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a b s t r a c t

This review outlines recent progress in the research on some new classes of sorbents for extraction
and microextraction techniques. Carbon nanotubes are allotropes of carbon with cylindrical structure.
They are very stable systems having considerable chemical inertness due to the strong covalent bonds
of the carbon atoms on the nanotube surface. Some applications of carbon nanotubes are presented
in a perspective view. Molecular imprinting has proved to be an effective technique for the creation
of recognition sites on a polymer scaffold. By a mechanism of molecular recognition, the molecularly
arbon nanotubes
IP

ol–gel SPME fibers

imprinted polymers are used as selective tools for the development of various analytical techniques such
as liquid chromatography, capillary electrochromatography, solid-phase extraction (SPE), binding assays
and biosensors. Sol–gel chemistry provides a convenient pathway to create advanced material systems
that can be effectively utilized to solve the solid phase microextraction fiber technology problems. This
review is mainly focused on recent advanced developments in the design, synthesis and application of

sol–gel in preparation of coatings for the SPME fibers.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

There is a growing demand from both the industry and academy
o increase the performance, reliability and speed of analytical pro-
esses. As for some well-established analytical procedures related
o problems like the determination of priority contaminants on
nvironmental samples (atmospheric and indoor air, natural water,

sensitivity and selectivity as well. Even for these areas, some ana-
lytes previously disregarded or considered as non-relevant may
come under the spotlight in view of new knowledge about their
effects on human health and on the environment. Some of the
recent concerns include the determination of endocrine disrupt-
ing compounds such as steroid hormones, alkylphenols and alkyl
phthalates [1], polybrominated diphenyl ethers [2] and algal toxins
oils and sediments) or detection and quantitation of drugs and
etabolites on clinical materials, the main goals are essentially

he same since the past century: improvement of the speed and
eduction of the cost of the methods, if possible providing better

∗ Corresponding author at: Instituto de Química, Universidade Estadual de Camp-
nas, Caixa Postal 6154, 13084-971 Campinas (Unicamp), SP, Brazil.
ax: +55 19 3788 3023.

E-mail address: augusto@iqm.unicamp.br (F. Augusto).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.12.033
[3] on natural and potable waters. In addition to new develop-
ments on traditional fields, in the past decade completely new
issues have also challenged the analytical community. For exam-
ple, the sequencing of the human (among others) genome created
a whole new field – proteomics – heavily dependent on faster and
more reliable procedures to identify and quantify the proteome,

which can be defined as the set of proteins associated to each
expressed gene on complex biological materials [4]. These studies
also triggered the interest on the characterization of the profiles of
metabolites synthesized by biological system (the metabolome):

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:augusto@iqm.unicamp.br
dx.doi.org/10.1016/j.chroma.2009.12.033
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he metabolomics, which also call for improved and fast analytical
echniques capable to process complex biological samples contain-
ng trace amounts of analytes [5,6] frequently unstable or labile.
ther recent and completely different issue – the internal security
fforts on US and European countries after the events of Septem-
er 11, 2001 – has also been compelling analytical chemists to
resent new solutions based on different methods and instru-
ents. Along with new procedures adequate for very fast in situ

nalysis, but for analytes already well studied such as chemical
arfare agents, improved detection and eventual quantitation of

pecies such as protein- and non-protein toxins with molar masses
p to 100 kDa or biomarkers of human exposition to biological
r chemical weapons [7,8] can also be considered as “hot” top-
cs.

To meet these new demands, research on all branches of ana-
ytical science have been carried out; in particular, the techniques
nd strategies for sample preparation have been subject of exten-
ive investigation. The goal of any sample preparation method is
he transference of the target analytes from the sample matrix to a
ew media, compatible in nature and concentration with the ana-

ytical instrument to be employed [9]. The operations associated
o sample preparation are usually the major source of inaccu-
acy and imprecision on analysis in general, as well as the more
ime-consuming steps. Consequently, improvement on chemical
nalysis at large is heavily dependent on development of inno-
ative, fast and accurate sample preparation techniques [10]. For
ethods based on GC, HPLC or CE, the traditional sample prepara-

ion techniques often includes extraction and clean-up steps based
n selective sorption of the analytes or interferents over adsorbents
r absorbents, followed either by direct analysis of the resulting
olution or desorption of the trapped species (thermal or using
olvents) directly in the chromatographic column. Typical exam-
les include Soxhlet extraction (for sediments and solid matrixes),

iquid–liquid extraction, LLE (for water or aqueous samples) or
IOSH charcoal adsorbent tubes (for VOC on air). These methods are
eing replaced by new techniques based on different approaches.
he pressure to reduce the use of the large amounts of solvents
mandatory on the conventional LLE or Soxhlet methods) prompted
or the growing popularity of solid phase extraction – SPE [11] –
resently, possibly the most popular sample preparation technique
or chromatographic analysis. Along with SPE, microextraction
echniques such as solid phase microextraction–SPME [12], liquid
hase microextraction [13] and stir bar sorptive extraction–SBSE
14] have also experienced an increasing acceptance on routine
nalytical procedures. Contrary to SPE and to the classic proce-
ures, the microextraction techniques rely on quantitative but
on-exhaustive transference of analytes by equilibration of small
ortions of adsorbents or sorbents and larger amounts of sam-
les, in direct or indirect contact (i.e., through the headspace). The
ajor advantages of the microextraction approach are the easy
iniaturization and automation of devices, as well as the inherent

peediness and relative straightforward adaptation of the methods
or on-site analysis [10].

An important trend shared by the fundamental research on SPE
nd on microextraction is related to the development and char-
cterization of new sorbents and adsorbents. Research on new
dvanced materials is a hot issue, involving several branches of sci-
nce and technology. Depending on the format of the extraction
echnique as well as on the target analytes and samples, the main
oals on the search of novel sorbents and adsorbents are variable:
chievement of better selectivities (or even specificity towards

efinite target species), improvement of the sorptive or adsorp-
ive capacity (and, therefore, of the sensitivities and detectabilities
ttainable), as well as to provide extractive media with enhanced
hermal, chemical or mechanical stability, to improve the lifetime
f devices employing them as sorbent/adsorbent media. In the fol-
A 1217 (2010) 2533–2542

lowing sections, we will present and discuss the state-of-the-art of
the research on some new classes of sorbents for extraction and
microextraction techniques.

2. Carbon nanotubes

Since the past decade, the preparation, the properties and appli-
cations of nano-structured novel materials such as nanoparticles,
nanowires or nanotubes, has been a major scientific issue with
remarkable impacts over the research and practice of Analytical
Chemistry. Among these new nanomaterials, one of the foremost
targets of interest is the carbon nanotubes (CNT). CNT – essentially,
an allotropic form of graphitic carbon – were first described in
1991 by Iijima [15], after inspection of the deposit over the carbon
negative electrodes employed for DC arc-discharge evaporation of
carbon under argon atmosphere. CNT are needle-like structures
consisting either on a single rolled graphite lamella forming a tube
(single-wall carbon nanotubes, SWCNT), or several of these sin-
gle tubes with growing diameters concentrically arranged around
a common axis (multi-wall carbon nanotubes, MWCNT) [16]. The
typical diameters range from ∼0.4 nm to 3 nm (SWCNT) and 1.4 nm
to >100 nm (MWCNT), all with ends normally capped by fullerene-
like structures [17,18].

CNT have several unique chemical and physical properties,
which prompted for their application on piezoelectric gas sensors
[19], voltammetric electrodes [20] and electrochemical biosen-
sors [21], among several others. The adsorptive behavior of CNT
would be expected to resemble other carbon-based alternates,
such as conventional porous graphitic carbon (PGC), which consists
of large graphitic lamellae held together by weak intermolecular
Van der Waals forces. Both hydrophobic and electronic inter-
actions contribute to retention of analytes by PGC: therefore,
non-polar, polar and even ionic analytes may be strongly adsorbed
(specially planar species with polar substituents and delocalized
electronic charges via �-bonds and free electron pairs) [22]. How-
ever, one of the distinctive features of CNT – and in particular
of the MWCNT – has a crucial influence on their application for
adsorbents in SPE and SPME devices: their large surface-to-volume
ratios [16]. As result, compared to other carbon-based adsorbents,
the capacity of MWCNT is usually much larger. Long and Yang
[23] showed that MWCNT can adsorb an amount of TCDD (2,3,7,8-
tetrachlorodibenzo-p-dioxin) up to 1034 larger than conventional
activated carbon—a result both of the large specific surface and
of the strong interaction of two benzene rings of TCDD and the
graphene surfaces on the MWCNT. The first analytical applica-
tion of MWCNT as adsorbent for SPE was presented by Jiang and
co-workers [24], who employed cartridges packed with 500 mg
of MWCNT (diameters from 30 nm to 60 nm and specific surface
area of 131.74 m2 g−1 – Fig. 1) to extract the endocrine disruptors
bisphenol A, 4-n-nonylphenol and 4-tert-octylphenol from water
prior determination by HPLC with fluorimetric detection. Methanol
was used to condition the cartridges and to elute the extracted ana-
lytes; no carry-over was observed. The adsorptive capacity was
checked using deionized water spiked with 20 ng mL−1 of each
analyte as samples. It was determined that volumes up to 750 mL
could be processed without significant breakthrough (recoveries
>95%), where for C18 cartridges only the recovery of bisphenol
A was acceptable for such sample volumes; the performance of
cartridges packed with XAD-2 resin was even worst. The recov-
eries for the analytes on real tap, river, sea water and wastewater
ranged from 89.8% to 102.8%, and the detection limits on deion-

ized water were 83 ng L−1, 24 ng L−1 and 18 ng L−1 for bisphenol
A, 4-n-nonylphenol and 4-tert-octylphenol, respectively. MWCNT
has been systematically compared with other sorbents for SPE,
with better performances especially for polar species on water
and other water-rich matrixes. Zhou et al. compared MWCNT and
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Table 1
Some applications of SPE using non-modified MWCNT as adsorbent media.

Analytes Matrix Techniquea Ref.

Phthalate alkyl esters Water HPLC [28]
Chlorobenzenes, POP Water GC [29]
Pb, Hg, Sn (inorganic and organometallic) Sediment GC [30]
Amygdalin Apricot and downy cherry kernels HPLC [31]
Chlorophenols Water HPLC [32]
Copper Water FAAS [33]
Inorganic Cd Water TS-FF-AAS [34]
Nicosulfuron, thifensulfuron-methyl, metsulfuron-methyl Water HPLC [35]
Thiamethoxam, imidacloprid, acetamiprid Water HPLC [36]
Dichlorodiphenyltrichloroethane and metabolites Water HPLC [37]
10 sulfonamides Eggs, pork HPLC [38]
Diazepam, estazolam, alprazolam, triazolam Pork GC [39]
Inorganic Ag Water FAAS [40]
Atrazine, simazine Water, wastewater HPLC [41]
Barbital, amobarbital, phenobarbital Pork GC [42]
Prometryn and fungicides Water HPLC [43]
Cyanazine, chlorotoluron, chlorbenzuron Water HPLC [44]
Multiresidues of 12 pesticides Water GC [45]
PAH Water HPLC [46]
Tetracyclines Water CE [47]
Triasulfuron, bensulfuron-methyl Water HPLC [48]
Diazinon Water HPLC [49]
Atrazine and metabolites Water, soil GC [50]
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Estrone, estradiol, estriol Wa

a Separation and/or detection technique: HPLC = high performance liquid chro
E = capillary electrophoresis and ELISA = enzyme linked immunosorbent assay.

onventional C18 silica for extraction of some highly polar sulfony-
urea herbicides (nicosulfuron, triasulfuron, metsulfuron-methyl,
hifensulfuron-methyl and bensulfuron-methyl) [25] from water.
n general, although the extraction efficiency of MWCNT and C18
n test aqueous samples prepared using tap water were simi-
ar, the former was more efficient on seawater samples. MWCNT
nd SWCNT were also compared to C18 silica and graphitized
harcoal for extraction of cephalosporin antibiotics, sulfonamides
nd phenols from water [26]; except for phenols (where graphi-
ized charcoal was superior), both CNT provided better extraction
fficiencies than the conventional materials. Similar results were
btained by Pyrzynska et al. [27], after evaluating MWCNT and
18 silica to extract phenoxyalkanoic acid herbicides (dicamba and
,4,5-T) from water. Some representative applications of MWCNT
s adsorbent on SPE methods for chromatographic and spectro-
etric analysis are listed in Table 1. Along with the traditional

artridge format, novel SPE approaches also employed MWCNT
s adsorbent. In the �-SPE technique described by Basheer et al.
52], a square (15 mm × 15 mm), heat-sealed polypropylene sheet

embrane envelope was packed with 6 mg of MWCNT. This �-SPE
evice may be dropped on stirred aqueous samples; analytes from
he sample diffuse through the envelope wall and are adsorbed over
he MWCNT filling. After extraction, the device is removed, rinsed,
ried and dipped on organic solvents under ultrasound to desorb
he extracted species.

CNT also have been employed as adsorbent for SPME fibers.
ang et al. [53] prepared a SPME fiber coated with a ∼40 �m

hick film of MWCNT, dipping a fused silica fiber on dispersion
f the adsorbent on dimethylformamide. The fiber was applied on
irect immersion extractions of polybrominated diphenyl ethers
PBDE) on water and milk extracts. The author reported that the
bers could be re-used up to 100 times, and a good inter-fiber
eproducibility (RSD from 8% to 16%); however, the performance of
he MWCNT fibers was checked only against self-made fibers with

ifferent coatings. Lü et al. [54] adopted a different approach to
repare SWCNT-coated SPME fibers: instead of simple mechanical
eposition of the coating over fused silica, this adsorbent was dis-
ersed on an organic binder (ethylcellulose plus dibuthylphthalate)
nd the suspension applied to metal wires, resulting an adsorbent
ELISA [51]

raphy; GC = gas chromatography; FAAS = flame atomic absorption spectrometry;

film of ∼50 �m after conditioning of the fibers at 400 ◦C. The extrac-
tion efficiency of the SWCNT fibers was shown to be better than
that of commercial 100 �m PDMS fibers, using aqueous solutions
of organochlorine pesticides (�-, �-, �- and �-HCH, DDE, DDD, o-p′-
DDT and p-p′-DDT). However, the most significant feature of these
fibers is their thermal stability and life span: the fibers support up
to 350 ◦C and can be re-used 150 times or more. Liu et al. [55] also
used a binder (epoxy glue) to coat SPME fibers coated 100 �m films
containing oxidized MWCNT. These fibers were tested to determine
chlorophenols in water, using HPLC on the separation and detection
of analytes [52].

Contrary to conventional carbon adsorbents, the surface of
CNT can be easily modified, resulting on functionalized adsor-
bents with distinctive properties. Suárez et al. [56] employed
carboxylate-modified SWCNT (prepared by oxidation of raw
SWCNT) immobilized over 120–200 mesh porous glass beads to
pack microcolumns used for pre-concentration of non-steroidal
anti-inflammatory drugs (ketoprofen, tolmetin and indomethacin)
on urine, coupled on-line with CE (Fig. 2). The modified SWCNT
present the original typical adsorptive capabilities of CNT (due to
the highly hydrophobic surface), but also retains polar or charged
analytes by electrostatic interactions or hydrogen bonds with the
carboxylic groups. Salam and Burke [57] compared non-modified
MWCNT and MWCNT functionalized with polyethyleneglycol
(PEG) and octadecylamine (ODA), for extracting pentachlorophenol
(PCP), 2,4,5-trichlorophenol (TCP), 3,3′,4,4′-tetra-chlorobiphenyl
(PCB77) and 2,2′,5,5′-tetrabromobiphenyl (PBB52) from aqueous
samples. It was shown that the extraction efficiency was affected
by factors such as sample pH and volume, as well as nature of des-
orption of solvent (acetone was the best solvent for all the analytes).
ODA-MWCNT presented extraction recoveries near to 100% for all
species, including phenols (due to electrostatic interactions).

3. Molecularly imprinted polymers (MIP)
One of the tools to create highly selective extraction procedures
is the incorporation of biomolecules and biological-like processes
in the methodologies. However, despite of the specificity of these
procedures, natural biomolecules usually are expensive and chem-
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Fig. 3. Main approaches to MIP synthesis (modified from Ref. [65]). Non-covalent
approach: (A) mixture of functional monomers, cross-linking agents, polymerisation
initiator and templates dissolved on porogenic solvent to form template/functional
monomer complex; (B) polymerisation; (C) removal of template (by solvent extrac-
tion) and (D) analyte binding (via non-covalent interactions) on the specific
imprinted site. Covalent approach: (A′) template containing polymerisable groups
ig. 1. Scanning electron microscopy images of the MWCNT employed by Jiang and
o-workers.
rom Ref. [24].
cally unstable. Synthetic materials such as molecularly imprinted
olymers (MIP) are valid alternatives to these biological matri-
es. The concept of molecular imprinting was originally proposed
y Pauling [58] as a possible mechanism for the production of

ig. 2. Electropherogram from an urine sample spiked with 15 �g L−1 of esteroids
xtracted by carboxylate-modified SWCNT (from Ref. [56]). Peak identification: (1)
etoprofen, (2) tolmetin, (3) indomethacine and (4) pentachlorophenol (internal
tandard).
mixed with cross-linking agent and initiator in proper solvent; (C) removal of tem-
plate after polymerisation (with breaking of covalent bonds between template and
polymer) and (D) analyte binding (via covalent bonds) on the specific imprinted site.

antibodies by living systems. According to his model, the synthe-
sis of antibodies was based on the use of the aggressor chemical
molecules as templates. Weak intermolecular forces such as hydro-
gen bonding or van der Waals forces drove proper monomer units
to organize themselves around the antigen; polymerization of the
organized monomers and removal of the template would render
macromolecules with cavities where the template or other species
with similar structure could be highly selectively bound, due to the
morphology of the site. Due to the high specific nature of the inter-
action between the molecularly imprinted materials and selectable
molecules, they have been employed in several analytical tech-
niques, including as stationary phase on liquid chromatography
[59], on capillary electrophoresis [60] and capillary electrochro-
matography [61,62] and on immunoassay determinations [63]. MIP
have been also extensively studied and applied as sorbents for
SPE (MISPE). They are especially helpful when selective extrac-
tion of analytes is deemed and where commercial sorbents lack
selectivity. MISPE, therefore, potentially allows simultaneous and
efficient pre-concentration of target analytes and clean-up of the
extracts, removing undesirable sample matrix components. The
first description of MISPE was presented by Sellergren in 1996
[64]: an ethyleneglycoldimethacrylate/methacrylic acid copolymer
molecularly imprinted with pentamidine was prepared and applied
to isolate this antibiotic drug from urine. The enrichment factor was
54× (for 30 nM of the drug on urine), and the selectivity was enough
high to allow direct detection of the analyte in the extract, without
chromatographic analysis.

There are three basic approaches for MIP synthesis: non-
covalent, covalent and semi-covalent imprinting [65] (Fig. 3). In
the non-covalent imprinting—the most extensively used, due to its

relative simplicity, a template (the target analyte or an structurally
related species) is mixed with an appropriate functional monomer,
a suitable porogenic solvent, cross-linking agents and catalysts
or polymerization initiators. Specific binding sites are formed by
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elf-assembling of template and the functional monomer, who
hould be capable to form a fairly stable complex with the tem-
late via dipole interaction, hydrogen bonding, ion pair, etc. After
he synthesis, the template is removed from the polymer simply by
xhaustive washing it with solvents—habitually on a Soxhlet-type
pparatus. The resulting material dried, sieved and used to pack SPE
artridges or columns. On the covalent approach, the template and
he functional monomer are covalently bound prior to polymeriza-
ion; afterwards, the template is removed from the polymer matrix
fter synthesis by cleaving the covalent bonds before the washing
tep. Sorbents prepared using covalent imprinting tend to have well
efined and more homogeneous binding sites than those result-

ng from non-covalent approach: the interaction between template
nd functional monomers are much more stable during the poly-
erization. Compared to non-covalent MIP (where analyte binding

o imprinted sites take place by weaker interactions), this leads
o higher selectivities, with less non-specific retention, and better
xtraction efficiencies. Finally, on non-covalent MIP preparation
he synthesis of the adsorbent is carried out through a covalent
rocedure but the extraction mechanism is more related to a non-
ovalently prepared MIP [66]. Semi-covalent imprinting combines
he advantages of both covalent and non-covalent approaches: as
he template is covalently bound to a polymerizable group whose
unctionality is recovered after cleavage of the template.

Most of the MIP described on the literature for use as
pecific SPE adsorbents and for other applications are acrylate-
ased materials prepared by bulk polymerization [68], using
ethacrylic acid (MAA) and similar compounds as functional
onomers, ethylene glycol dimethacrylate (EDMA) as cross-linker

nd azo-compounds such as azo(bis)-isobutyronitrile as radicalar
olymerization initiator. Alternated methodologies such as two-
tep swelling polymerization [69], suspension polymerization [70]
nd precipitation polymerization [71] were also reported for MISPE
edia, although bulk polymerization has been almost universal due

o its simplicity. A proper choice of the solvent employed (apro-
ic and non-polar solvents are more appropriate, since they do
ot interfere on the functional monomer/template equilibrium)
nd of the monomers is critical to produce a selective MIP [72].
recent trend on the optimization of MIP synthesis is the use of
olecular modeling software to aid the selection of the best func-

ional monomer to an specific template, by calculation of binding
nergies and the spatial configuration template/monomer com-
lexes [73–76]. Another recent development on the optimization of
IP composition is the adoption of combinatorial synthetic proce-

ures, devised by Sellergren group [77]; especially when combined
ith chemometric tools, this approach allows faster screening of
large range of different formulations [78–80]. Various functional
onomers have been studied against different template molecules;

owever, this generality makes difficult to select the appropriate
onomers for a given template. Selection of the various functional
onomers usually involves time-consuming trial and error, or intu-

tion. Molecular imprinting using combinatorial chemistry models
llows for rapid screening of combinatorial libraries of MIPs to per-
it identification of a candidate monomer with the desired levels

f capacity and selectivity for a given target molecule [81], since
t allows automated, simultaneous preparation and evaluation of
ens of different materials prepared using diverse monomers and
eactional proportions.

Some of recent applications of MISPE using acrylate-based
orbents are listed in Table 2. A possible drawback on some of
hese polyacrylate MIP is the presence of non-specific binding,

hich causes loss of selectivity; careful selection of the sample

nd desorption solvents can minimize or even eliminate non-
pecific extraction [110]. Organically modified silicas prepared
hrough sol–gel procedures can be possible alternative molecu-
ar imprinted media with reduced non-specific activity, as shown
A 1217 (2010) 2533–2542 2537

by Marx and Liron [67], after comparing propranolol-imprinted
thin films of sol–gel silica and polyacrylate as specific sensors.
Some sol–gel silicas prepared for MISPE include materials spe-
cific for 2-aminopyridine [111] and methylxanthines [112,113]. A
serious shortcoming of sol–gel molecularly imprinted (MI) silicas
results from the limited range of possible functional monomers,
which restricts the classes of templates that could be successfully
imprinted [114].

4. Sol–gel coatings for SPME fibers and related techniques

SPME is a widely accepted and applied sample preparation tech-
nique due to its simplicity, offering a relatively fast extraction and
pre-concentration approach particularly attractive as replacement
of solvent-based techniques. The appropriate selection of the fiber
coating is one of the most critical steps on SPME method develop-
ment. The nature of the coating should be selected based on the
chemical properties of the target analytes and affects the overall
extraction performance, including method sensitivity, selectivity
and reproducibility. However, currently only a limited number of
different fiber coatings are commercially available, notably pure
polymeric phases such as polydimethylsiloxane (PDMS and poly-
acrylate) and dispersions of solid adsorbents as Carboxen and
divinylbenzene in polymeric agglutinants. Apart from the reduced
assortment of coatings with different properties, these materials
may present some problems depending on its nature and film
thickness; these problems include instability and swelling towards
direct exposure to organic solvents, reduced operating tempera-
ture and mechanical fragility of the fused silica support. Therefore,
the search for new coatings for SPME fibers that overcome those
inconvenients is an active research topic. One of the goals is the
investigation of sorbent films with strong adhesion with the base
substrate – fused silica (FS) raw fibers or others – which may
result in fibers with improved chemical and thermal stability and
longer lifetimes. The most popular approach employed is, by far,
the use coatings prepared through sol–gel synthetic routs. SPME
sorptive coatings prepare by sol–gel procedures typically are chem-
ically bonded to the FS base fibers, being also porous and highly
cross-linked; the sorbents are prepared and deposed in situ over
the surface of raw FS fiber. The first description of sol–gel tech-
nology for preparation of SPME fibers was presented by Malik
and co-workers in 1997 [115]: the organic modifier was hydroxyl-
PDMS, and the resulting chemically bound film was an organically
modified silica (ormosil). The procedure there described included
a preliminary step for activation of the raw fiber surfaces before
the deposition and immobilization of the extracting phase—which,
on its turn, occurs on a single-pot operation, and is followed by
the deactivation of remaining –OH groups and conditioning. The
pre-treatment of the FS surface is necessary to generate free super-
ficial silanol groups, which will act as anchoring points where
the sorbent phase will be chemically linked. The coating media
usually consisted of a mixture of an alkoxysilane reticulant pre-
cursor such as metyltrimethoxysilane (MTMS), a hydroxylated
organic modifier—hydroxy-PDMS and small amounts of water and
catalyst (trifluoroacetic acid, TFA). Under appropriate conditions,
the alkoxysilanes hydrolyze producing silanols (Fig. 4a), which
immediately condensate creating silica aggregates (Fig. 4b). The
hydroxylated organic modifier present in the media can simulta-
neously condense with the aggregates, being incorporated to the
silica network (Fig. 4c). These organically modified silica nanoparti-

cles form a colloidal suspension on the liquid reagents and reaction
products (a sol phase); the continuing growing of the aggregates
eventually lead to a silica monolite, where water and the liquid
reaction products are trapped (a gel). However, if an activated fiber
is exposed to the sol phase before complete gelation, the aggre-
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Table 2
Selected SPE methods using acrylic-based MIP. Unless stated, the separation and/or detection technique adopted after extraction was HPLC.

Analytes Template Matrix Ref.

Levonorgestrel Levonorgestrel Human serum [82]
Sulfonylurea-herbicides Bensulfuron-methyl Soybean [83]
Triterpene acids 18-�-Glycyrrhetinic acid Plan extracts [84]
Creatine Creatine Human seruma [85]
Carbamazepine Carbamazepine Urine, wastewater [86]
�-Tocopherol �-Tocopherol Bay leaves [87]
Nicotine Nicotine Hair [88]
Alkylmethylphosphonic acids Pinacolylmethylphosphonic acid Soil extracts [89]
Benzodiazepinic drugs and metabolites Diazepam Hair [90]
Chloramphenicol Chloramphenicol Honey [91]
Flavonoid antioxidants Rutin and quercetin Wine, tea, orange juice [92]
Epicatechin Epicatechin Tea [93]
Tetracycline Tetracycline Fish tissues [94]
Ciprofloxacin Ciprofloxacin Urineb [95]
Triazine herbicides Cianazine Waterc [96]
Sinomenine Sinomenine Blood [97]
Cotinine Cotinine Urine [98]
p-Hydroxybenzoic acid derivatives Protocatechuic acid Plant extract [99]
Tetracycline antibiotics Oxytetracycline and tetracycline Pig kidney tissue extract [100]
Non-steroidal anti-inflammatory drugs Ibuprofen River water, wastewater [101]
Monocrotophos and analogs Monocrotophos Water and soil [102]
Triazine herbicides and metabolites Propazine River water [103]
Naproxen Naproxen Urine [104]
(+)-Catechin (+)-Catechin Green tea extract [105]
Propanolol Propanolol Blood plasma [106]
Bisphenol A Bisphenol A Water [107]
Naphthalene sulfonates 1-Naphthalenesulfonic acid Water [108]
Ochratoxin A Ochratoxin A Red wine [109]

Notes. FAAS = flame atomic absorption spectrometry; CE = capillary electrophoresis; ELISA = enzyme linked immunosorbent assay.
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a Separation and/or detection technique: voltammetry.
b Separation and/or detection technique: gas chromatography.
c Separation and/or detection technique: fluorimetry.

ates may condense with the surface –OH groups on this substrate
Fig. 4d), forming a ormosil film. On this first paper, the coat-
ng thickness obtained was about 10 �m, and the sorptive film
ad a highly porous structure, as observed by scanning electronic
icrography. A remarkable feature of this fiber was its outstanding

hermal stability, when compared to conventional pure polymeric
DMS films: the fibers could be heated up to 320 ◦C without degra-
ation of their performance or significant bleeding, suggesting that
he coating was indeed chemically bonded to the silica core. It
as pointed out that since sol–gel ormosil films usually possess
icroporous structures, they offer a high surface area and allow

igh extraction efficiencies even with thin extracting layers, which
esult also on fast sample/headspace/fiber equilibration times.

Sol–gel technology was subsequently applied with success to
repare SPME fibers with different coatings, mostly using FS fibers
s support; Table 3 presents a selection of different fibers appli-
ations from the literature. For several of these studies the same
asic approach described above was employed, either using differ-
nt organic modifiers to give different selectivity characteristics,
s well as other alkoxysilanes than MTMS such as tetraethoxysi-
ane (TEOS) or minor alterations on the general procedure, such
s use of alternative sol–gel catalysts (weak organic acids or bases
s aqueous ammonium hydroxide). For example, Bianchi and co-
orkers [142,143] described a sol–gel SPME fiber prepared using

-aminopropyltriethoxysilane (APTES) and diethoxydiphenylsi-
ane as reticulants; the coating was shown to have an outstanding
hermal and chemical stability (useful up to 400 ◦C) and was applied
n determination of PAH on water and milk samples. Biajoli and
ugusto [144] described a fiber coated with sol–gel silica prepared
rom MTMS/3-aminopropyltrimethoxysilane (APTMS) precursor
ixture and modified by hydroxy-PDMS, and applied it on the char-

cterization of the volatile fraction of Pilsner beer. The selectivity of
he fiber was remarkably different from simple sol–gel PDMS fiber
repared using pure MTMS as precursor: as result from the incor-
poration of the primary amino groups on the silica network, it had
a high affinity for acidic analytes, such as acetic and caproic acids.
Interesting alternatives as organic modificators are crown ethers,
as proposed by Zeng and co-workers [121], who prepared a sol–gel
fiber using hydroxy-dibenzo-14-crown-4-ether (OH-DB14C4) and
hydroxy-PDMS as modifiers. These coatings are expected to have
higher affinity for aromatic and other polarizable compounds due
to the electronegativity of the heteroatoms on the corona ring.
This fiber was successfully applied to determination of halophe-
nols in water, comparing favorably to commercial SPME fibers. The
same group also described the application of these sol–gel OH-
DB14C4-coated fibers to the determination of basic compounds
(anilines), along with fibers modified with similar corona-ethers
(dihydroxy-urushiol crown ether and 3,5-dibutyl-unsymmetric-
dibenzo-14-crown-4-dihydroxy crown ether) [145]. Calixarenes,
cyclodextrins and fullerenes can also result on selective coatings,
and hydroxycalix4arenes (Fig. 5) [146–148], peralkylated-�-
cyclodextrins [149,128] and hydroxyfullerenes [118] as well have
been successfully applied on sol–gel fibers. Yu et al. [150] also
prepared sol–gel SPME modified with a corona ether, but using a
different approach: a custom-synthesized alkoxysilane (allyloxy-
bis-benzo-16-crown-5-trimethoxysilane) already containing the
crown ether radical was employed as reticulant precursor. The
same strategy was already employed by Gbatu et al. [151], who
used n-octyltriethoxysilane as one of the reticulating precursors;
this fiber was successfully applied to the HPLC determination of
organometallic compounds (triphenylarsine, diphenylmercury and
trimethylphenyltin). This application address a remarkable general
feature of sol–gel fibers: due to the higher chemical stability of the

coating, compared to conventional fibers they are particularly resis-
tant to direct exposure to solvents, and therefore are highly suitable
for procedures involving solvent desorption.

In addition to their significance to determine the selectivity of
the coating, some organic modifiers can also improve other desir-
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Table 3
Sol–gel-based SPME fibers: selected papers and applications.

Support and coating df/�ma Analytes Ref.

FS-PEG 40 BTEX, chloro- and nitrophenols, phthalates, pesticides [116]
FS-Calix[4]arene 60 Phenols [117]
FS-Bis-benzo-Crown ether 40 Pesticides [118]
FS-PDMS/PVA 5 PCB [119]
FS-open crown ether 55 Phenols, BTEX, phthalates [120]
FS-hydroxi-crown ether 73 Phenols [121]
FS-polyphenylmethylsiloxane (PPMS) 70 Organochlorine pesticides [122]
FS-trimetoxisilil-propyl-methacrilate (TMSPMA) 70 Volatiles from beer [123]
FS-anilinemethyltrietoxysilane/PDMS

(AMTEOS/PDMS)
85 MAH, PAH [124]

FS-butylmethacrilate/divynilbenzene (BMA/DVB) 70 Volatiles from wine [125]
FS-hydroxyfullerene 30 PCB, PAH, aromatic amines [118]
FS-trimethoxysilylpropylamine/PDMS (TMSPA/PDMS) 4 Pesticides [126]
FS-polymethylphenylsiloxane (PMPS) 70 Biphenylpolybromine ethers [127]
FS-permethylated-�-cyclodextrine

hydroxy-terminated silicone (PM- �-CD/OH-TSO)
65 BTEX [128]

FS-tetra-n-butylortotitanate/graphite 30 BTEX [129]
NiTi–ZrO2–PDMS 25 BTEX, THM, alcohols [130]
NiTi–ZrO2–PDMS 25 Organochlorine pesticides [131]
NiTi–ZrO2–PEG 17 Halophenols, phthalates, adipates [132]
NiTi–ZrO2–PEG 17 Haloanisoles [133]
Calix[6]arene 60 Phthalates [134]
SWCNT/TSO – Polybrominateddiphenylethers [135]
Cu-tetrabutylortotitanate/polymethylmethacrylate

(TBOT/PMMA)
25 Aliphatic alcohols [136]

NiTi–PDMS + C18 silica 30–60 Benzaldehyde, acetophenone and dimethylphenol [137]
Al-tetrabutylorthototitanate/poly(ethyleneglycol) 25 BTEX [138]
FS-phenyltrimethoxysilane/tetraethoxysilane

molecularly imprinted with decabromodiphenyl
ether (PTMS/TEOS/DBE-209)

9.5 Polybrominateddiphenylethers [139]

FS-hydroxyl-terminated silicone oil-poly
(methylhydrosiloxane) (OH/TSO-PMHS)

30 Tamoxifen, cis- and trans-clomiphene citrate [140]

FS-3-(trimethoxysilyl) propyl 4 Phenol, chlorophenols [141]
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amine/hydroxyl-terminated polydimethylsiloxane
(TMSPA/OH-PDMS)

a Coating thickness.

ble characteristics of the SPME fibers. For example, the selectivity
f the sol–gel fiber described by Lopes and Augusto [119], based
n poly(vinyl alcohol) (PVA) and PDMS-OH, is quite similar to that
onventional and of sol–gel pure PDMS fibers, being shown as suit-
ble for conventional GC applications such as the determination
rganochlorine and organophosphor pesticides in herbal infusions
f Passiflora L., using GC-ECD for separation and detection [152].
owever, the PDMS/PVA coating has also enhanced thermal sta-
ility: thermogravimetric analysis (TGA) data has shown that it is
table for temperatures up to 350 ◦C, possibly due to the additional
ross-linking between silica reticulates promoted by the presence
f PVA in the sol–gel reaction mix. This enhancement on the ther-
al stability of the PDMS/PVA sol–gel sorbent film was also evident

n its application on FIMS (fiber introduction mass spectrome-
ry), where a SPME fiber is directly introduced in the ionization
one of a mass spectrometer. The heating caused by the irradiation
rom the MS ionization filaments and the high vacuum induces the
esorption, ionization and fragmentation of previously extracted
pecies. During the determination of pesticides on herbal infusions
y FIMS [153] it was observed that the PDMS/PVA fiber was usable
or up to 400 FIMS extraction/desorption cycles, where conven-
ional PDMS/DVB fibers are severely degraded after 150 operations
ue to the stress imposed during the harsh desorption conditions.
olyethyleneglycol (PEG) is also an organic modifier, which result
orbent layers with distinctive structural and morphological fea-
ures. Silva and Augusto [154] described a sol–gel fiber using PEG

Carbowax 20 M, average molar mass of 14 kg mol−1) as silica mod-
fier (Fig. 6). The coating had a distinctive, sponge-like structure
ppearing to be an agglomerate of microspheres with up to 2 �m
iameter. This morphology was not deemed as result of chemical

ncorporation of PEG to silica network, and possibly was an effect
the increase on the viscosity of the sol phase prior incorporation to
the FS support.

Besides sorbents based on modified sol–gel silica, more recently
materials prepared from alkoxides of other transition metals have
also been suggested as sorbent phases for SPME and similar
extraction microtechniques. Malik and co-workers [155] evaluated
capillary microextraction devices coated with sol–gel PDMS-
modified titania: TiO2 is known to possess both better chemical
stability and mechanical strength when compared to silica, and is
an alternative to circumvent the limited window of pH stability
of those silica-based coatings. The PDMS-titania coated microex-
traction device was successfully applied to determinations of PAH,
ketones, and alkylbenzenes by HPLC, being shown as resistant to
exposure to highly basic aqueous solutions (pH = 13) for up to 12 h.
Sol–gel titania SPME fibers have also been described, with incor-
poration organic modifiers such as PDMS [156], polymetacrylate
[140] and poly(tetrahydrofuran) [130].

Other promising trend is the coating of alternate supports with
sol–gel sorbent films to obtain SPME fibers with improved prop-
erties, in replacement of conventional raw FS silica fibers. Carasek
and co-workers [131–133] studied sol–gel coated fibers prepared
using as support thin rods of 65% SiO2 vitreous ceramic contain-
ing Li, Ba and Zr. Due to the zirconium oxide fraction, this ceramic
is much more acidic than pure FS and has more surface silanol
groups available to anchor the modified silica aggregates. Using
hydroxy-PDMS as modificator, a coating thickness of 44 �m was

obtained, which had a higher extracting capability than the a 6 �m
thick film which resulted when coating a FS fiber using the same
procedure. Metallic wires also have been used as base for sol–gel
SPME fibers, in order to improve the ruggedness and mechanical
resistance of the fiber. The same group later proposed the use of
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incorporation of vinyltriethoxysilane (VTEOS) to the sol phase and
Fig. 4. Main reactions involved on sol–gel process for SPME fiber coating.
Modified from Malik and co-workers [115].

i–Ti alloy wires pre-coated with an electrolytically deposited zir-
onium oxide layer as a substrate for sol–gel fibers. The Ni–Ti alloy
ave some remarkable mechanical features, which include shape
emory, superelasticity and corrosion resistance, and the zirconia
oating provides extra surface hydroxy groups available to partici-
ate on the sol–gel reaction. Ni–Ti–ZrO2 fibers coated with sol–gel
ilica modified with PDMS were applied to determinations of BTEX
n water [130] and of organochlorine pesticides in herbal infusions

Fig. 5. Micrographies of sol–gel 5,11,17,23-tetra-tertbutyl-25,27-dihydroxy-2
Extracted from Li
Fig. 6. Electron scanning micrography (600× magnification) of a sol–gel Carbowax
20M ormosil fiber.
From Silva and Augusto [154].

[134]; fibers coated with PEG-modified sol–gel over Ni–Ti–ZrO2
were also prepared and used on the headspace determination of
halophenols and phthalate esters in water [135] and of haloanisoles
in cork stopper samples [136]. Both fibers showed excellent ther-
mal stability up to the maximum temperature evaluated of 320 ◦C,
which was credited to the strong interaction between the zirconia
substrate surface and the silica coating.

Azenha and co-workers [157] employed pure titanium wires
as support for a sol–gel sorbent coating: before deposition of the
sol–gel film, the titanium wires were immersed for 1 h on 1 mol L−1

NaOH to activate the surface, generating titanol groups where the
ormosil were anchored through Ti–O–Si bonds. To overcome prob-
lems related to the high ductibility of pure Ti wires, later the same
group studied different alloys of this metal as support: a 250 �m
90% Ti:6% Al:4% V wire (coated with a pure chromatographic SiO2
particles dispersed over PDMS-modified sol–gel silica) [158] and a
152 �m 56% Ni:44% Ti wire (coated with a dispersion of C18 silica
particles dispersed over a sol–gel silica film) [141]. For the later
fiber, further mechanical and chemical stability was achieved after
subsequent exposure of the fiber to UV radiation, to induce cross-
linking between the vinyl fragments on the silica reticulate.

Beyond the technical sol gel coatings for SPME can be obtained
by electrodeposition. Carasek and co-workers [159] prepared a new

6,28-diglycidyloxycalix[4]arene/hydroxy-terminated silicone oil fiber.
et al. [147].
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PME fiber through electrodeposition of ZrO2 onto NiTi wires. The
ew fibers were evaluated and applied in applied in the extraction
f alcohols, BTEX and THM from gaseous samples. The extraction
fficiency was compared with commercial silica-based materials
ith different coatings. The results showed that the extraction

fficiency is comparable to 7 �m PDMS even though its coating
hickness is considerably lower.

. Conclusions and perspectives

The investigation of new sorbent materials for use in extraction
nd microextraction techniques is both a growing and promising
eld. The compilation presented here is far from comprehensive in
erms of different trends, as well as the diversity of approaches and

ethodologies used. However, the materials and devices selected
re representative of the main targets of research on novel sorbents
nd adsorbents: materials with improved (ad)sorptive capacity,
apable to provide higher extraction efficiencies and, therefore,
etter analytical detectabilities and sensitivities, as well as high
electivity (or even specificity towards target species), chemical
tability and morphology compatible to fast mass transfer during
xtractions. Of course, it is virtually impossible to combine all those
eatures on a single sorbent: different classes of sorptive materials
re designed to address primarily one of these goals (e.g., selectiv-
ty/specificity for MIP; fast mass transfer and chemical stability for
PME fiber coatings, and so forth).

When browsing the literature referent to some of the “novel”
ad)sorbents, one point has to be carefully considered. The proper-
ies of several of the sorbents and adsorbents described in the recent
iterature are literally the same of materials already well known,
r even available commercially. For example, some of the sol–gel
PME fibers recently reported, prepared from different organic
odifiers and alkoxysilanes, have almost the same features of the

riginal sol–gel coating described by Malik more than 10 years
rom now [115]. Therefore, claims of improved selectivity, stability
r extraction efficiency of new sorbents and adsorbents should be
arefully considered.

Finally, it should be mentioned that the number of new materials
nd devices described in the literature which results on products
vailable commercially to be applied by general users is limited.
everal innovative sorbents and adsorbents do not go beyond the
tage of academic research, despite their potential utility on rel-
vant analytical problems. The reasons for this range from the
ack of experience (and even interest) of some research groups on
nter partnerships with analytical instrumentation industries, to
he excessive rigor on the application of analytical validation and
ertification protocols, which sometimes delays or even hinder at
ll the acceptance of new analytical techniques and approaches.
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