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INTRODUCTION

More friendly energy sources are
currently being investigated and studied; one such source is
the commercial conversion of biomass into useful energy and
valuable products (Babu, Jojo) [1]. This route can potentially
bridge the gap between renewable resources (biomass), fuels,
and chemicals that our society needs [2]. Tons of biomass are
generated each year, mostly lignocellulosic biomass, and it is
regularly reported that this material can be valued to produce
and recover sugars that can be catalytically converted to produce
biochemicals with major industrial significance [3,4]. This is
associated with its abundance, low cost, superior susceptibility
in several solvents [4], and the valuable products that can be
derived from the recovered reducing sugars like lactic acid (LAC),
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The intriguing properties like large surface area, tunable pore size, thermal and chemical stability have garnered significant interest to combine Metal-
Organic Frameworks (MOFs) with ionic liquids (ILs) to create IL@ZIF-MOF composites. These composites have been well reported to excel in applications such
as CO2 capture, catalysis, and as hybrid solid electrolytes due to their enhanced ionic conductivity. This integration leverages the benefits of both materials,
enhancing catalytic stability and selectivity while providing environmental benefits. Recent advancements have not only demonstrated breakthroughs in the
synthesis of IL@ZIF-MOF composites but have also highlighted their potential gap in addressing the challenges of biomass valorization, specifically, a potential
to improve the efficiency and yield of biochemical production from lignocellulosic biomass—a critical source of renewable chemicals.
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5-hydroxymethylfurfural (HMF), levulinic acid (LA), and sorbitol,
just to name a few [4].

One of the challenges during the biomass transformation is
to find a cheap catalyst that can be manufactured industrially,
reusable, stable, environmentally benign, and more selective
towards the targeted product. Oozeerally, Ramkhelawan [2],
previously reported that some chemical/catalytic reactions can
lead to various side reactions, producing by products which are
polymeric species commonly referred to as humins. Various
technologies like alkaline [5,6], enzymatic [5,7], heavy metal
salts [8-10], or acidic [11], processes have been applied for and
to improve biomass transformation to produce biochemicals, but
the most critical and challenging task associated with the afore
mentioned during conversion to produce biochemicals is the
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solubilization of precursor saccharides into the reaction medium
and to maximize production based on feedstock loadings [12].

The serendipitous discovery of ILs and ZIF-8 MOF have
proven otherwise very efficient alternatives compared to the
above-mentioned. This is associated to the appealing properties
like good solubilization (observed in ILs) towards cellulose
materials [13,14], Br@nsted/Lewis acidity or active sites useful
for sugar transformation (observed in both ZIF-8 MOFs and
ILs), and thermal stability [15]. The application of these afore
mentioned technologies, and IL@ZIF-MOF composites for LCB
valorization and transformation of the recovered sugars to
platform chemicals is reviewed below. The key goal in utilizing
these techniques is to deal with biomass resistance that result
from lignin sheathing in conjunction with hemicellulose sections,
cellulose crystallinity and degree of polymerization [16], toxicity
[17], recovery, re-usability, cost, degradability [18], and chemical
stability [19,20], while keeping a process that is both economical
and efficient in terms of using green energy [1,20] and achieving
Green Chemistry morale.

Ionic Liquids

ILs have a long history of use in organic synthesis, catalysis,
and biocatalysis as reaction media. They have therefore been
effectively utilized to substitute conventional solvents used in a
range of synthetic and industrial processes and are particularly
effective in dissolving polysaccharides and other biopolymers
[21]. They have also been considered as novel materials with great
potential in different disciplines. They are molten salts composed
of asymmetric organic cations and organic or inorganic anions,
with a conventional melting point usually below 100°C. Compared
to organic solvents, these materials present interesting physical
and chemical properties like negligible volatility, thermal stability,
electrical conductivity, high CO, solubility and adsorptivity,
having been intensively studied as alternative absorbents and
catalysts for performance improvement of gas absorption and
biomass valorization operations [22]. These materials are
referred to as “designer solvents” given the unlimited number
of potential structure combinations generated by the choice of
anions and cations that allow tailoring their chemical interactions
and physicochemical properties. Nowadays, besides their role
as alternative absorbents in gas capture/separation, catalyst
in biomass valorization, ILs have remarkable properties like
ionic and thermal conductivity, non-flammability, antimicrobial
[23,24] etc,, they are continuously being studied and synthesized
to be used in a variety of fields [25], for different applications.

Metal-organic frameworks

MOFs constructed from metal ions/clusters and organic
linkers have attracted attention as heterogeneous catalysts
because of their superior surface area, tuneability, and intrinsic
Lewis acidity [4], to deal with the limitations of homogenous
catalysts. These compounds have been widely examined for
a large variety of applications like gas storage/separation,
catalysis, adsorbents, drug delivery, sensing, conductivity, and

biomedical sensing [26]. This is associated with several benefits
such as reusability [2], and stability with the probable ability
to host functionalities that can be easily incorporated in MOF
compounds via several methods, including pore encapsulation or
impregnation, metal-chelating, organic linker modification, and
melt-quenched MOF glasses [2,4,27].

IL@ZIF-MOF composites

Since the serendipitous discovery of utilizing ILs and MOFs in
different applications, several studies have focused on creating
composite materials with enhanced structural and functional
features compared to their precursor materials. Although ILs have
many advantageous properties by themselves, which make their
usage preferable in different studies, their application is limited
in real processes due to their liquid nature. Moreover, they have
high viscosities and low diffusion coefficients [17], which are also
problematic, but alternatively they can be confined in porous
materials, such as MOFs to overcome these drawbacks. The most
important advantage of MOFs among other porous materials
is that their pore sizes/shapes can be tuned easily by varying
the organic linkers and metal centers [28]. Combining ILs with
MOFs has proven to be favorable for several applications, such
as catalysis and gas adsorption/separation rather than using
bulk ILs which is costly [26]. This was achieved by introducing
ILs into the porous framework of MOFs, using a technique called
“IL incorporation by wet-impregnation method”, with an aim to
combine the tunable physicochemical properties of ILs within
the MOF structures [26,29]. The resultant characteristics of
these composite materials have been shown and reported to
have better adsorption and separation performances and show
remarkable ionic conductivity owing to the combination of the
favorable properties of both ILs and MOFs [26].

Construction of IL@ZIF MOF composites

Ionothermal, and post-impregnation (consisting of the
following: (i) wet impregnation, (ii) capillary, and (iii) ship-
in-a-bottle) methods have been used when constructing these
composites, but the ionothermal method has been proven to be
complicated because of the heat requirement that can later result
in the decomposition of the organic linkers coordinated to the
metal centers in ZIF-MOFs [30]. When constructing IL@ZIF-MOF
composites the wet impregnation method is the most currently
used alternative [25-27,31-34], where an IL is incorporated
in the ZIF-MOF structure in the presence of volatile solvents
(commonly acetone and several alcohols) after both ZIF-MOFs
and ILs have been synthesized (post-impregnation). This is a
rather straightforward and less complex method that requires
less compatibility between both the ZIF-MOF and IL used, and
more work is continuously being reported.

In the study conducted by Ferreira Ribeiro et al. [35], ten IL@
ZIF-8 MOF composite materials were constructed using a wet
impregnation method (as per Scheme 1), where ZIF-8 MOF as
the pristine material was combined with imidazolium based ILs.
The required amount of IL was weighed and dissolved in acetone,
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Scheme 1 Preparation of IL@ZIF-8 MOFs

and a degassed ZIF-8 MOF was added to the contents, capped
and maintained at room temperature overnight. De-capped and
maintained at room temperature for acetone evaporation, and
later the temperature was adjusted to 70°C for further traces of
solvent to evaporate.

A distinct approach using both wet-impregnation and
solvothermal methods to prepare IL@ZIF-MOF composites
was explored by Wang Meng et al. [36], where organic
cation (from IL) was confined into the Cu-BTC MOF pores
prepared via a hydrothermal process, where copper(Il)
nitrate trihydrate [ Cu(NO,).3H,0] was reacted with trimesic
acid (H,BTC) in ethanol. The synthesis of the ILs namely
1-propionic acid-3-vinylimidazolium bromide [VMCA] [Br],
[AnEtIm] [Br],
1-vinyl-3-butylimidazolium bromide [VBIm] [Br] and 1-vinyl-
[VEIm] [BF,]
obtained from reacting vinylimidazole with 3-bromopropionic

1-aminoethyl-3-vinylimidazolium bromide

3-ethylimidazolium tetrafluoroborate were
acid, bromobutane, bromoethylamine, or fluoroboric acid in
the presence of ethanol at 80 °C. [VMCA]@Cu-BTC, [AnEtIm]@
Cu-BTC, [VBIm]@Cu-BTC and [VEIm]@Cu-BTC composites
were prepared by mixing [VMCA] [Br], [AnEtlm] [Br], [VBIm]
[Br] or [VEIm] [BF,] with Cu-BTC ultrasonically in methanol to
afford a suspension, and the recovered precipitate afforded the
composites.

Philip and Henni et al. [32], prepared and reported IL@MOF-
177 composites by incorporating amino acid-functionalized ILs
(AAIL) namely 1-ethy-3-methylimidazolium glycinate [Emim]
[Gly] and 1-ethyl-3-methylimidazolium alaninate [Emim]
[Ala], incorporated into highly porous MOF-177 using the wet
impregnation approach. A desired amount of [Emim] [Gly]
or [Emim] [Ala] was dissolved in methanol and effectively
embedded within the porous MOF-177 by adding the contents
to the pre-weighed and degassed material. The obtained mixture
was solvent evaporated and the created composite afforded
AAI@MOF-177 composites.

Biomass valorization

Successful biomass valorization to produce platform
chemicals mostly requires acidic media [37]. This is due to the
recalcitrant structure of the material which is composed of lignin,
hemicellulose, and cellulose which have different susceptibilities
during pretreatment [38,39]. In pursuit of producing hexose
derivative compounds, removing the lignin first using acidic

pretreatment and bleaching is the most common approach

[40,41]. This is then followed by depolymerizing hemicellulose
(consists of side chains and more crystalline cellulose) to
monomers, then a cellulose-rich material is recovered and
converted into biochemicals [as per Figure 1].
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Figure 1 Biomass valorization process

Catalysis of biomass valorization using ILs and ZIF
MOFs

Biomass transformation is a set of hydrolysis, dehydration,
reduction, and isomerization processes where it has been
demonstrated that a broad use of catalysts is feasible [42,43]. This
significant breakthrough is based on the specific combination of
anions with cations (IL pretreatment) which results in overall
acidity or basicity properties of the compounds, and metal centers
coordinated to organic linkers (ZIF-MOFs) that produce acidic
bifunctional (Lewis and Br@nsted acidity) catalyst [2,44-47]. In
the IL pretreatment process, the ions interact with ester linkages
between lignin and hemicellulose, forming ion-dipole bonds that
cause a split and breakdown of lignin H-bonds [48,49]. This is
then followed by further cleavage of the inter-units (H-bonds)
within the hemicellulose polymeric network, solubilizing and
reducing the intact structural recalcitrant that decreases the
cellulose crystallinity [41,50]. Cellulose is recovered by ions
further interacting with the O and H-atoms of the cellulose-
hydroxyl moiety within its network, where the paired ions act as
both electron donors or acceptors and cellulose-hydroxyl moiety
as electron pair donors [51,52].

The use of ZIF-MOFs as heterogeneous catalysts in biomass
valorization and transformation is considered a feasible
approach as they consist of either or both Lewis or Br@nsted
acid sites caused by the type of metal nodes and functional
groups within the organic linkers [1,53]. These acid sites are
useful when producing biochemicals of small hydrocarbons
from cellulose biomass. For example, a Br@nsted acid-catalyzed
cellulose biomass hydrolysis can produce glucose, Lewis acid-
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catalyzed polymerization of glucose produces fructose, and
Br@nsted acid-catalyzed fructose yield 5-Hydroxymethylfurfural
(5-HMF), and Levulinic acid (LA). Integrating compounds with
acidic properties, porosity, surface area, and thermal stability
to produce composites that can potentially be used for biomass
valorization, can be a favorable route especially now that these
types of materials have been previously shown to possess
enhanced gas adsorption properties [54,55], and as a result, it is
possible that the same can be observed when applied in biomass
transformation to produce biochemicals owing to their overall
properties.

Application of IL@ZIF-MOF composites

Several investigations on eco-friendly materials showing
high reactivity and selectivity are continuously being reported
[55]. Application of ZIF MOFs and ILs separately as catalysts,
ecological solvents, gas storage, electrochemical reaction,
adsorbents [56,57], etc., have been explored and reported to both
share similar properties that make them useful and applicable in
similar fields, but some hurdles [Figure 2], are also experienced
[3,55,58-62]. As a result of their liquid nature, high viscosities,
and low diffusion coefficients of ILs, their application or usage
in real processes like packaging, recycling, portability, etc., is
limited; hence, the alternative is to confine or incorporate their
cation-anion paired structures into the easily tunable pores of
porous ZIF-MOFs materials, producing stable composites suitable
for several applications. [26,55,63].

Combining both ILs and ZIF-MOFs to produce IL@ZIF-MOF
composites is continuously being reported and considered
favorable in several applications like gas adsorption/separation
(mostly used), catalysis, and energy storage [Figure 3], rather
than using these compounds separately [25,26,29,31,55]. Several
studies on IL@ZIF-MOF composite application have mostly been

Challenges and Limitations

Perspective

IL@ZIF-MOF

Figure 2 Limitation experienced when using IL or ZIF-MOF
compounds.

— =1 A
P J Electrochemical
= = KR Reactions

Figure 3 Exploration of IL@ZIF-MOF composites in varied areas.

on gas adsorption/separation and date back to 2006 [55], and
in 2019 for potential energy storage [31], but to our knowledge
none for biomass valorization.

Gas Adsorption/separation: Most of the constructed
composites using the wet impregnation method have been
evaluated for CO, capturing and electrolytes in metal ion batteries
[33]. Chen Hu et al. [64], constructed an IL-MOF composite called
IL/IRMOF-1 by incorporating 1-n-butyl-3-methylimidazolium
hexafluorophosphate [BMIM][PF,] into Zn,0(BDC), MOF pores.
This derivative was used for CO, capturing in a CO,/N, mixture,
and this compound showed more selectivity towards CO,
adsorption. This was attributed to the [PF,]" anion shown to be
more confined in the metal cluster corner, acting as a strong
adsorption site specifically for CO,.

Commonly the adsorption capacity of these types of materials
is affected by a certain pairing of MOFs-ILs later leading to a loss
of pore volume, and the type of solvent used during preparation.
Therefore, acetone is commonly used for the wet impregnation
method as it can easily evaporate at room temperature. Ferreira
Ribeiro et al. [35], prepared ten IL@ZIF-8 MOF composites (with
similar molar loadings) using imidazolium based ILs, and ZIF-8
MOF compound for gas separation performance (CO, and CH,
adsorption). The selection of ILs was based on two routes: to
understand the effect or influence of cations and to understand
the influence or effect of anions. Using single-component CO, and
CH,adsorption-desorption equilibrium isotherms, the adsorption
data obtained for the composites presented lower adsorption
capacities compared to the pristine ZIF-8. The results were
associated with the IL structures and the decrease in the specific
surface area and total pore volume because of IL occupancy onto
the MOF pores. The cation effect for [NTF,]" anion-based ILs
showed a descending trend in terms of CO, and CH, adsorption
capacities under high pressure [P, ., ,]* > [C,MIM]* > [C,OHMIM]*
> [BzMIM]* >[C.MIM]* >[C MIM]", and that of the anion with
[C,MIM]" based ILs, showed a descending trend of: [Ac]™> [CI]" >
[C(CN),]" > [N(CN),]” > [NTL,]~.

Philip and Henni et al. [32], reported an encapsulation of a
highly porous MOF-177 with amino acid-based ILs (AAILSs)
namely 1-ethyl-3-methylimidazolium glycine [Emim][Gly] and
1-ethyl-3-methylimidazolium alanine [Emim][Ala] via the wet
impregnation method producing AAILs@MOF-177 composites
for post-combustion of CO, capture. A gravimetric analyzer
was used to acquire the CO, and N, adsorption data of the
composites, compared to the pristine MOF-177, an enhanced CO,
adsorption and CO, /N, selectivity was observed for the AAILs@
MOF-177 composites, with [Emim][Gly]@MOF-177 composite
demonstrated the highest CO, uptake of 0.45mmol/g, while
that of [Emim][Ala]@MOF-177 composite is 0.42 mmol/g. This
observation was attributed to the amino (-NH) functional group
from the introduced AAILs that interacts with CO, via anion
facilitation, also resulting into an increase in the adsorption
enthalpy values.

Electrochemical reduction reactions: Ali and Siddiqui
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et al. [34], explored the application of 1,3-diethylimidazolium
hexafluorophosphate [DEIm][PF,J@MOF-5 composite produced
via the wet impregnation as a reusable catalyst for reduction of
4-nitrophenol (4-NP) to 4-aminophenol (4-AP). A reaction model
consisting of 4-NP and NaBH, with the presence of the composite
was used to evaluate its catalytic performance. The strong
absorption peak at 400 nm was attributed to 4-nitrophenolate
anions; after composite addition, the peak persisted at 400 nm
but its strength fell significantly, while a new peak at 300 nm
rose. After assigning a new peak to 4-AP, the yellow color grew
increasingly vivid. These observation were corroborated by
previous studies [65], where a 49% and 94% conversion were
obtained in the presence of [DEIm][PF,], and MOF-5 separately.
The proposed mechanism of 4-NP reduction to 4-AP using [DEIm]
[PF,J@MOF-5 composite is depicted as Figure 4, where [DEIm]
[PF,] helps the adsorption of 4-NP and NaBH, on MOF-5 surface
thereby lowering the kinetic barrier. BH,” (donor) electron was
transferred to the nitro group of 4-NP (acceptor) mediated by
MOF-5 catalyst surface, then 4-AP is subsequently formed.

4-(hydroxyamino)phenol

[DEIm][PF(] NHz
© © MOF 5 ©
OH
4-NP 4-Nitrosophenol 4-AP

Figure 4 Reduction pathway of 4-NP to 4-AP.

Energy storage and Ionic conductors: The application of
IL@ZIF-MOF composite in rechargeable batteries dates to 2014,
where the proof of concept was demonstrated but there was a gap
between laboratory results and its commercialization. The main
aim in production of these electrolytes is to produce “free flowing’
dry powder and master the IL@ZIF-MOF ratio. Fujie Yamada
et al. [66], conducted the study on the stability of IL@ZIF-MOF
composites using ZIF-8 MOF and 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide IL. Thermal stability studies
from the differential scanning calorimetry (DSC) demonstrated
that within the pores the was no freezing transition obtained
at -150°C, while at -42.15°C the confined IL froze. Then later in
2015, they demonstrated that an ionic conduction occurs within
[Emim][TFSA]@ZIF-8 MOF composite system and is a promising
ionic conductor that could operate at low temperatures [67].

Xu Zhang et al. [31], also explored the application of these
composite materials as potential hybrid ionic conductors.
The solid electrolyte was successfully prepared via the wet
impregnation method using 1-ethyl-3-methylimidazolium
thiocynanate [Emim][SCN] and 1-ethyl-3-methylimidazolium
dicyanamide [Emim][DCA] ILs, and MIL-101 MOF. The produced
composites namely [Emim][SCN]@MIL-101 and [Emim][DCA]@
MIL-101 were pelletized and attached to copper wires with
silver paste and sealed in a glass chamber for conductivity
measurement at 90-150°C temperature range. The obtained
results showed the pristine ILs to have high ionic conductivities,

and when incorporated to the MIL-101 MOF, the conductivities
increased with an increase in the amount of the IL added. [Emim]
[SCN]J@MIL-101 composite system showed to reach an ionic
conductivity of 6.21X10% s.m? at 150°C, which is higher than
traditional solid electrolytes, and at room temperature it could
reach 1.15X103s.m™ and meets the required ionic conductivity
for practical application for solid electrolytes (>10X?* s.m™).
Based on the findings, these hybrid materials were concluded to
be considered as promising ionic conductors.

Potent challenges and limitations of IL@ZIF-MOF
composites

The major problem faced by ILs separately is their liquid
nature that limits their used in other applications, and for ZIF-
MOFs, recovering these compounds from the reaction mixture
has been proven to be quite difficult, and for some even traces
of the metal centers can be quantified/identified. Even though a
combination of these two compounds produces a composite with
very useful and appealing properties, recovering them from a
heterogenous reaction medium (LCB with a powdered composite)
might be challenging. Alternatively, utilizing these compounds
in an easier to handle, green, reusable and recoverable state
(beaded) might be preferred and cost effective.

CONCLUSION AND OUTLOOKS

This review has explored the integration of ZIF-MOFs with
ILs to form IL@ZIF-MOF composites using the wet impregnation
method and highlighting their transformative potential in varied
fields. The overall physicochemical features of these composites,
such as thermal and improved adsorptive capabilities, have
made them useful for CO, collection, gas separation, and use
as solid electrolytes in energy storage systems. Furthermore,
these materials have demonstrated significant adaptability and
promise for larger commercial applications, such as scaling up
biomass valorization into valuable biochemicals and overcoming
traditional limitations such as catalyst cost, recovery, and
selectivity.

Future research on the development and application of more
efficient and less energy-intensive methods for synthesizing
IL@ZIF-MOF composites could be crucial as some composites
when generated become molten/ pasty, and this could open
new avenues for research and industrial use. More focus should
also be directed towards integrating additional functionalities
into composites to tailor them to provide breakthroughs in
performance of specific applications in biomass valorization,
such as selective adsorption or improved catalytic activity for
specific reactions that will be selective towards the desired
products, while also addressing the lifecycle and environmental
impacts of these materials to fully realize their potential in green
chemistry applications.

Furthermore, there is a significant need to translate
laboratory-scale successes into commercially viable technologies,
therefore studies could focus on scaling up production,
maintaining composite stability and activity on a larger scale, and
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evaluating the economic feasibility of these systems. Integrating
these composites into existing industrial processes could be
crucial, assessing how these composites perform in real-world
conditions and how they interact with other process components.
Innovation in the field of materials science, specifically in
developing materials that are both effective and environmentally
sustainable for applications in biomass valorization and beyond.

STATEMENT OF NOVELTY

This concise perspective review provides an update on
these innovative materials, focusing on their potential role in
sustainable chemical synthesis, the benefits and disadvantages
associated with their application. The ongoing development
of IL@ZIF-MOF composites is expected to open new avenues,
especially for industrial applications and environmental
remediation, suggesting a promising future for this composite
technology in green chemistry and beyond.
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