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Abstract—The kinetic and thermodynamic parameters of the hydrogenation of Boro@dinoybrowit coal were
calculated. With the use of equilibrium-kinetic analysis, the second-order reacfion rate constants of forward
and reverse reactions, the equilibrium constant, the activation energy, and the thermal effects of brown coal
hydrogenation reactions were determined in a temperature range of 648<698 K at a hydrogen pressure of
10 MPa. In the course of the study, it was found that the experimental data argdndicative of the adequacy of
the equilibrium-kinetic analysis model for second-order reactions.
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A combination of kinetic and equilibrium
approaches to the studies of complex systems, in par-
ticular, chemical systems, is the subject matter of non-
equilibrium thermodynamics as an academic diseis
pline [1]. In the current context of the developmgnt of
computer technology and software, computational
methods, including the thermodynamic caletilationsiof
complex systems based on iterative procedures, are find-
ing ever-increasing use in coal chemistry'studies [2}.

The thermodynamic propertiésy, of Substances
impose hard constraints on the kifietic parameters uti-
lized for describing systems that changéwith time [3—5].
The dynamic nature of an equilibrium state is the rea-
son for this circumstance! The'apparent macroscopic
invariability of the compesition and properties of a
system is a consequénce, ofithe fact that the buildup
rate of each specieSd[Mj[is.equal to the rate of its dis-
appearance d(Mj)/dt= 0 in the equilibrium state. For
each independentstoichiometric equation of chemical
reaction,jthe . eoncentrations are related to each other
by stoichiometries€oefficients.

According to the second law of thermodynamics,
any clesed isolated system approaches an equilibrium
state in Which its properties become time-indepen-
dent. If the numerical values of enthalpy and entropy
and the equations of state of chemical system compo-
nents are known, it is possible to accurately predict the
chemical composition of the final equilibrium state.
However, thermodynamics does not give any indica-
tions of the equilibration time and the behavior and
composition of the system in the course of approach-
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ing equilibriatm. Chemical kinetics, which studies the
systems: whose properties depend on time, can give
answers to these questions.

The problem of the joint determination of the
kinetic and equilibrium characteristics of reversible
chemical processes can be solved because of a combi-
nation of probabilistic and deterministic descriptions
within the framework of a united mathematical model
[6, 7] based on the law of mass action. Malyshev et al.
[8] developed an equilibrium-kinetic analysis method,
which makes it possible to directly relate equilibrium
and Kkinetic characteristics and to obtain additional
information from a common body of experimental
data, i.e., to intensify chemical studies.

Its form depends on the consideration of the
reversibility, reaction steps, phase composition, and
stoichiometry of a particular chemical process.

Previously, Baikenov et al. [9] presented a model of
the equilibrium-kinetic analysis of the hydrogenation
of an anthracene—benzothiophene model mixture in
the presence of a catalyst containing iron and estab-
lished that the calculated model of the equilibrium-
kinetic analysis is adequate for second-order reac-
tions. In this work, we consider in detail the equilib-
rium-kinetic analysis of a second-order reaction; this
can be of general interest in terms of methodology
because of taking into account optimum procedures
for mathematical modeling and experimental data
processing based on experience in the application of
this method. In accordance with the above ideas, the
aim of this work was to determine the thermodynamic
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Fig. 1. Degree of conversion of the brown coal in a tempera-
ture range of 648—698 K: (1) 648, (2) 673, and (3) 698 K.

and kinetic parameters of the test process of brown
coal hydrogenation by applying the method of equilib-
rium-Kkinetic analysis to second-order reactions.

The test process was the hydrogenation of Borod-
ino brown coal in a temperature range from 648 to 698 K
at an initial hydrogen pressure of 10 MPa [10].
The proximate and ultimate analyses of the test mate-
rial were reported elsewhere [10]. The order of reac-
tion was determined based on the law of mass action.
With the use of the least squares method as applied to
kinetic data represented in a linear form, from the
slope of a straight line, we found that the hydrogena-
tion of brown coal occurs by second-order reactions:

The equilibrium-kinetic analysis calculations were
performed based on the concentration of thé relcased.
product (oil + water):

OMC+H, :ﬁoil +pwater:
2

Figure 1 illustrates the degrée of conversion of the
organic matter of coal (OMC).
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Krichko et al. [10] found that the degree of conver-
sion of the organic matter of coal increases with tem-
perature and experiment time. They attempted at per-
forming a computer simulation of chemical and phase
equilibriums in a multicomponent system, which is
reliable a priori information on the thermodynamic
properties of each particular component.

The integral equilibrium-kinetic model of the
hydrogenation of brown coal takes the form
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The methed of equilibrium-kinetic analysis does
notQrequireybringing the process to an equilibrium
concentration, which is found from a mathematical
model of reaction with the aid of a random-search
procedure; in this case, the accuracy of this procedure
1s8ufficient with the use of initial data with a standard
erropof £5 rel %.

Generally, the analysis of all paired combinations
of experimental data and the need for averaging the
resulting values of C, is dictated by the inevitable inac-
curacy of the initial data. Qualitatively, each particular
experimental point can take an underestimated or
overestimated value relative to the true value of current
concentration. Thus, the two points to be compared

Table 1. Results of the ealculationsf equilibrium concentrations at temperatures of 648, 673, and 698 K (i/j are the num-

bers of coupled experimental points)

C, at i/j at temperatures of 648—698 K C,
1/2 dal /30 A4} 1/5 | 1/6 | 2/3 | 2/4 | 2/5 | 2/6 | 3/4 | 3/5 | 3/6 | 4/5 | 4/6 | 5/6 |average
648 K
03 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.45
638 1130 | 610 [406 |739 [230 |601 [606 |598 (497 |597 (902 |599 |831 |803 19
673 K
0.4 0.4 0.5 0.5 0.5 0.4 0.4 0.5 0.5 0.4 0.5 0.5 0.5 0.5 0.5 0.51
226|729 |049 |060 |416 |684 |971 217 |541 |987 [202 |541 150 (352 |426 02
698 K
0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.53
350 167 |242 |[411 |591 |051 195 (399 |593 [197 |599 [301 |392 |611 |690 17
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Table 2. Kinetic and thermodynamic parameters of the reaction of brown coal hydrogenation in a temperature range of

648—698 K
Forward Reverse AS
T,K K,, MPa~! | AH, kJ/mol S
ky, min~! E,, kJ/mol k,, min~! E,, kJ/mol Jmol~' K
648 6.627 x 103 89.9 1.363 x 10~4 139.6 0.966 49.7 2.5
673 9.956 x 1073 3.332x 1074 0.748
698 2.191 x 1074 8.720 x 10~ 0.560

potentially contain six versions of the strictness of the
initial data, from which, by combinations of two from
Six, we obtain

__6! _ _5
216-2)!

versions of their different combinations, which
include regularly overestimated, regularly underesti-
mated, randomly strict, unilateral overestimated or
underestimated, and maximally different or maxi-
mally close paired values.

Cs

The general scientific concepts of the equilibrium-
kinetic analysis based on a reasonable combination of
the deterministic and probabilistic approaches make it
possible to solve this problem based on a body of
experimental data by a probabilistic method with any
assigned degree of accuracy. This is achieved by the
selection of C, that corresponds to a maximum coeffi-

cient of correlation of the straight line Z — Z, =1g,%
with the experimental results. This concentration is
phenomenologically most probable for thi§"madel.
In the calculations for each isotherm, thedfirst search
value of the equilibrium concentration €, is spegified
in the equation Z — Z,, = ¢,7 (for example;ithat delib-
erately smaller than the true or_madel equilibrium
concentration); then, Zis calculated andg, are further
calculated according to the least squares method for
determining the computedvallies ofiZ; on their basis.
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Fig. 2. Dependence of Z on time at temperatures of (/)
648, (2) 673, and (3) 698 K; points refer to experimental
data, and lines are plotted according to the equation Z= gt.
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The found Z; are compared with Zgfin terms of the
correlation coefficient R and its signifieance 7.

The processing of experimental data fogsolving the
equation with respect to equilibriumiconeéentration
was carried out using a random-=search procedure for
paired experimental points iffthe Equilibrium-Kinetic
Analysis program system (Delphiy7 Studio) with the
output of the results in Micrésoft Excel.

The average valugsef,equilibrium concentration
was considered as a“calculated-experimental one for
the entire set of processed points. Table 1 summarizes
the seafeh values of equilibrium concentrations at
temperatuces 0648, 673, and 698 K.

For{ eonfirming the adequacy of the developed
madel,\itis necessary to compare its linear forms in
experimental and calculated versions. From the found
values “of Z depending on T, the relationships were
plotted for the three test temperatures. Figure 2 shows
the sesults of calculations.

Eirst, according to Fig. 2, we are convinced that,
indeed, the developed model is reduced a straight line
that passes through the origin of the coordinates. The
correlation coefficients for the developed integral
equilibrium-kinetic model of the hydrogenation of
brown coal were the following: R(648 K) =0.822; t; =
2.8 >2; R(673 K) =0.934; 1, = 2.7 > 2; R(698 K) =
0.914; 1, = 2.69 > 2. Consequently, it is possible to
consider that the proposed equilibrium-kinetic analy-
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Fig. 3. Dependence of equilibrium constant on the recip-
rocal of temperature.
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Fig. 4. Dependence of rate constants on the reciprocal of temperature.

sis model for a second-order reaction is sufficiently
correct for the process of coal hydrogenation. Then,
with the use of the found value of C,, the average value
of g is found form an inverted relation for all pairs of
the set according to the equation.

The results of the calculations of g at temperatures
of 648, 673, and 698 K are the following: g, = 0.00613;
g, = 0.00598; and g; = 0.00392. The calculations were
repeated for all isotherms; this made it possible to cal-
culate the average enthalpy and entropy of the process
based on the data on C, and using Gibbs—Helmholtz
equations. Correspondingly, the activation energies of
forward and reverse reactions can be calculated from
the values of k; and k, in a temperature range of 648=
698 K based on the Arrhenius equation; thus, the use
of the equilibrium-kinetic analysis method agcotding
to its intended purpose was complete (Figs#3y.4).

The combination of the probabilistic andtdeter-
ministic descriptions of reversible chemical processes
within the framework of a united mathematical model
for the process of Borodino browieoal‘hydrogenation
makes it possible to directly telate™equilibrium and
kinetic characteristics and tegebtain additional informa-
tion from the experimental results (Table 1, Figs. 2—4)
and, thus, to intensifypchemical/studies. With the use
of Gibbs—Helmholfz “and “Afrhenius equations, we
carried out the cdleulations of the activation energy,
enthalpy, entrepy, and equilibrium constant of the
hydrogenation of brown coal in a temperature range
from648ito 698 K (Table 2). The results of the calcu-
lations of 'the“@activation energies of forward and
reverse geactions of the hydrogenation of Borodino
coal allowed us to assume that OMC hydrogenation
occurs inthe kinetic region.

Thus, we determined the rate coefficients of for-
ward and reverse reactions, the equilibrium constant
and equilibrium concentrations, the activation ener-
gies, and the heat effect of the hydrogenation of
Borodino brown coal in a temperature range of 648—
698 K at an initial hydrogen pressure of 10 MPa.

The dependence of the corrélatioen co€fficient Z of the
equilibrium-kinetic analysis ©n \the duration of the
hydrogenation process is plottedsas a straight line that
passes through thejerigin., I h¢'data obtained based on
the dependence of the,correlation coefficient Z on the
process dugation of thetiydrogenation of brown coal in
a temperaturé tange of 648—698 K are indicative of the
adequacygof thejused model of equilibrium-kinetic
analysis,forsecond-order reactions.
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