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General introduction

This PhD was carried out as a part of the BiZeolCat European project (H2020). The main
objective of this project is to obtain light olefins and aromatics from light hydrocarbons by
implementing new procedures, involving innovative catalysts synthesis methodologies, novel
reactor design and processing and by demonstrating their improvement in sustainability and
economic scalability compared to existing industrial processes. In this context, the main goal
of this PhD is the preparation of well-defined supported single-site catalysts based on Ga and
V, using an innovative synthesis process, for propane dehydrogenation (PDH) into propylene,
butane/butenes dehydrogenation (BDH) into butadiene and propane aromatization (PAr) into

aromatics (BTX = Benzene, Toluene, Xylenes).

The demand toward propylene, butadiene and BTX, has been increasing over the years and it
is estimated to keep on growing.' Thus, this created an expanding gap between the supply
and demand toward the market. The traditional routes such as steam cracking (for PDH and
BDH), fluid catalytic cracking (for PDH) and catalytic reforming of naphta (for PAr) seem
incapable of satisfying the rising demand.*’ Thus, alternative on-purpose routes,>®’ like
propane and butane/butenes dehydrogenation and propane aromatization were used in
industry via three major processes: Catofin® and Oleflex® for PDH, Catadiene® for BDH
and Cyclar® for PAr. The advantage of these processes is the availability of an abundant
feedstock of light alkanes. However, platinum catalysts used in Oleflex® process require
regeneration steps by using chlorine, a dangerous and environment unfriendly gas, in order to
disperse the large metal particles formed. Besides, while chromium oxide based catalysts used
in Catofin® and Catadiene® are cheaper, they suffer from a serious coking deactivation and
are considered toxic and environmentally hostile, due to the presence of chromium in their
composition.!® Therefore, the development of alternative non-toxic and cheap efficient

catalysts for improving the Pt and Cr stability remains a great challenge.

Many studies reported the development of the existing Pt and Cr catalysts and the
investigation of novel alternative catalysts based on Ga, Zn, V, Zr, Co and many other metals
for the targeted reactions.!! Despite all these intensive studies, the nature of the active species
on supported metal oxides, responsible of the dehydrogenation reaction, considered as the
common step for all the targeted reactions (PDH, BDH and PAr) is still a matter of debate.

This is due to the traditional preparation methods that yields a variety of surface species
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(mono-, di-, oligomers and oxides particles) on the surface, which hampers the
characterization and identification of the active sites and the establishment of a reliable
structure-activity relationship. It was indeed demonstrated that the synthesis of isolated
species is essential to limit or cancel the coke formation and deactivation processes and to

obtain an active, selective and stable catalyst during the catalytic tests.

Thus, a judicious choice of innovative preparation methods of these catalytic systems is of a
paramount importance in order to access to well-defined and highly active catalysts for these
targeted reactions. The surface organometallic approach (SOMC) has demonstrated to be a
powerful method for the immobilization of organometallic precursors via a protonolysis of a
metal-ligand bond via the surface hydroxyl groups of an oxide, also called the grafting

reaction of an organometallic precursor on an oxide support.'?

Generally, the support has a
large influence on the structure of the resulting species and their catalytic performances. For
alkane dehydrogenation, alumina and silica are generally used as supports for gallium and
vanadium, while a highly acidic mesoporous zeolite is required in the case of propane
aromatization, known to be a bifunctional reaction: dehydrogenation on the particles of the

supported metal and aromatization on the acidic sites.

This work covers the preparation and characterization of site-single catalysts based on Ga and
V for PDH, BDH and PAr. More importantly, the development of tripodal metal species was
investigated for the first time and thus high activity and stability were obtained for
dehydrogenation reactions. Moreover, a monopodal Ga bis alkyl species supported on a meso-
porous zeolites displayed a high activity and selectivity for BTX synthesis. These results have
been obtained upon a thorough investigation on the catalyst preparation methods and an
intensive catalytic testing of all the prepared catalysts by evaluating several parameters such
as the effects of the support, the ligands around the metal (coordination sphere), the podality

from the surface, the temperature and gas composition.

The bibliographic study and all the experimental results of this work are presented in five
main parts, including the introduction, three experimental chapters each divided in two parts

followed by the conclusions and perspectives.

Chapter I draws up the generalities on propane and butane/butenes dehydrogenation as well as
propane aromatization. The state of the art of the existing catalytic systems and the proposed

mechanisms are also described. This section will be limited particularly on propane
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dehydrogenation, a common step for the three-targeted reactions. After the bibliographic

study, our goals and strategies employed for the proposed challenges are presented.

Chapter II reveals the preparation and characterization of the supported species resulting from
the grafting of [V(=0)(OsBu);3] on a silica dehydroxylated at different temperatures, 200 °C
(S102-200) and 700 °C (SiO2-700) and on alumina dehydroxylated at 500 °C (Al2O3-500). In
addition, an original catalyst, containing tripodal vanadium species obtained by a thermal
treatment of the grafted species on silica is described. The characterization and the catalytic
performances of all these catalysts in propane and butenes dehydrogenation are presented.

The mechanism for these catalytic reactions is discussed at the end of this chapter.

Chapter III is devoted to the preparation and extensive characterization of isolated Ga
catalysts supported on alumina and silica by using surface organometallic chemistry (SOMC)
method. Preparations using [Ga(iBu)3] and [Ga(O7Bu)s]> as precursors are compared in terms
of structure of the supported species obtained onto Al>O3.500 or SiO2.700. Additionally, for the
first time, the formation of tripodal Ga species from those obtained after the grafting of
[Ga(OrBu)3]>» onto these oxides are detailed and the resulting catalysts reveal an
unprecedented stability during propane dehydrogenation. The catalytic performance as a
function of the support and the ligands bonded to the metal center are also studied. The reason
of the deactivation observed in the case of the catalyst prepared from [Ga(iBu)s] compared to
those containing the stable tripodal Ga species is furthermore explained via Operando XAFS.
The catalytic activity of these materials is also evaluated in the direct trans-2-butene

conversion in absence and presence of CO; as co-feed.

Chapter IV is dedicated to propane aromatization with a Ga based catalyst supported on meso
zeolites. Using the knowledge acquired in chapter III on Ga catalysts used for propane
dehydrogenation, and especially on tripodal Ga species, our work is extended in Chapter IV to
the supported species obtained on meso zeolites (Si/Al= 40) and their activity for propane
aromatization (PAr). Supported species on meso zeolites are prepared as well from [Ga(iBu);]
molecular precursor in order to study the effect of ligand on the activity and selectivity in
PAr. Interestingly, in that case, in a continuous-flow reactor, the catalysts prepared from
[Ga(iBu)3] grafted on a meso zeolite reveal a better activity, stability and selectivity, as
function of time on stream, compared to tripodal Ga species supported on a meso zeolite. In
addition, [Ga(iBu);] can be selectively grafted on the Si-OH groups located within the

mesopores and at the external surface of the meso zeolites with different ratio (Si/Al= 25, 40,
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100, 200 and ). The resulting materials are characterized by different techniques and are

tested for propane aromatization as a function of the Si/Al ratio. The effect of the Si/Al ratio

on the catalytic activity, selectivity and product distribution can thus be estimated. The

influence of temperature and propane concentration in the feed are also studied.

Chapter V is a general conclusion that sums up the results of this PhD work and considers the

study perspectives.
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CHAPTER 1

Bibliographic study
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I. Production of propylene

I.1.Uses and resources of propylene:
Propylene is considered as a key component for the chemical industry, due to its role as a

starting material to produce polypropylene, acrylonitrile, propylene oxide, cumene, phenol,
iso-propylic alcohol and others.!? Polypropylene is the most important and widely consumed
product issued from the conversion of propylene (Figure 1).* Since its discovery in 1954,
polypropylene gained a lot of attention as a thermoplastic due to its low density among
commodity plastics for several applications in fibers, strapping, films, automotive and many
others.>* Therefore, propylene demand has been increasing since 1990,' and over 100
millions of tons of world consumption has been noted in 2017.° The demand is expected to
reach 135 million tons of worldwide consumption in 2025,% with 35 million tons increase in
only 8 years compared to 70 million tons consumed in 27 years (between 1990 and 2017).
Moreover, the outgrowth in propylene market is outpacing the one toward ethylene market

and is expected to rise over the following years.’

Butanols

Isopropanol

Acrylic acid

EP rubber
2-Ethylhexanol
Others
Cumene
> Polypropylene

Acrylonitrile |

Propylene oxide

Figure 1. Global propylene consumption®

Propylene is mostly produced as a co-product from fluid catalytic cracking (FCC), but
predominantly from steam cracking (SC) of naphta. With the increasing consumption of fossil
fuels and the high demand for propylene, the aforementioned processes seem insufficient to
satisfy the anticipated growth in the upcoming years.®*"!! Moreover, it is important to note that

the high temperature used in the case of SC for alkene’s production, leads to the formation of
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significant amounts of undesirable CO, (more than 300 million tons of CO; per year).'?
Although lower temperature are used in the case of FCC, many by-products are generated,
hence, additional high-cost steps are required to separate propylene.'? Therefore, it is of vital
importance to develop cost-effective, efficient and environmental-friendly routes for the
production of propylene, that can address the increasing market demand. Consequently, many
attempts have been developed in order to boost propylene’s yield such as on-purpose
technologies (OPT).!* The latter includes several novel technologies like methanol to olefins
(MTO),'* olefin cross-metathesis between ethylene and 2-butenes'> and propane
dehydrogenation (PDH).'® In addition to OPT, direct CO, conversion to light olefins!” and
Fisher-Tropsh to olefins'® are also possible approaches to obtain propylene, but these
processes are still under investigation. Figure 2 summarizes the main technologies used for

propylene’s production.

Propylene
Sources

Methanol to olefins
Olefin metathesis
CO, conversion
Fisher-Tropsh

Steam
cracking

Petroleum

Fluid
catalytic PDH
cracking

Figure 2. Existing processes for propylene production

In methanol to olefins reaction, methanol can be produced from syngas, that is produced by
steam reforming of natural gas or gasification of coal. The mixture of carbon monoxide and
hydrogen (syngas) can be converted into methanol and then into propylene or other olefins
depending on the nature of the catalyst and/or the operating conditions. Usually, a zeolite-

based catalyst is used in the MTO reaction.!*?! Olefin metathesis, commercialized by ABB
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Lummus, consists in converting a mixture of ethene and 2-butenes. This process includes
three steps: a) dimerization of ethylene into 1-butene, b) isomerization of 1-butene into 2-
butene and c¢) cross-metathesis of the mixture 2-butene and ethene.?” This reaction uses WO3
on silica catalyst at high temperature and pressure. Fisher-Tropsh to olefins consists in
converting syngas (CO/H>) into alkenes by using a catalyst based on Fe or Co that enables the
formation of C-C and C-H bonds along with the cleavage of C-O bonds.?® Recently, the direct
conversion of CO> into olefins gained lot of attention due to reducing the quantity of CO; by
converting it into high value chemicals like propylene. The bifunctional catalysts are required
to transform the CO; to propylene via methanol or via reverse water gas shift (RWGS),
followed by further conversion of the intermediates (methanol and CO) by MTO or Fisher-
Tropsh.?*?> The direct propane dehydrogenation is a catalytic route involved in the
conversion of propane into propylene in presence or absence of oxidants.?® In other terms,
propane dehydrogenation can be a non-oxidative or an oxidative reaction. In the case of non-
oxidative propane dehydrogenation, propylene and hydrogen are mainly produced with some
minor amounts of methane, ethane and ethylene. However, in the case of oxidative propane
dehydrogenation, methane, ethane, ethylene and undesired oxygenated molecules (CO and

CO») are produced in addition to propylene.

Compared to SC and FCC, all the aforementioned processes do not require oil-feeding as a
reactant and display better selectivity towards propylene. However, among these technologies,
the non-oxidative PDH (NOPDH) is considered as a very promising route for two main
reasons: the availability of a low-cost feedstock (propane) and the production of the targeted
olefin along with hydrogen, considered as a valuable product for many applications.?” With
the discovery of shale reserves and their use as a source for the easy extraction of propane,
this light hydrocarbon became widely available and cheap. Hence, it is of a great interest to
use propane as a low-cost feedstock for propylene production.?® It is important to note that
since 2010, the PDH units are increasingly deployed worldwide and are predicted to keep on
expanding. Additionally, NOPDH does not produce CO., contrarily to most of the
aforementioned processes. Thus, propane dehydrogenation is considered as a high atom-
economy reaction and respects many principles of green chemistry compared to the other

processes.
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I.2.Industrial processes

To date, industrial processes for propane dehydrogenation are carried out in the absence of
oxidant, and the catalysts used are based on supported Pt-Sn nanoparticles and Cr oxide. The
recent development of new processes resulted in nine propane dehydrogenation technologies
which differ in the catalyst composition, the operation and regeneration and the provided heat

for the reaction.?” The following section will be divided in two parts:

e The description of all the industrial processes for PDH using platinum-based catalysts,
the active sites and the mechanism’s reaction
e The description of all the industrial processes for PDH using chromium-based

catalysts, the active sites and the mechanism’s reaction

I.2.a Industrial processes based on Pt for PDH:

Among the nine technologies, six of them use platinum-based catalysts to produce propylene:
Oleflex® (UOP), PDH® (Linde-BASF), STAR® (Krupp-Uhde), FLOTU® (Tsinghua),
SABIC® and FCDh® (Dow Chemical Company). For the KBR® process, no information
was disclosed on the nature of the catalyst nor the design of the reactor. The main information
related to these processes are shown in Table 1; however, only the commercialized Oleflex®

and STAR® processes used for PDH will be fully detailed.?

Table 1. Summary of the technologies used for propane dehydrogenation

Technology Reactor Opeartion Catalyst Heat T (°C) P (bar) Cycle
management time
Catofin® (ABB Adiabatic Cyclic CrOx/AlLOs+ Pre-hetars, 565-650 0.3-0.5 15-30
LUMMUS) fixed bed alkali Regeneration min
Oleflex® (UOP) Adiabatic Continuous Pt-Sn/Al20s + Interstage 550-620 2-3 5-10 days
moving bed alkali heating,
regenerated
catalyst
STAR® (Krupp- Adiabatic Cyclic Pt-Sn/Zn— Furnace and | DH: 550- 5-6 8h
Uhde) AlOs/Ca- ODH 590,
AlLOs ODH:
~600
FBD® (Yarsintez— Fluidized Continuous CrO/ALOs + | Regenerated | 535-590 0.5-1.5 -
Snamprogetti) bed alkali catalyst
PDH® Linde— Isothermal Cyclic Pt/hydrotalcite Furnace ~590 ~1 %h
BASF—Statoil fixed bed Mg(ADO; Pt—
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(Sintef) Sn/ZrO2
FLOTU®/Tsinghua Bimodal Continuous | Pt—Sn/SAPO- | Regenerated | 570-610 0.5-1.5
fluidized 34 secondary
catalyst
bed
Fluidized Continuous Pt-Ga—K/Si- - ~600 1
™
FCDR™ ® (Dow) bed ALOs
Fluidized Continuous Pt— Integrated 560-600 0.1-6 15-30
SABICE bed Sn/K/sAPO- | FBRwith min
internal
34 regenerator
K-PRO™ ® (KBR) | Fluidized Continuous - - ~600 1.5
bed

Oleflex® process:

Oleflex® process, commercialized by UOP in 1990, employs a Pt-Sn catalyst (with <1 wt %
of Pt and 1-2 wt% of Sn) supported on modified alumina by Na or K (0-1 wt%) for the direct
conversion of propane to propylene. A moving bed type reactor is used with a semi-
continuous interstage heater, a catalyst regeneration unit, and a product recovery section
(Figure 3). Pt-Sn supported catalyst requires the presence of hydrogen in the feed to reveal a
high activity and stability (propane conversion between 30 - 40 %) and selectivity towards
propylene (up to 88 %), while operating at high pressure (1 to 3 bar) and temperature in the
range of 525 and 705 °C. Although this catalyst is highly active thanks to its good
performance in the non-oxidative propane dehydrogenation, its lifetime is affected by coke
formation and sintering of the platinum leading to a deactivation. Hence, the reactivation of
the catalyst is required in the regeneration unit connected to the installation (CCR). The
regeneration occurs by burning the carbon’s deposition on the surface followed by the
treatment of the catalysts by a chlorine-air mixture in order to redisperse the large platinum

particles.’32
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STAR® process:

The Steam Active Reforming (STAR)® technology (Figure 4) was developed by Philipps in
1990. It is the only process that can use the advantage of oxidative dehydrogenation in order
to selectively combust the hydrogen (in the oxyreactor) formed during the non-oxidative
propane dehydrogenation, thus shifting the equilibrium towards high selectivity to propylene.
Additionally, it can generate heat that is beneficial for the endothermic PDH reaction. This
technology uses a Pt-Sn catalyst supported on Zn-Ca aluminate in a tubular fixed bed reactor
and can operate at lower temperature range (480-620 °C) compared to the other processes due
to the aforementioned reason and high pressure between 5-6 bar. These conditions can afford
a 35 % propane conversion with a selectivity between 80-90 %, with a catalyst lifetime
exceeding 5 years compared to Oleflex® process (2-3 years). Another advantage of this
process is the operating conditions resulting in a lower investment and expenses associated

with coarse gas compression.
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I.2.b Active sites and mechanism for PDH on Pt-Sn based catalysts:

For all the studies concerning the development of Pt based catalyst used in the commercial
processes, the continuity and the coordination environment of the platinum active sites play
important roles in the catalytic performance. The nature of active sites in metal catalysts could
be controlled by the interaction of other components such as promoters and supports. The
addition of a second metal that could alloy with the active metal results in metal-metal bonds
that would adjust the catalytic performance. In that manner, many promoters have been
studied *° where the promising catalytic behavior of Pt-Sn catalysts due to the geometric and
electronic effects of Sn has been demonstrated.*® In fact, the addition of Sn has a beneficial
effect on reducing the sites for coke formation and separating large Pt clusters resulting in a
better selectivity towards propylene. Despite their promising activity and use in industries, the
active sites of Pt-Sn catalysts responsible for PDH are still unclear but are generally reported
to be isolated Pt by Sn in the bimetallic nanoparticles. PtSn and Pt3Sn were proposed as active
sites in many studies, while other works reported that partially modified platinum with
reduced Sn exhibited higher and better activity in PDH compared to catalysts prepared with
high amount of Sn.** In the case of bimetallic Pt-Sn catalyst, the reaction mechanism of PDH
is widely known as a reverse Horiuti-Polanyi (HP) mechanism, consisting in three steps:*> i)

adsorption of propane on the isolated Pt through a Van der Waals interaction, i1) dissociation
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of two adjacent C-H bond of propane, and iii) desorption of propylene and H, from metal
surface.>® While undesired reactions such as deep dehydrogenation and cleave of C-C bonds
are susceptible to happen on Pt-Pt adjacent sites, the main reaction occurs on single Pt atom,
surrounded by a Sn used as a promoter. The role of the latter has been widely studied
revealing that its presence limits the secondary reactions (cracking) occurring via y-H
activation and favors the -H elimination pathway leading to the production of the targeted

product, propylene (Scheme 1).

Scheme 1. Proposed mechanism for bimetallic nanoparticles in PDH

I.2.c Industrial processes based on Cr for PDH:

Among the aforementioned technologies, Catofin® (ABB Lummus) and FBD®
(Snamprogetti-Yarsinez) employ a chromium oxide catalyst (Table 1); both of these processes

are commercialized.

Catofin® process:

Catofin® uses a chromium oxide catalyst (18-20 wt%) supported on modified alumina by Na
and K (1-2 wt%). This process occurs in several fixed adiabatic bed reactors (from 5 to 8)
containing the catalyst, and propane is heated before the catalytic bed (Figure 5). These
reactors alternate between three units: propane dehydrogenation, regeneration and purge
steps. In other terms, while some reactors perform dehydrogenation, others will undergo
regeneration or purge, leading to a constant flow of products, resulting in a cycle that lasts for
15 to 25 min. To achieve a selectivity of 87 % toward propylene, a high temperature of 650
°C and low pressure of 0.5 bar are required. It is important to note that the temperature

gradually increases with time on stream to afford a constant activity during the catalyst’s
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lifespan. These operating conditions induce severe side reactions that result in a quick
deactivation and sintering of the alumina, requiring a frequent regeneration every 15-25 min
to maintain a high yield in propylene.>® Although the regeneration process can partially
restore the catalyst’s activity, it causes an irreversible deactivation over the time due to the
migration of chromium atoms in the framework of alumina leading to a decrease in the active

sites concentration. The catalyst’s lifetime in this process is estimated to be between 2-3

paraffin .
»-

purge

air i
—>

years.

offgas
>

products

byproducts

Figure 5. Schematic representation of Catofin® process>’

FBD® process:

The FBD® process is based on Fluidized Bed Dehydrogenation (FBD) technology and was
developed by Yarsintez—Snamprogetti in the 1960’s. The catalyst employed in FBD® process
is similar to the Catofin®, a chromium oxide-based catalyst with a lower metal loading
(around 15-19 wt%) that operates in a temperature range from 535 to 590 °C and between
0.5-1.5 bar. The catalysts particles are suspended by the gas and air flow using a distributor.
In addition, due to the deactivation of chromium oxide under the operating conditions, the
catalyst is regenerated, and the total cycle (reactor and regenerator) lasts for 10—-30 min
(Figure 6). Notably, less coke is formed in the case of FBD® process compared to Oleflex®,
thus some fuel is introduced in the generator to supply the needed heat in order to satisfy the

overall thermal balance. The catalyst’s lifetime depends on the loss of the active catalyst
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during the process, on the circulation rate and the catalyst mechanical strength. In order to
compensate such loss and maintain the same conversion to propylene, new catalyst is

introduced in the regenerator during the operation.
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Figure 6. Schematic representation of FBD® process?’

I.2.d Active sites and mechanism for PDH on Cr based catalysts:

CrOx based catalysts used in the processes are prepared via conventional methods (i.e using
salts) with high loading of Cr (18-20 wt%) resulting in a low concentration of active sites
and a mixture of isolated and chromium clusters on the surface (Figure 7).’ Hence, it is
difficult to characterize the nature of the active species responsible for the activity during the

non-oxidative propane dehydrogenation.

small CryOy large Cry0,
_ cluster ‘ cluster

oty e e e

Fresh ALCr-13.2 SDOS-ALCr-13.2
SS5DOS-AKLCr-13.2

® Cr*"  wALO; = a-(Al, Cr),0;

180DOS-AKCr-13.2 360DOS-ALCr-13.2 645DOS-ALCr-13.2

Figure 7. Different chromium species on the surface of alumina*

However, in-situ characterization of these catalysts revealed the presence of several oxidation

states of chromium, like Cr**, Cr**, Cr’* and Cr®",*%"3 making it more complex to identify
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the active species and to establish the mechanism for the reaction. Although the mechanism is
still a matter of debate because of all the mentioned reasons, Cr’" are considered as the active
species for this reaction, due to their formation during the initiation step and the decrease of
Cr%" concentration.’®?? In fact, Sattler et al. demonstrated by using in situ X-ray absorption
near edge structure (XANES) and UV-vis spectra the reduction of Cr®" to Cr** at early times
during the reaction.** The proposed catalytic mechanism in PDH of isolated chromium oxide
catalyst is based on metal-oxygen pairs, considered to be the source of active sites. The
reduction-activation process of the catalyst results in a loss of a part of oxygen atoms and
produce unsaturated chromium (III) bonded to three oxygens from the surface, (=A10)3Cr.
The unsaturated Cr-O pairs support the coordination of carbon and hydrogen atoms of
propane leading to the reduction of activation energy of C-H cleavage.*'** This step leads to
the formation of a M—propyl intermediate and an OH group. Propylene is formed via a (-
hydride elimination, resulting in a Cr-H species. The tripodal Cr active sites are regenerated
after release of propene and H> (Scheme 2). A parallel possible pathway consists in a C-H
activation of Cr-H intermediate followed by a B-H elimination. This mechanism was

supported by DFT calculations by Lillehaug et al.**
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Scheme 2. Proposed PDH mechanism for isolated chromium catalysts
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I1.Production of butadiene

I1.1 Uses and resources of 1,3-butadiene
1,3-Butadiene (C4Hg or BD) is used in the industrial production of a variety of products, due

to its high reactivity related to the presence of a conjugated double bond (Figure 8). The
biggest consumption of BD is in the production of synthetic—elastomers such as styrene-
butadiene rubber, polybutadiene, styrene—butadiene latex, chloroprene rubber and nitril
rubber.*** Thus, the global demand towards BD was anticipated to surpass 9 million metric
tons in 2004. In 2012, the global demand was estimated to be 10 million metric tons,*¢ while

it was predicted to be 15.91 million tons in 2020, with an incremental growth of 3 % per year.

Nitrile rubber
Hoses, fuel lines, autopats, etc
Adiponitrile 5 t|y 1% Polychloroprene rubber
Nylon resins, fibers, | 6% s Gloves, coating, adhesives, tires, etc
fabrics, etc

SB Latex
Foam rubber, addesives,
sealants, etc

9% 9 PBR

Tires, plastics, etc

Others
Lube oil additives, auto — 11 %
parts, medical devices, etc

ABS SBR
Auto parts, telephones, | 12% Tires, rubber articles, etc
office machines, etc

Figure 8. Various applications of 1,3 butadiene

Butadiene is usually obtained as a by-product from the production of ethylene via steam
cracking (SC). Thus, the supply as well as the price of BD is highly dependent on the
demand/production of ethylene.*’ In fact, the high production of ethylene over the years
resulted in an oversupply in BD and the decrease in the development of some on purpose
technologies. However, the recent discovery of new shale gas reserves has shifted the
production of ethylene from SC to lighter material like ethane (for ethane dehydrogenation).
Consequently, the market stability in BD is threatened which might lead to some shortage in
its production and subsequent increase of its price. Thus, alternative processes are required to
address the market need and on-purpose routes are proposed for this target, such as the
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conversion of bio-sources molecules (dehydration of 2,3 butanediol and dehydrogenation of
bioethanol)*®*’ and the catalytic oxidative or non-oxidative dehydrogenation of butane or a

mixture of butane/butenes>®> (Figure 9).

B3, o
BDO

Figure 9. Various processes for 2,3 butadiene (BD) production

The dehydration of 2,3 butanediol (2,3-BDO) requires two steps: dehydration of 2,3-BDO
into 3-butenes-2-ol, followed by another dehydration at a higher temperature to obtain BD. To
our knowledge, Winfield revealed that BD in this process was obtained over ThO, catalyst.>*
The dehydrogenation of bioethanol to butadiene (ETB) is covered by two different processes.
The one step process that converts directly ethanol into butadiene over ZnO/AlOs. This
process is called the Lebedev® process,’> whereas Ostromislensky® process refers to a two-
step process: a partial dehydrogenation of ethanol into a mixture of ethanol/acetaldehyde over
a CuO/Cr,0; followed by a conversion to butadiene catalyzed by Ta,0s/Si02.%® The oxidative
dehydrogenation of a mixture of n-butenes into butadiene is commercialized under the name
of Oxo-D or O-X-D® process. Beside the formation of butadiene, the side reactions result in
the formation of oxygenated by-products such as CO;, CO and CsHsO due to the
overoxidation of butenes.’’” The non-oxidative dehydrogenation of butane/butenes is widely
used at industrial scale for the production of BD and is commercialized under the name of the
Catadiene® process.*® The latter is catalyzed by a chromium on alumina catalyst and involves
two steps: dehydrogenation of butane into a mixture of butenes followed by a further
dehydrogenation into butadiene, or a dehydrogenation of butane into butenes and butadiene
where butene is re-injected with butane in order to increase the selectivity in BD.>*%® Among

these processes, Catadiene® seems, until now, the most promising and established route to
36



produce butadiene. In fact, the non-oxidative dehydrogenation of C4 mixture has many
advantages. First, it does not involve the use of the naphtha cracking unit nor the limited
ethanol manufacturing as a feedstock. Second, it does not produce oxygenated and toxic

molecules (CO; and CO).

I1.2.Industrial process:
To date, there is only one commercial process used by the industry that employs the non-

oxidative butane/butenes dehydrogenation (Catadiene® process).

I1.2.a Industrial process for BDH based on Cr:

Catadiene® process was initially established by Houdry using one step for the formation of

BD and was improved later by ABB Lummus to produce BD in two steps (Figure 10).26

Catadiene® process:

The Catadiene-Houdry® process uses a chromium supported catalyst on modified alumina
produced by Clariant for the conversion of n-butane to 1.3 butadiene. This catalyst operates
under a pressure between 0.1-0.4 atm and around 600 °C and displays a conversion between
30-40 % and a selectivity of 63 % towards butadiene accompanied with the formation of light
hydrocarbons. It is important to note that besides BD, this reaction yields to the formation of
butenes which after their separation from the targeted product, are recycled with fresh butane.
Moreover, due to the high formation of coke under the operating conditions, the catalyst

requires frequent regeneration.

In order to optimize the selectivity towards the targeted product, this process was extended by
ABB Lummus, and more importantly operates in two separate steps. The first one consists in
the dehydrogenation of n-butane to butenes, leading to a selectivity of 80 to 85 % while
operating at 600 °C and atmospheric pressure. The second step catalyzed by a mixed iron-
magnesium-potassium-chromium oxide catalyst, involves the further dehydrogenation of the
recovered butenes resulting from the first step, leading to a selectivity of 65 % towards
butadiene. Contrarily to PDH, the selectivity in the case of butadiene in both cases remains

moderate and needs the development of new catalysts in order to improve it.
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Figure 10. Schematic representation of Catadiene® process®
I1.2.b Active sites and mechanism

Catadiene® uses a chromium oxide supported catalyst and thus the active sites are proposed
to be similar to PDH, unsaturated tripodal Cr**. The mechanism of the production from
butane or butane/butenes occurs via two catalytic cycles (Scheme 3). The first cycle involves
the dehydrogenation of butane into a mixture of butenes via three different steps: a C-H
activation of butane on M-O followed by a B-H elimination and the release of butenes. The
resulting species is a Cr-H which can either release hydrogen and regenerate the tripodal
species or undergo C-H activation of butane to produce further butenes by B-H elimination.
The conversion of butenes into butadiene occurs through a second cycle consisting in the
activation of C-H bond of 1-butenes in an allylic position after trans-2-butenes isomerization,

followed by a B-H elimination leading to the release of butadiene and hydrogen (Scheme 3).
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Scheme 3. Proposed mechanism for butenes dehydrogenation

III. Production of aromatics

III.1 Uses and resources of aromatics
Aromatics are referred in this context to benzene, toluene and xylene (BTX) and are

considered as high valuable feedstocks for the chemical industry for the production of
pigment dyes, surfactants and pesticides.®' They are used for the production of rubbers,
cosmetics and adhesives, but are mainly employed as gasoline blending components.®’> Thus,
the global demand towards BTX and especially towards benzene and toluene has been
increasing over the last years due to their high consumption and utilizations. Additionally, this

demand is estimated to keep on rising over the next years (Figure 11, Left).
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Figure 11. Left: Global demand towards BTX between 2016 and 2023 and Right: Benzene
production vs demand between 2013 and 2023.%
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The several pathways for the production of aromatics are summarized in Figure 12. BTX are
mainly obtained from steam catalytic cracking of naphta.®* However, it is obvious from
Figure 11, Right that benzene’s supply is unable to satisfy the market demand. With the huge
development of the petrochemical industry and the high dependency on fossil fuels, the
above-mentioned traditional route seems inadequate to fill the expanding gap between the
production and the supply of BTX. Thus, it is urgent to develop alternative ways for the
production of aromatics. In that manner, industrial and academic investigations in order to
develop new process based on methanol to aromatics (MTA), syngas to aromatics (STA) and
CO» hydrogenation have been also proposed and studied.®>%” Moreover, alkane aromatization
emerged as a promising and alternative synthetic method to produce aromatics and is used

industrially.

CloerC3

omatizatio

cracking of
naphta

hydrogenation

BTX

Figure 12. Various ways for the BTX production

Typically, Zn or Cu or Ga supported on ZSM-5 are used in methanol to aromatic’s (MTA)
reaction yielding a conversion around 50-70 % of aromatics coupled with light hydrocarbons
and coke formation.®® 7 Two approaches are employed for the production of aromatics from
syngas (STA): the first one is a direct transformation of syngas into aromatics over modified
Fisher-Tropsh catalysts, while the second one occurs through two steps using composite
catalysts that produce some intermediates, which are then transformed into aromatics.”!
Recently, more attention has been paid to transform CO,, a greenhouse gas, into valuable

chemicals, such as selective CO; hydrogenation into aromatics. During this reaction, a
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bifunctional (methanol synthesis catalyst/ H-ZSM-5) or multifunctional catalyst (Fe-based
catalyst/ H-ZSM-5) has been employed. The selectivity towards aromatics as well as
undesirable CO is highly dependent on the nature of the catalyst.”*’* Replacing crude oil such
naphta with a more available source (alkanes) results in a low cost and efficient process. For
that reason, alkane aromatization has succeeded to attract the researchers focus from both an
industrial and an academic point of view.”*”® Methane and propane aromatization (MAr and
PAr, respectively) have been intensively studied during the last years. MAr requires higher
temperature than PAr, leading to the formation of coke and therefore reducing the lifetime of
the catalyst.®® PAr occurs through several steps: dehydrogenation, oligomerization,
cyclization and aromatization. For that reason, a bifunctional catalyst is essential in order to
catalyze propane into aromatics, without the production of oxygenated molecules or toxic by-

products.

Based on the limitations and challenges that each of the above processes represents, propane
aromatization remains a cost effective and environmental friendly technology to produce
aromatics. In fact, PAr has been commercialized and a bifunctional catalyst (a gallium
supported catalyst on an acidic micro-zeolite (ZSM-5)) is adopted by Cyclar®. In addition to
Cyclar,® four other processes are being deployed for the production of BTX using a variety
of feedstock such as M2-Mobil®, Aroforming®, Z-Forming® and Alpha® process. However,
Cyclar® remains the most potential process to date and will be discussed in the following

section.

II1.2 Industrial process:

I11.2.a Industrial process for PAr based on Ga:

The Cyclar® process is the result of a joint development between BP and UOP for the
conversion of propane into aromatics. It involves a gallium-based catalyst on a commercial
zeolite, ZSM-5.8! This process includes several reactors: a main section consisting in a series
of adiabatic reactors and a product recovery section ensuring the continuous production of
aromatics and hydrogen, while another continuous catalyst regeneration (CCR) technology is
designed in order to restore the catalyst’s activity over the time on stream (Figure 13).%? Thus,
this results in a catalyst lifetime of two years. However, the highest selectivity obtained in this

process after the product recovery section is moderate and estimated to be around 63.1 wt%.%
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Figure 13. Schematic representation of Cyclar® process®*

II1.2.b Active sites and mechanism:

As propane aromatization occurs in two main reactions (dehydrogenation and aromatization),
a bifunctional catalyst displaying the active metal sites for dehydrogenation and acidic sites
for oligomerization, cyclization and aromatization is required.> The complexity of the
aromatization reactions makes it hard to control the activity and selectivity during
aromatization reaction. It was reported that in Cyclar® process, the dehydrogenation activity
is attributed to the gallium species, which leads to an increase in the selectivity toward
aromatics by increasing the rate of the first reaction (dehydrogenation). However, the
aromatization of propene intermediate is known to be catalyzed on the acidic sites in the
micropores of the zeolite. The mechanism of the propene aromatization occurs by protonation
of the double bond leading to the formation of C4-C10 through oligomerization reaction. The
transformation of the latter products into the corresponding dienes occurs via hydrogen
transfer reaction, followed by a cyclization to form cyclic alkenes, which are furthermore
converted into cyclic dienes. The last step corresponding to the formation of aromatics is due
to the transfer of hydrogen from cyclic dienes in order to recover the active sites (Scheme 4).
The exact nature of the gallium active sites in the case of the dehydrogenation step is still

unclear (see section V.1).
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Conclusion

In summary, of all the aforementioned technologies, Oleflex®, STAR® (both platinum-based
catalysts), Catofin® and Catadiene® (both chromium-based catalysts) have been used
industrially for the propane and butane/butenes dehydrogenation while the Cyclar® process
has been industrially used for the propane aromatization (Ga/ZSM-5). However, the issues
related to both environmental (high toxicity of chromium) and economical (high cost of noble
metal Pt) challenges and the lifetime (deactivation of the catalysts) require further
development and optimization of the existing Cr and Pt catalysts. For aromatization, the high
concentration of gallium related to the preparation method, results in an expensive catalyst
and a remarkable deactivation and cracking due to the formation of undesired oligomeric

GaOx species on the surface.

Thus, the need for alternative non-toxic, cheap and active candidates for the targeted reactions
with low loading of metal compared to the existing industrial catalytic systems that can tackle
the aforementioned issues is justified and remains an important focus for the research
community. Several metal oxides such as Ga, V, Zn, Zr, Co, and noble metals have been
investigated and reported widely, due to their high affinity for C-H bonds and low activity
toward C-C cleavage. In the case of noble metals, platinum exhibited the best catalytic
performance, while Ni, Rd and Ru lead to a low activity and selectivity in dehydrogenation
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reaction. However, the metal oxides and mixed oxides of non-noble metals are equally
important in catalyst technologies due to their low cost, abundant availability and a great
flexibility in tailoring their properties. Among them, bulk and supported Ga and V oxides
based catalysts have been widely studied and represent some competitive advantages for

several applications in the future.

In addition, in all processes (PDH, BDH and PAr), the dehydrogenation step is reported to be
the common reaction to obtain propylene, diene and aromatics. For this reason, in the
following section, we will limit our literature review to the development of catalysts based on
Ga and V oxides for the non-oxidative PDH, and particularly, on the supported metal (Ga and
V) oxides catalysts.

IV. Propane dehydrogenation reaction
The non-oxidative propane dehydrogenation (NOPDH) is a catalytic process based on the
direct conversion of propane into propylene and hydrogen. This reaction is endothermic and is
limited by equilibrium at low temperature and high pressure. To overcome this limitation,
high process temperature and low pressure are required to acheive high conversion (Figure
14).878% According to the literature, a temperature of 550 °C and a pressure of 1 bar at least

are used in conventional reactors to secure a conversion up to 30% (Figure 14).%°
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Figure 14. Equilibrium conversion as function of temperature and pressure®’
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At high temperature in the NOPDH process, cleavage of C-C bonds competes with the
cleavage of C-H bonds, resulting in the cracking of propane and the formation of undesired
products like methane and ethylene (i) in addition to the main reaction (h). Further side
reactions explain the formation of ethane and methane by hydrogenolysis of propane (j), the

).8 These side reactions

hydrogenation of ethylene into ethane (k) and the coke formation (1
are proposed to be encouraged by the acidity of the support and due to the presence of
hydrogen produced from the direct conversion of propane (h) and from coke formation (1). At
high operating temperature, the formation and adsorption of coke on the catalyst’s surface
leads to a quick deactivation that affects its lifetime, thus frequent regeneration is necessary.
For example, in the case of the Catofin® industrial process, the continuous regeneration of the

catalyst occurs every 15-25 min.*

C3Hs <> CsHg + Ha (h)
C3Hs — CHs+ CoHa (i)
CsHs+ Ha — CHy+ CoHs (j)
CoHa+ Ha — CoHe (k)

C3Hs — 3C + 4H, (1)

In order to limit the undesired reactions, many attempts were proposed such as using a
membrane to selectively remove Ha, and shifts the reaction toward producing more propylene
by decreasing the working temperature.”” Membranes were and still an interesting subject for
researchers. They are not only beneficial to remove one product from a field and separate it
from the mixture, but are also interesting to provide pure and valuable hydrogen for several
catalytic applications.”'™>* However, this technology is still under investigation since the most
used Pd-Ag membrane is expensive due to the high price of Pd and deactivates quickly during

the dehydrogenation reaction.

V.Catalytic development of metal oxide catalyst in the non-
oxidative PDH
Currently, several studies are dedicated to the development of novel and potential metal oxide
catalysts in propane dehydrogenation (PDH), such as zirconia, zinc, gallium oxide-based

94,95

catalysts, vanadium-oxide based catalysts’® and so on. Among these, gallium and
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vanadium oxide-based catalysts have been recognized as very promising alkane
dehydrogenation materials due to their unique capacity to activate hydrocarbon species and
excellent catalytic efficiency as compared to conventional Cr.Os3. An exhaustive literature
review will report next the systems describing the Ga and V catalyst’s structure as well as
their active species, their lifetime, their deactivation, the effect of the support and their

activity toward propane conversion.

V.1. Supported gallium oxide-based catalysts

Although commercial Ga;O3; has shown to be far superior for the dehydrogenation reaction
compared with Cr;O3 and V:0s catalysts, some recent studies have demonstrated that
supported gallium oxides can be more active and stable for the dehydrogenation of light

alkanes.””?

Supported gallium oxide-based catalysts have been a promising applicant for the non-
oxidative dehydrogenation reaction for years since the discovery of Ga/ZSM-5 for propane
aromatization in the 80’s. Ever since, many studies were conducted in order to elucidate the
reasons behind this high catalytic performance and to determine the active species responsible
for its activity in PDH. Although propane dehydrogenation over supported Ga oxide have
been studied for decades, the structure of the active species and the mechanism are still
unclear. The active sites responsible for this reaction were debated for years, but it has been
reported that they strongly depend on the nature of the support, the preparation methods and

the metal loading.'®

The effects of the surface area and the nature of the support (neutral, acidic or basic) on the
catalyst’s structure and activity have been reported and widely studied in literature.!® In this
context, gallium oxide was grafted on several supports like Al,Os3, Si0,, MgO, ZrO», TiOa,
ZSM-5, 1TQ-2, MCM-22 and others (Table 2). These studies revealed that the acidity of the
support clearly influence the surface morphology, the gallium oxide dispersion on the surface
and coke formation, which impacts the catalytic performance. Although this acidity can
basically influence and determine the dispersion of gallium oxide active sites to obtain a high
activity and selectivity in PDH, it can induce secondary cracking reactions, affecting the
stability of the catalyst by formation of coke and the selectivity toward propylene. Thus,
targeting a well-balanced concentration of acidic sites to maintain a good -catalytic

performance is essential.!°! Xu et al reported that the catalytic performance of GaxO;
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supported on TiO2, ALO3 and ZrO; was better compared to Ga,O3; supported on SiO> and
MgO in propane dehydrogenation. This behavior was attributed to the presence of a higher

concentration of acid sites in medium to strong strength.®’

Table 2. Comparison of the effect of supports on gallium oxide-based catalysts in propane
dehydrogenation reaction

Catalysts Gax0; T(CC) WHSV (h') X propane® S propylene?® Ref
content(wt%) (%) (%)
Ga203/MCM- 5 600 0.6 57.8(20.6)° 37.5(64.1)° 102
22
Ga:05/ITQ-2 5 600 0.6 30.0(19.3)¢ 72.0(78.4)¢ 102
Gax03/HZSM- 5 600 0.6 40.0(36.3)° 53.8(54.5)c 95
48
Gax03/ZSM-5 5 600 0.6 76.3(25.0)° — 103
Ga:05/TiO; 5 600 0.6 23.0(3.0)¢ 85.0(—)" 97
Ga:05/AL0s 5 600 0.6 33.0(18.0)¢ 92.0(—)" 97
Ga:05/Z10s 5 600 0.6 39.0(5.0)¢ 74.0(—)" 97
Ga205/Si05 5 600 0.6 7.2(6.5)" 92.0(—)¢ 97
Ga:05/MgO 5 600 0.6 5.3(4.0)¢ 34.0(—)¢ 97
Ga:05/AL0s 5 620 0.6 46.0(15.6)° 95.2(93.1)¢ 100
Gax03/ZSM-5 5 620 0.6 78.1(28.8)° 60.2(86.1)° 100
Ga205/Si05 5 620 0.6 6.7(5.1)° 90.1(91.1)¢ 100
Gax03/SBA-15 5 620 0.6 28.5(22.1)° 92.5(91.6)° 100

@ Note: the given data of X propane and S propylene are estimated according to the given curves in the literatures. ® The
values outside and inside the parenthesis are the data obtained in the initial and terminal times, respectively. © The propane
conversion (%) and corresponding propylene selectivity (%) after reaction for 8 h. ¢ The propane conversion (%) and
corresponding propylene selectivity (%) after reaction for 3 h

Additionally, the catalytic activity, stability and selectivity of Ga>O3 on acidic microporous
H-ZSM-5 were improved by the modification of the acidity of the support.!® The high
stability and higher selectivity toward propylene obtained in the case of Ga supported on high
surface area, ITQ-2, was assigned to the high dispersion of gallium and consequently to a
lower concentration of strong acid sites.!”” A higher amount of coke formation was reported

in the case of Ga;O3; on ZSM-5 than on neutral SBA-15, triggered by the presence of strong
47



acid sites on ZSM-5 support (Table 3).!% The acidity of these catalysts has been determined
by NH;3-TPD and revealed that Ga>xO3/SBA-15 exhibits a very weak surface acidity with the
increase of GaxOs coverage. In fact, the lowest loading, 1Ga,O3/SBA-15, exhibited the
highest TOF value and low coke amount, which is assigned to the high dispersion of gallium
species. Increasing the gallium oxide loading to 3, 5, 7 and 9 results in a decrease in TOF
values (Table 3).!% This observation can be probably attributed to the formation of bulk
Gay0s at high loading, which decrease the efficiency of the gallium oxide catalyst during the
dehydrogenation.

Table 3. Amount of coke as function of support and metal loading in PDH

Catalysts Coke amount® (%) TOF (s)(x10?)
5Ga,03/ZSM-5 © 12.6 1.81
5Ga>03/SBA-15 ¢ 4.55 2.91

5Ga,03/Si0; © 0.96 0.80
1Ga,03/SBA-15 ¢ 3.97 6.92
3Ga,03/SBA-15 ¢ 5.85 3.72
5Ga,03/SBA-15 ¢ 3.11 4.20
7Ga,03/SBA-15 ¢ 6.32 2.08
9Ga,03/SBA-15 ¢ 6.52 1.64

SBA-15 0.82 -

In addition to the effect of the acidity and the metal loading, the nature of the support has been
studied. Among all the supports (Table 2), alumina is widely employed as support, notably in
the commercial processes for PDH catalysts, due to its desirable textural properties: high
surface area, high mechanical strength and thermal stability.!®® These properties are beneficial
to have a highly dispersed gallium on the surface, and thus improve the catalyst’s stability.
Indeed, we recently demonstrated that dehydroxylated alumina at 500 °C displays a low
activity around 3 % with high selectivity in propene.'® This was attributed to the Lewis acid

rising from AP*

site, contributing to the catalytic cycle, as reported in the case of Cr**
tripodal. Scheme 5 shows the proposed mechanism over AlO; during propane
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dehydrogenation. It includes an initial C-H bond via the abstraction of a proton by a surface
oxygen, leading to a tetrahedral AI>*CsH7 surface species. Consequently, the B- hydrogen

elimination results in the release of Hz and propylene. '

H4C
\
/CHz
','Cﬁz ch\
H Al CH,
Os-ar---0 o H o dn, ~O,_
\ s + CHyCH,CH, B P e ——— A"\"OS + C3Hg + Hy
O, C-H bond activation \ S  B-H bond cleavage i
O,

Scheme 5. Proposed mechanism for Al,O3 in PDH!'%

The high activity of supported Ga;0O;3 on alumina is related to the presence of tetracoordinated
Lewis acidic Ga*" sites, active sites for PDH.3%!97:1%8 [n fact, Ga»Os3 on alumina has several
polymorphs: a-, €-, y-, 8-, and B-Ga203. Among these, B-Ga>Os structure is the most stable
and exhibits the best activity in propane dehydrogenation.!” The lattice is a monoclinic

structure of Ga,O3 where the Ga atoms are divided on the tetrahedral and octahedral sites.'!°

The atomic-scale understanding of active sites in supported Ga>Os catalysts was crucial in
order to develop highly active catalysts in PDH.''' It has been reported that the

30,107 §s associated with weak Lewis acid sites

tetracoordinated Lewis acidic Ga** surface sites,
(LAS).!'2!13 Chen et al. studied the catalysts Ga,O3-Al,O;3 prepared with several compositions
(GaxAlip—xO1s) through a colloidal synthesis approach and demonstrated that the maximum
propane activity and propene selectivity were observed at x=8. However, for the GasAlsO1s
catalyst, the authors found a high stability at high conversion related to the abundant specific
surface area sites due to the presence of tetrahedral Ga®* sites. The presence of this latter
species has been confirmed by 7'Ga MAS NMR exhibiting a signal at 180 ppm as opposite to
the trend of Ga*" octahedral ion at 10 ppm. The increase of the aluminum content leads to an
increase in the active Ga*" tetrahedral sites.!”” More recently, Fernandez et al. confirmed the
same findings by using "'Ga MAS NMR, XANES and EXAFS spectroscopy on (Ga,Al),Os
prepared with different Ga:Al molar ratios, (1 : 6; 1 : 3; 3 : 1 and 1 : 0) via a colloidal
synthetic method. The 7'Ga MAS NMR spectrum exhibited two signals at 150 and 30 ppm,

assigned to distorted Ga tetrahedral and Ga octahedral sites, respectively.'!'* In addition,

XANES spectroscopy of the prepared (Ga,Al)03(x : y) series revealed additional information
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on the relative abundance of Ga tetrahedral and octahedral sites. The two features at ca. 10
375 eV and 10 380 eV are related to tetrahedral Ga and octahedral Ga, respectively.'!
Moreover, as reported in the case of Chen et al earlier, the increase in aluminum content
resulting in a higher concentration of tetrahedral Ga was confirmed by the increase of the
white line feature of tetrahedral Ga sites as shown in Figure 15.A, and consequently leads to a
decrease in those for octahedral Ga. The evaluation of the local environment of Ga by EXAFS
provided additional information on the Ga coordination Two distinct peaks were observed for
Ga-O and Ga-Ga/Al (Figure 15.B). The authors demonstrated that the high activity and
selectivity are related to the presence of tetrahedral Ga-O-Al(VI) surface linkage. In addition,
the catalysts prepared with high loading of Ga exhibits a higher presence of bulk octahedral

Ga sites, responsible for a fast deactivation by coke deposition.
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Figure 15. (A) Ga K-edge XANES spectra, and (B) Fourier transform of the EXAFS data of
(Ga,Al)203(x : y); Captions in (A) indicate features corresponding to Ga(IV) and Ga(VI) sites
and captions of the peaks in (B) indicate the Ga— O and Ga—Ga/Al coordination sphere ''®

All these preparation methods described in literature for supported gallium oxide catalysts are
generally based on conventional techniques such as wetness impregnation of aqueous gallium

nitrate on alumina. This preparation method is usually followed by calcination in order to
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obtain a high dispersion of the metal sites on the surface.”*%190:116.117 Although these methods
are easy and don’t require previous treatments or synthesis step, they yield to a large
distribution of MOx species on the surface, resulting in lower active sites and catalytic

activity in PDH.

Due to the presence of a mixture of surface species on gallium oxide-based catalysts prepared
by classical methods, the mechanism of PDH is still unclear and matter of debate. Generally,
the active sites of supported gallium oxides are considered to be a tetrahedral Ga**-oxygen
pairs.®> The latter usually tends to coordinate with carbon atoms and hydrogen atoms of
propane, which reduce the activation energy of C-H cleavage. The Horiuty-Polanyi (HP)
mechanism is widely employed to explain the dehydrogenation of propane into propylene
over metal oxide catalysts. The first step involves an heterolytic C-H activation on Ga-O,
leading to the alkyl fragment’s adsorption on unsaturated metal atoms, while hydrogen
adsorbs on oxygen atom near these metal atoms (Figure 16). This step is followed by a
hydrogen transfer and coordination of propylene to the metal ion.''"® Then, hydrogen is
desorbed by protonation of Ga-H and Al-OH and formation of Ga-O bond. Propylene is
furthermore desorbed by a de-coordination from the metal.''” However, recently, Schreiber et
al. found that the aforementioned HP mechanism, may not be appropriate in the case of Ga/H-
ZSM-5 catalysts for PDH.!? In fact, they reported that beside the common heterolytically
dissociation process considered a first step of dehydrogenation, the second one should occur
via an intermediate state of carbenium instead of direct cleaver of C-H bond in propane

(Figure 16).
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Figure 16. Proposed mechanism in the case of gallium oxide catalysts®

V.2 Vanadium oxide-based catalysts
The chemistry of supported vanadium oxide catalysts has perceived remarkable research

activities in the last decades due to their low cost, available V precursors and promising
catalytic performance in propane dehydrogenation.!'?! Since 1980s, extensive research started
on vanadium-based catalysts with a main focus on the oxidative dehydrogenation on
vanadium-magnesium mixed oxides.'?*!>3 Nevertheless, the overoxidation of propylene and
other hydrocarbons during this reaction resulted in a lower olefin selectivity.!>*!?* Later on,
vanadium oxide catalysts have been developed for the non-oxidative propane
dehydrogenation due to their high selectivity toward propylene. Similar to gallium, the nature
of the vanadium species (monomeric, oligomeric and crystalline) present on the surface is still
matter of debate. The intensive studies for the development of highly active catalysts have
been reported in literature describing the effect of the support (type and surface area), the
metal loading, the structure of vanadium species and the preparation methods. These

52



parameters have been demonstrated to influence the nature of these species and results in

different catalytic activity.'?*

The nature and the surface area of the support play an important role in supported vanadium
oxide catalysts for PDH reaction, in particular, in the structure of the active species and their
dispersion on the surface. For example, vanadium supported on mesoporous alumina with
high surface area and large pore volume exhibits a superior catalytic activity in PDH than a
alumina with moderate surface area. The authors claimed that these mesoporous alumina
materials with more surface acid sites favor the formation of oligomeric VOx species reported
by Bai et al.'® to be more active than the isolated ones. The presence of these VOx
oligomeric species were identified by Raman and °'V magnetic angle spinning nuclear
magnetic resonance. Different supports such as Al,O3, Si0>, MCM-41, and modified alumina
with MgO, SiO; and KO were investigated in order to study the dispersion of vanadium
oxide on the activity and selectivity in PDH. For example, Sokolow et al. reported that doping
alumina with silica offers advantageous effects on the catalyst’s stability and activity.'?’ In
fact, increasing SiO; content in Al203—S10; from 0 to 70 wt % influenced the stability of the
catalyst over the time on stream: at lower concentration of SiO; in the support (1 and 10 wt%)
exhibited the highest yield in propylene with a 30 % of propane conversion. However, for the
catalyst prepared with highest loading of Si0> (70 wt%), a high amount of coke was observed
and attributed to the high acidity of this catalyst, resulting in its deactivation. Additionally, the
modification of alumina by basic promoters such as MgO or K on alumina, enhances the
catalytic activity and stability by reduction of the coke formation (Table 4). VOx on silica
show also a high conversion and selectivity in PDH at 580 °C, related to the presence of

§ contrarily to what was reported in the case of alumina by Bai et al.'?

isolated species,'?
These results revealed that the neutral and basic supports based on alumina and silica are the

most used in order to develop highly active catalyst based on vanadium oxide.

Table 4. Catalytic data of VOx supported catalysts in PDH '°!

Catalysts T°C WHSV.h'! Conversion (%) Selectivity (%) Lifetime.h! References
VOx/y-AlL,Os 600 0.88 32-16 93 28 129
VOx/y-AlL,Os 600 8.25 25-15 72-80 - 130
VOx/MgO-y- 600 33 33-24 83-91 - 131
Al,O5
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VOx/  K-meso 610 2.85 70-25 87-83 40 126
AlLO3

VOx/Siral 10 550 0.94 35-12 80-95 25 96
VOx/Siral 10 550 1.78 31-11 90-94 60 127
VOx/Si0, (5.26 580 0.59 65-43 90 32 132
wt%)

VOx/Si0, (3.7 580 0.59 65-43 90 36 128
wt%)

VOx/MCM-41 550 1.78 22-16 92-93 22.5 133
VOx/MCM-41 550 0.57 <10 87-95 100 134

The nature of the active vanadium sites remains vague and elusive due to the classical
preparation methods used similar to the case of gallium, leading to a mixture of oligomeric
species on the surface.'?*!*® However, numerous studies have been reported in literature and
revealed the presence of three different types of VOx species: monovanadate, polyvanadate,
and V»0Os crystallite on the surface of the oxide, depending initially on the support surface
area and metal loading."**"37 Liu et al.'” studied a series of vanadium oxide catalysts
supported on alumina with different metal loading, 1, 6, 12 and 20 wt% corresponding to a
vanadium density of 0.7, 3.9, 7.9, 13.1 V.nm™, respectively. The characterization of these
materials by XRD patterns confirmed the formation of well dispersed vanadium on the
surface of alumina for all samples except for 20 %, where crystalline V>Os phase was
identified. UV-Vis spectroscopy of these materials supported as well these findings. In fact,
the decrease in the edge energy from 3.9 to 2.5 eV while increasing vanadium loading,
represents a rise in the polymerization degree and in the size of vanadium oxides.”®!*%!¥ UV
Raman is a highly sensitive technique allowing the identification of isolated and polymerized

VOXx species, while visible Raman is more suitable to detect crystalline V,0s.!2+140
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Figure 17. Visble (Aexcitation=532 nm) and b) UV (Aexcitation=325 nm) Raman spectra of
the VOx/AL,0s catalysts'?

A series of bands are visible for these samples in the range of 500-700 cm™, 910 cm™, 994
cm’!, and at around 1021 cm!, assigned to V-O-V, V-O-Al, crystalline V,0s and V=0 modes,
respectively (Figure 17).13¢140 Importantly, the absence of V-O-V and crystalline V205 modes
in the UV Raman spectra for the 1% catalyst, indicates that only isolated VOs species are
present on the surface. For the catalysts prepared with 6 and 12 % of V, in addition to V-O-Al
and V=0 bands, UV Raman spectra exhibits a broad band in the range of 500~700 cm-1
assigned to polyvanadate V-O-V species. UV Raman of the 12 % V sample featured a
supplementary band at 994 cm™, indicating the presence of V,Os crystalline. The sharp band
at 994 cm™! in UV Raman and visible Raman spectra for the catalyst prepared with highest
loading (20 %), implies the predominance of V,0s crystals in this catalyst compared to the
others. These results conclude that the metal loading plays a major role in the resulting
structure on the surface. At lowest loading (1 % of V), isolated VOx species predominates, at
6 % a mixture of monovanadates and polyvanadates are present on the surface, at 12 %,
monovanadates, polymerized VOx and small V,0s crystal coexist while at highest loading of

20 % a large concentration of V20Os is formed (Scheme 6).
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Scheme 6. Proposed vanadium species of VOx/Al>O3 as function of metal loading (the green
part represent isolated and polymerized VOx species, while the yellow parts are for V205
nanoparticles)'?

In addition, XPS measurements for all these materials allowed the identification of the
vanadium valence distribution of the surface. The results exhibited three different binding
energies at around 517.6, 516.6 and 515.7 eV, corresponding to V>, V*, V3" jon,
respectively. In addition, the catalytic performance of all these catalysts were evaluated in
propane dehydrogenation at 600 °C and all of them exhibited a high selectivity of 87 %
toward propylene. However, the catalytic activity depends strongly on the metal loading. The
propane conversion was proportional to the metal loading up to 12 %, while it decreased for
the catalyst with the highest vanadium content (20 %). The amount of coke formation on the
12 % catalyst was measured using TGA after 4h of reaction and exhibited 0.054 g.gcat™!. At

that time the propane conversion dropped from 32 to around 16 %.
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Figure 18. Effect of the metal loading on the structure and catalytic activity '*

From the previous results, the surface species of VOx bearing V>*, V#* and V" ions on the
catalysts, reveal different activity for propane dehydrogenation, and isolated V** ions were
considered as the most active species compared to V> and V*' ions. Although the mechanism
is still unclear, two mechanisms were proposed for vanadium oxide-based catalysts. The first

one suggested by Zhao et al.!**

involves a reduction of V=0 into V* hydroxy in the presence
of hydrogen, followed by a propane activation and leads to a relative low activity and coke
formation. The second mechanism consists of a C3Hg activation on a V>'=0, which induces a
reduction into V3 and displays higher activity in PDH but with more coke formation
compared to the previous mechanism. Several studies have been reported in order to elucidate
the active species and the mechanism of the initiation step. In fact, the activation of the
supported tetrahedral V°* during the dehydrogenation reaction suggests the reduction of this
species by propane. This step leads to the formation of supported V** and V**.14-14 The
difference in coke formation was attributed to the presence of hydroxyl groups: in fact, the
presence of a high concentration of vanadium hydroxy (first mechanism) blocks exposed V
ion, which improve C3Hs desorption, avoids coke formation, and leads to a more stable

catalyst compared to the second mechanism.
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Scheme 7. Proposed mechanism for PDH based on vanadium oxide catalysts'?’

Conclusion

In conclusion, the abundance of light alkanes due to the discovery of new shales gas reserves,
opens the door to alternative technologies for the manufacturing of light alkenes, dienes and
aromatics, such as on-purpose propane and butane/butene dehydrogenation and propane
aromatization. The most developed and commercialized processes for PDH, BDH and PAr
are Catofin® for PDH and Catadiene® for BDH, employing supported chromium on
promoted alumina, while Cyclar® for PAr uses supported gallium on zeolites. The
dehydrogenation reaction remains the common step among all these processes and was widely
documented. Regarding the most commonly used PDH catalysts so far, the Ga and V-based
catalysts exhibit many advantages in comparison with CrOx based catalysts, for instance,
higher reaction rate, higher stability for longer process time before regeneration, and better
environmental-friendliness. In that manner, several efforts were conducted in order to develop
a highly active and stable catalyst, based on the knowledge of the structure—performance
relationship and the catalytic mechanism. Supported vanadium-based catalysts have proven to
be promising alternatives to CrOx-based catalyst, due to their low toxicity and price and high
reactivity in propane dehydrogenation. It is important to note that numerous studies have
focused on the catalytic activity of VOx in the oxidative propane dehydrogenation, while few

describes the structure-reactivity relationship and catalytic performance in the non-oxidative
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propane dehydrogenation over VOx supported catalysts. More recently, Ga as well became an
important candidate for the non-oxidative propane dehydrogenation due to their efficient

catalytic performance and their easy regeneration.

The reported catalytic systems based on Ga and V are generally prepared by classical methods
using gallium or vanadium salts that lead to a mixture of monomeric, oligomeric and
polymeric (GaOx or VOx) surface species. Thus, it is difficult to extend the knowledge of
structure-activity relationship and the mechanism of PDH. This is due to the low
concentration of active sites, resulting in a difficult or an incomplete determination of the
active species. However, based on DFT calculations, there is a consensus that the structure of
the active species is an isolated tetrahedral Ga or V bonded to three oxygens pairs from the
support and that C-H activation of propane occurs on Ga>" or V** on oxygen pair (Scheme 8).
The low concentration of these active sites influences the catalytic activity and selectivity, and
the presence of oligomeric species leads to severe cracking side reactions causing the

deactivation of the catalyst by coke formation and a shorter lifespan.
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Scheme 8. Structure of the active tripodal Ga or V species (M= Al, Si..)

In this context, the development of more accurate catalytic systems is highly favored and
required, aiming to identify the nature of the active sites and the elementary steps behind the
mechanism of the targeted reaction. Advanced synthesis strategies are necessary to finely tune
the structure of Ga and V oxide sites on the support in PDH. Thus, a powerful preparation
method yielding to a high concentration of active species is extremely desired to access to
well defined catalysts. Surface Organometallic Chemistry (SOMC) is a powerful approach
providing the necessary tools to design well-defined single site catalysts. SOMC consists in
grafting of organometallic species on the supports leading to well-defined single sites

allowing to their better characterization which helps to establish the structure-activity
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relationship. In addition, this strategy can lead to the development of highly active and stable

catalyst for the targeted reaction.

The next section will be divided in three main parts: 1) the SOMC methodology, (ii) a review
on isolated Ga sites on oxide supports for PDH and PAr, and (iii) and a review on isolated V

sites on oxide supports for PDH.

VI. Preparation of single site catalysts wusing Surface
Organometallic Chemistry

Surface Organometallic Chemistry is a field of surface science that has been developed by a

pioneer in catalysis J.M Basset'**

, used since early 1980s and is considered as a bridge
between homogenous and heterogenous catalysis. It is an effective method for the preparation
of well-defined surface site species by immobilizing organometallic precursors on oxide
surfaces (silica, alumina, zirconia...) or on metals (to form nanoparticles on oxides). More
importantly, this tool allows a rigorous characterization during the different steps of the

synthesis and grafting reactions. In the following section, we will only detail SOMC on oxide

surfaces.
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Scheme 9. Preparation of well-defined single site catalysts using SOMC

With careful thermal treatment of the support followed by characterization, it is possible to
identify the type, concentration, and density of the hydroxyl groups M’-OH (M’= Si, Al, Zr,
Ti....) present on the surface of the oxide support, that are considered as potential sites for
reaction with organometallic complexes (Scheme 9). In fact, depending on the properties of
the support, different reactivity can be observed leading to different species and different
catalytic applications. Hence, the pre-treatment of the oxides results in a controlled grafting of

the organometallic complex. It allows also to tune the concentration of grafting sites per area
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of the support. With controlling the coordination sphere of the metal, it is possible to establish
a structure-activity relationship for the catalyst by modification of the ligand. Upon grafting
of the organometallic complex RxMLn (R and L= ligands) on the support, the resulting
species can be used directly as a catalyst for the targeted reaction or be subject for further
post-treatment (like thermal treatment, hydrogenation, calcination...). By using SOMC on
oxides, it is difficult to access in one step to tripodal metal catalysts. However, our group
developed an innovative synthetic method in order to access to catalysts bearing a metal
bonded with three oxygens from the support. For example, the controlled post-treatment
allows in the case of oxophilic metal to access to active sites with different podality. For
group IV, the reaction of silica with M-Nps (M= Ti, Zr, Hf) leads to the formation of tripodal
Zr-H, [(=S10):ZrH], resulting from the grafting of ZrNps on silica followed by thermal
treatment under H» of monopodal Zr species intermediate, [(=Si0)ZrNps].!*> In fact, the
mechanism of the formation of tripodal Zr-H is based on the transfer of hydride from Zr to Si
by opening of the siloxane fragments from the surface. This strategy was also extended for the
preparation of Ta tripodal systems.'*® The bipodal Ta-H, (=SiO).Ta-H, is converted under
hydrogen to tripodal Ta, (=Si0)sTa at high temperature by transfer of hydride from Ta to Si
(Scheme 10). Several applications of SOMC have been reported in literature based on the
control of the coordination sphere of the metal and the establishment of the relationship
structure-activity. For example, supported metal hydride of group IV, V and VI, were used in
the hydrogenolysis of light alkanes and depolymerization of wax and polyethylene, alkane or
olefin metathesis, direct conversion of ethylene to propylene and methane coupling to

ethane.'’
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Scheme 10. Strategy to obtain highly unsaturated tripodal Ta systems'*®

Thus, there is a possibility to establish the relationship between the structure and activity by
indentifying the structure of the surface organometallic species. The coordination sphere of a
single site catalyst (where usually all sites are almost similar and isolated from each other),
must be completely characterized via the combination of several techniques: mass balance
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analysis, DRIFT, UV-visible, solid-state NMR spectroscopy, XAS (X-ray absorption
spectroscopy), EXAFS (extended X-ray absorption fine structure) and XANES (X-ray
absorption near edge structure). These characterizations can be coupled with in-situ
techniques such as Operando DRIFT, XAS in-situ in order to identify the active species and

to determine the mechanism of the catalytic reaction.

The following section will be focused on the description of the catalysts prepared by SOMC
for PDH, BDH and PAr reactions. However, to our knowledge, no example was reported in
the case of BDH using catalysts prepared by SOMC, hence, we will limit the next literature
review to PDH and PAr and in particular to the preparation and characterization of the
catalysts based on Ga and V prepared by SOMC. The effect of ligands, the nature of the
support and the podality on the activity and selectivity in propane dehydrogenation and

aromatization will be addressed.

VI.1. Gallium catalysts prepared by SOMC

Catalytic systems based on Gallium are being intensively studied due to the high activity on
Ga particularly in alkane dehydrogenation. In fact, this activity was demonstrated in the

Cyclar® commercial process for propane aromatization, where Ga'

sites are used to catalyze
the dehydrogenation of propane into propene as first step in this process. To our knowledge,
only few examples reported in literature describing the preparation of supported Ga single
sites for propane dehydrogenation by SOMC.'*® The first example was reported by our group
based on the grafting of [Ga(iBu)s] on dehydroxylated alumina at 500 °C affording species
(I), and dehydroxylated silica at 700 °C affording (II).'” The resulting materials were
characterized by DRIFT, solid-state NMR ('H and '°C) and mass balance analysis and
suggested the formation of a different structure on alumina and on silica. EXAFS
spectroscopy of species (I) and (II) confirmed the previous findings and concluded that an
isolated monomeric Ga species with 1.97 wt% of Ga on the surface of alumina,

[(=EA10)Ga(iBu):], (I) was formed, while a dimeric Ga species with 3.3 wt% of Ga was
formed on the surface of silica, [(=S10)3Gaz(iBu)3], (II), (Table 5, Table 6, Scheme 11).

Table 5. Curve-fit parameters® for Ga K-edge EXAFS of Ga(iBu)3/Al,03-500

Type of neighbors ~ Number of neighbors R/A 103 6% /A?
Ga-O 1 1.89(1) 13(7)®
Ga-Ci 2 2.0702) 13(7)®
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Ga-0; 1 2.51(3) 7(2)°
Ga-C; 2 3.01(5) 7(2)°¢

Ga-Al 1 3.23(3) 7(2)°

4 The data ranges used in the fit are 3.0 <k < 13.0 A-1 and 1.0 <R <3.2 A. SO 2 was fixed at 1 and N was fixed
at the integer values shown; AEQ was refined as a global fit parameter, returning a value of (1 + 2) eV. The ¢ 2
values were constrained in order to decrease the number of fit parameters and the correlations between them.
The total number of variable parameters in the fit is 8, out of a total of 13.8 independent data points.
Uncertainties in the last digit are shown in parentheses. The R-factor for this fit is 0.022. *Constrained to the
same value. “Constrained to the same value.

Table 6. Curve-fit parameters® for Ga K-edge EXAFS of [Ga(iBu)3]2/S102-700

Type of neighbors Number of R/A 10° 6% /A?
neighbors®
Ga-O | 1.92(2) 47(5)°
Ga-Ci/0; 3 2.0403) 47(5)"
Ga-C; 15 3.03(1) 47(5)"
Ga-Ga 0.8 (1) 2.97(1) 8 (1)®

*The data ranges used in the fit are 3.0 <k <13.0 A-1 and 1.0 <R <3.2 A. SO 2 was fixed at 1 and N was fixed
at the integer values shown; AEO was refined as a global fit parameter, returning a value of (1 £ 2) eV. The ¢ 2
values were constrained in order to decrease the number of fit parameters and the correlations between them.
The total number of variable parameters in the fit is 8, out of a total of 13.8 independent data points.
Uncertainties in the last digit are shown in parentheses. The R-factor for this fit is 0.022. b Constrained to the
same value. ®Constrained to the same value.
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Scheme 11. Grafting of [Ga(iBu)s] onto Al2O3.500 and SiO2-700 leads to structurally distinct
surface species.

Importantly and for the first time, we demonstrated that the catalytic performance of these
catalysts depends on the nature of the support and the structure on the active species (Figure
19). In fact, the isolated monomeric [Ga(iBu)3] on alumina is more active and selective than

dimeric [Ga(iBu)3] on silica. The difference in the activity was attributed to the structurally

63



different Ga species on the surface and the facility of activation [Ga-O-Al] compared to [Ga-
O-Si] bond. However, catalyst (I) shows a fast deactivation at the beginning of the catalytic
test, related to either coke formation or reduction of gallium. Later on, another catalyst was
reported in literature using an approach combining SOMC and thermal treatment of the
resulting species. It is important to note that after heating, the siloxy ligands around the metal
lead to the formation of silanols and water after decomposition and formation of isobutene.
The condensation of these silanols with Ga-OH intermediate gives a mixed oxide as reported
in the case of non-hydrolytic sol gel synthetic method. The authors claim the formation of Ga
tripodal sites. In fact, using this combination, the grafting of [Ga(OSi(O7Bu);](THF) on
dehydroxylated silica at 700 °C was followed by a thermal treatment at 500 °C and reduced

pressure in order to eliminate the organic ligands (Scheme 12).!4°
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Scheme 12. Depiction of synthetic procedure employed for the generation of isolated Ga**
sites supported on silica'*’

The characterization of the resulting species by EXAFS confirmed the formation of isolated
tetracoordinate Ga sites with 1.6 wt% of Ga. This catalyst exhibited an initial propane
conversion of 9.3 % which decreased to 6.5 % after 1200 min at 550 °C with very low GHSV
(3.3% of C3 in Ar) and the selectivity toward propene was 93 %. In order to compare this
catalyst with [Ga(iBu)s] supported on silica and alumina, our group found that this species
exhibits low activity as observed in the case of [Ga(iBu)3]2/SiO2.700 when tested in the same

conditions in propane dehydrogenation (Figure 19).
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Figure 19. Comparison of propane conversion at 550 °C catalyzed by Ga(iBu)3/Al203-500 (I,
solid black symbols), Ga(iBu)3/SiO2.700 (II, open black symbols), and thermally treated
Ga[OSi(O-2-Bu)3]3/SiO> (solid red symbols).1%

From these results, we can conclude that isolated Ga'™

specie are highly desired for a better
catalytic activity compared to dimeric Ga oxide species that results in a deactivation and a
decrease in the selectivity as function of time. It is important to note that the catalysts
prepared by SOMC had a significant higher catalytic activity and selectivity in propane
dehydrogenation compared to conventional Ga catalysts prepared by impregnation of gallium
nitrate on alumina. The latter displayed 2.64 wt% of Ga and exhibited a conversion of 9.8 %
with 97 % of selectivity toward propene when tested at very low concentration of propane
(2.3 % of C3 in Ar) and at 1.4 bar.!'” The studies from the literature suggested that gallium
catalysts prepared by impregnation from nitrates may contain isolated Ga' sites. However,
comparing the catalytic performance between both preparation methods implies the presence
of a different species (di or oligomeric) on the surface exhibiting a difference in the catalytic

performance and a lower activity in PDH.

From the knowledge gathered in PDH, the study on Ga catalysts was extended for the first
time to propane aromatization by using SOMC synthetic method. The latter is known to
catalyze propane into aromatics via a bifunctional catalyst (Scheme 13), where the metal sites
are responsible for the dehydrogenation (first step) and the acidic sites from the zeolitic

support perform oligomerization, cyclization and aromatization of propylene intermediate.'>°
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Scheme 13. Bifunctional catalyst based on Ga(iBu);/meso H-ZSM-5 for propane
aromatization'*’

Thus, our group reported the immobilization of isolated [Ga(iBu)s] sites selectively on the
silanol groups located in the mesopores while leaving the Bronsted acid sites in the
micropores unreacted. As a result, the formation of a well-defined monopodal species with
1.36 wt% of Ga with significant Bronsted acidity was characterized by EXAFS, DRIFT, solid
state NMR and mass balance analysis.'>® The resulting bifunctional Ga(iBu)s/meso H-ZSM-5-
250 (S1/Al= 20) catalyst exhibited a high conversion of 74 % with a selectivity of 64 wt%
toward aromatics at 550 °C and with 2.5 % of C; in Ar. This result confirms that by using
SOMC, the grafting occurs selectively in the mesopores, and more importantly, that a
judicious choice of the precursor’s size is essential to avoid the access to the micropores and
the grafting on the acidic sites. However, the size should not also be too bulky in order to
avoid blocking access to the micropores. In fact, Kazansky et al. demonstrated that grafting
small precursor [GaMes] than [Ga(iBu)s] consumed the acidic sites as well in the zeolites,
evidenced by characterization and most importantly by the absence of aromatics during

propane aromatization due to the passivation of acidic sites.!”

VI.2. Vanadium catalysts prepared by SOMC

In parallel to Ga, vanadium-based catalyst has attracted a lot of attention due to their high use
in the oxidative propane dehydrogenation. Their evaluation was extended to the non-oxidative
propane dehydrogenation where isolated V" was proposed as active species in that case.!>
To our knowledge, only few examples describing the preparation of vanadium supported

catalysts by SOMC for the non-oxidative propane dehydrogenation. The first example was
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reported by our group concerning the grafting of vanadium oxo organometallic precursor on
silica dehydroxylated at different temperatures. It was demonstrated that the dehydroxylation
temperature of silica influences directly the structure of the resulting species on the surface. In
fact, the grafting of [V(=0)(Mes)s] on silica dehydroxylated at 200 and 700 °C, leads to a
bipodal [(=Si0),V(=0)(Mes)] (I) and monopodal [(=Si0O)V(=0)(Mes).] (II) species, by
protonolysis between V-Mes and SiOH, respectively.'>> These structures were characterized
by using DRIFT, Raman, 'H, °C, and °'V solid state NMR, and XAS spectroscopy. In this
work, the >'V MAS NMR technique was instrumental to characterize these catalysts. In fact,
the 'V MAS NMR spectrum of V(=0)(Mes)3/SiO2.700 exhibited a signal at 412 ppm as
determined by variation of the spinning frequency, which represents an upfield shift of 408
ppm compared to the molecular complex, [V(=0)(Mes)s], which resonates at 879 ppm. This
result is in agreement with the formation of a monopodal surface species in the case of SiO».
700. In fact, such an upfield shift has been previously reported in the homogeneous chemistry
of V(=0)- (CH:SiMes)s, which shifted from 1205.7 to 627 ppm upon reaction with
triphenylsilanol to form V(=0)- (CH2SiMes)2(OSiPhs).!>* In addition, XANES and EXAFS
confirmed the formation of the structure of these catalysts. For complexes [V(=O)(Mes)s],
(IT) and (III), the position at 4.1 to 4.7 eV of the intense pre-edge peak from the energy of the
foil K-edge, and its high intensity (1.19 to 0.71), are in line with the reported results in the

154

case of four coordinated V(V) materials. Moreover, the main K-edge of the

VO(mesityl)s/silica samples are shifted by ca. 18 eV to higher energy relative to the foil,

which is also in the range of K-edge energies described for known V(V) compounds.'>
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Figure 20. Comparison of vanadium K-edge XANES regions for (a) vanadium metal
calibration foil, (b) [V(Mes);-THF], (c) VV(O)- SOs4(H:0)x, (d) [VY(=0)(Mes)s], (e)
supported complex (II) [(=SiO)V(=O)(Mes)2], and (f) supported complex (), [(=
Si0),V(=0)(Mes)].

To evaluate the effect of the structure on the catalytic activity, species (I) and (IT) were tested
in propane dehydrogenation at 500 °C. Both of these complexes were active and exhibited
similar initial activity of 17 % followed by a slow deactivation leading to 9 and 12% after one
week on stream for (I) and (II), respectively (Figure 21). Additionally, the reaction is very
selective toward propene where the selectivity ranges from 83 to 90 %. The mechanism of
this reaction has been proposed. The first step involves an activation of C-H bond of propane
on V-mesityl leads to the formation of a V-propyl intermediate. Followed by a [-H
elimination, the latter species give a V-H with a coordinated propylene. A new activation of
C-H bond leads to the release of propylene and hydrogen. Simultaneously, a parallel pathway
was proposed involving a cleavage and reconstruction of V-H species with propylene
coordinated. A second mechanism has been also proposed based on the formation of tripodal
VI systems after activation of propane on the pre-catalyst V=0. The formation of propylene
occurs via heterolytic C-H activation of propane on V-O pairs, as described in the case of

chromium based catalysts. !>
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Figure 21. Conversion of non-oxidative propane dehydrogenation of (a) (II) and (b) (I), and
the corresponding product selectivity (part ¢ and d for (II) and (I), respectively.!>?

Kaphan et al reported a second example for the preparation of vanadium supported catalyst in
PDH. In fact, the grafting of [V**(Mes)s(THF)] on SiOx200 affords a bipodal species,
[(=Si0)2V**(Mes)(THF)]."” The catalytic performance of this catalyst in propane
dehydrogenation was evaluated at 550 °C. Compared to catalysts (I) and (II), this catalyst
showed a modest activity with an initial conversion of 8.1 % with a slow deactivation leading
to 4.6 % after 200 h on stream. A high selectivity of around 94 % was obtained as function of
time on stream. The induction period is not observed in this case compared to the results
stated above with [V(=0)(Mes)s] precursor. This phenomenon was attributed to the reduction
of V>*into V** by propane at the beginning of catalytic reaction, which is in agreement with

what was described above (section V.2).

These results showed that the vanadium-based catalysts prepared by SOMC had a significant
higher catalytic activity and selectivity in propane dehydrogenation compared to classical V
catalysts prepared by impregnation of ammonium metavanadate on oxides. In fact,
conventional V>Os on silica reported by Takahara et al. and prepared by aqueous
impregnation method exhibits a lower catalytic activity in PDH, attributed to the presence of a

mixture of undesired and multiple inactive species on the surface.'*’
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VII. General conclusion and objective of the thesis

The main objective of this work is to obtain light olefins and aromatics from light
hydrocarbons by implementing new procedures, involving innovative catalysts synthesis
methodologies, novel reactor design and processing and by demonstrating their improvement
toward sustainability and economic scalability compared to existing industrial processes. In
this context, the main goal of this PhD is the preparation of well-defined supported single-site
catalysts based on Ga and V, using an innovative synthesis process, for propane
dehydrogenation (PDH) into propylene, butane/butenes dehydrogenation (BDH) into
butadiene and propane aromatization (PAr) into aromatics (BTX = Benzene, Toluene,

Xylenes).

In this chapter, we described the uses and resources of propene, butadiene and aromatics. It is
clear that propane dehydrogenation, 2-butenes conversion and propane aromatization are still
to date undergoing a surge of research interest from the industrial and academic players. This
interest is due to the increasing demand toward propene, butadiene and aromatics over the
years, and the necessity to put in place alternative economic and ecofriendly routes to
manufacture these products selectively. More particularly, we detailed the -current
commercialized processes for the non-oxidative PDH (Oleflex®, STAR®, Catofin®, FBD®),
BDH (Catadiene®) and PAr (Cyclar®), their advantages, and limitations along with the
catalysts employed, their active sites and proposed mechanisms. We can agree that all these
processes suffer from the deactivation of the catalyst by coke formation due to the high
operating temperature which requires a continuous regeneration. In addition, due to the high
price of platinum-based catalysts (used in Oleflex® and STAR®) and its regeneration by
dangerous chlorine to redisperse the particles, and to the environment hostility of chromium-
based catalysts (employed in Catofin®, FBD® and Catadiene®), it is important to develop

alternative non-toxic and cheap efficient catalysts.

According to this thorough prior art, dehydrogenation was demonstrated as a common
reaction between these three targeted reactions. Thus, the literature was limited on the
catalytic systems developed and described as promising candidates compared to Pt and Cr
based catalysts in the common dehydrogenation reaction. Hence, the exploitation and
development of new catalytic systems to improve the aforementioned issues and to establish a

structure-activity relationship is of a great challenge and interest. Supported gallium and
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vanadium-based catalysts have proven to be promising alternatives to CrOx-based catalyst,

due to their low toxicity and price and high reactivity in propane dehydrogenation.

The reported catalytic systems based on Ga and V are generally prepared by conventional
methods using gallium or vanadium salts resulting in a mixture of monomeric, oligomeric and
polymeric (GaOx or VOXx) species on the surface. Thus, the characterization attempts of these
catalytic systems have failed to date to identify the active species for the targeted reactions
and to establish a structure-activity relationship for the catalysts allowing to improve the
catalytic performance. As mentioned previously, DFT calculations proposed that the active
species for the dehydrogenation process is an isolated tetrahedral tripodal M>" species. In
addition, the low concentration of these active sites along with a mixture of oligomeric
species leads to cracking reactions and thus a deactivation of the catalyst due to the formation
of coke. Thus, an essential parameter is a judicious choice of the preparation method of the
new catalysts based on Ga and V with large number of active sites and a tripodal structure.
The research conducted in our laboratory using Surface Organometallic Chemistry (SOMC)
has proven that it is a powerful method, which allow access to well-defined single site
catalysts by control of the coordination sphere of the metal, resulting in high performing
catalytic systems in terms of activity and selectivity. The preparation of supported tripodal
metal species is very challenging by grafting of organometallic precursors since it needs three
adjacent hydroxyl groups, which is difficult to access in commercial dehydroxylated support.
However, our research group reported on a strategy allowing to access to tripodal metal
systems by transfer of H from metal to support by ring opening in presence of hydrogen

(Scheme 10).

In this PhD, this approach was extended for the preparation of tripodal Ga and V sites
immobilized and well dispersed on the surface of oxide supports by using SOMC followed by
a thermal treatment and transfer of hydroxy group from the metal to the support (Scheme 14).
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Scheme 14. Example on the formation of tripodal species based on V after thermal treatment
of V(=0)(0rBu)3/S102-200
71



The outcome of this PhD work is presented into 3 major parts:

Chapter II describes the grafting of vanadium complex, [V(=0)(OfBu)3] on the surface of
dehydroxylated alumina at 500 °C and silica dehydroxylated at 200 and 700 °C. Tripodal
vanadium species was obtained by thermal treatment of the resulting grafted species and
characterized by different techniques DRIFT, solid-state NMR, UV-vis, XANES and mass
balance analysis. Using these new catalysts, we studied the effect of the support and the effect
of temperature on the catalytic activity in PDH and BDH. Thus, we were able to propose a

mechanism based on vanadium for 2-butenes conversion.

Chapter III reveals the preparation of isolated Ga catalysts by grafting [Ga(iBu);] and
[Ga(OrBu)3]2 supported on alumina dehydroxylated at 500 °C and silica dehydroxylated at
700 °C. In addition, the formation of tripodal Ga species from those obtained after the
grafting of [Ga(OsBu)3]; onto alumina is shown and characterized by DRIFT, solid-state
NMR, EXAFS and mass balance analysis. The catalytic performance as a function of the
support and the ligands bonded to the metal center were also evaluated. The deactivation
observed in the case Ga(iBu)i/AlxO3.500 was explained via Operando XAFS. The catalytic
activity of these materials is also similarly evaluated in the direct 2-butenes conversion and in

the presence of CO: as co-feed.

Using the knowledge obtained in PDH in chapter III, we extended our study to propane
aromatization. Hence, in the last chapter, we described the preparation and characterization of
tripodal Ga on meso H-ZSM-5-250 (Si/Al= 40). In order to study the effect of ligand on the
activity and selectivity in propane aromatization, we also prepared and characterized
[Ga(iBu)3] on meso H-ZSM-5-250 (Si/Al= 40). Moreover, we prepared a series of Ga based
catalysts on different meso H-ZSM-5 with several ratios (Si/Al= 25, 40, 100, 200 and ) in
order to evaluate the effect of the acidity on the catalytic activity and selectivity. The effect of

temperature and propane concentration on the catalytic performance in PAr were also studied.
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Abstract

Terpolymerization of 1,3-butadiene, ethylene and propylene became an important process to
access EPDM rubbers materials with unique properties. Having a mixture of these monomers
is preferred rather than mixing them from separated sources. Hence, we developed for the first
time, well defined single-site V based-catalysts by SOMC of [V(=0)(0O¢Bu)3] on SiO2-00 and
on AlOs.500 affording [(=MO)>V(=0)(OrBu)], (M= Si or Al). The catalytic activity of these
materials in 2-butenes conversion into different composition of monomers depends on the
support and the working temperature. A mechanism for the formation of these monomers has

been proposed based on B-H elimination and B-alkyl transfer as elementary steps.

Graphical abstract

KeyWOI‘dSI trans-2-butenes conversion, vanadium, dehydrogenation, B-alkyl transfer,

—H elimination
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EPDM: Ethylene, Propylene, Diene, Monomer

SOMC: Surface Organometallic Chemistry

DRIFT: Diffuse Reflectance Infrared Fourier Transform spectroscopy
NMR: Nuclear Magnetic Resonance
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XANES: X-ray Absorption Near Edge Spectroscopy

IR: Infrared spectroscopy

FT-IR: Fourier Transform Infrared

UV-Vis: Ultraviolet Visible

UV-Vis-NIR: Ultraviolet Visible Near Infrared spectrophotometry
CP MAS: Cross Polarization Magic Angle Spinning

ESRF: European Synchrotron Radiation Facility

GC: Gas Chromatography

FID: Flame-Ilonization Detection

Introduction

The demand for light olefins has constantly increased during the last decades [1]. Such
monomers, particularly ethylene, propylene and 1,3-butadiene are important building blocks
for unlimited conventional materials after being polymerized over proper catalysts [2].
Polymerizations of the aforementioned monomers are matured technologies and produce light
weighted plastic materials from packing to construction, as well as elastomers. The main
source of those monomers is derived from fossil fuels, notably by cracking. Due to the high
demand for particularly ethylene and propylene, several on-purpose technologies have been
commercialized [3-6] and remain to date active subjects for academic research. The
dominating technology is the non-oxidative alkane (ethane or propane) dehydrogenation from
natural gas, shale gas and recovered fractions of the cracking unit. On the other hand, on-
purpose production of 1,3-butadiene has surprisingly received far less attention both in
academy and industry taking into account that the availability of this monomer is expected to

be limited in the future due to saturation of the cracking units [7].

As mentioned, polymerization and even co-polymerization of light olefins and dienes have
already been widely studied [8]. Recently, polyolefin thermoplastic elastomers (TPO) have
become important materials of various polyolefin polymers, semicrystalline thermoplastics,
and amorphous elastomers [9]. Due to their properties such as high impact strength, low

density and their chemical resistance, they have found applications for the production of
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fillers, reinforcements, lubricants, heat stabilizers, antioxidants, ultraviolet stabilizers,
colorants, and processing aids [10]. Most TPOs are formed by ethylene—propylene with or
without diene rubber [11]. A highly potential field of research for the production of this
rubber is terpolymerization of linear conjugated diene, for example 1,3-butadiene, with
ethylene and propylene. Moreover, dependent on the composition of monomers, the final
material can be tuned to fall in the range from conventional elastomer to highly crystalline
[12]. For economical and safety reasons, it is preferable to simplify the process scheme of
terpolymerization reaction in gas or liquid phase, by starting with a mixture of these
monomers instead of mixing three different monomers. For example, in the case of the
production of polyethylene and polypropylene, the monomers are generally produced in the
refinery situated close to the polymerization unit. Hence, accessing to a mixture of ethylene,
propylene and 1,3-butadiene from a low value reactant has a potential interest. However, the
latter process faces several challenges, such as finding a suitable catalyst with the ability to
selectively convert the given reactant into the desired monomers in a single reactor, preferably
under continuous flow. Browsing through the low value hydrocarbons, it turns out that trans-
2-butene are suitable candidates. Trans-2-butene are the thermodynamical most stable
molecules and are the majority among the n-butene isomers [13]. Nevertheless, their practical
application and chemistry are less exploited compared to the other isomers (1-butene and iso-
butene) [14,15]. Trans-2-butene is used for on-purpose propylene production by cross
metathesis reaction with ethylene and for the production of alkylated gasoline [6,16]. The
development of a simple catalytic system capable to convert directly 2-butenes into a mixture
of valuable products such as ethylene, propylene and butadiene is a new scientific challenge.
Hence, it is essential to design a supported metal active site with a reactive ligand able to
undergo simultaneously a dehydrogenation step of trans-2-butene to form butadiene and
hydrogen, and a -alkyl transfer to produce ethylene and propylene from trans-2-butene using
the released hydrogen (Scheme S1). On these premises, depending on the targeted catalytic
reactions, and the postulated active intermediates in the catalytic cycle, one may select the
appropriate surface organometallic precursors to carry out such transformations with optimal
performances. Among different known catalytic systems, single-site catalysts offer a broad
combination of different elements and coordinative ligands for C-H activation, olefin
insertion, dehydrogenation through B-H elimination and B-alkyl transfer. As a first approach,
the active species can be selected according to their abilities: (i) to form a metal-hydride for

dehydrogenation reaction (Eq 1, Scheme S1) via C—H activation in an allylic position of trans-
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2-butene followed by a B-H elimination and release of hydrogen; (ii) insertion of trans-2-
butene on the same reactive ligand leading to two species, M-sec-butyl and M-n-butyl
intermediates. In presence of released hydrogen from Eq 1, B-alkyl transfer of M-sec-butyl
intermediate gives propylene and methane (Eq. 2, Scheme S1), while M-n-butyl intermediate
gives ethylene and ethane (Eq. 3, Scheme S1). Supported metal hydrides from group (IV), (V)
and (VI), have shown to be extremely versatile to transform hydrocarbons to valuable
products via the aforementioned elementary steps [17]. Recapitulating these requirements of
the catalyst, a promising candidate is supported single site species based on group (V) [18].
In fact, it has been reported in the literature that single site catalysts based on vanadium
bearing oxo-alkyl ligands, show high activity in propane dehydrogenation to propylene via V-
H as active species. In addition to propylene, minor, but substantial amounts of methane and
ethane were observed and are probably originated from B-methyl transfer [19,20]. Thus, this
supported bipodal V-H catalyst can perform simultaneously the dehydrogenation reactions of
trans-2-butene to butadiene with the concomitant production of hydrogen, and the

hydrogenolysis of 2-butenes by B-alkyl transfer to form propylene or ethylene and methane.

Herein, we report for the first time a bifunctional single-site catalyst based on vanadium,
prepared through the grafting of [V=0)(OrBu)s;] onto partially dehydroxylated silica or
alumina for the conversion of trans-2-butene into a mixture of monomers (ethylene, propylene
and butadiene). The catalysts were characterized by DRIFT, solid state NMR, XANES,
elemental analysis and were tested in trans-2-butene conversion to evaluate the effect of the
support. The effect of the temperature in the feed was evaluated on vanadium supported on
silica. These parameters (support and temperature) can highly influence the monomers

composition.

Experimental Section

General Procedure. All experiments were carried out using standard air-free methodology in
an argon-filled glovebox, on a Schlenk line or in a Schlenk-type apparatus interfaced to a
high-vacuum line (10 mbar). Solvents were purified and dried according to standard
procedures. [V(=0)(OrBu)s] was synthesized in two steps. Elemental analyses were
performed at Mikroanalytisches Labor Pascher. Diffuse reflectance infrared spectra were
collected in a Nicolet 6700 FT-IR spectrophotometer in 4 cm™ resolutions with a SMART

module. An air-tight IR cell with a CaF, window was applied and the final spectra comprised
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64 scans. Diffuse reflectance UV-Vis spectra in the range of 200-850 nm were recorded on a
Perkin Elmer A1050 UV-Vis-NIR spectrophotometer adapted with the Praying Mantis optical
unit provided by Harrick. The samples were diluted in dry BaSO4 and the spectra were

recorded against a BaSO4 baseline. An air-tight cell with quartz windows was used.

Solution NMR spectra were recorded on an Avance-300 Bruker spectrometer. All chemical
shifts were measured relative to residual 'H or '3C resonance in the deuterated C¢Ds solvent:,
§ 7.15 ppm for 'H and 128 ppm for '*C. Solid-state NMR spectra were acquired with a Bruker
Avance 500 spectrometer ('H: 500.1 MHz, '*C: 125.7 MHz). For 'H experiments, the
spinning frequency was 10 kHz, the recycle delay was 5 s and 8 scans were collected using a
90° pulse excitation of 3 ps. The '*C CP MAS spectrum was obtained at a spinning frequency
of 10 kHz, with a recycle delay of 5 s and 12288 scans were collected. Chemical shifts were
given in ppm with respect to TMS as external reference for 'H and '*C NMR. The >'V MAS
NMR spectrum was acquired in a Bruker DSX 300 spectrometer (*'V: 78.9 MHz) using a
single pulse excitation. The signal was optimized with crystalline V205 (6= - 609 ppm) as
external standard with a pulse angle of /2. Two spinning rates were used to determine the
isotropic chemical shift (10 kHz and 12 kHz). X-ray absorption spectra were acquired at
ESRF on BM23 beam-line, at room temperature at the vanadium K edge. A double crystal
Si(111) was used as monochromator and a system based on a total reflection through a double
X-ray mirror with an incidence angle variable from 2 to 5 mrad allowed harmonic rejection to
better than the 107 level.[21] The spectra were recorded in the transmission mode between
5.4 to 5.65 KeV at room temperature (295 K). Each data set was collected simultaneously
with a V metal foil reference and was later aligned according to that reference (first maximum
of the derivative of the V foil spectrum set at 5465.1 eV). The molecular complexes and
vanadyl sulfate were homogeneously mixed with dry BN and the supported V samples were
packaged as pellets within a nitrogen filled dry box in a double air-tight sample holder
equipped with kapton windows. The data analyses were performed by standard procedures

using the program “Athena”.[22]

Preparation of the complex. The vanadium precursor [V(=0O)(OrBu);] was synthesized by
reaction of V,0s (Aldrich) with -rfBuOH in benzene. The entire preparation procedure was
carried out in an inert atmosphere using a Schlenk line. 20 g of V20s in a 1-L round-bottom
flask was connected to a Dean—Stark trap to capture the water from the reaction and the reflux

condenser. 300-mL of benzene and later 165 ml of ~-BuOH were added to the benzene
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suspension of V20s. The temperature was increased to ca. 373 K for 48 h. After reaction, the
color of the solution changed to orange from red. The solution was filtered away from
unreacted V20s. White crystals were observed after distillation of the solvent. The crystals
were dried under high vacuum line and purified by sublimation. After purification, the
compound was identified by the presence of a strong 'H NMR resonance at 1.44 ppm for the
protons of CH3 and two signals in *C{H} NMR at 31.4 ppm corresponding to CH3 and 86
ppm for quaternary C of tert-butoxide ligand.

Preparation and characterization of V(=0)(OrBu)3/SiOz-200 (I). Prior to the grafting
reaction, the molecular precursor, [V(=0)(OrBu)s], was synthesized as reported above. A
mixture of [V(=0)(0sBu)3] (120 mg) and SiO2-200 (1 g) in pentane (10 mL) was stirred at 25
°C for 4 hours. After filtration, the solid, was washed 4 times with pentane and the liquid was
transferred into another reactor in order to identify #~BuOH evolved during grafting. The
resulting white powder was dried under vacuum (10~ mbar). Elemental analysis: V 1.6 wt%

C 1.5 wt%. The catalyst was characterized by DRIFT, solid state NMR, UV-Vis and XANES.

Preparation and characterization of V(=0)(OrBu)3/Al2O3.500 (II). Prior to the grafting
reaction, the molecular precursor, [V(=0)(O¢Bu)s], was synthesized as reported. A mixture of
[V(=0)(OrBu)3] (120 mg) and Al2Os3500 (1 g) in pentane (10 mL) was stirred at 25 °C for 4
hours. After filtration, the solid, was washed 4 times with pentane. The resulting white

powder was dried under vacuum (10~ mbar). Elemental analysis: V 1.3 wt% 1.5 C wt%. The

catalyst was characterized by DRIFT, solid state NMR, UV-Vis and XANES.

Catalyst evaluation. Catalytic performances for trans-2-butenes (Air Liquide, 99.4%)
conversion were tested in a stainless-steel continuous flow reactor (P = 1 bar, T = 540 °C,
total flow rate = 5 mL.min! (20% of trans-2-butene in argon 99.999%), with 0.5 g of (I) or
(I diluted in 2 g of CSi. The gases were purified with a column of molecular sieve and
activated CuxO/Al,0O; and controlled by Brooks mass flow controllers. The catalyst was
charged in the glovebox. A 4-way valve allowed isolation of the charged catalyst in the
reactor from the environment and extensive purging of the tubes before the reaction. The
products were determined by an online HP 6890 GC equipped with 50 m KCI/Al,O3 column
and FID.
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Results and Discussions

Preparation and characterization of [V(=0)(OrBu);] on silica
dehydroxylated at 200 °C(I)

[V(=0)(OrBu)3] was easily synthesized from a commercially available compounds V,0s and
-BuOH in benzene at 100 °C for 48 h with a good yield (70 %). After purification, the 'H
NMR spectrum of this complex consisted in an intense signal at 1.43 ppm attributed to the
protons of the methyl fragment, and *C NMR revealed two signals at31.4 ppm
corresponding to CH3 and 86 ppm for quaternary CCHj (Figure S1). In addition, the >'V
NMR spectrum of [V(=0)(OrBu)3] showed a signal at — 642 ppm (Figure S2), corresponding
to a tetrahedral vanadium complex bearing an oxo and trialkoxyligand [23].

Si02200 support was obtained from Degussa Aerosil200 by dehydroxylation of this
amorphous flame-silica at 200 °C under a high vacuum (10~ mbar), with a density of silanols
of ca. 2.5 OH per nm? (0.86 mmol OH.g™!"). The grafting reaction of [V(=0)(OfBu);] on
Si02-200 was carried out by impregnation in pentane at room temperature. The -BuOH
emitted during the grafting reaction was qualitatively identified by GC after reaction. The
resulting powder was extensively washed (four times) with dry pentane in order to remove the
excess of complex, affording V(=0)(OrBu)3/SiO2200 (I) as a white material. DRIFT
spectroscopy of (I) revealed the total consumption of isolated silanols at 3747 cm™ ! while the
band at 3600 cm, attributed to the silanols in interaction through hydrogen bonds, remained
(Figure 1). The low reactivity of these vicinals silanols was already observed during the
reactivity of metal complexes of group IV, V and VI with SiO2.200 [24]. Simultaneously, two
groups of bands appear in the 3000-2700 cm™ and 1500-1300 cm™ regions, assigned
respectively to v(CH), and 8(CH) and C-C vibrations from the fert-butoxide ligands. These
results confirm the grafting of [V(=0O)(OrBu)s] on SiOz-200 by protonolysis of V-OrBu bonds

by surface silanols.
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Figure 1. IR-spectra of a) SiO-00 (black) and b) after the grafting of [V(=0)(O7Bu)s] on
S102-(200) (red)

Elemental analysis of V(=0)(O7Bu)3/S102200 (I) revealed 1.6 wt% and 1.5 wt % of V and C
respectively, corresponding to an atomic ratio of 4.0 C/V. On the other hand, 0.31 mmol of V/
g of silica was grafted, although the concentration of silanols on SiO2.200 was about 0.86
mmol OH/g [19] which gives a V/OH ratio of 0.37. Thus, current characterizations are in line
with the formation of a major bipodal species bearing a tert-butoxide ligand

[(=8i0),V(=0)(OrBu)] (I) (Scheme 1).
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Scheme 1. The formation of bipodal species after grafting [V(=0)(OrBu)3] on Si0z-200
affording (I) and on AlxO3.500 affording (II) at room temperature

Additional spectroscopic characterizations provided more information on the structure of the

resulting species obtained after grafting [V(=0)(OfBu);] on SiO2.200. The 'H MAS NMR
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showed one signal at 1.4 ppm assigned to CHj3 protons (Figure S3,a). The *C CP MAS NMR
revealed only one signal at 28.2 ppm attributed to the carbon of the methyl groups (Figure
S3,b). The signal corresponding to the quaternary carbon of tert-butoxide ligand was not
featured in the spectrum, due to the absence of proton bonded to this carbon. Such observation
was also found in the case of supported titanium tert-butoxide [25]. >'V MAS NMR in
materials is known to be a sensitive method to investigate the local nuclear environment of
vanadium. Therefore, >'V NMR spectroscopy was used to study the structure of the surface
complexes of several catalysts [26]. >'V MAS NMR spectrum of (I) consisted in a signal with
an isotropic chemical shift of -693 ppm (Figure 2), as determined by the variation of the
spinning frequency, which represented an upfield shift of 51 ppm in comparison to the
spectrum of [V(=0)(OrBu)3] (Figure S2), which showed a signal at -642 ppm. This result is
consistent with the formation of a bipodal surface species on silica-200. In fact, the upfield
shift was already described in the literature. The 'V MAS NMR chemical shift in the
supported species was shifted to high fields compared to vanadium molecular complexes

[19,23,27].
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Figure 2. °'V MAS NMR spectrum of V(=0)(01Bu)3/SiO2200 (12 kHz MAS, di= 1s)

UV-vis spectroscopy can provide information about the local coordination environment, the
polymerization degree, and the oxidation state of supported vanadium oxo species [28]. The
UV-Vis spectrum of [(=S10)>V(=0)(OrBu)] (I), comprised several absorption bands between
200 and 400 nm (Figure S4). The absence in the spectrum of any absorption in the d — d
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transition part, suggested that for (I), [(=S10),V(=0)(OrBu)], vanadium was in its highest
oxidation state [29]. The broad peak (Amax = 259 nm) can be assigned to a ligand to metal
charge transfer (LMCT) originated from the tert-butoxide ligand. The energy edge (Eg)
derived from O—V charge transfer peak (determined from the intercept of the [F(R.)hV]* vs
hvplot in the low energy rise) reflects the degree of vanadia polymerization (VOx) [30]. This
value is extrapolated to be 3.58 eV for (I), strongly suggesting that the vanadium sites are
present as monomers on the surface in a distorted tetrahedral geometry [31].

X-Ray absorption spectroscopy has been used to clarify the environmental structure around
vanadium atoms in silica-supported vanadium oxo catalysts. Normalized V K-edge XANES
spectra of the molecular complex, [V(=0)(O7Bu)s;] and of (I), obtained from the grafting of
[V(=0)(OrBu)3] onto SiO2-200 are shown in Figure S5. In both spectra, there is a prominent
pre-edge peak. This pre-edge feature arises from electronic transitions from 1s core levels to
the empty 3d levels, more or less 4p hybridized by the ligands of vanadium. These electronic
transitions become electric-dipolar allowed in the absence of an inversion center. In this case,
the loss of symmetry permits partial overlapping and mixing of the unfilled d states of the
metal with the 4p orbital of the metal. Several studies of the V K-edge XANES features have
considered the pre-edge intensity as well as its absolute position to determine both the
vanadium oxidation state and its symmetry [32,33]. The only position of the pre-edge peak is
generally insufficient to evaluate accurately the vanadium oxidation state. The position and
intensity of the main pre-edge peak along with the position of the edge of different vanadium
compounds studied are reported in Table 1. For both samples mentioned above, the position
of the pre-edge peak at ca. 5470.3 eV and its high intensity (0.81 to 0.83) are consistent with
those observed in other complexes or materials containing V(V) in a tetrahedral symmetry
[33]. Moreover, the position of the K-edge of both samples, shifted by more than 18 eV to
higher energy relative to the foil, are within the range of K-edge energies reported for known

V(V) compounds [32].

Table 1. Positions and intensities of the pre-edge signal and edge positions in the V K-edge
XANES of several vanadium samples.

Samples Pre-edge signal position® | Pre-edge signal Edge position®
(eV) intensity® (a.u.) (eV)
VO (metal foil) 5465.1
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[VU(Mes); THF] 5466.6 0.55 5481.2
[VY(=0)SO4(H,0)x] 5469.8 0.48 5480.7
[VY(=0)(OtBu)s] 5470.3 0.81 5481.9
[(=Si0)2V(=0)(OrBu)] 5470.3 0.83 5483.4
[(=A10):V(=0)(OfBu) 5470.5 0.82 5482.7

a Relative to a calibration with a vanadium foil (5465.1 eV); A £ 0.3 eV error is estimated on the energy. °
Intensity normalized to the step height of the K-edge.

Preparation and characterization of [V(=0)(OrBu);] on alumina
dehydroxylated at 500 °C (II)

The effect of the support on single site V species has been studied by employing alumina as
support. y-alumina was dehydroxylated at 500 °C under high vacuum (10 mbar), with a
density of ca. 3.7 OH per nm? (0.65 mmol OH.g™!"), denoted as Al,Os500. The reaction of
[V(=0)(0OrBu)3] with Al,O3-500 in a pentane solution and at room temperature provided a light
yellow powder. The latter was extensively washed with pentane to remove the excess of the
complex and dried using a high vacuum line. The -BuOH evolved during grafting reaction
was qualitatively identified by GC after reaction. IR spectrum of [V(=0)(O7Bu)3] on Al2O3-500
(IT) showed that the grafting occurs at least partially on the surface hydroxyl groups (Figure
S6). Moreover, a band observed at around 3600 cm™ was probably attributed to the strong
interaction of tert-butanol on the surface of alumina compared to silica. Concomitantly, two
groups of bands appeared in the 3200-2700 cm™ and 1500-1300 cm™ regions, assigned to C-H
stretching and bending bands respectively. According to elemental analysis, (II) contained 1.3
wt% and 1.5 wt % of V and C respectively, corresponding to an atomic ratio of 4.9 C/V.
Theoretically, the atomic C/V ratio of the resulting species should be 4. This result may reveal
that the excess of carbon was due to the presence of physisorbed tert-butanol, in agreement
with the DRIFT spectrum. Thus, with the current evidence, the major surface species can
tentatively be proposed as a bipodal species, [(=Al0)V(=0)(OsBu)] (II) (Scheme 1). In
addition, the spectrum of 'H MAS NMR of (II) exhibited a signal at 1.2 ppm attributed to the
methyl groups of the tert-butoxide ligand (Figure S7,a). Moreover, a minor peak was
observed at 4.6 ppm, probably corresponding to residual hydroxyl groups, more specifically
to HO-p*-Al [34]. Concerning the 1°C CP MAS spectrum, a main signal appeared at 29.2 ppm
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assigned to methyl groups (Figure S7,b). Similarly to the case of vanadium supported onto
S102-200, the signal assigned to the quaternary carbon of fert-butoxide ligand (at 80 ppm) was
not observed in the spectrum. Normalized V K-edge XANES spectrum of (II) obtained after
the grafting of [V(=0)(O7Bu)s] onto Al2Os3.500 is shown in (Figure S5). The XANES data is
very similar to the previously described [(=S10).V(=0)(O7Bu)] (I), featuring comparable pre-
edge position, pre-edge intensity and edge position (Table 1). Hence, the tetrahedral
configuration as well as the oxidation state of vanadium is maintained and the proposed

structure, [(=A10)>V(=0)(0OrBu)], (II), is quite similar to the one of (I).

Catalytic properties
The catalytic behavior of species [(=S10),V(=0)(OrBu)], (I) was evaluated for trans-2-butene

conversion in a continuous fixed-bed type reactor. The operating conditions used were P = 1
bar, with a total flow of 5 mL.min"! (20 % of trans-2-butene in Ar). The reactor was heated
from room temperature to the required temperature under a flow of 4 mL-min™! of argon
before trans-2-butene was introduced in the feed. The catalytic performance of (I), has been
evaluated at different temperatures (500, 540 and 580 °C). According to the best result

obtained, the effect of the support was studied at the most promising temperature.

The conversion profile and the relative selectivities in monomers obtained with
[(=S10)2.V(=0)(OrBu)], (I), are shown in Figure 3. The global selectivities toward all the
products at 500, 540 and 580 °C are provided in supporting information (Figure S8, S9 and
S10, respectively). At a lower temperature (500 °C), the initial conversion was 11.3 % and it
decreased with time on stream to 7 % after 850 min (Figure 3, Left). At that time, the global
selectivity of butadiene was 27.9 %, with 21.2 % propylene, 9.4 % ethylene, 21.5 % butane,
18.2 % methane and 1.8 % cthane. At 540 °C, the initial conversion increased to 20.5 %
followed by a gradual deactivation to 14 % after 850 min. The selectivities toward different
products were: 24 % in butadiene, 24.3 % in propylene, 11.2 % in ethylene, 24.9 % in
methane, 12.4 % in butane and 3.2 % in cthane. At 580 °C, the initial conversion increased
furthermore to 34.7 % and gradually decreased to 25.1 % after 850 min. The selectivity
toward butadiene was the lowest with 17 % at 580 °C, while that of propylene increased to
28.1 % and that of ethylene increased to 12.2 %. Methane became the major product with a
selectivity of 33 % and other products were also produced such as butane and ethane with

selectivities of 5.7 % and 4 % respectively.
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Figure 3. Left: trans-2-butene conversion catalyzed by V(=0)(0¢Bu)3/SiO2200 (I) at 500 °C
(), 540 °C (o) and 580 °C (A), Right: Relative selectivities in ethylene, propylene and
butadiene ; P= 1 bar, Total Flow= 5 mL.min"! (20 % 2 trans-2-butene in Ar)

Importantly, we observed the formation of all the targeted monomers with different relative
selectivities according to the operating temperature (Figure 3, Right). The relative selectivity
in butadiene decreased with temperature, whereas the relative selectivity toward a-olefins
increased with temperature. These results showed that using a vanadium supported on silica
catalyst (I), we can control the proportion of monomers in the gas produced (butadiene,
propylene and ethylene), allowing to obtain a variety of elastomers with different butadiene
content by terpolymerization reaction. In the case of alumina, a working temperature of 540
°C was selected since catalyst (I) exhibited a more stable conversion than at 580 °C by
keeping an important selectivity toward butadiene and propylene. An initial conversion of
24.4 % was obtained with V(=0)(0OrBu)3/Al20s.500 catalyst, followed by a fast deactivation
leading to a conversion of 12.4 % after 215 min (Figure S11). After this time, the conversion
with catalyst (II) showed a high stability with time on stream. Interestingly, the selectivities
vary with time on stream (Figure S11). Initially, the produced mixture composition consisted
in 2.4 % butadiene, 23.8 % propylene, 7.3 % ethylene, 33.7 % methane, 23.8 % butane and
7.5 % ethane. After 850 min, the selectivity toward butadiene increased to 40.4 %, while the
selectivity toward propylene and ethylene decreased to 18.7 and 4.8 %, respectively. The
amounts of produced alkanes decreased as well, to 19.8 % for methane, 11.6 % for butane and

4.7 % for ethane.
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In fact, for short times on stream, the conversion dropped quickly in the case of
V(=0)(01Bu)3/Al203.500 due to the generation of acidic sites that leads to coke formation and
a substantial amount of H>. Consequently, at this stage with the availability of excess H, the
dominating reactions are described by Eq. 2 and Eq. 3 in Scheme S1 yielding to saturated
hydrocarbons, notably methane (Figure S11). Upon time on stream, the generated acidic sites
started to deactivate, and the 2-butenes are mainly converted over single site V species
(Scheme S1) like in the case of silica, giving significantly butadiene (Eq. 1 in Scheme S1) and
to smaller extend, the other products described by Eq. 2 and Eq. 3 (Scheme S1). The relative
selectivity toward butadiene was higher in the case of vanadium species supported on alumina
(63 %) than on silica (40.4 %). This change in selectivity in the case of alumina toward
butadiene from 2.4 % initially to 35 % after 400 min, are indicative of a modification in the
reaction mechanism and in the nature of the active sites during 2-butenes conversion. In fact,
the formation of coke at the beginning of the reaction, is known to be catalyzed by the
presence of acid sites on the support and the carbonaceous deposits can enhance the catalytic
activity as already reported in literature using VOx/Al,O3 prepared by classical method.[35]
This phenomenon is not observed in the case of V(=0)(OtBu)3/SiO2-200 where the acid sites

are very weak.

Hence, in addition to the temperature, the support can as well influence directly the proportion
of the monomers (Figure S12), allowing the formation of a variety of elastomers by
terpolymerization with different butadiene content. These results showed that using supported
vanadium oxo species, 2-butenes are converted for the first time into a mixture of important
monomers (butadiene, ethylene and propylene) with different proportions. The mechanisms of
the formation of these products are based on two elementary steps, namely B-H
dehydrogenation and [-alkyl transfer. In fact, as reported recently for a vanadium catalyst
[36], the proposed structure of the active sites is a vanadium tripodal species [(EMO)3 V], with
M = Si or Al, generated after C-H activation of 2-butenes. The activation of C-H bond in
allylic position of 2-butenes on V-O of tripodal active species leads to the formation of M-OH
(M= Si or Al) from the support and a bipodal vanadium n*-methylallyl intermediate (Scheme
S2). The latter species gives butadiene by B-H elimination and bipodal vanadium hydride
[(EMO).V-H], that can lead to the formation of H; after a second C-H activation of 2-butenes
(Scheme S2). This mechanism represents the catalytic cycle for the conversion of 2-butenes

into butadiene (Scheme 2).
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Scheme 2. Mechanism proposed for the formation of monomers (butadiene, propylene and
ethylene) by dehydrogenation and B-alkyl transfer reactions.

The 1,2-insertion of 2-butenes on V-H intermediate species, leads to the formation of V-sec-
butyl that releases propylene and V-Me via -alkyl transfer. The latter species (V-Me) leads to
the V-H and methane by hydrogenolysis using hydrogen released during the dehydrogenation
of 2-butenes into butadiene (Scheme 2). The V-sec-butyl can be isomerized to V-n-butyl
fragment by B-H elimination followed by the 2,1-insertion of 1-butene intermediate. The
formation of ethylene can be explained by B-alkyl transfer from V-n-butyl species resulting in
a V-Et intermediate and ethylene. The hydrogenolysis of V-Et leads to the formation of a V-H
and ethane (Scheme 2) using hydrogen released from dehydrogenation of 2-butenes to
butadiene. The excess of hydrogen is also responsible for the hydrogenolysis of V-sec-butyl
into butane by c-bond metathesis, observed during the catalytic conversion of 2-butenes to

monomers.

Conclusion

The modification of dehydroxylated SiO2-200 and Al203.500 by [V(=0)(O¢Bu)3] using surface
organometallic chemistry leaded to the formation of bipodal species, [(EMO)>V(=0)(0OrBu)],
M= Si or Al. The resulting materials were characterized by several techniques such as IR,
solid-state NMR, UV-vis, XANES and elemental analysis. Although a higher conversion was
obtained in the case of [(=S10)2V(=0)(OrBu)], the relative selectivity toward monomers,
more specifically for butadiene, was higher for [(=A10),V(=0)(O¢Bu)]. Vanadium supported

on silica favors B-H elimination at lower temperature over B-alkyl transfer, which leads to a
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higher selectivity in butadiene compared to propylene and ethylene. At higher temperatures,
the selectivity in oa-olefins increased due to the ability of vanadium to favor butenes
conversion via B-alkyl transfer, resulting therefore in a lower selectivity toward butadiene.
The catalytic behavior of these species in 2-butenes conversion revealed a difference in the
monomer’s distribution due to the nature of the support and the working temperature. The 2-
butenes conversion on supported vanadium single site, allow the formation of a mixture of
monomers with different butadiene content for direct terpolymerization use. This process can

be extended to light alkanes such as butane for the production of monomers.
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Scheme S1. Direct conversion of trans-2-butene to monomers through dehydrogenation and
B-alkyl transfer steps.
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Figure S1. NMR spectra of [V(=0)(O7Bu);] molecular complex: Left: 'H (di=1 s) and Right:
BC {'H} (di=105).
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Figure S2.°'V NMR spectrum of [V(=0)(OrBu);] molecular complex (di= 1s).
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Figure S3. MAS NMR spectra of V(=0)(OfBu)3/SiO2-200: a) 'H and b): *C CP (10 kHz
MAS, di=55s).
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Figure S4. UV-Vis spectrum of (I), V(=0)(O7Bu)3/S102-200
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Figure S5. XANES: of (a) [V(=0)(OrBu);] molecular complex; (b) V(=0)(OrBu)3/Si02-200;
¢) V(=0)(0rBu)3/Al203-500
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Figure S6. IR-spectra of a) AlOsse (black) and of (II), b) after the grafting of
[V(=0)(OrBu)3] on AlxO3.500 (red)
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Figure S7. MAS NMR spectra of V(=0)(0rBu)3/Al203.500 (II), a) 'H (10 kHz MAS, di=5 s)
and b) *C {'H} (10 kHz MAS, di=10s).
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Figure S8. Selectivity of V(=0)(0O7Bu)3/S102-200,(I), catalyst in trans-2-butene conversion at
500 °C, with 1 bar pressure and 5 mL.min"! as a total flow = (20 % of trans-2-butene in Ar)
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Figure S9. Selectivity of V(=0)(0O7Bu)3/S102-200, (I), catalyst in trans-2-butene conversion at
540 °C, with 1 bar pressure and 5 mL.min"! as a total flow = (20 % of trans-2-butene in Ar)
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Figure S10. Selectivity of V(=0)(0O1Bu)3/S102-200, (I), catalyst in trans-2-butene conversion at
580 °C, with 1 bar pressure and 5 mL.min"! as a total flow = (20 % of trans-2-butene in Ar)
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Figure S11. Left: conversion of trans-2-butene obtained with (I): V(=0)(OBu)3/Si02-200 (©)
or (II): V(=0)(OrBu)3;/Al203.500 (¢) as catalysts and Right: Selectivity of
V(=0)(0rBu)3/Al203:500, (II) in trans-2-butene conversion at 540 °C, 1 bar, total flow= 5
mL.min"! (20 % trans-2-butene in Ar).
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trans-2-butene conversion at 540 °C, with 1 bar pressure and 5 mL.min"" as a total flow = (20
% of trans-2-butene in Ar) after 850 min time on stream.
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Abstract

In this work, a new strategy based on the grafting of a vanadium molecular complex,
[V(=0)(OrBu)3], (1), bearing tert-butoxide ligands, on a partially dehydroxylated silica,
followed by a thermal treatment has been used for the preparation of supported tripodal V
complex, [(=S10);V(=0)], active species, for important chemical processes. The molecular
complex reacts with a silica partially dehydroxylated at 200 °C (SiO2-200) to lead to bipodal
[(=S10)2.V(=0)(OrBu)] (2) as major surface species, while monopodal surface species
[(=S10)V(=0)(0OrBu):] (3) are obtained on SiO2.700. These materials were thermally treated to
form active supported tripodal vanadium species by releasing isobutene via a B-H transfer,
leading to V-OH intermediate. The latter species lead to the targeted tripodal species
[(=S10)3V(=0)] after restructuration of the support and will be represented as materials (2a)
and (3a). All the supported vanadium complexes were characterized by DRIFT, UV-Vis.,
solid-state NMR and XANES spectroscopies. In particular, the structure of isolated vanadium
tripodal species, [(=Si0);V(=0)], was confirmed by >'V NMR with a major peak at -670 ppm,
as reported in literature. The catalytic performances of (2a) and (3a) were evaluated for the
direct propane dehydrogenation. A better conversion and selectivity to propylene was
observed with the isolated species compared to the results reported in literature using

conventional catalysts prepared by impregnation.

Introduction

Propylene is an important intermediate in the chemical industry and is used for the synthesis
of several key products such as polypropylene, acrylonitrile and propylene oxide.>* It is
mainly produced by steam cracking (SC) and fluid catalytic cracking (FCC) of hydrocarbon
feedstocks.!> With the increasing demand for propylene globally, SC and FCC will be unable
to satisfy the market need. Hence, alternative routes such as on-purpose technologies have
been developed, like olefin metathesis,*® methanol to olefin process,” and more recently, the
direct CO; conversion to light olefins®® as well as catalytic propane dehydrogenation.>!° The
latter uses catalysts that can operate under oxidative or non-oxidative conditions. The main
issue of the oxidative dehydrogenation is the low selectivity to olefins as CO> can easily be
produced from a total oxidation of light hydrocarbons. Non-oxidative dehydrogenation of
propane (PDH) is widely used at industrial scale as it offers many advantages, such as a high
selectivity toward the desired alkene (propylene) and the production of valuable dihydrogen.

This reaction is highly endothermic (AH® = 124 kJ-mol') and requires high operating
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temperatures (above 550 °C), resulting in undesired side-reactions (cracking) and deactivation
of the catalyst due to the formation of coke and degradation/restructuration of the active
phase. Two PDH processes dominate the market, known as Oleflex® and Catofin®. The first
one employs supported hetero-bimetallic particles based on a noble metal Pt, alloyed with
toxic Sn as a promoter, to enhance the selectivity to propylene, and to avoid cracking
reactions and the fast deactivation of the catalyst at high temperature. However, despite the
presence of promoters, high operating temperatures lead to a slow deactivation as a function
of time on stream, which requires frequent regeneration treatments in order to maintain the
catalytic performances. The Catofin® technology employs a cheap catalyst based on
chromium oxides (typically 18-20 wt% Cr) supported on alumina with working temperatures
ranging from 575 to 625 °C at reduced pressures (0.2 to 0.5 bar). The high temperature
required to improve catalytic activity toward the desired product, leads inevitably to the
formation of coke. Consequently, the regeneration cycles occurring every 15-30 min, decrease
the activity, and therefore a replacement of the catalyst every two years is needed. In addition
to coke formation, the process conditions lead to aging of the catalyst. This causes: 1) a
decrease of the dispersion of chromium species on the surface; ii) an incorporation of the Cr
active species within alumina, resulting in an increase of the catalyst’s acidity that reduces
propylene selectivity; iii) an increase of the surface Cr®/Cr*" ratio after each regeneration

cycle by calcination.!!

To overcome these challenges, other metal oxides such as VOy, GaOx, InOx or MoOx have
been widely explored in the literature for PDH.? Supported vanadium oxides catalysts have
been intensively studied for the oxidative dehydrogenation of propane and showed promising
results, while few examples were reported in the case of the non-oxidative propane
dehydrogenation. Vanadium(V) oxide supported on silica, alumina or titanium oxide shows
promising activities for the catalytic dehydrogenation of light alkane.'?"!” The conventional
synthesis methods of these catalysts described in literature involve various processes such as
aqueous impregnation, sol-gel, chemical vapor deposition, to name a few.? However,
depending on the nature of the vanadium precursor and the support used, these synthesis
methods of supported vanadium oxo complexes, lead to a distribution of monomeric, dimeric
and oligomeric VOx species on the surface or even to particles of oxide.!®!” Several studies in
this area have been reported and suggest that the structure of the supported precursor of the

active species, for example onto silica, is postulated as an isolated vanadium center bearing an
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oxo and three siloxy ligands. In the case of vanadium systems, it is reasonable to propose that
the active species is V*" trisiloxy (Scheme 1) obtained during the initiation step, after an
activation of propane on V>* oxo tripodal species®’, similar to chromium and gallium catalytic

systems.
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Scheme 1. Proposed tripodal V!V active species for PDH

Based on DFT calculations and Operando studies, the mechanism of propane
dehydrogenation in the case of metal oxides has been proposed to occur via a heterolytic C-H
bond cleavage via activation on a surface M-O- bond, leading to a coordinated alkyl, M-R and
a surface hydroxyl, -OH or via a c-bond metathesis on a M-H intermediate.>?! The low
concentration of active sites hampers their characterization and thus limited information is
available on their role in catalysis and the understanding of the elementary steps. In fact,
many attempts to characterize the surface-active sites of supported VOy species, prepared by
conventional methods, using spectroscopic techniques for bulk systems such as XAFS and
51V MAS-NMR led to inconsistent results.’>° An obvious strategy to access to the real
model of the active species and to increase the activity in PDH, is to control the number of
active sites and to eliminate presumably inactive oligomeric VOx sites. Regarding the
preparation of well-defined functional materials at a molecular scale, especially single-site
catalysts for PDH, surface organometallic chemistry has proven to be a powerful approach.
This methodology involves a controlled grafting of a reactive organometallic precursor on a
pretreated support. With a judicious choice of the precursor in combination with the pre-
treatment of the support, supported species with a desired podality, oxidation state and
coordination environment around the metal center can be designed.’® This approach has
resulted in highly active catalysts associated with the propylene chemistry, mainly through
olefin metathesis,* %3 but also for PDH.’** Therefore, we intend to apply surface
organometallic chemistry for the synthesis of a silica material containing supported trisiloxy

vanadium oxo species as pre-catalyst for propane dehydrogenation reaction. We recently
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developed a new synthetic method for the preparation of supported active sites, by using a
molecular complex of group VI bearing tert-butoxide ligands [M(=0O)(OrBu)s] (M = Mo or
W). After a grafting reaction of these complexes onto silica followed by a thermolysis,
[(=S10):M(=0),] species were obtained and showed high activities for the metathetic
oxidation or the metathesis of olefins.*>*’ In the case of vanadium, we expect that this strategy
would result in the formation of a well-defined tripodal vanadium oxo species after the
grafting of [V(=0)(O¢Bu)3], (1), onto silica supports (dehydroxylated at 200 and 700 °C). A
thermal treatment at high temperature of the resulting surface species, bearing one or two tert-
butoxide ligands, leads to the targeted active species by a B-H elimination of isobutene from
V-OrBu, resulting in a hydroxy ligand o-coordinated to vanadium, V-OH. This reaction can
be followed by a ring opening of a neighboring siloxane (=Si-O-Si=) which forms a new V-
OSi= bond and a surface hydroxyl group, =Si-OH. These well-defined surface species have
been further characterized by elemental analysis and different spectroscopic techniques as
DRIFT, Solid-State NMR of different nuclei ('H, '*C, °'V), UV-Vis, XAS and studied as

catalysts for the non-oxidative dehydrogenation of propane in a continuous flow reactor.

Experimental Section

General Procedure.

All experiments were carried out using standard air-free methodology within an argon-filled
glovebox, on a Schlenk line or in a Schlenk-type apparatus interfaced to a high-vacuum line
(10° mbar). Solvents were purified and dried according to standard procedures.
[V(=0)(OrBu)3;] was synthesized in one step followed by purification. Elemental analyses
were performed at Mikroanalytisches Labor Pascher. Diffuse reflectance infrared spectra were
collected with a Nicolet 6700 FT-IR spectrophotometer, with a 4 cm™ resolution with a
SMART module. An air-tight IR cell equipped with CaF, windows was employed and the
final spectra comprise 64 scans. Diffuse reflectance UV-Vis spectra in the range of 200-850
nm were recorded on a Perkin Elmer A1050 UV-Vis-NIR spectrophotometer adapted with the
Praying Mantis optical unit provided by Harrick. The samples were diluted in dry BaSO4 and
the spectra were recorded against a BaSO4 baseline. An air-tight cell equipped with quartz

windows was used.

Solution NMR spectra were recorded on an Avance-300 Bruker spectrometer. All chemical

shifts were measured relative to residual 'H or '*C resonance of the deuterated CsDs solvent: &
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7.15 ppm for 'H and 128 ppm for 3C. Solid-state NMR spectra were acquired with a Bruker
Avance 500 spectrometer ('H: 500.1 MHz, '*C: 125.7 MHz). For 'H experiments, the
spinning frequency was 10 kHz, the recycle delay was 5 s and 8 scans were collected using a
90° pulse excitation of 3 pus. The *C CP MAS spectra were obtained at a spinning frequency
of 10 kHz, with a recycle delay of 5 s and 12288 scans were collected. Chemical shifts were
given in ppm with respect to TMS as external reference for 'H and '*C NMR. The >'V MAS
NMR spectrum was acquired in a Bruker DSX 300 spectrometer (°'V: 78.9 MHz) using a
single pulse excitation. The signal was optimized with crystalline V20s (6= - 609 ppm) as
external standard with a pulse angle of m/2. Two spinning rates were used in order to

determine the isotropic chemical shift (10 kHz and 12 kHz).

X-ray absorption spectra were acquired at ESRF on BM23 beam-line, at room temperature at
the vanadium K edge. A double Si(111) crystal was used as monochromator and a system
based on a total reflection through a double X-ray mirror with an incidence angle variable
from 2 to 5 mrad allowed harmonic rejection to a level better than 10.*® The spectra were
recorded in the transmission mode between 5.3 to 6.44 KeV at room temperature (295 K).
Each data set was collected simultaneously with a V metal foil reference and was later aligned
according to that reference (first maximum of the derivative of the V foil spectrum set at
5465.1 eV). The molecular complexes and vanadyl sulfate were homogeneously mixed with
dry BN and the supported V samples were packaged as pellets within an argon filled glove-
box in a double air-tight sample holder equipped with kapton windows. The data analyses

were performed by standard procedures using in particular the program “Athena”.*

Preparation of the complex.

The vanadium precursor [V(=0)(OrBu)s], (1), was synthesized by the reaction of V05
(Aldrich) with /BuOH in benzene. The entire preparation procedure was carried out in an inert
atmosphere using a Schlenk line. 20 grams of V>Os was first placed in a 1-L round-bottom
flask and connected to a Dean—Stark trap in order to capture the water from the reaction,
coming through the reflux condenser. After adding 300-mL of dry benzene, 165 ml of dry
tBuOH was added to the benzene suspension of V>Os. The temperature was increased to ca.
368 K and maintained overnight. The solution was filtered away from unreacted V,0Os. After
removing the solvent by distillation, white crystals were observed. This product was further

dried overnight under reduced pressure. In order to purify the freshly formed product,
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[V(=0)(O1Bu)3], a sublimation was conducted under vacuum at 313 K. '"H NMR (C¢Ds):
8=1.44 ppm (CH3); 3C{H} NMR (CsD¢) 8= 31.4 ppm (CH3) and 86 ppm (C-CH3).

Preparation and characterization of (2), (2a), (3) and (3a) materials.

A mixture of [V(=0)(OrBu)3] (in excess with respect to total amount of Si-OH groups) and
Si02-200) (1 g) in pentane (10 mL) was stirred at 25 °C for 4 hours. After filtration, the solid
was washed 4 times with pentane and the liquid was transferred into another reactor in order
to quantify the /BuOH evolved during the grafting reaction by GC and using an internal
standard. The resulting material, (2), is a white powder that was dried under vacuum (107
mbar). Elemental analysis: V 1.6 wt% C 1.5 wt%. The catalyst was characterized by DRIFT,
Solid-State NMR, UV-Vis and XANES.

The same procedure was employed with SiO2.700 to yield (3), which was also characterized as

(2). Elemental analysis: V 1.12 wt%, C 2.23 wt%.

Both materials, (2) and (3) were heated to form tripodal V species leading to the synthesis of
(2a) and (3a) materials, respectively. These species were characterized by DRIFT, Solid-State
NMR UV-Vis, and XANES and their catalytic performances evaluated for propane
dehydrogenation.

Catalysts evaluation. Catalytic propane conversion was carried out in a stainless-steel
continuous flow reactor (Pww = 1 bar, T = 540 °C, total flow rate = 5 mL.min™": 20%
propane in argon) mass of the catalyst = 500 mg diluted in 2.5 of CSi. The gases were
purified with a column of molecular sieves and activated Cu20/Al;0; and controlled by
Brooks mass flow controllers. The catalyst was charged in the glovebox. A 4-way valve
allowed the isolation of the charged catalyst in the reactor from the environment and
extensive purging of the tubes before the reaction. The products were determined by an
online HP 6890 GC equipped with a 50 m KCI/Al.O3 column and a FID detector.

Results and Discussions
Preparation and characterization of [V(=0)(O7Bu);], (1)

The precursor, [V(=0)(OfBu)s], was easily synthesized using commercially available
compounds V20s and /BuOH in benzene at 100 °C for 48 h. After purification, this complex
was identified by intense 'H NMR signal at 1.43 ppm, attributed to proton of methyl

fragments and '*C NMR signals at 31.4 ppm, corresponding to carbons of methyl groups,
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CHjs, and at 86 ppm attributed to the quaternary C of the tert-butyl ligand (Figure S1). In
addition, 'V NMR showed a signal at — 642 ppm, corresponding to a tetrahedral vanadium

supported complex, bearing an oxo and three alkoxy ligands (Figure S2).%?

Reactivity of [V(=0)(OrBu)s3], (1),with a silica dehydroxylated at 200 °C,

synthesis of material (2)
Amorphous silica, Aerosil 200 from Degussa was partially dehydroxylated at 200 °C under

high vacuum (10~ mbar) to afford SiO»-200 with a density of silanols ca. 2.5 OH per nm? (0.86
mmol OH.g").*’ The grafting of [V(=0)(O#Bu)s] on SiO> 200 was carried out by an anhydrous
impregnation in pentane at 25 °C. Then, the powder was washed four times with dry pentane
in order to remove the excess of complex affording V(=0)(07Bu)3/Si02200 (2) as a colorless
material. The reaction of [V(=0O)(OrBu)3] proceeds with the consumption of almost all the
surface free (or “isolated”) silanols of SiO2.200, as shown from the irreversible disappearance
of the vo.u stretching band at 3747 cm™! (Figure 1, Left). Importantly, the intensity of the

other large vo.n band centered at 3600 cm™

. attributed to vicinal silanols, did not decrease
after reaction with the complex due to the low reactivity of these vicinal silanols. This
phenomenon was already observed for the reaction of SiO>-200, with several complexes of
metal of groups IV, V and VI.°° Concomitantly, two groups of bands appear in the 3200-2700
cm™ and 1500-1300 cm™ region, assigned respectively to v(CH) and §(CH) vibrations of the

methyl groups of the per hydrocarbyl ligands.

b) b)
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Figure 1. Left: IR-spectra of a) SiO2-200 and b) after grafting of [V(=0)(O7Bu)s] on Si02-200
(2), and Right: IR-spectra of a) SiO2.700 and b) after grafting of [V(=0)(OsBu)3] on SiO2-700
3
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The amounts of vanadium and carbon, as quantified by elemental analysis of
V(=0)(0rBu)3/Si02-200 material, (2), are 1.6 wt% V and 1.5 wt % C, which accounts for an
atomic ratio of ca. 4.0 C/V. The vanadium loading of the material is thus 0.315 mmol.g"! and
since the concentration of silanols is ca. 0.86 mmol OH/g on SiO2-200,* this gives a V/OH
ratio of 0.365. The quantification of the tBuOH evolved during the grafting reaction, was
carried out by GC analysis, using octane as an internal standard. It leads to a release of 1.8
BuOH/V. Thus, the results of these characterizations are in line with the formation of a major

bipodal species bearing one tert-butoxide ligand, [(=S10).V(=0)(O7Bu)].

Further spectroscopic characterizations provided additional information on the grafting of
[V(=0)(0O1Bu);] on SiO2200. '"H MAS NMR shows one signal at 1.4 ppm assigned to CH3
protons (Figure S3) and one signal in '*C CP MAS NMR at 28 ppm attributed to the carbon of
the methyl groups (Figure 2). The lack of a significant signal for the quaternary carbon of the
tert-butoxide ligand is most probably due to the larger chemical shift anisotropy, owing to a
lower mobility of the surface species compared to the case of SiO2.700 support (material (3)),
as previously observed.’'? No improvement for the '3C signal of the quaternary carbon was

shown under the *C{'H} MAS mode.
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Figure 2. CP CP MAS NMR of Left: V(=0)OrBu)/SiO220 and Right:
V(=0)(01Bu)3/S102-700 (11.7 T, 10 kHz, di=5 s)

IV NMR is a powerful technique that brings additional information on the coordination
sphere and geometry of the vanadium centers in supported catalysts.>>>* The 'V MAS NMR
of (2) reveals a signal with an isotropic chemical shift of -693 ppm (Figure 3, top), which

119



represents an upfield shift of 51 ppm in comparison to [V(=0)(O¢Bu)s] molecular complex,
(1), which shows a signal at -642 ppm (Figure S2). This result is consistent with the formation
of a bipodal surface species on silica-200. In fact, the upfield shift was also reported in
literature, for a [V(=0)(OiPr);] complex with a >'V NMR signal at -630 ppm, that shifts to -
650 ppm when two OiPr ligands of this complex are exchanged by two siloxy groups from the
silica surface, leading to [(=Si0)>V(=0)(OiPr)] supported species.>
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Figure 3. 'V MAS NMR spectra of: V(=0)(O1Bu)3/SiO2-200, (2) (top) (7.1 T, 12 kHz, di=1
5) and V(=0)(OBu)y/SiOx.700, (3) (down) (7.1 T, 10 kHz, di= 1 s)

The UV-Vis spectrum of (2), comprises absorption bands starting from 200-400 nm (Figure
4). The absence in the spectrum of any absorption in the d — d transition part, suggests that
the supported vanadium is in its highest oxidation state.’® The broad peak in the UV region
(Amax = 267 nm) can be assigned to a ligand to metal charge transfer (LMCT) originated

from the tert-butoxide ligands. The energy edge (Ey) derived from the O—V charge transfer
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peak (determined from the intercept of the [F(R«)hVv]*> vs hv plot in the low energy rise)
reflects the degree of vanadia polymerization.’” This value is extrapolated to be 3.58 eV for

(2), suggesting that the vanadium sites are present as monomer on the surface.>®
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Figure 4. UV-Vis spectrum of (2) (left) and (3) (right)

XANES analysis of the molecular complex on SiO2-2¢0.

Additional information on the vanadium coordination geometry, its structural environment
and oxidation state in the case of the molecular complex, (1), and materials (2) and (3) were
given by X-ray absorption spectroscopy. Normalized V K-edge XANES spectra of the
molecular complex, [V(=0)(OrBu)3], of the presumed [(=Si0).V(=0)(OrBu)] complex in
material (2), obtained from the grafting of [V(=0)(O7Bu)s] onto SiO»-200 are shown in Figure
5. In the two spectra (a and b), there is a prominent pre-edge peak. This pre-edge feature
arises from electronic transitions from 1s core levels to the empty 3d levels, more or less 4p
hybridized by the ligands of vanadium. These electronic transitions become electric-dipolar
allowed in the absence of an inversion center. In this case, the loss of symmetry allows partial
overlapping and mixing of the unfilled d states of the metal with its 4p orbitals. Several
studies of the V K-edge XANES features have considered the pre-edge intensity as well as its
absolute position to determine both the vanadium oxidation state and its symmetry.>*! The
position of the pre-edge peak on its own is generally insufficient to evaluate accurately the

vanadium oxidation state.
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Figure 5. XANES: of (a) [V(=0)(O7Bu)3] molecular complex, (1); (b) V(=0)(0rBu)3/S102-200
(2); (c) V(=0)(01Bu)3/S102-200 heated at 500°C (2a).

The position and intensity of the main pre-edge peak along with the position of the edge of
different vanadium compounds studied are reported in Table 1. For the molecular complex,
(1) and material (2) referenced above, the position of the pre-edge peak at ca. 5470.4 eV and
its high intensity (0.79 to 0.85) are consistent with those observed in other complexes or
materials containing V") in a tetrahedral symmetry.®® Moreover, the position of the K-edge of
the three samples, shifted by 16 to more than 18 eV to higher energy relative to the metal foil,

are within the range of K-edge energies reported for known V) compounds.*

Table 1. Positions and intensities of the pre-edge signal and edge positions in the V K-edge

XANES of several vanadium samples.

Sample Pre-edge signal position® | Pre-edge  signal | Edge position®
(eV) intensity® (a.u.) (eV)

VO (metal foil) 5465.1

[VI(Mes)s;. THF] 5466.6 0.55 5481.2
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[VY(=0)SO4(H20),] 5469.8 0.48 5480.7
[VY(=0)(O1Bu)s] (1) 5470.4 0.79 5481.9
V(=0)(OBu)s  /SiOaa00 | 5470.3 0.85 5483.4
(2)

V(=0)(OmBu)s /5102200 | 5470 5 0.81 5483.5

heated at 500°C (2a)

V(=0)(O1Bu)s /5102700 B) 5470 3 0.85 5483.2
V(=0)(OmBu)s /5102700 | 5470 4 0.81 5483.6
heated at 500°C (3a)

2 Relative to a calibration with a vanadium foil (5465.1 eV); A + 0.3 €V error is estimated on the energy. °
Intensity normalized to the step height of the K-edge.

Reactivity of [V(=0)(OrBu);] with a silica dehydroxylated at 700 °C,

material (3) synthesis
The same amorphous silica support was partially dehydroxylated at 700 °C (SiO2-700) under

high vacuum (10 mbar) in order to compare the structure of the supported species on the
resulting material, (3), to those obtained on material (2), after the grafting of [V(=0)(O7Bu)s]
on SiO2-200. SiO2-700 presents a density of ca. 0.70 OH per nm? corresponding to 0.27 mmol
OH.g'.* The impregnation of [V(=0)(O#Bu)s] on SiO.700 in a pentane solution occurred at
room temperature for 4h. After an intensive washing with pentane to remove the excess of the
complex and a drying under high vacuum, a white powder was obtained (3). The infrared
spectroscopy of V(=0)(OrBu)3/SiOz2.700 (3) revealed the consumption of all the isolated
silanols initially present on SiO2.700, shown by the disappearance of the vo.u band at 3747 cm’!
(Figure 1, Right). Simultaneously, alkyl bands in the range of 3000-2800 cm™ (vcn) and
1500-1300 cm™ (8ch, and Scu,) appeared, confirming the grafting of the vanadium complex
on the silica surface. Elemental analysis of material (3) indicates V and C wt% contents of
1.12 and 2.23 wt%, respectively, corresponding to an atomic ratio of 7.9 C/V. The V/OH ratio
is ca. 0.815, since 0.220 mmol of V/g of silica are grafted on the surface. GC analysis of
tBuOH released during the grafting revealed a release of 0.88 tBuOH/V after reaction. The

comparison of the mass balance analyses obtained after the grafting of [V(=0)(OrBu)s;] on
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Si02-200 and Si0»-700 are resumed in Table 2. It is obvious from these results that the structure
of the resulting species in materials (2) and (3) depends on the dehydroxylation temperature
of the support. Thus, the characterization results suggest the formation of a major monopodal
species, [(ESi0)V(=0)(OrBu);] for (3), from SiOz.700, and a bipodal species
[(=Si0)2V(=0)(0rBu)] for (2), from SiO2-200.

Table 2. Mass balance analysis for the grafting of [V(=0)(O¢Bu)s], (1), onto silica.

Supports  %wV®S  %w C! C/Vratio (BuOH/V

S102-200 1.6 1.5 4 1.8

S102-700 1.12 2.23 7.9 0.88

°The error on V is < 5 %.4The error on the C elemental analyses is £1 a.m.u.

The characterization of material (3) by 'H MAS NMR shows a similar result to the one
observed for material (2). The spectrum also consists in a main signal at 1.4 ppm
corresponding to CHj protons of tert-butoxide ligands (Figure S3). The 'C CP MAS
spectrum of V(=0)(OrBu)3/Si102-700, (3), shows two signals at 86 ppm and 28 ppm, assigned
to quaternary carbon and CHj3 terminal groups, respectively (Figure 2, Right). It is important
to note that the signal attributed for the quaternary carbon at 86 ppm is visible compared to
(2). This is either due to the presence of two tert-butoxide ligands on the surface (higher
concentration), compared to the main surface complex of (2), or to a higher mobility of the
surface species in (3), leading to a narrower chemical anisotropy. A signal centered at -687
ppm appears in the 'V MAS NMR spectrum, attributed to the monopodal complex
[(=S10)V(=0)(0rBu).] (Figure 3, down). This chemical shift corresponds to an up-field shift
of -45 ppm compared to the precursor [V(=0)(OrBu)s] (-642 ppm). Nevertheless, the
observed chemical shift is rather similar to the bipodal [(=Si0),V(=0)(OrBu)] (-693
ppm).*>> Taking into consideration the peak broadening (FWHM = 70 ppm), the podality of
supported [V(=0)(OsBu)s] is indistinguishable by 'V MAS NMR spectroscopy. The UV-vis
spectrum of [(=S10)V(=0)(OrBu):] consists in an absorption band between 200 and 400 nm
with a Amax = 262 nm, corresponding to ligand to metal charge transfer (LMCT O*— V°%)
(Figure 4). Similarly to the bipodal species, no absorption band at 650 nm was observed,

hence, the vanadium adsorbed on the surface has the highest oxidation state (+V).°® The

124



energy edge (Eg) is 3.6 eV (compared to 3.58 eV in the case of V(=0)(OrBu)3/SiO2-200),

which is in line with the formation of monomers vanadium sites on the surface.>®

XANES analysis of the molecular complex on SiO2.7¢0.

The normalized V K-edge XANES spectra of the molecular complex, [V(=O)(OrBu)3], of
[(=S10)V(=0)(0rBu)2] complex, obtained from the grafting of [V(=0)(OrBu)3] onto SiO2-700
are shown in Figure 6. The position and intensity of the main pre-edge peak along with the
position of the edge of these vanadium compounds are also reported in Table 1. For
V(=0)(01Bu)3/Si02-700 supported species, the position of the pre-edge peak (5470.3 eV), its
relative intensity (0.85) and the position of the edge (5483.2 eV) are also indicative of V(V)

tetrahedral species.
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Figure 6. XANES of (a) [V(=0)(0O7Bu)3] molecular complex (1); (b) V(=0)(OrBu)3/SiO2-700,
(3); (¢) V(=0)(01Bu)3/S102-700 heated at 500°C, (3a).

In conclusion, well-defined single site catalysts with low loading of vanadium were obtained

by grafting [V(=0)(O7Bu)s] onto SiO2.200 and Si02-700. A bipodal as major species was formed
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on Si0z.200 surface noted as [(=S10)2V(=0)(OrBu)] (2). The grafting of [V(=0)(O7Bu)s] on
Si02-700 led to monopodal species represented by [(=Si0)V(=0)(0OrBu):] (3) (Scheme 2).
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Scheme 2. Grafting of [V(=0)(07Bu)3] on Si0O2.200 and Si02.700 leading to structurally distinct
surface species

Tripodal species
Controlled thermolyses of [(=Si0)V(=0)(OBu):], (2) from 25 to 300 °C (for 2 h), 400 °C

(for 2 h) as well as 500 °C (for 2 h) were conducted under vacuum in a reactor equipped with
a cold trap (liquid N») in order to collect the gas phase evolved during the process. The
analysis of the gas phase by GC after thermal treatment at 300 °C revealed the formation 0.88
isobutene/V for (2), and some traces of tBuOH were observed. As reported in the case of
silica supported Mo and W complexes bearing oxo tert-butoxide ligands,***” the formation of
isobutene is triggered by the elimination from a methyl group of a H in B-position of the
oxygen coordinated to the metal, M-Q-C(Me),-CHz-H, to form a hydroxy intermediate, M-
OH. This step can be assisted by the presence of an oxo ligand in the coordination sphere of

vanadium.

The DRIFT analysis of the resulting materials from bipodal [(=Si10),V(=0)(OrBu)] species
after heating at 300 °C revealed the total disappearance of the alkyl vibrational bands in the
range of 3000—2800 cm ! and 1500-1300 cm™, assigned respectively to v(CH), 8(CH)
vibrations from the perhydrocarbyl ligands (Figure 7, Left). At 300 °C (after 2h), we observed
the reappearance of isolated silanol groups at 3747 cm™ as well as the appearance of a new
band at 3660 cm™ attributed to vvo-u.%>% At 400 °C, the intensity of the band characteristic of
vsio-n increases while the one of vvo.p band decreases. At 500 °C, we observed the absence of

the vibration band attributed to VO-H elongation vibration, accompanied by the decrease in
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intensity of the =SiO-H silanols vibration band. This phenomenon could be explained by a
partial condensation of V-OH with the remaining silanols, leading to the formation of water

and V-OSi bonds and thus tripodal V surface species (Scheme S1).
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Figure 7. Left. IR-spectra of a) V(=0)(0sBu)3/Si02-200 (2), and then thermally treated at: b)
300 °C, ¢) 400 °C, and d) 500 °C; Right. IR-spectra of a) V(=0)(OrBu)3/SiO2-700 (3), and
then thermally treated at: b) 300 °C, ¢) 400 °C and d) 500 °C

Similarly, these phenomena were also observed by 'H MAS NMR of (2) thermally treated
from 25 to 500 °C (Figure 8, Left). The intense signal at 1.3 ppm attributed to the methyl
groups of tert-butoxide ligands decreased, and almost disappeared at 300 °C. Simultaneously,
a signal at 1.8 ppm corresponding to isolated silanol groups appears at 300 °C and increases
during the thermolysis (up to 500 °C). The release of isobutene during the thermolysis
reaction and the appearance of silanol groups along with the disappearance of vanadium
hydroxy intermediates, suggests that supported surface species in (2), lead to the formation of

the targeted tripodal species [(=S10)3V(=0)] (2a) upon a thermal treatment under vacuum.
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Figure 8. Left. 'H NMR spectra of a) V(=0)(OBu)3/Si02-200 (2), and then thermally treated
at: b) 300 °C, ¢) 400 °C, and d) 500 °C; Right. "H NMR spectra of a) V(=0)(O1Bu)3/SiO2-700
(3), and then thermally treated at: b) 300 °C, ¢) 400 °C and d) 500 °C

The same procedure including a thermal treatment under vacuum at progressively increasing
temperatures, has been applied to surface species of (3). This leads to similar observations
from DRIFT and 'H MAS NMR data (right parts of Figure 7 and Figure 8, respectively),
allowing to the formation of a tripodal vanadium oxo on SiO2.700 (3a) with a release of 1.9
isobutene/V. The resulting vanadium surface species (2a) and (3a) were further characterized

by XANES, UV-vis and >'V MAS NMR.

XANES of the tripodal species

Both tripodal vanadium systems obtained on silica were characterized by XANES
spectroscopy to provide additional details on the vanadium structural environment after
thermal treatment of the grafted species. Normalized V K-edge XANES spectra of tripodal
systems on SiO2-200 (2a) and SiOz-700 (3a), in contrast with [V(=0)(OrBu)s] and species (2)
and (3) are shown in Figure 5,c and Figure 6,c. The position and intensity of the main pre-
edge peak along with the position of the edge of targeted species [(=S10)3V(=0)] 1s compared
to molecular complex [V(=0)(OrBu);], surface species (2) [(=S10)V(=0)(OrBu)] and (3)
[(=S10)V(=0)(0OrBu)2] (Table 1). Similar to the complex and to the grafted species, the
XANES spectra of tripodal species (2a) and (3a) displayed a pre-edge peak located at ca.
5470.4 eV. The relative intensities of these pre-edges are high and range from 0.85 (for
grafted species (2) and (3)) to 0.81 for tripodal species (2a) and (3a). These results are

consistent with those observed for other complexes or materials containing V(V) in a
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tetrahedral symmetry.®® Moreover, the position of the K-edge of the samples, shifted from16
to more than 18 eV to higher energy relative to the metal foil, are within the range of K-edge

energies reported for known V(V) compounds.>’

Additional characterizations of the surface tripodal species (2a) and (3a) were given by UV-
vis spectroscopy (Figure 9). This method allows the detection of isolated V(IV), V(V) and
vanadium oligomeric species. The UV-vis spectra of (2a), [(=S10);V(=0)] species on Si02-200
exhibited a band at 253 nm along with a shoulder at 286 nm attributed to n(t2)—d(e) and
n(tl) —>d(e) oxygen-to-tetrahedral V(V) charge transfer transitions, involving oxygen in
bridging (V-O-Si) and terminal (V=0) positions, respectively, in agreement with reported
literature.** A similar result was obtained in the UV-vis spectrum of (3a), [(=Si0);V(=0)] on
S102-700 with two bands at 256 and 287 nm. The absence of (d-d) transitions in the 600-800
nm range indicates that V(IV) species are not significantly present. Indeed, the energy edge
(Eg) of the tripodal V species on SiO2-200 and SiOz.700 are ca. 3.50 and 3.35 eV, respectively
(compared to 3.58 and 3.6 eV in the case of (2), V(=0)(OrBu)3/SiO2200 and (3),
V(=0)(01Bu)3/S102-700, respectively). The slight red-shift in the energy edge when
transforming the grafted complexes into the tripodal species may be due to the creation of
supplementary restrains around the deformed tetrahedral vanadium centers. These results are

in agreement with the formation of monomeric vanadium sites on the surface, as supported by

XANES and °'V MAS NMR.
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Figure 9. UV-vis of Left: (2a) and Right: (3a)

51V MAS NMR is a complementary technique to IR, 'H MAS NMR, XANES and UV-vis

used to identify the surface vanadia species on the supported catalysts. Due to the importance
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in catalysis of the isolated tetrahedral vanadium complexes on various supports, the intensive
31V soli-state NMR characterization of these types of catalysts by several groups showed that
the chemical shift is generally in the range of -460 to -700 ppm.>*%7 The attribution of the
signals in the 'V NMR spectrum of these materials remains challenging due to the t lack of
supporting models (such as (Ph3SiO);V(=0) and vanadium oxo containing POMSS)®*%° and
to the variety of experimental conditions during the NMR acquisition.”®’! Grant et al.”” have
studied by 'V MAS NMR silica-supported vanadia catalysts prepared by impregnation with a
surface coverage between 1.3 to 15.4 V.nm™. In the °'V NMR spectra obtained, the authors
observed two different isotropic shifts, depending on the surface coverage of vanadium. For
the materials prepared with the highest vanadium content (13.4 and 15.4 V. nm), a sharp
peak appeared at -614 ppm, corresponding to the distorted trigonal bipyramidal geometry of
crystalline V20s, which is in line with previous work revealing close isotropic shift of
crystalline V2Os at =612 ppm’® or —610 ppm.> In parallel, another signal was also observed
at -675 ppm in all samples, but its intensity in the case of catalysts prepared with lower
coverage of vanadium, in particular for 1.3 V. nm™, was very low. This signal is attributed to
dispersed monomeric species, [(=Si0);V(=0)].”* Recently, Jaegers. et al.,’® confirmed these
MAS NMR attributions, by employing faster spinning rates (above 30 kHz) at a higher field
(19.975 T), and reported a better resolution of the signal assigned to tripodal V species (at -
675 ppm), even at low V content (0.6 V.nm™). In the case of the supported species of (2a) and
(3a), with low V coverages, ca. 1.1 and 0.8 V.nm?, respectively, 'V MAS NMR revealed a
similar signal with a chemical shift of -670 ppm for both samples (Figure 10), attributed to

[(=Si0);V(=0)] isolated vanadium surface species, on SiO2-200 and SiO2.700 (Scheme 3).
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Figure 10. Solid-state >'V NMR spectra of: Left: V(=0)(OfBu)3/SiO2200 (2) (top) and
[(=Si0)3V(=0)] (2a) (down) (7.1 T, 12 kHz, di=1 s), and Right: V(=0)(OrBu)3/Si02-700 (3)
(7.1 T, 10 kHz, di= 1 s) (top) and [(=Si0)3V(=0)] (3a) (down) (7.1 T, 12 kHz, di=1 s).
Grafted species in (2) and (3) revealed a major peak at -693 and -687 ppm respectively.
Tripodal species in (2a) and (3a) exhibited a major peak at -670 ppm.

The above characterization by DRIFT, 'H and °'V MAS NMR, XANES, mass balance
analysis, UV-vis of the resulting species after a thermal treatment of bipodal (2) and
monopodal (3) vanadium species, revealed the formation of tripodal vanadium species,

[(=Si0)3V(=0)] in (2a) and (3a) materials.

The mechanism of the formation of these active species would be similar on SiO22¢0 and
Si02.-700. It has been proposed that a hydrogen transfer from a methyl group of a fert-butoxy
ligand to the vanadyl oxygen occurs, leading to a V-OH fragment. The latter reacts with a
siloxane bridge from the support by a Si-O-Si ring opening, leading to the formation of new
isolated silanols as described in Scheme 3 (e.g on SiO2.200). The hydrogen transfer to the
vanadyl oxygen can occur either by a transfer of one hydrogen to the oxo ligand, or by direct
migration of one hydrogen from a methyl group to the oxygen of a tert-butoxide ligand, thus
releasing a tBuOH molecule. It was indeed demonstrated that the thermal treatment of metal
derivatives of -OSi(OrBu)s; led to the direct elimination of isobutylene, even at low

temperatures (100 - 150 °C) to form silanols without any assistance of other ligands.”

—0 \\_OH Ngi
- ~ Si
V V lllll Illlo /
| | _) o (@] O=gi. 10 5 ¢ o)
o Si_ ,Si-.,,u Q/"Su\-ow — = > S| |. 7N e / d
A O\ 07 N2 \ 07 9<300°C 07 g oro K0 o ,35\#0
) R A SR A
(2) R

Scheme 3. Proposed mechanism for the formation of [(=S10)3V(=0)] species

Catalytic properties
The catalytic behavior of the tripodal V species supported on SiOz.00 and SiOz-700 was

evaluated in the non-oxidative dehydrogenation of propane. A continuous fixed-bed type

reactor was used, under the following operating conditions: 6 = 540 °C, P = 1 bar and a total
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flow of 5 mL.min"' (20 % of C3Hs in Ar). The reactor was heated from room temperature to

540 °C under a flow of 4 mL.min"! of argon and then propane was introduced at 540°C.

When propane was fed to the catalytic bed of tripodal V obtained on SiOz200 (2a), a
conversion of 19 % was reached at early times on stream and slightly decreased to 17 % after
1000 min (Figure 11). At that time, the selectivity toward propene was 84.5 %, and the by-
products included methane (6.8 %), ethene (4.7 %) and ethane (2.5 %) as well as traces of C4
(< 2%) (Figure 12, Left). On the other hand, tripodal V on SiO2.700 (3a) exhibited a different
behavior in function of time on stream. A lower initial conversion of 15 % followed by a
gradual deactivation was observed, leading to 10.4 % after 1000 min (Figure 11). Initially, the
products comprised propene (88.4 %), methane (6.8 %), ethane (2.4 %) and ethane (2.4 %).
However, after 1000 min, the selectivity toward methane increased to 11.4 % and propene
decreased to 81.7 % while ethane and ethene slightly increased to 3.6 % and 3.2 %,
respectively (Figure 12, Right). The activity and selectivity observed with (2a), composed of
tripodal V species on SiO2.200 seems better than those with (3a), composed of tripodal V
species on Si0O2.700. This result was previously obtained in the case of vanadium species
resulting from the grafting of O=V(mesityl); complex on SiO2.200 and on SiO2.700.*° This is
probably due to the difference in the local structure of the tripodal V on a silica pretreated at
different temperature. This difference in terms of structure has been also observed in the >'V
solid-state NMR of the tripodal species [(=S10)3V(=0)] obtained on SiO2-00 and Si02.700 after
a thermal treatment. In fact, the larger signal observed in the case of vanadium supported on
Si02-700 (3a), is attributed to the presence of different tetrahedral vanadium species, with the
same coordination sphere but different local environment, which could explain the difference

in terms of catalytic activity.
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Figure 11. Propane conversion catalysed by vanadium tripodal species supported on SiO>-200,
(2a) and on SiO2-700, (3a). Conditions: P= 1 bar; 6= 540 °C; Total flow = 5 mL.min™' (20 %
CsHs in Ar)
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Figure 12. Selectivities obtained for propane conversion with vanadium tripodal species
supported on Si102-200, (2a) (Left) and Si02-700, (32) (Right). Conditions: P=1 bar; 0= 540 °C;
Total flow = 5 mL.min™' (20 % C3Hs in Ar)

These results demonstrate that the resulting materials containing silica supported tripodal
species prepared by SOMC revealed a better activity and selectivity toward propane
dehydrogenation compared to a V2Os catalyst supported on silica.!* This is potentially due to
the formation of oligomeric vanadia species on the surface of the catalyst prepared by

aqueous impregnation and the presence of a lower concentration of tripodal active species.
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The determination of the mechanism and of the nature of the active species in each step is of
high interest. However, these key-issues cannot be addressed with our current ex-situ
characterization techniques. As reported for chromium, it is reasonable to assume that the
structure of the active species in PDH, is a tripodal VI, [(=Si0);V]. In fact, at the initiation
step, the first hydrogen abstraction of propane occurs on V=0 ligand of [(=Si10)3V(=0)],
yielding an intermediate V(¥ bearing an alkyl and a hydroxy ligand. This latter species would
then undergo a B-H elimination of the V coordinated propyl ligand, leading to the formation
of V hydrido hydroxyl species and the release of one propylene. The reductive elimination of
the water from the V hydrido hydroxyl species, would then lead to the formation of the active

species, [(=Si0); V], during propane dehydrogenation (Scheme S2).

The full catalytic cycle can be described by two mechanistic pathways. Both involve an
initialization of a V-O bond of [(=S10)3V] by a C-H activation of propane, giving V-propyl
species and an adjacent SIOH group. The next step is comprised by a B-H transfer to give a V-
H and a coordinated propylene. Following a new activation of C-H of propane, the products
(propylene and hydrogen) are released. The latter reaction scheme has previously been
reported for supported metal hydride catalysts.”®’” The second mechanistic pathway may
involve cleavage and reconstruction of the V-H species with propylene coordinated, resulting
in direct product release and regeneration of the tripodal species, as described for the
chromium(III) system.”® This mechanism has been earlier proposed in several reports. Firstly,
Harlin et al. who observed that the reduced V2Os based catalyst has an enhanced activity in
non-oxidative dehydrogenation of n-butane and i-butane, suggested that the reduced states of
vanadium (V™) or V) are more active.” Moreover, Chen et al. have revealed the presence
of VD a5 a V,0; phase by XRD after the dehydrogenation of ethylbenzene under nitrogen at
550 °C.% In addition, Takahara ef al. have studied the hydrogen treatment of silica supported
V»0s, and suggested that a cleavage of V-O bonds has occurred with the formation of V-O-H
sites adjacent to the VAV)/VUID possible hydrides.®! Hence, the VIV/VUD gpecies are most
likely responsible for the dehydrogenation whereas VO-H acidic sites are believed to trigger
the formation of carbonaceous deposit which increases with time on stream. Advanced
operando techniques and theoretical calculations should offer additional insights on the

reaction mechanism (Scheme S3).

134



Conclusion

In conclusion, supported oxovanadium(V) complexes were prepared by surface
organometallic chemistry from the grafting of the molecular complex [V(=0)(OrBu)s], (1),
onto  SiOz200 and SiO2700, leading to materials exhibiting bipodal species
[(=Si0)2V(=0)(07Bu)] on SiO2200 (2) and monopodal species [(=SiO)V(=0)(OrBu)2] on
Si02-700 (3). They were fully characterized by elemental analysis, IR, UV-Vis, solid state
NMR ('H, 13C, 5'V) and XANES. A new original method has been developed in this work for
the preparation of supported tetrahedral vanadium oxo tripodal species [(=Si0);V(=0)] via a
thermal treatment of the grafted species, triggering B-H transfer and isobutene release. In
addition to the characterization of all these tripodal species by mass balance analysis, IR, UV-
Vis, solid-state NMR ('H) and XANES spectroscopy, the characterization by >'V MAS NMR
allowed the confirmation of the chemical isotropic shift of tripodal V at -670 ppm, which is in
agreement with recently reported results. The catalytic behavior of the resulting tripodal
species was evaluated in the direct dehydrogenation of propane to propene, with a high
activity and propene selectivity compared to a classical V20s/SiO> catalyst, prepared by
aqueous impregnation of vanadium salts. Thus, site isolation proved to have a beneficial
impact on the catalytic performances of these materials when compared to conventional
catalysts. In particular, regarding the gradual deactivation of the catalyst generally reported
and attributed to the formation of carbonaceous species, this phenomenon was bearly
observed in our case compared to the conventional V,Os supported on silica catalyst, which

presents V-O-H acidic sites responsible for the coke formation.
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Supporting information
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Figure S1. NMR spectra of [V(=0)(O7Bu)s] molecular complex: Left: 'H (di=1 s) and Right:
BC {'H} (di=10).
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Figure S2.°'V NMR spectrum of [V(=0)(OrBu)s;] molecular complex (di= 1s).
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Figure S3. 'H MAS NMR spectra, Left: V(=0)(OrBu)i/SiO2200 and Right:
V(=0)(0rBu)3/Si02-700 (11.7 T, 10 kHz MAS, di=5 s)
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Scheme S1. Partial condensation of V-OH with the remaining silanols, leading to the
formation of tripodal V oxo and water
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Scheme S2. Formation of tripodal active species after activation of propane and release of
water
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Abstract

Ga;03 supported on alumina is reported to be an effective catalyst in propane
dehydrogenation (PDH). Its catalytic activity is attributed to the presence of isolated Ga sites,
while Ga oligomers are reported to be less active and their formation responsible for
deactivation of the catalyst. In this work, we report the preparation and characterization of a
highly active and stable single-site catalyst for propane dehydrogenation consisting of Ga ions

dispersed on alumina using surface organometallic chemistry. Supported Ga'

complexes
were prepared by grafting [Ga(O'Bu)s]2 onto AlxO3.500 and SiOs-700. On alumina, the surface
reaction leads to monopodal [(=Al0)Ga(O'Bu).] (I), while on silica a dimeric site
[(=Si0)2Gax(OBu)4] (II) is formed. Species I and II were fully characterized by elemental
analysis, IR, solid-state NMR ('H and '*C) and XAS. The catalytic PDH activity and stability
of I was better than that of II, showing that isolated Ga sites are more active and stable than
dimeric Ga sites. Thermal treatment of I leads to the formation of tripodal [(=A10)3Ga] (I1I),
proposed in the literature to be the active species in propane dehydrogenation. Its structure
was confirmed by DRIFTS, 'H MAS NMR and XAS. The catalyst showed much better
stability as function of time on stream compared to [(=Al0)Ga(‘Bu):], suggesting that the
isolated sites and tripodal structure of III limit deactivation by coke formation and/or Ga

reduction. The structural evolution of [(=Al0)Ga(‘Bu).] monitored by operando XAS during
PDH confirmed that it is more susceptible to reduction of Ga(Ill) to Ga(I), compared to III.

Introduction

The petrochemical and polymer industries are experiencing increased demand for propylene.
The worldwide demand for propylene is expected to surge to 135 million tons in 2025, due to
its diverse use in the large-scale production of polypropylene, acrylonitrile, and propylene
oxide.' Steam cracking (SC) of light naphtha and fluid catalytic cracking (FCC) are the main
traditional routes to produce propylene. The increased demand for propylene currently
exceeds the capacity of these existing processes to satisfy the prediction expansion of growth
in coming years.>* This situation has inspired the development of alternative approaches for
these processes. Hence, on-purpose technologies (OPT)’ are used to boost propylene’s
production such as olefin metathesis®, methanol to olefins’ and propane dehydrogenation
(PDH).® Among them, PDH is of a paramount importance from the industrial point of view

due to its high selectivity toward propylene obtained from a cheap feedstock of saturated
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hydrocarbons, in particular propane from shale gas.®!° Indeed, many catalysts were widely
studied for both oxidative and non-oxidative propane dehydrogenation reaction. Oxidative
dehydrogenation reaction is exothermic where an oxidant, should be present during the
reaction.!! This process suffers from a low selectivity for propene compared to the non-
oxidative dehydrogenation due to the formation of oxygenated molecules like CO2 and CO.!!~
3 The non-oxidative dehydrogenation reaction is known to be endothermic and requires
therefore, high operating temperature (> 550°C) in order to obtain a high conversion.'*!6
Increasing the temperature usually leads to undesired reactions such as cracking, coke
formation and restructuration of the catalyst (incorporation of the metal in the support or
change in the oxidation state of the metal).!”!® To date, the market is dominated by two
industrial processes for non-oxidative dehydrogenation, Oleflex® (UOP) and Catofin® (ABB
Lummus), using Pt-Sn/ALOs; and CrOy/AlLOs, respectively.!”?® Oleflex®, employs low
loading of noble metal Pt and operates at very high T °C and P (520 to 700 °C with 1-3 bar).
In order to access a high selectivity toward propene and afford a high stability, Pt catalysts
must be alloyed with promoters such as Sn. However, the deactivation is still observed and a
frequent regeneration is required which results in a gradual loss of the catalyst’s activity and
stability.?! On the other hand, Catofin® technology explores high loading of chromium oxides
(18-20 wt%) supported on alumina, which operates at high temperatures ranging from 575 to
625 °C at reduced pressures (0.2 to 0.5 bar). The catalyst is often regenerated to overcome the
deactivation from coke formation due to the high operating temperature and the presence of
acidic sites (CrOx). The short lifetime of the catalyst is also affected by the incorporation of
Cr in alumina, the formation of clusters on the surface and the change of Cr®"/Cr*" ratio on the
surface.”? To overcome the aforementioned issues, it is important to develop catalysts based
on non-noble and non-toxic metals with low loading. Regarding the catalyst composition and
preparation as well the operating conditions, many catalysts based on non-noble metals®*~°
have been evaluated for light alkane dehydrogenation. Supported metal oxide species, such as
GaOx,?7?% VOx,2> FeOx,*! CoOx,*? SnOx,* ZnOx,** and ZrOx>* were widely studied in that
manner. The catalyst composition of these metal oxides is highly dependent of the metal
loading, the nature of the support and the preparation methods. The classical preparation
methods including impregnation and sol-gel processes using salt precursors, leads to the
formation of mono, di or oligomeric species that can under high temperature become volatile
and poisoning for the catalyst’s activity and lifetime.**® In classical heterogeneous catalysts,

it has been reported in literature a low concentration of the active sites resulting from these
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preparations methods, hampering their characterization, as well as mechanistic analysis of the
catalytic reaction, including the initiation and deactivation steps. This was confirmed in the
case of GaOx-based catalysts prepared from gallium nitrate, especially with high loading of
metal, that deactivates due to the reducibility of Ga (III) to Ga (I) and coke formation resulting
in a low stability.’ Recently, it has been reported that the presence of COz or H>O in co-feed
during PDH, can lead to high stability of the catalyst, attributed to the re-oxidation of Ga(I)
sites and removal of coke formation.>**! Hence, to overcome this issue, it is of a paramount
importance to immobilize isolated Ga species on the support with low loading of metal and
different coordination sphere, that can lead to high active and stable catalyst, with high
concentration of active sites.

Recently, we developed a strategy to access to well-defined single-site Ga catalyst using
surface organometallic chemistry (SOMC). Previously, [Ga(iBu)s;] was grafted onto alumina
and silica and the structures of the resulting species were characterized by various techniques.
Their PDH activity showed that the monomeric species obtained on Al,O3 is more active than
the dimeric species obtained on SiO.. Both of them showed high selectivity (90%) in
propene.*? These results revealed that the Ga isolated sites on alumina are more promising
than the supported GaOx prepared by classical methods. However, a gradual deactivation was
observed in the case of [Ga(iBu)3] on alumina, probably due to the formation of Ga (I), since
there was no evidence of coke formation.

Although the PDH mechanism is still debated,* the active sites are suggested to be isolated
tripodal (M>") species.***® The mechanism proposed was based on the work reported on Cr
based catalysts by Sindre et al.,** involving a C—H activation of propane on the Ga—O pair
site, leading to the formation of a Ga—propyl intermediate and an OH group by c-bond
metathesis, followed by a B-hydride elimination, resulting in a Ga-H site and propylene. The
tripodal Ga active sites is regenerated after release of propene and H» (Scheme 1). Hence, it is
believed that C-H activation happens across Ga-O bond,*’ and is probably more favorable at
[-Ga-O-Al-] sites relative to [-Ga-O-Si-] sites, which can explain the difference in the
catalytic results between [Ga(iBu)s] on alumina and silica. In fact, the C-H bond activation of
propane can take place via heterolytic splitting on highly reactive and ionic Ga-OAl and is
more favorable compared to neutral Ga-OSi. Another parallel pathway was proposed based on
C-H bond activation of propane on the generated Ga-H, intermediate active species, followed
by a B-H elimination leading to the release of H> and propylene. The latter intermediate
species (Ga-H) can undergo a reductive elimination leading to the formation of HO-Al and Ga
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with oxidation state (I), inactive species in PDH. This pathway can be responsible for the

deactivation observed during the catalytic dehydrogenation of propane on Ga based catalysts.
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Scheme 1. Proposed PDH mechanism based on Ga

Since Ga tripodal species is proposed as an intermediate in the mechanism, we suggested the
preparation of this surface species by using an appropriate molecular precursor that would
allow us to generate well-defined isolated active sites of gallium. Hence, preparing an isolated
gallium species with three oxygens atoms in its environment would decrease the possibility of
reduction and would inhibit the gradual deactivation during PDH, a phenomenon previously
seen in the case of [Ga(iBu);] on alumina. Thus, using SOMC on oxides combined to
thermolysis has proven to be a powerful method to generated isolated well-defined surface
species.*84

In this context, we describe the synthesis of tris-alkoxide gallium precursor, [Ga(OfBu)s]»
followed by a grafting on alumina and silica for the generation of isolated single site species.
The resulting species were characterized by DRIFT, solid-state NMR ('H and '3C), XAS and
mass balance analysis. After comparison between the effect of supports, a better catalytic
performance was obtained on alumina than on silica. Thus, the grafted [Ga(OsBu);] on

alumina was then treated by thermal treatment to afford Ga tripodal species, and was

characterized as well by DRIFT, solid-state NMR ('H and '°C), XAS and mass balance
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analysis. In order to compare the effect of ligand and local structure of Ga on the surface,
[Ga(iBu)3] on alumina was also prepared and similar results were obtained compared to the
previous work.*> The catalytic performance of the tripodal Ga on alumina was furthermore
compared to [Ga(iBu)s] and [Ga(O7Bu)s;]> on alumina in PDH using the same conditions.
XAFS Operando has been used in order to understand the high stability of Ga tripodal,
(=A10)3Ga, compared to [Ga(iBu)s] on alumina, [(=A10)Ga(iBu)].

Experimental Methods

General procedures

All experiments were carried out under a controlled atmosphere, using Schlenk and glove
box techniques for organometallic synthesis. The synthesis and handling of supported species
were carried out using high-vacuum lines (ca. 1 mPa) and glove boxes. Pentane was distilled
from Na-benzophenone and NaK-benzophenone and degassed using freeze-pump-thaw
cycles. OH titration was performed by reaction between the support and excess Al'Bus,
(which reacts quantitatively with surface hydroxyl groups on AlO3.500°° and on SiO2-700)°!
followed by GC quantification of the liberated -BuOH and isobutene.
Preparation and characterization of Ga(iBu)s/y-Al2O3-500

Following a previously reported protocol,*> a mixture of [Ga(iBu)s] (200 mg, 0.80 mmol)
and y-AlxO3.500 (1.0 g) in pentane (10 mL) was stirred at 25 °C for 4 h. After filtration, the
solid was washed 5 times with pentane. The washing fractions and volatiles were transferred
to another reactor to quantify i-BuH evolved during grafting by GC. The resulting white
powder was dried under vacuum (1 mPa) at 25 °C for 15 h. Elemental analysis: Ga 1.97 wt%,
C 2.85 wt%.

Preparation and characterization of [Ga(O7Bu)s]2

The synthesis of the (tert-butoxy)gallium(IIl) dimer was achieved in 68 % yield from a
mixture of [Ga(NMe:)3] and #-BuOH in hexane for 48 h, as described in the literature.>> After
purification in CH,Cly, its dimeric structure was confirmed by the 'H NMR signal at 1.6 ppm
and two '*C NMR signals at 78.5 and 32.1 ppm, characteristic of the bridging u-OCMe;
ligand (Figure S1).

Preparation and characterization of Ga(O7Bu)s/y-Al2O3-500 (I)
A mixture of [Ga(O7Bu)s]> (200 mg, 0.70 mmol Ga) and y-Al>O3-500 (1.0 g) in pentane (10
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mL) was stirred at 25 °C for 4 h. After filtration, the solid was washed 5 times with pentane.
The washing fractions and volatiles were transferred to another reactor in order to quantify the
t-BuOH evolved during grafting by GC using n-octane as an internal standard. The resulting
white powder was dried under vacuum (1 mPa) at 25 °C for 15 h. Elemental analysis: Ga 1.97
wt%, C 2.85 wt%.

Preparation and characterization of [Ga(O7Bu)s]2/SiO2-700 (IT)

A mixture of [Ga(O7Bu)s]> (200 mg, 0.70 mmol Ga) and SiO2.700 (1.0 g) in pentane (10
mL) was stirred at 25 °C for 4 h. After filtration, the solid was washed 5 times with pentane.
The washing fractions and volatiles were transferred to another reactor in order to quantify
‘BuH evolved during grafting by GC using n-octane as an internal standard. The resulting
white powder was dried under vacuum (1 mPa) at 25 °C for 15 h. Elemental analysis: Ga 3.7
wt%, C 6.1 wt%.

Preparation and characterization of tripodal Ga/Al>O3.500 (I1T)

Tripodal Ga species on AlOs.s00 (III) was obtained by thermal treatment of
Ga(0OrBu)3/Al03.500 (I) under vacuum at 300 °C for 2 h. Isobutene evolved during the
process was collected in liquid N2 cold trap for characterization by GC using n-octane as an

internal standard

Analytical and Spectroscopic Procedures.

Elemental analyses were carried out under air-free conditions by Mikroanalytisches Labor
Pascher, Remagen (Germany). Gas analyses were performed on a Hewlett-Packard 5890
series Il gas chromatograph, equipped with a flame ionization detector and an HP PLOT
KCI/ALO3 column (50 m % 0.32 mm). Diffuse reflectance IR spectra were collected in an air-
tight IR cell equipped with CaF> windows, using a Nicolet 6700 FT-IR spectrophotometer and
recording 64 scans at 4 cm™! resolutions.

Solid-state NMR spectra were acquired on Bruker Avance 500 and Bruker Avance 111 800
spectrometers ('H: 800.13 MHz, >’Al: 208.50 MHz). For "H NMR experiments (18.8 T), the
spinning frequency was 20 kHz, the recycle delay was 10 s, and 16 scans were collected using
a 90 ° pulse excitation of 2.25 us. The *C CP-MAS NMR spectrum was obtained at 11.74 T
using the CP-MAS pulse sequence and high power 'H decoupling at an RF field amplitude of
70 kHz. The spinning frequency was set to 10 kHz.

Ex situ XAS (EXAFS and XANES) spectra at the Ga K-edge (10,367 keV), were acquired at
room temperature at ESRF on beamline BM23. A pair of Si(111) crystals was used as
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monochromator and a system based on total reflection through a double X-ray mirror with an
incidence angle variable from 2 to 5 mrad for harmonic rejection.>® Spectra were recorded in
transmission mode, between 10.1 and 11.4 keV. Four scans were collected for each sample.
Each data set was collected simultaneously with a W metal foil reference (Lm edge at
10,206.8 keV: maximum in the first derivative), for energy calibration. Supported Ga
materials were loaded in an Ar-filled glovebox iton a sample holder equipped with air-tight
Kapton windows. Data analyses were carried out using the program “Athena™* and the
EXAFS fitting program “RoundMidnight”, from the “MAX” package,” using spherical
waves. The program FEFF8 was used to calculate theoretical phases, amplitudes and So’ value
based on model clusters of atoms.’® Refinements were carried out by fitting the structural
parameters Nj, Ri, and oi for each shell, and the energy shift, AE, (constrained to be the same
for all shells).

Quick XAS spectra were recorded at the Ga K-edge (10,367 eV) on beamline 2-2 at the
Stanford Synchrotron Radiation Lightsource. It operates at 3.0 GeV with a current of 500 mA.
Data were acquired in transmission mode, using a double crystal monochromator (Si(220) ¢ =
90 °) and N-filled ionization chambers as detectors. For energy calibration, a W foil (L-
edge, 10,207 eV) was placed after the second ionization chamber following the incident beam
direction. Ga'Bus/ALLO;s (approx. 33 mg, Ga 1.97 wt%)** was loaded into an air-free in-situ
XAS cell consisting of a thin-walled quartz capillary (Hilgenberg GmbH, 100 mm length, 3
mm O.D.) and held in place using quartz wool, inside an Ar-filled glove box.’’ The sample
was pretreated thermally in flowing He (30 mL/min) and cooled in the same atmosphere. Four
consecutive Quick XAS scans (92 s each) were recorded at 550 °C in flowing propane (2

mL/min, diluted in 8 mL/min He) to improve S/N.

XAS data were processed and analyzed using the Demeter software package.>* A linear
function was subtracted from the pre-edge region, then the edge jump was normalized using
the Athena program. The y(k) data were isolated by subtracting a smooth, third-order
polynomial approximating the absorption background of an isolated atom. The k*-weighted
y(k) data were treated with a Hanning window function, then Fourier-transformed. The
distances to the scattering atoms (R;) and mean-squared displacements (ci?) were obtained by
non-linear fitting with least-squares refinement of the EXAFS equation to the Fourier-
transformed data in R-space, using the Artemis program. To simulate the EXAFS spectra of

individual paths, crystallographic information files were imported into Artemis. EXAFS
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spectra were generated using FEFF6.>* Principal component analysis and linear combination

fitting were conducted using the Athena software.

Online Mass Spectroscopy. An online mass spectrometer (Hiden QGA) was connected after
the in-situ XAS cell to monitor the gas products released during the reaction. lons with m/z =
2,4, 17,28, 30, 32, 41, and 44 were scanned using a Faraday detector, while ions with m/z =
16, 39 and 43 were scanned using a SEM detector. The temperature was measured and

recorded simultaneously.

Reactivity testing

The reactivity of the supported catalysts in propane dehydrogenation was evaluated in a
stainless steel, continuous flow reactor. The catalysts (50-100 mg) were diluted in SiC
(Strem), affording a final catalyst bed mass of 2.5 g. Catalysts were loaded into the reactor
inside a glovebox, and protected from the ambient atmosphere by a 4-way valve. Lines were
purged extensively with the reaction gas prior to its introduction into the reactor. The catalyst
bed was heated to 540 °C in flowing Ar (4 mL/min) before admitting propane (99.95 % Air
Liquide, < 20 ppm propene). The molar flow rate was constant at 1.7 molcs-molg,™ -min’!, at
Piotat = 1 bar, T = 540 °C, total flow rate = 5 mL min™' (20 vol% propane in Ar). The feed gas
was purified by passage through a column containing molecular sieves and activated
Cu20/AL O3, and the flow rate controlled by a Brooks mass flow controller. Products were
determined by online GC (HP 6890, equipped with 50 m KCI/Al,Os; column and an FID).

Conversion was calculated based on calibration curve of all elements.

Results and discussion
Grafting [Ga(O7Bu)s]; with alumina dehydroxylated at 500 °C (I)

In order to leverage our previous results on extensive characterization of alumina and
alumina-supported catalysts, we selected a y-alumina partially dehydroxylated at 500 °C to
afford AlO3-500 . It has a B.E.T. surface area of 200 m?.g™! and a surface hydroxyl density of
ca. 2.0 nm? (0.65 mmol g).>° These hydroxyl groups are potential sites for protonolysis of
organometallic complexes. In addition, the thermal treatment of fy-alumina generates
coordinatively-unsaturated, Lewis acidic Al sites that are electrophilic and therefore,

potentially reactive towards organometallics either during grafting or in subsequent surface
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reactions. For example, grafted fragments such as (AlO)3;.,Al(i-Bu), (n = 1, 2) undergo
isobutyl group transfer to neighboring cus sites.>!

Partial consumption of surface hydroxyl groups was observed when either [Ga(iBu);]* or
[W(=CBu)(CH27Bu);]*! were grafted onto this alumina. In these cases, only the terminal
hydroxyls present on tetrahedral aluminum sites reacted with the W and Ga complexes, while
with aluminium complex, all hydroxyl groups react. Hence, the reactivity of the surface
hydroxyls of alumina is highly dependent on the nature of the organometallic complex.® It is
reasonable to believe that this reactivity is related to the oxophilicity of the metal. Thus,
gallium complexes bearing different ligands (e.g., alkyl or alkoxide) may show the same
reactivity towards alumina.

Grafting of dimeric [Ga(OrBu)s]> onto AlOs.s00 was carried out by impregnation from
pentane at room temperature to give Ga(OfBu)s/Al,03-500 (I). As for [Ga(iBu)s] grafting,*?
DRIFT spectroscopy reveals a partial consumption of the hydroxyl groups (Figure 1). The
remaining hydroxyls groups are probably due to their lower reactivity with Ga complexes as
observed in the case of Ga(iBu); on alumina. Simultaneously, new bands appeared in the
ranges 3000-2800 and 1500-1300 cm™, corresponding to vibrational modes typical of the C-H
stretching and bending modes of tert-butoxy ligands.
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Figure 1. DRIFT spectra of AbOs3.500: (a) before, and (b) after reaction with [Ga(O7Bu)3]> in
pentane at 25 °C, affording Ga(OrBu)3/Al203-500 (I)
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Elemental analysis of I revealed Ga and C contents of 1.97 and 2.78 wt%, respectively,
corresponding to a C/Ga molar ratio of 8.2. Since the amount of grafted Ga corresponds to
0.28 mmol/g y-alumina, and the original surface hydroxyl concentration was ca. 0.65
mmol/g,>° the grafting stoichiometry Ga/OH is 0.43. Similar to [Ga(iBu)s], the reactivity of
[Ga(OrBu)3]» toward the various surface hydroxyls is lower than that of Al(iBu)s, confirming
that the reactivity of Ga complexes is independent of the nature of the ligands. GC analysis
confirmed the release of 0.8 ~-BuOH/Ga. Hence, the results suggest formation of monomeric
[(=A10)Ga(OrBu).] via the protonolysis of a Ga-OfBu bond by a surface hydroxyl group. A
similar surface reaction was reported for Ga(iBu)s/Al2O3-500.

More detailed information about the Ga coordination environment in I was obtained using
solid-state NMR techniques. The "H MAS NMR spectrum shows one intense, broad signal at
1.3 ppm assigned to CH3 protons (Figure 2, a). The '*C CP/MAS spectrum consists of two
signals at 72 and 31.1 ppm. They are assigned to quaternary C and CHj3, respectively, of the
tert-butoxide ligands (Figure 2, b). The broad intensity between 65 and 80 ppm in *C signal
of quaternary carbon of tert-butoxide ligand does not allow to conclude about the structure of
the resulting species. To gain additional information on this structure, I was then

characterized using Ga K-edge EXAFS.
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Figure 2. Solid-state NMR spectra of Ga(O¢Bu)3/Al:03-500: (a) '"H MAS NMR (11.8 T, 10
kHz, di = 10 s), and (b) *C CP-MAS NMR (11.7 T, 10 kHz, d; = 2 s).

The XANES of [Ga(OrBu)s]> supported on alumina is shown in Figure 3. The edge, at
10374.5 eV and the intense white line at 10376.5 eV, are characteristic of Ga(IIl) surrounded
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by oxygen donor atoms.*” For comparison, [Ga(iBu);] grafted on alumina, with one oxygen
donor atom and two carbon donor atoms, has a lower Ga K-edge at 10,370.5 eV, followed by
a broad, unstructured peak with a maximum at 10,371.5 eV. The XANES is therefore

sensitive to the nature of the ligands around Ga.
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Figure 3. Comparison of Ga K-edge XANES for [Ga(O7Bu)3]2/SiO2700 (red) and
Ga(0OrBu)3/Al>03500 (blue).

The EXAFS of I agree with a monomeric structure (Figure 4, Table 1). The second peak in
the Fourier transform (maximum in R-§ at ca. 2.55 A) is satisfactorily fitted with a
combination Ga-C and Ga-Al paths. This contrasts with the EXAFS of II on silica (see

below).

EXAFS FOURIER TRANSFORM

——Experimental
----- Simulated

IF(R)]
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Figure 4. Ga K-edge EXAFS of Ga(OrBu);/Al,Oss00 in k’-weighted k-space (left) and
Fourier transformed R-space (right). Solid lines: data; Dashed lines: curvefit (spherical wave
theory).
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Table 1. Ga K-edge EXAFS curvefit parameters® for Ga(O/Bu)s/Al2O3-500

Type of neighbor N R (A) o* (A%

number of neighbors

Ga-0, 3.3(4) 1.825(12) 0.0057(11)
Ga-0; 0.5(2) 1.96(7) 0.0059(36)
Ga--C 1.6(9) 2.98(5) 0.0048(35)
Ga-—-Al 1 3.60(28) 0.069(62)

 Single-scattering theory; values in parentheses represent the errors generated in RoundMidnight). Ak:
[1.2-14.0 A']- AR: [0.3 - 3.4 A]; So> = 0.96; AEy = 4.7 = 0.7 eV (global fit parameter); Fit residual: p = 5.8 %;
Quality factor: (Ay)*/v=3.09 (v=15/27).

The curvefit is consistent with ca. three short Ga-O distances at 1.825(12) A and less than one
longer Ga-O distance at 1.96(7) A. This agrees with a structure similar to that of monomeric
molecular [Ga(OBu)3;(HNMe,)], characterized by single-crystal XRD. This complex has a Ga
center coordinated by three O atoms at distances in the range [1.797 - 1.824 A] and one N
atom at 2.022(2) A (Scheme 2).>? The fit was improved by including more backscatterers,
namely ca. two C atoms at 2.98(5) A and one Al atom at 3.60(28) A.
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Scheme 2. Comparison of the structure of monomeric molecular Ga(O7Bu);(HNMe>),
determined by single crystal XRD,*” and the structure of Ga(O#Bu)3/Al,Os.500 consistent with
the EXAFS.

Previously we reported that grafting of mononuclear [Ga(iBu);] onto AlO3.500 results in a

similar mononuclear surface species by protonolysis. Hence, the structure on alumina is
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monomeric, independent of the nuclearity of the molecular precursor or the type of ligand

(alkyl or alkoxide), Scheme 3.

O— . OH O/AIQO\,,N Ga__ o
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Scheme 3. Grafting of either [Ga(iBu)3] or [Ga(O7Bu)s]> onto Al2O3.500 leads to monomeric
species.

Grafting [Ga(O7Bu)s|: onto silica dehydroxylated at 700 °C (II)

We also investigated the reactivity of [Ga(O¢Bu)s]> towards silica. This amorphous silica was
partially dehydroxylated at 700 °C under high vacuum (10 mbar). The resulting SiO2-700

features non-interacting silanols (IR peak at 3747 cm™!

, Figure 5) with an average density of
0.70 nm?, corresponding to 0.27 mmolon g'.°>” The reaction of [Ga(OrBu)s]> with SiO2-700
completely consumes the silanols. The retention of some tert-butoxide ligands in II is
evidenced by the appearance of characteristic C-H stretching and bending bands in the range
3000-2800 cm™ and 1500-1300 cm™, respectively. The amounts of Ga and C, quantified by
elemental analysis, are 3.7 and 6.1 wt %, respectively, representing a molar ratio of 9.6 C/Ga.
The amount of Ga corresponds to 0.528 mmolGa/gsilica, relative to an initial silanol surface
density of 0.27 mmolon/g, for a Ga/OH ratio of 1.95. Furthermore, GC analysis confirmed the
release of 0.47 +-BuOH/Ga during grafting. DRIFTS and the mass balance therefore suggest
that, while protonolysis leades to a dinuclear site as the major surface species on SiO2.70o.

Consequently, the structure resulting from grafting [Ga(O7Bu)s]> onto silica differs from that

obtained on alumina (vide supra).
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Figure 5. DRIFT spectra of SiO2.700: (a) before, and (b) after reaction with [Ga(O7Bu)s]> in
pentane at 25°C.

The 'H MAS NMR of II is similar to that obtained for I, consisting of a signal at 1.4 ppm
corresponding to the CH3 protons of the tert-butoxide ligands (Figure 6, a). The *C CP MAS
spectrum of II is more informative about the local Ga environment. In addition to the signal at
31.1 ppm attributed to the methyl group of tert-butoxide ligand, the spectrum contains two
resolved peaks at 71.6 and 78.6 ppm, attributed to the quaternary carbons (OCMes) of
terminal and bridging tert-butoxide ligands, respectively (Figure 6, b). Thus *C MAS NMR
supports a dimeric structure for the product of grafting [Ga(O¢Bu)s]> onto SiO2-7¢o.

a) b)
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Figure 6. MAS NMR of [Ga(O#Bu)3]2/SiO2-700: Left: '"H (11.8 T, 10 kHz, di= 10 s) and
Right: 1*C CP, revealing the retention of the ligands on the surface. (11.7 T, 10 kHz, di=2 s)
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The average Ga coordination environment in [Ga(O7Bu)3]2/SiO2-700 was further studied by
XAS spectroscopy. The Ga K-edge at 10374.4 eV (maximum in the first derivative), with a
first maximum (intense white line) at 10376.1 eV, is characteristic of Ga(Ill) surrounded by
oxygen atoms (Figure 3).*” The EXAFS of Ga(OBu)3/SiO2-700 is shown in Figure 7 and Table
2. The prominent second peak in the Fourier transform (maximum in R- § at ca. 2.55 A) was
modeled as a Ga-Ga path, since a fit using a combination of long (non-bonded) Ga-O, Ga-C

and Ga-Si paths was unsatisfactory.

EXAFS FOURIER TRANSFORM
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Figure 7. Ga K-edge EXAFS in k’-weighted k-space (left), and Fourier transform (right,
modulus and imaginary part; distances uncorrected by the phase shift), for [Ga(O7Bu);]2/S10,.
700. Solid lines: Experimental data; Dashed lines: Fit (spherical wave theory).

Table 2. Fit parameters for the EXAFS of [Ga(OBu)3]2/Si02-700.

Path NP R (A) o* (A?)
number of
neighbors
Ga-Ox 2.0 1.773(7) 0.0033(9)
Ga-Op 2.0 1.90(1) 0.0048(14)
Ga-Ga 1.2(3) 2.91(1) 0.0063(8)
Ga-C 3.1(12) 3.15(6) 0.020(12)
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Ga-Si 0.5 3.41(5) 0.0043(30)

* Errors generated by the fitting program “RoundMidnight” are indicated in parentheses for each
variable parameter. Ak: [1.2 - 16.0 A']- AR: [0.4 - 3.6 A]; So> = 0.96; AE) = 4.7 + 0.5 eV (global fit
parameter); Fit residual: p = 2.8 %; Quality factor: (Ay)2/v=2.33 (v=19/32).

The EXAFS curvefit gives a short Ga-O path at 1.773(7) A (N = 2), a longer Ga-O path at
1.90(1) A (N =2 , and a Ga-Ga path at 2.91(1) A (N ~ 1). The distances resemble those for
dimeric [Ga(u-OCMezEt)(OCMe;Et)2]2, a molecular compound characterized by XRD, in
which the average Ga-Ogerminal and Ga-Obridging distances are 1.773 + 0.007 A and 1.914 +
0.004 A, respectively, and the Ga--Ga distance is 2.927 + 0.004 A (Scheme 4).>> Moreover,
the EXAFS curvefit was improved by including a Ga-C path at 3.15(6) A and a Ga-Si path at
3.41(5) A. The latter presumably arises from one of the two Ga atoms which is anchored onto

silica.

DRX

Scheme 4. Comparison of the dimeric structure of molecular [Ga(p-OCMezEt)(OCMe:Et); ],
determined by XRD,% with the structure of [Ga(OBu)3]2/SiO2-700 proposed by EXAFS.

Recently, we reported the grafting of [Ga(iBu)s] onto Si02-700, leading to a dinuclear species
with the empirical formula [(=Si0)3Gax(iBu)s], via a combination of ligand protonolysis by
surface hydroxyls and isobutyl group transfer from Ga to Si via reactions with strained
siloxane bridges. Thus, the materials obtained by grafting Ga complexes bearing either iso-
butyl or tert-butoxide ligands are both dinuclear, but have slightly different coordination
spheres (Scheme 5). Indeed, [Ga(OfBu)s]> with Ga-O bonds but not Ga-C bonds does not

transfer ligands to silicon.

162



Si g
0O'¢o e r e i w (
wie O\ ;) C.JNS“‘\()K ,O"ts"o o Ga: O ga ><
Q4o 07 oo Pentane, 25°C o L o Qo
“"'9 N /O WO‘)SI‘O entane, T Pentane, 25°C Si/ Cf\
anane o VL ]SO
S‘Wm}m w\gd Lo N

(1

Scheme 5. Grafting of [Ga(iBu)s] or [Ga(OrBu)s]> onto SiO2.700 leads to slightly different
dinuclear species.

In conclusion, mass balance analysis, DRIFTS, solid-state NMR and EXAFS show that
dimeric [Ga(OrBu)s]» exhibits different reactivity towards Al>O3.500 and SiO2-700, leading to
structurally distinct surface sites (monomeric on alumina, dinuclear on silica). The unexpected
formation of monomeric species on alumina is attributed to the greater basicity of oxygen
atoms on alumina, compared to silica. These oxygens are better ligands to Ga, stabilizing the

tetrahedral monomeric surface species.®

Catalytic propane dehydrogenation
The catalytic behavior of Ga(OrBu)s/Al203.500 (I) and [Ga(OrBu)3]2/SiO2-700 (II) was

evaluated in propane dehydrogenation. II exhibits low activity, with an initial conversion of
12 % (Figure S2). Fast deactivation occurs starting immediately, and ending with stable
conversion of 4.2 % after 400 min. After 1000 min, the major product is propene (87 %),
accompanied by the formation of methane (6.8 %), ethene (6 %) and traces of benzene (<1 %,
Figure S2). The by-products originate from propane cracking (vide infra) and a small degree
of aromatization. Similar activity and selectivity were reported for the dimeric species
obtained by grafting [Ga(iBu);] onto silica.*” A previously reported® Ga/silica catalyst
prepared by grafting of Ga[OSi(OrBu)s]; onto silica followed by thermal decomposition was
found to have mononuclear Ga sites. However, it showed virtually the same low propane

dehydrogenation activity, independent of ligand type or Ga nuclearity.

In contrast, the behavior of I is different from that of II. The initial conversion is 16 % at
early times on stream (Figure 8). However, after 1000 min, the conversion had decreased only
slightly to 14 %. The products consisted mainly of propene (90 %), with minor amounts of
methane (3 %), ethene (4 %), Cs (2 %) as well as traces (< 1 %) of ethane and benzene

(Figure S4). Thus, the alumina-supported catalyst is much more stable than the silica-
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supported catalyst. In order to study the ligand effect, we prepared [Ga(iBu)s] on alumina as
previously reported,*> and tested its performance in propane dehydrogenation. Monomeric
Ga(iBu)3/Alx03.500 exhibited an initial propane conversion of 22 % and gradually deactivated,
eventually stabilizing at 10 % conversion with a selectivity of 88 % toward propene (Figure
8). The global selectivity is shown as a function of time on stream in Figure S5. Thus

Ga(iBu)3/Alx0O3.500 1s less stable than I under reaction conditions.

In addition, we observed a better catalytic performance for monomeric Ga species on alumina
compared to dimeric Ga species on silica. This was previously reported in the case of
[Ga(iBu)3] on silica and alumina and could be attributed to the environment of the metal
depending on the support and Ga-M bond (M= Al or Si). In other terms, the presence of Al
around Ga seems more favorable than the presence of Si, resulting in an easier C-H activation
on [Ga-0-Al] site than on strongest sites [Ga-O-Si]. The effect of the support showed that the
selectivity in propylene is higher in the case of alumina compared to silica. This is probably
due to the formation of coke in the case of dimeric species on silica, resulting in the formation
of high amount of hydrogen leading to cracking and the formation of undesired products. This
was observed in the selectivity in the case of silica, revealing a decrease in the propylene,

while an increase of methane and ethene was observed.
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Figure 8. Comparison of (a) propane conversion, and (b) selectivity after 1000 min, in the
reactions of Ga(OrBu)3/Al203.500, 1 (m), [Ga(OrBu)3]2/Si02-700, 11 (@), Ga(iBu)3/Al203-500 (p)
and [Ga(iBu)3]2/SiO2-700 (q). Reaction conditions: 1 bar, 540 °C, total flow rate 5 mL.min"! (20
% propane in Ar)

In conclusion, Ga-based pre-catalysts supported on alumina give better results in propane
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dehydrogenation than Ga-based pre-catalysts supported on silica. The monomeric pre-catalyst
sites on alumina are more active and selective compared to the dimeric pre-catalyst sites on
silica. In addition, the ligands (alkyl vs. alkoxide) of the Ga pre-catalysts also affect the
catalytic activity and stability. To further understand the origin of this difference, we
synthesized the species proposed to be the PDH active site, tripodal [(=A1O)3Ga]. This
species (III) was characterized by DRIFTS, solid-state NMR, XAFS, and mass balance, and

its PDH activity was tested in the same reaction conditions.

Thermal treatment
Monomeric [(EAl0),Ga(OrBu)] was heated at progressively higher temperatures under

vacuum. The gas phase evolved was collected in a liquid N> cold trap. DRIFTS reveals the
total disappearance of vibrations in the range 3000—2800 cm ! and 1500-1300 cm!, assigned
to the v(CH), and 8(CHx) vibrations, respectively, of the perhydrocarbyl ligands, by 300 °C
(Figure 9). Silanol vibrations at 3800-3600 cm™!' reappear and become more intense at higher

temperatures.
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Figure 9. Spectra of Ga(OrBu)3/Al203500 (I) during controlled thermolysis at (a) room
temperature, and after heating for 2 h at (b) 100 °C, (c) 200 °C, (d) 300 °C, and (e) 500 °C, as
well as (f) ALOs.s00. Left: IR spectra. Right: 'H MAS NMR spectra (11.7 T, 10 kHz, di= 10

S).

The 'H MAS NMR spectrum of I show a similar evolution (Figure 9). The intense signal at
1.3 ppm attributed to the methyl groups of tert-butoxide ligands decreases in intensity upon
heating, and almost disappears by 300 °C. At high temperatures, there are two main features:

a rather sharp, high-field signal at -0.2 ppm, and a broader signal resulting from several
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overlapping signals at about 1.8 ppm. The latter has a low field shoulder from 3 to 4 ppm.

These signals are characteristic of surface hydroxyl groups of alumina.*°

The gas phase analysis by GC after thermal treatment at 300 °C revealed the formation of 1.9
isobutene/Ga, and traces of ~-BuOH. Formation of isobutene is triggered by B-H elimination
from a methyl group to form a hydroxygallium intermediate, followed by OH transfer from
Ga to Al with cleavage of Al-O-Al bonds, leading to AI-OH formation. These new surface
hydroxyls are associated with Al atoms having a variety of coordination numbers (Alr, Alv,
Alyi, Scheme 6) as revealed by DRIFTS and 'H NMR. Thermal treatment of metal complexes
bearing -OSi(O7Bu)s ligands was reported to lead to isobutene elimination at even lower
temperatures (100 - 150 °C) to form silanols, without assistance from other ligands.%
Recently, this strategy was used to prepare a tripodal oxovanadium on silica, which is a highly

active PDF catalyst.
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Scheme 6. Formation of tripodal gallium species III on alumina by elimination of tert-
butoxide ligands.

Based on characterization of III by DRIFTS, 'H MAS NMR, and mass balance, we infer that
thermal treatment of I leads to a tripodal Ga species, (=A10)3Ga, which is an intermediate in
the PDH catalytic cycle. Its structure was further investigated by Ga K-edge EXAFS (Figure
10, Table 3). The weak second peak in the Fourier Transform (maximum in R - 6 at ca. 2.75

A) was satisfactorily fitted using only Ga-O and Ga-Al paths.
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Figure 10. Ga K-edge EXAFS of Ga(O7Bu)3/Al20s.500, after a thermal treatment at 300 °C, in
k*-weighted k-space (left) and its Fourier transform (right, modulus and imaginary part;
distances uncorrected for phase shift). Solid lines: Experimental data; Dashed lines: Fit

(spherical wave theory).

Table 3. Curvefit parameters for the EXAFS of Ga(O7Bu)s/Al>O3.500 after thermal treatment

at 300 °C*
Path N R (A) o (A%
number of neighbors

Ga-O; 3 1.853(9) 0.0058(8)
Ga-O; 1 2.31(2) 0.0023(16)
Ga-O3 1 3.01(7) 0.0074(57)
Ga-Al 2 3.24(4) 0.0094(37)
Ga-Al 1 3.56(7) 0.0094®

@ Errors generated by the fitting program “RoundMidnight” are indicated for each variable
parameter in parentheses. Ak: [1.5 - 13.8 A'] - AR: [0.4 - 3.6 A; So*> = 0.96; AEy = 4.6 + 0.9 ¢V
(global fit parameter); Fit residual: p = 4.8 %; Quality factor: (Ay)*v = 3.39 (v = 17/27). ® Parameter

constrained to the value of the one above.

The fit returns a short Ga-O distance at 1.853(9) A (N = 3) and a Ga-O longer distance at

2.31(2) A (N = 1). This result is reminiscent of the structure of monomeric molecular

Ga(OrBu)3(HNMe,), characterized by XRD. In this complex, Ga is coordinated by three O
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atoms at distances in the range [1.797 - 1.824 A] and one N atom from the basic
dimethylamine at 2.022(2) A (Scheme 7).*° The EXAFS fit was improved by including
another Ga-O path at 3.01(7) A and two Ga-Al paths, at 3.24(4) and 3.56(4) A.
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Scheme 7. Proposed structure of Ga(O7Bu)3/Al>O3.500 after thermal treatment at 300 °C, based
on EXAFS.

Catalytic performance of (A10);Ga

The PDH activity of III was evaluated and showed similar behavior to I, with a maximum
conversion of 17 % at early times on stream (Figure 11) and minor deactivation resulting in
14.6 % conversion after 1000 min. The selectivity toward propene is high at 90 %, with small
amounts of the by-products methane (3.3 %), ethene (4.1 %), C4 (2%) as well as traces of
ethane and benzene (<1 %) (Figure S6). Thus it appears that when Ga(O7Bu)3/Al2O3.500 18
heated under Ar up to 540 °C, at a rate of 4 °C/min, active sites similar to tripodal Ga (III) are
formed. Furthermore, III exhibits similar catalytic performance (activity, selectivity and
stability), even after exposure to air (Figure 11, Figure S7). Similar to Ga(iBu)3/Al2O3.500 and
Ga(OrBu)3/AlbO3500  (Figure 8), tripodal Ga/Al2Os.s00 exhibits some initial deactivation
(Figure 12). The rate of deactivation slows significantly after 200 min. A high selectivity of

90 % toward propylene was recorded after 1000 min.
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Figure 11. Left: Comparison of propane conversion catalyzed by Ga(OrBu)3/Al2O3.500 (m)
and tripodal Ga/AlxOs3s00 (@), Right: Propane conversion by tripodal Ga/Al,Oss00 after
exposure to air at room temperature for 20 min. Reaction conditions: 1 bar, 540 °C, total flow
rate 5 mL. min"! (20 % propane in Ar)

Heating Ga(iBu)3/Al20s3.500 under Ar prior to introducing propane was expected to lead to the
same active Ga tripodal sites, by transfer of isobutyl ligand on alumina. However, the
catalytic behavior of Ga(iBu)3/AloOs.500 differs from that of tripodal Ga/Al,Os.500. Thus
Ga(iBu)3/Al203.500 may contain a mixture of Ga active sites. A site with higher activity may
deactivate faster, while another, less active site may be more stable. In contrast, III appears to
be a single site, based on its stability as a function of time. In order to confirm these
hypotheses, we studied the structural evolution of Ga(iBu)3/Al2O3.500 using operando XAS

during thermal treatment of the pre-catalyst under Ar, and during propane dehydrogenation.
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Figure 12. Comparison of propane conversion catalyzed by tripodal Ga/Al,O3.500 (m) and
Ga(iBu)3/AL2O3.500 (@) at 1 bar, 540 °C, total flow rate 5 mL min™' (20 % propane in Ar)
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EXAFS analysis of as-prepared Ga(iBu)s/Al203-500

Previously, the reaction of [Ga(iBu)s;] with alumina was reported to remove one isobutyl
ligand per Ga, resulting in attachment of the complex to the support via a Ga-O-Al linkage.
The EXAFS data, acquired at 10 K, were analyzed using a simple four-coordinate model,
[(EA10)Ga(iBu).], Scheme 8.4* In the first coordination sphere, a shorter path (N = 1) is
associated with the Ga-O bond at (1.89 + 0.01) A, in addition to a longer Ga-C1 path (N = 2)
at (2.07 + 0.02) A.** Longer paths that may contribute FT magnitude intensity from 2-3 A

include weakly-bonded surface O, as well as non-bonded Ga-C2 and Ga-Al back-scattering.
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Scheme 8. Proposed reaction of [Ga(iBu)s] with partially dehydroxylated Al>O3.500, resulting
in mononuclear, four-coordinate grafted Ga sites.*

In this work, the EXAFS of as-prepared Ga(iBu)i/Al203.500 was acquired at room
temperature. The data are consistent with the previously reported cryogenic data, Figure 13
and Figure S8, and the curvefit parameters are similar, Table 4. However, the Ga-C1 distance,
(2.00 £ 0.01) A, is slightly shorter in the fit of the room temperature data. It is still in the
range of Ga-CH»R distances, 1.97 —2.06 A, found in molecular organogallium complexes.%>-%*
A long Ga-O path at ca. 2.5 A, previously attributed to a weakly coordinated oxygen from the
ALOs3, was again included in the curvefit. When the fit was performed without this path, the

result is visually less satisfying and the R-factor increased from 1.7 to 3.5%, Figure S9 and

Table S1.
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Figure 13. Ga K-edge EXAFS (point) for Ga(iBu)3/Al2O3.500 recorded at room temperature
under He. The curvefit (line) includes a Ga-O path at ca. 2.5 A.

Table 4. Curvefit Parameters® for Ga K-edge EXAFS of Ga(iBu)3/Al203.500, recorded at room
temperature under He

Path d® A N¢ R/A o2/ A2

Ga-Ol 1863 1  1.86(2) 0.002(1)
Ga—Cl 2066 2  2.00(1) 0.002(1)
Ga—02 2585 1  2493) 0.0082)
Ga—-C2 2976 2 296(3) 0.008Q2)°

Ga— Al 3.325 1 3.24(4)  0.008(2)°

 S¢? was fixed at 1. AE, was refined as a global fit parameter, returning a value of (4 £ 1) eV. Data ranges: 3.0 <
k<13.0 A" 1.0 <R <32 A. The number of variable parameters is 8, out of a total of 13.8 independent data
points. The R-factor for this fit is 1.7 %. ® The Ga-O1 and Ga-O2 reference distances are from the crystal
structure of Ga,O3 and SrGa,B,07, respectively.®>°® The Ga-C and Ga-Al distances are from crystal structures of
organogallium compounds.®’*® © The coordination numbers were constrained to integer values, based on the
model. ¢ Constrained to the same value. ¢ Constrained to the same value.

Evolution of the organogallium sites observed by operando XAS

The Ga K-edge XAS of Ga(iBu)3s/Al2O3.500 was recorded as the sample was heated from room
temperature to 540 °C at 10 °C/min in flowing He, Figure 14, a. The initial edge position is
10,372.5 eV, with a maximum at 10,374.7 eV. For temperatures below 200 °C, the XANES

shows only minor changes, Figure 15, a. However, above 200 °C, the edge position shifts to
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higher energy, as the maximum at 10,374.7 eV is gradually replaced by a more intense peak at
10,376.8 eV, Figure 15, b. As the temperature approaches 450 °C, the edge position stabilizes
at 10,375.3 eV, Figure 15, c. Since Ga is initially in its maximum oxidation state, this edge
shift of nearly 3 eV must arise due to a change in ligand environment, such as replacing

isobutyl ligands with O-donor ligands derived from the alumina surface.
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Figure 14. (a) Evolution of the Ga K-edge XANES for Ga(iBu)i/Al203.500, recorded in
flowing He while ramping the temperature from 23 °C (red) to 550 °C (purple) at 10 °C/min.
Spectra in different temperature ranges are displayed in Figure 15 (b) Evolution of the Ga K-
edge absorbance with temperature
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Figure 15. Evolution of the Ga K-edge XANES for Ga(iBu)3/Al203.500, recorded in flowing
He while ramping the temperature from 23 to 550 °C at 10 °C/min: (a) 23 — 200 °C (red to
orange); (b) 200 — 450 °C (from orange to blue); (c) 450 — 550 °C (blue to purple).
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The volatile products released during heating were analyzed by online mass spectrometry.
From 100 — 450 °C, the major hydrocarbons include the expected isobutane (m/z = 43) and
isobutene (m/z = 39), as well as propane (m/z = 29) and propene (m/z = 41), Figure 16. All
appear simultaneously in this temperature range. Isobutane presumably forms by protonolysis
involving residual surface protons. Isobutene may form by (H elimination, in a reaction
resembling the thermal decomposition of GaRj; (R = Et, "Pr, "Bu),*’® and the reaction of Et
groups on the GaAs(100) surface.”’ The resulting hydride may also contribute to isobutane
formation by reductive elimination, although the edge position is not consistent with this
being a major pathway. Homolytic cleavage of the Ga-C bond is also known in organogallium
decomposition mechanisms, particularly at higher temperatures. One study reported slightly
lower barriers for homolysis relative to (H elimination for larger alkyl groups on
GaAs(100).”! However, these reactions also imply a reduction in oxidation state for Ga, which

is inconsistent with the XANES.
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Figure 16. Evolution of gas products released from Ga(iBu):/Al2O3.500 as a function of
temperature recorded by mass spectroscopy in flowing He and while ramping the temperature
from 23 °C to 550 °C at 10 °C/min.

Above 420 °C, few additional changes occur in the XANES, Figure 15,c. However, a weak
shoulder superimposed on the edge appears at 10,372.4 eV, seen more clearly in Figure S10
and Figure S11. Its emergence causes the intensity at 10,376.8 eV to rise slightly. In the gas
phase, signals for H> (m/z = 2) and methane (m/z =16) appear at higher temperatures, Figure
17. In principle, these products may arise via reductive elimination from [Ga"H,] and
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[Ga''{(H)(Me)] sites, respectively. However, such reactions would generate Ga(]) sites,’? and
since the edge position (10,375.3 eV) does not change significantly, it is unlikely that much
Ga(II) 1s reduced.

The non-phase-corrected FT-EXAFS for Ga(iBu)is/AlxO3.500 recorded at room temperature
contains two prominent peaks, at ca. 1.5 and 2.6 A, Figure 18. The peak intensity at ca. 1.5 A
initially decreases slightly as the temperature rises from 23 — 200 °C, then increases gradually
and shifts to a slightly shorter distance (ca. 1.3 A) as the temperature is raised to 450 °C,
Figure S12. These changes are consistent with the replacement of isobutyl ligands by oxygen-
donor ligands, since the value of d(Ga-O) = 1.89 A is shorter than d(Ga-C,) = 2.00 A. Above
100 °C, the peak at ca. 2.6 A becomes broader, then new features appear between 2.5 and 3.5
A. The wavelet-transform EXAFS reveals that the signal in the region 2.5 — 3.5 A becomes

stronger and more complex as the temperature is raised, Figure S13.

Figure 17. Evolution of the Ga K-edge EXAFS for Ga(iBu)s/Al203.500, recorded in flowing
He while ramping the temperature from 23 °C (red) to 550 °C (purple) at 10 °C/min.

Principal Component Analysis

The evolution of the XANES region for Ga(iBu):/Al2O3.500 from 23 to 550 °C was assessed
via principal component analysis (PCA). All 18 XANES spectra from 23 to 550 °C, covering
the region between 10,322 and 10,522 eV, were used to find the principal components. Just
two components account for 0.9990 cumulative variance (Figure 18, a). The first component

(variance 0.9776) consists of a rising edge followed by oscillations, similar to a XANES
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spectrum. Its primary role is to reproduce the edge jump. The second component (variance
0.0214) is predominantly a simple oscillation at 10,368 — 10,381 eV. The contributions of the

other components are minimal.

The spectra were reconstructed by linear combination fitting (LCF) of the first two PCA
components. Changes in the contributions of each component are shown as a function of
temperature in Figure 18, b. The contribution of the first component is unchanged over the
whole temperature range. The contribution of the second component decreases slightly from
23 — 200 °C, becomes negative at higher temperatures, then starts to increase again above 400
°C. These changes create variations in absorbance at 10,374.7 and 10,376.8 eV in Figure 14,
b.

The XANES reconstructions suggest that the evolution of Ga(iBu)3/Al2O3.500 from 23 to 550
°C can be represented primarily by a single, gradual process, i.e., the replacement of isobutyl
ligands with oxygen-donor ligands derived from the alumina surface. It occurs mostly
between 200 and 350 °C. The reconstructed XANES at 23 °C is a good match for the
experimental spectrum, Figure S14. However, the reconstructed XANES at 550 °C lacks
sufficient intensity at 10,378.6 eV and some of the post-edge oscillations. These discrepancies
indicate contributions from minor sites not represented by the 2-component PCA. Being a

bulk technique, XAS generally lacks sensitivity for minor sites.
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Figure 18. (a) The first five components extracted from principal component analysis of the
XANES for Ga(iBu)3/AlxO3-500, recorded as a function of temperature from 23 to 550 °C in
He. (b) Contributions of the first and second components used to reconstruct the experimental
XANES.
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EXAFS analysis of Ga(iBu)3/Al;O3.500 after thermal treatment

The structure of Ga(iBu)3/Al2O3.500 was reassessed after heating to 550 °C in flowing He.
During cooling to room temperature, the XANES of Ga(iBu);/AlO3.s00 almost remains
unchanged, while the EXAFS amplitude in k-space increases with no other changes in
appearance, Figure S15. Thus, the EXAFS after cooling reflects structural information about
the Ga species present at 550 °C under He. Two prominent signals appear in the k*-weighed
FT-EXAFS after the thermal treatment, Figure 19. In particular, the signal at 2.5 — 3.5 A is
much stronger than the one in as-prepared Ga(iBu)3/Al2O3-500, implying new features in the
interaction between Ga and the Al,O3 support. To simplify the model, we consider that no Ga-
C paths remain. The EXAFS curvefit of the region below 2 A suggests that Ga is 3-coordinate
with R(Ga-O) = 1.85 A, Figure 20, Figure S16 and Table 5. Including a second, slightly
longer Ga — O path did not improve the fit.
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Figure 19. Comparison of Mo K-edge FT-EXAFS for Ga(iBu)s/Al203.500, before (red) and
after (purple) treatment at 550 °C in flowing He. Both spectra were recorded at 23 °C.
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Figure 20. EXAFS (point) and curvefit (line) for Ga(iBu)3/Al20s3.500 after heating to 550 °C
under He and cooling to room temperature.

Table 5. Curvefit parameters® for Ga K-edge EXAFS of Ga(iBu)3/Al2O3.500 after heating to
550 °C in He and cooling to room temperature.

Path d® A N R/A o/ A2

Ga—0O1 1.803 3.02)¢  1.85(1)  0.004(1)
Ga—-02 2.772 1¢ 2.97(4)  0.006(1)¢
Ga—Al 3.511 3.02)¢  3.30(2) 0.006(1)¢

2 S* was fixed at 1. Data ranges: 3.0 <k < 13.0 A’ 1.0 <R <4.0 A. The number of independent data points is
18.9. AE, was refined as a global fit parameter, returning a value of (-1 + 2) eV. The number of variable
parameters is 8. The R-factor for this fit is 1.7 %. ® The Ga-O and Ga-Al distances were extracted from a
computational model for 3-coordinate Ga dispersed in Al,O3.7* ¢ N(Ga-O1) and N(Ga-Al) were constrained to the
same value. N(Ga-O2) was fixed at 1, based on the computational model.”* ¢ Constrained to the same value to
reduce the number of variables in the fit.

The broad signals from 2.5 — 3.5 A (Figure 19) suggest contributions from more than one path
in this region. Candidates include Ga-O, Ga-Al, and Ga-Ga single-scattering, as well as
multiple-scattering paths. Since surface heterogeneity complicates curvefitting in this region,
we attempted to use the fewest paths possible to describe the average environment of the
major Ga species. Including just one path (Ga-O, Ga-Al, or Ga-Ga) led to the conclusion that
the broad feature at ca. 2.9 A arises principally from a Ga-Al path (N = 3.0) at 3.30 A, Table
5. A computational model for Ga doped into AlO3 has a long (non-bonded) Ga-O path at
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2.77 A.”3 Including a similar Ga-O path in the curvefit (with N fixed at 1) resulted in a much
longer distance, 2.97 A. The Ga,Os crystal structure has several Ga-Ga paths at ca. 2.9 A.%
An attempt to include such a path (with N fixed at 1) in the curvefit returned a distance of
2.95 A and a large ¢°, 0.011 A2, Figure S17 and Table S2. Since the major contribution in this
region arises from the Ga-Al path, EXAFS curvefitting cannot definitely identify other
contributions. However, it seems unlikely that the initially mononuclear Ga site becomes
dinuclear during thermal treatment in an inert atmosphere, particularly since the Ga loading is
low (2 wt%).>* Therefore, we conclude that thermal treatment of Ga(iBu)s/AlLO3.500 in an

inert atmosphere forms primarily mononuclear 3-coordinate Ga sites, Scheme 9.

>"\Ga\ flowing He o—8a—0
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Scheme 9. Proposed evolution of Ga(iBu)3/Al203.500 during heating to 550 °C in flowing He
XAS of Ga(iBu)3/Al203.500 during propane dehydrogenation

The propane conversion by Ga(‘Bu)s/Al20s-500 at 550 °C was reported to decrease gradually
from 24 to 14% over 200 min.>*> Ga(‘Bu)3/Al2O3.500 heated to 550 °C under He was exposed to
20 vol% CsHg/He at the same temperature, and Ga K-edge XAS spectra were recorded while
flowing propane for 200 min to monitor structural change in the Ga sites. Both XANES and
EXAFS show small changes during this period, Figure 21 and Figure S18. Specifically, the
intensity of the XANES shoulder at 10,371.0 eV decreases, while the intensity of the EXAFS
peak at 1.4 A in R-space increases slightly. The broad peaks at 2.5 — 3.5 A remain essentially

unchanged.
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Figure 21. Evolution of the Ga K-edge XAS of Ga(iBu)3/Al203-500, recorded in flowing 20
vol% CsHg/He at 550 °C for 200 min, in two regions: (a) XANES, and (b) EXAFS. The
colors from red to purple show the time course (with inset showing the major spectrum
changes).

These small changes may be linked to the minor Ga species generated by the thermal
treatment above 450 °C (see above). Significantly, a XANES shoulder in a similar location
(10374.2 eV) appeared in flowing He as the temperature was raised from 450 to 550 °C. The
negative correlation between the XANES intensity at ca. 10,371 eV and the EXAFS peak
intensity at ca. 1.4 A (corresponding to Ga-O paths) has been reported for several Ga
dehydrogenation catalysts upon Ho-treatment.*””*7® However, the assignment of the low
energy peak (ca. 10371 eV) in Ga K-edge XANES is controversial. Suggestions include
Ga(I), Ga(Ill)-hydride or 3-coordinate Ga(Ill) sites.*-”*#° The formation of Ga(III)-hydrides
seems unlikely in our system since thermal treatment was performed in He rather than H»
(although the isobutyl ligands may be a source of H). Three-coordinate Ga sites, with a
XANES peak at ca. 10379 eV, are formed under He before introducing C3Hs. It is possible
that the shoulder at 10,371 eV arises from a small amount of Ga(I), possibly resulting from

the reductive elimination of the isobutyl ligands.

The previously observed decline in catalytic activity suggests that the minority species such as
Ga(I) may be responsible for much of the initial dehydrogenation activity, although they
deactivate quickly. However, redox mechanisms for Ga(I) sites involve interconversion with
Ga(III) sites. For example, oxidative addition of propane would form the ethyl hydride site
[Ga(H)(C3H7)]".8"82 Alternatively, protonation of Ga(I) could give rise to a Ga(IIl) hydride.”

The amplitude increase in the first coordination sphere is consistent with these two proposed
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activation mechanisms. Meanwhile, 3-coordinate Ga oxide species remain to catalyze propane
dehydrogenation at a slower rate. Although the 3-coordinate Ga sites appear to be less active,
they are more robust.®® DFT simulations predicted that a 3-coordinate Ga oxide site can
undergo concerted (simultaneous formation of alkene) or stepwise mechanisms (forming

alkylGa sites) to catalyze propane dehydrogenation.”**?

Conclusion

Recent investigations of supported metal oxides show that isolated surface species with
uniform local structures are more active and selective in PDH compared to oligomeric surface
species. In this contribution, we report the first alumina-supported isolated tetra-coordinated
gallium sites. They are highly active and selective in propane dehydrogenation. The catalyst
was prepared from a molecular gallium tert-butoxide precursor by a surface organometallic
chemistry method with thermolysis of the resulting species. The first step consists of grafting
the molecular precursor onto Al>O3-500, leading to a monopodal species, [(=A10)Ga(OrBu):],
(I). Subsequent thermal treatment gives a tripodal Ga species, [(=A10);Ga)], (III). DRIFTS,
NMR ('H, '3C), EXAFS and mass balance analysis were used to characterize this well-
defined Ga surface species. It shows high activity and selectivity in propane dehydrogenation
in a continuous flow reactor, with remarkable stability as a function of time on stream
compared to a previously reported catalyst made by grafting [Ga(‘Bu)s;] onto alumina as
[(=Al0)Ga(iBu):]. In order to understand the difference in stability we studied the evolution

of [(=AlO)Ga(iBu)2] during its thermal treatment and during propane dehydrogenation using
operando XAS.

Ga(iBu)3/Al>03.500 undergoes step-wise ligand removal from 23 to 550 °C in flowing He, as it
is transformed primarily to 3-coordinate Ga(IIl). Replacement of the isobutyl ligands by O-
donor ligands in the first coordination sphere alters the edge position and white line intensity
in the XANES, without a change in oxidation state. Principal component analysis of the
XANES during thermal treatment suggests that a minor fraction of Ga sites forms above 400
°C, presumably Ga(l). These minor sites are more effective catalysts for propane
dehydrogenation, but they deactivate rapidly. The remaining Ga(Ill) tripodal sites show a

lower but more stable catalytic performance by avoiding the reduction to Ga(l).

Supported organometallic catalysts allow us to connect the structures of dispersed Ga sites to

their catalytic activity. Previous studies of Ga/Al,Os; prepared by classical methods were
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complicated by the presence of Ga,Os clusters, which also show measurable catalytic activity.
Operando X-ray absorption spectroscopy enables the direct observation of even dilute metal

sites under reaction conditions.
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Figure S1. NMR spectra of [Ga(O7Bu);]> molecular complex Left: 'H MAS NMR and Right:
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Figure S2. Left: Comparison of propane conversion catalyzed by [Ga(O7Bu)3]2/Si02-700, (II)
(m), [Ga(iBu)3]2/Si02-700 (@) and Ga[OSi(O-t-Bu)3]3/SiO2-700 (A), and Right: Selectivity of
(IT) at P= 1 bar, T= 540 °C, total flow= 5 mL.min"! (20 % of C3 in Ar)

189



100

4
Vv
VVVVv
VVVvYvvyy
80 VVVVYVVYY
VVVVVVVVVVvvvvv‘
e ®  methane
S 60
> ® ethane
S A  ethene
k3] v propene
D 40
()
(9]
20
....lllllllllllllllllllllllllllllll]
n
0 --.---.I-------I.------.I ..............

Time on stream (min)

Figure S3. Selectivity of [Ga(iBu)3]2/SiO2.700 at P= 1 bar, T= 540 °C, total flow= 5 mL.min!
(20 % of C3 in Ar)
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Figure S4. Selectivity of (I) in propane dehydrogenation; P= 1 bar, T= 540 °C, total flow= 5
mL.min" (20 % of C3 in Ar)
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Figure S6. Selectivity of (III) in propane dehydrogenation; P= 1 bar, T= 540 °C, total flow=
5 mL.min"! (20 % of C3 in Ar)

191



100

vaVVVVVVVVVVVVVVVVVVVVVVVVVVVVV
- v
80 vV

4

methane
ethane
ethene
propene

60

4ponm

40 -

SSelectivity (%)

20

JyyyTyTYTYTIYYYYYYYYYYTY

omp
on)
omp
omp
o
om
(1 d
on
o
om
o
oD
oD
o
o

0 200 400 600 800 1000
Time on stream (min)
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Figure S8. Curvefits (line) of the Mo K-edge EXAFS (points) in k’-weighted k-space for
Ga(iBu)3/Al>O3-500.

FT (x(k)*K%)

(R+a)lA ki1A?

Figure S9. Ga K-edge EXAFS (point) for Ga(iBu)3/Al203.500 recorded at room temperature
under He. The curvefit (line) DOES NOT include a Ga-O path at ca. 2.5 A.
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Table S1. Curvefit Parameters® for Ga K-edge EXAFS of Ga(iBu)3/AlbO3.500 without a Ga-O
path at ca. 2.5 A, recorded at room temperature under He

Path d® A N¢ R/A c?/ A?

Ga— 01 1.863 1 1.87(3)  0.002(2)¢
Ga—Cl 2.066 2 2.01(2)  0.002(2)*
Ga—C2 2.976 2 3.03(5)  0.010(5)
Ga— Al 3.325 1 3.24(6)  0.010(5)°

2 Sy? was fixed at 1. AE, was refined as a global fit parameter, returning a value of (6 + 1) eV. Data ranges: 3.0 <
k<13.0 A" 1.0 <R <32 A. The number of variable parameters is 7, out of a total of 13.8 independent data
points. The R-factor for this fit is 3.5 %. ® The Ga-Ol and Ga-O2 reference distances are from the crystal
structure of Ga,O3 and SrGa,B,05, respectively.®*¢ The Ga-C and Ga-Al distances are from crystal structures of
organogallium compouns.®’%® ¢ These coordination numbers were constrained to integer values, based on the
model. ¢ Constrained to the same value. © Constrained to the same value.
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Figure S10. Closeup of the Ga K-edge XANES for Ga(iBu)3/Al>03.500, recorded in flowing
He while ramping the temperature from 23 °C (red) to 550 °C (purple) at 10 °C/min.
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Figure S11. Closeup of the Ga K-edge XANES for Ga(iBu)3/Al>03.500, recorded in flowing
He while ramping the temperature from 23 °C to 550 °C at 10 °C/min: (a) 23 — 200 °C (red to
orange); (b) 200 — 450 °C (from orange to blue); (c) 450 — 550 °C (blue to purple).
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Figure S12. Evolution of the Ga K-edge EXAFS for Ga(iBu)3/Al203-500, recorded in flowing
He while ramping the temperature from 23 °C (red) to 550 °C (purple) at 10 °C/min. Left: 22
°C (red) and 83 °C (orange); Middle: 114 °C (orange) and 420 °C (blue); Right: 451 °C (blue)
and 543 °C (purple).
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Figure S13. Wavelet-transform EXAFS of Ga(iBu)s:/Al203.500, at 23 °C (left) and 550 °C
(right).
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Figure S14. Ga K-edge XANES for Ga(iBu)3/Al203.500 at 23 °C (red line) and 550 °C (purple
line), in comparison with the reconstructed XANES from PCA components at 23 °C (brown
dash line) and 550 °C (orange dash line).
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Figure S15. The comparison of Ga K-edge (a) XANES, (b) EXAFS in k*-weighted k-space,
and (c) kK’-weighted FT-EXAFS for Ga(iBu)3/A1x03.500 at 550 °C (black line) and cool down
to 23 °C (red line).

Figure S16. Curvefits (red) of the Ga K-edge EXAFS (points) in k°-weighted k-space for
Ga(iBu)3/Alx0O3.500 after heating to 550 °C under He and cooling to room temperature.
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Figure S17. Curvefits (line) of the Ga K-edge EXAFS (points) in k*-weighted k-space for
Ga(iBu)3/Alx03.500 after heating to 550 °C under He and cooling to room temperature, with a
dinuclear Ga model.

Table S2. Curvefit parameters® for Ga K-edge EXAFS of Ga(iBu)3/Al,O3.500 after heating to
550 °C under He and cooling to room temperature, with a dinuclear Ga model.

Path d/ A N R/A o2/ A?

Ga-Ol 1803 3.03) 1.85(1) 0.004(1)
Ga—Gal 3.037 1¢ 2.95(4) 0.011(4)
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Ga—All 3511 3¢ 3.31(2) 0.007(2)

4 S¢* was fixed at 1. Data ranges: 3.0 <k < 13.0 A", 1.0 <R <4.0 A. The total independent data point is 18.9.
AE, was refined as a global fit parameter, returning a value of (-1 = 1) eV. The number of variable parameters is
8. The R-factor for this fit is 1.7 %. ®* The Ga-O and Ga-Al distances are extracted from a 3-coordinate doped
mononuclear Ga on Al,O3; model.” The Ga-Ga distance is extracted from the crystal structure of Ga,05.% ¢ N
was fixed based the dinuclear Ga structure.
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Figure S18. Evolution of the Ga K-edge EXAFS for Ga(iBu)s;/Al,Os.500 in k>-weighted k
space, recorded in flowing 20 vol% Cs;Hg/He at 550 °C for 3 h.
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CHAPTER IIl. PART B

Influence of coke formation on supported
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conversion to butadiene
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Abstract

The modification of an alumina partially dehydroxylated at 500°C, Al;Os.500, by
[Ga(OrBu)3]2, (1), using surface organometallic chemistry leads to the formation of material
(2), bearing a monopodal [(=Al10)Ga(OrBu):] complex, as major surface species. (2) was
further thermally treated at 300 °C leading to (2”), forming most probably tripodal Ga species,
[(=A10)3Ga], an intermediate proposed in the mechanism of hydrocarbons dehydrogenation
reaction. (2) and (2°) were characterized by mass balance analysis, DRIFT, 'H and '*C solid-
state NMR, and X-ray absorption spectroscopies. The EXAFS results, were in agreement with
the presence of [(=Al0);Ga] species in (2°) with three Ga-O, bond distances at 1.85 A. The
catalytic activity of (2’) for trans-2-butene dehydrogenation revealed a butadiene selectivity of
51 % after 300 min on stream. The low selectivity in butadiene observed at short times on
stream 1s related to the formation of cracking products and coke deposition on the surface of
the catalyst. These changes are indicative of a modification in the reaction mechanism and in
the nature of the active sites during 2-butenes conversion, where in addition to gallium sites,
the carbonaceous phase on the materials is also active for this reaction. The catalytic activity
of (2’) for 2-butenes conversion was also evaluated in the presence of CO; as a co-feed. It was
shown that, when introduced in the feed, CO; reacts with Hz, due to RWGS reaction, thus
limiting the formation of undesired products and leading to a higher selectivity toward

butadiene (65 %), similarly to what was reported for Catadiene® process.

Introduction

From an industrial point of view, 1,3-butadiene (1,3-BD) is considered as an important
chemical building block due to its several uses as an intermediate to produce important
industrial products. The major uses of 1,3-BD are for the production of styrene-butadiene
rubbers and polybutadienes,' hence, the demand is estimated to increase in the upcoming
years. The existing routes to produce butadiene are 1) steam cracking (SC), as a coproduct of
ethylene, i1) the catalytic conversion of ethanol to butadiene (ETB), iii) the dehydration of
butanediol into butadiene, iv) the oxidative dehydrogenation of n-butene (Oxo-D or OX-D
process), v) the catalytic dehydrogenation of n-butane and n-butene (Houdry process). Among
these processes, SC is holding the largest share of the global butadiene production (95%).
Butadiene is obtained as a co-product in SC followed by a purification process and the

selectivity is highly dependent of the feedstock used.® Although two processes known as
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Lebedev® and Ostromislensky® are employed for ETB reaction, the productivity with this
technology is insufficient to insure its economic viability.* The dehydration of butanediol
(BDO) to butadiene (BD) was also proposed as an alternative route to produce BD, however,
this reaction undergoes two steps: a dehydration of 2,3 BDO into 3-buten-2-ol at 350 °C and a
further dehydration of the butenol at a higher temperature is required to produce 1,3-BD.’
Oxidative dehydrogenation routes have been widely studied due to the low operating
temperature required during this reaction. However, many undesired reactions are possible
with oxygen, leading to the formation of oxygenated products (for example CO>) resulting in
a lower selectivity toward 1,3-BD.® The non-oxidative dehydrogenation of butane and/or
butane/butene (BDH) mixtures is an important route, since it reduces the dependency on
steam cracking of naphtha from one part, and from another part, it produces H», a valuable
product to the market. A chromium-based catalyst supported on alumina was developed to
convert butane into butene followed by a dimerization and hydrogenation to produce octane.
To date, Catadiene® is the only commercial technology available for on-purpose production
of n-butylenes and butadiene from n-butane by BDH which is used in the industry. This
process employs a highly loaded chromium catalyst supported on alumina with operating
conditions of 600-620 °C and 0.2-0.4 bar. The catalyst must be regenerated after a few
minutes by injecting air to burn off the coke layer formed at such high operating temperatures.
Apart from the coke, the catalyst deactivates due to the decrease in the concentration of
chromium active sites, after their incorporation within the alumina framework. A butane
conversion of 30-40% is obtained in the process and butadiene selectivity can reach up to
65%. However, this selectivity is obtained after two steps: the first one consists in the
dehydrogenation of butane into n-butenes as an intermediate species, whereas the second,
requires further dehydrogenation of n-butenes into butadiene (Scheme 1).
Thermodynamically, the dehydrogenation of n-butenes is more challenging than the

dehydrogenation of n-butane.?

L\ ————— \_ﬂ + H
_ N
A Hy, Hz

Reaction 1

.

Reaction 2

Scheme 1. Proposed reactions during butane/butenes dehydrogenation
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Consequently, butane dehydrogenation has been occasionally explored and can be catalyzed
by several metal oxides such as VOx/ALOs3,”!% CrOx/Si0s,'"! and Gax03/ZSM-5,'? as well as
noble metal-based catalysts.>1® A general inconvenient appearing in these studies is the low
selectivity toward 1,3-BD due to side reactions.!” On the other hand, the dehydrogenation of
n-butenes, thermodynamically more challenging and which will principally lead to a high
selectivity in 1,3-BD) is far less exploited.

We hereby aim to develop heterogeneous catalysts carefully designed to readily undergo the
dehydrogenation of n-butenes to 1,3-BD. From an environmental context, it is highly
desirable to replace the toxic chromium-based catalyst by an environmental friendly element.
Sticking to non-noble elements (for economical reason), supported gallium and vanadium
catalysts have shown promising activities in propane dehydrogenation and are evidently the
elements of choice. The mechanism for alkane or alkene dehydrogenation over supported
metal oxide catalysts as well as the active sites responsible for this reaction are still unclear.
Former studies were inspired by the state of the art on chromium systems for dehydrogenation
reactions (notably of propane), where the active site is postulated to be an isolated tripodal
Cr(III) species based on theoretical calculations.'® Obtaining strong evidences of the active
site from experimental data are rather challenging, due to the preparation methods that are
usually based on aqueous impregnation followed by calcination. The latter step will inevitably
generate a variety of monomeric, dimeric and oligomeric MOx species on the surface,
hampering the characterization of the real active sites. Thus, a prerequisite to access supported
catalysts suitable for active site investigations lies on innovative preparation methods that
uniquely give the postulated tripodal surface species. Furthermore, such materials are
expected to strongly enhance the catalytic activity with respect to the metal content. We
expected that the mechanism of the conversion of 2-butenes occurs via an isomerization of 2-
butenes into 1-butene by an insertion of 2-butene, for instance in a MO-H bond (M= Al, Ga),
followed by a B-H elimination (Scheme 2). The C-H bond in an allylic position of 1-butene
intermediate can then be activated on the Ga-O of tripodal species, leading to the formation of
a gallium mn’-methalallyl intermediate and a surfacic Al-OH. The m*-methalallyl gallium
intermediate in equilibrium with n'-methalallyl gallium may then undergo a B-H elimination,
which leads to the release of butadiene and the generation of a bipodal Ga-H species. The
latter species, proposed as an intermediate in Scheme 2, can either release hydrogen and
regenerate the tripodal species, activate a C-H bond or react with the double bond of butenes

through insertion reactions. Another mechanism would occur via coordination of 2-butenes
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followed by C-H activation on Ga-O pair in methyl-allylic position leading to n*-methalallyl
intermediate that by isomerization to n'-methalallyl gives butadiene and hydrogen after B-H
elimination.

This work employs a particular synthesis method to yield ultimately dispersed tripodal surface
species of gallium. The resulted species have been characterized and investigated in trans-2-

butene dehydrogenation.
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Scheme 2. Proposed mechanism for trans-2-butene conversion

Experimental Section

General Procedures. All experiments were carried out using standard air-free methodology
in an argon-filled glovebox, on a Schlenk line or in a Schlenk-type apparatus interfaced to a
high-vacuum line (107 Torr). Solvents were purified and dried according to standard
procedures. [Ga(O7Bu)s]2, (1) was synthesized according to published methods.!® Elemental
analyses were performed at Mikroanalytisches Labor Pascher, Germany. Gas-phase analyses
were performed by taking aliquots of gas with a syringe and introducing them in a Hewlett-
Packard 5890 series II gas chromatograph equipped with a flame ionization detector and
KCI/ALLO3 column (30 m x 0.32 mm). Diffuse reflectance infrared spectra were collected
with a Nicolet 6700 FT-IR spectrophotometer (4 cm™! resolution). An air-tight IR cell
equipped with a CaF, window was used and the final spectra was the result of 64 scans.
Solution NMR spectra were recorded with an Avance-300 Bruker spectrometer. All
chemical shifts were measured relative to residual 'H or '*C resonance of the deuterated
solvent used: C¢De, & 7.15 ppm for 'H, 128 ppm for '°C. Solid-state NMR spectra were
acquired with an Avance 500 spectrometer (‘H: 500.13 MHz, '*C: 125.3 MHz). For 'H
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experiments, the spinning frequency was 10 kHz, the recycle delay was 5 s and 8 scans were
collected using a 90° pulse excitation of 3 us. The '*C CP MAS spectrum was obtained at a
spinning frequency of 10 kHz, with a recycle delay of 5 s and 10312 scans were collected.
Chemical shifts were given in ppm with respect to TMS as an external reference for 'H and
3C NMR. X-ray absorption spectra were acquired at ESRF on BM23 beam-line, at room
temperature at the gallium K edge (10.37 keV). A double Si(111) crystal was used as
monochromator and a system based on a total reflection through a double X-ray mirror with
an incidence angle variable from 2 to 5 mrad allowed harmonic rejection to better than the 10
3 level.?’ The spectra were recorded in the transmission mode between 10.1 and 11.4 keV.
Four scans were collected for each sample. Each data set was collected simultaneously with a
W metal foil (L edge at 10.2068 keV) and was later aligned according to that reference.
Samples were packaged with dry BN as pellets within an argon filled glove box in a double
air-tight sample holder equipped with kapton windows. The data analyses were performed by
standard procedures using in particular the program “Athena”.?!

Preparation of the molecular complex [Ga(O7Bu)s]2, (1):

The gallium precursor [Ga(OrBu)3]> was synthesized by reaction of [Ga(NMes)2]> (Strem,
used as received) with /BuOH in hexane.!” The entire preparation procedure was carried out
in an inert atmosphere, using a Schlenk line. A mass of 2 g of [Ga(NMe3)2]> was dissolved in
55 mL hexane in a Schlenk flask. Then, a solution made of 2.33 g of dried /BuOH in 25 mL
hexane was gradually added in the Schlenk flask and the resulting solution was stirred at room
temperature for 48 hours. After removing the solvent by distillation, a white solid was
observed. This product was further dried under reduced pressure and crystallized in dry
CH:Cl,. '"H NMR, C¢Ds: & (ppm) = 1.48 (OCCH3), 1.56 (u-OCCHs); *C{'H} NMR, C¢De¢: &
(ppm) = 32.2 (u-OCCH3), 33.9 (OCCH3), 71.8 (OCCH3), 78.5 (n-OCCH3)

Preparation of the supported Ga tripodal species (2°).

The tripodal species were prepared in two steps: First, the grafting of the organometallic
precursor onto the desired support and second, a thermolysis of the resulting material under a
high vacuum at 300 °C. Typically, [Ga(OsBu):]>» (170 mg) was dissolved in pentane and
brought in contact with 1 g of Al,O3; (AluC, Evonik) previously dehydroxylated at 500 °C,
Al2O3.500. The suspension was stirred for 4 hours at room temperature and was then filtered.
The resulting solid was extensively washed with pentane and dried under high vacuum at
room temperature, affording (2). The dried material was then thermally treated at 300 °C
under a high vacuum for 2 hours to finally afford the tripodal species, (2°).
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Preparation of the supported Ga tripodal species (3°). Article in preparation

The tripodal species were prepared in two steps: First, the grafting of the organometallic
precursor onto the desired support and second, a thermolysis of the resulting material under a
high vacuum at 300 °C. Typically, [Ga(O7Bu):]> (170 mg) was dissolved in pentane and
brought in contact with 1 g of ALO; (with a B.E.T of 200 m?.g’") previously dehydroxylated
at 500 °C, Al,0O3.500. The suspension was stirred for 4 hours at room temperature and was then
filtered. The resulting solid was extensively washed with pentane and dried under high
vacuum at room temperature, affording (3). The dried material was then thermally treated at

300 °C under a high vacuum for 2 hours to finally afford the tripodal species, (3°).

Catalyst evaluation. The performances of (2°) for trans-2-butene (Air Liquide, 99.5%)
and (3”) for propane (99.95 % Air Liquide, < 20 ppm propene). conversion was carried out
in a stainless-steel continuous flow reactor (Pwiw = 1 bar, 6 = 540 °C, total flow rate = 5
mL.min"!' (20% trans-2-butenes or propane in argon). The catalytic mass varied between
80-170 mg and was diluted in 2 g of CSi. The gases were purified on a column of
molecular sieve and activated Cu20O/Al>,O; catalyst, and their flow controlled by Brooks
mass-flow controllers. The catalyst was charged within the reactor inside the glovebox. A
4-way valve allowed the isolation of the catalyst from the environment and extensive
purging of the tubes before the reaction. In each experiment, the catalyst was heated under
a flow of Ar (4 mL.min™") until the targeted temperature was reached and then the gas
containing 20 % of trans-2-butene or propane was introduced, resulting in a total flow of 5
mL.min"!'. The products were determined by an online HP 6890 GC equipped with a 50 m
KCI/ALO3 column and a FID detector. The conversion was calculated directly from the

data given by the FID detector, without considering the isomerization of trans-2-butene.

Results and Discussions

Preparation and characterization of tripodal species

The isolated surface tripodal Ga species, [(=Al0);Ga], is prepared by using an innovative
synthetic method based on two steps, combining a grafting reaction, according to surface
organometallic chemistry (SOMC) procedures and a thermolysis of the grafted surface
species. Surface organometallic chemistry on oxides is a powerful, flexible and sustainable
approach to prepare isolated surface species.?? It involves the controlled grafting of a suitable

organometallic precursor onto the surface hydroxyl groups of oxides supports. The structure
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of the surface species depends on the dehydroxylation temperature of the support, allowing to
control the density of surface hydroxyl groups that serve as anchoring points. Hence, the
resulted material will contain firmly bonded surface organometallic fragments being highly
dispersed.

A judicious selection of the organometallic precursor is the most important part of the
process. In order to access to surface tripodal species, it turns out that fert-butoxide metal
complexes are suitable precursors. Previously, we have employed molybdenum and tungsten
oxo tert-butoxide complexes to produce silica supported single sites, bis-oxo species, for
olefin metathetic oxidation or metathesis.>*** During the thermolysis under vacuum, the metal
coordinated tert-butoxide ligand undergoes a B-H elimination, resulting in an isobutene
release and an OH group coordinated to the metal, M-OH. The bis-oxo species of Mo and W
are formed after a subsequent a-H abstraction releasing water. For the preparation of Ga
tripodal systems, [Ga(OrBu)s]» is grafted on Al,Os (AluC, Evonik, 100 m%g™!) previously
dehydroxylated at 500 °C, Al2Os.500 by a protonolysis, reaction affording material (2), bearing
alumina supported gallium tert-butoxide intermediates.

Elemental analysis of material (2) indicated Ga and C contents of 1.07 and 1.51 wt%,
respectively, which corresponds to a C/Ga molar ratio of 8.23. The identification of the tert-
butanol evolved during the grafting reaction and its quantification by GC using octane as an
internal standard, revealed an amount of 0.8 tBuOH/Ga. These results suggest the formation
of [(EAl0)Ga(OrBu)2] monomeric species. The resulting material, (2), was characterized by
DRIFT, solid-state NMR and X-ray absorption spectroscopies. The DRIFT spectrum of
Ga(0OrBu)3/Alx03.500, (2), exhibits a partial consumption of the hydroxyl groups (a in Figure 1
Left). Consequently, we observed new bands in the range of 3000-2800 and 1500-1300 cm™,
assigned to C-H stretching and CHx bending and scissoring of tert-butoxide ligands.
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Figure 1. Left. DRIFT and Right. '"H MAS NMR (11.7 T, 10 kHz, di = 10 s) of a) Material
(2), Ga(OrBu)3/Al203.500 ; b) Material (2'), obtained from (2) after a thermal treatment of
[Ga(OrBu)3]o/ AlxO3-500 at 300 °C and ¢) Al>2O3-500 support.

Additional information on the Ga coordination environment were provided by solid-state
NMR techniques. The '"H MAS NMR spectrum consists in an intense and large signal at 1.3
ppm, attributed to CH3s protons of the tert-butoxide ligand (a in Figure 1, Right), while in the
3C CP/MAS spectrum of (2) exhibited two signals centered at 72 ppm and 31.1 ppm
corresponding to quaternary C and CHj; of the tert-butoxide ligands,'® respectively (Figure
S1, b). The formation of this Ga species has been confirmed by the study of the EXAFS of (2)
at the Ga K-edge. From the fit of the EXAFS, an average Ga coordination sphere can be
specified with the distances of Ga to its neighbouring atoms. For (2), the EXAFS and the fit
are shown in Figure 2 (top: Al and B1) with the corresponding Fourier transforms and the
structural parameters obtained from this fit are given in the right part of Table 1. This gives
ca. three Ga-O short distances at 1.823(9) A and less than one Ga-O longer distance at 1.95(3)
A, which agrees with a structure similar to the one of Ga(O7Bu);(HNMez) monomeric
molecular compound, characterized by DRX. In this complex, Ga is coordinated by three O
atoms at distances in the range of [1.797 - 1.824 A] and one N atom from the basic
dimethylamine at 2.022(2) A.! Moreover, the fit was improved when considering further
layers of backscatterers, ca. two C atoms at 3.01(5) A and a one Al atom at 3.61(14) A. Thus,
all of the above results agree with the the formation of a monopodal species on the Evonik
AluC alumina support, (species (2) in Scheme 3) similarly to what was reported in the case of

an alumina with a higher surface area (200 m%.g™!). Article in preparation
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A thermal treatment of (2) under vacuum at 300 °C affords (2’), which is also a white solid,
along with the release of 1.9 equivalents of isobutene per gallium. Isobutene is presumably
formed by a B-H elimination with the formation of Ga-OH bonds in intermediate species
(Scheme 3). DRIFT analysis indicates that part of the AlI-OH groups has been restored (b in
the left part of Figure 1). The reappearance of AlI-OH groups is most likely due to a Ga-OH
transfer by the opening of an adjacent Al-O-Al bridge, resulting in the gallium tripodal
surface species along with formation of a surface AI-OH group (from (2) to (2’) in Scheme 3).
A similar feature is observed by "H MAS NMR since the spectrum of (2°) strongly resembles
theone of the dehydroxylated alumina, with several unresolved signals between 2.2 to 0 ppm

(b and c in the right part of Figure 1).°
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(2) )

Scheme 3. Formation of tripodal (2°), [(EAlO):Ga] from (2), [(EAIO)Ga(OrBu),], after a
thermal treatment at 300 °C which releases isobutene

The fit of the EXAFS obtained for (2’) at the Ga K-edge also agrees with a tripodal Ga
structure in this material, with three oxygen atoms at 1.86 A and three aluminium atoms, two
at 3.23 A and one at 3.56 A (Figure 2 and Table 1). Beside the fit could be improved by
considering two other O backscatterers at distances of 2.30 and 2.98 A that may correspond to

oxygen from the support. Thus, this is in accordance with the formation of a tripodal

monomeric species.
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Figure 2. Ga K-edge k’-weighted EXAFS of (2) and (2') (left: Al and A2 respectively) and
corresponding Fourier transform (right: B1 and B2; moduli and imaginary parts; R - o:
distance uncorrected from phase shifts). Solid red lines: Experimental; Dashed blue lines: Fit

(spherical wave theory).

Table 1. Parameters obtained from the fit of the EXAFS spectra of (2) and (2’). The error
interval generated by the fitting program “RoundMidnight” is between parentheses for each

variable parameter.

Material 2 ([(EAI0)Ga(OrBu).])®

Material 2' ([(=A10);Ga])®

Type of Number of  Distance (A) 6% (A?) Number of Distance (A) o? (A?)
neighbors neighbors neighbors

Ga-Ox 3 1.823(9) 0.0049(8) 3 1.86(1) 0.0061(10)

Ga-0; 1 1.953) 0.0069(30) 1 23002) 0.0024(15)

Ga--C 2 3.01(5) 0.0075(35) ; .

Ga--0s i - ] 1 2.98(7) 0.0054(50)
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Ga--Al - - - 2 3.23(5) 0.0114(35)
Ga--Al 1 3.61(14) 0.060(50) 1 3.56(7) 0.0114©

@ Ak: [1.2 - 13.6 A'] - AR: [0.3 - 3.2 A]; So> = 0.96; AE; = 5.2 = 0.6 eV (the same for all shells); Fit
residue: p = 4.6 %; Quality factor: (Ay)*/v =2.86 (v =15/24). ® Ak: [1.2 - 13.6 A']- AR: [0.5 - 3.6 A];
So? =0.96; AEy = 4.7 £ 0.9 eV (the same for all shells); Fit residue: p = 4.9 %; Quality factor: (Ay)*/v =
3.36 (v =16/26). © parameter constrained to the one above.

The characterization of (2’) by DRIFT, NMR, mass balance analysis and EXAFS reveals a
similar structure, with supported tripodal Ga species, independently on the nature and the
surface area of the employed alumina (100 vs 200 m2.g™!). In fact, this synthetic method was
indeed already extended to an alumina with a higher surface area of 200 m?g™! (3”), leading to

similar structures for (2) and (2°).

Catalytic properties

In order to study the effect of the nature of alumina on the dehydrogenation reaction, material
(2’) containing supported Ga tripodal, catalyst (was initially tested for propane
dehydrogenation at 540 °C, and the results compared to those obtained with a similar material
containing tripodal Ga species but supported on an alumina presenting a higher surface area
(200 m2.g™"), (3°). Article in preparation.

The catalysts (2”) and (3’) showed a similar activity in PDH in the same conditions, however,
a very slow deactivation was observed in the case of (3”) compared to the high stability for
(2°) (Figure S2). This result suggests that with a non-porous alumina (100 m2.g") used as
support, higher catalytic performances are obtained compared to a porous alumina (200 m?.g"
1), most probably due to the deactivation of gallium sites located within the pores by the
formation of coke. The initial propylene selectivity obtained with catalyst (3”) was higher (86
%) (Figure S3) compared to (2°) (73 %) (Figure S4). However, after 1000 min, the selectivity
in propene was ca. 89 % for both catalysts.

Since the catalytic behavior of (2”) and (3’) are similar for PDH, the conversion of trans-2-
butene was also studied with catalyst (2”) in a continuous flow reactor. The trans-2-butene
isomer is more stable than n-butene isomer,?® but is far less exploited compared to 1-butene
due to its lower reactivity. Apart from industrial processes where 2-butenes (trans and cis

isomers) are used for the production of alkylated gasoline and propylene (through olefin

) 27,28 29,30
2

cross-metathesis other valorization of 2-butenes is rare, even in academic research.
We reported the best unprecedented single-site catalyst, WH3/AlOs.500 for the direct

conversion of trans-2-butene to propylene. This catalyst operates as a “bi-functional single
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active site”, a tungsten carbene-hydride catalyst opening up the non-degenerate
pathway via 2-butene isomerization to l1-butene and a tungsten carbene catalyst for 2-
butenes/1-butene cross-metathesis. This example was described as a novel process to
utilize 2-butene feedstock to produce propylene with a promising productivity.” Gallium
catalyst on alumina can also play the role of a bifunctional catalyst for the isomerization of
trans-2-butenes into l-butenes on Ga-H intermediate species (Scheme 2), followed by a
dehydrogenation from an allylic gallium species, leading to the formation of butadiene.

The catalytic performance of [(EAlO)3Ga], (2°), for trans-2-butene conversion has been
evaluated at 540 °C, 1 bar and in a total flow of 5 mL.min" (20 % trans-2-butene in Ar). An
initial conversion of 13.3 % was obtained followed by a gradual deactivation as a function of
time on stream, leading to 6.2 % after 2400 min (Figure 3, a). After 2400 min, the selectivities
were 47 % in butadiene, 18. 8 % in methane, 14.6 % in butane, 14.2 % in propene, 2.75 % in
ethane and 2.3 % in ethylene, with traces of propane (<1 %). Butadiene is observed as a
product at early times on stream but with a low selectivity (ca. 22 % at 60 min) (Figure 3, b).
However, after 300 min, the selectivity toward 1,3-butadiene reaches its maximum, ca. 51.4
%. At 60 min, butadiene is accompanied with the formation of ca. 20.2 % ethylene, 19.3 %
methane, 19 % propene, 13.3 % butane, 5.2 % ethane and traces of propane (< 1%). It is
noticeable that a substantial formation of light C;-C3 hydrocarbons from the cracking of the
feed’s molecule is seen at the begning of the catalytic reaction and decreases after 300 min.
This formation of coke at the beginning of the reaction, is known to be catalyzed by the
presence of acid sites on the support.®! These changes are indicative of a modification in the
reaction mechanism and in the nature of the active sites during 2-butenes conversion.

Similar phenomena of carbonaceous deposits allowing an enhancement of the catalytic
activity are already reported in literature. McGregor et al.! were the first to demonstrate by
using advanced techniques that carbonaceous materials, coke, deposited over VOx/ALO3 can
also convert n-butane into butadiene. This active material was produced on the surface of a
vanadium catalyst supported on alumina at the beginning of the dehydrogenation reaction,
where the selectivity in butenes is very low. The authors claim that organic radicals detected
by EPR associated with the carbonaceous material may play a role in the reaction mechanism.

These findings are not restricted to dehydrogenation reactions,

interestingly, the catalytic
activity related to the formation of carbonaceous over layers was also observed during Fisher-
Tropsh reaction. Another example describing the key role of carbon deposits forming a Pd-Cx
catalytic active phase during the selective hydrogenation of alkynes, was reported in

210



literature.**** From all these results, we can conclude that butenes dehydrogenation can be
also considered as a reaction in which carbonaceous materials associated to gallium tripodal

species supported on alumina can offer a high activity and selectivity.
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Figure 3. [(=AlO);Ga], (2’), for trans-2-butene transformation, a) conversion and b)
selectivity (%) at 540 °C, 1 bar and with a total flow = 5 mL.min! (20 % trans-2-butene in
Ar)

In order to increase the 2-butene conversion and the selectivity in butadiene, material (2°) was
tested in the presence of CO,. In that manner, the hydrogen produced can be removed by the
RWGS reaction, which would be beneficial, resulting in better catalytic performances,
allowing the decrease of the formation of light hydrocarbons by cracking reaction. In fact,
studies recently reported the use of CO; as a mild oxidant during the non-oxidative
dehydrogenation reaction, in order to shift the equilibrium toward the production of olefins.**>
37 Liu et al. demonstrated that the use of COz as a mild oxidant with Ga>03/SiO> catalyst
would minimize the carbonaceous deposition and improve the stability of the catalyst and
propene selectivity during propane dehydrogenation.*® Hence, using this information, catalyst
(2°), containing tripodal gallium species supported on alumina was tested for trans-2-butene
conversion in the presence of CO; in the feed.

Exposing (2’) to trans-2-butene (20% in Ar) in a fixed-bed reactor at 540 °C gives an initial
conversion of 13% followed by a rapid decay towards 7 % after approximately 900 min on
stream (Figure 4). The selectivity is altered during the first hours on stream and starts to
stabilize after ca. 320 min on stream. After 900 min, the main products are butadiene (64.6
%), methane (13.1 %), propylene (9.5 %), butane (6.8 %), ethene (3.4 %) and ethane (2.6 %).

Although the conversion does not vary in the presence of CO., the formation of secondary
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reaction was limited and led to a higher selectivity toward butadiene, 64.6 % instead of 50 %
in the absence of CO». These results are in accordance with those reported in literature,
showing that using an oxidant in order to limit hydrogen production can decrease the

formation of cracking products.
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Figure 4. a) trans-2-butene conversion and b) selectivity obtained with (2°) ((=AIO):Ga
species) in trans-2-butene conversion at 540 °C, 1 bar, total flow= 5 mL.min"! (Ar/2-C4=/CO:
= 3.5/1/0.5).

Conclusion

The grafting by SOMC methodology of an organometallic gallium precursor, [Ga(O7Bu)s]s,
(1), on an alumina dehydroxylated at 500 °C, Al>O3-500, leads to the formation of a monopodal
gallium species, [(EA10)Ga(OrBu):], (2), on the surface. The formation of this species was
confirmed by DRIFT, solid-state NMR ('H and !*C), EXAFS and mass balance analyses. A
controlled thermolysis of (2) releases an amount of 1.9 isobutene from the two tert-butoxide
ligands by a B-H elimination resulting in a Ga-OH intermediate species. The transfer of these
gallium hydroxy ligands from gallium to surface aluminum atoms by the opening of Al-O-Al
bridges leads to the regeneration of Al-OH groups on the surface and results in new gallium-
based species, [(=AlO)3Ga], in (2’) catalyst, proposed as the active phase during
dehydrogenation reactions. These species were characterized by DRIFT, solid-state NMR ('H
and '3C), EXAFS and mass balance analysis. The tripodal Ga species were tested for trans-2-
butene dehydrogenation to butadiene in a continuous flow reactor and showed an initial
conversion of 13.3 % with a 51 % selectivity in butadiene after 300 min on stream. The
selectivity in butadiene was related to the combination of the gallium sites and coke

deposition produced by acidic sites at the beginning of the catalytic test. Importantly,
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introducing CO» as a co-feed resulted in a very high selectivity toward butadiene (65 %),

similar to what was reported in the case of Catadiene® process. Coke deposit can be also

considered as an active phase in the material for dehydrogenation reactions and can provide

high selectivities toward mono or di-olefins.
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Figure S2. Propane conversion obtained with (3’), tripodal Ga species supported on an
alumina Al,Os.s00 presenting a high surface area, 200 m%.g™!, (m) and (2°), tripodal Ga species

supported on an Evonik alumina, presenting a lower surface area, 100 m%.g™!, (#).Conditions:
540 °C, 1 bar and 5 mL.min™ (20 % propane in argon)
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Figure S4. Selectivities observed for propane conversion with (2°), tripodal Ga species
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CHAPTER IV. PART A

The effect of local structure of Ga supported
on meso H-ZSM-5 on the activity, stability,
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Abstract

Hierarchical gallium meso zeolites catalyst that combines both the unique pore structure and
the strong acidity is proven to be a powerful bi-functional catalyst for propane aromatization.
The aim of this work is to investigate the influence of the Ga structure (monomeric or
dimeric) in the mesopores of meso H-ZSM-5-250 (Si/Al= 40) on the catalytic activity during
propane aromatization. In that manner, dimeric Ga species supported on meso H-ZSM-5-25¢
(Si/Al= 40) (II) were obtained by the grafting of [Ga(O/Bu)s]>» followed by a thermal
treatment at 300 °C. Moreover, monomeric Ga species on meso zeolite were prepared by
grafting [Ga(iBu);] on meso H-ZSM-5-250 (Si/Al= 40) (III). The selective grafting of the Ga
precursors on the silanols groups in the mesopores and the resulting structures of (II) and (IIT)
were confirmed by DRIFT, solid-state NMR, elemental analysis, N> adsorption/desorption
and EXAFS. The catalytic activity of species (II) and (III) were also compared to the bare
meso zeolite for propane aromatization in order to highlight the effect of the structure of Ga
species. A highly active, more stable and selective catalyst was obtained in the case of
monomeric species (III) compared to dimeric Ga species (II). The deactivation observed in
the case of (II) is attributed to coke formation by the Ga dimeric species, blocking the access

to acidic sites in the micropores and hence lower selectivity toward aromatics.

Introduction

Regarding the wide range of applications of BTX (benzene, toluene and xylene), the
conversion of light hydrocarbons into these aromatic compounds has become a central
process in petrochemistry. These products have for a while been used in gasoline blend to
increase the octane number and remain actual.! In chemical industry, toluene is employed for
the production of adhesives,? while benzene is used as starting material for the production of
styrene and phenol.> Xylenes are converted by oxidation reaction into terephthalic and
isophthalic acids.* Traditionally, BTX can be produced by catalytic reforming or by steam
cracking plants, or alternatively from methanol (MTA),>® syngas (STA)’® and CO:
hydrogenation.”!® Recently, several efforts are focused on the development of alternative
routes for BTX production, notably from methane,!! but also from other light alkanes. The
main drawback in methane aromatization lies on the thermodynamic barrier that limit the
aromatics yield, even at 700 °C. Moreover, a quick deactivation is observed due to the high
accumulation of coke on the surface of the most used catalyst, Mo/H-ZSM-5. From another

part, the discovery of new shale gas reserves recently resulted in an abundant amount of
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propane. Thus, propane aromatization has attracted a lot of attention and many investigations
are made in order to optimize the catalytic system.'> On purpose propane aromatization is
believed to happen in two main steps: dehydrogenation occurring on the metal sites and
aromatization occurring on the acidic sites of a zeolitic material. Although the latter is widely
employed as catalyst or support, their catalytic activity suffer from diffusional limitations,
leading to undesired reactions such as cracking (into C1 and C2 products) and coke formation
and hence a deactivation. Creation of mesopores in microporous zeolite seems to be a solution
in order to overcome diffusion issue. In fact, the preparation of a composite bearing
micropores and mesopores allowing to enhance the dispersion of the metal through the
crystallite and to ensure a high acidity in proximity. Hierarchical meso zeolites have been
extensively used by several research groups for propane aromatization, in particular by
hosting Zn, Ga and Pt as dehydrogenating metals. For example, Dauda et al. have reported
recently the desilication of ZnO on microporous ZSM-5 with 2 wt% of ZnO which results in a
hierarchical ZnO on meso ZSM-5.!3 This catalyst displays a high selectivity in aromatics (61
%) compared to the parent microporous catalyst (25.2 %). The corresponding Ga system has
been expansively investigated, notably in the preparation part, such as hydrothermal in-situ
synthesis and post synthesis treatment (impregnation, ion-exchange, chemical vapor
deposition (CVD), and reduction—oxidation treatments). However, controlling the dispersion
of active gallium and its structure remain a great challenge due to the tendency to form bulky
Gay03, known to be responsible of the deactivation of the catalyst. Hence, efforts have been
made to increase the Ga dispersion by using several methods such as: desilication of
microporous Ga/H-ZSM-5 or by using surfactant-mediated hydrolysis approach. These
approaches resulted in an improvement in the activity and selectivity in BTX of 58.3 %.!*
Another strategy is reported in our laboratory, consisting in the use of surface organometallic
chemistry (SOMC) of [Ga(iBu)3] on meso H-ZSM-5 (Si/Al = 20) prepared by desilication.
This approach leads to the formation of a bifunctional monopodal catalyst confirmed by
DRIFT, solid state NMR and EXAFS, where Ga was located in the mesopores and
responsible for dehydrogenation, while the acidic Brensted sites were preserved in the
micropores for oligomerization and aromatization of propylene intermediate.'> The high
activity and selectivity in this case is related to the use of highly dispersed Ga (as
dehydrogenation phase) in the meso-porous zeolites. Recently, further research on gallium-
based propane dehydrogenation catalysts have been conducted, and we discovered that the
alumina supported Ga tripodal species is even more active and stable than the grafted gallium
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isobutyl fragment. This catalyst is prepared through surface organometallic chemistry using
[Ga(OrBu)3]2 as precursor. Thermolysis under vacuum triggers B-H elimination, giving an
alumina supported Ga-OH species and isobutene. Consecutively, a transfer of the Ga-OH
groups to the alumina support occurs, resulting in the regeneration of Al-OH groups and a
surface species of Ga linked to three O-Al surface moieties, hence, a tripodal species. Current
aim 1is to integrate the tripodal gallium species into a meso porous H-ZSM-5, yielding a new
hierarchical material which is expected to enhance the activity of propane aromatization. For
this target, we selected H-ZSM-5 as support with a ratio Si/Al = 40, known to be highly acidic
material. This zeolite was prepared by combining the procedure described by Jacobs and
Martens for the preparation of microporous zeolites using different concentration of NaAlO»
and post-synthesis (treatment by NaOH) in order to create the mesopores followed by ion
exchange method.!® In addition, this catalyst will be compared to the [Ga(iBu)s] supported on
meso H-ZSM-5 (Si/Al= 40) in order to draw the structure-reactivity relationship and enhance
fundamental comprehension in propane aromatization. All the catalytic materials were
characterized by DRIFT, solid state NMR, N» adsorption/desorption, EXAFS and mass

balance analysis.

Experimental section

General procedures. All experiments were carried out under a controlled atmosphere, using
Schlenk and glovebox techniques for organometallic synthesis. For the synthesis and
treatment of supported species, reactions were carried out using high-vacuum lines (ca. 1
mPa) and gloveboxes. Benzene and pentane were distilled from Na-benzophenone and NakK,
respectively, and degassed using freeze-pump-thaw cycles.

Preparation of Meso H-ZSM-5-25.

Synthesis of microporous zeolites supports

Meso H-ZSM-5 was synthesized following procedures previously reported by Jacobs and
Martens.'® First, fumed silica was combined with NaOH and water and stirred until
homogenous (Solution 1). Then, a premixed solution of tetrapropylammonium bromide and
water (Solution 2) was added and the gel allowed to stir until homogenous. This was then
followed by the addition of a premixed aqueous solution of sodium aluminate (Solution 3) to
achieve the desired Si/Al gel ratio and the gel was stirred until homogeneous. The gel was

then transferred to an autoclave and crystalized at 150 °C for 3 days. The resulting solid was
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then filtered and washed with water and dried at 50 °C overnight. The template was then
removed from the zeolite by calcination at 550 °C for 6 hours in air.

Desilication treatment

The calcined microporous ZSM-5 sample was placed in a 0.1 M NaOH solution that had been
preheated to 70 °C (20 mL of solutions per gram of zeolite). The slurry was then stirred at 70
°C after which the reaction was cooled with ice to prevent further desilication. The mixture
was then centrifuged and washed with water three times and dried at 50 °C overnight.

Ion exchange of support

Mesoporous ZSM-5 (Si/Al= 40) sample was ion exchanged by adding 1 g of zeolite in 20 mL
of 1 M ammonium nitrate aqueous solution and stirring the solution at 80 °C for 2 h. The
sample was then centrifuged, the solution decanted and replaced with additional 1M
ammonium nitrate aqueous solution. The process was then repeated three times while the last
ion exchange was carried out overnight. Afterwards, the solid was separated from the liquid
by centrifugation, washed with water and dried in the oven for 12 h at 80 °C. The final solids
were calcined at 550 °C for 6 h in air to achieve protonated ZSM-5. Finally, the material was
calcined by heating under flow of air from room temperature to 500 °C at a heating rate of 2
°C/min, with a hold time of 16 h. The support was further dehydroxylated at 250 °C (2
°C/min) for 16 h under high vacuum (1 mPa).

Preparation and characterization of [Ga(O7Bu)s]2/meso H-ZSM-5-159 (I)

[Ga(O1Bu);]> was synthesized according to a published method.!” A mixture of [Ga(OfBu)s]2
(250 mg) and meso-H-ZSM-5-250 (Si/Al= 40) (1 g) in pentane (10 mL) was stirred at 25 °C for
4 h. After filtration, the solid was washed 4 times with pentane. The resulting powder (I) was
dried under vacuum (1 mPa) at 70 °C.

Preparation and characterization of tripodal Ga species supported on meso H-ZSM-5-

250, (II)

(IT) was obtained via thermal treatment of (I) under vacuum equipped with a cold trap (liquid

N>) to collect the isobutene evolved during the process.

Preparation and characterization of Ga(iBu)s/meso H-ZSM-5-5¢ (III)
[Ga(iBu)s] was synthesized according to a published method.!'® A mixture of [Ga(iBu)s] (200
mg) and meso-H-ZSM-5-250 (Si/Al= 40) (1 g) in pentane (10 mL) was stirred at 25 °C for 4 h.

After filtration, the solid was washed 4 times with pentane and the washing fractions were
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transferred to another reactor in order to quantify isobutane evolved during grafting. The
resulting powder (III) was dried under vacuum (1 mPa) at 70 °C.

Analytical and Spectroscopic Procedures.

Elemental analyses were carried out at Mikroanalytisches Labor Pascher, Remagen
(Germany). Gas-phase analyses were performed on a Hewlett-Packard 5890 series Il gas
chromatograph, equipped with a flame ionization detector and HP PLOT KCI/Al,O3 column
(50 m x 0.32 mm) or HPS column (30 m x 0.32 mm). Diffuse reflectance IR spectra were
collected in an airtight IR cell equipped with CaF, window, using a Nicolet 6700 FT-IR
spectrophotometer and recording 64 scans at 4 cm ! resolutions. Nitrogen
adsorption/desorption experiments were performed in Micrometrics ASAP 2020 instrument.
X-ray diffraction patterns were recorded in a Bruker D8 diffractometer in Bragg-Bretano
geometry, using monochromatic Cu Kol radiation.

Solid-state NMR spectra were acquired on Bruker Avance 500 and Bruker Avance III 800
spectrometers. For 'H experiments, the spinning frequency was 20 kHz, the recycle delay was
30 s for meso-H-ZSM-5350 and 10 s for Ga(‘Bu)s/meso-H-ZSM-5250, and 16 scans were
collected using a 90° pulse excitation of 2.25 ps. The '*C CP-MAS NMR spectrum was
obtained at 11.74 T using the CP-MAS pulse sequence and a high-power 'H decoupling at an
RF field amplitude of 70 kHz. The spinning frequency was set to 10 kHz.

EXAFS spectra were acquired at ESRF, using BM23 beam-line, at room temperature at the
gallium K-edge (10.37 keV). A pair of Si(111) crystals was used as monochromator and a
system based on a total reflection through a double X-ray mirror with an incidence angle
variable from 2 to 5 mrad allowed harmonic rejection to better than the 107 level.!® The
spectra were recorded in the transmission mode between 10.1 and 11.4 keV. Four scans were
collected for each sample. Each data set was collected simultaneously with a W metal foil
(Lm edge at 10.206.8 keV) and was later aligned according to that reference. The Ga
supported samples were packaged within an argon filled glovebox in a double air-tight sample
holder equipped with kapton windows. The data analyses were carried out using the program
“Athena” ?° and the EXAFS fitting program “RoundMidnight”, from the “MAX” package,*!-*
using spherical waves. The program FEFF8 was used to calculate So> and theoretical files for
the total central atom loss factor, rc, the electron mean free path, A, the phases, ¢i, ¢ and
amplitudes, Fi, based on model clusters of atoms.?* The refinements were carried out by
fitting the structural parameters N;, R, 6i and the energy shift, AEo (the same for all shells of a
same structure was used):
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(k)= S2 *r, (k)*i%@*exp(;fs}*exp(— 257k? )+ sin[2kR, + @, (k,R, )+ D, (k)]

Reactivity testing

The reactivity of the supported catalysts in propane dehydrogenation was evaluated in a
stainless steel, continuous flow reactor. The catalysts (500 mg) were diluted in 2 g of SiC
(Strem), affording a final catalyst bed mass of 2.5 g. Catalysts were loaded into the reactor
inside a glovebox, and protected from the ambient atmosphere by a 4-way valve. Lines were
purged extensively with the reaction gas prior to its introduction into the reactor. The catalyst
bed was heated to 580 °C in flowing Ar (9.5 mL.min") before admitting 5 % of propane
(99.95 % Air Liquide, < 20 ppm propene), affording a total flow of 10 mL.min"!, at Pyt = 1
bar. The feed gas was purified by passage through a column containing molecular sieves and
activated Cu,0O/AlbOs3, and the flow rate controlled by a Brooks mass flow controller.
Products were determined by online GC (HP 6890, equipped with 50 m KCI/Al,O3; column

and an FID). Conversion was calculated based on peak areas normalized by carbon number.

Results and discussion

Preparation and characterization of [Ga(O7Bu);3]: supported on meso H-
ZSM-5-250 (D)
Meso-H-ZSM-5 with Si/Al= 40 was dehydroxylated at 250 °C under high vacuum (107

mbar), affording meso H-ZSM-5-250 (Si/Al= 40). The DRIFT spectroscopy of meso H-ZSM-
5-250 (SiA/I= 40) revealed two main bands at 3743 and 3608 cm™', characteristic of isolated
silanols and Brensted acidic sites, respectively. The other weak and unresolved bands
between 3700 and 3650 cm™! correspond to extra-framework alumina (EFA), generated during
desilication (Figure 1, a). Additional information was obtained by using solid state '"H MAS
NMR technique. In fact, the presence of these groups was indicated by the characteristic
peaks in "H MAS NMR spectrum at 3.9, 2.5, and 1.6 ppm (Figure 2, a). They are attributed to
Bronsted acidic sites, EFA hydroxyls, and isolated silanol groups, respectively.?** Two other
minor signals at 4.7 and 0 ppm, are already assigned in literature to another type of acid sites
and aluminum hydroxyls (Alw), respectively.?®?” The textural properties of meso H-ZSM-5-
250 were evaluated using N> physisorption measurements and revealed a type IV isotherm
behavior (Figure S2). A large surface area of 381.6 m®.g! was obtained with a total volume

pores of 0.27 cm®.g™!, consistent with the retention of the desired properties (Table 1).
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Figure 1. DRIFT spectra of a) meso H-ZSM-5-250 (Si/Al= 40), b) [Ga(O7Bu)s3]> on meso H-
ZSM-5-250 (Si/Al= 40) (I) and ¢) [Ga(O7Bu)3]> on meso H-ZSM-5-250 (Si/Al= 40) treated at
300 °C (II)

The grafting reaction of dimeric complex [Ga(O7Bu)s]> !’ in pentane on meso H-ZSM-5-250
(Si/Al= 40) was carried out at room temperature. The solid (I) was washed extensively with
pentane and dried under vacuum (1 mPa) at 70 °C for 12 h. The resulting material was
characterized by IR, solid state NMR ('H and '*C), EXAFS, BET and mass balance analysis.
DRIFT was used to monitor the grafting reaction (Figure 1, b). Evidently, the peak belonged
to isolated silanol (at 3743 cm™) has degraded, indicating that the grafting occurred via
protonolysis. There was still sign to the bands originated to EFA. Conversely, a large peak
centered at 3420 cm™! appeared and was assigned to Brensted acidic sites in interaction with
probably organic fragments. Moreover, adsorption at 2800-3000 cm™ corresponded to
typically v(C-H) vibrations of alkyl moieties, supporting the presence of surface
organometallic fragments. Due to the dimeric structure of [Ga(OrBu)s:]» and its steric
hindrance, the grafting reaction occurs selectively on the isolated silanol groups located in the
mesopores, while the Brensted acidic sites in the micropores remained unreacted. Further
information about the Ga coordination environment in (I) were provided using solid-state
NMR techniques. The data obtained from the characterization of [Ga(O7Bu)s;]> on meso H-
ZSM-5-250 (Si/Al= 40) by 'H MAS NMR showed two resolved, but fairly broad signals at 1.0
and 1.7 ppm (Figure 2, b), assigned respectively to alkyl fragments and remaining silanol
groups (consistent with DRIFT). The protons belonged to EFA and Brensted acid became
unresolved and partially masked by the dominating resonances, though a weak shoulder
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centered at 4.0 ppm (Bronsted proton) was visible. The '*C CPMAS spectrum was dominating
by two signals at 32.7 and 29.7 ppm (Figure S1), attributed to OCMe; and p-OCMes,
respectively.!” The minor peaks corresponded to strongly adsorbed pentane being difficult to
remove at low temperature.'” Indeed, no signal of the quaternary carbon of tert-butoxide
ligand was observed, probably due to the absence of proton bonded to this carbon. Such

observation was also found in the case of supported titanium fert-butoxide.?®

c)

10 8 6 4 2 0 -2

5 ("H) / ppm
Figure 2. '"H MAS NMR of a): meso H-ZSM-5.,50 (Si/Al=40), (18.8 T, 20 kHz, di= 10 s); b):
(I) and ¢): (II) (11.7 T, 10 kHz, di= 10 s)

N2 adsorption/desorption isotherms of (I) displayed a significant decrease in the surface area
from 381.6 (for meso H-ZSM-5-250 (Si/Al= 40)) to 104.4 m*.g”!" and the total pore volume was
also reduced to 0.10 cm’.g! (Table 1). Such decrease was previously seen while grafting
organogallium compounds and was attributed to the pore blockage.?” Moreover, elemental
analysis of this catalyst revealed 2.37 wt% of Ga and 4.25 wt% of C, corresponding to an
atomic ratio C/Ga of 10.6. The loading of Ga in (I) was higher than what we previously
reported in the case of [Ga(iBu);] on meso H-ZSM-5-»50 (Si/Al= 20) (1.36 wt%), which
suggested the formation of a dimeric Ga surface species when using [Ga(OrBu)z], as

precursor.

Table 1. Characterization of meso H-ZSM-5-50 (Sti/Al= 40), (I), (I) and (IIT) by N>
desorption. Vmicro 1s calculated from the t-plot method. V total is calculated from single-point
adsorption at P/Py = 0.985; Vimeso= Viotal = Vimicro

Samples Sger? Smicrob Sext” Viotal® \/vmicrof Vineso®
(m’g (m’g') (@m’g') (em’gh) (em’g’) (em’.gh)
1
)

Meso H- 381.6 241.5 140.1 0.27 0.11 0.16

Z.SM-5-259

@D 104.4 35.5 68.9 0.10 0.02 0.08
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an 377 111.3 265.8 0.21 0.05 0.16
(IID) 143.1 51.34 91.77 0.14 0.02 0.11

A study of the EXAFS, evaluating the average Ga coordination environment of [Ga(OfBu)s]»
on meso H-ZSM-5-250 (Si/Al= 40) confirmed the former findings on the formation of a
dimeric species. The Fourier-transformed magnitude and imaginary component of the EXAFS
for [Ga(O7Bu)3]» grafted onto meso-H-ZSM-5-250 (Si/Al= 40) are shown in Figure 3. For this
species, the results from the EXAFS studies agree with a dimeric structure (Figure 3, Table
2). The first peak observed in the Fourier transform (FT) (maximum in R- § at ca. 1.6 A)
could be fitted by two levels of oxygen back-scatterers, ca. two O at 1.83 and two O at 1.93
A. Moreover, the second peak (maximum in R- § at ca. 2.55 A) could be fitted including a
Ga--Ga contribution from a Ga back-scatterer at ca. 2.96 A while a fit with only a
combination of long (non-bonded) Ga-O, Ga-C and Ga-Si paths gave a really less satisfactory
fit in the region 2.1 - 3.6 A in R-space. A dimeric structure was suggested regarding the
results obtained from elemental analysis of Ga (2.37 wt%, compared to 1.36 wt% for
monomeric species obtained with [Ga(iBu)s;] on meso H-ZSM-5-»50 (Si/Al= 20)). This agrees
with a structure similar to the one of [Ga(u-OCMe2Et)(OCMe:Et)2]>, dimeric molecular
compound characterized by XRD, where Oterminal and Obridged atoms are at average distances of
1.773 £0.007 A and 1.914 = 0.004 A respectively and with a Ga--Ga distance of ca. 2.927 +
0.004 A (Scheme 1).!” Hence, all these results are in agreement with the formation of a

dimeric structure [(=S10)Gax(OrBu)s], as depicted below in Scheme 1.

EXAFS FOURIER TRANSFORM
10

——Experimental
----- Simulated

IF(R)|

4 I 6 I l|3 I 1|0 I 12 I 14 0 I 2 I 4
k(A R-58(A)

Figure 3. Ga K-edge k’-weighted EXAFS (left) and Fourier transform (right, modulus and
imaginary part; distances uncorrected from phase shifts) of [Ga(OfBu);]>» on meso H-ZSM-5-
250 (S1/Al=40) Solid lines: Experimental; Dashed lines: Fit (spherical wave theory).
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Table 2. Parameters obtained from the fit of the EXAFS spectrum for [Ga(O¢Bu)3]./H-ZSM-
5-250 (Si/Al= 40).® The error interval generated by the fitting program “RoundMidnight” is
indicated between parentheses for each variable parameter.

Type of neighbor Number of neighbors ~ Distance (A) o’ (A?)

Ga-0, 2.1(4) 1.829(14) 0.0039(9)
Ga-—-0p 1.9° 1.93(2) 0.0053(22)
Ga--Ga 1.002) 2.96(3) 0.0103(30)
Ga--C 4(3) 2.88(8) 0.087(63)
Ga--Si 0.5(8) 3.54(8) 0.0048(43)

@AK: [2.2 - 14.8 A"']- AR: [0.4 - 3.9 A]; So*> = 0.96; AE; = 5.1 £ 0.8 eV (the same for all shells); Fit residue: p =
4.7 %; Quality factor: (Ay)*/v =13.83 (v=15/30). (b) Parameter constrained to the parameter above.
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Scheme 1. Formation of a dimeric species after grafting [Ga(OrBu)3]> on meso H-ZSM-5-259
(Si/Al= 40)

Preparation and characterization of supported tripodal Ga on meso H-
Z.SM-5-250 (IT)
Controlled thermolysis of [(=Si0)Gax(OfBu)s], (I), from 25 to 300 °C (for 2 h), was

conducted under vacuum equipped with a cold trap (liquid N2) to collect the gas evolved
during the process. The analysis of the gas phase by GC after thermal treatment at 300 °C
revealed the formation of isobutene and traces of /~BuOH. As reported in the case of
supported tripodal V, the formation of isobutene is generated via a B-H elimination from the
methyl groups to form a hydroxy gallium intermediate justified by a band at 3680 cm™! in the
DRIFT spectrum.®® Simultaneously, a significant decrease of the alkyl vibrational bands
between 3000—2800 cm ' of tert-butoxy ligand after heating was observed (Figure 1, c).
Interestingly, the free silanol groups have been partial regenerated and was due to a transfer of
OH groups from gallium by ring opening of Si-O-Si fragments, leading to the formation of Si-
OH and creation of Ga-O bond. Similarly, this phenomenon was also evidenced by 'H MAS
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NMR (Figure 2, ¢). The spectrum obtained was similar to that of pristine meso H-ZSM-5-25¢
(S1/Al= 40), with signals at 1.7, 2.5, 3.9 ppm attributed for the regenerated isolated silanol, the
EFA hydroxyls and the Bronsted acid sites, respectively. Moreover, three other bands were
observed at 0, 0.9 and 1.4 ppm, corresponding to tetrahedral aluminum hydroxy, residual
alkyl groups and Ga-OH, respectively. The attribution of Ga-OH at 1.4 ppm was previously
reported in literature.>! Analysis of (IT) (Si/Al= 40) by N, adsorption/desorption showed that
the BET surface area and the total pore volume (377.0 m?/g and 0.21 cm?/g) have almost been
restored with respect to the bare support (Table 1). Regains in surface area and pore volume
were expected as the alkyl ligands, causing partial blockage of the pores, have been removed.
(ID has further been submitted to EXAFS analysis in order to confirm the local structure.

Further evidence supporting the formation of a dimeric structure was obtained from Ga K-
edge X-ray absorption spectroscopy. The k’-weighted Ga K-edge EXAFS corresponding
Fourier transform of tripodal Ga/meso H-ZSM-5-250 (Si/Al= 40) obtained from a
[Ga(OtBu)3]» precursor after grafting and heating are shown in Figure 4. The results from the
fit are in accordance with the formation of a dimeric structure (Figure 4, Table 3). The peaks
observed in the Fourier transform could be fitted by two levels of oxygen back-scatterers, ca.
two O at 1.80 and two O at 1.93 A and a Ga--Ga contribution from a Ga back-scatterer at ca.
2.88 A. In addition, the spectrum is also fitted with a Ga-Si contribution at ca. 3.52 A. This
result is in agreement with DRIFT and solid state NMR, resulting in a dimeric structure where
each Ga is bonded to a silicon, bearing a terminal and a bridged hydroxy ligand,

[(=Si0)Ga(OH):]», as depicted below in Scheme 2.

EXAFS FOURIER TRANSFORM
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Figure 4. Ga K-edge k*-weighted EXAFS (left) and Fourier transform (right, modulus and

imaginary part; distances uncorrected from phase shifts) of obtained from a [Ga(O7Bu)3]»
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precursor after grafting on meso H-ZSM-5-250 (Si/Al= 40), followed by a thermal treatment at
300 °C. Solid lines: Experimental; Dashed lines: Fit (spherical wave theory).

Table 3. Parameters obtained from the fit of the EXAFS spectrum of obtained from a
[Ga(OrBu)s]> precursor after grafting on meso H-ZSM-5-250 (Si/Al= 40), followed by a
thermal treatment at 300 °C.®) The error interval generated by the fitting program
“RoundMidnight” is indicated between parentheses for each variable parameter.

Type of neighbor Number of neighbors Distance (A) o’ (A?)

Ga-0, 2.0 1.805(8) 0.0025(8)
Ga--0Op 2.0 1.93(1) 0.0053(22)
Ga--Ga 1.0 2.88(3) 0.0103(30)
Ga--Si 1.0 3.52(4) 0.0052(35)

aAk: [2.1-15.0 A]- AR: [0.4 - 3.9 A]; S¢> = 0,96; AEg = 5.5 +£ 0.7 eV (the same for all shells); Fit residue: p =
4.1 %; Quality factor: (Ay)*v=2.87 (v=20/30).

2.88A _H

Scheme 2. Formation of a dimeric species after thermal treatment of [Ga(O7Bu)3]»/meso H-
ZSM-5-250 (Si/Al=40) at 300 °C

Preparation and characterization of [Ga(iBu)s] supported on meso H-ZSM-
S5-250 (I1T)

[Ga(iBu)s], being a monomeric complex in solution was immobilized onto meso H-ZSM-5-25¢
(Si/Al= 40) in the same manner as described for (I), offering material (III) The grafting
reaction was monitored by IR spectroscopy. Grafting of [Ga(iBu)s] proceeded via
protonolysis on the silanol groups, as indicated in the DRIFT spectrum where isolated silanols
at 3743 cm’! has been partially consumed. On the other hand, the Bronsted acid sites at 3601
cm’ remained intact during the grafting (Figure 5). Presence of surface alkyl groups
associated to iso-butyl ligands were evidenced by the v(C—H) vibration bands appearing in the

range between 28003000 cm™!. These results were similar to the ones observed in the case of
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catalyst (I), consistent with a selective grafting on the silanol groups in the mesopores, while

the Bronsted sites in micropores were conserved.

Kubelka-Munk

b M
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Figure 5. DRIFT spectra a) of meso H-ZSM-5-250 (Si/Al= 40) before (black), b) after reaction
with [Ga(iBu)3] in pentane at 25 °C and thermal treatment at 70 °C and high vacuum for 12 h
(red)

The 'H MAS NMR spectrum of (III) exhibited signals at 0.9, around 2 and 4.0 ppm
corresponding to methyl groups of isobutyl fragments, to the Al-OH (EFA) and to the
Bronsted acid sites, respectively (Figure 6, a). The peak around 2 ppm was particularly large
due to the presence of different Al-OH types, as well as the presence of Ga-CH>-CH-(CH3):
having an expected resonance at 2.0 ppm.'> Moreover, two signals are observed in the '*C CP
MAS spectrum at 25.6 and 30.9 ppm, attributed to CH3 and CH from the isobutyl groups,
respectively (Figure 6, b). Hence, DRIFT and NMR techniques suggest the formation of a
bifunctional [Ga(iBu)3] on meso H-ZSM-5-250 (Si/Al= 40) catalyst like in the case of catalyst
D).

a) b)

, ;
10 8 6 4 2 0 -2 -4 160 E;O (;0 4‘0 2b 0
3 ("Hippm) 3 (“*Clppm)

Figure 6. MAS NMR spectra of a) 'H and b) '3C CP of Ga(iBu)s/meso H-ZSM-5-250 (Si/Al=
40) (11.7 T, 10 kHz, d;= 5s)
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The N> adsorption/desorption of species (III) revealed a decrease in the surface area from
381.6 to 143.11 m?.g"! and in the volume of the total pores (Table 1). According to elemental
analysis, (III) contained 0.92 and 1.7 wt% of Ga and C, respectively, corresponding to an
atomic ratio 10.8. In addition, the isobutane evolved during the grafting and detected by GC
was 0.9/Ga. The Ga loading in species (IIT) (0.92 wt%) was lower than what we observed in
the species (I) (2.37 wt%). Since the Ga content is practically governed by the available Si-
OH for grafting, such low Ga loading in (III) suggested a monomeric surface organometallic
fragment, like the one reported earlier.!® It is important to note that the structure of [Ga(iBu)s]
depends on the nature of the support. In the case of silica, we recently observed the formation
of a dimeric species while a monomeric species was obtained on alumina.’? The local
structure of the catalyst Ga(iBu);/meso H-ZSM-5-250 (Si/Al= 40) was furthermore
investigated by EXAFS to confirm the previous findings. In Figure 7, the first maxima
between 0.8 and 2.0 A, corresponds to scattering from light (O, C) atoms in the first
coordination sphere of Ga, hence two carbon atoms from the isobutyl ligands are bonded to
Ga with a distance of 1.98 A. In fact, terminal Ga-C bonds in [HGa(i-Pr),]3 were reported to
be between 2.004-2.129 A, 33 similar to the case of catalyst (III). Moreover, one oxygen atom
distanced at 1.80 A derived from the support (Si-O-Ga). The Ga-O distance (1.80 A) falls in
the range expected for terminal Ga-OR bond lengths (1.79-1.89 A).>*35 This is in accordance
with the mass balance analysis (vide supra), suggesting the formation of a monopodal species
(IIT) (Table 4). From the other maxima in the FT magnitude (2.2 and 3.0 A) corresponding to
non-bonded atoms in the second coordination sphere of the Ga, the presence of two non-
bonded C atoms at a distance of 3.0 A were seen, as Ga is surrounded by secondary carbon
from the two iso-butyl ligands. Two other long contributions Ga-O (2.47 A) attributed to an O
from the surface coordinated to the metal, and a Si, second neighbor of Ga, located at 3.25 A,
allowing to obtain a good fit with experimental spectrum. Hence, all these data from EXAFS
agrees with the formation of a monopodal species, [(=S10)Ga(iBu):], depicted in Scheme 3. A
judicious choice of the nature of the ligand in the Ga precursor can lead to a catalyst bearing
monomeric, dimeric or oligomeric species after grafting on meso H-ZSM-5-250 (Si/Al= 40).
Hence, the variety of the catalyst with different surface species permit to establish a
relationship structure-activity in propane aromatization and to provide more information

about the best active sites and the sites responsible for deactivation.
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EXAFS FOURIER TRANSFORM
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Figure 7. Ga K-edge k*-weighted EXAFS (left) and Fourier transform (right, modulus and

imaginary part; distances uncorrected from phase shifts) of Ga(iBu);/H-ZSM-5-250 (S1/Al=
40). Solid lines: Experimental; Dashed lines: Fit (spherical wave theory).

Table 4. Parameters obtained from the fit of the EXAFS spectrum for Ga(iBu)s/H-ZSM-5-250
(Si/Al=40).> The error interval generated by the fitting program “RoundMidnight” is
indicated for each variable parameter between parentheses.

Path? N° R (A) 10° 6% (A?)
Ga-0 1 1.807(12) 0.0042(16)
Ga--C1 2 1.98 (2) 0.0025(10)
Ga--0< 1 2.47(7) 0.017(8)
Ga--C2 2 3.00(2) 0.0036(18)
Ga--Si 1 3.25(10) 0.057(75)

(a) Ak:[2.0-13.4 A"']- AR: [0.4 - 3.9 A]; So> = 0.96; AEO = 7.0 + 0.7 eV (the same for all shells); Fit
residue: p = 3.4 %; Quality factor: (Ay)*/v = 2.57 (v = 15/26).
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Scheme 3. Formation of a monomeric species after grafting Ga(iBu);/meso H-ZSM-5-250
(Si/A1=40)
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Reactivity toward propane aromatization
As mentioned earlier, propane aromatization requires a bifunctional catalyst supported on a

zeolite, where the first step (dehydrogenation) is known to be favored on the metal sites
whereas the acidic sites in the zeolites undergo aromatization of propylene, the primary
product. Additionally, it is important to note that the aromatization process include a series of
reaction between dehydrogenation and aromatization such as oligomerization and cyclization
ensured by the Brensted acid sites.>® Thus, dehydrogenation is the limiting step during the
propane aromatization. It is then preferable to incorporate a more active Ga phase for
dehydrogenation in the zeolite giving higher concentration in propylene. Based on our recent
results obtained in propane dehydrogenation, we expected by using a high active Ga species
obtained from a [Ga(OtBu)3]> precursor after grafting and heating, located in the mesopores,
to access to a high catalytic activity in propane aromatization with catalyst (II). The catalytic
performance of (II) in propane aromatization was evaluated in a continuous flow reactor at
580 °C with a total flow of 10 mL.min" (5 % of C3 in Ar) and was compared to
Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 40) and meso H-ZSM-5-250 (Si/Al= 40). The purpose of
this section is to assess the effect of the presence of Ga in the mesopores, as well as the effect
of the structure (monomeric vs dimeric) on the activity and selectivity in propane
aromatization.

The initial propane conversion obtained at 580 °C on tripodal Ga/meso H-ZSM-5-250 (S1/Al=
40) was high (74%), followed by a gradual deactivation over the time leading to 38% after
900 min (Figure 8, a). The selectivity toward aromatics was around 60 wt% at early times on
stream and dropped to 50.5 wt% (23.4 wt% of benzene and 27.1 wt% of toluene) after 900
min (Figure 8, b). The light products (methane, ethane and ethylene) resulting from the
cracking reactions and the propylene obtained from the dehydrogenation reaction increase as
function of time while the aromatics products decrease. At 900 min, the selectivity toward
propene was 19.9 wt% (initially 3.5 wt%) with 12.9 wt% of ethene, 11.6 wt% of ethane and
5.1 wt% of methane (Figure S3). Thus, the presence of Ga in the mesopores promoted the
formation of 60 wt% of aromatics compared to 40 wt% in the case of pristine meso H-ZSM-
5-250 (Si/Al= 40) tested in the same conditions (Figure S4). Surprisingly, meso H-ZSM-5-250
(Si/Al= 40) exhibited a high stability with a conversion of 67% compared to tripodal Ga
catalyst. However, (II) exhibited fairly high activity and selectivity at early time on stream,
indicating that the combination of these tripodal Ga supported species and meso H-ZSM-5

was efficient for propane aromatization. These tripodal Ga species were incapable of
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accomplishing propane aromatization without the simultaneous presence of strong acidic sites
that appeared to be involved as well in the activation of C-H bond of propane. In fact, this was
supported from the results obtained in the case of the bare zeolite in propane aromatization.
Additionally, the decrease in the conversion observed after 100 min in the case of (II) was
probably due to limited diffusion of propylene (primary product that increases as function of
time) into the acidic sites located in the micropores. The constantly increase in propene
selectivity as function of time on stream in the case of species (II) implied that the
dehydrogenation phase was still active, but the limited step lies on the acid sites which
seemed to become less accessible due to coke formation and blocking the micropores. In fact,
the material (II) turned into black after catalytic performance, revealing the formation of 4 %
of coke, evidenced by TGA (Figure S5). However, in the case of meso zeolite (Si/Al= 40), the
deactivation by coke formation was not observed. This result revealed that the dimeric
tripodal Ga supported species also accelerate coke formation. In order to confirm this
hypothesis, we evaluated the catalytic activity of monomeric [Ga(iBu);] on meso H-ZSM-5-
250 (S1/Al=40).

a) b)
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Figure 8. a) propane conversion with meso H-ZSM-5-250 (Si/Al= 40) (e) and tripodal Ga/
meso H-ZSM-5-250 (Si/Al= 40) (m) and b) selectivity of light hydrocarbons and aromatics in
wt% with Ga/meso H-ZSM-5 (Si/Al= 40) for propane aromatization; Conditions: T = 580 °C,
total flow = 10 mL.min"' (5 % C3 in Ar)

Compared to (II), a high stability was observed with a conversion of around 88 % in the case
of monomeric Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 40) (III), with a high selectivity toward
aromatics 64 wt% along with 36 wt% of light hydrocarbons (Figure 9). After 900 min, the
products consisted in 36.6 wt% of benzene, 26.1 wt% of toluene, 13 wt% of methane, 10.5
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wt% of ethene, 7 wt% of ethane and 5.7 wt% of propene, along with traces of C4. In addition,
the global selectivity in aromatics for (III) was far higher than what we observed in the case
of meso H-ZSM-5-250 (Si/Al= 40) alone (Figure S6). These results showed that the
monomeric Ga species in the mesopores was more appropriate to perform propane
dehydrogenation/aromatization compared to Ga dimeric species without remarkable
deactivation of the catalyst. In fact, the low deactivation of this catalyst was related to the
absence of coke formation and pore blockage of micropores containing the acidic Brensted
sites during the catalytic test. Based on current results, the isolated Ga species in meso zeolite
(IIT) was more suitable for propane aromatization than dimeric Ga species. The low catalytic
performance of (II) was attributed to the dimeric Ga species that may lead to the formation of
coke due to its high acidity. In fact, it was reported in literature that the Ga oligomeric species
on alumina were less active and stable than isolated Ga species due to the formation of coke
during catalytic test at high temperature. The difference in the catalytic activity between (II)
and (III) is thus ascribed by the different Ga structure (monomeric or dimeric) on the surface.
Hence, current data suggested that it was essential to obtain isolated species on the surface in
the mesopores of meso zeolites in order to avoid the quick deactivation due to the formation
and migration of coke into the micropores as well as to access to a highly active, stable and

selective catalyst for propane aromatization.
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Figure 9. Propane conversion with monopodal Ga(iBu):/meso H-ZSM-5-250 (Si/Al= 40) (o)
and tripodal Ga/meso H-ZSM-5-250 (S1/Al= 40) (o) ; Conditions: T= 580 °C, total flow= 10
mL.min"' (5 % C3 in Ar)
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Conclusion

The present investigation reports the catalytic activity of a tripodal dimeric species supported
on a meso H-ZSM-5-250 (S1/Al= 40), from a [Ga(OrBu)s]» precursor after grafting and heating
at 300 °C, and monomeric species supported on a the same zeolite and obtained from
[Ga(iBu)3] molecular precursor for propane aromatization. Meso H-ZSM-5-250 (Si/Al= 40)
was prepared by desilication of microporous H-ZSM-5 (Si/Al= 40), dehydroxylated at 250 °C
and characterized by DRIFT, '"H NMR and N, adsorption/desorption. Material (I) was
prepared by using an original method based on the selective grafting of a dimeric complex
[Ga(OrBu)3]» on the silanols in the mesopores of meso H-ZSM-5-250 (with Si/Al= 40). This
leads to dimeric gallium supported species [(=Si0)Gax(OrBu)s] (I), evidenced by DRIFT,
high field solid-state NMR ('H and '*C), N, adsorption/desorption, EXAFS as well as mass
balance analysis. Tripodal Ga species supported on meso H-ZSM-5-250 (Si/Al= 40) (II) were
then obtained by a thermal treatment, triggering B-H elimination leading to gallium hydroxy
intermediate followed by a hydroxy transfer to Si-O-Si or Si-O-Al fragments. This catalyst
(IT) was fully characterized by DRIFT, '"H MAS NMR, N, adsorption/desorption. In addition,
EXAFS confirmed the formation of a Ga dimeric species after the thermal treatment. A Ga
monomeric species on meso H-ZSM-5-50 (Si/Al= 40) using [Ga(iBu);] was prepared and
characterized by the same techniques as (I). Importantly, in all cases, the immobilization of
Ga occurred selectively on the silanol groups located in the mesopores, leading to a
bifunctional catalyst affording Ga sites for dehydrogenation and Brensted acid sites for
cyclization, oligomerization, and aromatization. A better activity and stability for propane
aromatization were obtained on monomeric Ga species in the case of species (III) compared
to the dimeric species (II). A fast deactivation was observed in the case of (II) with a decrease
in the selectivity toward aromatics as function of time on stream. This deactivation was
attributed to coke formation due to the presence of acidic Ga-OH-Ga sites in the case of a
dimeric structure. This resulted in the blockage of the micropores and made the Brensted
acidic sites inaccessible. Thus, the difference in reactivity observed for species (II) and (III)
was hence attributed to the structurally distinct gallium surface sites in these catalysts. We can
conclude that isolated Ga species in the mesopores of the meso zeolite was crucial in order to
avoid a quick deactivation due to the formation and migration of coke into the micropores and

thus to access to a highly active, stable and selective catalyst for propane aromatization.
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Abstract

Tri-isobutyl gallium has been immobilized on a series of mesoporous H-ZSMS5 prepared by
desilication with different Si/Al ratio (25, 40, 100, 200 and «). The resulted materials have
been characterized by IR, solid state NMR, BET, elemental analysis and EXAFS. In all cases,
the organometallic precursor reacts selectively with silanol groups, yielding a monopodal
surface species located in the mesopores. Importantly, the Brensted acidic sites remain intact
in the micropores of the materials, as revealed by IR and high field solid state NMR. This
series of materials can be regarded as bifunctional catalysts containing isolated Ga site and
Bronsted sites in proximity, suitable for propane aromatization. Catalytic investigations show
that the materials are highly active and the activity and selectivity towards aromatics are
favorable for low Si/Al ratio. Different conditions have been studied for Ga(iBu)s/meso-H-
ZSM-5-50 (Si/Al = 40), such as temperature and feed composition. The optimal conditions
are found to be 580 °C and 5% propane in the feed.

Introduction

Light aromatic compounds such as benzene, toluene and xylene (BTX), are considered as
essential raw materials for the petrochemical industry and important intermediates to high
value-added chemicals. They are also used as blending mixture to enhance the octane number
of gasolines. The increasing demand of BTX led to a higher interest toward the transformation
of light alkanes into aromatics, since light alkanes became abundant with the discovery of
new shale gas reserves.! BTX are mainly produced by catalytic reforming or by steam
cracking processes,” however, other methods can be used like methanol (MTA),** syngas
(STA)*® and CO, hydrogenation.”® Although these technologies are still the dominating
sources to produce BTX, those “by-product” technologies are less flexible to align with the
market evolution. Hence, on-purpose technology is a promising alternative to conventional
cracking and reforming processes that has the potential to secure the market supply. The
advantage of on-purpose aromatization is the use of cheap and abundant feedstock (light
alkanes).>’ For example, methane aromatization has been studied, however, due to the low
selectivity and the high temperature required during the reaction,!® the use of propane is
preferable in this reaction. On-purpose propane aromatization requires generally a
bifunctional catalyst, where the metal sites are responsible for its dehydrogenation into
propylene, followed by an oligomerization and cyclization leading to aromatics over the

Bronsted acid sites present in the zeolitic support.''"'* Beside the main reaction, coking and
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cracking may also occur resulting in undesired products. Due to the complexity of this
process, many studies were conducted to find a suitable high-performing catalyst. Several
metals such as Ga, Pt, Zn and others, have been hosted on zeolites and studied for the
aromatization reaction.'>° Economically, Ga and Zn are more preferred over the expensive
noble metal Pt. However, Zn supported on H-ZSM-5 zeolites exhibited a high volatility of the
metal under the reaction conditions (high temperature > 500 °C).”?!? To date, Ga is the most
promising metal due to its ability to dehydrogenate and aromatize propane into BTX with a

high selectivity and marginal leaching of metal species,>>**

and hence is the only metal used
in industry for propane aromatization. UOP and BP commercialized the Cyclar® process,
using a bifunctional catalyst based on Ga supported on H-ZSM-5.2?° The main drawback of
propane aromatization is the production of large amounts of light hydrocarbons by cracking
reaction on acidic sites.?! In addition, these cracking reactions can be also favorized by the
presence of different gallium oxide phases, clusters or agglomerates on the surface. In fact,
the catalysts described in the literature are generally obtained via classical synthesis methods
such as wetness impregnation by using Ga salts, chemical vapor deposition of GaCls,
followed by thermal activation or reduction, and even mechanical mixing with Ga,O3.2+634
These methods hamper the highly dispersion and characterization of the isolated active sites,
reported to be responsible for the aromatization reaction. In fact, Ga-based catalysts prepared
by impregnation with gallium nitrate on zeolite followed by successive calcination, reduction
in hydrogen and reoxidation in air and with high loading of metal, lead to the formation of
segregated Ga,O3; phase on the surface, responsible for the cracking reaction. The latter
facilitates the formation of clusters as well with four gallium centers that were confirmed by
EXAFS.® The reduction of active sites numbers can also result from the catalyst
pretreatment, like water, leading to a low dispersion of Ga. In fact, during the preparation of
Ga on zeolites throughthe ion exchange method, a substantial quantity of metal may still
remain on the external surface of the H-ZSM-5 after calcination, due the high-volume size of
hydrated Ga®* that inhibits its access to the intracrystalline volume of the zeolite. Such low
dispersity of Ga leads to the formation of undesired Ga oxide. To overcome these challenges,
an anhydrous route for the incorporation of Ga into pores of the zeolites associated to the
creation of mesoporous zeolites connected to the zeolite micropores has been proposed.
Santen et al. described the chemical vapor deposition of trimethylgallium on meso zeolite,
with subsequent removal of the methyl groups by treatment with H> or 02.%¢*® The obtained
catalyst revealed a high selectivity in propane dehydrogenation without the formation of any
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aromatic compounds, due to the total absence of acid sites which have been consumed during
the preparation of the catalyst. This is due to the diffusion of the low-sized trimethylgallium
through the micropores.’’2%% Hence, it is essential to control the size of the selected
precursor. In that context, using a mesoporous H-ZSM-5, we developed recently a
bifunctional catalyst through a selective grafting of [Ga(iBu)s] containing moderately bulky
ligands. Essentially, the Ga precursor was successfully attached into the mesopores, while the
acidic sites in the micropores remained intact. The resulting bifunctional catalyst exhibited a
high propane conversion of 74 % at early times on stream with 64 wt% of BTX at 500 °C.*
The formation of aromatic compounds occurs via two steps: dehydrogenation of propane on
Ga isolated sites in the mesopores, while the aromatization of the propylene intermediate on
the acidic sites takes place in the micropores. Hence, further improvements can eventually be
achieved by tuning the acidity of the meso-porous H-ZSM-5 using different Si/Al ratio. It is
important to note that a highly active and stable site for propane dehydrogenation is needed to
access to high productivity in BTX. We propose to study the effect of the ratio Si/Al of meso
ZSM-5 by using [Ga(iBu);] as a precursor on the activity and selectivity in propane

aromatization.

The aim of the present work is to prepare a bifunctional Ga catalyst by immobilizing
[Ga(iBu)3] on meso H-ZSM-5-250 (S1/Al= 25, 40, 100, 200 and o). The resulting materials
were evaluated in propane aromatization in order to select the most promising support. The

catalysts were characterized by DRIFT, solid-state NMR, BET, XAFS and mass balance

analysis.

Experimental Section

General procedures. All experiments were carried out under a controlled atmosphere, using
Schlenk and glovebox techniques for organometallic synthesis. For the synthesis and
treatment of supported species, reactions were carried out using high-vacuum lines (ca. 1
mPa) and gloveboxes. Benzene and pentane were distilled from Na-benzophenone and NaK-
benzophenone, respectively, and degassed using freeze-pump-thaw cycles. [Ga(iBu)s] was

synthesized according to a published method.*?
Preparation of Meso H-ZSM-5-,5.

Synthesis of microporous zeolites supports
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Samples were synthesized following procedures previously reported by Jacobs and Martens.*’
First fumed silica was combined with NaOH and water and stirred until homogenous
(Solution 1). Then a premixed solution of tetrapropylammonium bromide and water (Solution
2) was added and the gel allowed to stir until homogenous. This step was followed by the
addition of a premixed solution of sodium aluminate and water (Solution 3) to achieve the
desired Si/Al gel ratio and the gel was stirred until homogeneous (Table E1). The gel was then
transferred to an autoclave and crystallized at 150 °C for 3 days. The resulting solid was
filtered and washed with water and dried at 50 °C overnight. The template was removed from

the zeolite by calcination at 550 °C for 6 hours in air.

Table E1. Synthesis ratios and amounts

Target | Gel Solution 1 Solution 2 Solution 3
Si/Al .

S1/Al Fumed | NaOH | Water | TPABr | Water | NaAlO; | Water
ratio .

ratio Silica (2) (mL) (2) (mL) (2) (mL)

(2

25 18 66.60 9.60 192 15.00 468 5.04 84
40 36 66.60 9.60 192 15.00 468 2.52 42
100 74 66.60 9.60 192 15.00 468 1.260 21
200 144 66.60 9.60 192 15.00 468 0.63 10.5
0 0 66.60 9.60 192 15.00 468 0 60

Desilication treatment

The calcined microporous ZSM-5 samples were placed in a preheated 0.1 M NaOH solution
at 70 °C (20 mL of solutions per gram of zeolite). The slurry was then stirred at 70 °C after
which the reaction was cooled with ice to prevent further desilication. The mixture was then

centrifuged and washed with water three times and dried at 50 °C overnight.
Ion exchange of supports

Mesoporous ZSM-5 samples were ion exchanged by adding 1 g of zeolite in 20 ml of 1 M
ammonium nitrate aqueous solution and stirring the solution at 80 °C for 2 h. The samples
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were centrifuged, the solution decanted and replaced with additional 1M ammonium nitrate
aqueous solution. The process was repeated three times while the last ion exchange was
carried out overnight. Afterwards, the solid was separated from the liquid by centrifugation,
washed with water and dried in the oven for 12 hat 80 °C. The final solids were calcined at

550 °C for 6 h in air to achieve protonated ZSM-5.

Finally, the material was calcined by heating in air from room temperature to 500 °C at a
heating rate of 2 °C/min, with a hold time of 16 h. The supports were further dehydroxylated
at 250 °C (2 °C/min) for 16 h under high vacuum (1 mPa).

Preparation and characterization of Ga(iBu)s/meso H-ZSM-5-5.

A mixture of [Ga(iBu)s] (200 mg, 0.80 mmol) and meso-H-ZSM-5-250 (1 g) in pentane (10
mL) was stirred at 25 °C for 4 h. After filtration, the solid was washed 4 times with pentane
and the washing fractions were transferred to another reactor in order to quantify isobutane

evolved during grafting. The resulting powder was dried under vacuum (1 mPa) at 70 °C.
Analytical and Spectroscopic Procedures.

Elemental analyses were carried out at Mikroanalytisches Labor Pascher, Remagen
(Germany). Gas-phase analyses were performed on a Hewlett-Packard 5890 series Il gas
chromatograph, equipped with a flame ionization detector and HP PLOT KCI/Al,O3 column
(50 m x 0.32 mm). Diffuse reflectance IR spectra were collected in an airtight IR cell
equipped with CaF, window, using a Nicolet 6700 FT-IR spectrophotometer recording 64

scans at 4 cm™!

resolutions. Nitrogen adsorption/desorption experiments were performed in
Micrometrics ASAP 2020 instrument. X-ray diffraction patterns were recorded in a Bruker

D8 diffractometer in Bragg-Bretano geometry, using monochromatic Cu Kal radiation.

Solid-state NMR spectra were acquired on Bruker Avance 500 and Bruker Avance III 800
spectrometers ("H: 800.13 MHz;). For 'H experiments, the spinning frequency was 20 kHz,
the recycle delay was 30 s for meso-H-ZSM-5,50 and 10 s for Ga(iBu)s;/meso-H-ZSM-525o,
and 16 scans were collected using a 90° pulse excitation of 2.25 us. The *C CP-MAS NMR
spectrum was obtained at 11.74 T using the CP-MAS pulse sequence and a high-power 1H
decoupling at an RF field amplitude of 70 kHz. The spinning frequency was set to 10 kHz.

EXAFS spectra were measured at ESRF, using BM23 beam-line, at room temperature at the

gallium K-edge (10.37 keV). A pair of Si(111) crystals was used as monochromator and a
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system based on a total reflection through a double X-ray mirror with an incidence angle
variable from 2 to 5 mrad allowed harmonic rejection close to 107 level.** The spectra were
recorded in the transmission mode between 10.1 and 11.4 keV. Four scans were collected for
each sample. Each data set was collected simultaneously with a W metal foil (L1 edge at
10.207 keV) and was later aligned according to that reference. The Ga supported samples
were packaged within an argon filled glovebox in a double air-tight sample holder equipped

” 4 and

with kapton windows. The data analyses were carried out using the program “Athena
the EXAFS fitting program “RoundMidnight”, from the “MAX” package,*¢ using spherical
waves. The program FEFF8 was used to calculate theoretical files for the total central atom
loss factor, rc, the electron mean free path, A, the phases, ¢i, . and amplitudes, F;, based on
model clusters of atoms.*” The refinements were carried out by fitting the structural
parameters Ni, R;, 6i and the energy shift, AEo (the same for all shells of a same structure was

used):

w(k)= S2 =r, (k)*i%*exp(%}exp(— 2057k? )+ sin[2kR, + @, (k,R, )+ D, (k)]

Reactivity testing

The reactivity of the supported catalysts in propane dehydrogenation was evaluated in a
stainless steel, continuous flow reactor. The catalysts (500 mg) were diluted in 2 g of SiC
(Strem), affording a final catalyst bed mass of 2.5 g. Catalysts were loaded into the reactor
inside a glovebox, and protected from the ambient atmosphere by a 4-way valve. Lines were
purged extensively with the reaction gas prior to its introduction into the reactor. The catalyst
bed was heated to 580 °C in flowing Ar (9.5 mL.min!) before admitting 5 % of propane
(99.95 % Air Liquide, < 20 ppm propene), thus affording a total flow of 10 mL.min"!, at Pyl
= 1 bar. The feed gas was purified by passage through a column containing molecular sieves
and activated CuxO/Al>03, and the flow rate controlled by a Brooks mass flow controller.
Products were determined by online GC (HP 6890, equipped with 50 m KCI/A1bO3 column

and an FID). Conversion was calculated based on peak areas normalized by carbon number.

Results and discussion

Preparation and characterization of meso-H-ZSM-5 with Si/Al ratio (from
25 to )

Zeolites are well-defined crystalline, thermally stable, aluminosilicate materials with regular

pores and channels, and a high specific surface area, ranging typically from 300 to700 m?/g.*®
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These material are widely used in the industry as heterogeneous catalysts for a wide range of
processes, due to their strong acidity and uniform micropores (<2 nm in diameter).*-°
However, their catalytic activity suffer from diffusional limitations in the presence of bulky
reactant or products, resulting in pore blocking.’'* The creation of mesopores connected to
the zeolite micropores is a promising solution to minimize and to overcome the diffusion
limitation.!*34-¢ In this way, the micropores of the zeolite are effectively shortened while the
formation of mesopores increases the external surface area of the zeolite, allowing the
accessibility of the reactants to a larger number of pores. Several synthesis routes have been
reported in the literature, such as post-treatment and template assembly for the preparation of
hierarchically porous zeolites.>’ Jacobs and Martens reported a synthesis process to produce
hierarchical zeolites (H-ZSM-5) by combining TPABr as template, fumed SiO; and different
concentration of NaAlO; followed by solid state crystallization. In order to establish the
correlation between the acidity of the zeolites with the catalytic activity in propane
aromatization in presence or absence of Ga, we synthesized a series of meso zeolites (meso
H-ZSM-5) with different ratio (Si/Al= 25, 40, 100, 200, o). Using the procedure described by
Jacobs and Martensfor the preparation of micropores using different concentration of NaAlO»
and a post-synthesis (treatment by NaOH), the mesopores were created followed by ion
exchange method (see experimental section). The zeolites (H-ZSM-5 and meso H-ZSM-5)
have been characterized before and after post-synthesis by XRD, SEM, EDX and BET. The
meso zeolites with different Si/Al obtained after calcination and dehydroxylation at 250 °C
were characterized by DRIFT, solid state NMR and BET before grafting of gallium

organometallic complex.

The change in crystalline structure of ZSM-5 before and after NaOH treatment was evaluated
using Powder X-ray diffraction patterns (PXRD patterns) technique (Figure S1). The
corresponding peaks for crystalline ZSM-5 are observed in both cases confirming the
expected MFI framework. However, a slight difference between phases was observed when
the Si/Al ratio increased and after post-treatment with NaOH. Similar results were also
reported by Xue et al.’® In addition to XRD, SEM images of the H-ZSM-5 crystals confirmed
the formation of the expected coffin-like crystals typically seen for ZSM-5 (Figure 1). SEM
images also showed that typical crystal sizes are within the required range of 1-5 pm. It was
noted that with increasing aluminum content of the synthesized gel (Si/Al ratio lower than 50)

a slight change in the morphology of the H-ZSM-5 was observed with the crystals becoming
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less well defined and more polycrystalline in nature. The morphology of the crystals remained

unchanged following the NaOH treatment of the microporous H-ZSM-5 to form the
mesoporous supports (meso H-ZSM-5, Si/Al= 25, 40, 100, 200, o) (Figure 2).

Figure 1. SEM images of the as-synthesized microporous ZSM-5 with Si/Al ratios of 25, 50,
100, 200 and infinite (from left to right).

=
|
|

Figure 2. SEM images of the mesoporous ZSM-5 supports with Si/Al ratios of 25, 50, 100,
200 and infinite (from left to right).

Moreover, EDX analysis (Table S1) of these samples confirmed that the increase of Si/Al
ratio of the samples was maintained in the Si/Al content of the synthesized H-ZSM-5 and
remained relatively unchanged for meso H-ZSM-5 after the NaOH treatment. To gain more
information about the porous property of the mesoporous ZSM-5, we performed N
physisorption measurements. Figures S2 show the N> adsorption/desorption isotherms of H-
ZSM-5 and meso H-ZSM-5 with the different Si/Al ratio. In figures S2.a, H-ZSM-5
adsorption/desorption behavior is attributed to a type I isotherm, typical of a microporous
zeolite, with the adsorption being slightly higher for those samples with higher Si/Al ratios. In
comparison with Figure S2.b, the post-treatment of these samples with NaOH solution
resulting in meso H-ZSM-5 exhibited a type IV behavior and greater adsorption capacity
associated with the production of mesopores. It should be noted that as the Si/Al ratio of the
parent ZSM-5 samples increased, treated samples (meso H-ZSM-5) were less mesoporous in
character and showed decreased adsorption capacity (Table S1). This is likely due to the
increasing crystallinity (with increasing Si content) of the samples making the crystals less
susceptible to the desilication process. The pore volumes and surface areas of the meso H-
ZSM-5 samples were also evaluated using N> physisorption measurements (Table S1). The

post treatment with NaOH of H-ZSM-5 led to an increase in the total pore volumes and
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specifically in the mesopores volume. A slight increase in the BET surface area was observed
(for Si/Al= 25 and 40), as calculated by BJH method. The above results confirmed that

mesopores formation in the synthesized ZSM-5 samples depends on Si/Al ratios.

In order to control the structure of Ga surface species on the mesoporous zeolites, meso-H-
ZSM-5with different ratio (Si/Al= 25, 40, 100, 200 and o) were obtained by dehydroxylation
of the material at 250 °C under high vacuum (1 mPa), affording meso H-ZSM-5-50. The
resulting materials were characterized by N» adsorption/desorption, DRIFT and 'H MAS
NMR and were tested in propane aromatization. Table 1 summarizes the results obtained on
the meso zeolites using N> adsorption/desorption. A high specific surface area between 350
and 400 m?/g was obtained with large total pores volume in the range of 0.21 to 0.27 cm?/g.
For example, Figure 3, Left displays the N> adsorption/desorption feature of meso H-ZSM-5-
250 with Si/Al= 40, revealing a BET surface of 381.6 m?/g with large pore volumes of 0.27
cm?/g. These results confirm the conservation of the zeolite properties (large BET surface and
pore volumes) even after thermal treatment under vacuum. The highest total pores volume
was obtained for meso-zeolites with the lowest Si/Al ratios (Si/Al= 25 and 40) and decreases
with the increase of silicon proportion in the support. A similar result was obtained for the
volume of mesopores, which was reduced when the Si/Al ratio increases from 25 to oo along

with the increase of the micropores volume.
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Figure 3. Left: N> adsorption (closed symbols) /desorption (open symbols) isotherms for
meso-H-ZSM-5-250 (Si/Al =40). Right: N> adsorption (closed symbols) /desorption (open
symbols) isotherms for Ga(iBu)s/meso-H-ZSM-5-250 (Si/Al =40).
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Table 1. Characterization of meso H-ZSM-5-250 by Nz desorption. Vmicro is calculated from
the t-plot method. V total is calculated from single-point adsorption at P/Po = 0.985
Vineso= Viotal = Vmicro

2 5 f
Samples Sger® (M -2 Smicrob Sext® Viotal® Vmicro Vineso®

h (cm’.g™") (cm’.g™) (cm’.g™)
(m>.g™) (m>.g™)

Si/Al= 25 386.7 307.6 126.1 0.27 0.10 0.17
Si/Al= 40 381.6 241.5 140.1 0.27 0.11 0.16
Si/Al= 100 402.2 277.4 143.8 0.23 0.11 0.12
Si/Al= 200 374.8 248.6 126.2 0.21 0.11 0.10
Si/Al= 345.8 255.2 90.6 0.22 0.13 0.09

Further spectroscopic characterizations provided more detailed information on the neutral or
Brensted acidic sites present on the meso H-ZSM-5-250. The presence of both isolated silanols
(=SiOH) and Brensted acid sites (=Si(OH)AI) was reflected by the characteristic bands in the
DRIFT spectrum of meso H-ZSM-5-250 (Si/Al= 40) at 3743 and 3608 cm™!, respectively. The
other weak and unresolved band centered at 3663 cm corresponded to AIOH species
associated with extra-framework alumina (EFA), generated during desilication (Figure 4). For
the comparison of all the meso H-ZSM-5-250 with different ratio, we observed that the
vibration band at 3740 cm’! characteristics of isolated silanols and the band at 3608 c¢m’
attributed to the acidity decreased with increasing Si/Al. Consequently, the acidity of the
support decreases when Si/Al ratio rises.’® However, the large band centered at 3450 cm’!
attributed to vicinal silanols increased when Si/Al ratio increased, in particular for Si/Al= 200
and o. These silanols were already observed in the case of SiO» dehydroxylated at low
temperatures (200 °C) and have been reported to be unreactive with organometallic
complexes.®*! Additionally, no band at 3608 cm™ attributed to Brensted acidic protons was

observed in the spectrum of meso H-ZSM-250 (Si/Al= «).
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Figure 4. Left: DRIFT and Right: NMR 'H spectra of meso H-ZSM-5-250: Si/Al=25 (black),
Si/Al= 40 (red), Si/Al= 100 (blue), Si/Al= 200 (magenta), Si/Al= o (olive) (18.8 T, 20 kHz,
di=20s)

Accordingly, the characterization of these materials using high field solid-state NMR
spectroscopy confirmed the previous result. The spectra obtained after dehydroxylation of
meso H-ZSM-5 with different ratios in Figure 4, Right were in agreement with the large
number of H-ZSM-5 spectra reported in literature, in which three main signals were
distinguished.%>% The aromatization activity is reported to be located on the bridging acid
site (BAS), indicated by a peak at around 4 ppm. It was observed that the intensity of this
peak decreased as the Si/Al ratio increased from 25 to 40, due to the decreasing incorporation
of Al into the framework and concomitant charge balance by the Brensted proton. For
example, the 'H NMR spectra of meso-H-ZSM-5-250 (Si/Al = 25 and 40) showed three major
signals at 3.9, 2.5, and 1.6 ppm (Figure 4, black and red line). Those are attributed to Breonsted

67 and non-

acidic protons (=Si(OH)Al-type),*® extraframework alumina (EFA) hydroxyls,
interacting silanol protons,®® respectively. Minor signals at 4.7 and 0 ppm were assigned to
another type of acid sites and aluminum hydroxyls (Alv), respectively (Figure 4). In fact, the
peak obtained at 3.9 ppm corresponds to a range of bridging hydroxyl groups attached to
more than one aluminum ion and likely also to those between Si and Al atoms. Whereas the
signal at 4.7 ppm could be attributed to bridging hydroxyl groups attached to a lower number
of aluminums, resulting in a different acidity and hence in another chemical shift in 'H NMR.

However, in the case of meso H-ZSM-5-250 (Si/Al= 100 and 200), the same signals were
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obtained but with a shift of the peak from 3.9 to 4.7 ppm (Figure 4), which was assigned in
the literature to another type of acid sites, where the hydroxyl groups were attached to one Al
ion.®®® The '"H NMR spectrum of meso H-ZSM-5-2s50 (Si/Al= o) featured two intense signals,
namely a sharp, asymmetric contribution at 1.6 ppm for non-interacting silanols, accompanied
with a peak at 2 ppm probably due to the presence of H-bonded vicinal silanol (Figure 4).
These results confirmed that the meso zeolites with ratio of Si/Al from 25 to 200 show
Brensted acidity compared to non-acidic meso H-ZSM-5-250 (Si/Al= o). This is in agreement
with the work reported by Shirazi et al. who demonstrated by using NH3-TPD profile that the
total acidity of the meso zeolites decreases when Si/Al ratio increases.’® This tendency was
furthermore confirmed during the catalytic testing of these meso zeolites in propane

aromatization.

Catalytic properties of meso H-ZSM-5-250 in propane aromatization
In order to evaluate the catalytic activity of the zeolites as function of their acidity related to

their Si/Al ratio, meso H-ZSM-5-250 (S1/Al= 25, 40, 100, 200 and o) supports were exposed
to propane in a continuous flow reactor at T = 580 °C, P = 1 bar and with a total flow of 10
mL.min" (5 % C3 in Ar). The propane conversion obtained on the bare meso zeolites with
several ratio of Si/Al as well as the average selectivity of light hydrocarbons and aromatics
are depicted in Figure 5. Both meso H-ZSM-5-250 with lowest ratio of Si/Al = 25 and 40
exhibited an important C3 conversion of 87 and 67%, respectively. The average selectivity in
aromatics for meso H-ZSM-5-250 (Si/Al= 25 and 40) was significant in that case with 45 and
31 wt%, along with 55 and 69 wt% of light hydrocarbons, respectively. The formation of
aromatics in large quantity confirmed that these supports were highly acidic and capable to
convert propene intermediate into the targeted products, and hence justifying the low amount
of propene observed in the gas phase during catalytic test (3.1 and 8 wt% for Si/Al = 25 and
40, respectively). The lighter compounds were produced from protolytic cracking, via a penta-
coordinated carbonium ion transition state.”” For Si/Al= 100 and 200, the C3 conversion (38
and 28 %, respectively) and the selectivity toward aromatics (9 and 7 wt%) were lower
compared to the previously described zeolites at lower Si/Al ratio, attributed to the low
amount and the nature of Brensted acid sites in the zeolite. It is important to note that the
relative selectivity toward propene was higher compared to the previous zeolites, with 16.3
and 22.3 wt% for meso H-ZSM-5-250 (Si/Al= 100 and 200), respectively. The role of the acid
sites in producing aromatics was confirmed when meso H-ZSM-5-250 with no Brensted site

(Si/Al= o) was tested in propane aromatization and produced only light products with
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propene as a major component (59.1 wt%) at 2% conversion. All these results revealed that
the meso H-ZSM-5-250 with low ratio (Si/Al= 25 and 40) were more selective and more acidic

than the other meso H-ZSM-5-250 with higher ratio (Figure 5, Right).
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Figure 5. Left: propane conversion of meso H-ZSM-5-250: (Si/Al = 25) in magenta, (Si/Al =
40) in brown, (Si/Al = 100) in red, (Si/Al = 200) in blue and (Si/Al = ) in black.
Right: Average selectivity in wt% of meso H-ZSM-5-250 with different ratio
Conditions: T= 580 °C, total flow= 10 mL.min! (5 % C3 in Ar)

Preparation and characterization of [Ga(iBu)s] supported on meso H-ZSM-
S-250
The grafting reaction of meso H-ZSM-5-250 with different ratio was carried out with an excess

of [Ga(iBu)3] in pentane at room temperature. The resulting materials were extensively
washed with pentane. The washing fractions and the gas evolved were transferred to another
reactor in order to quantify the isobutane released upon grafting by GC. The white powders
were dried under vacuum (1 mPa) at room temperature for 3 h and characterized by DRIFT,

solid-state NMR, EXAFS, BET and mass balance analysis.

The grafted supports were characterized by IR spectroscopy. For example, the DRIFT
spectrum of catalyst Ga(iBu)3/meso H-ZSM-5-250 (Si/Al= 40) (B) revealed significant
consumption of isolated silanols, supported by the attenuation of the intensity of the band at
3743 cm’! (Figure 6, red line). The bands appearing at 2800—-3000 cm™ are attributed to
v(C—H) vibrations of alkyl moieties. The large and intense band centered at 3475 cm ™! is due
to Bronsted acidic protons in interactions with pentane causing a red shift.”! Upon thermal
treatment of the sample at 70 °C under high vacuum for 12h, , the band at 3601 cm!

reappears confirming the resistance of such sites during the grafting. This result further
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demonstrated that the grafting occurred selectively on the silanol groups located in the
mesopores, while the Bronsted acidic sites in the micropores remained unreacted. Similar
behaviors were also observed in the case of catalysts Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 25)
(A), Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 100) (C), Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 200)
(D) and Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= ) (E) (Figure S3-6, respectively). Contrarily to
(A) and (B), we observed in the spectra of (C), (D) and (E) a partial consumption of isolated

silanol groups at 3743 cm™'.

Kubelka Munk
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Figure 6. DRIFT spectra a) of meso H-ZSM-5-250 (Si/Al= 40) before (black), b) after reaction
with [Ga(iBu)s] in pentane at 25 °C (red) and Ga(iBu)s;/meso H-ZSM-5-250 (Si/Al= 40) after
thermal treatment at 70 °C and high vacuum for 12 h

According to elemental analysis, the capability to graft gallium at room temperature varies on
the different supports and depends strongly on the Si/Al ratio. When the latter increased from
25 to infinite, the grafted amount of Ga decreased from 1 to 0.08 wt% (Table 2). This is in
accordance with the decrease in the volume of the mesopores when the Si/Al ratio increases,
as shown in Table 1. The low Ga loading obtained on meso H-ZSM-5-250 (Si/Al= 100, 200
and o) can be explained by the blockage of the mesopores by the organometallic complex at
the beginning of the grafting reaction, thus limiting the diffusion of the complex into the
mesopores. These results are in agreement with the DRIFT spectra of (C), (D) and (E) that

showed a partial consumption of silanols.
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Table 2. Mass balance analysis of catalysts (A), (B), (C), (D) and (E)

Samples YowGa YowtC . BuH/Ga

Ga(iBu)s/meso H-ZSM-5-25¢ 1 1.75 0.9
(Si/Al= 25) (A)

Ga(iBu)s/meso H-ZSM-5-55 0.92 1.7 0.89
(Si/Al= 40) (B)

Ga(iBu)s/meso H-ZSM-5-5 0.25 0.45 0.85
(Si/Al= 100) (C)

Ga(iBu)s/meso H-ZSM-5-55 0.11 0.2 0.87
(Si/Al= 200) (D)

Ga(iBu)s/meso H-ZSM-5-25¢ 0.08 n.d 0.82
(Si/Al= ) (E)

The quantification of the gas evolved during grafting by GC analysis method displayed the
release of 0.9 isobutane in the case of [Ga(iBu);] on meso H-ZSM-5-50 (Si/Al= 40) (B).
Additionally, elemental analysis of (B), contains 0.92 wt% of Ga and 1.7 wt% of C. These
results suggested that the surface gallium species was predominantly monopodal, bearing two
isobutyl fragments, as reported in the case of [Ga(iBu)s;] on meso H-ZSM-5-250 (Si/Al= 20).4!
Same features were obtained for the other materials (Scheme 1), independently of the Si/Al

ratio (see Table 2), suggesting the same surface species were formed.
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Scheme 1. Grafting of [Ga(iBu)3] onto meso H-ZSM-5.,50 (Si/Al= 25, 40, 100, 200 and o)
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Additional information concerning the meso H-ZSM-5-,5¢ after grafting were obtained via N»
physisorption measurements. Catalysts (A) and (B) obtained on meso H-ZSM-5-250 with low
Si/Al ratio (25 and 40) revealed an important decrease in the surface area as well as in the
total pore volume (Table 3 and Figure 3). This decrease was previously seen while grafting
organogallium compounds and was attributed to the pore blockage.’’” Consequently, it is
expected that [Ga(iBu)s] was grafted mainly in the mesopores and is unable to access the 10-
membered ring system of the ZSM-5 bearing the Bronsted acid sites (in micropores). For the
rest of the supports (Si/Al= 100, 200 and =), a slight decrease in the surface area and in the
total volume pores was observed which is in agreement with the partial grafting of [Ga(iBu)s]

in the mesopores as revealed by elemental analysis and DRIFT spectra.

Table 3. Characterization of catalysts by N> desorption. Vmicro 18 calculated from t-plot
method. V total 1is calculated from single-point adsorption at p/po= 0.985
Vineso= Viotal = Vmicro

Samples SeeT® (mZ-g_ Smicrob Sext® Viotal® Vmicrof Vineso®

h (cm’.g™") (cm’.g™") (cm’.g™")
(m.g™) (m>.g™)

(A) 140.6 56.82 83.79 0.15 0.03 0.12
B) 143.11 51.34 91.77 0.14 0.02 0.11
© 302.90 25.95 276.95 0.17 0.01 0.16
D) 322.65 104.20 218.45 0.18 0.05 0.13
(E) 300.23 222.41 77.82 0.18 0.11 0.07

Complementary evidence on the grafting was obtained by using solid-state NMR technique.
In the 'H MAS NMR spectrum of Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 40), several signals
appeared at 0.88, 2 and 4 ppm corresponding to methyl groups of isobutyl fragments, to the
Al-OH (EFA) and to the Bronsted acid sites, respectively (Figure 7). The *C CP MAS
spectrum consisted in two signals at 25.6 and 30.9 ppm, attributed to CH3 and CH from the
isobutyl groups, respectively. These findings supported the results obtained with DRIFT
spectroscopy, revealing that the grafting occurs selectively on the silanol groups in the
mesopores leaving the Bronsted acid sites intact in the micropores. Similar behavior was

observed in the NMR spectra for the rest of the catalysts (A), (C), (D) and (E) (Figure S7-10).
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Figure 7. MAS NMR spectra of a) 'H (11.7 T, 10 kHz, d; = 5 s) and b) *C CP of
Ga(iBu)s/meso H-ZSM-5-350 (Si/Al= 40) (11.7 T, 10 kHz, di =3 s)

To conclude, DRIFT, solid-state NMR and mass balance analysis are in agreement with the

formation of a monopodal species on the different meso H-ZSM-5-250 (Scheme 1).

The local structure of the catalyst Ga(iBu);/meso H-ZSM-5-250 (Si/Al= 40) was investigated
by X-ray absorption spectroscopy at the Ga K-edge. The Fourier-transformed magnitude and
imaginary component of the EXAFS for [Ga(iBu)s] grafted onto meso-H-ZSM-5-250 (S1/Al=
40) are shown in Figure 8. In this spectrum, we observed two principal maxima. A peak
between 0.8 and 2.0 A, corresponds to scattering from light (O, C) atoms in the first
coordination sphere of Ga. In fact, Ga is bonded to 2 C atoms of the isobutyl ligands, as well
as 1 O atom derived from the support, in agreement with the mass balance analysis (vide
supra), in which monopodal species were proposed (Table 4). The fitted Ga-O (1.80 A) and
Ga-C (1.98 A) bond distances are both slightly shorter than values previously reported by our
laboratory for grafted [Ga(iBu)s;] on meso H-ZSM-5-250 (Si/Al= 20) (for Ga(CH3)s grafted on
H-ZSM-5 (1.88 and 2.07 A, respectively).*! Indeed, the Ga-C distance reported for terminal
Ga-C bonds in [HGa(i-Pr)2]5, 2.004-2.129 A, which is close to what we observed in the case
of catalyst (B).”> However, the Ga-O distance (1.80 A) falls in the range expected for terminal
Ga-OR bond lengths (1.79-1.89 A).7>7

The other maxima in the FT magnitude between 2.2 and 3.0 A is assigned to non-bonded
atoms in the second coordination sphere of the Ga. The curvefit is compatible with the

presence of 2 non-bonded C atoms at a distance of 3.0 A, as Ga is surrounded by two iso-
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butyl ligands, each bearing a secondary carbon. In addition, two other long paths: Ga-O (2.47
A) and Ga-Si (3.25 A), allow to obtain a good fit with experimental spectrum. In summary, all
the above contributions from EXAFS are consistent with the presence of grafted monopodal

species, [(=Si0)Ga(iBu):].

EXAFS FOURIER TRANSFORM
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Figure 8. Ga K-edge k*-weighted EXAFS (left) and Fourier transform (right, modulus and
imaginary part; distances uncorrected from phase shifts) of Ga(iBu):/H-ZSM-5-,5, (S1/Al=
40). Solid lines: Experimental; Dashed lines: Fit (spherical wave theory).

Table 4. Parameters obtained from the fit of the EXAFS spectrum for Ga(iBu)s/H-ZSM-5-250
(Si/Al=40). The error interval generated by the fitting program “RoundMidnight” is
indicated for each variable parameter between parentheses.

Path® N R (A) 10° 6% (A?)
Ga-0 1 1.807(12) 0.0042(16)
Ga--CI 2 1.98 (2) 0.0025(10)
Ga--0< 1 2.47(7) 0.017(8)
Ga--C2 2 3.00(2) 0.0036(18)
Ga—Si 1 3.25(10) 0.057(75)

(a) Ak: [2.0 - 13.4 A1) - AR: [0.4 - 3.9 A]; So?> = 0.96; AEO = 7.0 + 0.7 eV (the same for all shells); Fit
residue: p = 3.4 %; Quality factor: (Ay)*/v =2.57 (v=15/26).
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Catalytic activity of [Ga(iBu)s] catalysts on meso H-ZSM-5-25¢

In order to evaluate the effect of the Si/Al ratio in propane aromatization, the resulting grafted
materials were tested in the same conditions as the bare zeolitic support. Ga(iBu)s/meso H-
ZSM-5-250 (Si/Al= 40) revealed a higher conversion (88% vs 67%) than the bare meso zeolite
(Si/Al= 40) at early times on stream (Figure 9, a). At 900 min, the products consisted in 36.6
wt% of benzene, 26.1 wt% of toluene, 13 wt% of methane, 10.5 wt% of ethene, 7 wt% of
ethane and 5.7 wt% of propene, along with traces of C4 (Figure S12). It is important to note
that the selectivity toward aromatics remains constant over the time on stream. The low
amount of propene indicates the capacity of this catalyst, more specifically of the Bronsted
acid sites located in the micropores of the zeolite, to catalyze oligomerization and
aromatization of the olefins intermediates.?’” Moreover, the presence of Ga in the zeolite
resulted in an increase toward the selectivity of aromatics to 64 wt% along with 36 wt% of
light hydrocarbons. Figure 9, b highlights the importance of Ga in the mesopores of the
zeolite. The presence of Ga led to a considerable difference in the product distribution. The
essential features were reduction of the cracking products observed earlier in the bare zeolite
and promotion of aromatization reactions. The average selectivity of aromatics doubled (64
wt%) when gallium was grafted on the meso zeolite (Si/Al= 40) compared to 32 wt% of
aromatics for the bare support. These results confirm the formation of a stable and highly
selective bifunctional catalyst for propane aromatization where Ga is mainly responsible for
propane dehydrogenation reaction while Brensted acid sites located in the micropores drive

the aromatization of primary product, propylene.
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Figure 9. a) Propane conversion of meso H-ZSM-5-250 (Si/Al= 40) in black symbols, and

Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 40) in red symbols; b) Comparison between the
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selectivity (wt%) of meso H-ZSM-5-»50 (Si/Al = 40) and Ga(iBu)s/meso H-ZSM-5-250 (Si/Al
= 40); Conditions: T= 580 °C, total flow= 10 mL.min"! (5 % C3 in Ar)

The catalytic performance of all the catalysts is summarized in Figure 10 and the selectitivies
are shown in Figure S11-S15. Catalyst (A) revealed also a high conversion of 97 % with an
important selectivity toward aromatics of 66 wt% along with 34 wt% of light hydrocarbons.
The lowest amount of propene was observed with the most acidic catalyst (A) and (B) with
lowest ratio of Si/Al (25 and 40), exhibiting only 2.2 and 5.3 wt% (Figure 10, b). Catalysts
(C) and (D) prepared on higher ratio of Si/Al (100 and 200) showed a quick deactivation and
a lower amount of BTX compounds produced (Figure 10), due to the low acidity of the used
supports. Consequently, the amount of propene produced in these catalysts increased (10 wt%
for (C) and 16.2 wt% for (D)), compared to catalysts (A) and (B). The deactivation was more
pronounced with the increase of silica amount in the support. Hence, Ga(iBu)s;/meso H-ZSM-
5-250 (S1/Al = o0) possessed a very low conversion of 2.5 % and the major product was
propene (71.8 wt%) along with methane (11.4 wt%) and ethene (16.8 wt%). The absence of
aromatics in this case was due to the total absence of Brensted acid sites in this support as
shown by DRIFT and 'H MAS NMR. In conclusion, the selectivity in aromatics is related to
the Si/Al ratio of the [Ga(iBu)sz] on meso H-ZSM-5-150, that decreases when Si/Al ratio
increases. This observation was also reported earlier for GaOx supported on microporous H-

ZSM-5 prepared by incipient wetness impregnation.>’
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Figure 10. a) propane conversion of [Ga(iBu);] on meso H-ZSM-5-250: (Si/AlI=25) in
magenta, (Si/Al=40) in brown, (Si/Al= 100) in red, (Si/Al= 200) in blue and (Si/Al= ) in
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black. b) Selectivity in wt% of aromatics of Ga(iBu)s/meso H-ZSM-5-250
Conditions: T= 580 °C, total flow= 10 mL.min! (5 % of C3 in Ar)

On meso H-ZSM-5-250 (Si/Al= 40), we observed a high selectivity of aromatics accompanied
with the formation of light hydrocarbons. These findings showed that several reactions like
cracking, dehydrogenation, aromatization and hydrogenolysis occurred simultaneously during
propane aromatization. These reactions are expected to be somewhat tuned by thermodynamic
parameters such as the reaction temperature. Choudhary et al. demonstrated that the
selectivity and distribution of the aromatic products were highly affected by the operating
temperature.”’® Therefore, supplementary efforts were made to investigate the influence of
temperature and propane concentration with respect to the product selectivity and distribution
of aromatics during propane aromatization over Ga(iBu);/meso H-ZSM-5-250 (Si/Al= 40).
Based on the data obtained at 580 °C, we studied the propane aromatization on catalyst (B) at
500 and 540 °C in the same conditions (total flow of 10 mL.min" (5 % of C3 in Ar)).
Decreasing the temperature to 500 °C led to the lowest conversion (Figure 11, black curve)
and selectivity toward aromatics among the three temperatures. Propane conversion decreased
to 38% but seemed to be more stable over the time compared to the conversion at 580 °C,
while the selectivity toward aromatics decreased slightly from 64 wt% to 56.7 wt%. At 540
°C, the C3 conversion was about 57% (Figure 11, blue curve) with high stability as function
of time on stream and high selectivity toward aromatics with 62 wt%. The variation of the
temperature from 500 to 580 °C showed that the best compromise between activity and
selectivity to aromatics (high activity (88 %) and selectivity toward BTX (64 wt%)) was
obtained at 580 °C. Therefore, this temperature was selected to investigate the influence of the
gas composition on the conversion and selectivity of Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 40)

in propane aromatization.
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Figure 11. Propane conversion and selectivity in aromatics (in wt%) of Ga(iBu)s/meso H-
ZSM-5-250 (Si/Al= 40); Conditions: black curve at T = 500 °C, blue curve at T = 540 °C and
red curve at T = 580 °C with a total flow= 10 mL.min™' (5 % of C3 in Ar)

When propane concentration in the feed was increased from 5 to 10%, the conversion

decreased from 88% to around 72% (Figure 12). The selectivity toward aromatics decreased

as well from 64 wt% to 58 wt%. Increasing the propane concentration to 20% in Ar, the

conversion reached its lowest (58%) and the selectivity toward aromatics decreased to 51.4

wt%.

To sum up, optimizing thermodynamic and kinetic parameters such as temperature and

propane concentration in the feed shows that the most promising results were obtained at 580

°C with 5 % of propane in the feed.
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Figure 12. a) Propane conversion and b) selectivity in aromatics (in wt%) of Ga(iBu)s/meso
H-ZSM-5-250 (Si/Al= 40); Conditions: red curve at 5 % of C3, blue curve at 10 % of C3 and
black curve at 20 % of C3 in total flow of 10 mL.min™' at § = 580 °C

Conclusion

The main objective of this work is to investigate the effect of the Brensted acidity over
gallium immobilized H-ZSM-5 for propane aromatization and to determine the most
promising reaction conditions. The first stage involves preparation of a series of H-ZSM-5
with different Si/Al ratio (Si/Al = 25, 40, 100, 200 and ) followed by desilication to create
the meso-pores. The Si/Al ratio was tuned by the control addition desired amount of NaAlO»
on fumed silica. These materials were characterized by XRD, N> adsorption/desorption and
EDX and served as support for gallium immobilization. Prior to grafting of the gallium
precursor on the support, these materials were dehydroxylated at 250 °C and characterized by
DRIFT, solid-state 'H MAS NMR and N adsorption/desorption. The grafting of [Ga(iBu)s]
occurred on silanol of these meso H-ZSM-5-259 (with Si/Al= 25, 40, 100, 200 and ) and led
to a monopodal gallium species [(=Si0)Ga(iBu):], evidenced by DRIFT, high field solid-state
NMR ('H and '*C), N, adsorption/desorption, EXAFS as well as mass balance analysis.
Importantly, the immobilization of Ga occured selectively on the silanol groups located in the
mesopores. Thus, a bifunctional catalyst including Ga sites for dehydrogenation and Brensted
acid sites for aromatization was obtained and tested in propane aromatization. The gallium
functionalized materials exhibited higher activity and selectivity compared to the bare zeolites
support. This result confirmed the role of Ga and its high capacity of dehydrogenating
propane into propene. The effect of Si/Al ratio on the catalytic performance of the catalyst as
well as the distribution in the reaction products were evaluated. At low Si/Al ratio of meso H-
ZSM-5-150 (25 and 40), a very high activity and selectivity toward the aromatics was obtained
compared to Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 100 and 200). Simultaneously, the lack of
acidity in high ratios of Si/Al led to low formation of aromatics compounds. On non-acidic
meso H-ZSM-5-250 (S1/Al= ), aromatic compounds were absent, and a very low activity was
obtained. Operating at lower temperature results in a considerably lower conversion and
selectivity toward aromatics. The variation of the gas composition in the feed affected the
activity and the formation of products; the most promising results were obtained at lower
concentration of propane in the feed. Supplementary studies and characterization techniques

are required to further investigate the Ga species under the operating conditions.
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Supporting information
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Figure S1. PXRD patterns of as-synthesized microporous ZSM-5 (left) and mesoporous
ZSM-5 supports (right) in increasing Si/Al ratios of 25 (black), 50 (red), 100 (green) 200
(blue) infinite (cyan).
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Microporous ZSM-5 (as-synthesized)
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Figure S2. Adsorption/desorption (filled and unfilled symbols respectively) profiles of the as-
synthesized microporous ZSM-5 (left) and mesoporous supports (right) with increasing Si/Al
ratios of 25 (black), 50 (red), 100 (green) 200 (blue) infinite (cyan).

Table S1. BET and EDX characterization of the synthesized and post treated zeolites

Sample Name | BET surface | Total pore Mesopore Micropore Si/Al ratio
area (m?/g) | volume volume volume (by EDX)
(cm’/g) (cm’/g) (cm’/g)
As-Synthesized ZSM-5
Si/Al=25 362.54 0.166 0.033 0.160 21.8-25.5
Si/Al=40 407.72 0.182 0.032 0.182 49.1-54.0
Si/Al=100 433.23 0.190 0.034 0.194 98.4-102.7
Si/A1=200 414.85 0.179 0.033 0.193 190-199
Si/Al= 419.17 0.183 0.039 0.195 >400
Post-NaOH treatment
Si/Al=25 395.86 0.205 0.062 0.188 22.9-23.9
Si/Al=40 420.70 0.236 0.088 0.204 48.4-52.4
Si/Al=100 419.48 0.233 0.092 0.200 97.0-103.9
Si/A1=200 392.83 0.205 0.065 0.203 188-196
Si/Al= 413.02 0.205 0.071 0.195 >400
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Figure S3. DRIFT spectra of a) meso H-ZSM-5-259 (Si/Al= 25) before (black) and b) after

reaction with [Ga(iBu)s] in pentane at 25 °C (blue) after thermal treatment at 70 °C and high
vacuum for 12 h

Kubelka Munk

T T
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200

wavenumber (cm™)

Figure S4. DRIFT spectra of a) meso H-ZSM-5-25¢ (Si/Al= 100) before (black) and b) after

reaction with [Ga(iBu)3] in pentane at 25 °C (blue) after thermal treatment at 70 °C and high
vacuum for 12 h
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Figure SS5. DRIFT spectra of a) meso H-ZSM-5-250 (S1/Al= 200) before (black) and b) after

reaction with [Ga(iBu)3] in pentane at 25 °C (blue) after thermal treatment at 70 °C and high
vacuum for 12 h
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Figure S6. DRIFT spectra of a) meso H-ZSM-5-250 (Si/Al= ) before (black) and b) after

reaction with [Ga(iBu)s] in pentane at 25 °C (blue) after thermal treatment at 70 °C and high
vacuum for 12 h
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Figure S7. Nuclear Magnetic resonance spectra of Ga(iBu)s/meso H-ZSM-5-250 (Si/Al=25):
a) "TH MAS NMR (11.7 T, 10 kHz, di= 5 s) and b) *C CP MAS NMR (11.7 T, 10 kHz, d; =3
s)
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Figure S8. Nuclear Magnetic resonance spectra of Ga(iBu);/meso H-ZSM-5-250 (S1/A1=100):

a) '"H MAS NMR (11.7 T, 10 kHz, di= 20 s) and b) '*C CP MAS NMR (11.7 T, 10 kHz, d; =
55s)
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Figure S9. Nuclear Magnetic resonance spectra of Ga(iBu);/meso H-ZSM-5-250 (S1/A1=200):
a) '"H MAS NMR (11.7 T, 10 kHz, di= 10 s) and b) *C CP MAS NMR (11.7 T, 10 kHz, d1=5

s)

b)

i

r T T T T T T T r T T T T
10 8 6 4 2 0 -2 -4 100 80 60 40 20 0
8 ("Hippm) 5 ("*Clppm)

Figure S10. Nuclear Magnetic resonance spectra of Ga(iBu)s/meso H-ZSM-5-259 (Si/Al=00):
a) 'H MAS NMR (11.7 T, 10 kHz, di= 30 s) and b) *C CP MAS NMR (11.7 T, 10 kHz, d; =
10 s)
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Figure S11. Selectivity in aromatics (in wt%) of meso H-ZSM-5-250 (Si/Al= 25) (o), and
Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 25) (A); Conditions: T= 580 °C, total flow= 10 mL.min"
'(5% C3 in Ar)
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Figure S12. Selectivity in aromatics (in wt%) of meso H-ZSM-5-2s50 (Si/Al= 40) (o), and
Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 40) (A); Conditions: T= 580 °C, total flow= 10 mL.min"
'(5% C3 in Ar)
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Figure S13. Selectivity in aromatics (in wt%) of meso H-ZSM-5-250 (Si/Al= 100) (o), and
Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 100) (4); Conditions: T= 580 °C, total flow= 10
mL.min" (5 % C3 in Ar)
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Figure S14. Selectivity in aromatics (in wt%) of meso H-ZSM-5-250 (Si/Al= 200) (©), and
Ga(iBu)s/meso H-ZSM-5-250 (Si/Al= 200) (4); Conditions: T= 580 °C, total flow= 10
mL.min" (5 % C3 in Ar)
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Figure S15. Selectivity in aromatics (in wt%) of meso H-ZSM-5-250 (Si/Al= o) (0), and
Ga(iBu)s/meso H-ZSM-5-25¢ (Si/Al= o) (A); Conditions: T= 580 °C, total flow= 10 mL.min"!
(5% C3 in Ar)
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Conclusions and perspectives
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The demand toward propylene (PP), butadiene (BD) and aromatics (BTX: benzene, toluene
and xylene) is growing due to their diverse consumptions. PP and BD products are mainly
obtained from steam cracking and fluid catalytic cracking, whereas BTX are produced from
steam catalytic cracking of naphta. These traditional routes seem inadequate to satisfy the
market which results in an expanding gap between the demand and the production of these
products. On-purpose technologies such as catalytic propane and butane/butenes
dehydrogenation and propane aromatization were proposed as promising alternatives for the
production of PP, BD and BTX. In fact, many processes have been commercialized due to the
success of these reactions. Among them, Oleflex® and Catofin® processes are widely applied
for PDH technology, Catadiene® is the most used for butane/butenes dehydrogenation and
finally, Cyclar® technology is still applied for propane aromatization. The traditional
catalysts used in these processes are based on either expensive platinum supported catalyst or
toxic chromium supported on modified alumina, and both of them need frequent regeneration

due to their fast deactivation by coke formation.

Propane dehydrogenation into propylene:

— A o

~—

Butenes dehydrogenation into butadiene:
\—“ — - \R\ + 2 H2

Propane aromatization:

2 N\ IE—— . © + 3H2

Scheme 1. Targeted reactions studied in this PhD

The aim of this thesis involved in the BiZeolCat European project was to develop innovative
catalysts to obtain propylene, butadiene and aromatics using light hydrocarbons as feedstocks
(Scheme 1). The first chapter in this work was dedicated to the state of art of these existing
processes, the catalysts used and their proposed active sites and mechanisms. We then focused

our bibliographic studies in particular on the reported alternative catalysts based on Ga and V
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for propane dehydrogenation, considered as a common reaction for all these processes. From
this study, we found that these traditional catalysts involve a mixture of monomeric, dimeric
and oligomeric species on the surface due to their preparation by classical methods. This
leaves many unanswered questions concerning the active sites identification and the
establishment of a structure-activity relationship. Additionally, these surface species lead to
undesired coking and cracking reactions, influencing the catalyst’s stability, activity and
selectivity toward the targeted products. However, it was proposed in literature that the high
activity in PDH of supported vanadium and gallium oxides is related to the presence of a
highly electrophilic isolated tripodal M>'system. Due to the classical preparation methods
used for the synthesis of these catalysts, these active species in low concentration are
accompanied by oligomeric species, known to be responsible for the deactivation by coke
formation. Thus, a judicious choice of the preparation method is highly desired in order to
develop a unique tripodal species on the surface, with the aim to establish a structure-activity
relationship, and access to the mechanism of PDH on isolated Ga and V on oxides. Surface
organometallic chemistry (SOMC) has been used and demonstrated to be a powerful method
for the immobilization of organometallic precursors based on Ga and V by protonolysis of a
metal ligand bond via a surface hydroxyl group of the oxide, that after restructuration of the
support, leads to the targeted active species. For propane and butenes dehydrogenation,
alumina and silica are used as supports for gallium and vanadium, while a highly acidic
mesoporous zeolite is employed in the case of propane aromatization, that requires a

bifunctional catalyst (dehydrogenation on supported metal and aromatization on acidic sites).

The first part of Chapter II is devoted to the modification of a silica dehydroxylated at 200 °C
(S102200) and an alumina dehydroxylated at 500 °C (AlOs.s00) by the grafting of
[V(=0)(OrBu)3] using SOMC. The grafting reaction resulted in the formation of bipodal
species on the surface, [(EMO)>V(=0)(OrBu)], M= Si or Al (Scheme 2). These resulting
catalysts were characterized using several techniques such as IR, solid-state NMR, UV-vis,

XANES and elemental analysis.
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Scheme 2. The formation of bipodal species after grafting [V(=0)(OrBu):] on SiOz-200
affording (I) and on Al>Oz3.500 affording (II) at room temperature.

Species (I) and (II) were tested for the conversion of trans-2-butene in a continuous flow
reactor and according to the results obtained, the support and the operating temperature have a
large influence on the activity and the distribution of products. In fact, the catalytic
performance of these two catalysts revealed that the silica supported species,
[(=S10),V(=0)(OrBu)] (I) is more active and stable with time on stream. At different
temperatures, this catalyst revealed a more stable conversion at lower temperature (500 and
540 °C) compared to a gradual deactivation observed at 580 °C (Figure 1, Left). Importantly,
we observed a different relative selectivities according to the operating temperature (Figure 1,
Right). At 500 °C, the relative selectivity in butadiene is 50 % accompanied with 36%
propylene and 14 % ethylene. At high temperature (580 °C), the relative selectivity toward o.-

olefins increased and consequently decreased for butadiene.
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Figure 1. Left: trans-2-butene conversion catalyzed by V(=0)(0¢Bu)3/SiO2200 (I) at 500 °C
(), 540 °C (o) and 580 °C (A), Right: Relative selectivities in ethylene, propylene and
butadiene P= 1 bar, Total Flow= 5 mL.min"! (20 % trans-2-butene in Ar)
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Thus, the 2-butenes conversion on supported vanadium single sites catalysts, allows the
formation of a mixture of monomers (butadiene, propylene and ethylene) with different
butadiene contents that can be used for direct terpolymerization. In fact, for economical and
safety reasons, it is preferable to simplify the process scheme of the terpolymerization
reaction in gas or liquid phase, by starting with a mixture of these monomers instead of
mixing three different monomers. The mechanism for the formation of these monomers has

been proposed and the elementary steps are presented in Scheme 3.

Dehydrogenation

W d — by 2

[-alkyltransfer

Y

oy — g — i o |0
|

Scheme 3. Mechanism proposed for the formation of monomers (butadiene, propylene and
ethylene) by dehydrogenation and B-alkyl transfer reactions.

The second part of chapter II is focused on the preparation of tripodal vanadium oxo species
supported on silica for the non-oxidative dehydrogenation of propane. Two tripodal vanadium
oxo catalysts were synthesized in two steps. The first step consists in the grafting by surface
organometallic chemistry of [V(=0)(O7Bu)s;] on SiO2.00 and SiO2.700, leading to a bipodal
[(=Si0):V(=0)(OrBu)2] on SiO2200 and monopodal [(=SiO)V(=0)(OrBu).] on SiO2-700
(Scheme 4) which were fully characterized by elemental analysis, IR, UV-Vis, solid-state
NMR ('H, *C, *'V) and XANES.
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Scheme 4. Grafting of [V(=0)(O7Bu)s] on Si02-200 and Si02-700 leads to structurally distinct
surface species

The second step is based on a new original method, involving an easy thermal treatment of
[(=S10)2V(=0)(OrBu):]and [(=Si0O)V(=0)(OrBu):] leading to the formation of tetrahedral
vanadium oxo tripodal species [(=SiO0);V(=0)]. A mechanism for the formation of these
active species similar on SiO2-200 and SiOx-700, has been proposed based on DRIFT and 'H
NMR studies. These results suggested that the formation of a tripodal V oxo species occurs
via a tripodal V oxo species occurs via a B-H transfer of a proton of a methyl group to the
vanadyl oxygen, which leads to evolved propene and a surface V-OH fragment. Thi fragment
can then react by a ring opening with a siloxane bridge from the support, resulting in the
formation of new isolated silanol, as depicted in Scheme 5 (e.g on SiO2-200). The B-H transfer
to an oxygen can occur either by transfer of hydrogen to the oxo ligand, or by direct migration

of hydrogen from a methyl group to the oxygen of a tert-butoxide ligand.
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Scheme 5. Proposed mechanism for the formation of [(=S10)3V(=0)] species

In particular, 'V MAS NMR allowed the confirmation of the formation of tetrahedral tripodal

V oxo species, showing a chemical isotropic shift at -670 ppm, in agreement with recently
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reported results. The catalytic behavior of the resulting tripodal species were tested for
propane dehydrogenation to propene, with high selectivity and activity compared to classical
V1205/S10,, prepared by aqueous impregnation of vanadium salts. Thus, site isolation and
tripodal structures proved to have a beneficial impact on the catalytic performances of these
materials when compared to classical catalysts. The catalytic behavior of the most performant

tripodal vanadium oxo species, supported on SiO2.200 for propane dehydrogenation is shown

in Figure 2.
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Figure 2. Propane conversion catalysed by tripodal V/SiO2.200 (m) and selectivities observed.
Conditions: P= 1 bar, T= 540 °C and a total flow of 5 mL.min™" (20 % of C3 in Ar)

This innovative synthetic method has been applied in chapter III for the preparation of
tripodal gallium single site catalysts for the non-oxidative propane dehydrogenation in the
first part. The application of the best catalyst on PDH was extended for trans-2-butene

conversion into butadiene.

For the non-oxidative propane dehydrogenation, we reported the preparation and
characterization of highly active and stable Ga single site catalyst supported on alumina by
using surface organometallic chemistry methods. Supported Ga'! complexes were prepared by
grafting of [Ga(O'Bu)3]> on Al203.500 and SiO2.700, leading to a monopodal surface compound,
[(=A10)Ga(O'Bu)2] (I) on alumina, while a dimeric species [(=Si0).Gax(O'Bu)4] (II) were
grafted on silica (Scheme 6). These surface species have been fully characterized by
elemental analysis, IR, "H and '*C solid-state NMR and XAS (EXAFS and XANES). The
study and fit of the Ga K-edge EXAFS of the silica supported species on confirmed the
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presence of a Ga--Ga contribution from a neighbouring Ga back-scatterer at ca. 2.91 A. A
more active catalyst for PDH was obtained in the case of alumina supported species. In fact, a
deactivation was observed in the case of the dimeric Ga silica supported species, which is in

accordance with the observations reported in the literature.
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Scheme 6. Grafting of [Ga(O7Bu)3]2 on Al,O3.500 or SiO2-700 leads to different species

A thermal treatment of species (I) leads to the formation of tripodal Ga species (III),

proposed to be the active species in propane dehydrogenation (Scheme 7).
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Scheme 7. Mechanism of the formation of gallium tripodal species on alumina

The structure of (IIT) has been characterized by DRIFT, 'H MAS NMR, XAS and mass
balance analysis. For the first time, a well-defined tripodal gallium catalyst supported on
alumina was obtained and it was confirmed by EXAFS spectroscopy (Figure 3). The result of
the fit gives ca. three Ga-O distances at 1.853(9) A and one Ga-O longer distance at 2.31(2) A
and three neighbouring aluminium atoms, two at 3.24(4) A and one at 3.56(7) A (Scheme 7).
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Figure 3. Structure of the surface species on Ga(OfBu)s/Al>O3.500 thermally treated at 350°C
proposed from a study of the EXAFS at the Ga K-edge.

k

The tripodal Ga catalytic species supported on alumina showed a higher activity and a
remarkable stability as function of time on stream, compared to monopodal [Ga(iBu)3]
supported on alumina (Figure 4) and to other catalysts based on Ga from literature. In fact,

Ga(iBu)3/Al>O3 deactivates with time on stream, due to the formation of inactive Ga(I) species

as revealed by XAFS operando.
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Figure 4. Comparison of propane conversion catalyzed by Ga(OrBu)3/Al203.500 thermally
treated at 350°C (m) or Ga(‘Bu)s/ AO3-500 (®). Conditions: P= 1 bar, T = 540 °C, total flow=
5 mL.min"! (20 % C3 in Ar)

XANES spectroscopy of Ga(iBu):/Al203.500 during thermal treatment suggests that a minor

fraction of Ga(I) sites is formed above 400 °C. These minor sites are more effective catalysts
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for propane dehydrogenation, but they deactivate rapidly. The remaining Ga(III) sites show a
lower but more stable catalytic performance. These results are in agreement with the curve’s

shape observed in Figure 4.

All these results revealed that the isolated nature of the Ga sites and their tripodal structure are
essential in order to limit the deactivation by coke formation, and to access to a highly active
catalyst for PDH, compared to the oligomeric Ga species obtained on conventional Ga
catalysts that deactivate quickly over the time. This tripodal Ga species is reported as the
active sites for propane dehydrogenation based on Horiuti-Polanyi (H-P) mechanism. The
catalytic cycle involves a C—H activation of propane on a Ga—O pair site, leading to the
formation of a Ga—propyl intermediate and an OH group by o-bond metathesis, followed by a
B-hydride elimination, resulting in a Ga-H intermediate and propylene. The tripodal Ga active
sites can be regenerated after a release of H» (Scheme 8). Another parallel and possible
pathway of this mechanism is the activation of a C-H bond on the generated Ga-H species
(possible intermediate active species), followed by a B-H elimination and leading to the

release of H, and propylene.
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Scheme 8. Proposed mechanism in PDH for tripodal Ga catalyst

Tripodal Ga on AlOs.500 (2”) was also prepared by thermal treatment of [Ga(O7Bu)s]» on
alumina with lower surface area (100 m?.g") and was compared to tripodal Ga on alumina

with higher surface area (200 m?.g™'), (3’) (or species (III) from the previous part). The
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characterization of (2°) by mass balance analysis, DRIFT, 'H and "*C solid-state NMR, and
X-ray absorption spectroscopies, revealed a monopodal Ga species, similar to the case of
species (3’). After testing (2°) and (3’) in propane dehydrogenation and revealing a similar
activity, (2°) was also evaluated in trans-2-butene conversion. At 300 min, the selectivity
toward butadiene was 51 %. The selectivity in butadiene obtained with species (2°) was
attributed to the presence of gallium sites and coke deposition produced from the acidity at the
beginning of the catalytic test. In addition, using CO> as a co-feed in the feed, limit the coke
deposition by reacting with hydrogen as RWGS reaction, which leads to higher selectivity in
butadiene (65 % compared to 51 % in the absence of CO3). The mechanism on [(=A10)3Ga)],
(2°), in the conversion of trans-2-butene into butadiene is similar to the one proposed in the

case of vanadium (chapter II part A).

Regarding the high activity and selectivity obtained in the case of tripodal Ga on alumina, the
first part of chapter IV reported the preparation of Ga species obtained from the grafting of
Ga(OrBu)s on a meso H-ZSM-5-250 (Si/Al= 40) followed by a thermal treatment in order to
access to a bifunctional catalyst for propane aromatization. This catalyst was fully
characterized by DRIFT, '"H MAS NMR, N, adsorption/desorption, mass balance analysis and
EXAFS. More importantly, all these techniques confirmed that the grafting occurs selectively
on the silanols located in the mesopores while the acidic sites in the micropores remained
intact. Additionally, EXAFS studies confirmed the formation of Ga dimeric species on
mesoH-ZSM-5-y50 after a grafting reaction followed by a thermal treatment. However, for
propane aromatization, this catalyst revealed a quick deactivation with a decrease in the
selectivity toward aromatics as a function of time on stream (Figure 5). This deactivation was
attributed to coke formation due to the presence of acidic Ga-OH-Ga sites in the case of the
dimeric structure of the surface species, blocking the access to the acid sites in the

micropores.
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Figure 5. Propane conversion of monopodal species of Ga(iBu)s/meso H-ZSM-5-250 (S1/Al=
40) (o) and tripodal Ga/meso H-ZSM-5-250 (Si/Al= 40) (o0); Conditions: T= 580 °C, total
flow= 10 mL.min! (5 % C3 in Ar)

Contrarily to the case of Ga species supported on a meso zeoliteobtained from the grafting of
Ga(OrBu)s, supported species obtained from [Ga(iBu);] immobilized on the same acidic
support, lead to monomeric species, [(=Si0)Ga(iBu):], by a selective grafting in the
mesopores. This was confirmed via DRIFT, solid-state NMR, N> adsorption/desorption, mass
balance analysis and EXAFS. Contrarily to Ga species obtained from Ga(OrBu);, EXAFS
studies revealed the formation of monomeric species in the case of Ga(iBu)s/meso H-ZSM-2s0
(Si/Al= 40).The immobilization of Ga from [Ga(iBu)3;] on meso H-ZSM-»s5¢ (Si/Al= 40) leads
as well to a bifunctional catalyst affording Ga single sites for propane dehydrogenation and
intact acid sites for cyclization, oligomerization, and aromatization reactions. Importantly, a
highly selective and stable catalyst was obtained in this case compared the catalyst obtained
from Ga(OrBu); precursor (Figure 5). This result is also due to the fact that isolated Ga
species are more active and stable for the propane dehydrogenation reaction, considered as the

first step during propane aromatization.

The last part of this chapter was dedicated to the study of the effect of the acidity of the
support, linked to Si/Al the ratio of the meso H-ZSM-2s0, on the activity and selectivity in
propane aromatization. A series of meso H-ZSM-5 with several Si/Al ratios, 25, 40, 100, 200
and oo were prepared by UiO laboratory in Oslo and were dehydroxylated at 250 °C, affording
meso H-ZSM-2s0 zeolites. All these acidic supports were characterized by DRIFT and high
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field solid-state NMR ('H and '*C), which revealed that the acid strenghth increases when the
Si/Al ratio decreases. In addition, the structural properties of these materials were
characterized by N> adsorption/desorption and confirmed the retention of high surface areas
and large pores after thermal treatment. The grafting of [Ga(iBu)s] on the silanols of these
meso H-ZSM-5-250 (Si/Al = 25,40, 100, 200 and o) leads to monopodal gallium species
[(=SiO)Ga(iBu):], evidenced by DRIFT, high field solid-state NMR ('H and '*C), N,

adsorption/desorption, EXAFS studies as well as mass balance analyses (Scheme 9).
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Scheme 9. Grafting of [Ga(iBu)3;] onto meso H-ZSM-5.250 (Si/Al= 25, 40, 100, 200)

These bifunctional catalysts affording Ga sites for the dehydrogenation and intact acid sites
for the aromatization were tested for propane aromatization and revealed higher activities and
selectivities compared to the bare zeolite supports. The influence of the Si/Al ratio on the
catalytic behavior ofGa(iBu)s;/meso H-ZSM-5.55¢ catalyst as well as the products distribution
(aromatics vs hydrocarbons) was evaluated (Figure 6). At a low Si/Al ratio (25 or 40), very
high activity and selectivity toward aromatics were obtained compared to those obtained with
Si/Al = 100 or 200. Simultaneously, the lack of acidity for high Si/Al ratios of leads to a low
formation of aromatics compounds. On a non-acidic meso H-ZSM-5-50 (Si/Al= ), no

aromatic compounds and a very low activity for propane conversion were observed.

a) b)
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Operating at lower temperatures (500 and 540 °C) results in a considerably lower conversion
and selectivity towards aromatics. The variation of the gas composition in the feed affects the
activity and the formation of products; the highest performances were obtained at a lower

concentration of propane in the feed.

Perspectives

In order to confirm the mechanism of propane dehydrogenation, further studies of the
catalysts by solid state NMR using labeled propane in order to characterize the different steps
of the mechanism. This technique will be supported by Operando DRIFT and XAFS to
identify the intermediates in the catalytic cycle and establish the reaction’s mechanism of
PDH. The deactivation of the catalyst will be also studied by using XPS and XAFS Operando,
since it was suggested during this thesis that the reduction of Ga(Ill) into Ga(I) may be a

factor responsible for the deactivation during PDH.

It was also proposed in literature that the reduced Ga during the catalytic test can be restored
by using oxygenated substrates such as CO2. We will study the effect of CO; in the feed with
different ratio during propane dehydrogenation. This investigation will be extended to the

effect of Hz in the feed since hydrogen can oxidize Ga(I) to Ga(IIl).
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Since the C-H activation of propane or butenes would occur on a M-O-S (M= metal and S=
support) and depends on the polarity of O-S bond, we expect that the support will have a great
effect on the catalytic performance of Ga and V tripodal species. Thus, the effect of redox and

basic supports such as ZrO;, CeO., CeZrO4 will be evaluated.

Supported tripodal Ga and V were obtained easily by thermal treatment of [Ga(O7Bu)s]> on
alumina and [V(=0O)(OrBu);3] on silica, respectively and they exhibited a high stability and
selectivity in the targeted reactions. Similarly, we will extend our studies to prepare tripodal

Cr catalysts with low loadings from thermal treatment of [Cr(O¢Bu)s] on oxides.

Another important perspective is to use cheap and commercial gallium and vanadium
precursors, such as gallium and vanadium nitrate by a combination of grafting low loading of
metals on oxides followed by a decomposition at 300 °C in order to access to the same

tripodal species.
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