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Selective capture of H2S from gas mixture is essential to reduce its undesirable high corrosiveness and toxicity. Ionic
liquids have been proposed as a promising material, and there is a need to clarify the capture mechanisms and search
for optimal combination of cation and anion for application. This work aims to elucidate the interactions between H2S
and nonfluorous imidazolium ionic liquids (NIILs) at a molecular level. The effects of hydroxyl group on the tail of alkyl
chain, and combinations of imidazolium cations and nonfluorous anions on H2S capture are explored using quantum
chemistry calculations. Furthermore, molecular dynamics simulations are used to explore the microstructural features of
NIIL–H2S–CH4 mixture systems. It is found that the hydroxyl groups in the cations is essential in governing the absorp-
tion properties of NIILs, including the interaction sites for hydrogen bonding, interaction geometries and energies, diffu-
sion coefficients, and organization of H2S and CH4 around cations and anions. A molecular viewpoint to design
appropriate ionic liquids for promoting their applications for H2S capture is provided. VC 2013 American Institute of

Chemical Engineers AIChE J, 59: 3824–3833, 2013
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Introduction

Hydrogen sulfide (H2S) is widely present in natural gas
fields, various industrial waste-gas streams and biogas gener-
ated from anaerobic fermentation of wastes. Typical proc-
esses involving H2S release include hydrodesulphurization of
crude oils and reduction of heavy metal ions in ground and
surface waters by sulfate metal reducing bacteria.1,2 Because
of its undesirable high corrosiveness and toxicity, H2S should
be removed from industrial gases, oil streams, and biogas,3

and several methods4–7 have been proposed for such purposes.
One common method for natural gas sweetening is chemical
absorption using amine aqueous solutions, mainly consisting
of alkanolamines.1,7,8 Although the amine processes have been
used for decades, there are some technical problems to be
resolved, such as transfer of water into gas stream, degradation
of alkanolamine to form corrosive byproducts and secondary
pollution due to its high volatility.9 In comparison, the ionic
liquids (ILs) are considered to be more appropriate materials
for H2S capture, attributed to their negligible vapor pressures,
high thermal and chemical stability, tunable properties, and

excellent H2S solubility.2,10–14 Thus, ILs absorption offers an
efficient, cost-effective, and environmental-beneficial way for
gas sweetening solutions. The absorption capacity of ILs is
affected by temperature, pressure, and structure of cations and
anions.11,12 For example, when 1-n-butyl-3-methyl-imidazo-
lium [bmim] is used as the cation, the H2S solubility in ILs
with bis[trifluoromethylsulfonyl]amide anion (Tf2N 2 ) is
higher than those with hexafluorophosphate (PF6

2 ) and tetra-
fluoroborate (BF4

2 ).11 However, when the cation is changed
to 1-n-hexyl-3-methylimidazolium [hmim], the BF4

2 -contain-
ing ILs show a higher H2S solubility than the other ILs.12 This
suggests that different combinations of cation and anion can
lead to significantly different characteristics of ILs.15,16 Thus,
the optimal combinations should be pursued for applications.

The type of anion also influences the solubility of acid gas in
ILs. For example, anion has been found to significantly affect
the CO2 solubility.17,18 Fluorine atom containing anions (fluo-
rous anions) have been reported as efficient anions of ILs for
H2S absorption.13 However, such ILs are expensive19 and a
potential environmental pollutant.20 In this respect, ILs with
nonfluorous anions,21 such as lactate anion (LAC),9 alkylsulfate
anions,22,23 and amino acid ions,24,25 appear to be more attrac-
tive alternatives. Among them, methylsulfate anion (MeSO4)
has been found to efficiently separate H2S from CO2,22 whereas
the LAC is generally regarded as safe anion groups. The inter-
action mechanism between H2S and these two nonfluorous
anions may provide valuable information for applications.

Additional Supporting Information may be found in the online version of this
article.

Correspondence concerning this article should be addressed to X.-L. Li at
lixuel987@163.com (or) H.-Q. Yu at hqyu@ustc.edu.cn.

VC 2013 American Institute of Chemical Engineers

3824 AIChE JournalOctober 2013 Vol. 59, No. 10



In addition to anions, the cations of ILs also pose signifi-
cant impacts on acid gas absorption.26 ILs with imidazolium
cations have been widely used for H2S removal, attributed to
their high thermal and chemical stability. Furthermore, the
conventional amine aqueous solution, for example, monoe-
thanolamine, diethanolamine, and methyldiethanolamine,
have hydroxyl group on the tail of the alkyl chain. Thus, the
widely used cation, [bmim], was chosen and the hydroxyl
group was attached on each side chain separately. With a
combination of two anions of LAC and MeSO4, six possible
nonfluorous imidazolium ionic liquids (NIILs) are available
for comparing their H2S capturing capacities.

The main objective of this work is to design and develop
efficient NIILs with different cation and anion combinations
for selectively capturing H2S from H2SACH4 mixture and
elucidate the interaction mechanisms. Theoretical data27,28

on the nature of the interactions between H2S and NIIL com-
ponents may be useful to determine and prepare the most
appropriate NIIL for H2S capture. The interactions between
H2S and the NIILs are explored via quantum chemistry (QC)
calculations based on density functional theory with disper-
sion correction (DFT-D) to give an insight into the effective
absorption sites at the molecular level. Structural features
and the diffusivities of gases in NIILs, which is the key in-
formation needed in IL design, are evaluated using molecular
dynamics (MD) simulations for the mixture of NIILs and
gases with H2S and CH4.

Computational Methods

DFT-D calculations

DFT-D computation is used to identify the structures of
NIILs and their absorption products. For the interaction calcu-
lation, an all-electron method, which is within the Perdew–
Wang 91 (PW91) and Perdew, Burke, and Ernzerhof (PBE)
forms of generalized gradient approximation29 for the
exchange-correlation term, is used as implemented in the
DMol3 code.30 In the geometry optimization, the positions of
all the atoms are fully relaxed, in order to locate the global
minimum on the potential energy surface; other local mini-
mums might also exist but are not considered in this study.
To say, we investigate the structure with the strongest interac-
tion energy only. The Ortmann, Bechstedt, and Schmidt
(OBS)31 method is used for dispersion corrections with the
PW91 functional method, while the Grimme32 method is used
for dispersion corrections with the PBE functional methods.
These methods adopt double precision numerical basis sets
that take into account p polarization (DNP) and triple numeri-
cal plus polarization (TNP). The sizes of the DNP basis sets
are comparable with the 6–31G** basis and are regarded as
more accurate than Gaussian basis sets of the same size.33,34

The energy in each geometry optimization cycle is converged
to within 1 3 102 5 Hartree with a maximum displacement
and force of 5 3 102 3 Å and 2 3 102 3 Hartree/Å, respec-
tively. The corrections of basis set superposition error (BSSE)
evaluated by the counterpoise method for the interaction
energy has not been considered, because a recent study has
proven that the numerical basis sets implemented in DMol3

can minimize or even eliminate BSSE.34

Ab initio calculations

The electron density distribution of ion-H2S system is cal-
culated using Hartree–Fock method with the M�ller–Plesset

second-order perturbation (MP2 (Full))35 energy correction
in Gaussian 0336 at the basis level of 6–311 1 1 G(d,p).
Atoms in molecule (AIM) calculations37 are carried out
using the AIM2000 program.38

MD simulations

The NIIL–H2S–CH4 model for MD simulation is con-
structed with NIILs and fuel gas mixture (10% H2S and 90%
CH4) in cubic simulation boxes. The simulation models are
constructed with 100 NIILs, 10 H2S, and 90 CH4 molecules.
Molecular relaxation and dynamics are calculated by using
Discover module of Materials Studio. An accuracy of 10 2 2

kcal/mol is applied to the van der Waals contributions, while
the Ewald summation39 method is invoked to take into
account Coulomb interactions. The MD boxes are initially
relaxed in NVT ensemble at 298 K for 50 ps, then in NPT
ensemble at 298 K and 0.1 MPa for 50 ps, and finally in
NVE ensemble for 2000 ps. The Andersen algorithm40 set to
a collision ratio of 1.0 and the Berendsen algorithm41 set to
a decay constant of 0.1 ps are respectively used to control
the temperature and pressure of each model. MD simulation
is performed using a time step of 1.0 fs for equilibrating the
models and obtaining the final structures.

The COMPASS42,43 (condensed phase optimized molecu-
lar potentials for atomistic simulation studies) force field is
used to calculate the interaction potential energy. This force
field consists of terms for bonds, angles, dihedrals, out-of-
plane angles as well as cross-terms, and two nonbonded
functions, a Coulombic function for electrostatic interactions
and a 9-6 Lennard-Jones potential for van der Waals interac-
tions. It is the first ab initio force field that enables accurate
and simultaneous prediction of gas-phase properties and con-
densed-phase properties. The COMPASS force field has
been mainly developed for predicting the structures and dy-
namics of common organics, inorganic molecules, and poly-
mers, including the ILs.44,45

Results and Discussion

Topological characteristics of the cation/anion–H2S
interactions

The topological properties of the electron density and bond
critical points (BCPs) located between hydrogen bond donor
and acceptor are characterized by AIM theoretical calcula-
tions in each of the cation/anion–H2S complexes. According
to AIM theory, the existence of a chemical bond is character-
ized by the existence of a (3, 2 1) type BCP and a bond
path, a line of maximum density linking two nuclei and pass-
ing the BCP. The nature of chemical bonding is revealed by
descriptors at the BCP, such as the electron density (q(r))
and the Laplacian of electron density (!2q(r)).46,47 In this
work, three imidazolium cations and two nonfluorous anions
of NIILs are separately investigated for H2S absorption to
find out the possible interaction sites shown in Supporting In-
formation Table S1. The interaction energy values (DEI-S) of
ion and H2S indicate that the H2S molecule prefers to
approach from the S atom toward the C2H hydrogen for the
cation of [bmim] and [hbmim] corresponding to Supporting
Information Figure S1(a-4) and (c-4). However, the most sta-
ble interaction site of [bhmim] and H2S is between the H2S
and hydroxyl group on methyl of imidazolium. Then the
most stable ion–H2S systems were used in electron density
distribution. The main results of the AIM calculation and the
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optimized structures are shown in Figure 1. The main hydro-
gen bond contribution between ion and H2S from the AIM
analysis is given in Table 1. The q(r) at BCP correlates with
the strength of hydrogen-bonding interaction.48,49 For the cat-
ion–H2S interactions (Figures 1a–c), the cation with no
hydroxyl group ([bmim]) shows the lowest value. For the
[bhmim]–H2S system, the H atom of hydroxyl group acts as
the hydrogen bond donor to interact with the S atom of H2S.

In the [hbmim]–H2S system, the S atom of H2S interacts
with the H atom of C2H hydrogen for the cation. For the
anion–H2S interactions (Figures 1d, e), the values of q(r) for
both LAC and MeSO4 are higher than those of the cation–H2S
systems. This is attributed to the fact that the two O atoms of
carboxylate in LAC interact with the two H atoms of H2S to
form two BCPs and a ring critical point (RCP, (3, 1 1)).
Thus, the electron density of hydrogen-bonding ((3, 2 1) type
BCP (Figure 1 and Table 1) between ion and H2S increases in
the order of: [hbmim], [bmim], [bhmim], MeSO4, and LAC.

The negative Laplacian !2q(r) suggests that the ion–H2S
interaction at the BCP has a covalent character (Table 1).
The !2q(r) represents the curvature of the electron density in
three-dimensional space.37 However, the total energy density
(H(r), electronic kinetic (G(r)) plus potential (V(r)) energy den-
sity), instead of the Laplacian, is a more appropriate index to
better understand the weak nonbonded interaction.50 As shown
in Table 1, the H(r) values of bhmim���H2S and LAC���H2S
(H���O1) are negative, indicating that the strength of the hydro-
gen bonding in these systems are strong. Meanwhile, the posi-
tive H(r) values of bmin���H2S, hbmim���H2S and MeSO4���H2S
suggests that H���S of bmin���H2S and hbmim���H2S, and H���O
of MeSO4���H2S are relatively weaker.

The solubilities of H2S in these six ILs (Table 2.) have
been calculated by the conductor-like screening model for
real solvents (COSMO-RS) method,51 which has been
described in detail in Supplementary Information. The high
solubility of H2S in ILs is likely to be ascribed to the hydro-
gen bond-donor ability of H2S molecule. The AIM parame-
ters of possible interaction sites (Figure 1, Table 1) allow us
to obtain the hydrogen bond properties of the ion–H2S pairs.
The q(r) and H(r) results at BCPs of hydrogen bonds from
AIM analysis indicate that the strength of hydrogen bond of
anion–H2S interactions are very strong, and that the hydroxyl
group attached on the tail of alkyl groups of imidazolium
cations is able to influence the H2S capture capacity. In addi-
tion, the anions play a more important role in H2S capture
than cations. Therefore, the topological characteristics of
hydrogen bonding between ions and H2S contribute mainly
to the ability of ILs for their H2S capture.

Geometry structure of the NIIL–H2S system

As both anion and cation of NIILs can affect their H2S
absorption capacity, an appropriate composition of cations
and anions for NIILs will favor the absorption process.
Based on the tunable properties of ILs, multiple possible
compositions can be achieved for investigation. The opti-
mized structures of absorption products are illustrated in Fig-
ure 2 for the six NIIL–H2S systems, which are different
combinations of three imidazolium cations and two nonfluo-
rous anions. The absence of imaginary vibrational frequency
confirms that the structure of absorption product corresponds
to a true minimum.

Figure 1. H2S–ion geometry ((a-1), (b-1), (c-1), (d-1), and
(e-1)) calculated at the PW91/DNP theoretical
level and AIM analysis for ion–H2S complexes
((a-2), (b-2), (c-2), (d-2), and (e-2)).

Dashed lines in H2S-ion geometry showing possible hydro-

gen bonds; molecular graphs in AIM analysis with small

red dots representing BCP, small yellow dots representing

RCP, pink lines representing bond paths, and large dots

representing attractors (atoms: black, carbon; gray,

hydrogen; red, oxygen; yellow, sulfur): (a-1), (a-2) [bmim]-

H2S; (b-1), (b-2) [bhmim]-H2S; (c-1), (c-2) [hbmim]-H2S;

(d-1), (d-2) LAC-H2S; (e-1), (e-2) MeSO4-H2S. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Table 1. AIM Parameters (in atomic units) of Main Hydrogen Bonds in Ion–H2S Complexes Corresponding to Figure 1

Ion–H2S pairs q(r) !2q(r) G(r) V(r) H(r)

bmin���H2S (H���S) 0.0132 2 0.0092 0.0077 2 0.0062 0.0015
bhmim���H2S (H���S) 0.0308 2 0.0164 0.0190 2 0.0217 2 0.0027
hbmim���H2S (H���S) 0.0123 2 0.0087 0.0073 2 0.0059 0.0014
LAC���H2S (H���O1) 0.0460 2 0.0341 0.0377 2 0.0412 2 0.0035
LAC���H2S (H���O2) 0.0079 2 0.0067 0.0059 2 0.0052 0.0007
LAC���H2S (RCP) 0.0069 2 0.0077 0.0064 2 0.0051 0.0013
MeSO4���H2S (H���O) 0.0324 2 0.0296 0.0281 2 0.0267 0.0014
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Figure 2 shows that anions, that is, MeSO4 and LAC, pro-
vide the main interaction sites to capture H2S. The interac-
tion of ion pairs of NIILs is based on the electrostatic force
and hydrogen bonding between different cations and
anions.52 The geometry structures of NIILs were optimized
by the DFT-D methods (Supporting Information Figure S2),
and the calculated cation–anion interaction energy (DEA–C)
is shown in Supporting Information Table S3. The results
indicate that the anion takes the more negative energy from
its most electronegative atoms toward the acidic C2H hydro-
gen of the imidazolium cation than toward the hydrogen
atoms of the side chain, which is consistent with the previ-
ous investigations.53,54

The interactions of H2S with ion pairs of NIILs are all an-
alyzed through the anions with the H���O hydrogen bond as
shown in Figure 2. The hydrogen bonds are formed between
hydrogen atom and the acceptor atom with one lone electron
pair at least. The distance between the hydrogen atom and
the acceptor is less than or equal to the maximum hydrogen–
acceptor distance (2.5 Å in this work). The van der Waals
radii of H and O atoms are 1.09 and 1.52 Å, respectively.55

Such a maximum distance is specified to obtain the relative
strong hydrogen bond in this H2S capture system. If both the
hydrogen and acceptor atoms are within the same molecule,
they are separated by at least four nearest neighbor shells.
The H atom of H2S acts as the hydrogen bond donor, and
the O atom of MeSO4 or LAC as the hydrogen bond
acceptor. For [hbmim]LAC–H2S and [hbmim]MeSO4–H2S
systems, another hydrogen bond for capturing H2S exists
between the H atom of hydroxyl group in imidazolium ring
and the S atom of H2S. Thus, the hydrogen bonding may
play an important part in the geometry structure of NIIL–
H2S systems. In addition, for the same anion, LAC, the NIIL
that contains imidazolium cation with n-hydroxybutyl group
shows a shorter distance between the H atom in H2S and the
O atom in anion, thus giving rise to an effective interaction.
In the case of the same cation, the NIIL with LAC has the

Table 2.. The Henry’s Law Constants of H2S in the Imidazo-

lium-based ILs at 298.15 K Predicted by COSMO-RS

ILs KH (mol/(L�atm))

[bmim]MeSO4 1.0289
[bmim]LAC 0.9344
[bhmim]MeSO4 0.6353
[bhmim]LAC 0.6018
[hbmim]MeSO4 0.7931
[hbmim]LAC 0.7582

Figure 2. Geometry structures of NIILs for different H2S sites relative to NIILs with the hydrogen bond length in
Angstrom and the interaction energy shown in Table S4.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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shorter distance of hydrogen bond. In practice, ion pairs of
NIILs have been applied to treat fuel gas and many indus-
trial waste gas streams. Thus, the interaction performance of
the ion pairs and H2S is essential in task-specific IL design
and exploration.

NIILs–H2S/CH4 interaction energy

The interaction energy (DEIL-S) between the NIIL and H2S
reflects the strength and stabilization of H2S sequestering by
NIILs through hydrogen bonds.13 The DEIL-S (in kcal/mol)
of NIIL–H2S systems can be calculated as

DE 5 2625:46 ENIIL 2 H2S 2 ENIIL 2 EH2Sð Þ½ � (1)

where ENIIL 2 H2S (Hatree) is the energy of absorption sys-
tem, and ENIIL (Hatree) and EH2S (Hatree) are the energies
of the NIIL and H2S, respectively. The interaction energy
(DEIL-M) between the NIIL and CH4 can be calculated by
using the same method with the energies of ENIIL 2 CH 4

and
ECH 4

(Hatree).
The interactions of NIILs and H2S or CH4 molecules were

calculated by using the most stable structure of NIILs from
Supporting Information Figure S2 (a-2�f-2), and the interac-
tion energy (DEIL-S) for different H2S sites relative to NIILs
are shown in Supporting Information Table S4 with the cor-
responding geometry structures in Figure 2. The possible
absorption sites of CH4 were the same with those of H2S
shown in Supporting Information Figure S3 with the interac-
tion energy in Supporting Information Table S5. The DEIL-S

and DEIL-M of more stable adsorption structures obtained
from Supporting Information Tables S4 and S5 are shown in
Figure 3. The negative values indicate that the systems tend
to be stable with the absorption of gases. For LAC anion,
the NIIL with the cation containing the hydroxyl on the tail
of n-butyl ([hbmim]) gives the lowest DEIL-S value of
2 15.805 kcal/mol. However, the NIIL with the [bmim] cat-
ion has a lowest DEIL-S for MeSO4 anion. As the interaction
energy between anion and cation increases, the free volume

or void volume decreases, giving rise to accessibility of less
space to accommodate the solute molecules. The [bhmim]-
LAC presents the largest absolute value of DEA–C in Figure
4. These results indicate that [bhmim]LAC has the least free
volume to sequester H2S. Thus, DEIL-S in Figure 3 indicate
that [bhmim]LAC presents the weak interaction with the
lowest absolute value of DEIL-S.

The DEIL-S and the geometry characteristics indicate that
cations also play a role in acid gas absorption (Figure 3).
This is in agreement with both experimental results11,12 and
theoretical calculations.17,49 The hydrogen bond has a strong
orientation dependence, as the highly orientation dependent
electrostatic interaction is the main source of the attraction
in the hydrogen bond.56 The QC calculations demonstrate
that these six NIILs are efficient solvents for separation of
H2S from CH4 from more negative values of DEIL-S than
those of DEIL-M. [hbmim]LAC with the largest difference
between DEIL-S and DEIL-M might be the best NIILs for
selectively capturing H2S from the H2S–CH4 mixture. How-
ever, [bmim]MeSO4 with the smallest difference between the
interaction energy shows the poorest separation efficiency.
Furthermore, the structure diversity of cation and anion, such
as the alkyl chain and hydroxyl group in the imidazolium
cation, and the electronegative atoms of anions, leads to dif-
ferent H2S capture properties of NIILs.

Microstructural features of the NIIL–H2S/CH4 system

MD simulations are performed for the NIIL–H2S–CH4

systems under isobaric (0.1 MPa) and isothermal (298 K)
conditions. Microscopic distributions of the system are usu-
ally represented by radial distribution functions (RDFs),
which reflect the organization of H2S around cations or
anions. In a real system, CH4 is the main component of fuel
gas, and an effective absorption solution should selectively
capture low-concentration H2S from the gas mixture. Thus,
to simulate the real situation, a gas mixture containing 10%
H2S and 90% CH4 is chosen. Figure 5 shows the site–site
RDFs (g(r)) of the NIIL–H2S systems, including the main
interaction sites obtained in QC calculations for each system

Figure 3. Interaction energy (DEA–C) of anion and cation
in NIILs with the most stable geometry struc-
tures corresponding to Figure S2 (a-2~f-2)
with the anion toward the most acidic hydro-
gen atom in the imidazolium ring.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 4. Interaction energy (DEIL-S/DEIL-M) between
NIIL and H2S/CH4 with more stable adsorp-
tion structure calculated at PBE/TNP basis
level from DFT-D methods.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]
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(BCPs in Figure 1). The possible site–site RDFs of the
NIIL–CH4 system are also calculated for comparison with
the NIIL–H2S systems.

The highest RDF values are obtained for the H2S–anion
interactions in the ion pair systems, which is in agreement
with the results of other works for acidic gas and conven-
tional IL interactions.9,57 The distance in the maximum prob-
ability between the H of H2S and the O of MeSO4 or LAC
(BCPs in Figure 1, Table 1) is characterized by a sharp,
intense peak around 2.5 Å. It is the distance for the first
coordination shells of H2S molecules around the anions.
However, the distance between the H of CH4 and the O of
MeSO4 or LAC is longer than that of the H2S–anion system,
which is in the range of 4–5 Å. This indicates that interac-
tions between CH4 and anions are relatively weaker. The

MeSO4 anion in the three NIILs has the second coordination
shell of H2S (about 4.3 Å), which is not true for the NIILs
with LAC anion.

The RDFs for H2S-cations and CH4-cations are almost the
same, except for the [hbmim] cation, showing the weak
peaks. The distance in the maximum probability between the
H atom of H2S and the O atom of hydroxyl in [hbmim] is
around 2.6 Å, shorter than CH4–[hbmim] (about 4.2 Å). This
reveals that the imidazolium cation with n-hydroxybutyl
group in NIIL can interact with H2S molecules, together
with anions, and enhance its H2S-capturing ability.

Microstructural features of NIIL–H2S systems suggest that
anions have the closest affinity with H2S, which is consistent
with the results of electron density at BCPs in this work.
The RDFs characteristics of anions and H2S in absorption

Figure 5. Site-site radial distribution functions (RDFs) of the systems of NIIL and the mixed gas (10% H2S and 90%
CH4) at 298.15 K and 0.1 MPa obtained from molecular dynamics simulations.

(a) [bmim]MeSO4; (b) [bmim]LAC; (c) [bhmim]MeSO4; (d) [bhmim]LAC; (e) [hbmim]MeSO4; and (f) [hbmim]LAC. The interac-

tion sites in RDF analysis according to the results in Figure 1 obtained from DFT-D calculations. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com]
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systems show sharp peaks at the distance of 2.5 Å (Figure 5),
suggesting the strong interactions between H2S and anions.
The H2S molecules around the MeSO4 (Figures 5a, c, and e)
shows two possible coordination shells, and CH4 only appears
at the second coordination shell or further away, demonstrat-
ing the weak interactions between NIIL and CH4 pairs. Such
different RDF characteristics are likely to explain the fact
that CH4 is poorly absorbed in ILs,58 and that NIIL is able to
selectively absorb low-concentration H2S from the H2S–CH4

mixture.

Dynamics of H2S, CH4, and ion pairs

The dynamic nature of the NIIL–H2S system is character-
ized through exploring the center-of-mass (COM) mean
square displacements (MSDs) of H2S, CH4, cations, and
anions as a function of time. The self-diffusion coefficients
of components in the NIIL–H2S systems can be calculated
with the Einstein equation59

D 5
1

6Na
lim
t!1

d

dt

XNa

i 5 1
h ri tð Þ2 ri 0ð Þ½ �2i (2)

where ri(t) – ri(0) is the (vector) distance traveled by the pop-
ulation of atoms of type i over a time interval t. The square
of the magnitude of this vector is averaged over rolling time
intervals. The quantity in bracket represents the MSD.

Table 3 shows the linear regression equation of total COM
MSD (m in Å2) versus time (t in ps) for six NIILs with vari-
ous combinations of three cations and two anions containing
H2S and CH4. Total COM MSD values are the sum of the
individual x, y, and z COM MSD contributions. A linear rela-
tionship of log(MSD) against log(time) is obtained (Support-
ing Information Figure S4), indicating that the calculation
results are reliable. The MSDs for these systems are in a lin-
ear relationship with time, thus, their self-diffusion coeffi-
cients for the components could be obtained by fitting the
slope of this linear region (Table 3). The MSDs of CH4 and
H2S are higher than those of cations and anions for all the

NIIL–H2S systems, indicating the greater diffusive motion of
the former species than the latter two.

The self-diffusion coefficients of H2S and CH4 (Figure 6a)
in the six NIIL–H2S–CH4 systems differ substantially with
the different cations and anions. For the MeSO4 anion, the
self-diffusion coefficients of H2S and CH4 in NIIL with
[bhmim] are larger than the other systems. However, those
of gases in NIIL with [hbmim] show the smallest values.
The diffusion coefficients of NIILs are calculated from
DNIIL 5 0.5(Dcation 1 Danion). Figure 6b shows the diffusion
coefficients of NIILs and the cations and anions in the six
NIIL–H2S–CH4 systems. For the NIIL with the same cation
of [bmim], the diffusion coefficients of cation are higher
than those of the anions. However, for the NIIL with the
same cation of [bhmim], the cations exhibit lower diffusion
coefficients than the anions. For the NIIL with the same cat-
ion of [hbmim], the diffusion coefficients of cations are of
almost the same level with the anions. The diffusion coeffi-
cients of these species might be associated with the viscosity
of NIILs. The viscosity of NIILs is related to the cation–
anion pairing and their structural characteristics, such as cati-
onic size, length of substituted group, flexible ether oxygen
on alkyl chain, anionic size, and anionic shape, etc.60–63 The
low viscosity is ascribed to the less rigid characteristics and
more conformational degrees of freedom.60,64 The high dif-
fusion coefficient of [bhmim]MeSO4 might be attributed to
the fact that the hydroxyl on the methyl group of imidazo-
lium increases the conformational degrees of freedom for the
cation, and decreases the viscosity with high diffusion coeffi-
cients. The hydrogen bonding of the hydroxyl group on the
short alkyl group (methyl) could be weakened by the steric
effects. Moreover, the composition and size of anion may
substantially affect the diffusion coefficients.65 However, this
warrants a further experimental and simulation investigation.
In addition, the diffusion coefficients of H2S are lower than
those of CH4 in most NIILs, indicating the stronger interac-
tion between H2S and NIILs with a higher rate of their
absorption in the NIILs. This further indicates that the NIILs

Table 3. Diffusion Coefficient (D) of H2S, CH4, Cations and Anions in the NIIL–H2S–CH4 Systems at Ambient Temperature

(298 K) and Atmosphere Pressure (0.1 MPa)

System Linear regression equation m (Å2), t (ps) R2 D (10 2 6 cm2/s)

[bmim]MeSO4 H2S m 5 0.5823t – 79.1915 0.9743 9.71
CH4 m 5 0.5840t 1 23.1621 0.9991 9.73
Cation m 5 0.0669t 1 6.2070 0.9974 1.12
Anion m 5 0.0481t 1 4.8140 0.9924 0.80

[bmim]LAC H2S m 5 0.4183t 1 0.0835 0.9939 6.97
CH4 m 5 0.5177t 1 8.1073 0.9989 8.63
Cation m 5 0.0770t 1 7.4853 0.9967 1.28
Anion m 5 0.0277t 1 7.4916 0.9893 0.46

[bhmim]MeSO4 H2S m 5 2.5579t 1 26.3792 0.9990 42.63
CH4 m 5 3.3889t 1 40.5429 0.9902 56.48
Cation m 5 0.2396t 1 18.9532 0.9979 3.99
Anion m 5 0.3154t 1 9.3525 0.9991 5.26

[bhmim]LAC H2S m 5 0.3245t 1 36.5719 0.9826 5.41
CH4 m 5 0.2483t 1 21.4682 0.9970 4.14
Cation m 5 0.0203t 1 6.4025 0.9830 0.34
Anion m 5 0.0260t 1 3.2211 0.9601 0.43

[hbmim]MeSO4 H2S m 5 0.3044t 1 24.6139 0.9908 5.07
CH4 m 5 0.3889t 1 21.6150 0.9982 6.48
Cation m 5 0.0233t 1 3.2092 0.9975 0.39
Anion m 5 0.0222t 1 1.5353 0.9691 0.37

[hbmim]LAC H2S m 5 0.3980t 1 40.0547 0.9907 6.63
CH4 m 5 0.4709t 1 9.7230 0.9986 7.85
Cation m 5 0.0248t 1 6.6086 0.9913 0.41
Anion m 5 0.0242t 1 4.6067 0.9915 0.40
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could be used to selectively capture H2S from the H2S–CH4

mixture.
The dynamic nature of the NIIL–H2S–CH4 system shows

that the MSDs of cations and anions over time are of a simi-
lar magnitude for the NIILs with the cations of [bhmim] and
[hbmim] (Supporting Information Figure S4). This suggests
that ion pairs in the NIILs with hydroxyl group cations have
important interactions. The self-diffusion coefficients of all
the species in the NIIL–H2S–CH4 systems differ with the
compositions of the cation and anion, leading to their differ-
ent H2S capture properties.

Conclusions

In this work, NIILs with different combinations of imida-
zolium cations and nonfluorous anions are explored for
selectively removing H2S from binary gas mixture. The
effective absorption sites, structural features, and the diffu-
sivities of gases in the NIILs are successfully identified. The
effective interaction sites of ions with H2S obtained from the
QC calculations suggest that hydrogen bonding is the main
force for NIIL as the promising alternative to capture H2S.
The alkyl chain and hydroxyl group in the imidazolium cat-
ion, and the electronegative atoms of anions, influence their

H2S capture capacities. MD simulations reveal that the imi-
dazolium with n-hydroxybutyl group on the tail of long alkyl
chain can more effectively interact with H2S molecules, to-
gether with anions, and enhance its H2S-capturing ability.
Furthermore, the QC calculation results show that [hbmim]-
LAC has the largest interaction energy with H2S molecule.
Thus, [hbmim]LAC might be the best NIILs for selectively
capturing H2S from the H2S–CH4 mixture from molecular
modeling. The tunable combinations of cations and anions in
NIILs have significant impacts on H2S capture. This study
gives an insight into the interactions between H2S and NIILs,
and has implications for designing and developing new
NIILs for practical applications.
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Notation

LAC = lactate anion
MeSO4 = methylaulfate anion
[bmim] = 1-n-butyl-3-methylimidazolium

[bhmim] = 1-n-butyl-3-hydroxymethyl-imidazolium
[hbmim] = 1-n-hydroxybutyl-3-methyl-imidazolium

NIIL = nonfluorous imidazolium ionic liquid
QC = quantum chemistry

DFT-D = density functional theory with dispersion correction
MD = molecular dynamics

AIM = atoms in molecule
BCP = bond critical point
q(r) = electron density

!2q(r) = Laplacian of electron density
RCP = ring critical point
H(r) = total energy density
G(r) = electronic kinetic energy density
V(r) = electronic potential energy density

DEI-S = interaction energy of ion (anion or cation) and H2S
DEA–C = interaction energy of anion and cation in NIIL
DEIL-S = interaction energy of NIIL and H2S
DEIL-M = interaction energy of NIIL and CH4

RDF (g(r)) = radial distribution function
COM = center-of-mass
MSD = mean square displacement
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