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Abstract. H2SO4-catalysed isobutane alkylation with alkenes is an important industrial process used to obtain
high-octane alkylate. In this process, the concentration of H2SO4 is one of the main parameters. For alkylation,
sulphuric acid containing 88%–98% monohydrate is typically used. However, only a H2SO4 concentration of
95%–96% enables alkylate with the maximum octane number to be obtained. Changes in H2SO4 concentration
due to decontamination are the main cause of process variations. Therefore, it is necessary to maintain the reac-
tor acid concentration at a constant level by regulating the supply of fresh catalyst and pumping out any spent
acid. The main reasons for the decrease in the H2SO4 concentration are accumulation of high-molecular organic
compounds and dilution by water. One way to improve and predict unsteady alkylation processes is to develop
a mathematical model that considers catalyst deactivation. In the present work, the formation reactions of
undesired substances were used in the description of the alkylation process, indicating the sensitivity of the pre-
diction to H2SO4 activity variations. This was used for calculation the optimal technological modes ensuring the
maximum selectivity and stability of the chemical–technological system under varying hydrocarbon feedstock
compositions.

1 Introduction

In context of tightening motor fuel requirements, particu-
larly in relation to aromatic hydrocarbon content, there is
an increasing demand for alkylate, i.e., the product of the
alkylation process of isobutane with alkenes. The obtained
alkylate consists of branched hydrocarbons that have a high
octane number [1–4].

In industry, the alkylation of isobutane with alkenes is
mainly performed using two types of catalyst, i.e., sulphuric
or hydrofluoric acids [5–7]. Currently, developments are
being made in the field of solid phase alkylation [8–13]; nev-
ertheless, to date, only 1% of alkylate is produced using
solid catalysts. In 1996, most industrial alkylation plants
used Hydrogen Fluoride (HF) as a catalyst; however, owing
to its high toxicity, technologies that used a relatively safe
analogue, i.e., sulphuric acid, were subsequently developed.
Anhydrous HF is a corrosive and highly toxic liquid with a
boiling point close to room temperature. Therefore, refiner-
ies with HF alkylation plants are under pressure to install
expensive mitigation systems minimizing the dangers of

HF leaks. Moreover, authorities in many industrialized
countries have ceased to license new HF alkylation plants.
The other reason for using sulphuric acid is that alkylation
gasoline may be contaminated by HF and fluorinated
organic compounds that also are highly toxic. Despite other
concerns such as the high operating costs, sulphuric acid-
catalyzed processes are less hazardous. Sulfuric acid is also
a corrosive liquid, but not so volatile, making its handling
easier [14].

Unlike alkylation on solid catalysts, the main reason of
liquid acidic catalysts deactivation is formation of Acid Sol-
uble Oils (ASO) [2]. The ASO formation mechanism
includes olefin oligomerization, disproportionation and
cyclization reactions in acid media [10, 15]. Accumulation
of too much water causes the deactivation of the mois-
ture-sensitive ionic liquid [14]. Effects of aromatics on ionic
liquids for C4 alkylation reaction were discussed in [16].

Much work has been devoted to modelling of the solid-
catalyst deactivation process [17–23]. This process and the
problems arising from it are influenced by many factors that
can be most effectively solved by mathematical modelling
[24–28]. It is impossible to completely prevent deactivation;
therefore, the only possible way to solve this problem is to
create an effective technology for catalyst operation both* Corresponding author: dolganovaio@tpu.ru
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in the feed cycle (during operation) and in the regeneration
process.

Currently, mainly empirical models are used to describe
the dynamics of catalyst deactivation. They are not suitable
for solving the most important problem of the process effi-
ciency decrease caused by catalyst deactivation. This prob-
lem is associated with 90% of all costs for the development
and operation of the industrial processes relating to oil refin-
ing and petroleum chemistry. Prediction of the catalyst
deactivation rate depending on its operating mode is possi-
ble only based on a detailed study of the kinetic laws of the
deactivation dynamics during the catalytic process. Extend-
ing catalyst life by optimising operating conditions and
regeneration is extremely important. Revealing the kinetic
regularities of the dynamics of the deactivation of liquid-
phase catalysts, such as sulphuric acid, in the alkylation
process makes it possible to predict the occurrence of emer-
gencies and make the necessary decisions for their
prevention.

Nevertheless, the methods used for predicting the
dynamics of catalyst deactivation are based on empirical
approaches rather than on detailed mechanisms and kinet-
ics, which does not allow for the prediction of catalytic sys-
tem behaviour under changing technological parameters
and feedstock compositions.

Several works describe mathematical models of liquid
alkylation catalysts deactivation. Modeling of side reactions
of isobutane alkylation with butenes catalyzed by trifluo-
romethane sulfonic acid is described in [10]. Rate equations
are first order in catalyst concentration and its Hammett
proton activity controlled by ASO content. In [29], the for-
mation pathways for the polymerization of C4 alkenes were
discussed and the isomerization between butenes was fully
considered. Nevertheless, the proposed kinetic model con-
siders only the detailed mechanism of side reaction, leaving
dependence of the reaction rates on the ASO concentration
undiscussed.

To date, there is no unsteady mathematical model of
H2SO4-catalysed alkylation of isobutane with alkenes based
on industrial data [30].

Models of benzene alkylation with ethylene [31, 32] and
benzene alkylation with higher alkenes [33, 34] have been
developed. These models consider the processes of instabil-
ity and catalyst deactivation by heavy aromatic com-
pounds. For the alkylation of isobutane with alkenes, a
mathematical model has been developed that considers
the reactions of trimethylpentanes, dimethylhexanes, 2-
methyldecane, 2,7-dimethyloctane and 2-methylheptane
formation [35]; however, it is important to also consider
deactivation of the H2SO4 catalyst by acid soluble oils.

The aim of this study was to improve the mathematical
model of the H2SO4-catalysed alkylation of isobutane with
alkenes and to describe the mechanism of catalyst deactiva-
tion by high molecular weight organic compounds of a poly-
meric nature in order to consider the emerging deactivation
of the catalyst.

In future, the established regularities will be consid-
ered in the equations of formal kinetics that describe the
rates of chemical reactions occurring in a catalytic reactor
[36, 37].

2 Materials and methods

2.1 Technological scheme of the H2SO4-catalysed
alkylation of isobutane with alkenes

The main components of the system for H2SO4-catalysed
alkylation of isobutane with alkenes are the reactor unit
and the crude alkylate separation unit. A schematic block
diagram of the process is shown in Figure 1.

The plant feedstocks were the Butane–Butylene Frac-
tion (BBF) resulting from the catalytic cracking units and
the isobutane fraction from the gas fractionation unit.
The mixed raw materials were fed into the contactors of
the reactor block via four parallel streams. Each of the four
contactors was a horizontal pressure vessel. The piping of
the contactors was parallel for hydrocarbons and sequential
for the acid. The crude alkylate separation unit included
depropanisation, deisobutanisation and debutanisation
columns.

2.2 System monitoring of H2SO4-catalysed alkylation
of isobutane with alkenes

The main control parameters of the alkylation of isobutane
with alkenes were inlet temperature of the feedstock, supply
of isobutane coolant, flow rate and concentration of H2SO4
catalyst, feedstock flow rate and circulating isobutane flow
rate.

The compositions of the BBF, circulating isobutane and
isobutane coolant were obtained using gas chromatography
during a pilot run of the system for H2SO4-catalysed alky-
lation of isobutane with alkenes.

The hydrocarbon composition of the feedstock for the
alkylation process is determined by gas chromatography
in accordance with GOST 10679-2019. This standard
applies to liquefied petroleum gases (propane, propene,
butanes, butenes with admixtures of accompanying compo-
nents and/or their mixtures) obtained during processing of
oil, gas condensate, associated petroleum and natural gases.
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Fig. 1. Schematic block diagram of the H2SO4-catalysed
alkylation of isobutane with alkenes.
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For the analysis, a laboratory gas chromatograph was
used, equipped with:

(a) a thermal conductivity detector or a flame ioniza-
tion detector, providing a detection limit for the
mass or molar fraction of components of 0.001% or less;

(b) a packed or capillary column providing satisfactory
separation of the components of the analyzed sample
under the conditions of measurements;

(c) a column thermostat that provides programmable
regulation of the rate of temperature rise and/or
maintenance of the set temperature with the limit
of the permissible deviation of the thermostat tem-
perature from the average value of no more than
0.1 �C in the operating temperature range. Tempera-
ture control during measurements should ensure the
repeatability of the retention time of the components
of one sample no more than 3 s;

(d) software that performs the functions of controlling the
chromatograph and processing chromatographic data,
providing for automated and manual processing of
chromatograms, which allows obtaining a graphical
image of the chromatogram, identifying peaks, deter-
mining the area of the chromatographic peak, calcu-
lating the results of analysis by the method of
internal normalization or absolute calibration with
subsequent normalization of the obtained values, as
well as the presentation and storage of data;

(e) electronic means of maintaining the speed and pres-
sure of the carrier gas, hydrogen and air flows, ensur-
ing stable retention characteristics of the determined
components;

(f) a packed or capillary evaporator;
(g) a sample introduction system that provides a constant

sample volume input from 0.05 to 1.0 mm, depending
on the selected instrument configuration. A gas sample
dosing system, including a dosing valve made of a cor-
rosion-resistant material, must ensure a repeatability of
the injected sample amount of no more than 2% at the
required sensitivity to detect the minimum content of
the defined component. In this case, the content of com-
ponents in the measured sample should not exceed the
upper linearity limit of the detector;

(h) any type of thermostat cooling system (if necessary);
(i) valve – switch for backflush (if necessary).

The method for measuring the component composition
is based on the separation of sample components using
gas chromatography and their subsequent registration with
a thermal conductivity detector or a flame ionization detec-
tor. The values of the mass or molar fraction of components
are determined by processing the chromatographic data by
the method of internal normalization using relative mass or
molar correction factors or by absolute calibration using
absolute molar calibration factors and subsequent normal-
ization of the measured values.

The results are presented in Table 1.
From the point of the product quality, the most favour-

able components of the process are the butylenes. There-
fore, the content of butylenes in the BBF should be

maintained at 40–50 vol.% [1]. Simultaneously, the content
of diene hydrocarbons should be minimal as these compo-
nents lead to the formation of undesired complex products
when interacting with the acid, thereby diluting it and
reducing alkylate quality.

The weight fractions of the alkylate components were
determined in accordance with ASTM D5134 using capil-
lary gas chromatography. Equipment used: gas chro-
matograph with programming the temperature of the
column thermostat from 35 �C to 200 �C, with a heating
rate of 1 �C/min; capillary column 50 m long, 0.2 mm inner
diameter with a grafted (cross-linked) methyl silicone
phase, the film thickness of which is 0.5 lm. The procedure
for transferring a representative sample of hydrocarbon
fluid from the sampling source to a floating piston cylinder
was carried out in accordance with ASTM D3700.

The alkylate compositions obtained during an industrial
run of the alkylation system are presented in Table 2.

According to the obtained data, during the pilot indus-
trial run of the system, the alkylate contained about
71–74 wt.% of C8 isoalkanes, providing high octane num-
bers. About 30–33 wt.% of the C8 isoalkanes was 2,2,4-
trimethylpentane.

One of the most important controlling parameters is the
isobutane:alkenes ratio. With an excess of isobutane in the
reaction zone, target reactions are intensified and side reac-
tions of the process are suppressed. In the current work, the
isobutane:alkenes ratio was 11–12 (mol/mol). A significant
increase in this parameter is impractical owing to the conse-
quent increase in capital and operating costs.

Considering the large number of parameters affecting
the performance of the catalytic alkylation processes, it
was necessary to use an integrated approach to mathemat-
ical modelling that includes both laboratory and numerical
studies. This ensures the consideration of (i) feedstock char-
acteristics and composition, (ii) thermodynamic and kinetic
reaction laws in the catalytic reactors and (iii) patterns in
catalyst activity change. The mathematical description
stems from the sequential performance of the following
stages: development of the (i) reaction network, (ii) kinetic
equations system, (iii) steady-state reactor model and (iv)
unsteady model considering the total volume of raw mate-
rials processed and the catalyst activity.

2.3 Developing the alkylation process network

On the basis of the performed thermodynamic analysis and
experimental data analysis, a formalized reaction network
of the H2SO4-catalysed alkylation of isobutane with alkenes
was proposed (Fig. 2). This reaction network included the
stages of carbocation formation, reactions of primary alky-
lation, hydrogen transfer reactions (“self-alkylation”),
destructive alkylation, reactions of b-decay, reactions of
alkene polymerisation and contamination of H2SO4 with
high molecular weight compounds and water.

Based on the proposed reaction network, a kinetic
model of the process of H2SO4-catalysed isobutane alkyla-
tion was developed. Expressions for the chemical reactions
rates were written in accordance with the law of effective
masses.
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Table 2. Alkylate compositions obtained during an industrial run of the alkylation system.

Day Component Component concentration, wt.%

C4 C5 C6 C7 C8 C9 C10 C11 C12

1 Alkanes 4.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isoalkanes 0.00 5.15 5.07 4.57 71.93 3.59 1.13 3.50 0.15

2 Alkanes 4.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isoalkanes 0.00 4.69 4.81 4.37 73.17 3.32 1.09 3.55 0.13

3 Alkanes 5.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isoalkanes 0.00 4.85 4.82 4.37 73.05 3.28 1.01 3.45 0.12

4 Alkanes 5.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isoalkanes 0.00 4.82 4.78 4.34 72.76 3.21 0.92 3.27 0.13

5 Alkanes 5.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isoalkanes 0.00 4.66 4.65 4.16 73.81 2.80 0.85 3.19 0.11

6 Alkanes 6.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isoalkanes 0.00 4.67 4.61 4.15 73.42 2.93 0.87 2.96 0.12

7 Alkanes 5.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isoalkanes 0.00 4.10 4.12 3.82 76.71 2.48 0.73 2.86 0.05

8 Alkanes 4.66 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00
Isoalkanes 0.00 4.32 4.60 6.48 72.86 2.88 1.21 2.81 0.09

9 Alkanes 4.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isoalkanes 0.00 5.34 5.12 4.95 71.23 3.96 1.14 3.44 0.21

10 Alkanes 4.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isoalkanes 0.00 5.15 5.03 4.98 71.35 3.97 1.16 3.79 0.23

Table 1. Compositions of the butane–butylene fraction, circulating isobutane and isobutane coolant.

Component concentration,
wt.%

Days

1 2 3 4 5 6 7 8 9 10

Composition of butane–butylene fraction
Butadiene-1,3 0.30 0.27 0.26 0.26 0.20 0.25 0.25 0.25 0.25 0.26
Butylene 15.81 15.87 15.72 15.66 15.60 15.55 15.49 15.38 15.14 15.57
Isobutane 43.57 44.76 45.07 44.84 45.12 44.99 46.31 48.71 43.39 43.97
Iso-butylene 5.78 5.12 5.31 5.15 5.13 4.97 3.68 7.11 8.09 6.34
n-Butane 8.46 8.32 8.21 8.35 8.29 8.32 8.42 7.36 8.15 8.34
Trans-butylene 16.13 15.96 15.82 15.95 15.88 15.99 15.98 13.53 15.42 15.84
Cis-butylene 9.96 9.70 9.61 9.80 9.77 9.94 9.87 7.65 9.55 9.67

Composition of circulating isobutane
Isobutane 84.66 86.47 87.17 86.96 85.43 86.60 87.80 86.48 85.63 84.20
n-Butane 12.11 10.46 9.89 9.91 10.99 10.31 9.30 9.88 10.74 11.53
Propane 2.92 2.85 2.72 2.90 3.38 2.93 2.77 3.34 3.28 3.72P

C5 0.31 0.22 0.22 0.23 0.20 0.16 0.13 0.30 0.35 0.55
Composition of isobutane-coolant

Isobutane 79.04 82.33 82.28 79.99 82.45 80.85 82.25 80.93 79.82 80.61
n-Butane 11.01 9.73 9.56 10.21 9.54 10.13 9.35 9.18 9.92 10.08
Propane 8.40 7.25 7.47 8.41 7.43 8.35 7.89 8.51 9.34 8.50P

C5 1.55 0.69 0.69 0.75 0.58 0.67 0.51 0.73 0.92 0.81P
C6+ 0.00 0.00 0.00 0.64 0.00 0.00 0.00 0.65 0.00 0.00
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2.4 Developing a nonsteady-state mathematical model
of H2SO4-catalysed alkylation of isobutane with
alkenes

Deactivation of sulphuric acid owing to its dilution with
high-molecular compounds and water leads to a decrease
in the concentration of protons in the system, which in turn
leads to a decrease in the concentration of carbocations
(strong Lewis acids), which are intermediate compounds
in the target isooctanes formation. The formation of high
molecular weight organic substances is due to the cationic
polymerisation of alkenes in a H2SO4 medium. In this case,
initiation is carried out via the formation of a carbocation
from a monomer (alkene) and H2SO4:

ð1Þ

ð2Þ

The chain growth is an electrophilic addition reaction:

ð3Þ

The chain growth is an electrophilic reaction. Chain termi-
nation can occur due to the addition of an anion of another
nucleophile:

ð4Þ

Chain termination can also be due to proton separation:

ð5Þ

These reactions are components of the kinetic scheme,
along with the formation reactions of high molecular weight
hydrocarbons and water, and provide the model’s sensitiv-
ity to H2SO4 deactivation.

In addition to entering the reaction zone with the feed-
stock, water in the isobutane alkylation process can also be
formed in the following reaction:

CnH2n þ H2SO4 ! 2CnHn�2 þ 2H2O þ SO2 ð6Þ

The spent sulphuric acid can contain dialkylsulfates, some
of which can decompose to form oxygen:

R1 –O –SO2 ! R1 –R2 þ SO2 þ O2 ð7Þ

Via interaction with hydrocarbons, oxygen also forms
water. The dilution of H2SO4 with water significantly
reduces its catalytic activity; therefore, it is important to
maintain the optimal technological mode that ensures min-
imal water formation. In addition, drying of the butane–
butylene and isobutane fractions is required.

The system of heat and mass transfer equations con-
tains a parameter characterising the change in catalyst
activity aj. This parameter is determined according to the
by-product content and depends on the acid flow rate for
regeneration:

dCi
dt ¼ 1

s Ci;0 � Cið Þ � ajW j ;

dT
dt ¼ 1

s T 0 � Tð Þ þ Qj

Cmix
p

ajW j :

8<
: ð8Þ

Initial and boundary conditions: t = 0, Ci = Ci0, T = T0.
Where Ci concentration of the ith component, mol/m3;

i= 1,..., N; j= 1,...,M; N: number of substances;M: number
of reactions; Wj: rate of jth reaction, mol/(m3 s); s: contact
time, sec.; T: temperature, K; q: density, mol/m3; Qj: heat
effect of jth reaction, J/mol; Cmix

p : heat capacity of the reac-
tion mixture, J/(mol � K); aj: catalyst activity, rel. units.

aj ¼ kj;current
kj;initial

; ð9Þ

where kj,initial: initial reaction rate of the jth reaction,
kj,current: current reaction rate of the jth reaction.
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For the program code of the mathematical model, the
Pascal programming language was used in the Borland
Delphi 7 programming environment. The choice of this
programming language was dictated by the simplicity of
the syntax and basic concepts, strict typing, academic
character of the language and the availability of a license
for the corresponding software.

To simulate the alkylation process, the following data
were used:

1. composition of raw materials and products and their
characteristics (density, heat capacity, viscosity, etc.);

2. technological parameters (temperature, pressure, flow
rates);

3. characteristics of the catalyst;
4. equipment characteristics (geometrical dimensions,

configuration, dimensions of branch pipes, etc.);
5. technological regulations and technological scheme.

The data for the process modeling were taken from the
factory databases, which were obtained on the existing
equipment in the factory using a telemetry system.

The inverse kinetic problem was solved by the following
way. To calculate the activation energy and the pre-expo-
nential factor in the Arrhenius equation, we applied the the-
ory of absolute velocities of chemical reactions (the theory
of a transition state).

The pre-exponential factor in the Arrhenius equation
was calculated using the formula:

ko ¼ v
k � T
h

e�S#=R ð10Þ

where v: transmission coefficient; k: Boltzmann’s constant
(1.38 � 10�23 J/K); T: temperature, K; h: Planck con-
stant (6.62 � 10�34 J/s), DS#: activation entropy,
kJ/mole, R: universal gas constant (8.314 kJ/(mole K).

The activation energy was calculated as

Ea ¼ �H# þ nRT ; ð11Þ

where DH#: activation enthalpy, kJ/mole.
The search for the transition state was performed by the

method of quadratic synchronous transit QST2.
The obtained values of kinetic parameters were cor-

rected in such a way as to ensure the maximum convergence
of the calculated and experimental data by minimizing the
following criterion:

E ¼
Xn
i¼1

Xk

j¼1

ðpi;j � yi;jÞ2; ð12Þ

where E – value of the calculation error; pij – actual value
of the parameter; yij – calculated value of the parameter;
n: number of experimental points; k – number of parame-
ters (component composition of alkylate, octane number
of alkylate, etc.).

i-C4
+

1-C4H8

2-C4H8

+ H+ + i-C4
+ 2 (i-C4=) 

+ 1-C4H8

ТМС5
+
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+ H2SO4
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+ C3H6
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Fig. 2. Reaction network of the H2SO4-catalysed alkylation of isobutane. where DMC4: dimethylbutanes; MC5: methylpentanes;
DMC5: dimethylpentanes; TMC5: trimethylpentanes; MC6: methylhexanes; DMC5: dimethylhexanes; I7(8,9,10,11): isomers of
hydrocarbons C7(8,9,10,11); i-C4

+: isobutyl cations; i-C12
+: isododecyl cations; MC6

+: methylhexanes (cations); TMC5
+: trimethylpen-

tanes cations; i-C4=: isobutene; 1-C4H8: butene-1; 2-C4H8: butenes-2; i-C4H10: isobutanes; i-C5H12: isopentanes; i-C4: isobutanes;
n-C4: butanes; i-C5H12: isopentanes. The pseudocomponent “polymers” refers to the high molecular weight products of alkene
polymerisation, as well as all undesired high molecular weight compounds formed during the alkylation process.
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3 Results and discussion

3.1 Verification of the developed mathematical model

The developed model of H2SO4-catalysed isobutane alkyla-
tion was software implemented in a high-level language.
The developed model of H2SO4-catalysed isobutane alkyla-
tion was software implemented in a high-level language in
the Borland Delphi 7 programming environment. By solv-
ing the inverse kinetic problem and based on the data
obtained during the experimental industrial run of the sys-
tem, the kinetic parameters of the chemical reactions were
determined and used in a kinetic description of the process.
The model was verified by comparing the calculated and
experimental alkylate compositions (Fig. 3).

According to the results presented in Figure 3, the
model showed satisfactory convergence when calculating

the commercial alkylate composition. The average calcula-
tion error was less than 2 wt.%.

3.2 Assessment of the main control parameters
influencing alkylate yield and quality

With the developed model, an assessment of the main con-
trol parameters influencing the alkylate yield and quality
was performed (Figs. 4 and 5).

The octane number of the mixture can be represented as
the sum of two components: additive and non-additive:

ON ¼
Xn
i¼1

ONi � cið Þ þ B; ð13Þ

where ON: octane number of gasoline mixture; B: total
deviation of octane numbers from additivity; Ci: concen-
tration of the ith component, rel. units.

B ¼ 1
100

Xn
i¼1

Xn
j¼iþ1

BiBjCiCj ; ð14Þ

where Bi, Bj: units characterizing the tendency of the ith
molecule to intermolecular interaction with the jth mole-
cule, which can be expressed through the dipole moments
of the molecules:

Bj ¼ a
Di

Dmax

� �g

; ð15Þ

where a and g: kinetic parameters that determine the
intensity of intermolecular interactions depending on the
dipole moment D, for a toluene molecule are numerically
equal to 2.21 and 1.09, respectively; Dmax: maximum
dipole moment of C9+ aromatic hydrocarbon molecules
[38].

Changes in the load and composition of the raw mate-
rial, the activity of the catalyst (sulfuric acid), and the

Fig. 4. Alkylate octane number depending on process
temperature.

Calculation Experiment

Fig. 3. Calculated and experimental contents of trimethylpen-
tanes in the composition of alkylate.
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Fig. 5. Alkylate octane number depending on circulating
isobutene flow rate.

E. Ivashkina et al.: Oil & Gas Science and Technology – Rev. IFP Energies nouvelles 76, 36 (2021) 7



technological mode parameters give rise to an area of uncer-
tainty in determining the octane number and reaction rate
constants, which are known within certain intervals. The
size of the uncertainty region (for an octane number of 1–
1.5 units, Fig. 4) is additionally affected by the range of
quantity, type, and availability of the source data. The
uncertainty region determines the range of parameter
changes and the margin factor for the optimized character-
istics, including the octane number.

Increase of the feedstock initial temperature increased
the rates of both the target and side reactions; therefore,
there was an optimal temperature range that depended
on many factors such as composition of the feedstock, acid
concentration, isobutane:alkenes ratio and configuration of
the technological equipment.

Increase of the circulating isobutane flow rate increased
the isobutane:alkenes ratio, which favourably affected alky-
late quality and yield (Fig. 6); however, it is impractical to
maintain significantly high values of this parameter owing
to the consequential high capital and operating costs.

An increase in the supply of circulating isobutane first
leads to an increase in the yield of alkylbenzene due to an

increase in the degree of conversion of the initial butylenes,
as well as suppression of side reactions of the polymers for-
mation. Then, the yield curve of alkylbenzene reaches
steady state.

The optimal consumption of circulating isobutane is
determined based on the content of butylenes and isobu-
tane in the butane-butylene fraction stream (process feed-
stock) and in the circulating isobutane stream itself. The
calculation results for two different compositions of the
butane-butylene fraction (all other things being equal for
the process of sulfuric acid alkylation) are shown in
Figure 7.

The total content of butylenes is 47.9 and 44.8 wt.% for
compositions of raw materials No. 1 and No. 2, respectively.
Thus, in order to achieve the maximum yield of alkylate,
when processing raw materials close in composition to feed-
stock No. 1, the optimal circulating isobutane flow rate lies
in the range 45–50 m3/h, and when processing raw materi-
als close in composition to feedstock No. 2, the optimal cir-
culating isobutane flow rate lies in the range of 37–42 m3/h.

A study of the influence of the butylene content in the
butane–butylene fraction on alkylate yield was carried out
under constant technological parameters (Tab. 3).

The calculation results are presented in Figure 8.
According to the results presented in Figure 8, an

increase in the BBF butylenes content led to increases in
the alkylate yield and its octane number. This was due to
intensification of the target reactions of the formation of tri-
methyl-substituted octane isomers.

Calculations were also carried out on a model for vari-
ous operating modes of the isobutane alkylation process.
The technological parameters are presented in Table 4.

H2SO4 concentration was one of the main process
parameters. For alkylation, sulphuric acid containing
88–98% monohydrate is typically used. However, only
95–96% H2SO4 allows for alkylate with the maximum
octane number to be obtained [35]. Changes in H2SO4 con-
centration due to decontamination are the main reason for
process instability; therefore, it is necessary to maintain the
acid concentration in the reactor at a constant level by reg-
ulating the supply of fresh catalyst and pumping out the

Fig. 7. Optimal consumption of circulating isobutane for
feedstock Nos. 1, 2.

Table 3. Technological parameters of alkylation process.

Parameter Value

Alkenes flowrate, m3/h 41.16
Circulating isobutene flowrate, m3/h 120.16
Coolant flowrate to contactor 1, m3/h 25.03
Coolant flowrate to contactor 2, m3/h 40.90
Coolant flowrate to contactor 3, m3/h 40.90
Coolant flowrate to contactor 4, m3/h 37.09
Inlet temperature in contactor 1, �C 5.00
Inlet temperature in contactor 2, �C 1.88
Inlet temperature in contactor 3, �C 0.51
Inlet temperature in contactor 4, �C �0.35
Feedstock pressure, MPa 0.16Fig. 6. Effect of isobutene flow rate on the alkylate yield.
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spent acid. The main reasons for the decrease in H2SO4 con-
centration are the accumulation of high molecular weight
organic compounds and dilution by water.

The occurrence of irreversible side reactions under the
thermobaric conditions of the experiment was confirmed
by the thermodynamic analysis performed. The kinetic reg-
ularities of these reactions were established by solving the
inverse kinetic problem using the experimental data.

The mathematical model of the alkylation reactor
includes the functional dependence of the liquid-phase cat-
alyst activity change on the amount of by-products formed,
allowing us to calculate the fresh acid flow rate required to
ensure maximum selectivity and stability of the process con-
ditions under conditions of changing feedstock composition.
According to data presented in Table 4, the parameters of
the H2SO4-catalysed alkylation system for isobutane varied
over wide ranges.

The catalyst activity in the alkylation process was
determined using the concentration of H2SO4 fed to the
contactors. To maintain the concentration of waste acid
at the level of 90 wt.%, fresh acid was added to the system
as an appropriate volume of spent acid was removed. A
graph of the catalyst change activity during the alkylation
process is shown in Figure 9.

According to the data presented in Figure 7, the catalyst
activity at the outlet of the reactor block was 94.3 and
93.8 wt.% for modes 5 and 7, respectively; whereas for
the other modes, the catalyst activity was 95–96 wt.%.
An increase in the side reactions rate, in particular the

formation of high molecular weight hydrocarbons during
cationic polymerisation reactions in modes 5 and 7, can be
explained by the relatively low isobutane:alkenes ratios of
9.2 and 9.4 (mol/mol), respectively. For the other modes,
this ratio was maintained at a level of 11–12 (mol/mol),
which made it possible to suppress undesirable alkene poly-
merisation reactions.

The mathematical model included the functional depen-
dence of changes in the liquid-phase catalyst activity on the
amount of by-products formed. This allowed calculation of
the fresh acid flow rate required to ensure maximum selectiv-
ity and stability of the chemical–technological system under
conditions of changing hydrocarbon feedstock composition.

The optimal consumption of fresh acid is determined
based on the condition that the concentration of the spent
acid for the first stage of the contactors should be at least
93–95 wt.% since then this acid sequentially enters the sec-
ond stage, and if its concentration drops below 90 wt.%,
intensification of side reactions of alkenes polymerization
will occur. With an increase in the BBF supply, there is
an increase in the acid consumption and, as a consequence,
a decrease in its concentration in the contactors. The calcu-
lation results are presented in Figure 10.

With an increase in the BBF flowrate, an increase in the
consumption of sulfuric acid occurs. Therefore, fresh acid
feed is required to maintain the acid concentration at the
outlet of the contactor at a level of 93–95 wt.%.

In this study, the experimental data reflected changes in
the H2SO4 catalyst concentration due to the formation of
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Fig. 8. Alkylate yield and octane number at different BBF butylene contents.
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high molecular weight hydrocarbons in the isobutane alky-
lation process. The developed mathematical model of the
alkylation process was sensitive to changes in feedstock
composition and showed a high predictive potential in rela-
tion to alkylate yield and quality. An example of the opti-
mum process conditions for a sulfuric acid alkylation is
presented below (Tabs. 5 and 6).

These technological parameters provide a high yield of
alkylate (57.5 kmol/h per one contactor) and a high octane

number of alkylate (95 points according to the research
method).

However, these recommendations are suitable only if the
processed feedstock composition is close to the presented
above. When processing feedstock of a different composi-
tion, the optimal parameters will be different. In addition,
when changing the loading of the plant for BBF, the
optimal flow rate of circulating isobutane and the tempera-
ture in the contactors would also be adjusted.

Table 4. Technological parameters of alkylation system performance.

Parameter Mode

1 2 3 4 5 6 7

Butane–butylene fraction composition
Density of 20 �C, g/sm3 0.58 0.58 0.58 0.58 0.58 0.58 0.58
Methane, wt.% 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethane, wt.% 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethylene, wt.% 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C2, wt.% 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Propane, wt.% 0.65 0.56 0.79 0.60 0.39 0.80 0.30
Propylene, wt.% 0.06 0.07 0.08 0.23 0.04 0.10 0.03
Propane + propylene, wt.% 0.71 0.63 0.87 0.83 0.43 0.90 0.33
Isobutane, wt.% 40.11 39.74 41.21 38.68 42.50 44.87 43.67
n-Butane, wt.% 8.44 8.41 8.60 7.53 7.97 8.07 8.41
Butylene, wt.% 16.17 15.49 15.87 15.01 16.28 16.76 15.79
i-Butylene, wt.% 7.71 8.08 6.51 11.58 6.04 2.34 5.71
Trans-butylene, wt.% 16.43 16.74 16.33 14.97 16.46 16.69 15.96
Cis-butylene, wt.% 9.87 10.58 10.04 8.74 9.88 9.92 9.80
Butadiene-1,3, wt.% 0.37 0.33 0.37 0.29 0.33 0.33 0.30P

butylenes, wt.% 50.18 50.89 48.75 50.30 48.66 45.71 47.26
Isopentane, wt.% 0.00 0.00 0.01 1.15 0.00 0.00 0.00
n-Pentane, wt.% 0.00 0.00 0.00 0.00 0.00 0.00 0.00P

C6+, wt.% 0.19 0.00 0.19 1.22 0.10 0.12 0.03P
C5+, wt.% 0.19 0.00 0.20 2.37 0.10 0.12 0.03

H2S + RSH, wt.% 0.0007 0.0005 0.0003 0.0002 0.0003 0.0002 0.0002
Technological parameters

Alkenes flowrate, m3/h 34.98 36.20 39.62 33.18 40.76 24.45 42.43
Circulating isobutane flowrate, m3/h 125.62 120.00 116.96 115.45 112.55 108.03 119.09
Coolant flowrate to contactor 1, m3/h 31.97 30.97 32.48 31.97 36.99 31.95 24.99
Coolant flowrate to contactor 2, m3/h 37.03 32.01 32.50 34.98 30.96 24.21 40.49
Coolant flowrate to contactor 3, m3/h 31.75 35.26 38.31 27.82 38.96 17.90 40.47
Coolant flowrate to contactor 4, m3/h 31.76 35.27 38.33 27.84 38.97 17.88 37.05
Inlet temperature in contactor 1, �C �2.80 3.80 4.49 �7.32 �2.34 �3.58 1.41
Inlet temperature in contactor 2, �C 5.62 5.81 6.40 4.70 4.34 2.90 1.90
Inlet temperature in contactor 3, �C 6.27 5.22 5.64 4.98 3.86 2.54 �2.49
Inlet temperature in contactor 4, �C 5.34 4.65 6.17 4.46 5.03 3.26 �0.91
Fresh acid flowrate to circuit 1, m3/h 3.83 3.50 4.75 3.02 5.17 3.50 5.33
Fresh acid flowrate to circuit 2, m3/h 2.50 2.21 2.94 2.03 3.30 2.20 3.49
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4 Conclusion

The current research is devoted to developing the unsteady
mathematical model of H2SO4-catalysed alkylation of
isobutane with alkenes and to optimizing the technological
modes. The study yielded a number of findings.

The proposed level of reaction network detalization con-
siders the high-molecular compounds formation and the
process unsteadiness. This ensures the universality and ade-
quacy of the reactions kinetic description and preserves the
mathematical model sensitivity to the hydrocarbon feed-
stock composition. Considering reactions of high molecular

weight hydrocarbons and water formation provides the
model’s sensitivity to H2SO4 deactivation and allows reveal-
ing the optimal technological modes. Thus, for the feed-
stock containing 0.3 wt.% of butadiene-1,3, 15.75 wt.% of
butylene, 43.41 wt.% of isobutane, 5.76 wt.% of iso-buty-
lene, 8.43 wt.% of n-butane, 16.07 wt.% of cis-butylene,
9.92 wt.% of trans-butylene, the optimal H2SO4 flowrate
to contactors 1 and 2 is 3.20 m3/h and 3.58 m3/h,
respectively.

Further research will aim to complement the developed
kinetic model with heat balance equations and calibrate the
kinetic parameters of the model over a wider range of exper-
imental data.

Acknowledgments. This research was supported by Tomsk
Polytechnic University CEP grant Number DRIaP_75/2019,
by RSCF grant No. 19-71-10015 and by Russian State Project
“Science” FSWW-2020-0011.

Fig. 10. The acid concentration depending on the BBF flowrate
to contactor.

Fig. 9. Activity of H2SO4 catalyst during alkylation process.

Table 5. Optimal feedstock composition.

Component Butane–butylene
fraction

composition

Circulating
isobutane

Isobutane
coolant

wt.%

Propane 0.00 3.08 8.40
Butadiene-1,3 0.30 0.00 0.00
Butylene 15.75 0.00 0.00
Isobutane 43.41 84.73 79.04
Iso-butylene 5.76 0.00 0.00
n-Butane 8.43 11.88 11.01
Cis-butylene 16.07 0.00 0.00
Trans-butylene 9.92 0.00 0.00P

C5 0.00 0.31 1.55

Table 6. Optimal technological mode.

Alkenes flowrate, m3/h 71.49
Circulating isobutane flowrate, m3/h 118.2
Coolant flowrate to contactor 1, m3/h 25.00
Coolant flowrate to contactor 2, m3/h 40.05
Coolant flowrate to contactor 3, m3/h 40.05
Coolant flowrate to contactor 4, m3/h 37.00
Inlet temperature in contactor 1, �C 1.80
Inlet temperature in contactor 2, �C 1.82
Inlet temperature in contactor 3, �C 0.38
Inlet temperature in contactor 4, �C �0.70
Feedstock pressure, MPa 0.63
Acid concentration, wt.% 98.17
Fresh acid flowrate to circuit 1, m3/h 3.20
Fresh acid flowrate to circuit 2, m3/h 3.58

E. Ivashkina et al.: Oil & Gas Science and Technology – Rev. IFP Energies nouvelles 76, 36 (2021) 11



References

1 Sun W., Shi Y., Chen J., Xi Z., Zhao L. (2013) Alkylation
kinetics of isobutane by C4 olefins using sulfuric acid as
catalyst, Ind. Eng. Chem. Res. 52, 15262–15269.

2 Albright L.F., Spalding M.A., Kopser C.G., Eckert R.E.
(1988) Alkylation of isobutane with C4 olefins. 2. Production
and characterization of conjunct polymers, Ind. Eng. Chem.
Res. 27, 386–391.

3 Liu Y., Liu G., Wu G., Hu R. (2020) The alkylation of
isobutane and 2-butene in rotating packed bed reactor: Using
ionic liquid and solid acid as catalysts, Ind. Eng. Chem. Res.
59, 14767–14775.

4 Albright L.F. (1998) Updating alkylate gasoline technology,
Chemtech. 28, 45–46.

5 Esteves P.M., Araújo C.L., Horta B., Alvarez L.J., Zicovich-
Wilson C.M., Ramírez-Solís A. (2005) The isobutylene-
isobutane alkylation process in liquid HF revisited, J. Phys.
Chem. B 109, 12946–12955.

6 Katsman E.A., Berenblyum A.S., Zavilla J., Hommeltoft S.I.
(2004) Poisoning effect of acid soluble oil on triflic acid-
catalyzed isobutane alkylation, Kinet. Catal. 245, 676–678.

7 Ma H., Zhang R., Meng X., Liu Z., Liu H., Xu C., Chen R.,
Klusener P., De With J. (2014) Solid formation during com-
posite-ionic-liquid-catalyzed isobutane alkylation, Energy
Fuel. 28, 5389–5395.

8 Patrilyak K.I., Patrilyak L.K., Voloshina Y.G., Manza I.A.,
Konovalov S.V. (2011) Distribution of the products from the
alkylation of isobutane with butenes at a zeolite catalyst and
the reaction mechanism, Theor. Exp. Chem. 47, 205–214.

9 Arbuzov A.B., Drozdov V.A., Kazakov M.O., Lavrenov
A.V., Trenikhin M.V., Likholobova V.A. (2012) Liquid-
phase isobutane alkylation with butenes over aluminum
chloride complexes synthesized in situ from activated
aluminum and tert-butyl chloride, Kinet. Catal. 53, 357–362.

10 Berenblyum A.S., Katsman E.A., Berenblyum R.A., Hom-
meltoft S.I. (2005) Modeling of side reactions of isobutane
alkylation with butenes catalyzed by trifluoromethane
sulfonic acid, Appl. Catal. A 284, 207–214.

11 Dalla Costa B.O., Querini C.A. (2010) Isobutane alkylation
with butenes in gas phase, Chem. Eng. J. 162, 829–835.

12 Panattoni G., Querini C.A. (2001) Isobutane alkylation with
C4 olefins: regeneration of metal-containing catalysts, Stud.
Surf. Sci. Catal. 139, 181–188.

13 Bogdan V.I., Kazanskii V.B. (2005) Isobutane alkylation
with butenes and the oligomerization of C4 olefins in
supercritical reagents, Kinet. Catal. 46, 834–838.

14 Díaz Velázquez H., Likhanova N., Aljammal N., Verpoort F.,
Martínez-Palou R. (2020) New insights into the progress on
the isobutane/butene alkylation reaction and related pro-
cesses for high-quality fuel production. A critical review,
Energy Fuel. 34, 15525–15556.

15 Berenblyum A.S., Ovsyannikova L.V., Katsman E.A.,
Zavilla J., Hommeltoft S.I., Karasev Y.Z. (2002) Acid soluble
oil, by-product formed in isobutane alkylation with alkene in
the presence of trifluoro methane sulfonic acid: Part I Acid
soluble oil composition and its poisoning effect, Appl. Catal.
A Gen. 232, 51–58.

16 Liu Y., Wu G., Hu R., Gao G. (2020) Effects of aromatics on
ionic liquids for C4 alkylation reaction: Insights from scale-
up experiment and molecular dynamics simulation, Chem.
Eng. J. 402, 126252.

17 Froment G.F. (2001) Modeling of catalyst deactivation,
Appl. Catal., A 212, 117–128.

18 Aguayo A.T., Gayubo A.G., Atutxa A., Olazar M., Bilbao J.
(2002) Catalyst deactivation by coke in the transformation
of aqueous ethanol into hydrocarbons. Kinetic modeling and
acidity deterioration of the catalyst, Ind. Eng. Chem. Res.
41, 4216–4224.

19 Rahimpour M.R., Esmaili S., Bagheri Ghalehghazi N. (2003)
A kinetic and deactivation model for industrial catalytic
naphtha reforming, Iran J. Sci. Technol. Trans. B. Technol.
27, 279–290.

20 Bartholomew C.H. (2001) Mechanisms of catalyst deactiva-
tion, Appl. Catal., A 212, 17–60.

21 Ostrovsky G.M., Zyskin A.G., Snagovsky Y.S., Slinko M.G.
(1987) Steady state multiplicity of chemically reacting
systems. The method of computation, Chem. Eng. Sci. 42,
2579–2586.

22 Forzatti P., Lietti L. (1999) Catalyst deactivation, Catal.
Today 52, 165–181.

23 Moulijn J.A., Van Diepen A.E., Kapteijn F. (2001) Catalyst
deactivation: Is it predictable? What to do? Appl. Catal. A
212, 3–6.

24 Coker A.K. (2001) Modeling of chemical kinetics and reactor
design technology, Gulf Professional Publishing, Oxford.

25 Bockhorn H. (1990) Mathematical modeling, in: Ullmann’s
Encyclopedia of Industrial Chemistry, 5th edn., B. Elvers, S.
Hawkins, G. Schultz, H. Hofmann (eds), VCH Verlagsge-
sellschaft mbH, Weinheim.

26 Modeling N. (2005) Numerical modeling for fluid flow, heat
transfer, and combustion, Steam: Its Gener. Use 114, 383–
393.

27 Dym C.L. (2004) Principles of mathematical modeling,
Academic Press, Oxford.

28 Heinz S. (2014) Mathematical modeling, Springer, Berlin.
29 Cao P., Zheng L., Sun W., Zhao L. (2019) Multiscale

modeling of isobutane alkylation with mixed C4 olefins using
sulfuric acid as catalyst, Ind. Eng. Chem. Res. 58, 6340–
6349.

30 Ivashkina E.N., Ivanchina E.D., Nurmakanova A.E.,
Boychenko S.S., Ushakov A.S., Dolganova I.O. (2016)
Mathematical modeling sulfuric acid catalyzed alkylation of
isobutane with olefins, Procedia Eng. 152, 81–86.

31 Khlebnikova E., Ivashkina E., Dolganova I. (2017) Benzene
alkylation with ethylene: The way to increase the process
efficiency, Chem. Eng. Process. Process Intensif. 120, 234–
240.

32 Ivashkina E., Khlebnikova E., Dolganova I., Dolganov I.,
Khroyan L.A. (2020) Mathematical Modeling of Liquid-
Phase Alkylation of Benzene with Ethylene Considering the
Process Unsteadiness, Ind. Eng. Chem. Res. 59, 14537–
14543.

33 Ivanchina E., Ivashkina E., Dolganova I., Frantsina E.,
Dolganov I. (2017) Influence of alkylaromatic hydrocarbons
on the efficiency of linear alkylbenzene sulfonic acid synthe-
sis, Chem. Eng. J. 329, 250–261.

34 Ivanchina E., Ivashkina E., Frantsina E., Dolganova I.,
Ivanov S. (2017) Increasing the selectivity of synthesis stages
for linear alkyl benzenes, Curr. Org. Synth. 14, 342–352.

35 Ivashkina E., Dolganova I., Dolganov I., Ivanchina E.,
Nurmakanova A., Bekker A. (2019) Modeling the H2SO4-
catalyzed isobutane alkylation with alkenes considering the
process unsteadiness, Catal. Today 329, 206–213.

E. Ivashkina et al.: Oil & Gas Science and Technology – Rev. IFP Energies nouvelles 76, 36 (2021)12



36 Nazarova G., Ivashkina E., Ivanchina E., Oreshina A.,
Dolganova I., Pasyukova M. (2020) Modeling of the catalytic
cracking: Catalyst deactivation by coke and heavy metals,
Fuel Process. Technol. 200, 106318.

37 Chuzlov V., Nazarova G., Ivanchina E., Ivashkina E.,
Dolganova I., Solopova A. (2019) Increasing the economic
efficiency of gasoline production: Reducing the quality

giveaway and simulation of catalytic cracking and com-
pounding, Fuel Process. Technol. 196, 106139.

38 Ivanchina E.D., Ivashkina E.N., Chuzlov V.A., Belinskaya
N.S., Dementyev A.Y. (2020) Formation of the component
composition of blended hydrocarbon fuels as the problem of
the multi-objective optimization, Chem. Eng. J. 383, 1–9.

E. Ivashkina et al.: Oil & Gas Science and Technology – Rev. IFP Energies nouvelles 76, 36 (2021) 13


	Introduction
	Materials and methods
	Technological scheme of the H2SO4-catalysed alkylation of isobutane with alkenes
	System monitoring of H2SO4-catalysed alkylation ofisobutane with alkenes
	Developing the alkylation process network
	Developing a nonsteady-state mathematical model of H2SO4-catalysed alkylation of isobutane with alkenes

	Results and discussion
	Verification of the developed mathematical model
	Assessment of the main control parameters influencing alkylate yield and quality

	Conclusion
	Acknowledgements
	References

