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Vapor-Liquid Equilibrium of Binary Systems
Containing Cyano-based lonic Liquids and COa:
SAFT-y GC EoS Modeling
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ABSTRACT: The unusual thermodynamic behavior of ionic liquid (IL)+CO; mixtures has
challenged their theoretical modeling. In this paper, a SAFT-y equation-based group contribution
method (SAFT-y GC EoS) is used to predict the vapor-liquid equilibrium (VLE) of these mixtures.
The binary systems containing CO, and 1-butyl-3-methyl-imidazolium-thiocyanate ([omim][SCN]),
1-ethyl-3-methylimidazolium  dicyanamide  ([emim][DCA]), 1-butyl-3-methylimidazolium
dicyanamide ([omim][DCA]), 1-hexyl-3-methylimidazolium dicyanamide ([hmim][DCAY]), 1-ethyl-3-
methylimidazolium tricyanomethanide (femim][TCMY]), 1-butyl-3-methylimidazolium
tricyanomethanide  ([bmim][TCM]) or  1-hexyl-3-methylimidazolium tetracyanoborate
([hmim][TCB]) are divided into the functional groups of CO,, cyano-based anion, CH,, CH; and
imidazolium-based cationic head. Some new SAFT-y parameters are optimized at temperatures from
283.15 to 373.15 K and at pressures up to about 20 MPa. The observation of an average error of
1.86% between experimental and estimated bubble pressures indicates the desirable performance of
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SAFT-y GC EoS to predict the VLE of CO,+imidazolium-, cyano-based ionic liquid mixtures.
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INTRODUCTION

The high solubility of carbon dioxide in lonic Liquids (ILs),
low vapor pressure of ILs and easier CO, removal from ILs
compared to its separation from conventional industrial
solvents make ILs suitable candidates for designing CO,-
capture processes [1-5]. It is clear that experimental
and theoretical data on CO; solubility in ILs are necessary
to develop CO2-capture technologies by these liquids.
Since experimental measurements are not practical for all
members of ILs> family (about 10%*® members), turning
to theoretical methods for predicting the CO, solubility
inthem can be very useful [6-8]. However, due to the unusual

behavior of dew and bubble pressure curves of ionic
liquid+CO, mixtures compared to CO,+conventional
liquid systems, predicting the thermodynamic behavior of
these binary mixtures is very challenging [9, 10].
Modeling the thermodynamic behavior of IL systems
based on classic models such as cubic Equations of State (EoS)
requires various temperature- and/or composition-
dependent parameters. However, these models can’t
observe the true nature of IL molecules because of
considering the anionic and cationic parts of IL structure
together as a neutral pair. The positive and negative ions
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have polarity and ability to associate that these two facto
rs are not explicitly considered in the cubic equations of
state. Moreover, cubic EoS needs knowledge of critical
parameters. The critical properties of most ILs can’t be
determined experimentally because most of these
materials decompose as their temperature approaches
normal boiling point. Therefore, their critical parameters
are only indirectly predicted with large uncertainties,
which leads to a fundamental problem [9, 10].

In addition, most classical equations have been used for
a limited number of ILs, and their use for other members
of IL family can lead to significant deviations from
experimental data [11]. Since the IL family has many
common functional groups among its various members,
the use of group contribution (GC) method is a useful
approach to model the thermodynamic behavior of this
family. In this method, by specifying the parameters of
a number of functional groups, it will be possible to predict
the thermodynamic behavior of even those ILs that have
not been studied in model construction. Furthermore, some
GC methods do not even require critical properties [9, 10].
Because of these advantages, GC methods in IL research
fields have become popular [12-14]

Among various thermodynamic models, equations
based upon statistical associating fluid theory (SAFT)
have also been very successful in modeling the phase
behavior of CO2+IL mixtures [9, 10, 15-23]. Llovell et al.
[15, 16] employed soft-SAFT approach to predict gas
absorption (CO, CHa, Hz, CO2 H.S or SO) in some
imidazolium-based ILs with anions of [BF], [PFe], [Tf2N]
or [MeSQ,]. Ferreira et al. [17] also applied the soft-
SAFT EoS to describe the VLE of some systems including
fluorinated ILs+atmospheric gases. Alkhatib et al. [18]
also investigated capacity of CO, capturing by some ILs
with the soft-SAFT equation. Ghotbi et al. [19] estimated
solubility of acid gases (CO; and H.S) in [Csmim][PFs]
and [Cgmim][Tf.N] by means of PC-SAFT EoS at low
pressures. Al-fnaish and Lue [20] also predicted solubility
of CO, and H,S in some methylimidazolium bis
(trifluoromethylsulfonyl) imide ILs ([Comim][Tf:N]
where n = 2, 4, 6, and 8) using PC-SAFT equation. They
found that considering a 4-site association scheme with
two donors and two acceptors in the structure of IL
provided the best results for almost all the investigated acid
gases-IL binary systems, with an average absolute relative
deviation (AARD) of 2.76%-6.62% for H,S-ILs systems
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and 1.54%-4.98% for CO,-IL systems [20]. In addition,
Ayad et al. [21] modeled the VLE of CO; in three
tricyanomethanide based ILs with different cations
([BMIM][TCM], [BMPY][TCM] or [BMPYR][TCM])
based upon PC-SAFT EoS and observed higher CO;
solubility in pyridinium-based ILs [21]. Alcantara et al. [22]
used sPC-PSAFT EoS to predict carbon dioxide solubility
in three ILs with ethanolamine cations and butanoate
anions. Their model was able to estimate the CO,
solubility at high pressures with good accuracy, but low-
pressure predictions were under experimental data [22].
Alcantara et al. [22] also found that increase in carbon
chain length, bonded to amine group, promotes higher CO,
solubility at medium-high pressures but lower CO;
solubility at low pressures [22]. Loreno et al. [23]
successfully predicted solubility of carbon dioxide or
methane in some imidazolium-based ILs ([Cxmim][BF.],
[Comim][PFe] and [C.mim][Tf,N) with GC-sPC-SAFT
equation within a vast pressure range. They found that
considering speed of sound data and association
parameters are the key factors in optimization process [23].

Considering  ability of SAFT models and
comprehensiveness of GC approaches, we studied the
thermodynamic behavior of some pure imidazolium-based
ILs and their binary mixtures with CO, by a combination
of SAFT-y EoS and a GC technique [8-10]. The SAFT-y
GC method doesn’t need the critical properties of ILs and
by breaking down the IL molecule into the chemical groups
of cationic head, cationic alkyl groups of CH, and CH3, and
anionic groups, can be predictive for the thermodynamic
behavior of a larger number of ILs [9]. Moreover, the
model more realistically shows the geometric configuration
of molecules by defining the shape factor parameter. This
parameter specifies the contribution of a specific segment
among the whole molecular structure and allows the fused
segments to form heteronuclear molecules [9, 10, 24]. The
SAFT-y model can consider various interactions in the
systems of carbon dioxide and ILs (particularly the
associations between cationic head and anionic group,
associations between CO, and anionic group and self-
association between CO, molecules) [9].

In our previous researches [9, 10], the density and CO;
solubility of some imidazolium-based ILs with anions of
[BF4], [PFe], [Tf2N], [MeSOs], [MeSO,], [EtSO4] or
[CF3SO3] were studied by SAFT-y equation. Moreover,
in our recent work [8], density and second-order derivative
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properties of some imidazolium-, cyano-based ILs
were estimated with the SAFT-y model. In the present
paper, to extend the data bank of SAFT-y parameters, some
new parameters of SAFT-y GC EoS for seven systems
of CO,+imidazolium-based ILs with cyano-based anions
of [SCN], [DCA], [TCM] or [TCB] are optimized.

THEORETICAL SECTION

In the SAFT-y GC EoS, each functional group (k or I)
is made of v; fused segments which are specified
by parameters of segment diameter (o, ), shape factor (Sy),
dispersion energy and range (&g and A,). The
combination of different functional groups makes the
components i or j. To define interactions between groups
[ and k, the association energy parameters (ef2, and 1S,
a=1,...,NST,; b=1,...,NST;) and the dissimilar
potential parameters (oy;. €. A) are taken into
consideration [9, 10, 24, 25].

In this paper, the binary mixture of CO; and IL is divided
into the single-segment functional groups of CO,, anion,
cationic head, CH, and CHs. One electropositive site
on the cationic head group, two electronegative sites on the
anionic group, one electropositive and two electronegative
sites on the CO; molecule are taken into consideration
to describe the anion-CO,, CO,-CO, and anion-cationic
head association interactions [9, 10].

Considering the ideal Helmholtz energy (A'e4),
Helmholtz energy of hard-sphere repulsions and
dispersions (A™°™°), Helmholtz energy of connections of
heteronuclear segments to each other (A°"@™) and
Helmholtz energy of association bonding (A%5°¢) between
electronegative (type a) and electropositive sites (type b),
the SAFT-y GC equation is defined by Eq. (1) [24].

A Aldeal Achain

NkgT ~ NkgT |+ NkgT | NkgT | NkgT

Where kg, T and Nare respectively Boltzmann constant,
temperature and molecules’ number. In the following,
the association Helmholtz energy is introduced in Eq. (2).
Theterms of Aideal, Amono gnd A€hain areprovided in Refs. [9, 24].

NST;
Z Z Vkl Z Ny, (11’1 Xlka + 1ka) (2)
i=1

Where NC, NG and NST, are respectively components’
number, groups’ number and association site types’
number of group k. Furthermore, x;, vy ;, 1y, and Xy, are

Amono AaSSOC

€Y)

AaSSOC
NkgT
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respectively mole fraction of component i, number of
group k (in component i), number of electronegative sites
(on group k) and the not-associated share of component i
(at electronegative site of group k). X;., is determined
by the following equation [9, 10, 24]:

Xie = - 3)

T + 20N NS 1PX iV11p Xjib Ajjkiab

Where p and 4y, are respectively the number density
and the function of association strength. The 4; x4, IS
available in our previous publications [9, 10]. Pressure (P),
chemical potential of component i (x;) and fugacity
coefficient of component i (§;) are calculated based on
usual thermodynamics equations [9, 24]:

P = iN=C1 N\i]ui —A (4)

w=-(50) 5)
' oN; Njyi V,T

. res

Ing, = Nl;BT —InZ (6)

In Egs. (4)-(6), V, N; and Z are respectively volume of
system, number of molecules of component i and
compressibility factor. u7 is residual chemical potential
of component i which is calculated by [24]:

res mono chain assoc

;e w LK
kgT  kgT = kgT = KkgT

(7

where pmene | ychain gnd y@ssoc gre respectively chemical
potential of component i related to hard-sphere repulsions
and dispersions, chemical potential of component i due to
connections of heteronuclear segments to each other and
chemical potential of component i related to association
bonding. In the following, u#*°¢ is introduced in Eq. (8).
pmone and pfhain are available in Ref. [24].

NG NSTy

1- Xy
Z Z Vklnka (lnxlka 2 - a)

NC NG NSTk

+zzzxmk,nka( o

j=1 k=1 a=1

0Xixa
—)aN (®)

assoc

In this research, the association energy parameters (5,
Tiap) @nd binary interaction parameters (k;;) between CO,
and anions of [SCN, [DCA], [TCM] or [TCB] are optimized
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based on Eqg. (9) and Differential Evolution (DE)
optimization method in MATLAB environment [9, 10, 26].

1 ND PEXD- — pCalc. 2
. _ i i
Obj. Func = ND X E <—PEXP- ) )

i=1 1

In Eq. (9), PC%cand P"*P" are, respectively, the calculated
and the experimental bubble pressures and ND is the
number of data [9, 10].

The group parameters of anions, cationic head, CO;
and the parameters of cationic head-anion and CO,-CO;
association bondings, the binary interaction parameters
among CO- and cationic head, CH; or CH; have been
optimized in our previous publications [9, 10]. The group
parameters of CH, and CHjs are also accessible in Ref. [25].
The dissimilar potential parameters (oy;. €. Ax;) are also
calculated based upon arithmetic relations [9, 10, 24].

RESULTS AND DISCUSSION

The optimized parameters of association energy (5,
and its distance (rg,,) are available in Table 1. These
parameters are related to the association bonding among
the anionic groups and CO,. In the present paper, the
parameter of binary interaction (k;;) among the anionic
group and CO; is considered as a linear function of
temperature (Eqg. (10)). The constants of this linear
function are provided in Table 2.

Table 3 presents the average absolute relative deviation
(AARDY%) values between experimental and estimated
bubble pressures for studied ILs. The optimization process
was done for chemical systems of [bmim][SCN]+ CO,
[omim][DCA]+ CO,;  [bmim][TCM]+ CO, or
[hmim][TCB]+ CO,, respectively based on experimental
data of Kim et al. [27], Carvalho et al. [28], Zubeir et al. [29]
and Mota-Martinez et al. [30]. AARD% is determined by:

ND
AARD% = — x Z
ND

i=1

Exp. Ca
Pi Pi Ic.
Exp.
Pi Xp

X 100 (11)

After optimizing the SAFT-y parameters, the model
with the optimum parameters was applied to predict VLE
of COz+ionic liquid systems which their experimental
bubble pressures had not been applied in the fitting step.
Table 3 indicates all correlation and prediction errors. The
average error of 1.86% was obtained for 316 data points.
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TABLE 1: The optimized association parameters

Groups M8 /k 5 (K) re(Am) )
[SCN]- CO, 710.3726 4.6123
[DCA]- CO, 749.9463 5.6868
[TCM]- CO, 790.2995 3.5000
\_ [TCB]- CO, 643.3392 4.3370 )
TABLE 2: The optimized constants of Eq. (10) to determine k;;
4 Groups [ C, )
[SCN]- CO, -0.1989 0.0013
[DCA]- CO, -0.1840 0.0012
[TCM]- CO, -0.1648 0.0004
\_ [TCB]- CO, -0.0345 0.0005 )

Moreover, Fig.s 1-4 indicate experimental and SAFT-y
predicted bubble pressures of binary systems of
CO2+[bmim][SCN], [bmim][DCA], [emim][TCM] or
[hmim][TCB] at different temperatures and CO; mole
fractions. Experimental data of Kim et al. [1] (for
COz+[bmim][SCN] or [emim][TCM]), Carvalho et al. [28]
(for CO2+[bmim][DCA]) and Mota-Martinez et al. [30]
(for CO2+[hmim][TCB]) have been shown in these Fig.s.

Table 3 and Fig.s 1-4 show good potential of SAFT-y
model to estimate the bubble pressure of carbon
dioxide+imidazolium-, cyano-based ionic liquid systems.
New parameters of SAFT-y equation optimized in the
present reseach can be added to the previous SAFT-y data
bank [8-10] for ionic liquids. Using these group
parameters, the phase behavior of ILs (even those their
experimental data have not been employed in the
optimization step while their constituent functional groups
are in common with the groups in the SAFT-y data bank)
can be predicted with acceptable reliability without using
any additional parameter. It is worth to mention that in this
work, even binary interaction parameters (k;;) have also
been described based upon the group contribution concept
to preserve the model’s comprehensiveness.

CONCLUSIONS

In this paper, the SAFT-y GC EoS was extended
to describe the VLE of binary systems including CO; and
imidazolium-, cyano-based ILs. The COx+IL mixtures
were divided into the functional groups of CHs, CHp,
cationic head, anion and CO,, and some group parameters
of SAFT-y GC EoS were optimized using the Differential
Evolution algorithm. Considering the electronegative and
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TABLE 3- AARD% in bubble pressures

/ IL+CO; Temperature (K) Pressure (MPa) AARD % No.* Reference \
[bmim][SCN]+CO, 303.15-373.15 0.70-20.72 1.92 48 Kim et al. [27]
[emim][DCA]+CO, 303.15-373.15 0.88-10.79 6.36" 30 Kimetal. [1]
[bmim][DCA]+CO, 293.41-363.18 1.02-13.10 1.95" 28 Carvalho et al. [28]
[bmim][DCA]+CO, 298.2-333.3 1.41-11.48 3.19% 18 Aki et al. [31]
[hmim][DCA]+CO, 303.15-373.15 1.13-11.92 4.27* 27 Cho et al. [32]
[emim][TCM]+CO, 303.15-373.15 0.59-11.06 0.80" 40 Kim et al. [1]
[bmim][TCM]+CO, 283.13-363.14 0.52-9.48 0.26" 59 Zubeir et al. [29]
[hmim][TCB]+CO, 288.48-363.91 0.27-11.24 0.58" 53 Mota-Martinez et al. [30]

\ [hmim][TCB]+CO, 313.15 0.54-7.11 0.01* 13 Zakrzewska and Nunes da Ponte [33] /

* Correlations using SAFT-y equation, # Predictions using SAFT-y equation

25

P (MP2)

lJ‘.Z 0.‘25 04‘3
Fig. 1: Predicted and experimental bubble pressures of
[omim][SCN] versus CO2 mole fraction at several
temperatures. The solid curves are SAFT-y estimations and the
marks are experimental data of Kim et al. [1] at temperatures
of 303.15 (), 313.15 (V), 323.15 (m), 333.15 (0), 343.15 (e),

353.15 (0), 363.15 (A ) and 373.15 (A) K.

Fig. 2: Predicted and experimental bubble pressures of
[omim][DCA] versus CO2 mole fraction at various
temperatures. The solid curves are SAFT-y estimations and the
signs are experimental data of Carvalho et al. [28] at
temperatures of 293.41 ('¥), 303.43 (V), 313.24 (m), 323.15 (D),
333.04 (e), 343.15 (o), 353.10 (A ) and 363.18 (A) K.

4224
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Fig. 3: Predicted and experimental bubble pressures of
[emim][TCM] vs. CO2 mole fraction at several temperatures.
The solid curves are SAFT-y estimations and the marks are
experimental data of Kim et al. [1] at temperatures of 303.15
(Y),313.15 (V), 323.15 (w), 333.15 (1), 343.15 (e), 353.15 (o),

363.15 (A) and 373.15 (A) K.

0.55

0.3

o
01 0.2 0.25 0.35 0.4 0.45 0.5

Xcoz
Fig. 4: Predicted and experimental bubble pressures of
[hmim][TCB] vs. CO2 mole fraction at various temperatures.
The solid curves are SAFT-y estimations and the marks are
experimental data of Mota-Martinez et al. [30] at temperatures
0f 293.63 (V¥ ), 303.62 (V), 313.64 (m), 323.65 (), 333.66 (e),
343.69 (o), 353.77 (A) and 363.91 (A) K.

0.15
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electropositive association sites on the functional groups
of anion, cationic head and CO,, it was possible to take
into account the anion-CO,, CO,-CO; and anionic-cationic
head association interactions. Eight association energy
parameters and its range, and four binary interaction
parameter between CO, and cyano anions were optimized
in this research. The comparison between experimental
and predicted bubble pressures showed the average
absolute relative deviation of 1.86% for 316 data points.
The results indicated the power of SAFT-y GC EoS
to model the thermodynamic behavior of ionic liquid+CO,
systems within the temperature and pressure ranges of
283.15-373.15 K and 0.27-20 MPa. The SAFT-y GC EoS
with the optimized parameters showed very good
performance to predict the VLE
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Nomenclature

energy of Helmholtz A
average absolute relative deviation (in AARD%
percentage)

constant of Eq. (10) c
Boltzmann constant Kg
binary interaction between different groups Kij
number of electronegative or electropositive 0
association sites

molecules” number N
components’ number NC
number of experimental data ND
group types’ number NG
number of association site types NST
pressure P
cut-off distance I'flab
shape factor S
temperature T
volume \%
number of group k in constituent i Vi
fused segments’ number of group k Vi
mole fraction of a component X
non-associated portion of a constituent X
compressibility factor Z
energy of dispersion €
energy of association HB
range of dispersion A
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chemical potential
density

segment diameter
fugacity coefficient
contribution of association energy assoc
contribution of molecules” formation from

€ a o T

chain
hetero-nuclear segments
Calculated (predicted) property Calc.
Experimental property Exp.
contribution of ideal Helmholtz energy ideal
contribution of hard-sphere dispersions and
repulsions mone
electronegative site a
electropositive site b
data, component i
component j
type of group k
type of group 1
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