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A B S T R A C T

The analysis of chemical compounds present at very low concentrations in complex matrices (e.g., resi-
dues and contaminants in food samples) usually requires a complex analytical approach, involving sampling,
sample preparation, analyte isolation and qualitative and quantitative determination. Most analysts con-
sider sample preparation to be the Achilles’ heel, because it is usually time consuming, presents low yields,
is prone to introducing contamination, and is more difficult to automate than other steps. Recently, a
strong movement towards utilization of greener analytical methods stimulated development of
microextraction techniques. Most of these microextraction techniques are based upon sorption pro-
cesses, making the development of novel sorptive materials one of the most active research areas in this
field. In the present work, we present a review on the new materials recently developed for sample prep-
aration in line with the concept of green analytical chemistry. We also review the techniques using them
and their main applications.
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1. Introduction

In the analytical chemistry universe dealing with the determi-
nation of mixtures of analytes present at very low concentrations
in complex matrices, every single step in the analytical work-
flow is relevant. From the sampling procedure up to the final data-
processing, every step might introduce errors compromising the
quality of the final analytical result [1]. Due to the need to assure
the quality, the reproducibility and the integrity of the data, in some
application areas (e.g., food chemistry and pharmaceutical analy-
sis), international regulatory agencies require several procedures,
including method validation and comprehensive statistical data treat-
ment in order for the results to be considered acceptable.
Unfortunately, in spite of the tremendous evolution of the analyt-
ical instrumentation that has occurred in recent decades, especially
in chromatography and mass spectrometry (MS), complex sample
analysis still cannot achieve the desired results if the samples are
introduced directly into the analytical instrument without a sample-
pre-treatment step. As a result, more extended methods have been
developed to fulfill regulatory and analytical requirements, result-
ing in methodologies that involve several independent, complex
steps.

A typical analytical workflow widely for the analysis of residue
and contaminants in food matrices (e.g., veterinary drugs in meat
and pesticides in fruits) employs a sample preparation step after
the sampling procedure [2]. Sample preparation aims to minimize
the sample complexity and to eliminate most matrix interfer-
ences before introduction into the analytical instrument (usually
a chromatograph) in order to facilitate improved isolation of the
target analytes before they are introduced into the detector. Now-
adays, a mass spectrometer – single (MS) or in tandem (MS/MS) –
is becoming the standard detector in this application area. By fol-
lowing the analytical workflow described, the inclusion of a sample-
preparation step (usually involving an extraction technique) after
the sampling step simplifies the complexity of the extract to facil-
itate the separation of the desired analytes from other components
in the analytical column. As a result, fewer and purer analytes are
introduced into the MS or MS/MS detector thus making their iden-
tification and quantification less demanding.

Even considering that all described steps are without doubt im-
portant in any analytical process, sample preparation is the step most
likely to cause problems and difficulties (e.g., consumption of time,
cost, contamination, poor reproducibility and low extraction yields)
[3,4].

In the past five decades, several extraction techniques have been
utilized for sample preparation. Soxhlet (SOX) and pressurized
solvent extraction techniques [e.g., supercritical fluid extraction (SFE),
accelerated solvent extraction (ASE) and subcritical water extrac-
tion (SWE)] gained preference for solid sample analysis. For the
sample preparation step when dealing with liquid samples, large-
bore open-tubular glass liquid chromatographic (LC) columns

operating at gravity pressure and liquid-liquid extraction (LLE) were
the dominant techniques.

In the 1970s, solid-phase extraction (SPE), a miniaturized version
of the classical LC technique, was introduced and shortly became
one of the preferred substitutes for LLE. Although SPE represented
a considerable advance over the previously utilized techniques by
lowering the amount of organic solvent utilized for sample prep-
aration, it was far from being a “green” extraction technique due
to the relatively large amounts of organic solvents still utilized [5].
Even considering that some efforts were directed to miniaturize
further the sorption-based extraction, as in the open-tubular-trap
approach by Cramers et al. [6], this picture started to change only
during the last decade of the twentieth century with the develop-
ment of SPME by Pawliszyn et al. [7]. SPME may be considered a
miniaturized version of SPE. A sorption-based approach, SPME in-
augurated the era of the so-called microextraction techniques.

Shortly after the success of this technique, Cramers, Sandra et al.
[8] proposed another sorption-based extraction technique, termed
stir-bar sorption extraction (SBSE), a modification of the SPME tech-
nique, described in the PhD thesis of their student Baltussen [9].
Coating a polydimethylsiloxane (PDMS) film thicker than those uti-
lized in SPME over a small magnetic bar, SBSE presented extraction
yields not achieved by SPME for some analytes possessing low Kow

values. However, for several years, the only commercially-available
sorbent for SBSE was PDMS, which limited its use to the extrac-
tion of low- and slightly medium-polarity analytes.

Meanwhile, a further miniaturization of SPE, termed micro-
extraction by packed sorbent (MEPS), was developed [10] and com-
mercially introduced. The conventional polymeric cartridge utilized
in SPE techniques to hold the sorbent was substituted by a stainless-
steel, miniaturized version termed the barrel insert and needle (BIN),
which could contain any of a large number of sorbents, such as those
utilized in SPE.

The main feature of these and similar techniques has been to
decrease or to eliminate organic solvents during the extraction pro-
cedure, thus moving the sample preparation step towards the
concept of green analytical chemistry (GAC). Several solvent-
based miniaturized extraction techniques were also developed in
recent decades, including dispersive liquid-liquid microextraction
(DLLME), single-drop microextraction (SDME) and hollow-fiber
liquid-phase microextraction (HF-LPME), which were recently re-
viewed by Spietelun et al. [11].

Among the several micro-techniques available nowadays for
sample preparation, those based upon the use of sorptive materi-
als are by far the most utilized. The development of new materials
as sorbents in sample preparation has been widely exploited in order
to achieve more selective materials with higher adsorption capac-
ity, and to expand the availability of cheaper, more easily synthesized
sorbents.

The use of micro-techniques combined with more selective sor-
bents allows a GAC approach based on the concept of the three Rs
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