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Modern Techniques of Extraction of Organic
Analytes from Environmental Matrices
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E-mail: chemanal@pg.gda.pl

ABSTRACT: Isolation and/or preconcentration of analytes from samples characterized by complicated compo-
sition of the matrices consist an essential step of analytical procedures used for determination of trace organic
components.

Different analytical approaches used in analytical practice can be classified according to parameters as follow:

labor and time consumption

consumption of solvents and other reagents
mode and efficiency of extraction process
level of the automation of the operation

There are plenty of original works focused on elaboration of new techniques of extraction of wide spectrum
of analytes.

This article deals with an trial of systematization of information available connected with new methodological
and technical proposals in this field.

KEY WORDS: trace analysis, techniques of extraction, environmental samples.
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I. INTRODUCTION

Environmental demands and ecotoxicological
considerations call for action in two principal
directions:

« the search for environmental-friendly technolo-
gies that are characterized by the absence of or
at least by low emission levels pollutants;

« the trend towards determination of board spec-
trum of analytes at low concentration levels
(ppt or even ppb) in samples of varied matrix
composition.

The latter approach has been facilitated by
the introduction of a new generation of highly
sensitive analytical devices and methods and by
the development of new sample preparation pro-
cedure, that is, sample treatment prior to the final
determination stage.

This line of action becomes particularly sig-
nificant in modern environmental analysis. New
detectors, although commercially available, are
generally insufficiently sensitive to allow for the
determination of the majority of analytes in envi-
ronmental samples. For this reason, the optimiza-
tion of the stages and operations associated with
sample preparation becomes essential.!

In this respect, sample preparation comprises:

« isolation of the analytes from the original ma-
trix and moving them to the receiving (second-
ary) matrix of simpler composition, with an
optional enrichment of the analytes

« release of analytes previously kept in appropri-
ate rap either in the isolation and/or enrichment
stage

« removal of excess solvent and drying, purifica-
tion, and fractionation of the extracts?

Most of these steps include the use of chro-
matographic techniques. These are most widely
used for separation of mixtures into individual
chemical species prior to the final determination.
The operations involved in sample preparation
are usually tedious and time-consuming and they
are difficult to automate.

Today special attention is paid in environ-
mental analysis to sample preparation methods

200

that ensure reduction of amount of liquid solvents
or even their complete elimination in the course
of the analytical procedure. Further, the number
of operations and processes involved in the sample
preparation stage should be kept to a minimum.?
The issolation and/or preconcentration of
analytes from samples characterized by the com-
plex composition of the matrices consist of a very
important stage of analytical procedures in the
field of trace and environmental analytics. Our
article focuses on new approaches in this field.

Il. SOLID PHASE EXTRACTION (SPE)

Quite often general information can be found
in the literature that the “romance” of researchers
with the SPE technique started 20 years ago; how-
ever, this is not entirely true. The last 20 years
have been characterized by a great interest in this
technique, but the real beginning of SPE had
place half a century ago in connection with trace
analysis of organic contaminants in water. Since
then hundreds of publications describing differ-
ent SPE methods have been published. Also, many
review papers and monographs on the subject
were written,*36.7:8.9.10.11

In the applications of the solid phase extrac-
tion technique into analytical practice, one can
distinguish three very well-distinguished periods
of time. They are as follows:*

« first attempts to apply of SPE technique (“‘ac-
tive carbon period”);

« the period of searching for more suitable sor-
bents;

 the period of technical development of SPE-
based techniques for isolation and/or precon-
cenration of organic analytes from water
samples;

» new directions in the application of SPE tech-
nique.

The usefulness of sorptive properties of sol-
ids in technological processes of water treatment
has been known for long time.

Granulated Active Carbon, GAC, has been a
popular sorptive material used in technological
processes, but only later tests were conducted to
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check whether the recovery of organic substances
absorbed on GAC bed prior to analytical proce-
dure and analyte identification was possible.

In 1951, a pioneering work on this subject
was published by the employees of the U.S. Pub-
lic Health Service, Cincinnati, OH.!2

In the paper, a metal cylinder filled with 1200
to 1500 g of GAC was described, which served to
enrich organic contaminants present in samples
of filtered and unfiltered surface water. After fil-
tering a known volume of water through the sorp-
tion trap, that is, active carbon filter, the trap was
delivered to the laboratory. Then, the carbon bed
was removed from the cylinder, dried in air, and
extracted with diethyl ether in a Soxhlet appara-
tus. Organic compounds present in the obtained
extract were classified into five groups, and some
analytes were identified.

Since the publication of the above paper, many
scientific centers have been conducting research
on new methods for active carbon application in
isolation and enrichment of organic analytes in
water samples.

In their next publication,'® the authors de-
scribed the usage of a carbon filter of the dimen-
sions 18 in X 3 in, designed to retain pesticides
from hundreds of gallons of water filtered through
the sorbent bed (the analytes were extracted with
chloroform).

The important step in the development of
SPE technique was the use a sorption tube con-
taining a layer of active carbon that served as a
trap for retaining analytes from water with the
application of Closed Loop Stripping Analysis,
CLSA.1"

The main disadvantages of the carbon filters
are as follows:

« irreversible adsorption

e chemical modification on the surface of the
sorbent

* low recovery of analytes

The above negative characteristics caused that
other materials were being sought in order to
replace carbon with a sorbent devoid of these
serious faults.

This period is connected with the intensive
development of research procedures for novel

types of sorptive materials (in an off-/ine mode)
that lasted from the late 1960s until the beginning
of 1980s, as follows:

* In the mid-1960s, the company Rohn & Haas
introduced cross-linking polystyrene resin
named Amberlite XAD-1.

* In 1996, the application of polymeric sorbent
for isolating and enriching of organic contami-
nants in water samples was described for the
first time."> A column 1 cm in diameter, con-
taining a 7-cm-long XAD-2 sorbent bed, was
used.

* In the following years, other sorbents from the
XAD family, that is, XAD-2, XAD-4, XAD-7,
XAD-8, were applied in analytical procedures.

e In 1972, a method for enriching organic con-
taminants in potable water was elaborated,
based on the use of XAD-2 and XAD-7.16

* In 1973, a technique for extraction of organic
analytes from water with the use of a sorption
tube filled with Chromosorb 102 was de-
scribed.!”

* In 1974, a comprehensive study on the meth-
odology for analyte enrichment with the use of
XAD-2 was published.'® It was concluded that
this technique is useful for determining or-
ganic pollutants in water at the levels of 10 to
1000 ppb, while in the case of pesticides at the
level of 20 ppt.

 In the next stage, the following sorbents were
introduced to commercial markets, and there-
fore to analytical procedures:

» Porapak-type sorbents

» Chromosorb-type sorbents

» Tenax-GC; this sorbent found a particularly
broad application in Purge and Trap (PT) tech-
nique

e In 1982, the first publication on the possible
use of Tenax-GC as sorbent in a trap designed
to directly retain analytes from a stream of
liquid, which analytes were later directed to a
chromatographic column (after thermal des-
orption), was published.’

« In this period of time, publications on the pos-
sible application of other types of sorbents
(e.g., polyurethane foams, polypropylene,
polytetra-fluoroethylene, and ion-exchange res-
ins) in analytical procedures were written

201
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» Chemically bound stationary phase, used to fill
liquid chromatography columns, were also used
to fill sorption tubes. The first papers on this
subject were published in 1975.202!

* New generations of carbon sorbents (carbon
molecular sieves??) and graphitized carbon?
were introduced. Thanks to the stringent qual-
ity of the production processes, sorbents of
more homogenous structure and duplicable
characteristics were produced

The introduction of a wide spectrum of sorp-
tive materials into analytical procedures gave a
new stimulus for the development of SPE meth-
odology, as presented below:

e The introduction of commercially available
extraction columns (e.g., Sep-Pak and Bond-
Elut) used in an off-line mode. However, the
undesirable phenomena and side-effects have
been noted, such as

* undesirable dilution (e.g., at the elution
stage),
 possibility of sample contamination.

» The idea of replacing off-line systems with on-
line ones.?! In an on-line system the analytes
from the sorption trap are transferred directly
onto a chromatographic column by a stream of
carrier gas. In a simplified version, the analytes
are directly enriched in the initial part of the
column

e The introduction of on-line precolumn tech-
nology?*2* that has occurred in connection with
the development of two-dimensional liquid
chromatography. A precolumn, which is equiva-
lent to safety column in HPLC and can be
replaced as frequently as needed, is a relatively
inexpensive part of the equipment. Different
types of sorbents are used to fill precolumns

e The application of two or more precolumns,
set in a row, for isolation and enrichment of
analytes.”

e The use of precolumn technology in gas chro-
matography (SPE-GC).?® Due to the use of a
six-way valve, it was possible to connect to the
system a microcolumn filled with chemically
bound silica phase (C8) in order to enrich pes-

202

ticides and analytes from the PCB family in
water samples. Next, the column was dried in
a stream of helium, and analytes were eluted
with hexane by using a retention trap

» The development of LC-GC technology in the
end of 1980s

* Modern times: a period of dynamic develop-
ment of SPE technology

» The application of new types of sorbents:

 Porous graphitized carbon (PGC)?’

e PLRP-S%

¢ Envi-Chrom P

e Li Chrolut EN

 Isolute EN

» Chemically bound octadecyl phase (C18)%
e Immunosorbents*

» Molecularly Imprinted Polymers (MIPs)?3!

e The introduction of membrane extraction
discs.?? Speed discs contain PTFE matrix with
embedded beads of an appropriate sorbent. The
use of discs significantly reduces the time of
analyte extraction. Speed discs are also used as
precolumns in on-line SPE-HPLC systems33

» The application of extraction with supercritical
liquids to release the retained analytes*

 The introduction of Solid Phase Microextraction
(SPME)*»

Solid phase extraction (SPE) has appeared as
an alternative to liquid-liquid extraction owing to
its simplicity, low cost and easy automation.
However, the sorbent used in “classic”” SPE is not
highly selective, and therefore the analyte is re-
tained together with other matrix compounds,
which hinders its final determination by different
analytical techniques (mainly chromatographic
ones). Therefore, the development of complex
applications using different washing solvents is
necessary, thus reducing the inherent advantages
of SPE.

There are several papers in which the applica-
tion of solid phase extraction as a technique of
isolation and preconcentration of analytes from
different environmental matrices are described.
In Table 1 information on the recent applications
of SPE techniques in analysis of environmental
pollutants are collected.
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The special attention should be paid on:

» The application of sorption tubes packed with

polydimethylsiloxane (PDMS)36:37.74 for
preconcentration of organic analytes from air.
In this case preconcentration occurs by sorp-
tion of the analytes into the bulk of the liquid
phase instead of adsorption onto an active ad-
sorbent surface. The most suitable stationary
phase for this purpose is 100% polydi-
methylsiloxane. Preconcentration by sorption
has some clear advantages over adsorption onto
an active surface. In the sorption mode, polar
solutes desorb fast at low temperatures due to
the weak interaction of the analytes with the
PDMS material. Moreover, PDMS is much
more inert than a standard sorbent minimizing
the losses of unstable and/or polar analytes.
Another advantage of the PDMS phase is that
its degradation products can be easily identi-
fied with the use of a mass spectrometric de-
tector because they generate characteristic sili-
cone mass fragments. Peaks originating from
the sorbent can therefore not be mistaken as
being from a sampled analyte. For practical
purposes, the advantage of PDMS are that,
since the analytes are retained in the bulk of
this material, retention of the solutes on this
phase is more reproducible than in the case of
adsorbent

Use of thick film open tubular traps as
preconcentration devices for real gaseous and
liquid samples.”7%77 These devices, however,
suffer from two clear disadvantages:

* low (total) volume capacity
¢ low maximum allowable sorption flow rate

In an attempt to overcome these problem a
multichannel thick film silicone trap have been
designed.”

The application of extraction disc for in situ
analysis of unfiltrated water.’> A field
method referred to as the “Solid Phase
Extraction Empore Direct Immersion”
(SPEEDI) is proposed that maximizes the
automated sampling and extraction of orga-
nochlorine pesticides onto and from SPE

208

discs through disc immersion and sample
agitation. The SPEEDI method involves
minimal solvent usage and sample manipu-
lation. It is an effective technique of
preconcentration for most semivolatile
analytes without the necessity for filtration.
Combination of solid phase extraction with
laser desorption Furier transform mass spec-
trometry (LD-FTMS).”" This technique is
explored in conjunction with the use of
membranes as SPE supports as an alterna-
tive in order to achieve a more direct route
for analysis and to simplify the manage-
ment of the aqueous samples. SPE mem-
branes are inserted directly into the cell of
a Fourier transform mass spectrometer for
analysis after laser ionization. The LD
FTMS technique has already proven its ca-
pacity for the analysis of organic compounds
on different supports, for example, surfac-
tants on textiles.”

A novel approach for solid-liquid extraction
laser-excited time resolved Shpol’skii spectrom-
etry (LETRRS).”>7* One reason to develop a
new methodology for screening PAHs in envi-
ronmental samples is the need for rapid and
cost effective monitoring techniques for the
routine analysis of numerous samples. The
strong fluorescence emitted by PAHs in liquid
solutions has prompted the development of
several room temperature fluorescence meth-
ods. Similarly, several phosphorescence meth-
ods exist where PAHs are adsorbed on a solid
substrate, and its phosphorescence is enhanced
with a heavy atom salt. The main advantage of
room temperature luminescence methods is
their capability to provide through a simple
experimental procedure PAHs screening at the
semiquantitative level. Placing the PAH’s so-
lution or the solid substrate in the sample com-
partment of the instrument easily performs lu-
minescence measurement. Unfortunately, the
broad nature of room temperature luminescence
spectra severely restrict PAH’s direct determi-
nation in complex mixtures. Reducing the
sample temperature almost always improves
vibronic resolution of PAH’s fluorescence and
excitation spectrum. The temperature effect on
PAH’s fluorescence are especially pronounced
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in the so-called Shpol’skii solvents as a result
of a significant reduction of inhomogeneous
band broadening. Under Shpol’skii conditions,
the PAHs are frozen to 77 K or below in a
uniform matrix, which is often an n-alkane.
The combination of reduced thermal and
inhomogeneous band broadening produces
vibrationnaly resolved excitation and fluores-
cence spectra with unmatched information for
PAH’s identification

e Time-resolved laser-induced flurimetry for
screening of PAHs on solid-phase extrac-
tion membranes. The first report on appli-
cation this technique (TRLIF-SPE) has been
published recently.®? Octadecyl membrane
are used with the dual purpose of extracting
the pollutants from the water sample and
serving as a solid substrate for fluorescence
detection. The excitation of fluorescence is
performed with a Nd: YAG pumped tunable
dye laser pumped with a pulsed source for
time-resolving spectral interference. This ap-
proach provides better limit of detection
(LOD) and selectivity compared with other
techniques

A. New Directions in the Application of
Solid Phase Extraction

The literature studied led to the conclusion
that there are some new approach in the field of
application of solid phase extraction in analytical
practice. They are described in the next part of
this article.

1. Inmunoassay (IMA)

Many methods of trace analysis require the
use of complicated, labor-intensive and time-
consuming techniques of sample preparation and
pretreatment before proper analysis.

Therefore, the search for new methodologies
that would become alternatives to the commonly
used procedures, has been on form many years, at
least within the scope of screening methods.

Immunoassay is not a novel solution because
it has been in use already for many years in clini-
cal diagnostics as a valid, sensitive, and selective

method for determining low concentrations of
organic compounds in blood, urine, and tissue
samples.?!

History:

1958—the publication of the first paper on immu-
nological test designed to detect picograms
of insulin in human blood samples of small
volume.®?

1977—R.S. Yalow received a Nobel Prize in
Physiology and Medicine for the develop-
ment of the test. In the following years,
this new revolutionary technique found a
wide application in biochemistry and clini-
cal analytics.

1971—the introduction of immunological meth-
ods to environmental analysis.??

1992—the introduction of portable systems em-
ploying immunological methods for in sifu
measurements to laboratory practice.?*

The increasing use of immunological tests in
field research is associated with their certain char-
acteristics, such as portable equipment and mini-
mal requirements with respect to sample prepara-
tion.®

1995—the introduction of the first commercially
available immunoassay for pesticide de-
tection.®

a. The General Principle of Immunoassay

The term “immunoassay” is commonly de-
fined as analytical procedures, with the use of
antibodies for qualitative and quantitative deter-
mination of antigens.

In environmental analysis, the properties of
immunoassay, which decide that it be used for
fast and large-scale screening, have been recog-
nized already.

The basic element of an immunoassay is the
antibody that binds specifically with a molecule
of antigen.

The antibodies from the gamma globulin
group (IgG) are used in immunoassays.
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The next stage in the development of immu-
nological techniques is finding the proper marker
that is used for the efficient detection of antibody-
antigen complexes. The application of the follow-
ing markers can be considered:

 radioactive isotopes
* enzymes

e co-enzymes

« fluorogenic

In general, the principle underlying the im-
munoassay can be described by the following
reaction:

Ab + Ag + Ag* <> AbAg + AbAg*

where, Ab - antibody, Ag - antigen, Ag* - labeled
antigen

The AbAg bond is relatively weak and can be
of the following type:

e van der Waals bond

» clectrostatic interactions that are most com-
mon

* hydrogen bond

» hydrophobic interactions

A precisely measured amount of labeled an-
tigen (i.e., marker) is added to the sample contain-
ing analyte (i.e., antigen). Such a prepared sample
is exposed to the material on whose surface-im-
mobilized antibodies are present. As a result, an-
tigen (i.e., analyte) and marker bind to antibodies.
Unbound analyte and marker molecules are re-
moved (e.g., by washing), and then the amount of
marker that has been bound by antibodies is de-
termined. This amount is proportional to the
amount of antigen (i.e., analyte). The larger the
amount of bound marker, the lesser the amount
(i.e., concentration) of analyte (i.e., antigen) in
the analyzed sample. Two basic types of immu-
noassay can be distinguished:

e Radio-immunoassay (RIA), where radioactive
isotopes are used as markers.

¢ Enzyme immunoassay (EIA), where appropri-
ate enzymes are used as markers.
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b. Radio-Immunoassay

The introduction of radio-immunoassay revo-
lutionized many areas of clinical and biological
sciences. In radio-immunological techniques the
isotopes, such as '?°I, 3H, and '“C, are used and
that results in several inconvenient features asso-
ciated in general with the application of radioac-
tive elements. The most important ones are listed
below:

« the necessity of radiological protection

 designation of special compartments for work-
ing with radioactive elements

 short half-life time of some radioactive iso-
topes used

 high cost of analytical equipment

The above inconvenient features and disad-
vantages caused that other methods, based on the
use of different markers, were sought. An ex-
ample of such an alternative solution is the appli-
cation of enzymes that mediate fluorescence or
chemiluminescence reactions.

c. Enzymatic Immunoassay

This technique, employing appropriate en-
zymes as markers, was used for the first time in
environmental research in the early 1980s.

In most cases, antibodies are immobilized on
a solid surface. Such surface, to which antibody
or antigen bind, can consist of:

e test tube’s wall

e microplate

« glass beads

» beads made of synthetic materials

The amount of antibody is limited; therefore,
labeled and unlabeled antigens (i.e., analytes) com-
pete for binding with it. Labeled and unlabeled
antigens are retained by the immobilized antibod-
ies.

After reaching the equilibrium, unbound an-
tigen is removed by washing, and the amount of
bound, enzyme-labeled antigen is determined,
based on the level of enzymatic activity.



12: 35 17 January 2011

Downl oaded At:

The principle of enzymatic immunoassay has
been presented schematically in Figure 1.

Different modifications of EIA technique are
known. One of the most popular is enzyme linked
immunosorbent assay (ELISA). Frequently, this
method is described as double antibody sandwich
technique.

Antigen present in the analyzed sample is
bound by the immobilized antibodies. Other en-
zyme-labeled antibodies are also present in the
analyzed mixture. These antibodies also have af-
finity for the antigen (i.e., molecules of analyte)

8666

Identification of the

product of the reaction ——

< Antigen (analyte)

and bind to the immobilized antigen. After the
removal of unbound antigen-enzyme conjugates
the activity of the enzyme, which is proportional
to the amount of antigen present in the analyzed
sample, is determined. Schematic presentation of
the principle of ELISA is shown in Figure 2.

A wide spectrum of enzymes has been used
as markers in different EIA techniques. The ma-
jority of these enzymes form color complexes
that can be easily quantified, mainly with the use
of colorimetry, although other analytical tech-
niques have been applied as well.

incubation Q@ <3—®

—_—

washing

<]_© Coniugate antigen-enzyme (labelled antigen)

Antibody immobilized on the surface of solid

FIGURE 1. Schematic presentation of the principle of enzymatic immunoassay.
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<

>® washing
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Identification of the product of
the reaction

>® Antigen (analyte)

Coniugate antigen-enzyme (labelled
antigen)

Immobilized antibody

FIGURE 2. Schematic presentation of the principle of ELISA.

The most frequently used enzymatic markers
are:

« alkaline phosphatase
horseradish peroxidese
-galactosidase

¢ urease

The application of immunoassay in analytical
procedures results in:

 reduction of labor-intensive and time-consum-
ing pretreatment and purification of samples
before proper analysis;

» decreased costs of analysis per unit, due to the
minimized use of sophisticated monitoring and
measuring equipment. The dimension of the
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financial problem can be reflected by the fact
that just in the U.S. over 1 million USD
is spent on environmental pollution monitor-
ing.8!

Example: At present, a particular challenge for
the analytical chemists has been posed
by dioxin (PCDD and PCDF) mea-
surements in samples containing com-
plex matrices. Cost of such analysis,
which is labor intensive and time-con-
suming, ranges from 1000 to 2000 USD
depending on the sample matrix. Most
of the costs are incurred by painstak-
ing and complicated extraction proce-
dures and purification of the obtained
extracts.
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The application of RIA and EIA significantly
speeds up and simplifies the flow of analytical
procedure.

Different novel methods, developed in con-
nection with the application of immunoassay, find
broader use in various areas of chemical analysis,
for example:

e Immunoaffinity Chromatography, IAC

* Flow Injection Immunoanalysis, FIIA

e immunosorbet-containing sampling devices
used, for example, in SPE

d. Immunosorbents

Recently, antibodies immobilized on an ad-
equate support, called immunosorbents, were pro-
posed as selective sorbents for use in SPE appli-
cations®®8788 in order to overcome after mentioned
drawbacks associated with typical nonspecific
sorbents.

Different immunosorbents have been em-
ployed for the determination of pesticides,-
drugs,’’? polyaromatic hydrocarbons,’** etc.
showing an excellent degree of clean up owing to
the inherent selectivity of the antibodies used.
However, obtaining antibodies is difficult and
expensive (until now). Also, it is important to
point out that after the antibodies have been ob-
tained, they have to be immobilized on an suitable
support, which may result in poor antibody orien-
tation or even complete denaturation.

Because of these limitations, an alternative
approach to the synthesis of host molecules that
recognize targeted quest species has been devel-
oped. This new approach is called “molecular
imprinting”’.

2. Molecularly Imprinted Polymers
(MIPs)

Molecular imprinting is based on the prepara-
tion of a highly cross-linked polymer around a
template (the analyte) in the presence of a suitable
monomer.?>%-2 The template and monomer(s) are
first mixed in order to form a stable prepoly-
merization complex in a selected solvent. Subse-

quently, the polymerization is initiated in the pres-
ence of a suitable cross-linker. After polymeriza-
tion, traditionally bulk polymerization, the poly-
mer is ground and sieved to an appropriate particle
size, and the template is removed, leaving cavities
complementary in shape, size, and functionality.
These cavities are able to selectively rebind, in
given conditions, the analyte (the template) from
the complex mixture. Molecularly imprinted poly-
mers are called “tailor-made” binding sites for
target molecules. The preparation of MIPs is easy
and inexpensive, and they can be easily adapted
to different analytical purposes. Important con-
siderations in the design of these polymers have
been reviewed by several authors.”7:93:98

MIPs are being exploited in an increasing
number of applications that include their applica-
tions as “tailor-made” separations materials, as
antibody/receptor binding site mimics in recogni-
tion and assay systems, as enzyme mimics for
catalytic applications, and as recognition elements
in biosensors as well as facilitated chemical syn-
thesis.

To date, their most extensively investigated
application has been the separation materials in
molecuraly imprinted solid phase extraction
(MISPE).

As in other SPE procedures, a small account
of imprinted polymer (typically 50 to 200 mg) in
placed in a cartridge. The procedure of extraction
of analytes with use of molecularly imprinted
polymer bed is schematically presented on the
Figure 3.

However, in MISPE the selection of solvent
is dependent on the kind of template-monomer
interactions that took place during polymeriza-
tion.

Molecularly imprinted polymers have
been applied for extraction of drugs,” pesti-
cides,!0%:101.102 phenolic compounds,”® and amino
acids'® in techniques such as liquid chromatogra-
phy,!® thin layer chromatography,'® and capil-
lary electrochromatography.”

3. Stir Bar Sorptive Extraction (SBSE)
In 1999 a new technique of sportive extrac-

tion called stir bar sportive extraction (SBSE)
was introduced into the analytical practice.'® This
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FIGURE 3. Schematic presentation of the molecularly imprinted solid phase extraction (MISPE) technique.

technique was developed to extract organic
analytes from liquid samples and is based on the
sorption of analytes onto a thick film of
polydimethylsiloxane (PDMS) coated on an iron
stir bar.106,107,108,109,110

The first stir bars were prepared by removing
the Teflon® coating of existing stir bars, reducing
the outer diameter of the magnet, and enveloping
of magnet with a glass tube to give a 1.2 mm o.d.
Silicone tubing with an internal diameter and an
outer diameter of 3 mm was slide over the mag-
netic glass tube. However, as a stir plate is itself
magnetic, the use of magnetic stir bar is not re-
quired. Nonmagnetic stir bars were prepared from
stainless steel rods with an o.d. of 0.8 mm and a
length of 40 mm. The total amount of PDMS
material present on the 10- and 40-mm stir bars
were 75.7 and 300.9 mg, respectively, which con-
verts with the density of 0.825 g/ml to volumes of
92 and 365 pl, as the PDMS tubing contains ca.
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40% (v/v) of fumed silica as filling material (de-
termined with solid state NMR and TGA) the
effective volumes of PDMS are 55 and 219 pl,
respectively.

The stir bar is inserted into an aqueous sample,
and extraction takes place during stirring. Be-
cause of the low phase ratio (volume of the water
phase divided by the volume of PDMS phase),
very high recoveries have been obtained espe-
cially for volatile compounds. The efficiency of
the SBSE has been compared with other sportive
techniques.!!°

This technique has been applied for the ex-
traction of different types of organic compounds
in aqueous,'”'%® wine,'” and in fruits and veg-
etables.!%119 Combined with thermodesorption—
GC-MS,'% it enables a low detection limit.

As an alternative, the stir bar can be desorbed
by liquid extraction and the extract injected into
the LC system.!'07.10
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In the case of solid samples, there is a need of
pretreatment based on accelerated solvent extrac-
tion.!06

lll. DEVELOPMENT OF EXTRACTION
TECHNIQUES BASED ON APPLICATION
OF SOLVENTS

In recent decades there have been major ad-
vances in the area of trace analytics, mainly re-
flecting the development in analytical instru-
ments.'!!

As these sophisticated instruments are not
capable of handling sample matrices directly, a
sample is required.

Various methods are applied in order to pre-
pare samples for analysis, which may generally
be divided into physical, chemical, and physico-
chemical ones.'"? Depending on the matrix in
which the analytes (organic and inorganic) are
localized, the great interest is in extraction tech-
niques.

The great need for change in analytical sample
preparation has led to the development of new
methods whose main advantages are

e speed

» negligible volume of solvents used (so called
solvent-less sample preparation techniques)

« ability to allow analytes to be detected at very
low concentrations

Initiated efforts to address the problems of
large solvent consumption and poor automation
have led to the development of the flow injection
extraction (FIE) technique in 1978.'13114 Typical
FIE procedures involve the injection of an aque-
ous sample into an aqueous carrier stream that is
merged with suitable reagent streams. Organic
solvents are continuously inserted stream passes
through the coil where extraction occurs. The
organic phase is subsequently separated from the
aqueous phase and led through a flow cell for
measurement. FIE has the following advantages
over liquid-liquid extraction:

* low cost
 high extraction speed

» reduced solvent and sample consumption

However, the amount of solvent used is still of the
order of several hundreds microliters per analy-
sis, and there are problems of deposition/adsorp-
tion of particles or dyes on the optical cell win-
dows during analysis.

In 1990 a new technique called solid-phase
microextraction (SPME) technique was intro-
duced.''’s This technique is a completely solvent-
less method. With SPME a thin fused silica
fiber coated with sorbent or stationary phase
is exposed to the sample or to its headspace and
the target analytes partition from the sample ma-
trix to the fiber coating. After extracting/
preconcentrating for a set period of time, the fiber
is transferred to the injection port of GC or to the
suitable interface of HPLC, CE, or other analyti-
cal instruments for subsequent analysis. An im-
portant feature of this technique is that extraction
and injection are incorporated onto the same fiber
thus minimizing the analysis time. The main draw-
backs of this technique are as follows:

* limited lifetime of fibers

« relatively high cost of fibers

 possibility of degradation of stationary phase
of fiber with time

 danger of coelution of target analytes with peaks
of degradated stationary phase

Nevertheless, a decade after its introduction,
this technique proved to be a powerful alternative
to traditional extraction techniques. To date, SPME
has been used successfully for the analysis of
gaseous, liquid, and solid samples containing a
wide variety of analytes ranging from very
volatiles to semivolatiles.

In the last few years efforts have been di-
rected toward miniaturizing the LLE extraction
procedure by greatly reducing the solvent to aque-
ous phase ratio, leading to the development of
solvent microextraction methodologies. The new
methodologies included in this approach fall into
two categories:

e microextraction using immiscible liquid films,

including liquid-liquid microextraction (LLME)
(or liquid phase microextraction — LPME)
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and liquid-liquid-liquid microextraction (back
extraction _ SME/BE);I16,]]7,118,]19,120

« single drop microextraction the extractant phase
is a drop of a water-immiscible solvent.

With LPME, the analytes may be pre-concen-
trated significantly, based on the volume ratio
between the sample and the acceptor phase. Thus,
preconcentration values in the range 50 to 150
can be achieved. In addition sine 3 phase LPME
(back-extraction) involves extraction from an
aqueous sample through a water-immiscible or-
ganic phase and back into a new aqueous phase,
substantial sample clean-up occurs.

The scheme of device for LPME is presented
in Figure 4. The sample solution was filled into

a small vial with a screw/septum. Two conven-
tional medical syringe needles were inserted
through the septum; one served to introduce the
acceptor solution into the hollow fiber prior to
extraction, whereas the second needle was uti-
lized for the collection of acceptor phase after
extraction. The ends of the two needles were col-
lected into a piece of polypropylene hollow fiber.
A sample was filled into the vial and alkaline
solution was added to adjust pH into the alkaline
region. For end extraction a new 8-cm length of
hollow fiber was placed and between the two
needles ends and subsequently dipped for 5 s into
diethyl ether (this procedure served to fill the
pores of the hollow fiber with organic solvent.
The hollow was then exposed to ultrasonication
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FIGURE 4. Schematic presentation of LPME device. 1 — hollow fiber with acceptor phase; 2 — needle for injection
of acceptor phase; 3 — needle for collection of acceptor phase; 4 — vial; 5 — cap screw/silicone septum.
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in a water bath to effectively remove any excess
of diethyl ether on the outside of the fiber. After
impregnation accepter phase (25 pl) was injected
into the hollow fiber, and subsequently the fiber
was placed in the sample solution. After extrac-
tion (60 min — in order to ensure equilibrium),
the acceptor phase was flushed into a special vial.
Each LPME device was only used for a single
extraction.

The technique described is also known under
acronym MMLLE (microporous membrane lig-
uid-liquid extraction).'?!

Single drop extraction where the extraction
phase is a drop of a solvent suspended in the
aqueous phase.!2212312412L125,126 T this case of
water sample a solvent used should be water im-
miscible. New methods using a droplet of solu-
tion also has been applied to sample and deter-
mine soluble gases in the air.!?7:128.129.130

The main findings of his technique have been
described in some review papers published re-
Cently131,l32,l33

In Figure 5 a scheme of single drop
microextraction system is presented (microdrop
is suspended at the tip of microsyringe).

A. Micelle-Mediated Extraction as a Tool
for the Separation and Preconcentration
of Analytes

Generally, micellar systems have attracted
considerable attention in the last few years as
potential extracting media and continue to have a
broad appeal for extraction applications. The use
of preconcentraction steps based on phase separa-
tions by surfactant-based techniques provides a
convenient alternative to more conventional ex-
traction schemes.'** Solutes that bind to micelles
in solution are extracted to different extents, de-
pending on the micelle-solute binding interac-
tions. In principle, the micelle-mediated extrac-
tion technique involves cloud-point extraction
(CPE), but there are also other extraction tech-
niques from this group:

* Micellar enhanced ultrafiltration.!3> A large
number of studies have demonstrated that that
the separation of the micellar (pseudo)-phase

from the aqueous can be achieved by ultrafil-
tration using membranes with a pore diameter
smaller than the size of the micelle. This tech-
nique is referred to as micellar-enhanced ultra-
filtration (MEUF). As in the case of CPE, the
basis of the MEUF technique is the specific
binding force between surfactants and analytes
(metal ion).

» Reversed micellar phase extraction.!?¢ Reversed
micelles are nanometric aggregates stabilized
by surfactants in organic solvents. A reversed
micellar solution is a thermodynamically stable
mixture of water, oil, and surfactant, where the
water regions are separated from oil by a mono-
layer of surfactants. Reversed micellar system
have various capabilities such as extraction
system of proteins, hydrophilic media for en-
zymes, and media for the preparation of func-
tional materials or to perform heterogeneous
reactions in nanometer-sized water pools.

Cloud point is the temperature above which
aqueous solutions of nonionic and zwitterionic
surfactants become turbid.'*” More specifically,
the solutions separates into a surfactant-rich phase
of small volume, composed almost totally of the
surfactant and a diluted aqueous phase in which
the surfactant concentration is close to the micelle
concentration. This phenomenon has been said to
be due to an increase in micellar size and
dehydratation of hydrated outer micellar layers
with the increase in temperature. Species that can
interact with micellar systems either as such or
after they have been derivatized can readily be
concentrated in a small volume of the surfactant-
rich phase after heating. Since its introduction for
metal extraction in 1976,'*8 the cloud point phe-
nomenon has been properly investigated and ex-
ploited as a versatile, simple technique for the
complexation and preconcentration of metal
iong!3% 140141136 a5 well as for the recovery of or-
ganic compounds of environmental concern
(e.g., chlorophenols,'*? polychlorinated dibenzo-
furans,'*? weak organic bases,'# triazines!#).

Many revives have given the basic features
and different aspects of the CPE technique and
underpinned its viable, environmentally benign
character as an alternative to a classic extraction
method.134*137*‘38’146*'47
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FIGURE 5. Schematic presentation of single-drop microextraction system: 1 — GC-microsyringe; 2 — aqueous
sample; 3 — syringe needle; 4 — organic drop; 5 — stirrer.

B. Ultrasonic Extraction (USE)

In sonication, acoustic vibrations with fre-
quencies above 20 kHz are applied to the sample,
when this vibrations are transmitted through the
liquid, cavitations occurs, that is, bubbles with a
negative pressures are formed. Chemical com-
pounds and particles are removed mechanically
from the matrix surface and adsorption sites by
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the shock waves generated when the cavitation
bubbles collapse.

Furthermore, implosion of cavities creates mi-
croenvironments with high pressures and tem-
peratures. Because of this process, sonication can
be used to decompose or oxidize organic com-
pounds. Hence, when developing an extraction
methods, care must be taken to avoid degradation
of analytes.
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Ultrasonic extraction can be performed by
using the standard equipment in a laboratory, an
ultrasonic bath. Therefore, advantage is the low
initial cost. Further separation by the centrifuga-
tion or filtrations is required, however, after the
extraction process, which is time consuming, and
labor intensive.'*#!49 Due to the sometimes ineffi-
cient recovery during a single batch extraction, it
is performed in at least two steps, which generally
results in higher solvent consumption compared
with other extraction techniques.

Classic sonication technique (in static mode)
is used both for the extraction of organic com-
ponents'? and inorganic species. During an ul-
trasonic extraction in static mode (described
above) and a new method of extraction of
analytes from solid samples is proposed.!3! It is
called dynamic sonication assisted solvent ex-
traction (DSASE). Dynamic extraction can be
advantageous in this respect, because the
analytes are removed as soon as they are trans-
ferred from the solid matrix to the solvent.
Furthermore, in a dynamic system the sample is
continuously exposed to fresh solvent, which
promotes the transfer of analytes from the
sample matrix to the solvent.

Samples to be extracted are inserted into the
extraction cell and immersed in an ultrasonic bath.
A suitable solvent is pumped through is pumped
through the extraction cell and extracts are col-
lected in a glass vials.

For the first time this new technique was
applied to extract organophosphate esters from
air sampling filters (in 3 min with an extraction
volume of 600 ul of solvents.!>!

C. Accelerated Solvent Extraction (ASE)

The recently developed accelerated solvent
extraction (ASE) — also referred to as pressur-
ized fluid extraction (PFE) technique — offers an
order of magnitude of additional reductions in
solvent use with faster sample processing time,
and with the potential of automated unattended
extraction of multiple samples. Briefly, using ASE
a solid sample is enclosed in a sample cell that is
filled with an extraction solvent; after the cell is
sealed, the sample is permeated by the extracting

solvent under elevated temperature and pressure
for short periods (5 to 10 min). Typically, the
samples is extracted under static conditions, where
the fluid is held in the cell for controlled time
periods to allow sufficient contact between the
solvent and the solid for efficient extraction. Al-
ternatively, dynamic or flowthrough techniques
can be used. Compressed gas is used to purge
sample extract from the cell into a collection ves-
sel. The ASE technique achieves rapid extraction
with small volumes of conventional organic sol-
vents by using high temperatures (up to 200°C)
and high pressures (up to 20 MPa) to maintain the
solvent in a liquid state. The use of liquid solvents
at elevated temperatures and pressures enhances
efficiency compared with extractions at or near
room temperature and atmospheric pressure be-
cause of enhanced solubility and mass-transfer
effects and the disruption of surface equilibrium.
In a very short period of time some review papers
with a very detailed description and evaluation of
this technique of sample pretreatment have been
published.!52153154 ASE has been used to extract
various hydrophobic organic compounds from dif-
ferent environmental samples.!33:156.157.158,159

Some studies have carried out comparisons
between ASE and conventional techniques, such
as supercritical fluid extraction (SFE) and Soxhlet
extraction.!*’ In the studies where techniques com-
parisons were made, the performance of ASE was
consistently equivalent to or better than conven-
tional techniques such as Soxhlet and sonication
extraction.

D. Microwave Assisted Extraction (MAE)

Microwave-assisted extraction was introduced
to the scientific community in 1986.'°! Micro-
waves, initially used in the food and agriculture
industries for conditioning food products, have
been used for sample digestion since the mid-
1980s. Even more recently they have been also
used to solvent extraction of organic analytes from
solid samples. The enhancement is based on ab-
sorption of microwave energy by molecules of
chemical compounds. Typically, microwave
sources operating at 2.45 GHz are used. The sol-
vents most used include dichloromethane and
acetone-hexane mixtures.
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Microwave-assisted extraction can be per-
formed in two ways:

 pressurized MAE in closed vessels.!%2-17* This
first technique employs a microwave-transpar-
ent vessel for the extraction and a solvent of
high dielectric constant. Such solvent absorb
microwave radiation, and thus are heated to a
temperature exceeding the solvent boiling
points under standard conditions. Boiling does
not occur because the vessel is pressurized.
This mode of operation is very similar to
ASE — elevated pressure and temperature fa-
cilitate extraction of the analyte from the
sample.

+ atmospheric MAE system.!'**!> The second
technique employs solvents with low dielectric
constants. Such solvents are essentially micro-
wave-transparent, and thus absorb very little
energy, and therefore extraction can be per-
formed in open vessels. The temperature of the
sample increases during extraction, because it
usually contains water and other components
with high dielectric constants. This led to an
enhancement of this process. Because extrac-
tion conditions are milder, this mode of opera-
tion can be used to extract thermolabile analytes.

This technique is called Focused Microwaves
(FMW), and it also give satisfactory results for
polycyclic aromatic hydrocarbons, polychlorinated
biphenyls, organochlorine pesticides, and alkanes
with some advantages of security, ease of ma-
nipulation.'76:177

Microwave heating is very efficient and can
basically be explained by the interactions of an
electric field with charged particles and polar
molecules in solution involving two mechanisms
of energy absorption, that is, ionic conductance
and dipole rotation. However, problems arise in
MAE when using apolar solvents, because mi-
crowave energy can only be effectively absorbed
by molecules having a dipole. For the extraction
of organic contaminants this is a drawback, but
this problem can be solved by increasing the
polarity.

Commercially available instruments allow up
to 16 samples within 15 to 30 min; the solvent
consumption is 20 to 30 ml per sample.
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Microwave-assisted extraction has several
advantages:

 shorter heating and extraction time

e compact devices

 easy control of the sample-heating process

e reduction of the amount of solvent used for
extraction

« efficient use of energy (which is consumed
exclusively for heating of the sample and the
solvent)

It should be pointed out that several additional
operations must usually be performed before the
final determination:

e separation of the extract from the matrix (by
filtration or decanting)

» concentration of the extract (removed of ex-
cess of solvent)

« purification, drying of the extract

Using the dynamic approach for extraction is
generally advantageous, especially with respect
to the partitioning of the solvent into the extrac-
tion media. This can be highly efficient when
fresh solvent is continuously introduced into the
extraction cell, that is, the rate constant for de-
scription does not need to be large compared with
the rate constant for the adsorption for efficient
removal of the target solute.

Dynamic microwave-assisted extraction
has been found to be an efficient tech-
nique.!7>173.178,179.180 Tn Figure 6 a scheme of the
DMAE-SPE system is presented.!8!

Another new approach is combination of the
MAE with the use of an aqueous surfactant solu-
tion as extracting phase. This new technique is
called microwave-assisted micellar extraction
(MAME).'%8 This procedure is based on the well-
known solubilization capacity of aqueous micel-
lar solutions toward water-insoluble or sparingly
soluble organic compounds. As a general rule,
nonionic surfactants are usually the most effec-
tive, showing larger solubilization capacities that
rapidly increase, together with the solubilization
kinetics as the cloud-point temperature of the
solution is raised.'®?
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FIGURE 6. The DMEA-SPE system: 1 — microwave oven; 2 — preheating column; 3 — extraction cell; 4 — three-
way PEEK connector; 5 — grounded K-thermocouple; 6 — temperature controller; 7 — in-line particulate filter;
8 — fused-silica restrictor; 9 — SPE column; 10 — fluorescence detector; 11 — mixing tee; V1 — V5 Valco valves;

P1 — P3 HPLC pumps.

E. Pressurized Hot Water Extraction
(PHWE)

The unique properties of water make it an
interesting choice for the extraction medium. It is
a cheap, nontoxic, and its physicochemical prop-
erties are easily adjusted by a change in tempera-
ture. The dielectric constant is the key parameter
in interpreting solvent-solute interactions and can
be related to polarity. The dielectric constant of
water is high at room temperature (78.5), but it
decreases with an increase in temperature. Low
dielectric constant favors solubility of nonpolar
compounds, and at high temperatures water can
be used to extract these compounds. Nonpolar
gases and organic compounds are fully miscible

with water at a supercritical state. Nevertheless,
the solubility of inorganic (ionic) compounds is
decreased with increasing temperature, and also
the possibility of hydrogen bonding between water
molecules is lowered. Even though, in theory,
supercritical water is an excellent solvent for all
kinds of organic compounds, its high critical tem-
perature (374°C), pressure (22.1 MPa), and cor-
rosive nature have almost eliminated its use as an
extraction medium. Fortunately, the solubility of
many low-polarity compounds in water is high
enough for their extraction at temperatures much
lower than the critical temperature. Excellent re-
sults have been obtained at temperatures below
350°C and at pressures of 2 to 25 MPa. For ex-
ample, the solubility of benzo(a)pyrene is in-
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creased from negligible to over 1000 pg/g'83 when
the temperature is increased from ambient to
250°C.

In many applications, temperature above
200°C must be used to achieve efficient extrac-
tion, and this requires special extraction vessels,
valves, and sealing materials. Unfortunately, com-
mercial equipment for PHWE technique is not
available.

Typically, PHWE is performed in dynamic
mode, and it means that the water is flushed con-
tinually through the extraction vessel. After the
extraction, the water is cooled and the extracted
analytes are collected either to an organic solvent
or to a solid phase trap. The latter must be dried
with gas flow, after which the analytes are eluted
with suitable organic solvent. The benefit of the
solid phase trap is that the elution can usually be
performed with relatively small solvent volume,
and often no preconcentration is needed. If, how-
ever, the extract is very dirty the solid phase trap
may become blocked with extracted material and,
for these samples, liquid collection is preferable.

Taking into account the extreme conditions
in which HPWE is performed, this technique is
not suitable for thermolabile analytes. Analytes
may also react with each other or with water
molecules during the extractions. Fortunately, most
of the organic pollutants present in environmental
matrices such as sediments and soils are persis-
tent and their decomposition is not usually a prob-
lem even at higher temperatures. In addition, be-
cause the extraction process is dynamic, analytes
are quickly released from the matrix and trans-
ferred from the hot oven to room temperature and
exposed to the extraction conditions for only a
short time.

PHWE is a promising, environmentally
friendly technique, which effectively has been
applied to a variety organic compounds and sample
matrices, including:

* brominated flame retardants (BFRs) in sedi-
ment samples!8+185

» nonylphenol polyethoxy carboxylates (NPECs)
in industrial and municipal sludges!8¢

 polycyclic aromatic hydrocarbons (PAHs) from
sediments!87.183

» polychlorinated biphenyls (PCBs) in soils and
sediments'8%1%0
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 polychlorinated dibenzofurans (PCDFs) in soils
and sediments'”!

» oxygenated compounds from plants material'®?

* herbicides in sediments'??

F. Matrix Solid-Phase Dispersion
(MSPD)

To use of SPE column and disks in analytical
procedures, sample must be in a liquid, relatively
nonviscous particulate-free and homogenous state.
Many samples, however, start out in forms that
are not directly applicable to SPE. This fact pre-
sents some unique problems for analysts trying to
find the best process for rendering a sample into
a suitable to analyse are solids and semisolids,
many of which are of biological origin. An ana-
lyst must initially disrupt the gross architecture of
these samples in preparation for SPE. This dis-
ruption ensures access to the solvents inside and
outside the solid samples and provides samples
that are adequately homogeneous for analysis.
Disruption and homogenization also provide
samples with a larger overall surface area, which
provides more access for solvents and
reagents used during the sample pretreatment
step.

Classic techniques for sample disruption usu-
ally involve one or more of the following:!**

* mincing
 shredding
 grinding

e pulverizing
e pressurizing

These techniques can be followed by or per-
formed simultaneously with the addition of sol-
vents, acids, bases, buffers, abrasive, salts, deter-
gents, and chelating agents to cause an additional
disruption of cellular and architectural composi-
tion and to initiate the process of extracting and
separating various sample components from one
another and from the analytes of choice.

A new technique for sample preparation was
introduced into analytical practice in 1989.1% This
new technique, called matrix solid-phase disper-
sion, remedied many of the complications with
dealing with solid samples and their subsequent
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extraction using solid-phase materials.
In this first version of the technique, a sample was
placed in a glass mortar containing a bonded phase-
solid support material (C-18 or octadecyl
derivatized silica) and blended with the use of a
glass pestle. The bonded phase-support served
the following functions:!94196.197

« itacted as an abrasive that promoted disruption
of the samples general architecture;

 the bonded phase acted as a liophilic, bound
solvent that assisted in the sample disruption
and lyses the cell membrane;

« the blended material was still capable of being
packed into column and analytes could be eluted
sequentially with solvents;

« the blended matrix and its distribution onto the
bonded phase-support produced a unique col-
umn material allowed a new degree of sample
fractionation.

The scanning electron microscopy examina-
tion of the blended tissue showed that the sample
was distributed evenly over the surface bonded-
phase support.'*® The sample is distributed com-
pletely and distributed over the surface as a func-
tion of interactions with the support, the bonded
phase, and the tissue matrix components them-
selves to form a layered phase consisting of sup-
port — liophilic bonded-phase sample lipids and
distribution of sample-associated compounds ar-
ranged in and on this phase based on their own
relative polarities.

Thus, matrix solid-phase dispersion is differ-
ent from classic SPE in that SPE samples must be
in liquid form before addition to the column,
matrix solid-phase dispersion can handle solid or
viscous liquid samples directly. The interactions
of the components of the system are greater in
matrix solid-phase dispersion and different in part
from SPE. The list of publications focused on the
application of MSPD technique is very long, and
the number of articles on this subject in-
creases. 98199200 Tn most cases, the MSPD tech-
nique provides results equivalent to older “offi-
cial” techniques. However, MSPD requires 95%
less solvents and 90% less time. The use of smaller
sizes and lower solvent consumption, purchase,
and disposal combine to make MSPD competi-

tive with order techniques of sample pretreat-
ment.

G. Fluidized-Bed Extraction (FBE)

In 1997, a solid-fluid-fluidizing series extrac-
tion procedure, which provides for relative simple
and cost-effective alternative, was presented.?"!

The principle of operation is as follows:22

The solid sample is loaded into extraction tube,
which is equipped with a filter on a special disk
at the bottom. The extraction solvent is filled into
the basic vessel that contains a stirring bar. The
heating-cooling block of the device is then warmed
up to the chosen temperature (according to the
boiling point of the solvent). The evaporated sol-
vent penetrates the filter and condenses primarily
at the cooling bar (stage a). The condensed sol-
vent drips back into extraction material/mixed
solvent and is recollected there. The constant flow
of the solvent vapor from the basic vessel warms
the mixture and vigorously fluidizes the vapor
bubbles. Extraction at elevated temperature and
fluidizing agitation both account for the effective
extraction of analytes (stage b). Following the
process stage “heating”, the solvent is then recol-
lected into extraction tube. For this purpose the
system is programmed to turn off heating and to
simultaneously cool down the basic heating-cool-
ing block as well as the solvent contained in the
basic vessel (stage c). Therefore, a vacuum is
produced in the basic vessel as a result of the
quick cooling process and the resultant differen-
tial pressure transport the extractive through the
filter into the basic vessel (stage d). This sequence
of stages may be cyclically repeated if it is neces-
sary. The schematic presentation of the device
for fluidized-bed extraction technique is given in
Figure 7.

For the extraction of soil samples, a 2.5-g
sample quantity was weighed into the extraction
tube and mixed with 3 g of diatomite (to enhance
the permeability of solid bed).?

This technique showed excellent results for
the extraction of polychlorinated compounds?®
and also for the analysis of the 16 priority poly-
cyclic aromatic hydrocarbons as listed by the U.S.
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FIGURE 7. Schematic presentation of the principle of the FBE.

Environmental Protection Agency (EPA) in soil
and sediment.?®

IV. SUPERCRITICAL FLUID
EXTRACTION (SFE)

The first observations that supercritical fluids
dissolve unexpectedly large quantities of rela-
tively nonvolatile materials were reported in the
literature over 120 years ago.’* It has been re-
ported that metal halides became soluble in or
precipitated from ethanol at a temperature above
the critical temperature of ethanol (Tc = 234°C)
when the pressure on the system was changed.
Increasing the pressure caused the solutes to dis-
solve, whereas decreasing the pressure caused the
dissolved material to nucleate and precipitate. In
1954 the feasibility of using liquid CO, just be-
low the critical point as a solvent for many polar
and nonpolar organic materials was established.?%
Intensive study of SFE in the 1970s and 1980s
was generally confined to chemical processing
applications such as the decoffeination of cof-
fee.?% The use of SFE for analytical purposes in
the laboratory is now attracting increased atten-
tion all over the world.?”” Basically, SFE is de-
signed to replace traditional multistep, time-con-
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suming sample preparation techniques that use
large quantities of organic solvents. Supercritical
fluid extraction was the first technique that has
provided a viable option to the conventional and
widely used Soxhlet extraction.

A supercritical fluid is defined as any sub-
stance that is above its critical temperature and
critical pressure. The critical temperature is the
highest temperature at which a gas can be con-
verted to a liquid by increasing the pressure. The
critical pressure is the highest pressure at which a
liquid can be converted to a traditional gas by an
increase in liquid temperature. Above the critical
pressure the properties of liquid and dense gas
become identical. This highly dense gas is re-
ferred to as the supercritical fluid. Nonpolar ma-
terials have relatively low critical parameters
(e.g.,CO,: T.=31.3°C, P_= 7295 kPa), whereas
polar compounds have high critical parameters
(e.g., NH;: T, = 132.5°C, P, = 115.35 MPa).
Inasmuch as the ideal material for effecting SFE
should have mild critical parameters, the most
polar substances have not been given serious con-
sideration for analytical SFE. Furthermore, this
auxiliary material should also be relatively inert,
inexpensive, highly pure, and nontoxic. Carbon
dioxide best accommodates all these requirements.
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Alternate materials (N,O and various freons?’%)
have been given limited consideration as
supercritical fluids, even though certain of these,
such as nitrous oxide, exhibit no greater solvating
power than CO,. A supercritical fluid exhibits
physical-chemical properties intermediate between
those of liquids and gases. Specifically, its rela-
tively high (liquid-like) density gives good sol-
vent power, while its relatively low viscosity and
high diffusivity (gas-like) values provide appre-
ciable penetrating power into the matrix. These
latter two properties have been shown to give rise
to higher rates of solute mass transfer into a
supercritical fluid than into a liquid. Higher pres-
sures are naturally required to attain liquid-like
densities for temperatures further above the criti-
cal temperature. Furthermore, the vapor pressure

difference at atmospheric pressure between CO,
and typical solutes is considerably greater than
that found for liquid solvent/solute pairs. This
feature accounts for the ease by which the dis-
solved solute can be immediately separated from
supercritical CO, after decompression, as opposed
to miscible, less volatile liquid solvent-solute sys-
tem. For this reasons, sample preparation via SFE
can often be carried out at relatively moderate
temperatures (<80°C), making the process ame-
nable to thermally labile compounds. The possi-
bility of more rapid extraction rates, increased
extraction selectivity, greater extraction efficiency,
and compatibility with on-line chromatographic
and spectrometric instrumentation allow for fur-
ther advantages. A schematic diagram of simple
SFE apparatus is shown in Figure 8. High-pres-

T~

o

FIGURE 8. Schematic diagram of simple SFE apparatus. 1 — carbon dioxide pressurized cylinder; 2 — shut-off
valve; 3 — high pressure syringe pump; 4 — three-way valve; 5 — pressure transducer; 6 — computer; 7 —
extraction cell; 8 — fused silica capillary restrictor; 9 — collection vessel; 10 — pressure gauge; 11 — temperature

controller.
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TABLE 2

Conditions of Extraction of Soil Samples with the Application of Different Extraction

Techniques
Extraction technique
Subcritical
Soxhlet PLE (ASE) |SFE
water
Sample size (g) 2 2 2 2
Extraction solvent CH,Cl, - | CH,Cl, - | Pure CO, Water
acetone acetone
Collection solvent - - CH,Cl, Toluene
g Pressure (MPa) ambient 7 40 5
E Temperature (°C) b.p. of solvent | 100 150 300
Flow-rate 15 min/cycle |1 ml/min 1 ml/min 1 ml/min
Time (18 h 50 min 60 min 30 min
Solvent volume (ml) | 150 15 15 10

PLE — Pressurized Liquide Extraction

ASE — Accelerated Solvent Extraction

sure carbon dioxide is delivered through an on/off
valve to the extraction vessel using a syringe
pump operated in constant pressure mode in the
range 5.2 to 30.0 MPa. The extraction cell is
stainless steel, and the extraction processes are
mainly carry out in it. The extraction can be pro-
cessed in either a static or dynamic mode. Analytes
are collected in suitable organic solvents by a
fused silica capillary restrictor.

In Table 2 conditions of extractions of soil
samples with application of different extraction
techniques are presented.”

There are review articles??7210211 treating the
different aspects of introduction of supercritical
fluid extraction technique into analytical practice.
More detailed information connected with recent
applications of the SFE technique to isolate

226

analytes from various matrices are collected in
Table 3.

Studies on new solutions in SFE and on the
new application of this efficient extraction tech-
nique are continued. Special attention should be
paid to:

* restrictor plugging in off-line SFE?!?

» new analyte collection method for off-line SFE
based on mixing of expanding supercritical
effluent with overheated organic solvent va-
por213

« studies of collection capacity of a solid phase
trap in SFE?!

» design of SFE-GC system with quantitative
transfer of extraction effluent to a megabore
capillary column?"



227

sjAuoydiq
loz?] SIW-0D + + sojdues [eo1Sojorg | ¥
PareULIO[YoA]0d
(are w) sjAusydiq
pajeuriofyoAjod (Trsuropy)
[617] SILLI-0D + + 3
pue suoqIesoIpAy a8pnaed 448
snjewoIe 91[0AsA10d
o3pupes
[812] + + QudfAY -w (4
UOQIED PIIBANOY
(o8emas un)
[z17] SIN-DD DD + + fyurerod ojerpounIsiur aSpmies gds| 1
J0 syuejnqjod sresio
onbruyosy | pojewony | Ul —uQ | oulj-—JO | Owweuiq oneIs
90UIIY sajhreuyy 20BN oN
[eonireuy UONOBIIXD JO PO
so|dwes
[elusawiuoliaug wody sajfjeuy auebiQ jo sadA] jualayiqg alejosi 0} anbiuyosal 34S 9y} jo uoneslddy Juadsey ay} uo uonew.ou|
€ 379vl

1102 Alenuer /T G€:ZT I Papeo |uwog



(pudojoeprut
[szel ANDT pug UOJ[Ns0qIED) sng| o1
sop1onsad
SIMH surxorp-d-ozuaqip
[yeal - + yseAld| 6
-ODdH PareuLIONYOAI0d
SIWJH
[ye1l + + surxolq yse A4 8
“DOUH
SU0QIEd0IPAY sojernonied
[eze] + + L
onjewore 919K [04 suroqIry
Su0qIE00IpAY
[zeed SIW-0D + + + sajpaau sutd g | 9
onewoIE OI[OA0AT0d
sjAusydiq anssy
[1zz] SW-0D + + S
pejeuLIOfyoATOod ssodipe uewny

so|dwes
[elusawuoliaug woJy salijeuy auebiQ jo sadA] jualayig alejosi 0} anbiuyosal 34S 9y} jo uoneslddy Juadey ayl uo uonew.ou|
(ponunuo)) € 371av.L

1102 Alenuer /T G€:ZT I Papeo |uwog

228



SUOQIEd0IPAY
SIN-DD snewore
[9zz] ang-0on + + onokokjod “‘sjAusydiq | syuounpas suLey | €]
aa-5o pajeurio[yoLjod
‘Su0qIBO0IPAY
SW-0D
[z17] + + SOPIOIQISY OIPIOY | SJUSWIIPAS ALY | T
ajsda-9o
(1v61
AYS) yustpas
[c12] SW-09 + + spunoduwoo oruesi0 11
suwrew (6491
JARIS) 1SUp Uueqin
sojdwes

[elusawuosiAug woJdy salfjeuy auebiQ jo sadA] jualapiqg alejosi 0} anbiuyosal 34S ay) jo uonedlddy Juadey ayl uo uonew.ou|
(penunuo)) € 37avl

1102 Alenuer /T §€:2T

IV pspeo jumog

229



[zeTd SVV S[eIdIN 1os| 61
[1€2] SVv4A soxadwod [eIo]y 81
[9s1] SIN-DD V [ouaydsig o8pniS| LI
logZ62] IR 1{6) wEem| 91
JOrIIXa
SIN-DD sjAusydiq
[szzl 11os uorswadsns | ¢
dard-0o pareunofya£jod
jueloRImg
JUSWIPIS IdjeM
ysay ‘(187 IWID)
[10s [erysnput
‘(9¢S YD)
sjAuaydiq
[Lzz] SW-0D JuswIpas noqiey | 1
Pa1euLIOfy2AT0d
‘(br61 LSIN)
JUSWIPS SULIBW
“(8€61 LSIN)
JUSWIPSS JOATY
so|dwes

[elusawuoliaug woJy sajfjeuy auebiQ jo sadA] jualayig alejosi 0} anbiuyosal 34S ay) jo uoneslddy Juadsey ay} uo uonew.ou|
(ponunuo)) € 31av.L

1102 Alenuer /T G€:ZT I Papeo |uwog

230



[g€2]

SIW-DD

~LD-D4S8

sjAuaydiq
pareuLtofyoLjod
‘sopronsad
auwIo[yoouL3IO
‘SU0QIE00IPAY

onewoIe d1[9K0410g

juouIIpas suleN | 0F

so|dwes

[elusawiuoliaug woJy sajhjeuy auebiQ jo sadA] jualayig alejosi 0} anbiuyosal 34S 9y} jo uonedlddy Juadsey ay} uo uonew.ou|

1102 Alenuer /T §€:2T

IV pspeo jumog

(penunuo)) ¢ 371gvL

231



12: 35 17 January 2011

Downl oaded At:

« application of SFE technique in physico-chemi-
cal studies (e.g., determination of partition
coefficients)?'°

V. MEMBRANE EXTRACTION
TECHNIQUES

In simple terms, a membrane can be a selec-
tive barrier between two phases (donor or feeding
phase and acceptor or permeate phase). For mass
transport to occur, a force must be applied to
produce a flow. The absolute rate at which a
species crosses a membrane is called permeabil-
ity, and the ratio of rates of two different species
is called selectivity.

Although membrane processes may vary
widely regarding how they function and in their
different applications, they all have some com-
mon characteristics that make them attractive as
alternatives in the field of separation. Often they
are faster, more efficient, and cheaper than other
separation techniques. Additionally, in most cases,
the processes are carried out at room temperature,
which has undoubted advantages in the handling
and separation of unstable or thermally labile
species.

In the above context, this type of process is
applied not only in the laboratory but also on an
industrial scale (desalination of sea water, clean-
ing of industrial effluents).

Although synthetic membranes may be of a
very different chemical nature and may display
different properties, they can be classified in some
groups described in more detailed manner in Table
4. Inreview articles published recently,?*23> more
detailed information is available.

All types of membranes can be used both in
a flat configuration and in a tubular arrangement
when the diameters of tubular membranes are in
the micrometer range (between 200 and 500 um
external diameter, with walls at some 20 um),
they are known as hollow fibers.

The technical limitations of polymeric mem-
branes have in recent years motivated the devel-
opment of dense SiO, and metal membranes as
well as porous inorganic membranes. Carbon mo-
lecular sieve membranes (CMSMs) prepared by
the carbonization of polymeric precursors?® have
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been studied in the last few years as a promising
alternative to both inorganic and polymeric mem-
branes. The CMSM’s that have been reported so
far have been prepared by pyrolysis, typically in
an inert atmosphere, of either polymeric hollow
fibers or thin polymeric films coated on porous
support.

In membrane-based processes, separation is
the result of the differences in the transport rates
of chemical species through the interface. Trans-
port through membranes is a nonequilibrium pro-
cess in which flow can be related to the force that
generated it. These forces are mainly due to:

« differences in concentration. The International
Union of Pure and Applied Chemistry (IUPAC)
recommends the term “dialysis” for all pro-
cesses caused by these forces. The species than
be separated may be gases or liquids?¥’

« differences in pressure. The three separation
processes through membranes in which trans-
port is induced via application of pressure are
microfiltration, ultrafiltration, and invert os-
mosis or hyperfiltration. They differ in the size
of solutes retained by membrane:

+ between 1 and 10 A in inverse osmosis
e between 10 and 103 A in ultrafiltration
+ between 103 and 105 A in microfiltration

« differences in electrical potential. There are
two processes based on application of differ-
ence in electrical potential:

* electrodialysis. The system comprises a se-
ries of anionic and cationic exchange mem-
branes that are arranged alternately between
an anode and cathode. Electrodialysis can
be used with both neutral and charged mem-
brane

* Donnan dialysis. It employs charged mem-
brane, but no external potential difference is
applied. One of two solutions separated be
the membrane has a lower concentration of
all species than the other one, giving rise to
flow of one of the species (whose charge
allow it to pass through the membrane). In
this way a difference in potential is gener-
ated that must be compensated by the
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TABLE 4
Classification of Membranes Used for Analytical Purposes

through these membranes is governed not only by diffusion but
also by solubility of the analytes in membrane.
Homogenous membranes can be made of different materials
and depending on this material are classified as follows:
e metallic membranes,
¢ glass membranes,
¢ polymer membranes,
¢ liquid membranes.
Polymeric homogenous membranes can be prepared from a
solution of polymer by evaporating off solvent or in the case of

thermoplastic polymers by a process of fusion, extrusion and

No. Type of Description Additional
membrane remarks
1 [Microporous Membrane comprises of solid matrix with pore diameter | Difference between
membranes ranging from 5 nm to more than 50 pm. The separation of | microporous and
analytes form mixture is generally accomplished by size- | homogenous
exclusion mechanism in which pore diameter and analyte size | membranes
are the main parameter, depends on the
limit imposed on
the size of empty
spaces that, to a
greater or lesser
extent, exist in all
macroscopic
structures.
2 | Homogenous This type of membrane is also known as dense membranes
membranes and they comprise a film in which there are no pores. Transport

From the poin of
view of separation
processes the most
important are those
made of polymer
and liquid

membranes.
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TABLE 4 (Continued)
Classification of Membranes Used for Analytical Purposes

solidification by cooling. Among the materials used for this
type of membrane silicone is often used owing to its good
permeability.

Liquid membranes can be subdivided into 2 groups:

- emulsions (ELM). Species with surfactant properties
are usually used to stabilize the emulsions and hence
this type of system is often referred to as “surfactant
liquid membrane”;

- supported liquid membranes (SLM) may be formed of
surfactant species deposited on a support that they are
unable to cross (externally supported) or formed by the
confinement of a liquid phase within a macroporous

support (internally supported).

The main
advantage of liquid
homogenous
membranes as
compared with
polymer
membranes is the
greater  diffusivity
of species in a

liquid medium.

Ion -~ exchange

membranes

Ion — exchange membranes are composed of polymer base
with fixed charges. Depending on the sign of fixed charge they
can be classified as anionic and cationic.

Among the most important processes used to prepare these
membranes are:

- dispersion of ion-exchange material in a polymer

matrix;

- polymerization of ionic monomers;

- introduction of ionic groups in a polymer matrix.
Among

the materials most used are the copolymers

olivinylbenzene-styrene and derivatives of fluorinated
polymers such as Nafion. The selectivity of these membranes
comes from the exclusion of ions with the same sign as the
fixed charge at their permeability to ions with the charge with

opposite that of fixed one.

In anionic
membranes, the
group most usedare
quaternary
ammonium ions
although
phosphonium  and
sulphonium groups
are also used. In
cationic exchange
membranes, the
group most used are
sulphonic although
phosphoric,
carboxylic and
arsenic groups can

also be used.
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TABLE 4 (Continued)

Classification of Membranes Used for Analytical Purposes

4 | Asymmetric

membranes

The form asymmetric membranes is used to refer to
membranes that show an important variation in the cross-
section of their structure. These membranes are useful for when
asymmetry in the pores is required or when one needs an
effective membrane that is as thin as possible on a high porous
support in such a way that the rate of analyte transfer will be
fast and mechanical resistance will increase considerably.

Two types of asymmetric membranes can be considered:

on microporous base.

- integral asymmetric membranes;

- composite asymmetric membranes.

Structure of integral asymmetric membranes consist of very
fine layer — the effective membrane with thickness of 0,1 — 10
pm and with total thickness of up to 100 or 200 pm.

The second type of membranes comprises structures
generated from two different materials. Those used most

commonly are made of thin layer of polymer generated in situ

passage of ions from the zone of lowest
concentration to that of highest concentra-
tion (against the gradient).

In most cases, the analytical applications of
membrane processes aim at simplifying the sample
preparation step. In the next, different analytical
techniques such as gas chromatography,?* liquid
chromatography,?*® ion chromatography,* elec-
trophoresis,?*>* flow injection analysis,?*? and
photoacoustic techniques®** can be used. For ex-
ample, in the case of application of chromato-
membrane cells for extraction procedures in FIA
are as follows:

» small volumes of contacting phases (100 to
200 ul)

« fast adjustment of the distribution equilibrium
(the distance to the phase boundary is always
short)

* no problems with phase separation

 continuous mode of extraction or preconcen-
tration

« completely automated sample pretreatment on
request

Some extraction techniques based on the ap-
plication of membrane processes, which very of-
ten are used in analytical practice. They are as
follows:

« supported liquid membranes (SLIM)?#4:245.246.247

also with the application of immunologic trap-
ping.2*® The extraction involves the partition-
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ing of neutral compounds between the
sample solution, continuously pumped along-
side the membrane and the membrane. From
the membrane, the reextraction takes place in a
second aqueous phase, contacting antitodies
specific for the target compound(s). Hence,
there is a formation of an antibody-antigen
complex at the heart of the sample preparation
(ImmunoSLM). When the immunocomplex
forms, the antigen can no longer redissolve in
the organic membrane, thus being trapped in
the acceptor. Consequently, the concentration
gradient of free antigen over the membrane is
ideally unaffected, this being the driving force
of the process;

* membrane extraction with sorbent interface
(MESI)?38:249.230.251.252 The membrane is a poly-
mer hollow fiber, and the analytes are extracted
from the surrounding liquid or gaseous sample.
A gas inside the hollow fiber transports the
analyte molecules into a cold sorbent tube where
they are trapped. The analytes are thermally
desorbed from the sorbent and directed to the
analytical instrument (e.g., GC). There is also
the possibility of using a catalytic reaction to
trap the extracted analyte directly in the gas
phase;

 on-line membrane extraction microtrap system
(OLMEM).?* In the OLMEM-GC technique,
water or air sample continuously flowed into
the membrane module and nitrogen flowed
countercurrent at the permeate side to strip the
permeated organic compounds into the vapor
phase. The organic substances are transported
to and concentrated in a micro-sorbent trap.
After rapid thermal desorption are injected onto
a chromatographic column

» permeation liquid membrane (PLM).'”* PLMs
preconcentrate the analyte from the sample
solution into a receiver solution. These two
aqueous phases are separates by a hydrophobic
liquid membrane that contains an analyte se-
lective carrier. This technique allows the selec-
tive detection of wide range trace compounds
(metal ions, carboxylic acids, and alcohols)

e membrane-assisted solvent extraction
(MASE).?* The operation of the extraction is
based on a small-scale liquid-liquid extraction
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with a polymer membrane separating the aque-
ous phase (sample) from the organic phase

e pulse introduction membrane extraction
(PIME),*> which is also referred to as mem-
brane purge-and-trap (M-P-T). A phase of
sample is injected into membrane for extrac-
tion. The permeated organics are shipped by a
flow of carrier gas, concentrated (using a
microtrap) and injected (after desorption) into
the analytical instrument. This concept can be
used in gas chromatography, mass spectrom-
etry, as well as other analytical techniques. The
system does not need to read steady state; thus,
errors associated with steady state requirements
are eliminated

« single hollow fiber membrane with subsequent
cryotrapping of analytes.?*¢%7 The system is
similar to MESI and OLMEM ones

« silicone tubing probe combined with differen-
tial detection systems?%2%

« application of hydrophobic membrane made of
crosslinked poly(dimethylsiloxane) (PDMS) as
an extraction medium for volatile organics com-
pounds (VOCs) from water.?? It was suggested
that when the hydrophobic characteristics of a
membrane system is greater, water molecules
in the membrane tend to exist in the form of
clusters, thereby the permeating size of water
component increases, resulting in suppressing
water permeation and increasing the enrich-
ment factor for the organic components. This
process is called pervaporation.?¢!

A. Membrane Inlet Mass Spectrometry
(MIMS)

Mass spectrometry (MS) has been slowly
emerged as an environmental screening tool for
several reasons. Mass spectrometer requires a size-
able capital investment. In addition, there is a lack
of approved screening methods and a perception
that MS instruments are too large, complex, and
unreliable for practical use in the field.

These obstacles have diminished in recent
years with improvements in instrumentation and
wider acceptance of screening data by regulators.
New analyzer technologies, such as quadrupole
ion traps, have also become available that are
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small and simple yet provide advanced analytical
capabilities, such as MS/MS and selective low-
pressure chemical ionization (CI).

Direct sampling mass spectrometry (DSMS)
refers to the introduction of analytes from a sample
directly into a mass spectrometer using simple
interface with minimal sample preparation and
without chromatographic separation.?®? This trans-
lates into:

* simplicity
 real-time response
* high sample throughput capability

Multiple inlet configurations permit the
screening of most types of environmental samples
for volatile and semivolatile organics. The basic
information about the most common mass ana-
lyzers used for DSMS techniques are collected in
Table S.

There are four major types of inlets for DSMS
instruments:

1. capillary restrictors consisted of a piece of
deactivated fused-silica silica narrow-bore
capillary that extends from atmosphere into
the ion source

TABLE 5
Commonly Used Instruments for the DSMS Technique
Type of MS unit
Linear Triple Quadrupole ion Magnetic
Time of flight
quadrupole quadrupole trap sector
lonization | El, CI, API, El, Cl (low
El, Cl, API, GD El, laser El
modes GD pressure), GD
Mass '
15 -1000 16 - 1000 156 - 650 15 - 200+ 15 - 200+
range [Da])
Detection
ppt — ppm ppt—ppm PPq —-ppm - Ppb — ppt ppm - ppt
limits
Rugged, MS/MS capable Rugged, Mechanically Rugged
transportable, transportable, simple, high mass

Benefits commercially

Parameter

MS/MS  capable, | range possible

available and field very sensitive
instruments
Less sensitive | Field use requires | lon-molecule Resolution can be | Mass range is
than MS/MS large vehicle, | reactions can make | poor limited and
complicated to | spectral resolution can be
Limitations operate interpretation poor on small
difficult, limited instruments,
dynamic range moderate

sensitivity
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2. modular sampling devices

3. gas flow splitter. Modular sampling devices
and gas flow splitter allow the inlet configu-
ration to be quickly changed for sampling
different media?%3

4. membrane inlets based on a use of synthetic
membranes to extract analytes from a sample
and directly introduce them into the spec-
trometer while blocking the flow of air and
liquids?®*

The polymeric membrane is the only separa-
tion between the liquid or gaseous sample and the
vacuum of a mass spectrometer. Analytes dis-
solve in the membrane, permeate through it, and
finally evaporate into the mass spectrometer, where
they are ionized and analyzed according to their
m/z ratio. The most important steps of membrane
inlet mass spectrometry are presented in chrono-
logically order in Table 6.

Many reviews regarding the technique itself
and its applications have been published al-
ready_265,266,264,267,268

In MIMS, the introduction of analyte into the
mass spectrometer is a result of transport through
a suitable polymer membrane. This permeation
process involves absorption into the membrane,
diffusion through the membrane, and evaporation
from the membrane into vacuum. This three-stage
process is often called prevaporation, and it is
schematically presented in Figure 9.

Each step depends primarily on the molecular
properties of the analyte and the membrane mate-
rial. In addition, the temperature of the membrane
can have a significant effect on permeation rates.
The use of the right membrane thus can result in
a large increase in mass fraction of analyte, rela-
tive to the mass fraction of the solvent that passes
the membrane. There are a lot of data connected
with the studies of the different materials for the
membrane,?34298299.123.300.301 The membranes used
typically are organic polymers such as polyethyl-
ene and Teflon® for gas monitoring and silicone-
based polymers for organics in aqueous solutions
and in air.

Mathematically, the permeation process can
be described by the first law of diffusion (Flick’s
Law). Assuming that the constants for solvatation
and diffusion are independent of partial pressure
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and the steady state flow through the membrane
(J) can be presented as follows, Eq. 1:

J.=A-D-S-(P/L) (D)
where:

J,— the steady state flow through the membrane
[mol/s],

A — the membrane surface area (cm?),

D — the diffusion constant,

S — the solubility constant (mol*torr-1*cm=,
P, — the vapor pressure of the analyte on the
sample side of the membrane (torr),

L — thickness of the membrane (cm).

Nowadays, the MIMS technique becomes a
very powerful tool in the analytical studies of
different types of samples in order to determine a
wide spectrum of analytes,304306.305307 and the field
of application is increasing constantly.

Membrane introduction mass spectrometry
(MIMS) offers several important advantages com-
pared with the other established air, water, and
soil analysis methods. The main advantages are
as follows:

 high-speed analysis

» solventless character of the technique

* low cost of analysis (per sample)

« direct technique analysis (without sample pre-
treatment)

 possibility of long-term continuous monitoring
of different processes and experiments

VI. CONCLUSIONS

The techniques of extraction (isolation) and/
or preconcentration of analytes are used in the
analysis of trace components of gaseous, liquid,
and solid samples. During this operation the trans-
port of analytes from primary matrices (donor) to
the secondary matrix (acceptor) takes place.

The advantages obtained in this manner are
follows:

 transport of analytes to matrix characterized
by simplicity of composition compared with
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TABLE 6
The Most Important Steps in the Development of the MIMS Technique

No}| Year Development step (description) Index

1 |1963 First application of MIMS technique — for measurement of CO, and O,| [269]
during photosynthesis and respiration.

2 11966 Monitoring (in vivo) of gases dissolved in blood. [270]

3 1966 Application of membrane inlet as an interface between gas chromatograph| [271]
and mass spectrometer.

4 11971 Demonstration that MIMS technique can be used to study electrochemical | [272]
reactions .

5 1974 The first air monitoring application of MIMS (measurement of chemical| [273]
warfare agents).

6 {1974 The use of hollow fibre membrane for monitoring of wide spectrum of| [274]
organic analytes in water and air.

7 11974 Introduction of small sample cell type of MIMS for measurements of oxygen| [275]
kinetics in biochemical systems.

8 11975 Application of MIMS technique for monitoring of the process of fermentation [276]

9 11975 Presentation of first portable quadrupole MS equipped with membrane| [277]
separator.

10 | 1975 Application of membrane inlet as an interface between liquid chromatograph | [278]
and mass spectrometer.

11 11976 New type of inlet with immobilized enzyme on the membrane. [279]

12 11979 Observation of the influence of pH on the analyte responses of MIMS device. [280]

13 | 1981 Description of transportable quadrupole mass spectrometer equipped with a| [281]
membrane inlet (measurement organic solvents in human breath).

14 11986 Combining the MIMS device with stop flow technique (measurement of | [282]

kinetics of enzyme catalyzed reactions).
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TABLE 6 (Continued)
The Most Important Steps in the Development of the MIMS Technique

15

1987

Introduction into analytical practice an automatic MIMS system for industrial

fermentation monitoring.

[283]

16

1987

Introduction of the direct insertion membrane probes.

[284]

17

1987

Design a removable direct insertion membrane probe (DIMP). Capillary
membrane loop is mounted inside the ion source block exactly between two

parallel filaments.

[284]

18

1990

Application of inlet utilizing a sheet silicone membrane.

[285]

19

1991

Introduction of a new type of membrane inlet called helium purge inlet
utilizing a silicone capillary membrane. During the operation of a helium
purge inlet the aqueous sample flows continuously over membrane while the
inside of the capillary membrane is purged with helium directed to the ion

source of a mass spectrometer.

[286]

20

1992

Introduction of technique reversed phase membrane inlet mass spectrometry
(RP-MIMS). Normally in the case of application of MIMS technique organic
compounds from water or air are measured. When reversed phase MIMS
technique is applied impurities of organic solvents are measured. In this
technique a sheet of microporous polypropylene membrane is used at the end
f the direct insertion membrane probe. The microporous polypropylene
membrane allows sufficient amount of the solvent to penetrate the membrane

into the ion source for chemical ionization.

[287]

[288]

21

1995

Invention of trap and release membrane introduction mass spectrometer (TR-
MIMS). Tubular membrane is mounted inside the ion source. In this method
the heat from the filament is utilized the thermally desorb the analytes from
the membrane. The application of this unit allows detection of relatively polar

SVOC’s (pentachlorophenol, phenoxyacetic acid, caffeine) at ppb levels.

[133]
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TABLE 6 (Continued)
The Most Important Steps in the Development of the MIMS Technique

22

1996

Application of cryotrap membrane introduction mass spectrometry (CT-
MIMS) for analysis of VOC’s in water at ppt level. The conventional MIMS
probe is modified so that the membrane interface is placed a bit away from
the ion source. A U-shaped trap tube is then inserted between the membrane
interface and ion source. Cryotrapping is performed with liquid nitrogen and
then retained analytes (after fast thermal desorption) were directed into the
ion source region of a quadrupole mass spectrometer. The extra ordinary
sensitivity of CT-MIMS system allows VOC’s to be detected at very low

concentration.

[289]

23

1998

Development of fully automatic MIMS measurement system for on-line

industrial wastewater monitoring,

[290]

24

1998

Introduction of a new technique for analysis of VOC’s in water and soil
samples (Purge-and-Membrane Mass Spectrometry: PAM-MS). In this
technique VOC’s are purged form the sample with an inert gas and the stream
is directed through a sheet membrane module. Analytes pervaporated through

the membrane directly into the ion source of mass spectrometer.

[291]

25

1998

Introduction into analytical practice new analytical system based on:
e tubular silicone multimembrane sampling unit,
e cryogenic trap inlet device,
e selective chemical ionization,
e quadrupole ion trap.
The system was applied for rapid determination of isoprene and others

atmospheric important alkanes characterized by short lifetime.

[292]

26

1998

Developing a tubular silicon membrane interfaced sampling apparatus to
screen BTEX compounds in water with a hand-held ion mobility

spectrometer (IMS).

[293]

27

1998

Application of laser desorption MIMS.

[294]
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TABLE 6 (Continued)
The Most Important Steps in the Development of the MIMS Technique

28

1999

Invention and application of desorption chemical ionization membrane inlet
mass spectrometry (DCI-MIMS). In this first version of system a polar
polyacrylonitryle membrane was used. The membrane of this type is highly
permeable to water and the vapourisated water from the aqueous sample was
used to create a water CJ plasma. In second-generation system a silicone
membrane was used and the CJ gas was introduced into the ion source via a
separate gas inlet line. The system allows to detect a highly polar
(polyacrylonitryle membrane) as well as hydrophobic compounds of low

volatility (silicone membrane).

[295]

[296]

29

2000

Design of direct insertion membrane probe for trap and release membrane
introduction mass spectrometry system (DIMP-TR-MIMS). The system has
been applied for combined trace level determination (low or sub ppb range)
of volatile (VOC’s) and semivolatile organics compounds (SVOC’s) in

aqueous solutions.

[297]
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diffusion of analyte to
membrane surface

diffusion through
membrane

evaporation into carrier gas stream or
vacuum system

FIGURE 9. Schematic representation of the membrane prevaporation process.
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primary matrices and more suitable and com-
patible with analytical technique used at the
step of final determinations

» removal or at least reduction of interferences
as a result of selective transfer of sample com-
ponents to the acceptor matrices

« rise of the concentration of analite in accep-
tor matrix to the level over the limit of
quantitation of the chosen analytical tech-
nique

Nevertheless, it should not be forgotten that

the extraction and preconcentration of analytes
can be a source of losses of contamination of the
sample under investigation.
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