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Abstract—Since most ionic liquids (ILs) decompose before reaching their critical state, the experimental measure-
ment of their critical properties are not possible. In this study, the critical temperatures, critical pressures and acentric
factors of ten commonly investigated ILs were determined by making an optimum fit of the calculated vapor-liquid
equilibrium data of binary mixtures of CO,+IL to the experimental values found in literature. For this purpose, the
Peng-Robinson equation of state (PR EoS) and the differential evolution optimization method were used. The ILs con-
sidered were 1-ethyl-3-methylimidazolium hexafluorophosphate ([emim][PF,]), 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl) imide ([emim][Tf;N]), 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF,]), 1-butyl-
3-methylimidazolium hexafluorophosphate ([bmim][PF,]), 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide ([bmim][T£;N]), 1-hexyl-3-methylimidazolium tetrafluoroborate ([hmim][BF,]), 1-hexyl-3-methylimidazolium
hexafluorophosphate ([hmim][PF]), 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide ([hmim][T£;N]),
1-octyl-3-methylimidazolium tetrafluoroborate (Jomim][BF,]) and 1-octyl-3-methylimidazolium hexafluorophosphate
([omim][PF]). To evaluate the ability of the determined parameters in predicting the phase behavior of systems other
than the systems that were used for parameter optimization, both sets of parameters obtained in this work and that of
Valderrama et al. were used to predict bubble-point pressures of CHF,+[bmim][PF] (by using the PR EoS and the
Soave-Redlich-Kwong equation of state. The bubble-point pressures of CO,+IL systems optimized in this study by
the PR EoS were also determined using the Soave-Redlich-Kwong equation of state (SRK EoS). In addition, liquid
densities of pure ILs were predicted using a generalized correlation proposed by Valderrama and Abu-Shark. In all
cases, the various predicted properties of these ten ILs, were in better agreement with the experimental data, using the
critical properties and acentric factor obtained in this study, compared to the values suggested by Valderrama et al.
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INTRODUCTION

Chemical industries are under pressure to modify or replace many
existing processes with technologies having renewable resources
and approaching zero pollutant emissions [1]. Such environmental
concerns call for new technologies. The substitution of commercial
organic solvents by new compounds is among the suitable meth-
ods to minimize these problems. Hence, today’s world is paying
growing attention to green solvents such as room temperature ionic
liquids (ILs). One of the most important advantages of ILs is their
very low vapor pressures. Because of their insignificant vapor pres-
sures, they pollute neither the working air-environment nor the vapor
phase in any process involving both vapor and liquid, including for
example, reactions or separations.

ILs are organic salts consisting of organic cations and organic or
inorganic anions. In the structure of ILs, the cations are large and
asymmetric but the anions are smaller and more symmetric. Due
to this high asymmetry in their structure, the packing of ions in a
compact lattice is very difficult and hence their melting point is low
and they have a wide liquidus range (about 300 °C). These salts are
even liquid at ambient temperatures, and therefore, are also called
room temperature ILs. This behavior is in contrast to conventional
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salts such as sodium chloride. Sodium chloride has a compact lattice
because of its symmetric structure and therefore its melting point is
high (about 800 °C) [3.4].

In addition to having very low vapor pressures, most ILs are not
flammable and have high thermal, chemical and electrochemical
stability [5,6]. They are good solvents for both organic and inor-
ganic materials, and polar and non-polar components. This makes
them suitable for catalysis [7,8]. Also, they can be designed to have
desired characteristics. It is estimated that 10'® ILs can be designed
by combining various kinds of cations and anions [9,10]. ILs can
be used in catalytic reactions, gas drying, gas separations, and liquid-
liquid extractions. Moreover, they can be used as electrolytes, lubri-
cants and heat transfer fluids [10-20].

After using an IL as the solvent in a separation process, it is often
possible to separate the solute from the IL by extraction with su-
percritical carbon dioxide without detectable IL contamination. This
is because the solubilities of ILs in carbon dioxide are negligibly
low [1]. In this respect, ILs have great potential for substituting com-
mercial organic solvents. In current extraction processes, since the
solvents usually dissolve in both of the extract and raffinate phases,
further separation steps are necessary [21].

Although some experimental data on the phase behavior of vari-
ous systems containing ILs are available in literature, additional
data is often necessary for reliable process design. Such experimen-
tal measurements are often difficult, time-consuming, and expen-
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sive. Therefore, it is highly desirable to develop predictive methods
for estimating the properties of such systems over a wide range of
conditions [2]. Many of the popular models for determining the phase
behavior of ILs in various systems require knowledge of the critical
temperature, critical pressure and acentric factor of ILs. This includes,
for example, many equations of state; however, the critical proper-
ties of ILs usually cannot be determined experimentally because
most of these compounds start to decompose as temperatures ap-
proach their normal boiling points [22]. Since there is no access to
the experimental critical temperature and pressure of most ILs, opti-
mization and group contribution methods can be used to estimate
these properties. In 2007 and 2008, Valderrama et al. [22,23] esti-
mated these parameters for 250 ILs using a group contribution method
based on the concepts of Lydersen [24] and of Joback and Reid [25].
Although in the absence of any data, this method provides critical
values for use in equations of state, the shortcoming of using group
contribution methods is that, if these methods are used for deter-
mining the properties of ILs which were not involved in obtaining
the group parameter values, they may not give very accurate results.

In this study, the critical temperatures (T,), critical pressures (P.)
and acentric factors (@) of ten ILs consisting of 1-ethyl-3-methylim-
idazolium hexafluorophosphate (Jemim][PF,]), 1-ethyl-3-methylim-
idazolium bis(trifluoromethylsulfonyl) imide ([emim][T£;N]), 1-butyl-
3-methylimidazolium tetrafluoroborate ([bmim][BF,]), 1-butyl-3-
methylimidazolium hexafluorophosphate ([bmim][PF]), 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl) imide ([bmim]
[TEN]), 1-hexyl-3-methylimidazolium tetrafluoroborate ([hmim]
[BE,]), 1-hexyl-3-methylimidazolium hexafluorophosphate ([hmim]
[PF4]), 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide ([hmim][TEN]), 1-octyl-3-methylimidazolium tetrafluorobo-
rate (fomim]|[BF,]) and 1-octyl-3-methylimidazolium hexafluorophos-
phate (Jomim][PF]) were calculated by an optimization method
based on the differential evolution approach using the experimen-
tal vapor-liquid equilibrium data of binary CO,+IL systems.

PROCEDURE

The Peng-Robinson equation of state [26] with the van der Waals
mixing rules with one adjustable parameter (k;) [27] was used for
calculating bubble points. The program was written in a MATLAB
environment and the ¢-¢ approach (using an equation of state to
calculate the fugacity coefficients of the components in both liquid
and vapor phases) was used for establishing equilibrium at bubble-
point conditions [27]. The procedure involves optimizing the val-
ues of critical temperature, critical pressure, and acentric factor simul-
taneously to minimize the objective function defined by Eq. (1).
This objective function is the average absolute deviation percent
(AAD%) between calculated and experimental bubble-point pres-
sures of binary CO,+IL systems.
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N is the number of experimental bubble-point pressures and ‘P,
and ‘P, denote calculated and experimental values of bubble-point
pressure, respectively.

To obtain T,, P, and @ for [emim][PF,], [emim][T£N], [bmim]
[BE,], [bmim][PF], [bmim][TEN], [hmim][BF,], [hmim][PF],
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[hmim][TEN], [omim][BF,], and [omim][PF,], the experimental
bubble-point data of binary mixtures of the above-mentioned ILs
with CO, were used. These literature data were taken from the studies
of Shariati and Peters [28], Schilderman et al. [29]; Kroon et al. [30];
Kamps et al. [31]; Raeissi and Peters [32], Costantini et al. [33],
Shariati and Peters [34]; Kumelan et al. [35]; Gutkowski et al. [36]
and Zhang et al. [37], respectively.

The calculations of critical properties and acentric factors fol-
lowed an optimization method based on differential evolution. A
practical optimization technique should have the following charac-
teristics [38]:

1. Ability to handle non-differentiable, nonlinear and multimodal
cost functions.

2. Parallelizability to cope with computation-intensive objective
functions.

3. Ease of use, i.e., a small number of control variables to steer
the optimization. These variables should also be robust and easy to
choose.

4. Reliable convergence, i.e., consistent convergence to the glo-
bal optimum.

In recent years, evolutionary algorithms are gaining popularity
in finding the optimal solution of non-linear multimodal problems
encountered in many engineering disciplines. Among the evolu-
tionary algorithms, differential evolution (DE) is a novel optimiza-
tion method which is an improved version of the genetic algorithm
(GA) [39] for faster optimization [40]. It is capable of handling non-
differentiable, non-linear and multimodal objective functions. Pre-
vious studies have shown that differential evolution is an efficient,
effective and robust evolutionary optimization method [41]. This
method is significantly faster than other optimization methods of
numerical optimization and is more likely to find a function’s true
global optimum [42]. The DE method has a structure similar to the
GA method: First, a generation of the parameters is selected from
an accepted range, which is defined at the beginning of the pro-
gram, and then this generation is improved during various itera-
tions until the objective function reaches an acceptable value. The
main differences between DE and GA are in the mutation and cross-
over structures, which lead to differences in the trial vector struc-
ture leading to faster optimizations.

RESULTS

Tables 1 and 2 show values of T, P, and @ optimized by our pro-
gram, together with the values obtained by Valderrama et al. [22,
23] using a group contribution method. The reported AAD% val-
ues, presented in Table 1, have been determined by comparing the
calculated bubble-point pressures with the corresponding literature
data used for optimization of T,, P., and @ in two cases: when the
binary interaction parameter between the IL and CO, is assumed to
be zero (k;=0) and when the binary interaction parameter between
IL and CO, (k;#0) is optimized. Table 1 also includes the values of
the optimized k;’s.

As seen in Table 2 (Valderrama’s reported data), in each imidazo-
lium-based family (families with the [BF,], [PF;] and [T;N] anions),
when the molecular weight increases, the value of T. increases but
P. decreases. In addition, @ increases in each imidazolium-based
family as the asymmetry increases. This behavior is in agreement
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Table 1. Critical properties and acentric factors of ILs calculated in this work by the differential evolution optimization method and the

PR EoS, plus the k; values

IL T. (K) P, (bar) o AAD% in P (k,=0) AAD% in P (k,#0) k,

[emim][PF] 738.56 32.12 0.5961 14.35 6.14 0.074768
[emim][TEN] 906.91 29.16 0.4223 13.47 13.15 ~0.024097
[bmim][BF,] 863.22 34.57 0.8156 8.28 8.19 0.000389
[bmim][PF,] 730.25 27.16 0.6212 25.46 13.04 0.061990
[bmim][T£N] 818.52 23.34 0.4881 11.30 11.25 ~0.000959
[hmim][BF,] 725.29 25.17 0.9995 11.84 6.80 0.024005
[hmim][PF] 720.63 23.04 0.8174 15.32 5.82 0.043629
[hmim][T£N] 769.14 19.59 0.7948 13.01 11.63 ~0.016876
[omim][BF,] 707.13 20.78 1.2784 10.57 1.23 0.015555
[omim][PF,] 646.28 18.22 0.8414 22.14 11.50 0.064226

Table 2. Critical properties and acentric factors of ILs calculated
by Valderrama et al. [22,23] using group contribution

IL T. (K) P, (bar) o

[emim][PF,] 663.5 19.5 0.6708
[emim][TEN] 1244.9 32.6 0.1818
[bmim][BF,] 6323 204 0.8489
[bmim][PF,] 708.9 17. 0.7553
[bmim][TEN] 1265.0 276 0.2656
[hmim][BF,] 679.1 17.9 0.9258
[hmim][PF,] 754.3 15.5 0.8352
[hmim][TEN] 1287.3 239 03539
[omim][BF,] 726.1 16.0 0.9954
[omim][PF,] 800.1 14.0 0.9069

with general observations on other common compounds. Accord-
ing to Table 1, the reported parameters of this work have similar
qualitative trends as organic compounds for P, and @, but an inverse
trend for T, where an increase in molecular weight, results in the
decrease of T.. This reducing trend is in agreement with Rebelo et
al.’s findings [43]. Rebelo et al.’s work [43] predicted the critical
temperatures for imidazolium-based ILs (families with the [BF,],
[PF,] and [T£,N] anions) based on the Ettvos and Guggenheim em-
pirical equations (relations based on the temperature-dependence of

Table 3. AAD% in bubble-point pressures calculated for CO,+IL
systems using the SRK EoS when k;=0 and sets of T, P,
and o values obtained in this work (method 1) and by
Valderrama et al. [22,23] (method 2)

COAL AAD% in P AAD% in P
(method 1) at (k;=0) (method 2) at (k;=0)
CO,+[emim][PF,] 13.88 18.01
CO,+[emim][Tf,N] 13.83 17.46
CO,+[bmim][BF,] 8.53 41.71
CO,+[bmim][PF;] 25.11 38.72
CO,+[bmim][Tf;N] 11.38 21.70
CO,+[hmim][BF,] 10.88 24.17
CO,+[hmim][PF4] 15.30 23.15
CO,+[hmim][Tf;N] 12.44 24.82
CO,+[omim][BF,] 10.73 19.04
CO,+[omim][PF4] 23.27 23.97

surface tension and liquid density). By using these equations, they
first determined the normal boiling temperatures of ILs. Then, they
assumed that the ratio of normal boiling temperature to critical tem-
perature is equal to 0.6 and estimated the critical temperature.
Since experimental data are not available for the calculated prop-
erties for comparison, in order to evaluate the values obtained, they

Table 4. AAD% in bubble-point pressure calculated for CO,+IL systems using the SRK EoS when k;#0 and k; parameters obtained
in this work (method 1) and by Valderrama et al. [22,23] (method 2)

COLIL AAD% in P (method 1) AAD% in P (method 2) k; k;

at (k;#0) at (k;#0) (method 1) (method 2)
CO,+[emim][PF] 6.02 11.72 0.075955 0.119289
CO,+[emim][Tf,N] 13.07 14.00 —-0.011047 —-0.030310
CO,+[bmim][BF,] 8.22 15.10 —-0.004315 0.118232
CO,+[bmim][PF] 13.13 13.46 0.061824 0.124923
CO,+[bmim][Tf,N] 11.32 12.45 —-0.004390 —0.047400
CO,+[hmim][BF,] 7.00 8.87 0.024001 0.096481
CO,+[hmim][PF] 6.04 7.19 0.044108 0.090260
CO,+[hmim][Tf,N] 11.49 15.73 —-0.012694 —-0.043190
CO,+[omim][BF,] 10.14 9.33 0.013056 0.063639
CO,+[omim][PF4] 12.46 13.05 0.037635 0.051615

Korean J. Chem. Eng.(Vol. 30, No. 1)
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are used as input parameters to model other properties for which
experimental data are available. In this respect, the values of T,, P,
and w of this study, as well as Valderrama et al.’s parameters [22,
23] were used to predict the bubble-point pressures of binary CO,+
IL systems using the SRK EoS (with the van der Waals mixing rules,
without the use of any adjustable parameters (k;’s=0)) instead of
the PR EoS, which was used in the optimization process. Although
the data set used in this step is the same as that used in the optimiza-
tion process, the change in the thermodynamic model from PR EoS
to SRK EoS [44] is for providing a predictive nature to these cal-
culations. Table 3 shows the AAD% of the bubble-point pressures
of both sets of T,, P, and @ values (this work and Valderrama et al.’s
work [22,23]) for CO,+IL systems. Table 4 shows these results.
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Fig. 1. Comparison between SRK EoS predictions of bubble-point
pressures of CO,+[hmim][PF] at x(CO,)=0.198 and k;=0
using the parameters obtained in this work and by Valder-
rama et al. [22,23]. Experimental data are from Costantini
et al. [33].
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Fig. 2. Comparison between SRK EoS predictions of bubble-point
pressures of CO,+[hmim][PF] at x(CO,)=0.299 and k;=0
using the parameters obtained in this work and by Valder-
rama et al. [22,23]. Experimental data are from Costantini
et al. [33].
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As shown, the results of this work are in better agreement with the
experimental data. The average AAD% values from T,, P, and @
of this work and Valderrama et al.’s set without considering k,’s
are 14.53% and 25.27%, respectively. If these systems are corre-
lated with the SRK EoS by incorporating k; values optimized to
experimental data, then the average AAD% of this parameter set is
only 9.89%, while that of Valderrama et al.’s set is 12.09%. Exam-
ples of SRK EoS predictions of bubble-point pressures by this set
and that of Valderrama et al. [22,23] are compared for the binary
mixture of CO,+hmim][PF] at two different mole fractions of CO,
in Figs. 1 and 2, with k;=0. Similar graphs are presented in Figs. 3
and 4 for both parameter sets when k; is optimized.

In addition, for a fair comparison, the calculated T., P,, and @ of
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Fig. 3. Comparison between SRK EoS predictions of bubble-point
pressures of CO,+[hmim][PF] at x(CO,)=0.198 and k;=0
using the parameters obtained in this work and by Valder-
rama et al. [22,23]. Experimental data are from Costantini

et al. [33].
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Fig. 4. Comparison between SRK EoS predictions of bubble-point
pressures of CO,+[hmim][PF] at x(CO,)=0.299 and k;#0
using the parameters obtained in this work and by Valder-
rama et al. [22,23]. Experimental data are from Costantini
et al. [33].
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Table 5. AAD% in bubble-point pressures calculated for CHF;+[bmim][PF] using SRK EoS and PR EoS by using the parameters obtained
in this work (method 1) and by Valderrama et al. [22,23] (method 2), plus the k; values of each method

Method 1 Method 2 k; (method 1) k; (method 2)
AAD% in P (PR EoS) 5.97 31.56 0.000000 0.000000
AAD% in P (PR EoS) 1.18 5.66 0.008960 0.068021
AAD% in P (SRK EoS) 1.87 30.85 0.000000 0.000000
AAD% in P (SRK EoS) 1.84 6.045 0.000376 0.069390

this work as well as Valderrama et al.’s work [22,23] are used to
predict systems which were not used in our optimization. This con-
sisted of the bubble-point pressures of an IL and a polar gas, namely
CHF;+bmim][PF], using both the SRK EoS and the PR EoS with
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Fig. 5. Comparison between SRK EoS predictions of bubble-point

P (bar)

pressures of CHF;+[bmim][PF,] at x(CHF,)=0.102 and k;=
0 using the parameters obtained in this work and by Valder-
rama et al. [22,23]. Experimental data are from Shariati and
Peters [45].
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Fig. 6. Comparison between SRK EoS predictions of bubble-point

pressures of CHF;+[bmim][PF,] at x(CHF;)=0.203 and k;=
0 using the parameters obtained in this work and by Valder-
rama et al. [22,23]. Experimental data are from Shariati and
Peters [45].

the van der Waals mixing rules. The results of these calculations
are presented in Table 5 in two cases (k;=0, k;#0). The SRK EoS
predictions of the bubble-point pressures of the above-mentioned
system using our parameters and those of Valderrama et al. [22-23]
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Fig. 7. Comparison between SRK EoS predictions of bubble-point

P (bar)

%00

pressures of CHF;+[bmim][PF] at x(CHF;)=0.102 and k;#
0 using the parameters obtained in this work and by Valder-
rama et al. [22,23]. Experimental data are from Shariati and
Peters [45].
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Fig. 8. Comparison between SRK EoS predictions of bubble-point

pressures of CHF;+[bmim][PF] at x(CHF;)=0.203 and k=
0 using the parameters obtained in this work and by Valder-
rama et al. [22,23]. Experimental data are from Shariati and
Peters [45].
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are compared at two different mole fractions of CHF; in Figs. 5 and
6 without the use of k;. Similar graphs are presented in Figs. 7 and
8 when the k; values are optimized for both parameter sets. The
results in this work show better agreement with experimental data
in comparison with Valderrama et al.’s reported set [22,23].

The ability of predicting liquid density based on the parameters
obtained in this work and Valderrama et al.’s work [22,23] was also
investigated by using a generalized liquid density correlation pro-
posed by Valderrama and Abu-Shark [46]. This generalized corre-
lation is based on the equation of Spencer and Danner [47] and re-
quires the reduced temperature at the normal boiling point, the mo-
lecular weight, and the critical properties. It is given by the gener-
alized correlation:

0

_MPJ0.3445P V. " ®
o= RTU[ RT, }
where,
2/7
O=— [LTK)M} 3)
1+ (1-The)

Where p, is liquid density in grams per cubic centimeters, M is mo-
lecular weight in grams per mole, P. is critical pressure in bar, V. is
critical molar volume in cubic centimeters per mole, R is the ideal
gas constant, T, is critical temperature in kelvin, Ty is the reduced
temperature and T, is the reduced temperature at the normal boil-
ing point.

Table 6 shows the predicted IL density AAD% values at several
temperatures using the above-mentioned generalized correlation
with both the property set predicted in this work or by Valderrama
[22,23]. The literature liquid density data for [bmim][PF], [omim]
[PF ] and [omim][BF,] from Blanchard and Brennecke [48], for
[bmim][BF,] and [hmim][PF,] from Gardas et al. [49] and for [emim]
[TEN] from Gardas et al. [50] and Wypych [51]. The literature data
of Wypych [51], Letcher and Reddy [52], Kato and Gmehling [53]
and Valderrama et al. [22] were used for the liquid density predic-
tions of [bmim|[TEN], [hmim][BF,], [hmim][TEN] and [emim][PF],
respectively. To obtain liquid density by Eq. (2), the normal boiling
point values reported by Valderrama et al. [22,23] were used to cal-

culate T,. The optimized critical parameters obtained in this work
succeeded to give better results, also in the case of pure IL density
predictions. The difference in the reported AAD% in IL densities
reported by Valderrama et al. [22,23] and the predictions of this work
is noticeable.

CONCLUSIONS

It is not possible to measure the critical properties of most ILs
because they decompose before reaching their critical state. Hence,
it is reasonable to use group contribution or optimization methods
to obtain the critical properties of ILs.

In this study, the critical temperature, critical pressure and acen-
tric factors of ten ILs have been determined using the differential
evolution optimization method coupled with the PR EoS to obtain
the best fit of bubble-point pressures of binary CO,+IL systems.
The properties obtained have been compared with the values reported
by Valderrama et al. [22,23]. The results show that the parameters
of this work can give more accurate predictions of experimental
vapor-liquid equilibrium data of binary mixtures of CO, and the
above-mentioned ILs, as well as CHF;+[bmim][PF]. Moreover,
the results show that the parameters obtained in this work also predict
more accurate pure IL densities in comparison with Valderrama et
al.’s parameter set. This success in predicting properties of pure ILs,
as well as their binary mixtures, allows for the potential use of these
optimized parameters in prediction methods requiring critical prop-
erties and acentric factors of ILs as input data.
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NOMENCLATURE

k;  :binary interaction parameter [----]

M  :molecular weight [gr/mole]

Table 6. AAD% in liquid densities calculated for pure ILs at various temperatures and ambient pressure (0.98-1 bar) using the param-
eters obtained in this work (method 1) and by Valderrama et al. [22,23] (method 2)

Method 1 Method 2 Method 1 Method 2 Method 1 Method 2

IL (T=40°C) (T=40°C) (T=50°C) (T=50°C) (T=60°C) (T=60°C) Method 1 Method 2
[emim][PF] -—- -—-- - - - - 0.065¢ 7.200¢
[emim][Tf,N] 1.231 2.965 1.032 2.611 0.847 2.282 1.382° 3.374
[bmim][BF,] 0.074 5.800 0.0010 6.161 0.016 6.587 - -
[bmim][PF,] 0.241 5.258 0.319 5.485 0.556 5.864 - -
[bmim][T£,N] - --- - - - - 0.034° 0.600°
[hmim][BF,] - --- - - - --- 0.016* 0.600¢
[hmim][PF] 0.194 0.792 0.113 0.946 0.003 1.133 - -
[hmim][T£,N] 0.025 4.100 - - - - - -
[omim][BF,] 0.430 5.138 0.626 4.905 0.782 4.660 - -
[omim][PF] 0.102 5.255 0.380 5.033 0.671 4.303 --- -

“At25°C

PAt22°C
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: number of data point [----]

: pressure [bar]

: critical pressure [bar]

: ideal gas constant [cm’-bar/mole-K]
: reduced temperature at normal boiling point [----]
: critical temperature [K]

: reduced temperature [----]

: critical molar volume [ecm*/mole]

: mole fraction [----]

: liquid density [gr/cm’]

: fugacity coefficient [----]

: acentric factor [----]
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