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n and anion structural
modifications for the enhanced CO2 solubility of
hydroxyl ammonium- and pyridinium-based ionic
liquids

Ahmed Mohamed Abdelmagid, *a Abobakr Khidir Ziyada, ab

Abdalla Ahmed Elbashir *c and Zakaria A. Salih d

This study investigates the CO2 capture efficiency of a series of ionic liquids (ILs) formed through themethodical

modifications of cation and anion configurations. ILs based on tris-(2-hydroxyethyl) ammonium, containing

acetate [Ac], butyrate [Bu], lactate [La], and ascorbate [As] anions, along with allyl [Ay]- and benzyl [Bz]-

substituted ammonium and pyridinium chloride [Cl] salts, were synthesized and characterized using 1H and
13C NMR spectroscopies, elemental analysis, and Karl Fischer titration. Their CO2 solubility was investigated

under pressures ranging from 1 to 20 bar and temperatures between 298.15 and 358.15 K. The solubility

results indicated a distinct relationship with pressure: CO2 solubility rises as pressure increases for all ILs,

while elevated temperatures diminish solubility and increase Henry's law constants. Among the anions

examined, the [As]-based ILs had the greatest CO2 affinity, followed by [La]- and [Bu]-based ILs, suggesting

that the anion structure and accessible free volume significantly affected gas absorption. Among the [Cl]-

based ILs, [Bz]-based ILs exhibited superior CO2 solubility compared to their [Ay] counterparts, attributable to

their increased van der Waals contacts and improved structural accommodation of CO2. The thermodynamic

study utilizing Henry's law constants produced negative values for DH0 and DS0 and positive values for DG0

over the examined temperature range. The results demonstrate exothermic yet non-spontaneous dissolution

under the examined circumstances. The values of DH0 and DS0 indicate that CO2 absorption is influenced by

a balance of advantageous ion–gas interactions and solvent structuring effects. The results indicate that the

targeted alteration of both cation and anion frameworks is a viable method for optimizing IL performance in

CO2 capture applications.
1. Introduction

The need for CO2 capture and separation technology has
increased due to the fast industrialization of many nations.1,2

Effective CO2 capture and reducing the atmospheric CO2 levels
will therefore continue to be crucial actions in the upcoming
decades.3,4 Although natural carbon sinks like forests and
oceans can assist in reducing the atmospheric CO2 levels, there
is still a tremendous commercial and environmental demand
for better carbon-capture materials.5 Aqueous amine-based
solvents have long been used in industrial settings to absorb
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CO2, but these systems have a number of drawbacks, such as
the high energy requirement for solvent renewal. Researchers
have been driven to discover or create new materials that are
better than common amines for CO2 separation due to political,
economic, and societal considerations as well as the need for
clean, sustainable technologies.

Ionic liquids (ILs) represent a promising option for CO2

capture, offering numerous opportunities to reassess and
improve existing technologies and processes for CO2 capture.6,7

They have been extensively researched as a potential alternative
to aqueous amine solutions due to their distinctive properties
and their ability to enhance CO2 absorption capacity and
selectivity through strategic design and the selection of suitable
cation–anion combinations. The perceived value of ILs can be
attributed to their signicant characteristics, including
substantial CO2 absorption capacity,8,9 elevated thermal
stability, minimal volatility, nonammability, extensive liq-
uidus range, and solvation qualities.10,11

ILs oen have melting points lower than 100 °C and are
composed of inorganic and/or organic anions and cations.2
RSC Adv., 2026, 16, 28265–28279 | 28265
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Several ILs of various types have been produced by mixing
different anions and cations.12 ILs are a special kind of solvent
that has several useful characteristics, such as being very
effective at dissolving a variety of polar and nonpolar
compounds, being very stable under both high and low
temperatures, having very low vapor pressure, and having
a large electrochemical window.

The classication of ionic liquids is typically based on the
type of cation and anion they contain, rather than their
fundamental cationic or anionic nature. There is a positively
charged ion and a negatively charged ion in every ionic liquid,
which means that every ionic liquid has both a cation and an
anion.13 The key applications of cationic ionic liquids include
catalysis,13,14 solvent substitution in synthesis, separation and
extraction,15 electrochemical systems and batteries,16 and
pharmaceutical and biomedical applications17 due to the
signicant inuence of the cation structure on viscosity,
polarity, stability, and biocompatibility.17 Anionic ionic liquids
are particularly signicant in fundamental catalysis,16 CO2

capture and gas separation,18 and functional materials,16 as the
anion may profoundly affect hydrogen bonding, solvation, and
ion-pairing dynamics.16,17

The industrial and technological uses of ILs are numerous,
which include biomass processing, electroplating, and their use
in solar cells, lubricants, and electrolytes, due to their desirable
qualities.19,20 Although these solvents might not be considered
very environmentally friendly when compared using the type 2
criterion, they are very eco-friendly when compared using the
type 1 criterion (type 1 comparisons are process- and
application-neutral, comparing solvents only on the basis of
their mass, whereas type 2 comparisons are tailored to a specic
application).21

Several researchers have reported gas solubility measure-
ments, such as the solubility of CO2, for various ILs. For imi-
dazolium-, ammonium-, and pyridinium-based ILs, although
their gas solubilities are now being reported in the literature,
there is still a need for data that aid in evaluating the potential
of these ILs in various applications as well as elucidating their
structural features that govern their solvating ability. At
a specic temperature and pressure, a gas' solubility is the
highest concentration that can be dissolved in a liquid. The gas
molecules' rates of entry and exit into the solution are equal
when the system is in equilibrium. A new equilibrium is ach-
ieved when the concentration of dissolved gas rises due to an
increase in the number of gas molecules interacting with the
surface of the liquid as a result of an increase in pressure.22 The
solubility of a gas is determined by a combination of factors,
including the polarizability of the gas, the dispersion forces,
and the interactions between the gas and the solvent. The
relative inuence of each of these factors varies depending on
the nature of the gas and the solvent concerned. It has been
documented in numerous studies that the solubility of CO2 in
ILs is predominantly determined by the strength of the inter-
action between CO2 and the anion.23

The primary disadvantages of utilizing various ILs in large-
scale CO2 processes are their elevated cost and viscosity, which
are deemed superior to those of conventional solvents.24,25
28266 | RSC Adv., 2026, 16, 28265–28279
Considering that ILs are typically utilized in diluted forms with
viscosities comparable to that of water, the challenge of high
viscosity associated with ILs can be minimized.26 The low vapor
pressure, low volatility, and excellent stability of ILs compared
with those of existing solvents are essential properties that
enhance their use for CO2 absorption. Because of their high
volatility and high heat degradation, typical solvents used in the
CO2 absorption process, such as monoethanolamine, have
a substantial impact on both the efficiency and the cost of the
process. The fact that ILs can be regenerated at 1 bar makes them
a potentially cost-effective option for pre-combustion CO2 uptake.
In addition to decreasing the cost of utilities involved, this would
also minimize the gap in heat transfer between operations. The
potential to renew ILs at 1 bar and elevated temperatures may
reduce the cost of CO2 capture relative to the substantial
expenses associated with conventional solvents, primarily due to
the considerable equipment costs linked to vacuum regeneration
processes.26,27 Prior studies evaluating the cost and performance
of the IL process suggest that this technology is promising.
Moreover, the customizable nature of ILs could be employed for
the creation of cost-effective, thermally stable ILs with signicant
CO2 capture capacity and selectivity. Furthermore, the elevated
degradation temperatures of ILs protect equipment from corro-
sion resulting from the reaction of ILs with contaminants.28 The
tunable characteristics of ILs enable scientists to engineer them
with features specically suited for particular purposes.2

Computational studies have suggested that in the process of
dissolving CO2 in ILs, the anion plays a more signicant role
than the cation.29 This is due to the fact that the anion is
a stronger base, whereas CO2 is a Lewis acid. However, experi-
mental data reveal that CO2 is more soluble in the [PF6] anion
than in the [BF4] anion, implying that other factors, such as free
volume, also play a role in CO2 dissolution.25 Potential for CO2

capture has been shown by functionalized ILs.30 Adding a reac-
tive functional group to the cation or anion can greatly improve
the solubility of CO2.31 In addition to uoroalkyl groups, amine-
functionalized ILs have a strong affinity for CO2 and are capable
of capturing it by generating carbamates.6,32

The solubility of CO2 can be enhanced by incorporating
oxygen-containing functional groups, such as ether and ester
groups, into the cation and anion. This is achieved by utilizing
the electron-decient carbon atom's capacity to attract electro-
negative elements. Nevertheless, it is of the utmost importance
to strike a compromise between the requirements for high CO2

solubility and the requirements for easy CO2 desorption from
the IL.33,34 As a result, the large-scale commercial implementa-
tion of ILs for CO2 capture necessitates a thorough under-
standing of their physical and chemical characteristics. As
a result, experimental procedures and data development are
critical to the future of practical, cost-effective, and long-term
CO2 capture utilizing ILs.

Even with the process of preparing ILs with functional
groups, extensive research is required to ascertain the effect of
cations with hydroxyl groups, allyl groups, or benzyl groups, as
well as their combination with carboxylate- or chloride-based
anions, on their CO2 capture efficiency.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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In order to assess the effects of several structural variants on
CO2 solubility, the current work carefully constructed IL struc-
tures. While the anions had a variety of structures and func-
tional groups, the cations were paired with hydroxyl groups,
allyl chains, benzyl groups, and different alkyl chains. The
modied structures have characteristics that are known to
increase a molecule's CO2-philicity, leading to increased CO2

solubility in ILs.
To investigate the solubility of CO2 in ILs, a comparison was

made between the solubility of CO2 in ILs that had different
combinations of cations and anions as well as ILs that were at
the same pressure and different pressures. In order to assess the
effects of several structural variants on CO2 solubility, the
present work carefully designed IL structures. While the anions
(acetate, butyrate, lactate, and ascorbate) had a variety of
structures and functional groups, the cations were mixed with
different alkyl chains and benzyl and allyl functionalities. The
selected anions' (acetate, butyrate, lactate, and ascorbate)
architectures had characteristics such as carboxylate, hydroxyl,
carbonyl, alkyl chains and branched alkyl chains, which are
known to improve CO2-philicity and result in the high solubility
of CO2 in ILs.35 Additionally, the capacity, selectivity, and
reversibility were determined by the distinct structural features
of each anion family.36–38

ILs, which incorporated the cations tris-(2-hyroxyethyl)
ammonium [HEA], allyl tris-(2-hydroxyethyl) ammonium
[AyHEA], benzyl tris(2-hydroxyethyl) ammonium [BzHEA], allyl
pyridinium [AyPy], and benzyl pyridinium [BzPy] and incorpo-
rated the anions acetate [Ac], lactate [La], butyrate [Bu], ascor-
bate [As], and chloride [Cl], were synthesized and reported in
order to investigate the impact of pressure, cations, and anions
on the solubility of CO2. Proton (1H) and carbon-13 (13C) NMR
spectra, as well as CHNS elemental analysis (percentages of
carbon (C), hydrogen (H), nitrogen (N), and sulfur (S)), were
used to characterize the synthesized ILs. The effectiveness of
these compounds in capturing CO2 was studied in the pressure
range from 1 to 20 bar.
2. Materials and methods
2.1. Materials

Analytical-grade compounds were used for the synthesis of the
presented ILs. The CAS numbers, sources, and grades of the
utilized chemicals are as follows: acetic acid (64-19-7, Merck,
99%), allyl chloride (107-05-1, Fluka, 98), ascorbic acid (50-81-7,
Sigma-Aldrich, 99%), benzyl chloride (100-44-7, Sigma-Aldrich,
99), butyric acid (107-92-6, Alfa Aesar, 99), ethyl acetate (141-
78-6, Aldrich, 99.5), lactic acid (50-21-5, Fischer, 88.5), pyridine
(110-86-1, Lab-scan, 99.5), and tris-2-hydroxyethyl ammonium
(102-71-6, Avonchem, 97). All compounds were used without
further purication.
2.2. Synthesis of ionic liquids

2.2.1 Synthesis of tris-(2-hydroxyethyl) ammonium-based
ILs. A reux condenser, a dropping funnel, a nitrogen gas
source, and a magnetic stirring bar were tted to a three-neck
© 2026 The Author(s). Published by the Royal Society of Chemistry
500 mL ask. To ensure that the ask was free of moisture,
rst, a vacuum was applied; then, the surface of the ask was
heated using a heat gun while the vacuum was being applied;
nally, nitrogen gas was ushed through the ask. The ask was
maintained under a dry nitrogen gas environment continuously.
Equimolar amounts of tri-(2-hydroxyethyl) amine and acetic acid
were used. The ask was placed in an ice bath while the acetic
acid was added dropwise. The mixture was stirred vigorously for
12 hours at a temperature of 70–75 °C. The product was agitated
for a minimum of 12 hours using a molecular sieve to decrease
the water content and subsequently ltered to eliminate the
molecular sieve residues. Finally, the product was dried for 48
hours in a vacuum oven to obtain the tris-(2-hydroxyethyl)
ammonium acetate IL, [HEA][Ac].39,40 A diagram of the step of
synthesis is presented in Fig. 1a.

The synthesis of tris(2-hydroxyethyl)ammonium butyrate
[HEA][Bu], tris(2 hydroxyethyl)ammonium lactate [HEA][La],
and tris(2-hydroxyethyl)ammonium ascorbate [HEA][As] was
carried out in a manner that was similar to the above-given
procedure, with acetic acid substituted with equivalent moles
of butyric acid, lactic acid, and ascorbic acid, respectively.40 The
synthesis route is shown in Fig. 1a.

2.2.2 Synthesis of pyridinium-based ILs. The allyl pyr-
idinium chloride IL, [AyPy][Cl] IL, was prepared by mixing
0.20 mol of allyl chloride and 0.19 mol of pyridine, both of
which were dissolved in 20 mL of ethyl acetate. Subsequently,
the mixture was stirred and heated at a temperature of 45 °C for
72 hours in a round-bottom ask kept on a hot plate, tted with
a reux condenser, and connected to an inert gas to prevent air
from entering the system. In order to remove the solvent and
generate allyl pyridinium chloride, [AyPy][Cl], the product was
dried in vacuum at a temperature of 80 °C. The synthesis route
is shown in Fig. 1b.

The synthesis of benzyl pyridinium chloride, [BzPy][Cl], was
achieved by repeating a technique that was quite similar to the
one described above. However, this time, the allyl chloride was
substituted with equal moles of benzyl chloride. Additionally,
the mixture was heated for a period of 72 hours at a temperature
of 75 °C. The synthesis route is shown in Fig. 1b.

2.2.3 Synthesis of tris-2-hydroxyethyl ammonium chloride-
based ILs. A round-bottomed ask equipped with a heating oil
bath, a nitrogen inlet adapter, magnetic stirrer, and reux
condenser is ushed with dry nitrogen. Equimolar amounts of
tris-(2-hydroxyethyl) amine and allyl chloride were dissolved in
toluene. The reaction mixture was heated at 45 °C for 48 hours.
The product was cooled to room temperature and washed with
ethanol then, the remaining solvent was removed at 80 °C in
vacuo. The product was dried in a vacuum oven for 72 hours to
afford allyl tris-(2-hydroxyethyl) ammonium chloride [AyHEA][Cl].
A similar procedure used to synthesize benzyl tris-2-hydroxyethyl
ammonium chloride [BzHEA][Cl] was followed to prepare chlo-
ride [AyHEA][Cl] by replacing allyl chloride with benzyl chloride.
2.3. Characterization

A nuclear magnetic resonance (NMR) magnetic spectropho-
tometer, Agilent 600 MHz Premium COMPACT, was used in
RSC Adv., 2026, 16, 28265–28279 | 28267
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Fig. 1 Synthesis route of ammonium-based ILs by acid/base neutralization.
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order to obtain the 1H NMR spectra of the produced ILs. The
solvent used was dimethyl sulfoxide (DMSO). The CHNS-932
elemental analyzer manufactured by LECO instruments was
utilized in order to determine the percentages of carbon,
hydrogen, nitrogen, and sulfur present in the prepared ILs. The
instrument was standardized prior to each measurement by
utilizing a standard calibration sample with a chemical
composition that was determined by the supplier. The water
content of the presented ILs was determined by a coulometric
Karl Fischer titrator, DL 39 (Mettler Toledo), in conjunction
with the CombiCoulomat fritless Karl Fischer reagent (Merck)
and the Hydranal coulomat AG reagent (Riedel-de Haen). The
results are given as the average of three separate
measurements.40,41
2.4. Solubility of CO2 in ILs

The gravimetric technique was used to identify the solubility of
CO2 in the prepared ILs utilizing a magnetic suspension
balance (MSB). This approach is widely used to assess the
solubility of gases in solids by measuring the weight change of
the sample aer absorption; however, it is less oen utilized for
liquids due to the potential inuence of evaporation on the nal
weight of the sample. Due to the non-volatile features of the ILs,
28268 | RSC Adv., 2026, 16, 28265–28279
the gravimetric technique was used to determine their gas
solubility.42

The magnetic suspension balance (MSB) is a multi-
functional and accurate instrument for determining the solu-
bility of gases in liquids. It allows real-time observation of mass
changes, which is crucial for identifying equilibrium. Achieving
equilibrium is essential prior to performing precise solubility
measurements. The MSB may also verify the thorough degass-
ing of the starting liquid, which is essential for precise nd-
ings.42 The magnetic suspension balance (MSB) from
Rubotherm, Präzisionsmesstechnik GmbH, Bochum, Germany,
was employed to ascertain the solubility of CO2 in the synthe-
sized ILs. The MSB utilized a magnetic suspension coupling
that included an electromagnet and a suspension magnet, with
the electromagnet electronically regulated to sustain the
suspension magnet in a condition of frictionless levitation. The
microbalance had an accuracy of 0.001 mg and a repeatability of
±0.020 mg. The pressure and temperature in the measurement
cell were regulated to within ±0.05 bar and ±0.2 °C, respec-
tively, as documented in the literature.43

To obtain precise weight measurements, all potential envi-
ronmental disturbances impacting the sample were reduced,
controlled, and measured, with the exception of buoyancy,
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra03083a


Table 1 CO2 solubility in the prepared ILs at 1, 5, 10, 15, and 20 bar as
a mole fraction of CO2 (xCO2

)a

Pressure (bar) CO2 mole fraction

ILs 1 5 10 15 20

[HEA][Ac] 0.026 0.138 0.244 0.340 0.406
[HEA][As] 0.062 0.218 0.385 0.501 0.588
[HEA][Bu] 0.040 0.176 0.317 0.429 0.545
[HEA][La] 0.053 0.198 0.339 0.456 0.564

a Standard uncertainties, u, of temperature, pressure and MSB (mass
reading) are 0.05 K, 0.25 kPa and 0.00002 g, respectively. The
combined standard uncertainties of the CO2 solubility in the [HEA]
[Ac], [HEA][As], [HEA][Bu], and [HEA][La] ILs are 0.0087, 0.070, 0.0082,
0.0089 and 0.0123, respectively.
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which was quantied and adjusted utilizing the MessPro so-
ware for instrument control and data recording. The MSB
technique to measure the solubility of CO2 in the synthesized
ILs involved four primary steps: blank measurement, sample
dryness, buoyancy correction, and solubility measurements. An
empty sample container was weighed, and its volume was
quantied in the blank measurement. The sample was subse-
quently dried to eliminate any moisture and volatile
compounds. The volume of the sample in the container was
accurately obtained by a buoyancy measurement. The
measurement method started at a stable temperature and
progressively increased the pressure to the specied value
under continuous monitoring. The solubility measurement was
deemed complete when the MSB exhibited no more mass rise.
The equipment, sample preparation, and measurement meth-
odology are thoroughly explained.43–45

3. Results
3.1. Characterization

The structures of the prepared ILs were conrmed by NMR
spectroscopy and elemental analysis (CHNS). The ndings
veried the predicted structures. The NMR spectra are pre-
sented in the SI (Fig. S1–S6) and reported with the elemental
analysis results as follows:

3.1.1 [HEA][Ac]. dH (600 MHz; DMSO): 4.74 (s, 1H, HO–
CH–), 3.46 (s, 1H, N–CH–CH), 2.70 (q, R2N–CH), 1.78 (m, R–H).
Elemental analysis: % actual C, 46.13; H, 8.91; N, 6.82; O, 38.14.
C8H19NO5. % Theoretical C, 45.92; H, 9.15; N, 6.69; O, 38.23.
Mass fraction of water: 171 × 10−6.

3.1.2 [HEA][As]. dH (600 MHz; DMSO): 3.805 (q, ROH), 3.38
(m, R2N–CH), 2.52 (m, NC–CH), 2.05 (s, R–H). Elemental anal-
ysis: % actual C, 44.44; H, 6.84; N, 4.32; O, 44.4. C12H23NO9. %
Theoretical C, 44.30; H, 7.13; N, 4.31; O, 44.26. Mass fraction of
water: 128 × 10−6.

3.1.3 [HEA][Bu]. dH (600 MHz; DMSO): 3.98 (d, HO–CH),
3.39 (m, ROH), 2.86 (s, R2N–CH), 2.53 (q, NC–CH), 2.11 (q,
RCOO), 1.4 (m, R2NH), 0.83 (q, RH). Elemental analysis: %
actual C, 50.83; H, 9.38; N, 5.93; O, 33.86. C10H23NO5. %
Theoretical C, 50.62; H, 9.77; N, 5.90; O, 33.71. Mass fraction of
water: 159 × 10−6.

3.1.4 [HEA][La]. dH (600 MHz; DMSO): 5.32 (s, RCOOCH3),
3.66 (m, ROH), 3.1 (q, R2NH), 2.03 (s, R2N–CH), 1.1 (m, R–H).
Elemental analysis: % actual C, 45.56; H, 8.07; N, 5.91; O, 40.46.
C9H21NO6. % Theoretical C, 45.18; H, 8.85; N, 5.85; O, 40.12.
Mass fraction of water: 178 × 10−6.

3.1.5 [AyHEA][Cl]. dH (600 MHz; DMSO): 6.06 (RCONH), 5.6
(RCOO−), 4.454 (s, R2HC]CHR2), 3.8 (ROH), 3.45 (R2NCH), 2.5
(R2NH). FTIR-ATR ymax/cm

−1: 3356 (NH), 3561 (OH), and 3060 (–
HC]CH). C9H20ClNO3. Elemental analysis: % actual C, 47.89;
H, 8.93; N, 6.21; O, 21.27. C9H20ClNO3. % Theoretical C, 47.89;
H, 8.93; N, 6.21; O, 21.27. Mass fraction of water: 265 × 10−6.

3.1.6 [BzHEA][Cl]. dH (600 MHz; DMSO): 7.46 (m,
aromatics), 4.3 (ROH), 3.97 (R2N–CH). Elemental analysis: %
actual C, 56.62; H, 8.04; N, 5.08; O, 17.41. C13H22ClNO3. %
Theoretical C, 56.62; H, 8.04; N, 5.08; O, 17.41. Mass fraction of
water: 242 × 10−6.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.1.7 [AyPy][Cl]. dH (600 MHz; DMSO): 9.06 (m, H–C*C–H),
9.06 (t, H–C*N*C–H), 8.24 (d, H–C*CH*C–H), 8.24 (m, HC*CH),
8.74 (s, H–C*C–H), 5.70 (m, H–CH–C(sp2)–H), 5.70 (m, HC =

CH2), 5.07 (m, H–C(sp2)–H), 5.03 (m, H–C(sp2)–H). Elemental
analysis: % actual C, 61.45; H, 6.76; N, 9.5; Cl, 22.29. C8H10ClN.
% Theoretical C, 61.74; H, 6.48; Cl, 22.78; N, 9.0. Mass fraction
of water: 285 × 10−6.

3.1.8 [BzPy][Cl]. dH (600 MHz; DMSO): 9.34 (q, H–C*N*C–
H), 8.64 (m, H–C*C–H), 8.19 (q, H–C*CH*C–H), 7.60 (t, H–C*C–
H), 7.44 (q, H–C*CH*C–H). Elemental analysis: % actual C,
70.06; H, 5.87; N, 6.97; Cl, 17.10. C12H12ClN. % Theoretical C,
70.07; H, 5.88; Cl, 17.24; N, 6.81. Mass fraction of water: 261 ×

10−6.
3.2. Solubility of CO2 in ILs

In this work, we compared the affinity of several ILs with the
same cation and different anions and also with the same anion
and different cations for CO2 capture. The impact of these
anions and cations on CO2 solubility was investigated using the
[HEA] cation with four different anions ([Ac], [Bu], [La], and [As])
and two ammonium-based and two pyridinium-based cations
linked with allyl and benzyl groups ([AyHEA], [BzHEA], [AyPy],
and [BzPy]) incorporating the same anion [Cl].

Table 1 presents the mole fraction as a function of pressure
for the experimental CO2 solubility measurements performed
for the synthesized ILs at a temperature of 298.15 K and pres-
sures of 1, 5, 10, 15, and 20 bar.

The CO2 solubility in the [HEA] cation incorporating [Ac],
[Bu], [La], and [As] anions at a temperature of 298.15 K and
pressures of 1, 5, 10, 15 and 20 bar was measured, and the time-
dependence of CO2 uptake by the studied ILs is reported in
Tables S1–S8 in the SI and is shown in Fig. 2 in terms of the
mole fraction (xCO2

) versus time.
The solubility results in Fig. 2 reveal that the solubility of CO2

in all studied ILs is positively correlated with an increase in
pressure. This effect may be ascribed to the rise in pressure,
which helps gas molecules dissolve in the ionic liquid solution
in order to minimize the added pressure as much as possible.
Recent data indicate that CO2 solubility in ILs is affected by
RSC Adv., 2026, 16, 28265–28279 | 28269
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Fig. 2 Effect of time on CO2 solubility in [HEA][Ac], [HEA][As], [HEA][Bu], [HEA][La], [BzHEA][Cl], [AyHEA][Cl], [BzPy][Cl], and [AyPy][Cl] at the
pressures of 1, 5, 10, 15, and 20 bar.
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factors beyond conventional interaction strength and free
volume. Seki et al.46 proved that interactions alone cannot
entirely elucidate CO2 sorption in ILs, contrary to prior
28270 | RSC Adv., 2026, 16, 28265–28279
assumptions, and that the robust Lewis acid–base interactions
between ILs and dissolved CO2 are not the only determinants of
CO2 solubility.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of [Ac], [Bu], [La], and [As] anion-based ILs on CO2

solubility at 298.15 K.
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The results show that [HEA][Ac] reaches equilibrium in
a shorter time than the other anions. This might be due to the
lower viscosity of this anion.40 Gas diffusion in an IL depends on
the viscosity of the IL; as the viscosity increases, the diffusion
over time becomes greater. This increases the time required to
reach equilibrium.42 The time required by the six ILs to reach
equilibrium is less than that reported for the ILs incorporating
the amine functionality (180 min)42 and is also not as long as
that reported for non-functionalized imidazolium-based ILs
(90–180 min).47,48 However, it is far less than the time required
by [Emim][NTf2] (1800–2400 min) and [Bmim][NTf2] (2160–2880
min).42 The solubility of CO2 increases with increasing pressure
for all six ILs, as expected, as increased pressure will force the
gas into the IL.49

Fig. 2 demonstrates that the capture process is most efficient
at the beginning of the process and that performance is
signicantly inuenced by the IL structure, time, and pressure.
These ndings indicate an almost-linear increase in CO2 solu-
bility with pressure for each IL, exhibiting signicant pressure-
solubility correlations across the 1–20 bar range. Among the
studied ILs, CO2 capture at 20 bar is around 9.5–23.7 times
greater than that at 1 bar, with the highest capacity exhibited by
the [HEA]-based ILs.

The Pearson correlation (r) was used to analyze the rela-
tionship between pressure and solubility values. CO2 solubility
exhibits a signicant and almost-linear rise with pressure
across all the studied ILs, with pressure-solubility correlations
remaining consistently high for each IL (r = 0.988–0.996). The
highest capture capacities are recorded for the [HEA]-based ILs,
yielding 0.588–0.564 mole fraction at 20 bar, in contrast to
0.142–0.151 for pyridinium chlorides. The pressure impact is
most pronounced for the [HEA]-based ILs, where solubility at 20
bar is 9.5–15.6 times more than that at 1 bar, whereas the
pyridinium-based ILs exhibit comparable but much lower
absolute absorption. The obtained results reveal that both IL
cation and anion chemistries signicantly inuence CO2

affinity, with the [HEA] family affording the most suitable
combination of enhanced capacity and signicant pressure
response.

Nonlinear regression of the time-dependent uptake curves
using a rst-order saturation model (qt = qe(1 − e−kt), where qt,
qe, k, and t are the amount adsorbed at time t, the equilibrium
capacity, the rst-order rate constant, and time, respectively)
provides reliable estimates of the equilibrium capacity and
capture rate for each IL.50 The rst-order saturationmodel-tted
parameters (nonlinear ts) reported in the SI (Table S11) reveal
a clear variation in the capacity and kinetics between the ILs,
which is in accordance with the Pearson correlation analysis.
The calculated rate constants (k) imply that uptake is efficient in
all ILs; nevertheless, the most rapid equilibrium reached does
not consistently correspond with its highest capacity. [BzPy][Cl]
exhibits a comparatively high rate constant but a low equilib-
rium capacity, qe, indicating that it attains a low plateau rapidly,
whereas [HEA][As] integrates a substantial capacity with
a comparatively high uptake rate. This pattern is advantageous
for process design because it differentiates between ILs that are
simply quick and those that are both quick and high-capacity.
© 2026 The Author(s). Published by the Royal Society of Chemistry
In addition, the kinetic model's suitability for explaining the
measured data is supported by the small condence intervals,
as shown in Table S11.

3.2.1 Impact of anions on CO2 solubility. The theory of the
anion effect speculates that the anion has a stronger effect on
the CO2 solubility in ILs than the cation.51 The absorption of
CO2 is affected by the organization of ions in the ILs, direct
CO2–ion interactions, and the ratio of unoccupied space in pure
ILs. This preformed unoccupied space is regularly dispersed
throughout the IL and needs to be expanded by slight ion
displacements to accommodate CO2. The amount of preformed
unoccupied space is a good indicator of ion cohesion in ILs.
Weak electrostatic cation–anion interaction densities in ILs,
i.e., weak ion cohesion, lead to larger average distances between
ions and hence more unoccupied space.52 Weak ion cohesion
facilitates ion displacement to enable the expansion of empty
space to accommodate CO2. Moreover, it has been demon-
strated that the ion density, which in turn is determined by the
ion size, primarily determines the strength of ion cohesion.
Additionally, ion cohesion is inuenced by the local electro-
static interactions among ion moieties between which CO2 is
inserted and which do not depend on the ion density.

The CO2 solubilities exhibit a linear relationship with pres-
sure but exhibit a nonlinear trend as pressure increases for all
the studied ILs. Fig. 3 shows the CO2 solubilities of the [HEA]
[Ac], [HEA][As], [HEA][Bu], and [HEA][La] ILs. Further, the
solubility is clearly dependent on the choice of the anion, as
shown in Table 1, which, by experimental proof, is in agreement
with the reported literature.53

The prepared ILs were used to investigate the inuence of
varying anion structures on the ability of each IL to absorb CO2.
The CO2 solubility in the [HEA] cation incorporating [Ac], [Bu],
[La], and [As] anions at a temperature of 298.15 K and pressures
of 1, 5, 10, 15 and 20 bar was measured, and the solubility of
CO2 in the studied ILs is reported in Table 1 in terms of the
mole fraction (xCO2

). The results show that CO2 solubility is
RSC Adv., 2026, 16, 28265–28279 | 28271
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Fig. 4 Effect of anion on CO2 solubility in [HEA][Ac], [HEA][As], [HEA][Bu], and [HEA][La] at the pressures of 1 and 20 bar.
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dependent on the choice of the anion, which agrees with the
reported literature. Overall, the factors that determine the
solubility of CO2 in ILs have been identied consistently across
a large variety of constituting ions through molecular dynamics
simulations.54 The isotherms showing the effect of the anion on
the solubility of CO2 in ammonium-based ILs at 298.15 K are
shown in Fig. 3 and 4, and the corresponding solubilities are
presented in Table 1.

The IL with the [As] anion exhibits a considerably higher
affinity for CO2 than the ammonium-based ILs incorporating
[La], [Bu], and [Ac] anions and the same cation. The [As] anion
has several features that are known to enhance a molecule's
CO2-philicity and lead to the good solubility of CO2, such as
carboxyl, hydroxyl, and double bond functionalities, long alkyl
chains and branched alkyl chains.52 In addition, another major
factor that affects the capacity for CO2 solubility is the molar
free volume of the IL. In general, the larger the molecular size of
the anion, the larger the free volume that CO2 can occupy.55 The
molar free volume of the ionic liquid has a more signicant
impact than the basicity of the anion, which is an important
factor in determining CO2 solubility in ILs. Furthermore, the
anion exhibits minimal toxicity and is unlikely to exhibit the
environmental persistence of uorinated ILs while demon-
strating a substantial capacity for CO2 solubility.

The comparatively enhanced solubility of CO2 in the [La]-
based IL, compared to the [Bu]- and [Ac]-based ILs, may result
from greater interactions between CO2 and the hydroxyl and
branched methyl substituents on the [La] anion.35 There are two
recognized forms of interactions: the acid–base interaction
between CO2 and the anion in ILs and the interaction between
CO2 and the methyl group in the anion.23 Actually, the solubility
of CO2 increases with increasing number of hydroxyl groups in
the anion.23 Compounds containing hydroxyl groups exhibit
exceptional stability, imparting several advantageous features
to them.6 Furthermore, the comparatively higher solubility of
CO2 in [Bu]-based ILs, compared with [Ac]-based ILs, is attrib-
utable to the longer alkyl chain of the [Bu] anion, which
28272 | RSC Adv., 2026, 16, 28265–28279
enhances van der Waals-type interactions between the gas and
the liquid.

The strength of the interactions cannot be solely responsible
for the solubility of CO2 in ILs, as reported in the literature,46,56,57

and also the free volume. In addition, the ambient-pressure
molar volumes increase with increasing chain length; this
effect diminishes at higher amounts of dissolved CO2, and the
molar volumes of all ILs become very similar.58 At these pres-
sures, the IL consists of more than 70% mole of CO2, and thus,
the properties are better correlated with CO2 than the ambient-
pressure IL properties. The solubility of CO2 in the presented
ILs increases rapidly to 0.3–0.4 mole fraction (CO2/IL) for
pressures up to 10 bar, but at higher pressures, the increasing
rate slows down, and the solubility nally levels off. The fast
solubility increase in the low-pressure range may be due to
Henry's sorption in the inter-ion space.

The presented results are in good agreement with those re-
ported by Yuan et al. (2007) for the CO2 solubility in eight
different hydroxyl ammonium ILs, including 2-hydroxyethyl-
ammonium incorporating formate, acetate, and lactate, at
temperatures ranging from 303 to 323 K and pressures reaching
10.98 MPa.1 They conrm that hydroxyl-functionalized ammo-
nium cations with carboxylate anions may accomplish
competitive CO2 uptake among physisorbing ILs because their
[HEA][acetate] ndings at 303 K are largely similar to the values
obtained in the current investigation.53 The investigated CO2

solubility in trimethylbutylammonium- and imidazolium-based
ILs incorporating the [Tf2N] anion shows a CO2 mole-fraction
solubility on the order of 10−2, with values similar to each
other across the studied cations when the Tf2N

− anion remains
constant.59 This suggests that the [HEA][carboxylate] ILs in the
present study exceed traditional ammonium-based ILs in CO2

absorption, especially considering their uorine-free, cost-
effective carboxylate anions.

3.2.2 Impact of cations on CO2 solubility. The cations of
ILs are normally bulkier than the corresponding anions and
provide inter-ion spaces where CO2 can squeeze in. As the
openings between the cation and anion of the IL are large, CO2
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of [HEA] and [Py] cation-based ILs on CO2 solubility at
298.15 K.

Table 2 CO2 solubility in the prepared ILs at 1, 5, 10, 15, and 20 bar as
a mole fraction of CO2 (xCO2

)a

Pressure (bar) CO2 mole fraction

ILs 1 5 10 15 20

[BzHEA][Cl] 0.015 0.079 0.155 0.217 0.252
[AyHEA][Cl] 0.010 0.070 0.138 0.190 0.237
[BzPy][Cl] 0.009 0.048 0.093 0.130 0.151
[AyPy][Cl] 0.006 0.042 0.083 0.114 0.142

a Standard uncertainties, u, of temperature, pressure and MSB (mass
reading) are 0.05 K, 0.25 kPa and 0.00002 g, respectively. The
combined standard uncertainties of the CO2 solubility for the [AyHEA]
[Cl], [BzHEA][Cl], [AyPy][Cl], and [BzPy][Cl] ILs are 0.0145, 0.0115,
0.0133, and 0.0123, respectively.
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molecules can easily enter that space. However, these openings
are continuously lled by CO2 molecules with increasing pres-
sure. Eventually, the spaces are lled up, leaving no more room
for CO2 molecules to get in. To allow more CO2 molecules to
enter the IL, it is necessary to expand the inter-ion space. As this
expansion requires energy, only small amounts of CO2 can
penetrate the IL. This is why ILs show that particular leveling off
solubility behavior. The inuence of the IL cation on CO2

solubility in ILs was investigated by comparing the effect of
different functional groups attached to the cation on the solu-
bility of CO2 in these ILs.

Allyl and benzyl functional groups may be easily incorpo-
rated into ammonium systems by the quaternization technique.
They are oen liquids, with some exhibiting lower viscosity than
their saturated equivalents.40 The addition of a second func-
tional group enhances the potential for interaction between the
p-system in the benzyl and allyl groups and CO2. Furthermore,
these ILs were studied to determine the inuence of different
functional groups on CO2 solubility in ILs. The solubility of CO2

in [BzHEA][Cl], [AyHEA][Cl], [BzPy][Cl], and [AyPy][Cl] at
a temperature of 298.15 K and pressures of 1, 5, 10, 15 and 20
bar was measured, and the time-dependence of CO2 uptake by
the studied ILs is reported in Tables S5–S8 in the SI and is
shown in Fig. 5.

The mole fraction of CO2 absorbed by [BzHEA][Cl], [AyHEA]
[Cl], [BzPy][Cl], and [AyPy][Cl] at a temperature of 298.15 K is
reported in Table 2. When comparing the ILs with the same
anion, changing the cation can clearly change CO2 solubility,
which might be responsible for the difference in CO2 solubility,
as shown in Fig. 5. These ndings are in line with the trends
reported in the literature. However, ammonium-based ILs
would provide higher CO2 solubility than pyridinium-based ILs
due to their longer alkyl chain length, higher density and, thus,
more free volume.35,60 There might be other factors that affect
CO2 solubility, such as viscosity and polarity.61
© 2026 The Author(s). Published by the Royal Society of Chemistry
The cation incorporated with the benzyl group shows
a higher capacity for CO2 solubility than that incorporated with
the allyl group ([BzHEA][Cl] > [AyHEA][Cl] and [BzPy][Cl] > [AyPy]
[Cl]), which can be mainly attributed to the benzyl group's
ability for enhancing the van der Waals-type interactions
between the gas and the liquid more than the allyl group as
a result of its greater number of p-electrons.

A recent study involving 19 types of ILs revealed that pyr-
idinium [NTf2]-based ILs exhibit superior CO2 solubility within
the [NTf2] anion group, with free volume being a critical factor
(increased fractional free volume is associated with enhanced
CO2 permeance and solubility across cation families).62 More-
over, another study reported that the Henry constant for CO2

solubility in six pyridinium-based ILs incorporating [Tf2N] at
temperatures ranging from 298.15 to 333.15 K and pressures up
to 28.98 bar is around 27 at 298 K, which is lower than that of
the chloride-based pyridinium ILs reported in this research.24

This supports the interpretation that the inferior CO2 uptake of
[BzPy][Cl] and [AyPy][Cl] relative to [HEA][carboxylate] ILs in the
present study is primarily an anion effect—Cl− provides less
free volume and weaker CO2 interactions than carboxylate or
sulfonylimide anions.62

Moreover, based on the experimental results, there is a rela-
tionship between the absorption of CO2 and the density and
molecular volume of the ILs. As the density decreases and the
molecular volume increases, the fractional free volume
increases and, thus, the solubility of CO2 increases.43,44 At 1 to 20
bar and 298.15 K, there is only a marginal difference between
the CO2 solubility in [BzHEA][Cl] and [BzPy][Cl] and that in
[AyHEA][Cl] and [AyPy][Cl], which is mainly attributed to two
contradictive factors: [BzHEA][Cl] and [BzPy][Cl] have a higher
free volume than [AyHEA][Cl] and [AyPy][Cl], and [BzHEA][Cl]
and [BzPy][Cl] have a higher density than [AyHEA][Cl] and [AyPy]
[Cl]. A strong linear correlation is observed between CO2 solu-
bility and free volume.8 The [BzHEA] cation contains a benzyl
group and has a higher molar mass than [AyHEA]. This creates
a more open and less densely packed IL structure, providing
additional space for CO2 molecules to be accommodated
compared to [AyHEA].

Furthermore, at standard pressure and temperature,
conventional imidazolium ILs containing [Tf2N], [PF6], and
RSC Adv., 2026, 16, 28265–28279 | 28273
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Fig. 6 Pressure versus mole fraction of CO2 for the prepared ILs at
298.15 K.
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[BF4] anions attain a CO2 solubility of 3.3 mol% (Henry's
constants ranging from 30 to 50), reecting the practical diffi-
culties associated with low-pressure CO2 capture from ue gas
emissions.2 Conversely, the [HEA][carboxylate] ILs in the
present investigation attain xCO2

= 0.026–0.062 at only 1 bar—
above this threshold—using non-uorinated, biodegradable
anions.

3.2.3 Henry's constant. The gas solubility in a liquid is
oen expressed using the Henry's law constant. The Henry's law
constant correlates the equilibrium mole fraction of a material
in the liquid phase with its partial pressure in the gas phase.63

For all typical ILs, gas solubility diminishes with rising
temperature and decreasing pressure. Under ideal conditions,
gas solubility may be expressed as a Henry's law constant. At
equilibrium and innite dilution, the Henry's law constant is
derived from solubility expressed as the mole fraction (x). Due
to their low or negligible vapor pressure, ILs are considered to
represent a pure gas solute in the gas phase.47,64 The fugacity
coefficient is assumed to be unity, and the Henry's law constant
(kH) is found using the following equation:65–68

kH ¼ lim
x/0

�
PCO2

x

�
; (1)

where P is the partial pressure of the gas and kH (T) will have
units of pressure and is inversely proportional to the mole
Table 3 Henry's law constant and correlation coefficients for the
studied ILs

Property [HEA][As] [HEA][La] [HEA][Bu] [HEA][Ac]

kH (298.15 K) 13.01 20.58 25.02 27.08
R2 0.999 0.999 0.998 0.999

[BzHEA][Cl] [AyHEA][Cl] [BzPy][Cl] [AyPy][Cl]

kH (298.15 K) 42.56 56.96 70.93 94.90
R2 0.996 0.999 0.996 0.999

28274 | RSC Adv., 2026, 16, 28265–28279
fraction of the gas in the liquid (x). For gases that behave almost
ideally, solubility is proportional to pressure. Calculating the
linear slope of the data yields the Henry's law constant.

The CO2 gas exhibits a nonlinear trend as the CO2 pressure
increases for all the studied ILs, as shown in Fig. 6. (The curves
begin to atten out, indicating that the IL approaches its
maximum, pressure-independent capacity for CO2.69) So, the
Henry's law constant can be found by tting a second-order
polynomial to the data and calculating the limiting slope as
the solubility approaches zero.65,70

Accordingly, eqn (2) was used to model the experimental
values,71 with a correlation coefficient (R2) greater than 0.996.

kH = ax2 + bx + c (2)

Moreover, Henry's law constants may be utilized for classi-
fying the absorption as either physical or chemical in nature. A
Henry's law constant value below 3 MPa at 298 K oen indicates
the chemical absorption of CO2 into ILs.72

The Henry's law constants for all investigated ILs, together
with the correlation coefficients of the polynomial equation
(eqn (2)), are shown in Table 3. The Henry's law constant indi-
cates gas solubility in a solvent; a decline in its value indicates
an increase in gas solubility in the solvent.

According to the study, the ILs with the [As] anion have the
lowest Henry's law constant value among the studied [HEA]
cation-based ILs, whereas the ILs with the [BzHEA] cation have
the lowest value among the studied [Cl]-based ILs. In addition,
the effect of temperature on these ILs' CO2 dissolution capacity
was investigated using the Henry's law constant. The Henry's
law constants were calculated for the synthesized ILs at pres-
sures of 1, 5, 10, 15, and 20 bar and temperatures of 298.15,
313.15, 328.15, 343.15, and 358.15 K using eqn (1), as shown in
Fig. 7.

The solubility of CO2 in ILs decreases as the temperature
increases, as illustrated in Fig. 7, which is consistent with the
reported results. Increasing the temperature causes an increase
in kinetic energy, which in turn causes ions to move more
quickly. Because of this, the spacing between ions decreases,
which may lead to an increase in the uneven distribution of
ions.

3.2.4 Enthalpy, entropy and Gibbs free energy. The solu-
bility properties were explained by the thermodynamic excess
functions: standard enthalpy (DH0), entropy (DS0), and Gibbs
free energy (DG0). Signicantly negative values for excess Gibbs
energy frequently suggest the formation of chemical complexes,
while the heat of mixing (or excess enthalpy) is more negative
than the TSE.23 The standard entropy (DS0) of the ionic liquid–
gas combination indicates the level of order in the system,
whereas the standard enthalpy (DH0) of solvation denotes the
intensity of contact between the liquid and the gas. The Gibbs
free energy (DG0) indicates the spontaneity of gas dissolution in
a liquid and the phase stability of the system. Moreover, nega-
tive DG0 values frequently indicate the production of one or
more chemical complexes.

At innite dilution, the temperature dependence of Henry's
law constants serves as a foundation for evaluating their role in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of temperature on CO2 solubility in terms of Henry's law
constant for the prepared ILs.
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gas solvation inside a solvent. The standard enthalpy, entropy,
and Gibbs free energy of gas solubility may be derived from
these constants.45,49,73 Furthermore, eqn (3) employs the stan-
dard pressure, P0 = 1.01325 bar, and Henry's law constant to
calculate the standard Gibbs free energy of gas dissolution.6

DG0 ¼ �RT ln

�
P0

kH

�
(3)

The standard entropy of the ionic liquid–gas mixture repre-
sents the degree of order in the system, whereas the standard
enthalpy of solvation represents the intensity of the contact
between the liquid and the gas.73,74 Gibbs free energy inuences
phase stability as well as the spontaneous dissolution of gases
in liquids. Additionally, negative DG0 readings frequently indi-
cate the production of one or more chemical complexes.75

In certain cases, the standard heat of solution of a gas (DH0)
may be treated as a constant (for a small temperature change)
and can be related to the Henry's law constant at innite dilu-
tion using the linear equation:

Ln kH ¼ ln k0 þ
�
DH0

RT

�
(4)

However, there are other cases (for relatively wide tempera-
ture ranges) in which DH0 is temperature-dependent and,
therefore, is not a constant. For these cases, DH0 may be ob-
tained from eqn (5).67

DH

R
¼ v ln kH

v

�
1

T

� (5)

The change in molar enthalpy upon gas solubility was ob-
tained by plotting the natural logarithm of the calculated Henry
constant (ln kH) versus the reciprocal of the absolute
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature
�
1
T

�
, and the curve was tted with the following

equation:67

Ln kH ¼ Aþ B

T
þ C

T2
; (6)

where A, B and C are correlation coefficients. A combination of
eqn (5) and (6) was used to estimate the standard enthalpy using
the following equation:67

DH0 ¼ R

�
Bþ 2C

T

�
(7)

The standard entropy was calculated using the following
equation:67

DS0 ¼ R

�
DH0 � DG0

T

�
(8)

The standard enthalpy (DH0), entropy (DS0) and Gibbs free
energy (DG0) of the dissolution of CO2 in the prepared ILs at
different temperatures are given in Table 4. As indicated above,
based on the relationship given in eqn (1) and the data pre-
sented in Fig. 7, kH increases with temperature, which corre-
sponds to a decrease in the mole fraction of CO2 (XCO2

) in the
ILs. According to this behavior, the solubility of CO2 diminishes
at elevated temperatures. The positive values of DG0 show that
CO2 dissolution in the examined ILs is non-spontaneous in the
temperature range of 298.15–358.15 K.67 Concurrently, the
negative values of DH0 verify that CO2 continues to dissolve in
these systems throughout this range.67 The magnitude of DH0

for [HEA][Bu], [AyHEA][Cl], [BzHEA][Cl], [AyPy][Cl], and [BzPy]
[Cl] changes from values corresponding to moderately strong
acid–base interactions at 298.15 K to values representative of
weak acid–base interactions at 358.15 K, whereas the changes
for [HEA][As], [HEA][Ac], and [HEA][La] are quite minor in
comparison. Both the enthalpy of condensation of the pure gas
and the partial enthalpy of mixing between the condensed gas
and the liquid phase can be considered components of the
partial molar enthalpy change, respectively.67

The enthalpy of a liquid is oen lower than that of a gas,
resulting in a negative enthalpy change during gas condensa-
tion. The magnitude and sign of the enthalpy of mixing dictate
the sign and size of the total partial enthalpy change related to
solvation, respectively. In gas–liquid systems with elevated
solubility, the enthalpy of condensation prevails, leading to
a net negative partial molar enthalpy change.10,33 Furthermore,
lower enthalpy values signify enhanced interactions between
the IL and CO2,35 indicating that [HEA][Bu] demonstrates
stronger interactions with CO2 compared to other prepared ILs,
and the ILs incorporating the benzyl group show stronger
interactions than those incorporating the allyl group, but the
temperature's inuence on this interaction is less pronounced
for [HEA][Ac], [HEA][La], and [HEA][As]. The negative enthalpies
of solvation signify that the solvation process is exothermic.

The rise in DG0 as T rises shows that the process of CO2

dissolution takes more energy as the temperature rises.67

Among the studied ILs, CO2 solubility in the ILs incorporating
RSC Adv., 2026, 16, 28265–28279 | 28275
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Table 4 Thermodynamic properties for the dissolution of CO2 in the synthesized ILs

Thermodynamic property IL

Temperature (K)

298.15 313.15 328.15 343.15 358.15

DG0 (kJ mol−1) [AyHEA][Cl] 9.99 11.52 12.86 14.18 15.56
[BzHEA][Cl] 9.27 10.33 11.76 12.83 14.16
[HEA][Ac] 8.14 9.12 10.40 11.35 12.50
[HEA][Bu] 7.97 8.70 9.92 10.90 12.00
[HEA][La] 7.46 8.45 9.76 10.71 11.85
[HEA][As] 6.33 7.18 8.52 9.29 10.40
[AyPy][Cl] 11.25 12.85 14.25 15.63 17.08
[BzPy][Cl] 10.53 11.66 13.15 14.29 15.68

DH0 (kJ mol−1) [AyHEA][Cl] −19.68 −18.39 −17.21 −16.14 −15.16
[BzHEA][Cl] −13.97 −14.66 −15.29 −15.86 −16.38
[HEA][Ac] −13.28 −13.47 −13.65 −13.81 −13.96
[HEA][Bu] −8.99 −10.98 −12.79 −14.43 −15.94
[HEA][La] −14.67 −14.56 −14.45 −14.36 −14.27
[HEA][As] −14.25 −14.17 −14.09 −14.03 −13.96
[AyPy][Cl] −19.70 −18.40 −17.22 −16.14 −15.15
[BzPy][Cl] −13.98 −14.66 −15.29 −15.86 −16.38

DS0 (J mol−1 K−1) [AyHEA][Cl] −99.51 −95.51 −91.63 −88.35 −85.76
[BzHEA][Cl] −77.95 −79.83 −82.43 −83.60 −85.28
[HEA][Ac] −71.85 −72.13 −73.28 −73.31 −73.88
[HEA][Bu] −56.88 −62.84 −69.19 −73.83 −78.01
[HEA][La] −74.24 −73.48 −73.78 −73.06 −72.93
[HEA][As] −69.00 −68.17 −68.91 −67.95 −68.03
[AyPy][Cl] −103.81 −99.79 −95.89 −92.59 −89.99
[BzPy][Cl] −82.20 −84.08 −86.67 −87.84 −89.52
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allyl and benzyl groups shows an unfavorable change in entropy
(DS0) between 298.15 and 358.15 K67 compared to those incor-
porating [Ac], [By], [La], and [As] anions, which display a rela-
tively small change compared to the other studied ILs.

The negative entropy of solvation can be ascribed to the
structuring effect resulting from particular interactions
between the solute and the charged sites of the ionic liquid. The
apparent increase in solubility is determined by the equilibrium
between CO2–ionic liquid interactions (represented by the
enthalpic contribution) and the organization of the solvent
environment surrounding the solute (represented by the
entropic contribution). Molecular simulation studies have also
revealed that negative solvation entropy values are caused by
interactions between the solute and the charged centers of the
ionic liquid.76

The studied ILs have negative standard enthalpies (DH0 =

−9 to −20 kJ mol−1) and entropies (DS0 = −57 to −104 J mol−1

K−1) but positive Gibbs free energies (DG0 = 6–11 kJ mol−1),
indicating exothermic physisorption caused by entropy loss
during CO2 dissolution. The magnitude of the absolute value of
DH0 is signicantly smaller than that reported for chemisorbing
task-specic ILs (TSILs, typically −40 to −80 kJ mol−1), con-
rming the non-reactive, reversible nature of absorption and
the low energy penalty for regeneration—a key advantage for
pressure-swing processes.77,78

4. Conclusion

This study revealed that the structures of both cations and
anions signicantly inuence the CO2 capture properties of the
28276 | RSC Adv., 2026, 16, 28265–28279
produced ILs. The experimental ndings validated that CO2

solubility rises with pressure across all ILs, but elevated
temperatures diminish solubility and improve Henry's law
constants, signifying a decreased gas affinity at higher
temperatures. Among the examined anions, the [As]-based ILs
exhibit the maximum CO2 absorption, while among the [Cl]-
based ILs, the [Bz]-based ILs outperform their [Ay] counter-
parts. These patterns underscore the signicance of the
molecular architecture, free volume, and particular ion–gas
interactions in regulating absorption efficacy.

The thermodynamic study indicated that CO2 solvation is
exothermic, as evidenced by negative DH0 values, while the
positive DG0 values suggest that dissolution is non-spontaneous
over the examined temperature range. The observed changes in
entropy indicate that solvation is affected by variations in IL
ordering and the arrangement of the solvent surrounding the
gas molecule. The ndings affirm that the structural modica-
tion of ILs is a highly effective method for adjusting CO2 solu-
bility and thermodynamic properties. These ndings offer
valuable insights for the development of next-generation ILs
with enhanced efficacy in carbon capture applications.
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