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Abstract

Contamination of water and soil with a wide range of pollutants, including pesticides,
pharmaceuticals, and industrial chemicals, remains a significant environmental challenge.
Carbon-based materials are widely recognized for their high adsorption capacity, chemi-
cal stability, and the possibility to tailor their surface and structural properties. In recent
years, ionic liquids (ILs) have been explored as useful media and functionalization agents
in the preparation of such materials. Their unique physicochemical properties can facili-
tate activation, influence pore structure, and introduce specific functional groups that im-
prove interactions with target contaminants. This review summarizes recent develop-
ments in the use of ILs for the synthesis, modification, and regeneration of carbonaceous
adsorbents. Particular attention is given to IL-assisted activation techniques, surface func-
tionalization strategies, and reported improvements in adsorption performance. Key chal-
lenges, such as the environmental impact and cost of ILs, as well as prospects for devel-
oping more sustainable IL-based processes, are also discussed. Taken together, these find-
ings highlight the relevance of IL-enabled carbon materials for practical adsorption pro-
cesses, including water and wastewater treatment, selective pollutant removal, and regen-
eration-driven purification systems.

Keywords: heteroatom doping; hierarchical porosity; interfacial engineering; sustainable
carbon synthesis; adsorptive remediation

1. Introduction

The contamination of water and soil with a wide range of pollutants, including pes-
ticides, pharmaceutical residues, industrial solvents, and heavy metals, remains one of
the central environmental challenges [1]. Many of these substances are chemically stable,
biologically active, and persistent, which makes them resistant to conventional remedia-
tion methods. Their continuous presence in natural systems threatens aquatic life [2-7],
disrupts food chains [8-10], and poses risks to human health [11-14]. Because of this, there
is a growing demand for technologies that can combine efficiency, selectivity, and sus-
tainability in the removal of hazardous compounds.

Carbon-based materials are among the most intensively studied solutions in this con-
text. Their high surface area and chemical stability provide a robust basis for adsorption
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processes [15], while their structure can be engineered to interact with specific contami-
nants [16]. Conventional activated carbon is already widely used in practice [17-22],
whereas other distinct forms of carbonaceous materials, including graphene [23,24], car-
bon nanotubes (CNTs) [25,26], and biochars [27-32], have also demonstrated considerable
potential. The challenge that remains is how to tailor these materials to maximize perfor-
mance while keeping production scalable and environmentally responsible. In recent
years, ionic liquids have emerged as valuable allies in this effort. Although originally ex-
plored as alternative solvents [33,34], their unusual combination of low volatility, thermal
stability, and structural tunability [35] has allowed them to find roles well beyond tradi-
tional chemistry. In the field of carbon material design, ionic liquids can act as carbon
precursors that undergo direct carbonization into porous solids [36], as surface modifiers
that become adsorbed onto carbons and alter their reactivity [37], or as agents that partic-
ipate in activation processes and influence pore development [38]. Each of these pathways
offers opportunities to obtain carbon materials with properties difficult to achieve with
more conventional methods.

While several reviews have addressed the general use of ionic liquids in materials
science [39-41], comprehensive discussions that specifically examine their role in the prep-
aration of carbon adsorbents remain limited. In particular, the literature often treats car-
bonization [42], adsorption of ionic liquids on carbon surfaces [43], and ionic-liquid-as-
sisted activation as separate topics, without integrating them into a broader perspective
on environmental remediation. This fragmentation makes it difficult to identify the com-
mon principles and challenges that connect these approaches. By bringing these aspects
together, this review aims to clarify how ionic liquids contribute to the design of carbon-
based materials, the advantages they offer over conventional methods, and the main re-
search gaps. The discussion emphasizes how different uses of ionic liquids shape porosity,
surface chemistry, and ultimately adsorption efficiency, while at the same time consider-
ing the practical issues of environmental safety and cost. By approaching the topic in this
way, we aim to offer a more connected understanding of the field and to indicate where
further research efforts may be most effectively directed.

2. Carbonization of Ionic Liquids

The conversion of ionic liquids into carbon materials relies on the thermal stability
and chemical diversity of these salts [44,45]. In contrast to conventional organic precursors
such as polymers or biomass, ionic liquids are already composed of cations and anions
that contain heteroatoms, aromatic rings, and functional groups [46,47]. When subjected
to high temperatures in an inert atmosphere, they undergo a sequence of decomposition,
rearrangement, and condensation reactions that ultimately lead to the formation of a car-
bonaceous structure [44]. The process generally begins with the thermal decomposition of
the ionic liquid. At lower carbonization temperatures (300-500 °C), volatile components
are released, and the ionic liquid starts to lose its molecular identity. Cations and anions
fragment into smaller species, many of which are rich in nitrogen, sulfur, or phosphorus.
As the temperature increases, these fragments condense and polymerize, generating an
extended network of carbon atoms with heteroatom functionalities embedded in the
structure. The preservation of heteroatoms during this stage is one of the defining features
of IL-derived carbons, and it differentiates them from carbons obtained from simple hy-
drocarbon precursors [44,45].

2.1. Influence of IL Type on the Structure and Porosity of Carbon Materials

The nature of the ionic liquid strongly influences the carbonization pathway. The
choice of cation and anion determines the type and amount of heteroatoms retained,
which in turn affects the thermal decomposition temperature, the extent of aromatization,
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and the final carbon yield [46,48]. In many cases, subtle changes in the alkyl side chains or
the counterion can result in significant differences in pore structure and surface chemistry
[45,48].

Another dimension of this influence is the development of porosity [48]. Some ionic
liquids inherently favor the generation of micropores as their bulky cations or anions de-
compose and leave behind voids [49]. Others require the use of templates such as silica
nanoparticles or polymer matrices to produce hierarchical pore systems [50]. In both cases,
the liquid nature of ILs ensures homogeneous mixing with additives or templates, which
allows better control over the morphology of the resulting carbon.

Among the different classes of ionic liquids, imidazolium-based salts are the most
widely studied precursors. Their aromatic heterocyclic cations are relatively stable under
pyrolysis, which favors the incorporation of nitrogen into the carbon lattice [51]. As a re-
sult, imidazolium-derived carbons typically exhibit nitrogen doping, often associated
with improved electronic conductivity and enhanced affinity toward metal ions and polar
organic molecules [51,52]. Their textural properties are also favorable for adsorption, with
microporosity being particularly pronounced when short-chain imidazolium salts are
used [51]. Phosphonium ionic liquids, in contrast, tend to produce carbons enriched with
phosphorus functionalities [53]. These groups can act as Lewis acidic sites [53], which alter
the surface charge and promote specific interactions with oxyanions and certain industrial
pollutants. In some reports, phosphonium-derived carbons have been shown to exhibit a
broader and more heterogeneous pore size distribution than their imidazolium analogues.
This trend is often linked to differences in the decomposition pathways of the respective
cations [37,48].

The choice of an anion is equally important. Sulfonate- and thiol-containing anions
have been reported to yield sulfur-doped carbons, which exhibit a strong affinity for soft
metal ions such as mercury and lead [54,55]. In addition, sulfur functionalities may en-
hance hydrophobic interactions with certain organic contaminants, thereby increasing ad-
sorption selectivity [56]. Halide anions, on the other hand, generally do not contribute
functional heteroatoms but can influence decomposition temperature and carbon yield
[57]. Emerging attention has also been given to choline-based ionic liquids, which are of-
ten regarded as more environmentally friendly [58]. Their decomposition produces car-
bons with both nitrogen- and oxygen-containing surface groups [59], though typically
with lower surface area than those obtained from imidazolium salts. Nevertheless, their
lower toxicity and cost make them attractive candidates for developing more sustainable
IL-derived carbons.

2.2. Tailoring Surface Functional Groups During Carbonization

Beyond the inherent composition of ionic liquids, the conditions under which car-
bonization is carried out play a decisive role in determining the type and distribution of
surface functional groups. Temperature, heating rate, and the surrounding atmosphere
all influence whether heteroatoms remain incorporated in stable configurations or are re-
leased as volatile species [60,61]. For example, carbonization under nitrogen or ammonia
flow can stabilize nitrogen functionalities such as pyridinic and graphitic nitrogen [60,62].
In contrast, carbonization in the presence of carbon dioxide may favor oxygen-rich surface
groups [63]. By adjusting these parameters, it becomes possible to deliberately enrich the
carbon surface with functionalities that promote specific adsorption mechanisms.

Another approach to tailoring functional groups involves the controlled combination
of ionic liquids with additives before carbonization. Mixing ionic liquids with nitrogen-
or sulfur-rich precursors can amplify the incorporation of these heteroatoms [64,65], while
templating agents or mineral salts may alter the availability of reactive sites on the carbon
surface. Post-carbonization treatments, such as mild oxidation or reduction, further
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extend the range of possibilities by selectively introducing or stabilizing groups like hy-
droxyl, carboxyl, or thiol moieties [63,66]. The ability to design surface chemistry in this
way is directly linked to adsorption performance. Carbons with basic nitrogen groups
tend to interact more strongly with heavy metal ions [67], while oxygen-containing groups
favor hydrogen bonding with organic pollutants [68]. Similarly, sulfur functionalities can
improve affinity for soft metal ions and hydrophobic organic molecules [69]. Thus, the
carbonization of ionic liquids offers not only a route to doped carbon structures but also
a means of fine-tuning surface chemistry to match the requirements of different environ-
mental contaminants.

2.3. Benefits and Limitations of IL-Derived Carbons

As mentioned, one of the most important benefits of carbons obtained from ionic
liquids is the ability to introduce heteroatoms directly during synthesis [70]. Conventional
precursors often yield nearly pure carbon [71] and require post-synthetic doping, while
ionic liquids naturally contain nitrogen, sulfur, phosphorus, or oxygen. This results in
materials with built-in functionalities that enhance interactions with a wide variety of pol-
lutants. The liquid state of the precursors also allows homogeneous contact with additives
and templates, enabling the creation of complex morphologies and hierarchical porosity
that are difficult to achieve with solid precursors [44]. Another advantage lies in the tuna-
bility of ionic liquids themselves. By choosing different cation—anion combinations, it be-
comes possible to tailor both the surface chemistry and the pore structure of the resulting
carbon. This chemical flexibility is particularly valuable in environmental applications,
where selective adsorption is often more important than simply achieving a high surface
area. The high chemical and thermal stability of IL-derived carbons [48] further supports
their reusability and potential longevity in practical systems.

Despite these strengths, significant limitations remain. The synthesis of ionic liquids
is still relatively expensive compared to traditional carbon precursors such as biomass,
polymers, or coal derivatives [72]. Many ionic liquids are also not environmentally
friendly: their toxicity, persistence, and potential ecological risks raise concerns about
large-scale use [73]. In addition, the carbon yield can vary considerably depending on the
chosen ionicliquid, and in some cases, it remains too low to be economically viable [48,74].
Questions of scalability also remain unresolved, as most studies are conducted at labora-
tory scale, and translation to industrial processes requires not only cost reduction but also
process simplification.

2.4. Adsorption Applications of IL-Derived Carbons

Although ionic liquids can be carbonized directly, most adsorption applications re-
ported so far rely on poly(ionic liquid) precursors or combinations of ionic liquids with
templates and additives. These approaches provide higher yields, better control over po-
rosity, and more accessible surface functionalities [36], which are essential for effective
removal of pollutants such as dyes, heavy metals, and pharmaceuticals. By contrast, car-
bons obtained from the direct carbonization of neat ionic liquids have been investigated
primarily for COz capture [36,75] and electrochemical energy storage [76], while their use
in environmental adsorption remains almost unexplored. This discrepancy highlights a
clear research gap: despite the chemical diversity and heteroatom-rich structures of many
ionic liquids, their potential as stand-alone precursors for adsorbents targeting pesticides,
pharmaceutical residues, or industrial dyes has yet to be systematically assessed. Expand-
ing studies in this direction could reveal whether the simplicity of neat IL carbonization
can be translated into practical sorbents for contaminant removal, or whether hybrid and
templated strategies will remain indispensable for environmental applications.
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3. Interactions of Ionic Liquids with Carbon Materials

Adsorption of ILs onto pre-formed carbon materials represents a fundamentally dif-
ferent functionalization strategy from IL-derived carbon synthesis. In this approach, the
carbon matrix remains structurally unchanged, while the IL becomes immobilized at its
surface. The IL layer can modify surface polarity, enrich the material with heteroatom-
containing groups, improve colloidal stability, and introduce new affinity sites relevant
for adsorption applications. These interfacial layers are stabilized by a combination of n-
n interactions, hydrogen bonding, electrostatic attraction, and dispersion forces, depend-
ing on the structures of both the IL and the carbon substrate [77,78]. Because the bulk
carbon remains intact, this route provides a versatile and comparatively gentle method to
tailor surface chemistry, often resulting in enhanced performance in adsorption, catalysis,
composite reinforcement, or interfacial engineering.

3.1. Surface Modification Through IL Adsorption

Surface modification of carbon materials through the adsorption of ILs has been ex-
plored across a wide range of carbon architectures, and despite the diversity of systems,
several consistent patterns emerge. One example comes from CNT-based materials, where
IL adsorption before thermal treatment can substantially alter both mechanical and elec-
tronic behavior. Treatment of CNT fibers with the imidazolium IL BMI-I, followed by
pyrolysis, produced nitrogen-containing fibers with markedly improved performance:
tensile strength increased by more than 100%, the elastic modulus rose severalfold, and
the electrical conductivity also improved relative to the pristine fibers [43]. These effects
were attributed to the way IL molecules promote interfacial hydrogen bonding between
neighboring nanotubes.

Graphene-based materials provide a more detailed view of the molecular origins of
these interactions. Computational studies using circumcoronene as a graphene model
show that ILs can approach the carbon surface through several structural regions, includ-
ing the imidazolium ring, alkyl substituents, and even the accompanying anion [79]. Bind-
ing is consistently stronger for imidazolium cations than for aliphatic ammonium ana-
logues, underscoring the role of m-7t interactions between the aromatic ring and the gra-
phene plane. Additional Density Functional Theory (DFT) and Ab Initio Molecular Dy-
namics (AIMD) simulations reveal that IL-graphene equilibrium distances typically lie
between 3.5 and 4.0 A, characteristic of strong physisorption, largely driven by dispersion
forces [80,81]. The high polarizability of anions such as hexafluorophosphate anion (PF¢")
and bis(trifluoromethylsulfonyl)imide anion (Tf2N-) further stabilizes these interfacial
complexes, and small but measurable charge redistribution between the IL and the carbon
surface has been observed [77,78].

Graphene oxide (GO) tends to respond even more strongly to IL modification, mainly
because of its abundant oxygen-containing surface groups. IL-modified GO materials
show improved dispersion stability and enhanced reusability, and several studies report
substantially higher adsorption capacities for organic pollutants compared with unmodi-
fied GO [82,83]. The presence of an imidazolium ring or additional amino functionalities
in the IL provides complementary interaction sites (hydrogen bonding, electrostatic at-
traction, and m-m interactions), resulting in stronger binding of dye molecules and other
aromatic adsorbates. For many GO-IL hybrids, adsorption behavior follows Langmuir
isotherms and pseudo-second-order kinetics, a trend attributed to the formation of a more
homogeneous layer of active sites introduced by the IL [84].

Activated carbon (AC) also exhibits clear signatures of IL adsorption. FTIR spectra of
IL-functionalized AC commonly reveal new vibrational bands associated with interac-
tions between IL functional groups and the carbon surface (Figure 1) [85]. These

https://doi.org/10.3390/pr14020352


https://doi.org/10.3390/pr14020352

Processes 2026, 14, 352 6 of 27

modifications typically correlate with improved adsorption performance, as ILs introduce
additional affinity groups not present on the original carbon material.

Activated carbon (b) [bmpyl[Tf,N]ionic liquid

(a)

(C) Activated carbon functionalized with [bmpy][Tf,N] ionic liquid (d)

OH-stretch : C=Cstretch: ! i Fstretch

: 1S=Ostretch

Iransmttance (%)

AC-fresh

—AC(10)
—AC(20)
——AC(30)

AC(40)
0 AC(50)
AC(60)
neat IL

10 i g
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

Figure 1. Schematic representation of the interaction of activated carbon (a) with [bmpy][Tf2N] ionic
liquid (b) (grey—carbon, red—oxygen, white—hydrogen, blue—nitrogen, yellow —sulfur, light
blue —fluorine). Upon the interaction, the activated carbon surface remains intact, while the mois-
ture level is reduced (c). This was confirmed by FTIR spectroscopy (d), as presented in reference
[85]. Dominant groups on the activated carbon surface were hydroxylic ones, whose characteristic
peak was reduced in intensity due to water loss upon adsorption of the ionic liquid. Reference [85]
is an open access article distributed under the terms and conditions of the Creative Commons At-
tribution (CC BY) license.

Carbon fibers provide yet another context in which IL adsorption plays a significant
interfacial role. When used as sizing agents, imidazolium ILs enhance interfacial shear
strength in epoxy composites, and this effect becomes even more pronounced when com-
bined with prior oxidative surface activation of the fibers [86]. mt-mt stacking between the
imidazolium ring and the sp?>-hybridized carbon surface appears to be central to this be-
havior, and comparative studies with hydrophobic and hydrophilic ILs show that differ-
ences in ion pairing and surface affinity result in measurable differences in interfacial re-
sponses [87]. To place these interactions in a broader materials context, it is instructive to
compare imidazolium-carbon m-mt stacking with analogous interactions in other porous
frameworks. In sp?rich carbon materials such as graphene or activated carbons, m-m
stacking between the imidazolium ring and the delocalized carbon surface is largely gov-
erned by dispersion forces and surface polarizability, resulting in non-directional yet ex-
tended interfacial contact [88]. In contrast, in porous crystalline systems such as covalent
organic frameworks (COFs) or metal-organic frameworks (MOFs), mt-m interactions typi-
cally occur between discrete aromatic linkers and are constrained by the rigid lattice
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geometry, leading to more localized and orientation-dependent binding [89]. Moreover,
in MOFs the presence of metal nodes often shifts the dominant interaction mechanism
toward coordinative bonding or electrostatic interactions rather than pure m-m stacking
[90]. As a consequence, -7t interactions in IL-carbon systems are generally more flexible
and surface-adaptive, which is particularly advantageous for adsorption processes in-
volving structurally diverse contaminants.

A common theme in all these systems is that ILs reshape the immediate environment
at the carbon surface. Once adsorbed, they form an interfacial layer whose chemical char-
acter depends on the IL structure and the type of carbon substrate. This layer can shift the
local electronic density, introduce new binding motifs, or strengthen existing interactions.
What matters is that these changes occur without disturbing the underlying carbon frame-
work. In practice, this makes IL modification a practical way to fine-tune surface chemis-
try and adjust the behavior of carbon adsorbents toward particular classes of contami-
nants.

3.2. Interactions Between ILs and Carbon Surfaces

Interactions between ILs and carbon surfaces arise from a combination of short- and
long-range forces, and their balance depends strongly on both the structure of the ionic
liquid and the chemical character of the carbon substrate. Aromatic cations, most notably
imidazolium species, readily occupy in m-m and cation—mt interactions with graphitic do-
mains, a feature consistently observed in experimental systems and supported by exten-
sive computational work [78,79]. These contacts are complemented by dispersion interac-
tions, which often dominate the overall binding energy, especially in systems involving
highly polarizable anions such as PFs~ or Tf2N- [80,81]. On oxidized carbon surfaces, hy-
drogen bonding and electrostatic interactions become equally important due to the abun-
dance of oxygen-containing groups. It enables IL cations to interact with deprotonated
carboxylates or to form directional hydrogen bonds with hydroxyl and epoxy functional-
ities [91,92]. Across different carbon architectures, the interplay of -7t interactions, hy-
drogen-bonding, and electrostatic forces produces stable interfacial layers that signifi-
cantly reshape the distribution, polarity, and accessibility of adsorption sites. These inter-
actions are strongly surface-specific. On graphene, IL adsorption is governed mainly by
n-1t stacking and dispersion forces, with imidazolium cations binding more strongly than
aliphatic ammonium counterparts, and with the curvature of the carbon surface modulat-
ing binding strength, as shown in comparative studies on graphene sheets and CNTs
[43,93]. On GO, the situation is more complex (Figure 2). rt-rt interactions from the IL cat-
ion overlap with hydrogen bonding and electrostatic attraction, often increasing the inter-
sheet spacing and stabilizing the GO layers in aqueous media [82]. Both covalent and non-
covalent routes have been used to immobilize IL moieties on GO, including acylation,
silanization, and epoxide ring opening [94]. Still, noncovalent assemblies remain particu-
larly attractive because they preserve the sp? framework and maintain favorable electronic
properties. Similar effects are observed on oxidized CNTs, where quaternary ammonium
cations interact with surface carboxylates and hydroxyl groups, while both the cation and
anion can engage in 7-7t interactions with the nanotube walls [95]. Sorption studies fur-
ther show that CNTs with smaller diameters and larger specific surface areas bind ILs
more strongly, and that longer alkyl chains enhance Van der Waals contributions, pro-
ducing a clear correlation between IL structure and binding affinity [92].

In IL-modified chitosan/GO or magnetic biochar composites, Cr(VI) uptake is driven
by hydrogen bonding and electrostatic attraction, with reported adsorption capacities ex-
ceeding 100-200 mg g and rapid kinetics consistent with pseudo-second-order behavior
[96,97]. In systems designed for organic pollutants, the IL cation often plays the central
role: aromatic rings support -7 interactions with dye molecules or pharmaceuticals,
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while hydrogen-bond-donating or accepting groups on the IL introduce additional speci-
ficity [98,99]. GO-based IL composites regularly outperform pristine GO, with capacities
surpassing 400 mg g for certain dyes, and poly(ionic liquid)s (PIL)-functionalized gra-
phene has achieved even higher uptake values, approaching 1900 mg g for cationic dyes
[100]. IL modification can also shift the preferred adsorption sites on the carbon surface,
as shown in theoretical analyses of biochar modified with amino-functional ILs, where the
interaction geometry between tetracycline and the IL-modified biochar differed signifi-
cantly from that observed on the unmodified material, leading to stronger binding and

higher removal efficiencies [101].

Figure 2. Noncovalent functionalization of GO with ILs (grey —carbon, red —oxygen, white—hy-

drogen, blue —nitrogen).

3.3. Effects of IL Functionalization on Selectivity and Adsorption Capacity

Even when present as thin interfacial layers, ILs can shift the dominant sorption
mechanisms from simple 7t-7t stacking or pore filling to ion-pairing, hydrogen bonding,
and targeted electrostatic recognition, thereby enabling selectivity that pristine carbon
sorbents rarely achieve. Because the structure of an IL can be tuned through independent
variation in the cation and anion, the resulting sorbents can be designed to preferentially
bind specific classes of contaminants, including pesticides, pharmaceuticals, heavy met-
als, and per- and polyfluoroalkyl substances (PFAS).

Covalent or noncovalent attachment of ILs onto GO, CNTs, silica-GO hybrids, or AC
changes the local electrostatic landscape and introduces new functional moieties. Hydro-
philic imidazolium groups, quaternary ammonium cations, sulfonate-containing anions,
or long alkyl chains can each favor different interactions. For example, tailored IL coatings
on GO@SiO: adjust the d-spacing and surface polarity, enabling selective extraction of
carbamates, triazines, and benzimidazoles from complex matrices [102]. Similarly, cova-
lently grafted ILs onto GO membranes stabilize the interlayer structure via cation—m in-
teractions and enhance size- and charge-based selectivity during filtration [103].
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Modifying the surface charge is particularly effective for metal oxyanion adsorption.
Aliquat-336 on exfoliated GO forms ion pairs with HCrOs at low pH, and the pH-depend-
ent shift in the material’s point of zero charge directly governs chromium uptake [97,104].
Comparable behavior appears in IL-modified biochar, where amino-acid-based ILs
strengthen hydrogen bonding with tetracycline and shift the preferred adsorption sites
relative to the unmodified material [101]. For anionic contaminants, ILs act as liquid-phase
ion exchangers when dispersed on porous carbon surfaces. Studies on IL-impregnated AC
show that IL films promote selective replacement of the IL’s original anions with PFAS,
giving 1.4-2-fold higher uptake than pristine AC even in the presence of dissolved organic
matter and divalent cations [105,106]. More hydrophobic or bulky IL anions (e.g., PFs,
Tf2N-) similarly enhance affinity for hydrophobic organic pollutants through combined
electrostatic and dispersive interactions.

In dyes and pharmaceuticals, aromatic cations capable of m—m interactions and hy-
drogen-bonding groups in ILs often determine selectivity. Magnetic GO composites mod-
ified with ILs display higher adsorption capacities for anionic dyes due to strengthened
electrostatic attraction [107], while PIL-functionalized graphene reaches capacities near
1900 mg g for methylene blue owing to synergistic 7t-7 interactions and hydrogen bond
interactions [100]. IL-5i02-GO composites also achieve high Pb(Il) and As(Ill) removal,
reflecting the presence of multiple coordination sites introduced by the IL-assisted syn-
thesis route [108].

Under optimized conditions, IL-modified ACs can retain or even improve CO: ad-
sorption at elevated temperatures, where reduced surface tension allows ILs to distribute
more uniformly and maintain access to inner pores [109]. Similar trends are observed in
magnetic GO composites, where IL layers introduce new sorption sites without fully ob-
structing the carbon framework, enabling high capacities for arsenic, heavy metals, and
dyes, along with excellent reusability [110,111].

It should be noted that the role of pH in IL-modified carbon systems is highly system-
specific and governed by a coupled response of the ionic liquid functionality, carbon sur-
face chemistry, and contaminant speciation. In many reported systems, pH primarily
modulates electrostatic interactions and ion-exchange equilibria rather than the intrinsic
adsorption capacity introduced by IL functionalization. As a result, pH effects are typi-
cally discussed within individual case studies rather than generalized across IL-carbon
systems.

4. Activation of Carbon Materials Using Ionic Liquids

The role of ILs in carbon synthesis extends far beyond simple surface modification
(Figure 3). They can participate directly in the activation and structural development of
carbon materials during carbonization due to their negligible vapor pressure, structural
tunability, and high thermal stability. In this context, ILs function simultaneously as car-
bon precursors, heteroatom dopants, reaction media, and pore-forming agents, enabling
routes to porous carbons that differ fundamentally from conventional activation methods
[112]. Their fluid nature ensures homogeneous mixing, while their decomposition facili-
tates in situ generation of meso- and macropores, often assisted by eutectic salt systems
[113] or by IL-template co-assembly routes [114]. As a result, IL-assisted activation can
tune pore size distribution, increase specific surface area, and introduce well-dispersed N,
S, P, B, and O functionalities directly into the carbon framework. This ability to simulta-
neously control porosity and heteroatom chemistry gives IL-based activation a unique
position among carbon-processing strategies. In many systems, the IL determines whether
the resulting carbon is predominantly microporous or hierarchically porous [70], while
also influencing conductivity, graphitization, and dopant retention, properties essential
for adsorption, catalysis, and electrochemical storage.
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IL acts as:

Outcome:

Physical modification Chemical activation Interfacial control

Figure 3. Schematic representation of IL-assisted physical, chemical, and interfacial modification

pathways.

4.1. IL-Assisted Activation Methods

ILs can promote exfoliation, dispersion, or structural loosening of layered carbon pre-
cursors, thereby facilitating the development of accessible porosity. For materials such as
graphene and CNTs, which are typically prone to mt-m stacking, ILs suppress aggregation
by shielding graphitic domains and stabilizing the exfoliated state [115]. This behavior
supports their use in preparing cellulose/graphene or cellulose/CNT composites, where
the IL serves as both a solvent and a dispersant, enabling the formation of highly inte-
grated hybrid networks. ILs can also function as porogens, where their decomposition or
ion-mediated reactions guide the formation of micro- and mesoporous architectures. Sev-
eral ILs accelerate pore formation by disrupting the carbon matrix or participating in re-
actions that generate gaseous species, thereby creating micro- and mesopores. In some
cases, the IL anion itself acts as a porogen [116]. Related approaches use ILs in combina-
tion with halide or pseudohalide salts to activate GO at mild temperatures, enabling het-
eroatom functionalization such as fluorination [117].

Beyond physical effects, ILs participate in chemical activation by serving as heteroa-
tom sources and by modifying the decomposition and carbonization pathways of various
precursors. A widely used strategy involves adding ILs to biomass, polymers, graphene,
or GO to introduce nitrogen, sulfur, phosphorus, or boron during thermal treatment. Even
small IL loadings can significantly alter the resulting carbon’s surface chemistry, enabling
materials with improved conductivity, redox activity, or adsorption performance [42].
Electrochemical routes further expand this concept. rGO/IL composites synthesized in
situ can enhance charge storage or catalytic behavior due to the combined effects of het-
eroatom incorporation and stabilized graphitic domains [118].
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At solid-liquid interfaces, ILs influence activation by stabilizing intermediates, sup-
pressing undesired reactions, and altering surface chemistry during electrochemical or
thermal treatments. Under electrochemical or thermal conditions, ILs can participate in
interfacial reactions that modify both the precursor and the IL itself, generating new func-
tionalities or stabilizing intermediates. Studies of graphene/tetracyanoborate IL interfaces
show that ILs can alter decomposition pathways, suppress undesirable reactions, and im-
prove safety margins in energy-storage applications [119]. These interfacial processes are
increasingly recognized as contributors to controlled activation, graphitic defect engineer-
ing, and enhanced structural stability.

4.2. Control of Pore Structure and Specific Surface Area

ILs allow fine control over the pore architecture of carbon materials by regulating
nanosheet spacing, suppressing graphitic restacking, and directing the development of
micro-, meso-, and macropores during carbonization or impregnation. In graphene-based
systems, cation—mt and m-7 interactions between ILs and graphitic domains prevent the
collapse of lamellar structures, enabling the formation of exfoliated frameworks that
would otherwise aggregate in the absence of ILs. This principle is exemplified in IL-de-
rived bulky gels, where the IL stabilizes dispersed graphene layers and, upon carboniza-
tion, yields hierarchically porous carbons with simultaneously accessible micro- and mes-
opore networks. The IL in that way acts as an in situ pore regulator, determining interlayer
distance and guiding the emergence of porosity compatible with ion transport [120].
When ILs are introduced post-synthesis, as in the case of ACs, their influence on porosity
is concentration-dependent. At low loadings, ILs smooth and homogenize the carbon sur-
face while only moderately reducing the BET surface area. However, higher IL contents
progressively infiltrate micropores, decreasing pore volume and specific surface area due
to pore blockage. Verma et al. [121] reported that imidazolium ILs impregnated into gran-
ular AC fill the smallest pores first, transforming a highly microporous structure into a
material dominated by larger, less accessible voids, with a pronounced decline in total
porosity at 210 wt% IL. Such trends reflect the strong affinity of ILs for microporous do-
mains and their ability to redistribute pore populations through selective occupation. Im-
portantly, even when porosity decreases, ILs can enhance the functional accessibility of
the remaining surface. Costa et al. [93] demonstrated that rGO-modified glassy carbon
electrodes in contact with an imidazolium IL exhibit substantially higher effective surface
area and improved charge transport, confirming that IL—carbon interfaces can improve
usable porosity and electrochemical accessibility regardless of geometric surface area.

Beyond simple pore blocking or stabilization, ILs can also direct the formation of
tunable porous structures by promoting gel-like assemblies and suppressing nanosheet
aggregation in GO and graphene systems. The formation of IL-graphene networks yields
carbon materials with increased accessible surface area, improved electrolyte wetting, and
porosity tailored to the dimensions of ionic species. These effects demonstrate that ILs act
as structure-directing agents capable of expanding, stabilizing, or selectively filling pore
domains, providing a level of control over surface area and pore distribution that is diffi-
cult to achieve through conventional activation routes [120].

4.3. Comparison with Conventional Activation Techniques

Conventional activation methods, whether physical routes using CO: or steam, or
chemical routes employing agents such as KOH, ZnClz, and HsPOs, have long served as
the standard for generating porous carbons with high surface areas. Chemical activation
is typically preferred due to lower temperature requirements, rapid pore development,
and high carbon yields, particularly when alkaline or acidic salts promote dehydration,
charring, and matrix expansion during pyrolysis [122,123]. KOH activation, for example,
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reliably produces highly microporous carbons with excellent BET surface areas, while
HsPOs and ZnCl: favor the development of mesoporosity through dehydration-driven
crosslinking and aromatization reactions [123,124]. However, these classical methods
have critical drawbacks, including corrosive reagents, high waste-generation during post-
washing, limited control over heteroatom incorporation, and environmental or toxicity
concerns, most notably for KOH and ZnClz, which require extensive neutralization and
may release hazardous residues into aqueous effluents [122,125].

In contrast, ionic liquids introduce fundamentally different activation pathways. Ra-
ther than relying solely on inorganic dehydrating agents, ILs can act simultaneously as
dispersants, porogens, heteroatom sources, and structure-directing media, as already
mentioned. Their negligible vapor pressures and strong noncovalent interactions with
carbon precursors enable controlled exfoliation and stabilization of lamellar structures,
mitigating the collapse of graphene- or GO-based frameworks during carbonization, an
effect not achievable with standard chemical activators [115]. IL-mediated bulky gels, for
instance, preserve unstacked 2D architectures and guide pore formation through ion-me-
diated templating, producing micro/mesoporous systems with large accessible surface ar-
eas and hierarchical connectivity [120]. Moreover, ILs offer molecular-level tunability: by
swapping cations, anions, or functional groups, one can selectively introduce N, S, P, or B
heteroatoms into the carbon skeleton during pyrolysis, a capability only indirectly achiev-
able with classical activators [42]. This heteroatom doping is central to enhancing conduc-
tivity, wettability, and redox activity, properties crucial for adsorption, catalysis, and en-
ergy storage applications. Another practical advantage is that IL-assisted activation often
occurs at milder conditions and with fewer corrosive byproducts. KOH activation leaves
caustic residues that must be neutralized and generates environmentally challenging ef-
fluents, while IL-based processes typically avoid large volumes of hazardous waste, and
in some instances require no aggressive washing at all. In systems where ILs are combined
with conventional activators, the IL can stabilize nanosheet frameworks and promote uni-
form activation, yielding carbons with better-controlled pore size distributions and higher
accessibility for bulky adsorbates or ionic liquid electrolytes [120]. While ZnCl: activation
is known to generate high surface areas, it requires extensive post-leaching to remove ZnO
or unreacted salt, and even then, residual zinc species often remain embedded in the car-
bon structure [125]. IL-based routes avoid many of these issues because the carbon pre-
cursor, activator, and dopant can be built into a single molecular framework.

4.4. Sustainability and Potential for Industrial Application

The long-term stability and reusability of IL-modified carbons are central to assessing
their sustainability and suitability for industrial deployment. Across a wide range of sys-
tems, IL-assisted adsorbents demonstrate robust performance over sequential adsorp-
tion—desorption cycles, indicating that the functional interphases formed by ILs are chem-
ically resilient. Magnetic graphene composites modified with ILs, for instance, maintained
high removal efficiencies for pharmaceuticals over four cycles, with ibuprofen uptake de-
creasing only moderately from 98% to 84% and penicillin G from 95% to 86%, suggesting
that most IL-carbon interactions withstand chemical regeneration and mechanical han-
dling [126]. IL-derived Mn/N co-doped biochars show similar durability. The incorpora-
tion of 1-methyl-3-methylimidazolium tetrachloromanganate ([Emim]2[MnCls]) simulta-
neously enhances porosity and introduces stable heteroatom-binding environments, ena-
bling efficient reuse without structural deterioration [127]. From a sustainability perspec-
tive, these findings are encouraging, as they indicate reduced material consumption,
lower waste generation, and greater process reliability. IL-mediated fabrication of gra-
phene—cellulose composites further underscores this potential. Composites prepared in
ILs maintain structural integrity and functionality under demanding conditions,
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including extreme pH and repeated loading, which is essential for continuous-flow water
treatment or membrane-based separations [115,128]. Likewise, IL-modified chitosan fi-
bers used for selective Au(l) recovery remain mechanically and chemically intact across
multiple cycles, implying that IL-based functional groups are not rapidly depleted or hy-
drolysed, which is a key requirement for sustainable operation [129].

Despite these advantages, the broader industrial adoption of IL-based activation
strategies will depend on selecting ILs that are economically accessible, thermally stable,
and environmentally friendly. Protic ILs, amino acid-based ILs, and nitrate-, acetate-, or
phosphate-based systems offer favorable profiles due to lower synthesis costs, reduced
toxicity, and straightforward recycling compared with fluorinated ILs or those containing
bulky hydrophobic anions. When paired with biomass precursors or low-temperature ac-
tivation routes, these ILs could form the basis of scalable, energy-efficient, and low-waste
production pathways for advanced carbon adsorbents.

5. Examples of Adsorption Applications

A wide range of IL-functionalized carbon-based adsorbents has been reported, in-
cluding chitosan- and biochar-based materials, GO and rGO composites, CNT- and AC-
supported ILs, as well as IL-modified silica—carbon hybrids. These systems have been ap-
plied to the removal of toxic metal ions (e.g., Cr(VI)/Cr(IlI), Pb(Il), Cd(II), Hg(Il), As spe-
cies, rare earth ions, per- and PFAS, anionic and cationic dyes, pharmaceuticals and anti-
biotics, COz, and even noble metal cyanide complexes. In most cases, IL functionalization
improves adsorption capacity, selectivity toward targeted species, and often reusability
of the sorbent compared with the corresponding unmodified carbon material.

From a contaminant-removal perspective, IL-carbon interfacial interactions translate
directly into distinct adsorption mechanisms (Figure 4). Electrostatic attraction dominates
the uptake of oppositely charged species, such as Cr(VI) oxyanions, PFAS, and anionic
dyes, particularly under acidic conditions, when IL-modified surfaces remain positively
charged. m-mt interactions between aromatic IL cations and graphitic domains enhance the
affinity of these cations toward planar organic pollutants, including pharmaceuticals, pes-
ticides, and dyes. Hydrogen bonding contributes to the adsorption of polar molecules
such as antibiotics and phenolic compounds, while hydrophobic interactions become in-
creasingly important for nonpolar organics as alkyl chain length increases. In some sys-
tems, ion exchange between IL counterions and target contaminants provides an addi-
tional removal pathway. Importantly, these mechanisms often operate cooperatively ra-
ther than independently, explaining the frequently observed enhancement in both ad-
sorption capacity and selectivity relative to pristine carbon materials. Representative ex-
amples are summarized in Table 1, illustrating the diversity of IL precursors, activation
routes, and adsorption mechanisms.

The examples summarized in Table 1 reveal consistent trends across different carbon
classes and activation strategies. Ionic-liquid-assisted activation and functionalization
generally lead to higher specific surface areas, broader pore-size distributions, and en-
hanced accessibility of active sites compared to pristine carbons. In most cases, these struc-
tural modifications translate into improved adsorption capacities, faster kinetics, or en-
hanced selectivity toward target contaminants. Notably, IL-derived heteroatom doping
(particularly N, S, and P) frequently correlates with stronger pollutant-surface interac-
tions and improved regeneration performance. While the magnitude of improvement de-
pends on the IL structure, precursor type, and activation route, the table collectively
demonstrates that IL-assisted approaches provide systematic performance gains rather
than isolated case-specific effects.
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(c) HYDROPHOBIC INTERACTIONS HYDROGEN BONDING
Nonpolar organics Polar molecules such
[ Cholinium  Antibiotics
Phenolic compounds

(a) ELECTROSTATIC
Oppositely charged species:
Cr(VI) oxyanions
PFAS
Anionic dyes

Cholinium

ION EXCHANGE

(b) m-m STACKING @ C(())unter-chargect;i /t
Planar orgax.lic pollutants « pollutants =

Pharmaceuticals

Pesticides

Figure 4. Schematic representation of the interaction of IL-modified carbons with different contam-
inants via: (a) electrostatic interactions, (b) m-7t stacking, (c) hydrogen bonding and hydrophobic
interactions, and (d) ion exchange (grey —carbon, red —oxygen, white—hydrogen, blue—nitrogen,
yellow —sulfur, light blue—fluorine, orange — phospohrus). The model surface of carbon is modi-
fied with cholinium ion (bonded to the surface via hydrogen bond, marked as a double-sided blue
arrow) or pyridinium ion (bonded to the surface via m-m stacking, marked as a green ellipse).
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Table 1. Representative examples of IL-functionalized carbon materials for environmental contaminant removal.

Adsorption Performance (If Re-

Carbon Support IL Type/Functionalization Target Contaminant(s) ported) Dominant Interactions/Advantages Reference
MWCNT Vinyl-pyridinium PIL grafting Cr(VI) Up to ~37% removal (12 h) Electrostatic and rt-interactions [130]
Activated carbon Confined amine-based ILs CO: Improved uptake at elevated T Chemical affinity + reduced pore blocking [109]
Cation—m interactions improving membrane stability;
GO laminate Imidazolium IL (mimG-GO) Anionic dyes (DR80, RB5, MO) >99% for DR80, RB5, MO controlled interlayer spacing, electrostatic and steric [103]
exclusion
Bioch i-  Imi lium IL graf ia tri- e~48.1 1 (vs. 44. -1
iochar (corn stover bi midazo fum IL gra ted. via tri cqe qe~48.1mgg! (vs.44.0mg g Shifted adsorption sites, stronger H-bonding [131]
ochar, CSB) methoxysilylpropyl linker for raw CSB)
Graphene PIL grafting (poly(1-vinylimidazole) MB Up to 1910 mg g! Strong m—t interactions, fast kinetics [100]
I f BFq si li
GO PIL covalent bonding co 2154 em’ g7 at 0 °C and 900 L;Cf;a;f}i sﬁ;icfzérii’if;iiﬂt en;aizsdenc?fo:ilg [132]
(PIMATMA][BF4]) ’ mmHg (vs. 3.07 cm?® g™ for GO) ’ L P t
and affinity
Hydrogen bonding, hydrophobic PFs™ interactions,
GO PIL microemulsion composite MO qmax up to 128 mg g™ improved GO dispersion, and increased adsorption [133]
sites
) qmax=105mg g (vs. ~44 mg g! R . . oo
A f hel hosph
Ftlvated carbon (from Phosphonium 1L, Hg(IT) for unmodified AC at optimal Strong coordination/chelation via p. osphorus sites in [134]
mixed recyclable waste) pH) IL + enhanced surface functionality
Up to ~2.26-times higher re- . . . .
Anion-exch, IL h h
Activated carbon Hydrophobic IL grafting PFAS moval efficiency (six PFAS in ruon-exchange (IL sites) + hydrophobic interactions [106]
. .. — selective PFAS uptake from real water
DWTP influent) vs. pristine AC
Imidazolium IL impregnation 1.4-1.96x higher removal vs.
Activated carbon ( CzMIM][;T £, [ Cd\P;HI\S/;I][NT f]) PFAS pristine AC.ir‘1 real .surface water, Anion exchange + IL thin-film partitioning [105]
lower efficiency in DI water
PIL grafting via mussel-inspired PDA qmax =254.6 mg g1, qe# 176 mg  Electrostatic attraction + —mt stacking (imidazolium
CNT (MWCNT) + RAFT polymerization CR g at 56 min; markedly higher ring—CR aromatic system), enhanced dispersibility, [135]
([C16VIm][Br]) vs. pristine CNT (100.9 mg g) dense IL-derived active sites
GO_C:;:SI((EZSEE(;mPO- IL processing in [Bmim]Cl Ce(III) qmax = 109 mg g Ion-exchange mechanism (confirmed by XPS) [136]
i - i i - max = . - .8% re-
GO Aliquat-336 1mpregr.1at10n (quater Cr(VI) 4 28571 r1'1g & ?9 8%e Ion-pairing, pH-dependent selectivity [97]
nary ammonium IL) moval in 45 min
. . . max = 85.83 mg gfl, ~99.5% re-
IL f I -n-hep- q
MWCNT unctionalization (tetra-n-hep Cr(VI)/Cr(III) moval at 0.15-0.20 g dose, equi- Cation—, anion-, electrostatic [95]

tylammonium bromide)

librium in 40 min
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Electrostatic and chemical interactions, enhanced ad-
. pe . ~ 1 7
Reduced GO IL modification Cr(VI) qmax = 232.55 mg g sorption over GO/rGO due to IL functionalization [137]
Electrostatic attraction + rt-electron-assisted reduction
. . qmax = 208.3 mg g at 23 °C, of Cr(VI) — Cr(Ill), hierarchical porous sponge pre-
GO sponge tmidazolium IL Cr(vVl) 99.3% removal of 10 ppm Cr(VI) vents GO restacking and increases accessibility of IL [138]
sites
qmax =263.8 -281.5 mg g (298- Electrostatic attraction between anionic Cr(VI) species
GO Dicationic IL Cr(VI) 308 K), experimental qe = 260.9 and protonated imidazolium N*, combined with par-  [139]
mg g'at pH3 tial reduction of Cr(VI) — Cr(III)
. - n—Tt interactions, hydrophobic interactions with IL al-
Adsorption capacities ranged kyl chains, enhanced GO interlayer spacing and in
GO Amine-functionalized IL grafting Phthalates (PAEs) ~266-484 ug g™ (for different Y ’ . yer spacing [91]
creased surface area — improved uptake of hydro-
PAEs .
phobic phthalates
gmax = 500 mg g, equilibrium in Strong electrostatic, H-bonding, and m—m interactions,
GO Imidazolium IL grafting DR80 ~10 min, 99.2% removal retained IL prevents GO restacking, ultrafast adsorption rate [82]
after 4 cycles (588 mg g' min™!)
Pharmaceuticals (sulfamethoxa- Higher adsorption than pristine Hydrogen bonding + van der Waals + electrostatic/m—
GO IL 1-hexyl 3-decahexyl imidazolium zole SMZ, carbamazepine CBZ, GO (q = 27.25 mg g for SMZ on 7t (IL-drug interactions) + improved dispersion of GO  [83]
ketoprofen KET) GO-IL vs. lower on GO) in water
Electrostatic attraction between protonated IL groups
and anionic Cr(VI) species + surface complexa-
D IL- I max = 934. 1 (pH7 14
GQDs capped Cr(VD) 4 934.6mg g™ (PH7) tion/ion-exchange, IL capping prevents GQD aggrega- [140]
tion and increases accessible active sites
qmax = 143.9 mg g}, high re- . . . . .
MoS:-RGO Imidazolium IL coating MB moval; reusable ~78% after 5 cy- Electrostatic .attracflon e 1r.1teract10n.s , IL improves [141]
cles dispersion, magnetic separation
1919 me o' near-satura- Electrostatic attraction between cationic PIL and ani-
GO PIL functionalization CR qmax o ,g g S onic CR, m—t stacking; H-bonding; enhanced uptake [142]
tion within 5 min .
vs. pristine GO
Spherical activated car- Poly.mvhsrlzed.IL (poly(1-vinyl-3-bu- ~2-fold higher adsorption capac- Improved hydrophobic and electrostatic interactions
tylimidazolium hexafluorophos- Ibuprofen . .. [143]
bon (SAC) ity vs. pristine SAC from the PIL layer
phate)
. qmax = 67.57 mg g! (Orange II),
IL-based polyether (poly(1-glycidyl- .. o . . .
MWCNT 3-methylimidazolium chloride), Anionic azo dyes (Orange I, ~ 85.47 mg g! (Sunset Yellow), Electrostatic attraction + charge neutralization, IL pol [144]

Sunset Yellow FCF, Amaranth) 47.39 mg g! (Amaranth) at 25 ymer improves CNT dispersion

PGMIC) °C, rapid adsorption
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GO-S5iO2 composite

IL-assisted synthesis Pb(1I), As(III)

qmax = 527 mg g for Pb(I), qmax =
30 mg g for As(III), >99% re-
moval within 60 min, stable over
4 cycles

Synergistic porosity + IL-assisted dispersion of GO,
electrostatic attraction, ligand exchange, surface com- [108]

plexation

Nanoporous carbon

Task-specific ionic liquid precursors
(EBI-T, EBI-B, BBI-T, HBI-T, NBI-T, CO:
XBI-T)

CO2 uptake =2.01-3.59 mmol g' High N-doping from IL precursors enhances CO:2 af-
at 0 °C, 1.23-2.49 mmol g at 25 finity, IL structure determines microporosity/mesopo- [145]
°C, surface area 588-1277 m? g™ rosity and adsorption strength, TSILs act as both car-

(depending on IL precursor)

bon and heteroatom source

GO-magnetic compo-
site (MGO)

Bifunctional ionic liquid + chitosan Tetracvcline
grafting (IL/Chit@eMGO) Y

High loading capacity for ap- Electrostatic attraction (positive IL/Chit@MGO —nega-
tamer (5.80 x 107 mol g), rapid tive aptamer), m—mt stacking, H-bonding, IL provides [146]
selective interaction sites, magnetic separation

binding (20 min)

GO (electrochemically
N/B/F-codoped RGO)

Imidazolium IL precursor Tetracvcline
([EMIM][BF4] Y

93% removal (5 mg L) in 60 Nonradical AOP pathways; high electron-transfer effi-

min, TOC removal 40%

ciency

[147]

P[MATMA][BF4] —poly[2-(methacryloyloxy)-ethyl] trimethylammonium tetrafluoroborate. DR80—direct 80. RB5—reactive black 5. MO—methyl orange. MB—
methylene blue. [C2MIM][NTf2] — 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide. [CeMIM][NTf2] —1-hexyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide. PEAS—per- and poly-fluoroalkyl substances, nonyl-bis-imidazolium cation with the [Tf2N]- anion is labelled NBI-T, ethyl-bis-imidazolium
cation with the [BETI]- anion is labelled EBI-B, ethyl-bis-imidazolium cation with the [Tf2N]- anion is labelled EBI-T, hexyl-bis-imidazolium cation with the [Tf2N]-
anion is labelled XBI-T, butyl-bis-imidazolium cation with the [Tf2N]- anion is labelled BBI-T, xylyl-bis-imidazolium cation with the [Tf2N]- anion is labelled XBI-T.
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6. Challenges and Future Perspectives

Despite their unique advantages, IL-assisted strategies face non-negligible environ-
mental and economic barriers. It is important to emphasize that the advantages and limi-
tations of IL-assisted strategies are inherently structure-dependent. Imidazolium-based
ILs are most frequently employed due to their strong aromatic cations and favorable in-
teractions with graphitic domains, yet they are often associated with higher synthesis cost
and, in the presence of fluorinated anions, increased environmental persistence. In con-
trast, ammonium- and phosphonium-based ILs offer enhanced thermal stability and hy-
drophobic character, which can be beneficial for gas capture and anion exchange, but their
steric bulk may hinder access to microporous carbon domains.

Many widely used ILs, particularly fluorinated imidazolium or phosphonium salts,
remain costly to produce, energetically demanding to purify, and poorly biodegradable,
raising concerns about large-scale deployment. Thermal processing imposes additional
challenges because some ILs decompose extensively at carbonization temperatures or
form persistent byproducts, while others require co-activators to achieve meaningful po-
rosity [148]. Moreover, industrial processes would need robust solvent-recovery systems
to prevent IL loss and mitigate environmental risk. These constraints do not weaken their
scientific value but highlight that IL-assisted activation is most justified when the perfor-
mance gains, like precise pore tuning, controlled heteroatom incorporation, or nanoscale
stabilization, offer clear advantages over conventional activators.

A major direction for future progress lies in designing ILs that reconcile high perfor-
mance with low environmental impact. Biodegradable cholinium-based ILs, amino acid-
derived proticILs, and ILs synthesized from renewable organic acids already demonstrate
reduced toxicity, lower cost, and improved compatibility with biomass precursors. Their
structural diversity enables selective heteroatom doping without relying on halogenated
anions, while their improved recyclability enhances process sustainability. Further ad-
vances are expected from ILs with tunable volatility, dynamic covalent motifs, or self-
porogen functionalities that activate carbon precursors without auxiliary reagents. Devel-
oping ILs that degrade into benign fragments after processing would substantially
strengthen their case for industrial adoption.

It should also be recognized that ionic liquids are not inherently benign, and their
toxicity is strongly structure-dependent. Both experimental and theoretical studies indi-
cate that the nature of the cation, alkyl chain length, and anion identity play critical roles
in determining ecotoxicity and biodegradability. In particular, longer alkyl chains and
fluorinated anions are often associated with increased biological persistence and toxicity,
whereas protic, choline-based, and amino-acid-derived ionic liquids exhibit more favora-
ble environmental profiles [149]. These considerations underscore the importance of ra-
tional IL design, immobilization strategies, and recycling protocols when assessing the
sustainability of IL-assisted carbon materials.

A recent study on IL-based regeneration of activated carbon further illustrates both
the promise and the remaining challenges of these systems. While high regeneration effi-
ciencies and multi-cycle stability were achieved, full IL recovery required an additional
ABS-mediated separation step, underscoring that large-scale applications will depend on
efficient IL recycling strategies and careful management of secondary waste streams [150].

To transition IL-assisted activation from laboratory-scale demonstrations to indus-
trial practice, several challenges must be addressed. First, systematic structure—property
relationships are needed to predict how IL composition governs carbon yield, dopant re-
tention, pore hierarchy, and mechanical stability. Second, hybrid activation schemes, com-
bining IL templating with mild chemical or physical activation, offer a promising route to
reducing IL consumption while retaining structural precision. Third, scalable recycling
protocols must be developed to recover ILs after activation or washing, minimizing waste
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and reducing operational costs. Finally, pilot-scale studies are required to evaluate reactor
design, heat management, IL stability under continuous operation, and compatibility with
biomass feedstocks. With these advances, ILs could evolve from niche precursors to ro-
bust tools for producing next-generation carbons tailored for adsorption, catalysis, energy
storage, and environmental remediation.

7. Conclusions

ILs have emerged as exceptionally versatile tools in the design of advanced carbon
materials. Whether used as carbon precursors, structural modifiers, porogens, heteroatom
donors, or activating media, ILs provide an unprecedented degree of molecular-level con-
trol over carbon architecture. They enable precise tuning of pore size distribution, surface
chemistry, and electronic properties that conventional activation methods cannot easily
achieve. Their ability to stabilize lamellar precursors, guide hierarchical porosity, and de-
liver high levels of N, S, P, or B doping places them at the lead of next-generation carbon
engineering. Yet, their widespread application will depend on overcoming key practical
barriers, including cost, recyclability, and environmental compatibility. Emerging families
of biodegradable, bio-derived, and task-specific ILs offer a path forward, making IL-as-
sisted activation increasingly feasible and sustainable. Continued development of greener
IL chemistries, combined with mechanistic understanding and scalable process engineer-
ing, will determine how rapidly these systems progress beyond laboratory synthesis.
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