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Solid acid catalysts, which have favorable characteristics such as efficient activity, high selectivity, long
catalyst life and ease in recovery and reuse, have great potential for efficiently transforming
lignocellulosic biomass into biofuels and can replace many conventional liquid acids for hydrolysis and
pretreatment. This work briefly introduces conventional biomass pretreatment and hydrolysis
techniques, and reviews in detail the characteristics of biomass hydrolysis for five types of solid acid
catalysts grouped as H-form zeolites, transition-metal oxides, cation-exchange resins, supported solid
acids and heteropoly compounds. Carbonaceous solid acid (CSA) catalysts are considered as the most
promising catalyst for cellulose hydrolysis, since they provide good access of reactants to the acidic sites
of SO3H groups. High glucose yields of up to 75% with 80% selectivity have been achieved at 150 �C for
24 h with CSA. However, separation of CSA from un-hydrolyzed cellulose residues after hydrolysis needs
further research since these catalysts have similar physical and chemical properties to the residues. Use
of functionalized CSA catalysts that contain paramagnetic groups is one method to improve CSA
separation and reuse. Suggestions are given for promoting catalytic efficiency for each kind of solid acid
catalysts. Methods to promote reactions or increase selectivities such as microwave, ultrasonication and
nanotechnology are introduced. Finally, we highlight a recent strategy that exploits acid-functionalized
paramagnetic nanoparticles suitable for cellulose hydrolysis, and address new opportunities for the use
of solid acid catalysts.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Owing to the depletion of fossil resources and the increasing
demand on fuels, it is important to develop renewable resources to
produce fuels and chemicals for energy security. Much success has
been achieved in the conversion of grain-based glucose into bio-
fuels and chemicals, but such processes have been criticized as they
have led to increases in food prices, which is unacceptable in the
world [1]. Clearly, strict management of agricultural practices is
needed to avoid competition between biomass-derived chemicals,
fuels and food.

Biomass can provide a rich source of sustainable commodity
products, such as biofuels (biodiesel, bio-ethanol, and marsh gas)
and chemicals (acetic acid, malic acid, acetone, lactic acid) that are
now primarily derived from petroleum. Annual biomass growth on
the continents amounts to 118 � 109 tons in dry matter [2]. The IEA
(International Energy Agency) reported that the world oil
consumption in 2007 was 3.53 � 109 tons, equivalent to
148.26� 1018 J of energy, which is less than 10% of the annual global
biomass growth in terms of energy content [3]. The US Department
of Energy and the US Department of Agriculture have demonstrated
that 1.3 billion tons of biomass can be produced exclusively for
biofuel production in the US each year with only moderate changes
in terrestrial crop practices and the best available conversion
technologies [4].

Abundant supply of low-cost lignocellulosic materials can
guarantee stable production of bulk liquid fuels and bio-chemicals
via sugar or syngas platforms if methods and infrastructure can be
sufficiently advanced. Carbohydrate content of lignocellulosic
biomass (e.g., wood) is typically 75% [2], and this can be converted
into soluble sugars directly by acid hydrolysis or indirectly by a two-
stage process involving pretreatment and enzymatic hydrolysis.
Cellulose-derived sugars can then be converted into ethanol, other
biofuels, various chemicals, foods, and medicines by chemical and
biochemical technologies [5]. The US Energy Independence and
Security Act (EISA, 2007) has targeted the production of 15 billion
gallons (56.9� 106 m3) of biofuels by 2020, which is approximately
15 times US current production (w1 billion gallons in 2010).

Cellulosic ethanol has been regarded as a promising alternative
to petroleum-based transportation fuels because it is derived from
abundant renewable cellulosic bioresources and does not consume
any food. Similarly, other potential biofuels like butanol and
dimethyl ether can also be produced from lignocellulose by
hydrolysis and subsequent microbial fermentation or chemical
conversion. A schematic biorefinery for biofuels is shown in Fig. 1.
Sugars hydrolyzed from biomass are conveniently used for the
production of liquid fuels (e.g., ethanol and butanol) and gaseous
fuels (e.g., hydrogen and methane) through biological or chemical
conversion routes. Fermentation of hexose sugars generally does
Please cite this article in press as: Guo F, et al., Solid acid mediated hy
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not pose special difficulties as ethanol is commonly produced from
glucose and sucrose by fermentation [6,7]. Pentose sugars are
fermentable in practical operations [8]. Sugars can be anaerobically
digested to H2 and CH4 with yields of 13% and 75%, respectively,
being reported [9]. In chemical routes, sugars are used for H2
production by catalytic hydrothermal process in batch and flow
reactors. At moderately high temperatures (550e600 �C) and short
reaction times in flow reactors, glucose can be 100% gasified with
activated-carbon or KOH catalyst with gas containing up to 60mol%
H2 [10e12]. With Pt catalyst, it is found that 67 wt% gasification
rates (with up to 44 mol% H2) can be obtained at 360 �C and 30MPa
[13,14]. Hexose and pentose sugars can be catalytically converted to
liquid alkanes or 5-hydroxymethylfurfural (5-HMF) and then into
2,5-dimethylfuran (DMF) [15e17]. However, by-product lignin from
hydrolysis can be used to produce bio-gasoline and biodiesel via
more sophisticated pathways [18].

Over the past century, much effort has been made to develop
processes for the efficient conversion of carbohydrates to sugars
and biofuels [19e23]. World biofuel production from cellulose is
predicted to increase by 6.7% per year to reach 2.7 � 106 barrels of
oil equivalents per day in 2030 [24]. Conversion of world crop
residues into bio-ethanol has the potential to replace 32% of the
global gasoline consumption [25]. However, the current world bio-
ethanol production only accounts for 6.25% of the total potential
bio-ethanol production [26]. As cellulose and hemicellulose are the
major components of grasses and agricultural biomass, the gener-
ation of water-soluble sugars from them has received great interest
for the production of bio-ethanol and other biofuels.

Numerous reviews have been published on the hydrolysis of
lignocellulosic materials and the subject has been studied exten-
sively [4e8,25e28]. In these reviews, technologies for pretreat-
ment, such as pyrolysis, steam explosion, ammonia fiber explosion,
CO2 explosion, ozonolysis and biological pretreatment are
described in detail.

It is clear that many methods are available for converting
biomass into biofuels and that biomass conversion processes will
continue to have industrial interest. However, some of the key
challenges are in the design of the biomass feedstock processes that
are environmentally friendly, economic, versatile and efficient in
view of the variable composition and diffuse distribution of
biomass. The use of solid acid catalysts can address some of these
challenges due to their use of mild operating conditions coupled
with selective and efficient reactions. Solid acid catalysts allow
simple separation of products from the catalysts thus ease of
recycle. In this review, biomass pretreatment methods are intro-
duced. Then, hydrolysis characteristics of biomass are given. Finally,
solid acid catalysts used in solid acid mediated hydrolysis of
biomass are introduced according to various types to guide the
readers in their selection and potential for an application. Concepts
drolysis of biomass for producing biofuels, Progress in Energy and
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for using nanoparticle solid acid catalysts are introduced through
a proposed application.
2. Lignocellulosic biomass pretreatment methods

2.1. Lignocellulosic biomass

The total content of hydrolyzable biopolymers (cellulose: 50%;
hemicellulose: 25% and lignin: 20%) in a typical lignocellulosic
biomass (e.g., wood) is approximately 95% by mass [2]. Enzymatic
hydrolysis of lignocellulosic materials is a slow process (ca. days).
For the purpose of achieving satisfactory hydrolysis rates, the
materials require specific pretreatment to overcome structural
barriers. The chemical structures of these compounds are briefly
introduced.

Cellulose, which is a straight chain polymer that is insoluble in
water, is composed of cellobiose unit formed from D-glucose via
b-1,4 glycosidic bonds. It can be hydrolyzed catalytically by
cellulases into fermentable products. However, there are many
factors affecting cellulase accessibility to cellulose, such as high
microcrystallinity of cellulose, extensive intermolecular hydrogen
bonding, van der Waals forces (Fig. 2) and the obstruction caused
by hemicellulose and lignin.

Hemicellulose is a heteropolysaccharide composed mainly of
C-5 carbohydrate monomers [6,29]. It is a branched polymer
containing several monosaccharide units including xylose,
mannose, glucose, galactose, rhamnose, and arabinose.

Lignin is a non-carbohydrate biopolymer. Owing to its complex
and cross-linked aromatic structure, i.e., b-O-4, a-O-4 and CeC
linked phenylpropanes (e.g., guaiacyl propane, syringyl propane
and hydroxy-propane), lignin reduces cellulose accessibility to
enzymes and chemical agents in the degradation of cellulose.
Please cite this article in press as: Guo F, et al., Solid acid mediated hy
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Therefore, cellulose bound by lignin is difficult to hydrolyze, and
lignin is removed in many industrial processes such as paper
production. Lignin has many industrial applications, e.g., as
a potential feedstock for the production of phenolic resins,
polyester, stabilizer, activated-carbon and catalyst support [30e34].
2.2. Pretreatment methods

For enzymatic hydrolysis, physical or chemical pretreatment is
required to reduce cellulose crystallinity, increase material porosity
and remove lignin [23]. Pretreatment is the first step in the
conversion of lignocellulosic biomass to chemicals, because it
significantly improves processing and reduces operating costs of
down-stream units [24].

The purpose of pretreatment is to breakdown the lignin that
binds the cellulose and to destroy the crystalline structure of
cellulose and increase its surface area so that fragments become
accessible to enzyme active sites [25]. The main methods of
pretreatment are physical, chemical, physical-chemical and bio-
logical pretreatments. Physical-chemical (e.g., steam or ammonia
explosion) and biological pretreatment have been reviewed in
depth [25e28].

Typical physical pretreatment includes chipping, grinding,
milling and thermal methods [35e39]. Millett et al. [39] found that
woody biomass could be almost completely hydrolyzed by enzy-
matic hydrolysis after 60 min of milling or by dilute acid hydrolysis
with vibratory milling. Physical treatment is effective for reducing
particle size and crystallinity of biomass, but it is less efficient and
consumes much more energy than chemical pretreatment
methods.

To increase cellulose susceptibility to enzymes or chemical
catalysts, chemical pretreatment is usually needed. Chemical
drolysis of biomass for producing biofuels, Progress in Energy and
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pretreatment effectively removes and recovers most of the hemi-
cellulose portion as soluble sugars, and disrupts the lignin making
it partially soluble in aqueous solutions of H2O2 or ammonia [26].
After pretreatment, glucose yield from subsequent cellulose
hydrolysis can be greatly increased with yields of 50e85% being
reported. Chemical pretreatment with acids has proven to be
effective for breaking down hydrogen bonds leading to the intra-
crystalline cellulose swelling [40]. Although these pretreatment
methods have been comprehensively reviewed, we introduce their
principles (Table 1) [38,41e55] since they have relevance to
comparisons with solid acid mediated hydrolysis methods.

2.2.1. Acid and alkali pretreatment
Acid pretreatment is a process in which hydronium ions

breakdown or attack intermolecular and intramolecular bonds
among cellulose, hemicellulose and lignin. Acid pretreatment
increases the porosity of the substrate and accessibility of cellulose
to enzymes for subsequent hydrolysis. During an acid pretreatment
process, very little cellulose is hydrolyzed. Acid pretreatment
includes methods that use either concentrated or dilute acid solu-
tions. Dilute sulfuric acid is the most popular catalyst for the
commercial production of glucose from cellulosic materials [55].
However, the process is usually accompanied by further degrada-
tion of monomers, and it has drawbacks such as equipment
corrosion and issues in the recovery and recycle of the acids.
Organic acids such as maleic acid and fumaric acid have been
Please cite this article in press as: Guo F, et al., Solid acid mediated hy
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suggested as alternatives for sulfuric acid because these acids
inhibit the formation of side-products [42].

Alkali (e.g., NaOH, KOH) is a swelling agent for both crystalline
and amorphous celluloses that can destroy the linkages between
lignin and carbohydrates by saponification of intermolecular ester
bonds [26]. All lignin and parts of hemicellulose can be removed by
alkali treatment, so this pretreatment is widely used to enhance the
digestibility of cellulose in enzymatic hydrolysis.

2.2.2. Chemical agent pretreatment
Some chemical agents, such as peroxides and acidic alcohol

solutions, have advantages for dissolving lignin and loosening the
remaining hemicellulose from insoluble crystalline cellulose. Some
solvents such as LiCl/N,N-dimethyacetamide (LiCl/DMAc), NaOH/
urea, cadoxen (a cadmium ethylenediamine solvent) and carboxy-
methylcelluloses (CMCs) are able to dissolve crystalline cellulose
and restructure it so that precipitation creates a suitable form for
the subsequent hydrolysis [46e49]. Ishii et al. [46] studied the
effect of solvent exchange as an activator for cellulose solutions.
When solid cellulose was in the state of dynamic heterogeneity,
solvent exchange affected molecular mobility. The dissolution of
cellulose was attributed to changes in the cellulose hydrogen
bonding state caused by the solvent. Besides the effect of hydrogen
bonding, surface fractal dimension also promotes the dissolution of
cellulose. Surface fractal dimension is a statistical quantity that
gives an indication of how completely a fractal appears to fill
drolysis of biomass for producing biofuels, Progress in Energy and



Table 1
Chemical and solvent pretreatment methods for lignocellulosic biomass.

Chemical
pretreatment

Functional mechanisms References

Acid
pretreatment

Acid solution breaks down the covalent
bonds, hydrogen bonds, and van der Waals
forces in the cellulose/hemicelluloses/lignin,
and increases porosity and accessibility of
the cellulose to enzymes.

[38,41e43]

Alkali
pretreatment

Alkali solution destroys the linkages
between lignin and carbohydrates by
saponification of intermolecular ester
bonds that cross-linked hemicellulose and
lignin. Alkali solution dissolves lignin by the
same mechanism as pulping, particularly
under high pretreatment severity.

[44,45]

Organic
solvent

Organic solvent dissolves lignin which
loosens structures of remaining hemicellulose
and crystalline cellulose. It changes the
crystalline structure of cellulose for
subsequent hydrolysis by breaking down
intermolecular hydrogen bonds between
OH-2 and O-6.

[46e49]

Ionic
liquids (ILs)

IL interacts closely with cellulose due to its
high dipolarity and large dispersion forces
and strong hydrogen bonds. Hydroxyl groups
are separated from lignocellulosic structures
through the pep-interactions and hydrogen
bonds between IL and cellulose-OH. This
effect results in opening of the intermolecular
hydrogen bonds and disrupting of the three
dimensional network of cellulose. Lewis
acidity of IL favors total reducing sugar
selectivity.

[50e55]
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a space as one zooms down to finer and finer scales. Surface fractal
dimension can be calculated from small-angle X-ray scattering
profiles of cellulose particles. Cellulose particles that have a large
fractal dimension are able to dissolve faster than those with a small
fractal dimension [46].

2.2.3. Ionic liquid (IL) pretreatment
Ionic liquids (ILs) are organic salts with melting temperatures

below 100 �C that are being applied as reaction solvents and as
catalytic reagents [56]. ILs are non-volatile and generally thermally
stable, hence, they have many favorable attributes compared with
traditional organic solvents or other pretreatments. ILs are efficient
for the pretreatment and hydrolysis of lignocellulosic materials,
and can dissolve biomass and overcome many of the physical and
biochemical barriers for hydrolysis at ambient conditions [57,58].
Many ILs have been shown to be effective solvents for cellulose.
The ILs, 1-butyl-3-methylimidazolium chloride {[BMIM][Cl]} and
3-allyl-1- methylimidazolium chloride {[AMIM][Cl]} can dissolve
10 wt% cellulose at 50e100 �C [54]. Under microwave irradiation,
the dissolution rate of cellulose in ILs increases to 25 wt% [54].
Zavrela et al. [59] screened 21 ILs to examine their ability to dissolve
cellulose and lignocellulose, and 1-ethyl-3-methyl imidazolium
acetate ([EMIM][AC]) was found to be the most efficient one.
Swatloski et al. [53] showed that high chloride concentration and
activity in ILs promoted the breakdown of the hydrogen bonding
network in cellulose, and that water was an inhibitor for the
dissolution of cellulose. Hence, water can be used to regenerate the
cellulose dissolved in ILs. The crystallinity of regenerated cellulose
decreases by dissolution and precipitation of the cellulose so that
the amorphous product becomes much easier to hydrolyze
compared with the native cellulose. Zakrzewska et al. [54] assessed
the current status of studies regarding the solubility of
lignocellulosic components in ILs, such as cellulose, lignin, chitin,
and monosaccharides. Wang et al. [60] conducted a study on the
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extraction of cellulose fromwood chips with [AMIM][Cl] and found
that 62% cellulose could be dissolved in [AMIM][Cl] under mild
conditions. They were able to recover cellulose by adding dimethyl
sulfoxide/water as a precipitation solvent. Separation of cellulose
from ILs seems to have several methods and so the isolation of
cellulose from lignocellulosic biomass seems to be feasible [60e62].
High recoveries of cellulose with controlled selectivity especially
under reaction conditions through solvent selection or addition,
however, still has many opportunities for development.

Acidic ILs with functional groups are new-types of catalysts with
high-density active sites as liquid acids but are non-volatile like
solid acids [63,64]. They can increase pretreatment efficiency by
partially degrading biomass components chemically. Cations and
anions of ILs can be designed to bind a series of groups with specific
properties to regulate acidity. SO3H-functionalized ILs show high
activities in cellulose hydrolysis and in the transformation of
cellulose I into cellulose II [57]. In our work, we used ILs to produce
Jatropha biodiesel [65] and 5-HMF [66,67]. Presently, however, the
high cost of ILs limits their large-scale application for pretreatment.
It can be expected that with the advancement of production and
chemical techniques, that ILs can be used advantageously with
solid acid catalysts in commercial hydrolysis and pretreatment
processes for cellulose.

3. Conventional hydrolysis methods and auxiliary techniques

Hydrolysis is a process related to the breakage of b-1,4 glycosidic
bonds in cellulose. For the case inwhich there are no by-products or
side reactions, glucose is the major product of cellulose hydrolysis.
Two conventional methods to hydrolyze lignocellulosic biomass
are (1) direct hydrolysis and (2) enzymatic hydrolysis after
pretreatment. Direct hydrolysis is performed mostly in the pres-
ence of mineral acids, and 72% sulfuric acid is generally used
[68e70]. For enzymatic hydrolysis, physical or chemical pretreat-
ment is required to reduce cellulose crystalline, increase material
porosity and remove lignin [71].

3.1. Direct hydrolysis

Direct hydrolysis of lignocellulosic biomass with inorganic acid
dates back to the early 19th century and its commercialization in
the early 20th century [68]. Concentrated acids can enter into the
structure of cellulose, which leads to cellulose swelling and glyco-
sidic bond breakage. At atmospheric pressure and low temperature
(e.g., 50 �C), cellulose swells when sulfuric acid concentration is
higher than 50%. As the concentration is increased further to above
62% (or 39% hydrochloric acid), cellulose changes from a limited
swollen state into a soluble state [69]. Camacho et al. [70] studied
the effect of H2SO4 concentration [31e70%, (w/v)] on the solubili-
zation rate of microcrystalline cellulose. Acid promoted the total
solubilization of cellulose when its concentration was above 62%
(w/v). Subsequently, the glycosidic bonds were attacked by water
molecules catalyzed by the acid, and then hydrolyzed to give many
intermediates, such as hydrolyzed celluloses, resembling starches,
cellulose dextrins, oligosaccharides and D-glucose. The intermedi-
ates were further converted into sugar esters or degraded products
such as aldehydes and furfurals. Concentrated acid hydrolysis has
low energy consumption during operation since it operates at low
temperatures (e.g., 20e50 �C) and at atmospheric pressure [68].
However, the process has strict requirements on water content of
raw materials. Further, concentrated acid pretreatment has corro-
sion and recovery issues as mentioned previously.

Dilute acids can change the spatial orientation and the
construction of cellulose. The hydrated protons in dilute acid solu-
tion lead to theprotonationof oxygen atoms in glycosidic bonds, and
drolysis of biomass for producing biofuels, Progress in Energy and



Table 2
Auxiliary technologies for cellulose hydrolysis.

Auxiliary technologies Functional mechanisms References

Microwave Microwave heating, causes
rapid rise in temperature
that results in vaporization
of intra-water in biomass
and increases intra-particle
pressure to loosen the biomass
structure due to expansion.
Cellulose crystallinity is reduced,
and hydrolysis efficiency is
improved.

[87,88]

Ultrasound Ultrasound causes water bubbles
within the lignocellulosic material
to rapidly expand and contract,
causing compression and
extension of the particle, resulting
in a destructive effect. Ultrasound
produces high frequency oscillations
and causes mutual friction inside
the medium, thus generating heat,
resulting in a large local
temperature differences.

[89,90]

Nanotechnology Nanoparticles have large superficial
areas that enhance the surface
chemistry of the catalyst materials.
Monodispersed nanoparticles are
more accessible to the oxygen
atom in the ether linkage of
cellulose. High acid strength of
magnetic nanoparticles is effectively
to catalyze the hydrolysis of
b-glycosidic bonds in cellulose.

[91,92]
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eventually activate the glycosidic bonds. Dissociation of the b-O-4 is
rate-limited with the hydrolysis rate of hemicellulose being much
faster than that of cellulose. Therefore, hydrolysis is carried out in
two stages for hemicellulose and cellulose, respectively [72]. Kim
et al. [73] developed a two-stage hydrolysis process where hemi-
cellulosewasmainly hydrolyzed atmild conditions in thefirst stage.
More than 50% of the cellulose that survived at the first stage was
further hydrolyzed. In the second stage, hydrolysis of the remaining
insoluble cellulose with dilute sulfuric acid required a higher
temperature (e.g., 200 �C) than the first stage because cellulose was
more difficult to be hydrolyzed than hemicellulose.

Compared with concentrated acid hydrolysis, dilute acid
hydrolysis usually operates at temperatures above 180 �C and at
pressures from 1.2 to 1.3 MPa [68] with a reaction time from
minutes to hours. The conditions lead to a high cellulose conversion
rate (e.g. 50%) but give low glucose selectivity (e.g. 46% of the
theoretical maximum).

Biomass can be hydrolyzed hydrothermally, without catalysts, in
high temperature liquid water (>300 �C). The elevated tempera-
tures require high pressures (e.g., 10e15 MPa). Hydrothermal
hydrolysis is promoted at high temperatures due to the enhanced
ion product of water, in which both hydrogen ion and hydroxyl ion
concentrations increase. Water at high temperature becomes
similar to a weakly-polar solvent that can dissolve biomass and
provides a homogeneous phase for hydrolysis without catalysts
[74e77]. In our previous work, we found that microcrystalline
cellulose could be completely dissolved in water at temperature
above 320 �C and became a ‘cellulose solution’, which allowed
study of the hydrolysis with a continuous flow reactor. Continuous
reaction of microcrystalline cellulose 20 wt% in water at super-
critical conditions (>374 �C and 22.1 MPa) gave water-soluble
products (with 100% conversion) containing 80% hydrolyzates
(glucose and oligomers) for short reaction time (ca. 0.05 s) [92]. By
adding 0.8 wt% Na2CO3, actual wood can be completely dissolved to
form a ‘wood solution’ at 329e367 �C at short reaction times [77].
The ‘wood solution’ can be rapidly (ca. 15 s) hydrolyzed to sugars/
sugar oligomers under homogeneous conditions.Without catalysts,
the results show that fast refining of ‘biomass solution’ is possible
on a continuous basis [78e80].

3.2. Enzymatic hydrolysis

Enzymatic hydrolysis of biomass with cellulases after pretreat-
ment has received much attention in academia and industry.
Cellulases are a mixture of endoglucanases, exoglucanases and
cellobiohydrolases, and catalyze the degradation of cellulose to
oligomers according to the following proposed mechanism: (1)
endoglucanase cleaves b-1,4 glycosidic bonds in the long-chain
polymer, and free ends are created; (2) exoglucanases, such as b-
glucosidases, act on the reducing and non-reducing ends to liberate
oligosaccharides; and (3) cellobiohydrolases cleave the polymer
from the reducing ends to liberate cellobiose. Catalyzed by the
above three cellulases, cellulose hydrolyzes to glucose [81e83]. The
factors that affect cellulase activity are substrate concentration,
end-product inhibition, reaction temperature and pH [27]. Cello-
biose inhibits cellulase activity [84], so it is important to remove it
as the reaction process.

Weak acids, furan derivatives and phenolic compounds in the
solution of lignocellulosic hydrolyzates are inhibitory to microor-
ganisms. Palmqvist and Hahn-Hägerdal [85] reviewed inhibitors
and their mechanisms during fermentation of lignocellulosic
hydrolyzates. Marques et al. [86] reported simultaneous fermen-
tation and enzymatic hydrolysis process of recycled paper sludge
for ethanol, without pretreatment or substrate supplementation.
Simultaneous saccharification and fermentation process can obtain
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conversion yield of 51% of available carbohydrates. However,
temperature difference between enzymatic hydrolysis and
fermentation is the primary problem that limits product yield in
simultaneous saccharification and fermentation processes.

Liquid acid pretreatment followed by enzymatic hydrolysis is
one of the most common processes for cellulosic ethanol produc-
tion. The major issues in processes with liquid acids are: (1) the
pretreatment leading to secondary degradation products that
inhibit subsequent hydrolysis and fermentation; and (2) the
recovery and recycle of the spent acid solutions.

3.3. Auxiliary techniques

To increase the contact area between catalysts and substrates
and to increase conversion yield and efficiency, some auxiliary
techniques for hydrolysis of substrates have been proposed
(Table 2). Commonly used auxiliary techniques are microwave,
ultrasound and nanotechnology [87e92] as discussed in more
detail in the following sections.

3.3.1. Microwave irradiation
Microwave irradiation is a physicochemical process since both

thermal and non-thermal effects are often involved when used for
biomass. Microwave energy of 300e700W power has been used to
promote the liquefaction of biomass [93,94].Microwave heating has
found many applications in affecting chemical reaction pathways
and in accelerating reaction rates. Water is an effective absorber
of microwave energy. Microwave energy absorption capacity for
different components, structural densities and inorganics contained
in biomass is different. The length of induction period of lignin,
wheat strawand cottonwood ismuch shorter than that for cellulose
[95]. The functional mechanism of cellulose dissolution under
microwave irradiation is shown in Table 2. There are many reports
on cellulose dissolution under microwave irradiation.
drolysis of biomass for producing biofuels, Progress in Energy and
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Wang et al. [60] reported that cellulose extraction rates as high as
62% could be achieved, and the reaction time could be significantly
reduced from 15 to 2 h by microwave irradiation compared with oil
bath heating. ILswere introduced to enhance the dissolution ofwood
because they could efficiently absorb microwave radiation. The
increment in collision frequency between the ILs (anions and cations)
and the wood macromolecules was the main reason of effective
dissolution [96,97]. Microwave assisted cellulose dissolution in ILs,
however, can lead to incomplete degradation of cellulose. Possidonio
et al. [97]demonstrated that thisproblemcanbeavoidedbyusing low
energy microwave heating coupled with efficient stirring. Pretreat-
ment of biomass with microwave irradiation remarkably enhances
the accessibility of the materials for enzymatic hydrolysis, as well as
for acidhydrolysis and alkali hydrolysis [88,98]. The use ofmicrowave
irradiation as a heating source for lignocellulose pretreatment is
a rapidly growing research area for improving cellulose hydrolysis.

3.3.2. Ultrasonic treatment
Ultrasonic treatment is the common term for sonication

(Table 2). Sonication is the act of applying ultrasonic energy to
agitate particles in a sample, for various purposes. In the laboratory,
it is usually applied using an ultrasonic bath or an ultrasonic probe.
Sonochemistry uses sound waves with frequencies between 20
and 40 kHz to promote cavitations and micro heating in a solution
[99,100]. It has been shown that ultrasonic treatment has little
effect on the surface conformation of the granulated lignocellulosic
materials due to the low energy (<100W) of the ultrasonic vibration
[101,102]. However, ultrasonic treatment assisted pretreatment
effectively promotes lignocellulose dissolution and destroys the
intermolecular hydrogen bonding in lignocellulose. When applying
ultrasonic treatment to cellulose hydrolysis, the energy changes
cellulose morphology and enhances its accessibility to catalysts
[103,104]. Ultrasonic treatment promotes solvent penetration into
cellulosic materials and improves mass transfer during reactions.
Ultrasonic treatment changes the structure of cellulose and
enhances the accessibility of cellulose to catalysts. Thus, ultrasonic
treatment intensifies cellulose dissolution, and can be used effec-
tively for extracting hemicellulose, cellulose and lignin from ligno-
cellulosic biomass [103]. Ultrasonic treatment can facilitate themass
transfer of the dissolved components from lignocellulosic biomass
and enhance the release of polysaccharides. The polysaccharide
fraction prepared with ultrasonic treatment had a slightly lower
thermal stability than that without treatment. Therefore, the reac-
tion processing intensity, time and amounts of catalyst required can
be reduced with ultrasonic treatment and the technique can prob-
ably be used to further enhance solid acid catalyst mediated
hydrolysis. Over the years, most research on ultrasonic treatment
has been limited to phenomenological description of solutions
under laboratory conditions. However, industrial applications of
ultrasound in plastic welding, cleaning, materials chemistry, food
products modification etc. represent a useful effort for application of
ultrasonic treatment to enhance cellulose hydrolysis [105e107].

4. Solid acid catalysts mediated hydrolysis

Chemical pretreatment and hydrolysis techniques that use
homogeneous catalysis are attractive from the point of view of
mass transfer and reaction efficiency, however, these methods have
major drawbacks in product separation, reactor and equipment
corrosion, catalyst recycle and treatment of waste effluents. Many
catalytic systems have not been commercialized due to the diffi-
culty in separating the homogeneous catalysts from product solu-
tions [20]. Solid acids on the other hand can overcome many of the
disadvantages of homogenous catalysts, and also havemany unique
properties and advantages.
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A solid acid catalyst is defined as solid which can donate protons
or accept electrons during reactions. The catalytic function for
a solid acid catalyst is derived from its acidic centers, existing
mainly on its surface. Accordingly, solid acids with Brønsted acid
sites can catalyze biomass hydrolysis.

Solid acid catalysts have numerous advantages over liquid cata-
lysts regarding activity, selectivity, catalyst life and ease in recovery
and reuse. They are widely studied as direct replacements for liquid
acids to reduce pollutants and to lower operating costs. However,
it is a challenge to develop hydrothermal catalytic hydrolysis
processes with solid acid catalysts. First, their acid strengths and
catalytic activities decrease when water is present [108]. Second,
most solid acids do not function effectively for cellulose hydrolysis
because the surfaces of these solids do not have strong acid sites or
cannot allow close contact of b-1,4-glucans. As a result, a good solid
acid catalyst need to be water-tolerant, have a strong acidity and
have many acid sites for polysaccharides to access [108,109].

Up to now, some reviews concerning the hydrolysis of cellulose
using solid acid catalysts have been reported [110,111]. This review
summarizes and analyzes current achievements in the hydrolysis
of cellulose using solid acid catalysts. The present review, in
addition to providing research progress in ILs, hydrothermal,
microwave, and ultrasonic methods, gives characteristics and
theories of five kinds of solid acid catalysts, with the purpose to
develop efficient methods for promoting biomass conversion.
Moreover, the article discusses obstacles in the applications of solid
acid catalysts for cellulose hydrolysis that can be considered
research areas. Several types of solid acids for biomass hydrolysis
are introduced in the following sections and are summarized in
Table 3 [59,108,109,112e123].

4.1. H-form zeolites

Zeolites are widely used as catalysts in organic synthesis, as they
are non-toxic and non-corrosive, and easy to recover for reuse. They
have shape-selective properties, and can provide stereo- and regio-
control in chemical reactions. The number of Brønsted acid sites in
H-form zeolites is related to the atomic ratio of Al/Si, so that high
ratios have high acidity [124]. Modified H-zeolites (HY) as indus-
trial catalysts maintain a stable framework at temperatures up to
127 �C [125]. The hydrophilic or hydrophobic properties of a zeolite
can also be modulated in terms of reactant characteristics without
compromising its functionalized acidic sites. Moreover, zeolites can
be synthesized with extensive variation of acidic and textural
properties. Acidic zeolites have been successfully used for conver-
sion of sucrose into mono-sugars at mild operating conditions
[108]. In the process, sucrose diffuses into the internal pores of
zeolite and the glycosidic bonds of sucrose then extend into the
vicinity of Brønsted acid sites where catalytic hydrolysis occurs.

The hydrolysis mechanism of awater-soluble polysaccharide for
an H-form zeolite has been proposed (Fig. 3). As shown in Fig. 3, the
mechanistic route consists of the following steps: (1) a water
molecule adsorbs onto the acid site of an H-form zeolite via an
intermolecular hydrogen bond; (2) the soluble polysaccharide
diffuses into the internal pores of the zeolite; (3) the polysaccharide
undergoes hydrolysis over the acid site with the adsorbed water;
and (4) the hydrolysis products diffuse out of the pores. Thus, for
cellulose hydrolysis over an H-zeolite catalyst, cellulosic materials
need to be dissolved in a solvent and be converted into short sugar
chains tomake full use of Brønsted acid sites in internal channels of
the zeolite. ILs are able to dissolve cellulosic biomass at low
temperatures, so it is possible to use these solvents for biomass
hydrolysis. Zhang and Zhao [126] performed cellulose hydrolysis by
H-zeolite in IL solvents in a microwave reactor at 400 W, and a 37%
glucose yield was obtained in 8 min. Under similar conditions,
drolysis of biomass for producing biofuels, Progress in Energy and



Fig. 3. Mechanism of H-form zeolite catalyzed hydrolysis of cellulose into glucose.

Table 3
Comparison of catalytic properties and activities of solid acid catalysts for cellulose hydrolysis to glucose.

Catalyst Amount Amount of
acid sites
(mmol/g)

Substrate Amount Pretreatment
method

Water
amount

Reaction
temperature
(�C)

Reaction
time (h)

Glucose
yield (%)

Selectivity Ref.

HSM-5B 0.2 wt% 0.3 Cellobiose 1 wt % e e 175 0.5 33.7 74.4 [108]
H-ZSM5 50 mg e Cellulose 45 mg Milling 5 mL 150 24 12 e [112]
HY 10 mg e Cellulose 100 mg [BMIm][Cl] 10 mg (240 W) 0.12 35 76 [59]
g-Al2O3 1.5 g 0.05 Cellulose 1.5 g e 15 mL 150 3 e e [113]
Layered HNbMoO6 0.2 g 1.9 Cellobiose 1.0 g e 10 mL 100 18 41 e [110]
HTeOHCa 0.5 g 1.17 Cellulose 0.45 Milling 150 mL 150 24 40 85 [92]
Nafion-50 0.1 g e Cellulose 0.2 g [BMIm][Cl] 20 mL 160 4 35 e [109]
Sulfated ZrNDSBA-15 50 mg e Cellobiose 250 mg e 50 mL 160 1.5 55 65 [114]
FeCl3/Silica 0.47 g e Cellulose 2.0 g [BMIm][Cl] 30 mL 130 24 3 e [109]
FeCl3/Silica 0.47 g e Cellulose 2.0 g [BMIm][Cl] 30 mL 190 24 9 e [109]
Amberlyst-15 50 mg 1.8 Cellulose 45 mg Miling 5 mL 150 24 25 e [115]
Amberlyst-15 1.5 g 4.4 Cellulose 1.5 g e 15 mL 150 3 15 e [113]
Dowex 50wx8-100

ion-exchange resin
26 mg e Cellulose 50 mg [EMIm][Cl] 270 mg 110 4 83 e [116]

ACeSO3H 50 mg 1.25 Cellulose 45 mg Milling 5 mL 150 24 40 95 [115]
ACeSO3He250 0.3 g 2.23 Cellulose 0.27 e 27 mL 150 24 62 74 [117]
Fe3O4eSBAeSO3H 1.5 g 1.09 Cellobiose 1.0 g e 15 mL 120 1 98 e [118]
Fe3O4eSBAeSO3H 1.5 g 1.09 Cellulose 1.0 g [BMIm][Cl] 15 mL 150 3 50 e [118]
Fe3O4eSBAeSO3H 1.5 g 1.09 Starch 1.0 g e 15 mL 150 3 95 e [118]
Fe3O4eSBAeSO3H 1.5 g 1.09 Corn cob 1.0 g e 15 mL 150 3 45a e [118]
PCPseSO3H 0.2 g 1.8 Cellulose 25 mg e 2.0 g 120 3 1.4 27 [119]
Ru-CMKs 50 mg e Cellulose 324 mg e 40 mL 230 24 34 51 [120]
Cellulase-MSNs 4.5 mg e Cellulose 15 mg e e 50 24 90 e [121]
HPA 0.08 mmol e Cellulose 0.1 g e 5 mL 180 2 51 90 [122]
Cs-HPA 0.07 mmol e Cellulose 0.1 g e 7 mL 170 8 39 89 [123]
Micellar HPA 0.07 mmol e Cellulose 0.1 g e 7 mL 170 8 60 85 [123]

Activated hydrotalcite (HTeOHCa); Sulfonated activated-carbon (ACeSO3H); Sulfonic group functionalized magnetic SBA-15 catalyst (Fe3O4eSBAeSO3H); Ru-mesoporous
carbon materials (Ru-CMKs); Cellulase immobilized mesoporous silica nanocatalysts (Cellulase-MSNs); Porous coordination polymers decorated with sulfonic acid
functional groups (PCPseSO3H); Heteropoly acid H3PW12O40 (HPA).

a Total yield of reduce sugars.
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except for heating at 100 �C by oil bath, a yield of 2.1% was achieved
after 10 h. Microwave-assisted hydrolysis seems to provide higher
selectivity in the reaction pathways than convective heating and
also seems to give fewer by-products [127]. These findings
strengthen the evidence that solid acid catalysts can provide
sufficient activity for biomass hydrolysis with the aid of proper
solvents and heating.

Natural cellulosic materials have high crystallinity and unless
powderized, they have large particle sizes, and thus they are diffi-
cult to disperse into the inner pore of a zeolite. For example, after
premilling cellulose, a glucose yield of 12% is obtained using H-
ZSM-5 catalyst, but the catalytic efficiency is still lower than that of
other solid acid catalysts (Table 3). Onda et al. [115] used mild
hydrothermal treatment with solid acid catalysts to hydrolyze
cellulose and obtained glucose selectivities higher than 90%.
Among the solid acid catalysts they tested, H-form zeolite catalysts
gave lower glucose yields than sulfonated activated-carbon cata-
lysts. The apparent reason for the poor performance of the zeolite
catalysts was their small pore diameters that limited accessibility
and their weak acid sites.

To use H-zeolite catalysts effectively for cellulose hydrolysis,
cellulosic materials must be either dissolved in a solvent or cata-
lysts be processed to have pore sizes that allow substrates access to
their catalytic sites. Although H-form zeolites have a large surface
area and strong acidity, they have been difficult to use in practice
due to mass transfer limitations. The active species of protons (Hþ)
in such catalysts are not freely accessible to the b-1,4-glucans in
cellulose. So, from the point of view of industrial practitioners, H-
form zeolites are perceived as not being useful for cellulose
hydrolysis due to their low activity.

To improve the catalytic efficiency of zeolites, some proposed
modifications are discussed below:

(1) Loading of cations. Several alternative cations, such as
lanthanum [128] and cerium [129], help to increase the weak
acidic sites of zeolites. Loading of cobalt increases total surface
acid sites with decline of acid strength [130]. Brønsted acid
sites mainly exist in the zeolite crystals, so weak acid surface
sites play an important role in hydrolysis of cellulose. An
increase in the number of weak acid sites is workable as
a method to enhance catalytic activity as these modifications
have been used successfully in promoting catalytic efficiency of
zeolites in organic reactions [131,132]. Presently, there are no
reports on the application of cation modified zeolites for
cellulose hydrolysis and so research on the use of these types of
catalysts for hydrolysis reactions is needed.

(2) Synthesis of zeolites with super-large pores. Increasing the
aperture in zeolite structures would facilitate mass transfer of
oligosaccharides to catalytic sites. Techniques of increasing
aperture include change of synthesis conditions, addition of
pore-formers and change of templates. However, aperture
diameters of most current zeolites are on the scale of nano-
meters [133e135]. Nanometer-scale apertures are not large
enough to allow transport of sub-micron scale cellulose
through the aperture. It can be concluded that current methods
to increase aperture are limited and present zeolite catalysts
cannot accommodatemany sizes of oligosaccharide particles so
that their application is limited. However, these methods may
be useful for targeted conversions for which aperture does not
limit the substrate, such as dehydration of glycerol, isomeri-
zation/cracking of hexane, produce of lighter olefins [136e138].
Cellulose can be processed into nanoparticles, however, it has
high-energy requirements and is prohibitive, and the material
handling becomes complex including safety due to dust
explosions. Increasing acid sites located on the external surface
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of zeolites to enhance the external hydrolysis reactions is
possible but limited. The external surface hydrolysis reactions
result in a non-shape-selective reaction as well as deposition of
un-hydrolyzed cellulose, leading to short lifetimes for the
catalysts. These issues can be avoided by adopting other
treatment methods such as ultrasound. To use the internal acid
sites of zeolites effectively, cellulose or its constituents can be
dissolved in organic solvents or ILs and processed.

(3) Loading of super acids. Heteropoly acids (HPAs) and super acids
are usually supported on zeolites to enhance acidity. HPAs are
readily soluble in water and polar organic liquids, and have
been applied successfully in homogeneous catalysis. Gagea
et al. [139] supported HPAs on ordered mesoporous silica SBA-
15, which showed the highest yield (45%) of n-decane for
a hydroisomerization reaction. The common method used to
obtain zeolites supported HPA catalysts is the direct impreg-
nation of the support with an HPA solution. However, this
method is not feasible to obtain high efficiency catalysts for
cellulose hydrolysis, because most internal HPAs do not func-
tion properly. Incorporation of HPA into zeolites carrier by
mixing HPA and zeolites synthesis seems to be able to achieve
a strong solid acid [139]. For example, it has been reported
[139,140] that the intrinsic acidity of the heteropoly compounds
is maintained in zeolites supported HPA catalysts. Since HPA
can be incorporated into zeolites, it can be stabilized and is not
easily leached during hydrolysis reactions compared with HPA
supported on metal oxides by direct impregnation [139].

(4) Synthesis of composite zeolites. Composite zeolites, including
micro/micro, micro/mesoporous, micro/macroporous and
mesoporous/macroporous composite, have created much
interest due to their synergistic performance in catalytic reac-
tions [141e143]. There are many technical factors during
synthesis processes, such as amorphism of pore walls formed
during synthesis. Such factors lead to low acid strength and
poor thermal stability. Composite zeolites that are suitable for
shape-selective catalysis in fine chemical industries do not fully
display the activity of their internal acid sites for hydrolysis of
cellulose that may be attributed to the particle size of cellulose.
Yarlagadda et al. [144] demonstrated that composite zeolite
catalysts (HAlZSM-5/SiO2eAl2O3) are effective for the oligo-
merization of ethene and propene, while the selectivity
remained close to that of pure ZSM-5. Zeolite-based composite
catalysts have been employed very successfully in the area of
pollution control and synergistic reactions [145,146]. Never-
theless, these composite materials with many attractive
features as effective catalysts can be expected to be developed
for cellulose hydrolysis in the near future.

Among these four modification techniques, super acid incor-
porated zeolites are probably the most likely to be applied in
cellulose hydrolysis. During the process of cellulose hydrolysis,
surface super acid catalysts cleave the b-1,4 glycosidic bonds and
the formed oligosaccharides undergo further hydrolysis over the
internal acid sites. Therefore, both surface and internal acid sites
can participate in hydrolysis reactions, and use of super acid
incorporated zeolites has the potential to increase the efficiency of
the catalytic system.

4.2. Transition-metal oxides

Metal oxides are composed of cations possessing Lewis acid sites
and anions with Brønsted base sites. They are classified into single
metal oxides andmixedmetal oxides. Transition-metal oxides have
catalytic activity for cellulose hydrolysis, and when used as solid
acid catalysts, they are reusable and easily separated from reaction
drolysis of biomass for producing biofuels, Progress in Energy and
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products. Mesoporous transition-metal oxides, such as Nb2O5 [147],
WO3 [147], ZreTMS (transition-metal oxide mesoporous molecular
sieves) [148], TiO2 [149] and Ta2O5eWO3 [150], are widely studied
as heterogeneous acid catalysts. The mesopores in a transition-
metal oxide allowed the access of reactants to active acid sites
inside the pores.

Mesoporous metal oxides have many favorable properties and
of these properties, most notably is their high catalytic efficiency.
Roggenbuck et al. [151] studied the decomposition of methanol
using mesoporous CeO2 and found that the transformation effi-
ciency increased from 13 to 96% as compared with non-
mesoporous CeO2.

Mesoporous metal oxides have the following special structure
properties: (1) high specific surface area, (2) adjustable pore size,
and (3) enhanced thermal stability. However, it has been shown
that highly crystalline pore walls and high mesoporous order
cannot always be achieved for the samematerial. High temperature
heat treatment helps to increase the crystallinity of pore walls, but
leads to the collapse of mesoporous structure. Nevertheless, mes-
oporous metal oxides will become an important research area due
to their high catalytic efficiencies.

Tagusagawa et al. [147] used mesoporous NbeW oxide to cata-
lyze the FriedeleCrafts alkylation of anisole and the hydrolysis of
sucrose and cellulose. The mesoporous structure and different acid
properties were formed by specific Nb and W concentrations. The
turnover frequency of mesoporous NbeW oxide was more than
two times that of non-porous NbeWoxide. However, total yield of
glucose and cellobiose was only 8.5%, indicating that the meso-
porous NbeW oxide had a lower activity for cellulose hydrolysis
than conventional acids. Takagaki et al. [109] tested layered
transition-metal oxide HNbMoO6 in the hydrolysis of sucrose,
cellobiose, starch and cellulose as shown in Fig. 4. Compared with
Amberlyst-15, which is a strongly acidic macro-reticular polymeric
resin based on cross-linked styrene divinylbenzene copolymers,
layered HNbMoO6 had a higher turnover frequency due to its
strong acidity, water-tolerance, and facile intercalation of saccha-
rides in the strongly acidic interlayer gallery of the catalyst.
However, glucose yield was still only about 41% for the hydrolysis of
cellobiose. The moderate activity for the layered transition-metal
catalyst is interpreted as the protons of the solid acid sites not being
freely accessible to the glycosidic linkage of starch and cellulose.
Generation of a large amount of protons is needed to compensate
for the limited accessibility of the substrate to the solid acid sites
[147]. In general, high temperature leads to a high glucose yield,
although more side-products (e.g., 5-HMF) are produced.

Hydrolysis efficiency is strongly promoted by the co-catalysis of
Lewis acid and Brønsted base sites. Reaction rate and acid strength
can be increased by adjustment of proportional transition-metal
oxides. In our research, the mixed metal oxide, nano ZneCaeFe
oxide, exhibited moderately good catalytic activity for hydro-
lyzing crystalline cellulose [152]. Cellulose conversion rate and
glucose selectivity was 42.6 and 69.2%, respectively. Nanoscale
diameter ZneCaeFe oxide suspension can providemore active sites
Fig. 4. Glucose production from cellulose using layered transition-metal oxide HNbMoO6. Re
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per gram and has many characteristics of a fluid solution. Nano
ZneCaeFe oxides achieve higher cellulose hydrolysis rates and
glucose yields compared with fine particle ZneCaeFe oxides.
Furthermore, nano ZneCaeFe oxide is paramagnetic due to the
presence of iron, and so it has the potential to be separated from
products bymagnetic filtration techniques. Transition-metal oxides
have many favorable characteristics such as simple preparation
methods, easy operation and favorable conversion rates, making
them good candidates for practical applications.

Mesopores in the oxides enable reactants to access additional
active acid sites, so, design of the mesoporous structure is required
to improve the surface area and reactant accessibility. Some new
techniques can be imagined to allow modification of the metal
oxides for catalytic purposes. One-dimensional (1D) nanomaterials
have attractedmuch interest due to their distinct anisotropic shape,
unique properties, and great potential in catalytic applications
[153]. Some 1D paramagnetic inorganiceorganic hybrid nano-
materials have been investigated by Yuan and coworkers [154],
who studied various synthetic strategies such as template-directed
synthesis, electros-pinning and 1D conjugation of building blocks.
However, present techniques are lacking for working with these
materials due to their anisotropy and super small size. The control
of 1D growth is an active research topic as structure control of such
1D paramagnetic nanomaterials might allow the b-1,4 glycosidic
bonds in cellulose to become more accessible to catalytic sites and
thus could result in many favorable reaction characteristics.
Furthermore, 1D paramagnetic nanomaterials may have great
utility since they can be physically separated fromproductmixtures
through the introduction of an external magnetic field. Synthesis
temperatures are important in forming these 1D paramagnetic
materials.

Thus far, ILs have been shown to allow syntheses to occur at
room temperature [155,156]. It is speculated that ILs can be used to
form 1D paramagnetic nanomaterials for future solid acid catalytic
systems.

4.3. Cation-exchange resins

Cation-exchange resins are used commercially as solid acid
catalysts in many organic reactions, such as esterification [157],
alkylation [158], hydration/dehydration [159,160], and condensa-
tion reaction [161]. They are also used to hydrolyze many kinds of
compounds such as cellulose [126] and aliphatic esters [157]. As
early as the 1960s, Hartler et al. [162] studied cellulose hydrolysis
with acidic resins, and found that little hydrolysis occurred for
glycosidic bonds but the resins themselves underwent degradation.
Later, ion-exchange resins were improved and a maximum glucose
yield of 38.9% was obtained using acidic resin NKC-9 for catalytic
hydrolysis of cellulose [126]. Amberlyst-15 is an effective catalyst
for the selective conversion of cellulose to glucose. More than 25%
glucose yield could be obtained at reaction conditions of 150 �C for
24 h with Amberlyst-15 (50 mg) from milled cellulose (45 mg) and
distilled water (5.0 mL). Nafion� NR50 has a very similar acidic
printed with permission from [109]. Copyright � 2008, The Royal Society of Chemistry.
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character to Amberlyst-15 but has better thermal stability. Kim
et al. [163] proposed a strategy to enhance the overall process
efficiency by combining of ILs and Nafion� NR50, which resulted in
the glucose yield of 35%.

A uniquemerit of cation-exchange resins is that inhibitors in the
hydrolyzates can be removed by the resins themselves [164].
Besides acting as catalyst, a cation-exchange resin functions as
a membrane that can allow permeation of products during hydro-
lysis (Fig. 5). Other kinds of solid acids, however, do not have this bi-
functional role. Removal of inhibiting compounds would play
a positive role in subsequent fermentation processes. However, one
problem with cation-exchange resins is that they typically lack
stability in hot-water reaction conditions (>100 �C), and this creates
the issue of catalyst recycle due to large amounts of SO2�

4 ions that
are leached under hydrothermal conditions [115]. Furthermore,
pretreatment (e.g., with ILs or dilute acids, Fig. 5) of biomass are
needed to improve substrate accessibility to the catalyst.

The catalytic activity of an ion-exchange resin can be improved
by loading active sites onto the resin material. Abreu et al. [165]
demonstrated that tin oxide modified ion-exchange resin was
highly active for the transesterification reaction of vegetable oil and
methanol. Upon adding 1-butyl-3-methylimidazolium chloride
hexafluorophosphate {[BMIM][PF6]}, Sn(3-hydroxy-2-methyl-4-
pyrone)2 could be supported by the ion-exchange resin [165]. It
was shown that tin oxide modified ion-exchange resin was active
for soybean oil methanolysis with biodiesel yields up to 93% being
obtained in 3 h. However, from the view point of synthetic chem-
istry, the above heterogeneous catalysts are not generally useful
because tin oxide is easily leached from the modified ion-exchange
resin. Especially for cellulose hydrolysis in water medium, catalytic
sites will become less stable. Nevertheless, there appears to be
opportunities for this method if suitable immobilization or
adsorption methods are developed.

The combination of ILs and solid acids can potentially be applied
to lignocellulose hydrolysis, because ILs in the hydrolysis reaction
Fig. 5. Combination of cellulose conversion and p
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mixture can help to initiate the intrinsic activity of the resins. It has
been shown that the dehydration of glucose into 5-HMF can be
efficiently performed in ILs. Qi et al. [166] studied the production of
5-HMF from fructose in [BMIM][Cl] using a sulfonic ion-exchange
resin as catalyst, and a 5-HMF yield of 82% could be achieved at
120 �C in 1 min reaction time. The resin catalytic activity in [BMIM]
[Cl] was superior to that in the mixed aqueous system. When the
dehydration was carried out in acetone-water medium (70:30 w/
w), a 5-HMF yield of 73% was achieved at 150 �C in 15 min with
microwave irradiation [160]. Microwave irradiation appears to
affect dehydration reaction rates and as an example, when the
dehydration of fructose was conducted in hot compressed water by
microwave heating, both fructose conversions and HMF yields (71
and 35%, respectively) were much higher than those obtained by
sand bath heating (27 and 12%, respectively). On the basis of the
above observations, Qi et al. [116] proposed an effective conversion
technique for transforming cellulose into 5-HMF via a two-step
process. In the first step, high glucose yield of 83% could be
obtained from the cellulose hydrolysis by a strong acidic cation-
exchange resin in 1-ethyl-3-methyl imidazolium chloride [EMIM]
[Cl] with gradual addition of water (Table 3). Previous research by
Qi et al. [116] showed that the addition of water inhibited glucose
polymerization and thus stabilized glucose in [EMIM][Cl] even in
the presence of the strong acidic resin catalyst. It is presumed that
hydrolysis of cellulose into glucose by ion-exchange resin can be
efficiently promoted in the presence of ILs with microwave heating.

4.4. Supported solid acid catalysts

Supported solid acid catalysts are promising for the depoly-
merization of cellulose inwater, since they have substantial surface
acidic species (e.g., 1.5 mmol/g; sulfonated activated-carbon)
compared with zeolites (e.g., 0.3 mmol/g; HSM-5B) and
transition-metal oxides (e.g., 0.3 mmol/g; Nb3W7 oxide)
[108,109,112], and specific functional groups. Reported modified
roduct separation by cation-exchange resin.
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supports include silica [108,114], polymer resins [167], porous
coordination polymers decorated with sulfonic acid functional
groups (PCPs-SO3H) [119] and amorphous carbons [168e170].
Supports should be modified during preparation of catalysts so that
catalytic species become anchored and thus can be reused
[171,172]. Some amorphous carriers as zeolites and metal oxides
mentioned earlier also show good activity (e.g., 37% and 42.6%
glucose yields for H-zeolite and metal oxides, respectively) in
cellulose hydrolysis [126,152].

4.4.1. Supported metal oxide solid acid catalysts
Metal oxides are widely used as catalyst supports because of

their thermal and mechanical stability, high specific surface area,
and large pore size (>15 nm) and pore volume (>0.2 mL/g)
[173,174]. Because solid acids function the same as Hþ for cellulose
hydrolysis, sulfonated metal oxides, such as SO2�

4 /Al2O3, SO2�
4 /TiO2,

SO2�
4 /ZrO2, SO2�

4 /SnO2 and SO2�
4 /V2O5, can supply many acidic

species. Such solid acids are usually prepared by impregnating the
hydroxides from ammonia precipitation of corresponding metal
salt solutions with aqueous sulfuric acids followed by calcination.
Metal oxide supported Pt or Ru show high activity for converting
cellulose to sugar alcohols with 31% yield being reported [175].
They showed high activity for catalyzing cellulose hydrolysis and
glucose isomerization, simultaneously with 88% selectivity of
glucose being obtained [175]. The catalysts are active in heteroge-
neous liquidesolid systems and are recoverable and reusable.
However, one limitation of these types of solid catalysts is that the
acidic sites become leached from silica surfaces under hydrolytic
conditions. Thus, the thermal stability under hydrolytic conditions
of the supported solid acid catalysts is an important factor in
considering their application since this affects both product sepa-
ration and catalyst recycle.

4.4.2. Supported carbonaceous solid acid catalysts
Of all of the various types of solid acid catalysts that have been

investigated, carbonaceous solid acids (CSAs) seem to be the most
effective. The activity and recyclability of CSAs have been demon-
strated to be good for biofuel precursors [115], suggesting that they
are promising as catalysts for the conversion of cellulose into bio-
fuels. CSAs are derived from sulfonation of carbonized D-glucose or
sucrose that was firstly reported by Toda et al. [176] and used in
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further studies in the transesterification of vegetable oils with
alcohol for biofuels [176e180]. The CSA catalysts were prepared by
carbonizing carbohydrates at 400 �C under N2 atmosphere and
then sulfonating the formed materials at 150 �C. CSA catalysts can
also be prepared by direct sulfonation of lignin consisting of poly-
ethers and CeC linked phenylpropanes as shown in Fig. 6. The
carbon carriers are amorphous, polycyclic aromatic carbon sheets
containing SO3H groups as active sites. The polycyclic carbon sheets
can absorb b-1,4-glucans for reactants in solution to access SO3H
groups. Hydrolysis of cellulose to saccharides using such amor-
phous carbon bearing SO3H (1.5 mmol/g), COOH (0.4 mmol/g), and
OH (5.6 mmol/g) species add functionality [168,181]. Carboxylic
acid species, COOH, generally provide more active sites than Nafion
NR50 and Amberlyset-15 which could not help to hydrolyze
cellulose into glucose. Phenolic OH groups bonded to the graphene
sheets can absorb b-1,4 glycosidic bonds and provide good access of
solubilized reactants to the SO3H groups in the carbon material.
High glucose yields of up to 75% with 80% selectivity have been
reported for reaction conditions at 150 �C and 24 h reaction time by
Fukuhara et al. [181].

The mechanism of cellulose hydrolysis with CSA catalysts is
similar to that for sulfuric acid. Namely, protons in SO3H attack the
b-1,4 glycosidic bonds in the solid crystalline cellulose. The
apparent activation energy (110 kJ/mol) for cellulose conversion
into glucose with CSA catalysts is lower than that for sulfuric acid
(170 kJ/mol) under optimal conditions. This is attributed to an
increase in acidity of the SO3H groups on the carbon material with
a decrease in the amount of water, as was previously demonstrated
by Suganuma and coworkers [168]. CSA catalysts have been shown
to convert cellulose into saccharides with high efficiency at
temperature of 100 �C andmoderate reaction times of 6 h, and they
can be recycled [170]. CSA catalysts effectively catalyze hydrolysis
of crystalline cellulose that is difficult to realize with conventional
strong Brønsted acid catalysts.

CSA catalysts ground to nanosize (10e100 nm) have high cata-
lytic activity for cellulose that has been similarly ground with
product selectivities being reported that are higher than 90% [169].
It is interesting to note that in some cases, recycled CSA catalysts
exhibit no deactivation in the course of catalytic runs with fresh
non-treated cellulose [115]. Furthermore, CSA catalysts are highly
efficient for the oxidation of sulfides, tertiary amines, aldehydes
drolysis of biomass for producing biofuels, Progress in Energy and
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and esterifications, and show many prospects in their applications
[182,183].

Although CSAs are highly efficient for cellulose hydrolysis, there
are needs for their improvement in the areas of separation and
recovery from un-hydrolyzed cellulose residues. Some studies exist
on this topic. A report by Lai et al. [118] demonstrated that a para-
magnetic solid acid, Fe3O4eSBAeSO3H, could be separated from
reaction residues with an external magnetic field. When [BMIM]
[Cl] was used as solvent for the pretreatment of microcrystalline
cellulose, glucose yields could be increased from 24 to 52% in 3 h
(Table 3). Though the used Fe3O4eSBAeSO3H could be separated
from the resulting mixture with a magnetic field, the regeneration
for recycle on a large-scale is a research topic. As one possible
method, Fe3O4 could be introduced as a separation agent into CSA
(Fe3O4eCSA) to provide an efficient mechanism for catalyst
recovery. The fundamental prerequisite for using paramagnetic
solid nanocatalysts is the incorporation of paramagnetic nano-
particles into the carbonaceous carriers. Compared with immobi-
lizing the nanocatalysts on a solid substrate, the proposed method
can regenerate the acidic sites by directly sulfonating the carbo-
naceous carriers. Thus Fe3O4eCSA not only provides good access of
reactants to the SO3H groups, but also has functional characteristics
that allow it to be separated and regenerated.

4.5. Heteropoly compounds

HPAs are favored as environmentally benign and economical
solid catalysts due to their inherent characteristics of having strong
Brønsted acidity, stability and high proton mobility [92]. Owing to
their unique physicochemical properties, HPAs are being profitably
used in homogeneous, biphasic and heterogeneous systems
[184e186]. HPAs (e.g., H3PW12O40) are soluble inwater and possess
acidic strengths as strong as sulfuric acid. Homogeneous catalysis
by HPAs is in principle similar to sulfuric acid in that [Hþ] leaches
into solution and interacts with the oxygen atoms in the glycosidic
bonds of cellulose. Even under heterogeneous conditions, HPAs are
more effective than conventional acid catalysts. For example,
glucose selectivities and yields of up to 92% and 51%, respectively,
have been reported for conditions of 180 �C and 2 h reaction time
[121]. Recovery of the homogeneous catalyst is problematic,
however, since extraction with diethyl ether was unsuccessful and
thus the catalyst could not be sufficiently extracted and after 6 runs,
8.8% of the H3PW12O40 was lost [121].

Cellulose hydrolysis using solid HPAs was reported by Tian et al.
[187]. Several types of acidic cesium salts, CsxH3exPW12O40
(X ¼ 1e3), were prepared. The salt Cs1H2PW12O40 was found to
give the highest glucose yield (30%) at 160 �C for 6 h reaction time.

Solid heteropoly compounds, derived from homogeneous HPAs,
are being used as green catalysts in many fields [188e192]. These
solid HPA catalysts are obtained by loading HPA species onto
Fig. 7. Catalytic modes for solid heteropoly acids (HPAs). Reprinted with per
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functional carriers like amorphous silica [179], molecular sieve
MCM-41 [193] and activated-carbon [194]. Misono [195] proposed
three catalytic modes for solid HPAs-surface type, pseudo-liquid
(bulk-type I) and bulk-type II (Fig. 7). In some cases, polar mole-
cules are absorbed into the solid bulk, forming a pseudo-liquid
phase, and bulk-type I catalysis occurs. The bulk-type II applies to
certain catalytic oxidations that largely occur on the catalyst
surface, with the bulk diffusion of electrons and protons assisting
the redox surface. Cellulose, which has a large molecular size,
hydrolyzes on the surface of solid HPA catalysts. Small molecular
size intermediate hydrolyzates diffuses into the solid catalyst and
then undergoes reaction with pseudo-liquid and then bulk-type II
diffusion takes place.

Moderate Lewis acidity favors total reducing sugar (TRS) selec-
tivity so that it canbe logically inferred that glucoseyield in cellulose
hydrolysis can be improved by using solid HPA catalysts in ILs that
have a Lewis acid property (Table 1). To allow cellulose molecules
access to catalytic sites, micellar HPA catalyst C16H2PW has been
proposed by Cheng et al. [123]. As expected, the micellar HPA
catalyst exhibited high activity (Table 3) that can be attributed to
cellulose accumulation around the micellular cores. Previous
research showed that IR spectrum of the micellar HPA adsorbed
cellulose gives four characteristic peaks which indicated that some
interaction occurs between the O atom from cellulose and the
terminal O atom from the HPA molecules [123]. Cellulose was
hydrolyzed for three continuous repeated runs under the same
reaction conditions, and complete hydrolysis was achieved. The
highest glucose yield reachedwith themicellular HPAwas 60%with
85% selectivity (Table 3) for the three continuous runs. The catalyst
was separated from reactionmixtures by simple centrifugation, and
recycle has been demonstrated based on three cycles [123]. Solid
HPA catalyst process is clean, non-corrosive, energy- and resource-
efficient, and probably will find application in industry.

4.6. Comparison of solid acid catalyst activities

Catalyst properties and catalytic activities for the abovefive types
of solid acid catalysts are summarized in Table 3. The most active
solid acid is sulfonated amorphous carbon bearing SO3H, COOH, and
OH functional groups. The low yield of hydrolysis products with
Nb3W7 oxide is due to lowmass ratio of catalyst to cellulose and low
reaction temperature as compared with the other catalysts.

The highest yields that have been achieved with CSA catalysts
are with those that have had a modest surface area and acid
amount along with a high catalytic site concentration [170,181].
These conclusions are related to the previously mentioned char-
acteristics of CSA catalysts that make them highly-accessible to
reactants. On the other hand, there are still practical issues asso-
ciated with CSA catalysts. Separation of CSAs from solid biomass
residues after hydrolysis for reuse tends to be difficult, since they
mission from [195]. Copyright � 2008, The Royal Society of Chemistry.
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have similar physical and chemical properties as those of the un-
hydrolyzed cellulose residues. Nevertheless, in terms of their
overall performance, solid HPA catalysts have great potential for
industrial applications due to their high hydrolysis rates and
selectivities. More research is needed both to understand their
catalytic properties and to develop effective separation methods.

In concluding this section, it can be seen that solid acid catalysts
are relatively easy to apply to chemical processes compared with
concentrated or dilute liquid acids for biomass pretreatment or
hydrolysis. Solid acid catalysts used as Brønsted acids have many
advantages over liquid acids in that they are efficient, non-corro-
sive, environmentally benign and readily recyclable. The replace-
ment of liquid acids with solid acid catalysts is an exciting trend in
the chemical and biotechnology fields, and there are needs for
many types of solid acid catalysts.

5. Catalytic biomass hydrolysis with nanoparticle solid acid
catalysts

Solid acid catalysts are promising for conversion of cellulosic
materials into soluble sugars and have the characteristics that they
are environmentally friendly and recoverable. However, there are
a number of catalytic systems that have low efficiency, which leads
to high-energy consumption and generation of by-products. To
improve conversion rates, high temperatures (>160 �C) and high
catalyst/substrate ratios (>1:1) are used [112,115e120]. However,
this cannot only increase the cost of production, but also lead to low
product selectivities. Solubilized biomass and nanocatalysts can be
used to solve or improve many aspects of solid acid catalysts.

5.1. Nano solid acid catalysts

Nanocatalysis uses nanoparticles that are mixed with solvents
and lignocellulosicmaterials (Table 2).Monodispersed nanoparticles
in a solution have the advantage of having the characteristics of
a fluid solution, which means that they are more accessible to the
oxygen atom in the ether linkage of cellulose. Catalytic species, such
as heavymetal complexes, enzymes andorganic catalysts, are able to
form bonds to the nanoparticles via a monolayer of long-chain
Fig. 8. Acid-functionalized magnetic nanoparticles. Reprinted from [196] with permission.
alkyl-Sulfonic acid function upon silica-coated magnetic nanoparticles; HPS-SiMNPs: perflu
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alkanethioles with an SH- or -S-S- terminus [196]. With the
domain sites bonded onto the nanoparticle surface, the reaction
media become accessible to active sites. The reaction efficiency may
also be related to the position and degree of substitution of catalyt-
ically active sites in the framework structure, where the active site
can be an acidic group that might function by hydrolysis [196].

Although some desired properties can be obtained by means of
adjusting the particle size, recycle of nanoparticle materials can be
seen as a research barrier due to adsorption, agglomeration, and
viscous effects of the reaction mixture. However, by introducing
paramagnetic components into the nanoparticle catalysts, it may be
possible to separate and recycle solid acid catalysts, since separation
factors can be influenced with an external magnetic field [197].

In the work of Gill et al. [196] (Fig. 8), two kinds of acid-
functionalized magnetic nanoparticles were prepared: alkyl-
sulfonic acid function upon silica-coated magnetic nanoparticles
(ASeSiMNPs) and perfluoroalkyl-sulfonic acid function upon silica-
coated magnetic nanoparticles (PSeSiMNPs). The hydronium ions
(H3Oþ) formed on surface of magnetic nanoparticles lead to promo-
tion of glucose yield in cellulose hydrolysis reaction. Nevertheless,
morework is needed to improve the thermal stability, dispersion and
affinity of biomass to the catalysts for practical applications.

In our work, hydrotalcite nanoparticles were synthesized and
used for catalytic cellulose hydrolysis with good conversion yields
[92]. With activated hydrotalcite nanocatalyst, cellulose conversion
rates and glucose selectivities of 46.6% and 85.3%, respectively,
could be obtained. After 4 cycles of catalyst use, catalytic activity
remained stable and thus the nanocatalysts could be reused.
Compared with amorphous carbon bearing sulfonic acid groups
(ACeSO3H), which have high catalytic activity for hydrolysis of
cellulose, the activated hydrotalcite nanocatalyst was more stable
and easier to separate than the sulfonic acid type catalysts.

5.2. Paramagnetic nanoparticle solid acid catalysts

Asdiscussedpreviously, dissolutionof cellulose andhemicellulose
completely or partially in some organic solvents or ILs facilitate
solid acid catalysts to approach theb-1,4 glycosidic bonds in cellulose.
Furthermore, the large surface area to volume ratio of the solid acid
Copyright � 2007, Elsevier. SiMNPs: silica-coated magnetic nanoparticles; AS-SiMNPs:
oroalkyl-sulfonic acid function upon silica-coated magnetic nanoparticles.
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nanocatalyst (>5�108m), anda largenumberof surface acid sitesper
mass (>1 mmol/g) lead to high catalytic activity for hydrolysis
[90,198]. Thus, aspects of their recovery need to be addressed.

Monodispersed paramagnetic nanoparticles that are mixed with
biomass solutions and can possibly be recovered with external
magnetic fields. To take full advantage of solid catalysts in applica-
tions, a process is proposed as shown in Fig. 9. In the hydrolysis
process, first, raw cellulosic materials are milled to fine powders
(micro/nano-meter size). After that, they are dissolved into organic
solvents, ILs, alkaline solutions, supercritical fluids and hydro-
thermal water or mixture of them. Then, hydrolysis of the biomass
solution is catalyzed with acid-functionalized paramagnetic nano-
particles that are used with controllable conditions. To overcome
mass transfer resistances and to allowacidic sites full access to the b-
1,4 glycosidic bonds, the nanoparticles are mixed with the biomass
solution bymechanical stirring. After the reaction, the paramagnetic
nanoparticles can be recovered for reuse bymagneticfiltration. It can
be expected that there are many ways to modify the procedure such
as heating by microwave radiation, sonication, immobilization,
sequential or staged solid catalyst addition, and cascade reactions.

6. Concluding remarks and future outlook

Compared with liquid acid catalysts, solid acid catalysts have
distinct advantages in recycling, separation, and environmental
friendliness. Solid acid catalysts are easily separated from the
Fig. 9. Hydrolysis of cellulosic material into sol
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products mixture for reuse after reaction. Besides specific surface
area, pore size and pore volume, the active site concentration and
acidic type are important factors for solid acid performance. Solid
acid catalysts being considered for cellulose hydrolysis should have
a large number of Brønsted acid sites, good affinity for the reactant
substrates and good thermal stability. Catalyst composition,
porosity, and stability in the presence of water are other important
properties for solid acids in biomass hydrolysis processing. A good
solid catalyst with sufficient catalytic activity combined with
appropriate reactor design should make it possible to realize
biomass hydrolysis on a practical scale. Among the solid catalysts
introduced in this review, acid-functionalized paramagnetic
nanoparticles are promisingmaterials for study, since they have the
potential to facilitate separation and recycle aspects. Innovation
and breakthroughs in hydrolysis efficiency is a key for commer-
cialization of solid acid catalysis.

Recent advances in nanotechnology, such as synthesis of
nanoparticles with supercritical water [112] and ILs [199], and in
complete solubilization of biomass in ILs, organic electrolyte solu-
tions [200], alkaline solutions, hydrothermal water as well as other
green solvents, to biomass solutions may allow biomass to become
fully accessible to water molecules and to the acidic sites of nano-
particles [201]. The development of highly acidic solid catalysts
with nanometer size that have special characteristics (e.g., para-
magnetic properties) is an interesting avenue of research for
developing practical systems for biomass hydrolysis. In view of the
uble sugars by metal nanoparticles (MNP).
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structural features of cellulosic materials and catalytic character-
istics of solid acid catalysts, a process for hydrolyzing cellulosic
materials was introduced that uses paramagnetic nanocatalysts. In
the near future, through the combination of green solvents, nano-
particle techniques, and functional solid acid catalysts, it can be
expected that chemical processes based on the catalysis of biomass
will begin to replace petroleum-based processes so that new bio-
economic industries will emerge.
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