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Preface

The quality of the environment is recognised as a high priority across
the world, and some key anthropogenic pollutants have been recognised
as having a global impact. As a result, some international monitoring
networks are being established, and progress in this area is particularly
well developed for mapping air quality. Where water bodies cross na-
tional boundaries, there is a similar need for mapping environmental
quality and, for comparable, representative data on pollutant loads and
trends. A number of countries have been proactive in setting-up inter-
national agreements, and establishing national legislation to improve
the quality of the whole environment. In order to succeed, it is nec-
essary to obtain reliable information that is comparable between lab-
oratories, is representative of environmental quality and will underpin
risk assessments and decisions on remedial actions. The environmental
and economic cost of incorrect responses based on poor information
could be high. There is therefore an urgent requirement to develop
robust, and cost-effective strategies and technologies to provide the
large amount of reliable information needed by legislators, regulators
and managers with responsibility for environmental quality. Much
emphasis has been placed on the analytical chemical aspects of meas-
uring pollutant levels in discrete samples but less attention has been
paid to the underpinning sampling procedures despite the very much
larger uncertainties associated with this crucial phase of the monitor-
ing process. Acquisition of representative data is problematic, especially
where levels of pollutants (anthropogenic and natural) vary in time and
space. It would be expensive and difficult to obtain the extra data
needed using only the routine methods (e.g. active air sampling, spot or
grab sampling for water and sediments) that are currently employed in
monitoring programmes. There is now a range of methods and tools
that can provide more representative measurements of the quality of
the major divisions (air, water, soil and sediments) of the environment.
One promising approach is passive sampling. Passive samplers can be

XXV



Preface

deployed for extended periods, from days to months, and yield time-
weighted average concentrations of pollutants to which they have been
exposed. This technology has great potential because of the simplicity of
the principles underlying its function, and structure. In contrast to
active samplers, passive samplers have no moving parts and do not
require a power source for their operation, and are relatively inexpen-
sive. In addition, these devices can be deployed in almost any environ-
mental condition, thus making them ideal for ecological monitoring
even in remote areas.

Several types of passive sampler are commercially available and
some are under commercial development. The use of passive samplers
in monitoring the quality of ambient air, and workplace exposures to
potentially harmful compounds, is well recognised and accepted. There
are established standards and official methods for the use of these
devices, and these form part of legal frameworks. In addition, world-
wide monitoring networks have been set up using passive air monitors
to follow the movement of persistent anthropogenic organic pollutants
across the globe. The application of passive sampling in monitoring
water quality is some way behind the situation for air, and the tech-
nologies available for monitoring soils and sediments are even further
from recognition. Although the technologies are widely available for
these matrices, they have still not been adopted in legislation. Water
quality legislation is still firmly grounded in the use of infrequent spot
or grab or bottle samples to measure levels of pollutants to use in
comparisons with environmental quality standards. The appropriate-
ness of this approach is now being questioned as the need for repre-
sentative data is being recognised. The cost of obtaining representative
data using classical methods is high, and this is stimulating an urgent
consideration of possible alternative methods.

Some of the prerequisites for the adoption of passive monitoring
within legal frameworks are clear demonstrations of the performance
and validity of the method, and the development of recognised national
and international standards for the technology. Most passive samplers
work in a similar manner, and the aims of this book are to provide in
a single volume a unifying account of the available technologies,
their performance characteristics, and a source of information for
practitioners in research, and potential end users. The contributors
have provided a thorough account of the state-of-the-art of passive
monitoring in air, water, soils and sediments. This book brings together
a significant body of work on passive sampling, the performance of the
various manifestations of this technology in the field and laboratory
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and highlights the underpinning physicochemical models that describe
the behaviour of these systems in the various divisions of the environ-
ment. All passive samplers behave according to the same physicochem-
ical principles, and the underlying theory unifies this field of study.
However, in this book the samplers that function in the main divisions
of the environment have been allocated to different sections in order to
make the book easier to use when looking for specific types of appli-
cation.

This text aims to provide a useful source of information that is
currently dispersed across a range of journals, patents, conference
presentations and technical reports. The target audience includes re-
searchers in environmental monitoring, analytical chemists, environ-
mental toxicologists and those employed in regulatory and enforcement
bodies (including national environment agencies, and health and safety
bodies), and water companies. It is hoped that it will stimulate further
discussions and help in the initiation of new research opportunities,
and increase the adoption of these technologies in national and inter-
national monitoring programmes.

The editors wish to thank the authors of the chapters for their timely
and erudite contributions.

Richard Greenwood

Graham Mills
Branislav Vrana

XxXVii



Series editor’s preface

My opening sentence to the preface of a previous and complementary
book in the series, volume 37, Sampling and Sample Preparation
Techniques for Field and Laboratory, edited by J. Pawliszyn and pub-
lished in 2002, said: ‘“‘Many will agree that sampling and sample prep-
aration are key parts of the analytical process. The reliability of
analysis is based on the sampling process, storage and preservation of
samples, isolation of the analytes, the clean-up and the final determi-
nation. From all these operations, sampling and sample preparation
still determine the overall analysis time and are the real bottleneck”.

This sentence is fully applicable to the present book, Passive Sam-
pling Techniques in Environmental Monitoring, edited by R. Green-
wood, G. Mills and B. Vrana. Experts in the field recognize the great
potential of passive samplers versus grab sampling methods. Passive
samplers can be deployed for extended periods, from days to months,
and yield time-weighted average concentrations of pollutants to which
they have been exposed. So, the environmental information obtained is
considerably higher than that obtained from conventional grab sam-
pling.

The present volume brings together the theoretical and practical
aspects of this area and it is certainly timely since the available data are
dispersed across a range of journals, patents, conference presentations
and technical reports. The volume is organized into four main sections
covering air sampling, water sampling, soil/sediment, biomonitoring
and bioassays. The major passive sampling devices used for air and
water are described in detail, such as the semi-permeable membrane or
solid-phase microextraction devices (SPMD or SPME, respectively).
The book also addresses the issues of biomimetic sampling devices and
the combination of bioassays with passive samples, a very useful ap-
proach to tackle one of the most challenging issues in environmental
analysis: the correlation between the observed contamination levels
with toxicants, the so-called Toxicity Identification Evaluation (TIE).
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Overall, this book is an important problem-solving toolbox in envi-
ronmental analysis, addressing one of the key parts of the whole an-
alytical protocol: the sampling and sample preparation issue. It can be
recommended to experts in the field and also to newcomers, since it has
all the ingredients to interest a broad audience of scientists involved in
environmental monitoring.

Finally, I would like to thank all the contributors for their time and
efforts in preparing this excellent and useful book on passive sampling.
My specials thanks are dedicated to the three editors, colleagues from
various European Union projects and friends for more than 10 years,
who were very open to my suggestion that they would be the most
appropriate scientists to edit the present book. Congratulations for
compiling this excellent work!

D. Barcel6
Department of Environmental Chemistry, IIQAB-CSIC
Barcelona, Spain



Foreword

The development of legislation to protect different environmental com-
partments, i.e. air, water, sediments and soil, has been very active in
both the USA and Europe within the last decade. Now that legislation is
entering into force, action programmes are being designed—or are al-
ready implemented—which inter alia requires a sound evaluation of
the chemical and biological quality of environmental media, as well as
the identification of possible pollution trends. These programmes can-
not be effectively established without representative and reliable mon-
itoring data. In other words, effective monitoring of environmental
quality is essential to underpin the legislative frameworks. For exam-
ple, it is particularly difficult to assess the quality of water bodies where
levels of pollutants can fluctuate in time as well as spatially depending
on the nature of pressures present. This variability also holds for air,
sediments and soil, and it encompasses possible (bio)chemical trans-
formations of metals and organic compounds through different envi-
ronmental pathways (e.g. volatilisation, changes in speciation,
mobilisation, etc.). The successful implementation of strategies to im-
prove the quality of the environment will thus depend on the availa-
bility and quality of information needed by managers and decision-
makers. In this respect, there is an urgent need for the development
and validation of cost-effective technologies and methodologies that
could be adopted widely for routine monitoring of key environmental
matrices that are covered by the legislation. Spot or grab sampling
provides only a snapshot of the situation at the instant of sampling, and
fluctuations associated with episodic events could be missed, or con-
clusions could be drawn on the basis of transitory high levels or absence
of pollutants. The cost of incorrect information could be very high and
there is therefore a need for improved integrating methodologies that
can provide a complimentary approach to existing quality monitoring
systems. However, monitoring tools will be useful only if they are
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affordable, reliable and produce data that are of comparable quality
between times and locations.

The range of promising tools responding to needs for integrated
monitoring of various environmental media is expanding, and includes
well-tried methods such as passive sampling techniques. Many of these
are under development, and have the potential to be included in the set
of useful tools in the toolbox available to those responsible for mon-
itoring and improving environmental quality under the various legis-
lative frameworks. This is particularly important in light of large-scale
monitoring programmes such as the ones carried out in Europe under
different EU-wide legislation, e.g. the Directive on Ambient Air and the
related Clean Air for Europe (CAFE) programme, the Water Frame-
work Directive (including water, sediment and biota monitoring), and
the forthcoming Soil and Marine Framework Directives (presently un-
der development by the European Commission). In the USA, the Clean
Air and Clean Water Acts have similar aims of safeguarding the en-
vironment and the health of citizens, and similar requirements for
monitoring, and this reflects a worldwide trend towards increasing
governmental vigilance. This book, Passive Sampling Techniques in
Environmental Monitoring, examines the properties of these methods
and their applicability and potential contribution in monitoring air,
water and sediment/soil for trace metals and organic compounds. Since
there are major ongoing developments in this field at European level
and in the USA, this book will provide a timely and valuable source of
information for those involved in environmental management at all
levels. The book is edited by prominent scientists and authored by in-
ternationally recognised experts in this very specific analytical sector.

Philippe Quevauviller
European Commission, DG Environment
Brussels

b-o.0.411



Chapter 1

Theory of solid phase microextraction
and its application in passive
sampling

Yong Chen and Janusz Pawliszyn

1.1 INTRODUCTION

Solid phase microextraction (SPME) was developed to address the need
for rapid sampling/sample preparation, both in the laboratory and on-
site (in the field where the investigated system is located) [1]. It
presents many advantages over conventional analytical methods by
combining sampling, sample preparation, and direct transfer of the
analytes into a standard gas chromatograph (GC), thus minimizing
analyte losses due to multi-step processes. Since its introduction in the
early 1990s [2], SPME has been applied successfully to the sampling
and analysis of environmental, food, pharmaceutical, and forensic sam-
ples [3]. More recently it has been used in passive sampling of air and
water. Figure 1.1 shows the schematic of the first SPME device, which
was implemented by incorporating coated fibres into a microsyringe [2].
The metal rod, which serves as the piston in a microsyringe, is replaced
with stainless steel microtubing with an inside diameter (i.d.) slightly
larger than the outside diameter (0.d.) of the fused silica rod. Typically,
the first 5 mm of the coating is removed from a 1.5 cm long fibre, which
is then inserted into the microtubing. High temperature epoxy glue is
used to mount the fibre permanently. The coated fibre can be moved
into and out of a stainless steel needle that serves the purposes of
protecting the fibre when not in use and guiding it into the injector. The
needle can also serve as a time-weighted average (TWA) passive sam-
pling device in which the coating is kept inside the needle during sam-
pling. This contrasts with conventional SPME, in which the coating is
extended outside the needle and exposed directly to target analytes
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Syringe barrel
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Coating microtubing

Fig. 1.1. The custom-made SPME device based on the Hamilton 7000 series
syringe.

from a number of matrices, and the analytes then reach equilibrium
with the coating.

Several different coatings are commercially available, including poly-
dimethylsiloxane (PDMS), polyacrylate (PA), PDMS/divinylbenzene
(PDMS/DVB), and Carboxen. The PDMS and PA coatings are a non-
porous, amorphous polymeric phase whereas the PDMS/DVB and
Carboxen are predominantly porous polymeric phases. Analyte uptake
on PDMS and PA is by absorption whereas it is adsorptive for PDMS/
DVB and Carboxen.

The use of SPME devices is very simple. When the plunger is de-
pressed, the fibre is extended outside the needle and exposed to the
sample matrix. After a certain amount of extraction time, the fibre is
withdrawn into the needle. The needle is then introduced into the hot
injector of a GC, where the analytes are thermally desorbed from the
coating (Fig. 1.2). The analytes then pass into the GC column for sep-
aration and quantification.

At this point, it should be emphasized that one of the major advan-
tages of SPME is that all of the sorbed analytes are analysed. In ad-
dition, no solvent vehicle is used with SPME; background noise from
the solvent is therefore absent. Narrower peak widths are also ob-
tained, thus increasing the overall analytical efficiency. Other quite
important advantages are that the SPME sampling system is fully re-
usable and that when an SPME coating is analysed it is immediately
available for a subsequent sampling session (the coating is clean).
SPME is also readily amenable to field portability and automation [4].
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L d —_—
Needle Thermal Analytes focus
penetrates the  desorption of on the column
septum the analytes

Fig. 1.2. Thermal desorption of the analytes from an SPME fibre in a GC
injector.

Simplicity and convenience of operation make SPME an alternative
to more established techniques for a number of applications. In some
cases, the technique facilitates unique investigations. The most visible
advantages of SPME exist at the extremes of sample volumes. Because
the setup is small and convenient, coated fibres can be used to extract
analytes from very small samples. For example, SPME devices are used
to probe for substances emitted by a single flower bulb during its life
span [3]. Since SPME does not often extract target analytes exhaus-
tively, its presence in a living system should not result in significant
disturbance [5]. In addition, the technique facilitates the measurement
of speciation in natural systems, since the presence of a minute fibre,
which removes small amounts of analyte, is not likely to disturb
the chemical equilibrium in a system. It should be noted, however, that
the fraction of analyte extracted increases as the ratio of coating to
sample volume increases. Complete extraction can be achieved for
small sample volumes when distribution constants are reasonably
high. This observation can be important if exhaustive extraction is
required. It is very difficult to work with small sample volumes using
conventional sample preparation techniques. Also, SPME allows rapid
extraction and transfer to an analytical instrument. These features
result in an additional advantage when investigating intermediates in
a system. Another advantage is that this technique can be used for
studies of the distribution of analytes in a complex multiphase system
[6], and allows for the speciation of different forms of analytes in a
sample [7].
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1.2 CALIBRATION IN SOLID PHASE MICROEXTRACTION

In SPME, a small amount of the extracting phase associated with a
solid support is placed in contact with the sample matrix for a pre-

determined time (Fig. 1.3).
To date, there are several approaches to calibration developed
for SPME, as shown in Fig. 1.4. Equilibrium extraction is the most

Fused silica fiber

[ |
I Ii— Coating
Vi Kss

——— Sample

. J vy c

Fig. 1.3. Microextraction with SPME. Vi, volume of fibre coating; K., fibre/
sample distribution coefficient; V, volume of sample; Cy, initial concentration
of analyte in the sample.

. o KWiVs
Equilibrium extraction : n = —————C,
KfSVf+VS

Exhaustive extraction : n = V,C,

o . . KisViVs
Calibration in SPME 1 Pre-equilibrium extraction : n = [1- exp(-at)] ———C,
KfSVf+VS

First-order reaction rate constant : v(n/t) = K*C,

Grab sampling : various empirical mass transfer correlations

Diffusion : { Standards in the extraction phase
Time—weighted average sampling : Fick's First Law of Diffusion

Fig. 1.4. Various calibration methods in SPME.
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frequently used method. When a sample volume is very small, exhaustive
extraction might occur in SPME and can be used for calibration. To
shorten long equilibrium extraction times, and/or address the displace-
ment effects that occur when porous coatings are used, extraction can be
interrupted before equilibrium, and calibration is still feasible if the ex-
traction conditions are kept constant. While performing derivatization on
the SPME fibre, when the reaction is the rate-limiting step, the first-
order reaction rate constant can be used for calibration. The last ap-
proach, the diffusion-based calibration method, is very important for field
sampling. This method eliminates the use of conventional calibration
curves. Fast on-site analysis and long-term monitoring are thus possible.

1.2.1 Equilibrium extraction

If the extraction time is long enough, a concentration equilibrium is
established between the sample matrix and the extraction phase. The
equilibrium conditions can be described by Eq. (1.1), according to the
law of mass conservation, if only two phases, for example, the sample
matrix and the fibre coating, are considered [8]:

CoVe = CTV, + C¥Vy (1.1)

where Cy is the initial concentration of a given analyte in the sample, V;
is the sample volume, V; is the fibre coating volume, Cs° is the equi-
librium concentration of analyte in the sample, C¢° is the equilibrium
concentration of analyte in the fibre. The fibre coating/sample matrix
distribution coefficient Ky, is defined as

COO
Kg =L 1.2
= oo (1.2)
Combining Egs. (1.1) and (1.2), rearrangement results in
_ KfszVs
"R+ V. -3

where n is the number of moles extracted by the coating. Equation (1.3)
indicates that the amount of analyte extracted onto the coating (n) is
linearly proportional to the analyte concentration in the sample (C,),
which is the analytical basis for quantification using SPME.

Equation (1.3), which assumes that the sample matrix can be rep-
resented as a single homogeneous phase and that no headspace is
present in the system, can be modified to account for the existence of
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other components in the matrix, by considering the volumes of the
individual phases and the appropriate distribution constants [1].

In addition, when the sample volume is very large, i.e. Vi > KV,
Eq. (1.3) can be simplified to

n = KfszCO (1.4)

which points to the usefulness of the technique for field applications. In
this equation, the amount of extracted analyte is independent of the
volume of the sample. In practice, there is no need to collect a defined
sample prior to analysis, as the fibre can be exposed directly to the
ambient air, water, production stream, etc. The amount of extracted
analyte will correspond directly to its concentration in the matrix,
without being dependent on the sample volume. When the sampling
step is eliminated, the whole analytical process can be accelerated, and
errors associated with analyte losses through decomposition or adsorp-
tion on the sampling container walls will be prevented.

Equation (1.4) also implies another important quantification method
for field sampling using SPME. That is, by knowing the distribution
coefficient, the concentration of analyte can be determined by the
amount of the analyte on the fibre under extraction equilibrium. In
other words, quantification is possible without external calibrations.
This is a very desirable feature for field analysis, because external cal-
ibrations slow down the analytical process, and introduce additional
errors. One of the applications of this approach is the determination of
parameters like total petroleum hydrocarbons (TPH) in air [9].

1.2.2 Exhaustive extraction

As mentioned above, when the sample volume is very small, and the
distribution coefficient is very large, such as sampling of semi-volatile
organic compounds (semi-VOCs) in small volumes of a sample matrix,
or sampling of VOCs in small volumes of a sample matrix using a cold
fibre [10], V; is far smaller than the product of KV, and Eq. (1.3) can
be simplified to

n=VCy (1.5)

This implies that all analytes in the sample matrix are extracted onto
the fibre coating.

Calibration for exhaustive extraction is very simple, as suggested by
Eq. (1.5). However, it is not often used in SPME because of the small
volume of the extraction phase. Only when the volume of sample matrix
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is small and the distribution coefficient is very large is it possible to
extract all analytes onto the fibre coating. Development of the cold fibre
device provides an opportunity to perform exhaustive extraction
[10,11]. Simultaneous heating of the sample matrix and cooling of the
fibre coating significantly increases the distribution coefficient, facili-
tates release of analytes from the matrix, and accelerates the extraction
process. When the volume of the sample is small, exhaustive extraction
could occur. Another interesting method to obtain the total amounts of
a set of analytes in the sample matrix is multiple SPME [12,13], in
which the sample is repeatedly extracted with the fibre. This enables
extrapolation to the total amounts of the analytes from just a few ex-
tractions, even without exhaustive extraction of the analytes in the
sample matrix.

1.2.3 Pre-equilibrium extraction

When an SPME fibre is exposed to the sample matrix, transportation of
the analyte from the sample matrix to the fibre coating occurs. The
time to reach the extraction equilibrium, ranging from minutes to
hours, is dependent on the agitation conditions, the physicochemical
properties of analytes and the fibre coating, and the physical dimen-
sions of the sample matrix and the fibre coating. The amount of analyte
extracted onto the fibre coating is at a maximum when the equilibrium
is reached, thus achieving highest sensitivity. If sensitivity is not a
major concern of analysis, shortening the extraction time is desirable.
In addition, the equilibrium extraction approach is not practical for
solid porous coatings due to the displacement effect at high concentra-
tions. For these circumstances, the extraction is stopped and the fibre is
analysed before equilibrium is reached.

The kinetics of absorption of analytes onto a liquid fibre coating is
described as follows [14]:

K fsz Vs

n = [1 — exp(—at)]
where ¢ is the extraction time, and a is a time constant, representing
how fast an equilibrium can be reached.

When the extraction time is long, Eq. (1.6) becomes Eq. (1.3), char-
acterizing equilibrium extraction. If the extraction equilibrium is not
reached, Eq. (1.6) indicates that there is still a linear relationship bet-
ween the amount (n) of analyte extracted onto the fibre and the analyte
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concentration (Cyp) in the sample matrix, if the agitation, the extraction
time, and the extraction temperature remain constant.

1.2.4 Calibration based on first-order reaction rate constant

The main challenge in organic analysis is polar compounds. They are
difficult to extract from environmental and biological matrices and
difficult to separate on the chromatographic column. Derivatization
approaches are frequently used to address these challenges. Figure 1.5
summarizes various derivatization techniques that can be implemented
in combination with SPME [15]. Some of the techniques, such as direct
derivatization in the sample matrix, are analogous to well-established
approaches used in solvent extraction. With the direct technique, the
derivatizing agent is first added to the sample vial. The derivatives are
then extracted by SPME and introduced into the analytical instrument.

Because of the availability of polar coatings, the extraction efficiency
for polar underivatized compounds is frequently sufficient to reach the
sensitivity required. Occasionally, however, there are problems associ-
ated with the separation of these analytes. Good chromatographic per-
formance and detection can be facilitated by in-coating derivatization
following extraction. In addition, selective derivatization to analogues
containing high detector response groups will result in enhancement of
the sensitivity and selectivity of detection. Derivatization in the GC
injector is an analogous approach, but it is performed at high injection
port temperatures.

DERIVATIZATION SPME

= | ==

Direct derivatization in Derivatization in the
the sample matrix GC injector port

Derivatization in the
SPME fiber coating

= N

Simultaneous Derivatization
derivatization following
and extraction extraction

Fig. 1.5. SPME derivatization techniques.
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Doping the SPME Placing the doped fiber into Fiber desorption,
fiber with the gaseous phase or headspace above separation, and
derivatizing reagent aqueous phase in reaction vial for and quantitation

in-fiber derivatization/SPME

Fig. 1.6. In-coating derivatization technique with fibre doping method.

The most interesting and potentially very useful technique is si-
multaneous derivatization and extraction, performed directly in the
coating. This approach allows for the high efficiencies and can be used
in remote field applications. The simplest way to execute the process is
to dope the fibre with a derivatization reagent and subsequently expose
it to the sample (Fig. 1.6). The analytes are then extracted and simul-
taneously converted to analogues that possess a high affinity for the
coating. This is no longer an equilibrium process, since derivatized
analytes are collected in the coating as long as the extraction continues.

It is emphasized that if the sorbent is almost completely coated with
a derivatizing reagent before its exposure to the analyte, a reaction
between the approaching gaseous analyte and the sorbed derivatizing
reagent is more likely to occur. This is especially true for short exposure
times. When the reaction is the rate-limiting step, the reaction rate v
(weight/time) is proportional to the concentration of gaseous analyte
(Cp) and the rate constant of the reaction between the derivatization
reagent and the analyte [16]:

v (g) — K*C,y 1.7)

Therefore, quantitative analyses of an unknown analyte concentra-
tion (Cy) is possible using an empirically determined constant K* and
Eq. (1.7).

This simple and efficient approach is limited to low-volatility de-
rivatizing reagents. The approach can be made more general by chem-
ically attaching the reagent directly to the coating. The chemically

11
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bound product can then be released from the coating, either by a high
temperature in the injector, light illumination, or a change of the ap-
plied potential. The feasibility of this approach was recently demon-
strated by synthesizing standards bonded to silica gel, and which were
then released during heating. This approach allowed for solvent-free
calibration of the instrument [17].

In addition to using a chemical reagent, electrons can be supplied to
produce redox processes in the coating and convert analytes to more
favourable derivatives. In this application, the rod and the polymeric
film must have good electrical conductivity. A similar principle has been
used to extract amines onto a pencil ‘lead’ electrode [18]. The use of
conductive polymers, such as polypyrrole, will introduce additional se-
lectivity of the electrochemical processes associated with the coating
properties [19].

1.2.5 Calibration based on diffusion

1.2.5.1 Diffusion

Diffusion is the random movement of a chemical substance in a material
system consisting of two or more components, from an area of higher
chemical potential of the diffusing substance in the given phase towards
an area of lower chemical potential [20]. Two mathematical methods are
often used to formulate the transport by diffusion [21,22]. The first,
referred to as a mass transfer model, relates the net flux J to the oc-
cupation density difference between two adjacent subsystems, A and B:

J = —h(Cg — Chp) (1.8)

Fluxes J are usually expressed as mass per unit area and per time
(ng em 2 s71), and the concentration C as mass per volume (ng cm™2).
Then the constant (mass transfer coefficient ) in the flux expression
must have the dimension of a velocity (cm s™1). The second model, the
gradient-flux law, is considered to be more fundamental. One well-
known example of the gradient-flux law is Fick’s first law, which relates
the diffusive flux of a chemical to its concentration gradient and to the
molecular diffusion coefficient:

J, = —D@ 1.9
dz

where D is molecular diffusivity, and dC/dz is the spatial gradient of C

along the Z direction. The molecular diffusivity (or molecular diffusion

coefficient) D has the dimension (cm? s™'), and depends on the

12
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properties of the diffusing chemical as well as on those of the medium
through which it moves.

Equation (1.10) is often referred to as Fick’s second law of diffusion,
and can be readily derived from Fick’s first law of diffusion:

oc &*C
5 =D 22 (1.10)

Fick’s second law states that the local concentration change with
time, due to a diffusive transport process, is proportional to the second
spatial derivative of the concentration. As a special case, consider a
linear concentration profile along the z-direction C(z) = ap+a,z. Since
the second derivative of C(z) of such a profile is zero, diffusion leaves
the concentrations along the z-direction unchanged. In other words, a
linear profile is a steady-state solution of Eq. (1.10).

The relationship between the flux of a property and the spatial gra-
dient of a related property called a gradient-flux law is typical for an
entire class of physical processes, in which some physical quantity such
as mass or energy or momentum or electrical charge is transported
from one region of a system to another. For example, heat flows
through the bar from the high-temperature reservoir to the low-
temperature reservoir. Another example is the transport of the elec-
trical charge through a conductor by the application of an electrical
potential difference between the ends of the conductor. Table 1.1 lists
some physical processes obeying the gradient-flux law [23].

TABLE 1.1

Physical processes that obey the gradient-flux law

Physical process Law Equation Variables

Molecular diffusion Fick dC  J: Mass flux
J 7z — —D E

C: Concentration
D: Diffusion coefficient
Conduction of heat Fourier dT J: Heat flux

T: Temperature
k: Thermal conductivity
Electric conductivity Ohm dv J: Electrical current flux

V. Voltage
K: Electric conductivity
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The similarity of molecular diffusion and conduction of heat and
electric conductivity is interesting and important. The former analogue
provides the possibility of translation of various empirical correlations
established for heat transfer to diffusion mass transfer, especially for
the cases of ill-defined diffusion zones, such as the analogue of heat
transfer from bulk to a rod, to mass transfer from bulk to a fibre.
Conduction of heat has been extensively studied due to industrial de-
mands. The heat transfer literature is immense, far greater than the
mass transfer literature. Mass transfer research may thus benefit from
the vast resources of heat transfer research.

The latter analogue between molecular diffusion and electric con-
ductivity provides insight for the design of samplers based on diffusion.
Figure 1.7 shows the schematic of conduction of electricity through two
resistances, r; and r, and the schematic of mass diffusion through two
tubes. The current through the two resistances can be expressed as
LN B (1.1D)

ri ro r

where I is in units of C s, r = ri+ry, and r1 = Z1/k1Aq, re = Zo/ksAs, 21

and zy are the length of the resistances of ry and ry, respectively, A; and
Ay are the cross-sectional area of the resistances of r; and ry, respec-
tively, k1 and k5 are the electric conductivity of the resistances of r; and
ro, respectively, V; and Vy are voltage drops along the resistances of r{
and ry, respectively, and total voltage V = V+Vs.

Analogously, the mass flow diffusion through tube 1 and tube 2 can
be expressed as

n ACl AC 2 AC

t Z1/DiA; _ Z3/DsA;  Z/DA (1.12)

where n/t is mass flow in units of ng s~ %, ACy and AC, are concentration
drops in tube 1 and 2, respectively, z; and z, are the length of tube 1 and

Ay A,
-
Tube 1 Tube 2
(A) (B)

Fig. 1.7. (A) Schematic of conduction of electricity through two resistances r;
and ry, and (B) schematic of mass diffusion through two tubes.
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tube 2, respectively, and A; and A, are the cross-sectional area of tube 1
and tube 2, respectively. Correspondingly, Z;/D1A; and Z,/DsA5 are the
mass transfer resistances in tube 1 and tube 2, and the overall mass
transfer resistance is

Z Z Zy
DA ~ DA, " DA,

Equation (1.13) has some important implications. Firstly, the mass
transfer resistance is proportional to the diffusion length, and inversely
proportional to the diffusion coefficient and the cross-sectional area of
the diffusion zone. Secondly, the mass transfer resistances are additive.
Further, when one mass transfer resistance is significantly larger than
the other, the contribution from the small resistance is negligible. In
other words, the larger resistance controls the overall mass transfer
rate. The mass transfer can be predicted by knowing the larger resist-
ance, and the change of the small resistance does not change the overall
mass transfer rate significantly. This conclusion is very important for
designing passive samplers.

(1.13)

1.2.56.2 Diffusion-based rapid SPME

There is a substantial difference between the performance of liquid and
solid coatings. With liquid coatings, the analytes partition into the ex-
traction phase, in which the molecules are solvated by the coating
molecules. The diffusion coefficient in the liquid coating enables the
molecules to penetrate the entire volume of the coating, within a rea-
sonable extraction time if the coating is thin (see Fig. 1.8a). With solid
sorbents (Fig. 1.8b), the coating has a glassy or a well-defined crystal-
line struct