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Increasing demand for renewable chemicals and fuels has stimulated the search for alternative feedstocks

and is driving the ongoing transition to a more renewables-based society. Considerable academic efforts

have been directed at the valorisation of biomass sources and derived intermediates, so called platform

molecules, to produce value-added chemicals and fuels. In this contribution, opportunities are discussed

for the application of zeolite-supported bifunctional catalysts in the conversion of biomass sources into

chemicals and fuels via hydrodeoxygenation (HDO). Such metal/zeolite catalyst systems play a prominent

role in many of these biomass HDO routes. Emphasis is put on the current progress in metal/zeolite-cata-

lysed HDO of three selected, promising routes involving biomass-derived platform molecules and the

model compounds that mimic more complex feeds. Four key concepts of metal/zeolite catalysts, such as

combining metal and Brønsted acid sites, site-ratio balancing, proximity between metal and acid func-

tions and shape selectivity are discussed in order to provide a comprehensive overview. In addition, two

challenges related to the accessibility of the active sites and catalyst stability in the liquid phase, typically a

hot, highly polar, and protic reaction medium, are discussed. Finally, the open challenges and perspectives

regarding the development of metal/zeolite catalysts for biomass HDO reactions are examined.

Introduction

The ever increasing energy and chemical demand, the accumu-
lation of CO2 in the atmosphere, price fluctuations and dwind-
ling supplies of cheap and easily extracted petroleum, and the
legislation and mandates that are the result of this, have all
prompted the wide-ranging search for alternative feedstocks
and technologies, a development that drives the essential tran-
sition to a more sustainable, renewables-based society.1–5

Biomass is one promising renewable alternative that can serve
as feedstock for the production of the fuels and chemicals that
our society relies on. For energy supply in particular, the per-

centage of biomass used for renewable energy and carbon-
based energy vector production is gradually growing in many
countries at the expense of traditional fossil fuels. Similarly,
exciting developments can be seen regarding biomass-to-
chemicals, with routes and processes to both drop-in (i.e.
molecularly identical) and new bio-based chemical building
blocks being developed. Drop-in replacements hold the advan-
tage of being compatible with current fossil fuel-based techno-
logy and value-chains, with the final products serving estab-
lished markets. Nevertheless, for chemicals that are identical
to the current petroleum-derived chemicals it is difficult to be
economically competitive, given that there is little premium on
green and that current petrochemical processing infrastructure
has already been paid for. New bio-based oxygenated mole-
cules may be difficult to be produced from petroleum feed-
stock and can hold unique properties, with applications
in polymers, solvents, surfactants and pharmaceuticals.
Nevertheless, the market for those new bio-based molecules
has not yet been established and needs to be developed.
Regardless if the targeted final product is new or existing, the
most pursued strategy for biomass valorization to chemicals
is, analogously to the current petrochemical industry, to first
upstream fractionate and/or deconstruct the complex, poly-
meric biomass matrix to give so-called platform molecules, i.e.
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molecularly well-defined and versatile chemical building
blocks, from which chemical complexity can be built up down-
stream to yield a plethora of platform molecule-derived value-
added products. Indeed, while many different biomass
resources, fractionation methods and catalytic conversion
routes are explored for the production of tailor-made chemi-
cals and fuel components,6 many of these feature the same,
small group of valuable chemical intermediates with the
potential to play a pivotal role as primary biorefinery building
blocks.7,8 The basic chemical building blocks that currently
serve as platform molecules, in fossil fuel-based refineries, are
normally apolar, non-functionalized and low reactivity hydro-
carbon compounds, and upgrading these requires the acti-
vation of the C–C and C–H bonds of these intermediates to
build up the complexity of the carbon skeleton and to intro-
duce the heteroatoms and functional groups, e.g. by oxygen-
ation, required for value-added chemicals and fuels pro-
duction. Many of the catalytic reactions involved in these pro-
cesses make use of zeolites; these solid acid catalysts are the
workhorses of the petrochemical industry and oil refining,
being used in large volumes also in processes such as hydro-
cracking and fluid catalytic cracking.9–11 On the contrary,
biomass-derived platform molecules are usually polar, highly
reactive and extensively functionalized oxygenates, and partial
deoxygenation by activation and cleavage of C–O and CvO
bonds is typically involved in further upgrading. Such deoxy-
genation reactions then involve a combination of hydrolysis,
dehydration and reduction steps in the conversion sequence,
reactions which if the intermediates involved are fairly stable,
can be performed separately (i.e. in different reactors) by mul-
tiple catalyst systems or in one-pot; if the intermediates are
rather unstable or thermodynamically unfavorable, however,
as is often the case for the conversion of biomass-derived oxy-
genates in biorefinery processes, such consecutive conversions
are preferably closely coupled, e.g. by using catalysts that

combine different functionalities in one and the same
material. For reactions requiring acidity and hydrogenation
activity, zeolites, by virtue of their high surface area, porosity,
chemical and hydrothermal stability, and Brønsted acidity, are
particularly useful for constructing such bifunctional materials
e.g. by inclusion of redox-active metal sites. To tailor the
product distribution, efficient coupling of the different reac-
tions involved is then required, which can be realized via
optimization of the site-ratio of the different catalytic func-
tions. If the Brønsted acid and hydrogenation functions are
then put in close proximity, synergistic effects can be expected.
Indeed, the ‘closer-the-better’ in terms of positioning the acid
and metal sites is often advocated as being advantageous for
the activity and selectivity of bifunctional catalysts,12–15 although
the opposite has unexpectedly been demonstrated for the
industrially highly important hydrocracking reaction.10 Building
on the precedent of commercial application in oil refining,
bifunctional zeolite-supported metal catalysts are now also
being quite extensively studied for the valorization of renewable
feedstocks such as biomass and its platform molecules.16–18

In this review, we highlight the recent developments and
current state of the art of the application of metal/zeolite cata-
lysts for the conversion of biomass into chemicals and fuels.
We first present the catalyst design principles that have been
employed for biomass conversion, and focus on the hydro-
deoxygenation (HDO) of selected platform molecules central to
biomass downstream processing and model compounds
mimicking some more complex feeds that are upgraded down-
stream by HDO, and thus cover the examples of HDO of levuli-
nic acid, phenolics and triglycerides and fatty acids. The
emphasis of the review is on four prominent concepts and two
new challenges (Fig. 1). Concepts key to metal/zeolite catalysis,
referring to combination of metal and Brønsted acidity, site-
ratio balancing, intimacy/proximity between metal and acid
functions and shape selectivity, are introduced and high-
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lighted with specific examples. Challenges relating to the
accessibility of the active site and catalyst stability in the
highly polar, and often protic liquid phase are demonstrated
in detail. Finally, the recent advances in zeolite-supported
bifunctional catalysis for the HDO of the selected biomass-
derived platform and model compounds will be highlighted,
reflecting on the existing gaps and perspectives with respect to
catalyst development.

Design principles of metal/zeolite
catalysts

HDO of biomass-derived platform molecules into chemicals
and fuels often requires a cascade of reactions, including
hydrolysis, dehydration and hydrogenation steps and as result
a catalyst that offers activity in these different reactions.
Therefore, rational combination of metal and acid sites is
pivotal in catalyst design. Zeolites have become the most pro-
minent acid catalysts and been widely applied in HDO reac-

tions. Various techniques are employed for the introduction of
different metals into zeolites in biomass conversion (Table 1).
Only metal clusters and nanoparticles will be discussed here,
which thus excludes the single-atom/zeolite system and metals
substituting lattice atoms in the zeolite framework. Different
preparation methods for metal/zeolite catalysts used in HDO
reactions of biomass platform molecules are listed in Table 1.

Dry or wet-impregnation with a metal precursor is most
widely used for the preparation of metal/zeolite catalysts.
Specifically, this impregnation technique normally consists of
mixing a zeolite support with the required amount of metal
precursor solution. The volume amount of the solution is
equal to the total pore volume of the support in dry impreg-
nation or larger than that of the support in wet impregnation.
Solutions of various metal precursors, such as nitrate, chloride
or carboxylate salts, are usually employed, to fill the pores and
obtain a homogeneous metal distribution. Nevertheless, the
diffusion of the impregnation solution into small micropores
is difficult, especially when residual gas is present in the
micropores and when the support is poorly wetted by the solu-
tion. In addition, impregnated precursors are only weakly
anchored onto the zeolite surface and thus redistribute and
agglomerate during the subsequent typical calcination and
reduction treatments. Therefore, this preparation method is
usually not best suited for achieving high metal loadings and
uniform metal dispersions, and the metal frequently disperses
in a nonuniform style, producing large particles on the exter-
nal surface of the zeolite.

Alternatively, ion exchange is a technique often used to
load metals into the micropores of zeolites. This synthesis
technique normally consists of cation exchange in dilute
aqueous solutions containing the metal cations, filtration and
washing off, calcination and reduction steps. During the ion
exchange process, the pH value should be carefully adjusted to
avoid precipitation of the metal cations. The exchange pro-
cesses are usually conducted by one exchange step at room

Fig. 1 Concepts and challenges of zeolite-supported metal catalysts
for hydrodeoxygenation of biomass-derived platform molecules.
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temperature, while higher levels of exchange require multiple
exchange steps in fresh solutions, and the use of higher temp-
eratures can favour the kinetics of the exchange. While this
technique is good for obtaining highly dispersed small metal
clusters into the pores of zeolites, it can not be successfully

applied in the following situations, (1) when the metal is in
anionic form, or metal cations are only stable under con-
ditions where zeolites are unstable, for example, very low pH
value; (2) when the zeolite/zeotype framework is neutral (alu-
minophosphates) or aluminium-free (silicalite); (3) when the
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Table 1 Preparation methods of metal/zeolite catalysts for HDO reactions of bio-derived platform molecules

Preparation methods Process steps Advantages Limitations

Impregnation (dry and
wet)

Impregnation-drying-
calcination-reduction

Generally and easily applicable,
access to high metal loadings.

Weak metal-support interaction; metal
migration out of pores, resulting in formation
of large particles at external surface of zeolite
upon heat treatment; sintering in liquid phase

Ion exchange (Multi-step) exchange-
filtration-drying-calcination-
reduction

Highly dispersed and
homogeneous distribution, strong
metal-support interaction

Metal should be available in cation form;
cation needs to be stable at a pH value where
zeolite is also stable; complex cations should
be smaller than zeolite pore size; not
applicable with neutral framework materials
such as aluminophosphates and silicalite;
dilute solution is preferred and metal loading
cannot surpass exchange capacity

Combination of wet
impregnation and ion
exchange

Impregnation/exchange-
drying- (calcination) reduction

Highly dispersed and
homogeneous distribution, strong
metal-support interaction

Some metal particles form at external surface
of zeolite upon heat treatment

Melt infiltration Melt impregnation-
calcination-reduction

No solvent required, high
dispersions can be achieved

The metal precursor should be completely
molten at appropriate temperature; weak
metal-support interaction; some large particles
may form and agglomerate on the external
surface of the zeolite upon heat treatments

Deposition-
precipitation (DP)

Precipitation-filtration-drying-
calcination-reduction

Uniform distribution of metal
nanoparticles, and effective for low
metal loadings and high Si/Al ratio
zeolites

Metal nanoparticles mainly form and locate at
external surface of zeolites

Atomic layer
deposition (ALD)

Outgassing-vapor pulsing-
deposition-purge

Excellent uniformity, precise
thickness control at the Ångstrom
or monolayer level with high
reproducibility.

The metal precursor should be vaporizable and
molecular dimensions cannot surpass a critical
size to penetrate and diffuse into the pore
structure

In situ encapsulation/
confinement synthesis

Metal precursor addition
during synthesis of zeolite-
crystallization-calcination-
reduction

Included metal clusters/particles
are resistant to sintering, show high
thermal stability.

Low aluminum content zeolites required due to
crystallization requirements
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target metal loading is above the upper limit of exchange
capacity, which depends on the amount of framework alu-
minium and finally, (4) when the metal complex cations are
bigger than the pore system.

A combination of wet impregnation and ion exchange
(modified wet impregnation) method has recently been
applied for the synthesis of platinum-group metal/zeolite cata-
lysts.13 This method typically employs Pt(NH3)4

2+, Ru(NH3)6
3+,

Pd(NH3)4
2+ cations for impregnation/exchange with the proton

or ammonium form of zeolites, after which the slurry of the
zeolite and the metal cation-containing solution is dried
directly at elevated temperature without filtration, followed by
calcination and reduction to finally generate the supported
metal particles. Highly dispersed metal clusters can thus be
obtained, located even partly in the micropores, via this
simple combination of techniques, but when the targeted
metal loading is beyond the exchange capacity, this technique
has the same limitations as the wet impregnation methods.

Metal infiltration is another versatile technique for the
preparation of transition metal loaded zeolite catalysts.19

Generally, hydrated transition metal nitrates with low melting
points are used in such melt infiltration approaches. The
molten metal salts infiltrate and enter into the zeolite pores as
a result of capillary forces. Importantly, the melt temperature
needs to be finely adjusted to prevent decomposition of the
metal precursor during the whole process. High dispersion of
the metal can be achieved owing to the avoidance of adding a
large amount of solvent molecules, such as water, which may
competitively adsorb on the surface of the zeolite support.

Deposition-precipitation (DP) has also been employed for
metal/zeolite synthesis, in particular when higher loadings are
targeted.20,21 Typically, this method entails the precipitation of
a metal onto zeolite support by basification of a metal salt
solution containing zeolite in suspension through decompo-
sition of urea. After a chosen DP time (typically 1–4 h), the sus-
pension is cooled, filtered and washed multiple times, fol-
lowed by drying, calcination and reduction steps. Generally,
high metal loadings and metal dispersions can be achieved via
DP, with the metal nanoparticles being mainly located on the
external surface of the zeolite.

Atomic layer deposition (ALD) has also been employed for
the metal/zeolite synthesis.22,23 Typically, the vaporized metal
precursor is introduced to a fully outgassed zeolite in the reac-
tion chamber by pulsing with an inert carrier gas, allowed to
deposit for a few seconds, after which the system is purged to
remove the residue precursor after deposition. The metal
loading can be varied by changing the ALD cycle numbers.
Precise control of metal layer at the Ångstrom or monolayer
level could be exerted, with the metal being on the external
surface with high reproducibility, however, the metal precur-
sors should be easily vaporized and their molecular size
should be small enough for penetrating and diffusing facilely
into the porous structure of zeolite.

In situ encapsulation/confinement synthesis technologies
have also been reported for the preparation of metal/zeolite
catalysts recently.24–27 Typically, a metal precursor is intro-

duced during zeolite synthesis or structure transformation, fol-
lowed by crystallization, calcination and reduction. Well-dis-
persed and ultra small metal clusters can be encapsulated into
zeolites via this method; however, the zeolites prepared via
this technique often contain a low amount of aluminium, as
larger aluminium contents are unfavorable for the crystalliza-
tion/structure transformation process.

All the above mentioned preparation techniques have been
employed for the synthesis of metal/zeolite bifunctional cata-
lysts, and are being more and more frequently applied in
biomass conversion. However, the location of metal species
cannot always be controlled, and metal nanoparticles (NPs)
will usually be formed upon post-treatment. Moreover, upon
application in the liquid phase reaction or as a result of harsh
thermal treatments, metal species on the external surface can
aggregate to form large NPs (>5 nm), resulting in a decrease in
catalytic activity. In addition, the rational design of ideal
metal/zeolite bifunctional catalysts with an optimal balance
and ratio of distinct sites still requires further exploration for
the various HDO reactions. Especially, to develop the ability to
achieve the right proximity and as a result synergy between the
metal and the acid sites confined inside the zeolite micropores
would have much potential in catalyst design and can improve
the efficiency of upgrading through HDO. Indeed, efficient
coupling of the involved tandem reactions can allow one to
tune product distribution and improve the selectivity towards
desired products. In addition to improved activity and selecti-
vity, other synergy effects can be expected, e.g. with regards to
catalyst stability, since an increase in interaction between
metal and acid inside micropores of zeolite can limit or elim-
inate metal migration, sintering and leaching during heat
treatment or liquid phase reactions.

Concept 1: combining metal and
Brønsted acid functions

Deoxygenation is often essential in the upgrading of biomass-
derived oxygenates to biofuels and chemicals. For example,
bio-oils produced via catalytic pyrolysis of lignocellulosic
biomass, having undesirable physicochemical properties and
being chemically unstable, requires further catalytic upgrading
to be used as fuels as such or to be blended into today’s pet-
roleum-based infrastructure. Interest in this subject of catalytic
upgrading by deoxygenation has been growing rapidly in
recent years. Most of the catalytic deoxygenation reactions
have been performed with heterogeneous catalysts and under
conventional hydrotreating conditions. The performance of
various metal/zeolite catalysts for HDO of biomass-derived
platform molecules (levulinic acid, phenolics and triglycerides
and fatty acids) is summarized, and details are given in
Tables 2–4.

Bifunctional catalysis with sugar-derived levulinic acid

Levulinic acid (LA), known as 4-oxopentanoic acid or 4-keto-
pentanoic acid, is one of the most explored and promising bio-
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based short chain platform chemicals.7,8 LA can be produced
easily and economically from the C6 sugar fraction of various
lignocellulosic biomass feedstocks through a simple and high
yielding acid hydrolysis process.28–30 A whole slate of valuable
chemicals, such as γ-valerolactone (GVL), 1.4-pentanediol (PD),
2-methyltetrahydrofuran (MTHF), pentenoic acid (PEA), penta-
noic acid (PA) and its esters (PE) can be subsequently con-
verted by sequential LA HDO steps, as depicted in Scheme 1.
GVL has attracted most attention owing to its excellent pro-
perties as solvent and it being a building block for high-value
chemicals and fuels.31 Valeric acid ester biofuels, derived from
PA/PE, have also received increasing attention owing to out-
standing fuel properties, as evidenced by a successful road
trial of 250 000 km.32

The LA-to-GVL step is readily catalyzed with various metal
catalysts, including both noble (Ir, Rh, Pd, Ru, Pt, Re, Au) and
non-noble metals (Ni, Co, Cu), at moderate reaction tempera-
tures ranging from 298 to 523 K with hydrogen pressures of 1
to 150 bar.33–41 LA can be transformed to GVL either via a first
hydrogenation step to 4-hydroxypentanoic acid followed by de-
hydration or via dehydration to angelicalactone and sub-
sequent hydrogenation (Scheme 1). For LA-to-GVL reactions
run at elevated temperature range (>353 K), metal sites have
shown a dominant impact on the rate of GVL formation,
owing to the acid-catalyzed dehydration step aided by the rela-
tive high temperature. While at low temperature range
(<353 K), the acid-catalyzed dehydration step appears to be the

rate-determining step and dominate the rate of GVL
formation.42

The presence of metal and Brønsted acid sites together can
efficiently couple the hydrogenation and dehydration reaction
cascade, leading to an increase in the reaction rate of HDO of
LA. Such an increase in GVL production was for example
demonstrated by combination of the ion exchange resin
Amberlyst A70 with Ru/C.43 Combining Brønsted acid sites
and a hydrogenation metal in a bifunctional catalyst may be
more desirable, however, than a physical mixture of two.44

Zeolites are particularly suitable and used as support for the
bifunctional catalysts, since they have already shown great
potential in many Brønsted acid-catalyzed reactions. Indeed,
various types of zeolites supported (H-ZSM-5, H-β and H-Y)
metal catalysts have been applied and showed a superior high
activity than the only metal catalysts, for dehydration steps of
LA HDO.45,46 For example, Ru/ZSM-5 (Si/Al = 25) catalysts
showed higher LA conversion (>97%) and GVL yield (>91%)
than Ru/TiO2, Ru/Al2O3, Ru/SiO2 (GVL yield <81%) for the
HDO of LA at 343 K and 30 bar H2 after 6 h reaction in
aqueous solution.45 Different preparation methods were com-
pared for the Ru/ZSM-5 catalyst. Wet impregnation proved
advantageous for the preparation of Ru/ZSM-5, when com-
pared to a supercritical CO2-assisted deposition method.

Also, using the same wet impregnation method, a commer-
cial ZSM-5 supported Ru catalyst showed better stability in the
liquid phase conversion of LA to GVL than a mesoporous

Table 2 HDO platform of LA with metal/zeolite catalysts

Catalyst (Si/Al) Solvent Feed T (K) P (bar) WHSV (h−1) Time (h) Major product (yield%) Ref.

1 wt% Ru/H-ZSM-5 (11.5) Dioxane 10 wt% LA 473 40 — 10 GVL: (31.3); PA + PE: (57.4) 13
1 wt% Ru/H-ZSM-5 (140) Dioxane 10 wt% LA 473 40 — 10 GVL: (58.2); PA + PE: (1) 13
1 wt% Ru/H-ZSM-5 (11.5) Dioxane 10 wt% LA 473 40 — 10 PA + PE (91.3); GVL (7.7) 13
30 wt% Ni/H-ZSM-5 (40) No solvent Neat LA 523 1 1.1 — GVL (92.2) 40
5 wt% Ru/H-ZSM-5C (25) Water 15 wt% LA 343 30 — 6 GVL (92.8) 45
5 wt% Ru/H-ZSM-5S (25) Water 15 wt% LA 343 30 — 6 GVL (92) 45
5 wt% Ru/H-ZSM-5 M (25) Water 15 wt% LA 343 30 — 6 GVL (95) 45
0.7 wt% Pt/H-ZSM-5/SiO2 No solvent Neat GVL 523 10 2 — PA (> 80) 32
5% Pd/H-Y (2.6)a Octane 38.4% GVL 533 80 — 30 Pentyl valerate (60.6); pentane (22.9) 47
5 wt% Pt/H-ZSM-5 (11) No solvent Neat LA 473 8 — 1 PA (78); GVL (15) 50
5 wt% Ir/H-ZSM-5 (11) No solvent Neat LA 473 8 — 1 PA (29); GVL (48) 50
5 wt% Pd/H-ZSM-5 (11) No solvent Neat LA 473 8 — 1 PA (5); GVL (47) 50
5 wt% Rh/H-ZSM-5 (11) No solvent Neat LA 473 8 — 1 PA (17); GVL (60) 50
5 wt% Ru/H-ZSM-5 (11) No solvent Neat LA 473 8 — 1 PA (30); GVL (59) 50
5 wt% Pd/H-ZSM-5 (15) No solvent Neat LA 473 8 — 1 PA (27); GVL (51) 50
5 wt% Pt/H-ZSM-5 (11) Toluene 28 wt% LA 473 8 — 6 PA (83) 50
5 wt% Pt/H-ZSM-5 (11) Mesitylene 28 wt% LA 473 8 — 6 PA (81) 50
5 wt% Pt/H-ZSM-5 (11) Dioxane 28 wt% LA 473 8 — 6 PA (19); GVL (40) 50
5 wt% Pt/H-ZSM-5 (11) Water 28 wt% LA 473 8 — 6 PA (73) 50
5 wt% Pt/H-ZSM-5 (11) No solvent LA 473 8 — 6 PA (99) 50
5 wt% Pt/H-ZSM-5 (11) Ethanol 19 wt% LA 473 8 — 24 PE (75) 50
5 wt% Pt/H-ZSM-5 (11) Methanol 28 wt% LA 473 8 — 3 PE (87) 50
0.15 wt% Pt/H-ZSM-5 (50) Water 2% LA 473 10 — 3 PA (91.4); GVL (4.4) 23
0.46 wt% Pt/H-ZSM-5 (50) Water 2% LA 473 10 — 3 PA (7.9); GVL (51.8) 23
10 wt% Co@H-ZSM-5 (38) Ethanol 17% LA 513 30 — 3 PA + PE (>90) 51
10 wt% Ni/H-ZSM-5 (38) Ethanol 16.7 wt% LA 513 30 — 3 PA + PE (90%) 52
10 wt% Ni/K0.5/H-ZSM-5 (38) Ethanol 16.7 wt% LA 513 30 — 3 PA + PE (>90%) 52
3.9 wt% Pt-0.13 wt% Mo/H-β Water 3.7 wt% LA 403 50 — 12 MTHF (86%) 53

a The loading is not clear in wt% or mol%.
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Table 3 HDO of phenolics over metal/zeolite catalysts

Catalyst (Si/Al) Solvent Feed
T
(K)

P
(bar)

WHSV
(h−1)

Time
(h) Major product (yield %) Ref.

1 wt% Pt/H-Y (6) Water 90 wt% phenol 523 40 20 — Cyclohexane (94); bicyclics (4) 67
1 wt% Pt/H-β Water 90 wt% phenol 523 40 20 — Cyclohexane (95); bicyclics (4) 67
1 wt% Pt/H-ZSM-5 Water 90 wt% phenol 523 40 20 — Cyclohexane (87); bicyclics (1) 67
0.1 wt% Pd/H-β (75) Water 6.6 wt% 4-n-propylphenol 523 50 — 2 Bicycloalkanes (77) 72
0.8 wt% Pd/20 wt% H-Y (2.8)–Al2O3 Octane 1 wt% phenol 523 15 0.5 — Cyclohexane + cyclohexene (60) 68
9.3 wt% Ni/19.3 wt% Al2O3–ZSM-5 (90) Water 5.9 wt% phenol 493 50 — 1.7 Cyclohexane (∼18) 69
10 wt% Ni/H-ZSM5 (38) Water 4.8 wt% phenol 513 40 — 3 Benzene (60); cyclohexane (23) 71
1 wt% Ru/H-ZSM-5 (25) Water 2 wt% phenol 423 50 — 2 Cyclohexane (96) 63
1 wt% Ru/H-ZSM-5 (38) Water 2 wt% phenol 423 50 — 2 Cyclohexane (87); cyclohexanol (10) 63
1 wt% Ru/H-ZSM-5 (50) Water 2 wt% phenol 423 50 — 2 Cyclohexane (14); cyclohexanol (83) 63
1 wt% Ru/H-ZSM-5 (360) Water 2 wt% phenol 423 50 — 2 Cyclohexanol (97) 63
1 wt% Pd/H-ZSM-5 (38) Water 2 wt% phenol 423 50 — 2 Cyclohexane (73); cyclohexanol (24) 63
1 wt% Pt/H-ZSM-5 (38) Water 2 wt% phenol 423 50 — 2 Cyclohexane (69); cyclohexanol (28) 63
1 wt% Ru/H-ZSM-5 (25) Water 2 wt% anisole 423 50 — 2 Cyclohexane (93) 63
1 wt% Ru/H-ZSM-5 (25) Water 2 wt% catechol 423 50 — 2 Cyclohexane (96) 63
1 wt% Ru/H-ZSM-5 (25) Water 2.4 wt% guaiacol 423 50 — 2 Cyclohexane(94) 63
10 wt% Ni-10 wt% Co/H-ZSM-5 (17) Water 4.8 wt% phenol 523 50 — 2 Cyclohexane (91); bezene(8) 64
21 wt% Ni/H-ZSM-5 (17) Water 4.8 wt% phenol 523 50 — 2 Cyclohexane (85); benzene(8) 64
21 wt% Ni-21 wt% Cu/H-ZSM-5 (17) Water 4.8 wt% phenol 523 50 — 2 Cyclohexane (63); cyclohexene (7) 64
17 wt% Ni-2 wt% Cu/H-ZSM-5 (17) Water 4.8 wt% phenol 523 50 — 2 Cyclohexane (37); cyclohexene (4) 64
1 wt% Pt/H-ZSM-5 (45) Water 2.4 wt% guaiacol 453 50 — 5 Cyclohexane (93) 73
1 wt% Pt/H-ZSM-5 (120) Water 2.4 wt% guaiacol 453 50 — 5 Cyclohexane (53); methoxycyclehexanol (35) 73
0.5% Ru/H-β (13.5) Water 5.9 wt% guaiacol 413 40 — 8 Cyclohexane (97) 62
0.5% Ru/H-β(13.5) Water 7.6 wt% eugenol 413 40 — 8 Propylcyclohexane (95) 62
0.5 wt% Pt/H-Y (2.6) Decane 7.5 wt% guaiacol 423 40 — 2 Cyclohexane (46) 74
0.5 wt% Pt/H-Y (2.6) Decane 7.5 wt% anisole 423 40 — 2 Cyclohexane (86) 74
0.5 wt% Pt/H-Y (2.6) Decane 7.5 wt% phenol 423 40 — 2 Cyclohexane (69) 74
0.5 wt% Pt/H-Y (2.6) Decane 7.5 wt% veratrole 423 40 — 2 Cyclohexane (13); 2-methoxyphenol (32) 74
0.5 wt% Pt/meso-β (12.5) Decane 7.5 wt% guaiacol 523 40 — 2 Cyclohexane (45); methylcyclopentane (15) 75
0.5 wt% Pt/meso-ZSM-5 (15) n-

Tridecane
3 wt% guaiacol 473 40 1–6 — Hydrocarbon (50–98) 76

0.5 wt% Pt/meso-ZSM-5 (15) n-
Tridecane

3 wt% cresol 473 40 1–6 — Hydrocarbon (>95) 76

0.5 wt% Pt/H-β (12.5) Decane 7.5 wt% guaiacol 523 40 — 2 Cyclohexane (26), methylcyclopentane (13) 75
2.5 wt% Ru-2.5 wt% Cu/HY (2.6) Water 3.3 wt% guaiacol 523 40 — 2 Cyclohexane (45); bicyclics (10) 77
2 wt% Pt/H-ZSM-5 (45) Octane 12 wt% 4-propylphenol 383 1 — 10 Propylcyclohexane (99) 78
2 wt% Pt/H-ZSM-5 (45) Octane 14.2 wt% methoxy-4-propylphenol 383 1 — 24 Propylcyclohexane (99) 78
2 wt% Pt/H-ZSM-5 (45) Octane 12 wt% 2,4,6-trimethylphenol 383 1 — 24 Trimethylcyclohexane (91) 78
2 wt% Pt/H-ZSM-5 (45) Octane 14 wt% 2-tert-butyl-6-methylphenol 383 1 — 24 Tertbutylmethylcyclohexane (95) 78
2 wt% Pt/H-ZSM-5 (45) Octane 18 wt% 2,6-di-tert-butyl-4-methylphenol 383 1 — 24 Tertbutylmethylcyclohexane (45) 78
2 wt% Pt/H-ZSM-5 (45) Octane 13 wt% methyl 4-hydroxybenzoate 383 1 — 24 Cyclohexanecarboxylate (67) 78
20 wt% Ni/H-ZSM-5 (45) Water Alkyl-, ketone-, hydroxyl-substituted

phenols and guaiacols, alkyl-substituted
syringol, (10 mmol) in 80 mL water

523 50 — 2 Cycloalkane (73–92); aromatic hydrocarbon (5–12) 79

1 wt% Ru/H-ZSM-5 (25) Water Phenolic dimers: 4-O-5, α-O-5, 5–5′, β-5,
(2.0 mmol) in 10 mL water

473/
493

50 — 4 Cycloalkane (>84) 63

0.5 wt% Ru/H-β (13.5) Water Phenolic dimers: 4-O-5, α-O-4, β-O-4, 5–5′
(2 mmol) in 4 mL water

413 40 — 3/8 Cycloalkane (93, 94, 65, 95) 62

20 wt% Ni/H-ZSM-5 (45) Water Phenolic dimers: β-O-4, (10 mmol) in
80 mL water

523 50 — 2 Cycloalkane (63); aromatic hydrocarbon (37) 79
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ZSM-5 supported Ru counterpart. Good catalyst stability, with
no apparent loss of activity (conv. >95% and yield >85%) after
10 runs, was shown with the commercial ZSM-5 based catalyst.
The stability of this Ru/ZSM-5 material was attributed to the
favorable metal-support interaction between ruthenium and
tetrahedral-coordinated framework Al in ZSM-5, which pre-
vented the metal from sintering and leaching during catalysis.
In addition, well-crystallized commercial ZSM-5 efficiently sup-
pressed the deposition of coke species on the surface and
channels of ZSM-5, compared to the mesoporous ZSM-5. This
established example points to the importance of the precise
metal-support interaction for the stability of the catalysts.

A combination of Brønsted acid sites with an active metal
phase is beneficial for the LA-to-GVL conversion, but absol-
utely essential to further transform GVL to PA/PE, a reaction
that also requires a higher temperature than the LA-to-GVL
step. In 2010, Lange and co-workers first reported an interest-
ing application for zeolite-supported metal catalysts for the
production of a new class of cellulosic biofuels, namely valeric
esters.32 These valeric biofuels showed superior fuel properties
over other bio-fuel candidates, and could be directly blended
into both gasoline and diesel up to high blend ratios. The pro-
duction of the pentanoic acid esters (PE) from LA involved a
three-step process: (1) LA hydrogenation to GVL, (2) GVL
hydrogenation to PA, and (3) finally PA esterification. The GVL-
to-PA step is the most challenging one owing to the relatively
high stability of GVL under hydrogenation conditions. It could
nevertheless be successfully carried out with a Pt/H-ZSM-5/
SiO2 catalyst, prepared by incipient wetness (dry) impreg-
nation. Particles of SiO2-bound zeolites containing 25 wt% of
H-ZSM-5 (Si/Al = 15) and 75 wt% of SiO2 were impregnated
with an (NH4)2PtCl4 solution. This bifunctional catalyst was
very effective for the production of PA from GVL, and high
activity (differential PA productivity of nearly 2 gPA gcat

−1 h−1)
and selectivity (>90%) were achieved at 523 K, 10 bar H2 in
continuous, high-pressure tubular reactor units. Importantly,
this excellent catalytic performance could be retained for
longer than 1500 h with intermittent catalyst regeneration by
burning-off coke under a flow of H2 or air at 673 K. No appar-
ent loss of Pt and dealumination of the zeolite, limited
decrease in support surface area and no measurable loss of
mechanical strength of the catalyst extrudates were observed
during the long-term operation, indicating excellent stability.
No further information on metal particle size or location was
reported. In the example above GVL would be mainly in the
gas phase at 523 K, which condition is less challenging in
terms of catalyst stability than reactions in the liquid phase.
Yan et al. prepared a Pd/H-Y (5 wt%, Si/Al = 2.6) catalyst via wet
impregnation proved highly active (99% conversion of GVL,
60.6% yield of pentyl valerate (PV) and 22.9% yield of pentane)
at 533 K and 80 bar H2 in octane in a batch reactor. However,
catalyst deactivation was already observed in the second run
under the applied conditions, owing to aggregation of metal
particles and coke deposition on the surface.47

Efficient combination of hydrogenation and acidic func-
tions in zeolite-supported metal catalysts can also allow theT
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Table 4 HDO of triglycerides and fatty acids over metal/zeolite catalysts

Catalyst (Si/Al) Solvent Feed T (K) P (bar)
WHSV/
LHSV (h−1)

Time
(h)

Hydrocarbon
yield (%)

Isomerization
selectivity (%) Ref.

NiMo3−x/SAPO-11 (20 wt%
MoO3 and 3.5 wt% NiO)

No
solvent

Methyl laurate 598/
648

40 5 — 99 5–60 95

7 wt% Ni/SAPO-11 (Si/Al = 0.11
and Al/P = 1)

No
solvent

Methyl palmitate 493 20 — 6 98 3 96

9.3 wt% Ni/H-ZSM-5 (108) Dodecane Methyl stearate (5 mmol) in dodecane (45 g) 553 40 — 8 100 — 94
10 wt% Ni/H-ZSM-5 (45) Dodecane 1.3 wt% stearic acid 533 40 — 8 99 7 89
10 wt% Ni/H-ZSM-5 (120) Dodecane 1.3 wt% stearic acid 533 40 — 8 65 8 89
10 wt% Ni/H-ZSM-5 (200) Dodecane 1.3 wt% stearic acid 533 40 — 8 60 6 89
5 wt% Ni/H-β (75) Dodecane 1.3 wt% stearic acid 533 40 — 8 96 19 89
10 wt% Ni/H-β (75) Dodecane 1.3 wt% stearic acid 533 40 — 8 100 12 89
5 wt% Ni/H-β (180) Dodecane 1.3 wt% stearic acid 533 40 — 8 96 6 89
10 wt% Ni/H-β (180) Dodecane 1.3 wt% stearic acid 533 40 — 8 98 5 89
5.2 wt% Ni/H-β Dodecane 1.3 wt% stearic acid 533 40 — 2 100 2 21
35 wt% Ni/H-USY-4 (16) Dodecane 7.7 wt% stearic acid 533 40 — 1 96 — 116
35 wt% Ni/H-USY-4 (16) Dodecane 7.7 wt% methyl stearate, ethyl palmitate, isopropyl

palmitate, palmityl palmitate, stearyl stearate
533 40 — 1 94, 88, 100, 89,

97
1, 1, 1, 1, 2 116

35 wt% Ni/H-USY-4 (16) Dodecane 7.7 wt% palm oil 533 40 — 2 100 1 116
4 wt% Ni/H-ZSM-5 (105) Decane 1.4 wt% palmitic acid 533 40 — 4 100 9 97
4 wt% Co/H-ZSM-5 (105) Decane 1.4 wt% palmitic acid 533 40 — 4 100 34 97
0.3 wt% PtSn/SAPO-11 (0.1) No

solvent
methyl palmitate (0.5 g) 533 30 5 — 77 58 100

4 wt% Ni/H-ZSM-22 (37.5) Decane 1.4 wt% palmitic acid 533 40 — 4 100 46 19
1 wt% Pt/SAPO-11–30 wt%
Al2O3 (Si/Al/P = 1 : 5.4 : 3.6)

No
solvent

Soybean oil (palmitic/stearic/oleic/linoleic/linolenic
= 10.2 : 3.7 : 22.8 : 53.7 : 8.6)

630 40 1 — 100 63 98

7 wt% Ni/SAPO-11 (Si/Al = 0.11
and Al/P = 1)

No
solvent

Palm oil 553 40 2 — 100 85 115

8 wt% Ni/SAPO-11-Al2O3
(30 wt% γ-Al2O3 as binder)

No
solvent

Soybean oil (palmitic/stearic/oleic/linoleic/linolenic
= 10.2 : 3.7 : 22.8 : 53.7 : 8.6)

643 40 1 — 100 87 99

1 wt% Pt/H-ZSM-5 (11.5) Water 10 wt% jatropha oil 543 65 — 12 99 — 91
1 wt% Pt-20 wt% Re /H-ZSM-5
(11.5)

Water 10 wt% jatropha oil 543 65 — 12 80 — 91

1 wt% Pt/USY (3.2) Water 10 wt% vegetable oil 573 65 — 12 87 — 91
10 wt% Ni/H-β(180) Water Microalgae oil (0.1 g) in water (100 mL) 533 40 — 8 78 — 89
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series of reactions involved in the conversion of LA to PA/PE to
be catalysed in one single step, potentially also under less
severe reaction conditions. Indeed, Luo et al. first applied a
bifunctional system for the direct, one-pot conversion of LA to
PA without isolation of the GVL intermediate.46 Expectedly,
Ru-based zeolite supported catalysts proved better in the direct
production of PA from LA than Ru/TiO2, Ru/Nb2O5 catalysts at
a fairly moderate temperature of 473 K. A Ru/H-ZSM-5 (1 wt%,
Si/Al = 11.5) catalyst, prepared via wet impregnation using
ruthenium nitrosyl nitrate, achieved a 45.8% yield of PA/PE
from LA in dioxane at a reaction temperature of 473 K and 40
bar H2 pressure, while the Ru/H-β prepared by the same
method worked less well, with a 37.5% yield of PA/PE. The
average diameter of the Ru particles in the catalyst was around
4 nm, suggesting them to be located at the external surface of
zeolite. GVL ring-opening proved to be the rate-determining
step on the pathway of direct conversion of LA to PA, necessi-
tating strong Brønsted acid sites. This was in line with other
reported observations that Brønsted acid containing bifunc-
tional catalysts, for example, Ru/SBA-SO3H, and a combination
of Ni/SBA-15 and SBA-SO3H, had the ability of direct hydrogen-
ation of LA into PA.48 Notably, the highly-oxygenated, polar
and protic reaction medium proved corrosive and led to the de-
activation of the Ru/zeolite materials in these liquid phase
reactions. The gradual deactivation of Ru/H-ZSM-5 (Si/Al =
11.5) and Ru/H-β (Si/Al = 12.5) in 2-ethylhexanoic acid, used as
an LA mimic to subject a catalyst to severe deactivating reac-
tion conditions, and neat LA, was found to be mainly caused
by support dealumination, and the inferior stability of the

strong acid sites in Ru/H-β compared to Ru/H-ZSM-5 was
demonstrated. Details of quantitative changes in aluminium
speciation of Ru/H-β and Ru/H-ZSM-5 in 2-ethylhexanoic acid
and neat LA during the reactions were revealed by FT-IR and
27Al NMR, and the much more severe loss of strong acid sites
in Ru/H-β compared to Ru/H-ZSM-5 was again illustrative for
the inferior stability of the Ru/H-β.49 Similarly, Kenichi et al.
prepared a Pt/H-ZSM-5 catalyst via a wet impregnation
approach for the one-pot conversion of LA to PA under similar
conditions (2 or 8 bar H2, 473 K). The catalyst was obtained via
impregnation of H-ZSM-5 in an aqueous HNO3 solution of
Pt(NH3)2(NO3)2, and an average cluster size of 4.9 nm was
achieved. A much higher yield of PA (78%) was obtained with
Pt/H-ZSM-5 compared to that with physical mixture of Pt/SiO2

and H-ZSM-5 (23%) under solvent free conditions. Efficient
kinetic coupling of the metal and Brønsted acid site catalyzed
steps was proposed to be behind the improved performance of
the bifunctional material than a physical mixture. Catalyst
stability again proved a challenge under these liquid phase
reaction conditions. The Pt/H-ZSM-5 showed catalyst de-
activation at the third consecutive runs, owing to Pt sintering
and dealumination of ZSM-5 in pure LA during catalysis.50

Other non-noble metal loaded ZSM-5 materials, such as Co
and Ni on ZSM-5,51,52 also showed good performance and
stability in LA-to-PA conversion. Thus, ZSM-5 excels in provid-
ing Brønsted acidity and accessibility for short-chain platform
molecules, and shows more potential in terms of catalyst stabi-
lity and regeneration capacities. Normally, the bifunctional cat-
alysts prepared by impregnation method inevitably suffer from
metal sintering and leaching issues in the liquid phase reac-
tions, resulting in deactivation of the catalysts. Interestingly, a
stabilization strategy consisting of encapsulation of the metal
particles into the zeolite crystal, was shown to be an efficient
way of improving the catalyst stability for the direct conversion
of LA into PA under severe reaction conditions (513 K and 30
bar H2 in ethanol), with no apparent drop in catalyst perform-
ance through eight consecutive runs.51 The encapsulation of
metal particles inside the zeolite crystal limited metal
migration and thus prevented metal aggregation and leaching
during catalysis (Fig. 2). As the Brønsted acid sites are key for
direct LA-to-PA conversion, their efficient preservation, both in
amount and strength, upon metal loading, significantly influ-
ences the yield of target products (PA/PE) that can be obtained.
Different extents of decrease in acid amount and strength have
been observed upon addition of the metal by traditional
impregnation and ion-exchange methods.13,46 Choosing the
right extraframework cation zeolite precursor and the proper
metal salt, is known, for example, to determine to a great
extent how well the strong acid sites are preserved. Further
studies are still required to assess the influence of other prepa-
ration parameters of zeolite-supported bifunctional catalysts
on acid site preservation.

Bifunctional catalysis with lignin-representative phenolics

Phenolics are widely investigated as aromatic model com-
pounds for the upgrading of lignin and whole biomass derived

Scheme 1 Hydrodeoxygenation platform of levulinic acid.
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bio-oils,3,54,55 that can be produced for example by (catalytic)
fast pyrolysis. Lignin, nature’s dominant aromatic biopolymer,
is one of major components in lignocellulosic biomass
(15–30% by weight, 40% by energy). Phenolic-rich lignin frac-
tions are becoming increasing available at low cost in agricul-
tural products, municipal wastes, the pulp and paper industry
and bioethanol refineries. Indeed, for reasons of economic via-
bility, the development of lignin valorisation technologies is
considered essential for the viable biorefinery operations.56–58

Still, lignin is currently considered a waste product and used
mainly for internal energy supply and as a source for produ-
cing low-grade fuels. To address this discrepancy, increasing
attention is being devoted to catalytic upgrading of bio-oils
and various lignin-derived phenolics.18,58–60

To better understand the reactions that occur and catalyst
functions that are required during bio-oil production and
upgrading, various oxygenated monoaromatics, such as
phenol, anisole, guaiacol, catechol, eugenol and syringol have
been used as model compounds.61,62 The HDO of, e.g., phenol
typically involves a series of reactions, including direct hydro-
genolysis to alkanes and hydrogenation, dehydration, cracking,
(de)alkylation and hydrolysis steps, and various bifunctional
catalysts have been recently evaluated for this reaction.18,63–66

Zeolite-supported metal (Pt, Pd, Ni, Ru etc.) catalysts show par-
ticularly promising performance for HDO of phenol.21,63,67–70

Phenol HDO is typically carried out at reaction temperatures in
the range of 383 to 623 K with hydrogen pressures from 1 to 80
bar. Different HDO pathways of phenol that can occur over
metal/zeolite catalysts are illustrated in Scheme 2. Phenol can
be directly hydrogenolysed to benzene, and subsequently
hydrogenated to cyclohexene, which can be further hydrogen-
ated to cyclohexane, after which acid-catalysed isomerization
can give methylcyclopentane. The direct hydrogenolysis
pathway is dominant and is noticeably favoured at higher
temperature conditions (>473 K).64,71 Cyclohexane is favoured
to form in batch reactors while benzene is preferred to form in
continuous flow reactors owing to the shorter contact time
that prevents further hydrogenation of aromatic ring.
Alternatively, phenol can be hydrogenated first to cyclohexa-
none, and ultimately cyclohexanol and subsequently de-
hydrated to cyclohexene and then hydrogenated to cyclo-

hexane, and finally to methylcyclopentane. Bicyclic products
can be also formed from the coupling of two phenol-derived
cycloalkanes over the bifunctional catalysts made with zeolites
with large pores. For example, cyclohexanone can undergo
aldol condensation and further HDO to give bicyclics; alterna-
tively, phenol can be alkylated by cyclohexanol, via a carbe-
nium intermediate to form 2-cyclohexylphenol, and then
hydrogenated to bicyclics. In addition, other phenolic
monomer compounds with additional functional groups, such
as anisole, guaiacol, catechol, syringol and other intermediates
have been also used to study the potential upgrading of lignin-
derived monomers. HDO of those phenolics to hydrocarbons
requires multi-step reactions to remove the additional oxygen
functional groups via selective cleavage of C–O bonds (either
demethoxylation or demethylation), hydrogenation, hydrolysis,
and (de/trans) alkylation. Demethylation via the cleavage of
Cmethyl–O bond is typically favoured kinetically over direct
deoxygenation, owing to Cmethyl–O being weaker than the
Caryl–O one. Bifunctional catalysts can link these different reac-
tion steps required for product formation. Metal sites can
serve as the active sites for demethylation, demethoxylation,
and hydrogenation, while acidic sites catalyze dehydration,
hydrolysis and (de/trans) alkylation reactions.

Remarkable HDO efficiency could indeed be achieved by a
combination of Brønsted acid and active metals. Yan et al. first
showed that a homogeneous Brønsted acid (H3PO4) combined
with a hydrogenation catalyst (Ru/C, Pd/C, Rh/C, Pt/C or metal
nanoparticles) were effective for HDO of phenolics.81,82

Nevertheless, the addition of homogeneous acids as catalysts
will likely cause the recycling, corrosion and environmental
problems. Therefore, the use of a solid zeolite support for the
development of a metal/zeolite bifunctional catalyst system
was proposed as an alternative for full HDO of phenolics. Pt/
H-Y,67,74,83 Pd/H-Y,68 Pt/H-β,61,75,83–85 Ru/H-β,62 Ru/H-ZSM-5,63

Pt/H-ZSM-5,73,78 Ni/H-ZSM-5,21,69,71,79 NiCo/H-ZSM-5,64 and
RuCu/H-Y86 all showed excellent activity for the HDO of
various phenolic monomers. Hong et al. reported that a Pt/H-Y
conventionally prepared by impregnation, exhibited an excel-
lent HDO activity (100%) and cyclohexane selectivity (>90%)

Fig. 2 Encapsulation of cobalt metal particles inside the zeolite for
efficient production of valeric biofuel with improved catalyst stability,
reproduced from ref. 51 with permission from [American Chemical
Society], copyright [2014].

Scheme 2 Reaction pathways of phenol over zeolite-supported metal
catalysts in catalytic HDO reactions.
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for phenol HDO in a fixed-bed configuration at 40 bar H2 and
523 K. Pt supported on other zeolite supports (H-β and
H-ZSM-5) were also tested and compared with the traditional
sulfided CoMo catalysts, and the Pt/zeolite catalysts proved
more efficient for the HDO of phenol, with both a higher
activity and selectivity to cyclohexane even at high space vel-
ocity (20 h−1).67 Zhang et al. reported a Ru/H-ZSM-5 (Si/Al =
25), prepared via incipient wetness impregnation, which
showed excellent HDO activity converting several lignin-related
C6–C10 phenolics to cyclohexane in high yield (>90%) in water
at 473 K.63 The high activity of the Ru/H-ZSM-5 was attributed
to the strongly acidic Brønsted acid sites, as other acidic
support such as SiO2–Al2O3 delivered a much lower yield
(∼60%) with Ru and Rh, even at higher temperature (523 K).87

Noble metal-based bifunctional catalysts such as Ru/H-β and
Bifunctional metal/zeolite catalysts are also effective in HDO of
phenolic dimers that mimic compounds that can be found in
bio-oils and for which transformations require a tandem com-
bination of metal/acid-catalyzed cleavage of C–O (4-O-5, α-O-5,
β-1, β-5) and even C–C (5–5′, β–β) bonds and integrated hydro-
genation, hydrogenolysis and dehydration reactions.62,63,77,79,80

For example, the Ni/ZSM-5 catalyst, prepared by wet impreg-
nation (average Ni particle size of 24 nm), was able to hydro-
deoxygenate all major components of the aromatic fraction of
pyrolysis bio-oil (substituted furans, mono- and dimeric-
phenols), via a one-pot conversion at 523 K, 50 bar hydrogen
pressure. The obtained O-free gasoline-range hydrocarbons
contained less than 10% of C5–C6 paraffins and more than
90% of C5–C9 naphthenes and C6–C9 aromatic molecules,
allowing direct blending with gasoline. The Ni/ZSM-5 catalyst
did not deactivate over 5 consecutive runs, and limited Ni
leaching was observed after 80 h in water. This supported
zeolite catalyst thus proved rather stable under these hydro-
thermal conditions.79

While the examples above illustrate that bifunctional metal/
zeolite catalysts show strong potential for application in the
downstream processing of bio-oils and phenolics, a knowledge
gap still exists for these reactions in terms of the relation
between catalyst preparation and performance, including
stability. Most reported metal/zeolite catalysts were synthesized
by simple traditional impregnation methods, with the metal
nanoparticles mainly ending up on the external surface of zeo-
lites. Indeed, many other options remain to be explored in
catalyst synthesis methods, and many different parameters
can be modulated and further optimized during the prepa-
ration processes. In addition, while previous studies were
mainly focused on catalyst activity/selectivity, stability received
less attention, with the metal/zeolite catalysts often being lim-
itedly characterized after reactions. Sintering/leaching of metal
particles, dealumination/desilication of the zeolite and coke
deposition can occur and cause catalyst deactivation in the
liquid phase under the employed conditions. Thus, more
research is required to allow rational development of bifunc-
tional catalysts, which are not only efficient in conversion and
selectivity, but also show long term stability in liquid phase
and under the applied conditions (see also Challenge 2).

Bifunctional catalysis with triglycerides and fatty acids

Triglycerides and fatty acids, widely found (as constituents) in
microalgae, vegetable oils and animal fats, are highly suited
for advanced bio-fuel applications, given their long carbon
chains. In addition to the obvious direct application of fatty
acid esters as biodiesel, extensive research efforts have aimed
at upgrading triglycerides and fatty acid into advanced deoxy-
genated biofuels, also with the use of bifunctional zeolite-sup-
ported metal catalysts.88–91 Scheme 3 shows the reaction
pathway for the HDO of triglycerides with metal/zeolite cata-
lysts. It proceeds via an initial metal catalysed hydrogenation
of unsaturated double bonds, and subsequent hydrogenolysis
of saturated triglycerides to fatty acids and propane. The fol-
lowing HDO of the released fatty acids involves either direct
decarboxylation to corresponding alkanes or hydrogenation of
carboxylate to corresponding aldehyde. The resulting aldehyde
can either be further decarbonylated to ultimately give the
alkane or hydrogenated to the alcohol, followed by dehydra-
tion and hydrogenation. The formed long-chain alkanes can
be isomerized and cracked into branched and shorter-chain
alkanes. The hydrogenolysis, decarboxylation, decarbonylation
and hydrogenation steps are typically carried out over the
metal sites, while the acid sites of the zeolites enable the de-
hydration of alcohol intermediates, isomerization and hydro-
cracking of the formed long-chain alkanes.

Straight chain acids and their esters, such as stearic acid
(ester) and palmitic acid (ester), are often used as model com-
pounds for fatty acid and triglyceride HDO. Conventional
hydroprocessing catalysts, such as sulfide-based NiMo/Al2O3

and CoMo/Al2O3, exhibit high activity but poor stability owing
to sulphur leaching during the reactions, which not only con-
taminates the products but also results in a quick deactivation
of the catalysts.92,93 Compared to traditional hydrotreating
temperatures (623–723 K), HDO with bifunctional catalysts can
be run at considerably lower temperatures (<573 K), shows
higher selectivity to the target linear hydrocarbons. Various

Scheme 3 Reaction pathway of transformation of triglycerides and
fatty acids to alkanes in catalytic HDO reaction, (R’1, R’2 and R’3 are
unsaturated alkyl chains), reproduced from ref. 89 with permission from
[Wiley-VCH], copyright [2012].

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2019 Green Chem., 2019, 21, 3744–3768 | 3755

Pu
bl

is
he

d 
on

 0
6 

Ju
ne

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

U
tr

ec
ht

 o
n 

2/
3/

20
20

 1
:0

6:
25

 P
M

. 
View Article Online

https://doi.org/10.1039/c9gc01216h


metal/zeolite systems have been reported for this reaction,
including triglyceride/or derivatives (vegetable, jatropha and
microalgae oil) and fatty acid towards biofuel production, with
metals ranging from Pt, Pd, to the base metals Ni, Co, and zeo-
lites supports including ZSM-5, ZSM-22, SAPO-11, H-β, and
H-Y.21,89,91,94–97 Intriguingly, Song et al. explored the effect of
different preparation methods of Ni/H-β on HDO of stearic
acid and crude microalgae oil.90 Ni/H-β prepared by depo-
sition-precipitation (d = 2.5 ± 0.7 nm) and nanoparticle graft-
ing methods (d = 3.9 ± 1.0 nm) demonstrated higher activity
and stability upon recycling due to a better distribution of
smaller Ni particles, compared to a catalyst prepared by
impregnation (d = 24.7 ± 12.8 nm), as confirmed by TEM, IR of
adsorbed CO, and TPR-H2 measurements. Although the Ni/H-β
prepared by ion exchange/precipitation methods (d = 2.6 ±
1.4 nm) showed good activity with a high initial reaction rate,
a dramatic increase in Ni particle size as well as a drop in
activity was observed upon recycling. A less uniform Ni particle
size distribution led to the growth of larger particles at the
expense of smaller ones through Ostwald ripening. In the best
catalysts, small metal particles thus offered high catalytic
activity, with a narrow particle size distribution ensuring good
stability by minimizing the growth of larger particles.

For diesel or aviation fuel application, isomerisation to
branched alkanes or cracking to short-chain alkanes is necess-
ary to improve fuel properties. Normally, higher temperature
promotes the isomerization/cracking reactions resulting in the
increase in iso-alkanes/n-alkanes ratio and short-chain products,
while lower temperature favors long-chain n-alkane selectivity.
Compared to using only zeolite as the catalyst, the metal/zeolite
system can improve the iso-products formation at a relatively
lower temperature (513 K). For a good isomerization selectivity,
a combination of a high hydrogenation activity with moderate
acidity is required. Such high catalytic activity and isomeriza-
tion selectivity have been reported for Ni/H-ZSM-5,89,94 Ni/
H-ZSM-22,19 NiMo3−X/SAPO-11,

95 Pt/SAPO-11,98 Ni/SAPO-11,99

Co/H-ZSM-5,97 and PtSn/SAPO-11100 for the quantitative con-
version of various substrates like palmitic acid, methyl palmi-
tate, palm oil, soybean oil, and vegetable oil. When combi-
nation of zeolite with strong acidity or non-optimal metal/acid
balance, the degree of cracking is favored with products in
aviation fuel range. The extent of cracking was found to be
dependent on the acid site density and pore size of the zeolite.
Severe cracking of the produced alkanes (43%) was achieved
with Ni/ZSM-5 (10 wt%, Si/Al = 45) in stearic acid HDO in
dodecane at 533 K, 40 bar H2 for 6 h.89 The higher acid site
concentration and the narrower pores of Ni/ZSM-5, compared
to those of Ni/H-β, led to a much higher cracking rate due to a
higher effective residence time on the acid sites.

For HDO of fatty acid and triglycerides, small-sized metal
particles together with good size uniformity in zeolites are pre-
ferred, which can efficiently improve the catalyst performance,
and also suppress the polymerisation reactions towards coke.
To this end, a relatively solvent-free method, named melt infil-
tration, shows an advantage for catalyst preparation over tra-
ditional impregnation and ion exchange, where water is nor-

mally employed as solvent for loading a metal onto the zeolite
support. For example, Cao et al. compared melt infiltration,
incipient wetness impregnation and wet impregnation
methods for the preparation of Ni/ZSM-22 catalysts for HDO of
palmitic acid.19 This Ni/ZSM-22 material prepared by melt
infiltration then outperformed its counterparts prepared by
conventional impregnation methods in terms of activity and
isomerization selectivity over a temperature range from 473 to
533 K and 40 bar. Improved dispersion of metal was observed
for the melt-infiltrated Ni/ZSM-22 catalysts, probably owing to
avoiding the competitive adsorption of solvent molecules on
the zeolite supports. The improved metal dispersion signifi-
cantly contributed to catalyst stability as well, as no obvious
deactivation was observed over five recycle runs at 533 K.

Concept 2: balancing the metal and
acid sites

As illustrated above, HDO normally requires multiple, mechan-
istically-different reactions that occur both in series and in par-
allel, requiring different catalytic functions to occur. To
achieve high selectivity towards the targeted product, efficient
coupling of these different reactions by finding an optimal
balance of metal and acid functions is of utmost important.
Given the typically highly reactive nature of the intermediates
involved in HDO of biomass-derived substrates, such optimiz-
ation is often a sensitive affair.

Site-ratio balancing for HDO of levulinic acid

For levulinic acid HDO, variation in the relative amount of
acid and metal steers the reaction towards different products.
If hydrogenation dominates in a metal/zeolite catalyst, mostly
GVL is formed, while PA formation requires the acid to domi-
nate. For instance, under the same reaction conditions (473 K,
40 bar H2), a high selectivity of GVL (>98%) could be achieved
with a Ru/H-ZSM-5 (Si/Al = 140) catalyst containing a low
amount of acid, while a high selectivity of PA (91.3%) could be
obtained with the more acidic Ru/H-ZSM-5 (Si/Al = 11.5).13

Other products can be also obtained by well-tuning different
functional sites. Proper addition of metal oxide as a promotor
can also tune metal properties and enables a direct transform-
ation of LA to MTHF via 1,4-pentanediol (1,4-PeD) in the HDO
route.101–103 A bimetallic Pt–Mo/H-β catalyst (3.9 wt% Pt and
0.13 wt% Mo), prepared by impregnation, was reported with a
high MTHF yield of 86% for the one-pot hydrogenation of LA
to MTHF using water as a solvent at 403 K and 50 bar H2 for
24 h.53 The Pt particles were found to have an average diameter
of 7.1 nm, suggesting that they are mainly located on the exter-
nal surface of zeolite; the MoOx clusters were instead found to
be highly dispersed on the surface of the H-β zeolite. Addition
of MoOx species to Pt nanoparticles efficiently improves the
hydrogenation of LA to 1,4-PeD via a synergistic effect, while
acidity of zeolite enables subsequent cyclodehydration of 1,4-
PeD to MTHF. The nature of the metal also plays a role and
normally higher metal loadings are required for non-noble
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metals (10–30 wt%), such as Ni and Cu,40,104 than for noble
metals (<5 wt%) for LA to GVL conversions, owing to the
intrinsic differences in hydrogenation ability. With the acid-
catalyzed ring opening of GVL being rate determining in the
GVL-to-PA conversion, the efficiency of this reaction was found
to indeed correlate with zeolite aluminium content.32,46,47,50,51

The zeolite with higher amount of aluminium is favoured for
obtaining good catalytic performance, however, catalyst stabi-
lity is a major concern when the high amount of aluminium
presents in the zeolite structure. On the one hand, the pres-
ence of high amount of aluminium in framework will bring
down the stability of the framework, resulting in a quick de-
activation of the zeolite via dealumination, especially in liquid
phase hydrothermal conditions. On the other hand, the high
amount of aluminium also leads to higher amount of carbon-
aceous deposit formation during catalysis.

Site-ratio balancing for HDO of phenolics

An optimal balance between metal and acid for bifunctional
catalyst is also pivotal to efficiently couple the various reac-
tions in HDO of phenolics. For example, strongly acidic zeo-
lites in combination with moderate hydrogenation activity are
inclined to yield more alkylation products. For selective bicyclo-
alkane production from coupling of phenolic monomer, an
optimal metal/acid site balance (metal–acid mole ratio of
1 : 22) was achieved over Pd nanoclusters supported on H-β at
473–523 K using water as solvent. Yields of up to 80% of
bicycloalkanes were attained for selective hydroalkylation and
deoxygenation of substituted phenols. The Pd/H-β catalyst
optimally adjusts the competing rates of metal catalyzed
hydrogenation, acid-catalyzed dehydration and alkylation of
phenol derivatives to C12–C18 bicycloalkanes.70 Alternatively, a
combination of high hydrogenation activity and strong acidity
in metal/zeolite catalysts normally leads to the formation of
cycloalkanes in phenolics HDO. That strong acidity accelerates
the dehydration step of cyclohexanol during HDO of pheno-
lics, confirmed with various metal/zeolite systems, such as Ru/
H-ZSM-5, Pt/H-Y and Ni/H-ZSM-5.63,69,71,74,105 The zeolite cata-
lysts with the lowest Si/Al ratio indeed proved to be most selec-
tive to cycloalkanes. However, strongly acidic catalysts can also
catalyze the isomerization/cracking of cyclohexane to form
methylcyclopentane, as well as the undesired deposition of
coke, leading to faster deactivation of the catalyst.71 To this
end, an optimal balance between metal and acid for bifunc-
tional catalyst is required to achieve a compromise between
catalytic performance and stability. In line with this, an
approach of using hybrid zeolite Y and alumina as support to
tune the acidity of Pd-based catalyst has been reported.68 The
20/80 mixed H-Y/Al2O3 supported Pd/H-Y-Al2O3, where Pd was
deposited preferentially on the H-Y zeolite rather than on
alumina, showed improved performance in phenol HDO at
523 K, 15 bar H2 using octane as the solvent. The highest
phenol conversion (63%), with good selectivity to cyclohexene
and cyclohexane (95%), was achieved with this catalyst, values
similar to those attained with a commercial NiMo/Al2O3-
zeolite hydrocracking catalyst activated by sulfidation. In con-

trast, the more acidic Pd/H-Y showed a much lower activity
and selectivity to cyclohexene and cyclohexane, and an increas-
ing selectivity of methylcyclopentane was observed at 573 K
and 623 K. In addition, catalyst deactivation was indeed faster
with Pd/H-Y, owing to a significant amount (16.3%) of coke.

Site-ratio balancing for HDO of triglycerides and fatty acids

Triglycerides and fatty acids are structurally related to the
long-chain hydrocarbons in oil refineries. In the latter oper-
ations, efficient fuel production from long-chain alkanes is
well-known to rely on properly balanced active sites in bifunc-
tional hydroprocessing catalysts, with the strength and
amount of hydrogenation (metal) and cracking/isomerization
activity (acid) controlling the product distribution. Normally,
strongly acidic zeolites with moderate hydrogenation activity
result in formation of lighter products and gasoline, while
more weakly acidic zeolites in combination with strong
hydrogenation activity lead to longer-chain distillates.106

Analogously, more acidic zeolites and non-optimal metal
loading promote cracking activity, correlations which are also
expected to hold for triglyceride and fatty acid HDO. Peng
et al. studied moderate hydrogenation metal Ni-based zeolite
catalysts with different Si/Al ratios for HDO of fatty acids. Full
conversion of stearic acid was achieved with Ni/H-ZSM-5
(10 wt%, Si/Al = 45) in dodecane at 533 K and 40 bar H2 for
6 h, but severe cracking (43% selectivity towards cracked
alkanes was observed with such strong acidity). Upon increas-
ing the Si/Al ratios of the Ni/H-ZSM-5 catalyst to 120 and 200,
lower activities but less cracking were obtained, together with
increased selectivity to long chain alkanes (84% and 93%,
respectively).89 Similarly, the strongly acidic Pt/H-ZSM-5
(1 wt%, Si/Al = 11.5) also showed a severe cracking (>50%)
trend for HDO of jatropha oil at 543 K.91

Medium acidity with medium hydrogenation sites can shift
the selectivity towards isomerization to branched alkanes,
which is also required for high quality fuel. For example Zuo
et al. prepared Ni catalysts with various supports (γ-Al2O3,
SiO2, SAPO-11, H-ZSM-5, and H-Y) by incipient wetness
impregnation for the HDO of methyl palmitate to diesel.96 The
Ni/SAPO-11 catalysts with medium acidity showed superior
performance, providing a proper balance between the Ni and
acidic support. The influence of the ratio between these two
was demonstrated by variation of the Ni loading from 2 to
9 wt%, with the 7 wt% Ni/SAPO-11 showing the highest
hydrocarbon yield of 98% (93% for C15+ alkanes) at 493 K and
20 bar H2.

Modification of metal with promoters on moderate acidic
zeolites can further benefit the deoxygenation and isomeriza-
tion selectivity. Chen et al. studied PtSn/SAPO-11 and NiMo3−x/
SAPO-11 bimetallic catalysts for the one-step conversion of
methyl laurate to high branched isomer containing
hydrocarbons.95,100 A series of PtSn/SAPO-11 catalysts with
0.3 wt% Pt and atomic ratios of Sn/Pt from 1 to 3 were tested,
with the highest HDO and isomerization selectivity being seen
with a Sn/Pt ratio of 2 at 648 K and 30 bar H2. The improved
isomerization selectivity was assigned to a decrease in hydro-
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genation ability upon addition tin, resulting in an increased
formation and subsequent isomerization of unsaturated
hydrocarbons. In another case, the strong cracking activity of
Pt/H-ZSM-5 (1 wt%, Si/Al = 11.5, >50%) of jatropha oil at 543 K,
could be suppressed by addition of rhenium to tune the
surface acidity of Pt/H-ZSM-5 catalyst. An optimal Re/Al ratio of
0.8 was achieved for PtRe/H-ZSM-5 catalysts, with a high
selectivity to long-chain hydrocarbon products (80% conver-
sion and 70% C18 selectivity) even at a high jatropha/catalyst
ratio of 10 at 543 K for 12 h.91 Catalyst characterization indi-
cated that Pt and Re were segregated on the surface of the
PtRe/H-ZSM-5, but a synergy effect between the metals was
postulated for the improved deoxygenation ability, however,
without detailed explanation. The balance of metal and acid
sites can be also tuned by variation of the synthesis process.
The effect of changing the reduction temperature from 673 to
823 K on the structure and performance of a NiMo3−x/SAPO-11
catalyst was investigated.95 The NiMo3−x/SAPO-11 catalyst
reduced at 723 K exhibited an optimal balance between its
metal function and preservation of amount of acid sites, thus
offering a proper balance between its deoxygenation and iso-
merization activity.

Despite the important insights provided by the examples
listed above, site-ratio balancing is still only limitedly studied
in the HDO of biomass-derived platform and model com-
pounds, and the general re-balance of different functional
sites for achieving target products definitely needs further
study, especially on how to rationally constitute the desired
sites in one catalyst for efficient coupling kinetics of various
reactions both in series and in parallel are required. Efforts
also need to be made for understanding the insight for the sig-
nificant rate enhancement, especially when a synergetic effect
is proposed.

Concept 3: optimizing proximity
between metal and acid sites

With respect to rational design of HDO catalysts, not only the
ratio but also the proximity of acid site and metal hydrogen-
ation function should be taken into account. There are nor-
mally two ways of proximity between metal and acid sites in
metal/zeolite systems (Fig. 3). One is between the external
metal particles and pore-mouth acid sites, the other is
between metal clusters and acid sites confined in micropores
of zeolites. Especially, the intimacy between metal and acid
sites inside the micropores of zeolites can provide additional
benefits and sometimes synergistic effects in catalysis. For
example, metal stability can be significantly improved, owing
to the constraint of the micropores, which suppresses the
further growth and migration of metal clusters; in addition,
the acid sites in the micropores might serve as the anchoring
sites for the metal, and the strong interactions between metal
and acid can efficiently prevent sintering and leaching; more-
over, the nearby metal sites can quickly hydrogenate unsatu-
rated intermediates, avoiding further transformation to car-

bonaceous deposits on acid sites; furthermore, a properly
selected pore structure can efficiently stabilize the reactive
intermediates via confinement effects, and the proximal
metals confined in these pores can selectively hydrogenate the
intermediates to target products.

Site intimacy for HDO of levulinic acid

By exploring various synthesis parameters (metal precursor,
cation type, reduction atmosphere) in the preparation of Ru/
H-ZSM-5, controlled deposition/exchange of ruthenium into
the ZSM-5 pores could be achieved via a combination of the
wet impregnation and ion-exchange methods.13 As a result,
the Ru/H-ZSM-5 material with the highest amount of metal
sites in close proximity to the acid sites in the micropores
showed an excellent yield of 91.3% PA in the direct conversion
of LA at 473 K and 40 bar H2 pressure after 10 h, while the Ru/
H-ZSM-5 with metal sites on the external surface of zeolite
showed only a PA yield of 45.8%.46 Key to localizing the metal
close to the acid was the use of the ammonium form of ZSM-5,
Ru(NH3)6Cl3 as the ruthenium precursor, evaporation of the
impregnation solvent at a proper rate and, finally, applying a
direct reduction step at a slow heating ramp under a dilute H2

flow. Together, this allowed for preservation of strong acidity
and increased proximity between metal and acid function in
the pores of zeolite. In this case, the entire cascade reactions
can be processed inside the pores of the zeolite. LA is first
hydrogenated to 4-hydroxypentanoic acid (HPA) over the metal
sites, with the pores of ZSM-5 stabilizing the reactive inter-
mediate HPA confinement, after which HPA is directly de-
hydrated to PEA, and finally hydrogenated to PA (green route
in Scheme 1), avoiding ring closure to GVL. Characterization
by TEM and physisorption indeed showed the Ru to be finely

Fig. 3 Schematic representation of proximity between metal and acid
sites in metal/zeolite catalysts. The blue spheres represent metal clus-
ters, and the red spheres represent acid sites in the micropores. Two
types of the intimacy between metal and acid sites are exhibited for
metal/zeolite catalysts. 1 indicates a close proximity bwteen metal and
acid sites confined in the micropores, and 2 indicates a close proximity
between the external metal particles and acid located at pore mouths.
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(1.7 ± 0.4 nm) with a significant fraction of metal localized
inside the pores of ZSM-5. Compared to the metal particles on
the external surface of ZSM-5, the metal inside the zeolite
microporous is more stably anchored via a strong interaction
between metal cation and the negatively charged framework of
the zeolite. Indeed, a bimodal particle size distribution (small
particles <2 nm in the pores and larger particles from 5 to
14 nm on the external surface) was observed after recycle runs,
indicating that sintering of metal could be mainly attributed
to the agglomeration of the particles on the external surface of
ZSM-5. Deactivation of this Ru/H-ZSM-5 material in recycle
tests was primarily caused by carbon residue deposition on the
acid sites. Less coke deposition was observed for the Ru/
H-ZSM-5 with the metal dispersed into the micropores com-
pared to a Ru/H-ZSM-5 material containing big particles
(∼4 nm) on the external surface of zeolite.

Close proximity between metal clusters and acid in zeolites
can be also achieved by atomic layer deposition (ALD).
Recently, Gu et al. employed ALD to deposit Pt into micro-
porous H-ZSM-5 (Si/Al = 50).23 The highest TOF (6.3 s−1) was
achieved with Pt/H-ZSM-5 prepared by the lowest ALD cycle
number in aqueous-phase hydrogenation of LA to PA at 10 bar
H2 at 473 K. Upon increasing ALD cycle numbers, a decrease
in TOF was correlated to a decrease in the amount of Pt
species located close to acid sites in the pores of zeolite and an
increase in the amount of Pt nanoparticles deposited on the
external surface of ZSM-5. The Pt located in micropores could
more efficiently affect the cascade reactions involved in PA pro-
duction than the Pt located on the external surface of
H-ZSM-5. Compared to a Pt/H-ZSM-5 catalyst prepared by
impregnation, the Pt/H-ZSM-5 prepared by ALD showed better
performance not only in terms of activity and selectivity, but
also stability.

Site intimacy for HDO of phenolics

Close proximity between acid and metal sites can not only
efficiently couple a series of reactions catalyzed by shortening
the diffusion distance, but also promote the reaction rate via a
synergistic action with both functions, in this respect, synergy
effect on bifunctional zeolite-supported metal catalysts can be
expected for HDO of phenolic model compounds. For catechol
HDO reaction at 473 K, 30 bar H2, the Ni/H-ZSM-5, with a
much higher TOF, showed significant rate enhancement in
hydrogenation and hydrogenolysis compared to H-ZSM-5 or
Ni/SiO2 catalysts. This prominent increase is tentatively attribu-
ted to the combination of a higher concentration of the react-
ing substrate and an additional delivery of hydrogen through
protons from the proximal Brønsted acid sites.12

Notably, Zhu et al. demonstrated a synergistic effect in Pt/
H-β (Si/Al = 19) for HDO of anisole into BTX (benzene, toluene
and xylenes) at 673 K and 1 bar H2 pressure.

84 High dispersion
of Pt with an average particle size of 1.4 nm was obtained via
incipient wetness impregnation, with a significant fraction of
Pt being into the micropores of H-β. Pt clusters nearby the acid
sites in the zeolite significantly improved both transalkylation
of the methyl group to the phenolic ring and HDO reactions

than the monofunctional catalyst, observed with low consump-
tion of hydrogen and minimized carbon loss as methane
(Scheme 4). The metal sites promote the rate of cleavage of
O–CH3 and thus synergistically improve the overall rate of
Brønsted acid catalyzed transalkylation reactions. Such rate
enhancement was speculated to be owing to a partial hydro-
genation of the phenolic ring near the Caryl–OH bond on Pt
that inhibited the delocalization of O lone pair orbital with the
phenolic ring π bond orbital, followed by fast dehydration over
the proximal Brønsted acid site, reforming the aromatic
system. Meanwhile, the stability of the Pt/H-β is also improved
with less coke formation. Later, Zhu et al. extended the Pt/H-β
catalyst for HDO of meta-cresol under same conditions.83 Pt/H-
β showed a 10-fold increase in activity compared to that of Pt/
SiO2 toward HDO, with a three times increase in turnover fre-
quency on the basis of Pt only, which indicated the synergistic
effect of acid sites on the metal-catalyzed HDO reactions of
phenolics. Meanwhile, good catalyst stability was also indi-
cated for Pt/H-β during stability test and coke analysis.
Compare to Pt/SiO2, Pt/H-β showed comparable coke for-
mation, but with significant higher activity.

Site intimacy for HDO of triglycerides and fatty acids

Triglycerides and fatty acids, holding long linear hydrocarbon
chain, are too bulky to easily access into the micropores of
zeolite materials. Accordingly, limited examples have been
reported on building proximity between metal and acid sites
inside the parent zeolite micropore systems for HDO of trigly-
cerides and fatty acids. Still, site intimacy of some metal and
acid sites can be built inside zeolite via introducing mesopores
or outside zeolite via making nano-structured zeolites (see also
in Challenge 1). Once the diffusion limit is overcome, the ben-
eficial effect in coupling of different tandem reactions involved
in HDO of triglycerides and fatty acids can be expected,
however, the stability of such zeolite catalysts might face a
high level of risk, especially under hydrothermal and liquid
phase conditions. Therefore, the catalyst ‘teetertotter’ between
‘accessibility’ and ‘stability’ needs to be well balanced by
designing well-defined structure of catalysts, which provides

Scheme 4 Reaction pathway of HDO of anisole over Pt/H-β, repro-
duced from ref. 84 with permission from [Elsevier], copyright [2011].
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the right proximity of distinct sites and stable structure, via
rational synthesis approaches.

Indeed, more control over catalyst synthesis is further
required to achieve the desired proximity between the metal
and acid sites. Synergistic effect arised from proximity/intimacy
between metal and acid sites for biomass HDO reactions is still
limitedly studied, and more insight is required to understand
the origin of these synergistic effects. In addition, the role of con-
finement effects on catalytic performance of zeolite, especially in
the liquid phase, is still vague and very limited studied.

Concept 4: exploiting shape selectivity

Shape selectivity in zeolite catalysis has been studied and
exploited in both academia and industry for almost 60 years.
The shape, or topology, of the internal pore structure of a
zeolite has been shown to have a great impact on tuning
product distribution, allowing particular selectivity to be
imposed by the zeolite, e.g. on isomerization and cracking
reactions. As such, it has had a significant impact on the
design of new catalytic processes in petrochemistry and
refining.107–109 As expected from the increasing application of
zeolites in biomass conversion, shape selectivity effects can be
seen in various biorefinery processes, including the bifunc-
tional catalyst materials used for upgrading of bio-derived plat-
form molecules and model compounds. Philippaerts et al.
reported a shape selective Pt/Na-ZSM-5 catalyst, which could
efficiently discriminate between the linear trans- and bent cis-
unsaturated fatty acids, selectively converting the undesired
trans-isomers by room-temperature adsorption and hydrogen-
ation.110 The optimal Pt/Na-ZSM-5 catalyst was obtained by
competitive ion-exchange using a Na/Pt atomic ratio of 25 and
subsequent calcination at 623 K with a slow heating ramp in a
high O2 flow. This procedure ensured a homogeneous Pt-distri-
bution (1.7 nm) in the zeolite, which was found to be the most
important preparation parameter to achieve good shape
selectivity, even after reduction in H2. Moreover, the Pt/Na-
ZSM-5 material also exhibited excellent shape-selective hydro-
genation of model triacylglycerols, preferring hydrogenation of
the trans-over the cis-fatty acid chains.111 In this case, the
middle chain of the triglyceride was preferably reduced, which
was attributed to pore mouth adsorption of the substrate in a
tuning fork configuration. The selective hydrogenation and
removal of undesired trans-isomers resulted into the pro-
duction of desirable and healthy fats/oils (low in trans, high in
oleic).

Differently sized zeolite micropores can also provide
different extents of spatial constraints on molecular motion
and product formation, which can provide a shape selectivity
effect on the product distribution. In the HDO of phenolic
monomers to alkanes over metal/zeolite catalysts, the shape
selectivity concept has thus been applied to tune product
selectivity. Monocycloalkanes are the main product when
using a small pore zeolite, such as H-ZSM-5;67,72,112,113 While
bicycloalkanes can be selectively produced when using a large

pore zeolite supported bifunctional catalyst, such as H-Y and
H-β.67,72,113,114 Notably, during HDO of bulky model com-
pounds of fatty acid esters and different oil (soybean/vege-
table/palm/jatropha oil), the narrow channels of 10-ring zeo-
lites also show a good product selectivity of diesel range pro-
ducts. The cracking of bulk molecules started at these acid
sites at the pore mouth of 10-ring zeolites, and consequent
upgrading steps could be thus followed with the resulting
small species diffusing into the zeolite pores. For example,
Pt/SAPO-11-Al2O3 (30 wt% γ-Al2O3 as a binder),98 Ni/
SAPO-11,96,99,115 Pt/H-ZSM-5,91 and NiMo3−x/SAPO-11

95 can
selectively upgrade various fatty acid esters and different oil
(soybean/vegetable/palm/jatropha oil) into diesel range pro-
ducts, with excellent catalytic activity and high isomerization
selectivity.

Challenge 1: accessibility of active sites

In order to overcome diffusion, adsorption and desorption
limitations, improvement of accessibility of active sites of
zeolite crystals can be achieved via two approaches (Fig. 4).
One is introducing mesopores into the zeolite framework, to
achieve hierarchical porosity in the zeolites. The hierarchical
zeolite applied in biomass conversion has been reviewed exten-
sively by Ennaert et al.16 Such hierarchical zeolites facilitate
the diffusion of molecules in and out of the zeolite crystal and
enlarge the amount of accessible active sites. The other
approach is to decrease the size of zeolite crystal, i.e. by
making nano-structured zeolites. The nano-structured zeolite
can efficiently shorten the diffusion distance inside the zeolite
crystal and expose more surface active sites compared to the
parent zeolites. Metals supported on such zeolites should be
more accessible than metals in the pores or on the external
surface of conventional zeolites. For both approaches, promis-
ing results have been obtained in a large variety of reactions in
petrochemistry,117,118 and much can be expected when this
approach is extended to zeolite supported metal catalysts used
for HDO reactions of bio-derived compounds, where bulky
molecules are often involved.

For example, a mesoporous ZSM-5 supported Pt catalyst
showed enhanced performance of the upgrading of bio-oil
model compounds (dibenzofuran, cresol and guaiacol) com-
pared to a traditional ZSM-5 supported Pt, which was attribu-

Fig. 4 Schematic representation of parent zeolite, nano-structured and
hierarchical zeolites supported metal catalysts. The blue spheres rep-
resent metal clusters.
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ted to reducing diffusion and adsorption limitations.76

Similarly, an improved catalytic HDO performance has also
been reported with Pt/Meso-β for upgrading phenolic
monomer compounds (phenol, guaiacol).75,119 In addition,
hierarchisation of zeolites can also improve metal dispersion
into the zeolite crystal, which can subsequently enhance the
catalytic performance of HDO reactions in biomass conver-
sion. An improved metal dispersion even at high metal load-
ings can be obtained with mesoporous zeolite as the support.
Ma et al. prepared a high-metal content 35 wt% Ni/H-USY
(Si/Al = 16) with small Ni nanoparticles (5 nm) loaded onto the
hierarchical H-USY zeolites by the deposition-precipitation.
This catalyst showed high efficiency in HDO of fatty acid, fatty
esters and palm oil at 533 K, 40 bar H2, with dodecane as the
solvent. A high initial rate of 60 h−1 and a high C18 alkane
selectivity of 96% from stearic acid were achieved, owing to the
enhanced Brønsted acidity by adjacent Lewis acid resulting
from a desilication treatment, and the significant amount
(35 wt%) of highly dispersed Ni nanoparticles (4.9 ± 1.2 nm)
onto/into the interconnected pores of hierarchical H-USY.116

The use of nano-structured zeolites as support for bifunc-
tional catalysts can be also an efficient approach to improve
accessibility limitations. In particular for those reactions that
predominantly occur on the external surface of the zeolite, as
is often the case in biomass conversion, the use of nano-sized
structures can be particularly advantageous given the relatively
large exposed external surface, offering abundant active sites.
For example, Liu et al. reported a nano-sized SAPO-11 (Si/Al =
0.11 and Al/P = 1) supported Ni catalysts for the one step HDO
of palm oil at 553 K, 40 bar H2, and a high yield (80%) of
liquid hydrocarbons, high isomerization selectivity (80%) and
excellent stability were obtained.115 The employment of the
nano-sized SAPO-11 (20–50 nm) as the support significantly
facilitated the diffusion of the bulky palm oil substrate.
Similarly, the influence of support composition and mor-
phology on the intrinsic activity of Ni supported on H-ZSM-5
was explored by Schreiber et al. in the HDO of methyl stearate
at 553 K and 40 bar H2.

94 Self-pillared zeolite nanosheets (with
height of 8 nm and lengths of 20–100 nm) showed a signifi-
cantly increased accessibility of acid sites by a factor of 3–4
and offered a one order of magnitude higher mesopore
volume for metal deposition compared to conventional zeolite
supports. Thus, higher Ni dispersion and higher reaction rates
were reported for the nano-structured supports (TOF =
126 h−1) than for the conventional zeolite (TOF = 94 h−1).

A particularly important factor for zeolite-supported bifunc-
tional catalysts in biomass conversion is the catalyst lifetime,
as this is often rather limited owing to the coke deposition,
and blockage of the zeolite micropores and active metal phase.
Especially in condensed phase reactions with active, oxygen-
rich intermediates, the micropores of the zeolites can be easily
blocked by the carbonaceous deposits during reactions. Also
here nano-structuring is advantageous, as the short micro-
porous channels of a nano-structured zeolite allow for more
facilely diffusion of the product out of the catalyst, and
decrease the contact time of products with the active sites,

thus avoiding secondary reaction that form carbonaceous
deposits. In addition, such structure can also improve the
metal dispersion, which can subsequently hydrogenate the
unsaturated species and thus alleviate the coke formation.
Excellent catalytic stability of Ni/nano-sized SAPO-11 catalysts
was reported in HDO of palm oil, whereas a much lower
amount of coke deposition was observed compared to a com-
mercial Ni/SAPO-11, owing to a significant improvement of
product diffusion and metal dispersion in the pores.115

While the examples above show potential, the employment
of bifunctional, metal containing hierarchical or nano-struc-
tured zeolites for biomass conversion is limitedly studied. The
optimal balance between introducing additional meso/macro-
porosity and maintaining the micropore size of zeolites has
not been fully explored or achieved in many reactions in
biomass valorization. A compromise between enhancing mole-
cule diffusion, metal dispersion and accessibility of active
sites, and maintaining the intrinsic acidity, space restriction,
and shape selectivity of zeolites needs to be found to obtain
enhanced catalytic performance. Therefore, tailored synthesis
strategies (bottom-up and top-down) by carefully tuning
various preparation parameters, such as conditions of steam-
ing, acid/base leaching deserve more attention.

Challenge 2: stability of zeolite
supported bifunctional catalysts

Most industrial zeolite supported bifunctional catalysts are
normally employed for gas phase processes. When such cata-
lysts are applied in biomass HDO reactions, normally in liquid
phase, the oxygen-rich condensed phase and hydrothermal
conditions (hot liquid water) can provide extra challenges for
catalyst stability. Irreversible catalyst deactivation in HDO pro-
cesses can occur via various pathways with metal/zeolite cata-
lysts during catalysis. For example, it can be induced by the
change of active metal phase (sintering, leaching and poison-
ing), destruction or alteration of the support (dealumination
and desilication), or deposition of carbonaceous material
(coke). Catalyst stability typically receives less attention than
activity and selectivity, especially in more exploratory biomass
conversion research. Thorough studies of zeolite-supported
bifunctional catalysts are nevertheless essential to assess the
efficiency of biomass HDO reactions.

Deactivation of the metal phase

The polar and acidic liquid solvent, reactants, formed inter-
mediates and products can deactivate the metal phase of the
bifunctional catalysts during the HDO conditions. Leaching or
sintering of active metal are the main issues in polar and
acidic oxygen-rich function reaction medium under hydro-
thermal conditions. The deactivation of metal phase in zeolite
supported metal catalysts can be influenced by many different
factors, including the size and the type of the metal particles
and their interactions with the support. Strong interaction
between metal and support, and uniform distribution of metal
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dispersion can benefit the metal phase stability from alleviat-
ing metal leaching and sintering. Those are often correlated to
the catalyst synthesis methods and post-synthetic modifi-
cations. A higher amount of Brønsted acid sites was shown to
be useful for the formation of strong metal-support inter-
actions in Ru/ZSM-5 (5 wt%, Si/Al = 25), and thus prohibited
the Ru sintering and leaching at 343 K 30 bar H2 in a 15 wt%
levulinic acid aqueous solution.45 The Ru/ZSM-5 catalyst, pre-
pared by the wet impregnation method using commercial
ZSM-5 support, showed a highly improved stability for the
hydrogenation of levulinic acid in water, which can be reused
for at least 10 times without apparent drop in activity (LA conv.
>95%, GVL yield >85%).

At elevated temperature and more acidic reaction medium,
the aggregation or overgrowth of metal nanoparticles can
become more severe in liquid phase reaction, especially for the
metal particles located on the external surface of zeolite.
Different contents of metal sintering have been observed with
Ru/zeolite catalysts, at 473 K, 40 bar H2 after 10 h reactions in
dioxane,13 2-ethylhexanoic acid and neat LA.46 A bimodal dis-
tribution of the spent Ru/ZSM-5 points to the fact that the frac-
tion of Ru metal particles located inside the zeolite is more
resistant to sintering owing to the spacial constraint of zeolite
pores, while the Ru particles located on the external surface of
zeolite is facilely to form big particles under the applied con-
ditions. The addition of a second metal to form alloy is also an
efficient approach for improving metal phase stability, which
can significantly improve the metal dispersion and alleviate
metal aggregation issue.38,120,121 Thuan Minh et al. studied
HDO of phenol with bimetallic Ni-based/H-ZSM-5. Transition
metal of Cu or Co was added in Ni/H-ZSM-5 for HDO of
phenol at 523 K and 50 bar H2. The addition of Cu to
Ni/H-ZSM-5 (17) strongly promoted Ni reducibility and leads to
the formation of Ni–Cu alloy but decreased the amount of Ni
sites as well as tended to segregate at the external surface of
H-ZSM-5, and those effects finally lowered conversion and
selectivity of HDO products; while the addition of Co led to
finely dispersed Ni particles and the stabilization of the active
sites by forming alloys. The optimized catalyst, 10 wt% Ni-
10 wt% Co/H-ZSM-5 showed a hydrocarbon selectivity of 99%
at quantitative conversion of phenol.64 Wang et al. investigated
Ru–M/H-Y (M = Fe, Ni, Cu, Zn), prepared by incipient wetness
impregnation methods, for HDO of softwood lignin and
several lignin model compounds at 523 K and 40 bar H2.
Bimetallic catalysts, especially 2.5 wt% Ru-2.5 wt% Cu/H-Y
(2.6) exhibited higher HDO activity of guaiacol to hydrocarbons
than Ru/H-Y. The addition of a 3d transition metal (Fe, Ni, Cu,
Zn) with Ru prevent over-hydrogenolysis of the hydrocarbon
products into gaseous products. Based on characterization, the
addition of Cu to Ru tended to form smaller alloy clusters with
narrow size distribution and small average size. Good dis-
persion of metal species without severe segregation was
observed owing to alloy formation.86

Another approach for improving metal stability in zeolite is
encapsulation of metal particles inside zeolite crystal.
Compare to traditional metal/zeolite catalysts, the encapsu-

lated metal in zeolite (metal@zeolite) alleviates the issues
such as metal sintering and leaching during biomass platform
HDO reactions. Sun et al. prepared a cobalt embedded zeolite
catalyst Co@H-ZSM-5 (10 wt%, Si/Al = 38) by the in situ syn-
thesis method, where Co nanoparticles were encapsulated
during the nucleation and growth of ZSM-5.51 Compared to
Co/H-ZSM-5 prepared by incipient wetness impregnation
method, the Co@H-ZSM-5 catalyst showed excellent stability
for one-pot HDO of LA at 513 K and 30 bar H2, which success-
fully avoided deactivation and showed >90% PA + PE yield
within eight consecutive runs. This preparation strategy
efficiently stabilizes the cobalt nanoparticles against metal sin-
tering and leaching under liquid phase reaction conditions.
Wang et al. successfully prepared a Pd@silicalite-1 by an
encapsulation method from solvent-free crystallization of a
solid mixture including Pd nanoparticles, amorphous silica,
and organic structural directing agent. The Pd@silicalite-1 was
highly active and excellent in selective hydrogenation of bio-
derived furfural to furan, giving a high selectivity of 98.7%
with furfural conversion of 91.3%. Notably, the Pd@silicalite-1
showed high regenerated activity and good stability of those
encapsulate Pd nanoparticles. Even with calcination at 873 K
for 4 h in air, the Pd nanoparticles still keep their Pd size dis-
tribution. In comparison, most of the Pd nanoparticles on the
external surface of silicalite-1 zeolite aggregated to larger than
10 nm nanoparticles after the same treatment. This phenom-
enon was attributed to the unique core–shell structure of
Pd@silicalite-1 zeolite, where the silicalite-1 shell prevented
the migration and aggregation of Pd nanoparticles.122

Zeolite stability

The zeolite supports are traditionally often used as catalysts
for gas phase processes in industrial application. With many
of the biomass-derived platform molecules necessitating
liquid phase reactions for further conversion, for reasons of
lack of volatility and lack of stability at higher temperature,
these new conditions bring about particular challenges with
respect to the stability of the zeolites. In addition, some of
these biomass platform molecules, such as levulinic acid, are
organic acids, which bring additional options for zeolite de-
activation, e.g. by Al extraction. When these corrosive mole-
cules are used as reactants, or produced as intermediates or
are targeted products, the reaction medium is, dependent on
the concentration, acidic and corrosive which can bring signifi-
cant challenges for the stability of the employed zeolites.
Indeed, Luo et al. has shown that irreversible framework de-
alumination of the Ru/zeolites (H-ZSM-5 and H-β) occurred
during the hydrogenation of levulinic acid at 473 K in different
solvents.46 Especially in the solvent of 2-ethylhexanoic acid,
the ZSM-5 and H-β zeolites are strongly affected by framework
dealumination. The acidic reaction medium induces the con-
version of framework aluminium species (FAL) into extrafra-
mework aluminium (EFAL) species, besides an overall decrease
in the amount of aluminium species. Further NMR and FT-IR
data showed that deactivation was mainly attributed to leach-
ing of Al of zeolites, and changes in the coordination of
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specific Al species correlated well with prior observed changes
in acid sites caused by Al leaching.49 For Ru/H-ZSM-5, the sym-
metric, tetrahedral FAL species were found to be mainly con-
verted into distorted tetrahedral FAL species, with limited loss
of aluminum to the solution by leaching. A severe loss of both
FAL and EFAL species into the liquid phase was observed for
Ru/H-β instead. Similar zeolite dealumination was observed
when the reaction was performed in neat levulinic acid, but, as
the corrosive reactant levulinic acid disappeared upon reac-
tions, the gradual dealumination of zeolite was less pro-
nounced. Nevertheless, when the reaction solvent was changed
from organic acids to dioxane, limit structural changes of
zeolite could be observed, and the catalyst activity could be
restored by carbonaceous residue burning-off procedure.13

Those studies show that Al-rich zeolites have potential for reac-
tions with organic acids in aqueous phase when less protic
and polar reaction medium and mild temperatures are
applied. Otherwise, working in other mild solvents shows little
problems of zeolite.

Considering the influence of water on the stability of cata-
lysts is also necessary under biomass processing conditions.
The hot liquid water has a great impact on the crystallinity of
zeolites. The elevated temperature leads to the increase in the
equilibrium constant of water, as a result of a higher concen-
tration of protons and hydroxyls. When the temperature
increases, the equilibrium constant can increase from 10−14 at
298 K to 10−11 above 573 K.123,124 This can significantly influ-
ence the acid–base equilibrium and hydrolysis of water, and
the increased concentration of protons and hydroxyls in the
liquid phase can dramatic change the catalyst stability.
Ravenelle et al. showed that the stability of zeolites in hot
liquid water highly depended on their framework type.125

ZSM-5 was stable at 423 and 473 K independent of its Si/Al
ratio, whereas various zeolite Y samples showed different
extents of degradation which depends on their Si/Al ratio. The
dominant degradation pathway of zeolite Y by condensed
water mainly occurs through hydrolysis of Si–O–Si bonds
rather than dealumination under steaming conditions. Malola
et al. have investigated the influence of water on desilication
and dealumination processes in CHA. The desilication is the
dominant degradation under steaming conditions.126 The
stability is also strongly correlated with the zeolite topology.
Zeolite with high framework density such as MFI and MOR are
relatively stable up to 523 K, while topologies with low density
such as BEA and FAU show destruction at 423 K. Lutz et al.
investigated the treatment of various zeolites with liquid water
for 72 h up to 513 K and showed that MFI and MOR zeolites
were relatively stable under such treatment, while BEA and
FAU underwent severe degradation.127 These studies provide
fundamental insight of liquid water impact on zeolite
materials under the biomass processing conditions. More
research has to be devoted to zeolite stability under hydro-
thermal and acidic conditions, to assist the transition to large
applications of zeolites in biomass conversion reactions.
Resembling the addition of rare-earth elements into Y zeolite
can efficiently improve the catalyst stability in fluid catalytic

cracking,128 introducing rare earth elements into the small
cages of zeolite can be an approach to prevent extensive degra-
dation of zeolite, which can stable the whole zeolite framework
with an increase in the hydrothermal stability of the zeolite.

The carbonaceous deposit formed during biomass conver-
sion can also cover the active site of bifunctional catalysts,
resulting in the deactivation. Normally, the formation of poly-
meric products from unsaturated species is catalysed on the
acid site of zeolite. The addition of metal, where hydrogen can
be activated, can suppress coke formation, owing to sub-
sequent hydrogenation of unsaturated species. Indeed, the
addition of Pt to H-β resulted in an improved catalyst lifetime
in the conversion of phenolic model compounds.83,84,128

Moreover, the proximity of metal and acid can further alleviate
agglomeration of unsaturated intermediates and form less car-
bonaceous deposits. Ru/H-ZSM-5 with more fractions of Ru
located inside the micropores formed less coke compare to
that with most Ru nanoparticles located on the external
surface of ZSM-5 for the one-pot HDO of LA to PA at 473 K, 40
bar H2 for 10 h.13 In addition, the addition of basic promoters
can regulate the acidity and alleviate the deposition of heavy
carbonaceous species. Sun et al. demonstrated that the
addition of potassium into Ni/H-ZSM-5 could efficiently
decrease the content of carbonaceous deposits for hydrogen-
ation of levulinic acid into pentanoic acid/ester. The addition
of potassium regulates the catalyst acidity and modified the
coke components from heavier species (alkylated poly-aro-
matics) to the lighter ones (alkylated mono-aromatics). The
optimum catalyst, Ni/K0.5/H-ZSM-5, effectively prolonged the
catalyst lifetime from 20 h to 80 h.52

Conclusions and future prospects

The application of metal/zeolite bifunctional catalysts for HDO
of biomass-derived platform molecules and model compounds
that mimic components of primary biomass conversion pro-
cesses, has recently been receiving increased attention and has
shown considerable promise. The multistep conversions that
are typically required in these tandem or cascade conversions,
involving reactive and unstable intermediates, requires careful
balancing, localization and accessibility of the distinct types of
sites in order to achieve high selectivity of the desired pro-
ducts. Rational design of bifunctional catalysts can be of great
significance for developing of promising catalysts for HDO
reactions in biomass conversion. Indeed, more research is
needed to establish synthesis-structure-performance relation-
ships explaining the proximity and site balancing, and provide
pointers as to how to obtain the desired materials. Notably,
new protocols to achieve ultra-fine metal particle dispersions
in the zeolite pores have been reported, via encapsulation of
the metal into the zeolite crystal during zeolite synthesis or via
the transformation of 2D zeolite to a 3D one.25,122,129 Such
catalyst design strategies offer advantages in catalyst perform-
ance and can be extended to application in HDO of biomass
conversions.
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Although the success of combination of metal and
Brønsted acidity has been shown for efficient coupling of
different reactions involved in HDO of biomass, the exact
working state and the nature of active sites in liquid phase are
still not clear. The polar solvent can change the nature of
metal and acid sites during reactions. To this end, the develop-
ment of in situ characterization of active sites in such liquid
phase is thus necessary for understanding the deep insight
into the nature of active sites during catalysis. In addition,
more attention needs to be paid on how to properly combine
metal and acid sites in zeolite with an optimal site-ratio, since
the optimal balance is a thin region and side reactions can
easily occur when the desired active sites are less accessible in
such complex reaction networks. Many bifunctional combi-
nations have shown promising HDO activity with rate enhance-
ment or a synergistic effect, however, the underlying details of
how such effect of different function sites comes from the
proximity between metal and acid with an optimal site-
balance, has been limitedly studied and better insight into the
reaction mechanisms involved needs to be provided.

Much less examples of shape selectivity are studied in
biomass conversion than in petrochemistry. Originally, this
concept was developed for gas phase reactions with zeolite as
the catalyst, nevertheless, the biomass HDO reactions with
zeolite supported bifunctional catalysts in liquid phase may
introduce additional complexities or even new recognition in
shape selectivity. Currently, limited knowledge on such
concept in liquid phase reactions definitely deserves more
thoroughly exploiting, better starting with platform molecules
and model compounds.

Despite improving accessibility of active sites via hierarchi-
cal or nano-structured zeolites have been successfully shown
in petrochemical processes, however, such approaches may
not always work out with improved catalytic performance in
biomass HDO. The use of hierarchical zeolite should be
necessarily selected in a proper system. High polar and func-
tionalized substrate and solvent are often used in biomass con-
version, which can inhibit the desorption of the formed inter-
mediates and products. Those unstable and active species may
subsequently form long-chain carbonaceous deposit in the
pores of zeolite, ultimately block the active sites and cease the
activity. Thus, target products with less polar and functional
group, such as aromatics or alkanes are suitable for hierarchi-
cal zeolites. The nano-structured zeolites also need to be care-
fully chosen with a proper reaction media, since the liquid
phase reaction can bring additional challenge for zeolite stabi-
lity. The employment of relatively mild reaction conditions,
leading to no severe zeolite degradation, is necessary for the
nano-structured zeolites. Otherwise, a much severe destruction
of zeolite can occur with the nano-structured zeolite materials
compared to the parent zeolites.

Most research to date focuses on the chemistry of the reac-
tions and the (initial) activity and selectivity of the catalysts
during HDO reactions, and much less attention is devoted to
catalyst stability. In addition, extremely low concentration of
biomass-derived model molecules or dilute solutions as the

reaction substrates were applied and a high amount of catalyst
was often loaded in academic cases, together with their short-
term reaction time, thereby catalyst deactivation might not be
critically addressed. Recently, Lange has reviewed catalyst de-
activation issues referring to long-term operation in the
upgrading of biomass feedstocks from an industrial perspec-
tive.130 The recognition of the stability challenges and empha-
sis of their importance for the industrial deployment of
biomass conversion processes is a first and necessary step in
the emergence of a robust bio-based economy. Commercial
zeolite catalysts are traditionally designed and used for gas
phase processes at elevated temperature (>523 K) in oil
refinery,131,132 which does not necessarily imply that they also
endure in liquid phase conditions (polar, aqueous and
even corrosive) mostly applied in biomass conversion.133

Investigations have already shown that degradation of zeolite
could occur in liquid water at high temperature (>423 K), while
steaming at the same temperature only limitedly affected the
zeolite structure.125,134–136 In addition, corrosive highly oxyge-
nated function species, such as organic acid, could also be
involved in biomass conversion, resulting in significant chal-
lenge in zeolite stability.13,46 One approach to overcome those
issues is using mild solvent with a low polarity instead of
water. For example, when the solvent is changed from organic
acids to dioxane during HDO of LA, limited zeolite dealumina-
tion is observed. Another approach for zeolite stabilization is
surface modification through coating, e.g. with a carbon layer,
oxide coating or anchoring hydrophobic species. For example,
Zapata et al. functionalized the surface of zeolite Y with hydro-
phobic organosilane species to increase hydrophobicity, result-
ing in a significant improvement in stability compared to non-
functionalized zeolite in hot liquid water and in two-phase
water-decalin emulsions at 473 K.136,137 Coating the hydrother-
mally unstable Si–O–Si surface with a thin-film niobia by
atomic layer deposition was also shown to effectively inhibit
the hydrolysis of the Si–O–Si and improve the hydrothermal
stability for the transformation of GVL to PA.138 Another
option to improve the stability is by doping of rare earth
cations into the pores of zeolite, which is used for improve-
ment of thermal stability and increasing zeolite structure col-
lapse temperature.139 Still, research efforts are required to
understand the deeper fundamentals of catalyst stability chal-
lenges, to develop creative and innovative approaches.

The use of metal/zeolites for HDO of biomass platform/
model compounds is with a great potential for catalysis due to
their abundance and tenability; in addition, much less impur-
ity in the biomass feedstock such as N and S, compared to pet-
rochemical feedstock, alleviates the poison effect on active
sites of catalysts. The final goal is the development of competi-
tive industrial processes based on biomass platform/model
compounds that can be economically competitive and attrac-
tive. Resembling the development of catalysts applied in analo-
gous processes in petrochemistry,140 upscaling tests and
addition of other additives, such as binders, catalyst matrix,
fillers etc., require further exploration and research solutions
in rational design of bifunctional catalysts, as well as overcom-
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ing the complex and important challenges in process
engineering.
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