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ABSTRACT

In recent years, the use of ionic liquids (ILs)gasen solvents for different extraction
techniques has received great attention by theitstauding advantages over
conventional organic solvents. ILs are consideradrenmentally-friendly solvents and
they offer some advantageous properties to be imsegtraction systems such as low
toxicity; non-volatility; non-flammability; high inic conductivity; and different
polarity, hydrophobicity and selectivity. In thigrse, their use in combination with
advanced extraction techniques, such as microwssistad extraction (MAE),
ultrasound-assisted extraction (UAE) or subcriticahter extraction (SWE), is
continuously increasing. This review presents aendew of the latest developments
and applications of ILs combined with advanced awtion techniques to obtain
bioactive compounds from natural sources and fopgrbducts, which constitute a
synergistic approach to contribute to the circldaonomy by revalorising waste and

reducing the use of toxic solvents.

Keywords: ionic liquids, green extraction techniques, biogetcompounds, food by-

products, natural sources.

Abbreviations: ILs, ionic liquids; MAE, microwave-assisted extiact PLE,

pressurized liquid extraction; RSM: response serfacethodology; SFE, supercritical
fluid extraction; SWE, subcritical water extracforJAE, ultrasound-assisted
extraction; UMAE, ultrasound/microwave-assistedrastion; VOCs, volatile organic

compounds; ATPS, agueous two-phase system.



1. Introduction.

Food by-products, such as stems, shanks, leawsds,ggeels, shells, trimming residues,
wastewater, and unusable pulp, are produced diwd) processing in large amounts
around the world (about 38 % of the original weightaw materials). The main current
use of agro-industrial wastes is as fertilizersfuels or animal feed [1]. However, food
by-products as well as their natural sources (meaiplants, vegetables, fruits, roots,
tubers, seeds, grains) represent an abundant soliradue-added compounds which
can be re-used for their potential healthy and Idgcal properties in different sectors
such as cosmetics, food additives, pharmaceuticalaceuticals, functional food,
bioenergy, fertilizers, feed, textiles, packagibgymaterials, etc. Growing interest has
raised in recent years in food by-products valtiosaas well as in the use of natural
products with low toxicity instead of synthetic soes. This interest has led to much
research in order to avoid environmental problemssed by the waste disposal in
Nature, to increase the added value of the entigplg chain and to promote
sustainability and circular economy approachesadfindustries [2]. This interest has
also led to the need of appropriate extraction oshto obtain bioactive compounds
such as polysaccharides, sugars, minerals, digbagg, lipids, pigments, organic acids
and phytochemicals (polyphenols, carotenoids), sigpwheir high potential for health
benefits related to their antibacterial, antioxiglaand anti-inflammatory properties,
among others [3].

Bioactive compounds can be extracted by using cuiweal and non-conventional
methods. Classical extraction techniques, suchafl& extraction, maceration and
hydrodistillation, are based on the extracting powé different solvents and the
application of heat and/or mixing. The main dravksaaf these techniques are their low
extraction selectivity, easy thermal decompositidrthermolabile compounds, use of
costly high purity solvents, need of evaporatingdguantities of solvent and long
extraction times. In contrast, non-conventional hnods require lower amounts of
synthetic and organic chemicals, reducing extractime and giving better yields and
selective extracts; in summary being more enviramtally-friendly. Some of the most
promising advanced non-conventional extractionnapkes developed in the last years
are microwave-assisted extraction (MAE), ultrasceassisted extraction (UAE),
subcritical water extraction (SWE), supercriticélid extraction (SFE), pressurized
liquid extraction (PLE), enzyme-assisted extract{&AE), and pulsed electric field

assisted extraction (PEF) [4]. Some of these teglas comply with principles set by



the Environmental Protection Agency (EPA, USA) gld they can be considered as
“green techniques” [6].
The design of sustainable and green extraction edstfor natural sources and wastes
has become a hot research topic in the last yeamrder to decrease the use of
petrochemical solvents and generation of volatiiganic compounds (VOCs). Most
organic solvents are volatile, flammable, toxic andrease environmental pollution.
These drawbacks have led industries to turn tongresolvents and move towards more
environmentally-friendly processes. Among themjddiquids (ILs) play an important
role as non VOC-forming solvents and they have lzessidered as the most adequate
selection for extraction and separation of bioacttempounds from various origins [7].
ILs have been successfully applied as solventsobgents and supporting materials for
the separation of bioactive compounds and for #teetion and purification of target
biomolecules in natural products due to their ieséing properties, such as their non-
flammability, high chemical and thermal stabilignd solvent power [8]Fgure 1).
Furthermore, the use of ILs allows the surpassirtgerecalcitrance of natural samples
by modifying their morphological structure and themn improve the efficient
fractionation of lignocellulosic biomass into itsam components, such as lignin,
cellulose, hemicellulose, phenolics, due to thahlselectivity. ILs have been reported
to be used as pre-treatment or extracting susti@rsdivents to obtain value-added
biomolecules in the processing of different foodstgasuch as peanut hulls, poultry
feathers, crustacean shells and citrus and potstis [O].

Figure 1.
In the last years, different reviews dealing wkike tise of ionic liquids as green solvents
mainly in liquid/liquid extraction and liquid-phaseicroextraction have been published
[10]. Their use as stationary or mobile phasesnadical separation techniques, such
as gas chromatography, liquid chromatography amll&gy electrophoresis, for the
separation of complex samples, has been also redi¢iid,12]. The potential of ILs for
CO, capture and fixation to value-added chemicals sischnear and cyclic carbonates
and electroreduction of GQo carbon-rich fuels in ILs has been recentlyeexdd [13].
The unique properties of ILs have been also exglda their use as solvents,
microwave absorbers, reactants, additives or teeglaombined with microwave
irradiation (as heating source) in the organic lsgsis of different heterocyclic
compounds and the preparation of inorganic nanamake polymers, biomass-based

composites and carbon-derived composites [14,15thErmore, the application of ILs



to replace conventional liquid or solid matrices imatrix-assisted laser

desorption/ionization mass spectrometry (MALDI-M@&) to develop optical sensors
has been also reported [16]. However, there anecent reviews dealing with the use
of ILs as green solvents in combination with adeshextraction techniques to obtain
value-added compounds from natural sources anddgqutoducts. The purpose of this
review is to provide an overview of the applicdlilof ILs as green solvents to extract
these target compounds with advanced extractiamigaes, such as MAE, UAE and
SWE.

2. lonic liquids as green extractive solvents in agnced techniques.
ILs are described as liquid organic salts that rbelow 100 °C, constituted of an
inorganic or organic anion and a large organicocafFigure 2). Among the unique
properties of ILs, one of their most interestingl @avantageous is their great variety in
composition and properties due to a large numberatibn and anion combinations,
conferring them the possibility of tuning their pesties in terms of hydrophobicity and
solution behaviour, viscosity, biodegradation ailand toxicity [17]. In addition, ILs
are non-volatile, non-flammable, non-explosive, imally corrosive, highly polar, and
miscible/non-miscible with organic solvents andi@ter. They also show a low-charge
density and low symmetry ions, a reasonable ioroadactivity, poor electrical
conductivity, excellent thermal and chemical siapind liquid range (up to 300 °C),
negligible vapour pressure (supporting their grelaracter) and favourable solvating
properties for a range of polar and non-polar cammpls, making them serviceable to be
applied in every branch of chemistry, includingamig chemistry, inorganic chemistry,
biochemistry, physical chemistry and analytical mistry [18,19]. These useful
properties have increased the interest of ILs asoftmade solvents” to be used as
attractive green alternatives to conventional welabrganic solvents (VOSSs) in
different applications to improve extraction praes [20], reducing the air route of
environmental exposure to VOSSs, since ILs do npbviae into air [21].

Figure 2.
The first developments in ILs were described at\vbey beginning of the twentieth
century evolving towards novel ILs based on théabgity in water and air or new
routes to obtain ILs produced from renewable resesjrthat are biodegradable and
biocompatible or less toxic and environmentallytaimable [22], such as the synthesis

of cholinium- and amino-acid based cations [23]whAle range of ILs are currently



available and they can be either synthesised bmida synthesis, microwave-assisted
synthesis, electrochemical synthesis and ultras@gndlerated processes for specific
purposes or commercial, but the most common cagoegjuaternary-ammonium and
nitrogen-based, namely pyrrolidinium, pyridiniumjpgridinium, or imidazolium;
combined with anions such as chloride jClbromide (Br), acetate ([CECO,]),
hexafluorophosphate ([EF) and tetrafluoroborate ([BF). The modification of the
anion structure has influence in properties likertinal stability and miscibility, while
the length of the alkyl chain in the cation andtsrshape or symmetry may modify the
viscosity, surface tension and density [24]. A ngeneration of ILs named deep
eutectic solvents (DESs) based on more stable amlophobic anions such as
[(CFSGy)2.N], amino or organic acids, sugars, alkylphosphateslkylsulfates and
cations such as choline have attracted consideadigietion in recent years [15].
Figure 3 summarises the main physical and chemical prazedi ILs that have being
the object of some attention in analytical cheryisis extracting solvents. Many works
dealing with the successful replacement of harngalvents by ILs in different
analytical methods for sample preparation have lbeparted. All of them have shown
improved extraction efficiency, including liquid-abe microextraction, aqueous two-
phase system extraction, solid-liquid extractioeuib-liquid extraction and solid-phase
microextraction. For example, Svinyarov et al. sddlifferent hydrophilic ILs for the
solid-liquid extraction of sesquiterpenic acidsnfraoots ofV. officinalis with IL-
aqueous solvents, followed by their HPLC quantifara Different variables were
considered to optimize the IL-assisted extractsuch as cation and anion type, IL
concentration, extraction temperature and time,satid/liquid ratio [25].

Figure 3.
Due to their ionic character, high solvation abilifor organic, inorganic and
organometallic compounds, improved selectivity &nel synthesis of air- and water-
stable ILs, the use of ILs in analytical chemistoy the extraction of value-added
compounds from natural sources in combination veittvanced techniques (mainly
MAE, UAE and SWE) has significantly increased. Rarmore, ILs containing metal
ions have been reported to provide additional fonelities such as optical, magnetic,
or catalytic activities [15]. In addition, the peanent search of more profitable,
efficient and “greener” solvents is another magason behind this raising trend [26].
The favourable solvating properties of ILs for thdraction and separation of bioactive

compounds are related to their ability to undergmynsolvation interactions with both



polar and non-polar molecules that can be tailtnethe structural properties of the IL.
Therefore, many ILs have shown as suitable extrgcsolvents for MAE, UAE and
SWE. The high thermal stability of ILs, which isp#@dent on both the cation and
anion, is also an important feature making themqgadte for different extraction
methods regardless of the temperature used inrdoegs. In general terms, ILs should
be stable enough to resist the heating temperatfigsme extraction procedures. It has
been reported that imidazolium-based cations shagheh thermal stability than
tetraalkylammonium cations, according to TGA andCD&nalyses. The thermal
stability of imidazolium-based ILs increases in thbowing order: [CIT, [Br], [I] <
[BF4] < [CRSQ;] < [NTf2] < [PR] . Moreover, IL-based organic anions have been
reported to show higher thermal stability than éhbased on inorganic anions [18].

ILs viscosity is several dozens to hundred timghéi than water at room temperature
and it usually increases with IL concentration aledreases at high temperature and
asymmetry of IL anions, being very important tatdleen into account for the extraction
of bioactive compounds with advanced techniques.ifitroduction of branched and/or
longer alkyl groups increases the overall viscostftiLs, which is regulated by changes
in their intermolecular interactions, including hgden bonds and Van der Waals
forces. ILs viscosity is also dependent on impesitand/or the presence of co-solvents.
Moreover, ILs may be hydrophobic or hydrophilic aheir solubility is dependent on
the size of the anion, increasing the hydrophobhiwire in the following order: [Br]~
[Cl]” < [BF4] < [PR] < [NTf2]" < [BETI] . ILs solubility may be also modified by
using different lengths of alkyl substituents i ttation, decreasing their polarity with
long alkyl chains. For example, the combinatioranfimidazolium cation with BF or

CI” results in a hydrophilic IL, whereas its combipatiwith Pk results in a
hydrophobic IL [15].

Regarding melting point, it is strongly dependenttbe level of asymmetry of the
cation. Finally, the volatility of ILs, which is la&ed to their advantageous low vapour
pressure, has been reported to be higher for congsobaving a symmetrical cation

based on imidazolium than values for asymmetrmas [27].

3. lonic liquid-assisted extraction of value-adde@ompounds from natural sources
and food by-products.
The extraction of bioactive compounds from a varft natural sources using ILs has

shown great potential [28]. The role of ILs in gwid-liquid extraction processes is not



only limited to the enhanced solute-solvent intBoas, increasing the solubility of the
target compounds, promoting also solvent-matrigraxttions leading to sample matrix
permeability modifications. 1-Alkyl-3-methylimidattom, [CnC1lim], is one of the
most investigated cations by the combination abiNith a large number of anions.
Curko et al. studied the potential of different dazolium-based fluids: [C2mim][Br],
[C4mim][Br], [C5mim][Br], [C7mim][Br], [C10mim][Br], [MIM][HSOy],
[sSCAmim][HSQ] and [mim][CRCO,] for the extraction of grape skin flavonoids
(proanthocyanidins and anthocyanins) by comparimgmt to conventional organic
solvents. Different behaviour was observed among Hnd structurally close
compounds, anthocyanin-3-O-monoglucosides and thaaylated derivatives,
evidencing the possibility for application of sgexilLs as selective solvents in
extracting individual phenolic compounds [24].

Several ionic liquids have been reported to be dbldractionate lignocellulosic
materials due to ILs selectivity in reacting witpesific substrates [29]. ILs with
different character have been studied as efficrttreatment solvents for biomass
fractionation to produce high purity cellulose, hesllulose and lignin fractions. 5-
hydroxymethylfurfural (5-HMF), furfural and redugrsugars have been also obtained
from lignocellulosic biomass using ILs with highfiefency [15]. Bernardo et al.
reported the use of hydrogen-bond basic ([emim][pAnd hydrogen-bond acidic
([emim][HSQOy]) IL-type pre-treatments coupled with enzymaticdarification on
converting wheat straw and eucalyptus biomass uesido fermentable sugars [30].
The possibilities of acidic ILs to be directly ajol for sustainable lignocellulosic
biomass fractionation into main components withie biorefinery and bioeconomy
concepts have been recently proposed as an integsato valorise wheat straw into
high added-value chemicals, by combining ILs witlzyenatic hydrolysis to efficiently
fractionate hemicelluloses, cellulose and lignieducing different streams of sugars
and phenolic compounds [31].

Advanced extraction techniques such as MAE [32-3BAE [36-38], accelerated
solvent extraction (ASE) [39,40] and pressurisezshtelogies (PLE) [41,42], such as
supercritical fluid extraction (SFE) [43-45] andbstitical water extraction (SWE)
[46,47], also called pressurised hot water extoac{PHWE), are commonly used to
obtain value-added compounds. The extraction ohdtiee compounds from natural
sources and food by-products using ILs with wateorganic solvents and combined

with advanced extraction technologies has gainevaace in the last years following



the new trends based on the twelve principles eémgrchemistry [48,49Fgure 4A).
Research in the use of ILs combined with advangé@e&tion techniques for extracting
value-added compounds is mainly based on MAE an& U the possibilities offered
to achieve high extraction yields within short tinffegure 4B); while only some
published reports have been found dealing withudeeof SWE combined with ILs.
Amongst the main high-value compounds extractedhiege powerful combinations,
alkaloids, terpenoids and flavonoids have been ttpe performers; followed by
aromatic compounds, lipids, lignans and phenolidsacNatural mixtures, such as
saponins, suberin and essential oils have beenstistied Figure 4C). IL selection
and concentration, pH, temperature and extractiome,t solid/liquid ratio,
ultrasonic/microwave power have been considergti@snain experimental conditions
to be controlled in these studies [22,50].

Figure 4.

3.1. IL-MAE.

Microwave-assisted extraction (MAE) is well-knows a rapid and attractive sample
extraction technique providing a rapid heat transfeich combined with pressure can
maximise yields of the targeted compounds extrafi@th biological matrices. MAE
could be potentially combined with ILs based onirthegh thermal and chemical
stabilities, which are important parameters thatego the suitability and long-term
stability of the extraction process. Microwaves dransmitted as non-ionising
electromagnetic energy, which can penetrate thetemand interact with polar
molecules generating heat. lonic conduction analdipotation are produced in polar
molecules, which is dependent on the dielectricstamt [51]. lonic liquids with high
polarity are heated rapidly and uniformly under moweave irradiation throughout the
whole reaction volume, being considered as exdell@orowave absorbers [15]. ILs
should be stable enough to withstand the opera¢imperatures of the heating samples
and should be able to efficiently absorb microwaaesl dissipate energy swiftly
through ionic conduction [52], resulting in a ragidating rate of the solvent-sample
mixture, cell walls and/or membranes disruption &t extraction, which combined
with the negligible vapour pressure of ILs may relair pollution. So, the synergistic
use of ILs (as potential VOCs alternative solvemitsji MAE could provide low time
consumption and energy savings being considerethah way a green extraction

approach to extract different compounds such asg@iits, essential oils, alkaloids, etc.



The use of ILs in MAE has been reported in theastion of lipids from different algal
species using 1-butyl-3-methylimidazolium hydrogsmiphate ([BMIM][HSQ]) as
well as for the extraction of polyphenols from temc with 0.3 mol/L 1-octyl-3-
methylimidazolium bromide in only 8 min at 55 °@napared to 90 min required for
UAE with other solvents [53].

Traditional methods, such as heat reflux extractware used for pectin and naringin
extraction from pomelo peels and were compared M®E and IL-based microwave-
assisted extraction (IL-MAE). Enhanced extractioalds of 8.38 + 0.20 mg/g and
291.60 + 7.25 mg/g for naringin and pectin, respebt, were obtained by using IL-
MAE compared with other extraction methods. Exicactime was also reduced from
180 min to 15 min and the operation power from 700331 W for heat reflux
extraction and both MAE-based methods, respectijedy. A Bronsted acidic ionic
liquid [HO3S(CH)smim]HSO, was used for IL-MAE and the optimal conditions @er
studied by using response surface methodology (R8&)ed on a Box-Behnken
experimental design at three levels, being the aektm variables: microwave
irradiation time, liquid/solid ratio, and microwaireadiation power.

The use of IL-MAE to obtain different value-addegimpounds from natural sources
has been reported. Some examples are the extractiarsveratrol from Melinjo
(Gnetum gnemon L.) seeds [55], curcuminoids fro@urcuma longa L. [52], gallic acid,
ellagic acid and essential oils from the leavesEatalyptus camaldulensis [56],
alkaloids from lotus leaf and Nelumbo nucifera Gaepolyphenolic compounds from
medicinal plants and essential oils from dried t&wf Illicium verum Hook. f. and
Cuminum cyminum L. [57]. Fan et al. [58] also used IL-MAE to extra@rbascoside
from Rehmannia root, which is widely used as drug and functidioald in East Asia. In
this work, aqueous solutions of 10 imidazolium-lohdles with different anions and
cations were selected to study their extractioritgbil-decyl-3-methylimidazolium
chloride, [C10mim]ClI; 1-octyl-3-methylimidazoliumhtoride, [C8mim]CI; 1-benzyl-3-
methylimidazolium chloride, [Bemim]Cl; 1-butyl-3-rifeylimidazolium bromide,
[C4mim]Br; 1-butyl-3-methylimidazolium dicyanamidg¢C4mim]N(CN), 1-butyl-3-
methylimidazolium trifluoromethansulfonate, [C4miGiESOs;  1-hydroxyethyl-3-
methylimidazolium chloride, [€OHmMImM|CI; 1-butyl-3-methylimidazolium acetate,
[C4mim]Ac; 1-butyl-3-methylimidazolium nitrate, [@4M]NOs;; and 1-butyl-3-
methylimidazolium chloride, [C4mim]CIl. The selectioof the best IL to get more

efficient extractions was based on their chemitaicture, viscosity, hydrophobicity or



their hydrogen bonding strength. Regarding thelatkgin length, like in [C10mim]CI,
this study demonstrated the influence of ILs strireetand the steric hindrance effect
between the target compound and the IL. A simiksndviour was observed by other
authors when using [Bemirnas cation [59,60].

In another work, [Bmim] P§ was selected as the most adequate solvent for the
extraction of gamma oryzanol from rice bran by IIAEL A Box-Behnken design with
RSM was used for optimizing experimental conditid3® % microwave power, 10 min
extraction time, 15 mL/g of liquid/solid ratio afd7 M [Bmim]PFs solution [61].

In summary, IL-MAE has been widely applied to egtraeveral active compounds
from natural sources, providing high yields andraotion rates and low solvent and
energy consuming. Optimal extraction conditionsalisu IL-MAE include microwave
power ranging from 280-700 W, irradiation timesnfrd..5-40 min, solid/liquid ratio
from 1:7-1:40 and temperatures from 50-105 °C.dasing solvent volumes could
result in lower extraction efficiencies and initishmple soaking followed by several
extraction cycles have been performed to increasaction yields [62].

3.2 IL-UAE.

As it has been already described, MAE is an effectind rapid technique for extracting
bioactive compounds from food by-products and r@ttwmpounds, but it is difficult to
be up-scaled and somewhat energy consuming. UAHK d@uused as an alternative to
MAE in particular for extracting thermolabile compuls at short times and room
temperature, since UAE could enhance mass tramsémhanically with no need of
heating. Ultrasonic waves promote solvent penetmaand swelling of the natural
material as a consequence of the formation antidurollapse of gas bubbles into the
bulk of the solvent, causing enlargement of therimaiores and sometimes cell tissue
disruption, facilitating an easier release of thgyét compounds [62]. Several works
have reported the use of IL-based UAE for the extra of different compounds from
natural sources and biomass, such as glycosidespials, flavonoids and terpenoids.
Different ILs varying cations and anions were stadias well as the influence of
different conditions, such as ILs concentrationframtion time, ultrasonic power,
temperature and solid/liquid ratio, on extractiorelgs [7]. Optimal extraction
conditions used in IL-UAE include frequencies ramggfrom 20-60 kHz with ultrasonic
powers and times in the range of 150-500 W and@@afh, respectively. In order to

increase extraction yields, initial soaking of s&n(2-8 h) and several extraction cycles



(3-5) can be performed, increasing the final tinemded for extraction. Increasing
temperature, ultrasonic frequency or power, and@ication time may result in the
degradation of thermally unstable compounds [62)\wEler, the number of ILs studied
in their combination with UAE is still very limiteéind more research is needed to
correlate extraction yields with ILs properties]63

Wang et al. [64] reported the extraction of flavioiso(FVs) from bamboo leaves by
using IL-based ultrasound-assisted extraction (REY with 1-butyl-3-
methylimidazolium bromide ([Bmim] Br), which waslseted from fifteen ILs with
diverse structures, like carbon chains or anionsis TL was selected due to its
availability to show strongi—r interactions with the parent nucleus of FVs, forgni
hydrogen bonds which are stronger than those adutawith water. The most
influencing parameters in the process were optichipeing RSM and the final
extraction efficiency was expressed as the totaloihoids content (4.592 mg/g). This
result was much higher than others obtained wadlitional extraction methods.

An IL-UAE method was also reported for the extractof four isoflavones (daidzin,
genistein, genistin and daidzein) from soy produciBifferent 1-alkyl-3-
methylimidazolium compounds were investigated argexyl-3-methyl-imidazolium
bromide ([GMIM]Br) (1 M) was selected as the extracting solveviariables such as
extraction time, IL concentration and solid/liquidtio were also evaluated [65]. In
another work, Thakker et al. extracted geraniamnfi®dalmarosa leaves by studying four
different water-soluble synthesized ILs, beiNgN,N,N’,N',N’-hexaethyl-propane-1,3-
diammonium dibromide the most suitable solvent.cBss parameters were optimized
following a Taguchi method as well as the Box-Bedmkesponse surface design. 1.73
% (w/w) yield of geraniol was obtained under opsed conditions (40 mL aqueous
solution containing 10 % IL, 250 W ultrasound powad 18 min extraction time) [66].
IL-UAE was also applied as a promising techniqusitoultaneously extract gingerols
and polysaccharides from ginger, evidencing thesipdgy to extract hydrophilic and

hydrophobic bioactive compounds from plant maternialone step [67].

3.3. Other IL-combined techniques
Some studies have reported the combination of lith Wwoth MAE and UAE (IL-
UMAE) for the extraction of natural bioactive comypals, as an integrated approach to

combine the advantages of ultrasounds and micravdidJMAE was applied for the



extraction of gallotannins fror@alla chinensis using [GC1im]Br as the best solvent to
obtain higher extraction efficiencies in 1 min caargd with 6 h for IL-based UAE [63].
The use of ILs for the extraction of five anthratpnes (chrysophanol, rhein, emodin,
aloe-emodin and physcion) from rhubarb was repobgdollowing a rapid, simple,
efficient and sustainable IL-UMAE approach. OptimdMAE conditions were
achieved by using 2.0 mol/L of 1-butyl-3-methylimmblium bromide ([bmim]Br)
solution, 2 min, 500 W microwave power and a sbtdid ratio of 1:15 (g/mL). The
obtained results were compared with those obtauneleér heat-reflux extraction (HRE),
MAE and UAE, showing higher efficiencies (18.904%.% enhanced) and shorter
extraction times (from 6 h to 2 min) [57].

Quercetin, isorhamnetin, kaempferol, rutin and t@assential oils were successfully
extracted from seabuckthormdippophae rhamnoides L.) leaves by using IL-based
ultrasound/microwave-assisted simultaneous distilaextraction (IL-UMASDE) and
RSM optimization. 1.0 M 1-butyl-3-methyl imidazoleromine salt ([Gmim]), an
extraction time of 34 min, microwave power of 54Q Wquid/solid ratio of 12 mL/g
and a fixed ultrasonic power of 50 W were usedaiolitg significantly higher yields
compared with those obtained with UAE, IL-UAE, MAIRd IL-MAE techniques [68].

In addition to IL-UMAE, IL-based ultrahigh pressuextraction (UPE) has been
reported for the extraction of tanshinones fr@alvia miltiorrhiza using 0.5 M of
[CsClim][PF] in ethanol solution, obtaining high extractionelgs with short
processing times and low energy and solvent consam[69].

All the above-discussed IL-based extraction metlogles show limitations for the
extraction of bioactive compounds, which are thesemsitive, thermolabile, unstable
and susceptible to oxidation in contact with aio ®vercome these drawbacks,
negative-pressure cavitation extraction (NPCE), cWwhis developed under inert
atmosphere at low temperatures, has been propasdtl-based NPCE method for the
extraction of flavonoids from the roots dfajanus cajan (pigeon pea) using
[C8C1lim]Br has been reported, suggesting that tdébnique could be useful for the

extraction of natural compounds at the industicales [70].

3.4. IL-SWE
ILs have been used in combination with SWE forglparation and extraction of some
natural-based resources. Subcritical conditionseunisicreased temperatures and

pressures result in high diffusivities, improvinigrsficantly the solvating power of



water making it a suitable solvent for organicsaditition, the high thermal stability of
some ILs (up to 400 °C) could be another appropgaoperty of ILs when combining
them with SWE. IL-SWE has been reported for theagtion of phenolic compounds,
such as gallic, chlorogenic, gentisic, protocateshp-hydroxybenzoic, and caffeic
acids, from brown seaweed obtaining 4 to 5-foldeases in extraction yields [71]. A
decrease in ILs viscosity was obtained by usingglaikyl chains through the
combination with water, decreasing the van der Waateractions and favouring the
extraction process.

The essential parameters to be controlled duringaetion with ILs are their chemical
structure and concentration, moisture level, enzyoacentration, pH, extraction
temperature and time, and enzyme to substrate. rAlie combination of all these
parameters results in more viscous and dense d$slvilan common organics,
increasing in that way the possibilities of SWE ftire specific extraction of
polysaccharides from natural sources [72], suclthascase of carrageenan extracted
from red seaweed. The combination of ILs and SWE als0 successful for the specific
extraction of bio-based chemicals such as lipidsnfrwet microalgae at high yields,
with potential to be used as biofuels precursaesr @ipplication of optimised conditions
[73].

4. IL Challenges and limitations

lonic liquids have attracted great interest as mt@k substituents for conventional
organic solvents in the extraction of specific cannpds from natural sources due to
their non-volatile and greener behaviour. Howeweme concerns regarding toxicity
and potential environmental impact of some ILs #radr breakdown products are still
pending, including thermal decomposition and hyghisl during consumption and poor
biodegradability in the environment. The green ahtar of ILs has been also
guestioned since most of them are obtained fronsilfaources. Furthermore, the
presence of impurities in ILs due to their synthesivolving organic compounds
requiring some purification steps could drasticadlifer their properties, such as
viscosity, rate and selectivity of extractions, whaffecting their potential toxicity and
environmental impact [74]. The difficulty of ILs the recovered and recycled at the
industrial scale is also a critical issue that cansume great quantities of energy and
have high cost, limiting their application in commtial extraction technologies [75] and

preventing ILs to be really competitive with contienal solvents. The possibility of 1L



recovery and its reuse has been recently considdrgd using preparative
chromatography enhancing the sustainability of teetraction process for
lignocellulosic biomass valorisation by recyclimgetiL with a yield higher than 90 wt%
[31]. Other different approaches have been suadbssipplied for the separation and
purification of ILs and the corresponding targeluses such as back-extraction with
organic solvents, hydrodistillation of volatile cpounds, anti-solvent-induced
precipitation, and partitioning in IL-based ATPS][6Nevertheless, it is expected that
further research will be developed focusing on mdfgctive, simple and cost feasible
methods for ILs recovery in order not to dischapg¢ential toxic compounds into the
environment which may cause soil and groundwatetacoination as well as further
risks to human health and living organisms. Howgeilteshould be also considered that,
since a wide range of ILs can be obtained by clmanghe cation and/or anion, it is
possible to select more degradable and less tdxgcfor the required extraction
application through rational design. These tail@de physico-chemical and biological
properties joined to the potential of ILs to in@eathe extraction yield of targeted
compounds may offset those negative concerns antheseadvantageous use of ILs,
providing new stimulus and challenges to reseanctne field. In addition, the interest
in bio-based ILs synthesised from renewable soumash as amino acids, lignin and
carbohydrates, is increasing as a clear possiliditgbtain greener ILs [76]. However,
large amounts of environmentally unfriendly and snenewable reagents are usually
consumed in the synthesis of some bio-based ILs#nds have to be made to reduce
the use of these chemicals in order to exploresptidmore potential uses of bio-based
ILs.

5. Conclusions.

In recent years, the use of ionic liquids (ILs)gasen solvents has been substantially
increased and new research in analytical chemiistsybeen reported due to the unique
physico-chemical properties and tuning possibditié¢ ILs by altering their cationic or
anionic moieties to extract bioactive compoundsnfroatural sources and food by-
products; such as polyphenols, essential oilsddipglycosides, alkaloids, etc. The
possibilities of ILs in combination with advancedtraction techniques such as
microwave-assisted extraction (IL-MAE), ultrasoussbisted extraction (IL-UAE), and
subcritical water extraction (IL-SWE) can be comesétl as a real sustainable alternative

to the use of conventional organic solvents; ragycsolvent consumption and



extraction times due to the stronger dissolving @owef ILs and the multiple
interactions provided by their ions. However, thgplaecation of ILs combined with
green extraction techniques is not fully exploitget, and new applications on the
extraction of different value-added compounds froatural samples are expected to
raise in the coming years. An efficient recyclinfyIbs after extraction is also an
important economic and environmental issue to hesidered and more approaches
dealing with the separation and purification offbéts and solutes are needed, which
may also contribute the up-scaling of the develogedaction methods from lab-scale

to an industrial scale in the future.
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Figure 4. A: Number of publications combining ionic liquiegth advanced extraction
techniques (http://www.scopus.com). B: Distributioihworks published based on IL-
assisted extraction techniques for the extractioml @&eparation of value-added
compounds from natural sources in the last 5 ygudts://www.scopus.com). C: Value-
added compounds extracted from natural sourceariyf using IL- assisted extraction

techniques (adapted from Reference [22]).



Highlights

lonic liquids (ILs) as green solvents in advanced extraction techniques are reviewed

ILs for extracting bioactives from natural sources and food by-products are presented
Latest developments in ILs with green extraction techniques (MAE, UAE, SWE) are
shown

ILs properties, challenges and limitations as extracting solvents are included



