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Abstract
High-octane gasoline production by catalytic naphtha reforming is a major process in the petroleum industry. Sulfur com-
ponents involved in the reforming process are causing pollutions and catalyst poisoning. Hydrodesulfurization has been 
developed to remove sulfur species from naphtha. Bimetallic and trimetallic catalysts are used to improve the naphtha 
reforming. Another solution to produce gasoline is the zeoforming process, which involves zeolites. This article reviews the 
naphta reforming reaction.
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Introduction

The most important part of modern processing plants and 
the core producer of high-octane gasoline (~ 40% of the 
world production) and aromatic hydrocarbons are the units 
of catalytic naphtha reforming. Sulfur and sulfur-contain-
ing compounds, e.g., hydrogen sulfide  (H2S), mercaptans, 
organic sulfides and disulfides are present in crude oil and 
remain to various degrees in the products obtained from the 
refining of these crude oils. The presence of sulfur in naph-
tha invariably has a negative, and typically immediate, effect 
on the performance of catalysts. In addition, sulfur com-
pounds in transportation fuels are becoming an important 
global concern, as they pose serious threats to the environ-
ment and air quality. In order to prevent atmospheric toxic 
waste and to avoid the reforming catalyst consequent poison-
ing, the hydrodesulfurization (HDS) processes are used to 

convert sulfur compound to  H2S (hydrogen sulfide), which 
is removed by washing, and hydrocarbons. Bifunctional 
metal–acid catalysts are applied in the hydrodesulfurization 
process in order to minimize sulfur compounds.

The metal function is provided by platinum (Pt), which 
is supported over the acid function, chlorinated gamma alu-
mina (γ-Al2O3). The addition of metals [such as Ge (McCal-
lister and O’Neal 1971), Sn (Rausch 1973) and Re (Hansel 
1949)] can improve Pt catalytic properties which modifies 
the catalyst selectivity, activity and stability (Carvalho et al. 
2004a, b). The application of other trimetallic catalysts such 
as Ni–Mo–W/Al2O3 and Ni–Mo–W/SBA-15 was also pat-
ented. Mendoza-Nieto et al. (2013) used Ni–Mo–W cata-
lysts supported on SBA-15 for deep hydrodesulfurization. 
They reported that the best catalytic activity in hydrodesul-
furization was belonging to trimetallic Ni–Mo–W/SBA-15 
catalyst. Other researchers used zeolite as catalyst to remove 
sulfur from naphtha. Salem and Hamid (1997) found that 
for equal cracked and virgin naphtha mixture at 80 °C, the 
sulfur amount was decreased around 65% and 30% by using 
activated carbon and Zeolite, respectively. Likewise, the 
previous research (Kulprathipanja et al. 1998) found that 
molybdenum (Mo)- and nickel (Ni)-exchanged zeolite Y and 
X can be used for removing of sulfur from hydrocarbons 
stream. Usual processes of adsorption have an adsorption 
cycle whereby the contaminant is adsorbed from the feed, 
followed by desorption cycle whereby the contaminant is 
removed from the adsorbent. Therefore, zeolites have an 
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advantage of removing sulfur on conventional catalysts 
(such as Pt/Al2O3) for naphtha reforming process.

Yet, sulfur components in naphtha are the problems of 
catalyst deactivation and high-octane gasoline production. 
Consequently, the advantages of zeolite as a catalyst with 
non-noble metals for reforming of naphtha (zeoforming 
process) are its environmental-friendliness as well as being 
strong against sulfur. Therefore, it would be beneficial for 
those interested in high-octane gasoline production research 
to get an idea about the current status of this industry, 
including nature of sulfur impurities in naphtha, hydrodes-
ulfurization of sulfur-containing heterocyclic compounds, 
the effect of additional metal on catalytic naphtha reforming 
process, advantages of zeolite and zeoforming process for 
naphtha reforming, catalyst deactivation and reactor setup. 
The aim of this paper is to provide an overview of literatures 
on sulfur component in naphtha, hydrodesulfurization, bi- 
and trimetallic catalysts, zeoforming technology and make 
through a comparative analysis.

This article reviews the naphtha reforming reaction. As 
shown in Fig. 1, the “Sulfur compounds in transportation 
fuels” section presents an introduction and the background 

of study on naphtha reforming process. The “Hydrodesul-
furization” section provides information regarding the sulfur 
compounds in transportation fuels. The “Reforming cata-
lysts” section describes the hydrodesulfurization for removal 
of sulfur and thermodynamics of hydrodesulfurization. 
In the “Catalyst deactivation” section, discussion about cat-
alysts used for naphtha reforming process such as bimetal-
lic, trimetallic and zeolites as well as zeforming process for 
high-octane gasoline production are provided. The “Choice 
of reactor” section presents different mechanism of catalyst 
deactivation. The “Recommendations” section describes the 
reactor-scale setup for naphtha reforming process. Finally, 
the “Conclusion” section discusses the recommendation for 
future work and conclusion of this review.

Sulfur compounds in transportation fuels

Sulfur compounds in transportation fuels, such as diesel 
and gasoline, are becoming an important global concern, as 
they pose serious threats to the environment and air qual-
ity (Stanislaus et al. 2010). The Environmental Protection 

Fig. 1  Content of this article. 
HDS hydrodesulfurization



509Environmental Chemistry Letters (2018) 16:507–522 

1 3

Agency (EPA) regulations regarding air quality policy in 
the USA require that the sulfur content in federal gasoline 
cannot exceed 10 ppmw by January 1, 2017, while ultralow-
sulfur diesel (ULSD) must contain less than 15 ppmw of 
sulfur (Lee and Valla 2017). Another importance of deep 
desulfurization is motivated by the extensive use of liquid 
hydrocarbon fuels for the application of fuel cell. Gasoline 
and diesel are readily available, are easily storable and con-
tain high amount of energy density, making them favorable 
sources of hydrogen gas for fuel cell systems (Pieterse et al. 
2011). However, the operation of fuel cells is restricted even 
by present strict sulfur regulations. In fact, fuels used in 
solid oxide fuel cell (SOFC) and proton exchange membrane 
fuel cell (PEMFC) should be kept below 5 and 0.1 ppmw of 
sulfur, respectively (Duarte et al. 2011).

Gasoline, diesel and jet fuels are three main kinds of 
transportation fuels which are vary in property, structure 
and composition. The common types of sulfur compounds 
in liquid fuel are:

1. Gasoline range: naphtha, fluid catalytic cracking (FCC) 
naphtha,

• sulfides  (R2S); mercaptanes (RSH); and disulfides 
(RSSR);

• thiophene and its alkylated derivatives;
• benzothiophene.

2. Diesel fuel range: middle distillate, light cycle oil 
(LCO),

• alkylated benzothiophenes;
• dibenzothiophene (DBT) and its alkylated deriva-

tives.

3. Jet fuel range: heavy naphtha, middle distillate,
• benzothiophene (BT) and its alkylated derivatives.

4. Boiler fuels feeds: heavy oils and distillation resides,

• ≥ 3-ring polycyclic sulfur compounds, including 
DBT, benzonaphthothiophene (BNT);

• phenanthro[4,5-b,c,d]thiophene (PT) and their 
alkylated derivatives.

Tables 1 and 2 show the US highway diesel pool vol-
ume fraction and the corresponding US highway diesel 
blend stocks sulfur levels, respectively. Among the diesel 

Table 1  Volume fraction of 
US highway diesel pool from 
each feedstock component 
(Reproduced with permission 
from Song and Ma 2003)

US: United States

Diesel blend stock Percentage of US highway diesel fuel pool per blend stock boiling fraction

Naphtha Light distillate Heavy distillate Light gas oil All boiling frac-
tions combined

Straight-run 0.1 6.4 4.9 1.0 12.4
Hydrotreated straight-run 0.3 8.1 41.2 2.3 51.9
Cracked stock – 0.1 0.8 2.2 3.1
Hydrotreated cracked stock – 2.1 15.6 1.7 19.4
Coker gas oil – – 1.0 – 1.0
Hydrotreated coker gas oil 0.1 2.1 3.7 2.3 8.2
Hydrocrackate – 1.3 2.7 – 4.0

Table 2  Corresponding US 
highway diesel blend stocks 
sulfur levels

US: United States
a Indicating properties that were not reported in the refiner survey. These values were calculated by EPA 
using the reported sulfur contents of like boiling fractions in other diesel blendstocks by assuming the same 
relative sulfur levels between boiling fractions

Diesel blend stock Sulfur content (ppmw) by boiling fraction

Naphtha Light distillate Heavy distillate Light gas oil All boiling frac-
tions combined

Straight-run 827 1770 2269 4980 2218
Hydrotreated straight-run 362 119 394 548 358
Cracked stock – 2219 2892 6347a 5322
Hydrotreated cracked stock 18 37 939 1306a 874
Coker gas oil 540 1800 3419 – 3419
Hydrotreated coker gas oil 8 25 310 400 258
Hydrocrackate – 12 120 – 85
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blend stocks, the light cycle oil from fluid catalytic crack-
ing contains highest amount of sulfur and aromatics, and 
the light cycle oil also tends to have the highest contents 
of refractory sulfur compounds, especially 4-methyldiben-
zothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene 
(4,6-DMDBT).  

Nature of the sulfur impurities

Thiophene, alkylthiophenes, thiols, sulfides, thiophenols, 
benzothiophene and tetrahydrothiophene are the main sul-
fur components of fluid catalytic cracking gasoline (Myrstad 
et al. 2000; Krumpelt et al. 2005; Zinnen 1999). Alkylthio-
phenes contain three- and four-carbon-atom-substituted thio-
phenes (C3- and C4-thiophenes) which are typically in the 
boiling range of gasoline, but it is hard to express whether 
these are polymethylated or longer-chain-substituted thio-
phenes. Yin et al. (2002a, b) found that thiophene sulfur 
represents a large fraction of the total sulfur content in fluid 
catalytic cracking gasoline (> 60 wt%). By using gas chro-
matography, they detected more than 20 different kinds of 
thiophenes among which a certain number (di- and trime-
thyl-, ethyl-, ethylmethyl-, di- and triethyl-, iso-propyl-, ter-
tiobutyl-) could be identified by GC/MS analysis (Table 3).

Olefins

The unsaturated aliphatic hydrocarbons (olefins or alkenes), 
like paraffins, are either branched structures or straight 
chains, but contain one or more double bonds. They are a 
class of chemicals that includes ethylene, propylene and 
1,3-butadiene. Ethylene, also called ethene, is an indus-
trial petrochemical and natural product. Ethylene is a basic 

building block for the chemistry industry and is the largest 
volume organic chemical produced in the USA and globally. 
Many countries now require automotive gasoline fuels to 
have a sulfur content that satisfies a strict standard, such as 
15 ppmw of sulfur or less. One of the difficulties in meet-
ing such a standard can be related to incorporating cracked 
naphtha fractions into gasoline. Cracked naphtha fractions 
can potentially be beneficial for the octane rating of a gaso-
line due to the presence of olefins in such fractions. How-
ever, conventional desulfurization methods for removing 
sulfur from naphtha fractions by hydrodesulfurization can 
tend to also saturate olefins, thus mitigating the benefit of 
using a cracked naphtha fraction.

In numerous aspects, to produce naphtha boiling range 
fractions suitable for incorporation into a naphtha fuel prod-
uct systems and methods are provided. The amount of sul-
fur might be decreased and octane number increased by the 
fractions of naphtha boiling range produced according to 
methods described herein. For instance, the feed of naphtha 
boiling range can be separated to form a lower boiling and 
higher boiling portions. The lower boiling portion, contain-
ing a substantial amount of olefins, can be exposed to an 
acidic catalyst, such as a zeolite, without the need for provid-
ing added hydrogen in the reaction environment. This can 
allow for sulfur removal while reducing or minimizing the 
amount of olefin saturation. Additionally, during the expo-
sure of the lower boiling portion to the acidic catalyst, a 
stream of light olefins (such as  C2–C4 olefins) can be intro-
duced into the reaction environment. Adding such light ole-
fins can enhance the  C5+ yield and/or improve the removal of 
sulfur from sulfur species such as thiophene and methylthio-
phene compounds in the naphtha feed (Harandi et al. 2017).

Selecting a suitable fractionation temperature can assist 
with making a desired naphtha boiling range product based 
in part on the nature of the distribution of olefins and/or 
sulfur within the various compounds in a naphtha boiling 
range feed. In a naphtha boiling range feed, a substantial 
portion of the olefins present in the feed can correspond to 
olefinic compounds having a boiling point of about 225 °F 
(~ 107 °C) or less, or about 210 °F (~ 99 °C) or less, or about 
205 °F (~ 96 °C) or less, or about 200 °F (~ 93 °C) or less, or 
about 190 °F (~ 88 °C) or less, or about 180 °F (~ 82 °C) or 
less. The amount of olefinic compounds having such a boil-
ing point can correspond to about 20–80% of the total weight 
of olefinic compounds in a naphtha feed. For example, a 
naphtha boiling range feed can be separated to form a lower 
boiling portion and higher boiling portion at a fractionation 
temperature of about 300 °F (~ 149 °C) or less, 270 °F (~ 
132 °C) or less, or about 250 °F (~ 121 °C) or less, or about 
240 °F (~ 116 °C) or less, or about 225 °F (~ 107 °C) or less, 
or about 210 °F (~ 99 °C) or less and/or at least about 160 °F 
(~ 71 °C), or at least about 170 °F (~ 77 °C), or at least about 
180 °F (~ 82 °C). After such a fractionation, the weight of 

Table 3  Gas chromatographic analysis of thiophene derivatives in 
fluid catalytic cracking naphtha. (Reproduced with permission from 
Yin et al. 2002)

Compounds Percent ratio of total 
thiophenes (sulfur 
%)

Sulfur content in 
naphtha (μg/g)

Thiophene 6.3 69.2
2-Methylthiophene 10.0 109.8
3-Methylthiophene 13.8 152.6
Dimethylthiophenes 35.4 389.8
Unknown thiophene 4.0 43.9
Iso-propylthiophene 2.4 26.4
Methyl ethylthiophene 4.2 46.1
Trimethylthiophene 5.6 61.5
Unknown thiophene 1.6 17.6
Trimethylthiophene 4.1 45.0
Four-carbon alkylthiophene 10.5 116.4
Unknown thiophene 2.1 23.0
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olefins in the lower boiling portion can correspond to about 
20% to about 80% of the weight of olefins present in the 
feed prior to fractionation, such as about 20% to about 40%, 
or about 20% to about 50%, or about 20% to about 60%, or 
about 20% to about 70%, or about 20% to about 80%, or 
about 30% to about 40%, or about 30% to about 50%, or 
about 30% to about 60%, or about 30% to about 70%, or 
about 30% to about 80%, or about 40% to about 50%, or 
about 40% to about 60%, or about 40% to about 70%, or 
about 40% to about 80%, or about 50% to about 60%, or 
about 50% to about 70%, or about 50% to about 80%, or 
about 60% to about 80%.

Reactivity of sulfur compounds

The types of sulfur compounds can make the desulfuriza-
tion easy or difficult. Previous researches have dealt with 
the transformation of thiophene on fluid catalytic crack-
ing-type catalysts. However, thiophene itself is rather 
unreactive under the conditions of fluid catalytic cracking 
and the mechanism of its decomposition on pure acidic 
materials is still not well understood. In fact, most of the 
recent relevant studies deal with other sulfur compounds 
like alkylthiophenes, tetrahydrothiophene and benzo-
thiophene (Leflaive et al. 2002; Corma et al. 2001; Bru-
net et al. 2005). As predictable, the higher boiling com-
pounds are desulfurized more difficult than the low boiling 
ones. The reactivity of sulfur compounds increases in the 
order alkylbenzothiophenes > benzothiophenes >  thio-
phenes > sulfides > disulfides > mercaptans. Within a 
group, the reactivity increases with decreased molecular size 
and varies depending on whether the alkyl group is an ali-
phatic or aromatic group. Among thiophene derivatives, the 
thiophenes are more reactive than alkylthiophenes, probably 
due to steric effects (Antos and Aitani 2004). Zeelani et al. 
(2016) mentioned that the reactivity of sulfur compounds 
for oxidation increases with increase in electron density on 
sulfur atom. The reactivity of refractory sulfur compounds 
decreases in the order of 4,6-DMDBT > 4-MDBT > DBT. 
The order of reactivity in hydrodesulfurization of sulfur 
compounds is reverse of the above pattern. Lü et al. (2014) 
studied Oxidative desulfurization of model diesel. As shown 
in Fig. 2, the reactivity of catalytic oxidation of sulfur-
containing compounds can be listed as dibenzothiophene 
(DBT) > 4-methyldibenzothiophene (4-MDBT) > 4,6-dime-
thyldibenzothiophene (4,6-DMDBT) > benzothiophene 
(BT). The reactivity of those sulfur compounds was influ-
enced mainly by two factors, that is, electron density on 
the sulfur atom and steric hindrance of sulfur compounds. 
The lowest electron density on the sulfur atom of BT 
(5.696) leads to a lowest reactivity (Otsuki et al. 2000). 
The electron density differences of DBT, 4-MDBT and 4,6-
DMDBT (5.758, 5.759 and 5.760 for DBT, 4-MDBT and 

4,6-DMDBT, respectively) are so small that they can be 
ignored (Otsuki et al. 2000; Shiraishi et al. 2002). Therefore, 
reactivity was mainly affected by the steric hindrance of the 
methyl groups, which became an obstacle for the approach 
of the sulfur atom to the catalytic active species in IL. It 
indicated that the reaction rates of these sulfur-containing 
compounds are sensitive to the electron density on sulfur 
atoms and the steric hindrance of the substituted groups of 
sulfur-containing compounds (Lü et al. 2013).

Hydrodesulfurization

The requirement of clean burning fuel production has 
increased the importance of hydrodesulfurization (HDS) 
in petroleum industries. The previous studies are worked 
on the effects of bimetallic NiMo, CoMo or NiW catalysts 
supported on alumina, on the development of process, on 
low-pressure reaction studies of thiophene having relatively 
high reactivity and on catalyst characterization by physical 
methods. Most of the studies have focused on NiMo, CoMo 
or NiW sulfide catalysts supported on alumina. Almost all 
the reviews have concentrated on alumina-supported CoMo, 
NiMo and NiW sulfide catalysts in order to reduce sulfur, 
nitrogen and aromatics while enhancing cetane number, den-
sity and smoke point by hydrotreating process. Even reviews 
that are not limited to the above catalytic systems basically 
deal with studies of simple compounds such as thiophene 
(Vasudevan and Fierro 1996).

Significant research efforts have been dedicated toward 
catalyst development for HDS in order to minimize the sul-
fur in fuels to less than 0.05 wt%. The nitrogen and aromat-
ics might also decrease in future. As a result of the steric 
hindrance of the alkyl substituents to which the sulfur atom 

Fig. 2  Removal of sulfur-containing compounds versus reaction time. 
(Reproduced with permission from Lü et al. 2014)



512 Environmental Chemistry Letters (2018) 16:507–522

1 3

is bound, the removing of sulfur compounds that remain in 
diesel fuels after HDS is refractory and difficult. It would 
be beneficial for those interested in development of suit-
able catalysts to get the low sulfur level. Assessments of 
catalyst activity for dibenzothiophene or thiophene model 
compounds and various components present in the feedstock 
were the investigation of previous researches.

Thermodynamics of hydrodesulfurization

If hydrogen presented in stoichiometric quantity in the 
hydrogen reaction with sulfides, thiophene, thiols and 
disulfides in order to produce saturated hydrocarbons and 
 H2S in the conventional temperature range in technical pro-
cesses (300–500 °C) there is no thermodynamic limitation. 
The thermodynamic data of dibenzothiophene are shown 
in Table 4. These data show that the hydrodesulfurization 
reaction to produce biphenyl  (C12H10) and  H2S is thermody-
namically favored in the industrial-scale temperature range. 
HDS and supplementary hydrogenation reactions which 
occur during the process are highly exothermic.

Reforming catalysts

The metal function of Pt and acid function of AlCl3 were 
used as bifunction catalyst for naphtha reforming process 
(Hamoule et al. 2011; Rashidzadeh et al. 1999). The hydro-
genation and dehydrogenation reactions are controlled by 
metal function and isomerization and cyclization reactions 
with acid ones. Sufficient equilibrium between these func-
tions is required in order to attain the best catalytic activ-
ity in naphtha reforming process. The essential concern to 
improve the naphtha reforming process efficiency is decreas-
ing the deactivation of catalyst and increasing the activity 
and selectivity of catalysts. The strength of support acid site 
amount can be altered by adding component to the acid func-
tion. Adding second or third metal component to Pt modifies 
the metal function. The next part provided an overview of 
literatures on the effect of bimetallic, trimetallic and support 

for naphtha reforming process and make through a compara-
tive analysis.

Bimetallic catalysts

Platinum supported on chloride alumina (Pt/Al2O3–Cl) 
was the first prepared catalyst for naphtha reforming pro-
cess (Haensel 1949; Haensel et al. 1949). High pressure of 
hydrogen was applied in order to decrease catalyst deactiva-
tion by coking which is not favored in thermodynamic point 
of view. The hydrogen surplus in naphtha reforming was 
decreased and catalytic activity increased by adding metal 
to the monometallic catalyst (D’Ippolito et al. 2009; Benitez 
et al. 2008). Metals such as Ge and Sn are inactive, while 
others such as Re, Rh and Ir have their own catalytic proper-
ties. Re addition to Pt contributes to the enhancement in aro-
matic yields, increase catalytic properties and reduce the rate 
of catalyst deactivation (Baghalha et al. 2010; Viswanadham 
et al. 2008). Tin (Sn) addition was studied in 1969 (Raffinage 
French Patent 2031). Sn addition results in Pt/Al2O3 stability 
by avoiding coke formation and improves the selectivity to 
aromatics (de Miguel et al. 1996; Bariås et al. 1996). Pt–Sn 
catalysts are typically applied in systems which the catalyst 
is regenerated continuously because they are regenerated 
easily (González-Marcos et al. 2005). In McCallister and 
O’Neal (1971), Ge addition in Pt-supported catalysts were 
considered. The addition of Ge causes to improvement in the 
Pt thioresistance at reaction conditions (Borgna et al. 1999). 
The addition of Ir and In was studied in (Sinfelt 1976; Antos 
1977). It contributes to the decrease in the coke deposition 
on the catalyst surface, enhances the gasoline production 
and improves the aromatization/cracking ratio of the reform-
ing reaction (Benitez et al. 2008; Benitez and Pieck 2010; 
Vicerich et al. 2014). The Pt–Ir catalyst has high capacity 
for hydrogenolytic, and sulfiding pretreatments must and 
be included in industrial scale in order to avoid risky exo-
thermal runaway formed by feedstock immense C–C bond 
cleavage in the initial reaction stage (Boutzeloit et al. 2006).

The second metal has different properties. For instance, 
Ge and Sn are inactive toward the reaction of naphtha 
reforming. Thus, these two metals are not presulfided and 
are suitable for low-pressure naphtha reforming processes 
using continuous catalyst regeneration, because these cata-
lysts require only simple activation techniques. On the other 
hand, Ir and In are active toward hydrogenolysis reactions; 
thus, these two catalysts are usually presulfided in situ dur-
ing commercial practice to passivate their initial hyperactiv-
ity for exothermic demethylation reactions (Srinivasan and 
Davis 1992).

The addition of second metal can be contributed to modi-
fying the electronic state of the metal, altering the geometry 
of adjacent Pt atom clusters and the final Pt particle size. A 
portion of the additives remains oxidized on the surface and 

Table 4  Thermodynamics of reactions involved during HDS. (Repro-
duced with permission from Vrinat 1983)

Compound Reaction ∆H300K 
(kcal 
 mol−1)

Methane thiol CH4S + H2 → CH4 + H2S − 19
Dimethyl sulfide C2H6S + 2H2 → 2CH4 + H2S − 32
Thiophane C4H8S + 2H2 → C4H10 + H2S − 27
Thiophene C4H4S + 4H2 → C4H10 + H2S − 62
Dibenzothiophene C12H8S + 2H2 → C12H10 + H2S − 11
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modifies the amount and strength of the acid sites of the 
support. These changes affect the hydrogenation and dehy-
drogenation reaction kinetics and control effective size of 
Pt clusters, which result in better activity, selectivity and 
stability of the catalyst (Borgna et al. 2000; Rahimpour et al. 
2013).

Trimetallic catalysts

The addition of third metals to bimetallic catalysts can 
enhance the catalysts function. The metal and acid functions 
of the bimetallic catalysts were improved by Ge which was 
added into Pt–Re/Al2O3 catalyst in Antos (1982).

Ge addition modified the properties of the metal and acid 
functions of the bimetallic catalysts. Ge parts are deposited 
on the supports which contribute to acidity modification of 
the catalyst.

In the previous study, Benitez et al. (2007) have prepared 
Pt–Ir–Ge and Pt–Re–Ge supported on  Al2O3 catalysts. They 
found that Ge addition into bimetallic Pt–Ir and Pt–Re cata-
lysts results in the strong inhibition activity of the dehydro-
genating and hydrogenolytic, but Pt–Ir–Ge catalysts produce 
a greater metal function modification than Pt–Re–Ge. They 
also reported that using  N2 gas in the reduction process 
decreases the amount of Ge deposition compared to  H2 gas. 
For example, for a 0.3% theoretical amount of Ge a 0.2 wt% 
Ge in Pt–Ir and Pt–Re catalysts is obtained in the experi-
ment under  N2. This result can be explained by considering 
that when  H2 is present in the solution,  GeClx species in 
contact or in the neighborhood of Pt particles are reduced 
by chemisorbed hydrogen and that simultaneously part of 
Ge is deposited over the surface by electrostatic adsorption 
over surface groups of the support.

The selectivity toward toluene and the catalyst stability 
can be increased by adding Sn to the bimetallic Pt–Ir. The 
previous research (Epron et al. 2005) shows that the same 
yield of toluene was achieved with Pt–Ir–Sn and Pt–Sn sup-
ported on  Al2O3 catalysts, but less tin is needed in the case 
of the trimetallic catalyst. The catalyst metal and acid func-
tions are affected by adding Sn. It also stops the catalyst 
metal and acid functions to such different degrees that a 
very suitable metal/acid activity ratio was achieved, conse-
quential in an enhancement of catalyst selectivity, activity 
and stability.

TPR analysis of catalysts shows that hydrogen chemisorp-
tion decreases more than carbon monoxide chemisorption 
when the Sn is added to Pt (Gomez et al. 1993; Margitfalvi 
et al. 1999). In Verbeek and Sachtler’s (1976) research, Pt 
and Pt–Sn alloys showed that “dissociative adsorption of 
hydrogen is likely to require two Pt atoms; moreover, it 
may be necessary for these to be adjacent.” They found that 
when Sn is added to Pt, the space between the Pt atoms is 
enlarged and contributes to altering this adsorption to an 

activated process. When Sn is added to Pt–Re, the stability 
and the isomerization activity improved and the hydrogeno-
lytic activity decreased (Mazzieri et al. 2005). One of the 
significant issues of the pollution in naphtha reforming pro-
cess is reducing the benzene/i-C7 ratio. This can be possible 
by adding Sn to Pt–Re catalysts. Pt–Re–Sn catalyst would 
also result in eliminating the complex sulfiding pretreatment 
(Mazzieri et al. 2005).

The application of other trimetallic catalysts such as 
Ni–Mo–W/Al2O3 and Ni–Mo–W/SBA-15 was also pat-
ented. It was found that the best catalytic performance in 
HDS process belongs to NiMoW/SBA-15 catalyst (Men-
doza-Nieto et al. 2013). This result was because of charac-
teristic difference of Mo and W species in this trimetallic 
catalyst as confirmed by HRTEM, DRS and TPR techniques. 
The HRTEM characterization also shows the better active 
phase dispersion observation of trimetallic NiMoW/SBA-15 
compared with bimetallic ones. Another study (Absi-Halabi 
et al. 1998) used Ni–Mo–W trimetallic catalyst supported on 
 Al2O3 for residual oil hydroprocessing. The results revealed 
that the Ni–MO–W catalyst was more active for various con-
versions than either the Ni–Mo or Ni–W catalyst.

Zeolite

Zeolites are microporous, aluminosilicate minerals com-
monly used as commercial adsorbents and catalysts. Cur-
rently, the reported zeolite-based supports for HDS catalysts 
mainly included alumina-mixed zeolites, other component-
mixed zeolites, nanosized zeolites and hierarchical zeolites. 
The combination of zeolite and alumina is able to produce 
hierarchical pores in support because of the rich meso-/
macropores in alumina, which would improve both the dif-
fusion of reactant and the dispersion of active phase. Most 
of the studies indicated that zeolite–alumina-supported cata-
lyst showed higher activity than alumina-supported catalyst 
(Isoda et al. 1996; Nakano et al. 2013; Wan et al. 2010a, 
b; Yao et al. 2012; Sankaranarayanan et al. 2011; Ali et al. 
2002; Marín et al. 2005).

Several studies have applied zeolites for naphtha reform-
ing and cracking processes. Akiyama et al. (2017) used 
H-ZSM5 zeolite for catalytic cracking of naphtha. They 
found that H-ZSM5 silylated by cyclic siloxanes such as 
tetramethylcyclotetrasiloxane (TMCTS) and pentamethyl-
cyclopentasiloxane (PMCPS) has more durability for the 
catalytic cracking of n-hexane than H-ZSM5 silylated by 
other silylation compounds. Hodala et al. (2016) examined 
modified ZSM5 with zinc and gallium (ZnGa/H-ZSM5) 
for aromatization of n-hexane (model compound for light 
naphtha). They reported that the ZnGa/H-ZSM5 catalyst 
produced aromatics in high yields (64.8% for light naph-
tha), especially high quantities of toluene with toluene/ben-
zene ratio (T/B) ~ 2. Soto and Marín (2000) investigated Pt 
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supported on zeolites for hydrocracking of heavy straight-
run naphtha. They reported that among Y zeolite-supported 
catalysts, Pt/dealuminated Y zeolites are more active than 
Pt/Y. Saxena et al. (2014) studied the enhanced catalytic 
isomerization of naphtha over BEA zeolite. They found 
that the catalyst (Pt-BEA-2) exhibited promising catalytic 
activity for the production of branched paraffins from pure 
paraffin compound n-heptane as well as from naphtha-1 and 
naphtha-2. They reported that low acid density, high acid 
strength (strong acidity measured by heat of adsorption of 
ammonia > 100 kJ/mol), enhanced mesopores in combina-
tion with highly dispersed Pt sites on the Pt-BEA-2 zeolite 
catalyst seem to be responsible for the effective formation of 
isomers to contribute to the significant increase in the RON 
of the product suitable for gasoline applications. Corma et al. 
(2013) applied IM-5 zeolite for steam catalytic cracking of 
naphtha. They mentioned that the incorporation of phos-
phorous in IM-5 zeolite is able to reduce the deactivation 
by dealumination during steam catalytic cracking process. 
This treatment significantly reduces the strong dependency 
of the dealumination with the temperature in this zeolite. 
Viswanadham et al. (2013) examined Pt over zeolites such 
as nano-ZSM-5 (NZ), BEA (BZ) and mordenite (MZ) for 
naphtha reforming process. As shown in Table 5, the conver-
sion of  nC7 is maximum on MZ (~ 41%), followed by BZ 
and NZ. They stated that the higher conversions on MZ can 
be ascribed to the strong acidity of the mordenite. It also can 
be seen that the octane boosting is high on MZ catalyst but 

not on BZ. This can be understood from the composition of 
isoparaffins, where the high amount of lower isoparaffins 
 (iC4–iC6) formed through cracking on MZ contributes more 
to the octane gain. Though the high acidity of MZ causes 
decrease in  C7+ isomer yield, the formation of lower isopar-
affins  (iC5–iC6) facilitated through cracking on this catalyst 
contributes to the octane boosting reaction. Higher  iC4–iC6 
formation on MZ may also be due to its narrow range pores 
and diffusion limitation of longer isoparaffins through the 
side pockets of the mordenite.

Historical aspects of zeolite

Researchers have dedicated great studies to develop a new 
process that can defeat the lack of steam cracking. In order 
to attain higher light olefin yield, various kinds of catalysts 
have been deliberated in the catalytic hydrocarbon cracking 
(Wei et al. 2005; Rahimi and Karimzadeh 2011). From the 
time of 1960, the use of SrO,  A12O3,  ZrO2,  MnO2, MgO, 
 In2O3,  TiO2,  Mn2O3,  K2O metal oxides in the production 
of olefin has been explored. Dependent on the type of feed 
and the reaction condition, 15–22% of propylene yield and 
24–40% of ethylene yield have been achieved using metal 
oxide catalysts (Zhagfarov et al. 2005). It was found that 
the ethylene yield from naphtha was improved by 5–10%, 
at 1043–1093 K in comparison with the conventional steam 
cracking (Mukhopadhyay and Kunzru 1993; Basu and Kun-
zru 1992; Lee et al. 2004). There are studies were focused 

Table 5  n-Heptane 
isomerization performance of 
Pt/zeolites. (Reproduced with 
permission from Viswanadham 
et al. 2013)

Reaction condition: temperature = 280 °C, WHSV = 2 h−1,  H2/HC = 4 mol/mol

Catalysts NZ MZ BZ BZ1 BZ1 BZ1 BZ1

Pressure (bar) 20 20 20 10 15 20 25
Conversion (wt%) 26.8 40.6 35.5 68.4 70.7 72.2 74.2
Gas yield (wt%) 7.8 14.2 4.4 5 3.5 3.5 4.2
Liquid yield (wt%) 92.2 85.8 95.6 95 96.5 96.5 95.8
Product composition (wt%)
Total paraffins 81 73.6 68.9 36.6 32.8 31.3 30
 Cracked paraffins  (C1–C6) 7.8 14.2 4.4 5 3.5 3.5 4.2
 n-heptane 73.2 59.4 64.5 31.6 29.3 27.8 25.8

Total i-paraffins 17.8 26.4 27.5 62.5 64.4 66.4 67.2
 Lower i-paraffins  (iC4–iC6) 4.8 7.7 5.1 9.2 8 9.4 9.8
 C7 + i-paraffins 13 18.7 22.4 53.3 56.4 57 57.4
  Mono-branched 11.3 14.7 18.2 41.1 43.4 43.4 44.2
  Di-branched 1.7 4 2.7 11.7 12.4 13.1 13
  Multi-branched 0 0 1.5 0.5 0.6 0.5 0.2

Olefins 0.1 0 1.2 0.1 0.1 0 0.1
Naphthenes 1 0 2.3 0.7 2.5 2.2 2.4
Aromatics 0 0 0 0 0.1 0 0.1
Unidentified 0.1 0 0.1 0.1 0.1 0.1 0.2
Total 100 100 100 100 100 100 100
Research octane number (RON) 16.2 25.3 35 47.3 45.3 47.3 48.6
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on the production of light olefin from hydrocarbons cata-
lytic cracking using zeolites before 1990s. Due to com-
pletely developed process of industrial steam cracking, less 
investigation was done on the light olefin production (espe-
cially ethylene) over zeolites (Bellussi and Pollesel 2005). 
Researchers after 1990s have investigated on catalysts for-
mulation that can increase the selectivity to both propylene 
and ethylene and in hydrocarbons catalytic cracking.

Zeoforming process

In order to produce lead-free high-octane gasoline by low-
octane gasoline fractions refining, zeoforming technique 
using zeolite catalyst is recommended. It was developed 
by the SEC Zeosit of the Boreskov Institute of Catalysis, 
Siberian Branch, Russian Academy of Sciences (BIC SB 
RAS), Novosibirsk, and industrially adopted (Stepanov and 
Ione 2003). It is a first-generation technology and allows for 
the manufacturing of different types of high-octane automo-
tive gasolines without compoundation and the use of anti-
knocking agents. The process is utilized for the conversion 
of straight-run gasoline fractions with a boiling tempera-
ture below 200 °C into high-octane fuels in the presence of 
zeolite catalysts. Zeoforming is based on acid–base active 
catalysts (type IC-30) containing artificial zeolites with a 
high content of silica. The catalyst was developed by BIC SB 
RAS (Stepanov and Ione 2003; Velichkina 2009).

The reactions of the aromatization of intermediately 
formed olefins, alkylation and the disproportioning of aro-
matics result in the formation of hydrocarbon fractions boil-
ing above 150 °C; moreover, the increase in the temperature 
of the process (to obtain a higher octane number of gaso-
lines manufactured) favors a boiling temperature elevation to 
220–280 °C. This determines the necessity of the following 
separation of the resulting mixtures in a rectification col-
umn to separate the gasoline fraction and a higher boiling 
residue. The formation of heavier gasoline fractions dur-
ing zeoforming allows for the processing of relatively low 

boiling hydrocarbon fractions (BP = 100–140 °C) to prepare 
gasolines boiling in the range of 35–215 °C.

The use of a stabilization column in the technological 
scheme provides the way to regulate the pressure of gasoline 
saturated vapor within a wide range, determined by stand-
ards GOST (State Standard) 2084-77 or GOST (State Stand-
ard) R 51105-97 (Stepanov and Ione 2003).

Advantageously, the process of zeoforming is not sensi-
tive toward various compounds of sulfur, which are always 
present in oil and liquid gas petroleum. During the process, 
in an IC-30 type of catalyst a sequence of reactions occurs 
and sulfur-containing species is converted into paraffins, 
aromatic hydrocarbons and hydrogen sulfide. As shown in 
Fig. 3, the C–S bond of mercaptanes, sulfides, thiophenes or 
their derivatives is cleaved and the molecules of hydrogen 
sulfide and olefins are released. Then, the intermediate ole-
fins undergo the following conversions leading to paraffins 
and aromatics, while hydrogen sulfide is separated along 
with side products of the entire process—a gaseous  C1–C4 
species.

The catalytic activity of the catalysts for the zeoforming 
process is highly stable in the absence of gaseous hydrogen 
(non-reductive media); thus, technologically the catalyst can 
be organized as an immobile permanent layer. The verifica-
tion of the process was performed in 1982–1990 using pilot 
equipment and original authentic raw materials (Stepanov 
and Ione 2003; Stepanov 2005).

The process was accepted in industry both in Russia and 
abroad (Krumpelt et al. 2005; Zinnen 1999). The first pilot 
plant based on the process of zeoforming was employed in 
the Nizhnevartovsk gas processing plant in August 1992 
with a production capacity of 5000 tons of raw material 
per annum. The octane number has been achieved at a rate 
of 80–82 (MON) with a production yield of 82–85%. The 
period between service regeneration depended on the quality 
of the starting materials and varied in the range 220–300 h. 
The Glimar oil refinery (Gorlice, Poland) started to pro-
duce unleaded gasoline of the type Eurosuper-95 with an 

Fig. 3  Conversion of sulfur-containing species during the zeoforming process
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octane number of 85 (MON) or 95 (RON) using straight-
run gasoline as a starting material in February 1997. The 
production capacity was 40000 tons of raw materials per 
annum. The yields of the target products achieved—gasoline 
Eurosuper-95 and liquidized natural gas—were 62–70 and 
22–30%, respectively. The period between service regenera-
tion varied within 250–350 h with a full period of activity 
of not less than 2 years. Another plant based on the pro-
cess of zeoforming was launched at the Azot production 
complex (Rustavi, Georgia) with a production capacity of 
30,000–40,000 tons of raw material per annum (depending 
on the scheme of manufacturing). The plant produces the 
following target products: gasolines of AI-80, AI-92 and 
AI-95 types (depending on the scheme), as well as liquid-
ized gas (technical-grade mixture of propane and butanes).

The technology of zeoforming is easy in maintenance 
and requires minor amounts of supporting materials only. 
Therefore, plants of different capacity can be set as a part of 
oil refinery complexes, as well as separate units at remote 
oil and liquid petroleum gas mining sites.

At present, two different versions of zeoforming have 
been developed—zeoforming itself (original version) and 
zeoforming combined with the pyrolysis of light hydrocar-
bons (Stepanov and Ione 2003). The last version allows for 
the use of other types of raw materials for gasoline produc-
tion, namely a broad fraction of light hydrocarbons and light 
components C2–C4 of flashed gases and of well sites of liq-
uid petroleum gas. As said before, the conversion of heavier 
fractions (BP up to 360 °C) by means of the zeoforming 
process is possible but not efficient due to the lower yields 
and lower cetane number of diesel fractions which can be 
achieved.

In general, the method requires rather low start-up and 
maintenance costs, its technical realization is rather simple, 
and it represents a much lower (in comparison with catalytic 
reforming) fire and explosion danger due to the absence of 
gaseous hydrogen and low sensitivity toward the compo-
sition and quality of raw materials. All of these make the 
method a profitable and preferable solution for low-capac-
ity plants far from big oil refineries (production capacity 
5000–100,000 tons of raw materials per annum) located in 
remote regions near oil or liquid petroleum gas well sites 
as a supply of motor fuel (automotive gasoline and diesel 
fuel) in these regions. Larger zeoforming-based plants (up 
to 300,000 tons of raw materials per annum) can be operated 
effectively as part of a big oil refinery complex.

Zeolite‑based‑supported hydrodesulfurization catalysts

Currently, the reported zeolite-based supports for hydrodes-
ulfurization (HDS) catalysts mainly included alumina-mixed 
zeolites, other component-mixed zeolites, nanosized zeolites 
and hierarchical zeolites.

Alumina‑mixed zeolites as  support The combination of 
zeolite and alumina is able to produce hierarchical pores in 
support because of the rich meso-/macropores in alumina, 
which would improve both the diffusion of reactant and the 
dispersion of active phase. Most of the studies indicated that 
zeolite–alumina-supported catalyst showed higher activity 
than alumina-supported catalyst (Isoda et al. 1996; Nakano 
et al. 2013; Wan et al. 2010a, b; Yao et al. 2012; Sankarana-
rayanan et al. 2011; Ali et al. 2002; Marín et al. 2005). Ding 
et al. (2006) studied the catalytic performance over alumina-
Beta and alumina-Y-supported catalyst. The results dis-
played that alumina-Beta-supported catalyst gave relatively 
low sulfur content and polyaromatics in the HDS reaction 
of light cycle oil (LCO). Moreover, the effect of the content 
of Beta in support on catalytic performance was also inves-
tigated. The results showed that the catalyst with 10 wt% 
Beta had superior HDS and hydrodearomatization (HDA), 
activity in the presence of 1-methylnaphthalene (Table 6). 
Certainly, the optimal content could be different due to the 
difference of used zeolite. For example, Duan et al. (2011) 
and Wan et al. (2009) found that the catalyst with 32 wt% 
Beta synthesized by in  situ hydrothermal crystallization 
method was the most efficient in HDS reaction. The similar 
phenomenon was also observed by Yao et al. (2012).

On the other hand, preparation method of catalyst had 
an influence on catalytic performance. Duan et al. (2009) 
prepared the alumina-USL-supported catalysts by the direct 
mixed method and in  situ synthetic method. The result 
showed that the catalyst obtained by in situ synthetic method 
had higher HDS and hydrodenitrogenation (HDN) activity 
than that by direct mixed method. The catalyst with 10 wt% 
USL exhibited the highest activity. Additionally, Kunisada 
et al. (2004) synthesized the alumina-USY support by the 
coating technique. They found that the HDS catalyst sup-
ported on such support had less cracking of hydrocarbons 
than that supported on direct mixed support (Kunisada et al. 
2004). Further, Nakano et al. (2013) suggested that the HDS 
activity could be controlled by the change in the coating 
ratio and the sulfur content could be reduced to 4.8 from 
15,400 ppm in diesel.

Table 6  Optimal content of zeolite in the alumina-mixed zeolite sup-
port. (Reproduced with permission from Wang et al. 2014)

Catalyst Loading content (%) Optimal 
content

NiMo/Al2O3-Beta 0–20 10
NiMo/Al2O3-nanobeta 0–46 32
NiMo/Al2O3-nanobeta 7.5 and 15 15
NiMo/Al2O3-HNaY 0–20 5
NiMo/Al2O3-USL 0–40 10
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Acidity of zeolites

The global acidity of a given zeolite is the result, among 
other things, of two parameters characteristic of Brønsted 
sites, i.e., their density (or their concentration) and their 
strength (Marcilly 2006). The density of Brønsted acid sites 
decreases when the Si/Al ratio of the zeolitic framework 
increases (Rahimi and Karimzadeh 2011; Marcilly 2006; 
Maxwell and Stork 2001), since the ion exchange capac-
ity corresponds to the  Al3+ content of the zeolites (Hagen 
2006). The zeolites are categorized according to increasing 
Si/Al ratio and the associated with the properties of acid/
base (Table 7).

The Brønsted site strength can be determined by the 
interaction between the proton and the zeolitic framework 
or the environment of the framework Al (Marcilly 2006). 
The strongest Brønsted acid site type can be created by com-
pletely isolated Al tetrahedron. The chemical composition of 
the zeolite and its structural characteristics are the two main 
governing parameters of the Brønsted site acid strength. The 
structural characteristic of the zeolite is related to the pro-
ton lability that depends on the angle formed between the 
two adjacent tetrahedral T at the oxygen carrying the proton 
(Marcilly 2006). The number of aluminate tetrahedral that 
are adjacent to a silicate tetrahedron group are controlling 
the acid strength in regard to the composition of chemical 
(Marcilly 2006; Hagen 2006). The highest proton–donor 
strengths are exhibited by zeolites with the lowest concentra-
tions of  AlO4

− tetrahedral such as HZSM-5 and the ultrast-
able zeolite HY.

The Lewis acid sites are related to the formation of posi-
tively charged oxide clusters or ions within the porous struc-
tures of the zeolites (Amin and Ammasi 2006). They are 
typically related to the metal ions exchanged for the acid site 
protons or the species of extra-framework Al (EFAL) formed 
by aluminum extraction from the lattice (Marcilly 2006; 
Corma and Orchillés 2000). These metal cations together 
with the adjacent framework oxygens may polarize bonds 
in reacting molecules and will act as Lewis acid/base pair 

(Amin and Ammasi 2006). It has been also suggested that 
the reduction in the Brønsted acid site concentration in the 
framework cause by the extra-framework trivalent Al species 
(formation of hydroxyaluminate species in the microporos-
ity) (Marcilly 2006). Commonly, the strength of the nearby 
OH Brønsted acid sites is increased due to the presence of 
Lewis acid sites; it is because of a synergistic or an induc-
tive effect between the Brønsted and the Lewis acid sites 
(Marcilly 2006; Babitz et al. 1999). Additionally, most of 
the thiophene sulfur compounds in transportation fuels are 
Lewis base, which are adsorbed at Lewis acid sites easily 
according to Lewis acid–base theory (Zhang et al. 2015).

Comparison of different active phases

Navarro et al. (Navarro et al. 1999) evaluated the catalytic 
performance of different noble and semi-noble metals sup-
ported on HUSY. The results suggested that the order of 
catalytic activity is Ir > Pt > Pd > Ru ≫ Ni (Table 8). The 
comparison between zeolite-supported NiMo and CoMo cat-
alysts seemed to depend on the reaction temperature. Azizi 
et al. (2013) found that alumina-coated zeolite-supported 
CoMo catalyst was more active at high temperature (360 °C) 
but less active at 340 °C than that supported NiMo catalyst. 

Table 7  Classification of acidic 
zeolites according to increasing 
Si/Al ratio. (Reproduced with 
permission from Hagen 2006)

Si/Al ratio Zeolites Acid/base properties

Low (1–1.5) Relatively low stability of lattice
Low stability in acids
High stability in bases
High concentration of acid groups of 

Medium strength
Medium (2–5) Erionite, chabazite, chinoptilolite, 

mordenite, Y
High (ca. 10–∞) ZSM-5;

Dealuminated
Erionite, mordenite, Y

Relatively high stability of the lattice
High stability in acids
Low stability in bases
Low concentration of acid groups of
High strength

Table 8  Comparison between different active phases on zeolites. 
(Reproduced with permission from Wang et al. 2014)

Support Reaction tem-
perature (°C)

Active phases

HUSY 320 Ir > Pt > Pd > Ru ≫ Ni
Alumina-coated zeolite 340 NiMo > NiW
Alumina-coated zeolite 360 CoMo > NiMo
Beta 400 CoMo > NiMo
Beta 400 W > Mo
Alumina-beta 375 NiMo > NiW
Alumina-nanobeta 375 NiW > NiMo
Alumina-ASA-beta/USY 380–410 NiW > NiMo
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The other group also observed that Beta-supported CoMo 
catalyst gave higher activity than that supported NiMo cat-
alyst at a reaction temperature of 400 °C (Kumaran et al. 
2006). The comparison between active phase W and Mo is 
difficult because the optimal content of two metals in sup-
port could be different. For instance, the optimal loading 
content is 6 wt% for Mo and 17 wt% for W over pure Beta 
zeolite, respectively (Kumaran et al. 2006a, b).

The comparison of active phase NiMo and NiW took 
place over the desulfurization of vacuum gasoil (2890 
ppmw) with the loading content of 4% wt NiO and 15 wt% 
MoO3/WO3 (10% Mo and 11.9% W, respectively) (Ali et al. 
2002). The results suggested that NiW supported on alu-
mina-ASA-USY/Beta generally had relatively high catalytic 
activity in the range of reaction temperature from 380 to 
410 °C. However, NiW catalyst was very sensitive to the par-
ticle size of zeolite support and NiMo catalyst was inert. For 
example, microsized Beta-supported NiW catalyst showed 
lower activity than that supported NiMo catalyst. But nano-
sized Beta-supported NiW catalyst showed higher activity 
than that supported other catalysts (Ding et al. 2009).

Catalyst deactivation

The loss of catalyst activity during the reforming reaction 
or deactivation is one of the major problems related to the 
operation of heterogeneous catalysis. This process is of 
both chemical and physical nature and occurs simultane-
ously with the main reaction. Deactivation can occur by a 
number of different mechanisms, both chemical and physical 
in nature. These are commonly divided into four classes, 
namely poisoning, coking or fouling, sintering and phase 
transformation. Other mechanisms of deactivation include 
masking and loss of the active elements via volatilization, 
erosion and attrition (Forzatti and Lietti 1999).

Choice of reactor

Similar to other catalytic materials development, there 
have been several methods regarding the reactor and pro-
cesses design. These methods came up in order to address 
the major problem of coke formation and enhance process 
performance. For study of catalytic reactions in laboratory, 
different reactors have been used. Laboratory reactors are 
mainly used for measuring reaction kinetics and catalyst 
activity at different conditions of temperature and pressure. 
For the continuous process of zeoforming, the fluidized-bed 
reactor is preferred. In the fluidized-bed reactors, the depos-
ited coke on the catalyst surface can be gasified easily. As 
a result, it allows for more continuous process (Galdámez 
et al. 2005). Fluidized-bed reactors are capable of handling 

large amounts of feed and catalyst. But fixed-bed reactors 
were commonly used in previous researches with solid 
catalysts for catalytic reforming process. The packed-bed 
or fixed-bed reactors are most common used for study of 
gas phase reactants using solid catalyst for the synthesis 
of large-scale basic chemicals and intermediates (Andrigo 
et al. 1999; Eigenberger and Ruppel 2000). In addition to the 
valuable chemicals synthesis, fixed-bed reactors have been 
progressively applied in recent years for toxic and harmful 
materials treatment (Andrigo et al. 1999). Figure 4 shows 
a schematic flow diagram of fixed-bed reactor. It is typi-
cally made up of a cylindrical vessel packed with catalyst 
pellets. Moreover, it is easy to design, control and operate. 
The lower maintenance cost and reduced catalyst loss due 
to attrition and wear are other advantages of fixed-bed reac-
tor over the fluidized bed. These make the fixed-bed reactor 
more preferred for zeoforming process.

Recommendations

Researches related to reforming of naphtha have taken new 
dimensions toward improving it to become an efficient can-
didate technology in the future global energy scenario. In 
summary, further work on the development of catalyst and 
new process for naphtha reforming is proposed as follows

a. To explore new material to achieve high activity with 
low reaction temperature.

b. Investigation on the catalytic performance of nano- and 
macrostructure catalysts.

c. Better reactor configuration and scale-up procedure such 
as using plasma reactor for reforming reaction.

d. Optimization of naphtha reforming for high-octane gaso-
line production by response surface methodology.

Conclusion

In this work, an overview of catalytic naphtha reforming pro-
cess in order to produce high-octane gasoline including sulfur 
compounds in naphtha, HDS, catalysts used and zeoform-
ing process is presented. The presence of sulfur in naphtha 
has a negative effect on the performance of catalysts. HDS 
is a catalytic chemical process widely used to remove sulfur 
from refined petroleum products. From the studies reported 
so far, adding third metals to bimetallic catalysts can enhance 
the catalysts function. The metal and acid functions, activity 
and resistance to coke deposition can be improved by third 
metal in HDS process. Another option is using zeolites in the 
reforming of naphtha (zeoforming) instead of noble metals. 
In high-octane gasoline production and long-term stability, 
zeolites are recognized as suitable catalysts due to their basic 
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character. Additionally, the process of zeoforming is not sen-
sitive toward various compounds of sulfur; thus, zeoforming 
process appears to be the ultimate option for high-octane gas-
oline production. Among the naphtha reforming techniques, 
reforming of naphtha using fixed-bed reactor can be regarded 
as the most suitable method. It can be concluded that zeoform-
ing process will be much more efficient than the conventional 
processes because the zeolite-based catalysts do not need noble 
active metal and desulfurization process.
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