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Abstract: The development of catalysts that can operate under
exceptionally harsh and unconventional conditions is of critical
importance for the transition of the energy and chemicals industries to
low-emission and renewable chemical feedstocks. In this review we
will highlight materials and more specifically metal-containing zeolite
catalysts that have been tested under harsh reaction conditions such
as high temperature light alkane conversion and biomass valorization.
Particular attention will be given to studies that explore the stability
and recyclability of metal-containing zeolite catalysts operating in
continuous modes. Metal-containing zeolites are considered as an
important class of catalysts operating outside the comfort zone of
current heterogeneous catalytic reactions in both gas and liquid phase
reactions. The relationship between the properties of the metal-
containing zeolite and catalytic performance will be explored.

1. Introduction

The global energy system is undergoing a significant transition in
response to a number of major challenges including the reduction
of greenhouse gas emissions.!"! Projections of the demand for
liquids (transportation fuels and naphtha) over the next half-
century predict an increase in the ratio of petrochemicals to fuels
as the global population and living standards continue to rise.?
To satisfy both an increase in petrochemical production and a
decrease in global emissions, alternative energy sources and
processes will need to be established which will require the
development of new catalysts possessing unique and exceptional
properties.

Zeolites have proven to be game-changing materials in the
petrochemical industry over the last 50 years, and due to their
established position have the potential to readily facilitate the
development of new and emerging petrochemical processes.!
Two examples include (1) the non-oxidative conversion of CHa
and (2) the valorization of biomass. Both present attractive
options for the production of H> and chemicals, however, they
typically occur outside the comfort zone of conventional
heterogeneous catalytic reactions. The conditions required for
such reactions involve either high temperatures (> 550 °C) or hot
aqueous solvents, making the control of the catalyst performance
(activity, selectivity, and stability) exceptionally challenging.

It is well-known that metal-containing zeolites which operate
at high temperature, in the presence of steam, or in hot aqueous
solvents suffer from several types of irreversible damage
including: (i) loss of dispersion of the metal phase,”! (ii) leaching
of the metal phase, P! (iii) severe dealumination due to the reaction
between volatile metals and framework Al,®®! and (iv) acid/base

catalyzed hydrolysis of Si—-O—Al/Si—-O—Si bonds.! In addition, the
formation of coke from CH4 and biomass-derived substrates can
result in the poisoning of acid sites and the blocking of pores.®!
Regeneration of the catalyst by calcination can remove coke
deposits but often results in the sintering of the metal phase by
Ostwald ripening and particle migration.® The dispersion of the
metal phase can be restored in some cases via a combination of
reductive/oxidative treatments but it brings significant costs and
reduces efficiency. Despite the general acceptance of these
problems by both the industrial and academic communities, and
the significance of these issues for industrial processes, they are
seldom addressed in the open literature.

Significant progress has been made in the preparation of new
zeolite structures and morphologies, such as nanozeolites and
hierarchical zeolites, yet their stability and regeneration require
further investigation and improvement. Several strategies to
address the hydrothermal stability of zeolites have been
developed:['% synthesis in fluoride media affording hydrophobic
zeolites with a low number of defects,['"! post-synthetic silane
treatment to protect the zeolite surface from attack by condensed
water,!'? post-synthetic modification with phosphorous,!"® or ion-
exchange with rare-earth metals,'"¥ resulting in reduced
dealumination. However, some of these methods require the use
of extremely hazardous reagents, such as HF, and can result in
changes to the concentration, strength and access to acid sites.["%]
In addition, the relatively small number of comprehensive studies
concerning the stability and recyclability of metal-containing
zeolite catalysts operating in continuous modes presents as a
significant obstacle to the identification and development of
practical solutions to zeolite deactivation. Valuable lessons could
be learned from FCC, MTO and other mature technologies (all
requiring catalyst stability in harsh environments, such as high
temperature in the presence of steam), but in these cases the
catalytically active phases are monofunctional, i.e. contain
Bronsted acid sites only.'® In comparison to conventional
substrates derived from crude oil, crude biomass and biomass-
derived molecules are usually processed in liquid (aqueous)
phase and are typically of higher molecular weight and polarity,
requiring the use of bifunctional catalysts.l'l Solving the stability
issues of metal-containing zeolites would significantly accelerate
the development of advanced catalysts for processing natural gas
and biomass feedstocks.

Zeolites (and zeotypes) that possess metals incorporated at
the T-atom positions (tetrahedral Si or Al) of the framework are a
promising class of materials for operating under harsh and
unconventional reaction conditions. The substitution of T-atoms
for metals such as Ti, V, Ga, Mo, Sn or W,["8l can result in
beneficial changes to the catalyst such as: (1) tailored selectivity



Edwin B. Clatworthy received his PhD
(2019) from The University of Sydney,
supervised by Assoc. Prof. Anthony F.
Masters and Prof. Thomas Maschmeyer, on
a combined investigation of homogeneous
cobalt catalysts for water and biomass \@
oxidation, and metal nitrides for /
photocatalytic hydrogen evolution. Currently, \

he is a postdoctoral researcher in the
Laboratory of Catalysis and

Spectrochemistry, Normandy University,

CNRS, France. His current research interests focus on the synthesis of
nanosized zeolites for applications in gas separation.

Stanislav V. Konnov received his PhD from

Lomonosov Moscow State University,

Laboratory of Kinetics and Catalysis, Russia s

in 2010, after which he joined A.V. Topchiev «' “"\.
Institute of Petrochemical Synthesis (2010— .
2018). Currently, he is a postdoctoral
researcher in the Laboratory of Catalysis and
Spectrochemistry, Normandy University,

CNRS, France. His research interests

include synthesis and applications of porous
solid materials, nanomaterials for energy and
environmental catalysis.

Florent Dubray holds both an engineering
titte and a master degree in chemistry and
material science from the University of Caen
Normandy/ENSICAEN (2017), specializing in
catalyst design and characterization.
Currently, he is a PhD student in the
Laboratory of Catalysis and
Spectrochemistry, Normandy University,
CNRS, supported by TOTAL, Research and

Technology. His research interests focus on

zeolite synthesis, specifically on the

incorporation of transition metals in zeolites for catalytic applications. He is
interested in the development of new methodology based on NMR and IR
spectroscopy for characterization of zeolites and related porous materials.

Nikolai Nesterenko graduated cum-laude
from Lomonosov Moscow State University
(MSU), obtained PhD (Heterogeneous
catalysis) in 2004 from University of
Montpellier & MSU. He joined the R&D
division of Total in 2005 in Belgium. Then, he
completed EMBA (2014) at HULT
International Business School in London
(UK) and was appointed as the coordinator of

R&D program on conversion of natural gas
and the head of the Industrial Chair
between Total and ENSICAEN
Dr. Nesterenko has proven experience within refining and chemicals,

Laboratory (France).

biomass & natural gas upgrading, (co-) inventor of more than 100 patents;
one of the key contributors in four industrializations of new technologies
performed by Total.

WILEY-VCH

Jean-Pierre Gilson is a Distinguished
Professor at ENSICAEN, a University level
French engineering school in Caen (France)
where he also performs its research activities
in the LCS (Laboratory of Catalysis and
Spectrochemistry), a laboratory he directed
for 3 terms of 4 years each. He is also an
invited professor at the Dalian Institute of
Chemical Physics and a foreign expert at Jilin
University. Jean-Pierre had a dual industrial

(UOP, Grace, Shell) and academic career

and managed during a 4-year attachment the extra-mural research of the
downstream activities of Total. He is the co-recipient of the Industrial Chair
NanoCleanEnergy funded by ANR (the French National Research Agency)
and Total. He was in charge of the discovery and commercial deployment of
3 catalysts while in industry. His scientific interests include the preparation
and shaping of catalysts, in particularly zeolite-based ones, their
characterization by advanced techniques, evaluation in model reactions. He
is very active in promoting academic-industrial cooperation in the
fundamental aspects of catalysis.

Svetlana Mintova is Director of Research,
1st class in CNRS, Laboratory of Catalysis
and Spectrochemistry, Normandy University,
CNRS, France and Invited Professor in China
University of Petroleum (UPC), Qingdao,
China. Mintova is the receiver of the Baron
Axel Cronstedt award from FEZA 2014, the
Donald Breck award from the IZA 2016, the
“Le Prix La Recherche Chimie” 2016, and
Shandong

International  Science and

Technology Cooperation award 2019.

Mintova is the Council member of the IZA, FEZA and GFZ, and the Chair of
the “Synthesis Commission” of the IZA. Her scientific interests include
preparation of porous materials, nanosized zeolites, films, coatings,
composites and related applications.

due to uniformly dispersed metal atoms that can form either
closed (non-hydrolyzed) or open (hydrolyzed) Lewis-acidic
framework-metal sites;['® (2) high hydrophobicity due to the
reduction in the number of silanol defect sites;?”! (3) improved
mass transfer (in comparison with their impregnated or ion-
exchanged counterparts) due to the absence of metal particles
that are formed within the micropores during post treatment
procedures;?'! (4) improved stability of the metal phase due to its
high dispersion at low loading in the zeolite framework (reduced
Ostwald ripening and metal mobility); and (5) reduced coking rate
due to the high distance between/low density of active sites.
However, the stability of the metal phase will depend significantly
on the preferred coordination environment of the metal as a
consequence of its electronic properties and ionic radius, as well
as the nature of the site occupied by the metal for any given type
of framework. In this review we highlight metal containing zeolites
operating outside the “comfort zone” of current heterogeneous
catalytic reactions. To that end we focus on research efforts over
the last decade to develop materials that demonstrate stability
under (i) high temperature (= 550 °C) conditions for gas phase
hydrocarbon reactions, such as propane dehydrogenation and
non-oxidative conversion of CHas, and (ii) aggressive liquid phase
conditions such as hot (= 100 °C) aqueous solvents used for



GAS PHASE

Temperature < 550 °C

COMFORT ZONE FOR METAL- |
CONTAINING ZEOLITE CATALYSTS

Temperature < 100 °C

LIQUID WATER

Figure 1. Conditions for metal-containing zeolite catalysts working inside and
outside of the “comfort zone” defined here as, = 550 °C for gas phase alkane
conversion, and = 100 °C for liquid water phase biomass valorization.

biomass valorization reactions (Figure 1). Zeolite catalysts used
in industrial and emerging processes at temperatures above 500—
550 °C, particularly in the presence of steam, begin to significantly
suffer from dealumination, metal migration, and in the case of CHa
conversion with Mo-ZSM-5, reaction of framework AL 22 |n
addition, much attention has been directed towards the behaviour
of zeolites in water at temperatures around 100 °C, driven by the
increasing interest in utilizing biomass feedstocks.?® For greater
detail concerning topics touched upon in this review such as
Lewis acid and Sn-containing zeolites,'® 24l metals in zeolites,'®
%1 and catalytic applications of zeolites for emerging methane and
biomass valorization processes,’® 28 the reader is directed to
these comprehensive sources. In this work, for each example we
will seek to explore the relationship between the properties
conferred by the introduction of the metal species into the zeolites
and the catalytic behavior of the catalyst. For biomass valorization,
particular attention will be given to catalytic testing performed in
continuous modes as this allows for the clear evaluation of the
catalyst stability.

2. High Temperature Alkane Conversion
2.1. Conversion of Light Alkanes

The main current types of dehydrogenation catalysts are not
based on zeolites but require either metallic platinum (Oleflex
Process) or chromium oxide supported catalysts (Catofin
Process), both working in the presence of promoters.?l The
deactivation of platinum-supported catalysts occurs primarily due
to the agglomeration and sintering of platinum and the poisoning
of active sites by coke. The addition of Sn as a promoter has been
found to confer several beneficial geometric and electronic
properties to Pt, such as improving the particle dispersion, as well
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as reducing the acidity of the support, suppressing side reactions,
and the transfer of coke from the Pt active sites to the support.?7@
Similar to Pt-based catalysts, chromia-based catalysts deactivate
due to the formation of coke and the sintering of the chromia
active sites.”® However, upon regeneration, irreversible
deactivation occurs due to the sintering of alumina that reduces
the available surface area required to stabilize Cr®* species, the
incorporation of chromium species into the alumina framework,
and the phase transition of y- to 8- or even a-alumina at high
temperatures.?@ Strategies to restrict the phase transformation
of y- to a-alumina have involved the doping of the support with
metal oxides.??! Zeolites-based dehydrogenation catalysts have
so far failed due to a lack of regenerability of the metal phase
introduced mainly by ion-exchange or impregnation and located
in extra-framework positions.

However, the use of zeolites as metal supports is an efficient
way to obtain catalysts with highly dispersed metal species.%
The dispersion and stabilization of the metal is facilitated by
confinement within the zeolite pore system and its interaction with
the zeolite surface, reducing its migration and sintering. Metal-
containing  zeolites prepared by conventional ion-
exchange/impregnation procedures have been investigated for
the dehydrogenation of light alkanes, but are susceptible to
sintering of the metal species.B" In addition, impregnation and ion
exchange procedures do not always allow for careful control of
the location of the metal on the support, resulting in catalysts with
poor metal distribution and metal particles located mainly on the
external surface of the catalyst.30-3]

Several recent strategies for improving the resistance to
migration and sintering of the metal phase of metal-containing
zeolites for propane conversion are highlighted (Table 1),
including examples of zeolites containing extra-framework metal
species only, extra-framework metal species prepared from
framework metal precursors, and zeolites containing both
framework and extra-framework metal species.

Corma et al. have developed an innovative approach for the
preparation of subnanometric platinum species with high thermal
stability in the cages, cups, and channels of zeolites.*? The novel
materials were tested for propane dehydrogenation (PDH) in a
fixed-bed reactor at 550-600 °C and in several oxidation-
reduction cycles at 650-700 °C, and were compared with Pt-
containing zeolite catalysts prepared by wet impregnation, vide
infra.

Liu et al. achieved the preparation of subnanometric platinum
(atomic Pt and Pt clusters) during transformation of a purely
siliceous layered MCM-22 precursor to MCM-22 zeolite.®? The
Pt subnanometric species were introduced during the swelling of
the lamellar MCM-22 precursor using an organic surfactant.
Calcination of the precursor resulted in the encapsulation of the
Pt species in the supercages and exterior cups. The reaction rate
of the Pt species of the novel material was approximately 1.7
times higher than that of wet-impregnated material and
demonstrated greater stability over multiple cycles. Oxidation-
reduction cycles at 650 °C revealed that the Pt atoms and small
Pt clusters were susceptible to aggregation, however, the size
distribution of most of the Pt nanoparticles remained below 2 nm.
Ultimately the procedure does not fully prevent the aggregation of
the metal species but significantly improves their stability in
comparison to the wet-impregnated material consisting of metal
aggregates between 30 to 50 nm.

Another approach reported by Liu et al. involved the one-pot



synthesis of Pt and PtSn clusters stabilized by the presence of K*
in siliceous MFI zeolite confirmed by HAADF-HRSTEM.B?! The
initial Pt@MFI and PtSn@MFI materials were prone to fast
deactivation and sintering, however, the introduction of a
controlled amount of K* allowed for the preparation of
subnanometric Pt clusters having a size ranging from 0.4 to 0.7
nm. The preferential location of the metal clusters in the sinusoidal
channels of the MFI framework was attributed to the presence of
template molecules at the intersectional voids and the greater
volume of the sinusoidal compared to the straight channels.
These materials (containing either Pt or PtSn clusters synthesized
in the presence of K*) possessed significantly improved stability,
attributed to the stabilizing effect of K*. The K-PtSn@MFI catalyst
demonstrated an initial propane conversion rate of approximately
70% that decreased to approximately 50% after 70 h of operation,
and a high selectivity to propylene (> 90%). The high catalytic
performance was confirmed by three cycles of reaction-
regeneration. The stability of the subnanometric PtSn clusters
was demonstrated up to 700 °C after two oxidation-reduction
cycles confirmed by HAADF-HRSTEM.

For zeolites containing both framework and extra-framework
metal species, Wang et al. and Xu et al. independently reported
on the use of zeolite BEA containing framework Sn to stabilize Pt
species for PDH.B3 Both reports begin with a similar synthetic
strategy by dealumination of the zeolite BEA followed by different
techniques for the incorporation of Sn atoms into the framework
and the loading of Pt. Both studies reported the framework Sn
sites facilitate the high dispersion of the Pt species. Wang et a/.[3%
reported their optimized catalyst (0.3 wt% Pt, 0.5 wt% Sn) lost
only 13% of its initial propene formation rate over 12 h at 600 °C
and that it was stable over four reaction cycles at 550 °C with >
99% selectivity to propylene. After reaction at 550 °C (5 h), Pt
particles =1.6 nm could be observed indicating that not all of the
Pt was stabilized, however, the size of the particles did not
significantly increase after further reaction (12 h). TG analysis of
the spent catalyst showed a weight loss of 0.6% indicating low
coke formation. The healing of silanol defects was confirmed by
FTIR spectroscopy, and the incorporation of Sn into the
framework was investigated by XRD, diffuse reflectance UV/Vis
spectroscopy and XPS. The stable activity and high selectivity to
propylene of the catalyst was attributed to the strong interaction
between the Pt clusters and framework Sn sites.

Xu et al.3%®! reported their optimized catalyst (0.5 wt% Pt, 1.0
wt% Sn) demonstrated 50% conversion at the beginning of the
reaction, decreasing to 45% over 48 h at 570 °C. The catalyst
displayed consistent activity over two reaction cycles with up to
98% selectivity to propylene and low coke formation (2%, TGA).
The Pt species were determined to be part of bimetallic Pt/Sn
particles (average diameter of 1.26 nm) located on the surface of
the zeolite at framework Sn sites. The incorporation of Sn into the
framework was studied, and the high dispersion of the Sn and Pt
species was attributed to the absence of reflections for SnO2 and
Pt° in the XRD patterns. The chemical speciation of Sn from XPS
measurements was reported as framework Sn(IV) coordinated to
four Si—O-Si linkages, framework Sn(ll) coordinated to two Si—-O—
Si linkages that interfaces with the Pt particle, and metallic Sn
incorporated in the bimetallic Pt/Sn particles.

Attempts to employ zeolites containing first row transition
metals for PDH have involved the preparation of cobalt confined
in zeolite Beta. Adopting a procedure from Baran et al.,** Chen
et al.®% dealuminated zeolite Beta in nitric acid to form T-atom
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vacancies, followed by mixing with a solution of cobalt(ll) nitrate,
and calcination at 600 °C. Calcination of the cobalt-loaded
dealuminated zeolite Beta was inferred to extract framework Co?*
to form extra-framework CoOx species. The high dispersion of the
CoOx species was attributed to presence of silanols created at T-
atom vacancies. The best performing catalyst, with a 0.5 wt% Co
loading, displayed a maximum propane conversion of 53%,
plateauing to 40% after 6 h, and a selectivity to propylene > 98%.
Regeneration of the catalyst at 600 °C for 2 h in air demonstrated
consistent activity over three reaction cycles of 6 h before
discernable deactivation during the fourth cycle. The similar
activity between the calcined only and reduced samples was
attributed to the reduction of CoOx species to metallic Co during
the dehydrogenation reaction.

Similar to their work on Co-BEA, Chen et al. attempted to
prepare vanadium containing-BEA zeolites (0.5-10 wt% V) by
post-synthetic  dealumination and treatment with NH4VO3
solution.B®l Characterization of the catalysts indicated the
formation of extra framework polymeric vanadium species, in
particular for high loadings (> 3 wt%). Catalysts with a low V
loading (£ 3 wt%) were claimed to possess monomeric and
isolated V species bound to the zeolite framework, however, their
exact nature was not determined. The catalysts were tested for
PDH at 600 °C with the higher loaded catalysts (= 3 wt% V)
showing similar activity; the activity dropped initially from
approximately 40% conversion to 23% after 6 h, and a maximum
propylene selectivity of 95% was observed. Higher V loadings
were also attributed to higher coke formation due to the greater
acidity of the catalyst. The stability of the catalyst was evaluated
by regeneration every 2 h after 4 h on stream for a total of 16 h of
operation demonstrating consistent behavior. Earlier work by
Chalupka et al. and Trejda et al. on V-SiBEA (0.25—-4.00 wt% V)
prepared by a similar post-synthetic procedure observed that
either framework or both framework and extra framework V5*
species were formed depending on the NH4VO3 concentration
and pH of the solution.”]

In addition to cobalt and vanadium, the catalytic properties of
framework and extra-framework iron-containing BEA and MFI
type zeolites for monomolecular PDH were investigated by Yun
and Lobo.B® Determination of Fe®* in the MFI framework by XRD
and diffuse reflectance UV/Vis revealed that after calcination at
480 °C a large fraction of the framework Fe® was retained,
however, treatment with steaming at 700 °C resulted in the
maijority of Fe®* migrating to extra-framework positions. With a
propane feed of 5 mol% the calcined H-[Fe]ZSM-5 sample
displayed a greater rate of dehydrogenation by a factor of 2.7 and
3.8 compared to the H-[Al]ZZSM-5 and steamed H-[Fe]ZSM-5
respectively, and a higher relative rate of dehydrogenation to
cracking compared to H-[Al]ZSM-5 (22 vs 0.36) at 530 °C.
Comparison of the turnover frequencies (TOF) between the
calcined Fe-MFI and Fe-BEA samples showed a negligible
difference. The results indicate that the conversion of propane
occurs mainly on the isolated framework Fe sites, compared to
the extra-framework Fe sites, and that the zeolite pore size is not
an important factor in the propane dehydrogenation reaction.
However, with a higher propane feed (16 mol%) at 530 °C the
conversion of the H-[Fe]ZSM-5 sample (7.2%) was lower than the
H-[Al]ZSM-5 sample (18.7%), but the selectivity was higher (78 vs
20%). In addition, based on the change of the unit cell volume,
approximately 50% of the Fe migrated to extra-framework
positions during the reaction. Information concerning the



recyclability and catalyst stability over extended time periods was
not reported.

Zeolites containing framework gallium have been studied for
several decades due to their ability to dehydroaromatize propane
and other light alkanes, and have been used as catalysts in the
petrochemical industry since the mid-1980s in the joint UOP and
BP Cyclar Process.®! The majority of investigations have been
focused on maximizing the selectivity to aromatics while only a
small number of investigations have discussed PDH, the first step
of aromatization, typically reporting low selectivity and stability.*"!

Choi et al. investigated PDH over gallosilicate MFI obtained
by  direct  synthesis in the presence of  (3-
Mercaptopropyl)trimethoxysilane (MPS).%! |t was proposed that
Si species of MPS are incorporated into the zeolite framework
after hydrolysis of the trimethoxy groups. Simultaneously, the thiol
group on the preserved Si-mercaptopropyl linkage interacts with
the metallic ions facilitating the incorporation of metals into the
zeolite pore structure during the crystallization step. The MPS was
removed by calcination at 550 °C and it was hypothesized that,
based on temperature-programmed desorption (TPD) data, extra-
framework Ga species were formed in addition to framework Ga
sites. It was observed that this synthetic approach allows for the
preparation of gallosilicate MFI with a relatively higher
concentration of strong Lewis acid sites and a reduced
concentration of Bregnsted acid sites. The catalytic evaluation of
the MPS-gallosilicate MFI catalyst at 600 °C showed a significant
increase in the selectivity to propylene compared with non-MPS
gallosilicate MFIl. The MPS-gallosilicate MFI catalyst was also
compared with a prototypical chromia-alumina catalyst at 600 °C
for 12 h. The MPS-gallosilicate MFI materials demonstrated a
lower rate of deactivation and higher propylene yield, but a lower
selectivity to propylene compared to the chromia-alumina catalyst
(75% vs 85%). However, at higher levels of conversion the
selectivity to propylene was reported to be higher than earlier
reports in the literature for gallosilicates under similar conditions.
This was attributed to the relatively lower number of Brgnsted acid
sites which are believed to be active for the oligomerization and
cyclization steps of alkane aromatization.

Recently, Nakai et al. investigated high-silica Ga-BEA
prepared by dry gel (DGC) conversion method for PDH at 650 °C,
and compared it with Ga-BEA prepared by dealumination/wet
impregnation and Ga-MF1.#" The DGC Ga-BEA showed superior
performance in terms of propane conversion (54.3% at 15 min)
and propylene yield (31.5% at 15 min) compared to the other
catalysts, however, the propane conversion and propylene yield
decreased to = 35% and = 25% respectively, after 6 h on stream.
It was observed that the Ga-BEA catalyst with a higher Si/Ga ratio
demonstrated a higher conversion of propane, higher yield of
propylene, and lower formation of coke compared to the
equivalent catalyst with a lower Si/Ga ratio. The superior
performance of the Ga-BEA with a higher Si/Ga ratio was
attributed to the relatively lower number of Bragnsted acid sites and
higher mesoporosity of the catalyst resulting in a lower amount of
coke formation and higher diffusion of the reactant and products.
However, information concerning the recyclability and catalyst
stability was not presented.

From these examples it appears that the incorporation of an
isolated metal species into the zeolite framework can be an
effective strategy to obtain a catalyst whose active metal species
have improved resistance to sintering, such as the stabilization of
Pt on Sn-BEA. However, some metals appear to be relatively less
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stable when incorporated into the zeolite framework resulting in
the formation of extra-framework species, and changes in the
catalytic behavior of the material are observed. Alternatively, the
transformation of metals located at T-sites during calcination can
result in the formation of extra-framework species with high
dispersion, while optimizing the ratio between Brgnsted and
Lewis acid sites can have significant effects on the catalyst
performance (Figure 2).

2.2. Fluid Catalytic Cracking

One of the most interesting examples of metal containing zeolites
operating outside the comfort zone is zeolite Y stabilized by rare-
earth (RE) metal ions for fluid catalytic cracking (FCC). FCC is a
mature petrochemical process and the literature contains a broad
range of investigations including FCC catalyst synthesis, testing
and deactivation. For further details on various aspects of FCC
the reader is directed to a number of excellent reviews.['62 42
Despite the commercial employment of FCC for almost 80 years
the technology is still facing the several challenges related to
changes in the types of available feedstocks including non-
conventional biomass-derived feeds, naphtha feeds and Fischer-
Tropsch waxes.*? 431 FCC catalysts typically operate around
500 °C in the reactor, i.e. within the “comfort zone”, but are
exposed to up to 800 °C in the regenerator, ie. outside the
“comfort zone”.#?a Under such harsh conditions, including in the
presence of steam during regeneration, the catalyst performance
is strongly affected and dealumination of the zeolite becomes a
significant problem. In addition to hydrothermal deactivation, FCC
catalyst suffers from irreversible deactivation due to the presence
of metal impurities in the feed.#? 42l Depending on the quality of
the heavy fraction, the FCC feed may contain different amounts
of metals such as Ni, Fe and V. They are prodcued when
porphyrins decompose at high temperature and deposit on the
catalyst surface, damage the zeolite structure, and favor
dehydrogenation reactions that increase coke formation. The
most common and detrimental metal-contaminant is V, which in
addition to the aforementioned issues, in the presence of steam
facilitates the loss of the catalyst surface area, loss of acid sites,
and dealumination; a similar issue experienced by Mo/H-ZSM-5
during methane dehydroaromatization, vide infra section 2.3.
Furthermore, V interacts with RE metal ions to generate low-
melting point RE vanadates which destabilize the zeolite
structure .4

FCC catalysts are typically composed of (1) an active zeolite
component (FAU structure with various levels of ultra-stabilization,
the so-called US-Y), ion-exchanged with ammonium and/or RE
salts, followed by calcination, (2) active matrix (alumina), (3) filler
(clay), and (4) a binder (alumina and/or silica).#2% 4%l

The introduction of RE metal ions (La®*, Ce®*, Sm®, Gd**,
Dy®*) improves the stability and activity of the zeolite catalyst by
reducing the loss of aluminum and by the promotion of the
catalytic isomerization, cracking and alkylation of alkanes.l61 A
large number of investigations have been devoted to determining
the coordination environment and effect of RE metal ions within
zeolite Y. In the ‘70s and ‘80s it was recognized that Y zeolites
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Table 1. Examples of metal-containing zeolites operating outside the “comfort zone” of current heterogeneous catalytic reactions: propane dehydrogenation (PDH) and methane dehydroaromatization (MDA).

Metal State Identified
Entry Catalyst Synthesis Procedure Reaction Reaction Conditions Performancel! Deactivation Ref.
(as synthesized)@ Pathway
PL@MCM-22 Pt introduction during 550 °C. 1 b Reacti e 0.6 g
- ; °C, 1 bar, eaction rate: 0.6 mmol s”'g”
1 EFW lswe”l'lng pmffss of PDH Sintering, coke [324]
(0.11 wt% Pt) amellar zeolite WHSV = 3.2 h' 5 reaction-regeneration cycles®
precursor
K-PtSn/MFI . 27 s and 17 s initial TOF
2 EFW (Pt clusters) One-pot synthesis in PDH 6007C 1 bar. Reaction rate: ~80 mmol s'g" Coke [32b]
(0.45 wt% Pt, 0.90 wt% alkaline media WHSV = 1.8 h : g
Sn, 0.65 wt% K) 3 reaction-regeneration cycles
VI, .
0.3Pt/0 5Sn-Si-Beta - 4_.16 r_r:ln |n:t|a| TOF, prop_1yltj:-1ne forTatlon rate 2.3 mol
Impregnation of 500-600 °C, 1bar, g'h (550 °C), 3.1 mol g'h”" (600 °C)
o .
3 (0.26 wt% Pt, FW Sn + EFW Pt dealymlnated BEA PDH s Deactivation rate: 0.007 h™' (550 °C) Coke [33a]
zeolite WHSV =1h
0.47 wt% Sn) . .
4 reaction-regeneration cycles
Post-synthetic 114 s TOF
Pt/Sn 2.00-Beta PtSn alloys (EFW) incorporation of Sn in '
4 (Si/Al = 440 ; Sn/Pt = attached to FW Sn BEA framework PDH 570 °C, WHSV = 2400 h"! Deactivation rate: 0.0063 h™! Coke [33b]
2.00; 0.5 wt% Pt) followed by Pt . .
introduction 2 reaction-regeneration cycles
. 32.9 h'' TOF (550 °C),
0.5CoSiBeta Impregnation of 550-600 °C, 1 bar,
5 EFW dealuminated BEA PDH Deactivation rate: 21.1% (600 °C)e Coke [35]
(0.5 wt% Co) zeolite WHSV = 0.4 h"'
4 reaction-regeneration cycles
600 °C, 1 bar, 0.02 s'initial, TOFs and 0.01 s final TOF
V-Beta
6 FW + EFW Impregnation PDH WHSV = 0.6 h"' Deactivation rate: ~12.5% Coke [36]
(3 wt% V)
4 reaction-regeneration cycles
H-[Fe]ZSM-5 460-530 °C. 1 bar TOF of dehydrogenation, mol s™' (mol H*)™* x 10* for H-
(SilFe = 26, 48) Direct isomorphous _ [Fe]beta(15) 5.97 (550 °C) Coke
7 FW + minor EFW substitution in alkaline PDH WHSV = 1.8 h™' for experiments demetallati [38]
Fe-BEA media with low conversion (TOF and emetallation
. reaction rates)
(SilFe = 15)
. . TOFsH
Ga-Beta Direct isomorphous 600 °C. 1 bar
8 FW + EFW substitution in alkaline PDH the am(y)unts (;f each catalyst ~120-70 (5 h) mmol h™* mol* Coke [40b]
(Si/Ga = 35) media

were adjusted for a similar

~45-30 (5 h) mmol h™* mol!



Ga-Beta-200 (Si/Ga =

o 177.7)
Mo/HZSM-5

10
(Si/Al = 30; 2 wt% Mo)
Mo/HZSM-5

1
(Si/Al = 20; 6 Wt% Mo)
Mo/H-ZSM-5

12

(Si/Al = 15; 5 wt% Mo)

FW

EFW

EFW

EFW

Direct isomorphous
substitution in alkaline
media

Impregnation

Impregnation

Impregnation

PDH

MDA

MDA

MDA

WILEY-VCH

conversion level (~7%). 5%
CsHs in N2, 20 cm?® min~".

650 °C, 1 bar, 10 mol% CsHs/
90% He, 6.69 cm® min~', the
amount of the catalyst was not
provided.

Reaction: 700 °C, 1 bar,
WHSV 0.8 h™'.

Regeneration: 700°C, air

Reaction: 750 °C, 1 bar,
WHSV 3.9 h, 7h.

Regeneration: 450 °C, air (SV
3000 h') with NO (NO/air =
1/50 vol/vol).

Reaction: 700 °C, 1 bar.

Regeneration: 450 °C, air

X ~54-34% (6 h), Y ~32-25% (6 h),

> 50% of initial Y of benzene over 100 reaction-
regeneration cycles

Benzene formation rates approximately the same after
8 reaction-regeneration cycles

Methane conversion and benzene yield constant over
5 reaction-regeneration cycles

Coke

Coke,

dealumination

Coke,

dealumination

Coke,

sintering at high
temperature and
Mo loading,
dealumination

[41]

6l

[59a]

[59b]

[l FW = Framework metal sites, EFW = Extra-framework metal sites.
bl X, S, Y — Propane conversion, selectivity to propylene, and yield of propylene; TOF — turnover frequency; T — time required for rates to decrease by a factor of .
[ The reaction rates were measured when the conversion of propane is lower than 10% and the values have been normalized to the amount of Pt in the catalysts.

[Initial TOFs of various Pt-zeolite materials for propane dehydrogenation at 600 °C based on the exposed Pt sites determined by CO chemisorption and the exposed surface atoms according to
the average particle size derived from electron microscopy and EXAFS results. The TOF values were calculated based on the initial propane conversion at kinetic regime (conversion below <
20%). The reaction conditions were the same as the catalytic tests described in the manuscript, but with a higher space velocity to achieve lower conversion [32b].
¢l Deactivation rate relative to the maximum propane conversion at 6 h on stream.

1 TOFs were calculated based on the Brgnsted acid site or the total acid site concentrations.



with a greater lanthanum content experienced dealumination
to a lesser degree during steaming, and that during the calcination
of exchanged zeolite Y the reduced water content allows La®
cations to migrate into the sodalite cages.*’l Later, van
Bockhoven et al. observed that La®* cations induce a polarization
of the framework Al resulting in an increase of the Si—O-Al and
Si-O-Si angles and the unit cell parameter.*®! Furthermore,
several recent studies have described a strengthening of the AI-O
bond owing to an increase in the positive charge near the Al atom
due to the polarization effect of [RE(OH)n]®"*(n = 1, 2) and RE®*
from dehydration of RE(H20)a%*.1!

From experimental and computational methods, SchifRler et
al. reported that for both high (Si/Al = 4) and low (Si/Al = 1.2) silica
faujasite the majority of La®* cations are located within the sodalite
cages as multinuclear OH-bridged cationic species while a
relatively smaller amount of mononuclear La®** species were
located in the supercages. However, for the low silica faujasite,
the more negative Al-rich framework improved the stability of bare
La®* species located in the supercage.® More recently, Zhang et
al. proposed that multi-core RE bridging structures that have a
greater oxygen content are responsible for the stabilisation of the
zeolite by RE metal ions.®"l Using quantum mechanical
calculations, Louwen et al. reported that the improved stability of
zeolite Y (Si/Al = 3) upon the introduction of La®* can be attributed
to the increase in the energy barrier of dealumination.[ Overall,
the literature concerning the introduction of RE metal ions into
faujasite suggests an increase in the stability of Al under harsh
conditions. Improved understanding of the nature of RE species
and their electronic interaction with the zeolite framework over the
last decade will serve to guide future advancements in catalyst
stability under harsh conditions (Figure 2). In particular, the
improved stability of the zeolite framework conferred by particular
metals provides new research opportunities for FCC catalysts and
the next generation of naphtha conversion catalysts as refiners
will increasingly need to consider the direct conversion of crude
to chemicals.

2.3. Non-Oxidative Conversion of Methane

The non-oxidative conversion of methane, such as methane
dehydroaromatization (MDA), is an attractive reaction for the
production of H2 and chemicals, however, an evaluation of the
reaction thermodynamics shows that the production of aromatic
is unfavorable below 700 °C and the reaction is highly
endothermic. The reaction is therefore significantly hindered by
low substrate conversion, poor product selectivity, and catalyst
deactivation due to the formation of coke.®® While the formation
of coke can be treated with an optimized reaction-regeneration
cycle, irreversible deactivation of the catalyst continues to occur
over extended time periods. 54 Alternatively, the reaction
temperature can be increased to favor the formation of aromatic
products, however this results in severe coke formation and
catalyst instability. 5%

Under conventional MDA operating conditions, the typical Mo
containing catalyst, obtained by impregnation on HZSM-5,
deactivates due to the formation of a carbonaceous layer
consisting of polyaromatic hydrocarbons at the external surface.
This decreases the accessibility of the Brgnsted acid sites in the
zeolite micropores, restricts the access of molecules to the acid
sites, and facilities the sintering of molybdenum carbide species
due to weak interactions with the zeolite surface.’® In addition,
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excessive heat treatment and the presence of water during the
reaction, especially during the regeneration step, results in the
dealumination of the zeolite. Under such conditions the Mo
species become mobile and react with framework Al to form
aluminum molybdates.® % The degree of dealumination is
strongly influenced by the Mo content and Si/Al ratio.® 571 These
new Mo species cannot form carbides, resulting in irreversible
deactivation of the catalyst.®a % |rreversible deactivation such as
this prevents continuous recycling of the catalyst which is crucial
due to the rapid formation of coke. Several strategies have been
proposed to improve the stability of the catalyst during
regeneration and to adapt metal-containing zeolites to harsh
regeneration conditions (Table 1).5 5

Kosinov et al. investigated the structural and textural stability
of HZSM-5 with different loadings of Mo in air at high temperature
(550700 °C).l |t was observed that high Mo loading lead to the
formation of aluminum molybdate and irreversible damage to the
zeolite framework during metal dispersion into the micropores
when calcined above 550 °C. In comparison, low Mo loading (1—
2%) significantly improved the oxidative stability of the catalyst.
Mo species were predominantly located in the zeolite micropores
as cationic mono- and di-nuclear Mo-oxo complexes, even at high
calcinations temperature. At 2 wt% Mo loading the catalyst
retained more than 50% of its initial activity after 100 reaction-
regeneration cycles and demonstrated a substantially improved
total aromatics yield. Another strategy to improve the stability of
the catalyst has been to employ less harsh regeneration
procedures. Ma et al. demonstrated the ability to remove carbon
deposits by using 2% NO as a promoter in air.[%d The removal of
coke began at 330 °C and complete removal was achieved at
450 °C, suppressing the migration and sublimation of Mo species
and minimizing damage to the structure as confirmed by 8
reaction-regeneration cycles. Han et al. investigated the use of
either oxidative or reductive regeneration treatments on Mo/H-
ZSM-5 catalysts with different Mo loading (1-7 wt%).P%! It was
observed for the optimized catalyst (5 wt% Mo) that oxidative
regeneration at 450 °C was the most effective treatment attributed
to the removal of Mo-associated graphite coke. Higher
regeneration temperatures of up to 850 °C caused irreversible
deactivation due to the sublimation of MoOs and the loss of
Brgnsted acidity. It was concluded that the selective recovery of
Brgnsted acid sites near Mo sites, rather than isolated acid sites,
is sufficient to restore the catalytic activity in terms of benzene
formation.

In addition to reducing the damage to the zeolite structure,
optimizing the reaction and regeneration of the catalyst is of
critical importance in order reduce the migration and sintering of
the metal phase. It is widely believed that the dispersion of the
metal is the most important factor governing the activity of the
MDA catalyst.®®! However, despite decades of intensive
investigation, the synthesis of zeolites with highly dispersed metal
is exceptionally challenging. Very few examples of catalysts
possessing metals with both high dispersion and stability have
been reported in the literature for direct non-oxidative methane
conversion. Two examples include lattice-confined single-iron
sites embedded within a silica (SiO2) matrix reported by Guo et
al., and nanoceria single-atom platinum catalysts reported by Xie
et al®l However, these non-zeolite materials operate at
extremely high temperatures, above 950 °C. Recently our group
reported the synthesis of single-site metal-containing MFI
catalysts with superior stability up to 1000 °C.[2% 82 The
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Figure 2. Strategies for improving the performance of metal-containing zeolites
catalysts for high temperature alkane conversion.

performance of such a highly stable single-site metal-containing
MFI catalyst for MDA was evaluated.®?®! We have shown that the
structure of such a single-site metal-containing MFI catalyst
remains intact even after exposure to CH4 and air (reductive and
oxidative) flow during consecutive reaction and regeneration
steps. Steam treatment of the catalyst was also investigated
demonstrating that Mo is fully retained within the framework of the
nanozeolite catalyst. Furthermore, no silanols were observed
after reaction-regeneration cycles or steaming of the catalyst.
This further demonstrates that dispersed single-site metals
introduced into the MFI zeolite framework stabilized the crystalline
structure and prevented the formation of silanol defects.

Thus, despite decades of numerous investigations, the
challenge of preparing a suitable MDA catalyst is still unmet.
Special attention must be given to the dispersion of the metal
phase as single-atom active sites are the most promising for high
and stable catalytic performance (Figure 2); they allow for
operation under the most favorable conditions (temperatures
higher than 700 °C) dictated by thermodynamics. In consideration
of this goal, new and innovative synthesis procedures will have to
be developed, beyond conventional post-synthesis techniques.

3. Biomass Valorization

The valorization of biomass (e.g. cellulose, hemicellulose,
lignin) to fuels and chemicals covers a large number of different
reactions ranging from the conversion of raw feedstocks to the
selective transformation of bio-derived molecules.? Many of
these reactions involve the use of water as a solvent or co-feed
at temperatures above 100 °C. The use of Lewis acid catalysts
operating in water is one example that has received increasing
attention due to the growing emphasis on the development of
sustainable technologies and the use of non-hazardous
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solvents.®3 It has been reported that materials, such as Sn-Beta,
can catalyze a number of different reactions in water using bio-
derived substrates,’® and that metals located within the zeolite
framework can provide better catalytic sites compared to extra-
framework metal species.®® While heterogeneous Lewis acid
catalysts (TS-1) have already found commercial success for
selective oxidations in aqueous organic solvents,®® one of the
most significant challenges is addressing the stability and
recyclability of zeolite catalysts under aggressive conditions such
as hot liquid water (HLW). As mentioned earlier, the behavior of
metal-containing zeolites operating in hot (= 100 °C) aqueous
solvents is typically associated with leaching of the metal sites,
site restructuring, and amorphization of the zeolite structure.”]
Alternatively, in the absence of an aqueous solvent, the reaction
of raw biomass streams (lignin, glycerol) at high temperatures can
resultin the loss of acid sites and undesirable changes in catalyst
activity due to the presence of alkali and alkaline earth metals,®!
as well as the rapid and heavy coking of zeolite catalysts
depending on the pore structure and nature of the acid sites of the
zeolite.[6%

Despite the enormous number of publications concerning
biomass reactions catalyzed by both pristine and metal-
containing zeolites the vast majority of these studies are
conducted in batch mode, while information about the long-term
stability and recyclability of these heterogeneous catalysts is
reported much less frequently.®” The fundamental goal is to
obtain critical information about the reversible and irreversible
deactivation of the catalyst. For this reason catalysts should not
be evaluated at 100% of substrate conversion or at
thermodynamic equilibrium as it is often reported.'™ Ideally,
experiments where the catalyst operates continuously need to be
carried out in order to evaluate the performance and deactivation
behavior of the catalyst. In this section a selection of zeolite
catalysts containing metals, primarily in framework sites, will be
discussed with application in reactions including the isomerization
of sugars in HLW, the oxidation of pure glycerol and the
dehydration of aqueous glycerol, and the hydrodeoxygenation
(HDO) of phenol (Table 2).

3.1. Isomerization of Sugars

The heterogeneous catalytic conversion of sugars has
received significant attention recently due to the exceptional
activity and selectivity of Sn-Beta operating in water, and the
potential for the chemo-catalytic valorization of cellulosic biomass
to platform chemicals." In addition, zeolite Beta containing group
4 metals (e.g. Ti, Zr) and other Sn-containing zeolites (e.g. MFI)
have also been the subject of numerous investigations by several
groups,”"T however questions concerning the catalyst activity and
long term stability in HLW have persisted.’? The major
developments of Sn-containing silica materials for catalytic
applications up to 2016/17, including Sn-Beta, have been recently
reviewed,?! and zeolite Beta containing group 5 metals (e.g. V,
Nb) for glucose conversion in HLW have recently been
reported.”®! For clarity, we note that both hydrophobic (low-defect)
and hydrophilic (high defect) Sn-Beta can be prepared using
either hydrothermal or post-synthetic procedures.”" However,
hydrophobic Sn-Beta is typically reported as prepared by
hydrothermal treatment in fluoride media while hydrophilic Sn-
Beta is typically reported as prepared by post-synthetic
procedures.



Following earlier studies performed in batch mode, several
groups have investigated the activity of Sn-containing zeolites
operating continuously. In 2016, Lari et al. investigated the
influence of the framework type (MFI, MOR, FAU, BEA),
preparation method (hydrothermally with OH™ or F~, alkaline-
assisted stannation), hydrophobicity, and solvent (H20, MeOH)
on the activity and stability of Sn containing zeolites (0.90-1.87
wt% Sn) for the isomerization of dihydroxyacetone (DHA) and
xylose under industrially relevant conditions, i.e. continuous
operation in a fixed-bed reactor over 24 h."? Determination of the
turnover frequency (TOF) in batch mode for the conversion of
DHA to lactic acid (LA) showed that the Sn-zeolites exhibited
similar activity in HLW, while the Sn-BEA and Sn-FAU samples
were significantly more active in MeOH. For the conversion of
xylose to xylulose in batch mode, hydrothermally prepared Sn-
BEA (F7) was significantly more active than the other catalysts.
For the conversion of DHA to LA in HLW in continuous mode, Sn-
MFI hydrothermally prepared in the presence of OH™ was the
most stable and selective material, retaining approximately half of
its initial activity. Greater loss in long-term stability was observed
for the other catalysts. For the conversion of xylose to xylulose in
HLW, hydrothermally prepared Sn-MF| (OH~) was the most stable
material, losing negligible activity. Hydrothermally prepared Sn-
MFI (F7) and Sn-BEA (F~) retained = 80% of their initial activity,
followed by Sn-MFI and Sn-MOR prepared by alkaline-assisted
stannation (both = 60%), and Sn-BEA and Sn-FAU prepared by
alkaline-assisted stannation retained the least amount of activity
(25 and 8%). The greater stability of hydrothermally prepared Sn-
MFI and Sn-BEA was attributed to the higher quality of their Sn
sites and greater hydrophobicity. In HLW, the decrease in activity
and selectivity was primarily due to amorphization of the zeolite
framework and the loss of active Sn sites due to conversion to
extra-framework positions and/or leaching. These effects could
be mitigated by performing the reaction in MeOH, however,
fouling and leaching became significantly pronounced for the MFI-
type catalysts. Similar work by van de Graaff et al. conducted in
batch mode on Sn-containing BEA, MOR, MFI and MWW
reported that only the 12 MR zeolites (BEA, MOR) could perform
glucose isomerization effectively whereas 10 MR zeolites (MFI,
MWW) hardly converted glucose ascribed to the strong
confinement of the carbohydrate substrate in the narrower MFI
and MWW pores.[™

Continuous flow experiments by Padovan et al. using Sn-Beta
prepared by post-synthetic solid-state stannation (10 wt% Sn)
showed a loss of over 90% of the initial activity for glucose
isomerization in HLW after 30 h and negligible improvement after
reactivation. However, significantly better stability and
regenerability was observed when operating in MeOH."® Using
Sn-Beta prepared by the same post-synthetic technique, the
same group investigated the effect of the MeOH:H20O ratio. The
continuous operation of Sn-Beta for 1366 h (57 days) with two
regeneration steps was achieved in MeOH:H20 (99:1), with the
conversion of fructose maintained at > 70% and the methyl lactate
selectivity at > 60%. Subsequent work by the same group
investigated the mechanism of deactivation of Sn-Beta (prepared
by post-synthetic solid-state stannation) during continuous-mode
glucose isomerization in MeOH and a solvent mixture of
MeOH:H20 of 9:1. The presence of water minimizes the
accumulation of carbonaceous residues in the pores and reduces
the loss of Sn—OH and Si—OH groups, i.e. minimizing changes to
the coordination sphere of active sites.’” Investigation of the
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preparation method and Sn loading for continuous operation in
MeOH has also been investigated.I"!

Work by van der Graaff et al. investigated the deactivation
mechanism of Sn-Beta operating in continuous mode during the
isomerization of glucose in HLW.® Sn-Beta prepared
hydrothermally with seeds in HF (1.79 wt% Sn) suffered the
strongest deactivation in the first six hours, losing = 70% of its
initial activity after 24 h, and stabilizing at = 20% conversion.
Regeneration of the catalyst by calcination could partially restore
the initial activity, deactivating at a similar rate to the fresh catalyst.
Catalyst deactivation was attributed to carbonaceous deposits in
the micropores and framework damage evidenced by increased
mesoporosity upon repeated use, but no Sn leaching was
observed. In comparison, Sn-Beta prepared by post-synthetic
stannation (3.80 wt% Sn) demonstrated lower activity, stabilizing
at = 5% conversion after 24 h. Deactivation of the catalyst was
attributed to the loss of micropore volume, framework damage
evidenced by the formation of mesopores, and a small amount of
Sn leaching. Improved stability of the hydrothermally prepared
Sn-Beta could be achieved by operating in a mixture of EtOH:H20
of 9:1 resulting in similar micro- and mesopore values to the fresh
catalyst. Additional continuous flow experiments performed in
demineralized water and aqueous DHA indicated de-silication
took place as well as the loss of micropore volume and formation
of mesopores, suggesting framework damage. In addition, the
formation of SnO: particles was also surmised indicating that
even if Sn loss does not appear to occur, site restructuring from
framework to extra framework species may happen.

From the above results, consistent with previous batch
reaction studies, hydrothermally prepared Sn-containing zeolite
catalysts in fluoride media typically exhibit better overall activity
and stability compared to post-synthetically prepared catalysts for
sugar conversion in HLW. This is attributed primarily to the
differences in hydrophobicity and silanol content. The
investigation of either hydrophobic or hydrophilic Ti- and Sn-Beta
zeolites in batch mode has revealed how the effect of different
micropore environments can result in differences in the catalyst
activity in HLW.I* 8% |n general, hydrophobic Ti- and Sn-Beta
zeolites display greater activity (e.g. moles of product generated
per mole of metal site, turnover rates, and first-order rate
constants) than their hydrophilic counterparts. However,
exposure to HLW over time reduces the hydrophobicity of the
micropores due to an increase in the number of silanols that act
as initiation points for structural amorphization and stabilize
extended networks of water molecules. This results in an
apparent increase in the free-energy barriers for glucose-fructose
isomerization." Furthermore, the choice of framework (e.g. BEA
vs MFI) will result in different catalytic activity and stability as a
consequence of the pore geometry, active site location, and
synthesis procedure. However, while hydrothermally prepared
materials are typically more stable, their activity in HLW over time
will decrease due to the increasing density of silanols, framework
amorphization, loss of framework tetrahedral Sn sites either by
leaching or restructuring, and coke formation.[? 7981 A promising
strategy to address these issues has involved variation of the
solvent as mentioned earlier while other approaches identified
have included surface modification using organosilanes.8'al



Table 2. Examples of metal-containing zeolites operating outside the “comfort zone” in biomass valorization reactions.
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Metal State Identified
Entry Catalyst Synthesis Procedure Reaction Reaction Conditions®! Deactivation Ref
(as synthesized)@ Pathways
Sn-MFI Batch experiments: 110 °C, autogenous
(0.9, 1.39, 1.87 wt% Sn) pressure, substrate/tin molar ratio of 1000
Sn-MOR Ispmerization of 10 ml of a 0.33 M aqueous or methanol solution of Metal leachin
(1.65 Wt% Sn) Direct isomorphous substitution in  dihydroxyacetone = (DHA),  pya or PAL, or a 0.33 M aqueous solution of D- foulin sigé
1 FW + EFW fluoride or hydroxide media, and post- pyruvaldehyde (PAL) and xylose restru%turin [72]
Sn-BEA synthetic isomorphous substitution xylose (XYLO) . . . g
(1.40, 1.71 Wt% Sn) Continuous experiments: 110 °C, 25 bar, 0.05-  amorphization
0.25 g catalyst, liquid feed 0.2 cm® min~*, 0.33 M
Sn-FAU DHA/H20, XYLO/HO 0.4 cm® min™', 0.33 M
(1.72 wt% Sn) DHA/MeOH
" Continuous experiments. 110 °C, 5-10 bar
2 S;;)BE;A s FW + EFW Post-synthetic isomorphous substitution ~ Glucose isomerization Coke hizati and [76]
(10 wt% Sn) 1 wt% glucose in MeOH and H20 amorphization
Batch experiments: 100-120 °C, 5 g of 1 wt%
glucose in MeOH and H20 Loss of Sn—OH and
Sn-Beta . . Si-OH sites due to
Gl /S| d K*/S I t f 50 and 0.5 ; : .
3 FW + EFW Post-synthetic isomorphous substitution ~ Glucose isomerization ucost(.e ln an n molar ratios o an ’ the interaction with  [77]
(2, 10 wt% Sn) respectively methanol  solvent,
Continuous experiments: 110 °C, 10 bar, coke
contact time 0.22—0.32 min
Sn-B Continuous experiments: 110 °C, 10 bar Loss of metal-OH
4 n-Beta FW + EFW Direct hydrothermal synthesis in fluoride Glucose isomerization ) sites due to 78]
(1,2, 5,10 wt% Sn) media 1 wt% of glucose in pure MeOH, 0.6-1.4 cm®  interaction with
T min”’ methanol solvent
Batch experiments: 160 °C, 40 mg catalyst and
Sn-Beta 2.5 cm?® of a 125 mM aqueous glucose solution
(Si/Sn = 108; 1.79 wt% Sn) Direct isomorphous substitution in Continuous experiments: 90-100°C, Coke,
5 B FW + minor EFW fluorlde medla or post-synthetic Sn  Glucose isomerization 125-250 mg of catalyst, amorphlzatlgn, [79]
n-Beta incorporation metal leaching
(Si /Al = 100; 3.8 wt% Sn) 125 mM glucose solution,
WHSV 0.7-3.0
Fe-MFI : . T . : — Continuous experiments: 350°C, 1 atm, GLY
6 FW + EFW Direct "isomorphous  substitution i Gas-phase oxidation — of ) 415 s in1 39 vol % O in N2 50-400 cm®  Minor sintering [86]

(0.78 wt% Fe)

alkaline media followed by steaming
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Glycerol (GLY) to DHA

min~', GHSV 52900 h™".



Fe-MFI

7 (Si/Al = 12, 23, 60; 0.15-2.3 wt%
Fe)
Fe-MFI

8
(Si/Al = 45, 60; 0.6 wt% Fe)
Ni/HZSM-5, Ni/Al203-HZSM-5

9 (SI/Al = 90 (zeolite); 9.3 wt% Ni,
19.3 wt% Al203)
Ni/HZSM-5,

10
(10 wt% Ni)
Ni-Co/zeolite, Ni/zeolite
HZSM-5 (SiO2/Al203 = 34; 10 wt%
Ni + 10 wt% Co, or 21 wt% Ni)

11 HBeta (SiO2/Al203 = 25; 10 wt% Ni

+10 wt% Co)

HY (SiO2/AOs = 12; 10 wt% Ni +
10 wt% Co)

ZrO5 (10 wt% Ni + 10 wt% Co)

FW + EFW

FW

EFW

EFW

EFW

Post-synthetic isomorphous substitution

Direct isomorphous substitution in
alkaline media and post-synthetic
isomorphous substitution

Impregnation

Synthesis of colloidal Ni nanoparticles
followed by grafting onto support

Impregnation
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Dehydration of GLY to

Acrolein

Glycerol oxidehydration to
acrolein and acrylic acid

Phenol hydrodeoxygenation

Phenol hydrodeoxygenation

Phenol hydrodeoxygenation

Continuous experiments: 320 °C, 1 atm, feed
40 wt% GLY in H20 0.1 cm® min~" N2 or air 15 cm?
min~' GHSV 2770 h™".

Continuous experiments: 320 °C, 1 bar, GHSV
= 2770 h*!

40 wt% of glycerol in H20,

0.1 cm® min~" + 15 cm® min~" air

Batch experiments: 200 or 250 °C, 0.01 mol
phenol, 80 cm® H20, 0.5 g catalyst, 4 MPa Ha.

Batch experiments: microreactor cell, 200 °C, 30
mg of catalyst

0.9 cm?® of 0.56 M phenol, 5 MPa Ha.

Batch experiments: 250 °C, 0.5 g (5.3 mmol)
phenol, 10 g H20, 0.025 g catalyst 5 MPa Hz.

Continuous experiments: 250 °C, 60 MPa,

0.3, 0.4, 0.5 g catalyst, 0.9 g/h phenol (3% water
solution)

Coke

Coke

Sintering and extra-
framework
dealumination of
Ni/Al203-HZSM-5,
metal sintering and
leaching of
Ni/HZSM-5

N.A., NiO particles
are however
described as stable

Coke, sintering,
metal leaching

(88]

[90]

[99]

[100]

[101]

[l FW = Framework metal sites, EFW = Extra-framework metal sites.
bl For some publications other catalytic experiments were conducted that fall outside the scope of this review. Here, only relevant reaction conditions are stated.
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3.2. Oxidation and Dehydration of Glycerol

The growth in biodiesel production from triglycerides over the
last decade has significantly increased the availability of crude
glycerol making it a target for valorization into a range of platform
chemicals and aromatics.[®? Investigation of pristine zeolites for
the conversion of aqueous streams of glycerol revealed large pore
zeolites performed better than small pore zeolites but severe
deactivation occurred due to the leaching of acid sites and the
formation of coke.®3 Recent efforts concerning pristine and wet-
impregnated metal-containing zeolites have shown that the
introduction of mesoporosity, hierarchical or nanosized crystalline
structures, modification by alkaline treatment or metal oxides, and
the use of tandem catalytic processes can result in significant
improvements in the performance of the catalyst.®4 Specifically,
isomorphously  substituted Fe-MFI zeolites have been
investigated for the catalytic conversion of both pure and aqueous
streams of glycerol in continuous modes. While it is well known
that calcination and steam treatment of Fe-containing zeolites
results in the rearrangement of Fe sites from framework to extra
framework positions,® the formation of extra framework Fe
species has been observed to be beneficial for catalyst stability
and activity.

In 2015 Lari et al. investigated the gas phase oxidation of
glycerol to DHA at 350 °C using a series of Al-free and Al-
containing Fe-MFI-type zeolites, prepared hydrothermally or
bydry-impregnation, and amorphous materials.®® In particular,
minimizing the acid character and optimization of the redox active
Fe sites was targeted in order to better control the selectivity
towards DHA due to the temperature of the reaction. Catalyst
screening revealed that reducing the concentration of Brgnsted
acid sites significantly reduces coke formation and the selectivity
to dehydration reactions, however, extensive steaming increased
the selectivity towards pyruvaldehyde and pyruvic acid due to the
formation of large iron oxide particles. The optimized catalyst
(hydrothermally prepared Fe-silicalite, 0.78 wt% Fe, steamed at
600 °C) was evaluated over 24 h. Characterization of the sample
revealed the presence of both framework and extra framework Fe
species, however, redox activity was attributed to the
coordinatively unsaturated extra framework Fe species as
framework Fe sites were expected to be fully coordinated. Over
24 h of time on stream the catalyst demonstrated exceptional
stability with the conversion of glycerol remaining unchanged (=
70%) while the selectivity to DHA slightly decreased suggesting
the extra framework Fe species had undergone a degree of
sintering. The optimized Fe-MFI catalyst was further developed
by the same group and evaluated as a technical catalyst
demonstrating comparable activity to the pure zeolite over 72 h
on stream.®7]

In 2018, work by Diallo et al. focused on the dehydration of
aqueous glycerol to acrolein at 320 °C using a series of post-
synthetically isomorphously substituted Fe-MFI catalysts (0.15—
2.0 wt% Fe) with varying Si/Al ratios of 12, 23 and 60.8 MFI
zeolites with a higher Si/Al ratio afforded Fe-MFI with a lower Fe
content and extra framework iron oxide species with greater
dispersion. In.comparison to pristine MFI, the introduction of Fe
resulted in improved stability, conversion, and selectivity to
acrolein over 8 h, with the best performing catalyst possessing the
highest Si/Al ratio (60) and a relatively low Fe content (0.6 wt%).
The catalyst demonstrated stable glycerol conversion and
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acrolein for up to 24 h and after a subsequent 25 h after
regeneration. In general, the increase of the Si/Al ratio afforded
more stable catalysts, however, no clear relationship between the
Si/Al ratio and coke content was observed. Interrogation of the
coke species by a combination of techniques indicated that the
formation of disperse extra framework Fe species helped to
improve the oxidation of coke, reduce the loss of both the external
surface area and micropore volume, and resulted in a change in
the species of coke formed. This indicates the balance between
the Si/Al ratio and Fe content is an important factor for activity as
it affects both the spatial distribution of Fe species in the zeolite
and coke formation (Figure 3). The dispersion of iron oxide
particles is potentially linked to the Si/Al ratio, i.e. a higher Si/Al
ratio results in greater dispersion, as it has been shown that the
presence of Al facilitates the extraction of Fe from the
framework.!®8 81 Further work by the same group focusing on the
synthesis procedure of the catalyst revealed differences in the
product selectivity.l Hydrothermally prepared Fe-MFI showed a
greater selectivity to acrylic acid, attributed to a greater proportion
of framework Fe®* present, compared to the post-synthetically
prepared samples, however, it was less stable than the post-
synthetically prepared catalysts.

3.3. Hydrodeoxygenation of Phenol

The conversion of biomass such as lignin or algae to bio-oil by
thermochemical processes such as catalytic fast pyrolysis (CFP)
is one of the most promising strategies to utilize biomass for the
sustainable production of fuels and chemicals.®"! However, due
to the significant content of impurities such as water and oxygen,
bio-oils obtained from the CFP of biomass such as lignin must be
upgraded by hydrodeoxygenation (HDO) before they can be used
or blended with conventional petrochemical products.®? Zeolites
have been a primary target of research efforts in both CFP and
HDO, in particular ZSM-5, due to its selectivity towards gasoline-
range alkenes and aromatics.®® While an enormous number of
zeolites catalysts have been tested for optimizing the bio-oils
obtained from CFP only a small number of studies have
investigated the long-term stability of pristine zeolites, 8 %I and
to best of our knowledge, very little information concerning the
long-term stability of metal-containing zeolites has been
reported.® For HDO, a large number of zeolite catalysts have
been investigated,® including metal-containing zeolites
operating in HLW for HDO,!%® 971 and in continuous mode for the
upgrading of bio-oils (Ni-HZSM-5).1! |n particular, some studies
have focused on the stability of the metal phase (prepared by wet-
impregnation) for HDO reactions in HLW.

In 2012 Zhao et al. investigated the kinetics of aqueous
phenol dehydrogenation between 160-220 °C under 5 MPa H2
over Ni supported HZSM-5 (Ni/HZSM-5) or Ni supported HZSM-
5 with y-Al203 (Ni/Al203-HZSM-5) binder in batch mode.® The
introduction of y-Al2O3 as a binder increased the reaction rate of
the dehydrogenation of phenol, cyclohexanone and cyclohexene
due to the highly dispersed Ni sites, however, dehydrogenation of
cyclohexanol was faster over Ni/HZSM-5 due to the higher
Brgnsted acid site density. Both catalysts were prone to
deactivation due to the conversion of Brgnsted to Lewis acid sites,
and sintering during the reaction and recycling of the catalyst.
However, Ni sintering and leaching was less pronounced for
Ni/Al203-HZSM-5 compared to Ni/HZSM-5. Stability experiments
also revealed that the Al2O3 binder was susceptible to dissolution



in HLW, and the presence of carboxylic acids enhanced the
leaching of Ni. This is of critical concern as bio-oils contain a
significant amount of organic acids. Subsequent work by the
same group showed that the treatment of Ni/HZSM-5 under a
reducing atmosphere resulted in the formation of Ni° prior to
immersion in an acetic acid solution maintained under Hz, which
prevented the leaching of Ni.[®

In 2016 Huynh et al. investigated the aqueous phase
hydrodeoxygeation of phenol over bimetallic Ni-Co and
monometallic Ni catalysts supported on different zeolites in batch
and continuous modes, up to 24 h on stream at 250 °C.l'0" The
best performance was observed using bimetallic Ni-Co over
HZSM-5 (Ni-Co/HZSM-5) attributed to its high acid site strength
and density, and superior hydrothermal stability, compared to H-
Beta and HY zeolites. Both H-Beta and HY lost a significant
degree of their BET surface area after 8 h on stream. After 24 h
on stream the Ni-Co/HZSM-5 catalyst retained 100% conversion
and 90% selectivity to deoxygenated products, however, no
recycling experiments were performed. The presence of Co
appeared to have a stabilizing effect, improving the particle
dispersion and reducing metal leaching compared to the
monometallic Ni/HZSM-5 catalyst. In addition, the Ni-Co/HZSM-5
catalyst produced less coke than the Ni/HZSM-5 catalyst, and
retained a greater degree of its initial BET surface area after 24 h
on stream. While both the Ni/HZSM-5 and Ni-Co/HZSM-5
catalysts lost similar degrees of Brgnsted acid sites, the Ni-Co
catalyst retained a greater degree of Lewis acid sites.

Itis clear that the operation of zeolites in the presence of HLW
remains a significant challenge, however, several strategies for
improving the performance of metal-containing zeolites offer
several paths forward (Figure 3). While significant advances have
been made in the understanding of the structure and activity of
metal-containing zeolites for certain reactions, e.g. glucose
isomerization with Sn-Beta, similar efforts for other biomass

Lower Silanol
Density

Metal-Containing
Zeolite Catalysts
for Biomass

Valorization
Effect of
Binders on
Metals State

Dispersion

Bimetallic
Nanoparticles

Figure 3. Strategies for improving the performance of metal-containing zeolites
catalysts for biomass valorization outside the “comfort zone”.
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valorization reactions are needed. Across different reactions,
such as glucose isomerization and glycerol conversion,
employing zeolites with a relatively higher Si content/lower
Brensted acidity and possessing metals located in framework
sites has proven to be beneficial for both the catalyst stability
(increased hydrophobicity, low coke formation) and performance
(high substrate conversion, product selectivity). Low metal
loading (0.1-1 wt%) typically affords superior catalyst
performance in terms of TOF and catalyst stability,”® however, it
has been shown that this may require striking a balance between
substrate conversion and product selectivity due to a loss in metal
dispersion.®®! The development of new strategies for preparing
stable metal-containing zeolites for biomass valorization reactions
in HLW will revolve around the type of the desired metal active
site. It has been shown that the addition of y-Al2O3 binder and the
use of different metals affords superior catalyst stability where the
metal phase is a nanoparticle,’®® "°' however, the preparation and
evaluation of framework-containing zeolites with a bimetallic
configuration and added binder has yet to be demonstrated.

4. Conclusions and Outlook

As the global energy system continues evolving to satisfy both
a growing population and a reduction in greenhouse gas
emissions, zeolites will continue to play a central role in existing
petrochemical and emerging bio-refinery processes. Metal-
containing zeolites offer a surplus of opportunities for developing
catalysts with desirable and bifunctional properties due to the
numerous combinations of framework structures, zeolite
morphologies, Si/Al ratios, active site morphologies, and types of
metals.

In this review we have highlighted metal-containing zeolites
operating outside the comfort zone for high temperature alkane
reactions (= 550 °C) and biomass valorization in HLW (= 100 °C),
prepared using a variety of strategies and possessing metal sites
in various configurations. Specifically, strategies that revolve
around the substitution of atoms at T-sites show that metals
located at these positions can serve as catalytic sites located in
the zeolite framework, as anchoring sites for catalytically active
metals, and as precursors to highly disperse extra-framework
catalytic sites formed during the post-synthetic treatment or
catalytic reaction. This reinforces the importance of scrutinizing
the activity and stability behavior of the catalyst as different metals
clearly demonstrate different degrees of stability within the zeolite
framework whereby the observed activity may represent a
combination of behaviors from different sites, potentially
exhibiting a synergistic interaction. For example, the preparation
of Fe-MFI zeolite catalysts can result in the formation of both
framework and extra-framework metal species, however, the
former have been implicated as primarily responsible for the
observed activity during PDH whereas the latter during the
oxidation of glycerol.

As we have noted, determining the stability and recyclability
of metal-containing zeolite catalysts under industrially relevant
conditions is of critical importance yet infrequently reported.
General deactivation pathways and stabilization strategies under
different reaction conditions have been identified, but further
targeted and in-depth analyses are required. Such studies
emphasize how the knowledge and understanding of the catalyst
behavior is critical for catalyst development from the laboratory



scale to mature industrial processes, such as the effect of
hydrophobicity on the micropore environment of Sn-Beta for
glucose isomerization, and determination of the location of rare-
earth metals in zeolite Y for FCC.

Despite over 50 years since zeolites revolutionized the oil
refining and petrochemical industries a plethora of opportunities
remain for exploring the activity and stability of zeolites for existing
and emerging heterogeneous catalytic reactions. Recent
developments concerning novel synthesis strategies for PDH
catalysts, such as the use of Sn-Beta to stabilize Pt species,
demonstrate that metal-containing zeolites may yet offer a
competitive alternative to existing metal-alumina catalysts. As
mentioned earlier, for emerging processes such as the CFP and
HDO of biomass, issues concerning the long-term stability and
regeneration of metal-containing zeolites remain open and will
become increasingly important for the upgrading of pyrolysis oils.
Similarly, for processes like the aqueous phase reforming of
glycerol and phenol,l'%? and the conversion of hemicellulose, %!
the majority of investigations have been performed in batch mode.
Strategies such as steaming Al-rich US-Y to generate extra-
framework Al species that stabilize the zeolite in HLW offer
guidance for future work, however, sintering of the metal phase is
still an issue.l'°l Beyond biomass, the application of metal-
containing zeolites for recycling processes represents even
greater untapped potential despite the annual global amount of
manufactured plastic is comparable to the annual global amount
of wood-biomass used to produce bio-energy (= 380 Mt vs 369
Mt).[1%4 A limited number of studies have focused on the pyrolysis
of plastic waste, primarily using pristine zeolites.['%! In
combination with the availability and advancements of
characterization techniques and computational modelling, the
potential of metal-containing zeolites remains as great as ever.

Last but not least, it is important to keep in mind that
commercially successful catalysts are:

- Shaped with a binder; these are not always inert and can
interact with the zeolite, providing opportunities to further
stabilize them.[%6]

- Loaded in dedicated unit to, for instance, meet the
requirements of catalyst regeneration without stopping the
commercial production of on-spec products. The chemical
industry already provides innovative solutions such as the
fluid (FCC for oil cracking) and moving (CCR Platforming for
naphtha reforming and PDH) beds. It is likely that such
solutions could be adapted to meet some of the requirements
of the emerging catalysts discussed in this review and shorten
the time between invention (laboratory discovery) and
innovation (commercial deployment of an invention).[%7]
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Metal-containing zeolites outside the comfort zone. With a growing demand for the sustainable production of chemicals, new
catalysts are vital. Here we highlight recent examples of metal-containing zeolite catalysts operating under harsh conditions in
reactions such as high temperature alkane conversion and biomass valorization in liquid water. Specifically, we focus on catalyst

stability and recyclability.
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