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1. Introduction

Biochemical platform development is in a more advanced
stage in comparison to other biorefinery platforms; neverthe-
less, many improvements are still needed to further advance
this concept.[1] Specifically, the development and improvement
of biomass fractionation technology and optimizing the frac-
tionation processes to make use of the whole plant are an ab-
solute necessity. Special attention should be given to hemicel-
lulose separation, recovery, and valorization. Usually, hemicellu-
lose is partly hydrolyzed and solubilized during the lignocellu-
lose fractionation. This process, carried out in mild conditions
using water (e.g. , autohydrolysis, steam explosion), or using
dilute acids, such as sulfuric or phosphoric acids,[2] leads to the
separation of a solid fraction containing cellulose and lignin
and an aqueous fraction containing ex-hemicellulose poly/oli-
gosaccharides (as the borderline between oligosaccharides and
polysaccharides cannot be drawn strictly,[3] for the sake of sim-
plicity, oligosaccharides and soluble polysaccharides will be re-
ferred to as poly/oligosaccharides) and acetic acid, as well as
ex-lignin and ex-proteins compounds (Figure 1).

Hemicellulosic poly/oligosaccharides (e.g. , xylo-oligosacchar-
ides) have an important added value for pharmaceutical and

food industries and could represent an economic advantage
for the biorefinery.[4] Nevertheless, their market volume is not
large in comparison to the monosaccharide-derived products.
From monosaccharides, even from the pentoses, conversion
into bioethanol or biohydrogen is promising[5] as well as the
production of important platform molecules such as polyols or
other fermentative products, furfural, 5-hydroxymethylfurfural
(HMF), and levulinic acids, which are products of dehydration
during acid hydrothermal conversion.[6]

Therefore, the hydrolysis of hemicellulose-derived poly/oli-
gosaccharides into monomeric sugars is crucial in an integrat-
ed biorefinery framework, but process options are restricted to
the use of sulfuric acid as enzymatic processes are still under-
performing.[2] However, mineral acids can be advantageously
replaced by solid acid catalysts : heterogeneous catalysts can
easily be separated, recovered, and reused; they are safe and
non-corrosive. That is why they are increasingly used in numer-
ous biorefinery processes.[7] The use of solid acids keeps the
advantages of using acid hydrolysis, but improves selectivity
towards the glycosidic bonds at the expense of the dehydra-
tion of monosaccharides and can lead to higher sugar yield.
Moreover, the hydrolysis of soluble oligosaccharides over
a solid acid catalyst can be performed in a dynamic flow reac-
tor, allowing for a continuous process and thus decreasing pro-
duction cost as Kim et al.[8] suggested in the case of corn-fiber
valorization. Thus, solid acid catalysts represent an opportunity
to develop more efficient and greener hydrolysis processes for
soluble poly/oligosaccharides.

Cellulose deconstruction using solid acid catalysts has been
studied in detail during the last decade. This is already the
topic of several reviews.[9] Comparatively, the catalytic hydroly-
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sis of hemicelluloses or hemicellulosic oligosaccharides is less
reported, although a pioneering work was published in the
1980s.[10] However, to the best of our knowledge, there is no
recent review focusing on the use of solid acid catalysts for
the hydrolysis of soluble oligosaccharides. Cellulose is a solid
polysaccharide with a crystalline structure making it very diffi-
cult to solubilize and hydrolyze, leading to innovative research
strategies including bifunctional catalysis and the use of un-
conventional media such as supercritical water or ionic liq-
uids.[11] In contrast, oligosaccharides are soluble compounds
and are relatively easy to hydrolyze with solid catalysts as
there is no solid–solid transfer involved. Therefore, the cata-
lysts and the reaction conditions used in both cases are differ-
ent and the results obtained on cellulose hydrolysis cannot be
transposed to oligosaccharides hydrolysis.

The most often proposed pathway for valorization of pento-
ses is dehydration into furfural, which is a building block for
the synthesis of fuels and chemicals. This topic will not be ad-
dressed herein, since high-quality reviews are already availa-
ble.[6d, 12] Other interesting and even more valuable products,
such as xylitol, can also be produced from pentoses. That is
why hydrolysis of oligosaccharides into pentoses and hexoses
without further dehydration into furfural and HMF is critical for
numerous processes.

Herein, we review the use of solid acid catalysts for the hy-
drolysis of poly/oligosaccharides into sugars. The advances on
the kinetics and mechanism of oligosaccharides hydrolysis are
briefly reported. Then, we report the use of solid acid catalysts
for hydrolysis of commercial disaccharides as model com-
pounds, with an emphasis on the performances and on the re-
cyclability of the catalysts. The hydrolysis of more complex
soluble oligosaccharides is also reviewed. Only a few authors
have shown the impact of real oligosaccharides liquors on the
catalysts; their work is reviewed in a fourth part. The last part
of this Review provides an outlook on the hydrolysis of raw
materials with solid acid catalysts.

2. Hydrolysis Reaction—Kinetic and Mechanis-
tic Considerations

The hydrolysis of polysaccharides can be seen as a sequence
of three first order reactions: first, the polysaccharides are hy-
drolyzed into oligosaccharides and, subsequently, into mono-
saccharides; then, the monosaccharides are dehydrated into
products such as HMF, furfural, and carboxylic acids.[13] For ex-
ample, in the absence of catalyst, glucose is dehydrated into
HMF around 130 8C.[14] The efficiency of the hydrolysis process
depends on the ratio of the kinetic constants a= (k1 + k2)/k3 :
when a increases, the monosaccharide selectivity increases
(Scheme 1).

The value of the kinetic constants (k1 + k2) is correlated to
the effective acidity, that is, the acid sites available and accessi-
ble in aqueous medium.[15] Thus, it is important to take into ac-
count the water effect on Brønsted acid sites[16] and the diffu-
sion limitations due to the size of the biggest poly/oligo-
saccharides.
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The value of (k1 + k2) is also dependent of the reactant: the
reactivity of the ether linkage depends on its environment.
For example, poly/oligosaccharides with a low polymerization
degree are more easily hydrolyzed into monomeric sugars
than those with a high polymerization degree;[17] a-Anomers
are more easily hydrolyzed than b-anomers, this effect being
attributed to the adsorption step; furanoses are more easily
hydrolyzed than pyranoses (e.g. , arabinose is easier to recover
than xylose); branched monomers are more easily cleaved
than skeletal monomers. The ranking of reactivity of ether link-
age is thus: arabinoside>xyloside>galactoside>mannoside>
glycoside.[13d] In the case of disaccharides, the following rank-
ing by decreasing reactivity was established in the presence of
acid solids: sucrose @ maltose>cellobiose,[18] and corresponds
to a-(1!2) linkage (Glc–Fru) @a-(1!4) linkage (Glc–Glc)>b-
(1!4) linkage (Glc–Glc).

Concerning the mechanism, the most common hypothesis is
the adsorption of poly/oligosaccharides using oxygen electron
lone pairs or hydroxyl groups, then protonation of the oxygen
atom of the ether linkage, followed by the insertion of a water
molecule, leading to a C�O bond cleavage. A proton is then
released (Figure 2). This mechanism occurs randomly on the
poly/oligosaccharides chain.[15] Brønsted acid sites are required
for the hydrolysis reaction.[19] Admittedly, strong acidity is nec-
essary (pKa<4),[20] but strong mineral acids may lead to high
yields in dehydration products. Thus, it is proposed that the
acid strength should be chosen carefully to permit hydrolysis

reactions and limit degradation
reactions. As an example, maleic
acid (pKa = 1.9; 4.4) exhibited
better performances than H2SO4

(pKa =�3; 2) for homogeneously catalyzed cellobiose hydroly-
sis.[21]

Alternatively, Charmot and Katz[22] suggest that an acid–base
pair is necessary to cleave a glycosidic bond: the base adsorbs
the poly/oligosaccharides using the hydroxyl groups and the
acid cleaves the ether linkage.

To overcome dehydration reaction of the sugars, the trans-
formation of sugars in situ into less reactive products is often
proposed and leads to higher yields in final products. This
means the formation of polyols such as xylitol (from xylose),[28]

arabitol and galactitol (from arabinose and galactose, respec-
tively),[29] or sorbitol (from glucose)[9a, 30] in reductive conditions
or the formation of gluconic acid (from glucose) in oxidative
conditions.[31]

3. Acid Catalysts for Hydrolysis of Model
Disaccharides

Heterogeneous acid catalysts have been widely used for
a long time, particularly in oil refinery processes such as fluid
catalytic cracking, isomerization among others.[32] Corma et al.
extensively revised their application in biomass conversion pro-
cesses.[33] Nevertheless, the traditional solid acid catalysts were
not designed to be water resistant. With the development of
biorefineries and new processes involving soluble compounds
such as sugars in water at low temperature, understanding the
behavior of acid catalysts in aqueous medium became impor-

Figure 1. Schematic representation of a biomass upgrading strategy highlighting the relevance of solid acid catalysts for hemicellulose upgrade. Potential
added-value products are represented in green. Note: *includes soluble phenolics from lignin, acetic acid from hemicellulosic acetyl groups, mineral ions, pro-
teic compounds, and other extractives from the biomass source.

Scheme 1. Polysaccharide hydrolysis reaction.

Figure 2. Mechanism of acid hydrolysis of hemicellulose glycosidic bonds. The hydrogen and hydroxyl groups are omitted for clarity. Adapted from [9b].
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tant since it is known that water
modifies the strength and
number of acid sites of solid
acid catalysts.[34]

In the following sections, we
present and discuss the major
groups of solid acid catalysts
and their relation to the hydroly-
sis of model disaccharides. The
aims of these studies are the hy-
drolysis of sucrose into glucose
and fructose, used in food indus-
try, the hydrolysis of maltose as
a model compound for starch
and of cellobiose as a model
compound for cellulose. None of
these disaccharides are present
in hemicellulose or in ex-hemi-
cellulose oligosaccharides. How-
ever, they provide interesting information on the solid acid cat-
alysts behavior during hydrolysis reaction.

3.1. Zeolites

Zeolites are crystalline aluminosilicates with complex tridimen-
sional structures creating different levels of porosity: meso-
pores (5–50 nm) and micropores (<5 nm). Their surfaces, acid
strength, and acid sites concentrations can be finely tuned by
several preparation methods. However, the stability of zeolites
in the presence of water is a questionable issue. Ravenelle
et al.[42] reported recently that faujasite H-Y zeolites deactivate
around 200 8C in liquid water in a few hours, whereas Dimi-
trejvic’s work shows that the same catalysts are stable up to
160 8C.[43] The ultrastable zeolites H-USY could overcome this
issue: this type of zeolite is treated by steaming to improve
the stability. These materials are able to hydrolyze xylan in
water at 140 8C.[44]

Zeolites have been studied for the hydrolysis of various dis-
accharides (Table 1). They can easily convert disaccharides into
monomer sugars at temperatures between 80 and 140 8C. In-
terestingly, several authors report a very low activity of H-
ZSM5, perhaps due to the low temperature of the reaction
(Table 1, entries 7 and 8). Even if, theoretically, they can cata-
lyze dehydration reactions such as fructose dehydration into
HMF, in most of the cases the yield in dehydration products is
low. The adsorption of HMF on the zeolite was reported by
Moreau et al.[24] and could explain its absence in the reaction
medium.

The Si/Al ratio is an essential property of zeolites. Basically,
when the Si/Al ratio increases, the number of Brønsted acid
sites decreases, and the average acid strength increases. This
leads to an increased activity of zeolites in disaccharides hy-
drolysis (Table 1, entries 1–3). The adsorption of the reactant
seems to be favored by a decreasing aluminum content.[23]

Abaddi et al.[14] observed a partial deactivation of zeolites H-
mordenite and H-beta during hydrolysis of maltose at 130 8C:
a slight leaching of Al and Si led to the presence of homoge-

neous complexes and to the decrease of heterogeneous cata-
lytic activity.

It is interesting to note that, in the case of the hydrolysis of
disaccharides (sucrose or maltose), the diffusion of the reactant
into the zeolite pores is not an issue.[14] It was suggested that
some disaccharides such as sucrose have a high affinity for the
polar surface of zeolites.[23]

3.2. Resins and polymers

Resins are organic polymers synthesized as beads. They can
contain a macroreticular structure with an important specific
surface area and microporosity. Their high ion-exchange ca-
pacity is used for the adsorption of cations. Resins are also
used in organic synthesis as acid catalysts.[45] Their acidity is
due to the presence of sulfonic groups (�SO3H). One of the
most common resins is the Rohm and Haas Amberlyst-15.
Resins have been widely used in the hydrolysis of various dis-
accharides (Table 2) since the 1970s.[46] They have the advant-
age of converting disaccharides into monomeric sugars at low
temperatures (40–130 8C). At 80–90 8C, for example, they are
more active than zeolites.[39–41, 47]

The main drawback of resins is their poor temperature sta-
bility. For example, the Amberlyst resins are designed for tem-
peratures lower than 130 8C (from Rohm and Haas data). This
can be a major issue for disaccharides hydrolysis in which the
temperature can be close to 130 8C[14] or above. However, Kim
et al.[8] suggest that Amberlyst-35W could be stable until
160 8C despite the commercial recommendation.

Thus, resins can be useful for hydrolysis processes at low
temperatures. Their adsorption and ion-exchange properties
can also be used to remove impurities before the fermentation
process, such as cations, proteins, furfural, HMF, aliphatic acids,
or lignin derivatives.[48]

Polymers such as polystyrene grafted with sulfonic groups
can also be interesting for low temperature hydrolysis.[49] The
main advantage of polymers is that they can be adapted to
various shapes (beads, membranes, etc.).

Table 1. Hydrolysis of disaccharides using zeolites.

Entry Catalyst Reactant Operating
conditions[a]

Catalyst/substrate
mass ratio [w/w]

Conversion
[%]

Sugar yield
[%]

Ref.

1 H-Y (Si/Al = 27) sucrose 70 8C, 8 h 0.1 <5 – [23]
2 H-Y (Si/Al = 55) <5 –
3 H-Y (Si/Al = 110) 90 –
4 H-Y (Si/Al = 15) sucrose 95 8C, 3 h 0.01 100 – [24]
5 organic matrix-USY sucrose 80 8C, 1 h 0.025 – 36 [25]
6 organic matrix-beta – 30
7 H-ZSM5 sucrose 80 8C, 1 h 0.2 – <1 [26]
8 H-ZSM5 cellobiose 95 8C, 1 h – 0
9 H-BEA cellobiose 120 8C, 24 h 1 1.6 0.8 [27]
10 H-MOR maltose 130 8C, 24 h,

10 bar N2

0.5 60–70 66 [14]

11 H-beta 45–85 81
12 H-Y (Si/Al = 15) sucrose 100 8C, 1.5 h,

fixed-bed reactor
– 100 – [24]

[a] The tests were carried in batch reactor, under atmospheric pressure, unless otherwise specified.
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3.3. Carbon materials

Activated carbon, char or carbon nanotubes are carbon materi-
als used as catalysts or sorbents. Their specific surface areas
are usually very high (more than 500 m2 g�1), with an impor-
tant microporous volume. In heterogeneous catalysis, they are
used as metal supports or as acid catalysts in various process-
es.[50] In the latter case, they can be acid-treated for example in
fuming H2SO4 which forms sulfonic (�SO3H) groups at the
carbon surface. Activated carbons also contain hydroxyl and
carboxyl groups.

In the biorefinery context, it is interesting to note that acti-
vated carbons and char can be easily prepared from raw or
treated biomass. Wood chips, peanut hulls,[51] orange skin,[52]

olive stone,[53] and hemp fiber,[54] even glucose[19] can be used
as starting materials for the preparation of activated carbons.

Sulfonated carbons and chars were reported to catalyze the
hydrolysis of various disaccharides with good performances
(Table 3, entries 1–4). Their hydrophilic behavior, due to hy-
droxyl surface groups, could explain their high activity : the
weak acid sites present on the carbon surface (hydroxyl and
carboxyl groups) adsorb easily the carbohydrates.[19, 38, 39, 55]

Ormsby et al.[51] prepared chars from biomass which exhibit-
ed a higher activity for cellobiose hydrolysis than Amberlyst-15
resin.

Carbons are known to be stable in aqueous media,[56] but
the sulfonated surface groups are sometimes leached during
hydrolysis reactions.[51] The deactivation of sulfonated carbon
does not occur at low temperature (90 8C).[39] Thus, the recycla-
bility of such catalysts should be studied carefully.

As for resins, some authors suggest to use chars as adsorb-
ents for fractionation processes impurities.[8, 57]

3.4. Functionalized silica

Silica is a class of catalysts with a wide range of porosities and
surface areas, from mesoporous materials (e.g. , amorphous
silica) to microporous materials (e.g. , SBA-15, MCM-41). Their
intrinsic acidity is not very interesting, but they can be modi-
fied by treatments involving sulfone or sultone compounds
and then include sulfonic (�SO3H) groups. As in the case of
carbon materials, they can bear hydroxyl or carboxylic groups.

Sulfonated silicas have been tested for the hydrolysis of sev-
eral soluble disaccharides (Table 3, entries 5–12). Bootsma and
Shanks[20] suggested that sulfonic groups release protons in
the aqueous medium to hydrolyze cellobiose, that is, the reac-
tant is not in close contact with the solid catalyst and the diffu-
sion rate does not limit the reaction kinetics. Several authors
reported good stability of sulfonated silica during disacchar-
ides hydrolysis.[41, 58] Lai et al.[58, 59] improved the catalyst recov-
ery by adding paramagnetic iron species on SBA-15-SO3H. This
process was also applied to nanoparticles CoFe2O4-SiO2-SO3H
for cellobiose hydrolysis,[60] with glucose yields reaching 50 %
for a 80 % cellobiose conversion.

3.5. Other oxides

Inorganic oxides are widely used in heterogeneous catalysis as
pure compounds, as supports for metals or other promoters,
or as mixed oxides.

Abbadi et al.[14] tested silica–alumina for maltose hydrolysis
(Table 3, entry 16). The major drawback is that the basic sites
of alumina enhance glucose dehydration into HMF and de-
crease sugar yield.

Table 2. Hydrolysis of disaccharides using resins.

Entry Catalyst Reactant Operating
conditions[a]

Catalyst/substrate
mass ratio [w/w]

Conversion
[%]

Sugar yield
[%]

Ref.

1 Amberlite IR-120 H sucrose 170 8C, 1 h 2.6 85–100 – [35]
2 Amberlite 200C sucrose 80 8C, 3 h 1.6 100 98 [36]
3 Amberlite IR-120 H sucrose 79 8C, 1.5 h, N2 3.6 100 – [37]
4 Amberlyst-35W cellobiose 110-130 8C, 2 h 166 80–100 70 [8]
5 Nafion NR50 cellobiose 100 8C, 4 h 2 – 6.7 [38]
6 Amberlyst-15 – 7
7 Amberlyst-15 cellobiose 90 8C, 24 h 0.8 62 62 [39]
8 Amberlite A120 sucrose 80 8C, 4 h, recirculating

fixed-bed reactor
– 91 82 [18]

9 Amberlite A200 100 95
10 Amberlite A120 maltose 80 8C, 50 h, recirculating

fixed-bed reactor
33 29

11 Amberlite A200 19 15
12 Amberlite A120 cellobiose 22 18
13 Amberlite A200 6 <5
14 Dowex50 � 2-100 maltose 120 8C, 26 h, 5 bar N2 0.5 >95 – [14]
15 Amberlyst-15 sucrose 80 8C, 2 h 0.2 – 75 [40]
16 Nafion NR50 – 30
17 Amberlyst-15 cellobiose 100 8C, 2 h 0.2 – 87
18 Nafion NR50 – 75
19 Amberlyst-15 sucrose 80 8C, 4 h 0.5 88 88 [41]
20 Nafion–SiO2 28 27

[a] The tests were carried in batch reactor, under atmospheric pressure, unless otherwise specified.
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Sulfated zirconia led also to a low activity during cellobiose
hydrolysis (Table 3, entry 14). The low surface area of sulfated
zirconia can be increased by dispersing it in a SBA-15 matrix.[61]

The interactions between silica and zirconia create strong
Brønsted acid sites useful for cellobiose hydrolysis, with a glu-
cose yield of 60 % (Table 3, entry 11).

Phosphates are also known as acidic promoters for oxides.
Nevertheless, Nb2O5–POx is not very active during disaccharides
hydrolysis: its weak Brønsted acid sites are occupied by water
and its strong Lewis acid sites are unable to hydrolyze ether
osidic bonds (Table 3, entries 20, 21).[18] Nb2O5 and mixed
oxides including niobium (Nb2O5–SiO2) exhibited low activity
for sucrose hydrolysis for the same reasons.[18, 62]

Mixed oxides of niobium and tantalum or tungsten were
evaluated during the conversion of sucrose (80 8C) and cello-
biose (95 8C): their catalytic performances are better than
resins and zeolites for the same conditions.[26, 47, 66] The authors
attribute this high activity to the presence of strong acid sites
due to amorphous tungsten on the catalyst surface.

Indeed, tungstated zirconias are known as efficient acid cata-
lysts, bearing Lewis and/or Brønsted acid sites depending on
the tungsten content and dispersion.[67] They are active and
stable during cellobiose hydrolysis if the tungsten condensa-
tion is high enough to form strong Brønsted acid sites, validat-
ing the role of Brønsted and Lewis acidities in the hydrolysis
reaction (Table 3, entry 17).[65]

Layered mixed transition metal oxides (HNbMoO6, HTiNbO5

and HTaMoO6) have been presented by Takagaki et

al.[26, 40, 47, 66, 68] as very interesting catalysts for the hydrolysis of
cellobiose: their layered structure and polar surface permit the
adsorption of disaccharides and water in the intercalary space
(Figure 3). Then, the strong acid sites present in the intercalar
space can easily hydrolyze the ether linkages, with glucose
yield reaching 100 % in 2 h at 100 8C during cellobiose conver-
sion over nanosheets HNbMoO6.[40]

3.6. Heteropolyacids

Heteropolyacids (HPAs) are protonic acids that incorporate
polyoxometalate anions having metal–oxygen octahedral as
the basic structural units into the complex cluster.[69]

Table 3. Hydrolysis of disaccharides using various solid catalysts.

Entry Catalyst Reactant Operating
conditions[a]

Catalyst/substrate
mass ratio [w/w]

Conversion
[%]

Sugar yield
[%]

Ref.

1 carbon-SO3H cellobiose 90 8C, 24 h 0.8 85 85 [39]
2 biochar-SO3H cellobiose 123 8C, 7 h 10 97 80 [51]
3 activated carbon-SO3H 95 18
4 magnetic porous carbon-SO3H sucrose 80 8C, 2.5 h 0.3 100 94 [63]
5 silica-R-SO3H cellobiose 175 8C, 2 h 0.2 100 – [20]
6 silica-R-COOH 30 –
7 MCM-41 maltose 130 8C, 24 h 0.5 74 – [14]
8 SBA-15-COOH sucrose 80 8C, 4 h 0.5 68 – [64]
9 MCM-41 50 –

10 SiO2-SO3H sucrose 80 8C, 4 h 0.5 90 90 [41]
11 ZrO2-SO3H/SBA-15 cellobiose 160 8C, 1.5 h, 20 bar N2 0.2 80 54 [61]
12 SBA-15 20 15
13 Fe3O4–SBA-15-SO3H cellobiose 120 8C, 1 h 1.5 98 96 [58]
14 ZrO2-SO3H cellobiose 160 8C, 1.5 h, 20 bar N2 0.2 64 15 [61]
15 Al-SBA-15 39 20
16 SiO2–Al2O3 maltose 130 8C, 24 h 0.5 45–83 [14]
17 WO3/ZrO2 cellobiose 97 8C, 32 h 0.1 9 7.5 [65]
18 SiO2–Al2O3 sucrose 80 8C, 4 h, recirculating

fixed-bed reactor
- 28 9 [18]

19 SiO2–ZrO2 sucrose 11 <5
20 Nb2O5 sucrose 20 10
21 Nb2O5–PO4 sucrose 62 62
22 CoFe2O4–SiO2-SO3H cellobiose 175 8C, 1 h 0.2 80 50 [60]
23 H4SiW10O40 cellobiose 150 8C, 24 h 1 61 53 [27]
24 H3PMo12O40 83 48
25 H4SiMo12O40 75 42

[a] The tests were carried in batch reactor, under atmospheric pressure, unless otherwise specified.

Figure 3. Layered (up) and nanosheets (bottom) mixed transition metal
oxides. Reprinted from [68a] with permission.
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Micellar heteropolyacids are efficient for sucrose hydrolysis :
the micellar structure facilitates the interactions acid site-reac-
tant.[70] Moreover, this catalyst is stable in the reaction
medium. HPAs can hydrolyze cellobiose into glucose at 150 8C
(Table 3, entries 23–25).

Many HPAs exhibit super acidity. For example, H2PW12O40 is
a stronger acid than H2SO4 or CF3SO3H. The drawback is their
solubility in polar solvents but they can be supported on
silica,[71] carbon or acidic ion-exchange resins.

The study of the hydrolysis of disaccharides provides useful
information on the solid acid catalysts behavior. The hydrolysis
reaction is usually carried out between 80 and 120 8C, with
times on stream between 1 and 24 h. Several types of solid
acids are able to hydrolyze disaccharides into monosaccharides
with a good selectivity and limited side reactions. However,
the nature of the disaccharide influences the rate of hydrolysis,
corroborating the activity order, sucrose>maltose @ cellobiose,
already presented in Section 2. A key element of the catalyst
behavior is the stability in the aqueous reaction medium. How-
ever, two thirds of the reviewed articles do not present data
on the catalyst stability or recyclability. When the recyclability
is studied, most of the catalysts exhibit an activity decrease
over three runs as for example MCM-41[14, 64] or Amberlyst-
15.[39] Indeed, there is no report of the recyclability of a resin
catalyst for a disaccharide hydrolysis reaction. In contrast,
sulfonated carbon can be stable at low temperature,[39] as well
as sulfonated silica[41] or layered mixed transition metal
oxides.[47, 68a]

4. Acid Catalysts for Hydrolysis of Model Hemi-
cellulosic Oligosaccharides

The catalytic hydrolysis of hemicellulosic oligosaccharides de-
rived from xylan, arabinogalactan, and O-acetyl-galactogluco-
mannan has also been studied in a few papers (Table 4).
As a general trend, the hydrolysis of such complex oligosac-
charides requires more severe operating conditions, that is,
longer reaction times, up to 100 h (entries 1 and 2), higher
temperatures (140–185 8C) (entries 5, 7, 13–20), or high catalyst
loadings (entries 6 and 7). In these conditions, the hydrolysis
reaction gives monomeric sugars in yields as high as 80 %.
Disaccharides and small oligosaccharides are also produced, in-
dicating a random cleavage of the glycosidic bonds. Neverthe-
less, mass-transfer limitations are observed, for example, with
an Amberlyst-15 resin catalyst.[72] This is due to the slow diffu-
sion of the reactant into the pores of microporous (zeolites) or
mesoporous catalysts, which could be overcome by using
added pressure (entries 5, 13-30).[25] The catalyst structure has
also an impact on the oligosaccharides diffusion inside the
pores. For example, the resin cross-linkage degree increases
mass-transfer limitations. Fibrous resins (Smopex-101, entries 1,
3) are suitable to facilitate the reactant and products transfers
to the catalytic sites.[72] Because of their microporosity, activat-
ed carbons can also lead to diffusion limitations. To avoid
these issues, the use of carbon materials structured as random-
ly oriented sheets is a good option.[39, 55]

Among the catalysts tested, resins are the most used (en-
tries 1–4, 7, 22–25). These catalysts present a high number of
acid sites (around 4–5 mmolH+ g�1 for Amberlyst-15), but their
stability in aqueous media is uncertain. Car� et al. show that
Amberlyst-35 and Purolite D5082 are not recyclable over three
runs for xylan hydrolysis.[73] The lack of stability of Amberlyst-
15 was already discussed in Section 3; this result is corroborat-
ed by a recyclability test over xylan hydrolysis.[51]

Zeolites are also popular for complex oligosaccharides hy-
drolysis, despite of their microporosity (entries 12–16, 27–30).
They present a medium number of acid sites (between 0.5 and
1.2 mmolH+ g�1), but can hold strong acid sites, as, for example,
H-ferrierite.[73] It is interesting to note that H-ZSM5 can present
a medium hydrolysis activity for complex oligosaccharides,
whereas its activity for disaccharides hydrolysis was null (see
Section 3). This result is probably explained by the added pres-
sure used for complex oligosaccharides hydrolysis, which per-
mits a better internal diffusion of the reactants. Concerning
the recyclability, when reported, the zeolites H-ferrierite and H-
USY are recyclable.[73–74]

Mesoporous silicas (entries 5 and 8), silica–alumina (en-
tries 17 and 18), and silica gel (entry 26), sulfonated or not,
have also been studied for arabinogalactan and xylan hydroly-
sis. The sulfonated catalysts present a high number of acid
sites and a high conversion rate. However, their stability in
aqueous medium is questionable, since the sulfonated groups
can be easily leached. The sulfonated silica gel synthesized by
Car� et al. was not recyclable over three runs, for example.[73]

The non-sulfonated silica–alumina Al-MCM-41 and Al-SBA-15
do not hold enough active acid sites to be interesting for
xylan hydrolysis. However, Kusema et al. obtained good results
in arabinogalactan hydrolysis over MCM-48, probably because
of the high temperature.[29]

Other oxides, such as titania and zirconia (entries 9–11)[75] or
alumina and niobia (entries 19 and 20), have been tested for
xylan hydrolysis and have shown a medium activity. Sulfated
oxides are most of the time unstable in aqueous medium, the
sulfates groups being leached and giving homogeneous active
species, for example in the case of ZrO2–SO4.[61, 75] The main
product of xylan hydrolysis was furfural, and only small
amounts of xylose. Actually, in the case of titania and zirconia,
furfural and HMF were the target compounds, sugars were
considered by-products.

To the best of our knowledge, there is only one publication
reporting the activity of a clay (K-10, acid-activated montmoril-
lonite) for the hydrolysis of hemicelluloses.[74] The clay exhibit-
ed an activity comparable to zeolites at 170 8C. However, a fast
deactivation was observed for this catalyst (severe loss of sur-
face area).

The reported results of catalytic hydrolysis of hemicellulosic
oligosaccharides underline the importance of two major pa-
rameters. First, the mass-transfer limitations induced by the
molecular dimensions of complex oligosaccharides lead to se-
lection of different operating conditions, including higher tem-
perature (generating higher water autogenous pressure), and
added pressure of inert gas to facilitate the internal diffusion.
Secondly, in these more drastic conditions, the catalyst stability
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is crucial. However, this parameter is not systematically studied.
Another important element is the number and strength of acid
sites. The methods used to determine the acid sites concentra-
tion varies from one article to another [e.g. , temperature-pro-
grammed desorption of ammonia (TPD-NH3), titration, etc.] ,
making a global comparison difficult. Nevertheless, it seems
that a high acid-site number and available strong Brønsted
acid sites favor the hydrolysis rate.

5. Catalytic Hydrolysis of Hemicelluloses and
Ex-Hemicellulose Oligosaccharide-Rich Liquor

Catalytic studies on ex-hemicellulose oligosaccharide-rich liq-
uors are very rare in the literature. To the best of our knowl-
edge, there are only two papers reporting the use of solid cat-
alysts for the transformation of oligosaccharides liquor. The
first concerns the use of sulfonated resins to hydrolyze the oli-

gosaccharides present in the aqueous stream of corn-fiber pre-
treatment.[8] A sugar yield of 61 % is obtained at 130 8C in less
than 2 h, for a conversion superior to 90 %. The other article is
related to the hydrolysis of the oligosaccharides contained in
the waste stream of distillers’ grains, using functionalized silica
holding sulfonic groups.[76] The glucose–xylose–arabinose
global yield reaches 60 % at 175 8C in 1 h.

Both papers underline the negative role of proteins on the
hydrolysis rate. These proteins can cover the surface of cata-
lysts and lead to deactivation issues. A protein adsorbent
made of resins or activated carbon is suggested by Bootsma
et al.[76] to limit this deactivation.

For both studies, the necessary temperature for a good con-
version is higher than for most of the model disaccharides,
around 170 8C. This observation is in accordance with a lower
kinetic rate of hydrolysis due to the high polymerization
degree. Moreover, Bootsma et al. suggest that the temperature

Table 4. Hydrolysis of soluble hemicellulosic poly/oligosaccharides using various solid catalysts.

Entry Catalyst Reactant Target
compound(s)

Operating
conditions[a]

Catalyst/sub-
strate
ratio [w/w]

Acid-site
number
[mmolH+ g�1]

Conversion
[%]

Sugar
yield
[%]

Ref.

1 Smopex-101 O-acetyl-galactogluco-
mannan

glucose, mannose, gal-
actose

90 8C, 72 h – – 60 – [81]

2 Amberlyst-15 90 8C, 100 h – – 50 –
3 Smopex-101 arabino-galactan arabinose 90 8C, 24 h – – – 85 [72]
4 Amberlyst-15 – – 50
5 MCM-48 arabino-galactan arabinose, galactose 185 8C, 24 h,

20 bar H2

0.5 0.12[b] 100 65 [29]

6 biochar-SO3H xylan xylose 123 8C, 2 h 13 5.65[c] 80 – [51]
7 Amberlyst-15 – 80 –
8 SBA-15-SO3H xylan xylose 180 8C, 2 h 0.16 2.8[c] 95 35 [80]
9 TiO2 xylan furfural 250 8C, 5 min 1 0.16[d] 55–62 12–13 [75]

10 ZrO2 0.23 40–50 7–9
11 ZrO2-SO4 0.76 60 12
12 H-USY-oxalic acid

treated
xylan reducing sugars 140 8C, 7 h 0.05[d] – 56 [44]

13 H-USY xylan 170 8C, 3 h, 50 bar
N2

0.5 0.55[d] 53 41 [74]

14 H-beta
(Si/Al=19)

0.91 43 38

15 H-mordenite 1.18 42 37
16 clay K-10 0.42 41 29
17 Al-MCM-41

(Si/Al=50)
0.14 18 15

18 Al-SBA-15
(Si/Al=100)

0.08 7 5

19 Al2O3 3.74 32 20
20 Nb2O5 0.3 28 20
22 Amberlyst-70 xylan xylose, arabinose 120 8C, 4 h, 10 bar

Ar
1 2.55 – 75 [73]

23 Amberlyst-35 – – 80
24 D5081 – – 55
25 D5082 – – 70
26 sulfonated silica gel – 100 48
27 H-ZSM5

(Si/Al=50)
– – 33

28 H-ZSM5
(Si/Al=80)

– – 29

29 H-Y – – 20
30 H-ferrierite – – 43

[a] The tests were carried in batch reactor, under atmospheric pressure, unless otherwise specified. [b] Determined by FTIR-pyridine. [c] Determined by
acid-base titration. [d] Determined by temperature programmed desorption of ammonia (TPD-NH3).
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has a positive effect on the ratio hydrolysis/dehydration
rates.[76]

The importance of impurities for the catalyst activity and sta-
bility present in, for example, autohydrolysis effluents has
hardly been studied in the literature. It is important to note
that oligosaccharide liquors contain carboxylic acids, mainly
acetic acid coming from acetyl groups of hemicelluloses, furfu-
ral, HMF,[77] ex-lignin organic compounds (e.g. , phenols, ter-
penes),[78] but also inorganic compounds (e.g. , ions released
during catalyst leaching) and, eventually, proteins coming from
the raw lignocellulosic material. All these compounds can in-
teract with acid catalysts and increase their deactivation, for
example, by an ion-exchange reaction between the dissolved
cations and the Brønsted acid sites of the catalyst, by poison-
ing, or by favoring the leaching of mineral compounds from
the catalysts.

The presence of impurities after hydrolysis should also be
taken into account: the subsequent fermentation of pentoses
is a very sensitive process.[78] Thus, performance of catalytic hy-
drolysis must be evaluated not only on the sugars yield but
also on the degradation products yield and primarily, on the
leaching species from the catalyst.

6. Outlook: Catalytic Fractionation of Hemicel-
lulose in Raw Biomass

Oligosaccharide hydrolysis by acid heterogeneous catalysis ap-
pears as a promising perspective for pentose valorization in bi-
orefineries. Some pioneering papers show that it is also possi-
ble to selectively hydrolyze hemicelluloses during the fractio-
nation of lignocellulosic biomass in liquid water using solid
acid catalysts.

Sugarcane bagasse was converted over zeolites (H-USY, H-
beta, and H-mordenite) and clays (K-10) at 170 8C, leading to
oligosaccharides, xylose, and arabinose, the lignin and cellulose
remaining in the solid state;[74] at 250 8C, furfural and HMF
were selectively produced in the presence of TiO2, ZrO2, or
ZrO2–SO4 catalysts,[75] indicating that cellulose is partially at-
tacked and releases glucose. Studies on bamboo conversion
over a sulfonated allophane (amorphous aluminosilicate) cata-
lyst[79] and on various biomasses over H-USY zeolites[44] confirm
that a lower temperature favors the selective hydrolysis of
hemicelluloses into xylose. Xylose and glucose were also pro-
duced from rice straw at 180 8C over a sulfonated silicate SBA-
15 catalyst.[80]

This kind of reaction could be attractive in the future to sep-
arate and valorize the pentose part of lignocellulose in a one
pot reaction. However, several issues appear when performing
a solid–solid catalytic reaction: the catalyst recovery remains
a challenge, and the diffusion and adsorption of the solid reac-
tant on the catalyst surface is difficult to control. Despite that,
solid acid catalysts represent a promising alternative to mineral
acids for hemicellulose valorization.

7. Conclusions

The hydrolysis of poly/oligosaccharides using heterogeneous
catalysts has been studied since the 1970s. However, most of
the papers refer to the hydrolysis of disaccharides either for
food industry (in the case of sucrose hydrolysis) or as model
compounds for bigger poly/oligosaccharides (in the case of
maltose and cellobiose). Many catalysts are described for these
reactions. Some general trends can be identified: in order to
be active, a hydrolysis catalyst has to be acidic, water resistant,
and must bear strong Brønsted acid sites. Microporous materi-
als are not suitable due to diffusion issues; thus, zeolites are
not the best candidates for poly/oligosaccharides hydrolysis.
Mesoporous materials are preferred. Highly hydrophilic surfa-
ces with �OH species, allowing for a good adsorption of the
carbohydrate reactants, are also interesting here.

Moreover, a careful literature review underlines the need to
move into studies on oligosaccharide liquors in natura instead
of focusing only on studies on model compounds. Biomass hy-
drolysates contain not only long saccharides with complex
structures and compositions, more difficult to hydrolyze than
model disaccharides, but also many impurities such as phenol-
ic compounds, carboxylic acids, or proteins, which can interact
with the catalyst surface and eventually poison it. This issue
must be fully addressed and clarified.
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Hydrolysis of Oligosaccharides Over
Solid Acid Catalysts: A Review

So solid catalyst: The hydrolysis of
soluble poly/oligosaccharides increases
the cost-effectiveness of biomass up-
grading within the biorefinery frame-
work. Solid acid catalysts represent an
advantageous green alternative to cata-

lyze this reaction. This Review discusses
the advantages and limitations of their
use and identifies desirable characteris-
tics in the design of future solid acid
catalysts.
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