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Abstract: Zeolites are promising catalysts that are widely used in petrochemical, oil, and gas industries
due to their unique characteristics, such as ordered microporous networks, good hydrothermal
stability, large surface area, tunable acidity, and shape-selectivity. Nevertheless, the sole presence
of microporous channels in zeolites inevitably restricts the diffusion of bulky reactants and products
into and out of the microporous networks, leading to retarded reaction rates or catalyst deactivation.
This problem can be overcome by developing hierarchical zeolites which involve mesoporous and
macroporous networks. The meso- and macro-porosities can enhance the mass transport of molecules
and simultaneously maintain the intrinsic shape selectivity of zeolite microporosity. Hierarchical
zeolites are mainly developed through post-synthesis and pre-synthesis or in situ modification of
zeolites. In this review, we evaluated both pre-synthesis and post-synthesis modification strategies with
more focus on post-synthesis modification strategies. The role of various synthesis strategies on the
intrinsic properties of hierarchical zeolites is discussed. The catalytic performance of hierarchical zeolites
in important biomass reactions, such as catalytic pyrolysis of biomass feedstock and upgradation of
bio-oil, has been summarized. The utilization of hierarchical zeolites tends to give a higher aromatic
yield than conventional zeolites with microporosity solely.

Keywords: hierarchical zeolite; synthesis; micropores; mesopores; deactivation; biomass conversion

1. Introduction

Zeolites are hydrated aluminosilicates with an ordered framework, which offers mechanical and
thermal stability to zeolites [1]. In addition to mechanical and thermal stability, zeolites possess shape
selectivity obtained from their uniform microporous framework (pore size <2 nm) and size exclusion
limits imposed on the entry and exit of molecules [2-5]. The unique feature of shape selectivity
make zeolites extensively used throughout numerous industries as shape-selective adsorbents and
catalysts [6-8]. Moreover, some of the distinct features associated with zeolites include hydrothermal
stability, hydrophobicity, high specific surface area, surface acidity or basicity, uniform microporous
structure, and coke suppression, i.e., resistant to coke deactivation [9,10]. These features prompt
zeolites to be promising candidates for their application in various commercial processes, such as the
petrochemical industry, oil refining, pollution abatement, and fine chemistry [11]. Biomass conversion
via catalytic pyrolysis and bio-oil upgradation using zeolite catalysts are among the emerging processes
that have attracted significant interest in recent years.
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Modification of zeolites with mesopores, which enhance accommodation and conversion of
bulky molecules, can be achieved via two strategies: (1) pre-synthesis or in situ modification, and (2)
post-synthesis modification of conventional zeolites. Each of these strategies have their own advantages
and limitations. The most common strategies using post-synthesis modification approach include
demetallation, comprising dealumination and desilication. In addition, a recent article reported by
Feliczak-Guzik [12] that microwave irradiation and recrystallization are also included in post-synthesis
modification strategies. Desilication is also modified by using a surfactant, and thus surfactant-assisted
desilication can also be categorized in post-synthesis modification strategy. The pre-synthesis
modification or in situ modification strategies include exfoliation, pillaring, templating (using both soft
and hard templates), solid zeolitization, and silanization. These strategies are graphically represented
in Figure 1.
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Figure 1. The schematic representation of various hierarchical zeolite formation strategies.
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The utilization of conventional fuels and transportation, in particular, has major contribution
towards CO; emissions, and thus renewable energies have become more important. Biomass is one
of the renewable energy sources, which has become popular in recent years and has the potential
to produce bio-oil, which can replace fossil fuels [13]. The high production cost and sustainability
concerns are among the challenges to deal with when it comes to bio-oil production from biomass [14].
There are various ways to convert the biomass into value-added products, for example, lignocellulosic
biomass can be processed through gasification, pyrolysis, hydrolysis, liquefaction, and aqueous phase
reforming. The catalytic conversion of biomass involves the cracking of bulky molecules, and therefore
conventional zeolites cannot be effective as catalysts. The conventional zeolites comprise micropores,
which are not suitable for bulky molecules to diffuse into the inner pores. Moreover, smaller molecules
entering the micropores and converting into bulky products are unable to diffuse out of micropores,
and thus cause deactivation as active sites are trapped. The modification of zeolite hierarchy offers
more pore dimensions for bulky biomass molecules to reach the active sites and come out as products.

The topic of hierarchical zeolites has been discussed and many review articles have also been
published in recent years [12,15-20]. The articles reported are focused on either covering the synthesis
of hierarchical zeolites as a whole or on specific aspects, such as using hierarchical zeolites as catalysts
for certain reactions. Most recently, a review on hierarchical zeolites and its catalytic applications has
been published by Feliczak-Guzik [12]. All these articles mainly discuss the significance of hierarchical
zeolites from various perspectives. For instance, the recently published article by Feliczak-Guzik [12]
reviewed the synthesis strategies and later discussed the application of hierarchical zeolites for two
processes, i.e., methanol to hydrocarbon (MTH) conversion and Friedal-Crafts alkylation reactions.
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The synthesis of hierarchical zeolites using innovative methods was presented to cover the topic
from the view point of how two dimensional zeolite nanosheets contribute in forming hierarchical
zeolites [15]. The future of hierarchical zeolites in catalysis was discussed by Yan et al. [16], where the
role of shape selectivity and the use of hierarchical zeolites for important gas and liquid phase reactions,
such as the Friedal-Crafts reaction, were reviewed. Other review articles discussed the significance
of sustainable synthesis and commercial utilization of hierarchical zeolites with both economic and
environmental benefits [18,19].

Considering catalytic biomass conversion is an emerging research area and its significance
has attracted enormous interest from industry, this review article specifically aims at exploring the
methods of preparing hierarchical zeolites and their potential applications in catalytic pyrolysis and
bio-oil upgradation.

2. Incorporating Hierarchy to Conventional Zeolites

The incorporation of hierarchical structure into conventional zeolite can be obtained by the
generation of either inter- or intra-crystalline mesopores. In addition, hierarchical zeolites may have
both micropores and macropores. Hierarchical porosity is mainly influenced by synthesis methods [20].
The secondary porosity introduced in hierarchical zeolites offers improved catalytic performance,
which is mainly attributed to diffusion with no impediment, of large compounds into the active sites
present inside the channels. It is generally accepted that the rate-controlling step in catalytic reactions
using zeolite catalysts is the intra-crystalline transport in the case where bulky molecules are involved.
Hierarchical zeolites offer short length of diffusional pathway and thus diffusion limitation can be
minimized; this can be elaborated using Knudsen diffusion [21-23]. The hierarchical modification of
zeolite is considered to result in less steric hindrance due to the introduction of secondary porosities
(mesopores and macropores). Thus, the dimensions of molecules can be increased to a much larger
range as needed for a reaction, which extends the application of zeolites to wider areas. Two types
of active sites may exist in secondary porosity networks based on their different locations: (i) Active
sites accessible from the external surface via secondary channels to the mouth of the microporous
network will have almost no steric hindrance; (ii) however, active sites located at the entrance of
the microporous network will potentially have a few steric limitations and affect the accessibility of
bulky molecules [20]. The shape selectivity of zeolites arising from their ordered microporous network
can have a negative impact on product selectivity, e.g., hierarchical zeolites exhibited a decrease in
the selectivity of p-xylene as compared to conventional zeolites [24,25]. The hierarchical zeolites
offer higher resistance to deposition of carbon by either limiting secondary reactions, which mainly
contribute to coke formation, or by providing alternative active sites through mesopores. By doing so,
deactivation arising from coke deposition is controlled. There are three ways that carbon formation
can cause deactivation: (1) coverage of active sites, (2) loss of external surface due to coke deposition,
and (3) blockage of micropores [26]. It is generally accepted that micro-sized zeolites are more prone to
coke formation than nano-sized zeolites. Hierarchical zeolites are expected to exhibit similar behavior.
It is important to note that the secondary porosity in hierarchical zeolites may accommodate more
carbon deposits, thus resulting in a higher net coke content compared with the conventional zeolites
without mesoporosity [27-30]. Depending on the pore size and diffusional length, bulky molecules can
exit the pores readily to prevent coke formation by reducing the diffusional path length or by having
appropriate zeolite pore size.

3. Modern Strategies for the Synthesis of Hierarchical Zeolites

Researchers have recently been focusing on developing novel strategies to modify conventional
zeolites for synthesizing hierarchical zeolites in order to broaden the scope of their applications.
During the last decade, many review articles have been published covering various aspects of the topic
i.e., hierarchical zeolite synthesis methods and their applications [17,19,20,31-39]. Moreover, various
articles have highlighted the effective approaches for producing secondary mesoporosity without
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selective extraction of Al or Si [40-51]. In this section, we aim to evaluate the emerging strategies for
the modification of conventional zeolites into hierarchical zeolites and compare the post-synthesis and
pre-synthesis or in situ modification strategies. Moreover, the role of these modifications in imparting
the unique features that are required of hierarchical zeolites for specific applications is emphasized.

The modification of conventional zeolites to incorporate secondary mesoporosity using pre-synthesis
or in situ strategies, or in other words, hydrothermal treatment, can be attained via various methods.
The methods involving the use of hard templates require rigid structure-based solid materials, which are
introduced into the zeolite mother gel to act as mesoporous or macroporous templates during the zeolite
crystallization process. These hard template methods have been an area of extensive research in recent
decades. The most commonly studied hard templates are carbonaceous materials due to their structural
diversity, readiness to be removed by high temperature treatment, and their chemical inertness. Conversely,
the hydrophobicity of carbonaceous materials often narrow the scope of their applications.

On the other hand, soft templates have also been extensively studied for hierarchical zeolite
synthesis owing to their flexibility and diversity compared with hard templates. The most frequently
used soft template materials include surfactants and polymers. Some of the novel soft templates to
incorporate hierarchy or secondary mesoporosity are silanized zeolitic seeds, organosilanes, silylane
cationic polymers, and amphiphilic organosilanes. These novel soft templates have been recently
developed and recognized as useful and effective methods. For instance, Kresge et al. [52] made the
first attempt to use surfactants to produce ordered mesoporous molecular sieves. The idea behind the
use of surfactants is associated with the underlying mechanism of micelles formation, which offers
a templating effect during crystallization. The surfactant templates are later removed by heat treatment,
and thus the space occupied by surfactant molecules converts into mesopores.

The concept of dual templating method is also inspired by the surfactant templates. The use of
dual template method to modify the zeolitic materials into hierarchical zeolites by combining the use
of structure-directing agents (SDAs) and various surfactants in the zeolite precursor gel has recently
been an attraction for researchers. In this method, the surfactants are responsible for templating the
mesostructure, while the SDAs build up the whole zeolite along the pore walls of the mesostructure.
The synthesis of hierarchical structure using dual templating method was first used soon after [53-55],
but problems arose, such as phase-segregation, and the amorphous pore walls of zeolites limited the
formation of a successful hierarchical structure. Therefore, numerous modifications, such as the kinetic
control of zeolite seeds, usage of cationic polymers, and optimization of reaction conditions, were made
to obtain a hierarchical zeolite structure [56—-64]. However, these methods offered some disadvantages,
including the formation of an insignificant amount of micropores, excessive time consumption, heavily
relying on synthesis conditions, and generating a defect-rich structure. Serrano et al. [65] firstly
reported the crystallization of silanized zeolite seeds to synthesize hierarchical zeolites. The inspiration
of this strategy was taken from previous works [66—-69], which were based on the existence of small
proto-zeolitic units (approximately 2-5 nm) in the early stages of zeolite crystallization observed in
previous studies. Although this method produced hierarchical zeolites with enhanced surface area,
porosity, and catalytic activity, the high cost of the SDAs makes this method economically unviable for
industrial application.

From the discussion so far, we conclude that the modification of zeolite to introduce secondary
porosity using methods or strategies based on pre-synthesis or in situ or hydrothermal treatment offers
some advantages and limitations at the same time. The complexity of the process, the economical
unviability, and the excessive time consumption are the main hurdles limiting these strategies to be
applied on commercial or industrial scale, while better control of structure is one of the main benefits
associated with these strategies.

Considering the restrictions associated with pre-synthesis modification strategies, the concept
of post-synthesis modification of zeolites in order to incorporate secondary mesoporosity can
be considered an alternative approach, which offers advantages over pre-synthesis modification
strategies, including simplicity of the process, less time consumption, efficiency, scalability, versatility,
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and economic feasibility. These strategies also show disadvantages, such as structural damage and lack
of control over mesoporosity generation. The commercial application of post-synthesis modification
strategies is another attracting factor which allows researchers to focus on this area of research so that
the current industrial catalysts can be improved in terms of efficiency and product selectivity.

The post-synthesis strategies mainly include demetallation, which is composed of dealumination
and desilication. As the name indicates, demetallation involves removal of Al or Si atoms from the
zeolite framework, which incorporates mesoporosity [70]. The main drawback of demetallation is
the structural damage it causes to zeolite. Hydrolysis reactions mainly involved in demetallation
are shown in Figure 2. The removal of aluminum from zeolite framework, commonly known as
dealumination, is considered to be one of the most useful methods for demetallation. Zeolites with
enhanced mesoporosity, high Si/ Al ratio, and good stability are extensively reported to be obtained
using the dealumination [71-73]. The original purpose for dealumination was to attain stable-structure
zeolites with enhanced Si/ Al ratio, but unexpected formation of some random mesopores was also
reported during dealumination [31].
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Figure 2. The schematic description of hydrolysis reactions involved in framework demetallation
(Adapted from [70]. Copyright 2014 Royal Society of Chemistry).

Dealumination requires hydrolysis of Al-O-5i bonds in the zeolite structure and can be achieved
in three ways, including steaming, calcination and acid leaching. The high temperature (>500 °C)
steaming process results in the breakdown of Al-O-5i bonds and thus aluminum loss and defects
generation takes place simultaneously in the zeolite structure. The loss of aluminum paves way for the
movement of less stable silicon to the lost sites and this movement leads to the formation of silanol-rich
domains. During the whole described process, many mesopores are formed and part of the amorphous
structure is healed at the same time [74]. The formation of debris during the process can deposit
on the zeolite surface or inside pores leading to pore blockage and this problem can be addressed
by combining steaming method with acid treatment. Various inorganic and organic acids such as
nitric acid, hydrochloric acid, tartaric acid etc. have been reported to remove debris [71].

The removal of aluminum using heat treatment also helps to achieve zeolites with increased
Brensted acid sites and stable crystalline structure at temperatures of up to 1000 °C. The use of mild
acid is also common after calcination in the case of debris formation [75-77]. The third way to remove
aluminum from zeolite structures is acid leaching. The use of acid to remove debris after steaming
and calcination has been mentioned earlier, however, the generation of mesopores through aluminum
removal using concentrated acids is also reported, and the dealumination via acid leaching depends
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upon the zeolite type, nature of acid being used, and pH [28,76,78-83]. The loss of acidity after aluminum
extraction, broad range of pore size distribution, and in some cases formation of inactive mesopores
inside the channels are among the limitations of dealumination process.

Desilication is another possible way to tailor zeolites with a hierarchical framework by selectively
extracting silicon atoms. Figure 3 illustrates the possible mesoporous formation route from desilication [84].
It can be seen from Figure 3a that one crystallite of the parent sample contains several internal Si-OH
defects, and Si-OH groups located at the external surface are represented in Figure 3b. Formation of
mesopores and removal of internal defects upon alkaline treatment are depicted in Figure 3c,d. Therefore,
it can be inferred that Figure 3 gives a general idea about the incorporation of hierarchy or mesoporosity
into the conventional zeolite upon alkaline desilication. The generation of mesoporosity using alkaline
treatment of zeolites was first reported by Ogura et al. [85], in which it was inferred that mesopores were
formed at the expense of dramatically diminished micropores (~40%). The same group later found out
that simultaneous extraction of both silica and alumina showed that an alkaline environment favored the
extraction of silica more than aluminum from the zeolite framework [86].
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Figure 3. Schematic illustration of the mesopores incorporation to conventional zeolites upon alkaline
desilication (Adapted from [84]. Copyright 2009 Elsevier).

The crystallinity of zeolites was reported to be retained, as most of the silica atoms were found to
have dissolved from the external surface. The effect of varying alkaline conditions, such as treatment time
and alkaline concentrations, was studied and morphological change in ZSM-5 based on these conditions
is shown in Figure 4. It can be seen from Figure 4c that the formation of cracks and defects was obvious
on the outer surface of zeolites. It was concluded that original microporosity inside ZSM-5 structure was
insignificantly influenced by the generation of mesoporosity. The incorporation of mesopores was found
to improve the diffusivity, and thus the catalytic performance for cumene cracking.
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Figure 4. SEM images of alkaline-treated ZSM-5. Treatment was carried out in a 0.1 M NaOH solution
at 338 K for (a) 120 min, (b) 300 min, and (c) in a 0.2 M solution at 353 K for 300 min. (Adapted from [86].
Copyright 2001 Elsevier).

The desilication process can be applied to different types of zeolites, e.g., MFI, MTW, MOR, BEA,
AST, FER, MWW, IFR, STF, CHA, FAU, TON, and TUN [87-100]. The treatment of zeolites with 0.2 M
NaOH solution by keeping the zeolite-to-alkaline solution ratio of ~33 g/L for half an hour at 338 K is
the most common way to remove silica from the zeolite framework. Desilication from BEA showed
that the less stable aluminum in BEA exhibited more silica removal and generated more mesopores
than the same method applied to ZSM-5 and mordenite [89]. The comparison between ZSM-22 and
MEFI when subjected to NaOH treatment showed that ZSM-22 had lower mesopore surface area and
desilication efficiency than MFI, due to their morphological differences [99].

Successful desilication using organic hydroxides, such as tetrapropylammonium hydroxide (TPAOH)
and tetrabutylammonium hydroxide (TBAOH), has also been documented [101]. The advantage of using
an organic base over NaOH is the controllable desilication in the case of organic base as compared to
the fast silicon-leaching kinetics in NaOH. Furthermore, the lower selectivity of organic hydroxide for
silicon extraction leads to the formation of mesoporous zeolites with higher Si/ Al ratios. The synthesis of
hierarchical zeolites without severe loss of micropore volume using the modified desilication procedure
was also reported [102]. The mass transport and catalytic performance can be improved by using organic
cations (TPA* or TBA™) together with NaOH as a pore-growth moderator. It can be concluded that
organic hydroxides offer enhanced mesoporosity without sever loss of microporosity, but their high cost as
compared to NaOH is one of the limitation in using them at a commercial scale [103].

The formation of hierarchical zeolites via post-synthesis etching and base leaching has recently
generated interest. In addition to demetallation, which selectively removes either Al or Si from the zeolite
framework, a modern approach that uses bi-fluoride anions to facilitate incorporation of secondary
mesoporosity is able to keep most Al and Si in the framework. This approach modifies the conventional
zeolite in such a way that the framework composition and the intrinsic acidity of the parent zeolite are
mainly retained. Qin et al. [41] published a brief review on this topic and they highlighted the important
aspects of the fluoride etching route, which prevents significant changes to the framework composition.

Chen et al. [43] investigated similar post-synthesis fluoride etching for making hierarchical
silico-alumino phosphates (SAPO-34). The fluoride etching of SAPO-34 crystals resulted in dissolution
of interface between the intergrown crystals and the formation of straight interacting mesopores.
The formation of mesopores during fluoride etching did not cause significant change in external surface
area. Deposition of extra-framework species was also considered to be negligible. Figure 5 shows the
SEM images of the parent and hierarchical SAPO-34, indicating the dissolution of the interface between
the crystal domains.

The fluoride treatment significantly influenced the acidity of hierarchical SAPO-34 with a significant
loss in Brensted acid sites. This observation was in contradiction with the work reported by Qin et al. [41],
which demonstrated that the intrinsic acidity of the parent zeolite could indeed be retained. On the
other hand, a small amount of Lewis acid sites were observed after the fluoride treatment. Despite the
significant loss of acidity relative to the parent SAPO-34, hierarchical SAPO-34 gave excellent catalytic
activity in the methanol-to-olefin reaction.
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Figure 5. SEM images of (A) parent SAPO-34 and (B) fluoride treated hierarchical SAPO-34. (Adapted
from [43]. Copyright 2016 Royal Society of Chemistry).

4. Role of Post-Synthesis Modification Strategies in Biomass Conversion

The conversion of lignocellulosic biomass using fast pyrolysis is an efficient approach that is not
only simple but also inexpensive. This approach utilizes renewable feedstock to generate bio-based
chemicals and fuels [104-107]. The process thermo-chemically converts solid biomass to solid char,
organic vapors, and light gases using high temperatures (500-700 °C). The organic vapors are then
condensed to gain the desired bio-based products [108,109]. The use of a zeolite catalyst in the catalytic
fast pyrolysis of biomass yields aromatic hydrocarbons, including naphthalene, benzene, toluene, xylene,
and naphthalene through various chemical reactions, i.e., oligomerization, cracking, aromatization,
and deoxygenation. These aromatic hydrocarbons can be further utilized in the petrochemical or refining
industry to generate gasoline-range products [110-114]. The pore size, acid site density, dimensions of
the pore network, and presence of large cages are among the main factors that influence the catalytic
performance of zeolites in these reactions [115-118].

Various types of zeolites including BEA, FAU, ZSM-5, and mordenite have been employed for
fast pyrolysis [35,114,119-122], among which ZSM-5 has been shown to be more efficient than other
zeolite types in converting lignocellulosic feedstock such as lignin, cellulose, and woods into higher
yields of aromatic products [35,110,119]. Its unique pore structure with moderate pore intersection
(d = 6.36 A), pore openings, and steric hindrance makes ZSM-5 suitable for the production of aromatics
from biomass and inhibits coking in the pores [35,114,123]. Researchers have also reported that ZSM-5
is not effective in converting some of the bulky oxygenates, such as syringols, which originate from
lignocellulose decomposition [35,124]. These oxygenates need to be converted, as they cause corrosion
and ageing problems during combustion and storage [105]. The smaller pore size of ZSM-5 compared
to the large shape-selective oxygenate impedes the conversion of bulky molecules inside the pores,
and thus, limited active sites are available at external surfaces for their conversion. The conversion
efficiency could be improved by using large pore size zeolites, such as BEA and FAU zeolites,
but pyrolysis in large pores is more favorable for the generation of coke than of aromatics [35,110,114].

The alternative way to improve the conversion efficiency while maintaining a high yield of
aromatic is to use hierarchical (or mesoporous) zeolites. ZSM-5 has been reported to contribute
effectively when modified to form a hierarchical zeolite catalyst. The mesoporosity of ZSM-5 enhances
the conversion of bulky oxygenates, while the capacity to generate aromatics is conserved with its
microporosity [35,114]. The details of different strategies to generate hierarchical zeolites are discussed
in the previous section. In this section, we address the role of post-synthesis modification strategies to
develop hierarchical zeolites, which are utilized in biomass pyrolysis and also in bio-oil upgradation.

Zheng et al. [125] proposed that the main hindrance to the efficient performance of ZSM-5 was
slow diffusion of both the reactants and the products in its micropores. To support their hypothesis,
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they investigated various sizes of ZSM-5 crystals and correlated size with diffusion path. A comparison
between 2 um, 200 nm, and 50 nm crystals was performed, and the results indicated that the smallest
(50 nm) crystals exhibited the highest yield of benzene, toluene, and xylene. Since only three sizes were
compared, the data was not enough to make a conclusion, as the results also showed that the 200 nm
crystals gave the highest yield of aromatics.

The ZSM-5 catalyst was tailored and a detailed investigation on its crystallinity, porosity, acidity,
elemental composition, zeolite structure, and utility for biomass fast pyrolysis was performed [126].
The catalyst was prepared under various hydrothermal conditions (130,150,170, and 190 °C for 24 h),
and 10 characterization techniques were utilized to study the influence of various parameters, especially
crystallinity and extra-framework aluminum, on its catalytic performance. The porosity analysis showed
that hydrothermal treatment significantly affected the mesoporosity of the zeolite. The total surface area
increased from 372 (for commercial zeolite) to 398-481 m? /g (for the prepared catalysts). The mesoporosity
increased threefold in comparison with that of commercial zeolite. The activity results are shown in
Figure 6. It is noteworthy that the catalysts with the highest mesoporosity, i.e., ZSM-5 hydrothermally
treated at 130 and 150 °C for 24 h, showed aromatic yields of 15% and 27%, respectively, which are
even lower than the aromatics yield of commercial zeolite. This result implies that mesoporosity and
smaller size may enhance diffusion but cannot guarantee better yield. Therefore, an optimized catalyst
with improved crystallinity and enhanced aluminum insertion in the zeolite framework was prepared
and tested. This optimized ZSM-5 catalyst exhibited better performance despite having a lower total
surface area, pore volume, and mesoporosity, showing that crystallinity and aluminum insertion played
key roles during the pyrolysis reaction.

-Commercial ZSM-5
I 24 h, 130°C
Il 24 h, 150°C
[ 24 h, 170 °C
I 24 h, 190 °C

Il Optimized ZSM-5

Benzene
Toluene
Xylene
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Figure 6. The selectivity and aromatic yield for the catalytic fast pyrolysis of cellulose at 700 °C.
(Adapted from [126]. Copyright 2016 Wiley-VCH).

The study of the impact of desilication on aluminum-rich ZSM-5 and its consequences on the
catalytic pyrolysis of biomass revealed that desilication significantly influenced the acidity, structure,
and performance of ZSM-5 [127]. The comprehensive characterization of the resulting zeolites
showed that the crystallographic structure, elemental composition, microporosity, and aluminum atom
distribution in the framework and extra-framework sites were not greatly influenced by the application
of mild desilication conditions to ZSM-5. However, the enhanced mesoporosity increased the Bronsted
acid sites by as much as 50%. The SEM images of desilicated ZSM-5 shown in Figure 7 depict the effect
of alkali concentration on the surface modification of ZSM-5. A higher alkaline concentration (1 M
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NaOH) resulted in visible surface roughness, as well as the formation of larger mesopores. The biomass
pyrolysis results revealed that increasing the alkaline concentration from 0.2 M to 1 M resulted in
a decrease in activity.

Figure 7. SEM images of (A) untreated ZSM-5, and NaOH-treated ZSM-5 at (B) 0.2 M, (C) 0.5 M,
and (D) 1 M. (Adapted from Ref. [127]. Copyright 2017 Elsevier).

The better performance of ZSM-5 treated with a 0.2 M alkaline solution could be attributed to the
presence of microporosity in addition to mesoporosity, showing the importance of micropores for the
catalytic pyrolysis reaction. Recently, the role of a hierarchical zeolite prepared using a post-synthesis
modification strategy, i.e., desilication using NaOH, was elaborated for the catalytic pyrolysis of oak
in a microfluidized bed reactor [128]. Furthermore, the coke deposition was extensively investigated
to examine the location of coke deposition and its impact on catalytic performance. The activity
results indicated that the hierarchical zeolites were more selective towards mono-aromatics, and the
selectivity increased twofold after the desilication of the parent zeolite. The better activity results of
the hierarchical zeolite could be attributed to the formation of open mesopores during desilication
that were large enough for the diffusion of reactants and subsequent products, which could not be
achieved in the microporous parent zeolite. Moreover, the larger molecules break down to smaller
molecules in the presence of Brensted acid sites at micropore mouths, and these smaller molecules
later produce aromatics, making the hierarchical zeolite shape selective. The energy dispersive
x-ray spectroscopy (EDX) study in the TEM revealed the formation of three types of coke in the
carbon-deposited zeolites: (A) coke deposition inside the micropores, (B) coke formed on exterior of
the crystal surface, and (C) coke precursor trapped in the mesopores. The formation of various coke
types versus the biomass-to-catalyst ratio is depicted in Figure 8.

The type of coke formed inside the micropores is more “toxic” than the other two types of coke.
The external coke formation mainly relies upon the formation rate of volatiles from wood, their mass
transfer to the zeolite surface, their reaction at the external surface, and their internal diffusion into
the crystals. This type of coke does not affect the zeolite micropores, which still remain open for reaction.
The mesoporosity generated by alkaline treatment paves the way for carbon deposition in the mesopores,
thus decreasing the mesopore volume, which in this work occurs at a higher biomass-to-catalyst
ratio (0.85). This result depicted greater formation of coke on the outer surface than in the inter-crystal
mesopores. Coke generation in the microporous zeolite is the most toxic, as it blocks the micropores.
A schematic diagram of the mechanism of coke formation during catalytic pyrolysis is shown in Figure 9.
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Figure 9. Schematic diagram of the mechanism of coke formation during the catalytic pyrolysis of
biomass. (Adapted from [128]. Copyright 2017 Royal Society of Chemistry).

Kabir et al. [129] have recently utilized solid waste (i.e., steel-slag) to prepare mesoporous zeolite
using acid and base treatment. The as-synthesized hierarchical zeolite was tested for catalysis of the
oil palm mesocarp pyrolysis reaction in a temperature range of 450 to 600 °C. The mesoporous zeolite
exhibited a mesopore surface area of 72.9 m?/g, a mesopore volume of 0.45 cm®/g, and an average pore
size of 25.51 nm. These textural properties significantly contributed to the conversion of bulky oxygenated
compounds obtained from the pyrolysis reaction vapors. The variation in pyrolysis temperature showed
a maximum bio-oil yield of 47% at 550 °C, and the products consisted of stable acid-rich carbonyls
in higher concentrations than phenolics. The strong acidic surface and higher mesoporosity of the
hierarchical zeolite mainly contributed to converting bulky oxygenates to light carbonyls and aromatics.

The role of various alkaline treatments on the catalytic performance of ZSM-5 for cellulose pyrolysis
was investigated in a micro-reactor system [130]. ZSM-5 was treated with sodium carbonate (NapCO3),
tetrapropylammonium hydroxide (TPAOH), and sodium hydroxide (NaOH). The characterization
results showed that the treatment of ZSM-5 with Nay,CO3 (0.4-0.8 M) presented much more controlled
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desilication than the treatment with NaOH. Both the amount and the strength of strong acid sites were
enhanced by NayCOs3 treatment. The NayCOs treatment also formed a hierarchical zeolite structure
with both micro- and mesoporosity. In contrast, TPAOH affected only the crystallinity of the zeolite,
and no change in structure was detected. Higher yields of aromatic hydrocarbons were achieved in
NapCOs-treated zeolite than in NaOH-treated zeolite. The aromatics yield increased after NayCOs3
treatment and decreased after NaOH treatment, but the opposite trend was observed for the coke yield.
The zeolite desilicated with 0.6 M Nap,COj3 exhibited the maximum yield of aromatics (38.2%) and the
minimum coke yield. The strongly acidic nature of Na,COj3 treated zeolite shifted the selectivity more
towards valuable light aromatics than large aromatics.

Nuttens et al. [122] applied hierarchical zeolites to volarize biomass intermediates (e.g., x-pinene)
from turpentine oil. In their study, commercial zeolites, included ultrastable Y (USY), beta, and ZSM-5,
were modified using base leaching by NaOH, NH4OH, diethylamine, and NaOH with tetrapropylammonium
bromide. Among the tested commercial zeolites, the introduction of secondary mesoporosity into USY zeolite
using diethylamine and NH,OH was the most successful. The hierarchical USY zeolites exhibited excellent
catalytic performance of up to almost 6-fold increase in activity, in the biomass conversion studied due to the
significant increase in external surface area.

Ding et al. [131] studied the impact of alkaline concentration during the desilication of HZSM-5
on the catalytic pyrolysis of waste cardboard for aromatics production. The concentration of NaOH
used as the alkaline source was varied between 0.1 and 0.7 M. The desilication process at mild alkaline
concentrations (<0.3 M) increased the formation of weak acid sites as well as mesopores, while preserving
the crystalline structure and micropores of HZSM-5. Higher concentrations of alkaline caused collapse
of the crystallinity and micropores of HZSM-5. The combination of retained micropores and mesopores
generated during alkaline treatment dramatically enhanced the product yield, and a 44% decrease in
coke deposition was observed as well.

The production of aromatics from waste cooking oil over zeolites was studied using catalytic
fast pyrolysis [132]. The zeolites were subjected to successive dealumination and desilication and
their influence on catalytic activity was investigated. The textural characterization results revealed
the formation of mesoporous structure in the modified zeolites. Improvements in both surface area
and pore volume was observed after the zeolites were desilicated. The co-existence of micro- and
mesoporosity indicated the formation of hierarchical structure during alkaline treatment, but severe
alkaline conditions led to micropore loss. The modification time also affected the structure and acidity
of the mesoporous zeolites, showing a decreased in the Si/Al ratio as the modification time was
increased. Similarly, strong acid sites were replaced with weak acid sites, which were enhanced with
increasing modification time. The catalytic performance results showed better aromatics yields over
the modified zeolites than over the parent zeolites. Increasing the modification time to 4 h further
enhanced the aromatics yield from 42.61 to 58.56%, while further increasing the modification time
decreased the yield to 40.96%. This trend could be ascribed to the formation of a suitable synergy
between micro- and mesoporosity in the modified zeolite during a moderate modification time of 4 h.
Moreover, desilication using NaOH facilitated the formation of mesoporous structure, but the acidity
was not improved. The zeolites were further modified by dealumination after desilication, and it
was found that the zeolites subjected to desilication followed by dealumination exhibited better
performance and product yields.

Bio-oil production from the microwave-assisted catalytic fast pyrolysis of poultry litter using
a hierarchical zeolite comprising ZSM-5 and MCM-41 was investigated [133]. The zeolite was subjected
to NaOH treatment in which the NaOH concentration varied from 1.5 to 3 mol/L. Hierarchical zeolite
were obtained by NaOH leaching, CTAB loading, and finally calcining of the zeolite, thus producing
a zeolite composite with MCM-41 as a shell covering ZSM-5 as the core. The results indicated that
the shell and core zeolite possessed both microporous and mesoporous structure, and increasing the
NaOH concentration increased the surface area as well as the pore volume. The catalytic activity
results showed that coke precursors, i.e., large oxygenated molecules, were converted into smaller
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compounds in the shell side mesopores induced by increased NaOH concentration. Thus, increasing
the NaOH concentration decreased coke formation. The decreased coke formation on the shell side
allowed more diffusion of pyrolysis vapor into the internal pores of core ZSM-5, thus enhancing
yield of water and gas. The maximum oil fraction was observed when a NaOH concentration of 3 M
was used.

The catalytic performance of alkaline-treated zeolite for obtaining biomass-derived furan was
investigated, and the impact of the alkaline concentration on the performance and structure of the
as-prepared hierarchical zeolite was studied [134]. A moderate alkaline concentration promoted
the formation of sheet-like mesopores, which consequently enhanced catalytic activity, but a further
increase in the alkaline concentration led to the formation of redundant mesopores. These non-ideal
mesopores lowered the access to acid sites, and thus the selectivity; harsh alkaline treatment even
collapsed the framework. A concentration of 0.3 M exhibited the best performance among all the tested
zeolites prepared at various alkali concentrations. When the hierarchical zeolite with 0.3 M NaOH
was subjected to a reaction-regeneration cycle, it exhibited excellent performance even after 20 cycles,
showing its long term stability during the reaction.

The catalytic fast pyrolysis of Japanese larch was studied over hierarchical MFI zeolite prepared
from amphiphilic organosilane used as the mesopore-directing agent [135]. The performance of
the MFI zeolite was compared with that of conventional HZSM-5 and that of mesoporous HZSM-5
derived from HZSM-5. The activity results revealed the excellent performance of hierarchical MFI
zeolite for aromatization and deoxygenation. The hierarchical MFI zeolite also exhibited higher
selectivity towards valuable aromatics, but the selectivity towards the organic fraction of bio-oil
decreased. Moreover, the production of undesired products, i.e., polycyclic aromatic hydrocarbons
and a high amount of coke, was observed for the hierarchical MFI zeolite and was attributed to its
high mesoporosity.

Stefanidis et al. [136] modified mordenite zeolites using alkaline treatment and studied the role
of mesoporous mordenite in biomass pyrolysis. The mesoporosity and crystallinity of mordenite
mainly depended upon the strength of the alkaline solution. The Si in mordenite was selectively
extracted, and thus, the Si/Al ratio decreased after the alkaline treatment. The catalytic activity
results indicated improved performance of mesoporous mordenite in deoxygenation and in the
production of better-quality bio-oil. Despite the lower acidity of mesoporous mordenites, synergy
among the mesoporosity, high surface area, and high Si/Al ratio contributed to enhancing their
catalytic performance.

The product distribution and yield of biomass catalytic pyrolysis were optimized using various
types of zeolites [123]. The catalytic performance of mesoporous zeolite was compared with that
of other zeolites and found to show a slight improvement in activity. The mesoporous zeolite also
promoted the formation of coke, decreased the promotion of monocyclic aromatics, and was found to
favor the formation of large aromatics.

The roles of the morphology and mesoporous structure of ZSM-5 were investigated in catalytic
fast pyrolysis [29]. ZSM-5 catalysts with various morphologies were tested, and the results indicated
positive impacts of mesoporosity and crystallite size on activity. The higher the mesoporosity and the
lower the crystallite size, the better were the conversion and the selectivity. A significant reduction
in coke formation was also observed after the incorporation of mesoporosity. The micropores were
mainly blocked by coke formation, while no coke formation was observed on the exterior or within
the mesopores, thus leaving the mesopores available as active sites for reaction.

Lee et al. [137] utilized a combination of both pre-synthesis and post-synthesis strategies to
synthesize mesoporous zeolite by modifying commercial zeolites. The resulting aluminosilicates possessed
well-developed mesoporosity, controlled aluminum contents, hydrothermal stability, and a suitable
distribution of weak and strong acid sites. The mesoporous zeolites were tested for bio-oil upgradation via
the catalytic pyrolysis of woody biomass, and their performance was compared with that of other zeolites,
such as HZSM-5 and AI-MCM-41. The activity results indicated better performance of the mesoporous
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zeolites than the other zeolites. The mesoporous zeolites were lacking in the amount and strength of acid
sites due to their disordered framework structure, but their hydrothermal stability significantly contributed
to bio-oil upgradation. The mesoporous zeolites retained their performance even after regeneration,
showing good reproducibility of their activity results in multiple regeneration cycles.

Table 1 summarizes highlights of hierarchical zeolites studied for catalytic fast pyrolysis of various
biomass feedstock. It is noteworthy that some of the conventional zeolites, when transformed into
hierarchical zeolites, are found to be less active, and thus the parent zeolites produce more aromatics
than modified zeolites.

Table 1. Summary of performance of hierarchical zeolites for catalytic biomass pyrolysis.

Zeolite type Biomass Aromatics Coke Operating Conditions Ref
Feedstock Yield (%) Yield (%) (T (°C), C:F Ratio) I )

Meso ZSM-5 Furan 11.2 3.6 600; - [29]
ZSM5-optimized Cellulose 32 - 700; 20:1 [126]
ZS5M-5-0.2M 2 Cellulose 294 - 550; 20:1 [127]
ZSM-5-0.2M 2 Lignin 7.7 - 550; 20:1 [127]
ZSM-5-0.2M 2 Red oak 27.9 - 550; 20:1 [127]
HZSM-5-0.6M P Cellulose 38.2 27 600; 20:1 [130]
HZSM-5-4h © Waste cooking oil 58.5 - 600; 4:1 [132]
HZSM-5-0.3M 2 Furan 14.57 7.43 600; - [134]
Z5M-5-0.3M 2 Beach wood 30.1 39.9 600; 10:1 [138]
Z5M-5-0.3M 2 Cellulose 32.1 28.4 600; 10:1 [138]
Z5M-5-0.3M 2 Lignin 13.2 54.7 600; 10:1 [138]
HZSM-5-0.01MR ¢ Rice straw 26.8 39.2 600; 20:1 [139]
Parent-HZSM-5 Cellulose 34.4 35.1 600; 20:1 [140]
P-HZSM-5-(0.15) € Cellulose 37 28 600; 20:1 [140]
D-HZSM-5-(0.6) € Cellulose 33 38 600; 20:1 [140]
P-ZSM-5(10) £ Cellulose 41.8 31 600; 20:1 [141]
HSM-5-0.2M 2 Rice straw 27.4 354 600; 20:1 [142]
ZSM-5-HTS & Cellulose 39.6 27.5 600; 1:20 [143]

Note: @ xM = Concentration of NaOH for hierarchical zeolite synthesis; b xM = Concentration of Na,COs3;
¢ 4h = Leaching time; d 0.01MR = Molar ratio of CTAB/SiO5; ¢ P = pre-crystallized; D = dry gel-based; (0.15) and
(0.6) are the sucrose-to-silica ratio; f P = 3-(Phenylamino)propyltrimethoxysilane; 10 = amount of organosilane agent;
8 HTS = hexadecyltrimethoxysilane; ! T = reaction temperature, C:F ratio = catalyst-to-feedstock ratio. Pressure is
atmospheric, unless stated otherwise.

The performance assessment for bio-oil upgradation using bottom-up technique based zeolite
yielded more mono-aromatics than polycyclic aromatics. This result was mainly attributed to their
higher porosity and acidity, which significantly contributed to enhancing the catalytic activity of
mesoporous zeolite over that of its parent zeolite [144].

The modification of ZSM-5 by using alkaline desilication to incorporate mesoporosity into the
parent zeolite was evaluated for its influence on the composition and yield of bio-oil obtained from the
pyrolysis of cellulose and miscanthus [145]. The mesoporous zeolite exhibited better deoxygenation
capacity but lower bio-oil yield than the parent zeolite. Moreover, mesoporous zeolite produced
small oxygenates from the aldol condensation reaction and higher concentrations of aromatics.
The synergistic effect of changes in both the acidity and the porosity of the mesoporous zeolite
was the main factor affecting the aromatics yield. The increase in porosity and decrease in acidity
both contributed to improving the performance of the mesoporous zeolite in upgrading bio-oil in
a bench-scale fixed-bed reactor.

The impact of the interplay between the acidity and porosity of hierarchical zeolites obtained by
various techniques on bio-oil upgradation was investigated [146]. Hierarchical zeolites with varying
Si/ Al ratios were prepared using alkaline desilication and acid washing, and some of the prepared
zeolites were subjected to post-synthesis acid treatment. The characterization results indicated that the
alkaline and acid treatments significantly influenced the mesoporosity and acidity. A mesopore volume
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(Vimeso) as high as 0.51 cm®/g was obtained for a hierarchical zeolite prepared with successive alkaline
treatment and acid washing. The increase in mesoporous surface area also caused an increase in the
amount of Brensted acid sites on the external surface. The catalytic upgradation of bio-oil seemed
to be strongly dependent upon the Brensted acid site density on the mesopore surface, as well as on
the extent of mesoporosity incorporated in the hierarchical zeolites. The activity results revealed that
the hierarchical zeolites deoxygenated bio-oil via a decarbonylation reaction, while the parent zeolite
promoted a dehydration transformation. The presence of a higher amount of Brensted acid sites at the
mesopore surface of hierarchical zeolites greatly promoted the formation of aromatics.

Mohammed et al. probed the performance of microporous and hierarchical mesoporous zeolites for
the pyrolytic upgradation of Napier grass [147]. The effects of zeolites on the reaction pathways,
product composition, and distribution were also investigated. Two types of hierarchical zeolites
were synthesized via desilication using sodium hydroxide concentrations of 0.2 and 0.3 mol/L.
The physisorption results indicated the formation of mesopores. The loss of microporous surface
area and pore volume also confirmed the formation of mesoporous zeolite. The estimation of the surface
acidic sites using temperature-programmed desorption with ammonia as the probe gas showed the
existence of strong acid sites in the parent microporous zeolite, while a clear shift from strong acidic sites
to weak acidic sites was observed in the modified hierarchical zeolites. The catalytic performance results
revealed the positive influence of the hierarchical zeolite on pyrolytic oil upgradation. The hierarchical
zeolites enhanced the extent of the deoxygenation reaction, improved the product distribution and
contributed to the yield of valuable products from oxygenate transformations. The hierarchical zeolites
also produced cycloalkanes and mono-aromatics, in contrast to the parent zeolite, which generated cyclic
olefins and polyaromatic hydrocarbons. Moreover, the hierarchical zeolites promoted decarbonylation
and decarboxylation, while the parent zeolite mainly favored dehydration. Between the two hierarchical
zeolites, the mesoporous zeolite prepared with 0.3 M NaOH exhibited excellent activity and stability,
even after four cycles. The product analysis after using the regenerated catalyst revealed a decrease
in aromatic hydrocarbon content and an increase in phenol content. The loss in aromatic content was
mainly due to the loss of active sites in the regenerated catalyst compared to the fresh catalyst.

The upgradation of bio-o0il was studied using an esterification reaction over mesoporous zeolites,
which helps to deoxygenate the bio-oil, and thus reduce hydrogen consumption in successive refining
steps [148]. The hierarchical zeolites were synthesized using alkaline treatment and acid washing.
The physisorption results indicated significant increases in mesopore surface area and pore volume after
alkaline treatment. However, interestingly, the micropore volume remained constant, which showed
the stability of zeolite framework under the treatment conditions. The esterification reaction over
conventional and hierarchical zeolites revealed the significant esterification over zeolites with large pores
at lower reaction temperatures (453 K), while medium-pore zeolites exhibited substantial ester formation
at slightly higher temperature (473 K). The study of the impact of the Si/ Al ratio showed a maximum
ester yield over faujasites, while similar yields were obtained over a range of ratios in the case of BEA
zeolites. The desilication treatment of the ZSM-5 zeolite resulted in a decrease in acidity and an increase
in mesoporosity, which negatively influenced the ester formation in consecutive reaction runs, while the
activity remained intact in the case of faujasite zeolites.

Research on the utilization of hierarchical zeolites for biomass conversion is still in progress,
seeking to determine a suitable mesoporous structure with appropriate acidity and crystallinity that
could pave the way for the effective conversion of biomass into desired products. Further investigation
is still required to probe the role of mesoporous structure and crystallinity in the mechanism of biomass
conversion to valuable aromatics. The performance of hierarchical zeolites versus conventional zeolites
can be graphically represented based on the main products achieved after their use for biomass
conversion and pyrolysis (Figure 10).
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Figure 10. Comparison of the performances of hierarchical zeolite versus conventional zeolite for
biomass conversion and pyrolysis.

5. Summary

The hierarchical zeolites have been an area of interest for researchers in recent years due to
their remarkable properties suitable for catalysis, especially for biomass conversion and pyrolysis
and bio-oil upgradation. Properties such as their high surface area, uniform microporous structure,
significant stability under hydrothermal conditions, tunable acidity, hydrophobic nature, and resistance
to coke deactivation make hierarchical zeolites a strong candidate for renewable fuel production,
e.g., the production of aromatics from biomass. This review highlighted various ways of introducing
mesoporosity into conventional zeolites, and discussed recent articles on biomass pyrolysis and
bio-oil upgradation using hierarchical zeolites as catalysts. Mesoporosity allows large biomass
molecules to access the active sites within the zeolite structure. Moreover, mesoporosity also helps to
promote the formation of valuable products (e.g., monoaromatic hydrocarbons), while large, undesired
polyaromatic hydrocarbons are formed over the microporous channels. The mesoporosity is not the
only factor contributing to the yield of the desired products, but shape selectivity and the presence
of weak acid sites also play vital roles in biomass pyrolysis with valuable outcomes. Various studies
have confirmed that hierarchical zeolites with incorporated mesoporosity and elemental composition
could not generate the desired product yields, while the product yields were significantly enhanced
upon the introduction of weak acidic sites. Both the mesoporosity and acidity contributed prominently
to bio-oil upgradation. The prospect of using hierarchical zeolites for biomass pyrolysis and bio-oil
upgradation is promising. Detailed studies on the shape selectivity, control of pore size, acidity, and
the generation of hierarchical zeolites with multifunctional characteristics should be carried out for
biomass conversion and pyrolysis in pilot scale.
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