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Abstract: Light olefins are key components of modern chemical industry and are feedstocks for
the production of many commodity chemicals widely used in our daily life. It would be of great
economic significance to convert light alkanes, produced during the refining of crude oil or extracted
during the processing of natural gas selectively to value-added products, such as light alkenes,
aromatic hydrocarbons, etc., through catalytic dehydrogenation. Among various catalysts devel-
oped, Ga-modified ZSM-5-based catalysts exhibit superior catalytic performance and stability in
dehydrogenation of light alkanes. In this mini review, we summarize the progress on synthesis and
application of Ga-modified ZSM-5 as catalysts in dehydrogenation of light alkanes to olefins, and
the dehydroaromatization to aromatics in the past two decades, as well as the discussions on in-situ
formation and evolution of reactive Ga species as catalytic centers and the reaction mechanisms.
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1. Introduction

Zeolites are a kind of aluminosilicate crystals with well-defined microporous systems,
and are widely applied in catalysis, selective adsorption, ion exchange, etc. The basic
structural unit in zeolite is TO,4 tetrahedron (T = Si/ Al), and these tetrahedrons are corner-
sharing and interconnected by T-O-T bonds constituting cages and tetrahedrons [1]. In
general, pure silica zeolites are comprised of SiO4 tetrahedrons where Si is +4 charged,
and the framework is charge neutral. As Al (Ga) is +3 charged, the incorporation of AlO4
(GaOy) tetrahedrons into zeolite framework breaks the charge balance and extra-framework
cations are necessary to neutralize the framework charges. A Bronsted acid site (BAS) is
formed when a proton is used to balance the framework charge, while a Lewis acid site
(LAS) is formed when an extra-framework metal cation is used. In principle, acidity of
zeolite can be regulated by adjusting Si/ Al ratio of the framework.

ZSM-5 is a kind of zeolites of MFI type framework and was first reported by Mobil
Inc. The MFI framework is built with intersected straight channels of 5.3 A x 5.6 A and
sinusoidal channels of 5.1 A x 5.6 A, both of which are 10-membered ring channels [2].
ZSM-5 is widely used as catalyst in chemical and petrochemical industry, for its intrinsic
acidity, high surface area, superior porosity and thermal stability, etc. Furthermore, the
intersected channel structure prevents the BAS from fast deactivation by coke deposition,
enabling the excellent stability and catalytic selectivity [3].

In recent years, considerable research was applied for the development of novel and
efficient catalysts and protocols for dehydrogenation and dehydroaromatization of light
alkanes for the production of olefins and aromatics that are of higher economic value as
feedstock to satisfy the growing need of chemical industry [4-12]. Catalytic dehydrogena-
tion of alkanes is also proposed as the possible route for production of olefins with high
selectivity, and thus, has the superiority over other technologies such as thermal cracking
and stream cracking [13]. Further to these, as thermocracking is preferred, unmodified
ZSM-5 catalysts always suffer from limited selectivity and high contents of undesired C;
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and C; in the product. As the same time, the strong acidity of ZSM-5 zeolites promotes
coke deposition leading to deactivation of catalysts [14,15].

A variety of catalysts, such as Pt [16,17], CrOx [11,18], MoCOx [19-21], amorphous
carbon and carbon nanotubes [22-24], Ga oxide [25,26], etc., were found effective for non-
oxidative dehydrogenation of light hydrocarbons. In Pt based bi-functional catalysts, Pt
is the reaction species for dehydrogenation, while the acid sites of support account for
isomerization and cyclization reactions. However, Pt is also capable of catalyzing scission
of C-C bonds, leading to limited product selectivity to olefins [16,17,27]. Furthermore,
these catalysts also suffer from carbon deposition and sintering of metal species in reaction
conditions [28]. CrOy was proposed effective for dehydrogenation in 1930s and is used
in industry for butane dehydrogenation. Both carbon deposition in reaction conditions
and diffusion of Cr species into the bulk support are the major sources of deactivation of
CrOy based catalysts [29]. The high cost of Pt and environmental issues associated with
Cr have prompted the development of new catalysts. Mo-based catalysts are also used
for converting of hydrocarbons. In Mo-based catalysts, the active Mo species are finely
dispersed after calcination in form of MoOx or MoOxCy, and the activity is also closely
related to the type of support (such as Al,O3 SiC, etc.) and preparation procedures. Fast
deactivation, due to carbon deposition, is the major problem with Mo based catalysts [19,30].
When using ZSM-5 as support, the inherent acidity and channel structure of ZSM-5 were
proposed to facilitate the dehydroaromatization [31,32].

Although Ga oxide-based catalysts appeared later, they have attracted much attention
in recent years. Ga oxide-based catalysts still suffer from poor durability in reaction
conditions [33]. Further investigations also showed that extra-framework metal species,
such as Zn, Ga, etc. in zeolites, may have significant impact to the conversion of light
alkanes. The catalytic performance of Zn and Ga modified ZSM-5 are found superior
over others in light hydrocarbon dehyrdroaromatization [34-37]. However, the Zn species
in modified ZSM-5 are volatile at high temperatures and in existence of hydrogen [38],
and would get deactivated quickly [39,40]. Moreover, the reported yields of aromatics of
Zn-modified ZSM-5 are much lower than those of Ga-modified ZSM-5 [41-43].

The synthesis and application of Ga-modified ZSM-5 can be traced back to the
1980s [33], and has been widely investigated for its efficiency in the conversion of light
alkanes into aromatic chemicals (Cyclar process) [44]. Due to a lack of in-situ and operando
experimental characterizations and theoretical techniques, the formation and evolution
of the Ga species in reaction conditions and their contribution to the conversion of light
alkanes, as well as carbon deposition, are not well-established. In this work, we focused
on the recent progress on the synthesis and application of Ga-modified ZSM-5 as catalysts
for dehydrogenation and dehydroaromatization of alkanes, as well as the discussions
on in-situ formation and evolution of reactive Ga species as catalytic centers and the
reaction mechanisms.

2. Preparation of Ga-Modified ZSM-5

Metal precursors and preparation procedures are vital for the successful fabrication
of metal modified zeolites. Conventionally, Ga-containing salts [45-50] (gallium nitrate,
etc.), trimethyl gallium [51], gallium chloride [52], gallium oxide [53,54], etc. can be used
as precursors for fabrication of Ga-modified zeolites. The preparation method depends
strongly on the chemical and physical properties of the selected metal precursor and the
desired form of existence of Ga species in zeolite.

According to the Ga-species and the interaction with ZSM-5 framework, Ga-modified
ZSM-5 for catalytic applications can be classified into 2 kinds, namely Ga isomorphous
substituted ZSM-5 and ZSM-5 with extra-framework Ga species. In Ga isomorphous
substituted ZSM-5, Ga take the framework position of Si or Al atoms in ZSM-5, forming
BAS in the framework and these Ga species are framework Ga species. As for ZSM-5 with
extra-framework Ga species, Ga species are formed from conversion of aggregated GaOx
particles from precursors on the external surface of the zeolite crystallites into Ga species
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capable to migrate into micropores of zeolite. Ga-modified ZSM-5 can be synthesized
by chemical vapor deposition (CVD), incipient wetness impregnation, ion exchange and
physical mixture with subsequent pre-treatment.

2.1. Isomorphous Substitution

Isomorphous substitution refers to the incorporation of trivalent Ga into the zeolite
framework without changing the framework structure [55]. Generally, the incorporation of
Ga into zeolite materials can be achieved during the crystallization process, normally in
the presence of a suitable template, such as TPAOH [46,55,56], TBAOH [57], TBPOH [58],
etc. In the product, Ga cations take the place of Si or Al in the framework of zeolite, which
are highly dispersed and stable. It should be noted that, in Ga-substituted zeolites, Ga
species only contribute to formation of BAS. Degalliation treatment, such as calcination,
etc. would be necessary to convert these framework Ga species into extra-framework Ga
species for catalytic applications, such as dehydrogenation and aromatization, etc. [41].

2.1.1. Hydrothermal Crystallization

Hydrothermal crystallization is also the approach used to synthesis zeolites, including
ZSM-5, etc. In this approach, the precursor of Ga, such as Ga;O3, Ga(NO3)3, etc. are
added into synthesis gel for ZSM-5 crystallization, where Ga precursors are converted into
[Ga(OH)4]™ ions. In the hydrothermal process, the [Ga(OH)4] ™ ions in the gel are incorpo-
rated into the framework during the crystal growth in form of BASs. The hydrothermal
crystallization process is shown in Figure 1.

{ Silica sol depolymerization

Reacti crystallization
eaction (Ga)-ZSM-5

Gallosilicate/ silica

Ga source . .
incorporation

Figure 1. Hydrothermal synthesis process. Reprinted with permission from ref [59]. Copyright 1991
WILEY-VCH Verlag GmbH & Co. KGaA.

The synthesis of Ga-modified ZSM-5 with hydrothermal crystallization has been re-
ported [46,54,60-69]. Awate et al. reported synthesis of Ga-modified ZSM-5 from sodium
gallosilicate gel using triethyl-n-butylammonium bromide as the structure-directing agents
(SDA) [65]. Montes et al. reported the synthesis of TPA-MeNH3-[Gag g9, Alj 99]-ZSM-5 in
alkali-free gel, and investigated the activity and selectivity in dehydroaromatization of the
samples. They showed that the activity and selectivity of the samples in dehydroaromatiza-
tion can be adjusted by varying the reaction temperature, duration of calcination and steam
pressure. The acidity and dehydrogenation activity of Ga-modified ZSM-5 can be adjusted
by balancing the extra-framework Ga species and the number of BASs [66]. Raad prepared
gallosilicates ZSM-5 zeolite using TPABr as SDA [70]. Nishi and Choudhary reported
that Ga-modified ZSM-5, prepared using the hydrothermal method, was highly active in
alkane dehydroaromatization but would be deactivated quickly [60,61,67]. Seed-induced
hydrothermal crystallization of nanosized Ga-containing ZSM-5 was also reported [54,55].

2.1.2. Recrystallization

Recrystallization is another approach for incorporation of Ga into zeolite framework.
As zeolites can be considered products from the sequential condensation of silicic acids,
hydrolysis is thus the reverse process and is in equilibrium with zeolite crystallization,
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recrystallization and growth. It should be noted that only a small portion of zeolite
crystallite may be dissolved when it is in contact with a large amount of alkaline solution:

[SiO2]n(s) + Si(OH)4 M

Shifting of this equilibrium during crystallization makes it possible to incorporation of
the hydrated Ga species into the zeolite framework [71]. Due to the differences in stability
and structure of GaOy tetrahedron, with respect to those of SiO4 and AlO;, tetrahedrons,
the incorporation of Ga into zeolite framework may induce framework disorder. Koslick
reported the preparation of Ga ZSM-5 by recrystallization with prolonged crystallization
time and observed migration of Ga species into framework positions [72].

2.2. Ga-Modified Zeolites

Different from isomorphous substituted zeolites with Ga in the zeolite framework, it
is generally accepted that Ga precursors are converted into highly dispersed and positively
charged species first. They may diffuse into the zeolite channels and take the place of
protons, converting BAS to LAS in Ga-Modified Zeolites. Moritz reported that the amount
of BAS in zeolite and GaOy clusters on external surfaces decrease with the increase in LAS
during the pretreatment (Figure 2). They also proposed that there was a synergy between
BAS and LAS forming bi-functional reaction sites [73]. Conventionally, Ga-modified ZSM-5
can be synthesized through incipient wetness impregnation, ion exchange, chemical vapor
deposition, etc.
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Figure 2. Concentrations of Lewis and Brensted acid sites of catalysts as a function of the Ga/Al
ratio. Reprinted with permission from ref [73]. Copyright 2018 American Chemical Society.

2.2.1. Incipient Wetness Impregnation

Incipient wetness impregnation is widely used for preparation of heterogeneous
catalysts. For synthesis of Ga-modified ZSM-5, NH4-ZSM-5 or H-ZSM-5 samples are
mixed with concentrated solution of precursors of Ga species, such as Ga(NO3)3, etc., until
the solution is drawn into microchannels of zeolite by capillary action. Considering the
larger volume compared to the pore size of ZSM-5, dispersion of hydrated Ga species into
microchannels is still the subject of investigation. Samples of Ga-modified ZSM-5 fabricated
in this way require further pretreatment to insure the dispersion of Ga species into the
microchannels. Choudhary and Kazansky reported fabrication of Ga-modified ZSM-5 with
Ga loading of 1.0, 3.0 and 5.0 wt% with incipient wetness impregnation [67,74,75].

2.2.2. Ion Exchange

Ion exchange is another approach that is widely used for deposition of metal species
onto support materials. The pH of the reaction solution and reaction temperature are two
control factors that determine the success of the deposition. Ion exchanged can also be
carried out in completely anhydrous condition. Due to the large volume, it is hard for
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hydrated Ga cations to reach the BAS in ZSM-5 channels. In this sense, most Ga precursors
will be converted into microcrystals of GaOx on external surface of zeolite during the
subsequent calcination. This was supported by the reported scanning electron microscope
(SEM) images of fresh samples. Therefore, it is also necessary to reduce GaOx microcrystals
into positively charged Ga species, dispersible into the zeolite channels, and enable them to
take the place the proton and convert BAS into LAS. Karge provided a detailed description
on the ion exchange for fabrication of Ga-modified zeolites [76]. Nowak et al. obtained
Ga-modified ZSM-5 of different Ga loading by immersing NH,-ZSM-5 into 0.05 M aqueous
solution of Ga(NO3); (pH = 3), with refluxing and stirring it at 373 K [77]. It should be
noted that the Ga species can also be incorporated into the zeolite framework during the
in-situ hydrothermal crystallization and liquid phase ion exchange [46].

Ga-modified ZSM-5 prepared by physical mixing of Ga;O3 and with HZSM-5 powder
was also used in light hydrocarbon conversion reactions. The as-synthesized Ga-modified
ZSM-5 required a very long induction time in the catalytic reactions, and pre-treatment may
help to activate the sample [78]. Freeman et al. reported fabrication of Ga-modified ZSM-5
of 0.6~1.0 mm size by ball-milling the mixture of Ga;O3 and ZSM-5 powder, followed by
pre-treatment [79,80].

2.2.3. Chemical Vapor Deposition (CVD)

Contrary to Ga-modified ZSM-5, synthesized by ion exchange and incipient wet-
ness impregnation, which require pre-treatment to achieve a reasonable dispersion of Ga
species, extra-framework Ga species are well-dispersed in the samples synthesized by
chemical vapor deposition (CVD) [75,81]. The volatile precursor like Ga(CHs); [39,82]
and GaClj [52,83,84] are widely used as Ga precursor to obtain Ga-modified zeolites with
CVD. Dried and calcined zeolite was mixed with Ga(CHj3)3 or GaCl; in a glove-box heated
to 773 K for 24 h for dispersion of the decomposition products of Ga precursors into
the zeolite channels. Reduction is also necessary to insure the dispersion of Ga species.
Garcia-Sanchez reported the CVD preparation of Ga-modified ZSM-5 and Ga-modified
MOR using Ga(CH3)s as Ga precursor [81]. Phadke also prepared Ga-modified ZSM-5
with varying Ga/Al ratios through the anhydrous exchange of dehydrated H-MFI using
GaClj as precursor [52,83].

2.2.4. Pre-Treatment

The dispersion of Ga species in Ga-modified ZSM-5 samples synthesized by incipient
wetness impregnation and ion exchange would be low before pre-treatment. A large
portion of the Ga species are deposited on the external surface of the ZSM-5 as crystalline
Gay O3 after drying and calcination [85]. The reduction-oxidation cycles at temperatures of
637-823 K were found effective to promote redispersion and migration of Ga species in
zeolite channels, where the highly-dispersed cationic Ga species are converted into reaction
sites with reasonable stability [77,86]. With subsequent reduction-oxidation cycles, catalytic
activity and dispersion of Ga species in Ga-modified ZSM-5 is significantly enhanced and
the oxidation state of Ga species is reduced from +3 to +1. These low-valent Ga species
(likely as volatile Ga,O) migrate into the zeolite channels, turning BAS into LAS [42,87,88].
Ausavasukhi proposed that water can react with the bulk Ga;O3 forming relatively well-
dispersed GaO(OH) species that can further react with BASs to form [GaO]* species
(Figure 3) [89]. The variation of steam treatment and pH of the impregnation solution
may help to enhance the dispersion of Ga species in zeolite channels. The pre-treatment
of the freshly prepared catalyst, with hydrogen at elevated temperatures, was found to
shorten the induction period and to increase activity [78]. Further investigations would be
necessary to highlight the formation and evolution of Ga species in zeolite channels during
the pre-treatment [90].

Ga203 + 2H, — Ga,O + 2H,0 (2)
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Figure 3. Changes in Ga species during pre-treatment.

In summary, Ga can be incorporated in ZSM-5 by different preparation methods,
including hydrothermal synthesis, recrystallization, chemical vapor deposition, incipient
wetness impregnation, ion exchange, etc. to form framework or extra-framework Ga
species. The synthesis condition dependent performance of Ga-modified ZSM-5 suggests
that the dispersion, formation and evolution of reactive Ga species would be highly reaction
condition dependent. This calls for further investigations, either experimental or theoretical,
to rational the knowledge on the synthesis approaches and reaction conditions with the
performance of Ga-modified ZSM-5.

3. Reactive Species in Ga-Modified ZSM-5
3.1. Oxidation State of Ga Species in Ga-Modified ZSM-5

The structure and properties of extra-framework Ga species are more complicated,
which are closely related to the preparation, choice of Ga precursor, pre-treatment and reac-
tion conditions. Different precursors will lead to the deposition of Ga-species in different
forms, framework or extra-framework, on the external surface or inside channels, and of
different oxidation states (0, +1, +3). The oxidation state of framework Ga-species is +3.
Extra-framework Ga species includes neutral bulk oxides, small particles, Ga-oxo clusters,
Ga ions, etc. The oxidation state of Ga in neutral gallium oxide particles is +3, while the
structure and oxidation state of Ga ions investigated are [Ga]* (+1), [GaH,]* (+3), [GaH[**
(+3), [GaOl* (+3), [Gay0,]?* (+3), [Ga(OH),1* (+3), [GaHOH]* (+3), etc. [46,50,52,91-95].
The redispersion of Ga species occurs during catalyst pre-treatment and even under reac-
tion conditions. The pre-treatment of Ga-modified ZSM-5 with Hj at high temperatures
leads to improved catalytic performance [35,96]. It is still debatable whether the H, treat-
ment produces only low-valent Ga centers (such as Ga*) or produces new active sites at the
same time. Due to the existence of various Ga species and their interconversion in reaction
conditions, there is still limited evidence to assign the enhanced catalytic performance to a
certain type of Ga species of specific oxidation state.

3.2. Structure of the Active Site

Considerable research experimental and theoretical efforts have been devoted to
unveil the “mystery” of active Ga species. The studies showed that [Ga]*, [GaH;]* (+3),
[GaHJ** (+3), [GaO]* (+3), [GaO,]** (+3), [Ga(OH),]* (+3), [GaHOH]* (+3), GaOx clusters,
etc. may exist or coexist in Ga-modified ZSM-5. X-ray photoelectron spectroscopy (XPS), Hy
temperature-programmed reduction (H,-TPR), ”!Ga magic-angle spinning (MAS) nuclear
magnetic resonance (NMR) spectroscopy, X-ray absorption near-edge structure (XANES),
DRIFTS, Fourier transform infrared (FTIR), etc. have been used to characterize Ga species.

3.2.1. Framework Ga Species

In the Ga-modified ZSM-5 prepared by hydrothermal crystallization and recrystalliza-
tion, most of the Ga species are tetra-coordinated framework Ga-species. "Ga magic angle
spinning (MAS) NMR has been employed to characterize the framework Ga®* species and
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the corresponding signal was found in the range 150-160 ppm [66,97]. X-ray diffraction
(XRD) and FTIR spectra validated the existence of framework Ga species [55]. Framework
Ga species is hard to be reduced and cannot be characterized by Hy-TPR in situ [98].

3.2.2. Extra-Framework Ga Species
Gallium Oxide Particles

As neutral Ga oxide is active for dehydrogenation of alkanes, they were proposed
to account for the enhanced dehydrogenation activity and aromatics selectivity of Ga-
modified ZSM-5, as compared with H-ZSM-5 [25,97,99,100]. Michorczyk investigated the
propane dehydrogenation catalyzed by Ga;O3 in CO, atmosphere. They showed that
Ga,O; fabricated by CVD are highly active for dehydrogenation, and CO, enhances the
initial activity of GayOs. Catalytic performance and product selectivity of Ga,O3 can be
optimized further by deposition onto zeolite and other supports [99,101]. Shao studied the
performance of several Ga,Os catalysts on different supports for propane dehydrogenation.
They showed that Ga,O3/ZSM-5 (5% GayO3 loading) exhibits the highest catalytic activity,
which can be attributed to the well-dispersion and high dehydrogenation efficiency of
cationic Ga species (Ga®*, 6 < 2) [53]. Xu and Shen et al. showed that dealumination can
promote the propane dehydrogenation performance of Ga,O3/HZSM-5 by reducing the
intermediate acid sites on HZSM-5 and GaOy [26,102]. Strong acid sites may improve
the catalytic activity, but can also lead to quickly catalyst deactivation. In this regard,
dealumination is resorted to control Si/ Al ratio to reach a good balance between catalytic
activity and durability of the catalyst [26,102].

Gallium oxide particles or clusters, located in the channels and/or external surface
of the zeolite were usually produced by ion exchange or incipient wetness impregna-
tion [50,103-106]. The potential existence of octahedral coordinated Ga** or highly dis-
persed GayOj3 can be identified by the chemical shift in the range from —7 to 24 ppm
on 7'Ga MAS NMR, and the appearance of reductive peaks in H,-TPR from 670 to
1170 K [45,50,58,70,103,107,108].

However, the reaction kinetics and thermogravimetric (TG) analysis show that the
catalytic performance of Ga-modified ZSM-5 is superior over Ga,O3 clusters [46,108]. The
increase of Ga loading may lead to decrease of BAS and enhanced dehydrogenation activity
of Ga-modified ZSM-5. In this sense, Ga species associated with BAS are also active for
dehydrogenation [42]. XANES [82] and DRIFT [109] spectra also evidenced the presence of
multiple Ga species, rather than Ga,Oj clusters after reduction in hydrogen (Figure 4).

SIE(HT)-Ga/Z5

Relative Intensity / a.u.

Syn-Z5
A

T T T T T T -
200 300 400 500 600 700 800
Temperature ("C)

I

I

I

I
T
T

L

Figure 4. Hy-TPR profiles of Ga/ZSM-5 prepared via different methods. Reprinted with permission
from ref [46]. Copyright 2019 American Chemical Society.

Cationic Ga Species

Meitzner [96] and Hensen [82] found that the active Ga species may be in either
trivalent oxidized or reduced hydride form to balance framework charge. These positively
charged reduced Ga species can evolve into low-valent species through reductive elimina-
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tion, or become oxidized through a reaction with oxygen-containing species, such as water
and alcohol.

Ga* was proposed as the reaction center for alkanes dehydrogenation in many re-
ports [73,85,87,89,92,95,109-112]. Hensen [82] and Rane [112] et al. investigated the reduc-
tion of Ga species after CVD with FTIR and XANES. They showed that the [Ga(CHj3),]*
species reacts with BAS forming Ga* and [GaH;]* as LAS. The reaction kinetics showed
that a large amount of propylene is produced only on Ga*. The XANES data showed that
the reduction of Ga-alkyl species starts at ~640 K and with formation of Ga* species [82].
Early theoretical studies suggest that the Ga™ is thermodynamically favored under reaction
conditions at 823 K when a T8 cluster model was used to mimic zeolite [113]. However,
the recent investigations showed that the observed edge energy shift may be due to the
change in coordination of Ga®>" under reaction conditions, rather than the reduction of
Ga®* to Ga* [114]. Therefore, XANES cannot be used to distinguish Ga* from [GaH,]* [73].
Kazansky et al. revealed that Ga* species are extremely unstable. They proposed that
Ga* species tend to react with trace amount of water or framework oxygen atoms to
form [Ga(OH),]* or [GaO]J* or even GayOj clusters even when cooled in hydrogen atmo-
sphere [75]. Mansoor et al. found that the barrier for C-H activation is higher on Ga* than
those on [GaH,]*" or [GaH]?** (Figure 5) [94]. The theoretically proposed Ga* structure is
also shown in Figure 6 [114].

(a) GaH,* (T5) (b) Ga*(T5) T437 Atom MFI Cluster

Figure 5. View along the [10] axis of T437 atom MFI structure used to model Ga-exchanged sites
in Ga-modified ZSM-5. (a) [GaH,]*; (b) Ga*; (c) [GaH]**. Reprinted with permission from ref [94].
Copyright 2018 American Chemical Society.
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Figure 6. Structure of MFI zeolite and Ga*Z~ cluster model used in the DFT calculations. Reprinted
with permission from ref [114]. Copyright 2008 American Chemical Society.

Cationic GaHx was also identified experimentally and theoretically in conversion
of light hydrocarbons [75,109,114-118]. The existence of tetrahedral Ga®* of [Ga(OH),]*
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or [GaH]?** attached to BAS can be identified by 7'Ga MAS NMR resonance signal at
~150 ppm [58]. Formation of cationic Ga* and [GaHJ** species from reduction of the
neutral gallium oxide particles can be evidenced by the broad reductive peak around 700 K
in H,-TPR of Ga modified ZSM-5 [51]. Arnaldo et al. investigated the dehydrogenation of
propane over Ga-modified ZSM-5, and proposed according to the simultaneously increased
propane conversion, Hy production and H,/propane ratio that reaction site may form
dynamically, when propane is in contact with the Ga species [88]. Krishnamurthy et al. pro-
posed that [GaH]?* as the dominant Ga species when the Ga/ Al ratio is low, while [GaH,]*
becomes the active species when the Ga/Al ratio is higher. They also showed that the
propane conversion and the aromatics selectivity is highest when Ga/Al = 0.5 [42]. Phadke
et al. prepared Ga-modified ZSM-5 with Ga/Al = 0.1~0.7 with CVD. Combining experi-
mental and theoretical efforts, they proposed that cationic [Ga(OH),]* and [Ga(OH)]?* are
the Ga species when the Ga/ Al ratio is lower than 0.3 and they are reduced to [Ga(OH)H]*
after hydrogen treatment. The difference of species after reduction is closely related to
the distance between framework BAS and partial pressure of hydrogen. [Ga(OH)H]" may
react with the proton of neighboring BAS forming [GaH]?* [52,83]. Ausavasukhi et al.
studied the ethane dehydrogenation reaction over various Ga species (including Ga, O3,
[GaOJ", [GaHy]*, Ga™, etc.) on HZSM-5. They proposed that [GaH,]* is highly active in
the dehydrogenation of ethane, but this species will decompose in the absence of H; [89].

Joshi et al. showed that [GaH]** would be stable with LAS with two adjacent frame-
work Al sites and would be active for ethane dehydrogenation. They also showed that
there is a correlation between the dehydrogenation barriers with the distance between
framework Al sites [119]. Pereira et al. investigated light alkane dehydrogenation over
extra-framework Ga species and their proposed structures of these Ga species are in
Figure 7 [120]. Frash et al. investigated the role [GaH;]* and [GaO]*, and proposed that
[GaH,]* is a potential reaction site for dehydrogenation and [GaO]* is hard to get regener-
ated in reduction conditions [117]. However, Rodrigues et al. proposed that [GaH;]" is
not the only active site of alkane dehydrogenation according to results from pyridine IR,
in-situ DRIFTS and catalytic performance [87].

Figure 7. Optimized structures of potential Ga species in Ga-modified ZSM-5. (a) Ga* Zg, (b) [GaH,]* Zy, (c) [GaH]** Zg,
(d) Ga* Zs, (e) [GaH,]* Zs, and (f) [GaH]** Z clusters. Reprinted with permission from ref [113]. Copyright 2006 Elsevier.

Kazansky et al. used Hy and N,O to oxidize Ga* in ZSM-5 at different temperatures.
They showed that good dispersion of [GaO]* can be achieved. The proposed mechanism is
as shown in Equations (3)-(5) [109]:

GayO3 + 2 Hy, —» Ga,O + 2 H,O (3)

Ga;0+2Z0™ - H* 270" - Ga* + H,O (4)
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270" - Gat +0y = 270" - [GaO]* ®)

The existence of cationic [GaO]* species in Ga-modified ZSM-5 can be identified by
71Ga MAS NMR resonance signal at ~55 ppm [104,121]. The characteristic peaks of the
reduction of extra-framework [GaO]* species in Hy-TPR were observed in the range of
990 K to 1014 K [57,70,91,107]. The observed decrease of Ga coordination symmetry in Ga-
modified ZSM-5 in 7!Ga quadrupolar Carr-Purcell-Meiboom-Gill NMR (QCPMG) spectra
can also be ascribed to formation Ga species in the form of [GaO]" or hydrated cationic
[GaO]* [122,123]. Clustering of [GaO]* to [Ga,O,]** was also proposed in Ga-modified
ZSM-5 and may be more active than Ga* in dehydrogenation of light alkanes [93,113,124].
Faro et al. investigated the correlation between the coordination number of the second
Ga coordination sphere and the Ga* content of all partially reduced catalysts with in-situ
XANES and EXAFS. They showed that GaOy was converted into binuclear Ga species at
the early stage of reduction. They also proposed that formation of these charged species can
be explained with the acidity of ZSM-5. The strong LASs promote the formation of reduced
Ga species [125]. Fang et al. showed that isomorphic substitution promoted dispersion
of Ga precursors into zeolite channels forming extra-framework [GaO]* species. They
confirmed the existence of this [GaO]* species with pyridine IR and catalytic test. [126] Lai
and co-workers synthesized Ga-impregnation in mesoporous ZSM-5 to enhance migration
of hydrated Ga ions to the zeolite cavity [GaO]*-BAS bi-functional sites [50]. Hensen [124]
and Ausavasukhi [89] showed that the addition of water had a positive effect on the
dehydrogenation of alkanes through the regeneration of [GaO]* cations. Xiao et al. used
formic acid in impregnation and in-situ treatment to promote the dispersion of Ga species
and the formation of [GaO]* species. These [GaO]* would replace the protons of BAS,
forming strong LAS. The synergy between LAS and BAS may account for the observed
catalytic performance in dehydrogenation [103,106]. Uslamin et al. found that ZSM-5 with
4% Ga loading was stable after ten regeneration cycles at high temperature, and proposed
that [GaOJ* species was highly stable in Ga/ZSM-5 [127]. Early theoretical studies also
suggested that [GaO]* stabilized at the ion exchange site of zeolite are highly reactive in
initiating methane C-H bond cleavage at low activation energy [128]. Pidko et al. found
that, while [GaO]" is highly reactive, it is hard to get regenerated and cannot be considered
as reactive species (Figure 8) [116].

Figure 8. Optimized structure of the [GaO]* ion stabilized in the cluster model representing ZSM-5
zeolite. Reprinted with permission from ref [116]. Copyright 2007 American Chemical Society. To
this end, the existence and reactivity of various Ga species have been evidenced experimentally and
theoretically. However, it is still difficult to rationalize the formation evolution of these Ga species,
and their contribution to the conversion of light alkanes in dehydrogenation to olefins to the observed
catalytic performance. It may call for further investigations with in-situ and operando techniques.
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4. Mechanisms of Alkanes Conversion over Ga-Modified ZSM-5

Light olefins are the raw materials for production of polymers and olefin deriva-
tives [129]. Among various catalysts, Ga-modified ZSM-5 was found efficient and highly
selective in the production of light olefins and aromatics from light alkanes through dehy-
drogenation. In reaction conditions, dehydrogenation of light alkanes may couple with
thermocracking, oligomerization and cyclization, forming olefins and aromatics. [130]
Several extra-framework Ga species, such as [Ga]*, [GaH,]* (+3), [GaH]*" (+3), [GaO]*
(+3), [Gay071%* (+3), [Ga(OH),1* (+3), [GaHOH]* (+3), GaOy clusters, etc., were proposed
as the active sites in dehydrogenation with Ga-modified ZSM-5. Considerable research
attention, both experimental and theoretical, has been devoted continuously to identifying
these extra-framework Ga species and their roles in dehydrogenation of light alkanes to
alkenes [111,114,115,118,122,129].

Both dehydrogenation and dehydrocyclization of light alkanes initiates with the acti-
vation and dehydrogenation of the C-H bonds of alkanes [131]. The dehydrogenation of
alkanes starts with the “H” transfer, and depending on the charge on the formed hydrocar-
bon species, the proposed mechanism can be classified into “Carbenium activation” and
“Alkyl activation”. The “Alkyl activation” pathway involves the formation of Ga-C bonds.
The “Alkyl activation” pathway, also known as the “three-step mechanism”, includes
(1) activation of C-H bond (R®~-H®*); (2) alkyl abstraction by Ga with the formation of
alkyl-Ga species; (3) formation of alkenes from the alkyl group bound to Ga-species. A
one-step “Concerted mechanism” was also proposed by Perrira, where the elimination of
olefins and H; formation take place simultaneously [132].

Frash and van Santen investigated dehydrogenation of ethane in [GaH;]" and [GaO]*
species in Ga-modified ZSM-5 through quantum chemical calculations. In their work, the
calculated activation energy barriers over [GaH;]* species along the “Alkyl activation”
route were in good agreement with the experimental values (Figure 9). Due to the high bar-
rier for regeneration, [GaO]* species was not considered an active species (Figures 10 and 11).
Alkoxy-like intermediates were formed after C-H (R%*-H?%") activation along the “Carbe-
nium activation” pathway. This pathway is more difficult because of the poor stability of
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" 645 \ (1.301)
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/N /N v /N /A
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Figure 9. Reaction route for “alkyl” activation of ethane on [GaH;]*. Reprinted with permission
from ref [117]. Copyright 2000 American Chemical Society.
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Figure 10. Reaction route for “alkyl” activation of ethane on the adsorbed gallyl ion. Reprinted with
permission from ref [117]. Copyright 2000 American Chemical Society.
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Figure 11. Regeneration of the adsorbed gallyl ion after “carbenium” activation of ethane. Reprinted
with permission from ref [117]. Copyright 2000 American Chemical Society.

Pidko studied ethane dehydrogenation over [GaO]* using an 8T cluster with density
functional theory calculations. After the heterogeneous dissociation of ethane on Ga species
through “Alkyl activation” pathway, with a low activation energy barrier, [C,H5-Ga-OH]*
is formed as a very stable intermediate. Further reactions of ethane on Ga* take places
through the “Carbenium activation” mechanism forming [H-Ga-O-C,Hs]*. They also
showed that it is hard to regenerate the [GaO]* according to the reaction thermodynamics
and kinetics (Figure 13) [9].
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Figure 12. Reaction route for “carbenium” activation of ethane on [GaH;]*. Reprinted with permis-
sion from ref [117]. Copyright 2000 American Chemical Society.
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Figure 13. Reaction paths for the “alkyl activation” mechanism of ethane dehydrogenation over gallyl ion in ZSM-5 zeolite.
Reprinted with permission from ref [116]. Copyright 2007 American Chemical Society.

Pidko compared the stability of Ga*, [GaH,]* and [GaH]** species and the possible
pathways of alkane dehydrogenation over these Ga species by theoretical calculations.
They proposed that Ga™ is active species in the “Alkyl activation” mechanism with Ga as
the acceptor of alkyl groups (Figure 14) [113].
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Figure 14. Homolytic (a) and heterolytic (b) “alkyl” pathways of ethane dehydrogenation over Ga* Zq site. Reprinted with
permission from ref [113]. Copyright 2006 Elsevier.

They also investigated ethane dehydrogenation and ethylene dimerization on extra-
framework Ga* with a 12T cluster model (Figure 15). They showed that catalytic dehydro-
genation of ethane over extra-framework Ga* in ZSM-5 may experience a reaction barrier
of ~224 kJ /mol with formation of [Ga®*(H~)(CoHs )" as the primary intermediate. The
subsequent dimerization may proceed with formation of vinyl and ethyl groups, which
are linked to cationic Ga species from two adsorbed CyHj,. Further reaction between ethyl
and vinyl groups leads to formation of butene. This mechanism is similar to classic C-C
coupling catalyzed by BAS with carbenium as intermediate and transition metal catalyzed
anionic olefin oligomerization [114].
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Figure 15. Ethylene dimerization over Ga*Z™. Reprinted with permission from ref [114]. Copyright
2008 American Chemical Society.

Perrira et al. investigated the mechanism for ethane dehydrogenation through “alkyl
activation” and “concerted mechanism”, with density functional theory-based calculations
and a 5T cluster model with [GaH,]" ion as the active site (Figures 16 and 17). They showed
that “concerted mechanism” would be favored, though the barriers for reactions on “Alkyl
activation” pathways are lower, considering the effects of the zeolite framework as a large
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support. As the “Alkyl activation” was very sensitive to the pore structure, the cluster
model was further optimized and expanded to a 22T cluster (Figures 18 and 19). They
showed that ethane dehydrogenation is plausible through “Alkyl activation” mechanism
over [GaH,]* species. The “Alkyl activation” would compete with “concerted mechanism”
for dehydrogenation of propane and n-butane, while “concerted mechanism” is favored for
isobutane. These results suggested that a “concerted mechanism” would be the dominant
mechanism for the substrates of the large volume [120,132,133].

Figure 16. Ethane dehydrogenation reaction through the 3-step mechanism. Reprinted with permis-
sion from ref [132]. Copyright 2005 Elsevier.

Figure 17. Transition state for the dehydrogenation reaction of ethane through the concerted mecha-
nism. Reprinted with permission from ref [132]. Copyright 2005 Elsevier.



Molecules 2021, 26, 2234 16 of 27

Figure 18. Dehydrogenation reaction of ethane through the three-step mechanism computed with
GaH), species and T22 cluster (B3LYP/6-31G**). Reprinted with permission from ref [133]. Copyright
2008 American Chemical Society.

v

Figure 19. Dehydrogenation reaction of propane through the three-step mechanism (channel 1)
computed with GaH) species and T22 cluster (B3LYP/6-31G**). Reprinted with permission from
ref [133]. Copyright 2006 American Chemical Society.
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Joshi et al. proposed that the reaction site in Ga-modified ZSM-5 was composed of Ga
species and the adjacent BAS, and light alkane dehydrogenation may take place through
one-step dehydrogenation mechanism (Figures 20-22) [119]. They investigated light alkane
dehydrogenation over single-Al sites in form of Z~[HGaX]" (X = H, CH3, OH, Cl) and
double-Al site in form of Z*[GaH]**over Ga-modified ZSM-5 and the correlation between
the distance between framework Al and the activation energy on “Carbenium activation”
pathway, and found that a more stable Ga site and a relatively smaller Al-Al distance,
would result in a larger C-H activation energy barrier and a smaller energy barrier for Hy
desorption and site regeneration. They concluded that the energy barrier can be controlled
with the framework Al-Al distance [119].

Figure 20. Molecular transformations during dehydrogenation of ethane on Z~[HGaH]" site (ter-
minal SiH3 are not shown for clarity). Reprinted with permission from ref [119]. Copyright 2005
Elsevier.
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Figure 21. Direct (one-step) dehydrogenation of light alkanes on the Z~ [HGaH]*: (a) reaction path;
transition state geometries for (b) X = CH3, (¢) X = OH and (d) X = Cl. Reprinted with permission
from ref [119]. Copyright 2005 Elsevier.
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Figure 22. Carbenium activation path of ethane dehydrogenation on Z?~GaH?* species(V) in six-
membered ring: (a) reaction path consisting two-distinct steps and (b) geometry transformations
during dehydrogenation path. Reprinted with permission from ref [119]. Copyright 2005 Elsevier.

The synergy between Ga species and adjacent BAS is apparent in view of the reported
experimental performance [130]. The observed distribution of reaction products is also
dependent on the ratio of Ga species to BAS, and imply that the BAS in ZSM-5 may also
play a role in activation and oligomerization of formed olefins or act in concert with the
Ga-species forming a bi-functional active site [89,99,100]. Iglesia et al. suggested that alkane
activation took place at acidic sites and Ga species are the reaction sites for H, recombina-
tion and desorption [134]. Conte and coworkers proposed that Ga species may coordinate
with olefins, interact with adjacent acid sites and may promote methanol to aromatics
process [135]. Experiments have shown that when all the BAS in Ga-modified ZSM-5
is neutralized with pyridine, the catalyst activity is greatly reduced or even completely
deactivated. This indicates that the conversion process of light hydrocarbons requires the
synergetic interaction between BAS and LAS, including the Ga species [135]. Gao identified
and quantified the coordination sites of Ga species and synergy between LAS and BAS by
'H-"1Ga double resonance solid-state NMR, and proposed the synergy of Ga species and
BAS site in the dehydrogenation and aromatization of alkanes [123]. Pidko et al. showed
that Ga species functions as LAS in ethane activation and promotes the cleavage of C-H
bond. They also showed that ethane dehydrogenation was significantly promoted when
BAS and Ga sites were very close [113]. Schreiber et al. proposed according to reaction
kinetics that, the alkane dehydrogenation rate is the highest when Ga/Al = 1:2 and Ga/BAS
= 1:1. The subsequent DFT calculations compared the apparent activation energy of the
catalyst with only LAS or BAS, and both LAS and BAS. According to the calculated reaction
barriers, the participation of both, BAS and LAS may lead to propane C-H bond activation
with lower activation energy barrier (Figures 23-25) [73].
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Figure 23. Two steps involved in the protonation of the Ga* by the BAS to form the active [GaH]**.
Reprinted with permission from ref [73]. Copyright 2018 American Chemical Society.
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Figure 24. Alkane addition to the LBAS. Reprinted with permission from ref [73]. Copyright 2018
American Chemical Society. (Moritz W. Schreiber, 2018 [73]).
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Figure 25. Hj elimination from the LBAS. Reprinted with permission from ref [73]. Copyright 2018
American Chemical Society.

He et al. showed that propane dehydrogenation and aromatization can only take place
with LAS-BAS bi-functional Ga species, aromatics are only generated at the bi-functional
sites [74,103,136]. Li et al. proposed that Ga species promotes dehydrogenation and
prohibits hydrogen transfer for formation of light alkanes, and thus, benefits the formation
of aromatics. The “promoted” and “suppressed” pathways are shown in Figure 26 [49].

CH4+ / /

Y_\ Dealkylation Y_\
Cracking Cracking

/\ W/\
Alkylation \_/4‘ Alkylation
<, H,

Dehydrocyclization
H transfer
Alkanes

Figure 26. Proposed Ga role for ethanol conversion over Ga-ZSM-5: orange lines for promoted
reactions and blue dashed line for suppressed reaction. Reprinted with permission from ref [49].
Copyright 2017 Royal Society of Chemistry.
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People also investigated the synergy effect of adjacent BAS to the catalytic performance
of the LAS-BAS pair, by combining the experimental and theoretical efforts. Phadke et al.
investigated the free energy landscape for the dehydrogenation pathway over Ga*-H*
cation pairs. They showed that Gibbs free energy barrier of the rate-determining step
of alkyl activation over [GaH]?* is ~20 kcal/mol lower than concerted elimination of
C3Hg and H; from [C3H;-GaH]*-H* cation pairs, while the formation of [GaH;]*-H*
cation pairs from [GaH]** cations is thermodynamically and kinetically feasible. In this
sense, the dehydrogenation of propane over [GaH;]"-H* cation pairs would be much less
favorable than those involving [GaH]?* cations. [GaH,]*-H* cation pairs can activate C3Hg
to produce [C3H;-GaH]*-H" cation pairs and the barrier for formation of [GaH]?** cations
from [C3Hy-GaH]*-H" cation pairs is much lower than that to regenerate [GaH,]"-H*
cation pairs. Therefore, they proposed that [GaH]** cations are the primary active sites
responsible for dehydrogenation [52,83].

Mansoor et al. compared the mechanisms for light alkanes dehydrogenation over Ga
species, namely Ga*, [GaH]** and [GaH,]*, in ZSM-5 (Figures 27-29). They proposed that,
for ethane dehydrogenation, the stepwise alkyl activation is favored over [GaH;]" with
a calculated apparent free energy barrier (AG,pp¥) of 62.4 kcal/mol and is 23.7 kcal /mol
lower than that for the alkyl activation through concerted mechanism. The calculated
A(}appi for ethane dehydrogenation over [GaH]?* through carbenium and alkyl activation
are 60.9 and 69.3 kcal /mol, respectively, suggesting the preference for carbenium mech-
anism. The small difference in AGappi also suggest that both [GaH;]* and [GaH]?* are
relevant to the reaction kinetics. As the AG,pp* suggests that the formation of [GaH,]* and
[GaH]?* are kinetically favored from alkyl Ga hydride, Ga* may be not effective for C-H
activation and would evolve into [GaH;]" in reaction conditions. They also investigated
the dehydrogenation of propane and attributed the decrease of activation enthalpy to the
electron-donating group attached to (3-C [83,94].

Alkyl C-H activation Ethyl-Ga-hydride formation Ethene formation (on GaH,*)
1 |
I 1 | 1
i
H1 HQ’ H4:
P H1 P Chi H S%s
a c;a‘i‘3 01

[GaH,]"Z,

0.0 kcal/mol

TS1

Hol"Z' ,Co=

Figure 27. Ethane dehydrogenation via a stepwise alkyl mechanism on [GaH;]* and the corresponding free energy surface
(kcal/mol) reported at 823 K and 1 atm. Reprinted with permission from ref [94]. Copyright 2018 American Chemical Society.
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Figure 28. Ethane dehydrogenation via the concerted mechanism on [GaH,]* and the corresponding free energy surface
(kcal/mol) reported at 823 K and 1 atm. Reprinted with permission from ref [94]. Copyright 2018 American Chemical Society.
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Figure 29. Ethane dehydrogenation via the carbenium mechanism (noncyclic route) on [GaH]**
(configuration B), and the corresponding free energy surface (kcal/mol), reported at 823 K and 1 atm.
Reprinted with permission from ref [94]. Copyright 2018 American Chemical Society.

Krishnamurthy et al. studied the reaction kinetics of propane dehydroaromatization,
considering two gallium species, [GaHJ** and [GaH,]*. The results show that active site
for propane dehydroaromatization on Ga modified HZSM-5 varies with Ga loading and
Si/ Al ratio. [GaH]?* is formed as dominant reaction site. When Ga/Al is high, [GaH]* is
transformed to [GaH,]* that is highly active [42]. Thivasasith et al. investigated n-hexane



Molecules 2021, 26, 2234

22 of 27

References

dehydroaromatization to benzene over Ga* and [GaH,]*. They showed that the reaction
proceeds with dehydrogenation of n-hexane to hexa-1,3,5-triene and dehydroaromatization
of hexa-1,3,5-triene to benzene. Hexane dehydrogenation is the rate-determining step
over Ga* with an activation barrier of 76.6 kcal mol~!, while the hydrogen abstraction
from n-hexane is the rate-limiting step with a barrier of 11.1 kcal mol~! over [GaH,]".
The findings suggest the existence of [GaH;]* as one of the most active species for the
dehydroaromatization of alkanes [92].

These works highlight both the intrinsic activity of Ga-based LAS acting in synergy
with BAS to the dehydrogenation of light alkanes, based on the evolution of Ga species with
the BAS in reaction conditions. However, the formation of highly reactive Ga species, such
as [GaH]?** and [GaH,]*-H" cation pair, depend strongly on BAS in reasonable proximity
from the Ga-based LAS, and may require well-controlled synthetic routes.

5. Conclusions

The recent experimental and theoretical efforts demonstrated the high efficiency and
stability of Ga-modified ZSM-5 in the dehydrogenation of light hydrocarbons to produce
olefins and aromatics. Ga-modified ZSM-5 can be prepared by ion exchange, incipient
wetness impregnation, chemical vapor deposition, etc. Compared with pure MFI-type
zeolite, Ga-modified ZSM-5 exhibits superior catalytic performance in conversion of light
alkanes. The observed performance of Ga-modified ZSM-5 can be attributed to formation of
various Ga-species that efficiently catalyze the dehydrogenation and dehydroaromatization
of light alkanes. Previous experimental findings suggest the catalytic performance of Ga-
modified ZSM-5 depend strongly on the detailed preparation methods, the pre-treatment
and reaction conditions. Recent investigations with in-situ and off-situ techniques, as
well as theoretical investigations, also suggest the potential evolution of Ga species in
reaction conditions. However, the formation and evolution of Ga species in reaction
conditions, and their contribution to the conversion of light alkanes, as well as coke
deposition, are not well-rationalized, and more insights from newly developed in-situ and
operando characterization techniques and theoretical approaches would be highly desired.
In addjition to these, controlled synthesis of zeolites with desired Al distribution and well-
defined deposition of Ga species would be necessary for fabrication of the proposed highly-
active Ga-modified ZSM-5 for catalytic applications. Further investigations on these aspects
would guide the controlled fabrication of Ga-modified ZSM-5 with expected catalytic
performance and benefit the development of novel catalysts for efficient conversion of light
alkanes to value-added chemicals.
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