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Abstract

This review article systematizes current knowledge on the catalytic hydrogenation 
of benzene as a key process in petrochemistry, environmental protection, and 
hydrogen energy technologies. The fundamental mechanisms of benzene ring 
activation and molecular hydrogen dissociation on transition metal surfaces are 
discussed, with particular emphasis on the disruption of aromatic stability as the 
rate-limiting step of the reaction. Special attention is given to the challenge of 
achieving selective benzene hydrogenation in the presence of other aromatic 
compounds, a situation typical of reformate and pyrolysis gasoline fractions. 
The influence of the active metal type (Ni, Pd, Pt, Ru), catalyst supports (oxide, 
zeolitic, carbon-based, and natural materials), and reaction parameters (phase, 
temperature, and hydrogen pressure) on catalytic activity, selectivity, and stability 
is systematically analyzed. Competitive adsorption among aromatic compounds, the 
role of electronic and steric effects of substituents, and mass-transfer limitations 
in liquid-phase systems are also examined. Results obtained for both industrial and 
emerging catalytic systems are summarized, including catalysts for the deep and 
partial hydrogenation of benzene, as well as their potential applications in liquid 
organic hydrogen carrier (LOHC) technologies. Achieving high selectivity therefore 
requires comprehensive optimization of catalyst composition, support structure, 
and process conditions, which defines the main directions for future research.
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1. Introduction 

Hydrogenation of benzene is one of the funda-
mental reactions in catalytic chemistry. This process 
is of both practical and theoretical importance, as it 
represents a model system for understanding the 
mechanisms of aromatic ring activation, the loss of 
aromatic stability, and the dissociation and activa-
tion of molecular hydrogen on catalytic surfaces. 
From an industrial perspective, benzene hydrogena-
tion plays a crucial role in fuel refining technologies. 

In particular, the benzene content in gasoline frac-
tions obtained from catalytic reforming and pyroly-
sis processes is strictly regulated by international en-
vironmental standards due to the well-established 
carcinogenic nature of benzene. Consequently, the 
development of efficient catalytic systems for the 
selective hydrogenation of benzene has become an 
important task for both petroleum refining and envi-
ronmental protection.

The benzene content in automotive gasoline is 
directly related to the characteristics of petroleum 
refining processes. The primary source of benzene 
is catalytic reforming, a process involving the aro-
matization of low-octane hydrocarbons to increase 
their octane number [1]. In the product stream of 
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this process, the fraction of aromatic compounds 
can reach up to 70%, while the benzene content in 
some cases may amount to 10–14% [2]. Addition-
al sources of benzene include pyrolysis gasoline (a 
by-product of ethylene production), as well as prod-
ucts of catalytic and thermal cracking. As a result, 
in the absence of additional fuel purification steps, 
the benzene concentration may significantly exceed 
current environmental regulations (e.g., ≤1 vol.% in 
Europe and the United States) [3–5].

Incomplete combustion of benzene and other 
aromatic hydrocarbons leads to the formation of 
polycyclic aromatic hydrocarbons (PAHs). One of the 
most hazardous representatives of this group is ben-
zo[a]pyrene, which, according to the classification 
of the International Agency for Research on Cancer 
(IARC), belongs to Group 1 carcinogens. Pyrogenic 
PAHs are formed during the high-temperature in-
complete combustion of organic substances and are 
widely distributed persistent environmental pollut-
ants. These compounds can accumulate in soil and 
plants and, even at extremely low concentrations, 
exhibit mutagenic and carcinogenic effects. There-
fore, the formation of such hazardous products 
during the incomplete combustion of benzene and 
its derivatives significantly increases the importance 
of catalytic benzene removal from fuel compositions 
in order to protect the environment and human 
health [6–8]. 

Alongside its importance for environmental safe-
ty, benzene hydrogenation also has strategic signif-
icance from the perspective of energy technologies 
and sustainable development. In recent years, this 
reaction has been considered one of the promising 
approaches for hydrogen storage and transporta-
tion. The high hydrogen storage capacity of the ben-
zene ring, together with the possibility of reversible 
hydrogen release from saturated hydrocarbons, 
allows benzene to be used as a chemical hydrogen 
carrier. This approach opens new opportunities for 
integrating hydrocarbon chemistry into future hy-
drogen energy systems [9, 10].

At the same time, the selective hydrogenation of 
benzene represents a highly complex scientific and 
technological challenge. The aromatic ring of ben-
zene is stabilized by a strong π-electron system, and 
its hydrogenation therefore requires overcoming a 
relatively high activation energy. In addition, gaso-
line fractions typically contain significant amounts 
of unsaturated hydrocarbons, particularly alkenes, 
which are hydrogenated much more readily.

As a result, many industrial catalysts preferen-
tially saturate the C=C bonds of alkenes, leading to 

a decrease in the fuel’s octane number. Even spe-
cially designed catalytic systems often exhibit only 
moderate selectivity toward benzene hydrogenation 
[11–13].

Thus, achieving high selectivity toward benzene 
in complex multicomponent systems, where com-
peting reactions occur and high-octane fuel compo-
nents must simultaneously be preserved, remains 
one of the key scientific and industrial challenges 
in modern catalytic chemistry. In this context, the 
present review provides a systematic analysis of the 
current understanding of the mechanisms underly-
ing benzene hydrogenation. The main types of met-
al-based catalysts used in both industrial and model 
systems are discussed, and data on the influence of 
active metal nature, support materials, and surface 
structural characteristics on catalytic activity, selec-
tivity, and stability are comprehensively summa-
rized. Special attention is given to the comparison of 
classical and modern catalytic systems, as well as to 
the discussion of future directions for the develop-
ment of selective benzene hydrogenation processes 
in light of increasingly stringent environmental reg-
ulations and the transition toward more sustainable 
hydrocarbon processing technologies.

2. General theoretical principles of catalytic 
benzene hydrogenation

Catalytic hydrogenation is one of the fundamen-
tal processes in heterogeneous catalysis. In this 
reaction, molecular hydrogen (H2) reacts with un-
saturated compounds on the surface of transition 
metals, leading to the formation of new C–H bonds. 
Hydrogenation reactions are widely used in industri-
al and laboratory processes, including hydrocarbon 
purification, saturation of aromatic compounds, and 
the synthesis of various organic chemicals [14–16].

The hydrogenation reaction on the catalyst sur-
face proceeds through two main interconnected 
stages. The first stage involves the activation of 
molecular hydrogen: the H2 molecule adsorbs onto 
the metal surface and dissociatively splits into two 
hydrogen atoms (H*). In the next stage, the unsatu-
rated substrate, such as benzene, adsorbs onto the 
catalyst surface through its π-electron system and 
enters a reactive state [17–19].

Metals such as Ni, Pd, Pt, Rh, and Ru are widely 
used as catalysts because both hydrogen molecules 
and the substrate can adsorb simultaneously on their 
surfaces and interact at the atomic level [20]. The 
main advantage of these metals is their high efficien-
cy to activate molecular hydrogen. In the gas phase, 
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the H–H bond is very strong (436 kJ·mol⁻1); however, 
on the surface of Ni, Pd, or Pt, it dissociates almost 
without an energy barrier, forming mobile hydrogen 
atoms [21]. These atoms rapidly migrate across the 
metal lattice and, if necessary, can transfer to the 
support surface, creating a reservoir of active hydro-
gen available for the reaction [22].

The interaction of benzene with the catalyst sur-
face directly depends on the nature and structure of 
the metal surface. On smooth, closely packed surfac-
es, such as Pt(111), the benzene ring adopts a flat ori-
entation, forming an η6-π complex [23]. In this con-
figuration, the π electrons of benzene overlap with 
the d orbitals of the metal, leading to stabilization 
of the adsorbed molecule [24, 25]. In contrast, on 
more open and reactive surfaces, such as Ni(100) or 
Ru(0001), adsorption is stronger. In these cases, the 
π-electron system of benzene is partially distorted, 
and aromaticity is reduced, which facilitates the sub-
sequent addition of atomic hydrogen [26]. Therefore, 
the mode and geometry of benzene adsorption on 
the metal surface are critical factors that determine 
both the ease and the direction of its hydrogenation.

Benzene hydrogenation proceeds according to 
the classical Horiuti–Polanyi mechanism. This mech-
anism (Fig. 1) describes the stepwise, sequential ad-
dition of hydrogen atoms to the benzene ring. Hy-
drogen atoms adsorbed on the catalyst surface (H*) 
are successively added to the carbon atoms of the 
ring, leading to the gradual disruption of its aroma-
ticity. Ultimately, this process results in the forma-
tion of the fully saturated product, cyclohexane, un-
der appropriate reaction conditions [11, 15].

The first hydrogen addition is the most critical 
and energetically demanding stage of the reaction. 
At this step, one of the carbon atoms undergoes a 
transition from an sp2-hybridized state to an sp3-hy-
bridized state, resulting in disruption of the π-elec-
tron delocalization in the aromatic ring. This leads 
to the formation of a metal-bound cyclohexadienyl 
intermediate (C6H7) [27, 28].

According to computational studies, this step 
requires overcoming the resonance energy of ben-
zene, which is approximately 150 kJ·mol⁻1 [28]. How-
ever, the presence of a catalyst significantly reduces 
this energy barrier. Density functional theory (DFT) 
calculations indicate that the activation energy for 
the first hydrogen addition on Ni, Pd, and Pt surfac-
es generally ranges from 60 to 100 kJ·mol⁻1, with Pt 
sometimes exhibiting slightly lower values [27, 29]. 
In most cases, this step is considered the rate-deter-
mining stage of the process. Once the first hydrogen 
atom is added, the ring structure becomes “soft-
ened,” and subsequent hydrogen additions proceed 
much more readily.

Figure 2 shows the hydrogenation enthalpies of 
benzene, 1,3-cyclohexadiene, and cyclohexene to 
cyclohexane. For cyclohexene (−120 kJ·mol⁻1) and 
1,3-cyclohexadiene (−240 kJ·mol⁻1), the enthalpies 
follow typical alkene/diene behavior, changing ap-
proximately proportionally to the number of double 
bonds. In contrast, for benzene, the experimentally 
observed hydrogenation enthalpy (−208 kJ·mol⁻1) is 
significantly lower than the expected value (−360 
kJ·mol⁻1), reflecting the presence of aromatic stabi-
lization energy of approximately 150 kJ·mol⁻1 [30].

 

Fig. 1. Stepwise mechanism of benzene hydrogenation on the catalyst surface.
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Fig. 2. Hydrogenation enthalpies of benzene and its derivatives [30].

After the initial disruption of the aromaticity of 
the benzene ring, its structure becomes “softened,” 
and the subsequent hydrogenation of cyclohexadi-
enyl and cyclohexene-like intermediates proceeds 
similarly to the hydrogenation of ordinary dienes 
and alkenes. Overall, the hydrogenation of benzene 
to cyclohexane is an exothermic process, with a to-
tal enthalpy change of approximately −200 kJ·mol⁻1. 
However, the enthalpies of the individual steps and 
the corresponding energy barriers strongly depend 
on the nature of the interaction with the metal sur-
face and can vary by several tens of kJ·mol⁻1 [31–33].

In the final stage of hydrogenation, the last C=C 
bond is saturated, yielding fully hydrogenated cyclo-
hexane. According to density functional theory (DFT) 
calculations, the energy barrier for this step typically 
ranges from 60 to 100 kJ·mol⁻1; however, under con-
ditions of high hydrogen surface coverage, the effec-
tive barrier can be significantly reduced [32, 34]. Cy-
clohexane adsorbs on the metal surface much more 
weakly than benzene, which forms a π-complex; its 
interaction with the surface is governed primarily by 
van der Waals forces. On Pt-type surfaces, the ad-
sorption energy of cyclohexane is approximately −50 
to −60 kJ·mol⁻1. This relatively weak interaction facil-
itates rapid product desorption, minimizes blockage 
of active sites, and enables prolonged continuous 
catalyst operation with high selectivity [35–37].

3. Importance of selective hydrogenation of 
benzene

The hydrogenation of benzene is one of the stra-
tegically important processes in modern petrochem-
istry and environmental technologies. This process 
plays a significant role not only from a chemical per-

spective but also in the fields of energy security and 
environmental protection.

First, reducing the benzene content in gasoline 
or its complete removal has become an important 
environmental and public health objective. Benzene 
is an aromatic hydrocarbon with a high octane num-
ber; however, it exhibits pronounced carcinogenic 
properties. The International Agency for Research 
on Cancer and the United States Environmental Pro-
tection Agency classify benzene as a Group 1 carcin-
ogen. In this regard, modern environmental regu-
lations, such as Euro 5 emission standard and Euro 
6 emission standard and subsequent standards, 
limit the maximum allowable benzene content in 
motor fuels to no more than 1 vol.% [38–40]. One 
of the most effective approaches to meet these re-
quirements is catalytic hydrogenation. During this 
process, the benzene molecule reacts with hydro-
gen, the aromatic ring becomes saturated, and it is 
converted into a chemically inert and non-toxic cy-
cloalkane [5]. As a result, the environmental charac-
teristics of the fuel are significantly improved, and 
the concentration of toxic components in engine ex-
haust emissions is reduced.

The selectivity of modern catalysts toward the 
complete conversion of benzene to cyclohexane is 
extremely high–under optimal conditions, the yield 
of cyclohexane can exceed 99%. For example, it has 
been experimentally demonstrated that efficient 
catalytic systems such as Pd/Al2O3 are capable of 
completely hydrogenating benzene at temperatures 
of around 200 oC [41].

The main products of benzene hydrogenation 
are cyclohexane and cyclohexene, both of which are 
valuable chemical feedstocks. Cyclohexane is pri-
marily used as an intermediate: approximately 54% 
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of its global production is directed toward the man-
ufacture of adipic acid for Nylon 6,6, about 39% is 
used for the synthesis of caprolactam for Nylon 6, 
and the remaining 7% is utilized in the production of 
solvents, insecticides, plasticizers, and other chem-
ical products [42, 43]. The demand for nylon as an 
engineering thermoplastic for resins and film mate-
rials and consequently for cyclohexane is increasing 
at an average rate of approximately 6% per year. In 
addition, cyclohexane is widely employed in chemi-
cal synthesis as an inert solvent and as a precursor 
in the production of oxygen-containing organic com-
pounds. Cyclohexene, in turn, is an important inter-
mediate in the synthesis of a variety of organic com-
pounds and polymers, exhibiting high reactivity in 
transformations leading to oxygenated products and 
functional monomers [44]. Thus, benzene hydroge-
nation represents a key process in the petrochemical 
industry, supporting the sustainable production of 
synthetic materials and polymer feedstocks (Fig. 3).

At present, a new research direction in the field 
of benzene hydrogenation is the investigation of 
its potential use in liquid organic hydrogen carrier 
(LOHC) systems for the storage and transportation 
of hydrogen energy. Within this concept, benzene 
and its hydrogenation products–cyclohexane or 
methylcyclohexane–are capable of “binding” hydro-
gen in the form of chemical bonds and subsequent-
ly releasing it during the dehydrogenation process 

 

Fig. 3. Industrially important compounds derived from the products of benzene hydrogenation, cyclohexane and 
cyclohexene.

(Fig. 4). Such reversible systems are considered an 
efficient and safe method for hydrogen storage and 
transport [45, 46].

As a result of the catalytic dehydrogenation of 
cyclohexane, the released hydrogen can be directly 
utilized in fuel cells, while the formed benzene can 
be hydrogenated again, ensuring the continuity of 
the cycle. This type of closed chemical loop makes it 
possible to store hydrogen in a liquid form with high 
energy density and improved safety, which in turn 
represents an important step in the development of 
the hydrogen energy economy.

Cyclic alkanes and aromatic compounds contain-
ing one or several six-membered rings are consid-
ered particularly promising reversible liquid organic 
hydrogen carrier (LOHC) systems, because they are 
chemically stable, remain in the liquid state under 
ambient conditions, and are capable of storing hy-
drogen with a mass fraction of about 6–7% at rel-
atively high density [47]. The benzene–cyclohexane 
pair represents one of the simplest examples of such 
LOHC systems: during the dehydrogenation of one 
cyclohexane molecule, three molecules of H₂ are re-
leased (corresponding to a total hydrogen mass frac-
tion of about 7.2 %), while benzene is formed [48]. 
An advantage of this system is that both benzene and 
cyclohexane are widely available chemical products 
and exist in the liquid state under normal conditions, 
with boiling points of approximately 80 oC [41].



        Selective Hydrogenation of Benzene in the Presence of Aromatic Hydrocarbons: Mechanisms, Catalysts...142

Eurasian Chemico-Technological Journal 28 (2026) 137‒161

 

Fig. 4. Principle of a liquid organic hydrogen storage and transportation system.

Overall, the hydrogenation of benzene, while 
being one of the classical catalytic processes, rep-
resents a multifaceted system at the intersection of 
modern science and industry. This reaction is aimed 
at reducing environmental pollution, improving the 
quality of motor fuels, producing highly valuable 
chemical feedstocks, and contributing to the de-
velopment of the future hydrogen economy. Such 
a comprehensive role determines its significance in 
chemical engineering, environmental technologies, 
and energy materials science.

4. The concept of selective hydrogenation and 
the influence of other aromatic compounds on 
selectivity

Selective hydrogenation is a process in which, 
in the presence of multiple aromatic compounds, 
only one is hydrogenated, while the other aromat-
ic components remain unreacted and unchanged. 
This approach is particularly important in motor fuel 
production, where it is necessary to remove harmful 
aromatic compounds such as benzene while retain-
ing other aromatics that enhance fuel performance. 
Restrictions on benzene content in gasoline have 
been introduced due to its pronounced carcinogenic 
properties. To meet these requirements, the selec-
tive hydrogenation strategy is widely applied during 
the processing of reformate and pyrolysis naphthas, 
targeting the hydrogenation of the benzene ring ex-
clusively to cyclohexane or other naphthenes within 
an aromatic mixture. In this area, catalysts based on 
Pt, Pd, Ru, and Ni are actively studied [49, 50]. How-
ever, traditional hydrogenation catalysts often hy-
drogenate all aromatic rings simultaneously, which 
significantly complicates the achievement of the de-
sired selectivity.

The decrease in selectivity in the presence of 
multiple aromatic compounds is generally attributed 

to two main factors: (i) competitive adsorption on 
the catalyst surface and (ii) differences in the intrin-
sic hydrogenation rates of the adsorbed molecules.

During competitive adsorption, different aromatic 
compounds compete for the same active metal sites. 
Spectroscopic and catalytic studies indicate that al-
kyl-substituted aromatics (toluene, xylenes, butyl-
benzene, etc.) adsorb more strongly on most Pd- and 
Pt-based catalysts than benzene, an effect that is par-
ticularly pronounced in systems where electron-defi-
cient Pd clusters are formed [51, 52]. Moreover, alk-
ylbenzenes can interact strongly with the acidic sites 
of the support, promoting a local concentration of 
these molecules near the metallic particles.

As a result, a significant portion of the surface 
active sites is occupied primarily by toluene, xy-
lenes, and other alkylbenzenes, which displace the 
more weakly adsorbing benzene. Several recent 
studies on the hydrogenation of benzene–toluene 
mixtures over Pt-, Pd-, and Ru-containing catalysts 
have shown that at the initial stage, the conversion 
of alkylated aromatics is often higher than that of 
benzene, and that achieving selective hydrogenation 
of benzene to cyclohexane requires careful tuning 
of the catalyst composition and structure, including 
optimization of the metal, support, and acidic prop-
erties [52–55].

A second important factor limiting selectivity is 
the difference in the intrinsic hydrogenation rates 
of various aromatic compounds. After adsorption on 
the catalyst surface, the reaction rate is governed 
by the electronic structure of the π-system of the 
aromatic ring, as well as by the nature and steric 
characteristics of substituents (–CH3, –C2H5, etc.). 
Alkyl groups, acting as electron donors, increase the 
electron density of the aromatic ring and can modify 
both the metal–adsorbate interaction and the transi-
tion-state energy. However, the overall effect strong-
ly depends on the catalyst type: in some systems, it 
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enhances the reaction rate, whereas in others, steric 
hindrance leads to a decrease in reactivity. For ex-
ample, in the vapor-phase hydrogenation of individ-
ual aromatic compounds over Pd catalysts support-
ed on SiO2-Al2O3 and TiO2, the turnover frequencies 
decrease in the order: benzene > toluene ≳  p-xy-
lene        m-xylene > o-xylene, indicating that benzene 
hydrogenation can be intrinsically faster than that of 
methyl-substituted aromatics in these systems [51]. 
In contrast, several studies on the competitive hydro-
genation of alkyl-substituted aromatics have shown 
that alkylbenzenes such as toluene and xylenes can 
exhibit higher hydrogenation activity than benzene 
due to the stronger adsorption and electron-donat-
ing effects of alkyl substituents [56]. Thus, the actu-
al selectivity in aromatic mixtures is determined by 
a combination of adsorption strength and intrinsic 
hydrogenation kinetics. Within practical ranges of 
temperature and pressure, competitive adsorption 
often plays a decisive role, whereas as the system 
approaches equilibrium, thermodynamic factors in-
creasingly contribute [57].

4.1. Influence of the adsorption sequence of 
aromatic compounds on selectivity

In selective hydrogenation of aromatic com-
pounds, the first and key step is their adsorption on 
the catalyst surface. In competitive systems (e.g., 
mixtures of benzene, toluene, and xylene), the re-
action pathway and its selectivity largely depend on 
the adsorption balance.

Alkyl-substituted aromatic compounds, par-
ticularly xylene and ethylbenzene, interact more 
strongly with the surfaces of common supports and 
catalysts than benzene. This trend was, for exam-
ple, confirmed by Nugraha et al., who studied the 
adsorption of the BTEX components (benzene, tolu-
ene, ethylbenzene, xylene) on the ZnO(100) surface 
using DFT calculations: they observed the adsorp-
tion order benzene < toluene < xylene, with the ad-
sorption energy of ethylbenzene being close to that 
of toluene [58].

This tendency is observed not only for ZnO but 
also for various carbonaceous and porous materials 
used for BTEX adsorption: in most cases, the order 
xylene ≥ ethylbenzene > toluene > benzene is report-
ed. This behavior is attributed to the fact that the in-
troduction of bulky and polarizable alkyl groups into 
the aromatic ring enhances the aromatic–surface 
interaction [59, 60].

The introduction of alkyl substituents increases 
the electron density of the aromatic ring through 

a positive inductive effect. This enhances the mol-
ecule’s donor ability, leading to an increase in the 
bonding energy with the surface. Furthermore, as 
the molecular weight and polarizability increase in 
the series benzene < toluene < xylene, the contri-
bution of van der Waals interactions also rises. In 
modern models, these interactions are considered 
critically important for stabilizing the adsorbed layer 
on chemically active metals such as Pt or Pd. As a 
result, toluene adsorbs more strongly than benzene, 
while xylene, with two methyl groups, forms an even 
stronger interaction [61].

In contrast, if the aromatic ring contains elec-
tron-withdrawing groups (e.g., –CF3, –CN, –NO2, 
etc.), the electron density of the ring decreases, 
weakening its interaction with the metal. In such 
cases, the adsorption energy is significantly reduced, 
so the hydrogenation of these compounds proceeds 
slowly or may not occur at all. For aromatics with 
electron-donating groups, adsorption is only slightly 
weakened, but the ring remains capable of undergo-
ing hydrogenation [62, 63].

Thus, there is a direct correlation between ad-
sorption strength and hydrogenation activity: the 
more strongly an aromatic compound binds to the 
catalyst surface, the faster and more easily it is hy-
drogenated. Modern quantum-chemical and molec-
ular modeling studies show that the introduction of 
different substituents into the aromatic ring signifi-
cantly alters the electronic structure of the π-system 
and the distance to the surface, which in turn leads 
to substantial variations in the adsorption energy.

However, it cannot be unconditionally stated 
that stronger adsorption always leads to faster hy-
drogenation. Modern heterogeneous catalysis the-
ory, particularly the Sabatier principle indicates that 
catalytic activity reaches a maximum at intermedi-
ate adsorption energies:

– If the substrate adsorbs too weakly, its surface 
concentration is insufficient, resulting in a low reac-
tion rate;

– If adsorption is too strong, intermediate and fi-
nal products cannot desorb, blocking active sites and 
temporarily deactivating the catalyst.

This concept is discussed in detail in recent re-
views and theoretical studies, including the works 
of Medford et al. and Stratton et al., which demon-
strate that there is a volcano-type relationship be-
tween adsorption energy and catalytic activity [64, 
65]. Optimal cyclohexene yields of 50–60% at >90% 
benzene conversion can be achieved when the pro-
ductive π/σ-configuration dominates over flat π-ad-
sorption [66–68].

≳
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Figure 5 illustrates the key concept of the paral-
lel mechanism in benzene hydrogenation, explain-
ing how the adsorption configuration of a benzene 
molecule on the surface of a Ru catalyst determines 
product selectivity. The diagram depicts three main 
modes of interaction between benzene and the ac-
tive sites, each leading to different outcomes [69].

In configuration (a), benzene adsorbs parallel to 
the catalyst surface, forming π-bonds with the met-
al centers. This flat orientation allows the benzene 
molecule to be fully activated and surrounded by a 
large number of dissociated hydrogen atoms, en-
abling sequential sixfold hydrogen addition. As a re-
sult, a one-step full hydrogenation pathway occurs, 
producing cyclohexane at a high rate, but with low 
selectivity for cyclohexene.

Configuration (c) represents the opposite ex-
treme-vertical σ-adsorption, where benzene binds 
to the surface only through σ-bonds. This orienta-
tion is essentially inactive in hydrogenation, as it 
blocks active sites without participating in the re-
action, causing self-poisoning of the catalyst. While 
this form does not directly affect selectivity, it reduc-
es overall activity due to the unproductive occupa-
tion of catalytic sites.

The most critical configuration for the selective 
synthesis of cyclohexene is the intermediate config-
uration (b), where the benzene molecule adsorbs at 
an angle, forming predominantly σ-bonds with weak 
π-interactions (π/σ-intermediate species). This dis-
torted geometry allows benzene to react only with 
hydrogen atoms adjacent to the σ-bonds, leading to 

 

Fig. 5. Simultaneous reaction mechanisms in benzene hydrogenation. Reproduced with permission from Ref. [69].

stepwise hydrogen addition and selective formation 
of cyclohexene. This is precisely the pathway that 
must be promoted to enhance selectivity.

The scheme emphasizes that all three adsorption 
modes can coexist in parallel, and their relative pro-
portions depend on the electronic state of Ru (Ru⁰ 
vs Ruδ⁺), the hydrophilicity of the catalyst, and hy-
drogen coverage. Modifiers such as Zn and La and 
a hydrophilic environment promote the formation 
of electron-deficient Ruδ⁺ sites, which weaken π-ad-
sorption and self-poisoning, while simultaneously 
enhancing the prevalence of the productive π/σ con-
figuration. A thick stationary layer of water on the 
hydrophilic surface accelerates the desorption of 
the poorly soluble cyclohexene, preventing its re-ad-
sorption and further hydrogenation to cyclohexane.

Thus, in systems containing multiple aromatic 
compounds, the main factors influencing selectivity 
are:
•	 the order of adsorption (benzene is usually the 

weakest adsorbed);
•	 the geometry of binding (flat η6-π complex versus 

tilted/σ-bound form);
•	 the effects of electronic and steric substituents.

In some systems, ethylbenzene and xylene adsorb 
more strongly on the catalyst surface than benzene 
and toluene, blocking active sites and significantly 
hindering the selective hydrogenation of benzene. 
This effect has been directly demonstrated in sev-
eral studies after 2010 for Ni- and Pt-based catalysts 
during the hydrogenation of reformate gasoline and 
BTX fractions [70–73].
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4.2. Influence of the reaction environment and 
pressure–temperature conditions

The selectivity of aromatic hydrogenation is si-
multaneously influenced by the reaction environ-
ment (gas or liquid phase), hydrogen pressure, and 
temperature. In systems containing multiple aromat-
ic compounds (e.g., mixtures of benzene, toluene, 
and xylene or reformate gasoline), these effects are 
particularly pronounced, since adsorption balance, 
mass transfer, and chemical kinetics are interrelated 
and determine which aromatic component is hydro-
genated first and to what extent.

In gas-phase hydrogenation, the aromatic com-
pounds and H2 usually flow as a vapor mixture 
through a stationary catalyst bed. Under these con-
ditions, the partial pressure of each component can 
be precisely controlled. Recent LOHC reviews indi-
cate that for hydrogenation of benzene to cyclohex-
ane, an effective temperature range is 120–250 oC 
with pressures of 1–50 bar; similar conditions apply 
to the toluene → methylcyclohexane system [41, 
74]. Within this range, increasing the partial pres-
sure of hydrogen raises the coverage of the catalyst 
surface with *atomic hydrogen (H)**, limits pro-
longed adsorption of competing aromatics (e.g., tol-
uene and xylene), and enhances the likelihood that 
the more weakly adsorbed benzene participates in 
the reaction.

In liquid-phase hydrogenation (trickle-bed, slur-
ry, or autoclave modes), the aromatic compounds 
are dissolved in the liquid medium. In this case, the 
key limiting factors are the solubility and diffusion of 
hydrogen. At insufficient pressure, hydrogen cannot 
reach the catalyst surface in the required amount. 
As a result, the partial pressure of hydrogen at the 
catalyst surface in the liquid phase is lower than in 
the gas phase, and the degree of hydrogen coverage 
decreases. This enhances competitive adsorption of 
aromatics and reduces selectivity.

Recent process studies of LOHC systems describe 
the pathway of H2 in the liquid phase as a three-step 
scheme [75, 76]:

1. Transfer of hydrogen from the gas phase into 
the liquid and its dissolution;

2. Diffusion of dissolved H2 and aromatic mole-
cules from the bulk liquid to the catalyst surface;

3. Adsorption–reaction–desorption steps on the 
catalyst surface.

At low hydrogen pressure or with insufficient mix-
ing, the concentration of H2 in the liquid is low, while 
the catalyst surface becomes highly covered with 
aromatics, intensifying competition for adsorption. 

In this situation, strongly adsorbing aromatic com-
pounds (toluene, xylene, ethylbenzene) dominate 
the surface, displacing the more weakly adsorbed 
benzene. As a result, the hydrogenation of benzene 
slows down, and selectivity shifts toward the hydro-
genation of the more strongly adsorbed aromatics 
[77–79].

In liquid-phase hydrogenation systems involv-
ing aromatic substrates, the reaction is commonly 
conducted under elevated hydrogen pressure and 
intensive stirring to improve hydrogen dissolution 
and transport to the catalyst surface. Studies on 
Ru-based benzene hydrogenation to cyclohexene 
[54, 80] and Rh/Rh–Au-catalyzed hydrogenation 
of benzene and toluene [55] show that the activity 
and conversion are strongly affected by hydrogen 
pressure, catalyst composition, and mass-transfer 
conditions. An increase in hydrogen availability at 
the catalyst surface enhances the concentration of 
dissolved H₂, reduces diffusion limitations, and im-
proves substrate conversion. These results confirm 
the critical role of hydrogen mass transfer in three-
phase liquid-phase hydrogenation systems.

Compared to the gas phase, in the liquid phase 
the solvent also plays an active role: its polarity, 
viscosity, and interactions with aromatics can alter 
the adsorption equilibrium on the catalyst surface 
[81, 82]. Studies of LOHC systems show that solvent 
choice significantly affects the rate and selectivity 
of dearomatization processes, and some aromatic 
solvents (e.g., benzene, toluene) can compete with 
other LOHC components for adsorption [83].

The hydrogen pressure and H2/aromatic ratio are 
critical in both phases. Studies from 2018–2019 on 
Ni catalysts for the selective hydrogenation of ben-
zene from reformate gasoline show that increasing 
hydrogen pressure and the H2/aromatic ratio en-
hances benzene conversion, while the proper choice 
of support and metal loading improves benzene se-
lectivity [70, 71]. At high pressure, the surface cov-
erage with atomic hydrogen (H) increases*, and the 
effect of competing aromatics is relatively reduced, 
allowing even weakly adsorbed molecules like ben-
zene to participate efficiently in the reaction.

The hydrogenation kinetics of benzene and tol-
uene over a Pt/TiO2 catalyst [84], as well as studies 
on the selective hydrogenation of benzene from 
gasoline fractions using Pt-based supports [85, 86], 
show that increasing pressure effectively removes 
benzene from gasoline.

The effect of temperature on hydrogenation se-
lectivity is not merely a secondary factor relative 
to pressure; it has a direct influence. On one hand, 
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raising the temperature increases the chemical re-
action rate and reduces diffusion limitations. On the 
other hand, because adsorption is exothermic, an in-
crease in temperature reduces surface coverage by 
aromatics. Additionally, at high temperatures, side 
reactions such as cracking, isomerization, and deal-
kylation become more pronounced [56, 87, 88].

Reviews of LOHC systems and aromatic hydro-
genation indicate that for hydrogenating aromatics 
such as benzene and toluene, the typical tempera-
ture range is 60–200 oC at 1–50 bar, with 80–150 oC 
considered a “mild regime” in most industrial proj-
ects. At temperatures above 200–250 oC, in addition 
to dearomatization, deep reforming and cracking 
processes are intensified [41, 89, 90].

Kinetic studies of benzene–toluene mixtures over 
Ni catalysts (130–190 oC, pressure of several to tens 
of bar) show that increasing the temperature rais-
es the conversions of both benzene and toluene, 
but benzene selectivity passes through a maximum, 
which depends on the catalyst type and pressure 
[91, 92]. At too low temperatures, the overall reac-
tion rate is limited, whereas at too high tempera-
tures, hydrogenation of the more strongly adsorbed 
aromatics (e.g., toluene) becomes dominant, reduc-
ing benzene selectivity.

Thus, for the selective hydrogenation of ben-
zene in the presence of other aromatics, the reac-
tion medium, hydrogen pressure, and temperature 
must be considered as interrelated parameters. 
The gas phase allows precise control of partial pres-
sures and easy management of surface H₂ coverage, 
whereas the liquid phase can limit selectivity due 
to mass-transfer effects and solvent interactions. 
Proper coordination of phase, pressure, H₂/aromatic 
ratio, and temperature enables the selective hydro-
genation of benzene among competing aromatics, 
minimizes side reactions, and allows the develop-
ment of an environmentally efficient process.

5. Catalysts for selective hydrogenation of benzene

Transition metals such as Ni, Pd, Pt, Ru, and Rh 
are traditionally used for benzene hydrogenation. 
On the surface of these metals, both hydrogen and 
benzene are simultaneously adsorbed, enabling the 
hydrogenation reaction. Each metal has its own ad-
vantages and limitations.

Nickel (Ni) is a relatively inexpensive and readi-
ly available transition metal, which makes it widely 
used in industry for benzene hydrogenation and the 
saturation of aromatic hydrocarbons. Although the 
catalytic activity of nickel surfaces is lower than that 

of noble metals such as Pt, Pd, and Ru, its cost-ef-
fectiveness and availability make Ni-based systems 
economically attractive for processes involving full 
hydrogenation of benzene.

Over the past decade, Ni-based catalysts have 
been improved mainly through control of the sup-
port type, particle size, and electronic structure. Ni/
Al2O3 catalysts are among the most widely used and 
well-studied industrial systems for hydrogenating 
benzene to cyclohexane in streams similar to refor-
mate gasoline or extract raffinate. Typical reaction 
conditions are 120–200 oC and 1–5 MPa (up to 8 
MPa in some systems), providing high benzene con-
version [92, 93].

However, recent comparative studies indicate 
that the benzene selectivity of Ni/Al2O3 catalysts in 
competitive benzene–toluene mixtures is moderate 
and can be significantly improved by modifying the 
support. Peyrovi et al. tested Ni/SiO2, Ni/SiO2–Al2O3, 
and Ni/Al2O3 catalysts on a mixture simulating refor-
mate gasoline and found that Ni/Al2O3 gave the high-
est benzene conversion (~100%), whereas maximum 
benzene selectivity (~75%) was achieved on Ni/SiO2; 
the SiO2–Al2O3 hybrid support exhibited intermedi-
ate properties [71, 72].

To enhance the sulfur tolerance of nickel cata-
lysts and their stability against side reactions, hy-
droprocessing catalysts are widely used, in which Ni 
is combined with Mo or W in sulfide form (NiMoS, 
NiWS). These systems typically operate at 300–380 
oC and 5–15 MPa, enabling the simultaneous hydro-
genation of polyaromatic compounds in heavy gas 
oils and pyrolysis fuels, as well as the removal of sul-
fur- and nitrogen-containing compounds through 
hydrodesulfurization and hydrodenitrogenation 
processes [94].

Kuchinskaya et al. demonstrated that nanosized 
Ni–W sulfide particles formed in situ on zeolite sup-
ports exhibit high activity in the hydrocracking of 
pyrolysis fuel into BTX fractions [95]. Such sulfide 
systems are primarily important for the combined 
hydrogenation and hydroprocessing of heavy frac-
tions containing sulfur compounds and polycyclic 
aromatics rather than for the hydrogenation of ben-
zene as an individual substrate.

Palladium (Pd) and platinum (Pt) are among the 
most active metals for the hydrogenation of aro-
matic compounds, including benzene. The d-orbit-
als of these noble metals interact effectively with 
the π-system of aromatics, facilitating the adsorp-
tion of both hydrogen and benzene. This allows 
them to achieve high hydrogenation rates at rela-
tively low temperatures and pressures. Recent stud-



147Aiken Manassova et al.

Eurasian Chemico-Technological Journal 28 (2026) 137‒161

ies on benzene removal from reformate gasoline 
show that Pd and Pt supported on SiO2, SiO2–Al2O3, 
and Al2O3 exhibit high activity, achieving significant 
benzene conversion in the range of approximately 
150–200 oC [73].

Platinum-based catalysts (Pt/Al2O3, Pt/zeolites) 
are considered classical industrial systems for the 
hydrogenation and/or hydroisomerization of ben-
zene-containing gasoline fractions. For example, 
bimodal Pt/Al2O3–BEA catalysts were studied on a 
model mixture of 20% benzene + 80% n-heptane for 
benzene fraction processing, demonstrating that the 
high activity of Pt can be combined with the isomer-
ization properties of the acidic support [96]. How-
ever, in competitive benzene–toluene mixtures, Pt 
catalysts usually hydrogenate both aromatic compo-
nents simultaneously, so benzene selectivity is lim-
ited. This is due to the high intrinsic activity of the 
metal and the strong adsorption of toluene.

Palladium-based catalysts can exhibit a more fa-
vorable selectivity profile. In a classic study by Mas-
hkovsky et al. on the competitive hydrogenation of 
a benzene–toluene (1:1) mixture, it was shown that 
Pd/Al2O3 exhibits significantly higher benzene selec-
tivity compared to Pt/Al2O3 and Ni/Al2O3 systems. 
When the total pressure was increased to 37 atm, 
benzene hydrogenation selectivity reached approx-
imately 76% [53]. This result indicates that on the 
palladium surface, the adsorption–desorption equi-
librium of benzene combined with hydrogen solu-
bility creates a more favorable environment for se-
lective hydrogenation of benzene compared to the 
competing toluene.

Another important advantage of palladium is the 
ability to exploit spatial effects when combined with 
micro- and mesoporous structures. A 2019 study 
showed that a Pd/13X zeolite catalyst in a model 
benzene–n-heptane mixture at 200 oC and 1 MPa 
achieved ≈95% benzene conversion. This demon-
strates not only the high activity of palladium, but 
also that the microporous structure of the zeolite al-
lows benzene molecules to be adsorbed separately 
from larger components [97].

Pd and Pt systems on mesoporous supports such 
as FDU-12 and SiO2–Al2O3 also show high activity for 
benzene removal from reformate gasoline, with Pd/
FDU-12 in some cases exhibiting the best perfor-
mance [73].

Because of the high cost of noble metals, Pd and 
Pt catalysts are typically used at low loadings or in 
bimetallic formulations that combine a noble met-
al with a less expensive 3d-transition metal or with 
a main-group promoter. Comparative studies of 

Pt–Co, Pt–Ni, Pt–Sn, and Pd–Pt systems for the hy-
drogenation of benzene and other aromatics show 
that tuning the surface composition allows effective 
control of both activity and selectivity. Rousset et al. 
compared monometallic Pt, Pd, and bimetallic Pd–Pt 
model catalysts on γ-Al2O3 in the hydrogenation of 
toluene and found that Pd–Pt particles exhibit turn-
over frequencies higher than those of either pure Pd 
or pure Pt, an effect attributed to electronic Pd–Pt 
interaction and to a more favourable hydrogen-cov-
erage regime on the alloy surface [98]. Liu et al. re-
ported that a Ru–Pt bimetallic catalyst supported 
on the MOF MIL-101(Cr) achieved more than 99% 
cyclohexane yield in the solvent-free hydrogenation 
of benzene, outperforming both monometallic Ru/
MIL-101 and Pt/MIL-101 and a conventional Ru–
Pt/activated-carbon reference [99]. In a benzene/
toluene 1:1 mixture, Mashkovsky and co-workers 
demonstrated that the introduction of a second met-
al into Pd/Al2O3-based systems can shift the adsorp-
tion–desorption balance toward benzene, raising 
benzene selectivity to approximately 76% at 37 atm 
[53]. Bimetallic combinations of noble metals with 
main-group elements (Sn, In, Ga) provide an addi-
tional level of selectivity control: the electron-donat-
ing second metal partially blocks ensemble sites re-
quired for over-hydrogenation, decreasing the rate 
of consecutive saturation steps. In next-generation 
studies, particular attention is given to combining 
noble metals with nanostructured carbon materials 
(carbon nanotubes, graphene, N-doped carbons) 
and complex oxide systems, with precise tuning of 
the metal–support interface enabling controlled hy-
drogen activation and adjustment of the benzene 
adsorption–desorption equilibrium in the desired 
direction [99, 100].

Ruthenium (Ru)-based catalysts are among the 
most active systems for benzene hydrogenation and 
have been widely studied for both full hydrogenation 
(benzene → cyclohexane) and partial hydrogenation 
(benzene → cyclohexene). Recent studies indicate 
that Ru catalysts are among the most promising for 
hydrogenating benzene to cyclohexane: their activi-
ty is comparable to, and in some cases even exceeds, 
that of palladium and platinum, while the relatively 
lower cost of ruthenium makes them economically 
attractive.

The high activity of ruthenium is primarily due to 
its ability to efficiently dissociate H2 molecules and 
form strongly adsorbed, highly reactive hydrogen 
species (H)* on the metal surface. Since the π-sys-
tem of benzene interacts effectively with Ru surfac-
es, the stepwise hydrogenation of the ring proceeds 
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readily, enabling full hydrogenation to cyclohexane 
under favorable conditions within a short contact 
time.

In the full hydrogenation mode to cyclohexane, 
Ru catalysts can achieve complete benzene conver-
sion at relatively low temperatures (≈60–120 oC) and 
moderate pressures (2–5 MPa). For example, sever-
al studies on nanosized Ru systems have shown that 
at 80 oC and 3 MPa, benzene can be hydrogenated 
to cyclohexane with high rate and high conversion 
(typically >95% benzene conversion within 60 min, 
with cyclohexane selectivity above 99%), highlight-
ing the importance of high Ru dispersion and good 
metal surface accessibility [101].

Reviews covering 2018–2023 conclude that nano-
sized Ru catalysts (nanoparticles, hollow spheres, 
flake-like structures) exhibit exceptional activity 
and stability in the hydrogenation of aromatic com-
pounds, including benzene.

A second important direction is the partial hy-
drogenation of benzene to cyclohexene, rather than 
to cyclohexane. In this process, ruthenium is often 
regarded as the most effective metal for selective 
hydrogenation. Studies from 2016–2018 on Ru–
Zn catalysts and other promoted Ru systems have 
shown that cyclohexene yields can reach 50–60%. 
However, to suppress the thermodynamically fa-
vored full hydrogenation to cyclohexane, careful 
tuning of the catalyst’s electronic structure, the 
metal–environment interface, and the composition 
of the liquid phase (water, salts, bases) is required 
[66–68].

For ruthenium-based catalysts, selectivity is 
strongly influenced by the reaction environment and 
modifiers. Water and hydroxide ions can adsorb on 
the Ru surface, hindering further hydrogenation of 
cyclohexene to cyclohexane, while the presence of 
promoters such as Zn, Mn, B, as well as alkaline and 
salt additives (e.g., NaOH, ZnSO4), helps stabilize the 
benzene → cyclohexene step and enhances selec-
tivity. These effects have been examined in detail in 
recent mechanistic studies [66, 68, 102].

Recent reviews on LOHC systems also highlight 
Ru catalysts as highly active and stable for hydrogen 
uptake and release cycles in benzene–cyclohexane 
pairs and other aromatic–naphthene systems. In 
terms of hydrogen release/uptake kinetics and ther-
mal stability, Ru-based catalysts provide more bal-
anced performance compared to Ni and some Pt/Pd 
systems.

Ru catalysts in full hydrogenation mode can hy-
drogenate benzene to cyclohexane at very high rates 
under relatively mild conditions, while in partial hy-

drogenation mode, with appropriate promoters and 
reaction environment tuning, they can achieve high 
selectivity toward cyclohexene. Compared to Ni-
based systems, Ru generally exhibits higher activity, 
and compared to Pt/Pd systems, it offers greater 
flexibility in controlling selectivity toward interme-
diates such as cyclohexene, placing it in a distinctive 
position among modern catalysts for selective hy-
drogenation.

Table 1 summarizes the main types of catalysts 
used for benzene hydrogenation, including their op-
erating conditions, selectivity, advantages, and lim-
itations [66–68, 72, 73, 92–97, 101, 102]. The table 
shows that, compared to classical systems such as 
Ni/Al2O3, Pd/Al2O3 and Pd/13X catalysts can achieve 
higher benzene selectivity in benzene–toluene or 
benzene–n-heptane mixtures. Meso- and micropo-
rous supports (zeolites, FDU-12) provide additional 
spatial selectivity through adsorption hierarchy ef-
fects. Ru-based catalysts exhibit exceptionally high 
activity: under standard conditions, they almost 
completely hydrogenate benzene to cyclohexane. 
When modified with promoters (Zn, alkaline envi-
ronment, salts), they can significantly enhance se-
lectivity for partial hydrogenation to cyclohexene. 
Thus, the table allows a comparative evaluation of 
benzene hydrogenation catalysts and helps identify 
the most promising systems in terms of selectivity 
and economic efficiency for further research.

5.1. Stability and deactivation of catalysts in ben-
zene hydrogenation

Long-term operational stability is a critical per-
formance criterion that, alongside activity and selec-
tivity, ultimately determines the practical viability of 
a benzene-hydrogenation catalyst. Under industrial 
conditions, catalysts gradually lose activity through 
several well-documented deactivation pathways: (i) 
thermal sintering of the active metal phase, particu-
larly relevant for highly dispersed noble-metal cat-
alysts under elevated-temperature conditions; (ii) 
carbonaceous deposition (coking) caused by oligo-
merisation of aromatic intermediates on Brønst-
ed-acid sites of zeolitic or amorphous silica-alumina 
supports; (iii) poisoning by trace sulfur, nitrogen, or 
chlorine impurities present in reformate and pyroly-
sis-naphtha feedstocks, which is particularly severe 
for Pd and Pt; and (iv) leaching of the active metal 
under liquid-phase conditions, which is especially 
problematic for Ru-based systems in aqueous slurry 
reactors used for the partial hydrogenation to cyclo-
hexene [103].
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Table 1. Comparative characteristics of catalysts for selective benzene hydrogenation

Catalyst Reaction medium/
feed mixture

Hydrogenation 
conditions 
(T, oC/p)

Main selectivity/result Advantages Disadvantages Source

Ni/Al2O3 Reformate, 
benzene-enriched 
gasoline fractions

120–200 °C, 
1–5 MPa 

(sometimes up 
to 8 MPa)

Benzene conversion 
≈99–100%; 

in benzene–toluene 
mixture, benzene 

selectivity ≈50–55%

Low cost, widely 
used in industry, 

high catalytic 
activity

Limited benzene 
selectivity in the pres-

ence of competing 
aromatics

[92, 93]

Ni/SiO2 Benzene–toluene 
(model reformate) –

Benzene conversion 
≈65–70%; benzene 

selectivity ≈75%

Higher selectivity 
due to inert support

Lower conversion 
compared with 

Ni/Al2O3; limited 
mechanical strength

[71, 72]

Ni/SiO2–Al2O3 Benzene–toluene 120–200 oC, 
1–5 MPa

Benzene conversion 
≈85%; benzene 
selectivity ≈60%

Possibility to 
balance acid–base 
properties of the 

support

No pronounced 
advantages; 

“compromise” 
catalytic system

[71, 72]

NiMoS, NiWS 
(zeolite/Al2O3 
etc.)

Heavy gas oils, 
pyrolysis fuels, 
aromatic com-

pounds containing 
S and N

300–380 oC, 
5–15 MPa

Aromatic conversion 
>90%; HDS efficiency 

>95%

Sulfur tolerance; 
comprehensive 
purification of 

heavy feedstocks

High temperature 
and pressure; lack 
of narrow benzene 

selectivity

[94, 95]

Pd/Al2O3, 
Pd/SiO2, 
Pt/Al2O3, 
Pt/SiO2–Al2O3

Reformate, ben-
zene-containing 

gasoline

423–473 K 
(≈150–200 oC)

Benzene conversion 
>95% at 150–200 oC; 
benzene selectivity 

over Pt typically ≤50%

High intrinsic 
activity of noble 

metals; mild operat-
ing conditions

High cost; limited 
selectivity due to 

parallel hydrogenation 
of other aromatics

[73]

Pt/Al2O3–BEA Model mixture: 
20% benzene + 
80% n-heptane

–
Benzene conversion 

≈90%; n-heptane 
isomer yield ≈30–40%

Bifunctional catalyst 
increasing the 

octane number

Limited benzene 
selectivity in the ben-
zene–toluene system; 

high cost of Pt

[96]

Pd/zeolite 13X Model 
benzene–n-hep-

tane mixture

200 oC, 1 MPa Benzene conversion 
≈90–95% at 200 oC, 

1 MPa; activity drops 
to ≈81% after 20 h

High conversion 
at low pressure; 
spatial (shape) 

selectivity

Sensitivity to diffusion 
limitations; possible 

pore blockage by 
heavy components

[97]

Pd/Al2O3 Benzene–toluene 
(1:1)

Pressure up to 
37 atm

Benzene conversion 
≈40% at 37 atm; 

benzene selectivity 
≈76 %

Good benzene 
selectivity in a 

competitive system; 
pressure tuning 

possible

Noble metal; high 
pressure required; 
possible poisoning 
during long-term 

operation

[53]

Pd/FDU-12 and 
other meso-
porous Pd, Pt 
catalysts

Benzene removal 
from reformate

Mild 
hydrogenation 

conditions

Benzene conversion 
≈98%; benzene 

selectivity ≈65–70%

Improved diffusion, 
high metal 
dispersion

Strong dependence 
of selectivity on the 

reaction system; high 
cost of noble metals

[101]

Ru (nanostruc-
tured)

Mainly 
liquid-phase 
benzene and

model mixtures

60–120 oC, 
2–5 MPa

Benzene conversion 
>99% at 80–120 oC, 

2–5 MPa; cyclohexane 
selectivity >99%

Efficient dissociative 
adsorption of H2; 
relatively cheaper 
noble metal; mild 

conditions

Difficult to suppress 
deep hydrogena-

tion; precise tuning 
required for cyclohex-

ene selectivity

[66–68, 
101, 
102]

Promoted Ru 
(Ru–Zn, Ru + 
NaOH, ZnSO4 
etc.)

Selective partial 
hydrogenation of 
benzene in liquid 

phase

Mild condi-
tions; T and p 

depend on the 
author

Benzene conversion 
60–80%; cyclohexene 

yield 50–60%

Strong increase in 
cyclohexene selec-
tivity due to proper 
choice of medium 

and promoters

Very high sensitivity 
of the system; small 

changes in conditions 
again lead to com-

plete hydrogenation

[66–68, 
102]
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Quantitative time-on-stream data illustrate the 
magnitude of these effects. For example, Alimoham-
madi and Fatthi reported that benzene conversion 
over a Pd/13X catalyst decreased from ≈90% to 
≈81% over 20 h on stream at 200 oC and 1 MPa, while 
a Pd/Al2O3 reference catalyst showed a more grad-
ual decline of less than 5% under the same condi-
tions [104]. Hydrotreating Ni-Mo-W sulfide systems 
used in deep dearomatisation operate for several 
thousand hours but require periodic regeneration 
through controlled oxidation–sulfidation cycles to 
remove coke and restore the active sulfide phase. 
At 320–360 oC and 5–10 MPa, these systems achieve 
aromatic conversion >90% with simultaneous hy-
drodesulfurisation efficiency >95% [94, 95, 105]. For 
Ru-based partial-hydrogenation catalysts, the litera-
ture indicates that the addition of Zn, B, or alkaline 
modifiers not only improves cyclohexene selectivity 
but also markedly enhances stability by suppressing 
Ru particle agglomeration and stabilising the surface 
oxidation state of Ru in the Ruδ+ form [66–68, 102].

Several strategies have been developed to ex-
tend catalyst lifetime: (1) the use of bimetallic and 
trimetallic formulations (e.g., Pt–Pd, Pt–Sn, Ru–Pt), 
in which the second metal modifies the electronic 
structure and reduces the rate of carbon deposition 
[99, 100]; (2) confinement of metal nanoparticles 
within microporous or mesoporous supports (ze-
olites, MOFs, ordered mesoporous silicas), which 
physically restricts particle migration and sintering 
[96, 97, 99]; (3) controlled tuning of support acid-
ity to balance the rate of hydrogenation against 
the rate of side reactions (cracking, transalkylation, 
isomerisation) that produce coke precursors [72, 
106]; and (4) the use of natural and carbon-based 

supports with low intrinsic acidity (activated carbon, 
diatomite, modified bentonite), which inherently re-
duce coking [107–110]. Overall, the combined opti-
misation of activity, selectivity, and stability remains 
the principal challenge for the rational design of 
next-generation benzene-hydrogenation catalysts.

6. Supports and their influence

The support material determines the catalyst 
structure, the degree of metal particle dispersion, 
surface properties, and the nature of the metal–sup-
port interaction. Therefore, analyzing the structur-
al, surface, acidic, and electronic characteristics of 
various supports and understanding their influence 
on activity and selectivity in benzene hydrogenation 
is of fundamental importance. Figure 6 presents a 
general overview of the types of supports used in 
catalytic benzene hydrogenation and their main ad-
vantages.

6.1. Classical supports

γ-Al2O3 (gamma-alumina), SiO2 (silicon dioxide), 
TiO2 (titanium dioxide), ZrO2 (zirconium dioxide), 
and zeolites (e.g., Y-zeolite and ZSM-5) are widely 
used as supports for benzene hydrogenation cata-
lysts. These materials differ in their porous struc-
ture, specific surface area, and the nature of acidic 
sites, which in turn affects the formation and per-
formance of the metal particles in different ways. 
Figure 7 shows the structural formulas of the most 
widely used classical supports – (a) γ-alumina, (b) ti-
tanium dioxide, and (c) a representative aluminosili-
cate zeolite framework.

 

Fig. 6. Classification of catalyst supports used in benzene hydrogenation.
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Fig. 7. Structural formulas of alumina (a), titanium oxide (b), and zeolite (c).

Alumina (Al2O3) is a widely used support charac-
terized by a high specific surface area and moderate 
acidity. Silicon dioxide (SiO2) is a chemically inert ma-
terial with very low acidity and a high surface area. 
Studies have show that, in nickel-based catalysts, an 
Al2O3 support ensures a high degree of metal disper-
sion, leading to increased benzene conversion. For 
instance, a Ni/Al2O3 catalyst at 130 oC can achieve 
benzene conversion up to 99%, indicating that the 
porous structure of alumina promotes a uniform dis-
tribution of Ni nanoparticles and increases the num-
ber of active sites [72].

At the same time, nickel supported on SiO2 (Ni/
SiO2) exhibits slightly lower activity in benzene hy-
drogenation. However, due to its inert and almost 
non-acidic surface, it demonstrates high selectivity 
in multicomponent mixtures. Specifically, in the hy-
drogenation of a benzene–toluene mixture, the Ni/
SiO2 catalyst selectively hydrogenated benzene while 
largely suppressing toluene hydrogenation, achiev-
ing benzene selectivity of up to 75% [72]. Accord-
ing to the authors, the decisive factor in this process 
was the pore size of the support, while its acidity 
and metal dispersion had much less influence. Thus, 
a more open porous structure (as in SiO2) creates 
favorable conditions for adsorption and diffusion of 
larger molecules and, under certain conditions, en-
ables selective hydrogenation of benzene.

Titanium dioxide (TiO2) and zirconium dioxide 
(ZrO2) are characterized by a pronounced strong 
metal–support interaction (SMSI) effect. When TiO2 

is reduced at high temperatures, an oxygen-defi-
cient layer can form on its surface, partially covering 
the metal particles and giving rise to the SMSI effect. 
This alters the accessibility of the metal surface and 
its electronic density, directly influencing catalytic 
activity. For instance, in noble-metal/TiO2 systems, 
it has been reported that after intensive reduction, 
the metal surface can be partially encapsulated by 
a protective titanium oxide layer, which decreases 
the activity in benzene hydrogenation [111]. At the 
same time, under moderate reduction conditions, 
Ru/TiO2 catalysts have been shown to allow unhin-

dered H2 adsorption, meaning that the SMSI effect is 
not fully realized [112].

Zirconium dioxide (ZrO2) is a stable, amphoter-
ic support whose surface contains both acidic and 
basic sites, and it exhibits high chemical stability in 
both oxidative and reductive environments. By con-
trolling the crystalline phase of ZrO2 (monoclinic or 
tetragonal), it is possible to adjust the concentration 
of surface hydroxyl groups and its acid–base proper-
ties, making this material particularly promising as 
a catalyst support. Recent studies have shown that 
a biphasic (monoclinic–tetragonal) heterostructure 
of ZrO2 enhances the performance of Ru-based cat-
alysts in the selective hydrogenation of benzene. It 
is suggested that such a mixed-phase support forms 
surfaces with differing hydrophilicity: one phase is 
strongly hydrophilic, while the other is relatively less 
so. At the heterogeneous interface between these 
phases, a thin water layer forms, facilitating rapid 
desorption of the product–cyclohexene–from the Ru 
particle surface [113].

Zeolites (Y, ZSM-5) are aluminosilicate materi-
als with a well-defined porous structure and strong 
acidic sites. In benzene hydrogenation reactions, ze-
olites can create a dual (bifunctional) environment: 
substrate molecules are adsorbed and concentrated 
within their micropores, while acidic sites such as H⁺ 
can polarize the aromatic ring, thereby facilitating its 
hydrogenation on the metal centers. Moreover, the 
pore size of the zeolite significantly affects the reac-
tion selectivity. For example, comparisons between 
Pt/ZSM-5 and Pt/Y catalysts have shown that the 
type of zeolite and its pore volume play a decisive 
role in determining selectivity [106].

The Pd/13X catalyst, based on a large-pore fau-
jasite-type zeolite (Y-type, also designated as 13X), 
demonstrated higher benzene conversion in hydro-
genation compared with Pd/Al2O3 and Pd/ZSM-5, 
reaching approximately 90% conversion at 200 oC 
and 1 MPa. The authors attribute this performance 
to the wider micropores of the 13X zeolite and its 
favorable surface properties, which facilitate the ac-
cess and adsorption of benzene molecules onto the 

(a) (b) (c)
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Pd particles. However, it was noted that the activi-
ty of Pd/13X decreased from the initial 90% to 81% 
over 20 h, indicating more pronounced deactivation 
compared with the Al2O3-based catalyst; nonethe-
less, even after 20 h, the Pd/13X activity remained 
higher than that of other samples [104]. For the Pd/
ZSM-5 catalyst, despite lower benzene conversion, 
the strong acidic sites of the support under certain 
conditions can promote additional isomerization or 
side reactions, meaning that careful optimization of 
reaction conditions and time is required when using 
this zeolite support. 

Silicon dioxide (SiO2), also referred to as amor-
phous silica, is one of the most widely used catalyst 
supports because of its chemical inertness, low intrin-
sic acidity, high specific surface area (typically 200–
800 m2·g⁻1), and tunable pore structure ranging from 
non-porous fumed silica to ordered mesoporous vari-
ants (SBA-15, MCM-41, KIT-6, and FDU-12) [114]. The 
hydroxyl-rich silica surface (silanol groups, Si–OH) 
provides anchoring sites for the deposition of metal 
precursors via impregnation or grafting, allowing the 
formation of highly dispersed metal nanoparticles. 
The absence of strong Brønsted-acid sites makes 
SiO2 particularly attractive when side reactions such 
as transalkylation, isomerisation, and cracking must 
be suppressed – a situation directly relevant to the 
selective hydrogenation of benzene in the presence 
of higher alkylaromatics, where preservation of the 
octane-boosting aromatic components is desirable. 
In Pt- and Pd-based catalysts, ordered mesoporous 
SiO2 supports (SBA-15, MCM-41) have been shown 
to confine metal nanoparticles within the mesopore 
channels, providing both high dispersion and resis-
tance against sintering, while their well-defined pore 
architecture imposes a degree of shape selectivity 
in the adsorption of competing aromatics [98, 115]. 
The principal limitations of SiO2 are its moderate hy-
drothermal stability – extended exposure to water 
vapour at temperatures above 300–400 oC can lead 

to dehydroxylation and progressive collapse of the 
mesopore structure and the relative weakness of the 
metal–support interaction, which in some cases facil-
itates metal leaching under liquid-phase conditions.

6.2. Natural clay minerals as low-cost catalyst sup-
ports

Natural clay catalysts are inexpensive, abundant, 
and environmentally friendly materials used as sup-
ports in heterogeneous catalysis. Their porosity and 
tunable acidity allow effective dispersion of active 
metal species, enhancing catalytic activity and selec-
tivity. Clays such as diatomite, montmorillonite, ka-
olinite, and bentonite can be modified by acid treat-
ment, pillaring, or ion exchange to improve thermal 
stability and surface properties. They are widely ap-
plied in reactions such as hydrocarbon conversion, 
hydrogenation, and oxidation, as well as in environ-
mental catalysis, due to their ability to provide both 
acidic functionality and structural support for metal 
nanoparticles, making them versatile and sustain-
able catalyst supports [107, 116–118].

Figure 8 shows SEM images of bentonite (a), di-
atomite (b), and activated carbon (c), illustrating their 
different surface morphologies. Bentonite exhibits a 
layered and flaky structure typical of clay minerals, 
in which plate-like particles are stacked together. Di-
atomite shows a characteristic cylindrical and highly 
ordered porous structure originating from fossilized 
diatom shells, with clearly visible regular pores that 
indicate high natural porosity. In contrast, activat-
ed carbon displays a highly developed porous and 
sponge-like surface with numerous irregular cavities 
and channels formed during the activation process, 
providing a large surface area and strong adsorption 
capacity. Overall, the images highlight significant dif-
ferences in the texture and porosity of these mate-
rials, which influence their adsorption and catalytic 
properties.

   
Fig. 8. SEM images of bentonite [119] (a), diatomite [120] (b), and activated carbon [121] (c). 

Reproduced from Ref. [119–121]. Licensed under a Creative Commons Attribution (CC BY) license.

(a) (b) (c)
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Bentonite is a natural clay whose main compo-
nent is the mineral montmorillonite. Its crystalline 
structure is formed by alternating layers of silicon–
oxygen tetrahedra and aluminum octahedra. Such a 
layered arrangement provides bentonite with a very 
large specific surface area and a pronounced an-
ion–cation exchange capacity [122]. Various cations 
(Na⁺, Ca2⁺, etc.) are located in the interlayer space 
of the aluminosilicate sheets and can be easily re-
placed during ion-exchange processes. Owing to this 
property, bentonite can be readily impregnated with 
metal cations and used as a catalyst precursor: the 
metal ions are fixed within the clay layers and, upon 
subsequent reduction, form fine metallic particles 
uniformly distributed over the clay surface.

Another important feature of bentonite is its 
ability to swell in water and its high colloidal stabili-
ty. The hydrophilic surface adsorbs a hydration shell 
and stabilizes the dispersion, which promotes the 
uniform distribution of the metal precursor during 
catalyst preparation. In addition, bentonite contains 
a significant number of –OH groups (located at the 
edges of the layers), which under certain conditions 
can act as acidic sites [123].

The use of bentonite as an inexpensive natural 
support has also been investigated in the field of se-
lective benzene hydrogenation. For example, a Ru/
bentonite catalyst was synthesized and studied for 
the partial hydrogenation of benzene to cyclohex-
ene [124]. Ru nanoparticles introduced into purified 
bentonite by the impregnation method followed by 
hydrothermal treatment exhibited high catalytic ac-
tivity: at 180 oC and an H2 pressure of 5 MPa, sig-
nificant benzene conversion was achieved. Howev-
er, the yield of cyclohexene remained moderate at 
the initial stage [102]. Previous studies on Ru-based 
catalysts have shown that the addition of NaOH and 
ZnSO4 can significantly enhance cyclohexene selec-
tivity by modifying the hydrophilic and basic envi-
ronment around Ru particles, thereby facilitating 
cyclohexene desorption and suppressing its further 
hydrogenation to cyclohexane [67, 68].

Diatomite is a sedimentary rock composed pre-
dominantly of silicon dioxide (approximately 90% 
SiO2) and formed from the fossilized remains of 
ancient diatom algae. It is characterized by a pow-
dery, highly porous structure that combines both 
micro- and macropores. Diatomite particles exhibit 
a distinctive morphology with numerous cavities and 
channels, resulting in a high specific surface area and 
well-developed porosity [125]. In addition, diatomite 
possesses high thermal stability and good chemical 
inertness due to its siliceous nature. Its highly po-

rous structure and large surface area facilitate the 
dispersion of metal nanoparticles and improve the 
accessibility of active sites, making diatomite an 
attractive catalyst support for hydrogenation reac-
tions [125, 126]. Using a diatomite support, benzene 
hydrogenation to cyclohexane has been performed 
in a plasma-assisted system at atmospheric pres-
sure. The catalysts were prepared by impregnating 
the support with Ni(NO3)2 or Cu(NO3)2 solutions, fol-
lowed by reduction. The authors reported benzene 
conversions exceeding 90% and cyclohexane selec-
tivity greater than approximately 75% [126].

Activated carbon is a porous carbonaceous ma-
terial characterized by an extremely high specific 
surface area and well-developed pore structure. 
Due to its chemical stability, hydrophobic surface, 
and tunable surface functionality, activated carbon 
is widely used as a catalyst support in hydrogena-
tion reactions [108, 109]. The large internal surface 
area of activated carbon enables the stabilization 
of highly dispersed metal nanoparticles, which en-
hances the accessibility of active sites and improves 
catalytic performance in liquid-phase hydrogenation 
processes [110].

From the perspective of benzene hydrogenation, 
activated carbon is considered a promising catalyst 
support due to its high surface area, hydrophobic 
character, and chemical inertness. The hydropho-
bic surface promotes adsorption of aromatic com-
pounds such as benzene, which is particularly ad-
vantageous in liquid-phase hydrogenation systems. 
In addition, carbon supports enable the stabilization 
of highly dispersed metal nanoparticles, often in the 
nanometer range, thereby increasing the accessibil-
ity of active sites and improving catalytic activity 
[108–110]. Unlike acidic oxide supports, activated 
carbon does not introduce strong acidic sites that 
may promote undesirable side reactions such as 
cracking or transalkylation; therefore, hydrogena-
tion proceeds with higher selectivity toward sat-
urated products. Ru nanoparticles supported on 
porous carbon materials have been reported to 
exhibit high hydrogenation activity under relatively 
mild conditions due to their small particle size and 
high dispersion [110].

6.3. Modern supports

Metal-organic frameworks (MOFs) are highly 
porous crystalline materials formed by coordina-
tion bonds between metal ions and organic ligands. 
A key advantage of MOFs is their tunable porous 
structure and functionality: the size and shape of 
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the pores, as well as the surface chemistry, can 
vary significantly depending on the chosen ligand 
and metal cluster during synthesis [127]. In recent 
years, several studies have demonstrated the ef-
fectiveness of MOF-based supports in benzene hy-
drogenation reactions. For example, a bimetallic 
Ru–Pt catalyst deposited on the zeolite-like MOF 
MIL-101(Cr) showed high efficiency in benzene hy-
drogenation under solvent-free conditions. The 
catalyst developed by Liu et al., Ru–Pt/MIL-101, 
exhibited high activity for the complete hydrogena-
tion of benzene to cyclohexane, outperforming the 
conventional Ru–Pt/activated carbon catalyst [99]. 
This high activity is attributed to the MOF’s ability 
to stabilize small metal clusters, prevent their ag-
glomeration, and adsorb benzene molecules, locally 
increasing their concentration.

It has also been reported that the Ru–B/MOF cat-
alyst (ruthenium with boron additive on a MOF sup-
port), developed by Chinese researchers, achieved a 
cyclohexene yield of 24% at 180 oC and H2 pressure 
of 5 MPa [129]. Although this value is still below the 
industrially required level, it clearly demonstrates 
the potential of MOF materials as supports. Dis-
tinctive features of MOFs include their high specific 
surface area, uniform micropores, and the ability 
to precisely modify the internal surface chemistry, 
allowing accurate control over the placement and 
state of metal particles. Moreover, some MOFs can 
exhibit bifunctional catalytic properties: for exam-
ple, MOFs with acidic ligands can act as promoters 
themselves, facilitating the protonation of the ar-
omatic benzene ring during hydrogenation. At the 
same time, MOFs have several limitations: not all 
structures are stable at elevated temperatures (de-
compose at 200–300 oC), and their large-scale syn-

thesis remains expensive. For this reason, research 
on MOF supports is currently mostly confined to the 
laboratory scale.

MXenes are a class of two-dimensional materials 
that have seen rapid development in recent years. 
Their general formula is Mn+1XₙTₓ, where M is a tran-
sition metal (Ti, V, Nb, etc.), X is carbon or nitrogen, 
and Tₓ represents surface functional groups (–O, –
OH, –F, etc.). MXenes are obtained by selective etch-
ing of MAX phases (most often by dissolving the alu-
minum layer with acids), resulting in flat nanosheets 
with a thickness of just a few atomic layers. Charac-
teristic features of MXenes include a combination of 
high electrical conductivity from the carbide–metal 
core with a hydrophilic, functionalized surface, as 
well as a large specific surface area [130, 131]. The 
presence of hydroxyl and oxygen-containing groups 
imparts acid–base properties to these materials.

MXene supports are particularly promising for 
hydrogen-involving reactions: their surfaces are fa-
vorable for H2 adsorption and dissociation, and the 
close electronic interaction with deposited metal 
particles can lead to specific electronic effects. In re-
cent years, MXene-based systems have been actively 
studied in selective benzene hydrogenation, not so 
much as standalone active phases, but as precursors 
for highly engineered supports. It has been shown 
that TiO2 nanostructures derived from Ti3C2-MXene, 
used to achieve stable dispersion of Ru nanoparti-
cles, provide high activity and selectivity in the par-
tial hydrogenation of benzene to cyclohexene [132]. 
DFT calculations indicate that H2 adsorption and 
dissociation on MXene surfaces are energetically fa-
vorable, and certain MXenes (e.g., Fe2C, W2N, and 
Mo2C) can be considered promising platforms for hy-
drogenation reactions [133].

  
Fig. 9. Structures of MOF support (a) [35] and MXene support (b). Reproduced from Ref. [128]. 

Licensed under a Creative Commons Attribution (CC BY) licens.
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7. Conclusion

The analysis shows that catalytic hydrogenation 
of benzene remains one of the most challenging 
yet strategically important tasks in modern cata-
lytic chemistry. The high thermodynamic stability 
of the aromatic ring, competitive adsorption in the 
presence of alkylated aromatics, and the process 
sensitivity to reaction conditions necessitate the 
precise tuning of catalytic systems. A comparison 
of different metals demonstrates that noble met-
als, primarily Pd and Pt, enable mild hydrogenation 
conditions but tend to promote the concurrent sat-
uration of other aromatic compounds. Ruthenium 
holds a special position due to its combination of 
high activity and the ability to control the reaction 
pathway, ranging from complete hydrogenation of 
benzene to the selective formation of cyclohexene, 
depending on catalyst modification and the reaction 
environment.

It has been demonstrated that the support plays 
a role at least as important as that of the active met-
al: its porous structure, acid–base properties, and 
the nature of metal–support interactions signifi-
cantly influence benzene adsorption, the stability of 
reaction intermediates, and the rate of product de-
sorption. Zeolites and mesoporous materials enable 
spatial selectivity, whereas inert and carbon-based 
supports are effective in suppressing side reactions 
in liquid-phase systems. Natural and low-cost sup-
ports show considerable potential for the devel-
opment of economically viable catalysts, provided 
that their surface chemistry is properly controlled. 
Furthermore, the future development of selective 
benzene hydrogenation processes is associated with 
a transition from empirical catalyst selection to the 
rational design of catalytic systems, grounded in a 
fundamental understanding of adsorption mech-
anisms, electronic effects, and mass transfer phe-
nomena. Of particular interest are next-generation 
catalysts aimed at integrating de-aromatization pro-
cesses with hydrogen storage systems, in which the 
benzene–cyclohexane pair is considered a promising 
component of hydrogen energy technologies. Thus, 
benzene hydrogenation remains not only a classical 
model reaction but also a versatile platform for the 
development of sustainable and environmentally 
oriented technologies of the future.
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