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Abstract

Recently, increasing interest has been reported in applying ionic liquids (ILs)
in separating alcohols and proteins, an important process for several industrial
and pharmaceutical applications. Traditional separation processes are poorly
effective, with low selectivity, high energy consumption, and environmental
problems. This review presents special properties of ILs concerning tunability and
remarkable solvation ability that hold great promise for separation processes.
The IL stationary phases modified with certain functional groups can enhance
the interaction between IL and target molecules, increasing separation efficiency.
Notably, the amino group-modified ILs were able to separate proteins by charge
and size, a greener bioseparation technique owing to the low volatility and easy
recyclability of ILs. Al's role in designing highly selective ILs for particular targets
is discussed. Design of ILs, selection of solvent, and process optimization will be
developed by applying techniques such as machine learning, molecular modeling,
and data mining. Further, the review discusses the economic and environmental
benefits of IL-based separations, and an attempt is made to discuss its cost-
saving and resource-efficiency aspects. Separation of sugar alcohols using ILs,
along with a discussion on advanced techniques, has been presented given their
tunable solubility and low volatility being regarded as main issues in enhancing
the separation processes. It also discusses the design of task-specific ILs for
separating methanol from ethanol, which shows high selectivity toward methanol.
Finally, the history of IL development, with current challenges in separating
alcohols and proteins, gives a view of future research related to sustainable
separation using ILs.
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1 INTRODUCTION

The quest for efficient and environmentally friendly
separation technologies has become a critical endeavor
in the dynamic landscape of modern chemistry'’’. The
separation of the sugar alcohol family of chemicals
necessary in many industries, including pharmaceuticals,
food, and biofuels is one such field that has seen a
boom in interest. Ionic liquids (ILs) have emerged
as exceptional solvents among diverse separation
technologies, promising increased efficiency and greener
procedures'”. This introduction explores the enthralling

world of modern techniques aimed at maximizing the
efficiency of ILs in separating sugar alcohols, providing
light on the creative strategies that herald a watershed
moment in chemical engineering. Due to their customized
tunability, ILs have a significant advantage in selectively
extracting and separating sugar alcohols from complex
combinations”’. Their ability to dissolve a wide range of
compounds and their low vapor pressure make them an
appealing alternative for efficient separation operations.
However, researchers have looked into other ways to
improve their efficacy in sugar-alcohol separation. In
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Figure 1. Schematic Presentation of the Ionic Liquids, Their Properties, Advantages, and Applications.

recent years, the need for sustainable and efficient
operations in the chemical industry has fueled research
into novel separation methods. ILs have attracted
interest as attractive possibilities for chemical separation
due to their low volatility, tunability, and unusual solvation
properties ', Sugar alcohols are critical in industries
ranging from pharmaceuticals to food and biofuels.
Purer sugar alcohols mean better products, cleaner
manufacturing, and a sweeter future. Modern methods
to improving ILs for sugar alcohol separation center on
adapting these solvents to specific requirements™®. For
instance, the functionalization of IL structures has yielded
encouraging results. Functional groups that interact
selectively with sugar alcohols have been successfully
introduced by researchers, allowing for better separation
efficiency, as shown in Figure 1.

Another very modern approach is the application of
nanotechnology in IL-based separations. Introducing
nanoparticles, such as magnetic or catalytic nanopart-
icles, into ILs could add another degree of selectivity,
thus enabling sugar alcohols to be separated even more
precisely. These new approaches reflect the constant
change that characterizes research in this sector. The
following review discusses the use of ILs as solvents for
extracting and purifying bioactive compounds obtained
by fermentation, synthetic pathways, or directly from
biomass. The range of bioactive compounds includes
small organic compounds like phenolic acids, alkaloids,
fats, essential oils, carotenoids, vitamins, and amino
acids to large biomolecules like nucleic acids, proteins,
enzymes, and antibodies'®”). Different ILs have been
widely explored in the context of various bioactive

compounds and extraction techniques. The review is
supported by a comprehensive table naming these
ILs and abbreviating them, grouped according to their
cation and anion constituents. IL-based techniques
include liquid-liquid extractions using hydrophobic
ILs, ionic-liquid-based aqueous biphasic systems, and
aqueous micellar biphasic systems'”. Other discussed
solid-liquid extractions included techniques such as
microwave-assisted and ultrasound-assisted extractions.
Also discussed are techniques such as solid-phase
extractions involving IL-modified materials and induced-
precipitation techniques like three-phase partitioning
and crystallization. Particular attention has been paid
to IL-based techniques, which have shown scalability
and have recovered significant amounts of target
compounds at a moderate expense. Notably, this
review excludes electrophoretic and chromatographic
techniques since there have already been several
reviews on these methods'”. The paper underlines the
most relevant challenges to IL-based extraction and
separation processes, calling for further exploration and
novelty. Properties and equilibrium conditions of systems,
including extraction and solubility behavior using new
solvents like ILs, are of paramount importance during
the development and optimization of further processes.
The present review also intends to provide an overall
thermodynamic description based on simple but accurate
tools represented by activity coefficient models and
equations of state, which is a field that has been tackled
very scantily so far. Therefore, 11 different calculation
schemes based on the approaches above were applied
to the largest databank ever investigated, including 13
solute-analyte systems, 21 ILs, and 653 data points. This
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Figure 2. Thermodynamic Modeling of Sugar Alcohols Solubility in Ionic Liquids. This figure represents the overall
modeling strategy for predicting the solubility of various sugar alcohols in ionic liquids. It also puts forward views on the
efficacy and efficiency with which different thermodynamic models, such as activity coefficient models and equations of state,

perform in reproducing solubility behavior. Reproduced from Ref.'

is done regarding the performance analysis of such kinds
of models®,

The models tested include some activity coefficient
models (ACMs), namely NRTL, free-volume Flory-
Huggins (FVFH), and Redlich-Kister (RK), using schemes
other than athermal and ideal solution models. Three-
parameter cubic Equations of state known for their good
performance have also been tested and compared,
including Peng-robinson (PR) and Valderrama-Patel-teja
(VPT).. The simple RK model and a three-parameter
one provided the best results with a deviation of
0.82 % (2.77K) for the whole databank. Besides, the
incorporation of the temperature-dependent interaction
parameters into the FVFH ACM (3.55K, 1.05%), PR
EoS (3.60K, 1.07%), and VPT EoS (3.66K, 1.08%)
remarkably improved the accuracy of the estimations.
The results show that the thermodynamic models
based on the NRTL, FVFH, and RK ACMs are suitable for
calculating the solid-liquid equilibrium conditions in the SA
-IL systems because they provide a simple and reliable
calculation method. Such models can be successfully
applied within the simulation and optimization packages.
An instance is given in Figure 2,

1.1 The Role of ILs in Sugar Alcohol
Separation

Considering their unique properties, ILs recently
emerged as a promising alternative to traditional organic
solvents in chemical processes. Usually, ILs are one class
of salts in the liquid state, which consists of organic cations
and inorganic or organic anions. They are characterized
by low volatility, high thermal stability, and the ability
to dissolve many substances, including sugars and
sugar alcohols. These properties make ILs attractive in

I with permission from MDPI.

separation processes, especially where traditional solvents
lack satisfactory performance.

The application of ILs to the separation of sugar
alcohols has recently received much attention for some
key advantages'"'*":

High Selectivity and Solubility: ILs can be tailored by
choice of cation and anion to selectively dissolve specific
sugar alcohols, thus enabling efficient separation in complex
mixtures. This selectivity reduces the need for multiple
separation steps, thus lowering energy consumption.

Environmental Benefits: Because ILs are nonvolatile,
they represent "green" solvents since these compounds’
VOC emissions into the atmosphere are negligible.
This attribute is essential in many large-scale industrial
applications where the loss of a given solvent may be rather
high. A huge number of cation-anion combinations can be
used in the design of task-specific ILs targeted to optimize
separation processes. Researchers can modify ILs for
improved selectivity, reduced viscosity, or other properties
to better suit their intended use for separating certain sugar
alcohols. Compatibility with Different Techniques: These ILs
offer a wider versatility in applications with several industries
because they can be combined with different separation
methods such as liquid-liquid extraction, chromatography,
and crystallization.

Despite these merits, the ILs involved in sugar
alcohol separation pose several drawbacks, such as
high cost, potential toxicity, and viscosity problems,
which may prevent the industrial applications of ILs.
More importantly, the molecular interactions between
ILs and sugar alcohols have to be addressed to improve
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Figure 3. Schematic Diagrams of Integrated Processes Using ILs. The figure presents schematic diagrams illustrating
integrated processes that utilize ILs to extract and separate small organic compounds from biomass. It details the step-by-
step procedures, including the extraction of target compounds, separation, and the subsequent recovery and reuse of the ILs.
The diagrams emphasize the efficiency and sustainability of these processes in optimizing IL usage and minimizing waste.
Reproduced from Ref.""®’ with permission from America Chemistry Society.

these processes, which demands highly developed
thermodynamic models and simulations'*"*.

The review focuses on an overview of the present state
of research concerning the application of ILs to sugar-alcohol
separation. The scope of this review is as follows:

Summary of the Advantages and Disadvantages of IL
Usage: The review will highlight such advantages of using
ILs for sugar alcohol separation as high selectivity, low
volatility, and the possibility to tune their properties, while
challenges are high viscosity and possible toxicity.

In this perspective, the review discusses more contem-
porary thermodynamic modeling approaches that are
applied in predicting and enhancing the efficiency of ILs in
sugar alcohol separation, such as activity coefficient models,
equations of state, COSMO-RS, and molecular dynamics
simulations. The sustainability study of ILs compared with

conventional solvents will be done based on their lifecycle
impact, recoveries, and recycling possibilities™* .

2 SUGAR ALCOHOL SEPARATION

Separating sugar alcohols is indispensable in the
pharmaceutical industry since a high degree of purity is
required. Crystallization, distillation, and chromatography
so far applied are generally non-efficient, non-selective,
and often non-environmentally-friendly procedures. In
separating sugar alcohols, ILs have become an ideal
alternative. ILs are salts in the liquid state at room
temperature or near it. Generally, they have low vapor
pressure and high thermal stability, with adjustable polarity
to enhance their solvation ability. To date, many strategies
have been developed to improve the effectiveness of ILs
in sugar-alcohol separation. For instance, task-specific
ILs could be prepared by designing functional groups on
the cation or anion to increase its affinity and selectivity
for target sugar alcohols. Functionalized ILs, such as
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amino acid-based ILs or deep eutectic solvents (DESSs),
demonstrate possibilities of enhancing separation efficiency
based on better sugar-alcohol interactions, for instance.
Another strategy may be in advanced separation techniques,
including membrane-based methods and IL-based
liquid-liquid extraction. Membrane separation methods
possess high selectivity, easy scale-up, and low energy
consumption; incorporating ILs into the membrane systems
will increase the transport efficiency of sugar alcohols' ",
New IL-based liquid-liquid extraction, for instance, may
be considered a greener alternative route with the
demonstration of less environmental impact, higher kinetics
of extraction, and greater selectivity towards sugar alcohols.
Another is novel process intensification, such as reactive
distillation and hybrid separation processes; Figure 3¢
illustrates that it is within the purview of offering more
efficiency in the separation of sugar alcohols.

2.1 Small and Extractable Bioactive
Compounds from Biomass

The nutraceutical, cosmetic, and pharmaceutical
product market is currently experiencing a trend of
turning demand to natural compounds over synthetic
ones. However, conventional extraction methods have
several drawbacks: they are not selective and are lengthy
procedures, have high energy consumption, and use
large amounts of toxic organic solvents, which create
environmental pollution and may put human health at
risk. In this respect, the necessity of providing sustainable
extraction techniques and safer solvents, also derived from
renewable resources, must be investigated”.

The area of IL-based extraction, separation, and
purification of bioactive ingredients from biomass has
been probed comprehensively. It is well-known that ILs
and mixtures of ILs with water or organic solvents show a
high ability for solid-liquid equilibria (SLE) of value-added
compounds from biomass. Due to their ionic nature, ILs
exhibit good interactions with electromagnetic fields;
hence, IL-based microwave-assisted extraction (MAE) and
ultrasound-assisted extraction (UAE) were quite efficient.
On the other hand, IL-based Liquid -liquid extraction (LLE)
is feasible for liquid matrices. Then, ILs confined to solid
matrices (IL-modified sorbents for solid-phase extraction
(SPE)) enhance the technique's performance by reducing

IL consumption and improving its recycling'*'”.

Research in this area is focused on IL-based SLE, MAE,
UAE, LLE, and SPE, with an emphasis on the extraction
of alkaloids, terpenoids, flavonoids, phenolic compounds,
saponins, and polycyclic aromatic compounds. The
parameters that affect the efficiency of extraction, merits,
and demerits of these approaches, and structure-property
relationships between ILs and bioactive ingredients are
considered, and this includes methods for back extraction
and recovery of bioactive compounds from IL solutions

and the reusability of ILs"*"",

2.2 IL-Based Solid-Liquid Extractions

There are reports on IL-based SLE techniques using
pure ILs, aqueous solutions, and mixtures with methanol
or ethanol to extract natural compounds. The optimization
parameters of simple SLE include temperature, extraction
time, and solid-to-liquid ratio. Coupling with ultrasounds
and microwave-assisted extractions could make the
system further efficient in reducing time and minimizing
the solvent used "',

Numerous studies have been reported on the successful
extraction of alkaloids using IL: glaucine, caffeine,
piperine, and many others, with a high yield. For instance,
ILs based on the imidazolium cations and various kinds
of anions have indicated considerable extraction. On the
other hand, MAE processes assisted by ILs gave enhanced
yield and faster extraction of, e.g., trans-resveratrol and
alkaloids'****!, IL cations and anions provide a definition
that is important for functionalization and functionalization,
which is a key process in developing properties for selective
processes. Their phenomena were optimized from their
properties with comprehensive characterization from
spectroscopic, chromatographic, thermal, electrochemical,
structural, rheological, and surface analyses'*’.

3 EXTRACTION OF FLAVONOIDS
USING ILS

IL-based MAE has been proven effective for extracting
flavonoids, including rutin, polyphenolic compounds,
kaempferol, myricetin, and quercetin. The literature also
showed that the efficiency of the extraction of flavonoids
depends on the IL anion's hydrogen-bond-accepting
abilities and the strength of n-n interactions from the IL
cation. These, therefore, established that IL-based MAE is
more efficient than traditional methods of yield and time
of extraction”>”* as shown in Figure 4.

3.1 IL-based ABS

IL-based ABS containing hydrophilic ILs with inorganic
salts can also be extended to separate the natural
compounds. Two liquid phases exist in such systems, one
rich in ILs and the other in salts. The IL-based ABS found
successful applications for purifying alkaloids, phenolic
compounds, and other natural products”’*". Even though
IL-supported silica materials provided promising results,
they face many limitations, such as high cost and limited
pH stability. IL-modified polymers were developed to solve
these limitations, and the performance in extracting natural
compounds seems much more promising due to better pH
stability. Recently, for instance, polyaminopropylimidazolium
polymers, methylimidazolium-modified polymers,
molecularly imprinted polymers, and alkyl pyridinium-
modified polymers were developed, which show excellent
selectivity and recovery™”* ",
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Figure 4. The Variations of Antioxidant Activity were Measured using the DPPH (2,2-diphenyl-1-picrylhydrazyl)
Radical Scavenging Method. The graphs show the effect of varying volumes of bioactive compound solutions on the
activity. The studied systems are the myricetin solution (by a dashed line with diamonds), kaempferol solution (by a dotted
line with squares), quercetin solution (by dashed-dotted line with circles), and their binary mixtures (by a solid line with 'x").
For comparison, the dashed line with triangles corresponds to the theoretically expected antioxidant activity values for the
tested compound pairs. The experimental data represent mean values obtained from five replicates (n=5). Reproduced from
Ref.””*! with permission from MDPI.

3.2 Lipids and Other Hydrophobic Com- parameters and have proved that IL-based MAE gives similar

pounds or better results compared to conventional methods™*,
Lipids have nutritional and industrial value, so they -

get extracted and fractionated by the following LLE, SLE, 3.4 Saponins

ABS, and micro- to mini-SPE. Generally, ILs enhance The surface-active nature of ILs has successfully been

these techniques, offering better effectiveness and utilized to extract saponins. Different studies have also

selectivity. presented that the aqueous solutions of imidazolium and
choline ILs extract saponins and polyphenols from other

3.3 Essential Oils natural sources .

According to the application of ILs, MAE-based extraction
has been considered effective in extracting essential oils 4 VITAMINS
while possessing many advantages like time reduction,
energy consumption, maintaining quality oils, etc. Several 4.1 TOCOpherOIS
have been referred to for the optimization of extraction They are representatives of vitamin E; tocopherols
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Reproduced from Ref.”” with permission from MDPI.

present four types: a-, B-, y-, and d-tocopherol and are
fat-soluble antioxidants. These homologs are structurally
quite similar and have different biological activities, with
a-tocopherol presenting the highest; therefore, fractionating
these compounds has been difficult until now”**”",

4.2 IL-Based Fractionation Techniques

A few researchers'"” introduced a new platform using

ILs to separate tocopherol sterecisomers. Their works
exploit the capability of ILs to interact with an organic
molecule via hydrogen bonding. Examples of these
studies are Hexane and IL/Methanol Mixtures: The 1:1.3
mixture of [C,C1lim]Cl: methanol provided the highest
selectivity ratio of 21.3 for - against a-tocopherol due to
the possibility of interaction of an OH group interacting
favorably with the chloride anion"***",

Hexane and IL-Cosolvent Mixtures: Other cosolvents
were also used to study their effect on selectivity, e.g.,
acetonitrile and DMSO, which showed higher selectivity.

Anion Effect: The application of anion did not have any
definite effect on the separation. Comparatively, Cl-,
[BF,]-, and [CF3S03]- have lower selectivity'*“*.

Vitamin D3 and Tachysterol: In different publications,
few researchers investigated the LLE of the test compound
using ILs with anions [NTf,]-, [CF3S03]-, and functionalized
alkyl chains. These were found to be highly effective. They
believe that it is n---n stacking interactions that ensure
a high selectivity of extraction. A conceptual continuous
multistage extraction process allowed us to achieve purities
of vitamin D3 higher than 98%. While some good progress
has been made, the narrow range of applied IL structures,
recovery, and recycling of ILs and solvents used in these

extraction processes needs further research’ ',

4.3 Applications of IL-based ABS in
Enzyme Purification

4.3.1 Wheat Esterase Extraction

Efficient separation and purification of IL-based
ABS for enzymes, including wheat esterase, that could
be an alternative source instead of traditional AChE
extracted from animal tissues have been performed.
It was reported that wheat esterase partitions more
into the IL-rich phase; under optimized conditions, the
extraction yield recovered up to 88.93% with a PF of
4.23. According to other literature, these values can be
because of the electrostatic interactions between the
enzyme amino acids and IL cation'*"*%,

4.3.2 Potential for Large-Scale Application

The IL-based ABS systems have the maximum
potential for recycling and reusing the phase-forming
constituents, resulting in the IL-based ABS having
large-scale applications. However, a principal problem
exists with the transference from batch to continuous
processing. These microfluidic devices have the potential
to handle processing from kilograms to tonnes down to
the microquantity range, and they do offer a feasible
solution for drastically improving yields and purities
within very short times*’!. Besides, these microfluidic
systems offer flexibility in operations, coupled with
several economic and environmental benefits. However,
the integration of ILs with microfluidic systems for
extraction and purification remains underexplored. The
most current applications have been for the synthesis of
ILs or simply as solvent applications in biocatalysis, some
of which are shown in Figure 5%,
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4.3.3 Recent Advances in Microfluidic
Applications

In few relevant studies, probed the use of IL-based
ABS and microfluidic devices towards the improvement
of purification for bovine serum albumin using an
ABS that consisted of [C,C1lim] [BF,] and D-fructose
working within a parallel flow microfluidic device. This
method furnished partition coefficients of 14.6, which
are 20 times higher than conventional ABS by polymers
and salts. The predicted productivities of the IL-based
microfluidic technique were 17.4kg/h-m3, much higher
than the 1.48kg/h-m3 obtained with conventional
systems. One key benefit of IL-based phases in

microfluidic separations was their lower viscosity” .,

4.3.4 Hydrophobic ILs

The application of hydrophobic ILs in extraction
processes is still limited due to the narrower range of
available chemical structures compared to hydrophilic
ILs. However, hydrophilic ILs offer a broader variety
for customizing IL-based ABS, enhancing extraction
and purification processes. Research typically falls into
two categories: IL-based ABS for model proteins and
enzymes and those for real, complex matrices. While
model proteins provide preliminary insights, the real
challenge lies in optimizing IL-based ABS for effective
extraction from complex matrices ™.

4.3.5 ILs as Adjuvant in ABS

ILs used in traditional ABS systems show promise
due to higher PFs and lower system costs. Green-
biocompatible ILs are particularly promising for eliminating
the need for additional buffers, though further optimization
is necessary. Future research should focus on optimizing
IL-based ABS for industrial downstream processes and
exploring new strategies to tackle purification challenges,
including pretreatment and sequential purification

methods, such as liquid-liquid chromatography****..

Regarding this approach, vitamins play an important
role in separating sugar alcohols using ILs because they
interfere with the processes of solubility and selectivity.
In this respect, ILs can be regarded as a special class of
solvent, defined by their ionic nature. Thus, they may
enable special tuning of the extraction and purification
processes. Water-soluble vitamins can greatly affect
the behavior of sugar alcohols upon separation. These
changes can enhance the selective separation of sugar
alcohols like sorbitol, xylitol, and erythritol by tuning
the solvation environment and the interaction energies
between IL and sugar alcohol.

5 LIQUID-LIQUID EXTRACTIONS
WITH HYDROPHOBIC ILS

5.1 Protein Extraction Challenges
Despite extensive research on hydrophobic IL-water

biphasic systems for various extractions, their use in
protein extraction is less common. The primary challenge
is that proteins require "hydrated ILs" for effective
dissolution. To address this, researchers have explored
several methods:

Modification with Amphiphilic Polymers: Improves
protein solubility and stability in hydrophobic phases.
Addition of Crown Ethers: Enhances extraction by
coordinating with proteins.

Aqueous Microemulsion Droplets: Utilize hydrophobic

ILs to form microemulsions for protein extraction™” ",

5.2 Case Study

In 2006, Shimojo et al.*”’ extracted heme proteins
such as cytochrome c using ILs with dicyclohexano-
18-crown-6. They hypothesized that the coordination
interaction of cytochrome c with DCH,3C; would be a
factor for its enhanced solubility in the hydrophobic IL
phase and thus assist extraction. The current review
updates the developing roles of ILs in extracting and
purifying a wide array of bioactive compounds. ILs
have been increasingly recognized for their versatility
and effectiveness as primary solvents, cosurfactants,
electrolytes, and functionalized materials to enhance
silica and polymer adsorption capabilities. The application
yields of their extracts and purification factors were
considerably higher than the traditional methods, hence
their potential use in research and industrial settings'®***.

I?LSSOLID PHASE EXTRACTION OF

SPE is a group of analytical techniques for sample
pre-treatment based on the selective extraction of the
analytes from the sample, usually aqueous, using a solid
sorbent. ILs cannot be used for SPE in their pure form
due to their aggregation state®”*", Incorporating ILs into
novel hybrid materials as the sorbent coatings enables
application in SPE. Among the preferred solid supports
are nanomaterials such as carbon nanotubes, graphene,
graphene oxide, and magnetic Fe;0, nanoparticles,
owing to their high surface-to-mass ratio, which can
easily facilitate miniaturization of methodologies.
Coupling this characteristic with the possibility offered
by ILs for extraction gives rise to highly effective hybrid
nanomaterials. Several methods involving SPE with
hybrid materials and ILs have been reported in the recent
literature. For instance, two SPE-HPLC methods for the
determination of tea samples were developed, one of
which determines pyrethroid-type insecticides using
[C1,mim]Br-modified attapulgite and the other detects
benzoylurea insecticides using [C1gmim]Br-modified
alkalinized luffa sponge fibers®. Although these methods
are precious alternatives to the existing techniques for
insecticide determinations, they have some drawbacks:
they require large volumes of HCl or NaOH for activation
of the sorbent material and large volumes of organic
solvents for chromatographic separation, producing too
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Figure 6. SEM and TEM Images of Three Nanoparticles. A and D: Fe;O, nanoparticles; B and E: Fe;0,@SiO,
nanoparticles; C and F: Fe;0,@SiO, @VAN nanoparticles. Reproduced from Ref."*’ with permission from MDPI.

much waste and thus not corresponding to the green
methods'*°”". Vortex-assisted SPE has been applied to
treat vegetable and fruit juice samples, with subsequent
determination of PAHs by GC-FID. A metal-organic
framework modified by the IL [C4mim]Cl has been used
as a sorbent. While hydrophobic and n-n interactions
made the analyte retention pretty efficient, methodology
environmental friendliness was compromised due to
oxidizing acids. Another SPE method for polyphenol
extraction from wine samples was proposed, in which a
homemade fiber coated with graphene oxide modified
by the IL [APmMim]NTf, was used, and higher extraction
efficiency in comparison with commercial fibers was
achieved. Nevertheless, the process required methanol,
thus affecting its greenness, as shown in Figure 6,

Various methods have combined magnetic NPs with
ILs in MSPE. For instance, the NiFe,O,-based magnetic
effervescent tablets incorporated with dicationic IL
[C4(mim),]Br, were used to extract PAHs coupled with
HPLC with fluorescence detection from meat samples.
Thereafter, this method minimizes the consumption of
organic solvents and does not take any unnecessarily
complicated sample preparation steps. Another procedure
utilized the hydrophilic magnetic ball of nano-Fe;0,,
mesoporous silica, and the IL [C6mim]CI to analyze
parabens by GC-MS in cola and green tea samples. The
developed method was rather selective, but the synthesis
involved appreciable quantities of methylbenzene and
hexanediol, compromising its greenness'** ",

6.1 Magnetic IL-based Liquid-Liquid
Extraction

Magnetic ILs were considered intrinsic magnetism with

high extraction efficiency, which can avoid the disadvantages
of IL-functionalized magnetic nanomaterials”’"’*, such as
IL leaching. Some literature has recently reported different
MILdispersive liquid-liquid microextraction techniques
for trace metal determination. For example, MILs of the
phosphonium type, such as [P6,6,6,14]FeCl,, have been
applied for Cd(II), As(III), and Cr(III) preconcentration
in honey. Meanwhile, [P6,6,6,14]12MnCl, was used to
preconcentrate Pb(II) /. Though these methods reduce
the consumption quantity of organic solvents, there were
still defects concerning greenness while acid digestion and
organic solvent were used in both sample pretreatment
steps. In addition, the MIL-DLLME methods have been
reported for the inorganic speciation of Se in rice and arsenic
in vegetables using MIL [C4mim]FeCl,. Although these latter
procedures still employed sample digestion with oxidizing
acids, class-selective extraction was accomplished without
chromatographic separation, and organic solvent use was
dramatically reduced.

MIL-DLLME-HPLC-UV has also been applied to the precon-
centration and determination of organic compounds.
For example, [P6,6,6,14]2CoCl, was applied to extract
estrogens from milk. While [N1,8,8,8]FeCl, was applied to
extract parabens from beer and peach juice, realizing green
extractions with very low consumption of organic solvent”>”",

6.2 Polymeric IL-based Solid Phase
Extraction

PILs provide better thermal and mechanical stability
of the coating on micro-SPE fibers without leaching the
extractant phase. Other recent applications are PIL-
coated fibers for extracting VOCs in wines, which are
more efficient than traditional coatings. A combination

https://doi.org/10.53964/id.2025003

Page 9/ 14



https://doi.org/10.53964/id.2025003

Bhattacharjee J et al. Innov Discov 2025; 2(1): 3

of PILs with nanomaterials showed their further
increasing applicability, such as poly-VC6imPF6-coated
graphene oxide@SiO, for phenolic acid extraction in
wolfberry yogurt. While such hybrids also exhibit stability
and efficiency, using methanol in chromatographic
separations diminishes the overall greenness of such
hybrids"*”*'. Another stride toward this is magnetic
nanomaterials coated with PILs. For instance, Fe;0,@SiO,
NPs functionalized with PILs have been applied to extract
parabens from milk and pyrethroid residues from apples.
These methodologies coupled the high extraction capacity
of PILs with magnetic properties for phase separation;
however, the sample preparation used trifluoroacetic acid
and acetonitrile, which deteriorated their greenness'’®’”".

Hybrid magnetic nanomaterials containing PILs and
other selective components have also been developed.
For example, magnetic NPs coated with poly(calixarene
IL) have been described for flavonoid preconcentration
from fruit juice and green tea, and magnetic NPs
based on poly(B-cyclodextrin-IL) for extracting PAH
in various food samples. Despite the low volume of
organic solvents consumed by these methods for elution
and sample preparation, the general greening of the
process was still compromised by the consumption of
methanol and acetonitrile. A new method was reported
for determining sulfathiazole in milk and honey by
using SPE with a membrane of copolymer [VC6im]
Br and methylmethacrylate, coupled with fluorescence
spectrometry, in which great findings were recorded.
However, using trichloroacetic acid in the pretreatment of
milk samples brought along an environmental concern.
In contrast, honey samples were only required to be
diluted with ultrapure water, which is much cleaner in its
application.

6.3 Thermodynamic Modeling

Developing more efficient ILs for sugar alcohol
separation is an important step in this process, drawing
much interest in its applications in the food and
pharmaceutical industries and biofuels. Sugar alcohols are
a group of compounds produced from biomass, including
sorbitol, xylitol, and mannitol, used as sweeteners and
excipients in pharmacology. The challenge is essentially
their efficient separation from complex mixtures with
often similar molecular structures and physical properties.
ILs hold much promise because of their unique capacity
to dissolve various compounds. Present-day strategies
for enhancing IL efficiency in the separation process are
based on advanced thermodynamic modeling capable of
predicting and optimizing IL-sugar alcohol interactions”* ",

6.3.1 Role of Thermodynamic Modeling

Thermodynamic modeling enables the prediction of IL
behavior in sugar alcohol mixtures and gives insight into
phase behavior, solubility, and selectivity. Such models
can assess the performance of different ILs concerning

their interaction with the sugar alcohols at a molecular
level, guiding the selection of adequate IL for specific
means of separation. The idea is to find those ILs with
the lowest cost and environmental impact possible
that exhibit high selectivity and capacity toward sugar
alcohols. Some current approaches to thermodynamic
modeling include activity coefficient models such as the
NRTL and UNIQUAC models, which are widely applied in
modeling the non-ideal behavior of mixtures containing
ILs and sugar alcohols. These models estimate the
activity coefficient of components present in a mixture
to enable the prediction of phase equilibrium data. These
models have been parameterized using experimental
data so that the performance of various ILs in separating
sugar alcohols can be predicted and conditions optimized
for maximum efficiency™®" ",

Equation of State Models: Equations of state, such as
the Peng-Robinson EOS and the Soave-Redlich-Kwong
EQS, have been adapted for ILs to predict high-pressure
system phase behavior. Unlike the COSMO-RS model,
EOS models account for the intermolecular forces between
components; thus, they can be applied in systems
containing ILs under different temperature and pressure
conditions. In the case of sugar alcohol separations, EOS
models will establish temperature and pressure changes
in the solubility and selectivity of sugar alcohols in ILs to
further process optimization.

COSMO-RS: Conductor-like Screening Model for Real
Solvents The COSMO-RS model is a quantum chemical-
based thermodynamic model used widely in IL applications.
It enables the estimation of the chemical potential of the
components in a mixture, making it possible to predict
the phenomena of solubility and phase behavior of a
considerable number of systems, even without extensive
experimental data. Very useful for the prediction of
sugar alcohol separations from just pure component
data available in the literature is COSMO-RS with related
capabilities’™”**!. COSMO-RS could be applied to predict
the solubility of various sugar alcohols in different ILs, thus
aiding the selection of the most appropriate ILs for specific
separations. MD simulation provides a microscopic view
of ILs and sugar alcohol interactions, which may allow an
understanding of the solvation structure and dynamics.
This may give insight into how specific cations and anions
in ILs interact with various sugar alcohols by simulating the
behavior of IL-sugar alcohol systems at a molecular level to
guide the design of task-specific ILs, thus improving their
separation efficiency™” ",

6.3.2 Increasing Efficiency of ILs

Thermodynamic modeling is expected to improve IL
efficiency in separating sugar alcohols by optimizing IL
composition and predicting interactions between sugar
alcohols and various ILs. This enables the selection or
design of ILs with high selectivity toward target sugar
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Table 1. Depicted Different Types of Immobilized Methods and Immobilization of Different ILs

Name Type of ILs Immobilized Method of IL Immobilization References
N-methyl imidazole Stirring in the presence Removal of 12 sulfonylurea herbicides [81]
of acetonitrile and
3-chloropropyltriethoxysilane
Tropine-type chiral ionic liquid with Chemical bonding method Separation of Cu®* Fe**' Ni** Separation [82]
proline anion of racemic amino acids
Trihexyl (tetradecyl) phosphonium bis Sol-gel method Removal of Cr(III, VI) [83,84]

2,4,4-trimethyl pentyl phosphinate—
Cyphos IL-104

alcohols, giving minimum energy input in separation and
maximum yield. Table 1 Illustrates various immobilization
techniques and the immobilization of different ILs™" ",

Predict Phase Behavior and Solubility: Phase behavior
and solubility can be accurately predicted, and thus,
separation processes can be designed under optimal
conditions of temperature and pressure, thereby reducing
operational costs and leading to more efficient processes.

Minimize Environmental Impact: Thermodynamic
modeling helps select ILs, among others, which will perform
with the virtues of being environmentally benign in terms of
properties like biodegradability and toxicity*"*”,

7 FUTURE DEVELOPMENT

Over the last ten years, ILs and new alternatives
to classical solvents have gained attention due to
their unique properties workable in different chemical
processes. They show a series of advantages, including
low volatility, high thermal stability, and tunable physical
and chemical properties through cationic-anionic
combination. Most of them generally provide benefits
in applications for ILs in catalysis, separation, and
electrochemistry®>®!, On the other hand, with these
said, some disadvantages and challenges come with ILs,
which need to be worked on to appreciate ILs in many
applications.

7.1 Benefits of ILs

One of the cited utmost benefits of ILs is that they
usually possess very low or negligible vapor pressure,
giving them the least chance of volatilizing. This reduces
the chances of causing volatile organic compound
emissions, making them safer and friendlier to the
environment than many common solvents. This feature
is very useful in high-temperature applications or
environments where solvent loss can be problematic.
Besides, ILs represent thermal stability and can be involved
in high-temperature processes without degradation.
They can dissolve anything: organic compounds, metals,
etc., which provides a lot of applications in all aspects of

chemistry and engineering***..

The other significant benefit is tunability. By switching
cations and anions, researchers can develop ILs with

desired properties suitable for their purposes. Such
flexibility will hardly be obtained with any conventional
solvent; this will be a specific peculiarity for the whole
chemical processing chain. As an example, one strong
conductor IL can be designed to be applied in batteries
and fuel cells; separations, and especially liquid-liquid
extractions, have constituted another field of application
of the ILs, mainly because of the ability of the ILs to
selectively dissolve some components from complex
mixtures®’#,

7.2 Disadvantages and Challenges of
ILs

Even though all these properties of ILs render them
quite fascinating from many points of view compared to
conventional solvents, they still possess some drawbacks
limiting their application. First, one of the critical issues is
that they are relatively expensive in terms of synthesis
and purification; that is, many ILs are elaborately
synthesized and, therefore, expensive when compared
with conventional solvents that require treatments. It
is important to see this as an economic barrier to the
better exploitation of the growing range of industrial
applications for ILs. A more serious concern, however,
is the issue of toxicity and environmental impact. Even
though ILs have been considered "green" solvents due to
their low volatility, some ILs are known to show aquatic
toxicity and might even pose human health hazards.
The potential for bioaccumulation and persistence in the
environment is poorly understood; further research on
their biodegradability and life-cycle impacts is essential of

the hour®*”,

The high viscosity of many ILs can also be a problem in
chemical processes, mostly when mass transfer efficiency
is required. High viscosities can impede the reactants
and result in diffusion, causing low reaction rates and
inefficiency of processes. In most cases, cosolvents and
changes in process conditions must be adopted, which
may obliterate the initial reason for IL exploitation.

Therefore, the following further areas of research
would allow the ILs' real-world applicability: searching
for cost-effective methods of IL synthesis, making
them economically feasible, possibly by investigating
new pathways of cation-anion synthesis or developing
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methods to utilize more abundant and inexpensive
starting materials. It was prime that any improvement
in the knowledge of IL toxicity and environmental impact
had to be in front. The testing methodologies that would
be applied for ILs on environment and health risks are
to be identified and developed on standardized protocols
required to design greener and more sustainable
alternatives®®”,

Also, the physical properties of ILs, such as viscosity
and conductivity, need to be optimized to suit more well-
defined applications. Besides, task-specific ILs designed for
certain functions would also help overcome some of the
present limitations. Such tuning would be very important,
for example, in providing ILs that are less viscous and,
hence, more capable of carrying out mass transfer-
intensive processes. Thirdly, the more recyclable and
reusable the ILs are, the lower their overall environmental
impact and costs associated with their use will be. IL
design materials that can be recovered and reused easily
with no substantial degradation in properties are much
more sustainable and interesting from an industrial point

of view™*

8 CONCLUSION

The range of bioactive compounds is of interest,
from small organic molecules like alkaloids, flavonoids,
terpenoids, antioxidants, and lipids to saponins,
carotenoids, and vitamins. The paper highlights that
the source of these compounds is also diverse, ranging
from biomass, fermentation, plant and animal matrices
to synthetic-derived broths. Biomass, within which are
agricultural coproducts, underutilized native plants, and
marine resources, presents opportunities and challenges.
While this provides a rich source of value-added
compounds, competition with established animal feed and
human food impacts viability. In contrast, fermentation
broths generally find applications mainly as sources of
proteins or biopharmaceuticals and are usually expensive
due to complicated and costly methodologies applied in
their preparation.

Hydrophilic ILs offer many advantages, including diverse
cations and anions, compared to hydrophobic ILs. They are
more biocompatible and task-specific, hence, suitable for
aqueous solutions. This preference is because they tend to
minimize viscosity problems and overall solvent cost and
improve the solubility in extraction processes. Hydrophilic
ILs work excellently in extracting small-sized molecules
and proteins due to their hydrated forms compared with
hydrophobic ILs. Conclusion IL-based systems change the
way bioactive compounds are extracted and purified. They
stand a better chance at superior to conventional techniques
with their increased efficiency, better biocompatibility,
and lower associated costs. Optimizing IL formulation and
scale-up processes are foreseen in future research that can
deliver such benefits.
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