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Although there has been a lot of interest in materials that feature thin films of ionic liquids on the surface of

porous materials, fundamental understanding of gas–liquid interfacial processes is still lacking, hindering

the development of novel adsorbents and adsorption models for practical applications. Herein, we

investigated the mechanism of competitive gas adsorption on and absorption in thin films of ionic liquid,

[BMIM]+[PF6]
�, exposed to the gas phase containing carbon dioxide and nitrogen. To estimate correct

quantitative contributions of these processes, we performed classical molecular dynamics simulations of

the gas–liquid interfacial systems. Adsorption of gases proceeds through the formation of an adsorbed

gas layer on the surface of the ionic liquid and partial dissolution of the gas in the bulk liquid phase. To

characterize the competition between these two processes we introduced a parameter, the equipartition

thickness of the film of ionic liquid, which relates the contributions of gas dissolved in the liquid phase

and gas adsorbed on the surface of the film to the total amount adsorbed. At a given temperature, the

equipartition thickness is constant for a specific gas-ionic liquid pair in the Henry's law regime, where

uptake is proportional to the applied gas pressure. Through the combination of computational and

available experimental studies, we propose how a single property, the equipartition thickness, may

govern the development of task-specific porous materials and predict their performance as well as

thermodynamics of gas adsorption.
1. Introduction

The main objective of this article is to elucidate the mechanism
and to provide the rst quantitative characterization of the
competitive gas adsorption and absorption processes in thin
lms of ionic liquids (ILs) at a molecular level.

Our interest in this problem is driven by several recent
developments. In general, supported ionic liquid phase (SILP)
materials offer a promising approach to design new surface
properties within solids.1 These materials have very high
thermal and chemical stability, and an increased contact area
between the gas and ionic liquid, overcoming many limitations
of traditional adsorption and absorption processes.2,3 Moreover,
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SILPs are considered as promising platforms in catalysis and
gas sensing.1,4

More recently, SILPs drew attention in the context of carbon
capture. The ideal process for carbon capture should offer fast
kinetics, high selectivity, and low energy requirements. Tradi-
tional liquid chemisorption processes are a very mature and
well-established technology, with amine-based solvents exhib-
iting very high selectivity towards carbon dioxide from low
concentration sources. However, this technology suffers from
slow mass-transfer and high-energy demand, due to the
requirement for the thermal regeneration of the solvent.5 On
the other hand, physisorption processes in porous materials
offer fast mass-transfer due to the high porosity of the adsor-
bents and low energy requirements, however, they may not offer
the chemical specicity of amines.2 Several studies have
demonstrated a successful combination of the advantages of
adsorption and absorption processes, by developing porous
materials featuring a liquid lm on their surface.1,6 The
improved mass-transfer is provided by the porous structure of
the support, while the chemical specicity is induced by the
solvent. Although this idea is promising in principle, aqueous
amine solutions have a non-zero vapour pressure, therefore
requiring solvent recovery downstream of the regeneration
process, which signicantly complicates the operation.
J. Mater. Chem. A, 2020, 8, 11781–11799 | 11781
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Fig. 1 A model of the SILP with a uniform thin film of ionic liquid and
partial filling of a pore exposed to the gas phase.
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Alternatively, solvents with very low or almost zero volatility,
such as ionic liquids, could alleviate this problem.7

Despite a signicant number of experimental studies on the
application of SILPs in the context of gas adsorption and
separation, there are still signicant gaps in our understanding
of the structure of the ionic liquid lms and how they interact
with mixtures of gases under various conditions.1 Molecular
simulations have been recently invoked to provide this
picture.8,9 In this study, we combine molecular simulations and
published experimental results with recent developments in
advanced characterization methods of uid interfaces to
provide detailed insights into gas adsorption in SILP systems.

Before we formulate the specic remit of this article, it is
useful to briey review what is known about SILPs, focusing on
three essential aspects: the structure of the supported ionic
liquids, their interaction with gases such as carbon dioxide and
nitrogen, and recent studies on gas selectivity and separation
performance in SILPs. This is not intended as a comprehensive
review, but rather a collection of highlights with signicant
relevance for the work presented.

First, let us succinctly reect on the structure of SILPs. In
these systems, ionic liquid is dispersed over the large internal
surface of a porous support as, for example, shown in Fig. 1. The
structure and distribution of the IL depend on the chemical
heterogeneity of the surface, the chemical composition of the
IL,10 the method of deposition,11 and the surface roughness.11,12

Experiments and computational simulations demonstrate that
ILs tend to form distinct layers on the solid surface.13 Depend-
ing on the nature of the support (e.g. silica or graphene), ions
form 3–10 distinct solvation layers before the liquid lm
behaves like the bulk.13–16 Although the layering of the IL is
observed for model supports (at surfaces), how the IL is
distributed in the conned space of real materials still remains
an open question. For example, solid-state NMR studies of
mesoporous silica (Silica 100) impregnated with different
amounts of 1-ethyl-3-methylimidazolium bis(tri-
uoromethylsulfonyl)imide, [EMIM]+[Tf2N]

�, indicated that at
IL loadings below 10 vol%, patches of the IL form on the surface
of pores.17 Complete surface coverage with the IL is achieved for
higher loadings. By applying BET theory18, Heym et al. deter-
mined the surface area of the support (321 m2 g�1) from
measured IL desorption isotherms for the same solid–liquid
system1,19 and found it to be in good agreement with the surface
area measured from classical nitrogen adsorption (335 m2 g�1).
11782 | J. Mater. Chem. A, 2020, 8, 11781–11799
It seems that for this system the ionic liquid is uniformly
distributed on the surface of pores. In a series of experimental
studies, Heinze et al. investigated several silica-based materials
loaded with a range of ILs exhibiting low, medium and high
basicity.10 They observed that hydrophilic ILs based on acetate,
[CH3CO2]

� and triuoromethanesulfonate, [CF3SO3]
� anions

form a homogeneous layer on the surface of ordered silica,
MCM-41, and SBA-15. However, partial wetting of the surface
was observed for disordered silica gels or hydrophobic ILs
(bis(triuoromethanesulfonyl)imide anion, [Tf2N]

�). In addi-
tion to mono- or multilayer formation, the IL can completely ll
micro- or intrawall pores below a certain size.10,20

Interaction of gases with IL lms has been also explored in
experimental and simulation studies. The experimental work by
Roscioli and Nesbitt indicates that mechanisms of gas adsorp-
tion on and absorption in thin lms of ionic liquids are very
different in nature.21 For adsorption, the corrugated structure of
the surface plays an important role, as evidenced from the
scattering behaviour of carbon dioxide molecules interacting
with the surface of ionic liquids, [BMIM]+[Tf2N]

�, and
[BMIM]+[BF4]

�. A number of computational and experimental
studies provide a more detailed view on the mechanism of gas–
liquid interfacial processes. In particular, the intrinsic rough-
ness of the ionic liquid surfaces induced by the strong electro-
static interactions between the ions22 leads to an increased
surface area and thus to multiple collisions between gas mole-
cules and the surface.21 Consequently, as gas molecules lose
translational energy21 they are trapped by the strong interfacial
dispersion and electrostatic (quadrupole–charge interactions)
forces.8,9 This mechanism of gas–liquid interactions is respon-
sible for rapid adsorption and formation of a dense layer of
carbon dioxide on the surface of the IL as revealed by Perez-
Blanco and Maginn in their computational studies.8,9 On the
other hand, the solubility of gases in bulk ionic liquids is gov-
erned by other types of effects. From experimental and theo-
retical studies, we nd a strong correlation between the
solubility of CO2 and molar volume of ILs.21,23 Using molecular
simulations, Klähn and Seduraman argued that the key factor
inuencing gas solubility is the formation of interstitial voids
between the ions of the liquid that enables gas molecules to
absorb in these cavities.23 What emerges from all these studies
is the fact that the interaction of gases within SILP systems is
governed by the processes of adsorption on the surface of the
lm of IL and absorption in the bulk liquid phase (Fig. 1).

A substantial body of literature has been also devoted to
studying the efficiency of gas separation or gas selectivity of
pure and supported ILs, where the support is provided by
polymeric membranes, metal–organic frameworks (MOF),
zeolites, porous silica, and carbon. Here we consider only a few
typical examples of support-materials to highlight their overall
inuence on gas selectivity. We begin with the studies of bulk
liquid systems. In a series of papers, Shiett et al. compared
experimentally obtained CO2/N2O selectivity of two ILs,
[BMIM]+[BF4]

�, and [BMIM]+[CH3CO2]
�.24–26 Depending on the

gas feed ratio, the solution of the [CH3CO2]
� IL had a selectivity

of 103 to 107 while the [BF4]
� IL achieves selectivity of only 1.5–

4.5. The 3 to 7 orders of magnitude increase in selectivity shows
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Atomistic representation of the ionic liquid, 1-butyl-3-meth-
ylimidazolium hexafluorophosphate, [BMIM]+[PF6]

�.
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the signicance of the choice of IL in gas separation. The strong
chemical interaction between the acetate-containing ILs and
CO2 increases the selectivity over N2O, the solubility of which is
governed by purely physical absorption.27–29 Zeng et al. reported
that gas selectivity in ILs depends on the following factors: the
acid–base interactions where the anion acts as a base and CO2

as an acid; rearrangement of cations and anions upon gas
absorption; formation of interstitial voids; and the strength of
electrostatic and van der Waals interactions.30 For ionic liquids
conned in porous structures, an interplay between interfacial
and bulk behaviour of gas and liquid plays a crucial role. For
instance, supported ionic liquid membranes show improved
CO2/N2 and CO2/CH4 separation performance in the experi-
ments that also depends on the nature of the anion.31,32 In
particular, gas selectivity is low for [Cl]�, [BF4]

� anions and high
for [N(CN)2]

�, [CH3CO2]
� anions. Next, we consider experi-

mental and simulation studies on MOFs impregnated with
ionic liquids.33–36 These studies suggest that the presence of ILs
in the pores of MOFs enhances CO2 adsorption at low pressures,
whereas N2 and CH4 adsorption is unaffected. Several experi-
mental works achieved signicantly improved CO2/N2 and CO2/
CH4 adsorption selectivities for a cage-type MOF (ZIF-8) tailored
with [BMIM]+[Tf2N]

� in comparison to the pristine ZIF-8.33,34

The authors argued that the affinity of the IL guest molecules
towards CO2 as well as the pore structure of MOFs contribute
towards high CO2/N2 and CO2/CH4 selectivity. In addition, the
steric effects between the cage and bulky molecules of the IL
reduce the effective cage size, improving the sieving properties
of the composite material. In another work, Shi and Sorescu
reported enhanced CO2/H2 selectivity of carbon nanotubes l-
led with the ionic liquid, [HMIM]+[Tf2N]

�, in comparison to the
performance of the pure support and pure IL.37 Using compu-
tational modelling, the authors showed that CO2 favorably
interacts with the conned IL because of the strong inuence
from the support while the solubility of H2 remains almost the
same as for the pure IL, thus explaining the higher gas selec-
tivity. To summarize these observations, accumulated from
both computer simulations and experiments, commonly used
porous materials including zeolites, porous silica and carbon
completely loaded with ionic liquid demonstrate an increased
selectivity towards CO2.36,37

Although the majority of works recognize the importance of
the relation between interfacial and bulk thermodynamic
properties of SILPs, not many studies so far have considered the
competition of these two contributions towards gas adsorption.
From Fig. 1, we intuitively recognize the distinct regions asso-
ciated with gas absorption and with gas adsorption. To explore
both processes mesoporous structures (pore width 2–50 nm
according to IUPAC classication) must be employed to provide
enough space for the formation of ionic liquid lms and gas–
liquid interfaces. What are the relative contributions of these
regions to the overall gas uptake and selectivity of SILPs and
how do these contributions depend on the thickness of the lm
and interfacial structure? This is the main scientic question
posed here.

To a signicant extent, the current study is inspired by the
work of Perez-Blanco andMaginn.8 In their molecular dynamics
This journal is © The Royal Society of Chemistry 2020
simulations, they constructed a thin lm of the ionic liquid,
[BMIM]+[Tf2N]

�, and investigated the structure and interaction
of this lm with carbon dioxide. Here we capitalize on the
recent developments in the accurate characterization of the
structure of the interfacial region between two phases. The
Identication of Truly Interfacial Molecules (ITIM) method,
proposed by Partay et al., recognizes that the surface separating
two uid phases may have a complex structure featuring
undulations, as a result of thermal uctuations.38 In this work,
we employ the ITIM for the rst time to both the IL phase and
the gas phase to provide an accurate picture of the structure of
these two phases in contact.

Application of the ITIM analysis to the system of a thin lm
of an IL and a gas phase also allows us to revisit the denition of
the boundary separating these two phases. In the Methodology
section, we contrast this denition with well-established Gibbs
and Guggenheim conventions. Building on the ITIM denition
of this boundary, we explore absorption of carbon dioxide and
nitrogen in the bulk region of the lm and adsorption on the
surface and propose an approach to quantify these contribu-
tions. We verify this approach by comparing experimentally and
computationally obtained absorption isotherms for a single
component gas phase, carbon dioxide. Further, we show that
the overall behaviour of the lm is a function of the lm
thickness (in addition to other parameters such as temperature,
pressure and the composition of the gas). We reect on how the
gas capacity and selectivity of the lm depend on its thickness
and propose a model that, under certain assumptions and given
the required experimental data, can estimate these properties in
SILPs, which should facilitate engineering of new supported
ionic liquid materials with the designed adsorptive
functionalities.
2. Methodology
2.1. Molecular simulation

In the present work, we use molecular simulations to model
physical gas adsorption on the surface of a lm of ionic liquid.
Fig. 2 shows the chemical composition and molecular structure
of the ionic liquid, 1-butyl-3-methylimidazolium hexa-
uorophosphate, [BMIM]+[PF6]

�. The molecule consists of
a spherical anion, [PF6]

�, and a large cation, [BMIM]+, which
features the positively charged imidazolium ring with methyl
and butyl chains attached to it. In the bulk ionic liquid, the
anion tends to stay close to the most acidic proton, –HR, which
J. Mater. Chem. A, 2020, 8, 11781–11799 | 11783
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Fig. 3 Computer visualizations of (a) a film of ionic liquid [BMIM]+[PF6]
� consisting of 500 ion pairs: cations [BMIM]+ (green) and anions [PF6]

�

(yellow); randomly packed 100 CO2 (red) and 100 N2 (blue) gas molecules; (b) the same system after 10 ns of equilibration and 55 ns of sampling.
Opaque gas molecules are adsorbed on the surface of the ionic liquid; transparent gas molecules correspond to the bulk gas phase; black gas
molecules are dissolved in the bulk liquid phase.
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plays a signicant role in hydrogen bonding between the anion
and the cation.39 Thermodynamic properties of this ionic liquid
have been broadly studied in simulations and experiments
providing us with ample data for comparison and validation.
Details on the molecular structure and properties of bulk ionic
liquids are presented in the work of Doherty et al.39

Fig. 3(a) shows the molecular visualization of the initial
system containing a lm of the ionic liquid exposed to the gas
phase. The liquid phase consists of 500 ion pairs that constitute
a lm of about 5.80 nm thickness along the z-axis and a side
length along the x- and y-axes equal to 5.64 nm. Such a model is
computationally tractable and provides both a bulk liquid
region that is thick enough to ensure reliable statistics for the
amount of gas absorbed in the region, and a surface area that is
sufficiently large to observe gas adsorption. The gas phase
consists of either carbon dioxide or nitrogen, or their mixture as
shown in Fig. 3. Adsorption properties of the lm are studied at
different temperatures and gas pressures by varying the size of
the simulation cell along the z-axis and changing the number of
gas molecules in the range from 100 to 350 for each component.
The full list of simulations including the composition of the gas
phase and the size of the cell is provided in Table S1 of the ESI†
le.

For all adsorption simulations, we use the Molecular
Dynamics (MD) method implemented in the Gromacs simula-
tion package (v.5.1.2).40 Each simulation of gas adsorption starts
from the same type of initial conguration shown in Fig. 3(a),
obtained using the following protocol. First, we generate
a sample of a bulk ionic liquid. For this, 500 ion pairs are
randomly packed in a cubic cell using Packmol soware41 and
equilibrated in the isothermal-isobaric ensemble for 10 ns, with
a 1 fs time step. To validate our simulations, we compared key
structural characteristics and thermodynamic properties
11784 | J. Mater. Chem. A, 2020, 8, 11781–11799
(density, surface tension, and self-diffusion coefficient) of
[BMIM]+[PF6]

� to the reference results of Doherty et al.,39 based
on the same model of the ionic liquid. These results are
provided in Table S2 (ESI†) and they are in a good agreement
with the available experimental and reference data. The ionic
liquid pre-equilibrated at 298 K, which occupies a cubic cell
with a side length of 5.64 nm, is further used to generate
a system such as that shown in Fig. 3(a). In particular, we extend
the size of the box along the z-axis to the required value and
randomly distribute gas molecules in the void phase. In all our
MD simulations, we let the initial gas–liquid interfacial systems
reach equilibrium for 10 ns and then run the simulation for an
additional 55 ns with 1 fs time step to collect data. The simu-
lations of the interfacial systems are performed in the canonical
ensemble at xed temperature, volume of the system and total
number of molecules of each species. We use the Peng–Rob-
inson equation of state42 for calculating partial pressures of
each gas component where gas density and volume correspond
to the bulk gas region (see ESI† for a justication of this choice).
A constant temperature (298, 323, 343, or 393 K) is maintained
via the V-rescale thermostat, which is proved analytically to
sample a canonical ensemble.43 Fig. 3(b) shows a lm of ionic
liquid at equilibrium with the gas phase. Fully detailed
parameters of the MD simulations are reported in the ESI.†

A full set of parameters describing inter- and intramolecular
interactions associated with the molecular model of ionic liquid
and gas molecules is also reported in the ESI.† Parameters
related to the Lennard-Jones and Coulomb terms as well as to
the intramolecular interaction terms (bond stretching, bending,
torsional potential) correspond to the OPLS force eld for the
ionic liquid, [BMIM]+[PF6]

�, with partial charges scaled down by
0.8, as proposed by Doherty et al.39 For CO2 we adopt the
TraPPE-ex force eld that accounts for all energy terms.44
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Identification of the fluid interface: (a) global analysis; (b) ITIM
analysis. Black lines and curves set the boundaries of the sampling bins;
red and blue ellipses represent particles (atoms, ions) of the bulk and
interfacial regions of the fluid, respectively. In the ITIM analysis, the
origin of a grid (plane 1) shifts towards the instantaneous position of
the interface.
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Nitrogen molecules are modeled using the TraPPE force eld
developed by Potoff et al.45
2.2. Structure characterization tools

One of the key objectives of this work is to explore the intrinsic
density proles of the gas adsorbed on the surface of the ionic
liquid lm. The analysis of uid interfaces is not trivial and is
complicated by the presence of inherent thermal uctuations or
capillary waves.46,47 To illustrate this issue, consider the sche-
matics in Fig. 4. The gure shows a part of the uid surface,
with the red particles corresponding to the bulk region and the
blue particles to the interface. The surface also features undu-
lations, typical for liquid–gas and liquid–liquid interfaces. On
the le, in Fig. 4(a), we demonstrate how a standard approach to
obtain the density proles would see this system. In this
approach, the system is split into uniform slabs perpendicular
to the interface normal, and the atomic number density in each
slab is calculated according to eqn (1):
Fig. 5 Number density profiles for [BMIM]+[PF6]
� (black curve) and gases

dot line is the Gibbs dividing surface (GDS); (b) ITIM analysis, dash-dot line
correspond to the conditions of system 12 in Table 1 of the Discussion s

This journal is © The Royal Society of Chemistry 2020
rGðzÞ ¼
1

A0

XN
i¼0

dðz� ziÞ (1)

where rG(z) is the global density prole, A0 is the nominal cross-
sectional area, N is the number of atoms, zi is an atom coordi-
nate along the axis perpendicular to the interface, d is the Dirac
delta function as usual.

We expect that the resulting density proles should have
bulk density values in the region of red particles gradually
diminishing across the interface and, according to the sche-
matics, reaching zero values on the right side of the diagram.
This picture will be further re-enforced with actual density
proles later in the section. However, it is clear that the stan-
dard approach (we call it “global”) overlooks signicant
ordering and structure of uid particles on the surface. This
structure and ordering become apparent in Fig. 4(b) where,
using the same uid conguration, the corrugated slabs trace
the instantaneous shape of the liquid interface. Density proles
constructed according to a system of parallel corrugated slabs
should reveal the intrinsic ordering of the uid molecules at the
surface. To implement this approach, Partay et al.38 proposed
a method of identication of truly interfacial molecules (ITIM),
which was later extended by Jorge et al.46,47 to enable the
calculation of density proles relative to the intrinsic surface.
Formally, these proles are calculated using eqn (2) and the
theoretical foundation of the method is described in detail in
corresponding publications:38,46,47

rIðzÞ ¼
1

A0

XN
i¼0

dðz� zi þ xðxi; yiÞÞ (2)

where rI(z) is the intrinsic density prole, x is the instantaneous
position of the surface, and xi and yi are the atomic coordinates
in the plane parallel to the interface.

The ITIM analysis of all gas–liquid interfacial systems is
performed according to the following methodology. The rst
step of the ITIM analysis is detecting the set of true interfacial
atoms and of the molecules (ions) associated with them. Atoms
CO2 (red curve) and N2 (blue curve) at 298 K: (a) global analysis, dash-
is the ITIM surface (IS). For the purpose of illustration, the profiles here
ection.
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located at the interface are identied by an algorithm, which
generates a series of probe spheres moving perpendicularly to
the x–y plane along a grid of test lines. Each atom in the analysis
is represented by a sphere of a diameter equal to its Lennard-
Jones collision diameter s. The spacing between test lines
should be ne enough to reveal the structural details of the
surface. We choose this parameter equal to 0.05 nm to be
consistent with the original work of Jorge et al.46 Reasonable
values for the probe sphere radius are chosen to be 0.2 and
0.125 nm to probe the positions of atoms of the ionic liquid
phase and the gas phase, respectively. Several studies show that
these values provide optimum results for different uid phases,
including ionic liquids.38,48,49 Interfacial atoms are dened as
the rst atoms touched by a probe sphere. Interfacial molecules
are dened as those having at least one interfacial atom.

The second step of the method is generating consecutive
corrugated slabs along the normal to the x–y plane, at equal
distance from each other, that match the real shape of the
surface layer (black lines in Fig. 4(b)).47 The width of each slab
parallel to the (x � y) plane is equal to 0.04 nm. To build
a continuous intrinsic surface x(xi,yi) dening the surface layer
at any (x, y) point, a triangular interpolation algorithm is used.
This is found to be the most efficient way of accurately
computing intrinsic proles based on a nite set of interfacial
atomic positions.47 Additional details regarding the ITIM anal-
ysis of the gas–liquid interfacial systems studied here are
provided in the ESI.†

For illustration, Fig. 5 compares density proles for the ionic
liquid, [BMIM]+[PF6]

� and gases at 298 K calculated using both
the global and the ITIM analyses. Density proles for all
simulated systems are highly symmetric, which is an indication
of well-equilibrated simulations, despite the relatively high
viscosity of the ionic liquid phase.50 Therefore, all proles were
symmetrized relative to the ordinate axis, which goes through
the center of the liquid phase. As expected, the global density of
the ionic liquid presented in Fig. 5(a) slowly increases in the
interfacial region resulting in a moderate maximum in
comparison to constant density in the bulk region. In contrast,
the intrinsic density shown in Fig. 5(b) exhibits a sharp and
high peak located at the average position of the true interface,
Fig. 6 Number density profiles of hypothetical solvent (black curve) an
components (blue curve). (a) The Gibbs convention: dash-dot line is th
thickness of the interface into phase a or solvent, and Dzb is the thicknes
dot line is the ITIM surface. Red and blue areas are the excess amount a

11786 | J. Mater. Chem. A, 2020, 8, 11781–11799
which is attributed to the interfacial atoms. The second peak is
associated with atoms that are chemically bonded to the same
interfacial molecules. The third peak mostly belongs to the sub-
surface molecular layer. The fourth peak is fully attributed to
molecules residing beneath the interface. The prole exhibits
a few more oscillations that eventually decay to the value of the
bulk liquid. These characteristics of the ionic liquid interface
mirror those described in detail in previous studies of the same
system.48,51

The intrinsic density proles of gases, calculated here for the
rst time, indicate the actual position of gas molecules on the
surface of the ionic liquid and between the interfacial and sub-
surface layers. The global density proles of gases have broad
peaks that overlap with the prole of the liquid phase and show
a constant density of CO2 dissolved in the bulk ionic liquid. It is
clear that intrinsic density proles for the ionic liquid and gas
species provide a more accurate and detailed description of the
structure near the interface. Furthermore, the true position of
the gas phase relative to the ITIM surface (dened in the next
section) allows us to correctly calculate the excess amount
adsorbed. For example, the comparison of the excess amounts
calculated from the global density prole (relative to the GDS)
and ITIM density prole (relative to the IS) for the case pre-
sented in Fig. 5 leads to the difference in values of 1% for CO2

and 37% for N2 (see ESI† for dening different regions of gas
density proles). Thus, we use intrinsic density proles to
determine the boundaries of the interfacial gas–liquid region
and to derive properties that characterize gas adsorption and
absorption in this region.

2.3. Denition of the interface

In this section, we dene the location of the surface of the liquid
phase and boundaries of different regions such as bulk gas,
gas–liquid interface and bulk liquid. Historically, the uid–uid
interface has been dened using Gibbs52 or Guggenheim53

conventions. According to the Gibbs treatment of the surface,
the volume of the interfacial region is set to zero meaning that
all surface properties are ascribed to a plane, known as the
Gibbs dividing surface.54 Fig. 6(a) illustrates how the excess
amount adsorbed is calculated according to the Gibbs
d solutes that are represented by soluble (red curve) and non-soluble
e Gibbs dividing surface; (b) the Guggenheim convention: Dza is the
s of the interface into phase b or solute; (c) the ITIM convention: dash-
dsorbed according to each convention.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Composition and total gas pressure of the simulated systems
at 298 K. Each system consists of ionic liquid, [BMIM]+[PF6]

�, and the
gas phase. The gas phase can be either a single component phase
(forming a binary systemwith the ionic liquid) or amixture of two gases
(forming a ternary system with the ionic liquid)

#
Composition of
the gas phase, xCO2

Total gas pressure,
P, MPa

Binary mixtures of ionic liquid and carbon dioxide
1 1.000 0.0925
2 1.000 0.229
3 1.000 0.350
4 1.000 0.510
5 1.000 0.632
6 1.000 0.889

Binary mixtures of ionic liquid and nitrogen
7 0.000 0.110
8 0.000 0.373
9 0.000 0.869

Ternary mixtures of ionic liquid, carbon dioxide, and nitrogen
10 0.439 0.196
11 0.371 0.599
12 0.291 1.242
13 0.357 1.451
14 0.358 1.818
15 0.356 2.538

Fig. 7 The methodology of defining the interfacial region: (a) the
Connolly convention: the solid curve is the Connolly surface, the long-
dashed curve is the accessible surface; (b) the ITIM method: the solid
broken line is the calculated ITIM surface. Blue circles are the particles
of the solvent phase, grey circles are the probe spheres, dashed lines
are the distance between the centers of particles and probe spheres,
dash-dot lines are the test lines. The lower part of panel (b) shows how
the surface is defined if the spacing between test lines is reduced. (c)
Molecular visualization of ionic liquid, [BMIM]+[PF6]

�: red volume is the
bulk liquid phase, the blue area is the intrinsic surface.
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convention. Horizontal lines corresponding to the bulk densi-
ties of each phase are extrapolated to the Gibbs dividing surface
at the origin of the coordinate. The red and blue areas under the
solute density proles are determined according to eqn (3).

Nis ¼ GisS ¼
ð0
�N

�
riðzÞ � ri

a
�
Sdzþ

ðþN

0

�
riðzÞ � ri

b
�
Sdz (3)

where Ni is the total number of molecules of component i; Gi is
the total number of molecules i per surface area, nm�2; S is the
surface area, nm2; ri(z) is the number density of component i, as
a function of z-coordinate, nm�3; 0 is the location of the Gibbs
dividing surface; a and b correspond to the two phases on each
side of the dividing surface; ri

a and ri
b are bulk densities in

these phases, subscript s designates the choice of the dividing
surface according to the Gibbs convention. In the studies below,
these phases would correspond to the solvent phase (ionic
liquid) and the solute gas phase.

In comparison to the Gibbs denition of the surface phase,
Guggenheim introduced a nite surface-phase thickness
encompassing the interfacial region. Fig. 6(b) shows the
adsorbed amount (red area) in the interfacial region between
–Dza and Dzb. These two boundaries of the interfacial region
extend broadly enough that the densities of the surrounding
solvent and solute phases are uniform, corresponding to bulk
densities. Eqn (4) demonstrates how the amount of solute
adsorbed on the surface is calculated using the Guggenheim
denition of the surface phase.

Niv ¼ GivS ¼
ðþDzb

�Dza
riðzÞSdz (4)

where subscript v designates the choice of the surface phase
according to the Guggenheim convention.

Another denition of the boundary between the two phases
naturally originates from the ITIM analysis. Indeed, the gas phase
concentration of the IL is essentially zero (due to low volatility) and
the sharp rst peak in the density of the IL provides a natural way
to divide the system into the ionic liquid region on the le of the
dash-dot line in Fig. 6(c) and the gas region on the right of that
line. Moreover, the ITIM boundary allows us to make another
connection to the properties measured experimentally. As has
been mentioned, we are interested in developing a predictive
model of gas adsorption in SILP systems. In the current study, we
assume that the IL is distributed in these structures as a uniform
lm of a particular thickness (in a concurrent research thread we
are proposing analysis to test this assumption). The surface area of
a porous material, including the supported IL system, is measured
in argon or nitrogen sorption experiments with BET analysis. In
studies of porous materials, the computational analog of the BET
surface area is the area formed by the probe molecule (argon or
nitrogen) on the surface of the material.55 The surface formed by
the tip of the probe molecule is oen called the Connolly surface.
Fig. 7(a) and (b) illustrate the similarities between the Connolly
surface, accessible surface, and the ITIM surface. Hence, we argue
here that the ITIM boundary and the corresponding surface
(Fig. 7(c)) are closely related to the surface seen by the nitrogen or
argon probe in sorption experiments (in the schematics, it corre-
sponds to the accessible surface), allowing us to incorporate this
This journal is © The Royal Society of Chemistry 2020
experimental information in the construction of the predictive
models as will be discussed below.

3. Results and discussion
3.1. Adsorption and absorption in thin lms at 298 K

We begin this section by exploring the behavior of carbon
dioxide and nitrogen in the vicinity of the gas–liquid interface.
Binary and ternary mixtures consisting of ionic liquid with
different amounts of gas (where the gas is represented by
a single component of either carbon dioxide or nitrogen or their
mixture) are considered at the temperature of 298 K. Table 1
J. Mater. Chem. A, 2020, 8, 11781–11799 | 11787
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Fig. 8 Number density profiles for (a) CO2 and (b) N2 at 298 K obtained from MD simulations of binary (dots) and ternary mixtures (solid lines) of
ionic liquid and gas, where the gas consists of a mixture of carbon dioxide and nitrogen or a single component of either carbon dioxide or
nitrogen. The color gradient of the lines and dots from light to dark red and grey, respectively, corresponds to an increase of partial pressure for
CO2 and N2 for systems listed in Table 1. The dash line is the ITIM surface. The insets show a more detailed picture within the yellow-shaded
areas.

Fig. 9 Number density profiles for ionic liquid, [BMIM]+[PF6]
� (black

curve) and CO2 (red curve) at 298 K. Different colors show the areas
corresponding to the amount of gas absorbed in the bulk liquid phase
(red), the excess amount of gas adsorbed on the surface of the liquid
phase (yellow) and the amount of the bulk gas phase (blue); IS is the
ITIM surface. The red region above the CO2 density profile in the ionic
liquid phase overlaps with the yellow region related to the negative
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summarizes all investigated systems including compositions
and total pressures of the gas phase at equilibrium.

Fig. 8 provides intrinsic density proles for carbon dioxide
(a) and nitrogen (b) in these systems. From this gure, the
surface of the ionic liquid (dash-dot line) acts as an attractive
surface where CO2 and N2 form a dense layer. The pronounced
narrow peaks corresponding to CO2 adsorption in comparison
to broad peaks for N2 are a simple manifestation of the strong
CO2 – interface interaction. Interestingly, CO2 molecules also
accumulate between the surface and the subsurface layers of the
ionic liquid (Fig. 8(a), inset). In several computational and
experimental studies,48,51,56–61 authors observed mutual nano-
scale self-assembly of interfacial cations and anions of ionic
liquids extending up to twomolecular layers that we believemay
cause this gas behaviour (in a concurrent research thread we are
investigating this phenomenon in detail).

The density proles in Fig. 8 represent the interplay between
two processes. The rst process is associated with gas adsorp-
tion on the surface of the lm as a result of interactions between
interfacial molecules of the ionic liquid and the molecules of
the gas phase. The second process is the process of absorption
of gas molecules into the interior of the liquid lm, governed by
solubility effects. Here, we focus on the quantitative assessment
of the relative contribution of these processes towards the total
loading of the gas, and on the understanding of conditions
under which one of them dominates. Below we show that this
analysis offers a route for the construction of a predictive model
of adsorption of carbon dioxide and nitrogen in SILPs under
certain assumptions and given a few basic parameters of the
porous material such as surface area, free pore volume and the
amount of the ionic liquid deposited in pores.

We are interested in dening the absolute amount adsorbed.
Myers and Monson emphasize that the framework of absolute
adsorption provides a rigorous and consistent approach to
calculating thermodynamic properties of the system at low and
high pressures.62
11788 | J. Mater. Chem. A, 2020, 8, 11781–11799
First, we parse the absolute amount of gas present in the
system into various contributions. The denition of the ITIM
surface allows us to split the system into three distinguishable
parts shown in Fig. 9. The bulk gas density prole extended to
the ITIM surface reects the bulk gas contribution, shown as
the blue region. Gas dissolved in the ionic liquid is shown as the
red region, also extended to the ITIM surface. The remaining
quantity of gas, shown as the yellow area, is dened as the
excess amount adsorbed. The absolute amount of the gas in the
system can be expressed therefore as:

N ¼ Nr + Ns + Ng (5)
excess amount. For the purpose of illustration, the profiles here
correspond to the conditions of system 12 in Table 1.

This journal is © The Royal Society of Chemistry 2020
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where Nr, Ns, Ng represent the absorbed, excess and bulk
amounts of gas contributing to the absolute amount of gas, N,
present in the system. Here and throughout the article, we will
use subscripts r, s, and g to designate bulk liquid, surface and
bulk gas regions and properties associated with them, respec-
tively. We note here, that all the properties in eqn (5) and in the
rest of the article are the number of gas molecules unless
otherwise specied.

The question we want to address now is how to estimate
these three quantities, as this is what we need in order to assess
the relative contributions of adsorption and absorption in the
lms. Prior to this, it is rst important to establish whether the
lms under consideration are thick enough to exhibit bulk-like
properties in the region away from the interface. Investigating
Fig. 9, we see that, starting from the ITIM surface, the interfacial
structuring of the IL (black line) gradually disappears over
1.3 nm thickness approaching the bulk density of the IL. The
bulk density of the ionic liquid decreases upon gas absorption
from 1315 kg m�3 for the pure IL to 1264 kg m�3 for the system
containing CO2 and N2 at the total gas pressure 2.538 MPa
(Table 1, sample 15). We also observe some patterns in the
ordering of the dissolved CO2 molecules over the same region,
with the prole (Fig. 9, red line) then becoming featureless near
the middle of the IL slab. This suggests to us that the core of the
lm behaves like the bulk ionic liquid. Our observations are in
agreement with previous research showing that structural
properties of molecular liquids, including ILs, are only affected
up to a few molecular layers beyond the interface.48,51,56–61 We
emphasize here, however, that the current analysis does not
consider possible structuring effects from the support material
on the ionic liquid lm. Next, we calculate the amount of gas
dissolved in the bulk region of the ionic liquid lm. These
calculations are more challenging than could be expected
because the nite size of the simulations, coupled with high
viscosity, and hence long relaxation time, of the ionic liquid,
lead to non-negligible statistical uctuations in the density of
the gas absorbed in the bulk volume of the lm. To circumvent
Fig. 10 Absorption isotherms (mole fraction x as a function of partial pre
at 298 K. Data points were obtained from MD simulations of binary (ope
where the gas consists of a mixture of carbon dioxide and nitrogen or a si
the experimental data reproduced from Anthony et al.,63 the black line
mixtures.

This journal is © The Royal Society of Chemistry 2020
these difficulties, we developed an algorithm that progressively
averages the gas density starting from the center of the lm and
moving towards the interface, until it reaches the onset of the
main peak of the gas density prole, dened according to the
geometric criteria explained in the ESI.† From this, we deter-
mine the constant gas density prole in the bulk liquid on the
le of the ITIM surface (red region). This technique allows us to
effectively take into consideration statistical uctuations of the
gas concentration near the center of the liquid slab. Fig. 10(a)
summarizes the calculated CO2 solubility in the bulk region of
ionic liquid lms at different pressures and compares it to the
experimentally measured values provided by Anthony et al.63 We
observe a very good agreement between gas solubility obtained
from simulations and experiments, further conrming that the
bulk region of the simulated lm of the ionic liquid behaves as
real bulk liquid and is not affected by the presence of the
interface.

Fig. 10(b) shows an isotherm of nitrogen absorption in the
bulk region of the ionic liquid lm at 298 K. We observe very low
solubility of nitrogen, which exacerbates statistical uncer-
tainties and causes broad scattering of the data points. Several
studies conrm the low solubility of nitrogen in ionic liquids,
however, the reported Henry's constants are scarce and not
consistent. For instance, Henry's constant for N2 in
[BMIM]+[PF6]

� at 298 K is 119.2 MPa (extrapolated) as reported
by Jacquemin et al.64 and >2000 MPa as reported by Anthony
et al.63 at the same temperature by measuring the single
component experimental isotherms. In all further calculations,
we use Henry's constant corresponding to the slope of the line
tted to the simulation data points (435 MPa).

Once the average gas concentrations in the bulk gas and
liquid phases are determined, we can obtain the excess amount
adsorbed from the integration of the density prole (Fig. 9,
yellow region). Fig. 11 compares the excess amount adsorbed in
simulations of binary and ternary systems. We note that the
presence of the second gas component does not seem to have
any signicant impact on the adsorption of CO2 or N2 in the
ssure) for (a) CO2 and (b) N2 dissolved in the ionic liquid, [BMIM]+[PF6]
�,

n symbols) and ternary (filled symbols) mixtures of ionic liquid and gas,
ngle component of either carbon dioxide or nitrogen. The blue curve is
s are the Henry's law models fitted to the simulation data for ternary
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Fig. 11 Excess amount of gas adsorbed per unit of the surface area of ionic liquid film for (a) CO2 and (b) N2 at 298 K obtained from MD
simulations of binary (open symbols) and ternary mixtures (filled symbols) of ionic liquid and gas, where the gas consists of a mixture of carbon
dioxide and nitrogen or a single component of either carbon dioxide or nitrogen. The black lines are the Henry's law models for carbon dioxide
and nitrogen; the red curve is the Langmuir model for nitrogen (single-site, single-component) fitted to the simulation data for ternary mixtures.
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range of pressures under consideration. This is consistent with
gas absorption shown in Fig. 10. Therefore, to make the
presentation more compact and consistent, we predominantly
focus on ternary systems while binary systems are considered
for selected cases only. From Fig. 11, CO2 adsorption on the
surface can be described by Henry's law in the partial pressure
range up to 1 MPa, while N2 adsorption can be described by the
Langmuir model.65 The tted Langmuir model (single-
component) provides a saturation capacity for N2 equal to
0.543 molecules per nm2 of the surface area and a Henry's
constant equal to 3.9� 0.3 MPa nm2 in the low coverage regime
at 298 K. The shapes of the isotherms in Fig. 11 clearly indicate
different adsorption processes for the two species. This is
related to the relative strength of interaction between the gases
and the surface of the ionic liquid. Nitrogen is attracted by the
surface, however, once the initial layer is formed, the interac-
tion with the next layer is much weaker, leading to the signs of
saturation in the adsorption isotherm. Carbon dioxide, being
slightly subcritical under conditions of interest, interacts
strongly with the surface and with the already adsorbed mole-
cules of carbon dioxide, leading to a continuous increase of the
amount adsorbed on the surface as shown in Fig. 11(a).
Fig. 12 Illustration of gas adsorption on the surface of a film of ionic liquid
film thicknesses: (a) surface properties dominate; (b) surface and bulk p
Circles are gas molecules where dark blue represents the bulk gas phas
absorbed in the liquid phase (light blue region); heq is the equipartition t

11790 | J. Mater. Chem. A, 2020, 8, 11781–11799
Having investigated adsorption on the surface and absorp-
tion in the bulk liquid we explore the competition between the
surface and bulk properties of the lm. Fig. 12 illustrates the
possible scenarios of this competition. As the thickness of the
ionic liquid lm decreases, the interfacial properties dominate.
This would be the case for supported liquid phase materials
where the ionic liquid is uniformly distributed as a thin lm on
the surface of pores (Fig. 12(a)). At some thickness of the lm
(Fig. 12(b)), the amount of gas dissolved in the bulk volume is
equal to the amount adsorbed on the surface. We denote the
thickness of the lm corresponding to this situation as the
equipartition thickness, heq. It is a quantitative metric that
evaluates the prevalence of surface adsorption or bulk absorp-
tion properties of ionic liquid lms. Finally, the bulk properties
of ionic liquid will dominate the overall behavior if the lm is
very thick or the pores of the material are completely lled with
the liquid phase as illustrated in Fig. 12(c).

Mathematically, the balance between the bulk absorption
and surface adsorption contributions encoded in the equi-
partition thickness can be expressed as:

Nr ¼ Ns (6)
in comparison to gas absorption in the bulk liquid volume for different
roperties have comparable gas capacity; (c) bulk properties dominate.
e, yellow is the excess adsorbed on the surface and red is the amount
hickness, nm. Color-coding matches that in Fig. 1 and 9.

This journal is © The Royal Society of Chemistry 2020
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The amount absorbed in the lm can be obtained as
Nr ¼

Ð heq
0 rðzÞSdz, where r is the number density of gas in the

bulk volume of ionic liquid, nm�3, S is the surface area, nm2. If
the absorbed density is uniform or represents the average value
of gas solubility in the liquid phase, this expression simplies to
Nr ¼ rSheq. The excess amount is obtained via Ns ¼ Ss, where s
is the excess number density of gas on surface of ionic liquid,
nm�2. Because densities of gas adsorbed at the interface and
dissolved in the liquid phase depend on pressure, the equi-
partition thickness is a function of pressure as well. Given the
condition eqn (6) above and aer the cancellation of terms, we
obtain:

heqðPÞ ¼ sðPÞ
rðPÞ (7)

Eqn (7) shows that if gas is not soluble in the liquid phase,
heq approaches innity. This means that heq should be much
larger for nitrogen in comparison to carbon dioxide. Thus, the
equipartition thickness directly depends on the chemical
nature of the IL and the gas. Moreover, at innitely low gas
solubility and adsorption on the surface, the equipartition
thickness becomes independent of pressure. In the ESI,† we
derive eqn (8) that shows the relation between the equipartition
thickness and Henry's constants. Since Henry's constant
depends only on temperature, this equation also provides
a direct relation between the equipartition thickness and
temperature, which is considered below.

heq ¼ HrðTÞ
HsðTÞ (8)

where Hs is Henry's constant of gas adsorption on the surface

dened as HsðTÞhlim
s/0

�
P
s

�
, MPa nm2, Hr is Henry's constant of

gas absorption in the bulk liquid phase dened as

HrðTÞhlim
r/0

�
P
r

�
, MPa nm3. In the denitions of the Henry's
Fig. 13 The equipartition thickness as a function of partial pressure for (
[BMIM]+[PF6]

�, exposed to the corresponding single gas component (op
the black line and the black filled circle at P¼ 0MPa for (b) are the values c
eqn (7) using the Langmuir model for N2 adsorption and Henry's law mo

This journal is © The Royal Society of Chemistry 2020
constants, weak dependence on pressure and ideal gas phase
are assumed.

We can anticipate that depending on the nature of the uid–
uid interactions there will be several possible functional forms
of the equipartition thickness versus pressure. As eqn (8) shows,
the equipartition thickness is a constant value for adsorption
and absorption of a gas obeying Henry's law. At high pressures,
a divergence from Henry's law is observed for solubilities in the
liquid phase and for adsorption at the interface, leading to
consequent changes in the equipartition thickness. To investi-
gate this, we now consider the equipartition thickness calcu-
lated according to eqn (7) and (8) as a function of the partial
pressure of carbon dioxide and nitrogen. Fig. 13 shows indi-
vidual simulated results (dots). For carbon dioxide (Fig. 13(a)),
we also plot a black line representing the result based on the
ratio of the two Henry's constants (eqn (8)), one from the slope
of the tted line in Fig. 10(a), and one based on the slope of the
line in Fig. 11(a). For nitrogen, in Fig. 13(b), the red curve
corresponds to eqn (7), with r(P) provided Henry's law approx-
imation in Fig. 10(b) and s(P) obtained from the Langmuir t in
Fig. 11(b). For carbon dioxide, the equipartition thickness is
independent of pressure and is equal to 2.5 nm calculated
according to eqn (8). An increase in partial pressure leads to
higher CO2 adsorption at the gas–liquid interface and to
a proportional increase in the amount of CO2 dissolved in the
bulk volume of the liquid phase (Fig. 10(a) and 11(a)). Due to the
low solubility of nitrogen in the ionic liquid, we observe broad
scattering in Fig. 10(b) which leads to scattered data in
Fig. 13(b). Using eqn (7) we see that the equipartition thickness
is not a constant value but decreases as a function of pressure
(red curve) due to deviations fromHenry's law for N2 adsorption
(Fig. 11(b)), and is equal to 41 nm at innitely low pressure
(black circle at P ¼ 0 MPa). The main outcome of the analysis
presented in Fig. 13(a) for carbon dioxide, is that at a given
temperature the equipartition thickness is not a function of gas
composition or pressure in the low-pressure region. As we will
demonstrate below, this behavior can be exploited in predicting
the absolute amount adsorbed.
a) CO2 and (b) N2 at 298 K. The simulated system contains ionic liquid,
en square symbols) or a mixture of CO2 and N2 (filled square symbols);
alculated according to eqn (8); the red curve is calculated according to
del for N2 absorption.
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Fig. 14 Gas CO2/N2 selectivity of an ionic liquid film, [BMIM]+[PF6]
�, at 298 K presented on linear (a) and logarithmic (b) scales for the x-axis. The

black curve represents the change of the ideal selectivity, SH, calculated from eqn (11), while the red curve is the change of selectivity, SFG, for
a hypothetical system consisting of the film of the ionic liquid and the flue gas containing 15% of CO2 and 85% of N2 at a total pressure equal to 1
atm, calculated from eqn (10); Sr is the gas selectivity of the bulk ionic liquid, Ss is the interfacial gas selectivity, Seq is the gas selectivity for a film of
the equipartition thickness with respect to CO2.
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We now turn our attention to the gas selectivity of the lm of
the ionic liquid. For a lm of ionic liquid, gas selectivities of the
bulk liquid and the interfacial region both contribute to the
total selectivity. Since, in the low-pressure limit, selectivity is the
relation between the Henry's constants of two gases (in our case,
CO2 and N2), we, using eqn (8), can derive the relation (9)
between gas selectivities and equipartition thicknesses (full
derivations of this and subsequent equations are provided in
the ESI†):

heq
i

heq
j
¼ Si;j;s

Si;j;r

(9)

where, heq
i, heq

j are equipartition thicknesses for species i and j,
Si,j,s and Si,j,r are selectivities of the interfacial (s) and bulk (r)
regions with respect to species i and j, dened in a standard

way, e.g. Si;j;r ¼ Ni;r=Ni;g

Nj;r=Nj;g
, where subscript g reects properties

in the bulk gas phase.
Eqn (9) provides an important link between the experimen-

tally measurable bulk selectivity and the interfacial selectivity
which is not directly available from the experiments. While eqn
(9) considers the interface and the bulk liquid as two separate
sub-systems of the lm, what is also important to address is
how the presence of the gas–liquid interface changes the overall
selectivity of a whole lm as a function of its thickness. Eqn (10)
calculates the selectivity of CO2 with respect to N2 taking into
account the inuence of the interface:

Si;jðhÞ ¼
ðNi;rðhÞ þNi;sÞ

�
Ni;g�

Nj;rðhÞ þNj;s

��
Nj;g

(10)

While eqn (10) is valid for any pressure range, it can be
transformed into eqn (11) which now calculates the ideal
selectivity of the lm as a function of its thickness.

Si;jðhÞ ¼ Si;j;rSi;j;s

	
Hi;shþHi;r

Hj;shþHj;r



(11)
11792 | J. Mater. Chem. A, 2020, 8, 11781–11799
where h is the thickness of the bulk liquid phase, nm.
In Fig. 14, we consider the behavior of the CO2/N2 selectivity

as a function of lm thickness for two special scenarios. The
rst scenario corresponds to a situation where absorption and
adsorption processes obey Henry's law regime for both gases,
and hence eqn (11) applies to calculate selectivity, which we
denote as SH. In the second scenario, we consider the capture of
carbon dioxide from ue gas, with a composition corresponding
to 15% of carbon dioxide, 85% of nitrogen and a total pressure
equal to 1 atm. This selectivity, denoted as SFG, is calculated
according to eqn (10) where we use the Peng–Robinson equa-
tion of state to determine Ng, the Langmuir model to calculate
NN2,s, and tted Henry's law models for the other three terms
(Fig. 10 and 11). As we change the thickness of the lm, at xed
temperature and partial pressure conditions, the relative
contributions of surface- and liquid-related terms in eqn (10)
and (11) change, thus affecting the selectivity. According to the
analysis above, the amount of gas adsorbed, Ns, on the ITIM
surface of zero volume is independent of the thickness of the
lm. However, we assume that the amount of gas dissolved, Nr,
is proportional to the thickness of the lm and corresponds to
gas solubility of the bulk IL. As the thickness of the lm
approaches a monolayer thickness of roughly 0.8 nm, the
amount absorbed in the bulk region, Nr, is zero (the system
does not have a bulk region), thus, the system is governed by the
surface properties only, leading to low total selectivity of 5.2
(Fig. 14). As the total gas pressure increases, the total selectivity
also increases as deduced from eqn (10). On the other hand, if
the thickness of the lm approaches innity or the surface area
is negligible (Fig. 12(c)), the total selectivity of the lm
approaches the bulk selectivity of 83. Interestingly, the presence
of the interface signicantly changes gas selectivity depending
on the regime of adsorption. For instance, in the case of Henry's
law regime for solubility and adsorption (Fig. 14, black curve),
the presence of the interface drastically lowers gas selectivity,
SH, for lms of any reasonably practical thickness (Fig. 14(b)). In
contrast, considering adsorption and absorption from the ue
This journal is © The Royal Society of Chemistry 2020
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gas when adsorption of nitrogen does not obey Henry's law
anymore, the gas selectivity quickly changes as the lm gets
thicker and reaches 58 at the equipartition thickness of 2.5 nm
with respect to CO2. From Fig. 14, we conclude that indepen-
dently of the regime, the presence of ionic liquid inside
a porous material sacrices selectivity in favor of adsorption
capacity, relative to the bulk ionic liquid.
3.2. Temperature dependence of competitive adsorption
and absorption properties of thin lms

How does the balance between adsorptive and absorptive
properties of the lm depend on temperature? What is the
impact of temperature on the overall selectivity of the lm?
These are the main questions we seek to address in this section.
To begin with, it is instructive to briey review what is currently
known about solubility of gases in ionic liquids as a function of
temperature. Within classical thermodynamics, the following
relations describe how the Henry's constant of absorption
depends on temperature:

�
v lnðHrÞ
vð1=TÞ

�
P

¼
�
Dhr
R

�
(12)

�
v lnðHrÞ
v lnðTÞ

�
P

¼ �
�
Dsr
R

�
(13)

where D�hr¼ �hr� �hg, J mol�1, and D�sr ¼ �sr � �sg, J mol�1 K�1, are
the partial molar change of enthalpy and entropy of absorption,
respectively. In these expressions, �hr, �hg are partial molar
enthalpies of the solute in the liquid phase (r) and in the gas
phase (g); and �sr and �sg are the corresponding partial molar
entropies; R is the universal gas constant and all other terms are
dened as before. For solutes below the critical point, D�h is
negative, the process of dissolving is exothermic, and therefore
solubility decreases with temperature (the Henry's constant
increases with temperature). Similarly, from eqn (13), if the
partial molar entropy change is negative, the Henry's constant
increases with temperature and solubility decreases with
temperature. However, for gases that have very low solubility
(i.e. gases far away from the critical point), D�s is positive and
solubility increases with temperature. Detailed consideration of
these effects is provided in Sandler66 and Prausnitz et al.67

We now turn our attention to the behavior of the system
under consideration at elevated temperatures (323, 343 and 393
K). The composition and corresponding equilibrium gas pres-
sure of the studied systems are listed in Table S1.†
Table 2 Experimental and simulation values for the enthalpy and entrop
the surface of the thin film of the ionic liquid, [BMIM]+[PF6]

�

Gas

Absorption Adsorption

D�hr, kJ mol�1 D�sr, J mol�1 K�1 D�hs, kJ mol�1

CO2 �16.1 � 2.2 63 �53.2 � 6.9 63 —
CO2 �11.9 � 0.2 �34.7 � 1.2 �14.0 � 0.3
N2 6.9 � 0.6 20.1 � 2.5 �10.3 � 2.4

This journal is © The Royal Society of Chemistry 2020
The approach proposed in this study allows us to decouple
and explore individually absorption and adsorption effects in
the ionic liquid lm. Individual absorption and excess adsorp-
tion isotherms are presented in Fig. S2 of the ESI.† According to
this gure, solubility of carbon dioxide decreases with temper-
ature whereas solubility of nitrogen increases with temperature.
Adsorption on the surface, being an exothermic process,
diminishes with temperature for both carbon dioxide and
nitrogen. Let us for now adopt the Gibbsian view of the inter-
facial region as an innitesimally thin surface with the excess
amount associated with this surface. Thermodynamic equilib-
rium between the gas phase (g) and the surface (s) implies mi,g
¼ mi,s. This relationship can be used as a starting point to derive
equations similar to eqn (12) and (13): in this case, partial molar
changes in enthalpy and entropy are D�hs ¼ �hs � �hg and D�ss ¼ �ss
� �sg. Indeed, using the data at different temperatures presented
in Fig. S2† and applying eqn (12) and (13), we estimate D�hr, D�sr,
D�hs, D�ss. In the case of nitrogen adsorption isotherms that start
to deviate from the linear regime at higher pressures, we use the
initial slope of the isotherms, where the Henry's regime applies.
The results are presented in Table 2.

Table 2 also provides values of D�hr, D�sr properties available
from experiments.63 The results in Table 2 can be summarized
as follows. As expected, D�hr, D�sr are negative for carbon
dioxide, and positive for nitrogen, consistent with the
observed increasing solubility of nitrogen with temperature.
The values of D�hr, D�sr for carbon dioxide are lower compared
to the experimental results, but overall are reasonable.
Contrary to the bulk solubility effects, adsorption of nitrogen
on the surface is governed by interactions of comparable
strength to that of carbon dioxide, D�hs, D�ss are negative for
both gases, the process is exothermic, and the amount
adsorbed diminishes with temperature at the same pressure of
the gas component. Table 2 also reports the transition prop-
erties D�hr � D�hs ¼ D�hr � �hs and D�ss � D�sr ¼ �ss � �sr, reecting
the thermodynamic equilibria between the bulk liquid and
surface properties. The signicance of these properties will
become apparent later in the section. The data above is
indicative of the molecular interactions involved in the
process. In particular, enthalpy of dissolution is comparable in
value to the enthalpy of adsorption for carbon dioxide and
values of these properties are comparable to the latent heat of
evaporation for carbon dioxide, equal to 16.7 kJ mol�1 at 288
K.68 This suggests that CO2 – IL, CO2 – surface, and CO2 – CO2

interactions in the liquid state are comparable to each other in
strength. The latent heat of nitrogen evaporation is
y of gas absorption in the bulk ionic liquid phase and gas adsorption on

Transition

D�ss, J mol�1 K�1 D�hr � �hs, kJ mol�1 D�ss � �sr, J mol�1 K�1

— — —
�40.7 � 1.7 2.1 � 0.1 �6.0 � 0.5
�29.9 � 9.0 17.2 � 1.8 �50.0 � 6.5

J. Mater. Chem. A, 2020, 8, 11781–11799 | 11793
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�6 kJ mol�1.68 From Table 2, nitrogen has a stronger interac-
tion with the surface than with its own molecules, which can
be used to explain the Langmuir-type behaviour of nitrogen
adsorption isotherms: once the initial layer is formed, further
adsorption on the surface is governed by weaker interactions
(unlike in the case of carbon dioxide where adsorbed carbon
dioxide molecules serve as adsorbing sites of strength more or
less equal to that of the surface itself). We note that the
experimental values for latent heats of nitrogen and carbon
dioxide can be directly used in the analysis of relative
strengths of interaction in the molecular models employed
here, since Potoff and Siepmann demonstrated the accuracy of
TraPPE models in capturing these properties.45

Let us now provide an additional reection on the increasing
solubility of nitrogen with temperature in the context of the
available experimental data. Data on the solubility of nitrogen
in ionic liquids is scarce.69 Therefore, we analyze the same
review-paper for additional data on the solubility of argon in
ionic liquids at ambient conditions. Argon has a critical
temperature similar to nitrogen (150.7 K for argon and 126.2 K
for nitrogen68) and therefore its solubility behavior should be
similar to nitrogen. For comparison, the critical point of carbon
dioxide is 304.1 K.68 We also consider [BMIM]+[BF4]

� because it
exhibits structural and gas solvation properties similar to those
of [BMIM]+[PF6]

�.23 Anthony et al.63 reported an increase in
experimentally measured argon solubility in [BMIM]+[PF6]

� as
a function of increasing temperature from 283 to 323 K, while
Jacquemin et al.64 showed a decrease in argon solubility in the
same solvent and temperature range. For the same ionic liquid,
Finotello et al. observed an increasing solubility trend of
nitrogen as the temperature increases.70 From these studies, it
seems that the picture is not fully conclusive and further
investigation is required on the solubility of gases in ILs. This is
also echoed by the data available for other gases and systems.
For instance, some research groups observe decreased solubility
experimentally measured and computationally calculated for
sparingly soluble species such as oxygen and hydrogen in ILs at
elevated temperatures,63,71–73 while other groups observe an
increase in the solubility.64,74
Fig. 15 The equipartition thickness for (a) CO2 adsorption and (b) N2 adso
black curves are obtained from eqn (14). The simulated system contai
Individual values of the equipartition thickness as a function of pressure

11794 | J. Mater. Chem. A, 2020, 8, 11781–11799
We now can return to the original question posed in this
section and address how properties reecting the balance
between absorptive and adsorptive characteristics of the lm
change with temperature. In the ESI† we demonstrate that in
the Henry's law regime there is a simple dependence of the
equipartition thickness on the thermodynamic properties
introduced in Table 2:

�
v ln

�
heq

�
vð1=TÞ

�
P

¼
�
Dhr � Dhs

R

�
(14)

�
v ln

�
heq

�
v lnðTÞ

�
P

¼ �
�
Dsr � Dss

R

�
(15)

Using these formulae and assuming weak temperature
dependence of the terms on the right, we obtain the results
presented in Fig. 15.

According to Fig. 15, the observed values of the equipartition
thickness for carbon dioxide and nitrogen decrease with an
increase in temperature. However, the change is more dramatic
for nitrogen. It is possible to provide the interpretation of this
trend given the thermodynamic analysis above. In the case of
carbon dioxide, the solubility in the bulk lm and adsorption on
the surface both decrease with increasing temperature.
However, the change in adsorption is more signicant (due to
the greater values of D�hs and D�ss) and as a result the thickness
of the lm required to store the same amount of molecules as
adsorbed on the surface drops. In the case of nitrogen,
adsorption on the surface decreases with increasing tempera-
ture, while solubility in the bulk liquid increases. This leads to
a very rapid decrease in the thickness of the lm holding the
same number of dissolved nitrogen molecules as adsorbed on
the surface per unit area of the lm.

The dependence of absorption and adsorption of carbon
dioxide and nitrogen on temperature naturally leads to changes
in gas selectivity as a function of temperature. From Fig. 16 we
observe a decrease in ideal selectivities of the interfacial and
bulk regions of the ionic liquid with an increase in temperature
from 298 to 393 K. The equipartition thickness predicts a slight
rption as a function of temperature calculated according to eqn (8). The
ns ionic liquid, [BMIM]+[PF6]

�, exposed to a mixture of CO2 and N2.
are shown in Fig. S4.†

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 Ideal gas CO2/N2 selectivity of (a) the surface and (b) the bulk volume of an ionic liquid film, [BMIM]+[PF6]
�, as a function of temperature.

The black curves are obtained from eqn (12) combined with a standard definition of ideal selectivity, e.g. Si;j;r ¼ Hj;r

Hi;r
.
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change in selectivity for the gas–liquid interface from 5.2 to 3.6
and an abrupt drop in selectivity for the liquid phase from 83 to
13. Overall, in terms of CO2/N2 selectivity, the surface of the
ionic liquid is less susceptible to temperature variation while
the bulk ionic liquid signicantly changes its properties with
respect to mutual gas absorption.

In Table S9 of the ESI,† we summarize values of all key
properties obtained in this study including the Henry's
constants, equipartition thicknesses, and selectivities for the
processes of carbon dioxide and nitrogen adsorption and
absorption in the ionic liquid, [BMIM]+[PF6]

�, from binary gas
mixtures (Table S1†).
3.3. A predictive model of gas adsorption and absorption in
thin lms of ionic liquids

Having discussed competitive behavior of gas adsorption and
absorption in lms of ionic liquid and dened the equipartition
thickness which characterizes this competition, we propose
a predictive model of gas adsorption in supported ionic liquid
phases.

The principles of the model are illustrated in Fig. 17. The
model is based on the key assumption that the ionic liquid is
uniformly distributed on the surface of the mesoporous mate-
rial substrate. In the rst step of the construction of the model,
we collect the required data on the structure of the porous
material with and without the ionic liquid. This data is obtained
using the standard nitrogen or argon physical adsorption
characterization methods. The data includes the surface area
and the volume of the pristine material and the surface area and
the volume of the material impregnated with the ionic liquid.
From the difference in the cumulative pore volumes of the
pristine and impregnated materials, one can obtain the volume
of the ionic liquid inside the pores, as schematically depicted in
Fig. 17. If we assume that the density of the ionic liquid remains
close to the bulk value and knowing the surface area of the
support material, we can estimate the average thickness of the
lm.

In the next series of steps (shown as stage II in Fig. 17) we
assemble information on various contributions to the total
This journal is © The Royal Society of Chemistry 2020
amount adsorbed. As an input, the model requires temperature,
pressure and the composition of the gas phase. First, knowing
the volume of the ionic liquid in the material, we can estimate
the amount of gas absorbed. In the low pressure regime, this
requires only knowledge of the Henry's solubility constant at
a specic temperature. This data is already available for many
gases and ionic liquids, or it can be obtained in an additional
experimental measurement. In the formula employed in Fig. 17,
Henry's constant has units of (cm3 MPa mol�1), pressure P of
(MPa) and ionic liquid volume VIL per unit mass of the sample
of (cm3 g�1) resulting in the total amount absorbed N 0

r being in
units of (mol g�1).

The excess amount adsorbed in terms of the excess number
density s is obtained directly from the simulations, given the
conditions specied above. As has been discussed before, the
unit of this property employed so far is the number of molecules
per unit area of the lm. Conversion of this property to the units
consistent with N 0

r simply requires the area of the material in
the appropriate units, N 0

s ¼ sSIL=NA, where SIL is the area per
unit mass of the sample in (cm2 g�1) and NA is the Avogadro
number.

If the equipartition thickness is not a function of pressure or
composition, as emerged here for carbon dioxide, a further
simplication is possible. In this case, only one simulation is
required to obtain the excess amount adsorbed for all pressures
and compositions of interest. This single simulation is used to
obtain the value of the equipartition thickness and once it is
known, excess adsorption at other conditions is obtained using
the equation in Fig. 17 for N 0

s, which follows from eqn (8). In
this formula, for the sake of consistency, pressure P is in (MPa),
heq is in (cm), bulk solubility Henry's constant is in
(cm3 MPa mol�1), and area in (cm2 g�1), giving the N 0

s in the
consistent units of (mol g�1).

The remaining porous space Vpore � VIL in (cm3 g�1) is
occupied by the gas mixture, and the amount of gas can be
obtained using an equation of state, for example the ideal gas
equation of state. This is illustrated in the nal box on the right
of stage II of the process, in Fig. 17.
J. Mater. Chem. A, 2020, 8, 11781–11799 | 11795
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Fig. 17 Diagram showing how different contributions to the absolute amount of gas are obtained from experimental and simulation data and
used to predict the gas capacity of SILP materials. Stage I: the schematic illustrates the structure of the mesoporous material (shaded area)
impregnated with a uniformly distributed ionic liquid (blue area) with the surface area SIL, cm

2 g�1 of sample, and the gas phase absorbed in the
liquid phase (red circles), adsorbed on the surface (yellow circles), and present in the bulk gas phase (dark blue circles); the plot depicts the
cumulative pore volume, Vpore, cm

3 g�1 of sample, for a pristine porous material (black squares) and the same material containing an ionic liquid
(black circles) of volume, VIL, cm

3 g�1 of sample. Stage II: the plot on the left is the absorption isotherm for a gas of interest dissolved in the ionic
liquid at a particular temperature and showing the definition of the Henry's constant; the plot in the center shows the equipartition thickness
(single black data points) as a function of pressure at a particular temperature, where the red line is the constant value obtained from eqn (8); the
inset on the right is the ideal gas equation of state. The amount of gas absorbed in the liquid phase, N 0

r, adsorbed on the surface, N 0
s, and present

in the bulk gas phase,N 0
g, are per unit mass of the porous sample, thus the total amountN0 and individual contributions have units of mol per g of

sample. The formulae above each property in Stage II show the actual calculation required to obtain it.
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Finally, the three constituent amounts sum to the total
amount of the gas component in the SILP system as shown in
stage III, in Fig. 17.

Under the assumptions stated above, according to the
diagram in Fig. 17, the equipartition thickness can be used to
design materials with a controlled contribution from the bulk
and interfacial properties of the lm of ionic liquid (Fig. 12). For
example, for cyclic adsorption processes where fast diffusion of
gas species and the amount adsorbed both play a major role,
porous materials featuring a layer of ionic liquid of the thick-
ness lower than the equipartition thickness should be most
efficient in practice. This particular case can be employed in
catalysis where a support with catalytically active centers on the
surface is coated with a thin lm of IL; or a neutral support is
covered with a task-specic ionic liquid containing active
moieties.1 On the other hand, for gas separation processes
where gas selectivity is among the properties dening the
applicability of the material, one should attempt to impregnate
a sufficient amount of ionic liquid into the free pore volume
such that the layer is thicker than the equipartition thickness or
that the pores are completely lled as supported by Shi and
Sorescu.37 The advantage of using the equipartition thickness is
that it interconnects experimentally measurable (bulk Henry's
11796 | J. Mater. Chem. A, 2020, 8, 11781–11799
constant) and non-measurable (the excess amount adsorbed as
dened in this article) adsorption properties of materials.
4. Conclusions

The objective of this work was to develop a molecular-level
understanding of gas adsorption on the surface of ionic
liquids in the context of supported ionic liquid phase materials
and their applications for gas separation. For this, we have
employed MD simulations to study the adsorption behaviour of
CO2 and N2 on the surface of the ionic liquid, [BMIM]+[PF6]

�.
An important aspect in developing an accurate picture of the

adsorption process on the surface and absorption in the bulk
volume of the lm is the correct description of the interface
between the lm and the gas phase; and the correct identi-
cation of their location relative to the interface. Our approach is
based on producing accurate density proles for gas and liquid
phases using the ITIM methodology. The analysis of the
calculated density proles allows us to locate the position of the
gas–liquid interface and, using simple analytical criteria, to
calculate the excess amount of gas adsorbed on the surface, the
amount dissolved in the bulk liquid phase and the amount
present in the remaining pore volume. This approach also
This journal is © The Royal Society of Chemistry 2020
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generates a wealth of information on the structure of the IL in
the vicinity of the interface, which can be exploited in engi-
neering ILs with bespoke gas separation properties.

The results show that competition between gas adsorption
on the surface and absorption in the liquid phase can be
characterized quantitatively by a parameter called the equi-
partition thickness. The equipartition thickness corresponds to
the thickness of the liquid lm such that the amount of gas
dissolved in the bulk volume is equal to the excess amount
adsorbed on the surface. Thus, it directly estimates the contri-
bution from bulk and interfacial properties, which is particu-
larly important in designing novel supported liquid phase class
of materials.

At a given temperature, the equipartition thickness is
a constant for a particular gas, meaning that it does not depend
on the partial pressure of the gas phase if the gas behaviour
obeys Henry's law for both adsorption and absorption
processes. The denition of the equipartition thickness
suggests that it should have low values for gases that are highly
soluble in the liquid phase, such as 2.5 nm for CO2 in
[BMIM]+[PF6]

� at 298 K, and large values for gases with low
solubility and strong affinity towards the gas–liquid interface,
for example, 41 nm for N2 in [BMIM]+[PF6]

� at 298 K in the low
pressure limit. We also provided a thermodynamic analysis of
how equipartition thickness depends on temperature. Based on
this information and experimental data from the literature, we,
for the rst time, quantitatively estimated the enthalpy and
entropy of gas adsorption on the surface of the ionic liquid.
These properties provide important insights into the mecha-
nism of gas adsorption, absorption and transition from the
surface to the bulk liquid phase.

Another effect explored in this study is the inuence of the
interface on CO2/N2 selectivity of the lm of the ionic liquid.
Our analysis reveals that the interface signicantly lowers the
bulk selectivity of the lm from 83 to 5.2 at 298 K as the
thickness of the lm reduces to a monolayer of the IL. More-
over, the gas selectivity of lms follows the same exponentially
decreasing trend with temperature as the equipartition thick-
ness. In the Henry's law regime for both gases, the detrimental
inuence of the interface on selectivity is strong enough that it
is not possible to achieve bulk-like selectivity for any reasonable
thickness of the lm deposited on the surface of a porous
material. This aspect may become a limiting factor in the
application of supported ionic liquid lms in situations
requiring high selectivity towards one of the components of the
gas phase.

Pressure independence of the equipartition thickness in the
Henry's law regime implies that we can use its value together
with the experimentally measured gas solubility in the bulk
liquid volume at the specied temperature to estimate the
excess properties of the interface at any composition and low
pressure. This opens an opportunity to propose a predictive
model for absolute gas adsorption in supported ionic liquid
systems. Indeed, we speculate that given the surface area and
pore volume of the mesoporous solid, composition of the gas
phase and pressure, and estimated thickness of the IL lm, the
absolute amount of gas adsorbed can be predicted from the
This journal is © The Royal Society of Chemistry 2020
experimentally measured bulk solubility at the same tempera-
ture and the equipartition thickness constant, obtained from
molecular simulations. This model, however, is based on
several signicant assumptions: it assumes that the IL is
uniformly distributed throughout the material as a lm; the
support has a negligible effect on the adsorptive properties of
the lm; the bulk gas phase is ideal, adsorption and absorption
processes obey Henry's law. These assumptions need further
investigation and validation. In particular, testing the model
requires a material prepared with very controlled surface
composition and structure. Moreover, the support plays
a signicant role in the structuring of the liquid phase, espe-
cially when the thickness of the lm does not exceed a few
nanometres.13 Therefore, an additional complexity in adsorp-
tion characterization may emerge in these gas–liquid–solid
systems.37 Preliminary attempts to prepare a proper sample and
to test the model are challenging and require further systematic
investigation, which will be pursued in future studies.
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