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Potential and challenges of zeolite chemistry in
the catalytic conversion of biomass

Thijs Ennaert, Joost Van Aelst, Jan Dijkmans, Rik De Clercq, Wouter Schutyser,
Michiel Dusselier, Danny Verboekend* and Bert F. Sels*

Increasing demand for sustainable chemicals and fuels has pushed academia and industry to search for
alternative feedstocks replacing crude oil in traditional refineries. As a result, an immense academic
attention has focused on the valorisation of biomass (components) and derived intermediates to generate
valuable platform chemicals and fuels. Zeolite catalysis plays a distinct role in many of these biomass
conversion routes. This contribution emphasizes the progress and potential in zeolite catalysed biomass
conversions and relates these to concepts established in existing petrochemical processes. The application
of zeolites, equipped with a variety of active sites, in Brgnsted acid, Lewis acid, or multifunctional catalysed
Received 16th November 2015 reactions is discussed and generalised to provide a comprehensive overview. In addition, the feedstock
shift from crude oil to biomass involves new challenges in developing fields, like mesoporosity and pore
interconnectivity of zeolites and stability of zeolites in liquid phase. Finally, the future challenges and
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Introduction

The limited supply of cheap petroleum has renewed the interest
towards more sustainable energy sources like wind, solar and
hydro technology. While these renewable energy sources have the
potential to constitute an important part of the energetic matrix,

Centre for Surface Chemistry and Catalysis, Faculty of Bioscience Engineering,
KU Leuven, Celestijnenlaan 200f, B-3001, Heverlee, Belgium.

E-mail: bert.sels@biw.kuleuven.be, danny.verboekend@biw.kuleuven.be;

Fax: +32 16 321 998; Tel: +32 16 321 610

Thijs Ennaert obtained his MSc in
Catalytic Technology (Bioscience
Engineering) at KU Leuven
(Belgium) in 2012. He did his
master thesis at the Center for
Surface Chemistry and Catalysis,
where he explored the stability of
USY zeolites in hot liquid water.
He is currently doing a PhD as a
IWT-funded fellow, also under
the guidance of Prof. Bert
F. Sels. His research focuses on
the stability and application
of zeolite catalysts in biomass
transformations.

PR 1L
Thijs Ennaert

584 | Chem. Soc. Rev., 2016, 45, 584-611

perspectives of zeolites in the processing of biomass conversion are discussed.

the production of chemicals and fuels requires a renewable carbon
source, such as biomass (Fig. 1). Accordingly, these possibilities
have sprouted a widely-varied research attention on the valorisa-
tion of various biomass resources (Fig. 2).

Major streams of biomass are lignocellulose, lipids containing
triglycerides from animal fats, vegetable origin and microalgae,
and turpentine streams. Of these, lignocellulose, composed
of cellulose, hemicellulose and lignin, represents the most
abundant one. Finally, there is a smaller group of protein-
based fractions of animal or vegetable origin (Fig. 1)."* The
structural nature of these molecules determines the ultimate
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Fig. 1 Overview of the prominent fractions of the biomass feedstock.

transformation routes needed to convert them to useful fuels,
chemicals and materials.

Three distinct modes of valorising the carbon content of
biomass may be distinguished (Fig. 3). The first mode repre-
sents biological transformations, exemplified by microbial or
yeast-based fermentation processes, such as the commercial
conversion of carbohydrate biomass into ethanol or lactic acid.*™®
The second mode is thermal, ranging from burning biomass for
heat generation over gasification to biogas or liquefaction and
pyrolysis to bio-oils.” The third mode encompasses all specific
chemical and catalytic processes, which target a single chemical

Bert F. Sels, currently full
professor at the KU Leuven,
obtained his PhD in 2000 in the
field of heterogeneous oxidation
catalysis. He was awarded the
DSM Chemistry Award in 2000,
the Incentive Award by the
Societe Chimique Belge in 2005
and the Green Chemistry Award
in 2015. He was recently elected
co-chair of the IZA Catalysis
Commission and is international
board member of ChemSusChem.
He heads a research group in the
Centre for Surface Chemistry and Catalysis, designing hetero-
geneous catalysis for future challenges in the industrial organic
and environmental catalysis. His expertise includes heterogeneous
catalysis in biorefineries and the spectroscopic and kinetic study of
active sites for small molecules activation.

Bert F. Sels

This journal is © The Royal Society of Chemistry 2016

View Article Online

Chem Soc Rev

or narrow range of products, perhaps with the exception of
catalytic fast pyrolysis (CFP).

Zeolite catalysis plays a significant role in many of the
chemical biomass conversion routes (Fig. 2 and 3). First, there
is the concept of blending-in biomass fractions, pyrolysis oils
or platform molecules into existing petroleum refinery opera-
tions."*"* Secondly, in CFP, either on platform compounds,
such as glucose or furans, or raw biomass feedstock, zeolites
have proven promising efficiency."**® Thirdly, specific liquid
phase catalytic processes have been proposed, where zeolites
contribute in converting raw biomass feedstock. The last, and
most documented use of zeolites in biomass valorisation, is
found one-step down from the raw or pretreated feedstock in
Fig. 1, namely in the upgrading of bio-derived platform molecules
to fuels, chemicals and materials by specific transformations. In
general, these processes target the on-purpose synthesis of one
final product or intermediate from a biomass-derived (platform)
molecule,' 17723

The wide-scale application of zeolites in biomass conversion
can be explained by their numerous positive attributes. Zeolites
are aluminosilicates with a crystalline, microporous framework
built from oxide tetrahedra.?® Accordingly, zeolite crystals are
highly porous, with precisely-defined micropores (0.4-1 nm).
Combined with the ability to load them with exchangeable
cations makes them useful as adsorbents, molecular sieves, ion
exchangers and catalysts. For example, since breakthrough work in
the early 1960s, synthetic zeolites have become the most promi-
nent heterogeneous catalysts in the refining and petrochemical
industries.””

In fossil fuel-based refineries, zeolite-based catalysts play a
key role.** Of the different applications, fluid catalytic cracking
(FCC), where the atmospheric crude oil distillation residue
is transformed into automotive (gasoline) fuel components,
represents in volume terms by far the largest zeolite consump-
tion. Typical FCC catalysts are mainly comprised of ultra-stable
zeolite Y (USY) combined with amorphous aluminosilicates as
catalytically active matrix. The key catalytic parameters are
the strength and density of the Brensted acidic sites, which
arise when protons neutralise the negative charge introduced
by Al substitution in the framework.

The presence of extra-framework Al (EFAl) species in USY
zeolites, generated during the steaming process, was shown to
positively affect the cracking performance. Next to improving
the Bronsted acidic function, EFAI is also a source of Lewis
acidity, a second prominent zeolite function. Besides EFAI,
also the incorporation of heteroatoms in the zeolite structure
creates Lewis acidic sites in the so-called zeotypes. TS-1, a
titanosilicate of the MFI topology, is probably the most familiar
example. These high-silica molecular sieves serve in the func-
tionalisation of hydrocarbon derived base-chemicals, such as
oxidation reactions. Newer examples for instance contain incor-
porated Sn, like in Sn-beta.*3"*°

In the catalytic processes that follow FCC, the different
fractionated oil and gas streams are further upgraded. Therein,
zeolites play a crucial role, among others, in removal of functional
groups via hydrotreating and hydroisomerisation processes,

Chem. Soc. Rev., 2016, 45, 584-611 | 585
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Fig. 2 Overview of the use of zeolites and the respective catalytic active sites in a selection of biomass transformations discussed in this review.

alkylation, chlorination and oxidation. Hereby, besides mono-
functional Bregnsted acidic sites, also bifunctional or multi-
functional catalytic properties are employed, usually by the
addition of metallic nanoparticles. These particles can easily
be introduced in zeolites with high metal dispersions, due to the
ion-exchange capacity generated by the exchangeable nature of
the charge-compensating cations, which afford a hydrogenation
component after reduction. A fourth less-studied functionality is
caused by the introduction of alkali metals providing the zeolite
with basic properties.

Zeolites excel in catalytic processes starting from petroleum
feedstock based on their strong and tuneable acidity, their
microporous dimensionality (<2 nm, either in 1, 2 or 3D)
allowing molecular traffic control and high reaction surface
areas, their robustness and high thermal stability leading to

pretreated / fractionated

raw biomass .
biomass

thermal
- gasification
- liquefaction
- pyrolysis
- combustion

biological
- enzymatic
- microbial

chemical
- in petrorefinery units
- catalytic fast pyrolysis
- lig. phase conversion

gas, bio-oils

energy

fuels and platform molecules

Fig. 3 Schematic representation of the different modes of biomass
conversion.
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easy regeneration at elevated temperatures, and finally, their
adjustable nature so that they match the need of the desired
chemical transformation. The latter is exemplified by the ease
of engineering the pores, adjusting composition and crystal
size or shaping them into a catalyst pellet.*® Literature on the
use of zeolites in petrochemical and refining industries is vast
and many synthesis—-property-function (spf) relations have been
established.*"** This stands in great contrast with the field of
biomass, where, although zeolites are routinely applied,*>****
tailor-made zeolite design remains at its infancy.

In this contribution, we highlight the progress made in
zeolite catalysed conversion of biomass and consider herein
the most recognised concepts extrapolated from established
petrochemical processes. This rationale structures the review
into four prominent zeolite catalysis concepts with parallels to
petrochemistry and two new challenges arising from the transi-
tion of fossils towards renewable feedstocks (Fig. 4). An insightful
comparison between zeolite-catalysis in petrochemistry (and
refining) and biomass conversion is presented, with details on
how key zeolite concepts like strong Brgnsted and Lewis acidity,
multifunctional catalysis and shape-selectivity are transferred.
One of the challenges is the intrinsic microporosity of the
zeolites. As pores are too small to allow diffusion of large bio-
polymers, creation of a secondary level of porosity (mesopores) is
profitable, enhancing number of accessible active sites. A second
challenge regards the stability of zeolites in aqueous solutions.
In contrast to the importance of a zeolite’s steam-stability in the
gas phase, the behaviour of zeolites in the condensed phase,
such as hot liquid water (HLW), is quite distinct. Finally, the
work is concluded and perspectives are discussed.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Concepts of zeolite catalysis found in biomass conversion, paralleled
with petroleum-based processes.

Concept 1: Brgnsted acidity

Biomass, alike crude oil, constitutes of high-molecular weight
components, viz. (hemi)cellulose, lignin and triglycerides. In
accordance with crude oil refining, the first objective of bio-
mass valorisation consists of decreasing the molecular mass.
Therefore, in an extension to their widespread use in oil refinery
and petrochemistry, Bronsted acidic zeolites should also be able
to play a pivotal role in cracking and upgrading the biomass
components. However, one can expect that the Brgnsted acidic
activation mechanism of large and bulky biomass substrates
containing high oxygen content will be more challenging than
Brensted acidic activation of hydrocarbons.

Conversion of fats and oils

Fats and oils, having long linear hydrocarbon chains, are
structurally most related to petrochemical hydrocarbons. Their
isomerisation and cracking chemistry is therefore closely asso-
ciated to the well-known acid catalysed carbocation chemistry.
The natural presence of double bonds in fatty molecules makes
them very sensitive to acid catalysed isomerisation (Scheme 1),
with for example the formation of mono-branched-chain
unsaturated fatty acids (MoBUFA), but also to less-desired
oligomerisation. However, isomerisation does not form a pure

0
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Scheme 1 Isomerisation of oleic acid to isostearic acid.
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Fig. 5 Schematic presentation of the pore mouth catalytic conversion of
oleic acid over Brgnsted acidic zeolites towards MoBUFA in the presence
of TPP.

MoBUFA stream, but rather a mixture of a variety of branched
and straight-chain C;,-C,, components.*>™” As MoBUFA are
interesting compounds as lubricants and for their use in
cosmetics,*® there exists a need for more selective processes.
While some clays give moderate yields,**>> zeolites are used
with more success®™™>® due to their relative small channels
and pores.”” As the zeolite pores are already blocked at the
beginning of the reaction due to cokes formation,*” the iso-
merisation takes place solely at the entrance of the micropores
(Fig. 5), making it a classic example of pore mouth catalysis.*”
Based on the pore geometry, ferrierite-based catalysts were
established as superior catalysts,” especially for the formation
of methyl MoBUFA,> while zeolites with larger pores (Y, USY
and beta) mainly produce ethyl and propyl MoBUFA.>® Deeper
study showed that MoBUFA are only selectively produced when
the Bronsted acid site speciation and density is optimized®® (up
to 85% selectivity).”> For example, to suppress the formation of
polymeric products on the acid sites at the outer surface of
the zeolite, a small amount of bulky triphenylphosphine (TPP)
base is added to the reaction mixture (Fig. 5).°° Although very
elegant, it remains unclear whether the less-selective surface
sites cannot be removed prior to reaction by acid-treatment of
the zeolites.

Higher temperatures with protonated zeolites allow C-C
bond cracking® ~®° forming gasoline and light naphtha fractions
(with especially ZSM-5), diesel (with USY and beta), hydrocarbon
gases (like C;-Cs paraffins and olefins) and cokes,®*®”°® the
latter being particularly pronounced for the less selective large-
pore zeolites. Obviously, not only the zeolite structure but also
the type and origin of the substrate influences the product
distribution. Fats with only an alcohol function (fatty alcohols)
produce more valuable products than fatty acids.®® The presence
of unsaturations in the alkyl chain affords more aromatic
products than in case of saturated fats.®®”° Yet, it is preferable
to prevent the extensive formation of aromatics as these have the
tendency to undergo polymerisation reactions towards cokes.*®
Finally, triglycerides, being too bulky to easily access the micro-
pores, display lower conversions and product selectivities than
fatty acids or alcohols.®® Accordingly, they first require thermal
or catalytic decomposition prior to efficiently entering the
zeolite micropores. However, these decomposition products

Chem. Soc. Rev., 2016, 45, 584-611 | 587
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have higher tendencies to form condensation products, result-
ing in higher amounts of aromatics, heavy products and cokes.
As an alternative to direct cracking, fats and oils can firstly
undergo deoxygenation towards pure hydrocarbons which can
consequently be cracked in classic refinery units.'>”*~7°

(Catalytic) fast pyrolysis of lignocellulose and upgrading of
pyrolysis vapours

As lignocellulose molecules are much bulkier than fatty acids,
zeolite cracking of lignocellulose is always preceded by a
pretreatment step, mostly a thermal degradation. One of the
economically most interesting thermochemical pathways for
lignocellulose degradation, besides liquefaction, is a catalyst-
free fast pyrolysis of dry biomass.®*"®> During fast pyrolysis, the
biomass substrate is rapidly heated up to 400-600 °C for short
residence times (1-2 s).° Afterwards, it is quickly cooled down
whereby a thermally unstable black liquor, called bio-oil, is
formed, containing up to 300 different compounds.®* However,
the obtained bio-oil is not compatible with conventional liquid
transportation fuels like gasoline and diesel due to the high oxygen
content. Therefore, zeolite-based processes play an important role
to extensively adjust the characteristics of bio-oils to become
compatible with conventional transportation fuels.®*

The upgrading of pyrolysis vapours is pioneered in the late
1980’s and early 1990’s.>*%° It was demonstrated that the
pyrolysis vapours are very reactive with Brgnsted acidic ZSM-5
zeolites forming aromatics, both mono- and poly-aromatics.*%°%3
Especially the group of Huber extensively studied the potential of
Bronsted acidic zeolites in upgrading pyrolysis products. They
integrated the zeolite catalysed upgrading step in the pyrolysis
process (i.e. CFP). During this process, the pyrolysis is carried out
in the direct presence of the zeolite catalyst, which leads to a more
intense contact between substrate and zeolite catalyst, resulting in
a much higher zeolite impact compared to catalytic upgrading of
pyrolysis vapours. Yet, a major disadvantage of CFP is the higher
cokes deposition on the catalyst, leading to faster catalyst deactiva-
tion. Therefore, proper catalyst selection by optimal tuning of the
catalyst pore structure and active sites, adjustments where zeolite
catalysts are well suited for, is necessary to reduce the cokes and
increase the aromatics yield.

It was shown that both the Brgnsted acidic sites as well as
the presence of a crystalline pore structure are prerequisites
for aromatics production from carbohydrate feedstocks.’*®
Whereas ZSM-5 yields over 30% aromatics, USY and beta
mainly produce cokes, indicating the importance of the specific
pore structure of ZSM-5.">°° These observations are supported
by the fact that only medium pore zeolites, with pore sizes
between 5.2 and 5.9 A, selectively produce aromatics, due to an
appropriate combination of pore size and cavity dimensions.”"
In contrast, small pore zeolites produce mainly oxygenates and
cokes as the diffusion of reactants and products is strongly
hindered. Despite of the faster reactant diffusion in large pore
zeolites, these zeolites are also not well suited as the large pores
allow formation of poly-aromatics due to the lack of reactant/
transition state confinement (see Concept 4 for more details
about shape-selectivity).
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Compared to cracking of fossil fuels, biomass cracking
requires not only breaking of C-C bonds but also a consider-
able amount of C-O bonds. This change in substrate composi-
tion also translates into a switch of the optimal Si/Al needed,
with higher Si/Al ratios for biomass cracking. C-O bonds have
lower dissociation energies, so they do not need zeolites with
high acid density or acid strength. Where typical fossil fuel
cracking catalysts show the highest activity for Si/Al in the range
of 5-8,” the highest activity in biomass cracking can be found
around 15.” Such medium Si/Al zeolites show the best balance
between availability of Brensted acid sites on the one hand and
maintaining enough space between the Bronsted acid sites to
prevent side reactions on the other hand.”®

A major obstacle during pyrolysis is catalyst deactivation due
to cokes deposition induced by the high oxygen content of the
substrate.®> Moreover, it has been suggested that the cokes
formed during pyrolysis are mainly attributed to the presence
of lignin.***> Therefore, removal of lignin prior to pyrolysis or
more selective pyrolysis approaches with lignin will reduce the
cokes formation. Yet, specific research about CFP of lignin is
limited,’* % therefore, deeper insight in pyrolysis of lignin
towards gasoline range products or petrochemicals like toluene,
phenol or benzene will be a capital gain for CFP of biomass in
general. As cokes are also an issue in zeolite catalysis in petro-
chemistry, reactor set-ups used in commercial refinery plants can
provide ideas to enhance the regeneration capacity of zeolites in
pyrolysis of biomass. The optimal manner to study the regenera-
tion capacity is operating at continuous mode or in line connected
set-ups. Only a few studies already addressed this problem. For
example, for zeolites ZSM-5 and USY, a 3 h steady state operation
in a circulating fluid bed reactor, consisting of a riser reactor, fluid
bed regenerator and a stripper was proposed.'% Another idea is a
bubbling fluidised bed reactor with on-stream addition and
removal of spray-dried zeolite catalyst. When the CFP of pine
wood with ZSM-5 was studied in this set-up, it was possible to
maintain a constant aromatics yield of 16% over an extended
reaction period of 6 h.'*”

Liquid phase catalytic conversion of sugar-derived compounds

Besides the thermochemical conversion of biomass, chemo-
catalytic conversion is a promising strategy as it enables, in
contrast to pyrolysis, targeting one single product or a narrow
range of products. Chemocatalytic conversions of biomass are
mostly liquid phase processes which is a major difference with
the gas phase processes in crude oil refining and upgrading of
pyrolysis products. This leads to several new challenges, includ-
ing the (until recently) unknown behaviour of zeolites in hot
liquid water (HLW), tackling the low stability of some targeted
oxygen-rich products, as well as gaining more insight on the
exact nature of the active sites of zeolites in aqueous condi-
tions. Due to the manifold use of zeolites in gas phase pro-
cesses, the dynamics and stability of the catalytic sites under
such conditions are well-known.'°®'! The nature of the sites
directly determines the intrinsic strength of the sites. Brgnsted
acid sites are highly polarised hydroxyl groups, while Lewis acid
sites are coordinatively unsaturated cationic sites accepting

This journal is © The Royal Society of Chemistry 2016
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electron pairs of guest molecules.'” Yet, when these active sites
are surrounded by polar molecules (e.g. condensed water) complex
equilibria between the surface groups of the zeolite and the solvent
molecules occur. Solvent molecules may react with Lewis acid sites
generating Brensted acidic sites.""® Besides, when surface hydroxyl
groups ionize as Brgnsted acids or bases, altered reactivity of
surface sites can be observed.'"

Zeolites have already shown potential in various Brgnsted
acidic reactions in condensed phase. A well-known example
hereof is the dehydration of sugars towards platform molecules
like 5-hydroxymethylfurfural (5-HMF) (Fig. 2 and Scheme 2).>'*3'>
Sugar dehydration has already been studied for nearly two
centuries. The first reports date from 1840,"'* but the major
breakthrough came at the end of the 19th century, when the
synthesis of 5-HMF, the dehydration product of glucose and
fructose, was firstly described. Dehydration of pentoses, like
xylose, into furfural was first described half a century later.*
In the subsequent decades, there was an ever increasing interest
in the dehydration of sugars.'®''**'® Only since 1990, zeolites
were implemented in dehydration reactions of sugars. However,
the obtained 5-HMF yields with zeolites, mainly zeolite Y and
ZSM-5, are low, generally between 10 and 25%.""°**' The low
yields are mainly rooted in the instability of the highly oxygenated
molecules (both sugars, intermediates as end-products) at high
temperatures and in acidic conditions, especially in aqueous
media. For example, 5-HMF is prone to consecutive transforma-
tions into levulinic acid and formic acid, 2,5-dimethylfuran
(2,5-DMF) (Fig. 2 and Scheme 2) or to cross-polarizations towards
coloured soluble polymers and insoluble humins.'**™>*

Alternatively to aqueous media, non-aqueous systems were
proposed. However, also the use of these latter solvents has
several drawbacks such as tough process conditions (in the case of
high boiling solvents like DMSO">*"'*®) or consecutive reactions
when low-molecular weight alcohols are used; for example, in
ethanol,'?® 5-ethoxymethulfurfural, an alternative biofuel,"****° is
formed. An elegant solution is the use of mixed reaction systems,
especially biphasic liquid systems. In this case, the unstable

CHO CIHOH CH,OH
. N~ OH . isati (o]
HO isomerisation HO Isomerisation HO
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Scheme 2 Formation and degradation reactions of 5-HMF.
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dehydration products formed in the reactive water phase are
continuously extracted into the non-polar solvent phase, where
they are protected from subsequent reactions and related selectivity
drops. Numerous reports involving biphasic reactions are known,
like water-MIBK, 2" *3! water-toluene,'***3°"'*® water-THF,'*°
water-1-butanol,"**"° water-p-xylene* and water-DMSO-
acetone.”" Low 5-HMF yields are also rooted in the moderate
glucose dehydration reactivity. As a result, some researchers
have focused on the conversion of fructose or fructans towards
5-HMF. Due to the lower stability of fructose ring struc-
tures compared to glucose rings,"* higher activities can be
obtained.'""*”'*° yet, poly-fructans are much more expensive
than cellulose or starch. As a solution, the Brensted acidic
dehydration can be preceded by the Lewis acidic isomerisation
of glucose to fructose (the latter will be discussed in more detail
in Concept 2). In this process, glucose or cellulose can be used as
feedstock but thanks to the Lewis acid catalysed isomerisation
step, the more difficult dehydration of glucose is evaded. For the
dehydration step, mostly mineral acids, e.g. HCI, are used.'*
Later, fully heterogeneous systems, with a solid Brensted acid
catalyst, were described.'>®">?

As stated before, 5-HMF is very prone to undergo side
reactions. One of these side reactions is the rehydration and
rearrangement towards levulinic acid (Fig. 2 and Scheme 2).
However, this rehydration step is not necessarily undesirable as
levulinic acid"*™* and its hydrogenated product gamma-
valerolactone can serve as platform molecules. Soluble
acids and commercial resins have already been applied for the
selective production of levulinic acid, however, with little success.'*®
Recently, zeolites were proposed as 5-HMF can be trapped in the
pores and cages where it can be further converted into levulinic
acid by the strong Brgnsted acidity of the zeolite."”> ™7 Yet, starting
from Cs sugars entails the production of one molecule of formic
acid with every formed molecule of levulinic acid. Therefore, using
C; sugars like xylose, or consequently furfural, can serve as a
valuable alternative as it represents a higher atom economy due
to the preservation of all carbon atoms, although a hydrogenation
step is needed (Scheme 3). This route was recently explored with
furfuryl alcohol, the hydrogenated product of furfural, towards
ethyl levulinate over a series of sulphonated polystyrene
resins and zeolites. While the ion-exchange resins show the
highest performances, zeolites demonstrate to have much
better regeneration capacities'’® which may indicate the higher
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HO - - ROH
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CHO o
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—> HO
OH |
CH,OH 5-HMF “oH
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Scheme 3 Formation of levulinic acid starting from both Cg- and Cs-sugars.
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potential of zeolites for this reaction provided that their per-
formances increase.'”®

5-HMF can also be transformed into 2,5-dimethyl furan
(2,5-DMF; Fig. 2), a possible feedstock for the production of
pxylene, a precursor for terephthalic acid and consequently
PET. Via a [4+2] cycloaddition of ethylene and 2,5-DMF followed
by subsequent dehydration, p-xylene can be formed over zeolite
Y or beta (Scheme 4)."”77'®* Hereof, zeolite Y exhibits the best
performance."® The major disadvantage of this process is the
requirement of ethylene. Recently, an alternative was proposed
whereby acrolein is used instead of ethylene. However, the
researchers only obtained moderate yields, indicating that this
reaction is not industrially practical on the short term. Never-
theless, further research is desirable as this reaction can be a
very valuable and sustainable route to produce p-xylene and
derivatives. Acrolein can, for instance, easily be produced from
the dehydration of glycerol,'®*"'%” a readily available by-product
of the soap and biodiesel industry.'#*7%°

Liquid phase catalytic conversion of lignin

Bronsted acidic zeolites find also gradual entrance in aqueous
phase lignin processing. For instance, USY has recently been
used in a one-pot depolymerisation and conversion of lignin
into value-added aromatic monomers (Fig. 2). Herewith, aro-
matic monomer yields up to 60% could be obtained from
dealkalined lignin."** Similar yields were obtained with ZSM-5.
Unfortunately, the reusability of the USY zeolite catalyst is
questionable, as the yield dropped from 60% during a first run
to 22% after a third run. This activity drop could be related to the
poisoning of the Bronsted acidic sites by Na“ present in the
lignin substrates. However, even when Na'-free lignin substrates,
as for example organosolv lignin were used, significant activa-
tion loss was observed. After a characterisation of the fresh and
spent catalyst, the researchers observed also a decreased catalyst
crystallinity and changed pore structure induced by the applied
reaction conditions,"®" pointing to the importance of zeolite
reusability and structural stability in condensed phase reaction
conditions (see Concept 6).

Concept 2: Lewis acidity

Zeolites are interesting scaffold structures for hosting Lewis acid
properties. In 1983, the discovery of Ti-silicalite-1, a Ti-containing
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molecular sieve with the MFI topology, opened a new field
of catalytic opportunities for zeotypes, as up to this point, the
use of zeolites in catalysis has been limited to Brgnsted acid
reactions.'® It was found that presence of isolated tetrahedral
Ti-species, substituting Si-atoms in the zeolite framework,
resulted in Lewis acid sites. Since then, aside from Ti-silicalite-1,
several other topologies and metal substitutions have been
reported to result in Lewis acidity (Sn,"**7%* zr,'%°71%7 Hf,'®
V,'%? Nb,?°%2%1 Ta%%"), though the genuine T site substitution of
some of them is debated. Furthermore, some extra-framework
species (Ga,>** AL,>*® Zn%*) have also been found to result in
Lewis acid properties. Whereas use of Lewis acid zeolites
in petrochemical applications is somewhat limited by the
restricted presence of electron-rich substituents (like carbonyl
and alcohol groups) in fossil oils or natural gas, such groups
are plentiful in biomolecules. The development and use of
Lewis acid zeolite catalysts will therefore be expected to take
a bigger role in the bio-based chemistry.

The exact nature of Lewis acid sites in zeolites is a subject of
debate. For example in Al-containing zeolites, it is suggested
that, next to the EFAL species, some tri-coordinated framework
species are a major source of Lewis acidity,”®> and in Sn-zeolites
two separate framework species, a fully framework connected
(Si0)4Sn and a partially hydrated (SiO);SnOH species, are
assumed. A high catalytic activity has been attributed to the
latter Sn-species, as Sn—-OH species or proximate Si-OH groups
are assumed to interfere in the reaction mechanism resulting
in transition state stabilisation and therefore higher reaction
rates.'?*2%¢2% Keeping this in mind, the idea of the most
active Lewis acid metal site might therefore be shifting from
perfectly incorporated hetero-elements to lower-coordinated
metal species with higher site accessibility and higher numbers
of possible interaction sites.”*® In this aspect, the emergence
of post-synthetic procedures is interesting to mention, as they
likely introduce Lewis acid metals into preformed zeolite
structures different than the classic hydrothermal synthesis
procedures.**?”?'3 In comparison with hydrothermal synthesis,
lower coordinated metal sites are formed more easily resulting in
highly active catalyst materials.”® But also, there is a relation-
ship between the reaction type and the activity of different sites,
isolated Sn sites being required for reactions like sugar iso-
merisation, while clusters are also very active in reactions like
Baeyer-Villiger.**>"

In Lewis acid catalysed reactions, apolar and aprotic solvents
are often used, as the combination of Lewis acids and protic
solvents, like water, result in a significant decrease in catalyst
activity. Electron-rich oxygen atoms of water molecules tend to
coordinate the Lewis acid sites leading to suppression of the
catalytic activity by hindering substrate coordination or even
decomposition of the sites.>'®*'” Hydrophobic zeolite structures,
which limit the presence of water molecules within its structure,
are an elegant solution for performing Lewis acid catalysis in
presence of water. One such example is Sn-beta, a silicious beta
framework containing small amounts of tetrahedral framework
incorporated Sn. The large pore diameter of BEA makes this
topology suitable for use in biomass transformations.

This journal is © The Royal Society of Chemistry 2016
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Sugar isomerisation

In 2010, the Davis group demonstrated a good activity for Sn-beta
in aqueous hexose isomerisation reactions (Fig. 2 and Scheme 5),
an important sub-reaction in various biomass-to-chemicals reac-
tion schemes and industrially relevant in the case of fructose
production, where the zeolite (Table 1, entry 1 and Scheme 5)
could replace an enzyme-based process.>'®*'° Detailed character-
isation of the Sn-zeolite showed that the active site of the catalytic
material is similar to the active cleft of the used xylose iso-
merase.??° Besides that, the more robust nature of zeolites, in
comparison to enzymes, allows its combination with other
catalytic reactions in harsh conditions. The Lewis acidic iso-
merisation activity, as shown with isotope experiments to pro-
ceed via hydride shift, was for instance combined with Brensted
acid catalysts in the direct conversion of glucose to 5-HMF or
derivatives (as already discussed in Concept 1).'2%'92?! Later,
Sn-beta has also been used in the isomerisation and epimeri-
sation of other monosaccharides like galactose, pentoses and
trioses, and even disaccharides.*****”*** It has been recently
demonstrated that isolated Sn sites, present in beta zeolites with
low Sn content, are the most active sites.>®***

Mannose, the epimer of glucose, is a typical by-product in
the isomerisation reaction of glucose. But combining a Sn-beta
zeolite with sodium borate salts, shifts the selectivity of the
isomerisation reaction predominantly to the epimer formation
(Table 1, entry 2 and Scheme 5).>***?® Where Sn is responsible

CH,OH N CH,OH
o} OH [0}
oy Ti-beta o Sn-beta o
HO OH OH
OH OH OH
CH,0H CH,OH CH,OH
sorbose glucose fructose
Sn-bet;\ %n—beta
O\
HO
HO
OH
OH
CH,OH
mannose

Scheme 5 Isomerisation of Cg sugars with Lewis acidic beta zeolites.
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for an intramolecular hydride shift in the isomerisation reac-
tion, presence of the borate-monosaccharide complexes shifts
the catalytic activity of the metal toward an intramolecular
carbon shift in the epimerisation reaction. It was furthermore
shown that the epimerisation of sugars can also be achieved by
changing the reaction solvent from water to methanol (Table 1,
entry 3) or by exchanging a silanol group, adjacent to the
Sn-atom, with Na* cations (Table 1, entries 4 and 5).>****” In
both cases, a carbon shift mechanism is responsible for the
monosaccharide transformation. Finally, use of the Lewis acid
Ti-beta zeolite in the isomerisation of glucose does not result
into fructose or mannose, but sorbose is formed by a C5-C;
intramolecular hydride shift (Table 1, entries 6 and 7 and
Scheme 5).>%®

Transformations of 5-HMF and alkyl lactate/lactic acid
formation

Other uses of Lewis acid zeolites in biomass conversions make
use of sugar derived 5-HMF or trioses (glyceraldehyde (GLY)
and 1,3-dihydroxyacetone (DHA), the two retro-aldol compo-
nents of fructose). Mixtures of trioses may also be obtained
from glycerol oxidation (Fig. 2).**°"**' 5-HMF was converted in
presence of Hf-, Zr- and Sn-beta into the high energy density
fuel additive 2,5-bis(alkoxymethyl)furans (Fig. 2) by a transfer
hydrogenation and etherification with alcohol.**!

DHA and GLY were converted into lactic acid or alkyl lactates
(Scheme 6), potential biomass derived platform molecules,**>
when performed in aqueous or alcoholic media, respectively
(Fig. 2). This reaction scheme has been described for various
catalysts, both homogeneous as heterogeneous.?**>*” The impor-
tance of Lewis acid catalysis in lactic acid chemistry was recently
analysed and reviewed in depth.>***?*® The multistep mechanism
comprises a dehydration of the substrate Cz-sugar to methyl
glyoxal, followed by an addition of a solvent molecule and a
hydride shift (Scheme 6). The dehydration reaction is catalysed by
Lewis acidity, but it is more efficiently done by Brensted acid sites,
as will be discussed later in the part on multifunctional catalysis.
Here, we limit the discussion to purely Lewis acid catalysts. The
Lewis acidic Sn zeolites have been described as catalytically active
moieties that efficiently catalyses the DHA to lactate transfor-
mation. Use of Sn-MFL*** Sn-beta,?**?3924% and Sn-MwWw?>*!
has been reported. For Sn-MFI, a high activity was found for
reaction in water, yielding lactic acid, but when performing the
reaction in methanol, a significantly lower activity was observed

Table1 Catalytic data for isomerisation and epimerisation reactions with glucose and Lewis acid catalysts in different solvents. SB: sodium borate salts.

Na*: Na* exchanged zeolites

Monosaccharide distribution/%

Entry Catalyst Solvent Conversion/% Fructose Mannose Sorbose Ref.

1 Sn-beta H,O 6.4 93 7 n.d. 218-220 and 227
2 Sn-beta + SB H,O 16 6 94 n.d. 223

3 Sn-beta CH;0OH 23.2 73 27 n.d. 226 and 227

4 Sn-beta (Na") H,0 6.8 41 59 n.d. 227

5 Sn-beta (Na*) CH;0H 12.4 0 100 n.d. 227

6 Ti-beta H,O0 19 66 <1 33 228

7 Ti-beta CH;0H 21 31 6 63 228

This journal is © The Royal Society of Chemistry 2016

Chem. Soc. Rev., 2016, 45, 584-611 | 591


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cs00859j

Open Access Article. Published on 21 December 2015. Downloaded on 1/8/2026 11:52:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

solvent ~OH

0 addition 0
|
1,2-hydride shift \)LO/\
OH

ethyl lactate

o
Ho M _oH ———

dehydration

DHA methyl glyoxal

Scheme 6 Pathway of dihydroxyacetone towards ethyl lactate.

due to pore-size restrictions in the MFI structure.”>* For
Sn-beta, which contains larger pores, such restriction was
found in methanol nor ethanol and near-quantitative methyl
lactate yields could be obtained.>*>**° Similar results were
obtained with Sn-MWW.>*' Next to Sn, various Ga-containing
zeolites, synthesised by post-synthetic alkaline-assisted gallia-
tion, have been described as efficient catalysts for this conver-
sion whereby FAU-type zeolites were found to show the highest

activity.>*?

Other Lewis acid catalysed reactions

DHA, amongst others, has also been used in Sn-beta catalysed
C-C-coupling reactions with formaldehyde. The formed product,
a-hydroxy-y-butyrolactone (Fig. 2), is an important intermediate
for the production of pharmaceuticals and herbicides.”** Other
Lewis acid catalysed C-C coupling examples include the conver-
sion of terpenes. For instance, the transformation of B-pinene
to nopol, a precursor to pesticides and perfumes, by an intra-
molecular Prins reaction with formaldehyde is reported in
presence of Sn-beta, as well as the intramolecular cyclisation
of citronellal to isopulegol.*****> Terpenes can also be used in
other Lewis acid catalysed reactions such as Baeyer-Villiger
oxidation of dihydrocarvone with hydrogen peroxide. The nature
of the substituted heteroatom governs the chemoselectivity,
while Sn-beta produces the corresponding lactone, use of
Ti-beta favours the epoxide product.?*® Zr-beta is the Lewis
acid zeolite of choice to rearrange B-pinene oxide into myrtanal,
which has pharmaceutical uses.?*” These examples nicely illus-
trate the favourite role of Lewis acid zeolites in the production
of various chemicals from natural resources.

As most work on Lewis acid catalysed conversions focuses
on converting cellulose(-derived) substrates, examples of trans-
formations of lignin-derived molecules into useful chemicals
using Lewis acid catalysis are extremely scarce. Recently, Sn-
containing Lewis acid zeolites were used to convert cyclohexanone
compounds, obtained in high yields from lignin-derived syringols
and guaiacols, into their corresponding caprolactone derivatives
by Baeyer-Villiger oxidation in presence of Sn-beta with aqueous
H,0, as oxidant. Such lactones may be useful in the synthesis of

various novel polymers.>*®

Concept 3: multifunctional zeolite
designs

Reaction schemes for transforming raw biomass and biomass
derived platform molecules into chemicals and fuels often exist

of a cascade of reactions. If the different reaction steps require
identical sites, one catalyst type can be used.'®®?21,243:249,250
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One example is the Sn catalysed conversion of sucrose into
methyl lactate. A cascade of isomerisation, retro-aldol, dehydra-
tion and H-shift sub-reactions are needed to complete this
transformation, all catalysed by the same catalytic site.>>" Other
examples are the Lewis acid catalysed sequential transfer hydro-
genation and etherification of 5-HMF to 2,5-bis(alkoxymethyl)-
furan, a useful diesel additive’*" and the one-step synthesis of
butadiene from ethanol with Zr-incorporated zeolites.>>* As the
latter allows the production of green polybutadiene, many
researchers are looking for novel catalysts.>*>>*° Critical reaction
steps in the cascade to butadiene are the C-C bond formation
and a Meerwein-Pondorf-Verley step, both being catalysed by
the Lewis acid Zr site.>*>

However, usually different active sites are required in the
sequence of reactions. Basically three approaches can be dis-
cerned: the use of multiple catalytic systems in series, multiple
catalysts in one-pot or a one-pot reaction with different active
sites on one material (Fig. 6). The former can be considered when
the intermediates are appropriately stable and have potential
value themselves.">***” Moreover, it could be the preferred
technique when the different reaction steps require reaction
conditions which are not compatible. With this approach, the
temperature and pressure can be optimally tuned for each active
site individually. On the other hand, when the reaction condi-
tions of the different steps are more or less compatible, the use of
different catalysts in one-pot (Fig. 6b) could be the approach of
choice, as it does not require separation of the catalysts and
intermediates after every reaction step. This is for example
illustrated for the one-pot conversion of hemicellulose-derived
furfural in gamma-valerolactone (Fig. 2 and Scheme 7) in the
absence of H,. While the Lewis acidity of Zr-beta catalyses a
transfer hydrogenation of furfural with 2-butanol solvent to form
furfuryl alcohol, it is the Brensted acidity of an AI-MFI nanosheet
zeolite that converts it further to levulinic acid. Next, the latter
undergoes a second Lewis acid catalysed transfer hydrogenation
into 4-hydroxypentanoate which is finally followed by a cyclisa-
tion to gamma-valerolactone (Scheme 7).>*® As the used mild
reaction conditions (120 °C) are compatible with those used in
hemicellulose hydrolysis and dehydration towards furfural, this
approach can potentially be extended towards the raw feedstock
leading to an ultimate example of the elegancy of multifunctional
catalysed biomass processing.

Monofunctional
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Fig. 6 Schematic representation of the modes to use multiple different
catalytic sites.
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Scheme 7 Reaction scheme for the conversion of hemicellulose/furfural
into gamma-valerolactone.

Multifunctional catalysis with sugar(-derived) compounds

Systems with multiple catalyst materials in one-pot are only
successful when the intermediates are relatively stable mole-
cules. When the intermediates are very reactive molecules, which
is often the case with biomass, catalysis by multifunctional
materials, ie. different active sites on one material (Fig. 6c),
might be a better choice. Zeolites are interesting materials to
organise such a close vicinity of different catalytically active sites.
Proceeding the entire cascade in the pores of the zeolite, there-
fore, usually leads to higher product yields. Synergistic effects
between the different sites have recently been identified in such
multifunctional designs.**® Site-ratio balancing though is the
major challenge and requires sufficient insight in the kinetics of
the underlying reaction network.

Several examples were reported using the multifunctional cata-
lysis concept. A first example combines the two types of acidity in a
single material for the direct conversion of trioses, GLY and DHA,
into alkyl lactates (Fig. 2). Though the reaction was successfully
catalysed with the Lewis acid Sn-beta (see Concept 2),>*%*!
demonstrated that dehydration of the triose molecule to methyl
glyoxal, the first step in the cascade mechanism (Scheme 6), is rate
determining. As such dehydration is more accelerated by Brgnsted
acid sites, a Sn-beta containing tetrahedral Brensted acid AI’* sites
was synthesised by a two-step post-synthetic procedure.**® Increas-
ing Al contents indeed fastened the overall reaction. A clear
contribution of the two sites was observed: the Sn active site
catalyses the hydride shift of methyl glyoxal to lactate, while the
AP" active site efficiently accelerates the formation of methyl glyoxal
from DHA. A good balance of both sites, in this example corres-
ponding to a molar Sn to Al ratio of 2, is important to combine a
high reaction rate with excellent selectivity. In contrast to the
multifunctional Al/Sn-beta zeolite, use of a physical mixture of
Sn-beta and Al-beta catalysts showed modest lactate yield. Another
example favouring multifunctional catalysis with Al/Sn-beta
describes the conversion of cortalcerone, enzymatically produced
from glucose, over furyl glyoxal hydrate into furyl glycolic acid.
Similarly, Brensted acid catalysed dehydration is nicely combined
with Lewis acid catalysed intra-molecular hydride shift.>**

it was
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Incorporation of heteroatoms is not always required to
create multifunctional acid zeolites. Lewis-Bronsted acid zeo-
lites may for instance be produced by classic steaming of the
parent Al-containing zeolite. USY zeolites for instance have been
found to be very active in the conversion of trioses to lactate,
especially the ones with a high content of extra-framework Lewis
acid Al sites,”*>**” though their stability in hot liquid water is
questionable (see Concept 6).>°>*%* Steam-treated Al-beta also
outperforms the parent material when used in sugar cascade
reactions for producing 5-HMF, the introduced Lewis acidity
being responsible for fastening glucose to fructose reaction.>®*

Besides the one-pot Lewis-Brensted catalysis, other elegant
multifunctional designs combine redox and Lewis acid cata-
lysis. Recently, Pt catalysed oxidation of biodiesel waste glycerol
to DHA, followed by a Sn Lewis acid catalysed conversion to
lactic acid was described (Fig. 2 and Scheme 8).>®> The highest
substrate conversion rates were found when the two sites were
residing on the same material (TOF 0.07 vs. 1.95 for Pt/AC with
Sn-MFI and Pt/Sn-MFI respectively). A substantially faster con-
version of trioses to lactic acid after adsorption of the Pt nano-
particles was invoked to explain the observed difference between
both zeolite topologies.

As already mentioned before, the choice of a multifunctional
catalyst, rather than performing reactions with multiple cata-
lysts, is most advised when the intermediate products are too
reactive. A good example is the reductive splitting of carbo-
hydrate polymers into sugar alcohols (Fig. 2 and Scheme 9).
Since biopolymers like (hemi)cellulose are resistant to chemo-
catalytic conversion, fast hydrolysis is only possible when
applying harsh reaction conditions with temperatures above
150 °C and/or in presence of substantial acid quantities. As the
hydrolysate compounds, like glucose, are too reactive under

redox
OH OH Lewis acid 0
Ho L _on @St o L o "=—=" no_l_ou
oxidation isomerisation
glycerol GLY DHA
ldehydration
Lewis acid |
OH -—
OH 1,2-hydride shift (o}
lactic acid methyl glyoxal
Scheme 8 Formation of lactic acid starting from glycerol.
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Scheme 9 Reaction scheme for the reductive splitting of cellulose.

Chem. Soc. Rev., 2016, 45, 584-611 | 593


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cs00859j

Open Access Article. Published on 21 December 2015. Downloaded on 1/8/2026 11:52:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

these severe conditions®*3*?

and degrade into caramel and tars,
a second catalytic function is introduced to reductively stabilize
the sugars into hexitols like sorbitol and sorbitans.

The first systematic studies about this process were done by
Russian researchers more than 50 years ago.’°® With noble
metals on charcoal in acidic media, high hexitol yields were
obtained.?***®” A few decades later, this catalytic system was
translated into a completely heterogeneous system by replacing
the mineral acid by a heterogeneous acid catalyst loaded with
ruthenium particles.**® However, due to sintering of the metal
particles, the lifetime of the catalyst was limited. This problem
was solved when a patent appeared about Ru/H-USY catalysts,
showing high hexitol selectivities from starch on the long-term.”*
This system was later adopted for the conversion of the more
recalcitrant cellulose. Herewith, hexitols could be obtained with
nearly quantitative yields for multiple consecutive runs.*¢>>”°
Ball-milling, to create reactive cellulose, as well as the addition of
minute amounts of HCI, in order to facilitate cellulose solubili-
sation, seemed to be important for high activities.

Scheme 9 represents the reaction network. Unsoluble cellu-
lose is firstly hydrolysed into soluble cello-oligomers by the
hydrolysing action of hot water and the minute amounts of
mineral acid. Remarkably, it was found that also the zeolite can
assist during this first step, indicating the appearance of solid-
solid interactions between Brgnsted acid sites of the zeolite
and large cellulose polymers.*®> Once small enough, the cello-
oligomers are rapidly hydrolysed to glucose in the pores of
the zeolite by the Brgnsted acidic sites and hydrogenated to
sorbitol by Ru nanoparticles (Scheme 9). A major obstacle for
long-term catalysis seems the loss of Ru dispersion and not the
zeolite stability.'”2°>271"%74 The latter will be discussed into
more depth in Concept 6. A few research groups now have
developed a similar bifunctional catalytic system for converting
cellulose into sugar alcohols such as Pt promoted Ni-beta,>””
Ni on ZSM-5%"%%"7 and Ru or Ir on beta,?”® but so far the hexitol
yield of Ru/H-USY remained unsurpassed.

Critical to obtain high sugar alcohol selectivities is working
at an optimal balance between the two catalytic sites (Fig. 7).
When the Brensted acidity is too dominant, selectivity loss

4
acidity too p Redox activity
high t0o high

Hexitol yield

.4 4

Redox activity / Brensted acidity

Fig. 7 Influence of the balance between redox (black sites) and Brensted (red)
sites on the hexitol selectivity during hydrolytic hydrogenation of cellulose.
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through thermal and acid degradation of sugars will occur
(Scheme 9 and Fig. 7).>”°%" However, when the amount of active
metal species is too high, typical metal catalysed hydrogenolysis
products will be formed, like ethylene glycol, 1,2-propanediol,
glycerol and other C, and Cs polyol isomers (Scheme 9 and
Fig. 7).>7?8282 5o highly selective formation of platform
chemicals directly from sugar polymers requires working on a
thin balance between both catalytic functions.

Such balance is, due to the very reactive nature of many
biomass-derived chemicals, of utmost importance in biomass
sequences. Note that balancing of active sites is not a new
phenomenon resulting from biomass processing as it can also
be retrieved in traditional oil refineries. During hydrocracking
the balance between the amount and strength of hydrogenation
(noble metals) and cracking activity (acid sites) of the catalysts
determines the product distribution. For instance, strong acidic
zeolites in combination with moderate hydrogenation activity
yields especially gasoline and lighter products, while weak
acidic zeolites with a strong hydrogenation catalyst leads to
the formation of high middle-distillates.*®?

Basically the same exercise can be done with other sugar
polymers like hemicellulose. However, up to now, the reductive
splitting of hemicellulose fractions from lignocellulosic feed-
stock is somewhat overlooked. Yet, the valorisation of the
hemicellulose fraction is important in view of the economics
of a commercial biorefinery. The few reports in literature
focus mainly on arabinogalactan.”®*>*% In principle, it seems
reasonable to expect that the hydrolytic hydrogenation of hemi-
cellulose will be much easier, thanks to the less recalcitrant
nature of the feedstock, though literature only reports sugar
alcohol yields as high as 20 to 25% with Ru loaded beta and
USY zeolites.?8428¢

Multifunctional catalysis with lignin-derived compounds

Bifunctional metal-loaded zeolites are also reported as catalysts
for the conversion of biomass to high-quality drop-in biofuels,
for instance for the conversion of carbohydrate-derived com-
pounds to alkanes.”®**°* As mentioned earlier, pyrolysis of
biomass is negatively affected by the presence of lignin (see
Concept 1). The removal of lignin prior to pyrolysis could
therefore be necessary to improve the CFP selectivity. Besides,
lignin is a current waste product in the pulp and paper industry
and in second generation bioethanol biorefineries where it is
mainly burned for energy recuperation. The search for valuable
lignin valorisation routes has recently been considered as highly
important in view of the economics of the biorefinery.?>232%7
Recently, a cost profit of about 30%, providing that lignin is
converted to value-added chemicals like phenolic monomers
and oligomers, was showed.**®

In order to produce fuels from lignin, the phenolic mono-
mers can be converted to alkanes (mono- and bicycloalkanes)
or aromatics over bifunctional metal-loaded zeolites, like Pt on
H-Y, H-beta or H-ZSM-5,2°°73%! pd/H-beta,*** Ni/H-ZSM-5303730¢
and Ru/H-ZSM-5,*"” or over a combination of a redox catalyst
and a zeolite, like Pd/C and H-ZSM-5°°® or La/H-beta.**® These
transformations involve a series of reactions like hydrolysis,
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dehydration, hydrogenation, cracking, alkylation and dealkylation.
Bicycloalkanes can be produced by bifunctional catalysts compris-
ing zeolites with large pores, like H-beta and H-Y,?**?%*3% as they
enable the coupling of phenolic monomers through alkylation
reactions inside the zeolite pores. For selective bicycloalkane
formation, an optimal balance of the rates of metal catalysed
hydrogenation and acid catalysed dehydration and alkylation, thus
pointing to an optimal acid site/metal site balance, is critical.***>%
In this way, the phenolic monomers can thus be converted to both
light (monocycloalkanes, Cs-Cs) as well as heavier (bicycloalkanes,
C1»,-Cyg) hydrocarbon fuels. Lignin can also directly be converted
to hydrocarbons over bifunctional metal-loaded zeolites like
Ni/H-ZSM-5 and Ni/H-beta.** Hydrocarbon yields up to 70% can
be obtained, with monocycloalkanes being the main products.
Also in this case, Ni/H-beta shows a higher selectivity for
bicycloalkanes than Ni-H-ZSM-5.

Multifunctional catalysis with triglyceride-based compounds

Another nice example of the use of biomass for biofuels pro-
duction using bifunctional zeolites comprises the conversion of
triglycerides and/or derivatives towards products in the range
of diesel and aviation fuels.”®”**"73%3 Hydrogenolysis and
deoxygenation are carried out on the highly dispersed metal
function, whereas the combined action with acid sites of the
zeolite enables the hydro-isomerisation and hydro-cracking of
the formed long-chain alkanes. Both for diesel and aviation
fuel, isomerisation to branched alkanes is necessary to meet
demanded cold-flow properties. Cracking to shorter-chain alkanes
on the other hand is only desired when aviation fuel is aimed for.
The carbenium ion intermediate formed upon dehydrogenation
(metal site) and protonation (acid site) either can be isomerised
and again hydrogenated or cracked. Therefore, similar to the
earlier described reductive splitting of cellulose, the metal/acid
site balance is a crucial parameter of these bifunctional zeolite-
based catalysts. In general, moderate acidic supports combined
with an optimised, sufficiently high metal/acid balance favours
isomerisation, whereas more acidic supports or non-optimal
metal loadings enhance the degree of cracking towards the
aviation fuel range,”®79311:315,318,321

Concept 4: shape-selectivity

The concept of shape-selectivity was introduced in 1960 by
researchers from Mobil, who observed exceptional micropore
size-dependent catalytic performance in the cracking of decane
and the dehydration of butanols.>*2*3%% Ever since, this con-
cept has had a tremendous impact on the design of new
catalytic processes in petrochemistry and refining. In its most
basic form, shape-selectivity can be defined as a deviation,
induced by constraints on molecular motion or product forma-
tion, from the product distribution obtained in absence of
spatial constraint.>**??” Generally, the three most basic types
of shape-selectivity, i.e. reactant type, transition-state and pro-
duct type shape selectivity, visually explained in Fig. 8b, can be
described by a well-defined shape-selective factor S, being larger
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Fig. 8 (a) The most basic definition of shape-selectivity, defined when
S > 1. The drop represents reaction in absence of structural constraints on
molecular motion or formation. (b) The 3 foremost types of shape-selectivity
along with molecular traffic control.

than 1 when shape-selective effects are present (Fig. 8a).>*° Over
the years, other shape-selective effects have been documented,
but these are often case-specific (such as the window and nest
effects®?®). A related, somewhat more general concept is that of
molecular traffic control,>*° based on the fact that reactant
molecules may enter through one type of pore, while products
diffuse out of the other, intersecting pores.

The oldest mention of shape-selectivity in biomass conver-
sion is the direct conversion of rubber latex, corn oil and other
oils over H-ZSM-5.%%° The latter famous example of product-type
shape-selectivity is based on the fact that the largest hydrocarbon
pool intermediates are not able to diffuse out of the crystal while
the gasoline-type (boiling point ca. 70-140 °C) compounds can.**'
In recent years, this process is being exploited in the petrochemical
industry to convert alcohols into olefins by using, instead of the
10 membered-ring (MR) ZSM-5 micropores, smaller 8 MR mole-
cular sieves, such as SAPO-34 or $SZ-13.*>?** Nowadays, shape-
selective effects can to some extent be found in all areas of biomass
conversion where zeolites have been put forward, but they are
most present and highly important in CFP (see Concept 1 for more
details). In other areas, such as the upgrading of bio-derived
platform molecules via specific processes, examples are limited
to the observation of diffusion limitations for larger reactants, that
can be used to steer the selectivity in favour of smaller reactants
with zeolite catalysis.

A reactant-type of shape selectivity was recently reported in
the form of the hydrogenation of triacylglycerols (TAG) over
Pt/Na-ZSM-5.* In this case, the preferred reactant was the
central fatty acid chain of the triglyceride (sn-2), as explained by
a pore mouth adsorption in tuning fork configuration. In addi-
tion, the enhanced affinity of more polar chains for the polar MFI
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pore mouths leads to a selective hydrogenation to the mono-
unsaturated level and reduced amounts of saturated products.
Therefore, an intermediately melting TAG product with desirable
physical properties for applications was obtained.**® Further-
more, the shape-selective properties of MFI induce a preferred
hydrogenation of the slimmer ¢rans-configured unsaturated fatty
acids over cis-isomers, allowing the selective removal of unde-
sired trans-isomers.>** As a result, the obtained high-oleic and
low-trans hydrogenated product is beneficial from a nutritional
point of view, but also for bio-lubricant applications. Interest-
ingly, the selective hydrogenation of trans-isomers on Pt/Na-
ZSM-5 was proven by sorption experiments with fatty acid methyl
esters (FAMEs).**®

Other examples of shape-selectivity in biomass conversions
can be found in the upgrading of bio-derived platform mole-
cules. Shape-selective zeolite based conversions in this field are
somewhat different than what is known from petrochemistry
due to the often different reaction phase. Reactions discrimi-
nating between substrates with large size differences can be
found in condensed phase resulting in reactant-type shape
selectivity. The latter is exemplified by the absence of hexose
isomerisation over Sn-MFI**” or Ti-MFI**® as compared to its active
isomerisation to fructose over Sn-beta®® (or mannose®**?*%),
Trioses (and in an intermediate case pentoses) however, can be
efficiently converted over 10 MR frameworks, such as Sn-MFI, or
even desilicated MFI zeolites.”'"*'> To exploit this concept,
recently Sn-MFI was combined with MoO; in a unique tandem
catalytic approach to produce lactates from hexose sugars. The
MoO; catalyst enables retro-aldol scission of fructose, remarkably
already at 90 °C, while the Sn-MFI zeolite converts the resulting
small trioses in lactates. The larger fructose can hardly access the
Lewis acid Sn sites and their hydride-shift activity. The result is a
selective (up to 75%), low-temperature conversion of common
sugars into ethyl lactate, an important building block for polyesters
and sustainable solvents.**

Recently a novel process for facilitating the production of
the biodegradable plastic polylactic acid (PLA) itself, also based
on shape-selective zeolite catalysis,**® was presented. A large
bottleneck in PLA production is the time-, energy-, and carbon-
inefficient synthesis of lactide, the actual building block for the
ring-opening polymerisation. The current route for making
lactide (Scheme 10) involves a two-step procedure, with for-
mation of an intermediate pre-polymer, due to the absence of
selectivity control for lactide during condensation from con-
centrated lactic acid solutions. The two-step route also induces
racemisation due to the severe conditions and the use of
metals.”*> Using concentrated lactic acid (9-18 wt% with respect
to the solvent) in a refluxing aromatic solvent with phase-settler
for water removal, the use of a H-beta zeolite (Si/Al 12.5) allows
lactide yields of over 80% in less than an hour, with short lactyl
oligomers as only side-products. Key here is the restricted for-
mation of larger oligomers in the pores of the zeolite, resembling
the characteristics of transition-state shape-selectivity. Meso-
porous, macroporous or soluble acid catalysts mainly produce
(long) oligomers instead of lactide, while H-beta forms lactide
with 98% purity without racemisation. Since this zeolite could
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Scheme 10 Shape-selective zeolite catalysed process®*° for lactide (and
PLA) production compared to the classic route.
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be reused 6 times without structural changes, this pioneering
example of shape-selectivity in bioplastics production offers
the promise of a zero-waste process for lactide synthesis.**
Another example of transition-state selectivity control was recently
given for the conversion of tetrose sugars to C,-o-hydroxy esters,
similar to lactic acid. A direct relationship was found between the
catalyst pore sizes and product distribution. Here, the meso-
porous Sn-MCM-41, Sn-SBA-15 and soluble SnCl,-5H,0 strongly
prefer the formation of the more bulky methyl-4-methoxy-2-
hydroxybutanoate, whereas the microporous Sn-beta significantly
favours the production of the smaller methyl vinyl glycolate.**!

The shape-selective properties of a specific zeolite can be
altered by changing the accessibility of the active site. This was for
example demonstrated by narrowing the pore mouth of ZSM-5
by chemical liquid deposition of tetraethyl-orthosilicate.'® The
obtained catalyst was applied in the Diels-Alder conversion of
2-methylfuran with propylene into xylenes'® (a variation on the
reaction presented in Scheme 4), where a selectivity increase of
the para-form from 32 to 96% could be realised.

In the conversion of lignin-derived phenolic monomers to
alkanes over metal-loaded zeolites, the shape-selective proper-
ties of zeolites are also used to tune the product selectivity (see
Concept 3). When using a zeolite with small pores, like H-ZSM-5,
mainly monocycloalkanes are obtained,****%**%*31° while zeolites
with larger pores, like H-beta or H-Y,29°392399310 can gelectively
yield bicycloalkanes (see Concept 3).

Concept 5: hierarchical zeolites

The narrow micropores of zeolites enable several key properties as
described in previous parts of this review. However, they also imply
access and diffusion limitations (Fig. 9).>***! As a result, the class
of hierarchical (mesoporous) zeolites was conceived, coupling a
secondary level of porosity to the intrinsic zeolitic micropores. The
hierarchically structured porosity facilitates diffusion inside the
zeolite crystal and enlarges the number of closely accessible active
sites. This relatively novel type of zeolites has attained promising
results in a vast variety of petrochemical reactions.>** Since
biomass related reactions often comprise substantially larger
molecules than those derived from fossil fuels, the potential of
hierarchical zeolites may be even larger.*>**
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hierarchical

conventional

Fig. 9 Schematic representation of access and transport/diffusion limita-
tions in conventional and hierarchical zeolites. The orange spheres repre-
sent molecules that suffer from single-file diffusion. The secondary porosity
enhances the number of pore mouths to diffuse in and out of, as well as the
diffusion properties within the pores (indicated by the green spheres). In the
latter case, the introduction of external surface often leads to enhanced
selectivity (in for example cracking®®® or isomerisation®®®). The red dots
represent bulky molecules which can only react on pore mouths.

Nowadays, a large variety of bottom-up and top-down strategies
have been developed to enable the formation of hierarchical
zeolites.>***>* Especially, top-down post-synthetic modifications
have shown promise as they are highly efficient, tuneable,
scalable, and enable to prepare any zeolite to its hierarchical
form.***>! Moreover, it was recently demonstrated that these
methods also enable to control the economic and environmental
footprint of the synthetic protocol, increase reactor productivity,
recycle waste streams, prevent the combustion of organic com-
pounds, and minimize separation efforts.>>* These synthetic
aspects are often overlooked, but play a critical role, particularly
regarding the importance of maintaining a green fingerprint in
the valorisation of biomass.

The most abundant zeolite catalyst used today (primarily in
FCC) comprises the faujasite family, and more specifically the
siliceous USY variants. Commercial USY zeolites comprise a 3D
network of 12 MR micropores (0.74 nm). Although the micro-
pores are relatively large, it was demonstrated that many
petrochemical conversions occur predominately on the external
surface,**>343:34%,347,348,351 emphagizing the potential of their
hierarchical analogues. Taking into account the abundance of
USY zeolites and their organic-free hydrothermal synthesis,
their hierarchical form can be considered as an ideal sustain-
able catalyst for biomass related conversions.*** Since conven-
tional USYs are prepared by steaming and acid leaching of Y
zeolites, bottom-up strategies cannot be used to prepare their
hierarchical analogues. Moreover, the faujasite family has proven
to be a highly illustrative case study,*>*>* due to the counter-
intuitive stability of faujasites in the liquid phase compared to
the well-known gas phase (see Concept 6).

The variety of post-synthetic modifications protocols that have
been reported is quite substantial,>6%342:343:345,347,348,351,354-356
and are recently summarised.”®” Although each has a certain
advantage, it is important that both the individual steps as the
synthesis sequence of steps should be optimised. A good
example hereof is the synthesis of hierarchical Y zeolites,
requiring an optimised sequence of acid-base-acid treatments.>*
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Fig. 10 Rational design of catalysts by synthesis, characterisation and
catalytic testing of hierarchical zeolites.

In addition, to enable a true rational design of zeolite catalysts,
solid synthesis-property—-function relationships should be estab-
lished (Fig. 10). Therefore, systematic synthetic efforts must be
combined with in-depth characterisation of all zeolitic and non-
zeolite properties, and subsequently be correlated to the catalytic
performance.

A large part of biomass conversion relies on the breaking
down of bulky polymers into (mixtures of) basic molecules
and/or processing the latter in order to obtain high-value end-
products. In both cases, access limitations could be dominant,
particularly when dealing with bulky substrates. Accordingly,
the enhanced external surface and/or the improved diffusion
rate in the zeolite crystal should yield strong activity benefits,
as observed for hydrolysis of (hemi)cellulose,>***>® pyrolysis
of lignocellulose,* upgrading of bio-0il,***3%> alkylation
with HMF,*®® and isomerisation of DHA,*"> a-pinene®***** and
safflower o0il.>*®

A higher accessibility to the active sites may also lead to a
better diffusion of products out of the crystal, resulting in a
decreased contact time of products with the active sites. There-
fore, due to the lower susceptibility towards secondary reac-
tions, selectivity enhancements can be obtained, as observed in
the isomerisation of n-alkanes.**® Also for biomass conversions,
this advantage has led to higher yields of the preferred products,
i.e. reducing sugars after hydrolysis of hemicellulose®*® or primary
isomers after conjugation of safflower oil and o-pinene.**®

Particularly, in reactions that can involve acid catalysed
breaking of bonds, the hierarchical porosity should prove a
powerful tool to steer the degree of cracking to the desired
fraction and to control the amount of unwanted by-products.
These advantages were already observed for vacuum gasoil
cracking using hierarchical USY faujasites®*>**” and hierarchical
mordenites,**® but also apply to biomass conversion. During the
upgrading of bio-oils by catalytic cracking with desilicated Y zeolite
(Fig. 2), the selectivity to primary cracking and deoxygenation
products is increased, while the selectivity to aromatic hydro-
carbons is decreased due to a lower probability for secondary
oligomerisation, cyclisation and hydrogen transfer reactions.**
Also in catalytic pyrolysis of biomass (model) compounds,
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hierarchical zeolites have already proven their value, resulting in
high-quality bio-oils and/or lower coke yields.****¢**7® Further-
more, conversion of the resulting biomass pyrolysis vapours to
Cg and Cy mono-aromatics was enhanced by mesopore introduc-
tion in ZSM-5.>"*

A particular important factor in the conversion of biomass is
the catalyst lifetime, which could be limited due to the forma-
tion of cokes, possibly blocking zeolite pores. Hierarchisation
of zeolites can offer a solution to improve this lifetime. Whereas
the larger external surface prone to coking gives a slower deactiva-
tion of the active sites, the lower retention time of products in the
micropores could also lead to less secondary coke product for-
mation. A better catalytic stability is reported for bio-oil upgrading
with hierarchical zeolites,>*'””> whereas a lower amount of
formed and/or deposited coke was reported in the isomerisa-
tion of a-pinene®>® and CFP of lignocellulose.**®

Concept 6: zeolite stability

A shift from gas to liquid phase reactions has important
consequences for the stability of the used catalysts. Common
industrial catalysts are typically developed for gas phase pro-
cesses. When such catalysts are used in liquid phase reactions,
several issues emerge to the stability of these heterogeneous
catalysts.>”>>”> The liquid solvent can irreversibly deactivate
the catalyst by hydrolysing the catalyst or its support, inducing
leaching of catalyst elements or sintering of metal particles.
A second possible issue is deactivation by reaction products or
reactants, for example when acids or bases are formed or used.
Therefore, besides activity and selectivity also a thorough
assessment of catalyst stability is needed under relevant bio-
mass processing conditions.

When the stability of zeolites is taken into account, it is
important to define the exact nature of the treatment conditions.
Traditionally, the stability of zeolites is based on their stability
in the gas phase (steam stability). However, with the increasing
importance for liquid phase processes and the use of zeolites at
different pH, the traditional concept of zeolite stability becomes
extremely relative (vide infra), and needs to be refined. Fig. 11
represents a flow chart of the different conditions where zeolites
can be used. The first distinction is the phase of the medium (gas
vs. liquid phase). Zeolites are commonly used in gas phase pro-
cesses containing H,O (hydrothermal gas phase, also known as
steaming) as well as in the absence of H,O (thermal gas phase).
Condensed conditions however, can be divided into atmospheric
(P = 1 atm) and super atmospheric (P > 1 atm) pressure. Both
cases are dealing with liquid water but super atmospheric condi-
tions (also known as HLW) implies processes at temperatures
above the boiling point of water (under elevated pressure), while
atmospheric conditions limits the processes under 100 °C (atmo-
spheric liquid water, ALW). Finally, both can also be further
specified based on the pH (alkaline, neutral or acidic).

Extensive knowledge of the stability of zeolites is mostly
restricted to their synthesis conditions and post-synthetic modi-
fications. For example, comprehensive knowledge of zeolite
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Fig. 11 Flow chart with the division of the different conditions where
zeolites are used.

Fig. 12 Stability diagram of faujasite zeolites with different charge-balancing
counter cations (CBCC). The stability of zeolites in HLW resembles the trend at
high pH, whereas the stability of zeolites under steaming conditions resembles
the trend at low pH. Y-FDA: framework dealuminated Y zeolite.

stability in basic HLW during zeolite synthesis is extremely
important as the synthesis of the desired metastable zeolite
should be interrupted at the appropriate time to prevent the
formation of undesirable more dense phases.'’**7®37% The
stability of zeolites in ALW (at alkaline or acidic conditions)
is well-known from post-synthetic modification strategies, and
were recently generalised based on the relative abundance of
charge-balancing counter cations (CBCC).****%' As shown in
Fig. 12, high-silica zeolites containing low amounts of CBCC,
are unstable at basic conditions due to the high sensitivity of
Si~O-Si bonds to base catalysed hydrolysis.>***%! On the other
hand, zeolites with a high amount of CBCC, offer better
resistance to alkaline conditions but are relatively unstable at
low pH as Si-O-Al bonds are very sensitive to acid catalysed
hydrolysis (Fig. 12).>8**%" However, the behaviour of zeolites in
neutral or acidic HLW is relatively unknown.

Stability of zeolites in acidic HLW

Especially in the case of sugar transformations, the use of zeolites
in acidic HLW gains importance as some interesting sugar
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derived chemicals, like lactic acid and levulinic acid, are (weak)
organic acids. When these products are targeted or used as
platform chemical, the reaction medium is, dependent on the
concentration, slightly to strongly acidified which may have
implications on the stability of the used catalysts. For example,
irreversible framework damage could be observed during the
USY catalysed conversion of DHA into alkyl lactates and lactic
acid (Scheme 6).>*® Especially in water, with formation of lactic
acid, the USY zeolite is strongly affected by severe loss of pore
volume, surface area and acidity. In contrast, when the reaction
is performed in methanol (with methyl lactate as end-product)
only minor zeolite deterioration could be observed.>*® Further
research demonstrated that the formed (lactic) acid was the main
cause of the zeolite degradation with selective dealumination, in
line with Fig. 12, leading to a decreased acidity.>'*?*°

The same could be observed when zeolite-supported metal-
catalysts were used for the hydrogenation of levulinic acid. In
this case, ZSM-5 and especially beta show gradual deactivation
caused by structure degradation in 2-ethylhexanoic acid.?®
The organic acid induces the conversion of Brensted acid
sites into Lewis acid sites, besides an overall decrease in the
amount of Al

Similar behaviour was observed when the reaction is
performed in neat levulinic acid but, as the corrosive agent
(levulinic acid) disappears upon reaction, the degradation is
less pronounced.*®*> However, when the solvent is changed from
organic acids to dioxane, no structural changes could be
observed.*®**** These studies show that Al-rich zeolites have
potential for reactions with organic acids in aqueous phase
when low acid concentrations and temperatures are applied.
Otherwise, working in alcoholic media (with the consequent
formation of the alkyl esters) or in other non-corrosive solvents
shows little problems.

Stability of zeolites in neutral HLW

Besides acidified HLW at 100-150 °C, zeolites are more and
more used in neutral HLW at higher temperatures (150-250 °C).
Due to the absence of a corrosive agent (like an acid), these
conditions seem less stringent. However, in practice, the stabi-
lity of zeolites under these conditions appears to be less evident
than supposed. This is rooted in the dissociation equilibrium of
H,O0 (eqn (1)):

Keq = a0t X Aon- (1)

where K. is the equilibrium constant and a refers to the activity
of H;0" and OH ™. At atmospheric pressure and room tempera-
ture, this constant equals 10~ '*. Yet, when the temperature
increases, the K, increases from 10~ at 25 °C till 10~ '" above
300 °C.*®* This change does not only have a severe influence on
the catalysis, but also on the catalyst structure.>*>*”*3%> Due to
the higher concentration of protons and hydroxyls, surface func-
tional groups are attacked more frequently, leading to a dramatic
change in the catalytic performance of these materials.>**> Early
investigations have already shown that the behaviour of zeolites
in HLW is remarkable different with that under steaming
conditions. While steaming at 200 °C has minor influence on
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the zeolite integrity,'™" treatment in HLW at the same tem-
perature shows tremendous changes in zeolite structure and
properties.?®>*%3 Recently, it was shown that degradation of
zeolite Y in neutral, and even in slightly acidified, HLW mostly
occurs through hydrolysis of Si-O-Si bonds,>®*?%*3% initiated at
silanol defects.*®**%® This is in sharp contrast with dealumina-
tion, the dominant phenomenon under steaming.'%*"'* So, the
stability of zeolites in HLW resembles more the stability trends
observed in alkaline ALW than those observed under steaming
conditions, which are on their turn quite similar to the trends at
acidic ALW (Fig. 12).>%

The HLW stability is strongly dependent on the zeolite
topology. For example, there is a dependency between the frame-
work stability of a zeolite and the framework density.**° Zeolites
with high framework densities, like MOR and MFI, are relatively
stable up to 250 °C, while topologies with low density (BEA and
especially FAU) undergo already extensive transformations at
150 °C and are largely transformed into an amorphous silica-
alumina after a treatment at 200 °C.>¢*** Within one topology,
the nature of the CBCC greatly influences the stability. Up to
now, this is only systematically studied for high CBCC zeolites,
such as X and A, showing an increasing HLW stability by
increasing base strength of the metal hydroxide.***%* This
was rationalised by the assumption that a stronger base coun-
teracts more efficiently the structure degradation.**’ This
explanation assumed that, just like in steam, the main degra-
dation mechanism of zeolites in HLW is Si~O-Al hydrolysis.***
However, as mentioned above, the main degradation method
in HLW resembles more the degradation pathway in alkaline
ALW, namely Si-O-Si hydrolysis, than dealumination under
steaming conditions.*®* Further investigations elucidating the
exact influence of the nature of the CBCC on the HLW stability
can clarify this issue.

Yet, when the purpose is to use zeolites in Brgnsted acid
catalysed reactions, one is restricted to the use of zeolites in
their protonic form or at least in a mixed form with protons as
one of the CBCC. Therefore, several research groups studied
in more detail the potential of H-USY in HLW. All investigated
H-USY zeolites degraded to an extent depending on the Si/Al
ratio.”®> USY zeolites with a high Si/Al ratio transform within
2 to 6 hours into completely amorphous materials which have
lost nearly all micropores and Brgnsted acid sites. On the other
hand, USY zeolites with intermediate Si/Al ratios degrade
at a slower rate due to the presence of the Al centres which
counteract the hydrolysis of framework bonds.?**?%* Another
indication for the stabilizing nature of aluminium was
observed when salts, like NaCl, were added to the treatment
medium. As the presence of these salts enhances the hydrolysis
of Si-O-Al bonds, the zeolite stability was significantly affected
in a negative sense.’>® These observations show that the most
stable zeolites during hydrothermal/steam treatment, exten-
sively dealuminated USY zeolites, are the least stable in HLW.
From this point of view, the name ‘ultra-stable Y zeolite’ (USY)
is an unsuitable name as it is not the most stable Y zeolite
under all conditions. Yet, throughout this paper we have used
‘USY’ for clarity.
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Recently, it was demonstrated that not only the amount
of aluminium but also its location and nature is of particular
interest.”®> By comparing two FAU zeolites with the same over-
all Si/Al ratio, e.g. one Y zeolite without EFAl and a slightly
steamed USY zeolite with EFAI, it could be concluded that the
USY zeolite with EFAl shows a higher resistance to HLW than
the Y zeolite without EFAL>*® These conclusions are in line with
earlier observations, which have shown that steamed Y zeolites,
containing EFAI, are more stable than Y zeolites dealuminated
by substitution, consequently containing no EFAL>#'943% The
higher stability of slightly steamed zeolites was related to the
presence of the low water-soluble amorphous EFAIl species,
in line with the low water solubility of alumina gel.>*> Besides,
by interacting with terminal Si-OH groups, EFAl protects
such hydrolysis sensitive groups against the attack of OH™
anions.**®3*%¢ It could be demonstrated that not only steaming,
but also treatment in HLW induces the formation of Al-rich
species at the outer surface, forming a poorly soluble, protective
layer around the zeolite. Therefore, slightly dealuminated USY
zeolites with Si/Al ratio lower than 3 self-stabilize over time
during treatment in HLW.>®*

Improving the HLW stability of zeolites

The stabilizing role of EFAI provides a suitable tool to tailor the
stability of zeolites under HLW conditions by, for example,
realuminating the surface of (extensively) dealuminated USY
zeolites.>*>°” An alkaline alumination method was suggested
whereby two consecutive steps are involved to form alumino-
silicate species at the outer surface. First, the alkaline condi-
tions lead to a partial dissolution of the zeolite, afterward these
dissolved silicon species precipitate with the externally added
aluminate on the zeolite surface.?***? The success rate is very
sensitive to the extent of alkalinity during the modification
process. If the solution is too alkaline, the zeolite dissolves
completely, while a too low alkaline medium leads to insuffi-
cient aluminate concentrations for total coverage of the zeolite
surface.****°° During this assessment only the zeolite structure
after treatment at intermediate temperatures (150-160 °C) was
studied, while the catalytic active sites were not taken into
account. Further research is needed to investigate the potential
of such realuminated zeolites as Bronsted acid catalysts in liquid
water at high(er) temperatures. Strikingly, the (re)alumination
process is also crucial in the synthesis of hierarchical zeolites
by base treatment in aqueous solutions.**®**?° Therefore, it is
likely that stabilisation and mesopore formation can be executed
simultaneously.

Another option to prevent extensive degradation of high
silica zeolites, is to limit the contact of the zeolite with water.
A common strategy therefore is increasing the hydrophobicity
of the material.*®® Increasing the Si/Al ratio, so decreasing
the Al content, is an effective method to increase the zeolite
hydrophobicity. Yet, when Al is eliminated from the framework,
Bronsted acid sites are immolated, wh