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ABSTRACT: Henry's constant H of carbon dioxide in a number of ionic liquids (ILs) has been studied using the predictive method
COnductor-like Screening MOdel for Realistic Solvation (COSMO-RS). Experimental H values for 14 CO,—IL systems spread
over a temperature range of (283 to 333) K have been used to estimate the parameters 4, and 4, of the combinatorial term to
calculate the chemical potential. The H values of CO, in 18 other ILs have been validated and found to be in good agreement with
the experimental data with a relative deviation of less than 10 %. Cation groups like imidazolium, pyridinium, ammonium, uronium,
thiouronium, and phosphonium have been studied. A total of 12 anions such as L™, BF, , EtSO,, TFA™, OctSO, , TLN
mFAB ™, eFAB™, mFAP , eFAP , pFAP, and bFAP™ were studied to find the most favorable cation and anion combination for
high CO, solubility. It was observed that increasing the fluorination of organic anions containing fluoro alkyl groups gave lower
Henry's constant values (following the trend TFA™ > THN™ > mFAB™ > eFAB™ > mFAP™ > eFAP™ > pFAP ™ > bFAP ), thus
showing higher CO, solubility. Among the cations studied, phosphonium-based cations are found to be most promising for higher
solubility. It was observed that the entropic effects (combinatorial) arising due to the size and shape of ILs play a major role in the
estimation of H values, whereas the enthalpic effects (residual) arising due to molecular interactions have a minor but significant role.
A correlation has been developed to predict the H of the [R,mim]* cation-based IL by considering a reference value H, of
[R,mim]*. A common predictive equation has been developed to determine the temperature-dependent H values of CO, in any

cation/anion combination of ILs.

1. INTRODUCTION

The increasing global emissions of greenhouse gases, especially
carbon dioxide (CO,), have been recognized as the main cause for
global warming. The main sources of CO, generation are the coal-
fired power plants, natural gas power generation plants, refineries,
and gas processing units. Carbon capture and sequestration
(CCS) has been identified as a key strategy to significantly reduce
CO, emissions into the atmosphere. Currently, CO, capturing
methods are being continuously developed based on experimen-
tal and modeling studies. These include: (a) amine scrubbing,
(b) wet scrubbing with physical absorption, (c) chemical absorp-
tion, (d) adsorption on solid sorbents, and (e) membrane-based
gas separation.. Conventional amine scrubbing is highly energy-
intensive. Monoethanolamine (MEA), diethanolamine (DEA),
and methyldiethanolamine (MDEA) are highly corrosive and
volatile, causing fast solvent degradation and low thermal stability.
A postcombustion CO, capture process involves cooling and
subsequent reheating of the stream gas. This decreases the plant
efficiency and thus increases the overall costs. As the desorption
of CO, from amines is normally accomplished by heating
the solvent to higher temperatures, the reusability of these amine
solvents will be reduced because high volatilization of the amine
solvent also takes place at such temperatures. At present, the
regeneration of solvent is usually done by the pressure swing step.
By using solvents which are stable up to higher temperatures
[(422 to 644) K] the energy penalty connected with CO,
compression could be reduced, and the regeneration can be done
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using a temperature swing.” The desirable properties of a potential
solvent for CO, include: (a) a Lewis basicity to show strong
affinity toward CO,, which is a Lewis acid, (b) a high thermal
stability to reduce solvent degradation at high temperatures,
(c) being environmentally friendly, (d) a negligible vapor pres-
sure, (e) being less corrosive, (f) the ability to absorb CO,
without much cooling of humid gas streams, (g) a high
regeneration efficiency, and (h) a low enough viscosity.” >

In the exploration of new solvents to replace the conven-
tional amine solvents, extensive research efforts by several
groups® ¥ suggested that ionic liquids (ILs), which are liquids
atroom temperature (<100 °C), can be a promising alternative.
ILs have negligible (or zero) vapor pressure (nonvolatile) and
are thermally stable (start decomposing above 300 °C) and thus
have less solvent degradation.® The ILs contain an organic
cation and an inorganic/organic anion. The cations of ILs
consist of imidazolium, pyridinium, pyrolidium, phosphonium,
guanidinium, uronium, and so forth. The anions of ILs include
tetrafluoroborate (BF,), dicyanamide (DCA), hexafluoropho-
sphate (PFg), nitrate (NOj), trifluoromethanesulfonate (TfO),
trifluoroacetate (TFA), bis[(trifluoromethyl)sulfonyl]imide
(TE,N), and tris(trifluoromethyl)trifluorophosphate (mFAP).”
The physical properties like melting point, density, and viscosity
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of the ILs can be tuned by changing the substituents of the cation
or anion and thus giving the name “designer solvents” to ILs.
Compounds with dipole moments (e.g., water) and those which
show specific interactions like hydrogen bonding and compounds
having quadrupole moments (e.g, CO,, N,O) are found to be
highly soluble in ILs.*”

For the CO, capture application, both the cation and the
anion of the IL have an influence on the CO, absorption
ability in the IL.° However, the anion—CO, interaction is a
dominant mechanism compared to that of the cation—CO,
interaction in the CO, absorption process.® In the context of
the cation, the acidic protons of the cation (e.g., hydrogen
atom of C, carbon on the imidazolium cation-based IL) are
likely the sites that are favorable for the interaction between
the O atom of CO, and hydrogens of the cation.*® Besides, for
the imidazolium-based ILs, the length of alkyl chain attached
to imidazolium cation ring was also found to affect the CO,
absorption.* The general trend was that, as the length of the
alkyl chain increases, the CO, solubility increases. This was
attributed to favorable CO, absorption into the free spaces
(interstices) formed in the IL network due to the steric
hindrances resulted by the long alkyl chains.'®"" However,
the anion of the IL has much stronger interaction with CO,
relative to the cation of the IL.>®° This is believed to be mainly
due to Lewis acid—base interactions between the electron-
poor carbon atom and electronegative atoms (e.g., fluorine)
associated with the anion of the IL.%*'* It is clear from the
reported studies above that the anion of the IL plays a key role
in CO, absorption ability, while the cation plays a secondary
role or it has a less effect on CO, solubility, in other words. In
particular, anions containing fluoroalkyl groups were found
to show high CO, solubility, which increases in the order:
¢FAP > TEN > TfO > PFg > DCA > BE, > NO;. To date,
many of the researchers have studied the CO, solubility in
various ILs. The CO, solubility in ILs is of the order of almost
0.50 mole fraction at pressures around 50 bar.’

In search for potential ILs for carbon dioxide capture
applications, computational methods play an important role.
Computational methods not only reduce the cost of experi-
mentation but also assist in designing new “task-specific” ILs.”
Knowledge of CO, solubility in ILs is very important to find the
most suitable ILs for the effective CO, capture. The solubility of
a gas in a liquid is often described in terms of Henry's law
constant. The lower the Henry's constant, the higher the
solubility."* This work aims at accurately predicting Henry's
constant of CO, in ILs using the COnductor like Screening
MOdel for Realistic Solvation (COSMO-RS).'* The selection
of COSMO-RS for the present study was made based on the
following reasons. In general, the activity coeflicient models,
such as nonrandom two-liquid (NRTL), Wilson, and universal
quasichemical activity coefficient (UNIQUAC) models, and so
forth, deal with fitting the experimental data to a given func-
tional form. The thermodynamic information subsequently is
extracted from that functional form. In addition, there are also
other methods like group contribution methods (GCM) like
the universal functional acitivity coefficient model (UNIFAC),
and so forth. These methods do not depend on experimental
thermodynamic data. In these methods, estimates are obtained
from molecular structure information only. GCMs are based on
interaction parameters that have been obtained previously by
analysis of the phase equilibrium data of systems containing the
same functional groups. ** All of these models can be used for

the property predictions, provided sufficient experimental data
is available. But, all of these methods do not consider the
molecular details of the compounds of interest. Therefore, the
above-mentioned methods can fail in case of new types of
compounds. A more fundamental description of molecular
interactions can be predicted usin% quantum chemical calcula-
tions using molecular simulations. '¥** Thus, the present study
chooses the COSMO-RS method, which considers both quan-
tum chemical calculations of individual molecules and statistical
thermodynamics to predict the various thermodynamic proper-
ties of the mixtures.

Zhang et al." have already reported the Henry's constant of
CO, in a number of ILs only at 298 K using COSMOThermX
software;'> however, there are some significant deviations
between their computational and their experimental values.
Recently Palomar et al.'* also have reported the H values of
CO, in 156 ILs using COSMOThermX software. The present
study considers several ILs containing a wide variety of anions
and cations. In the present study, COSMO files generated
using Gaussian 03°° are used as input to our own developed
MATLAB code based on COSMO-RS theory."? Initially, the H
values are predicted and successfully validated for 18 CO,—IL
systems at different temperatures ranging from (283 to 333) K.
The predicted Henry's constants are in close correspondence
with the experimental H values reported.®'>**~** After valida-
tion, the H values of CO, in 228 ILs are predicted at four
different temperatures [(283, 298, 323, and 333) K]. Addition-
ally, the predictive equations are developed for the estimation
of H values with respect to alkyl chain length for the imidazo-
lium cation-based ILs. A generalized universal equation is also
developed for the temperature dependence of Henry's con-
stant. The effect of amine functionalization of imidazolium
cation-based ILs on CO, solubility is also considered since
amine tethering to imidazolium cation of IL resulted in an
increase of CO, solubility.”

2. COSMO-RS THEORY AND BACKGROUND

Klamt'> and co-workers developed a novel method called
COSMO-RS in 1994, to predict thermophysical properties of
pure and mixed compounds. The COSMO-RS method is the
combination of the COSMO model with statistical thermody-
namics. In the COSMO-RS approach the ensemble of interacting
molecules is replaced by the corresponding ensemble of inde-
pendent, pairwise interacting surface pieces."® For fluid phase
simulations, almost all of the computational chemistry methods
start with vacaum (dielectric constant & = 1) as a reference state.
The COSMO-RS theory has introduced a state of molecules in a
conductor (& = 00) as a conceptually fruitful method for the fluid
phase simulations.”* Initially, for the COSMO-RS approach,
COSMO files using quantum chemical (QC) methods are
generated through an algorithm which is divided into 8 steps:
(1) An initial geometry of the solute molecule is obtained from
Gaussian 03.%° (2) A cavity (usually defined by the exterior of the
atom-centered spheres) defining the boundary of the conductor
is constructed around the solute, which is subsequently divided
into small surface segments. (3) The quantum chemical method
generates an initial electron density of the solute. (4) The
solute electrostatic potential arising from the atomic nuclei and
electron density is calculated on the grid of cavity segments.
(5) The conductor screening charge density o is calculated from
the conductor boundary conditions such that the electrostatic
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Table 1. Parameters Used for the COSMO-RS Calculations**

parameter value
gt 625 A
o 5950 (kcal-A*) . (mol.e?) ™!
Chb 54873 (kcal-A*) - (mol-e*) ™"
Ohp 0.0085 e-A™?

potential arising from the solute and the corresponding polariza-
tion charges on the cavity vanishes on the entire surface. (6) The
polarization charges are included as external charges in the
quantum chemical iteration resulting in a modified electron
density. (7) A correction for outlying charge errors arising from
the small portion of electron density outside the cavity is applied
iteratively to the total energy and to the polarization charge
densities. (8) The gradient of the total QC/COSMO energy is
calculated analytically from the converged electron density and
polarization charges and is used to reach a optimal geometry at
lower energy.”*

The above eight steps of COSMO algorithm give the (a) energy,
(b) electron density, (c) polarization charge densities, (d) geo-
metry of the molecule in the virtual conductor'®** (&) molec-
ular surface area, and (f) molecular volume. Gaussian 03°° gives
this data as the .cosmo files.

To calculate the thermodynamic averages of all possible
liquid configurations, the concept of 0 profiles has been intro-
duced. A o profile is a histogram of the molecular COSMO
surface, with respect to polarization charge density. The en-
semble of surface pieces characterizing a liquid system S is
described by the probability distribution function ps(0)
which gives the probability of surface in the ensemble having
a screening charge density between 0 and 0 + do; termed as
the o-profile. For a mixture consisting of several compounds
X; with molar concentrations ', the o-profile of the system is
given by the weighted sum of the o-profiles of all of the com-
ponents.”***

ps(0) = ¥ «p(0) (1)

i€esS

where p™(0) is the relative amount of surface with polarity o
on the surface of molecule.

The COSMO-RS calculations use four basic parameters:
(1) effective contact area a.g which determines the number of
independent neighbors of a molecule, (2) electrostatic misfit
energy coefficient @’ and self-energy of a single segment of
surface a.g divided by surface charge density 0, (3) threshold
constant for hydrogen bonding 0y, and (4) strength coefficient
chp- For the present study, the values of all of the above
parameters are taken from Klamt et al.>* as shown in Table 1.
Preliminary screening of the three options (Klamt et al.*® vs
Banerjee et al.”®) available revealed a better match with the
experimental values with the Klamt's parameters which are
shown in Table 1.

From the o-profiles of a liquid system, the o-potential can be
calculated by integration over all potential partners ¢ in the

liquid S.

s0) = =] [ (oo o (@)

Aeff RT

- Emisfit(0; OJ) - Ehb (0) OJ))) dOJ:| (2)

where the o-potential ug(0) is the specific chemical potential
which is a measure of the aflinity of a system S to surface of
polarity 0. The above eq 2 states that the chemical potential per
surface area of a piece of surface polarity 0 in the solvent
ensemble characterized by the solvent o-profile.

The electrostatic misfit energy E, ;s is described in terms of
the polarization charges of the two interacting species ¢ and

o' as,

a/
Emisfit(O) 0/) = aeff?(a + OJ)Z (3)

The energy due to hydrogen-bonding energy Ey,, is described
in terms of the polarization charges of the hydrogen bond
donor Ogoner and acceptor Oyeceptor as:

Epp = degrcpp, min(0; min(0; Ogonor + Ohb)
max(O; Oacceptor - Ohb)) (4)

where 04,, = min(0,0’) and 0,.. = max(0,0").

In addition to the interaction energies which depend on the
screening charge density 0, there is a van der Waals interaction
energy E,qw which is dependent on the type of the atomic
elements and is expressed as:

Evaw = aeit(Tyaw + Thaw) (5)

where a.g is the effective contact area between the two atoms.
Tyaw and T,qw’ are the atom specific van der Waals constants. It
can be observed from above that eqs 3 and 4 are functions of
screening charge density 0 and eq S depends on the effective
contact area and the van der Waals constants of the specific
elements. Thus, the screening charge density ¢ is an important
descriptor in determining the interaction energies.

Equation 2 above is solved iteratively for the chemical
potential. To simplify the above equation, an expression for
activity coefficient ys(0) is defined as

In y5(0) = us(o)/RT (6)

Rewriting the equation for chemical potential

i 7(0) = —in{ [ a0 (@ enp - 220 |
o)

where p’s(07) is the normalized o-profile of the system which is
defined as

ps(0') = ps(0)/As = ps(0)/ ¥, »'A™ (8)

i€esS

where A™ is the molecular area of each component of the
system

The chemical potential of solute X; in a solvent S can now be
calculated by integration of t5(0) over the surface of the solute
compound. The chemical potential can be written as the sum of
residual and combinatorial terms:

= / P (0)us(0) do + s 9)

where [p™(0)us(0) dois the residual term that accounts for the
enthalpy effect of the system and u*c is the combinatorial term
that accounts for the entropy (size and shape) effect of the system.
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Table 2. Names, Abbreviations, and Structures of Different Cations and Anions of ILs

Abbreviatio
Name of the ion Structure
n
Cation
1-ethyl-3-methylimidazolium; R,=C>Hs, R,=CHj3 [emim]"
1-propyl-3-methylimidazolium; R,=C3;H7, R,=CHj; [pmim]*
1-butyl-3-methylimidazolium; R=CsHs, R,=CHj3; [bmim]'
1-pentyl-3-mcthylimidazolium; R=CsH;,, R,=CH3 [pemim]*
1-hexyl-3-methylimidazolium; Ry=C¢H 3, R,=CHj3 [hmim]*
1-octyl-3-methylimidazolium; R,=CsH,7, Ry=CHj; [omim]*
1-aminopropyl-3-methylimidazolium; Rj=Csl1,7, R;=CII3 [apn'lim9+ R1/N\/N\R2
1-propyl-3-butylimidazolium; Ri=C3;H7, Ry= C4Ho [pbim]
1-aminopropyl-3-butylimidazolium; R;=C3HgN, Ry= C4Hg [apbim]*
1-dimethylaminopropyl-3-butylimidazolium; R;=CsH;;N, | [dmapbim]”
R2: C4H9
1-vinylbenzyl-3-butylimidazolium; R;=C3H7, Ry= C4Hy [vbbim]”
X
1-N-butyl-3-methylpyridinium; R=C,Hy [bmpy]* | P
1-N-hexyl-3-methylpyridinium; R=C¢H,3 [hmpy]' T
R
—N N N
O-ethyl-N, N, N’ N"-tetramethylisouronium; R=C,Hs [ETUT |
7
R
S-Ethyl-N, N, N N'-tetramethylisothiouronium; R=C,Hs [ETTU]+ C
S-Propyl-N, NN’ N'-tetramethylisothiouronium; R=C3;H [PTTU]" \l’
R
(p-vinylbenzyl)trimethylammonium [VBTMA]"
i
~ | ~
P
cm::T
7
[2-(methacryloyloxy)ethyl]trimethylammonium [MATMAT" Q
\N@
//|\\
(CH3)sCH3
Trihexyltetradecylphosphonium [Payess)” HyC(H,C)s——P™—(CHy)1:CH,
(CH2)sCH;
Anion
OH O
Lactate [LT —’—Lé
H
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Table 2. Continued

) Abbreviatio
Name of the ion Structure
n
I
Ethyl sulfate; R = C;Hs [EtSO4] O0=—=8=0
Octyl sulfate; R = CsHyy [OctSO.] (|)
R
o]
Trifluoroacetate [TFAT )k
o) CF,
T
F. F
Tetrafluoroborate [BF4] \IT-/
F
F
F\EL _/F
Trifluoromethyltrifluoroborate [mFAB]
F F
F
E
F. F
o
Bis(trifluoromethylsulfonyl)imide [THENT O==g \ /o F
N~
o N F
E
|
F F
g
Pentafluoroethyltrifluoroborate [eFAB] E F
F
E
F
F
F. F
. . . N - F\ /F F
Tris(trifluoromethyl)trifluorophosphate [mFAP] LS
S
F FF
F
. . R R
Tris(pentafluoroethyltrifluorophosphate; R=C;Fs [eFAP] F | F
Tris(heptafluoropropytrifluorophosphate; R=C3F; [pFAP] P P<
Tris(nonafluorobutytrifluorophosphate; R=C4I'g [bFAPT F i R

p(0) is the o-profile of the solute, and ug(0) is the chemical
potential of the solution.

The combinatorial term depends on the area and volume of all
of the compounds in the mixture and three adjustable parameters

(/10; /‘LD /12)'26

/"é‘S:RT|:/101nri+/11(lriln7> +/12<1qilnq>:|
) r q
(10)

where r; is the molecular volume and g; is the molecular area of
compound i. The output file with the .cosmo extension generated
during COSMO calculations in GAUSSIAN gives the molecular

surface area ¢; and volume r; for the COSMO cavity of the
molecule. The total volume and area for the mixture being

r = Z Xl q: Z xiqi (11)

1

Ao A1, and A, are three adjustable parameters.
The combinatorial term for the pure compound is given as

M)é,x = —ARTIngq (12)

The chemical potential thus obtained is used to estimate thermo-
dynamic properties of pure compounds and mixtures. The detailed
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Figure 1. o-profiles of some anions.
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Figure 2. o-profiles of various cations.

theory of COSMO-RS can be found in Klamt's papers,'>'7~"3~25%7
Freiria et al,** and the COSMOThermX user manual.?®

Henry’s Constant. Henry's law states that the solubility of a
gas in a liquid solution at a constant temperature is proportional
to the partial pressure of the gas above the solution.

The infinite dilution activity coefficient ™ of solute X in a
solvent $ is calculated through®” >

X _ X
y® = li—r—no )/é( = li—r—no exp (M) (13)

where V)s( is the activity coeflicient of the solute X; in solvent S, y)é
is the chemical potential of the solute X; in solvent S, and W is the
pure component chemical potential of the solute so that the
Henry's constant is

H = lim y5p’ = vsp’ (14)

where Y3 is the infinite dilution activity coefficient of solute
in the solvent and p° is the pure component vapor pressure of

i (kcal/mol)

T = T g T = T z T g T = »
0.03 0.02 0.01 0.00 0.01 0.02 0.03 0.04
o (e/Angstrom’)

Figure 3. o-potentials of some anions.

the solute gas. Here, the vapor pressure p° for CO, is deter-
mined by usin% the DIPPR equation provided by Carvalho
and Coutinho.”

plo, = exp[140.54 — 4735/(T/K) — 21.68 In(T/K)

+ 0.040909(T/K)] (15)

The critical point of CO, is at 304 K and 74.7 atm. The conditions
used [(283 to 333) K, 1 atm] in the present study do not cor-
respond to the critical conditions of CO,. The eq 15 has been used
for calculating the vapor pressure of CO, at all temperatures [ (283,
298, 323, and 333) K] considered here. Carvalho and Coutinho®®
applied eq 15 at a wide range of conditions and even for conditions
above the critical point of CO,. They have obtained P—x predic-
tions that match well with the experimental data of the CO,—IL
systems at all of the conditions applied.

To date, many researchers'® ' have used the COSMO-RS
method to estimate Henry's constants for gas solubility in
conventional solvents. The objective of the present work is
to validate the Henry's constant of CO, obtained from the
COSMO-RS method with the experimental values available
and to predict the H values for a number of ILs at different
temperatures [ (283, 298, 323, and 333) K].

3. COMPUTATIONAL DETAILS

The IL is considered as an equimolar mixture of cation and
anion.”®*” The cations are selected such that they cover a wide
variety of cationic groups like imidazolium, pyridinium, ammo-
nium, uronium, thiouronium, and phosphonium. Among the
anions available, some of the fluorinated and some of the
nonfluorinated anions were selected. The geometry optimization
of all of the isolated cations and anions are done using a quantum
chemistry package Gaussian 03°° with the density functional
theory (DFT) method B3LYP*** and 6-31G**** basis set. The
frequency analysis has also been carried out at the same basis set
to check the absence of negative frequencies which makes sure
that the molecule has attained a true minimum. The input for
Gaussian 03 was made in the visualization software MOLDEN.>"
The names, abbreviations, and the structures of the cations and
anions of the ILs considered in the present study are given in
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Figure 4. o-potentials of various cations.

Table 2. After attaining the equilibrium geometry with the
minimum energy structure for each cation and anion, COSMO
files are then generated usm§ DFT BP86°>*° with a triple-§
valence polarization (TZVP) © basis set in combination with
density fitting basis set DGA1®” using Gaussian 03. The resultant
COSMO output file contains the energy, electron density,
polarization charge densities, and the geometry of the molecule
in a virtual conductor. The o-profiles and o-potentials were then
generated for all cations and anions from the polarization charge
densities. The o-profiles of some anions and cations are shown in
Figures 1 and 2, respectively. Also, the o-potentials of few anions
and cations are shown in Figures 3 and 4, respectively. These o-
profiles and o-potentials are useful in calculating the residual
contribution of the chemical potential of the solute CO, in the
solvent IL (which is the enthalpy contribution arising due to the
strength of chemical bonds in the molecular structures).

For the basis set selection in the above computations, as the
nature of the electron clouds of the anions is more diffuse than
that of the neutral species or cations, the aug-cc-pVTZ (augmented-
correlation consistent-polarized valence triple-C) basis set was also
attempted. However, a comparison between the predictions of H
values of CO, in some ILs for aug-cc-pVIZ and TZVP basis sets
showed that the predictions obtained by the TZVP basis set match
well with the experimental values compared to those obtained by the
aug-cc-pVTZ basis set. Thus, the TZVP basis set was ultimately
selected as the basis set for the present study. The comparison
between two basis sets is provided in the Supporting Information.

4. PREDICTION OF PARAMETERS

While calculating the chemical potential of pure compounds,
the value of the parameter A of the combinatorial term is taken as
0.14.7°7** The combinatorial term of the system for a mixture of
compounds has three adjustable parameters: 4y, 4, and 4,. From
eq 10 we can observe that A, is a parameter corresponding to the
solute only. Therefore by fixing Ao = 0.14,>°>* the other two
parameters A, and 4, were calculated by optimizing a set of
experimental data. Out of available 32 experimental literature H
values of CO, in various ILs at different temperatures, initially we
considered 10 experimental H values corresponding to 298 K to
obtain the A values (4; = —0.0116, 4, = 0.3971). But these

Table 3. Henry's Constant of CO,—IL Systems Used for the
/. and 4, Estimation

experimental
sample temperature literature

no. IL (K) Hvalue (MPa) reference

1 [emim]*[TFA]~ 298 43 40°"

2 [emim]*[TEN] ™ 298 3.13 40°

3 [pmim]*[THN] 298 3 42b

4 [bmim]*[BF,]~ 323 8.86 6"

s [bmim]*[BF,]™ 298 5.6 40, 41°

6 [bmim]*[THN] ™ 298 343 10°

7 [bmim]*[THN] 283 2.53 43"

8 [pemim]*[bFAP]~ 333 329 9

9 [pemim]*[bFAP]~ 298 2 9t
10 [hmim]*[BF,]~ 298 43 40°
11 [hmim]*[THN] 323 4.56 9t
12 [hmim]*[TEN] ™ 298 3 41°
13 [hmim]*[eFAP]~ 333 42 9
14 [hmim]*[eFAP] ™~ 298 2.5 9
15 [hmim]*[pFAP] ™ 298 2.16 9t
16 [omim]*[BF,]~ 298 43 40"
17 [bmpy]*[BE,]~ 298 54 394
18 [bmpy]*[eFAP] ™ 298 2.85 13
19 [hmpy]*[THN] 298 328 s
20 [hmpy]*[TEN] ™ 283 2.54 9
21 [ETTU]*[eFAP]~ 298 2.94 13%

“The 10 systems used for the isothermal approach where all data is
at 298 K. * The 14 systems used for the nonisothermal approach.

A values were not able to accurately predict the H at other
temperatures. Later, a set of new A values were obtained by
using the experimental literature data of 14 CO,—IL systems at
various temperatures ranging from (283 to 333) K. A complete
list of the experimental data used for the two approaches is given
in Table 3. The values of A; and A, obtained are 1.5630
and —1.3011, respectively. The optimization procedure for the
calculation of parameters A, and 4, is given in the Supporting
Information. The H values thus obtained using the new set of 1
values are compared with the existing 18 experimental literature
data other than the 14 systems previously used for the prediction
of A values. The comparison of the validation of predicted H
values using the two sets of A values with the literature data are
shown in Table 4. The root-mean- square deviation (rmsd),
defined as rmsd = (XX (Hpre; — Hexpr,)/N)"/?, with the new
A values is found to be significantly reduced. The mean unsigned
percent error is defined as MUPE = [(1/N)XABS((Hy. —

Hexp)/Heyp)]+100. The H values predicted by our method are
compared with the Zhang et al."* and Palomar et al.'*values and
are presented in Table 5. The MUPE of our data at 298 Kis 7 %,
whereas that of Zhang et al. is 17 %. Also, Palomar et al. reported
an MUPE of 20 %. This difference in MUPE could be due to
the parametrization. The two parameters 4, and A, in the
COSMOThermX software could have been obtained by fitting
to a large set of experimental data including nonionic liquids and
gaseous compounds. We have optimized the two parameters 4,
and 4, especially to make it applicable to CO,—IL systems. Also
there might be some difference in generating the .cosmo files
which are the input files for the COSMO-RS program.
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Table 4. Validation of Henry's Constant (H) Predictions against Experimental Literature Values

experimental literature

sample no. IL temperature H (MPa) value
1 [emim]*[TEN] ™ 323 S.15
2 [emim]*[TE,N] ™ 298 3.13
3 [emim]*[TEN]™ 283 2.53
4 [bmim]*[BE,]~ 298 56
5 [bmim]*[BE,]~ 283 408
6 [bmim]*[TEN] 323 487
7 [bmim]*[TELN] 298 343
8 [hmim]*[ BE,]~ 298 53
9 [hmim]*[ BE,]~ 283 3.8
10 [hmim]*[TEN] 298 282
11 [hmim]* [TEN] 283 242
12 [hmim]*[eFAP] ™ 298 237
13 [hmim]"[pFAP] ™~ 333 3.6
14 [omim]*[BF,] 283 32
15 [omim]*[T£,N] 298 3
16 [bmpy]*[ TEN]™ 298 32
17 [bmpy]*[eFAP] ™ 298 2.85
18 [hmpy]"[TEN] 323 462
rmsd
MUPE

predicted H, MPa predicted H MPa % deviation from expt
(first approach)®  (second approach)”  H (second approach)  reference

6.02 5.68 10.3 6

3.3 3.27 44 6
2.43 2.28 —9.8 6

S.3 5.87 —0.53 6, 44
3.69 3.87 =51 6, 44
5.62 5.38 10.4 44
3.12 3.09 —9.9 43
4.99 5.13 —-32 40
3.58 3.58 —=5.7 40

3 294 425 45
2.42 2.04 —15.7 45
2.6 227 —4.21 45
5.52 442 22.7 45
3.48 3.36 S 39
2.9 2.82 —6 43
3.06 2.98 —6.8 40
2.7 2.34 —17.8 13
S.21 5.0S 9.3 45

0.35
8.40 %

“Based on isothermal data at 298 K of Table 2. * Based on nonisothermal data of Table 2.

Table S. Comparison of Henry's Constants at 298 K*

L literature (exptl) present work % deviation
[bmpy]*[BE,] 54 5.02 —7.04
[hmim]*[ BF,] 5.3 5.13 —3.21
[hmim]*[TEN] 2.82 2.94 426
[emim]+[TEN]™ 3.13 327 447
[bmim]*[TEN]™ 343 3.09 —991
[bmpy]*[ TEN] 32 2.98 —6.88
[bmim]*[BE,] 56 5.57 —0.54
[bmpy]*[¢FAP]~ 2.85 234 ~17.89
[hmpy]"[TEN] 328 2.88 ~1220
[ETTU]*[eFAP]™ 2.94 2.58 —1224
[hmim]*[pFAP]~ 2.16 2.08 ~3.70
[hmim]*[¢FAP] 2.37 227 422
rmsd 0.28
MUPE 72

“ References for experimental data are shown in Table 3.

Zhang et al."? % deviation Palomer et al.'* % deviation

4.2 —22.22

4.8 —9.43

3.4 20.57 3.3 17.02

4.2 34.19 42 34.19

3.7 7.87 3.6 4.96

33 3.12

5.4 —3.57 6.1 8.93

2 —29.82

3.1 —5.49

1.7 —42.18 1 —65.99

2 —7.41

2 —15.61 19 —19.83
0.69 0.96

16.7 20

5. RESULTS AND DISCUSSION

By substituting the values of the three parameters (4o = 0.14,
Ay =1.5630,and A, = —1.3011) in eq 10, Henry's constant (H) of
CO, in a number of ILs comprising of different anions and cations
at temperatures of (283, 298, 323, and 333) K and at atmospheric
pressure is estimated using the COSMO-RS theory. These H values
are validated for the 18 ILs (other than the 14 systems used for the
parametrization) as shown in Table 4 and are found to be in good
agreement with the experimental values with an MUPE of 8.4 %.
The signed percent deviations in H values for each IL are also
shown in Table 4. ILs such as [hmim][pFAP] and [bmpy][eFAP]
have shown some deviation but still reasonably acceptable predictions.

4052

This discrepancy for these two ILs most likely due to the parame-
trization set since these ILs were not included in the parametrization
set. We have deliberately not included some ILs for the parametriza-
tion purpose to validate the predictions with the experimental values.
As can be seen from Tables 4 and S, most of the predictions match
well with the experimental values. Afterward, H values of CO, in a
number of ILs at different temperatures are predicted. The relation-
ship between the Henry's constant and the solubility of CO, can be
understood by the definition of Henry's constant, which is expressed
as

tim

x—~0 x

H =

(16)
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Table 6. COSMO Volume, Surface Area, and Molecular
Weight of Cations and Anions

cation  volume area molwt anion volume area molwt

101561 60537 111 [
115333 681.02 123 [
bmim]*  1291.58 75791 135 [
ETUT* 132908 767.61 145 [
ETTU]* 14324 8028 161 [EtSO,]” 807.75 498.87 12§
bmpy]* 14074 80642 150 [eFAB]™ 95325 573.62 187
VBTMA]" 149129 81612 176 [mFAP]™ 134544 719.62 295

[

[

[

[

[

[ BE,]” 487.55 32971 87
(
[
(
(
(
[
[pemim]" 142639 82832 147 [TLN]™  1367.68 79521 280
[
[
(
(
[
[
(

TFA]™ 63111 41057 113
L™ 674.63 42878 89
mFAB]™  731.6 458.08 137

1574.45 877.32 175 [OctSO,4]  1629.08 950.86 209
MATMA]" 1535.67 879.42 172 2004.36  985.29 445
1564.42 904.69 159 pFAP]7 2705.2 1316.61 595
pbim]* 156636 9083 167 [bFAP]™ 3388.41 163291 745
hmpy]®  1681.96 958.67 178
1838.43 1056.89 183
4724.97 2641.38 483

Table 7. Residual and Combinatorial Contributions of
Anions for the [bmim]* Cation at 298 K

anion Ueomb  Mres  abs(Ures) + abs(Ucomb) % fres contribution
[BF,]™ —3.340 1.345 4.686 28.7
[TEA]™ —3.402 1.157 4.559 25.3
L] 3430 1813 5243 34.5
[mFAB]™ 3457 0278 3.735 7.4
[EtSO,]~ —3490 1522 5013 304
[FAB]™ —3.555 0.101 3.656 2.8
[TEN]™  —3705 0251 3.956 64
[0ctSO,]~ —3766 1215 4981 245
[mFAP]”  —3.791 —0.029 3.821 0.8
[eFAP]™ —4.090 —0.041 4.132 1.0
[pFAP] ™ —4.283 —0.085 4.369 2.0
[bEAP]™  —4.443 —0.098 4541 22

where p is the total pressure of CO, in gas phase at which the
experiment is performed and x is the limiting mole fraction of CO,
absorbed in the IL. From the above equation, it is clear that the smaller
value of H implies the higher solubility of CO,.

The COSMO volume, surface area, and molecular weight of
the anions and cations are given in Table 6. In the present study,
we have considered the enthalpy effects arising due to the
interaction of CO, with the cation/anion and the entropy effects
due to size and shape of cation/anion to evaluate the chemical
potential. To understand the contribution of enthalpy and
entropy effects to the chemical potential, the residual and
combinatorial terms (see eq 9) of chemical potentials of various
anions for a particular cation [bmim]" and of various cations for a
particular anion [Tf,N] are presented in Tables 7 and 8. It is
clear from these tables that the combinatorial term (entropy
effect) has much more contribution to chemical potential
compared to the residual term (enthalpy effect).

The effect of the alkyl group attached at the R, position of the
methyl imidazolium cation on the CO, solubility has been studied
for different anion-containing imidazolium ILs by considering

Table 8. Residual and Combinatorial Contributions of
Cations for the [Tf,N]~ Anion at 298 K

abs(tcomp) +

cation Hecomb Hres abs (Ures) % Ues contribution
[emim]* —3.615 0306 3.922 7.8
[pmim]* —3.662 0281 3.943 7.1
[bmim]* —3.705 0251 3.956 63
[ETU]* —3.732 0406 4.138 9.8
[pemim]* —3.751 0233 3.984 5.8
[bmpy]* —3.762 0223 3.985 5.6
[pbim]* —3.787 0212 3.999 S3
[hmim]* —3.789 0212 4.002 53
[ETTU]* —3.793 0403 4.196 9.6
[MATMA]®  —3.795  0.353 4.148 8.5
[hmpy]* —3.836 0211 4.047 52
[VBTMA]* —3.837  0.396 4233 9.3
[pPTTU]" —3.837 0370 4.208 8.8
[omim]* —3.860  0.186 4.046 4.6
[Paaysss]” —4365 0151 4.517 33

alkyl groups ranging from ethyl to octyl groups. The computed H
values of CO, at 298 K and atmospheric pressure for the above
cation—anion combinations are presented in Figure S. For the case of
the lactate anion, it can be seen from Figure § that, as the alkyl chain
length of the group attached to R, position increases, Henry's con-
stant continuously decreases and thus the solubility of CO, increases.
This result is consistent with the experimental H values trend ob-
served for the [R,mim]*[THEN] ™ —CO, system.”*** This is most
likely due to the increased CO, absorption in the increased free
volume created in the IL network by the steric hindrances resulted by
longer alkyl chains. Similar trends are also observed for all of the other
anions studied.

From Figure S, alinear eq 17 is fitted for each anion, to find the
effect of alkyl chain length at the R, position of methyl imida-
zolium cation (n = 2 to 8).

H,=A + Bn (17)

The trend is linear with a coefficient of correlation R* = 0.99, so
the extrapolation of the data will give the H values for higher alkyl
groups. The slope B and intercept A of eq 17 for different anions
are shown in Table 9. Interestingly, from Table 9, it was observed
that there is a linear relationship between the slopes and the
intercepts of the above 12 anion-based ILs. This observation led
us to make a generalized equation for predicting the slope for ILs
containing any particular anion and the [R,mim]" cation. The
linear equation obtained for the slope B with respect to intercept
A is given as follows:

B = 0.0885 — 0.0493A (18)

With the help of eq 18, we can then generalize eq 17 for any anion
by combining eqs 18 and 17. Substituting eq 18 in eq 17 and
rearranging in such a way that H,, is represented in terms of the H
of [emim]" cation (H,) and the alkyl chain length n:

H, = (1.1094 — 0.0547n)H, + 0.0982(n — 2) (19)

where H, is the Henry's constant of CO, in an IL of an ethyl
imidazolium cation and a particular anion. Thus, if we know the
H value of [emim] cation-based IL (H,), then we can predict the
value of H,, of higher alkyl chain length imidazolium cation for
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Figure S. Variation of H values with the chain length of the alkyl group
at the R, position of the methyl imidazolium cation for different anions
of the ILs.

any anion reasonably well by using above eq 19. The derivation
of eq 19 from eqs 17 and 18 is provided in the Supporting Inf-
ormation.

From Table 9, it can be seen that a decrease in slope and
intercept is observed when going from nonfluorinated anions to
fluorinated anions. This observation is explained as follows. For
the nonfluorinated anion, as the alkyl chain length increases,
the H value (see Figure S) decreases more steeply due to the
increased free space created by longer alkyl chains. As for the
fluorinated anions, the H values are significantly lower than those
for the inorganic anions (e.g,, BF, ). The slope for the variation
of H values in fluorinated organic anions with respect to alkyl
chain length is less compared to that for nonfluorinated anions. It
is well-known that the fluorinated anion-based ILs have high
CO, solubilities due to the strong interactions of CO, with the
anion through Lewis acid—base characteristics. The extent of
CO, solubility obtained due to the fluorination of the anion is
usually much higher than that obtained by increasing the alkyl
chain length of the cation. This means that the effect of cation
becomes insignificant as we go from low fluorination to the high
fluorination. Thus, it is not surprising that fluorinated anions
show a drastic decrease in slope compared to nonfluorinated
anions.

Several studies showed that the solubility of CO, is
significantly affected by the nature of the anion, while the cation
has a small effect. This observation can be seen from the
experimental trend of Henry's constants at 298 K shown in
Tables 3 and 4. Figure S also reveals that, for a particular cationic
group, changing anion of the IL has a significant effect on H
values of CO, (i.e., on the solubility of CO,); for instance the H
value changes from 7.21 to 2.03 by changing the anion of the
[emim]-based IL. On the other hand, for a particular anion of the
IL, the H values (solubility) of CO, are less affected by the alkyl
chain length of [mim] cation; for instance, the maximum
variation of H value (from 7.21 to 5.38) by changing the alkyl
chain length of [mim] cation was observed for the lactate (L")
anion. It is clear that the effect of the anion is much more
pronounced compared to that of the cation on H values (or
solubility).

Furthermore, the inorganic/nonfluorinated anions have shown
higher Henry's constants (lower CO, solubility) compared to those
for the organic fluorinated anions. The inorganic/nonfluorinated

5,6,9,43

Table 9. Linear Fit Parameters to the H Value Variation for
Each Anion with Alkyl Chain Length in Methyl Imidazolium
ILs (as in Figure §)

anion intercept A slope B R?
[L]™ 7.761 —0.307 0.99
[EtSO,]™ 6.503 —0.212 0.99
[BF,]™ 6.365 —0.197 0.99
[TFA]™ 5.935 —0.213 0.98
[OctSO,]™ 4.969 —0.126 0.99
[mFAB]™ 3.913 —0.108 0.98
[TEN] 3.500 —0.095 0.98
[eFAB]™ 3.403 —0.075 0.99
[mFAP]™ 2,971 —0.072 0.97
[eFAP]™ 2.523 —0.042 0.98
[pFAP]™ 2.240 —0.025 0.99
[bFAP]™ 2.059 —0.016 0.98

anions follows a trend as lactate” > EtSO, > BF, > OctSO, .
The organic anions follows a trend as TFA™ > TLN™ > mFAB™
>eFAB™ > mFAP ™ >eFAP™ > pFAP ™ >DbFAP , irrespective of
the methyl imidazolium cation studied. It is evident that the
presence of fluoroalkyl group in the organic anions affects the H
values. The fluorinated molecules have high chemical stability
because of the high bond dissociation energy of the C—F
bonds. The significantly low molecular interactions due to the
mutual repulsive tendency of fluorine atoms lead to higher gas
solubilities.** As the fluorination of the ion increases, the H value
decreases, and thus the solubility increases. This can be explained
based on the high electronegativity of the fluorine atom. The
CO, always tries to position itself to maximize the favorable
interactions with the anion; that is, the CO, attaches to the highly
electronegative fluorine atom of the anion, thus aligning itself
to the anion containing fluorine (F) in such a way that the
interactions of the positive charge on the carbon atom of CO,
and the negative charge of the fluorine atom of the anion become
higher.*** In fact, many studies (as mentioned in Tables 3 and 4)
have shown experimentally that an increase in the fluorination
(e.g,, fluoroalkyl groups) of the anions of ILs increases the
solubility of CO,.”*>* Another important aspect behind the
difference in the solubility of CO, in various ILs is the molar
volume of anions. It is known that that the CO, is more soluble in
the ILs with solubility parameters (0) that are close to ¢ of CO.,.
The solubility parameter is inversely proportional to the molar
volume (O = (AU***/v)"/?). The higher the molar volume of the
IL, the lower the solubility parameter and hence more CO,
solubility.**

The predictions of the H value of CO, in butyl imidazolium
based ILs are shown in Table 10. It can be seen that the inorganic/
nonfluorinated anions such as lactate, EtSO,, BF, ,and OctSO,
show higher H values compared to the other fluoroalkyl group-
containing organic anions. These observations are similar to
those obtained with methyl imidazolium based ILs discussed
above. Among all of the anions studied, the bFAP anion has
shown the lowest H value, which means the highest solubility.
This is because of the fact that bFAP contains highest number
(12) of fluoroalkyl groups compared to other anions studied.
Consequently, it results in stronger interaction with CO,
relative to the other ions. From Table 10, it is observed that,
for all the anions studied, the Henry's constant of CO, in
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propyl butyl imidazolium (pbim) cation is lower than the propyl
methyl imidazolium (pmim) cation containing ILs, suggesting
that the alkyl group with a longer chain length exhibits a higher
solubility of CO,. The results presented in Table 10 manifests
that the alkyl group chain length of both R; and R, positions of
the imidazolium ring has an influence on the H value and thus on
the solubility of CO,.

To understand the effect of amine group tethering to the
cation of ILs on the CO, solubility, we have predicted Henry's
constant of CO, in the aminopropyl methyl imidazolium
(apmim) and in aminopropyl butyl imidazolium (apbim)
(Table 10) cations in combination with different anions. These
cations are primary amine-functionalized imidazolium-based
ions of the ILs. The comparison of H values of CO, in (a) pmim
with apmim and (b) pbim with apbim for different anions reveals
that the amine functionality at the R, position of the imidazolium
ring produces relatively similar H values, though some of the
anions show a small decrease in the H value. A very few
experimental studies available on the application of aminefunc-
tionalized ILs for CO, capture showed that the CO, solubility
increases significantly upon amine-tethering.” This increase was,
however, mainly due to the formation of the ammonium
carbamate and the other ammonium-anchored species, con-
firmed by Fourier transform infrared (FT-IR) and *C NMR
spectroscopy studies.” Thus, for amine-tethered ILs the H value alone
cannot explain the solubility differences observed experimentally

Table 10. Predicted Henry's Constant (in MPa) of CO, in
Butyl Imidazolium ILs Having Different Functional Groups at
298 K and 1 atm

ion [pmim]* [pbim]* [apmim]* [apbim]* [dmapbim]" [vbbim]*

L~ 686 596 655 578 5.54 4.63
[EtSO,] 588 522 535 4.84 4.68 428
[BF,]~ 578 512 513 4.66 4.49 428
[TFA]™ 530 465 5.24 4.63 4.40 3.95
[OctSO,]~ 460 422 437 4.04 3.94 3.64
[mFAB]™ 358 322  3.54 3.20 3.04 3.01
[TEN]™ 321 294 322 2.94 2.82 2.76
[eFAB]™ 318 290  3.16 2.93 277 274
[mFAP]™ 275 253 2.83 2.60 247 242
[eFAP]™ 240 228 248 235 226 221
[pFAP]” 217 210 223 2.16 2.10 2.04
[bFAP]~ 201 197 207 2.02 1.99 1.93

due to the participation of chemically formed carbamate type species
in capturing CO,.

In addition, the effect of the functional group present at the
R, position of butyl imidazolium on the H value is studied, and
the data are presented in Table 10. For the three functional
groups (aminopropyl, dimethylaminopropyl, and vinyl benzyl)
considered, the H value of CO, is in the order: vinyl benzyl <
dimethylaminopropyl (tertiary amine) < aminopropyl (primary
amine). These results suggest that the IL interaction with
CO, (solubility) can be enhanced by functionalizing the ILs
with a proper choice of functional group. In this case, vinyl
benzene- and then tertiary amine-tethered ILs showed superior
performance for CO, capture than their corresponding non-
functionalized ILs. Vinyl benzyl functionalized imidazolium ILs
are being used in synthesizing poly(ionic liquids). Similar trends
are observed for all the anions studied. Both the methyl- and
the butyl-imidazolium-based cations series with different anion
combinations revealed that pFAP and bFAP anions contain-
ing ILs have shown the lowest H values (highest CO,
solubilities).

The H values of CO, in uronium-, thiouronium-, pyridinium-,
ammonium-, and phosphonium-based ILs are shown in Table 11.
It is apparent that both uronium (ETU) and thiouronium
(ETTU) cations show similar H values. It suggests that the
heteroatom of the uronium-based cation has a minor effect on
the H value. Specifically, the uronium- and thiouronium-based
cations of ILs with EtSO, and BF, anion combination show a
different trend in H values when compared with those of
imidazolium-based ILs. This result suggests that the combined
effect of the uronium and thiouronium-based cations and EtSO,
and BF, anion interactions with the CO, molecule is different
from the interactions resulted from other cations with these
anion combinations. Furthermore, a comparison of the H values
of ETTU and PTTU in Table 11 shows that the alkyl group of the
thiouronium cation has shown a small effect on the H value.
Uronium- and thiouronium-series ILs also showed that the pFAP
and bFAP anion-containing ILs exhibit the lowest H values (i.e.,
the highest solubilities).

Three more series of pyridinium, ammonium, and phospho-
nium cation-based ILs are also studied, and the computed H
values are also given in Table 11. For all three pyridinium,
ammonium, and phosphonium cations, the trend in H values
with respect to the anion present in the IL follow the same trend
as that of imidazolium-based cations. As the eq 19 is applicable
for any anion but only for [R,mim]" cation-based ILs, we have

Table 11. Predicted Henry's Constant (in MPa) of CO, in Various Cation Groups of ILs at 298 K and 1 atm

ion [ETU]" [ETTU]" [PTTU]" [bmpy]” [hmpy]* [VBTMA]* [MATMA]" [P(1aysss]”
(L] 6.55 6.37 6.11 6.23 5.76 5.87 5.54 3.46
[EtSO,] 4.84 4.72 4.57 5.20 4.95 5.33 4.99 3.20
[BE,]™ 4.63 4.53 4.39 5.02 4.81 541 S5.00 3.09
[TFA]™ 5.35 5.17 4.95 4.85 4.54 491 4.74 3.03
[OctSO,] 4.16 4.06 3.95 424 4.07 4.25 4.09 2.93
[mFAB]™ 3.57 347 3.34 328 3.14 3.56 3.50 2.38
[TEN] 3.25 3.17 3.07 2.98 2.88 3.10 3.10 227
[eFAB] ™ 3.34 3.23 3.11 298 2.85 3.17 3.16 220
[mFAP] ™ 2.99 2.90 2.80 2.62 2.51 2.75 2.75 2.04
[eFAP]™ 2.64 2.58 2.52 2.34 227 2.40 241 1.96
[pFAP]™ 2.39 2.34 2.30 2.14 2.10 2.17 2.18 1.88
[bFAP]™ 221 2.18 2.15 2.00 1.97 2.01 2.02 1.82
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Figure 6. H values of various cations with scaled inorganic and organic
anions of ILs. Scaled values of anion are shown in the plot.

developed an approach to predict the H value for any type of
cation and anion. The approach is given as follows.:

By using the intercept values obtained for [R,mim]" cation-
based ILs (from Figure S and Table 9), all of the anions are scaled
between 0 and 1 by fixing the lactate anion at 0 (corresponding to
the highest H value in the series, A[L]f) and the bFAP anion at 1
(corresponding to the lowest H value in the series, Afprap-).-
The scaled value of any anion (S,) is defined as:

A[L] = — Aunion

scaled value of anion, S, = (20)

A~ — Appear)

where A_pjon is the intercept value for the anion of interest with
combination of any [R,mim]" cation. It can be obtained from
eq 19 using the H, value and n = 0 (since H,, at n = 0 is nothing
but the intercept value). The scaled values of all of the anions
(ranging from 0 to 1) are shown in the legend of Figure 6.
Furthermore, the H values of different cations such as [bmim]",
[bmp :|+) [Pbm] +r [ETU] +} [ETTU] +) [VBTMA] +1 and [:P(l4)666:]Jr
against scaled anions (all 12 anions studied) are presented in
Figure 6. From Figure 6, we can observe that, with the scaled
anions, all of the cations are following a straight line trend. The
linear fit parameters A[,}- and B[]+ of various cations according
to the following equation are given in Table 12.

H[ca]Jr[aF - A[ca]+ + B[car X Sa (21)

By using eq 21, Henry's constant of CO, with any cation and any
anion combination H[c,]-[,]- can be calculated. In brief, initially
the scaled value S, of that particular anion is obtained on 0 to 1
scale by using eq 20. In the next step, H.,]-[a]- can be calculated
by using the A.,}- and B[,J- of the particular cation, which can be
obtained from Table 12 and the S, of the particular anion. This
indeed significantly reduces the computational effort in obtaining
Henry's constants for the new IL systems. From Figure 6, it can be
seen that the phosphonium cation is the most preferable one since
it has lowest H values. Furthermore, among the different series of
IL systems studied, the H values of CO, for the best cation of each
series of ILs with OctSO, (best anion in nonfluorinated systems)
and bFAP (best anion in fluorinated systems) anion combinations

Table 12. Linear Parameters for Various Cations with Scaled
Anions

cation intercept A[c,)- slope Bic,)- R*
[emim]* 7.23 —5.20 0.99
[pmim]* 691 —491 0.99
[bmim]* 6.57 —4.62 0.99
[pemim]* 6.29 —4.33 0.99
[hmim]* 6.00 —4.05 0.99
[omim]* 5.55 —3.63 0.99
[apmim]* 642 —4.31 0.99
[pbim]* 6.04 —4.11 0.99
[apbim]* 571 —3.68 0.99
[dmapbim]* 5.48 —3.52 0.99
[vbbim]* 4.85 —2.84 0.99
[bmpy]* 6.15 —4.18 0.99
[hmpy]* 5.77 —3.82 0.99
[MATMA]* 5.78 —3.62 0.99
[VBTMA]* 6.16 —4.07 0.99
[ETU]" 6.10 —3.83 0.95
[ETTU]" 5.94 —3.71 0.95
[pPTTU]* 571 —3.53 0.95
[P(14666)" 3.58 —1.73 0.98
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o
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T 35
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omim vbbim PTT  hmpy MATMA P(14)666
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Figure 7. Effect of the nature of cation and anion of the IL on the
Henry's constant of CO,.

are presented in Figure 7. It is clearly demonstrated in Figure 7
that the H value strongly depends on the nature of the anion, with
organic anion containing fluoro alkyl groups (bFAP) being the
most preferable one for the highest CO, solubility. For the cation
effect, although the nature of the cation has less effect on the H
value for most of the cations compared to the anions of ILs, the
phosphonium-based ([P(14)s66) ") cation has a strong influence
on the H value (lowest). Due to high entropic effects arising due
to its high surface area and volume, the P(j4y6s6 cation is a
promising cation for achieving good CO, solubility compared to
the other cations. Thus, of all the ions studied, the P(14)g65 cation
and pFAP and bFAP anions have shown the highest CO,
solubilities as they exhibit the lowest H values.
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1T

Figure 8. Effect of temperature on Henry's constant for phosphonium
ILs.
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Figure 9. Effect of temperature on Henry's constant for bFAP anion-
based ILs.

Henry's constant values of CO, in various ILs are studied at
four different temperatures, (283, 298, 323, and 333) K,
respectively. The lowest H values are obtained at 283 K. The
H values increase with the increase of temperature (H,g3 < Haog
< Hsyy; < Hss;). From these results it is clear that the low
temperatures favor high solubility, which was also reported in
the literature;*>%%’ As the temperature increases, the IL will not
expand (ILs are stable at these temperatures), but the kinetic
energy of the gas molecules would increase, resulting in a more
rapid motion of the gas molecules, breaking the intermolecular
bonds/attraction which enable gas molecules to escape from
the solvent/liquid. Indeed this is a typical behavior for the
absorption of most of the gases in liquid systems, though it
depends on the nature of solvent and gas. The measured H
values for the phosphonium cation P(i4)¢6¢ with different
anions are plotted as a function of temperature in a range of

Table 13. Linear Fit Parameters for the Effect of Tempera-
ture on H of the ILs

[P(14)666] " cation [bFAP] ™ anion

intercept intercept

anion A slope B R* cation A slope B R
L]~ 8.1 —2043 099 [VBTMA]" 7.64  —20674 0.99
[OctSO,]” 8 —2060.6 099 [ETTU]* 774 —2072.1 0.99
[mFAB]~ 8.14 —2165.3 0.99 [hmpy]" 7.78 —2115.3 0.99
[TEN] 8 —2136.6 099 [pbim]* 7.79  —2117.6 0.99
[eFAB] ™ 809  —2173.8 099 [omim]" 777 —2118 0.99
[mFAP]™ 801  —217LS 099 [Paaess)” 777  —21355 0.99
[eFAP]™ 7.87  —21433 0.99
[pFAP]~ 782 —2140.1 0.99
bFAP] ™~ 7.75 —2130.3 0.99
[BF,]~ 804  —20584 0.99

Table 14. Average Slope (B) of Various Cations and Anions

sample no. cation average slope for all anions

1 [emim]* —2102.01
2 [pmim]* —2106.70
3 [bmim]* —2107.32
4 [pemim] —2106.97
5 [hmim]* ~2099.73
6 [omim]* —2103.74
7 [pbim]* —2119.32
8 [ETUT* —2097.85
9 [ETTU]" —2092.97
10 [PTTUT* —2098.19
11 [bmpy]” —2123.05
12 [hmpy]* —2119.36
13 [VBTMA]"* —2049.34
14 [MATMA]* —2081.07
15 [Piaysss)” —2114.58
16 L] —2054.00
17 [mFAB]™ —2154.91
18 [bFAP]~ —2104.84
tot average (Biyg) —2102.00

(283 to 343) K as In H versus 1/T plot which is shown in
Figure 8. A linear equation is fitted according to eq 22 with a
coefficient of correlation R* > 0.99. Similarly the effect of
temperature on the H value for the bFAP anion with different
cations is plotted as In H versus 1/T graph in Figure 9. A linear
equation is fitted according to eq 22 in a range of (283 to 343) K
for each cation with a coefficient of correlation of R* > 0.99. The
fitting parameters for the phosphonium cation and bFAP anion
are shown in Table 13.

InH =A + B(1/T) (22)

The physical significance of eq 22 can be explained from the
following equation:
X _ X
sal ug — Uy
H = p*™ oA 23
P exp| = (23)
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Table 15. Temperature-Dependent H Values from COSMO-RS against the Proposed Universal Equation 24"

T [omim]*[L]™ [hmpy]*[mFAB] "~ [P(14)666] [DFAP] ™
K exp(By(1/T — 1/T,) el Hcosmo % err L Hcosmo % err s Hcosmo % err
283 0.6881 3.70 3.74 0.92 2.16 2.13 1.52 1.25 1.25 0.24
298 1.0000 5.38 5.38 0.06 3.13 3.13 0.17 1.82 1.82 0.26
323 1.7262 9.29 9.15 1.51 542 5.52 1.78 3.14 3.17 0.99
333 2.0988 11.29 11.07 2.03 6.59 6.76 2.47 3.82 3.87 1.25
348 2.7551 14.82 14.42 2.76 8.65 8.96 342 5.01 5.10 1.61

* Hyniversal: from eq 24; HCOSMO: prediction from COSMO-RS; B,

: universal slope = —2102.

Equation 23 can be rewritten by taking the natural logarithm
(In) on both sides;

X X
— 1
InH =1In psat + <W>T (24)

In eq 22 the intercept A refers to the Henry's constant H at
infinite temperature, and the slope B refers to the chemical
potential of CO, in the IL. Since infinite temperature is not a
feasible temperature, we can ignore the intercept A by bringing
the concept of reference temperature. From eqs 23 and 24, we
can observe that 4 is a constant at a particular temperature and
is independent of the IL studied. Hence we can say that the H
value only depends on the chemical potential of CO, in the
particular IL, that is, 3. Thus the slope B in eq 22 is affected by
us of CO, in that particular IL.

The slopes of In H versus 1/T for a particular cation with each
anion and vice versa were obtained. By taking the average of all of
the slopes as B,,, and 298 K as the reference temperature T}, an
expression for H is proposed as:

H = H, exp <Bavg (fr _ ;)) (25)

where H, is the Henry's constant of particular cation and anion at
the reference temperature T,(298 K). By is a universal average
slope which is obtained by taking the average slope of all of the
cations and anions. The B value of all of the 15 cations and 3
anions are given in Table 14. Equation 25 indicates that, for a
particular cation, all of the anions behave in the same way with
respect to temperature and for a particular anion, all of the
cations behave in the same way with respect to temperature. By
using eq 2S5 we can predict the H value of CO, in any IL at any
temperature by just knowing its H value at the reference
temperature 298 K. The percent deviation of the H values
obtained from eqs 22 and 2S5 is observed to be between (0.01
and 3.5) %. A comparison table is given in Table 18.

6. CONCLUSIONS

In the present study, the Henry's constant values of CO, at
four different temperatures [ (283,298, 323, and 333) K] and at 1
atm in 228 ILs have been successfully determined with our own
developed code using COSMO-RS theory. The good agreement
of the computed Henry's constants with the reported experi-
mental data suggests that the results obtained for the H values are
reliable and can be used as good indicators for the CO, solubility
when designing new ILs. The rmsd of the results from the
experimental literature data came out as 0.35 and an MUPE of
less than 10 %. The present study demonstrated that the H value

of CO, in ILs is strongly dependent on the nature of anion. The
organic anions having fluoroalkyl groups results in lower H
values (higher CO, solubility) than the nonfluorinated/inor-
ganic anions. On the other hand, the nature of cation has a less
effect on the H value compared to the anions of ILs. Among the
cations studied, the phosphonium-based cation has a strong
influence on the H value (lowest) relative to the other cations
due to the increased entropic effects arising from its large
surface area and volume. Among the ILs studied, the phospho-
nium-based ([P(;4)s66]") cation and pFAP and bFAP anion-
based ILs have shown the lowest H values, suggesting that these
ions have strong interactions with CO,, which result in the
highest solubility of CO,. Comparing the H values at different
temperatures, it is clear that the low temperatures favor high
solubility. A predictive equation has successfully been devel-
oped to determine the H of [R,mim]" cation-based ILs by using
the H value of CO, in the [Rymim]* IL system. The effect of
amine functionalization on imidazolium cation has been stud-
ied. It was observed that the tertiary amine tethered ILs show
high CO, solubility (low H values) compared to untethered and
primary amine tethered ILs. A single parameter based correla-
tion has been developed to predict the H values at various
temperatures by just knowing the H value at the reference
temperature 298 K. The percent errors by using these equations
are found to be between (0.01 and 3.5) %.
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