
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

1:
40

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Alkylimidazolium
aDepartment of Chemical Engineering, Colle

Box 1988, Najran 11001, Saudi Arabia. E-m

edu.sa
bDepartment of General Studies, Jubail In

Industrial City 31961, Saudi Arabia. E-m

yahoo.com; khan_am@rcjy.edu.sa

† Electronic supplementary informa
https://doi.org/10.1039/d3ra08335g

Cite this: RSC Adv., 2024, 14, 3985

Received 6th December 2023
Accepted 22nd January 2024

DOI: 10.1039/d3ra08335g

rsc.li/rsc-advances

© 2024 The Author(s). Published by
-based ionic liquids with tailored
anions and cations for CO2 capture†

Abdelbagi Osman, *a Abobakr K. Ziyada, b Abdul Majeed Khanb and Fahd Rajaba

A systematic investigation was conducted in the present study to determine how various cations and anions

affected the solubility of CO2. To investigate the influence of different cations and anions on the solubility of

CO2, twelve ILs were synthesized, characterized, and utilized. These ILs comprised five distinct anions

(dioctylsulfosuccinate [DOSS], triflouromethanesulfonate [TFMS], dodecylsulfate [DDS], 3-sulfobezoate

[SBA], and benzene sulfonate [BS]), and four distinct cations (1-butyl-3-propanenitrile imidazolium [C2CN

Bim], 1-hexyl-3-propanenitrile imidazolium [C2CN Him], 1-octyl-3-propanenitrile imidazolium [C2CN

Oim], and 1-decyl-3-propanenitrile imidazolium [C2CN Dim]). The synthesized ILs were characterized

using NMR and elemental analysis. Their moisture and halide contents were determined. The gravimetric

method (MSB) was employed to determine the solubility of CO2 at various pressures (20, 15, 10, 5, and 1

bar). In addition, the effects of temperature on the solubility of CO2 were investigated. The constant of

Henry's law (kH) was also calculated, along with thermodynamic properties including standard enthalpy

(H0), entropy (S0), and Gibbs free energy (G0).
1. Introduction

Rapidly increasing industrialization in numerous nations is
causing a surge in the demand for carbon dioxide capture and
separation.1,2 As a result, for the next few decades, CO2 capture
and reduction of the atmospheric CO2 concentration will be
critical.3,4 The enhancement of natural carbon sinks, such as
forests and oceans, could theoretically mitigate atmospheric
CO2 concentrations.5 Nevertheless, the development of novel
carbon capture materials is imperative from a commercial and
environmental perspective, as existing concepts exhibit long-
term promise but are not yet viable.6 Aqueous amine-based
solvents are used as CO2-absorbing solvents in many indus-
trial processes nowadays. However, numerous drawbacks exist
with these solvents, such as the energy heating requirement to
renew the amine. Recently, ionic liquids (ILs) have gained
recognition as an alternative material to capture CO2 and for
their wide range of engineering applications.

ILs typically contain large inorganic and/or organic anions
and cations and have melting points below 100 °C.1 Different
types of ILs have already been synthesized by combining various
anions and cations.1,7 ILs are a class of solvents with unique and
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versatile properties, including excellent solvency for a wide
range of polar and nonpolar compounds, high chemical and
thermal stability, negligible vapor pressure, and a broad elec-
trochemical window. These properties make ILs well-suited for
a variety of industrial and technological applications, such as
biomass processing, electroplating, solar cells, lubricants, and
electrolytes.1,8,9 However, these solvents depending on their
applications, may not be highly green by type 1 comparisons but
may be quite green by type 2 (type 1 comparisons are process-
and application-neutral, comparing solvents just on the basis of
their mass, whereas type 2 comparisons are tailored to a specic
application).10 Moreover, the biodegradability and toxicity of ILs
were discussed in details recently.11

ILs are considered as promising CO2 capture solvents, and
can physically absorb CO2, which requires less energy to reverse
as compared to chemical absorption methods.12,13

The main drawbacks of employing various ILs in the large-
scale CO2 are their cost and viscosity that are considered to be
higher than that of traditional solvents.14,15 Given that ILs are
generally applied in diluted forms with viscosities that are not
appreciably higher than water's, the high viscosity issue with ILs
can be resolved.11 The low vapor pressure, low volatility, and
high stability of ILs in comparison to the solvents already in use
are some of the key characteristics that facilitate their usage for
CO2 absorption. The efficiency and cost of the CO2 absorption
process are signicantly affected by the high volatility and high
heat degradation of conventional employed solvents such as
monoethanolamine, etc. The fact that IL can be regenerated at 1
bar makes it a potentially economical alternative for CO2 uptake
from pre-combustion. Moreover, this would reduce the gap in
RSC Adv., 2024, 14, 3985–3995 | 3985
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heat transfer between operations and lower the cost of utilities
involved. The ability to regenerate the ILs at 1 bar and higher
temperatures potentially decrease the cost of the CO2 capture as
compared to the high cost of the conventional solvents due to
signicant equipment expenses connected with vacuum
regeneration operations.11,16 Previous research comparing the
ILs process's cost and performance indicates that this tech-
nology is promising. Furthermore, the potential of ILs to be
tailored could be potentially utilized in the development and
design of inexpensive, and, thermally stable ILs with high CO2

capture capacity and selectivity.11 Moreover, the high degrada-
tion temperatures of ILs prevents equipment against corrosion
caused by ILs reacting with impurities.17 Finally, the tuneable
nature of ILs allows scientists to design ILs with specic prop-
erties tailored to specic applications.1

Computational studies suggest that the anion plays a more
signicant role than the cation in dissolving CO2 in ILs,18 as the
anion is a stronger base and CO2 is a Lewis acid. However, experi-
mental data, reveal that CO2 is more soluble in the [PF6] anion than
the [BF4] anion, implying that other factors, such as free volume,
also play a role.14 Functionalized ILs, particularly imidazolium-
based functionalized ILs, have demonstrated potential for CO2

capture.19 Functionalizing the cation and/or anion with a reactive
functional group can signicantly enhance CO2 solubility.20 Amine-
functionalized ILs absorb CO2 by forming carbamates, while uo-
roalkyl groups also exhibit a high affinity for CO2.6,21 Incorporating
oxygen-containing functional groups, such as ether and ester
groups, into the cation and anion can also increase CO2 solubility
by exploiting the ability of the electron-decient carbon atom to
attract electronegative atoms. However, it is crucial to balance the
need for high CO2 solubility with the need for easy CO2 desorption
from the IL.22,23 Hence, large-scale industrial integration of ILs for
CO2 capture requires a comprehensive understanding of their
physical and chemical properties. Therefore, experimental tech-
niques and data development are essential for the future of prac-
tical, cost-effective, and sustainable CO2 capture using ILs.

The current study meticulously designed IL architectures to
evaluate the impact of various structural variations on CO2

solubility. The cations were combined with various alkyl chains
and functional groups, while the anions had diverse structures
and functional groups. The engineered structures possess
features known to enhance the CO2-philicity of a molecule,
resulting in augmented CO2 solubility in ILs. Researchers have
synthesized and investigated the CO2 solubility in functional-
ized ILs.24,25 However, no studies have examined the CO2 solu-
bility in imidazolium-based ILs with cations containing nitrile
functionality and alkyl chains and anions containing alkyl
chains incorporating a sulfonyl group, branched alkyl chain,
uoroalkyl chain, or carbonyl group.

CO2 solubility was investigated by comparing the solubility
of CO2 in ILs with varying combinations of cations and anions,
as well as ILs at the same pressure and other ILs at varying
pressures. To investigate the impact of cations, anions, and
pressures on CO2 solubility, ILs containing the cations [C2CN
Bim], [C2CN Him], [C2CN Oim], and [C2CN Dim] and incorpo-
rating the anions [DDS], [BS], [TFMS], [SBA], and [DOSS] were
synthesized, and described.
3986 | RSC Adv., 2024, 14, 3985–3995
2. Materials and methods
2.1. Materials

Analytical-grade chemicals were used to produce the ILs without
further purication. Their CAS number, source, and grade denote
the chemicals. Imidazole (288-32-4, 99%), acrylonitrile (107-13-1,
99%), methanol, anhydrous (67-56-1, 99.8%), 1-bromohexane
(111-15-1, 99%), 1-bromodecane (112-29-8, 98%), 1-bromooctane
(111-81-1, Aldrich 99%), ethyl acetate, anhydrous (141-78-6,
99.8%), acetone (67-64-1, 99.8%), diethyl ether (60-29-7, 99%),
sodium dioctylsulfosuccinate (209-406-4, 98%), sodium tri-
ouromethanesulfonate (2926-30-9, 98%), sodium benzenesulfo-
nate (515-42-4, 97%), sodium dodecylsulfate (205-788-1, 99%),
sodium 3-sulfobezoate (17625-03-5, 97%), and dichloromethane
(75-09-2, 99.8%), were purchased from Sigma-Aldrich while 1-
bromobutane (109-65-9, 98%) was obtained from Merck.
2.2. Synthesis

2.2.1. Alkyl nitrile imidazolium-bromide ILs [C2CN Rim]
[Br]. The synthesis of the nitrile imidazolium-based ILs incorpo-
rated with different alkyl chains and sulfonate–based anions was
carried out as shown in Fig. 1 and reported in the literature.26–28

Imidazole priorly dissolved in methanol was stirred with excess of
acrylonitrile and heated at 55 °C for 10 hours in a ask connected
with a nitrogen gas source to produce the propanenitrile imid-
azole. The mixture was heated to 80 °C under reduced pressure to
remove the solvent. An excess of 1-bromobutane was added to the
propanenitrile imidazole, which was then heated for 48 hours at
70 °C. To produce 1-butyl-3-propanenitrile imidazolium bromide
([C2CN Bim][Br]), the mixture was washed with ethyl acetate. The
ethyl acetate was evaporated, and the resulting compound was
dried in a vacuum oven for 72 hours.

By replacing 1-bromobutane with 1-bromodecane, 1-bro-
mooctcane, and 1-bromohexane, the other nitrile imidazolium-
based ILs with decyl (1-decyl-3-propanenitrile imidazolium
bromide [C2CN Dim][Br]), octyl (1-octyl-3-propanenitrile imi-
dazolium bromide [C2CN Oim][Br]), and hexyl (1-hexyl-3-
propanenitrile imidazolium bromide [C2CN Him][Br]) alkyl
chains were synthesized using the same method as described
for the synthesis of [C2CN Bim][Br].

2.2.2. Alkyl nitrile imidazolium-based ILs incorporating
sulfonated–based anions [C2CN Rim][X]. Equimolar amounts of
[C2CN Him][Br] and sodium dodecyl sulfate were stirred
together in deionized water for 48 hours for the synthesis of the
ionic liquid 1-hexyl-3-propanenitrile imidazolium dode-
cylsulfate ([C2CN Him][DDS]). Dichloromethane was used to
extract the ILs from the mixture aer water had been removed
under reduced pressure, forming a precipitate.

Preparation of 1-hexyl-3-propanenitrile imidazolium benze-
nesulfonate [C2CN Him][BS], 1-hexyl-3-propanenitrile imidazo-
lium sulfobenzoic acid [C2CN Him][SBA], and 1-hexyl-3-
propanenitrile imidazolium triouromethanesulfonate [C2CN
Him][TFMS] followed the same protocol as for the synthesis of
[C2CN Him][DDS], whereas sodium benzenesulfonate, sodium
3-sulfobezoate and sodium triouromethanesulfonate were
used instead of sodium dodecyl sulfate.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of the prepared ILs.
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Equimolar amounts of [C2CN Dim][Br] and sodium dio-
ctylsuccinate were dissolved and stirred in acetone for 48 hours
to produce 1-decyl-3-propanenitrile imidazolium dio-
ctylsuccinate ([C2CN Dim][DOSS]). The resulting solid product
was removed from the mixture, washed with diethyl ether and
dried under reduced pressure.

A similar procedure was followed to synthesize 1-octyl-3-
propanenitrile imidazolium dioctylsuccinate [C2CN Oim][DOSS],
1-hexyl-3-propanenitrile imidazolium dioctylsuccinate [C2CN
Him][DOSS] and 1-butyl-3-propanenitrile imidazolium dio-
ctylsuccinate [C2CN Bim][DOSS] by replacing [C2CN Dim][Br] with
[C2CNOim][Br], [C2CNHim][Br], and [C2CN Bim][Br], respectively.
2.3. Characterization and measurements

2.3.1. NMR and elemental analysis. A Burcher Avance 300-
JEOL nuclear magnetic resonance spectrophotometer was used
© 2024 The Author(s). Published by the Royal Society of Chemistry
to determine and record the 1H spectra of the synthesized ILs.
Carbon, hydrogen, nitrogen, and sulfur concentrations in the
produced material were measured using the elemental analyzer
CHNS-932 (from LECO instruments). The manufacturer's
supplied calibration chemical was used.27

2.3.2. Water and halide content. The water content of the
prepared ILs was determined using a coulometric titrator
from Mettler Toledo (Karl Fischer titrator, DL 39) equipped
with the reagent CombiCoulomat fritless Karl Fischer from
Merck. The ion chromatography (Metrohm Model 761
Compact IC instrument) was used to determine the halide
concentration in the produced ILs. The apparatus was
supplied with a Metrosep A Supp 5-150 analytical column
(150 mm × 4.0 mm) and a Metrosep A Supp 4/5 guard column
(d 5.0 mm × 4.0 mm). Metrodata IC Net 2.3 soware was used
to analyze the results.
RSC Adv., 2024, 14, 3985–3995 | 3987
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2.3.3. Solubility of CO2 in ILs. The gravimetric method was
employed to determine the experimental solubility of CO2 in the
ILs using a magnetic suspension balance (MSB). Although this
technique is frequently used to measure the solubility of gases
in solids (by observing the change in weight of the sample
following absorption), it is rarely used to determine the same
for liquids (because evaporation can impact the nal weight of
the sample). Owing to the ILs' non-volatile characteristics, the
gravimetric method was employed to determine their gas
solvability.29

The magnetic suspension balance (MSB) is a versatile and
precise instrument for measuring the solubility of gases in
liquids. It enables real-time monitoring of mass changes, which
is essential for detecting equilibrium. This is crucial because
equilibrium must be attained before accurate solubility
measurements can be made. Additionally, the MSB can be used
to conrm the complete degassing of the initial liquid, another
prerequisite for accurate results.29

The magnetic suspension balance (MSB) from Rubotherm,
Präzisionsmesstechnik GmbH, and Bochum, Germany was
used to determine the solubility of the CO2 in the prepared ILs.
The instrument employs a magnetic suspension coupling
comprising an electromagnet and a suspension magnet, with
the electromagnet electronically controlled to maintain the
suspension magnet in a frictionless levitation state. The preci-
sion and reproducibility of the microbalance were reported to
be 0.001 mg and ±0.020 mg, respectively. The pressure and
temperature in the measuring cell were controlled to within
±0.05 bar and ±0.2 °C, respectively, as reported.30 To achieve
highly accurate weight measurements, all potential environ-
mental disturbances affecting the sample were minimized,
controlled, and quantied, except for buoyancy, which was
quantied and corrected using MessPro soware to control the
instrument and record data.

The MSBmethod for determining the solubility of CO2 in the
prepared ILs comprises of fourmain steps: blankmeasurement,
sample drying, buoyancy correction, and solubility measure-
ment. In the blank measurement, the empty sample container
is weighed and its volume is measured. The sample is then
dried to remove all water and volatile substances. The volume of
the sample inside the sample container is then precisely
determined using a buoyancy measurement. The measurement
process began at a constant temperature and gradually
increased the pressure to the desired value while being
continuously monitored. The solubility measurement was
considered complete when the MSB showed no further increase
in mass. The apparatus, sample preparation, and measurement
technique are all described in detail.30–32

3. Results
3.1. Characterization

The synthesized IL structures were conrmed by elemental
analysis and NMR spectra. The 1H NMR spectra for the ILs
[C2CN Bim][DOSS], [C2CN Him][DOSS], [C2CN Oim][DOSS],
[C2CN Dim][DOSS], [C2CN Him][DDS], [C2CN Him][BS], [C2CN
Him][TFMS], [C2CN Him][SBA], [C2CN Oim][DDS], [C2CN Oim]
3988 | RSC Adv., 2024, 14, 3985–3995
[BS], [C2CN Oim][TFMS], and [C2CN Oim][SBA] are presented in
the ESI† along with the 1H NMR spectra (Fig. SI.1–SI.5†).

Elemental analysis, water content, halide content, and purity
of all prepared ILs33 are also reported and provided in the ESI.†

3.2. Solubility of CO2 in ILs

The maximum amount of a gas that can dissolve in a liquid at
a given temperature and pressure is its solubility. At equilib-
rium, the rate of gas molecules entering and leaving the solu-
tion is equal. When the pressure increases, more gas molecules
collide with the liquid's surface, causing the dissolved gas
concentration to increase until a new equilibrium is
established.34

Table 1 displays the mole fraction versus pressure results for
the experimental CO2 solubility measurements taken in the
produced ILs at temperatures of 298.15 K and pressures of 1, 5,
10, 15, and 20 bar. When compared to non-functionalized
imidazolium-based ILs23,35 and ILs with amine function-
ality,28,29,36 the time needed for the prepared ILs to reach their
maximum solubility capacity is shorter but is still longer than
the times reported for [Emim][NTf2] and [Bmim][NTf2].29,37

The solubility data in Table 1 demonstrate that the solubility
of CO2 in all of the investigated ILs positively correlates with an
increase in pressure. This phenomenon can be attributed to the
fact that when the pressure increases, the gas molecules are
forced to dissolve into the IL solution to minimize the applied
pressure to the greatest extent. Moreover, the solubility of CO2

demonstrated a non-linear pattern with the increase in pressure
across all the investigated ILs as shown in Fig. 2.

Emerging evidences suggest that CO2 solubility in ILs is
inuenced by more than just interaction strength and free
volume.30,38 Seki et al. demonstrated that interactions alone
cannot fully explain CO2 sorption in ILs, as was previously
believed, and that the strong Lewis acid-base interactions
between ILs and dissolved CO2 are not the only factor affecting
CO2 solubility.38 Hereaer, we discuss the inuence of anions
and cations on CO2 solubility.

3.3. Inuence of anions on the CO2 solubility

As demonstrated by the CO2 solubility data in Table 1, the anion
selection has a substantial effect on CO2 solubility, which is
consistent with previous research.32,39,40 Fig. 2 and SI.6 to SI.9
(ESI†) display the isotherms of CO2 solubility in the prepared
ILs at 20, 15, 10, 5, and 1 bar. The presented gures illustrate
the effect of the anion on the solubility of CO2 in ILs containing
[C2CN Him] and [C2CN Oim] cations at 298.15 K.

ILs with the [DOSS] anion exhibit a signicantly higher
affinity for carbon dioxide (CO2) than those with the [DDS],
[TFMS], [SBA], and [BS] anions due to their unique properties
that enhance CO2 solubility and affinity. These properties
include carbonyl and sulfonyl functional groups, which
increase the molecule's CO2-philicity and solubility. Addition-
ally, the long and branched alkyl chains on the DOSS anion
further enhance CO2 solubility, as demonstrated in previous
studies.41 Moreover, the molar free volume of the IL plays
a signicant role in determining the CO2 solubility capacity.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 CO2 solubility in the prepared ILs at 1, 5, 10, 15, and 20 bar as a mole fraction of CO2 (xCO2
)a

xCO2
(bar)

ILs

[C2CN
Bim]
[DOSS]

[C2CN
Him]
[DOSS]

[C2CN
Him]
[TFMS]

[C2CN
Him]
[SBA]

[C2CN
Him]
[DDS]

[C2CN
Him]
[BS]

[C2CN
Oim]
[DOSS]

[C2CN
Oim]
[TFMS]

[C2CN
Oim]
[SBA]

[C2CN
Oim]
[DDS]

[C2CN
Oim]
[BS]

[C2CN
Dim]
[DOSS]

1 0.053 0.070 0.035 0.032 0.0267 0.023 0.081 0.041 0.037 0.025 0.030 0.095
5 0.232 0.261 0.197 0.177 0.1595 0.144 0.264 0.214 0.192 0.173 0.157 0.315
10 0.412 0.443 0.340 0.306 0.281 0.262 0.502 0.386 0.347 0.319 0.297 0.548
15 0.562 0.598 0.460 0.414 0.378 0.350 0.657 0.506 0.455 0.426 0.384 0.701
20 0.712 0.738 0.547 0.492 0.449 0.411 0.769 0.592 0.532 0.491 0.448 0.813

a Standard uncertainties u of temperature, pressure andMSB (mass reading) are 0.05 K, 0.25 kPa and 0.00002 g respectively. The combined standard
uncertainties of the CO2 solubility for the ILs [C2CN Bim][DOSS][C2CN Him][DOSS], [C2CN Him][TFMS], [C2CN Him] [SBA], [C2CN Him]DDS], [C2CN
Him][BS], [C2CN Oim][DOSS], [C2CN Oim][TFMS], [C2CN Oim][SBA], [C2CN Oim][DDS], [C2CN Oim][BS], and [C2CN Dim][DOSS] were 0.009, 0.014,
0.016, 0.014, 0.010, 0.013, 0.012, 0.013, 0.011, 0.010, 0.013, and 0.014 respectively.
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Generally, larger anions result in a larger free volume, which
provides more space for CO2 molecules to occupy.22 The molar-
free volume of the IL was found to have a signicant impact on
CO2 solubility, comparable to the anion basicity, which is a well-
known key factor affecting CO2 solubility in ILs.6

The uoroalkyl groups in the [TFMS] anion interact more
strongly with CO2, making it easier for CO2 to dissolve in the IL.
This is in contrast to ILs based on the [SBA], [DDS], and [BS]
anions, which do not form such strong interactions.42,43 Two
types of interactions have been identied between anions and
carbon dioxide (CO2) in ILs: acid–base interactions and CO2–

uorine interactions. The solubility of CO2 in ILs is positively
correlated with the number of CF3 groups in the anion.44,45 The
higher CO2 solubility in [SBA]-based ILs than in [DDS] and [BS]-
based ILs may be due to the carboxylate ion in the [SBA] anion,
which enhances CO2-philicity by increasing van der Waals
interactions between CO2 and the anion. The longer alkyl chain
of the [DDS] anion increases CO2 solubility in [DDS]-based ILs
compared to [BS]-based ILs by strengthening van der Waals
interactions between the gas and liquid.
Fig. 2 CO2 solubility in the [C2CN Him] and [C2CN Oim]-based ILs incorp
20 bar.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.4. Inuence of cations on the CO2 solubility

The impact of the IL cation on CO2 solubility is examined by
comparing the CO2 solubility of synthesized ILs with same
anions but different cations. The length of the side chain con-
necting the CN group to the imidazole ring remains constant,
while the attachment of the alkyl chain to the imidazolium
cation is altered. These cations were chosen because previous
research has shown that adding polar and nonreactive func-
tional groups, such as nitriles, to the cations of ILs can signif-
icantly improve CO2/CH4 selectivity while having little to no
effect on CO2 solubility compared to non-functionalized
ILs.20,46–49

From the literature, it is believed that elongating the alkyl
chain attached to the imidazolium cation effectively reduces the
strength of the strong ion–ion interactions,50 while a shorter
side chain connecting the CN group to the IL cation reduces
viscosity and melting point, and enhances interactions between
the ions and CO2 due to the weaker ionic bonding within the
molecule.51
orated with [DDS], [BS], [TFMS], [SBA] and [DOSS] anions at 298.15 K at
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However, because ILs with longer alkyl chains tend to have
higher melting points,50 and possibly higher CO2 solubility,
butyl to decyl alkyl chains were used in this study. Fig. 3 illus-
trates the CO2 solubility in [DOSS]-based ILs containing
[C2CNBim], [C2CNHim], [C2CNOim], and [C2CNDim] cations at
298.15 K and 5 bar.

As shown in Fig. 3, an increase in solubility occurred as
a result of the cation's alkyl chain lengthening (the CO2 solu-
bility of [C2CNBim] < [C2CNHim] < [C2CNOim] < [C2CNDim]). As
predicted, the increased free volume originating from the
lengthened alkyl chain of the cation enhances the solubility of
CO2 in the ionic liquid (IL).52 At higher pressures, the increase
in solubility values with increasing alkyl chain length becomes
more noticeable.29

In contrast to conventional ILs, where the increase in solu-
bility is less pronounced for alkyl chains longer than 8 carbon
atoms,53 the solubility of CO2 in ILs [C2CNBim][DOSS],
[C2CNHim][DOSS], [C2CNOim][DOSS], and [C2CNDim][DOSS]
does not exhibit a linear relationship with the length of the
cation's alkyl chain. This may be due to the presence of the CN
group on the IL side chain and the expansion of the molar
volume.24 Solid-state structural analysis of nitrile-functionalized
ILs revealed that intermolecular hydrogen bonds form poly-
meric super-molecular networks.24

Table 1 shows the relationship between pressure and CO2

solubility in ILs. When choosing an IL for CO2 absorption, it is
important to consider the process conditions, including pres-
sure and diffusion coefficient, as well as the availability and cost
of the material.

The CO2 solubility in [C2CNHim] and [C2CNOim] cations
with [TFMS], [SBA], [DDS], and [BS] anions is higher at 15 and 20
bar than in [C2CNOim] with [DOSS] anions at 1, 5 and 10 bar.
This demonstrates the importance of considering diffusivity
when selecting a material for CO2 absorption. CO2 solubility in
ILs increases signicantly with pressure, but the rate of increase
slows down and eventually plateaus. This is because Henry's
sorption in the inter-ion space is responsible for the high rate of
Fig. 3 Effect of cations on CO2 solubility in the synthesized ILs at
a temperature of 278.15 K and a pressure of 5 bar.

3990 | RSC Adv., 2024, 14, 3985–3995
solubility at low pressure. As pressure increases, CO2 molecules
continuously occupy these spaces, preventing them from
settling there.38 To allow for additional CO2 molecules to enter,
the inter-ion gaps must be widened, which requires energy. This
limits the amount of CO2 that can enter the IL, resulting in the
plateauing of solubility. Understanding CO2 diffusivity in ILs is
essential for designing and developing ionic liquid-based
reaction and separation processes.

CO2 diffusivity was estimated for the prepared ILs using
a method developed by Moganty and Baltus,54 as follows:

DCO2
¼ 6:7� 105 � mIL

�0:66 �MWIL
�0:89 � rIL

4:8 � T�3:3 (1)

where DCO2; mIL, MWIL and T are the diffusion coefficient (m2

s−1), viscosity of IL (cP), density of IL(g cm−3), molar mass of IL
(g mol−1) and temperature (k) respectively. The density and
viscosity values used to calculate the diffusivity were published
previously.28,36,37 The calculated CO2 diffusivity at temperatures
of 298.15 to 348.15 K are reported in Table 2.

The diffusion coefficient increases with temperature, as
shown in Table 2. The high viscosity of ILs with the [DOSS]
anion is likely the main reason for their low diffusion coeffi-
cients. ILs with [TFMS] and [BS] anions have higher diffusion
coefficients than ILs with other anions, which may be due to
their lower viscosity.27,28 Gas diffusion in ILs is partially
dependent on viscosity; an increase in viscosity increases
diffusion time,29 while the dependence of diffusivity on viscosity
decreases with increasing solute molar volume.55 The CO2

diffusivity in ILs with the [DOSS], [SBA], [DDS] and [BS] anions is
low compared to that reported for the phosphonium-based IL
(diffusion coefficients for [P66614]-based ILs are in the range of
18.4 × 10−8 to 27.1 × 10−8).55 Furthermore, the diffusion coef-
cients of the current ILs are low compared to that reported for
most of the imidazolium-based ILs such as [Hmim][BF4],
[Hmim][Tf2N], [Omim][BF4], and [Emim][Tf2N].54 These results
are in a good agreement with that reported by Morgan,56 et al.,
Moganty, et al.,54 and Camper, D., et al.57 Their ndings
demonstrated that, while the activation energies for self-
diffusion and viscosity are similar, they are considerably
higher for CO2 diffusion in ILs.54,56,57 This comparison reveals
that the molecular motion needed for carbon dioxide diffusion
through an IL is signicantly similar to that of self-diffusion
and viscosity. The larger size of cations and anions in IL
compared to CO2 as well as the strong anion–cation coulombic
interactions involved are likely the causes of the higher activa-
tion energy for self-diffusion and viscosity.54,56,57 Furthermore,
solvent viscosity is an essential component of all the formulas
used for predicting gas diffusivities in ILs. To focus solely on the
relationship between CO2 diffusivity and solvent viscosity,
a log–log plot of diffusivity versus solvent viscosity was gener-
ated using ILs with viscosities ranging across multiple orders of
magnitude. The results showed that CO2 diffusivity is generally
dependent on ILs viscosity. In addition, Arshad reported that
gas diffusion in an ionic liquid is dependent on its viscosity;
that is, the higher the viscosity of the IL, the longer the diffusion
time and, consequently, the time needed to attain equilibrium,
and vice versa.58 Recently, comprehensive ndings on how
diffusivity varies based on the type of ILs was reported.11
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Estimated diffusion coefficient ðDCO2Þ of CO2 in the synthesized ILs at different temperatures

Temp-
erature,
K

ILs

[C2CN
Bim]
[DOSS]

[C2CN
Him]
[DOSS]

[C2CN
Him]
[TFMS]

[C2CN
Him]
[SBA]

[C2CN
Him]
[DDS]

[C2CN
Him]
[BS]

[C2CN
Oim]
[DOSS]

[C2CN
Oim]
[TFMS]

[C2CN
Oim]
[SBA]

[C2CN
Oim]
[DDS]

[C2CN
Oim]
[BS]

[C2CN
Dim]
[DOSS]

298.15 5.18 3.24 66.64 12.49 6.35 33.85 — 25.39 8.24 — 13.50 —
308.15 9.53 5.93 111.19 21.73 11.76 56.33 3.91 42.44 14.57 6.63 25.11 2.89
318.15 16.68 10.74 179.23 38.17 21.10 98.41 7.14 73.74 25.40 12.11 43.28 5.23
328.15 28.16 18.17 270.87 65.92 36.82 155.78 11.91 120.71 42.20 20.38 73.24 8.73
338.15 48.04 29.5 418.2 112.39 59.71 229.9 18.58 189.83 71.90 31.32 121.31 13.38
348.15 77.12 46.31 626.32 181.3 90.56 309.68 29.1 277.07 125.25 49.8 193.00 21.82

Fig. 4 Effect of pressure on CO2 solubility in the prepared ILs at 298.15
K.
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3.5. Henry's constant

To design and improve separation technologies, it is essential to
understand the equilibrium solubility characteristics and ther-
modynamic factors of any IL. The thermodynamic properties
provide insight into the level of orderliness in the liquid/gas
mixture and the extent of interaction between the liquid and
dissolved gas.59 The Henry's law constant was calculated using
experimental data on CO2 solubility in the studied ILs. The Gibbs
free energy, enthalpy, and entropy of the solution, among other
thermodynamic properties, can be determined using the Henry's
law constant for CO2 in the studied ILs.59,60

Henry's law constant (kH) is a widely used metric for
reporting gas solubility in liquids. It relates the equilibrium
mole fraction ðXCO2Þ of a solute in the liquid phase to its partial
pressure in the gas phase.61 Henry's law can be expressed in
a variety of ways, each with its own unit and interpretation. For
ILs having a very low or negligible vapor pressure, the gas phase
is typically considered to be a pure gas solute.62 Under equi-
librium conditions and at innite dilution, Henry's law
constant (kH) can be estimated using the following eqn (2),
which assumes a fugacity coefficient of unity:32,62,63

kH ¼ lim
x/0

�
PCO2

x

�
(2)

kH (T), denoted in units of pressure, is inversely proportional to the
mole fraction (x) of gas present in the liquid, where P represents the
partial pressure of the gas. The slope of the linear relationship
between solubility and pressure can be applied to calculate Henry's
law constants for gases that behave nearly ideally.

Under increasing pressure, the solubility of CO2 gas in all of
the investigated ILs exhibits a nonlinear trend, as shown in
Fig. 4. However, when the solubility approaches zero, it
becomes possible to determine the limiting slope by employing
a second-order polynomial regression analysis on the available
data. This approach allows for the determination of Henry's law
constants.42 Therefore, eqn (3) has been used to represent the
experimental values.6

kH = ax2 + bx + c (3)

Henry's law constant (kH) at innite dilution has been
determined by solving eqn (4) using eqn (3):63
© 2024 The Author(s). Published by the Royal Society of Chemistry
kH ¼ lim
x/0

�
PCO2

x

�
¼ b (4)

Henry's law constants for each of the ILs under investigation,
are presented in Table 3. As mentioned before, the solubility of
gases in a solvent is described by Henry's law constant. A
decrease in this value represents an increase in the solubility of
gases in the solvent.62 Among the ILs under study, [C2CNHim]
[DOSS] and [C2CNOim][DOSS] displayed the lowest Henry's law
constant values for the [C2CNHim] and [C2CNOim] based ILs,
respectively, while [C2CNDim][DOSS] showed the lowest Henry's
law constant value for the ILs with the [DOSS] anion.

Moreover, Henry's law constant was used to study the impact of
temperature on the CO2 solubility capacity of these ILs. Henry's law
constants were determined for the [DOSS] based ILs at pressures 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 (4) and presented in Fig. 5.

The solubility of CO2 in the IL reduces with increasing
temperature, as shown in Fig. 5 is in agreement with the re-
ported results.64 As temperature increases, kinetic energy
increases, causing ions to move faster. This reduces the inter-
ion gap and may increase the irregular distribution of ions.
RSC Adv., 2024, 14, 3985–3995 | 3991
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Table 3 Constants of Henry's law and correlation coefficients for the
ILs under study

IL
kH (298.15
K) IL

kH (298.15
K)

[C2CN Bim][DOSS] 19.22 [C2CN Oim][DOSS] 11.18
[C2CN Him][DOSS] 15.69 [C2CN Dim][DOSS] 07.47
[C2CN Him][TFMS] 17.02 [C2CN Oim][TFMS] 13.04
[C2CN Him][SBA] 18.99 [C2CN Oim][SBA] 14.37
[C2CN Him][DDS] 20.07 [C2CN Oim][DDS] 15.88
[C2CN Him][BS] 21.16 [C2CN Oim][BS] 16.61
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3.6. Thermodynamic properties

The thermodynamic parameters such as standard enthalpy
(DH0), entropy (DS0), and Gibbs free energy (DG0) inuence the
solubility of CO2 in ILs. At innite dilution, the temperature
dependence of Henry's law constants can be used to predict
their contributions to the gas solvation process in
a solvent.32,39,40 The standard enthalpy, entropy, and Gibbs free
energy of gas solubility can be derived from Henry's law
constants. Eqn (5) can be used to predict the standard Gibbs
Fig. 5 Experimental data on the solubility of CO2 in [DOSS]-based ILs a

3992 | RSC Adv., 2024, 14, 3985–3995
free energy of a gas solution, given the standard pressure P0 =
1.01325 bar and the Henry's law constant.6

The standard entropy of the ionic liquid/gas mixture indicates
the degree of order in the mixture, while the standard enthalpy of
solvation indicates the strength of the interaction between the
liquid and the gas. Gibbs free energy determines whether a gas
will dissolve spontaneously in a liquid, in addition to phase
stability.32,39,40,65 Additionally, negative DG0 values oen indicate
the formation of one or more chemical complexes.66

The standard enthalpy, entropy, and Gibbs free energy of the
gas's solubility were derived from the Henry constants. Having
the standard pressure P0 = 1.01325 bar and utilizing Henry's
law constant,3 eqn (5) was employed to estimate the standard
Gibbs free energy of a gas solution.6

DG0 ¼ �RT ln

�
P0

kH

�
(5)

Henry's law constant at innite dilution is sometimes
considered a constant and correlated to the standard enthalpy
of gas dissolution. However, in other cases, (DH°) is
t various temperatures and pressures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Thermodynamic properties for the solution of CO2 in [C2CN Rim][DOSS]

Temperature
(K)

[C2CNDim][DOSS] [C2CNOim][DOSS] [C2CNHim][DOSS] [C2CNBim][DOSS]

DG0 DH0 DS0 DG0 DH0 DS0 DG0 DH0 DS0 DG0 DH0 DS0

298.15 4.95 −17.91 −76.68 5.95 −14.38 −68.20 06.79 −10.31 −57.37 07.30 −07.55 −49.79
313.15 6.10 −17.81 −76.35 6.71 −14.87 −68.89 07.65 −11.38 −60.76 08.26 −08.59 −53.80
328.15 7.24 −17.71 −76.05 7.78 −15.31 −70.36 08.60 −12.35 −63.85 09.21 −09.53 −57.11
343.15 8.38 −17.63 −75.79 8.86 −15.71 −71.60 09.61 −13.23 −66.56 10.18 −10.39 −59.95
358.15 9.52 −17.55 −75.57 9.91 −16.07 −72.55 10.58 −14.04 −68.75 11.17 −11.18 −62.41
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temperature-dependent rather than constant for relatively large
temperature ranges.6 By plotting the inverse of absolute
temperature against the natural logarithm of Henry's constant
(ln kH), the molar enthalpy change during gas solubility can be
approximated using eqn (6) as follows:6

DH0 ¼ R

�
Bþ 2C

T

�
(6)

Eqn (7) was utilized to calculate the standard entropy.6

DS0 ¼
�
DH0 � DG0

T

�
(7)

Table 4 presents the Gibbs free energy, standard enthalpy, and
entropy of the CO2 solution in the [DOSS]-based ILs at various
temperatures. The positive values of DG0 that were previously re-
ported indicate the CO2 solubility in the prepared ILs. The negative
values of DH0 conrm the dissolution of CO2 in the ILs, with
a decrease in magnitude from moderately strong acid–base bonds
at 298 K to weak acid-base bonds at 343 K, consistent with the
previous reports.63

The enthalpy of liquids is lower than that of gases, so
negative enthalpy changes occur when gases condense. There-
fore, the magnitude and sign of the enthalpy of mixing deter-
mine the overall partial enthalpy change for solvation. Gas–
liquid mixtures with greater solubility typically undergo
a negative partial molar enthalpy change due to the dominant
enthalpy of condensation.67 A greater negative enthalpy indi-
cates a stronger interaction between the ionic liquid (IL) and
CO2.68 In contrast, temperature had a relatively small impact on
CO2– [C2CNDim][DOSS] interaction. The negative solvation
enthalpies further support the exothermic nature of the solva-
tion process. The correlation between temperature and DG0

suggests that more energy is needed for the CO2 solvation
process as the temperature rises. The observed solvation
entropy values can be explained by the structuring effect, which
is caused by the unique interactions between the charged
centers of the IL and the solute.63
4. Conclusion

A series of nitrile-based imidazolium ILs incorporating different
alkyl chains and sulfonated-based anions were synthesized in
order to investigate the effect of the structure, pressure, and
temperature on the CO2 solubility. The solubility of CO2
© 2024 The Author(s). Published by the Royal Society of Chemistry
demonstrated a non-linear pattern with the increase in pressure
among the investigated ILs. The CO2 solubility in the prepared
ILs showed the order; [DOSS] > [TFMS] > [SBA] > [DDS] > [BS] for
the anions and [C2CNDim] > [C2CNOim] > [C2CNHim] >
[C2CNBim] for the cations. The synthesized [DOSS]-based ILs
showed higher CO2 solubility and low diffusivity whereas the
[BS]-based ILs showed lower CO2 solubility and higher diffu-
sivity. For Henry's law constant, [C2CN Dim][DOSS] and [C2CN
Him][BS] showed the lowest and highest values respectively.
The CO2 solubility in the synthesized ILs showed a non-
spontaneous process as indicated by the thermodynamic
results.
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