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Abstract: Catalytic reforming of gasoline is a pivotal industrial process
among those aimed at enhancing the octane rating of motor fuels -
products that are projected to maintain high demand in the foreseeable
future. Extensive research has been devoted to improving the design of
reforming processes, reactor configurations, and catalyst formulations.
Given the complexity of catalytic reforming - which involves a
multicomponent feedstock and product mixture, a bifunctional catalyst
system, numerous parallel and sequential reactions, and catalyst
deactivation mechanisms - mathematical modeling remains the principal
tool for process investigation and optimization.

This paper provides a concise review of the evolution of Kinetic
modeling approaches for catalytic reforming, beginning with
foundational work from 1959. Particular attention is given to the
research conducted at the National Research Tomsk Polytechnic
University, where a well-established scientific school has focused on
developing mathematical models for petrochemical and refining
processes. Using the catalytic reforming of gasoline as a case study, the
paper outlines a methodological approach for constructing non-
stationary models and describes the key principles underlying their
development. The modeling results presented demonstrate the potential
for optimizing reactor design, maintaining the balance between the
catalyst’s acidic and metallic functions, and minimizing coke formation
on the catalyst surface.

The results of improvement of the mathematical model of catalytic
reforming with a stationary catalyst bed taking into account the
involvement of additional feed streams are presented.

Keywords: catalytic reforming, mathematical model, bifunctional
catalyst, reactor, deactivation, coke formation, organochlorine
compounds, optimisation, raw material flows

1. Introduction

Production of high-octane fuels that meet modern environmental
and operational requirements is one of the primary tasks of Russian oil
refining. The catalytic reforming process is the key industrial technology
for production of high-octane components of motor fuels in Russia and
abroad. According to forecasts (Organization of the Petroleum
Exporting Countries), in almost all regions of the world, except Europe,
reforming takes and will take a significant share in production. By 2050,
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the total capacity of reforming units is expected to reach 200 million tonnes per year, alkylation - 85
million tonnes per year, isomerization - 10 million tonnes per year, MTBE/ETBE - 15 million
tonnes per year (Organization of the Petroleum Exporting Countries). Currently, Russia operates 51
reforming units with a total capacity of about 30 million tonnes per year.

Improving the resource efficiency of high-octane motor fuel production requires practical
tools, chief among them being mathematical models grounded in fundamental knowledge of the
kinetics and thermodynamics of oil refining. These models serve not only to describe but also to
predict the behavior of complex processes like catalytic reforming. Similar to other petroleum
refining and petrochemical operations, catalytic reforming poses significant challenges due to the
multicomponent nature of the feedstock and the numerous reactions occurring on bifunctional
catalysts that combine both acidic and metallic sites.

The yield and octane number of the reformate - the main product of reforming - are strongly
influenced by catalyst activity (Gyngazova et al., 2010; Sharova et al., 2009). However, one of the
main side reactions in this process is coke formation, which gradually deactivates the platinum-
based catalyst. This ongoing catalyst deactivation, coupled with the dynamic nature of the reaction
system and catalyst surface, necessitates continuous adjustments to the operating and regeneration
modes of these heterogeneous precious-metal catalysts.

Against this backdrop, a critical direction in fuel processing technology is the development of
strategies to extend catalyst life. This can be achieved through the applied use of mathematical
modeling to simulate catalytic hydrocarbon processing under non-stationary operating conditions.

The improvement of catalytic reforming process is the subject of a large number of works
aimed at modernization of technological and apparatus design, development of catalysts with
improved properties, as well as creation of mathematical models of the process (Ali et al., 2005;
Ancheyta, 2011; Arani et al., 2009; Belyi, 2005; Dyusembaeva & Vershinin, 2019; Elizalde &
Ancheyta, 2015; Hamied et al., 2022; Hongjun et al., 2010; Hou et al., 2006; Krane, 1959; Lid &
Skogestad, 2008; Petrova et al., 2021; Rahimpour et al., 2013; Ramage et al., 1980; Smith, 1959;
Wei & Prater, 1962; Yusuf, Aderemi, et al., 2019; Yusuf, John, et al., 2019; Zagoruiko et al., 2014,
2021; Zaynullin et al., 2020; Ostrovskii, N. M., Sokolov, V. P., Aksenova, N. V., & Lukyanov, B.
N., 1989; Reutova & Iriskina, 2000).

Among the notable achievements in the field of modeling gasoline reforming technology, the
work carried out by scientists at Tomsk Polytechnic University, under the guidance of Professors
A.V. Kravtsov and E.D. Ivanchina, stands out. Their scientific school has produced a substantial
body of research dedicated to the catalytic reforming process, employing both newly developed and
refined mathematical models. The researchers of this group have accumulated extensive expertise in
modeling various oil refining processes and have made significant contributions not only to
enhancing the resource efficiency of catalytic reforming but also to establishing methodological and
scientific foundations for the field (Abramin, 2010; Galushin, 2004; Gyngazova, 2011; lvanchina,
2002; Koksharov, 2023; Konstantinovich, 2016; Kostenko, 2006; Poluboyartsev, 2007,
Pchelintseva, 2019; Sharova, 2010).

2. Theoretical foundations and methods of kinetic description of catalytic reforming of
naphtha, taking into account non-stationarity

Catalytic reforming remains a fundamental technology for producing high-octane fuels,
having undergone few radical changes over the decades (Antos & Aitani, 2004; Arab Aboosadi et
al., 2011; Ciapetta & Wallace, 1972; Demirbas, 2011; Ding et al., 2013; Hui et al., 1995;
Khobragade et al., 2012; Pujado et al., 1992; Roddy, 2012). A valuable by-product of this process is
hydrogen (Namioka et al., 2011; Taghvaei et al., 2012). The evolution of catalytic reforming has
primarily focused on improving catalyst stability, increasing feedstock conversion rates, enhancing
process selectivity, and optimizing operational conditions, particularly through pressure reduction
(Rahimpour et al., 2013). Reforming catalysts serve dual functions: metallic and acidic. Maintaining
the optimal balance between these functions is achieved by the continuous introduction of water and
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chlorine into the reaction zone. A shift toward stronger acidic functionality enhances hydrocracking
reactions, which, although beneficial in some contexts, ultimately lowers the yield of the main
product, high-octane reformate (Benitez et al., 2007; Benitez & Pieck, 2010; Mazzieri et al., 2009).
Naphtha, the typical feedstock for reforming, is a highly complex hydrocarbon mixture containing
more than 300 individual components (Stijepovic et al., 2009). These components undergo a range
of reactions, including dehydrogenation and isomerization of naphthenes; dehydrocyclization,
isomerization, and hydrocracking of paraffins; and side reactions such as coke formation, which
contributes to catalyst deactivation (Ancheyta-Juarez & Villafuerte-Macias, 2000; Rodriguez &
Ancheyta, 2011). In kinetic modeling, a key challenge lies in aggregating these numerous
components in a way that preserves sensitivity to changes in the hydrocarbon composition of the
feedstock. The first major attempt to simplify this complexity was made by Smith in 1959, who
proposed a model comprising three lumped component groups - paraffins, naphthenes, and
aromatics - undergoing four key reactions: dehydrocyclization, isomerization, hydrocracking, and
aromatization (Smith, 1959). His model consists of three group components (paraffinic, naphthenic,
aromatic hydrocarbons), which enter into four reactions (dehydrocyclisation, isomerisation,
hydrocracking, and aromatisation). Subsequent models have progressively increased in complexity,
aiming for greater accuracy and predictive power (Arani et al., 2009; Hongjun et al., 2010; HOU et
al., 2006; Hu et al., 2004; Kmak & Stuckey, 1973; Krane, 1959; Marin et al., 1983; Padmavathi &
Chaudhuri, 1997; Rahimpour et al., 2003; Taskar & Riggs, 1997; Zhorov et al., 1980).

Scheme of hydrocarbon transformation on a bifunctional catalyst

Based on the analysis of chromatograms of the hydrotreated feedstock and catalyst, along
with the calculation of thermodynamic parameters and examination of catalyst samples, substances
were grouped according to the physicochemical properties of individual hydrocarbons. As a result,
both individual components and pseudocomponents participating in the reforming process with
continuous catalyst regeneration were identified. The complete list of these components is provided
in Table 1.

Table 1. Hydrocarbon groups aggregated according to the results of tests and calculations (for
compiling a kinetic model of the process of catalytic reforming of petrol with continuous catalyst
regeneration)

Neo Component Ne Component

1 ethane 2 Propane

3 i-butane 4 n-butane

5 i-pentane 6 n-pentane

7 dimethylbutanes 8 Methylpentanes

9 n-hexane 10 Dimethylpentanes
11 methylhexanes 12 n-heptane

13 trimethylpentanes 14 Dimethylhexanes
15 n-octane 16 Methylethylpentanes
17 methylheptanes 18 Dimethylheptanes
19 trimethylhexanes 20 Methyl ethyl hexanes
21 n-nonan 22 C9 and above

23 i-C9 24 Cyclopentane

25 cyclohexane 26 Methylcyclopentane
27 dimethylcyclopentanes 28 Ethylcyclopentane
29 methylcyclohexane 30 dimethylcyclohexanes
31 trimethylcyclopentanes 32 naphthenes C8
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33 naphthenes C9 34 benzene

35 toluene 36 ethylcyclohexane+ethylbenzene
37 p-xylene 38 m-xylene

39 o-xylene 40 aromatic hydrocarbons C9 and higher

In a general form, the scheme of reagent transformations in the process of catalytic reforming
of petrols for 40 components (Table 1), is presented in Figure 1.
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Figure 1. Formalised scheme of the mechanism of hydrocarbons transformation on Pt - catalysts:
Ar, Ar' - aromatic hydrocarbons, He, Hs - cycloalkanes, iso-Cs-1> - isoalkanes, n-Cs-1, - normal
alkanes, UISP - unsaturated intermediate products of compaction

The proposed approach allows for the achievement of sensitivity of the model to the feedstock
composition. Unlike aggregation by homological groups, the main characteristic of the target
product in the production of commercial petrol-octane number is taken into account. Deactivation
of catalysts plays an exceptional role in the reforming process. The study of the composition of
coke deposits is one of the important tasks in studying the peculiarities of reaction progress in the
reforming process. The causes of catalyst deactivation can be divided into three groups
(Bartholomew, 2001; Chen et al., 2004): sulphur, nitrogen and heavy metal poisoning; thermal
deactivation or aging due to a decrease in the active surface area; and coke formation. The first two
causes are examples of irreversible catalyst deactivation, while the third is a reversible type of
catalyst deactivation, provided the catalyst is regenerated or self-regenerated. Coke formation is the
most important and controllable non-stationary process (Barbier et al., 1980, 1985; Ren et al.,
2002). Predicting the dynamics of coke formation is a complex and multifactorial problem, which
can be solved most effectively by mathematical modelling (Delmon & Yates, 1987; Figoli et al.,
1982; Garcia-Dopico et al., 2006). In (Bishara et al., 1984), the effect of temperature and pressure
on the intensity of coke formation was investigated.

Reducing the temperature, increasing the pressure and the hydrogen/hydrocarbon ratio
reduces the coke content on the catalyst. The hydrocarbon composition of the feedstock also affects
the amount of coke produced. The coke content is lower when processing light naphthenic
feedstock.

Samples of uncoked, regenerated, and coked industrial Pt-Sn/Al,Oz reforming catalyst were
investigated. The studies were carried out by thermogravimetry and BET methods. The results of
thermogravimetric analysis of samples of industrial gasoline reforming catalyst are presented in
Figures 2-3.
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Figure 2. TG-DTA (thermogravimetric and differential thermal analysis) result of reduced Pt-Sn/y-
Al>O3 industrial reforming catalyst
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Figure 3. TG-DTA result (thermogravimetric and differential thermal analysis) of Pt-Sn/y-Al2O3
encrusted industrial reforming catalyst

Thermogravimetry studies have shown that the average content of coke on the catalyst at the
outlet from the reactor zone is 5-6 % wt. Coke deposits have a ‘loose’ structure, which is the so-
called amorphous coke saturated with hydrogen.

The combustion of this type of coke occurs at the temperature of 450-550°C. On the reduced
catalyst, the coke content varies within 1.0-2.5% wt. The results of the BET analysis are presented
in Figure 4.
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Figure 4. Results of catalyst-specific surface area analysis by the BET method

Analysis of the catalyst surface area using the BET method (Fig. 4) revealed a significant
reduction in specific surface area following multiple regeneration cycles. In particular, the coked
catalyst exhibited a surface area 22% lower than that of the fresh catalyst. This decline is a clear
indication of catalyst degradation due to coke deposition. As a result, in reforming processes
utilizing a stationary catalyst bed, both the maximum achievable depth of feedstock aromatization
and the duration of inter-regeneration cycles are consistently below optimal (equilibrium) levels.

By contrast, processes employing a moving catalyst bed with continuous regeneration offer
distinct advantages. These include deeper aromatization, lower system pressure, increased feedstock
throughput, and higher reformate yield. However, to fully realize these benefits, it is essential to
maintain catalyst operating conditions that allow the system to approach thermodynamic
equilibrium, particularly for key reactions such as the formation of target aromatics and the
hydrogenation of heavy by-products. Achieving this requires careful control over catalyst
circulation and adjustment of the catalyst movement speed along the reactor’s length, ensuring
sustained equilibrium activity.

Most existing models describing catalyst deactivation in reforming are empirical. In such
models, the parameters often lack clear physicochemical interpretation, as they are derived from
statistical processing of large experimental datasets, typically using the method of least squares.

In the adopted formalized scheme of hydrocarbon transformations, coke was included as one
of the reaction components and, therefore, the amount of coke on the catalyst can be found from the
equation (1) of coke formation reaction kinetics. It was found that the activity of the catalyst in turn
depends on the coke content and the catalyst circulation rate as follows (Gyngazova et al., 2011):

aj = AO . e_“'Ccoke/hu (])
Here Ao-is a linear component determining the number of active centres; o is the poisoning
factor, a non-linear component determining the different degrees of deactivation of corner and rib

atoms when coke is deposited on them; for metal centres, for acid centres.
The catalyst circulation rate can be determined using the following equation:

h = U Psm
“ ¢ - pcat 2
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Determining the hydrodynamic regime within the contact reactor is a critical step in
developing an accurate mathematical model of the reforming process. For systems utilizing a
moving catalyst bed, it was established that the Reynolds number (Re) is approximately 5, while the
modified Reynolds numbers for mass and heat transfer (Rep and Rer) are around 700 and 900,
respectively. These values indicate laminar flow conditions (Re < 50), with convective transport
processes dominating over diffusive transport within the catalyst bed (Rep > 200, Rer > 200). This
suggests that the hydrodynamic regime within the reactor closely approximates ideal plug flow.

The catalyst movement velocity is significantly lower than the velocity of the main fluid
stream (¢ << u), allowing the associated effects on mass and heat transfer to be considered
negligible.

Further calculations for industrial platinum-tin reforming catalysts show that the Thiele
modulus (®i) for various reaction types remains below 1, and the catalyst effectiveness factor
ranges from 0.9 to 1.0. These findings confirm that internal diffusion limitations are negligible. As a
result, catalytic reforming of gasoline with a moving bed operates within the kinetic regime, free
from diffusion complications.

Therefore, diffusion complications are absent in the process of catalytic reforming of petrols
with a moving catalyst bed, and the process proceeds in the kinetic region.

The design of a catalytic reforming reactor with a moving catalyst bed and explanations of the
developed model are presented in Figure 5.
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Figure 5. Schematic volumetric representation of the reactor with continuous catalyst regeneration

The mathematical model of the catalytic reforming process with a moving catalyst bed taking
into account catalyst deactivation by coke is represented by the following equations of material and
heat balances for components according to the formalised mechanism of hydrocarbon
transformations:

oc  oCc  oC 1
i o L 2 W (Das (DI
oz o a0 ~
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In the above system of equations (3) and (4), the residence time of reagents in the reaction
zone, which depends on the hourly feedstock flow rate G and catalyst volume V, is replaced by the
‘reduced time’ z = G-t, which is equal to the total volume of processed feedstock for time t in
conditions of unstable feedstock load of the industrial plant.

The concentration of components varies depending on u - the speed of the gas-raw mixture
movement along the radius of the catalyst bed (raw materials are fed radially). The content of
components in the mixture is also affected by ¢ - the speed of catalyst movement along the reactor
height, since the coke content in different catalyst layers is different, and the catalyst activity
changes differently along the layer height due to coke formation processes. The reaction rate Wj for
the i-th hydrocarbon according to the transformation scheme depends on the catalyst motion
coordinate | and catalyst activity a.

The developed mathematical model, in comparison with analogues, takes into account the
catalyst movement along the reactor course and the corresponding change of its activity along the
bed height, as well as the dependence of activity on the catalyst circulation ratio.

The values of kinetic parameters of the reforming process with continuous catalyst
regeneration for industrial Pt-Sn/Al,Osz catalyst were determined for calculations using the
mathematical model. It was shown that for Pt-Sn catalyst the rate of isomerisation of five-
membered naphthenes into six-membered ones with subsequent dehydrogenation of cycloalkanes to
aromatic hydrocarbons has the highest value. Isomerisation reactions of normal paraffins also
proceed with high speed. As the molecular weight of hydrocarbons increases, the bonding energy
decreases and the rate constants increase in proportion to the number of the hydrocarbon in the
homologous series. The hydrocracking constants of lighter hydrocarbons are close in their values.
For heavy hydrocarbons, a significant divergence is observed, with the hydrocracking constant of
normal paraffins increasing faster than the hydrocracking constant of isoparaffins.
Dehydrocyclisation of paraffins to five- and six-membered naphthenes occurs at approximately the
same rates.

The developed model was checked for adequacy to the real process using experimental data
from the industrial unit of catalytic reforming of petrol with continuous regeneration of catalyst L-
35-11/1000. The results of calculation and experiment are given in Table 2 and Table 3.

Table 2. Calculation results of the process of catalytic reforming of gasoline with continuous
catalyst regeneration on the mathematical model (at T=510°C, P=0,7 MPa, feedstock flow rate 160
md/h, catalyst circulation rate 0, 008 m%/m?)

Number of n-paraffins i-paraffins naphthenes-5 | naphthenes-6 flavouring

carbon atoms

in a molecule calc exp calc exp calc exp calc exp calc exp
4 1.50 1.53 0.54 0.53 0 0 0 0 0 0
5 1.49 1.51 2.57 2.49 0.21 0.22 0 0 0 0
6 1.85 1.89 5.12 5.07 0.19 0.16 0.11 0.12 | 5.06 5.07
7 1.33 1.37 5.16 5.11 0.13 0.09 0.09 0.07 | 20.07 | 20.09
8 0.32 0.34 1.53 1.49 0.17 0.15 0 0 26.16 | 26.18
9 0.03 0.04 0.20 0.20 0 0 0 0 20.34 | 20.35
10 0.16 | 0.19 | 0.09 0.09 0 0 0.5 0.56 | 5.08 | 5.09
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Group composition
s 668 | 687 | 1521 | 1498 | 07 o062 ]| 07 [o075] 7671 | 7678
Octane number of the catalyst by i.m. 103.2
Product yield 90.35

Table 3: Calculated and experimental values of coke content on the catalyst after the reactor block
(calculated for experimental conditions)

Coke, % wt.
Pt-Sn/y-ALOs catalyst experiment calculation
sample 1 5.54 >.63
sample 2 4.13 4.03

It is shown that the error of the calculated and experimental values does not exceed 3%. The
proposed mathematical model can be used to perform predictive calculations when modeling the
process of catalytic reforming of gasolines with continuous regeneration of the catalyst (in our case,
the calculation error is determined by the error of the chromatographic analysis). Using the
mathematical model, the main patterns of the catalytic reforming process in a reactor with a moving
bed were studied (Figures 6-8).
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Figure 6. Changes in the concentration profile of reactants when passing through a catalytic reactor
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Figure 8. Changes of the profile of catalyst activity by the volume of the catalytic reactor
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Research has shown that when the reaction mixture moves in the reactor at a higher rate, the
conversion of components occurs at the beginning of the feedstock movement along the radius of
the catalyst, since the mixture temperature and contact time are maximum (the catalyst volume
decreases when moving along the radius with the same step from the periphery to the center). Along
the length of the catalyst bed, there is a gradual conversion of alkanes and naphthenes and the
formation of aromatic hydrocarbons and isocomponents. The concentration of coke deposits is
higher at the inlet of the reaction mixture (along the radius), since in these zones, dehydrogenation
of naphthenes to aromatic compounds, which are precursors of coke, occurs at a high rate. The
temperature value is also maximum at the beginning of the reaction mixture movement. When the
catalyst moves along the height of the reactor, a cumulative accumulation of coke on the catalyst
occurs. At the outlet of the reactor block, the coke concentration on the catalyst is about 4% by
weight in the central and 6% by weight in the peripheral parts of the reactor. Thus, the uneven
distribution of the concentration profile of the reagents and temperature is the cause of the uneven
distribution of coke along the radius of the reactor - the difference in coke concentrations between
the extreme points is 2% by weight. The catalyst activity profile by the reactor volume is an
accurate reflection of the degree of its coking. It is shown that the highest values of catalyst activity
are in the upper part of the reactor, and the radial activity is lower at the points of introduction of
the reaction mixture (i.e., for the real case under consideration, closer to the periphery). Figures 9
and 10 show the results of model calculations of the concentration of coke formed on the surface of
the catalyst depending on its circulation rate.

It is shown that with an increase in the catalyst circulation factor, the coke content at the
reactor outlet decreases. The catalyst passes the reactor at a higher speed, the active centers do not
have time to deactivate, and the content of target components in the reformate increases. With a
twofold increase in the catalyst circulation factor, the coke concentration decreases by about 2% by

65



A.H. I'ymunes amuindazvt Eypasus yammutx ynusepcumeminit, xabapuivicol. Xumus. eozpagus. Dxorozus cepuscol, 2025, 151(2)

weight, depending on the specific composition of the feedstock stream. The working range of
changing the catalyst circulation factor is 0.008-0.010 m*/m3. To increase the octane number of the
product and reduce the coke content on the catalyst, this parameter can be varied by making
preliminary calculations using the model.
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Figure 9. Dependence of the coke content on
the catalyst at the outlet of the reforming
reactor block on the catalyst circulation rate
(according to the model)

Figure 10. Change in coke content when the
catalyst moves along the reactor for different
values of the catalyst circulation rate:

h1=0.008 m*/m’; h;=0.010 m*/m?; h3=0.016

m>/m? (according to the model)

Reactor design. The reactor design determines the change in the operational properties of the
catalysts (activity, selectivity, and stability). In a multilayer tubular reactor with a fixed catalyst bed,
the thermal scheme of the process is effectively implemented - the thermal energy of the exothermic
hydrocracking reaction is used as a heat source for the endothermic reactions of naphthene
dehydrogenation and paraffin dehydrocyclization (Koksharov et al.,, 2015; Rahimpour &
Bahmanpour, 2011). The direction of movement of the gas-feedstock flow of hydrocarbons is of
great importance. With radial input of raw materials, the hydraulic resistance of the flow is
significantly reduced. Membrane reactors are devices that implement a combined process of
chemical conversion and product separation with subsequent removal of target components to shift
the equilibrium towards the formation of aromatic hydrocarbons (Arab Aboosadi et al., 2011;
Choudhary et al., 2000; Iranshahi et al., 2012; Pereira et al., 2010; Rahimpour et al., 2010, 2013;
Teixeira et al., 2010; Zhu et al., 2010). The catalytic reforming process is classified according to the
catalyst regeneration technology into three groups: 1) with continuous regeneration and a moving
catalyst bed; 2) with cyclic regeneration and a fixed catalyst bed; 3) with periodic regeneration of
the catalyst located in the reactor as a fixed bed. In industry, catalytic reforming units for gasoline
with a number of reactors with a moving bed from 3 to 5 are usually used. With a decrease in
catalyst activity, the yield of aromatic hydrocarbons and the concentration of hydrogen in the VSH
decrease. To determine the optimal number of reaction apparatuses, calculations were carried out
using a mathematical model. The nature of the effect of increasing the number of reactors from 3 to
5 on such process parameters as octane number, catalysate yield, aromatic compound content, etc.
was established. The calculation was carried out for the operating conditions of the process. The
results of the calculation of the octane number and reformate yield are shown in Figure 11.
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Figure 11. Effect of the number of reactors in the process flow chart of catalytic reforming with
continuous catalyst regeneration on the yield and octane number of the reformate: ratio of
paraffins/(naphthenes+aromatics): for feedstock 1=0.50; for feedstock 2=0.68; for feedstock
3=1.04; for feedstock 4=1.58

Based on the calculation results, it was established that an increase in the number of reactors
has a beneficial effect on the process, since the temperature difference during the transition from
one reactor to another decreases, the contact time increases, which entails an increase in the octane
number, an increase in the content of toluene, xylene and the content of aromatic hydrocarbons in
general.

On the other hand, if the process is carried out in a reactor block of five reactors using a
cascade scheme, the resulting catalysate does not differ significantly in target indicators from the
catalysate obtained using a four-reactor scheme (with an increase in the number of reactors from 3
to 4, the main indicator of the reformate quality - the octane number increases by 4 points, and
when switching from a four- to a five-reactor scheme - by only 1 point). In turn, a cascade of 3
reactors showed the worst results, since in this case, the greatest temperature difference will be
observed when moving from reactor to reactor. Therefore, despite the fact that an increase in the
number of reactors and bringing the process closer to isothermal conditions has a favorable effect
on the process, in this case, taking into account the economic component, the optimal number of
reactors will be 4.

Further studies showed that the direction of movement of the feedstock flow in the cascade of
reactors also affects the efficiency of the process. To determine the optimal direction of feedstock
movement in reforming reactors with a moving catalyst bed, calculations were performed using a
multi-zone mathematical model. In such a model, zones are formed by a cross-section of coaxial
cylinders to account for changes in the volumetric and linear velocity of the gas-feedstock flow
when moving along the radius of the reactor with radial feedstock input (Figure 12). The catalyst
volume in the reactors was conditionally divided into 4 zones with the same step along the radius.
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Figure 12. Schematic volumetric representation of the segments of a reactor with a moving catalyst
bed for different options for the direction of feedstock movement: a) from the periphery to the
center (implemented in existing installations), b) from the center to the periphery

The volume of each zone increases with radial movement from the center to the periphery
(therefore, the volumetric velocity decreases), the temperature decreases, since the total thermal
effect of the reforming reactions is negative, and the process is endothermic. The model is a system
of equations of material and heat balances for each hydrocarbon and the entire set of reactions.
Within each zone, the change in the concentration of components is written as follows in equation

(5):

oC oC  oC 1! 5
S, L W as (D (5)
o o 2o a0

n

at z=0 Ci=0, T=0; at 1=0 C;i=C;,0, T=T; (at the reactor inlet); at r=0 Ci=Ci,0, T=T;, where n is
the reactor zone number; z is the volume of processed feedstock, m3; G is the feedstock flow rate,
m3h; u is the linear flow rate, m/h; 1 is the length of the catalyst bed in the reactor, m; ¢ is the
catalyst velocity, m/h; Wj is the total reaction rate, mol/(m? h).

The results of calculations using the model for changing the feedstock feed direction are
shown in Figure 13, indicating improved aromatic yield and octane number when switching to
center-to-periphery flow.
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Figure 13. Change in the octane number of the flow and the yield of aromatic hydrocarbons when
moving raw materials from the center to the periphery and from the periphery to the center

According to the calculations, after changing the direction of feedstock flow, the yield of
aromatic compounds increases by approximately 5% by weight. Changing the direction of the gas-
feedstock mixture to movement from the center to the periphery will allow obtaining a product with
a higher-octane number, all other process parameters being equal (an increase in the RON of about
2 points for different compositions of the feedstock and process conditions).

Thus, to obtain a catalyzate with a given octane characteristic for a reactor with a feedstock
flow direction from the center to the periphery, it will be possible to reduce the "rigidity" of the
process (reduce the temperature by 10-15°C) compared to the traditional option of feedstock
movement in the reactor.

Numerical studies have shown that reactor devices with a feedstock feed direction from the
center to the periphery are more effective for reforming gasolines. Firstly, the non-stationarity of the
coke deposition process determines that the flow from the center to the periphery leads to more
uniform deactivation and, as a consequence, to a higher yield of the target product due to an
increase in the degree of conversion of paraffins and cyclopentanes. Secondly, high values of the
volumetric velocity in the initial zones of the catalyst when moving from the center of the reactor to
the periphery (movement along the opening cone) are compensated by a higher temperature.
However, the temperature profile changes quickly, since the reforming process is endothermic. In
this case, the octane number of the catalyst increases by about 2 points.

Optimization of reforming process conditions to reduce coke accumulation on the
surface of the Pt catalyst. The studies have shown that the high stability of the target products —
aromatic hydrocarbons — under catalytic reforming conditions is the theoretical justification for
choosing this criterion as an indicator of the activity level. With an increase in the coke
concentration, the catalyst activity with respect to the cyclohexane dehydrogenation reaction and
the number of surface Pt atoms decrease. This confirms the possibility of using the naphthene
dehydrogenation reaction to aromatic hydrocarbons as a test for Pt center deactivation. When the
acid centers of the support are deactivated, the rates of isomerization, cyclization, and
hydrocracking change simultaneously. Deactivation of Pt centers has little effect on the
isomerization rate. At the same time, a decrease in the dehydrocyclization reaction rate at the same
coke concentration is noticeably higher than a decrease in the deactivation rate of isomerization
reactions, and therefore cannot be explained only by the deactivation of acid centers. A decrease in
the rates of dehydrocyclization reactions is a result of the complex effect of Pt and acid center
deactivation. The n-paraffins/isoparaffins ratio in the product remains virtually unchanged at the
same catalyst activity. The degree of cyclopentane conversion also remains practically unchanged at
the same catalyst activity. When the catalyst is deactivated by coke deposits, both the metal and
acid functions of the catalyst decrease, while the water-chlorine balance in the catalysis zone
ensures optimal acid activity of the catalyst. The steady-state or optimal catalyst activity
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corresponds to the conditions of thermodynamic equilibrium of the reaction of coke formation,
hydrogenation of intermediate compaction products. In this case, the coke concentration does not
increase on the metal, but its growth occurs on the surface of the carrier, and the catalyst has
maximum selectivity. The formation of coke from hydrocarbons is predetermined
thermodynamically.

Thermodynamic calculations indicate a general direction of hydrocarbon conversion towards
the formation of graphite-like structures. The kinetics of hydrocarbon conversion, which is
determined by the process mode and catalyst activity, ensures an increase in the rate of
hydrogenation of intermediate compaction products and the formation of liquid hydrocarbons.

Hydrocarbon aromatization reactions are competitively associated with coke formation
reactions.
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Figure 14. Hydrocarbon conversion reactions during gasoline reforming

All reactions depicted in the reaction scheme are reversible, with the exception of stage W8
(Figure 14), which results in the formation of graphite-like coke. Mitigation of coke formation can
be achieved through two primary strategies: (1) increasing the ratios W3/W4 and W6/W5 to
promote hydrogenation over polycondensation, and (2) directly reducing the rate of the irreversible
W38 reaction.

Notably, the order of the target reforming reactions is lower than that of the coke formation
reactions. Therefore, by regulating catalyst activity, it is possible to prevent the progression toward
coke graphitization and subsequent pore blockage, which is especially critical since graphite-like
coke embedded in the catalyst structure can only be removed through oxidative regeneration.

The equilibrium conditions for polycondensation—hydrogenation pathways are defined by the
reversible reaction pairs W3-W-3, W4-W-4, and W5-W-5. At suboptimal catalyst activity (a <
a_opt), coke tends to form as carbon filaments, which can still be hydrogenated back into
hydrocarbons. At optimal activity (a = a_opt), two-dimensional polar particles are formed, which
begin to polymerize as the activity increases further. This progression in coke structure is governed
by the thermodynamic equilibrium of the polymerization reactions.

An increase in process temperature or a reduction in feedstock throughput can induce
desorption of carbonaceous species into the gas phase, where they may undergo further
polymerization into three-dimensional coke structures. On the catalyst surface, however, coke
depolymerization occurs, leading to the formation of alkylaromatic compounds. The conditions for
depolymerization depend on several factors, including the feedstock’s hydrocarbon composition,
reactor operating mode, and the current state of catalyst activity.

To restore catalyst activity and hydrogenate intermediate compaction products in the L-35-
11/600 reforming unit, optimal hydrochlorination conditions were determined using the developed
mathematical model. Under this mode, the shift in thermodynamic equilibrium for coke formation
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and hydrogenation reactions was achieved by modifying the process parameters and increasing the
hydrogen content in the hydrogen-rich gas.

The operating and target parameters for the hydrochlorination regime are summarized in
Table 4. Under these conditions, the temperature in the reforming reactors was lowered to 420 °C,
and the pressure increased to 3.0 MPa. As a result, the hydrogen concentration in the circulating gas
rose to 93 vol.%, enabling favorable thermodynamic conditions for hydrogenating non-graphitized

coke and reducing its content from 5.09 to 3.2 wt.%.

Table 4. Results of the calculation on the hydrochlorination process model

Ne experiment 1 2 3 4

Catalyst activity, rel. units 0.58 0.6 0.57 0.37
Volume of processed feedstock, t 816000 817100 831400 856685
Hydrogen content, vol. % 93.1 76.9 75.1 83.6
Hydrogen yield, wt. % on feedstock 0.6 1.8 1.93 2.42
Inlet temperature, °C 420 498 511 507
Feedstock flow rate, m%/h 60 60 106.4 69.9
Steam/(Naphth+Ar), rel. units 1.6 15 1.6 1.19
n-Steam/i-Steam in feedstock, rel. units 1.28 1 1.29 0.74
Circulation rate, nm%/ m® 1130 1554 1130.8 1311.4
Degree of isomerization, wt. % 44 34 51 39
Degree of aromatization, wt. % 1.48 23.65 24.26 13.33
Aromatics, wt. % 24 56.73 56.29 57.4
Coke, wt. % 3.2 5.09 5.19 5.21
Octane number, purity index 76 95.3 91.1 91.8
Reformate yield, wt. % 95 82.08 83.82 86.61

Also, when the temperature in the reforming reactors decreased, a decrease in humidity, HCI,
and H.S concentrations was observed. This effect indicates that these substances were absorbed by
the catalyst surface. The main parameters of the reforming unit after the hydrochlorination
operation are given in Table 5.

As a result of the hydrochlorination operation of the reforming catalyst of the L-35-11/600
unit, a positive effect was obtained, which is confirmed by obtaining an octane number analysis of
95.0 p.

Table 5. Comparison of the operating modes of the reforming unit during the hydrochlorination
process

Mode parameters Before hydrochlorination After hydrochlorination
Input P-2, °C 498 497
Input P-3, °C 495 495
Input P-4/1, °C 493 493
AT P-2,°C 55 56
T P-3, °C 20 21
AT P-4/1, °C 7 9
AT P-4/2, °C 7 8
Plant loading, m*/h 65 60
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Circulation rate, nm®/ m? 1554 1667
Input P-2, MPa 2.6 21.5
Octane number, purity index 93.8 95.0
H., concentration, vol.% 76.5 76.9
HCI consumption, mg/kg 3.0 -

The obtained data show that the hydrochlorination process allows partial restoration of the
catalyst activity without stopping the production of products. Before the hydrochlorination process,
the product quality had a deviation from the required indicators, as a result of hydrogenation of
unsaturated products of compaction, the catalyst activity increased, and a product corresponding to
the required quality indicators was obtained.

Balancing of acid and metal sites on bifunctional Pt reforming catalysts

A critical condition for the optimal operation of bifunctional platinum-containing reforming
catalysts is achieving a balance between their acidic and metallic functionalities. The acidic
function is provided by the alumina support, which is promoted with organochlorine compounds.
An excess of acid sites can lead to undesirable hydrocracking reactions, thereby reducing product
yield and selectivity. Organochlorine compounds, when introduced into the reforming reactor block,
decompose to form hydrogen chloride, which enhances surface acidity and promotes the selective
conversion of hydrocarbons. This, in turn, deepens the conversion of feedstock hydrocarbons and
increases the octane number of the reformate.

A well-developed physicochemical model of the reforming process enables the determination
of optimal process conditions and feedstock compositions to ensure high efficiency through
balanced acid and metal activity. Such a model allows for reactor optimization under various
industrial operating conditions. Addressing the multifactorial challenge of optimizing reforming
parameters - accounting for catalyst deactivation via coke deposition, fluctuations in feedstock
composition and flow rate, and changes in system humidity - is made possible by regulating the
feed rate of organochlorine compounds.

Based on extensive experimental and numerical studies, a working range for the
organochlorine compound flow rate has been established. This range ensures a concentration of 1 to
4 ppm in the reaction mixture, depending on feedstock moisture content and reactor temperature. A
non-stationary kinetic model of the industrial catalytic reforming process has been developed and
successfully implemented at several industrial sites in Russia. This model supports predictive
simulations of reactor performance under varying conditions of organochlorine dosing, system
humidity, catalyst activity, and feedstock composition.

Implementation of the model has enabled the determination of optimal hydrochlorination
conditions that promote the hydrogenation of non-graphitized coke, thereby reducing coke
accumulation on the active catalyst surface by 3—4 wt.%. Process efficiency is further enhanced by
optimizing the operational regime and maintaining optimal catalyst activity over time. The primary
control parameters influencing catalyst performance during feedstock cycling are temperature and
the organochlorine feed rate.

Experimental data show that chlorine adsorbed on the catalyst surface increases the acidity of
the catalyst, thereby accelerating both the desired reforming reactions and accompanying side
reactions. However, there exists an optimal chlorine loading that maximizes hydrocarbon
conversion selectivity. This optimal value depends on the feedstock composition, catalyst activity,
and operating conditions. The chlorine content on the catalyst is governed by the thermodynamic
equilibrium of the chemisorption process, which is itself influenced by the water-to-hydrogen
chloride molar ratio in the reaction zone, temperature within the catalyst bed, and the extent of
catalyst deactivation due to coking, poisoning, or aging.

Research findings indicate that increased acid site activity is associated with the replacement
of surface hydroxyl groups on alumina by chloride anions - an essential mechanism (6) contributing
to the enhanced performance of the catalyst under reforming conditions.
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Operational experience from industrial reforming units has demonstrated that insufficient
chlorine levels lead to a reduction in catalyst activity, particularly in key alkane isomerization
reactions, adversely affecting the quality of the resulting reformate. Moreover, the loss of chlorine
from the catalyst surface accelerates the deactivation of platinum active sites, diminishing catalytic
performance in paraffin dehydrocyclization and decreasing the overall selectivity of the process.

Conversely, an excessive chlorine concentration can overstimulate the acidic function of the
catalyst, thereby promoting hydrocracking of paraffins. This results in reduced process selectivity, a
higher proportion of light hydrocarbons - such as methane and ethane - in the circulating hydrogen-
containing gas (CHG), and increased hydrogen consumption. For polymetallic reforming catalysts,
the optimal chlorine content is typically within the range of 0.9-1.1 wt.%. Maintaining chlorine
levels within this range is critical for maximizing process selectivity.

It is important to note that both a deficit and an excess of chlorine negatively affect the yield
of stable catalyze. According to the reaction equation (8), catalyst chlorination is a reversible
process, with equilibrium determined by the partial pressures of the gaseous components in the
system. Specifically, hydrogen chloride present in the reaction volume reacts with hydroxyl groups
on the catalyst surface, replacing them with chloride anions and forming strong covalent bonds
between aluminum atoms and chlorine. This mechanism can be interpreted as chemisorption of
chlorine atoms onto the catalyst surface.

The quantity of chlorine accumulated on the catalyst surface can be calculated using the
following equation (7).

1

Anax e
cen=——-=»= @
1+K, —
"M

where C(Cl) is the amount of surface chlorine; Amax is the total number of active centers on the
catalyst surface; Kp is the equilibrium constant of the chemical reaction; M is the molar ratio of
water and hydrogen chloride in the reaction volume. After simple algebraic transformations, this
equation is reduced to the following form:

Anapr
C(CI)_M+Kp (8)
From equation (8) it follows that the amount of surface chlorine is inversely dependent on the
ratio of water and hydrogen chloride in the system. By changing the flow rate of organochlorine
compounds and water, it is possible to regulate the chlorine content on the catalyst surface. In
addition, the amount of chlorine will depend on the process temperature, which affects the value of
the equilibrium constant of the chemical reaction. The process temperature and the molar ratio of
H>O:HCI are the main control parameters, the change of which can affect the activity of the catalyst
(Barbier et al., 1985).
The equilibrium constant of the reaction of substitution of hydroxyl groups on the surface of
aluminum oxide with chlorine anions can be represented in Equation (9).
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Further studies on the influence of changes in the thermal effect of hydrogen chloride
chemisorption on the product yield showed that the change in the enthalpy of the reaction of
substitution of the hydroxyl group by chlorine atoms depends on the bond energy between the
atoms on the catalyst surface. The catalyst surface is non-uniform due to coke formation, and
therefore, it can be assumed that there are active centers on its surface with different bond energies
between the hydroxyl group and aluminum. In this case, hydroxyl groups that are least strongly
bound to aluminum will be replaced by chlorine atoms, and therefore, the thermal effect of such a
reaction will be lower than expected from calculations. A comparison of the calculated and actual
product yields showed that, depending on the volume of processed raw materials and coke
accumulation on the catalyst, the thermal effect of hydrogen chloride adsorption was slightly lower
than theoretical (10).

3680

Kp _ e4,787T (10)

Using this equation, the values of the equilibrium constant of the reaction of substitution of

hydroxyl groups on the surface of aluminum oxide by chlorine anions in the operating temperature
range of the L-35-11/600 unit were calculated (Table 6).

Table 6. Dependence of the equilibrium constant of the catalyst chlorination reaction on
temperature (calculation on the model)

Ne Average temperature in 1 K Average temperature in K
Experiment reactor, °C P reactor 3, °C P
1 452 0.74 479 0.89
2 455 0.76 483 0.91
3 452 0.74 480 0.90
4 455 0.76 481 0.90
5 458 0.78 486 0.93
6 463 0.80 491 0.96
7 467 0.83 496 0.99
8 471 0.84 499 1.01

Further studies showed that with an increased chlorine content on the catalyst, an increase in
the yield of aromatic hydrocarbons is observed, but the yield of reformate decreases by more than
1.5% by weight. In this case, the rates of chemical reactions of hydrocarbons will depend on the
concentration of chlorides on the active surface of the catalyst:

Wi= ) Ky oo f(fufofs); (1)
J aj
fiml, gl o o Ouo @2
Dy ' Fo ’ Crer - CI(-)ICl

D,, Do — active surface of a catalyst deactivated due to aging and a fresh one;
F..xe, Fo — active surface of coked and fresh catalyst;
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Finally, Equations (11) and (12) express the influence of coke accumulation and surface

chlorine concentration on the active surface area and catalyst performance.

Table 7. Effect of chlorine content on the catalyst on the quality of reformate

Chlorine content, % wit. 0.94 1.00 1.04
Degree of feedstock isomerization, % wt. 50 51 52
Degree of feedstock aromatization, % wt. 2.0 2.74 3.15
Reformate yield, % wt. 87.48 89.10 | 88.88
Hydrogen yield, % wt. 1.85 1.88 1.89
Processed feedstock, t 260000
Cracking number, rel. units 2.3
Hydrogen content, % vol. 85.5
Inlet temperature, °C 483
Feedstock flow rate m%h 60
Paraffins/(Naphthenes+Arom. hydrocarbons) in feedstock, rel. units 1.32
H2S circulation rate, nm%/m3 1333.3
n-Steam/i-Steam feedstock, rel. units 0.95

Table 7 demonstrates how variations in chlorine content on the catalyst surface affect product

yield, aromatization degree, and isomerization activity.
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Figure 15. Chlorine concentration on the catalyst surface, wt%
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Modeling results indicate that, according to the original plant configuration prior to
reconstruction, introducing the organochlorine compound into the first reforming reactor results in a
chlorine deficiency on the catalyst surface by the time the stream reaches the third reforming stage
(Figure 15). While the optimal chlorine content on the catalyst in the third reactor should range
between 0.9 and 1.1 wt.%, only 0.8 wt.% is achieved under this configuration. This deficiency
reduces both the selectivity and stability of the Pt-Re catalyst, ultimately impacting the quality and
yield of the main product, stable catalyst. Specifically, the observed chlorine deficit leads to a
reduction in the octane number of the reformate by one unit, as measured by the research octane
method.

One proposed optimization strategy involves modifying the reactor system design to inject the
organochlorine compound directly into the third reforming reactor instead of the first, as illustrated
in Figure 16. This change enables direct control over the chlorine concentration on the catalyst
under its actual operating conditions. By regulating the humidity of the circulating H-O:HCI stream
and maintaining the required molar ratio, it becomes possible to ensure a stable balance between the
acid and metallic functions of the catalyst. Under such conditions, maximum catalyst selectivity and
long-term stability can be achieved.

Humidity in the reaction zone is controlled during the stripping stage of the hydrogenate in
the stripping column of the hydrotreating unit. However, any disruption in the column’s operating
regime - without corresponding adjustments in chlorine feed rate - can result in the complete
deactivation of the catalyst due to chlorine loss from its surface.

|Init for awtomatic chlorine
feed to reforming reactors

g e |
ad =
” o ul] T 'y
o o
Stable catalyst
_ l L —
Input of raw gas modure )
Fumace

Figure 16. Scheme of chlorine feed to reforming reactors in L-35-11/600 unit: P-1 first-stage
reforming reactor; P-2 second-stage reforming reactor; P-3/1.2 third-stage reforming reactor. It has
been established that continuous feed of chlorine to the reaction zone is necessary to maintain
balance of acid and metal activity

In an oxidizing environment, such as during the oxychlorination stage, chlorine facilitates the
formation of an intermediate activated complex, denoted as Ptc,CIO,L;. In contrast, under the
reducing conditions typical of the reforming feedstock cycle, chlorine plays a critical role in
maintaining the catalyst at its optimal activity level. This optimal state enables the effective
hydrogenation of intermediate polymerization products - commonly referred to as amorphous coke -
into hydrocarbons, thereby facilitating their removal from the catalyst surface.

The quantity of chlorine required for additional dosing into the reactors, in order to maintain
the desired water-to-hydrogen chloride molar ratio and ensure optimal catalyst performance, is
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calculated based on the data presented in Table 4. These values are further adjusted to account for
catalyst aging and the associated decline in activity due to the progressive accumulation of coke

deposits, as indicated in Table 8.

The results suggest that during the sixth feed cycle, the chlorine supply to the reforming
reaction zone was suboptimal. This insufficient dosing led to a measurable reduction in catalyst
activity (Figure 17) relative to conditions with optimal chlorine supply, ultimately resulting in a
decline in product yield.

Table 8. Supply of chlorine to the reactor block of the L-35-11/600 unit in the sixth feed cycle

Chlorine | Factual Yield
Humidit _ Chlorine | supply, | yield, % | calc., %
Ng_ y Chlorine Temp., © supply, mg/_kg, mass. mass.
experim VSH supply, C ' M _mg/kg, ta_lklng
ent mg/kg mg/kg includin into
g coke account
aging
1 23.3 1.0 484 21.7 1.0 1.2 82.4 83.6
2 22.5 1.0 485 21.3 1.0 1.3 82.7 84.1
3 24.9 1.0 485 22.4 1.0 1.3 82.3 84.2
4 21.4 1.0 483 21.9 0.9 1.1 82.3 83.5
5 23.8 1.0 485 21.9 1.0 1.3 82.8 84.2
6 21.6 1.0 485 22.0 0.9 1.1 82.3 83.6
7 20.6 1.0 490 22.9 0.8 1.0 82.5 82.5
8 18.6 1.0 487 22.4 0.8 1.0 83.1 83.1
9 194 1.0 486 22.2 0.8 1.0 82.9 82.9
*M — molar ratio of water/hydrogen chloride.
1,05
1
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=
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Figure 17. Change in the activity of the L-35-11/600 unit catalyst in the sixth feedstock cycle

The studies described above have demonstrated the feasibility of a comprehensive approach
to optimizing the dosing of organochlorine compounds into the reactors of the L-35-11/600
reforming unit. This optimization is primarily achieved by regulating key process control
parameters - namely, temperature and the water-to-hydrogen chloride molar ratio. Experimental
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data on chlorine surface concentration as a function of temperature suggest that the most effective
chlorination of the Pt-Re catalyst occurs in the third reactor. Therefore, targeted introduction of
organochlorine compounds at this stage is essential to ensure complete activation of the catalyst's
acid function.

Traditionally, catalytic reforming utilizes straight-run naphtha with a boiling range of 85—
180°C as its primary feedstock. However, modern refinery operations increasingly incorporate
additional secondary streams, including gasoline fractions from thermal cracking processes,
hydrocracking naphtha, and degassed gas condensate (Ancheyta, 2011). These alternative
feedstocks are typically richer in olefinic hydrocarbons, which are prone to polymerization under
reforming conditions, leading to the formation of high-molecular-weight species. These, in turn,
promote coke formation, block active catalytic sites, and accelerate catalyst deactivation.

Given the broader range of feedstocks now being processed in catalytic reforming units, it
became necessary to update and enhance the mathematical model for reforming processes
employing fixed catalyst beds. At Tomsk Polytechnic University, using advanced analytical
instrumentation, researchers conducted a detailed compositional analysis of various feedstocks,
including straight-run naphtha (85-180°C), hydrocracking naphtha, and degassed condensate. It
was determined that reforming feedstocks may contain olefins in concentrations ranging from 0.10
to 0.81 wt.%.

Based on a combination of experimental results and numerical simulations, the existing
mathematical model was significantly refined. The updated model incorporates 200 elementary
reactions involving 51 components and includes a formalized reaction network that explicitly
accounts for olefin hydrogenation and polymerization pathways. Thermodynamic and Kinetic
parameters for these reactions were also determined, enabling more accurate predictions of reaction
behavior and catalyst performance under varying feedstock compositions.

To describe the kinetic model, a matrix method was used, which makes the new scheme
flexible to the changing composition of the feedstock. The updated model is implemented in the
interpreted Python programming environment, and its adequacy is confirmed by calculations
(Pchelintseva, 2019).

3. Conclusion

The results of the non-stationary process studies discussed above demonstrate that
mathematical modeling is a powerful tool for addressing the challenges associated with catalyst
deactivation. While complete prevention of deactivation is not feasible, the development of an
effective catalyst management strategy offers a practical solution. The most significant
technological improvements can be achieved through the controlled application of physicochemical
models that account for both the reactivity of hydrocarbon fractions in the feedstock and the
specific activity characteristics of the catalysts employed.

Extensive experimental and theoretical studies conducted at various industrial facilities have
confirmed that optimal dosing of water, chlorine, sulfur, and other promoters in the reaction and
regeneration zones plays a critical role in enhancing resource efficiency. Notably, the relative
activity of the catalyst - calculated using a non-stationary physicochemical model - serves as a key
indicator for balancing the acidic and metallic functions of the catalyst. This relative activity
typically ranges from 0.5 to 1.0, depending on the feedstock’s hydrocarbon composition,
throughput, and the operating parameters of the reactor (such as temperature and pressure).

A novel method for dosing organochlorine compounds into the reactor unit has been
developed, enabling a 1.5-2% increase in the selectivity of the target aromatization reactions by
precisely regulating the flow rate of the organochlorine feed. Specifically, introducing the
organochlorine reagent into the final reforming reactor helps maintain the balance between the
catalyst’s acid and metal activity, provided that the required H.O:HCI molar ratio is preserved under
the reactor’s operating conditions.
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Overall, the industrial application of the developed mathematical reforming model has led to
the establishment of optimal operating regimes that extend catalyst life, prolong the duration of
inter-regeneration cycles, reduce the total number of regeneration events, and mitigate the effects of
catalyst poisoning, thermal degradation, and coke formation.
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Anjaarna. beH3uH/ KaTaIuTHKAIBIK PUPOPMUHT — MOTOP OTHIHAAPBIHBIH OKTaH CaHBIH apTTHIPYFa
OarpITTaJIFaH MaHBI3/IbI OHEPKACIIITIK Mpoliecc. by eHiMIepre IereH cypaHbIC alJlaFbl yaKbITTa J1a
KOFapbl Oosbi Kaja Oepmek. OChl TPOIECTI KETUIAIpyre, peakTopiapAblH KOH(DUTYpalusChiH
KaKCapTyFa JKOHE KaTalu3arop KYpaMblH OHTAaVIaHABIpYFa apHAJFaH 3epTTeyliep KCeHiHEH
xyprizimyne. Karanutukanslk puoOpMHHT KypAedi mpomecc Oonbin  TaObUIamel:  OHAA
KOIIKOMIIOHEHTT] IIMKi3aT IMEH OHIM KOCHacChl, €KI(QYHKIUSIbI KaTalu3aTop >Kyheci, KeNTereH
napajyiesib JKOHE Ti30eKTI peakuusuiap MEH KaTajau3aTOpIbIH JIE3aKTHUBAIMACH KaTap >KYpenl.
CoHaplkTaH OyJI MPOIECTI 3epTTey MEH OHTaWIaHIBIPYABIH HETI3TT  Kypalbl pPETiHJe
MaTEeMaTHKAJIbIK MOJEIbACY KeHIHEH KOJAaHbUIa/IbI.

by makanana KaTadMTHUKaIbIK PUGOPMUHITIH KHHETHKAIBIK MOJENIBICPIH TaMBITY TapHXbIHA
KBICKAIIIA I0JTY >Kkacaubir, 1959 xpuinan 6acTam Kypri3iireH >KyMbIcTap KapacTeipbuiaabl. Epexiie
Ha3zap TOMCK MOJUTEXHUKAIBIK YITTHIK 3€PTTEY YHHUBEPCHUTETIHJE JKYPTi3iireH 3eprreyiepre
aynapsUTFaH. byn kepae MyHall-XuMUs jKoHE KalTa ©HJEY MPOIECTEPiH MOJENbICYTre apHaIFaH
FBUIBIMM ~ MEKTEN  KaJIbINTACKaH. bBEH3WHII  KAaTAIMTUKAIBIK  PUGOPMUHT  MBICAIBIHIA
OeiicTallMOHAPIIBIK MOJICIBACPAl KYPYABIH 9ICTEMENTIK TOCUII KOPCETUTIN, OJap/IblH d31pJICHYIHIH
HETI3T1 KaFuJaJlapbl CUIIATTa’ abl. MOJEIbIey HOTIKENIEPl peakTop KYPhUIBIMBIH OHTAWIAHIIBIPY,
KaTaJIM3aTOPABIH KBIIIKBULABIK XOHE METAUIIBIK (YHKIMSJIAPBIHBIH TENe-TeHIITIH CakTay XoHE
KaTaan3aTop OETiHe KOKC TY3UITYiH a3aiiTy MYMKIHIIKTEPiH KOpCETe/I.

Conpaii-ak KOCBIMINIA IIUKI3aT aFbIHAAPBIH €CKEepPEe OTBHIPHIN, OEKITIAreH KaTaau3aTopIabl
pUGOPMUHT MPOLIECIHIH MAaTEMATUKAIIBIK MOJICIIH JKETUIAIPY HOTHXKENepi OepiireH.

Tyliin ce3aep: KaTaIUTUKAIBIK pUDOPMHUHT; MaTEeMAaTUKAIBIK MOJENb, €Ki yHKIUSIIbI
KaTajanu3aTop; PeakTop; Je3aKTUBAIIMS; KOKC TY31Iyl; OPraHOXJIOPIIBI KOCBUIBICTAp; OHTAWIAHIBIPY;
IIMKI3aT aFbIHAAPBI

JlocTH:KeHHsT M MEePCHEeKTUBbI B 00JIACTH MaTeMATH4YeCKOro MOJAeJTHPOBAHMS
KATAJIUTHYECKOr0 pU(PpOPMHUHTra OeH3UHA

Enena UBamkuna, Exarepuna Yepusikosa, Muna Iyenunnesa

Annoraunusa. Karanutuyeckuit pudopMUHT O€H3MHA SIBISETCS BAKHEUIIUM MPOMBIIUICHHBIM
MPOIIECCOM, HANpPABJICHHBIM Ha TMOBBIIICHHE OKTAHOBOT'O YKCJA MOTOPHBIX TOIUIMB, CIIPOC Ha
KOTOpBIE, KaK OKUIAeTCs, COXPAaHUTCA B 0003puMoM Oyayiiem. BenyTcs oOmmmpHbIie nucciae10BaHus
10 COBEPIIEHCTBOBAHUIO KOHCTPYKIIMU PUGOPMHHTOBBIX MPOIECCOB, KOHPUTYpPAIUA PEAKTOPOB H
coCTaBa KaTaau3aTOPOB. YUUTHIBAS CIOKHOCTh KAaTaTUTHUYECKOTO PHPOPMHUHTA, BKIIIOYAIOIIETO
MHOTOKOMIIOHEHTHYIO CMECh CBIpbS W TPOAYKTOB, OMGMYHKIIMOHAJIBHBIE KaTaJlU3aTOPHI,
MHOTOYHUCJIEHHBIE TMapajyiebHblE W TOCIEIOBaTEIbHBIE PEAKUUHU, a TaKKe MEXaHU3MBI
Ne3aKTUBAllUM  KaTalu3aTropa, MaTeMaTHYeCKoe  MOJEIUPOBAHHWE  OCTA€TCi  OCHOBHBIM
WHCTPYMEHTOM JJIs1 U3Y4YE€HHS ¥ ONITUMM3AIUMU IIpoLiecca.

Hacrosimass pabota mpeacTaBisieT KpaTKHil 0030p JBOJIOIUHU TMOJXOJOB K KHHETHYECKOMY
MOJICTTUPOBAHUIO KAaTaTUTHUECKOTO pudopmuHra, HaunHas ¢ pabot 1959 rona. Ocoboe BHUMaHUE
YACNSETCS WCCIEIOBAaHUSM, TMPOBEAEHHBIM B HarmoHanmpbHOM HccaeaoBaTelbckoM ToMcKkoM
MOJIMTEXHUYECKOM  YHUBEpcHUTeTe, TrAe chopMHUpOBaHa HayyHas IIKoJa MO pa3paboTke
MaTeMaTUYeCKUX MoJieleil HeTeXUMUYECKUX U TepepadaThiBalommMX mporieccoB. Ha mpumepe
KaTaJuTH4ecKoro pudopmuHra OeH3MHA WU3JOXKEH METOJOJOTHYECKU TOIXO0J K IOCTPOSHHUIO
HECTallMOHAPHBIX MOJIEJCH, OMUCaHbl OCHOBHBIC MPHUHIUIBI WX paszpabotku. [IpencraBieHHBIC
pe3yabTaThl MOJIETUPOBAHUS JEMOHCTPUPYIOT BO3MOKHOCTH 10 ONTHUMHU3ALMHU KOHCTPYKIIMH
pPEaKTOpoB, MOJJCPKAHHMIO OangaHca KHUCIOTHOM M METaUIMYECKOW (YHKIMN KaTaliu3aTopa H
MUHHMMH3ALUA KOKCOBAHUS €r0 MOBEPXHOCTH.
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[IpencraBieHbl pe3yNbTaThl COBEPIICHCTBOBAHMS MAaTEMAaTHUYECKOH Mojaenu pudopMUHTa C
HEIIOABMKHBIM KaTaJIu3aTOpOM € y4ETOM MOJAYU JOIIOIHUTEIBHOIO ChIPhS.

KutoueBble cjioBa: KaTanmuTH4ECKU puOPMUHT; MaTeMaTHUecKasi MOJeIb; OU(yHKIIMOHATbHBIN

KaTaJIu3aTop, pCaKToOp, AC3aKTHUBALIUA; 06p330BaHI/IC KOKCa; Opra”HoOXJIOpCOoACpKaAIIUC COCAUHCHUA,
OIITUMHU3ALMA; IIOTOKU CBIPbHA.

86



