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The new group binary interaction parameters of UNIFAC model (a,,, and a,,,) between CO, and 22 ionic liquid (IL)
groups were obtained by means of correlating the solubility data of CO, in pure ILs at different temperatures (>273.2
K). We measured the CO, solubility at low temperatures down to 243.2 K in pure ILs, i.e., [OMIM] " [BF,]~ and
[OMIM] " [T£:N] ™, and their equimolar amount of mixture, in order to fill the blank of solubility data at low tempera-
tures and also to justify the applicability of UNIFAC model over a wider temperature range. It was verified that UNI-
FAC model can be used for predicting the CO, solubility in pure ILs and in the binary mixture of ILs both at high
(>273.2 K) and low temperatures (<273.2 K) effectively, as well as identifying the new structure—property relation.
This is the first work to extend the UNIFAC model to IL-CO, systems. © 2013 American Institute of Chemical Engineers
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Introduction

In recent years, the emissions of carbon dioxide (CO,) are
increasing, leading to a series of environmental problems.
Therefore, carbon capture and storage (CCS) becomes an
important issue for an environmentally benign and sustain-
able development. Ionic liquids (ILs) as novel green solvents
have unique peculiarities such as their almost negligible
vapor pressure, high thermal and chemical stability, tunable
chemical structures, and low-melting point, which make
them a promising alternative for the replacement of volatile
organic solvents in gas absorption and separation.“‘ How-
ever, in some cases, e.g., the syngas purification for Fischer-
Tropsch (FT) synthesis and the production of NHj, the con-
tent of CO, for syngas is usually limited to ppm level (2
ppm to 3% by volume depending on the type of synthesis)
before reaction,” and the absorption process operating above
room temperature could not meet the requirement because
the solubility of CO, in ILs decreases with increasing tem-
perature. Thus, the solubility of CO, in ILs at low tempera-
tures down to 243 K as in the world-famous Rectisol
process’® using methanol as separating agent has to be deter-
mined to provide fundamental knowledge for developing gas
separation techniques unitizing the unique properties of ILs.

Unfortunately, although there are a large number of publi-
cations on the solubility of CO, in pure ILs at high tempera-
tures (>273.2 K),”? the investigation on the solubility of
CO; in pure ILs at low temperatures (<273.2 K) has not
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been reported by far. Therefore, in this work, we decided to
measure the CO, solubility at low temperatures down to
2432 K in two common ILs as the representatives, i.e.,
[OMIM] [BF,]~ and [OMIM] *[Tf,N] . However, it is tedi-
ous and time-consuming to measure the solubility of CO, in
all ILs at low temperatures through experiments one by one.
Therefore, it is highly desirable to develop an effective and
efficient predictive model so as to reduce the amount of
experimental work.

Several predictive thermodynamic models, e.g., regular
solution theory (RST),*26 the series of statistical associating
fluid theory (SAFT) EOS?"™° (e.g., perturbed-chain SAFT
(PC—SAFT), soft-SAFT, heterosegmented-SAFT, and SAFT-
1), and COSMO—RS (conductor-like screening model for real
solvents)*'™* have been proposed for IL—CO, systems. The
formulations of SAFT EOS are much complicated and a num-
ber of pure component parameters and cross-association
binary parameters have to be concerned, thus limiting their
engineering application. The COSMO—RS model is a novel
method for predicting thermodynamic properties of pure and
mixed liquids on the basis of unimolecular quantum chemical
calculations for the respective individual molecules or ions.
As a priori prediction method, it requires molecular structure
as the only information, regardless of any experimental data.
Some researchers®” have used the COSMO—RS model to pre-
dict the CO, solubility in ILs, and found that the
COSMO—RS model sometimes cannot predict the correct
trend in the order of CO, solubility in comparison with exper-
imental data. Thus, there is a great risk of producing very
poor predictions when using the COSMO—RS model. On the
other hand, the RST model offers a simple method to predict
the gas solubility in ILs at low pressures and near ambient
temperature. As a semiquantitative model, a few solubility
parameters for ILs are included only, and some model param-
eters are even related to a particular temperature. Thus, it
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cannot be extrapolated to other temperatures or high
pressures.

However, the classic UNIFAC model has recently received
broad attention for the prediction of thermodynamic properties
of systems with ILs because its formulation is simple, and can
be directly incorporated into such famous simulation programs
as ASPEN PLUS and PROII to establish equilibrium stage
(EQ) and nonequilibrium stage (NEQ) models.**% Based on
the original UNIFAC model established by Gmehling,3742 we
successfully extended the UNIFAC model to the IL-
containing systems, with 45 main groups and 77 subgroups
for ILs reported in our previous works.**** However, the
binary interaction parameters between IL and CO, groups
have not yet been included, and, thus, should be considered to
meet the increasing requirements put forward by chemical
engineers engaged in gas separation.

It was known that the solubility of CO, in ILs increases
with increasing the number of carbon atoms in the alkyl chain
on the cation; however, the selectivity relative to other gases
often decreases simultaneously. Therefore, the binary mixture
of ILs, which is commercially available, can serve as the sepa-
rating agents to tune the separation ability conveniently, result-
ing in a desirable solubility and selectivity for capturing CO,.
However, the investigation on the solubility of CO, in a binary
mixture of ILs is still scarce. Baltus et al.** first reported the
Henry’s law constant of CO, in the mixture of 58 mol %
[OMIM]"[T£,N]” and 42 mol % [CgFisMIM]T[T,N]™ at
298.2 K and pressure close to 1 bar, which lies between the
Henry’s law constants in pure [OMIM][T£,N]™  and
[CsFsMIM] T [T;N] . We previously*® measured the solubil-
ity behaviors of CO, in the mixture of [EMIM] " [BF,]” and
[OMIM]*[TEN]T, as well as in the mixture of
[BMIM] " [BF,]~ and [OMIM]"[Tf,N]™ at different mixed
concentrations above room temperatures (313.2 and 333.2 K)
and pressures up to 60.0 bar. Finotello et al.¥’” measured the
solubility behaviors of CO,, CHy, and N, gases in the binary
mixtures of imidazolium-based room-temperature ionic liquids
(RTILs) using [EMIM] " [Tf,N]~ and [EMIM] " [BF,]~ at 40 C
and low pressures (close to 1 atm). The solubility data of CO,
in a mixture containing a fixed mole ratio of 49.98%
[EMIM] "[Ac]™ to 50.02% [EMIM]*[TFA]™ using a gravi-
metric microbalance at three temperatures (298.1, 323.1, and
348.1 K) and pressures up to about 2.0 MPa were measured
by Shiflett and Yokozeki,*® showing a combination of chemi-
cal and physical absorptions. Furthermore, it was found that
CO, solubility at a fixed pressure can be well predicted by a
so-called lever rule which is based on the mole fraction aver-
age of individual ILs. However, the solubility data of CO, in
the binary mixtures of ILs at low temperatures (<273.2 K)
have never been reported, and no predictive model has been
proposed for estimating the CO, solubility in mixed ILs at
high pressures. As a result, it is difficult to optimize the IL
composition needed to prepare a mixture effective for captur-
ing CO, only through experiments without the establishment
of predictive models.

Therefore, the focus of this work is on addressing the
cogently interesting issues for the UNIFAC model as to (1)
extending the group parameters of UNIFAC model between
CO, and IL groups obtained by means of correlating the
experimental data exhaustively collected from literatures at
high temperatures (>273.2 K), (2) checking the availability
of new group parameters for predicting the solubility of CO,
in pure ILs at low temperatures (<273.2 K), (3) checking
the availability of new group parameters for predicting the
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solubility of CO, in the binary mixtures of ILs from high to
low temperatures, and (4) identifying new structure—property
relation for CO, solubility in ILs by means of the UNIFAC
model. In this work, the CO, solubility data in
[OMIM] " [BF4]~, [OMIM]"[Tf,N]~, and their equimolar
amount of mixture at low temperatures (243.2, 258.2, and
273.2 K) and pressures up to 25 bars were measured so as to
justify the applicability of UNIFAC model. The meanings of
abbreviations for anions and cations of ILs throughout this
article are given online in Supporting Information.

Experimental Section
Materials

The ILs [OMIM]*[BF,]” (purity >99%, water con-
tent <2000 ppm, and chloride content< 150 ppm in mass
fraction) and [OMIM] " [Tf,N]~ (purity >99%, water content
<600 ppm, and chloride content < 150 ppm in mass frac-
tion) were purchased from Shanghai Chenglie Chemical
Co., Ltd. Before use, they were degassed and dried in a vac-
uum rotary evaporator at 333.2 K for 48 h to remove traces
of water and other volatile impurities. After rotary evapora-
tion, the water contents in [OMIM] [BF,]” and
[OMIM]*[Tf,N]~ were less than 200 and 60 ppm, respec-
tively, as determined by Karl-Fischer titration method (SC-
6). CO, was purchased from Beijing Analytical Instrument
Factory with a high purity of 99.995 wt % for experiments
without further purification. The mixture containing equimo-
lar amounts of [OMIM]"[BF,]~ and [OMIM] "[Tf,N]~ was
prepared in a cleaned conical flask from the dried pure
samples.

Apparatus and procedure

The solubility data of CO, in ILs were measured in a low-
temperature high-pressure equilibrium cell, which was
immersed into a temperature-controlled ethanol bath device
for controlling the cooling temperature with a fluctuation
of = 0.1 K. The schematic diagram of this experimental
apparatus is shown in Figure 1, which consists of a stainless
steel equilibrium cell with constant volume (Vg =480 mL),
a stirring paddle, an ethanol bath, gas manifold, and gas
reservoir.

In a typical experiment, a predetermined amount of ILs
(my) was loaded into the equilibration cell, and the system
was purged of the air by vacuum pump (2XZ-1) with all
valves (V1-V6) opened. A small amount of gas was charged
into the cell in order to replace the residual air, and the oper-
ation was repeated several times. With valves (V1 and V2)
closed, some CO, was introduced into a gas reservoir (3).
Then, the valves (V3, V4, V5, and V6) were closed, and the
gas reservoir (3) as well as valves (V4 and V5) was taken
out to weigh by an electronic balance (CPA 1003S, Sarto-
rius) with an uncertainty of 0.001 g, the weight being
recorded as m;. Afterward, the gas reservoir (3) was con-
nected with valve (V3) again, while keeping the valves (V1,
V3, and V4) to the equilibrium cell open, so that a certain
amount of CO, was introduced into the equilibrium cell in
contact with IL. The valves (V1, V3, and V4) were kept
closed during the whole phase equilibrium. The gas reservoir
as well as valves (V4 and V5) was taken out to weight
again, the weight being recorded as mj,. Therefore, the
amount of CO, gas contained in the equilibrium cell was
(my - my). The liquid phase was stirred at a speed of about
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Figure 1. Schematic diagram of the experimental apparatus for measurement of the solubility of CO, in ILs at low

temperatures.

(1) Equilibrium cell, (2) ethanol bath, (3) stirring paddle, (4) vacuum pump, (5) gas reservoir, (6) pressure and temperature dis-
play, (7) CO; cylinder, (8) cylinder regulator, and (9) refrigeration compressor.

250 rpm to expedite the gas-liquid equilibrium. The system
pressure was measured by a pressure gauge (HQ sensor 1000)
with a range of 0-9.999 MPa and an uncertainty of = 0.001
MPa. It was assumed that gas-liquid equilibrium had been
reached until there was almost no pressure change. Each run
took about 5 days to ensure sufficient equilibrium time.

Data reduction

The solubility data of CO, (1) in pure ILs or binary mix-
ture of ILs were measured in the similar manner as isochoric
saturation method using the negligible vapor pressure of ILs,
and can be determined by

X = nco, _ nco, )
neco,tnw  neco, tmu /M
nco, =Ny,co, ~Ng,Co, ()
mp—nny
nyco,= Meo )
2
Ve—V(T,P)
2 =y 4
ng.CO, Vorco (T, P) 4

where x; is the mole fraction of CO, in liquid phase 7 co,,
ngco, and nco, are the total amount of CO, introduced into
the equilibrium cell, the amount of CO, in the gas phase, and
the amount of CO, dissolved in the liquid phase, respectively
ny, is the total amount of pure ILs or mixed ILs, M is the
molecular weight; Vi, co,(T,P) is the molar volume of CO,
in gas phase obtained from NIST database (see http://webboo-
k.nist.gov/chemistry/); and V(T, P) represents the total volume
of IL/CO, mixture in the liquid phase at a given temperature
and pressure. The liquid volume correction due to the dissolu-
tion of CO, was taken into account by a simple mole fraction
average for the molar volume &Vtilde;,, as proposed by Lei
et al.*® and Shiflett and Yokozeki*®

Vm(T,P):‘;IL(l_X)'i“;COZX (5)

which can be rewritten as

V(T,P)=Vi+Vco,nco, (6)
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where V(T, P) is the volume of IL/CO, mixture; Vi (= my/
pi) is the volume of pure ILs determined by the new group
contribution method as proposed by Paduszynski and
Domariska,* with a high accuracy with average absolution
relative deviations (AARDs) only 0.53%; and \7(;02 is the
molar volume of dissolved CO, calculated by the Zellner
method.”® Canongia Lopes reported®’ that there would be a
positive excess molar volume while mixing two kinds of ILs
together, but this value is very small when the two ILs have
a common cation. For the mixture of [BMIM] [BF,]” and
[BMIM] "[Tf,N]~, the maximum excess molar volume takes
only 0.1% of the molar volume of [BMIM] "[Tf,N]~. Thus,
in this work the effect of excess molar volume is neglected.
For the mixed ILs, the density and molecular weight were
calculated by using the following mixing rules

ZX,«Mi
i

Pmix = — X @)
2,
Muix=>_XiM; ®)

where p; is the density of pure ILs (see Supporting Informa-
tion), and X; is the mole fraction of IL in the mixture on a
CO,-free basis. In this way, the estimated uncertainty of the
solubility measurement in mole fraction was less than 0.006.

To verify the accuracy and reliability of experimental
method and apparatus, the solubility of CO, in
[HMIM]*[BF,]” at 298.2 K and pressures up to 10 bars was
measured. The comparison between experimental solubility
data and the values coming from literature>® is given in Sup-
porting Information, with the ARD (average relative devia-
tion) 1.82%.

Thermodynamic Model
Model description

The original UNIFAC model was first proposed by Fre-
denslund et al>% in 1975, as a group-contribution method
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combining the solution-of-functional-groups concept with a
model for activity coefficients based on an extension of the
universal-quasi-chemical theory (UNIQUAC) of liquid mix-
tures. To apply the UNIFAC model, the IL molecule must
first be divided into several separate groups. There are three
approaches for the decomposition of IL groups (1) the IL is
divided into one cation and one anion groups.>>* This
approach does not reflect the influence of structural variation
of substitutents on the cation or anion on the separation per-
formance, (2) the IL is divided into cation core, anion and
several CH, or CHj; groups.ss_58 This approach requires a
large number of experimental data used to correlate the
group interaction parameters, and (3) the skeleton of cation
and anion is treated as a whole, and the alky chain is decom-
posed into separate CH, or CHj groups.36"‘3"%’59763 In this
approach, ILs are divided into electrically neutral groups,
and, thus, the additional Debye-Hiickel term accounting for
long-range electrostatic contributions can be neglected. As a
result, this approach was adopted in this work.

In the UNIFAC model, the activity coefficient expressed
as a function of temperature and composition, is composed
of two parts, i.e., the combinatorial part and the residual part

Iny;=In in-Hn y}{ )

where In y,-c represents the combinatorial contribution to the
activity coefficient, which is caused by the different size and
shape of groups, and contains two group parameters R; and
Or. The group parameters can be derived from the previous

38,43,44.64 _ VXN, _ AXN,
work, or calculated by Ry=-574 and Qp= T8,

where N, is the Avogadro’s number (6.023 X 10%* mol™ 1),
V and A are group volume and surface area calculated by the
COSMO—RS model, respectively, and Vyw and Ayw are
15.17 ecm>mol ™" and 2.5 X 10° cm2~m0171, respectively, as
suggested by Bondi.® In y? represents the residual contribu-
tion, which is essentially due to energetic interaction
between groups, and is a function of the group interaction
parameters @y, and dpyy,.

The group interaction parameters (¢, and d.,) between
IL group and the main group CH, as well as between CO,
and the main group CH, can be found from previous publi-
cations.***® Therefore, the group interaction parameters (@,
and a,,,) only between IL group and CO, are the unknown
input parameters, which should be derived by means of cor-
relating the experimental CO, solubility data in pure ILs at
different temperatures (>273.2 K) and pressures exhaustively
collected from other literatures.

Procedure of the estimation of group interaction
parameters

For the CO, (1) +IL (2) binary system, the gas-liquid
equilibrium at low and medium pressure can be described as

yiPo (T, P,y1)=x17,P) (10)

where x; and y; represent the mole fractions of CO, in liquid
and gas phases, respectively; ¢,(7,P,y;) is the gas-phase
fugacity coefficient of CO, calculated from the equation of
state proposed by Span and Wagner;®” P is the system pres-
sure; P§ is the saturated vapor pressure of CO, calculated by
the extrapolated Antoine equation as proposed by Shiflett
and Yokozeki;®® and y1 is the activity coefficient of CO,,
which can be calculated by the UNIFAC model. It is noted
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that the gas phase can be treated as pure CO, gas (i.e.,
y, = 0) since IL has a negligible vapor pressure.*”

The average relative deviation (ARD) minimized was
adopted as objective function (OF)

1 al Xeal — Xex
OF=— L 11
N | an

Xexp

where Xy, is the experimental CO, solubility data exhaus-
tively collected from literatures; x., is the calculated CO,
solubility data by the UNIFAC model, and N is the number
of data points. In this work, the binary interaction parameters
between CO, and IL groups were obtained by correlating the
solubility data of CO, arranged according to the category of
ILs having the same skeleton of cation and anion. We are
aware that the collected solubility data were measured by
different techniques or using the same experimental method
but measured by different research groups. In this case, the
experimental data, which do not conform to the general
structure—property relation, were excluded. It was found that
only a few experimental data are suspicious. Meanwhile,
most of the experimental data are present on a mole fraction
basis except for several solubility data present on a molality
(unit: mol COz-kg_1 IL) or mole ratio (unit: mol CO,-mol !
IL) basis. Herein, these data have to be converted into the
uniform mole fraction basis.

The SOLVER function with the optimization algorithm of
Newton’s central difference in Microsoft Excel 2003 was
adopted to correlate the group binary interaction parameters
(apm and ap,,) using the solubility data at temperatures of
278-453 K, and pressures of 0.01-971.00 bar. The fitting
procedure is similar to our previous publications.“’44 In this
way, the feasible and near-optimal solutions to the regression
problem can be reached.

A five-fold cross validation method was applied to estimate
the predictive power of UNIFAC model. The solubility data
for each kind of IL groups (with the same skeleton of cation
and anion) were randomly partitioned into five subsets of data
of equal size. Four sets of the data were used as a training set
to obtain the binary interaction parameters, and the other one
was used as a validation set to check the predictive power of
the model. Thus, five models, named as Model 1/5, Model 2/
5, Model 3/5, Model 4/5, and Model 5/5, were introduced,
and each one contained 1/5 data. The Root Mean Square
Error of Approximation (RMSEA) minimized was used to
select the optimum values for interaction parameters.

RMSEA =y/max ([(2/df—1)/(N=1)],0)  (12)

where y? is the chi-square value, df is the degree of freedom,
and N is the sample size. MacCallum et al.”® used the
RMSEA values 0.01, 0.05, and 0.08 to indicate excellent,
good, and mediocre fits for a model, respectively. However,
others have suggested 0.10 as the cutoff for poor fitting mod-
els.”! The group binary interaction parameters (d,,, and @)
between CO, and 22 IL groups, as well as the RMSEA val-
ues, are listed in Table 1. It can be seen that the RMSEA
values in most cases are below 0.08, indicating the applic-
ability of UNIFAC model. The current UNIFAC parameter
matrix is illustrated in Figure 2. The kinds of ILs, more than
5400 solubility data points, experimental methods and the
corresponding cited literatures are provided in detail in Sup-
porting Information.
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Table 1. Group Binary Interaction Parameters o,,, and o,,, Between CO, (m) and IL Group (r) for the UNIFAC Model

No. of data No. of data RMSEA RMSEA
points in points in for valida- for all
Main groups Models training set validation set Onn om tion set data
[MIM][BE,] Model 1/5 620 155 —15.3868 430.5254 0.0595 0.0499
Model 2/5 620 155 —15.6938 430.4648 0.0453 0.0499
Model 3/5 620 155 —13.6521 431.0390 0.0530 0.0495
Model 4/5 620 155 —13.6666 431.0830 0.0475 0.0495
Model 5/5 620 155 —14.4413 430.7991 0.0410 0.0496
Optimum values for interaction parameters —14.4413 430.7991
[MIM][Tf,N] Model 1/5 1467 366 14.5632 81.4726 0.0650 0.0720
Model 2/5 1466 367 15.2465 78.6457 0.0686 0.0718
Model 3/5 1466 367 14.5301 80.5347 0.0675 0.0719
Model 4/5 1467 366 19.4642 75.3566 0.0881 0.0720
Model 5/5 1466 367 19.0783 75.0256 0.0679 0.0719
Optimum values for interaction parameters 14.5632 81.4726
[MIM][PFs] Model 1/5 663 165 —60.8959 461.5565 0.0740 0.0652
Model 2/5 662 166 —59.8836 451.8236 0.0749 0.0656
Model 3/5 662 166 —66.7409 460.2493 0.0422 0.0666
Model 4/5 662 166 —64.0534 471.0697 0.0738 0.0652
Model 5/5 663 165 —67.4639 483.0794 0.0571 0.0653
Optimum values for interaction parameters —66.7409 460.2493
[MIM][TfO] Model 1/5 283 70 —160.0226 586.3646 0.0985 0.0783
Model 2/5 282 71 —164.3934 585.5045 0.0909 0.0787
Model 3/5 283 70 —162.1211 572.3386 0.0628 0.0787
Model 4/5 283 70 —162.0887 585.6760 0.0669 0.0785
Model 5/5 282 71 —161.4688 585.7983 0.0663 0.0784
Optimum values for interaction parameters —162.1211 572.3386
[MIM][MeSO,] Model 1/5 43 11 138.1802 108.9303 0.0349 0.0375
Model 2/5 43 11 121.1340 93.2455 0.0352 0.0389
Model 3/5 44 10 138.1776 108.9332 0.0329 0.0375
Model 4/5 43 11 123.2631 95.0795 0.0518 0.0385
Model 5/5 43 11 137.2056 108.0240 0.0308 0.0375
Optimum values for interaction parameters 137.2056 108.0240
[MIM][EtSOy4] Model 1/5 76 19 313.5971 168.6811 0.0170 0.0252
Model 2/5 76 19 319.5117 181.8144 0.0108 0.0243
Model 3/5 76 19 310.4847 162.7083 0.0334 0.0261
Model 4/5 76 19 402.7670 138.5787 0.0298 0.0249
Model 5/5 76 19 313.9146 169.4787 0.0314 0.0251
Optimum values for interaction parameters 319.5117 181.8144
[MIM][CI] Model 1/5 36 9 2693.8036 —68.4551 0.0307 0.0427
Model 2/5 36 9 2693.8013 —71.0541 0.0596 0.0436
Model 3/5 36 9 2693.8046 —67.3521 0.0236 0.0423
Model 4/5 36 9 2693.7995 —73.3449 0.0567 0.0445
Model 5/5 36 9 2693.8049 —67.3521 0.0361 0.0423
Optimum values for interaction parameters 2693.8046 —67.3521
[MIM][DEPOy,] Model 1/5 18 4 228.8579 98.1212 0.0003 0.0004
Model 2/5 18 4 227.3430 95.4983 0.0005 0.0004
Model 3/5 17 5 228.8579 98.1212 0.0003 0.0004
Model 4/5 17 5 227.3430 95.4983 0.0005 0.0004
Model 5/5 18 4 228.8579 98.1212 0.0003 0.0004
Optimum values for interaction parameters 228.8579 98.1212
[MIM][DMPO,] Model 1/5 10 2 826.9872 1177.0552 0.0002 0.0002
Model 2/5 9 3 822.2149 1178.0258 0.0001 0.0002
Model 3/5 9 3 826.8938 1178.4007 0.0003 0.0002
Model 4/5 10 2 825.4959 1177.7283 0.0001 0.0002
Model 5/5 10 2 828.5326 1176.3675 0.0001 0.0002
Optimum values for interaction parameters 825.4959 1177.7283
[MIM][MDEGSOy4] Model 1/5 33 8 271.7267 179.5194 0.0115 0.0543
Model 2/5 33 8 276.4652 177.2476 0.0642 0.0550
Model 3/5 33 8 232.1762 197.9778 0.1034 0.0565
Model 4/5 33 8 277.2195 178.5498 0.0250 0.0545
Model 5/5 32 9 2717.2967 178.3609 0.0259 0.0546
Optimum values for interaction parameters 277.7267 179.5194
[MIM][NO;] Model 1/5 83 21 111.2882 519.6840 0.0574 0.0489
Model 2/5 83 21 106.8830 516.7665 0.0505 0.0474
Model 3/5 83 21 104.6213 515.2294 0.0387 0.0467
Model 4/5 83 21 104.4361 514.9662 0.0088 0.0467
Model 5/5 84 20 109.3705 518.2067 0.0650 0.0482
Optimum values for interaction parameters 104.4361 514.9662
[MIM][SCN] Model 1/5 45 11 181.1421 168.7088 0.0487 0.0488
Model 2/5 45 11 183.8349 171.4511 0.0478 0.0487
Model 3/5 45 11 186.7495 174.4316 0.0296 0.0487
Model 4/5 45 11 183.8349 171.4511 0.0528 0.0487
Model 5/5 44 12 183.8349 171.4511 0.0587 0.0487
720 DOI 10.1002/aic Published on behalf of the AIChE February 2014 Vol. 60, No. 2 AIChE Journal



Table 1. Continued

No. of data No. of data RMSEA RMSEA
points in points in for valida- for all
Main groups Models training set validation set Omn Oam tion set data
Optimum values for interaction parameters 186.7495 174.4316
[MIM][TFA] Model 1/5 73 21 131.6600 154.4708 0.0404 0.0498
Model 2/5 73 21 138.9052 148.7753 0.0108 0.0493
Model 3/5 73 21 138.2013 147.9715 0.0623 0.0496
Model 4/5 74 20 105.9965 178.9719 0.0493 0.0513
Model 5/5 73 21 138.9052 148.7753 0.0666 0.0493
Optimum values for interaction parameters 138.9052 148.7753
[OCH,MIM][T1,N] Model 1/5 14 4 —603.6483 159.9201 0.0705 0.0597
Model 2/5 15 3 —630.6696 152.2192 0.0498 0.0696
Model 3/5 14 4 —603.6483 159.9201 0.0526 0.0618
Model 4/5 14 4 —612.7348 157.2275 0.0444 0.0642
Model 5/5 15 3 —603.6483 159.9201 0.1341 0.0597
Optimum values for interaction parameters —612.7348 157.2275
[MPY][BF,] Model 1/5 17 4 24.4715 268.4828 0.0567 0.0542
Model 2/5 17 4 23.2569 267.8702 0.0743 0.0537
Model 3/5 16 5 23.2586 267.8666 0.0357 0.0537
Model 4/5 17 4 25.8636 226.7528 0.0526 0.0495
Model 5/5 17 4 24.4715 268.4828 0.0367 0.0542
Optimum values for interaction parameters 23.2586 267.8666
[MPY][Tf,N] Model 1/5 46 11 29.9099 73.5104 0.0164 0.0168
Model 2/5 45 12 16.3630 61.9998 0.0143 0.0146
Model 3/5 45 12 22.1635 66.9491 0.0152 0.0147
Model 4/5 46 11 22.1651 66.9472 0.0136 0.0147
Model 5/5 46 11 29.0407 727772 0.0205 0.0165
Optimum values for interaction parameters 22.1651 66.9472
[MPYR][Tf,N] Model 1/5 247 62 —140.3341 465.1145 0.0855 0.0902
Model 2/5 247 62 —143.0034 442.1935 0.0777 0.0870
Model 3/5 247 62 —134.3077 445.0594 0.0945 0.0899
Model 4/5 248 61 —131.8377 445.8533 0.0970 0.0910
Model 5/5 247 62 —136.5032 460.3062 0.0936 0.0911
Optimum values for interaction parameters —143.0034 442.1935
[MPYR][TfO] Model 1/5 45 11 116.4028 186.9445 0.0793 0.0568
Model 2/5 45 11 204.0040 102.5842 0.0544 0.0547
Model 3/5 44 12 203.1707 102.7460 0.0302 0.0548
Model 4/5 45 11 201.7828 99.9781 0.0540 0.0560
Model 5/5 45 11 201.5003 99.7521 0.0565 0.0561
Optimum values for interaction parameters 203.1707 102.7460
[N][T£,N] Model 1/5 43 10 291.7498 —19.6023 0.1569 0.1381
Model 2/5 42 11 286.3920 —25.9535 0.0785 0.1346
Model 3/5 43 10 296.9503 —105.8313 0.0953 0.1120
Model 4/5 42 11 333.7460 —43.4600 0.1658 0.1411
Model 5/5 42 11 309.3349 5.9634 0.1661 0.1444
Optimum values for interaction parameters 286.3920 —25.9535
[P][C]] Model 1/5 62 15 204.8808 —275.3345 0.0927 0.0955
Model 2/5 62 15 205.3366 —272.6423 0.1125 0.0953
Model 3/5 62 15 204.2149 —273.6277 0.0839 0.0955
Model 4/5 61 16 204.2149 —273.6277 0.0840 0.0955
Model 5/5 61 16 208.0779 —272.8281 0.0944 0.0949
Optimum values for interaction parameters 204.2149 —273.6277
[P][MeSOy4] Model 1/5 23 6 315.7386 546.6732 0.0200 0.0202
Model 2/5 23 6 315.5255 547.0882 0.0232 0.0202
Model 3/5 23 6 315.5689 547.0037 0.0163 0.0202
Model 4/5 23 6 306.8708 542.5329 0.0212 0.0192
Model 5/5 24 5 306.8776 542.5200 0.0165 0.0192
Optimum values for interaction parameters 315.5689 547.0037
[P][Tf,N] Model 1/5 174 44 238.4277 —170.4392 0.1461 0.1276
Model 2/5 175 43 219.7043 —164.8520 0.1249 0.1255
Model 3/5 174 44 209.6727 —160.0809 0.1341 0.1248
Model 4/5 175 43 221.8450 —162.2714 0.1308 0.1263
Model 5/5 174 44 220.2868 —176.8528 0.0889 0.1240
Optimum values for interaction parameters 220.2868 —176.8528

Results and Discussion

Prediction of the solubility of CO; in pure ILs at high
temperatures

The comparison of experimental CO, solubility data with
the calculated results by UNIFAC model is summarized in
Table 2. Although we are aware that not all of the solubility
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data coming from literatures are fully trustable and even a
few negative values at very low pressure are reported, which
are denoted in red in Supporting Information, the calculated
results by UNIFAC model are close to experimental data
with the ARDs less than 20.0% for most of the IL—CO, sys-
tems. However, when the system pressure exceeds 500 bar,
some large deviations between them will arise because in
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Figure 2. Current UNIFAC parameter matrix for ILs.

. Previously published parameters;* previously published new parameters;** Previously published parameters;** @ Pre-
viously published parameters; > E Previously published parameters;** [] New parameters(this work); [:] No parameters avail-
able. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

this case the calculated values are bigger than 1.0. This may
be attributed to the unsuitability of Eq. 10 at very high-
pressure region where one should use an equation of state.
In this work, most of the collected experimental data at high
temperatures (>273 K) were used to correlate the group
interaction parameters, while some new solubility data pub-
lished very recently'?”'?® were used to cross-check the accu-
racy of UNFAC prediction at high temperatures. It was
found that the relative deviations of CO, solubility between
experimental data and predicted values are small, the ARDs
being 8.8 2%, 4.28%, and 10.03% for [OMIM]"[Tf,N]~,
[BMIM]*[PFs]~, and [BMIM]"[Tf,N]™, respectively (see
Supporting Information for detailed values). Moreover, it is
noted that the uncertainty in the predicted solubility is a little
higher at very low pressures. Therefore, the UNIFAC model
with new group parameters obtained in this work can be
applied for predicting the solubility of CO, in pure ILs at
high temperatures (>273.15 K) and pressures below 500 bar.

Prediction of the solubility of CO; in ILs at low
temperatures

The solubility data of CO, in two common ILs, i.e.,
[OMIM] " [BF,]~ and [OMIM]'[Tf,N]~, were measured at
three low temperatures (273.2 K, 258.2 K, and 243.2 K) and
pressures up to 25 bar, as shown in Figures 3 and 4, along
with the predicted results by UNIFAC model. The detailed
values are given in Supporting Information. It is observed
that the solubility of CO, in [OMIM] " [T£,N] ™ is higher
than in [OMIM]"[BF,]” at the same operating conditions,
exhibiting the same trend as that at high temperatures. More-
over, low temperature is favorable for increasing the CO,
solubility significantly, and a high solubility at low tempera-
tures will lower the viscosity of the mixture of IL and CO..
In this work, we do not pay attention to the viscosity at low
temperatures because our aim is to concentrate our efforts on
measuring the solubility data and establishing the predictive
UNIFAC model. However, we are aware of the importance
of handling the viscosity problem, which should be
addressed in the future work.

It can be seen that the UNIFAC predicted results are in
good agreement with the experimental data at low tempera-
tures, and the ARDs of CO, solubility in [OMIM] " [BF,]”
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and [OMIM]"[Tf,N]™ are 2.51% and 3.29%, respectively,
manifesting the applicability of UNIFAC model for predict-
ing the CO, solubility in pure ILs from high to low
temperatures.

Prediction of the solubility of CO, in the binary mixture
of ILs

Two methods are examined to predict the solubility of
CO, in the binary mixture of ILs at high or low tempera-
tures. In Method one, we take the mole fraction average of
individual ILs to account for CO, solubility according to the
so-called lever rule

x1=Xox12+X3x13 (13)

where X, and X3 are mole fractions of individual ILs in the
mixed ILs on a CO,-free basis (X, + X3 =1.0), and x,, and
X3 are mole fractions (i.e., solubility) of CO, in pure ILs at
the same temperature and pressure as in the mixed ILs,
which can be well predicted by the UNIFAC model as
described previously. In Method two, the binary interaction
parameters between IL groups are assumed to be zero
(Otmn = oum = 0) since they are electrically neutral groups and
have the similar polarity.

The comparison of experimental solubility data*® of CO, in
[EMIM] " [BF,], [OMIM] " [Tf,N], and their mixtures, as
well as CO, in [BMIM] " [BF4]~, [OMIM]"[Tf,N] ", and their
mixtures, with the predicted results by UNIFAC model
(including Method one and Method two) at high temperatures
was made in this work (see Supporting Information). The
ARDs of CO, solubility in the binary mixture of
[EMIM]*[BF,]~ and [OMIM]"[Tf,N]~ for Method one
and Method two are 22.17% and 13.21%, respectively,
while in the binary mixture of [BMIM]"[BF,]~ and
[OMIM]*[T£,N] ", they are 21.04% and 13.72%, respectively.

The solubility data of CO, in the binary mixture of an
equimolar amount of [OMIM]*[BF,]~ and
[OMIM]*[Tf,N]~ were measured in this work at three low
temperatures (273.2 K, 258.2 K, and 243.2 K) and pressures
up to 25 bar. As shown in Figure 5, both Method one and
Method two can predict the solubility of CO, in the binary
mixture of ILs satisfactorily, the ARDs being 7.30% and
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Table 2. Comparison of Experimental CO, Solubility in ILs with the Predicted Results by the UNIFAC Model

ILs T range (K) P range (bar) ARD (%) No. of data points Refs.
[BMIM] " [BF4] ™~ 298.00-298.20 0.10-20.00 15.74 9 s
293.15-383.15 10.50-246.00 9.46 59 4
283.15-323.15 0.02-13.00 18.40 84 7
303.38-344.27 0.22-0.92 37.22 11 76
278.47-368.22 5.87-467.20 10.55 97 77
282.75-348.15 0.10-20.00 14.96 36 8
303.72-344.49 0.18-0.84 27.56 21 79
298.15-298.15 6.50-60.70 7.21 7 80
298.20-333.30 10.50-246.00 7.70 20 81
307.55-322.15 6.50-60.70 9.56 40 82
313.20-333.20 11.20-53.90 8.31 12 46
298.20-333.20 8.29-47.86 3.54 23 14
total ARD 13.23 419
[BMIM]*[CI]™ 353.15-373.15 24.54-369.46 12.43 45 83
[BMIM] " [MDEGSO,]~ 313.31-333.36 14.30-91.20 45.70 11 84
[BMIM] " [MeSO,] ™ 293.20-413.10 9.08-98.05 16.22 54 85
[BMIM] " [NO5] ™ 313.15-333.15 15.47-93.17 27.58 21 !
293.13-368.24 3.68-128.32 3.71 66 86
298.20-333.20 10.31-93.16 5.62 17 81
total ARD 8.84 104
[BMIM] " [PFq] ™ 298.00-298.20 0.11-20.00 15.27 9 s
293.29-363.54 4.30-439.00 11.75 90 87
293.15-393.15 1.05-96.85 13.35 43 88
283.15-323.15 0.03-12.99 5.71 158 8
283.15-323.15 0.00-13.00 6.09 160 »
298.15-298.15 2.60-40.20 5.82 9 62
283.15-343.04 0.41-0.92 37.98 14 89
313.15-323.15 15.17-95.67 23.78 21 !
282.05-348.25 0.10-20.00 13.05 36 8
298.20-333.40 5.60-146.39 7.96 70 81
297.56-322.52 7.90-80.80 3.96 42 90
298.15-298.15 5.29-6.67 2.90 4 36
total ARD 9.04 656
[BMIM] " [SCN]~ 292.35-384.15 10.50-315.00 13.95 56 4
[BMIM] " [T£,N]~ 279.98-339.97 2.92-48.00 12.03 16 ol
293.35-344.55 10.70-428.00 10.95 84 2
283.15-323.15 0.01-13.00 22.30 98 s
283.36-343.78 0.68-1.12 8.10 14 3
313.20-323.20 80.80-199.40 5.09 8 o4
292.65-363.26 6.29-499.90 12.89 68 95
313.15-453.15 4.20-142.61 20.42 133 96
298.10-333.30 11.38-132.43 8.89 55 81
total ARD 15.82 476
[BMIM] " [TFA]~ 298.00-298.20 0.11-20.00 12.40 9 73
298.17-333.41 11.70-92.60 6.95 19 84
293.25-363.18 9.79-484.58 12.46 45 o7
total ARD 11.02 73
[BMIM] ' [TfO]™ 303.20-343.20 2.15-65.21 23.57 35 o8
303.85-344.55 8.50-375.00 18.12 65 i
298.20-333.30 10.44-114.77 14.47 27 81
total ARD 18.84 127
[BMPYR]"[TfO]~ 303.15-373.25 18.80-482.10 9.81 59 100
[BMPYR]"[Tf,N]~ 303.78-344.15 0.49-0.57 50.50 11 1o1
293.10-413.20 2.80-108.13 20.46 26 102
283.15-323.15 0.02-13.00 32.33 72 7
303.15-373.15 6.80-627.70 13.38 72 103
313.20-323.20 80.60—200.60 5.17 8 o4
total ARD 23.38 189
[BPY]"[BE,]™ 313.15-333.15 15.47-95.80 10.73 21 !
[C,OMIM] " [Tf,N]~ 303.15-323.15 0.10-1.60 44.85 18 1
[CsMIM] " [TE,N] ™ 293.30-363.29 6.18-598.05 7.10 144 104
[DMIM] " [T£,N] ™ 313.20-323.20 80.70-201.50 18.11 8 o4
313.15-313.15 20.00-144.00 26.32 14 105
298.15-343.15 14.74-148.47 16.58 22 106
298.15-343.15 14.74-148.47 16.58 22 107
total ARD 18.83 66
[EMIM] " [BF,]~ 303.20-343.20 4.96-43.29 23.37 25 108
298.15-298.15 2.51-8.75 11.24 9 36
298.20-313.20 5.30-40.60 8.79 17 109
313.20-333.20 11.20-54.70 10.01 12 46
total ARD 15.26 63
[EMIM] " [DEPO,] ™~ 313.15-333.15 0.24-1.99 2.35 22 1o
[EMIM] " [EtSO4] 303.20-343.20 2.11-49.62 10.16 35 8
303.15-353.15 1.22-15.47 8.16 39 1t
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Table 2. Continued

ILs T range (K) P range (bar) ARD (%) No. of data points Refs.
313.15-333.15 14.36-94.61 16.14 21 !
total ARD 10.66 95
[EMIM] " [MDEGSO,]~ 303.20-343.20 8.54-67.10 3.94 30 12
[EMIM] " [PF¢]™ 308.14-366.03 14.90-523.00 2472 50 13
[EMIM] " [T£,N]~ 297.90-298.20 0.50-20.00 11.28 9 7
312.10-453.15 6.26-147.70 17.27 191 14
292.75-344.55 12.20-432.00 12.67 78 92
303.63-344.23 0.43-0.57 48.88 14 101
303.63-344.23 0.43-0.57 48.88 14 19
283.43-343.07 0.65-0.86 22.14 5 93
292.16-363.55 6.20-478.50 7.04 153 104
298.15-343.15 12.35-147.94 8.57 21 106
298.15-343.15 12.35-147.94 8.57 21 107
298.15-298.15 2.13-9.03 20.32 8 36
total ARD 14.53 514
[EMIM] ' [TFA] ™ 298.10-298.10 0.10-20.00 9.90 9 73
298.10-348.20 0.10-20.00 18.16 27 a8
total ARD 16.10 36
[EMIM]*[TfO]~ 303.20-343.20 1.80-58.84 8.47 30 115
303.85-344.55 8.00-378.00 18.52 55 99
total ARD 14.97 85
[HMIM] " [BE,]~ 293.18-368.16 5.40-513.20 9.40 93 16
298.15-298.15 3.12-8.99 6.51 8 36
307.55-322.15 21.30-86.40 425 44 82
total ARD 7.71 145
[HMIM] " [PF¢] ™ 298.31-363.58 6.40-334.40 9.60 76 17
298.15-298.15 2.96-9.27 14.71 14 36
total ARD 10.39 90
[HMIM] " [T£,N]~ 297.30-297.40 0.09-19.75 9.98 9 73
303.85-344.55 14.00-390.00 9.83 90 92
293.15-413.20 6.01-99.11 20.22 25 18
288.48-343.20 0.29-0.94 36.24 11 19
281.90-348.60 0.09-19.76 14.08 72 120
283.16-323.17 0.01-13.00 14.61 57 84
278.12-368.44 4.22-143.37 11.32 123 121
298.10-333.30 13.15-115.58 7.36 28 81
298.15-343.15 8.00-247.08 11.12 26 106
298.15-343.15 8.00-247.08 11.12 26 107
298.15-298.15 1.57-8.40 24.61 10 122
298.15-298.15 1.64-8.59 5.62 9 36
total ARD 12.75 486
[HMIM] [TfO] ™ 313.23-313.39 14.94-84.23 11.51 6 18
303.85-344.55 12.50-363.00 12.44 70 99
total ARD 12.37 76
[HMMIM] " [T£,N]~ 298.20-333.30 14.97-118.04 13.21 29 81
[HMPY]*[Tf,N]~ 283.18-323.15 0.01-13.00 18.98 56 84
[HMPYR] *[Tf,N] ™ 303.15-373.15 10.60-475.50 13.43 64 123
[MMIM] ' [DMPO,] ™~ 313.15-333.15 0.49-1.75 0.017 12 1o
[Ny s8] '[TEHN] ™ 313.20-323.20 80.80-205.60 28.55 8 o4
[Ny.1 151 [TEN] T 313.22-313.25 11.34-94.66 7.44 3 18
[Ny1.1.1] " [TEN]™ 282.93-343.07 0.36-0.89 41.51 12 93
313.20-323.20 85.80-196.30 25.76 8 o4
333.23-333.23 15.60-80.90 14.55 6 84
total ARD 30.44 26
[Nysa1] [TEN]™ 298.15-298.15 0.05-5.50 61.84 11 7
[NMIM] " [PF¢]~ 293.15-298.15 8.60-35.40 10.67 11 62
[OMIM] " [BE,]~ 307.79-363.29 5.71-515.40 11.44 93 124
313.15-333.15 15.61-93.73 12.12 21 !
307.55-322.15 41.70-87.20 2.16 32 82
total ARD 9.47 146
[OMIM] " [PFq]~ 313.15-333.15 16.00-92.88 16.86 21 !
[OMIM] " [T£,N]~ 303.15-353.15 1.12-20.63 28.54 42 3
297.55-344.55 6.80-348.00 22.19 96 92
298.20-333.30 13.26-114.69 10.58 22 81
313.20-333.20 11.30-55.40 27.01 12 46
total ARD 22.59 172
[OMIM] *[TfO]~ 303.85-344.55 6.80-340.00 9.86 65 99
[OMPYR] " [Tf,N]~ 303.15-373.15 5.10-359.20 19.94 72 123
[Po6.6.14) [CI]~ 313.20-323.20 82.10-207.10 3.79 8 o4
302.55-363.68 1.68-245.70 13.23 69 125
total ARD 12.25 77
[Py 4441 [MeSO,4]~ 313.16-363.30 6.59-126.40 6.23 29 126
[Poo.6.14] [THN] 293.35-375.35 5.30-222.00 2274 90 100
313.20-323.20 80.90-201.70 5.20 8 o4
292.88-363.53 1.06-721.85 10.97 120 125
total ARD 15.62 218
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Figure 3. Solubility of CO, (1) in [OMIM]*[BF,]~ (2) at
low temperatures.
Solid lines, predicted results by the UNIFAC model;

scattered points, experimental data. (H) 243.2 K; ()
258.2 K; (A) 273.2 K.

8.56%, respectively. This indicates that the application of
UNIFAC model can be effectively extrapolated from single
ILs to mixed ILs whether it is at high or low temperatures.
However, as a whole, Method two seems more accurate for
both at high and low temperatures.

Structure—property relation for the CO, solubility in ILs

The UNIFAC model can be used to identify the structure—
property relation between molecular structure of IL and sep-
aration performance (e.g., CO, solubility). The Henry’s law
constants on the mole fraction scale provide an immediate
evaluation of CO, solubility in various ILs, and can be
obtained by

H(T,P)=lim y,Py(T)=yy"Py(T) (14)

where y{° is the activity coefficient of CO, in ILs at infinite
dilution predicted by the UNIFAC model.

08
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Figure 4. Solubility of CO, (1) in [OMIM]*[Tf.N]~, (2) at
low temperatures.

Solid lines, predicted results by the UNIFAC model;
scattered points, experimental data. (H) 243.2 K; (°)
258.2 K; (A) 273.2 K.
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Figure 5. Solubility of CO, (1) in an equimolar amount
of [OMIM]*[BF,]~ and [OMIM]"[Tf,N]~ at low
temperatures.

Dashed lines, predicted results by Method one; Solid

lines, predicted results by Method two; Scattered points,
experimental data. (H) 243.2 K; (+) 258.2 K; (A) 273.2 K.

Figure 6 shows the comparison of Henry’s law constants
of CO, in various ILs at 298.15 K exhaustively collected
from literatures,®244575,82:84:85.93.97.104,109-111,115,119,120,129
135 along with the predicted results by the UNIFAC model
in increasing order. It can be seen that both agree well
except for one experimental data marked with black circle,
which may be caused by the experimental error or sample
purity.

The influence of carbon number in the alkyl side-chain on
the cation was further investigated by means of the UNIFAC
model so as to find new structure—property relation for the
CO, solubility in ILs. As shown in Figure 7, as the carbon
number increases, the Henry’s law constants tend to decrease
for all ILs as expected. However, it was found that the
decreasing slope is different for different ILs. For the ILs
with the anions (e.g., [BF4] , [PF¢] , and [TfO] ) the
Henry’s law constants first decrease quickly and then slowly
when the alkyl chain on the cation becomes longer, while
for the ILs with the anions (e.g., [TfoN] ), they always
exhibit a slow decrease. In addition, we do recognize that
some ILs with long alkyl chain may not actually exists at
molten state at 298.15 K, but the similar trend is also pre-
dicted at higher temperatures by the UNIFAC model. More-
over, it is interesting to find that when the carbon number
increases to a certain degree, the Henry’s law constants
approach a common asymptotic value for all of the ILs
investigated around 2.0 MPa, which maybe the lowest limit
for physical absorption with ILs at 298.15 K, independent of
anion choice.

Conclusions

Although the UNIFAC model has already been widely
used for predicting the thermodynamic behaviors of tradi-
tional organic solvents-CO, systems in the community of
chemical engineering, it is the first work to extend the pre-
dictive model to IL—CO, systems, to the best of our knowl-
edge. In this work, the new group binary interaction
parameters (¢, and o,,) between CO, and 22 IL groups
were obtained by means of correlating the solubility data at
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Figure 6. Henry’s constants of CO, in various ILs at T =298.15 K.

(H) Predicted results by the UNIFAC model; () Experimental results from literatures.3>4457582,84,85.9397,104,109-111,115,119,120,129-135.

high temperatures. However, the UNIFAC model can be
extended to predict the CO, solubility in pure ILs either at
high (>273.2 K) or low temperatures (<273.2 K) effectively.
Besides, two methods (Method one and Method two) based
on the UNIFAC model were proposed to predict the solubil-
ity of CO, in the binary mixture of ILs, and Method two
seems more suitable for either at high or low temperatures.
This work demonstrates the applicability of UNIFAC model
for IL—CO, system over a wider temperature and pressure
(<500 bar) window. The previous structure—property relation
that anion is the primary factor for dominating the CO, solu-
bility in ILs is not supported by the UNIFAC model. The

H (MPa)

(%]
T

w

PR NRPYR (R NUN N HN S SR SR
4 6 8 10

#n (carbon number in the alkyl chain)

Figure 7. Henry’s constants of CO, in [R,MIM]*[X]~
families predicted by the UNIFAC model at
T =298.15 K.
(W) [R,MIM]"[BF47; () [R,MIM]*[PFq] ;
[R,MIM]*[TfO]7; (W) [R,MIM]*[Tf;N]".

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Henry’s law constants for all of the ILs investigated
approach a common asymptotic value, as the alkyl chain
length on the cation becomes long enough.

It should be noted that the IL groups added to the current
UNIFAC parameter matrix are limited to interact with CO,
physically, and the chemical interaction between CO, and IL
group (e.g., [MIM][Ac]) has not been considered yet, due to
the vacancy of group interaction parameters between CH,
and IL group. Therefore, more experimental data are needed
to fill the gaps for the ILs chemically absorbing CO,.
Besides, the weakness of group contribution (e.g., isomeric
molecules and proximity effect) also exists in the current
UNIFAC model. Despite these problems, we are still encour-
aged to develop the UNIFAC model for ILs, due to its better
prediction accuracy and shorter calculation time in compari-
son with the COSMO—RS model.
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