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Functionalised heterogeneous catalysts for
sustainable biomass valorisation

Putla Sudarsanam, (2 *® Ruyi Zhong,” Sander Van den Bosch, (22
Simona M. Coman,® Vasile I. Parvulescu*® and Bert F. Sels (2 *®

Efficient transformation of biomass to value-added chemicals and high-energy density fuels is pivotal for a
more sustainable economy and carbon-neutral society. In this framework, developing potential cascade
chemical processes using functionalised heterogeneous catalysts is essential because of their versatile roles
towards viable biomass valorisation. Advances in materials science and catalysis have provided several
innovative strategies for the design of new appealing catalytic materials with well-defined structures and
special characteristics. Promising catalytic materials that have paved the way for exciting scientific
breakthroughs in biomass upgrading are carbon materials, metal-organic frameworks, solid phase ionic
liquids, and magnetic iron oxides. These fascinating catalysts offer unique possibilities to accommodate
adequate amounts of acid—base and redox functional species, hence enabling various biomass conversion
reactions in a one-pot way. This review therefore aims to provide a comprehensive account of the most
significant advances in the development of functionalised heterogeneous catalysts for efficient biomass
upgrading. In addition, this review highlights important progress ensued in tailoring the immobilisation of
desirable functional groups on particular sites of the above-listed materials, while critically discussing
the role of consequent properties on cascade reactions as well as on other vital processes within the
bio-refinery. Current challenges and future opportunities towards a rational design of novel functionalised
heterogeneous catalysts for sustainable biomass valorisation are also emphasized.

emissions reached an all-time record of 41.5 + 4.4 billion
tonnes in 2017, contributing to an atmospheric CO, concen-

Rapid population growth and vast economic developments
elicited an unforeseen increase in global energy demand that
is estimated to double between 2000 and 2035." Fossil fuel
sources, such as crude oil, coal, and natural gas currently hold
the major share of energy supply. However, fossil fuels are non-
renewable and global petroleum production is predicted to
peak by 2020 due to increasing demand for chemical indus-
tries, before decaying.” The first oil crisis in 1973 raised an
awareness about the limited availability of traditional oil and
gas sources.” Another major concern of the 21st century is the
increasing levels of greenhouse gas emissions (e.g., CO,) caused
by the enormous consumption of fossil fuels.*” Global CO,
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tration of 408 ppm, the highest since the beginning of the
industrial revolution.®® If this situation continues, global
average temperatures are estimated to increase drastically in
the range of 2.5-5.4 °C above pre-industrial levels by 2050.>
Global warming is a major threat to humankind as well as to
the biosphere, as witnessed by the increased rate and intensity
of many climate catastrophes in recent times. In order to
control global warming, several countries have issued stringent
regulations to reduce the utilisation of fossil fuels, moving
towards a carbon-neutral society. In December 2015, the 21st
Conference of the Parties to the United Nations Framework
Convention on Climate Change (COP21/CMP11, Paris) led to an
agreement between 195 countries to reduce CO, emissions,
with a target to limit global temperatures to below 1.5 °C above
pre-industrial levels.” The European Union also set the exacting
ecological targets, for example a 20% reduction in CO, emissions
by 2020 compared to 1990 levels.'® Part of the European Union
goal is also to expand the renewable energy market share to 20%
of the total energy supply by 2020. In view of these concerns and
challenges, there has been a growing research interest towards
the use of clean, sustainable resources for the production of
fuels and chemicals.
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Various renewable resources, such as wind, geothermal,
solar, hydropower, and biomass are available for the produc-
tion of energy and/or chemicals (Fig. 1). As a highly abundant,
natural carbon source, biomass is considered as a promising
renewable alternative to fossil fuels that can be transformed
into a wide range of value-added chemicals, clean solvents, and
high-energy density fuels.”'*® Global annual production of
biomass is estimated to be greater than 10 billion tons (dry
basis), equating to more than 10% of global energy supply.'”*°
Untapped biomass sources could generate a huge amount of
energy, equivalent to more than 2 billion tons of standard
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coal.” The National Renewable Energy Action Plans estimated
that biomass would provide around 42% of the total renewable
energy needed for electricity, heating, and cooling by 2020.%°
Several biomass resources, such as animal waste, agricultural
crops, wood, and aquatic plants are available for the production
of sustainable chemicals.>' These biomass feedstocks can be
harnessed within a relatively short period, boosting environ-
mental credentials.

A large number of technologies based on biological, thermal,
and chemical processes have been developed for biomass valorisa-
tion (Fig. 2).*>** Among those, chemical processing of biomass
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Fig. 1 Available renewable energy sources and valorising biomass into
fuels and chemicals.

is of paramount research interest as the resulting products
can exhibit relatively equating characteristics to petro-based
products. Various kinds of chemical processes, such as fast
pyrolysis, hydro-processing, oxidation, dehydration, hydrolysis,
(trans)esterification, isomerisation, and many others have been
reported, in which the application of a catalyst is crucial to
enhance reaction rates and to obtain high yields of desirable
products in a short time period. Indeed, catalysis is a key
technology in modern chemical industry and plays an essential
role in the production of a vast majority of bulk and commodity
chemicals.’ Catalysis greatly contributes to the development of new,
greener, and potential chemical processes, offering feasible alter-
natives to stoichiometric reactions, thus acting as a driving force
towards a more sustainable chemical industry.***® Homogeneous
and heterogeneous catalysts are both used in petrochemical industry
as well as in biomass upgrading. Homogeneous catalysts,
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Fig. 2 Concept of sustainable biomass processing.

where the active sites are in the same phase as the reactants,
can interact efficiently with the reaction substrates, typically
resulting in higher turnover frequency (TOF) rates compared to
heterogeneous catalysts. However, homogeneous catalysts are
often associated with high toxicity, corrosivity, energy-intensive
separation and purification procedures, and inefficient reusability.
Stringent government regulations have therefore directed chemical
industries to search for alternative catalytic materials. In this
respect, heterogeneous catalysis, where the catalyst exists in a
different phase (typically solids) as the reactants (mostly liquids
or gasses), could offer tremendous potentials for several energy-
and environmental-related applications including biomass
upgrading.”’° Availability of facile preparation methods, low
production costs, remarkable robustness, high resistance
to common reaction conditions (moisture, air, pressure, and
temperature) and durable lifetime are some of the primary
advantages of heterogeneous solid catalysts. More importantly,
solid catalysts can be efficiently recovered from reaction mix-
tures and can be readily reused in multiple catalytic cycles,
making the process cost-effective and more sustainable.
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One-pot cascade catalytic reactions play a pivotal role
towards sustainable biomass valorisation (Fig. 2).*'* Cascade
reactions can improve the atom economy or the E-factor
(kgwaste/KEproduct) by limiting the number of energy-intensive
steps needed for the isolation and purification of intermediate
products as well as for the catalysts recovery. In this context,
the versatile application of multifunctional solid catalysts with
adequate amounts of acid, base or redox active sites is essential.
Advances in the fields of chemistry, materials science, spectro-
scopy, and catalysis enabled us to get a profound understanding
of key steps involved in the rational design of new, multifunc-
tional solid catalysts as well as in the heterogeneous catalytic
reactions. Important aspects are fine-tuning of catalyst proper-
ties, efficient functionalisation of solid catalysts, behaviour of
reactants/intermediates/products with the solid surface, and
the modifications in catalyst properties during and after the
reaction. This in-depth understanding has provided several
innovative strategies, paving the way for the development of
state-of-the-art solid phase catalysts, which are highly valuable
not only for petrochemicals production and environmental
pollution control, but also for sustainable biomass valorisation.

Over the last few years, a variety of functionalised hetero-
geneous catalysts has been developed for biomass upgrading,
including zeolites, carbon materials, mesoporous silica, metal-
organic frameworks, metal oxide supported metals, solid phase
ionic liquids, magnetic iron oxides, and organic polymers.>"**
In particular, carbon materials, metal-organic frameworks, solid
phase ionic liquids, and magnetic iron oxides have received
great attention because of exciting scientific breakthroughs and
their extensive catalytic applications in biomass valorisation
(Fig. 3). Accommodating ample amounts of acid-base and
redox functional species is one of the unique features of these
materials, making them capable of catalyzing various biomass
conversion reactions in a one-pot way. For instance, carbon
materials (e.g., activated carbon, graphene, carbon nanotubes,

g
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Fig. 3 Schematic overview of this review.
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carbon nanofibers, and mesoporous carbons) can play a
vital role in biomass valorisation because of their fascinating
characteristics associated with tailorable porosity, rich surface
chemistry, high specific surface area, and remarkable
hydrophobicity.>® In addition, new functional carbon-based
materials can be synthesised through pyrolysis of renewable
biomass molecules (cellulose, sucrose, glucose, etc.) and their
subsequent application as catalyst support or catalytically
active phase in the biomass valorisation will be an added
advantage in the context of sustainable biomass upgrading.

Metal-organic frameworks (MOFs), an extraordinary family
of crystalline porous materials, are of particular research interest
for biomass upgrading and considered as a promising alter-
native to typical porous zeolite and silica catalysts.**®* MOFs are
composed of metal nodes and organic ligands, which virtually
contain considerable amounts of acid-base and redox species. In
addition, the distinctive features of MOFs allow to immobilise
desired functional acid-base groups (-SOz;H, -NH,, etc.) or active
metal nanoparticles (Ru, Pd, Cu, etc.) on particular sites of the
MOFs. The properties of resulting functionalised MOFs could
be significantly different from the pristine analogues, due to the
existence of synergistic host-dopant interactions.

Solid phase ionic liquids (SILs), such as supported ILs and
polymerised ILs have drawn great attention for both funda-
mental research and practical applications including catalytic
biomass upgrading.®*~*> They not only retain the individual
properties of ILs and supports/polymers, but also endow novel
functional active sites due to the cooperative effect of ILs with
supports/polymers. Solid phase ILs can also overcome negative
aspects of pristine ILs, such as high preparation costs, active
phase leaching, and poor recovery/recycling. Particular inter-
actions between the anionic and cationic parts of ILs can show
a conceivable constructive effect in stabilising acid-base and
active metal centers, which could be beneficial for cascade
biomass upgrading.*?

Biomass valorisation often entails the processing of larger
molecules in viscous or solid reaction mixtures. The separation
of solid catalysts from such type of reaction mixtures requires
energy-intensive steps, making the process more complex and
expensive. To overcome these concerns, the use of magnetic
solid catalysts in biomass conversions is a potential approach.
Magnetic catalysts can be efficiently separated from the reaction
mixture using an external magnetic field, without affecting their
catalytic properties.*****> Particularly, core-shell Fe;0,@SiO,
magnetic nanomaterials have received a great deal of interest
in biomass valorisation.*®*® In addition to the benefits of catalyst
separation, the existence of silanol groups in Fe;0,@SiO, can
offer facile routes for selective anchoring of acid, base or metal
active species that may assist to achieve promising results in
biomass conversion reactions.

1.1 Scope of the review

Over the last few years, numerous research efforts have been
undertaken towards developing a variety of heterogeneous
catalysts for biomass upgrading reactions. Accordingly, several
review articles have been reported on this topic. For instance,

This journal is © The Royal Society of Chemistry 2018
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Zhang et al.*® provided a review on the importance of liquid
state ionic liquids for the processing of renewable energy
into fuels and chemicals. At the same time, Herbst et al.>°
summarised several catalytic applications of MOFs for biomass
conversions. In 2016, Liu et al>® provided a review on the
catalytic applications of magnetic materials for biomass
upgrading. In another review, Lam and Luong have discussed
the role of carbon materials as catalyst supports and as active
phase catalysts for the transformation of biomass to fuels and
chemicals.>® Li et al.’" reported a critical review, focusing on
the valorisation of lignocellulose to biofuels using solid cata-
lysts. Recently, Trombettoni et al.>* reviewed various catalytic
applications of sulfonated resin-based solid acids for biomass
upgrading. Although these reviews provide useful implications
and insights in the respective fields, there seems to remain
an unexplored potential in the field of functionalised hetero-
geneous catalysts for the cascade processing of biomass
valorisation. At the same time, there are concerns regarding
the added-value of functionalised heterogeneous catalysts for
biorefinery industry with respect to pristine analogues. Based
on the above background, this review aims to revise and
critically evaluate the most significant findings and advances
related to the applications of carbon materials, MOFs, solid
phase ionic liquids, and magnetic iron oxides for biomass
conversions. Throughout the review, special attention has been
drawn to facile approaches developed for the immobilisation of
functional active sites on the above-listed materials as well as
to understand the role of ensuing properties on chemical
reactions and mechanisms in biomass valorisation. In addition
to one-pot cascade reactions, also other types of vital reactions
that normally take place in bio-refineries will be covered.
Finally, a summarised overview will highlight the challenges
and opportunities of future research towards rational design
of promising functionalised heterogeneous catalysts in the
context of sustainable biomass upgrading. Considering the
significance of tailored catalytic functionalities for efficient
biomass upgrading, materials characterization techniques
(spectroscopy, microscopy, and sorption) are vital to identify
structure—property relationships. This elaborate research field
is beyond the scope of the present review, though several recent
articles and reviews have already discussed the theory and the
application of relevant characterization tools, applicable for the
functionalised catalysts reported in this review.>>®

2. Carbon-based catalysts

Over the last three decades, carbon materials have been intensely
investigated in the fields of materials science, nanotechnology,
and catalysis, which can be attributed to their fascinating
characteristics associated with textural, conductivity, stability,
and hydrophobicity.>*"** They have found versatile applications,
for example as catalyst support and as active phase in catalysis,
as electrode in energy storage devices, in water purification, in
gas separation, and as soil additive. Carbon can exhibit three
states of hybridisation, namely sp, sp?, and sp®, which drive the

This journal is © The Royal Society of Chemistry 2018
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formation of well-defined pentagonal, hexagonal or heptagonal
structures.®® These ‘magic’ configurations allow the development
of a variety of advanced carbon materials, such as fullerenes,
carbon nanotubes, graphene, and mesoporous carbon. Although
these materials solely consist of carbon atoms, they possess
unique properties due to the extraordinary arrangement of carbon
atoms with a flexible geometry. The scientific community
has recognised the importance of carbon materials with two
prestigious Nobel prizes: (1) fullerenes - 1996 (Chemistry, Prof.
Robert F. Curl Jr., Prof. Harold W. Kroto and Prof. Richard
E. Smalley) and (2) graphene - 2010 (Physics, Prof. Andre Geim
and Prof. Konstantin Novoselov).®*%"

2.1 Factors affecting the catalytic activity of carbon materials
in biomass upgrading

Carbon materials have emerged as promising catalyst supports
as well as metal-free active phase catalysts for various
biomass transformation reactions.*>**** They exhibit a broad
spectrum of crucial catalytic properties: (i) large specific surface
area, (ii) tailorable porous structures and surface chemistry,
(iii) excellent chemical stability in acid or base media,
(iv) remarkable hydrothermal stability, and (v) efficient function-
alisation. Many types of conventional carbon materials, such as
activated carbon, carbon black, glassy carbon, pyrolytic carbon,
and polymer-derived carbon have been employed for stabilizing
catalytic active phases. Owing to high specific surface area
and rich surface chemistry, these carbon materials allow the
formation of highly dispersed metal particles (Pd, Ru, Ni,
Cu, Ag, Fe, etc.) throughout the catalyst matrix, resulting in
enhanced resistance to sintering even at higher metal loadings
and elevated temperature conditions.

Advances in materials science and nanotechnology have
provided several innovative strategies for the development of
new carbon materials, such as carbon nanotubes, graphene,
and mesoporous carbons that can be used as catalyst supports
or active catalysts.>>**®* Carbon nanotubes (CNTs) are char-
acterized by a hexagonal arrangement of sp”> carbons with
well-controlled cavity geometries. CNTs can be classified as
single-walled and multi-walled CNTs based on the number of
carbon layers present in the tubular wall. Single-walled CNTs
are semiconductive with diameters of around 0.4-2 nm,
whereas multi-walled CNTs are metallic.®® Interestingly, the
cavities of CNTs can prevent the aggregation of active metal NPs
during catalyst synthesis or catalytic reactions.®>®” Graphene
is a two-dimensional material consisting of a single layer of
carbon atoms in hexagonal sp® hybridisation.®* Two types of
C-C bonds, namely in-plane c-bond and out of-plane © bond
are typically found in graphene. The electronic properties of
graphene, controlled by out of-plane n-bonds, play a crucial role
in enhancing the interactions of graphene with metallic NPs,
and consequently the catalytic performance of graphene in
biomass conversions. Mesoporous carbons, mesostructured
carbon-based composites, and carbon nanofibers have also
received great attention for catalytic biomass upgrading.®®”°
Owing to unique shape- and porosity-controlled properties, these
carbon materials could offer strong active phase-support

Chem. Soc. Rev., 2018, 47, 8349-8402 | 8353
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interactions, which can lead to unusual catalytic activities and
selectivities in biomass upgrading.

Defect sites and surface chemistry are the key parameters
that determine the catalytic efficiency of carbon materials
in biomass conversions. For example, defect sites incor-
porated into the sp” framework of CNTs, graphene or activated
carbon can strongly influence surface properties and catalytic
functionalities.”* Heteroatom doping is an appealing strategy,
which exploits defect structures in carbon materials.”>”*
Various elements, including nitrogen, phosphorus, boron, and
sulphur have been successfully doped into carbon materials.
Interestingly, structural and electronic properties of doped
carbon materials can be considerably different from the pristine
analogues, due to the synergistic host-dopant interactions. For
instance, doping with electron rich nitrogen can adjust the spin
density and the charge distribution of carbon atoms. This will
lead to enhanced n-binding ability and improved basicity on
the carbon surface.”” In addition, N-doping can assist in the
formation of new surface nucleation sites and multiple active
centres around the N-rich sites.”® In contrast, boron doping
generates acid sites in carbon materials. The presence of such
functional sites on the carbon surface not only contributes
to improved interactions between the carbon support and the
dispersed metal NPs, but also enables the use of carbon
materials as promising metal-free catalysts.

In order to further improve the catalytic activity and selec-
tivity of pristine or doped carbon materials, the immobilisation
of various acid (nitro, sulphate, or phosphate) or base func-
tionalities (-SO3;Na, ~-COONa, -ONa, or -NH,) on the carbon
surface has been carried out using appropriate synthesis
methods.*® Anchoring of acid functional groups on the carbon
surface can occur through strong C-S, C-C, C-O, or C=0
bonds.>>”® Hence, these functional carbon materials can act
as stable solid Brensted acids for various important biomass
conversion reactions, such as esterification, transesterification,
etherification, hydrolysis, and dehydration. For instance, acid-
bearing carbon catalysts showed good activity for the dehydration of
2-propanol to propylene in the presence of water vapour, a vital
reaction for upgrading biomass-derived oxygenates.”® Base function-
alised carbons have also been found excellent catalytic efficien-
cies, for example in biodiesel synthesis.”” However, these functio-
nalised carbons suffer from several drawbacks, especially in the
case of acid groups. For example, acid-bearing carbon materials
are usually prepared by sulfonation of partially carbonized organic
molecules using highly concentrated hazardous liquid acids, such
as H,SO, or HNO;.”® These protocols show adverse effects on the
structure as well as on the stability of carbon materials, which in
turn could lead to inefficient recovery of the catalyst from the
reaction mixture. Besides, oxygen-containing groups present on
the carbon surface may promote side reactions during biomass
valorisation (Fig. 4).>> This will lead to a low selectivity of desired
products and can even irreversibly poison the catalyst. In order to
circumvent these problems, several promising strategies have
been suggested, such as selective deposition of -SO;H groups
on carbon edges, or deprotonation-carbometalation, followed by
base functionalisation, etc.”””®
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Fig. 4 Presence of various oxygen-containing groups in an activated carbon
material. Reproduced with permission from ref. 35. Copyright (2014)
American Chemical Society.

The simultaneous functionalisation of carbon materials with
acid or base species as well as with active metal particles will
lead to the design of novel bifunctional catalysts. Bi-functional
catalysts have the advantages of integrating several catalytic
processes in a one-pot way for sustainable biomass upgrading.
For instance, both metallic and acid properties are essential
for the direct conversion of levulinic acid to y-valerolactone.
Compared to metal oxides, carbon supports show a stronger
ability to stabilise both acid and metal sites because of their
high hydrothermal stability and rich surface chemistry. Wang
et al.’® developed a facile synthesis procedure for developing
a graphene-supported Ru/SO3;H bi-functional catalyst. In this
process, Ru NPs are initially deposited on graphene, followed
by its functionalisation with benzenesulfonic acid groups
(Fig. 5). This bifunctional catalyst showed a high selectivity to
v-valerolactone via the Ru catalysed hydrogenation of levulinic
acid to 4-hydroxyvaleric acid and the subsequent acid catalysed
dehydration to y-valerolactone. The presence of tailorable
porous structures is also crucial for efficient functionalisation
of carbon materials, which was well-documented in the case of
mesoporous carbon-based composites.®° For example, a porous
graphite-like carbon network incorporated in a Sn(w)-grafted
MCM-41 was found to show a good catalytic performance for
the conversion of sugars into ethyl lactate in ethanol, which was

SOH
£

TOF=641h?
50 °C, 2 MPa H,

Fig. 5 Graphene-based metal/acid bi-functional catalyst for one-pot
conversion of levulinic acid to y-valerolactone. Reproduced with permission
from ref. 79. Copyright (2017) American Chemical Society.

This journal is © The Royal Society of Chemistry 2018
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attributed to synergistic effect of Lewis and weak Brensted
acid sites.®'

In general, high production costs and low yields are
the major drawbacks in the synthesis of carbon materials.
Especially, in the case of CNTs and graphene, high synthesis
costs strongly limit their practical applications in biomass
conversions. It is therefore indispensable to use low-cost,
abundant, and sustainable substrates for the preparation
of carbon-based catalysts. Noticeably, recent studies have pro-
vided several facile routes for the transformation of bio-based
molecules into new carbon materials with prolific functional
sites.®*®* A key advantage of such synthesis processes is that
the raw material (biomass) is abundant and renewable. To
enhance the activity of biomass-derived carbon catalysts for
biomass conversions, various acid-base functional molecules
can be immobilised by either ex situ or in situ methods.
Devi et al.®® developed a highly stable carbon catalyst derived
from glycerol (a major by-product in biodiesel synthesis) incor-
porating various basic functionalities. The synthesis procedure
involves an in situ carbonisation and sulfonation of glycerol
to obtain a SO;H-carbon catalyst, followed by a controlled
treatment with aqueous NaOH solution. The resulting solid
base catalyst showed good performance in the transesterifica-
tion of sunflower oil with methanol to produce biodiesel, in
which glycerol is formed as a by-product that can be used again
for the synthesis of carbon-based catalysts, hereby greatly
improving process economy and sustainability.

The strong hydrophobic nature of carbon materials is
another key driving force that boosts their catalytic applications
for biomass upgrading processes. Owing to high resistance
capacity towards water, which is the preferred solvent in many
bio-refinery processes, carbon surfaces can efficiently prevent
the leaching of active phase during catalytic reactions, thus
improving the catalyst recyclability, a critical benchmark for
industrial applications.”® Moreover, high hydrothermal stabi-
lity of carbon materials is another significant advantage over
other catalytic materials, for example zeolites, which suffer
from irreversible deactivation due to deterioration of their
crystalline structure in the presence of water. Interestingly,
the hydrophilic character of carbon materials can be improved
by employing an oxidation treatment in order to facilitate
immobilisation of desired functional groups on the carbon
surface.®® The catalytic efficiency of several classes of carbon-
based materials tested in biomass valorisation was critically
discussed in the following paragraphs. In addition, an overview
of the most significant catalytic results achieved in carbon
catalysed biomass conversions is provided in Table 1.

2.2 Conventional carbon based catalysts

Carbon black and activated carbon have been widely used
as supporting materials for the synthesis of promising hetero-
geneous catalysts because of their low preparation cost and
high specific surface area.*>*® Carbon black is an amorphous
solid with planar layers of sp>hybridised carbon. Pyrolysis
of hydrocarbon precursors or organic polymers at elevated
temperatures is typically used for the synthesis of carbon black.
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Activated carbon is also an amorphous solid, though with a
characteristic twisted geometry of planar-layered structures,
which are cross-linked by aliphatic bridging groups that pro-
vide a high density of defect sites. Both physical and chemical
activation processes are used for the preparation of activated
carbons. The raw material is initially pyrolysed at 600-900 °C in
the physical activation, and then exposed to an oxidising
atmosphere (oxygen or steam) at desirable temperatures. In
contrast, chemical activation involves impregnation of carbon
precursors with an acid, a strong base, or a salt, followed by a
carbonisation step in the range of 450-900 °C. Chemical
activation is the preferred process due to the mild conditions
(i.e., lower temperatures and shorter times) required for the
synthesis of activated carbon.

2.2.1 Reductive catalytic fractionation of lignocellulose.
Lignocellulose is the most abundant biomass feedstock, with
an annual growth of 170 billion tons and it does not directly
compete with food supplies because of its non-edible nature.*”*°
Lignocellulose is mainly composed of three biopolymers (Fig. 6):
cellulose (30-50%, polymer of glucose), hemicellulose (20-35%,
polymer of Cs and Cg carbohydrates), and lignin (15-30%,
aromatic polymer). Hence, the efficient fractionation of ligno-
cellulose into separated streams of these three polymers
is often the entry point for a fruitful bio-refinery as it opens
the possibility of subsequent transformations to high-value
chemicals and fuels. In this context, reductive catalytic fractiona-
tion (RCF) of lignocellulose has received tremendous attention,
providing a stable lignin oil containing high-value phenolic
mono-, di- and oligomers as well as a valorisable solid carbo-
hydrate pulp that can be used for the production of paper, fine
chemicals, or biofuels.’® The Sels group has made significant
advancements on this novel “lignin-first” bio-refinery concept
using carbon supported metal catalysts. For instance, RCF of
birch wood was studied in the presence of a Ru/C catalyst using
H, pressure and methanol as a solvent.”® The obtained lignin
oil mainly contains phenolic monomers (50% yield based on
the original lignin content), next to phenolic dimers and
oligomers. Several key parameters were optimised to achieve
promising results in terms of delignification efficiency and
yields of phenolic monomers. A negligible decrease in phenolic
monomers yield from 50% to 48% was observed after a recycling
test of Ru/C catalyst (entry 1, Table 1). The subsequent valorisa-
tion of carbohydrates pulp to sugar polyols further revealed the
versatile role of the Ru/C catalyst. The effect of several bio-
based solvents in RCF process of birch wood was also studied
using a Pd/C catalyst.””> Among the solvents tested, methanol
and ethylene glycol showed highest lignin-first delignification
efficiency values, which are highly dependent on the reaction
time and the temperature. On the other hand, the synergetic
effect of alcohol/water mixture was recognized in RCF process
of poplar wood using a Pd/C catalyst.”® Results showed
improved delignification of lignocellulose in the presence
of low water concentrations solvent mixtures, while higher
water concentrations favor solubilisation of both lignin and
hemicellulose, giving a pure cellulosic residue. Sels et al.’* also
studied effect of acidic and alkaline additives on the RCF process
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Fig. 6 Composition of lignocellulosic biomass with major constituents:
cellulose, hemicellulose, and lignin.

of lignocellulose using similar type of Pd/C catalyst. Results
revealed that H;PO, addition promotes both delignification
and alcoholysis of hemicellulose, giving a cellulose-rich pulp.
In contrast, NaOH addition showed various negative effects,
such as lignin repolymerisation, cellulose loss, and no formation
of hemicellulose carbohydrates. In another work, the variation in
selectivity of phenolic monomers obtained from RCF process of
birch wood was examined using Ru/C and Pd/C catalysts.”®
Interestingly, both catalysts gave about 50% of phenolic mono-
mers, but the OH-content of phenolic products drastically
increased when changing the catalyst from Ru/C to Pd/C.
Recently, Anderson et al’® developed a flow-through RCF
process for fractionation of poplar wood using a 15% Ni/C
catalyst mixed with SiO,. Various spectroscopy and microscopy
analysis techniques are used to understand catalyst deactiva-
tion and its poisoning. The results revealed several advantages
of a flow-through setup for the RCF process of lignocellulose
biomass over traditional batch reactors that paving the way for
future research of lignocellulose valorisation. Kumaniaev et al.®”
also developed a flow-through RCF process for the fractionation
of birch wood using a Pd/C catalyst coupled with a liquid acid.
About 37 wt% yield of lignin-derived phenolic monomers was
obtained at optimized conditions, while solid carbohydrates
pulp generated in the RCF process was enzymatically hydrolyzed
to glucose without applying prior purification step.

2.2.2 Upgrading of carbohydrates and their derived com-
pounds. The Sels group has developed an efficient one-pot
catalytic route to transform cellulose into straight chain
alkanes using a modified Ru/C catalyst.”® About 82% yield of
n-decane-soluble products, mainly n-hexane, was obtained
from microcrystalline cellulose at optimal conditions (6 h and
200 °C). The use of a hydrothermal modification strategy played
a favorable role in tailoring chemoselectivity of Ru/C catalyst
towards furan hydrogenation (rather than glucose-to-sorbitol
transformation), one of the key steps for the production of
straight-chain alkanes from cellulose. Similar type of a mod-
ified Ru/C catalyst is also found to be effective in a liquid phase
cellulose-to-naphtha process.”® The effect of cellulose charac-
teristics, such as purity, crystallinity, degree of polymerisation,
and particle size (surface area) was also studied towards
production of light naphtha. The direct conversion of hemi-
cellulose in pubescens to y-valerolactone was successfully carried
out without using external hydrogen over a Pt/C catalyst,
coupled with AlCl;-H,O and AICl;-SiO,~THF/H,O systems."*
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About 20% yield of y-valerolactone with a high selectivity of
90.5% was obtained based on the weight of pubescens and
the amount of carbohydrates converted, respectively. Results
suggested the versatile role of Pt/C catalyst in the direct con-
version of hemicellulose to y-valerolactone. A one-pot transfor-
mation of cassava waste to 5-hydroxymethylfurfural (HMF) and
furfural was studied using a sulfonated carbon-based solid
acid catalyst.'®" The catalyst exhibited a favorable role in the
hydrolysis of cellulose and hemicellulose, while also promoting
dehydration of sugars to HMF and furfural. In addition, the
catalyst showed a highly stable activity, thus serving as a
promising alternative for hazardous liquid acids (H,SO,). The
hydrolysis of cellulose into glucose was also studied over a
sulfonated carbon-based solid acid, prepared using a phenolic
residue precursor.'®* Aliphatic side chains present in the catalyst
played a crucial role in improving its catalytic efficiency.
An activated carbon supported Ru catalyst was found to be
active for the catalytic transfer hydrogenation of cellulose-based
oligomers using 2-propanol as a hydrogen source.’® A 83.4%
yield of Cs sugar alcohols was obtained in a batch reactor.
The catalyst is also active in continuous-flow conversion of
cellulose oligomers to Cs sugar alcohols (36.4% yield) and
showed a stable catalytic activity during 12 h time-on-stream
study (entry 2, Table 1).

Carbon encapsulated Fe NPs were prepared using an ultra-
sonic method (Fig. 7)."** The effect of the annealing temperature
on textural and phase properties was studied. Results revealed
a superior catalytic efficiency of carbon-encapsulated Fe NPs
for the hydrogenation of levulinic acid to y-valerolactone (99%
yield). The shell structure of carbon prevents leaching of active
Fe sites during reaction, resulting in excellent reusability for at
least five times (entry 3, Table 1). Carbon-supported bimetallic
Ru-Sn catalysts containing different amounts of Sn were studied
for the hydrogenation of levulinic acid to y-valerolactone.'®®
The catalyst containing equal amounts of Ru and Sn showed a
stable activity with a 100% selectivity to y-valerolactone, while
the activity of monometallic Ru/C catalyst was progressively
decreased with reaction time. In contrast, the Ru;Sn,/C catalyst

500°C
Sonication
o nsp
o
0°0% 0°
o Fe Source Iron Oxide
@ Carbon

: Increasing
$ Annealing Temp.

-

700°C

Iron Core/ C-shell

Fig. 7 Schematic illustration for the preparation of carbon-encapsulated
Fe NPs. Reproduced with permission from ref. 104. Copyright (2014)
Springer Nature.
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was found to be inactive due to the formation of an additional
phase (B-Sn), which leaches and sinters during reaction. In
another work, y-valerolactone is produced via hydrogenation of
ethyl levulinate using a series of activated carbon supported
bimetallic Ni-Fe (Ni-Fe/AC) catalysts.'®® Among them, the
Ni-Fe, s/AC catalyst exhibited the highest activity and achieved
99.3% conversion of ethyl levulinate with 99% yield of
y-valerolactone at optimised reaction conditions (entry 4,
Table 1). The existence of uniform dispersed Ni-Fe alloy
structure in combination with FeO, NPs is essential for high
catalytic hydrogenation activity. However, significant catalyst
deactivation (around 20% loss in y-valerolactone yield) was
observed after four recycles, due to leaching of active species.
A simple calcination step was used to regenerate the catalytic
activity of Ni-Fe, s/AC towards y-valerolactone production.
Dehydration of various carbohydrates, such as xylose,
glucose, and fructose was studied using a commercial activated
carbon (Norit, ROX 0.8)."%” This carbon contains several types of
functional groups, including carboxylic acids, -SO;H, carbonyls,
phenols, thiophenols, quinones, and anhydride sites, which can
act as acidic or basic sites. Results reveal that this activated
carbon is a highly suitable catalyst for the dehydration of sugars
due to its strong hydrophobic character. In addition, the carbon
catalyst efficiently suppresses side reactions that produce acids
and humins. Several activated carbon supported monometallic
Ru and bimetallic RuRe catalysts were studied for sorbitol
hydrogenolysis reaction.'®® Among them, bimetallic catalysts
in combination with Ca(OH), as a base promoter exhibited
higher activity and selectivity towards 1,2-propanediol, lactic
acid, ethylene glycol, and linear alcohols. The aqueous-phase
hydrodeoxygenation of sorbitol was also investigated using
a Pt-ReO,/C catalyst in a continuous-flow reactor.'® The
Pt-ReO,/C catalyst exhibited a 34 times higher activity compared
to Pt/Zr-P catalyst (based on a Pt mass), which was attributed to
a higher hydrothermal stability of Pt-ReO,/C catalyst related to
the carbon support. A catalytic transfer hydrogenolysis of HMF
was successfully performed to produce 2,5-dimethylfuran (DMF)
and 2,5-dimethyltetrahydrofuran (DMTHF) biofuels using a
N-doped carbon-decorated Cu/MgAIO catalyst with cyclohexanol
as the hydrogen source.'™® About 96% and 94.6% yields of DMF
and DMTHEF, respectively, were obtained at optimised reaction
conditions (entry 5, Table 1). Moreover, the catalyst exhibited a
stable activity for at least five cycles without any considerable
loss in catalytic performance. The existence of suitable basic
sites on the catalyst surface plays a beneficial role in the
activation of alcohol hydroxyl moieties in cyclohexanol to release
active hydrogen species. Highly dispersed Cu® NPs and electro-
philic Cu" species catalyse the hydrogen transfer and the sub-
sequent hydrogenolysis of HMF, respectively. Nitrogen-doped
carbon supported iron catalysts were found to show a good
performance in catalytic transfer hydrogenation of furfural to
furfuryl alcohol.'™' The effects of the metal center, nitrogen
source, pyrolysis temperature, and the support were studied.
A 91.6% conversion of furfural with about 76% yield to furfuryl
alcohol were achieved, attributed to the coordination of iron
cations by pyridinic nitrogen functionalities on the carbon support.
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A considerable decrease in catalytic efficiency was noticed after
five recycles of the catalyst, due to changes in structure of active
phases and blockage of the catalyst pores (entry 6, Table 1).

The effect of solvent mixtures in the hydrogenolysis of xylitol
to glycols and glycerol was investigated using an activated
carbon supported bifunctional Ru-MnO catalyst.'*> The
product distribution obtained in the case of 90:10 vol% water/
1,4-dioxane and water/2-PrOH solutions is very similar to the one
obtained in pure water. Interestingly, the overall selectivity to
glycols and glycerol is greatly enhanced (up to 70%) in the case
of 90: 10 vol% water/ROH mixtures (ROH with R = Me, Et, n-Pr,
and n-Bu). Hydrodeoxygenation of o-angelica lactone-derived
di/trimers to gasoline was studied using carbon supported Pd
and Pt catalysts."*® a-Angelica lactone can be produced from
levulinic acid. The effect of H, pressure, reaction temperature,
and reaction time on the product selectivities were thoroughly
investigated. Considerable amounts of bio-liquids suitable for
gasoline application were obtained in this work.

2.2.3 Upgrading of non-carbohydrate compounds. Lignin
comprises 15-30% of lignocellulosic biomass and is the only
scalable renewable resource, consisting of abundant aromatic
chemicals derived from p-coumaryl, coniferyl, and sinapyl
alcohols.” Hence, lignin valorisation is a promising route
towards useful aromatic compounds, which are key building
blocks for the chemical industry. Phenolic units in lignin are
connected with various readily cleavable C-O-C ether bonds
(B-O-4, a-O-4, and 4-0O-5), next to more stable C-C bonds (Fig. 8).
Hence, the efficient cleavage of these bonds is vital to reach a
maximum degree of lignin depolymerisation. To achieve this
target, chemocatalytic hydrogenolysis of lignin has received
tremendous attention in recent times. For example, various
bimetallic Ni-Fe catalysts supported on activated carbon (AC)
were studied for the hydrogenolysis of lignin."** About 23.2 wt%
total yield of monomers (mainly propylguaiacol and propyl-
syringol) was obtained when processing organosolv birch lignin
with a Ni;-Fe;/AC (the ratio of Ni and Fe was 1:1) catalyst.
In the case of birch wood sawdust, the total yield of monomers
even reached up to 39.5 wt% (88% selectivity to propylguaiacol
and propylsyringol) over the Ni;-Fe;/AC catalyst, attributed
to the synergistic effect of Ni-Fe alloys. A series of bimetallic

Lignin
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/ OH a-0-4
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Fig. 8 Various important C-C and C-O-C linkages in lignin polymer.
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M-W/AC (M =
for hydrogenolysis of lignin and its model compounds.
Electronic effects of bimetallic catalysts play a pivotal role in
stabilising the reaction intermediates. The nature of solvent is
also imperative in hydrogenolysis of lignin: higher yields of
desired aromatics were obtained with dipolar aprotic solvents,
such as n-hexane. Bimetallic catalysts not only cleaved the a-O-4
bonds, but also catalysed hydrogenolysis of other major
linkages in lignin, consequently resulting in high yields of
liquid oil. Zeng et al''® developed an efficient Pd(OH),/C
catalyst for cross-coupling of lignin 4-O-5 linkage models
with amines via an in situ generated phenol intermediate.
The obtained amine derivatives are valuable chemicals for the
production of fine chemicals, pharmaceuticals, and electronic
materials. Based on the experimental results, a probable mecha-
nism for the production of amine derivatives from lignin model
compounds is proposed.

A multi-functional cobalt NP-embedded carbon catalyst
(Co@C) was developed via carbonisation of a three-dimensional
cobalt coordination polymer.''” This Co@C catalyst showed
excellent efficiency in the oxidation of vanillyl alcohol (a lignin
model compound) to vanillin with 99% and 100% selectivities
using H,0, and air as oxidants, respectively (Fig. 9). The Co@C
catalyst also showed a significantly improved performance
compared to other cobalt catalysts and was efficiently re-used
without significant loss in catalytic activity. Thorough kinetics
and mechanistic studies were performed for the catalytic
hydrodeoxygenation and hydrogenation of eugenol, a lignin
model compound, using a Ru/C catalyst."*® Results reveal that
hydrogenation of the allyl group and benzene ring of eugenol
were favored over dehydroxylation and demethoxylation of
oxygen groups present on the aromatic ring of eugenol. The
mechanism of ketone group formation as well as the factors
responsible for cyclohexane-ring transformation to substituted
5-membered ring compounds were also proposed in this work.
A detrimental effect of water is observed in the hydrodeoxy-
genation of phenol in the presence of MoC, NPs supported on
hollow carbon spheres (HCS).''® About 87% conversion of
phenol with a 74% yield to benzene was obtained over MoC,/
HCS catalyst at optimised reaction conditions. A negligible
decrease in product yields was noticed after a recycling test
(entry 7, Table 1).

Biodiesel (fatty acid methyl esters) is a biodegradable and
nontoxic fuel, and hence, considered as a promising alternative

Ru, Pt, and Pd) catalysts were also studied
115

+ HZOZ
Vanilly! alcohol (VAL) Vanillin (VN) Vamllyl acid (VAC)
Ho o
\0 No z 0 j@\g/

\ : Guaiacol

Fig. 9 Oxidation of vanillyl alcohol using Co NP-embedded carbon nano-
composite (Co@C) catalyst. Reproduced with permission from ref. 117.
Copyright (2018) Elsevier.
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Fig. 10 Transesterification of lipids (oils & fats) with alcohols (e.g., methanol)
to produce biodiesel with glycerol as a by-product.

to petro-diesel fuel.">***'*! Several carbon-based catalysts have
shown good to excellent efficiencies in the production of
biodiesel via transesterification of oils and fats (Fig. 10). An
incomplete hydrothermal carbonisation of B-cyclodextrin into
polycyclic aromatic carbon sheets, followed by its sulfonation
using H,SO, was performed to develop a novel carbon-based
solid acid catalyst.">> The resulting solid acid simultaneously
catalysed esterification and transesterification reactions to
produce biodiesel from high free fatty acid containing oils,
hereby outperforming a conventional solid acid (Amberlyst-15).
In another work, an incomplete carbonization of naphthalene
in H,SO, was performed to obtain a carbon-based solid acid
catalyst for the production of biodiesel via transesterification of
purified palm oil.">* About 95% yield of biodiesel was obtained,
which however decreases to 45% after three recycles of the
catalyst, due to leaching of acidic species (entry 8, Table 1).
Glycerol, an interesting platform chemical, can be largely
obtained as a by-product during biodiesel synthesis (Fig. 10)."**'**
A series of bimetallic PtM/C (M = Mn, Fe, Co, Ni, Cu, Zn, and
Au) catalysts were developed for the oxidation of glycerol."*®
Among them, PtySn,/C catalyst showed the highest activity with
a 91% of glycerol conversion and a 50% yield of glyceric acid.
Modified Pt NPs after the addition of Sn significantly activate
oxygen molecules and/or deprotonation of hydroxyl group in
glycerol, resulting in improved catalytic performance of PtoSn,/C
material as well as stable catalytic activity for at least four
recycles after treating the catalyst at 400 °C in H, atmosphere
(entry 9, Table 1).

2.3 Graphene based catalysts

Graphene and its related materials, such as graphene oxide
and reduced graphene oxide represents a fascinating class of
materials and continues to provide a fertile ground for various
applications including catalysis. Graphene-based materials
are ideal supports for anchoring a variety of metal NPs and
acid-base functionalities. For the first time, in 2004, Geim et al.
developed single layer graphene nanosheets."””"'*® Afterwards,
several promising synthesis procedures, including graphitisa-
tion, physical exfoliation, chemical vapour deposition, and
chemical oxidative cleavage have been developed to synthesise
well-defined graphene-based materials.'*® Graphene oxide (GO)
is obtained by the oxidation of graphite, followed by the
exfoliation of monolayer sheets in solution. Reduced graphene
oxide (r-GO) is simply produced by reduction of graphene oxide
and the resulting material partially regains the aromaticity
of pristine graphene. The defects and residual O-containing

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Schematic illustration of the preparation strategy for a bi-functionalised
graphene oxide based catalyst. Reproduced with permission from ref. 79.
Copyright (2017) American Chemical Society.

groups present in graphene play an essential role in the
synthesis of highly stable and active catalyst systems,'>$3%131

2.3.1 Upgrading of carbohydrate-containing and -derived
compounds. An efficient acid functionalised graphene oxide
(GO-SO3H) was developed for one-pot conversion of hexose
sugars, such as glucose and fructose to levulinic acid.**> About
78% yield of levulinic acid was obtained from glucose at
optimised reaction conditions, due to high concentration of
Bronsted acid sites on the GO-SO;H catalyst surface. Reusability
studies reveal that char formed during reaction is responsible for
catalyst deactivation (entry 10, Table 1). A facile, one-step hydro-
thermal method was used for the synthesis of r-GO supported
WO; solid acid."®® This catalyst showed a complete conversion of
fructose with a 84.2% yield of HMF, which was maintained even
after five recycles of the catalyst (entry 11, Table 1). In addition,
this catalyst was found to be effective in the conversion of
cellulose, glucose, and sucrose to HMF. The selective anchoring
of TiO, NPs (8-9 nm) on r-GO was successfully achieved by
a microwave-assisted synthesis method."** The resulting TiO,/
r-GO catalyst showed a good efficiency in the aqueous-phase
dehydration of p-xylose, comparable with that of TiO,/carbon
black catalyst. Moreover, the catalyst showed higher hydro-
thermal stability and strong coke resistance in comparison to
several solid acid catalysts reported in literature.

In an efficient two-step strategy, Ru NPs were first supported
on r-GO after which a subsequent functionalisation with benzene-
sulfonic acid groups was carried out (Fig. 11).”° The obtained
catalyst showed high performance in the hydrogenation-
dehydration of levulinic acid with a 82% yield of y-valerolactone.
In contrast, 4-hydroxyvaleric acid was the major product over a
non-functionalised Ru/r-GO catalyst. The combination of
strong acid sites and ample amounts of active metal centers
in the sulfonated Ru/r-GO catalyst is the key reason for achiev-
ing higher yields of y-valerolactone. Sintering of Ru NPs, weight
loss of the catalyst, and blockage of active Ru sites were noticed
after eight recycles of the catalyst, hence a significant decrease in
product yields from 82% to 53% (entry 12, Table 1). A few-layer
graphene (FLG) supported Ru NPs catalyst was also studied for
the conversion of levulinic acid to y-valerolactone."*® The activity
of Ru/FLG is 2-4 times higher than that of Ru particles deposited
on activated carbon and other traditional support materials.
This was attributed to the higher abundancy of stabilised
metallic Ru species in Ru/FLG catalyst. Alternatively, maximal
yields of y-valerolactone (99%) can also be produced from ethyl
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levulinate in the presence of a r-GO supported polymeric
Ru porphyrin catalyst."*® Various graphene oxide-based
catalysts were studied for the esterification of levulinic acid
with benzyl alcohol as well as the etherification of benzyl
alcohol with butanol.”*” Among them, a graphene oxide mono-
lith functionalised with chlorosulfonic acid showed excellent
catalytic performance in both reactions. This catalyst exhibited
a stable activity up to five recycles for 5 min reaction times in
esterification of levulinic acid (entry 13, Table 1). Graphene
oxide, prepared by a modified Hummers’ method, was proven
to be an efficient catalyst for the etherification of HMF to
produce a polymer building block, 5,5’-oxy(bis-methylene)-2-
furaldehyde.”*® The solvent plays an important role in this
reaction, whereas in situ generated water showed a negative
effect on the catalytic performance of graphene oxide. About
86% product yield was obtained, attributed to the presence of
abundant oxygen containing functional groups on the graphene
oxide catalyst. Reusability studies revealed that the catalytic
activity of GO can be regenerated by treating it under Hummers’
conditions (entry 14, Table 1).

2.3.2 Upgrading of non-carbohydrate compounds. A family
of r-GO supported bimetallic CuPd catalysts were developed for
upgrading various biomass model compounds, including
glycerol."** The r-GO support acts as a template that controls
the selective growth of Cu nanocrystals with dominant reactive
surface facets due to the most proximal lattice match.
The incorporation of Pd into the Cu-rGO system led to the
formation of a synergistic catalyst system, hence improved
reaction rates in the upgrading of biomass-derived polyols
(e.g., glycerol, xylitol, and sorbitol). A considerable decrease in
product yields from 49.5% to 40% was observed after three
recycles of Cu-Pd/r-GO catalyst in glycerol upgrading (entry 15,
Table 1). Probable reaction pathways are reported for glycerol
hydrogenolysis to lactic acid over Cu-Pd/r-GO catalyst
(Fig. 12)."*° The production of biodiesel from lipids in wet
microalgae was studied using graphene oxide, sulfonated
graphene oxide, sulfonated graphene, and sulfonated active
carbon catalyst."*® Among them, the sulfonated graphene oxide
showed the highest conversion of lipids to fatty acid methyl
esters, due to the presence of high concentration of hydrophilic
hydroxyl groups on the catalyst surface.
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Fig. 12 Glycerol conversion and product yields as well as the proposed
reaction pathways in glycerol hydrogenolysis over Cu—Pd/r-GO catalysts.
Reproduced with permission from ref. 139. Copyright (2013) American
Chemical Society.
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2.4 Carbon nanotubes based catalysts

Carbon nanotubes (CNTs) offer potential possibilities for
stabilising metal NPs, metal oxides, acid-base functional mole-
cules, and even complex hierarchical hybrids. CNTs exhibit
defective sp” carbon surfaces and improved electron transport,
which facilitates the interaction of active phases with the
CNTs.°m'*173 1 addition to preventing particle aggregation,
the nanoscale confinement within CNTs can also control the
diffusion of reactive species and their interactions with the
active phases. These fascinating characteristics have been
exploited in the field of biomass upgrading, in order to achieve
improved conversion rates with high yields of desired products.
Arc discharge, laser vaporisation and recently, chemical vapor
deposition have been widely used techniques for the prepara-
tion of CNTs.'*?

2.4.1 Upgrading of carbohydrate-containing and -derived
compounds. Ethylene glycol and 1,2-propanediol are important
chemicals used in the production of polymers, resins, per-
fumes, cosmetics, and functional fluids."*' They are currently
produced from petroleum-derived ethylene and propylene,
respectively, via cracking, epoxidation, and hydration. Hence,
the production of glycols from renewable biomass or its derived
molecules has gained a great deal of attention, as a more
straightforward alternative to the three-step petrochemical
route. Guo et al'*' studied hydrogenolysis of sorbitol to
produce ethylene glycol and 1,2-propanediol using Ru/CNTs
catalysts. These catalysts showed higher activity than Ru/activated
carbon, attributed to enhanced electron conductivity and higher
graphitisation degree of CNTs. Ru NPs dispersed on the
outer side surfaces of CNTs are catalytically more active than
the CNTs-confined Ru NPs. Moreover, the addition of WO, to
Ru/CNTs results in an improved catalytic efficiency, attributed
to synergistic Ru-WO, interactions, which inhibit aggregation
of active phase Ru NPs. Vanadium dioxide (VO,) immobilised
on polyaniline-functionalised CNTs (VO,-PANI/CNT) was inves-
tigated for the oxidation of HMF to 2,5-diformylfuran (DFF)
(Fig. 13)."** A spontaneous redox process between VO~ anions
and polyaniline moieties on the CNTs surface occurred during
reaction, which led to the generation of homogeneously
dispersed active VO, NPs. Interestingly, the PANI/CNT support
showed a preferential adsorption of HMF over DFF, hence

Fig. 13 Selective aerobic oxidation of HMF to 2,5-diformylfuran over
VO,—-PANI/CNT catalyst. Reproduced with permission from ref. 144.
Copyright (2015) John Wiley and Sons.
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limiting further oxidation of DFF. As a result, excellent yields
(96%) of DFF were obtained over the VO,-PANI/CNT catalyst.
However, a significant decrease in DFF yields was observed
(from 96% to 75%) after five recycles of the catalyst (entry 16,
Table 1). Interestingly, leaching of soluble vanadium species is
not responsible for catalyst deactivation as evidenced by a hot
filtration test. The selective oxidation of HMF to DFF using
molecular oxygen as the oxidant was also studied in the
presence of Ru complex immobilised on poly(4-vinylpyridine)-
functionalised CNTs."'**> About 94% yield of DFF was obtained
over the developed catalyst. In contrast, 2,5-furandicarboxylic
acid (FDCA) is obtained via a similar aerobic oxidation of HMF
over functionalised CNTs supported Pt NPs.**® FDCA is a
promising alternative to petroleum-derived terephthalic acid
for the production of polyesters, polyamides, and polyurethanes.
The existence of various oxygen-based functional groups
(carbonyl, quinone, and phenol) in functionalised CNTs
enhanced the adsorption of HMF as well as the reaction
intermediates and facilitated the hydrogen transfer, thus
achieving higher yields of FDCA. The catalyst showed a remarkable
stable activity towards HMF oxidation even after seven recycles
(entry 17, Table 1). Polymeric Ru porphyrin-functionalised
CNTs (Ru-PP/CNTs) were prepared, consisting of a bilayered
structure with an amorphous polymeric ruthenium porphyrin
outer surface and an internal CNT core."*® The resulting
Ru-PP/CNTs catalyst demonstrated an exceptional performance
in the hydrogenation of ethyl levulinate to y-valerolactone. In
addition, the catalyst was found to be effective in the reductive
amination of ethyl levulinate with various amines to obtain
valuable pyrrolidone derivatives.

2.4.2 Upgrading of non-carbohydrate compounds. A facile,
one-pot method was developed for the preparation of NEt;-
functionalised multiwalled CNTs (NEt;-MWCNT) as single-site
basic heterogeneous catalyst for biomass valorisation (Fig. 14).””
This synthesis route produces a homogeneous distribution of
ample, easily accessible basic sites. As a result, the NEt;-MWCNT
catalyst showed remarkable performance in the transesterifica-
tion of glyceryl tributyrate with methanol, achieving a 77%
conversion after 8 hours, whereas only 51% conversion was
obtained over a conventional hydrotalcite catalyst. A series of
acid functionalised polymer-CNT materials (CNTs-P-SO;H)
were prepared by covalent grafting of multiwalled CNTs with

g
W Deprotonation

’m @:Li

Bu
Carbometalation

ﬂfh

Br-NEt;

Fig. 14 Functionalisation of multi-walled CNTs by deprotonation—
carbometalation and subsequent electrophilic attack of bromotriethyl-
amine. Reproduced with permission from ref. 77. Copyright (2009) John
Wiley and Sons.
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sulfonic acid-functionalised polymers.”® The catalysts showed
excellent activities for the production of biodiesel through
transesterification of triglycerides as well as esterification of
oleic acid. The combination of a mesoporous structure together
with a high dispersion of active sites are the key factors for an
improved acidity and consequently higher performance of CNT-
P-SO;H catalysts.

2.5 Mesoporous carbon-based catalysts

Mesoporous carbon materials have gained paramount atten-
tion for applications in biomass conversion due to their con-
trollable porous properties, therefore significantly differing
from traditional carbon materials."*”**° In addition, they
exhibit high specific surface areas and tunable pore channels,
fascinating interfacial features, unprecedented control over
their morphology and a rich composition. Template-assisted
carbonisation methods are widely used for the synthesis
of mesoporous carbons as they provide an efficient control over
pore arrangement, structure, and mesoporosity. Another potential
benefit of mesoporous carbons in biomass conversions is the
enhanced interaction between reactive species and the catalytic
active phases. For example, cellulose is not soluble in polar
solvents. It is therefore difficult to convert completely the ligno-
cellulose to value-added chemicals or biofuels. Owing to large
sized uniform pores and abundant functional groups, mesoporous
carbons can enhance the affinity between the non-soluble biomass
molecules including cellulose and the catalyst, and consequently
improved conversion rates in biomass valorisation."*”

2.5.1 Upgrading of carbohydrate-containing and -derived
compounds. A novel Pt catalyst supported on 3D mesoporous
carbon was tested for the hydrolytic hydrogenation of
cellulose.’®” Fig. 15 shows high-resolution TEM and SEM
images of silica template and the synthesised 3D mesoporous
carbon. As mentioned in the previous paragraph, the inter-
action between the catalyst and cellulose molecules is
enhanced in the presence of mesoporous carbon, and hence,
facilitated the access of cellulose molecules to the catalytic
surface. In addition, the open pore structure of mesoporous
carbon permits bulky cello-oligomers to effectively diffuse
towards the active sites inside the pores. As a result, high yields
of hexitol up to 80% from cellulose were obtained. The catalyst
also showed a good performance in the direct conversion of
hardwood lignocellulose towards sugar alcohols. A series of
functionalised mesoporous carbon-based catalysts were pre-
pared using tannic acid and SBA-15 as carbon source and silica
template, respectively.'*® Phenolic hydroxyl groups with weak
acidity present in the mesoporous carbon catalyst are the key
active sites for the hydrolysis of cellulose to glucose. About
31.4% glucose yield and 53.8% cellulose conversion were
obtained at optimised reaction conditions.

A combined catalytic and biotechnological process was
developed for the production of HMF and bioethanol from
cellulose.’*® 1In the first step, hydrolysis/dehydration of
mechanically activated microcrystalline cellulose was carried
out using a mesoporous carbon-based catalyst. Moderate yields
of glucose and HMF were obtained. The extracted HMF from

This journal is © The Royal Society of Chemistry 2018
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Fig. 15 High resolution TEM images of (a) Echinometra mathae-shaped
silica (ESS) template, (b) ESS—carbon composite after drying, (c) ESS—
carbon composite after aging, (d) carbon nano-Echinometra mathae
(CNE), and (e) image of actual Echinometra mathae. SEM images of (f) a
particle of CNE, (g) cross-section of CNE, and (h) prepared CNE particles in
a large-scale view. Reproduced with permission from ref. 147. Copyright
(2013) John Wiley and Sons.

the reaction mixture was then subjected to ethanol fermenta-
tion. Acid-functionalised periodic mesoporous carbons (CMK-3
and CMK-5) were tested for the continuous production of
HMF from fructose in the presence of water.”” Both CMK-3
and CMK-5 showed good catalytic stability compared with acid-
functionalised SBA-15 and commercial Nafion SAC-13 catalysts.
Zhang et al.**® developed an efficient mesoporous carbon-based
solid acid using ethylene tar and concentrated H,SO, with
magnesium acetate as the template. A 87.8% yield of HMF
was obtained via fructose dehydration, attributed to superior
specific surface area and higher concentration of sulfonic acid
groups in the developed mesoporous carbon catalyst. Reusability
studies revealed a 10% decrease in HMF yields after five recycles
of the catalyst (entry 18, Table 1). Hollow mesoporous carbon
spheres (Fig. 16) were used as a support for anchoring ArSO;H
groups with controlled loadings (1.8 and 3.2 wt%).">" Owing to
strong Bregnsted acidity and hollow nanospherical morphology
with thin mesoporous shell, the developed catalysts showed
excellent activity and stability for the synthesis of ethyl levulinate
from levulinic acid or furfuryl alcohol. Tentative reaction
mechanisms were proposed in this study (Fig. 16).

2.5.2 Upgrading of non-carbohydrate compounds. The
conversion of volatile fatty acids to fatty acid methyl esters
(FAMEs) was studied using a series of ordered mesoporous
carbons (OMCs)."*> Four types of OMCs were prepared, namely
interconnected rod structured (i) CMK-3 and (ii) CMK-5 using
Al-SBA-15 hard template, and cubic la3d (iii) CMK-8 and
(iv) CMK-9 using AI-KIT-6 hard template. Among them,
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Fig. 16 Possible mechanisms for the synthesis of ethyl levulinate (A) from
esterification of levulinic acid and (B) from ethanolysis of furfuryl alcohol
over ArSOzH-functionalised hollow mesoporous carbon spheres (HMCSs).
Reproduced with permission from ref. 151. Copyright (2015) Elsevier.

CMK-5 showed the highest catalytic activity in the production of
FAMEs as well as stable activity even after six recycles (entry 19,
Table 1), which was ascribed to its unique interconnected rod
structure with hollow rod-type carbon framework. Peng et al.'>
developed a facile, cost-effective route to synthesise various
sulfonic acid-functionalised mesoporous carbon catalysts.
Owing to a more hydrophobic surface and a larger pore size,
the optimised catalyst showed a good performance in the
esterification of oleic acid with methanol and a stable catalytic

activity even after four recycles.

2.6 Mesostructured carbon-containing composites

The development of mesostructured composites, wherein
carbon phase is well-dispersed, is of high research interest,

not only for the reason of stabilising catalytically active carbon
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phase, but also to achieve synergistic properties in the resulting
catalysts.® Over the last few years, a lot of research has
been performed towards the design of various mesostructured
carbon based composites. In particular, periodic mesoporous
organosilicas (PMOs) have attracted significant attention because
of their versatile properties towards promising biomass
valorisation.®>">* Post-synthetic grafting and co-condensation of
organosilanes with silica precursors are often used for the synthesis
of PMOs. Nevertheless, the utilization of organosilane precursors is
practically unfavorable because of their high expensive nature.
Tremendous research efforts have therefore been made to develop
PMOs-based analogies, starting with relatively cheap carbon pre-
cursors, such as phenolic resin,'*>'*® 2,3-dihydroxynaphthalene,"””
p-toluenesulfonic acid,*® furfuryl alcohol,***° sucrose,®™*%3
and followed by incorporation of carbon precursors into pre-
formed mesoporous hard templates (e.g., ordered mesoporous
silica),*""*"~"°%1%3 or one-pot formation of mesostructured nano-
composites in the presence of soft template (e.g, tri-block
pluronic co-polymer).'>>*%%169162 The advantages of meso-
structured carbon-containing composites for catalytic biomass
valorisation are comparable or superior, depending on the
reaction conditions used, to those of mesoporous carbon-
based catalysts as discussed in Section 2.5. Interestingly, the
presence of robust silica framework in mesoporous silica-carbon
composites provides value-added benefits, such as strong
thermal stability against elevated temperature/pressure reaction
conditions as well as high hydrophilicity for the immobilization
of relative functional groups on the catalyst surface."®

2.6.1 Upgrading of carbohydrate-containing and -derived
compounds. The Sels group has made significant advances
towards developing efficient mesoporous structured carbon-
based composites for biomass valorisation. They developed a
facile one-pot evaporation-induced self-assembly (EISA) procedure
for the synthesis of mesoporous silica-carbon nanocomposites
using sucrose, TEOS, and F127 as carbon precursor, silica
precursor, and structure-directing template, respectively.'®°>
The synthesis process typically involves evaporation of sucrose/
silica/F127 solution, followed by carbonization in N, atmosphere
at 400 or 550 °C. This leads to transformation of F127
into columnar micelles, which were hexagonally arrayed into
mesostructure, while sucrose moieties are transformed into
carbon residues, forming nanocomposites containing hydro-
phobic carbon in close contact with the stabilizing hydrophilic
silica framework."® The resulting hybrid materials were
finally treated with H,SO, to obtain sulfonated silica-carbon
nanocomposites.'®"'%* Silica-carbon nanocomposite (initial
weight ratio SiO,:C = 33:66) carbonized at 550 °C exhibited
high catalytic performance in hydrolysis of cellulose to glucose
(up to 50.4% glucose yield)."®® This catalytic performance was
attributed to the presence of strong and accessible Brgnsted
acid sites as well as to the hybrid surface structure, which
promotes adsorption of reaction substrates on the catalyst
surface. A small decrease in catalytic activity of sulfonated
silica-carbon nanocomposite was found for cellulose hydrolysis
after three recycles, due to leaching of acidic species (entry 20,
Table 1). These catalysts were also active for the ethanolysis

This journal is © The Royal Society of Chemistry 2018
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Fig. 17 Structural scheme of sulfonated silica—carbon nanocomposites.
Red color entity represents silica framework, brown color entity represents
microporous carbon phase, green color dots represent SOzH groups, and
EL represents ethyl levulinate. Reproduced with permission from ref. 162.
Copyright (2017) Elsevier.

of fructose to levulinic esters and furanic ethers with the
optimized combined yields of ca. 80%, as shown in Fig. 17.'°>
The developed composites contain a hierarchical pore archi-
tecture, of which mesoporosity facilitates fast mass transport,
whereas microporosity is beneficial to attain fast sugar catalysis.
The observed catalyst deactivation was due to fouling of the acid
sites instead of leaching, however, the catalytic activity could be
fully regenerated using a simple re-sulfonation step. A modified
EISA method was developed for scalable synthesis of acidic
mesostructured silica-carbon nanocomposite catalysts.'®* The
resultant sulfonated nanocomposites displayed good catalytic
activity in fructose ethanolysis and in condensation of 2-methyl-
furan with furfural. This catalytic performance was attributed to
several parameters, such as well-ordered mesostructure, tunable
hydrophilicity/hydrophobicity and high concentration of strong
acidic SO;H sites.

EISA method is also applied for the synthesis of ordered
mesoporous carbon-alumina nanocomposites, which was
then used as a support for loading Pt NPs."”® The resulting
nanocomposites showed high catalytic performance in one-pot
transformation of cellulose into hexitols, which was attributed
to tunable hydrophobicity/hydrophilicity, adjustable metal-support
interaction, and strong hydrothermal stability. Mesoporous
silica-carbon solid acid catalysts obtained by a hard-template
synthesis method were also tested in conversion of fructose,
HMF, and furfuryl alcohol with ethanol into HMF ethers
and levulinic esters.’®® Results reveal that higher yields of
desirable bio-products were obtained over the silica-carbon
catalysts, containing higher acid sites (1.9-2.3 mmol g~ ') and
acid strengths.

2.6.2 Upgrading of non-carbohydrate compounds. Various
sulfonated mesoporous silica-carbon nanocomposites were
synthesized using a hard templating method via three
types of silicas (KIT-6, SBA-15, and mesocellular silica).">” The
resulting composites contain a high density of acidic groups
(SO3H, COOH, and OH), attached to the deposited carbon layer.
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Hence, their catalytic performance was tested for the acid-
catalysed esterification of maleic anhydride, succinic acid, and
oleic acid with ethanol. Results revealed that all composites
show a high intrinsic catalytic activity (TOF), outperforming a
commercial solid acid, i.e. Amberlyst-15. This high catalytic
performance was attributed to abundant strong SO;H acid sites
located inside wide and accessible mesopores and high water-
tolerant nature of the carbon layer. A sulfonated mesoporous
silica-carbon nanocomposite obtained by a controlled carboniza-
tion of sucrose, impregnated in SBA-15 and its subsequent
sulfonation, was tested for both the esterification of palmitic
acid and the transesterification of soybean oil with methanol.'®?
The composite with a 35 wt% carbon showed high catalytic
performance towards biodiesel production, which was attributed
to high density of accessible Bronsted acid sites.

2.7 Carbon nanofiber based catalysts

Carbon nanofibers (CNFs) have emerged as an interesting
class of one-dimensional nanostructured carbon materials,
which can exhibit comparable or superior properties to other
carbonaceous materials in terms of thermal stability, mechan-
ical strength, and exposed active sites on the outer surface
of CNFs.'®® In addition, CNFs exhibit strong hydrothermal stability,
and thus, often preferred as efficient catalyst supporting materials
over metal oxide supports.

2.7.1 Upgrading of carbohydrate-containing and -derived
compounds. Sels et al.”® developed an attractive catalyst, con-
sisting of pear-shaped Ni particles at the tip of CNFs, for the
conversion of cellulose into polyols (Fig. 18). Results revealed
that CNFs grown on Ni/y-Al,O; allow the promising conversion
of cellulose with a 50.3% yield of sorbitol. A minor loss in

2um 40um

gy ol
Graphite
(002)

Fig. 18 SEM images of (a) carbon nanofibers grown over Ni/y-Al,O3
catalyst and (b) microcrystalline cellulose. TEM images of (c) carbon
nanofibers and (d) a pear-shaped Ni particle at the tip of a carbon
nanofiber. Reproduced with permission from ref. 70. Copyright (2010)
John Wiley and Sons.

Chem. Soc. Rev., 2018, 47, 8349-8402 | 8365


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8cs00410b

Open Access Article. Published on 18 September 2018. Downloaded on 23.01.26 06:14:49.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

sorbitol yield at similar conversions of cellulose was noticed after
three recycles of the catalyst, which was attributed to catalyst
weight loss during recovery/purification steps. In another work,
the acid-metal balance of CNFs-supported Ni catalysts was
tuned for selective hydrogenation of cellulose to Cg sugar
alcohols.'® Effects of oxidising agent, Ni activation process,
and Ni loading were investigated, resulting in 76% yield of
hexitols with 69% selectivity of sorbitol at 93% conversion
of cellulose. Song et al.'® developed a series of La-modified
Ru/CNFs catalysts for hydrogenation of levulinic acid into
y-valerolactone. Owing to a high concentration of metallic
Ru active sites and a synergistic Ru-La interaction, improved
reaction rates were obtained over the Ru,La,s/CNFs catalyst.
Interestingly, a considerable decrease in catalytic activity of
RuLa/CNFs was noticed with the further increase of La amount
(La/Ru > 0.5), due to blockage of Ru active sites by surplus
La dopant.

2.7.2 Upgrading of non-carbohydrate compounds. van
Haasterecht et al.’®” examined the hydrothermal stability and
the catalytic efficiency of Ni/CNFs materials for aqueous phase
reforming of ethylene glycol to produce H,. Results revealed the
deactivation of the catalysts at standard reaction conditions,
due to aggregation of active phase metallic Ni particles. Several
strategies were therefore demonstrated to limit Ni particles
growth, such as introducing additional H, into the reactor,
increasing the concentration of reactant, and addition of a base
(KOH) to the reaction mixture. Among those, base addition was
found to be the most effective route in stabilizing Ni NPs,
resulting in a stable H, production rate with a high selectivity
(99%) during 50 h time-on-stream. In another work, several
Ni/CNFs catalysts, prepared by a homogeneous impregnation
method, were used to produce H, via low-temperature steam
reforming of bio-0il."®® Best catalytic results (94.7% and 92.1%
of carbon conversion and H, yield, respectively) were obtained
over 22% Ni/CNFs catalyst. Results indicated that reaction
temperature, molar ratio of steam to carbon, and Ni loading
play a crucial role on the performance of the Ni/CNFs catalyst.

2.8 Biomass-derived carbon catalysts

Many types of biomass substrates have been evaluated to prepare
carbon-based catalysts (e.g. wood, bamboo, oilseed cake, oil
palm trunk, sugarcane bagasse, vegetable oil asphalt, and
carbohydrates). For this, carbonisation methods are normally
used, including pyrolysis, gasification, hydrothermal, and flash
carbonisation as these strategies allow to obtain well-controlled
micro-/nanostructures of carbon materials with tunable surface
chemistries and abundant functional sites.”®%>%* Moreover,
applying renewable organic substrates instead of inorganic
substrates for catalyst synthesis also contributes to an improved
process sustainability.

2.8.1 Upgrading of carbohydrate-containing and -derived
compounds. Furfural is a highly promising biomass-derived
platform molecules and can be used to produce a myriad
of valuable chemicals, such as furfuryl alcohol, tetrahydrofuran,
2-methylfuran, y-valerolactone and cyclopentanone.'® Several
attempts have been made to directly produce this chemical
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from lignocellulosic biomass. For example, Zhang et al.'®®
developed an efficient catalytic protocol for the production of
furfural from either raw corn stalk or xylose using a novel
carbon solid acid, which was synthesised through carbonisation
of sucrose followed by a sulfonation treatment. The catalyst
exhibited excellent Bronsted acidity, resulting in 78.5% and
60.6% yields of furfural from xylose and corn stalk, respectively.
The catalyst showed a remarkable stable activity even after five
recycles in xylose dehydration (entry 21, Table 1). In another
work, corncob is used to produce furfural over a biochar
supported Sn0O,~Co;0, Lewis acid catalyst."’® About 30% yield
of furfural was achieved, due to an efficient xylose isomerisation
in aqueous medium. However, only a 15% yield of furfural was
obtained after six recycles of the catalyst, attributed to leaching
of acidic species (entry 22, Table 1). A sulfonated biochar
catalyst, synthesised using Miscanthus x giganteus grass
and H,SO,, also afforded 60 and 42% yields of furfural from
dehydration of xylose and xylan, respectively."”*

The optimisation of hydrothermal carbonisation conditions,
such as temperature and time, was undertaken to prepare a
glucose-derived carbon, which was then functionalised with
-SO;H species.'”? The resulting catalyst showed good activity in
cellulose hydrolysis and fructose dehydration reactions with
glucose and HMF yields of 44 wt% and 20 wt%, respectively.
A one-pot synthesis of -SO;H and COOH-functionalised carbon
solid acids was successfully performed by hydrothermal
carbonisation of glucose in the presence of sulfosalicylic acid
and acrylic acid, respectively.'”® The functionalisation led to a
change in the particles shape and resulted in good catalytic
activity for the hydrolysis of cellulose. Importantly, the HSO;-
functionalised carbon solid acid showed excellent stability up
to five recycles without leaching of -SO;H species. A sulfonated
willow-derived carbon catalyst was successfully prepared
through sulfonation of a pencil refill.'”* This catalyst, containing
-SO;H, -COOH, and -OH groups, is highly suitable for the
transformation of cellulose into glucose, reaching 78% conver-
sion and 65% glucose yield, due to its strong acidic strength and
well-defined macroporous structure. A minor loss in glucose
yields was found after three recycles of the catalyst, due to
catalyst mass loss during recovery/purification steps (entry 23,
Table 1). Numerous carbon-based solid acids were prepared
using different biomass sources, such as glucose, cellulose,
bamboo, and rice husk.'”® The developed solid acids, containing
-SO;H and -COOH groups, showed good catalytic performances
for the hydrolysis of cellulose with a maximum 81.8% yield of
total reducing sugar for the glucose-derived acid catalyst. An
amorphous carbon-based acid catalyst, prepared by sulfonation
of bio-char obtained from fast pyrolysis of biomass, was also
studied for the hydrolysis of cellulose.'”® The complete conver-
sion of cellulose with about 90% yields of a,B-methyl glucosides
in methanol was obtained. Sulfonation of carbonised de-oiled
seed waste cake, a solid waste from biodiesel production,
was carried out to obtain multifunctional carbon-based solid
77 The catalysts contain various -OH, -COOH, and
-SOzH groups as well as several nitrogen species (pyridinic,
pyrrolic, etc.). Improved structure-activity properties were

acids.
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obtained with 4-benzenediazoniumsulfonate as the sulfonating
agent, compared to H,SO,. The catalysts showed good activity
in cellulose saccharification (glucose yield is in the range of
35-53%) as well as in fatty acid esterification (conversion up to
97%), hereby outperforming a conventional liquid acid (H,SO,)
and other solid acids (zeolites, ion-exchange resins, etc.).
A biomass residue obtained from the extraction of palm oil
was used for the synthesis of a sulfonated carbon solid acid
catalyst.'”® A positive correlation between the concentration
of sulfonic acid groups and the catalytic activity was noticed in
the hydrolysis of cellobiose. Moreover, the sulfonated carbon
showed higher catalytic activity than commercial acid resins.
A sulfonated bamboo-derived carbon catalyst was studied for
microwave-assisted conversion of bamboo-derived hemicellu-
lose to xylo-oligosaccharides.'”® The catalyst contains various
acid groups, such as -SO;H, -COOH, and phenolic -OH.
A 54.7 wt% yield of xylo-oligosaccharides based on xylan con-
tent was obtained at optimised reaction conditions. Reusability
studies revealed a significant decrease in catalytic activity of
sulfonated bamboo-derived carbon after three recycles, due to
severe leaching of acidic species (entry 24, Table 1).

A novel sulfonated polymer impregnated carbon solid acid
catalyst was studied for the dehydration of xylose to furfural.
The detailed synthesis procedure is shown in Fig. 19."%
The catalyst exhibited excellent activity and provided almost
quantitative conversion of xylose with selective synthesis of
furfural. A carbon-based solid acid, prepared using glucose and
an aqueous solution of H,SO, as carbon and sulfonation agent,
respectively, was studied for fructose dehydration.®" About
90% yield of HMF was achieved with dimethylsulfoxide as the
solvent. The catalyst can be reused for several times without
significant loss in catalytic activity. The selective dehydration of
fructose to HMF was also investigated over various sulfonated
carbon solid acids prepared using fructose as the carbon
source.'®* About 87% yield of HMF at nearly complete conver-
sion of fructose was achieved. The advantage of microwave-
assisted heating over conventional heating was demonstrated,
allowing shorter reaction times for the dehydration of fructose.'®>
Hydrothermal carbonisation of various biomass substrates,
such as lignin, cellulose, wood meal, and xylose, followed by
sulfonation, was attempted to prepare amorphous carbon-
based solid acid catalysts.'®® All catalysts possess aromatic
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Fig. 19 Synthesis procedure for sulfonated polymer impregnated carbon
solid acid catalyst. Reproduced with permission from ref. 180. Copyright
(2015) Elsevier.
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structures, as well as hydroxyl and carboxyl functional groups.
The catalysts exhibited a good activity in the production of
HMF (yields of 47-65%) from inulin, hereby outperforming
various traditional solid acid catalysts. A series of metal chloride-
modified sulfonated carbon catalysts, synthesised from cellulose,
were tested for the selective conversion of carbohydrates to ethyl
levulinate in an ethanol medium."®? Various metal chlorides, such
as NaCl, KCl, MgCl,, AICL;, FeCl;, CrCl;, and SnCl, were used in
this study. Among them, the FeCl; modified carbon catalyst
showed the highest performance in the conversion of fructose
with a 58 mol% yield of ethyl levulinate. On the other hand,
small amounts of water in the reaction mixture favoured the
formation of HMF and levulinic acid.

A porous carbon material obtained from bamboo shoots
was used as an efficient support for depositing Pt NPs.'®* The
resulting catalysts possessed a high specific surface area,
hierarchical porous structure, uniform dispersion of Pt NPs,
large amounts of functional nitrogen and oxygen groups, and
excellent water dispersibility. As a result, the carbon-supported
Pt catalysts showed good activity for furfural hydrogenation
with a controlled selectivity to furfuryl alcohol and cyclopenta-
none in water. Cyclopentanone is a promising building block
for the production of low cost fragrances, fungicides, and
perfume ingredients.'® The effect of carbonisation tempera-
ture of support, reaction temperature, and reaction pressure
were also studied on the products distribution.’®* A tandem
aldol condensation-hydrogenation of furfural with acetone was
carried out using a bi-functional catalyst composed of ultrafine
dispersed Pd NPs on a CN@MgO hybrid support (CN = nitrogen
doped carbon).*®® The hydrophilic N-doped carbon enhanced
the water dispersibility, catalyst stability, and the dispersion of
Pd NPs (2.2 nm in average size) in the Pd/CN@MgO catalyst.
Almost 99% furfural conversion with 95% selectivity to satu-
rated ketones were obtained over the Pd/CN@MgO catalyst.
Effects of carbonisation and calcination conditions on the
textural and acid properties of carbon cryogel, obtained from
a facile sol-gel polycondensation of acidic lignin-furfural
mixtures, were studied.'®” Calcination of the carbon cryogel
led to higher thermal stability and stronger acid sites, and
consequently superior catalytic performance in the esterifica-
tion of levulinic acid, as shown by the 87.2% conversion and
86.5% ethyl levulinate yield at optimised reaction conditions
(entry 25, Table 1). Reusability studies revealed that levulinic
acid conversion decreases from 87.2% to 70.6% after third
cycle, and then, a stable catalytic activity up to 5th cycle.
Leaching of active sites is a key reason for the observed catalyst
deactivation. Various functionalised carbon based catalysts,
prepared by the chemical activation of olive stone waste, were
tested for isopropanol decomposition.'®® Among the catalysts
tested, the H3;PO,-activated carbon showed a steady state con-
version with propylene as the major product in the absence of
oxygen. In the case of base-activated carbon catalysts, variable
amounts of acetone and propylene were obtained.

2.8.2 Upgrading of non-carbohydrate compounds. Catalytic
hydrodeoxygenation (HDO) of lignin oil is a promising strategy
to reduce the amount of oxygen, resulting into a high-quality
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bio-oil that can be efficiently upgraded to compatible transportation
fuels."® "> Co-Pyrolysis of cellulose and cobalt nitrate under NH;
atmosphere was performed to prepare novel magnetic N-doped
carbon supported cobalt nitride catalysts (CON;@NC).'** Their
catalytic efficiency for HDO of lignin-derived phenols was
subsequently tested. The CoN,@NC -catalyst pyrolysed at
650 °C exhibited the best HDO activity, reaching a >99.9%
yield of propylcyclohexanol from eugenol. This catalyst selec-
tively cleaves the C,,~OCH; bond to form 4-propylphenol,
prior to hydrogenation of the aromatic ring, hence improved
eugenol conversions and higher yields of propylcyclohexanol
under mild reaction conditions. However, a drastic decrease
(about 25%) in product yields was observed after four recycles
of the catalyst, due to leaching of active sites (entry 26, Table 1).
A one-pot carbonisation of glucose with melamine and CoCl, as
C, N and Co sources, respectively, was carried out to prepare
a novel N-doped Co@C catalyst (Co@NC).”” During catalyst
synthesis, the coordinated Co®" ions are reduced to Co NPs,
followed by incorporation into N-doped graphitic carbon
(Fig. 20). The Co@NC catalyst, pyrolysed at 700 °C, exhibited
the highest activity for HDO of vanillin using formic acid as a
hydrogen donor as well as a stable catalytic activity even after
five recycles (entry 27, Table 1). Noticeably, the Co@NC-700
catalyst showed a 15.4 times higher activity compared to a
carbon supported cobalt catalyst. The existence of N-derived
defective sites in Co@NC is the key reason for the superior
performance of Co@NC-700, due to a dual function as a base
additive in formic acid dehydrogenation as well as a metal-like
active phase in vanillin HDO.

Esterification of plant oil with methanol to produce bio-
diesel was investigated over a series of bagasse-derived carbon
solid acids.'® The catalyst, prepared with a dilute acid hydro-
thermal treatment, showed the best performance towards
biodiesel production. This catalyst also demonstrates a more
durable activity compared to conventional homogeneous cata-
lysts. Sulfonation of biochar and wood-derived carbon was
carried out using H,SO, and SOj; for the esterification of free
fatty acids with methanol."®> Wood-derived carbon solid acids
showed higher activity compared to biochar-derived catalysts,
which was attributed to the highest density of acid (SO;H)
species present in wood-derived carbon solid acids. The catalyst
reusability is thoroughly studied and appropriate strategies
were suggested to regenerate the catalyst activity after reaction.
A facile one-step hydrothermal carbonisation of water hyacinth
was performed in the presence of p-toluenesulfonic acid to
obtain promising carbon-based solid acids with variable acid
density.?* Catalysts with higher amounts of acid sites showed
better performance in oleic acid methanolysis as well as
in xylose dehydration. Higher hydrothermal carbonisation
temperatures (220-240 °C) enhanced the catalyst reusability due
to improved graphitisation and hydrophobicity of the carbon
surface. Esterification of free fatty acids in waste cooking oil
with methanol was studied to produce biodiesel using a carbon-
aceous solid acid prepared by a one-step mild hydrothermal
carbonisation of glucose, followed by sulfonation using
hydroxyethylsulfonic acid.'®® Catalytic results revealed a strong
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Fig. 20 TEM images (a—e), STEM image (f) and line scanning EDS ele-
mental analysis (g) of Co@NC-700 catalyst. Reproduced with permission
from ref. 72. Copyright (2017) Royal Society of Chemistry.

decrease in the content of free fatty acids (up to 93.4%) in waste
cooking oil. Catalyst stability was demonstrated with only a
7% decrease in free fatty acids conversion after five recycles.
A bagasse-derived carbon solid acid showed excellent catalytic
activity with a 95% yield of methyl oleate from esterification of
oleic acid with methanol, hereby outperforming both niobic
acid and Amberlyst-15 catalysts.'®” The obtained results are
comparable or superior to those of starch- and glucose-derived
carbon catalysts, respectively. Furthermore, the bagasse-derived
carbon solid acid efficiently catalysed the conversion of waste
cooking oils (39 wt% free fatty acid content), obtaining a 93.8%
biodiesel yield. An incomplete carbonisation of coffee residue
followed by sulfonation was carried out to prepare sulfonated
carbon catalysts for the esterification of caprylic acid.’®® The
sulfonation temperature played a crucial role in optimising the
-SO;H density on the catalytic surface. The catalyst carbonised
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at 600 °C and sulfonated at 200 °C showed the highest caprylic
acid conversion (71.5%). A robust sulfonated carbon catalyst
derived from oil-cake waste was tested for biodiesel production.'*
The catalyst exhibited superior acid density, large porosity, high
specific surface area, and remarkable thermal stability.
As a result, the catalyst showed excellent activity and good
reusability in the esterification of free fatty acids into corres-
ponding methyl esters, thus outperforming a homogeneous
H,SO, catalyst. A sulfonated carbon solid acid, obtained
after a one-pot carbonisation-sulfonation of cellulose using
concentrated H,SO,, was investigated for the esterification
of rapeseed oil fatty acids.>®® The activity of the carbon solid
acid was similar to Amberlyst-15 and led to a 96.5% esterifica-
tion activity.

Zhang et a investigated the production of Jatropha
biodiesel and hydrogen using carbonaceous acid and base
catalysts. Two carbon supports were prepared from Jatropha-hull
hydrolysate (JHC) and hydrolysis residue (JRC), followed by the
deposition of active species to obtain carbonaceous solid
acid (C-SO;H@Fe/JHC) and solid base (Na,SiO;@Ni/JRC)
catalysts, respectively. The C-SO;H@Fe/JHC catalyst was used
for the esterification of free fatty acids in crude Jatropha oil.
Subsequent transesterification of remaining triglycerides
catalysed by Na,SiO;@Ni/JRC ultimately afforded a high bio-
diesel yield of 96.7%. Interestingly, the solid base catalyst
obtained after three recycles showed a high performance in
the hydrothermal gasification of glycerol with 81% yield of H,.
In another work, de-oiled Jatropha curcas seed cake waste was
used to prepare a carbon-based solid acid catalyst, which was
then tested in the esterification of Jatropha curcas in order to
reduce free fatty acid content for biodiesel production.>**> The
conversion of free fatty acids reached 99% under optimised
reaction conditions, due to an improved porosity of the carbon
framework. Moreover, the biomass-derived catalyst outperformed
a conventional sulfuric acid catalyst. A carbon-based solid base
catalyst was prepared by treating a SO;H-carbon catalyst obtained
from glycerol with an aqueous alkali solution.®® The solid base
catalyst contains polycyclic aromatic carbon sheets attached
with versatile -SO;Na, -COONa, and -ONa functionalities. The
resulting catalyst showed a remarkable catalytic activity in
transesterification of sunflower oil with high yields of biodiesel
(99%) at atmospheric pressure. In addition, no considerable
loss in biodiesel yield was found even after eight recycles of the
catalyst (entry 28, Table 1).

The production of biodiesel from oil, obtained by solvent
extraction of Calophyllum inophyllum seeds, was studied over a
biomass-derived carbon catalyst.>*® The catalyst is itself synthe-
sised via carbonisation of the residual cake of Calophyllum
inophyllum, followed by sulfonation in concentrated H,SO,.
The resulting solid acid efficiently catalysed simultaneous
esterification and transesterification of free fatty acids and
triglycerides present in Calophyllum inophyllum oil, respectively.
Sulfonated carbon-based solid acid catalysts, prepared using a
simultaneous carbonisation and sulfonation of glucose with conc.
H,S0,, were tested for two reactions, namely transesterification of
tributyrin with methanol and dehydration of fructose to HMF.***
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The catalyst prepared at 150 °C showed excellent activity in
both reactions with 97.2% and 93% yields of methyl butyrate
and HMF, respectively, which was attributed to its high density
of -SO;H sites.

Glycerol esterification with acetic acid or acetic anhydride is
an important reaction that gives three valuable products,
namely monoacetin, diacetin, and triacetin."”*****°” These
acetins have great commercial significance as transportation
fuel additives and antiknock additives. Moreover, the addition
of small amounts of triacetin improves the properties of
biodiesel. Hence, this reaction acts as a key driving force to
enhance the profitability of biodiesel production. Several sul-
fonated carbon catalysts were developed from biomass waste at
different synthesis conditions.>*® Due to their strong acidity
and higher thermal stability, excellent activities were obtained
for glycerol esterification to a mixture of monoacetin, diacetin,
and triacetin. In addition, the strong hydrophobic character of
these catalysts resulted in an excellent reusability for glycerol
esterification. Sulfonated glucose-derived carbon catalysts
showed higher activity for the hydrolysis of alginate, a major
constituent of algal biomass, compared with that of H,SO, and
other commercial solid acid catalysts, such as carbon black,
activated carbon, Amberlyst-15, and zeolites.”*® This perfor-
mance was ascribed to the high concentration of strong
Bronsted acid sites (-SO3;H) in the glucose-derived carbon
catalysts. Biochar, obtained after fast pyrolysis of pinewood,
was used for the encapsulation of Fe NPs.*'® The catalyst has a
core-shell structure resulting from in situ encapsulation of iron
within a graphitic shell. Catalytic experiments demonstrated an
efficient conversion of bio-syngas with a good selectivity to
liquid hydrocarbons. The catalytic dehydration of 2-butanol
was studied using a carbon-based solid acid prepared by
chemical activation of olive stone with H;PO4.”® The catalyst
shows high surface acidity due to the presence of residual
phosphorous species on the catalyst surface, resulting in
improved catalytic activities. cis-2-Butene and trans-2-butene
are the major products with lower amounts of 1-butene via
E2-mechanism (one-step mechanism) of 2-butanol dehydration,
which is a rate-determining step.

2.9 Conclusions of carbon-based catalysts

Based on the examples discussed in this chapter, it is clear that
the large specific surface area and strong hydrothermal stability
of carbon-based catalysts play a favorable role in biomass
upgrading. On one hand, immobilization/dispersion of func-
tional species (SO;H, metals, etc.) is facilitated on high surface
area carbon supports. This leads to a higher number of surface-
exposed active sites available for biomass valorisation. On the
other hand, the strong hydrophobic nature of carbon materials
prevents leaching of active species during biomass processing
reactions, allowing a more efficient catalyst reusability, as
evidenced by Table 1. In addition, the unique properties of
nanostructured carbon materials, especially graphene, not only
play a key role in stabilising acid-base and/or redox functional
species (entries 10-13, Table 1), but also enable them to perform
as metal-free catalysts in biomass upgrading (entry 14, Table 1).
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Unfortunately, despite all of these attractive characteristics and
potential catalytic applications, carbon materials, especially
graphene and CNTs, still suffer from several drawbacks, such
as lack of large-scale synthesis methods, high production costs,
low bulk density, and mass diffusion constraints, limiting their
catalytic applications at the industrial scale.*’*'* In this
framework, using biomass substrates (Section 2.8) for one-pot
synthesis of functionalised carbon-based catalysts would be a
promising solution in terms of catalyst costs, functionalisation,
and scalability. In parallel, the application of mesostructured
carbon catalysts (Sections 5 and 6) in biomass upgrading would
be an ideal strategy to overcome the current mass transfer
limitations of microporous carbon materials. However, more
efforts are still needed to optimise structure-activity features of
biomass-derived carbon and mesoporous carbon catalysts to
obtain breakthrough catalytic results in biomass valorisation.

3. Metal-organic frameworks

Metal-organic frameworks (MOFs) belong to an extraordinary
family of crystalline porous materials with unique character-
istics and versatile functionalities.*®****'* They have found
plentiful applications in various fields, including catalysis,
sensing, luminescence, separation, gas adsorption, H, storage,
and optical devices. MOFs contain two key building blocks:
(i) metal ions or metal-oxo clusters and (ii) multidentate
organic moieties. The unique nature of metal ions or clusters
as lattice nodes and organic moieties as linkers allow the
formation of robust metal-ligand coordination frameworks
with well-defined porous structures quite similar to those
found in zeolites. The capacity to fine-tune pore geometries
up to a mesoporous size range is a notable advantage of MOFs
over microporous zeolites.*® This pore modification is feasible
by selecting a suitable combination of metal ions and organic
linkers as well as by tailoring MOFs synthesis parameters.
Mesoporous structures can facilitate efficient diffusion of
(bulky) biomass substrates towards unsaturated active metal
centres in MOFs, thus overcoming mass transport limitations
often encountered with microporous zeolites. To meet the
requirements of a specific target application, properties of
MOFs can be further tuned by anchoring desired active phases.
Overall, MOFs are highly tunable materials, which led to more
than 20000 synthesised MOFs, described in literature up to
date.’® In addition, the high crystallinity of MOFs assists to
carry out thorough structure-activity relationship investiga-
tions as well as molecular simulations that can provide valuable
implications for the rational design of new, high performing
MOF materials.

3.1 Factors affecting the catalytic activity of MOFs in biomass
upgrading

Over the past few years, MOFs have been in the forefront of
research in catalytic biomass valorisation. The diversity of both
metal nodes and organic ligands as well as their synergistic
interactions enables MOFs to perform as active phase catalysts,
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catalyst supports or even catalyst synthesis precursors. Owing
to durable metal-ligand coordination networks, MOFs can
exhibit large pore volumes and superior specific surface areas.
Therefore, the individual properties of inorganic and organic
components are usually well accessible and uniformly distributed
throughout the MOFs, a fundamental advantage over conven-
tional heterogeneous solid catalysts.>™ The broad spectrum of
starting materials as well as efficient synthesis strategies offer
unlimited options for fine-tuning textural properties of MOFs.
This is indispensable because biomass feedstocks usually contain
larger molecules, hence their diffusion towards catalytic active
sites can be improved by carefully adjusting pore dimensions
and morphologies. For instance, Li et al.>'® reported that the
morphology of Fe-MIL-101-NH, could be modified by simply
varying the synthesis times of MOF, without effecting its crystal
structure. The resulting MOFs showed good catalytic perfor-
mances in glycerol oxidation reaction.

The individual attributes of metal nodes and organic ligands
can offer abundant acid-base properties.>*>*!” The unsatu-
rated metal sites in MOFs obviously exhibit Lewis acidity. They
also show adequate redox and basic properties, depending on
the nature of metal-oxygen connection modes of MOFs. Owing
to higher Lewis acidity, MOFs can be used as solid acid catalysts
for isomerisation of glucose to fructose.>'® Notice that Brgnsted
acid sites are essential in many biomass-upgrading reactions.
Nevertheless, MOFs exhibit negligible Brgnsted acidity. There-
fore, several viable strategies have been developed to attach
Bronsted acidic groups onto a particular site of the MOFs.>***"°
Organic ligands provide facile approaches to introduce such
acid functionalities.??° Mainly, sulfonated-functionalised MOFs
have received paramount attention in catalysis because of their
superacidity, which is stronger than 100% H,S0,.>** Since
functionalised MOFs can combine the advantages of both
MOFs and incorporated acid-base functional sites, they are
particularly suitable to catalyse cascade chemical reactions
for efficient biomass upgrading. For instance, the SO;H-
functionalised UiO-66 MOF showed an exceptional catalytic
activity in the conversion of levulinic acid and its esters to
produce y-valerolactone (Fig. 21).>** Results indicated that
Zr*'-0*" acid-base pair sites, uniformly imbedded in the
UiO-66 framework, enhance catalytic transfer hydrogenation

Lewulinate esters

CTH reaction

ﬂ*%ﬁ

ij‘ﬁ* e
% @ -son \%VJL‘

Fig. 21 SOszH-Functionalised UiO-66 MOF for catalytic transfer hydro-
genation (CTH) of levulinate esters to y-valerolactone. Note: Zr and O
atoms are shown in green and brown, respectively. Reproduced with
permission from ref. 222. Copyright (2017) American Chemical Society.
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Ru/MIL-101(Cr)

Fig. 22 Selective hydrogenation of levulinic acid into y-valerolactone
over Ru/MIL-101(Cr) catalyst. Reproduced with permission from ref. 225.
Copyright (2016) Springer Nature.

of levulinate esters, while -SO;H groups attached to organic
linkers catalyse successive intramolecular dealcoholisation to
produce high yields of y-valerolactone.>*?

The confinement properties of MOFs stimulated by the
existence of rigid coordination frameworks is a key driving
force for their application as catalyst supports, but concurrently
as protective agents for the development of highly stable
heterogeneous catalysts. Metal NPs are likely to undergo
sintering at elevated temperature conditions, leading to the
formation of larger sized particles with lower specific surface
areas, resulting in decreased catalytic activities. The versatile
and tailorable porous channels of MOFs offer potential
approaches for the encapsulation of active phase metal NPs
in order to prevent their agglomeration, hence improving
their catalytic performance.”*>*** Guo et al.>*®> demonstrated
a beneficial effect of MIL-101(Cr) MOF in stabilising highly
dispersed Ru nanoclusters (2.4 nm) (Fig. 22). The resulting
Ru/MIL-101(Cr) catalyst showed good activity in the conversion
of levulinic acid to y-valerolactone, hereby outperforming a
zeolite supported Ru catalyst.

MOFs have also been employed as practicable catalyst pre-
cursors as well as the sacrificial templates for the preparation of
carbon supported metal catalysts.>?®?® Pyrolysis of MOFs at
suitable temperatures gives porous carbon materials derived
from the organic ligands. The formed carbon matrix in turn
serves as a high surface area support, which stabilises the
in situ generated metal NPs, originating from the metal nodes.
In this manner, highly stable catalyst systems, consisting of
uniformly dispersed metallic NPs on a porous carbon matrix,
with multifunctional properties can be obtained. Carbon-
supported bimetallic catalysts can also be synthesised by
tailoring the MOF-templated strategy as reported by Guomin
Xiao and his co-workers (Fig. 23).>*” They developed an efficient

ColNOy, 773 K
v W . CotiCur=0~0.5
By
Cu o W0 W W W N, | g73k a4
bé 37 3 &y ———CuCo/C
s e calcined .
\,.« ¥ ¥ o Distorted
o e & cuBTCION

73K, 1073K "
)
Collapsed

Fig. 23 Schematic illustration for the synthesis of CuCo/C catalyst.
Reproduced with permission from ref. 227. Copyright (2017) Elsevier.
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bimetallic CuCo catalyst supported on a porous carbon
matrix via thermolysis of a Co-doped Cu-BTC MOF under N,
atmosphere. The effect of pyrolysis temperature from 500
to 800 °C was studied on the size and shape properties of
CuCo/C catalysts. The catalytic efficiency of various MOFs-
based materials in biomass valorisation are discussed in the
following paragraphs. In addition, an overview of the most vital
catalytic results obtained in MOFs catalysed biomass upgrading
is presented in Table 2.

3.2 Pristine MOFs and their composites

In the 1990s, the first catalytic application of MOFs was
reported for the cyanosilylation of aldehydes.”® With the
development of more advanced MOFs, their catalytic applica-
tions in biomass valorisation have been dramatically increased
in recent years.

3.2.1 Upgrading of carbohydrates-containing and -derived
compounds. Celi¢ et al.**® studied deoxygenation of liquefied
biomass using a Ni-containing MOF, named MIL-77. Surpris-
ingly, a ten-fold higher catalytic activity was found for MIL-77
compared to a commercial Ni/SiO,-Al,O; catalyst. The in situ
generated Ni NPs are the key catalytic active sites for hydro-
treatment of bio-oil. Hydrolysis of carboxymethyl cellulose was
studied using an aluminium-based MIL-53 MOF.*** About
40.3% and 54.2% molar yields of HMF and total reducing
sugar were obtained at 200 °C for 4 h, respectively. This MOF
catalyst can be reused for at least three times with a minor loss
in HMF yield from 40.3% to 38.4%, which was attributed to
catalyst mass loss during recovery/purification steps and/or
blockage of active sites by humins products (entry 1, Table 2).
Huang et al.>®' developed a novel MOF nanocomposite by
in situ growth of zeolitic imidazolate framework NPs inside
the pores of a 3-dimensional reduced graphene oxide hydrogel.
The resulting MOF catalyst contains both micropores and
mesopores with large specific surface area and abundant acidic
sites. A maximum 94% yield of formic acid from cellulose was
obtained at optimised reaction conditions.

Two types of zeolitic imidazolate frameworks (ZIFs), such as
Zn-ZIF-8 and Co-ZIF-67 (Fig. 24) were tested for the catalytic
conversion of sugars (sucrose, glucose and fructose) to methyl
lactate.?®* ZIFs are a subclass of MOFs with zeolite-type
topology, characterised by a 3D-porous isotropic framework.
About 42% yield of methyl lactate was achieved over Zn-ZIF-8
due to its catalytically favourable properties, such as smaller
crystal size and higher amounts of acid sites, especially Lewis
acid sites. Reusability studies revealed a considerable decrease
in product yields from 34.8% to 27.2% after four recycles of
ZIF-8 (160 mg catalyst), due to blockage of active sites
and structural changes in the catalyst (entry 2, Table 2). The
synthesis of lactic acid from carbohydrates is an important step
in biomass upgrading.”®® Lactic acid is a valuable chemical
for the bioplastic industry and functions as a platform mole-
cule towards production of various attractive chemicals, such
as acetaldehyde, pyruvic acid, acrylic acid, propylene glycol,
2,3-pentanedione, 1,2-propanediol, and lactic acid esters.
Huang et al.>** developed an efficient one-pot transformation
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acid,
d 236

2,5-diformylfuran, 5-hydroxymethylfuran-2-carboxylic
5-formyl-2-carboxylic acid, and 2,5-furandicarboxylic aci
The selectivity of these chemicals can be tuned by varying catalyst
compositions and reaction parameters. Lucarelli et al.>*® devel-
oped a feasible base-free oxidation of HMF to DFF using three
types of square planar Ni-based MOFs, ie. Ni(BDP), Ni(BPEB)
and Niz(BTP),. Among them, Ni;(BTP), showed the best catalytic
performance, giving a 27% yield of DFF under mild reaction
conditions. The catalytic difference between these three Ni-based
MOFs relates to a variable accessibility of the metal centres. An
efficient MOF catalysed one-pot process was developed to pro-
duce furilydenepropanenitrile derivatives, which are key polymer
building blocks.>®” The first step ie. oxidation of HMF was
studied using Fe-containing MOFs (MIL-100IJFe and Fe(BTC))
and a Cu containing MOF (Cu;IJBTC),). MIL-100IJFe post-treated
with NH,F showed an exceptional catalytic performance,
affording a 100% yield of 2,5-diformylfuran (DFF) from HMF,
which was attributed to the presence of abundant MOF-stabilised
Fe(m) active species. The second step i.e., Knoevenagel condensa-
tion of DFF with malononitrile or ethyl cyanoacetate was per-
formed by exploiting the basicity of the reaction medium.
Kikhtyanin et al.>*® compared the catalytic efficiency of several
MOFs for aldol condensation of furfural with acetone. Results
indicated that aldol condensation occurs on the acidic sites of
MOFs rather than on basic sites. Particularly, catalysts possessing
ample amounts of Brgnsted acid sites, which are generated by the
interaction of metal cations with surrounding water molecules,
showed the best performance. Aerobic oxidative condensation of
furfural with alcohols was also studied over various Co-based
MOF catalysts.”*® Two different strategies were applied for the
generation of catalytic active species in these MOFs: (1) removal of
coordinated water molecules at 300 °C, resulting in preferentially
exposed metal active centres and (2) pyrolysis at 700 °C,
generating multi-element carbon-matrix nanocomposites. Inter-
estingly, both MOFs showed good catalytic performances (84.9%
conversion and 99% selectivity) in the condensation of furfural
with alcohols. Zr-Containing MOFs with terephthalate (UiO-66) or
2-aminoterephthalate ligands (UiO-66-NH,), were studied for the
esterification of levulinic acid with simple alcohols as well
as biomass-derived complex alcohols.>*’ The obtained catalytic
activities are comparable (and in some cases higher) to those of
previously reported solid acid catalysts. Results reveal that the
active sites are located at the defect sites associated with ligand
deficiencies in these MOFs.

3.2.2 Upgrading of non-carbohydrate compounds. Larasati
et al.>*" studied the effect of the synthesis method (reflux and
solvothermal) on the catalytic performance of MOFs, based on
Zr*" and a benzene 1,3,5-tricarboxylate linker, for the esterifica-
tion of palmitic acid to produce biodiesel. The solvothermal
synthesised MOF gave the best catalytic results with a 69%
conversion of palmitic acid. Zr-MOFs, such as UiO-66 and
UiO-66-NH,, are also investigated as solid acid catalysts for
the esterification of saturated and unsaturated fatty acids with
methanol and ethanol.>** Very good yields of fatty acid alkyl
esters (94-99%) were obtained at mild reaction conditions,
which was attributed to optimum amount of acidic sites.

8374 | Chem. Soc. Rev., 2018, 47, 8349-8402

View Article Online

Chem Soc Rev

3.3 MOF-supported metal NPs

Transition-metal NPs with small sized particles (usually below
5 nm) show distinctive physicochemical and redox properties as
well as unusual catalytic activities that differ considerably from
their bulk analogues.*’® Owing to strong, well-defined porous
frameworks, MOFs can be used as efficient catalyst supports for
the stabilisation of metal NPs with controlled size distributions.
Compared to conventional porous inorganic materials, such as
zeolites and mesoporous silica, MOFs can exhibit synergetic
interactions, depending on their nature and composition, with
the metal NPs via coordination and n-r forces.>*®

3.3.1 Upgrading of carbohydrates-containing and -derived
compounds. Aerobic oxidative condensation of furfural with
alcohols is one of the promising strategies for stabilising
furanics as well as for obtaining desirable chemicals for
gasoline applications. Various MOFs-supported Pt catalysts,
such as Pt@MOF-5, Pt@UIO-66, and Pt@UIO-66-NH, were
synthesised using an impregnation method followed by a gas-
phase reduction step.”** Their catalytic efficiency was tested
for the oxidative condensation of furfural with ethanol to
furan-2-acrolein using molecular oxygen. Among them, 1 wt%
Pt@MOF-5 catalyst showed the best performance with 84%
conversion of furfural and 75.7% yield to furan-2-acrolein. This
catalyst showed a remarkable stable activity even after
five recycles, without any considerable loss in product yields
(entry 5, Table 2). The synergetic effect of well-dispersed Pt NPs
with the MOF-5 channel is the key reason for superior perfor-
mance of the Pt@MOF-5 catalyst. Selective hydrogenation of
furfural to furfuryl alcohol was studied over Ru NPs supported
on a series of Zr-based MOFs.>*> Among the catalysts tested,
Ru/UiO-66 catalyst showed the highest performance with 94.9%
yield of furfuryl alcohol, which slightly decreased after five recycles
(entry 6, Table 2). Interestingly, the Ru NPs in Ru/UiO-66 catalyst
were initially found to oxidise in contact with air, but the resulting
RuO, species were reduced again under reaction conditions,
which are key active sites for hydrogenation of furfural. Hester
et al.”®® developed a thermally stable catalyst composed of Pt NPs
encapsulated in a Zr-based UiO-67 MOF using a linker design
method. The H,-chemisorption ability of UiO-67 was improved
after the incorporation of Pt NPs, thus promoting Pt@UiO-67
MOF as a new appealing catalyst for hydrogenation reactions and
hydrogen storage applications. The Pt@UiO-67 catalyst was found
to be effective in the hydrogenation as well as in the oxidation of
HMEF. 5 wt% Ru/MIL-101(Cr) catalyst showed higher performance
in the hydrogenation of levulinic acid to y-valerolactone compared
to a Ru/zeolite catalyst.”*
sion and y-valerolactone selectivity were obtained at optimised
reaction conditions. The synergistic effect between the strong
acidity of the MIL-101(Cr) support and the fine dispersion
of metallic Ru sites is a key reason for high performance
of Ru/MIL-101(Cr) catalyst. However, about 40% decrease in
product yields was observed after four recycles of the catalyst,
due to leaching of active Ru species (entry 7, Table 2).

3.3.2 Upgrading of non-carbohydrate compounds. The oxida-
tion of glycerol gives numerous value-added products, such as

More than 99% levulinic acid conver-
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dihydroxyacetone, glyoxalic acid, and glyceric acid.*** Li et al.*'®
found that by controlling the catalyst synthesis time, the struc-
ture-activity properties of bimetallic Pd-Ce catalysts supported
on various Fe-MIL-101-NH, MOFs can be tuned for the oxidation
of glycerol to dihydroxyacetone. Interestingly, although the
morphology of Fe-MIL-101-NH, is highly dependent on catalyst
synthesis time, its crystal structure is unaffected. The resulting
MOF-supported bimetallic catalysts were found to attain higher
yields of dihydroxyacetone in comparison with the corres-
ponding monometallic Pd-based MOF and Pt-Bi/C catalyst.
A hybrid catalyst support consisting of Ce-based MOF crystals
and partially reduced graphene oxide nanosheets (PRGO) was
developed for the dispersion of Pd NPs.*® Results revealed that
the MOF-based hybrid support assists in generating highly
dispersed Pd NPs, while also creating abundant acid sites.
Hence, the developed catalyst exhibited superior efficiency in
the hydrogenolysis of a lignin model compound, vanillin
towards 2-methoxy-4-methyl phenol.

3.4 Acid functionalised MOFs

The catalytic Lewis acidity strength of the MOFs (originating
from isolated metal sites in their structure) was investigated,
first time, for the cyanosilylation of aldehydes.>*> In contrast
to the Lewis acidity, understanding the Brgnsted acidity of
MOFs is challenging and remains less explored. Many biomass
conversion reactions, including dehydration, hydrolysis,
depolymerisation, hydrodeoxygenation, and esterification/
transesterification require abundant Brensted acid sites. Several
practicable strategies have therefore been developed to introduce
Brensted acid functionalities (sulphate, phosphate, nitric acid,
etc.) into MOFs. These include encapsulation of Brgnsted acid
molecules into the framework cavities of MOFs (Fig. 25),>'
(post)synthetic functionalisation of organic linkers with acidic
groups, or ligation of Brensted acid moieties to isolated metal
nodes.?” Hence, a handful of studies dealing with the conversion
of biomass using acid functionalised MOFs have been reported
in recent years.

3.4.1 Upgrading of carbohydrates-containing and -derived
compounds. The conversion of glucose to HMF proceeds
through two steps ie. Lewis acid catalysed isomerisation of
glucose to fructose and the subsequent Brgnsted acid catalysed
dehydration to HMF (Fig. 26).>*® Considering catalyst reusability
and process costs, the use of a single versatile catalyst having
both Bregnsted and Lewis acid properties would be preferable
over the application of two separate catalysts. Since large
quantities of water are generated during fructose dehydration,
the developed catalysts must also exhibit a high tolerance to
water. In view of these challenges, a remarkable hydrothermally
stable and strong acidic MOF based catalyst was developed by
partially replacing the organic linker of Zr-based MOF (UiO-66)
with 2-monosulfo-benzene-1,4-dicarboxylate.>*® The resulting
catalyst, consisting of both Lewis (Zr"*) and Brensted (-SO;H)
acid sites, exhibited a high catalytic performance for the
one-pot conversion of glucose into HMF in aqueous solution
(Fig. 26). The catalyst could also be reused for at least three
times, with a minor loss in catalytic activity. Yabushita et al.>'®
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Fig. 25 Schematic representation of encapsulation of Brensted acidic
molecules within MOF: (a) two-step method and (b) one-step method.
Reproduced with permission from ref. 219. Copyright (2015) American
Chemical Society.
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Fig. 26 (a) Schematic representation of an acidic UiO-66 framework.
(b) Conversion of glucose to HMF via fructose isomerisation. Reproduced
with permission from ref. 246. Copyright (2018) John Wiley and Sons.

performed a partial phosphate modification of Zr-cluster nodes
in a NU-1000 MOF to generate selective acid sites for glucose-to-
HMTF transformation. The presence of reduced Lewis acidity as
well as Brensted acidity is beneficial for the isomerisation of
glucose to fructose and the subsequent dehydration to HMF,
respectively. Moreover, the partial phosphate modification
strategy also inhibited side reactions in glucose isomerisation.
Selective conversion of glucose to HMF was also studied using
different nitro- and sulfo-modified MIL-101(Cr) catalysts.*”
Among them, the MIL-101(Cr)-SO;H catalyst showed the highest
yield (29%) of HMF after 24 h reaction. The porous structure and
crystalline nature of MIL-101(Cr)-SO;H catalyst are unaffected
after four recycles, but the activity is decreased due to humins,
adsorbed on the catalytic surface (entry 8, Table 4). Although
the formation of insoluble humins could be prevented by
performing the reaction in ethanol, yields of desired products,
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such as HMF and 5-ethyl-HMF were decreased. A similar type
of SO;H-functionalised MIL-101(Cr) MOF, containing both
Lewis and Bregnsted acid sites, was examined for dehydration
of glucose to HMF under both batch and flow reaction
conditions.””” A 44.9% yield of HMF at full conversion was
obtained in batch scale. Interestingly, the catalyst is stable and
provides a steady HMF yield (35-45%) under continuous-flow
for 56 h time-on-stream.

Fructose, bearing a five-membered ring, is the preferred
precursor for the production of HMF. Glucose, on the other
hand, has a more stable six-membered ring. Hence, several
studies have been undertaken for fructose-to-HMF transforma-
tion using MOFs based acid catalysts. For instance, a series
of SOzH-functionalised MOFs, synthesised by post-synthetic
modification of organic linkers with chlorosulfonic acid, were
studied for the dehydration of fructose to HMF.>*° The grafting
rate of -SO;H determines the Bronsted acid concentration and
its strength in the MOF. About 90% HMF yield was achieved
at nearly complete conversion of fructose over an optimised
MIL-101(Cr)-SO3H catalyst. A minor loss in product yields (from
90% to 85%) was observed after five recycles of the catalyst, due to
accumulation of oligomeric products on the catalyst surface (entry
9, Table 2). Hu et al.>*® developed two types of hydrothermally
stable, sulfonated NUS-6 MOFs, composed of Zr and Hf with high
BET surface areas of 550 and 530 m” g~ ', respectively. Both MOFs
possess a hierarchical porous structure of coexisting micropores
(~0.5, ~0.7, and ~1.4 nm) and mesopores (~4.0 nm) with
strongly connected -SO;H groups. The NUS-6(Hf) MOF showed a
higher catalytic performance in the dehydration of fructose with a
98% yield of HMF, which was attributed to its strong Brensted
acidity as well as its more suitable pore size that inhibited side
reactions. A multicomponent MOF-based solid acid catalyst,
composed of polyvinylpyrrolidone modified halloysite nanotubes
encapsulated in a SO;H functionalised UiO-66 MOF, showed good
performance for fructose dehydration with a 92.4% HMF yield.**®
The concentration of acid sites in the functionalised MOF can be
adjusted by simply varying the ratio of support and SO;H species.
This MOF catalyst can be efficiently recycled for at least five times
without much decrease in its activity and selectivity.

Kuwahara et al>** synthesised a SO;H-functionalised
Z1r-MOF (Ui0-66) for catalytic transfer hydrogenation of levulinic
acid and its esters to y-valerolactone. Results revealed the
formation of strongly connected -SO;H groups in the UiO-66
framework, without affecting the structure of Zr lattice nodes.
However, functionalisation resulted in a decreased crystallinity
and BET surface area. The optimised MOF, containing a
60 mol% fraction of -SO3;H while retaining a high BET surface
area, exhibited the best catalytic performance, attributed to
synergistic effect of Lewis basic ZrsO,(OH), and Brensted acidic
(-SO3H) centers. The transformation of furfuryl alcohol to ethyl
levulinate in ethanol was examined using a SO;H function-
alised MIL-101(Cr) MOF.>*° The as-prepared catalyst showed
higher BET surface area, excellent hydrothermal/chemical
stability, and enhanced accessibility of Brensted acid sites.
Owing to these fascinating properties, the MIL-101(Cr)-SO;H
catalyst showed good activity with a 79.2% yield of ethyl
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levulinate at full conversion of furfuryl alcohol. Reusability test
revealed a minor loss in product yields after five recycles of the
catalyst, attributed to adsorption of oligomeric products on the
catalyst surface (entry 10, Table 2).

3.4.2 Upgrading of non-carbohydrates. Thermal gradient
effects and non-consistent reaction conditions are the major
challenges in conventional thermal organic transformations.**°
Alternatively, microwave heating could benefit organic reactions
by improving process efficiency and energy conservation. To
compare both heating technologies, the esterification of oleic
acid with methanol to produce bio-diesel esters was studied over
a porous MIL-101(Cr)-SO;H.>*® Noticeably, a maximum 93%
yield of methyl oleate was obtained after just 20 min of micro-
wave heating, while longer reaction times of up to 10 h were
required to achieve similar product yields under conventional
heating. A facile solvothermal method was used for the encap-
sulation of Keggin-type Cs, sH,sPW;,040 heteropolyacid into a
Ui0-66 MOF, leading to an improved Lewis acidity.””" As a result,
this functionalised MOF showed a good catalytic performance in
the acidolysis of soybean oil, containing medium-chain fatty
acids, towards low-calorie structured lipids.

3.5 Bifunctionalised MOFs

Bifunctionality is a synergistic concept stimulated for develop-
ing versatile materials that can facilitate catalytic cascade
chemical reactions in biomass valorisation. The properties
and activities of bifunctional catalysts could be significantly
different from the corresponding mono-functional catalysts.
Especially, acid and redox properties are vital for efficient
biomass valorisation. On the one hand, acid sites (e.g., -SO;H)
can fractionate/depolymerise the complex biomass molecules
into the model compounds. On the other hand, redox active sites
(e.g., metal NPs) can catalyse the subsequent upgrading of model
compounds to value-added chemicals. MOFs have the ability to
accommodate both acid-base and metal active sites. Tailoring
these bifunctional properties is essential for achieving improved
catalytic results in biomass upgrading.

3.5.1 Upgrading of carbohydrates-containing and -derived
compounds. Chen et al.>®® investigated the effect of the acid/
metal balance in water-tolerant bifunctional Ru-PTA/MIL-100(Cr)
(PTA - phosphotungstic acid) catalysts for the transformation
of cellulose and cellobiose into sugar alcohols. By controlling
the loading of encapsulated PTA in MIL-100(Cr), the amount
and strength of acid sites are optimised (Fig. 27). The Ru-PTA/
MIL-100(Cr) catalyst with loadings of 3.2 wt% Ru and 16.7 wt%
PTA showed a 63.2% yield of hexitols with a 57.9% selectivity to
sorbitol at complete conversion of cellulose as well as 97.1%
yield of hexitols with a 95.1% selectivity to sorbitol at complete
conversion of cellobiose. Highly dispersed metallic Ru NPs
(1.4 nm) played a favorable role in the hydrogenation activity,
while acid sites of PTA/MIL-100(Cr) are responsible for hydro-
lysis reaction. In another work, metallic Ru NPs deposited on a
PTA functionalised HKUST-1 MOF was tested for cellulose
conversion to ethylene glycol.”>® A maximum 50.2% yield
of ethylene glycol was obtained over the developed catalyst,
consisting of 2.4 wt% Ru and 34.8 wt% PTA. The acid sites
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Fig. 27 Metal-acid bi-functional Ru—-PTA/MIL-100(Cr) catalyst for trans-
formation of cellulose or cellobiose into sugar alcohols. Reproduced with
permission from ref. 252. Copyright (2013) John Wiley and Sons.

of PTA promote both hydrolysis of cellulose and subsequent
C-C bond cleavage of cellulose-derived sugars, while the smaller
sized metallic Ru particles (average particle size of 2 nm)
catalyse glycolaldehyde hydrogenation to form ethylene glycol.
Catalyst recycling led to leaching of active species, due to
partial decomposition of MOF composite (PTA functionalised
HKUST-1), and hence, a considerable decrease in product yields
(entry 11, Table 2). A one-pot catalytic hydrogenation strategy
for converting methyl levulinate into y-valerolactone was devel-
oped using a bifunctional catalyst composed of metallic Ru NPs
deposited on a SOzH-functionalised Ui0-66.>** The resulting
catalyst showed a 81% yield of y-valerolactone under mild
reaction conditions, which was maintained even after five
recycles of the catalyst (entry 12, Table 2). The catalytic perfor-
mance of Ru/SO;H-UiO-66 was attributed to synergistic effect
of imbedded tiny metallic Ru NPs (2-4 nm diameter) and
abundant Brgnsted acidic sites of SO;H-UiO-66 support, hereby
outperforming a Ru/C catalyst. The activity and selectivity of
Ru/SO;H-UiO-66 were significantly decreased upon neutralisa-
tion of its acid sites, confirming the indispensable role of
sulfonic acid groups. The above studies***>** demonstrate that
metallic Ru NPs with an average size of below 4 nm could
exhibit good catalytic performance in the hydrogenation of
biomass model compounds. A ligand-based solid solution
method was used for the incorporation of -SO;H functional
groups into the framework of a Cr-MIL-101 MOF, followed by
loading of Pd NPs.>>® The -SO;H density played a critical role in
the ring opening of y-valerolactone. Subsequent HDO afforded
ethyl pentenoate, which was then hydrogenated to ethyl
valerate (83% yield) over the Pd NPs. Reusability studies
revealed a drastic decrease in product yields from 83% to below
10% after three recycles of the catalyst, which was attributed to
aggregation of Pd NPs at elevated reaction temperatures
in acidic solution (entry 13, Table 2). A multicomponent
Pd/UiO-66@SGO (SGO - sulfonated graphene oxide) catalyst
was investigated for one-pot conversions of glucose and fruc-
tose into 2,5-dimethylfuran.>®® Brgnsted acid sites present
in UiO-66@SGO promote the dehydration of carbohydrates
to HMF, whereas the subsequent hydrogenolysis and hydro-
genation to form 2,5-dimethylfuran were catalysed by Pd NPs.
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The 4.8 wt% Pd/UiO-66@SGO catalyst can be reused up to five
times without significant loss in catalytic activity. A direct
anionic exchange method followed by a reduction step was
employed for the synthesis of Pd NPs supported on a NH,
functionalised MOF (Pd/MIL-101(Al)-NH,).”*” Isolated amine
moieties present in the framework of the MOF assist the
formation of uniform dispersed Pd NPs. Its catalytic efficiency
in HMF upgrading was then demonstrated, reaching a 96%
yield of 2,5-dihydroxymethyl-tetrahydrofuran with a full con-
version of HMF. In the case of the reusability tests (five cycles)
carried out at 1 h reaction time, a stable catalytic activity was
found (entry 14, Table 2). In contrast, product selectivity was
significantly decreased from 96% to 80% (after five recycles) for
12 h reaction time. This was attributed to changes in the
structural and textural properties of the catalyst.

3.5.2 Upgrading of non-carbohydrates. A bifunctional
catalyst consisting of Pd NPs immobilised on a mesoporous
sulfonic acid-functionalised MOF, MIL-101(Cr)-SOzH was studied
for the hydrodeoxygenation (HDO) of vanillin.>*® Brgnsted
acid coordination sites of sulfonic acid groups attached to
the MOF induce the activation of reactants. Hence, the 2 wt%
Pd/MIL-101(Cr)-SO3H catalyst exhibited high performance
in the HDO of vanillin towards 2-methoxy-4-methylphenol
product. This catalyst can be reused for at least seven times with
no loss of catalytic activity and selectivity (entry 15, Table 2). Pd
NPs immobilised on a SO;H-functionalised MIL-101(Cr) was also
found to be an effective catalyst in the hydrodeoxygenation of
vanillin under mild reaction conditions.>®® In another work,
hydrodeoxygenation of vanillin was studied using ultra-small
Pd NPs (1.5-2.5 nm) encapsulated in an amine-functionalised
MOF (NH,-Ui0-66).>°° Almost 100% conversion of vanillin with a
high selectivity to 2-methoxy-4-methylphenol was achieved over
2 wt% Pd@NH,-UiO-66. The synergy between well-dispersed
metallic Pd sites and the amine-functionalised MOF support
is the key reason for high hydrogenation activity of Pd@NH,-
UiO-66 catalyst. Hence, both acid- and base-functional sites
are necessary for the efficient hydrodeoxygenation of vanillin.
Phenol hydrogenation was studied using Pd/UiO-66 and
NH,-functionalised Pd/UiO-66 catalysts.”®' Interestingly, the
incorporation of NH, groups induced a decreased crystallinity
in UiO-66, resulting in weak interaction between Zr and Pd in
Pd-UiO-66-NH,. Hence, the NH,-free Pd-UiO-66 catalyst showed
better catalytic activities in phenol hydrogenation.

Although algae-derived bio-oil is regarded as an efficient
renewable source of transportation fuel, the existence of large
concentrations of oxygen-containing C16-C18 fatty acids leads
to several problems, such as polymerisation, strong corrosion,
poor stability, and low calorific value. Hence, algae bio-oil cannot
be used as transportation fuel without removing these fatty
acids. For this, Fang et al.>®® developed a facile one-pot strategy
to convert palmitic acid into hexadecane over a bifunctional
MOF catalyst, consisting of encapsulated phosphotungstic acid
inside the MOF structure of PACu@Fe™-MOF-5. The developed
catalyst shows an improved acidity and completely converts
palmitic acid with a high selectivity to hexadecane. This superior
catalytic performance was attributed to its unique yolk-shell
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MOF nanostructure, enhanced acidity, and the supercritical
fluid medium.

3.6 MOFs-derived catalysts

Highly stable carbon-based metal or metal oxide catalysts can
be developed using MOFs as sacrificial templates. A typical
concern of MOFs, regarding their relatively low hydrothermal/
chemical stability, can thus be turned into an advantage,
by employing thermolysis under inert conditions for in situ
generation of homogenously dispersed metal NPs on the carbon
support.>*® The resulting composite catalysts can contain ample
amounts of functional sites, hence achieving notable catalytic
activities in biomass conversion reactions.”*”***

3.6.1 Upgrading of carbohydrates-containing and -derived
compounds. A sulfur doped Fe/C catalyst was synthesised using
a MOF-templated strategy and tested its catalytic efficiency for
one-pot conversion of fructose into 2,5-diformylfuran (DFF).>*®
Pyrolytic disintegration of the MOF template led to the for-
mation of octahedral Fe;O, NPs with preferentially exposed
(111) crystal facets on sulfur doped carbon (Fig. 28). About 99%
yield of DFF was obtained at optimised reaction conditions,
which can be maintained even after six recycles of the catalyst
(entry 16, Table 2). The formation of higher product yields was
ascribed to low adsorption energy of DFF on the support as well
as the existence of non-oxidised sulfur that makes the catalyst
system less oxidised. In another work, DFF is produced from
HMF using a carbon supported Fe-Co catalyst obtained after
thermolysis of MIL-45b MOF.>** The unique hollow structure of
the Fe-Co/C catalyst promotes the adsorption of HMF as well as
the rapid desorption of formed DFF, leading to a higher
product yield, comparable to that obtained with noble metal
catalysts. The Fe-Co/C catalyst was also efficiently reused for
six times without any significant loss in its activity and selec-
tivity (entry 17, Table 2). MOF-5 derived carbonaceous solid
acids bearing -SO;H functional species were studied for the
dehydration of fructose into HMF.”®® Better catalytic results
were obtained when the reaction was performed in a dimethyl

COOH
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\

Ostwald ripening
-
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Fig. 28 MOF-templated strategy for the design of Fe/C-S catalysts.
Reproduced with permission from ref. 263. Copyright (2017) Royal Society
of Chemistry.
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sulfoxide-isopropanol solvent mixture, with a high concen-
tration of isopropanol. Selective hydrogenation of furfural to
tetrahydrofurfuryl alcohol was studied over carbon-embedded
Ni (Ni/C) catalysts synthesised by the direct thermal decom-
position of Ni-based MOFs.>*° The performance of Ni/C greatly
depends on the applied MOF precursors, calcination condi-
tions (temperature and time), and reaction parameters. Com-
plete conversion of furfural towards tetrahydrofurfuryl alcohol
(100% yield) was obtained over Ni/C-500 catalyst synthesised by
the pyrolysis of Ni-MOF at 500 °C for 120 min. This catalyst
showed a remarkable stable activity even after five recycles
(entry 18, Table 2). The high performance of Ni/C catalyst is
attributed to the uniform dispersion of Ni NPs (an average
particle size of ~14 nm) and relatively high BET surface area
(~92 m* g ). Selective hydrogenation of furfural was also studied
using a CuCo bimetallic catalyst dispersed on a porous carbon
matrix, synthesised by the pyrolysis of a Co-doped Cu-BTC MOF at
different temperatures ranging from 500 to 800 °C.>*’” Best catalytic
results (98.7% furfural conversion and 97.7% furfuryl alcohol
selectivity) were achieved with a Co:Cu molar ratio of 0.4 and a
precursor calcination at 600 °C. Results revealed that doping with
Co improved the metal dispersion, while the pyrolysis temperature
significantly influences the particle size and chemical state. A one-
pot cascade conversion of furfural to cyclopentanone was success-
fully carried out using bimetallic CuNi NPs embedded in a carbon
matrix (CuNi@C).**® Compared with conventional precipitation
methods, the MOF-templated procedure gave a higher specific
surface area (91.6 m”> g~ ') and well-dispersed CuNi NPs (about
15 nm) with a Ni: Cu molar ratio of 0.5. As a result, the CuNi, s@C
catalyst showed the best performance with a 97% yield of
cyclopentanone at optimised reaction conditions. Reusability
studies revealed a minor loss in product yields after four
recycles of the catalyst, due to blockage of active sites by coke
formed during reaction (entry 19, Table 2).

3.6.2 Upgrading of non-carbohydrates. Hydrogenolysis
of glycerol is an important reaction for the production of
1,2-propanediol, which has significant industrial applications
(e.g., cosmetics, polymers, pharmaceuticals, and antifreeze
additives).>®” For this reaction, a novel Cu/ZnO catalyst with
nanoscale ZnO particles scattered on metallic Cu was tested.
The catalyst was prepared via facile pyrolysis of the Cu(Zn)-
based HKUST-1 MOF followed by a reduction step (Fig. 29).>°®

350°C,H,, @&
B i

Cu,Zn; 0; Octahedron Cu/ZnO hybrid

HKUST-1

©c On O @un Quo @ 20 @Metalcu

Fig. 29 Preparation of a Cu/ZnO catalyst from Cu(Zn)-HKUST-1. Reproduced
with permission from ref. 268. Copyright (2017) Elsevier.
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The MOF-templated Cu, ;/ZnO catalyst showed higher activity
and superior stability for the hydrogenolysis of glycerol in a
fixed-bed reactor compared with conventional Cu/ZnO catalysts
prepared by co-precipitation and solvent-free grinding methods.
The synergistic interface of Cu-ZnO played a beneficial role on
the performance of Cu,;/ZnO catalyst for 1,2-propanediol
synthesis. A bimetallic Ni-Co nanoalloy catalyst encapsulated
in an N-doped carbon matrix (NC), synthesised using a MOF-
templated strategy, was tested for the selective hydrogenation
of phenol, a lignin model compound.’®® Both the pyrolysis
temperature and the composition of nanoalloy played a crucial
role on the performance of CoNi@NC catalyst. The 1Co-1Ni@NC
catalyst showed a 2.8- and 4.3-fold higher activity than Co@NC
and Ni@NC, respectively, which was attributed to synergistic
Ni-Co interaction in the bimetallic catalyst. Mechanistic studies
revealed a one-step hydrogenation of phenol to cyclohexanol.

3.7 Conclusions of MOFs-based catalysts

In conclusion, a large number of research articles have reported
on the topic of MOFs-catalysed biomass valorisation. This
interest has been mainly stimulated by the unique porosity
properties of MOFs compared to various other catalytic materi-
als, such as microporous zeolites, mesoporous silica, and
microporous carbon materials. Overall, the tunable porous
channels of MOFs seem to play three important roles: (i)
minimising mass diffusion limitation, (ii) improving surface
area, and (iii) allowing a more efficient immobilisation of
functional species. In addition, the building blocks of MOFs,
namely metal ions or metal-oxo clusters and organic ligands,
exhibit adequate amounts of acid-base and redox properties,
which can be tailored in function of specific biomass upgrading
reactions. However, several challenges still exist towards fertile
catalytic applications of MOF-based materials in biomass valor-
isation. (1) Developing viable routes for the synthesis of cost-
effective MOF-based materials. For this, more efforts should be
directed towards one-pot synthesis of functionalised MOFs
using relatively cheap precursors. (2) Improving the hydrother-
mal stability of MOFs and minimizing the leaching of active
species,””® for which both strong coordination between ligands
and metal centers®*® as well as MOFs composites (e.g., with
activated fly ash)** could play a crucial role. (3) In-depth
analysis of structure-activity relationships of MOFs during
biomass conversions, thus providing useful implications to
tune their catalytic activity and selectivity.

4. Solid phase ionic liquids based
catalysts

Ionic liquids (ILs) have recently emerged as novel clean solvents
as well as promising functional catalysts for the development of
new frontier catalytic technologies. ILs, popularly known as low
temperature or room temperature molten salts, are composed
of organic cations and (in)organic anions.””' ILs typically
contain bulky and asymmetric ions that will limit their crystal-
lisation, resulting in melting points below 100 °C and
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occasionally even below room temperature.*® Ethylammonium
nitrate with a melting point of 12 °C was the first representative
low temperature molten salt, and was synthesised in 1914.%”
The development of moisture-stable ILs in 1992 has boosted
the applicability of ILs in many fields, including catalysis. The
extraordinary properties of ILs mark them as highly appealing
“green” alternative to traditional organic solvents for various
catalytic processes. Interesting properties include low vapor
pressure, non-flammability, wide range of working temperatures,
and high ionic conductivity.>”**”* Theory estimates a total of
10" types of ILs can be developed by tailoring the nature and the
composition of cation/anion components. However, only about
1000 types of ILs have been synthesised up to date.***”*

4.1 Factors affecting the catalytic activity of solid phase ILs in
biomass upgrading

ILs have found versatile applications in catalytic biomass
processing due to the presence of abundant amounts of both
Lewis and Bronsted acid sites.?”>>”® Important examples are
depolymerisation of lignocellulose biomass and its compo-
nents (cellulose, hemicellulose, and lignin), dehydration of
biomass-derived carbohydrates and biodiesel synthesis. As
both the anionic and the cationic parts of ILs are easily varied,
the properties of ILs can be tuned to fulfil a specific catalytic
purpose. This extreme flexibility provides fertile opportunities
to design or optimise the most suitable IL systems for achieving
enhanced reaction rates in biomass conversions. Owing to the
combination of polar and non-polar properties, ILs may also
induce a nano-segregation of solvents and substrates, which
could potentially improve the chemical reactivity.””” However,
several challenges need yet to be solved in order to improve the
catalytic applicability of ILs at the industrial scale. For instance,
many catalytic processes require significant amounts of ILs,
which is economically undesirable because of the high cost of
ILs.***" The handling of ILs can also be difficult because of
their high viscosity, in turn imposing mass transport limita-
tions in catalytic reactions. Moreover, severe leaching of ILs
into the reaction mixture, associated with the concerns of their
separation and recycling, strongly limits their practical applica-
tions in biomass refinery processes.*’?”® To overcome these
issues, an appealing strategy i.e. combining the advantages of
both ILs and solid materials has received great attention that
has led to development of a new class of functionalised hetero-
geneous catalysts, namely ‘solid state ILs’.*°** Immobilisation
of ILs on solid materials by either covalent or non-covalent
bonds can be achieved using various feasible synthesis methods,
including physisorption, self-assembly, grafting, sol-gel, ionic
exchange, or polymerisation. As an example, Fig. 30 illustrates of
supported-mono-ILs.>°

Supported ionic liquids (SILs) offer several advantages for
catalytic biomass conversions over the corresponding pristine
ILs.***1:279280 G115 not only combine the original properties of
ILs and supports, but also endows new functional sites and
robust stabilisation, due to synergistic IL-support interactions.
It is also possible that deposition of ILs on a high specific surface
area material can provide increased number of accessible active
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Fig. 30 Representation of supported-mono-ILs. Reproduced with permission
from ref. 39. Copyright (2014) Royal Society of Chemistry.

sites at the catalyst surface, while consuming small amounts of ILs.
More importantly, the IL film formed on the support surface
provides a homogeneous environment for catalytic reactions, while
appearing as a dry solid, allowing facile separation of SILs from
the reaction mixture. Overall, these advantageous features of
SILs can assist the development of practicable, sustainable
catalytic routes for large-scale bio-refinery processes.

The catalytic properties of SILs depend on many factors.
Surely, the choice of the anionic and cationic parts will be a
dominant factor that governs the catalytic strength of SILs.*’
Each IL has a unique set of anionic and cationic parts, resulting
in a very specific interaction. As an example, the different types
of interactions in a typical imidazolium-based IL are illustrated
in Fig. 31.”*° Tailorable SILs with desired functional sites can
be developed by simply varying the nature and the composition
of anionic and cationic parts. The nature of the support is
another key factor influencing the catalytic efficiency of SILs.
For example, compared with traditional porous silica and
polymer supports, the use of oxidised multi-walled carbon
nanotubes as a supporting material was found to significantly
improve the catalytic performance of SILs.”®' Moreover, the
particle size of the support as well as the synthesis routes of the
SILs can also affect the catalytic activity.>”® Particularly, grafting
of ILs, a widely used method, can considerably alter the activity
of SILs in various ways.*®” The advantages of grafting compared
to impregnation are confirmed by CO, diffusivity measurements.
Grafted silica exhibits faster CO, diffusion than impregnated

Electrostatic interaction
Aromaticity of the cation
(possible n—stacking)

@ H-bond donor (C(2)-H acidic)

N.® /N Hydrophobic domain
Rz/ N\ MHG Possible Van der Waals interaction
2
H Hydrophilic domain
e H-bond acceptor
[A] possible delocalisation of the charge
Lewis base

Fig. 31 Schematic representation of different types of interactions
present in a typical imidazolium-based ionic liquid. Reproduced with
permission from ref. 280. Copyright (2010) Elsevier.
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silica, indicating that ILs incorporated into the inner pores of
solid materials during impregnation hamper the diffusion of
reactive species. In addition, grafting of ILs shows a negligible
effect on the blockage of porous structure of solid materials,
hence grafted solid surface allows for strong immobilisation of
functional groups compared to impregnated surface. Finally,
the IL loading can also exert a significant role in tuning the
surface properties of SILs to achieve better catalytic activity.>”
The loading of ILs can be adjusted by controlling the particle
size of the support and the preparation method.

Both acid and base functionalised SILs can be developed by
simply immobilising acid or base functionalised ILs on the
surface of solid supports, respectively.*®**8%283 [Ls with protic
ammonium, pyrrolidinium, or imidazolium ions exhibit
adequate amounts of acid sites. Strong Brgnsted acidic ILs
can also be prepared by anchoring -SO;H, carboxylic acids or
alkane sulfonic acids as side chains on the cations (Fig. 32).>**
On the other hand, a number of ILs with considerable amounts
of basic sites exist, including ILs with lactate, formate, acetate,
dicyanamide, etc. Interestingly, strong interactions between
functionalised ILs and a solid support can prevent leaching
of functional sites during biomass transformation reactions.
Furthermore, incorporation of metal NPs into functionalised
SILs can provide novel, bifunctionalised heterogeneous cata-
lysts (Fig. 32).>®* These bifunctionalised SILs possess abundant
acid or base and redox properties, which could enable efficient
catalysis of cascade biomass conversions in a one-pot way. The
existence of various kinds of interactions may play an essential
role in stabilising these functional sites and active metal
centers (Fig. 31).

Solid polymeric ILs (PILs), a new class of recyclable IL based
catalysts, are also perceived as fascinating catalytic alternatives
for efficient biomass upgrading.”®>?*® The incorporation of IL
moieties into a polymer chain can combine some of the unique
properties of ILs with the common features of polymers. High
thermal stability, tunable shaping, and corrosion resistance are
some of the added benefits of PILs. PILs can be used as catalyst
support or as catalytic active phase, depending on their nature
and composition. However, conventional PILs typically exhibit
low specific surface areas, resulting in negligible amounts of
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Fig. 32 Schematic representation of a bifunctional catalyst composed of
an acid-functionalised SIL and Ru NPs. Reproduced with permission from
ref. 284. Copyright (2016) American Chemical Society.
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Fig. 33 Key advantages of solid phase ionic liquids.

surface active sites available for catalytic reactions. To
overcome this problem, novel porous PILs with well-defined
structures and controlled geometries have been developed
using appropriate synthesis methods.*>**¢ In addition to an
increased active surface area, porous PILs may also improve
mass transport due to tunable porous dimensions. Hence,
higher reaction rates in biomass upgrading could be expected.
Furthermore, the surface wettability of porous PILs can be
efficiently tuned at a molecular level by carefully selecting the
synthesis precursors.*” This is vital because surface wettability
plays an essential role in tuning the interaction of solid
catalysts with reaction substrates. For instance, hydrophobic
solid surface favour the adsorption of hydrophobic reactant
species. Therefore, an improved hydrophobicity of the catalyst
surface can lead to higher activities and excellent selectivities
in related reactions. In conclusion, Fig. 33 summarises the
key advantages of solid phase ionic liquids. In the following
sections, various catalytic biomass conversions were reviewed,
partitioned in two categories: (1) supported ILs based catalysts
and (2) polymerised ILs based catalysts. In addition, a summary
of the most important catalytic results obtained in solid-state
ILs catalysed biomass upgrading is presented in Table 3.

4.2 Supported ILs based catalysts

Supported IL catalysts as a concept was initially introduced in
the 1990s.?®” Depending on the composition and configuration
of ILs immobilised on solid supports, SILs can be classified as
supported IL phase, supported IL catalyst, and solid catalyst
with an IL layer.”®*>°° Many solid supports, such as mixed
oxides (Mg-Al-O), bio-char, mesoporous silica (SBA-15 and
MCM-41), carbon nanotubes, MOFs, and polystyrene have been
used for the immobilisation of ILs.

4.2.1 Upgrading of carbohydrates-containing and -derived
compounds. The efficient hydrolysis of lignocellulose biomass
and its model compounds is a foremost challenge in bio-refining
and for instance a major hurdle for large-scale cellulosic ethanol
production. For this, SILs can offer a homogeneous environment
to dissolve cellulose as well as abundant acid properties for the
cleavage of cellulose to reducing sugar molecules (e.g., glucose).
A silica-immobilised imidazolium-type acidic SIL was found to
be highly effective in the hydrolysis of untreated cellulose in
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water, hereby outperforming n-propylsulfonic acid on silica
(PrSO3H-Si0,) and sulfonic acid on silica (SO;H-SiO,)
catalysts.>®* About 48% yield of total reducing sugars (TRS)
was obtained over the SIL acid catalyst, with a small decrease in
TRS yields after four recycles (entry 1, Table 3). In contrast, only
19.9% and 13.2% TRS yields were obtained with PrSO;H-SiO,
and SO;H-SiO, catalysts, respectively. A chlorozincate IL immo-
bilised on a sulfonic acid functionalised bio-char was also
tested for the hydrolysis of cellulose in aqueous solution,
obtaining a reasonably good yield of TRS (58.7%).”°> Compared
to the OH groups of IL-SOz;H, the IL-Zn groups act as more
efficient cellulose-binding sites, resulting in a stable catalytic
activity even after three recycles of the catalyst (entry 2, Table 3).
A series of acid functionalised ILs covalently grafted on SiO,
(IL-SO3H/Si0,, IL-HSO,/Si0,, and IL-SO3;H-HSO,/SiO,), as
well as a IL/SiO, were tested for the dehydration of various
carbohydrates (cellulose, cellobiose, sucrose, glucose, xylose,
and fructose) towards furan derivatives.’*® The dual acidic
functionalised SIL (IL-SO;H-HSO,/SiO,) was found to be highly
active with 99, 96, 94, 76, and 99% conversions of fructose,
glucose, xylose, sucrose, and cellobiose, respectively. Reusability
studies revealed a small decrease in HMF yields from 97.5% to
92.7% after five recycles of the catalyst in fructose dehydration
(entry 3, Table 3). Sphere-shaped SILs with particle sizes ranging
from 293 to 610 nm have been prepared by the immobilisation
of an acidic functionalised IL on the surface of SiO, particles.***
The developed SIL catalyst showed excellent performance in the
dehydration of fructose with full conversion and 63% yield of
HMF, outperforming zeolites and strong acid ion exchange resin
catalysts. In addition, the SIL catalyst can be efficiently recycled
for at least seven times without any significant loss in catalytic
activity (entry 4, Table 3). Dehydration of fructose into HMF was
also tested using a novel polypropylene fiber supported IL
catalyst, reporting good HMF yields (86.2%) at optimised
reaction conditions.?> Reusability studies showed a stable
catalytic activity even after ten recycles of the catalyst, without
any considerable loss in HMF yields (entry 5, Table 3). In
addition, the fiber supported IL showed higher catalytic per-
formance compared to acid resins and silica supported ILs,
which was ascribed to the better accessibility of the substrates
in case of the fiber supported IL. A Brgnsted acidic IL immo-
bilised on a silica gel was found to be effective for a series of
esterification reactions, including esterification of acetic acid
with various alcohols.”®® In addition, IL/silica gel exhibited
excellent reusability for seven times without considerable loss
in catalytic performance.

Eucalyptol, a major component of eucalyptus oil (~90%), is
as an attractive platform molecule for the production of valuable
C10-chemicals, such as menthanes, menthenes, menthadienes,
and cymene.”®® Several bifunctionalised catalysts consisting
of metallic Ru NPs immobilised on acid-functionalised SILs
(RUNPs@SILs) were applied in the hydrodeoxygenation of eucalyptol
under both batch and continuous-flow conditions.”®® The
RuNPs@SILs showed excellent catalytic activity and selectivity
towards a deoxygenation product, p-menthane, which was
attributed to well-balanced acid and metal functionalities.
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Kinetic experiments under continuous-flow conditions identi-
fied the acid catalysed deoxygenation of eucalyptol as the rate-
limiting step. The partial substitution of Ru by a non-noble
metal (Fe) in RuNPs@SIL led to tailored catalytic activities
and selectivities in the hydrogenation of various aromatic
substrates including furfural and furfuralacetone.>®” A facile
organometallic synthesis method was used for the synthesis of
FeRuNPs@SIL catalysts. This preparation method allowed a
controlled formation of finely dispersed bimetallic FeRu NPs.
Among several tested catalysts, bimetallic Fe,,RugoNP@SIL and
Fe,sRu,sNP@SIL showed the best performance with more than
94% yield to the aromatic alcohol at nearly complete conver-
sion of furfuralacetone. Reusability studies, carried out under
shaken conditions rather than magnetically stirred conditions
in order to prevent mechanical degradation of the catalyst,
revealed a decrease in product yield (83%) after two recycles of
Fe,sRu,sNP@SIL catalyst (entry 6, Table 3). The effect of the
catalyst support, i.e. conventional silica, mesoporous SBA-15,
and polystyrene on the catalytic performance of acid functio-
nalised SILs was studied.>®® The obtained catalysts were tested
for the production of ethylene glycol diacetate via esterification
of ethylene glycol with acetic acid. Ethylene glycol diacetate is a
useful solvent for paints, coatings, plastics, and wood stains.
Interestingly, the conventional silica supported IL showed the
best catalytic performance for the synthesis of ethylene glycol
diacetate and a pseudo-homogeneous second order kinetic
model was proposed, based on thorough kinetic experiments.

Compared to conventional solid supports, the confinement
of ILs into the porous materials (mesoporous silica, MOFs,
porous bio-char, etc.) can reduce the extent of IL leaching
during catalytic reactions.’® Interestingly, confinement effects
and interactions of ILs with the pore walls may result in
physicochemical properties that significantly differ from con-
ventional SILs. Moreover, these properties may be strongly
dependent on the configuration of ILs inside the pores,
e.g., as grafted monolayers or physically confined multilayers
(Fig. 34)."° A metal chloride (CrCl,) immobilised on a thin layer
of IL (1-(triethoxysilyl-propyl)-3-methylimidazolium chloride,
(EtO);-Si-PMImCI) grafted on mesoporous silica (SBA-15) was
studied for glucose dehydration in an aqueous medium.?® The
coordination of CrCl, to PMIm'Cl™ creates loosely bound,
catalytically active Cr*" species. The high mobility of these

Fig. 34 Incorporation of ILs into porous materials by two different strategies:
(A) covalent grafting of monolayer IL on the pore wall and (B) physical
confinement of multilayers of ILs into the nanopores. Reproduced with
permission from ref. 40. Copyright (2017) American Chemical Society.
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complexes was shown to be beneficial for the selective synthesis
of HMF from glucose. However, severe catalyst deactivation was
noticed after two recycles of the catalyst, due to leaching of
large amounts of active species (entry 7, Table 3). The effect of
metal chlorides (e.g., CrCl,, AlCl;, CuCl,, and FeCl;) on the
structure-activity properties of an immobilised IL/SBA-15
catalyst was also studied for the dehydration of glucose to
HMF.?% Results revealed that the ordered mesoporous structure
is retained after grafting of the IL, though the specific surface
area of SBA-15 was slightly decreased. Higher HMF yields
were obtained over the developed SILs compared to various
homogeneous metal chloride catalysts. Multifunctional catalysts
composed of chromium(u) Schiff base complexes and acidic ILs,
both immobilised onto the surface of MCM-41 were investigated
for the dehydration of various carbohydrates, such as glucose,
fructose, and inulin.”® The reaction temperature, reaction time,
and the solvent were optimised for HMF production. About
43.5%, 83.5% and 80.2% yields of HMF were obtained from
glucose, fructose, and inulin, respectively. A minor loss in
catalytic activity for glucose dehydration was noticed after five
recycles of the catalyst, due to leaching of active species and
adsorption of reaction substrates on the silica surface (entry 8,
Table 3). A series of SBA-15 supported acidic IL catalysts were
tested for biphasic alkylation of 2-methylfuran with formalin.***
The developed SIL catalysts showed higher activities and a superior
selectivity (90%) towards bis(5-methylfuran-2-yl)methane, com-
pared to commercial sulfonic acid resin catalysts. In addition,
the SBA-15 supported acidic IL catalysts were also found to be
active for the alkylation of 2-methylfuran with various biomass-
derived substrates, such as furfural, glycolaldehyde, glyceralde-
hyde, and 3,4-dimethoxybenzaldehyde.

Multifunctional ILs supported on a porous bio-char were
prepared by pyrolysis of cellulose and IL and subsequently
tested for the production of levoglucosenone (LGO) and
dihydrolevoglucosenone (DLGO) via catalytic reforming of
cellulose pyrolysis volatiles (Fig. 35).>°> DLGO is an attractive
bio-based solvent alternative to dipolar aprotic solvents and can
be further transformed to 1,6-hexanediol, a commodity chemical
with widespread industrial applications. A 31.6% yield of LGO

Catalytic hydrogenation

Ei, iy EL

Catalytic reforming

<)
o & DLGO
LGO
Pyrolysis H OH — T
4 OH Supported IL N ip frasdoe
H / Anhydro phase catalyst
[BMMIM]OTS

sugars

¥ o
HO 0" ~°
OH -

Cellulose

Sequential fast conversion
in gas phase

Fig. 35 Production of levoglucosenone (LGO) and dihydrolevoglucose-
none (DLGO) by catalytic reforming of volatiles obtained from cellulose
pyrolysis using supported IL catalysts. Reproduced with permission from
ref. 302. Copyright (2017) American Chemical Society.
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was obtained on a cellulose carbon basis (24.6 wt%). Moreover,
the addition of hydrogen gas and a hydrogenation catalyst in
the catalytic bed enabled the production of DLGO. Hollow
nanosphere structured N-doped carbon supported sulfonic acid-
functionalised ILs were developed for the selective conversion of
fructose to promising fuel blends, such as 5-ethoxymethylfurfural
and ethyl levulinate.’® Results revealed that strong interactions
between functionalised IL groups and the N-doped carbon
framework play a favourable role in limiting acid site leaching.
Hence, the developed SIL catalyst exhibited large amounts
of strong Brensted acid sites, which efficiently catalyse the
ethanolysis of fructose, thus avoiding self-polymerisation of
intermediates, leading to higher total yields of 5-ethoxy-
methylfurfural and ethyl levulinate.

4.2.2 Upgrading of non-carbohydrate compounds. The high
cost of raw materials (e.g:, virgin oil) used for transesterification
reactions is a major hurdle for the commercialisation of
biodiesel production.”® Hence, the use of waste cooking oils
or non-edible oils has been investigated as a more economical
route towards large-scale biodiesel production. IL immobilised
on mixed oxides of Mg-Al and Mg-Al-La were tested for the
transesterification of waste cooking 0il.>** The Mg-Al-La based
SIL showed the best catalytic performance with a 98.7% yield of
biodiesel. A noticeable decrease in biodiesel yield from 98.7%
to 85.4% was noticed after six recycles of the catalyst, due to
leaching of basic sites (entry 9, Table 3). In another work,
an acid functionalised IL immobilised on silica gel was also
tested for the transesterification of waste cooking oil with
methanol.**® Various reaction parameters, including the ratio
of methanol to oil, catalyst loading, reaction temperature, and
reaction time were optimised to obtain a maximum yield
(87.6%) of biodiesel. Reusability studies revealed a noticeable
decrease in the biodiesel yield from 87.6% to 70.2% after five
recycles of the catalyst, due to leaching of IL (entry 10, Table 3).
A Brgnsted acid IL confined within the framework of an amino-
functionalised magnetic MOF (Fe;0,@NH,-MIL-88B(Fe)) was
prepared.®®® The resulting SIL catalyst showed a good perfor-
mance in the esterification of oleic acid (93.2% biodiesel yield),
which was attributed to abundant acid properties. A consider-
able decrease in biodiesel yields was found after six recycles of
the catalyst, due to mass loss of the catalyst during recovery/
purification steps (entry 11, Table 3). As an alternative to waste
cooking oils, a non-edible untreated feedstock, i.e. Koelreuteria
integrifoliola was used as a substrate for the production of
biodiesel using an acidic IL immobilised on a magnetic support
Fe;0,@8i0,.°” The SIL catalyst has a well-controlled core-shell
structure and showed tremendous performance in catalysing
both transesterification and esterification reactions of crude
Koelreuteria integrifoliola seed oil. Gas-phase dehydration of
glycerol to produce acrolein was studied using a series of silica
supported Brensted acidic IL catalysts.>*® Acrolein is a key
intermediate for the synthesis of acrylic esters, super absorbers,
polymers, and detergents. All catalysts in this study were found
to be active in the dehydration of glycerol. Glycerol conversions
in the range of 35-90% were obtained with selectivities to
acrolein in the range of 29-58%.

This journal is © The Royal Society of Chemistry 2018
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Various metals incorporated SILs were investigated in the
alkylation and acylation of lignin model compounds.**® Results
revealed that the nature of the cation controls both catalytic
behaviour and active phase leaching. More specifically, silica-
supported Fe- and Sn-ILs showed a drastic leaching compared
to the Al-ILs. However, the Fe-based IL was found to be more
active, which might be due to the homogeneous catalytic
reaction because of the Fe leaching into the reaction medium.
Leaching issues were also observed when using other supports,
such as metal oxides (Nb,Os, TiO,, Na-Y, and Al,O3) or activated
charcoal. The formation of highly stable complexes between
metal halide anions and aromatic lignin model compounds is
the key reason for leaching of active phases. Compared to
alkylation, the SILs showed better catalytic results for acylation
of lignin model compounds. The effect of metal chlorides
(e.g., SnCl,, FeCl; or CrCl;) immobilised on activated carbon
supported IL catalysts was studied for the isomerisation of
o-pinene oxide to campholenic aldehyde.*'° o-Pinene oxide can
be produced from renewable terpenes. Among them, the SnCl,
immobilised SIL showed the best catalytic performance with a
65% yield of campholenic aldehyde and reasonable good
reusability. These results were confirmed by mechanistic kinetic
models.>™" In another work, the isomerisation of B-pinene oxide
to myrtanal was investigated over similar types of metal chloride
immobilised activated carbon supported IL catalysts.**> Myrtanal
is a vital intermediate for fragrance and pharmaceutical indus-
tries. The catalytic activity and product distribution were highly
dependent on the nature of the ionic liquid. Short reaction
times and high reaction temperatures favoured the formation
of myrtanal. About 68% yield of myrtanal was obtained over a
ZnCl, immobilised SIL catalyst.

4.3 Polymeric ILs based catalysts

Polymeric ILs (PILs) are solid materials that can be prepared
using a variety of strategies, such as incorporation of ILs
into the polymeric substrates,*'* homo-polymerisation of ILs,
copolymerization of ILs with other monomers, or hard templating
methods.*>**® Acid or base functionalisation and incorporation of
metal NPs have also been carried out to obtain multifunctional
PILs.*'* In this case, polymerised ILs could fulfil several important
roles, like facilitating the stabilisation of metal NPs, controlling
the accessibility of reagents/substrates to the active sites, and
providing specific environments for an efficient and selective
adsorption of the reagents.*"”

4.3.1 Upgrading of carbohydrates-containing and -derived
compounds. A series of functionalised PILs, prepared via
coupling of a SO;H-functionalised PIL with different counter-
part anions containing CrCl;-6H,0, were investigated for the
conversion of various carbohydrates into HMF.>** The resulting
PILs showed better catalytic performances for fructose-to-HMF
conversion compared with other solid catalysts, such as silica
supported ILs, metal oxides, and ion exchange resins. Remarkably,
no considerable decrease in HMF yields (90.6%) was observed
after five recycles of the catalyst (entry 12, Table 3). In addition,
reasonable good yields of HMF were obtained from cellulose
and glucose over the developed PIL catalysts. The dehydration

This journal is © The Royal Society of Chemistry 2018
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of cellulose and glucose into HMF was also studied using PIL-
supported metal chloride catalysts.’’® Among several tested
PILs, the combination of a poly(3-butyl-1-vinylimidazolium
chloride) IL with CrCl, showed the best catalytic performance
with a 65.8% yield of HMF from glucose, which is much higher
than that obtained over the respective IL monomer. The PIL-
CrCl, catalyst also showed a considerable activity for cellulose-
to-HMF conversion. Although, the analogous PIL-Et,AlCl
catalyst is less effective than the PIL-CrCl,, recyclability tests
indicated a higher stability with almost constant HMF yields
(49%) even after six recycles of the PIL-Et,AlCl catalyst in
glucose dehydration (entry 13, Table 3). An efficient Brensted-
acidic PIL was obtained after immobilisation with H;PW;,0,4,
and subsequently tested for the dehydration of glucose and
fructose to HMF.*'” About 83% and 26% yields of HMF were
obtained from fructose and glucose, respectively. However, a
considerable loss in HMF yields was noticed after five recycles
of the catalyst in fructose dehydration, due to leaching of active
species (entry 14, Table 3). Direct synthesis of y-valerolactone
from biomass involves an acid-catalysed transformation
of carbohydrates into levulinate or its corresponding esters,
followed by a metal catalysed hydrogenation step and thus,
requires a bifunctional catalyst. To achieve this, an efficient
catalytic system consisting of an acid PIL and a redox Co/TiO,
phase was developed, showing excellent performance for one-
pot conversions of furfuryl alcohol, 5-hydroxymethylfurfural, or
fructose into y-valerolactone via ethyl levulinate formation.*'®
An aerobic oxidation of HMF to FDCA was investigated using
mesoporous PIL-supported Au-Pd nanoalloys.”* Interestingly,
the surface wettability of PIL, which was tuned by varying
the cross-linkers with different hydrophilic and hydrophobic
properties, plays a central role in the selective transformation
of HMF to FDCA (Fig. 36). Results also revealed that PIL-
supported Au-Pd nanoalloys exhibit higher activity and stable
catalytic performance, even after five recycles, compared to the
corresponding monometallic NPs, due to the existence of
synergistic Au-Pd nanoalloy effects (entry 15, Table 3).

4.3.2 Upgrading of non-carbohydrate compounds. An acid
functionalised PIL catalyst with larger sized particles (0.5-3 mm)
was synthesised by a copolymerisation method using an acid IL,

AoH R I R A o £ QP
RV o § o a0

HMF HMFCA FFCA

FDCA

Fig. 36 Proposed reaction pathway for the oxidation of 5-hydroxymethyl-
furfural (HMF) to 2,5-furandicarboxylic acid (FDCA) catalysed by Au;—Pdi@PIL.
Reproduced with permission from ref. 42. Copyright (2017) Royal Society
of Chemistry.
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styrene, and ethylene glycol dimethacrylate.>'® The developed
PIL catalyst displayed higher thermal stability, excellent
mechanical strength as well as better catalytic activity com-
pared to a commercial resin catalyst in the esterification of
methacrylic acid with methanol. A remarkable stable catalytic
activity was found during five consecutive reactions (entry 16,
Table 3). A macroporous PIL, containing a multi-layered
structure and repeated units of -SO;H and -HSO, with fine
separation efficiency, was synthesised using a hard template
method.?®® The optimum macroporous structure of PIL played
a key role towards improving the mass transport properties
during biodiesel production compared with several conven-
tional porous solid acid catalysts, reaching a 92.6% yield of
biodiesel over the PIL catalyst. Reusability studies revealed a
minor decrease in oleic acid conversion from 92.6% to 89.3%,
due to mass loss of the catalyst during recovery/purification
steps (entry 17, Table 3). A PIL catalyst supported on
nanofiber-like palygorskite was found to be effective for the
esterification of oleic acid with methanol, reaching about
69% yield of biodiesel at optimised reaction conditions.**°
However, a significant decrease in biodiesel yield from 69% to
22% was found after six recycles of the catalyst, due to
leaching of IL, decreased surface area, and mass loss of the
catalyst (entry 18, Table 3). Phosphotungstic acid (PW) was
successfully immobilised on an imidazole PIL via an ion-
exchange method.*”' The obtained catalyst was tested for
the isomerisation of o-terpineol to 1,8-cineole. Results
revealed a strong correlation between the molar ratio of PW
to IL monomer and the acidic strength. A 51.7% selectivity to
1,8-cineole at full conversion of a-terpineol was obtained at
optimised reaction conditions and this catalytic performance
was maintained for seven consecutive runs (entry 19, Table 3).

4.4 Conclusions of solid-state ILs-based catalysts

As discussed in this section, both supported ILs and polymeric
ILs possess numerous advantages over the corresponding pris-
tine ILs in terms of hydrothermal stability, recyclability, and the
amount of IL needed for a catalytic reaction (Fig. 33 and
Table 3). In addition, SILs exhibit new active sites, generated
by synergistic effects between the IL and the supporting mate-
rial, which are vital for achieving improved reaction rates in
biomass valorisation. In order to enhance the applicability of
SILs based catalysts in biomass upgrading, particularly at the
industrial scale, several problems have yet to be solved.****?
(1) Understanding the role of impurities (e.g., water, halides,
unreacted organic or inorganic salts), originating during SILs
synthesis, in biomass conversions. This is vital because even
trace amounts of impurities could dramatically affect the rate
and mechanism of a reaction. (2) Developing eco-friendly
procedures for the synthesis of ILs because most of the existed
methods use large amounts of hazardous precursors and
organic solvents. (3) In-depth structural exploration of ILs in
SILs, including intrinsic nature (electrostatic field, ionic
strength, etc.), acid-base strength, and ILs/support interaction,
which is key to tailor the catalytic activity/selectivity of SILs for
specific biomass conversions.
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5. Magnetic iron oxide based catalysts

Nanoscale metals, metal oxides, or combinations of both
display excellent catalytic activities for a broad spectrum
of chemical reactions.>***~*** Tailoring the particle size, mor-
phology, and composition of metallic materials generates
changes in their electronic and geometric arrangements, which
could result in an improved catalytic activity. Hence, the
properties of nanoscale catalysts can be dramatically different
from the corresponding macroscopic bulk materials, poten-
tially leading to unusual catalytic results.>**2° However, the
separation and recovery of nanoscale catalysts from liquid-
phase reaction mixtures for subsequent recycling remains a
great challenge. Although filtration or centrifugation are typi-
cally used for the recovery of solid catalysts, these post-reaction
steps add cost to the entire production, especially in the case of
nano-sized catalysts. A promising solution to tackle this issue is
the application of magnetic catalytic nanomaterials.?**3"
Owing to outstanding paramagnetic properties and inherent
insolubility, magnetic catalysts can be efficiently separated
from complex reaction mixtures using external magnets with-
out affecting their activity and selectivity (Fig. 37).*** Iron oxide
based nanomaterials (mainly Fe;O,) are widely used magnetic
catalysts in biomass conversions due to their low cost, facile
preparation, and strong magnetic properties.*>>**** Related
magnetic materials, such as y-Fe,Oj, spinel ferrites with a
general formula M**Fe**,0, (M = Co, Ni or Mn), Fe-based alloys
(FeB, FeNiB, etc.), and iron oxide supported materials also
show potential for catalytic biomass conversions.***'* Overall,
magnetically recoverable catalysts have demonstrated high
efficiency in a wide range of ‘“one-pot, multi-step” catalytic
reactions, including oxidation, epoxidation, hydrogenation,
hydroformylation, olefin metathesis, polymerisation, photo-
catalysis, and C-C bond formation reactions.?*'?3%7338
Moreover, novel applications in asymmetric synthesis, organo-
catalysis, Knoevenagel condensation, or CO, cycloaddition
reaction have been developed. In this section, the focus lies
on the applicability of iron oxide based magnetic catalysts for
biomass conversions.

Fig. 37 Magnetic separation of a finely dispersed FezO4 based catalyst
used for cellulose hydrolysis. Reproduced with permission from ref. 332.
Copyright (2012) Springer Nature.
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5.1 Factors affecting the catalytic activity of iron oxides in
biomass valorisation

In some applications, the use of magnetic catalysts is particularly
interesting because of the difficulties involved with the use of
conventional catalyst separation steps, such as filtration or centri-
fugation. For example, a solid mixture containing hemi(cellulose)
pulp and solid catalyst (e.g:, Ru/C) is obtained after reductive
catalytic fractionation of lignocellulose (Fig. 38).”" Another example
is related to the formation of humins (carbonaceous, polymeric
by-products), obtained as supplementary solid residues during
carbohydrate dehydration towards HMF production.**" These
insoluble humins can subsequently hamper the recovery and
reusability of the catalyst. Since the separation of a solid catalyst
from solid reaction products is highly challenging, the applica-
tion of catalytic materials having strong magnetic properties
could be a valid solution.

Pure iron oxide magnetic NPs suffer from several drawbacks,
such as self-interactions which induces particle aggregation, rapid
exothermic reactions in the presence of oxygen, and a high
sensitivity to air, all resulting in a reduced applicability for magnetic
catalytic purposes.”’*****° In order to preserve the magnetic prop-
erties of iron oxide NPs, while improving their catalytic activity,
several encapsulating strategies have been developed. Fig. 39 shows
some key benefits of encapsulated iron oxide magnetic catalysts.
For instance, protection of the Fe;O, surface with a coating layer
has been frequently studied. In this way, highly stable core-shell
Fe;0,@M catalysts can be obtained, wherein Fe;O, constitutes the
core and M (coating layer) is the shell. SiO, is commonly used
coating material for Fe;O, because it is cheap, inert, non-toxic, and
besides, it has a high specific surface area.’®*"**' An additional
benefit of SiO, is the promising surface functionality of core-shell
Fe;0,@Si0, magnetic catalysts due to the presence of abundant
surface silanol groups (-SiOH). These silanol species offer facile
approaches for selective anchoring of acid (-SOs;H) or base (-NH,)
functional species upon Fe;0,@SiO, materials.

The stabilisation of magnetic iron oxide NPs can also be
achieved using various polymers (e.g., polyphenylquinoxaline,
polypyridylphenylene, and hyperbranched polyethylenimine)

®
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Fig. 38 A schematic representation for the catalytic reductive
fractionation of lignocellulose sawdust using Ru/C catalyst in methanol
under H, pressure.
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Fig. 39 Key benefits of encapsulated iron oxide magnetic catalysts.

as the protective agents.>*> These polymers are thermally

stable up to 400-500 °C, enabling the resulting catalysts for
wide-temperature-range reactions in biomass valorisation. The
presence of nitrogen-containing species in the repeating units
of these polymers offers potential routes for the immobilisation
of catalytic active metals (Cu, Co, and Pd) as illustrated in
Fig. 40.>*> The encapsulation of iron oxide NPs by hydroxyapatite
(HAP) is another promising strategy, which not only limits particle
aggregation, but also paves the way for the introduction of new
catalytic active sites. For example, Ca** in the framework of
hydroxyapatite can be exchanged with other transition metal
cations (Pd**, Ru™, etc.).>*® Results revealed that a Pd-exchanged
HAP encapsulated y-Fe,O; (y-Fe,O;@HAP-Pd) efficiently catalyses
the selective oxidation of HMF to FDCA at mild reaction conditions.
The exchanged magnetic catalyst synthesis typically involves the
cation exchange of Ca®" in y-Fe,O3;@HAP with Pd**, followed by
a reduction step using NaBH,.

(a)

\
Fe(ll) + Fe(ll) + NHOH c———) !
|
|
-
HN
3

HaN ~NH

Fe30,@HPEI Fe;0,@HPELM

Fig. 40 (a) Preparation of hyperbranched polyethylenimine (HPEI) encapsu-
lated magnetic FesO,4 nanoparticles (FezO4@HPEI) and (b) chelation of metal
species (Pd, Co and Cu) with nitrogenous ligands in FezO4@HPEI. Reproduced
with permission from ref. 342. Copyright (2017) John Wiley and Sons.
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Spinel-type MFe,0, ferrites (M = Mn, Ni, Zn, or Co in
divalent state and Fe in +3 oxidation state) also exhibit strong
magnetic properties with excellent structural and thermal
stability, which are highly dependent on the microstructure
and cation distribution. To improve the magnetism as well as
the activity of ferrites, the partial replacement of Fe** in MFe,0,4
with transition metal cations (e.g;, Ru®*") was successfully
attempted without destroying the spinel structure.’** The
resulting doped ferrite catalysts were successfully applied for
biomass upgrading reactions. Furthermore, Fe-based nano-
alloys and Fe;0, supported catalysts have found considerable
applicability in biomass valorisation due to synergistic metal-
metal and metal-support interactions, along with improved
magnetic properties.****® In the following sections, the cata-
lytic applications of magnetic catalysts studied for biomass
valorisation are thoroughly discussed, based on two categories,
namely core-shell and non-core-shell iron oxide based cata-
lysts. In addition, a summary of the interesting catalytic results
obtained in magnetic iron oxides catalysed biomass conver-
sions is presented in Table 4.

5.2 Core-shell Fe;0, based magnetic catalysts

Various coating materials, such as SiO,, y-Al,03;, Nb,O5-SiO,,
organosilica, carbon, polymers, and hydroxyapatite have been
used for the preparation of core-shell iron oxide based mag-
netic catalysts.>*”**® Primary applications of these catalysts in
biomass valorisation refer to cellulose transformation, lignin
fragmentation, and further upgrading of hereby obtained
depolymerised (model) compounds.

5.2.1 Upgrading of carbohydrates-containing and -derived
compounds. Cellulose is a major component of non-edible
lignocellulose biomass (Fig. 6). Therefore, its effective valorisa-
tion is considered as a promising route towards renewable
chemicals production.*® Zhang et al.*** developed a Fe;0,@
carbon-SO;H catalyst with a magnetic Fe;O, core encapsulated
in a sulfonated carbon shell for hydrolysis of cellulose. The
catalyst showed a good activity, with 48.6% cellulose conversion
and 25.3% glucose yield at moderate reaction conditions.
Reusability studies revealed a small decrease in cellulose con-
version from 48.6% to 45% after three cycles of the catalyst, due
to leaching of acidic species (entry 1, Table 4). Xiong et al.*>*°
also studied the hydrolysis of cellulose using a functionalised
core-shell Fe;0,@Si0,-SO;H catalyst. A 73.2% yield of redu-
cing sugars was obtained and the magnetically recovered
catalyst was efficiently reused for six times without much loss
in product yields (entry 2, Table 4). In another work, a similar
type of catalyst, i.e. Fe;0,@Si0,-SO3H, was tested for one-pot
production of HMF from glucose.**® A 70.5% yield of HMF with
98% glucose conversion was obtained at optimised reaction
conditions. A noticeable decrease in HMF yields from 70.5% to
60.4% was noticed after five recycles of the catalyst, due to
accumulation of oligomeric products on the active sites and
leaching of acidic species (entry 3, Table 4). A magnetic
nanocomposite, prepared by covering the Fe;O, core with a
Nb,O5-SiO, shell using either precipitation or sol-gel methods,
was also recently reported for the one-pot transformation of
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cellulose to lactic acid.*®' A 43.7% yield of lactic acid, with
about 95% cellulose conversion was obtained at optimised
reaction conditions. A small decrease in product yields was
noticed after three recycles of the catalyst, due to accumulation
of reaction substrates on the catalytic active sites (entry 4,
Table 4). The catalytic performances were directly correlated
to the nature of the catalytic sites (Nb=0O and/or Nb-O-H),
which could be controlled by the niobium content and the
applied preparation route. A facile green process was developed
for the immobilisation of Pd NPs on core-shell magnetic
Fe;0,@carbon microspheres without using any reductant and
capping reagents.”> The resulting catalyst showed a high
activity and good stability for the oxidation of HMF into FDCA.
Several reaction variables, such as temperature, solvent, and
base amount were optimised to achieve a 86.7% yield of FDCA,
which slightly decreased to 83.7% after five recycles of the
catalyst (entry 5, Table 4).

Functionalised Ru-based magnetic catalysts were developed
by combining propylamine functionalised SiO, coated mag-
netic Fe;O, NPs with grafted cationic Ru.>** The developed
magnetic catalysts are able to convert cellulose into various
important platform molecules, including glycerol. The catalyst
exhibited 67.3% and 44.4% of cellulose conversion and glycerol
yield, respectively, with a stable catalytic performance for at
least two recycles (entry 6, Table 4). This is a key advantage over
Nb@AIF;, a typical diluted magnetic oxide, which also exhib-
ited good performances in cellulose valorisation.*>* A similar
type of Ru-based magnetic catalysts also demonstrated high
efficiencies for the oxidation of levulinic acid to succinic acid
(conversion = 59-79%, selectivity = 96-98%)>" as well as for the
cascade conversion of glucose to succinic acid (87.5% yield of
succinic acid at nearly complete conversion of glucose).>*®

A novel “inside-to-outside” synthesis strategy was developed
for the synthesis of bifunctional magnetic Ru-SO;H nano-
reactors.*>” Ru NPs were stabilised on yolk-shell nanoarchitec-
tures composed of a Fe;O, core and a sulfoacid-containing
mesoporous organosilica (PMO) shell (Fig. 41a). The obtained
magnetic nanoreactors exhibited various attractive properties,
including a highly porous structure with uniform mesopores
(~3.8 nm), superior BET surface areas (>350 m> g '),
high dispersion of Ru NPs, and enhanced magnetisation. The
participation of both Ru NPs and SO;H moieties in catalytic
reactions was confirmed by a one-pot conversion of cellulose to
isosorbide (Fig. 41b). About 58% yield of isosorbide was
achieved at optimised reaction conditions, which however
considerably decreased with the repeated use of the catalyst
(entry 7, Table 4). Yang et al.®*® developed several magnetic
base catalysts, composed of functionalised SiO,-coated mag-
netic Fe;0, NPs and various organic bases. The resulting
magnetic catalysts effectively catalysed the isomerization
of glucose to fructose with reasonable good yields in water
medium. A 1,2-enediol intermediate mechanism was proposed,
which involves the removal of a proton at the C-2 position
of glucose by the magnetic base catalyst. The catalytic perfor-
mance of phosphotungstic acid (PHA) immobilised on a core-
shell Fe;0,@SiO, magnetic catalyst was investigated for the

This journal is © The Royal Society of Chemistry 2018
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9 mmol ¢butyl hydroperoxide, 5 h

HMF

345

5 (stable catalytic activity)

94

99

2 mmol furfural, 60 mg catalyst, 10 mL of

2-propanol (hydrogen source), 180 °C, 6 h

Furfuryl
alcohol

Hydrogenation
of furfural

NiFe,0,

24

TEMPO

k

- poly(pyridylphenylene). * HAP - hydroxyapatite./ DFF - 2,5-diformylfuran.

EG - ethylene glycol and PG - propylene glycol. ™ Amorphous cellulose.

- bifunctional acidic ionic liquid of metal Al substituted. ” PPP

-Al
1

- 5-hydroxymethylfurfural. * FDCA - 2,5-furandicarboxylic acid. © PMO - sulfoacid—containinhg mesoporous organosilica. ¢ PHA - phosphotungstic acid. ° HPW - phosphotungstic acid.
- 2,2,6,6-tetramethylpiperidine-N-oxide.

EMF - 5-ethoxymethylfurfural. £ BAIL

“ HMF

f
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Fig. 41 (a) Detailed synthesis strategy for magnetic Ru—-SOzH nano-
reactor and (b) its application in one-pot conversion of cellulose to
isosorbide. Reproduced with permission from ref. 357. Copyright (2018)
Royal Society of Chemistry.

direct synthesis of HMF from glucose.**® The obtained catalytic

activity of Fe;0,@Si0,@PHA was comparable to that of a
homogeneous PHA catalyst. About 30.4% yield of HMF was
obtained at optimised reaction conditions. However, a consid-
erable decrease in HMF yields was noticed after five recycles of
the catalyst, due to leaching of acidic species (entry 8, Table 4).
Etherification of fructose and HMF to 5-ethoxymethylfurfural
(EMF) was investigated using a phosphotungstic acid immobi-
lised core-shell Fe;0,@Si0, catalyst.*® The resulting catalyst
showed excellent activity with 83.2% and 54.8% yields of EMF
from etherification of HMF and fructose, respectively. Only a
small decrease in EMF yields from 83.2% to 78.8% was found
after six recycles of the catalyst (entry 9, Table 4).

The selective dehydration of xylose to furfural was studied
using a bifunctional magnetic catalyst composed of an immo-
bilised acid ionic liquid of metal Al substituted onto the surface
of Fe;0,@7-AlL,03.>°° A 67.5% yield of furfural with 97.3%
xylose conversion was obtained, attributed to abundant
amounts of both Brensted and Lewis acid sites in the developed
catalyst. Reusability studies revealed a considerable decrease in
furfural yields from 67.5% to 58.7% after five recycles of the
catalyst, due to accumulation of reaction substrates on the
catalytic active sites (entry 10, Table 4). The selective hydro-
genation of furfural to furfuryl alcohol was studied using
a magnetic Fe(NiFe)O,@SiO, catalyst, synthesised by a facile

This journal is © The Royal Society of Chemistry 2018
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co-precipitation method.” Good catalytic results were obtained
with a more than 93% yield of furfuryl alcohol. A tentative
mechanism via a non-hydrogen spillover route was proposed in
this work. Highly dispersed nickel species played a pivotal role
in the dissociation of H, into a proton and a hydride, hence
enabling the superior catalytic performance of Fe(NiFe)O,@
SiO, for furfural hydrogenation. Polymer stabilised Pt- and
Pd-containing Fe;O, NPs were also studied for the selective
hydrogenation of furfural to furfuryl alcohol.>** Two types of
polymers, namely polyphenylquinoxaline (PPQ) and polypyridyl-
phenylene (PPP) were used in this work. A higher catalytic
activity was observed in the case of hyperbranched PPP-based
catalyst compared to that obtained with linear PPQ, which
was ascribed to the improved accessibility of catalytic species
in PPP-based catalyst. In other words, the longer distance
between Pd and Fe;O, NPs in the case of the PPP-stabilised
catalyst endows a higher yield to furfuryl alcohol (98%), with a
stable catalytic performance even after five recycles of the 0.3%
Pd-Fe;0,-PPP catalyst (entry 11, Table 4). Alternatively, the
catalytic transfer hydrogenation of furfural into furfuryl alcohol
with alcohols as hydrogen donor was investigated using a
hydroxyapatite-encapsulated magnetic y-Fe,O3; (y-Fe,O;@HAP)
catalyst.’*® Results indicated iso-propanol as the best hydrogen
donor for the transfer hydrogenation of furfural. A 91.7% yield of
furfuryl alcohol was obtained at optimised reaction conditions,
which was maintained even after six recycles of the y-Fe,O;@HAP
catalyst (entry 12, Table 4).

A Pd(0) immobilised y-Fe,O;@HAP catalyst was prepared by
the exchange of Pd** with Ca®>" in y-Fe,O;@HAP, followed by
the reduction of Pd*" to Pd(0) using NaBH,.>** The synthesised
catalyst was tested for the selective aerobic oxidation of HMF
into FDCA. The effect of solvent, base, molar ratio of base
to HMF, oxidising agent, catalyst loading, and the reaction
temperature was studied for this reaction. About 97% HMF
conversion, with a 92.9% FDCA yield was obtained in water
after 6 h reaction time at 100 °C. Reusability studies showed a
very small decrease in FDCA yields from 92.9% to 90.7% after
five recycles of the catalyst, due to mass loss of the catalyst
during recovery/purification steps (entry 13, Table 4). Similarly,
a Ru exchanged y-Fe,O;@HAP catalyst was developed for the
aerobic oxidation of HMF to DFF.**® A high yield of DFF (89%)
at nearly complete conversion of HMF was obtained in this
work. In addition, the direct conversion of fructose to DFF was
performed, which follows two consecutive steps. The first step
involves the dehydration of fructose to HMF (90% yield) over a
magnetic acid catalyst (Fe;0,@Si0,-SO3;H). Subsequently, the
oxidation of HMF to DFF (79% yield based on fructose) is
carried out using y-Fe,O;@HAP-Ru, after removal of Fe;0,@
Si0,-SOz;H from the reaction mixture with a magnet. Wang
et al.*® also studied the aerobic oxidation of HMF to DFF using
a Ru(m) catalyst immobilised on a core-shell Fe;0,@Si0,-NH,
catalyst. The developed catalyst showed a good performance
with 99.3% conversion of HMF and 86.4% yield of DFF after
4 h. The magnetically recovered catalyst can be reused for
at least six times, with a small decrease in DFF yields from
86.4% to 80.8% (entry 14, Table 4). In contrast, Liao et al.*®

This journal is © The Royal Society of Chemistry 2018
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Fig. 42 Proposed reaction pathway for the aerobic oxidation of 5-hydroxy-
methylfurfural (HMF) into 2,5-diformylfuran (DFF) using a FesO4@SiO,-TEMPO
catalyst. Reproduced with permission from ref. 364. Copyright (2014)
John Wiley and Sons.

used non-noble metals ie., Cu** and VO®>' immobilised on
amino modified Fe;0,@Si0, (Fe;0,@Si0,-NH,-Cu®*" and
Fe;0,@8i0,-NH,-VO?>") for the production of DFF via HMF
oxidation. The reaction is highly dependent on the nature of
the solvent. A 98.7% conversion of HMF with 85.5% yield of
DFF was obtained over the combination of both catalysts. Only
a small decrease in DFF yields from 85.5% to 81.2% was found
after four recycles of the catalysts (entry 15, Table 4). In another
work, 2,2,6,6-tetramethylpiperidine-N-oxide (TEMPO) immobi-
lised on Fe;0,@Si0, was studied for the oxidation of HMF into
DFF.*** Herein, tert-butyl nitrite and acetic acid were used
as additive and co-catalyst, respectively. Quantitative yields of
DFF were obtained with excellent chemoselectivity (>99%)
and a tentative reaction mechanism was proposed as shown
in Fig. 42. Interestingly, a stable catalytic activity was observed
up to four recycles of the catalyst, with a rapid decrease in DFF
yield (77%) after the 5th recycle (entry 16, Table 4). A bifunc-
tional magnetic catalyst (WO;HO-VO(salten)-SiO,@Fe;0,4) was
developed for the one-pot conversion of fructose to DFF.>®* Two
types of functional sites ie., (i) tungstic acid for fructose
dehydration to HMF and (ii) an oxovanadium complex for
HMF oxidation to DFF were covalently bonded to the core-
shell Fe;0,@Si0, NPs. The resulting catalyst demonstrated
good activity in the conversion of fructose to DFF (71%
yield), with a minor loss in catalytic activity after five recycles
(entry 17, Table 4).

5.2.2 Upgrading of non-carbohydrate compounds. In view
of the challenges associated with first- and second-generation
biofuels, the production of third-generation biofuels from
marine biomass (e.g., microalgae) has gained a great deal of
attention. Ascribed benefits of marine biomass include a high
content of lipids and carbohydrates without lignin, rapid
growth, and a more effective CO, remediation.”” However,
studies estimated that the current production of biodiesel from
algae is still 2.5 times as energy intensive as conventional diesel
production. Therefore, Chiang et al.*” developed a novel core-
shell Fe;0,@Si0, magnetic catalyst functionalised with a strong
base, triazabicyclodecene (TBD). Interestingly, the resulting
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catalyst was not only found to be effective in the one-pot
conversion of microalgae to biodiesel but also facilitated algae
harvesting because of its magnetic feature. Three types of algae
sources, such as dried algae, algae oil, and concentrate algae
were used in this work. The base functionalised magnetic
catalyst exhibited tremendous performance with a maximum
biodiesel yield of 97.1%. Alternatively, several studies reported
the immobilisation of lipase on magnetic Fe;0,@SiO, NPs
for the production of biodiesel via transesterification.>¢¢7°
Different types of lipase sources, such as Candida Antarctica,
Pseudomonas cepacia, and Aspergillus niger have been used. The
enzyme immobilised magnetic Fe;0,@SiO, catalysts exhibited
reasonably good efficiencies for the production of biodiesel via
transesterification of triglycerides with alcohols. Opris et al.>*
studied the role of the composition and deposition method
of rhenium on the catalytic efficiency of a multifunctional
Fe;0,@Nb,0s@Co@Re catalyst for lignin fragmentation. The
catalyst (2%Co@3%Re) synthesised via an impregnation
method showed the best performance with a 85% yield of
lignin-derived fragments. Reusability studies revealed a remark-
able stable catalytic activity even after six recycles of the catalyst
(entry 18, Table 4).

5.3 Non-core-shell iron-based magnetic catalysts

In this section, applications of non-core-shell iron-based mag-
netic catalysts, such as Fe;0, supported metals, mixed oxides,
spinel ferrites, and nanoalloys are discussed within the context
of biomass conversion.

5.3.1 Upgrading of carbohydrates-containing and -derived
compounds. Biomass-derived polyols, such as ethylene glycol
and propylene glycol are important building blocks for the
production of liquid fuels, emulsifiers, surfactants, and
pharmaceuticals.>”* A promising pathway to produce these polyols
is cascade hydrogenolysis of cellulose over magnetic catalysts. In
view of this, Manaenkov et al.*”* developed finely dispersed Ru NPs
(average particle size of 2 nm) on Fe;0,-SiO, with various Ru
nominal loadings of 1, 3, and 5 wt% for the one-pot hydrogenolysis
of cellulose in subcritical water. The developed catalysts (especially
5 wt% Ru loaded catalyst) showed good cellulose conversions and
product selectivities, hereby outperforming a commercial Ru/C
catalyst, ascribed to the constructive effect of Fe;O, on the redox
couple of Ru’/Ru**. The reaction temperature, reaction time, and
the Ru loading play a decisive role in the selectivity of ethylene
glycol and propylene glycol. Moreover, a stable catalytic activity was
noticed even after three recycles of the Ru-Fe;0,-SiO, catalyst
(5 wt% Ru amount) in hydrogenolysis of cellulose (entry 19,
Table 4). Similar type of magnetic Ru/Fe;0,-SiO, catalysts were
also studied for the hydrogenation of a solution of furfural, phenol,
and acetic acid.>”> Conversions and product selectivities were
highly dependent on the reaction temperature and pH of the
solution. A sulfonated magnetic Fe;0,@SBA-SO;H solid acid
showed a stable catalytic activity for hydrolytic conversion of
cellulose, achieving about 50% yield of glucose even after three
recycles of the catalyst (entry 20, Table 4).>”> However, the
attached sulfonic groups were susceptible to leaching in water
at reaction temperatures above 130 °C.%”*
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An efficient catalytic protocol for the aerobic oxidation of
HMTF to DFF was developed using a magnetic Fe;O, supported
Mn;O, catalyst.>”®> A 82.1% yield of DFF at nearly complete
conversion of HMF was obtained at optimised reaction condi-
tions. The magnetic catalyst can be reused for at least six times
and only a small decrease in DFF yields from 82.1% to 78.9%
was found, due to inevitable mass loss of the catalyst during
recovery/purification steps (entry 21, Table 4). A nanosized
magnetic Fe;0,-CoO, catalyst also showed a good activity for
the oxidation of HMF, but here FDCA is the major product with
tBuOOH as the oxidant.’*® Several reaction parameters were
optimised and a 68.6% yield of FDCA was obtained after 12 h
reaction, which can be maintained for two recycles of the
catalyst (entry 22, Table 4). In another work, a spinel structured
magnetic MnFe,O, catalyst was tested for the oxidation of HMF
to FDCA using t-BuOOH as the oxidant.>”® About 85% yield of
FDCA was obtained at 100 °C in 5 h over the spinel MnFe,0,
catalyst, which was much higher than that obtained with
Fe;0,-C00,.**° A remarkable stable catalytic activity was
observed even after four recycles of MnFe,0O, catalyst in HMF
oxidation (entry 23, Table 4). This high catalytic performance
was ascribed to the presence of variable Mn oxidation states in
the spinel MnFe,0, catalyst. Interestingly, a multicomponent
ZnFe; ¢sRu( 350, magnetic catalyst, prepared via a simple
alkaline co-precipitation method, was able to selectively
produce either DFF or FDCA from aerobic oxidation of HMF
under variable reaction conditions.?** Excellent yields of DFF
(93.5%) and FDCA (91.2%) were obtained at different optimised
reaction conditions. In addition, the one-pot cascade conversion
of fructose to DFF or FDCA was also performed. A functionalised
reduced graphene oxide (r-GO-SO;H) based magnetic catalyst
was tested for the dehydration of fructose to HMF. The catalyst
was then recovered from the reaction mixture using an external
magnet.*** Subsequent oxidation of the produced HMF towards
DFF or FDCA was then performed in the presence of a
ZnFe, ¢5Ru 3504 catalyst. He et al>*® studied the catalytic
transfer hydrogenation of furfural over a nickel ferrite (NiFe,O,)
catalyst using 2-propanol as both the hydrogen source and the
solvent. An excellent yield of furfuryl alcohol (94%) was
obtained at 180 °C after 6 h reaction and the catalyst was
reused for five recycles without loss of catalytic performance
(entry 24, Table 4).

5.3.2 Upgrading of non-carbohydrate compounds. Magnetic
FeB, NiB, and FeNiB nanoalloys were examined for catalytic
transfer hydrogenation of acetophenone (lignin model com-
pound) using supercritical ethanol as the hydrogen donor as well
as the reaction solvent.”’” Among them, the multicomponent
FeNiB catalyst showed the best performance, reaching a 74%
conversion and 84% selectivity to ethylbenzene. FeNiB catalyst
was also tested for the deoxygenation of aliphatic hydroxyl and
carbonyl groups in organosolv lignin. A nanosized K/ZrO,/y-Fe,05
base catalyst was studied for the production of biodiesel via
transesterification of soybean o0il.*”® Characterisation studied
revealed the formation of unique granular nano-structures with
particle sizes of 15-25 nm and superior ferromagnetic property.
A 93.6 wt% yield of biodiesel was obtained at mild reaction
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conditions and the catalyst was recycled up to six times.
A minor progressive decrease in biodiesel yield was noticed,
due to leaching of active sites. Hollow fibre structured magnetic
CaO/a-Fe catalysts, synthesised by an organic gel-thermal
decomposition method, were studied for the transesterification
of rapeseed oil with methanol to produce biodiesel.>’® The
effect of molar ratios of metal ions, annealing atmospheres,
and annealing temperatures on the structural and morpholo-
gical properties of the catalyst was investigated. A 95.7%
biodiesel yield was obtained at optimised conditions and the
catalyst, recovered by magnetic field, maintained a 85.2%
biodiesel yield after as many as 20 recycles.

Several heterogeneous magnetic biocatalysts (enzyme immobi-
lised magnetic NPs) were found to exhibit good catalytic activities
for the production of glycerol carbonate from glycerol and dimethyl
carbonate.’®**¥! The lipase enzyme was covalently attached to
magnetic NPs via 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
or glutaraldehyde.*®* The developed magnetic biocatalysts showed
about 3-fold higher catalytic efficiency (3.52 x 10° h™" TOF) than
the free lipase (1.16 x 10° h™' TOF), which was explained as a
beneficial effect of the lipase immobilisation and the resulting
lipase-Fe;0, interactions.***?*? Similar catalytic performances were
also achieved when starting from “crude” glycerol feed extracted
during biodiesel synthesis.*®" The efficiency of these magnetic
biocatalysts has also been proven for the transesterification of oils
extracted from soybean, sunflower, rape, corn, olive, and palm.**

5.4 Conclusions of magnetic iron oxide-based catalysts

The reported examples in this section clearly reveal that the
facile recovery of functionalised magnetic nanocatalysts using an
external magnetic field is a notable advantage over conventional
catalysts. This prevents the use of further steps to remove the
catalyst from complex reaction mixture, allowing the efficient
recyclability in successive cycles. Notwithstanding, magnetic iron
oxide based catalysts still suffer from several drawbacks in terms
of synthesis and stability.>**”>*%¢3%” For instance, developing a
facile one-pot method for large-scale production of function-
alised Fe;0, based materials, especially core-shell catalysts, is a
very challenging task. This is because each constituent material
contains disparate properties, hence requires different reaction
conditions as well as multi-steps for the synthesis of functiona-
lised Fe;O, catalysts. In addition, the instability/dissolution of
magnetic NPs during longer time catalytic reactions as well as
the leaching of functional sites under harsh reaction conditions
remain the major problems in several biomass upgrading
reactions. Although core-shell Fe;O, based catalysts exhibit
good stability, concerns associated with the necessity of complex
synthesis processes and high production costs limit their appli-
cations in several catalytic applications including biomass
upgrading. Alternatively, non-core-shell Fe;O, catalysts (Fe;O,4
supported metals, spinel ferrites, etc.) are easy to prepare
and also show good catalytic stability in biomass conversions.
Therefore, more research efforts should be undertaken towards
developing novel non-core-shell Fe;O, catalysts with the
required catalytic properties, which is of great significance from
both scientific and practical viewpoints.
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6. Conclusions and future prospects

In view of global warming impact on humankind as well as on
the biosphere, the use of biomass alternative to fossil fuels for
renewable chemicals production is a hot research topic of the
21st century. Biomass is a promising renewable energy that can
be derived from various sustainable sources, including ligno-
cellulose, lipids, starch, and aquatic plants. A large number of
value-added chemicals and high-energy density fuels can be
produced from biomass using appropriate technologies based
on biological, thermal, and chemical processes. Among them,
chemical processing of biomass (e.g., hydrolysis, fast pyrolysis,
hydroprocessing, oxidation, (trans)esterification, amination,
dehydration, isomerisation, etc.) has attracted tremendous
attention as the resulting products can exhibit relatively
equating characteristics to petroleum-based products, driving
towards a more sustainable economy and carbon-neutral
society.

Catalysis plays a central role in bio-refinery chemical
processes. Compared to homogenous catalysts, heterogeneous
catalysts can provide promising greener routes for efficient
biomass upgrading. Handiness of various feasible synthesis
methods, non-toxicity, high stability, and efficient recovery/
reusability are some of the key benefits of heterogeneous solid
catalysts. The development of multifunctional heterogeneous
catalysts with ample amounts of acid, base or redox active sites
is vital for achieving higher reaction rates, especially in cascade
biomass processes. Recent advances in materials science and
catalysis have provided several novel strategies for the develop-
ment of new appealing catalytic materials, such as carbon
materials, metal-organic frameworks, solid phase ionic liquids,
and magnetic iron oxides. A distinctive feature of these catalytic
materials is to accommodate abundant acid-base as well as
redox functional species, hence enabling biomass conversion
reactions in a one-pot cascade approach.

In this review, the unique catalytic properties of carbon
materials, metal-organic frameworks, solid phase ionic liquids,
and magnetic iron oxides were highlighted towards catalytic
biomass upgrading. Several potential routes developed for the
immobilisation of acid-base and redox functional species on
particular sites of above-listed catalysts were discussed in
detail. Finally, the subsequent effects of functionalisation on
one-pot cascade processes as well as on other types of vital
reactions that normally take place in bio-refineries were thor-
oughly discussed. It can be concluded that the distinctive
properties of catalysts play an essential role for robust functio-
nalisation, hence improved catalytic activities in biomass valor-
isation. For instance, both ex situ and in situ functionalisation
are possible in the case of carbon materials. The presence of
abundant surface defects and residual O-containing groups, for
example in activated carbon, graphene, and carbon nanotubes,
allows efficient ex situ functionalisation with acid-base and/or
redox active phases.*®’®'3° On the other hand, the use of
biomass-derived molecules (e.g., glycerol and glucose) as
catalyst precursors facilitates in situ functionalisation.?>**
In the case of MOFs, organic ligands offer facile routes to
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° while robust

introduce acid-base functional molecules,*
porous cavities afford ample room for the encapsulation of metal
NPs.>*® ILs fundamentally contain various kinds of synergistic
interactions, resulting from organic cations and (in)organic anions,
which play a crucial role in stabilising immobilised functional
species.”®* In addition to the benefits of facile recovery/recyclability,
the core-shell or polymer encapsulated magnetic iron oxides allow
efficient ionic exchange with the active transition metals, attributed
to the presence of abundant surface exchangeable species (e.g.,
-OH and Ca*)."”***3% It must be noted here that most of the
biomass upgrading reactions reported in this review are performed
on the laboratory scale. This does not necessarily imply industrial
relevance, but will provide useful information towards developing
large-scale biorefineries in terms of catalyst selection, reaction
conditions needed, tailoring activity/selectivity, and potentials to
regenerate the catalyst activity.

Although tremendous progress has been achieved towards
development of efficient functionalised heterogeneous catalysts
for biomass valorisation, further advances are still necessary in
view of sustainable bio-refinery industry. Hence, to guide future
research in the respective fields we would like to propose an
interesting ‘PYSSVR’ concept, which means P - production cost,
Y - yield, S - stability, S - selectivity, V - versatility, and
R - reusability (Fig. 43).

(1) Production cost: efforts should be made to minimise
catalyst production costs. Especially, high synthesis costs of
CNTs, graphene, MOFs, and ILs limits their practical applica-
tions in biomass upgrading. A promising solution to tackle this
problem is the use of low-cost and renewable precursors. For
instance, a variety of economical carbon-based catalysts with
abundant functional sites can be developed via carbonisation
of biomass substrates as discussed in Section 2.8.527%
The subsequent use of these catalysts in biomass upgrading

Production

cost

Reusability

Functionalised
Catalysts

Fig. 43 Promising features of functionalised heterogeneous catalysts for
a more sustainable biomass valorisation.
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can greatly improve process economy and sustainability. More-
over, one-pot synthesis of functionalised heterogeneous cata-
lysts via in situ functionalisation as well as the utilisation of
non-noble metals can help to reduce catalyst production costs.

(2) Yield: it is also crucial to improve production yields of
functionalised heterogeneous catalysts, while maintaining
their unique properties. In this context, the selected prepara-
tion method must be simple, cost-effective, eco-friendly
(i.e. avoiding hazardous organic reagents/solvents) and able
to scaled-up. Compared with gas- and solid-phase synthesis
methods, efforts needs to be strengthened towards developing
wet chemical preparation routes as they can be efficiently
modified for economical mass production of solid catalysts.

(3) Stability: hydrothermal stability of functionalised catalysts
under harsh aqueous conditions is very important, because
water is the preferred reaction medium for many bio-refinery
processes. This review emphasised several potential strategies
to improve hydrothermal stability of the catalysts, including
doping of heteroatoms (e.g., nitrogen) in carbon,'®® developing
carbon-silica composites,'®*'®*  selective encapsulation/
anchoring of active phases in MOFs,>*>**¢ incorporation of
ILs into the polymeric substrates,>® and designing robust
core-shell Fe;0,@Si0, catalysts.*”

(4) Selectivity: tailoring the selectivity of functionalised
catalysts towards a particular product in biomass upgrading
is essential to control the formation of unwanted by-products
as well as to minimise energy-intensive steps required for
the separation/purification of reaction substrates. This can be
achieved by selectively anchoring functional species on particular
sites of heterogeneous catalysts, which may direct the specificity
of interaction with the biomass molecules, hence preferred
reaction pathway and formation of desirable products.

(5) Versatility: it is also vital to develop functionalised
heterogeneous catalysts, with versatile applications in biomass
upgrading. Several examples of this kind are highlighted in this
review, including sulfonated silica-carbon nanocomposites
(cellulose hydrolysis'®® and fructose ethanolysis'®?), SO;H func-
tionalised MIL-101(Cr) MOF (fructose-to-HMF>*° and furfuryl
alcohol-to-ethyl levulinate®*®), and Fe;0,@8Si0,-SO;H (glucose-
to-HMF>*° and cellulose-to-reducing sugar®*°). For an improved
bio-based economy, developing a more number of versatile
catalysts with multiple active sites is an urgent task.

(6) Reusability: above all, efficient reusability of the catalysts
is of paramount importance in order to avoid post-reaction
steps, minimise waste disposal and energy consumption,
as well as maximise the productivity. Owing to excellent para-
magnetic properties, magnetic iron oxide based catalysts can be
efficiently recovered from reaction mixtures using a magnet
without affecting their physicochemical properties. Hence,
efforts should be directed towards developing composite cata-
lysts consisting of magnetic iron oxides with functionalised
carbon materials, MOFs, or ILs. This appealing approach
may combine the unique catalytic properties of the respective
components, with the magnetic properties of iron oxides, hence
avoiding recycling concerns associated with the conventional
catalysts. This route may further lead to significantly improved
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catalytic activities in biomass upgrading, due to availability of
abundant functional active sites.

More stimulating research efforts are therefore needed to
develop state-of-the-art functionalised heterogeneous catalysts,
with necessary functional active sites and various key features
as listed in Fig. 43 for a more sustainable biomass valorisation.
In this context, the present comprehensive review may provide a
systematic background for further advances towards economic
mass production of versatile functionalised heterogeneous
catalysts for a viable bio-refinery industry.
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