
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 0

1/
06

/2
02

5 
6:

13
:3

7 
PM

. 
 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
Understanding C
aSchool of Physics and State Key Laboratory o

Jinan, Shandong, 250100, China. E-mail: xd
bCollege of Chemistry, Chemical Engineeri

Innovation Center of Functionalized Probes

Shandong, Key Laboratory of Molecular a

Institute of Molecular and Nano Science

250014, China

† These authors contribute equally to this

Cite this: RSC Adv., 2020, 10, 13968

Received 13th December 2019
Accepted 16th March 2020

DOI: 10.1039/d0ra02221g

rsc.li/rsc-advances

13968 | RSC Adv., 2020, 10, 13968–1
O2 capture kinetics and energetics
by ionic liquids with molecular dynamics simulation

Fan Yang,†a Xianjuan Wang,†a Yang Liu,a Yanmei Yang, b Mingwen Zhao, a

Xiangdong Liu*a and Weifeng Li *a

Room temperature ionic liquids (ILs) are recognized to be potential media for CO2 capture, but the

interaction nature is less documented which hinders the future development of ILs with high CO2

solvation capability. Here, through all atom molecular dynamics (MD) simulations, the solvation process

of CO2 with four representative ILs, [EMIM][BF4], [BMIM][BF4], [EMIM]CL and [BMIM]CL was systematically

studied. Our data clearly reflect the fact that hydrophobic components from both cations and anions

dominate CO2 solvation because IL–CO2 attraction is mainly driven by the van der Waals attractions.

Consequently, cations with longer alkyl chain (for instance, [BMIM]+ than [EMIM]+) and anions with

higher hydrophobicity (for instance, [BF4]
� than CL�) effectively enhance CO2 solvation. For all the ILs

under study, addition of water into ILs abates CO2 solvation through regulating the anion–CO2

interactions. Moreover, it is worth mentioning that ILs with a hydrophobic anion ([BF4]
� in this study) are

more resistant to the existence of water to capture CO2 than ILs with a hydrophilic anion (Cl� in this

study). Free energy decomposition analyses were conducted which support the above findings

consistently. Generally, it is predicted that cations with long alkyl chain, anions with high hydrophobicity,

and ILs with smaller surface tension are potentially effective CO2 capturing media. Our present study

helps the deep understanding of the CO2 capturing mechanism by ILs and is expected to facilitate the

future design and fabrication of a novel IL medium for gas capture and storage.
1. Introduction

Room temperature ionic liquids (ILs) are a new class of organic
salts whose melting temperature falls below the conventional
limit of 100 �C. Compared with conventional organic solvents,
they possess many intriguing qualities, such as low vapor
pressure, low toxicity, and high thermodynamic stability which
have made these ionic compounds the solvents of choice for the
so-called green chemistry.1,2

ILs are regarded as potential candidates for CO2 storage, the
dominant reason for the global warming process.3 It is
remarkable that, compared with the conventional amine
scrubbing approach,4 the organic and non-volatilizing nature of
ILs can effectively decrease the energy cost for CO2 capture and
avoid the concern of causing environmental pollution.5 For
instance, Liu et al. have reported single-stage and multi-stage
CO2 adsorption processes by ILs which could effectively
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decrease the electrical and thermal energy costs by 42.8% and
66.04%, respectively.6 Moreover, several ILs demonstrated CO2-
selective capturing capability which can be utilized for the
purpose of CO2 separation and purication from gas mixture.7

Numerous research groups have systematically studied the
capturing capacity of various ILs for various gases, including
CO2, CH4, H2 and so on, by both experimental and theoretical
approaches.1,2,8–15 Ramdin et al. experimentally studied the CO2

solubility and diffusivity in numbers of ILs and proposed that
ILs have great solubility capacity to CO2.1 Anthony et al. reported
that 1-n-butyl-3-methlimidazolium hexauorophosphates have
strong dissolving ability for CO2.2 Bates et al. discovered that
a new room temperature ionic liquid (TSIL) has a considerable
capacity to capture CO2 effectively, compared to the commercial
amine sequestering reagents.13 Kerle et al. further reported that
CO2 solubility is dependent to the alkane chain length of ILs.12

Shi et al. discovered that the ionic liquid ([HMIM][Tf2N])
demonstrates strong interaction with CO2, by conducting
Monte Carlo simulations, which is six times stronger than the
interaction between ILs and H2.15

Albeit a large number of works that have been conducted
experimentally, the effective CO2 capture and storage are still
challenges. Previous experiments have evaluated the effects of
introduction of water to ILs for CO2 capture. For instance, Ber-
mejo et al. have systematically explored the effects of water in ILs
This journal is © The Royal Society of Chemistry 2020
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on CO2 solubility and found that only small ratio of water in ILs is
favorable to CO2 solvation. In contrast, high concentration of
water reversely lowered the CO2 solubility.16 Unfortunately, the
molecular mechanism of the inuence of water on the perfor-
mance of ILs is still unknown. This situation becomes to be the
main obstacle to the design and development of high-
performance ILs for the aim of effective CO2 capture and storage.

In this work, the solvation process of CO2 by several ILs is
studied by atomic molecular dynamics (MD) simulations. Four
experimentally widely-studied ILs and the corresponding hydrated
states were adopted as the representative solvents. Several key
characters of ILs, including the specic types of cations and
anions, the length of the alkyl chain, etc., have been systemically
assessed on CO2 solvation. We sincerely hope that our present
study could help the better and deep understanding of CO2

capturing mechanism by ILs and facilitate the future design and
fabrication of novel IL medium for gas capture and storage.

2. Model setup and simulation details

All the MD simulations were performed with the GROMACS
5.1.3 package17 with GPU acceleration. Four types of represen-
tative ILs which are commonly studied in the experiments have
been considered: [BMIM][BF4], [EMIM][BF4], [BMIM]CL and
[EMIM]CL. The force eld parameters developed by Chaban
et al. through quantum mechanics calculations were used for
ILs.18 TIP3P water model19 and the EMP2 CO2 model20 were
used. During the simulation, a leap-frog algorithm was used to
integrate Newton's equations of motion, and the time step was
set to 2 fs. All the covalent bonds were constrained by the LINCS
algorithm.21 The cut-off for the short-range electrostatics and
Lennard–Jones interactions were both set to 1.0 nm and the
particle mesh Ewald (PME) algorithm22 was used to deal with
the long-range electrostatic interactions. The simulation
systems were rstly optimized by an energy minimization with
the steepest descent algorithm to generate an appropriate
starting conguration, and then equilibrated for 500 ps at NPT
ensemble to reach the reference temperature of 300 K and the
reference pressure of 1 bar, respectively. Then 100 ns trajectory
was generated for data collection at the NVT ensemble.

In addition to the normal MD simulations, we further
studied the CO2 solvation energetics in ILs by calculating the
solvation free energy (DG) using the Free Energy Perturbation
(FEP) method.23,24 To study the effects of water contents in the
ILs, we have considered a series of water molar concentrations
in the range of 0–96.2%. The components in the simulation
boxes were depicted in Fig. 1. In the FEP calculations, 21 values
were used for the coupling parameter lwith a resolution of 0.05.
The process was divided into two parts: the perturbation of
electrostatic interaction and the perturbation of van der Waals
(vdW) interaction.

3. Results and discussion
3.1 CO2 solvation in pure water and ILs

As the main aim of the current work is to understand the CO2

storage capability of ILs through a mechanism view of the
This journal is © The Royal Society of Chemistry 2020
solvation free energetics, the benchmark study of the CO2

solvation free energy in pure water (abbreviated as DGwater) is
desired. The current molecular models gave a theoretical
prediction of DGwater ¼ 1.80 kJ mol�1 at 300 K. Compared to
previous studies (Table 1), this agrees well with the experi-
mental value of 1.005 kJ mol�1.25 To verify the validity of our
present models of CO2 and ILs, we have calculated the solvation
free energy of CO2 in pure [BMIM][BF4] at the 323 K and ob-
tained a value of �1.00 kJ mol�1. This is well consistent with
experimental value of �1.005 kJ mol�1 reported by Cadena
et al.26

In the following, we explore the solvation characteristics of
CO2 in pure ILs at room temperature (300 K). Using the same
setups in the above calculations, the solvation free energy of
CO2 in ILs (abbreviated as DGIL) are calculated which are:
�1.69 kJ mol�1 in [EMIM][BF4], �2.09 kJ mol�1 in [BMIM][BF4],
�0.87 kJ mol�1 in [EMIM]CL and �1.92 kJ mol�1 in [BMIM]CL,
respectively. Compared with the value in pure water of
1.80 kJ mol�1, the negative values clearly indicate that CO2

molecule is better dissolved in ILs which is consistent with
experimental reports.

Deduced from four DGIL, the trend of CO2 dissolving
capacities of the four ILs is as follows: [BMIM][BF4] > [BMIM]
[CL] > [EMIM][BF4] > [EMIM][CL]. Amongst them, the [BMIM]
[BF4] has the highest dissolving capacity for CO2. When
comparing the cations, it is found that the length of the alkyl
chain of cations has a positive correlation to CO2 solubility
when the anion is same: [BMIM][BF4] > [EMIM][BF4]. In detail,
the DGIL in [BMIM][BF4] is �0.40 kJ mol�1 lower than that of
[EMIM][BF4]. These results are consistent with the experimental
reports by Camper29 and Anthony.30 For two Chloride ILs, the
trend is same: [BMIM][CL] > [EMIM][CL]. The free energy
difference is even larger, which is �1.05 kJ mol�1. This is well
consistent with previous experimental observations by Yunus31

and Aki.32 In addition, the specic types of anions also play
a minor role. The DGIL of two [EMIM]+ ILs differs by
�0.82 kJ mol�1 when a [BF4]

� is replaced by Cl�. While for the
two [BMIM]+ ILs, the difference is smaller which is
�0.17 kJ mol�1. This is mainly attributed to the effective
volumes (in other words, the hydrophobicity) of the anions
which will be presented below in detail. It is worth mention that
Zhang et al. also have demonstrated that the increase in alkyl
chain of cation and the uoration of anions or cations are
benecial to capture CO2.33,34

In order to probe the dominating molecular components
that play the key role in the solvation process of CO2 in pure ILs,
we analyzed the radial distribution functions (RDFs) of the
imidazole ring, alkyl chain and anion around the center of mass
(COM) of the CO2 molecule. As depicted in Fig. 2a and b, the
rst interaction shell (beginning from 0.25–0.3 nm) around CO2

is uniformly from the anions for both [BF4]
� and Cl�. For

comparison, the RDF peaks representing cation begin at
a larger distance, �0.42 nm from CO2. These results indicate
the fact that anions form direction interactions with CO2.
Especially that for the [BF4]

�, it forms more intimate interac-
tions, through the Fluorine atoms, with CO2 with a closer
distance of �0.25 nm. The compact anion shell, to certain
RSC Adv., 2020, 10, 13968–13974 | 13969
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Fig. 1 (a) Molecular structures of [BMIM]+, [EMIM]+ and [BF4]
�; (b) snapshot of the simulated box. The CO2 molecule is placed at the box center.

Table 1 The CO2 solvation free energy in pure water from current
study and previous literatures

Method DGwater Ref.

MD 1.80 This work
QM/MM 0.042 27
MM 9.54 27
Quasi chemical theory 0.25 28
Experiment 1.005 25
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extent, prevents cations from interacting with CO2. These
phenomena are consistent with experimental results by
Anthony30 and Zhang.35 As monovalent anions, the [BF4]

�

clearly has a larger volume than Cl�. Thus, [BF4]
� is relatively

more hydrophobic than Cl�. Zhang et al. also reported that
[HMIM][FEP] has higher CO2 solubility than [HMIM][TF2N]
Fig. 2 The radial distribution functions of ILs atoms around CO2 center
[BMIM][CL] solid line; [EMIM][CL] dotted line.

13970 | RSC Adv., 2020, 10, 13968–13974
experimentally because of the longer uoroalkyl chain of
[FEP].35

Further, we qualitatively compared different parts of cations
in contacting with CO2. For brief, the imidazole ring of the
cation is named as ‘head’ and the alkyl chain is named as ‘tail’
as depicted in the insert of Fig. 2a. For the four ILs, the heights
of RDF peaks representing CO2–tail interactions are always
higher than that of CO2–head interactions at the similar
distance, regardless of the specic types of anions. Especially
for the chloride ILs (Fig. 2b), there is almost no apparent peaks
for the CO2–head interactions. This points to the fact that the
alkyl chains of cations play the more important role in CO2

solvation and, more precisely, longer alkyl chain results in lower
DGIL.

In combination with above anion analyses, it can be
concluded that CO2 prefers to interact with hydrophobic
components of cation and hydrophobic anions, although CO2
of mass (COM). (a) [BMIM][BF4] solid line; [EMIM][BF4] dotted line; (b)

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The change tendency of (a) total CO2 solvation free energy, (b) electronic component and (c) van der Waals component in hydrated ILs
with different water molar ratio. The dashed lines represent the corresponding values in pure water.
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carries a dipole. Thus, it is a feasible way to search the suitable
ILs with long alkyl chains or uorinate anions for CO2 capture.
3.2 The effect of water in ILs on CO2 solvation

Previous experiments have demonstrated that the existence of
water highly regulates CO2 capture. In detail, Bermejo et al.
reported that small ratio of water in ILs is favorable to CO2

dissolving. In contrast, high concentration of water will
reversely lower the CO2 solubility.16 Goodrich et al. also reported
that the presence of water in ILs effectively reduced the CO2

storage capacity.36 Wang et al. reported that compared to pure
triethylbutylammonium acetate ([N2224][Ac]), the introduction
of H2O in [N2224][Ac] reduced the CO2 adsorption.37 However,
the underline physical mechanism that accounts for the low-
ered performance of ILs is still poorly documented. To explain
these experimental observations, we have considered the
solvation of CO2 in a serious of hydrated ILs with molar ratios of
water increased from 0% (pure ILs) to 96.2% (diluted ILs) and
calculated the CO2 solvation free energies, DGh-IL.

From Fig. 3a, it is very interesting to nd that the tendencies
of change of DGh-IL can be divided into two types according to
anions. For Chloride ILs, the DGh-IL increases more quickly with
the introduction of water. At water concentration of 83.3%, they
This journal is © The Royal Society of Chemistry 2020
approach to the value of DGwater (1.80 kJ mol�1). In contrast,
DGh-IL in [EMIM][BF4] and [BMIM][BF4] increases in a much
lower manner and reaches to a plateau of 0.8–1.0 kJ mol�1 when
water content is as high as 96.2%.

Then, the total DGh-IL is decomposed into the electrostatic
(DGele) and vdW (DGvdW) contributions which is essential for
a deep understanding of the physical interactions between CO2

and the solvents. As shown in Fig. 3b, the DGele term is always
negative which reveals that energy–favorable interactions such
as charge–charge and dipole–dipole attractions between CO2

and pure/hydrated ILs is the driving force for CO2 capture. In
hydrated ILs, the DGele term rstly increases (weakened elec-
trostatic interactions) at low water contents and the proles
reach to the maximum at a water content of �75% for two
[BMIM]+ ILs, and �87.5% for two [EMIM]+ ILs. Aer that,
further increasing water content reversely decreases the DGele

(re-strengthened electrostatic interactions) which favors CO2

capture. This interesting transition is attributed to the forma-
tion of intimate interactions of CO2 with excess water molecules
(more discussions are presented below from RDF analyses). It is
worth mention that, the water fractions in ILs are relatively
small in the experiments (which is typically lower than 30%).
Thus, the current results support the previous observations
RSC Adv., 2020, 10, 13968–13974 | 13971
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Fig. 4 The radial distribution functions of solution components around CO2 in pure, 87.5% and 96.2% hydrated ILs. (a) and (c): [EMIM][CL]; (b)and
(d) [EMIM][BF4].
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because the experimental conditions correspond to the weak-
ened DGele range in Fig. 3b.

For the van der Waals interactions, it represents the energy
consumption for introducing a cavity inside the solution thus
the DGvdW is positive. As shown in Fig. 3c, the DGvdW is
monotonically increasing with the addition of water. Consid-
ering the nature of van der Waals interactions, this reects that
Fig. 5 The diffusion coefficients of cations and anions in pure and hydr

13972 | RSC Adv., 2020, 10, 13968–13974
the surface tension of the hydrated ILs increases because more
energy is required to introduce the cavity for CO2 molecule
inside it. The DGvdW increase is considerably larger than DGele

decrease. Thus, the overall solubility of CO2 in ILs generally
decreases with addition of water. Moreover, as depicted in
Fig. 3a, the CO2 solubility in ILs with [BF4]

� anion is less
regulated by water. From the decomposition analyses, this is
ated ILs.

This journal is © The Royal Society of Chemistry 2020
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mainly caused by the slower increase of DGvdW term in two
[BF4]

� ILs than that in Cl� ILs. Thus it can be seen that smaller
surface tension and stronger electrostatic interaction with CO2

are two favorable factors to improve the CO2 solubility in ILs.
To probe the role of water in preventing ILs from adsorbing

CO2, we analyzed spatial distributions of water, imidazole ring
(head), alkyl chain (tail) and anions around the COM of CO2. For
cations in IL with water ratio from 0–87.5%, the rst peaks
representing both head–CO2 and tail–CO2 bindings uniformly
decreased in [EMIM][CL] (Fig. 4a) and [EMIM][BF4] (Fig. 4b).
This reects a fact that the cation–CO2 interactions were sup-
pressed, resulting in DGele increase during this range which
adopted the maximum value at water ratio of 87.5% as shown in
Fig. 3b. Then, when further increasing water ratio from 87.5%
to 96.2%, an interesting reverse trend was observed: these peaks
reversely increased and were almost comparable to that in pure
ILs, revealing that the interactions of cation–CO2 were almost
recovered in diluted ILs. In addition to the formation of inti-
mate binding of water to CO2 (dashed lines in Fig. 4c and d),
DGele was found to decrease at this range (Fig. 3b). For anions, it
is also interesting to nd that two anions demonstrated distinct
different behaviors in response to water. For Cl� (Fig. 4c), the
rst binding shell of Cl�–CO2 dramatically decreases with
addition of water. This is attributed to the strong hydrophilic
nature of Cl� which favors to bind to water instead of CO2. For
[BF4]

� (Fig. 4d), the rst binding shell increases, but in a slow
manner, when water content increases, indicating that water
always enhances the binding between CO2 and [BF4]

�. This is
attributed to the large volume of [BF4]

� which is classied to be
hydrophobic anion. Thus, the DGh-IL of CO2 in hydrated ILs with
Cl� anion increases more dramatically than [BF4]

� as depicted
in Fig. 3a.

By analyzing the RDFs, it is found that the dominate
component to CO2 solubility of hydrated ILs is from the anion
because the inuence of water is closely connected to the
hydrophilicity of anions. The current theoretical results predict
that ILs with hydrophobic anions are more robust to capture
CO2 when water exists.
3.3 Diffusions of ILs

One of the recognized features of ILs is the high viscosity that
results in signicantly lowered diffusion of the CO2 adsorbates.
Bermejo et al. reported that small ratio of water in ILs is
favorable to CO2 dissolving. In contrast, high concentration of
water will reversely lower the CO2 solubility.16 While the intro-
duction of water into ILs regulates the diffusion of CO2, less is
known about the relationship between IL's viscosity and CO2

solubility. In the following, we examined the diffusion coeffi-
cients (D) of cation and anion, respectively, with respect to water
contents using the Einstein relation.38

As summarized in Fig. 5, it is found that the values of D of
both anion and cation in hydrated ILs quickly increase with the
increase of water content. For the four types of pure ILs under
study, the D is considerably low, with an order of �0.6 �10�11

m2 s�1. In diluted ILs, the D increases by around two orders.
Moreover, comparing the four ILs, three aspects can be
This journal is © The Royal Society of Chemistry 2020
acquired: (1) the anions diffuse more quickly than cations,
especially for Chloride ILs; (2) [EMIM]+ diffuses quicker than
[BMIM]+ when anion is same; (3) Cl� diffuses quicker than
[BF4]

� when cation is same. These phenomena are consistent to
the Stokes–Einstein theory which predicts that molecules with
smaller size can diffuse faster. Generally, from these data, CO2

solvation in ILs is found to be negatively-correlated to the D of
hydrated ILs. More specically, hydrated ILs benets CO2

diffusion, simultaneously it reduces CO2 storage capability.

4. Conclusions

To summarize, by MD simulations, the key factors of ILs that
determine CO2 solvation were identied. For cations, the alkyl
chain dominants CO2 capture because longer alkyl chain could
effectively enhance CO2 solvation. While for anions, the
hydrophobic species are proved to favor CO2 solvation. From
free energy decomposition analyses, this is attributed to the
interacting character between CO2 and the ILs which is mainly
driven by the van der Waals attractions. The existence of water
seriously abates CO2 solvation energy for all the ILs which is
attributed to the weakened anion–CO2 interactions. More
importantly, it is found that ILs with hydrophobic anions are
more resistant to the existence of water to capture CO2 than ILs
with hydrophilic anions. Through our analyses, a conclusion
was made that ILs with long alkyl chain, hydrophobic anions,
smaller surface tension and stronger electrostatic interaction
with CO2 are indicative factors to improve the CO2 solubility.
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