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The universal quasichemical functional-group activity coefficients (UNIFAC) model for ionic liquids (ILs) has become
notably popular because of its simplicity and availability via modern process simulation softwares. In this work, new
group binary interaction parameters (o, and d,,,) between CO (H,) and IL groups were obtained by correlating the
solubility data in pure ILs at high temperatures (above 273.2 K) collected from the literature. the solubility of CO in
[BMIM] " [BF,]~, [OMIM] " [BF,]~, [OMIM]*[T£:N]~, and their mixtures, as well as that of H> in [EMIM] [BF,]”,
[BMIM]*[BF,]~, [OMIM] " [Tf-N]~, and their mixtures, at temperatures from 243.2 to 333.2 K and pressures up to 6.0
MPa were measured. The UNIFAC model was observed to well predict the solubility in pure and mixed ILs at both
high (above 273.2 K) and low (below 273.2 K) temperatures. Moreover, the selectivity of CO (or H,) to CO, in ILs
increases with decreasing temperature, indicating that low temperatures favor for gas separation. © 2014 American
Institute of Chemical Engineers AIChE J, 60: 4222-4231, 2014
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Introduction

In recent years, ionic liquids (ILs) have attracted increas-
ing attention as novel green solvents because of their unique
properties,' ™ such as nonvolatility at temperatures near
room temperature, tunable properties by the proper choice of
chemical structures, high thermal, and chemical stability, and
low-melting points, which make them candidates to replace
traditional organic solvents in different chemical proc-
esses.*™ For example, in the current Rectisol process for
capturing CO, from syngas, methanol acts as a separating
agent. However, it is highly volatile, which leads to the
incorporation of a complicated and energy-intensive system
for recovering the methanol entrained at the top of the
absorption column. Thus, ILs are an attractive alternative to
methanol in the Rectisol process. The task of capturing CO,
from syngas is so strict that the absorption column in the
Rectisol process with methanol as the solvent must be oper-
ated at temperatures as low as 243 K to ensure high solubil-
ity and selectivity. A typical feed composition of syngas
(mole percentage) is as follows: H, 32.31, CO, 15.25, CO
44.44, CH, 1.88, and H,S 86.32 ppm.'® After absorption, the
CO, content in syngas is limited to the ppm level at the top
of the absorption column.'”'® Evidently, the key components
should be focused on H,, CO, and CO, in terms of the
required separation task and the given gas composition. For
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a better understanding of the thermodynamic behavior of IL-
gas systems, reliable solubility data of gases in ILs covering
a wide temperature range are necessary.

Unfortunately, although the literature contains a huge
number of solubility data of CO, in ILs, even including data
collected at low temperatures down to 228 K, the solubility
data of CO or H, in ILs are very limited, involving approxi-
mately 200 and 600 data points for IL-CO'*~° and IL-H,
systems,”’*! respectively. Furthermore, no solubility data
for CO or H, in ILs at low temperatures (below 273.2 K)
have been reported thus far. This paucity of data is partly
because CO and H, are sparingly soluble in most common
ILs; thus, their solubility is relatively difficult to measure
with sufficient precision. In this case, we should resort to the
predictive thermodynamic models, which can predict the
thermodynamic properties of systems of interest, especially
under extreme conditions (e.g., low temperatures and high
pressures) to reduce the amount of experimental work
required. It is generally believed that both the conductor-like
screening model for real solvents (COSMO-RS) and univer-
sal quasichemical functional-group activity coefficients
(UNIFAC) models are efficient predictive methods. How-
ever, the COSMO-RS model often provides a qualitative
description of thermodynamic behavior of the systems con-
taining ILs, whereas the UNIFAC model can give quantita-
tively correct prediction.®>** For process simulation, design
and optimization, in most cases only qualitative prediction is
not sufficient. Moreover, the UNIFAC parameters can be
directly applied to the modern process simulation softwares
such as PROII, Aspen Plus, and ChemCAD to establish the
equilibrium-stage (EQ) and nonequilibrium-stage (NEQ)
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mathematical models. As a result, the UNIFAC model for
ILs has been widely applied in the community of chemical
engineering.**** Very recently, the UNIFAC model was
extended to IL-CO, systems; however, the group parameters
between IL and CO (H,) systems have not yet been included
in the current UNIFAC parameter matrix.*

To speedup the application of the new technology of cap-
turing CO, with ILs at low temperatures, the focus of this
work is on addressing the fundamental issues regarding the
UNIFAC model to (1) add new group parameters between
ILs and CO (H,) into the UNIFAC parameter matrix by cor-
relating the solubility data exhaustively collected from litera-
ture, where the data covers different pressures and high
temperatures (above 273.2 K); (2) verify the applicability of
the UNIFAC model for predicting the solubility of CO (H,)
in pure ILs from high to low temperatures (below 273.2); (3)
determine whether the UNIFAC model can be extrapolated
to predict the solubility of CO (H,) in mixed ILs (MILs);
and (4) identify the structure—property relation for CO and
H, solubility in ILs, and thus, understand the advantages of
capturing CO, with ILs at low temperatures. For this pur-
pose, the solubility of CO at temperatures down to 243.2 K
and pressures up to 6.0 MPa was measured in three common
ILs, that is, [BMIM]'[BF,]”, [OMIM]*[BF,]”, and
[OMIM] "[Tf,N] ", and their binary mixtures ([OMIM]"
[BF,]~ + [OMIM]"[T£,N]7), in this work. Because of the
inverse temperature effect, the solubility of H, in ILs would
be much smaller at low temperatures (below 273.2 K); thus,
in this case, an experimental apparatus with high accuracy is
required. In this work, H, solubility was not measured at
low temperatures, but at two high temperatures (313.2 and
333.2 K) and pressures up to 6.0 MPa in three ILs
([EMIM] " [BE,4]~, [BMIM]"[BE,] ", and [OMIM]"[T£,N]")
and their binary mixtures ((EMIM]" [BF,]” + [OMIM]*
[T,N]7, and [BMIM]T[BE,]~ + [OMIM]" [Tf,N]7). The
use of MILs serves to multiply the possibilities of tuning the
desirable solubility and selectivity in gas separation rather
than through complicated chemical synthesis of single ILs.
The meaning of abbreviations and structures for the cations
and anions of ILs used throughout this article are presented in
Supporting Information Table S1.

Experimental Section
Materials

The ILs [EMIM][BF;]~ (molecular mass 197.97
g-mol ™!, purity >99%, water content <2000 ppm, and chlo-
ride content <300 ppm in mass fraction), [BMIM] " [BE,4]~
(molecular mass 226.02 g-molfl, purity >99 %, water con-
tent <2000 ppm, and chloride content <200 ppm in mass
fraction), [OMIM] " [BE,]~ (molecular mass 282.13 g~mol_l,
purity >99 %, water content <2000 ppm, and chloride con-
tent <150 ppm in mass fraction), [HMIM]*[T£,N]~ (molec-
ular mass 447.43 g-mol™ ', purity >99 %, water content
<2000 ppm, and chloride content <200 ppm in mass frac-
tion) and [OMIM]*[Tf,N]~ (molecular mass 475.47
g-mol ™', purity >99 %, water content <600 ppm, and chlo-
ride content <150 ppm in mass fraction), were purchased
from Shanghai Chengjie Chemical Co. Before use, they were
preprocessed at 333.2 K for 24 h in a vacuum rotary evapo-
rator to remove traces of water and other volatile impurities.
The water contents in ILs after rotary evaporation (but
before solubility experiments) were less than 400 ppm, as
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determined by the Karl Fischer titration method (SC-6),
which was calibrated using 0.1 pL of distilled water before-
hand. H, (purity >99.99 wt %) and CO (purity >99.99
wt %) were purchased from Beijing Longkou City Gas Plant
and were used without further purification.

Apparatus and procedure

The solubility of CO in ILs at temperatures below
293.2 K was measured using a low-temperature equilibrium
apparatus, the details of which have been described in our
previous publication.*® In this apparatus, the temperature
was controlled with cooling ethanol with a fluctuation of
*0.1 K, and the system pressure was measured by a pressure
gauge with a range of 0-9.999 MPa and a fluctuation of
*0.001 MPa. Conversely, the solubility of CO at tempera-
tures above 293.2 K and the solubility of H, at temperatures
of 3132 and 3332 K were measured using a high-
temperature and high-pressure view-cell apparatus, the
details of which have been described in our previous publi-
cations.*’~*° The temperature was controlled by electric heat-
ing elements with a fluctuation of *£0.1 K, and the system
pressure was measured by a pressure gauge with a range of
0-20.00 MPa and a fluctuation of =0.01 MPa.

In a typical experiment, a certain amount of IL was first
loaded into the equilibrium cell, which was evacuated with a
vacuum pump (2XZ-1) to purge the air from the system. The
equilibrium cell was then purged with CO (or H,) several
times. Afterward, a charge of CO (or H,) was introduced into
the equilibrium cell. When gas dissolved into the IL, the pres-
sure decreased gradually. The IL phase was mixed with a stir-
ring paddle at a stirring speed of approximately 200 rpm.
After the gas-liquid equilibrium was reached as indicated by
negligible temperature and pressure changes, a small amount
of liquid sample (approximately 1.5-2.0 g) was collected and
transferred to a sample bomb. The amounts of IL and dis-
solved gas in the liquid sample were determined using the
drainage gas-collecting method, that is, the dissolved gas was
released slowly from the sample bomb into a buffer bottle
filled with deionized water. Thus, the gas amount was derived
by weighing the water mass discharged. Meanwhile, the IL
amount was determined using the gravimetric method by
measuring the mass difference of the liquid sample with and
without gas. Masses were measured on an electronic balance
(CPA 1003S, Sartorius) with an uncertainty of 0.001 g. Nota-
bly, during the measurement, it was assumed that no IL
appeared in the gas phase.’® Under the same temperature and
pressure, each experiment was conducted at least three times
to ensure the reproducibility of experimental data. In this
way, the uncertainties of H, solubility were estimated to be
less than 0.0030 in mole fraction, whereas the uncertainties of
CO solubility at low and high temperatures were estimated to
be less than 0.0030 and 0.0020 in mole fraction, respectively,
as deduced from error propagation calculations.

It should be noticed that we do not report the solubility
data of H, in ILs at low temperatures in this work, because
H, solubility exhibits a so-called “inverse” temperature
effect.>® In contrast to CO and CO, solubility, H, solubility
tends to decrease at low temperatures. In this case, it is diffi-
cult to collect the viscous liquid sample from the equilibrium
cell because the low-H, solubility at low temperatures cannot
counteract the increase in viscosity of the IL in the mixture.

The accuracy and reliability of the experimental apparatus
and procedure were validated by comparing the experimental
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solubility data of CO at 293.3 K in [HMIM]*[Tf,N]~ and
H, at 313.05 K in [BMIM] " [PF]~ with the results reported
in the literature.>*3! It was found that the average relative
deviations (ARDs) were 7.71% for [HMIM]*[TfN]~ (Ref.
24) and 3.74% for [BMIM] [PFs]~ (Ref. 31), respectively
(Figures S1 and S2 in Supporting Information for more
details). However, we are aware that the deviation of experi-
mental data between this work and the literature (Ref. 24)
for [HMIM] " [Tf,N] —CO system becomes a little large at
high-pressure region, while the solubility data reported by
Maurer’s research group are thought to be among the most
accurate. This may be mainly due to the operation difficul-
ties at elevated pressures for toxic gases like CO, other than
different experimental techniques and sample sources used in
the solubility measurement.

Thermodynamic Model
Model description

In the UNIFAC model for ILs, the activity coefficient y; is
calculated by the sum of the following two terms:

lnyi=lnyf+lny}{ (D

where Iny$ represents the combinatorial contribution to the
activity coefficient and InyR represents the residual contribu-
tion. The In yic term, given the effect of differences in the
sizes and shapes of groups, contains two parameters: the
group volume parameter R, and the group surface area Qy,
both of which can be obtained via the COSMO -calcula-
tion.”"* In this work, Ry(CO) = 1.047; and Q4(CO) = 1.060;
R;(Hy) =0.528; and Qi(H,) =0.664, as calculated by the
COSMO-RS model (ADF version).>>>*

The In y? term contains the group interaction parameters
(04, and a,,,,). Fortunately, the group interaction parameters
(0, and 0,,,,) between the IL group and the main group CH,
are available from previous publications.*'*> When the UNI-
FAC model was used to predict the solubility of gases in
binary mixed ILs, the binary interaction parameters between
two IL groups were assumed to be zero because they exhibit
similar polarity. However, the group interaction parameters
(%, and a,,) between the CO (H,) group and the main

Table 1. Group Binary Interaction Parameters o,,, and «,,,
for the UNIFAC Model

m n O Ly

H, CH, 42.0822 496.4461
[MIM][BF,] 865.7954 641.1374
[MIM][PF¢] 1084.5745 1649.1892
[MIM][T£,N] 726.1560 998.6247
[MPY][Tf,N] 427.1756 1038.6811

CcO CH, 42.8215 140.1621
[MIM][BF,] 361.3960 645.0209
[MIM][MeSO,] 2212.6707 2507.3187
[MIM][PF¢] 468.2990 685.1949
[MIM][T,N] 188.3112 345.4088

group CH,, as well as those between the IL and CO (H,)
groups, are the unknown input parameters, which should be
derived by correlating the experimental CO (H,) solubility
data in pure alkanes and in ILs at different temperatures
(above 273.2 K) and pressures. For alkane-CO (H;) systems,
the data source is the book titled “Solubility of Gases in
Liquids” edited by Fogg and Gerrard,”® whereas, for IL-CO
(H,) systems, the solubility data were exhaustively collected
from literature published by the end of May 2014. All the sol-
ubility data have been converted to the mole-fraction basis
and are listed in Supporting Information Tables S2 and S3.

Procedure for estimating group interaction parameters

For gas (1)—IL (or high-boiling point solvent) and (2)
binary systems, the gas-liquid equilibrium at low and
medium pressures is written as

y1P¢1(T,P7y1):X1”/1P§ (@)

where x; and y; represent the mole fractions of CO (H,) in
the liquid and gas phases, respectively; ¢,(T,P,y;) is the
fugacity coefficient of CO (H,) in the gas phase, as calcu-
lated using the Peng—Robinson (PR) equation; P is the sys-
tem pressure; P} is the saturated vapor pressure of CO (Hy)
calculated by the extrapolated Antoine equation obtained
from the book edited by Fogg and Gerrard”; and 71 is the
activity coefficient of CO (H,) in the liquid phase, as calcu-
lated by the UNIFAC model. Because of the large difference

CH3IOH
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Figure 1. Current UNIFAC parameter matrix for ILs.

M Previously published parameters;®

B previously published parameters;('s

parameters previously published by our group;
EZ previously published parameters;

43-45, 0

previously published parameters;®
[l new parameters (this work); [] no parameters avail-

able. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 2. Comparison of Experimental CO and H, Solubility in ILs with the Results Predicted by the UNIFAC Model

IL—gas systems T range (K) P range (bar) ARD (%) No. of data points Refs.
[BMIM] " [BF,] —CO 283.18-343.04 0.80-0.90 5.19 9 21
[BMIM] " [MeSO,] —CO 293.15-413.15 12.71-93.31 35.22 25 29
[BMIM]*[PEs] -CO 293.20-373.15 7.68-91.67 12.19 36 23
283.16-343.27 0.81-0.91 42.46 8 27
[BMIM] *[Tf,N] =CO 309.19-458.15 47.85-103.43 17.56 44 19
[HMIM] " [T£,N] -CO 293.20-413.15 14.59-97.85 14.52 24 24
300.70-437.29 40.49-116.72 8.72 45 26
313.15-433.15 40.82-112.55 9.15 16 26
Total 16.26 207
[BMIM] " [BF,] -H, 278.20-343.11 0.43-0.90 24.02 16 21
[BMIM] " [PFs] -H, 283.40-343.14 0.45-0.92 34.30 15 27
313.05-373.15 10.84-91.00 36.92 32 31
[BMIM] *[Tf,N] =H, 313.48-453.15 26.76-154.34 9.42 100 34
283.45-343.13 0.75-0.92 32.12 11 36
[BMPY] " [Tf,N] -H, 293.00-413.00 14.72-82.72 6.77 24 33
[EMIM] " [PEq] -H, 298.00-356.40 26.82-32.51 8.99 6 35
[EMIM] " [Tf,N] —H, 282.98-343.07 0.45-0.90 52.78 13 37
312.14-452.42 57.14-143.05 12.12 52 38
[HMIM] *[T£,N] -H, 283.88-343.02 0.78-0.94 23.93 11 39
293.15-368.41 45.79-118.53 8.11 83 36
293.20-413.20 14.76-98.19 8.97 25 32
Total 15.64 388

in boiling point between the gas and IL (or high-boiling

point solvent), the gas phase can be treated as a pure gas

component (i.e., y; = 0).50

P/ MPa

Figure 2. Solubility of CO in pure
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Figure 3. Solubility of H, in [EMIM]+[BF4]_,
[OMIM]*[TfoN]~, and  their mixtures at
313.2 K (a) and 333.2 K (b).
Solid lines, results predicted by the UNIFAC model
for pure ILs; dashed lines, results predicted by the
UNIFAC model for binary mixtures of ILs; scattered
points, experimental data. () [OMIM]*[Tf,N]"; (O)
20 wt % [EMIM]"[BF4]” +80 wt % [OMIM]"
[TE,N]T; (O) 50 wt % [EMIM]Y[BF,]~ +50 wt %
[OMIM]*[T£;N]7; (A) 80 wt % [EMIM]*[BF,]~ + 20
wt % [OMIM]*[TE;N]™; (+) [EMIMI*[BF,]~. [Color
figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
} 3

AR
OF=min {N Z
where X, is the experimental CO (H,) solubility data col-
lected from the literature; x., is the CO (H;) solubility data
calculated using the UNIFAC model; and N is the number of
data points.

The estimation of the group interaction parameters (o,
and o,,) was conducted in a sequential fashion, that is, the
parameters between CO (H,) and the main group CH, were
first regressed using the experimental data for alkane-CO
(H,) systems. These values were subsequently used to obtain
the parameters between the IL and CO (H,) groups. In this
work, the IL molecule was decomposed into several func-
tional groups in a manner similar to that adopted by Lei and
coworkers,“_46 Kim et 211.,56’57 Breure et al.,58 and
others.’*®' The fitting procedure using the SOLVER func-

Xcal ~ Xexp

Xexp
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tion in Microsoft Excel 2007 to obtain the group binary
interaction parameters is similar to that used in our previous
publications, where the optimization algorithm of Newton’s
central difference was chosen. As a result, the group interac-
tion parameters (o, and o,,) between the CO (H,) group
and the main group CH,, as well as those between the CO
(H,) group and IL groups, are listed in Table 1. The UNI-
FAC parameter matrix for the ILs is illustrated in Figure 1.
Notably, the group parameters available from the literature
remain unchanged. All of the investigated ILs, data points,
experimental measurement methods, and the corresponding
literature are given in detail in Supporting Information.

Results and Discussion

Prediction of the solubility of CO in pure and mixed ILs
from high to low temperatures

The experimental CO solubility data at high temperatures
and the results calculated by the UNIFAC model are

6.0

(a)

4.0

P/MPa

'0.00 0.01 0.02 0.03 0.04

X1

6.0

sof ®

4.0

P/MPa
(95}
(=3
T

O-O 1 1 I 1 1 1 L 1
0.00 0.01 0.02 0.03 0.04

X1
4. Solubility of H, in [BMIM]*[BF.]
[OMIM]*[Tf.N]~, and their mixtures at
313.2 K (a) and 333.2 K (b).

Solid lines, results predicted by the UNIFAC model
for pure ILs; dashed lines, results predicted by the
UNIFAC model for binary mixtures of ILs; scattered
points, experimental data. (l) [OMIM]*[Tf,N]™; (O)
20 wt % [EMIM]*[BF,]” +80 wt % [OMIM]"
[TEN] 75 (O) 50 wt % [EMIM]*[BF4]™ +50 wt %
[OMIM]*[Tf;N]7; (A) 80 wt % [EMIM]*[BF4]™ + 20
wt % [OMIM]*[Tf,N]7; (+) [EMIM]*[BF,] .

Figure
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Table 3. Henry’s Constant of CO in ILs Determined Experimentally (H.,) and Predicted by UNIFAC (H,,.) at Different
Temperatures (the Values in Parenthesis Come from the Lever Rule)

ILs T (K) Heyp (MPa) Hpre (MPa) RD
[BMIM] " [BF,]~ 3332 167.63 162.24 0.0322
313.2 148.04 147.23 0.0055
293.2 130.51 131.69 0.0091
268.2 104.35 111.67 0.0702
258.2 101.08 103.53 0.0243
243.2 88.31 91.26 0.0335
[OMIM] " [BF,]~ 333.2 96.73 90.23 0.0672
313.2 91.76 81.45 0.1123
293.2 77.82 72.48 0.0685
268.2 65.22 61.07 0.0636
258.2 60.35 56.48 0.0641
243.2 54.82 49.60 0.0952
[OMIM] " [T£,N]~ 333.2 70.29 67.26 0.0431
313.2 66.46 60.53 0.0892
293.2 63.05 53.72 0.1480
268.2 50.99 45.17 0.1141
258.2 38.66 41.76 0.0802
243.2 37.42 36.69 0.0195
50 wt % [OMIM] " [BF,]~ 333.2 79.49 80.32 (81.68) 0.0105 (0.0275)
+50 wt % [OMIM] " [TE,N]~ 313.2 74.51 72.31 (73.66) 0.0295 (0.0114)
293.2 71.25 64.17 (65.49) 0.0994 (0.0808)
268.2 64.37 53.89 (55.15) 0.1628 (0.1433)
258.2 59.94 49.77 (51.00) 0.1697 (0.1492)
243.2 54.77 43.63 (44.79) 0.2034 (0.1822)

compared in Table 2. As a whole, the results calculated by
the UNIFAC model are similar to the experimental data
reported in the literature. To test the predictive power of
the UNIFAC model, the solubility data of CO at tempera-
tures as low as 243.2 K in three common ILs, that is,
[EMIM] "[BF,]”, [BMIM]*[BF,]~, and [OMIM] [Tf,N] ",
measured in this work were used as “test set” and were
compared with the values predicted by the UNIFAC model.
Figures 2a—c show the experimental solubility of CO at
temperatures from 243.2 to 333.2 K and pressures up to 6.0
MPa in pure [BMIM]'[BF,]~, [OMIM]"[BF,]”, and
[OMIM] " [Tf,N], along with the results predicted by the
UNIFAC model, where x; represents the mole fraction of
CO in the IL. It can be seen that CO solubility increases
with decreasing temperature. Moreover, the UNIFAC model
can well predict the CO solubility in pure ILs at both high
and low temperatures. The ARDs for [BMIM]*[BE,] ",
[OMIM] "[BF,] ", and [OMIM]"[Tf,N]~ are 6.49%, 6.35%,
and 11.83%, respectively, thereby verifying the applicabil-
ity of the UNIFAC model for predicting CO solubility in
pure ILs from high to low temperatures. The detailed solu-
bility data of CO in pure ILs are listed in Supporting Infor-
mation Table S4.

Figure 2d shows the experimental and predicted results of
CO solubility in binary mixed ILs of 50 wt %
[OMIM] " [BF,]~ + 50 wt % [OMIM] [Tf,N]~ (on a CO-
free basis) at temperatures from 243.2 to 333.2 K. The ARD
between experimental and predicted data is 9.55%, indicating
that the UNIFAC model can predict the solubility of CO in
binary mixed ILs efficiently at both high and low
temperatures.

Prediction of the solubility of H, in pure and
mixed ILs
The experimental H, solubility data collected at high tem-

peratures obtained from the literature and the results calcu-
lated by the UNIFAC model are summarized in Table 2. In
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most cases, the experimental data and calculated results
agree. However, the ARDs for H, and CO gas are greater
than those for CO, solubility in ILs, mainly because of the
low solubilities of H, and CO in ILs especially at low pres-
sures. In this case, small apparent absolute values between
the experimental and calculated results may result in large
ARDs.

We measured the solubility of H, in three common pure
ILs, that is, [EMIM]"[BF,]~, [BMIM]"[BF4 , and
[OMIM]+[Tf2N]_, as well as in the binary mixed ILs of
[EMIM] " [BF,]™ (2) + [OMIM] " [TfN] ™ 3) and
[BMIM] " [BF4]~ (2)+ [OMIM]*[Tf,N]~ (3) with different
mass fractions (w3 = 0.2, 0.5, and 0.8 on a H,-free basis) at
temperatures of 313.2 and 333.2 K. The solubility data and
the predicted results are shown in Figures 3 and 4, indicating
that H, solubility in pure ILs follows the order
[EMIM] " [BF.4]~ < [BMIM]"[BF4]” < [OMIM]*[Tf,N]~ at
the same operating conditions. Moreover, the results pre-
dicted by the UNIFAC model and the experimental data
exhibit similar trends and agree very well. The ARDs
between the predicted and experimental data are 7.72%,
10.29%, and 4.65% for [EMIM]*[BE4]~, [BMIM]"[BE4] ",
and [OMIM][T£,N] ", respectively. Furthermore, the UNI-
FAC model has a strong power for predicting the solubility
of H, in two types of binary mixed ILs, with ARDs of
4.64% for the [EMIM]"[BF,]~ + [OMIM] " [Tf,N]~ mixture
and 4.80% for the [BMIM]"[BF,]” + [OMIM]"[Tf,N]~
mixture. The detailed values are listed in Supporting Infor-
mation Tables S6 and S7.

Structure—property relation for IL/CO (H,) systems

One of the most important applications of the UNIFAC
model is to identify the structure—property relation between
the molecular structure of ILs and its impact on the separa-
tion performance, for example, solubility and selectivity. The
Henry’s constant®® on the mole fraction basis was used to
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Table 4. Henry’s Constant of H, in ILs Determined Experimentally (H.,,) and Predicted by UNIFAC (H,,,.) at Different Tem-
peratures (the Values in Parenthesis Come from the Lever Rule)

ILs T (K) Heyp (MPa) Hpre (MPa) RD
[EMIM] " [BE,]~ 313.2 238.42 218.01 0.0856
333.2 223.18 211.68 0.0515
20 wt % [EMIM] " [BF,]™ + 80 wt % [OMIM]*[Tf;N]~ 313.2 154.50 152.09 (162.43) 0.0156 (0.0513)
333.2 141.30 145.93 (156.64) 0.0328 (0.1086)
50 wt % [EMIM] " [BF,]™ + 50 wt % [OMIM]*[Tf:N]~ 313.2 182.61 181.83 (191.86) 0.0043 (0.0507)
333.2 170.33 175.02 (185.79) 0.0275 (0.0908)
80 wt % [EMIM]*[BF,]™ + 20 wt % [OMIM] " [T£,N]~ 313.2 211.92 205.99 (209.62) 0.0280 (0.0109)
333.2 203.92 199.14 (203.38) 0.0234 (0.0026)
[OMIM] " [T£,N]~ 313.2 124.43 129.06 0.0372
333.2 120.15 123.59 0.0286
20 wt % [BMIM] " [BF,]~ + 80 wt % [OMIM] [T£,N]~ 313.2 138.92 139.27 (140.70) 0.0025 (0.0128)
333.2 121.75 134.27 (135.42) 0.1028 (0.1123)
50 wt % [BMIM] " [BF,]~ + 50 wt % [OMIM] [T£N]~ 313.2 153.28 152.07 (151.96) 0.0079 (0.0086)
333.2 136.13 146.54 (146.84) 0.0765 (0.0787)
80 wt % [BMIM] [BF,]™ + 20 wt % [OMIM]*[Tf;N]~ 313.2 164.19 160.02 (159.25) 0.0254 (0.0301)
333.2 149.53 154.75 (154.25) 0.0349 (0.0316)
[BMIM] " [BF,]~ 313.2 177.03 162.84 0.0802
333.2 167.60 157.89 0.0579

evaluate the absorption ability of various ILs, and it is
defined as

)= tim YOCLI) oy prry=iopy(r) @)
where ¢;(T,P,y;) is the fugacity coefficient of gas i in the
gas phase, as calculated from the PR equation; y{° is the
activity coefficient of gas i in the IL at infinite dilution,
which can be predicted by the UNIFAC model; P; is the sat-
urated vapor pressure calculated via the extrapolated Antoine
equation. The Henry’s constants of CO (H,) in different ILs
as previously mentioned were estimated by linear extrapola-
tion at x;,—0 from the ratio of the fugacity to the mole frac-
tion, and the results together with the predicted data
predicted by the UNFAC model using the activity coefficient
at infinite dilution, are given in Tables 3 and 4. Notably, the
Henry’s constants of CO (H,) in mixed ILs lie between
those in pure ILs, which can be estimated by the following
lever rule:

H=X,H,+X3H, 3 ©)

where X, and X5 are the mole fractions on a gas-free basis
of individual ILs in mixed ILs, and H,, and H,; are
Henry’s constants of gas in individual ILs at the same tem-
perature, as predicted by the UNIFAC model.

The results predicted by Eq. 5 are also given inside paren-
thesis in Tables 3 and 4. The ARDs of Henry’s constants for
CO in the mixed ILs are 11.25% and 9.91% for the UNIFAC
model and lever rule, respectively, whereas for H, they are
3.18% and 4.91%, respectively. These results indicate that
both the UNIFAC model and the lever rule suffice for pre-
dicting the Henry’s constants of CO (H,) in mixed ILs from
high to low temperatures; however, the UNIFAC model
appears to be more convenient for routine use.

The selectivity (S;;) of gas i to gas j was used to evaluate
the separation selectivity for various ILs, which is defined as

Hi(T)

Sy~ H;(T) ©

Only the selectivity of CO (H,) to CO, is addressed in this
work. When Eq. 6 is used, the Henry’s constants of CO, in
ILs are derived from the literature,3’27’35’37’39’45 46,49,65-69
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whereas some data related to CO and H, in ILs were
extracted from the literature®®-2!:23-24:27:29-31.36.37.39 3nq the
others originate from this work. The detailed values and the
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Figure 5. Henry’s constant of CO (a) and selectivity of
CO to CO; (b) in ILs at T=293.2 K.

(7)) Results predicted by the UNIFAC model; (H) exper-
imental data from the literature; (A) experimental data
obtained in this work. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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corresponding literature are listed in Supporting Information
Table S8. Notably, in an actual mixture, the presence of the
second gas will definitely affect the solubility of the first gas
in the IL. Therefore, the selectivity (S;;) stated here is an
“idealized” selectivity. The interactions between different
types of gases are not considered in the current work.

Figure 5 shows the comparison between the experimental
data and the UNIFAC predicted results for Henry’s constants
of CO and the selectivity of CO to CO, in various ILs at
293.2 K. Both the experimental and predicted results agree
well, except for one group of experimental data®’ marked
with red circle. This outlier group is mainly due to the
experimental error introduced by the fact that the literature-
reported CO solubility in [BMIM] " [MeSO,]” increases with
increasing temperature. This result is contradictory to the
conclusions for other ILs made by most researchers. Thus, a
large deviation is observed for this IL. In addition, by com-
parison of Figures 5a,b, it can be seen that the Henry’s con-
stants of CO and the selectivity of CO to CO, in ILs
roughly exhibit the same trend, that is, the ILs with a large
CO solubility usually have a small selectivity of CO to CO,.

Figure 6 shows the comparison between the experimental
data and the UNIFAC predicted values for the Henry’s con-
stants of Hy and the selectivity of H, to CO, in various ILs
at 333.2 K. It can be seen that both the experimental and
predicted results agree well, except for two data points
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Figure 6. Henry’s constant of H, (a) and selectivity of
H, to CO, (b) in ILs at T=333.2 K.

(7)) Results predicted by the UNIFAC model; (H) exper-
imental data from the literature; (A) experimental data
obtained in this work. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 7. Influence of temperature on selectivity of CO
to CO, (a) and H, to CO, (b) in ILs.
Solid lines, results predicted by the UNIFAC model;

scattered  points, experimental data. (a) (H)
[OMIM][BF]; (®) [BMIM]*[BF,]~; (&)
[OMIM]*[TE;N]"; (W) [HMIM]'[TENT; ()

[BMIM]*[Tf,N]™.  (b) (H) [OMIM]*[TE,N]"; (e)
[BMIM]*[BF4]7; (4) [EMIM]*[BF4]~. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

marked with red circles. Increasing the number of carbon
atoms in the alkyl chain on cation of an IL will increase the
solubility of H, in ILs. Notably, for both CO/CO, and H,/
CO, gas pairs, both the Henry’s constants and the selectivity
in mixed ILs lie between those in pure ILs.

We went one step further to investigate the influence of
temperature on the selectivity of CO (H,) to CO,. As shown
in Figure 7, a low temperature is not only favorable for
increasing the selectivity of both CO/CO, and H,/CO, gas
pairs but also for increasing the CO, solubility. Meanwhile,
at the same temperature the selectivity of H, to CO, is much
higher than that of CO to CO,, indicating that CO/CO, are
more difficult to separate in comparison with the H,/CO, gas
pair, which should be considered in process simulations and
optimizations.

Conclusions

This is the first work to extend the familiar UNIFAC
model to IL-CO and IL-H, systems, and some new group
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binary interaction parameters (o, and o,,,) are added into
the current UNIFAC parameter matrix via correlation of the
solubility data exhaustively collected from the literature at
different temperatures and pressures. To test the applicability
of the UNIFAC model to predict the solubility of CO (H,)
in pure and mixed ILs at high and low temperatures, we
measured the solubility data of CO and H, at temperatures
from 243.2 to 333.2 K in some common ILs and in their
binary mixtures. This work demonstrates the strong predic-
tive power of the UNIFAC model for IL-CO and IL-H, sys-
tems in both pure and mixed ILs at both high and low
temperatures.

Moreover, both the solubility and selectivity of CO (H,)
to CO, in various ILs were investigated. It was found that
CO solubility exhibits a reverse trend with respect to the
selectivity of CO to CO,, whereas H, solubility exhibits a
similar trend with the selectivity of H, to CO,. In any event,
the selectivity of CO/CO, and H,/CO, gas pairs always
increases with decreasing temperature. The results of this
work will help predict the quantitative thermodynamic
behavior of IL-gas systems in gas separation over a wide
temperature range.
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