material and (e) cooling of
the graphite tube in preparation for the next sample. It is the manner of these
heating cycles (Table 2.2) that is the key to the success of the technique.

DQ 2.8

Why is the gas flow ON during the drying and ashing stages?

Answer
It is common practice for an internal inert gas (N2 or Ar) to flow during
the drying and ashing stages in order to remove any extraneous material.

Sample injection

Graphite tube

Electrical heating

Optical path

Figure 2.11 Schematic diagram of a typical graphite furnace used in atomic absorption
spectroscopy. From Dean, J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition,
ACOL Series, John Wiley & Sons, Limited, Chichester, UK, 1997.  University of
Greenwich and reproduced by permission of the University of Greenwich.
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Figure 2.12 A typical time–temperature profile for graphite-furnace atomic absorption
spectroscopy: 1, drying; 2, ashing; 3, atomization; 4, cleaning; 5, cooling. From Dean,
J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley
& Sons, Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by
permission of the University of Greenwich.

Table 2.2 Typical heating cycles in graphite-furnace atomic absorption spectroscopy

Stage Temperature
(◦C)

Duration (s) N2 or Ar gas
on or off

Drying 110 30 On
Ashing 400–1600 45 On
Atomization 2200 3 Off
Cleaning 2300 2 On
Cooling — 60 On

DQ 2.9

Why is the gas flow OFF during the atomization stage?

Answer
It is common practice to have no flow of gas during the atomization stage
in order to maximize the ‘time-duration of atoms’ within the graphite
furnace.

DQ 2.10

Why might the ashing temperature vary?

Answer
In an ideal situation, organic matrix components are removed without
any loss of the analyte of interest. However, this is not always possible
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and this is one of the major disadvantages of the technique. Remedies
exist to preserve the analyte of interest by the addition of other chemi-
cals/reagents which prevent premature loss of the analytes. This process
is called matrix modification. For further information on this, consult
Section 2.8.1.

DQ 2.11

During which stage is the absorbance (signal) recorded?

Answer

The absorption of the radiation source by the atomic vapour is measured
during the atomization stage.

A specialized form of atomization cell is available for a limited number of
elements that are capable of forming volatile hydrides. The technique which
uses this type of cell is known as hydride-generation atomic absorption spec-
troscopy (HyAAS).

DQ 2.12

Which elements are capable of forming hydrides as used in HyAAS?

Answer

Arsenic (As), antimony (Sb), selenium (Se) and tin (Sn).

In HyAAS, an acidified solution of the sample is reacted with sodium tetraboro-
hydride solution which liberates the gaseous hydride. Equation (2.3) illustrates
the chemical generation of arsenic hydride (or arsine):

3BH4
− + 3H+ + 4H3AsO3 −−→ 3H3BO3 + 4AsH3 + 3H2O

(arsine)
(2.3)

By using a gas–liquid separation device, the generated hydride is transported to
an atomization cell (either an electrically heated or flame-heated quartz tube) by
using a carrier gas. A variation of this approach, called cold-vapour generation, is
exclusively reserved for the element mercury (i.e. cold-vapour atomic absorption
spectroscopy, CVAAS). The mercury present in a sample is reduced, using tin(II)
chloride, to elemental mercury (Equation (2.4)):

Sn2+ + Hg2+ −−→ Sn4+ + Hg0

(elemental mercury)
(2.4)
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This mercury vapour is then transported to an atomization cell (a long-
pathlength glass absorption cell) by a carrier gas.

Wavelength separation is achieved by using a monochromator (Czerny–Turner
configuration). This monochromator (Figure 2.13) has a focal length of
0.25–0.5 m with a grating containing only 600 lines mm−1 and a resolution
of 0.2–0.02 nm. The attenuation of the HCL radiation by the atomic vapour is
detected by a photomultiplier tube (PMT) (Figure 2.14). The PMT is a device
for proportionally converting photons of light to electric current. Incident light

Mirror

Mirror

Detector

Lens

Source

Grating
(rotates)

Figure 2.13 Schematic diagram of the optical layout of a spectrometer which incorporates
the Czerny–Turner spectral mounting (configuration). From Dean, J. R., Atomic
Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley & Sons,
Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by permission
of the University of Greenwich.
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Figure 2.14 Schematic representation of the operation of a photomultiplier tube. From
Dean, J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series,
John Wiley & Sons, Limited, Chichester, UK, 1997.  University of Greenwich and
reproduced by permission of the University of Greenwich.
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strikes a photosensitive material which converts the light to electrons (this process
is called the photoelectric effect). The generated electron is then focused and
multiplied by a series of dynodes prior to collection at the anode. The multiplied
electrons (or electrical current) are then converted into a voltage signal and then
via an analogue-to-digital (A/D) converter into a suitable computer for processing.

The occurrence of molecular absorbance and scatter in AAS can be overcome
by the use of background correction methods. Various types of background cor-
rections are commonly used, including a continuum source, an HCL capable
of changing between high and low electric currents (Smith–Hieftje background
technique) and an approach based on the Zeeman effect.

SAQ 2.5

How does the Smith–Hieftje background correction method work?

Additionally, other problems which affect the recorded absorbance signal can
occur and are based on chemical, ionization, physical and spectral interferences.

2.4 Atomic Emission Spectroscopy
The instrumentation used for atomic emission spectroscopy (AES) comprises an
atomization cell, a spectrometer/detector and a read-out device. In its simplest
form, i.e. the flame photometer (FP), the atomization cell consists of a flame
(air–natural gas) while the spectrometer comprises an interference filter, followed
by a photodiode or photoemissive detector.

DQ 2.13

What needs to be changed to measure potassium at 766.5 nm and sodium
at 589.0 nm when using an FP?

Answer
The wavelength can be simply altered by changing the interference filter.

Modern instruments for AES, however, use an argon-based inductively coupled
plasma (ICP) as the atomization cell. The technique is therefore referred to as
inductively coupled plasma–atomic emission spectroscopy or ICP–AES. The ICP
is formed within a plasma torch, i.e. three concentric glass tubes (Figure 2.15),
known as the inner, intermediate (plasma) and external (coolant) tubes through
which the argon gas passes. Argon gas enters the intermediate and external tubes
via tangentially arranged entry points, while the sample aerosol is introduced in
a carrier stream of argon, via the inner tube. Located around the external glass
tube is a coil of copper tubing through which water is recirculated. Power input



34 Bioavailability, Bioaccessibility and Mobility

Load coil

Injectortube

Intermediate gas flow

Outer gas flow

Sample
aerosol

Figure 2.15 Schematic diagram of an inductively coupled plasma torch. From Dean, J. R.,
Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley &
Sons, Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by
permission of the University of Greenwich.

to the ICP is achieved through this copper, load or induction coil, at a power of
1.3 kW (can range from 0.5–1.5 kW) at a frequency of either 27 or 40 MHz. The
input power causes the induction of an oscillating magnetic field whose lines of
force are axially orientated inside the plasma torch and follow elliptical paths
outside the induction coil. To initiate the plasma, the carrier gas flow through
the inner tube is switched off and a spark added momentarily from a Tesla coil,
which is in contact with the outside of the plasma torch. This source of ‘seed’
electrons causes ionization of the argon gas. This process is ‘self-sustaining’, so
that argon, argon ions and electrons co-exist (i.e. a ‘plasma’) within the confines
of the plasma torch but protruding from its top in the shape of a bullet but
emitting bright-white luminous light.

DQ 2.14

Why is it important never to look at the plasma light with the naked
eye?



Preparation and Techniques for Elemental Analysis 35

Answer

This is important as the plasma light causes damage due to the ultraviolet
light that is emitted from the source.

The characteristic bullet-shape of the plasma is formed by the escaping high-
velocity argon gas interacting with the surrounding atmosphere which causes air
entrainment back towards the plasma torch itself. In order to introduce the sample
aerosol into the confines of the hot plasma gas (7000–10 000 K), the inner-tube
carrier gas is switched on and this ‘punches a hole’ into the centre of the plasma,
thus creating the characteristic doughnut or toroidal shape of the ICP. The emitted
radiation from the ICP can be viewed in a side-on (or lateral) or end-on (or axial)
configuration (Figure 2.16).

Aqueous samples are introduced into an ICP–AES system by using a nebulizer/
spray-chamber arrangement. The most common nebulizer is the pneumatic con-
centric glass nebulizer (Figure 2.17). The principle of operation of this nebulizer
is identical to that described above for FAAS; the major differences are in the
construction of the device and the gas used (for ICP–AES, the device is con-
structed entirely from glass to a higher specification). As the ICP is created from
argon gas, so the gas of choice for use in this nebulizer is argon. As before,
the interaction of aqueous sample and gas produces a coarse aerosol. Extensive
research has been carried out over previous years to evaluate different nebulizers
and so a range of devices are now available. A cross-flow nebulizer generates
a coarse aerosol via two capillary needles positioned at 90◦ to each other with
their tips not quite touching (Figure 2.18). Through one capillary tube, the argon
carrier gas flows while through the other capillary the liquid sample is pumped.
At the exit point, the force of the escaping argon gas is sufficient to ‘shatter’
the sample into a coarse aerosol. Another nebulizer (V-groove, Babington-type
or Burgener nebulizer) allows aqueous samples with high-dissolved solids to be
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Figure 2.16 Comparison of the spectral features and background emission characteristics
observed for (a) an axially viewed ICP and (b) a conventional, side-on viewed ICP. From
Davies, R., Dean, J. R. and Snook, R. D., Analyst, 110, 535–540 (1985). Reproduced by
permission of The Royal Society of Chemistry.
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Figure 2.17 Schematic diagram of the pneumatic concentric glass nebulizer. From Dean,
J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley
& Sons, Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by
permission of the University of Greenwich.

Argon gas

Liquid sample
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Figure 2.18 Schematic diagram of the cross-flow nebulizer. From Dean, J. R., Atomic
Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley & Sons,
Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by permission
of the University of Greenwich.

analysed (Figure 2.19). An alternative approach is provided by the ultrasonic
nebulizer which uses a vibrating piezoelectric transducer to transform the liquid
sample into an aerosol.

The coarse aerosol generated by a nebulizer then requires to be converted into
a finer aerosol. In ICP–AES, this is achieved by using a spray chamber.

DQ 2.15

What are the purposes of the spray chamber?

Answer
The purposes are to reduce the amount of aerosol reaching the plasma,
decrease the turbulence associated with the nebulization process and
reduce the aerosol particle size.
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Figure 2.19 Schematic diagram of the V-groove, high-solids nebulizer. From Dean, J. R.,
Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley &
Sons, Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by
permission of the University of Greenwich.

The most common spray-chamber designs are double-pass (Scott-type),
cyclonic, single-pass and the direct (cylindrical) type. The most commonly used
spray chamber is the double-pass. This consists of two concentric tubes, an inlet
for the nebulizer, an exit for the finer aerosol and a waste drain (Figure 2.20).
The latter is positioned to allow excess liquid (aerosol condensation) to flow to
waste.

Alternative approaches for the direct introduction of sample into the plasma
source are available and include electrothermal vaporization (ETV) and laser
ablation (Figure 2.21). In both cases, the generated sample vapour is transported
directly into the ICP torch, i.e. no nebulizer/spray chamber is required. Elec-
trothermal vaporization is similar in operation to the graphite furnace used in
AAS (described above).

DQ 2.16

What advantage might laser ablation offer?

Answer

Laser ablation allows the direct analysis of solid material. Laser light
is directed onto the surface of a solid sample, so causing vaporization.
The ablated material can then be transported direct, in a flow of argon,
to the ICP torch.
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Figure 2.20 Schematic diagram of a double-pass spray chamber (Scott type). From Dean,
J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley
& Sons, Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by
permission of the University of Greenwich.
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Figure 2.21 Schematic representation of a system used for laser ablation. From Dean,
J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley
& Sons, Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by
permission of the University of Greenwich.
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One of the most common lasers used for this purpose is the Nd:YAG which
operates in the near-infrared at 1064 nm.

SAQ 2.6

To what does Nd:YAG refer?

However, with optical frequency doubling, tripling, quadrupling and quintu-
pling, the Nd:YAG laser can also be operated at the following wavelengths:
532, 355, 266 and 213 nm, respectively. In addition, excimer lasers have been
used. As the operating wavelengths are dependent upon the gas, the choice of
output wavelengths are 308, 248, 193 and 157 nm for XeCl, KrF, ArF and F2,
respectively.

In addition, hydride and cold-vapour techniques can be employed for the intro-
duction of elements that form hydrides, plus mercury, directly into the ICP torch.
The procedure is identical to that described for AAS (see Section 2.1.1).

Light emitted from the ICP source is focused onto the entrance slit of a spec-
trometer by using a convex-lens arrangement. The spectrometer separates the
emitted light into its component wavelengths. In sequential analysis, one wave-
length, corresponding to one element at a time, is measured.

DQ 2.17

To what does sequential multielement analysis refer?

Answer

Sequential multielement analysis allows several wavelengths to be mea-
sured at the same time.

The typical wavelength coverage of a spectrometer for ICP–AES is from
167 nm (Al) to 852 nm (Cs). Detection of the different wavelengths is achieved
with either a photomultiplier tube (PMT) or charge-transfer device (CTD). A brief
description of the PMT was provided in Section 2.1.1. A CTD is a semiconductor
device consisting of a series of cells or pixels which accumulate charge when
exposed to light. The amount of accumulated charge is then proportional to
the amount of light that a particular pixel has been exposed to. CTDs exist in
two forms, i.e. the charge-coupled device (CCD) and the charge-injection device
(CID).

SAQ 2.7

In which forms do you commonly find CCD/CID devices?
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Like all spectroscopic techniques, ICP–AES suffers from interferences, includ-
ing ‘spectral overlap’. The latter can be alleviated by either increasing the reso-
lution of the spectrometer or by selecting an alternative spectral emission line.

2.5 Inorganic Mass Spectrometry

This discussion of inorganic mass spectrometry focuses on the inductively cou-
pled plasma–mass spectrometry (ICP–MS) system only. A description of the
ICP has been described previously (Section 2.4).

DQ 2.18

What was one of the key features that led to the development of ICP–MS?

Answer

The development of an efficient interface was key to the coupling of
an ICP, operating at atmospheric pressure, with a mass spectrometer,
operating under high vacuum (Figure 2.22).

The interface consists of a water-cooled outer nickel sampling cone positioned
in close proximity to the plasma source (Figure 2.23). The region behind the

Figure 2.22 A commercially available inductively coupled plasma–mass spectrometer.
From ‘Applications Literature’ published by VG Elemental. Reproduced by permission
of ThermoFisher Scientific, Macclesfield, Cheshire, UK.
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Figure 2.23 Schematic diagram of the inductively coupled plasma–mass spectrometer
interface. From Dean, J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition,
ACOL Series, John Wiley & Sons, Limited, Chichester, UK, 1997.  University of
Greenwich and reproduced by permission of the University of Greenwich.

sampling cone is maintained at a moderate pressure (approximately 2.5 mbar) by
using a rotary vacuum pump.

SAQ 2.8

Can you express 2.5 mbar in other units of pressure?

As the gas flow through the sample cone is large, a second (skimmer) cone
is placed close enough behind the sampling cone to allow the central portion of
the expanding jet of plasma gas and ions to pass through the skimmer cone. The
pressure behind the skimmer cone is maintained at approximately 10−4 mbar.
The extracted ions are then focused by a series of electrostatic lenses into the
mass spectrometer. If the ICP–MS system contains a collision/reaction cell (see
Section 2.5.1), it is located before the mass spectrometer.

The mass spectrometer acts as a filter, transmitting ions with a pre-selected
mass/charge ratio which are then detected and displayed. A range of mass spec-
trometers are available, including the quadrupole, high-resolution, ion-trap and
time-of-flight spectrometers.

The quadrupole analyser consists of four straight metal rods positioned parallel
to and equidistant from the central axis (Figure 2.24). By applying DC and RF
voltages to opposite pairs of the rods, it is possible to have a situation where the
DC voltage is positive for one pair and negative for the other. Likewise, the RF
voltages on each pair are 180◦ out of phase, i.e. they are opposite in sign, but
with the same amplitude. Ions entering the quadrupole are subjected to oscillatory
paths by the RF voltage. However, by selecting appropriate RF and DC voltages,
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Figure 2.24 Schematic arrangement of the quadrupole analyser arrangement. From Dean,
J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley
& Sons, Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by
permission of the University of Greenwich.

only ions of a given mass/charge ratio will be able to traverse the length of the
rods and emerge at the other end.

DQ 2.19

What happens to the other ions?

Answer

These ions are lost within the quadrupole analyser – as their oscillatory
paths are too large, they collide with the rods and become neutralized.

A high-resolution mass spectrometer can be used to separate interferences.
It consists of an electrostatic analyser (ESA) and a magnetic analyser (MA).
The ESA consists of two curved plates to which is applied a DC voltage; the
inner plate has a negative polarity which attracts ions, while the outer plate has
a positive polarity which repels the ions. Therefore, only ions with a specific
energy can pass through the ESA. The application of a particular field strength
to the MA allows only ions with a specific m/z ratio to be separated.

An ion-trap mass spectrometer consists of a cylindrical ring electrode with two
end-cap electrodes (Figure 2.25). The upper end-cap allows ions to be introduced
into the trap where they are retained (‘trapped’). The application of an RF voltage
to the ring electrode stabilizes and retains ions of different m/z ratios. By then
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Figure 2.25 Schematic representation of the operation of an ion-trap mass spectrome-
ter. From Dean, J. R., Practical Inductively Coupled Plasma Spectroscopy, AnTS Series.
Copyright 2005.  John Wiley & Sons, Limited. Reproduced with permission.

increasing the applied voltage, the paths of ions of successive m/z ratios are made
unstable and exit the trap via the lower end-cap.

A time-of-flight (TOF) mass spectrometer separates ions with respect to their
different velocities (Figure 2.26). This is achieved by applying an accelerating
voltage to the ions, hence resulting in them having different velocities. Lighter
ions, which are travelling faster, reach the detector before the heavier ions. To
increase the pathlength, a ‘reflectron’ is introduced into the mass analyser, which
doubles the pathlength by reversing the direction of flow of the ions. It is common
to find a TOF mass spectrometer used in conjunction with a quadrupole mass
analyser.

Mass spectrometers separate ions – in order to measure a signal, this requires a
method of detection. The most common type of detector is the continuous-dynode
electron multiplier (Figure 2.27). The electron multiplier is ‘horn-shaped’ with
a semiconductor (lead oxide)-coated internal surface. Detection is achieved by
applying a high negative potential (−3 kV) at the entrance of the horn, while
the collector is held at ground potential. Incoming ions are attracted towards the
negative potential of the horn and captured. The impact of the ions on the inter-
nal coated surface causes secondary electrons to be released. As the secondary
electrons are produced, they are attracted towards the grounded collector. This
results in these secondary electrons interacting further with the internal surface
coating, so producing further electrons. Thus, electrons are ‘multiplied’ prior to
collection where they are further amplified exterior to the device and recorded
as a signal (‘counts per second’). Other detectors used in mass spectrometers are
the Faraday cup and the Daly detector.
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Figure 2.26 Schematic diagram of the layout of a time-of-flight mass spectrometer. From
Dean, J. R., Practical Inductively Coupled Plasma Spectroscopy, AnTS Series. Copyright
2005.  John Wiley & Sons, Limited. Reproduced with permission.
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Figure 2.27 Schematic representation of the operating principles of the electron multiplier
tube arrangement. From Dean, J. R., Atomic Absorption and Plasma Spectroscopy, 2nd
Edition, ACOL Series, John Wiley & Sons, Limited, Chichester, UK, 1997.  University
of Greenwich and reproduced by permission of the University of Greenwich.
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2.5.1 Interferences in ICP–MS
Spectral interferences in ICP–MS result from isobaric (overlap of atomic masses
of different elements) and molecular (polyatomic and doubly charged) species.

Isobaric interferences are well characterized (Table 2.3).

DQ 2.20

How can isobaric interferences be avoided?

Answer
These interferences can be avoided for most elements by selecting an
alternative isotope.

Table 2.3 Isobaric interferences from Period 4 of the Periodic Table. From Dean, J. R.,
Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL Series, John Wiley &
Sons, Limited, Chichester, UK, 1997.  University of Greenwich and reproduced by
permission of the University of Greenwich

Atomic mass Element of interest
(% abundance)

Interfering element
(% abundance)

39 K (93.10) —
40 Ca (96.97) Ar (99.6)a ; K (0.01)
41 K (6.88) —
42 Ca (0.64) —
43 Ca (0.14) —
44 Ca (2.06) —
45 Sc (100) —
46 — Ca (0.003); Ti (7.93)
47 — Ti (7.28)
48 Ti (73.94) Ca (0.19)
49 — Ti (5.51)
50 — Ti (5.34); V (0.24); Cr (4.31)
51 V (99.76) —
52 Cr (83.76) —
53 — Cr (9.55)
54 — Cr (2.38); Fe (5.82)
55 Mn (100) —
56 Fe (91.66) —
57 — Fe (2.19)
58 Ni (67.88) Fe (0.33)
59 Co (100) —
60 Ni (26.23) —
61 — Ni (1.19)
62 — Ni (3.66)
63 Cu (69.09) —

(continued overleaf )
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Table 2.3 (continued )

Atomic mass Element of interest
(% abundance)

Interfering element
(% abundance)

64 Zn (48.89) Ni (1.08)
65 Cu (30.91) —
66 Zn (27.81) —
67 — Zn (4.11)
68 — Zn (18.57)
69 Ga (60.40) —
70 — Zn (0.62); Ge (20.52)
71 Ga (39.60) —
72 Ge (27.43) —
73 — Ge (7.76)
74 Ge (36.54) Se (0.87)
75 As (100) —
76 — Ge (7.76); Se (9.02)
77 — Se (7.58)
78 Se (23.52) Kr (0.35)
79 Br (50.54) —
80 Se (49.82) Kr (2.27)
81 Br (49.46) —
82 — Se (9.19); Kr (11.56)
83 Kr (11.55) —
84 Kr (56.90) Sr (0.56)b

85 — —
86 — Kr (17.37); Sr (9.86)b

a Not in Period 4 of the Periodic Table but included because of its origin from the plasma source.
b Not in Period 4 of the Periodic Table but included for completeness.

For those elements without an alternative isotope, the possibilities are lim-
ited, for example, in the determination of calcium by ICP–MS. Both Ca and
Ar (plasma gas) have major isotopes of atomic mass 40 (Ar 99.6% abundant,
while Ca is 97.0% abundant). Two options are possible, i.e. select another mass
for Ca (Ca is 2.1% abundant with an atomic mass unit (amu) of 44), or use a
collision/reaction cell to either remove the interference or move Ca to another
atomic mass (see below).

Polyatomic interferences (Table 2.4) are derived as a result of interactions
between elements and the sample solution or plasma gas (Ar). As a result, it is
possible to identify species, such as 35Cl16O+ at mass 51 (mass for the deter-
mination of vanadium) and 40Arl16O+ at mass 56 (mass for the determination
of iron). In addition, doubly charged interferences can result. To understand this
type of interference, it is worth remembering that a mass spectrometer separates
on the basis of an element’s mass/charge or m/z ratio. For example, barium (Ba)
has atomic masses of 130, 132, 134, 135, 136, 137 and 138; however, Ba is
capable of forming doubly charged species.
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Table 2.4 Potential polyatomic interferences derived from the element of interest and its
associated aqueous solution, the plasma gas itself and the type of acid(s) used to digest or
prepare the sample. From Dean, J. R., Atomic Absorption and Plasma Spectroscopy, 2nd
Edition, ACOL Series, John Wiley & Sons, Ltd, Chichester, UK, 1997.  University of
Greenwich and reproduced by permission of the University of Greenwich

Atomic mass Element of interest
(% abundance)

Polyatomic interference

39 K (93.10) 38Ar1H+
40 Ca (96.97) 40Ar+
41 K (6.88) 40Ar1H+
42 Ca (0.64) 40Ar2H+
43 Ca (0.14) —
44 Ca (2.06) 12C16O16O+
45 Sc (100) 12C16O16O1H+
46 — 14N16O16O+; 32S14N+
47 — 31P16O+; 33S14N+
48 Ti (73.94) 31P16O1H+; 32S16O+; 34S14N+
49 — 32S16O1H+; 33S16O+; 14N35Cl+
50 — 34S16O+; 36Ar14N+
51 V (99.76) 35Cl16O+; 34S16O1H+; 14N37Cl+;

35Cl16O+
52 Cr (83.76) 40Ar12C+; 36Ar16O+; 36S16O+;

35Cl16O1H+
53 — 37Cl16O+
54 — 40Ar14N+; 37Cl16O1H+
55 Mn (100) 40Ar14N1H+
56 Fe (91.66) 40Ar16O+
57 — 40Ar16O1H+
58 Ni (67.88) —
59 Co (100) —
60 Ni (26.23) —
61 — —
62 — —
63 Cu (69.09) 31P16O2

+
64 Zn (48.89) 31P16O2

1H+; 32S16O16O+; 32S32S+
65 Cu (30.91) 33S16O16O+; 32S33S+
66 Zn (27.81) 34S16O16O+; 32S34S+
67 — 35Cl16O16O+
68 — 40Ar14N14N+; 36S16O16O+; 32S36S+
69 Ga (60.40) 37Cl16O16O+
70 — 35Cl2

+; 40Ar14N16O+
71 Ga (39.60) 40Ar31P+; 36Ar35Cl+
72 Ge (27.43) 37Cl35Cl+; 36Ar36Ar+; 40Ar32S+
73 — 40Ar33S+; 36Ar37Cl+

(continued overleaf )



48 Bioavailability, Bioaccessibility and Mobility

Table 2.4 (continued )

Atomic mass Element of interest
(% abundance)

Polyatomic interference

74 Ge (36.54) 37Cl37Cl+; 36Ar38Ar+; 40Ar34S+
75 As (100) 40Ar35Cl+
76 — 40Ar36Ar+; 40Ar36S+
77 — 40Ar37Cl+; 36Ar40Ar1H+
78 Se (23.52) 40Ar38Ar+
79 Br (50.54) 40Ar38Ar1H+
80 Se (49.82) 40Ar40Ar+
81 Br (49.46) 40Ar40Ar1H+
82 — 40Ar40Ar1H1H+
83 Kr (11.55) —
84 Kr (56.90) —
85 — —
86 — —

DQ 2.21

At what m/z ratio will the resultant doubly charged species for 138Ba+
occur?

Answer

The resultant doubly charged species for 138Ba+ will occur at atomic
mass 69, i.e. Ba2+ (m/z, where z (the charge) is 2).

2.5.1.2 Collision and Reaction Cells

Collision/reaction cells are located behind the sample/skimmer cone arrangement,
but before the mass analyser. Collision and reaction cells allow for interferences
or element ion m/z ratio shifts. A range of processes can be used, including
‘charge-exchange’. In the latter, the argon plasma gas ion interference can be
removed with the formation of uncharged argon plasma gas, which cannot then
be detected:

Ca+ + Ar+ + H2 −−→ Ca+ + Ar + H2
+ (2.5)

The use of collision/reaction cells in ICP–MS can result in the ‘chemical reso-
lution’ of isobaric and polyatomic interferences.

SAQ 2.9

How might ‘chemical resolution’ be applied in a collision/reaction cell?
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2.6 X-Ray Fluorescence Spectroscopy
X-ray fluorescence (XRF) spectroscopy is used to measure elements in solid and
aqueous samples, either qualitatively or quantitatively. It main advantage com-
pared to the techniques already discussed is its ability to determine elements in
solid samples with minimal sample preparation. The principle of the technique
is based on the ‘relocation’ of electrons within the atomic structure of the ele-
ments under investigation. If an atom within a sample is irradiated with X-rays,
an electron from its inner shell is lost (Figure 2.28(a)). In order for the atom
to resume its most stable energy configuration this requires an electron from a
higher-energy level to fill the vacancy (Figure 2.28b). This transfer of an elec-
tron from a higher-energy state to a lower-energy state results in the emission
of an X-ray characteristic of that element. Two different instruments for XRF
spectroscopy are available, dependent upon how the radiation is monitored. In

High-speed
photon

Ejected electron

M

L

K

(a)

M

L

K

Electron drops
from outer shell

X-ray emitted

(b)

Figure 2.28 Principles of X-ray fluorescence spectroscopy: (a) loss of an electron from
the inner shell of an atom of an element after irradiation with X-rays; (b) transfer of
an electron from a higher-energy state to fill the vacancy created (lower-energy state),
resulting in the emission of an X-ray characteristic of that element.
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Sample

X-ray
source Detector

Figure 2.29 Schematic representation of the layout of an energy-dispersive X-ray fluo-
rescence spectrometer.

wavelength-dispersive XRF (WDXRF), the emitted radiation from the element
is dispersed by a crystal into its component wavelengths. Sequential scanning
of the different wavelengths allows identification of different elements within
the sample. Alternatively, in energy-dispersive XRF (EDXRF), all of the emitted
radiation is measured at a detector and identified electronically.

An EDXRF spectrometer (Figure 2.29) requires a source of X-rays (to excite
the atoms in the sample), a sample holder and a spectrometer to measure the
energy (or wavelength) and intensity of the radiation emitted by each element in
the sample.

Liquid samples are placed directly in a small holder (2–4 cm in diameter),
covered on one side with a sample support film, e.g. Mylar.

DQ 2.22

Why do you think the use of a special support film is required?

Answer

The use of such a film enables the liquid sample to remain within the
sample holder and provides a transparent ‘window’ for the X-rays to
pass through.

Solid objects can be placed directly into the sample chamber of the XRF
spectrometer, provided that they are smooth and flat. Similarly, loose powder
samples can be placed in the sample holder and analysed directly. However, a
better approach for loose powder samples is to mix them with a binder and press
into a pellet prior to analysis. The sample is then placed inside the chamber
of the spectrometer. While the analysis can be carried out in air (air absorbs
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Figure 2.30 An example of a typical anodic stripping voltammogram.

low-energy X-rays from elements below atomic number 20, e.g. calcium), a
vacuum or helium purge is often used for improved performance. X-rays are
then directed at the sample and the resultant emission is detected by a Si(Li)
detector.

2.7 Electrochemistry

Anodic stripping voltammetry (ASV) is an electrochemical technique for the
analysis of trace metals in solution. Three electrodes (working electrode, reference
electrode and a counter electrode) are positioned in an electrolytic cell. The
sample is placed in the cell along with 0.1 mol l−1 acetate buffer at pH 4.5
(supporting electrolyte). As the signal is affected by the dissolved oxygen, this is
removed from solution by bubbling an inert gas (e.g. nitrogen or argon) through
the cell. By holding the working electrode (e.g. a mercury-drop electrode) at a
small negative potential (with respect to the reference electrode), any metal ions
in solution are attracted to the electrode and deposited. The process can be aided
by stirring of the solution. After a suitable (deposition) time, the potential of the
working electrode is scanned in the positive direction (i.e. to a lower potential).
This process allows deposited metals on the surface of the working electrode to
become oxidized and re-introduced into solution. Plotting the change in current
between the working electrode and the counter electrode allows a signal to be
recorded (Figure 2.30).
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2.8 Hyphenated Techniques

The term ‘hyphenated technique’ is often used to mean the linking of one ana-
lytical instrument with another. In this context, it is not unreasonable to discuss
the linking of a gas chromatograph or a high performance liquid chromatograph
with a mass spectrometer (as described in Chapter 3, Section 3.3). However, this
section seeks to identify a hyphenated technique in the context of the linking of
various atomic spectroscopic techniques with chromatography, in particular for
the acquisition of elemental species-related information, e.g. the oxidation state
of the element, detection of organometallic compounds or the identification of
elements that are incorporated in protein structures.

SAQ 2.10

Why might the identification of element-species information be important?

The interfacing of an high performance liquid chromatograph with an ICP
normally offers few challenges with respect to physical coupling of the two
techniques.

DQ 2.23

Why do you think the coupling of an HPLC instrument to an ICP is
‘easy’?

Answer

This is because the HPLC flow rates are typically in the range of 1 ml
min−1, which is compatible with the aspiration rates of a nebulizer/spray
chamber used for ICP analysis. No instrumental modifications are there-
fore required to connect an HPLC system to an ICP system, apart from
a short length of polytetrafluoroethylene (PTFE) or poly(ether ether
ketone) (PEEK) tubing.

However, it is worth remembering that the nebulizer/spray chamber is an inef-
ficient interface for the ICP, resulting in < 2% of the sample being available for
excitation and/or ionization. The presence of mobile phase as the carrier for the
sample can also lead to potential interferences when either AES or MS is used
for detection (see also Sections 2.2 and 2.3.1). For example, the presence of a
buffer in the mobile phase can lead to isobaric interferences in ICP–MS, while
the presence of organic solvent can lead to molecular species, e.g. C2, interfering
with analysis in ICP–AES.

The interfacing of a gas chromatograph with an ICP is relatively straightfor-
ward, although the issues are different. As GC separates volatile compounds in
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a carrier-gas stream, the key aspect of the interface with an ICP is to retain the
separated compounds in the gaseous form, enroute to the plasma.

DQ 2.24

How do you think the compounds can be retained in gaseous form?

Answer

This is achieved by using a heated transfer line (200–250◦C), which
allows the carrier gas (argon, helium or nitrogen) and volatile compounds
to be directly transported to the ICP.

In GC–ICP analysis, no nebulizer/spray chamber is required, as the end of the
heated transfer line is inserted directly into the injector tube of the ICP torch.
This obviously results in a high-transport efficiency compared to HPLC–ICP
and correspondingly an enhanced sensitivity for the elements analysed in the
separated compounds.

2.9 Comparison of Elemental Analytical Techniques

Comparisons of the various elemental analytical techniques by performing SWOT
(strengths, weaknesses, opportunities and threats) analyses are shown in Tables
2.5–2.10.

Table 2.5 SWOT analysis: elemental analysis (in general terms)

Strengths • Range of elements can be determined at major, minor, trace and
‘ultra-trace’ levels

• Techniques applicable to a wide range of sample types and applications
(industrial, chemical, pharmaceutical, clinical and forensic)

Weaknesses • Calibration strategies always required
• Some form of sample preparation is always required. Sample

preparation techniques vary depending upon sample type
• Interferences often need to be overcome/circumvented
• High-purity materials need to be used to prepare calibration standards
• Linearity of techniques needs to be established

Opportunities • Coupling of chromatography to elemental analysis techniques leads to
enhanced information, e.g. chemical speciation data

• Techniques available in a range of formats, providing a diverse range of
opportunities

Threats • Long-term threat from miniaturization
• High capital/running costs of (some) instruments
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Table 2.6 SWOT analysis: atomic absorption spectroscopy (AAS)

Strengths • Available in a range of atomization cells (flame, graphite-furnace,
cold-vapour and hydride-generation) which allow major, minor and
trace elements to be determined

• Relatively low cost compared to other techniques
• Small samples volumes for GFAAS

Weaknesses • Only possible to determine one element at a time. Different
hollow-cathode lamp required per element

• Samples need to be in aqueous form
• Interferences: spectral, chemical and ionization, but well-identified

and characterized
• Sample pre-concentration may be required for certain applications
• Different flame composition required for more refractory elements

(FAAS)
• Relatively large sample volumes required for FAAS
• Matrix modifiers required for GFAAS

Opportunities • High sensitivity for difficult elements, e.g. cold-vapour generation for
mercury, hydride-generation for arsenic, selenium, etc.

• A range of atomization cell formats is available which allow
individual instruments to be dedicated to particular applications

Threats • Single element analysis compared to other techniques
• Too many accessories, i.e. use of different atomization cells and

hollow-cathode lamp changes, required in a commercial laboratory

Table 2.7 SWOT analysis: inductively coupled plasma–atomic emission spectroscopy
(ICP–AES)

Strengths • Simultaneous multielement analysis at major, minor and trace levels
• Ease of coupling alternative formats, e.g. laser ablation,

flow-injection, hydride-generation and chromatography
• Large linear dynamic range

Weaknesses • Moderate–high cost to purchase instrumentation
• Significant operating costs (argon)
• Samples need to be in aqueous form (except for laser ablation)
• Interferences – spectral. Complex spectra obtained for certain

elements, e.g. rare-earth elements

Opportunities • Ability to provide trace element chemical speciation information by
direct coupling with GC or HPLC

Threats • Major threat from ICP–MS
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Table 2.8 SWOT analysis: inductively coupled plasma–mass spectrometry (ICP–MS)

Strengths • Simultaneous multielement analysis at major, minor, trace and
‘ultra-trace’ levels

• Ease of coupling alternative formats, e.g. laser ablation,
flow-injection, hydride-generation and chromatography

• Relatively simple spectra for most elements
• Possible to use stable isotopes for tracer studies; isotope dilution

analysis for quantitative analysis
• Use of collision/reaction cells to remove molecular interferences
• Large linear dynamic range

Weaknesses • High cost to purchase instrumentation
• Significant operating costs (argon)
• Some elements suffer from isobaric and/or molecular interferences
• Samples need to be in aqueous form (except for laser ablation)

Opportunities • Ability to provide (ultra)-trace element chemical speciation
information by direct coupling with GC or HPLC

Threats • Higher skill level required by operator

Table 2.9 SWOT analysis: X-ray fluorescence (XRF) spectroscopy

Strengths • Multielement analysis at major, minor and trace levels
• Analysis can be done directly on (semi)-solid or aqueous samples
• Minimal sample preparation required

Weaknesses • Interpretation of data/fundamentals requires advanced knowledge
• Cannot easily increase the sensitivity

Opportunities • Direct analysis of (semi)-solid samples

Threats • Use of X-rays!

Table 2.10 SWOT analysis: anodic stripping voltammetry (ASV)

Strengths • Sequential multielement analysis at major, minor and trace levels
• Small sample size

Weaknesses • Limited to a few elements
• Often requires method of standard additions to obtain accurate data
• Samples must be in aqueous form

Opportunities • Low cost of instrumentation

Threats • Considered to be a difficult and unreliable technique (electroanalytical)
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2.10 Selected Resources on Elemental Analytical
Techniques

2.10.1 Specific Books on Atomic Spectroscopy†

Dean, J. R., Practical Inductively Coupled Plasma Spectroscopy, AnTS Series,
John Wiley and Sons, Ltd, Chichester, UK, 2005.

Lajunen, L. H. J. and Peramaki, P., Spectrochemical Analysis by Atomic Absorp-
tion and Emission, 2nd Edition, The Royal Society of Chemistry, Cambridge,
UK, 2004.

Holland, J. G. and Tanner, S. D. (Eds), Plasma Source Mass Spectrometry:
Applications and Emerging Technologies, The Royal Society of Chemistry,
Cambridge, UK, 2003.

Nolte, J., ICP Emission Spectrometry: A Practical Guide, Wiley-VCH, Wein-
heim, Germany, 2003.

Thomas, R., Practical Guide to ICP–MS, Marcel Dekker, New York, NY, USA,
2003.

Broekaert, J., Analytical Atomic Spectrometry with Flames and Plasmas, Wiley-
Interscience, New York, NY, USA, 2002.

Beauchemin, D., Gregoire, D. C., Karanassios, V., Wood, T. J. and Mermet,
J. M., Discrete Sample Introduction Techniques for Inductively Coupled Plasma–
Mass Spectrometry, Elsevier, Amsterdam, The Netherlands, 2000.

Caruso, J. A., Sutton, K. L. and Ackley, K. L., Elemental Speciation: New
Approaches for Trace Element Analysis, Elsevier, Amsterdam, The Netherlands,
2000.

Taylor, H., Inductively Coupled Plasma–Mass Spectrometry: Practices and
Techniques, Academic Press, London, UK, 2000.

Ebdon, L., Evans, E. H., Fisher, A. S. and Hill, S. J., An Introduction to Ana-
lytical Atomic Spectrometry, John Wiley & Sons, Ltd, Chichester, UK, 1998.

Montaser, A., Inductively Coupled Plasma–Mass Spectrometry, 2nd Edition,
Wiley-VCH, Weinheim, Germany, 1998.

Dean, J. R., Atomic Absorption and Plasma Spectroscopy, 2nd Edition, ACOL
Series, John Wiley & Sons, Ltd, Chichester, UK, 1997.

Lobinski, R. and Marczenko, Z., Spectrochemical Trace Analysis for Metals
and Metalloids, in Wilson and Wilsons Comprehensive Analytical Chemistry,
Vol. XXX, Weber, S. G. (Ed.), Elsevier, Amsterdam, The Netherlands, 1996.

† Arranged in chronological order.
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Cresser, M. S., Flame Spectrometry in Environmental Chemical Analysis: A
Practical Approach, The Royal Society of Chemistry, Cambridge, UK, 1995.

Dedina, J. and Tsalev, D. I., Hydride Generation Atomic Absorption Spectrom-
etry, John Wiley & Sons, Ltd, Chichester, UK, 1995.

Evans, E. H., Giglio, J. J., Castillano, T. M. and Caruso, J. A., Inductively
Coupled and Microwave Induced Plasma Sources for Mass Spectrometry, The
Royal Society of Chemistry, Cambridge, UK, 1995.

Fang, Z., Flow Injection Atomic Absorption Spectrometry, John Wiley & Sons,
Ltd, Chichester, UK, 1995.

Howard, A. G. and Statham, P. J., Inorganic Trace Analysis. Philosophy and
Practice, John Wiley & Sons, Ltd, Chichester, UK, 1993.

Slickers, K., Automatic Atomic Emission Spectroscopy, 2nd Edition, Bruhlsche
Universitatsdruckerei, Giessen, Germany, 1993.

Vandecasteele. C. and Block, C. B., Modern Methods of Trace Element Deter-
mination, John Wiley & Sons, Ltd, Chichester, UK, 1993.
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Summary

The different sample preparation techniques applied to solid and liquid samples
for elemental analysis are described. In addition, the various analytical techniques
capable of performing quantitative analysis of metals/metalloids in environmental
samples are reviewed. Finally, SWOT (strengths, weaknesses, opportunities and
threats) analyses are described in order to highlight the parameters that should
be considered when choosing between the different analytical techniques.



Chapter 3

Sample Preparation and
Analytical Techniques for
Persistent Organic Pollutant
Analysis of Environmental
Contaminants

Learning Objectives

• To appreciate the different approaches available for preparation of solid and
liquid samples for persistent organic pollutant analysis.

• To be aware of the procedure for preparing a solid sample using a range of
options, including Soxhlet, shake-flask, ultrasonic, supercritical fluid extrac-
tion, microwave-assisted extraction and pressurized fluid extraction.

• To be aware of the procedures for preparing liquid samples, including sol-
vent extraction, solid-phase extraction and solid-phase microextraction.

• To understand and explain the principles of operation of a gas chromatog-
raphy system.

• To be aware of the range of detectors that can be used for gas chromatog-
raphy.

• To understand and explain the principles of operation of a high performance
liquid chromatography system.

• To be aware of the range of detectors that can be used for high performance
liquid chromatography.

Bioavailability, Bioaccessibility and Mobility of Environmental Contaminants John R. Dean
  2007 John Wiley & Sons, L td. ISBN: 978-0-470-02577-2
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• To appreciate the requirements for coupling a chromatography (GC and
HPLC) system to a mass spectrometer.

• To appreciate the range of mass spectrometers used.

3.1 Introduction
The quantitative analysis of persistent organic pollutants (POPs) is normally car-
ried out by using chromatographic techniques (e.g. gas chromatography or high
performance liquid chromatography). However, first it is necessary to consider
the different sample preparation approaches that may be required prior to analysis.

3.2 Sample Preparation for Persistent Organic
Pollutant Analysis

3.2.1 Solid Samples
A range of approaches are available for the extraction of POPs from solid or
semi-solid matrices.

SAQ 3.1

The extraction techniques for the recovery of POPs from (semi)-solid samples
can be categorized in a variety of ways. Can you suggest a way to categorize
them?

3.2.1.1 Soxhlet Extraction
A Soxhlet extraction apparatus consists of a solvent reservoir, an extraction body,
an isomantle for heating and a water-cooled reflux condenser (Figure 3.1). The
sample (e.g. 10 g soil) and anhydrous sodium sulfate (10 g) are placed in the
porous cellulose thimble which is located in the inner tube of the Soxhlet appa-
ratus. The latter is then fitted to a round-bottomed flask, containing the organic
solvent, and to a reflux condenser. The solvent is then boiled gently using the
isomantle.

DQ 3.1

What happens when the organic solvent is boiled?

Answer
When the organic solvent is boiled, the solvent vapour passes up through
the tube marked (A) (Figure 3.1(a)), is condensed by the reflux con-
denser, and the condensed solvent falls into the thimble and slowly fills
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B

(a)

A

(b)

Figure 3.1 Schematic representations of two variations of a Soxhlet apparatus: (a) the
solvent vapour is allowed to cool by passing to the outside of the apparatus – this extrac-
tion process is relatively slow; (b) the solvent vapour remains within the body of the
apparatus – this allows more rapid extraction. From Dean, J. R., Extraction Methods for
Environmental Analysis. Copyright 1998.  John Wiley & Sons, Limited. Reproduced
with permission.

the body of the Soxhlet apparatus. When the solvent reaches the top of
the tube (B), it syphons over the organic solvent containing the analyte
extracted from the sample in the thimble into the round-bottomed flask.
The whole process is repeated for time-periods between 6 and 24 h.

A procedure for Soxhlet extraction is shown in Figure 3.2.

3.2.1.2 Shake-Flask Extraction

Liquid–solid extraction (shake-flask extraction) is carried out by placing a sample
into a suitable glass container, adding an organic solvent, and then agitating or
shaking for a pre-specified time-period. After extraction, the solvent containing
the POP needs to be separated from the sample matrix.

DQ 3.2

How can the solvent be separated from the sample matrix?
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Soxhlet apparatus assembled.
Solvent placed in round-bottomed

flask on an isomantle

Sample plus dispersion agent placed
in porous extraction thimble

Heat applied via isomantle. Typical solvent
circulation rate is four cycles per hour

Sample refluxed for an appropriate
amount of time, e.g. 6–24 h 

After completion of the extraction,
solvent containing the analytes is retained

Analysis – GC or HPLC

Sample, e.g. soil, accurately weighed
and mixed with similar weight of

anhydrous sodium sulfate

Figure 3.2 Typical procedure used for the Soxhlet extraction of solids. From Dean,
J. R., Methods for Environmental Trace Analysis, AnTS Series. Copyright 2003.  John
Wiley & Sons, Limited. Reproduced with permission.

Answer

This can be done by means of centrifugation and/or filtration.

It is advisable to repeat the process several times with fresh solvent and
then combine all extracts. A procedure for shake-flask extraction is shown in
Figure 3.3.

3.2.1.3 Ultrasonic Extraction

Sonication involves the use of sound waves to agitate the sample which is
immersed in an organic solvent for 3 min.

DQ 3.3

How are sound waves generated in a laboratory?

Answer

This is achieved via a sonic probe or bath.
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Mechanical mixing/agitation (rocking or circular
action) of sample plus solvent for ca. 3–5 min

Solvent removed (centrifugation and/or
filtration) and fresh solvent added – process

repeated

All solvent extracts combined

Sample, e.g. soil, accurately weighed.
Solvent (dichloromethane

(DCM), etc.) added to sample
(Typically, 5 ml per 2 g of sample)

Stoppered glass container

Analysis – GC or HPLC

Twice

Figure 3.3 Typical procedure used for the shake-flask extraction of solids. From Dean,
J. R., Methods for Environmental Trace Analysis, AnTS Series. Copyright 2003.  John
Wiley & Sons, Limited. Reproduced with permission.

After extraction, the solvent containing the POP is separated by centrifugation
and/or filtration and fresh solvent added. The whole process is repeated (three
times in total) and all of the solvent extracts combined. A procedure for ultrasonic
extraction is shown in Figure 3.4.

3.2.1.4 Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) relies on the diversity of properties exhib-
ited by the supercritical fluid (typically carbon dioxide) to (selectively) extract
analytes from the matrix (see also Chapter 5, Section 5.2.3). A typical system
consists of six basic components, i.e. a cylinder of CO2, organic modifier, two
pumps, an oven for the extraction cell, pressure outlet or restrictor and a collection
vessel (see Figure 5.15 in Chapter 5).

DQ 3.4

Why are two pumps required?

Answer

Two pumps are required to pump the pressurized CO2 and organic modi-
fier (composition varies between 1 and 20 vol%) through the SFE system.
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Ultrasonic agitation of sample plus solvent
for ca. 3–5 min

Solvent removed (centrifugation and/or
filtration) and fresh solvent added – process

repeated

All solvent extracts combined

Sample, e.g. soil, accurately weighed
and placed in a glass vessel. Solvent

(dichloromethane (DCM), etc.) added to
sample (typically 5 ml per 2 g of sample)

Ultrasonic probe or bath

Analysis – GC or HPLC

Twice

Figure 3.4 Typical procedure used for the ultrasonic extraction of solids. From Dean,
J. R., Methods for Environmental Trace Analysis, AnTS Series. Copyright 2003.  John
Wiley & Sons, Limited. Reproduced with permission.

The sample cell is located in an oven (capable of operating at temperatures of
up to 200–250◦C). A variable (mechanical or electronically controlled) restrictor
is used to maintain the pressure within the extraction cell. A typical procedure
for supercritical fluid extraction is shown in Figure 3.5.

3.2.1.5 Microwave-Assisted Extraction
Microwave-assisted extraction (MAE) utilizes organic solvent and heat to extract
organic pollutants from solid matrices.

SAQ 3.2

How does microwave heating work?

Commercial microwave-assisted extraction systems allow multiple vessels to
be heated simultaneously. The microwave energy output of a typical system may
be 1500 W at a frequency of 2450 MHz at 100% power. Pressures (up to 800 psi)
at temperatures (up to 300◦C) are achievable. Typical organic solvent systems
used include hexane–acetone and dichloromethane.

DQ 3.5

Why is hexane not just used on its own?
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Sample, e.g. soil, accurately weighed
and mixed with a similar weight of
drying agent and copper (for soils

with high sulfur content)

SFE system operational and
connected to electrical and gas
supplies. A two-pump system is
required for extraction of polar

analytes

Sample plus drying agent (plus
copper) placed in extraction cell

Sample extracted for an appropriate amount of time,
e.g. 5–60 min.

Collection of analytes in solvent (at 5°C) or a
liquid–solid trap

SFE conditions applied:
pressure, 20–35 MPa; temperature, 50–250°C; flow rate,

1–2 ml min−1 CO2; 10% methanol required for polar analytes.
Static conditions maintained for 5–15 min, followed by dynamic

extraction for an appropriate time

Analysis – GC or HPLC

Figure 3.5 Typical procedure used for the supercritical fluid extraction of solids. From
Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series. Copyright 2003.
 John Wiley & Sons, Limited. Reproduced with permission.

Answer

As hexane has no dipole moment, it will not be heated by the action of
microwaves.

A typical operating procedure for the extraction of a sample of soil is shown
in Figure 3.6.

3.2.1.6 Pressurized Fluid Extraction

Pressurized fluid extraction (PFE) uses heat and pressure to extract analytes
rapidly and efficiently from solid matrices.

SAQ 3.3

What advantages might heat and pressure offer to potentially enhance the
recovery of POPs from solid matrices?
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MAE system – atmospheric or
pressurized. Check that the
system is operational and

connected to the electrical supply

MAE conditions (pressurized system):
pressure, < 200 psi; temperature,
110–145°C; extraction time, 5–20

min; microwave power, 100% at 900
W. Cooling time of extraction vessels,

20–30 min, if unaided

MAE conditions (atmospheric system):
temperature, bpt of solvent; extraction

time, 5–20 min; microwave power,
100% at 300 W. Cooling time of

extraction vessels, negligible

Sample, e.g. soil, accurately weighed
and placed in extraction vessel along

with solvent (hexane/acetone, 1:1
(vol/vol), acetone or dichloromethane

(DCM) only)(typically 30–45 ml
of solvent per 2–5 g of sample)

Solvent containing analytes filtered

Analysis – GC or HPLC

Figure 3.6 Typical procedure used for the microwave-assisted extraction of solids. From
Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series. Copyright 2003.
 John Wiley & Sons, Limited. Reproduced with permission.

Pressurized fluid extraction (PFE), also known as accelerated solvent extraction
(ASE), is a fully automated sequential extraction technique.

DQ 3.6

What is the advantage of having a fully automated system?

Answer

It allows unattended operation of the PFE system once samples are
pre-loaded.

The apparatus consists of a solvent-supply system, extraction cell, oven, col-
lection system and purge system. Samples are placed in extraction cells (1, 5,
11, 22 and 33 ml). Each sample is then subjected to a temperature (40–200◦C)
and pressure (6.9–20.7 MPa (1000–3000 psi)) in the presence of organic solvent
(acetone:dichloromethane, 1:1, vol/vol) for a short time (10 min). Then, N2 gas
(45 s at 150 psi) is used to purge both the sample cell and the stainless-steel
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PFE system operational and
connected to electrical and gas

supplies

Sample plus drying agent
(plus copper)

placed in extraction cell

PFE conditions applied:
pressure, 2000 psi; temperature, 100°C; solvent, dichloromethane–acetone,

1:1(vol/vol). Operating conditions achieved in ca. 5 min, then static
extraction for 5–10 min, followed by N2 purging (1–2 min)

Collection of analyte-containing solvent

Analysis – GC or HPLC

Sample, e.g. soil, accurately
weighed and mixed with drying
agent and copper (for soils with

high sulfur content)

Figure 3.7 Typical procedure used for the pressurized fluid extraction (or accelerated fluid
extraction) of solids. From Dean, J. R., Methods for Environmental Trace Analysis, AnTS
Series. Copyright 2003.  John Wiley & Sons, Limited. Reproduced with permission.

transfer lines. All extracted POPs and solvent(s) are then collected in a vial. A
typical procedure for pressurized fluid extraction is shown in Figure 3.7.

SAQ 3.4

What might you need to consider to identify the best extraction technique for
recovery of POPs from solid samples?

3.2.2 Liquid Samples
3.2.2.1 Liquid–Liquid Extraction

The principal of liquid–liquid extraction (LLE) is that the sample is partitioned
between two immiscible solvents (an organic solvent and an aqueous sample
solution) in which the POP and matrix have different solubilities.

SAQ 3.5

What are the principles of liquid–liquid extraction?
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3.2.2.2 Solvent Extraction

An aqueous sample (1 l, at a specified pH) is introduced into a large separat-
ing funnel (2 l capacity with a Teflon stopcock) and then a suitable organic
solvent, e.g. dichloromethane (60 ml), is added. The separating funnel is then
stoppered and shaken vigorously for 1–2 min. The shaking process allows thor-
ough interspersion between the two immiscible solvents, hence maximizing the
contact between the two solvent phases and assisting mass transfer, thus allowing
efficient partitioning to occur.

DQ 3.7

How can the excess pressure generated be alleviated?

Answer

It is necessary to periodically vent the excess pressure generated during
the shaking process by removing the stopper.

After a suitable ‘resting period’ (e.g. 10 min), the organic solvent is retained in
a collection vessel. Fresh organic solvent is then added to the separating funnel
and the process repeated again. This should be done at least three times in total.
All organic extracts should be combined prior to analysis. A typical procedure
for LLE, using a separating funnel, is described in Figure 3.8.

3.2.2.3 Solid-Phase Extraction

Solid-phase extraction (SPE) involves bringing an aqueous sample into contact
with a solid phase or sorbent (available in discs or cartridges) whereby the POP
is preferentially adsorbed onto the surface of the solid phase.

SAQ 3.6

What is the purpose of SPE?

The method of operation can be divided into five steps.

DQ 3.8

What are the five steps of SPE operation?

Answer

These are as follows: (1) wetting the sorbent, (2) conditioning of the
sorbent, (3) loading of the sample, (4) rinsing or washing the sorbent
to elute extraneous material and finally, (5) elution of the analyte of
interest.
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Separating funnel (2 l
capacity)

Aqueous sample, 1 l (pH-
adjusted, if necessary)

Place sample in separating funnel
Add extraction solvent, e.g. dichloromethane (and salt)
Shake vigorously for 1–2 min (release excess pressure
periodically)
Allow organic layer to separate (10 min); then remove and
retain
Repeat the extraction twice more using fresh organic solvent
Combine the (three) extracts

Analyte concentration by solvent
evaporation (e.g. rotary evaporator,

solvent 'blow-down' or Kuderna–Danish
sample concentrator)

Procedure

Analysis – GC or HPLC

Figure 3.8 Typical procedure employed for liquid–liquid extraction, using a separat-
ing funnel. From Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series.
Copyright 2003.  John Wiley & Sons, Limited. Reproduced with permission.

A range of sorbents are available, e.g. C18 and silica, depending upon the
application, and in a range of formats, e.g. cartridges or discs. A typical procedure
for SPE is described in Figure 3.9.

3.2.2.4 Solid-Phase Microextraction

Solid-phase microextraction (SPME) is the process whereby an analyte is adsorbed
onto the surface of a coated-silica fibre (see Figure 5.18 in Chapter 5) as a method
of concentration (see also Chapter 5, Section 5.2.4). This is followed by desorp-
tion of the analytes into a suitable instrument for separation and quantitation.
The most common approach for SPME is its use for gas chromatography (GC),
although its coupling to high performance liquid chromatography (HPLC) has
been reported. The SPME device consists of a fused-silica fibre coated with, for
example, polydimethylsiloxane. SPME is incorporated into a syringe-type device,
hence allowing its use in a normal unmodified injector of a gas chromatograph.
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SPE cartridge/disc system
Manual
Single manifold
Multiple manifold
Automated

Aqueous sample (pH adjusted, if
necessary)

Select appropriate SPE phase
Non-polar sorbent

Polar sorbent

Ion-exchange
SAX/SCX

C18/C8/C2/ cyclohexyl/phenyl/ carbograph/polymeric

Cyanopropyl/silica/diol/aminopropyl

Procedure (using a vacuum manifold)
Pre-condition SPE sorbent with methanol

Apply aqueous sample

then insert collection tube
Elute analytes with appropriate solvent

Rinse sorbent with distilled water (or buffer)

Dry sorbent under vacuum (3 min);

Analyte concentration by solvent
evaporation (e.g. rotary evaporator,

solvent 'blow-down' or Kuderna–Danish
sample concentrator)

Analysis – GC or HPLC

Figure 3.9 Typical procedure used for the solid-phase extraction of liquids. From Dean,
J. R., Methods for Environmental Trace Analysis, AnTS Series. Copyright 2003.  John
Wiley & Sons, Limited. Reproduced with permission.

DQ 3.9

How can SPME be used?

Answer

In operation, the SPME fibre is placed into the aqueous sample or
headspace above the (solid) sample. After exposure to the POPs, the
fibre is withdrawn back into its protective syringe barrel and inserted
into the hot injector of the gas chromatograph. In the injector of the
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chromatograph, the POPs are desorbed from the fibre prior to separation
and detection.

A typical procedure for SPME is described in Figure 3.10.

Procedure

Retract fibre into holder and pass the needle through the sample vial septum

sample
Analytes adsorb to the fibre (see preliminaries above)
Retract the fibre into the holder and remove the needle from the sample vial

Depress plunger to expose fibre to the liquid sample or headspace above the

Analysis by GC
Insert the needle into the GC
injector port
Depress the plunger, exposing
the fibre in the heated zone of
the injector, to desorb the analytes
onto the column
Retract the fibre and remove the
needle

Analysis by HPLC
Insert the needle into the 
SPME/HPLC interface
desorption chamber

Retract the fibre and remove the
needle

Depress the plunger, exposing
the fibre to the mobile phase and
desorbing the analytes
onto the column

Add salt to solution
Stirred or unstirred solution

SPME fibre Aqueous sample

Select appropriate SPME phase
100 µm polydimethylsiloxane

7 µm polydimethylsiloxane

mixed phases, e.g.
65 µm polydimethylsiloxane/divinylbenzene
65 µm Carbowax/divinylbenzene
75 µm Carboxen/polydimethylsiloxane
50/30 µm divinylbenzene/Carboxen on polydimethylsiloxane
60 µm polydimethylsiloxane/Carboxen
50 µm Carbowax/templated resin

30 µm polydimethylsiloxane

85 µm polyacrylate

Preliminaries
Optimize fibre adsorption time

Figure 3.10 Typical procedure used for the solid-phase microextraction of liquids. From
Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series. Copyright 2003. 
John Wiley & Sons, Limited. Reproduced with permission.
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Oven

Column Temperature-control
unit

Computer

Chromatogram

Monitor

Syringe
Detector

Pneumatics

Injection port

Figure 3.11 Schematic diagram of a typical gas chromatograph. Reproduced by permis-
sion of Mr E. Ludkin, Northumbria University, Newcastle, UK.

SAQ 3.7

What might you need to consider to identify the best extraction technique for
recovery of POPs from liquid samples?

3.3 Gas Chromatography

Gas chromatography (GC) (Figure 3.11) can be performed under isothermal (i.e.
the ‘same temperature’) or temperature-programmed (i.e. the temperature of the
oven changing from a low temperature to a higher temperature during the chro-
matographic run) conditions. In capillary GC, the column (30 m long × 0.25 mm
internal diameter × 0.25 µm film thickness) is located inside an oven. Samples,
typically 1 µl, are introduced by using a syringe via an injector.

DQ 3.10

What is the most common injector for GC?

Answer

The most common injector is the split/splitless type (Figure 3.12) which
allows a controlled volume of sample to be introduced into the column.
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Septum

Syringe needle

Column

Carrier-gas
inlet

To split-valve

Glass liner

To purge-value

Figure 3.12 Schematic diagram of a split/splitless injector used in gas chromatography.
Reproduced by permission of Mr E. Ludkin, Northumbria University, Newcastle, UK.

DQ 3.11

Why is the injector independently heated?

Answer

The injector is independently heated to allow vaporization of the POPs
in an organic solvent.

A range of column types are available, including perhaps the most commonly
designated ‘DB-5’. This describes the chemical entity that constitutes the film
which coats the internal surface of the column. A DB-5 is a low-polarity col-
umn composed of 5% diphenyl- and 95% dimethylsiloxane which is chemically
bonded onto a silica support (Figure 3.13). The carrier gas, e.g. nitrogen, trans-
ports the vaporized sample through the column to the detector. The carrier gas is
supplied from either a cylinder, or more commonly, a generator. A wide range
of detectors are available, including universal detectors (e.g. the flame-ionization
detector, Figure 3.14) through to ‘more specific’ detectors.

DQ 3.12

What specific detectors are available for GC?
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Si

5% 95%

O Si

CH3

CH3

O

Figure 3.13 The stationary phase of a DB-5 gas chromatography column, consisting of
5% diphenyl- and 95% dimethylpolysiloxanes. From Dean, J. R., Methods for Environ-
mental Trace Analysis, AnTS Series. Copyright 2003.  John Wiley & Sons, Limited.
Reproduced with permission.

Electrical
output

Flame

Air input

Hydrogen
input

Gas flow
from column

Jet assembly
Platinum cathode

Platinum anode

Figure 3.14 Schematic diagram of a flame-ionization detector.

Answer

These include the electron-capture detector (Figure 3.15) for detecting
compounds that contain a halogen (e.g. chlorine in an organochlorine
pesticide) or the nitrogen–phosphorus detector (Figure 3.16) for sensi-
tive detection of compounds containing nitrogen and phosphorus.

The ability to couple a gas chromatograph to a mass spectrometer provides a
powerful technique for identifying and quantifying POPs in the environment.

3.4 High Performance Liquid Chromatography

In contrast to GC, high performance liquid chromatography (HPLC) (Figure 3.17)
is also available in two forms which characterize the technique, i.e. normal and
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output

Cathode

Gas flow from
column

Radioactive
foil (63Ni)
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(anode)

Figure 3.15 Schematic diagram of an electron-capture detector.

Electrical
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input

Jet assembly
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Ceramic bead
Flame

Gas flow
from column

Figure 3.16 Schematic diagram of a nitrogen–phosphorus detector.

reversed-phase. In reversed-phase HPLC (RPHPLC), the column is non-polar,
whereas the mobile phase is polar, e.g. a methanol–water mixture.

DQ 3.13

Having considered reversed-phase HPLC, what do you think the prop-
erties of the column and mobile phase are for normal-phase HPLC?

Answer

In normal-phase HPLC, the column is polar while the mobile phase is
non-polar, e.g. heptane–isopropanol.

An HPLC system can be operated in either the isocratic mode, i.e. the mobile-
phase composition remains constant throughout the chromatographic run, or in
the gradient mode.
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Pump
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Detector

Monitor

Computer/IntergraterColumn oven

Chromatogram

Solvent bottle

Injection
valve

Figure 3.17 Schematic diagram of a typical isocratic high performance liquid chromato-
graph. Reproduced by permission of Mr E. Ludkin, Northumbria University, Newcas-
tle, UK.

DQ 3.14

What happens to the mobile phase composition during a gradient run?

Answer

During a gradient run, the mobile phase composition varies.

The majority of applications utilize RPHPLC. The column, typically 15–25 cm
long with an internal diameter ranging from 3 to 4.6 mm, is packed with a
stationary phase. A typical stationary phase for RPHPLC is octadecylsilyl, often
referred to as ODS.

DQ 3.15

How is ODS commonly referred to?

Answer

ODS is commonly referred to as consisting of a C18 hydrocarbon chain
bonded to silica particles of 5–10 µm diameter (Figure 3.18).
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Si OH Unreacted silanols
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CH3
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Si SiO
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(CH2)17CH3 ODS-bonded group

End-capped silanols

Figure 3.18 Silica particles coated with octadecylsilane (ODS) for reversed-phase high
performance liquid chromatography.

1

3

2

1

3

2

Syringe

To
waste

To
column From

pump

To
waste

To
column From

pump

Sampling
loop

(a) (b)

Figure 3.19 Schematic diagrams of a typical injection value used for high performance
liquid chromatography: (a) load position; (b) inject position. From Dean, J. R., Methods
for Environmental Trace Analysis, AnTS Series. Copyright 2003.  John Wiley & Sons,
Limited. Reproduced with permission.

The mobile phase is pumped (1 ml min−1) through the column via a recip-
rocating piston pump. En route, the sample is introduced via an injection valve
(Figure 3.19) which is capable of reproducibly introducing 5–50 µl of sample
into the mobile phase. ‘Post-separation’, the eluting compounds are detected. The
most common detector for HPLC is the UV/visible cell (Figure 3.20).

DQ 3.16

In which formats is a UV/visible cell available for detection in HPLC?
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Internal volume,
5–10 µl

Pathlength, 10 mm

Quartz window Quartz window

From column

Figure 3.20 Schematic diagram of a UV/visible detector cell for high performance liquid
chromatography.

Answer

This is available either as a fixed wavelength, variable wavelength or a
photodiode-array detector.

DQ 3.17

What other detectors are available for detection in HPLC?

Answer

A range of other detectors are available, including fluorescence,
electrochemical, refractive index, light-scattering or chemiluminescence
devices.

3.5 Interfacing Chromatography and Mass
Spectrometry

A major advance in chromatographic detection has been the availability of lower-
cost ‘bench-top’ mass spectrometers.

The coupling of a capillary gas chromatograph to a mass spectrometer
(Figure 3.21) is achieved via a heated transfer line which allows the separated
compounds to remain in the vapour phase as they are transported in the carrier
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Figure 3.21 Schematic diagram of a capillary gas chromatography–mass spectrometry
hyphenated system.

gas to the ionization source of the spectrometer. The preferred carrier gas for
GC–MS is helium.

DQ 3.18

What are the two approaches available for ionization of compounds in
GC–MS?

Answer

The approaches available for the ionization of compounds in GC–MS
are chemical ionization (CI) and electron impact (EI).

Electron impact is the most common method of ionization in GC–MS. Essen-
tially, electrons produced from a heated tungsten or rhenium filament (cathode)
are accelerated towards an anode, colliding with the vaporized sample (X) and
producing (positively) charged ions (Figure 3.22). These positively charged ions
are then separated by the mass spectrometer. This can be expressed in the form
of the following equation:

X(g) + e− −−→ X(g)
+ + 2e− (3.1)

In the CI mode, a reagent gas, e.g. methane, is required. The reagent gas
is ionized by electron bombardment to produce a molecular ion (CH4

+). This
molecular ion then reacts with further methane molecules to produce a reactant
ion (CH5

+). The reactant ion then interacts with the sample molecules to produce
(positively) charged ions. These ions are then separated by the spectrometer.
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Figure 3.22 Schematic diagram of an electron-impact ionization source.

DQ 3.19

What is the major difference when using this approach?

Answer

The major difference is that the resultant (positively) charged ion has
the molecular weight of the compound plus hydrogen (i.e. XH+).

This method of ionization can be expressed as follows:

CH4 + e− −−→ CH4
+ + 2e− (3.2)

CH4
+ + CH4 −−→ CH5

+ + CH3
∗ (3.3)

X(g) + CH5
+ −−→ XH(g)

+ + CH4 (3.4)

Major developments have recently taken place such that the coupling of a
liquid chromatograph to a mass spectrometer is now routine. Modern interfaces
are based on the ionization of compounds at atmospheric pressure (i.e. external
to the spectrometer). The two major types are electrospray (ES) ionization and
atmospheric-pressure chemical ionization (APCI).

In ES ionization (Figure 3.23), the mobile phase from the liquid chromatograph
is pumped through a stainless-steel capillary tube, held at a potential of between
3 and 5 kV. This results in the mobile phase being ‘sprayed’ from the exit of the
capillary tube.
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Figure 3.23 Schematic diagram of an electrospray ionization source.

DQ 3.20

What occurs as a result of the ‘spraying’ action?

Answer

This ‘spraying’ action produces highly charged solvent and solute ions
in the form of droplets. Application of a continuous flow of nitrogen
carrier gas allows the solvent to evaporate, so leading to the formation
of solute ions.

The resultant ions are transported into the high-vacuum system of the mass
spectrometer via a sample-skimmer arrangement (often positioned at a right-angle
to the high-vacuum system). The formation of a potential gradient between the
ES interface and the nozzle allows the generated ions to be ‘pulled’ into the
mass spectrometer while still allowing some discrimination between the solute
ions and unwanted salts (e.g. from the buffer in the mobile phase).

In atmospheric-pressure chemical ionization (APCI), the voltage is applied
to a corona pin located in front of (but not in contact with) the stainless-steel
capillary tubing through which the mobile phase from the chromatograph passes
(Figure 3.24). To aid the process, the stainless-steel capillary tube is heated and
surrounded by a coaxial flow of nitrogen gas. The interaction of the nitrogen gas
and the mobile phase results in the formation of an aerosol.

DQ 3.21

How can the aerosol become desolvated?

Answer

This occurs due to the presence of heated nitrogen gas.
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Figure 3.24 Schematic diagram of an atmospheric-pressure chemical ionization source.

A voltage (2.5–3 kV) is applied to the corona pin, hence resulting in the
formation of a plasma.

DQ 3.22

What is a plasma in this situation?

Answer

A plasma is an ionized gas consisting of solute ions, solvent ions, charged
carrier gas ions and electrons.

The generated ions are transported into the high-vacuum system of the mass
spectrometer, as described above for ES ionization.

In these forms of ionization as used for HPLC, the molecules form singly
charged ions by the loss or gain of a proton (hydrogen atom), e.g. [M + 1]+ or
[M − 1]−, where M is the molecular weight of the compound.

DQ 3.23

What effect does this have on the operation of the mass spectrometer?

Answer

This allows the spectrometer to operate in either the positive-ion mode
or negative-ion mode.

In the positive-ion mode, peaks at mass/charge ratios of M + 1, i.e. for basic
compounds, e.g. amines, can be detected, whereas in the negative-ion mode peaks
at mass/charge ratios of M − 1, i.e. for acidic compounds, e.g. carboxylic acids,
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can be detected. This process can be complicated in the presence of buffers, e.g.
as part of the mobile phase, when adducts can form.

DQ 3.24

Which adducts can form as a result of adding an ammonium buffer?

Answer

This results in the occurrence of ammonium adducts with mass/charge
ratios of M + 18.

DQ 3.25

Which adducts can form as a result of adding a sodium buffer?

Answer

This results in the occurrence of sodium adducts with mass/charge ratios
of M + 23.

These effects can also result due to the presence of contamination in the prepa-
ration of sample/standard solutions, e.g. from the containers used to hold the
solutions.

A variety of types of mass spectrometry systems are used for GC and HPLC
detection. Perhaps the most common one (certainly for GC) is the quadrupole
mass spectrometer, although increasingly other types of MS systems are available,
including ion-trap MS and time-of-flight MS.

A quadrupole mass spectrometer (see Figure 2.24 in Chapter 2) consists of four
parallel rods in which DC and RF voltages are applied to opposite rods. By chang-
ing the applied voltages, ions of a selected mass/charge ratio can pass through
the spectrometer to the detector, while all other ions are lost. By continually
changing the applied voltages, compounds with a range of different mass/charge
ratios can pass through the spectrometer and be detected. In an ion-trap MS
system (see Figure 2.25 in Chapter 2), altering the applied voltages applied to a
cylindrically symmetrical electrode allows ions of increasing mass/charge ratios
to be selected for detection. A time-of-flight mass spectrometer (see Figure 2.26
in Chapter 2) separates ions with respect to their velocities. This is because a
charged compound accelerated, by application of a voltage, has a resultant veloc-
ity that is characteristic of its mass/charge ratio. This separation can be improved
by allowing the ions to travel further. This is achieved by using a ‘reflectron’.
Often, a time-of-flight mass spectrometer is preceded by a quadrupole mass spec-
trometer. The detection of positive ions in MS requires the use of a ‘horn-shaped’
electron multiplier tube (EMT) (see Figure 2.27 in Chapter 2). A high potential
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(−3 kV) is applied to the open aperture of the device. Positive ions are attracted
to the high negative potential of the EMT. The semiconductor-coated internal
surface of the device converts each incoming positive ion into an electron. These
electrons are attracted within the ‘horn-shaped’ EMT to earth potential (i.e. an
area that is less negative than the open aperture). As the electrons proceed within
the device, they collide with the internal surface producing secondary electrons,
i.e. a ‘multiplication’ of electrons takes place. All of the generated electrons,
produced from the initial positive ion colliding with the internal surface of the
device, are collected and measured. In order that both positive and negative ions
can be detected in MS, the use of an electron multiplier tube with a conversion
dynode prior to the normal discrete dynode is required. The conversion dynode
can be segmented, i.e. one segment is coated with a material that is responsive
to the negative ions while a different segment is coated with a material which is
responsive to the positive ions. This allows one detector to be able to monitor in
either the positive-ion or negative-ion modes.

3.6 Comparison of Persistent Organic Pollutant
Analytical Techniques

Comparisons of the various analytical techniques by performing SWOT (strengths,
weaknesses, opportunities and threats) analyses are shown in Tables 3.1–3.3.

Table 3.1 SWOT analysis: separation techniques (in general terms)

Strengths • A range of organic compounds can be separated
• Diverse range of detectors available which allow both quantitative

and qualitative identification of compounds
• Linear dynamic range of detectors is generally ‘high to moderate’

Weaknesses • Samples need to be in an appropriate form for chromatographic
separation

• Sample size/level of contamination can influence separation
technique

• Sample pre-concentration/‘clean-up’ often required

Opportunities • Faster separation with shorter, more efficient columns
• Developments in miniaturization are leading to new opportunities

for separation science

Threats • Long-term threat from electrically driven separations
• Development of spectroscopy combined with chemometric data

treatment for analysis of simple mixtures
• Less importance of chromatographic separation with developments

in mass spectrometry (MSn)
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Table 3.2 SWOT analysis: gas chromatography (GC)

Strengths • Ability to separate a range of volatile organic compounds, i.e.
polynuclear aromatic hydrocarbons (PAHs), pesticides, etc.

• Wide variety of detectors available, e.g. FID, ECD, MS, etc.
• Large-volume injectors allow increased sensitivity

Weaknesses • Solid and liquid samples need to be extracted prior to analysis;
pre-concentration and/or ‘clean-up’ often required

• Optimum separation requires the most appropriate column – wide
choice of columns and manufacturers available

Opportunities • Relative low cost of GC–MS
• Non-volatile compounds can be derivatized and separated by GC
• Fast separations using high-temperature GC

Threats • Potential threat from miniaturization

Table 3.3 SWOT analysis: high performance liquid chromatography (HPLC)

Strengths • Ability to separate a range of non-volatile organic compounds, i.e.
polynuclear aromatic hydrocarbons (PAHs), phenols, etc.

• Wide variety of detectors available, e.g. UV/visible, fluorescence,
MS, etc.

Weaknesses • High cost of LC–MS
• Solid and liquid samples need to be extracted prior to analysis;

pre-concentration and/or ‘clean-up’ often required
• Optimum separation requires the most appropriate column – wide

choice of columns and manufacturers available

Opportunities • Coupling to MS allows complex samples to be analysed by using
MSn

• Fast separations using short, narrow-bore columns

Threats • Potential threat from capillary electrophoresis and miniaturization

3.7 Selected Resources on Persistent Organic
Pollutant Analytical Techniques

3.7.1 Specific Books on Chromatography†

Grob, K., Split and Splitless Injection in Capillary Gas Chromatography, 4th
Edition, John Wiley & Sons, Ltd., Chichester, UK, 2001.

† Arranged in chronological order.
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Kleibohmer, W. (Ed.), Handbook of Analytical Separations, Vol. 3, Environ-
mental Analysis, Elsevier, Amsterdam, The Netherlands, 2001.

Ahuja, S., Handbook of Bioseparations, Academic Press, London, UK, 2000.

Fritz, J. S. and Gjerde, D. T., Ion Chromatography, 3rd Edition, John Wiley &
Sons, Ltd, Chichester, UK, 2000.

Hahn-Deinstrop, E., Applied Thin Layer Chromatography, John Wiley & Sons
Ltd, Chichester, UK, 2000.

Hubschmann, H. J., Handbook of GC/MS, John Wiley & Sons, Ltd, Chichester,
UK, 2000.

Kromidas, S., Practical Problem Solving in HPLC, John Wiley & Sons, Ltd,
Chichester, UK, 2000.

Subramanian, G., Chiral Separation Techniques, 2nd Edition, John Wiley &
Sons, Ltd, Chichester, UK, 2000.

Weinberger, R., Practical Capillary Electrophoresis, 2nd Edition, Academic
Press, London, UK, 2000.

Wilson, I., Encyclopedia of Separation Science, Academic Press, London, UK,
2000.

Hanai, T., HPLC: A Practical Guide, The Royal Society of Chemistry, Cam-
bridge, UK, 1999.

Jennings, W., Mittlefehld, E. and Stremple, P., Analytical Gas Chromatography,
2nd Edition, Academic Press, London, UK, 1997.

Kolb, B. and Ettre, L. S., Static Headspace–Gas Chromatography. Theory and
Practice, Wiley-Interscience, New York, NY, USA, 1997.

Synder, L. R., Kirkland, J. J. and Glajch, J. L., Practical HPLC Method Devel-
opment, 2nd Edition, John Wiley & Sons Ltd, New York, NY, USA, 1997.

Weston, A. and Brown, P., HPLC and CE: Principles and Practice, Academic
Press, London, UK, 1997.

Fowlis, I. A., Gas Chromatography, 2nd Edition, ACOL Series, John Wiley &
Sons, Ltd, Chichester, UK, 1995.

Robards, K., Haddard, P. R. and Jackson, P. E., Principles and Practice of
Modern Chromatographic Methods, Academic Press, London, UK, 1994.

Braithwaite, A. and Smith, F. J., Chromatographic Methods, 4th Edition, Chap-
man & Hall, London, UK, 1990.

Schoenmakers, P. J., Optimization of Chromatographic Selectivity. A Guide to
Method Development, Elsevier, Amsterdam, The Netherlands, 1986.

Synder, L. R. and Kirkland, J. J., Introduction to Modern Liquid Chromatogra-
phy, 2nd Edition, John Wiley & Sons, Inc., New York, NY, USA, 1979.
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Summary

The different sample preparation techniques applied to solid and liquid samples
for persistent organic pollutant analysis are described. In addition, the various ana-
lytical techniques capable of performing quantitative analysis of persistent organic
pollutants in environmental samples are reviewed. Finally, SWOT (strengths,
weaknesses, opportunities and threats) analyses are described in order to highlight
the parameters that should be considered when choosing between the different
analytical techniques.



Chapter 4

Methods Used to Assess
Bioavailability of Metals

Learning Objectives

• To appreciate the role that non-exhaustive extraction techniques have in the
study of metal bioavailability.

• To be aware of the use and procedures associated with a range of single ext-
raction methods for metal bioavailability studies, including the use of acetic
acid, ammonium nitrate, calcium chloride, ethylenediamine tetraacetic acid
(EDTA), diethylenetriamine pentaacetic acid (DTPA) and sodium nitrate.

• To be aware of the use and procedure for the sequential extraction of metals
in bioavailability studies.

• To appreciate the role that bioassays have in the study of metal bioavail-
ability.

• To be aware of the use and procedures associated with the use of earthworms
for assessing metal bioavailability.

• To be aware of the use and procedures associated with the use of plants for
assessing metal bioavailability.

• To identify the metal-containing Certified Reference Materials available for
single and sequential extraction methods.

4.1 Non-Exhaustive Extraction Techniques for Metals
Metals are normally released from solid matrices, e.g. from polluted soil, using
concentrated acids and heat (often termed acid digestion – see also Section 2.2

Bioavailability, Bioaccessibility and Mobility of Environmental Contaminants John R. Dean
  2007 John Wiley & Sons, L td. ISBN: 978-0-470-02577-2
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(Chapter 2)). In this situation, the aim is to destroy the matrix to release the
metals into solution. However, to assess the risk from metals in the environment
requires the use of selective chemical extractants that can liberate metals from
the soil matrix by overcoming specific interactions.

DQ 4.1

Which types of interactions need to be overcome to liberate metals from
a soil matrix?

Answer

One example of the interactions that need to be overcome is ion-exchange.

This information is particularly important in environmental risk management as
it can allow a prediction of the potential likelihood of metal release, transforma-
tion, mobility or availability as the soils are exposed to weathering, pH changes
and changes in land-use. A range of different approaches are possible, based on
the use of particular reagents, that seek to isolate and/or identify the particular
soil phase in which the metal is retained/trapped. These approaches are identi-
fied in Table 4.1. The variety of approaches available meant that, initially, it was
difficult to identify the specific approach required for a particular task. Therefore
the Standard, Measurements and Testing Programme (SM & T – formerly BCR)
of the European Union [2–4] identified a series of approaches that could be used
for single or sequential extraction of metals from soil matrices.

4.2 Single Extraction Methods for Metals

The main procedures identified for the extraction of metals using single extraction
methods are based on the use of ethylenediamine tetraacetic acid (EDTA),
acetic acid or diethylenetriamine pentaacetic acid (DTPA). The procedures
based on solutions of EDTA (0.05 mol l−1), acetic acid (0.43 mol l−1) or DTPA
(0.005 mol l−1 DTPA) are shown in Figures 4.1–4.3, respectively.

When performing single extraction procedures (Figures 4.1–4.3), it is impor-
tant to consider the following general laboratory practices:

• All laboratory ware should be made of borosilicate glass, polypropylene,
polyethylene or polytetrafluoroethylene (PTFE), except for the centrifuge tubes
which should be made of borosilicate glass or PTFE.

• All vessels in contact with samples or reagents should be cleaned in HNO3

(4 mol l−1) for at least 30 min, then rinsed with distilled water, cleaned with
0.05 mol l−1 EDTA and rinsed again with distilled water. Alternatively, clean
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Table 4.1 Extraction procedures used to isolate nominal soil/sediment phases [1]

Phase Reagent or method
of isolation

Comments

Water-soluble, soil
solution,
sediment pore
water

Water,
centrifugation,
displacement,
filtration,
dialysis

Contains the most mobile and hence
potentially available metal species

Exchangeable MgCl2, NH4OAc,
HOAc

Contains weakly bound (electrostatically)
metal species that can be released by
ion-exchange with cations such as Ca2+,
Mg2+ or NH4

+. Ammonium acetate is
the preferred extractant as the complexing
power of acetate prevents re-adsorption
or precipitation of released metal ions. In
addition, acetic acid dissolves the
exchangeable species, as well as more
tightly bound exchangeable forms

Organically bound Na4P2O7, H2O2 at
pH 3/NaOAC

Contains metals bound to the humic
material of soils. Sodium hypochlorite is
used to oxidize the soil organic matter
and release the bound metals. An
alternative approach is to oxidize the
organic matter with 30% hydrogen
peroxide, acidified to pH 3, followed by
extraction with ammonium acetate to
prevent metal ion re-adsorption or
precipitation

Carbonate NaOAc at pH 5
(HOAc)

Contains metals that are dissolved by
sodium acetate acidified to pH 5 with
acetic acid

Mn oxide-bound NH2OH.HCl Acidified hydroxylamine hydrochloride
releases metals from the manganese
oxide phase with minimal attack on the
iron oxide phases

Fe (amorphous)
oxide

(NH4)2C2O4 in the
dark

Amorphous forms of iron oxides can be
discriminated between by extracting with
acid ammonium oxalate in the dark

Fe (crystalline)
oxide

(NH4)2C2O4 under
UV light

Crystalline forms of iron oxides can be
discriminated between by extracting with
acid ammonium oxalate under UV light
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Place 5 g of dry sediment/soil in a 100 ml PTFE bottle

Add 50 ml of EDTA (0.05 mol l−1)

Shake the container for 1 h at ambient temperature
(20 ± 2°C) on an ‘end-over-end’ mechanical shaker at a

speed of 30 rpm

Centrifuge at 3000 rpm for 10 min and then remove the
supernatant with a piepette.This liquid is then stored in a clean

polyethylene bottle at 4°C prior to analysis 

The sample should be rehomogenized prior to
analysis by manually shaking for 5 min

Figure 4.1 Procedure adopted in the single extraction method for metals (employing
ethylenediamine tetraacetic acid (EDTA)), as applied to the analysis of soils and sedi-
ments [45]. From Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series.
Copyright 2003.  John Wiley & Sons, Limited. Reproduced with permission.

Place 5 g of dry sediment/soil in a 100 ml PTFE bottle

Add 200 ml of acetic acid (0.43 mol l−1)

Shake the container for 16 h at ambient temperature
(20 ± 2°C) on an ‘end-over-end’ mechanical shaker at a

speed of 30 rpm

Centrifuge at 3000 rpm for 10 min and then remove the
supernatant with a pipette.This liquid is then stored in a clean

polyethylene bottle at 4°C prior to analysis

The sample should be rehomogenized prior to
analysis by manually shaking for 5 min

Figure 4.2 Procedure adopted in the single extraction method for metals (employing
acetic acid), as applied to the analysis of soils and sediments [45]. From Dean, J. R., Meth-
ods for Environmental Trace Analysis, AnTS Series. Copyright 2003.  John Wiley &
Sons, Limited. Reproduced with permission.



Methods Used to Assess Bioavailability of Metals 93

Place 10 g of dry sediment/soil in a 250 ml PTFE or
borosilicate glass bottle

Add 20 ml of DTPA solution (0.005 mol l−1)

Shake the container for 2 h at ambient temperature
(20 ± 2°C) on an ‘end-over-end’ mechanical shaker at a

speed of 30 rpm

Centrifuge at 3000 rpm for 10 min and then remove the
supermatant with a pipette. This liquid is then stored in a clean

polyethylene bottle at 4°C prior to analysis

The sample should be rehomogenized prior to
analysis by manually shaking for 5 min

Figure 4.3 Procedure adopted in the single extraction method for metals (employing
diethylenetriamine pentaacetic acid (DTPA)), as applied to the analysis of soils and sedi-
ments [45]. From Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series.
Copyright 2003.  John Wiley & Sons, Limited. Reproduced with permission.

all vessels by immersing in HNO3 (4 mol l−1) overnight and then rinse with
distilled water.

• The mechanical shaker, preferably of the ‘end-over-end’ type, should be oper-
ated at a speed of 30 rpm. All samples should be centrifuged at 3000 g.

The three reagents should be prepared as follows:

• EDTA (0.05 mol l−1 ). In a fume cupboard, add 146 ± 0.05 g of EDTA (free
acid) to 800 ± 20 ml of distilled water. To aid dissolution of EDTA, stir in
130 ± 5 ml of saturated ammonia solution (prepared by bubbling ammonia gas
into distilled water). Continue to add the ammonia solution until all of the
EDTA has dissolved. The resultant solution should be filtered, if necessary,
through a filter paper of porosity 1.4–2.0 µm into a pre-cleaned 10 l polyethy-
lene bottle and then diluted to 9.0 ± 0.5 l with distilled water. Adjust the pH
to 7.00 ± 0.05 by addition of a few drops of either ammonia or hydrochloric
acid, as appropriate. The solution should then be made up to 10 l with distilled
water to obtain an EDTA solution of 0.05 mol l−1. Analyse a sample of each
fresh batch of EDTA solution for its metal impurity content.
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• Acetic acid (0.43 mol l−1 ). In a fume cupboard, add 250 ± 2 ml of glacial
acetic acid (‘AnalaR’ or similar) to approximately 5 l of distilled water in a
pre-cleaned 10 l polyethylene bottle and make up to 10 l with distilled water.
Analyse a sample of each fresh batch of acetic acid solution for its metal
impurity content.

• DTPA (0.005 mol l−1 ). In a fume cupboard, dissolve 149.2 g triethanolamine
(0.01 mol l−1), 19.67 g DTPA (0.005 mol l−1) and 14.7 g calcium chloride in
approximately 200 ml of distilled water. Allow the DTPA to dissolve and then
dilute to 9 l. Adjust the pH to 7.3 ± 0.5 with HCl while stirring and then
dilute to 10 l in distilled water. Analyse a sample of each fresh batch of DTPA
solution for its metal impurity content.

The use of either reagent represents a suitable single extraction method for the
following trace metals: Cd, Cr, Cu, Ni, Pb and Zn.

Note: When using single extraction methods for the analysis of sediment or
soil samples, a separate sub-sample should be dried (in a layer of ca. 1 mm depth)
in an oven at 105 ± 2◦C for 2–3 h, transferred to a desiccator and allowed to
cool prior to weighing.

DQ 4.2

Why is it necessary to dry a sub-sample of the soil or sediment?

Answer

Drying a sub-sample allows all analytical results to be corrected to a
‘dry-mass’ basis, i.e. a quantity per g dry sediment/soil.

Complete experimental details for the single extraction methods are shown in
Figures 4.1–4.3. However, it is important to take note of the following:

• Calibration solutions should be prepared with the appropriate extraction
solution.

DQ 4.3

What is the term used for this type of calibration solution?

Answer

The term used is matrix-matched calibration solution.

• It is important to prepare a sample blank for every batch of extractions.
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DQ 4.4

How is a sample blank prepared?

Answer

A sample blank is prepared in the same manner as the sample, except
that no sediment/soil is added.

• Ensure that the sample, i.e. sediment/soil, does not form a ‘cake’ during the
extraction procedure.

DQ 4.5

If a ‘cake’ is formed during the extraction procedure, what can be done?

Answer

If this occurs, either adjust the shaking speed to ensure that the sus-
pension is maintained or mechanically break the solid ‘cake’ with a
pre-cleaned glass rod. It is important that the sample remains in complete
suspension during the extraction process.

• It is recommended for ICP–AES/MS that the extracts are filtered (0.45 µm)
prior to analysis.

DQ 4.6

Why is it necessary to filter a sample for ICP analysis?

Answer

It is necessary so that the nebulizer used for sample introduction into an
ICP is not blocked.

SAQ 4.1

How might you unblock a nebulizer?

For GFAAS, it is recommended that the standard-additions method of calibra-
tion is used.

Results from the certification of two Certified Reference Materials using EDTA
and acetic acid are shown in Table 4.2.
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Table 4.2 Extractable metal contents of two Certified Reference Materials (CRM 483 and
CRM 484) used in the analysis of soils or sediments [45]

Certified Reference
Material/extract

Certified value
(mg kg−1)

Uncertainty
(mg kg−1)

CRM 483 (Sewage sludge-amended soil)
EDTA extracts
Cd 24.3 1.3
Cr 28.6 2.6
Cu 215.0 11.0
Ni 28.7 1.7
Pb 229.0 8.0
Zn 612.0 19.0

Acetic acid extracts
Cd 18.3 0.6
Cr 18.7 1.0
Cu 33.5 1.6
Ni 25.8 1.0
Pb 2.1 0.25
Zn 620.0 24.0

CRM 484 (terra rossa soil)
EDTA extracts
Cd 0.51 0.03
Cu 88.1 3.8
Ni 1.39 0.11
Pb 47.9 2.6
Zn 152.0 7.0

Acetic acid extracts
Cd 0.48 0.04
Cu 33.9 1.4
Ni 1.69 0.15
Pb 1.17 0.16
Zn 193.0 7.0

CRM 484 (terra rossa soil)
EDTA extracts
Cd 2.68 0.09
Cr 0.205 0.022
Cu 57.3 2.5
Ni 4.52 0.25
Pb 59.7 1.8
Zn 383.0 12.0

Acetic acid extracts
Cd 1.34 0.04
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Table 4.2 (continued )

Certified Reference
Material/extract

Certified value
(mg kg−1)

Uncertainty
(mg kg−1)

Cr 0.014 0.003
Cu 32.3 1.0
Ni 3.31 0.13
Pb 15.0 0.5
Zn 142.0 6.0

In addition to the single extraction methods described above, other procedures
are also available and include the use of ammonium nitrate, calcium chloride
and sodium nitrate. The procedures for the preparation of each of these single
extraction solutions is now described.

NH4 NO3 (1 mol l−1 ). In a fume cupboard, dissolve 80.04 g of NH4NO3 in doubly
distilled water, then make up to 1 l with the same water. Analyse a sample of
each fresh batch of NH4NO3 solution for its metal impurity content.

CaCl2 (0.01 mol l−1 ). In a fume cupboard, dissolve 1.470 g of CaCl2.2H20 in
doubly distilled water, then make up to 1 l with the same water. Verify that the
Ca concentration is 400 ± 10 mg l−1 by EDTA titration. Analyse a sample of
each fresh batch of CaCl2 solution for its metal impurity content.

NaNO3 (0.1 mol l−1 ). In a fume cupboard, dissolve 8.50 g of NaNO3 in doubly
distilled water, then make up to 1 l with the same water. Analyse a sample of
each fresh batch of NaNO3 solution for its metal impurity content.

The approach adopted for each of these single extraction methods is shown in
Figures 4.4–4.6.

Note: As before, a separate sub-sample should be dried (in a layer of ca. 1 mm
depth) in an oven at 105 ± 2◦ C for 2–3 h, transferred to a desiccator and allowed
to cool prior to weighing. This will allow all analytical results to be corrected to
a ‘dry-mass’ basis, i.e. a quantity per g dry sediment/soil.

DQ 4.7

What other correction is required in the case of sodium nitrate (NaNO3)?

Answer

In this approach, the results need to be corrected additionally for the
difference in final volume, i.e. 2 ml of HNO3 should be added to 48 ml
of extract to give a final volume of 50 ml.
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Place 20 g of dry sediment/soil in a 100–150 ml PTFE or
polyethylene bottle

Add 50 ml of NH4NO3 solution (1 mol l−1)

Shake the container for 2 h at ambient temperature
(20 ± 2°C) on an ‘end-over-end’ mechanical shaker at a

speed of 50–60 rpm 

Filter supernatant through an acid-washed filter paper into a
50 ml polyethylene bottle (discard the first 5 ml of

filtrate). Stabilize by adding 1 ml of HNO3

If solids remain, centrifuge or filter through a 0.45 µm 
membrane filter. Analyse solution immediately

Figure 4.4 Procedure adopted in the single extraction method for metals (employing
ammonium nitrate (NH4NO3)), as applied to the analysis of soils and sediments [2].

 Place 10 g of dry sediment/soil in a 250 ml polyethylene
bottle

Add 100 ml of CaCl2 solution (0.01 mol l−1)

Shake the container for 3 h at ambient temperature
(20 ± 2°C) on an ‘end-over-end’ mechanical shaker at a

speed of 30 rpm 

Decant 60 ml into a centrifuge tube and centrifuge for
10 min at 3000 g. Measure pH in extract before

centrifugation 

Analyse solution immediately

Figure 4.5 Procedure adopted in the single extraction method for metals (employing
calcium chloride (CaCl2)), as applied to the analysis of soils and sediments [2].
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Place 40 g of dry sediment/soil in a 200 ml polyethylene
bottle

Add 100 ml of NaNO3 solution (0.1 mol l−1)

Shake the container for 2 h at ambient temperature
(20 ± 2°C) on an ‘end-over-end’ mechanical shaker at a

speed of 120 rpm 

Centrifuge for 10 min at 4000 g. Remove supernatant
with a syringe and filter through a 0.45 µm membrane filter
into a 50 ml polyethylene bottle. Add 2 ml of concentrated
HNO3 to a 50 ml volumetric flask and make up to volume

with the filtered extract

Analyse solution immediately

Figure 4.6 Procedure adopted in the single extraction method for metals (employing
sodium nitrate (NaNO3)), as applied to the analysis of soils and sediments [2].

Single extraction procedures using CaCl2, NaNO3 and NH4NO3 have been
applied to the analysis of ten contaminated soils and a soil certified reference
material [5]. The results for the extractable metal content of BCR 483 are shown
in Table 4.3.

DQ 4.8

Comment on the results displayed in Table 4.3.

Answer

In all cases, except for Cu, the data obtained agreed with the indicative
values reported [6].

4.3 Sequential Extraction Techniques for Metals

The procedure adopted for the sequential extraction of metals from soil/sediments
is based on three distinct stages, followed by a final acid digestion to assess the
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Sequential Extraction

Exchangeable fraction Reducible fraction

Metals bound to
iron and manganese

oxides

Unstable metal forms
transfer to available

forms for plants

Oxidizable fraction

Metals bound to
organic matter, 

e.g. detritus

Metals bound to 
organic matter can

be released

Residual fraction

Metals bound within
crystal matrix

Metal present are not
expected to be released
under normal conditions

in nature

Loosely bound, labile
or exchangeable

metals

Metals most available
for plant uptake, leading 
to possible contamination
of groundwater and soil

Figure 4.7 Overview of the sequential extraction method for metals, as applied to the
analysis of soils and sediments [45]. From Dean, J. R., Methods for Environmental Trace
Analysis, AnTS Series. Copyright 2003.  John Wiley & Sons, Limited. Reproduced with
permission.

unavailable or residual component. An overview of the sequential extraction
method is shown in Figure 4.7, and the stages are described as follows:

• Stage 1 (Exchangeable fraction). The metals released in this stage are
those which are most available and hence most mobile. They include those
weakly absorbed metals retained on the sediment/soil surface by relatively
weak electrostatic interaction, metals that can be released by ion-exchange
processes and metals that can be co-precipitated with the carbonates present
in many sediments/soils. Changes in the ionic composition, influencing
adsorption–desorption reactions, or lowering of pH, could cause mobilization
of metals from this fraction.

• Stage 2 (Reducible fraction). This stage identifies those metals that are bound
to iron/manganese oxides and that are therefore unstable under reduction con-
ditions. Changes in the redox potential (Eh) could induce the dissolution of
these oxides, so leading to their release from the soil/sediment.

• Stage 3 (Oxidizable fraction). This stage releases those metals that are bound
to organic matter within the sediment/soil matrix into solution.

• Residual fraction. It is common practice to ‘acid-digest’ by using aqua regia,
the resultant sediment/soil sample and then analyse for trace metals.

SAQ 4.2

What are the constituents of aqua regia?

The residual fraction contains naturally occurring minerals which may hold
trace metals within their crystalline matrix. It is the expectation of this sequential
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extraction procedure that these metals are not likely to be released under normal
environmental conditions and hence are neither available nor likely to cause any
environmental risk.

Note: The use of aqua regia to digest the residual fraction will only liberate
metals that are not bound to ‘silicate minerals’. As it is unlikely that the silicate-
bound metals will leach from the soil/sediment, the use of aqua regia to give a
‘pseudo-total’ analysis is perfectively acceptable.

DQ 4.9

How can complete acid digestion of silicate-bound metals be achieved?

Answer
Complete acid digestion of silicate-bound metals can be achieved by
using hydrofluoric acid.

When performing the sequential extraction method (Figures 4.8–4.10), it is
important to consider the following general laboratory practices:

• All laboratory ware should be made of borosilicate glass, polypropylene,
polyethylene or PTFE, except for the centrifuge tubes which should be made
of borosilicate glass or PTFE.

Place 1 g of dry sediment in a 80–100 ml PTFE centrifuge tube 

Add 40 ml of acetic acid (0.11 mol l−1) – solution A

Shake the container for 16 h at ambient temperature
(22 ± 5°C) on an ‘end-over-end’ mechanical shaker at a

speed of 30 rpm 

Centrifuge at 3000 g for 20 min and then remove the
supernatant with a pipette. This liquid is stored in a clean

polyethylene bottle at 4°C prior to analysis 

Residue is washed with 20 ml ‘Milli-Q’ water by shaking
for 15 min, centrifuged (3000 g for 20 min) and the 

washings discarded. Take care not to lose any of the
solid residue. Break the ‘cake’ formed during

centrifugation prior to the next step

Figure 4.8 Details of Step 1 of the sequential extraction method (cf. Figure 4.7) [7].
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Add 40 ml of hydroxylammonium chloride (0.1 mol l−1,
adjusted to pH 2 with nitric acid) – Solution B – to the
residue from Step 1. Resuspend by manual shaking

Shake the container for 16 h at ambient temperature
(22 ± 5°C) on an ‘end-over-end’ mechanical shaker

at a speed of 30 rpm 

Residue is then washed with 20 ml ‘Milli-Q’ water by shaking
for 15 min, centrifuged (3000 g for 20 min) and the

washings discarded. Take care not to lose any of the
solid residue. Break the ‘cake’ formed during

centrifugation prior to the next step

Centrifuge at 3000 g for 20 min and then remove the
supernatant with a pipette. This liquid is stored in a clean

polyethylene bottle at 4°C prior to analysis

Figure 4.9 Details of Step 2 of the sequential extraction method (cf. Figure 4.7) [7].

• All vessels in contact with samples or reagents should be cleaned by immersing
in HNO3 (4 mol l−1) overnight and then rinsing with distilled water.

• The mechanical shaker, preferably of the ‘end-over-end’ type, should be oper-
ated at a speed of 30 ± 10 rpm and a temperature of 22 ± 5◦C. All samples
should be centrifuged at 3000 g for 20 min.

The four reagents used in the three stages are prepared as follows:

• Solution A (acetic acid, 0.11 mol l−1 ). Add in a fume cupboard, 25 ± 0.1 ml
of glacial acetic acid (‘AnalaR’ or similar) to approximately 0.5 l of distilled
water in a 1 l polyethylene bottle and make up to 1 l with distilled water. Take
250 ml of this solution (acetic acid, 0.43 mol l−1) and dilute to 1 l with distilled
water to obtain an acetic acid solution of 0.11 mol l−1. Analyse a sample of
each fresh batch of solution A for its metal impurity content.

• Solution B (hydroxylamine hydrochloride or hydroxyammonium chloride,
0.5 mol l−1 ). Dissolve 34.75 g of hydroxylamine hydrochloride in 400 ml of
distilled water. Transfer to a 1 l volumetric flask and add 25 ml of 2 mol l−1

HNO3 (prepared by weighing from a concentration solution) (the pH should
be 1.5). Make up to 1 l with distilled water. Prepare this solution on the same



104 Bioavailability, Bioaccessibility and Mobility

Add carefully, to avoid losses due to any violent
reaction, 10 ml of hydrogen peroxide (8.8 mol l−1)

– Solution C – to the residue from Step 2

The sample is then digested at ambient temperature for 1 h with 
occasional manual stirring. Ensure that the container is covered 

with a watch glass

50 ml ammonium acetate (1 mol l−1 , adjusted to pH 2
with nitric acid) – Solution D – is then added to the cool 

and moist residue

A second aliquot of 10 ml hydrogen peroxide (Solution C) is 
added and the container is again covered and heated at 85 ± 2°C

for 1 h (with occasional manual shaking for the first 30 min).
Remove the cover and reduce the liquid to ca. 1 ml

Digestion is continued by heating the container to 85 ± 2°C, with 
occasional manual shaking for the first 30 min, for 1 h in a 

water bath. Then, the volume of the liquid is reduced to 2–3 ml 
by further heating, after removal of the watch glass

Centrifuge at 3000 g for 20 min and then remove the
supernatant with a pipette. This liquid is stored in a clean

polyethylene bottle at 4°C prior to analysis

Shake the container for 16 h at ambient temperature
(20 ± 5°C) on an ‘end-over-end’ mechanical shaker at a

speed of 30 ± 10 rpm 

Figure 4.10 Details of Step 3 of the sequential extraction method (cf. Figure 4.7) [7].

day as the extraction is carried out. Analyse a sample of each fresh batch of
solution B for its metal impurity content

• Solution C (hydrogen peroxide, 300 mg g−1 , i.e. 8.8 mol l−1 ). Use the H2O2 as
supplied by the manufacturer, i.e. acid-stabilized to pH 2–3. Analyse a sample
of each fresh batch of solution C for its metal impurity content.

• Solution D (ammonium acetate, 1 mol l−1 ). Dissolve 77.08 g of ammonium
acetate in 800 ml of distilled water. Adjust to pH 2 ± 0.1 with concentrated
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HNO3 and make up to 1 l with distilled water. Analyse a sample of each fresh
batch of solution D for its metal impurity content.

The use of this sequential extraction method can be applied to the following trace
metals: Cd, Cr, Cu, Ni, Pb and Zn.

Note: When using this procedure for the analysis of sediment or soil samples,
a separate sub-sample (1 g) should be dried (in a layer of ca. 1 mm depth) in an
oven at 105 ± 2◦C for 2–3 h, transferred to a desiccator and allowed to cool prior
to weighing. This will allow all analytical results to be corrected to a ‘dry-mass’
basis, i.e. a quantity per g dry sediment/soil.

Complete experimental details for the modified sequential extraction
method [7] are shown in Figures 4.8–4.10. The residue from Step 3 should be
transferred to a digestion vessel (see below) with approximately 3 ml of water
and digested as shown in Figure 4.11. Results from the residue digest should
be summed with the metal contents obtained from Steps 1–3. The result of this
approach should be compared to the result obtained by aqua regia digestion
of a separate, 1 g sample of the sediment/soil. The procedure for the aqua
regia extraction approach to determine the elemental composition of the residual
fraction and that to be followed for a fresh sample is shown in Figure 4.11.

The reagents used for aqua regia digestion are as follows:

• Hydrochloric acid – concentrated HCl = 12.0 mol l−1, ρ = 1.19 g ml−1.

• Nitric acid – concentrated HNO3 = 15.8 mol l−1, ρ = 1.42 g ml−1.

• Nitric acid (0.5 mol l−1) – dilute 32 ml of concentrated HNO3 with water to
1 l.

In performing this sequential extraction procedure, it is important to take note of
the following:

• Calibration solutions should be prepared with the appropriate extraction solu-
tions, i.e. use ‘matrix-matched’ calibration solutions.

• It is important to prepare a sample blank for every batch of extractions, i.e.
prepare a container with no sediment/soil, but treated in the same manner as
though it contained the sample.

• Ensure that the sample, i.e. sediment/soil, does not form a ‘cake’ during the
extraction procedure. If this occurs, either adjust the shaking speed to ensure
that the suspension is maintained or mechanically break the solid ‘cake’ with
a pre-cleaned glass rod. It is important that the sample remains in complete
suspension during the extraction process.

• It is recommended for ICP–AES/MS that the extracts are filtered (0.45 µm)
prior to analysis to prevent nebulizer blockages. For GFAAS, it is recom-
mended that the standard-additions method of calibration is used.
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Weigh approximately 1 g (to the nearest 0.001 g) of
the air-dried material into a reaction vessel

(250 ml volume) 

Add 0.5 ml to 1.0 ml of water to obtain a slurry, and add, while mixing, 7 ml of
12.0 mol l−1 HCl, followed by 2.3 ml of 15.8 mol l−1 HNO3 (drop by drop, if

necessary to reduce foaming)

Allow to cool slowly to room temperature

Allow to stand for 16 h at room temperature to allow for slow oxidation of
the organic matter of the soil. Raise the temperature of the reaction mixture

until reflux conditions are achieved and maintain for 2 h

Add 15 ml of 0.5 mol l−1 HNO3 to the reaction vessel and connect to a
water-cooled reflux condenser

Transfer the contents of the reaction vessel quantitatively to a 
100 ml volumetric flask. Rinse the vessel with 0.5 mol l−1 HNO3 and

transfer as well. Make up to the mark with distilled water, stopper
and shake. After the undissolved matter has settled, the

supernatant solution should be analysed

Add the content of the reaction vessel, through the
condenser tube, into the reaction vessel and rinse both

with 10 ml of 0.5 mol l−1 HNO3

Figure 4.11 Details of the digestion process employed for the residual fraction in the
sequential extraction method (cf. Figure 4.7) [7].

Results for the sequential extraction of a certified reference material by using the
modified approach are shown in Table 4.4.

DQ 4.10

Comment on the results displayed in Table 4.4.

Answer

The results (Table 4.4) show the recoveries from each step of the mod-
ified (European) Community Bureau of Reference (BCR) sequential
extraction (three-step) method for Cd, Cr, Cu, Ni, Pb and Zn. In addition,
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Table 4.4 Comparison of the sequential extraction procedure with aqua regia-extraction
protocols [7]

Stage, etc. Element (mg kg−1)

Cd Cr Cu Ni Pb Zn

Step 1 10.0 ± 0.77 9.40 ± 3.5 16.8 ± 1.5 17.9 ± 2.0 0.756 ± 0.70 441 ± 39
Step 2 24.8 ± 2.3 654 ± 108 141 ± 20 24.4 ± 3.3 379 ± 21 438 ± 56
Step 3 1.22 ± 0.48 2215 ± 494 132 ± 29 5.9 ± 1.4 66.5 ± 22 37.1 ± 9.9
Residual fraction 0.423 ± 0.16 183 ± 40 43.3 ± 3.8 15.2 ± 4.3 76.9 ± 17 82.1 ± 9.6
Totala 36.44 ± 2.5 3061 ± 507 333 ± 35 63.4 ± 5.9 523 ± 35 998 ± 70

Aqua regiab 36.40 ± 2.8 3392 ± 484 362 ± 12 63.8 ± 7.7 501 ± 47 987 ± 37

a Sum of Steps 1–3 and residual fraction.
b ‘Pseudo-total’ metal content determined by using aqua regia extraction.

data are presented for each element recovered in the residual fraction.
The total recovery for each element is then summed for Steps 1–3,
plus the residual fraction component, and compared to the recovery
obtained when the ‘sludge-amended’ soil was digested with aqua regia
only (‘pseudo-total’). It is noted that the relative error is always < 10%
and in the majority of cases is < 5%.

The modified BCR sequential extraction (three-step) method has been applied
by, for example, Mossop and Davidson [8], to the analysis of a range of soils and
sediments. These authors report results for samples that included a freshwater
sediment, a sewage ‘sludge-amended’ soil, two industrial soils and an ‘inter-
tidal’ sediment. The results for iron and manganese in the freshwater sediment,
sewage ‘sludge-amended’ soil and an industrial soil are shown in Table 4.5. All
extracts were analysed by using inductively coupled plasma–atomic emission
spectroscopy. In addition, two Certified Reference Materials were analysed by
using the modified BCR sequential extraction (three-step) method for Cu, Pb and
Zn (Table 4.6). It was found that most results were within the indicative ranges
indicated for Cu, Pb and Zn. Table 4.6 highlights in italics those data that are
outside of the standard deviation expected, according to the indicative values.

4.4 Earthworms

Over 5500 named species of earthworm exist worldwide [11] and range in size
from 2 cm to 3 m. One of the most common earthworm species are the reddish
coloured Lumbricus terrestris which are commonly found in temperate regions.
The main families of earthworms and their geographic origins are as follows [11]:

• Lumbricidae: temperate areas of Northern Hemisphere, mostly Eurasia

• Hormogastridae: Europe
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Table 4.6 Analysis of two Certified Reference Materials using the modified BCR sequen-
tial extraction (three-step) procedurea [8]

Cu (mg kg−1 dry weight) Pb (mg kg−1 dry weight) Zn (mg kg−1 dry weight)

Indicative
value

Recovery Indicative
value

Recovery Indicative
value

Recovery

CRM601b

Step 1 10.5 ± 0.8c 9.6 ± 0.4c 2.28 ± 0.44c 2.42 ± 1.70c 261 ± 13c 211 ± 9 .0 c

Step 2 72.8 ± 4.9c 48 ± 6 .0 c 205 ± 11c 182 ± 11 c 266 ± 17c 240 ± 10c

Step 3 78.6 ± 8.9c 93 ± 4 .0 c 19.7 ± 5.8c 23.1 ± 2.0c 106 ± 11c 135 ± 8 .0 c

Residual 60.4 ± 4.9d 57 ± 8.0d 38.0 ± 8.7d 53.2 ± 7.5c 161 ± 14d 167 ± 19c

CRM483e

Step 1 16.8 ± 1.5d 17.6 ± 0.3e 0.76 ± 0.70d <0.3e 441 ± 39d 453 ± 9.0e

Step 2 141 ± 20d 123 ± 3.7f 379 ± 21d 329 ± 6 .0 f 438 ± 56d 433 ± 22f

Step 3 132 ± 29d 143 ± 8.0f 66.5 ± 22d 27 .1 ± 4 .6 f 37.1 ± 9.9d 36.3 ± 5.6f

Residual 43.3 ± 3.8d 40.6 ± 2.3f 76.9 ± 17d 131 ± 5 .0 f 82.1 ± 9.6d 78.1 ± 9.6f

a Mean – ± 1× standard deviation (SD).
b Indicative values from Rauret et al. [9].
cn = 7.
d n = 6.
e Indicative values from Rauret et al. [10].
f n = 5.

• Sparganophilidae: North America

• Almidae: Africa, South America

• Megascolecidae: South-East Asia, Australia and Oceania, western North
America

• Acanthodrilidae: Africa, south-eastern North America, Central and South
America, Australia and Oceania

• Ocnerodrilidae: Central and South America, Africa

• Octochaetidae: Central America, India, New Zealand, Australia

• Exxidae: Central America

• Glossoscolecidae: Central and northern South America

• Eudrilidae: Africa and South Africa

Earthworms have a closed circulatory system (Figures 4.12 and 4.13), consisting
of two main blood vessels, i.e. the ventral blood vessel which leads the blood to
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Figure 4.12 General anatomy of the earthworm [11].
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Figure 4.13 Ventral view of an earthworm’s clitellum [11].

the posterior end and the dorsal blood vessel which leads to the anterior end [11].
The dorsal vessel is contractile and pumps blood forward into the ventral vessel
by a series of ‘hearts’ (i.e. aortic arches) which vary in number in the different
taxa. A typical lumbricid will have five pairs of hearts, i.e. a total of ten hearts.
The blood is distributed from the ventral vessel into capillaries on the body
wall and other organs and into a vascular sinus in the gut wall where gases and
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nutrients are exchanged. This arrangement may be complicated in the various
groups by suboesophageal, supraoesophageal, parietal and neural vessels, but the
basic arrangement holds in all earthworms [11].

SAQ 4.3

How do earthworms travel underground?

In compacted soils, the earthworm eats its way through the soil. This is done
by the earthworm cutting a passage with its muscular pharynx and dragging the
rest of the body along. The ingested soil is ground-up, digested, and the waste
deposited behind the earthworm. Figures 4.14–4.16 give a field guide to the
identification of common earthworms. This identification is based first on colour
(dark red, red or red–violet in Figure 4.14, muddy green in Figure 4.15 and other
colours in Figure 4.16) and secondly on a diagram illustrating the ventral side of
the earthworm’s clitellum (see also Figure 4.13) [12–14].

4.4.1 Earthworms in Bioavailability Studies
Earthworms allow a direct biological measurement of chemicals in soil and as
such are ideally suited to assess bioavailability for the following reasons [15]:

• Earthworms reside in soil and are more or less in constant contact with some
portion of the soil.

Ventral view

Aporrectodea longa
Common name: Black head worm, Length: 90–150 mm

Habitat : This species has been found in cultivated soil, gardens,
pastures and woodlands, and found to be abundant in soils 
bordering rivers and lakes. It has also been sighted in botanical 
gardens, lawns, peat bog, compost and under manure

Figure 4.14 Dark red, red or red–violet coloured earthworms (adapted from Wormwatch
[12]).
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Ventral view

Bimastos parvus
Common name: American bark worm, Length: 17–65 mm

Habitat : This species is found in close association with habitats
high in organic matter, such as decaying logs and leaves. Some
species have also been found in moist areas associated with
gardens, fields, manure and garbage dumps

Interesting facts and features : Its clitellum is found very close to
its nose (< 1 cm)

Ventral view

Dendrobaena octaedra
Common name: Octagonal-tail worm, Length: 17–60 mm

Habitat : This species is commonly found in undistributed sites, such
as under sod, moss on streams, logs and leafy debris

Interesting facts and features : It has widely paired setae

Figure 4.14 (continued ).
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Ventral view

Dendrodrilus rubidus
Common name: European bark worm, Length: 20–90 mm

Habitat : This species has a broad range of habitats, including
gardens, cultivated fields, stream banks, moss in running water,
wells, springs, peat, compost and occasionally in manure. It can
also be found under the bark of old rotting trees

Ventral view

Eisenia foetida
Common name: Manure worm, Tiger worm, Red Wiggler, Length: 30–60 mm

Habitat : This species is commonly found in very moist manure
and organic matter. Examples of such environments include
compost heaps and cowpats. Other locations are forests, gardens,
and under stones, leaves, logs and roadside dumps

Interesting facts and features : This species in usually found in
close proximity to human habitation and has been used for home
composting and fish bait

Figure 4.14 (continued ).
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Ventral view

Lumbricus castaneus
Common name: Chestnut worm, Length: 30–50 mm (generally, < 35 mm)

Habitat : This species is terrestrial and is commonly found in soil
rich in organic matter, such as gardens, parks, pastures, forests,
riverbanks, marsh banks or under stones, leaves and dung. It can
also be found in cultivated fields, manure, compost and leaf litter

Ventral view

Lumbricus festivus
Common name: Quebec worm, Length: 48–105 mm

Habitat : Little is known about this rare species' habitat since few
have been found. Most of these earthworms have been found
under logs, debris, dung, stones and leaf piles, as well as in
pastures and riverbanks

Interesting facts and features : A very rare earthworm

Figure 4.14 (continued ).
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Ventral view

Lumbricus rubellus
Common name: Red marsh worm, Length: 50–150 mm (generally, > 60 mm)

Habitat : This species is commonly found in places rich in organic
matter and moisture, such as parks, gardens, pastures, woody peat,
riverbanks and under stones, moss, old leaves, dung in pastures
and logs

Interesting facts and features : This species has been cultured by
the fish-bait industry

Ventral view

Lumbricus terrestris
Common name: Nightcrawler, dew worm, Length: 90–300 mm

Habitat : This species is almost purely terrestrial. It is commonly
found in gardens, lawns, pastureland and under logs. It is also
found in forests, riverbanks, streams, mud flats, woody peat, under
cowpats and in compost

Interesting facts and features : It is very long-lived (up to 10 years)
and it forms deep vertical burrows

Figure 4.14 (continued ).

Ventral view

Allolobophora chlorotica
Common name: Green worm, manure worm, Length: 30–70 mm

Habitat : This species is found in wet areas. It has also been found
in gardens, fields, pastures, forests, estuary flats, lake shores and
in manure

Interesting facts and features : This species is easily recognized
by its muddy green colour and sucker-like tubercula pubertatis (TP)

Figure 4.15 Muddy green coloured earthworms (adapted from Wormwatch [13]).
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Ventral view

Eiseniella tetraedra
Common name: Square tail worm, Length: 30–60 mm

Habitat : This species is commonly found in damp habitats, such as
wells, springs, moss of swift streams, subterranean waters, rivers
ponds, lakes, canals and water-soaked banks of streams

Figure 4.15 (continued ).

Ventral view

Aporrectodea icteria
Common name: Mottled worm, Length: 55–135 mm

Habitat : This species has been found in garden soil, 
meadows and orchards

Figure 4.16 Other body colours of earthworms (adapted from Wormwatch [14]).
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Ventral view

Aporrectodea rosea
Common name: Pink soil worm, Length: 25–85 mm

Habitat : This species is commonly found in fields,
gardens, pastures, forests and under leaves and stones.
It has also been spotted along the shores of rivers and
lakes

Interesting facts and features : This species has a
unique flared clitellum, a pink head and a grey body

Ventral view

Aporrectodea trapezoides
Common name: Southern worm, Length: 80–140 mm

Habitat : This species is commonly found in the soil around
the roots of potted plants, in gardens, cultivated fields, 
forests, soils of various types, on the banks of streams and
occasionally in sandy soils

Interesting facts and features : This earthworm is 
reasonably ‘drought-tolerant’

Figure 4.16 (continued ).
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Ventral view

Aporrectodea tuberculata
Common name: Canadian worm, Length: 90–150 mm

Habitat : This species is widely distributed in most habitats.
It has been found in wet areas near streams and springs
where there is a large concentration of organic matter. Other
sightings include under logs, compost, peat, rocks, ditches, 
turf and occasionally in manure

Ventral view

Aporrectodea turgida
Common name: Pasture worm, Length: 60–85 mm

Habitat : This species has a broad range of habitats,
including gardens, fields, turf, leaf litter in forests, compost,
banks of spring-sand streams, wasteland, city dumps and
streams. It is commonly found in irrigated areas

Figure 4.16 (continued ).
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Ventral view

Octolasion cyaneum
Common name: Woodland blue worm, Length: 65–180 mm

Habitat : This species has been found under stones, in 
water, in moss, stream banks, ploughed fields, wet sand and
forest soil. It is also commonly found under logs and rocks
near streambeds

Interesting facts and features : This species can be
recognized by its bluish hue

Ventral view

Octolasion tyrtaeum
Common name: Woodland white worm, Length: 25–130 mm

Habitat : This species is commonly found under stones, logs,
peat, leaf mold, compost, forest litter, gardens, cultivated
fields, pastures, stream banks, in springs and around the
roots of submerged vegetation

Interesting facts and features : This species can be
recognized by its snub nose, light colour (almost grey) and
the long distance between the clitellum and the nose (> 2 cm)

Figure 4.16 (continued ).
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Ventral view

Sparganophilus eiseni
Common name: American mud worm, Length: 150–200 mm

Habitat : This species is often found living in muddy areas.
Examples of such locations include the muddy banks of 
streams, rivers, ponds and lakes

Interesting facts and features : Its clitellum is located
unusually close to its nose (< 1 cm)

Figure 4.16 (continued ).

• Earthworms reside in contaminated sites, allowing field validation of chemical
bioavailability.

• Earthworms are found in a variety of soil types and horizons.

• The exterior epidermal surface of the earthworm is vascularized with no cuticle,
hence allowing the uptake of contaminants directly from the soil.

• Earthworms ingest soil or specific fractions of soil, so providing a means for
the dietary uptake of contaminants.

• Earthworms have a large mass and so contaminant concentrations can be deter-
mined in individual organisms.

• There is a low level of mixed-function oxidase (MFO) activity, hence allow-
ing greater potential for the accumulation of organic compounds that would
normally be metabolized in other organisms.

• An understanding exists of their physiology and metabolism of metals.

• Standardized toxicity testing protocols are available.

• Many techniques are available for assessing effects at population, organismal
and sub-organismal levels for earthworms.

• Some species, such as Eisenia fetida, can be cultured in the laboratory under
controlled conditions and are tolerant of many soil types, thus allowing the
testing of different soils.
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Table 4.7 Major earthworm protocols and studies (adapted from Sandoval et al. [16])

Protocol Description Comments

ASTM 1676–95:
Standard Guide for
Conducting
Laboratory Soil
Toxicity Tests for the
Lumbricid Earthworm
Eisenia foetida [17]

Using the earthworm
Eisenia foetida, a 28-day
test was devised; this
involved the creation of a
sphagnum-based synthetic
soil to be mixed with the
test media

• Acute toxicity test
• Complexation of synthetic

soil/organics with metals
possible; also variability of
synthetic soils from
‘test-to-test’ likely

US EPA 600/R-94/024:
Methods for
Measuring the Toxicity
and Bioaccumulation
of Sediment-Associated
Contaminants with
Freshwater
Invertebrates [18]

Using the aquatic
invertebrate Lumbriculus
variegates, a 28-day test
for sediments was
devised; this involved a
fully saturated system and
continuous ‘flow-through’
of overlying water

• Limited to sediments
• Requires collection and

treatment of water

ASTM 1383–93a:
Standard Guide for
Conducting Sediment
Toxicity Tests with
Freshwater
Invertebrates [19]

Lockheed Martin
Environmental
Restoration Program:
Development and
Validation of
Bioaccumulation
Models for
Earthworms [20]

Compared bioaccumulation
of selected organics and
inorganics by earthworms
using 33 studies from 12
countries and developed
bioaccumulation
models/numerical
correlations

• Does not provide specific
methodology information on
studies reviewed

• Numerical correlation
between earthworms and
substrates derived from
various protocols

Goats and Edwards: The
Prediction of Field
Toxicity of Chemicals
to Earthworms by
Laboratory
Methods [21]

Review of available
methods for toxicity
prediction using
earthworms and
development of new
methods; evaluated
various synthetic and
natural substrates, modes
of exposure and
compared field methods
for toxicity to the same
series of contaminants

• Evaluated contaminants in
solutions only

• Acute toxicity test
• Standardized substrate (using

filter paper or silica) deemed
most appropriate for solution
evaluation

(continued overleaf )
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Table 4.7 (continued )

Protocol Description Comments

Callahan: Earthworms as
Ecotoxicological
Assessment Tools
(Hazardous Materials
Assessment Team
(HMAT) 14-Day Soil
Test Using
Earthworms) [22]

Involves addition of
contaminant of concern
with standardized mixture
of sand, clay and peat
and exposure of worms
for 14 days

• Evaluated contaminants in
solutions only

• Bioaccumulation test
• Contaminant interactions

with prepared soil probable

Earthworms protocols have been reviewed by Sandoval et al. [16] and are shown
in Table 4.7. As a result of their work, they proposed a new earthworm protocol
for metal analysis.

4.4.1.1 Proposed Earthworm Protocol†

Specific components of the methodology, including exposure time, the composi-
tion of the substrate, physiological requirements of the earthworms (pH, humidity,
organic carbon) and procedures to void contents of the intestinal tract (so that only
tissue is analysed) were derived from a review of these major studies and other
laboratory and field-scale studies. The methodology is summarized as follows
and described in greater detail below:

• A mixture of 80 g of tailings, sediments or clean sand (for solution assess-
ments), 20 g of prepared cellulose and 80 ml of distilled water (in solids
evaluation) or solution are manually homogenized in a 900 ml glass jar (45%
moisture content).

• Fifteen cleaned, weighed worms (Eisenia foetida) are placed in the mixture
for a period of 28 days.

• At the conclusion of the exposure period, the worms are removed, counted,
cleaned and depurated for 24 h to void contents of the stomach and intestinal
tract.

• Depurated worms are re-cleaned and weighed and pre-digested for ‘full-metals’
scanning.

• Jar contents are also sampled and analysed for metals for comparison with
worm tissues.

The details of the methodology are described in the following.

† From Sandoval et al. [16].
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Organism Culturing and Selection E. foetida can be initially acquired from local
composting co-operatives and cultured in a dark plastic, ventilated bin. Diets of
alfalfa pellets, a mixture of vegetable food waste or horse manure, have been
compared and it was determined that optimum growth occurs in a pure horse
manure substrate. Worms are hand-selected for testing on the basis of sexual
maturity, as evidenced by the presence of a clitellum (a 3 mm-wide ring around
the body), size (0.3–0.45 g wet weight) and liveliness (actively responds when
anterior segments are prodded). Prior to use in jar experiments, chosen worms
are stored for 24 h on damp filter paper to void contents of the stomach and
intestinal tract.

Cellulose Preparation Cellulose is prepared in advance by shredding white,
kaolin-based paper, followed by converting to a pulp by mixing in a blender
with distilled water and subsequently drying at 30◦C for 48 h. Dried paper can
be broken down into a softer cellulose mixture by using a blender.

Tailings/Soil/Sediment Jar Preparation Tailings or contaminated soil (80 g) are
combined with cellulose (20 g) and manually homogenized with distilled water
(80 ml) in 900 ml jars. Fifteen mature earthworms are placed in each jar (in trip-
licate) for a period of 28 days (deemed to be ‘steady-state’). A blank containing
cellulose, water and clean sand is also prepared in conjunction with the test
jars.

Solutions/Effluents Jar Preparation Clean, fine sand (80 g) is combined with
cellulose (20 g) and manually homogenized with solution to be evaluated (80 ml)
in acid-washed 900 ml jars. Fifteen mature earthworms are placed in each jar
(in triplicate) for a period of 28 days. A blank containing cellulose, water and
clean sand is also prepared in conjunction with the test jars. The proportions
used in the protocol were derived empirically from previous tests conducted by
these researchers, previous studies and knowledge of earthworms’ natural habitat.
Earthworms thrive in moisture contents between 30–45% and at a pH ranging
from 5 to 9. For the evaluation of effluents, some pH adjustment (ideally using
NaOH) to achieve an amenable pH may be required.

Post-Exposure Period At the conclusion of the exposure period, worms are
removed from each jar, carefully washed, dried and counted. Observations, such
as motility, light sensitivity and physical qualities (e.g. discolouration), are docu-
mented to provide some indication of toxic responses. Following this, the worms
are depurated (i.e. ‘starved’) for a period of 24 h to void contents of the intestinal
tract and subsequently re-washed and re-weighed. Both worms and jar contents
are analysed for ‘total metals’ to determine bioaccumulation following worm
digestion.
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Worm Digestion and Analysis Following post-depuration washing and drying,
worms are placed in 250 ml, acid-washed Erlenmeyer flasks and digested in 20 ml
of 0.7 M nitric acid. After a 24-h period, the solution is slowly reduced to 10 ml
at low heat. Distilled water is then added up to a volume of 120 ml. Samples are
split into 60 ml volumes, poured into acid-washed polyethylene containers and
promptly refrigerated. One of the two samples is kept as a ‘back-up’ and the
other submitted for full-metal analysis (e.g. by ICP–MS).

4.4.2 Chemical-Extraction Methods to Estimate Bioavailability
of Metals by Earthworms

Previous work [23] has indicated that the use of single/sequential extraction meth-
ods give data, which although not perfect, produce an improved approach for
evaluating soil metal toxicity when compared to total metal concentrations. One
approach that has been used is the use of DTPA extraction.

SAQ 4.4

What is the chemical name of DTPA?

As discussed previously (Section 4.2), DTPA provides a single extraction
approach that is widely used to assess metal mobility in soils. DTPA is capable
of releasing metals that are soluble, exchangeable, adsorbed, organically bound
and possibly some that are fixed to oxides [24].

Dai et al. [25] investigated the link between heavy metal accumulation (Cd,
Cu, Pb and Zn) by two earthworm species (Aporrectodea caliginosa and Lumbri-
cus rubellus) and its relationship to total and DTPA-extractable metals in soils.
Soil samples were acquired from a site that had been historically contaminated
with heavy metals. Soil samples and worms were collected from the six different
locations across the site known to have increasing levels of metal contamination.
The total metal and DTPA-extracted metal data are shown in Figure 4.17.

DQ 4.11

Comment on the results shown in this figure.

Answer

The amount of metal in the DTPA extracts, compared to total metal,
never exceeded 49% for Cd, 33–34% for Zn and Pb, and 22% for Cu.
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Figure 4.17 Total and DTPA-extracted metals from six sampling sites [25].

In contrast, the metal content of the earthworms on the different sites ranged
from 11.6 to 102.9 mg kg−1 for Cd, 17.9 to 35.9 mg kg−1 for Cu, 1.9 to 182.8 mg
kg−1 for Pb and 556 to 3381 mg kg−1 for Zn in Aporrectodea caliginosa , while
in Lumbricus rubellus the concentrations were 7.7 to 26.3 mg kg−1 for Cd, 16.0

Table 4.8 Bioconcentration of heavy metals in earthworms (Lumbricus rubellus and
Aporrectodea caliginosa) and their correlations with total metal and DTPA-extracted metal
contents in soil samples [25]

Metal Content Lumbricus rubellus Aporrectodea caliginosa

Correlation
coefficient, r

Probability, P Correlation
coefficient, r

Probability, P

Cd Total 0.36 0.15 0.49 0.04
DTPA-extracted 0.35 0.16 0.48 0.05

Cu Total 0.44 0.07 0.42 0.08
DTPA-extracted 0.54 0.02 0.42 0.09

Pb Total 0.62 0.007 0.47 0.05
DTPA-extracted 0.73 0.0005 0.57 0.01

Zn Total 0.59 0.01 0.74 0.0004
DTPA-extracted 0.62 0.006 0.76 0.0003
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to 37.6 mg kg−1 for Cu, 0.5 to 37.9 mg kg−1 for Pb and 667.9 to 2645 mg kg−1

for Zn.
Statistical analysis, using linear correlations, between the metal concentrations

in the earthworms and the total metal and DTPA-extracted metal contents of
soil showed significant correlations (Table 4.8). Exemptions to this were the data
for Cd in Lumbricus rubellus and Cu in Aporrectodea caliginosa (indicated by
italics in the table). The authors indicated that DTPA-extracted metals may be a
preferable predictor of the bioconcentrations of heavy metals in earthworms.

Alternative approaches [26, 27] have evaluated the use of a weak electrolyte,
i.e. 0.1 M Ca(NO3)2, as an indicator of metal (Cd, Pb and Zn) bioavailability in
soil and compared the data to lethal toxicity in the earthworm E. fetida. They
concluded that Ca(NO3)2 showed promise as a precise and inexpensive approach
to assess metal bioavailability in soil.

It is clear that while significant research has been devoted to establishing
and correlating links between metal availability in soil, using single/sequential
extraction approaches and the bioavailability of metal uptake by earthworms,
more work is required.

4.5 Plant Uptake

Uptake by plants from soil is being investigated from a number of viewpoints,
which include phytoremediation [28] and bioavailability:

• Phytoremediation

– Phytoextraction or phytoaccumulation. Use of plants to accumulate contam-
inants into the roots and above ground shoots or leaves.

– Phytodegradation or phytotransformation. Refers to the uptake of contam-
inants that are then transformed to more stable, less-toxic or less-mobile
species (more likely to occur for organic pollutants, although Cr(VI) can be
reduced to Cr(III) which is less mobile and non-carcinogenic).

– Phytostabilization. Use of plants to lessen mobility and bioavailability of
metals in contaminated soil by, for example, stabilizing the soil surface by
root structure and/or vegetation cover.

– Rhizodegradation. Breakdown of contaminants through activity in the rhi-
zosphere (roots).

– Rhizofiltration. A water-remediation technique involving uptake of contam-
inants by plant roots.
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• Bioavailability

– Plant bioassays. Establishment of relationships between metal plant uptake
and either chemical-extraction approaches or uptake by earthworms.

While phytoremediation is outside the scope of this present book, the princi-
ples involved in plant uptake by metals are similar. A number of recent articles
highlight research that is being undertaken on the uptake of metals by plants for
phytoremediation purposes. A summary of these is given in Table 4.9.

The use of plants as bioassays is an important measure of bioavailability for
metals (and persistent organic pollutants).

DQ 4.12

Can you think of two important aspects of this type of research?

Answer

The two aspects of this research are as follows:

• Analysis of plant tissue to assess whether levels of contamination
within the soil are at elevated or potentially toxic levels.

• Determination of the growth and vigour of plants on contaminated
soil. If the plant grows, then it is possible to conclude that the level
of contamination is not at a phytotoxic concentration.

Both bioassays are used to assess the bioavailability of contaminants to plants and
also to animals that consume the plants. In addition, these approaches provide an
estimate of the bioavailability of contaminants to other organisms, providing that
a correlation can be established between plant and animal uptake, e.g. earthworms
studies (see Section 4.4). A number of recent articles highlight research that is
being undertaken on the uptake of metals by plants for bioavailability purposes.
A summary is given in Table 4.9.

4.6 Certified Reference Materials

A Certified Reference Material (CRM) is a substance for which one or more
analytes (metals or POPs) have certified values, produced by a technically valid
procedure, accompanied with a traceable certificate and issued by a certifying
body.
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DQ 4.13

Are you aware of any of these certifying bodies?

Answer

Common examples of certifying bodies are the National Institute for
Standards and Technology (NIST), based in Washington, DC, USA, the
Community Bureau of Reference (known as BCR), Brussels, Belgium
and the Laboratory of the Government Chemist (LGC), London, UK.

CRMs (or Standard Reference Materials (SRMs)) can be either pure materials
or matrix materials. Pure materials are used for the calibration of instruments,
whereas matrix materials are used for the validation of a whole method from
sample preparation through to the final measurement. It is the latter which is of
interest in this section.

SAQ 4.5

Look at the Standard Reference Material (SRM) certificate shown in Figure 4.18
and comment on (a) the recording of numerical values and (b) the importance of
the information given in footnote 2.

The relatively small number of CRMs [44] for the three-step BCR method and
single extraction methods are shown in Table 4.10. Included within the table are
data for the metals (and phosphorus) with certified values, an indication of the
concentration range and the nature of the matrix. In addition to these CRMs for
extractable metals using the approaches described in Sections 4.3.1. and 4.3.2,
other CRMs are available that outline the acid (i.e. aqua regia and nitric acid)-
extractable metals from soil and sediment matrices. Extraction with hot aqua
regia is often described as providing metal recoveries that are referred to as the
‘pseudo-total’ (Table 4.11).

Summary

The different sample preparation techniques applied to the single and sequen-
tial extraction of metals from soils and sediments are described. In addition,
the use of bioassays, in the form of earthworms and plants, for assessing metal
bioavailability is reviewed. Finally, the role of Certified Reference Materials
in the single and sequential extraction of metals from soils and sediments is
considered.
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National Institude of Science and Technology
Certificate of Analysis

Standard Reference Material 1515
Apple Leaves

Certified Concentrations of Constituent Elements1

Element

Calcium
Magnesium
Nitrogen (total)
Phosphorus
Potassium

Concentration (wt%)

1.526 ± 0.015
0.271 ± 0.008
2.25 ± 0.19
0.159 ± 0.011
1.61 ± 0.02

Element

Aluminium
Arsenic
Barium
Boron
Cadmium

Concentration (µg g−1)2

286 ± 9
0.038 ± 0.007
49 ± 2
27 ± 2
0.013 ± 0.002

Chlorine
Copper
Iron
Lead
Manganese

579 ± 23
5.64 ± 0.24
83 ± 5
0.470 ± 0.024
54 ± 3

Element

Mercury
Molybdenum
Nickel
Rubidium
Selenium

Concentration (µg g−1)2

0.044 ± 0.004
0.094 ± 0.013
0.91 ± 0.12
10.2 ± 1.5
0.050 ± 0.009

Sodium
Strontium

Zinc

24.4 ± 12
25 ± 2
0.26 ± 0.03Vanadium
12.5 ± 0.3

1The certified concentrations are equally weighted means of results from two or more
different analytical methods or the means of results from a single method of known
high accuracy.

2The values are based on dry weights. Samples of this SRM must be dried before
weighing and analysis by, for example, drying in a desiccator at room temperature
(ca. 22°C) for 120 h over fresh anhydrous magnesium perchlorate. The sample
depth should not exceed 1 cm.

Figure 4.18 An example of a certificate of analysis for elements in apple leaves [45].
Reprinted from Certificate of Analysis, Standard Reference Material 1515, Apple Leaves,
National Institute of Standards and Technology. Not copyrightable in the United States.
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Chapter 5

Methods Used to Assess
Bioavailability of Persistent
Organic Pollutants

Learning Objectives

• To appreciate the role that non-exhaustive extraction techniques have in the
study of persistent organic pollutant bioavailability.

• To be aware of the use and procedures associated with a range of selec-
tive extraction methods for persistent organic pollutant bioavailability stud-
ies, including cyclodextrin, supercritical fluid extraction, sub-critical water
extraction, solid-phase microextraction and membrane separations.

• To consider a mathematical approach for predicting solvent strength based
on the Hildebrand solubility parameter.

• To appreciate the role that bioassays have in the study of persistent organic
pollutant bioavailability.

• To be aware of the use and procedures associated with the use of earthworms
for assessing persistent organic pollutant bioavailability.

• To be aware of the use and procedures associated with the use of plants for
assessing persistent organic pollutant bioavailability.

5.1 Introduction
The recovery of the total amount of persistent organic pollutants (POPs) from
environmental samples is important as an indication of the level of contamination.

Bioavailability, Bioaccessibility and Mobility of Environmental Contaminants John R. Dean
  2007 John Wiley & Sons, L td. ISBN: 978-0-470-02577-2
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However, while these total values can be used as predictors of environmental
risk, they do not necessarily reflect the bioavailable fraction. Current techniques
to recover POPs from environmental samples are often aggressive and designed
to maximize recoveries.

SAQ 5.1

What techniques to recover POPs from environmental samples are you aware of?

An approach to assess the bioavailability of an analyte is to determine the
amount recovered after aggressive sample preparation and to use this value as
a measure of environmental toxicity. This approach will almost certainly lead
to an ‘over-approximation’ of the environmental risk. In the case of POPs, this
situation is more complex.

DQ 5.1

Why do you think that the situation with POPs may be more complex?

Answer

This is because the fate of POPs in the environment may be controlled by
their susceptibility to chemical or biological degradation, as well as the
possibility of retention by the soil matrix, i.e. they become ‘sequestered’.

In the case of sequestration, this may be an effective solution for remediation
as POPs that are sequestered are by definition inaccessible to micro-organisms,
plants and animals. Therefore, sequestered POPs are not bioavailable and provide
minimal environmental risk.

This chapter considers less aggressive sample preparation procedures which
can lead to an understanding of the potential bioavailable fraction. In these
approaches, it is normal to therefore expect that the recovered component will
have a lower concentration than that obtained via the ‘aggressive’ procedures
mentioned above which are designed to maximize recoveries. In this context, it
is therefore important to use analytical techniques that are capable of detecting
the lowest concentrations, so that the recovered components can be detected and
quantified (see Chapter 3).

5.2 Non-Exhaustive Extraction Techniques for POPs

Non-exhaustive extraction techniques are often based on the use of organic
solvents to selectively remove weakly bound POPs from solid matrices. This
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Table 5.1 The properties of some common organic solvents [1]

Solvent Structure Boiling point
(◦C)

Dielectric
constant (at 20◦C)

Acetone O

C
H3C CH3

56.1 20.7a

Acetonitrile H3C–C≡N 81.6 37.5
Carbon tetrachloride CCl4 76.8 2.238
Dichloromethane CH2Cl2 39.8 9.08

Ethyl acetate

H3C C OCH2CH3

O 77.1 6.02a

Hexane CH3(CH2)4CH3 68.7 1.890
Heptane CH3(CH2)5CH3 98.4 1.92
Methanol CH3–OH 64.6 32.63a

Toluene CH3
110.6 2.379a

a At 25◦C.

approach can be applied to any extraction technique which is used for the recov-
ery of POPs from solid matrices. The important aspect is the choice of organic
solvent to afford this selectivity. Table 5.1 shows the properties of some common
solvents [1].

SAQ 5.2

How can organic solvents be classified?

The commonly accepted ‘rule of thumb’ is that polar organic compounds will
dissolve in polar solvents.

DQ 5.2

On this basis, therefore, what would you expect to use to dissolve a
non-polar organic compound?

Answer

A non-polar organic compound should therefore dissolve in a non-polar
organic solvent, e.g. heptane.
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In this current context, it is therefore important to assess how different organic
solvents respond when used to recover POPs from environmental matrices. This
section explores the role that the solvent has in the recovery of POPs from soil
matrices (in the context of bioavailability studies) and the possibilities that exist
to select the most appropriate solvent.

5.2.1 Selective or ‘Mild-Solvent’ Extraction
The sorption of organic pollutants to soils and sediments is considered to entail
an initial rapid and reversible process, followed by a slow sorption process lasting
for weeks, months or years (Figure 5.1). In this context, the initial sorption would
be referred to as the ‘bioavailable’ fraction whereas the final process identifies
the situation whereby the pollutants were resistant to desorption (the ‘immobile’
fraction). This resistance to recovery is often described as the ‘aging’ process. One
approach to assess and identify the bioavailable fraction is to use ‘mild’ organic
solvents to remove organic pollutants from soil. In this context, butan-1-ol has
been extensively used as a mild organic solvent to recover organic pollutants from
soils that have been aged (see for example, Hatzinger and Alexander [2], Kelsey
et al. [3], Liste and Alexander [4] and Macleod and Semple [5]). Often this work
has been linked to an assessment of the uptake of pollutants by earthworms (see
Section 5.3) or bacterial degradation.

0

20

40

60

80

100

0 10 20 30 40 50

Time (arbitrary units)

R
ec

ov
er

y 
(%

)

Slow sorption
(‘immobile fraction’) 

Initial rapid and reversible
(‘bioavailable fraction’)

Figure 5.1 Sorption of an organic pollutant on soil.
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The influence of aging (up to 84 days) on the recovery of 14C-labelled phenan-
threne† (and 4-nitrophenol) was reported by Hatzinger and Alexander [2]. They
looked at the influence of three different soils (soil A, 19.3% organic matter
and pH 6.9; soil B, 4.0% organic matter and pH 7.2; soil C, 2.3% organic
matter and pH 7.4) on the recovery of phenanthrene by butan-1-ol. Extraction
with this solvent consisted of mixing the soil (5 or 10 g) for 2 min with 20
or 25 ml of solvent, filtration and then measurement of 14C-labelled phenan-
threne in the supernatant by liquid scintillation counting. The results are shown
in Table 5.2.

DQ 5.3

What do you observe about the results shown in Table 5.2?

Answer

It can be observed that soil A (highest soil organic matter) had the most
significant effect on butan-1-ol recovery with aging, i.e. between 13
and 84 days the recovery of phenanthrene decreased to approximately

Table 5.2 Recovery of phenanthrene from soil by butan-1-ol after aging [2]

Soil
identifier

Aging
(days)

Amount extracted (%)a

Butan-1-ol Soxhletb Total

Soil A 0 94.5 ± 3.9 9.0 ± 1.7 103.5 ± 3.6
13 67.0 ± 7.2 24.8 ± 5.5 91.8 ± 1.8
27 63.8 ± 6.2 24.5 ± 4.1 88.2 ± 2.2
84 61.2 ± 5.5 25.9 ± 2.8 87.1 ± 3.7

Soil B 0 98.6 ± 1.8 6.1 ± 1.3 104.7 ± 3.1
13 96.0 ± 3.5c 11.3 ± 0.3c 107.3 ± 3.8c

27 88.8 ± 0.1c 10.7 ± 0.1c 99.5 ± 0.3c

84 87.4 ± 3.1 12.7 ± 3.3 100.1 ± 1.3

Soil C 0 98.2 ± 0.9 4.2 ± 0.9 102.5 ± 1.1
13 79.5 ± 2.1 22.0 ± 2.1 101.5 ± 0.6
27 82.8 ± 9.0 20.4 ± 6.9 103.2 ± 3.1
84 96.2 ± 4.5 5.2 ± 2.3 101.4 ± 2.8

a Mean ± standard deviation (SD) (n = 3).
b Mean ± standard deviation (SD) (n = 2).
c For 8 h using dichloromethane.

† The use of 14C-labelled compounds, and subsequent measurement by liquid scintillation counting, allows an
activity mass balance to be carried out, thus ensuring that all of the labelled compound can be accounted for.
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60–70%. The effects were not as pronounced on soils B and C (i.e.
80–90% recovery after aging).

This approach was expanded to investigate a range of organic solvents to pre-
dict the bioavailability of phenanthrene (and atrazine) from soil [3] (Figure 5.2).
The results were assessed alongside data for uptake (or bioaccumulation) by
earthworms (Eisenia foetida) and bacterial mineralization (degradation of phenan-
threne by the bacteria and subsequent evolution of labelled CO2) by Pseudomonas
strain R, for phenanthrene. The procedures for earthworms (Figure 5.3) and bac-
terial mineralization (Figure 5.4) studies are described. In the case of the former
(Figure 5.3), the earthworms were added after defined aging periods had occurred,
while in the case of the latter (Figure 5.4), 14CO2 evolution to reflect bacterial
mineralization by the Pseudomonas bacteria was measured after known time-
periods had elapsed. The results are shown in Table 5.3 for the recovery of
phenanthrene from aged soil over 7, 50 and 120 days.

10 g of air-dried spiked soil placed in 50 ml Teflon
centrifuge tubes

25.0 ml of solvent added

Either (for agitation) tubes were shaken for 2 h at
 21 ± 2ºC on a reciprocating shaker or gently mixed by

inverting the tubes (for no agitation)

Centrifuged at 7600 g for 10 min. Then, either the supernatant
(1.0 ml) was removed and a scintillation cocktail (19.0 ml) added

or  for vigorous extractions involving a sequence of solvents,
the supernatant was replaced with dichloromethane (DCM) 

at 39ºC and shaken on a reciprocating shaker for 72 h.
Then, centrifuged at 7600 g for 10 m. Supernatant (1.0 ml)

was then added to the scintillation cocktail (19.0 ml)

Solution analysed for 14C-radioactivity

Figure 5.2 Procedure adopted in the ‘mild-solvent’ extraction method used by Kelsey
et al. [3].
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Soil samples (10 g of air-dried soil) spiked and placed in
50 ml screw-capped culture tubes

Six earthworms (Eisenia foetida) added to each tube and
covered with Al foil containing five small holes for aeration

Tubes placed in a moist chamber in the dark at 21 ± 
2°C. After 8 days, worms transferred to tubes

containing sterile, ‘unamended’ soil

Worms removed after 24h, frozen with liquid
nitrogen and ground with a mortar and pestle

Worm tissue placed in 50 ml Teflon centrifuge tubes and
25 ml dichoromethane (DCM) added

Tubes shaken for 24 h at 21 ± 2ºC and
centrifuged. 1.0 ml of the supernatant mixed with 19.0 ml

of liquid scintillation cocktail

Solution analysed for 14C-radioactivity

Figure 5.3 Procedure adopted in the earthworm uptake studies used by Kelsey et al. [3].

DQ 5.4

What do you observe about the results shown in Table 5.3?

Answer

It is noted that all of the solvents recovered smaller quantities with
respect to the aging process. Sequential (vigorous) extraction with n-
butanol, followed by dichloromethane, produced quantitative recovery
at 120 days, as well as from the freshly spiked soil. Results determined
by HPLC indicated the presence of phenanthrene as the radioactive
component throughout the experiment. It was noted that the uptake by
earthworms most closely resembled the data obtained when using n-
butanol ‘without agitation’, whereas bacterial mineralization most closely
resembled the n-butanol data, ‘with agitation’. Overall, the data indicate
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Soil samples (10 g of air-dried sterile soil) inoculated with
‘107 cells’ (per g of soil) of the bacteria and placed in 50 ml

screw-capped culture tubes

Tubes fitted with a 'Teflon tape-wrapped' silicon stopper with an
18-guage needle and a cannula inserted through each stopper

2.0 ml glass vial attached to the other end of the
cannula. This vial contained 1.0 ml of 0.5 N NaOH which

trapped 14CO2 released in mineralization

NaOH was removed periodically and mixed with 5.0 ml
of scintillation cocktail. The NaOH that was removed

was replaced with fresh alkali

Solution analysed for 14C-radioactivity

Figure 5.4 Procedure adopted in the bacterial mineralization studies, employing the Pseu-
domonas strain R for 14C-labelled phenanthrene, used by Hatzinger and Alexander [2]
and Kelsey et al. [3].

Table 5.3 Influence of solvent type on the recovery of phenanthrene from aged soils:
comparison with earthworm uptake and bacterial mineralization studios [3]

Extraction solvent Bioavailable
or extractable

content at
‘day-0’ (%)a

Bioavailable
or extractable
content relative

to ‘day-0’ value (%)

7 daysb 50 daysb 120 days

n-Butanol 83.3 85.7 67.5 61.5
n-Butanol (no agitation) 62.1 62.9 45.2 19.5
Acetonitrile–water (1:1) 64.2 90.5 67.3 71.0
Ethanol–water (35:65) 7.99 78.1 73.3 58.9
Ethanol–water (1:1) 12.6 80.9 72.9 70.5
Ethanol–water (3:2) 29.5 85.5 72.8 66.4
Methanol–water (45:55) at 40◦C 12.2 86.8 84.4 57.9
Methanol–water (45:55) 5.6 75.7 78.7 60.7
Methanol–water (1:1) 11.5 77.0 70.2 63.7
n-Butanol followed by dichloromethane 108 ND ND 94.4

Bioassay
Earthworm uptake 8.7 65.7 56.5 29.6
Mineralization 23.0 80.4 64.3 60.0
a Amount available to test organism or that which was extracted.
b ND, not determined.
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that a procedure to predict bioavailability based on selective, ‘mild-
solvent’ extraction using butan-1-ol is feasible.

DQ 5.5

What is the disadvantage of liquid scintillation counting?

Answer
The disadvantage of this approach is that it is the radioactive label which
is being identified and not the specific-labelled compound.

5.2.1.1 An Approach Based on the Hildebrand Solubility Parameter
An advanced approach to select organic solvents that may act as ‘strong’ solvents
and ‘weak’ solvents has been evaluated. This approach is based on the Hilde-
brand (total) solubility parameter (δt) [6]. The Hildebrand solubility parameter is
a measure of the internal energy of cohesion in the solvent/analyte and can be
represented as follows:

δt = (�Ev/V )1/2 (5.1)

where δt is the total Hildebrand solubility parameter, �Ev is the energy of vapor-
ization at a given temperature and V is the molar volume of the molecule.

This approach can be expanded to include contributions from interactions com-
monly found in matter, i.e. polarity, dispersion and hydrogen-bonding ability.
These properties can be linked to the total Hildebrand solubility parameter as
follows:

δ2
t = δ2

p + δ2
d + δ2

h (5.2)

After calculating the values of the individual parameters for POPs and solvents,
these can be plotted. Use of this approach allows solvents to be selected which
are either effective (for total POP recovery) or selective (for determining the
potential ‘bioavailable’ fraction) from soil matrices.

Calculation of Solvent/POP Parameters Thermodynamic data are available in
the scientific literature to enable calculation of the individual parameters [7] of the
total solubility parameter (Table 5.4). The approach [8] involves selecting data to
determine each group’s contribution to polarity, dispersion and hydrogen bond-
ing (i.e. Fp, Fd and Uh, respectively). Then, by considering the structure of each
solvent/POP under investigation, it is possible to determine the group contribu-
tions. This is demonstrated for a solvent, i.e. methanol, and a POP, i.e. 4,4′-DDT,
based on their chemical structures (Figure 5.5). In the case of methanol, this is
carried out as follows. The chemical formula of methanol consists of one methyl
group and one hydroxyl group. By using the data in Table 5.4, it is possible
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Table 5.4 Selected fractional parameters for dispersion, polarity and hydrogen bond-
ing [7]

Molecular
fragment

Fractional
parameter for

dispersion,
Fd (kJ)

Fractional
parameter for
polarity, Fp

(kJ)

Fractional
parameter for

hydrogen
bonding, Fh (J)

Molar volume,
V

(cm3 mol−1)

–CH3 420 0 0 33.5
–CH2 270 0 0 16.1
>CH– 80 0 0 −1
>C< −70 0 0 −19.2
=CH2 400 0 0 28.5
=CH– 200 0 0 13.5
=C< 70 0 0 −5.5
Ph 0 0 0 71.4
Ph– 1430 110 0 52.4
–Ph– 1270 110 0 33.4
–F 220 0 0 18
–Cl 450 550 400 24
–Br 550 0 0 30
–CN 430 1100 2500 24
–OH 210 500 20 000 10
–O– 100 400 3000 3.8
–CO– 290 770 2000 10.8
–COO– 390 490 7000 18
–NH2 280 0 8400 19.2
–NH– 160 210 3100 4.5
–N< 20 800 5000 −9

1 plane of symmetry — 0.5× — —
2 planes of symmetry — 0.25× — —
More planes of symmetry — 0× — —

to identify values for the CH3 and OH groups and their contributions to dis-
persion (Fd), polarity (Fp), hydrogen bonding (Uh) and molar volume (V ). By
summing the values, it is possible to determine the ‘individual group contribu-
tions’ (Fd, Fp and Uh) and the molar volume (V ) (see Table 5.5). The same
approach can be applied to a POP, in this case 4,4′-DDT. By using the structure
for this POP shown in Figure 5.5, it is possible to identify the key chemical frag-
ments (Table 5.4) to calculate the ‘individual group contributions’ (Table 5.5).
Once the latter contributions have been calculated, the values are inserted into
the following equations (5.3–5.6) to determine the hydrogen-bonding ability,
δh, the dispersion-coefficient contribution, δd, and the polarity contribution, δp
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CH3-OH

(a)
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CI CI

CI
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C
H

Figure 5.5 Molecular structures of (a) 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane
(4,4′-DDT), and (b) methanol.

Table 5.5 Individual group contributions for methanol and 4,4′-DDT

Compound Group Group
contribution to
dispersion, Fd

(J1/2 cm3/2

Group
contribution
to polarity,
Fp (J1/2 cm2

Group
contribution to

hydrogen
bonding, Uh

Molar
volume,

V

(cm3

mol−1) mol−1) (J mol−1) mol−1)

Methanol CH3 420 0 0 33.5
OH 210 500 20 000 10.0

Total 630 500 20 000 43.5

4, 4′ − DDT 2 × –Ph– 2540 48 400 0 104.8
2 × Cl–CH= 900 1 210 000 800 48

3 × Cl 1350 2 722 500 1200 72
1 × CH 80 0 0 −1.0
>C< −70 0 0 −19.2

Total 4800 3 980 900 2000 204.6

(Figures 5.6 and 5.7 for methanol and 4,4′-DDT, respectively):

δd = (�Fd)/V (5.3)

δp = (�Fp)/V ‡ (5.4)

δp = (�Fp
2)1/2/V (5.5)

δh = ((�Uh)/V )1/2 (5.6)

The total Hildebrand solubility parameter, δt, can be calculated by using
equation (5.2). A summary of the calculated values for hydrogen-bonding ability,

‡ For molecules with more than one polar group present, then equation (5.5) must be used instead of equation
(5.4), to take into account the interactions between the polar groups.
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(a) Calculation of the dispersion coefficient, δd, for methanol

• Equation (5.3) δd =
(∑

Fd
)

V

• Total Fd (Table 5.5) 630 J1/2 cm3/2 mol−1

• Divide by V (Table 5.5)
630
43.5

J1/2 cm3/2

cm3

= 14.48 J1/2 cm−3/2

= 14.48 (J cm−3)1/2

= 14.48 (MPa)1/2

(b) Calculation of the polarity contribution, δp, for methanol

• Equation (5.4) δp =
(∑

Fp
)

V

• Total δp (Table 5.5) 500 J1/2 cm2 mol−1

• Divide by V (Table 5.5)
500
43.5

J1/2 cm2

cm3

= 11.49 J1/2 cm−3/2

= 11.49 (J cm−3)1/2

= 11.49 (MPa)1/2

(c) Calculation of the hydrogen-bonding contribution, δh, for methanol

• Equation (5.6) δh =
(∑

Uh
)1/2

V

• Total δh (Table 5.5) 20 000 J1/2 mol−1

• Divide by V (Table 5.5)
20 000
43.5

J1/2

cm3

• Take square root = 459.77 J1/2 cm−3/2

= 21.44 (J cm−3)1/2

= 21.44 (MPa)1/2

Figure 5.6 An approach adopted for the calculation of the dispersion coefficient, polarity
contribution and hydrogen-bonding ability of methanol.

δh, the dispersion-coefficient contribution, δd, and the polarity contribution, δp,
together with the total Hildebrand solubility parameter, δt, for a range of solvents
and POPs is shown in Table 5.6.

SAQ 5.3

Calculate the total Hildebrand solubility parameter, δt for the solvents acetonitrile
and dichloromethane by using equation (5.2) and the data shown in Table 5.6.
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(a) Calculation of the dispersion coefficient, δd, for 4,4′-DDT

• Equation (5.3) δd =
(∑

Fd
)

V

• Total Fd (Table 5.5) 4800 J1/2 cm3/2 mol−1

• Divide by V (Table 5.5)
4800
204.6

J1/2 cm3/2

cm3

= 23.46 J1/2 cm−3/2

= 23.46 (J cm−3)1/2

= 23.46 (MPa)1/2

(b) Calculation of the polarity contribution, δp, for 4,4′-DDT

• Equation (5.5) δp =
(∑

Fp
)1/2

V

• Square each group contribution 48 400 J1/2 cm3/2 mol−1

1 210 000 J1/2 cm3/2 mol−1

2 722 500 J1/2 cm3/2 mol−1

• Add up squared contributions 3 980 900 J cm3 mol−2

• Take square root 1995 J1/2 cm3/2 mol−1

• Divide by V (Table 5.5)
1995
204.6

J1/2cm3/2

cm3

= 9.75 J1/2 cm−3/2

= 9.75 (J cm−3)1/2

= 9.75 (MPa)1/2

(c) Calculation of the hydrogen-bonding contribution, δh, for 4,4′-DDT

• Equation (5.6) δh =
(∑

Uh
)1/2

V

• Total δh (Table 5.5) 2000 J1/2 mol−1

• Divide by V (Table 5.5)
2000
204.6

J1/2

cm3

= 9.75 J1/2 cm−3/2

• Take square root = 3.13 (J cm−3)1/2

= 3.13 (MPa)1/2

Figure 5.7 An approach adopted for the calculation of the dispersion coefficient, polarity
contribution and hydrogen-bonding ability of 4,4′-DDT.

SAQ 5.4

Calculate the total Hildebrand solubility parameter, δt for the persistent organic
pollutants, lindane and hexachlorobenzene, by using equation (5.2) and the data
shown in Table 5.6.
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Table 5.6 Summary of selected total hildebrand solubility parameters and their individual
components for solvents and POPs

Material Dispersion
coefficient, δd

(MPa1/2)

Polarity,
δp

(MPa1/2)

Hydrogen
bonding, δh

(MPa1/2)

Total
Hildebrand
solubility

parameter, δt

(MPa1/2)

Solvents

Methanol 14.5 11.5 21.4 28.3
Toluene 17.6 1.1 0 17.6
Acetonitrile 14.8 19.1 6.6 See SAQ 5.3
Acetone 14.5 9.9 5.1 18.3
Dichloromethane 18.3 8.6 3.5 See SAQ 5.3
Isohexane 14.3 0 0 14.3
Heptane 14.9 0 0 14.9
Acetonitrile:dichloromethane

(1:1) (vol/vol)
16.5 13.9 5.1 22.2

POPs

4,4′-DDT 23.5 9.8 3.1 25.6
4,4′-DDD 21.6 7.8 2.8 23.1
4,4′-DDE 25.0 8.3 2.9 26.5
PCP 35.1 26.3 14.4 46.2
Lindane 21.0 16.8 3.5 See SAQ 5.4
Endosulfan 24.5 17.6 7.5 31.1
Endrin 24.4 14.3 4.8 28.7
2-Chlorophenol 28.6 13.8 17.4 33.5
Naphthalene 27.3 2.1 0 27.4
Nitrobenzene 22.9 12.7 4.2 23.3
Hexachlorobenzene 23.3 18.6 3.7 See SAQ 5.4
2,4-Dichlorophenol 26.0 13.3 15.1 32.9
Fluorene 33.9 2.4 0 34.0
Fluoranthene 38.0 3.0 0 38.1

Note: For solvent mixtures, the following approach should be used to
calculate the individual parameters. For example, the polarity contribution, δp,
for a 1:1 (vol/vol) ratio of acetonitrile and dichloromethane is calculated as
follows: δp = (0.5δp(acetonitrile) + 0.5δp(dichloromethane)), whereas for a 1:2
(vol/vol) ratio of acetonitrile and dichloromethane it is calculated as follows:
δp = (0.33δp(acetonitrile) + 0.67δp(dichloromethane)). Similarly, the dispersion
coefficient contribution, δd, and the hydrogen-bonding ability, δh, can be
calculated.
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Figure 5.8 Solvent predictions for phenols in CRM401-225 (DCM, dichloromethane) [9].

SAQ 5.5

Calculate the dispersion coefficient for a 1:4 (vol/vol) ratio of acetonitrile and
dichloromethane.

Visualization of the Calculated Parameters Visualization of the hydrogen bond-
ing ability, δh, the dispersion-coefficient contribution, δd, and the polarity contri-
bution, δp, can be carried out by normalizing them with respect to the total
Hildebrand solubility parameter, using equations (5.7–5.9), and then plotting
them on a triangular graph (see, for example, Figure 5.8):

(δd
2/δt

2) × 100 = Frd (5.7)

(δp
2/δt

2) × 100 = Frp (5.8)

(δh
2/δt

2) × 100 = Frh (5.9)

Case Study 1: Sequential Extraction of POPs from a Certified
Reference Material, CRM401-225†

This approach to assess the sequential extraction of POPs from Certified Refer-
ence Materials was carried out by using pressurized fluid extraction. Extraction

† See Scott and Dean [9].
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conditions were fixed at a temperature of 100◦C and a pressure of 2000 psi
(1 psi = 6894.76 Pa), with an extraction time of 10 min (i.e. 5 min for temper-
ature equilibration and 5 min for static extraction). Only one static flush cycle
was used. The extraction cell was then flushed with fresh solvent and N2. The
total extraction time was approximately 13 min per sample. Each extract was
then transferred to a 25.0 ml volumetric flask, an internal standard (50 µl of pen-
tachloronitrobenzene) was added and each flask ‘filled to the mark’ with solvent.

Analysis was carried out by using a GC–MS system (HP G1800A GCD,
Hewlett Packard, Palo Alto, CA, USA) operated in the single-ion monitoring
mode with a splitless injection volume of 1 µl. The column was a DB-5ms
(purchased from Sigma-Aldrich Company Ltd, Gillingham, Dorset, UK) with the
following dimensions: length 30 m × 0.25 mm internal diameter × 0.25 µm film
thickness. For all analyses, the injection port temperature was set at 250◦C and
the detector temperature was set at 280◦C. Selected standards for the analytes
were run daily to assess analytical performance. The temperature programme
used for separation of the phenols was as follows: initial temperature 90◦C for
2 min and then to 230◦C at 7◦C min−1. Separation of all of the target phenols
was achieved in approximately 22 min.

In this case study, solvent selection was applied for the sequential extraction of
three POPs, i.e. pentachlorophenol, total cresol and 2,4,6-trichlorophenol, from
a soil Certified Reference Material (CRM401-225).

DQ 5.6

Using the Hildebrand solubility parameter approach (Figure 5.8), which
types of solvents would you class heptane and acetonitrile as for recover-
ing pentachlorophenol, total cresol and 2,4,6-trichlorophenol from soil?

Answer

Using this approach, heptane would be classed as a weak solvent for
extracting these POPs whereas acetonitrile would be a strong solvent.

In order to demonstrate this approach, separate sub-samples of the CRM were
extracted by using pressurized fluid extraction, as described above, using heptane.
It was found that the predicted weak solvent, i.e. heptane, was able to recover
approximately 70% of the phenols (Figure 5.9). The same sample was left in
the extraction cell and re-extracted using a stronger solvent, i.e. acetonitrile. The
latter was able to recover an additional approximate 30% of phenols from the soil.

DQ 5.7

Comment on the results shown in Figure 5.9, considering, in particular,
whether results are in agreement with the certificate values and total
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Figure 5.9 Sequential extraction of (a) pentachlorophenol, (b) total cresol and
(c) 2,4,6-trichlorophenol from CRM401-225. Recoveries for heptane and acetonitrile are
quoted on the basis of the mean ± standard deviation (SD) for n = 5. The certificate
(reference) values are also quoted on the basis of the mean ± standard deviation (SD) [9].

recoveries using weak and strong solvents for pentachlorophenol, total
cresol and 2,4,6-trichlorophenol from soil.

Answer

In the case of pentachlorophenol (Figure 5.9(a)), the total recovery by
both solvents (137 mg kg−1) was in agreement with the certificate value
but slightly lower than that obtained by acetonitrile only (Table 5.7).
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Table 5.7 Recovery of POPs from Certified Reference Materials [9]

Recovery
process

Certified
Reference
Material

Compound Certificate value
± SD

(mg kg−1)

Mean recovery
± SD

(mg kg−1)a

Extraction of phenols
using acetonitrile

CRM401-225 Cresol (total) 2657.8 ± 889.3 1815.6 ± 82.46

2,4,6-Trichlorophenol 58.7 ± 19.4 40.93 ± 5.12
Pentachlorophenol 117.1 ± 41.7 150.6 ± 8.44

Extraction of
pesticides using
acetone

CRM805-050 Lindane 10.6 ± 4.85 9.34 ± 0.64

Endosulfan I 6.9 ± 3.79 5.97 ± 0.6
p,p′- DDE 18.6 ± 9.10 12.02 ± 1.41
Endrin 12.97 ± 7.51 13.33 ± 0.46
p,p′-DDD 19.45 ± 8.64 20.40 ± 1.42

a For n = 5.

For cresol (total) (Figure 5.9(b)), the total recovery by both solvents
(2474 mg kg−1) was in agreement with the certificate value but exceeded
the recovery obtained by acetonitrile only (Table 5.7). For 2,4,6-
trichlorophenol (Figure 5.9(c)), the total recovery by both solvents
(34.5 mg kg−1) was lower than the certificate value but in agreement
with the recovery obtained by acetonitrile only (Table 5.7).

Case Study 2: Sequential Extraction of POPs from a Certified
Reference Material, CRM805-050‡

This approach to assess the sequential extraction of POPs from certified refer-
ence materials was carried out by using pressurized fluid extraction employing
the same approach as described in Case Study 1. Analysis was achieved by using
GC-MS (details described in Case Study 1), with the following temperature pro-
gramme: initial temperature 120◦C for 2 min and then to 250◦C at 4◦C min−1.
Separation of all of the target pesticides was achieved in approximately 34 min.

In this case study, a range of pesticides were sequentially extracted from a soil
Certified Reference Material (CRM805-050).

SAQ 5.6

Using the Hildebrand solubility parameter approach (Figure 5.10), which types of
solvents would you class toluene and acetone as for recovering lindane, endosul-
fan I, p,p′-DDE, endrin and p,p′-DDD from soil?

‡ See Scott and Dean [9].
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Figure 5.10 Solvent predictions for CRM805-050 (DCM, dichloromethane) [9].

The results, shown in Figure 5.11, indicate that exhaustive extraction with a
weak solvent liberated approximately 70% of the POPs, with total recovery being
achieved when the sample was then extracted with the strong solvent.

SAQ 5.7

Comment on the results shown in Figure 5.11, considering, in particular, whether
results are in agreement with the certificate values and total recoveries using weak
and strong solvents for lindane, endosulfan I, p,p′-DDE, endrin and p,p′-DDD from
soil.

Using these case studies, it has been shown that it is possible (a) to predict
weak and strong solvents using the Hildebrand solubility parameter approach,
and (b) fractionate POPs using selective solvent extraction. Labelling of the
fractions as ‘bioavailable fraction’ and ‘immobile fraction’ is unproven and fur-
ther work is required to investigate the relationship between the fractionation
of POPs from soil and their uptake by micro-organisms, plants and animals.
In addition, the approach described does not take into account the interac-
tions that the POPs will have with the soil matrix and the possible degradation
products that may arise due to microbial breakdown on POPs in the soil envi-
ronment.
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5.2.2 Cyclodextrin Extraction
Cyclodextrins have been used to predict PAH bioavailability in contaminated
samples.
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Figure 5.11 Sequential extraction of (a) lindane, (b) endosulfan 1, (c) p, p′-DDE,
(d) endrin, and (f) p,p′-DDD from CRM805-050. Recoveries for toluene and acetone
are quoted on the basis of the mean ± standard deviation (SD) for n = 5. The certificate
(reference) values are also quoted on the basis of the mean ± standard deviation (SD) [9].
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Figure 5.11 (continued ).

DQ 5.8

What are cyclodextrins?

Answer

Essentially, cyclodextrins are cyclic oligiosaccharides with a hydrophilic
shell and a toroidal-shaped, apolar (hydrophobic) cavity (Figure 5.12).

Their importance in bioavailability studies is that they can form water-soluble
inclusion complexes with hydrophobic organic molecules, i.e. mobile polycyclic
(polynuclear) aromatic hydrocarbons (PAHs) present in soil can be encapsulated
by the cyclodextrin macromolecule, thus forming an inclusion complex. It is
therefore a good assumption that organic compounds which are strongly bound
or sequestered in the soil are not in the soil-pore water and hence cannot be
extracted by using cyclodextrin. This approach is valid, provided that the shape
and size of the organic compounds under investigation are compatible with the
cyclodextrin cavity. Table 5.8 indicates the size of the cyclodextrin cavity for
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Figure 5.12 Molecular structures of β-cyclodextrin (R=H) and hydroxyl β-cyclodextrin
(HPCD) (R=CH2CH(OH)CH3).

Table 5.8 Cyclodextrin and PAH compatibility data

Compound Size
(width–length)(nm)

Reference

α-Cyclodextrin 0.57–0.78 Szejtli [10]
β-Cyclodextrin 0.78–0.78 Szejtli [10]
γ-Cyclodextrin 0.95–0.78 Szejtli [10]

Naphthalene 0.5–0.71 Wang and Brusseau [11]
Phenanthrene 0.58–0.78 Wang and Brusseau [11]
Anthracene 0.5–0.92 Wang and Brusseau [11]
Fluoranthene 0.71–0.92 Wang and Brusseau [11]
Pyrene 0.71–0.89 Wang and Brusseau [11]

α-cyclodextrin (which comprises six D-glucose units) and β-cyclodextrin (which
comprises seven D-glucose units).

DQ 5.9

How many D-glucose units would you expect to find in γ-cyclodextrin?
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Answer

γ-Cyclodextrin comprises eight D-glucose units.

Table 5.8 also shows the sizes of various PAHs. Based on this information, it
is reasonable to assume that naphthalene and anthracene will form 1:1 inclusion
complexes with β-cyclodextrin, while pyrene, acenaphthene, phenanthrene and
fluoranthene form 1:2 complexes with β-cyclodextrin [11]. In reality, the most
popular form of cyclodextrin that has been used is hydroxypropyl-β-cyclodextrin
(HPCD) (Figure 5.12). A procedure for the extraction of 14C-radiochemically
labelled PAHs is shown in Figure 5.13 [12, 13].

Recent data have looked at the dependency of soil properties on the recovery
of 14C-labelled phenanthrene§ from aged soils with different properties [13]. The
soil properties are shown in Table 5.9, indicating differences in clay content (soils
A and B versus soil C), sand content (soil A versus soils B and C), silt content
(all three soils), loss on ignition (soils A and B versus soil C) and pH (soils A
and B versus soil C). Data for the recovery of 14C-labelled phenanthrene from
the soil are shown in Table 5.10. It is readily seen, at ‘day 1’, that the recovery
of phenanthrene is unaffected by soils A and B (low clay content), whereas
approximately 50% loss of phenanthrene had occurred from soil C (20% clay

1.5 g of air-dried soil placed in 35 ml Teflon centrifuge
tubes

25.0 ml of HPCD solution (60 mmol l−1) added

Tubes shaken for 20 h on a flat-bed rotary shaker
at a speed of 100 rpm

Centrifuged at 5000 g. Supernatant (6.0 ml) removed and
added to scintillation cocktail (14.0 ml)

Solution analysed for 14C-radioactivity

Figure 5.13 Procedure adopted in the extraction of 14C-radiochemically labelled PAHs
using hydroxypropyl-β-cyclodextrin (HPCD) [12, 13].

§ The use of 14C-labelled compounds, and subsequent measurement by liquid scintillation counting, allows an
activity mass balance to be carried out, ensuring that all of the labelled compound can be accounted for. The
disadvantage of this approach is that it is the radioactive label which is being identified and not the specifically
labelled compound.
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Table 5.9 Soil properties for phenanthrene recovery using HPCD [13]

Soil
identifier

Clay (%) Sand (%) Silt (%) pH Loss on
ignition (%)

Texture

Soil A 2 88 10 7.1 2.4 Sandy loam
Soil B 9 47 44 7.2 3.1 Sandy silt loam
Soil C 20 53 27 4.7 39.7 Loamy peat

Table 5.10 Recovery of 14C-phenanthrene from aged soils [13]

Soil
aging

Soil Aa Soil Ba Soil Ca

HPCD
recovery

(%)

BuOH
recovery

(%)b

HPCD
recovery

(%)

BuOH
recovery

(%)b

HPCD
recovery

(%)

BuOH
recovery

(%)b

1 day 97.9 ± 8.1 90.4 ± 8.2 100 ± 9.2 84.9 ± 7.5 53.8 ± 17.8 69.3 ± 16.6
40 days 11.0 ± 2.2 9.6 ± 2.3 10.4 ± 4.2 17.6 ± 7.3 40.3 ± 5.3 47.6 ± 5.0
80 days 12.5 ± 14.0 6.5 ± 1.1 9.5 ± 4.1 18.6 ± 4.6 10.9 ± 6.1 10.7 ± 1.4

a Mean values ± 95% confidence intervals.
b Data reported at trap, i.e. extraction time required to extract the rapidly desorbing fraction. Experimental values varied between 49.7
and 50.5 s for soil A, 19.8 and 52.2 s for soil B and 22.9 and 48.4 s for soil C.

content). After 40 days of aging, phenanthrene is poorly recovered from soils A
and B (ca. 10%), while for soil C ca. 40% is recoverable. Similar findings are
reported for soils A and B at 80 days of aging, while a corresponding loss of
recovery is also noted for soil C (ca. 10% recovered). The data were compared
to that obtained when using butan-1-ol (see Section 5.2.1). It was concluded that
while some correlation exists between the two approaches, further work was
required to assess compound bioavailability.

5.2.3 Supercritical-Fluid Extraction
Supercritical-fluid extraction (SFE) relies on the diversity of properties exhibited
by the supercritical fluid to (selectively) extract analytes from solid, ‘semi-solid’
or liquid matrices.

DQ 5.10

What are the important properties of a supercritical fluid?

Answer

The important properties offered by a supercritical fluid for extraction
are (a) good solvating power, (b) high diffusivity and low viscosity, and
(c) minimal surface tension.
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Figure 5.14 shows a phase diagram for a pure substance which identifies the
regions where the substance occurs, as a consequence of temperature or pressure,
as a single phase, i.e. solid, liquid or gas. The divisions between these regions are
bounded by curves indicating the co-existence of three phases, namely solid–gas
corresponding to sublimation, solid–liquid corresponding to melting and liq-
uid–gas corresponding to vaporization. The three curves intersect at the triple
point where the three phases co-exist in equilibrium. At the critical point, desig-
nated by both a critical temperature and a critical pressure, no liquefaction will
take place on raising the pressure and no gas will be formed on increasing the tem-
perature. It is this specific region, which is, by definition, the supercritical region.
Table 5.11 shows the critical temperatures and pressures of a range of substances
which are suitable for SFE. The most common supercritical fluid is CO2.

Liquid
Supercritical
fluid

Solid

Gas

CP

P
re

ss
ur

e

Temperature

Figure 5.14 Phase diagram for a pure substance (CP, critical point) [41]. From Dean,
J. R., Extraction Methods for Environmental Analysis, Copyright 1998.  John Wiley &
Sons, Limited. Reproduced with permission.

Table 5.11 Critical properties of some selected substances [14]

Substance Critical temperature
(◦C)

Critical pressure

atm psi

Ammonia 132.4 115.0 1646.2
Carbon dioxide 31.1 74.8 1070.4
Chlorodifluoromethane 96.3 50.3 720.8
Ethane 32.4 49.5 707.8
Methanol 240.1 82.0 1173.4
Nitrous oxide 36.6 73.4 1050.1
Water 374.4 224.1 3208.2
Xenon 16.7 59.2 847.0
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DQ 5.11

Does carbon dioxide have a permanent dipole moment?

Answer

Carbon dioxide has no permanent dipole moment.

As a consequence of this lack of a permanent dipole moment, CO2 has no
polarity. However, by addition of a polar organic solvent (or modifier), it is
possible to increase the flexibility of the system.

The basic components of an SFE system (Figure 5.15) are a supply of high-
purity carbon dioxide, a supply of high-purity organic modifier, two pumps,
an oven for the extraction vessel, a pressure outlet or restrictor and a suitable
collection vessel for quantitative recovery of extracted analytes.

SFE has been applied as a selective technique to investigate the desorption of
organic pollutants including polychlorinated biphenyls (PCBs) [15, 16] and poly-
cyclic (polynuclear) aromatic hydrocarbons (PAHs) [17] from a range of envi-
ronmental matrices. Initial work using supercritical CO2 from 40 to 150◦C [15]
developed a sequential extraction process for PCBs that was able to define
four stages of the extraction process. These stages were (1) rapidly desorbing,
(2) moderately desorbing, (3) slowly desorbing and (4) very slowly desorbing,
corresponding to extraction conditions of 120 bar at 40◦C, 400 bar at 40◦C, 400

CO2

Modifier

Pump

Oven

BPR

BPR controller

Collection
Extraction
cell

Pump

Coolant

Figure 5.15 Schematic diagram of the basic components of a supercritical fluid extraction
system (BPR, back-pressure regulator (restrictor)) [41]. From Dean, J. R., Extraction
Methods for Environmental Analysis, Copyright 1998.  John Wiley & Sons, Limited.
Reproduced with permission.
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bar at 100◦C and 400 bar at 150◦C, respectively (extraction for 1 h at each stage).
Initially, however, the individual PCB congeners were extracted from Certified
Reference Materials for total recovery using SFE (400 bar at 150◦C for 1 h).
Table 5.12 demonstrates the compliance with certified values for the recovery of
PCB congeners. The distribution of PCB congeners following selective SFE is
shown in Table 5.13.

Table 5.12 Recovery of PCB congeners from environmental Certified Reference Materi-
als using supercritical CO2 (400 bar at 150◦C for 1 h) [15]

CRMa PCB
congener

Concentration
determined (ng g−1)b

Certificate value (ng g−1)

CRM536 28 46.8 (2.6) 44.4 ± 6.3
52 34.5 (0.9) 38.4 ± 7.1

101 37.9 (2.4) 43.7 ± 6.2c

118 25.7 (2.6) 27.6 ± 4.0
138 31.6 (2.5) 26.8 ± 3.9
149 43.4 (1.9) 48.8 ± 5.9
153 45.7 (1.9) 50.3 ± 5.7
170 10.9 (1.5) 13.4 ± 1.5
180 18.9 (5.3) 22.4 ± 3.6

SRM1944 28 69.5 (5.5) 75.8 ± 2.2
52 52.2 (6.0) 78.9 ± 1.7

101 44.0 (4.5) 73.3 ± 1.5
105 18.7 (2.8) 22.4 ± 0.8
118 41.8 (3.7) 57.6 ± 1.3
138 38.8 (3.2) 59.7 ± 1.5
149 36.2 (4.4) 49.1 ± 1.7
153 44.2 (4.9) 73.5 ± 1.5

CRM481 52 1670 (2.3) 2900 ± 440c

101 27 200 (2.9) 37 000 ± 4800
118 7310 (1.7) 9400 ± 1100
138 71 100 (2.3) 92 000 ± 14000c

149 72 200 (1.7) 97 000 ± 9700
153 107 000 (2.6) 137 000 ± 12000
180 99 100 (1.5) 124 000 ± 11000

SRM1939 52 2970 (3.3) 4320 ± 130
101 448 (2.5) NAd

138 216 (1.8) 258 ± 7
149 349 (2.9) 427 ± 17
153 228 (3.5) 297 ± 19

a CRM536, harbour sediment; SRM1944, marine sediment; CRM481, industrial soil; SRM1939, river sediment.
b Relative standard deviation (RSD) values (%) shown in parentheses.
c Indicative value only.
d NA, not available.
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Table 5.13 Distribution of PCB congenersa after selective SFE from environmental Cer-
tified Reference Materialsb [15]

Time (min)
Fraction
SFE
conditions

0–60
Fast

120 bar at
40◦C

60–120
Moderate
400 bar at

40◦C

120–180
Slow

400 bar at
100◦C

180–240
Very slow
400 bar at

150◦C

CRM536 46–70 7–26 15–19 5–10
SRM1944 72–89 3–10 4–16 3–7
CRM481 68–81 5–18 8–11 5–7
SRM1939 43–48 10–14 24–30 13–17
a Values expressed as percentage content (range) in each fraction.
b CRM536, harbour sediment; SRM1944, marine sediment; CRM481, industrial soil; SRM1939, river sediment.

DQ 5.12

Where are the highest recoveries obtained?

Answer

In all cases, the highest recoveries were obtained in stage (1), i.e. the
PCB congeners were rapidly desorbed from their matrices.

The highest levels of very slowly desorbing (stage (4)) PCB congeners were
found in CRM1939 (river sediment). This approach was then applied to estimate
the fraction of PCB that is bioavailable to a benthic organism (chironomid larvae)
in a naturally contaminated sediment [16]. Selective SFE at 120 bar and 40◦C
for 1 h was first applied to remove the PCBs from contaminated sediment. Then,
chironomid larvae were added to separate samples of the contaminated sedi-
ment and pre-extracted sediment. The larvae were harvested after 2.5 months
and extracted using SFE (355 bar at 100◦C for 0.5 h). The results (Figure 5.16)
for total PCB recovery indicate that the process of selective SFE on the original
contaminated sediment (‘treated’) had removed a fraction of the available PCBs
compared to the uptake by biota from the ‘untreated’ sediment. The authors [16]
concluded that selective SFE (120 bar at 40◦C for 1 h) was capable of remov-
ing bioavailable PCB congeners from contaminated sediment; furthermore, that
selective SFE provides an alternative approach to assess bioavailability based on
a chemical assay.

This approach (selective SFE) has also been compared to data obtained in
field trials as part of a bioremediation study to assess the recovery of PAHs [17].
In this study, soil samples from a manufacturing gas plant were subjected to
bioremediation over a 12 month period. Bioremediation involved ‘feeding’ the
soil with nutrients and water as well as tilling frequently to enable aeration of
the soil. Figure 5.17 indicates the amount of PAHs recovered after one year’s
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Figure 5.17 Comparison of polycyclic (polynuclear) aromatic hydrocarbon (PAH) recov-
ery after bioremediation for one year with that estimated using selective supercritical-fluid
extraction (performed under ‘fast’ (120 bar at 50◦C for 1 h) conditions) [17]. Data dis-
played represent the mean values ± standard deviations (SDs) (n = 4 for bioremediation
and SFE and n = 3 for untreated samples).

bioremediation compared to that recovered using selective SFE (‘fast fraction’
only, i.e. 120 bar at 50◦C for 1 h). Concentration data values for the original
untreated soil obtained after Soxhlet extraction for 18 h (n = 3) are included for
comparison. It is noted (Figure 5.17) that a good correlation exists between the
fast fraction obtained by selective SFE and the data reported for bioremediation
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after 1 year. The authors indicate that selective (or mild) SFE may provide a rapid
and useful approach to assess the bioavailability of PAHs on contaminated soil.

5.2.4 Other Approaches
5.2.4.1 Sub-Critical Water Extraction (SWE)

A very similar approach to that described in Section 5.2.3 is to replace the CO2

and use water as the extraction solvent. This approach involves varying the
pressure and temperature of water to affect its polarity [18]. However, no specific
data have been reported indicating its application to bioavailability studies.

5.2.4.2 Solid-Phase Microextraction (SPME)

In SPME, a fused-silica fibre coated with a stationary phase is exposed to the
sample in its matrix (see also Chapter 3, Section 3.2.2). A typical stationary phase
is polydimethylsiloxane although others are available (Table 5.14). The small size
and cylindrical geometry allow the fibre to be incorporated into a syringe-type
device (Figure 5.18). This allows the SPME device to be used for either GC or
HPLC.

DQ 5.13

How can SPME be used for GC?

Answer

In GC, the SPME fibre simply replaces the syringe used to introduce
samples into the hot injection port (where desorption of analytes takes
place).

Table 5.14 Some commercially available SPME fibre coatings [14].
From Dean, J. R., Methods for Environmental Trace Analysis, ANTS
Series. Copyright 2003.  John Wiley & Sons, Limited. Reproduced
with permission

7 µm polydimethylsiloxane (bonded)
30 µm polydimethylsiloxane (non-bonded)

100 µm polydimethylsiloxane (non-bonded)
85 µm polyacrylate (partially cross-linked)
60 µm polydimethylsiloxane/divinylbenzene (partially cross-linked)
65 µm polydimethylsiloxane/divinylbenzene (partially cross-linked)
75 µm polydimethylsiloxane/Carboxen (partially cross-linked)
65 µm Carbowax/divinylbenzene (partially cross-linked)
50 µm Carbowax/Template resin (partially cross-linked)
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Plunger

Barrel

‘Z-slot’

Hub-viewing window

Septum-piercing needle

Fibre-attachment tubing

Fused-silica fibre

Figure 5.18 Schematic diagram of a solid-phase microextraction device. Reprinted with
permission from Zhang, Z., Yang, M. and Pawliszyn, J., Anal. Chem., 66, 844A–853A
(1994). Copyright (1994) American Chemical Society.

In HPLC, a modified injection manifold is required so that the mobile phase
can be used to desorb the analytes. As can be seen in Figure 5.18, the fused-silica
fibre (approximately 1 cm) is connected to a stainless-steel tube for mechanical
strength. This assembly is mounted within the syringe barrel for protection when
not in use. In operation, the SPME fibre is exposed to the sample (e.g. soil-pore
water solution) for a pre-specified time. After a suitable time-duration, the fibre is
withdrawn back into its protective syringe barrel and withdrawn from the sample
and analysed. The potential of this approach to assess the ‘unbound’ fraction of
POPs in soil pore waters is undeniable.

5.2.4.3 Membrane Separations

Semi-permeable membrane devices (SPMDs) are made from non-porous polyeth-
ylene tubing coated with a ‘lipid’ layer, e.g. triolein. This then allows contam-
inants in water to diffuse into the lipid coating according to the compounds’
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partition coefficients. This approach allows chemical exposure to be assessed
directly.

DQ 5.14

What do you think is the major limitation of this type of device?

Answer

The major limitation of such devices is the dependence on partitioning
alone to simulate a biological response.

5.3 Earthworm Studies
Another approach to assess the bioavailability of chemicals in soil is to use
earthworms. For a full description of the types of earthworms and protocols, see
Chapter 4, Section 4.4.

The use of earthworms to assess the bioavailability of POPs in soil requires
the development of suitable extraction technology. Mooibroek et al. [19] com-
pared a variety of extraction techniques for the determination of PAHs in earth-
worms. In their study, they compared a liquid-extraction technique based on
light petroleum (LP) and microwave-assisted extraction (MAE) with a previ-
ously validated method [20] developed to extract total lipids in biological samples
using non-chlorinated solvents. The three extraction methods are summarized in
Table 5.15. Extracts were then ‘cleaned-up’ by using gel-permeation chromatog-
raphy, followed by quantitation using reversed-phase liquid chromatography with
fluorescence detection. The results are shown in Figure 5.19.

DQ 5.15

Comment on the standard deviations obtained for each PAH in Figure 5.19.

Answer

It is noted, in all cases, that the standard deviations for each PAH are
high.

This is not surprising considering the type of biological sample used and
the concentration level. The authors performed a statistical evaluation of the
data and concluded that the ‘light-petroleum method’ gave similar results to that
incurred by the standard method [20]. In the case of MAE, lower concentrations
were determined for the less-volatile PAHs, namely dibenzo[ah]anthracene and
benzo[ghi]perylene. In terms of lipid extraction, the ‘light-petroleum’, MAE and
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Table 5.15 Comparison of extraction methods for the recovery of PAHs from earth-
worms [19]a

Step ‘Light-petroleum’
method

MAE ‘Smedes’ method [20]

1 30 s with high-speed
homogenizer with
20 ml light
petroleum

10 min MAE with
10 ml isopropyl
alcohol plus 10 ml
cyclohexane

2 min with high-speed
homogenizer with
9 ml isopropyl
alcohol plus 10 ml
cyclohexane

2 Extract over Na2SO4

into Kuderna–
Danish apparatusb

Extract over Na2SO4

into Kuderna–
Danish apparatusb

Addition of 10 ml
water, followed by
1 min high-speed
homogenization

3 30 s with high-speed
homogenizer with
20 ml light
petroleum

Evaporation of
solvent

Centrifuge for 3 min

4 Evaporation of
collected solvents
to 1 ml volume

Re-dissolve in 2 ml of
light petroleum

Pipette organic layer
over Na2SO4 into
Kuderna–Danish
apparatusb

5 — — Addition of 10 ml
isopropyl alco-
hol/cyclohexane,
followed by 1 min
high-speed
homogenization

6 — — Centrifuge for 3 min
7 — — Pipette organic layer

over Na2SO4 into
Kuderna–Danish
apparatusb

8 — — Evaporation of
collected solvents

9 — — Re-dissolve in 2 ml of
light petroleum

a All using 1 g of earthworm samples.
b See Dean [14].

‘Smedes’ [20] methods gave 0.86 ± 0.12%, 1.93 ± 0.25% and 1.14 ± 0.58%,
respectively. This indicates that while similar quantities were recovered by the
‘light-petroleum method’ and the reference method [20], a significantly greater
quantity was recovered by MAE.
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Figure 5.19 Comparison of extraction methods for the recovery of PAHs from earth-
worms using reversed-phase high performance liquid chromatography–flame ionization
detection (RPHPLC–FID) (n = 15 for each method; error bars are based on one standard
deviation (SD)) [19].

5.3.1 Chemical-Extraction Methods Used to Estimate the
Bioavailability of POPs by Earthworms

Approaches to assess the bioavailability of POPs in soil using non-exhaustive
extraction employing organic solvents have been discussed above (Section 5.2).
However, most approaches that were considered lacked any testing of correla-
tions with bioassays, e.g. earthworms. This section proposes to review some of
the work carried out in identifying whether links exist between the uptake by
earthworms of POPs and their non-exhaustive extraction from soils.

Tang et al. [21] evaluated the use of solid-phase extraction (SPE) with C18
membrane discs and liquid-phase extraction with an ‘aqueous-based’ solution of
tetrahydrofuran (THF) for estimating the bioavailability to earthworms of DDT,
DDD and DDE in soil. The concentration of DDT and its metabolites in soil
(unaged and aged) are shown in Table 5.16, while the percentage uptake of these
compounds by the earthworm, Eisenia foetida, are also displayed in this table.

5.3.1.1 Solid-Phase Extraction

To a 1 g soil sample was added 50 ml of deionized water and a conditioned SPE
disc. After a suitable duration of shaking, the discs were removed and rinsed with
water to remove soil particulates. The SPE discs were then dried on paper towels
and transferred to 20 ml vials. Compounds were eluted by using 5 or 10 ml of
hexane.
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5.3.1.2 Solvent Extraction

To a 1 g soil sample was added 20 ml of a 25% aqueous solution of THF. Sam-
ples were then shaken for 24 h on a reciprocating shaker. The sample was next
centrifuged at 15 000 g for 20 min. Compounds were recovered by using a C18
extraction membrane which resulted in the extract being prepared in 5 or 10 ml
of hexane.

Statistical analysis of the data using linear regression analysis indicated that
the SPE approach gave data that were ‘well-correlated’ with earthworm uptake.

SAQ 5.8

What is the form of the equation for linear regression analysis?

The correlation coefficients were 0.967, 0.984 and 0.940 for DDT, DDE and
DDD, respectively. The corresponding equations for the regression lines were
y = 10.69x − 1.01, y = 6.54x + 1.59 and y = 10.81x + 1.13. Similarly, for the
solvent-extraction approach, using an aqueous solution of THF, the data were
‘well-correlated’ with earthworm uptake. The correlation coefficients were 0.918,
0.973 and 0.831 for DDT, DDE and DDD, respectively. The corresponding
equations for the regression lines were y = 2.77x − 0.16, y = 2.20x + 1.72 and
y = 2.11x + 2.42. Both approaches therefore demonstrate promise as chemical-
extraction methods for predicting the bioavailability of DDT and its metabolites.
The same workers [22] also evaluated the uptake of DDT and its metabolites
(as well as dieldrin) by the earthworm Eisenia foetida from a site that had been
treated with DDT 49 years previously. As well as measuring the uptake of the
compounds by earthworms, they also investigated the use of solid-phase extrac-
tion with Tenax TA (a porous polymer based on 2,6-diphenyl-p-phenylene oxide).
The results, however, were not as good as those reported previously using C18
SPE membrane discs [21].

Using the same approaches of solid-phase extraction (SPE) with C18 mem-
brane discs and liquid-phase extraction with either an aqueous-based solution
of tetrahydrofuran (THF) or 95% ethanol, Tang et al. [23] also estimated the
bioavailability to the earthworm Eisena fetida of polycyclic (polynuclear) aro-
matic hydrocarbons (PAHs). Studies were conducted with four PAHs, namely
anthracene, chrysene, pyrene and benzo(a)pyrene, from five different soils and
with pyrene only from six different soils. Bioavailability was assessed by uptake
by the earthworms. These authors [23] found that the uptake by earthworms
of the PAH mixtures when correlated with THF extraction were highly cor-
related (R2 > 0.85);¶ slightly inferior correlations were noted when the PAHs

¶ R is known as the correlation coefficient and provides a measure of the quality of calibration. In fact, R2 (the
coefficient of determination) is often used because it is more sensitive to ‘changes’. This varies between −1 and
+1, with values very close to −1 and +1 pointing to a very tight ‘fit’ of the corresponding calibration curve.
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were extracted by C18 membrane discs (R2 > 0.77). Correlations (R2) for the
‘pyrene-only’ work were 0.71 and 0.82 for THF extraction and C18 membrane
discs, respectively. Data for extraction with ethanol were variable.

Other workers have, for instance, evaluated the effectiveness of different
solvent-extraction systems to assess the bioavailability of POPs. For example, Yu
et al. [24] evaluated six different solvent systems for predicting the bioavailability
of butachlor and myclobutanil from soil by using the earthworms, Eisenia foetida
and Allolobophera caliginosa. Extractions were carried out by using the following
solvent systems: methanol, methanol–water (9:1 (vol/vol)), methanol–water (1:1
(vol/vol)), acetone–water (5:3 (vol/vol)), petroleum ether (60–90◦C) and water.
Soil samples (10 g) were extracted with 50 ml of solvent(s) by shaking on a
reciprocating shaker for 2 h at 20 ± 2◦C. Extracts were then filtered prior to
concentration. In addition, and by way of comparison, soil samples (10 g) were
‘Soxhlet-extracted’ with methanol for 24 h and then concentrated. The results for
the recovery of butachlor from soil using different solvent systems are shown in
Figure 5.20.

DQ 5.16

What effect does aging have on the recovery of butachlor?
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Figure 5.20 Recovery of butachlor from soil (n = 3) after aging and with dif-
ferent solvent systems [24].
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Answer

It is noted that aging hinders the recovery of butachlor.

Maximum recoveries were obtained by using Soxhlet-extraction. Similar results
were obtained for myclobutanil. Earthworms were exposed to soil samples after
suitable aging (0, 7, 14, 30 and 60 days). Earthworms (ten mature in the case
of E. foetida and three mature for A. caliginosa) were introduced onto the sur-
face of the soil. After 7 days exposure, the earthworms were removed from the
soil and kept for 24 h on moistened filter paper to allow ‘purging’ of the gut
contents. Earthworms were then frozen prior to Soxhlet-extraction. The earth-
worms samples (2.0–2.5 g) were ground with 10 g of anhydrous sodium sulfate
and sequentially extracted with 80 ml of dichloromethane and 80 ml of ethyl
acetate for 12 h, respectively. Extracts were then concentrated and ‘cleaned-
up’ by using deactivated aluminium oxide prior to analysis by GC. The results
for butachlor are shown in Figure 5.21 (similar results were also obtained for
myclobutanil).

DQ 5.17

What effect does the uptake by earthworms have on the recovery of
butachlor from aged soils?
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Figure 5.21 Recovery of butachlor from earthworm tissues after soil aging
(n = 3; error bars represent one standard deviation (SD) [24].
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Answer

It is noted that the uptake of butachlor by earthworms decreased with
soil aging.

Statistical analysis of the data by using linear regression analysis indicated
excellent correlation between the earthworm uptake of butachlor and extrac-
tion with water. The equation for E. foetida was y = 8.477x + 1.113 (R2 =
0.99, p = 0.0001), while for A. caliginosa the equation was y = 4.931x + 0.661
(R2 = 0.97, p = 0.002). Similarly, for myclobutanil the data were as follows for
E. foetida: y = 9.257x + 1.165 (R2 = 0.96, p = 0.004), while for A. caliginosa
the equation was y = 7.125x + 1.045 (R2 = 0.96, p = 0.004). Good correla-
tion was also obtained for the other solvent systems used when compared to
uptake by the earthworms, with R2 values ranging from 0.91 to 0.99. These
workers indicated that the use of the solvent systems studied showed promise as
chemical-extraction methods for predicting bioavailability.

5.4 Plant Uptake

A recent review has highlighted the procedures required for the preparation
of plant material for subsequent analysis by chromatography [25]. The sample
preparation stages were identified as follows (not all are required for a given
plant analysis):

• Pre-washing

• Drying plant material or freeze-drying

• Grinding

• Digestion

• Isolation and pre-concentration

• Decanting and centrifuging

• Drying the extract

• Solvent evaporation

• Extract ‘clean-up’.

The crucial step of sample preparation was identified as selective ‘isolation’
and enrichment. The major extraction techniques (see also Chapter 3, Section 3.2)
used for plant samples are:
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• Conventional liquid extraction

• Soxhlet extraction

• Sonication

• Accelerated solvent extraction

• Supercritical fluid extraction.

For an introduction to uptake by plants of contaminants, including phytore-
mediation and bioavailability studies, see Chapter 4, Section 4.5. The uptake
of non-ionic organic chemicals by plants has recently been reviewed [26]. In
this review, the authors identify the major pathways for plant uptake as fol-
lows:

• Passive and active uptake from soil into plant roots. POP uptake has largely
been identified as a passive, diffusive process by plant roots from either the
vapour or water phases of soil.

• Transport from the root to the shoot. The major transport route through a
plant is the xylem. However, for POPs taken up into the roots to reach the
xylem requires them to cross a number of boundaries, including the epider-
mis, cortex, endodermis and pericycle. In the endodermis, all POPs must pass
through at least one cell membrane. The key to the transport of POPs from the
roots to the shoots lies in their solubilities in the water and lipid phases (cell
membrane). It is, therefore, common to find that models to predict the transport
of POPs within plants use the octanol–water partition coefficient (Kow). This
partition coefficient is used to assess the solubility of a POP in either water or
octanol.

DQ 5.18

What is the octanol in the octanol–water partition coefficient mimicking?

Answer

The octanol phase is mimicking the lipid component of, for example,
the cell membrane.

• Transfer from soil to ‘soil water’ and ‘soil air’. POPs are sorbed onto
the organic component of the soil. Therefore, to assess the transfer of POPs
requires the use of another partition distribution coefficient, Kd. This coeffi-
cient is defined as the amount of POP distributed between the soil and soil
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water. Kd can be defined in terms of the soil organic carbon content as follows:
Kd = Koc × foc, where Koc is the organic carbon-to-water partition coefficient
and foc is the fraction of organic carbon. The most widely used link between
Koc and Kow is the Karickhoff equation [27], of which the general form for
all compound classes is as follows:

log Koc = (0.989 × log Kow) − 0.346foc (5.10)

Any increase in foc therefore reduces the total amount of POP absorbed by
the plant and the optimum Kow for plant uptake.

• Gaseous uptake from air. POPs can volatilize from soil into the air and then
diffuse into plant leaves via the cuticle or stomata (main entry route for volatile
organic compounds).

• Particulate deposition to plant surfaces. POPs present in soil can become
airborne and then re-deposited onto plant foliage via wet (e.g. rain, dew) or
dry (e.g. wind) deposition.

• Influence of plant composition on uptake. The main aspect of plants that
governs this uptake pathway is believed to be their lipid content.

In addition, other potentially significant processes include the following:

• Plant metabolism. POPs can become metabolized within a plant, thereby
reducing their concentrations. Important aspects of this process are:

– Transport (as described above)

– Transformation reactions that include oxidation

– Conjugation with, for example, glutathione

– Sequestration into, for example, the cell wall.

• Photolytic degradation on plant surfaces. The direct influence of sunlight
acting on POPs present on leaves.

• Volatilization from foliage to air. Loss of POPs from leaves. Process likely to
be important for POPs with high water solubilities and high vapour pressures.

• Growth dilution. As the plant grows, the overall concentration of POP will
reduce.

A number of recent articles highlight research that is being undertaken on the
uptake of POPs by plants. A summary is given in Table 5.17.
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Summary

The different sample preparation techniques for non-exhaustive extraction
(cyclodextrin, supercritical fluid extraction, sub-critical water extraction, solid-
phase microextraction and membrane separations) of persistent organic pollutants
from soils and sediments are described. In addition, a mathematical approach to
predict weak and strong solvents, based on the Hildebrand solubility parameter,
is proposed. The use of bioassays, in the form of earthworms and plants, for
assessing persistent organic pollutant bioavailability is reviewed.

References

1. Lide, D. R. (Ed.), CRC Handbook of Chemistry and Physics, 73rd Edition, CRC Press, Boca
Raton, FL, USA, 1992–1993.

2. Hatzinger, P. B. and Alexander, M., Environ. Sci. Technol., 29, 537–545 (1995).
3. Kelsey, J. W., Kottler B. D. and Alexander, M., Environ. Sci. Technol., 31, 214–217 (1997).
4. Liste, H.-H. and Alexander, M., Chemosphere, 46, 1011–1017 (2002).
5. Macleod, C. J. A. and Semple, K. T., Soil Biol. Biochem., 35, 1443–1450 (2003).
6. Barton, A. F. M., The Handbook of Solubility Parameters and other Cohesion Parameters, CRC

Press, Boca Raton, FL, USA, 1983.
7. van Krevelen, D. W. and Hoftzyer, P. J., Properties of Polymers: Their Estimation and Corre-

lation with Chemical Structure, Elsevier, Amsterdam, The Netherlands, 1976.
8. Fitzpatrick, L. J. and Dean, J. R., Anal. Chem., 74, 74–79 (2002).
9. Scott, W. C. and Dean, J. R., J. Environ. Monit., 5, 724–731 (2003).

10. Szejtli, J., Chem. Rev., 98, 1743–1753 (1998).
11. Wang, X. and Brusseau, M.L., Environ. Sci. Technol., 29, 2346–2351 (1995).
12. Reid, B. J., Stokes, J. D., Jones, K. C. and Semple, K. T., Environ. Sci. Technol., 34, 3174–3179

(2000).
13. Swindell, A. L. and Reid, B. J., Chemosphere, 62, 1126–1134 (2006).
14. Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series, John Wiley & Sons, Ltd,

Chichester, UK, 2003.
15. Bjorklund, E., Bowadt, S., Mathiasson, L. and Hawthorne, S. B., Environ. Sci. Technol., 33,

2193–2203 (1999).
16. Nilsson, T., Sporring, S. and Bjorklund, E., Chemosphere, 53, 1049–1052 (2003).
17. Hawthorne, S. B. and Grabanski, C. B., Environ. Sci. Technol., 34, 4103–4110 (2000).
18. Hawthorne, S. B., Trembley, S., Moniot, C. L., Grabanski, C. B. and Miller, D. J., J. Chro-

matogr., A, 886, 237–244 (2000).
19. Mooibroek, D., Hoogerbrugge, R., Stoffelsen, B. H. G., Dijkman, E. M, Berkhoff, C. J. and

Hogendoor, E. A., J. Chromatogr., A, 975, 165–173 (2002).
20. Smedes, F., Analyst, 124, 1711–1718 (1999).
21. Tang, J., Robertson, B. K. and Alexander, M., Environ. Sci. Technol., 33, 4346–4351 (1999).
22. Morrison, D. E., Robertson, B. K. and Alexander, M., Environ. Sci. Technol., 34, 709–713

(2000).
23. Tang, J., Liste, H.-H. and Alexander, M., Chemosphere, 48, 35–42 (2002).
24. Yu, Y. L., Wu, X. M., Li, S. N., Fang, H., Tan, Y. J. and Yu, J. Q., Chemosphere, 59, 961–967

(2005).
25. Zygmunt, B. and Namiesnik, J., J. Chromatogr. Sci., 41, 109–116 (2003).
26. Collins, C., Fryer, M. and Grosso, A., Environ. Sci. Technol., 40, 45–52 (2006).
27. Karickhoff, S. W., Chemosphere, 10, 833–846 (1981).
28. Sun, H., Xu, J., Yang, S., Liu, G. and Dai, S., Chemosphere, 54, 569–574 (2004).
29. Mattina, M. J. I., Lannucci-Berger, W., Musante, C. and White, J. C., Environ. Poll., 124,

375–378 (2003).



190 Bioavailability, Bioaccessibility and Mobility

30. Tao, S., Guo, L. Q., Wang, X. J., Liu, W. X., Ju, T. Z., Dawson, R. Cao, J., Xu, F. L. and
Li, B. G., Sci. Total Environ., 320, 1–9 (2004).

31. Widdowson, M. A., Shearer, S., Andersen, R. G. and Novak, J. T., Environ. Sci. Technol., 39,
1598–1605 (2005).

32. Lang, Q., Hunt, F. and Wai, C. M., J. Environ. Monit., 2, 639–644 (2000).
33. Kipopoulou, A. M., Manoli, E. and Samara, C., Environ. Poll., 106, 369–380 (1999).
34. Zohair, A., Salim, A-B., Soyibo, A.A. and Beck, A.J., Chemosphere, 63, 541–553 (2006).
35. Gao, Y. and Zhu, L., Chemosphere, 55, 1169–1178 (2004).
36. Gonzalez, M., Miglioranza, K. S. B., Aizpun de Moreno, J. and Moreno, V. J., Food Chem.

Toxicol., 43, 261–269 (2005).
37. Barriada-Pereira, M., Gonzalez-Castro, M. J., Muniategui-Lorenzo, S., Lopez-Mahia, P., Prada-

Rodriguez, D. and Fernandex-Fernandez, E., Chemosphere, 58, 1571–1578 (2005).
38. Barriada-Pereira, M., Concha-Grana, E., Gonzalez-Castro, M. J., Muniategui-Lorenzo, S.,

Lopez-Mahia, P., Prada-Rodriguez, D. and Fernandex-Fernandez, E., J. Chromatogr., A, 1008,
115–122 (2003).

39. Gonzalez, M., Miglioranza, K. S. B., Aizpun de Moreno, J. and Moreno, V. J., J. Agric. Food
Chem., 51, 5024–5029 (2003).

40. Gonzalez, M., Miglioranza, K. S. B., Aizpun de Moreno, J. and Moreno, V. J., J. Agric. Food
Chem., 51, 1353–1539 (2003).

41. Dean, J. R., Extraction Methods for Environmental Analysis, John Wiley & Sons, Ltd, Chich-
ester, UK, 1998.



Chapter 6

Methods Used to Assess Oral
Bioaccessibility

Learning Objectives

• To appreciate the role of oral bioaccessibility in assessing metal and POP
risks to humans.

• To understand the essentials of physiology as related to the human digestive
system.

• To be aware of the processes that occur within the human gastrointestinal
tract.

• To understand the main aspects of in vitro gastrointestinal methods.
• To be aware of the main variables in in vitro gastrointestinal methods.
• To appreciate the different approaches that have been taken in the use of

oral bioaccessibility methods for metals in environmental samples.
• To appreciate the different approaches that have been taken in the use of oral

bioaccessibility methods for persistent organic pollutants in environmental
samples.

• To be aware of developments in the validation of oral bioaccessibility
methods.

6.1 Introduction
One of the more important exposure routes to humans and animals from envi-
ronmental contaminants (i.e. metals and persistent organic pollutants) is via oral
ingestion.

Bioavailability, Bioaccessibility and Mobility of Environmental Contaminants John R. Dean
  2007 John Wiley & Sons, L td. ISBN: 978-0-470-02577-2
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DQ 6.1

What other exposure routes can you think of?

Answer

Other exposure routes include dermal absorption and breathing contam-
inated air.

This chapter focuses on the approaches used to mimic in vitro absorption of
metals and POPs from foodstuffs and soil matrices. The inclusion of soil may
seem a strange choice of material to include as a product that is consumed, but
this is not the case. Soil consumption can occur either intentionally or uninten-
tionally. In the case of the former, it can occur as a result of religious belief,
medicinal purposes, or as part of a regular diet [1]. In this situation, the intentional
consumption of soil (or chalk) is termed geophagy.

SAQ 6.1

How might the unintentional consumption of soil arise?

The presence of metals and POPs in vegetable samples may result from uptake,
by the plant, from the soil (or perhaps in the case of metals by contamination
during processing). It is also worth remembering that the normal consumption
of food by humans (and animals) results in exposure to essential elements, e.g.
calcium, selenium, etc., required for normal metabolic activities as well as non-
essential elements, e.g. lead, that can be toxic. Under normal circumstances, it is
not expected that humans would be exposed to significant levels of POPs.

DQ 6.2

Who monitors food safety in the UK?

Answer

In the UK, the Food Standards Agency regularly monitors selected
foodstuffs for pesticides and other organic pollutants to ensure that maxi-
mum residue levels remain within guidelines (typically 0.01–5 mg kg−1,
depending upon the pesticide).

It is therefore important to be able to assess the amount of metal or POP that is
potentially available for absorption in the stomach and/or intestines, i.e. bioacces-
sible, or to be excreted. This chapter discusses the current methods used to study
oral bioaccessibility as part of an overall estimation into assessing the chemical
risk to humans of consuming a range of sample types. The approaches available
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to assess (oral) bioaccessibility are often described by using the terminology of
an in vitro (simulated) gastrointestinal extraction or the physiologically based
extraction test (PBET).

6.2 Introduction to Human Physiology

It is worthwhile considering the aspects of human physiology which relate directly
to in vitro gastrointestinal extraction. A diagram of the human digestive system
and associated accessory organs is shown in Figure 6.1. The digestive tract of
humans is two-ended, i.e. food enters via the mouth and exits via the anus. It is
possible to identify seven specialist functions of the gastrointestinal tract.

SAQ 6.2

What are the seven specialist functions of the gastrointestinal tract?

Anus

Mouth

Oesophagus

Liver

Stomach

Pancreas
Gall bladder

Duodenum

Ileum

Colon

Jejunum

Rectum
Anal canal

Figure 6.1 The human digestive system including the gastrointestinal tract and accessory
digestive organs. Adapted from http://www.sd43.bc.ca/etip/wq sc life science/gr4
sc blank digest.html (accessed 8 March 2006).
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A simplified perspective on the processes that occur within the gastrointestinal
tract are now described:

• Mouth. Initial breakdown of the food in the presence of saliva.

• Oesophagus. The oesophagus is approximately 25 cm long. By the action of
wavelike muscular contractions (peristalsis), swallowed food is transferred
from the mouth to the stomach.

• Stomach. The stomach is essentially a ‘J-shaped’ pouch that stores foodstuffs,
initiates digestion of proteins and transports food into the small intestine or duo-
denum. Cells within the stomach wall secrete the inactive enzyme, pepsinogen,
and hydrochloric acid (pH <2). The presence of hydrochloric acid has three
functions: (1) proteins become denatured, (2) the enzyme pepsin is formed
from pepsinogen and (3) pepsin is more active at pH 2. The action of pepsin
within the stomach can partially digest proteins (note that carbohydrates and
fats are not digested in the stomach).

• Small intestine. The small intestine is approximately 3 m long in a living
person. It is composed of three parts: the duodenum (20–30 cm long), the
jejunum (approximately 110 cm long) and the ileum (approximately 165 cm
long). These parts of the small intestine contain various enzymes, includ-
ing enterokinase that activates the protein-digesting enzyme, trypsin, which
is secreted by the pancreas. The small intestine is the main site within the
gastrointestinal tract where food products are absorbed, including fats, carbo-
hydrates, proteins, calcium, iron, vitamins, water and electrolytes.

• Liver and gallbladder. As well as having a regulatory effect on the chemical
composition of blood, the liver produces and secretes bile which is initially
stored in the gall bladder prior to its release into the duodenum. Bile is com-
posed of bile salts (principally cholic acid and chenodeoxycholic acid), bile
pigments (bilirubin), phospholipids (lecithin), cholesterol and inorganic ions
(sodium, potassium, chloride and bicarbonate).

• Pancreas. The pancreas secretes pancreatic juice into the duodenum. Pan-
creatic juice contains water, bicarbonate and a range of digestive enzymes,
including amylase (digests starch), trypsin (digests protein) and lipase (digests
triglyclerides).

• Large intestine or colon. Water and electrolytes are absorbed from the food
material in the colon.

• Defecation. After absorption of water and electrolytes, the waste material that
is left passes to the rectum. The build-up of rectal pressure, from the waste
material, leads to the urge to defecate. At this point, the waste products pass
through the anal canal and exit the anus.
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6.3 Considerations in the Design and Development
of a Simulated in vitro Gastrointestinal Extraction
Method

6.3.1 Design of an in vitro Gastrointestinal Method
In vitro extraction methods are seeking to mimic the major processes that occur
in the gastrointestinal tract in order to assess oral bioaccessibility. It is therefore
possible to identify up to three distinct, but linked, areas of the human digestive
system that are important when designing the extraction process (Figure 6.2).

DQ 6.3

What do you think the three areas are?

Answer

The three areas are the mouth, stomach and (small) intestine(s).

6.3.1.1 Mouth

The mouth is the point where the process of mechanical grinding of foodstuffs
takes place at a pH of 6.5. The foodstuffs are masticated, allowing larger compo-
nents to be broken down into smaller fragments, thereby increasing the surface
area.

Mouth

Stomach

Duodenum

Jejunum

Ileum

Small intestines

10 s to 2 min

8 min to 3 h

30 min to 45 min

1.5 to 2 h

4 to 7 h

Figure 6.2 Physiology of human contaminant uptake.
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DQ 6.4

What additional process occurs during mastication?

Answer

Mastication also acts to lubricate the material by the addition of saliva.

The entire process in the mouth is relatively short (a few seconds to minutes).
The samples are then transported, via the oesophagus, into the stomach in a few
seconds.

6.3.1.2 Stomach

The hydrochloric acidic environment of the stomach (pH 1–5) will allow disso-
lution of labile mineral oxides, sulfides and carbonates, thereby releasing metals.
The presence of pepsin will act to break down proteins, thereby aiding dissolution
of the foodstuffs. The entire process in the stomach can last from a few minutes
(typically 8 min) to several hours (3 h).

6.3.1.3 Small Intestine(s) (Duodenum, Jejunum and Ileum)

Samples are subjected to digestion in the small intestine(s) by intestinal juices
composed of enzymes (trypsin, pancreatin and amylase), bile salts and bicarbon-
ate. The breakdown of food materials in the small intestine(s) means that the
components are more amenable to absorption. Samples can be retained in the
small intestines as follows: in the duodenum for between 30 and 45 min (at pH
4–5.5), in the jejunum for 1.5 to 2 h (at pH 5.5–7.0) and in the ileum for 5 to 7 h
(at pH 7.0–7.5). The absorption process mostly takes place in the small intestine
where final digestion occurs.

6.3.2 Development of an in vitro Gastrointestinal Method
Based on the above discussions, the development of an in vitro gastrointestinal
method should have the following features:

• Temperature. All extractions should take place at body temperature, i.e. 37◦C.

• Shaking or agitation.

SAQ 6.3

How can the peristaltic actions of the oesophagus be mimicked?

• Mouth compartment (optional). Due to the short time-period that food may
spend in the mouth, this aspect may not be as important as that concerning the
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stomach and small intestine(s). If included, the sample should be subjected to
saliva at pH 6.5 for approximately 2 min.

• Stomach compartment. Samples are subjected to pepsin and hydrochloric acid
at a pH of 1–4 for approximately 3 h.

• Small intestine(s) compartment. Samples are subjected to intestinal juices at a
pH of 4–7.5 for approximately 7 h.

The chemical composition of saliva, gastric juice, duodenal juice and bile juice
is shown in Table 6.1. In reality, it is common practice to use a simpler combi-
nation of chemicals, including inorganic ions and enzymes. In addition, a recent
article [3] has identified the major variables in existing in vitro gastrointestinal
methods as follows:

(1) Sample-to-solution ratio. This varies between 1:2 and 1:150 (g ml−1).

(2) Mixing and incubation time. In order to simulate gastrointestinal mixing,
the procedures employ a variety of shaking techniques, e.g. a ‘shaking’ water

Table 6.1 Compositions of saliva-gastro-duodenal-bile juices [2]

Juice Organic constituents Concentration
(mg l−1)

Inorganic
constituents

Concentration
(mg l−1)

Saliva α-Amylase 145 KCl 895
Mucin 5 KSCN 200
Urea 200 Na2SO4 570

Uric acid 15 NaCl 290
NaH2PO4 885

Gastric Glucosaminhydrochloride 330 CaCl2 200
Glucose 650 HCl 1380

Glucoronic acid 20 KCl 820
Mucin 1500 NaCl 2750

N-Acetylneuraminic acid 50 NaH2PO4 270
Pepsin, porcine 1000 NH4Cl 305

Serumalbumin, bovine 1000
Urea 85

Duodenal Lipase 500 CaCl2 200
Pancreatin 3000 KCl 560

Serumalbumen, bovine 1000 KH2PO4 80
Stearic acid 5 MgCl2 50

Urea 100 NaCl 7010
NaHCO3 1800

Bile Bile, chicken 3000 CaCl2 220
Serumalbumen, bovine 1800 KCl 370

Urea 250 NaCl 5250
NaHCO3 4200
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bath, mechanical stirring, argon gas dispersion, ‘end-over-end’ rotation or
peristaltic movement. Samples are mixed for different periods of time; for
gastric juice extraction between 1 and 4 h, whereas a 1–5 h incubation is
used for intestinal juice extraction.

(3) Addition of alimentary components. Whole milk powder or cream may
be added to the synthetic gastric juices to simulate the influence of food on
the mobilization of the contaminants and be more representative of human
digestion.

(4) Mouth compartment (optional stage). As the pH of saliva is close to neu-
tral, the inclusion of the mouth compartment in any model is not expected
to facilitate significant dissolution from foodstuffs.

(5) Gastric juice. The major enzyme involved in gastric juice extraction consists
of a solution containing pepsin in the concentration range 1.25–10 mg ml−1.
The enzyme is prepared in a dilute hydrochloric acid solution with a pH that
varies between 1.1 and 4.0.

(6) Intestinal juice. The main enzymes used in intestinal juice are pancreatin
and bile salt. Pancreatin is a mixture of lipase (to dissolve fat), protease (to
digest proteins) and amylase (to break down carbohydrates). The addition of
bile salts acts to help dissolve fat and aid in absorption in the small intestine.
The pH of intestinal juice is maintained in the range 5.0 to 8.0.

(7) Analysis of in vitro extracts. The choice of analytical technique, and any
sample pre-treatment required, to measure the metal or persistent organic
pollutant content from each simulated extraction step could influence the
data reported, e.g. the requirement for metal–matrix-matched standards for
calibration in ICP–MS (see Chapter 2) or the use of liquid–liquid extraction
(or solid-phase extraction) prior to POP analysis (see Chapter 3).

6.4 Approaches to Assess the Bioaccessibility
of Metals

Application of gastrointestinal extraction methods for assessing metal bioacces-
sibility in soil and food samples are reviewed in Table 6.2. As can be observed,
a wide range of metals, such as Al, As, Cd, Ce, Cu, Fe, Hg, Mg, Pb, Se and Zn,
have been studied.

DQ 6.5

Consider the different applications to which the oral bioaccessibility of
metals has been applied in Table 6.2.
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Answer

You will see that the different approaches that are used include different
compositions of gastric and intestinal juices. This diversity of composi-
tion will obviously lead to different analytical results being obtained.

Table 6.3 provides a summary of in vitro approaches with various experimen-
tal designs that have been employed for evaluating the oral bioaccessibility of
selected metals from soil and food samples.

DQ 6.6

Compare for yourself the different approaches used for assessing the
oral bioaccessibility of metals (Table 6.3).

Answer

Table 6.3 highlights the diversity of approaches that have been used to
assess metal oral bioaccessibility. Perhaps the most important variables
to note are the differences in solid:solution ratio, the methods of mixing,
the pH values of the gastric and intestinal juices and the compositions
of these juices.

6.5 Approaches to Assess the Bioaccessibility
of Persistent Organic Pollutants

Application of gastrointestinal extraction methods for assessing persistent organic
pollutant bioaccessibility in soil and food samples are reviewed in Table 6.4.

DQ 6.7

Compare for yourself the different approaches used for assessing the
oral bioaccesibility of persistent organic pollutants (Table 6.4).

Answer

As noted in DQ 6.5, the different approaches that are used include dif-
ferent compositions of gastric and intestinal juices. Such a diversity
in composition will obviously lead to different analytical results being
obtained.

As can be observed, a wide range of persistent organic pollutants, such as
dioxins and furans, PAHs, PCBs, TPHs and pesticides, have been studied.
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6.6 Validity for Measuring Bioaccessibility

A number of different in vitro test methods are available to measure the bioac-
cessibility of metals from soil and food samples, but the results are not generally
comparable between methods, particularly when the tests are applied by different
laboratories. Therefore, more quantitative data are required to check the validity
and robustness of the different approaches. Certified Reference Materials (CRMs)
need to be produced and validated to allow users to compare data for the different
approaches, as well as providing material for quality control. The first CRM for
the bioaccessibility testing of metals has been prepared in the UK by the British
Geological Survey. This CRM provides bioaccessible and total-element informa-
tion for a range of elements, including arsenic, and can be used to provide quality
assurance in bioaccessibility testing.

In addition, further research should be performed to ensure that in vitro data are
in agreement with in vivo results for a wider range of metals/POPs and samples.

Summary

The different approaches for assessing the oral bioaccessibility of metals and
persistent organic pollutants have been considered. After a brief introduction to
human physiology, the key components in the design of an in vitro gastrointesti-
nal approach are discussed. Finally, examples of the use of in vitro gastrointestinal
extraction for metals and persistent organic pollutants are presented.
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Chapter 7

Selected Case Studies on
Bioavailability, Bioaccessibility
and Mobility of Environmental
Contaminants

This chapter contains details of several case studies that seek to demonstrate the
bioavailability and oral bioaccessibility of metals and persistent organic pollutants
from plants and soil samples. All examples have been acquired from the author’s
own laboratory. This does not mean that the scientific literature does not contain
suitable examples – far from it. However, for ease of use to demonstrate the
range of activities that this book has sought to encourage it was simpler to select
specific examples with which the author was familiar.

7.1 Bioavailability of Metals by Plants†

7.1.1 Background
This case study investigates the uptake by lettuce, spinach, radish and carrot
of Cd, Cu, Mn, Pb and Zn from compost under greenhouse conditions. The
plants were harvested at maturity and their roots and leaves collected. Sam-
ples (soil and plant material) were acid-digested and analysed to determine total
metal concentration. Metal concentrations in soil and plant samples (Mn and Zn)
were determined by using flame atomic absorption spectroscopy (FAAS), while

† From Intawongse, M. and Dean, J. R., Food Addit. Contam., 23, 36–48 (2006).

Bioavailability, Bioaccessibility and Mobility of Environmental Contaminants John R. Dean
  2007 John Wiley & Sons, L td. ISBN: 978-0-470-02577-2
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differential-pulse anodic stripping voltammetry (DP-ASV) was used to determine
the concentration of Cd, Cu and Pb in plant materials.

7.1.2 Experimental
7.1.2.1 Reagents

All chemicals used were of analytical grade. Copper oxide, lead nitrate and zinc
oxide were provided by BDH Chemicals Ltd (Poole, Dorset, UK). Manganese
metal was provided by Merck (Poole, Dorset, UK) and cadmium nitrate by Fisher
Scientific UK Ltd (Loughborough, Leicestershire, UK). Concentrated hydrochlo-
ric acid and 30% hydrogen peroxide were provided by BDH Chemicals Ltd
(Poole, Dorset, UK) and concentrated nitric acid by Fisher Scientific UK Ltd
(Loughborough, Leicestershire, UK).

7.1.2.2 Preparation of Heavy-Metal-Contaminated Soils

Before use, the compost soil (Levington multipurpose compost) was sieved
(2 mm) and air-dried (48 h). Soils were ‘spiked’ at two concentration levels (low
and high). A control soil (unadulterated) was also used in the study. For the
low-concentration level (ten times the unadulterated concentration), metal solu-
tions at the approximate levels (10, 150, 300, 10 and 100 µg g−1 for Cd, Cu,
Mn, Pb and Zn, respectively) were prepared to ‘spike’ into the soil. It is noted
that Cd was ‘spiked’ in the compost used for growing radish and carrot only.
The soil was weighed, approximately 300 g for each mixing, and placed in a
stainless-steel tray. Then, the soil was thoroughly mixed with the metal solution
to ensure homogeneity and air-dried for a day to allow excessive water to evap-
orate. The high-concentration level (fifty times the unadulterated concentration)
was prepared in the same manner as described above.

7.1.2.3 General Procedure: Growing Vegetable Plants

Seeds of spinach, lettuce, radish and carrot (obtained directly from local markets)
were germinated in plastic trays and the seedlings transplanted after two weeks,
into individual plastic pots containing 100 g of metal-contaminated soil. The
plants were grown in soil contaminated at low and high concentrations for both
individual and mixed metals with five pots per treatment. Three plants of spinach,
lettuce, radish and carrot were also planted in unadulterated soil as control sam-
ples. The plants were frequently watered with distilled water; the unadulterated
and ‘low-treatment’ plants were watered daily and the ‘high-treatment’ plants
two to three times a week. The plants were grown under artificial light (sodium
lighting system, 150 W m−2) with time-intervals of 16 h daylight and 8 h dark.
The temperature was within the range 12.1 to 25.3◦C, while the humidity varied
between 38 and 89%. The mature plants (6–8 weeks growth) were harvested.
Roots and leaves were separated and then thoroughly washed, including a final
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rinse with distilled water, and kept in a freezer at −18◦C until analysis. Soil sam-
ples beneath each plant root were collected after harvesting the plant. The Cd,
Cu, Mn, Pb and Zn determinations were carried out on plant (roots and leaves)
and soil samples.

7.1.2.4 Soil-Digestion Procedure
For determination of total heavy-metal content of the soils, 1 g of each soil sample
(oven-dried at 70◦C for 48 h) was accurately weighed into a digestion tube and
10 ml of concentrated nitric acid:water (1:1 (vol/vol)) added. The sample was
then heated at 95◦C on a heating block (2006 Digester, Foss Tecator, Hoganas,
Sweden) for 15 min without boiling. After cooling at room temperature for 5 min,
5 ml of concentrated HNO3 was added and the sample were heated at 95◦C for
30 min. Additional 5 ml aliquots of concentrated HNO3 were added until no
brown fumes were given off. The solution was allowed to evaporate to < 5 ml.
After cooling, 2 ml of water and 3 ml of 30% H2O2 were added and heated
(<bpt) until effervescence subsided and the solution cooled. Additional H2O2

was added until effervescence ceased (but no more than 10 ml H2O2 was added).
This stage was continued for 2 h at a temperature less than the boiling point.
Then, the solution was allowed to evaporate to < 5 ml. After cooling, 10 ml of
concentrated HCl were added and the solution was heated at 95◦C for 15 min.
After cooling, the sample was filtered through a Whatman No. 41 filter paper into
a 100 ml volumetric flask and then ‘made up to the mark’ with distilled water.

7.1.2.5 Plant-Digestion Procedure
Into a digestion tube, 1 g (accurately weighed) of plant sample (oven-dried at
70◦C for 48 h) was placed and 10 ml of concentrated HNO3 added. The sample
was then heated to 95◦C on the heating block for ca. 1 h. After cooling, 5 ml
of concentrated H2SO4 were added and the sample was heated to 140◦C until
charring first occurred. After cooling, 5 ml of concentrated HNO3 were added
and heated to 180◦C. Further aliquots of HNO3 were added until the sample
digest appeared clear or a pale-straw colour. After cooling, 1 ml of 500 g l−1

H2O2 was added and heated to 200◦C. This procedure was repeated until brown
fumes ceased to appear. After cooling, 10 ml of distilled water and 0.5 ml of
concentrated HNO3 were added and heated to 200◦C until white fumes were
evolved. After cooling, 10 ml of distilled water and 1 ml of 500 g l−1 H2O2 were
added and heated to 240◦C until white fumes were evolved. Finally, the digest
was cooled and filtered through a Whatman No. 41 filter paper into a 50 ml
volumetric flask and then ‘made up to the mark’ with distilled water.

7.1.2.6 FAAS Analysis
Soil (Cd, Cu, Mn, Pb and Zn) and plant (Mn and Zn) samples were analysed
by using an atomic absorption spectrometer (AAnalyst 100, Perkin-Elmer, Nor-
walk, CT, USA) with an air–acetylene flame. The measurements were made
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under operating conditions for the most sensitive absorption lines of individual
elements, i.e. Cd, Cu, Mn, Pb and Zn at 228.8, 324.8, 279.5, 217.0 and 213.9 nm,
respectively, with a hollow-cathode-lamp current at 7 mA and a slit width of
0.7 nm.

7.1.2.7 DP-ASV Analysis
A 757 VA Computrace (Metrohm, Herisau, Switzerland) voltameter in the
differential-pulse–anodic stripping voltammetry (DP-ASV) mode was used to
determine Cd, Cu and Pb in plant samples. The voltameter was equipped with
a three-electrode system: a hanging mercury-dropping electrode (HMDE) as the
working electrode, a Pt electrode as the auxiliary electrode and a KCl-saturated
Ag/AgCl electrode as the reference electrode.

All electrodes and a measuring cell were thoroughly cleaned with distilled
water. The measurements were carried out by pipetting a 1 ml portion of the
plant extract into a measuring vessel containing 9 ml of distilled water. Then,
1 ml of the electrolyte solution (NaOAc) was added. The electrode was immersed
in the solution and then scanned from −1.0 to 0.0 V. Nitrogen gas was used as
the purging gas at 1 bar pressure and the measurements were carried out in the
‘differential-pulse’ (DP) mode. The standard-additions method was applied by
analysing five calibration standard solutions of a 1 ppm stock solution of each
metal. A blank was analysed with each analytical batch.

7.1.3 Results and Discussion
The mean concentrations of metals in the roots and leaves of four vegetables
grown on different treatments of contaminated soils are shown in Table 7.1.
Lettuce and spinach represented the edible vegetable leaves (above ground) and
radish and carrot represented edible vegetable roots (underground). Control plants
were also produced by growing on uncontaminated soil. It was observed that each
metal differed considerably in uptake from each other.

7.1.3.1 Cadmium
It should be noted that the Cd treatments were undertaken for only radish and
carrot. From the results obtained, the cadmium content in leaves of both radish
and carrot were significantly higher than in their roots, except for the unadul-
terated treatment which was not significantly different. The highest Cd contents
were found in Cd–H treatments for radish leaves, radish roots and carrot leaves,
with concentrations of 184.4, 68.2 and 47.4 µg g−1, respectively. The lowest Cd
concentration was in carrot leaves (0.2 µg g−1) in the unadulterated soil.

7.1.3.2 Copper
Copper uptake was significantly higher in the roots than in the leaves for lettuce
and spinach from every treatment, i.e. unadulterated, Mix–L, Mix–H, Zn–L,
Zn–H, Cu–L and Cu–H. In contrast, copper concentrations in radish and carrot
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leaves from every treatment (except the leaves of radish in the Cd–H treatment)
were higher than in the roots. Copper concentrations were highest in lettuce roots
(262.1 µg g−1) in the Cu–H treatment, followed by spinach roots in the Cu–H
treatment (150.1 µg g−1) and the Mix–H treatment (70.1 µg g−1), and lettuce
roots in the Mix–L treatment (69.0 µg g−1). The Cu content was lowest in radish
roots (2.1 µg g−1) in the Cd–L treatment.

7.1.3.3 Manganese
Manganese is the most available metal. The concentration of Mn in the plants
ranged from 16.9 to 6631.6 µg g−1. Plant leaves contain more manganese than
their roots, except spinach leaves in the unadulterated and Cu–L treatment.
Manganese concentrations were highest in spinach leaves (6631.6 µg g−1) in
the Mix–H treatment, followed by radish leaves in the Mix–H treatment
(3821.8 µg g−1) and spinach leaves in the Mix–L treatment (1971.1 µg g−1). The
Mn content was lowest in radish roots (16.9 µg g−1) in the Cd–H treatment.

7.1.3.4 Lead
Lead is the least available metal considered. Lead concentrations varied from
the non-detectable level to 11.8 µg g−1 and significantly lower than other metals
accumulated in the plants. This can be explained by the fact that lead binds to
organic matter in soil, limiting uptake by the plants [1]. Lead contents in every
treatment, except in radish roots in the Cd–H treatment (11.8 µg g−1) and spinach
roots in the Mix–H treatment (11.1 µg g−1), were lower than 10 µg g−1.

7.1.3.5 Zinc
Zinc concentrations in leaves of radish, carrot and spinach were significantly
higher than in their roots for every treatment, except the spinach leaves in the
Zn–H and Cu–H treatments, which were slightly lower. In contrast, the zinc
contents in lettuce leaves were lower than in their roots for every treatment,
except in the case of the Cu–H treatment which was not significantly different
in concentrations between their leaves and roots. The highest zinc contents were
found in the Zn–H treatments for lettuce roots, lettuce leaves, spinach roots
and spinach leaves, with concentrations of 1440.6, 1171, 719 and 632 µg g−1,
respectively. This is in agreement with a previous study showing that lettuce and
spinach accumulated zinc to a greater extent [2]. The Zn content was lowest in
carrot roots (23.6 µg g−1) from the Cd–L treatment.

7.1.3.6 Influence of Plant Species
Table 7.2 indicates that individual plant types differ in their metal uptake. The
Cu uptake was slightly low in lettuce and carrot, but relatively higher in spinach
and radish. Manganese uptake was significantly higher in lettuce and spinach and
slightly lower in radish and carrot. Zinc uptake was relatively high, whereas Pb
tended to be taken up least from all of the plants studies. Cadmium uptake was
rather high in radish, but lower in carrot.



222 Bioavailability, Bioaccessibility and Mobility

Ta
bl

e
7.

2
M

et
al

co
nc

en
tr

at
io

ns
(µ

g
g−1

,
dr

y
pl

an
t

m
at

er
ia

l)
fo

un
d

in
(a

)
le

ttu
ce

,
(b

)
sp

in
ac

h,
(c

)
ra

di
sh

,
an

d
(d

)
ca

rr
ot

a
,b

,c

E
le

m
en

t
(a

)
M

ea
n

co
nc

en
tr

at
io

n
(µ

g
g−1

):
le

ttu
ce

gr
ow

n
on

so
il

ba
tc

h
#1

C
on

tr
ol

M
ix

–
L

M
ix

–
H

d
Z

n
–

L
Z

n
–

H
C

u
–

L
C

u
–

H

L
ea

ve
s

(n
=

3)
R

oo
ts

(n
=

3)
L

ea
ve

s
(n

=
4)

R
oo

ts
(n

=
4)

L
ea

ve
s

R
oo

ts
L

ea
ve

s
(n

=
4)

R
oo

ts
(n

=
4)

L
ea

ve
s

(n
=

3)
R

oo
ts

(n
=

1)
L

ea
ve

s
(n

=
4)

R
oo

ts
(n

=
4)

L
ea

ve
s

(n
=

3)
R

oo
ts

(n
=

3)

C
u

2.
4

±
0.

2
10

.4
±

7.
7

13
.5

±
2.

2
69

.0
±

25
.5

—
—

3.
6

±
1.

5
25

.4
±

13
.8

8.
0

±
0.

7
21

.1
7.

1
±

1.
6

25
.2

±
4.

2
12

.8
±

2.
6

26
2.

1
±

36
.9

M
n

11
4.

3
±

9.
8

65
.2

±
12

.3
12

46
.6

±
16

1.
9

11
17

.6
±

46
1.

0
—

—
14

8.
9

±
33

.8
74

.3
±

9.
3

90
0.

1
±

31
4.

2
22

1.
3

—
10

8.
5

±
24

.7
88

.9
±

51
.3

38
1.

3
±

71
.4

33
1.

3
±

19
.9

Pb
0.

2
±

0.
2

1.
0

±
1.

2
N

D
N

D
—

—
0.

3
±

0.
1

1.
1

±
0.

4
1.

7
±

3.
0

N
D

2.
1

±
2.

8
1.

0
±

0.
7

4.
3

±
5.

3
0.

6
±

1.
0

Z
n

31
.3

±
8.

1
42

.6
±

17
.1

15
4.

3
±

43
.8

19
4.

0
±

56
.0

—
—

78
.3

±
22

.9
97

.5
±

16
.7

11
71

.0
±

23
6.

9
14

40
.6

30
.2

±
3.

2
46

.7
±

15
.5

54
.7

±
4.

2
51

.6
±

5.
3

E
le

m
en

t
(b

)
M

ea
n

co
nc

en
tr

at
io

n
(µ

g
g−1

):
sp

in
ac

h
gr

ow
n

on
so

il
ba

tc
h

#2

C
on

tr
ol

M
ix

–
L

M
ix

–
H

Z
n

–
L

Z
n

–
H

C
u

–
L

C
u

–
H

L
ea

ve
s

(n
=

3)
R

oo
ts

(n
=

3)
L

ea
ve

s
(n

=
5)

R
oo

ts
(n

=
5)

L
ea

ve
s

(n
=

1)
R

oo
ts

(n
=

1)
L

ea
ve

s
(n

=
4)

R
oo

ts
(n

=
4)

L
ea

ve
s

(n
=

3)
R

oo
ts

(n
=

3)
L

ea
ve

s
(n

=
4)

R
oo

ts
(n

=
4)

L
ea

ve
s

(n
=

3)
R

oo
ts

(n
=

3)

C
u

4.
6

±
0.

3
21

.2
±

5.
1

20
.5

±
3.

5
46

.1
±

5.
4

29
.6

70
.1

6.
0

±
2.

4
11

.7
±

4.
7

7.
5

±
3.

0
43

.0
±

18
.9

17
.9

±
4.

3
31

.3
±

15
.0

32
.3

±
5.

9
15

0.
1

±
50

.3
M

n
18

0.
7

±
18

.5
23

2.
5

±
44

.9
19

71
.1

±
32

4.
4

88
2.

7
±

29
1.

3
66

31
.6

90
1.

5
24

6.
6

±
49

.1
22

1.
0

±
43

.4
23

3.
3

±
51

.2
22

9.
2

±
71

.4
20

6.
0

±
32

.5
22

6.
2

±
64

.1
46

8.
4

±
10

3.
4

26
0.

4
±

72
.7

Pb
0.

2
±

0.
1

0.
7

±
0.

4
1.

7
±

2.
8

4.
0

±
3.

8
5.

2
11

.1
1.

9
±

1.
3

0.
3

±
0.

5
0.

3
±

0.
6

3.
9

±
4.

3
3.

6
±

1.
0

7.
4

±
6.

8
1.

0
±

0.
9

7.
8

±
0.

5
Z

n
70

.2
±

12
.9

67
.2

±
5.

8
23

3.
5

±
60

.3
16

2.
2

±
36

.5
63

8.
5

27
5.

9
22

5.
9

±
69

.3
16

7.
0

±
32

.0
63

2.
0

±
29

.9
71

9.
0

±
17

5.
6

45
.6

±
4.

3
42

.2
±

4.
6

54
.9

±
3.

2
62

.4
±

9.
8



Selected Case Studies 223

Ta
bl

e
7.

2
(c

on
ti

nu
ed

)

E
le

m
en

t
(c

)
M

ea
n

co
nc

en
tr

at
io

n
(µ

g
g−1

):
ra

di
sh

gr
ow

n
on

so
il

ba
tc

h
#3

C
on

tr
ol

M
ix

–
L

M
ix

–
H

C
d

–
L

C
d

–
H

L
ea

ve
s

(n
=

3)
R

oo
ts

(n
=

3)
L

ea
ve

s
(n

=
5)

R
oo

ts
(n

=
5)

L
ea

ve
s

(n
=

1)
R

oo
ts

(n
=

1)
L

ea
ve

s
(n

=
3)

R
oo

ts
(n

=
3)

L
ea

ve
s

(n
=

4)
R

oo
ts

(n
=

4)

C
d

0.
4

±
0.

4
0.

9
±

0.
4

9.
8

±
1.

8
5.

7
±

1.
2

44
.8

19
.2

29
.5

±
12

.8
8.

8
±

2.
2

18
4.

4
±

6.
4

68
.2

±
68

.0
C

u
15

.0
±

7.
1

10
.7

±
3.

0
19

.8
±

4.
3

7.
2

±
1.

9
48

.6
26

.9
11

.9
±

9.
1

2.
1

±
0.

9
6.

0
±

3.
6

36
.3

±
30

.8
M

n
10

4.
1

±
37

.0
17

.6
±

3.
5

51
0.

3
±

11
4.

8
60

.5
±

8.
6

38
21

.8
75

8.
9

13
9.

4
±

16
.3

17
.2

±
6.

7
13

4.
7

±
25

.7
16

.9
±

19
.8

Pb
3.

4
±

0.
6

4.
4

±
4.

2
0.

8
±

1.
9

N
D

N
D

N
D

2.
7

±
1.

8
N

D
0.

9
±

0.
1

11
.8

±
13

.1
Z

n
32

.2
±

8.
2

25
.6

±
5.

9
12

1.
7

±
19

.2
69

.1
±

7.
1

59
9.

3
50

0.
3

26
.9

±
8.

5
25

.9
±

6.
7

62
.6

±
4.

8
36

.7
±

37
.1

E
le

m
en

t
(d

)
M

ea
n

co
nc

en
tr

at
io

n
(µ

g
g−1

):
ca

rr
ot

gr
ow

n
on

so
il

ba
tc

h
#4

C
on

tr
ol

M
ix

–
L

C
d

–
L

C
d

–
H

L
ea

ve
s

(n
=

1)
R

oo
ts

(n
=

1)
L

ea
ve

s
(n

=
3)

R
oo

ts
(n

=
1)

L
ea

ve
s

(n
=

2)
R

oo
ts

(n
=

2)
L

ea
ve

s
(n

=
3)

R
oo

ts
(n

=
3)

C
d

0.
2

1.
0

8.
3

±
4.

6
9.

5
10

.5
±

3.
2

8.
0

±
1.

8
47

.4
±

6.
8

27
.4

±
5.

2
C

u
12

.5
6.

4
24

.9
±

12
.7

15
.5

10
.1

±
2.

1
5.

8
±

0.
9

16
.3

±
8.

0
8.

3
±

7.
7

M
n

19
8.

0
34

.4
18

57
.1

±
71

6.
6

27
1.

0
16

5.
5

±
31

.4
27

.7
±

3.
0

34
2.

6
±

10
1.

1
56

.3
±

19
.7

Pb
0.

7
N

D
8.

2
±

11
.3

N
D

N
D

0.
5

±
0.

7
7.

3
±

8.
8

1.
2

±
0.

8
Z

n
41

.8
25

.4
96

.9
±

10
.8

52
.6

40
.0

±
2.

5
23

.6
±

4.
5

43
.2

±
8.

2
26

.7
±

5.
0

a
C

on
tr

ol
,

no
‘s

pi
ki

ng
’;

L
,

‘l
ow

-t
re

at
m

en
t’

;
H

,
‘h

ig
h-

tr
ea

tm
en

t’
;

M
ix

–
L

,
m

ix
ed

m
et

al
at

‘l
ow

-l
ev

el
’

tr
ea

tm
en

t;
M

ix
–

H
,

m
ix

ed
m

et
al

at
‘h

ig
h-

le
ve

l’
tr

ea
tm

en
t.

b
N

D
,

no
t

de
te

ct
ab

le
.

c
Fr

om
In

ta
w

on
gs

e,
M

.
an

d
D

ea
n,

J.
R

.,
F

oo
d

A
dd

it
.

C
on

ta
m

.,
23

,3
6

–
48

(2
00

6)
.

d
N

o
pl

an
ts

su
rv

iv
ed

.



224 Bioavailability, Bioaccessibility and Mobility

7.1.3.7 Transfer Factors (TFs) of Heavy Metals from Soil to Plants

One approach to assess the mobilities of metals by plants is to calculate the
transfer factor (TF), as defined in the following equation:

TF = Cplant

Ctotal−soil
(7.1)

where Cplant is the concentration of an element in the plant material (dry-weight
basis) and Ctotal−soil is the total concentration of the same element in the soil
(dry-weight basis) where the plant was grown. The higher the value of the
TF, then the more mobile/available the metal is. The TF values of the met-
als for the plants studied are presented in Table 7.3. The results indicate that
the TF values for Cd, Cu, Mn, Pb and Zn for various vegetables varied greatly
between plant types and soil treatments. The TF values for Cd were generally
slightly higher than those for Cu, but lower than Zn. The TF values for Cu
varied from 0.21 (lettuce leaves) to 1.22 (spinach roots) in the unadulterated
soil and 0.01 (lettuce leaves, Cu–H treatment) to 2.17 (spinach roots, Zn–H
treatment and radish roots, Cd–H treatment) in contaminated soil. The values
for Pb were much lower than those for Cu, varying from 0.00 (carrot roots)
to 0.35 (radish roots) in unadulterated soil and 0.00 (leaves and roots of let-
tuce, radish and carrot) to 0.94 (radish roots, Cd–H treatment). The TF values
for Mn varied the most, with values from 0.30 (radish roots) to 4.52 (spinach
roots) in unadulterated soil and 0.16 (radish roots, Mix–L treatment) to 21.66
(lettuce leaves, Zn–H treatment). On the whole, the order of the transfer fac-
tors was Mn � Zn > Cd > Cu > Pb. Typical metal transfer factors are 0.0–2.7,
0.01–2.17, 0.3–21.7, 0.0–0.9 and 0.48–5.07 for Cd, Cu, Mn, Pb and Zn, respec-
tively.

7.1.4 Conclusions
The results showed that the uptake of Cd, Cu, Mn and Zn by plants corresponded
to the increasing level of soil contamination, while the uptake of Pb was low. Soil-
to-plant transfer factor (TF) values decreased from Mn � Zn > Cd > Cu > Pb.
Moreover, it was observed from this investigation that individual plant types
greatly differ in their metal uptake, e.g. spinach accumulated a high content of
Mn and Zn, while relatively lower concentrations were found for Cu and Pb in
their tissues.

7.1.5 Specific References

1. Wang, X.-P., Shan, X.-Q., Zhang, S.-Z. and Wen, B., Chemosphere, 55,
811–822 (2004).

2. Sauerbeck, D. R., Water, Air Soil Pollut., 57–58, 227–237 (1991).
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7.2 Bioaccessibility of Metals from Plants‡

7.2.1 Background
This case study investigates the oral bioaccessibility of selected metals (Cd, Cu,
Mn, Pb and Zn) from plants (lettuce, spinach, radish and carrot) which had been
previously grown on contaminated compost. The edible part of plants, i.e. the
leaves of lettuce and spinach and the roots of radish and carrot, were extracted
using an in vitro gastrointestinal (GI) extraction to assess metal bioavailability.
Flame atomic absorption spectroscopy (FAAS) was employed to determine metal
concentrations in soil and plant samples (Mn and Zn), while Cd, Cu and Pb in
plant materials were analysed by differential pulse–anodic stripping voltammetry
(DP-ASV).

7.2.2 Experimental
7.2.2.1 Reagents

All chemicals used were of analytical grade. Copper oxide, lead nitrate and zinc
oxide were provided by BDH Chemicals Ltd (Poole, Dorset, UK). Manganese
metal was provided by Merck (Poole, Dorset, UK) and cadmium nitrate by Fisher
Scientific UK Ltd (Loughborough, Leicestershire, UK). Concentrated hydrochlo-
ric acid and 30% hydrogen peroxide were provided by BDH Chemicals Ltd
(Poole, Dorset, UK) and concentrated nitric acid by Fisher Scientific UK Ltd
(Loughborough, Leicestershire, UK). Pepsin-A powder (1 anson unit per g) (lac-
tose as diluent), amylase and pancreatin were provided by BDH Chemicals Ltd
(Poole, Dorset, UK) and bile salts by Sigma-Aldrich Company Ltd (Gillingham,
Dorset, UK).

The tea leaf Certified Reference Material (CRM) (INCT-TL-1) was obtained
from the Institute of Nuclear Chemistry and Technology, Warsaw, Poland.

7.2.2.2 In vitro Gastrointestinal Extraction of Vegetable Plants

This determination consists of two sequential processes, namely a gastric and
an intestinal digestion, with each one carried out employing simulated human
conditions (enzymes, pH and temperature). In the first stage, approximately 1 g
(accurately weighed) of plant samples (oven-dried at 70◦C for 48 h) was placed
into a 50 ml Sarstedt tube and treated with 15 ml of pepsin (1% (wt/vol)) in saline
(154 mmol l−1). The pH of the solution was adjusted to pH 1.8 with dilute HCl.
The mixture was then shaken at 100 rpm in a thermostatic bath maintained at
37◦C. After 4 h, the solution was centrifuged at 3000 rpm for 10 min and the
supernatant was removed and its pH adjusted to 2.5 with 2 M HCl.

The second stage involved extraction with intestinal juices. To the gastric digest
residue, 7.5 ml of a mixed solution of pancreatin (3% (wt/vol)) and amylase (1%

‡ From Intawongse, M. and Dean, J. R., Food Addit. Contam., 23, 36–48 (2006).



228 Bioavailability, Bioaccessibility and Mobility

(wt/vol)) in saline and 7.5 ml of bile salts (0.15% (wt/vol)) in saline were added.
The sample pH was adjusted to 7.0 with saturated NaHCO3. The sample was
then shaken at 100 rpm in a thermostatic bath maintained at 37◦C. After 4 h,
the solution was centrifuged at 3000 rpm for 10 min and the supernatant was
removed. All extracts (gastric and intestinal) were analysed by either DP-ASV
or FAAS. The resultant sample residue was further extracted by acid-digestion
and analysed by DP-ASV for Cd, Cu and Pb and FAAS for Mn and Zn.

7.2.2.3 Plant-Digestion Procedure

Into a digestion tube, 1 g (accurately weighed) of plant sample (oven-dried at
70◦C for 48 h) was placed and 10 ml of concentrated HNO3 added. The sample
was then heated to 95◦C on the heating block for ca. 1 h. After cooling, 5 ml
of concentrated H2SO4 were added and the sample was heated to 140◦C until
charring first occurred. After cooling, 5 ml of concentrated HNO3 were added
and heated to 180◦C. Further aliquots of HNO3 were added until the sample
digest appeared clear or a pale-straw colour. After cooling, 1 ml of 500 g l−1

H2O2 was added and heated to 200◦C. This procedure was repeated until brown
fumes ceased to appear. After cooling, 10 ml of distilled water and 0.5 ml of
concentrated HNO3 were added and heated to 200◦C until white fumes were
evolved. After cooling, 10 ml of distilled water and 1 ml of 500 g l−1 H2O2 were
added and heated to 240◦C until white fumes were evolved. Finally, the digest
was cooled and filtered through a Whatman No 41 filter paper into a 50 ml
volumetric flask and then ‘made up to the mark’ with distilled water.

7.2.2.4 FAAS Analysis

Plant (Mn and Zn) samples were analysed by using an atomic absorption spec-
trometer (AAnalyst 100, Perkin-Elmer, Norwalk, CT, USA) with an air–acetylene
flame. The measurements were made under operating conditions for the most
sensitive absorption lines of individual elements, i.e. Mn and Zn at 279.5 and
213.9 nm, respectively, with a hollow-cathode-lamp current at 7 mA and a slit
width of 0.7 nm.

7.2.2.5 DP-ASV Analysis

A 757 VA Computrace (Metrohm, Herisau, Switzerland) voltameter in the
differential-pulse–anodic stripping voltammetry (DP-ASV) mode was used to
determine Cd, Cu and Pb in plant samples. The voltameter was equipped with
a three-electrode system: a hanging mercury-dropping electrode (HMDE) as the
working electrode, a Pt electrode as the auxiliary electrode, and a KCl saturated
Ag/AgCl electrode as the reference electrode.

All electrodes and a measuring cell were thoroughly cleaned with distilled
water. The measurements were carried out by pipetting a 1 ml portion of the
plant extract into a measuring vessel containing 9 ml of distilled water. Then,
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1 ml of the electrolyte solution (NaOAc) was added. The electrode was immersed
in the solution and then scanned from −1.0 to 0.0 V. Nitrogen gas was used as
the purging gas at 1 bar pressure and the measurements were carried out in the
‘differential-pulse’ (DP) mode. The standard-additions method was applied by
analysing five calibration standard solutions of a 1 ppm stock solution of each
metal. A blank was analysed with each analytical batch.

7.2.3 Results and Discussion
In order to assess the oral bioavailability of metals in vegetables, the edible plant
materials were extracted by using an in vitro gastrointestinal extraction procedure.
The experimental approach consists of two processes which simulate human
digestion. The first stage is designed to mimic extraction in an ‘acidic stomach’
using gastric fluid (pepsin), followed by stage two which involves extraction
in the neutral small intestine using intestinal fluid (pancreatin, amylase and bile
salts). The sample residues left from this process were then acid-digested (residual
fraction). After the extractions were complete, all extracts (gastric, intestinal and
residual) were analysed by either DP-ASV or FAAS. The CRM (tea leaves) was
extracted and analysed in the same manner as the sample, in order to evaluate
the approach. The in vitro results (gastric, intestinal and residual) were compared
to the results obtained from acid digestion (HNO3 plus H2O2) and are given in
Tables 7.4 and 7.5. It is noted that Pb was not investigated in this experiment
due to its low accumulation in edible plant materials; hence, it is impossible to
make meaningful measurements from this in vitro study.

7.2.3.1 Cadmium
Cadmium treatment for the in vitro gastrointestinal study was applied only to
radish as no carrot samples were available. The cadmium solubility was high-
est (54.9%) in the gastric extraction. The cadmium concentrations were similar
between the intestinal phase (24.8%) and the residual fraction (20.2%).

7.2.3.2 Copper
The solubility of copper greatly differs among different plants and extraction
phases. The percentages of soluble copper in lettuce were 12.6, 44.4 and 42.9
in the gastric, intestinal and residual phases, respectively. For spinach, none of
the copper was soluble in the neutral-pH (intestinal) phase, 24% was found in
the acidic phase (gastric fluid), while most of the copper (76%) was left in
the residual phase. About 3% of the copper in radish can be recovered during
intestinal extraction, while 62.5 and 34.7% were found in the gastric and residual
fractions, respectively.

7.2.3.3 Manganese
Most of the manganese in lettuce (63.7%) and radish (45.8%) was extracted
in the acidic phase (gastric fluid), while it was significantly lower in spinach
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(16.5%). In contrast, manganese in the vegetables was extracted to the least
extent under neutral-pH conditions (ca. 10–20%), i.e. in the intestinal fluid. The
highest content of manganese in spinach (74.7%) was measured in the residual
phase while there were significantly lower concentrations in lettuce (25.9%) and
radish (33.3%).

7.2.3.4 Zinc

The major contents of zinc in lettuce (47.8%), spinach (87.7%) and radish (58.5%)
remained in the residual fraction. Conversely, the least amounts (less than 10%)
were solubilized in the intestinal phase. In the gastric phase, only 7% of zinc in
spinach was extracted, while 45.2 and 32.3% were recovered from lettuce and
radish, respectively.

7.2.4 Conclusions
The results indicate that metal bioavailability varied widely from element to ele-
ment and according to the different plant types. The greatest extents of ‘released
metals’ were found in lettuce (Mn, 63.7%), radish (Cu, 62.5%), radish (Cd,
54.9%), radish (Mn, 45.8%) and lettuce (Zn, 45.2%).

7.3 Bioavailability of POPs by Plants§

7.3.1 Background
This case study assesses the uptake of three persistent organic pollutants (POPs),
namely, α-endosulfan, β-endosulfan and endosulfan sulfate in lettuce plants. The
latter were grown on compost that had previously been ‘spiked’ at two concentra-
tion levels, i.e. 10 and 50 µg g−1 per POP. The plants were grown under artificial
daylight for 12 h a day. Uptake was assessed by measuring the amount of endo-
sulfan compounds in the roots and leaves from the lettuce plants after 10, 20 and
33 days. In addition, control plants grown in uncontaminated soil were monitored
and analysed. All samples (soil and lettuce) were extracted using pressurized fluid
extraction and analysed using gas chromatography with mass-selective detection.

7.3.2 Experimental
7.3.2.1 Reagents

Standard solutions were prepared in dichloromethane, with α-endosulfan
(99.6 wt%), β-endosulfan (99.9 wt%) and endosulfan sulfate (97.7 wt%) provided
by Riedel-de Haën (Steinheim, Germany). Pentachloronitrobenzene (PCNB)
(99 wt%) was employed as the internal standard (Aldrich, Steinheim, Germany).

§ From Esteve-Turrillas, F. A., Scott, W. R., Pastor, A. and Dean, J. R., J. Environ. Monit., 7, 1093–1098 (2006).



Selected Case Studies 233

Acetone and dichloromethane were provided by Fisher Scientific UK Ltd
(Loughborough, Leicestershire, UK) and anhydrous Na2SO4 by BDH Chemicals
Ltd (Poole, UK).

7.3.2.2 Pressurized Fluid Extraction of Soil or Lettuce Samples

A Dionex Accelerated Solvent Extraction (ASETM 200) instrument (Sunnyvale,
CA, USA) was used to extract the soil and lettuce samples. ‘Hydromatrix’, sup-
plied by Varian Ltd (Walton-on-Thames, Surrey, UK) was employed for sample
drying and sample dispersion during the extraction process. For soil extraction,
ca. 8 g (accurately weighed) of soil and hydromatrix were added to a 33 ml cell.
The full cell was closed and extracted at 100◦C and 2000 psi, for 10 min, with
acetone:dichloromethane 1:1 (vol/vol) as the solvent. This extract was evapo-
rated under a nitrogen flow to <10 ml and then 20 µl of internal standard was
added. The final extract solution (10.0 ml) was analysed by GC–MS. For let-
tuce extraction, ca. 5 g (accurately weighed) of lettuce and hydromatrix were
placed in an 11 ml cell. Two sequential extractions were performed at 100◦C and
2000 psi, over 10 min, with acetone:dichloromethane 1:1 (vol/vol) as the solvent.
In order to remove the extracted water, 5 g of anhydrous Na2SO4 was added
‘post-extraction’; this extract was evaporated to dryness under a stream of nitro-
gen and then 0.5 ml of an internal standard (10 µg ml−1) was added and this
solution analysed by GC–MS.

7.3.2.3 Preparation of Soil and Growing of Lettuce Plants

Contaminated soils at two levels of concentration were used for this study. For the
low-level system, 2 l of acetone containing 8 mg of each endosulfan compound
standard was added to 800 g of soil and mixed thoroughly. The high-level system
was prepared in the same manner except in this case with 40 mg of endosulfan
standard. The final endosulfan compound concentrations in soil were estimated
to be 10 and 50 µg g−1, for the low- and high-contamination levels, respectively.
After air-drying for 48 h, the soils were mixed to ensure homogeneity prior to
growing the lettuce seedling plants.

Small lettuce seedlings (ca. 10 cm in height and weighing 15–20 g) were trans-
planted into individual pots with 40 g of ‘endosulfan-spiked’ soil. Several lettuces
were also planted in ‘unspiked’ soil as control samples. The lettuce plants were
grown over 10, 20 and 33 days, under artificial light with time-intervals of 12 h
daylight and 12 h in the dark. The air temperature and humidity were moni-
tored over the growing duration. The air temperature was within the range 15.2
to 24.1◦C while the humidity varied between 43 and 79%. The water retention
capacity of the soil was experimentally determined to be a minimum of 20 ml
and therefore each plant was watered daily with 20 ml of water. No excess water
resulted from this process. α-Endosulfan, β-endosulfan and endosulfan sulfate
determinations were then carried out on the lettuce plants (roots and leaves).
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7.3.2.4 GC–MS Analysis

A Hewlett Packard gas chromatograph (HP G1800A GCD) (Palo Alto, CA, USA)
with a Hewlett Packard HP-5 ms capillary column (30 m × 0.25 mm id, 0.25 µm
film thickness), equipped with a quadrupole mass spectrometer detector, was used
for POP determinations. An injection volume of 1 µl was employed in the split
mode (1:4). The injector temperature was 250◦C and helium was used as the
carrier gas in the constant-flow mode at a rate of 1 ml min−1. The temperature
programme of the oven was as follows: 60◦C, held for 1 min, increased at a
rate of 15◦C min−1 to 180◦C, then at a second rate of 3◦C min−1 to 250◦C and
finally held for 1 min. The detector temperature was 280◦C and measurements
were carried out in the selected-ion-monitoring (SIM) acquisition mode.

7.3.3 Results and Discussion
The uptakes of endosulfan compounds grown on contaminated soil (10 and
50 µg g−1) were determined. Control lettuce plants were also grown on unadul-
terated soil. Lettuce plants were harvested after 10, 20 and 33 days and the results
are shown in Table 7.6. In accordance with expectations, it is noted that endo-
sulfan compounds are detected in the roots of lettuce plants even after 10 days.
However, a growing period of 33 days on the most contaminated soil (50 µg g−1)
is required before any endosulfan compounds are detected in the leaves. The root-
to-leaf ratio was found to be 3.1 for α-endosulfan, 46.0 for β-endosulfan and 24.3
for endosulfan sulfate. It was also noted that during the growing period between
10 and 33 days the amounts of endosulfan compounds in the roots of the lettuce
plants increase.

Table 7.6 Uptake of endosulfan compounds by lettuce plants grown on contaminated soil,
followed by PFE-GC–MSa,b

Endosulfan
concentration

in soil
(µg g−1)

Compound Endosulfan concentration (µg g−1)c

Day 10 Day 20 Day 33

Root Leaf Root Leaf Root Leaf

10 α-Endosulfan 0.3 ± 0.2 < LOD 1.4 ± 0.7 < LOD 1.7 ± 0.3 < LOD
β-Endosulfan 0.12 ± 0.08 < LOD 1.0 ± 0.6 < LOD 1.5 ± 0.3 < LOD
Endosulfan

sulfate
0.14 ± 0.06 < LOD 1.2 ± 0.5 < LOD 1.5 ± 0.4 < LOD

50 α-Endosulfan 0.5 ± 0.3 < LOD 1.7 ± 0.8 < LOD 2.5 ± 0.6 0.8 ± 0.004
β-Endosulfan 0.4 ± 0.2 < LOD 0.8 ± 0.3 < LOD 2.3 ± 0.6 0.05 ± 0.01
Endosulfan

sulfate
0.5 ± 0.2 < LOD 1.2 ± 0.4 < LOD 1.7 ± 0.4 0.07 ± 0.01

a < LOD, less than the limit of detection.
b From Esteve-Turrillas, F. A., Scott, W. C., Pastor, A. and Dean, J. R., J. Environ. Monit., 7, 1093–1098 (2005).
c Mean ± SD, n = 3.
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7.3.4 Conclusions
Endosulfan compounds were found in the roots of all lettuce plants, irrespective
of the soil-‘spike’ level or age of the plant. Endosulfan compounds were found in
the leaves of the ‘33-day’ lettuce plants (soil ‘spiked’ at 50 µg g−1). The root-to-
leaf ratio was found to be 3.1 for α-endosulfan, 46.0 for β-endosulfan and 24.3
for endosulfan sulfate.

7.4 Bioaccessibility of POPs from Plants¶

7.4.1 Background
This case study assesses the oral bioaccessibility of three persistent organic
pollutants (POPs), namely, α-endosulfan, β-endosulfan and endosulfan sulfate,
from ‘spiked’ lettuce plants. Oral bioaccessibility was assessed using a simulated
in vitro gastrointestinal extraction technique.

All aqueous samples were extracted using liquid–liquid extraction while
(semi)-solid samples were extracted using pressurized fluid extraction and
analysed by using gas chromatography with mass-selective detection.

7.4.2 Experimental
7.4.2.1 Reagents

Standard solutions were prepared in dichloromethane (DCM), with α-endosulfan
(99.6 wt%), β-endosulfan (99.9 wt%) and endosulfan sulfate (97.7 wt%) provided
by Riedel-de Haën (Steinheim, Germany). Pentachloronitrobenzene (PCNB)
(99 wt%) was employed as the internal standard (Aldrich, Steinheim, Germany).
Acetone and dichloromethane were provided by Fisher Scientific UK Ltd (Lough-
borough, Leicestershire UK) and anhydrous Na2SO4 by BDH Chemicals Ltd
(Poole, Dorset, UK). Pepsin-A powder (1 anson unit per g) (lactose as diluent)
and amylase were provided by BDH Chemicals Ltd (Poole, Dorset, UK), bile
salts from Sigma Chemicals (Poole, Dorset, UK) and pancreatin from Fisher
Scientific UK Ltd (Loughborough, Leicestershire, UK).

7.4.2.2 Liquid–Liquid Extraction of Water, Gastric and Intestinal Juice

Aqueous samples were extracted by using 3 × 10 ml of DCM. The samples con-
sisted of distilled water (15 ml), gastric juice (0.1% (wt/vol) pepsin in saline) and
intestinal juice (3% (wt/vol) pancreatin, 1% (wt/vol) amylase and 0.15% (wt/vol)
bile salts). Each sample was ‘spiked’ with endosulfan compounds (all at concen-
trations of 10 µg ml−1) to assess the influence of the sample matrix on recovery.
After addition of the internal standard (25 ppm), the extracts were analysed by
using GC–MS.

¶ From Esteve-Turrillas, F. A., Scott, W. R., Pastor, A. and Dean, J. R., J. Environ. Monit., 7, 1093–1098 (2006).
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7.4.2.3 In vitro Gastrointestinal Extraction of Lettuce

This determination consists of two sequential processes, namely, a gastric and an
intestinal digestion, with each one carried out under simulated human conditions
(enzymes, pH and temperature). In the first stage, ca. 5 g (accurately weighed)
of lettuce (chopped into several pieces) was treated with 15 ml of pepsin (0.1%
(wt/vol) in saline). The pH of the solution was adjusted to pH 1.8 with diluted
HCl. The mixture was then shaken at 100 rpm in a thermostatic bath maintained
at 37◦C. The pH was measured every 30 min and maintained below 2.5 by using
HCl. After 3 h, the solution was centrifuged at 3000 rpm for 5 min and then
filtered.

The second stage involved extraction with intestinal juices. To the gastric
digest residue, 5 ml of pancreatin (3% (wt/vol)), 5 ml of amylase (1% (wt/vol))
and 5 ml of bile salts (0.15% (wt/vol)), all in saline solution, were added. Diluted
NaOH was used to maintain the pH at ∼7 while shaking at 100 rpm for 3 h
in a thermostatic bath, employing the same conditions as before. All extracts
(gastric and intestinal) were extracted with 3 × 15 ml of DCM. These were then
evaporated to dryness under a nitrogen flow and 0.5 ml of an internal standard
(10 µg ml−1) was added prior to GC–MS analysis. The resultant sample residues
were analysed by PFE.

7.4.2.4 Pressurized Fluid Extraction of Lettuce Sample Residue

A Dionex Accelerated Solvent Extraction (ASETM 200) instrument (Sunnyvale,
CA, USA) was used to extract the soil and lettuce samples. ‘Hydromatrix’, sup-
plied by Varian Ltd (Walton-on-Thames, Surrey, UK) was employed for sample
drying and sample dispersion during the extraction process. Approximately 5 g
(accurately weighed) of lettuce sample residue and hydromatrix were placed in a
11 ml cell. Two sequential extractions were performed at 100◦C and 2000 psi, over
10 min, with acetone:dichloromethane 1:1 (vol/vol) as solvent. In order to remove
the extracted water, 5 g of anhydrous Na2SO4 was added ‘post-extraction’; this
extract was evaporated to dryness under a stream of nitrogen and then 0.5 ml
of an internal standard (10 µg ml−1) was added and this solution analysed by
GC–MS.

7.4.2.5 GC–MS Analysis

A Hewlett Packard gas chromatograph (HP G1800A GCD) (Palo Alto, CA, USA)
with a Hewlett Packard HP-5 ms capillary column (30 m × 0.25 mm id, 0.25 µm
film thickness), equipped with a quadrupole mass spectrometer detector, was used
for POP determinations. An injection volume of 1 µl was employed in the split
mode (1:4). The injector temperature was 250◦C and helium was used as the
carrier gas in the constant-flow mode at a rate of 1 ml min−1. The temperature
programme of the oven was as follows: 60◦C, held for 1 min, increased at a
rate of 15◦C min−1 to 180◦C, then at a second rate of 3◦C min−1 to 250◦C and
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finally held for 1 min. The detector temperature was 280◦C and measurements
were carried out in the selected-ion-monitoring (SIM) acquisition mode.

7.4.3 Results and Discussion
The in vitro gastrointestinal extraction approach consists of two procedures which
simulate human digestion. The first stage involves extraction with gastric juice
(pepsin) to simulate the activity of the stomach, while stage two involves extrac-
tion with intestinal juice (pancreatin, amylase and bile salts) which simulates the
activity of the intestines. These extractions were performed in a thermostatic bath,
at 37◦C, with agitation over several hours. After this, liquid–liquid extractions
of the gastric and intestinal extracts were carried out to determine the recovery
of endosulfan compounds. Recovery tests of these processes were performed in
order to assess the potential for decomposition and losses of some endosulfan
compounds due to the presence of enzyme(s) and the influence of pH. Table 7.7
shows the results obtained for the recoveries of endosulfan compounds by liq-
uid–liquid extraction in gastric and intestinal juices. The extraction of endosulfan
compounds from distilled water was carried out as a control to enable the effect
of the in vitro gastrointestinal extraction process to be investigated. It is noted
(Table 7.7) that the recoveries in the gastric and intestinal juices ranged from
82.5 to 92.1%, which is comparable to the recoveries of endosulfan compounds
from distilled water (88.4–92.4%).

Assessment of the potential of gastrointestinal extraction to determine the
bioavailability of endosulfan compounds required the use of ‘spiked’ lettuce
leaves. Lettuce leaves were ‘spiked’ at a concentration of 10 µg g−1. The lettuce
leaves were then subjected to in vitro gastrointestinal extraction. The resultant let-
tuce residues were then extracted using PFE and the results obtained are shown in
Table 7.8. These results indicate that the bioavailability of endosulfan compounds
in spiked lettuce leaves is minimal (< 3.5% bioavailability). The majority of the

Table 7.7 Liquid–liquid extraction of endosulfan compounds, at a spiking
level of 10 µg ml−1, from aqueous solution, gastric juice and intestinal juice,
followed by PFE-GC–MSa

Compound Recovery based on three sequential extractions
(mean % ± SD, n = 5)

Water Gastric juice
at pH 2.5

Intestinal juice
at pH 7

α-Endosulfan 89.9 ± 0.12 82.1 ± 0.21 85.0 ± 0.20
β-Endosulfan 88.5 ± 0.19 86.1 ± 0.19 83.5 ± 0.22
Endosulfan

sulfate
88.6 ± 0.34 85.4 ± 0.33 85.1 ± 0.20

a From Esteve-Turrillas, F. A., Scott, W. C., Pastor, A. and Dean, J. R., J. Environ. Monit., 7,
1093–1098 (2005).
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Table 7.8 Recovery of endosulfan compounds from spiked lettuce leaves, at a spik-
ing level of 10 µg g−1, using PFE-GC–MS and an assessment of the bioavailability of
endosulfan compounds using simulated in vitro gastrointestinal extractions followed by
LLE-GC–MSa

Compound Recovery
following
in vitro
gastric

Recovery
following
in vitro

intestinal

Residual
fraction

(µg g−1)b,e,f

Total recovery
after gastro
-intestinal
extractions

extraction
(µg g−1)b,c,d

extraction
(µg g−1)b,c

plus residual
fraction (µg g−1)

α-Endosulfan ND 0.06 ± 0.02 3.51 ± 0.64 3.56
β-Endosulfan ND 0.12 ± 0.02 3.69 ± 0.76 3.81
Endosulfan sulfate ND 0.09 ± 0.01 3.35 ± 0.72 3.44
a From Esteve-Turrillas, F. A., Scott, W. C., Pastor, A. and Dean, J. R., J. Environ. Monit., 7, 1093–1098 (2005).
b Mean ± SD, n = 3.
cMeasured by LLE-GC–MS.
d ND, non-detectable.
eReported on a dry-weight basis.
f Measured by PFE-GC–MS.

endosulfan compounds were not extracted by the in vitro gastrointestinal extrac-
tion approach, but remained within the lettuce matrix and were subsequently
recovered by PFE. The total recovery by in vitro gastrointestinal extraction and
PFE of the residual fraction amounted to ca. 35%. This non-quantitative recov-
ery was attributed to losses caused by the transfer of lettuce material from the
liquid–liquid extraction stage to the PFE stage.

The simulated in vitro gastric intestinal extraction was based on 3 h gastric and
3 h intestinal extraction. In the case of gastric extraction simulating activity in the
stomach, this represents the upper limit for food to be present. Typically, food
is retained in the stomach from between 8 min to 3 h. In the case of intestinal
extraction, food samples can be present in the duodenum, jejunum and ileum
for 30 min, 1.5 h and 4–5 h, respectively. Therefore, in this procedure, lettuce
samples are subjected to approximately 50% of the potential time for intestinal
absorption. Thus, in principle, the levels of intestinal extraction could double
(increase by 50%) which would equate to < 7% bioavailability (0.034 µg g−1

for α-endosulfan, 0.065 µg g−1 for β-endosulfan, and 0.054 µg g−1 for endosulfan
sulfate).

7.4.4 Conclusions
An assessment of the bioavailability of endosulfan compounds using in vitro
gastrointestinal extraction was carried out. It was found that minimal amounts
of endosulfan compounds were determined to be available for absorption in the
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gut, based on the simulated extraction procedure, i.e. no detectable endosulfan
compounds were determined in the gastric extracts, while small quantities (rang-
ing from 0.06 to 0.12 µg g−1) were found in the intestinal extraction.

Summary

In this chapter, four representative examples of case studies (all taken from the
author’s own laboratory) have been provided in order to illustrate the ‘typical’
approaches that need to be adopted in the investigation of bioavailability and
(oral) bioaccessibility of metals and persistent organic pollutants from plants and
soil samples.



Chapter 8

Recording of Information
and Selected Resources

Learning Objectives

• To enable relevant scientific information to be recorded in the laboratory.
• To allow correct sample pre-treatment details to be noted.
• To allow correct sample preparation details to be noted.
• To allow correct analytical technique information to be noted.
• To suggest relevant resources that can be consulted, including books, jour-

nals and the Internet.

8.1 Safety

Prior to commencing any experimentation, you are required to complete a hazard
and risk assessment of the chemicals and apparatus that you will use, i.e. a Control
of Substances Hazardous to Health (COSHH) assessment.

The key safety points when handling chemicals in the laboratory are as follows:

• Treat all chemicals as being potentially dangerous.

• Wear a laboratory coat, with the buttons fastened, at all times.

• Wear eye protection at all times.

• Make sure that you know where safety equipment, such as an eye bath, fire
extinguisher and first-aid kit, are kept before you start work.

Bioavailability, Bioaccessibility and Mobility of Environmental Contaminants John R. Dean
  2007 John Wiley & Sons, L td. ISBN: 978-0-470-02577-2
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• Wear gloves for toxic, irritant or corrosive chemicals.

• Perform procedures with toxic, irritant or corrosive chemicals in a fume cup-
board.

• Label all solutions/samples appropriately.

• Extinguish all naked flames when working with flammable substances.

• Never drink, eat or smoke when chemicals are being handled.

• Report all spillages and clean them up appropriately.

• Dispose of chemicals in the correct manner.

8.2 Recording of Information in the Laboratory

8.2.1 Introduction
When carrying out any laboratory work, it is important to record information in
a systematic manner relating to sample information, sample treatment and ana-
lytical technique used, calibration strategy and recording of results. Included
below are some examples of data sheets that could be used to ensure that
all information is recorded in a systematic manner. These data sheets are not
intended to be totally comprehensive, and so may be altered and amended as
required.

The first data sheet (A) allows identification of any preliminary sample pre-
treatment that may be necessary prior to sample preparation. Data sheets (B) and
(C) identify the sample preparation techniques for inorganic and organic samples,
respectively, while data sheets (D) and (E) contain, respectively, the instrumen-
tal requirements for the most commonly used inorganic and organic analytical
techniques. (Data sheet (A) is taken from Dean, J. R., Practical Inductively Cou-
pled Plasma Spectroscopy, AnTS Series. Copyright 2005.  John Wiley and
Sons, Limited. Reproduced with permission. Data sheets (B), (C), (D) and (E)
are taken from Dean, J. R., Methods for Environmental Trace Analysis, AnTS
Series. Copyright 2003.  John Wiley and Sons, Limited. Reproduced with per-
mission).
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8.2.2 Examples of Data Sheets

Data Sheet A: Sample Pre-Treatment

• Sample description/‘unique’ identifier . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Source/location of sample . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Sample dried yes/no
Oven-dried (temperature and duration) . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .

◦C/h
Air-dried (temperature and duration) . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .

◦C/h
Other (specify) .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Grinding and sieving
Grinder used (model/type) . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Particle size (sieve mesh size) .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Mixing of the sample
Manual shaking yes/no
Mechanical shaking yes/no
Other (specify) .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Sample storage
Fridge yes/no
Other (specify) .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Chemical pre-treatment
pH adjustment yes/no
Addition of alkali (specify) . . . . . . . . . . . . . . . or acid (specify) . . . . . . . . . . . . . . .

or buffer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . pH = . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Data Sheet B: Sample Preparation for Inorganic Analysis

• Sample weight(s)
(record to four decimal places)

Sample 1 . . . . . . . . . . . . . . . . . . . . . . .g Sample 2 . . . . . .. . . . . . . .g

• Acid-digestion
Vessel used .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Hot-plate or other (specify) .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .
Temperature-controlled or not (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Type of acid(s) used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Volume of acid used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . .ml
Duration of digestion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . h/min
Any other details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Other methods of sample decomposition, e.g. fusion, dry ashing (specify)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Sample derivatization
Specify . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Reagent concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . mol l−l

Reagent volume used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . .ml
Heat required (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Sample dilution
Specify the dilution factor involved, with appropriate units . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Addition of an internal standard
Specify . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Added before digestion yes/no
Added after digestion yes/no

• Sample and reagent blanks
Specify . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Recovery
Specify . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Added before digestion yes/no
Added after digestion yes/no
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Data Sheet C: Sample Preparation for Organic Analysis

• Sample weight(s)
(record to four decimal places)
Sample 1 . . . . . . . . . . . . . . . . . . . . . . . .g Sample 2 . . . . . . . . . . . . . . . . . . . . . . g

• Soxhlet extraction method
Drying agent added and weight (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Type of solvent(s) used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Volume of solvent(s) used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ml
Duration of extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .h/min
Any other details .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Other method of sample extraction e.g. SFE, ASE (PFE), SPME or MAE, plus
operating conditions (specify)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Sample clean-up yes/no
Specify . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Pre-concentration of the sample yes/no
Method of solvent reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Final volume of extract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
• Sample derivatization

Specify . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Reagent concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mol l−1

Reagent volume used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ml
Heat required (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Sample dilution
Specify the dilution factor involved, with appropriate units . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Addition of an internal standard
Specify . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Added before extraction yes/no
Added after extraction yes/no

• Sample and reagent blanks
Specify . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Recovery
Specify . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Added before extraction yes/no
Added after extraction yes/no
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Data Sheet D: Analytical Techniques for Inorganic Analysis

Method
ICP–AES yes/no
ICP–MS yes/no
FAAS yes/no
GFAAS yes/no
Flame photometry yes/no
XRF yes/no
Other (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Inductively Coupled Plasma–Atomic Emission Spectroscopy

• ICP characteristics
Manufacturer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . Hz
Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . .kW
Observation height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm above load coil

• Argon gas flow rates
Outer gas flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..1 min−1

Intermediate gas flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..1 min−1

Injector gas flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..1 min−1

• Sample introduction method
Nebulizer/spray chamber (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Spectrometer
Simultaneous or sequential
Element(s) and wavelength(s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Quantitation
Peak height yes/no
Peak area yes/no
Method used manual/electronic
Internal standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

External standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Calibration method direct/standard additions
Number of calibration standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Linear range of calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .



Recording of Information and Selected Resources 247

Inductively Coupled Plasma–Mass Spectrometry

• ICP characteristics
Manufacturer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . Hz
Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .kW

• Argon gas flow rates
Outer gas flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .1 min−1

Intermediate gas flow rate . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .1 min−1

Injector gas flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .1 min−1

• Sample introduction method
Nebulizer/spray chamber (specify) . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Mass spectrometer
Element(s) and mass/charge ratio(s) . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Scanning or peak hopping mode

• Collision/reaction cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . yes/no
Gas(es) used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . ml min−1

Used for which elements? . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Quantitation
Peak height yes/no
Peak area yes/no
Method used manual/electronic
Internal standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

External standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Calibration method direct/standard additions
Number of calibration standards . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Linear range of calibration . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Flame Atomic Absorption Spectroscopy

• Atomizer characteristics
Flame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Graphite furnace . . . . . . . . . . . . . . . . . . . . . .

Cold-vapour . . . . . . . . . . . . . . . . . . . . . . . . Hydride generation . . . . . . . . . . . . . . . . . . .

• Flame – gas mixture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Gas flow rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..1 min−1

• Sample introduction method
Nebulizer/expansion chamber (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• spectrometer
Element(s) and wavelength(s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Quantitation
Peak height yes/no
Peak area yes/no
Method used manual/electronic
Calibration method direct/standard additions
Number of calibration standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Linear range of calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .
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Electrothermal (Graphite-Furnace) Atomic Absorption Spectroscopy

• Atomizer characteristics
graphite furnace . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Furnace characteristics
Graphite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pyrolytic coated . . . . .. . . . . . . . . . . . .

L’Vov platform . . . . . . . . . . . . . . . . . . . . . . . . Other (specify) . . . . . .. . . . . . . . . . . . .

• Programme
Drying . . . . . . . . . . . . . . . . . . . . . temperature ◦C; time s
Ashing . . . . . . . . . . . . . . . . . . . . . temperature ◦C; time s
Atomization . . . . . . . . . . . . . . . temperature ◦C; time s
Other .. . . . . . . . . . . . . . . . . . . . . . temperature ◦C; time s

• Background correction yes/no
Deuterium yes/no
Zeeman yes/no
Smith–Hieftje yes/no

• Spectrometer
Element(s) and wavelength(s) . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Quantitation
Peak height yes/no
Peak area yes/no
Method used manual/electronic
Calibration method direct/standard additions
Number of calibration standards . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Linear range of calibration . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Flame Atomic Emission Spectroscopy (Flame Photometry)

• Atomizer characteristics
Flame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Flame – gas mixture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Gas flow rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Sample introduction method
Nebulizer/expansion chamber (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Spectrometer
Element(s) .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Quantitation
Peak height yes/no
Method used manual/electronic
Calibration method direct/standard additions
Number of calibration standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Linear range of calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

X-Ray Fluorescence Spectroscopy

• Spectrometer
Manufacturer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Energy/wavelength-dispersive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Sample preparation
Specify . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Quantitation
Peak height yes/no
Peak area yes/no
Internal standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

External standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Calibration method direct/standard additions
Number of calibration standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Linear range of calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .
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Data Sheet E: Analytical Techniques for Organic Analysis

Chromatographic Method

GC yes/no
HPLC yes/no
IC yes/no
Other (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Gas Chromatography

• Column characteristics
Manufacturer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Length . . . . . . . . . . . . . . . . . . . . .m; internal diameter . . . . . . . . . . . . . mm
Film thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .µm

• Carrier gas and flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Isothermal or temperature-programmed yes/no
Temperature programme (specify) . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Injector type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Injector temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . .
◦C

Split ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Injection volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . µl

• Detector type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Operating conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

• Quantitation
Peak height yes/no
Peak area yes/no
Method used manual/electronic
Internal standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

External standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Calibration method direct/standard additions
Number of calibration standards . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

Linear range of calibration . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .
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High Performance Liquid Chromatography

• Column characteristics
Manufacturer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Reversed-phase or normal-phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Length . . . . . . . . . . . . . . . . . . . . . . . . . cm; internal diameter . . . . . . . . . . . . . . . . .mm

• Mobile phase (solvent) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ml min−1

• Isocratic or gradient yes/no
Gradient programme (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Injector volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . µl

• Detector type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Operating conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

• Quantitation
Peak height yes/no
Peak area yes/no
Method used manual/electronic
Internal standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

External standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Calibration method: direct/standard additions
Number of calibration standards: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .

Linear range of calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .
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8.3 Selected Resources

To assist readers to maximize their time, and hence efficiency, a selected resource
list is provided.

The most appropriate approach to keep up-to-date is to consult relevant journals
which publish research results on the use and application of analytical techniques.
Some suggested journals are given in Table 8.1.

It is now common practice to find that publishers allow their journal contents to
be accessed electronically, often for free (no charge). By ‘electronically’ signing
up for their e-mail ‘alerting service’, you can automatically be sent the latest
contents pages for each journal selected. This allows the contents of each selected
journal to be automatically forwarded to you directly at your e-mail address, thus
enabling you to view the latest publications in a particular journal as they are
published. This can be a valuable tool in obtaining the latest research information.
A selection of major publishers of journals, plus their corresponding websites, is
presented in Table 8.2.

Most journals are also available electronically on your desktop PC. This allows
the full text to be read in either PDF or HTML formats. In PDF format, the arti-
cle appears exactly like the print copy that you might find on a library shelf. In
HTML format, the article will have hyperlinks to tables, figures or references (the
references may be further linked to their original source using a ‘reference link-
ing’ service). However, this facility requires the payment of a subscription fee, as
is often the case for libraries in universities, industry or public organizations, etc.

Some specific books that may be useful for further in-depth study of the field
of bioavailability and bioaccessibility are shown in Table 8.3. Other books that
cover related issues, such as sampling and sample preparation, are shown in
Tables 8.4 and 8.5, respectively.

An alternative source of material is the Internet or World Wide Web. However,
caution needs to be exercised in the use of the Internet in terms of the quality of
the source material. It is recommended that only sources of known repute (e.g.
professional bodies) are used. Some examples of suitable websites are given in
Table 8.6.



254 Bioavailability, Bioaccessibility and Mobility

Ta
bl

e
8.

1
A

lp
ha

be
tic

al
lis

t
of

se
le

ct
ed

jo
ur

na
ls

th
at

pu
bl

is
h

ar
tic

le
s

(r
es

ea
rc

h
pa

pe
rs

,c
om

m
un

ic
at

io
ns

,c
ri

tic
al

re
vi

ew
s,

et
c.

)
on

an
al

yt
ic

al
te

ch
ni

qu
es

an
d

th
ei

r
ap

pl
ic

at
io

ns
a

Jo
ur

na
l

Pu
bl

is
he

r
W

eb
ad

dr
es

sb

A
na

ly
st

T
he

R
oy

al
So

ci
et

y
of

C
he

m
is

tr
y

ht
tp

:/
/w

w
w

.r
sc

.o
rg

/P
ub

lis
hi

ng
/J

ou
rn

al
s/

an
/

A
na

ly
tic

a
C

hi
m

ic
a

A
ct

a
E

ls
ev

ie
r

ht
tp

:/
/w

w
w

.e
ls

ev
ie

r.
co

m
/w

p
s/

fin
d

/jo
ur

na
ld

es
cr

ip
tio

n.
cw

s
ho

m
e/

50
26

81
/d

es
cr

ip
tio

n#
d

es
cr

ip
tio

n
A

na
ly

ti
ca

l
C

he
m

is
tr

y
A

m
er

ic
an

C
he

m
ic

al
So

ci
et

y
ht

tp
:/

/p
ub

s.
ac

s.
or

g/
jo

ur
na

ls
/a

nc
ha

m
/in

d
ex

.h
tm

l
C

he
m

os
ph

er
e

E
ls

ev
ie

r
ht

tp
:/

/w
w

w
.e

ls
ev

ie
r.

co
m

/w
p

s/
fin

d
/jo

ur
na

ld
es

cr
ip

tio
n.

cw
s

ho
m

e/
36

2/
d

es
cr

ip
tio

n#
d

es
cr

ip
tio

n
E

nv
ir

on
m

en
t

In
te

rn
at

io
na

l
E

ls
ev

ie
r

ht
tp

:/
/w

w
w

.e
ls

ev
ie

r.
co

m
/w

p
s/

fin
d

/jo
ur

na
ld

es
cr

ip
tio

n.
cw

s
ho

m
e/

32
6/

d
es

cr
ip

tio
n#

d
es

cr
ip

tio
n

E
nv

ir
on

m
en

ta
l

P
ol

lu
ti

on
E

ls
ev

ie
r

ht
tp

:/
/w

w
w

.e
ls

ev
ie

r.
co

m
/w

p
s/

fin
d

/jo
ur

na
ld

es
cr

ip
tio

n.
cw

s
ho

m
e/

40
58

56
/d

es
cr

ip
tio

n#
d

es
cr

ip
tio

n
E

nv
ir

on
m

en
ta

l
Sc

ie
nc

e
an

d
Te

ch
no

lo
gy

A
m

er
ic

an
C

he
m

ic
al

So
ci

et
y

ht
tp

:/
/p

ub
s.

ac
s.

or
g/

jo
ur

na
ls

/e
st

ha
g/

Jo
ur

na
l

of
A

gr
ic

ul
tu

ra
l

an
d

F
oo

d
C

he
m

is
tr

y
A

m
er

ic
an

C
he

m
ic

al
So

ci
et

y
ht

tp
:/

/p
ub

s.
ac

s.
or

g/
jo

ur
na

ls
/ja

fc
au

/in
d

ex
.h

tm
l

Jo
ur

na
l

of
A

na
ly

ti
ca

l
A

to
m

ic
Sp

ec
tr

om
et

ry
(J

A
A

S)

T
he

R
oy

al
So

ci
et

y
of

C
he

m
is

tr
y

ht
tp

:/
/w

w
w

.r
sc

.o
rg

/P
ub

lis
hi

ng
/J

ou
rn

al
s/

JA
/in

d
ex

.a
sp

Jo
ur

na
l

of
C

hr
om

at
og

ra
ph

y
(P

ar
ts

A
an

d
B

)
E

ls
ev

ie
r

ht
tp

:/
/w

w
w

.e
ls

ev
ie

r.
co

m
/w

p
s/

fin
d

/jo
ur

na
ld

es
cr

ip
tio

n.
cw

s
ho

m
e/

50
26

88
/d

es
cr

ip
tio

n#
d

es
cr

ip
tio

n

Jo
ur

na
l

of
E

nv
ir

on
m

en
ta

l
M

on
it

or
in

g
(J

E
M

)
T

he
R

oy
al

So
ci

et
y

of
C

he
m

is
tr

y
ht

tp
:/

/w
w

w
.r

sc
.o

rg
/P

ub
lis

hi
ng

/J
ou

rn
al

s/
em

/in
d

ex
.a

sp

M
ic

ro
ch

em
ic

al
Jo

ur
na

l
E

ls
ev

ie
r

ht
tp

:/
/w

w
w

.e
ls

ev
ie

r.
co

m
/w

p
s/

fin
d

/jo
ur

na
ld

es
cr

ip
tio

n.
cw

s
ho

m
e/

62
03

91
/d

es
cr

ip
tio

n#
d

es
cr

ip
tio

n
Sc

ie
nc

e
of

th
e

To
ta

l
E

nv
ir

on
m

en
t

E
ls

ev
ie

r
ht

tp
:/

/w
w

w
.e

ls
ev

ie
r.

co
m

/w
p

s/
fin

d
/jo

ur
na

ld
es

cr
ip

tio
n.

cw
s

ho
m

e/
50

33
60

/d
es

cr
ip

tio
n#

d
es

cr
ip

tio
n

So
il

B
io

lo
gy

an
d

B
io

ch
em

is
tr

y
E

ls
ev

ie
r

ht
tp

:/
/w

w
w

.e
ls

ev
ie

r.
co

m
/w

p
s/

fin
d

/jo
ur

na
ld

es
cr

ip
tio

n.
cw

s
ho

m
e/

33
2/

d
es

cr
ip

tio
n#

d
es

cr
ip

tio
n

Sp
ec

tr
oc

hi
m

ic
a

A
ct

a
(P

ar
t

B
)

E
ls

ev
ie

r
ht

tp
:/

/w
w

w
.e

ls
ev

ie
r.

co
m

/w
p

s/
fin

d
/jo

ur
na

ld
es

cr
ip

tio
n.

cw
s

ho
m

e/
52

54
37

/d
es

cr
ip

tio
n#

d
es

cr
ip

tio
n

Ta
la

nt
a

E
ls

ev
ie

r
ht

tp
:/

/w
w

w
.e

ls
ev

ie
r.

co
m

/w
p

s/
fin

d
/jo

ur
na

ld
es

cr
ip

tio
n.

cw
s

ho
m

e/
52

54
38

/d
es

cr
ip

tio
n#

d
es

cr
ip

tio
n

Tr
en

ds
in

A
na

ly
ti

ca
l

C
he

m
is

tr
y

E
ls

ev
ie

r
ht

tp
:/

/w
w

w
.e

ls
ev

ie
r.

co
m

/w
p

s/
fin

d
/jo

ur
na

ld
es

cr
ip

tio
n.

cw
s

ho
m

e/
50

26
95

/d
es

cr
ip

tio
n#

d
es

cr
ip

tio
n

a
A

da
pt

ed
fr

om
D

ea
n,

J.
R

.,
P

ra
ct

ic
al

In
du

ct
iv

el
y

C
ou

pl
ed

P
la

sm
a

Sp
ec

tr
os

co
py

,A
nT

S
Se

ri
es

,
Jo

hn
W

ile
y

&
So

ns
,

L
td

,
C

hi
ch

es
te

r,
U

K
,

20
05

.
b
A

s
of

A
ug

us
t

20
06

.
T

he
pr

od
uc

ts
or

m
at

er
ia

l
di

sp
la

ye
d

ar
e

no
t

en
do

rs
ed

by
th

e
au

th
or

or
th

e
pu

bl
is

he
r

of
th

is
pr

es
en

t
te

xt
.



Recording of Information and Selected Resources 255

Table 8.2 Selected major publishers of journals. From Dean, J. R., Practical
Inductively Coupled Plasma Spectroscopy, AnTS Series. Copyright 2005.  John
Wiley and Sons, Limited. Reproduced with permission

Publisher Web addressa

The Royal Society of Chemistry http://www.rsc.org
American Chemical Society http://www.pubs.acs.org
Wiley http://www.wiley.com
Elsevier http://www.elsevier.com
CRC Press http://www.crcpress.com
Springer-Verlag http://www.springerlink.metapress.com
a As of August 2006. The products or material displayed are not endorsed by the author or the publisher
of this present text.

Table 8.3 Specific books on Speciation, Fractionation, Bioavailability and Bioacces-
sibilitya,b

Cornelis, R., Caruso, J. A., Crews, H. and Heumann, K. K. (Eds), Handbook of
Elemental Speciation, Vol. 1, Techniques and Methodology, John Wiley & Sons, Ltd,
Chichester, UK, 2005.

Cornelis, R., Caruso, J. A. Crews, H. and Heumann, K. G. (Eds), Handbook of
Elemental Speciation, Vol. 2, Species in the Environment, Food, Medicine and
Occupational Health, John Wiley & Sons, Ltd, Chichester, UK, 2005.

Szpunar, J. and Lobinski, R., Hyphenated Techniques in Speciation Analysis , The Royal
Society of Chemistry, Cambridge, UK, 2004.

Cornelius, R, Caruso, J. A., Crews, H. and Heumann, K. G. (Eds), Handbook of
Elemental Speciation: Techniques and Methodology, John Wiley & Sons, Ltd,
Chichester, UK, 2003.

National Research Council, Bioavailability of Contaminants in Soils and Sediments.
Processes, Tools and Applications, National Research Council, The National
Academies Press, Washington, DC, USA, 2003.

Ebdon, L. Pitts, L., Cornelius, R., Crews, H., Donard, A. F. X. and Quevauviller, Ph.,
Trace Element Speciation for Environment, Food and Health, The Royal Society of
Chemistry, Cambridge, UK, 2002.

Quevauviller, Ph., Methodologies for Soil and Sediment Fractionation Studies, The
Royal Society of Chemistry, Cambridge, UK, 2002.

Caruso, J. A., Sutton, K. L. and Ackley, K. L. (Eds), Elemental Speciation, Elsevier,
Amsterdam, The Netherlands, 2000.

Baveye, P., Block, J.-C. and Goncharuk, V V. (Eds) Bioavailability of Organic
Xenobiotics in the Environment: Practical Consequences for the Environment,
Springer-Verlag, Berlin, Germany, 1999.

(continued overleaf )
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Table 8.3 (continued )

Quevauviller, Ph., Method Performance Studies for Speciation Analysis, The Royal
Society of Chemistry, Cambridge, UK, 1997.

Van der Sloot, H. A., Heasman, L. and Quevauviller, Ph., Harmonization of
Leaching/Extraction Tests, Elsevier, Amsterdam, The Netherlands, 1997.

Caroli, S., Element Speciation in Bioinorganic Chemistry, John Wiley & Sons, Ltd,
Chichester, UK, 1996.

Ure, A. M. and Davidson, C. M., Chemical Speciation in the Environment, Blackie
Academic and Professional, Glasgow, Scotland, UK, 1995.

Kramer, J. R. and Allen, H. E. Metal Speciation. Theory, Analysis and Application,
Lewis Publishers Inc., Chelsea, MI, USA, 1988.

a Adapted from Dean, J. R., Practical Inductively Coupled Plasma Spectroscopy, AnTS Series, John Wiley & Sons,
Ltd, Chichester, UK, 2005.
b Arranged in chronological order.

Table 8.4 Specific books on Sampling.a From Dean, J. R., Practical Inductively Cou-
pled Plasma Spectroscopy, AnTS Series. Copyright 2005. John Wiley and Sons, Limited.
Reproduced with permission

Conklin, A. R., Field Sampling: Principles and Practices in Environmental Analysis,
Marcel Dekker, New York, NY, USA, 2004.

Bodger, K., Fundamentals of Environmental Sampling, Rowman & Littlefield
Publishers, Lanham, MD, USA, 2003.

Muntau, H. Comparative Evaluation of European Methods for Sampling and Sample
Treatment of Soil, Diane Publishing Company, Collingdale, PA, USA, 2003.

Popek, E.P., Sampling and Analysis of Environmental Chemical Pollutants: A Complete
Guide, Academic Press, Oxford, UK, 2003.

Csuros, M., Environmental Sampling and Analysis for Metals, CRC Press, Boca Raton,
FL, USA, 2002.

Csuros, M., Environmental Sampling and Analysis: Laboratory Manual, CRC Press,
Boca Raton, FL, USA, 1997.

Ostler, N.K., Sampling and Analysis, Prentice Hall, New York, NY, USA, 1997.

Hess, K., Environmental Sampling for Unknowns, CRC Press, Boca Raton, FL, USA,
1996.

Keith, L.H., Principles of Environmental Sampling, Oxford University Press, Oxford,
UK, 1996.

Keith, L.H., Compilation of EPA’s Sampling and Analysis Methods, CRC Press, Boca
Raton, FL, USA, 1996.

Harsham, K.D., Water Sampling for Pollution Regulation, Taylor and Francis, London,
UK, (1995).
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Table 8.4 (continued )

Quevauviller, Ph., Quality Assurance in Environmental Monitoring: Sampling and
Sample Pretreatment, John Wiley & Sons, Ltd, Chichester, UK, 1995.

Russell Boulding, J., Description and Sampling of Contaminated Soils: A Field Guide,
CRC Press, Boca Raton, FL, USA, 1994.

Carter, M.R., Soil Sampling and Methods of Analysis, CRC Press, Boca Raton, FL,
USA, 1993.

Baiuescu, G.E., Dumitrescu, P. and Gh. Zugravescu, P., Sampling, Ellis Horwood,
London, UK, 1991.

Keith, L.H., Environmental Sampling and Analysis: A Practical Guide, Lewis Publishers
Inc., Chelsea, MI, USA, 1991.

a Arranged in chronological order.

Table 8.5 Specific books on Sample Preparationa,b

Mester, Z and Sturgeon, R., Sample Preparation for Trace Element Analysis, Elsevier,
Amsterdam, The Netherlands, 2004.

Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series, John Wiley &
Sons, Ltd, Chichester, UK, 2003.

Mitra, S. (Ed.), Sample Preparation Techniques in Analytical Chemistry,
Wiley-Interscience, New York, NY, USA, 2003.

Dean, J. R., Extraction Methods for Environmental Analysis, John Wiley & Sons, Ltd,
Chichester, UK, 1998.

Kingston, H. M. and Jassie, L. B., Introduction to Microwave Sample Preparation, ACS
Professional Reference Book, American Chemical Society, Washington, DC, USA,
1988.

Bock, R., A Handbook of Decomposition Methods in Analytical Chemistry, International
Textbook Company, London, UK, 1979.

a Adapted from Dean, J. R., Practical Inductively Coupled Plasma Spectroscopy, AnTS Series, John Wiley & Sons,
Ltd, Chichester, UK, 2005.
b Arranged in chronological order.

Table 8.6 Selected useful web sites. From Dean, J. R., Practical Inductively Coupled
Plasma Spectroscopy, AnTS Series. Copyright 2005.  John Wiley and Sons, Limited.
Reproduced with permission

Organization Web addressa

American Chemical Society (ACS) http://www.acs.org
International Union of Pure and Applied Chemistry

(IUPAC)
http://iupac.chemsoc.org

Laboratory of the Government Chemist (LGC) http://www.lgc.co.uk
National Institute of Standards and Technology

(NIST) Laboratory
http://www.cstl.nist.gov

(continued overleaf )
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Table 8.6 (continued )

Organization Web addressa

National Institute of Standards and Technology
(NIST) ‘WebBook’

http://webbook.nist.gov

The Royal Society of Chemistry (RSC) http://www.rsc.org
Society of Chemical Industry (SCI) http://sci.mond.org
United States Environmental Protection Agency

(USEPA)
http://www.epa.gov

United States National Library of Medicine
(USNLM)

http://chem.sis.nlm.nih.gov

a As of August 2006. The products or material displayed are not endorsed by the author or the publisher of this
present text.

Summary

Accurate recording of experimental details prior to, during and after practical
work is an essential component in analytical science. This chapter has attempted
to capture the essential information which needs to be recorded at the same time
as the practical work is being undertaken. Templates (data sheets) have been
provided, as guidance, in order to ensure that the most appropriate information
is recorded. In addition, details are given on the range of resources available, in
both print and electronic format, to assist in the understanding of bioavailability
and bioaccessibility of environmental contaminants.



Responses to Self-Assessment
Questions

Chapter 1

Response 1.1
Now, while local councils in the UK operate waste recycling schemes, a consid-
erable amount of the waste still goes to land fill, i.e. large holes in the ground
which are filled with waste products from the home and commercial activities.
It is natural that these land-fill sites will leach waste water over the period of
their operation which can also act to pollute local rivers and streams. It is natural,
therefore, for governments to regulate the use of the land on which we live, work
and play to conserve and protect the environment.

Response 1.2
Direct exposure to humans includes inhalation of volatile compounds (e.g. sol-
vents) or dust/soil, absorption through the skin and ingestion (deliberate or
unintentional).

Response 1.3
By using the data presented, it is possible to:

(1) Calculate the arithmetic sample mean, x, as 410.17.

(2) Calculate the (unbiased) sample standard deviation, s, as 93.58.

(3) Obtain the t-value from Table 1.5 for n = 12, as t = 1.796.

Bioavailability, Bioaccessibility and Mobility of Environmental Contaminants John R. Dean
  2007 John Wiley & Sons, L td. ISBN: 978-0-470-02577-2
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(4) Calculate the upper 95th percentile bound of the sample as:

US 95 = x + ts√
n

US 95 = 410.17 + (1.796 × 93.58)/
√

12

US 95 = 458.69

(5) Compare the upper bound value (US 95) with the Soil Guideline Value, G.

The upper bound value is lower than the Soil Guideline Value of 500 and
therefore it can be concluded that NO action is required in the averaging area
based on the mean-value test.

Response 1.4
The objective is to decide whether the maximum value, x1 = 520 (ymax = 2.716),
should be treated as an outlier, or whether it is reasonable to be considered as
coming from the same underlying population as the other samples. By using the
data presented, it is possible to:

(1) Calculate the arithmetic sample mean of the y-values, as y = 2.600.

(2) Calculate the (unbiased) standard deviation of the y-values, as sy = 0.1206.

(3) Obtain the outlier test statistic as:

T = (ymax − Y )/sy

T = (2.716 − 2.600)/0.1206 = 0.96

Then, compare this value (T = 0.96) with the critical value (Tcrit) in Table 1.6.
In the context of critical values being used for contaminated soil analysis,

the concern is with regard to accepting a value which should be treated as an
outlier. As 10% critical values are more stringent, they should be used for health-
protection purposes, rather than the 5% values.

Therefore, the maximum value statistic calculated above (T = 0.96) is less
than the 10% critical value of 2.13. Thus, it is reasonable to conclude that the
maximum value is indeed part of the same underlying distribution as the other
values.

Chapter 2

Response 2.1
The answer to this question is either very straightforward or not. In one sense,
the easiest answer is that you would use the only analytical technique that you
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have available, whether or not it is ‘ideal’ for its purpose. However, if you have
a range of analytical techniques available, then the decision is more complex and
requires further consideration. Issues to consider then include the following:

• What is the metal or POP to be analysed?

• Which technique is the most appropriate for that metal/POP?

• What are the limits of detection that are required for this purpose?

• What precision will be acceptable?

• How will I assess accuracy?

• How fast is the ‘turn-around’ time for this type of analysis?

• Are analyses needed ‘on site’?

• How many samples will there be?

• Is the analysis capable of being automated?

• How much will it all cost? Capital cost of analytical technique? Operating
costs?

• Level of skill required by operator? Training of operator?

As I have tried to indicate, the answer to the original question does require
some thought. Can you think of any more specific questions?

Response 2.2†

Microwaves are high-frequency electromagnetic radiation with a typical wave-
length of 1 mm to 1 m. Many microwaves, both industrial and domestic, operate
at a wavelength of around 12.2 cm (or a frequency of 2.45 GHz) to prevent inter-
ference with radio transmissions. Microwaves are split into two parts, i.e. the
electric-field component and the magnetic-field component. These are perpendic-
ular to each other and the direction of propagation (travel) and vary sinusoidally.
Microwaves, are comparable to light in their characteristics. They are said to
have both particulate character as well as acting like waves. The ‘particles’ of
microwave energy are known as photons. These photons are absorbed by the
molecule in the lower-energy state (E0) and the energy raises an electron to a
higher-energy level (E1). Since electrons occupy definite energy levels, changes
in these levels are discrete and therefore do not occur continuously. The energy is
said to be quantized. Only charged particles are affected by the electric-field part
of the microwave. The Debye equation for the dielectric constant of a material

† See Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series, John Wiley & Sons, Ltd, Chichester,
UK, 2003, pp. 56–57.
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determines the polarizability of the molecule. If these charged particles or polar
molecules are free to move, this causes a current in the material. However, if they
are bound strongly within the compound and consequently are not mobile within
the material, a different effect occurs. The particles re-orientate themselves so
they are in-phase with the electric field. This is known as dielectric polarization.

The latter is split into four components, with each being based upon the four
different types of charged particles that are found in matter. These are elec-
trons, nuclei, permanent dipoles and charges at interfaces. The total dielectric
polarization of a material is the sum of all four components:

α1 = αe + αa + αd + αi

where α1 is the total dielectric polarization, αe is the electronic polarization (polar-
ization of electrons round the nuclei), αa is the atomic polarization (polarization
of the nuclei), αd is the dipolar polarization (polarization of permanent dipoles
in the material) and αi is the interfacial polarization (polarization of charges at
the material interfaces).

The electric field of the microwaves is in a state of flux, i.e. it is continually
polarizing and depolarizing. These frequent changes in the electric field of the
microwaves cause similar changes in the dielectric polarization. Electronic and
atomic polarization and depolarization occur more rapidly than the variation in the
electric field and have no effect on the heating of the material. Interfacial polar-
ization (also known as the Maxwell–Wagner effect) only has a significant effect
on dielectric heating when charged particles are suspended in a non-conducting
medium, and are subjected to microwave radiation. The time-period of oscillation
of permanent dipoles is similar to that of the electric field of the microwaves. The
resulting polarization lags behind the reversal of the electric field and causes heat-
ing in the substance. These phenomena are thought to be the main contributors
to dielectric heating.

Response 2.3
A metal complex is where the metal is chemically bound, using lone pairs of elec-
trons, to an organic compound such that the metal is encapsulated or ‘chelated’.
An example is shown in Figure SAQ 2.3 for ammonium pyrrolidine dithiocar-
bamate (APDC).

CH2

CH2H2C

H2C

N C

S

S

M

Figure SAQ 2.3 Metal complexation using ammonium pyrrolidine dithiocarbamate
(APDC) (note that in this case the ammonium ion has been displaced by a metal (M)).
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Response 2.4
Other flames that have been used previously include air–hydrogen (2300 K) and
air–propane (2200 K) flames.

Response 2.5
In the Smith–Hieftje background correction approach, a single hollow-cathode
lamp (HCL) is used which is operated at high and low (or normal) currents. The
operation of an HCL at high-lamp current induces ‘self-reversal’ in the emission
profile of the lamp. It is this feature which is exploited in the Smith–Hieftje
background correction. The principle of the method is as follows. The HCL,
operating at low current, is able to absorb radiation from both the (desired) atomic
and (unwanted) molecular species, as would normally occur. If the HCL is then
subjected to a pulse of high current, ‘self-reversal’ occurs, effectively splitting
the profile into two. Incomplete self-reversal in the HCL will lead to incomplete
resolving of the atomic line profile from molecular-band interferences. As the
atomic species no longer coincide at exactly the same wavelength (as is the case
with the HCL at low current), they are not observed, whereas the broad-band
absorptions of the molecular species are still observed. Subtraction of the two
signals allows a corrected absorption signal to be monitored.

Response 2.6
This refers to three elements and a mineral, namely neodymium (Nd), yttrium
(Y), aluminium (Al) and garnet (G).

Response 2.7
These devices are commonly found in digital cameras and camcorders, i.e. those
which allow you to visualize objects of a photograph or movie.

Response 2.8
The use of pressure units in science can be quite confusing as often you do not find
the SI System (Systeme International d’Unites) being used for historical reasons.
Nevertheless, it is very useful to be able to convert between these different units.
The SI unit of pressure is the pascal (Pa), which has been defined as 1 Pa =
1 kg m−1s−2 = 1 N m−2. In addition, other units of pressure that are frequently
used include the bar (bar, a cgs unit of pressure), atmosphere (atm), millimetre
of mercury (mmHg) and torr (torr):

1 Pa = 9.869 23 × 10−6 atm = 10 × 10−6 bar = 7.500 64

× 10−3 mmHg = 7.500 64 × 10−3 torr.
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Therefore, 1 bar = 100 000 Pa. As 2.5 mbar is the same as 2.5 × 10−3 bar, then
2.5 × 10−3 bar = 250 Pa = 2.4673 × 10−3atm = 1.875 16 mmHg = 1.875 16
torr.

Response 2.9‡

The use of collision and reaction cells in ICP–MS allows for the following:

• Neutralization of the most intense chemical ionisation species.

• Interferent or analyte ion mass/charge ratio shifts.

These processes are affected by the use of a range of reaction types, including
the following:

• charge exchange

• atom transfer

• adduct formation

• condensation reactions.

General forms of each of these reaction types, with selected examples, are
presented in the following (A, analyte; B, reagent; C, interferent):

Charge exchange

General form: C+ + B −−→ B+ + C

Charge exchange allows the removal of, for example, the argon plasma gas ion
interference and the resultant formation of uncharged argon plasma gas which is
not then detected.

Example: Ar+ + NH3 −−→ NH3
+ + Ar

Atom transfer: proton transfer

General form: CH+ + B −−→ BH+ + C

Proton transfer can remove the interference from, for example, ArH+. This
results in the formation of neutral (uncharged) argon plasma gas which is then
not detected.

Example: ArH+ + H2 −−→ H3
+ + Ar

‡ See Dean, J. R., Practical Inductively Coupled Plasma Spectroscopy, AnTS Series, John Wiley & Sons, Ltd,
Chichester, UK, 2005, pp. 110–111.
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Atom transfer: hydrogen-atom transfer

General form: C+ + BH −−→ CH+ + B

Hydrogen-atom transfer has the ability to alleviate an interference by increasing
the mass/charge ratio by one.

Example: Ar+ + H2 −−→ ArH+ + H

Atom transfer: hydride-atom transfer

General form: A+ + BH −−→ B+ + AH

Hydride-atom transfer can remove an interference by forming the hydride of
an element with no charge.

Adduct formation

General form: A+ + B −−→ AB+

Adduct formation, with, for example, ammonia, NH3, allows the mass/charge
ratio to increase by 17 amu (atomic weight of N = 14 and atomic weight of
H = 1).

Example: Ni+ + NH3 −−→ Ni+.NH3

Condensation reaction

General form: A+ + BO −−→ AO+ + B

The use of a condensation reaction, in common with adduct formation, has
the ability to increase the mass/charge ratio. For example, creation of the oxide
of the element will increase the mass/charge ratio by 16 amu (atomic weight of
O = 16).

Example: Ce+ + N2O −−→ CeO+ + N2

Response 2.10
The identification of element species information or ‘speciation’ is defined as
the process of identifying and quantifying the different defined species, forms or
phases present in a material or the description of the amounts and types of these.
The reason why speciation is important is that elements can be present in many
forms, some of which are toxic. Examples of elements for which toxicity is an
issue are arsenic, chromium, mercury and tin.

Arsenic occurs in many chemical forms in the environment, i.e. arsenite
(As(III)), arsenate (As(V)), monomethylarsonic acid (MMAA), dimethylarsinic
acid (DMAA), arsenobetaine (AsB) and arsenocholine (AsC), with a range of
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toxicities, e.g. As(III) is the most toxic form of arsenic. In fish tissue, the
main form of arsenic is arsenobetaine, which is non-toxic. Trivalent chromium
(Cr(III)) is an essential element for man as it is involved in glucose, lipid
and protein metabolism. In contrast, hexavalent chromium (Cr(VI)) is a potent
carcinogen. It is therefore essential to be able to distinguish between these two
different oxidation states of chromium. All forms of mercury are considered to be
poisonous. However, it is methylmercury (or as the chloride, CH3HgCl) which
is considered to be the most toxic because of its ability to bioaccumulate in fish.
The best example of the toxicity of methylmercury occurred in Minamata in
Japan in 1955. It was found that methylmercury-contaminated fish consumed by
pregnant women resulted in the ‘new-born’ children having severe brain damage
(Minamata disease). Butyl- and phenyltin compounds are known to be toxic in
the marine environment. Historically, tributyltin (TBT) has been released into the
marine environment from the leaching of TBT-based antifouling paints used on
the undersides of boats and ships. Triphenyltin (TPhT) has also been used as an
antifouling agent in paint and in herbicide formulations.

Chapter 3

Response 3.1
Extraction of POPs from solid or semi-solid matrices can be divided into several
categories based on the method of extraction, mode of heating and presence (or
not) of some type of agitation (Figure SAQ 3.1).

Soil, sludge and sediment 

Organic solvent added 

Heat Heat plus pressure Agitation/mixing

Soxhlet • SFE
• MAE
• PFE

• 'Shake-flask'
• Ultrasonic 

EXTRACTION TECHNIQUE

Figure SAQ 3.1 Procedure adopted in the extraction of persistent organic pollutants from
(semi)-solid matrices.
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Response 3.2†

Microwaves are high-frequency electromagnetic radiation with a typical wave-
length of 1 mm to 1 m. Many microwaves, both industrial and domestic, operate
at a wavelength of around 12.2 cm (or a frequency of 2.45 GHz) to prevent inter-
ference with radio transmissions. Microwaves are split into two parts, i.e. the
electric-field component and the magnetic-field component. These are perpendic-
ular to each other and the direction of propagation (travel) and vary sinusoidally.
Microwaves, are comparable to light in their characteristics. They are said to
have both particulate character as well as acting like waves. The ‘particles’ of
microwave energy are known as photons. These photons are absorbed by the
molecule in the lower-energy state (E0) and the energy raises an electron to a
higher-energy level (E1). Since electrons occupy definite energy levels, changes
in these levels are discrete and therefore do not occur continuously. The energy is
said to be quantized. Only charged particles are affected by the electric-field part
of the microwave. The Debye equation for the dielectric constant of a material
determines the polarizability of the molecule. If these charged particles or polar
molecules are free to move, this causes a current in the material. However, if
they are bound strongly within the compound and consequently are not mobile
within the material, a different effect occurs. The particles re-orientate them-
selves so they are in-phase with the electric field. This is known as dielectric
polarization.

Response 3.3‡

Liquid solvents at elevated temperatures and pressures should provide enhanced
extraction capabilities compared to their use at or near room temperature and
atmospheric pressure for two main reasons: (i) solubility and mass transfer effects
and (ii) disruption of surface equilibria.

Solubility and Mass-Transfer Effects
The following three factors are considered important:

• Higher temperatures increase the capacity of solvents to solubilize analytes.

• Faster diffusion rates occur as a result of increased temperatures.

• Improved mass transfer, and hence increased extraction rates, occur when fresh
solvent is introduced, i.e. the concentration gradient is greater between the fresh
solvent and the surface of the sample matrix.

Disruption of Surface Equilibria
As both temperature and pressure are important, both are discussed separately.

† See Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series, John Wiley & Sons, Ltd, Chichester,
UK, 2003, pp. 56–57.
‡ See Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series, John Wiley & Sons, Ltd, Chichester,
UK, 2003, pp. 129–130.
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Temperature Effects

• Increased temperatures can disrupt the strong solute–matrix interactions caused
by van der Waals forces, hydrogen bonding and dipole attractions of the solute
molecules and active sites on the matrix.

• Decreases in the viscosities and surface tensions of solvents occur at higher
temperatures, thus allowing improved penetration of the matrix, and hence
improved extraction.

Pressure Effects

• The utilization of elevated pressures allows solvents to remain liquified above
their boiling points.

• Extraction from within the matrix is possible, as the pressure allows the solvent
to penetrate the sample matrix.

Response 3.4
Important points to consider when comparing different extraction techniques for
the recovery of POPs from solid matrices include the following:

• How much sample is required?

• How long will the extraction take?

• Are there any limitations on the choice of solvents?

• How much solvent is required?

• Can the extraction be done sequentially or simultaneously?

• Is it possible to automate the process?

• Will it require low/medium/high operator skills to perform the extractions?

• What is the capital cost of the apparatus/equipment?

• What are the consumable costs?

• Does the extraction process have any approved methods?

• Is the extraction system commercially available?

Response 3.5§

Two terms are used to describe the distribution of a POP between two immiscible
solvents, i.e. the distribution coefficient and the distribution ratio. The distribution

§ See Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series, John Wiley & Sons, Ltd, Chichester,
UK, 2003, pp. 100–101.
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coefficient is an equilibrium constant which describes the distribution of a POP,
between two immiscible solvents, e.g. an aqueous and an organic phase. For
example, an equilibrium can be obtained by shaking the aqueous phase containing
the POP with an organic phase, such as hexane. This process can be written as
an equation, as follows:

POP(aq) −−⇀↽−− POP(org) (SAQ 1)

where (aq) and (org) represent the aqueous and organic phases, respectively. The
ratio of the activities of the POP in the two solvents is constant and can be
represented by the following:

Kd = [POP]org/[POP]aq (SAQ 2)

where Kd is the distribution coefficient. While the numerical value of Kd provides
a useful constant value, at a particular temperature, the activity coefficients are
neither known or easily measured. A more useful expression is the fraction of
POP extracted, E, often expressed as a percentage, as follows:

E = CoVo/(CoVo + CaqVaq) (SAQ 3)

or:

E = KdV/(1 + KdV ) (SAQ 4)

where Co and Caq are the concentrations of the POP in the organic and aqueous
phases, respectively, Vo and Vaq are the volumes of the organic and aqueous
phases, respectively, and V is the phase ratio, i.e. Vo/Vaq.

For one-step liquid–liquid extractions, Kd must be large, i.e. > 10, for quan-
titative recovery (> 99%) of the POP in one of the phases, e.g. the organic
solvent. This is a consequence of the phase ratio, V , which must be maintained
within a practical range of values: 0.1 < V < 10 (equation (SAQ 4)). Typically,
two or three repeat extractions are required with fresh organic solvent to achieve
quantitative recoveries. Equation (SAQ 5) is used to determine the amount of
POP extracted after successive multiple extractions:

E = 1 − [1/(1 + KdV )]n (SAQ 5)

where n is the number of extractions. For example, if the volume of the two
phases are equal (V = 1) and Kd = 3 for an analyte, then four extractions (n = 4)
would be required to achieve > 99% recovery.

Response 3.6
The purpose of SPE is to recover from aqueous solution, using a solid support,
any POPs that might be present. Then, suitable washing of the solid support
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by a small volume of organic solvent allows easy release of the retained POPs.
In this manner, the POPs present in a large volume of aqueous solution are
pre-concentrated prior to analysis. An alternative approach for SPE is to use
the technique to ‘clean-up’ a sample, i.e. to remove POPs from any extraneous
material.

Response 3.7
Important aspects to consider when comparing different extraction techniques for
the recovery of POPs from liquid samples include the following:

• How much sample is required?

• How long will the extraction take?

• Are there any limitations on the choice of solvents?

• How much solvent is required?

• Can the extraction be done sequentially or simultaneously?

• Is it possible to automate the process?

• Will it require low/medium/high operator skills to perform the extractions?

• What is the capital cost of the apparatus/equipment?

• What are the consumable costs?

• Does the extraction process have any approved methods?

• Is the extraction system commercially available?

Chapter 4

Response 4.1
If the nebulizer does become blocked, the following cleaning procedures can be
used:

• Remove the nebulizer from its mounting and visually examine under 20× or
30× magnification.

• Particle wedged inside nebulizer.

– Carefully tap the liquid input of the nebulizer gently. If the particle becomes
loose, repeat the tapping to allow the particle to progress to the exit orifice.

– Apply compressed gas (up to 30 psi) to the nozzle.
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– ‘Back-flush’ the nozzle using isopropyl alcohol.

• Solid material present but a flow through the nebulizer is still possible.

– Inject appropriate solvent into the nozzle to dissolve solid deposit.

– Remove the solvent with compressed gas.

– Repeat above, but gently heat the nebulizer.

• Solid material present and nebulizer is blocked.

– Gently heat the nebulizer at the point of the blockage. Then carefully apply
gas pressure at the sample input tube.

• Nozzle is encrusted with crystalline deposits.

– Immerse the nozzle in an appropriate rinse solution.

– Apply compressed gas (up to 30 psi) to the nozzle.

• No foreign matter is visible.

– Immerse the nozzle in hot, concentrated nitric acid. Repeat as necessary.

Response 4.2
Aqua regia is prepared from concentrated hydrochloric acid (HCl) and nitric acid
(HNO3) in the following ratio, 3:1 (vol/vol). This means, for example, placing
75 ml of hydrochloric acid and 25 ml of nitric acid into a 100 ml measuring
cylinder.

Response 4.3
Earthworms travel underground by means of a series of waves of muscular con-
tractions which alternately shorten and lengthen the body [11]. In the shortened
state, the earthworm is anchored to the surrounding soil by tiny claw-like bristles,
often called setae, which are distributed along its segmented length. Normally,
earthworms have four pairs of setae per segment but some genera are perichaetin,
i.e. they have a larger number of setae on each segment. The entire movement
process is assisted by the earthworm secreting a lubricating mucus.

Response 4.4
Diethylenetriamine pentaacetic acid.

Response 4.5

(a) It is noted that the numerical values are often grouped so that the numbers
are within 1000 of each other with the appropriate choice of units, e.g.
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0.050 µg g−1 selenium is within a factor of 1000 for rubidium (10.2 µg g−1)
but not within a factor of 1000 for magnesium (0.271 wt% or 2710 µg g−1). In
addition, for the major constituents, two or three significant figures are quoted
for values in the wt% range. This allows large concentrations to be quoted
without the necessity to report excessive significant figures, e.g. instead of
quoting 16 100 µg g−1 for potassium it is more appropriate to quote 1.61
wt%. All values are quoted with a variation (±) of one standard deviation
(SD) of the mean value.

(b) In order to allow a direct comparison from one laboratory to another, some
sort of normalization is required. In this case, it is ‘dry weight’. As indicated
in the footnote, a sub-sample of the SRM needs to be dried under specific
conditions and for a specific time. Following this exact procedure allows any
user of the SRM the opportunity to obtain comparable data. Users of the
SRM then prepare and analyse the material using their own procedures and
compare their data directly with those on the certificate. If data are obtained
within the mean ± one standard deviation (SD), then the ‘in-house’ procedure
is appropriate. If, however, the data on the certificate cannot be replicated,
this is perhaps indicative of poor ‘in-house’ procedures and thus warrants
further investigation.

Chapter 5

Response 5.1
If you have not already done so, you should read Chapter 3 first which out-
lines the different extraction techniques. In summary, however, the techniques
used include the use of pressurized fluid extraction (PFE), microwave-assisted
extraction (MAE) and Soxhlet extraction† for the recovery of POPs from environ-
mental matrices employing polar organic solvents (dichloromethane, methanol,
etc.), coupled with either pressure and/or temperature to effectively release the
analytes from (semi)-solid matrices (soil, sludge, etc.).

Response 5.2
Organic solvents can be classified in terms of their polarity by using the dielectric
constants‡. Table 5.1 indicates the different polarities of a range of common
organic solvents used for extracting POPs from solid matrices. For completeness,
a range of other solvent properties is included.

† See Dean, J. R., Methods for Environmental Trace Analysis, AnTS Series, John Wiley & Sons, Ltd, Chichester,
UK, 2003.
‡ See Lide, D. R. (Ed.), CRC Handbook of Chemistry and Physics, 73rd Edition, CRC Press, Boca Raton, FL,
USA, 1992–1993.



Responses to Self-Assessment Questions 273

Response 5.3
The total Hildebrand solubility parameter, δt, for acetonitrile is 25.0, while the
δt for dichloromethane is 20.5.

Response 5.4
The total Hildebrand solubility parameters, δt, for lindane and hexachlorobenzene
are as follows: δt for lindane is 27.1, while δt for hexachlorobenzene is 23.6.

Response 5.5
For a 1:4 (vol/vol) ratio of acetonitrile and dichloromethane, the dispersion coef-
ficient is as follows: δd = (0.2δd(acetonitile) + 0.4δd(dichloromethane)).

Response 5.6
Using the Hildebrand solubility parameter approach, toluene would be predicted
to be a weak solvent for the recovery of lindane, endosulfan I, p, p′-DDE,
endrin, and p,p′-DDD, while acetone would be predicted to be a strong sol-
vent.

Response 5.7
In the case of lindane (Figure 5.11(a)), the total recoveries by both solvents
(8.8 mg kg−1) were in agreement with both the certificate value and the recov-
ery using a single solvent (acetone) only (Table 5.7). In the case of endosulfan
I (Figure 5.11(b)), the total recoveries by both solvents (4.5 mg kg−1) were in
agreement with the certificate value but lower than that obtained by a single
solvent (acetone) only (Table 5.7). In the case of p,p′-DDE (Figure 5.11(c)),
the total recoveries by both solvents (11.8 mg kg−1) were in agreement with
both the certificate value and the recovery using a single solvent (acetone) only
(Table 5.7). In the case of endrin (Figure 5.11(d)), the total recoveries by both sol-
vents (10.7 mg kg−1) were in agreement with the certificate value but lower than
that obtained by a single solvent (acetone) only (Table 5.7). Finally, In the case of
p, p′-DDD (Figure 5.11(e)), the total recoveries by both solvents (19.2 mg kg−1)
were in agreement with both the certificate value and the recovery using a single
solvent (acetone) only (Table 5.7).

Response 5.8
Linear regression analysis uses an equation of the following form:

Y = mx + c

where Y is the signal obtained, m is the ‘slope’, x is the concentration (of the
variable) and c is the intercept of the line on the x-axis.
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Chapter 6

Response 6.1
The unintentional consumption of soil may arise, for example, from unwashed
foodstuffs, including vegetables or poor personal hygiene, e.g. small children
putting their fingers in their mouths after playing in the garden.

Response 6.2
The seven specialist functions of the gastrointestinal tract are as follows:

• Ingestion – the intake of food into the digestive system via the mouth.

• Mastication – the pulverization of foodstuffs by the action of chewing in the
presence of saliva.

• Deglutition – the action of swallowing of the food, allowing it to pass from
the mouth to the stomach.

• Digestion – the mechanical and chemical breakdown of foodstuffs in the stom-
ach.

• Absorption – the transfer of foodstuffs through the mucous membrane of the
intestines into the blood stream.

• Peristalsis – the rhythmic, wavelike contractions that move food through the
digestive tract.

• Defecation – the discharge of undigestible waste products from the body.

Response 6.3
The peristaltic actions of the oesophagus can best be mimicked in the laboratory
by shaking or agitation of the sample. This can be achieved by using, for example,
an ‘end-over-end’ shaker.



Glossary of Terms

This section contains a glossary of terms, all of which are used in the text. It
is not intended to be exhaustive, but to explain briefly those terms which often
cause difficulties or may be confusing to the inexperienced reader.

Accelerated solvent extraction (ASE) Method of extracting analytes from matri-
ces using a solvent at elevated pressure and temperature (see also Pressurized
fluid extraction).

Accuracy A quantity referring to the difference between the mean of a set of
results or an individual result and the value which is accepted as the true or
correct value for the quantity measured.

Acid digestion Use of acid (and often heat) to destroy the organic matrix of a
sample to liberate the metal content.

Aliquot A known amount of a homogenous material assumed to be taken with
negligible sampling error.

Analyte The component of a sample which is ultimately determined directly or
indirectly.

Calibration The set of operations which establish, under specified conditions, the
relationship between values indicated by a measuring instrument or measuring
system and the corresponding known values of the measurand.

Calibration curve Graphical representation of the measuring signal as a function
of the quantity of analyte.

Cation An ion having a positive charge. Atoms of metals, in solution, become
cations.

Bioavailability, Bioaccessibility and Mobility of Environmental Contaminants John R. Dean
  2007 John Wiley & Sons, L td. ISBN: 978-0-470-02577-2
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Certified Reference Material (CRM) A reference material, accompanied by a
certificate, one or more of whose property values are certified by a procedure
which establishes its traceability to an accurate realization of the unit in which the
property values are expressed, and for which each certified value is accompanied
by an uncertainty at a stated level of confidence.

Complexing agent The chemical species (an ion or a compound) which will
bond to a metal ion using lone pairs of electrons.

Confidence interval Range of values which contains the true value at a given
level of probability. The level of probability is called the confidence level.

Confidence limit The extreme values or end values in a confidence interval.

Contamination In trace analysis, this is the unintentional introduction of ana-
lyte(s) or other species which are not present in the original sample and which
may cause an error in the determination. It can occur at any stage in the anal-
ysis. Quality assurance procedures, such as analyses of blanks or of reference
materials, are used to check for contamination problems.

Control of Substances Hazardous to Health (COSHH) Regulations which
impose specific legal requirements for risk assessment wherever hazardous chem-
icals or biological agents are used.

Co-precipitation The inclusion of otherwise soluble ions during the precipitation
of lower-solubility species.

Dissolved material Refers to material which will pass through a 0.45 µm mem-
brane filter assembly prior to sample acidification.

Dry ashing Use of heat to destroy the organic matrix of a sample to liberate the
metal content.

Extraction The removal of a soluble material from a solid mixture by means of
a solvent, or the removal of one or more components from a liquid mixture by
use of a solvent with which the liquid is immiscible or nearly so.

Heterogeneity The degree to which a property or a constituent is randomly
distributed throughout a quantity of material. The degree of heterogeneity is the
determining factor of sampling error.

Homogeneity The degree to which a property or a constituent is uniformly dis-
tributed throughout a quantity of material. A material may be homogenous with
respect to one analyte but heterogeneous with respect to another.

Humic acid Naturally occurring high-molecular-mass organic compounds which
are acid-soluble but are precipitated by base.

Interferent Any component of the sample affecting the final measurement.
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Limit of detection The detection limit of an individual analytical procedure is
the lowest amount of an analyte in a sample which can be detected but not
necessarily quantified as an exact value. The limit of detection expressed as the
concentration, cL, or the quantity, qL, is derived from the smallest measure, xL,
which can be detected with reasonable certainty for a given procedure. The value
of xL is given by the following equation:

xL = xbl + ksbl

where xbl is the mean of the blank measures, sbl is the standard deviation of the
blank measures and k is a numerical factor chosen according to the confidence
level required. For many purposes the limit of detection is taken to be 3sbl or
3 × ‘the signal-to-noise ratio’, assuming a ‘zero-blank.’

Limit of quantitation For an individual analytical procedure, this is the
lowest amount of an analyte in a sample which can be quantitatively
determined with suitable uncertainty. It may also be referred to as the
limit of determination. The limit of quantitation can be taken as 10 ×
‘the signal-to-noise ratio’, assuming a ‘zero blank’.

Linearity Defines the ability of the method to obtain test results proportional to
the concentration of analyte.

Liquid–liquid extraction A method of extracting a desired component from a
liquid mixture by bringing the solution into contact with a second liquid, the
solvent, in which the component is also soluble, and which is immiscible with
the first liquid, or nearly so.

Matrix The carrier of the test component (analyte): all the constituents of the
material except the analyte, or the material with as low a concentration of the
analyte as it is possible to obtain.

Method The overall, systematic procedure required to undertaken an analysis. It
includes all stages of the analysis – not just the (instrumental) end determination.

Microwave-assisted extraction (MAE) Method of extracting analytes from
matrices using solvent at elevated temperature (and pressure) based on microwave
radiation. Can be carried out in open or sealed vessels.

Microwave digestion Method of digesting an organic matrix to liberate metal
content using acid at elevated temperature (and pressure) based on microwave
radiation. Can be carried out in open or sealed vessels.

Outlier An observation in a set of data which appears to be inconsistent with
the remainder of that set.

Pesticide Any substance or mixture of substances intended for preventing,
destroying, repelling or mitigating any pest. The latter can be insects, mice
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and other animals, unwanted plants (weeds), fungi or micro-organisms, such as
bacteria and viruses. Although often misunderstood to refer only to insecticides,
the term ‘pesticide’ also applies to herbicides, fungicides and various other
substances used to control pests.

Polycyclic aromatic hydrocarbons (PAHs) These are a large group of organic
compounds, comprising two or more aromatic rings, which are widely distributed
in the environment.

Precision The closeness of agreement between independent test results obtained
under stipulated conditions.

Pressurized fluid extraction (PFE) Method of extracting analytes from matrices
using solvent at elevated pressures and temperatures (see also Accelerated solvent
extraction).

Qualitative analysis Chemical analysis designed to identify the components of
a substance or mixture.

Quantitative analysis Chemical analysis which is normally taken to mean the
numerical measurement of one or more analytes to the required level of confi-
dence.

Reagent A test substance that is added to a system in order to bring about a
reaction or to see whether a reaction occurs (e.g. an analytical reagent).

Reagent blank A solution obtained by carrying out all of the steps of the ana-
lytical procedure in the absence of a sample.

Recovery The fraction of the total quantity of a substance recoverable following
a chemical procedure.

Reference material A substance or material, one or more of whose property
values are sufficiently homogeneous and well-established to be used for the cali-
bration of an apparatus, the assessment of a measurement method or for assigning
values to materials.

Repeatability Precision under repeatability conditions, i.e. conditions where inde-
pendent test results are obtained with the same method on identical test items
in the same laboratory, by the same operator, using the same equipment within
short intervals of time.

Reproducibility Precision under reproducibility conditions, i.e. conditions where
test results are obtained with the same method on identical test items in different
laboratories, with different operators, using different equipment.

Robustness A measure of the capacity of an analytical procedure to remain
unaffected by small, but deliberate variations in method parameters, and which
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provides an indication of its reliability during normal usage. Sometimes referred
to as ruggedness.

Rotary evaporation Removal of solvents by distillation under vacuum.

Sample A portion of material selected from a larger quantity of material. The
term needs to be qualified, e.g. representative sample, sub-sample, etc.

Selectivity (in analysis) (i) Qualitative – the extent to which other substances
interfere with the determination of a substance according to a given procedure.
(ii) Quantitative – a term used in conjunction with another substantive (e.g. con-
stant, coefficient, index, factor, number, etc.) for the quantitative characterization
of interferences.

Sensitivity The change in the response of a measuring instrument divided by the
corresponding change in stimulus.

Signal-to-noise ratio A measure of the relative influence of noise on a control
signal. Usually taken as the magnitude of the signal divided by the standard
deviation of the background signal.

‘Shake-flask’ extraction Method of extracting analytes from matrices using agi-
tation or shaking in the presence of a solvent.

Solid-phase extraction (SPE) A sample preparation technique which uses a
solid-phase packing contained in a small plastic cartridge. The solid stationary
phases are the same as HPLC packings; however, the principle is different from
HPLC. The process, as most often practiced, requires four steps: conditioning the
sorbent, adding the sample, washing away the impurities and eluting the sample
in as small a volume as possible with a strong solvent.

Solid-phase microextraction (SPME) A sample preparation technique which
uses a fused silica fibre coated with a polymeric phase to sample either an aqueous
solution or the headspace above a sample. Analytes are absorbed by the polymer
coating and the SPME fiber is directly transfered to a GC injector or special
HPLC injector for desorption and analysis.

Solvent extraction The removal of a soluble material from a solid mixture by
means of a solvent, or the removal of one or more components from a liquid
mixture by use of a solvent with which the liquid is immiscible, or nearly so.

Soxhlet extraction Equipment for the continuous extraction of a solid by a
solvent. The material to be extracted is placed in a porous cellulose thimble and
continually condensing solvent allowed to percolate through it and return to the
boiling vessel, either continuously or intermittently.

Speciation The process of identifying and quantifying the different defined
species, forms or phases present in a material or the description of the amounts
and types of these species, forms or phases present.
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Standard (general) An entity established by consensus and approved by a rec-
ognized body. It may refer to a material or solution (e.g. an organic compound
of known purity or an aqueous solution of a metal of agreed concentration) or a
document (e.g. a methodology for an analysis or a quality system). The relevant
terms are as follows:

Analytical standard (also known as Standard solution) A solution or matrix
containing the analyte which will be used to check the performance of the
method/instrument.

Calibration standard The solution or matrix containing the analyte (measurand)
at a known value with which to establish a corresponding response from the
method/instrument.

External standard A measurand, usually identical with the analyte, which is
analysed separately from the sample.

Internal standard A measurand, similar to but not identical with the analyte,
which is combined with the sample.

Standard method A procedure for carrying out a chemical analysis which has
been documented and approved by a recognized body.

Standard addition The addition of a known amount of analyte to a sample in
order to determine the relative response of the detector to an analyte within the
sample matrix. The relative response is then used to assess the sample analyte
concentration.

Stock solution This is generally a standard or reagent solution of known accepted
stability, which has been prepared in relatively large amounts, of which portions
are used as required. Frequently, such portions are used following further dilution.

Sub-sample This may be: (i) a portion of the sample obtained by selection or
division, (ii) an individual unit of the lot taken as part of the sample or (iii) the
final unit of multi-stage sampling.

Supercritical fluid extraction (SFE) A method of extracting analytes from matri-
ces using a supercritical fluid at elevated pressure and temperature. The term
supercritical fluid is used to describe any substance above its critical temperature
and critical pressure.

True value A value consistent with the definition of a given particular quantity.

Ultrasonic extraction A method of extracting analytes from matrices with sol-
vent, using either an ultrasonic bath or probe.



SI Units and Physical Constants

SI Units
The SI system of units is generally used throughout this book. It should be noted,
however, that according to present practice, there are some exceptions to this,
for example, wavenumber (cm−1) and ionization energy (eV).

Base SI units and physical quantities

Quantity Symbol SI Unit Symbol

length l metre m
mass m kilogram kg
time t second s
electric current I ampere A
thermodynamic temperature T kelvin K
amount of substance n mole mol
luminous intensity Iv candela cd

Prefixes used for SI units

Factor Prefix Symbol

1021 zetta Z
1018 exa E
1015 peta P
1012 tera T

(continued overleaf )
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Prefixes used for SI units (continued )

Factor Prefix Symbol

109 giga G
106 mega M
103 kilo k
102 hecto h
10 deca da
10−1 deci d
10−2 centi c
10−3 milli m
10−6 micro µ

10−9 nano n
10−12 pico p
10−15 femto f
10−18 atto a
10−21 zepto z

Derived SI units with special names and symbols

Physical quantity SI unit Expression in
terms of base or

Name Symbol derived SI units

frequency hertz Hz 1 Hz = 1 s−1

force newton N 1 N = 1 kg m s−2

pressure; stress pascal Pa 1 Pa = 1 Nm−2

energy; work; quantity of heat joule J 1 J = 1 Nm
power watt W 1 W = 1 J s−1

electric charge; quantity of
electricity

coulomb C 1 C = 1 A s

electric potential; potential volt V 1 V = 1 J C−1

difference; electromotive force;
tension

electric capacitance farad F 1 F = 1 C V−1

electric resistance ohm � 1 � = 1 V A−1

electric conductance siemens S 1 S = 1 �−1

magnetic flux; flux of magnetic
induction

Weber Wb 1 Wb = 1 V s

magnetic flux density; tesla T 1 T = 1 Wb m−2

magnetic induction inductance henry H 1 H = 1 Wb A−1
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Derived SI units with special names and symbols (continued )

Physical quantity SI unit Expression in
terms of base or

Name Symbol derived SI units

Celsius temperature degree Celsius ◦C 1◦C = 1 K
luminous flux lumen lm 1 lm = 1 cd sr
illuminance lux lx 1 lx = 1 lm m−2

activity (of a radionuclide) becquerel Bq 1 Bq = 1 s−1

absorbed dose; specific gray Gy 1 Gy = 1 J kg−1

energy
dose equivalent sievert Sv 1 Sv = 1 J kg−1

plane angle radian rad 1a

solid angle steradian sr 1a

a rad and sr may be included or omitted in expressions for the derived units.

Physical Constants

Recommended values of selected physical constantsa

Constant Symbol Value

acceleration of free fall
(acceleration due to gravity)

gn 9.806 65 ms−2 b

atomic mass constant (unified
atomic mass unit)

mu 1.660 540 2(10)×10−27 kg

Avogadro constant L, NA 6.022 136 7(36)×1023 mol−1

Boltzmann constant kB 1.380 658(12)×10−23 J K−1

electron specific charge
(charge-to-mass ratio)

−e/me −1.758 819×1011 Ckg−1

electron charge (elementary
charge)

e 1.602 177 33(49)×10−19 C

Faraday constant F 9.648 530 9(29)×104 C mol−1

ice-point temperature Tice 273.15 Kb

molar gas constant R 8.314 510(70) JK−1 mol−1

molar volume of ideal gas (at
273.15 K and 101 325 Pa)

Vm 22.414 10(19)×10−3 m3 mol−1

Planck constant h 6.626 075 5(40)×10−34 J s
standard atmosphere atm 101 325 Pab

speed of light in vacuum c 2.997 924 58×108 ms−1 b

aData are presented in their full precision, although often no more than the first four or five significant digits are
used; figures in parentheses represent the standard deviation uncertainty in the least significant digits.
bExactly defined values.
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Index

Accelerated solvent extraction, 66, 275
Accuracy, 275
Acetic acid, 90, 94, 103
Acid digestion, 19, 89, 275
Adduct formation (reactions), 265
Adducts, 83
Air entrainment, 35
Aliquot, 275
Alkali-earth metals, 25
Alkali metals, 24
Allolobuphora chlorotica, 115
Ammonium acetate, 104
Ammonium nitrate, 97
Ammonium pyrrolidine dithiocarbamate,

23, 262
Analyte, 275
Analytical standard, 280
Anions, 24
Anodic stripping voltammetry, 51, 55
APCI, 80, 81
Aporrectodea caliginosa, 124
Aporrectodea icteria, 116
Aporrectodea longa, 111
Aporrectodea rosea, 117
Aporrectodea trapezoides, 117
Aporrectodea tuberculata, 118
Aporrectodea turgida, 118
Aqua regia, 20, 101, 105, 141

Arsenic, 265
Arsine, 31
Atmospheric-pressure chemical ionization,

80, 81
Atom transfer (reactions), 264
Atomic absorption spectroscopy, 25, 54
Atomic emission spectroscopy, 33
Atomization cell, 25, 26, 29, 33

Babington nebulizer, 35
Background correction, 33
BCR, 140
Bile, 194, 197
Bile salts, 194
Bimastos parvus, 112
Bioaccessibility, 193, 227, 235
Bioavailability, 8, 215, 232
Burgener nebulizer, 35

Calcium chloride, 97
Calibration, 275
Calibration curve, 275
Calibration solution, 94
Calibration standard, 280
Cation, 275
Cation-exchange resin, 23
Certified Reference Material, 127, 213,

276
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Charge-coupled device, 39
Charge exchange (reactions), 48, 264
Charge-injection device, 39
Charge-transfer device, 39
Chelating agent, 22
Chelating ion-exchange resin, 24
Chelex-100, 24
Chemical-extraction methods, 124, 178
Chemical ionization (mode), 79
Chemical resolution, 48
Chromium, 266
CI (mode), 79
Cold-vapour (generation), 31, 39
Collision/reaction cell, 41, 46, 48, 264
Colon, 194
Community Bureau of Reference, 140
Complexing agent, 276
Condensation (reactions), 265
Confidence interval, 276
Confidence limit, 276
Contaminated land, 2
Contamination, 276
Continuous-dynode electron multiplier, 43
Continuum source, 33
Control of Substances Hazardous to

Health, 241, 276
Co-precipitation, 25, 276
Correlation coefficient, 180
COSHH, 241, 276
Counter electrode, 51
Critical point, 169
Critical values, 13
Cross-flow nebulizer, 35
Crucible, 19, 21
Cyclodextrin, 164
Cyclonic (spray chamber), 37
Czerny–Turner configuration, 32

Daly detector, 43
Data sheets, 243–252
DB-5, 73
Decomposition, 18
Defecation, 194
Dendrobaena octaedra, 112
Dendrodrilus rubidus, 113
Detection, 25
Detection limit, 10

Dielectric constant, 147, 272
Diethyldithiocarbamate, 24
Diethylenetriamine pentaacetic acid

(DTPA), 90
Differential-pulse anodic stripping

voltammetry (DP-ASV), 218, 227
Direct (spray chamber), 37
Direct exposure pathway, 7
Dissolved material, 276
Distribution coefficient, 268
Distribution ratio, 268
Double pass (spray chamber), 37
Doubly charged (polyatomic

interferences), 46
Dry ashing, 19, 276
Dry mass, 97, 105
DTPA, 94, 124
Duodenal juice, 197
Duodenum, 194, 196

Earthworm(s), 107, 176
Allolobuphora chlorotica, 115
Aporrectodea caliginosa, 124
Aporrectodea icteria, 116
Aporrectodea longa, 111
Aporrectodea rosea, 117
Aporrectodea trapezoides, 117
Aporrectodea tuberculata, 118
Aporrectodea turgida, 118
Bimastos parvus, 112
Dendrobaena octaedra, 112
Dendrodrilus rubidus, 113
Eisenia foetida, 113, 120, 150
Eiseniella tetraedra, 116
Lumbricus castaneus, 114
Lumbricus festivus, 114
Lumbricus rubellus, 107, 115, 124
Lumbricus terrestris, 115
Octolasion cyaneum, 119
Octolasion tyrtaeum, 119
Sparganophilus eiseni, 120

EDTA, 93
EDXRF, 50
EI (mode), 79
Eisenia foetida, 113, 120, 150
Eiseniella tetraedra, 116
Electrochemistry, 51



Index 289

Electrolytic cell, 51
Electron-capture detector, 74
Electron impact, 79
Electron multiplier (tube), 43, 83
Electrospray (ES) ionization, 80
Electrothermal atomic absorption

spectroscopy, 29
Electrothermal vaporization, 37
Energy-dispersive (XRF), 50
Environmental Protection Act (UK), 2, 10
ES (ionization), 80
Ethylenediamine tetraacetic acid (EDTA),

90
Exchangeable fraction, 101
Expansion chamber, 27, 28
Exposure, 7
Exposure pathways, 7
External standard, 280
Extraction, 276

Faraday cup, 43
Flame, 25, 33

air–acetylene, 27
air–natural gas, 33
nitrous oxide–acetylene, 27

Flame atomic absorption spectroscopy, 27
Flame-ionization detector, 74
Flame photometer, 33
Food Standards Agency, 192
Fusion, 21

Gall bladder, 194
Gas chromatograph(y), 52, 72
Gas–liquid separation device, 31
Gastric juice, 197
Gastrointestinal extraction, 193
Gastrointestinal tract, 193, 194
GC–MS, 79
Geophagy, 192
Gradient (HPLC), 75
Graphite atomizer, 29
Graphite furnace, 25, 29
Graphite furnace atomic absorption

spectroscopy, 29

Heated transfer line, 53
Heterogeneity, 276

High performance liquid chromatography,
52, 74

High-resolution (mass spectrometer), 41,
42

High-transport efficiency, 53
Hildebrand solubility parameter, 153
Hollow-cathode lamp, 25
Homogeneity, 276
Hot-plate, 19
Human physiology, 193
Humic acid, 276
Hydride (generation), 31, 39
Hydrofluoric acid, 102
Hydrogen peroxide, 104
Hydroxyammonium chloride, 103
Hydroxylamine hydrochloride, 103
Hydroxypropyl-β-cyclodextrin (HPCD),

166
Hyphenated techniques, 52

Ileum, 194
Inclusion complex, 165
Indirect exposure pathways, 7
Induction coil, 34
Inductively coupled plasma, 33
Inductively coupled plasma–atomic

emission spectroscopy, 33, 54
Inductively coupled plasma–mass

spectrometry, 40, 55
Intake dose, 7
Interference filter, 33
Interferent, 276
Internal standard, 280
Intervention values, 3
Intestinal juices, 196
in vitro gastrointestinal extraction, 193,

195
Ion-exchange, 23
Ion-trap (mass spectrometer), 41, 42, 83
Isobaric interferences, 45
Isocratic (HPLC), 75
Isothermal (GC), 72

Jejunum, 194, 196

Karickhoff equation, 185
Kd, 184, 269
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Koc, 185
Kow, 184

Laboratory of the Government Chemist,
140

Laminar flame, 27
Land-use, 5

allotments, 5
commercial/industrial, 5
residential, 5

Large intestine, 194
Laser ablation, 37
LGC, 134
Limit of detection, 277
Limit of quantitation, 277
Linear regression analysis, 180
Linearity, 277
Liquid samples, 21
Liquid–liquid extraction, 22, 67, 269, 277
Liquid–solid extraction, 61
Liquid scintillation counting, 149, 153
Liver, 194
Load coil, 34
Lumbricus castaneus, 114
Lumbricus festivus, 114
Lumbricus rubellus, 107, 115, 124
Lumbricus terrestris, 115

Mass spectrometer, 41
Mass-to-charge (m/z) ratio, 46
Mastication, 195
Matrix, 277
Matrix-matched calibration solution, 94,

105
Matrix-matched standards, 198
Matrix modification, 31
Maximum-Value Test, 11
Mean-Value Test, 9
Membrane separations, 175
Mercury, 266
Metal-complexation, 22
Methyl isobutyl ketone (MIBK), 23
Methylmercury, 266
MFO activity, 120
Microwave-assisted extraction, 64, 277
Microwave digestion, 277
Microwave heating, 19

Mild-solvent extraction, 148
Minamata disease, 266
Mineral acid, 21
Mixed-function oxidase activity, 120
Molecular interferences, 45
Monochromator, 25, 32
Mouth, 194, 195
Muffle furnace, 19
Multiple-sample digester, 19
Mylar, 50

NaNO3, 97
National Institute for Standards and

Technology, 140
Nd:YAG laser, 39
Nebulizer, 27, 35
NH4NO3, 97
NIST, 140
Nitrogen–phosporus detector, 74
Non-exhaustive extraction techniques, 89,

146, 178
Normal-phase (HPLC), 74

Octadecylsilane (ODS), 76
Octanol–water partition coefficient (Kow),

184
Octolasion cyaneum, 119
Octolasion tyrtaeum, 119
Oesophagus, 194
Oral bioaccessibility, 193, 195
Oral ingestion, 191
Organic carbon-to-water partition

coefficient, 185
Organic solvents, 147
Outlier, 11, 12, 13, 277
Oxidizable fraction, 101

Pancreas, 194
Pancreatic juice, 194
Partition distribution coefficient, 184
PBET, 193
Pepsin, 194
Pepsinogen, 194
Peristalsis, 194
Pesticide, 277
Phase diagram, 169
Photodiode detector, 33
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Photoelectric effect, 33
Photoemissive detector, 33
Photomultiplier tube, 25, 32, 39
Physiologically based extraction test,

193
Phytoaccumulation, 126
Phytodegradation, 126
Phytoextraction, 126
Phytoremediation, 126
Phytostabilization, 126
Phytotransformation, 126
Plant bioassays, 127
Plant uptake, 126, 183
Plasma, 82
Plasma torch, 33
Pneumatic concentric nebulizer, 27, 35
Polyatomic interferences, 46
Polycyclic aromatic hydrocarbons, 278
Polydimethylsiloxane, 69, 174
Porcelain crucible, 19
Precision, 278
Pre-concentration, 21
Prefixes (SI), 281
Pre-mixed laminar flame, 27
Pressurized fluid extraction, 65, 278
Pseudomonas, 150
Pseudo-total, 102, 107, 141

Quadrupole (mass spectrometer), 41, 83
Qualitative analysis, 278
Quantitative analysis, 278

Radiation source, 25
Reagent, 278
Reagent blank, 278
Recovery, 278
Reducible fraction, 101
Reference electrode, 51
Reference material, 278
Reflectron, 43, 83
Refractory element, 27
Repeatability, 278
Reproducibility, 278
Residual fraction, 101
Reversed-phase (HPLC), 75
Rhizodegradation, 126
Rhizofiltration, 125

Robustness, 278
Rotary evaporation, 279

Saliva, 197
Sample, 279
Sample blank, 94, 95, 105
Sampling cone, 40
Sample-skimmer arrangement, 81
Selective extraction, 148
Selective SFE, 172
Selectivity, 279
Semi-permeable membrane device

(SPMD), 175
Sensitivity, 279
Separating funnel, 68
Sequential analysis, 39
Sequential extraction, 99
Sequential multielement analysis, 39
Sequestration, 146, 185
Shake-flask extraction, 61, 279
Silica crucible, 19
Si (Li) detector, 51
SI units, 263, 281
Signal-to-noise ratio, 279
Single extraction methods, 90
Skimmer cone, 41
Slot-burner, 27
Small intestine, 194, 196
Smith–Hieftje background technique, 33
Sodium nitrate, 97
Sodium tetraborohydride, 31
Soil Guideline Values (SGVs), 2
Soil organic carbon, 185
Solid-phase extraction (SPE), 68, 178, 279
Solid-phase microextraction (SPME), 69,

174, 279
Solid samples, 18
Solvent extraction, 68, 180, 279
Sonication, 62
Soxhlet extraction, 60, 279
Sparganophilus eiseni, 120
Speciation, 279
Spectral interferences, 45
Spectral overlap, 40
Split/splitless (injector), 72
Spray chamber, 36
Standard, 280
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Standard-additions method, 95, 105, 280
Standard solution, 280
Standard, Measurements and Testing

Programme, 90
Standard method, 280
Stock solution, 280
Stomach, 194, 196
Sub-critical water extraction (SWE), 174
Sub-sample, 280
Supercritical fluid extraction (SFE), 63,

168, 280
SWOT analysis, 53, 84
Systeme International d’Unites (SI), 263,

281

Temperature-programmed (GC), 72
Tesla coil, 34
Time-of-flight (mass spectrometer), 41,

43, 83
Tin(II) chloride, 31
Transfer factor (TF), 224
Tributyltin, 266
Triolein, 175
Triphenyltin, 266
Triple point, 169
True value, 280

Trypsin, 194
t-value, 9

Ultrasonic extraction, 62, 280
Ultrasonic nebulizer, 36
Unit prefixes, 281
Units, 281
Uptake dose, 8
UV/visible (spectroscopy), 77

Venturi effect, 28
V-groove nebulizer, 35

Wavelength-dispersive XRF, 50
Wavelength selection, 25
WDXRF, 50
Working electrode, 51
Worms (see Earthworms)

X-ray (source), 50
X-ray fluorescence spectroscopy, 49, 55
Xylem, 184

Zeeman effect, 33


