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Abstract: The use of liquid hydrocarbons, such as FCC
naphtha, having olefin components makes an adverse im-
pact on our environment. To deal with the problem, one
could convert those lethal components, including olefin
and paraffin structures, into aromatic compounds under
aromatization processes. To this aim, generally zeolite cat-
alysts, especially the ZSM-5 sample, are utilized to facili-
tate the aromatization processes. According to the general
knowledge in this field, such parameters as the metal pro-
moter and the amount of acidity of catalyst affect the per-
formance of zeolite catalysts. In this paper, with the aim of
getting acquainted with the conditions to form the desir-
able products under the best performance of the zeolites,
numerous published papers were reviewed.

Keywords: aromatization, zeolite, ZSM-5, octane number,
olefin, paraffin

1 Introduction

This is an absolute fact nowadays, all over the places feel
that they are really in need of clean fuels. One ingredi-
ent of fuels which affects impressively the properties of
gasoline is olefin. Depending upon the World Wide Fuel
Character on Categories II, III, IV and V, the contents of
olefin in gasolines should be reduced to 18 vol.% or less,
yet the world needs more information in various aspects
to acquire enough potential to overcome the current fluid
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catalytic cracking (FCC) gasoline with the olefin contents
of 45-55 vol.%. [1].

Due to the great technological advances of the 215! cen-
tury, without a change in the octane number, the amount
of olefins in gasolines can be diminished dramatically. The
catalytic conversion of gasoline fractions by taking the ad-
vantage of zeolites having a large amount of silica within
some secondary processes such as isomerization and cat-
alytic reforming can culminate in worthwhile results. High
commercial gasolines, for example, are the benefit of this
type of customary reforming which is developed by the cat-
alytic aromatization operation. There exist loads of paral-
lel and sequential acid-base reactions within zeolite cata-
lysts, each of which is based on an acid-base transforma-
tion, that concomitantly extract the final high octane gaso-
line fractions from the ordinary gasolines [2].

Furthermore, the fuels octane number can be ex-
tended by using the process of isomerization of paraf-
fin. Hydroisomerization of n-paraffins is of key impor-
tance in the field of petroleum and chemical engineer-
ing. In order for gasoline fractions with high octane num-
bers to be formed engineers exploit the hydroisomeriza-
tion of C4-C7 [3, 4]. Light straight-run naphtha contains n-
paraffins in this range and the process of hydroisomeriza-
tion changes them to high octane number components [5].
Generally, the hydroisomerization reaction is followed by
a hydrocracking reaction which truncates the isomerized
molecules. It is worth considering that the cracking reac-
tion happens as a secondary reaction after isomerization
of n-paraffins and leads to formation of the multi branched
alkanes [6]. Aiming to reach a maximum recovery, engi-
neers prepare conditions whereby they would have hydro-
genation/dehydrogenation via bifunctional catalysts with
metallic sites and also skeletal isomerization via carbe-
nium ions in acid sites during isomerization reactions [7].
Olefin cracking, isomerization, oligomerization, cycliza-
tion and hydrogen transfer reaction are four sequential
steps defined in an olefin aromatization. Whereas the first
three steps are done on the Bronsted acid sites, the hydro-
gen transfer mechanism, as the lowest reaction rate (the
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Figure 1: Types of reactions on acid sites of zeolite

Figure 2: Zeolite structure of ZSM-5

rate-controlling step), is handled on the Lewis acid sites.
Owning to that, the synergistic between the two kinds of
acid sites makes an impact positively on the aromatization
reaction rate [8].

There are several parameters that can enhance the hy-
drocarbons aromatization. One of the promising ways is
utilizing zeolites such as ZSM-5. As it was alluded in many
papers, the good operation of zeolites is under different
factors, some of which are metals as promoter and acid-
ity of the zeolites. The aromatization of some alkanes were
studied meticulously by the authors of this manuscript [9-
11]. The first aim of this work is scrutinizing the influence of
the factors mentioned above over aromatization processes
in order to comprehend how various catalysts conditions
can make a change in the production of aromatic compo-
nents.

2 ZSM-5 Zeolite effect in Octane
Enhancement

As mentioned in preceding section, of zeolite solid acid
catalysts, ZSM-5 is so popular that has a wide range of
applications in fuel enhancing and new material produc-
ing in petrochemical industries. Thanks to the strong acid
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sites available on ZSM-5, it could find a high reputation
in aromatization processes. This also is contributed with
its intersecting 10-member ring micro pores (5.5 A x 5.1 A;
5.3 A x 5.6 A), which explain its suitable selectivity and
coke resistance power [12]. This kind of zeolites is made
up of crystalline networks of SiO4 and AlO4 components
through a tetrahedral geometry in 3-dimensional frame-
works. In detail, there exist straight and elliptical pores in
each cross section of zeolite frameworks in which both of
the pores intersect each other at the right angle in a zigzag
pattern [13, 14]. The ZSM-5 activities are followed by charge
imbalance between ions in the frameworks including the
silicon and aluminum ions [15]. The structure to be consid-
ered is shown in Figure 2.

Physicochemical properties of ZSM-5 zeolites are mas-
sively affected by such parameters as alkalinity, chemi-
cal composition of the synthesis gel, template, the silica
alumina ration, time of crystallization, temperature, zeo-
lite synthesis procedure (static or rotating conditions) and
other operating conditions prevalent in hydrothermal syn-
thesis [16, 17]. These factors might have remarkable influ-
ences on its stability, activity and selectivity [10].

Zeolites wide applications as adsorbents, molecular
sieves, and catalysts are related to their specific fea-
tures including adsorption, ion exchange, and molecular
sieve properties because of the ordered crystalline struc-
ture, chemical and thermal stability, and the presence of
pores compatible with the molecules sizes in the reaction
medium [18].

Clearly, olefins are the potential component for im-
proving octane number of a gasoline and decrement of
olefins surely brings sacrifice to gasoline’s octane rating.
However, one of the most influential ways is using ZSM-5
as an additive to FCC catalyst to better FCC naphtha octane.
It is widely believed that at low amounts, the presence of
ZSM-5 rises the octane number initially by favoring the cat-
alytic cracking and turns the low octane compound to a
number of lighter and more branched products [19, 20].

Indeed, as many great researchers [19, 21] suggested,
rising of the number of aromatics seen in the cracked naph-
tha including ZSM-5 is solely related to concentration ef-
fect, a consequence of the selective cracking of many hy-
drocarbons and the absolute numbers of aromatics left es-
sentially unchanged. However, other researchers [22] be-
lieved that aromatics could be strengthened in the atten-
dance of ZSM-5 from the lower olefin and lower paraffin
created from the large hydrocarbon molecules.

Generally, the conversion of hydrocarbons involves
the basic steps given below [2]:
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The cleavage of a C—C bond of hydrocarbons is the first step
that happens and the formation of intermediate olefin frag-
ments which have a high endothermic thermal influence
occurs at this moment. Thereafter, olefins convert into
paraffins and aromatic hydrocarbons because of the migra-
tion process and rearrangement of hydrogen that follows.
This step is concomitant with a high exothermic effect.
While basic processes take place, some side reactions oc-
cur, namely the alkylation of iso-paraffins and aromatics
by intermediate olefins and the isomerization of paraffins
and naphthenes (Figure 3). Although some steps are heat
releasing, the whole process of the zeolite-assisted trans-
formation of straight-run gasoline fractions is endother-
mic.
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Figure 3: Conversion of hydrocarbons on zeolite catalysts [2]

Zeolite catalysts do not need preliminary removal of
sulfur or hydrofining and gaseous hydrogen. The reduced
content of benzene in the resulting mixtures, compared
with gasolines after reforming, is the fascinating feature of
a pentasile type catalyst. The thermodynamic conditions
suitable for benzene formation are not accessible. Further-
more, on condition that there exists benzene in the feed-
stock, some parts of it would transform into C;-Cy aro-
matic hydrocarbons owning to alkylation by intermedi-
ate olefins. There is a high level of conversion of olefins
when zeolite-based catalysts are used in the aromatiza-
tion processes, so the unsaturated hydrocarbons of such
gasoline is low. Indeed, zeolite catalysts, having a large
induction period, don’t need neither antioxidants nor sta-
bilizers compared with gasolines produced with catalytic
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cracking. Nonetheless, it should be noted that the carbon
deposition over the ZSM-5 surface attenuates the stability
and activity of catalysts. That is the biggest problem of
ZSM-5 zeolites for industrial applications. A proper mod-
ification can upgrade the catalysts performances. More-
over, the combination of the acid zeolite and a hydro-
genation/dehydrogenation component, especially a noble
metal, together can make the catalyst bifunctional. A rea-
sonable modification technique is required for zeolites
with basic properties to be formed. In contrast to acid ze-
olites, basic zeolites with their basic properties would not
attract much attention in industrial catalysis. Furthermore,
the world needs practical catalysts being able to improve
the octane number and decrease the amount of sulfuric
species of liquid hydrocarbons in processes.

As a result, the need of proper zeolites for aromatiza-
tion processes is essential, and they could change the char-
acteristics of products depending to customers desires. In
the proceedings, we are going to study the effect of metals
on zeolite performance and investigate some metals used
more in the aromatization of hydrocarbons.

3 Metals

The presence of Bronsted acid sites on zeolites surfaces
makes them better microporous solids for heterogeneous
catalysis [23]. The appearance of 2- charge on the four co-
ordinating oxygen atoms beside the 4+ charge on frame-
work silicon atoms in aluminosilicate zeolites makes a neu-
tral tetrahedral framework Si0,,. Nonetheless, by replac-
ing the silicon cation with a 3+ charge, such as an alu-
minum cation, in the framework, the formal charge on
that tetrahedral framework transforms to 1-. The produced
negative charge can be balanced by either a hydroxyl pro-
ton or a metal cation to produce a strong Bronsted or a
weak Lewis acid site [24, 25]. As a proton donor, a hy-
droxyl proton prepares a Bronsted acid site. A hydroxyl
proton is situated on an oxygen bridge which joins tetra-
hedrally coordinated silicon with an aluminum cation on
a framework position. Because of that, the mentioned OH
group is generally taken as either a bridging or a structural
OH group (SiOHAI). To clearly introduce Bronsted acid
sites in zeolites, one should regard them as weak proton-
type hydroxyl groups which connect two tetrahedrally co-
ordinated atoms, e.g. Al and Si. On the other side, Bron-
sted acid sites in amorphous material consist of silanol
groups which as electron pair acceptors and similar to
Al atoms contribute to a weak interaction with adjacent
atoms which perform as Lewis acid sites [26]. On condition
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that local structures of bridging OH groups replaced with
different metal atoms such as Pt, Mo, Ga etc. are equal in
zeolites, the chemical properties of the loaded atoms de-
termine the acid strength of the hydroxyl protons. There-
fore, due to this dependency, the substituted materials
are influential in the catalytic activity of the zeolite cata-
lysts [27, 28].

That the acid sites over zeolite-based catalysts are im-
portant for a wide range of petrochemical processes is ob-
vious fact [29]. Bronsted acid sites in ZSM-5 catalysts, for in-
stance, are applied for paraffin isomerization, production
of gasoline from methanol and even olefins and ethylben-
zene. In hydroxylation of aromatics to their related phe-
nols, Lewis acid sites of hydrothermally pretreated ZSM-5
catalysts organize the catalytic activity [30].

High-silica ZSM-5 zeolites can be counted as a highly
influential catalysts for the production of high-octane
gasoline from various raw hydrocarbons as feedstocks [31].
The introduction of metallic elements over zeolite frame-
works promotes them to work as bifunctional catalysts
which combine the hydrogenation-dehydrogenation and
carbocation rearrangement functions. Generally speaking,
metal elements catalyze the first step while the second step
is done with the help of Bronsted acid sites, i.e. zeolite hy-
droxyl groups [32]. The high surface area of metals used
to modify zeolites needs to expand the contribution of sur-
face states and to make easy the density of defects and en-
ergy. Given this, the catalysts should display a specific ac-
tivity.

It is believed that the Bronsted acid sites situated on
the external surface are responsible for the formation of
a large quantity of carbonaceous deposits [33]. These acid
sites catalyze the conversion of polycyclic aromatic com-
ponents [34], which are deposited on the external surface
and finally impede the paths toward the microprores [35].
Thus, the contributing of metallic elements to the zeolite
frameworks culminates in neutralization of some parts of
Bronsted sites by creating of new Lewis acid sites [36]. This
advancement expands the application of surface groups in
the aromatization reactions. Given this, the catalysts activ-
ity and selectivity depend on the distribution of metal ele-
ments as well as acid sites over the catalysts in the hydro-
carbon conversion in aromatization processes. On condi-
tion that industry is in need of an especial production with
specified properties, engineers should gather information
about distribution of the metals over the zeolite surfaces
and also about the nature and electronic state of the met-
als to prepare suitable catalysts for the desired products. It
should be taken into account that a proper metal on cat-
alysts can reduce cracking selectivity. One of the useful
coproducts on metal-modified catalysts is dihydrogen. In

An overview on the effects of metal promoters and acidity of ZSM-5 = 191

the proceedings, the contribution of some more important
metallic elements to ZSM-5 catalysts and their effects on
ZSM-5 performances are explained.

3.1 Gallium

The aromatics selectivity can be promoted dramatically by
taking the advantage of metal bifunctional zeolite cata-
lysts. As widely alluded in literature, of the catalysts with
avariety of different metals, the Ga containing zeolites can
be introduced as the most influential catalysts in terms
of the stability and selectivity for the aromatization pro-
cesses. As a general rule, zeolites Bronsted acid sites (BAS)
participate in cracking, oligomerization and cyclization re-
action steps and that Ga sites play an important role in
dehydrogenation of the feed alkanes and some intermedi-
ate components produced from the aromatization reaction
steps.

Thanks to the good dehydrogenation and selectivity
potential of Ga-containing HZSM-5 zeolites to aromatics,
due to their unique pore structure as well as their reason-
able acid distribution, the use of Ga-containing HZSM-5 ze-
olites are common [37, 38]. Over these Ga-doped catalysts,
the laying down of Ga has been mostly done by post syn-
thesis methods, such as aqueous impregnation and ion ex-
change. In the Ga-loaded HZSM-5 zeolites which are made
by the ion exchange process with Ga(NOs)3 solution, the
dispersion and concentration for Ga species and Ga>*, re-
spectively, are low [39].

According to a general rule, in comparison to other
metal cations, Ga>* ions cannot easily incorporate into
ZSM-5 zeolites through such methods as physical admix-
ture or impregnation techniques. The reasons behind
this hardship are the high positive electrostatic charge
and the size of gallium aqua complexes coupled with
the hydrophobicity and weak anion field of ZSM-5 frame-
works [28, 40]. Because of this, the gallium aqua com-
plexes could not effectively penetrate into zeolite micro
pores and would not have proper interaction with Bron-
sted sites. Given this, predominantly Ga>* cations would
inhabit on the external surface of zeolites as an extra crys-
talline Ga,03. Nonetheless, several researchers indicated
that Ga ions are able to disperse desirably over zeolite
micro pores, as extra framework species [41, 42]. Such
techniques as reducing-oxidizing pretreatment cycles, ion-
exchange and chemical vapor deposition culminated in
proper laying down of Ga>* exactly into the micro pores
Bronsted sites. The combination of Ga and ZSM-5 zeolites
by the means of hydrothermal synthesis has already en-
hanced the aromatization reactions dramatically [43]. This
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Table 1: Catalyst Synthesis [45]
HZSM-5 Ga (ix) Ga (imp) Ga (mix)
Gallium Addition lon-exchange impregnation Ball-milling
Gallium precursor Ga(No3)3-9H,0 Ga(Nos3)3-9H,0 B-Ga,03
Gallium loading (wt.%) 0 18 5 5

Table 2: Aromatic selectivities at 5500C for 1-hexene aromatiza-
tion [45]

HZSM-5 Ga Ga Ga

(mix)  (x) (imp)
Benzene, (wt.%) 2 8 25 24
Toluene, (Wt.%) 5 17 33 30
p,m-Xylene, (wt.%) 4 8 9 9
o-Xylene, (wt.%) 1 2 3
Et-Benzene, (wt.%) 0 1 1 1
> BTEX, (Wt.%) 12 36 71 66

has been done while the presence of Ga species (its distri-
bution) over the zeolite channels was uniform.

Gallium species also play a significant role in coor-
dination state. In the hydrothermally synthesized galloa-
luminosilicates, the majority of elements gallium present
on the framework positions. In comparison with the hy-
drothermally synthesized galloaluminosilicates, the im-
pregnation method for preparing Ga/HZSM-5, leads most
of the gallium species on the external surface of catalysts
like isolated gallium oxides. As for the gallium species in-
troduced by the ion-exchange method, their states still re-
main controversial. As mentioned above, one of Ga>* diffi-
culties to be exchanged as metallic ions with ZSM-5 ions is
the ZSM-5 intermediate pore sizes which restrict the access
of big Ga>* to the intracrystalline volumes. Given this, the
gallium species can only present on the external surfaces
in the calcined (Ga, H)-ZSM-5 catalysts made by the ion-
exchange method [40]. There exist some researchers that
had another viewpoint. Mia et al. [44] believed that there
exist no gallium species subjected by the ion-exchange
method in neither the zeolite channels nor the cation-
exchange positions. Instead of that, they appear as ox-
ide species between isolated Ga, 03 and Ga species. Apart
from that, the chemical states and the gallium species lo-
cations would be under control of the oxidative, reductive
and hydrothermal treatments. The component of Ga,03
can be reduced to Ga,0, Ga* or Ga/H>* by H, in the zeo-
lite channels.

In another study Gallium/HZSM-5 zeolite catalysts
were used for long chain alkenes, namely 1-hexene and 1-

octene to be transformed in an aromatization process [45].
The aim of this work was investigating three different tech-
niques for creating Gallium loaded H-ZSM-5 zeolites. The
researchers tested physical mixing, ion-exchange and im-
pregnation methods in order to add the gallium species to
the zeolites. It should be added that the influence of hy-
drogen pretreatment on efficiency of the catalysts perfor-
mances was investigated too. All reactions were conducted
at the temperature range of 350-500°C. Most of details they
took into consideration are tabulated in Table 1.

They analyzed the aromatic selectivity of 1-hexene
aromatization under 500°C and summarized their infor-
mation in Table 2. Despite the differences in preparation
and the actual amounts of gallium, similar BTEX selectivi-
ties were recorded. The amount of Gallium for Ga (ix) was
18 wt.% and for the other catalysts was 5 wt.% Such re-
searchers as Kitagawa et al. [46] asserted that as the gal-
lium loading increases the selectivities to aromatics in-
creases, but once the gallium content reaches its top value
of ion exchange (100% ion exchange), the performance of
the aromatization process stops advancing.

Another chance to enhance the aromatization perfor-
mance with Ga loaded zeolites is to use intracrystalline
mesoporosity in zeolite crystals, for this would truncate
the contact time of reaction intermediates. Most of the
time, the intercrystalline diffusion limitation on the reac-
tion rate, followed by a decrease in the catalytic perfor-
mance of zeolites, comes from the zeolites micro porous
character [47]. That by shrinking the zeolite crystals in
size, the diffusion limitations have been obviated was
stated by Hartmann [48]. There are a wide range of tech-
niques for introducing intracrystalline mesoporosity in ze-
olite crystals, some of which are post-synthesis modifica-
tions such as dealumination (i.e. acid leaching, steaming)
and desilication (alkaline treatment)], direct carbon tem-
plating method, taking the advantage of composite micro-
porous/mesoporous materials, zeolite delamination, and
synthesis of wide-pore zeolite [49, 50].

Faro et al. [51] showed that Ga/HZSM-5 catalysts made
by the impregnation of HZSM-5 with gallium nitrate solu-
tions and then subjected to the reductive and oxidative
pretreatments are able to lower the ratio of the 5-Ga,03
phase and develop well-dispersed gallium species. Su et
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Table 3: Chemical composition of nanosized ZSM-5 zeolite and samples isomorphously substituted by Ga [8]

Sample In the gel In the products
Si/(Al+Ga) Si/Al Ga/Al Si/(Al+Ga) Si/Al Si/Ga Ga/Al
NZ5 20.0 20.0 - 16.17 16.17 - -
GaAlgNZ5 20.0 25.0 0.25 12.97 16.45 61.23 0.27
Ga,AlgNZ5 20.0 33.33 0.67 11.77 20.93 26.90 0.78
GasAl;NZ5 20.0 40.0 1.0 11.93 26.53 21.68 1.22
GaNZ5 20.0 oo oo 10.77 120.37 11.82 oo

Table 4: Textural data of nano sized HZSM-5 and samples isomorphously substituted by Ga [8]

Sample SBET (mZ/g) Smicro (mZ/g) Sexternal (mZ/g) Viotal (Cm3/g) Vinicro (Cm3/g) Vimeso (cmB/g)
NZ5 407 325 82 0.254 0.133 0.121
Ga,AlgNZ5 443 359 84 0.266 0.148 0.118
GasAlgNZ5 434 362 72 0.257 0.150 0.107
GasAlsNZ5 426 328 98 0.301 0.138 0.163
GaNZ5 429 325 104 0.298 0.131 0.167
60 70
M ¢ \(//—x—’——”
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Figure 4: BTX yield (a) and aromatics yield (b) of 1-hexene aromatization over the nanosized HZSM-5 and samples isomorphously substi-

tuted by Ga [8]

al. [8], in an interesting work invented a method that the
seed-induced in-situ hydrothermal synthesis of nano sized
HZSM-5 zeolites that are partially or completely isomor-
phously substituted by gallium, denoted as GaAIHNZ5 and
Ga/HNZ5, in the same order. In comparison to the tradi-
tional impregnation method, this technique develops con-
ditions so that it could decrease a lot of organic templates
in the synthesis process and properly inhibit the loss of
gallium species. This technique is completely prosperous,
and it should be regarded as efficient way for the synthe-
sis of heteroatom HZSM-5 materials. In this study, nano
sized HNZ5 catalysts, GaxAl,HNZ5 (x = 5, 4, 2, and y = 5, 6,
8, respectively) and Ga/HNZ5, have been acquired via par-
tial and complete isomorphous substitution by gallium,

respectively, in order for the effects of different gallium
species over the catalysts as well as the acidity of the cata-
lysts with different densities of Al and Ga on their catalytic
performances in the aromatization processes to be under-
stood profoundly. The chemical compositions and the tex-
tural properties of samples are all represented in Table 3
and Table 4, respectively.

In Figure 4 the performances of these catalysts on
1-hexene aromatization are distinctly sketched. The con-
version of the 1-hexene feed is 100%. As seen from the
figure, the amounts of such desirable products as ben-
zene, toluene, and xylene obtained by the catalysts iso-
morphously substituted by gallium are absolutely higher
than the products from the HZSN5 catalyst; moreover; this
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could be extended provided that the gallium species in
the bulk of samples were increased. As the cracking reac-
tion weakened, the Ga/HNZ5 catalyst displayed the high-
est level of total aromatic yield, 64%, that was due to
the milder Bronsted acid sites produced by the framework
Ga and the increscent of dehydrogenation activity on the
more number of Lewis acid sites, with stronger strength
formed by the extra framework Ga species, such as GaO*
and GaO(OH), as well as the optimum B/L ratio of 4.4.

As Ga content in the mixed gel increased, the concen-
tration of both Lewis acid sites with promoted strength
and Bronsted acid sites with weakened strength increased.
This is true due to the addition of Ga to the HZSM-5 zeolite
and the formation of the more framework Ga species. Not
only was the total aromatics yield of 64.6%, as the high-
est production in the 1-hexene aromatization, achieved
with the Ga/HNZ5 zeolite, but also catalyst deactivation
lessened tremendously thanks to the weakness of acid
strength, the proper B/L proportion and the formation
of intergranular mesopores during the accumulation of
nanocrystal particles with a smaller size which prevented
producing the coke precursors.

According to the results it can be comprehended that
the catalysts made with Ga isomorphous substitution can
make the formation of Bronsted and Lewis acid sites eas-
ier. Apart from that, as the Ga/Al ratio increased after Ga
partial or complete substitution for Al in the sample frame-
work, the aromatics yield increased. Due to the higher
amount of the weakened Bronsted acid sites and the en-
hanced Lewis acid sites, and the most appropriate B/L ra-
tio of 4.4, Ga/HNZ5 displayed the highest aromatic yield of
ca. 64.6%.

In another work, nanosized Ga-containing ZSM-5 zeo-
lites were synthesized through isomorphous substitution
and impregnation followed by characterized using vari-
ous techniques. The catalytic capabilities of the zeolites for
the 1-hexene aromatization process were investigated. A
fixed-bed microreactor with a continuous-flow system was
used so as for the aromatization reaction was conducted.
The relative crystallinities and chemical composition of
gallium-containing ZSM-5 zeolites prepared via different
preparation methods are shown in Table 5.

Depending upon Table 2, it could perceive that the rela-
tive crystallinities of Ga-substituted ZSM-5 do not tangibly
change, and the crystallinities of the impregnated samples
reduce slightly, which is most likely due to covering by the
Ga, 03 species. According to the chemical compositions in
Table 1, the bulk Si/Al ratio of the Gax-NZ5 samples in-
creases slightly as the Ga content increases. It implies that
the introduction of aluminum into the bulk phase is more
difficult due to Ga incorporation via the isomorphous sub-
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stitution method. The Si/Me (Si/metal) ratio of the Gax-NZ5
samples in the bulk is lower than that in the HNZ5 sample,
and the ratio decreases as the Ga content increases, which
may be due to an increase in the total metal content in the
zeolites.

Moreover, from the data of this table it could be un-
derstood that both the micropore and mesopore volumes
grows in the Ga-substituted ZSM-5 samples because of the
longer Ga—-0 bond in the framework and defects as well
as the intergranular mesopores formed via accumulation
of smaller nanocrystals, in the same order. Nonetheless,
for the Gax-NZ5 samples, the micropore volume and sur-
face area reduces with reducing the Ga content. This re-
sult arises from an increase in the extra-crystalline oxide
species that are generated by incomplete incorporation of
Ga species or demetalization, resulting from ion-exchange
and calcination that reduce accessibility to the internal
structure of the catalysts. For the impregnated samples,
the porosity decreases since the poorly dispersed, extra-
crystalline gallium species (Ga203 phase) partially block
the pores in the media.

As it can be seen in Figure 5, BTEX (Benzene, Toluene,
Ethylbenzene and Xylene) are the main products in each of
the samples, and the C9+ aromatic fraction is less than 10
wt.%, which is beneficial for decreasing the final boiling
point of the fuel. Furthermore, the aromatic yield over the
Ga-containing ZSM-5 zeolites grows with increasing the Ga
content. However, the extent of this increase differs for the
different series.

60

W BTEX

50 | ™ C9+ Aromatic

40
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20

Aromatic Yield (Wt. %)
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Figure 5: Aromatic Yield: a. HNZ5, b. Ga1.5-NZ5, c. Ga2.1-NZ5, d.
Ga4.2-NZ5, e. Gal.5/NZ5, f. Ga2.1/NZ5, g. Ga4.2/NZ5 [98]
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3.2 Zinc

There exist some methods for preparing Zn-containing
ZSM-5 catalysts, including ion exchange in aqueous solu-
tion, incipient wetness impregnation, chemical vapor de-
position, and isomorphous substitution techniques. Re-
searchers such as Mole et al. [52] held the idea that in
the chemical reactions, the zinc cation in Zn/ZSM-5 cata-
lysts acts as a hydride acceptor in order to prepare a tran-
sient species, including [Zn-H]*, in the dehydrogenation.
In another study, Ono et al. [53] asserted that although
gallium and zinc cations do not have a direct effect over
paraffin activation, they are of key importance in trans-
forming of olefins into aromatics. Kanai and Kawata [54]
indicated that the process of n-hexane aromatization us-
ing ZnO/HZSM-5 catalysts divides into two sub-categories:
1) dehydrogenation of n-hexane into hexene 2) dehydro-
genation of oligomerized products into aromatic hydrocar-
bons. Furthermore, they, unlike Ono et al. [55], believed
that ZnO and H-ZSM-5 directly participate in the activation
of n-hexane.

The addition of a hydrogenating metal to the zeo-
lite catalysts leads to better paraffins conversion. Gener-
ally speaking, the metal ion prepares another path for
the conversion of olefins as well as aromatics, and also it
somehow prevents lower paraffins formation from crack-
ing and hydrogen transfer reactions. The electronic charac-
teristics of metals, added over zeolites, determine metals
hydrogenation-dehydrogenation activity which controls
the aromatization activity of metals [56, 57]. Kanai [54] clar-
ified the potential of element zinc in the formation of hex-
ane from n-hexane using the catalyst of ZnO/H-ZSM-5. Shi-
bata et al. [58] confirmed the preceding opinions about
the paraffin activation by zinc and acid sites. It was pos-
tulated that both of the HZSM-5 and ZnO participate in the
n-hexane activation. That Zn can develop another path for
aromatization was asserted in another research [59]. In ad-
dition, it was pointed out that Zn holds back the continu-
ous oligomerization process and Co, aromatics formation.

Viswanadham et al. [56] tried to prepare ZSM-5 (HZ) by
hydrothermal synthesis, and the samples of zinc and gal-
lium loaded ZSM-5 catalysts by applying incipient wet im-
pregnation (ZnHZ, GaHZ) and co-synthesis methods (Zn-
Al-Si and Ga-Al-Si). The n-heptane aromatization activity
of the samples can be sorted by the following order: Zn-Al-
Si > Ga-Al-Si > ZnHZ ~ GaHZ > HZ. The sample of Zn-Al-
Si catalyst while having the lowest acidity, exhibited the
highest aromatization activity with enough stability dur-
ing 360 min performance. The catalyst had higher than
80% conversions with 50-65 wt.% selectivity to aromatics
for industrial raw materials including gas condensate, raf-
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finate and light naphtha. In this process, the most avail-
able byproduct belongs to 21-23 wt.% LPG which shows
this catalyst as a prosperous sample for the real world ap-
plication. The conversion and selectivity to be considered
are shown in Table 6.

Table 6: Performance of metal modified ZSM-5 catalysts in n-
heptane aromatization [56]

Catalyst HZ ZnHZ GaHZ Zn-Al-Si Ga-Al-Si
Conversion 90 85 78 68 74.5
(%)
Selectivity
(Wt.o/o)
Methane 14.6 4.5 4.2 6.0 6.8
Ethane 23.0 2.0 1.8 5.0 4.1
Propane 38.4 43.4 32.0 10.5 12.0
Butane 8.1 15.1 21.5 15.0 13.8
C: 2.0 1.0 2.5 5.5 4.8
Aromatics 13.9 34.0 38.0 58.0 56.5

In the proceedings, the effect of various hydrocarbon
components was evaluated by them. From Table 7, it can
be perceived that the nature of hydrocarbon types is not
too effective matter to change the selectivity of aromatics
and distribution of BTX over the HZSM-5 catalyst. The prod-
ucts extracted from paraffins and naphthenes are compa-
rable. It should be noted that the selectivity to toluene
is not changed when consuming feeds are C; (such as n-
heptane and methyl cyclohexane). Also, one should con-
sider the fact that Zn-Al-Si was able to increase the ben-
zenes selectivities with n-C¢ and toluenes ones with n-
C; input. Therefore, the occurrence of direct dyhydrocy-
clzation of these n-paraffins by using Zn-Al-Si, but by
not using of the HZSM-5 catalyst, can be implied. For
the naphthene feeds, the one-step hydrocarbon aroma-
tization seems more important, especially whenever the
dominance of benzene selectivity from cyclohexane and
toluene selectivity from methyl cyclohexane can be found
in the product. From all information taken from the study,
the active sites over Zn-Al-Si facilitate the one-step aroma-
tization of naphthaenes and paraffins.

The aromatization process was conducted by means of
the Zn-Al-Si catalyst over feeds of natural gas condensate,
light naphtha-I/-II and raffinate. Properties of raw materi-
als as well as the final products of the aromatization pro-
cess are summarized in Table 8.

The importance of La and P contribution over arom-
atization reaction and physicochemical properties of
Zn/ZSM-5 were tested by Long et al. [60]. Table 9 demon-
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Table 7: Effect of Hydrocarbon types on the aromatic distribution [56]
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Catalyst
Feed HZSM-5 Zn-Al-Si
n-hexane n-heptane Cyclohexane Methyl n-hexane n-heptane Cyclohexane Methyl
cyclohexane cyclohexane

Selectivity to individual aromatics (wt.%)
Benzene 8 7 6 6 8 7 15 5
Toluene 42 45 43 45 40 45 40 60
xylene 50 48 51 49 50 48 45 35

Table 8: Feed characteristics and product selectivities over Zn-Al-Si
catalyst [56]

Feed Naturalgas Light Naphtha Raffinate
condensate
I I
Feed
characters
IBP 35.1 70.0 87.0 46.1
FBP 145.1 90.0 137.0 131.9
Density 0.67 0.72 0.79 0.68
Conversion 85.0 88.0 94.0 91.0
Selectivity
(Wt.%)
L +C 12.0 7.5 8.0 9.5
C+Cy 21.0 26.5 22.0 32.5
BTX 52.0 54.0 63.0 49.0
Cs- 12.9 9.2 2.7 6.8
Co- 2.1 28 3.3 2.2

strates the main results of physicochemical property of ze-
olites. According to the table, after adding element Zn to
the ZSM-5 the value of BET surface area of the sample de-
creased from 345 m?/g to 328 m?/g, while its micro pore
volume did not have a tangible change at all. In a simi-
lar manner, with the addition of La to Zn/ZSM-5, the total
surface area as well as the micro pore area decreased to
287 m?/g and 171 m?/g, respectively. Indeed, there was a
loss of the micro pore volume (about 0.01 mL/g) after La
was added to the Zn/ZSM-5 sample. This event may come
from pore blockage and it even had sharper consequences
when La and P were both introduced to Zn/ZA over the
ZnLaP/ZSM-5 sample. The surface area as well as pore vol-
ume of the ZnLaP/ZSM-5 catalyst was extremely shrunk.
The BET surface area of ZnLaP/ZSM-5 was only 235 m?/g
and its external surface area was only 56 m?/ g. As seen
from Table 9 the micro pore volume of ZnLaP/ZSM-5 re-
mained constant in size and the total pore volume was di-

minished by 0.06 mL/g in size when introducing P into the
ZnLa/ZSM-5 sample. According to this, more P elements
were accumulated on the exterior surface or in the meso-
pores of catalysts.

Table 10 illustrates the evaluation results of the cata-
lysts in the FCC gasoline upgrading process.

Thus, the yields of aromatics in alkene aromatization
on bifunctional catalysts can be increased on condition
that the presence of the dehydrogenation reactions in the
formation of dienes increases and the corresponding aro-
matics from cyclic intermediates catalyzed by Zn species
acting as Lewis acid sites. By adding La, the element zinc
support interaction as well as the amount of [Zn(OH)]*
species develop; consequently, it promotes the catalyst ac-
tivities in aromatization processes. By adding P, the pres-
ence of the element zinc located in the paths of nanoscale
HZSM-5 increases. Provided that the distance between the
Zn species and the zeolite crystals Bronsted acid sites
shortens, the synergy effect between them is accentuated
and then the stability of the catalyst is improved. The syn-
ergistic effect of La and P decreases the loss of zinc species
and increases the amount of [Zn(OH)]* species and then
improves the activity and stability of the catalysts in the
FCC gasoline aromatization. The optimized ZnLaP/HZSM-
5 catalyst can be named as a proper catalyst with a high
catalytic performance in the FCC gasoline aromatization
reaction in industry [60].

Tshabalala et al. [61] investigated n-Hexane aromati-
zation under 500°C over parent and metal (i.e. Ga, Mo
and Zn) modified HZSM-5 catalysts. The n-hexane conver-
sion over the HZSM-5 catalyst was ca. 85% (Figure 6a).
A decrease in conversion and slight catalyst deactivation
with increase in time on stream (TOS) was followed by
the addition of metal species to the HZSM catalysts. The
activity reduction comes from the reduction of the num-
ber of strong acid sites. Mo/HZSM-5 presented better sta-
bility over Zn/HZSM-5 and Ga/HZSM-5. The n-hexane con-
version over Mo/HZSM-5, Zn/HZSM-5 and Ga/HZSM-5 cata-
lysts was ca. 75%, 75% and 60%, respectively (Figure 6b).
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Figure 6: The catalytic conversion of n-hexane over metal promoted HZSM-5 catalysts of 2 wt.% loading as the function of time-on-stream at

500°C [61]

Table 9: The results of physical adsorption with N2 of the catalysts [60]

Sample SBET (mZ/g) Smicro (mZ/g) Sexternal (mZ/g) Viotar (Ml/8) Vimicro (Ml/g)
ZSM-5 345 208 137 0.36 0.09
Zn/ZSM-5 328 199 129 0.37 0.09
ZnlLa/ZSM-5 287 171 116 0.32 0.08
ZnlLaP/ZSM-5 235 179 56 0.26 0.08

Table 10: Composition of FCC gasoline feed and product [60]

Feed Zn/ZSM-5 ZnlLa/ZSM-5 ZnlLaP/ZSM-5
Olefin (Vol.%) 40.1 24.7 25.0 25.9
Aromatic (Vol.%) 15.2 17.7 19.8 22.1
i-paraffins (Vol.%) 34.2 40.8 39.8 37.4
n-paraffins (Vol.%) 4.6 9.9 8.8 7.2
Naphthenes (Vol.%) 5.9 6.9 6.6 7.4
Sulfur (ppm) 174 103 121 136
RON 91.7 89.8 90.4 91.2

Table 11 displays the product distribution of the n-
hexane components in aromatization processes using
metal modified HZSM-5 catalysts at 77% n-hexane conver-
sion under 500°C and space velocity of 1200 cm® g™t h1.

Thus, thanks to the dehydrogenation activity, a high
aromatization activity associated with zinc and element
gallium is obtained. Using an alternative way for the arom-
atization of n-hexane, zinc and gallium make up a high
conversion and high selectivity to aromatic components.
Besides, incorporation of molybdenum to HZSM-5 leads
to different results. The aromatic products came from
Zn/HZSM-5 and Ga/HZSM-5 are higher than those came
from cracking. According to this, the dehydrogenation ac-
tivity is involved in the aromatization process, and there-

fore, these catalysts have more selectivity to the forma-
tion of aromatics. From the Table, Molybdenum contain-
ing catalysts had more selectivities towards cracked prod-
ucts. Developing 99% conversions within 1 hour on-stream
and aromatic selectivities of 55 and 57% at 550°C, gallium
and zinc catalysts presented suitable activities and selec-
tivities. As TOS increased the gallium catalyst showed bet-
ter activities and stabilities. Due to the zinc volatilization,
zinc catalysts showed a poor stability. It is worth surveying
more to perceive the gallium based catalyst performances
under different circumstances [61].

In a work done by Hodala et al. [63], the aromatization
of C5-rich light naphtha as feedstock was studied when us-
ing a non-noble metal oxide based catalyst (ZnGa/ZSM-5)



DE GRUYTER

Table 11: Product distribution [61]
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Catalysts HZSM-5 Ga/HZSM-5 Zn/HZSM-5 Mo/HZSM-5

Conversion (%) 85.3 76.4 77.3 77.5
Products Percentage yield

Methane 2.3 2.1 2.4 1.8
Ethylene 4.0 4.3 0.93 3.9
Ethane 6.3 2.6 3.8 6.5
Propylene 21.9 121 9.8 20.5
Propane 5.7 3.5 1.9 4.3
Cas 8.9 5.0 4.3 9.5
Cus 2.0 1.6 1.4 2.7
Css 2.4 1.3 1.1 3.0
Ces 0.3 0.4 1.04 1.4
Benzene 4.0 6.4 10.2 3.0
Toluene 8.7 12.1 10.0 7.2
m,p-Xylene 5.8 8.9 7.9 4.1
Et-Benzene 2.1 3.3 2.3 2.5
O=Xylene 2.9 2.1 2.1 1.0
Cos 1.5 3.9 9.7 1.0
>~ Aromatics 23.5 32.9 32.4 19.9
Coke 6.5 6.8 8.4 5.0

for the n-hexane reaction. Gallium and zinc were loaded
on H-ZSM-5 (with Si/Al = 23) by co-impregnation method
with varying quantities, and then the aromatization reac-
tion was carried out. The results are presented in Table 12.

1% Zn + 2% Ga on ZSM-5 produces high aromatic
yields (61.7%) as compared to other loadings. During co-
impregnation of zinc and gallium (as oxides), zinc with
more possibility for ion-exchange, may decrease the acid
sites by partial ion-exchange. Dehydrogenation functions
of both the metal ions may play significant roles in aroma-
tization process.

Application of co-impregnated catalyst is similar to
that of 2% Ga/ZSM-5, but the effect of zinc could be ob-
served when the amounts of benzene and methane de-
crease (from 4.9 to 12.4% for benzene and from 13.6 to
10.9% for methane), and the value of xylenes fraction in-
creases (from 4.9 to 12.4%) compared with the latter.

As a result, the zinc loading is found to have a good
effect when co-impregnated along with gallium on ZSM-
5. The proper combination of acid sites and dehydrogenat-
ing sites could be obtained by mixing the metals. In fact,
it results in an increase in aromatic yields. Among differ-
ent gaseous products formed during aromatization with
1% Zn + 2% Ga on ZSM-5 catalyst, C3 +C4 fraction (LPG
fuel) is predominant with 17.7% yield. The zinc and gal-
lium in ZSM-5 may act as hydrogen adsorption/spill over
sites which could be adjacent to each other and also ion-

exchange with framework acid sites facilitating the forma-
tion of higher aromatics yields.

3.3 Quick review of references

In the following, we have collected the aromatization of
different feedstock with zeolites and its metal in Table 13.
By this table, we can find the detail of many studies in a
quick view.

4 Acidity of catalyst

One of important factors affecting ZSM-5 zeolites catalytic
activity and lifetime is their SiO,/Al, 03 ratio. Provided
that the number of Al 03 component is higher than that of
Si0, in a ZSM-5 zeolite, the zeolite has more acid sites and
then has a higher activity. Unfortunately, high aluminum
content has an adverse effect on the zeolite performance
with time since it results in high coke production and con-
sequently quick catalyst deactivation [62-64]. Therefore,
the suitable and optimum ratio for SiO,/Al,03 should al-
ways be considered. The meticulous value helps ZSM-5 ze-
olites to have high activity beside a long lifetime [65, 66].
The ZSM-5 zeolite activity comes from charge imbal-
ance among the available Si and Al ions in the frame-
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Table 12: The effect of metals on catalyst performance of ZSM-5 in aromatization of n-hexane

Catalyst HZSM-5, Si/Al =23 2% Zn_HZSM-5 2% Ga_HZSM-5 1% Zn + 2%Ga_HZSM-5
Product Distribution (wt.%)
Methane 7.3 4.6 18.23 10.98
Ethylene 1.2 0.7 1.32 0.96
Ethane 14.1 12.2 9.70 8.48
Propylene+Propane 56.9 21.9 11.41 16.85
C4-hydrocarons 8.7 6.2 0.76 0.87
Hexane 0.1 0.5 0.05 0.09
Benzene 2.9 9.8 12.47 14.39
Toluene 4.6 23.6 26.09 27.63
Ethylbenzene 0.2 0.9 0.21 0.40
p-Xylene 0.4 3.2 2.82 2.93
m-Xylene 0.9 7.2 6.20 6.44
o-Xylene 0.4 3.3 2.86 3.03
Ethyltoluenes 0.1 0.8 0.19 0.3
Trimethylbenzene 0.1 0.9 0.15 0.57
C10 and others 2.2 4.2 7.56 6.07
Performance (wt.%)
n-Hexane 99.9 99.5 99.9 99.9
conversion
C3 + C4 yield 65.6 28.1 12.2 17.7
Total aromatics 11.9 53.9 58.5 61.7
yield

Conditions: Catalyst=2 g, WHSV=1 h™1, H,/ feed=2, Temperature=500°C, TOS=5 h

work. There exist several techniques including FTIR, TPD,
NMR and micro calorimetry that help to know more about
different acid sites over ZSM-5 zeolites [67]. Of the men-
tioned techniques, micro calorimetric studies of ammonia
adsorption assist scientists to know the distribution of acid
site strengths in zeolites [68, 69]. Both of the number and
strength of acid sites in the zeolite catalysts are of key im-
portance that play significant roles in the activity and se-
lectivity property in various hydrocarbon transformation
reactions. As mentioned, the strong acid sites, similar to a
double-edged sword, have negative and positive effects on
the processes. On one hand they accelerate the reaction
rates of aromatic formation; on the other hand, they ex-
pand the coke formation too. Produced coke either may de-
posit on the strong acid sites or may block the channels of
catalysts; consequently, it leads to acid sites inaccessibility
for reactants and others. This also has effects on activity
and product selectivity of the catalysts. As expected, the
formed coke in the aromatization processes to be consid-
ered have been studied a lot in the area of effect of acidity
on activity as well as deactivation [70, 71]. As stated previ-
ously, the distribution of Al ions in ZSM-5 catalysts, which

determines the number and strength of acid sites, controls
the catalysts activity in various reactions [72]. Indeed, the
catalytic activity and selectivity can be changed either by
manipulating the ratio of silica-alumina in the zeolite syn-
thesis or by hydrothermal treatment for the dealumination
of the zeolites.

However, similar to cracking reaction, undesired re-
actions may be evolved from a high level of zeolite acid-
ity in some processes. Given this, controlling zeolite acid-
ity is a key to success in most of processes. From various
methods mentioned in literature, modifying the Si/Al ratio
through either dealumination or ion-exchange has been at-
tracted a lot of attention for several years. In a wide range
of hydrocarbon reactions, these methods can be applied in
order for the formation and rearrangement of carbonium
ions to be controlled [30]. It should be considered that
some kinds of components such as metals have effects on
the zeolite acidity as well as zeolite efficiency in aroma-
tization operations. Sachtler et al. [73] for example, com-
bined several elements including Zn/Ga/Fe-ZSM-5 loaded
with acidic cations (Zn, Ga, and Fe) and scrutinized the
metal cation effects on ZSM-5 Bronsted acid sites. In an-
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Table 14: The acidic sites of the Mo/ZSM-5 with different Mo loading from NH3-TPD and Py-IR [79]

Sample Acid Sites from NH3-TPD (x10%° g71) Acid Sites from Py-IR (x102° g™1)
Total Bronsted acid Lewis acid

HZSM-5 6.7 8.0 0.2

2Mo/ZSM-5 4.7 4.7 0.4

5Mo/ZSM-5 4.3 4.2 0.5

8Mo/ZSM-5 3.7 3.2 0.5

Table 15: Acid properties of catalysts [80]

Catalyst Acid site density ~ Lewis/Bronsted
ZSM-5 0.53 0.06
ZSM-5-AT 0.64 0.05
Zn-ZSM-5 0.44 0.64
Zn-ZSM-5-AT 0.53 1.31
2Zn-ZSM-5 0.49 1.59
27Zn-ZSM-5-AT 0.5 2.0
5Zn-ZSM-5 0.46 4.06
5Zn-ZSM-5-AT 0.5 4.63

other study, Coelhoet et al. [74] put a big effort to know
the effect of basic Na ions on both of the number and the
strength of acid sites. Song et al. [75] indicated that the
kind of aromatization process and the aromatics distribu-
tion in LPG processes using HZSM-5 zeolite are directly sup-
ported by the amount of strong acid sites. Furthermore,
they showed the strong acid sites make an important im-
pact on dealkylation of poly alkyl aromatics; consequently,
as the amount of strong acid sites decrease the rate of
dealkylation as well as the selectivity of benzene, toluene
and Cg aromatics decrease. The influence of HZSM-5 acid-
ity over n-octenes aromatization is the main subject of
Long et al. [76] in their research. To carry it out, they added
the element potassium into the HZSM-5 zeolite using in-
cipient wet Impregnation. They asserted that the element
potassium leads to a decrease in the amount of the strong
acid sites. Their results emphasized this fact that whereas
the benzene formation rate is lower during the aromatiza-
tion process, toluene and Cg aromatics are the obvious aro-
matic products in their tests. As the amount of the strong
acid sites reduces the numbers of Cg and C; carbenium
ions increase while those of Cg and Cy carbenium ions in-
crease. To put it another way, the concentration of benzene
and toluene in the products reduces and that of Cg and Cg
aromatics increases on condition that the amount of the
strong acid sites reduces.

Of zeolites with high quality, the Ga-impregnated
HZSM-5 zeolite which has a great potential to increase the

activity and selectivity of catalysts in the aromatization of
alkanes could be used in a wide practical operations. Its
power at alkane aromatization activity is followed by bi-
functional sites of none-framework gallium oxide species
with redox or dehydrogenation function as well as zeolite
protons with acid function, which are placed near to each
other in the zeolite paths [77, 78]. In an experimental study,
Li et al. [79] used three kinds of Mo/ZSM-5 catalyst with
different numbers of Mo and then determined the acidity
of catalysts. The results to be considered are shown in Ta-
ble 14.

The total number of acid sites in the catalysts mea-
sured by NH3-TPD reduced with increasing the number
of Mo species. The outputs of Py-IR verified the fact that
while the majority of the Bronsted acid sites in molybde-
num oxides modified ZSM-5 reduced with the Mo increas-
ing, which of Lewis acid sites significantly increased in-
stead. In 8Mo/ZSM-5 catalyst, Bronsted acid occupied only
40% of that of the parent HZSM-5, however; its Lewis acid
sites were 250% of that of the parent HZSM-5. As a result,
as the concentration of Mo species loaded increased, more
Mo species went into the ZSM-5 channels. Then, the Mo
species with their effective interactions with the Bronsted
acid sites replaced a main portion of H* sites. The increase
of Lewis acid sites may stem from the acidic characteristics
of molybdenum oxides. It is alluded that the molybdenum
oxides may act on Lewis acid sites behalf.

The influence of Zn loading and alkali treated over the
acidity of ZSM-5 zeolite catalyst in the 1-hexene aromatiza-
tion reaction is tabulated in Table 15 [80]. Following the al-
kali treatment, the strength of acid of the zeolite was some-
what diminished, and the concentration of acid sites was
raised from 0.53 to 0.64 mmol/g because of the preferential
desilicatoin and intensifying Al concentration. The com-
pactness of acid sites was diminished by the loading Zn in
zeolites. For instance, for the Zn/ZSM-5 and Zn/ZSM-5-AT
samples the values were 0.44 and 0.53 mmol/g, at the same
order. The four impregnated samples, showing compara-
ble acid site concentrations (approximately 0.5 mmol/g),
suggested that the contribution of Zn leads to high de-
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crease in original acid sites over the alkali-treated zeolites
with respect to those over the untreated ones.

5 Problems of catalyst

Behrsing et al. [33] in 1989 stated that the Bronsted acid
sites on the surface of catalysts which are implemented
for aromatization reactions contribute to the creation of
a large number of carbonaceous deposits. These Bronsted
acid sites accelerate the production of polycyclic aromatic
hydrocarbons, which fill the entrance to the micro pores by
depositing on the external surface of catalysts. According
to scientist’s research, the major reason behind the cata-
lyst deactivation in hydrocarbons dehydroaromatization is
the production and the spread of polycyclic materials over
the zeolite crystals by the passage of the time. It was stated
by Tempelman et al. [81] the coke production during dehy-
droaromatization is hindered by the deactivation of active
area on the BAS’s surface.

In general, the secondary reaction among intermedi-
ate and cracking products that is under control of pore
structure as well as acid sites on the catalysts surface cul-
minates in coke deposition on aromatization catalysts. The
opening of the ZSM-5 channels is the main position, which
leads to coke deactivation. Furthermore, as reactions that
transform FCC gasolines olefins (especially C5-C7) into aro-
matics and i-paraffins occur in the inner surface of ac-
tive sites, acquiring sufficient information and being confi-
dence about the converting potential of active sites in the
inner surface are of key importance for researchers [82, 83]
and need more research.

Taking aforementioned information into account,
most of the studies concentration was on acquiring a suit-
able method to inhibit coke formation. Different methods
have been introduced by researchers, some of which are us-
ing different zeolite frameworks [84, 85], or catalyst mod-
ification [30, 62], or addition of co-reactant [63, 64] or in-
creasing the reaction pressure [65], modification of the re-
action conditions [66], and addition of promoters. A wide
range of promoters have been examined in various works.
Tan et al. [86] added some noble metals including Pt, Pd,
Ru, Ir to test the performance of new catalysts. It was indi-
cated that Pt could enhance the power of selectivity of aro-
matics. The same results as Tan and coworkers tests were
reported by Kojima et al. [87] by adding Rh. The use of W
as a promoter was mentioned as well [88]. The catalysts
activity was grown when scientists took the advantage of
promoters such as Fe, Co, Zn [89, 90].
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Thus, these strong acid sites on ZSM-5 zeolites are the
highly active places for the aromatization process and cok-
ing formation [75]. It was pointed out provided that the to-
tal number of the strong acid sites on catalysts reduces,
the reactions for the coke production leading to the cat-
alysts deactivation decrease. It can be a solution, but on
the other hand this reduction in the acid sites would re-
sult in lower aromatization activity at the same time. To-
day, most of engineers root out the framework aluminum
in zeolite with different ways including thermal treatment,
hydrothermal treatment at high temperatures (sometimes
combined with acid leaching), acid leaching and ammo-
nium hexafluorosilicate (AHFS) treatment in order that
they can diminish the number of acid sites [91-96]. There
exists another way for enhancing the stability of the zeo-
lite catalysts as well. By synthesizing zeolites with small
particles, some researchers shortened the path of diffusion
of reactants/products and controlled the coke formation
rates and then protected the channels and pore ways from
blocking [12, 97].

6 Conclusion

The results of studying hydrocarbon aromatization over ze-
olite catalysts have been reviewed. Brief information on
the preparation and characterization of zeolite catalysts
and the mechanism of the aromatization processes with
zeolites was delineated. The desirable reactions using ze-
olite catalysts are achievable by manipulating several fac-
tors, some of which are applying suitable metals as pro-
moter and considering proper acidity. In the several sec-
tions, all mentioned parameters were reviewed in detail.
The introduction of metals over zeolite frameworks pro-
motes them to work as bifunctional catalysts which com-
bine the hydrogenation-dehydrogenation and carbocation
rearrangement functions. Effects of a wide range of metal
elements, including gallium, zinc and platinum, over per-
formance of ZSM-5 zeolites were alluded through loads
of paragraphs. Finally, it was mentioned that there exist
some solutions for coke blockage in zeolites frameworks.
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