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Abstract

Sample preparation is still identified as the bottle-neck of many modern analytical procedures due
to the time-demanding nature of many of the treatment protocols in use. Sample treatment is also
considered responsible for a large part of the analytical inaccuracy of the analytical methodologies
because of the highly manipulative nature of most of these treatments. It is also one of the main
limitations when trying to develop Green Analytical procedures due to the large amounts of
reagents and energy consumption typically associated to most of the conventional sample
preparation procedures. However, the efforts carried out during the last decades in this active
research field are starting to revert the situation. Today, a plethora of miniaturized techniques are
commercialized for the treatments of liquid (or dissolved) samples. When combined with an
appropriated  state-of-the-art  separation-plus-detection technique, accurate analyte
determination is possible even if only a very small amount of sample (i.e., few mg or mL) is used
for the analysis. More importantly, many of the these techniques allow sample preparation to be
completed in a short time with minimum reagents and energy consumption, and with a significant
reduction of the wastes generated. In recent years, initial limitations detected in some of these
miniaturized solvent-based techniques are starting to be circumvented by the incorporation of
new non-toxic extraction media as extractants. Similarly, sorbent-based techniques have benefited
from advances in the field of engineered materials and nanotechnology by incorporation of novel
sorbents with tuned physic-chemical properties for enhanced extraction efficiency and selectivity.
Using the analysis of trace organic components in food and environmental matrices as case study,
this book chapter reviews current state-of-the-art in the field of sample preparation, highlighting

recent advances approaching the principles of Green Analytical Chemistry.
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1. Introduction

The term sample preparation refers to any type of treatment carried out to the representative
subsample selected for analysis before final instrumental determination of the target compounds.
The goal of the sample preparation step is consequently to render the investigated analyte to the
measurement instrument in a form and concentration that allow its unambiguous identification
and the accurate determination of its concentration in the original matrix. For obvious reasons,
the probability to perform such a type of determination without any previous sample treatment
decreases as the sample complexity increases and as the analyte concentration decreases,' and
becomes virtually impossible when the aim is the determination of trace organic compounds in
highly complex matrices, such as most of the environmental and food samples. For such
determinations, highly manipulative and time-consuming multistep procedures are still used for
sample preparation, in particular when involving semi-solid and solid samples.” In most cases,
these conventional (i.e., large-scale) analytical procedures involve relatively large amounts of
reagents and solvents, that should be subsequently evaporated and/or treated as toxic wastes.
Efforts carried out in this field during the last decades to approach the principles of Green
Chemistry have resulted in a plethora of novel (and frequently miniaturized) techniques and
analytical methodologies, some of which were discussed in the original version of this book

chapter ® and in a number of revision papers published since then.” > *

Despite progresses,
significant differences remain in this field depending on the nature of the investigated sample.
Thereby, while impressive advances have been achieved for the treatment of gaseous, liquid and
viscous matrices, developments regarding (semi-)solid samples have been much more limited,
most probably due to the lack of appropriate commercial instruments.” * In any case, and despite

the many advances, the nature of the solvent used as extractant remains as a key aspect limiting

the greenness of many of these methodologies.

This book chapter reviews developments and innovations introduced in the area of sample
preparation during the last decade in line with previous considerations. To avoid as much as
possible overlapping with the former version of this book * and with other revision papers (**7,
among others) recently published, rather than presenting a comprehensive revision of all
additions to the field, this chapter aims to present main analytical preparation techniques in use

and their evolution during the last years. Special attention will be paid to current trends and

possible lines of evolution in line with the principles of Green Analytical Sample Preparation . In



particular, the penetration of novel solvents and sorbents in the field of sample preparation and
their impact and influence in greening of the treatment step will be discussed. Attention will focus
on applications dealing with the analysis of minor (i.e., trace) organic components in complex
matrices (e.g., food and environmental samples) due to the higher difficulty typically associated to
this type of determination. Nonetheless, if relevant, application examples from close related areas
will also be discussed as far as they involved chromatographic (or related separation) techniques
for final instrumental determination. All chapter sections will start with a short description of the
basis of the specific technique revised. Then, main developments and evolution trends observed in
recent years will be identified and discussed through representative application studies. Examples

dealing with the analysis of real samples will always be preferred.

2. Solvent-based extraction techniques

Despite its recognized shortcomings, viz. formation of emulsions, consumption of large volumes of
organic (and frequently toxic) solvent(s) and dilution of the target compounds,? liquid-liquid
extraction (LLE) remains as the reference method of many well-established and official protocols.
As for other sample preparation techniques, some of the practical limitations of LLE can be
circumvented by simple scaling-down of the process. The miniaturization of the LLE process
results, on one hand, in a significant reduction of solvent(s) and reagent(s) consumption, so
reducing waste generation; but also on a faster phase separation and a more favorable phase
ratio. All together yield more efficient, green and rapid analytical processes with improved analyte
recoveries.” When miniaturized LLE is, in addition, performed with a selective or green solvent
alternative to most frequently use volatile organic solvents (VOSs), the technique results in a really
advantageous, simple and cheap approach with many positive features. These considerations
explain the increasing use of novel and tailored solvents, in particular ionic liquids (ILs), deep
eutectic solvents (DESs) and natural deep eutectic solvents (NADESs), in combination with LLE-
based techniques.‘c"11 However, it should be mentioned that, when these new solvents are used in
an LLE format, their high viscosity made the stirring, heating ** or shaking (in many instances by
the application of ultrasounds ** or bubbling) of the LLE mixtures frequently mandatory to speed
the analyte partition process. Interestingly, the latter approach was used by Shishov et al.”® in a
recent study reporting on the feasibility of performing this type of analyses in an automated and

miniaturized manner.



Miniaturized liquid-liquid partition is also the base of a plethora of solvent-microextraction (SME)
techniques introduced essentially during the last two-three decades and whose principles and

1416 and one book."

main application fields have been discussed in a number of recent reviews
Current level of acceptation of SME-based techniques and formats for general use is rather
variable. Single-drop microextraction (SDME),*® hollow fiber-protected solvent microextraction,
both in its two/three-phase formats, HF(2/3)ME,* and dispersive liquid-liquid micro-extraction
(DLLME) *> * are among the most successful and widely accepted ones, probably due to the

simplicity of their principles and instrumentation, the flexibility in their operational conditions and

the possibility of obtaining ready-for-analysis extracts.

2.1. Single-drop microextraction

In SDME, a micro-drop of a water insoluble solvent (1-8 puL for VOSs and slightly larger for more
viscous solvents) suspended at the tip of a gas chromatography (GC) syringe is either immersed in
the investigated aqueous sample (typically, 1-10 mL) or exposed to the head-space (HS) of the vial
that contains it until equilibrium is reached. The later approach, HS-SDME, is only feasible for the
analysis of volatile non-polar analytes (or volatile non-polar analyte derivatives, which can be
formed in-situ), but can be applied to gaseous, liquid or solid samples. The former approach,
direct-immersion SDME (DI-SDME), has been demonstrated to be useful for the extraction of
relatively non-polar and semivolatile analytes from clean aqueous samples. Meanwhile, its
application to relatively complex samples is usually feasible only after sample filtration. In both
cases, enrichment factors as large as 300 can be obtained. Once the extraction is completed, the
micro-drop is withdrawn into the syringe and the concentrated extract directly subjected to

instrumental analysis, typically by GC.** *®

In SDME, diffusion governs the transport of the analyte
from the drop surface to its inner part. Therefore, as far as the micro-drop was not dislodged or
dissolved, the extraction time and efficiency can be favored by stirring, salting out or heating
(including nebulization)®™ of the sample or, alternatively, by bubbling of a certain volume of air into
the droplet.”

SDME of polar compounds is also possible but requires a modification that results in a three-phase
system involving a liquid organic intermediate phase in which the neutralized polar analytes are
extracted from the aqueous sample. The neutral analytes preconcentrated in this liquid

membrane are then back-extracted into an aqueous micro-drop as polar compounds. This micro-

drop is finally withdrawn into a syringe for direct either liquid chromatography (LC) or capillary



electrophoresis (CE) analysis. This three-phase configuration is usually named as liquid-liquid-
liqguid microextraction (LLME). The higher stability provided to the extraction system by the
intermediate liquid membrane allows the use of faster stirring rates: up to 1000 rpm vs the 300
rom typically used in the two-phase format at less a different type of set-up was used.? In its turn,
faster stirring results in shorter preconcentration times (typically, 15 min), and improved
enrichment factors (up to 500) compared to the two-phase SDME systems. In practice, the
intermediate organic phase also acts as an organic liquid membrane allowing the simultaneous
enrichment and clean-up of the analytes. Consequently, LLLME would be more appropriate for the
analysis of relatively complex samples, such as human biological fluids, than the two-phase SDME
format. **

Although automation continues being mentioned as one of the main limitations of SDME-based
techniques, complete unattended sample preparation should be possible by using any of the

modern multipurpose autosamplers nowadays commercially available.” **

In recent years,
research in the field of SDME has been mainly orientated to explore the possibilities of using
extractants alternative to the conventional VOSs used at early stages of the technique. > Among

! are the most representative

them, ILs,’ supramolecular solvents % and, more recently, DESs
examples. Selected application studies involving these and other alternative extractant systems for
SDME are presented in Table 1.ILs are non-molecular solvents that remain as liquids at or near to
room temperature (in general, defined as less than 150° C) due to poor coordination of the ions.”
% |Ls are characterized by their negligible volatility, high thermal stability and low flammability
over a wide range of temperatures. These characteristics, together with their high viscosity, the
possibility of tuning their physic-chemical characteristics by controlling the length and branching
of the alkyl groups and/or the nature of the cation to which they are incorporated, and their
capability to dissolve simultaneously compounds of very different nature, have contributed to
expand their use as solvents in SDME in recent years. However, somehow surprisingly due to the
constantly increasing number of ILs commercialized and synthesized, but in agreement to that
observed for other extraction techniques, imidazolium-based ILs are clearly predominant in the
application studies reported so far, even although these salts are known to absorb over the entire
UV region. Also fluoride-containing anions are widely used (in particular, PFg and BF;) although, in
the presence of moisture, these anions can produce HF and cause glassware and steel corrosion.*®
In practice, usual extractant volumes in IL-based SDME studies are in the 4-10 plL range. However,

the high viscosity of these salts (typically 2-3-folds above those of conventional organic solvents)



should allow to use relatively large drops (up to 20 uL)*” without risk of dislodgement even if fast
stirring rates or dynamic approaches are used.*® In addition, the low volatility of ILs prevents from
solvent volatilization during extraction, making possible to use higher extraction temperatures. All
together results in higher enrichment factors, better extraction efficiencies and improved
detectability with shorter extraction times compared to conventional SDME procedures. On the
other hand, the high viscosity of ILs makes their handle with micro syringes difficult, a problem
that has been solved by attaching a wider tube of a relatively inner material to the needle.*
Coupling IL-based SDME techniques to LC do not require any special interface or modification of
the system. The short retention time of ILs in reversed-phase LC (in general, near the dead
volume) favors the chromatographic separation of the IL from the target analytes and can be
considered an extra advantage of this coupling. In contrats, the quoted above low volatility of ILs
would prevent direct injection into GC systems. However, this problem can be solved through
installation of home-made removable GC interfaces *’ or by adaptation of a commercial one.*
Coupling between IL-SDME and other separation techniques (e.g., CE)*® or detection techniques
(e.g., ion-mobility spectrometry)®® are still relatively rare in the literature.

Recent trends in IL-based DI-SDME include the use of more hydrophobic and hydrolytically-stable
salts than those based on the use of PF¢ as anion to minimize drop dissolution.”* More complex
extraction mixtures have also being used in both HS- and DI-SDME to improve the extraction
efficiency and selectivity when dealing with the analysis of trace components in complex matrices.
In a recent illustrative example of the analytical potential of this type of approach, the feasibility of
[BMIM][PF6] mixed with oxidized-nanofibers of cellulose (0-NC) and carboxylated carbonanotubes
(c-CNT) for the fast and selective extraction of 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline
from fried sausage was evaluated and probed to be superior to those observed when each
component of the mixture was separately applied.*® The method provided quantitative extraction
of the target compound in 30 min with a satisfactory repeatability (3%) and reproducibility (4%),
adequate limits of quantitation (LOQs, 0.96 mg/L) and a satisfactory linear response in the
investigated range of 0.1-10 mg L™. No matrix interference was reported and the maximum
interference levels tolerated for closely related compounds, such as 2-amino-3,4-8-
trimethylimidazo[4,5-f] quinoxaline and 4,5-b]pyridine, were 60% and 80%, respectively.

The DESs, also so-called deep eutectic ILs, low-melting mixtures, or low transition temperature
mixtures,'’ could be considered as second-generation ILs. The DESs are composed of two or three

cheap and non-toxic components capable of self-association, mainly through hydrogen bonds.*



The resulting eutectic fluid exhibits a melting point much lower than each of its individual
components and, in general, remains as a liquid at temperatures below 130 °C. DESs share a
number of physico-chemical properties with the previously described ILs (i.e., low vapour pressure
and flammability, chemical and thermal stability, and high viscosity), which made them feasible for
the same types of applications. However, DESs are safe, biodegradable, and cheap because they
can easily be prepared from accessible bulk chemicals. These extra remarkable features made
DESs to attract researchers attention since their first introduction by Abbot et al. in 2001,> and
they could also explain the increasing use of these green solvents in many application areas, in
particular in food and pharmaceutical areas.>

In a representative early study, Tang et al.”’ reported on the feasibility of ChCl:ethylene glycol for
the HS-SDME of volatile bioactive terpenoids (linalool, a-terpineol and terpinyl acetate) from a
slurry of Chamaecyparis obtuse leaves. In that study, a 2-ulL droplet of ChCl:ethylene glycol (1:4)
was exposed to the head space of a sealed vial containing 0.30 g of the dried and powdered plant
leaves dissolved in 3 mL of methanol. The slurry was heated at 100 °C and the extraction extended
for 30 min before any loss of the target terpenoids was reported. Then, the DES droplet was
withdrawn into the GC syringe and subjected to GC-FID analysis without any extra treatment.
Despite the simplicity of the method proposed, its efficiency for the preconcentration of the three
studied terpenoids was superior to that obtained by alternative LLE- and USE-based methods used
as reference methodologies.

Coacervates based on supramolecular assemblies (e.g., surfactant micelles) have also been
evaluated as extractants in SDME. Coacervates can be considered as multifunctional solvents able
to extract a wide variety of analytes due to the different interactions they can bring
simultaneously. As an example, the feasibility of the approach for effective SDME of chlorophenols

12* These

from water samples of different complexity was illustrated by Lopez-limenez et a
researchers used tetrabutyl ammonium hydroxide to induce the formation of vesicular
coavervates containing equimolecular amounts of decanoic acid and decanoate, and
demonstrated that the microextraction with coacervates fit to the thermodynamic and kinetics
derived for conventional organic solvents. Consequently, the experimental parameters affecting
the extraction process were essentially similar in both cases and both approaches shared main
advantages and limitations. However, the possibility of direct immersion of the drop in the water

sample, with the consequent simplification of the extraction procedure, and the larger number of

interactions possible in the case of vesicular coacervates (Figure 1) resulting in an improved



detectability, were identified as specific advantages associated to the use of these types of

supramolecular extractants.

All previously describe SDME-based techniques are static in nature and, in consequence, the main
factor controlling the duration and efficiency of the extraction process is the diffusion of the
extracted analytes. Although the use of less viscous solvents and higher stirring rates and
temperatures can partially contribute to speed up the diffusion of the target compounds from the
drop surface to its inner part, constant renovation of the drop surface by using a dynamic
approach is probably a more effective approach. Up to now, two types of dynamic SDME
approaches have been described: in-syringe and in-needle SME. In the in-syringe approach, the
aqueous sample or HS is repeatedly withdrawn and ejected into the syringe needle or lumen
containing the receiving organic phase.” On the contrary, in the in-needle approach, around 90%
of the extraction drop is withdrawn into the syringe needle and then pushed out again repeatedly
for sample exposure.”® The in-needle approach may be feasible for the treatment of samples
containing relatively high amount of matrix components that could affect the subsequent
instrumental analysis. Meanwhile, the in-syringe approach is somehow limited to the treatment of
relatively pristine samples. Interestingly, a modification of this later approach has been used for
the simultaneous in-syringe derivatization and preconcentration of aliphatic amines from alkalized
aqueous samples.”* The method, involving an LC-FLD for analyte instrumental determination,
provided limits of detection (LODs) below 19 ng mL™ and a linear response in the evaluated range

of 25-500 pg L.

2.2. Hollow fiber-protected two/three-phase solvent microextraction

In its simplest version, the hollow fiber-protected two-phase solvent microextraction, HF(2)ME,
technique involves a small-diameter microporous polypropylene tube (the hollow fiber), usually
sealed at one end, to contain the organic solvent used as extractant. The open end of the hollow
fiber is attached to a syringe needle used to fill the fiber with 4-12 ulL of the extraction solvent
(e.g., toluene, undecane, 1-octanol, or dihexyl ether). Then, the fiber is immersed in the
investigated aqueous sample for a preselected time (ca. 20-60 min) to allow the (more or less)
hydrophobic target analytes to migrate through the wall pores into the solvent. Once the
extraction is completed, the enriched solvent is withdrawn with the syringe and directly subjected

to instrumental analysis, in general, by GC. HF(2)ME can be considered a liquid-liquid membrane



extraction and, consequently, it would be more adequate that its equivalent two-phase SDME
technique for the treatment of “dirty” aqueous samples. Due to the stability of the system, fast
stirring is possible, which in combination with the use of relatively large extractant volumes,
results in higher enrichment factors compared to SDME. On the contrary, the longer extraction
times required to complete the extraction process and the fact that only a fraction of the total
enriched solvent is used for final determination are usually considered shortcomings of this
technique compared to SDME. Although HF(2)ME can be adapted for use with an autosampler,®
but every fiber should be manually sized and prepared before use, which is probably the main
practical limitation of the technique.

HF(3)ME is operated in a similar way to HF(2)ME but in this case the water-immiscible organic
solvent fills the pores of the hollow fiber polymer and a third phase, an aqueous acceptor phase, is
used to fill the fiber lumen. Transfer of the target analytes through the three phases involved in
the extraction process is controlled through pH changes and, as the final acceptor phase is
aqueous, LC or CE are usually preferred for final instrumental determination of the investigated
compounds.

57, 58

Up to now, dynamic versions of HF(2)ME has received limited attention, probably due to the
higher complexity of the approach. The same consideration applies for some alternative
configurations for HF(2/3)ME, such as SBME,” in which the fiber is sealed at both ends, which
allows its complete immersion into the stirred solution and results in an improved extraction
efficiency.®® The larger sample volume required for SBME compared to HF(2/3)ME could be a
possible explanation for this observation.

HF(2/3)ME is particularly suited for the treatment of size-limited aqueous samples and, at present,
one of its more active application areas is the treatment of biological fluids. The polar nature of
most of the analytes investigated in this research area made possible to favor the HF(3)ME process
by the application of a potential difference between the sample and the aqueous acceptor phase.
This technique is referred as electromembrane extraction (EME). EME is intended for charged
molecules and involves electrokinetic migration of the analytes through a supported liquid
membrane. The membrane prevents major matrix components to reach the acceptor phase and
so EME would be more adequate for the treatment of complex biological and environmental
samples than HF(3)ME. The application of an electrical potential increases significantly the mass
transfer through the membrane and typically reduces the extraction time from ca. 45 min in

HF(3)ME to some 5 min. EME basis, recent innovations, including on-chip EME 1 and its

10



62, 63

hyphenation with UV and MS detectors, as well as the most relevant application areas of this

technique have been discussed in several recent reviews to which the reader is addressed for

14, 24, 64

further reading. Today, the commercialization of appropriate equipment (including portable

instruments) and the still limited understanding of the different parameters affecting the analytes

“ remain as the main limitations of this

electromigration through the supported membrane
anyway interesting, economic, selective, rapid and efficient novel technique.

In recent years, efforts have been made to improve the selectivity and efficiency of the HF(2/3)ME
process by modifying the nature of the membrane by using alternative extractants. This made
increase the interest for ILs as solvents in HF(2/3)ME. The high affinity of polar analytes for ILs has
been demonstrated to be an advantageous feature in HF(2)ME yielding high enrichment factors
and improved selectivity compare to conventional organic solvents.” In HF(3)MS, ILs have typically
been used as intermediate solvent owing their immiscibility in the agqueous sample and the
organic acceptor phase. Under this configuration, ILs look to be particularly interesting in
applications dealing with the simultaneous extraction of non-polar and polar analytes from
relative complex aqueous matrices (Table 1). In this sense, Tao et al. * illustrated the feasibility of
HF(3)MS using [CsMIMI][PFs] modified with 14% tri-n-octylphosphine oxide (TOPO) (w/v) as organic
liguid membrane and alkaline water (pH 13, NaOH) as acceptor phase for quantitative extraction
of sulfonamides from river and farm water at pH 4.5. The selectivity of the extraction process was
demonstrated by successful analysis in presence of up to 25 mg L™ of humic acid and up to 100 g
mL™ of bovine serum albumin. The low LODs (0.1-0.4 g L) reported for test compounds (i.e.,
sulfadiazine, sulfamerazine, sulfamethazine, sulfadimethoxine and sulfamethoxazole) using LC-UV
and the satisfactory repeatability (RSDs better than 7%) of the procedure sharply contrasted with
the 8 h required to compete the extraction process.

Carbon nanotubes (CNTs) have also been investigated as alternative extractant media with
improved selectivity and efficiency.*® > ® Multiwalled carbon nanotubes (MWCNTs) dispersed in
1-octanol were used to fill the wall pores of a polypropylene hollow fiber membrane used in a
HF(3)ME system employed for the extraction of caffeic acid from Echinacea purpurea herbal
extracts.®” The membrane remained stable in between the two aqueous phases, the sample and
the acceptor buffer; and the analytes were simultaneous sorbed by the nanotubes and the
dispersant solvent. Extraction was completed in 25 min and enrichment factors above 2000 were
reported. In a subsequent closely-related study, the feasibility of this extractant mixture for

HF(2)ME of brilliant green from fish pond water was demonstrated.® In this case, the extraction

11



was performed in the format of SBME. Quantitative recovery (120%), good repeatability (7%) and
an enrichment factor of 799 were reported after 30 min of extraction and using only 5 mL of
sample and 3 pL of acceptor phase. Examples on the analytical potential of SBME when using ILs **

and magnetized-ILs ® as extraction solvents have also been reported in the specialized literature.

2.3. Dispersive liquid-liquid micro-extraction

Since its introduction in 2006,® DLLME has experienced a rapid evolution and today it is
considered a well-accepted technique, in particular for the treatment of liquid samples and
extracts.”> DLLME was originally introduced as a modified miniaturized LLE in which a small volume
of a water-immiscible solvent (typically 10-50 uL) was dissolved in 0.5-2 mL of a water-miscible
solvent being the mixture rapidly injected into the investigated aqueous sample (up to 10 mL). The
fast injection of this mixture of organic solvents into the sample made the water-immiscible
solvent to be dispersed in the aqueous mass as small micro-drops. The promoted increase of the
interfacial area between both phases makes analyte phase transition into the organic extractant to
be fast and the equilibrium state to be quickly reached. The enriched organic phase is finally
separated from the aqueous phase by either centrifugation or frozen (depending on its density)
and, then, directly subjected to instrumental analysis (in general, by GC). As initially proposed, the
technique was suited for the enrichment of non-polar analytes from pristine aqueous samples. Its
application to the analysis of polar analytes required previous water pH adjustment and/or analyte
derivatization, the latter being usually performed in-situ or, preferably, by dispersion of the
derivatization agent together with the extractant.” ' ® The potential of DLLME for the
preconcentration and/or clean-up of analytes from diluted (in general, aqueous) extracts obtained
from (semi-)solid matrices has also been demonstrated by a number studies.®®”°

Whatever the goal of the analysis, DLLME can be considered a green, simple, fast and efficient
extraction and preconcentration technique (enrichment factors in the 100-900 range). However, it
is also a highly manipulative procedure for which even partial automation is difficult. In any case,
since its introduction one decade ago, DLLME has experienced a fast evolution and different
modifications to the conventional approach have been introduced to promote further
simplification of the process and/or improved efficiency and selectively, as it will be illustrated in
the next paragraphs.

The dispersive solvent can decrease the partition coefficient of analytes into the extraction solvent

and also complicate subsequent phase separation.”* However, its use can be avoided by
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application of an appropriate emulsifier force to the extraction system, for instances, by vortex
shaking or ultrasonic irradiation.”” Vortexing promotes a mild emulsification effect that has been
proved to be sufficient, for example, for the quantitative extraction of chloropyrifos and five
pyrethroids from snow water (recoveries, 72-102%; RSD better than 11%).” In this study, 30 pL
toluene were used as extraction solvent and added to 20 mL of sample. No salt was added and the
mixture was vortexed for 1 min. An 1-uL of the floated solvent was used for subsequent GC-
electron capture microdetector (GC-pHECD) for analyte determination. LODs of 3-10 ng L and
enrichment factors of 835-1115 were obtained. When ultrasounds are applied, emulsification is
achieved through cavitation, which is a more energetic process that breaks down the dispersed
extractant drops and generate smaller droplets immediately after disruption.”* The efficiency of
this emulsification process and the risk of analyte degradation (especially when using ultrasonic
probes) makes that short ultrasonication times (typically, a few min) were generally applied in this
type of procedure.

The range of high-density conventional organic solvents used in DLLME is essentially limited to
(not-really-environmentally-friendly) chlorinated solvents. Thereby, the interest for using
alternative low-density solvents resulted in the development of new DLLME approaches and novel
extraction vessels.”” In an interesting study involving a novel type of extraction vessel, the
efficiency of high- and low-density organic solvents for DLLME of a broad range of pharmaceuticals
using ultrasonic assisted emulsification were compared.”* Unfortunately, experimental results
demonstrated that, under the experimental conditions proposed, high-density solvents exhibited
better performance and reproducibility values than low-density solvents. The authors concluded
that the viscosity and interfacial tension of the solvent have a profound effect on the method
performance, and that its boiling point and solubility determined the volume of extractant
collected after DLLME, a variable that affected the reproducibility of the procedure. On the other
hand, despite the satisfactory results obtained for the analysis of aqueous sample, the method
failed in its application to more complex matrices, such urine and plasma, due to matrix
precipitation. None of the pretreatment procedures assayed to reduced matrix complexity before
DLLME contributed to improve this negative finding, something that evidenced the limitations of
this technique for direct analysis of relatively complex matrices. As previously indicated, in these

cases, DLLME usually performs better as preconcentration and/or purification technique.
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During the last years, DLLME has been greatly benefited from the use of alternative solvents
providing improved extraction efficiency and selectivity ’°. Some selected IL- and DES-based

DLLME application studies have been summarized in Table 1.

35-37 38, 39
d

Hydrophobic ILs, disperse or not in a co-solvent, have been used for the fast, green,

% or aromatic amines * from

simple and miniaturized extraction of heterocyclic insecticides
aqueous samples, sudan I-IV from diluted red wine and fruit juices,* or PCBs and PBDEs from
acidified and filtered water and urine samples.*® Strategies to promote IL emulsification when the
disperser is not used include fast reinjection of the IL-water mixture into the investigated

37 and the application of an auxiliary energy *" in a manner

sample,®® heating of the mixture,
similar to that previously described for conventional organic solvents. Despite the efficiency of
these emulsification approaches, the application of the required additional energy for heating,
cooling and/or shaking of the sample represents an extra treatment to be incorporated to the
analytical protocol. Up to now, three different procedures have been described to avoid these
time-consuming steps. The first one was in-situ solvent formation, which simultaneously avoided
the use of a disperser and contributed to improve the efficiency of the extraction process due to
the larger contact surface between the extraction solvent and the aqueous sample.”” The second
one consisted on the addition of unmodified magnetic nanoparticles to the IL-aqueous sample to
retrieve and separate the enriched IL from the mixture.”® Once the supernatant was removed, the
IL was desorbed from the nanoparticles by washing with an appropriate solvent and directly
subjected to instrumental analysis. The third approach is the so-called in-syringe IL-based DLLME
and required a simple plastic syringe as extraction unit. In this case, the extractant was rapidly
sprayed into the aqueous sample, which was contained in a 10 mL syringe unit, to promote fast
emulsion and analyte extraction. Then, the plunger of the syringe was slowly moved to the initial
point allowing the recovery of the IL from the wall and the lower part of the syringe while the
analysed aqueous sample was ejected from the unit. Finally, the enriched IL phase was recovered
from the syringe tip and subjected to instrumental analysis. The technique was fast, simple,
avoided the time-consuming centrifugation step, and had potential for automation. Its main
limitation was the difficulty of complete recovery of the IL (in the original application example,
only 30-40% of the IL was recovered), * which could negatively affect the reproducibility of the
process. Up to now, this technique has been used, for example, for the extraction of non-steroidal

anti-inflammatory drugs from acidified and filtrated urine,** benzoylurea insecticides from water
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and tea samples,” and sulfonamides from serum, this latter application requiring the application
of ultrasounds for IL emulsification and subsequent cooling of the sample for IL recovery.

041 magnetofluids,® or supramolecular systems,*”

The feasibility of other solvents, such as DESs,
382 for DLLME has also been evaluated in a number of interesting application studies. In general,
the approaches used in these investigations are similar to those previously described for DLLME
with magnetic nanoparticles and/or ILs, and shared with them advantages and limitations.
However, those involving DESs and supramolecular systems are usually characterized by short
extraction times (viz. 1-2 min), the possibility of extracting hydrophilic analytes over a wide range

of polarities and avoid the use of toxic solvents.® **

On the other hand, centrifugation of the
mixture is frequently mandatory to promote phase separation (although the possibility of frozen
of the mixture has also been assayed).”’ As a typical example of the enhanced selectivity and
improved enrichment provided by DLLME with these green solvents, Figure 2 shows the LC-
DAD/ESI-MS chromatograms obtained for a lake water and a 1:1 (v/v) diluted apple juice before
and after spiking at the 0.1 pg L™ level with diethofencarb and pyrimethanil and UA-DLLME with
0.05 mg of Teew 80. In this case, 20 pL of carbon tetrachloride were also added to the extraction
solution, which was ultrasonicated for 3 min at 25° C. Then, the emulsion was disrupted by 2 min
centrifugation at 350 rpm. The organic phase was sedimented at the bottom of the conical
centrifuge tube (10+1 pL) and collected for instrumental analysis of the two investigated
fungicides. The method provided recoveries in the 86-115% range, RSDs better than 8%, linear
response in the evaluated range of 0.05-2000 pg L™, and low LODs (0.01 pg L™?). Its potential for

the analysis of real matrices was illustrated by successful application to naturally contaminated

waters, including tap, lake and waste water samples.*

It is expected that the future development of novel (preferably green) solvents and
supramolecular systems with improved extraction capabilities will contribute to expand the

application fields of DLLME in coming years.

3. Sorbent-based extraction techniques
Most of the main miniaturized sorbent-based extraction techniques in use in laboratories, namely
miniaturized solid-phase extraction (SPE), solid-phase microextraction (SPME), and stir-bar-

sorptive extraction (SBSE), were developed years ago and, at present, they can be considered well-
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establish and accepted procedures for the treatment of gaseous, liquid, viscous and solid samples
and extracts. During the last years, conceptual additions to this field have been rather limited.
However, research concerning these techniques remains active through the development of novel
sorbent with improved features regarding selectivity, loading capacity or retention efficiency, with
special focus on analytes that were only slightly retained in previously available materials.
Thereby, sorbent-based extraction techniques have benefited from the advances achieved during
the last decade in other research areas, including the development of fine-tune solvents,
engineered materials and nanotechnology. In addition, some novel formats and configuration
have been introduced. Efforts have focused on the setting-up of systems allowing either
hyphenation between the extraction technique and the chromatographic instrument used for final
analyte determination, or to increase sample throughput. The feasibility of some techniques for in-
situ and in-vivo sampling has also been evaluated.

This section reviews the most relevant advances and main achievements reported in the last years

in the field of sorbent-based microextraction on the light of previous considerations.

3.1. Miniaturized solid-phase extraction

On-line SPE is a well-established technique that is routinely used in many laboratories for the
preconcentration and clean-up of analytes of different nature from aqueous samples.®?> On-line
SPE is typically performed by inserting a short stainless steel pre-column (10-20 mm x 1-4.6 mm
I.D.) or a miniaturized SPE cartridge (10 mm x 1-2 mm I.D.) packed with the appropriated sorbent
in a valves-system. After preconcentration and (when required) drying of the cartridge, analytes
are eluted from the sorbent with a small amount of an appropriate solvent (ca. 50-100 pL) and
directly transferred to the instrument selected for separation-plus-detection of the target
analytes. In most applications dealing with the analysis of organic compounds, 10 mL of the
investigated aqueous sample suffice for the accurate and sensitive determination of the analytes
at trace level even for complex matrices such as waste water. Nevertheless, depending on the
sorbent and the selected detection system, volumes as small as 1 mL 3 or as large as 100 mL of
sewage water (500 mL for pure water) can be loaded without breakthrough problems.® The entire
process takes place in a closed system, which minimizes sample and solvent consumption, avoids
sample manipulation and facilitates automated and unattended work. Specific details regarding

the on-line coupling of SPE with different chromatographic techniques and detectors have been
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5, 86, 87 and

discussed in more specific reviews to which the interested reader is addressed (
references therein).

Many types of SPE packing materials are nowadays commercialised and many other are
synthesized “in-house” to fulfil the demands of specific application studies. The choice of the SPE
sorbent must consider the nature of both the target compounds and the investigated sample and,
in the case of on-line SPE, its compatibility with the analytical column phase.

Silica and silica-bonded materials are still the most commonly used sorbent in SPE, including on-
line systems. Depending on the nature of the bonded group, packing materials are classified as
reversed-phase sorbents (C8 and C18), normal-phase sorbents (with e.g., NH, and CN), or ion-
exchange sorbents (either cationic or anionic). Other relevant sorbents include carbon-based
sorbents  and high  capacity porous  polymers, primarily  the macroporous
poly(styrendivinylbenzene) and, in particular, its different modifications with enhanced capacity
(hypercrosslinked sorbents), polarity (hydrophilic macroporous and hydrophilic hypercrosslinked
sorbents), or both simultaneously (dual-phase or mixed-mode sorbents). The improved features of
the later sorbents make them particularly suitable for the accurate isolation of polar and ionic
species from highly complex matrices through proper pH control of the matrix and desorption-

8.8 The analysis of trace pharmaceuticals in wastewater,®> drugs and metabolites in

solution(s).
plasma,® or amyloid B-peptides (early markers of Alzheimer’s disease) in cerebrospinal fluid *°
would be representative application examples of this type of analytical approach. Alternatively,
when dealing with the treatment of very complex matrices containing large amounts of interfering
species, compound-specific and class-specific sorbents based on molecular recognition, e.g.
immunosorbents, molecularly-imprinted materials (MIPs) and the more recently introduced

aptamer-modified surfaces, should be preferred.’**

Compared to MIPs and immunosorbents, the
preparation of aptamer-modified sorbents is fast and relatively inexpensive, avoids the use of
animals, and requires only minute amounts of the analyte used as template. Recognition can be
equally specific and the approach can be applied to both large (e.g., proteins)®* and small (e.g.,
ochratoxin A)*® molecules. Despite their many positive features, the number of application studies
involving the use of aptamers as recognition element is still relatively limited in the literature.

Immobilization of an IL onto a silica- or polymer-based support confers the sorbent multi-modal
type interactions that have been exploited in a number of applications during the last years.” > %
These materials showed a satisfactory loading capacity (up to 1 L) and a selectivity similar to or

better than that provided by conventional sorbents. In addition, polymer-based IL-SPE are stable
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through the entire pH range (unlike silica-based IL-SPE sorbents, which are typically limited to the
2-8 range). Detailed description on the different synthetic procedures used for their preparation,
in-deep discussion of the possible mechanisms governing IL retention on the sorbent support and
subsequent analyte retention in IL-based materials, as well as the most appropriate activation
protocols can be found in texts of a more specific nature.**®

Most of the IL-SPE sorbents synthesized up to now are based on imidazolium-based salts. When
applied to the analysis of ionizable and, in particular, anionic compounds, these functional groups
promote 1-1t and anion-exchange interaction, the intensity of the later depending on the nature of
the substitution and the length of the alkyl chain.”” Nevertheless, the nature of the anion has been
found to play also a relevant role in the fine-tuning of the retention mechanism. For example,
different extraction efficiencies were observed during preconcentration of acidic pharmaceuticals
from environmental waters in a series of IL-SPE based, i.e. VDC-DVB[MIM][BF,], VDC-
DVB[MIM][CF;CO0] and VDC-DVB[MIM][CF;SO;].”® While similar satisfactory results were
obtained with the two latter sorbents, the one containing [BF,] showed poorer retention
capability. The higher charge density in this ion compared to the other two was suggested to
promote a stronger interaction with the imidazolium groups, which resulted in a reduction of the
interactions with the test analytes.

Although anionic exchange in combination with reverse-phase interaction looks to be the most
rational mechanism for IL-based SPE,”® these materials has also been applied to the
preconcentration of analytes that did not contain any ionizable functional group. In this case,
hydrophobic interactions looked to become dominant, as illustrated for the SPE of 12
sulfonylureas herbicides from water and acidified soil extracts using a novel material obtained by
chemical immobilization of SilpR[MIM][PF6] on silica gel as sorbent.”® Although essentially similar,
and relatively large, recovery ranges were reported for both matrices (54-118% and 61-121% for
water and soil extracts, respectively), the IL-based SPE procedure showed a satisfactory
repeatability (RSD better than 11% in all cases), and an improved selectivity compared to the
commercial C18 SPE cartridges.

Equivalent studies reporting of the use of DESs and NADESs grafted on the surface of specific
sorbents to yield new materials with improved properties are still limited in the literature. In an

early exploratory study, Gan et al. '®

reported on the satisfactory performance of an anion
exchange resin grafted with ChCl:glycerol (1:2) for the selective trapping of a neutral aromatic

diterpene, cleistanthol, from Phyllanthus flexuosus root extracts (recovery, 82 %) compared with
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those observed for the raw sorbent (68 %) and conventional C18 (72 %). Apart from this enhanced
retention capability, the novel sorbent showed a improved selectivity for the target compounds
compared to the other two evaluated materials. Similarly, the modification of the graphene
surface with ChCl:ethylene glycol (1:1) showed a superior selectivity and a wrinkled structure that
resulted in enhanced sorbent capabilities during the determination of sulfamerazine from river
water than observed for the raw graphene. The high loading capacity of this novel DES-modified
sorbent (18.62 mg g') made that 2 mg of the material sufficed for the intended SPE
determination, which was performed in a pipette tip-format.'®

Interestingly, in a recent study dealing with the SPE of bioactive compounds from extracts
obtained from Artemisa Scopariae, the material resulting from the modification of the surface of a
hybrid molecular imprinted polymer (MIP) with a ChCl:glycerol (1:3), provided better recoveries of
the target compounds (i.e., rutin and quercetin) than when the MIP surface was modified with ILs
based on 1-methylimidazole.’® In a follow up study, the same authors observed that the use of a
ternary DES mixture (methyltriphenylphosphonium bromide:chalcone:formic acid, 1:0.1:2) for the
DES-MISPE process '® contributed to reduce the viscosity and melting point of the original binary
DES, while providing similar (for rutin, 92%) or better (for quercetin, 94% vs 80%) recoveries of the
investigated analytes. These results illustrated the potential of some these novel DES-modified
sorbents for selective preconcentration of minor compounds from complex extracts and open new

perspectives regarding the development of innovative SPE materials with improved features.

lonic surfactants can also be sorbed on the surface of active solids such as alumina, silica, titania,

1% |n the former structure, the

iron oxides and nanoparticles, as monolayers or bilayers.
hydrophobic tail of the surfactant is exposed to the sample solution. Thereby, the obtained
sorbent, called hemimicelle, would exhibit affinity towards non-polar analytes. On the contrary, in
the bilayer structure, called admicelle, the ionic tails of the surfactant are exposed to the sample,
making the sorbent more suitable for the preconcentration (i.e., adsolubilization) of polar species.
In any case, one of the most interesting features of these types of sorbents is their capability to
simultaneously extract analytes of divergent polarities and natures due to their amphoteric
nature. Alumina modified with admicelles of sodium dodecyl sulphate (SDS) and
tetrabutylammonium (TBA) was used as a mixed-mode sorbent to extract and preserve pesticides

with different functionalities from river and underground water. Triazines, carbamates,

phenylureas, anilides, chloroacetanilides, organophosphorus and phenoxyacids were considered in
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the study. Despite the well-known instability of most of these analytes, no degradation was
reported for a larger majority of the investigated pesticides after three months of storage of the
cartridges at -20° C in the darkness (recoveries in the 70-100% and RSDs better than 8%, except
for atrazine and simazine). Interestingly, up to 250 mL of sample were preconcentrated on the
cartridges, while analyte elution was performed with only 1 mL of THF for basic and neutral
pesticides, followed by 2 mL of 0.3 M NaOH:methanol (90:10, v/v) for the subsequent separate
elution of acidic pesticides.

Electrospun polymer nanofibers (NFs) and CNTs have also been evaluated as SPE sorbents.® '
The large surface areas of these nanomaterials resulted in a very large surface-to-volume ratio,
which turned in improved retention capacities even if only a few mg of sorbent were used for SPE.
The possibility of improving the selectivity of these nanomaterials by modifying their surface is
another interesting feature that has been exploited in several recent application studies. For NFs,
typical representative examples include the use of polyamide NFs for the on-line SPE of clodinafop
propargyl from water, soil and wheat samples,’® and the development of hybrid composites by
immobilizing aptamers specific for the protein thrombin on a polymeric polystyrene-poly(styrene-

197 CNTs have been used for the analysis of non-polar analytes, for

co-maleic anhydride) nanofiber.
which this sorbent shows a selectivity similar to that observed for other carbon-based materials,
but with improved concentration capacity. (As an indication, it can be mentioned that MWCNPs
are able to adsorb up to 10* more 2,3,7,8-tetrachorodibenzo-p-dioxin than conventional

18 CNTs can also retain highly polar and ionic compounds and its surface can be easily

carbon.)
modified by chemical reactions to tune relevant properties of the sorbent, such as polarity,
hydrophilicity, or surface affinity.’®® Interestingly, several studies have reported in the possibility of
modifying the surface of vinyl-functionalized MWCNTs by incorporation of MIPs synthesized in-
situ. The approach have been proved to be effective for the extraction of analytes such as

chlorphiriphos '*° or erythromycin ™ from relatively complex extracts with minimum sorbent

demands and solvent consumption.

3.2. Micro-extraction by packed sorbent
Micro-extraction by packed sorbent (MEPS) is a modification of SPE in which a small amount of
sorbent packing material (ca. 1 mg) is placed at the top of a syringe needle and used to

concentrate analytes by successively withdrawing and ejecting the investigated aqueous matrix
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(typically, 10-250 pL). Because of the small volume of solvent used for analyte desoption, the
technique is suitable for hyphenation with GC, LC and CE. Sorbent materials for MEPS are similar
to those used for conventional SPE, although special phases like tailor-made materials (e.g.,

U415 can be particularly suitable for this

MIPs)"* ™3 and carbon-based engineered nanomaterials
approach. Depending of the complexity of the matrix investigated and on its (possible)
pretreatment before MEPS, reusing of MEPS fibers up to 100 times can be possible.'** MEPS can

13 or using robotic and/or automatic platforms,'® which

be performed either manually
contributes to increase not only sample throughput, but the performance and accuracy of the
sample preparation process.

Since its introduction in 2004, the technique has been used for the determination, for instances, of
micropollutants, personal care products and pharmaceuticals of divergent nature in

13, 17119 yowever, as for other sorbent-

environmental waters, biological matrices and foodstuffs.
based techniques, MEPS of solid samples is only possible after extraction of the target analytes
from the investigated matrix. In addition, depending on the packing sorbent used, previous solvent
exchange can be mandatory. In other words, in these types of applications, MEPS is used as a fast
preconcentration technique rather than as a pure extraction procedure. The high complexity of

some of these extracts may also make advisable the use of highly selective packing materials that

113 120
T

contribute to enhance the specificity to the process, such as MIPs ~ or IL-modified sorbents. o
our knowledge, no study reporting on the feasibility of DES-modified sorbents on the MEPS format

can be found in the literature up to now.

3.3. Miniaturized dispersive solid-phase extraction

As evidenced in previous sections, the development of new materials for SPE with improved
loading capabilities have contributed to significantly reduce of amount of sorbent require for many
applications. This has made possible the scaling-down of the dispersive solid-phase extraction (d-
SPE) process yielding a miniaturized version of this technique. Miniaturized d-SPE relies on the
improved sorption capacity provided by some of the recently introduced sorbents, in particular,
nanomaterials. Among them, MWCNTSs are frequently preferred as dispersive sorbent because of
their large active area and amazing absorption capacity. However, the high affinity of this type of
sorbent for compounds of very different nature has frequently made necessary the use of a co-
sorbent(s) for simultaneous clean-up. This aspect becomes particularly relevant and evident when

dealing with the analysis of trace analytes in relatively complex matrices, although its intensity can
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vary sharply depending on the nature of the target compound. Hou et al. **

compared the
dynamic linear range and scopes of solution and matrix-matched calibration lines prepared from
tea extracts subjected to d-SPE with 6 mg of MWCNTs and 150 mg of PSA for simultaneous
extraction and purification of selected pesticides. The authors concluded that, while matrix effect
was negligible for some pesticides, for others the use of matrix-matched calibration was highly
advisable. In any case, the use of PSA as co-sorbent was mandatory in all cases.

As an alternative, surface modified materials can be prepared for improved selectivity. In this field,
the use of magnetic nanoparticles (NPs) represents a particularly attractive alternative as these
materials can easily retrieved from the extraction solution by applying an external magnetic field
so avoiding the laborious and time consuming centrifugation or filtering step required for sorbent
isolation after d-SPE.**> '** As an illustration of the typical research carried out in this fields and of
the potential of the approach, Deng et al. *** have recently reported on the efficiency of amine-
functionalized magnetic NPs and MWCNTs (MNPs/MWCNTs) composites for the fast
preconcentration and clean-up of pesticides also from tea extracts. Amine functionalized magnetic
NPs exhibited weak anion exchange property and, consequently, they may interact strongly with
various polar organic acids. Meanwhile, MWCNTSs are able to retain large amounts of pigments
and sterols. Composites with a MWCNTs:MNPs ratio of 3:7 were found to provide adequate clean-
up of the tea extracts and appropriate pesticide recoveries (in the 73-103% range) and
repeatabilities (RSDs lower than 13%), with LOQs below 0.08 mg kg™ when using GC-MS for final
determination. In another application example, graphene was chemically immobilized on the
surface of silica-coated Fes;0; nanocomposite and used for enrichment of carbamates from
cucumber and pear. In this case, d-SPE was done after minimum sample treatment (viz,
centrifugation and filtration of the supernatant) and LODs below 0.2 ng g"* were obtained using LC-
UV/Vis.'* Other examples involving the modification of NPs with ILs can also been found in the
recent literature.'”

Improved specificity can be achieved by the synthesis of molecularly-imprinted MWCNTSs. This
approach has been used by Zang et al.,"*® who reported on the use of magnetic NPs of Fe;O,
coated with molecularly-imprinted MWCNTSs for the determination of bovine serum albumin (BSA)
in buffered solutions and bovine serum samples. Sorbent characterization by scanning electron
microscopy and Fourier transform infrared spectroscopy suggested that MIPs were successfully
immobilized on the surfaces of the MWCNTs and that MIPs were located close to the sorbent

surface (Figure 3). A small amount of this sorbent, 10 mg, sufficed for quantitative and specific
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recovery (92-97%; RSD, below 4%) of BSA from 10 mL of the aqueous sample. The maximum
capacity of the sorbent was estimated to be 52.8 mg g”, and the time required to reach
equilibrium at ambient temperature 40 min. Once the extraction step was completed, the sorbent
was easily retrieved by the application of a magnetic field and washed with Tris-HCI buffer solution
(10.0 mmol L, pH 7.0) containing 3.0 mmol L™ NaCl to remove the non-specifically adsorbed
protein. The specifically adsorbed protein was subsequently recovered with 5.0 mmol L™ NaCl.

Again, due to the relatively recent introduction of DESs, only a few examples on the performance
of DES-modified sorbents in the d-SPE format can be found in the literature. In our opinion,
Ghorbanian’s group proposed one of the most interesting approaches, which has been evaluated
for the determination of traces of nitrosaromatic explosives 2’ and organochlorine pesticides * in
aqueous samples. In these studies, the authors prepared a colloidal gel of magnetic carbon
nanotube and DES that was used for d-SPE of the target compound. In this gel, the DES, which was
compatible with GC, acted simultaneously as both carrier and stabilizer for the magnetic
nanotubes, which allowed their easy and fast dispersion on the bulk sample without any extra
shaking of the mixture. The impressive enrichment factors achieved (roughly in the 250-400 range)
and low LODs (in the ng L™ range) demonstrated the feasibility of the optimized methodologies for

the intended determination.

An alternative format for miniaturized d-SPE consisted on the loosely packing of a small amount of
an appropriate sorbent on a disposable pipette tip in between two frits. The liquid sample (or
extract) is aspirated into the tip and the sorbent-analyte interaction improved by air bubbling
turbulence. After a preselected extraction time of typically less than 1 min, the liquid phase is
ejected and, if required, the process repeated. Then, a small volume of the extraction solvent is
aspirated and the target analytes eluted out of the column. The method is fast, simple, easy to
automate, full-fills the principles of green chemistry (viz, minimum reagent and energy
consumption, and reduced waste generation) and, due to its features, it is particularly suitable for
the treatment small-size samples. The technique, so-called disposable pipette extraction (DPX),

129

was initially assayed for the preconcentration of drugs from biological fluids,”” and of pesticides

from fruits and vegetables extracts.”®® However, current applications include, for example, the
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rapid multiresidual analysis of pesticides and explosives residues,”®* or the purification of

133

complex biological extracts during the analysis of PCBs *** and antibiotics."*
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The possibility of preparing a home-made 36-syringe d-SPE array by packing of the sorbent in a

syringe barrel has recently been investigated by Zhu et al.’®

The system was applied to the fast
extraction of endogenous cytokinins from O. sativa. The large surface area of the mesoporous
silica fibers used as sorbent allowed quantitative recovery of the target compounds with only 15
mg of sorbent. This sorbent format simultaneously contributed to increase solvent flow-rates due
to the low back-pressure inside the syringe. Efficient sorbent-sample contact and fast mass
transfer was ensured by vortexing of the mixture in the syringe. Under optimized conditions,
sample extraction of the analytes from the plant extracts was completed in only 4 min and
recoveries in the 77-107% range were reported. The batch-to-batch reproducibility was

satisfactory, with RSDs below 13%. All together would demonstrate the potential of this type of

sorbent for miniaturized, high throughput, and fast sample preparation on array platforms.

3.4. Solid-phase microextraction

SPME was introduced as a miniaturized (virtually) solvent-free technique for preconcentration
and/or purification of analytes from gaseous, liquid, viscous and solid samples. In its most popular,
widely-used format, SPME consists of a fused silica or metal-wire support coated with an
appropriate sorbent layer into which the analyte(s) is(are) adsorbed by simple exposure of the
fiber for a preselected time to the head-space above the sample (HS-SPME), or alternatively by
direct immersion into the investigated aqueous sample (DI-SPME). SPME is an equilibrium (i.e.,
non-exhaustive) technique and, similarly to other non-exhaustive techniques previously revised,
analytical strategies such as stirring, heating up or derivatization of the sample are common
practices to speed up the analyte transfer from the matrix to the SPME fiber coating. Rapid
acceptation of the technique as a simple, green, reproducible, and miniaturized methodology that
could be applied to the analysis of analytes of widely divergent nature contributed to expand its
application to different research areas. Today, full automation of the SPME process can be
achieved through a number of systems (e.g., autosamplers) and different platforms allow on-line
coupling of SPME with GC-MS * and LC, the latter primarily through the in-tube SPME

configuration.” %

For high throughput analysis, novel SPME multi-well-plate-based formats has
been introduced in recent years.’® Improved features of the multi-well-plate formats over
conventional automatic fiber and in-tube SPME include reduced solvent consumption, low cost,

140

reusability, improved selectivity, and compatibility with small-volume samples.”™ The original

automated rod-based 96-well-plate system *** evolved rapidly to a thin-film configuration that it is
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now commercialized as the Concept 96 SPME robotic sample preparation system.*** %

Compared
to the rod-based format, the novel blade format used for SPME in thin-film microextraction
(TFME) contributed to increase the surface area of the solid support exposed to the sample. This
resulted in an improved mass transfer due to the more favorable extractive phase volume (ca. 3.5-
folds compared to the original rod-based design). In addition, blades allowed a more effective
sample agitation. As a consequence, the technique provided improved sensitivity without
sacrifying time. TFME format also simplified direct coupling with other instrumental techniques, in

136,144 On the other hand, complete immersion of the coating into the sample

particular, with MS.
obliged to increase the minimum sample volume up to 0.8-1.8 mL, and the same consideration
applies for the amount of solvent required for analyte desorption. In other words, the practicality
of the technique for handling size-limited samples becomes somehow compromised.**® Thereby,
for this type of applications, the in-tip SPME format can be considered a more adequate format.
This configuration consists of a SPME fiber positioned inside a disposable pipette tip and kept in
place with a polyethylene frit, although for enhanced extraction efficiency monolithic phases

prepared in situ can also be used. The former approach is named fiber-packed in-tip SPME,'*

148,197 1 both cases, sorbent conditioning and sample

while the latter is known as pipette-tip SPME.
preconcentration and desorption is achieved by successive aspiration and ejection cycles in a
manner similar to in-tube SPME. Consequently, although adequate for the handling of small-size
samples (0.1 mL sufficed for some applications), its format prevent from application to the
treatment of relatively complex matrices. The technique, including its 96-plate format, can be fully
automated using conventional automation systems existing in most laboratories for liquid
handling which, in principle, should facilitate its setting-up and adoption. As in pipette-tip SPME,

d,"* and complete sample

the aspiration speed do not affect the precision of the metho
preparation times in the 2-6 min range have been reported for 96 samples using monolithic
sorbents.* For in-deep discussion of the principles and relative merits of these two approached
for high-throughput analysis, including in-vivo applications and devices, as well as emerging
application fields, the reader is referred to reviews of a more specific nature.***

Similarly to that observed for other sorbent-based techniques, during the last years, SPME has
increasingly turned to the refinement of the analyte retention modes through the development of
new coatings materials. Achievements in this field have simultaneously contributed to solve some
of the most pressing shortcomings of conventional sorbents and to expand the scope and type of

application studies afforded with SPME.™* The development of biocompatible materials ** **°
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allowing in-vivo studies through the design of a disposable device with a hypodermic needle
housing the fiber,"® or of disk thin films for in vivo saliva sampling **’ are considered remarkable
and illustrative examples in this sense."

Today, apart from the originally introduced non-polar polydimethyl siloxane (PDMS), semi-polar
polydimethyl siloxane—divinylbenzene (PDMS-DVB), polar polyacrylate (PA), Carbowax-—
divinylbenzene (CW-DVB) liquid-like phases, coated porous particle phases such a polydimethyl
siloxane—Carboxen (PDMS—Carboxen), poly(3-methylthiophene) and Nafion are commercialized.
Conductible polymers, in particular polyaniline- (PANI), polypyrrol- (PPy) and polythiophene- (PT)
based phases, have been proved to be effective alternatives for the preconcentration of volatile,
polar and ionic compounds from aqueous matrices.””® Nevertheless, despite the (in many
occasions) tailored properties of these fibers, their use remains somehow limited. In recent years,
the possibility of improving the analytical performance and thermal stability of these coatings by
the incorporation of nanomaterials to their preparation has been evaluated. Mehdinia and
Mousavi **° prepared a nano-structured PANI coating for the first time in 2008. Results revealed
that this SPME coating showed higher extraction efficiency for PCBs than the micro-structured
PANI coating due to its nanostructure. When this material was electrodeposited in microemulsions
containing [BMIM][PF¢], a composite SPME fiber with excellent preconcentration capability for
organochlorine pesticides (OCPs) from the HS of the investigated aqueous samples was
obtained.’® The fiber was cheap and easily to prepare (reproducibility between fibers as RSD was
below 11%), exhibited a high thermal stability (up to 350 °C) and, according to the authors, it could
be reutilized for more than 250 times without any obvious decrease of the extraction efficiency.
For this particular application, its analytical performance was superior to that provided by
conventional PANI and PDMS SPME fibers. Similar advantageous features were observed when
PANI was modified with MWCNTSs.*" In this case, the electrodeposited coating film had a porous
structure with higher specific surface area, and enhanced adsorption capacity than the PANI fiber,
as illustrated for the HS-SPME of phenolic compounds from aqueous samples (recoveries in the
87-112% range; RSDs below 7%; fiber-to-fiber RSD, lower than 12%). The chemical binding
between the Pt substrate and the coating, and the interaction of PANI with the CNTs resulted in a
material with high thermal stability (up to 320 °C) and excellent re-usability (each fiber could be
used more than 250 times). Essentially similar conclusions were drawn from a close-related
application study involving a PPy-grafene composite fiber and phenolic compounds as target
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analytes. In this case, the coating thickness (20-30 um) was controlled through the
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polymerization time. The extraction efficiency of the PPy-graphene coated fiber was superior to
those of CAR/PDMS, PA, PPy, and PPy-graphene oxide. Results reported up to now proved the
potential of unexpensive non-covalent procedures for the preparation of thermally stable,
homogeneous and high capacity graphene-based SPME coatings. Nevertheless, the improved
mechanical stability conferred to the fiber by convalent bonding methods may envisage an
increase in research in this field in future.

Siliceous nanoparticles and CNPs are receiving increasing attention as SPME fiber coatings due to
their large specific surface area and high adsorption capacity. Different procedures can be used for

163 and, although

their physical and chemical immobilization on the supporting fiber surface
efficient extraction properties have been reported for the unmodified material, their chemical
modification frequently resulted in improved adsorption capability or selectivity.'®” '*> This
becomes particularly true when MIPs are immobilized on the surface of the fiber coating.” Liu et
al. *® reported on the benefices derived from combining the high selectivity associated to the use
of MIP as shape-selective recognition element with the improved extraction efficiency achieved by
applying an electrochemically controlled SPME to the extraction of ionic compounds, such as
fluoroquinolone antibiotics, from urine and soil extracts. In this study, the authors used a
molecularly imprinted polypyrrole/MWCNTs composite coating deposited onto a Pt wire. The
application of a current potential to the MIP-PPy/MWCNTs/Pt fiber, which was used as working
electrode in a standard three-electrode system, promoted the electrophoretic transfer of
fluoroquinolones to the coating surface, from which they entered shape-complimentary MIP
cavities by hydrogen-bonding and ion-exchange interactions. The preconcentrated analytes were
subsequently desorbed by elution with 400 pL of a methanol:acetic acid (80:2, v/v) solution and
the enriched solvent analysed by LC-UV. Despite the satisfactory performance and selectivity of
the SPME process (recoveries, 85-94% for the urine samples, and 90-96% for the soil extracts;
average RSDs, below 7%; and LODs lower than 2 pg L), it should be mentioned that the
preconcentration step length for 60 min.

As for SPE, when ILs are immobilized onto the surface of a SPME fiber, they lose their liquid
nature, but provide the modify sorbent with a number of properties that have already been

exploited in a number application studies and highlighted in several review papers.” ***

Physical
sorption of IL onto a SPME fiber resulted in relatively weak interactions that negatively affected
coating integrity and extraction capacity in direct immersion applications and also limited the

possibility of fiber reutilization. The enhanced stability achieved by chemically bonded IL-based
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fibers contributed to solve these shortcomings, as demonstrated in the pioneer study by Amini et
al.’ In that study, the performance of a newly synthesized IL, 1-methyl-3-(3-trimethoxysily!
propyl) imidazolium bis(trifluoromethylsulfonyl) imide, cross linked to the surface of the fused-
silica fiber, was compared with that of the equivalent physically coated fiber during the HS-SPME
of methyl tert-butyl ether (MTBE) from gasoline. The chemically IL-modified fibers showed
improved thermal stability (working temperature up to 220 °C vs 180 °C in the physically coated
fiber), reproducibility (RSD, 9% vs 12%; n=6), and could be reutilized up to 16 times while
physically coated fiber reutilization was not possible. IL-based fibers with enhanced thermal and
chemical stability have been prepared by using the sol-gel methodology.'®® Improved selectivity
and stability was also achieved by developing functionalized ILs. Although this approach can

%9 it has also been demonstrated to be a valuable

certainly complicate the synthesis process,
alternative that can contribute to expand the applicability of IL-based fibers.'**

Despite the improved features of some of these materials, the remaining limitations made the
synthesis of so-called polymeric IL (PIL)-based coatings to be considered at present as one of the
most valuable alternatives to prepare IL-based fibers with improved thermal and chemical
stability, reproducible films and lifetimes comparable to those of conventional SPME films.? PILs
are synthesized from IL. monomers and exhibit intrinsic polymer characteristics while retaining the
tunable chemical features of ILs. In general, they are structurally polyelectrolites insoluble in
water, which made them feasible for direct immersion SPME. In a series of illustrative examples,

Anderson’s group '7°

proposed the use of the PIL poly(1-vinyl-3-hexadecylimidazolium)
bis[(trifluoromethyl)sulfonyl]imide (poly([VHDIM][NTf,]) as a novel SPME fiber coating material for
the DI-SPME of eighteen pollutants, including polycyclic aromatic hydrocarbons (PAHs) and
substituted phenols, from waters with satisfactory results. Functionalization of the PIL with benzyl
groups to yield poly(1-4-vinylbenzyl)-3-hexadecylimidazolium bis[(trifluoromethyl)sulfonyl]imide
(poly([VBHDIM][NTf,]) enhanced m—mt interactions between the sorbent coating and the target
analytes. This resulted in an impressive selectivity towards the extraction of particular PAHs
compared to the not functionalized PIL [poly(1-vinyl-3-hexadecylimidazolium
bis[(trifluoromethyl)sulfonyl]imide), poly[HDIM][NTf,]], and substantially lower LODs: 0.003—0.07
pug L™ for poly([VBHDIM][NTf,] vs 0.2-0.6 ug L™ with poly[HDIM][NTf,] and 0.1-6 pg L™ with PDMS.

Replacing of the hydrophobic counter-anion used in these PILs by CI, as in poly(1-vinyl-3-
hexylimidazolium chloride) (poly[VHIM][CI]), reduced the coating solubility in organic solvents and
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improved their affinity for polar compounds.™" Unfortunately, this simultaneously reduced their
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thermal stability of the fiber so compromising the possibility of reutilization. Preparation of

d.'? Despite the promising results, the

chemically-bonded PILs has also been investigate
fabrication procedures of this type of fiber should still be improved to increase fiber-to-fiber
reproducibility and their average lifetime.

In-deep discussion on the advantages, remaining shortcoming and future perspectives on the use

of these and other sorbents can be found in recent review papers.'® **17

3.5. Stir-bar sorptive extraction

Stir-bar sorptive extraction (SBSE) is another interesting, miniaturized, simple and environmentally
friendly extraction technique. In its most common format, a magnetic stirring rod contained in a
glass jacket covered with an appropriated sorbent is directly immersed in the investigated liquid
sample or matrix extract for analyte preconcentration for a preselected (in general, fairly long)
time. Afterwards, the stir-bar is retrieved from the sample, dried and the analytes desorbed from
the enriched sorbent phase by either thermal desorption in the injection port of the GC, or by
elution with a (small) volume of an appropriate solvent for subsequent separation-plus-detection.
The SBSE rod can also be exposed to the HS of a vial containing a gaseous, liquid or solid sample,
but this approach is much less common. The amount of phase involved in SBSE is ca. 100-fold
larger than that used in conventional SPME. Hence, an improved phase ratio is achieved, which
yields improved extraction efficiency and lower LODs compared to SPME. At present, SBSE is
considered a well-stablished and accepted technique in application fields such as environmental
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and food analysis and, in less extension, pharmaceutical and clinical research (*"* and references

therein).
Irrespective of the SBSE format, for years, the main shortcomings of the technique were the
limited number of commercially available coatings (initially restricted to PDMS), and the difficulty
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of full automation.””” The latter remains as a handicap for the technique. However, efforts made in

the former field resulted in the development of, primarily, dual-phase/hybrid twisters, in which
the conventional PDME phase was combined with another sorbent to increase the selectivity
and/or efficiency of the extraction process.”’® Later on, novel coating materials with improved

177, 178
d,

analytical features were introduce although not all of them are commercially available.'”

Alternatively, novel working modes for simultaneous extraction of analytes with different polarity,
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such as multishot,! sequential extraction,™ ice concentration linked with extractive stirrer

(ICECLES),*®" 8 or solvent-assisted SBSE;'®® and new SBSE configurations, such as dual-solvent
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SBSE, in which the organic phase was confined to a pair of hollow-fiber membranes fixed on a stir
bar,*® has been investigated. The feasibility of SBSE with in-situ and in-tube derivatizacién, as well
as in-situ deconjugation has also been demonstrated and discussed in different recent review

articles.178, 185, 186

Despite the improved extraction efficiency provided for some of these
approaches compared to conventional SBSE (see Figure 4 for a typical example involving SA-
SBSE),™®® final acceptation of these new SBSE-based working modes for general application studies

looks to be rather different.’*

Apart from this, a variety of novel coating materials have been assayed as SBSE sorbents during
the last decade. Among then, monolitic materials have demonstrated to be particularly suitable
for SBSE. Apart from the simplicity and low cost of theit preparation, these sorbents show high
permeability, which favors mass-transfer and contributes to reduce the extraction time. In a

recent study,187

the potential of a novel polar monolithic coating, poly(PEGMA-co-PETRA),
obtained by copolymerization of monovinyl monomer poly(ethylene glycol) monomethacrylate
(PEGMA) with pentaerythritol triacrylate (PETRA) as cross-linking agent, was evaluated for the
simultaneous extraction of a group of polar and non-polar emerging microcontaminants from
synthetic water. The promising results reported encourage research in this field and further
evaluation by application to the analysis of more complex matrices. The application of sol-gel
technology to the preparation of SBSE coatings resulted in phases with improved thermal and
chemical stability, low bleeding, and relatively long lifetime due to the strong adhesion achieved

between the coating and the glass surface.'®

The facility to introduce chemical groups with
different functionally during the preparation of the coating material is an additional advantage
associated to this methodology. A novel IL-bonded sol-gel stir bar coating was prepared by
chemically binding an n-vinyl imidazolium-based ILs, [AIM][BF,], to the surface of bare stir bar with
KH-570 as bridging agent. The material showed a satisfactory mechanical strength and durability
and provided recoveries in the 81-116% range for nonsteroidal anti-inflammatory drugs (i.e.,
Ketoprofen, naproxen and fenbufen) after 30 min of SBSE from the test water.'®® Application to
more complex liquid or viscous matrices required previous sample pretreatment, such as dilution

and filtration in the case of urine, or defatting and protein precipitation for milk. For these types of

application studies, coatings with more selective recognition capabilities, as those based on

189 92,190

biocompatible RAM ~*” or, even better, MIP coatings, should be preferred.
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As already shown for other sorbent-based techniques, SBSE has also been beneficed by advances
achieved in the nanomaterials science. As a representative example, it can be mentioned the
development of a poly(ethylene glycol dimethacrylate)-graphene composite as SBSE coating.'**
This new material was used for the preconcentration of PAHs from aqueous samples. Compared to
the neat polymer, the graphene-polymer composite material showed a much higher specific
surface area (i.e., 4.4-folds increase) and improved affinity for the test compounds. In another
study,'*? an amino modified MWCNTs/polydimethylsiloxane (MWCNTs-4,4'-
diaminodiphenylmethane/polydimethylsiloxane, MWCNTs-DDM/PDMS) was synthesized, and
utilized for the SBSE of phenols from environmental water and soil samples. Under optimized
conditions, the proposed method showed a liner response over three ranges of magnitude,
adequate LODs in the 0.1-1.8 pg L™ range, and provided enrichments factors as large as 63 for
some of the target compounds.

Modified magnetic NPs have also been evaluated in the preparation of SBSE coating with
improved features. In contracts to their non-magnetic homologues, magnetic NPs can move (and
so be efficiently isolated) by application of an external magnetic field. In a recent study, lipophilic
oleic acid-coated cobalt ferrite (CoFe,0,@oleicacid) magnetic NPs were used as hydrophobic
coating physically supported on a neodymium-core stirring bar to yield a SBSE modification that
combined the principles of this techniques with those of d-SPE. This novel analytical was named

stir bar sorptive-dispersive microextraction (SBSDE).'”* %3

In a typical experiment, the coated
magnetic stir bar was immersed into a sample solution. As long as a relatively slow stirring rate
was applied, magnetism was strong enough to retain the modified magnetic NPs attached to the
bar surface. Under these conditions, the extraction was performed in a similar manner as SBSE. As
stirring rate increased, centrifugal forces increased and, at a certain point, the NPs were dispersed
into the aqueous solution and extraction was afforded alike d-SPE. Once the extraction time was
completed, the stirring process finished. At this point, the strong magnetic field of the stir bar
prevailed again and the dispersed magnetic NPs were rapidly retrieved. Then, the stir bar was
collected and the preconcentrated analytes were back-extracted into an appropriate solvent for
subsequent chromatographic separation and detection. The performance of this novel SBSE-based
approach was illustrated by successful application to the analysis of eight common UV-filters in
seawater. The method showed good analytical features in terms of linearity, enrichment factors

(11-148), LODs (low pg L), intra- and inter-day repeatability (RSD < 11%), and relative recoveries

(87-120%). More importantly, it demonstrated the practical potential of this new and suitable
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approach that can easily adapted for application in other studies, so contributing to expand the

potential of SBSE in near future.

4. Conclusions

Progress done during the last decades in the field of sample preparation has yielded a number of
novel, and frequently miniaturized, techniques that have contributed to green this part of the
analytical process. These techniques have contributed to solve, at least partially, some of the most
pressing shortcomings of conventional (i.e., large-scale) sample treatment procedures, viz.
consumption of large amounts of sample, reagents and energy, slow analytical response time, and
wastes generation. Today, sample preparation can be completed with minimum sample
manipulation, in a short time and, in many instances, in an unattended and/or hyphenated
manner, especially in the case of aqueous matrices. Novel sample preparation techniques are also
better suited for the treatment of size-limited samples and, when combined with an appropriated
instrumental system, proper analyte detection and quantitation is possible even at the low-trace
level. In recent years, these novel techniques have greatly benefited from advances achieved in
other research areas, especially those related to the development of new materials and
nanotechnologies. Investigation on the feasibility of new safe and non-toxic extraction media with
improved analytical features, with IL, DES, and supramolecular solvents as representative
examples, is a recognizable trend in this field that effectively contributes to the greening of the
sample preparation procedures. However, as demonstrated in this text, despite their many
positive analytical features of most of these novel analytical approaches and techniques, problems
remain, so limiting the general acceptation and wide use of some of these approaches and

techniques; but also stimulating further investigation in active research area.
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Table 1. Selected SME application studies involving the use of extractants alternative to conventional VOSs.

Sample Analyte Technique Extractant (L) Extraction Recovery Instrumental Ref.
time (min) | (RSD) technique
(%)
Vegetable oils | Phenolic acid | UA-LLE * chcl?: 15 95-113 LC-UV-Vis 13
ethylene glycol
(1:2)
Sesame oil Lignans UA-LLE ChCl:p-cresol 35 97-120 LC-UV-Vis 12
(1:2)
Soft beverages | Caffeine Automated ChCl:phenol - 101-104 LC-UV-Vis 26
and tea LLE (1:3)
Leaves of | Volatile HS-SDME ChCl: ethylene | 30 79-103 GC-FID? 27
Chamaecypari | active glycol (1:4)
s obtuse terpenoids
Digested fish Trimethylami | HS-SDME (CdSe/ZnS QDs)- | 2 92-106 (4) Spectrofluorime | 28
ne [CeMIM][PFq] * try
(20)
Ground, lake | Sulfonamide | DI-SDME [CsMIM][PF] ° 20 64-116 (4-10) | LC-UV 29
and pool | s (10)
water
Digested dried | 2-Amino-3,8- | DI-SDME [BMIM][PF¢] © + | 30 90-95 (3) CE-DAD’ 30
sausage dimethylimid 0-NC + c-CNT
azo[4,5- (4)
flquinoxaline
Ground, Chloropheno | DI-SDME Decanoic acid 60 79-106 (4-6) LC-DAD 31
surface  and | Is (30)
wastewater
River water BTEX HF(2)ME [BMIM][PF] 30 90-112 (1-5) GC-FID 29

(8)
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Rain and river | PAHs HF(3)ME [BMIM]CI 15 91-110 (3-7) LC-DAD 32
water (10)
River and farm | Sulfonamide | HF(3)ME [CsMIM][PF¢] 480 82-103 (0.2-7) | LC-UV 33
waters s with 14% (w/v)

TOPO
River and tap | OPPs® SBME ° [CsMIM][PFe] 60 87-104 LC-UV 34
water (1-3)
Tap, lake and | Heterocyclic | DLLME [CsMIM][PFg] in | - 79-106 (4-11) | LC-DAD 35
fountain water | insecticides MeOH

(52 mg)
River  water | PCBs % | TC-DLLME [CsMIM][PF¢] in | 3 81-127 (1-6) LC-DAD 36
and urine PBDEs MeOH

(40)
Infant formula | Sulfonamide | UA-TC-DLLME | [CsMIM][PF¢] in | 15 90-115 (2-8) LC-DAD 37
milk powder S 13 [C,MIM][BF,] ™

(70)
Tap, river and | Aromatic DLLME [BMIM][PF] - 93-106 (6-10) | LC-UV 38
waste water amines (50)
Red wine, fruit | Sudan dyes DLLME [CsMIMI[PFg] 10 68-108 (1-6) LC-DAD 39
juices (50)
Fruit juice, | Pesticides TC-DLLME ChCl:p- 5 56-93 GC-FID 40
vegetables chlorophenol (3-5)

(1:8.5; 142)
Food Curcumin VA-DLLME ® | ChCl:phenol 2 96-102 LC-UV-Vis 41
supplements, (1:4; 400) (1-6)
herbal tea
Tap, lake and | Fungicides UA-DLLME Tween 80 3 86-115 (4-8) LC-DAD/ESI-MS | 42
waste  water (0.05 mg) 16
and fruit juice
Water OPPs VA-DLLME Triton X-100 3 82-99 (3-8) GC-FPD ¥ 43
samples
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Urine

Non-
steroidal
anti-
inflammator
y drugs

In-syringe
DLLME
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(250)
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100-106 (3-9)

LC-Uv
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! UA-LLE: ultrasonic assisted-LLE; ®> ChCl: choline chloride; ® FID: flame ionization detector; * [CsMIM][PF]: 1-hexyl-3-methylimidazolium
hexafluorophosphate; > [CsMIM][PFg]: 1-octyl-3-methylimidazolium hexafluorophosphate; ® [BMIM][PFe]: 1-benzyl-3-methyl-imidazolium
hexafluorophosphate; ’ DAD: diodo array detector; ® OPPs: Organophosphorus pesticides; ° SBME: solvent bar micro-extraction; ° PCBs:
polychlorinated biphenyls; ' PBDEs: polybrominated diphenyl ethers; ' TC-DLLME: temperature controlled-DLLME; ** UA-TC-DLLME: ultrasonic-
assisted temperature controlled-DLLME; ** [C,MIM][BF,]: 1-butyl-3-methyl-imidazolium hexafluorophosphate; *> VA-DLLME: vortex assisted-

DLLME; *® ESI-MS: Electrospray ionization-mass spectrometry; *’ FPD: flame photometric detector.

44



Decanoic acid P
N\Myﬂmﬂ
\ bond
Hydrophobicy (')“

Ffammonium

e

Vesicle

Figure 1. Schematic of the different intermolecular forces involved in the extraction of
chlorophenols by SDME using decanoic acid vesicle-based coacervates.>
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Figure 2. Chromatograms obtained for a spiked apple juice (a) before and (c) after UA-DLLME, and
for a spiked East Lake water sample (d) before and after UA-DLLME; (b) blank apple sample and (e)
blank East Lake water. Peak identification: (1) diethofencarb, and (2) pyrimethanil.*?
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Figure 3. SEM images of (a) MWCNTs, (b) MWCNT@Fe;0., and (c) MWCNT@Fe;0,-MIPs.*®
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Figure 4. Comparison of TICs obtained for roasted green tea (Houji-cha) by (a) SA-SBSE and (b)
conventional SBSE followed by TD-GC-MS. Peak identification: (1)1-ethyl pyrrole, (2) 2-
methylpyrazine, (3) 2,5-dimethylpyrazine, (4) 2,3-dimethylpyrazine, (5) 2,3,5-trimethylpyrazine, (6)
furfural, (7) 2-acetylfuran, (8) 5-methyl furfural, (9) 1-ethyl-1H-pyrrole-2-carboxyaldehyde, (10)
furfuryl alcohol, (11)isovaleric acid,(12)hexanoic acid, (13)guaiacol, (14) benzyl alcohol, (15) maltol,
(16) 2-acetyl pyrrole, (17) phenol, (18) 2-formyl pyrrole, (19)furaneol,(20)methyl pyrrole-2-
carboxylate,(21)octanoic acid,(22)nonanoic acid, (23) 4-vinyl guaiacol, (24) 2,6-dimethoxyphenol,
(25) 3-ethyl-4-methyl-1H-pyrrole-2,5-dione, (26) 4-vinyl phenol, (27) indole, (28)vanillin, (29)
methoxy eugenol, and (30)raspberry ketone. Analytes 30-36 were not detected with conventional
SBSE.'®
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