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Abstract: In the last decades, a myriad of materials has been synthesized and utilized for the
development of sample preparation procedures. The use of their magnetic analogues has gained
significant attention and many procedures have been developed using magnetic materials. In this
context, the benefits of a new class of magnetic ionic liquids (MILs), as non-conventional solvents,
have been reaped in sample preparation procedures. MILs combine the advantageous properties of
ionic liquids along with the magnetic properties, creating an unsurpassed combination. Owing to
their unique nature and inherent benefits, the number of published reports on sample preparation
with MILs is increasing. This fact, along with the many different types of extraction procedures that
are developed, suggests that this is a promising field of research. Advances in the field are achieved
both by developing new MILs with better properties (showing either stronger response to external
magnetic fields or tunable extractive properties) and by developing and/or combining methods,
resulting in advanced ones. In this advancing field of research, a good understanding of the existing
literature is needed. This review aims to provide a literature update on the current trends of MILs
in different modes of sample preparation, along with the current limitations and the prospects of
the field. The use of MILs in dispersive liquid-liquid microextraction, single drop microextraction,
matrix solid-phase dispersion, etc., is discussed herein among others.

Keywords: magnetic ionic liquid; sample preparation; dispersive liquid-liquid microextraction;
single drop microextraction; GC; HPLC

1. Introduction

The advancements in the production of new materials in liquid and solid form have
significantly impacted the field of sample preparation in analytical chemistry [1]. In the
past few years, a wide variety of them with exceptional properties have been utilized in the
preconcentration and separation of analytes from different matrices [2,3]. The ionic liquids
(ILs) are salts composed of organic cations and organic or inorganic anions [4]. They have
melting points at or below 100 °C and hence, they exist as liquids in a wide temperature
range. They have low melting points, negligible vapor pressures, outstanding chemical
and thermal stabilities, and good affinities for both organic and inorganic analytes [4,5]. In
addition, their viscosity, miscibility with organic or inorganic phases, and selectivity for
several applications may be tuned based on the needs. Because of these unique physic-
ochemical properties, they have emerged as an excellent class of alternative extraction
media. Despite these advantages, poor phase separation, particularly in solvent-based
extractions, remains a major challenge in analytical sample preparation [4-7].

Magnetic materials possess a prominent position in this research field as they have
attracted considerable attention [3]. Recent developments have indicated that the synthesis
of the single component magnetic ILs (MILs) where magnetic metals are not incorporated
externally but as a part of the IL can lead to better phase separations by way of an external
magnet [8]. MILs are liquids that combine the unique properties of ionic liquids with
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magnetism, thus facilitating their easy retrieval during the extraction process. MILs are easy
to disperse in solutions and can magnetically be separated from the other phases, negating
the need for centrifugation, commonly employed in classical extraction procedures, thus,
reducing the time and energy required for it. The careful tailoring of their components
allows their successful application in the extraction of both hydrophilic and hydrophobic
analytes from several media [3,4,8].

Much effort has been put into developing MILs based on transition metals that are
less subjected to hydrolysis and possess improved magnetic properties. Therefore, MILs
containing transition elements such as manganese, cobalt, gadolinium, and dysprosium
have also been reported while metal-free MILs with a paramagnetic component based on
organic radicals have also been synthesized [8-13].

So far, the use of MILs in sample preparation has greatly advanced, and many reports
are being published with innovative concepts. Since this topic or research has great
potential, our aim is to provide a literature update on the current trends of MILs in sample
preparation under different conditions of operation, along with the current limitations and
the prospects of the field.

2. Dispersive Liquid-Liquid Phase Microextraction

Dispersive liquid-liquid phase microextraction (DLLME) is one of the most popular
solvent-based microextraction techniques. MILs have been investigated in DLLME-based
approaches. Because of their favorable physicochemical properties, they can be an envi-
ronmentally benign alternative to toxic organic solvents that are commonly employed.
Furthermore, MILs can increase the sample throughput as they are easily harvested with
the aid of a simple magnet, thereby eliminating the need for a centrifugation step.

2.1. Direct Use of MILs
2.1.1. Procedures for Organic Compounds Determination in Environmental Samples

A MIL can be used as an extraction phase for DLMME. In the study of Silva et al., such
a sample preparation procedure was developed and combined with high-performance
liquid chromatography with diode array detection (HPLC-DAD) for the determination
of organic contaminants in river water samples [14]. The organic contaminants included
pharmaceuticals (estriol, estrone, carbamazepine, diazepam, ketoprofen, ibuprofen, 17
a-ethynyl estradiol), plastic, and personal care additives (bisphenol A, triclocarban, methyl-
paraben, ethylparaben), and pesticides (aldicarb, methyl parathion, metolachlor, and
diuron). In comparison with other studies, this method does not require a centrifugation
step and uses smaller volumes of solution and short time sample preparation. Although
this method was published lately (compared with other procedures discussed later on), its
design is rather simple.

A unique approach of MIL aqueous two-phase system (MIL-ATPs) coupled with
HPLC was pursued by Yao et al. [15], for the first time. The magnetic ionic liquid was
synthesized based on guanidinium cation to effectively separate chloramphenicol in a
water environment. The method did not require any organic solvent and the extraction
equilibrium was almost achieved when an aqueous two-phase phenomenon was applied.
In these systems, different solutes can be separated from each other and separately dis-
tributed into two immiscible aqueous phases. A simple external magnetic field can be used
to assist in phase separation. First, the MIL was dissolved in a cap containing only a water
sample, then the anhydrous potassium phosphate was dissolved in the solution to avoid
the change of ATPs temperature during salt addition. Finally, the magnetic collection was
activated to separate the extraction phase and an amount of ionic liquid phase was directly
injected into HPLC for quantitative analysis. Good linear range, low limit of detection and
quantitation, good recovery were some of the advantages of this method. It is noteworthy
that the use of different salts has a varying effect on phase separation. This information can
be of interest for future studies to tune the performance of the method.
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In another report of two-phase system development, three novel chiral MIL ([Cp.4MIM-
Tempo][L-Pro])(4-Hydroxy-2,2,6,6-tetramethyl piperidine 1-oxyl free radical (4-OH-tempo))
(L-Pro:L-Pro) were used to construct an ATP system with inorganic salts (KyHPOy, K,COs3,
K3POy4, NaySO4, NayCOs3) for the extractive resolution of racemic phenylalanine (DL) [16].
Firstly, the MIL was added into a centrifuge tube and dissolved in water. Then, a certain
amount of DL-Phe and Cu(OAc), was added, and the mixture was shaken to form a clear
solution. A volume of anhydrous dipotassium phosphate was added, so the solution
turned cloudy, and the chiral MIL-ATPs was formed. Two aqueous phases formed and
the enantiomer concentration of amino acid in the top phase and the bottom phase were
determined by chiral HPLC-MS. This system combined the advantages of organic solvent-
free, magnetic phase separation, and rapid extraction. It is worth mentioning that the MIL
could be recycled at least six times with good resolution ability. This type of methods
that focuses on the separation of racemic mixtures are scanty and sparse, and thus, more
attention should be paid to such applications, since there is a demand for optically pure
compounds.

A group of polycyclic aromatic hydrocarbons (PAHs) was extracted by three MILs and
quantified with HPLC and fluorescence detection (HPLC-FD) [12]. The three MILs used
were benzyltrioctylammonium bromotrichloroferrate (III) (MIL A), methoxybenzyltriocty-
lammonium bromotrichloroferrate (III) (MIL B), and 1,12-di(3-benzylbenzimidazolium) do-
decane bis|[(trifluoromethyl)sulfonyl)] imide bromotrichloroferrate (III) (MIL C). The analy-
sis was applied to real aqueous samples, including tap water, wastewater, and a tea infusion
and the analytes were benzo(a)anthracene, chrysene, benzo(a)pyrene, benzo(b)fluoranthene
and benzo(k)fluoranthene. The results showed that the MIL A had the best performance
for the extraction of PAHs (MIL B showed adequate extraction efficiency but was lower
than that obtained with MIL A, whereas MIL C extracted the PAHs poorly). The method
was able to achieve sufficient quantitation of high molecular weight PAHs, high sensitivity
with low limits of detection (LODs), and sufficient reproducibility and efficiency. At the
same time, a low volume of MIL and low consumption of organic solvent were required.
This study corroborated the fact that MILs with different hydrophobicity have different
extraction potential for the analytes, with better performance usually recorded for more
hydrophobic MILs. However, the higher the hydrophobicity of a MIL the more difficult
is to achieve a more homogeneous dispersion. Thus, the procedures can be improved by
adding dispersive solvents or altering the pH of the solution.

In the study of Deng et al., a new hydrophobic magnetic room temperature ionic
liquid {(trihexyltetradecylphosphonium tetrachloroferrate (III) ([3C¢PC14][FeCl4])} was
synthesized [17]. The purpose of synthesizing this MIL was to investigate its possible
use as a separation solvent for the phenolic compounds from soil samples, because of its
paramagnetic characteristics as a response to an external magnet. The distribution ratios
of the phenolic compounds were influenced by the pH of the aqueous phase, the nature
of the ILs, and the chemical structure of the phenols themselves. Furthermore, the MIL
technique showed a much higher extraction capacity than traditional nonfunctionalized
RTILs. Finally, the MIL method might be efficient in real samples such as industrial, river
and lake water samples, or it can be tested in recovery and recycling the MIL (probably by
using centrifugation techniques or strong magnets).

Three hydrophobic MILs were synthesized and employed as extraction solvents
in DLLME coupled to HPLC employing ultraviolet radiation (UV) detection [18]. The
three MILs [tetrachloromanganate(Il) [MnCl,?~ ]Janion, aliquat tetrachloromanganate (II)
([Aliquat*],[MnCl4%~]), methyltrioctylammonium [MnCL;Z’]([N1,8,8,8+]2[MnCl42’]), and
trihexyltetradecylphosphonium [MnCl,2~] ([P6,6,6,14+]2[MnCl42*])], used in the extraction
of pharmaceuticals, phenolics, insecticides, and polycyclic aromatic hydrocarbons. The
MIL was mixed with the disperser solvent, and then the mixture was pipetted with the
sample solution, followed by shaking. The MIL containing the analytes was retrieved using
a magnet rod. Finally, the MIL was dissolved in acetonitrile, and that solution was injected
into an HPLC. The [P6,6,6,14+]2[Mr1Cl42_] was the MIL that exhibited the best extraction
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results for most analytes and the cleanest chromatographic background. Low LODs were
obtained for all target analytes, and acceptable recoveries for water and lake samples were
accomplished. In this study, an important topic was taken under consideration as most
MILs based on the iron tetrachlorate anion are prone to hydrolysis. This can limit the
potential of MILs for use in aqueous samples. Moreover, this anion exhibits strong UV
absorbance which also limits the potential use of HPLC-UV systems for separation and
analysis. Therefore, other magnetic anions, such as the manganese tetrachloride anion
should be examined.

Another informative case is the investigation of three MILs based on the cation
[Pe,6,6,14]7, combined with tetrachloroferrate(Ill), ferricyanide, and dysprosium
thiocyanate [19]. These MILs were evaluated as extraction solvents of three different
microextraction strategies for the efficient extraction and preconcentration of four estro-
gens, estrone, estradiol, estriol, and ethinylestradiol, from environmental water. In the
first and second one, the MIL was suspended to the aqueous solution, and stirring was
performed with an external magnet using an orbital shaker and a stir bar, respectively. In
the third one, MIL was first immobilized on a stir bar and then, the aqueous solution was
added, with MIL remaining on the rod due to its high viscosity and strong paramagnetism.
In the latter case, highest extraction recoveries of analytes were achieved with the use
of [P 6,6,14][FeCla], [P 6,6,14]3[Fe(CN)¢], and [Pe 6,6,14]15[Dy(SCN)s] MILs. Of these three
MILs, the [Pg 6 6,14]3[Fe(CN)¢] was found to be the most suitable due to its reduced cost,
hydrophobicity, and easier synthesis. It is important that the design of this MIL, along with
the advantages it offers, has barely been examined for its application in the analytical field.
Compared with other reported techniques, due to the low consumption of solvents and the
use of ionic liquids as an organic phase, it responds well to the green chemistry principles.
Compared with solid—phase-based microextraction and other DLLME-based techniques, it
provides similar or lower extraction times.

Along these lines, Chatzimitakos and co-workers proposed a stirring-assisted drop
breakup microextraction combined with HPLC for the determination of selected phenols
and acidic pharmaceuticals in aqueous matrices [20]. In this mode, an aqueous sample was
added to a glass beaker and temperature and pH was adjusted. The addition of one drop
of the MIL (16 + 1 mg) accompanied by stirring, initially led to the decomposition of the
droplets and the subsequent reunion into one which contained the analytes. The Nggg 1
[FeCly] MIL was detached from the solution with a magnet and dissolved in a mixture
of DDW: acetonitrile (1:3) for the injection into the HPLC-DAD system. In the authors’
view, this is the first attempt to use this MIL for analytical aims through a simple, efficient,
environmentally friendly, and low-cost drop-breakup microextraction for small molecules.

2.1.2. Procedures for the Determination of Organic Substances in Food Samples

The application of different MIL can also be applied in DLLME to the determination
of six estrogens in samples of milk and cosmetics [21]. Six estrogens (estrone, estradiol,
17-«-hydroxyprogesterone, chloromadinone, 17-acetate, megestrol 17-acetate and medrox-
yprogesterone 17-acetate) were extracted by employing four MILs (Pg 46147 ][FeCls ],
[P66,614 " 12[MNCL42 7], [Pe 6614 12[CoCly* "] and [P 6,614 12[NiCl4?*~]. The MIL that gave
the best results including low chromatographic background, wide linear range, low de-
tection limit, and good recovery, was the [CoCls2~ ]-based MIL. In comparison with
[P6,6,14" ]2[MnCl4>~] and [Pg 66,14 T 12[CoCly* ], the [Py 66,14 12[CoCly* ] shows good se-
lectivity for six analytes, and the color of MIL based on [MnCl,?~] is light yellow, which
is difficult to observe and separate. In this case, also, the iron-based anion was avoided,
reducing the hydrolysis of the MIL, and the color of the MIL was also taken under consid-
eration, in order to make easier the visualization of the droplets and their magnetic harvest.
The method presented fast, accurate and precise results along with accuracy, precision,
effectiveness, economical, and environmentally friendly.

Wang et al. developed a MIL that can extract triazine herbicides from vegetable oils
with a DLLME [22]. The 1-hexyl-3-methylimidazolium tetrachloroferrate ([Comim] [FeCl4])
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was used for extracting triazine herbicides from vegetable oils, two soybean oils, three
maize oils, and two sunflower seed oils samples. Moreover, carbonyl iron powder (CIP)
was applied to minimize magnetic separation time, thus can be magnetically attracted by
the MIL to form a combination of CIP and MIL (CIP-MIL). Briefly, a dilution of vegetable
oil sample with n-hexane was performed, then an ultrasound extraction with the MIL
and the adding volume of the CIP. Next, the CIP-MIL was collected with a strong magnet
and washed with n-hexane. A volume of deionized water and ethyl acetate was added to
dissolve the MIL and extract the target analytes. After evaporation with a nitrogen stream,
the final sample was redissolved with acetonitrile, followed by LC analysis (Figure 1).
Compared with previously developed methods [23-27], the performance achieved by
this method was found to be acceptable. The use of ultrasonication was an asset for this
method, as it reduced the extraction time to 7 min. Thus, not only dispersion agents, but
ultrasonication can also be employed for the dispersion of the MILs.

Ultrasound “ | Magnetic
Dilution extraction x,:j separation Wash
= . - 2 - =
w-Hexane [Comim] [FeCl,] cp |%e n-Hexans
= [+
-3 &
— N N \ 2 ) i
Vegetable oil
Ny = <
| :H-‘ | Transfer of Magnetic
’ Re-dissolving ethyl acetate Cleanup separation
— — +~— — - -
analysis Acetonitrile Deionized water
- and ethyl acetate
Mal:ﬁe . I

) CIP-MIL with analytes

Figure 1. Schematic diagram of the DLLME extraction procedure of triazines from vegetable oils. Reproduced with

permission from [22]. Copyright Elsevier, 2014.

Li et al. developed an ultrasonic-assisted extraction method (UAE) for sinomenine
(SIN) microextraction from Sinomenium acutum, utilizing a range of MILs based on imi-
dazolium cations and iron(Ill) anions [28]. S. acutum powder was added to a tube along
with the MIL. The solution was ultrasonicated for the extraction of SIN and subsequently
was centrifuged. The surfactant bis (2-ethylhexyl) sulfosuccinate sodium salt (AOT) was
used for the reversed micellar extraction of SIN. The AOT was dissolved in isooctane and
an amount of water was added into the tube. The resulting transparent AOT/isooctane
reversed micellar system was added to a tube together with the aqueous MIL phase. The
mixture was shaken and then placed in a separating funnel. The AOT/isooctane micel-
lar system was separated from the aqueous phase and absolute ethanol was added to
destroy the micellar system. After stirring, the mixture was transferred to a separation
funnel for the reversed extraction of SIN into the ethanol phase. Compared with other
methods the heat reflux extraction using MIL, ethanol-heat reflux extraction, HyO-heat
reflux extraction, Ethanol-UAE, H,O-UAE), MIL-UAE reveals the maximum extraction
yield of 10.57 mg g, indicating the excellent extraction ability of the MIL and the rapidity
of the method. Moreover, due to multi-interactions (ionic/charge-charge and hydrogen
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bonding,) between SIN and the MIL, the solubility of the SIN in the solution is enhanced in
the present MIL-UAE method. However, this method is still complex and contains many
laborious steps, thus it needs to be further simplified in order to be used more widely.

Feng et al. reported an extraction method for polyphenols in tea leaves using mag-
netic ionic liquids [29]. Pulverized tea leaves were added into a conical flask along with
CsmimFeCly MIL and the extraction was ultrasonic-assisted. The pH was adjusted to
3-3.5 and the solution was left to stand. After the removal of tea residue with filtration,
NaOH was added, and the forming tea polyphenols-MIL complex was precipitated. The
mixture was centrifuged and filtered. The liquid phase was diluted and analyzed with
HPLC to determine its contents. The filter cake was dissolved and diluted with methanol to
determine its contents. In this, a CIP was added, and the MIL was combined with the CIP.
The solution was left to stand and then a magnet was used for the separation of the phases.
The residual solution was diluted and analyzed with HPLC. The extraction efficiency of
tea polyphenols was much higher than that achieved by the traditional solvents such as
water and alcohol-water. The MIL that was used in this study has high selectivity, so it can
be removed from target analytes easily. In conclusion, MILs can be a useful solvent for
the extraction and determination of natural products. More attention should be paid to
the iron-containing MILs, due to their increased absorbance in the UV region, which can
hinder the identification and quantification of polyphenols.

A more enhanced version of MIL-DLLME came to the fore by Chatzimitakos and
co-workers, who succeeded in identifying triazines (TZs) and sulfonamides (SAs) [9]. The
peculiarity of this new method was the combination of a water-insoluble solid support
with [Pg 6,614 ][Dy(lIl)(hfacac)s ] MIL and the separation of the analytes in a one-pot,
pH-modified procedure. By mixing the solid support with the MIL, difficulties related to
the weighing and the uniform dispersion of the MIL were avoided. To do so, materials
such as quartz silica microparticles, insoluble silica, and soluble inorganic salts were
tested, with quartz silica eventually prevailing. In brief, the liquid sample was mixed with
trisodium citrate and a quantity of a [Pg 614" ][Dy(IlI)(hfacac), ~]-quartz silica mixture
under stirring, which led to the formation of tiny droplets. Magnetic isolation (using a
neodymium cylinder magnet), and dissolution in acetonitrile solution, was followed by
the HPLC analysis. A key point of the process was the pH adjustment. It was observed
that by primarily adjusting the pH to 9.0 and then lowering it to 3.0, efficient extraction
was achieved first of the TZs and then of the SAs. Apart from the beneficial use of the solid
supporting material and the achievement of the process in one-pot, it is worth noting that
both classes of analytes were simultaneously separated, with advantageous recoveries. This
study is one the few that tried to address the issue of poor MIL dispersibility, a common
problem for hydrophobic MILs and paved the way for the use of solid support materials,
whose sole purpose is to control the dispersibility of the MIL. The solid support materials
can be reused since they do not take part in the extraction process.

Mousavi and co-workers synthesized a magnetic ionic liquid that was used in the
DLLME of ultra-trace amounts of parabens in wine, beer, and water samples [30]. [N1,g53"]
[FeCl; ], a magnetic room temperature IL, was synthesized through an easy reaction
between methyltrioctylammonium chloride ([Njggg*][C1™]) and iron(III) chloride hex-
ahydrate (FeCl; 6H,0O). What stands out in the present study is the possibility of micelle
formation due to the surface-active material of MIL. It was investigated, for the first time, as
an important factor in phase separation, affecting the recovery of the MIL. For this purpose,
20 mL of extraction solvent ([N g g g*][FeCly~]) was diluted in 250 mL of disperser solvent
(acetone). The solution was placed into a capped glass containing the sample solution with
NaCl (25%, w/v). After sonication for 1 min, a cloudy solution was formed. From this, the
supernatant was removed, and the analyte-rich MIL phase was retrieved by a magnet. The
analysis was further continued via HPLC-UV. According to the results, great extraction
efficiencies and impressive recoveries were caused by the extensive surface contact between
the [Ny g5 8" ][FeCly~] droplets and the sample, which forms stronger intermolecular forces
(e.g., p-p, n-p) than those between water and parabens.
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2.1.3. Procedures for the Determination of Organic Substances in Biological Samples

MILs can also be used as extraction phases in DLLME for the analysis of hormones
(estriol, 17-B-estradiol, 17-a-ethynylestradiol, and estrone) in human urine samples [11].
Merib et al. showed that the MILs trihexyltetradecylphosphonium tetrachloromanganate
(I ([P6,6,6,14+]2[MnC142’]) and aliquat tetrachloromanganate (II) ([Aliquat+]z[MnCl42’]),
followed by separation/detection with HPLC, could be of a biological interest too. Briefly,
a mixture of a disperser solvent (methanol) and the MIL ([P6,6,6,14+]2[MnC142’]) was added
to urine samples, and a manual shaking step was applied to facilitate the formation of
microdroplets in the solution. Right after that, the MIL was reserved with a rod magnet
and the extraction phase containing the enriched analytes was desorbed in an portion
of acetonitrile, before injection into the HPLC-DAD system. This extraction step was
performed in a short time (90 s) without the need for a centrifugation step. In addition,
chromatographic separations were conducted within 10 min allowing for high-throughput
analysis and LODs, comparable to previously reported data using other microextraction
techniques requiring longer extraction times. Analyzing biological samples in such an
efficient and environmentally friendly way is needed in analytical chemistry.

The work of Will et al. expands the potentials of MIL with the presentation of a
simultaneous determination of different compounds of human urine samples [31]. The
[Pe,6,614"1[C17] MIL was used for the extraction of eight compounds including pesti-
cides (carbofuran, atrazine, simazine, diuron, and metolachlor), estrogenic hormones
(ethinylestradiol and estrone), and a pharmaceutical compound (diclofenac). Dispersive
liquid-liquid microextraction based on the MIL was used as the sample preparation proce-
dure (MIL-DLLME). The MIL showed good selectivity for the low-polarity compounds
evaluated in the study, allowing for the simultaneous determination of different classes
of compounds. A MIL-DLLME-based procedure was fully optimized, and a rapid ex-
traction methodology was performed (11 min of extraction). In addition, this method
can be easily automated, which can considerably increase the throughput features of the
determination. The MIL-based approach constitutes a formidable tool to avoid chlorinated
organic solvents, which have frequently been used in DLLME. Moreover, the combina-
tion of automated analyses with wide applicability is highly promising for an analytical
method to be employed in routine analysis. Abdelaziz and co-workers succeeded in the
determination of four antihypertensive drugs of the sartan class through a gadolinium-
based MIL which was used as an extraction solvent in DLLME [32]. For this reason, three
hydrophobic MILs based on the trihexyl(tetradecyl)phosphonium (Pg ¢ 6,14) cation contain-
ing different paramagnetic metal-halide anions (FeCly~, MnCl42~, and GdClg>~) were
synthesized according to previous reports. Although all three revealed compatibility with
common reversed-phase HPLC solvents and low miscibility with aqueous samples during
extraction, some complications affected the extraction efficiency. The [P6,6,6,14+]3[GdC163_]
was found to be the most beneficial. It combines advantages such as higher magnetic
susceptibility, better adhesion to sartans, lower toxicity, satisfactory viscosity, and it is less
likely to undergo hydrolysis in aqueous samples. A comparison between the proposed
method and SPE and IL-DLLME, confirms its advantageous position. [P6,6I6/14+]3[GdC163_]
based DLLME provides faster and better automation. Although LOQ values were lower
for the SPE methods, much lower quantitation limits should be achieved if the proposed
one is coupled with highly sensitive MS/MS detection and/or applied to larger sample
volumes.

In a more recent study, two room temperature MILs were synthesized to precon-
centrate, determine, and separate the carbamazepine drug in urine and wastewater sam-
ples [33]. To achieve this, dispersive micro-solid phase extraction was used in conjunction
with HPLC. Iron and cobalt-containing MILs [OA]FeCly and [OA]CoClj3 ((Z)-octadec-9-en-
1-aminium tetrachloroferrate (III) and (Z)-octadec-9-en-1-aminium trichlorocobaltate (II))
were tested as sorbents with the satisfactory results setting the stage for future applications
for the extraction of pharmaceutical trace contaminants in the water samples. For the
extraction procedure, 10 mL of 300 ug-L~! NaCl and 40 mL of MIL were mixed in a glass
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beaker on a magnetic stirrer. Owing to the magnetic properties, the MIL adsorbent was
obtained through a magnet, and analysis was continued by HPLC-DAD. The extraction
was based on electrostatic interactions, between the MIL and the analyte, whereas the
acetonitrile used for the desorption, exhibited stronger dipole-dipole interactions with the
analyte and removed it from the MIL. Reaping such mechanisms of interaction for the
extraction of the analytes can sometimes be advantageous, since hydrophobic interactions
need to use more hydrophobic MILs. Thus, other type of problems may arise, whereas
electrostatic interactions are weaker and are more sensitive to temperature variations.

2.1.4. Procedures for Metal Species Determination in Food Samples

Fiorentini et al. investigated a MIL-DLLME method for the determination of trace
Cadmium in honey samples [34]. The honey sample was added in a tube along with
ammonium diethyldithiophosphate (DDTP) and HCl. The DDTP was added to form a
hydrophobic chelate with Cd(II), highly stable at pH values below three, thus the efficiency
of the extraction increases. HCI was added to acidify the solution. The mixture was
stirred and left to rest to ensure the formation of the Cd-DDTP complex. Subsequently,
the trihexyl(tetradecyl)phosphonium, [Pg g6 14]FeCly, MIL phase and acetonitrile, as a
dispersant, were added. After stirring the mixture, a magnetic bar was used to collect
the MIL phase. An amount of HNO; was utilized to back-extract the analyte from the
MIL material since the direct determination of Cd in the MIL is not attainable due to the
interference of Fe in this type of solvent. Finally, the preconcentrated sample solution was
injected into the graphite furnace of an electrothermal atomic absorption spectrometry
(ETAAS). The LOD was 0.4 ng-L.~! Cd and extraction efficiency was 93%. This work
probably constitutes the first report of [Pg¢614]FeCly MIL application along with the
DLLME method for the determination of trace Cd in honey samples.

Another research on the MIL-DLLME technique developed also by Fiorentini et al.
concerns the preconcentration and microextraction of the highly toxic Arsenic in honey
samples [35]. [Pg ¢6,14]FeCly MIL was utilized as extractant material and the analysis was
performed using ETAAS. Before the microextraction procedure of As, aqueous solutions
of 1% (w/v) honey were prepared. The pH was adjusted and then methanol was added
as a dispersant material along with 2-(5-bromo-2-pyridylazo)-5-diethylamino-phen as a
complexing agent. The solution was left to stand, and chloroform was added, followed by
a vortex. Initially, for the determination of As, the supernatant from the above-mentioned
clean-up procedure was acidified with HCI, and KI was added to reduce As(V) to As(III).
After that, the mixture was left to rest to ensure the As reduction and DDTP was added
followed by acetonitrile addition. The DDTP was added to form a hydrophobic chelate
with As(III), highly stable under acidic conditions, thus the efficiency of the extraction
increases. Acetonitrile works as a dispersant. The solution was left for a second time to
rest in order to ensure the formation of the As(Il)-DDTP complex. The extraction phase
was added, and the sample was stirred. The MIL phase was retrieved via an external
magnetic rod and an adequate amount of sample was injected into the ETAAS for trace As
determination. The LOD of the analysis procedure was 12 ng-L~! As and the extraction
efficiency was 99%. The advantage of this study is the tremendous analytical recovery of
95.2-102% despite the matrix complexity along with the utilization of the [Pg ¢ 6 14]FeCly
MIL as an excellent extractant.

Fiorentini et al. have also introduced the MIL, [Pg ¢ 6,14]FeCly, for the determination of
chromium in honey samples, followed by ETAAS [36]. In this work, the sample solution
was acidified with HCl, and Fe(II) was added to the sample to prevent the oxidation of
Cr(III). Then, [P 6 6,14]FeCly was added and the sample was stirred for 10 min. The MIL
extracts the analyte during the stirring process. The MIL phase is collected via a magnetic
rod and diluted with CHCl;. Thereafter, the sample was injected into the ETAAS for
Cr determination. The obtained efficiency of the extraction was 98% and the LOD was
5ng-L~! Cr. The dominant result derived from this study is the avoidance of centrifugation
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due to the facile separation of the extraction phase by an external magnetic field, using a
Fe-containing MIL.

Recently, Fiorentini et al. reported the application of trihexyl(tetradecyl)phosphonium
tetrachloromanganate (II), [Pg 6 6,14]oMnCly, MIL along with the DLLME method for the
determination of trace Pb in bee products (honey, mead, honey beer, and honey vinegar)
for the first time [37]. The sample was acidified with HCl, then 1,5-diphenylcarbazide
was added for the complex formation, NaCl to adjust the ionic strength and acetonitrile
as a dispersant. The MIL phase was added, and the mixture was vortexed. Finally, the
MIL phase was separated from the solution by a magnetic rod and an adequate amount of
this containing the preconcentrated analyte was injected into the ETAAS instrument. A
LOD of 3 ng-L~! Pb and an extraction efficiency of 97% were obtained. This approach has
an excellent advantage. The MIL used for the Pb detection does not contain Fe, thus the
interference effects are avoided. All the above methods from the same research team, point
towards the need for careful selection of the metal moiety in the anion of the MIL, since it
can interfere with the detection of metal ions.

Wang et al. reported in 2016 a novel magnetic ionic liquid-based up-and-down-shaker-
assisted DLLME for the speciation and determination of Selenium from five rice samples
(white rice, brown rice, parboiled rice, glutinous rice, and rice flour) [38]. An aqueous
solution containing Se(IV) and Se(VI) was inserted into a centrifuge tube. Further, 2,3-
diaminonaphthalene, utilized as a chelating agent, was added to the tube along with diluted
HCI for the pH adjustment. The MIL 1-butyl-3-methylimidazolium tetrachloroferrate,
[C4mim][FeCly], was then injected into the solution and the tube was shaken by an up-and-
down shaker. Subsequently, the Se(IV)-2,3-diaminonaphthalene complex was separated
from the aqueous phase by an external magnetic field. Due to the high viscosity of the
MIL phase that complicates the sample injection into the analysis instrument, an amount
of HNOj in ethanol (1:1, v/v) was added to reduce the viscosity of the MIL. The analysis
was performed using a graphite furnace atomic absorption spectrometer. After the sample
preparation, the aforementioned steps were followed to determine the total Se concentration
and the Se(IV) concentration. The total inorganic Se concentration was determined as well,
following the same experimental course. Thus the Se(VI) concentration can be calculated
by subtracting the Se(IV) concentration from the total inorganic Se concentration. This
technique presents good accuracy, relative standard deviation (RSD) lower than 3%, LOD
of 0.018 ug-L~! and repeatability of <3.0% for Se(IV).

A novel ultrasound-assisted surfactant-enhanced emulsification microextraction com-
bined with micro-solid phase extraction using the MIL butyl-3-methylimidazolium tetra-
chloroferrate ([Cymim][FeCly]) was reported by Yao et al. for the determination of cadmium
and lead in six edible vegetable oils (olive oil, soybean oil, maize oil, sunflower seed oil,
and two peanut oils) [39]. For the preconcentration and detection of Cd and Pb, the sample
was inserted into a tube. Non-ionic surfactant Triton X-100 was added as an emulsifier
reagent along with the MIL and the mixture was ultrasonicated. Then, an amount of
Fe;04 nanoparticles were added and the solution was stirred. The Fe3O4 nanoparticles
were utilized to enhance the efficiency of the MIL phase separation by absorption. The
MIL-nanoparticle phase was collected after applying an external magnetic field. HNO3; was
added to the tube for ultrasonicated dissolution of the MIL. The Fe3O, nanoparticles con-
taining the target analytes were collected with a magnetic bar and injected into the GFAAS.
The ultrasound procedure applied in this work accelerates the homogenous dispersed
solution and the mass transfer between the analyte and the extractant. Compared with
other reports in the literature, this method presents similar or lower LODs (0.002 for Cd and
0.02 for Pb), and among the advantages are simplicity, rapidity, and satisfactory sensitivity.
The main advantage, however, is the avoidance of the centrifugation step that reduces the
analysis time, leading to an excellent alternative technique to oil samples microextraction.

A very interesting study was reported by Wang et al. in 2018 for the determination
of arsenite and arsenate in five types of leafy vegetable samples (leaf lettuce, bok choy,
spinach, celery, and coriander) applying a novel effervescence tablet-assisted magnetic
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ionic liquids-based microextraction (ETA-MILs-ME) [40]. For the ETA-MILs-ME procedure,
the sample was added into a tube along with ammonium molybdate, and ascorbic acid
and the mixture was acidified (Figure 2). An effervescent tablet was added to the solution
and bubbles rose rapidly from the bottom of the tube. During this step, the MIL 1-butyl-3-
methylimidazolium tetrachloroferrate ([C4mim][FeCly]) dispersed homogeneously in the
aqueous phase and the formed As(V)-ammonium molybdate complex was extracted by the
MIL. The MIL phase was separated from the aqueous solution with a magnetic rod. Finally,
it was diluted with ethanol and injected into the GFAAS. For the total As the sample was
weighed into a PTFE reactor. HNO3 and H,O, were added, and the mixture was digested.
Then, As(Ill) was oxidized to As(V) and the fore-mentioned ETA-MILs-ME procedure
was followed for the total As calculation. For the detection of As(V), the sample was
weighed into a tube and nitric acid was added to extract inorganic arsenic. The solution
was sonicated and centrifuged to obtain the extract. The supernatant was filtered with
a cellulose acetate membrane and the ETA-MILs-ME methodology was performed. For
the calculation of the total inorganic As the formerly obtained supernatant was filtered
and an amount of KMnO, solution was added to oxidize As(IIl) to As(V) with the aid of
sonication. The sample was subjected to the ETA-MILs-ME procedure for the total inorganic
measurement. As(III) was calculated by subtracting the As(V) from the total inorganic As
concentration. This work presents a simple, rapid, and efficient method with a LOD of
0.007 ug-L~! and 97.9-105.8% recovery for As(V) in a variety of leafy vegetable samples.
The use of effervescence is another way to address the issue of poor MIL dispersibility,
similar to the use of solid support materials, as mentioned above. As this is one of the main
restrictions of (hydrophobic) MILs usage, more alternative options like the ones mentioned
above, should be examined.

Effervescence
Tablet  reaction L X . -MILs
Extraction of e within 1 min H Magnetic Elution
e - B -
; : isolution A et
inorganic As J \
ol -magnet
As(IIM+As(V) (Eﬁ;ﬂf:l tablcts Cloudy solution
containing magnetic

ionic liquids)

Figure 2. The scheme of the proposed ETA-MILs-ME. Reproduced with permission from [40]. Copyright Elsevier, 2018.

2.1.5. Procedures for Metal Species Determination in Environmental Samples

In 2016, Wang et al. proposed a novel magnetic ionic liquid-based air-assisted liquid—
liquid microextraction (MIL-AALLME) for the trace Arsenite and Arsenate species determi-
nation in five environmental water (river, pond, tap water), sediment, and soil samples [41].
This technique combines MIL and air-assisted liquid-liquid microextraction. The 1-butyl-3-
methylimidazolium tetrachloroferrate ([Cymim][FeCly]) MIL was used as the extractant
phase. For the detection of the total inorganic As in water samples, Na;S,03 and KI were
added to the sample to reduce arsenate to arsenite. The solution was left to rest to ensure the
reduction. In the mixture containing ammonium pyrrolidine dithiocarbamate as a chelating
reagent, diluted nitric acid/ammonia was added for the pH adjustment. Subsequently, the
MIL was inserted into the tube and the solution was rapidly withdrawn and rapidly in-
jected into the tube for 10 times via a syringe to accelerate the MIL dispersion in the sample.
The MIL phase containing the As(III)-ammonium pyrrolidine dithiocarbamate complex
was collected by an external magnet rod and HNOj in ethanol (1:1, v/v) was added to
reduce the viscosity, thus the aliquot sample could be injected into the graphite furnace
atomic absorption spectrometry (GFAAS) instrument. The total inorganic As concentration
and the As(III) concentration were determined following the above-mentioned steps. As(V)
concentration is calculated by subtracting the As(III) concentration from the total inorganic
As concentration. For the detection of the total As in solid and sediment samples As(V)
was reduced to As(Ill) and then the MIL-AALLME process was performed. An amount of
the solid and sediment samples was weighed and transferred to a polytetrafluoroethylene
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(PTFE) reactor. HNOj in ethanol (1:1, v/v), HyO, and HF were injected into the PTFE
reactor and the samples were digested by a microwave digestion system. The PTFE reactor
was cooled and then KI and NayS,03 were added to the residual solution for the reduction
of As(V) to As(Ill) with microwave assistance. Finally, the MIL-AALLME process was per-
formed for the calculation of the total As concentration. For the determination of As(V) and
As(II), the samples were weighed and added into a tube along with the extraction solution
(phosphoric acid and ascorbic acid). The mixture was sonicated and centrifuged for obtain-
ing the extracted As(V) and As(IIl). In order to obtain As(III) concentration, an aliquot of
the filtered supernatant was diluted and subjected to the MIL-AALLME procedure. KI and
Na;S,03 solutions were added to another aliquot of filtered supernatant for the reduction
of As(V) and As(IIl) with microwave assistant. The total inorganic arsenic concentration
was evaluated by the MIL-AALLME procedure. The As(V) concentration was calculated
by subtracting the As(Il) concentration from the total inorganic arsenic. Compared with
different approaches reported in the literature for trace inorganic As species determination
in natural samples, this method has low sample consumption and short extraction time, it
shows an acceptable LOD (0.029 jtg mL~!) in the range of and the linear dynamic range is
acceptable (0.04-10.0 pg-L~')compared with other reported techniques.

In a recently reported work, Oviedo et al. developed a MIL-DLLME method to deter-
mine inorganic Antimony species in natural water samples (tap, dam, mineral, wetland,
underground, rain, and river water) [42]. For the determination of Sb(Ill) the sample
was mixed with HCI and DDTP solution as a chelating reagent. The solution was left
to stand to ensure the formation of the Sb(III)-DDTP complex. Then, NaCl was added
to adjust the ionic strength and the acetonitrile in order to disperse the extraction phase.
The MIL hexyl(tetradecyl)phosphonium tetrachloroferrate ([P ¢ 6,14]FeCly) was used as an
extractant material. The sample was vortexed, and the extraction phase was separated from
the aqueous phase with a magnetic rod and subsequently was diluted with chloroform.
An aliquot sample was injected into the graphite furnace of ETAAS. For the total inorganic
Sb determination, KI was inserted in the sample and then the solution was acidified with
HCI. The mixture was left to stand and the above-mentioned MIL-DLLME technique was
performed to calculate the total inorganic Sb. The Sb(V) concentration was calculated by
subtracting the Sb(II) concentration from the total inorganic Sb concentration. This method
constitutes the first application of the MIL for extraction and preconcentration of Sb in
natural water samples. The extraction efficiency for Sb(III) was 98.0% and for Sb(Vwas
92.6%, LOD for Sb(IIT) was 0.02 pg-L~! and the linear range was 0.08-20 pg-L~!.

Aguirre et al. have proposed an analytical MIL-DLLME approach for the detec-
tion of cadmium in three fuel samples (engine oil, gasoline, and diesel) [43]. For the
microextraction and detection of Cd, sample was mixed with an amount of the MIL bis(1-
ethyl-3-methylimidazolium) tetrathiocyanatocobaltate (II), [Emim][Co(SCN)4], and the
tube was vortexed (Figure 3). The MIL phase was collected with the aid of a magnetic rod
and an aliquot was transferred into a HNOj3 solution for the back-extraction of the target
analyte to the aqueous phase. This is the first study that demonstrates MIL-DLLME and
back-extraction procedures in combination with the ETAAS instrument for Cd determi-
nation in engine oil, gasoline, and diesel fuels. The obtained LOD value (0.084 pg-kg ')
reveals that the MIL-DLLME technique can enhance the sensitivity of the ETAAS analysis.
The extraction of Cd from the difficult-to-handle fuel samples via a compatible aqueous
phase is an advantage that makes this approach a promising method for facile and sensitive
determination of Cd in comparable types of samples. As can be seen so far, most of the
methods developed for metal species determination are more complex, compared with
those developed for organic compounds. This is an issue that needs further attention, since
future methods for metal species should be simpler, so that they can be used in routine
analysis.
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Figure 3. Scheme of the analytical procedure for Cd quantification. Reproduced with permission from [43]. Copyright

Elsevier, 2020.

2.2. In-Situ Formation of MILs

The in-situ DLLME approach is an adjustment of the classical DLLME method that
uses ILs as extraction solvents [44]. A limited number of reports have exploited this
alternative formation of MILs in micro-extraction approaches, which until now include
the determination of harmful analytes in water and food samples, and most recently the
extraction of DNA [45]. In these cases, the magnetism of MILs enables magnetic isolation of
the extraction solvent with a strong magnet, thus replacing the centrifugation and filtration
steps [44]. For this application, mixing of a hydrophilic IL with a metathesis reagent is
required, leading to an anion exchange and generation of a hydrophobic IL. Through
this reaction, multiple hydrophobic IL micro-droplets are formed that are able to interact
with the analytes [46]. Most of the time, the MILs designed contain paramagnetic anions.
However, some restrictions in their use in DLLME have been observed, such as hydrolysis
in water at room temperature and incompatibility with HPLC [44].

To overcome the problems associated with these types of MILs, Anderson and co-
workers reported a new generation containing paramagnetic cations [44]. The in-situ
MIL-DLLME was compared with the conventional MIL-DLLME for the verification of the
successful extraction of polar and non-polar pollutants in aqueous samples. In combination
with HPLC the determination of UV filters, polycyclic aromatic hydrocarbons (PAHs),
alkylphenols, a plasticizer, and a preservative was achieved. Therefore, five different
MILs consisting of cations containing Ni(II) centers coordinated with four ligands of N-
alkylimidazole and chloride anions with different alkyl substituents (R), were synthesized
and tested as extraction solvents in in-situ DLLME. These can go through a metathe-
sis reaction with the bis[(trifluoromethyl)sulfonyl]limide ([NTf,~]) anion. Among them,
[Ni(C4IM)42*1,[C1~] and [Ni(BeIM)42*],[C1~] showed the highest extraction efficiencies.
A mixture of the aqueous MIL solution in the chlorinated [C1~] form and the extraction
solvent, was added to a glass vial containing an aqueous solution of the analytes. A certain
amount of ion-exchange reagent was added to achieve the formation of MIL:[Li*][NTf, ]
in a ratio of 1:1, 1:2, or 1:3. Assisted by vortex, the metathesis reaction was accelerated
and thus the configuration of the magnetic drops containing the analytes. These were
magnetically isolated and diluted in acetonitrile solution to reduce viscosity. To illustrate
the superiority of the designed method, a comparison was made with MIL-DLLME. It was
found that the extraction efficiencies for the in-situ MIL-DLLME, were higher and ranged
from 46.8-88.6% and 65.4-97.0% for the [Ni(C4IM)4%*],[C1~] and the [Ni(BeIM)42*],[Cl]
MILs, respectively.

In view of this new category of MILs, four novel organic ones were synthesized
by Yao and Du [47]. Through a similar approach, an in-situ MIL-DLLME coupled with
HPLC was established to simultaneously separate, preconcentrate, and determine trace
amounts of sulfonamides in milk samples for the first time. Along the same lines with
the previous report, the MIL was dissolved in a vial containing the milk sample with
the analytes. Then, the addition of the ion-exchange reagent resulted in the immediate
formation of a light red turbid solution. The hydrophobic MIL drops were directly isolated
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via a neodymium magnetic bar (30 s) and immersed into methanol for subsequent HPLC
analysis. A comparison between this developed method and others that have been reported
has shed light on its multiple benefits. Through its application, the extraction time is
reduced, as steps such as centrifugation and agitation are avoided. In addition, a small
amount of an inorganic salt is generated and no organic toxic solvents are required. Taking
everything into account, this is the first time to realize all these advantages in an analytical
method.

In a recently published work, a unique analytical method, known as in-situ parallel-
dispersive droplet extraction evolved for the first time [45]. Combined with HPLC-DAD,
micropollutants in aqueous environmental samples were successfully detected. To be-
gin with, for the formation of the hydrophobic MIL, a cation precursor (CP), and an
anion exchange reagent (AER) were required. Three different hydrophilic MILs (CPs)
[Ni(C4IM)42*],[C17], [Ni(BeIM)4 2+ [,[C17], [Co(C4IM),4%+],[C1~ ] were evaluated, with the
latter prevailing. [Li*][NTf,”] was used as AER. One of the main advantages of the method
is its automation. This is achieved using a 96-well plate system on which NdFeB were
adjusted, thus increasing the throughput of the process. By adding 1.25 mL of sample and
100 pL of an aqueous solution of [Co(C4IM)4%*]5[C1 ] at a concentration of 40 g'L_1 to the
plates vials, a hydrophilic compound was formed. After 5 min of vigorous agitation, the ad-
dition of 40 pL of an aqueous solution of LiNTf, converts it to a hydrophobic, maintaining
agitation for 75 min. Eventually, the MIL microdroplets attached to the rod magnets were
diluted in ACN and the solution was injected in the HPLC-DAD. The advantages of this
method are not limited to its automation. Compared with others used for the determination
of analytes in water samples, less extraction time is required (0.78 min) and a low amount
of toxic organic solvents and sample is consumed (MILs are synthesized in aqueous media,
20 pL of ACN and 1.25 mL of sample are needed). In addition, due to the increase of the
surface area of the MIL, higher extraction efficiency is achieved. On the other hand, it is
worth noting that LODs were slightly higher than those mentioned by other studies, and
concerns associated with the solubility of MIL in aqueous samples were noticed.

The same concept was introduced for the in-situ DLLME of DNA samples. To give
an illustration of that, the research carried out by Bowers and co-workers proved the
successful extraction of long and short double-stranded DNA through the formation of
hydrophobic MILs droplets [46]. As previously described, the aqueous solution of the
MIL in the chloride form was mixed with the DNA sample and the dispersive solvent
(dimethylformamide). Then, with the addition of the ion exchange reagent ([Li*][NT£,7]),
the hydrophobic MIL droplets settled at the bottom of the vial. An aliquot of the upper
aqueous phase was used for further analysis. In this study, up to ten different MILs
consisting of N-substituted imidazole ligands (with butyl-, benzyl-, or octyl-groups as
substituents) coordinated to different metal centers (Ni?*, Mn?*, or Co?*) as cations, and
chloride anions were synthesized. Co-based MILs provided the highest EFs (>85%) while
Ni-based MILs showed the greatest selectivity in extracting the different sized duplex
DNA fragments. It is worth noting that the subsequent analysis was performed by both
HPLC-DAD and fluorescence spectroscopy with the latter technique to be more suitable
for the faster detection of DNA. This is due to various chromatographic complexities such,
as high solvent consumption and frequent column cleaning. Despite this, the preparation
method was compared both with other IL- and MIL-based extraction methods and the
conventional MIL-DLLME. The results showed the superiority of the method, based on
its simplicity and highest extraction efficiencies. It is noteworthy that it is an affordable
alternative for the extraction of DNA instead of commercially available DNA extraction
kits.

Apart from the in-situ DLLME, an in-situ derivatization combined with MIL-based
fast DLLME has been reported for the determination of biogenic amines (Bas) in food
samples [48]. Once more, the experimental course is based on a similar philosophy as
before. In a vial containing 5 mL of the sample (at set pH), the derivatizing agent, dansyl-
chloride, (DNS-CI) was added and the mix was left in the incubator for 15 min at 60 °C. The
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derivatization process was then completed, and the DNS-CI was removed. An amount of
MIL and methanol was added and the mixture was agitated via vortex. Next, the analytes
were removed using a neodymium magnet, and redissolved in acetonitrile. The resulting
solution was filtered and subjected to the HPLC system. This stage of derivatization is nec-
essary, as BAs are not easily detected by HPLC-UV due to the lack of chromophore groups
in their structure. It is worth mentioning that although cobalt(II)-based MILs have not been
extensively studied yet, the authors synthesized the MIL trihexyltetradecylphosphonium
tetra-chlorocobalt (II) [P6,6,6,14+]2[C0Cl42’] as it completely dissolves in the mobile phase,
exhibits low absorbance eliminating background and allowing sensitive analysis of the
analyte. This method seems to be a suitable and fast way, with high sensitivity for the
determination of amines in real samples such as wine and fish. In fact, by comparing it to
other methods such as SPE and UPLC/Q-TOFMS, it has been shown to provide lower LOD
values and improved analytical performance as it can pre-concentrate and extract at the
same time. From the above-mentioned applications, it can be seen that the method of in-situ
formation of MILs addresses properly some issues that exist with DLLME procedures.
Therefore, such procedures are more promising and worth further research to advance this
topic.

2.3. Single Drop Microextraction Procedures

Single-drop microextraction is a straightforward, environmentally friendly technique
that has been used, mainly, for the extraction and subsequent determination of low-
molecular-weight compounds after coupling to various chromatographic techniques. The
extraction is performed using a few microliters of an organic solvent either immersed into
an aqueous sample or exposed to the headspace of the matrix with the aid of a micro sy-
ringe. MILs can provide a viable alternative to organic solvents in this technique because of
their low volatility and high viscosity /hydrophobicity, overcoming the problem of droplet
instability.

A new method named: weighing paper-assisted magnetic ionic liquid headspace single-
drop microextraction, using microwave distillation followed by gas chromatography-mass
spectrometry (WP-MIL-HS-SDME), was developed to determine a total of 39 volatile com-
pounds in 16 lavender samples from three different harvest years with principal component
analysis [49]. An amount (9 uL) of the magnetic ionic liquid 1-octyl-3-methylimidazolium
tetrachloroferrate ([CgmimFeCly) could stably be divided on the weighing paper for
long time extraction. The lavender samples were placed into a headspace vial. The
[Cgmim]FeCly was distributed into the weighing paper, which was adhered to the seal-
ing cap containing PTFE-silicone septum, suspended in the headspace of the lavender
sample. The bottle was sealed, and headspace extraction was achieved by microwave
irradiation. After that, the weighing paper, with the analyte, was transferred directly into
a polyethylene (PE) tube containing a back-extractant (cyclohexane). Next, the PE tube
was vortexed, centrifuged, and then was forced to magnetic separation. Finally, a sample
of back-extractant was injected into the GC-MS instrument for analysis. The increase of
the extractant volume resulted in a significant increase in the extraction efficiency of the
WP-MIL-HS-SDME than MIL-HS-SDME method, while the disadvantages of traditional
HS-SDME, such as the microdroplet in the needlepoint being easy to drop and high oper-
ational requirements got through. Although this method is a rather unique approach, it
is complex enough and many steps are needed for the extraction. These two drawbacks
override the benefits.

The team of Jiwoo et al. investigated with HS-SDME and a DLLME methods, two
tetrachloromanganate (IMnCl4%"])-based MIL as extraction solvents for the determination
of twelve aromatic compounds, including four polyaromatic hydrocarbons from lake
water samples [50]. The optimized HS-SDME method was compared to the DLLME
method employing the same two MILs as extraction compounds. The method of DLLME
with the two MIL(([P6,6,6,14+]2[MnCl42_]) and ([Aliquat*],[MnCl4?~]) showed much faster
extraction and higher enrichment for analytes with low vapor pressure. On the other hand,
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HS-SDME showed advantages in extracting analytes possessing relatively high vapor
pressure. Both methods provided low LODs and high precision for the target analytes
as well as acceptable relative recoveries from the samples, suggesting that the examined
MILs can be exercised in microextraction techniques. The disadvantage of the HS-SDME
method compared with DLLME was that in DLLME the total sampling time required was
less than 5 min, which demonstrates its potential as a high throughput sampling technique.
However, the HS-SDME method can easily be employed in cases of complex matrices.
Generally, the use of [MnCl,?"]-based MILs provides advantages, such as convenient
ways of extractions, low UV absorbance which permits the direct coupling to HPLC for
chromatographic analysis, and high extraction selectivity.

A novel technique was presented in the manuscript of Trujillo-Rodriguez et al., which
was developed by using a vacuum headspace single-drop microextraction method based
on the use of magnetic ionic liquids (vacuum MILHS-SDME) (Figure 4) [51]. This method
provided a successful approach for the determination of a group of short-chain free fatty
acids (FFAs) (from Cj; to n-Cy), responsible for the aroma of milk and other dairy products.
The use of MIL ([P6,6,6,14+][Mn(hfacac)g"]) demonstrated advantages at decreased pressure
conditions, with analytes reaching equilibrium faster than regular atmospheric pressure
MIL-HS-SDME showed an improvement in the extraction efficiency for all analytes, at any
extraction time. Furthermore, the method does not require derivatization of the free fatty
acids to their methyl ester analogues and combined with vacuum headspace single-drop
microextraction, analytes are determined in an automated approach using GC-MS without
any interferences from the MIL solvent.

, Connected to the

- vacuum pump
I Step 1 l
Addition of 20 42mL
uL of MIL headspace
‘] o
and assembly I l N ame
- - - = T — — — — — . — — — GC-MS
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vacuum pump gastight syringe (45 °C, 60 min and (150°C, 10 min,
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Bl Screw cap Pipette bulb Rod magnet = = Silicone septum Stir bar Vial

Figure 4. Schematic of the vacuum MIL-HS-SDME procedure under optimum conditions. Reproduced with permission
from [51]. Copyright Elsevier, 2017.

In another study, a microextraction technique using a MIL was coupled with voltam-
metric determination of ascorbic acid (AA) in samples of vitamin C effervescent compounds
and orange juice [52]. The MIL ([Aliquat*]z[MnCle’] was used as the extracting solvent
and was exposed directly on the surface of the working electrode. The MIL had a double
purpose: as a cleanup (no interfering species) and as an electrode modifier (with TiO,
nanoparticles). With this method, no dilution step was needed and in comparison to other
voltammetry techniques, lower LOD, as well as increased sensitivity was achieved because
a preconcentration step was performed before the electrochemical measurement. For the
first time, the assets of the ionic characteristics of the IL as well as of the Mn?Z* ion for the
modification of the electrode and enhancement of the electron transfer of AA were taken
advantage of.
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Fernandez et al. used 1-ethyl-3- methylimidazolium tetraisothiocyanatocobaltate(II)
([Emim],[Co(NCS)4]) as a MIL to extract nine chlorobenzenes (i.e., 1,2-dichlorobenzene,1,3-
dichlorobenzene, 1,4-dichlorobenzene, 1,2,3-trichlorobenzene, 1,2,4-trichlorobenzene, 1,3,5-
trichlorobenzene, 1,2,3,4-tetrachlorobenzene, 1,2,4,5-tetrachlorobenzene, and pentachlorobe
nzene) for analyses from water samples (tap water, pond water, and wastewater) [53]. In
this study, with the method of magnetic heads