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Abstract: Ionic liquids (ILs) are a group of non-conventional salts with melting points below 100 °C.
Apart from their negligible vapor pressure at room temperature, high thermal stability, and impressive
solvation properties, ILs are characterized by their tunability. Given such nearly infinite combinations
of cations and anions, and the easy modification of their structures, ILs with specific properties can be
synthesized. These characteristics have attracted attention regarding their use as extraction phases in
analytical sample preparation methods, particularly in liquid-phase extraction methods. Given the
liquid nature of most common ILs, their incorporation in analytical sample preparation methods using
solid sorbents requires the preparation of solid derivatives, such as polymeric ILs, or the combination
of ILs with other materials to prepare solid IL-based composites. In this sense, many solid composites
based on ILs have been prepared with improved features, including magnetic particles, carbonaceous
materials, polymers, silica materials, and metal-organic frameworks, as additional materials forming
the composites. This review aims to give an overview on the preparation and applications of IL-based
composites in analytical sample preparation in the period 2017-2020, paying attention to the role
of the IL material in those composites to understand the effect of the individual components in
the sorbent.

Keywords: ionic liquids; composites; analytical sample preparation; solid-phase
extraction; microextraction; magnetic particles; carbon materials; polymers; silica materials;
metal-organic frameworks

1. Introduction

Ionic liquids (ILs) are molten salts formed by bulky organic cations in combination with
inorganic or organic anions [1], with melting points below 100 °C. The most common cation
used for the preparation of ILs is imidazolium, containing one or two alkyl chains, abbreviated
as [Calm™] or [C,CiIm™], where n or m is the number of carbon atoms in the substituent, with the
following exceptions for the abbreviations: M for methyl, Vi for vinyl, and A for allyl. ILs with
1-alkyl-3-methylimidazolium cations ([CnMIm™]) are the most frequently used due to their easy
preparation by nucleophilic reactions using methylimidazole. Other cations used to prepare ILs include
tetra-alkylammonium ([Npnnn*]), phosphonium ([Pnnnn*]), pyridinium ([C,Py*]), pyrrolidinium
([CnPyrr*]), and guanidinium ([C,Gu*]). Regarding the anionic moiety, a wide variety of anions

Separations 2020, 7, 37; d0i:10.3390/separations7030037 www.mdpi.com/journal/separations


http://www.mdpi.com/journal/separations
http://www.mdpi.com
https://orcid.org/0000-0001-8757-8793
https://orcid.org/0000-0002-1608-5374
https://orcid.org/0000-0002-1698-5524
http://dx.doi.org/10.3390/separations7030037
http://www.mdpi.com/journal/separations
https://www.mdpi.com/2297-8739/7/3/37?type=check_update&version=2

Separations 2020, 7, 37 2 of 31

are used, including chloride ([C17]), bromide ([Br~]), tetrafluoroborate ([BF;~]), hexafluorophosphate
([PF¢™]), and more complex structures, such as bis(trifluoromethanesulfonyl)imide ([NTf,~]). Moreover,
multicationic ILs can be prepared by linking two or more cations with an alkyl chain, as for example
di(3-butylimidazolium)dodecane chloride ([(C4Im)»,C12%*12[CI7]) [2,3]. In turn, there is a broad
spectrum of ILs due to the nearly infinite combinations of cations and anions.

These materials present a wide liquid range and negligible vapor pressure at room temperature.
Therefore, they do not generate volatile organic compounds in comparison with conventional organic
solvents [4]. Furthermore, they exhibit impressive solvation properties, a high conductivity and thermal
stability, an outstanding tunability, while being able to interact with substances by different co-existing
interactions within the same IL. Their synthetic versatility allows the preparation of tailored ILs with
specific properties and physicochemical characteristics, with the nature and structure of the cation and
anion moieties playing a key role in this tunability [5]. For example, the water-solubility of the ILs can
be controlled by selecting the adequate anion since halides and ([BF4~]) generate mostly water-soluble
ILs, while other anions containing fluorine atoms yield generally hydrophobic ILs. Despite their
relatively low toxicity in comparison with halogenated solvents, there is an increasing concern on the
real grade of greenness and the toxicological impact of ILs [1]. Therefore, it is important to consider
toxicology, biodegradability and recyclability factors when using ILs to ensure the development of
sustainable procedures. In this sense, ILs containing moieties coming from natural sources with safer
toxicological profiles have become the most promising research line to improve the greenness of ILs [5].

This versatility also permits the incorporation of more complex features to ILs only requiring
small changes in their structures, which leads to the preparation of interesting IL derivatives. Thus,
ILs with active surface properties can be prepared by incorporating long alkyl chains in the cation or
anion structure, forming IL-based surfactants [6]. It is also possible the synthesis of magnetic ILs by
including a paramagnetic component in any of their moieties, leading to the fabrication of ILs that
can be manipulated by the application of an external magnetic field [7]. ILs can be also polymerized
to obtain polymeric ILs (PILs), which not only retain main characteristics of ILs, but also present the
inherent properties of polymers with enhanced mechanical stability [8]. Moreover, the inclusion of
specific functional groups within the IL structure makes possible the preparation of task-specific ILs [9].

Given these interesting properties, ILs and their derivatives have been used in many
applications from different scientific fields [5], such as synthesis and catalysis [10], engineering and
energy [11,12], electrochemistry. [13], biosensing [14], and separation science [15,16], among others.
Regarding separation science, ILs have been particularly successful as extraction phases in analytical
sample preparation methods [17,18]. In this field, taking into account the intrinsic liquid nature of most
ILs, these materials have been mainly explored in liquid-phase extraction methods, and particularly
in microextraction (LPME) approaches, such as single-drop microextraction, dispersive liquid-liquid
microextraction (DLLME), or hollow-fiber LPME [19,20]. The success of ILs in these methods lies in
the abovementioned tunability, their solvation properties and the diversity of interactions that can be
promoted towards the target analytes, together with their low toxicity in comparison with the organic
solvents conventionally used in these extraction strategies.

Due to the success of ILs in LPME, and with the aim of taking advantage of their exceptional
features in sorbent-based extraction and microextraction methods, different strategies have been
followed: (i) the use of solid IL derivatives [18,21]; and (ii) their combination with other materials to
prepare IL-based solid composites [17,22]. The use of solid derivatives of ILs is mainly restricted to
PILs, which limits exploiting other ILs in these methods. In this sense, the development of IL-based
solid composites is the most extended approach to apply ILs in sorbent-based strategies: solid-phase
extraction and its miniaturized version (SPE and p-SPE), miniaturized dispersive solid-phase extraction
(u-dSPE) and its magnetic-assisted mode (m-p-dSPE), and solid-phase microextraction (SPME).

The physicochemical characteristics of ILs and their derivatives facilitate their combination with
many other solid materials to prepare attractive sorbents. Thus, ILs have been mainly combined by
physical or chemical immobilization methods with magnetic particles (MPs), carbonaceous materials,
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polymers, silica-based materials, and metal-organic frameworks (MOFs) [23-27], among other materials.
In general, these IL-based solid composites exhibit the properties of both materials, but depending on
the way they are combined and the intended application, the role both materials play in the resulting
material may change in comparison with the initial characteristics of the individual components.
Moreover, the preparation of some ILs is characterized by high costs, while their structure may be
modified when they are combined with other materials or put in contact liquid matrix samples,
which can affect the performance and reproducibility of the composite for target applications. Thus,
it is important to pay attention to the design of the IL-based solid composite material to obtain a
non-expensive and stable extraction sorbent in which each component is providing an added value to
the final composite.

In 2019, Yavir et al. reviewed the analytical applications of composites based on supported ILs on
solid materials and included a thorough outlook of the physicochemical properties of ILs and how their
structures are crucial for the preparation of composites, taking advantage of the multiple interactions
that they may exhibit with other materials [25]. Authors also discussed the incorporation of IL-based
composites in different sorbent-based extraction methods and biosensors by describing selected studies
in the field. Despite the a priori similarities with the present review, in this case we overview the
preparation and analytical applications of these composites but considering the different materials
used to prepare the composites regardless the extraction method, with the aim of understanding in
depth the benefits of combining all materials included in the IL-based solid composite.

Therefore, this review article covers the preparation of IL-based solid composites containing MPs,
carbonaceous materials, polymers, silica-based materials, and/or MOFs, for the analytical sample
preparation applications published in the period 2017-2020 (until March 2020). As shown in Figure 1,
most applications deal with the use of IL-based solid composites with carbon materials, followed by
magnetic and polymeric composites. The main features of the solid materials will be described,
while the role of the IL in the resulting solid composite material will be highlighted according to
the analytical performances reported. To compile a comprehensive description, composites will be
described in the following sections as function of the type of material combined with the IL.
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Figure 1. Number of studies reporting the use of ILs-based solid composites in analytical sample
preparation methods in the period 2017-2020 (until March 2020), together with the main roles of ILs in
the composites according to the studies reported. For the definition of the abbreviations, please refer to
the list of abbreviations at the end of the article.
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2. Magnetic Particles-Based Ionic-Liquid Solid Composites (MP-ILs)

Magnetic particles (MPs) are a group of particles widely employed in analytical sample preparation
characterized for exhibiting magnetic properties. They are mostly made from transition metals like
iron (Fe), cobalt (Co) and nickel (Ni), or from their oxides and sulfides, such as cobalt ferrite
(CoFey0y4), magnetite (o-Fe30y4), and greigite (Fe3Sy) [23,28,29]. These materials can be synthesized
by different methods, being the microwave-assisted method, the solvothermal preparation, and the
chemical co-precipitation of two inorganic salts in basic medium, the most well-known and applied
approaches [30-32]. Additionally, they can be obtained with different particle size, which can be either
nano or micrometrical [28,32,33].

MPs are characterized for their high specific surface area, small particle size, and their
superparamagnetic properties, which permit their easy and quick isolation when applying an
external magnetic field [23,34]. Despite the numerous advantages that this kind of particles
offers for the development of m-u-dSPE methods, their easy oxidation in air, aggregation and
instability in hydrophilic and acidic conditions cause their degeneration and loss of their magnetic and
dispersion capacities.

With the aim of overcoming these drawbacks, magnetic-based extraction sorbents are prepared
(and indeed widely explored) by the modification of bare MPs, mainly by their surface functionalization
or by their protection with a coating formed using another material [29-31,35,36]. Among the materials
used for their modification and preparation of magnetic composites, ILs and their derivatives merit to
be highlighted [23]. In all these studies, the IL or the IL derivative is the material responsible of the
extraction of the resulting sorbent, while the incorporation of MPs in the composite is accomplished
with the aim of setting up a m-u-dSPE method. In other words, the inclusion of MPs in the final
solid composite simplifies the operational procedure of the extraction method by speeding up and
facilitating the separation of the extraction phase from the sample: filtration and centrifugation steps
are avoided, because the magnetic composite containing extracted analytes is simply separated from
the remaining components of the sample (and main matrix) using an external magnet. Given the wide
variety of physicochemical characteristics of ILs and their derivatives, different types of magnetic
composites based on ILs and MPs (MP-ILs) have been proposed, including core-shell structures and
magnetic effervescent tablets, among others.

2.1. MP-ILs Composites with Core-Shell Structures

Most of the reported MP-ILs composites entail core-shell structures (IL@MPs), in which a layer
of the IL or IL derivative is coating (shell) a MP (core). The immobilization of the IL (as extraction
phase) on the surface of the MPs in a core-shell structure leads to an increase of its surface area in
comparison with that of the neat IL. Therefore, not only the magnetic properties but also the improved
surface area is an attractive characteristic of these composites. Regarding their synthesis, it has been
accomplished following any of these three different strategies: (i) by simply mixing both components
at room temperature [37], (ii) by the dispersion of the MPs in a solution of the IL followed by letting
the organic solvent to evaporate [38,39], or (iii) by dispersing the MPs in an organic solvent containing
the IL and keeping the mixture under reflux conditions to allow them to react [40—42]. In all cases,
the functionalization of the MP surface is the key point for their preparation, since it guarantees the
proper linkage between the individual components and even allows the reusability of the sorbent.
This process is usually characterized for being time consuming and implying multistage procedures,
this timing also considering (in several cases) the previous preparation of MPs and the IL material.

In the reported IL@MPs composites, MPs are synthesized by co-precipitation or solvothermal
methods, being Fe;O, the MPs most commonly used [38,40,41,43-54], but others, such as a mixture of
Fe (II) and Co (II) salts [37], have been also reported.

Due to their high surface area and good thermal and mechanical stability, mesoporous silica
coatings (5iO,) are the most common option used to reduce the main issues related to the stability of
MPs and to functionalize their surface for the further immobilization of the IL or IL derivative layer.
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This modification step is usually accomplished by sol-gel approaches [38,39,42,44-47,49,50,52-54] or
modifications of the a Stober method [40,41,48]. In some cases, an amino or chlorine functionalization
of the silica layer [40,41] or a double silica coupling [55] have been reported to ensure a chemical
linkage with the IL material. Apart from silica, polymer coatings have also been used to protect the
MP and improve the subsequent binding of the IL [37,51]. In this sense, it is interesting to mention
the study reported by Abujaber et al. [37], which use magnetic cellulose nanoparticles as core for
the preparation of the IL@MP composite. This material, obtained using a renewable and ecofriendly
polymer, allowed a fast and straightforward combination with ILs thanks to the electrostatic interactions
between both components.

Regarding the nature of the ILs, imidazolium-based ILs have been the most widely used due to
their easy preparation and commercial availability. However, some alternatives have been developed
in the recent years with the aim of obtaining less toxic ILs. This is the case of the 1-4-diazabicyclo[2.2.2]
octane (DABCO)-based IL proposed by Sahebi et al., characterized for being less toxic than more
conventional ILs [40]. In general, hydrophobic ILs are employed in the synthesis of the ILs@MPs
solid composites due to their insolubility in the aqueous sample. Only a few works have reported the
use of hydrophilic ILs in the preparation of these materials but performing their conversion into a
water-insoluble through a metathesis reaction in the final stage of the synthetic procedure [48]. It is
interesting to point out that hydrophilic ILs have been used to prepare ILs@MPs sorbents without this
transformation step [40,41]. In these cases, several authors have demonstrated the loss of mass and
active sites in the sorbent once it is reused [40].

Among the IL derivatives that have been explored in the preparation on these magnetic core-shell
materials, PILs have attracted significant attention. This may be due to their high mechanical stability
and stronger adhesion to the MPs. As it happened with neat ILs, the coating of MPs with PILs not only
provides paramagnetic properties to the PIL to facilitate its separation from the sample when used in
magnetic-based approaches, but also increases its availability as sorbent by increasing the number of
sorption sites (due to the surface area of MPs as support), which leads to better extraction capacity of
the composite in comparison with the use of the individual components [44,46,48].

Regarding the preparation of PlLs-based core-shell structures (PIL@MPs), unlike ILs,
PILs have been directly synthesized onto the modified MP by free radical copolymerization
methods [46,48,50,52,53]. However, other approaches have been reported, such as a redox
polymerization using two different ILs [43], a precipitation polymerization [47], or the in situ
polymerization taking advantage of the chemical groups anchored to the surface of the MP (to
ensure the binding between the magnetic core and the PIL) [44,45,51]. For example, Llaver et al. [45]
coated MPs with amino-functionalized silica to promote the in situ synthesis and simultaneous
linkage of the PIL on the surface of the MP by the Radziszewski reaction, which consists in a diamine
polycondensation. In another approach, He et al. proposed the preparation of a PIL@MP composite
through the layer-by-layer assembly of a polycationic PIL (poly(1-vinyl-3-hezylimidazolium) bromide
(poly[ViCsIm*][Br~]) and the polystyrenesulfonate sodium (PSS) polyanion as shown in Figure 2A [54].
As aresult, they obtain a wide variety of PIL@MPs with different thicknesses depending on the number
of bilayers. As it can be observed in Figure 2B, the extraction efficiency of the magnetic composite
towards pesticides increased as the number of PIL and PSS bilayers increased, 10 being the optimum
number of bilayers. This preparation method allowed obtaining more homogeneous spherical particles
in comparison with those obtained by the free radical polymerization method, as it can be observed in
Figure 2C [54].
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Figure 2. (A) Scheme of the synthesis procedure of a PIL-based magnetic composite by alternating layers
of poly[VMim™* ][Br~] and PSS. (B) Study of the extraction efficiency of the composite based on the number
of deposited bilayers. (C) TEM image of the optimum composite MPs@SiO,@(PSS-poly[VMim*][Br~])
prepared with 10 bilayers of the polymers. Adapted from [54], with permission from Elsevier, 2017.

The combination of MPs with ILs or IL derivatives to prepare these solid composites represents
an important improvement of the characteristics of the individual components, which makes possible
their application in m-p-dSPE methods for a the determination of a wide variety of substances in
samples of different nature, such as food, environmental water, human fluids, or personal care products.
Table 1 lists some representative examples of the analytical applications using this type of magnetic
composites [37,40,43,45,49,54,56-77].

They have been successfully used in the determination of organic compounds such as phthalate
acid esters (PAEs) [41,47,51], drugs [37,48], parabens [43,52], penicillins [40], beta blockers [38],
pyrethroid residues [44], and organic UV filters [49], among others. In general, amounts between
3 and 160 mg of the magnetic composite are used, while only a few seconds are required for the
magnetic isolation of the sorbent from the sample (and similar timing in the further desorption step),
thus ensuring a fast method with low sources of error. Regarding the determination of metals [42,45],
it is interesting to mention the study reported by Llaver et al. [45] for the determination of tellurium (Te)
species in environmental samples without the requirement of a chelating agent. They take advantage
of the ionic nature of PIL to establish selective electrostatic interactions with the Te species at different
pH values. Thus, the sorbent is able to fully extract Te(IV) at pH lower than 4, while Te(VI) is extracted
at higher pH values.

Despite the most common applications of IL@MPs and PIL@MPs relate to their use in m-u-dSPE
approaches, it is also possible to find some other interesting applications of these composites.
For instance, Mei and Huang described a new method termed magnetism-enhanced monolith-based
in-tube SPME [49]. A (PIL)-based monolithic capillary column doped with MPs was prepared by
an in situ thermal polymerization method using [AMIm*][NTf, "] as functional monomer. In this
composite, the PIL is used as extraction phase, while the MPs are used to enhance the retention of the
analytes in the PIL sorbent due to the response of the diamagnetic analytes after applying different
magnetic field gradients to the in-tube SPME device. The application was successful for the online
determination of organic UV filters in environmental waters. A similar approach was described by
Chen et al. [78]. In this case, instead of using a monolithic PIL, authors packed the IL@MPs composite
in a gas-liquid-solid magnetically stabilized bed and applied an external magnetic field to enhance the
extraction efficiency of flavonoids, in a similar procedure to conventional SPE.
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Table 1. Representative examples of IL-based composites utilized in analytical sample preparation methods.

. . Amount of Sample/Volume Instrumental RSDpax (%) *
Composite Technique Sorbent (mg) Analytes (Number) (mL) Technique LOQ (Spiked Level) Ref.
Magnetic-based ILs composites
Fe304@[DABCO-C3;OH*][Cl™] m-u-dSPE 22 penicillins (5) milk extracts/25 LC-MS/MS 0.68 ug~kg’1 5.80 (1.0 p.g~kg’1) [40]
Fe30,@poly[ViCsIm*][BF, "] . . . 4 2 )
([(Vilm),C, 2+ [2[Br] as crosslinker) m-p-dSPE 20 parabens (6) milk extracts/125 LC-MS/MS 0.5 pg-L 5.00 (-) [43]
v _ L soil and sediment e 11 11
Fe304@poly[CeIm™][AcT] m-pu-dSPE 3.0 Te(IV) and Te(VI) extracts, water/50 FI-HG-AFS 7.5 ug-L 5.10 (0.05 ug-L™) [45]
Fe30,@SiO,@(PSS- - - : 11 11 )
poly[ViCsIm*][Br-]) m-p-dSPE 160 pesticides (4) water/100 LC-UV 1.50 pugL 4.60 (5.0 ug-L™) [54]
MCNPs@[CyMIm*][PFgs~] m-u-dSPE - NSAIDs (4) water/10 LC-UV/LC-FD 24.0 pg L1 7.10 (100 pg'L71) [37]
milk, plasm and
Fe3S4-[C4MIm™|[PFg~] METM - PBDEs (6) serum extracts, LC-DAD 0.26 pLg~L’1 483 (-) [56]
water/7

Fe30,4 in monolithic MEM
poly[AMIm™*][NTf, "] in-tube - UV-filters (5) water/1.5 LC-DAD 0.87 pLg~L’1 9.70 (100 ug-L’l) [49]

(ED as crosslinker) SPME

Cabonaceous-based ILs composites
G-[CeMIm*][PFs~] SPME —cm X 90 um ** BTEX (4) urine/5 GC-FID 0.20 pg L1 9.20 (50 pg'L71) [57]
GO-[NH,-C3MIm™*][Br~] SPE 10 PAHs (16) blood extracts/0.2 GC-MS 0.013 pg L7t 9.39 (-) [58]
MWCNTs-[CgMIm*][C]7] u-dSPE 20 Ni(II) and Co(II) blood and serum/10 ET-AAS 3.18 pLg~L’1 2.60 (3.0 ug~L’1) [59]
MWCNTs-[CeMIm*][PFg "] SLTPE 10 + 200 *** Ni(II) wastewater/50 AT-FAAS 0.0020 p.g-L’1 1.70 2.0 ugL71) [60]
mGO-[C1cMIm™][Br~] m-pu-dSPE 30 + 12 *** chlorophenols (2) water/250 LC-UV 0.48 pg~L‘1 4.60 (50 pg-L‘l) [61]
- . brown alga .

- - + -~ - - —
mGO-[NH,-C3Im*][C]7] m-u-dSPE 15 polysaccharides (2) solution/100 UV-Vis 4.30 (-) [62]
mG-[NH,-C3MIm™*][C]~] m-pu-dSPE 40 pesticides (3) water/50 LC-UV 0.51 ng‘1 6.80 (500 ng‘]) [63]

mGO-B-CD-[ViCsIm*][AQSO; "] m-y-dSPE 80 hormones (7) Z:ﬁiaé’/lf; LC-MS/MS 058ugL™"  104(G0ngkg™)  [64]
blood and bacterial .
X +1(Br— e a _ _
mGO-[(Cg)aM4Gu*][Br~] m-p-dSPE 2 DNA cell lysate/1.5 UV-Vis 5.10 (-) [65]
Polymeric-based ILs composites
MIPIL ([C4Mim™*][PFs~]) SPE 60 PAEs (3) drinks/25 LC-UV 0.42 p,Lg-L_1 6.90 (2.0 p.g-mL_l) [66]
MIPIL ([AViIm*][PFg~]) SPME 2 cm X 0.5 cm ** phenolic acids (2) drinks/20 LC-DAD 0.79 pLg~L’1 9.50 (1.0 pg~L’1) [67]
Si0,-MIPIL ([ViCyIm*][Br™]) SPE 50 antibiotics (3) SOlleirIrdazf;fgem LC-DAD 050ugl™l 970 (LOmgL™)  [68]
i IR g . soil and sediment i 11 11
SiO,-MIPIL ([AViIm*][Br~]) SPE 45 sulfamono-methoxine (1) extracts/10 LCA-DAD 3.00 pug-L 2.30 (10 pug-L™) [69]
Si0,-MIPIL ([NH,-C3Im*][Cl7]) MPE 200 ephedrine (1) plant/5 g LC-UV 0.13 mgL™! 450 (-) [70]
FesOy[Vilm+][Tos 1 CD m-yu-dSPE 20 PAH: (5) rice extract/25  GC-FID/GC-MS  055ngL™1  9.90 (300 ugkg™)  [71]

(TDI as crosslinker)




Separations 2020, 7, 37

Table 1. Cont.

8 of 31

. . Amount of Sample/Volume Instrumental RSDax (%) *
Composite Technique Sorbent (mg) Analytes (Number) (L) Technique LOQ (Spiked Level) Ref.
Silica-based ILs composites
Si0,-[NH,-C,CoIm*][C17] SPE 3000 phenols (2) W"‘etf:ri‘g /;ml LC-UV - 6.20 (1.0 ug-mL™1) [72]
. . _ PAHs, BTEX and alkanes cigarette gas and _
_ + _ *% 4 - . 1 -
SiO,-[(PTMS),biPy*]2[ClI ] SPME cm X 33 pm (19) ashes extracts/10 GC-FID 0.30 ug-L 15.6 (-) [73]
SiO,-[Im™][CI™]-[C4ImT][C17] MPE 200 aristolochic acid (1) plants/10 g LC-UV - 9.10 (1.0 mg-g™!) [74]
(MCM-48)-[ViC4Im*][CI7] SPE 40 hydroxy benzoic acid (1) plant extract/0.02 LC-DAD 0.04 mg-L‘l 8.10 (3.0 mg-L‘l) [75]
MOF-based ILs composites
Fe304-ZIF-8(Zn)-[CgMIm™*][NTf, ] m-pu-dSPE 10 insecticides (4) tea/10 GC-MS/MS 0.1 ug-L‘l 11.9 (10.0 ug-L‘l) [76]
Fe304-MWCNTs-ZIF-67(Co)- L g . pancreas crude oy B _
[CoMIm*][CI-] m-p-dSPE 5 a-chymotrypsin (1) extract/1 UV-Vis 1.18 (-) [77]

* RSDmax as maximum relative standard deviation reported (in %). ** Size of the coating: length X thickness. *** Both materials were individually added to the sample to form the in situ

the composite. For the definition of the abbreviations, please refer to the list of abbreviations at the end of the article.
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2.2. Magnetic Effervescent Tablets and Other Strategies Based on ILs and MPs

Magnetic effervescent tablet-assisted microextraction (METM) recently emerged as an alternative
to DLLME. Despite excellences of performance in DLLME, the technique always requires proper
dispersion of one hydrophobic extraction solvent to ensure efficiency, while the further collection of the
extraction solvent containing trapped analytes is a time consuming and, in some cases, difficult step [79].
METM does not require physical energy (vortex, ultrasound, etc.) or dispersive solvents as in DLLME
to ensure dispersion of the extraction solvent. The novel technique takes advantage of the CO, bubbles
produced by the reaction of the acidic and alkaline components of the tablets (METs) in the aqueous
sample. The use of METs not only helps in the dispersion of the extraction solvent thanks to the
effervescence effect, but also improve the sampling of the solvent with the assistance of the MPs
forming part of the tablets.

The preparation of METs based on the combination of ILs and MPs has been described, using
hydrophobic ILs as extraction solvents, thus being the material responsible of the extraction of the
target analytes [80]. In general, the preparation of these composites is very simple and fast, as it only
involves the homogeneous mixing of the MPs, the IL, sodium carbonate, and a weak acid, and their
compression to form a compact tablet. FesO4 MPs are the most common in this approach [81,82],
but other MPs with better characteristics have also been used, such as Fe3S; MPs synthesized by the
solvothermal method [56], or MFe,O4 NPs using different metals [83]. Regarding the ILs, they are
mainly composed of imidazolium cations and fluorine-containing anions to obtain water-insoluble
ILs [56,82,83]. However, it is interesting to mention the use of a hydrophilic IL in the MET reported
by Wu et al. [81]. In this case, the use of a water-soluble IL in the tablet enhances even more the
dispersion of the extraction solvent in the solution. The addition of an anion-exchange reagent after
the effervescence process led to the insolubilization of the IL, which immediately interacts with the
MPs thus ensuring an easy collection (magnetic-assisted) for its further analysis.

Considering the advantages of METs (simple preparation of the composite, efficient dispersion of
the IL as extraction phase, and facile collection of the IL phase—containing trapped analytes—due to
the MPs included in the tablet), it is not surprising the high number of applications reported. Thus,
they have been employed with milk and human fluids samples (among others) for the preconcentration
and determination of different organic contaminants, such as PAEs [83], polybrominated diphenyl ethers
(PBDESs) [56] or pyrethroids [82], and biological compounds like endogenous steroids hormones [81].

Similar strategies do not necessarily require the preparation of a composite, since the IL or
liquid IL derivative is added to the aqueous sample as extraction solvent, followed by the addition
of MPs as carrier to ensure the quick and complete separation of the extraction material (the IL or
its derivative) from the sample. Hydrophobic ILs can be collected after the addition of the magnetic
material due to the electrostatic interactions between the IL cation and the negatively-charged surface
of the MPs [84-89]. Furthermore, despite the hydrophilicity of IL-based surfactants, they form mixed
hemimicelles (hemimicelles plus admicelles) on the surface of MPs due to electrostatic interactions,
thus functionalizing these MPs to improve their extraction efficiency [90,91]. The formation of
hemimicelles as a monolayer of IL provided hydrophobic interactions, while the bilayer of admicelles
provided more electrostatic interactions between the sorbent and the target analytes. More recently,
MILs have also been used in these strategies, in which the paramagnetic characteristics of both materials
allow their combination and speeds up the separation step [92].

3. Carbonaceous-Based Ionic-Liquid Composites (C-ILs)

Carbon materials have attracted much attention in analytical sample preparation due to their
exceptional physical and chemical properties, such as their flexibility, large surface area with delocalized
m-electrons, and their easily modifiable surface [93]. They constitute a group of different hexagonal
(honeycomb-like) structures of sp? hybridized carbon atoms. A single layer of such material is called
graphene (G) that, together with graphene oxide (GO) and reduced graphene oxide (rGO), are the
most representative two-dimensional forms. The difference between G, GO, and rGO lies in the
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presence of oxygen functional groups on their surface and the water solubility of the material. G and
rGO are non-polar and hydrophobic materials with high affinity towards carbon ring structures,
while it is possible to prepare hydrophilic GO that forms stable colloidal suspensions in water [94].
The three-dimensional forms of G are single (SWCNTs) or multiple wall carbon nanotubes (MWCNTs).
Both materials share the same exceptional properties as G and its derivatives, but with a few differences.
The adsorption in case of CNTs occurs only on the outer wall of the tubes, because the inner wall is
blocked by the steric hindrance. Furthermore, the synthesis itself is simpler for G and its derivatives and
they can be easily prepared in the laboratory, while the preparation of CNTs requires more exhaustive
protocols [94]. Although they present a lot of advantages, their difficult solubility and dispersibility and
their lack of selectivity are the main limitations of these materials. Therefore, ILs emerges as a suitable
solution to overcome these drawbacks by the modification of the surface of carbon materials [24].

In the C-ILs composites, the most predominant role of ILs is the modification of the characteristics
of the carbon material, including hydrophilicity, 7-rr interactions, or reducing the aggregation of
the carbon material, thus improving the sorption capacity, extraction efficiency, and selectivity of
the extraction sorbent when utilized in an extraction method. Therefore, the resulting composite
incorporates the benefits of both ILs and carbon materials.

The preparation of the composite material is generally carried out by dispersing each component
in water or an organic solvent and stirring the mixture for up to 48 h at room temperature or heating.
Some studies also use sonication to improve the dispersion of the carbon material [59,60,95-97]. It is
interesting to mention that most of the studies use magnetic C-IL materials [61-65,77,96,98-106].
In this case, the carbon materials are used as a support for the synthesis of MPs increasing the surface
area of the material, and then, the magnetic carbon material is subsequently modified with the IL.
Regarding the type of carbonaceous materials used in the extraction schemes to prepare the composite,
most of the studies use GO [58,62,64,65,95,97-99,103-113], followed by G [57,63,100,102,114], while a
few have reported the use of SWCNTs [96] and MWCNTs [59,60,77,101]. This may be due to the easy
preparation of GO and G in comparison with the three-dimensional structures.

Regarding the ILs, the vast majority of C-ILs materials use the more conventional and easily tunable
imidazolium-based ILs [57-60,62-64,95,97-103,105,106,108-114], but guanidinium-based [65,107] and
DABCO-based ILs [96] have also been used. With regards to the anions, both hydrophilic ILs with
halide anions [58,61-63,65,77,95,96,98,100,106,110,112,113] and hydrophobic ILs with [PFs~] as an
anion have been reported [57,59,60,64,97,99,101-105,109,114]. It is suggested that the use of hydrophilic
ILs makes the surface of the sorbent more hydrophilic, which favors the sorption of the analytes [100].
However, attention should be paid to the leaching of the hydrophilic IL when the sorbent is added to
the aqueous sample. The utilization of IL-based surfactants has also been described as an interesting
way to modify the surface of carbon materials. In this case, imidazolium-based ILs with a long alkyl
chain are used for the assembly of mixed hemimicelles on the surface of magnetic GO. As it happened
with mixed hemimicelles of IL-based surfactants onto bare MPs, the IL-based surfactant is the main
responsible of the extraction, while the magnetic GO only acts as support to generate a high surface
area while improving the mass transfer [61,98].

Interestingly, some studies have reported the use of IL as a matrix or as a trapping phase to disperse
the carbon materials, resulting in a bucky gel [57,59,60,97,99,103]. This soft viscous material is obtained
by direct dispersion of G/GO in the IL using either an agate mortar or by sonication. Although the IL
is playing the role of a dispersant in these gels, the resulting material shows the properties of both
precursors and, indeed, the IL is also participating in the extraction process. All these studies use ILs
composed of [PF¢~] anion due to its hydrophobic character [59,97]. This strategy has also been used for
the preparation of magnetic bucky gels or ferrofluids by the incorporation of MPs in the gel structure.
Thus, Jamshidi et al. [99] and Rafouei et al. [103] have reported their use in m-pu-dSPE. Yousefi et al.
prepared SPME fibers by dipping the etched stainless steel wires in the bucky gel several times until a
thickness of 90 um was obtained. The obtained fiber was then heated at high temperatures to obtain a
stable and homogeneous coating, which was used in a headspace-SPME-GC-FID method [57].
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PILs have also been used to modify the surface of GO with the purpose of obtaining more
selective sorbents [107,108,111]. In all cases, the prepared sorbents were used to prepare packed
u-SPE devices. In the study of Hou et al. [111], GO-grafted silica (GO@SiO,) was modified with
mercaptopropyl groups to prepare in situ the PIL. Authors used [ViC¢Im™][Br~] as monomer to
form the PIL, which was then subjected to a metathesis reaction to exchange the anion for [PFs7],
thus generating a more selective coating towards acidic compounds. The obtained composite sorbent
was packed inside a polypropylene cartridge for the u-SPE device [111]. PILs have also been useful as
polymeric backbone to prepare molecularly imprinted polymers (MIPILs) on the surface of GO with
the purpose of highly improving the specific selectivity of the sorbent while obtaining high stable
polymers due to the properties of the PILs. Such approach was reported by Yuan et al. [107], using the
reversible addition-fragmentation chain radical polymerization to grow a thin layer of MIPIL on the
GO surface. This composite sorbent was packed into a pipette tip and exhibited fast mass transfer
rate and specific selectivity when compared with the non-imprinted PIL for the determination of
-agonists in swine urine. In the study of Ma et al., a dual-template MIPIL monolithic SPE column
was prepared, using GO as the support to obtain higher surface to volume ratio. This sorbent was
used for the simultaneous extraction of ciprofloxacin and levofloxacin from human urine samples with
high affinity and selectivity [108].

Due to the well-known extraction capability of the materials involved in C-ILs composites, it is
important to compare the extraction efficiency of the composite material with that of the single
components to justify the need of them for the specific application. In general, this comparison study is
not included, and the role of the individual components is not fully demonstrated. There are only a few
studies that compare the sorbents. For example, Rofouei et al. [103] compared extraction recoveries
using only magnetic GO, the IL and resulting magnetic bucky gel, proving both materials participate
in the extraction and there was an enhancement in the extraction performance when both materials
were combined. In another study using guanidinium-based IL to modify a magnetic chitosan/GO
composites for DNA extraction, authors performed the comparison between each intermediate during
the preparation of the final composite, showing incremental improvements in the extraction efficiency
when GO and the IL were included in the sorbent [65]. In the study reported by Lotfi et al. [96],
the magnetic SWCNTs were modified by covalently bonding DABCO-based IL and then the composite
was used as a sorbent in m-p-dSPE for the selective extraction of serotonin reuptake inhibitors in plasma
samples. The comparison between the intermediates of the C-IL composite showed significant increase
in recoveries of the analytes after the modification with the IL. From the comparison study described
by Wang et al. [62] using a magnetic GO-IL composite (Figure 3A), it was demonstrated that the use of
the IL was crucial for the extraction of the target polysaccharides, because GO exhibited lower sorption
ability, as shown in Figure 3B. Moreover, authors compared the effect of several imidazolium-based
ILs with different alkyl chains on the extraction capacity of the composite. According to the results
shown in Figure 3B, the functionalization of the IL chain with an amino group led to a superior
sorption ability in comparison with the other IL-modified magnetic GO sorbents. It is also interesting
to mention the preparation of composites containing magnetic MWCNTs and MOFs modified with
ILs [77,101], in which the carbon material and the IL are demonstrated to be important components for
the extraction performance of the sorbent. However, they will be discussed in Section 6 dealing with
MOFEF-IL composites.
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Figure 3. (A) Synthesis of magnetic GO-IL composite. (B) Extraction recoveries using the individual
components and the resulting composite with different ILs for the extraction of polysaccharides,
together with the structures of the IL cations tested for the preparation of the composite.
Adapted from [62], with permission from Wiley, 2017.

Table 1 includes representative examples of the analytical applications using C-ILs composites.
Amounts of the sorbents ranging between 2 and 80 mg have been employed in p-dSPE and m-p-dSPE methods,
while the SPE cartridges were prepared using packing 200 mg of the composites. They have been mainly used
for the determination of heavy metals [59,60,97,99,103-105,112], pollutants [57,58,61,106,109,110,113],
pesticides [63,95,101,102], drugs [96,98,107,108], hormones [64,114], microcystins [100], and phenolic
acids [111], in a wide variety of samples, including water [60,61,63,95,99-101,103,105,109,110,112,113],
food [64,99,102,104,106,110,111,114], and body fluids [57-59,96-98,107,108,111]. It is worth to point out
interesting and challenging applications using these sorbents, such as the determination of digestive
enzyme in porcine pancreas [77], polysaccharides in brown alga [62], and DNA in human whole
blood [65].

4. Polymer-Based Ionic-Liquid Composites (Pol-ILs)

Polymers are large molecules composed of more than a hundred repeating units (monomers)
connected by covalent bonds while forming a high mass macromolecular substance [115].
Polymeric materials have demonstrated good mechanical stability properties and are considered
versatile due to the high number of different combinations of monomers, crosslinkers, and other
additives [116]. For that reason, they have been widely used in different applications such as fabrication
of membranes [117], gas separation [118], sensors [119], in biomedicine [120], and also in sample
preparation [121,122].

In analytical sample preparation, one of the most common and interesting polymeric materials are
MIPs due to their high selectivity [123]. They contain specific spots for target analytes in the polymeric
backbone, promoting the recognition of these analytes against other interferent substances in the
sample matrix. This is possible due to the synthesis of the polymer by the common polymerization
reactions using a functional monomer, a crosslinker complex, and a porogen agent, but also a template
molecule to create the recognition sites. Once the polymer is formed around the template molecule,
the template is removed from the material leaving a cavity for the extraction of analytes with the
same or similar structure of the template [123]. Thus, the selection of the different components of
MIPs highly affects the template-monomer interactions and is crucial for the preparation of MIPs with
specific properties.
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Although MIPs have great extraction capability, especially in terms of selectivity, their application
for the extraction of analytes from aqueous samples is sometimes limited due to their swelling and
shrinking properties, which leads to changes in the polymeric network and the consequent reduction of
its recognition ability and extraction capability. Therefore, it is necessary to reduce their hydrophobicity
to improve the analytical performance in aqueous media. In this sense, hydrophilic ILs have attracted
significant attention as functional monomer to prepare MIPILs [67-69,124-126], and as porogen agents
to improve the characteristics of the MIPs [66,127-129].

In addition, the incorporation of ILs in the MIP structure also enhances even more the selectivity
of the material providing electrostatic, ion-exchange, and 7-7 interactions, towards the target analytes.
Indeed, this has been demonstrated when the IL is used as functional monomer: the extraction
capability of the MIP improves due to the (stronger) multiple interactions between the target analytes
and the IL in comparison with conventional functional monomers, such as methacrylic acid. Therefore,
the use of ILs in the preparation of MIPs improves the imprinting of the resulting polymer [126].
Regarding the use of ILs as porogen agent, the length of the alkyl chain and the nature of the counter
anion of the IL play an important role on the polymer permeability [125,127]. Sun et al. studied
the use of different lengths for the alkyl chain (C4, C4, and Cg) of the [Co,MIm*] IL used, showing
better permeability for the MIP prepared with the C4 chain. On the other hand, [BF;7], [Br~], [PFs~],
and [HSO,~] were tested as anions, demonstrating that the highest permeability for the material
was obtained when using [BF;~] since the other anions yielded denser structures that reduced the
permeability of the material [127].

Although the use of the IL is reported for a specific purpose, such as porogen agent or as
functional monomer, the IL usually plays both roles at the same time in the resulting material. Indeed,
in general, another conventional functional monomer is also included in the synthesis procedure,
being the ratio between the amount of IL and this conventional monomer an important parameter
to determine whether if it is main role is as a porogen or as a functional monomer. For example,
Han et al. used [VIPTMSIm™*][C1™] (propyltrimethoxysilane abbreviated as PTMS) IL in combination
with methacrylic acid as functional monomers to form the complex polymeric structure shown in
Figure 4A. The adsorption capacity studies of the resulting MIPIL showed that the surface area of the
material was higher when introducing the IL than for the MIP free of the IL, and the non- imprinted
polymer (NIP) also free of IL, as shown in Figure 4B. This is due to the additional role of the IL as a
porogen agent, resulting in the preparation of a more porous material with a rougher surface [126].
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Figure 4. (A) Scheme of the polymeric structure formed using [VIPTMSIm*][C]™] in combination
with methacrylic acid, and (B) comparative study of the adsorption capacity when using MIPIL,
the MIP non-modified with the IL (NIL-MIP) and the non-imprinted polymer non-modified with
the IL (NIL-NIP, termed by authors as NIL-NMIP). Adapted from [126], with permission from ACS
Publications, 2017.
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[CaMIm™]-based ILs with alkyl chains with different lengths is the main type of ILs used
to prepare monolithic MIPILs [66,127,128,130], being [C4sMIm*]-based ILs the most frequently
used [66,127,128,130] The synthesis of these materials is mainly accomplished by filling a column-shaped
device with the mixture containing the IL, the conventional monomer (or silica monomer if they are
prepared by sol-gel approaches), the template molecule, the crosslinker, and the initiator to form the
monolith by an in situ polymerization reaction [66-70,124-128,130]. The resulting monoliths have been
mainly used as sorbent in SPE using cartridges [66,68-70,124-128,130], and in one application they
have also been included as coatings in SPME [67].

It is also quite common the formation of a coating all over the surface of a supporting material
creating a core-shell structure. The support materials that have been used are silica or mesoporous
silica [68,69] and MPs [55,131-133]. MIPIL@SiO, composites have been packed to prepare p-SPE
cartridges using just ~50 mg of the material [68,69], while the magnetic MPIL@MPs have been used in
m-p-dSPE methods [55,131-133]. As it was previously described in Section 2.1, the supported MIPILs
frequently requires the functionalization of the support surface prior to the polymerization to ensure
the formation of a chemically bonded coating.

MIPIL-based sorbents have been mainly used for the selective determination of antibiotics [68,69,124],
drugs [125], herbicides [126], phenolic acids [67], and phthalate esters [66], among others [127-129];
and in different matrixes, such as water [68,69,124,129], soils [68,69,124], and food and drinks [66,67,126].

Table 1 shows some representative examples of analytical applications using MPILs composites.
Among these applications, it is interesting to mention the study of Zhu et al. where a MIPIL was used
for the determination of sulfonamides by SPE-LC-DAD. Authors demonstrated the higher selectivity
and extraction capability of the MIPIL in comparison with the simple MIP, reaching values of relative
recoveries around 100% at a concentration level of 12 ug-L~! in complex samples, such as soils and
sediments [68].

It is also important to mention another type of polymeric materials used in combination with ILs:
poly-cyclodextrins (polyCDs) [71,134,135]. These polymers present functional cavities prepared from
cyclodextrins (CDs), which are non-reduced sugars made up of macrocyclic oligosaccharides highly
utilized in chiral analyses. They are considered supramolecular polymers with hydrophilic properties
on the outer surface and hydrophobic characteristics in the inner cavity, so they can encapsulate
guest molecules into their cavities without forming chemical bonds [136]. The polymerization of
CDs is crucial for their use in the analysis of aqueous samples due to the water-solubility of CDs.
This polymerization affects the properties of the inner cavity of CDs and reduce their sorption capability.
ILs are excellent materials to compensate such loss of the extraction efficiency due to the incorporation
of new possible analyte-sorbent interactions [71,135]. In this sense, 3-cyclodextrins (3-CDs) have been
used in combination with MPs to prepare magnetic sorbents for m-pu-dSPE methods. Two approaches
have been described for the preparation of these composites: (i) the modification of the previously
modified CD with 1-vinylimidazole to form the IL, in which the CD is the alkyl chain of the IL,
followed by the polymerization of the IL-modified CD on the surface of the MPs [71,135]; and (ii) the
preparation of Fe3O4 MPs by the co-precipitation method in presence of the polyCD, followed by
grafting the [C4;MIm*][C]™] IL on the surface of the magnetic material [134]. These materials have
been used for the determination of PAHs in water, rice and tea [71,135], and parabens in water and
cosmetics samples [134]. The amount of material used on these applications ranged between 10 and
25 mg [134,135].

5. Silica-Based Ionic Liquid Composites (Si-ILs)

Silica-based materials have been widely used in many scientific fields due to their astonishing
properties, such as biomedicine [137], catalysis [138], sensing [139], for the removal of pollutants [140],
and as sorbent material [141]. There are different kinds of silica-based materials, including SiO,
nanoparticles and ordered mesoporous silica (OMS), among others. OMS is well-known for its large
specific surface area, well-defined pore volume, low toxicity, robustness, and low cost [142,143].
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Regarding its use in analytical sample preparation, the skeletal structure of OMS allows the interaction
of analytes with the sorbent not only on their outer surface, but also through their inner pore system.
However, neat silica sorbents have problems due to their low number of surface functional groups
able to undergo efficient interactions with target compounds [143]. In this sense, their chemical and
physical properties can be easily modified by performing a post-functionalization of the material
pores [143,144]. Given these reasons, it is not a surprise that the preparation of functionalized
silica sorbents such as silica-carbonaceous materials [145], silica-MOF [146], silica-polymers [147],
and silica-ILs composites [148], is a hot trend nowadays.

The modification of silica sorbents using ILs is mainly carried out to increase the sorption efficiency
and selectivity taking advantage of the ILs properties. The incorporation of ILs on the surface and the
inner pores of the silica skeleton makes possible a higher number of interactions. Therefore, in these
Si-ILs composites, the IL material is playing an important role on the extraction efficiency of the
resulting sorbent, which is increased thanks to the high surface area of silica materials.

Most common silica materials functionalized with ILs (mainly imidazolium-based ILs)
used in analytical sample preparation strategies include SiO, nanoparticles [72,74,149,150],
mesoporous silica [75,151,152], nanosilica [153,154], and silica polymers prepared by sol-gel
approaches [73,155]. The synthesis of these composites can be done by chemical bonding (grafting) or
by physical interactions. Chemical bonding procedures allow controlling the coating process. It also
allows the incorporation of a high number of different ILs immobilized (indeed, only a few ILs are able
to form stable composites through physical immobilization). Nevertheless, these protocols require
several time-consuming and non-sustainable reaction steps [72-75,149-153,155]. In most cases, the first
step is the activation of the silanol groups (located all over the surface of the silica material), which are
the main active groups that permit the further functionalization of the silica [72,74,153]. The surface
can be also modified with silanization agents [149] to obtain silica materials with more reactive groups,
such as amino or chlorine groups. Then, two strategies have been followed to obtain the Si-ILs
composites: (i) the IL or PIL is in situ synthesized on the surface of the silica material [72,74,75,149,150],
or (ii) the previously synthesized IL is chemically immobilized by its reaction with the functional groups
on the surface of the silica particles [152,153]. In the first approach, when the silica material is modified
with an IL, the imidazole precursor of the IL cation is immobilized, and the IL is in situ synthetized by
refluxing the modified silica material with the reagents required for the IL preparation [74]. In the case
of such modification with PILs, crosslinker reagents are used to ensure the chemical linkage between
the PIL formed and the silica surface [75,149,150].

In some cases, to avoid the multiple steps of chemical functionalization while maintaining the
silica-IL chemical bonding, the composite is synthetized by sol-gel methodologies and, thus, the IL
is embedded in the silica polymeric structure [73,151,155]. In the preparation procedure, known as
the Stober process, the IL is mixed with a solution of tetraethyl orthosilicate (TEOS) and the Si-IL
composite is formed by adding an ammonia solution dropwise.

Regarding other polymeric structures involving Si-IL, it is also interesting to mention the study
reported by Zhou et al., in which an IL-modified monolithic polymer containing silica particles
is prepared in a capillary tube for the fabrication of an in-tube SPME device [129]. In this case,
stellated mesoporous silica nanoparticles, which are the main extraction material, are embedded
in the monolithic polymer using butyl methacrylate as functional monomer and a mixture of the
[CeMIm™][BF; "] IL and a deep eutectic solvent as porogen agents to improve the homogeneity and
permeability of the resulting polymer.

On the other hand, the physical adhesion methods are simpler and faster, but the stability and
reusability of the material are lower [72,154]. Indeed, Tian et al. compared the extraction capability
and the stability of Si-ILs composites in which the IL was physically or chemically immobilized on
SiO; particles. Moreover, authors evaluated nine different ILs with different alkyl chains and counter
anions [72]. In the Si-ILs prepared by physical bonding, the ILs are retained on the surface of the silica
by weak hydrogen bonds. This leads to leaching of the IL from the sorbent composite during the elution
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step after the extraction procedure. Thus, the reuse of these composites is not recommended. On the
contrary, chemically bonded ILs keep retained on the silica, being possible their reuse without noticing
considerable loses on the extraction efficiency. In addition, it was also observed different extraction
efficiencies depending on the alkyl chain length of the IL and the counter anion. Larger chains were
associated with an increment of the non-polar properties of the IL, while electron-withdrawing anions
improved the interactions between the IL and analytes containing electro-donating groups such as
-OH [72]. This assessment regarding the influence of the IL structure in Si-ILs materials has also been
performed in other studies, confirming this behavior for the sorbent-analyte interactions [74,154,155].

Due to the versatility on the preparation of these composites, they have been used in different
solid-based extraction methods. Table 1 includes some representative examples.

They have been mainly applied in SPE in its off-line [72,74,149] and on-line versions [75,150,155],
for the determination of several analytes, including phenols [72], flavonoids [149], aristocholic acid [74],
antibiotics [150,155], and hydroxybenzoic acid [75]. The amount of sorbent required in packed on
columns or cartridges in the reported applications vary between 0.04 and 3 g [72,75], utilized in different
matrices, such as water [72], plants [74,75], and milk [150,155].

Si-ILs composites have also been used as sorbent in p-dSPE for the determination of
growth regulators in ginseng samples [151] and metals in different water samples, and soils and
sediments [151,153,154]. In this case, the amount of sorbent required is much lower in comparison
with the amount required to prepare SPE cartridges above mentioned. Among the applications, it is
interesting to mention the study reported by Llaver et al. for the extraction of inorganic Se species
(in the complexed form with a chelating agent) from water samples using a Si-IL composite prepared
by physical immobilization [154]. Authors studied the effect of the solubility and hydrophobicity
of different ILs on the extraction capability of the resulting material, demonstrating that the type
of IL selected for the modification of the silica material plays an important role on the analytical
performance. The highest extraction efficiency was achieved using the nanosilica modified with the
IL [C1oMIm*][Br~], which was the IL completely soluble in water that has the longest alkyl chain.
The long chain of the IL allowed the formation of hemimicelles and admicelles on the surface of silica
particles when high concentrations of the IL were used, which improved the extraction efficiency
towards the low-polar target analytes. Although more hydrophobic ILs with longer alkyl chains were
tested, the extraction efficiency decreased due to their lower solubility, which reduces the amount of IL
available during the composite preparation in aqueous media.

In a less extended way, Si-ILs composites have also been used in the form of silica-IL aerogel [73]
and mesoporous silica-IL [152], both types as SPME coatings. For the fabrication of the device,
the composite is immobilized on the stainless-steel fiber by using an adhesive and dipping the support
in the dry sorbent [73,152]. Regarding the aerogel-based coating, the Si-IL composite was prepared
by the Stober method forming a gel, and then it was freeze-dried to obtain the aerogel with high
porosity as it can be observed in Figure 5A [73]. A bipyridine-based dicationic IL containing PTMS
groups was used to improve the chemical linkage between the IL and the silica monomers to form
the polymer. Aerogels present highly porous, amorphous, and light structures, being obtained by
crosslinking colloidal particles, such as silica particles in this case. Authors demonstrated that the
modification of the silica aerogel surface using ILs not only improved the extraction performance
in comparison with the neat aerogel as shown in Figure 5B, but also the mechanical strength of the
material. Thus, the SPME fiber could be reused at least 120 times in a direct-immersion SPME method
for the extraction of PAHs, BTEX, and alkanes in cigarettes smoke and cigarettes ashes.
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Figure 5. (A) SEM of the SPME fibers prepared using a Si-IL aerogel, and (B) chromatograms comparing
the extraction performance of the Si-IL aerogel and the neat silica aerogel-based SPME fibers for the
extraction of 8 PAHs. Reproduced from [73], with permission from Elsevier, 2019.

6. Metal-Organic Framework Based-Ionic Liquid Composites (MOF-ILs)

Metal-organic frameworks (MOFs) are a class of highly ordered three dimensional porous
crystalline materials formed by inorganic secondary buildings (SBUs) and organic SBUs connected
through strong coordination bonds [156]. The inorganic SBUs are formed by metal ions or metallic
clusters with a defined coordination sphere, which sets the geometrical disposition of the organic SBUs
while acting as nodes of the network. On the other hand, organic SBUs are molecules that connect the
metallic centers to form the ordered network and are so called linkers. The metal center, the linker and
the synthesis conditions used for the preparation of the material, determine the properties of the MOF,
including porosity and stabilities [157,158].

MOFs have attracted an increasing attention due to the fascinating properties associated with
their porous structure that makes them the material with the highest surface areas known so far.
This property is associated with high sorption capacity and large number of active sites where different
molecules can be hosted [158]. In addition, MOFs have high thermal stability, good chemical stability,
and they are easily tunable. The number of different possible combinations of metal nodes and
organic linkers make these materials highly versatile for their use in diverse applications including
sensing [159], gas storage [160], fuel cells [161], biomedical applications [162], and as sorbents in sample
preparation [163,164].

Regarding the use of MOFs in analytical sample preparation strategies, its application is mainly
due to their porosity and topological diversity since it is an ideal environment to confine the analytes
of interest [163,164]. In this sense, they have been successfully applied as sorbents in different
sorbent-based extraction methods [165-168]. However, it has been claimed that water and moisture
stability are one of the main drawbacks of MOFs, but in the vast library of MOFs there is an impressive
number of these structures stable enough to be used for the analysis of aqueous samples. The water
stability of a MOF is influenced by the hydrophobicity of the framework, the inertness of the coordinative
metal-linker bond against hydrolysis, and the lability of the coordination bonds. There are two main
strategies to improve the stability of MOFs: (i) the synthesis of thermodynamic stable MOFs by
controlling the designing step, and (ii) performing a post-synthesis modification of the surface and the
cavities of the crystal by introducing a material that improves their water stability [169].

The properties associated to ILs make these materials highly desirable to perform post-synthesis
modification of MOFs to increase the interactions between the sorbent and the guest molecules and
even to improve stability in several cases [76,77,101,170-173]. The combination of ILs and MOFs can
be done by physical interactions or by chemical bonding, depending on the preparation procedure.
In any case, it is generally accepted that there is a strong interaction between the anion moiety of ILs
and metal clusters of MOFs. However, it is important to point out that the hybridization of MOFs and
ILs is a field within material science that is starting to be addressed from a critical point of view to
prepare of materials with an added value [26].
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The preparation of MOF-ILs composites by physical interactions is mainly done by the
impregnation method. The MOF and the IL are prepared independently and then, they are mixed in a
determined ratio under continuous stirring or applying ultrasounds. Next, the material is washed
several times to remove the non-retained IL in the MOF [76,77,101,173]. Despite the introduction
of the ILs on the MOF cavities reduce the sorption capability of the initial solid material, at the
same time it increases the extraction efficiency due to the stronger and more selective interactions
analyte-sorbent [76,77,173]. During the preparation of these materials, it is important to control the
MOF/IL ratio since a high content of IL can produce a low dispersibility of the MOF during the material
preparation, leading to a lower content of IL in the composite and lower analytical efficiencies [76,101].

The MOFs that have been used to form these IL composites include MIL-100(Fe) [173],
ZIF-8(Zn) [76,101], and ZIF-67(Co) [77], in combination with the ILs [C4MIm*][Cys~] (with Cys
for L-cysteine), [CsMIm™ ][NTf, ], [CsMim™[[Cl7], and [C¢Mim™*][PFg~].

Huang et al. synthetized and evaluated the effect of hydrophobic [Co,MIm*] ILs with different
lengths of the alkyl chain and different anions for the extraction of insecticides from tea infusions.
It was observed that these factors did not exert a great influence on the extraction efficiency of the
analytes, but the extraction efficiency of the composite was higher in comparison with the sorbent
without the IL [76].

In addition, MOFs-ILs have been combined with magnetic materials, such as Fe3O4 MPs [76]
and magnetic MWCNTs [77,101]. In the last case, the combination of the three materials resulted in
an increase on the extraction capability since both the carbon material and the MOF provide a high
surface area, while the IL enhanced the interaction forces between the analytes and the sorbent [77].

Table 1 shows some representative examples of analytical applications using MOF-ILs sorbents.
These composites prepared by physical interactions have been applied in p-dSPE [76,173] and its
magnetic-assisted version (m-u-dSPE) [77,101] for the determination of insecticides, pesticides, PAHs,
and a serine protease, in tea infusions, animal organs, water, vegetables, and fruit juice. Although the
excellent analytical performance offered by MOFs-ILs prepared by physical interactions, they suffer
from leaching of the IL after several uses due to the MOF-IL bonds lacking hampering the homogeneity
of the material [77].

Regarding the immobilization of ILs by chemical bonds, it can be carried out by several approaches
to form stable bonds between the MOF and the IL. The encapsulation of ILs in MOF is the main
procedure followed for the preparation of MOF-ILs composites as alternative to those based on
physical interactions [170-172]. In the encapsulation approach, the MOF acts as a host and the IL as
a guest. However, this procedure is challenging since, in general, the geometrical size of the ILs is
larger than the MOF windows for getting trapped inside the pores, which hinder the encapsulation
efficiency [26,174]. For this reason, the ship-in-bottle (SIB) strategy is the ideal procedure to achieve
the preparation of these composites. In this case, the smaller reagents required to synthesize the
IL diffuse into the pores of the MOF by stirring and/or heating. Then, the synthesis of the IL takes
place by dispersing the modified MOF in a solution containing the remaining reagents required to
form the IL [26,174]. The amount of IL loaded inside the MOF cavities plays an important role on
the material efficiency since an excess of IL can dramatically reduce the extraction capability due to
the saturation of the pores of the MOF [170]. The MOFs used in this strategy were ZIF-8(Zn) [172]
and MIL-101(Cr) [170] in combination with [C;MIm*][Br~] and [C3Tr*][PF,~] (with Tr for tropine),
and used for the determination of alkaloids and herbicides in tablets and waters, respectively. In the
case of the ZIF-8(Zn)-[C4MIm™* |[Br~] composite, a final step of pyrolysis is performed to get a highly
porous carbonaceous derived material. Therefore, the MOF structure and the IL are destroyed during
the carbonization step, thus losing the main structure and properties of both individual materials [172].
The SIB protocol has also been used for the preparation of a MIPIL in combination with the MOF
ZIF-67(Co) (Figure 6A), which was packed in a SPE cartridge [171]. In this case, authors demonstrated
the presence of the IL in the composite is the main responsible of the extraction of aristolochic acid
from herbal plants, while the incorporation of the recognition sites with the molecular imprinting leads
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to quantitative extractions, as shown in Figure 6B. Despite the MOF could extract small amounts of
the target analyte, it seems it was mainly acting as support to provide a high surface area for the final
composite material.

A) B) $0-
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Figure 6. (A) Scanning electron microscopy images of the synthetized MIPIL-ZIF-67(Co),
and (B) Comparison study of the relationship between the initial concentration of analytes and
the amount adsorbed when using neat ZIF-67(Co) (white), modified IL-ZIF-67(Co) (red), non-imprinted
PIL-ZIF-67(Co) (blue), and MIPIL-ZIF-67(Co) (green). Adapted from [171], with permissions of John
Wiley and Sons, Ltd., 2019.

7. Concluding Remarks

ILs are one of the most used materials in analytical sample preparation strategies due to their
solvation properties, high extraction capacity, tunable characteristics, and adaptability, which makes
their combination with different materials easy. They have been mainly used as modifiers of the surface
properties of solid materials to enhance the extraction efficiency and selectivity by incorporating new
interactions towards the target analytes, such as electrostatic, 7t-7t, hydrogen bonding, and hydrophilic
and hydrophobic interactions. The immobilization of ILs and derivatives on the surface of solid
materials also enhances the mass transfer of the analytes and speeds up the extraction procedure due
to the increased surface area of the resulting composite material. In this sense, the IL is usually the
main component responsible for the extraction in these solid composites.

Apart from surface modification, ILs have also been used with other materials to prepare more
complex and interesting structures, including the formation of MIPs using IL as monomers, polymers
with silica materials, or bucky gels with carbon materials. In these cases, the IL material not only
participates in the extraction of the substances of interest, but also play an important role on the
resulting characteristics of the composite material. Thus, the use of ILs also improves the dispersion of
solid materials to prepare more homogeneous sorbents and enhances the porosity and permeability of
the composites.

However, it is important to highlight that ongoing and future studies should include a comparison
of the extraction performance of the individual components and the final composite to clarify the
necessity and usefulness of all the materials incorporated in the sorbent. This study is particularly
interesting when dealing with composites prepared with materials that have an important extraction
capacity by themselves, such as carbonaceous materials or MOFs in combination with ILs. In general,
this type of studies is scarcely reported in the literature.

Moreover, practically all the applications described in the last years use conventional
imidazolium-based ILs with different alkyl chains, mainly methyl and alkyl chains with
4-16 carbon atoms. Despite some authors have studied the influence of the IL structure on the
characteristics or extraction performance of the resulting composite, these studies limit to the effect
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of different lengths of the alkyl chain and different anions. Therefore, the tunability of ILs is barely
explored in this field. Given the great variety of ILs that are possible to prepare and the easily
functionalization of ILs, it is important to move in this direction to prepare selective sorbents with
specific properties for certain applications. We believe it is important to find a rationale behind the
selection of specific ILs and exploit the potential of ILs for the preparation of the composite considering
the limitations of both individual materials and the intended application.
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Abbreviations
[AcT] Acetate
[AQSO;7] 1-Anthraquinonesulfonate
[BF47] Tetrafluoroborate
[CaCmIm™] Di-alkylimidazolium, being n and m the number of carbon atoms in the chains
[ChGu™] Alkylguanidinium, being n the number of carbon atoms in the chain
[Cnlm™*] Alkylimidazolium, being n the number of carbon atoms in the chain
[NTf, 7] Bis(trifluoromethanesulfonyl)imide
[PFs~] Hexafluorophosphate
[Tos™] Tosylate
Allyl chain
AT-FAAS Atom trapping flame atomic absorption spectroscopy
BTEX Benzene, toluene, ethylbenzene and xylene
C-IL Composite of carbon materials and ionic liquids
CD Cyclodextrin
CNTs Carbon nanotubes
DABCO 1-4-Diazabicyclo[2.2.2] octane
DAD Diode array detector
DLLME Dispersive liquid-liquid microextraction
ED Ethylene dimethacrylate
ET-AAS Electrothermal atomic absorption spectroscopy
FD Fluorescence detector
FI-HG-AFS Flow-injection hydride generation atomic fluorescence spectroscopy
FID FLAME ionization detector
G Graphene
GC Gas chromatography
GO Graphene oxide
IL Ionic liquid
LC Liquid chromatography
LOQ Limit of quantification
LPME Liquid-phase microextraction

M Methyl chain
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m-p-dSPE Magnetic-assisted miniaturized dispersive solid-phase extraction
MCM-48 Mobil Composition of Matter No. 48 (a type of mesoporous silica)
MCNPs Magnetic cellulose nanoparticles

MEM in tube SPME Magnetism enhanced monolith-based in-tube solid-phase microextraction
MET Magnetic effervescent tablet

METM Magnetic effervescent tablet-assisted microextraction

mGO Magnetic graphene oxide

MIL Materials Institute of Lavoisier (a type of metal-organic framework)
MIP Molecularly imprinted polymer

MIPIL Molecularly imprinted polymeric ionic liquid

MOF Metal-organic frameworks

MOEF-IL Composite of metal-organic framework and ionic liquids

MP Magnetic particle

MP-IL Composite of magnetic particles and ionic liquids

MPE Multi-phase extraction

MS Mass spectrometry

MS/MS Tandem mass spectrometry

MWCNTs Multi-walled carbon nanotubes

NSAIDs Non-steroidal anti-inflammatory drugs

OMS Ordered mesoporous silica

PAEs Phthalic acid esters

PAHs Polycyclic aromatic hydrocarbons

PBDEs Polybrominated diphenyl ethers

PIL Polymeric ionic liquid

Pol-IL Composite of polymers and ionic liquids

polyCD Poly-cyclodextrin

PSS Polystyrenesulfonate sodium

PTMS Propyltrimethoxysilane

rGO Reduced graphene oxide

RSD Relative standard deviation

SBU Secondary building unit

SEM Scanning electron microscopy

Si-IL Composite of silica materials and ionic liquids

SIB Ship-in-bottle

SLTPE Solid-liquid trap phase extraction

SPE Solid-phase extraction

SPME Solid-phase microextraction

SWCNTs Single-walled carbon nanotubes

TDI Toluene-2,4-diisocyanate

TEM Transmission electron microscopy

TEOS Tetraethyl ortosilicate

uv Ultra-violet detector

Vi Vinyl chain

VWD Variable wavelength detector

ZIF Zeolitic imidazolate framework (a type of metal-organic framework)
u-dSPE Miniaturized dispersive solid-phase extraction

u-SPE Miniaturized solid-phase extraction
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