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ABSTRACT

The gradual tightening of environmental standards, combined with growing global demand
for environmentally friendly fuels, has significantly increased the importance of advanced technologies
in oil refining. In this context, the catalytic isomerization of light alkanes (C,—C, fraction) is one
of the most strategic processes for improving gasoline quality without increasing the concentration
of aromatic hydrocarbons or adding hazardous additives. From a chemical standpoint, this process
promotes the structural rearrangement of linear paraffins into corresponding branched isomers,
which possess a higher octane numbers. This results in a significant improvement in the fuel’s combustion
characteristics, while reducing the formation of environmentally harmful emissions.

This review systematically examines the fundamental principles underlying the isomerization of alkanes.
Particular attention is given to the reaction mechanism, which proceeds via carbocationic intermediates
at acidic catalytic sites, reflecting the well-established mechanism of acid-catalyzed hydrocarbon
transformations. Furthermore, the thermodynamic constraints governing the equilibrium distribution
of isomers, as well as the kinetic factors influencingreaction rate, product selectivity, and overall process
efficiency, are critically analyzed. Special emphasis is placed on bifunctional catalytic systems combining
metal and acid functions, enabling the simultaneous hydrogenation—dehydrogenation and skeletal
isomerization steps. The role of competing side reactions, notably hydrocracking and aromatization,
is also addressed due to their influence on product yield and catalyst stability.

Beyond theoretical considerations, this review examines the complexities inherent in real industrial
systems. In practice, the attainment of thermodynamic equilibrium is often limited by kinetic constraints,
resistance to mass transfer within particles and between phases, as well as by the gradual deactivation
of the catalyst due to coke formation or poisoning. These factors require a more detailed understanding
of process behavior under industrial operating condition.

Keywords: catalytic isomerization; light alkanes; hydroisomerization; bifunctional catalysts; carbocation
mechanism; thermodynamic equilibrium; reaction kinetics; zeolite catalysts; catalyst deactivation;
octane number enhancement.
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Hayu4HbI 0630p

KaTtanntuyeckas n3omMepusauua NErkux ankaHoB:
TepMmoganHamMmun4ieckmne, KHHeTu4eCkmne n TexHomnorn4yeckme acneKkTbl

H.C. Opasb6aeB, I')K. CeniTeHOBa
Espasutickuli HayuoHarsnbHbIlU yHugepcumem um. J1.H. l'ymunéea, 2. Acmana, KazaxcmaH

AHHOTALUMUA

[MocTeneHHoe YXEeCTOYEeHME IKOMOrMYECKMX HOPM B COYETaHWM C pacTylMmM MUPOBLIM CMNPOCOM
Ha 9KONMOMMYECKN YNCTblE BUAbI TOMMUBA 3HAYUTENBHO MOBbLICUIO 3HAYUMOCTb NEPESOBbIX TEXHOMOMIA
B HedTenepepaboTke. B 3TOM KOHTEKCTE KaTanuTuyeckas M3omepusauust NErkux ankaHoB (pakums
C,—C¢) aBnsieTcss ogHUM M3 Hauboriee cTpaTerMvyeckM BaXKHbIX MPOLIECCOB, MO3BOMSAIOWMX YNy4YlIUTb
kayecTBO OeH3nHa 6e3 yBenuyeHus KOHLEeHTpauuM apoMaTUyeckux YrneBogopoaoB vnv AobasneHust
onacHbIx npucagok. C XUMWYECKON TOYKM 3pEHUs 3TOT MPOLECC CMNoCOBCTBYET CTPYKTYPHOW
neperpynnupoBKe NIMHEeNHbIX NapatHOB B COOTBETCTBYOLLME pa3BETBIEHHbIE N30MEpPDLI, 0bnagatowne
bonee BbICOKMM OKTAHOBBLIM YMCIIOM. OTO MPMBOAWUT K 3HAYMTESIbHOMY YIYYLLEHUI0 XapaKTepuCTUK
cropaHusi TonnvBea Npu O4HOBPEMEHHOM CHUXKEHUM 0BpasoBaHus BpeAHbIX AN OKpyXKatolwen cpenpbl
BbIOPOCOB.

B paHHoMm 0630pe paccmatpuBatoTcs yHOAMeHTanbHble NMPUHLUWNGI, NeXaline B OCHOBE WM30OMepU-
3aumun ankaHoB. Oco6oe BHWMaHWE yOEnsieTcs MexaHusMy peakuuu, npoTtekarollemy uvepes kap6o-
KaTUOHHbIE MPOMEXYTOYHbIE COEAMHEHUSI Ha KUCMOTHbIX KaTalMTUYECKUX LIeHTpax, YTo oTpaxaeT
KInaccuyeckyro CXeMy KUCNOTHO-KaTannampyeMbIx NpeBpaLleHnii yrneeogopodos. Kpome Toro, aHanmnau-
pyloTCS TEPMOAMHAMUYECKUE OrpaHUYeHUs], onpeaensiolie paBHOBECHOE pacnpeaeneHne N3oMepos,
a Takke KMHETUYECKME NapaMeTpbl, onpeaenstowme CKOpoCTb peakuun, CeNnekTUBHOCTL NpoaykTa n 06-
wyto adpdpekTBHOCTL Npouecca. Ocoboe BHUMaHWe yaensercs OUdyHKUMOHANbHbIM KaTannTU4eckum
cucTemMaM, KOTopble COYETalT MEeTannuyeckne 1 KUCNOTHblE (PyHKUMOHANbHbIE rPyMmbl, YTO MNO3BOSS-
€T OfJHOBPEMEHHO OCYLLECTBNATL 3Tanbl MMAPUPOBaHNA-AErAPUPOBAHUS U N30MEPU3aLn OCHOBHOW
uenu. Takke paccMmaTpuBaeTCsl Poslb KOHKYPUPYOLNX NOOOYHBIX peakumi, B YaCTHOCTU rMOPOKPEKUHIa
1 apomatusaumn, BBUAY UX BAUSIHUS HAa BbIXOA NPOAYKTa U CTabuIbHOCTL Katanuaatopa.

MomMumo TeopeTuyeckmx coobpaxeHuit, B JaHHOM 0030pe paccMaTpuBaloTCs CHOXHOCTWU, NpucyLine
pearnbHbIM NPOMBILLINEHHBIM cucTemMaM. Ha npakTuke OOCTMXKEHME TePMOAUHAMMUYECKOro paBHOBECUSI
4acTo OrpaHWM4MBAETCS KUHETUYECKMMMU OFpaHUYEHUsIMU, COMPOTUBMEHWEM MacCOMEPEHOCY BHYTPU
yactuy n mMexay dasamu, a Takke MOCTEMNEHHOW Ae3akTMBauMveln katanusatopa ums-3a obpasoBaHus
KOKCa unu oTpaenenus. Atn cdaktopbl TpebytoT Gonee aeTtanbLHOr0 NOHUMaHUSA NOBEAEHWUsI npouecca
B NMPOMBILLIIEHHBIX YCIOBUSIX 9KCNyaTaumm.

Knroyeewle crioea: kamanumuyeckass u3omepusayusi, néskue alkaHbl, eudpou3omepusayus,
bucbyHKYUOHanbHble  Kamanusamopbl,  KapbOKamuOHHbIU  MexaHu3M,  mepMOOUHaMU4YecKoe
pasHosecue, KuHemuka peakuuu, UeoslumHble Kamanusamopbl, 0e3akmueauusi Kamarnuszamopa,
r108bILWEHUE OKMaH08020 Yucra.
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FbinbiMu wony

XeHin ankaHaapbIHbIH KaTanuTUKanbik U3oMepu3aumsachbl:
TepMoguHaMUKanbIK, KHHEeTUKalbIK XX9He TeXHONOrMAnNbIK
acnekTinep

H.C. Opasb6aeB, I')K. CeriTeHOBa
J1.H. l'ymunée amsiHOarbl Eypa3us ynmmeik yHugepcumemi, AcmaHa Kanacbl, KazakcmaH

AHOATNA

Okonorusnblk HopmanapablH GipTiHAen KyLletoi SKoNorusnblK Tada OTblHFA AereH anemaik CypaHbICTbIH,
apTybiMeH Oipre MyHawabl KaWTa eHaeyderi 03blK TeXHONOrusinapAblH  MaHbI3AbIIbIFBIH - eaayip
apTTbipabl. byn Typrbiaa xeHin ankaHaapablH katanutukanblk ndomepnenyi (C,—Cy dpakumacsl) xow
nicTi KeMipcyTeKTepAiH KOHLEHTpaUMSCbIH apTThipMan Hemece KayinTi kocnanapabl kocrnan-aK 6eH3uH
canachblH XakcapTyablH eH cTpaTerussnblk MaHpl3abl npouecTepiHib, 6ipi 6onbin Tabbinagbl. XuMuanbik
TypfFblAaH anfaHaa, 6yn npouecc Cbi3bIKTbIK NapaduHaepaiH KypbinbiMAbIK KanTa Ty3inyiHe biknan erTin,
onapAbl OKTaH CaHbl XXofapbl Calikec TapMakTarnfaH nsomeprepre anHangslipaabl. byn koplaraH opTtara
3MAHAbI WbiFapblHAbINAPAbIH TY3iNyiH aszanTa oTbIpbIn, XaHapManablH aHy eHiMAiNiriHiK anTapnblikTan
XakcapyblHa akenegi.

Bbyn wonyna ankaHgapablH WM30MEpneHyiHiH  Herisri  npuHuunTepi  kapacTtblpbinagbl.  KpIWKbIn
KaTanuTukanblk opTanbikTapaarbl kapbokaumanblk apanblk KOCbIbICTap apKbifbl XKYPETiH peakuus
MexaHu3MiHE epekwe Hasap aygapbinagbl, Oyn  kemipcyTekTepgiH  KbllKbl-KaTanusgeHeTiH
TYpneHynepiHiH Knaccukanblk cxemacblH kepcetedi. COHbIMEH kaTap, WM3oMepnepaiH Tene-TeHaik
TapanyblH aHbIKTaWTblH TepMOAMHAMUKanblK LUEKTeynep, COHAal-aKk peakuus >KblngamabifbiH,
©HIMHIH, CEeNeKTUBTIMNIMNH XeHe MPOLECTiH Xannbl TUIMAINIriH aHbIKTAUTbIH KMHETUKANbIK NapamMeTpriep
TangaHagbl. Metann xaHe KblWKbINAblK yHKUMOHanAbl TonTapabl OipikTipeTiH Koc (yHKUMOHanabl
KaTanuTukanblk >Kynernepre epekwe Hasap aydapbinagbl, Oyn ruapney-gervaprney xsHe Herisri
Ti3bekTi n3omepney kagampapbiH Gip yakbiTTa Xy3ere acblpyFa MyMkiHAik 6epeai. CoHaan-aK eHim
WbIFbIMbIHA >X8HE KaTanu3aTopablH TYpPaKTbiNbiFblHA acep eTeTiH 6acekenec xaHama peakumsinapabiH,
atan anTkaHda TMAPOKPEKMHr MeH apomaTtTaHy NpouecTepiHiH peni KapacTbipbinagbl. Ic xysiHge
TepMoauHaMuKanbIKk Tene-TeHaikke Kom eTkidy kebiHece KMHeTuKanblK LekTeynepMeH, Genwektepaiy
iwiHge oHe (pasanap apacbliHOa Macca anMacyfa TesiMAinikneH, coHaan-aK KOKC Ty3inyiHe Hemece
ynaHyfa GannaHbICTbl KaTanu3atopablH OipTiHOen AesakTvBauusicbiMeH LwwekTenedi. byn daktopnap
eHAipiCTiK NanganaHy xaraanbliHAa NPOLECTIH SPEKETIH eNKen Tenkenni TyCiHyai Tanan eTeqi.

Hezizzi ce3dep: kamanumukanblK U30OMepu3auyusi, XeHin ankaHoap, eudpou3omepusayus,
bugbyHKYUOHanObl Kamanu3amoprap, Kapbokauusi MexaHusmi, mepMoOUHamMuKarsblK mene-meHOikK,
peakyusi KUHemukachl, Ueonum Kamanu3zamopnapbl, kamanu3amopObl 3anancbi30aHobipy, OKmaH
caHbIH Kebelmy.
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Introduction
Over the past few decades, the global oil refining
industry has undergone profound changes,
driven by increasingly stringent environmental
regulations and growing demand for high-quality,
high-performance fuels. One of the primary
missions of modern refineries is to produce high-
octane gasoline while minimizing the concentration
of environmentally harmful components, particularly
aromatic  hydrocarbons, sulfur  compounds,
and leaded additives [1].

In this context, the catalytic isomerization of light
paraffins has become a process of -crucial
technological importance. This process converts low-
octane normal alkanes into their branched structural
isomers, which exhibit better anti-knock properties
and thus help improve engine performance and fuel
efficiency. Unlike catalytic reforming, isomerization
does not lead to the intensive formation of benzene
or other toxic aromatic compounds, making it a more
environmentally friendly method for improving
gasoline quality [2].

Light naphtha fractions, particularly those containing
C,—C¢s hydrocarbons, are the optimal feedstock
for isomerization processes. These fractions
are abundant in crude oil and can be effectively
upgraded through intramolecular rearrangement
without altering their general molecular formula.
Consequently, isomerization plays a key role
in increasing the yield of high-octane components
intended for blending in modern refining concepts [3].
From a fundamental perspective, the isomerization
of alkanes constitutes a complex catalytic
system, determined by the interaction between
thermodynamic constraints, reaction Kkinetics,
and catalyst functionality. The reaction mechanism
generally involves carbocationic intermedia-
tes formed at active acid sites and comprises
a sequence of elementary steps, including hydri-
de shifts, skeletal rearrangements, and rever-
sible hydrogenation-dehydrogenation reactions.
At the same time, competing side reactions
such as hydrocracking and aromatization may occur,
which impairs selectivity and complicates process
optimization [4].

Another important factor is the discrepancy between
theoretical and practical process values. Although
thermodynamic analysis determines the upper
limit of the isomer yield that can be achieved,
actual industrial results are often limited by kinetic
constraints, diffusion and mass transfer resistances,
as well as catalyst deactivation phenomena
due to coke deposits or poisoning. To achieve
optimal operating conditions, it is therefore neces-
sary to carefully and systematically harmonize
the reaction parameters, catalyst design, and reactor
configuration [5].

In recent vyears,
and in industrial

both in scientific research
practice, there has been

an increasing use of advanced mathema-
tical modeling and simulation methods to gain
a deeper understanding of isomerization systems.
These tools facilitate the prediction of equilibrium
compositions, the elucidation of reaction pathways,
and the accurate modeling of industrial plant
performance under various operating conditions.
For this reason, this review aims to provide
a comprehensive analysis of the thermodynamic,
kinetic, and catalytic properties of light alkane
isomerization, as well as a critical evaluation
of modern technological approaches and the key
challenges associated with their large-scale
industrial implementation [6].

Consequently, studies devoted to the systematic
optimization of industrial isomerization plants remain
relatively rare in the available scientific literature.
This is primarily due to the difficulty of developing
rigorous kinetic models, which are a fundamental
component of any reliable optimization scheme
for isomerization reactors. Creating such models
requires a detailed consideration of extensive
reaction networks, as well as the inclusion of catalytic
and transport phenomena, which significantly
complicates their practical implementation [7].

Literature review

A number of previous studies have approached
this problem from various methodological perspec-
tives. The influence of metal-acid balance
in Ni/fSAPO-11 catalysts for n-hexane hydroisome-
rization was also considered by Lyu, et al. [8].
For example, Besl, et al., presented a brief
assessment of the optimization of the Penex
isomerization process at a German refinery, thereby
offering one of the first practical insights into process
improvement on an industrial scale. However,
their work was primarily focused on applied aspects
and did not include a detailed mechanistic inter-
pretation of the underlying reaction pathways [9].

In contrast, simplified kinetic model that accounts
only for the main reaction pathways, namely
isomerization and cracking. This model was
applied to optimize the process using a liquid
aluminum chloride (AICI;)-based catalytic system
and demonstrated that reduced-order kinetic
models can still serve as effective tools in process
development and optimization [9].

Akhari, et al., investigated the effect of feed
composition, specifically the presence of methyl-
cyclopentane, on isomerization yield using process
simulation in HYSYS". In addition, they conducted
experimental studies on the effect of hydrogen
partial pressure on the activity of Pt-mordenite
zeolite-based catalysts and on the conversion
of n-paraffins. Based on these results, kinetic
equations were proposed for the conversion of Cs
and C¢ hydrocarbons [10].

"Aspen HYSYS (or simply HYSYS) is a chemical process simulator currently developed by AspenTech used to mathematically
model chemical processes, from unit operations to full chemical plants and refineries.
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Further experimental work by Brito, et al., focused
on Pt-Ni / mordenite catalysts with various metal
ratios. Their results showed that the composition
of the metal phase has a significant effect on catalytic
activity and selectivity. In addition, a kinetic model
was developed to describe the catalyst's behavior
during deactivation, which is crucial for assessing
the catalyst’s long-term stability [11].

Koncsag, et al, developed a kinetic model
of Cs—Cs isomerization on Pt / zeolite H catalysts
under conditions typical of industrial production,
which improved the reliability of process modeling
when applied at the refinery scale [12].

Surla, et al., proposed an event-driven approach
to kinetic modeling to describe Cs—C,4 isomerization
on chlorinated aluminum oxide-based catalysts.
This methodology provides a more detailed
mechanistic description of the elementary reaction
steps and allows for a deeper understanding
of complex networks of catalytic reactions [13].
Most recently, Chekantsev, et al., proposed
a comprehensive kinetic model applicable
to the three main classes of isomerization cata-
lysts. Their reaction network includes 36 elementary
steps, providing a highly detailed view of the system.
The study showed that, although the overall reaction
rates are comparable for different types of cata-
lysts, there are significant differences at the level
of individual isomerization pathways. It is important
to note that the model agrees well with experimen-
tal data for all the catalytic systems studied,
which confirmed its validity and reliability [14].

Materials and methods

This review article is based on an analysis
of recent scientific literature on the isomerization
of light paraffinic hydrocarbons and the develop-
ment of industrial hydroisomerization catalysts.
The theoretical basis of the study was determi-
ned using peer-reviewed publications indexed
in major scientific databases, including Scopus,
Web of Science, ScienceDirect, MDPI?, ACS
Publications®, and Chemical Society Reviews,
with a focus on articles published between 2019
and 2025. Other sources were studies of industrial
isomerization technologies and the thermodynamic
foundations of catalytic processes.

The bibliography was selected and prepared using
a number of key terms such as hydroisomerization,
isomerization of light naphtha, bifunctional catalysts,
Pt / CI-AlL,O3, zeolites, SAPO-11, sulfated zirco-
nium oxide, equilibrium constant, thermodynamics,
metal acid equilibrium, hydrocracking, catalyst
deactivation, formation, coke isomerization, paraffin
isomerization, branched isomers, catalytic acid,
and hydrogenation—dehydration function.

The collected data was processed using com-
parative, thermodynamic, and content analysis

approaches. The studies were evaluated in terms
of how temperature, acid content in the catalyst,
metal-acid site ratio, pore structure, and carrier
type affect the activity, selectivity, and stability
of hydroisomerization catalysts. Particular attention
was paid to how the reaction temperature affects
the thermodynamic equilibrium, the equilibrium
constant (Keq), the distribution of the product
between different isomers, and the degree of side
reactions such as hydrocracking and coke formation.
In addition, the literature on the modification
of catalysts with metals such as Pt, Ni, and Pd
was reviewed, as well as comparisons of catalytic
systems based on chlorinated aluminum oxide,
zeolite, SAPO-11, and sulfated zirconium oxide.
Important performance indicators were taken
into account, including n-alkane conversion,
selectivity to isoparaffins, operating temperature
ranges, resistance to sulfur-containing and water-
containing impurities, and catalyst deactivation rates
associated with coke separation.

In general, the information collected was sum-
marized to clarify the relationship between thermo-
dynamic constraints and catalytic behavior in various
systems, determine optimal conditions for modern
hydroisomerization processes, and evaluate
the industrial potential of modern bifunctional
catalysts to improve the octane number of light
petroleum fractions.

Results

A review of the literature shows that the catalytic
isomerization of light alkanes is affected not
by a single factor, but by the complex effect
of catalyst acidity, metal function, reaction
temperature and pore structure. In most studies,
bifunctional catalysts are considered the most
effective systems for isomerizing C—C alkanes.
This is because metal centers are responsible
for  hydrogenation-dehydrogenation  reactions,
while acid centers contribute to the formation
and rearrangement of intermediate carbenium ions.
Comparison of different catalytic systems showed
that chlorinated alumina-based catalysts have very
high activity at relatively low temperatures, usually
in the range of 120—180°C Zeolite-based catalysts,
such as Pt/mordenite and Pt/HBEA, generally
require higher operating temperatures, but are more
stable, more resistant to contamination, and have
a longer service life. Molecular sieves of SAPO-11
and other silicoalumophosphates are also important,
since their porous structure allows form selectivity
and promotes the formation of monoramidal isomers.
The literature also confirms that temperature plays
a dual role in the isomerization process. At lower
temperatures, the formation of branched isomers
is thermodynamically favorable, but the reaction
rate is still limited because the formation of active

2 MDPI (Multidisciplinary Digital Publishing Institute) is a publisher of peer-reviewed, open access journals since

its establishment in 1996.

3 ACS (The American Chemical Society) is a scientific society based in the United States that supports scientific inquiry

in the field of chemistry.
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intermediates is slow. At higher temperatures,
the reaction is faster, but selectivity may decrease
due to stronger hydrocracking, aromatization
and coke formation. For this reason, the optimal
temperature range should be selected according
to the type of catalyst and the required balance
between the conversion, selectivity and stability
of the catalyst.

Coke formation has also been identified as a major
cause of catalyst decontamination. In some cases,
a small amount of coke can have a positive effect,
since it blocks non-selective external acid centers
and increases selectivity. However, excessive coke
build-up blocks micropores, reduces the number
of available active sites, and hinders the diffusion
of reagents and products. Hierarchical catalysts
with additional mesoporous channels have better
diffusion properties and slower deactivation
than conventional microporous catalysts.

Fundamentals of Alkane Isomerization

Alkane isomerization is a fundamental class
of transformations in hydrocarbon chemistry,
which involves the rearrangement of the carbon
skeleton while maintaining the molecular formula.
In the context of petroleum refining, this process
predominantly refers to the conversion of linear
(conventional) alkanes into their branched
counterparts. Despiteitsapparentstructural simplicity,
this transformation is determined by the complex
interaction of molecular structure, energy factors
and catalytic effects. Conventional alkanes have
a relatively low chemical reactivity, which can be
explained by the presence of strong ¢ bonds (C-C
and C-H) and the absence of functional groups
or T-systems. In terms of molecular orbitals,
their highest occupied molecular orbitals are
characterized by low energy levels, while the lowest
unoccupied molecular orbitals remain energetically
inaccessible under mild conditions. This electro-
nic configuration explains its inherent inertia,
which requires the use of highly active catalytic
systems capable of generating reactive inter-
mediates to initiate the isomerization process [15].
The thermodynamic driving force of alkane
isomerization is due to the difference in the stability
of the linear and branched isomers. Branched
alkanes tend to be thermodynamically more stable
due to the combined effect of hyperconjuga-
tion and the electron-donating inductive effect
of the alkyl substituents. This higher stability
is directly related to a higher compression ignition
resistance, which leads to a higher octane number
and better fuel efficiency. From a constructive point
of view, the degree of branching plays a decisive role
in determining the quality of fuel. Single-stranded
isomers, such as methylpentanes, generally have
a moderate octane number, while more bran-
ched structures, including dimethylbutanes, have
significantly higher anti-knock properties. Therefore,
industrial isomerization processes are designed

not only to facilitate the conversion of n-alkanes,
but also to selectively promote the formation
of highly branched isomers [16].

Isomerization is particularly relevant for light
hydrocarbons in the C,—C, range, which make
up a significant part of the light naphtha fluxes.
Due to their relatively simple molecular structure,
these compounds undergo efficient structural
adaptation under catalytic conditions, which makes
them an ideal raw material for increasing the octane
number. In addition, light alkanes, in contrast
to heavier hydrocarbons, are able to approach
thermodynamic equilibrium under correspondingly
optimized process conditions. An additional feature
of alkane isomerization is its reversible nature.
The reaction takes place in a thermodynamic
equilibrium state, the final distribution of the isomers
being determined mainly by temperature and,
to a lesser extent, by pressure. As a result, the com-
position of the product is determined not only by ki-
netic factors, but also by equilibrium constraints [17].
In industry, isomerization is usually integrated
with other refining processes such as hydrogen
treatment and fractionation to improve the overall
efficiency of the process. Before isomerization,
the raw materials are usually subjected to purification
steps to remove catalytic chemical agents, including
sulfur- and nitrogen-containing compounds, as well
as moisture, which can negatively affect the catalytic
activity and stability. Therefore, alkane isomeriza-
tion is a key to improving modern petroleum refining
by combining the basic principles of physical chem-
istry with advanced technological processes that en-
able cleaner fuels with a higher octane number [18].

Mechanism of Catalytic Isomerization

The catalytic isomerization of alkanes is a me-
chanically complex multiphase process that occurs
due to the formation of highly reactive intermedi-
ates and involves the synergistic contribution of ac-
id-catalyzed and metal-catalyzed transformations.
The reaction mechanism is most often interpreted
within the framework of carbocation chemistry (car-
bene ion chemistry), which provides a consistent
theoretical basis for describing not only the desired
skeletal rearrangements, but also the formation
of undesirable by-products [19].

In industrial conditions, alkane isomerization is usu-
ally carried out in bifunctional catalytic systems
containing both metallic and acidic active centers.
These functions perform complementary and inter-
dependent functions across the entire reaction net-
work. In particular, the metal component promotes
reversible hydrogenation-dehydrogenation steps,
which allow the formation of reactive olefin or car-
bocation precursors, while acidic centers contribute
to structural restructuring through the formation
and transformation of carbocation intermediates. Ef-
fective cooperation between these two types of active
centers is a critical factor for the catalytic activity,
selectivity, and overall efficiency of the process [20].
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Formation of Reactive Intermediates

The initial stage of the isomerization mechanism
involves the activation of a relatively inert alkane
molecule, which is an important kinetic barrier
in the overall process. In bifunctional catalytic
systems, this stage usually begins with the active
metal centers, where the alkane is dehydrogenated
to form alkenes or intermediates bound
to the surface. The formation of this unsaturated
intermediate is important because it significantly
increases the reactivity of the molecule and ensures
its subsequent participation in acid-catalyzed
transformations [21].

After the formation of the alkaline intermediate,
it moves to the acidic active center, where it is
protonated, resulting in the formation of a carbenium
ion. This positively charged intermediate plays
a central role in the isomerization mechanism
because it provides the electronic and structural
flexibility needed to rearrange carbon-carbon bonds.
In systems characterized by an exceptionally high
acid content, such as superacid media, an alternative
activation pathway may be used.

In such cases, carbocations can be formed
directly by separating the hydride from the alkane,
avoiding the intermediate stage of alkene formation.
Regardless of the specific pathway, the formation
of carbenium ions is a critical mechanical step,
since it provides a subsequent restructuring
of the skeleton, which leads to the formation
of branched isomers [22].

Skeletal Rearrangement

Once generated, the carbenium ion undergoes
a sequence of structural rearrangements through
a series of elementary transformations. The most sig-
nificant among these are 1,2-hydride shifts and alkyl
shifts, involving the migration of methyl or larger al-
kyl groups along the carbon framework. These intra-
molecular rearrangements result in the progressive
stabilization of the carbocation, generally following
the well-established stability order: primary < sec-
ondary < tertiary [23].

From a mechanistic standpoint, two principal types
of rearrangements are typically distinguished. Type
A rearrangements involve relatively straightforward
hydride or alkyl shifts and proceed at comparative-
ly high rates due to their lower activation barriers.
In contrast, Type B rearrangements are associated
with the formation of more highly branched struc-
tures and often proceed via non-classical intermedi-
ates, such as protonated cyclopropane-like species.
These pathways are usually more complex but are
essential for generating isomers with superior struc-
tural branching.

The intrinsic tendency of carbocation intermediates
to evolve toward more thermodynamically stable
configurations serves as the primary driving force
for skeletal rearrangement. As a result, the reaction
network ultimately favors the formation of highly
branched isomers, which are both energetically pre-

ferred and technologically desirable due to their en-
hanced fuel properties [24].

Chain Propagation and Product Formation
After rearrangement, the carbocation undergoes
a hydride transfer from another alkane molecule.
This step produces the final branched alkane and si-
multaneously generates a new carbocation, allowing
the reaction to proceed as a chain process.

In bifunctional catalysts, the final step involves hy-
drogenation of the intermediate species on metal
sites, ensuring the formation of stable saturated hy-
drocarbons and preventing excessive accumulation
of olefins [25].

Side Reactions

Following skeletal rearrangement, the carbenium ion
undergoes a hydride transfer reaction with a neigh-
boring alkane molecule. This step results in the for-
mation of the final branched alkane product while si-
multaneously generating a new carbocation species,
thereby sustaining the reaction through a chain-type
propagation mechanism.

In bifunctional catalytic systems, the final step
involves hydrogenation of intermediate species
on metal sites, ensuring the formation of stable satu-
rated hydrocarbons and preventing excessive accu-
mulation of olefinic compounds, which could other-
wise lead to catalyst deactivation [26].

Role of Catalyst Structure

The mechanism of alkane isomerization is strong-
ly governed by the physicochemical properties
of the catalyst, which determine both activity and se-
lectivity of the process. In particular, the most influen-
tial parameters include: (i) the strength and density
of acid sites responsible for carbocation formation
and rearrangement, (ii) the dispersion and intrin-
sic activity of metallic sites involved in hydroge-
nation—dehydrogenation steps, and (iii) the pore
architecture of the catalyst, which imposes diffusion
constraints and shape-selective effects on reactant
and intermediate species.

Industrial isomerization of light alkanes is usually
carried out using bifunctional catalysts containing
both metallic and acid-active centers. The overall
performance of these catalyst systems depends
on several important factors, including the acidity
of the catalyst, the distribution of metal components,
the structure of the auxiliary material, the resistance
of the catalyst to attenuation, and the selected op-
erating conditions. The most used catalysts in mod-
ern purification practice include chlorinated alumina
catalysts, zeolite-based systems, and silicoalumino-
phosphate molecular sieves, particularly SAPO-11,
each of which has its own advantages and limitations
specific to industrial use [27]. The main industrial
catalytic systems used for the isomerization of light
alkanes and their comparative characteristics
are given in Tab. 1 [25-29].
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Table 1. Comparative analysis of the major industrial catalysts used for light alkane
isomerization [25-29]

Catalyst system Typical operat:ng Activity SEIECtIV.'ty 0 Sulfl{r jateyficobsjformation Main advantages | Main limitations
temperature, °C branched isomers| resistance tendency
High octane Sensitive to
Pt/ CI-Al,O3 120-180°C \Very high [Very high Very low Moderate enhancement at low |moisture and
temperature sulfur compounds
Pt / Zeolite Lower than Higher thermal Requires higher
" 220-280°C High High Good chlorinated stability and longer |operating
(mordenite, HBEA) .
catalysts catalyst life temperature
High for mono- Excellent shape Lower overall
Pt/ SAPO-11 250-320°C Moderate | ' ] Good Low selectivity and N
branched isomers o conversion
stability
Improved metal More complex
Pt-Ni / Mordenite 220-300°C High High Moderate Moderate dispersion and catalyst
hydrogenation ability |preparation
Sulfated zirconia- Strong acidity and  |Rapid
150-220°C \Very high |Moderate Low High high low-temperature|deactivation due
based catalysts - N
activity to coking

The isomerization of light naphtha is an impor-
tant purification process for improving the quality
of gasoline by increasing the octane number.
This is achieved by converting straight-chain
paraffins into their valuable branched isomers.
For this purpose, different catalyst systems are
used in industry, which behave differently depend-
ing on the balance of activity, selectivity and stabi-
lity. One of the most active types of catalysts is PT /
CI-Al, O3, which operates at relatively low tempera-
tures (120-180°C). It has a high activity and high
selectivity to branched products, which means
that it is very efficient in processing raw materials
under mild conditions. But its main disadvantage
is the sensitivity to impurities such as sulfur and wa-
ter. Even small amounts of these impurities can
quickly disable the catalyst, which makes it difficult
to work in less purified energy systems [26-27].

On the other hand, Pt / zeolite-based catalysts
(for example, mordenite, ZSM-5 (Zeolite Socony
Mobil-5, an MFI-type zeolite) and B-zeolite) oper-
ate at high temperatures (220-280°C). Although
they are somewhat inactive at low temperatures,
they are much more stable and resistant to contam-
ination. This makes them convenient for industrial
use, especially in real refinery conditions, where per-
fect purification of raw materials is not always possi-
ble. Catalysts based on SAPO-11 generally operate
at 250-320°C. and are known for their high form
selectivity. Due to their one-dimensional porous
structure, they contribute to the formation of sin-
gle-branched isomers [28].

However, their total conversion is lower com-
pared to zeolite-based catalysts, which limits their
use in large-scale industrial applications that re-
quire high performance. Pt-Ni / mordenite-based
catalysts have improved performance by in-
creasing the dispersion of metals and improv-
ing hydrogenation-dehydrogenation  processes,
which helps to improve the efficiency of isomeri-
zation. The downside is that they are more difficult
to cook and tend to be more expensive. Another
important class of catalysts are sulfonated zir-
conium-based catalysts, which can have a very

high acidity and high activity at low temperatures
(150-220°C) [29].

However, they quickly fail due to long-term intensive
coking and low temperature resistance. In general,
isomerization does not have a single “ideal” catalyst.
Systems based on chlorinated alumina offer very
low temperature properties but are very sensitive.
Zeolite-based catalysts are an industrially balanced
and reliable solution. SAPO-11 materials have high
selectivity, but low conversion rate, and sulfonated
zirconium systems have high activity, but are un-
stable over time. As a result, the choice of catalyst
always involves an interaction between activity, se-
lectivity, resistance to poisoning and long service life
under the conditions of use [27-28].

Isomerization Catalysts and Coke Formation
The isomerization of n-alkanes in bifunctional
Pt / H-beta catalysts is strongly influenced by sev-
eral key factors, including catalytic acid, pore
structure, reaction temperature, hydrogen pressure
and coke formation during the reaction. The high
catalytic activityof Pt / H-beta systems is mainly due
to the synergistic interaction between the platinum
centers, which promote hydrogenation-dehydro-
genation reactions, and the Brgnsted acid centers,
which are responsible for the formation of carboca-
tions and the structural rearrangement of hydrocar-
bon molecules.

For the isomerization of n-pentane, the most
favorable catalytic performance is generally obser-
ved at temperatures between 250°C and 300°C.
In this temperature range, a balance between con-
version and selectivity with respect to isopentane
can be achieved. At lower temperatures, the reac-
tion rate decreases, since the formation of reactive
carbocation intermediates is kinetically restricted.
On the contrary, temperatures above 300°C favor
secondary hydrocracking reactions and accelerate
the formation of coke, which has a negative effect
on the stability of the catalyst. Under optimal con-
ditions, the selectivity with respect to the branched
Cs isomers can exceed 80%, while the formation
of crack products remains relatively limited.
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The formation of coke plays a complex role
in the functioning of the catalyst. Thermogravimet-
ric analysis shows that the coke content gradually
increases over time, reaching about 3—-7 wt.-% can
reach.% depends on the intensity of the reaction
and the composition of the raw material. A small
amount of coke can partially block the non-selective
external acid centers, which improves the selectivity
of the form and promotes the formation of monorami-
dal isomers. However, the continuous accumulation
of coke eventually blocks the microporous channels
and reduces the activity of the catalyst.
Temperature-programmable oxidation and UV-Ra-
man spectroscopy show that carbon deposits are
gradually converted from low-condensed hydrocar-
bon forms to more condensed aromatics and graph-
ite structures during long-term operation. These
highly condensed coke particles significantly reduce
the availability of active centers and limit the diffu-
sion of hydrocarbon molecules within the zeolite
structure.

Stronger diffusion restrictions are observed
in the isomerization of heavier hydrocarbons such
as n-hexadecane. At temperatures close to 300°C
and hydrogen pressures up to 50 bar, the Pt/ h beta
catalysts are gradually deactivated due to the inten-
sive coke deposition within the microporous struc-
ture. Under such conditions, the hydrocracking re-
actions become more dominant, while the selectivity
to the branched C,¢ isomers decreases with increas-
ing reaction time. The introduction of mesoporos-
ity by desalination significantly improves the per-
formance of the catalyst. Hierarchical pt / H-beta
catalysts containing additional mesoporous chan-
nels allow better molecular diffusion and less coke
accumulation compared to conventional microp-
orous zeolites. As a result, these catalysts exhibit
a higher sealing activity, a better selectivity with res-
pect to branched hydrocarbons and lower decon-
tamination rates in long-term operation.

The importance of the Brgnsted external acid cen-
ters was further confirmed by selective poisoning ex-
periments with 2,6-di-tert-butylpyridine. The blocking
of the external acid centers suppresses the second-
ary cracking reactions and improves the selectivity
of the impregnation, which indicates that the reac-
tions occurring within the closed zeolite channels
are more favorable for selective skeletal rearrange-
ment. The pre-coking treatment with n-pentane
and toluene as coke precursors also influences
the catalytic properties. In particular, coke derived
from toluene forms more condensed aromatic
deposits which suppress the cracking reactions
and stabilize the selectivity with respect to the de-
sired branched products. However, the excess
of pre-coke eventually leads to a strong clogging
of the pores and a significant decontamination
of the catalyst [16, 29].

Equilibrium Limitations in Real Systems
In the catalytic isomerization of light alkanes, ther-
modynamic equilibrium plays a fundamental role
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in determining the theoretical upper yield limit
of the branched isomer. However, in real industri-
al systems, the observed product distribution often
differs significantly from the equilibrium composition
due to a combination of kinetic constraints, transport
phenomena, and catalytic constraints. Therefore,
thermodynamic equilibrium should be considered
as an idealized reference state, and not as a condi-
tion achievable during operation [23].

From a thermodynamic point of view, the isomeri-
zation of n-alkanes into iso-alkanes is a reversible
and moderately exothermic process. At relatively low
temperatures, the equilibrium position shifts towards
the formation of highly branched isomers, which ex-
hibit greater thermodynamic stability as a result
of increased molecular compactness and lower
Gibbs free energy. On the contrary, with increasing
temperature, the equilibrium composition gradually
shifts towards less branched or even linear species,
which is consistent with the Le Chatelier principle.
This internal thermodynamic behavior determines
the optimal temperature regime for industrial oper-
ation.

The relationship between reaction tempera-
ture and isomerization conversion is illustrated
in Fig. 1 [16]. As can be seen, at lower temperatures
the process is predominantly limited by reaction ki-
netics, whereas at higher temperatures thermody-
namic equilibrium becomes the main limiting factor.
The optimal operating temperature corresponds
to the maximum achievable actual conversion under
industrial conditions. As shown in Fig. 2, at lower
temperatures the process is predominantly limited
by reaction kinetics, whereas at higher temperatures
thermodynamic equilibrium becomes the main limit-
ing factor [23].

Despite the favorable equilibrium position at low
temperatures, industrial operation in such condi-
tions is impossible due to serious kinetic limitations.
Sufficient activation energy is required for the for-
mation of carbenium ion intermediates, and at low
temperatures, the rate of their formation is signifi-
cantly reduced. As a result, the system may remain
far from equilibrium, even when thermodynamic
conditions favor the formation of branched isomers.
This discrepancy between the thermodynamic driv-
ing force and kinetic availability is a key limitation
in practical isomerization reactors [13—14].

The limitations of mass transfer are another critical
factor contributing to the deviation from equilibrium.
In heterogeneous catalytic systems, especially those
based on zeolite or microporous materials, the rate
of diffusion of reagents and products within the partic-
les can become decisive. The pronounced difference
in diffusion rates between linear and branched iso-
mers can lead to the appearance of internal concent-
ration gradients inside the catalyst particles [6, 15].
Consequently, the observed distribution of products
reflects patterns of reaction kinetics and transfer re-
sistance rather than true thermodynamic equilibrium.
Deactivation of the catalyst further exacerbates
deviations from equilibrium in industrial systems.
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Figure 1. Conversion of n-pentane and selectivity to iso-pentane of the catalytic isomerisation
of n-pentane over 0.5 g Pt / H-Beta catalyst at WHSV of 1.5 h-1, H, / pentane mole ratio of 3.12,
and at 200, 250, 300, and 350°C reaction temperatures [16]

Figure 2. Effect of reaction temperature
on actual and theoretical conversion in light
alkane isomerization [23]

Over time, the active centers may gradually become
blocked due to the deposition of coke, highly adsorbed
reaction intermediates, or impurities in the raw
materials. This leads to a decrease in the number
of available acid and metal centers, thereby re-
ducing the overall catalytic activity and changing
the balance between isomerization and competing
side reactions. In addition, spatially uneven deacti-
vation along the catalyst layer can cause axial fluc-
tuations in activity, which further deviates the system
from the equilibrium state. The presence of paral-
lel side reactions, including cracking, hydrogenoly-
sis, and aromatization, also plays an important role
in limiting the achievement of equilibrium. These re-
actions compete directly with the isomerization pro-
cess for the presence of reagents and intermediates
and, as a rule, intensify at elevated temperatures

128

DOI: 10.54859/kjogi1 08984

and longer holding times. Under such conditions,
the system can approach a steady state that differs
significantly from the thermodynamically equilibrium
composition [16, 24].

The partial pressure of hydrogen indirectly affects
the approach to equilibrium, although it does not
directly participate in the stoichiometry of isom-
erization. Hydrogen plays a crucial role in stabiliz-
ing the metal sections responsible for the stages
of hydrogenation and dehydrogenation, and in sup-
pressing the formation of coke. Insufficient availa-
bility of hydrogen can contribute to the accumulation
of olefins, thereby accelerating secondary reac-
tions and increasing the deviation from equilibrium
conditions. Finally, the hydrodynamics of the reac-
tor and factors related to the design introduce
additional imperfections [10, 12].

In fixed-bed reactors, phenomena such as channel
formation, axial dispersion, and radial temperature
gradients can lead to local deviations from optimal
operating conditions. These spatial inhomogeneities
lead to the fact that sections of the catalyst layer
operate in suboptimal modes, thereby preventing
the achievement of general equilibrium in the sys-
tem. In general, equilibrium constraints in alkane
isomerization systems arise from a complex inter-
action of thermodynamic constraints, finite reac-
tion kinetics, mass transfer resistances, catalyst
deactivation, and competing reaction pathways.
A comprehensive understanding of these deviations
is necessary to develop accurate reactor models
and optimize industrial processes aimed at maximi-
zing the yield of high-octane branched
isomers [10, 13—-14].
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Discussion

The catalytic isomerization of light alkanes (C,—Cy)
remains one of the most technologically significant
processes in modern oil refining, playing a central
role in the production of components for mixing
high-octane gasoline. This process makes it pos-
sible to convert linear paraffinic hydrocarbons
into their branched isomers, which have significantly
improved anti-knock properties, while minimizing
the formation of highly toxic aromatic compounds
commonly associated with alternative enrichment
methods such as catalytic reforming. This review
shows that the process of alkane isomerization
is regulated by a complex and interdependent
combination of thermodynamic, kinetic, and catalytic
factors. From a thermodynamic point of view,
branched isomers are preferable to use at lower
temperatures due to their higher internal stability
and lower Gibbs free energy. On the contrary,
an increase in temperature shifts the equilibrium
composition towards less branched structures
and at the same time increases the likelihood
of undesirable secondary reactions.

However, the practical implementation is significantly
limited by the kinetics of the reaction, since sufficient
activation energy is required for the formation
of intermediate compounds of carbenium ions
and subsequent structural rearrangements,
which limits the possibility of carrying out a low-
temperature process. The mechanistic analysis
highlights the critical importance of bifunctional
catalytic systems in which metallic regions contribute
to the hydrogenation-dehydrogenation stages,
while acidic regions contribute to the restructuring
of the skeleton with the help of intermediate
carbenium ions. The synergistic interaction between
these two types of active centers determines both
the catalytic activity and the selectivity of the product.
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However, the effectiveness of the catalyst
is constantly affected by competing side reactions,
including hydrocracking, aromatization and coking,
which contribute to a decrease in selectivity
and gradual deactivation of the catalyst.

Conclusion

The key conclusion of this study is that real industrial
systems rarely achieve true thermodynamic
equilibrium.  Significant deviations occur as
a result of internal kinetic constraints, resistance
to intra- and interparticle mass transfer in porous
catalysts, imperfect reactor hydrodynamics,
and gradual deactivation of the catalyst. Together,
these factors determine the actual distribution
of the product and, therefore, must be carefully
considered when designing the reactor, expanding
production and optimizing the technological process.
In general, the efficient operation of isomerization
plants requires an integrated approach combining
thermodynamic analysis, detailed kinetic modeling,
and advanced catalyst development technologies.
Recent developments in the field of catalytic
materials, reactor configurations, and computer
modeling techniques have significantly improved
the productivity and selectivity of the process.
However, further research is still needed
to achieve a more complete understanding of reac-
tion systems at the molecular level and to deve-
lop catalysts with increased stability, activity,
and selectivity in industrial environments. In conclu-
sion, it should be noted that alkane isomerization
is a mature but constantly evolving field of oil re-
fining, in which continuous progress is mainly due
to global demand for environmentally friend-
ly fuels, increased energy efficiency and more
environmentally friendly refining technologies.

OONOJIHUTEJIbHO

UcTtouHnk hmHaHcupoBaHus. [laHHOe uccnenosa-
Hue BbINo NpoBeAEHO B pamKax NporpammHo-Liene-
BOro omHaHcupoBaHust Komuteta Hayku MuHucTep-
CTBa Hayku U BbicLlero obpasoBaHus Pecnybnuvkm
KasaxctaH (MpaHT NeBR24992883 "Co3gaHue Hayuy-
HO-TEXHONMOMMYECKOro napka HedTeEXUMUA U MONU-
MEpHbIX MaTepuanoB AN NPefoCTaBMNeHUs YCnyr,
N BHeApeHus npuknagHbix pesynsratos HAP B npu-
OpUTETHbIE CEKTOpPa 3KOHOMMKM CTpaHbI").
KoHdnukt wuHTepecoB. ABTOpblI [eknapupylot
OTCYTCTBME SIBHbIX W MOTEHLUMAanbHbIX KOHMIMKTOB
MHTEPEeCOoB, CBsI3aHHbIX C Nybnukauuen HacTosLLen
cTaTtby.

BnaropapHocTb. ABTOpbl Bblpa)alT 6rarogap-
HOCTb Hay4yHOMY PYKOBOAMTENO W npenogaBaTe-
nsM hakynsTeTa eCTeCTBEHHbIX Hayk EBpasumiickoro
HaumMoHarnbHoro yHusepcuteta um. J1.H. 'ymunésa
3a UEeHHble KOHCYmNbTauuyv U HayuyHyl NOAAEPXKKY
B MpoLiecce NoAroToBKN AaHHOro 063opa.

Bknap aBTopoB. Bce aBTOpbl nogTBEpXOarOT
COOTBETCTBME CBOEIO aBTOPCTBA MEXAYHAPOLHLIM
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