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Abstract—In this study, the reliability of the Peng–Robinson–Stryjek–Vera (PRSV) cubic equation of state
to estimate the second and third virial coefficients and the Joule–Thomson inversion curves for the binary
mixtures of benzene with 2-propanol, 2-butanol, and 2-pentanol was demonstrated. Besides, the mutual dif-
fusion coefficients for the binary mixtures in the whole composition range were determined. Obtained results
indicate that the considered mixtures show a positive deviation from Raoult’s Law. The results were analyzed
to gain information to understand the structure of liquid influencing the diffusion phenomenon. The inter-
play between kinetic and thermodynamic contributions on the mutual diffusion coefficients was discussed. It
has been shown that the structural changes and intermolecular interactions between benzene and 2-alkanol,
which changes with the alcohol chain length, have a significant impact on the diffusion process. The investi-
gation has shown that increasing in the alcohol chain length reinforces the strength of intermolecular forces.
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INTRODUCTION
Virial equations of state are functions that explain

the P–V–T behavior of pure materials or mixtures. In
this equation, the compressibility factor  is written in
a power series in molar volume [1]:

(1)

The coefficients of this expansion (B, C…) named
virial coefficients. Different experimental and theoret-
ical methods are available to estimate the virial coeffi-
cients. Experimental techniques include PVT, relative
permittivity, and speed of sound [2–5]. Theoretical
approaches consist of using equations of state and
interaction potential. Among these methods, equa-
tions of state (EOS) are highly suitable tools to calcu-
late the virial coefficients. The virial coefficients are
related to intermolecular forces. For instance, the sec-
ond virial coefficient indicates the effect of the inter-
action between two molecules, and so on. From this
perspective, the virial coefficients represent the non-
ideal behavior of real substances. Hence, accurate
information about the virial coefficients is of consider-
able significance [6–9]. Careful screening of the liter-
ature indicates that no experimental virial coefficients
for the mixtures studied are available.

The Joule–Thomson effect explains the tempera-
ture change of a gas or liquid when undergoes the pres-
sure changes while the process is isenthalpic.

(2)

The Joule–Thomson inversion curve (JTIC) [10–
13] is a place in the P–T plane where . JTIC cal-
culation is one of the most required parameters for
equations of state. PRSV EOS [14] is a powerful tool
for calculation of the JTIC for the binary mixtures.

Diffusion coefficients are valuable and essential in
industrial technology developments and academic
researches. However, due to the strict required exper-
imental condition, it is difficult to determine the dif-
fusion data experimentally. Therefore, reliable theo-
retical studies or computer simulations are the essen-
tial methods to obtain diffusion coefficients of f luids.

This paper is conducted as follows. First, using the
PRSV equation of state to predict the second and third
virial coefficients for the binary mixtures of benzene
with 2-propanol, 2-butanol, and 2-pentanol. Second,
the JTIC for the above binary mixtures was deter-
mined regarding the PRSV EOS. Subsequently, the
mutual diffusion coefficients were calculated for the
above binary liquid mixtures over the whole concen-
tration range at 303.15 K. The current study continues
our efforts [15–39] to detailed study of molecular
forces in the solutions containing alkanols.
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THEORY
Equation of State

Prediction of the virial coefficient of pure sub-
stances and fluid mixtures is one of the essential appli-
cations of equations of state. In the virial expansion,
the compressibility factor expressed as a power
series in density or reciprocal volume. The general
expression for PRSV equation of state is as follows [14]

(3)

with

(4)

(5)

(6)
The  term has the form

(7)

(8)

 is an adjustable parameter for the pure compounds
and  is the acentric factor. Values of  parameter for
the pure materials were taken from [14, 40], while for
2-pentanol was obtained with the correlation method
(0.3827). The applied mixing rules for binary mixtures
are as follow:

(9)

(10)

kij is an adjustable parameter. The ith virial coefficient
(ci) could be obtained as [41]

(11)

The Joule–Thomson Inversion Curve (JTIC)
Equation (2) is expressed in an alternative frame

as [1]:
(12)

After derivation of the above equation to P, using the
Maxwell relationship and some simplifications, we
have

(13)

At the inversion temperature,  and the most fre-
quent form of the JTIC is [10]
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The Diffusion Coefficients

Two approaches are used to describe the diffusion
in the liquids: Fick’s law and Maxwell–Stefan (MS)
theory. The following expression covers the mutual
diffusion in binary mixtures:

(15)

 is the matrix of phenomenological diffusion coeffi-
cients and  is the thermodynamic factor [1]. Further-
more, the Maxwell–Stefan (MS) [42] diffusion coef-
ficients  are related to the inverse of the phenome-

nological diffusion coefficient  matrix by the
relation:  = . In Eq. (15), the phenomenological
diffusion coefficient matrix  accounts for hydrody-
namics, while the thermodynamic factor  explains
the thermodynamic features of diffusion. Intermolec-
ular forces determine the activity coefficients as well as
the effective diffusion ratio governing hydrodynamics
[43]. The hydrodynamics contribution on diffusion
could be obtained from the Darken model [44]:

(16)

The self-diffusion coefficient  explains the
motion of molecules in a mixture without a chemical
potential gradient. The Darken model is highly
impactful to predict mutual diffusion in the binary
systems [45–47]. The equation of Wilke and Chang
[48] was employed to calculate the self-diffusion coef-
ficient  as follows:

(17)

 is the association parameter, M is the molecular
weight, and  is viscosity. In the above equation, the
association parameter was implemented to define the
influence of the solvent molecular weight on the diffu-
sion process. This parameter has a value of 1.0 for
unassociated organic solvents. Moreover, mutual dif-
fusion coefficient strongly depends on the non-ideal-
ity of the mixture and the thermodynamic factor:

(18)

 stands for the activity coefficient of component i in
the mixture. The  values were calculated regarding
the COSMO-RS model [49] and the COSMOthermX
program [50] was applied for COSMO-RS calcula-
tions.
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Table 1. Densities ( , g cm–3) the binary mixtures of
benzene with 2-alkanol at p = 0.1 MPa and different tem-
peratures

Standard uncertainties are u(T) = 0.02 K, u(x) = 0.001, u(p) =
10 kPa, expanded uncertainty for density is U(ρ) = 0.002 g cm–3

(0.95 level of confidence).

x1 293.15 K 303.15 K 313.15 K 323.15 K

Benzene (1) + 2-propanol (2)
0 0.7854 0.7768 0.7680 0.7588
0.0881 0.7940 0.7849 0.7759 0.7663
0.1663 0.8015 0.7921 0.7828 0.7730
0.2484 0.8093 0.7996 0.7899 0.7799
0.3532 0.8191 0.8091 0.7992 0.7890
0.4471 0.8279 0.8176 0.8075 0.7971
0.5623 0.8385 0.8281 0.8177 0.8072
0.6592 0.8475 0.8368 0.8263 0.8158
0.7336 0.8543 0.8435 0.8330 0.8223
0.8541 0.8654 0.8546 0.8440 0.8332
0.9317 0.8726 0.8616 0.8509 0.8402
1 0.8787 0.8680 0.8573 0.8466

Benzene (1) + 2-butanol (2)
0 0.8067 0.7984 0.7898 0.7806
0.0823 0.8112 0.8024 0.7933 0.7843
0.1534 0.8154 0.8063 0.7969 0.7876
0.2332 0.8202 0.8108 0.8013 0.7918
0.3469 0.8273 0.8178 0.8081 0.7982
0.4452 0.8340 0.8243 0.8143 0.8041
0.5514 0.8416 0.8315 0.8214 0.8111
0.6468 0.8488 0.8384 0.8281 0.8179
0.7319 0.8555 0.8449 0.8345 0.8242
0.8533 0.8655 0.8549 0.8442 0.8338
0.9322 0.8726 0.8617 0.8510 0.8407
1 0.8787 0.8680 0.8573 0.8466

Benzene (1) + 2-pentanol (2)
0 0.8093 0.8012 0.7927 0.7840
0.0764 0.8128 0.8043 0.7954 0.7861
0.1617 0.8169 0.8081 0.7989 0.7895
0.2351 0.8207 0.8117 0.8023 0.7929
0.3463 0.8266 0.8173 0.8078 0.7982
0.4364 0.8320 0.8225 0.8129 0.8032
0.5616 0.8403 0.8305 0.8206 0.8107
0.6541 0.8471 0.8369 0.8268 0.8166
0.7337 0.8534 0.8430 0.8325 0.8222
0.8518 0.8638 0.8529 0.8420 0.8312
0.9341 0.8717 0.8607 0.8498 0.8387
1 0.8787 0.8680 0.8573 0.8466

ρ
RESULTS AND DISCUSSION

Experimental densities were measured by the SVM
3000 Stabinger viscometer and reported in Table 1.
Critical properties of pure materials and acentric fac-
tors were taken from [51]. Figure 1 shows the changes
of the second virial coefficient with temperature
obtained from the PRSV equation of state for three
binary mixtures. In this figure, the effect of increasing
the alcohol chain length on the second virial coeffi-
cient is observed. For the benzene + 2-propanol
binary system, the second viral coefficient changes
from negative to positive at T = 1267 K. For the ben-
zene + 2-butanol mixture, the changing temperature
reaches to T = 1315 K. For the binary mixtures ben-
zene + 2-pentanol, this temperature is 1413 K. The
findings indicate that at a constant temperature, as the
length of the alcohol in the binary mixtures increases,
the amount of attractive interactions increases. The
behavior means that the alcohol with the longer chain
is more likely to intend with benzene. For the above
binary mixtures, third virial coefficients as a function
of temperature are presented in Fig. 2. In all cases, this
coefficient is negative at low temperatures (below than
T ≈ 100 K), then increases to a maximum (passes
through a peak) and decreases gradually. Third virial
coefficients for benzene + 2-propanol is maximum,
indicating that repulsive forces are more influential in
this mixture, and reducing the alcohol length makes
more attractive forces. The addition of benzene to the
longer chain alcohols reinforces the strength of inter-
molecular interactions.

Furthermore, the PRSV was used to calculate the
Joule–Thomson inversion curve (JTIC) of the men-
tioned binary mixtures. JTIC separates regions for
which heating and cooling occur upon an isenthalpic
expansion. Temperature and pressure at which the
Joule–Thomson coefficient becomes zero are called
the Joule–Thomson inversion point. The region with
JTIC > 0 is called the cooling region, while JTIC < 0
is called the heating region. Repulsive forces are dom-
inant at short distances, but attractive forces have the
dominant effect at long distances. At high pressures,
intermolecular distances among molecules reduce,
and repulsive forces are predominant, while at low
pressures, attractive molecular forces are more
important. The JTIC diagram for binary mixtures is
shown in Fig. 3. The peak height in the high-pressure
and low temperature range (where attractive forces are
dominant) is as follows: benzene + 2-pentanol > ben-
zene + 2-butanol > benzene + 2-propanol. This
behavior indicates that in the benzene + 2-pentanol
system, attractive forces are more dominant. In the
low pressure and high temperature range, (where the
repulsive forces are dominant) the maximum point for
binary mixtures is as follows: benzene + 2-propanol >
benzene + 2-butanol > benzene + 2-pentanol. The
behavior indicates that the repulsive forces are larger in
the lower chain alcohols.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vol. 96  No. 3  2022
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Fig. 1. Second virial coefficient for binary mixtures of ben-
zene (1) + 2-alkanol (2). 
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Fig. 2. Third virial coefficient for binary mixtures of ben-
zene (1) + 2-alkanol (2). 
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Fig. 3. Joule–Thomson inversion curve for binary mix-
tures of benzene (1) + 2-alkanol (2). 
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Values of thermodynamic factor  and mutual dif-
fusion  for all systems at T = 303.15 K are plotted in
Figs. 4 and 5, respectively. The maximum diffusion
occurs in the binary mixtures of benzene + 2-propa-
nol, and increasing the alcohol chain reduces the dif-
fusion coefficients. Diffusion in solutions is a func-
tion of molecular mass and shape, temperature,
mobility, and solute-solvent interactions. For the
binary mixtures, the slower movement of benzene in
2-pentanol can be explained by the greater attractive
forces among the benzene and 2-pentanol molecules.
In fact, benzene molecules are drawn through the
attractive forces of longer alcohols. Also, presence of
steric hindrances produces by the longer alkyl chain
makes benzene diffuse less freely. Furthermore,
weaker attractive interactions among unlike mole-
cules in the benzene + 2-propanol mixture, increases
the benzene mobility and diffusion process. A litera-
ture survey shows that similar behavior is observed
for the diffusion of benzene in 1-alkanol, and the
alkyl chain of alcohol has a profound effect on lower-
ing the diffusion speed [52].

The thermodynamic factor , which describes the
deviation of mixtures from ideal behavior, is crucial
because it connects the Fick diffusion coefficient
(mutual diffusion or ) with the Maxwell–Stefan
diffusion coefficient ( ). This parameter was calcu-
lated for three binary mixtures regarding the
COSMO-RS theory. It indicates that all binary mix-
tures have a positive deviation from ideal behavior,
and the molecular forces are weak. The observed

Γ
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Γ
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behavior in the mixtures suggests that the strength of
the interaction between benzene and alcohol mole-
cules follows the order: 2-pentanol > 2-butanol >
2-propanol. In all cases, the alcohol chain plays a
central role and reinforces the strength of the interac-
tion between unlike molecules.
l. 96  No. 3  2022
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Fig. 4. Thermodynamic factor for binary mixtures of ben-
zene (1) + 2-alkanol (2) at T = 303.15 K.
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Fig. 5. Mutual diffusion coefficients for benzene (1) + 2-
alkanol (2) at T = 303.15 K. 
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CONCLUSIONS
In the current study, to collect information about

the effect of the alkyl chain of alcohol on the molecu-
lar interaction in the binary mixtures of benzene and
2-alkanol (2-propanol up to 2-pentanol), some
parameters namely second and third virial coeffi-
cients, the Joule-Thomson inversion curve, the ther-
RUSSIAN JOURNAL O
modynamic factor, and the mutual diffusion  were
calculated. The influence of the alkyl chain of the
alcohol on parameters mentioned above was dis-
cussed. Obtained results show that the longer alcohol
chain increases the strength of molecular interactions
in the binary mixtures.
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