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Critical design of heterogeneous catalysts for
biomass valorization: current thrust and emerging
prospects

Sudipta De,? Saikat Dutta® and Basudeb Saha*®

Catalysis in the heterogeneous phase plays a crucial role in the valorization of biorenewable substrates with
controlled reactivity, efficient mechanical process separation, greater recyclability and minimization of envi-
ronmental effects. In this minireview, we have critically analyzed the design aspects of catalysts with
multifunctional properties in making biomass conversion processes more productive and sustainable. The
catalytic systems have been categorized into subgroups such as metal oxides and phosphates, supported
metals, functionalized porous materials, acidic and ion-exchange resins, zeolites and carbonaceous mate-
rials to discuss their structural features and active sites towards intrinsic reactivity and selectivity in the
transformation of biomass intermediates via hydrolysis, dehydration, hydrodeoxygenation and oxidation
pathways. Recent advances in photocatalytic materials for the oxidation of biomass-derived small mole-
cules (such as sugars, alcohols, carboxylic acids) and lignin model compounds and the role of different
heteroatoms in improving photo-electronic properties are discussed. The synergistic effect of metal nano-
particulate sites and acid-base supports of bimetallic catalytic systems in performing multistep cascade
processes in one-pot are analyzed.
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1. Introduction

Biomass is considered as the most abundant renewable re-
source with a worldwide production of 170 billion metric tons
per year by photosynthesis." Calculation shows that ~1.3 bil-
lion tons of lignocellulosic biomass can produce ~33% of U.S.
transportation fuel and 25% of all organic chemicals per year.>
The carbohydrate content of lignocellulosic biomass is typi-
cally 75%, which can be converted into soluble sugars directly
by employing acid hydrolysis processes. The obtained sugars
can then be converted into ethanol, advanced high octane bio-
fuels or fuel additives, various chemicals, foods, and medi-
cines using chemical and biochemical technologies.®> Biomass
is typically composed of 40-50% cellulose, 16-33% hemicellu-
loses, 15-30% lignin, and small amounts of other
components.

Over the past two decades, several catalytic processes have
been developed for the efficient conversion of biomass re-
sources into biofuels and value-added chemicals.*® Homoge-
neous catalytic systems generally offer relatively high activity
and selectivity, but these catalysts have some disadvantages
in separation, recyclability and disposal. Heterogeneous cata-

“ Department of Chemical and Biomolecular Engineering, National University of
Singapore, 4 Engineering Drive 4, 117585, Singapore

b Catalysis Center for Energy Innovation, ISE Laboratory, University of Delaware,
221 Academy Street, Newark, Delaware, USA. E-mail: bsaha@udel.ecu

7364 | Catal Sci. Technol.,, 2016, 6, 7364-7385

Iytic systems, on the other hand, offer mighty advantages in
terms of easy separation, reusability and de-corrosion with
the ability to provide practical conveniences in a continuous
system. Another merit of heterogeneous catalysts is their sta-
bility to severe reaction environments; some can withstand
temperatures as high as 1300 °C and pressure up to 350 bar.’

The first step in biomass processing involves depolymeri-
zation of biomass constituents into soluble oligosaccharides,
which is often carried out in the presence of a mineral acid.
This step, known as lignocellulose pretreatment, is required
to reduce cellulose crystallinity by disrupting H-bonding net-
works, to increase material porosity and to remove lignin.
The pretreatment step significantly improves the yield of oli-
gosaccharides and reduces the operating costs of down-
stream units. However due to severe disadvantages of mineral
acids, alternative pathways have been established such as
ball-milling,"® solubilization/precipitation in ionic liquids"'
and liquid acidic/alkaline solutions,'*'* non-thermal atmo-
spheric plasma'* and steam explosion. After the pretreatment
step, soluble oligosaccharides are converted to monosaccha-
rides through the hydrolysis process. Subsequently, monosac-
charides, e.g., glucose and xylose, are converted to platform
molecules using combined Brgnsted (B)-Lewis (L) acid cata-
Iytic systems.”>™” The BL acid catalyzed isomerization and
dehydration reactions for sugar conversion have been signifi-
cantly advanced over the past few years with the appropriate
design of various types of solid catalysts having a large pore
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size and strong acid density.”'® These types of solid catalysts
usually possess a high surface area because the reactions take
place on the surface of the materials. Thus, it is desirable to
maximize the surface area to achieve better performance. The
acidity of these materials can be tuned by adopting different
synthesis protocols. However, the key challenge with hetero-
geneous catalysis is to identify the active catalytic sites suit-
able for a particular type of transformation. In particular, bio-
mass contains a large number of oxygen functional groups
that are subject to chemical transformations; thus, the con-
version process requires a new paradigm of how to design
heterogeneous catalysts that can transform the said func-
tional groups selectively. The adsorption behavior of the
functional groups on the catalyst surface has to be extensively
understood in order to design an appropriate catalyst for a
particular transformation.

Zeolites are excellent solid catalysts which have exhibited
excellent catalytic performance in the petrochemical industry
over many decades largely due to the presence of uniform
microporous networks (0.25-1 nm)."® However, these cata-
lysts pose a challenge in biomass processing because of se-
vere diffusion limitations that arise from the presence of sole
micropores. Therefore, a search for materials containing
larger pores has stimulated the development of ordered
mesoporous materials such as M418*° and SBA.*' In addi-
tion, hierarchically porous materials exhibiting multimodal
porosity have been developed. The latter materials with
micro-, meso-, and/or macroporous structures have superior
mass/heat transfer rates and enhanced accessibility to active
sites.”>>* In addition to such features as high surface area
and porosity, the presence of large numbers of active sites is
an added advantage. However, many of the currently avail-

Scheme 1
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able porous materials fail to meet these criteria, and there-
fore, it is of special importance to gain a better understand-
ing of the combined effects of pore hierarchy and active sites
on catalytic performance to design new catalysts.

This review article presents an overview of recent advances
in catalyst design, aiming to improve the efficiency of bio-
mass depolymerization and upgrade to chemicals and fuels.
The intrinsic reactivity and selectivity of the catalytic systems
are assessed to correlate with the structure and active sites of
the catalysts. Particular emphasis has been given to
establishing the relationship between catalytic activities and
various intrinsic properties including the effect of pore size,
surface area, and composition of the solid and Brensted/
Lewis acid density ratio. Photocatalytic materials for the
photo-oxidation of biomass-derived molecules and the roles
of different heteroatoms in improving photo-electronic prop-
erties are discussed at length. The synergistic effect between
metal nanoparticle structures and acid-base supports of bi-
metallic catalysts in performing multistep cascade processes
in one pot is analyzed. Scheme 1 illustrates an overview of
the fundamental reactions in the biomass transformation
process and the different functionalities of heterogeneous
catalysts involved therein.

2. Metal oxide- and phosphate-based
catalysts

Metal oxides are often used as solid catalysts in biomass
transformation chemistry. Metal oxides with high specific sur-
face area and large pore size are of special interest because
the reactants can come into proximity with the active sites inside
the metal oxide pores. Among different metal oxides, titania

Brete) OHOS
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G;ucose
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Key functionalities of heterogeneous catalysts required for fundamental reactions involved in biomass conversion.
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(TiO,) and zirconia (ZrO,) based materials have attracted spe-
cial attention due to their good acid-base properties. Only
some particular phases of these metal oxides are catalytically
active for the conversion of glucose and fructose. For exam-
ple, a report on the effects of TiO, (anatase or rutile phase)
and ZrO, (monoclinic/tetragonal mixture of ZrO,) for glucose
and fructose conversions in hot-compressed water at 200 °C*®
reveals that anatase TiO,, with both acidic and basic sites,
can promote high glucose conversion with an excellent HMF
yield, while rutile TiO, is found inactive. A basic monoclinic/
tetragonal mixture of ZrO, (m/c-ZrO,) showed enhanced activ-
ity for the reaction. In the fructose study, both anatase TiO,
and m/c-ZrO, enhanced the conversion of fructose. However,
in the case of glucose, anatase TiO, offers a better HMF yield
than m/c-ZrO,. Collective observation helps to find out the
appropriate nature of the catalysts suitable for the different
steps of the entire transformation. The isomerization of glu-
cose into fructose is actually enhanced by the basic sites of
the catalysts, whereas the formation of HMF is enhanced by
the acidic sites of the catalysts. It is an established experi-
mental fact that solid base ZrO, could promote the isomeri-
zation of glucose to 1,2-enediol, which is considered to be the
decisive step for generating HMF.>” Based on this fact, Liu
et al. utilized a catalytic system consisting of solid base ZrO,
together with solid acid SO,*/Ti0,-SiO,, which offers a maxi-
mum 48% HMEF yield from starch hydrolyzate under optimal
conditions and at a solid acid-to-solid base ratio of 3:4.>®
Our group reported multiple templating pathways for
the preparation of self-assembled mesoporous TiO,
materials.”*®' Calcination at high temperatures provided
uniform size- and shape-controlled TiO, nanoparticles with
significantly high surface area. Carboxylic acid containing
molecules (such as amino acid) were mainly used as a tem-
plate which imparted a considerable amount of acidity inside
the pores after removal of the templates. The presence of
dual Brensted and Lewis acid sites promoted the conversion
of monosaccharides (fructose, glucose, mannose, lactose and
galactose) and disaccharides (sucrose, maltose and cellobi-
ose) into HMF in moderate to high yield. Mesoporous cata-
lysts containing dual Brensted acid (-HSO; -HPO;) and
Lewis acid (TiO,, Sn, Ti) sites effectively converted monosac-
charides and oligosaccharides to HMF biphasic solvent
systems.**>*?

The major factors that affect catalysts concerning hydroly-
sis-dehydration chemistry are acidity and surface area. Meso-
porous Nb-W oxide shows a higher turnover frequency (TOF)
for the hydrolysis of sucrose than other solid acids (i.e.
Amberlyst-15, Nb,O5).** The added W-oxide phase shows an
extra benefit over pure phase Nb,Os in terms of reactivity.
The acid strength increased gradually with the addition of W,
offering the highest reaction rate with mesoporous Nb;W; ox-
ide. Fig. 1 shows that the tungsten-containing samples have
both Brensted acid and Lewis acid sites whereas Nb oxide
has negligible Bronsted acid sites. However, the amount of
Bronsted acidity is much lower than that of Lewis acidity
even at an optimum Nb/W ratio. The high catalytic perfor-
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Fig. 1 FTIR spectra for pyridine adsorbed by mesoporous (a) Nb, (b)
Nb;Ws3, (c) NbsWs, and (d) NbsW-, oxides (B = Breonsted acid site; L =
Lewis acid site). Assignments: 1590 cm™ (strong Lewis acid site), 1532
cm™ (strong Bronsted acid site), 1485 cm™ (very strong Bronsted acid
site or strong Lewis acid site), 1440 cm™ (very strong Lewis acid site).
Adapted from ref. 34. Copyright 2010, with permission from Wiley-
VCH.**

mance of Nb;W, oxide was attributed to the high surface
area, mesoporous structure and multiple strong acid sites
(Brensted and Lewis acid sites). It is shown that the number
of active acid sites increased with an increase in surface area.
The mesoporous Nb;W- oxide exhibited a two-fold higher re-
action rate and turnover frequency than that of bulk Nb;W;,
oxide, indicating that the mesoporous structure enhanced
the reaction rate owing to the accessible acid sites. Further-
more, the ratio of Brensted and Lewis acid sites could be eas-
ily tuned by varying the Nb/W ratio. However, the Nb-W ox-
ide catalyst had a lower activity for cellobiose hydrolysis due
to the low number of Bregnsted acid sites.

A similar type of mixed oxide phase catalyst, HNbMoOs,
exhibited a much higher activity, producing glucose at twice
the rate of Amberlyst-15 (Scheme 2 and Fig. 2).** The im-
proved catalytic activity of this layered structured material
could be related to its strong acidity, water-tolerance and
intercalation ability. In the previous literature, it was ob-
served that HNbMoOg was able to intercalate water, alcohol
and ketone at room temperature, resulting in a high activity
for acid-catalyzed reactions such as Friedel-Crafts alkylation
and acetalization.®® The hydrated layered HNbMoO, mate-
rials contained a strong acidic interlayer gallery that accom-
modated the insertion of saccharides (containing many
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Q :

Layered HNbMoO,

Scheme 2 Hydrolysis of cellulose to glucose with layered HNbMoOg
catalyst. Adapted from ref. 35. Copyright 2008, with permission from
the Royal Society of Chemistry.*®
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Fig. 2 Different hydrolysis rates of sucrose with different solid acids.
Adapted from ref. 35. Copyright 2008, with permission from the Royal
Society of Chemistry.®®

hydroxyl groups) and successfully intercalated them to achieve
increased solubility. In some cases, reactivity does not solely de-
pend on these factors. For instance, zirconium phosphate (ZrP)
solid acids with varied surface areas obtained from different
preparation methods exhibit similar catalytic properties for the
dehydration of fructose.®”

Metal phosphate-based catalysts are more effective than sim-
ple metal oxides in the one-pot conversion of cellulose and car-
bohydrates into platform chemicals where both isomerization
and dehydration steps are required. Due to the presence of both
Bronsted and Lewis acidity, phosphate-based systems containing
different metal components (such as Ti, V, Zr, Nb, Sn etc.) have
achieved high yields of HMF and levulinic acid.*****> To make
an effective metal phosphate catalyst, the optimum ratio of
Bronsted and Lewis acidity needs to be maintained. It was ob-
served that excessive Brgnsted acid sites had a detrimental effect
on the isomerization process, whereas excessive Lewis acid sites
led to the formation of by-products (e.g., humins) and decreased
the selectivity to HMF.** The introduction of a second metal
(such as Ru, Pt etc.) into the dual acidic phosphates can perform
the hydrogenation or oxidation of platform molecules, which ex-
tends the process in a cascade manner. Such bifunctional sys-
tems have been used in the one-pot conversion of cellulose and
carbohydrates into different valuable products including hydro-
carbons, isosorbide, 2,5-furandicarboxylic acid (FDCA), 2,5-
diformylfuran (DFF) etc.***°

Alongside the thermal catalytic transformation of bio-
based feedstocks, photocatalytic transformation has evolved
as an alternative technique to derive platform chemicals.*® In
principle, biomass substrates contain a large number of oxy-
gen functionalities, e.g., alcohol groups which can be oxi-
dized using a photocatalytic process to obtain various useful
chemicals. These functional groups can serve as sacrificial
agents (electron donors) for photocatalytic self-oxidation to
produce ketones, aldehydes, and/or carboxylic acids.*” Ther-
modynamically, alcohols with a singlet electronic configura-
tion are unable to react directly with dioxygen, which has a
triplet electronic configuration.*® Thus, metal catalysts are
necessary to induce the formation of singlet oxygen species.

Heterogeneous photochemistry continues to be an impor-
tant component of modern chemistry in the 21st century.
Growing knowledge on mechanisms, the development of new

This journal is © The Royal Society of Chemistry 2016
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technologies for storage and conversion of solar energy, envi-
ronmental detoxification of liquid and gaseous ecosystems,
and the photochemical production of new materials have trans-
formed this field as a new avenue in sustainable chemistry re-
search.*® While photochemistry has been applied in organic
transformation significantly for the past three decades, its ap-
plication in biomass conversion has not been explored exten-
sively. Heterogeneous photocatalysts can perform several chem-
ical transformations at room temperature and atmospheric
pressure using sunlight as a renewable source of energy.

Photocatalysis is one of the best sustainable routes that
use mild reaction conditions for the selective transformation
of biomass-derived platform molecules into valuable
chemicals.”® Selective photo-oxidation of biomass-derived
sugars provides a wide range of high value chemicals such as
succinie, 2,5-furandicarboxylic, 3-hydroxypropionic, gluconic,
glucaric and levulinic acid, 3-hydroxybutyrolactone etc.
(Table 1).>° Titania-based catalysts are of special interest for
excellent photocatalytic activity. The strong oxidative poten-
tial of the positive holes in titania oxidizes water to form hy-
droxyl radicals that can oxidize organic substrates directly. Ti-
tania materials with improved electronic properties have
been synthesized through sol-gel processes by varying the
precursor and/or the ageing conditions (magnetic stirring, ul-
trasound, microwave or reflux) and used for the liquid-phase
selective photo-oxidation of bio-derived alcohols to the corre-
sponding aldehydes.*®

Photocatalytic oxidation depends on the type of alcohol
groups. Primary alcohols generally show higher reactivity
with high selectivity. The proposed mechanism of this reac-
tion is initiated with the interaction of a surface hole (of cata-
lyst) with the hydroxyl group of the alcohol, forming metal-
oxo species with proton removal (Scheme 3).>' Alcohols with
long carbon chains and branching are the most suitable sub-
strates that make the proton removal step easier. Further-
more, a higher number of adjacent hydrogen atoms is also a
key factor for the simpler removal of proton to achieve an im-
proved conversion rate.

The anatase form of TiO, with a band gap of 3.2 eV is
reported to be the best for photo-activity and photo-stability
in most reaction media. Practically, TiO, photo-activation
takes place in the range of 300-388 nm. However, the main
problem is the inadequate absorption of solar energy at this
wavelength (only ca. 5% of the solar light energy can be
absorbed by TiO,). The most useful strategy to overcome this
problem is the doping of TiO, with metallic®* (e.g., Cr, Fe, Zn
etc.) or non-metallic>® (e.g., N, C, S etc.) elements. Doping
with these elements renders the recombination of electron-
hole pairs in TiO, thereby improving the photocatalytic effi-
ciency of TiO, under visible light and/or sunlight. For exam-
ple, the selective conversion of maleic acid to formic acid is
conducted in an aqueous medium under visible light irradia-
tion using a magnetically separable TiO,-guanidine—(Ni, Co)-
Fe,O, nanocomposite (Table 1, entry 2).>* Using a similar
analogy, acetic, propionic, butanoic and n-pentanoic acid
could be decarboxylated to hydrocarbons in the absence of

Catal. Sci. Technol., 2016, 6, 7364-7385 | 7367
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Table 1 Photocatalytic transformation of biomass-derived molecules to high value chemicals

Entry Model biomass-based molecules Photocatalysts Products Ref.

1 Methanol Anatase TiO, Methyl formate 58

2 Malic acid TiO,-guanidine-(Ni, Co)-Fe,0, Formic acid 54

3 Acetic, propionic, n-butanoic and n-pentanoic acid Pt/TiO, (rutile) Corresponding 59

hydrocarbons

4 Glucose Bare-TiO, and supported TiO, on Glucaric and gluconic acid 55 and
zeolite Y 56

5 Glucose Fe-TiO, and Cr-TiO, supported on Glucaric and gluconic acid 60 and
zeolite Y 61

6 Lignocellulose Commercial TiO, Sugars 62

7 Kraft lignin Ta,05-1Ir0, thin film Vanillin and vanillic acid 63

oxygen. As a result of the modification with guanidine, the
band gap of the metal oxide semiconductor is remarkably de-
creased and the catalyst exhibits activity under visible light
and sunlight irradiation. This simple process opens up a
promising selective synthesis method for the production of
shorter chain acids or hydrocarbons from higher aliphatic
carboxylic acids.

Nanosized TiO, materials have also offered good photo-
oxidation activity for the oxidation of glucose to organic car-
boxylic acids, namely glucaric (GUA) and gluconic (GA) acid®
with high selectivity. The efficiency of the TiO, photocatalyst
depends on the synthesis methods and the solvent system.
For example, TiO, synthesized by an ultrasound-modified
sol-gel method exhibited superior activities over other titania
materials. Other TiO, materials prepared by the solvent
refluxing method showed a lower band gap (3.03 eV) with a
higher absorption threshold (409 nm). The selectivity of the
organic products also depends on the nature of the solvent
systems. For example, a change in solvent composition from
10%H,0/90%CH;CN to 50%H,0/50%CH,CN resulted in im-
proved product selectivity from 39% to 71%. The selectivity
of the reaction products towards carboxylic acids also im-
proved by modifying the TiO, catalyst with a zeolite type Y
(Si0, : Al,O; = 80) support.”® The high efficiency of the latter
catalyst is due to the charge density of Y type zeolites, which
tend to adsorb cationic substrates and repulse anions.’” Due
to this electronic feature, the carboxylic acid products are re-
pulsed by the zeolite, thereby facilitating the selective photo-
oxidation of glucose. The selectivity can be further improved
by doping the supported TiO, materials with transition metal
ions like Fe and Cr. For example, Fe-TiO, systems showed
94% selectivity after 20 min of illumination.

Numerous efforts have been given to develop strategies for
the depolymerization of cellulose and hemicellulose to pro-

=K

H— 0 C—CH, o O0=C—CH,
I 02_T14+02_LJT1A+02_T14+D02_
Surface hole
Scheme 3 Photocatalytic oxidation of 1-phenyl ethanol to

acetophenone over TiO, (O = surface hole).>*
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duce high-value chemicals and fuels. However, understand-
ing of the complex chemical structure and recalcitrant nature
of lignin remains elusive.®® Recently, a few promising cata-
Iytic lignin depolymerization methods have been developed;
however, many of these involve chemical oxidation pathways
using homogeneous transition-metal catalysts at elevated
temperatures (>80 °C).>7' These processes are usually
energy-intensive and uncontrollable (in terms of selectivity)
and less suitable for applications. Therefore, there is a need
to develop a room temperature lignin depolymerization
method that could offer the selective cleavage of specific link-
ages within the biopolymer.

Selective oxidation of alcohols to the corresponding car-
bonyl compounds (especially aldehydes) is one of the impor-
tant organic transformations as carbonyl compounds are
widely used in the food, beverage, and pharmaceutical indus-
tries and as precursors in chemical industries.”>”®> Among
the selective oxidation processes of alcohols, the conversion
of aromatic alcohols to aldehydes is of particular interest be-
cause the aromatic alcohols represent model lignin com-
pounds obtained from the depolymerization of real lignin.>
Since benzyl alcohol is the key structural unit of lignin, major
focus has been given to its reactivity and selective transfor-
mation strategies. Another advantage is that benzyl alcohol is
the simplest aromatic alcohol and therefore presents fewer
analytical challenges relative to the complicated lignin
models.

Recently, photo-assisted transformation of benzyl alcohol
to benzaldehyde has been the center of focus because this
could replace the industrial synthesis route via benzyl chlo-
ride hydrolysis derived from toluene chlorination or toluene
oxidation. Metal oxide based catalysts such as TiO,,’*7°
Nb,O;,”” and ZnO (ref. 78) have been well explored for alco-
hol oxidation under UV irradiation. Improved activity even in
visible light has been achieved by the incorporation of vari-
ous noble metals including Au,”® Pd,* and Pt (ref. 81 and 82)
on different photoactive catalyst supports. It has been shown
that the presence of Brgnsted acids in the catalysts can accel-
erate the aerobic photo-oxidation of alcohols. For example, a
small quantity of SiO, can enhance the activity when incorpo-
rated into TiO, via acid pretreatment.®* The incorporated
SiO, increases the proton density that effectively promotes
the decomposition of the formed surface peroxide-Ti species,

This journal is © The Royal Society of Chemistry 2016
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leading to catalyst surface site regeneration. As a result, an
about two-fold improvement in conversion was achieved
when a small quantity of SiO, was incorporated into TiO, af-
ter the pre-treatment with acid to afford more Bronsted acid
sites.

The mechanism of the photo-oxidation of aromatic alco-
hols under visible light irradiation was studied over anatase
TiO, photocatalyst in the presence of oxygen.** The success
of the photo-oxidation process relies on the possibility of ab-
sorbing visible light by the aromatic alcohol to form surface
complex species with TiO,. The formation of such species
was confirmed by studying the reaction with fluorinated TiO,
that showed a dramatic decrease in activity. Fig. 3 summa-
rizes the selective photocatalytic oxidation of benzyl alcohol
in the presence of oxygen and titania wherein the surface
complexes are formed by close interaction of the alcohol
groups of the aromatic ring with the surface functionalities.
The photo-produced holes abstract hydrogen from the -CH,
OH groups of the photo-excited species, which leads to the
oxidation of the alcohol to aldehyde. At the same time the
photo-induced electrons are trapped by oxygen in the
reacting medium. O, plays a significant role as an electron
scavenger and possibly leads to the re-generation of surface
hydroxyl groups on TiO,. The mechanism reveals that forma-
tion of the surface complex is the crucial step that initiates
the photo-oxidation process, where surface hydroxyl groups
are important for their formation. Therefore, it can be
expected that materials with the ability to form surface com-
plexes in the presence of O, will undergo visible light in-
duced photo-oxidation in the same manner.

Nanosized noble metals such as Au, Pd and Pt in combi-
nation with a semiconductor can take advantage of
plasmonic effects to achieve the photocatalytic selective pro-
duction of several aromatic aldehydes from their correspond-
ing aromatic alcohols (Table 2, entries 2-4).5*%” A similar ad-
vantage of the plasmonic effect of Pt can be extended to
glucose conversion to aromatic aldehyde as shown in Fig. 4.

Plasmonic photocatalysts composed of gold nanoparticles
supported on the anatase-rutile interphase (Evonik P-25)
show a plasmon activation phenomenon where the conduc-

Visible light
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Fig. 3 Proposed reaction mechanism for the photocatalytic selective
oxidation of benzyl alcohol under visible light irradiation.®*
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tion electrons of Au particles are activated by visible light
followed by consecutive electron transfer at the Au/rutile/ana-
tase interphase contact. After the removal of electrons, the
positively charged Au particles facilitate the oxidation process
with the reduction of oxygen. Metal core-semiconductor shell
nanohybrids are also efficient visible-light-driven photo-
catalysts for the selective oxidation of benzyl alcohol to benz-
aldehyde. Pt and Pd serve as the cores of the hybrid systems
and CeO, as the shells. Electrons produced under visible
light irradiation are trapped by the metal cores and adsorbed
benzyl alcohol interacts with the holes to form the corre-
sponding radical cation (Fig. 5). The dioxygen or superoxide
radical reacts with these radical cations to form aldehydes.
Polyoxometalate (POM) materials can be used as heteroge-
neous photocatalysts when supported on amorphous meso-
porous molecular sieves, titania, and silica. Hetero-
polyoxometalates of the type [S;M;30¢,]*" (M = W, Mo) are
highly active for the photo-oxidation of aromatic alcohols un-
der sunlight and UV/vis light in acetonitrile.®® Near-UV/vis ir-
radiation of a POM solution results in an oxygen-to-metal
charge-transfer excited state that has strong oxidation ability,
which is responsible for the oxidation of organic substrates.

3. Supported metal catalysts

Hydrodeoxygenation (HDO) is considered as the most effec-
tive way to upgrade bio-oils into hydrocarbon fuels. The key
challenge of the HDO process is to achieve a high degree of
oxygen removal with minimum hydrogen consumption and
for this, proper and careful design of catalysts is required.
Several catalytic systems have been reported for HDO with
various advantages and disadvantages where precious noble
metal catalysts (e.g., Pd, Pt, Re, Rh, and Ru) have shown re-
markable activities over non-precious transition metal cata-
lysts (e.g., Fe, Ni and Cu).”® However, in terms of process
cost, transition metals are more advantageous than noble
metals and sometimes exhibit comparable HDO efficiency.

One of the major challenges in upgrading biomass-
derived platform chemicals is that these chemicals generally
contain various functionalities. Taking into account a highly
useful platform molecule, 5-hydroxymethylfurfural (HMF),
which contains four active functional groups and often un-
dergoes unwanted transformations in the HDO process lead-
ing to the formation of several by-products with low DMF
yield.

A proper choice of a bimetallic catalytic system can selec-
tively convert HMF to DMF with high yield. In bimetallic sys-
tems, the incorporation of a second metal creates a number
of possibilities of modifying the surface structure and compo-
sition of metal catalysts. The properties of bimetallic catalysts
significantly differ from those of their monometallic analogs
due to geometric and electronic effects between the two
metals.”’ The major advantage of the bimetallic systems is
the tunable catalytic activity by varying the size and composi-
tion. PtCo nanoparticulate (NP) catalyst is an example of this
type, which selectively hydrogenates carbonyl groups of
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Table 2 Selective photocatalytic oxidation of aromatic alcohols as model lignin compounds

Entry Photocatalyst Reactants Products Yield (%) Ref.
1 TiO, on silica cloth @/\OH ©/CHO 33 89
OH o 7 (81% styrene)
O O
2 1 wt% Au/CeO, ©/\OH ©/CHO 98 85
/©/\ oH /©/CHO 98
3 Au,(DPg3)/P25 ©/\OH ©/CHO 79 86
OH o] 80
4 Multi-Pd core-CeO, shell nanocomposite

/

o

substrates in the presence of C=C bonds.”*
NPs encapsulated in hollow carbon spheres®® are reported to
be effective for HDO of HMF at 120 °C to obtain 2,5-
bis(hydroxymethyl)furan as the main product in 70% yield. A

Similarly, PtCo

Fig. 4 Pt/TiO, extends the plasmonic effect for the conversion of
glucose.
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g5

12

©/CHO 28 87

reaction at higher temperature (160 °C) produced DMF in
high yield (96%). Under comparable reaction conditions, acti-
vated carbon-supported platinum (Pt/AC) and graphitized
carbon-supported platinum (Pt/GC) catalysts achieved only
9% and 56% DMTF yields, respectively. This comparison por-
trays a clear role of the second metal (here Co) in the higher

-CH,0H

o~ CH,OH"

|- J
Fig. 5 (A) TEM image of as-synthesized multi-Pd-core-CeO,-shell
nanoparticles. (B) A plausible mechanism for the selective oxidation of
aromatic alcohols to aldehydes in the presence of multi-Pd-core-
CeO,-shell photocatalyst under visible light irradiation. Adapted from
ref. 87. Copyright 2012, with permission from the Royal Society of
Chemistry.®”
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activity of PtCo. Co is believed to alter the electronic environ-
ment of PtCo. Recently, Luo et al. revealed the mechanism
for the selective HDO of HMF over PtCo nanocrystal catalyst,
which demonstrated that the reaction was sequential on both
Pt and PtCo alloys, with DMF formed as an intermediate
product.”® The reaction of DMF could be greatly suppressed
on the alloys, such that a Pt;Co, catalyst can achieve DMF
yields as high as 98%. The Co oxide surface monolayer inter-
acted weakly with the furan ring to prevent side reactions, in-
cluding overhydrogenation and ring opening, while providing
sites for effective HDO to the desired product, DMF. The
same group extended the application to other base metals
(such as Ni, Cu, and Zn) along with Pt and studied the com-
position dependent HDO activity of the catalysts.”® Ebitani
et al. reported a carbon supported PdAu bimetallic catalyst
(Pd,Au,/C) for the selective hydrogenation of HMF to DMF.”
The bimetallic Pd,Au,/C catalyst exhibited significantly higher
activity as compared to monometallic Pd/C and Au/C catalysts
due to the existence of a charge transfer phenomenon from
Pd to Au atoms as proved by XPS and X-ray absorption near-
edge structure (XANES) analyses. A remarkable synergy be-
tween Pd and Ir Pd-Ir/SiO, catalyst has been reported for the
hydrogenation of furfural and HMF in aqueous medium.’” It
is shown that Ir improved the TOF of the bimetallic catalyst
for C=0 hydrogenation by promoting C—=O adsorption on
the surface and thereby stronger interaction of the surface Pd
sites with the furan ring of the substrate.

Apart from the noble metal-based catalysts, transition
metal-based catalysts have also shown high DMF
selectivity.”® %" Bimetallic systems based on the combination
of first row transition metals such as Fe, Co, Ni, Cu and Zn
were recently reported to produce DMF yields as high as
99%. The carbon nanotube-supported bimetallic Ni-Fe (Ni-
Fe/CNT) catalyst was investigated for the selective hydrogena-
tion and hydrogenolysis of HMF.?® Two different metal com-
ponents presented different behaviors when used individu-
ally. The Fe/CNT catalyst showed low catalytic activity at both
low and high temperatures, which confirmed the poor hydro-
genation property of Fe. Meanwhile, the monometallic Ni/
CNT catalyst showed high conversion but poor selectivity un-
der the same conditions. The combination of Ni and Fe in an
appropriate atomic ratio of Ni/Fe (2.0) significantly increased
the selectivity to DMF, which could be attributed to the for-
mation of Ni-Fe alloy species that selectively cleaved the C-O
bond.

The beneficial effect of Fe in Ni-Fe/SiO, bimetallic catalyst
for the conversion of furfural has been reported by compar-
ing the activity of Ni-Fe/SiO, with Ni/Si0,.*°* The Ni/SiO, cat-
alyzed reaction produced furfuryl alcohol and furan as the
primary products via hydrogenation and decarbonylation of
furfural. In contrast, the Ni-Fe/SiO, catalyzed reaction pro-
duced 2-methylfuran (2-MF) as the major product. The pres-
ence of Fe in Ni-Fe/SiO, suppressed the decarbonylation ac-
tivity of Ni while promoting C—0 hydrogenation and C-O
hydrogenolysis. DFT analysis suggests that the selectivity dif-
ference of the two catalysts is due to the difference in stabil-
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ity of n>-(C, O) surface species (Scheme 4). A stronger interac-
tion between O (from the carbonyl group) and the oxyphilic
Fe atoms makes the n?-(C, O) species more stable on the Ni-
Fe/SiO, surface than those on pure monometallic Ni/SiO,,
resulting in ready hydrogenation of furfural to furfuryl alco-
hol and subsequent hydrogenolysis to 2-MF.

The bimetallic Zn/Pd/C system is another good example of
the synergistic effect applied in the selective HDO of lignin
compounds.'® The B-O-4 linkages in dimeric model lignin
and synthetic lignin polymers were successfully cleaved by
this system, producing HDO products in high yield without
destroying the aromaticity. Controlled experiments suggested
that the single use of Pd/C or Zn>" was unable to promote
HDO, indicating a synergistic effect between Pd/C and Zn>*
as represented in a mechanistic approach (Fig. 6); however,
the chances of Pd-Zn alloy formation were excluded from an
X-ray absorption spectroscopy (EXAFS) study. The same cata-
lyst was effective for HDO of HMF, producing 85% DMF at
150 °C.'*?

Catalytic transfer hydrogenation (CTH) is a fascinating
way to upgrade furfurals into liquid fuels where the solvent is
a hydrogen donor. Recently, the application of a bifunctional
Ru/RuO,/C catalyst has been reported for the hydrogenation
of furfural and HMF in a series of alcohols."”*'%® The metal-
lic Ru sites serve mainly to produce hydrogen from the donor
and the Lewis acid RuO, sites to carry out hydrogenolysis.
Mechanistic investigation reveals that the hydrogenation of
the carbonyl group of furfural to furfuryl alcohol proceeds
through a Lewis acid-mediated intermolecular hydride trans-
fer and the hydrogenolysis of furfuryl alcohol occurs mainly
via ring-activation involving both metal and Lewis acid sites.

Sugar alcohols (such as sorbitol and mannitol) are valu-
able chemicals that can be derived from the hydrogenation
of sugars. Supported metal catalysts have been widely used in
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Scheme 4 Various intermediate species on the catalyst surface during
the conversion of furfural.***
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Fig. 6 Proposed pathways for HDO of 3-O-4 lignin substrate over Zn/
Pd/C catalyst. Pathway (a) involves substrate binding to Zn?* sites and
hydrogen spillover from Pd sites. Pathway (b) represents desorption of
Zn ions into solution and activation of substrate via binding; it is the Zn
bound substrate that reacts with Pd sites on the catalyst's surface.'%?

biomass conversion due to their excellent hydrogenation activi-
ties. Though the hydrolysis of cellulose to glucose is rarely cata-
lyzed solely by supported metal catalysts, this can be done by a
combined system of a metal and an acid catalyst through a tan-
dem process of hydrolysis and hydrogenation. Since the first
production of hexitols by Pt/Al,O; catalyst reported by Fukuoka
and Dhepe in 2006,'°” there have been numerous reports on
the production of hexitols from cellulose by using supported
catalysts such as Pt/carbon black,'”® Ru/CNTs,'” Pt/MCM-
48,"'° Rh (or Ir)-Ni/MC,""" Pt-Ni/ZSM-5,""> Ni/CNF (ref. 113) etc.
The Nakagawa and Tomishige groups used a bimetallic Ir-
ReO,/SiO, catalyst in combination with an acidic catalyst
(HZSM-5) or a mineral acid component (H,SO, or HCI)."'*'*®
Mechano-catalytically depolymerized cellulose was converted to
hexanols over the catalyst in a biphasic reaction system
(n-decane + H,0). The organic phase (n-decane) played a cru-
cial role in the product distribution. The catalyst possessed re-
markable hydrogenolysis activity for the conversion of hexanols
to n-hexane, while n-decane effectively extracted hexanols to
suppress degradation of the hydrogenolysis product.

Oxidation is another important process in biomass trans-
formation. Both 2,5-furandicarboxylic acid (FDCA) or 2,5-
diformylfuran (DFF) are polyester building-block chemicals of
commercial importance that can be obtained from the selec-
tive oxidation of HMF. Among the supported metal catalysts,
gold is the most effective for the aerobic oxidation of HMF as
demonstrated through a Au/CeO, catalyzed oxidation of HMF
into an ester of FDCA, dimethylfuroate, in basic solution,
which is readily soluble in most solvents without the pres-
ence of a base."'® An excellent yield (99 mol%) of the ester
was obtained due to the presence of nanometric CeO, sup-
port acting as an oxygen pump by releasing and adsorbing O,
through a Ce**/Ce™ redox process. HMF oxidation to FDCA
has also been reported in acidic solution using Au/CeO,, Au/
TiO, and Fe-POP (porous organic polymer) catalysts.’'”''8

It has been shown that the basicity of the support material
of the catalyst plays an important role in HMF oxidation. Be-
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cause of the basic property of the support, hydrotalcite-
supported gold nanoparticles (Au/HT) are reported to be ef-
fective for liquid phase oxidation of HMF in water at 95 °C
under O, at atmospheric pressure.'* In addition to basicity,
the active metal sites of the catalyst are also important. For
example, the Au/HT catalyst exhibits higher activity than Au/
MgO, even though MgO is more basic than HT. The Au/HT
catalyst, containing highly dispersed and completely reduced
Au metal on HT with a particle size distribution of 3.2 nm,
achieved 81% FDCA yield in air at atmospheric pressure and
at high HMF/metal ratios (150 and 200) with high turnover
numbers. In contrast, unreduced Au/HT (without calcination)
provided a negligible FDCA yield.

Apart from oxide-based catalyst supports, a new type of
mesoporous covalent triazine frameworks (CTFs) with varying
pore size, specific surface area, and N content has been re-
cently reported.” Ru clusters dispersed on CTF supports
showed excellent activity for aerobic oxidation of HMF with
high selectivity in FDCA. The activity of the CTF supported
catalysts was comparably higher than those of activated
carbon, y-Al,O3, hydrotalcite, or MgO supported analogues.

An in situ process for the oxidation of HMF to FDCA has
been reported by Kroger et al., where silicone-encapsulated
methyl isobutyl ketone (MIBK)-swollen PtBi catalyst was used
in a two-phase system consisting of water and MIBK."*" The
oxidation process was studied in a membrane reactor and in
the presence of an oxidation catalyst by varying the diameter
of PtBi/C-silicone beads and the ratios of the acid catalyst
(for fructose into HMF) and oxidation catalyst (Fig. 7). In the
first step, acid catalyzed dehydration of fructose was carried
out with Lewatit SPC 108, a microporous cationic ion ex-
changer in H' form. In the second step, in situ formed HMF

A membrane i acid

7 levulini

2) HMF + formic acid

oxidation cal
(PtBi/C)

PtBi-catalyst encapsulated in

water silicone and swollen in MIBK

oxidation catalyst

FDCA (PtBi/C)

fructose

(1)

HSO; solid acid

Fig. 7 (A) Membrane reactor: (step 1) HMF formation in the water
phase, (step 2) diffusion of HMF in the MIBK phase, (step 3) HMF
oxidation. (B) Batch reactor for direct transformation of fructose into
FDCA: (step 1) acid-catalyzed dehydration of fructose to HMF, (step 2)
diffusion of HMF into the silicone network and oxidation into FDCA.*?*
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was oxidized by an MIBK-modified PtBi/C catalyst encapsu-
lated in silicone beads. DFF was formed as the major product
in MIBK. The authors claimed that water was needed as a co-
substrate for the oxidation of the aldehyde group to form
FDCA as the end product. Another report described the use
of cobalt acetylacetonate encapsulated in a sol-gel silica ma-
trix for the direct catalytic conversion of fructose to FDCA
with 99% selectivity at 72% fructose conversion.'* In all
cases, a cooperative effect was observed by the combination
of a solid acid and a metal encapsulated in the matrix, lead-
ing to an improved conversion and selectivity compared to
that of the same reaction performed in two consecutive steps.

Due to the recalcitrant nature of biomass, its conversion
often requires harsh reaction conditions and therefore the
catalysts must be stable enough at high temperature and
pressure. This can be achieved by choosing a suitable sup-
port where the active phase can be well dispersed with strong
interaction with the support. We have seen that acidic or ba-
sic supports can greatly promote some selective reactions due
to their tunable functional properties. For example, acidic ze-
olites promote the dehydration of carbohydrates due to the
presence of Brgnsted acidity, while basic hydrotalcites are
considered as excellent supports for oxidation processes such
as the oxidation of HMF to FDCA. Sometimes, the catalyst
supports can play an important role in the spillover of H, or
0O, molecules to achieve higher rates of reduction or oxida-
tion, as described for the HDO of lignin by Zn/Pd/C."*>

4. Functionalized porous materials

In the biomass process chemistry, product selectivity is one
of the main issues. High boiling solvents like dimethyl-
sulfoxide (DMSO) or N,N-dimethylformamide (DMF) can be
used as promoters for better dissolution of carbohydrates
and cellulose for higher selectivity to HMF. However, the iso-
lation of the product is very complicated due to their high
boiling points. Acid functionalization over silica materials
could be a good option to eliminate the need for soluble reac-
tion promoters as well as mineral acids. Bifunctional silicas
(Taa-SBA-15) containing a propylsulfonic acid catalyst and a
thio-ether group as promoter could be prepared either by
post-synthetic grafting or by co-condensation (Fig. 8).">* The
co-condensation method was more effective in incorporating
robust functional groups into mesoporous silica which are
more stable than the non-porous silica modified by post-
synthetic grafting. This bifunctional catalyst achieved 74% se-
lectivity for HMF at 66% fructose conversion.

Similar issues are found with ionic liquids (ILs) as cata-
lysts, co-solvents or promoters. ILs are effective for acid cata-
lyzed carbohydrate dehydration; however, they have serious
drawbacks such as high viscosity, tough separation process,
corrosiveness and toxicity. To address these problems,
Sidhpuria et al. prepared a series of supported ionic liquid
nanoparticles (SILnPs) with particle size ranging from 293 +
2 to 610 * 11 nm by immobilization of ionic liquid
1-(triethoxysilyl-propyl)-3-methyl-imidazolium hydrogen sulfate

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Functionalized silica materials used in acid dehydration of
sugars.

(ILHSO,) on the surface of silica nanoparticles."** The cata-

lysts showed improved activity over other zeolites and acidic
ion exchange resin catalysts, leading to >99% fructose con-
version and 63% HMF yield. The main advantage of the cata-
lysts is their easy separation via centrifugation and high recy-
clability over seven times.

Silica functionalization by creating a local reaction envi-
ronment by immobilizing Cr on mesoporous SBA-15 resem-
bled the coordination and chemical properties of the ionic
liquid medium' In spite of the unique reactivity of CrCl,
for the dehydration of glucose in 1-ethyl-3-methylimidazolium
chloride ([EMIm]CI) (70% HMEF yield),"*>"*” it exhibited poor
selectivity in water. This might be caused by the formation of
stable, coordinatively saturated [Cr(H,O)s]* complexes.'*®
CrCl,-Im-SBA-15 (2.98 wt% Cr) offered a maximum HMF selec-
tivity of 70% at a glucose conversion of 50% in the 2-BuOH/
MIBK (7:3) extraction phase. A bifunctional solid catalyst
(HSOj; + ILs/CrCl,-LPMSN) based on mesoporous silica nano-
particles functionalized with both sulfonic acid (-SO;H) and
CrCl, immobilized by ILs (ref. 129) achieved a high HMF yield
(73%) with nearly 100% fructose conversion in DMSO.

Commercially available sulfonated resins have high acidity
but may not be suitable as solid acids for liquid-phase reac-
tions due to their very low surface areas of <1 m?* g
Micelle-templated silica materials generally possess very high
surface areas in the range of 400-1000 m* g”* and high pore
volumes in addition to narrow pore size distributions (20-
100 A)."*° Sulfonic acid functionalized mesoporous silicas
can be potentially applied in liquid phase dehydration
reactions.

Previously, we stated that the co-condensation method is
more effective than post-synthetic modification to incorpo-
rate robust functional groups into mesoporous silica. How-
ever, for achieving higher product selectivity, post-synthetic
modification is more effective. Mesoporous MCM-41 silica
catalyst anchored with sulfonic acid groups (SAGs) via post-
synthetic modification was studied in the conversion of
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xylose."*" The catalyst displayed a fairly high selectivity for furfu-
ral (ca. 82% in DMSO or water/toluene mixture) at high xylose
conversion (>90%). On the other hand, a hybrid-SO;H material,
prepared via the co-condensation of (3-mercaptopropyl)-
trimethoxysilane with bis(trimethoxysilylethyl) benzene, showed
a comparatively lower selectivity for furfural. The reason could
be the presence of the large unidimensional mesopores in
MCM-41-SO;H, which promoted the reaction of xylose to furfu-
ral by allowing fast diffusion of furfural out of the catalyst once
formed, thereby protecting furfural and avoiding degradation.
The hybrid-SO;H catalyst, on the other hand, contains more hy-
drophobic surface that could enhance the adsorption of furfural
at the surface, where it reacted with intermediates on the acces-
sible acid sites, increasing the extent of reactions responsible for
furfural loss.

Porous coordination polymers (PCPs) have a large variety
of pore surfaces and pore structures that can be decorated
with various functional groups. For example, MIL-101, com-
posed of a chromium oxide cluster and a terephthalate li-
gand, can be functionalized with acidic -SO;H groups
(Scheme 5)."** The catalyst possesses a high BET surface area
of 1915 m> g and offers a key advantage that it restricts the
hydrolysis of cellulose into xylose, glucose and cellobiose
sugars. The mild acidity of the catalyst prevents the forma-
tion of side-products such as HMF or levulinic acid which are
normally found in the hydrolysis of cellulose under strong
acidic conditions. The crystalline structure and water insolu-
bility of cellulose prevents it from going deep inside the
pores of MIL-101 but its contact with the acidic sites results
in chain scission.

Similar to porous organic polymers (POPs), functionalized
POP materials have been recently explored in biomass
conversion."'”"**13¢ Acidic -SO;H groups grafted on POPs
are shown to be highly effective in many acid catalyzed reac-

Scheme 5 Schematic representation of the structure of MIL-101-
SOzH. Adapted from ref. 132. Copyright 2008, with permission from
Wiley-VCH.**?
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tions including esterification/transesterification and dehydra-
tion of bio-based feedstocks. For example, -SO;H functional-
ized pyrene-based microporous organic polymers exhibited
excellent catalytic activity for the synthesis of biodiesels via
esterification/transesterification of long chain fatty acids/es-
ters at room temperature.’*® The catalytic activities are di-
rectly related to the acidity of these materials, which could be
easily regulated by the degree of sulfonation. Another work
reported POP materials based on polytriphenylamine that ef-
ficiently converted carbohydrates and biomass to HMF. The
key factors that controlled the activity of the materials are
their very high surface area (1437 m> g™") and surface acidity
(4.30 mmol g™).

It is often seen that solid catalysts are difficult to separate
from the reaction mixture during the hydrolysis of cellulose
or other raw biomass. Highly efficient catalysts can degrade
cellulose into soluble sugars in high yields, but the
unconverted lignin components remain as a solid residue.
Sometimes, humins are formed in large amounts which are
difficult to separate from the recovered solid catalysts. To ad-
dress the problem, Fu et al. developed a magnetic solid acid
catalyst based on mesoporous silica (SBA-15), which can be
successfully separated from the reaction system by using an
external magnetic force.">” Scheme 6 represents the prepara-
tion method of the sulfonated magnetic acid catalyst. A
surfactant-templated sol-gel method was reported in which
Fe;0, magnetic nanoparticles were dispersed in the block co-
polymer P123 for the co-condensation of tetraethoxysilane
(TEOS). After assembly, 3-(mercaptopropyl)trimethoxysilane
(MPTMS) was added to introduce mercapto groups. Finally,
the mercapto groups were oxidized by H,O, into sulfonic acid
groups inside the pores of the mesoporous silica.

Activity measurement experiments revealed that the mag-
netic solid acid (Fe;0,-SBA-SO;H) showed better performance
compared to sulfuric acid in the hydrolysis of cellobiose. Fur-
thermore, the catalyst provided 50% glucose yield in the hy-
drolysis of ionic liquid pretreated amorphous cellulose.
When the catalyst was used for the hydrolysis of microcrystal-
line cellulose, the yield of glucose decreased to 26%, which is
still better than those of other solid acid catalysts (Fig. 9).
Unique structural features, e.g., uniform channels in the
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o
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Scheme 6 Preparation of magnetic acid catalyst FesO4-SBA-SOzH.™7
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magnetic solid acid containing concentrated acid sites, allow
the reactants to easily enter and interact with these acid sites.
Cellulose chains undergo hydrolysis reaction by the protons
diffused from these channels of SBA-15. The recycled catalyst
was washed with 1 M H,SO, and water/ethanol and dried at
80 °C for the next use without deactivation.

Scheme 7 shows a strategy of deriving a chemo or enzy-
matic cascading protocol for the multi-step production of de-
sired products like DMF or FDCA from cellulose where a
metal nanoparticle supported by porous functionalized sup-
ports or desired enzymes immobilized on a support will play
a major role. For example, a multifunctional support material
can host a metal nanoparticle and chemical cascading may
offer a one-pot conversion from cellulose to the desired
products.

5. Acidic and ion-exchange resins

Cation-exchange resins are used commercially as solid acid
catalysts in many organic reactions, such as esterification,"*
alkylation,"*® hydration/dehydration,'*>'*" and condensation
reaction.’*® Strong acid sulfonated copolymer resin was
thought to be unusable above 130 °C. Early in the 1960s,
Hartler et al. studied cellulose hydrolysis using acidic resins,
which were ineffective in the hydrolysis of glycosidic
bonds."** Qi et al. found that an ion-exchange resin (Dowex
50wx8) could work well above 130 °C or even 150 °C in a
microwave.'*! The use of a cation exchange resin catalyst to-
gether with an acetone-water reaction medium for fructose
dehydration resulted in 73% HMF yield at 95% fructose con-
version at 150 °C. Li et al. reported different acidic ion-
exchange resins showing a visible effect on the dehydration
of fructose to HMF.'* Three types of ion-exchange resins
(macroporous strong-acid resin such as D072 and DO001-cc,
macroporous weak-acid resin such as 001x1, 001x7 and
001x14.5, and gel strong-acid resin such as D152) were used
among which the macroporous strong acidic resin exhibited
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Fig. 9 Hydrolysis of macrocrystalline cellulose by different solid acids
(1.5 g of catalyst, 1.5 g of cellulose, 15 ml of H,O at 150 °C for 3 h).
Reproduced from ref. 137. Copyright 2011, with permission from the
Royal Society of Chemistry (2011).*”
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better catalytic activity due to its larger surface area, stronger
acidity and the presence of a large number of macropores
allowing the trapping of fructose molecules into the inner
sites of the macroporous strong-acid resin.

Amberlyst is another kind of strong acidic heterogeneous
catalyst which has been used in various acid catalyzed reac-
tions including hydrolysis. It is a styrene-divinylbenzene poly-
mer based acid that has sulfonic groups (-SO;H). The macro-
porous structure of this resin allows small molecules to enter
into the pores and interact with more active acid sites. Schiith
et al. reported the hydrolysis of microcrystalline cellulose and
a-cellulose with Amberlyst 15DRY resin where 1-butyl-3-
methylimidazolium chloride ([BMIm]CI) was used as the sol-
vent for better dissolution of cellulose.'*® The activity of
15DRY was compared with that of soluble p-toluenesulfonic
acid (p-TSA) which contains similar sulfonic acid groups. The
hydrolysis performance with Amberlyst 15DRY showed an in-
duction period of about 1.5 h, while no induction period was
observed during the first 1.5 h for p-TSA (Fig. 10). During the
initial 1.5 h, the p-TSA catalyzed reaction showed faster kinet-
ics, producing a small amount of sugars. The differential ef-
fect of the two systems was investigated by the visual appear-
ance of isolated cellulose suspensions and degree of
polymerization (DP) analysis (Fig. 11). DP analysis of cellulose
at different recovery times demonstrated that cellulose was ef-
fectively depolymerized in the presence of Amberlyst 15DRY,
producing 90% cello-oligomer yield after the induction pe-
riod. Further studies showed that depolymerization is a first-
order reaction with respect to catalyst concentration and the
induction period strongly depends on the amount of acid
used.'*® Increasing the catalyst concentration from 0.46 to 6.9
mmol of H;0" decreased the induction time from 1.5 h to less
than 5 min. This observation suggests that the acid concentra-
tion played an important role in the hydrolysis reaction, and
the use of a larger amount of Amberlyst 15DRY showed a simi-
lar performance to that of a soluble acid (p-TSA) with no in-
duction period for the production of glucose.

The additional advantage of having binding groups in the
resin polymer chain for cellulose hydrolysis has been
reported.'” Cellulase-mimetic catalyst (CP-SO;H) supported
on chloromethyl polystyrene (CP) resin has such a feature in
which -ClI groups acted as the cellulose-binding domain and
-SO;H groups acted as the catalytic domain (Scheme 8). Ac-
tivity studies showed the complete hydrolysis of cellobiose
into glucose at 120 °C. The excellent activity of CP-SOzH re-
lied on the adsorption ability of cellobiose through hydrogen
binding between the chloride groups on the catalyst and the
hydroxyl groups of the sugars. The adsorption of cellobiose
on the catalyst surface was preferred over glucose which en-
sured the hydrolysis of cellobiose to proceed and the desorp-
tion of glucose product from the catalyst. The catalyst effec-
tively hydrolysed crystalline cellulose (Avicel), producing up
to 93% glucose, while almost no glucose was reported using
sulfuric acid under the same reaction conditions. The activa-
tion energy of cellulose hydrolysis catalyzed by CP-SO;H was
calculated as 83 k] mol* at 373-413 K which is much lower
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Scheme 7 Different functional groups for different transformations.

than that of sulfuric acid (170 k] mol™) and even less than
that of sulfonated active carbon (AC-SO3;H) (110 kJ mol).*®
Similar to Amberlyst-type resins, Nafion (sulfonated tetra-
fluoroethylene based fluoropolymer-copolymer) is also con-
sidered as an effective solid acid for the hydrolysis of cellu-
lose due to its very high acidity with strength comparable to
that of pure sulfuric acid."**'*> However, the low surface
area (~0.02 m> g™") limits the practical application of
unswollen Nafion resin in catalysis. The surface area can ef-
fectively be increased by modifying the resin using a porous
catalytic support. Harmer et al. reported an interesting
method of increasing the activity of Nafion resin by develop-
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Fig. 10 (a) Total release of reducing sugars from A o-cellulose (using
p-TSA), m microcrystalline cellulose, ¥ wood (spruce), ® a-cellulose
(using Amberlyst 15DRY) determined by 3,5-dinitrosalicylic acid (DNS)
assay. (b) Production of mono- and disaccharides, monitored by HPLC,
for the hydrolysis of a-cellulose catalyzed by A p-TSA and by e
Amberlyst 15DRY. Reaction conditions: cellulose (5 g) dissolved in 100
g of [BMIm]CI, Amberlyst 15DRY (1.00 g, 4.6 mmol H*) or p-TSA (4.6
mmol), water (111 mmol), 373 K. Adapted from ref. 145. Copyright
2008, with permission from Wiley-VCH.'4°
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ing a resin/silica nanocomposite using a porous silica net-
work in which Nafion particles were entrapped.’>® Among the
various types of silica-based porous materials, mesocellular
silica foams (MCFs) have unique advantages as catalyst sup-
ports due to their well-defined ultra-large mesopores (up to
50 nm in diameter) connected by uniformly sized win-
dows."> Large molecules can easily diffuse through the pores
of MCFs, and the mass transfer of reactants and products
can easily be achieved because of its open continuous three-
dimensional system.'*®

Because of these advantages of MCFs and excellent acidic
properties of Nafion resin, Shen et al. reported a series of
Nafion-resin-supported MCF solid acid catalysts for the cata-
Iytic dehydration of fructose.'”® Scheme 9 represents a possi-
ble mechanism that shows the interaction between the reac-
tant and the solid catalyst. As confirmed by diffuse
reflectance infrared Fourier transform (DRIFT) analysis,
electrostatic effects and hydrogen bonds from the polar
silanol-rich surface of the MCF weaken the stability of the hy-
droxyl group and C-H bonds in fructose, thereby facilitating

P .

i ol e et

Initial 1h 2h 3h
(90) (91) (81) an
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Fig. 11 Hydrolysis of microcrystalline cellulose. Appearance of
cellulose recovered from [BMIm]CL by the addition of water after the
reaction times indicated. The values between parentheses represent
the percentage of isolated cellulose. Adapted from ref. 145. Copyright
2008, with permission from Wiley-VCH.**®
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catalyst.*”

the dehydration reaction. Once the fructofuranose is formed
and moved into the cells of the MCF, the hydroxyl group on
the saturated carbon is protonated quickly. Because of the
strong interaction with Nafion and silanol groups, loss of the
first water molecule becomes more efficient, leading to the
formation of an enediol intermediate. After deprotonation,
the intermediate continues to lose two water molecules under
the influence of electrostatic forces and/or H-bonding on the
C-0O and C-H bonds to form HMF. The additional advantage
of this system is the structural space limitation of MCF that
prevents side reactions to form soluble polymers and insolu-
ble humins. Moreover, the catalyst can be recycled easily and
regenerated by using an ion-exchange method.

6. Zeolites

Zeolites are microporous aluminosilicate minerals that have
a porous structure to host a wide variety of cations, such as
H', Na*, K*, and Mg>". The most important features of zeolite
materials are the appropriate Bronsted/Lewis acid ratio, dual
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meso-/microporosity and excellent mass-transfer ability,
which make them good candidates for a wide number of
applications  including  catalysis,  adsorption  and
separation.”” %> The acidity of zeolite depends on the
atomic ratio of Si/Al. The amount of Al atoms is proportional
to the amount of Brensted acid sites; the higher the ratio of
Al/Si, the higher the acidity of the catalyst.'®® Because
biomass-derived molecules generally contain carbonyl func-
tionalities, protic polar solvents (especially water) are pre-
ferred for their transformations and hence the water-resistant
and hydrophobic nature of zeolites is desirable.

Transition metal containing zeolites are of special interest
due to their Lewis acidity. For example, isolated Ti or Sn species
in the framework positions of hydrophobic zeolites, such as high
silica zeolites, offer unique Lewis acid sites even in the presence
of protic polar solvents (such as water) (Fig. 12)."** Due to their
hydrophobic nature, these metallozeolites can be effective for
biomass-transformation processes in water. The isomerization of
sugars is one of the key steps in biomass transformation in order
to derive platform molecules, and as a consequence, metal
containing zeolites can serve as potential candidates.

Davis et al. used Sn-Beta zeolite for the isomerization of
glucose to fructose in aqueous medium.'® The advantage of
this catalyst is that it is active over a wide temperature range
(343-413 K) and acidic medium (pH <2). Isotope labeling ex-
periments proved that the sugar isomerization mechanism
using Sn-Beta takes place through a Lewis acid intra-
molecular hydride shift from the C-2 to the C-1 position."*® It
is also proved that Sn-Beta mediated glucose isomerization
follows reaction pathways analogous to those of enzymes, in-
cluding glucose ring opening in the Lewis acid center, intra-
molecular proton shift to form fructose, and finally, ring
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Scheme 9 Possible mechanism for the dehydration of p-fructose over Nafion-modified MCF materials. Adapted from ref. 156. Copyright 2013,

with permission from Wiley-VCH.**®
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Fig. 12 Metal substituted zeolites with variable Lewis acidic sites.

closure to form the cyclic form of fructose.'®” For the isomeri-

zation of Cs sugar (e.g., xylose to xylulose), the same pathway
is followed by using Sn-Beta.'®® Another advantage of Sn-BEA
zeolite is the presence of the silanol group adjacent to the ac-
tive site Sn metal center that can synergistically perform
isomerization and epimerization of glucose."®

A significant role of the reaction medium is observed in
the transformation of sugars to give different products. A
combination of Sn-Beta and borate salts cooperatively cata-
lyzed the epimerization of sugars in aqueous medium, pro-
ducing mannose as the main product.'’® An intermediate
complex is formed by the interaction of the borate salt with
the initial sugar that reacts on the Lewis acid sites of Sn-Beta
by an epimerization pathway through a 1,2-intramolecular
carbon shift. This novel methodology has been successfully
used to derive mainly the epimer products (mannose, xylose,
or ribose) instead of the isomer products (fructose, xylulose,
or ribulose) from different monosaccharides (glucose, xylose,
or arabinose). The epimerization of glucose is also possible
without borate salts, but in this case, the solvent has to be
changed from water to methanol.'”* On the other hand, in
pure aqueous phase, isomerization takes place to produce
fructose. The effect of methanol is still unclear, but it is
suggested that methanol could interact with framework Sn
sites, affecting the intermediate transition state.

In contrast, Ti-Beta has been shown to uniquely catalyze
the isomerization of p-glucose in a stereoselective fashion to
produce 1-sorbose.’”> The mechanism follows an intramolec-
ular C5-C1 hydride shift (Fig. 13) for which there are no
metalloenzyme or catalytic analogs. In this case, the solvent
effect is also very prominent, achieving fructose as the main
product in the aqueous medium and sorbose in methanol.

Apart from sugar rearrangement, metal containing Lewis
acidic zeolites are also able to transform sugars into lactic
acid, which is industrially produced mainly through micro-
bial fermentation of glucose and sucrose. Hydrophobic Sn-
Beta zeolite has been reported to give a 99 wt% yield of
methyl lactate from trioses through isomerization-esterifica-
tion in methanol.” The use of hexose sugars as substrates is
however very challenging because these monosaccharides un-
dergo several alternative reaction pathways, including dehy-
dration and polymerization reactions, which could affect the
yield of the desired product. Direct transformation of com-
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methanol (353-413 K).

mon sugars like glucose, fructose or sucrose in alcohols
could produce alkyl lactate in high yields (up to 80% or
more) using Sn-Beta as the catalyst."”*'’> The proposed
mechanism involves a retro-aldol fragmentation of hexose
followed by the isomerization of the resulting trioses through
a 1,2-hydride shift (Fig. 14).

H-form zeolites are widely used as acid catalysts due to
their shape-selective properties in chemical reactions. Al-
though a high Al/Si ratio makes the zeolite more acidic, the
hydrolysis of cellulose with different H-form zeolites showed
that the zeolites with high Si/Al ratio, such as H-Beta (75) and
H-ZSM (45), are more active than those with lower Si/Al such
as H-Beta (13) and H-mordenite (10)."”° This could be attrib-
uted to the highly hydrophobic character of zeolites with
high Si/Al ratios.

The shape-selective properties of H-form zeolites can be
used in the polymerization reaction to achieve the desired
polymer chain. Dusselier et al. recently reported a zeolite-
based catalytic process to convert lactic acid into lactide in
record yields."””” The new process replaces the current
multistep process by avoiding both racemization and side-
product formation. The first step of the current process
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Fig. 14 Reaction pathway for the conversion of fructose to methyl
lactate.”*
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involves the polycondensation of i-lactic acid (1-LA) with wa-
ter removal to a prepolymer followed by the release of lactide
from the chain (Fig. 15, red frame). The second step involves
an endothermic transesterification in the presence of a metal
salt to give the lactide. The main drawback of this process is
the low selectivity (50-60%) to the desired r,i-lactide due to
racemization leading to unwanted bp,r-lactide and formation
of polymeric waste residue. Therefore, the competitive and
thermodynamically favored growth of oligomers has to be
stopped in order to obtain a high yield of r,i-lactide. This can
be done by dimerization of LA to linear dimer (L,A) and its
direct cyclization by condensation during water removal
(Fig. 15, blue frame). Among the different types of solid acid
catalysts (including macroporous resins like Nafion and
Amberlyst), H-Beta zeolite gave the highest selectivity for
lactide, yielding nearly 79% at full LA conversion.

Though the lactide selectivity strongly depends on the
pore size and acidity of the catalysts, the unique shape-
selectivity of zeolite is essential to enhance lactide yield. An
acidic mesoporous aluminosilicate, H-AI-MCM-41, with a pore
diameter about four times that of zeolite Beta, showed lower
selectivity (and activity) towards lactide, emphasizing the zeo-
lite's shape-selective control. In addition, the presence of
Bronsted acidity is essential, as zeolite in its non-acidic form
(NH,-Beta, Si/Al = 12.5) and a low-aluminum H-Beta (Si/Al =
180) offer poor conversion and very low lactide yield. On the
other hand, microporous zeolites like H-Beta produced high
lactide selectivity due to pore confinement effects.

It is very important to understand the relationship of ac-
tivity with the pore structure and acidity of the catalyst. In a
recent publication, Yi et al. reported different aluminosilicate
materials with different pore diameters and acidity for the
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dehydration of glycerol into acrolein."”® Hierarchically meso-
porous acidic aluminosilicate (ASN-X) and aluminosilico-
phosphate (ASPN-X, X = Si/Al molar ratio) with identical pore
structures but different acid sites were tested and their activi-
ties were compared to those of microporous (HZSM-5) and
mesoporous (AIMCM-41) aluminosilicate acid catalysts. The
unique features of ASN and ASPN materials enabled elucidat-
ing how the reaction was governed by the combined action of
pore structures and acid sites in the catalysts. Taking into ac-
count the acidic properties of the catalysts, HZSM-5 has the
highest number of acid sites and the highest B/L ratio and
thus can be expected to have the highest activity for the con-
version of glycerol. In contrast, HZSM-5 demonstrated a
slower initial conversion due to its smaller average pore
diameter.

To understand the relationship between acid sites and ac-
tivity, two catalysts (ASPN-40 and ASPN-60) with identical
pore structures were chosen. ASPN-60 has less acid density
and a lower B/L ratio than ASPN-40 and thus offered lower ac-
tivity than ASPN-40. However, the intrinsic activity of a single
active site on ASPN-60 was shown to be higher than that on
ASPN-40. This can be explained by the surface density of the
acid sites. Assuming that the cross-sectional area of glycerol
is ca. 0.3 nm*'"° and the average size of a surface hydroxyl
group (Brensted acid site) is ca. 0.1 nm?,'** ASPN-60 has a
surface acid density of 0.195 nm™, which corresponds to ca.
4 acid sites per 20 nm” of surface area. The acid sites on the
surface are sufficiently far apart from each other, and there-
fore glycerol molecules can interact with all of the acid sites
without any severe hindrance (Fig. 16A). The surface acid
density of ASPN-40 is 0.524 nm™', equivalent to ca. 10 acid
sites per 20 nm” of surface area. Compared to ASPN-60, the
acid sites on the ASPN-40 surface are in close proximity, and
therefore a steric hindrance is apparent during the interac-
tion of glycerol molecules with an individual acid site
(Fig. 16B). As a result, an inverse relationship was found be-
tween the TOF(0) and the surface density of the acid sites
(Fig. 16C).

7. Carbonaceous materials

Carbon-based solid-acid catalysts have gained special attrac-
tion due to their hydrophobic nature, which makes the sepa-
ration process easier and thus reduces the production cost.
Among other advantages, carbon supports are resistant to
acidic or basic media and are stable at high temperatures
(even above 1000 K). Carbon supports are generally ampho-
teric in nature and exhibit an acid-base character due to the
presence of multiple types of oxygenated functional groups,
which enhances metal adsorption and catalyst dispersion
(Fig. 17).

The presence of Brensted acidic -SO;H groups in the
sulfonated carbon catalysts improves the hydrolysis rate of
cellulose. It is reported that sucrose-derived sulfonated CMK-
3 catalyst hydrolyzed cellulose to glucose with 75% yield at
94% cellulose conversion, which is better than that of any
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other solid-acid catalysts reported so far."®! The analysis sug-

gests that the activity depends on the acid density, which in
turn relies on the sulfonic group concentration and the reac-
tion temperature of the catalyst preparation. The higher prep-
aration temperature (250 °C) of the catalyst enhanced overall
acid density as well as the specific surface area. Apart from
the sulfonation conditions, the carbon source and the car-
bonization procedure also significantly influenced the load-
ing of the functional groups on the carbon surface and hence
the catalytic activity. For example, CMK-3 showed higher ac-
tivity in hydrolysis as compared to other carbon-based mate-
rials such as acetylene carbon black, MWCNT, cell-carbon,
resin-carbon and coconut shell active carbon.

Introduction of hydrophilic functionalities on the catalyst
surface increases the interaction with hydroxyl groups of cel-
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Fig. 17 Different oxygen functionalities on activated carbon.

7380 | Catal Sci. Technol, 2016, 6, 7364-7385

lulose through H-bonding to destruct the 3-D robust network
of cellulose."®*>"'®* An amorphous carbon material containing
-SO;H, -COOH, and -OH groups showed efficient hydrolysis
of cellulose to saccharides."*®'®* A synergetic effect of strong
Bronsted acid sites (-SO;H), efficient adsorption of p-1,4-
glucan by -OH and -COOH, and facile access to the material
bulk are attributed to the high activity of the amorphous car-
bon. The activation energy of the carbon catalyst in the hy-
drolysis of cellulose into glucose is 110 kJ mol™*, which is
lower than that of H,SO; (170 kJ mol™). H-mordenite,
Nafion, and Amberlyst-15 catalysts showed non-adsorption of
cellobiose in water after the solution was stirred for 24 h,
whereas the carbon materials adsorbed 24% of cellobiose in
3 h. This suggests a stronger affinity of carbon materials to-
wards B-1,4 glucan by the surface -OH groups, and hence a
higher degree of hydrolysis.'

An interesting phenomenon exhibited by the carbon mate-
rials is “hydrogen spillover”. This makes a support material
catalytically active as the dissociative absorption of hydrogen
atoms migrates from a metal NP surface to the support sur-
face.'®® The spillover effect is generally promoted by the
electrostatic interactions between oxygen-bearing carboxyl
and hydroxyl groups on the carbon surface and metal cations
or anions."®” The spillover effect is very important in the hy-
drogenation reaction where the reaction rate is dependent on
the spillover effect of both metal and support surfaces. The
cumulative beneficial effect has been successfully applied in
the direct conversion of sorbitol from cellulose using Pt NP
catalysts loaded on reduced graphene oxide (Pt/RGO)."®* The
appropriate Pt particle size and the hydrogen spillover effect

This journal is © The Royal Society of Chemistry 2016
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of the Pt/rGO enabled an excellent conversion (92%) of cellu-
lose into sorbitol.

Biomass itself can serve as a great source of carbonaceous
materials with advanced structures and catalytic properties.'®’
Template-directed synthesis is of particular interest in the
synthesis of structurally ordered porous carbon materials. Se-
lection of a suitable template can make porous carbons with
controlled architecture and desirable physical and chemical
properties. Generally, water-soluble carbohydrates (such as
fructose, glucose, sucrose etc.) are used as carbon precursors
and in most cases, the structures of the carbon materials
mainly depend on the template used. However, carbon precur-
sors could also play an important role in producing the de-
sired structure and functionality. For example, nitrogen doped
hierarchically porous carbon materials (HPCs) with tunable
surface area, pore volume, and pore size were synthesized
from banana peel using a dual template approach where an
Al-based composite served as a hard template and triblock co-
polymer Pluronic F127 as co-templates.'”® For example, ba-
nana peel contains rich organic functional groups (-COOH,
-OH, and -NH,) which strongly interacted with aluminum
ions of the Al-based composite as well as with the block copol-
ymer to form coordinated composite species. Carbonization
of this composite at 800 °C followed by template removal led
to a narrow range of mesopores and high nitrogen content in
the HPC material.

A multifunctional catalyst consisting of tungsten carbide
nanoparticles supported on a high surface area, three-
dimensional mesoporous carbon (MC) can directly convert cellu-
lose to ethylene glycol with 73% efficiency.'”" The two-step pro-
cess involves the hydrolysis of cellulose and hydrogenation/
hydrogenolysis of cellulose-derived sugars to produce the final
polyol. The MC was prepared by a nano-casting method with su-
crose as the carbon precursor, and a hard template consisting of
commercial silica and SBA-15. As compared to microporous acti-
vated carbon, MC has the advantage of good accessibility of the
mesopores to allow the molecular diffusion of the reactant and
products from the active sites. Another example of a Pt catalyst
supported on a sea-urchin-like three-dimensional mesoporous
carbon could provide hexitol in 80% yield from cellulose via hy-
drolytic hydrogenation.'®> A silica template helped in achieving
a very large surface area of 1570 m> g”* with a mesoporous area
of 1340 m” g™". The oxygen functional groups on the carbon sup-
port effectively interact with cellulose and facilitate the transport
of cellulose to the active sites within the mesopores.

Starbon is a novel family of mesoporous carbonaceous mate-
rials with chemical and surface properties intermediate between
those of polysaccharides and carbons depending on the degree
of carbonization. Biomass-derived Starbon was synthesized by
controlled carbonization of polysaccharides without any tem-
plate.’**'** Deposition of precious metals like Pd, Pt, Ru, and
Rh on the Starbon offered hydrogenation of succinic acid to
y-butyrolactone, THF, and 1,4-butanediol.’® Starbon catalyst
showed excellent conversion and selectivity towards target prod-
ucts and the catalyst could be recycled many times without any
leaching of active metal species.

This journal is © The Royal Society of Chemistry 2016
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The hydrophilicity/hydrophobicity of the carbon materials
can be easily tuned by introducing different functional
groups and can be used in both aqueous and organic phase
reactions, which is indeed a great advantage in the biomass
conversion process. New features of carbo-catalysts in bio-
mass valorization are yet to be revealed as realized from re-
cent developments. For example, co-impregnation of crystal-
line cellulose fibers with sulfuric acid and glucose reduced
the ball milling time of cellulose by 5 times to form branched
a(1 — 6) glycosidic oligomers.'®* This strategy to enhance the
formation of soluble oligomers makes the task of a carbon-
based catalyst more effective in hydrolyzing the water-soluble
glucan chains to form glucose. Reacting glucose with cellu-
lose fibers in the presence of sulfuric acid results in the pre-
vention of re-lamination of the glucan chains, thus accelerat-
ing the formation of aqueous soluble oligomers.

8. Conclusions

Porous carbons, zeolites, metal-oxides and magnetic acidic
materials containing various active sites on the surface have
been explored extensively for biomass depolymerization and
upgrading to chemicals and fuels. In this mini-review, we
demonstrate the use of various well-defined heterogeneous
catalysts and their structural-activity features to understand
the importance of such features in controlling activities and
defining more effective materials for upgrading biomass and
biomass intermediates containing complex linkages and
functionalities. To simplify the discussion, we classified the
reported catalysts into subgroups such as metal oxides,
supported metals, functionalized porous materials, acidic
and ion-exchange resins, zeolites and carbonaceous mate-
rials. In parallel with the analysis of thermo-catalytic pro-
cesses, we reviewed less energy-intensive photocatalytic path-
ways for upgrading carbohydrate and lignin derived oxygen
functional molecules. The metal-oxide based catalysts were
found to be highly effective in photocatalyzing substrates to
several high value chemicals, which can be an effective strat-
egy towards the development of energy-saving processes for
biomass transformation. The effect of bifunctional metal and
acid sites and their synergy in transforming multi-step cas-
cade reactions in one pot are demonstrated with practical ex-
amples. Recently developed porous carbons and porous or-
ganic polymer materials with intrinsic features of binding
sites for facilitating the subject transformation more effi-
ciently are elucidated.

As a future perspective, biomass derived carbon materials
with the desired porous network and functionality is an area
which is growing at a faster pace than other segments. Some
of these designed carbon materials can be utilized as novel
catalysts for comparatively underexplored techniques like cas-
cading multi-step conversion of sugars to small molecules,
enzyme immobilization to construct nano-enzyme catalysts,
and assembling multi-functional catalyst supports. In this re-
gard, cross-linking of organic molecules with the carbon-
network derived from cellulose or lignin can also offer some
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unique features of such carbon-supported catalysts. Clear un-
derstanding of these issues is essential in designing and
constructing catalysts with structurally diverse high surface
area, regular pores and tunable composition for photo-
chemical and chemical conversions. We believe this article
will guide researchers in understanding the role of different
active sites for various reactions involved in biomass transfor-
mation and the benefit of different supports such that more
effective catalytic materials can be defined and designed.
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