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Abstract

An approach was disclosed to the development of mathematical models of industrial processes using
quantum chemical calculation methods of thermodynamic parameters of target and side reactions in combi-
nation with experimental data analysis of the operation of an industrial transalkylation process that is one of
the preparation stages of ethylbenzene. A scheme of transformations in the transalkylation process was
elaborated, thermodynamic parameters of target and side reactions were determined, a kinetic model was
compiled and its parameters defined. Adequacy of a model implemented in the HYSYS medium was tested
resulting from comparison with industrial data. Application prospects of the developed mathematical model
for the transalkylation process to increase energy and resource efficiency of ethylbenzene production were
noted from the viewpoint of an increase in process selectivity and minimization of costs on developing a
given quantity of the products.
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INTRODUCTION since the development of heterogeneous cata-

lysts and currently, new installations are not
being built. Technologies using a heterogeneous
catalyst include two consecutive stages: alkyla-
tion of benzene with ethylene and transalkyla-
tion (TA) of polyethylbenzenes (PEBs) to EB.
The both processes proceed over zeolite-con-
taining catalysts in adiabatic reactors [2—4].

Alkylation of benzene with ethylene is the
major direction of consumption of benzene (50 %
of the total volume). Ethylbenzene (EB) result-
ing from this is an intermediate in the chain of
preparation of acrylonitrile butadiene styrene
(ABS) and styrene-acrylonitrile copolymer

(SAN) plastic, styrene-butadiene rubber, poly-
styrene. The world production of EB was as-
sessed in 2014 as 37 million t per year [1].

The first technologies of EB preparation ap-
plied a homogeneous catalyst based on alumin-
ium chloride, however, the process of alkyla-
tion of benzene with ethylene over a chloroalu-
minium catalyst has become morally obsolete
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High competition in the final market of EB,
economic and environmental aspects dictate
tasks of increasing the resource efficiency of
products. Reaching such results is possible due
to combining experimental data with mathe-
matical modeling by the introduction of applied
mathematical models into industrial production
to search for optimum technical regimes. Simi-
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lar models have already been developed for some
refining and petrochemical processes [5—7] that
are successfully used in production to monitor
and predict the operation of installations for
processing of hydrocarbon raw materials, as sim-
ulators for technical staff, and differ from the
existing analogues by considering the physico-
chemical essence of the processes proceeding in
reactors. Some authors studied kinetic regular-
ities and determined parameters of equations
for the proposed kinetic schemes of alkylation
and TA processes, proposed the mechanisms of
the occurring reactions [8—15], as well as de-
veloped approaches to process modeling using
data for industrial installations [16, 17]. Howev-
er, currently, one has not managed to find the
description of the model constructed for a lig-
uid-phase process of EB preparation over het-
erogeneous catalysts excluding both the alky-
lation stage and TA.

The construction of mathematical models for
such a multistage process is complicated by the
fact that, in comparison with homogeneous tech-
nologies, the efficiency of heterogeneous pro-
cesses is determined by a greater number of
parameters, such as the distribution (quench-
ing) of ethylene in an alkylation reactor, the
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ratio of benzene and PEB in a TA reactor. These
and other technological parameters depend on
the composition of the processed raw materials
and the activity of the catalysts used, there-
fore, they require adjustment during operation
of industrial installations. The developed math-
ematical model will be useful to carry out sim-
ilar optimisation studies, which can be used as
a simulator when training technicians-and-en-
gineers of petroleum enterprises.

The work goal was the development of a
mathematical model for a liquid-phase reactor
of TA of PEB over a zeolite-containing catalyst
to predict the composition of the products
(Scheme 1).

The TA reaction is accompanied by the dis-
placement an alkyl group from one molecule to
another. The target transformation of the sys-
tem under consideration is an equilibrium re-
action of diethylbenzenes (DEB) and benzene
in EB (see Scheme 1). Herewith, equilibrium
concentrations of the obtainable products are
little temperature dependent (thermal effect of
reaction AHgy, = 5.8 kJ/mol [1]) but highly de-
pendent on the initial B/DEB ratio). The mech-
anism of the TA reaction over Brensted sites is
presented in Fig. 1.
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Fig. 1. Transalkylation mechanism.
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INDUSTRIAL DATA ANALYSIS OF TRANSALKYLATION
REACTOR OPERATION

Industrial installation operation indicators are
the basis of the model developed of the TA pro-
cess. Operational data analysis of an industrial
reactor for TA for a period from October 1, 2013
to August 31, 2015 was performed: sensor read-
ings of temperature control, consumption and
pressure of the process, as well as data from
laboratory tests of raw materials and products
of the installation.

Figure 2 presents data on the average month-
ly consumptions of basic flows into a TA reac-
tor on raw materials and the ratio of benzene
to PEB. The ratio of uses of benzene to PEB in
the period considered and the load on the reac-
tor continuously changed to decrease. Experi-
mental data from the industrial installation were
used as initial when developing the equations
of mathematical model and solving the inverse
kinetic problem.

To determine the key components to con-
struct equations of their consumption and for-
mation (kinetic equations) in a model of the pro-
cess the value of the concentrations for the sub-
stances determined in the laboratory was com-
pared. Table 1 presents the composition of the
raw and product flows: the average and mini-
mum observed concentrations for the period
considered. To decrease the number of compo-
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nents and, accordingly, the dimension of the
mathematical model only those substances, the
concentration of which is no less than 0.1 mass %,
were considered when its constructing. This
assumption is justified by the fact that the er-
ror of the method of gas chromatography is no
less than 0.1-5 mass %. On the assumption of
the data in Table 1, light hydrocarbons (LHC),
Cg naphthenes (CH), C; naphthenes (MCH), ben-
zene (B), ethylbenzene (EB), diethylbenzenes
(DEB), butylbenzene (BB), triethylbenzene
(TEB), heavy fractions (HF), diphenylethanes
(DPE) represent such substances. Herewith,
with experimental determination of the com-
position of raw materials and the products in-
dividual compounds are united into groups: LHC
(a mixture of hydrocarbons (alkanes and alk-
enes) to C;); C¢ naphthenes that mainly consist
of cyclohexane with an admixture of methyl-
cyclopentane; C; naphthenes that mainly con-
sist of DEB; TEB; DPE (all possible isomers are
included); heavy components (HC) of the prod-
ucts of further alkylation.

To assess the direction of reaction behav-
iour by components (consumption or formation)
the average conversion degree for each of them
for the studied period was calculated by the
equation
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Fig. 2. Operational experimental data for transalkylation (TA) of polyethylbenzenes (PEBs) installation

over a period of from October 1, 2013 to August 31, 2015.
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TABLE 1

Composition of feed and product streams during transalkylation

Substances Yield, mass % Input, mass %
Reacting mass PEB Benzene
max average min max average min. max average min.

Light hydrocarbons 7.00 3.59 0.76 0.03 0.01 0.00 5.65 3.14 0.30
Naphthenes Cg 118 0.46 0.16 0.02 0.00 0.00 4.17 2.14 0.50
Naphthenes C; 0.08 0.02 0.00 0.00 0.00 0.00 0.47 0.21 0.02
Benzene 71.67 52.95 45.02 0.02 0.00 0.00 98.48 94.32 90.73
Toluene 0.05 0.01 0.00 0.01 0.00 0.00 0.05 0.01 0.00
Ethylbenzene 39.44 29.90 11.11 9.84 0.06 0.00 091 0.19 0.01
Isopropylbenzene 0.02 0.00 0.00 0.07 0.01 0.00 0.00 0.00 0.00
n-Propylbenzene 0.05 0.01 0.00 0.14 0.02 0.00 0.00 0.00 0.00
m- and p-Xylenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0-Xylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Styrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethyltoluene 0.06 0.01 0.00 0.36 0.05 0.00 0.00 0.00 0.00
Methyltoluene 0.01 0.00 0.00 0.03 0.00 0.00 - - -
Diethylbenzene 16.80 10.73 2.00 95.18 89.33 82.30 0.00 0.00 0.00
Butylbenzene 0.98 0.53 0.00 3.22 1.93 0.53 0.00 0.00 0.00
Trimethylbenzene 0.02 0.01 0.00 0.08 0.02 0.00 0.00 0.00 0.00
Triethylbenzene 2.88 1.25 0.04 10.17 7.38 241 - - -
Heavy fractions 0.28 0.13 0.01 0.30 0.08 0.00 - - -
Diphenylethane 0.21 0.06 0.00 0.24 0.00 0.00 - - -
X-impurities 1.16 0.33 0.06 6.47 111 0.17 0.00 0.00 0.00

Note. Dash — not detected.

where X, is the conversion of the i-th
component; F,, and F_, are the mass flow of
the input and output flows; x; is the mass
fraction of the i-th component.

The average conversion degree for each com-
ponent was the following (mass %): LHC —73.36,
CH 66.75, MCH 84.87, B 17.50, EB —34574.69,
DEB 62.18, BB 13.04, TEB 47.07, HF —695.23,
and DPE —2655.16. The components, conversion
of which is negative, are formed during TA, those
with positive are generated during the alkyla-
tion process.

DEVELOPMENT OF THE FORMALIZED SCHEME
OF TRANSFORMATIONS

Statistical analysis of TA reactor operation
led to the isolation of the key components to
develop the scheme of formalized transforma-
tions: LHC, CH, MCH, B, EB, DEB, BB, TEB,
HF, and DPE. Literature data analysis demon-

strated that the following reactions might pro-
ceed in the medium of the isolated components:
TA, disproportionation, dealkylation, catalytic
cracking, cyclization of alkenes, cracking of cy-
cloparaffins, conjugated hydrogenation, conden-
sation [2—12]. The formalized scheme of trans-
formations (FST) of hydrocarbons in a TA re-
actor was developed on the basis of the listed
types of reactions (Fig. 3).

The FST includes ten reversible and two ir-
reversible bonds. Ethylbenzene is formed on
account of through TA of DEB and TEB with
benzene (1, 3), disproportionation of two DEB
molecules (2), alkylation of benzene with ethyl-
ene (4), and decomposition of DPE with an ad-
ditional formation of one benzene molecule (5),
dealkylation of BB with the formation of eth-
ylene (9). Diphenylethane is formed along route
(5) during the interaction of benzene and EB.
Butylbenzene is subjected to dealkylation dur-
ing TA and produces either benzene and butene
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of hydrocarbons during TA.

(10) or ethylene and EB (9). Cracking of cy-
cloalkanes and conjugated hydrogenation (11,
12), cracking of HF (8), dealkylation of aromatic
compounds (4, 6, 9, 10) lead to the LHC compo-
nent. Dehydrocyclization and condensation of
DEB (7), alkylation of DEB, EB, TEB with alk-
enes (8) result in HF. It was necessary to con-
firm the occurrence of these reactions at the next
stage by calculations of the Gibbs energy (AG)
through quantum chemical calculations (QCC).

RESULTS AND DISCUSSION

TABLE 2
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Confirmation of the thermodynamic probability
of reactions proceeding

To confirm thermodynamic possibility of re-
actions proceeding during TA QCC were used.
The calculations were performed in the Gauss-
ian-98 program using the density functional
theory (DFT) method at the B3LYP level with
a temperature of 200 °C and 3.4 MPa pressure
of the process. This technique was selected due
to a relatively high accuracy in comparison with
empirical methods. The B3LYP level is highest
among DFT levels used by the Gaussian pro-
gram, and a basic set was selected in such a
way to preserve the governability of calcula-
tions but herewith, not to decrease the accura-
cy of the description of the physical situation
[13]. Since the reactions occurring between com-
ponents and substances forming them are nu-
merous, typical reactions by type were under-
taken to assess AG. For example, decomposition
reactions of cyclohexane into two propylene
species or a molecule of butane and ethylene
were considered for the reaction of cracking of
naphthenes. Consequently, the interaction in
FST was characterized by the lowest Gibbs en-
ergy out of the considered typical reactions of its
type. Thus, the lowest calculated QCC is —28.36
kJ/mol for transalkylation of ortho-, metha- and
para-isomers of DEB forming DEB FST, for o-

Values of AG for FST reactions (temperature 200 °C, pressure 3.4 MPa)

Reaction number

in FST

Reactions

AG, kJ/mol

(for the right component)

© 00 N O O AW N -

== =
N = o

DEB + B - 2EB
2DEB - EB + TEB
TEB + B ~ EB + DEB
B+P . EB

EB+B - DPE

DEB - EB+P

DEB - HC

P+ B/EB/DEB/TEB - HC
BB « EB + LHC

B+ LHC - BB

MCH ~ LHC

CH ~ LHC

—28.36
—36.01
—11.00
—33.69
25.99
—1.86
242.80
—19.36
150.80
-11.21
2.89
38.23
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DEB, correspondingly. The AG for reaction 1 in
FST is identical (Table 2).

The direction of the equilibrium shift is pri-
marily indicated by a value of AG. It was as-
sumed that the reaction was reversible under
the condition AG = =50 kJ/mol. For reactions 7
and 9, AG has a positive value, which even in
case of considering the product of concentra-
tions, excess in DEB and BB indicates a low
probability of the occurrence of such transfor-
mations in the system under study, therefore,
these reactions were excluded from the formal-
ized scheme. Thus, the final formalized schema
contains ten reversible transformations, 7 and
9 ones are not considered.

Development of mathematical description
of a transalkylation process

Based on the FST, kinetic equations for the
considered reactions with assumption about
pseudohomogeneity were written [14—17].

It is known that TA reactions proceed in the
kinetic region with the minimum diffusion lim-
itations due to using a catalyst with a larger
diameter of pores and cavities [18]. The plug

TABLE 3

Determination results of parameters of kinetic equations
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flow reactor (PFR) model was selected as a
model:

dX; = riSdl/CiOV (2)
dC; = r,Sdl/V (3)
where X, is conversion of the i¢-th component;
r; is the rate of consumption and the rate of
formation of the i-th component; S is the cross
is the sectional area of the reactor; Ci0 is the ini-
tial concentration of the i-th component, mol/L;
C, is the current concentration of the ¢-th com-
ponent, mol/L; V is the volumetric flow of the
reaction mixture, m?3/s.

This assumption was accepted on the base
of the data of the apparatus design and its geo-
metrical sizes: the ratio of the length and di-
ameter of an industrial apparatus (the ratio is
4.6) and the presence of a bulk catalyst that
largely contributes to the flow regime of the
PFR model [19, 20].

It is preferable to use expression form (3) for
the substances formed as a result of the pro-
cess, and form (2) for the substances consumed.

To simplify the model an assumption about
the isothermal operation mode of the appara-
tus was also taken, since a TA process was char-
acterized was characterized by an insignificant
temperature drop in —1...1 °C in the time peri-

Reaction Form of reaction equation Direct Reverse

number in FSP A E, J/mol A E, J/mol
1 k,CprsCs — k_1CéB 3 o? 78 373 115 596 50 757
2 k2C%EB — k_yCxsCrer 3 [Lo® 65 333 91 977 28 997
3 k3CrgpCg — k-3CgsCpEr 3 mod 82008 2532 40 002
4 k,Cgg — k_4CsCruc 1.54 (108 96 966 143 94 937
5 ksCrpCg — k_5CpprCruc 3573 63 475 16 912 26 818
6 ksCpeg — k-6CreCruc 2937 96 793 436 96 070
8a kg.CrucCr — k_g.Cur 1248 57 606 67 249 47 655
8b kesCrucCr — K-guChrr 1787 88 954 98 091 49 075
8c kgCrucCprs — K-s.Cur 1787 88 954 98 091 49 075
8d kg.CruacCreg — K-3aChur 1787 88 954 98 091 49 075
10 k1oCsg ~ k—19CsCruc 92 050 96 084 0.006 122 189
11 k11Cyecr — k-1:CLuc 238 246 12 761 30 097 69 366
12 k15Cen — k-15Cruc 39 477 13 586 64 303 25 498

Notes. 1. A and E are the pre-exponential factor and the activation energy of the reaction, respectively. 2. Concentrations
are expressed in mol/L. 3. The pre-exponential factor can have the dimensions L/(mol k) or s™! depending on the

equation forms (reaction order).
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od under review, therefore, the model does not
consider a change in the heat capacity of the
system and is not complemented by a heat-bal-
ance equation. In addition, an assumption was
taken that process conditions were not changed
in the time range between laboratory analyses.
A production monitoring system allows analys-
ing the composition of the incoming raw mate-
rials and the products from the reactor. Here-
with, data from analyses are selected twice a
day. There is a difference in time between sam-
pling for analysis of the composition of raw
materials and the reaction products.
Parameters of equations of consumption and
formation of components of raw materials and
the products were determined by solution of
the reverse kinetic task. Kinetic equations and
values of the activation energy and preexpo-
nential factors are given in Table 3. To deter-
mine parameters of the kinetic model (solution
of the inverse kinetic task) experimental data
of the composition of raw and product flows
for an industrial installation were used (see Ta-
ble 1), data of a change in the major techno-
logical operational parameters of a TA reactor
(see Fig. 2), including temperature values, the
variation interval of which is 195—-210 °C.

The software realization of algorithm for
solving the inverse kinetic task was performed
in the gPROMS package.

Checking the adequacy of a mathematical
model of a transalkylation process

Model verification was carried out by com-
paring values of concentrations of hydrocarbons
in the products with operational data of a TA
reactor in a broad time range. A computer mod-
el in HYSYS v. 8.8, where calculations of a TA
reactor were performed, was developed on the
base of equations of a mathematical model. The
composition and raw materials consumption, the
input and output temperature of the reactor,
pressure were set according to the date of selec-
tion of raw materials. Figure 4 presents compar-
ison results of calculated and experimental data.

CONCLUSION

1. The formalized scheme of transformations
of hydrocarbons during TA was developed with
provision for the following components: light
hydrocarbons, C; naphthenes, C,; naphthenes,
benzene, EB, DEB, BB, TEB, heavy hydrocar-
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Fig. 4. Comparison of experimental (points) and calculated (lines) concentrations of a transalkylation reactor.
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bons, DPE. The model of the reactor, which is
based on the developed FCS, describes with suf-
ficient accuracy the change in the concentration
of the main products of EB, DEB, and TEB in
the temperature change in the range 195—-210 °C
and ratio of raw materials B/PEB of 1.6—2.6 mass.

2. A model of TA reactor describes consump-
tion and formation of other components of the
system: light hydrocarbons, C; naphthenes, C,
naphthenes, BB, heavy, DPE. Accounting for
these components allows using a model of a TA
reactor when modelling preparation processes
of EB entirely, including a product separation
unit, in such software packages, as Aspen HY-
SYS. This opportunity allows moving on to op-
timization of process indicators.

3. Reactions (1), (2), (4—6), (8), (10—12) are
transalkylation of DEB with B, disproportion-
ation of two DEB molecules, transalkylation of
TEB with B, dialkylation of EB, formation of
DPE, alkylation with ethylene homologues of
aromatic components of the system, dealkyla-
tion of BB and cracking of naphthenes are ther-
modynamically probable under conditions of the
process, condensation reaction of DEB into naph-
thalenes (seal products) and cracking of a side
chain of EB are unlikely, which is confirmed
by the results of quantum chemical calculations.

4. Mathematical model of a TA reactor can
be used to predict the composition of the stud-
ied transalkylation process when changing the

structure of processed raw materials and reac-
tor temperature.
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