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Abstract—Critical properties and acentric factor (@) of 31 ionic liquids (ILs) were obtained by using vapor-liquid
equilibrium data of solvent+IL consisting of P-T and P-x experimental data, based on three-parameter Patel-Teja equa-
tion of state and genetic algorithm. Optimized P,, T, and o of ILs with Peng-Robinson equation of state (PR EoS) were
used to model the behavior of phase equilibria of solvent+IL. Due to lack of experimental data for optimized proper-
ties, the validation was done by comparing them to the results in the literature. In each comparison the average abso-
lute percent deviation (AAPD) for optimized properties was based on P-T experimental data, with PR EoS was
minimum. For more confidence in the correctness of optimized properties, the behavior of phase equilibria of two new
mixtures (ie., water+emimDMP and methanol+emimDMP), the density and vapor pressure of some pure ILs were
predicted by PR EoS, which the prediction of this EoS was satisfactory.
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INTRODUCTION

Ionic liquids (ILs) are a new type of chemical compounds with
extraordinary properties that have evolutionary effects on chemi-
cal industries and research centers [1-3]. These compounds, which
are green chemicals, have an important role in reducing toxic and
environmentally harmful substances usage. Ionic liquids molecu-
lar structure is formed by cations and anions [4,5]. Cations are
usually large and asymmetric organic compounds, but anions are
smaller and more asymmetric and organic or inorganic. Because
of this difference in size, the bond between cations and anions is
weak and they are liquid at temperatures below 100 °C [6,7]. The
most important feature of these compounds is the change in phys-
ical properties by changing the cation and anion type. One of the
reasons has led to intense research on ILs is to find a proper sub-
stitution for volatile organic solvents [4-9]. These solvents are the
most important source of biological pollutions in chemical indus-
tries. ILs have been highly regarded because of their low vapor
pressure. But this does not mean they are all green solvents [1-5].
Some of them are even highly toxic. Non-flammability; being lig-
uid in a wide range of temperature, thermal stability, electrical
conductivity, polarity and high density, are some important prop-
erties of ILs. Moreover, they are good solvents for both organic
and inorganic materials, and polar and non-polar components
[10].

All processes should be modeled and designed in pilot scale
before the ultimate design or industrial scale run [10-12]. Modelling
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is used in different sciences to analyze a system. Using a mathemat-
ical model to predict the effects of various parameters on a system
or a process is much simpler, cheaper and easier than study on a
real one [11-14]. Of course, a mathematical model should be used
along experimental data. To use ILs on an industrial scale and be-
cause of their characteristics, we need some equations to predict
their physical, chemical and transport properties [15-17]. Thermo-
dynamics properties have a significant role in engineering designs
and developing an accurate model to predict these properties and
phase equilibria of pure substance in a wide range of temperature
and pressure [16-20]. To model thermodynamics systems, we can
use cubic equations of state. These equations require critical pres-
sure (P,), critical temperature (T,) and acentric factor (@) of sub-
stance. On the other hand, many researchers have shown that ILs
decompose as they approach their boiling point. Critical proper-
ties and @ of ILs are not experimentally achievable. Hence, they
are considered hypothetically [19-22].

In 2005, Rebelo et al. [23] estimated several ILs critical tempera-
tures by an empirical relation and surface tension and density data.
Valderrama et al. in 2007 and 2008 [11,12] calculated the critical
properties, boiling point and acentric factor of some ILs by group
contribution method based on modified Lydersen-Joback-Reid
method concepts, which did not require molecular weight and
structure of ILs and checked their results by ILs density. In 2013,
Shariati et al. [13] obtained P,, T, and @ of 10 ILs using VLE data
of binary mixtures of CO,+IL, PR EoS and differential evolution
(DE) optimization algorithm, then by Soave-Redlich-Kwong equa-
tion of state (SRK EoS) and optimized properties predicted the
bubble point of binary mixtures of CO,+IL.

Due to the interesting properties of ionic liquids for use in
industry, thermodynamics properties of these liquids including crit-
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ical properties are required. Most ILs decompose before reaching
their critical region. Consequently, measurement of their critical
properties is not possible experimentally. In this study, P-T data at
constant composition (x) and P-x data at constant temperature
were used to obtain the critical properties and @ of 31 ILs by Patel-
Teja (PT) EoS based on genetic algorithm. Moreover, the optimized
critical properties and @ were applied to predict the pure density
and vapor pressure of some ILs.

METHODOLOGY

A wide range of thermodynamics models are used to describe
the behavior of systems containing ILs [10]. Because of their sim-
plicity and ordinary calculations, cubic EoS have drawn attention.
The simplest, and widely successful EoS, is the semi-empirical van
der Waals type EoS with two-parameters. After van der Waals,
many equations of state have been proposed for the representa-
tion of the volumetric properties of pure liquids [24]. These equa-
tions, which improved the attractive and repulsive intermolecular

Table 1. The IUPAC name of ILs studied in this work

forces, were modified by numerous investigators. Other equations
with many parameters have also been used to describe the fluid
phase behavior, some with reasonable success [14]. The most suc-
cesstul cubic equations for phase equilibrium calculations have been
those proposed by Soave. He modified the temperature depen-
dency of the attractive term in Redlich-Kwong EoS (RK EoS) by a
more general function & (see Eq. (A4)) and added acentric factor
parameter (@) and proposed the Soave-Redlich-Kwong EoS (SRK
EoS). After that, Peng and Robinson modified the attractive term
mainly to improve the prediction of liquid density in comparison
with SRK EoS and presented the PR EoS. A two-parameter EoS,
like SRK and PR EoSs, predicts the fixed critical compressibility
factor (ie. Z=P.V/RT,) for all fluids (ie., 0.307 and 0.333 by PR
and SRK, respectively) [14,24]. In fact, actual Z, values for most
fluids are generally smaller than those predicted by either two-
parameter EoS. It demonstrates the inflexibility of two-parameter
EoS for matching both the vapor pressure and volume leads to
unreliable volumetric data at all conditions (i.e., inaccuracy of pre-
dicted density of liquid, saturated liquid and at the critical point).

Abbreviation Ionic liquid

bmim] [BF,] 1-Butyl-3-methylimidazolium tetrafluoroborate

bmim][Cl] 1-Butyl-3-methylimidazolium chloride

bmim][SCN] 1-Butyl-3-methylimidazolium thiocyanate

bmim][OcSO,] 1-Butyl-3-methylimidazolium octylsulfate

emim][FAP] 1-Ethyl-3 methylimidazoliumtris(pentafluoroethyl) trifluorophosphate
emim][PF] 1-Ethyl-3-methylimidazolium hexafluorophosphate

emim][SCN] 1-Ethyl-3-methylimidazolium thiocyanate

emim][DMP] 1-Ethyl-3-methylimidazolium dimethylphosphate

O
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TE,N]
C,mpy][Tf,N]
Compy][TE,N]
dmim][MP]
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5
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hmpl[TEN]
omim][BFE,]
omp][TE,N]
tbma][MeSQ,]
tbmp][MeSO,]
(eto),im][T,N]
Prigssl [TEN]

1-Hexyl-3-methylimidazolium tetrafluoroborate
1-Hexyl-3-methylimidazolium hexafluorophosphate
1-Hexyl-3-methylimidazolium methylsulfate
1-Hexyl-3-methylimidazolium trifluoromethanesulfonate
1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-Butyl-3-methylimidazolium dicyanamide
1-Methyl-3-pentylimidazolium bis(trifluoromethylsulfonyl)imide
1-Hexyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
1-Octyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
n-Propyl-n-methylpyrrolidiniumbis(trifluoromethylsulfonyl)imide
n-Pentyl-n-methylpyrrolidiniumbis(trifluoromethylsulfonyl)imide
n-Heptyl-n-methylpyrrolidiniumbis(trifluoromethylsulfonyl)imide
n-Nonyl-n-methylpyrrolidiniumbis(trifluoromethylsulfonyl)imde
1,3-Dimethylimidazolium methylphosphonate
1-Butyl-1-methylpyrrolidinium trifluoromethanesulfonate
1-Hexyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
1-n-Octyl-3-methylimidazolium tetrafluoroborate
1-Octyl-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
Tributylmethylammoniummethylsulfate
Tributylmethylphosphoniummethylsulfate
1,3-Diethoxyimidazolium bis(trifluoromethylsulfonyl)imide
Trihexyltetradecylphosphoniumbis(trifluoro-methylsulfonyl)imide
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Therefore, to obtain an acceptable prediction of liquid density, EoS
must determine Z, based on any component. The third parame-
ter reduced the mentioned limitations of two-parameter EoS. This
parameter is generally determined by employing volumetric data
[24]; therefore, a three-parameter such as Patel-Teja EoS has supe-
rior accuracy compared with a two-parameter EoS such as PR
EoS. Continuing these efforts, in 1982 Patel and Teja presented the
three-parameter cubic EoS. They modified the attractive term by
adding parameter c. This parameter in PT EoS, is a kind of spe-
cific volume and its concept is similar to the volume transition,
which was presented by Peneloux et al. [24].

In this study, ¢— @ approach was used and the fugacity coeffi-

cients of each component in vapor and liquid phases were calcu-
lated by PT EoS [24]:

RT a

P:\Tb_v(v+b)+c(vfb) W

where a and b are the attractive and repulsive (co-volume) param-
eters of equation of state respectively. ¢ is flexible third parameter,
which is determined from the critical properties and acentric fac-
tors for pure components. Various mixing rules can be applied to
calculate EoS parameters for a mixture. In the present work, the
simple van der Waals (VDW) mixing model was employed to
determine the mixture EoS parameters [24]:

Table 2. Critical pressure, critical temperature and acentric factor of ionic liquids and solvents used in this study

No. 1L T. (K) P, (MPa) w Reference
1 [hmim][MeSO,] 1111.6 2.97 0.4901 a
2 [hmim][TfO] 1056.1 2.50 0.4856 a
3 [emim][DMP] 836.8 2.50 0.6383 a
4 [emim][FAP] 760.4 1.01 0.8743 a
5 [emim][TE,N] 12153 337 0.2878 a
6 [Csmim [TEN] 1251.2 273 0.4194 a
7 [Comim][TEN] 877.5 222 1.3102 a
8 [Cymim][TE,N] 924.1 1.89 1.3412 a
9 [C,mpy][TE,N] 1197.5 2.66 0.2786 a

10 [Csmpy] [TEN] 1222.5 2.33 0.3638 a
11 [C;mpy] [TEN] 1247.8 2.05 0.4624 a
12 [Compy] [TEN] 1278.6 1.83 0.5412 a
13 [tbma][MeSO,] 1001.3 1.96 0.6424 a
14 [tbmp][MeSO,] 1034.7 1.98 0.7201 a
15 (hmp][TE,N] 1236.4 2.18 04112 a
16 [omp][T£,N] 1264.2 1.94 0.5089 a
17 [dmim][MP] 766.8 329 0.4758 a
18 [P14666] [TEN] 1605.1 0.86 0.7681 a
19 [bmp][TFO] 9348 2.60 0.6124 a
20 [(eto),im] [TEN] 1311.2 2.84 0.2852 a
21 [bmim][Tf,N] 1256 276 0.2656 11
22 [bmim][DCA] 1035.8 244 0.8419 12
23 [bmim][OcSO,] 1189.8 2.02 0.7042 12
24 [bmim][SCN] 1047.4 1.94 0.4781 12
25 [bmim][Cl] 789.0 2.78 0.4908 12
26 [emim][PF] 663.5 1.95 0.6708 11
27 [emim][SCN] 1013.6 223 0.3931 12
28 [hmim][BE,] 679.1 1.79 0.9258 11
29 [hmim][PF,] 7543 1.55 0.8352 11
30 [omim][BF,] 726.1 1.60 0.9954 11
31 [bmim)][BF,] 632.3 2.04 0.8489 11
32 Carbon dioxide 304.2 7.39 0.2240 25
33 Water 647.1 22.05 0.3450 25
34 Ethanol 513.9 6.15 0.6450 25
35 Methanol 512.6 8.09 0.5640 25
36 Styrene 636.0 3.84 0.2970 25
37 Nitrous oxide 309.6 7.25 0.1409 25

a: Calculated from modified Lydersen-Joback-Reid method [See Appendix B.]
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a=XZXzz /aiaj(l—kij) @)
b.+b.

b=22202(1-1;) ©)

c=2z,; (4)

where z; is the mole fraction of component i (in the vapor phase
z;=y; and in the liquid phase z=x;), k; and J; are the binary interac-
tion and the repulsive binary interaction parameters respectively.
The details of PT and PR EoSs are given in Appendix A. The [UPAC
name, P, T, and o of ILs studied in this work, are given in Tables
1 and 2, respectively. The details of calculations of the critical pres-
sure, the critical temperature and the acentric factor of pure ILs
based on the modified Lydersen-Joback-Reid method [11] are given

in Appendix B. To calculate ILs critical properties and acentric fac-
tor, we need information of their structure. Therefore, we used the
ILs structure presented by Valderrama et al. [11,12].

Phase equilibria calculations were based on P-T experimental
data at constant x and P-x experimental data at constant tempera-
ture. P, T, and @ for 31 ILs were optimized by using the genetic algo-
rithm in MATLAB programming. An objective function was used
to optimize these properties and minimize the error. This function
is defined as:

PExe. _ PCulc. (5)
Exp.

OF=X

where Pp,, and Pg,, are experimental and calculated bubble point

Table 3. Temperature, pressure and solvent solubility ranges of used ionic liquids in this study

B Temperature range

Pressure range Solubility range

No. System ndp ©) (MPa) of solvent in IL Reference
1 emimSCN-Styrene 36 329.70-401.60 0.00297-0.01999 0.087-0.322 27
2 hmimTfO-Carbon dioxide 64 303.15-373.15 1.42-100.12 0.267-0.816 28
3 hmimMeSO,-Carbon dioxide 48 303.15-373.15 0.87-50.14 0.158-0.602 28
4 bmimSCN-Carbon dioxide 56 292.35-384.15 1.05-31.50 0.126-0.43 29
5 dmimMP-Carbon dioxide 26 313.15-363.15 3.4-25.00 0.162-0.475 29
6 (eto),imTf,N-Carbon dioxide 36 302.85-363.15 2.115-32.86 0.396-0.812 29
7 emimTf,N-Carbon dioxide 80 292.16-363.15 0.62-47.85 0.221-0.75 30
8 CsmimTf,N-Carbon dioxide 81 298.37-363.29 0.72-59.805 0.212-0.802 30
9 bmimTf,N-Carbon dioxide 209 292.65-453.15 0.420-49.99 0. 0847-0.801 6,8,31

10 bmimDCA-Carbon dioxide 40 293.36-363.25 1.018-73.64 0.200-0.601 31
11 hmpTf,N-Carbon dioxide 64 303.15-373.15 1.06-47.55 0.2778-0.8105 32
12 ompTf,N-Carbon dioxide 72 303.15-373.15 0.51-35.92 0.2409-0.8176 32
13 C;mpyTf,N-Carbon dioxide 56 303.15-373.15 0.52-47.10 0.186-0.787 33
14 CsmpyTf,N-Carbon dioxide 64 303.15-373.15 0.27-55.10 0.198-0.785 33
15 C,mpyTE,N-Carbon dioxide 64 303.15-373.15 0.26-72.24 0.302-0.853 33
16 CympyTE,N-Carbon dioxide 56 303.15-373.15 0.26-36.58 0.323-0.820 33
17 bmimCl-Carbon dioxide 45 353.15-373.15 2.454-36.946 0.1306-0.406 34
18 bmimOcSO,-Carbon dioxide 52 303.22-368.41 0.982-9.410 0.152-0.45 35
19 P46661,N-Carbon dioxide 98 293.35-375.35 0.53-22.20 0.3603-0.8480 6,36
20 bmpTfO-Carbon dioxide 64 303.15-373.35 1.88-70.20 0.2583-0.7058 36
21 emimFAP-Carbon dioxide 50 283.75-364.13 0.447-10.40 0.1003-0.60 16
22 tbmaMeSO,-Carbon dioxide 28 338.35-368.63 1.009-11.528 0.066-0.368 37
23 tbmpMeSO,-Carbon dioxide 29 313.16-363.30 0.659-12.640 0.070-0.378 37
24 CemimTf,N-Carbon dioxide 109 298.15-344.55 0.157-39.00 0.039-0.8333 19,20,38
25 CymimTf,N-Carbon dioxide 96 298.35-344.55 0.680-34.80 0.3019-0.8456 38
26 emimDMP-Ethanol 46 309.05-389.15 0.00747-0.0511 0.500-0.89 39
27 emimDMP-Water 43 320.35-411.15 0.00627-0.04356 0.490-0.9 39
28 emimDMP-Methanol 46 301.95-386.15 0.01134-0.04630 0.500-0.89 39
29 emimPF,-Carbon dioxide 74 308.14-366.03 1.49-97.10 0.104-0.619 40
30 hmimPF,-Carbon dioxide 98 291.31-363.58 0.64-94.60 0.098-0.727 15,41
31 hmimBF,-Carbon dioxide 104 293.18-368.16 0.54-86.60 0.103-0.703 42
32 omimBF,-Carbon dioxide 100 308.20-363.29 0.571-85.80 0.1005-0.7523 43
33 bmimBF,-Carbon dioxide 104 278.47-368.22 0.587-67.62 0.1022-0.6017 44
34 bmimBF,-Nitric oxide 42 298.10-323.20 0.0258-2.0532 0.0010-0.2080 18
Total number of data 2280

“ndp is the number of experimental data point
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pressures using PT EoS, respectively. More details of the calcula-
tions of critical properties and acentric factor of ILs based on PT
EoS and genetic algorithm (GA) are given in Appendix C. In this
Appendix, the block diagram of a computer program for bubble
point pressure calculations and the details of one step of the calcu-
lations are given for one point of the experimental data of CO,-
[bmim][BF,] binary mixture.

Genetic algorithm (GA) has a wide operational range. With ad-
vances in science and technology; it has been used more in opti-
mization and problem solving. Genetic algorithm may be consid-
ered a general search method that follows natural biologic evaluation
rules. In the algorithm, initially several answers are generated ran-
domly (initial population). After choosing better answers, the new
population is generated using genetic algorithm operators. In this
process, the new population is better than the old one. Selecting
some answers among all to create new ones is based on their util-
ity and is done by the fitness function. It is obvious that more ap-

propriate answers have more chance to reproduce. This procedure
continues until the predetermined conditions such as a number of
populations or answers improvements are established [10,26]. The
systems investigated in this study, include 31 ionic liquids and six
solvents. All systems are given in Table 3.

RESULTS AND DISCUSSION

Tables 4 and 5 show the optimized values of P, T, and o for 31
ILs. These values were obtained based on P-T data at constant x and
P-x data at constant temperature for binary mixtures of solvent+IL
using PT EoS and GA. The average absolute percent deviation
(AAPD) is calculated by Eq. (6):

Exp. Calc.
Pixp _Piuc
PI-EX‘D'

1

AAPD= I%Iz,il %100 ©)

N is the number of experimental data points for each binary mix-

Table 4. Critical pressure, critical temperature and acentric factor of ILs calculated in this work by PT EoS based on the genetic algorithm

optimization method and P-T experimental data at constant x

No. L T. (K) P, (MPa) w AAPD in bubble point pressure prediction
1 [hmim][TfO] 11435 324 0.3818 3.48
2 [hmim][MeSO,] 1209.7 3.58 0.4697 3.65
3 [bmim][BF,] 765.4 3.56 0.7956 116
4 [bmim][Cl] 803.1 468 0.6560 0.82
5 [bmim][OcSO,] 1172.6 2.30 0.8863 122
6 [emim][PF] 745.7 4.16 0.6436 3.84
7 [dmim][MP] 816.2 4.65 0.5898 10.34
8 [(eto),im][TE,N] 1361.0 3.08 0.2275 521
9 [emim][TLN] 1267.7 2.80 0.2578 8.98

10 [bmim][DCA] 954.5 3.16 0.8018 8.88

11 [Comim][TE,N] 799.1 2.39 0.8702 4.08

12 [Cymim][TEN] 1187.8 1.02 0.9078 1.93

13 [C,mpy][TF,N] 12279 323 0.3222 0.85

14 [Csmpy][TE,N] 1313.1 2.65 0.3027 7.39

15 [C,mpy][TE,N] 1329.8 1.89 0.4645 522

16 [Cympy][TE,N] 1339.7 2.08 0.3278 5.70

17 [hmp][TE,N] 1316.2 2.33 0.3354 5.02

18 [hmim][BF,] 798.4 297 0.8624 3.89

19 [hmim][PF] 847.2 2.59 0.7836 4.10

20 [omp][TEN] 13204 141 0.3094 391

21 [omim][BF,] 834.5 1.88 0.9864 535

22 [bmp][TfO] 1017.8 3.78 0.4689 0.84

23 [tbmp][MeSO,] 1003.6 3.16 0.7778 1.17

24 [tbma][MeSO,] 1085.0 3.02 0.8144 0.78

25 [Pryq66] [TEN] 1758.7 0.77 0.8131 2.11

26 [emim][FAP] 848.2 1.80 0.5474 6.66

27 [emim][SCN] 1146.6 486 0.4514 8.58

28 [bmim][SCN] 1194.8 276 0.4362 6.26

29 [emim][DMP] 1075.7 227 0.5947 10.48

30 [bmim][TE,N] 962.2 2.62 0.3943 345

31 [Csmim][TE,N] 1332.1 2.80 0.4451 391

Average AAPD 4.50
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Table 5. Critical pressure, critical temperature and acentric factor of ILs calculated in this work by PT EoS based on the genetic algorithm
optimization method and P-x experimental data at constant temperature

1L T, (K) P. (MPa) 1) AAPD in bubble point pressure prediction
[bmim][BF,] 955.4 4.14 0.4287 6.66
[emim][PF,] 948.2 2.57 0.9004 571
[hmim][BE,] 822.7 328 0.5524 6.42
[hmim][PF,] 804.6 2.89 0.8875 839
[omim)][BF,] 623.8 111 1.1248 752
[Pragssl [TEN] 1483.9 0.95 0.7045 6.46
[bmim][TE,N] 874.5 2.26 0.5498 9.79
[Cemim][TE,N] 645.8 4.33 0.9454 8.19
Average AAPD 7.40

ture (e.g, the whole database, or data for selected ILs). The P/
and P{™ are experimental and calculated bubble point pressures
using PT EoS, respectively. The AAPD values for P, T, and @ of
this work based on P-T data at constant x and P-x data at con-
stant temperature are 4.5% and 7.4%, respectively.

Shariati et al. [13] used binary interaction parameter (ie. k;) to
predict the critical properties and @ for six common ILs, but to
use the optimized critical properties for pure ILs systems, we can-
not employ k;. Although using the k; parameter could reduce a it-
tle the values of error, in this study this parameter was not used
(k;=0) to predict the critical properties and @. Because PT EoS
was capable to predict phase behavior well.

To validate our model, the results of the present study were com-
pared with experimental data and other works in literature. For
example, Fig. 1 compares the calculated bubble point pressure of
CO,+[hmim][BF,] mixtures by PR EoS with the van der Waals
mixing rules type one (without the use of any repulsive binary inter-
action parameter, i.e. [;=0), using optimized P,, T, and @ based on
PT EoS and those values predicted by PR EoS based on Shariati et
al. [13] and Valderrama et al. [11,12] methods. As one can see

from this figure, there is a very good agreement between the results
of our model and experimental data [42]. Comparison of the results
of our optimized properties with Shariati et al. [13] and Valderrama
et al. [11,12], shows our optimized properties have the minimum
deviation from the experimental data, especially at higher pres-
sure. Lower values of k; and nonlinear behavior at whole range of
pressure are observed. However, the results based on P-T data at
constant X, are better accuracy than those values based on P-x data
at constant temperature. In the P-T data-set at constant x, the mole
fraction of liquid phase is fixed in all stages of the bubble point calcu-
lations. Consequently; according to Egs. (2)-(4) a, b and ¢ parame-
ters of mixture are constant in all iteration stages of the bubble
point pressure calculations. In this case, these parameters are only
function of T, P, and . But in the P-x data-set at constant T, the
liquid mole fraction (x) changes by varying the pressure. There-
fore, the mentioned parameters (ie., a, b and c) for a mixture change
in all iteration stages of the bubble point calculations.

Tables 6 and 7 also give the results of P,, T, and @ prediction for
solvent+IL systems using PR EoS based on four methods. These
tables list the average absolute percent deviation (AAPD) and k;

7
A Experimental data [42]
=== This work, kij = 0.0037, based on P-T data A
6 .
® » o o This work, kij = 0.1210, based on P-x data . o
L ]
— Based on Valderrama et al. [11,12], kij = 0.0899 o®
o
=9 L. .
= 5 = = = Based on Shariati et al. [13], kij = 0.0322
2
L 4
o
3
A
2
300 310 320 330 340 350 360 370

Temperature (K)

Fig. 1. Comparison of bubble point pressure experimental data with those predicted values by our model and PR EoS based on Valderrama
et al. [11,12] and Shariati et al. [13] methods for CO,+[hmim][BFE,] at x,,=0.299.
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Table 6. AAPD for bubble point pressure prediction from P-T data at constant x for CO,+IL systems using PR EoS based on optimized
properties, modified Lydersen-Joback-Reid method [11], Shariati et al. method [13] and Valderrama et al. method [11,12]

AAPD k; k;
- AAPD  (Based on AAPD AAPD k; (Baseii on (Ba;ed K
Solubility ) (Based on  (Based on v ) (Based on
No. Ionic liquid of solvent (Ba.seq on  modified Shariati  Valderrama (Ba.sec.l on  modified on. . Valderrama
_ optumz.ed Lydersen.— etal etal optlmlz.ed Lydersen.— Shariati etal
properties) Joback-Reid method)  method) properties) Joback-Reid etal. method)
method) method) method)
1 hmimTFO 0.6390 3.63 8.01 - - 0.0071 0.0381 - -
2 hmimMeSO, 0.5730 3.87 7.21 - - 0.0111 0.0949 - -
3 dmimMP 0.3690 740 15.40 - - 0.0659 0.1740 - -
4 (eto),imTf,N 0.5540 5.72 6.98 - - 0.0027 0.0075 - -
5 emimTf,N 0.6060 4.15 7.68 - - —0.0112 —0.0263 - -
6 CymimTf,N 0.4530 1.73 7.85 - - —0.0370 —0.0684 - -
7 hmpTEN 0.3827 5.64 8.52 - - —0.0011 —0.0123 - -
8 ompTELN 0.4424 394 6.16 - - —0.0155 —0.0455 - -
9 CmpyTf;N 0.5610 0.88 4.65 - - 0.0041 0.04028 - -
10 CsmpyTf,N 0.3300 7.94 11.87 - - 0.0014 0.0128 - -
11 CmpyTf,N 0.5910 5.68 7.23 - - —0.0035 —0.0063 - -
12 CompyTf,N 0.7210 6.02 10.02 - - —0.0061 -0.0119 - -
13 Piyees IEN 0.7099 2.11 4.02 - - —0.0155 -0.0189 - -
14 bmpTfO 0.2583 1.08 5.46 - - 0.0089 0.0581 - -
15 emimFAP 0.3012 4.84 11.03 - - —0.0201 0.0631 - -
16 tbmaMeSO, 0.3680 0.58 5.69 - - 0.0106 0.1266 - -
17  tbmpMeSO, 0.4550 0.75 4.96 - - 0.0091 0.0894 - -
18 CymimTt,N 0.6681 223 7.50 - - —0.0546 —0.1051 - -
19 CymimTt,N 0.4849 1.89 9.25 - - —0.0614 —0.1018 - -
20 bmimTf,N 0.3818 2.09 - 5.43 533 0.0220 - 0.0126 —0.0204
21 emimPF; 0.3560 4.01 - 6.14 11.29 0.0100 - 0.0976 0.1199
22  hmimPF, 0.5010 4.46 - 7.89 991 0.0062 - 0.06867 0.1001
23 hmimBF, 0.2990 4.03 - 5.83 9.08 0.0037 - 0.0322 0.0899
24 omimBF, 0.5050 5.62 - 7.15 9.11 0.0032 - 0.0348 0.0882
25 bmimBF, 0.1998 3.15 - 6.48 12.52 0.0050 - 0.0851 0.1041
26 bmimCl 0.2652 0.90 - - 9.16 0.0123 - - 0.1769
27 bmimOcSO, 0.4500 0.93 - - 223 0.0051 - - 0.0223
28 bmimSCN 0.2540 1.08 - - 5.56 0.0954 - - 0.1588
29 bmimDCA 0.6010 9.46 - - 16.99 0.0122 - - 0.0985
30 emimDMP-Ethanol  0.5000 1.19 891 - - -0.1214 —0.1691 - -
31 emimSCN-Styrene 0.1760 9.74 - - 13.28 0.0018 - - 0.0825
Average AAPD 3.77 7.92 6.49 9.50

for these methods. According to Table 6, the least values of AAPD
and k; for all binary mixtures of solvent+IL were obtained for our
work. The close agreement between our results and the experi-
mental data is more obvious in error percent as given in the table.
Table 7 shows the results of modelling of CO,+IL by PR EoS
based on optimized properties using P-x data at constant tempera-
ture. The AAPD and k; values for this method are more than the
optimization method using P-T data at constant x.

For a fair comparison and investigation of the accuracy of the
critical properties obtained from the modelling based on the bub-
ble point experimental data, two systems were considered: mix-
tures and pure substances. Of course, these systems are new and
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we did not use them in our optimization stage. At first, P-T behav-
ior of binary solvent+IL system at constant x and P-x behavior of
the binary solvent+IL system at constant temperature were investi-
gated. For this purpose, based on P-T data, phase behaviors of
water+[emim][DMP] and methanol+[emim][DMP] mixtures were
modeled by PR EoS by using the van der Waals mixing rules type
two (with the use of repulsive binary interaction parameter, ie.,
[;#0), and applying optimized P,, T, and @ based on PT EoS (our
model), and those values predicted by PR EoS based on modified
Lydersen-Joback-Reid method [11]. The results are shown in Fig.
2 and Table 8. As one can see from this figure, there is a very good
agreement between our model and experimental data [39]. To ob-
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Table 7. AAPD for bubble point pressure prediction from P-x data
at constant temperature for CO,+IL systems using PR EoS
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tain a better evaluation of the results of the optimization, the opti-
mized P, T, and @ of [emim][DMP], which were obtained for binary

based on optimized properties ethanol+[emim][DMP] system using the experimental data, were
Tonic liquid Temperature (K) AAPD k; used to predict the phase behavior of water+[emim][DMP] and
emimPF, 332.83 59 0.1024 methanol+[emim][DMP] systems. In this case, because water and
hmimPE, 333 8.66 0.1102 methanol are polar solvents, the behavior of binary systems is non-
hmimBE 340 737 0.1210 ideal. Consequently, to decrease the error and improve the accu-
., : ) ; . .
omimBF, 360 826 01141 rzcd}; c.>f the ilosen model (ie,, PR EoS), the I; parameter is used, in
addition to K;.
bmimBF 320 6.15 0.1262 y
bZﬁTf;\I 3 8.48 P Fig. 3 shows the results of modelling of nitric oxide (N,O)+
Comi ";fN 34315 12.28 0.1148 [bmim][BF,] binary system at 298.1 K, using PR EoS based on
Pﬁmlrr%f IZ\I 353'15 14'57 0'10 o optimized critical properties and @ for four methods: our two
14666572 ) . 109 methods (i.e., optimized critical properties based on P-T data at
Average AAPD 8.97 constant x and P-x data at constant temperature), Valderrama et al.
0.05
. Experimental data, sysytem |, [39]
" Experimental data, system 2, [39]
e This work., system 2, kij = - 0.108 , lij = 0.09
0.04 e Based on M-L-J-R method, system 2, kij = - 0,12, Iij = 0.102
ssssss Basedon ;1..1 -J-R nlwnm_;,m;m I.k‘ij - 008, 1ij = 0,12 A "_;;.,.
fg 0.03 K g
= o’ .’
@ . . ’
= o
2 002 Lo ® g
& Y
0.01
0
335 345 355 365 375 385 395
Temperature (K)

Fig. 2. Comparison of bubble point pressure experimental data using PR EoS, by our model and modified Lydersen-Joback-Reid method
for: system 1 (water+[emim][DMP] at X,,,,;,,,p=0.3) and system 2 (methanol+[emim][DMP] at X,,,,;,,prp=0.41).

Table 8. AAPD for bubble point pressure prediction from P-T experimental data at constant x for solvent+[emim][DMP] system [39], using
PR EoS based on optimized properties and modified Lydersen-Joback-Reid method [11]

AAPD AAPD k; I k; I,
Solvent N (Based on  (Based on modified (Basedon (Based on (Based on modified (Based on modified
e optimized ~ Lydersen-Joback-  optimized optimized  Lydersen-Joback- Lydersen-Joback-
properties) Reid method) properties)  properties) Reid method) Reid method)
0.51 3.12 12.80 0.08 0.12 0.07 0.13
04 6.02 15.04 0.04 0.09 0.09 0.08
0.3 5.18 14.65 0.03 0.11 —0.08 0.12
Water 02 7.98 17.48 0.06 0.07 ~0.05 0.14
0.1 8.45 18.79 0.10 0.12 —0.09 0.11
Average AAPD 6.15 15.76
05 424 10.35 ~0.10 0.101 ~0.13 0.08
041 5.86 12.86 ~0.108 0.09 ~0.12 0.102
03 9.25 18.08 0.12 0.07 ~0.09 0.04
Methanol 02 8.11 2291 ~0.09 0.05 ~0.15 0.11
0.11 1252 2527 ~0.12 0.1 ~0.14 0.12
Average AAPD 8.00 17.90
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Fig. 3. Isothermal P-x (pressure-solvent composition) phase diagram of N,O-[bmim][BF,] binary system, predicted by the PR EoS, based on
our model, Valderrama et al. [11,12] and Shariati et al. [13] methods.

Table 9. AAPD for bubble point pressure (P-x experimental data at constant temperature) prediction for N,O+[bmim][BF,] system [18],
using PR EoS based on optimized properties, Shariati et al. method [13] and Valderrama et al. method [11,12]

AAPD AAPD k; k;
(Optimized ~ (Optimized AAPD AAPD (Optimized ~ (Optimized K K
Temperature roperties roperties (Based on  (Based on roperties roperties (Based on  (Based on
b prop Prop Shariati ~ Valderrama prop prop Shariati ~ Valderrama
(K) based on P-T  based on P-x et al et al based on P-T  based on P-x et al et al
experimental  experimental method) method) experimental  experimental method) method)
data) data) data) data)
298.1 5.26 11.86 16.75 24.87 0.056 0.102 0.141 0.134
348.1 6.03 10.65 18.05 19.48 0.072 0.098 0.130 0.138
3232 6.98 9.24 2241 27.02 0.101 0.120 0.132 0.164
Average AAPD 6.09 10.59 19.07 23.79

Table 10. AAPD for liquid densities calculated for pure ILs at various pressures and temperatures, using PR EoS based on optimized proper-
ties (this work), Shariati et al. method [13] and Valderrama et al. method [11,12]

AAPD AAPD AAPD AAPD
(Optimized (Optimized (Basedon (Basedon  Pressure
a . . o Temperature
IL ndp properties properties Shariati ~ Valderrama range range (K) Reference
based on P-T based on P-x etal etal (MPa)
experimental data) experimental data) method) method)

[bmim][BF,] 45 046 0.75 2.16 3.75 0.21-39.85 298.15-373.15 45
[hmim][PF] 77 1.52 2.14 4.58 6.98 0.1-10 293.15-393.15 46
[emim][PFq] 180 7.68 10.59 16.77 20.51 10-200 312.8-472.40 47
[hmim][BE,] 117 1.82 3.24 5.64 9.64 0.1-60 283.15-323.15 48
[bmim][TEN] 80 0.65 1.58 3.81 5.58 0.1 292.88-391.28 49,51
[omim][BF,] 17 1.17 3.04 722 9.55 0.1 283.15-363.15 50
[bmim][OcSO,] 169 8.96 - - 19.14 10-200 312.19-472.60 52
[emim][SCN] 75 0.68 - - 442 0.1-10 298.15-338.15 21
[bmim][SCN] 75 0.78 - - 2.12 0.1-10 298.15-338.15 21
[bmim][DCA] 71 325 - - 792 0.1 293.15-363.15 51
[bmim][CI] 6 0.89 . - 235 0.1 348.15-373.15 53
Total number of data 912
Average AAPD 2.54 3.56 6.70 8.36

“ndp is the number of experimental data point
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Fig. 4. Prediction of pure ILs density at atmospheric pressure and temperature ranges of 273.15-391.28 K, using PR EoS: (a) [bmim][Tf,N].
(b) [hmim|][PE]. (c) [omim][BE,].
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Fig. 5. Plot of experimental density vs. predicted density for pure ILs.

[11,12] and Shariati et al. [13] methods. As one can see, the PR EoS
at low pressure and low mole fraction of N,O was able to predict
the behavior of the system based on four methods of estimation of
critical properties and @ very well. With increasing the pressure, the
deviation from the experimental data [18] increases. But our two
methods, especially the optimized method based on P-T data at
constant x, have superior accuracy at high pressure. The modelling
results of other temperatures and their AAPD are listed in Table 9.
As one can see, our two models give the least values of AAPD.

Optimized properties can be used to predict the phase behav-
ior of pure ILs in addition to their application for estimating the
phase behavior of mixtures. Therefore, the optimized critical prop-
erties and @ were used to calculate the density and vapor pressure
of several pure ILs.

Density is a design parameter and effective in mass flow rate
calculation. There are several empirical equations based on the crit-
ical properties and @ to predict the ILs density. The accuracy of
these equations is less than the cubic equation of state. Subsequently;
in this study, PR EoS was used to predict the ILs density. This EoS
requires the critical properties, @ and the molecular weight for
density prediction of pure ILs. For this prediction, the optimized
critical properties and @ from this work, the reported critical proper-
ties and @ from Valderrama et al. and Shariati et al. were used.
The results are given in Table 10.

Moreover, to investigate the accuracy of our optimization method,
the variations of density versus temperature at atmospheric pressure
for different pure ILs (ie. [bmim][TE,N], [hmim][PF], [omim][BE,])
were predicted and are shown in Fig. 4. The results show that the
PR EoS using optimized thermodynamic properties improved the
T behavior of pure ILs. As one can see from Table 10 and the
figure, the errors for both our model results were less than other
methods and our models succeeded to give better results. Of course,
the error for [emim][PF] and [bmim][{OcSO,] systems was more
than other systems due to their high pressure. In high pressures,
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inter molecular forces are very important and cubic EoS in these
ranges of pressure cannot predict the phase behavior well enough.
To clarify the procedure of calculations, an example of the step-by-
step calculations for [bmim][DCA] density based on PR EoS is
given in Appendix C. Moreover, Fig. 5 shows the plot of calculated
pure IL density based on the PR EoS using optimized properties
versus experimental data (917 data points) and distribution of rela-
tive deviations between the calculated values and experimental data.
The dashed line is a diagonal line. According to this figure, the PR
EoS has good accuracy and could predict ILs density as well.

Vapor pressure was the second property of ILs, which was cal-
culated by PR EoS based on optimized critical properties. The
results are shown in Fig. 6 and Table 11. In this case, the vapor
pressures of four ILs were estimated and compared with experi-
mental data [54]. The results show PR EoS using optimized prop-
erties based on P-T' experimental data has a minimum value of
AAPD with respect to other methods. An example of the step-by-
step calculations for pure [Csmim][TEN] vapor pressure based on
PR EoS is given in Appendix C.

According to Figs. 4 and 6 the PR EoS using optimized T,, P, and
@ based on P-T experimental data (as best optimization method)
could not predict the pure ILs density and vapor pressure appro-
priately. The main reason of under- and overestimating of these
properties is their two-parameter nature [55-57]. Intermolecular
forces are very important in ILs liquids, and the main problem of
two-parameter cubic EoS like PR EoS is liquid density prediction.
This weakness is attributed to the way in which the two EoS
parameters, a and b, are calculated. For a pure compound, these
parameters are calculated by using critical temperature and pres-
sure [57]. As previously mentioned, a two-parameter EoS yields a
constant critical compressibility factor, Z,, for all fluids, and this
typically results in significant errors in liquid-phase densities and
vapor pressures. As a result, the ability of two-parameter EoS to
predict liquid density is not satisfactory. The study tried to correct
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Table 11. AAPD for vapor pressure calculated for pure ILs (experimental data [54]) using PR EoS based on optimized properties (this work),
Valderrama et al. method [11,12] and modified Lydersen-Joback-Reid method [11]

AAPD AAPD AAPD AAPD
. (OpUml?ed (Optum.zed (Based on (Base.d on Pressure Temperature
IL ndp properties properties Valderrama modified range (Pa) range (K)
based on P-T based on P-x etal. Lydersen-Joback-
experimental data) experimental data)  method) Reid method)
[bmim][TEN] 9 6.48 923 16.18 - 0.0036-0.515  437.84-517.45
[emim][Tf,N] 9 6.08 - - 14.45 0.0062-0.1091  441.70-484.16
[C¢mim][TE,N] 9 5.61 8.12 - 15.70 0.0067-0.1716  445.79-493.67
[Csmim][TE,N] 7 743 - - 19.87 0.0078-0.1542 455.46-498.19
Total number of data 34
Average AAPD 6.40 8.68 16.18 16.68

“ndp is the number of experimental data point

the critical properties and @, but because of the two-parameter
nature, there is a systematic deviation in density and vapor pres-
sure ILs prediction.

CONCLUSIONS

Because of the unexpected properties of ILs, determination of
the critical properties and @ of these liquids is not possible experi-
mentally. The group contribution method and using the phase be-
havior experimental data of solvent+ILs mixtures are two meth-
ods that are proposed.

In this study, PT EoS was combined with genetic algorithm to
predict critical temperature, critical pressure and acentric factor of
31 ILs using experimental bubble point pressure of solvent+IL
mixtures. P-T experimental data at constant x as well as P-x exper-
imental data at constant temperature for solvent+ILs mixtures were
used to obtain these properties. Moreover, by using group contri-
bution method based on concepts of Lydersen-Joback-Reid, these
critical properties and @ were obtained. Because of the lack of
experimental data for critical properties and @ of ILs, our results

were compared with the results of Valderrama et al. and Shariati et
al. based on two-parameter PR EoS. The results showed that the
optimized properties in this study; especially optimized properties
based on P-T experimental data at constant x, have more coinci-
dence with experimental vapor-liquid equilibrium data of binary
mixtures of solvent+ILsystem. Obviously; optimized properties based
on P-x experimental data at constant temperature also give better
results than the calculated properties by Valderrama et al. and Sha-
riati et al. This coincidence especially is more observable in binary
systems of water+[emim][DMP], methanol+[emim][DMP] and
N,O+[bmim][BE,]. Furthermore, to investigate the accuracy of opti-
mized properties with respect to reported properties by Valder-
rama et al. and Shariati et al,, the density and vapor pressure of
pure ILs were predicted. The results confirm that our two models
predict these ILs properties accurately. According to the results of
calculating bubble point pressure for new binary mixture, density
and vapor pressure for pure IL and because of the least values of
AAPD based on P-T data at constant x, it can be concluded that
the method based on the optimized critical properties and acentric
factor using P-T data at constant x has good accuracy. Therefore,
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this confirms the reliability and validity of the applied method. There-
fore, it is possible to find critical properties and @ of pure ILs by
heuristic optimization methods based on experimental equilibrium
data and use them for modelling different systems.

NOMENCLATURE

a : attractive term parameter of equation of state

A :dimensionless parameter, Eq. (A.15)

AAPD : average absolute percent deviation [-]

b :repulsive term(co-volume) parameter of equation of state
[m’/kgmol]

B :dimensionless parameter Eq. (A16)

¢ :flexible third parameter [m’/kgmol]

C  :dimensionless parameter Eq. (A17)

Calc. : calculation

Exp. :experimental

i : component i

j : component j

L :liquid

K :K-value, Eq. (C7)

k;  :binary interaction parameter [-]

: repulsive binary interaction parameters [-]

M,;, :molecular weight [g/mol]

N :number of data point [-]

OF :objective function

P : pressure [MPa]

P :vapor pressure [Pa]

: critical pressure [MPa]

:ideal gas constant [MPa-m’/K-kgmol]

: temperature [K]

: normal boiling point [K]

: critical temperature [K]

: vapor

: molar volume [m*/kgmol]

: mole fraction in liquid phase [-]

: mole fraction in vapor phase [-]

:mole fraction [-]

: compressibility factor [-]

: critical compressibility factor [-]

:adjusted critical compressibility factor [-]

: fugacity coefficient [-]

:acentric factor [-]

:sigma

M2 SINNNS X< <3 BT
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APPENDIX A

In this study; the fugacity coefficient of each component in vapor
and liquid phases was found by using the pressure-explicit PT EoS
[24]:

7R_T ac'a(T)
“v—b v(v+b)+c(v-b) (AD

where v is the molar volume and R is the universal gas constant.
The pure component parameters a,, b; and ¢; are calculated by the
following equations [24]:

RT,)’
ac = ‘Qat:i( P E (AZ)
m;=0.452413+1.30982w,— 0.295937(0,-2 (A3)
T\
a(T)z[leri(lf T—):| (A9)
RT,
b,=02,—* (A5)
Pci
_o X (A6)
Ci= S84 P,
0Q,=1-3n, (A7)

77; is an adjusted critical compressibility factor, determined by match-
ing the predicted and measured saturated liquid densities. It was
correlated with the acentric factor as [24]:

17;=0.329032-0.076799w;+0.021 1947(0,-2 (A8)
Q{fi+(27377i)0h2i+377?0hi7 77?:0 (A9)
Q=37 +3(1-217) Qy+ D+ (1-317) (A10)

where @, T, and P, are the acentric factor, critical temperature and
critical pressure of component i. Also, the coefficients a, b and ¢
for mixtures are calculated by Egs. (2)-(4). Moreover, the fugacity
coefficient of the solvent in each phase is obtained by [14]:

o bP Pb, Txijaa; (Q+d
- i ! LN ]
Ing;= ln(Z RT)+RTZ—bP d ln(Q—d> (ALD

+ a(bi+c) fl (Q+d)+ sz2}+8—?{q(3b+c)+b,-(3c+b)}
d d

2@ )| Q= g
where
2
d= bc+C%C) (A13)

The Patel-Teja EoS is expressed in the form of compressibility fac-
tor as follows:

724+(C—1)Z2+(A—2BC— B— C—B)Z+(BC+BC— AB)=0 (A14)
where
=2 (A15)
(RT)
bP
=RT (Al6)
P
C= RT (A17)

The Peng-Robinson equation of state [10] has the form:

Korean J. Chem. Eng.(Vol. 34, No. 10)
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_RT a. T)

P*E_v(v+b)+b(v7b) (A18)

where v is the molar volume and R is the universal gas constant.
The pure component parameters a; and b; are given by the follow-
ing equations [10]:

22

R TL’i
a,=0.457235—~" (A19)
T 2
oT)= [1+m,~(1— -—ﬂ (A20)
TCI
m,=0.37464+1.5422,— 0.26992 (A21)
RT
b;=0.077796—" (A22)
a=a. aT) (A23)

where @, T, and P, are the acentric factor, critical temperature and
critical pressure of component i. Also, the coefficients a and b for
mixtures are calculated by Egs. (2) and (3). The fugacity coefficient
of the solvent in each phase is also obtained by [24]:

1n¢3,.:%(2—1)—1n(2—13)
(A24)

A (250 yfaa(1-ky) gi)ln(ﬁ(l_ﬁ)g)
2,28 a b+ (1+4/2)B
where, A and B parameters are calculated by Eqgs. (A15) and (A16).

The PR EoS is expressed in the form of compressibility factor as
follows:

Z>+(B-1)Z*+(A-2B-3B*)Z+(B’+B*~ AB)=0 (A25)
APPENDIX B

The group contribution method based on the modified Lyder-
sen-Joback-Reid was used to estimate the critical pressure (P,), criti-
cal temperature (T,) and acentric factor (@) of pure ILs. This method
is summarized in the following four equations [11]:

MW
= (1)
[Cy+ZnAP,]
T
T,= : 5 (B2)
Ay +ByEnAT, — (SnAT,,)
T,=198.2+2nAT,,, (B3)
_ c (Tb_43)(Tr._43) (Tc_43)
‘”*IOg(pb)[“(T;Th)(o.7T;43) (T,Tb)J ! (B4)

where, n is the number of times that a group appears in the mole-
cule, AP, is the modified contribution to the critical pressure, AT),
is the modified contribution to the critical temperature, ATy, is
the modified contribution to the normal boiling point (these param-
eters are dependent on the kind of groups that constitute the ILs
and are given in Ref. [11]), and M, is the molecular mass. The
parameters that appear in Eqs. (B1) and (B2) were calculated as
A,=0.5703, B,=1.0121, C,,=0.2573 and E,=6.75. Moreover, T,
and T, are in Kelvin and P, is equal 1 atm.
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APPENDIX C

C-1: Calculation of pure IL density:

In this example, the calculation of the density of [bmim][DCA]
at T=363.15 K and P=101,325 Pa is shown by using the PR EoS.

Step 1: Physical properties of [bmim][DCA] (from Table 4):

T,=9545K; P,=3.16x10° Pa; ®=0.8018;
M,y=0.20526 kg/mol; R=8.314 Pa-m’/mol-K;

Step 2: Calculate parameters of the PR EoS (Eq. (A19)-(A23)):

a,=9.1122 Pa-(m*/mol)’; b=1.9537x10 *m’/mol; m=14376;
a(T)=24052; a=21.9171 Pa-(m*/mol)}

Step 3: The two dimensionless parameters defined by Egs. (A15)
and (A16) are calculated as:

A=0.2436; B=0.0066;

Step 4: Obtain the following cubic equation for Z, Eq. (A25):
Z'-0.99347°+0.2304Z—0.0016=0

The above equation has three real roots, which the smallest posi-
tive root is acceptable:

7=0.007;
Step 5: Calculate the pure IL density by the following equation:

M,

_ _ 3
p= RTZ 990.7793 kg/m

The experimental density [51] at T=363.15 K and P=101,325Pa is
1,020.61 kg/m’. By using the critical temperature, critical pressure
and acentric factor that were given by Valderrama et al. [11,12],
the mentioned liquid density is 711.2 kg/m’.

C-2: Calculation of pure IL vapor pressure:

In this example, the calculation of the vapor pressure of [Cgmim]
[Tf,N] at T=498.19 K is shown by using the PR EoS. At the satu-
ration state, the fugacities of [Cemim][Tf,N] as vapor and liquid
should be equal. For a pure compound the equality of fugacity
reduces to the equality of fugacity coefficient.

o= (C1)

Hence, a pressure is assumed and the fugacities are calculated. The
pressure is iterated until the two calculated fugacities become equal.
The fugacity expression for pure compounds, based on PR EoS,
results in:

B A | 7Z+(1-.2)B
Inp=(Z-1)-In(Z-B)+ In (C2)
v 2BJ2 Z+(1+4/2)B
Step 1: Physical properties of [Csmim][Tf,N] (from Table 4):
T=1,1878K;

P=102x10°Pa;  ®=0.9078;

Step 2: Calculate parameters of the PR EoS (Eq. (A19)-(A23)):

a,=43.7167 Pa-(m’/mol)’; b=7.5320x10"* m*/mol; m=1.5522;
ao(T)=2.3931; a=104.6166 Pa-(m*/mol)%

Step 3: To calculate the two dimensionless parameters of PR EoS
defined by Egs. (A15) and (A16), we need the value of vapor pres-
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sure, so assuming a vapor pressure of 4.3612x10° Pa, using the
Lee and Kessler correlation [24]:
sat

PP— —exp(f, + of)) (©3)

c

where f; and f; are functions of the reduced temperature (T,=T/T,):

f,=5.92714— 6‘()?—648 ~1.28862InT,+0.16934(T,)° (C4)
f,=15.2518— 5‘6T$75 ~13.4721InT,+0.43577(T,)° (C5)

The two dimensionless parameters are calculated as:

A=26595x10"7; B=7.931x10"%

Step 4: Obtain the following cubic equation for Z, Eq. (A25):
Z°~0.998Z°+2.5x1077Z—2.04628x10 =0

The above equation has three real roots. The smaller positive root
is Z" and the bigger positive root is Z":

7F=8.469x10"% 7'=0.989;

Step 5: Calculate the fugacity coefficient using the above two val-
ues of the compressibility factors:

©'=0.999; '=1.645,

The comparison of the calculated fugacity coefficients indicates that
the assumed pressure is close to the saturation pressure, but requires
improvement. The next pressure is estimated as:

ead{x}.T ana
EoS parameters.

EstimateP.{y,}

A

GA Suggestion

SARIART

L

_[pe }
P,i=| P— (Co)
(r+1) |: ¢7V r

where r is the iteration number. The solution is converged to fugac-
ity coefficients values ¢"=¢"=0.989 and vapor pressure P=0.0801
Pa. The experimental vapor pressure [54] at T=498.19 K is 0.1542
Pa. By using the critical temperature, critical pressure and acentric
factor based on modified Lydersen-Joback-Reid method, the vapor
pressure value is 2.296 Pa.

C-3: This example shows the bubble point calculation proce-
dure for only one point of CO,-[bmim][BF,] binary mixture based
on Patel-Teja EoS and genetic algorithm. The comprehensive block
diagram of a computer program for bubble point calculation using
genetic algorithm is shown in Fig. C1. Consequently, for bubble
point calculation, where the liquid phase composition is known,
the problem is to find the vapor composition, which can be calcu-
lated from set of K-value (Eq. (C7)) that satisfies Eq. (C8).

k=42 (€)
X; ¢i
T Kx=1 (C8)

Also, the pressure can be adjusted as:
Piy= Pr(leKixz‘)r (€9)

where r is the iteration number.

The procedure here is to do a bubble point calculation for each
experimental data point. Fig. C1 indicates that for each calcula-
tion estimated values of P and vy, are required to initiate iteration.

Select optimum

Evaluate
(6. x3.46} |,

Calculate
{Kx}

Y
Calculate all
Kx |e

his ZKfI;
v

Reevaluate
{or}.(x.}.

> Kix,and {Kx}

Fig. C1. Block diagram for bubble point pressure calculation.
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Table C1. Initial values of T,, P, and o for starting optimization

process

Number Component T. (K) P, (MPa) W
1 CO, 304.2 7.39 0.2240
2 [bmim][BF,] 632.3 2.04 0.8489

These estimations are here provided by the experimental data.

Step 1: The properties of component 1 (CO,) and component 2
([bmim][BF,]) are read from Table 2.

The main aim of bubble point calculation is determination of
T, P, and @ of IL using GA. The GA needs a set of initial value of
T, P. and o to start optimization process. Thus, the initial values
of T,, P, and w are provided from Ref. [11] (see Table C1).

Step 2: The PT EoS parameters for mixture components at T=
283.61 K and x,=0.3035 (experimental value from Ref. [44]) are
calculated and given in Table C2.

Step 3: The liquid mixture parameters a, b and ¢ are calculated
using the mixing rules namely; Eqgs. (2)-(4), respectively. The binary
interaction parameter between CO, and [bmim][BF,] is assumed

0 (k;=0).

a=34.1152 MPa-(m*/kmol)’ b=131.039x10"> m’/kmol
€=298.35%10"> m*/kmol

Step 4: A bubble point pressure of 1.5 MPa and the vapor compo-
sitions of y,=0.3 and y,=0.7 are assumed as the initial guess. The
final result should not depend on the initial selected value. The PT
EoS, Eq. (1), is set up for both phases. The dimensionless values of
EoS parameters are calculated from Egs. (A15)-(A17):

Liquid phase: A=9.203 ~ B=83.36x10"  C=189.78x10

The PT EoS in the form of liquid compressibility factor, is (see Eq.

Table C2. Calculated PT EoS parameters

H. Bagheri and A. Mohebbi

(A14)):
7’—810.2171x10°Z*+8.914Z—749.9976x10 =0

The above equation has only one real root: Z"=84.9395x10"".

Vapor phase: A=9.221  B=83.688x10°  C=190.669x10"

The PT EoS in the form of the vapor compressibility factor, is (see
Eq. (A14)):

7’—809.3306x 10 °Z*+8.908Z— 754.4146x 10 =0

The above equation has only one real root: Z"=85.2809x10"".

Step 5: The calculated values of fugacity coefficients and equi-
librium ratios are given in Table C3.

The value of XK; is not equal to 1; consequently; the values of
y; and pressure must be reevaluated according to block diagram
(see Fig. Cl). These calculations show only one step for one bub-
ble point pressure based on GA. The number of repetitions of this
block diagram depends on the number of iterations and popula-
tion of GA. As the procedure is performed for each generation of
GA, the results are saved, and according to deviation of experi-
mental data of P from the calculated value using GA was obtained
(see (Eq. (5))). Then a new population of T,, P,, and @ is provided
and a new set of errors according to objective function is expected.
The procedure continues to obtain the best values of T,, P, and @
for the minimum value of the objective function (see (Eq. (5))). At
these conditions the optimized values of T, P, and @ are obtained.
Moreover, there is a set of bubble point pressures for every genera-
tion of GA that corresponds to the best values of T, P, and .
Finally, the solution converges; the optimized values of critical tem-
perature, critical pressure and acentric factor together with their
corresponding bubble point pressures are obtained.

N a, m o a=a-a b c
i MPa-(m*/kmol)* MPa-(m*/kmol)* m’/kmol m’/kmol
Equation A2 A3 A4 A5 A6
Comp.1 0.3035 390.23x107 730.97x10°° 1.0510 410.12x10°° 27.26x10°° 20.99x107
Comp.2 0.6965 6.6616 1.3511 2.0915 13.9330 176.26x10™° 419.20x10™°
Table C3. The calculated values of fugacity coefficients and K-values
P (MPa) X, ¥i P, ¢! K, K x,
Equation All All C7
Comp.1 1.5 0.3035 03 3.6919x10™ 3.7441x107 0.9859 0.2992
Comp.2 L5 0.6965 0.7 2.5371x107"7 2.2169x107" 1.1444 0.7971
) 1 1 1.0963
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