
METHODS FOR
ENVIRONMENTAL
TRACE ANALYSIS

John R. Dean
Northumbria University, Newcastle, UK


Innodata
0470861320.jpg





METHODS FOR
ENVIRONMENTAL
TRACE ANALYSIS



Analytical Techniques in the Sciences (AnTS)

Series Editor : David J. Ando, Consultant, Dartford, Kent, UK

A series of open learning/distance learning books which covers all of the major
analytical techniques and their application in the most important areas of physical,
life and materials science.

Titles Available in the Series
Analytical Instrumentation: Performance Characteristics and Quality
Graham Currell, University of the West of England, Bristol, UK

Fundamentals of Electroanalytical Chemistry
Paul M.S. Monk, Manchester Metropolitan University, Manchester, UK

Introduction to Environmental Analysis
Roger N. Reeve, University of Sunderland, UK

Polymer Analysis
Barbara H. Stuart, University of Technology, Sydney, Australia

Chemical Sensors and Biosensors
Brian R. Eggins, University of Ulster at Jordanstown, Northern Ireland, UK

Methods for Environmental Trace Analysis
John R. Dean, Northumbria University, Newcastle, UK

Forthcoming Titles

Analysis of Controlled Substances
Michael D. Cole, Anglia Polytechnic University, Cambridge, UK

Liquid Chromatography–Mass Spectrometry: An Introduction
Robert E. Ardrey, University of Huddersfield, Huddersfield, UK



METHODS FOR
ENVIRONMENTAL
TRACE ANALYSIS

John R. Dean
Northumbria University, Newcastle, UK



Copyright  2003 John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester,
West Sussex PO19 8SQ, England

Telephone (+44) 1243 779777

Email (for orders and customer service enquiries): cs-books@wiley.co.uk
Visit our Home Page on www.wileyeurope.com or www.wiley.com

All Rights Reserved. No part of this publication may be reproduced, stored in a retrieval system or
transmitted in any form or by any means, electronic, mechanical, photocopying, recording,
scanning or otherwise, except under the terms of the Copyright, Designs and Patents Act 1988 or
under the terms of a licence issued by the Copyright Licensing Agency Ltd, 90 Tottenham Court
Road, London W1T 4LP, UK, without the permission in writing of the Publisher. Requests to the
Publisher should be addressed to the Permissions Department, John Wiley & Sons Ltd, The
Atrium, Southern Gate, Chichester, West Sussex PO19 8SQ, England, or emailed to
permreq@wiley.co.uk, or faxed to (+44) 1243 770620.

This publication is designed to provide accurate and authoritative information in regard to the
subject matter covered. It is sold on the understanding that the Publisher is not engaged in
rendering professional services. If professional advice or other expert assistance is required, the
services of a competent professional should be sought.

Other Wiley Editorial Offices

John Wiley & Sons Inc., 111 River Street, Hoboken, NJ 07030, USA

Jossey-Bass, 989 Market Street, San Francisco, CA 94103-1741, USA

Wiley-VCH Verlag GmbH, Boschstr. 12, D-69469 Weinheim, Germany

John Wiley & Sons Australia Ltd, 33 Park Road, Milton, Queensland 4064, Australia

John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop #02-01, Jin Xing Distripark, Singapore 129809

John Wiley & Sons Canada Ltd, 22 Worcester Road, Etobicoke, Ontario, Canada M9W 1L1

Wiley also publishes its books in a variety of electronic formats. Some content that appears
in print may not be available in electronic books.

Library of Congress Cataloging-in-Publication Data

Dean, John R.
Methods for environmental trace analysis / John R. Dean.

p. cm. – (Analytical techniques in the sciences)
Includes bibliographical references and index.
ISBN 0-470-84421-3 (cloth : alk. paper) – ISBN 0-470-84422-1 (pbk. : alk. paper)
1. Pollutants – Analysis. 2. Trace analysis – Methodology. 3. Environmental

chemistry – Methodology. 4. Sampling. I. Title. II. Series.

TD193 .D43 2003
628.5′028′7 – dc21 2002028083

British Library Cataloguing in Publication Data

A catalogue record for this book is available from the British Library

ISBN 0-470-84421-3 (Cloth)
ISBN 0-470-84422-1 (Paper)

Typeset in 10/12pt Times by Laserwords Private Limited, Chennai, India
Printed and bound in Great Britain by Antony Rowe Ltd, Chippenham, Wiltshire
This book is printed on acid-free paper responsibly manufactured from sustainable forestry
in which at least two trees are planted for each one used for paper production.

http://www.wileyeurope.com
http://www.wiley.com


To Lynne, Sam and Naomi





Contents

Series Preface xiii

Preface xv

Acronyms, Abbreviations and Symbols xix

About the Author xxiii

1 Basic Laboratory Skills 1

1.1 Introduction 1
1.2 Safety Aspects 1
1.3 Recording of Practical Results 3
1.4 Units 3
1.5 Sample Handling: Liquids 5
1.6 Sample Handling: Solids 5
1.7 Preparing Solutions for Quantitative Work 6
1.8 Presentation of Data: Tables 6
1.9 Presentation of Data: Graphs 7
1.10 Calculations: Dilution Factors 9
Further Reading 11

2 Investigative Approach for Sample Preparation 13

2.1 Introduction 13
2.2 Quality Assurance 14
References 25



viii Methods for Environmental Trace Analysis

3 Sampling 27

3.1 Introduction 27
3.2 Sampling Methods 29
3.3 Number of Samples 30
3.4 Sampling Soil and Sediment 31
3.5 Sampling Water 34
3.6 Sampling Air 37
References 37

4 Storage of Samples 39

4.1 Introduction 39
4.2 Methods 40
References 45

SAMPLE PREPARATION FOR INORGANIC ANALYSIS 47

5 Solids 49

5.1 Introduction 50
5.2 Decomposition Techniques 50
5.3 Dry Ashing 50
5.4 Acid Digestion (including the Use of Microwaves) 51

5.4.1 Microwave Digestion 55
5.4.2 Microwave Digestion Procedure 61
5.4.3 Fusion 64

5.5 Speciation Studies 65
5.6 Selected Examples of Metal Speciation 66

5.6.1 Mercury 66
5.6.2 Tin 69
5.6.3 Arsenic 70
5.6.4 Chromium 75

5.7 Selective Extraction Methods 76
5.7.1 Plant Uptake Studies 76
5.7.2 Soil Pollution Studies 76
5.7.3 Single Extraction Procedures 78
5.7.4 Sequential Extraction Procedure 83
5.7.5 Food Studies 88

5.8 Case Studies on Total and Selective Methods of Metal
Analysis 92
5.8.1 Example 5.1: Total Metal Analysis of Soil,

followed by Flame Atomic Absorption Spectroscopy 92



Contents ix

5.8.2 Example 5.2: Total Metal Analysis of Soil Using
X-Ray Fluorescence Spectroscopy – Comparison
with Acid Digestion (Method 3050B),
followed by Flame Atomic Absorption Spectroscopy 93

5.8.3 Example 5.3: Sequential Metal Analysis of Soils,
followed by Flame Atomic Absorption Spectroscopy 94

References 96

6 Liquids – Natural and Waste Waters 99

6.1 Introduction 99
6.2 Liquid–Liquid Extraction 100
6.3 Ion-Exchange 103
6.4 Co-Precipitation 104
References 105

SAMPLE PREPARATION FOR ORGANIC ANALYSIS 107

7 Solids 109

7.1 Introduction 109
7.2 Soxhlet Extraction 110

7.2.1 Example 7.1: Soxhlet Extraction of Polycyclic
Aromatic Hydrocarbons from Contaminated Soil 113

7.3 Shake-Flask Extraction 114
7.3.1 Example 7.2: Shake-Flask Extraction of Phenols

from Contaminated Soil 115
7.4 Ultrasonic Extraction 116
7.5 Supercritical Fluid Extraction 118

7.5.1 Instrumentation 120
7.5.2 Example 7.3: Supercritical Fluid Extraction

of Organochlorine Pesticides from Contaminated
Soil and ‘Celite’ 122

7.6 Microwave-Assisted Extraction 124
7.6.1 Instrumentation 124
7.6.2 Example 7.4: Atmospheric Microwave-Assisted

Extraction of Polycyclic Aromatic
Hydrocarbons from Contaminated Soil 126

7.6.3 Example 7.5: Pressurized Microwave-Assisted
Extraction of Polycyclic Aromatic
Hydrocarbons from Contaminated Soil 128

7.7 Pressurized Fluid Extraction 129
7.7.1 Instrumentation 130



x Methods for Environmental Trace Analysis

7.7.2 Example 7.6: Pressurized Fluid Extraction
of DDT, DDD and DDE from Contaminated Soil 133

7.8 Matrix Solid-Phase Dispersion 134
7.8.1 Example 7.7: Matrix Solid-Phase Dispersion

of an Alcohol Ethoxylate (Lutensol, C13 and C15,
with an Average Ethoxy Chain of EO7), Spiked
onto an Homogenized Fish Tissue 135

References 139

8 Liquids 141

8.1 Liquid–Liquid Extraction 141
8.2 Solvent Extraction 142

8.2.1 Example 8.1: Liquid–Liquid Extraction of various
Polycyclic Aromatic Hydrocarbons from Water 145

8.3 Solid-Phase Extraction 147
8.3.1 Types of SPE Media 148
8.3.2 Cartridge or Disc Format 149
8.3.3 Method of SPE Operation 152
8.3.4 Solvent Selection 154
8.3.5 Factors Affecting SPE 155
8.3.6 Example 8.2: Solid-Phase Extraction of various

Phenols from Water 157
8.4 Solid-Phase Microextraction 158

8.4.1 Experimental 159
8.4.2 Example 8.3: Solid-Phase Microextraction

of BTEX from Water 162
References 164

9 Volatile Compounds 165

9.1 Introduction 165
9.2 Thermal Desorption 165
9.3 Purge-and-Trap 168

9.3.1 Example 9.1: Purge-and-Trap Extraction
of BTEX from Water 169

References 172

10 Pre-Concentration Using Solvent Evaporation 173

10.1 Introduction 173
10.2 Rotary Evaporation 174
10.3 Kuderna–Danish Evaporative Concentration 175



Contents xi

10.4 Automated Evaporative Concentration System 176
10.5 Gas ‘Blow-Down’ 177
References 182

11 Instrumental Techniques for Trace Analysis 183

11.1 Introduction 184
11.2 Environmental Organic Analysis 185

11.2.1 Chromatographic Techniques 185
11.2.2 Other Techniques 191

11.3 Environmental Inorganic Analysis 192
11.3.1 Atomic Absorption Spectroscopy 192
11.3.2 Atomic Emission Spectroscopy 198
11.3.3 Inductively Coupled Plasma–Mass Spectrometry 201
11.3.4 Other Techniques 203

12 Recording of Information in the Laboratory
and Selected Resources 207

12.1 Recording of Information 207
12.1.1 Introduction 207
12.1.2 Examples of Data Sheets 209

12.2 Selected Resources 219
12.2.1 Journals 219
12.2.2 Books 219
12.2.3 Software 225
12.2.4 CD-ROMs 226
12.2.5 Videos 226
12.2.6 Useful Websites 226

Responses to Self-Assessment Questions 229

Glossary of Terms 243

SI Units and Physical Constants 251

Periodic Table 255

Index 257





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 now been introduced with
the aim of providing a broader coverage of the many areas of science in which
analytical techniques and methods are now increasingly applied. With this in
mind, the AnTS series of texts seeks to provide a range of books which will cover
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 will reflect such advances in analytical instrumentation,
while at the same time providing full and detailed discussions of the fundamental
concepts and theories of the particular analytical method being considered. Such
books will cover a variety of techniques, including general instrumental analysis,
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spectroscopy, chromatography, electrophoresis, tandem techniques, electroana-
lytical methods, X-ray analysis and other significant topics. In addition, books in
the series will include 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 question (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 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

The field of environmental sample preparation has undergone a revolution in
the last twenty five years. What was essentially a series of basic methods and
procedures has developed (and continues to develop) into a new exciting area with
a strong influence from instrumental approaches. This book essentially covers the
traditional approaches of environmental sample preparation for both metals and
organic compounds from a range of matrices.

The text is arranged into twelve chapters, covering the essentials of good lab-
oratory housekeeping, through sampling and sample storage, and finally to the
relevant sample preparation for inorganic and organic compounds from environ-
mental matrices. A further chapter is devoted to the methods of analysis that
can be used for quantitative analysis. To allow the user of the book to perform
experiments in an effective manner, guidelines are also offered with respect to
record keeping in the laboratory.

In Chapter 1, information is provided with regard to general safety aspects in
the laboratory. In addition, specific guidance on the recording of numerical data
(with the appropriate units) is provided, with examples on how to display data
effectively in the form of tables and figures. Issues relating to sample handling
of solids and liquids are also covered. Finally, numerical exercises involving the
calculation of dilution factors and their use in calculating original concentrations
in environmental samples are provided as worked examples.

Chapter 2 is concerned with the concept of quality assurance and all that it
involves with respect to obtaining reliable data from environmental samples. Par-
ticular emphasis is placed on the definitions of accuracy and precision. Finally,
details on the use of certified reference materials in environmental analysis
are provided.

Chapter 3 involves the concept of sampling of representative sample systems.
Specific details pertaining to the sampling of soil and sediment, water and air are
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provided. Chapter 4 considers the issues associated with the storage and preser-
vation of samples with respect to inorganic and organic pollutants. In particular,
focus is given to the retention of chemical species information in environmen-
tal matrices.

Chapters 5 and 6 are focused on the specific sample preparation approaches
available for the elemental analysis of pollutants from environmental matrices,
principally soil and water. Chapter 5 is concerned with the methods available
to convert a solid environmental sample into the appropriate form for elemental
analysis. The most popular methods are based on the acid digestion of the solid
matrix, using either a microwave oven or a hot-plate approach. The growing
importance of chemical species information is highlighted with some specific
examples. This is then followed by examples of methods to selectively remove
the species without destroying its speciation. Details are provided on the methods
available for the selective extraction of metal species in soil studies using either
a single extraction or a sequential extraction procedure. In addition, a procedure
to carry out a physiologically based extraction test on soil is provided. Finally,
the role of a simulated gastro-intestinal extraction procedure for extraction of
metals in foodstuffs is provided. Chapter 6 provides details of methods for the
extraction of metal ions from aqueous samples. Particular emphasis is placed on
liquid–liquid extraction, with reference to ion-exchange and co-precipitation.

The focus in Chapters 7 and 8 is on the specific sample preparation approaches
available for the extraction of organic compounds from environmental matrices,
principally soil and water. Chapter 7 is concerned with the role of Soxhlet, ultra-
sonic and shake-flask extraction on the removal of organic compounds from
solid (soil) matrices. These techniques are contrasted with newer developments
in sample preparation for organic compound extraction, namely supercritical fluid
extraction, microwave-assisted extraction and pressurized fluid extraction. Chap-
ter 8 is arranged in a similar manner. Initially, details are provided on the use of
solvent extraction for organic compounds removal from aqueous samples. This is
followed by descriptions of the newer approaches, namely solid-phase extraction
and solid-phase microextraction.

Chapter 9 deals with the extraction of volatile compounds from the atmosphere.
Particular emphasis is placed here on the methods of thermal desorption and
purge-and-trap. Chapter 10 focuses on the methods used to pre-concentrate sam-
ples after extraction. In this situation, particular attention is paid to two common
approaches, namely rotary evaporation and gas ‘blow-down’, although details of
two other methods are also provided.

Chapter 11 details the relevant methods of analysis for both metals and organic
compounds. For elemental (metal) analysis, particular attention is given to atomic
spectroscopic methods, including atomic absorption and atomic emission spec-
troscopy. Details are also provided on X-ray fluorescence spectrometry for the
direct analysis of metals in solids, ion chromatography for anions in solution, and
anodic stripping voltammetry for metal ions in solution. For organic compounds,
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particular attention is focused on chromatographic approaches, principally gas
chromatography and high performance liquid chromatography. Details are also
provided on the use of Fourier-transform infrared spectroscopy for the analysis
of total petroleum hydrocarbons.

The final chapter (Chapter 12) provides examples of forms that could be used
to record laboratory information at the time of doing the experiment. Guidelines
are 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 inorganic or organic environmental samples. Finally, guidelines
are given for the recording of information associated with the analysis of metals
and organic compounds. This chapter concludes with a resource section detail-
ing lists of journals, books (general and specific), CD-ROMs, videos and Web
addresses that will act to supplement this text.

Finally, I should like to give a special mention to all of the students (both
past and present) who have contributed to the development of interest in the
field of environmental sample preparation. The achievements have been many
and varied across a broad area of environmental sample preparation, but it has
all been worthwhile.

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

Basic Laboratory Skills

Learning Objectives

• To be aware of safety aspects in the laboratory.
• To be able to record, in an appropriate style, practical information accurately.
• To be able to record numerical data with appropriate units.
• To understand the importance of sample handling with respect to both solids

and liquids.
• To be able to present data effectively in tables and figures.
• To be able to perform numerical exercises involving dilution factors.

1.1 Introduction
All scientific studies involve some aspect of practical work. It is therefore essen-
tial to be able to observe and to record information accurately. In the context of
environmental analyses, it should be borne in mind that not all practical work is
carried out in the laboratory. Indeed it could be argued that the most important
aspects of the whole practical programme are done outside the laboratory in the
field, as this is the place where the actual sampling of environmental matrices
(air, water, soil, etc.) takes place. It is still common practice, however, to trans-
port the acquired sample back to the laboratory for analysis, so knowledge and
implementation of the storage conditions and containers to be used are important.
Both sampling and sample storage are covered in Chapters 3 and 4, respectively.

1.2 Safety Aspects
No laboratory work should be carried out without due regard to safety, both for
yourself and for the people around you. While the Health and Safety at Work
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Act (1974) provides the main framework for health and safety, it is the Control
of Substances Hazardous to Health (COSHH) regulations of 1994 and 1996 that
impose strict legal requirements for risk assessment wherever chemicals are used.
Within this context, the use of the terms hazard and risk are very important. A
hazardous substance is one that has the ability to cause harm, whereas risk is
about the likelihood that the substance may cause harm. Risk is often associated
with the quantity of material being used. For example, a large volume of a
flammable substance obviously poses a greater risk than a very small quantity.
Your laboratory will operate its own safety scheme, so ensure that you are aware
of what it is and follow it.

The basic rules for laboratory work (and, as appropriate, for associated work
outside the laboratory using chemicals) are as follows:

• Always wear appropriate protective clothing. Typically, this involves a clean
laboratory coat fastened up, eye protection in the form of safety glasses or gog-
gles, appropriate footwear (open-toed sandals or similar are inappropriate) and
ensure that long hair is tied back. In some circumstances, it may be necessary
to put on gloves, e.g. when using strong acids.

• Never smoke, eat or drink in the laboratory.

• Never work alone in a laboratory.

• Make yourself familiar with the fire regulations in your laboratory and building.

• Be aware of the accident/emergency procedures in your laboratory and building.

• Never mouth pipettes – use appropriate devices for transferring liquids.

• Only use/take the minimum quantity of chemical required for your work.

• Use a fume cupboard for hazardous chemicals. Check that it is functioning
properly before starting your work.

• Clear up spillages on and around equipment and in your own workspace as
they occur.

• Work in a logical manner.

• Think ahead and plan your work accordingly.

DQ 1.1

What is one of the first things that you should consider before starting
a laboratory experiment?

Answer

You should make yourself aware of the particular safety aspects that
operate in your own laboratory. This includes the position of fire safety
equipment, the methods of hazard and risk assessments for the chemicals


