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Increasing fossil fuels consumption and global warming have driven the global revolution
towards renewable energy sources. Lignocellulosic biomass is the main source of
renewable carbon-based fuels. The abundant intermolecular linkages and high oxygen
content between cellulose, hemicellulose, and lignin limit the use of traditional fuels.
Therefore, it is a promising strategy to break the above linkages and remove oxygen
by selective catalytic cracking of C–O bond to further transform the main components of
biomass into small molecular products. This mini-review discusses the significance of
selectivity control in C–O bond cleavage with well-tailored catalytic systems or strategies
for furnishing biofuels and value-added chemicals of high efficiency from lignocellulosic
biomass. The current challenges and future opportunities of converting lignocellulose
biomass into high-value chemicals are also summarized and analyzed.
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INTRODUCTION

With the over-exploitation and utilization of non-renewable fossil fuels in the conventional chemical
industry, the concomitant issues like energy depletion and environmental contamination stimulate
the human to explore and develop renewable sources (Li et al., 2017; Wu H. et al., 2020).
Lignocellulosic biomass is the most abundant organic carbon source on earth, with great
potential to reduce the global reliance on fossil fuels by catalytic upgrading to obtain renewable
energy, high-value chemicals, and functional materials (Liu et al., 2019; Wang et al., 2020). However,
the oxygen content of virgin biomass is quite high (ca. 40%), mainly existing in the form of cellulose
(35–50%), hemicellulose (25–30%), lignin (15–30%), and other extractives (1–5%), which limits its
use as traditional fuels (Schutyser et al., 2018). To make better use of lignocellulosic biomass as
energy, it is necessary to reduce the oxygen content not only by using the existing infrastructure, but
by maximizing energy return (Deng et al., 2015a; Shivhare et al., 2021). To achieve this goal, it is
necessary to develop a strategy for selectively controlling the C–O bond scission in biomass to
remove oxygen (Krishna et al., 2018). Therefore, exploring new and advanced catalytic systems for
selective catalytic cleavage of C–O bonds from lignocellulose biomass under mild conditions has
attracted great interest in various fields.

Cellulose is a macromolecular polymer of D-glucose, in which a single glucose unit is connected by
β-1,4-glycosidic (C–O–C) bonds (Deng et al., 2015a). This connection causes the glucose units to be
arranged side by side in a chain-like manner, resulting in a strong intramolecular hydrogen bond
interaction between the hydroxyl groups near the sugar bond, which makes the crystal structure of
cellulose very robust (Rinaldi and Schuth, 2009). Therefore, the glycosidic bond of cellulose is also
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difficult to access by a catalytic site for C–O bond cleavage.
Compared with cellulose, hemicellulose is a polysaccharide
composed of different sugar units (e.g., glucose, xylose,
arabinose, and galactose). Although these basic sugar units are
also linked by glycosidic bonds, the overall heterogeneity of
hemicellulose structure makes it a highly branched polymer,
which makes the crystallinity of hemicellulose much lower
than that of cellulose (Maki-Arvela et al., 2011). Lignin is a
three-dimensional amorphous and complex aromatic polymer
mainly composed of phenylpropanoids (Delgado-Aguilar et al.,
2016). The three mainmonomers in lignin have been identified as
p-coumaric acid, coniferous alcohol, and mustard alcohol (Jampa
et al., 2019). Different monomers are connected by various C–O
(e.g., α-O–4, β-O–4 and 4-O–5) and C–C bonds (Figure 1) (Wu
et al., 2021). Among these bonds, the β-O–4 bond is dominant
(Enright et al., 2019; Huang et al., 2020).

In view of the different composition and structure of cellulose,
hemicellulose, and lignin, it is of great significance to develop an
efficient catalytic strategy for selectively converting each
component into value-added chemicals, and the cleavage of C–O
bonds is a common and important step in the transformation
process to release their potential and value-added components

(Deng et al., 2015a; Iravani and Varma, 2020). Acid-catalyzed
hydrolysis of cellulose is an effective strategy for decomposing its
glycosidic (C–O) bond to produce glucose as a primary product, and
the further cleavage of glycosidic bonds can be converted into alkyl
glucoside, gluconic acid, or hexanol (Li et al., 2018). Compared with
cellulose, the glycosidic bond catalytic cracking of hemicellulose is
easier to generate monosaccharides (e.g., xylose and arabinose),
which is due to the higher reactivity of polysaccharides (Zakzeski
et al., 2010). Lignin can decompose its C–O bond by hydrolysis and
hydrogenolysis to obtain phenols and a series of other aromatic
compounds (Subbotina et al., 2021). However, the selective and
efficient cleavage of C–O bonds in lignocellulose biomass is still a
major challenge, and the realization of this transformation is crucial
for the bio-renewable industry at present.

In the past few years, some excellent reviews have also
discussed the selective control of C–O bond cleavage in
lignocellulosic biomass from the aspects of different reaction
types using various catalysts (Lohr et al., 2016; Yoo et al.,
2020). This mini-review summarizes the various high-value
biological products available through the highly selective
control cleavage pathways of C–O bonds. In addition, different
conversion methods of cellulose, hemicellulose, lignin, and their

FIGURE 1 | The schematic of biomass valorization via selective C–O bond scission.

Frontiers in Energy Research | www.frontiersin.org January 2022 | Volume 9 | Article 8276802

Jian et al. C-O Bond Cleavage of Biopolymers

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


model compounds controlled by solvents, catalysts, and
temperature were discussed, and the challenges faced by
selective C–O bond cleavage in biomass upgrading were also
summarized.

THE C-O BOND SCISSION ROUTES TO
HIGH-VALUE BIOPRODUCTS

The composition and structure of cellulose, hemicellulose, and
lignin are different. The intermolecular linkages among these
three components are complicated and strong, in which cellulose
is covered by the lignin shell (biomass outer cell wall) while
hemicellulose is located around cellulose (Figure 1) (Rinaldi and
Schuth, 2009; Laurichesse and Avérous, 2014). Ether bond, the
most abundant intermolecular C–O linkages, exists between side-
chain Cα of lignin and C6 of cellulose or C of hemicellulose
(Grabber, 2005). Also, Cγ and Cβ in the lignin side-chain can
partially connect with cellulose via glycosidic bonding, while ester
and acetal/hemiacetal bonds can be formed between the hydroxyl
species in the lignin side-chain and–COOH in low quantity or
free hydroxyl species of polysaccharides, respectively (Jiang et al.,
2018). In addition, the three components interact with each other
through hydrogen bonding (Zhang et al., 2015). In this respect,
severe mass and heat transfer hindrance are unavoidable in the
thermal or catalytic treatment of solid lignocellulosic materials,
due to their integral and recalcitrant structure resulting from
various C–O binding (e.g., ether bond, glycosidic bond, ester
bond, and acetal/hemiacetal bond) and hydrogen bonding
modes, as well as low miscibility with water and organic
solvents (Grabber, 2005; Hosoya et al., 2007).

For the direct valorization of lignocellulosic biomass,
gasification is able to produce syngas that can further undergo
the Fischer-Tropsch synthesis to afford hydrocarbon fuels, while
pyrolysis can be utilized to yield bio-oils in relatively low quality
(Kamm, 2007; Deng et al., 2015a). Because of the relatively high
temperature involved, the dominant shortages of these two
thermal conversion processes are high energy consumption
and low selectivity. It is thus desirable to develop mild and
improved routes for the catalytic transformation of
lignocellulose into terminal products in satisfactory selectivity.
As a prerequisite process to undergo enhanced depolymerization
of the three main components, the biomass intermolecular
linkages need efficient cleavage to afford the corresponding
fluids primarily via C–O bond scission (Zakzeski et al., 2010).
The fractionation or pretreatment step coupled with downstream
processes can further facilitate the breaking of the intramolecular
linkages inside each component, and then simplify the starting
materials for furnishing valuable chemicals with high selectivity
(Wong et al., 2020).

Both water and organic solvents can destroy the
intermolecular linkages among the biopolymeric mixtures
under thermal conditions. Hydrothermal conversion of
biomass under conventional, subcritical, and supercritical
conditions is considered as one of the most economic and
greenest processes, generally in need of relatively lower
temperatures compared to pyrolysis and gasification (Xue

et al., 2016; Jiang et al., 2018). There is an increase in the Kw

value of H2O in the hydrothermal system, giving more active H+

and OH− ions that show enhanced capability in biomass
depolymerization and hydrolysis by disrupting the
intermolecular linkages of hemicellulose-cellulose and
hemicellulose-lignin (Luo et al., 2017). In the organosolv
process, hemicellulose and lignin can be dissolved into liquid
organic solvents, while solid cellulose is recovered in high purity.
The presence of acid catalysts can remarkably decrease the
reaction temperature, and Brønsted and Lewis acids mainly
help to break intermolecular linkages and undergo hydrolysis
to yield carbohydrates-based chemicals and lignin-derived
oligomers (Constant et al., 2015; Jiang et al., 2018). Base can
efficiently catalyze lignin depolymerization to produce
monophenols. Moreover, metal metals are beneficial for
breaking inter- and intramolecular linkages in carbohydrates
or lignin by hydrogenolysis using H2 or alcohols as hydrogen
donor, affording polyols/alkanes or monophenols of high
efficiency, respectively.

Cellulose is a crystalline macropolymer composed of glucose
units linked by β-1,4-glycosidic (C-O-C) bonds, while
hemicellulose in relatively lower crystallinity is a
heteropolysaccharide consisting of C6 and C5 sugar units (e.g.,
glucose, mannose, xylose, arabinose and galactose) (Deng et al.,
2015a; Deng et al., 2015b). Due to the formation of hydrogen
bond network, glycosidic bonds are easier to be protonated and
hydrolyzed to glucose in H2O. Acid catalysts can significantly
promote the scission of glycosidic (C-O-C) bonds in cellulose to
yield glucose via hydrolysis, while alkyl glucosides can be
obtained in an alcohol solvent instead of H2O (Figure 1).
These alkyl glycosides are more stable than glucose, which is
an effective strategy to accelerate the selective activation of
glycosidic bond (Almohalla et al., 2018). In addition, with
breaking glycosidic bonds in combination with hydrogenation
or oxidation, cellulose can be transformed into hexitols/alkanes
or gluconic acid in high selectivity due to their relatively higher
stability than glucose. In contrast, the glycosidic bonds of
hemicellulose are more likely to cleave compared with
cellulose due to the higher reactivity of the
heteropolysaccharide, which can afford monosaccharides (e.g.,
xylose and arabinose) through dilute acid-catalyzed hydrolysis of
hemicellulose (Deng et al., 2015a; Song et al., 2019). In both cases,
to efficiently access the carbohydrates-derived chemicals such as
furanic compounds, nitrogenous chemicals, organic acids, and
polyols, well-tailored bifunctional catalysts are therefore required
for realizing the occurrence of multiple reactions (Maki-Arvela
et al., 2011).

Apart from sugar components, the C–O bonds (e.g., α-O-4, β-
O-4 and 4-O-5 linkages) of lignin are often selectively disrupted
by hydrolysis and hydrogenolysis, especially the β-O-4 bonds
(representing 45–62% of the linkages in lignin), which can
produce phenols via simultaneous extraction and conversion
processes, but accompanying other aromatic compounds or
low-molecular-mass products generated (Guo et al., 2016; Yoo
et al., 2020). In addition to the one-step conversion approaches,
the oxidative, reductive, and thermal depolymerization or
chemical modification of lignin can initially afford platform
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monomeric products in the form of a complex mixture of
oxygenated hydrocarbons or solid polymers, which can further
undergo downstream processes such as deoxygenation,
dealkylation, transalkylation, oxidation and polymerization to
provide high-value chemicals, biofuels, and polymeric materials
(Wong et al., 2020). Three strategies are typically adopted for
lignin valorization (Figure 1) (Gazi, 2019). 1) Lignin directly
undergoes gasification to syngas or pyrolysis to small molecules
mixture. 2) Extensive removal of functional groups in lignin
monomers gives simple aromatic compounds (e.g., benzene,
toluene, xylene, and phenol) (Figure 1), followed by using
subsequent commercial technology to yield bulk and fine
chemicals. 3) Oriented or targeted conversion of lignin and its
derivatives furnishes specific functionalized aromatic or aliphatic
compounds using highly selective catalysts. Furthermore, the
introduction of heteroatom (X � N, Si, Li, etc.) elements
rather than C, H, and O in the lignin depolymerization
processes permit the formation of C-X and O-X bond in the
aromatic ring skeleton, further expanding the scope of lignin
products (Li et al., 2020).

All in all, it is still challenging to control the selectivity in
cleavage of specific C–O linkages together with other bonds
(especially C–C linkage) on lignocellulosic biomass, so as to
exclusively afford the desired bioproducts. Developing more
versatile and suitable techniques for biomass conversion that
destroy the targeted C–O bonds while preserving the pivotal
structure (e.g., carbon chain, furanic ring, and aromatic ring) may
be one of the most essential objectives.

THE CHALLENGES ASSOCIATED WITH
THE SELECTIVE C–O BOND CLEAVAGE
FOR BIOMASS UPGRADING
Indeed, the oriented breakage of inter- and intramolecular C–O
linkages along with C–C bonding in lignocellulosic biomass is
crucial for the whole conversion process, which not only affects
the distribution and selectivity of products obtained by
downstream processing, but also determines the subsequent
treatment parameters and reaction conditions (e.g., solvent,
catalyst, and temperature with the heating method) (Hu et al.,
2010; Wu X. et al., 2020). A variety of fractionation approaches
have been explored to initially break the specific C–O linkages
among the biopolymeric mixtures, followed by selective
conversion of fractionated-derivatives to either terminal
products or intermediates (Jiang et al., 2018). One or two
component-first strategy has been adopted on the basis of the
component contents and the bonding nature, while the product
selectivity is still not satisfying over designed catalysts in optimal
solvents, which is hence generally faced with high separation cost,
and additional investigations on the fate of disrupting the
involved inter- and intramolecular bonds to guide the design
of appropriate solvent systems and renewed catalysts.

To selectively break inter- and intramolecular linkages of
biomass in a simultaneous or consecutive manner,
multifunctional or mixture catalysts able to modulate different
reactions towards the desired direction can be envisioned but

greatly challenging (Zheng et al., 2020). Instead, the initial
production of building monomers (primarily monosaccharides
and monophenols) in high purity using industrially available
processes can significantly increase the flexibility of biomass
being further converted to specific value-added products
(Renders et al., 2017). However, the dominant challenge is to
suppress the further degradation of the resulting small molecules,
considering the difficulty in switching the catalyst reactivity. With
a fortunate possibility, chemical funneling and functionalization
of a mixture stream derived from biomass to a single product
seems a promising strategy for improving the selectivity of the
overall conversion process.

The focus of biorefinery in the early 21 century is
predominantly on cellulose and hemicellulose. Substantial
efforts have been devoted to hydrolytic cleavage of the
polysaccharide glycosidic bonds catalyzed by an acid species,
including intrinsic acid, and H2O- or H2-derived Brønsted acidic
sites (Hilgert et al., 2013; Zhang et al., 2014; Zhou et al., 2015). A
wide range of bioproducts like monosaccharides, polyols, alkanes,
organic acids, 5-hydroxymethylfurfural/furfural, and their
derivatives can be attained in the presence of acid and/or
metal catalysts (Luo et al., 2016; Sweygers et al., 2020).
However, the leaching issue of acidic or metallic species from
the solid catalysts is significant and needs to solve properly.

For lignin valorization, inter- and intramolecular C–O
linkages (α-O-4, β-O-4 and 4-O-5) can be efficiently destroyed
by both hydrolysis with acid or base catalysts and hydrogenolysis
with metal catalysts (e.g., Pt, Pd, Rh, Ru, and Ni) (Deng et al.,
2015a). The recalcitrant lignin intramolecular linkages are
required to be disrupted under more rigorous reaction
conditions compared to those for the intermolecular linkages.
High-pressure water or organic solvents (e.g., methanol, ethanol,
and THF) are efficient for the degradation of lignin fragments,
especially for breaking the ether linkages (Jasiukaityte-Grojzdek
et al., 2020). Nevertheless, various cross-linking side reactions
(predominantly Friedel-Crafts) take place to produce larger
fragments, due to the high reactivity of phenolic intermediates
and products at high temperatures (Zakzeski et al., 2010). Also,
the appropriate design of metal catalysts with enhanced capability
to destroy the C–O bonds by hydrogenolysis while inhibiting the
hydrogenation of the aromatic rings is highly challenging and in
need of solution (Wu et al., 2021). Developing novel strategies like
pre-modification of active groups and stabilization of in situ
formed active species to obstruct the repolymerization of lignin
fragments and the occurrence of over-hydrogenation is essential
for comprehensive utilization of lignocellulosic biomass.

As a simple and potentially low-cost strategy, simultaneous
extraction and depolymerization of lignin directly from biomass
to produce monophenols can be implemented over Ni or precious
metal catalysts, which is attributed to the fact that nickel or
precious metal catalysts can significantly increase the activation
of phenoxy and reduce the reaction barrier (Jiang and Hu, 2016).
However, the co-existent sugar-derived products markedly
complicate the lignin conversion process, because the
accompanying degradation of carbohydrates is easier to occur
under thermal conditions (Luo et al., 2014; Jiang and Hu, 2016).
In addition, the cleavage temperature for cellulose intermolecular
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and hemicellulose intramolecular linkages is greatly overlapped,
which should be thoroughly selected to impede unwanted
reactions in a one-pot conversion process. Alternatively, step-
wise routes are often employed for the three components in actual
biomass, in which lignin or saccharides are first separated
selectively, followed by catalytic degradation to produce
targeted small molecules.

The development of efficient biomass conversion routes is
highly correlated with the understanding of the unconverted
components. Notably, a big difference in the conversion
performance is generally observed between lignin model
molecules and real lignin in biomass (Jiang and Hu, 2016). It
is a pity that the catalytic mechanism for natural lignin
depolymerization remains blurred due to its recalcitrant
structure, and most current investigations focus on the
catalytic materials and systems explored for upgrading of
lignin-derived oligomers and model compounds that mimic
the C–O linkages in lignin (Deng et al., 2015a). In connection
to this, scission and functionalization of C–O bonds triggered by
heteroatoms (e.g., N, S, and P) in atypical ways have been
exploited as competitive routes to utilize lignocellulose despite
of unsatisfactory outcome obtained in most real biopolymeric
feedstocks, which needs much further improvement (Liu et al.,
2018; Li et al., 2020). Moreover, it would be another economical
process to prepare artificial polymeric materials from
lignocellulose such as lignin and cellulose through either
modification of inherent polymeric frameworks or bio-derived
specific monomers. These achievements are closely to rely on the
development of innovative strategies that can effectively control
the cleavage of designated linkages, especially C–O bonds that are
rich and ubiquitous in the connections of actual lignocellulosic
biomass.

CONCLUSION AND PERSPECTIVES

In conclusion, it is crucial to develop efficient selective pyrolysis
methods of C–O bonds in cellulose, hemicellulose, lignin, or their
model compounds to convert them into value-added chemicals or
fuels under mild conditions. This mini-review introduces the
research progress of selective cleavage of C–O bonds in cellulose
and its carbohydrate derivatives and hemicellulose, as well as
lignin or its model compounds. In addition, it is still challenging
to control the cleavage selectivity of specific C–O bonds and other
bonds (especially C–C bonds) on lignocellulose biomass, which
provides a reference for the development of more general and
applicable biomass conversion technologies, the destruction of

target C–O bonds and the retention of key structures (e.g.,
carbon-chain, furanic ring, and aromatic ring).

Hydrolytic cleavage of glycosidic bonds in cellulose leads to
the formation of glucose or related oligomers. The acidic catalyst
has high catalytic performance and can selectively hydrolyze
glycosidic bonds to obtain glucose, which is attributed to the
formation of hydrogen bonds between the functional groups of
the acidic catalysts and cellulose. The hydrolysis of hemicellulose
in the presence of acid catalyst can lead to the cleavage of
glycosidic bonds. Xylose, arabinose and other monosaccharides
can be obtained under mild conditions, but also can undergo
further dehydration of monosaccharides to furfural and its
derivatives. Apart from acid and alkali that can catalyze the
hydrolysis of lignin and its model compounds, metal catalysts
can also effectively hydrogenate C–O bonds in lignin to give
corresponding aromatic compounds. In some cases, the cleavage
of C–O bonds is accompanied by the hydrogenation of aromatic
rings, thus providing a complex mixture of corresponding
cyclohexane derivatives. Therefore, it is necessary to design
efficient catalysts with enhanced hydrogenolysis ability but
inhibiting hydrogenation ability to improve the selectivity in
catalytic production of aromatic compounds.

To meet mankind’s demand for chemical products and fuels,
efficient catalytic strategies should be developed to convert
lignocellulose biomass fractions from low-quality, low-cost
wastes into high-quality, high-value feedstocks. This shift is
crucial because lignocellulose biomass is the only viable
alternative source on which society depends today. Last but
not the least, talented and dedicated efforts along with insights
and holistic analyses to depreciate the “cost-determining”
conversion processes would shift biomass valorization from
“proof-of-concept” to “proof-of-value” stage and perpetuate its
research liveliness.
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