Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

¥® ROYAL SOCIETY
PP OF CHEMISTRY

EES Catalysis

View Article Online
View Journal | View Issue

MINIREVIEW

Zeolite catalysts for non-oxidative ethane

’ '.) Check for updates ‘
dehydrogenation to ethylene

Cite this: EES Catal., 2024,

2,923 .
Lu Liu,

Liang Wang (2 * and Feng-Shou Xiao (2 *

The conversion of ethane to ethylene is crucial for deriving platform chemicals from non-petroleum
feedstock. However, it currently relies on steam cracking technology, which involves high temperatures
and large reactors. The catalytic dehydrogenation of ethane (EDH) could resolve these issues, but its
efficiency is often limited due to thermodynamics, leading to low conversion and coke formation. These
challenges make it difficult for catalytic EDH to compete economically with steam cracking. Recent
studies show that rational design of catalysts, such as fixing metal nanoclusters within zeolite
micropores or isolated metal sites on the zeolite framework, can enhance catalytic performances. These
designs lower energy barriers for carbon—hydrogen bond activation, hinder deep dehydrogenation to
coke, and provide sinter-resistant metal sites for durability. This review discusses the pivotal role of
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zeolite structures in catalysis and sums up the principles of catalyst design for efficient non-oxidative
EDH. It aims to help in the development of more efficient zeolite catalysts and enhance the viability of
catalytic EDH for potential industrialization.
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Broader context

Ethylene is a critical chemical building block in the modern chemical industry, primarily produced from petroleum feedstock. However, with the rise in shale
gas exploitation, converting ethane into ethylene has emerged as a viable non-petroleum alternative. The steam cracking of ethane has yielded over 40 million
tons of ethylene, accounting for 20% of the current ethylene production. But this process is endothermic, requiring high reaction temperatures (around 800 °C),
leading to 1.2 tons of CO, emissions per ton of ethylene produced. The non-oxidative catalytic dehydrogenation of ethane (EDH) could help reduce energy costs
and yield a stoichiometric hydrogen product. However, existing EDH catalysts still fall short in terms of catalytic activity, selectivity, and durability, hindering
the potential for industrialization. Recently, zeolite-based catalysts have shown significant performance improvements compared to the typical oxide-supported
catalysts. The rigid and stable zeolite framework, with confined metal species in the micropores or coordinated metal sites on the framework, aids in activating
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the C-H bond and obstructing coke formation. This review summarizes and discusses these findings.

1. Introduction

Ethylene is one of the most important platform chemicals in
the modern chemical industry, which had a production over
200 million tons in 2022 and was still growing by 2.9% per year.
The current ethylene production mainly relies on the steam
cracking of naphtha, which has covered more than 70% of the
production.”* With the large-scale exploitation of shale gas, the
supply of ethane has increased more than 15-fold over the past
decade in the United States. The low-cost ethane has become a
suitable raw material for ethylene production, and the steam
cracking of ethane has been utilized as a non-petroleum route
for obtaining ethylene.> However, this process is endothermic,
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and requires a high reaction temperature (e.g. 800 °C), corres-
ponding to 1.2 tons of CO, emissions with the production of
each ton of ethylene.”

Compared with the steam cracking of ethane, catalytic
dehydrogenation of ethane could proceed at a relatively mild
temperature (e.g. 600 °C). The oxidative EDH has been studied
for several decades, but the over-oxidation usually occurs to
form non-valuable CO, with low selectivity to ethylene.>™
Compared with oxidative EDH, the non-oxidative EDH has high
selectivity and could produce the valuable by-product hydro-
gen, but the single-pass ethane conversion was usually low
because of the limit by thermodynamic equilibrium. As shown
in Fig. 1A, increasing the reaction temperature and decreasing
the partial pressure of ethane are beneficial to obtain signifi-
cant ethane conversion. However, with increasing reaction
temperature, the rates of side reactions such as ethane cracking
(eqn (2)), hydrogenolysis (eqn (3)), and coking (eqn (4)) also
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Fig. 1 Thermodynamic profiles of non-oxidative EDH. (A) Equilibrium conversion of non-oxidative EDH at different partial pressures as a function of
reaction temperatures. (B) AG of EDH (egn (1)) and other side reactions (egn (2)-(4)) as a function of temperature (1 bar).

increase (Fig. 1B), which accelerate the catalyst deactivation
and decrease the yield of ethene. For example, the AG for deep
dehydrogenation of ethane to coke (eqn (4)) is —82.1 k] mol ™"
at 600 °C, and —114.2 kJ mol~* at 750 °C. Although propane
dehydrogenation has been commercialized, the catalysts were
not fully appropriate for EDH because ethane has more inert
C-H bonds and more severe thermodynamic limitations com-
pared with propane.”™' Therefore, developing efficient cata-
lysts for active, selective, and durable non-oxidative EDH is still
a great challenge.

C,Hg « C,H, + H, (AHS9g = 137 kJ mol )

(1)
C,Hg «— 1/2C,H, + CH, (AHSs = 36.3 kf mol™)  (2)
C,H + Hy « 2CH, (AHSs = —64.5 k] mol™!)  (3)
(4)

C,Hg < 2C + 3H, (AH39s = 84.7 k] mol )

Recent findings have proposed several strategies to optimize
reaction processes by regulating catalyst structures. Different
from the oxide supports, zeolites with rigid, uniform, and
stable frameworks provide confinement, coordination, and/or
metal-support interaction effects to the metal species, thus
improving their catalytic performance.’>® For example, load-
ing Pt nanoparticles on the surface of titanosilicate zeolites
resulted in an ethane conversion of over 43.0% during a
100 hour EDH test due to enhanced metal-support interaction
and molecular transport;'* encapsulating Pt nanoparticles
within zeolite micropores led to a high electron density of the
Pt active phase, weakening the strength of the Pt-(C—C)
interaction and promoting rapid olefin desorption. These
effects resulted in improved durability compared to supported
Pt nanoparticles;'® isolating cobalt in the stable zeolite frame-
work formed H,CoS-1 sites, which exhibited high activity and
negligible coke formation in EDH for a long period, outper-
forming conventionally supported catalysts.* Based on these
strategies, significant advances in improving ethane conversion
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and catalytic durability have been achieved. Although a number
of EDH catalysts have been developed, as summarized in
reviews on the dehydrogenation of different light alkanes,>"’
the advantages of zeolite-related catalysts have not been fully
realized. To date, there has been no review focusing on zeolite
catalysts for non-oxidative EDH yet. Herein, we briefly summar-
ize recent progress and discuss their structure-performance
interplay. This minireview not only discusses efficient EDH
processes for producing ethylene but also highlights the great
potential of zeolites in this field. This work might be important
for the development of efficient catalysts in the future.

2. Pt—zeolite catalysts

Supported Pt nanoparticle catalysts are widely studied for dehy-
drogenation of light alkanes due to their high activity in C-H
bond activation (Fig. 2A)."*?°>® In the context of Pt-catalyzed
EDH, various steps have been experimentally and theoretically
identified. These include the dissociative adsorption of ethane, C-
H cleavage to generate two hydrogen atoms and olefins, the
coupling of two hydrogen atoms to create a hydrogen molecule,
and the desorption of both hydrogen and ethylene (Fig. 2B and
C).>* Small-sized Pt nanoparticles are known to have more low-
coordinated Pt sites with lower energy barriers towards EDH
compared to flat Pt surfaces. This characteristic leads to their
superior activity in ethane conversion. However, it also triggers
the severe deep dehydrogenation of ethylene to form coke, which
is considered an inherent disadvantage of Pt catalysts in non-
oxidative dehydrogenation.”*"°

The competition between ethylene desorption and deep
dehydrogenation is crucial to determine the reaction channels
of efficient EDH and coke formation. The unsaturated C—=C
bond could interact with the Pt sites through di-c and/or n
adsorption (Fig. 2D), where the former was stronger.>” This is
due to larger valence charge density between the C and Pt
surface in the di-c bond than in the n adsorption, resulting in a
stronger C-metal bond (Fig. 2E).”® Similar features were also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Scheme showing the synthesis of zeolite-encaged subnanometer Pt-Zn cluster catalysts.?> Copyright 2020 John Wiley and Sons. (B)
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observed on EDH intermediates. The adsorption energy of
ethylene on Pt(111) and Pt(211) is 1.51 and 1.84 eV, respectively.
Stronger CH,CH,* adsorption energy on Pt(211) makes the
desorption of ethylene more difficult than that on Pt(111). On
Pt(111), CH3;CH* can be dehydrogenated rapidly to form CH;C*
with a reaction barrier of 0.28 eV, which may lead to the loss of
selectivity and poor stability.>* To overcome this problem, an
efficient strategy is to modify the Pt nanoparticles by promoters
such as Pb, Bi, Sb, In, Sn, Ga, and Zn, which could form Pt-M
alloyed structures for rapid ethylene desorption.>*! For exam-
ple, a Zn-modified Pt nanoparticle catalyst could effectively
suppress C-C bond cleavage during ethane dehydrogenation. It
could achieve nearly 100% C,H, selectivity up to the thermo-
dynamically limited equilibrium conversion at 600 °C, while the
monometallic Pt catalyst could only obtain a C,H, selectivity
less than 50%.°° Among these various promoters, Sn is the
most commonly used one for Pt nanoparticles because it can
efficiently interact with Pt to form an alloyed structure, which is
stable at high temperatures under redox conditions. The func-
tion of Sn species has attracted much interest by studying the
Pt-Sn system with different Sn contents, coverages, and
locations.'?%%*7> When the Sn coverages were very low

© 2024 The Author(s). Published by the Royal Society of Chemistry

(1/4 mono-layer) on the catalyst, the electronic interaction
between supported Sn-Pt species benefits the uniform distri-
bution of Pt nanoparticles. For the catalysts with high Sn
coverages (1/2 mono-layer), the geometric effect was dominant
and benefited weakening the adsorption of olefins on the Pt
surface by reducing the number of Pt-Pt di-c sites and increas-
ing the activation energy for C-H of ethylene, which contrib-
uted to higher ethylene selectivity and suppresses deep
dehydrogenation."*?**7*> Owing to these features, the Pt-Sn
catalysts could catalyze EDH more efficiently relative to the bare
Pt catalysts. For example, Pt-Mg(Al)O exhibited an initial
ethane conversion of 10.4% and ethylene selectivity of 80%,
which were significantly lower than those of PtSn-Mg(Al)O
(25.6% ethane conversion and nearly 100% ethylene selectivity)
at 550 °C.>® However, these supported Pt-Sn catalysts suffer
from metal sintering and Pt-Sn phase separation at high
temperatures in air (oxidative conditions that were usually used
to remove the coke), which leads to irreversible deactivation.
Encapsulating the Pt nanoparticles within zeolite crystals, even
without the Sn promoters, could significantly optimize the per-
formances. For example, the aluminosilicate zeolite (HZSM-5)
encapsulated Pt nanoparticles (Pt@HZSM-5) exhibited high
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ethane conversion (over 15%) and excellent stability (over 50 h)
for EDH.?” Under the equivalent reaction conditions, the Pt
nanoparticles supported on the zeolite external surface exhib-
ited the initial ethane conversion of 17% but reduced to less
than 6% after 20 h. A possible reason is that the encapsulated
structure leads to the high electron density of the Pt active
phase, which weakens the strength of the Pt—(C=C) interaction
and promotes rapid olefin desorption. Importantly, Pt@HZSM-5
after regeneration by calcination in air showed an identical
structure and catalytic performance relative to the fresh catalyst,
because the rigid zeolite structure could stabilize the encapsulated
metal nanoparticles under the redox conditions.

In addition to the encapsulated structure, the zeolite con-
taining heteroatoms could also electronically modulate the Pt
nanoparticles. Liu et al. reported that the heteroatoms on the
TS-1 zeolite could electronically interact with Pt nanoparticles
and optimize their performances in EDH.'” As a result, they
found that the Pt nanoparticles on two-dimensional multi-
lamellar titanium silicalite-1 zeolite nanosheets exhibited an
ethane conversion of 15.7% with ethylene selectivity higher
than 99.0%, and such performances were constant in the
continuous test up to 50 h. In this case, the Pt-Ti electronic
interaction also benefits stabilizing Pt nanoparticles against
sintering during EDH at high temperatures. Also, the multi-
lamellar structure with high external surface area benefits the
dispersion of Pt nanoparticles and metal-support interaction.

Although the durability of Pt catalysts has been improved
through zeolite support, coke formation on these zeolite-related
catalysts cannot be fully avoided during long-term EDH tests or
under harsh conditions.*®*° Therefore, further development of
Pt-zeolite catalysts is necessary to achieve ideal performance
with high activity, selectivity, and fully prevented coke for-
mation. To achieve this success, we need to engineer zeolite
micropores to optimize mass transfer, and adjust the Pt-zeolite
electronic interaction to hinder ethylene cracking and deep
dehydrogenation.
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Fig. 3
ethylene productivity as a function of temperature for catalysts from (A).
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3. Non-noble metal—zeolite catalysts

Various non-noble metal-based catalysts, such as Cr-, Ga-, Fe-,
Co-, and In-zeolite catalysts, have been studied in EDH, and
some showed unusual performances.***®*#4°%3 Table 1 and
Fig. 3 briefly summarize the catalytic performances of typical
zeolite catalysts for non-oxidative EDH in recent years, with the
oxide supported catalysts as references. Non-noble metal zeo-
lite catalysts exhibited excellent activity, some of which even
outperform the activity of Pt catalysts. Typically, the Cr/MFI
catalyst exhibited an ethane conversion of 36.2% at 650 °C,
GHSV = 600 mL g, ' h™*, which significantly outperforms the
noble metal-based catalysts like Pt@MFI with an ethane con-
version of 4.6% under equivalent conditions.*' Besides, the Fe/
ZSM-5 catalyst showed an ethane conversion of 15.0%, while Pt/
ZSM-5 and Fe/Al,0O; exhibited an ethane conversion of only
about 4.2% and 3.2%, respectively.**

Indeed, the zeolite morphology, topological structure,
micropore environment, and acidity/alkalinity have great
impacts on the fine structure of active metals/sites and diffu-
sion of reactants/products, thus affecting the catalytic perfor-
mances.** " From the aspect of the acidity, Brensted acid sites
in zeolites catalyze cracking and dehydrocyclization that form
aromatics and coke.”® In order to avoid these side reactions,
aluminosilicate zeolites with low contents of alumina species
and even siliceous ones that possess low surface acidity are
commonly used as supports for the EDH with desired selectiv-
ity. In addition, optimization of the fine structure of heteroa-
tom sites in zeolites is also desired. For example, the
Fe-containing MFI siliceous zeolite with identical tetracoordi-
nated and isolated iron sites exhibited high activity and selec-
tivity for the EDH, showing a constant ethane conversion of
~26% and ethene selectivity of ~97.5% during the continuous
EDH reaction for 200 h (Table 1). In contrast, the Fe-containing
zeolite with some extra-framework Fe species could form coke
species that block the micropores, resulting in relatively poor
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(A) Dependence of ethylene selectivity on ethane conversion over non-oxidative EDH catalysts related to those in Table 1. (B) Comparisons of
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Fig. 4 (A) HAADF-STEM images of Co/S-1.1* (B) Calculated free energy diagram of EDH over H,CoS-1.1* (C) The structure of H,CoS-1.2* Copyright 2022
Elsevier. (D) Time course of the nonoxidative dehydrogenation of ethane using In-CHA, PtSn/Al,Os, PtGa/Al,Os, and Ga-ZSM-5.8 (E) Optimized structure
of the [InH,]* ion [AlO,4]™ site (Z[InH,]) in the CHA zeolite and formation of Z[InH,] from Z[In] via direct and indirect pathways as well as desorption of

H, from ZlInH,]. Copyright 2020 the American Chemical Society.*®

ethane conversion (<17%) under the equivalent reaction
conditions."®

This principle also worked efficiently for the Co-zeolite
catalysts. The Co-zeolite with identical tetracoordinated and
isolated cobalt sites (Fig. 4A) was highly active, selective, and
durable for EDH. As a typical run at 590 °C, WHSV 6.5 h™*, the
Co/S-1 zeolite showed an ethane conversion of 13.2%. In
contrast, the supported cobalt nanoparticles such as Co/SiO,
and Co/TiO, exhibited ethane conversions lower than 6%.
Considering the different ethane partial pressure and WHSV
in the tests, we compared the ethylene productivity of the
different catalysts. Co/S-1 gave an ethylene productivity of
13.4 kgc 1, Kgear ', much higher than 0.11 and 0.36 kg 1, Kgeae '
over Co/SiO, and Co/TiO, catalysts. Even the FeS-1-EDTA zeolite
catalyst, which was reported as coke-resistant in EDH, gave an
ethylene productivity of 0.19 kgc p, kg.a . These data support the
great potential of the Co—zeolite in the EDH."

Further insights into the active sites of these Fe and Co
zeolite catalysts have been studied by theoretical simulations,
where the bridge oxygen of Fe-O-Si or Co-O-Si linkages was
regarded as a crucial site for the activation of the first C-H
bond. This structure results in high intrinsic activity for ethane

928 | EES Catal, 2024, 2, 923-931

dehydrogenation and benefits the desorption of ethylene to
avoid coke formation. For example, the dehydrogenation of
C,H5* is more favorable than the C-C bond dissociation with
the G, value at 1.64 eV on H,CoS-1 (the isolated Co sites with
two protons for charge balance). In addition, the co-adsorption
of ethylene and hydrogen atoms (2H + C,H,)* exhibits a
repulsive feature, which leads to barrierless desorption rather
than the deep dehydrogenation of C,H,* to form coke (Fig. 4B
and C). These features could explain the high ethylene selectiv-
ity in EDH over these catalysts.

Different from the framework Fe and Co sites in zeolites, the
In species could not replace a Si atom in the zeolite framework
to form tetracoordinated sites, because of the huge atom size.
Maeno et al. found that the isolated In sites could be intro-
duced into the cages of the aluminosilicate CHA zeolite, and
formed In hydride species that were active for the dehydro-
genation.'® In EDH over the In-CHA zeolite, a durable ethane
conversion of 27.2% and ethylene selectivity of 96.9% were
achieved in the continuous test for 90 h (Table 1). In contrast,
the Ga and Zn zeolites exhibited much lower selectivities
(76.1% and 67.3%, respectively) with coke as a by-product. In
contrast, the alumina-supported PtSn and PtGa exhibited lower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conversions (21.4% for PtSn/Al,O; at 90 h, and 19.7% for
PtGa/Al,O; at 20 h) than In-CHA (Fig. 4D). These results
demonstrate the high selectivity and durability of In-CHA for
EDH at high reaction temperatures (700 °C). Based on in situ
Fourier transform infrared (FTIR) spectroscopy, kinetic study,
and transition state (TS) calculations, the isolated framework
[InH,]" ions served as catalytically active sites for EDH using In-
CHA. Theoretical simulations showed that the [InH,]" ions were
thermodynamically unstable but kinetically stable at high
temperatures, which supports the formation and stabilization
of In hydrides at high temperatures (Fig. 4E). Besides, the
[InH,]" ions reduced the amount of zeolite-coordinated protons
and carbenium ions during ethane dehydrogenation compared
to Ga-zeolites, resulting in better selectivity and durability.

Different from the precious metals (e.g. Pt) that activated the
C-H bond relying on the d orbitals, the heteroatoms in zeolites
provided different active sites for the ethane activation, such as
the metal d orbital synergising with the adjacent oxygen atoms
over Si-O-Fe’" and Si-O-Co’* containing zeolites. This finding
paves the way for developing EDH catalysts with non-noble
metals and could potentially be extended to the activation of
C-H bonds in other hydrocarbon molecules.

4. Summary and outlook

Recent advancements in the non-oxidative ethane dehydro-
genation over zeolite catalysts have been briefly reviewed,
focusing on the relationship between the structure and catalyst
activity. Zeolites with stable and uniform frameworks facilitate
the formation of new types of active sites through electronic
or geometrical modulation, outperforming traditional metal
nanoparticles on oxide supports. In addition, the zeolite-
based catalysts have obvious advantages such as fast mass

& &
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| ;
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Fig. 5 Scheme showing the ethane dehydrogenation and selective
hydrogen consumption process proposed by ref. 71.
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transfer of light alkanes and alkenes, stable active sites in the
catalysts, and easy regeneration of metal species, leading to
enhanced activity, high selectivity, and excellent durability,
compared with current supported metal catalysts. Among var-
ious zeolite types, the MFI zeolite shows promise due to its ease
of synthesis in its siliceous (alumina-free) form on a large scale.

Despite significant progress in catalyst design for non-
oxidative EDH, future research still faces important challenges.
One is the catalyst’s stability under redox conditions. In most
studies, the sintering resistance of metal sites is typically tested
under dehydrogenation (reductive) conditions. In these cases,
the sintering resistance of metal sites under oxidative condi-
tions, which relates to calcination operations to remove coke
and influences catalyst regenerability, is often overlooked. For
metals used in EDH (e.g., Pt), oxygen-triggered sintering is
energy-favorable at high temperatures, often leading to irrever-
sible deactivation during continuous dehydrogenation and
calcination operations. This sintering also occurs during calci-
nation, even for zeolite-stabilized metal sites or nanoparticles.
The future catalyst design should fully consider these issues.
Possibly, a zeolite with a rationally optimized microporous
environment to prevent oxygen-triggered Ostwald ripening of
metal sites could overcome current limitations. In this case, a
promising catalyst could be the MFI zeolite with isolated metal
sites, where the siliceous framework might stabilize the metal
sites under redox conditions through the Si-O-M°" linkage.
Considering the high activity and selectivity of isolated Co in
zeolites, the cobaltosilicate zeolite catalyst (CoS-1) could be a
promising catalyst for EDH. Furthermore, this catalyst could
potentially have widespread applications by avoiding the use of
precious metals.

The thermodynamic limitation is another challenge for the
EDH and its potential applications. The process economic
analysis has shown a significant reduction in operation costs
when increasing the one-pass ethane conversions from approxi-
mately 15% to 31% in EDH.”" Diluted ethane and a low feed
rate are typically used in lab research to increase the apparent
ethane conversion. However, such operations result in high
separation costs. Therefore, further improvement in one-pass
ethane conversion needs to be seriously considered.

Partially removing the hydrogen product could efficiently
shift the reaction equilibrium and improve the ethane conver-
sion, which strongly requires catalysts with multiple functions
for EDH and hydrogen combustion (Fig. 5).”" Inducing the
component for hydrogen combustion to the current EDH
catalysts has achieved some success in improving the ethane
conversions, but the overoxidation usually occurred to reduce
the selectivity of ethylene.

Multiple functional catalysts with individuals for efficient dehy-
drogenation, selective hydrogen combustion, and switched-off
hydrocarbon combustion are highly desired. For example, Qin
et al. developed a reaction process by interleaving CoS-1 for non-
oxidative dehydrogenation and sodium tungstate-modified manga-
nese oxide promoter (MnO,@Na,WO,) for selective hydrogen com-
bustion in multiple beds as a domino mode in the reactor, which
achieved a per-pass ethane conversion of up to 43.2% and ethylene
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selectivity of 93.1% at 590 °C with 0.8 bar of ethane feed.”" Such
conversion significantly exceeds those in classical non-
oxidative EDH, which would guide the development of different
catalysts and reaction systems to exceed the conversion
limitation.””

In summary, the study on EDH serves as a bridge between
the fields of materials, heterogeneous catalysis, and chemical
engineering. The zeolite platform paves the way for developing
efficient catalysts. This not only enhances the viability of the
EDH technique but also broadens the application of zeolite
materials.
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