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Abstract—Theoretical calculations are compared to data from an experimental study of the position of eutec-
tics in two-component systems consisting of benzene, diphenyl, and n-alkanes with 12 to 17 carbon atoms.
Data on diphenyl–n-alkane (n = 12–17) and benzene–n-alkane (n = 12–17) systems are given for the com-
position of eutectics, their melting points, and activity coefficients of each component. The theoretical study
is based on the Schröder–Le Chatelier approach and the original UNIFAC system; the experimental study
is performed via DTA. Deviations of the experimental data from ones calculated for the studied systems are
presented. The change in the activity coefficients of benzene and n-hexadecane is illustrated graphically
according to UNIFAC and the experimental data.
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INTRODUCTION
High-boiling heat-transfer f luids are used in the

synthesis of various materials for industry. Heat-trans-
fer f luids consisting of organic compounds are used at
temperatures above 200°C (e.g., diphenyl, diphenyl
oxide, naphthalene, and glycerol, which can maintain
temperatures of 100 to 400°C) [1]. However, the melt-
ing points of such substances are high, as a result of
which their crystallization in the heating circuit of the
reaction apparatus is possible. If the process is con-
ducted at low ambient temperatures, mixtures of two
or more organic compounds are used as a heat carrier.
For example, the Dinyl (Dowtherm A) heat-transfer
fluid is widely used in the chemical industry. It is a
eutectic mixture with a content of 26.5 wt % diphenyl
and 73.5 wt % diphenyl oxide [1]. Dinyl is character-
ized by a melting point of 12.3°C, while the melting
points for diphenyl ether and diphenyl are 26.84 and
68.93°C, respectively.

Works describing such systems include [2–21], but
the n-alkane–aromatic hydrocarbon with two or more
rings systems have been studied relatively little. 

INVESTIGATION METHODS AND OBJECTS
The aim of this work was to systematize and ana-

lyze existing experimental data on benzene–n-alkane
and diphenyl–n-alkane systems. The experimental
data were obtained via differential thermal analysis
(DTA). The experiments for each system were
described in detail in [22, 23].

THEORETICAL

As in [22, 23], the characteristics of phase equilib-
ria in the considered systems were predicted prior to
experimental studies, using the Schröder–Le Chate-
lier equation:

(1)

where xi is the mole fraction of a component; ΔmHi is
the enthalpy of melting of the component, J/mol; Tm,i is
the melting point of the pure component, K; and R is
the universal gas constant, 8.314 kJ/(mol K).

When calculated with the Schröder–Le Chatelier
equation, the solution was considered ideal, so the activity
coefficients of the components were taken as equal to 1.

This equation describes the course of the liquidus
of the system from the sides of both the first and sec-
ond components. The intersection of the liquidus
curves gives the eutectic point. To find the eutectic, we
must solve a system composed of Schröder–Le Chat-
elier equations with respect to xi and T:

(2)
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Table 1. Activity coefficients of the components in the eutectics of the studied systems

System

Aromatic hydrocarbon n-Alkane

UNIFAC experiment deviation from 
experiment, % UNIFAC experiment deviation from 

experiment, %

Systems with n-alkane with even number of carbon atoms

C6H6–n-C12H26 0.923746 0.813751 –13.52 0.884047 0.738305 –19.74

C6H6–n-C14H30 0.933755 0.881637 –5.91 0.763558 0.561068 –36.09

C6H6–n-C16H34 0.951901 0.991796 4.02 0.607414 0.688872 11.82

C12H10−n-C12H26 1.257062 0.886051 –41.87 1.002031 0.987435 –1.48

C12H10−n-C14H30 1.177331 1.440509 18.27 1.003792 1.045274 3.97

C12H10−n-C16H34 1.107323 1.907064 41.94 1.004388 0.873574 –14.97

Systems with n-alkane with odd number of carbon atoms

C6H6–n-C13H28 0.90802 0.888789 –2.16 0.863235 1.037613 16.81

C6H6–n-C15H32 0.918993 1.006826 8.72 0.745133 1.319398 43.52

C6H6–n-C17H36 0.932071 0.973570 4.26 0.612315 2.186662 72.00

C12H10−n-C13H28 1.222129 1.145539 –6.69 1.002207 0.985128 –1.73

C12H10−n-C15H32 1.140993 1.773908 35.68 1.003561 0.938733 –6.91

C12H10−n-C17H36 1.084657 3.830232 71.68 0.833537 0.832207 –0.16
where Te is the melting point of the eutectic compo-
sition, K.

The procedure for constructing a phase diagram
using the Schröder–Le Chatelier equation was given
in [24, 25].

To calculate the activity coefficients of the system’s
components in the eutectic, we used a modified
Schröder–Le Chatelier equation with an activity coef-
ficient included in it:

(3)

where γi is the activity coefficient of the ith compo-
nent.

The component’s activity coefficient was deter-
mined theoretically, according to UNIFAC [26]. The
UNIFAC system is based on the equation

(4)

where  is the combinatorial part of the activity coef-
ficient, and  is its residual part. Detailed calcula-
tions of combinatorial part  and residual part 
were presented in [26].

The experimental values of the activity coefficients
were calculated using experimental data on the liqui-
dus temperatures of the studied mixtures. Using this
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approach, the activity coefficient was determined with
the Schröder–Le Chatelier equation

(5)

RESULTS AND DISCUSSION

Based on our results, we compiled Tables 1 and 2,
which show the values of the activity coefficients and
the characteristics of the eutectics for each system.

When analyzing the activity coefficients of aro-
matic hydrocarbons in the studied systems, it is nota-
ble that according to the results from UNIFAC calcu-
lations, the activity coefficient grows upon an increase
in the number of carbon atoms in n-alkane in systems
with benzene. In contrast, the activity coefficient of
diphenyl shows a drop in value according to the UNI-
FAC system. On the other hand, the ratios of the activ-
ities of n-alkanes fall in systems with benzene but grow
in ones with diphenyl. An exception is in this case the
C12H10−n-C17H36 system, where the activity coeffi-
cient falls sharply. This could be due to the proximity
of the melting point of the eutectic to the that of the
polymorphic transition of heptadecane. It should also
be noted that in diphenyl–n-alkane systems, the activ-
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Table 2. Properties of the eutectics in the studied systems

System

Melting point, K Aromatic hydrocarbon content,
mole fraction [9, 10]

UNIFAC experiment deviation from 
experiment, K UNIFAC experiment

deviation from 
experiment, 

mole fraction

Systems with n-alkane with even number of carbon atoms

C6H6–n-C12H26 246.69 242.95 –3.74 0.624 0.659 0.035

C6H6–n-C14H30 256.19 252.65 –3.54 0.738 0.733 –0.005

C6H6–n-C16H34 263.74 265.65 1.91 0.827 0.821 –0.007

C12H10−n-C12H26 261.71 260.95 –0.76 0.105 0.131 0.026

C12H10−n-C14H30 276.13 277.15 1.02 0.178 0.137 –0.041

C12H10−n-C16H34 287.29 287.25 –0.04 0.260 0.140 –0.120

Systems with n-alkane with odd number of carbon atoms

C6H6–n-C13H28 246.25 247.85 1.6 0.629 0.664 0.035

C6H6–n-C15H32 254.72 262.15 7.43 0.731 0.762 0.031

C6H6–n-C17H36 260.71 269.95 9.24 0.802 0.898 0.096

C12H10–n-C13H28 264.96 265.15 0.19 0.122 0.117 –0.005

C12H10−n-C15H32 278.38 279.35 0.97 0.200 0.119 –0.081

C12H10−n-C17H36 286.53 290.35 3.82 0.263 0.076 –0.187
ity coefficient of n-alkanes changes least when carbon
atoms are added, the difference being in the third dec-
imal place (not counting the system C12H10−n-C17H36)

The activity coefficients calculated from experi-
mental data have multidirectional trends. For exam-
ple, the activity coefficient in systems with n-C14H30
deviates from the general trend. In systems with ben-
zene it is lower, while in systems with diphenyl it is
higher than would be expected from the results for sys-
tems with n-C12H26 and n-C16H34. In systems with odd
numbers of carbon atoms, only the values in system
C6H6-n-C15H32 differ from the ones expected according
to the results for systems with n-C13H28 and n-C17H36.

Table 1 shows that the activity coefficients obtained
using UNIFAC and those from experimental data dif-
fer greatly from one another. The percentage of the
deviation of the UNIFAC data from experiments is as
high as 72% (for the activity coefficient of n-alkane in
the C6H6−n-C17H36 system). However, the activity
coefficient of n-heptadecane in the C12H10‒n-C17H36
system shows the maximum coincidence of the exper-
imental and UNIFAC data: the deviation is 0.16%.

When analyzing the data in Table 2, note that in all
of the considered systems, the difference between the
RUSSIAN JOURNAL O
temperature calculated with UNIFAC and the experi-
mental one is no more than 9.24 K (system C6H6−
n-C17H36), and the deviation of the diphenyl content
in the composition of the eutectic does not exceed
0.187 mole fractions (system C12H10−n-C17H36). Such
a considerable difference in the content of diphenyl in
the eutectic composition is probably due to the effect
of polymorphism n-heptadecane, which was not con-
sidered in UNIFAC calculations. At the same time,
the minimum deviation for the temperature is 0.04 K
(system C12H10−n-C16H34) for a content of aromatic
hydrocarbon in the eutectic of 0.0046 mole fractions
(C6H6−n-C14H30). Deviations of the UNIFAC system
were shown in [24].

The distribution of the activity coefficients in the
range of concentrations in a separate system is shown
by the example of the benzene–n-hexadecane system.
As can be seen from Table 3 and Figs. 1 and 2, the
UNIFAC activity coefficients of the components grow
along with the content of components in the mixture.
At the same time, the activity coefficients calculated
on the basis of experimental data show the opposite
pattern and grow as the content of components falls.
In addition, the experimental activity coefficients are
F PHYSICAL CHEMISTRY A  Vol. 94  No. 9  2020
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Table 3. Activity coefficients and the liquidus temperature for the benzene–n-hexadecane system

* UNIFAC eutectic composition.
** Eutectic composition according to the experiment.

Content
of n-

hexade-
cane, mole 

fraction

Liquidus temperature, K

Activity ratios

UNIFAC experiment deviation from 
experiment

experiment UNIFAC
deviations 

from 
experiment

n-hexade-
cane benzene n-hexade-

cane benzene n-hexade-
cane benzene

0.0564 274.4 274.3 0.1 0.4323 0.9931 4.6877 0.9938 4.2555 0.0007

0.1165 271.1 269.1 2.0 0.5270 0.9749 1.7113 1.0069 1.1843 0.0320

0.1730* — 263.7 — 0.6074 0.9519 — — — —

0.1794** 265.7 — — — — 0.6889 0.9918 — –

0.3054 271.4 272.7 –1.3 0.7591 0.8889 0.6701 1.2870 –0.0890 0.3981

0.4325 274.2 278.3 –4.1 0.8601 0.8272 0.6016 1.6471 –0.2585 0.8199

0.5180 278.0 281.2 –3.2 0.9081 0.7877 0.6902 2.0575 –0.2178 1.2698

0.8084 284.2 287.9 –3.7 0.9893 0.6717 0.7295 5.6803 –0.2597 5.0086
much higher than those obtained according to
UNIFAC for mixtures with low contents of one
component.

CONCLUSIONS

1. UNIFAC calculations for systems consisting of
diphenyl, benzene and n-alkane show small deviations
in the eutectic temperature (range of errors, 0.04 to
9.24 K), but comparatively large deviations in the
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Fig. 1. Activity coefficients (γ) of n-hexadecane in the
n-hexadecane–benzene system: (1) calculated according
to UNIFAC, (2) calculated with experimental data.
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composition of the eutectic (deviations of up to
0.187 mole fractions). This must be considered when
using this way of predicting phase equilibria in similar
systems.

2. Using the above systems, we may conclude that
the error of the original UNIFAC system does not
depend on the number of benzene rings in the aro-
matic compound in an experiment. Instead, it grows in
proportion to the number of carbon atoms in n-alkane
in systems including n-alkanes with an odd numbers.
l. 94  No. 9  2020

Fig. 2. Benzene activity factors (γ) in the n-hexadecane–
benzene system: (1) calculated according to UNIFAC,
(2) calculated with experimental data.
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3. The values of the activity coefficients of the com-
ponents in the eutectics of the diphenyl–n-alkane and
benzene–n-alkane systems calculated according to
UNIFAC and determined on the basis of the experi-
ment differ (the calculated data deviate from the
experimental ones by as much as 71.68%).
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