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Preface

Sample extraction plays an ever increasing role in modern analytical meth-
odology. Similar to sampling, it provides one of the key steps prior to the
final analytical determination, and, if carried out effectively, it assures the
validity of the measurement. The explosion of interest in extraction and sam-
ple preparation methodologies in recent years has seen the introduction of
many new techniques, fuelled by scientific and industrial demand for faster
and simpler analysis. Much has been published on the topic in journals, and a
considerable database of applications has evolved. However, there have been
few books dedicated to extraction methods in organic analysis, especially the
newer methods. The aim of this book is therefore to provide a complete, up-
to-date and practical reference work for scientists and technologists involved
in both sample preparation and analysis, whether in academic or industrial
laboratories and irrespective of scientific discipline.

I have attempted to include all of the most important new developments
in the area. Following a short introduction, chapter 2 sets the scene by
describing the more classical methods used in liquid/liquid and liquid/solid
extractions. Chapters 3 and 4 consider the applications and developments of
Solid Phase Extraction (SPE), Solid Phase Micro Extraction (SPME), and
Membrane Extraction with Sorbent Interface (MESI). Chapters 5, 6 and 7
describe the key alternative technologies for solid/liquid extraction: Super-
critical Fluid Extraction (SFE), Pressurised Fluid Extraction (PFE) or Accel-
erated Solvent Extraction (ASE) and Microwave-Assisted Solvent Extraction
(MAE). Each of these chapters is designed to provide an insight into the basic
principles, the theory, the equipment, the strategies for method development,
the applications and the future developments and directions. The final three
chapters revisit the application areas in greater depth, examining the main
areas for extraction technology: Biological and Pharmaceutical Analysis,
Analysis in the fields of Polymers and Polymer Additives, and Environmental
Monitoring.

To cover such a wide remit, authors have been sought from both the aca-
demic and industrial sectors, to bring the necessary expertise and balance to
the volume. This, I feel, has helped to produce an informed and compre-
hensive review of the current status of organic extraction technology.

I would like to thank the authors for the time, energy and effort that went
into the writing of each chapter, and for their excellent manuscripts, which
required little or no editing.

A.J]. Handley



Contributors

Dr Erik Baltussen

Dr Anthony A. Clifford
Dr Frank David

Dr Tom De Smaele
Dr John R. Dean

Mr John L. Ezzell

Miss Lisa Fitzpatrick

Mr Alan J. Handley
Miss Carolyn Heslop

Dr Alexis J. Holden

Dr Hans-Gerd Janssen

Dr Xianwen Lou

Laboratory of Instrumental Analysis, Eind-
hoven University of Technology, PO Box 513,
5600MB Eindhoven, The Netherlands

Express SFC Technology, 175 Woodhouse
Lane, Leeds LS2 3AR, UK

Rescarch Institute for Chromatography, Ken-
nedypark, 20 B-8500 Kortrijk, Belgium

Department of Analytical Chemistry, Univer-
sity of Gent, Proeftuinstraat 86, B-9000 Gent,
Belgium

Department of Chemical and Life Sciences,
Ellison Building, University of Northumbria,
Newcastle-upon-Tyne NEI 85T, UK

Dionex Corporation, Suite A, 1515 West, 2200
South, Salt Lake City, Utah 84119, USA

Department of Chemical and Life Sciences,
Ellison Building, University of Northumbria,
Newcastle-upon-Tyne NE1 8ST, UK

LGC, The Heath, Runcom WA7 4QD, UK

Department of Chemical and Life Sciences,
Ellison Building, University of Northumbria,
Newcastle-upon-Tyne NE1 8ST, UK

Centre for Taxicology, University of Central
Lancashire, Preston PR1 2HE, UK

Laboratory of Instrumental Analysis, Eind-
hoven University of Technology, PO Box 513,
5600MB Eindhoven, The Netherlands

Laboratory of Instrumental Analysis, Eind-
hoven University of Technology, PO Box 513,
5600MB Eindhoven, The Netherlands



Dr Yuzhong Luo

Dr Robert D. McDowall
Dr Steve Miller

Professor Janusz Pawliszyn

Professor Pat Sandra

Dr Derek Stevenson

Dr Harold J. Vandenburg

Professor Ian D. Wilson

CONTRIBUTORS vii

Department of Chemistry, University of Water-
loo, Ontario, ON N2L 3GI, Canada

McDowall Consulting, Bromley, Kent, UK

Zeneca plc, Mereside, Aldersley Park, Mac-
clesfield, SK10 4DG, UK

Department of Chemistry, University of Water-
100, Ontario, ON N2L 3GI, Canada

Department of Organic Chemistry, University
of Gent, Krijgslaan 281-S4, B-9000 Gent.
Belgium

School of Biological Sciences, University of
Surrey, Guildford GU2 5XH, UK

Department of Chemistry, University of Leeds,
Leeds LS2 9JT, UK

Zeneca ple, Mereside, Aldersley Park, Mac-
clesficld, SK10 4DG, UK



Contents

1 Introduction

A.J. HANDLEY

2  Solvent and membrane extraction in organic analysis

A.J. HOLDEN

2.1 Introduction
2.2 Solvent extraction
2.2.1 Basic principles
2.2.2 Instrumentation and procedures
2.2.3 Strengths and limitations
2.2.4 General applications
2.3 Other methods involving solvent extraction and/or filtration procedures
2.3.1 Basic principles
2.3.2 Instrumentation and methods
2.3.3 Strengths and limitations
2.3.4 General areas of application
2.4 Membrane extraction
2.4.1 Basic principles
2.4.2 Instrumentation and methods
2.43 Strengths and limitations
2.44 General areas of application
2.5 Overall future directions and developments
References

3 Solid phase extraction (SPE) in organic analysis
A.J. HANDLEY AND R. D. MCDOWALL

3.1 Introduction
3.2 The background and principles of solid phase extraction
3.3 Instrumentation for solid phase extraction
3.4 The solid phase extraction column/cartridge and disk
3.4.1 The SPE column/cartridge
342 The SPE disk
3.5 Solid phase extraction sorbents
3.6 Strategies for solid phase extraction
3.6.1 The SPE process
3.6.2 Method development in SPE
3.7 Applications of solid phase extraction
3.8 New technologies in solid phase extraction
3.8.1 SPE phases
3.8.2 SPE formats
3.8.3 Linkage of SPE to other analytical techniques

10
14
24
24
25
25
30
31
31
33
34
39
45
46
48
49

54

54
54
58
60
60
61

ENN AR ARY

68
70
70
71
71



CONTENTS X

References 72

Solid phase microextraction (SPME) and membrane extraction
with a sorbent interface (MESI) in organic analysis 75

Y.LUO AND J. PAWLISZYN

4.1 Introduction 75
4.2 Solid Phase Microextraction (SPME) 76
42.1 Introduction 76
422 Theoretical aspects of SPME optimization and calibration 81
4.3 Membrane Extraction with Sorbent Interface (MESI) 86
4.3.1 Introduction 86
432 Theoretical aspects of the membrane extraction process 90
4.3.3 Practical aspects of MESI analysis 93
Acknowledgements 98
References 98
Supercritical fluid extraction in organic analysis 100

H.-G. JANSSEN AND X. LOU

5.1 Introduction 100
5.2 Properties of supercritical fluids 102
5.3 Modifiers or co-solvents 107

5.4 Instrumentation 111
5.4.1 Solvent delivery pumps and ovens 11

5.4.2 Extraction cells and cell-packing procedures in SFE 113
5.4.3 Flow restrictors 115
5.4.4 Solute collection 116
5.5 Method development 118
5.5.1 Kinetic models for SFE extraction 119
5.5.2 Sample morphology 121
5.5.3 Sample size 121
5.5.4 Selection of the supercritical fluid 122
5.5.5 Pressure 123
5.5.6 Temperature 124
5.5.7 Flow rate and extraction time 125
5.5.8 Collection 125
5.5.9 Optimizing and validating SFE methods 126
5.5.10 Using SFC retention data for SFE method development 129
5.6 General areas of application 129
5.6.1 SFE in environmental extractions 130
5.6.2 Applications of SFE in food analysis 133
5.6.3 Extractions of polymeric materials 135
5.7 Future directions and developments 138
References 140
Pressurized fluid extraction (PFE) in organic analysis 146
1. L. EZZELL

6.1 Introduction 146



CONTENTS

6.2 Basic principles 147
6.3 Instrumentation 148
6.4 PFE methods development 150
6.4.1 Sample preparation 150
6.42 Gnnding 150
6.4.3 Dispersing 151
6.44 Drying 151
6.4.5 Extraction parameters 151
6.4.6 Method validation 154
6.4.7 Selectivity 155
6.5 Strengths/limitations 155
6.6 Areas of application 157
6.6.1 Environmental 157
6.6.2 Polymers 159
6.6.3 Foods 162
6.6.4 Pharmaceuticals and natural products 163
References 164
Microwave-assisted solvent extraction in organic analysis 166

J.R. DEAN, L. FITZPATRICK AND C. HESLOP

7.1 Introduction 166
7.2 Microwave interaction with matter 166
7.2.1 Choice of reagents 168
7.2.2 Solvent effects 168
7.3 MAE systems 169
7.4 Heating methods 171
7.5 Application of MAE for environmental analysis 172
7.5.1 Polycyclic aromatic hydrocarbons (PAHs) 174
7.5.2 Pesticides 175
7.5.3 Polychlorinated biphenyls 187
7.5.4 Phenols 187
7.5.5 Phthalate esters 189
7.6 Microwave-assisted solid phase extraction 189
7.7 Gas-phase microwave-assisted extraction 190
7.8 Future prospects for MAE 190
References 191
Appendix 193
Biological/pharmaceutical applications 194
D. STEVENSON, S. MILLER AND I. D. WILSON
8.1 Introduction 194
8.2 Techniques in common use 197
8.2.1 Protein preparation 198
8.2.2 Liquid-liquid extraction 199
8.2.3 Solid phase extraction 202
8.2.4 Homogenisation/hydrolysis of solids 207
8.2.5 Hydrolysis of conjugates 207
8.2.6 Dialysis 208

8.2.7 Column-switching 208



10

CONTENTS

8.2.8 Restricted Access Media (RAM) columns
8.2.9 Volume reduction
8.2.10 Derivatisation
8.2.11 Headspace analysis
8.2.12 Automation of sample preparation
8.3 Applications
8.4 Factors influencing choice of method
8.5 Future prospects
Bibliography
References

Polymers and polymer additives

H.J. VANDENBURG AND A. A. CLIFFORD

9.1 Introduction

9.2 Dissolution/reprecipitation

9.3 Liquid/solid extraction

9.4 Traditional methods of solid/liquid extraction
9.4.1 Soxhlet extraction
9.4.2 Boiling under reflux
9.43 Sonication

9.5 High pressure solid/liquid extraction methods
9.5.1 Supercritical fluid extraction (SFE)
9.5.2 Accelerated solvent extraction (ASE)
9.5.3 Microwave-assisted extraction

9.6 Comparison of techniques

References

Environmental applications
P. SANDRA, F. DAVID, E. BALTUSSEN
AND T. DE SMAELE

10.1 Introduction
10.2 Key extraction methods
10.2.1 Introduction
10.2.2 Air and gaseous samples
10.2.3 Water and liquid samples
10.2.4 Soil, sludge, sediment and solid samples
10.3 Instrumentation
10.3.1 Introduction
10.3.2 Gas chromatography (GC)
10.3.3 Liquid chromatography (LC)
10.4 Selected applications
10.4.1 Dynamic sorptive extraction of pollutants in air
10.4.2 Dynamic sorptive extraction of nicotine in hospital air
10.4.3 Micro-liquid-liquid extraction of trihalomethanes in drinking water
10.4.4 Static sorptive extraction of pesticides from water samples
10.4.5 Static and dynamic sorptive extraction of phenols in water samples
10.4.6 Solid phase extraction of triazines from water samples on Empore
disk cartridges followed by large volume injection

[3%]

[3°]
23

19 19 19 19 19 19 t9 9
w NN LD O

239
240

243

243
244

244
247
250
253
253
254
255
256
256
259
261
266
268

278



Xi CONTENTS

10.4.7  Solid phase extraction of pesticides from water samples followed by
supercritical fluid desorption and supercritical fluid chromatography 281
10.4.8  Gas phase extraction of PAHs and PCBs from soil samples 286

10.4.9  Stauc sorptive extraction of organometallics from environmental samples 288
10.4.10 Supercnucal fluid extraction of PCBs from oils and fats

297

10.4.11 Supercntical fluid extraction of pesticides in orange juices 300

References 302
Index

305



1 Introduction
Alan J. Handley

Organic analysis plays an important role in the development of current
science as it underpins many of the key areas of technology, such as
pharmaceutical and biological science, polymer technology, food tech-
nology and agrochemicals, and it can provide the means of monitoring
and regulating such industries. The dictionary describes organic analysis
as the resolution of a chemical compound into its proximate or ultimate
parts, and the determination of its elements or the foreign components it
may contain. This process can be designed to provide qualitative data,
but it can also lead to the need for quantitative measurement.

Analysis is comprised of three key processes: sample preparation,
sample analysis and data handling and interpretation—often described as
the ‘Analysis Cycle’ (Figure 1.1).

Sample Data handling
Analysis & Interpretation

e

Figure 1.1 The Analysis Cycle.

Although some samples are inherently ready for analysis, most require
some form of pretreatment before they can be presented to the analytical
technique of choice. The pretreatment will depend on the physical re-
quirements of the instrument (liquid, solid or gaseous sample), the scope
of the measurement (ppb, ppm, percentage levels of the determinants),
and the complexity of the sample. Sample pretreatment in its simplest
form can involve dilution, filtration, evaporation or centrifugation.
However, with the continuing trend to examine more complex samples
and samples with constituent components at lower and lower levels,
sample extraction is becoming increasingly important as a preparation
step. This is evident if we examine the main areas from which we obtain
or generate samples for organic analysis.

Product development—the pharmaceutical industry has seen an
explosion of newer products requiring development and testing, with
analytical assays having to be closely regulated and determinations made
in very complex matrices.
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Product formulation—the pharmaceutical, food and agrochemical
industries are required to control and monitor lower and lower levels of
by-products in their formulations which, in themselves, are becoming
more complex in nature.

Product production—increasing pressures to control plant effluents,
together with the ability of newer analytical technologies to measure
lower and lower compound levels, has resulted in increased regulatory
restrictions on compounds previously considered to be nondetectable.

All these factors result in the need for more sample pretreatment/
extraction prior to analysis, to enable accredited analytical data to be
obtained. This may involve either sample clean-up, sample concentration,
or changing the physical form of the sample to make it more amenable to
the analytical technique of choice (Figure 1.2).

CONCENTRATION

i >
. - CLEAN UP
| Preparation

CHANGE OF
PHYSICAL FORM

Figure 1.2 The role of extraction in sample preparation.

Sample extraction encompasses all those steps necessary to prepare the
original sample for determination by the chosen method. Strategically,
the extraction method chosen can influence the entire process, and will
depend on: the chemistry of the analyte(s); the nature of the matrix; the
objectives of the analysis; and the limit of determination. The relative
importance of these factors will vary depending on the measurement
requirement.

Many extraction practices, however, are based on classical methodol-
ogies of liquid/liquid or liquid/solid extraction, using practices (separat-
ing funnels and Soxhlet extractors) which have not changed appreciably
for the past one hundred years. The most commonly used technique has
been liquid extraction, based on the observation that organic compounds
can usually be removed from a matrix by extraction with a water-
immiscible solvent. This method relies largely on the relative solubility,
diffusion, partitioning, viscosity or surface tension of the component(s) of
interest and the solvent. At first sight, this may appear simple and
straightforward but, to achieve high recoveries, it is often necessary to
repeat the extraction process several times and then to bulk the fractions
together prior to analysis. This is also true of solid/liquid extraction,
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where samples have to be continually extracted—in some cases for days—
to obtain the desired efficiency of extraction. So, while classical extraction
procedures can be very effective, they can also be extremely labour-
intensive and time-consuming, and can require large amounts of solvent.

Two principal factors have been responsible for speeding up develop-
ments in the area of extraction:

(i) The need for faster, high throughput analysis. If we look back at
the Analysis Cycle, there have been tremendous advances in the
automation capabilities of the equipment for both analytical
measurement and data-handling, to the extent that, for a complete
qualitative and quantitative analysis, the analysis times have
decreased from hours or sometimes days. Thus, in many cases, -
sample preparation or extraction is now the major rate-determin-
ing step in the analysis.

(i) The concerns about the hazardous nature of many of the
commonly used solvents, the problems and cost of disposal, and
the associated question of solvent emissions during the concentra-
tion of large volumes of sample extracts.

Recent years have seen considerable efforts to develop alter-
native and improved methods of extraction, and to make them
commercially available. This has resulted in a number of systems
being developed commercially for both liquid/liquid and solid/
liquid extraction (Table 1.1).

Table 1.1 Extraction technologies

Classical Primary Primary New technologies

sample extraction

matrix phase
Solvent extraction Liquid Liquid Solid phase extraction
Membrane extraction Solid phase micro-extraction
Soxhlet Solid Liquid Accelerated or pressurised

fluid extraction,
Microwave-assisted solvent
extraction,

Supercritical fluid extraction

Some, such as Supercritical Fluid, Accelerated or Pressurised, and
Microwave-assisted Extraction, use different driving conditions to speed
up the process, while others use alternative technologies, such as Solid
Phase and Solid Phase Micro-extraction, to reduce solvent volumes.
Other approaches have involved the evolution of classical methodology,
with the launch of the automated Soxhlet and countercurrent extraction
systems.
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Such developments have resulted in systems now capable of providing:
faster extractions and systems which are easier to automate; completeness
of extraction, with recoveries equal to or exceeding those of older
methods; analyte selectivity; robust and reproducible methodology, equal
to or exceeding that of older methods: elimination of the use of some of
the more hazardous solvents, by the selection of different modes of
extraction (pressure, temperature and density); reduction of solvent
volumes and, hence, reduction in the cost of operation (solvent use and
disposal); and ease of coupling to other analytical instrumentation.

The chapters that follow describe the various technologies in full,

together with the processes, the equipment, the protocols for method
development, and the many applications.



