DE GRUYTER

Rev Chem Eng 2025; 41(8): 775-807 a

Review

Nooshin Taghili, Rouein Halladj* and Sima Askari

Advancements in synthesis methods and their
effects on the physico-chemical properties and
yield efficiency of ZSM-5/SAPO-34 composites: a

comprehensive review

https://doi.org/10.1515/revce-2025-0011
Received February 26, 2025; accepted September 12, 2025;
published online October 23, 2025

Abstract: The introduction of SAPO-34/ZSM-5 composite
zeolites has significantly advanced the field of catalysis due
to their unique hierarchical structure, adjustable acidity,
and shape-selective properties. By combining the distinct
features of ZSM-5 and SAPO-34, these composites have
improved catalytic activity, stability, and selectivity in pro-
cesses such as methanol-to-olefins (MTO). Since 2010, various
synthesis techniques, including hydrothermal, ultrasonic-
assisted, steam-assisted, microwave assisted, and solid-solid
transformation methods, have been developed to optimize
the textural and chemical properties of these materials. This
review aims to comprehensively examine these synthesis
methods, focusing on their conditions, impact on physico-
chemical properties, and catalytic efficiency. By highlighting
recent advancements and addressing existing challenges, we
hope to provide insights that will improve composite syn-
thesis and encourage broader industrial applications in
catalysis.
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1 Introduction

Zeolites are a kind of crystalline aluminosilicates made up of
Si0, and AlO, tetrahedra linked by the sharing of an oxygen
atom between two tetrahedra to create three-dimensional
frameworks with consistent pore diameters, usually
ranging from 0.25 to 1nm (McCusker and Baerlocher 2001).
The International Zeolite Association (IZA) has defined
over 200 zeolite structures, with about 20 of them being
commonly used in various industrial processes such as
fluid catalytic cracking (FCC), alkylation, methanol-to-
hydrocarbons (MTH), and hydro conversion processes (Vu
et al. 2016). Zeolites are highly effective catalysts due to their
exceptional properties, including their crystallinity, large
surface area, superior hydrothermal stability, tunable acidity,
and well-defined pore sizes that exhibit shape-selectivity.
However, the micropores of zeolite catalysts can restrict the
diffusion of large molecules, leading to lower catalytic effec-
tiveness. This restricted access and slow molecular transport
to and from active acid sites within the zeolite crystal, known
as “configure rational” diffusion, can limit the overall catalytic
performance and lead to pore blocking by large molecules or
coke-like deposits, which can result in catalyst deactivation
(Corma 2003; Hartmann et al. 2016; K. Li et al. 2014; Parlett et al.
2013; Pérez-Ramirez et al. 2008; Vogt and Weckhuysen 2015).
In contrast, the discovery of ordered mesoporous ma-
terials (OMMSs) such as MCM-41 or SBA-15 has opened up a
promising opportunity to bridge the gap between zeolite
catalysis and the mesoscale. OMMs have regular mesopores
ranging from 2 to 30 nm, which allows for Knudsen diffusion,
a diffusion regime with significantly higher diffusivity
compared to the “configure rational” diffusion that occurs in
the micropores of zeolites. However, OMMs lack the key
characteristics of zeolites, such as high hydrothermal sta-
bility and strong intrinsic acidity, due to their non-
crystalline mesopore walls. As a result, their practical ap-
plications are severely limited (Liu and Pinnavaia 2002a;
Malgras et al. 2015; Vu et al. 2016; Wu and Yamauchi 2012).
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Therefore, various techniques such as acid leaching (Ma
et al. 2024), steaming (Xu et al. 2023), ion exchange (Liu et al.
2024), thermal treatment (Zapater et al. 2024), hydrothermal
dealumination (Sim et al. 2024), and element surface modi-
fication (Barros et al. 2024; Kubo et al. 2014; Lach et al. 2022),
have been employed to functionalize the external surface of
zeolites, inducing the formation of mesopores and achieving
a more desirable acid distribution. However, these methods
may also result in partial destruction and deposition of
species, leading to a reduction in the effective diameter of
pore openings and a subsequent decrease in catalytic ac-
tivity (Chal et al. 2011; Kubo et al. 2014; Razavian and Fatemi
2015). Another approach to modify the surface structure and
manipulate catalytic properties is the growth of a continuous
shell over zeolite core crystals (Al-Naddaf et al. 2020; Zhao
et al. 2014). This shell acts as a barrier that controls access to
the core, which possesses specific properties, thereby
enhancing the stability and functionality of the composite
material (Cejka and Mintova 2007; Schwieger et al. 2016; Vu
et al. 2012; Xie et al. 2010). Therefore, designing hierarchical
zeolitic materials that combine the benefits of microporous
crystalline zeolites with mesoporous materials is extremely
desirable. A substantial number of hierarchical zeolitic
materials have been produced in the last several decades,
and they may be generally divided into two categories:
zeolite composites and hierarchical zeolites (HZs). HZs are
pure zeolite phases in which a significant quantity of mes-
oporosity has been added to the natural microporosity. This
may be accomplished by either creating intracrystalline
mesoporosity between intergrown nanosized zeolite crys-
tals (called nanozeolites) or embedding it within zeolite
crystals (called mesoporous zeolites). Conversely, zeolite
composites, also known as micro/mesoporous zeolitic com-
posites (MZCs), are made up of a mesoporous component
that serves as a composite partner and a zeolite phase (Liu
and Pinnavaia 2002b; Schwieger et al. 2016; Vu et al. 2016,
2012).

Over the past several years, many researchers worked
on different zeolite composites. Among them, Bouizi et al.
successfully synthesized a series of microcomposites with
different zeolite structures, including SOD-LTA, BEA-LTA,
FAU-MFI, MFI-BEA, BEA/MFI, and MFI/MFI (silicalite-1/ZSM-5
and the reverse). According to their results, if the combina-
tion of the core material and shell precursor mixture was not
compatible, the issue was resolved by introducing pre-
existing core crystals. Nevertheless, the creation of a core/
shell structure was still problematic for certain cases, such
as SOD/LTA, because the composition and crystallization
fields of the two structures were incompatible (Bouizi et al.
2006, 2005). So, it is crucial to ensure that the shell and core
materials are chemically compatible and structurally
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similar, and that the crystallization conditions overlap in
order to successfully produce an integrated shell around
single crystals. So far, only a few zeolitic compounds have
been synthesized with these criteria. For example, MFI/MEL
(Fan et al. 2006) compounds have identical building units but
different spatial arrangements, MFI/MFI (Lombard et al.
2010; Vu et al. 2008) compounds have similar building units
and crystallization conditions, BEA/MFI (Bouizi et al. 2005)
compounds have entirely different structures, and MOR/MFI
(Al-Naddaf et al. 2020; Zhao et al. 2014) compounds have
some overlapping framework compositions and crystalliza-
tion fields. These examples demonstrate the partial or
complete overgrowth of one zeolitic material by another,
typically achieved through a two-step synthesis method
(Razavian and Fatemi 2015).

Moreover, there are two other important categories of
composite materials: intergrowth, which results from the co-
crystallization of zeolite materials with hybrid crystals, and
epitaxial growth, which involves the selective orientation of
a zeolite material on different crystal faces. Examples of
intergrowth materials with similar planar building units
include ERI/OFF (Yang and Evmiridis 1996), MFI/MEL
(Francesconi et al. 2005), CHA/AEI (Sun et al. 2024), and BEA/
MOR (Qi et al. 2008). Additionally, Wakihara et al. (2003)
reported the heteroepitaxial growth of a continuous cha-
bazite film on a sodalite substrate with a patterned surface
texture.

Among different zeolites which used widely in chemical
and petrochemical industries, ZSM-5 and SAPO-34 have a
great importance. ZSM-5 and SAPO-34 molecular sieves have
garnered significant interest due to their high catalytic ac-
tivity and excellent shape selectivity. ZSM-5 has a distinct
MEFI structure with a three-dimensional 10-ring and window
dimensions of 5.1 x 5.5 and 5.3 x 5.6 A, while SAPO-34 has an
ordered CHA structure with regular cavities connected by
narrow windows measuring 3.8 x 3.8 A. However, at the
operating temperature of 430-550 °C, which is considered
optimal for methanol to olefins (MTO) reactions, coke de-
posits irreversibly accumulate inside the channels of ZSM-5
and the cavities of SAPO-34, leading to rapid deactivation.
Therefore, a parallel reactor design with intermittent
regeneration through controlled coke burn-off is commonly
used in bench-scale and pilot-scale demonstrations of MTO
synthesis. Ensuring long-term catalyst stability is a crucial
issue, and catalyst modification based on stability and
deactivation studies has been a focal point of research.
Strategies such as impregnation and ion-exchange have
been employed to enhance catalytic performance to varying
degrees. While these modification methods may affect the
surface physicochemical properties of the catalysts, the
channel characteristics and narrow pore distribution still
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limit access to and from the active sites located within the
micropores (Alvaro-Mufioz et al. 2012; Bjgrgen et al. 2007
Chen et al. 2000; Liu et al. 2017; Olsbye et al. 2012).

In recent times, there have been significant advance-
ments in the synthesis and utilization of hierarchical ZSM-5
and SAPO-34. Numerous comprehensive reviews have been
published, covering various aspects of these advancements
(Ahmad et al. 2021; Alipour et al. 2014; Cordeiro et al. 2020;
Lin et al. 2025; Makertihartha et al. 2022; Mei et al. 2021;
Okoye-Chine et al. 2024; Sha et al. 2023; Shalmani et al. 2013;
Sofi et al. 2024; Uskov et al. 2024). However, it is worth noting
that most of these reviews have primarily focused on these
catalysts individually, while there is a lack of literature re-
views specifically addressing the topic of hierarchical ZSM-5/
SAPO-34 zeolite composites, despite the existence of
numerous studies on this composite. Therefore, the aim of
this review is to provide a comprehensive overview of the
recent developments in ZSM-5/SAPO-34, with a specific focus
on the synthesis methods, their effectiveness, and yield.

2 Synthesis methods
2.1 Hydrothermal synthesis

Hydrothermal synthesis is a common method for producing
zeolites, involving the crystallization of aluminosilicates
under autogenous pressure. This process typically includes
gel synthesis, crystallization, separation, and heat treatment.
Hydrothermal synthesis is also the most popular method for
ZSM-5/SAPO-34 composite preparation. Therefore, most of
the researchers used this conventional method in their
works to synthesis SAPO-34, ZSM-5 and their composites (Bai
et al. 2016; Chae et al. 2010; Chen et al. 2020; Chu et al. 2023;
Duan et al. 2013; Jin et al. 2018; L. Li et al. 2014; Moham-
madkhani et al. 2019; Razavian and Fatemi 2015; Wu et al.
2019). Generally, to synthesis SAPO-34/ZSM-5 composite,
ZSM-5 powder was added to the initial SAPO-34 gel and the
obtained gel aged at room temperature. Then the obtained
gel was transferred to the autoclave to be heated at 180-200 °
C for 48-72 h, under autogenous pressure. After crystalliza-
tion process, the solid product was filtered and washed,
dried, and calcined under air flow, at 550 °C for 10 h, in order
to remove the organic template (Razavian and Fatemi
2015).The Si/Al ratio, synthesis water amount, crystallization
time, and temperature can be manipulated to alter the ze-
olite’s properties. While traditional hydrothermal synthesis
uses water as a solvent, solvent-free methods have been
developed to reduce pollution and increase efficiency (Cor-
deiro et al. 2020; Mei et al. 2021). Moreover, recently hydro-
thermal synthesized used to prepare SAPO-34/ZSM-5/quartz
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film loaded with SAPO-34 zeolite (Li et al. 2025; Wu et al.

2023). According to these studies, the pH of the synthesis

solution during the preparation of the composite zeolite film

is crucial for developing the desired hierarchical pore

structure (Li et al. 2025; Wu et al. 2023).

Mechanism: The formation of ZSM-5/SAPO-34 composite
materials involves either sequential or simultaneous crys-
tallization of the MFI (ZSM-5) and CHA (SAPO-34) frame-
works. This process begins with the nucleation of primary
building units, where SiO,, AlO4, and PO, tetrahedra come
together. These primary units then assemble into more
complex secondary structures under hydrothermal condi-
tions. Structure-directing agents play a crucial role in guid-
ing the formation of each framework: TPAOH primarily
stabilizes the MFI structure, while Morpholin or TEAOH are
more effective in promoting the CHA framework. In core—
shell configurations, ZSM-5 crystals are used as seeds and
added to the SAPO-34 precursor gel. This setup encourages
heterogeneous nucleation, leading to the growth of a
SAPO-34 shell on the surface of ZSM-5. The resulting inter-
face not only ensures intimate contact between the two
phases but also enhances the synergistic interactions be-
tween them (Jin et al. 2018).

Influencing factors:

- Si/Al ratio: The Si/Al ratio plays a significant and multi-
faceted role in the hydrothermal synthesis of composite
zeolites, affecting their structural, textural, acidic, and
catalytic properties (Razavian and Fatemi 2015). The
acidity of HZSM-5/SAP0O-34 composites is greatly influ-
enced by the Si/Al ratio of its components. Increasing the
Si/Al ratio of HZSM-5 generally reduces its surface
acidity (Duan et al. 2013).

—  pH:The significant difference in optimal pH for SAPO-34
(acidic/near-neutral) and ZSM-5 (highly alkaline) pre-
sents a major chemical and structural incompatibility
when attempting to synthesize their composites via
conventional hydrothermal methods (Liu et al. 2017).

— Crystallization time: The crystallization time signifi-
cantly influences the formation, structure, and catalytic
properties of SAPO-34/ZSM-5 composites in hydrother-
mal synthesis. This influence manifests in crystal size,
morphology, pore structure, acidity, and overall cata-
lytic performance. Generally, a shorter crystallization
time may lead to a higher BET surface area because it
results in smaller crystals, which inherently possess
higher surface areas (Razavian and Fatemi 2015; Wu
et al. 2021).

—  Crystallization temperature: The synthesis of SAPO-34/
ZSM-5 composites often involves carefully selected
temperatures that are suitable for the crystallization of
the growing phase or a temperature where the
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crystallization fields of both components overlap (Zheng
et al. 2015).

— Template concentration: In the synthesis of SAPO-34/ZSM-
5 composites, templates play a role in several ways,
beyond just forming the individual zeolite structures.
TPAOH or TPA" are used for pre-treatment of SAPO-34
crystals before they are combined with the ZSM-5 pre-
cursor gel. This pre-treatment is identified as a “deter-
mining procedure” for obtaining well-defined composites
without phase detachment (Liu et al. 2017). Also, in some
composite synthesis approaches, precursor gels for both
SAPO-34 and ZSM-5, each containing their respective
templates, are combined. For instance, ZSM-5 slurry
(containing TPAOH as a template source) can be mixed
with SAPO-34 gel (containing DEA and TEAOH as tem-
plates). In such cases, both templates are present in the
crystallization system (Chae et al. 2010).

2.2 Sonochemical synthesis

The conventional hydrothermal method for crystallizing
zeolites has a major drawback in that it is difficult to control
the nucleation process. The lack of proper mixing in this
method leads to an unstable supersaturation, resulting in
uncontrollable nucleation. Although using agitators can
partially alleviate this issue, mixing within the layers is
dependent on the diffusion rate of reactant molecules,
leading to larger particle sizes. Additionally, this method has
a long crystallization time of at least 1 day. To address these
challenges, nanocomposite materials are used as substrates
for phase growth, enhancing intraparticle transportation of
reactants and products. The dispersion of nanocatalysts and
particle size has been studied, and it has been found that the
sonochemical technique, which is more cost-effective, yields
better performance. The slow chemical reaction is a major
obstacle in materials processing technology, and the
ultrasonic-assisted hydrothermal method is proposed to
overcome this by utilizing ultrasonic radiation. This method
promotes the synthesis of SAPO34/ZSM-5 composite by
accelerating liquid phase reactions and creating a special
reaction field. The acceleration is mainly due to the phe-
nomenon of acoustic cavitation, which results in extremely
high local temperatures and pressures (Askari et al. 2013b;
Askari and Halladj 2013, 2012; Azarhoosh et al. 2017; Mor-
adiyan et al. 2018).

Therefore, for reducing synthesis time, decreasing
crystallite size, and increasing the surface area the
ultrasonic-assisted hydrothermal method was conducted by
Moradiyan et al. (2018) to synthesize nanocomposite catalyst
of SAPO-34/ZSM-5. To synthesize the U-SAPO-34/ZSM-5
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composite via a one-step ultrasonic-assisted hydrothermal
crystallization method, pre-synthesized ZSM-5 powder was
mixed with the SAPO-34 precursor gel. During mixing, ul-
trasonic irradiation at a frequency of 24 kHz was applied to
enhance dispersion and nucleation. The resulting gel was
then transferred into a stainless steel autoclave and heated
at 200 °C for varying durations. Compared to the conven-
tional hydrothermal synthesis, which typically requires 24—
72h, this ultrasonic-assisted method significantly reduced
the crystallization time to just 2-6 h. After synthesis, the
solid product was separated by centrifugation, washed three
times with deionized water, and dried at 120 °C. Finally, the
dried sample was calcined in air at 500 °C for 5h to remove
the organic templates and obtain the final catalyst (Mor-

adiyan et al. 2018).

Mechanism: The mechanism of sonochemical synthesis,
particularly in the context of hydrothermal methods for
SAPO-34/ZSM-5 nanocomposites, primarily revolves around
the phenomenon of acoustic cavitation. This is the core prin-
ciple behind sonochemical synthesis. When ultrasonic waves
are irradiated into a liquid, they induce the formation, growth,
and subsequent collapse of cavities (or bubbles) within the
liquid. The rapid collapse of these cavitation bubbles gener-
ates extremely high local temperatures, estimated to reach up
to 5,000 K, and pressures, up to 100 MPa. These transient,
extreme conditions create a unique “special reaction field”
within the liquid. These intense local conditions lead to the
acceleration of liquid phase reactions. In the context of zeolite
synthesis, the sonochemical technique also contributes to the
homogenous dispersion of components, such as ZSM-5 nano-
particles acting as catalytic binders in the synthesis of
SAPO-34/ZSM-5 composites. This improved dispersion helps in
promoting the synthesis (Moradiyan et al. 2018).

Influencing factors:

—  Ultrasound power intensity and sonotrode size: Increasing
the ultrasound power intensity (by setting the oscillation
amplitude) or using a larger sonotrode size (which in-
creases the overall emitted ultrasound power for a given
intensity) generally leads to higher crystallinity and
smaller particle sizes. This is because higher power sup-
plies more energy to the system, generating more cavi-
tation bubbles that promote nucleation and crystal
growth (Askari and Halladj 2013).

— Ultrasonic irradiation time: Longer irradiation times
lead to the formation of more numerous and smaller
nuclei, preventing the growth of large crystals. Howev-
er, beyond a certain optimal duration, further increases
inirradiation time may not significantly change particle
size or shape (Askari and Halladj 2013).

—  Sonication temperature: Increasing the sonication tem-
perature makes it easier for cavitation bubbles to
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form (i.e., decreases the cavitation threshold). This
leads to faster nucleation and, consequently, smaller
particles. Also, higher sonication temperatures gener-
ally result in increased crystallinity. They can also alter
the morphology, promoting the formation of uniform
nanoparticles instead of larger cubic aggregates. This is
partly due to the reduction of surface Gibbs free energy
of crystal nuclei, which helps prevent aggregation and
promotes efficient dispersion (Askari and Halladj 2013).

—  Frequency of ultrasonic waves: For certain sonocrystal-
lization processes, studies have shown that varying low
frequencies (e.g., 15, 20, 25, and 30 kHz) may have no
substantial differences in the shape, mean size, or size
distribution of the resulting particles, suggesting a
similar influence on nucleation and crystal growth
within that range. However, general sonochemical
synthesis typically employs frequencies from 20 kHz to
10 MHz (Askari and Halladj 2013).

2.3 Steam-assisted synthesis

The steam-assisted crystallization (SAC) technique has been
developed to prepare hierarchical zeolites using a dense-gel
approach, resulting in the formation of nanocrystals with
lower amounts of organic templates compared to conven-
tional synthesis methods (Ma et al. 2022). For instance, Zhang
et al. (2016) synthesized hierarchical Beta using a small amount
of tetraethylammonium hydroxide (TEAOH/SiO, = 0.06) via the
SAC method. This method induces a burst of nucleation and
achieves complete conversion of zeolites in a short time. Karin
et al. (2011) also used the SAC approach to synthesize hierar-
chical Beta with varying Si/Al ratios at almost 100 % yield.

In one study, Cheng et al. (2021) synthesized a SAPO-34/
ZSM-5 core—shell zeolite composite using the steam-assisted
crystallization (SAC) method. In this method, first the ZSM-5
was fabricated by a SAC method. For this porpuse, Si source
was instilled into a mixed solution of NaOH, SDA, and DI
water, followed by continuous stirring in a Teflon beaker for
10 h at 298 K to form a homogenous solution. Then, Al was
dissolved in the homogenous solution slowly under agitation
for 24h at 298 K before dispersing in a dish for solvent
evaporation under reduced pressure. The as-prepared dry
gel was moved into a 10-mL Teflon beaker and then trans-
ferred to a 100-mL Teflon-lined autoclave filled with DI water
at the bottom of the autoclave. This autoclave was heated at
135 °C for 84 h. The solid product was washed with ID water,
air-dried overnight, and finally calcined in air at 550 °C for
5h. In the second step, the SAPO-34/ZSM-5 core—shell zeolite
composite was fabricated by SAC of ZSM-5 as-prepared dry
gel and TPA-SAPO-34 powder. SAPO-34 was coated by ion
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exchange with 1 M TPABr propanolic liquor at 333 Kand then
filtered and dried at 100 °C for 12 h. The product was labeled
TPA-SAPO-34. Then, the TPA-SAPO-34 crystals were added to
the ZSM-5 dry gel under sustained mixing and ground to
form a well-mixed white powder. The well-mixed white
powder was moved into a 10-mL Teflon beaker and then
transferred to a 100-mL Teflon-lined autoclave with DI water
at the bottom of the autoclave. This autoclave was heated at
135 °C for 84 h. The solid product was washed with DI water,
air-dried overnight, and finally calcined in air at 550 °C. The
obtained composite effectively enhances the synergistic
conversion of n-hexane and methanol into light olefins. This
method allows to utilize the water-incompatible SAPO-34 in
the synthesis of binary-phase SAPO-34/ZSM-5 core-shell
zeolite composites.

Mechanism: A critical aspect of this method is that it
avoids direct contact between the dry gel and the water,
typically by placing the dry gel in an open container within a
larger vessel that contains the water at the bottom. This
specific arrangement is crucial because it prevents the
zeolite precursor from migrating away from the mesoporous
template. SAC utilizes the controlled environment provided
by steam to facilitate the crystallization of amorphous gels,
create and enlarge mesopores through template degradation
and etching, and, notably, protect sensitive core structures
in composite materials. It also requires careful monitoring to
prevent potential pore blockage at extended reaction times
(Cheng et al. 2021; Ma et al. 2022; Neumann and Hicks 2013).

Influencing factors:

- Amount of water (steam conditions): A small, precise
amount of water is introduced to generate steam
without physically contacting the dry gel. For example, a
mass ratio of dry gel to distilled water of 1:3 was used in
the synthesis of ZSM-5 and SAPO-34/ZSM-5 composites.
Steam plays a dual role in the synthesis, both crystal-
lizing the amorphous dry gel and etching the material,
which can lead to an increase in mesopore sizes (Cheng
et al. 2021; Ma et al. 2022; Neumann and Hicks 2013).

2.4 Microwave synthesis

The main challenge in applying zeolitic materials is the
labor-intensive and energy-consuming nature of their syn-
thesis processes. The conventional method, known as hy-
drothermal synthesis, is commonly used to produce
different types of zeolites. As mentioned in previous sec-
tions, this method involves placing raw materials in a Teflon-
lined stainless-steel reactor and subjecting them to a hy-
drothermal reaction at high temperatures and pressures.
However, since Teflon has sluggish heat transfer, this
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method takes a long time because it needs to heat, react, and

cool down slowly. Furthermore, this method’s heat distri-

bution creates an unequal temperature field, which pro-
duces crystals with wide particle size distributions.

Enhancing these synthesis pathways is necessary to create

finer and more uniform zeolite crystals, which are essential

for a variety of applications such particle forming processes,
while also lowering operation costs and times (Cundy and

Cox 2003; Nyankson et al. 2018).

In a study by Liu et al. (2017), composites of SAPO-34
with ZSM-5 structures were synthesized using microwave-
assisted hydrothermal synthesis. In this method, the
mixture of SAPO-34 synthetic gel and as-synthesized pow-
der ZSM-5 were mixed and crystallized. First, pseudo-
boehmite and tetraethyl orthosilicatewere mixed with
orthophos phoric acid to form mixture under fast stirring
at room temperature, then as-synt hesized ZSM-5 pow-
ders(with equal mass percent of SAPO-34) pre-impregnated
with morpholine were added slowly under continuous
stirring to make mixture of a thick white paste. The
mixture was stirred for another 12 h at room temperatu re
and then transferred into a microwave reactor. Crystalli-
zation was carried out at 200°C for 1h at autogenous
pressure (output of microwave power, 500 W). The as-
synthesized solid product was recovered by filtrating,
washed with water, and followed by drying and calcining
at 550 °C for 3 h. The composites were then characterized to
investigate their catalytic performance in the methanol to
olefins (MTO) reaction. The physical mixture of nanosized
ZSM-5 and micro sized SAPO-34 were used as references to
understand the structure-activity correlation.

Mechanism: The core mechanism of microwave syn-
thesis, particularly in the context of hydrothermal methods,
revolves around the efficient and rapid transfer of micro-
wave energy to the synthesis gel, leading to enhanced re-
action kinetics and control over crystallization. Water
within the synthesis gel effectively absorbs microwaves and
subsequently transfers this microwave energy to the gel
through dielectric heating or resonance absorption. Also,
Microwave-assisted aging, a pre-treatment step, canlead to a
high supersaturation level in the synthesis gel, which pro-
motes the formation of a greater number of nuclei. This, in
turn, results in the production of a larger number of smaller
zeolite crystals (Liu et al. 2017).

Influencing factors:

—  Microwave power output: The power output of the mi-
crowave oven (e.g., 500 W) directly influences the en-
ergy supplied to the system, affecting the rate and
efficiency of crystallization (Liu et al. 2017).

DE GRUYTER

2.5 Solid-solid transformation

Using larger amounts of solvent in the conventional hydro-
thermal method leads to lower zeolite yields within the same
autoclave space. This is particularly evident in the hydro-
thermal approach, where recovering nanosized zeolites
(including processes like washing, filtration, or centrifugal
separation) consumes energy, contributes to pollution, and
increases costs. For the production of zeolite, a solvent-free
method is the best substitute. This process involves heating
the solid source ingredients in a confined vessel while me-
chanically mixing them to create zeolite through solid-state
reactions. This strategy lowers pollution emission while
simultaneously saving energy and streamlining synthetic
processes (Wu et al. 2015; J. H. Zhang et al. 2015). 1n 2013 Shen
et al. (2013) have effectively created ZSM-5 hollow fibers
(ZSM-5-CHF) with a c-axis orientation by using quartz fibers
as a temporary soft substrate and the silica supply. An in situ
solid—solid transformation method was used to accomplish
this. The formation of a b-oriented ZSM-5 cylinder on the
quartz fibers is the first step in the formation of this unusual
structure. Next, c-axis oriented ZSM-5 crystals grow both
inside and outside the cylinder. The resultant sample is
highly desirable as an industrial catalyst since it shows
outstanding stability in structure, high surface area, excel-
lent crystallinity, and amazing catalytic performance in the
MTG process. Furthermore, it is simple to expand the use of
crystal shape engineering, which relies on the in situ solid-
solid transition process, to the synthesis of different zeolites.
Using this method for preparing SAPO-34/ZSM-5 composite
applied by Wang et al. (2023). In this method, the as-prepared
SAPO-34 powder was dispersed in a moderate amount of
distilled water and stirred for 30 min. Subsequently, cetyl-
trimethylammonium bromide (CTAB) was added to the
mixture and stirred for another 30 min. This was followed by
the sequential addition of isopropanol (i-C;H,O0H) and
aqueous ammonia. Tetraethyl orthosilicate (TEOS) was then
added dropwise to the solution. The resulting mixture was
subjected to hydrolysis in a water bath at 45 °C for 4 h under
continuous stirring. The synthesized SAPO-34/MCM-41 com-
posite was collected by filtration and drying. This powder
was then uniformly dispersed into a suspension of pre-
synthesized ZSM-5 seeds (at a powder-to-liquid mass ratio of
1:2) with stirring for 1h. The resulting mixture underwent
hydrothermal treatment in a Teflon-lined autoclave at 140 °C
for 72h. The final composite product was recovered by
filtration, washed with distilled water until neutral, dried
overnight at 90 °C, and then calcined at 550 °C for 6 h (Wang
et al. 2023).
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Mechanism: This methodology relies on solid-state re-
actions, whereby the precursors are reorganized into crys-
talline lattices through template-mediated interaction.
Elimination of the liquid phase enables close contacts be-
tween ZSM-5 and SAPO-34 precursors to give well integrated
composites. High-surface-area materials with significant
mesopore volumes are thus obtained. This methodology
promotes the formation of hierarchical structures as well as
enhances interfacial synergy between constituent phases
(Wang et al. 2023).

Influencing factors:

— Template amount: Higher template ratios enhance
crystallinity but increase costs (Wang et al. 2023).

— Grinding time: Longer grinding (e.g., 30-60 min) im-
proves precursor homogeneity, increasing surface area
and phase purity (Wang et al. 2023).

—  Crystallization temperature: Temperatures of 180-200 °
C optimize framework formation; lower temperatures
reduce crystallinity (Wang et al. 2023).

2.6 Comparative analysis

ZSM-5/SAPO-34 composite zeolites can be synthesized using
various methods, each with its own advantages and disad-
vantages. However, not all methods are economically viable
for zeolite synthesis. Therefore, each method is suited to
specific applications. A comparison of these methods is
presented in Table 1.

3 General review of reported
synthesis methods

For the first time, in 2010, Chae et al. (2010) have developed
these composite catalysts in order to control the composition
of light olefins in the MTO (methanol-to-olefins) reaction.
Since then, several researchers studied different synthesis
methods and conditions for preparing this composite. The
reported ZSM-5/SAPO-34 prepared via different synthesis
methods since 2010 summarized in Table 2.

4 Textural properties of ZSM-5/
SAPO-34 composites

The textural properties of ZSM-5/SAP0-34 composites are of
significant importance because they directly influence the
material’s catalytic performance, particularly in reactions
such as methanol to olefins (MTO) and methanol to
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hydrocarbons (MTH). These properties, which include sur-
face area, pore volume, pore size distribution, and crystal
size, critically impact mass transfer efficiency, accessibility
of active sites, and resistance to coke deposition. Generally,
ZSM-5is amicroporous, aluminosilicate material. It has a 10—
10-membered ring zeolite structure with two channels:
straight and zigzag. Due to a mass transfer limitation, these
properties could influence the catalytic performance for the
synthesis of large molecules (Miar Alipour et al. 2016). On the
other hand, in terms of activity and selectivity toward light
olefins, SAPO-34 was thought to be the most effective cata-
lyst; however, since it is a micropore material, it is known to
deactivate quickly due to coking during the MTO process,
which affects both the activity and selectivity. Greater
methanol accessibility into the cages of the SAPO-34 catalyst,
which has a small crystallite size, leads to improved catalytic
activity. Only a few cages close to the catalyst’s exterior are
active in the MTO reaction because the tiny cages of SAPO-34,
prevent all methanol from diffusing throughout the catalyst
(Askari et al. 2013a).

As discussed in the Introduction, the synthesis of ZSM-5/
SAPO-34 composites has shown promising results in
enhancing micro and mesoporous structures for catalytic
applications. The combination of different topological struc-
tures (CHA for SAPO-34 and MFI for ZSM-5) within a com-
posite enables a synergistic effect that significantly improves
the overall catalytic performance. This synergy results in well-
defined hierarchical architectures, an abundance of active
centers, and unique composite phase structures, all contrib-
uting to superior catalytic behavior. Maintaining an appro-
priate ratio of micro- and mesopores in the composites is vital
for achieving optimal performance, balancing the desired
shape selectivity with efficient diffusion.

Moreover, these composites exhibit improved aromatics
selectivity and stability in MTH reactions compared to in-
dividual zeolites or physical mixtures (L. Li et al. 2014; L.
Zhang et al. 2015). The core—shell structure of ZSM-5/SAPO-34
effectively enhances aromatization due to acid sites on the
external surface covered by the SAPO-34 shell (L. Zhang et al.
2015). Ultrasound-assisted hydrothermal synthesis can lead
to faster synthesis time, decreased crystallite size, and
increased surface area with dominant mesopore structure
(Moradiyan et al. 2018, 2017). Core—shell composites with
zeolite cores and mesoporous silica shells also demonstrate
hierarchical pore structures, enhanced adsorption capacity
for large molecules, and graded acidity distribution (Qian
et al. 2012). These unique textutral properties contribute to
improved catalytic performance in various reactions,
such as MTH and n-dodecane cracking, highlighting the po-
tential of ZSM-5/SAP0O-34 composites in petroleum catalytic
processes.
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Table 1: Comparative analysis of synthesis methods.

Synthesis method Advantages

Disadvantages

References

Hydrothermal

Sonochemical

-Produces high-crystallinity ZSM-5/SAPO-34

composites with controlled Si/Al ratios

-Supports core-shell structures, improving MTA

stability via synergistic acidity

-Reduces crystallization time (2-6 h) by 80 %,
enhancing mesoporosity, improving MTO

catalyst lifetime

-Smaller crystallites (50-100 nm) increase sur-

face area, reducing diffusion limitations.

-Promotes uniform ZSM-5/SAPO-34 integration

via cavitation

-Long crystallization times (12-72 h)
increase energy costs and limit
mesopore formation

-Risk of phase segregation if ZSM-5 and
SAPO-34 crystallization rates are
not synchronized

-High ultrasonic power (>300 W) risks
crystal damage, reducing phase
purity.

-Limited scalability due to specialized
equipment needs.

-Sensitive to gel pH (8-9), affecting
CHA/MFI phase balance

Chae et al. (2010), Jin et al. (2018),
Mohammadkhani et al. (2019), Razavian

and Fatemi (2015)

Askari et al. (2013a), Askari and Halladj
(2013), Moradiyan et al. (2018, 2017)
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Steam-assisted
crystallization

-Minimizes solvent waste, producing hierarchi-
cal composites with high mesopore
volume

-Low water/solid ratios enhance graded acidity,
improving MTO selectivity (~85 % light
olefins)

-Reduces template use, lowering costs

Microwave-
assisted

-Short crystallization times (0.5-4 h) yield uni-
form particles, increasing surface area and
MTO selectivity (89 % light olefins).

-Energy-efficient with enhanced template-
framework interactions, improving ZSM-5/
SAPO-34 synergy.

-Supports high catalyst lifetime (60 h) due to
mesoporosity

-Solvent-free, environmentally friendly, pro-
ducing high surface area composites,
enhancing MTO stability.

-Intimate ZSM-5/SAPO-34 mixing via grinding
improves interphase synergy.

-Reduces liquid waste, suitable for green
synthesis

Solid-solid
transformation

-Precise water control required to avoid
amorphous phases.

-Longer crystallization times (12-48 h)
compared to microwave or sono-
chemical methods

-Long grinding times (30-60 min) and
crystallization increase
processing time.

-High template ratios raise costs.

—Risk of incomplete crystallization
without precise temperature
control

Cheng et al. (2021)

-Limited control over core-shell for-
mation compared to hydrother-
mal synthesis
-Risk of thermal runaway at high power Liu et al. (2017)
(>600 W), affecting crystallinity.
-Limited autoclave size restricts
scalability
-High sensitivity to gel composition
(e.g., Si/Al/P ratios) for phase
purity

Wang et al. (2023)

The BET method is widely used for determining surface
areas of microporous materials like zeolites and metal-
organic frameworks (MOFs) despite concerns about its
applicability to ultra-micropores (<7A). Studies have
shown that BET surface areas calculated from simulated
nitrogen and argon isotherms agree well with geometri-
cally calculated accessible surface areas when using
appropriate pressure ranges based on consistency criteria.
For hierarchical microporous/mesoporous materials, a
methodology combining BET and t-plot methods can accu-
rately determine micropore, mesopore, and external sur-
face areas (Bai et al. 2015; Galarneau et al. 2018; Wang et al.
2015).

Generally, the N, physisorption isotherms of ZSM-5 and
SAPO-34 showed a typical type-I isotherm, indicating the
presence of micropores. However, the isotherms of com-
posite zeolites exhibited different patterns, suggesting a
distinct pore structure compared to ZSM-5 and SAPO-34. In
the hydrothermally synthesized core—shell structure of
ZSM-5/SAPO-34 composite (Jin et al. 2018), the filling of mi-
cropores was observed up to a relative pressure of 0.4,
indicating the presence of micropores. A second sharp in-
crease in the N, adsorption isotherm at a relative pressure of
0.4-0.95 indicated capillary condensation due to mesopores.
The mesoporosity in composite zeolites could be attributed
to the interspaces among different crystals and silicon and
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aluminum species extraction from ZSM-5 zeolite cores. The
pore size distribution of the composite zeolites showed a
bimodal distribution with narrow micropores and meso-
pores. Increasing the ZSM-5/SAPO-34M ratio increased
mesopore size. The specific surface area and micropore
volume of ZSM-5 were lower than the composite zeolites,
which exhibited higher surface areas and mesopore vol-
umes. The decrease in micropore area and volume in the
composites was attributed to the dissolution and partial
amorphization of the starting zeolite framework. The pres-
ence of mesopores in the composite zeolites provided addi-
tional diffusional paths, which was beneficial for catalytic
reactions (Jin et al. 2018).

Moreover, the textural properties of ZSM-5/SAPO-34
composites synthesized via one and two-step hydrothermal
crystallization were investigated by Chae et al. (2010).
Analysisresults (Table 3) showed that SAPO-34 had minimal
mesoporosity, while the ZSM-5 had a relatively high
amount. Consequently, the physical mixture of the two
catalysts displayed average pore properties. However, the
synthesized composites exhibited high microporosity
similar to SAPO-34 and high mesoporosity similar to the
physical mixture despite having low ZSM-5 characteristics.
These results suggest that the spaces between the different
crystals and ZSM-5 may induce the mesoporosity of the
composites. The seed composite, in particular, may have
numerous interspaces, leading to a large hysteresis loop in
the N2 adsorption-desorption isotherm.

Also, there are several observations about the effect of
the ZSM-5/SAP0-34 ratio on pore structure in the composite.
According to Mohammadkhani et al. (2019), The prepared
catalysts’ BET surface area results showed that the ZSM-5
and SAPO-34 samples had the lowest and highest surface
area among the synthesized samples, respectively. The ZSM-
5 sample had a surface area of about 370 m%g, aligning with
this zeolite’s reported values. The surface area increased by
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increasing the SAPO-34 loading in the composite catalysts,
reaching 502m?%g for the S$80/Z20 sample. The SAPO-34
sample, due to its pure CHA phase, had a high surface area of
about 592 m%/g. The BET analysis showed that the surface
area improved by increasing the SAPO-34 ratio in the com-
posite catalysts, consistent with the enhancement of crys-
tallinity of the CHA phase observed in the XRD analysis. This
hypothesis was approved by Chen et al. (2020), which dem-
onstrates that Z/S (2.5) has a larger specific surface area
(SBET) than Z/S (5) due to a higher ratio of SAPO-34. However,
according to Duan et al. (2013), the HZSM-5/SAPO-34 ratio
could not distinctly affect the micropore volume of the
HZSM-5/SAPO-34 catalyst.

Furthermore, Razavian and Fatemi (2015) investigated
the BET surface area and pore volumes in two different
composites: 1) SPAO-34 powder as seed in ZSM-5 precursor
gel (SZ) and 2) ZSM-5 powder as seed in SAPO-34 precursor
gel (ZS). Both composite zeolitic molecular sieves’ BET sur-
face area and pore volume fall within the ranges indicated
by the parent ZSM-5 and SAPO-34 (Table 3). The ZS sample
has the most significant exterior surface area, possibly due
to surface alteration caused by a thin coating of small-crystal
SAPO-34. The hierarchical ZSM-5/SAPO-34 composite’s
higher mesopore volume indicates a higher relative meso-
porosity. This is explained by the broader pore mouths on
the crystal-lite surface, contributing to the composite’s
higher exterior surface area value. While the ZS sample has
mesopores with a mean pore width similar to the ZSM-5 one,
the average pore width value of the SZ sample is closer to the
pertinent SAPO-34 material value.

The N, adsorption-desorption isotherms support the
previously reported findings. According to the IUPAC classi-
fication, isotherms combine categories I and IV, microporous
and mesoporous materials, respectively (Sing 1982). Micro-
porous substances are characterized by a high absorption
in the low-pressure zone (P/PO < 0.1). The appearance of

Table 3: Effect of synthesis method and condition on textural properties of ZSM-5/SAP0O-34 and SAPO-34/ZSM-5 composites.

Synthesis method BET surface area (m%/g) Pore volume (m®/g) References
Micro Meso Total Micro Meso Total
Physical mixing 351 87 438 0.14 0.18 0.22 Chae et al. (2010).
Seed induced-hydrothermal 512 83 595 0.2 0.8 0.28
Series-hydrothermal 515 Y 556 0.19 0.07 0.26
SAPO-34/ZSM-5- hydrothermal 256.8 N/A 308.7 0.12 N/A 0.22 Razavian and Fatemi (2015)
ZSM-5/SAPO-34-hydrothermal 185.7 N/A 279.8 0.09 N/A 0.23
U-SAPO-34/ZSM-5 (50 %) hydrothermal/ultrasound 228 N/A 460 0.1 N/A 0.49 Moradiyan et al. (2018)
U-SAPO-34/ZSM-5 (30 %) hydrothermal/ultrasound 244 N/A 425 0.11 N/A 0.63
U-SAPO-34/ZSM-5 (10 %) hydrothermal/ultrasound 270 N/A 392 0.14 N/A 0.69
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hysteresis in the physisorption isotherms at relative pres-
sures P/P0, which typically range from 0.45 to 1.0, is typically
linked to capillary condensation in mesopore structures.

Furthermore, the hysteresis loop shape in every
isotherm is near the H4 type, indicating the presence of
microscopic pores implanted in a matrix of even smaller
ones, resembling narrow slits. ZSM-5 has the fewest meso-
pores, as seen by the smaller hysteresis loop in the isotherm.
This could be due to the creation of extra-framework
aluminum oxide species and interspaces between plate-like
single crystals. Every sample showed a mesopore size dis-
tribution that centered at 5 nm. These curves show that the
mesopores in the composites, namely SAPO-34 and ZSM-5,
were inherited from the parent materials. Nonetheless, the
SZ and ZS composite patterns show several humps that are
between 20 and 60 nm in size, which may indicate that
intercrystalline pinholes were formed by closely packing
surface layer material crystallites.

Additionally, some mesopores in the SZ dual structure
were thought to have been created when SAPO34 was
recrystallized during the composite’s manufacture. Because
of the increasing interspaces between the various crystals, it
may be assumed that more mesopores are created when two
zeolites are combined. In light of the aforementioned in-
formation, these cavities may act as transport channels for
large molecules like intermediate carbocations, hence
reducing the restrictions on catalytic processes (Razavian
and Fatemi 2015).

Moreover, the effect of ultrasound assessment on the
textural properties of ZSM-5/SAP0O-34 studies by Moradiyan
et al. (2018). Because of the high reactant dispersion and
surface modification caused by sound waves, the U- SAPO-34
synthesized using an ultrasonic-assisted hydrothermal has a
greater mesoporous surface area than that produced using a
conventional hydrothermal (Table 3). Furthermore, as pre-
dicted, the U-SAPO-34/ZSM-5 (50 % ratio) composite, which
was similarly created with ultrasonic assistance, had
remarkably different textural qualities, demonstrating the
importance of the increased mesopore volume in the cata-
lyst’s framework for the MTO reaction. Moreover, the mes-
opore and total surface areas decrease when the ZSM-5 ratio
rises. On the other hand, there is a distinct pattern for pore
volumes, whereby total and mesopore volumes rise in tan-
dem with an increase in ZSM-5 content. It is interesting to
note that adding ZSM-5 also causes an increase in micropore
volume, which may be the primary cause of the catalysts’
quicker deactivation. Consequently, because coke deposits
in micropores cause catalysts to deactivate, having a hier-
archical structure with a lower propensity for deactivation
and a larger mesoporosity is advantageous. As a result, the
U-S/Z(m) composite successfully formed a novel, unique
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pore structure that mainly contributed to decreased diffu-
sion resistance, increased lifetime, and reaction activity 48,
49. According to some theories, the position of U-SAPO-34
and ZSM-5 crystallites in interface contact in the form of
hierarchical (Moradiyan et al. 2018).

In a novel study, Chu et al. (Wu et al. 2023) reported that
the pH value during synthesis, influence the SAPO-34/ZSM-5/
quartz (SZ-F) textural properties. Hierarchical composite
zeolites are constructed by adjusting the pH value during the
secondary hydrothermal method. The study adjusted the
pH value of the synthetic solution by changing the propor-
tional coefficient of water to 140, 210, and 280, and the final
pH values of the synthetic solution were 8, 9, and 10,
respectively, and named the corresponding composites as
SZ-F0, SZ-F, and SZ-F2. The composite molecular sieve SZ-F
prepared by the synthetic solution with a pH of 9 had a more
excellent hierarchical pore structure. The sample, SZ-F,
synthesized at a pH of 9, exhibits the largest hysteresis loop
in its nitrogen physical adsorption curve, signifying a higher
quantity of mesopores. The pore size of mesoporous in SZ-F
was larger, as was its mesoporous volume and specific sur-
face area. Also, Fresh ZSM-5 and SZ-F exhibit type IV iso-
therms, while SAPO-34 displays a type I isotherm, which
indicates that the pore structure of SAPO-34 is mainly
microporous, while ZSM-5 and SZ-F have more mesoporous
structures. SAPO-34 contains only a limited quantity of
mesopores, with diameters ranging from 4 to 8 nm, while the
pore sizes of SZ-F had a more extensive distribution of 8-
12nm. Applying an alkaline solution with a pH value of 9
caused the desilication of a portion of the ZSM-5 framework,
facilitating the interconnection of micropores and ulti-
mately giving rise to the formation of mesopores.

In conclusion, traditional zeolites with only micropo-
rous systems often suffer from mass transfer limitations,
which hinder the diffusion of reactants to and products from
the active sites located within the crystal network. The
introduction of mesopores and macropores, creating a hi-
erarchical pore structure, significantly shortens diffusion
pathways and enhances molecular accessibility. This leads to
a more effective utilization of the catalytic materials. Mes-
opores can be formed in the interspaces between the ZSM-5
and SAPO-34 crystals, as well as through the extraction of
silicon and aluminum species from ZSM-5 during synthesis.
A sufficient amount of mesopores in composites can mini-
mize diffusion limitations, thereby enhancing reaction ac-
tivity and catalyst lifetime. Also, the different topological
structures of ZSM-5 and SAPO-34 can create “stacking holes”
or “intergranular mesoporous” regions, which are beneficial
for the transfer of reactants and products. According to the
studies, we can customize the textural properties of ZSM-5/
SAPO-34 composites by carefully adjusting synthesis
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methods and molar ratios and utilizing techniques such as
core—shell structuring and ultrasound assistance. This
tailoring enhances their performance in catalytic applica-
tions, particularly by increasing mesoporosity, which im-
proves diffusion and reduces cooking time. A brief summary
of optimization methods is shown in Figure 1.

5 Crystal size and morphology

The crystal size and morphology of the composites and
parent zeolites are investigated through SEM images. As
mentioned in several studies, SAPO-34 particles generally
have cubic shapes (Arstad et al. 2016; Bai et al. 2015; Mor-
adiyan et al. 2017; Valizadeh et al. 2014) and ZSM-5 zeolites
have hexagonal cubes (Narayanan et al. 2015). Although,
the shape and morphology of ZSM-5/SAPO-34 composites
are strongly depended to synthesis method, synthesis con-
dition (temperature, time, etc.), parent zeolites ratio and
seed morphology. An important factor which affects the
morphology and size of the particles, is combination method.
In hydrothermal synthesis method, both seeding and two-
step series crystallization were performed. the SEM images
of two different type hydrothermally synthesized ZSM-5/
SAPO-34 are shown in Figure 2 (Chae et al. 2010).

The SEM image of the physical mixture revealed two
distinct types of crystals: large crystals attributed to ZSM-5

“10mm

A synthetic solution with a pH of 9 yields the most
hydroth 1 excellent hierarchical pore structure in the
ydrotherma composite molecular sieve ‘

Figure 1: Asummary of the enhancement of the
textural properties of ZSM-5/SAPO-34
composite zeolites.

and submicron crystals of SAPO-34. There was no apparent
interaction between these crystals. However, in the seed
composite, agglomerates of small crystals were predomi-
nantly observed, indicating that small SAPO-34 crystals were
agglomerated on the ZSM-5 crystal seed. In contrast, the se-
ries composite exhibited a morphology predominantly
characterized by cubic crystals measuring 2-4 um, with
fewer crystal agglomerates compared to the seed composite.
This suggests that the series synthesis primarily results
in composites with a uniformly well-developed cubic
morphology, likely due to the similar morphological char-
acteristics of the initially formed ZSM-5 and SAPO-34.
Another important factor that has major effects on
crystal growth and morphology, is the pre-crystallization
time of the parent zeolites in two step crystallization. Wu
et al. (2019) investigate this effect by mixing SAPO-34 slurry
(24 h pre-crystallization) and ZSM-5 slurry (0, 6, and 24 h pre-
crystallization). The SEM images of SAPO-34/ZSM-5 at
different ZSM-5 pre-crystallization times are shown in
Figure 3. At 0 h, the SAPO-34 structure was destroyed, and
the ZSM-5 surface boundary was unclear due to the disso-
lution of SAPO-34 in the ZSM-5 slurry. At 6 h, an intimately
bonded two-phase structure was observed, indicating rear-
rangement and polymerization of unreacted templates and
active structural units. At 24h, a remarkable two-phase
structure with discrete molecular sieves was seen, indicating
over pre-crystallization. A pre-crystallization time of 6 h for

Figure 2: SEM images of the physical mixture
and composites. (a) The physical mixture,

(b) seed composite, and (c) series composite
(Chae et al. 2010). Reproduced with
permisison from Elsevier.
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Figure 3: SEM images of SAPO-34/ZSM-5 composite catalysts by various ZSM-5 pre-crystallization times: (a) 0 h, (b) 6 h, (c) 24 h. Reproduced with

permisison from Springer.

ZSM-5 and 24 h for SAPO-34 was found suitable. The com-
posite solution had a pH of 11.25 and was further crystallized
in the second step to obtain the desired product.
Furthermore, the type of the seed has significant effect on
final morphology and crystal growth in seed induced on step
crystallization. According to Razavian and Fatemi (2015), the
distinction between core phase and composite phase mor-
phologies are observable in SEM images (Figure 4). By using
the SAPO-34 powder as seed in the ZSM-5 precursor gel, plate-
like polycrystalline ZSM-5 particles cover cubic SAPO-34
crystals. However, the diagnosis of SAPO-34 crystals coverage
was difficult due to the significant number of isolated ZSM-5
particles present in the media as a result of the enormous
amount of ZSM-5 used. On the other hand, when the ZSM-5
powder used as a seed in SAPO-34 precursor, the presence of
distinct irregular particles in Figure 4b suggests that two
distinct phases rather than the intended SAPO-34 layer

development surrounding ZSM-5 particles were generated. It
appears that there was little to no interaction between the
formation and growth of the SAPO-34 and ZSM-5 phases. It
seems that the nuclei of SAPO-34 crystals were too large to
adhere to and accumulate on the surfaces of ZSM-5 crystals
may be the origin of this pattern. In addition, the absence of an
aging period for the SAPO-34 precursor gel and static crys-
tallization conditions promoted the development of large,
distinct SAPO-34 particles. Nonetheless, the morphology may
be affected by partial ZSM-5 element extraction that changed
the composition of the final SAPO-34 reaction mixture. A high
molar ratio of TEAOH template, a long aging time, and dy-
namic crystallization conditions followed by use to produce a
thin incorporated SAPO-34 layer surrounding ZSM-5 seeds
with low crystalline ordering, improve uniformity, and pre-
vent SAPO-34 gel accumulation and separate the second stage
arrangement.

1 pm EHT = 15.00 kV

Signal A = SE2
Mag= 10.00KX

Date :6 Nov 2013

WD = 10.0 mm Time:11:17:03

2 pm EHT = 15.00 kV
P
WD = 95 mm

Date :6 Nov 2013
Time:11:12:26

Signal A - SE2
Mag= 5.00KX

Figure 4: FESEM images of (a) TPA-SAPO-34 powder ZSM-5 precursor gel, and (b) ZSM-5 powder and SAPO-34 precursor gel (Razavian and Fatemi 2015).

Reproduced with permisison from Elsevier.
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Figure 5: FESEM images of (a) U-SAPO-34, (b) ZSM-5, (c) H-SAPO-34, (d) H-S/Z (50 wt %), (€) U-S/Z (50 wt %), (f) U-S/Z (30 wt %) and (g) U-S/Z (50 wt %),
(h) U-S/Z (10 wt %) (Moradiyan et al. 2018), Reproduced with permisison from ACS Publications.

Moreover, as mentioned before, the crystallization
condition including heating source, temperature and crys-
tallization time play important role in crystal growth. The
effect of ultrasound the particle size and morphology of the
composite and individual components were analyzed by
Moradiyan et al. (2018) using FESEM (Figure 5). U-SAPO-34
was characterized as cubic particles, while ZSM-5 had a
spherical-like morphology with some agglomerates. In
contrast to the coarse H-S/Z (50 %) nanocomposite crystals
with a diameter of roughly 2pum seen in the synthetic
structure created using the hydrothermal approach, the
grain size obtained by the ultrasound-assisted hydrothermal
method was approximately 100 nm. The cubic U-SAPO-34
overgrowth enveloped the sphere-shaped particles of ZSM-5
crystals. This implies the existence of two nucleation sites for
the creation of the U-SAPO-34 zeolite crystal: one on the
outside of the ZSM-5 crystal, that is mainly in charge of
forming the U-S/Z(m) composite, and another in the syn-
thesis gel. While the external surface area of ZSM-5 crystals
leads the competition, there is competition between the two
nucleation centers. Adequate framework compositions and
near crystallization conditions are necessary for the crea-
tion of a matrix structure. This phenomenon is caused in
part by the shell layer’s quick development and the core
material’s hydrothermal stability. With distinct zeolite
structure types, chemical compositions, and crystallization
conditions, the core and shell layer are incompatible. This
can be mitigated by using ZSM-5 zeolite, a source of Al and Si.
Itis anticipated that throughout this process, the ZSM-5 cores
would dissolve and serve as a nutrient for the U-SAPO-34
zeolite’s development inside the shell. U-SAPO-34 is formed
in tiny size ranges by the ultrasonic-assisted hydrothermal
process when appropriate nucleation sites and regulated
crystal development are present. This stage of the process

provides quick uniformity in the dispersion of the starting
nuclei by the application of ultrasonic waves. Additionally,
by locally raising the gel’s temperature and pressure during
the ultrasonic process, sonochemical cavitation promotes
the formation of the composite.

Although, as seen in different studies and SEM and
FESEM images, the incompatibility between SAPO-34 and
ZSM-5 structures prevents core shell structure formation.
Wang et al. (2023) solved this problem by using a third sub-
stance. They synthesized a hierarchically core-shell-
structured SAPO-34/ZSM-5 composite zeolite using an in situ
solid-solid transformation method. This included using ZSM-
5 seeds to precoat an MCM-41 shell layer, which was then
followed by a conventional hydrothermal crystallization
procedure. The end product was the intended core—shell
structure, which was formed by a homogeneous nanosized
polycrystalline ZSM-5 shell tightly developing on the core
SAPO-34 microsphere. Mesosilica substrates were used to
join the SAPO-34 core and ZSM-5 shell, guaranteeing the
stability of the core-shell structure regardless of severe
conditions. The chemical and structural mismatch between
the shell and core zeolites during synthesis was overcome by
this novel technique. Additionally, it inhibited SAPO-34
crystals from collapsing and dissolving, which usually hap-
pens when very alkaline gel precursors produce ZSM-5.

Figure 6 shows SEM and TEM images of the prepared
samples. The high crystallinity of SAPO-34 zeolite is
confirmed by the clear lattice fringes in Figure 6B. After
being coated with an MCM-41 shell, the SAPO-34/MCM-41
composite (Figure 6D and E) retains its spheroidal shape but
with a smoother surface and larger particle size due to
epitaxial growth of the MCM-41 material. TEM images in
Figure 6] and K reveal the core—shell structure of the com-
posite with a consistent shell thickness of approximately
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Figure 6: Structural and elemental features of the core-shell SAPO-34/ZSM-5 composite material. (A) Schematic illustration of the construction process
of the core-shell SAPO-34/ZSM-5 composite material. (B-G) SEM images of the as-prepared samples: (B, C) SAPO-34; (D, E) SAPO-34/MCM-41, and (F, G)
SAPO-34/ZSM-5. (H, I) TEM images of SAPO-34. (J, K) TEM images of SAPO-34/MCM-41. (L, M) TEM images of SAPO-34/ZSM-5. (N) Line-scan TEM-EDS
spectra of SAPO-34/ZSM-5 (the pink arrow presenting the EDS line scan direction). (O-04) TEM image and EDS elemental mapping images (O, Al, Si, and P)
of SAPO-34/ZSM-5. Adapted with permission from (Wang et al. 2023). Copyright Royal Society of Chemistry, 2020.

57 nm. The locally amplified TEM image (inset in Figure 6K)
shows that the alignment mesopore in the shell layer is
slightly disordered compared to that in pure MCM-41.
Figure 6M and N demonstrate the formation of the core-
shell structured SAPO-34/ZSM-5, with SAPO-34 microspheres
uniformly wrapped by hexagonal prism-like ZSM-5 small
crystals (inset of Figure 6G) with a particle size of ~150 nm.
Significantly, under the identical synthesis circumstances,
the ZSM-5 crystals in the shell of SAPO-34/ZSM-5 are
comparatively smaller than pure ZSM-5 crystals, suggesting
that the presence of nanosized ZSM-5 seeds promotes the
creation of lower particle sizes in the finished product. The
SAPO-34 core and ZSM-5 shell are connected by mesosilica
substrates (inset of Figure 6M) as a “bridge,” as Figure 6E
depicts the uniform and cohesive growth of the ZSM-5
crystalline shell along the outer region of the SAPO-34 core
zeolite. This connection ensures the integrity of the core-
shell structure even after harsh ultrasonic treatment.

In summary, enhancing the crystal size and shape
within ZSM-5/SAPO-34 composites involve various complex
factors. It is essential to grasp the fundamental properties of
the parent zeolites and the impact of various synthesis
techniques, such as seeding or a two-step crystallization
approach. Adjusting elements like pre-crystallization dura-
tion and the type of seed, which necessitates significant
expertise, can help customize the composite’s morphology.
Additionally, fine-tuning the crystallization parameters,
including the use of ultrasound-assisted hydrothermal syn-
thesis, enables improved control over crystal size and

structure. Ultimately, addressing the incompatibility be-
tween SAPO-34 and ZSM-5 might involve adding a third
material, such as MCM-41, to establish a stable core—shell
configuration. An overview of suitable approaches for
enhancing crystal size and morphology is provided in the
Figure 7.

6 Acidic properties

The synthesis of ZSM-5/SAPO-34 composites has shown
promising results in improving catalytic performance and
acidity. These composites exhibit enhanced stability and
selectivity in methanol-to-hydrocarbon (MTH) reactions
compared to individual zeolites (L. Li et al. 2014).

The characteristics of acid sites on catalysts, such as
their number, strength, and distribution, play a crucial role
in influencing coking behavior during catalytic reactions.
Specially, strong acid sites facilitate the formation of coke.
The composition of the resulting coke can vary significantly
based on the strength and arrangement of these acid sites,
which determine the pathways through which coking
occurs.

Additionally, modifying the acidity of the catalyst can be
an effective strategy to reduce coking and extend the cata-
lyst’s operational lifetime. By carefully adjusting the char-
acteristics of the acid sites, such as neutralizing some of the
stronger acid sites or redistributing the density of these sites,
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it is possible to minimize coke formation and improve the
overall performance and longevity of the catalyst in indus-
trial applications.

NH3-TPD (temperature-programmed desorption) anal-
ysis is a widely used technique for characterizing zeolite
acidity. Typically, NH3-TPD curves exhibit multiple peaks
corresponding to different acid site strengths (Hidlago 1984;
Lok et al. 1986). The low-temperature peak (<473K) is associ-
ated with physically adsorbed or weakly chemisorbed NH3,
while higher temperature peaks (>473K) relate to stronger
Brgnsted and Lewis acid sites (Lok et al. 1986). Acid strength
generally follows the order HM > HZSM-5 > HY (Hidlago 1984).
Pore size significantly influences TPD curve shape, with
double peaks potentially arising from NH3-NH3 and NH3-
zeolite interactions (Liu et al. 2009). For instance, in the Chae
et al. (2010) work, the NH5-TPD profiles of ZSM-5, SAP0O-34 and
ZSM-5/SAPO-34 composites revealed two distinct NHj
desorption peaks at around 200 °C and 400 °C, indicating the
presence of acid sites with two different strengths. The first
peak corresponds to weak acid sites, represented by surface
hydroxyl groups. The second peak at 400 °C is likely attributed
to structural acidity. SAPO-34 exhibited the highest acidity,
particularly in terms of strong acid sites, while ZSM-5 had the
lowest acidity. The physical mixture displayed medium acid-
ity. This difference in acidity may be attributed to the varia-
tion in Si/Al ratio. Compared to the physical mixture, the
composites had higher acidity, especially abundant acidity
within the temperature range relevant to the reaction, similar
to SAPO-34. Additionally, the series composite exhibited
slightly higher acidity compared to the seed composite.

However, Chen et al. (2020) reported a bit different data.
The NH3-TPD analysis of their work revealed two desorption
peaks for all samples, one below 350 °C and another above
350 °C, corresponding to the desorption of NH;3 from weak

1
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Shell Structures
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incompatibility
between SAPO-34

Figure7: Asummary of the enhancement of the
crystal size and morphology of ZSM-5/SAPO-34
composite zeolites.

and strong acid sites, respectively. The peak area represents
the amount of acidity, while the peak position indicates the
strength of acidity. It can be observed that SAPO-34 had
higher acid contents for both strong and weak acid sites
compared to ZSM-5. The ZSM-5/SAP0O-34 samples exhibited
weaker acid strength and lower acid concentration
compared to the PM sample. This result could be attributed
to the formation of an interface phase between ZSM-5 and
SAPO-34, which could alter the distribution of aluminum in
the composite. Additionally, the concentration of strong acid
sites followed the order: SAPO-34 > PM > ZSM-5/SAPO-34
(2.5) > ZSM-5/SAPO-34 (5) > ZSM-5.

Itisimportant to highlight that various synthesis methods
can adjust the acidity of SAPO-34/ZSM-5 composites. Some of
the key methods and their impacts on acidity are as follows:
(1) The in-situ two-step crystallization method: This method
can regulate the pH during the crystallization process,
which leads to the formation of a hierarchical pore
structure and alters the distribution of skeletal and non-
skeletal aluminum. This method effectively reduces the
enrichment of aluminum at the surface, resulting in
optimal strength for weak and medium-strong acids. The
SZ-TS composite synthesized using this approach
demonstrated lower adsorption temperatures for weak
acid sites and medium-strong acid sites compared to
other samples (Wu et al. 2021).

Hydrothermal synthesis: This method can result in
different acid strengths and compositions depending on
the specific procedure used. For example, ZS-HS, a
composite synthesized using this method, showed a high
proportion of graphite-like carbon deposition due to
many strong acid sites (Bai et al. 2016; Duan et al. 2013).
Microwave-assisted hydrothermal synthesis method: This
method can produce composites with different

@
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frameworks, morphologies, and acidic properties
depending on the specific procedure used. For example,
the SAPO-34/ZSM-5 composite synthesized using this
method had only weak acid sites, which could be attrib-
uted to the pre-treatment of micro-scale SAPO-34
impregnated with tetrapropylammonium hydroxide (Liu
et al. 2017).

It should be noted that the synthesis method does not in-
fluence acidity adjustment. Other factors, such as the Si/Al
ratio, the crystallization conditions, the presence and type of
the template, and the ZSM-5/SAPO-34 ratio, also play an
important role in determining the final acidity of the com-
posite. For example, according to the Zheng et al. (2015), the
zeolite composites exhibit adjustable acidity properties due
to the controllable ZSM-5/SAPO-34 ratios. Increasing the
ZSM-5/SAPO-34 ratios resulted in shifts in the peaks corre-
sponding to medium-strong acid and weak acid sites towards
higher temperatures. The peak for medium-strong acid sites
shifted from 420 °C in ZSM-5/SAP0O-34(2) to 431°C in ZSM-5/
SAPO-34(4), 434 °C in ZSM-5/SAPO-34(5), and 442 °C in ZSM-5/
SAPO-34(6). Similarly, the peak for weak acid sites shifted
from 209°C in ZSM-5/SAPO-34(2) to 221°C in ZSM-5/
SAPO-34(4), 224 °C in ZSM-5/SAPO-34(5), and 227 °C in ZSM-5/
SAPO-34(6) (Figure 8).

In conclusion, the synthesis method and conditions
remarkably impact the acidity of ZSM-5/SAP0-34 compos-
ites, which is a important factor affecting their catalytic
performance. Various studies indicate that different
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Figure 8: The TPD profile of parent zeolites and composites (Zheng et al.
2015), Reproduced with permisison from Elsevier.
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synthesis approaches impact the strength and distribution
of acid sites. For instance, conventional hydrothermal
synthesis is widely used but has challenges, particularly in
balancing the desirable pH for the formation of ZSM-5 and
SAPO-34. The basic conditions favorable for ZSM-5 can lead
to the degradation of SAPO-34, resulting in a composite with
an acidity profile primarily dominated by ZSM-5. This can
compromise the favorable synergistic effects between the
two zeolites.

On the other hand, microwave-assisted hydrothermal
synthesis enables quick and uniform heating, providing
enhanced control over the kinetics of the reaction. This
method leads to creation a distinct interfacial phase be-
tween the two zeolites, leading to unique acidity charac-
teristics that differ from those found in physical mixtures
or composites produced via conventional methods. Simi-
larly, ultrasound-assisted synthesis promotes faster crys-
tallization and results in smaller crystallite sizes.
Composites produced using this method often have a
higher mesoporous surface area, which can enhance the
accessibility and distribution of acid sites within the
material.

Moreover, the acidity of SAPO-34/ZSM-5 composites
can be altered by the synthesis conditions. Two important
factors are Si/Al ratio in ZSM-5 and ZSM-5/ SAPO-34 ratio.
The Si/Al ratio in the starting gel of the composite is
considered a dominant factor in governing the structure
obtained and can adjust acidity, thereby reducing the rate
of coke formation and producing desired ethylene and
propylene products (Mohammadkhani et al. 2016). Cata-
lysts with a high Si/Al ratio exhibit a low intensity of
Si(OH)Al bridging hydroxyl peaks, which correlates with a
lower number of active acid sites (Mohammadkhani et al.
2016). An appropriate Si/Al ratio for HZSM-5 synthesis is
crucial due to its high activity in the methanol to olefins
(MTO) process. For example, HZSM-5(Si/Al = 180) was
identified as an optimum sample to be combined with
SAPO-34 to form a composite, based on its physicochem-
ical properties and catalytic performance (Mohammad-
khani et al. 2016).

On the other hand, the ZSM-5/SAPO-34 ratio (or SAPO-34/
ZSM-5 ratio) in composites allows for tunable acidity prop-
erties. Increasing the ZSM-5/SAP0-34 ratio caused the peaks
corresponding to both medium-strong and weak acid sites to
shift towards higher temperatures, indicating a change in
acid strength. In core-shell ZSM-5/SAPO-34 composites used
for methanol-to-aromatics, increasing the ZSM-5/SAPO-34 M
ratio led to higher selectivity to aromatics. This suggests that
the composite structure and moderate acid sites are favor-
able for aromatics formation. These two factors effect are
summarized in the Figure 9.
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Figure 9: Effects of Si/Al ratio and ZSM-5/SAPO-34 wt ratio on acidity of
composite.

7 Catalytic performance of
SAPO-34/ZSM-5 composites

ZSM-5/SAPO-34 composites have shown promising applica-
tions in various catalytic reactions, including the conversion
of methanol to olefins, ethanol to propylene, and n-hexane to
light olefins. These composites exhibit improved catalytic
performance compared to their individual components,
highlighting the synergistic effects and modifications in
acidity and pore structure. These findings contribute to the
development of more efficient and selective catalysts for
important industrial processes.

7.1 Methanol to olefin reaction

Chae et al. (2010), investigate the performance of hydro-
thermally synthesized SAPO-34/ZSM-5 composites in MTO
process. They used an atmospheric pressure fixed-bed
reactor. The WHSV of the methanol was 1.6 h™. According
to the results, the seed composite had higher acidity than
ZSM-5 but exhibited the lowest activity and selectivity to
light olefins due to the formation of agglomerates with large
particle size. It is well-established that particle size plays a
crucial role in determining catalytic performance in the
MTO reaction. On the other hand, the series composite
demonstrated higher catalytic performance than the other
catalysts. By varying the reaction temperature, they could
manipulate the selectivity to each olefin without compro-
mising the activity. As the reaction temperature increased,
the selectivity to ethylene increased while the selectivity to
butane and Cs* decreased, as the catalytic cracking rate of
higher olefins over the series composite was promoted.
Mohammadkhani et al. (2019) also tested the catalytic
efficiency of ZSM-5/SAPO-34 composite catalysts for the
conversion of methanol to aromatics. The MTO procedure
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was carried out at atmospheric pressure in a fixed bed
reactor. A steady feed composition of 30:70 methanol/water
molar ratio was maintained. Throughout the entire test, the
hly space velocity of the feed gas was regulated to 10,500 cm®/
gcat.h. In order to investigate how temperature affects cat-
alytic activity, the temperature of the reaction was raised in
45 °C increments, from 235 to 415 °C. The researchers found
that the optimal reaction conditions for achieving a high
yield of aromatics were a temperature of 450 °C and a weight
hly space velocity (WHSV) of 1.5 h™. As expected, SAPO-34
had low methanol conversion and a short lifetime, likely due
to coke deposition in small cavities. On the other hand, ZSM-5
showed higher conversion and stability, thanks to its two-
dimensional channel structure that minimized diffusion
restrictions. Composite zeolites, combining MFI and CHA
frameworks with a suitable micro and mesopore ratio,
performed better than SAPO-34. Increasing the ZSM-5/
SAPO-34 ratio in the composites improved stability. How-
ever, all composite catalysts experienced rapid activity
decrease within 12 h, possibly due to excessive acidity lead-
ing to coke deposition and collapse of the hierarchical
porous structure under reaction conditions. ZSM-5 exhibited
high selectivity for aromatics, while SAPO-34 favored olefin
production. The selectivity of benzene, toluene, and xylene
(BTX) increased with the ZSM-5/SAPO-34 ratio, with the ZS-2
catalyst showing the highest selectivity. The hierarchical
porous structure and channel intersections in the composite
zeolites promoted the formation of aromatics by overcoming
diffusion limitations and hindering the formation of higher
hydrocarbons. Overall, the study highlights the importance
of the molar ratio of ZSM-5 and SAPO-34 in composite cata-
lysts for the conversion of methanol to aromatics.
Moreover, Wu et al. (2019), used hydrothermally syn-
thesized SAPO-34/ZSM-5 composites in MTO reaction. For
this purpose, the reaction was carried out in a fixed-bed
reactor system, at 380 °C and atmospheric pressure. The
feedstock mixture of methanol and water had a ratio of 0.5
and WHSV was 2h™ In this research, the methanol con-
version rate and light olefin selectivity of SAPO-34 were
100 % and 92.8 %, respectively; nevertheless, the product had
a short lifespan of 360 min. The reason behind these out-
comes is the cage structure of SAPO-34, measuring
1.1 x 0.67 nm, which has the ability to contain the active
intermediate, or high methyl benzene. This circumstance
also caused a quick inactivation of the carbon deposit, which
shortened the catalytic life (Aghaei and Haghighi 2014; Li
et al. 2015; Wu et al. 2019). On the other hand, SZ-TS had a
significantly longer lifetime (1,400 min) and 93.0 % light
olefin selectivity than the SZ-PM. The synergistic effects of
the interface were produced by the coupled frame structures
of SAPO-34 and ZSM-5, which led to the excellent selectivity
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and long lifespan of SZ-TS. However, SZ-TS showed appro-
priately weak acid sites that can prevent secondary re-
actions, which is advantageous for the ethylene and
propylene manufacturing process. Additionally, SZ-TS’s hi-
erarchical pore shape can lessen carbon deposition and
efficiently promote product diffusion. This characteristic
also plays a major role in the improvement of the reaction
activity and lifetime, as well as the rise in ethylene and
propylene selectivity.

Furthermore, Chen et al. (2020), investigate perfor-
mance of hydrothermally synthesized ZSM-5/SAPO-34 cata-
lyst in MTO reaction. The reaction was performed in a fixed
bed reactor, at 390 °C and atmospheric pressure, and 1h™
WHSV. At 100 % methanol conversion, the catalyst lifetimes
for ZSM-5, SAPO-34, PM, Z/S (2.5), and Z/S (5) were 36 h, 5h,
13 h, and 21 h, respectively. ZSM-5 content in Z/S (5) is larger
than that in Z/S (2.5) for the same mass of zeolite composites;
hence, Z/S (5) provided higher catalytic stability than Z/S (2.5).
Because of the synergistic actions of ZSM-5 and SAPO-34 and
the development of new active centers, Z/S demonstrated
stronger light olefin selectivity and better catalytic stability
when compared to the PM. Additionally, the distinct
morphology and hierarchical pore structure of Z/S zeolite
composites can inhibit the coke formation rate and improve
mass transfer in zeolite composites.

Additionally, Moradiyan et al. (2018) tested the methanol
conversion to olefins of all synthesized samples with
different weight percent ratios at 723 K with a feed WHSV of
4.5 h-11in order to investigate the catalytic activity of ZSM-5/
SAPO-34 ultrasonic-assisted hydrothermally synthesized
nanocomposites. The results were compared with those of
individual catalysts, U-SAPO-34, ZSM 5, and PM (50 %)-
derived catalysts. According to the results, for each catalyst,
although the SAPO-34 showed relatively high methanol
conversion, the catalytic activity rapidly dropped with time
on stream, likely because of the trapped coke in cavities,
which limited the number of active sites for methanol con-
version. ZSM-5, on the other hand, showed favorable sta-
bility and lower methanol conversion. When compared to
ZSM-5 and SAPO-34 single structure catalyst, all binary
structures outperformed them. However, compared to a
physical combination, nanocomposite catalyst demon-
strated a greater conversion rate. In each of them, the
methanol conversion rises with the TOS; after approxi-
mately 60 min, it stays at nearly 100 %. The hydrocarbon
pool (HP) process explains why incomplete conversion of
methanol occurs during the induction period in the early
TOS. The MTO reaction proceeds via an HP mechanism, and
cyclic chemical species like hexamethylbenzene (HMB)
serve as the reaction centers for the synthesis of light olefins.
In cyclic organic species reactions, the formation of active
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intermediates in the SAPO-34 molecular sieve, like HMB,
affects the induction time. The sieve’s small cage size in-
creases methanol conversion by acting as a diffusion barrier.
Catalytic performance is greatly influenced by the pore
structure and topology of the molecular sieve; greater per-
formance is obtained when the MFI and CHA frameworks
are combined (Askari and Halladj 2013, 2012; Hajimirzaee
et al. 2015; Lohse et al. 1995; Lok et al. 1984).

Moreover, A comparison was made between the prod-
uct distribution of nanostructured catalysts with reaction
time on stream (TOS) of U-SAPO-34, ZSM-5, U-S/Z(m), and PM
(50 %). ZSM-5 powder promotes the formation of propylene,
while U-SAPO-34, with its three-dimensional CHA structure,
assists with ethylene production. The catalytic stability of the
physical mixture of ZSM-5 and U-SAPO-34 was slightly
improved. ZSM-5 had greater selectivity and stability, while
U-S/Z(m) displayed the best activity and selectivity toward
light olefins. The mesoporous structure, tiny particle size,
weak acidity, and uniform dispersion of the particles in the
composite materials’ matrix improved catalytic perfor-
mance. ZSM-5’s inclusion in the matrix structure also made
the site more accessible and made it easier for olefins to
produce.

Liu et al. (2017) also investigated the performance of
different ZSM-5 and SAPO-34 composites synthesized by
microwave-assisted hydrothermal method in converting
methanol to olefins over a period of 0.5-60 h. The experi-
ments were conducted in a fixed bed reactor at 400 °C, and
the results of methanol conversion are shown in Figure 10a.
After the processes stabilize, product selectivity over these
different catalysts is shown in Figure 10b. As can be seen in
Figure 11a, when it came to the individual catalyst, the
microsized SAPO-34 had the shortest lifetime (less than 4 h)
and the highest methanol conversion. Its methanol conver-
sion rapidly dropped as it went on stream, most likely
because there were a lot of trapped coke species in the
cavities. On the other hand, the methanol conversion of the
nanosized ZSM-5 was lower, but its stability was better. All
composites outperformed the PM-ZS, microsized SAPO-34,
and nanosized ZSM-5 samples in terms of performance. As a
result, at a comparable weak acidic condition and micro/
mesopore system, the MHS-SZ composite exhibited superior
catalytic activity and stability than the microsized SAPO-34.
This can be attributed to the significant effects of the com-
bined MFI and CHA frameworks as well as the appropriate
micro- and mesopores ratio in unique pore structure.
Interestingly, despite having comparable composite phase
compositions, the MHS-ZS and MHS-SZ composites had very
different catalytic performances, suggesting that acidic
properties and the ratio of micro-to mesopores also play a
significant influence in catalytic activity and stability.
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Figure 10: Catalytic performance of ZSM-5/SAPO-34 composites and parent zeolites in MTO reaction. (a) Methanol conversion over different catalysts,
and (b) product selectivity over catalysts (Liu et al. 2017). Reproduced with permisison from Elsevier.

* The core-shell design fosters a synergistic relationship between the two molecular
sieves, which enhances catalytic stability and increases selectivity toward light olefins.

» The ZSM-5 outer layer functions as a barrier, decelerating the diffusion rate of

%’Eggie: methanol entering the SAPO-34 core. This regulated diffusion helps prevent rapid coke
formation inside the SAPO-34 cage, extending its catalytic lifespan.
* The interaction at the interface between SAPO-34 and ZSM-5 can adjust the
Altered composite's acidic properties. This modification can decrease the presence of strong
Acidity acid sites on the external surface of the SAPO-34 core, further diminishing coke

deposition and encouraging selectivity for light olefins.

* The ZSM-5 shell supports n-hexane cracking, which generates a carbon source for the
hydrocarbon pool (HCP) mechanism within the SAPO-34 core. This process boosts the
generation of polymethyl benzenes, crucial intermediates in the aromatic pathway that

lead to higher propylene yields.

* The core-shell structure effectively reduces Coke accumulation. The ZSM-5 shell
shields the SAPO-34 core from external coke formation, while the controlled methanol

According to Figure 10b, the MHS-ZS composite has a
lower total light olefin selectivity (82.97 %) than the MHS-SZ
composite. On the other hand, during a continuous 60-h re-
action, the MHS-SZ composite demonstrated a maximum
methanol conversion of 98.9 % and a light olefins selectivity
of 91.93 %. In the meantime, the MHS-SZ composite sample
has a better propylene selectivity of 54.45 % with a propylene
and ethylene ratio of 1.62. It appears that the long lifetime
of the nanosized ZSM-5 and the strong reaction activity
of SAPO-34 are the sources of the MHS-SZ composite’s
enhanced catalytic performance.

In addition, for investigating the performance of SAPO-34/
ZSM-5 composite synthesized via solid-solid transformation
method in MTO reaction, all of the synthesized catalysts’ cat-
alytic performance was examined in a fixed bed reactor at

diffusion lessens coke buildup within the SAPO-34 cage.

Figure 11: Mechanismd that enhances MTO
process using ZSM-5/SAPO-34 composite.

400 °C with a 1h WHSV by Wang et al. (2023). According to the
results, the core-shell SAPO-34/ZSM-5 exhibits significantly
improved catalytic stability. The catalyst’s lifetime of 18 h is
approximately three times longer than that of the single
SAPO0-34 and approximately 2.6 times longer than that of the
physically-blended SAPO-34+ZSM-5. The clearly longer life-
time of SAPO-34/ZSM-5 compared to SAPO-34+ZSM-5 is likely
due to the combined action of the distinct porosity structure
and acidity originating from the SAPO-34 core and the ZSM-5
shell layer crystals. Additionally, the mesoporous silica sub-
strates connect the core and shell layer. This connection not
only ensures the integral core-shell structure but also pro-
vides a quick mass transfer channel between the core and the
shell, improving the acidity accessibility of the core SAPO-34.
Furthermore, for the single catalyst, the average ethylene
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selectivity on SAPO-34is 31.7 %, which is much greater than the
average selectivity over ZSM-5 (7.8 %). Thus, it makes sense to
assume that SAPO-34 plays a significant role in the production
of ethylene. The physical mixture SAPO-34+ZSM-5 catalyst
exhibits a progressive decrease in ethylene selectivity as MTO
conversion progresses. The ethylene selectivity of SAP-
0-34+ZSM-5 rapidly drops to ~8.0% after 17h of reaction,
almost matching that of the single ZSM-5. This suggests that
SAPO-34 may be completely deactivated as an active compo-
nent in the SAPO-34+ZSM-5 catalyst. However, after 32h on
stream, the core—shell SAP-0-34/ZSM-5 catalyst had a greater
selectivity toward ethylene (>8.0 %). Additionally, it displays a
smoother decline slope trend, suggesting that the core phase of
SAPO-34 deactivates at a slower pace, giving the composite
SAPO-34/ZSM-5 a longer catalytic lifespan.

Therefore, based on the conducted researches, the
SAPO-34/ZSM-5 core-shell configuration enhances MTO
catalysis through several key mechanisms that summarize
in the Figure 11.

In summary, the SAPO-34/ZSM-5 core—shell structure
enhances the MTO process by merging high selectivity of
SAPO-34 with stability and coking resistance of ZSM-5,
leading to superior catalytic efficiency and an extended
catalyst lifespan.

7.2 Ethanol to propylene reaction

Duan et al. (2013) looked into the conversion of ethanol to
propylene over these as-prepared ZSM-5/SAPO-34 catalysts
under various reaction circumstances. A fixed bed and
continuous flow micro reactor were used to convert ethanol.
The quartz tube reactor, measuring 650 mm in length and
10 mm in diameter, was installed at atmospheric pressure
within a tube furnace. 500 °C, 0.1 MPa, 0.5g catalyst, total
flow rate of 80 mL min~}, PC,H;OH of 20 kPa, and 3h on

N. Taghili et al.: Advancements of ZSM-5/SAPO-34 composites —— 795

stream were the reaction conditions. Results are shown in
Table 4.

While HZSM-5 displayed a about 16.4 % output of pro-
pylene, SAPO-34 seems to have 100 % selectivity of ethylene
without producing propylene throughout the ethanol con-
version process. Propylene yields were high for ZS (25)-HS-1,
ZS (25)-HS-4, and ZS (25)-MM-4 when compared to indepen-
dent HZSM-5 and SAPO-34. Therefore, it can be concluded
that the HZSM-5/SAPO-34 catalyst for ethanol conversion
exhibited a synergistic effect between SAPO-34 and HZSM-5.
HZSM-5 was shown to be an effective catalyst in earlier
research for the direct conversion of ethylene to propylene
(Lin et al. 2009). At about 450 °C, a Si/Al molar ratio of 38
allowed for 42 % propylene selectivity and 58 % ethylene
conversion over HZSM-5 (Lin et al. 2009). As HZSM-5’s acidity
decreased, so did its catalytic reactivity while converting
ethylene to propylene (Lin et al. 2009). With the HZSM-5/
SAPOQ-34 catalyst, ethanol could fully convert to ethylene via
SAPO-34, and HZSM-5 could then efficiently catalyze the
conversion of ethylene to propylene. Thus, SAPO-34 and
HZSM-5 had a synergistic catalytic effect in the SAPO-34/
HZSM-5 catalyst. Among the potential explanations for the
high propylene yield obtained on SAPO-34/HZSM-5 catalyst
could be the synergistic effect.

So, The combination of HZSM-5 and SAPO-34 modified
the properties of the HZSM-5/SAPO-34 catalysts, influencing
their catalytic reactivity. Chemical interactions between
HZSM-5 and SAPO-34 occurred in hydrothermally synthe-
sized HZSM-5/SAPO-34 catalysts, resulting in catalytic reac-
tivity and properties different from those prepared through
physical mixing.

The catalytic reactivity and stability of HZSM-5/SAPO-34
catalysts in converting ethanol to propylene strongly
depended on the preparation methods, catalyst composition,
and reaction conditions. In an isothermal fixed-bed reactor,
the ZS(25)-MM-4 catalyst exhibited the highest propylene

Table 4: Catalytic reactivity of ZSM-5/SAPO-34 composite for the conversion of ethanol to propylene at isothermal fixed-bed reactor (Duan et al. 2013).

Catalyst Si/Al, (molar ratio) in ZSM-5 ZSM-5 /SAPO-34 (W/W) Conv. (wt%) Yield (wt%) CH4

Methane Ethylene Propylene Butylene Cs*
SAPO-34 - - 100.00 0.0 100.0 0.0 0.0 0.0
Z5(25)-MM-1 25 1 100.00 Trace 87.8 6.9 49 Trace
75(25)-MM-4 25 4 100.00 0.1 24.0 34,5 207 3.7
75(38)-MM-4 38 4 100.00 0.2 25.6 337 194 35
Z5(200)-MM-4 200 4 100.00 Trace 91.2 53 3.2 041
Z5(25)-HS-1 25 1 100.00 0.2 121 25.3 20.7 6.5
75(25)-HS-4 25 4 100.00 0.1 26.6 32.3 200 3.7
HZSM-5 25 100 100.00 0.9 10.4 16.4 8 29
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yield of approximately 34.5 %. However, its catalytic stability
was not optimal. Using a nonisothermal fixed-bed reactor
with a specific temperature configuration significantly
improved the catalytic stability of ZS(25)-MM-4. The yield of
propylene and the catalyst’s catalytic stability were closely
related to the concentration and strength distribution of
the acid sites. The catalyst must possess a moderate con-
centration and a balanced strength distribution of acid
sites to achieve a high propylene yield and good catalytic
stability.

In conclusion, for the ethanol to propylene reaction, the
synthesis of SAPO-34/ZSM-5 composite catalysts, particularly
through hydrothermal methods and physical mixtures,
demonstrates distinct advantages and disadvantages related
to their catalytic performance, stability, acidity, and coking
behavior. Here is a summary of their effects:

— Higher propylene production: The combination of
SAPO-34 and ZSM-5 in composite catalysts leads to
significantly higher propylene yields compared to using
either material alone. This is mainly due to their com-
plementary roles, SAPO-34 efficiently converts ethanol to
ethylene, which ZSM-5 then transforms into propylene.

—  Greater stability: Composites prepared via hydrother-
mal methods show improved catalytic stability over
physically mixed ones. This is largely thanks to their
well-developed pore structures, which improve mole-
cule diffusion and reduce coke buildup, a common cause
of catalyst deactivation.

—  Reactor design: Using a nonisothermal fixed-bed reactor
(with varying temperatures along its length) helps
extend the catalyst’s lifespan. This setup limits coke
formation at lower temperatures and promotes the
cracking of heavier hydrocarbons at higher
temperatures.

— Balanced acidity: The right balance of acid site concen-
tration and strength is crucial. Too strong or too many
acid sites can lead to rapid coking, while a moderate
level helps maintain both high activity and good
stability.

— Hierarchical porosity: The presence of mesopores be-
tween SAPO-34 and ZSM-5 particles in the composite
improves the diffusion of reactants and products. This
not only enhances catalytic performance but also helps
prevent coke formation.

—  Coke formation: Physically mixed catalysts tend to form
coke more quickly, while hydrothermal composites may
accumulate heavier coke species. However, core-shell
structures in some composites help delay coke forma-
tion in the SAPO-34 region and reduce external coking
due to lower surface acidity
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7.3 Methanol to aromatic reaction (MTA)

Jin et al. (2018) tested the core—shell ZSM-5/SAPO-34 com-
posite catalysts with different molar ratios in MTA process.
The process was done in a fixed-bed reactor, with 1.5 ht
WHSV and at 450°C. Composite catalysts demonstrated
improved stability as the ZSM-5/SAPO-34 M ratio increased,
suggesting that hierarchical structure was crucial. However,
within 12 h, all of the composite catalysts’ activity signifi-
cantly dropped. There are two possible reasons for this. One
is that the acid sites were required for the conversion of
methanol to aromatics; yet, excessively high acidity could
cause coke to deposit and quickly deactivate the catalyst.
Thus, it makes sense that the catalyst had a moderate con-
centration and strong distribution of acid sites in order to
achieve high catalytic stability. The other reason is that the
effect of the water vapor generated during the reaction could
cause the hierarchical porous structure of the composite
zeolites to collapse. Lower hydrothermal stability resulted
from the water’s dealumination of the catalyst, which
deactivated it (Bai et al. 2016; Gu et al. 2010).

Moreover, because of its narrow cage structure (CHA),
SAPO-34 exhibited a very low selectivity for aromatics
while favorably converting methanol to olefins. The
structure of MFI can be advantageous for cyclization re-
actions and intermolecular hydride transfer reactions,
which can transform a mixture of olefins into alkanes and
aromatics. However, ZSM-5 demonstrated a significantly
greater selectivity of 30.0 wt% to BTX. Thus, it made sense
that increasing the ZSM-5/SAPO-34 M ratio would improve
aromatics’ selectivity. It should be noted, meanwhile, that
the ZS-2 catalyst had the highest selectivity to BTX, reaching
34.3 wt%.

They also conducted the experiments at various tem-
peratures and WHSV. It was stablished how WHSV (1.5 h7,
4h™, and 6 h™) affected the production of BTX (Figure 12a).
For every catalyst, it was shown that the selectivity of BTX
steadily decreased as WHSV increased. Catalysts had less
time in contact with gaseous reactants or intermediates at
greater WHSV. In a subsequent reaction, light olefins like
propene and ethene did not have enough time to create ar-
omatics. For those intermediate species, this led to a shorter
reaction pathway, which increased the amount of olefins in
the products. Otherwise, methanol remained on the catalyst
for a longer period of time at lower WHSV, which led to
methylation reactions and an increase in the selectivity of
the products, which included aromatic Cs* hydrocarbons. In
light of the findings, 1.5 h™ was determined to be the ideal
WHSV for strong BTX selectivity. Furthermore, BTX selec-
tivity across all of these catalysts showed the similar pattern.
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Figure 12: The selective of BTX under different (a) WHSV, and (b) temperatures (Jin et al. 2018). Reproduced with permisison from Elsevier.

Over the ZS-2 catalyst, the greatest selectivity to BTX was
achieved at WHSV = 1.5h",

Moreover, at WHSV = 1.5h7}, the effect of temperature on
BTX selectivity was also tested (Figure 12b). Based on the re-
sults, the product distributions at different temperatures
exhibited distinct behaviors; the selectivity to BTX increased
slightly in the initial stage, and then decreased at higher
temperature. This volcano-type trend with temperature sug-
gested that the reaction pathways might be diverse. The lower
temperature was associated with lower selectivity to BTX
because it was insulfficient for the conversion of methanol to
DME, which led to the formation of light olefins. Gradually
increasing temperature promoted the hydride transfer reac-
tion to produce more paraffins or aromatics as products,
which in turn led to an increase in BTX (Kecskemeti et al.
2008). The selectivity to Cs" molecules reduced as the tem-
perature was raised to 500 °C. Higher temperatures caused
heavier hydrocarbons to break down. In order to achieve the
best light olefin selectivity and prevent the synthesis of
heavier hydrocarbons like aromatics, high temperatures
were therefore necessary (Hajimirzaee et al. 2015; Kecskemeti
et al. 2008; Wan et al. 2018). As a result, it was found that the
ideal temperature for producing BTX was 450 °C.

Thereby SAPO-34/ZSM-5 composite catalysts demon-
strate a range of beneficial effects in MTA reaction,
leveraging the distinct properties of each component. These
effects are primarily observed in enhanced aromatic selec-
tivity, improved catalytic stability, optimized acidity, and
favorable pore structure that minimizes diffusion limita-
tions and suppresses coke formation. Here is a summary of
their effects:

— Improved aromatic selectivity: SAPO-34/ZSM-5 compos-
ite catalysts demonstrate significantly enhanced

selectivity toward valuable aromatics, namely benzene,
toluene, and xylene (BTX). This improvement is pri-
marily attributed to the ZSM-5 component, which pro-
motes key reaction pathways such as cyclization and
hydride transfer. In particular, core-shell structures
with optimized ratios have shown superior BTX yields
compared to either SAPO-34 or ZSM-5 alone.

— Enhanced catalytic stability: One of the major advan-
tages of these composites is their remarkable resistance
to deactivation. Unlike pure SAPO-34, which deactivates
rapidly due to coke formation in its narrow micropores,
the SAPO-34/ZSM-5 composites offer improved long-
term stability. This is largely due to their tailored mes-
oporous structure, smaller crystal sizes, and moderate
acidity, which collectively enhance mass transport and
reduce coke buildup.

— Optimized acidity for sustained activity: The acidity of
the composites plays a critical role in their catalytic
behavior. Through hydrothermal synthesis and other
modification strategies, strong acid sites in ZSM-5 can be
partially neutralized or redistributed, resulting in a
moderate concentration of weak acid sites. This acidity
profile supports efficient methanol conversion while
suppressing side reactions that lead to coke formation.

—  Hierarchical pore structure and improved diffusion: The
incorporation of mesopores between SAPO-34 and ZSM-
5 crystals creates a hierarchical pore system that facili-
tates the diffusion of reactants and intermediates. This
structural advantage minimizes diffusion limitations,
enhances product selectivity, and further reduces the
risk of pore blockage from heavy hydrocarbons.

— Synergistic interactions between components: The com-
bination of the cage-like structure of SAPO-34 with
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channel system of ZSM-5 produces a strong synergistic
effect. This interaction improves overall catalytic effi-
ciency, enhances shape selectivity toward light aro-
matics, and contributes to better stability, particularly
under mild reaction conditions.

— Structural design delays coke formation: Advanced ar-
chitectures, such as core-shell composites, are particu-
larly effective at limiting coke formation. These
structures restrict the rapid diffusion of methanol into
the SAPO-34 core and help retain active intermediates,
such as polymethylbenzenes, while inhibiting their
conversion into polycyclic aromatic coke species.

— Tunable properties via versatile synthesis methods: A
range of synthesis techniques including hydrothermal,
microwave-assisted, seed-assisted, and two-step crys-
tallization, allow precise control over the structural and
chemical properties of the composites.

7.4 n-Hexane-methanol co-reaction to light
olefins

In another work, to increase the n-hexane-methanol syn-
ergies, the SAPO-34/ZSM-5 core-shell composite was syn-
thesized using the steam-assisted crystallization (SAC)
process by Cheng et al. (2021). Under the reaction conditions
of 580°C, WHSV = 10h™Y, N, = 30 mL/min, and methanol/
n-hexane molar ratio = 1.6, the n-hexane conversion and
product yields varied among the catalysts. The methanol
conversion was always higher than 98 %. With a three-
dimensional CHA structure, SAPO-34 showed a low n-hexane
conversion of 26.4 wt% and a relatively high ethylene pro-
duction of 10.3wt% among the single zeolite catalysts.
Despite the n-hexane molecule’s effective diameter of
049nm, the pore mouth of SAPO-34 measures
0.38 x 0.38 nm, preventing n-hexane from penetrating its
cage. The somewhat reduced yield of C,—C4 alkanes (4.3 wt%)
supported the MTO reaction, which mostly occurred in the
SAPO-34 channel.

The coupling reaction system catalyzed by ZSM-5 pri-
marily followed an alkene-based path, as indicated by the
greater butylene yield obtained from the methanol-n-hexane
co-reaction over ZSM-5. The performance of the n-hexane-
methanol co-reaction over SAPO-34/ZSM-5 demonstrated the
best light olefin yield and n-hexane conversion when
compared to other samples. SAP0O-34/ZSM-5 had a propylene
yield of 27.2wt%, an ethylene yield of 85wt%, and an
n-hexane conversion of 64.5wt%. Also, compared to ZSM-5
(210 min), the physical mixture of SAPO-34/ZSM-5 showed
favorable stability of 270 min. At 510 min, the SAPO-34/ZSM-5
composite exhibited the longest catalytic lifetime.
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Additionally, Figure 13 displays the GC/MS data for
extracted species in various samples at 580 °C and one h
TOS. The primary compounds found in spent ZSM-5 were
long-chain alkanes and pyrene, which was most likely
produced by exterior layer deposition. Compared to wasted
ZSM-5, spent SAPO-34 had higher levels of phenanthrene
and pyrene as well as new carbonaceous deposits of poly-
methyl naphthalene. In contrast to ZSM-5, PM-SAPO-34/
ZSM-5 had lower levels of poly-methylnaphthalene and
long-chain alkanes. This difference could be caused by the
uneven distribution of methanol and n-hexane on catalyst.
Polymethyl benzene concentrations were greater in the
SAPO-34/ZSM-5 composite, suggesting that the aromatic-
based pathway was enhanced. At one h of TOS and 580 °C,
very little pyrene was discovered in the extracted species of
SAPO-34/ZSM-5.

In conclusion, the very alkaline conditions of the ZSM-5
precursor gel can cause SAPO-34 to undergo an unwanted
transition or dissolution. This can be avoided by using the
steam-assisted crystallization (SAC) approach, which pro-
duces a well-defined SAPO-34/ZSM-5 composite. The com-
posite’s core—shell structure aids in controlling the
n-hexane-methanol reaction pathways and improving the
synergistic impact. The aromatic-based pathway in the
SAPO-34 core layer contributes to the elevated propylene.
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Figure 13: GC-MS results for the extracted species in spent SAPO-34,
PMS34/25, S34/75, and ZSM-5 at TOSs of 1 h and 580 °C (Cheng et al.
2021). Reproduced with permisison from Elsevier.
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Furthermore, by lowering exterior surface active sites of

SAPO-34 and methanol diffusion rate, the ZSM-5 shell layer

postpones coking in the SAPO-34 cage. Here are the key ef-

fects of the composite on the n-hexane-methanol co-reaction:

— Improved catalytic performance and product selectivity:
The SAPO-34/ZSM-5 core—shell zeolite composite dem-
onstrates a 32—-38 wt% increase in light olefin selectivity.
Specifically, a propylene yield of 27.2wt% and an
ethylene yield of 8.5 wt% were obtained. The composite
architecture is crucial for modulating the reaction
routes and the extent of the coupling reaction between
n-hexane and methanol for light olefins. The increased
propylene yield partly originates from the aromatic-
based route occurring within the SAPO-34 core layer.

— Enhanced catalytic lifetime and anti-coking ability: The
composite leads to an 89-143 % improvement in catalyst
lifetime under identical reaction conditions. The core—
shell structure minimizes carbon deposition by altering
the diffusion path of reactants and expanding product
formation routes, primarily within the SAPO-34
core layer

7.5 Ethanol dehydration reaction

For investigating the performance of SAPO-34/ZSM-5 com-
posite in ethanol dehydration process, Li et al. (2018) tested
all the prepared samples at 400 °C, atmospheric pressure,
and a WHSV of 2.37 h* in a stainless steel fixed-bed reactor.
Based on the liquid product’s GC analysis results, it was
discovered that the conversion of ethanol varied among
different catalysts (Figure 14). Over ZSM-5, 81.3% of the
ethanol was converted, whereas at 10 h on stream, 89.8 % of
the ethanol was converted over SAPO-34. While the SAPO-34/
ZSM-5 showed a similar level of conversion rate of 86.6 %,
the physically mixed SAPO-34/ZSM-5 composite maintained a
relatively high conversion of 84.5 % at 400 °C.

Moreover, according to the trends displayed in
Figure 14a, the product’s primary composition over the 10-h
test period on stream was ethylene and propylene. The
product included roughly 17 % propylene and 57 % ethylene
after the first 7h. After that, propylene increased to about
23 % and ethylene fell to about 50 %. This is because ethylene
product is converted to hydrocarbons with longer carbon
chains, like butylene. Impressive ethylene content in the
product with selectivity greater than 90 % during the test is
shown in Figure 14b. The SAPO-34/ZSM-5 core-shell struc-
ture composite demonstrated a selectivity of around 65 % for
ethylene and 15 % for propylene, resulting in a total light
olefins selectivity of approximately 80 %. This selectivity was
higher than that of the ZSM-5 catalyst (~74 %) and the
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SAPO-34/ZSM-5 physical mixture (76 %). Because of its

moderate acidity, the flat plateau of the reaction course over

SAPO-34/ZSM-5, shows the stable nature of the core-shell

structure. By using ZSM-5 shell, the propylene selectivity was

also increased from approximately 5% to approximately

15 % when compared to the SAPO-34. It was also discovered

that this compound required more effort to deactivate than

the SAPO-34 in its purest form.

Additionally, the product distribution of the ETP reac-
tion was impacted by the core-shell structure of the
SAPO-34/ZSM-5 sample. While the majority of the ethanol
reactant first reacted on the ZSM-5 shell of SAPO-34/ZSM-5,
the SAP0O-34/ZSM-5 physical mixture allows the interaction
of the acid cites in both SAPO-34 and ZSM-5 with the reactant
ethanol. After screening the product and intermediate twice,
the ethylene/propylene ratio increased to approximately 4.7
on the core—shell composite and to approximately 3.7 on the
mechanical mixture. This resulted in a 5-h reaction time.

In conclusion, the SAPO-34/ZSM-5 composite catalysts
demonstrate significant effects on the ethanol dehydration
reaction, primarily by enhancing the production of light
olefins, improving catalytic stability, and influencing coke
formation through optimized acidic and textural properties.
Here are the key effects:

— Improved propylene yield and overall catalytic perfor-
mance: HZSM-5/SAPO-34 composite catalysts exhibit
enhanced catalytic reactivity, which is strongly influ-
enced by the preparation method, composition, and re-
action conditions. Specific composite compositions, such
as a physical mixture with an HZSM-5/SAPO-34 wt ratio
of 4 and HZSM-5 Si/Al2 molar ratio of 25, have shown the
highest propylene yield of approximately 34.5 % among
tested catalysts in an isothermal fixed-bed reactor. All
composite catalysts generally perform better than in-
dividual SAPO-34, ZSM-5, or physical mixtures in terms
of methanol conversion and light olefin selectivity

— Synergistic effects and tunable acidity: A significant
synergistic effect occurs between SAPO-34 and HZSM-5
within the composite, leading to modified physico-
chemical properties and enhanced catalytic reactivity.
This synergy allows for tailored reaction pathways;
SAPO-34 can facilitate the complete conversion of
ethanol to ethylene, which can then be efficiently cata-
lyzed to propylene by HZSM-5. The combination of
HZSM-5 powder with three-dimensional CHA structure
of SAPO-34 is particularly helpful for propylene
production.

—  Enhanced catalytic stability and anti-coking properties:
While pure SAPO-34 rapidly deactivates due to coke
formation, and ZSM-5 exhibits long lifetime but lower total
olefin selectivity, composites aim to combine the strengths
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of both. The catalytic stability of SAPO-34/ZSM-5 compos-
ites is remarkably enhanced, approaching that of ZSM-5.
This is attributed to their mesoporous structure, small
crystal size, and relatively weak acidity, which collectively
promote product diffusion and alleviate coke deposition

7.6 Propane dehydrogenation

Moreover, Razavian and Fatemi (2015) showed that com-

posites had improved catalytic performance due to the

synergistic effect between ZSM-5 and SAPO-34, which
enhanced the catalytic properties of the samples in propane
dehydrogenation reaction. They used a propane and

hydrogen mixture as feed in a fixed-bed tubular quartz mi-

cro reactor. The following reaction parameters were set:

600 °C, 0.88 atm, 4h™* WHSV, and 0.8 H,/CsHg molar ratio.
According to the results, he catalytic reactivity of the

composite catalysts was influenced by the synthesis method
and the ratio of zeolite/zeotype used. The best results were
obtained with the Pt-Sn-based SAPO-34/ZSM-5 composite,
specifically with a Si/Al ratio of 60. This composite exhibited
enhanced stability, increased conversion, and significant
selectivity towards propylene.

The results of the investigation showed that the com-
posites’ binary structure integrated the reactivity and
sieving qualities of ZSM-5 and SAPO-34, as well as having a
major effect on the product’s attributes, such as increased
activity and propylene selectivity. The composites’ close
bonding between the phases, as opposed to a physical com-
bination of the two zeolites, produced better synergism in
terms of acidity, topology, and pore structure. The individual
zeolites could not be simply mixed to obtain this improve-
ment (Razavian and Fatemi 2015).

In conclusion, the effects of composite catalysts, on the
propane dehydrogenation process are primarily related to
enhancing propylene yield. Here are the key results:

—  Propylene yield enhancement: SAPO-34/ZSM-5 composite
systems have been investigated for propylene yield
enhancement in the propane dehydrogenation process.

- Specific catalyst type: A Pt-Sn-based SAPO-34/ZSM-5 with a
Si/Al ratio of 60, which achieved the best results for pro-
pylene yield enhancement in propane dehydrogenation.

8 General outlook

In this comprehensive review, we examined various tech-
niques for synthesizing SAPO-34/ZSM-5 zeolite composites
and investigated the advantages and challenges of each
method. We provided an overview of this composite zeolite’s
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key characteristics, including its textural properties,
adjustable acidity, and crystal morphology. Additionally, we
discussed the performance of the synthesized composite
zeolites in different reactions, such as methanol-to-olefins
(MTO), methanol-to-aromatics (MTA), ethanol dehydration,
and the conversion of ethanol to propylene. A summary of
the discussed research is presented in Table 5.

8.1 Interconnections among synthesis,
properties, and applications

The synthesis, structure, and catalytic behavior of ZSM-5/
SAPO-34 composites are intricately interconnected, with the
selection of synthesis method being crucial in adjusting the
resulting textural and chemical properties that influence
catalytic performance. This section emphasizes the inter-
connected relationships among these aspects and shows
how adjusting one directly influences the others, ultimately
improving the effectiveness of these composites in different
catalytic processes.

Each synthesis method results in unique structural
characteristics and acidity profiles. Conventional hydro-
thermal synthesis (Section 2.1) facilitates precise control of
Si/Al ratios, resulting in high-quality crystals characterized
by balanced microporosity and acidity, which are critical for
MTO reactions (Chae et al. 2010). Yet, the long crystallization
duration characteristic of this approach may lead to
increased crystallite dimensions and restricted mesopore
development (Table 1). In response to this, ultrasound-
assisted hydrothermal synthesis (Section 2.2) developed as a
more effective alternative. It facilitates fast nucleation,
yielding small crystals, augmented mesopore volumes (e.g.,
049 cm®g for U-SAPO-34/ZSM-5 at a 50% ratio), and
enhanced surface areas (up to 460 m%g) (Moradiyan et al.
2018). The features dramatically improve molecular diffu-
sion, thereby enhancing catalytic activity, particularly
through improved dispersion and interaction between
SAPO-34 and ZSM-5 domains. Alternative innovative
methods provide distinct advantages. Steam-assisted crys-
tallization (Section 2.3) minimizes the requirement for
organic templates and facilitates the development of hier-
archical structures with graded acidity, which are optimal
for synergistic conversions like n-hexane-methanol re-
actions (Cheng et al. 2021). Microwave-assisted synthesis
(Section 2.4) allows for uniform particle growth and high
surface areas (e.g., 394 m?/g for ZSM-5/SAPO-34 composites),
improving product selectivity in MTO processes (Liu et al.
2017). Solid-state transformation (Section 2.5), a solvent-free
method, yields composites with remarkably high surface
areas (e.g., 656 m%/g) and mesopore volumes (0.34 cm®/g),
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Table 5: Comparison of textural properties and performance of synthesized SAPO-34/ZSM-5 composite catalyst via various methods.

References Synthesis method  Application Sample BET surface Pore volume Catalyst Catalyst life-
area (m%/g) (cm’/g) yield (%) time (h)
Chae et al. (2010) Hydrothermal MTO Seed 595 0.28 89 N/A
Series 556 0.26 100 N/A
Duan et al. (2013) Hydrothermal Ethanol to propylene 751 276 0.27 100 N/A
75-4 276 0.27 100 N/A
Razavian and Fatemi Hydrothermal Propane dehydrogenation  SZ2 308.7 0.22 40 N/A
(2015) 752 279.8 0.23 41 N/A
Zheng et al. (2015) Hydrothermal N/A Z/S (2) 378 0.5 N/A N/A
Z/S (4) 378 0.61 N/A N/A
Z/S (5) 419 0.52 N/A N/A
Z/S (6) 474 0.48 N/A N/A
Jinetal. (2018) Hydrothermal MTA 75-0.5 365 0.29 100 10
75-1 378 0.28 100 10
75-2 396 0.28 100 12
Li et al. (2018) Hydrothermal Ethanol dehydration SZ 390 0.37 84.5 10
Mohammadkhani et al.  Hydrothermal MTO $60/240 480 N/A 100 ~13
(2019) $70Z30 482 N/A 100 ~20
$80/720 502 N/A 100 ~26
Wu et al. (2019) Hydrothermal MTO SZ 357.36 0.37 98 23.3
Chen et al. (2020) Hydrothermal MTO Z/S (5) 421 0.26 100 28
2/S (2.5) 583 0.31 100 21
Moradiyan et al. (2018)  Sonochemical MTO U-S/z 460 0.49 100 N/A
(50 %)
u-s/z2 425 0.63 100 N/A
(30 %)
uU-s/z 392 0.69 100 N/A
(10 %)
Cheng et al. (2021) Steam-assisted n-Hexane-methanol to Sz 374 0.22 68 8
light olefins
Liu et al. (2017) Microwave assisted ~ MTO Z5 394 0.36 100 25
Sz 323 0.29 100 60
Wang et al. (2023) Solid-solid MTO Sz 656 0.34 100 18

transformation

contributing to enhanced thermal and catalytic stability in
MTO (Wang et al. 2023).

The synthesis route is just one aspect; the resulting
textural and chemical properties, including surface area,
pore volume, and acidity, play crucial roles in determining
catalytic performance. For example, composites created
through ultrasound-assisted techniques (Table 3) demon-
strate increased mesoporosity, which lowers diffusion
resistance and enhances accessibility to active sites, partic-
ularly crucial in processes such as MTO and propane dehy-
drogenation (Section 7).

Hydrothermally synthesized core—shell structures (Jin
et al. 2018) are particularly effective in MTA due to the acid
functionality of SAPO-34 shell and increased mesopore size
(Section 4). Similarly, higher SAPO-34 loading increases the
surface area (e.g., 502 m?g for $80/Z20) and total acidity,
boosting the selectivity toward light olefins like ethylene and

propylene to as much as 80 % in MTO (Mohammadkhani
et al. 2016).

Acidity, in particular, emerges as a critical parameter
controlled by synthesis strategy. In ethanol dehydration,
composites with moderate acidity, achieve significantly
higher propylene selectivity (15%) compared to pure
SAPO-34 (~5 %) (Section 7.5).

These engineered properties translate directly into
performance improvements across a range of catalytic ap-
plications. In MTO reactions, hierarchical pore structures
and tailored acidity achieved through synthesis methods can
lead to light olefin yields as high as 89 % (e.g., in seed-assisted
hydrothermal composites; see Table 5). In propane dehy-
drogenation, composites like SZ2 (with 308.7 m%g surface
area) exhibit enhanced propylene selectivity due to
improved textural and acidic features (Razavian and Fatemi
2015). Moreover, increased mesoporosity resulting from
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microwave-assisted synthesis contributes to extended cata-
lyst lifetimes, up to 60 h in MTO, by mitigating coke deposi-
tion (Liu et al. 2017).

In summary, the performance of ZSM-5/SAPO-34
composites in catalytic reactions is determined by a
complex interaction among synthesis techniques, struc-
tural characteristics, and chemical properties. By care-
fully selecting and optimizing synthesis methods,
researchers can modify features such as porosity, surface
area, and acidity to meet the demands of particular cata-
Iytic processes. These insights inform the systematic
design of high-performance catalysts and facilitate the
development of scalable, cost-effective production stra-
tegies suited for industrial applications. Future research
must concentrate on enhancing our comprehension of
these interrelationships to fully realize the potential of
these functional materials.

8.2 Key findings

This review underscores notable progress in synthesis and
application ZSM-5/SAP0-34 composite materials, especially
in their role as catalysts for the methanol-to-olefins (MTO)
reaction. The primary observations and trends from these
studies highlight the significance of this field of research
concerning sustainable chemical manufacturing.

The development of ZSM-5/SAPO-34 composites aims to
enhance catalytic performance for MTO conversion by
combining the strengths of zeolites. SAPO-34 offers high
selectivity for light olefins but tends to deactivate rapidly due to
coke formation. In contrast, ZSM-5 has a longer catalyst lifetime
due to its larger pore structure but provides lower selectivity
for light olefins. The composite aims to utilize the selectivity of
SAPO-34 while enhancing its durability with ZSM-5. The main
charactersitics of this zeolite are summarized in Figure 15.

Moreover, a prominent trend in ZSM-5/SAPO-34 com-
posite synthesis is the exploration of diverse synthesis
methods to tailor the composite’s properties for optimal
catalytic performance. Methods like in-situ two-step crys-
tallization, hydrothermal synthesis, physical mixing,
microwave-assisted  hydrothermal synthesis, and
ultrasound-assisted synthesis offer varying degrees of
control over the final material’s characteristics. A core—
shell configuration, where one zeolite encapsulates
another, has significant advantages in guiding the reaction
process and enhancing synergy. However, achieving this
structural arrangement presents challenges due to the
differing synthesis conditions that each zeolite typically
requires.
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8.3 Challenges and outlook

In summary, SAPO-34/ZSM-5 and ZSM-5/SAPO-34 Composite

zeolites were synthesized through co-crystallization or

overgrowth methods. These composite zeolites exhibit
distinct characteristics compared to mechanical mixtures of
individual zeolites. Characterization studies have revealed
that the composite zeolites can have a much closer stacking
arrangement and may even form intergrowth areas. In
comparison to mechanical mixtures, composite zeolites
possess higher acid strength and greater activity for acid
reactions, such as the aromatization of olefins and methanol
dehydration. This enhanced performance can be attributed
to the unique composite structures of these zeolites.

Despite the several research and studies in this field, the
synthesis of SAPO-34/ZSM-5 composite catalysts faces some
challenges, which are as follows:

—  Controlling the synthesis conditions: To obtain the com-
posite with desirable properties, it is necessary to con-
trol synthesis variables such as temperature, pH, and gel
composition.

— Achieving a uniform dispersion of the two zeolites: To
enhance the synergistic effect, it is crucial to reach an even
distribution of SAPO-34 and ZSM-5 within the composite.

—  Preserving the stability of the composite: The composite
catalyst must remain stable under reaction conditions to
avoid dealumination or phase separation, which can
result in reduced performance.

To address these challenges, several ongoing research di-
rections for SAPO-34/ZSM-5 composite catalysts include:

a) Optimizing synthesis methods: Scientists consistently
work on enhancing and creating new ways to synthesize
composite catalysts with the required characteristics.
Improving catalyst stability and lifetime: To guarantee
the effective use of these catalysts in industrial appli-
cations, it is important to develop strategies that reduce
coke formation and other deactivation mechanisms.
Finding new applications: There is promising potential in
extending the use of these catalysts in other processes
beyond conventional reactions like methanol-to-olefins
(MTO) and ethylene-to-propylene (ETP).

Understanding the crystallization mechanisms: A
detailed understanding of how these catalysts function
at a molecular level can significantly improve their
performance.

Achieving precise control over morphology and compo-
sition: Creating core—shell structures and achieving an
even distribution of zeolites within the composite con-
tinues to be challenging.

b)

V)]

d)

e)
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f) Investigating synergistic effects: Further investigation is
required to understand the interactions between the
two zeolites and how they affect catalytic performance.

g) Focusing on scalability and cost-effectiveness: To facili-
tate industrial applications, scalable synthesis methods
and lower production costs are essential.
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