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Abstract

The application of zeolite catalyst has been expanded to support on-purpose sustainable technology. This review focused on
zeolite application to produce aromatic compounds from non-petroleum carbon-based resources, including methanol, CO,,
CO, and biomass. For COx resources, the two main routes for producing aromatics products are discussed, i.e., the olefinic
and the oxygenates-mediated route. Moreover, several improvement strategies for enhancing catalytic performance are
also discussed, i.e., the addition of metal components, tuning the metal and zeolite structure, and modifying the reaction
process. Finally, prospects for future development are formulated.
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Introduction

The pursuit toward developing environmentally sustainable technology processes to fulfil the demand for
energy and chemical compounds is urgent in view of fossil energy depletion. In this case, using renewable
resources and waste to produce high-value-added hydrocarbon products is an up-and-coming way to solve this
problem [1]. Aromatics, especially benzene, toluene, and xylene (BTX), are important components of
hydrocarbon compounds which are widely used for making many essential products. For instance, benzene and
xylene are utilized for making polymer products, respectively, polystyrene (PS) via ethylbenzene and
polyethylene terephthalate (PET) [2-4]. Conventionally, BTX is obtained from the steam reforming process of
naphtha or thermal cracking of crude oil. However, other routes have been considered to produce aromatics
with a high yield by utilizing other abundant carbon resources, such as methanol [5,6], biomass [7,8], CO [9,10],
and CO2 [11, 12], where zeolite is usually involved in catalyzing the process.

Zeolite is a microporous alumino-silicate material that has been extensively involved in many catalytic processes
[13-17]. In producing aromatics from non-petroleum carbon-based resources, zeolite is used as an acid catalyst
to selectively catalyze the transformation of several compounds into hydrocarbon products. Usually, other
components, such as a metal or oxide, are needed to form intermediate species and/or promote a reaction that
cannot proceed in a zeolite catalyst. During the conversion process, several reactions can occur in zeolite’s active
sites, such as oligomerization, dehydrogenation, aromatization or cracking, resulting in various hydrocarbon
products, such as olefin, aromatic, paraffin, and other C1 compounds. This selectivity is directed by many factors,
including topology, acid properties, crystallite size, morphology, pore structure, and reaction condition [11].
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Regardless of the complexity of zeolite catalysis, significant progress has been made in using zeolite to produce
hydrocarbon products. Several reports have been published regarding the improvement of the catalytic
performance of zeolite for many reactions. For instance, the breakage of the Anderson-Schulz-Flory (ASF)
distribution in the Fischer Tropsch reaction (FTs) was obtained by combining a classical FTs catalyst with zeolite
[18,19]. In addition, employing zeolite for biomass pyrolysis can enhance bio-oil quality due to its excellent ability
in the deoxygenation process [20]. Along with these signs of progress, several reviews have also been published
regarding the role of zeolite in producing either the simple C1 chemistry product [19], C2+ hydrocarbon [11], or
biofuel [20,21] through several processes. This review focuses on recent advances in zeolite catalysts for
aromatic production from non-oil-based feedstock. We also pay attention to the effect of either zeolite
properties or metal components in improving the catalytic performance. At the end of the conclusion section,
we also provide directions for future research.

Aromatic Production over Zeolite Catalyst

Zeolites are porous materials that are built from tetrahedra AlO4 and SiOs, linked by an oxygen atom. Until now,
255 zeolite frameworks have been reported. However, only few have been applied to commercial processes. In
the case of aromatics production, ZSM-5 is the zeolite type that is primarily being used (Table 1). It contains
pores of ca. 0.5 nm with an MFI type of framework topology. The typical morphology observed in SEM analysis
is coffin-type, although other morphologies have also been reported. With respect to the average pore size, it
has been found to be a suitable size with regard to the kinetic diameter of light aromatics, such as BTX
compounds. Several studies have demonstrated that the selectivity of the aromatic product reached over 80%
by using this type of zeolite [21,22]. In this section, the application of zeolite for aromatic production utilizing
non-petroleum-based feedstock will be discussed.

Aromatic Production from Methanol

The aromatic production from methanol feedstock has almost reached industrial maturity, especially in China.
Several demonstration plants have been set up for the methanol-to-aromatics (MTA) process. For instance, in
2013, Tsinghua University collaborated with China Hudian Corporation to launch the first industrial-scale MTA
plant, in which 30,000 t/a (tonnes per annum) of aromatics are successfully produced. This technology contains
two reactor systems that operate at 450 to 500 °C and 520 to 550 °C. The former is responsible for converting
methanol to a mixture of aromatics and paraffin. Meanwhile, the latter facilitates further aromatization at a
higher temperature for the non-aromatic compound (Cs-Cs paraffin) that remains in the mixture. In 2017, this
process could achieve an aromatic production of 100 t/a with approximately 83% selectivity to aromatic
products [23].

The technology of the MTA process was derived from the well-known MTH (methanol-to-hydrocarbon) or MTG
(methanol-to-gasoline) processes but contains dehydrogenation and cyclization steps (Figure 1). Thus, metal
functionality within the zeolite catalyst is needed for the MTH reaction [1]. Also, it needs a higher reaction
temperature (450 to 550 °C) [1,23] than to produce olefin (380 to 495 °C) [24, 25] or gasoline (340 to 405 °C)
[26] from methanol. The first step of the reaction focuses on the build-up of hydrocarbon pool (HCP) species,
called the induction period. Also, it is believed to be the steady-state period for the hydrocarbon formation in
an autocatalytic process. Based on the hydrocarbon pool mechanism, the HCP species can generate alkane, light
olefins, and aromatics through either the olefinic cycle (methylation and cracking of olefins) or the aromatic
cycle (methylation and dealkylation of aromatics). It further proceeds to the dehydrogenation and cyclization
step to finally generate the aromatic products [1].

Basically, the metal component introduced in the zeolite catalyst aims to enhance the dehydrogenation reaction
rate. Thus, the aromatic selectivity can be increased. Although Ga and Zn are the most popular metals to
combine with zeolite for the MTA reaction, other metals have also been reported to give a positive effect. For
instance, Conte, et al. [27] evaluated several metals, i.e., Ag, Cu, Ni, Pd, Ir, and Ru, impregnated in ZSM-5 zeolite.
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Surprisingly, each metal group exhibits a different selectivity to the aromatic product. The results showed that
Ag generates the highest selectivity to the Cs-Cs aromatic fraction (ca. 40%). Meanwhile, Ni and Cu produce the
highest selectivity for naphthalene and Cs-C11 aromatics (up to 20%), respectively. These values were much
higher than those for the non-impregnated ZSM-5, which had 25% and 1% selectivity to Cs-Cs and Cs-C11 aromatic
products. In addition, there was no effect of Pd, Ir, and Ru metal-modified zeolite on the MTA reaction. The
different selectivity among these catalysts is attributed to the distinct ability of metal-modified zeolite to
stabilize the olefinic intermediates. Ni, Ag, and Cu provide a more stable environment for olefinic intermediates
to efficiently coordinate their metal oxide clusters on the edge of zeolites, thus enhancing the formation of
aromatic compounds. Meanwhile, oxide clusters of other metals, such as Ir, Pd, and Ru, have less interaction
with zeolite crystals, resulting in a smaller effect on the aromatic selectivity product.

Zhang, et al. [28] reported the enhanced catalytic performance of zeolite catalyst in the MTA reaction by
reducing its crystallite size to nanometers and modifying it with Zn. The OH group in the zeolite surface could
interact with Zn and changes the catalyst’s acidity properties. Brgnsted acid was reduced and Lewis acid was
generated. The moderate Brgnsted acid restricts the cracking reaction of C7:+-Co+ polymers; meanwhile, the Lewis
acid promotes the dehydrogenation of C7.+-Co:+ intermediates. Thus, the selectivity to BTX products could be
improved. On the other hand, the nano size of the zeolites diminishes the diffusion path length and residence
time of the molecules, thus enhancing the catalyst lifetime. Notably, there was no decrease in the BTX product
yield up to 20 h of reaction time, and the conversion stayed at ~100% until 40 h of reaction. On the other hand,
by using conventional zeolites, a sharp decrease in conversion up to ~15% was observed. Furthermore, the BTX
selectivity dropped up to half from the initial reaction stage, showing the lower stability of conventional zeolite
compared to nanosized zeolites.
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Figure 1 Schematic illustration of the methanol to aromatic route via olefin intermediate over metal-modified-
zeolite catalyst. Reproduced with permission from Ref. [1], © 2021 American Chemical Society.

Further, Wang, et al. [29] investigated the effect of different zeolite morphologies in Zn/zeolite catalyst.
Remarkable activity and selectivity (48.59%) of the MTA reaction were obtained when using the hollow
morphology of zeolite (hollow capsule structure with mesoporous shell), while the coffin morphology had the
lowest catalytic performance. This remarkable performance is attributed to the hollow morphology’s ability to
facilitate the uniform dispersion of (ZnOH)* sites. Meanwhile, the mesopores facilitate the diffusion and mass
transfer of both reactant and product, resulting in high stability of the catalyst (187 h), which was much higher
than that of the coffin-type catalyst (78 h). This stability has also been related to the ability of the hollow
morphology of zeolites to reduce the carbon deposition rate by facilitating the faster removal of coke precursor
from the channel through the mesopores. Moreover, the mesopores allow a higher capacity of admitting carbon
deposition; thus, the lifetime of the catalyst is longer.

Instead of a zinc element, Qiao, et al. [22] used a zinc phosphate group isolated in zeolite (ZnPHZ) to enhance
the BTX selectivity (up to 85%) of the MTA reaction. The strong interaction between zinc and phosphorus species
with the zeolite surface generates a strong Lewis acid center, which is favorable for BTX production. Particularly
the Lewis nature of the Zn ions (ZnOH*, Zn%*-L acid center) allows faster recombination of surface hydrogen.
Moreover, the decrease of the Bronsted acid sites suppress Cs cracking and improves the cyclization and
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aromatization of Ce™-Co™ oligomer intermediates through dehydrogenation. In addition, the P components
enhance the catalyst’s stability by restricting zeolite dealumination during the process. Moreover, the isolated
structure of the ZnPHZ catalyst limits the loss of zinc compounds, thus extending the regeneration cycle. Based
on the catalytic test, the SnPHZ catalyst could maintain its catalytic activity after five cycles of reaction-
regeneration, showing the high recoverable capability of the catalyst. Particularly, the yield and selectivity of
BTX products in the first cycle was 50.59% and 84.73%, respectively, and 47.30%, and 84.01%, respectively, in
the fifth cycle.

Differently, Shoinkhorova, et al. [6] used high silica ZSM-5 zeolite alone (SiO2/Al.0s = 280) to catalyze the MTA
reaction. Instead of adding metal components to the zeolite, the catalytic performance was enhanced by
employing a high-pressure reaction (30 bar). By applying high-pressure operation, the high partial pressure of
the methanol (and that of primary olefin products) will increase, leading to favorable aromatic production
through the hydrogen transfer, methylation, and oligomerization processes. At the same time, the increase of
the partial pressure of water inhibits the further condensation of aromatic products due to the competitive
adsorption between methanol and water on the Brgnsted acid site. Thus, the catalyst’s lifetime is prolonged.

Aromatic Production from Syngas

Syngas (a mixture of carbon monoxide and hydrogen) is an important resource to substitute carbon-based
petroleum resources. It can be obtained from natural gas, coal, biomass, and even waste such as CO: through
various processes, including steam reforming, pyrolysis, or dry reforming. Conventionally, the well-established
production of hydrocarbon from syngas has been conducted through the Fischer-Tropsch process, in which
several hydrocarbon products can be generated, i.e., gasoline, diesel, jet fuel, aromatics, and olefins.
Unfortunately, the product is limited to the Anderson-Schulz-Flory (ASF) distribution, in which the straight-chain
hydrocarbon product is the dominant product. In this case, combining the FTs catalyst with zeolite has been
reported to successfully break the ASF distribution [10,19].

Principally, the conversion of syngas into aromatic products can be categorized into two steps, i.e., the
transformation of CO into intermediates and further hydrogenation of the intermediates to generate the
aromatic products. The containing Fe (carbide) based Fischer-Tropsch catalyst convert the gas into olefinic
intermediates. Meanwhile, the metal oxide-containing catalyst produces oxygenate intermediates such as
methanol or DME (dimethyl ether). When the intermediate is formed, it proceeds on the zeolite as a solid acid
catalyst through the hydrocarbon pool mechanism [30]. Recently, several reports have been published on
modifying zeolite and combining it with various metal or oxide components to enhance its catalytic properties.
Yang, et al. [31] evaluated both iron-based FT catalyst (Fe203-SiO2) and Cu-based catalyst (CuO-Zn0O-Al20s3) as
methanol catalysts combined with Nb-Ni-HZSM-5 zeolite, respectively coded as Fe-HZ and CZA-HZ. The results
showed that both catalysts had different selectivity to the aromatic product. High selectivity to BTX products
was shown by the Fe-HZ catalyst. Meanwhile, the CZA-HZ catalyst exhibited high selectivity to durene.
Interestingly, combining these two catalysts resulted in high selectivity to trimethylbenzene (triMB) products.
This difference in product selectivity is attributed to the distinct reaction route for each catalyst. On the Fe-
based catalyst, the BTX was produced via cracking, cyclization, hydrogen transfer, and dehydrogenation of
unsaturated aliphatic hydrocarbon. In this case, the polymetylbenzene product was generated by the alkylation
between aromatics and light olefin product, which is difficult to achieve. Thus, the BTX product was favorable in
the Fe-HZ catalyst. On the other hand, the mechanism of hydrocarbon production on the CZA-HZ catalyst follows
the hydrocarbon pool mechanism since the methanol is formed as an intermediate reaction. Under the reaction
conditions, it could reversibly transform to dimethyl ether and further convert to olefins via a dehydration
reaction. Within the zeolite pores, these light olefins can transform via a hydrocarbon pool mechanism, leading
to the generation of many hydrocarbon pool species such as trimethylbenzene.

Cheng et al. [9] reported 80% selectivity of aromatic products using zeolite-containing methanol catalysts
(usually metals or oxides). In their work, the ZSM-5 was coupled with Zn-doped ZrO: nanoparticles. The
evaluation of proximity between each catalyst component was investigated. It was shown that the spatial
arrangement of the different active sites in the bifunctional catalyst is critical in defining conversion and
selectivity. The lowest activity was produced when the two components were separated by quartz wool. By
increasing the bond between both components, the selectivity to the BTX product was enhanced. This is
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reasonable, because the transfer of intermediate CH3OH/DME formed on the Zn-ZrO toward the zeolite catalyst
will be faster if their proximity is closer, preventing the occurrence of an undesired reaction and thus enhancing
the product selectivity. Moreover, the metal oxide component was well distributed on the zeolite surface
catalyst, leading to activity improvement.

Generally, the addition of an oxide component in the zeolite catalyst facilitates the oxygenates species in oxide
vacancies. Huang, et al. [10] reported 83.1% aromatics selectivity from syngas conversion over Ceo.2Zro.s02/ZSM-
5 catalyst. The abundant surfaces of ceria components facilitate the C-O activation process. Meanwhile, zeolite
ZSM-5 provides a moderate acidity, which is appropriate for BTX formation. Interestingly, the crystal size of
zeolite has a vital role in catalytic performance, where a smaller crystallite size produces a higher selectivity. This
is attributed to the increased surface area, acid density, and the enhancement of diffusion properties within the
nanosized zeolite crystal, resulting in a higher selectivity product. In addition, Zhou et al. [32] demonstrated the
hydrogenation ability of mixed oxide Mo-ZrOz, resulting in 22% CO conversion and 76% selectivity to aromatics
when combined with ZSM-5 zeolite catalyst. Moreover, the BTX fraction in the aromatic products could be
increased by 50% after passivation of the zeolite external surfaces.

Aromatic Production from CO

Similar to aromatic production from syngas, the conversion of CO: into aromatic products needs a bifunctional
catalyst responsible for the realization of the two consecutive reactions, CO: activation and aromatization. For
this case, an Fe-based catalyst or metal oxide coupled with zeolite has been reported. During the reaction
process, there are two types of intermediates that can be formed based on the catalyst used. The Fe-based
catalyst usually results in a CO and/or olefin intermediate, while Cu or other metal oxide catalysts produce
methanol in the intermediate reaction. These two different routes are known respectively as reverse water gas
shift (RWGS) and methanol-mediated pathways. The zeolite acts as the acid catalyst for converting the
intermediate to undergo further reactions, such as hydrogen cracking, dimerization, oligomerization,
isomerization, cyclization, and dehydrogenation (H transfer) [33,34]

In the case of aromatic production, zeolite not only provides the active site for aromatization but also selectively
directs the product to the desired product thanks to its unique micropore channel. In the study reported by
Ramirez, et al. [35], the effect of the different topologies of zeolites on CO2 hydrogenation was investigated. The
catalyst used was potassium superoxide doped iron oxide and zeolite (coded as Fe,0s@KO/zeolite), in which
MOR and MFI were employed. The result showed that these two different zeolites generated a difference in
product selectivity. The MFI, a 10-membered zeolite with both a straight channel (5.1 x 5.5 /&) and a sinusoidal
channel (5.1x 5.5 /&), demonstrated a high selectivity to the aromatic product (selectivity of Aro = 24.9%; C»-Cs =
12.1%). Meanwhile, the MOR, which only has a straight channel (8-ring (2.6 x 5.7 A) and 12-ring (6.5x 7.0 A)), is
favorable for light olefins production (selectivity of Aro = 2.6%; C2-Cs = 33.3%). This is attributed to the higher
potential of MFI in providing a confined channel to activate the long alkanes toward the carbenium ions.
However, it should be noted that the acidity properties are also a crucial aspect to be considered, since they play
an important role in promoting the reaction. Therefore, the acidity of these two zeolites should be comparable.
In zeolites, the acidity properties are generally proportional to the Si/Al ratio. Based on the compositional
analysis, the SiO2/Al203 of the samples was 35 and 25 for ZSM-5 and MOR, respectively. However, it was found
from the NH3-TPD analysis that there is no significant difference in acidity between these two zeolites. In their
study, the linear correlation between the Si/Al ratio and the aromatic selectivity in MFl zeolite was also observed.
A higher Al content was more favorable to aromatic formation.

Other than Al, other elements could also be applied to isomorphically substitute the Sicomponents in the zeolite
framework. In this case, the elements should be able to coordinate tetrahedrally. Therefore, trivalent
heteroatoms, such as B, Fe, and Ga, are usually applied, where the nature of these elements affects the acidic
strength of the zeolite. For instance, the order of acidity strength of MFI zeolite after isomorphic substitution is
B—-OH-Si < Fe—OH-Si < Ga—OH-Si < Al-OH-Si [36]. However, for the aromatic production from CO2, a metal is
usually incorporated by wet impregnation, where the metal acts as a counter ion and is located on an extra
framework instead of within the framework of the zeolite. Notably, it also affects the number of acid sites and
their strength. For instance, the phosphorus modification of zeolite MFI in Fe-K/alkaline-Al.Os-zeolite catalyst
through impregnation has been reported to increase the number of medium-acid-strength acid site of zeolites
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due to the interaction of medium acid oxide P20s with ZSM-5. The resulting modified acid characteristic of zeolite
further promotes aromatic formation with 35.5% of aromatic product selectivity [12]. On the other hand, the
modification with Zn and Ga components produces a lower aromatic selectivity, i.e., 28.7% and 24.4%,
respectively. This is related to the change in the acidity properties of the zeolites. After modification, the total
amount of acid in the zeolite decreases because the oxide covers the acid sites of the zeolite. The NH3-TPD
analysis demonstrated a shifted peak toward a higher temperature for Ga- and Zn-modified zeolites, which
indicates the formation of a new, stronger acid site. On the other hand, for P-modified catalyst, the peak shifted
to a lower temperature, which represents moderate acidity of the zeolite. It further confirms that the acidity is
strongly correlated to the catalytic performance of the zeolite catalyst in aromatic production from COz. In the
case of aromatic production from CO2, medium acid strength is needed; therefore, this issue should be
considered when choosing the metal.

In particular cases, such as in para-xylene production, the acidity of the zeolite should be suppressed. Usually,
SiO2 modification is performed to achieve this objective. The zeolite-core and SiO2-shell structure has been
reported to enhance the para-xylene selectivity due to the restriction of the further alkylation and isomerization
of the para-xylene product on the external surface [37]. In addition, the enhancement of para-xylene selectivity
can also be obtained by engineering the morphology of the MFI zeolite catalyst, as reported by Wang, et al. [38].
They found that lengthening the nanochain morphology from 0.0 to 0.73 nm could remarkably improve the para-
xylene selectivity due to the reduction of the exposed straight channel in MFI zeolite leading to the restriction
of the formation of a bulkier molecule as a secondary product, such as tetramethyl benzene. Thus, the para-
xylene selectivity is increased. However, limited mass transfer may occur when the b-axis of the crystal stacking
morphology is longer than 0.73 nm, resulting in a decrease of para-xylene selectivity.

Aromatic Production from Biomass

The practical application of zeolites in biomass conversion is known as catalytic fast pyrolysis (CFP). It is used to
produce bio-oil by conducting the reaction at relatively high temperatures (450 to 600 °C) in the presence of a
catalyst [39]. Basically, the process comprises two steps, i.e., thermal depolymerization and decomposition of
biomass into vapor and further conversion of the vapor into several products such as olefin and aromatics
through the deoxygenation process, where the latter process usually needs a zeolite catalyst [8]. With respect
to the shape selectivity properties, using a suitable type of zeolite could selectively direct the reaction to create
the desired product. In the study conducted by Yu, et al. [39], a different product selectivity from the CFP of
lignin resulted when using zeolites with different topologies. In this case, the highest yields of aromatics and the
lowest coke deposit were produced by ZSM-5 zeolite, followed by Beta, Mordenite, and Y zeolite, respectively,
suggesting that the internal pore space (6.36 A) and steric hindrance (Cl of 6.9) of ZSM-5 are favorable for the
aromatic formation and prevent the generation of large polyaromatic compounds. However, there are still many
large oxygenate compounds contained in the product since the medium-size pores of ZSM-5 cannot let these
large molecules through.

Several efforts to modify the zeolite pore structure have been reported to enhance the aromatic yield. In this
case, the synthesis of hierarchical structure zeolite has been successfully reported with several techniques. For
instance, the post-synthesis with a strong/medium inorganic/organic base, e.g., NaOH [40], Na2COs, TPAOH [41],
and TMAOH [42], has been revealed to increase the aromatic yield in CFP of various biomass feedstock such as,
cardboard waste, kraft lignin, and cellulose. On the other hand, creating hierarchical zeolite during the synthesis
process has also been reported, using mesoporogen as a template. Zhang et al. [8] reported the use of hexadecyl
trimethyl ammonium bromide (CTABr) as template, resulting in zeolite with additional mesopores with a size of
2 to 8 nm [8]. In another work, the same authors applied an organosilane with a different carbon chain length
to create mesopores in zeolite for CFP of rice straw. The results showed that hexadecyltrimethoxysilane
(C19H420sSi) gave the highest aromatic yield (25.6%) with the lowest coke yield (43.3%), having the highest total
acidity and crystallinity with intracrystalline mesopores [7]. In addition, Che, et al. [43] used starch as a green
template to introduce additional mesopores on ZSM-5 zeolite. The results showed that the increase of mesopore
volume in the zeolite samples was followed by an increased amount of aromatic product. The highest yield
obtained from the CFP of wood sawdust using this catalyst sample reached 91.84 mg/g, i.e., much higher than
that of a conventional catalyst (62.32 mg/g).
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Figure 2 Illustration of the catalytic fast pyrolysis (CFP) of biomass over conventional zeolite vs. hierarchical
zeolites. Reproduced with permission from Ref. [43]. © 2019 Elsevier.

From everything mentioned in the previous paragraph, it can be seen that the addition of mesopores in the
zeolite structure exhibits activity and selectivity enhancement for aromatic production. This is expected since
there are many bulky oxygenates compounds in pyrolysis vapors, such as syringol, guaiacol, and their derivative
compounds, that have a larger kinetic diameter than the ZSM-5 zeolite pores. Thus, they cannot be
accommodated by the zeolite micropores [20]. In that sense, the presence of mesopores provides more open
space for those molecules to access the zeolite active sites, leading to enhanced selectivity and aromatic yield
(Figure 2). Moreover, with respect to the reduced diffusional limitation, the formation of coke is also prevented,
resulting in high stability of the catalyst.

In contrast to creating a more accessible catalyst to enhance aromatic production, Cheng, et al. [44] reduced
pore opening to focus on para-xylene as the target of the aromatic product through chemical liquid deposition
(CLD) of tetraorthosilicate (TEOS). This modification enhanced the para-xylene selectivity from 32% to 92% from
the CFP of 2-methylfuran + propylene compound. Furthermore, the addition of Ga components in sylilated
zeolite catalyst boosted para-xylene selectivity up to 96% due to its higher space confinement effect on the
zeolite catalyst. It is believed that Ga in zeolite is responsible for promoting the decarbonylation and the
aromatization of olefin intermediates. Meanwhile, the zeolite component acts as an acid catalyst for other
reactions, such as oligomerization, cyclyzation, and dehydrogenation [45]. Regarding the effect of metals on
zeolite catalyst in biomass conversion, Che et al. [46] evaluated various metals, i.e., Zn, Fe, Ca, Ce, and La. The
results showed that incorporating Zn in zeolite resulted in the highest total yield of BTX product. This is attributed
to the very strong acidity provided by Zn species. However, excessive metal components (10%) lead to a
decrease in BTX yield due to a decrease in acidity and poor reactant diffusion.

Conclusion and Outlook

The utilization of non-petroleum carbon-based resources is a promising method to solve current issues related
to fossil energy depletion. In this case, zeolite plays a vital role in realizing the transformation process from
renewable and waste feedstock into high-added value hydrocarbon products. In aromatic production, ZSM-5
zeolite is the most popular and most suitable for catalyzing this process (Table 1). Mostly, it has to be combined
with other treatments or catalyst components such as a metal or metal oxide to realize the transformation of
feedstock into aromatic product. In the production of aromatics from methanol, the addition of a metal aims to
increase the dehydrogenation and aromatization reaction. Meanwhile, in COx conversion, metal or metal oxide
is used to produce an intermediate reaction through the COx activation process. Differently, aromatic production
from biomass usually uses zeolite alone to catalyze the reaction. However, the biomass should be previously
converted into pyrolysis vapors by applying extreme reaction conditions.

Currently, numerous reports have been published on optimizing zeolite as catalyst for this conversion reaction.
Several metals or oxides from several different elements, such as Fe, Zn, Zr, Ga, Ce, Mo, have been investigated
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to improve zeolite activity by providing oxygen vacancies or hydrogenation ability. Moreover, the modification
of the zeolite structure itself can also enhance catalytic performance. For instance, the modification of the pore
structure with mesopores results in increased diffusion and mass transfer properties, leading to improved
product selectivity. Although several enhancements of the catalytic performance of zeolite-based catalysts on
aromatic production are attributed to one specific structural, textural, or physicochemical property, such as the
topology, crystallite size, morphology, pore architecture, or acidity, it should be noted that during catalytic
evaluation, other properties should also be considered. Sometimes, modifying a certain feature of zeolite also
affects other zeolite properties. Thus, the improved catalytic performance may result from a cumulative effect
of the modified zeolite properties.

In view of the many advances that have been made in this field, several things can be considered. Exploring
other types of zeolite catalysts for aromatic production is still possible, although using ZSM-5 zeolite has shown
excellent results. Zeolites that are synthesized via a green route [47-49] remains unexplored. Also, the
investigation of the appropriate state of metal components must be considered. In this case, a thorough study
on the kinetic aspect of the reaction as well as the catalyst’s state during the reaction should be conducted.
From another point of view, computational study and machine learning may help to predict and predesign either
the catalyst or the reaction process. To this end, the development of mature technology for realizing this process
should also be prioritized.
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