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As the most abundant polysaccharide in lignocellulosic biomass, a clean and renewable
carbon resource, cellulose shows huge capacity and roused much attention on the
methodologies of its conversion to downstream products, mainly including platform
chemicals and fuel additives. Without appropriate treatments in the processes of
cellulose decompose, there are some by-products that may not be chemically valuable
or even truly harmful. Therefore, higher selectivity and more economical and greener
processes would be favored and serve as criteria in a correlational study. Aqueous
phase, an economically accessible and immensely potential reaction system, has been
widely studied in the preparation of downstream products of cellulose. Accordingly,
this mini-review aims at making a related summary about several conversion pathways
of cellulose to target products in aqueous phase. Mainly, there are four categories
about the conversion of cellulose to downstream products in the following: (i) cellulose
hydrolysis hydrogenation to saccharides and sugar alcohols, like glucose, sorbitol,
mannose, etc.; (i) selective hydrogenolysis leads to the cleavage of the corresponding
glucose C-C and C-O bond, like ethylene glycol (EG), 1,2-propylene glycol (PG),
etc.; (i) dehydration of fructose and further oxidation, like 5-hydroxymethylfurfural
(HMF), 2,5-furandicarboxylic acid (FDCA), etc.; and (iv) production of liquid alkanes via
hydrogenolysis and hydrodeoxygenation, like pentane, hexane, etc. The representative
products were enumerated, and the mechanism and pathway of mentioned reaction are
also summarized in a brief description. Ultimately, the remaining challenges and possible
further research objects are proposed in perspective to provide researchers with a lucid
research direction.
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INTRODUCTION

To alleviate the adverse impact caused by excessive consumption
of traditional fossil fuels, finding a green-renewable-sustainable
resource on Earth that could be regarded as a replacement
of fossil has aroused much attention nowadays. Meanwhile,
this resource that we are striving to find could not only meet
the global growing energy needs but also demonstrate the
potential of promising block for application in the fields of
crucial medicines, high value-added chemicals, and functional
materials, etc. (Delbecq et al., 2018). Lignocellulosic biomass, the
most promising renewable resource on the planet, has already
been integrated into the blueprint of energy system for its high
economic and practical application value (Den et al., 2018). In
common, lignocellulosic biomass consists of 10-25% lignin, 20—
35% hemicellulose, and 35-50% cellulose. Serving as the most
abundant component of lignocellulosic biomass, cellulose plays a
vital role not only in the field of utilizing of renewable resource
but also in providing more possibilities for the production of
a battery of high value-added chemicals (Wang et al., 2019).
Therefore, how to efficiently catalyze the conversion of cellulose
to desirable products by hydrolysis and subsequent reactions is
challengeable and has become the meritorious object pursued
by researchers.

Well-known that the cellulose molecules in biomass are
formed by the glucose units linked by B-1,4 glycosidic bonds
and the molecular chains are connected to each other through
numerous hydrogen bonds (Singh et al., 2016). Therefore,
the primary premise of being able to take full advantage
of cellulose is to break those p-1,4 glycosidic bonds and
hydrogen bonds. At the outset, direct pyrolysis of cellulose has
been paramount considered as an efficient means to obtain
target fuels and chemicals (Atalla and Vanderhart, 1984). The
degree of polymerization of cellulose begins to decrease with
the increase of pyrolysis temperature; meanwhile, hydrogen
bonds (Xin et al, 2015) and B-1,4 glycosidic bonds (Yu
et al, 2012) are successively broken. In view of the effect
of B-1,4 glycosidic linkage, multiformity of end-products and
complexity of reactions in the research of cellulose pyrolysis,
cellulose model compounds (including cellotriose, cellobiose,
glucose, etc.) are usually adopted as selection objects (Paine
et al, 2007; Mayes et al., 2014; Zhang et al, 2015a; Zhang
M. et al, 2015; Gao Z. et al., 2019). Moreover, the degree
of polymerization and positions and orientation of glycosidic
linkages about organic product speciation were also investigated
among different model compounds when comparing to the
elementary products distribution after pyrolysis of glucose and
its oligomers (Patwardhan et al., 2009). Researchers found that
the positions and orientation of glycosidic linkages caused an
insignificant effect on elementary products distribution except
for the case of dextran, the elementary product—levoglucosane
yield trend follows the order: monosaccharide < disaccharides
< oligosaccharides < polysaccharides. Although pyrolysis is a
capable method in the field of directly converting cellulose, it
is limited to its single conversion means and more complicated
uncontrollable reactions, making it difficult to obtain a specific
target product directly through a specified reaction path.

Therefore, researchers are also promoted to explore other
effective ways to convert cellulose to the target products.

In the past few decades, researchers have endeavored to
overcome the obstacles in the process of cellulose biorefinery,
such as intrinsic robust, complex, and heterogeneous structure
of cellulose, so as to depolymerize cellulose into intermediary
monosaccharide and further transformation to other high
value-added chemicals. Pursuing the philosophy of efficient
conversion of cellulose and hydrolyzed monosaccharide, organic
solvent, biphasic solvent, ionic liquid, and aqueous-phase solvent
systems were adopted and confirmed that high selectivity and
yield of downstream products could be obtained (Ji et al,
2008; Van Putten et al., 2013; Wang et al., 2015; Mariscal
et al, 2016; Zhang Z. et al,, 2017). For instance, a biphasic
system made up of water and biomass-derived y-valerolactone
(GVL) has achieved a great progress in the hydrolysis of
lignocellulosic biomass into various carbohydrates by disrupting
the hydrogen-bond network or decreasing the transparent
activation energy (Mellmer et al, 2014a; Li W. et al,, 2017;
Xin et al, 2017; Zhang T. et al,, 2017; Zhang et al, 2019).
It is also demonstrated that 5-hydroxymethylfurfural (HMF)
is inclined to be steady due to the existence of GVL-water
biphasic solvent system and reduce the occurrence of side
reactions, thereby promoting the reaction toward the target
product. In addition, not confined to monosaccharide, cellulose
can also be directly converted into HMF with higher yield in
tetrahydrofuran (THF)/H,O-NaCl biphasic system using Sn-
Mont catalyst and THF-seawater biphasic system even without
any acid added (Wang et al, 2012; Li et al, 2018). In
essence, the yield could be enhanced because HMF can be
simultaneously extracted into organic phase after formation in
a biphasic system, which could maintain HMF in a steady
state and avoid the occurrence of some side reactions. And
further studies also confirmed that the reaction kinetics can
be influenced by aprotic organic solvents (e.g., GVL, THF)
in the way of transforming the stabilization of the acidic
proton vs. the protonated transition state, resulting in enormous
increases of reaction rates and product selectivity in acid-
catalyzed systems (Mellmer et al., 2014b, 2018). Moreover,
ionic liquids as novel catalysts have shown its giant potential
in the conversion of various raw biomass materials and their
derivatives that could accord with the demand of green
chemistry (Zhang et al., 2005; Li and Zhao, 2007; Li et al,,
2008; Zavrel et al, 2009). For example, an ionic liquid
for cellulose hydrolysis named 1-butyl-3-methylimidazolium
chloride [(C4mim)Cl] has been verified to accelerate reaction
rates so that facilitating the hydrolysis of cellulose dramatically
under atmospheric pressure. In [C4mim]Cl solvent, cellulose
could completely dissolve and then form a homogeneous
solution, which made the HT more accessible to the B-
1,4 glycosidic bonds so as to promote the reaction process
(Li and Zhao, 2007). In addition, two Brensted acidic
ionic liquid catalysts [1-(3-proylsulfonic)-3-methylimidazolium
chloride and 1-(4-butylsulfonic)-3-methylimidazolium chloride]
were successfully applied to the further conversion to furanic
biocrude products including HMF after cellulose hydrolysis, and
several products formed from aldol condensation of HMF with
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one to three acetone molecules and some other HMF ether
products (Amarasekara and Reyes, 2019).

Even a series of organic solvents and ionic liquids reported
previously has exhibited a certain level of activity in the
conversion of biomass raw materials and derived model
compounds, aqueous-phase solvent has the most practical
application value especially in economics to obtain downstream
products in view of the difficulty of separation recovering
the organic solvents after reaction and expensive price of
ionic liquids.

CATEGORIES OF CELLULOSE
CONVERSION

Cellulose conversion includes both conversion between different
cellulose forms (such as microcrystalline cellulose, cellulose
nanocrystals, cellulose acetate, cellulose nitrate could be
obtained) and deep cellulose degradation to small-molecule
chemicals. This review would focus on the deep cellulose
degradation to representative small molecular chemicals in
aqueous phase, which is also different from those reviews about
introducing cellulose conversion in the field of catalyst, reaction
pathway, or organic solvent effects (Shuai and Luterbacher,
2016; Jing et al, 2019; Pang et al, 2019). Cellulose can be
catalytically converted into various chemicals as the established
reaction paths under aqueous-phase reaction atmosphere, sugars
(glucose, fructose, sorbitol, mannitol, etc.), furan compounds
[HME N,N-dimethylformamide (DMF), 2,5-furandicarboxylic
acid (FDCA), etc.], alcohols [ethylene glycol (EG), ethanol,
erythritol, 1,2-propanediol, etc.], liquid hydrocarbons (pentane,
hexane, methylcyclopentanone, etc.), phenols and other pharma
[hydroxyacetone (HA), 1-hydroxy-2-butanone (HB), etc.], or
polymer building blocks are available.

In summary, there are mainly four categories of reactions
during biorefinery and catalytic process of cellulose degradation
in aqueous phase are summed up hereinafter (Scheme 1): (i)
cellulose hydrolysis and hydrogenation to sugar alcohols; (ii)
selective hydrogenolysis of glucose to alcohols by fracturing the
corresponding C-C and C-O bond; (iii) further dehydration and
hydrogenation of fructose (glucose isomerization) to HMF and
its derivatives; (iv) via hydrogenolysis and hydrodeoxygenation
to liquid alkanes. Some other reaction types may be also referred,
including but not limited to isomerization, epimerization,
oxidation, aldol condensation, or hydration, and all the reaction
types abovementioned are carried out in aqueous phase. In
addition to those abovementioned, a very hot topic about using
enzymes as green and sustainable catalysts for the processing of
cellulose conversion and the production of derived green solvents
would also be introduced, such as bioethanol, levoglucosenone,
and dihydrolevoglucosenone (cyrene).

Cellulose Hydrolysis Hydrogenation to

Saccharides and Sugar Alcohols
Polysaccharides

For a better understanding of the cellulose hydrolysis process,
high degree of polymerization of cellulose is hydrolyzed to

cello-oligosaccharides firstly, which are biologically important
molecules that can be directly used in agricultural and food
industries that are made up of 10 or less glucose units linked
by p-1,4 glycosidic bonds and could be degraded to a single
glucose unit fleetly. Homogeneous catalysts could dissolve
and hydrolyze cellulose. Eighty-five percent H3PO,4 solution
and 3.8% HF/SbF; were tested for the synthesis of cello-
oligosaccharides from cellulose (Liebert et al., 2008; Martin-
Mingotetal., 2012). Although acceptable activities were achieved,
the difficulty for catalysts recycling, water pollution problems,
and certain operational risk limited the application of such
catalysts. Subsequently, carbon materials containing oxygenated
functional groups as heterogeneous catalysts are stabilized under
the hydrothermal and high-pressure conditions requested for
cellulose hydrolysis (Kobayashi et al., 2013; Charmot et al., 2014;
Zhao et al., 2014). Reaction mechanisms reveal that cellulose
adsorbed on the carbon material surface primarily relies on CH-
7 and hydrophobic interactions, and then the acidic functional
group designed on the catalyst surface acting on the B-1,4
glycosidic bonds resulting in the hydrolysis of cellulose to
cello-oligosaccharides (Yabushita et al.,, 2014; Kobayashi et al.,
2015). Food-grade activated carbon with weak acidity after being
oxidized in air shows a good ability in the field of cellulose
conversion to cello-oligosaccharides, 56% yield of target product
were obtained in batch reactor with 40 ml distilled water under
453K after 20min (Chen et al.,, 2019). Consistent with the
literatures abovementioned, with good adsorption of catalyst to
cellulose, acidic functional groups on activated carbon surface
and high space velocity are essential to make a contribution to
maximize the product yield.

Glucose

Besides polysaccharides, glucose is the target product during
the conversion of cellulose as it is a significant precursor to
all kinds of valuable chemicals and fuels (Alonso et al., 2010).
Hence, the efficient hydrolysis of cellulose to glucose is one
of the most important subjects with low environmental impact
in green and sustainable chemistry. Homogeneous sulfuric
acid catalyst (Rinaldi and Schiith, 2009), cellulase enzymes
(Kim and Hong, 2001), sub- or supercritical water (Adschiri
et al., 1993), and heterogeneous solid catalysts (Rinaldi and
Schiith, 2009) were successfully applied to the hydrolysis of
cellulose, but homogeneous acid catalyst is highly corrosive and
neutralizing treatment is required after reaction in order to avoid
environmental problems; cellulose enzymes show a low reaction
rate with high costs, and it is difficult to recover the enzyme
from the mixtures after reaction; reaction apparatuses with high
quality are desired due to the harsh conditions under sub- or
supercritical water, and the thermal instability of glucose at high
temperature caused the low selectivity of this method. Thereby,
heterogeneous solid catalysts are gaining increasing attention
and would be favorable for cellulose hydrolysis because solid
catalysts not only can be applied under a wide range of reaction
conditions and pH tolerance but also can be easily separated
from the mixture after reaction with good cycle performance (Jun
et al., 2000; Kitano et al., 2009; Yamaguchi et al., 2009). In the
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SCHEME 1 | Conversion of cellulose to platform chemicals and fuels.

selective hydrolysis of cellulose to glucose, a sulfonated activated-
carbon catalyst (AC-SO3H) was synthesized and showed an
excellent catalytic activity and high selectivity (over 90%) of
glucose compared with H-morderite, H-ZSM5, AC, sulfated
zircoria, Amberlyst 15, and other solid materials, which turns
out that the high hydrothermal stability and the prominent
catalytic property are attributed to the surface acid sites of SOz H
functional groups and the intrinsic hydrophobic planes (Onda
et al., 2008). Sulfonic groups might become unstable and leach
into the water under high temperature and pressure that are
required in case of further conversion to target chemicals and
fuels, which may lead to a decrease in catalyst activity and the
yield of the target products. In the meantime, solid materials
supported various metal (Pt, Ru, Ni, etc.) catalysts were also
investigated with respect to the degradation of cellulose (Fukuoka
and Dhepe, 2006; Luo et al., 2007; Deng et al., 2009). A water-
tolerant solid catalyst Ru/CMK-3 was successfully synthesized
by combining mesoporous carbon material (CMK-3) and metal
Ru, which provided high glucose yields and turnover numbers
(TONSs) for the hydrolysis of cellulose in pure aqueous phase
(Kobayashi et al., 2010). The results of X-ray diffraction (XRD)
and transmission electron microscopy (TEM) indicate that Ru is

uniformly dispersed on the surface of CMK-3 and not reduced
to form zero-valent nanoparticles thoroughly, without cramming
the CMK-3 pores. There is a synergistic effect between CMK-3
and Ru, in which CMK-3 plays a vital role for the hydrolysis of
cellulose to intermediate oligosaccharides while Ru promotes the
further conversion of oligosaccharides into glucose.

Fructose

Generally, fructose is derived from the isomerization of glucose
obtained after the hydrolysis of cellulose in the presence of
enzymes, homogeneous acids, bases, or Lewis acidic sites, which
plays a key role in the way of producing platform chemicals and
fuels (Lee and Hong, 2000; Tanase et al.,, 2001; Moliner et al,,
2010; Liu C. et al.,, 2014). Recently, the catalytic performance
of macroporous niobium phosphate (NbP) supported by MgO
catalysts for isomerization of glucose to fructose was investigated
and shows high efficiency in water and air atmosphere (Gao
D. et al, 2019). The TON (defined as the number of moles of
fructose formed per mole of basic sites on the fresh catalyst when
the yield of fructose reached maximum value) values increased
with the increase of MgO content from 20 to 60 wt%. And
the surface characteristics of MgO were obviously improved
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while loading on the synthesized porous niobium phosphate, the
distribution and amounts of basic sites and the resistance to water
are comprised. However, noting that the yield of fructose was
obviously decreased because of the mediocre cycle performance
of MgO/NbP after first reaction without regeneration, thus
the practical application value is limited. A heterogeneous
bifunctional solid catalyst (UiO-66-MSBDC, substituted the
organic linker of the zirconium organic framework UiO-66 with
2-monosulfo-benzene-1,4-dicarboxylate partially) with Brensted
and Lewis acid sites was successfully prepared and shows good
stability and selectivity for glucose isomerization to fructose
in deionized water (Oozeerally et al., 2018). The Lewis acidity
can be affected while modification. UiO-66 was modified by
MSBDC, attributed to the formation of more defective materials,
and the nearby electron-withdrawing groups are enhanced
in the presence of Zr*t, consistent with previous literature
reports (Degirmenci et al,, 2011). Some representative works
abovementioned on the preparation of saccharides and sugar
alcohols are summarized in Table 1.

Sorbitol and Mannitol

When some metal catalysts with hydrogenation effect is added
to the reaction, during the hydrolytic process of cellulose,
the glucose-derived downstream products such as sorbitol and
mannitol are generated. Sorbitol and mannitol are produced by
the hydrogenation of glucose that are used not only as sweeteners
but also as precursors to isosorbide, lactic acid, 1,4-sorbitan, and
other useful chemical compounds (Huber et al., 2003; Davda
and Dumesic, 2004). It is first reported that supported metal
catalysts can work on cellulose conversion into sorbitol and
mannitol by a green environmental process, in the presence of
Pt/y-Al, 03, 31% yield of sugar alcohols (sorbitol: 25%, mannitol:
6%) were obtained in water solvent under 5 MPa H, atmosphere
at 463K after 24h (Fukuoka and Dhepe, 2006). Among the
supported metal catalysts, Pt and Ru catalysts gave the higher
yields of the sorbitol and mannitol, while Ir, Pd, and Ni catalysts
showed lower activity. The reaction mechanism suggested that
H, is adsorbed on the Pt surface dissociatively and the hydrogen
species spill over onto the y-Al,O3 surface reversibly. Hence,
the acid sites for the hydrolysis of cellulose are not only due
to the acidic surface sites intrinsic in the y-Al,Os3 but also
generated in situ from H,. The acidic sites play a decisive
role in the first of cellulose hydrolysis to glucose, and then
the sorbitol formed by means of reducing the C=0 group in
glucose with Pt and H,. Currently, bifunctional catalysts which
contain acid sites and metal sites show excellent activity on
direct conversion of cellulose into sorbitol have become the
focus of researchers (Han and Lee, 2012; Zhu et al., 2014;
Romero et al, 2016, 2017). A bifunctional catalyst Ru/CCD-
SO3H (sulfonic acid-functionalized carbonized cassava dregs
supported ruthenium) was prepared and successfully employed
for the hydrolysis of cellulose to sorbitol in a neutral aqueous
solution (Li Z. et al., 2019). More than double yield of sorbitol
63.8% can be achieved under the optimal conditions at lower
temperature 180°C and shorter time 10 h compared with Pt/y-
Al, O3 catalyst abovementioned. Meanwhile, there exists a strong
synergistic effect between -SO3H and Ru nanoparticles, acid sites

are necessary in the depolymerization of cellulose to glucose
and the hydrogenation sites of Ru could promote the formation
of sorbitol from glucose. Furthermore, except supported metal
catalysts and bifunctional catalysts, emerging catalysts like Ru-Ni
bimetallic catalysts (supported by mesoporous carbon, activated
carbon, and carbon nanotubes) also already show their potential
for enhance one-pot hydrolytic hydrogenation of cellulose to
sugar alcohols (Alonso et al., 2012; Pang et al., 2012; Sankar
et al., 2012; Ribeiro et al., 2017). The result reveals that there
is an interaction between both metals, and the presence of Ni
improved the catalytic performance of the Ru monometallic
catalysts both in terms of activity and selectivity. Furthermore,
the yield of sorbitol is over 70% in a very short time (1h) if
the catalyst and cellulose are ball milled together. In addition,
mannose can be obtained from glucose epimerization in the
presence of acid through an intramolecular carbon shift as the
Bilik reaction claimed. Another possible way to form mannose
is from a reverse 1,2-hydride transfer from fructose, and further
hydrogenation leads to the formation of mannitol (Gunther et al.,
2012). When sodium tetraborate is incorporated into the active
site of Sn-Beta zeolite, the selective epimerization of glucose to
products would be promoted in aqueous media. The reaction
proceeds by means of a 1,2 carbon shift of aldose wherein the
bond is cleaved between C-2 and C-3 and a corresponding new
bond is formed between C-1 and C-3, resulting in an inverted
configuration by moving C-1 to the C-2 position.

Concisely, saccharides and sugar alcohols have always been
considered as the link between the preceding cellulose and
following platform chemicals; therefore, finding more efficient
ways to prepare saccharides and sugar alcohols in aqueous phase
has great significance for the utilization of cellulose.

Scheme 2 shows the pathway of cellulose conversion to
saccharides and sugar alcohols.

Selective Hydrogenolysis of Glucose to

Small Molecular Alcohols

Various small molecular alcohols have been widely used as
solvents, fuel additives, and chemical synthesis intermediate;
hence, efficient preparation of small molecular alcohols
with ingenious catalysts design from direct hydrolysis and
hydrogenolysis of cellulose has become the goal pursued
by researchers.

Ethylene Glycol

In an earlier pioneering report, the process of EG production
from cellulose in one-pot is significantly promoted by using a
nickel-modified tungsten carbide catalyst (Ni-W,C/AC) instead
of precious metal (Pt, Ru) catalysts, and the yield of EG was
remarkably increased to 61% due to a synergistic effect between
nickel and W,C (Degirmenci et al., 2011). W,C is mainly
responsible for converting glucose into EG, and the addition of
Ni could not only promote the formation of tungsten carbides but
also limit the further hydrogenolysis of glucose to other polyols,
thereby promoting the improvement of EG yield. After that,
a battery of tungsten-based catalysts such as Ni-WO3/SBA-15,
Ru/WOj3, Raney Ni+H,;WO,, WxC/MC, and Ru/AC4+H, WO,
has been developed to promote the direct production of EG
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TABLE 1 | Representative work on the preparation of saccharides and sugar alcohols.

Entry 1 Substrate Solvent Catalyst Temperature (°C) Time Yield (%) References
1 Cellulose H,O AC-Air 180 20min Cello-oligosaccharides:54 Chen et al., 2019
2 Cellulose H.O AC-SO3H 150 24h Glucose:40.5 Onda et al., 2008
3 Cellulose H,O Amberlyst-15 150 24h Glucose:26.7 Onda et al., 2008
4 Cellulose H,O Pt/y-Al,Og 190 24h Sorbitol:25 Fukuoka and Dhepe, 2006
Mannitol:6
5 Cellulose H.O SiO,-SOsH 150 10h Glucose:56.6 Zhu et al., 2014
6 Cellulose H,O Ru/SiO2+-Si02-SOsH 150 10h Sorbitol:43.3 Zhu et al., 2014
Mannitol:14.7
7 Cellulose H,O Ru/Si0,4+-SOzH 150 10h Sorbitol:61.2 Zhu et al., 2014
Mannitol:6.9
8 Glucose H,O Ru/SiO2+SOzH 150 30min Sorbitol:97.5 Zhu et al., 2014
9 Glucose H,O Ru:Ni/MCM-48 120 90 min Sorbitol:31 Romero et al., 2017
10 Glucose H,O MgO/NbP-500 120 30min Fructose:24.6 Gao D. et al., 2019
11 Glucose H,O MgO/ Al,O3 120 30min Fructose:27.1 Gao D. et al., 2019
CH,0H CH,OH
H OH HO H
HO H HO H
H OH + H OH
wr H OH H OH
Ho vo CHO CH,0H CH20H
\
HO Ao 0 degradation HO Ao 0, H,0, H* H; :H o Sorbitol Mannitol
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SCHEME 2 | Conversion of cellulose to saccharides and sugar alcohols.

from cellulose with high activity and selectivity (Tai et al., 2013;
Wang and Zhang, 2013; Cao et al., 2014; Li N. et al., 2017).
The above literature reports a unified reaction mechanism: in
the first, water-soluble oligosaccharides and glucose are obtained
after the hydrolysis of cellulose in the presence of acid; then,
glycolaldehyde is formed with catalysis of tungsten species by
fracturing the corresponding C-C bond of oligosaccharides and
glucose via retro-aldol condensation; finally, glycolaldehyde is
catalyzed by a metal catalyst with hydrogenation characteristics
to finish the production of target EG.

Ethanol

Besides an ideal additive to gasoline, biomass-derived ethanol
can serve not only as a versatile precursor for the production
of various chemicals but also as a green solvent that has
received considerable attention (Farrell et al., 2006; Subramani
and Gangwal, 2008). Traditionally, bio-ethanol is produced
via the fermentation and distillation processes of pretreated
lignocellulosic materials using enzymes and homogeneous acid
(Fujita et al., 2004; Himmel et al., 2007; Binder and Raines,
2010). However, the enzymatic process is obviously limited
in terms of many technological bottlenecks and economic

challenges. For example, because the fermentation generally
follows a reaction mechanism including the formation of a
pyruvate intermediate and its subsequent decarboxylation, one
mole of CO; would be simultaneously released when one mole of
pyruvate is converted into ethanol, thereby reducing the carbon
atom efficiency and resulting in the theoretical yield of bio-
ethanol confined to 67 mol% (Kennes et al., 2016). In contrast,
the conversion of cellulose to ethanol by a chemical approach
remains challenging due to a series of inherently complex
reactions including hydrolysis, retro-aldol condensation, and
hydrogenation are involved and some other side reactions may
be caused by unstable intermediates. Therefore, the providential
design of multifunctional and robust catalysts that can regulate
all kinds of complex reactions efficiently is paramount. As
reported, tungsten-based catalysts and Pt-Cu/SiO; single-atom
alloy catalyst were successfully applied to the two-step conversion
of cellulose to ethanol, methyl glycolate(MG) is easily formed
from glycolaldehyde intermediate when the reactions were
carried out in methanol solvent, and further hydrogenation is
necessary to obtain ethanol after MG hydrogenated to EG (Xu
etal., 2017; Yang et al., 2018). Noting that the EG is the precursor
of ethanol production and could get a high yield in deionized
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water which avoids the use of organic solvent, thereby the process
that conversion of cellulose to ethanol is thought highly of in
aqueous phase.

Lately, the study about one-pot conversion of cellulose into
ethanol catalyzed by a combination of tungstic acid and zirconia-
supported Pt nanoparticles (HyWO4-Pt/ZrO;) was presented
(Song et al,, 2019). As the studies revealed, firstly, via the retro-
aldol condensation, Hy WOy is deemed to be responsible for the
breakage of the C-C bond in glucose unit, particularly the C2-
C3 bond. Secondly, Pt/ZrO, mainly works on the hydrogenation
of the C=0 bond in glycolaldehyde into EG and the further
hydrogenolysis of the C-OH bond in C2 intermediates into
ethanol. Lastly, appropriate fractions of Pt’ and Pt** on ZrO,
support impose restrictions on over-hydrogenolysis which are
crucial to promote the formation of ethanol. An ethanol yield
of 32% and EG yield of 24% at the same time were obtained
from cellulose at 523K in 5h under 4 MPa H, atmosphere
with deionized water. Later, a multifunctional Ru-WOx/HZSM-
5 catalyst was designed appropriately for one-pot efficient
transformation of cellulose to ethanol via a series of cascade
reactions (Li C. et al., 2019). Characterizations revealed that Ru
and WOx nanoparticles were highly dispersed on the surface of
HZSM-5 and formed Ru3 W7 alloy, which displayed a synergistic
catalytic effect along with moderate acidic sites: moderate acid
sites are responsible for cellulose hydrolysis, glucose retro-aldol
condensation, and EG dehydration, and RuzWj; alloy sites
are responsible for EG hydrogenation to ethanol. Meanwhile,
the key retro-aldol condensation reaction could be promoted
with the addition of Ru/WOx by suppressing oligomerization
led to an increase in the yield of ethanol from 76.8% to 87.5
over 1 wt% cellulose under mild conditions in water. When
taking the advantages of Pt/WOx into consideration as the
parent catalyst on account of its high efficiency in the selective
cleavage of the secondary C-O bond of glycerol to form 1,3-
propanediol (Wang et al., 2016; Zhao et al., 2017), another
multifunctional catalyst Mo/Pt/WOx was successfully designed
to adapt to tandem reactions for one-pot production of ethanol
from cellulose (Yang et al., 2019). As expected, Pt/WOx shows
a superior activity and selectivity in the critical process of EG
to ethanol by the introduction of extra certain content Mo, and
the activity and selectivity effected significantly with different
sedimentary sequence of Mo and Pt. Finally, constituent content
determined catalyst 0.1Mo/2Pt/WOx displayed an idiosyncratic
ability for cellulose conversion to ethanol, and experimentally
verified that the EG hydrogenolysis to ethanol by breaking the C-
O bond is the rate-determining step in the whole tandem catalysis
reaction. Similarly, the reaction pathways are consistent with
previous reports: EG as a key intermediate can be obtained in
the presence of Pt from glycolaldehyde (generated after cellulose
hydrolysis under the catalysis of WOx), and further production
of ethanol from EG hydrogenolysis would be proceeded over
Mo/Pt/WOx catalyst. Summarizing the above three articles on
the direct preparation of ethanol from cellulose, we can know
that they have the common point of converting cellulose to
the intermediate glycolaldehyde by a tungsten-based catalysts,
and then make the conversion of glycolaldehyde to EG under a
noble metal with hydrogenation effect, finally, the end product

ethanol could be obtained by EG hydrogenolysis, as shown in
Scheme 3b.

Distinctively, one-pot production of ethanol from cellulose
hydrogenolysis using chemo-catalysts Ni@C accompanied by the
addition of phosphoric acid (H3POy4) in water was reported
which demonstrated a different reaction mechanism compared
with the conversion path of EG in essence (Liu et al., 2019).
As revealed by the experimental results, H3POy4 plays the dual
roles as acid not only in catalyzing hydrolysis of cellulose to
glucose but also in coordinating with glucose to form cyclic di-
ester structure (formed via dehydration of C-OHs in glucose and
P-OHs in H3POy) for activating the corresponding C-C and C-
O bonds for further production of ethanol. A variety of catalyst
characterizations revealed that Ni was encapsulated by graphene
layers, and noted that the fewer the number covering graphene
layers, the better the catalytic performance; furthermore, the
delocalized m electrons of graphene layers weaken absorption of
H atoms on Ni@C surface by creating the electronic negative
surface which could facilitate the direct conversion of cellulose
to ethanol. Significantly, the result of 1*C NMR analysis shows
that the generation of ethanol from glucose by the cleavage of
C2-C3 and C4-C5 bond as well as the hydroxyl group is removed
from the C1 and C6 site in glucose, as shown in Scheme 3¢c. Ni@C
catalyst also shows high stability and activity for at least eight
runs under optimal conditions (above 60% yield of ethanol at
200°C in 3 h with 40 ml of 0.06 M H3POy4 aqueous solution under
H, atmosphere). In particular, higher ethanol yield (69.1%) in
Ni@C-H3POy catalytic system than theoretical value by glucose
fermentation (66.7%) and the prevention of using noble metals
provide an opportunity for practical and economical application
of direct conversion of cellulose to ethanol. Table 2 shows the
summary of one-pot conversion of cellulose to ethanol.

1,2-Propylene Glycol

In order to increase the yield of 1,2-propylene glycol(1,2-PG) in
the process of cellulose conversion, multifunctional catalyst (Ni-
W-ZnO/B) was tailored by supporting nickel and tungsten on
B-zeolite with addition of ZnO (Gu et al., 2019). Each component
of Ni-W-ZnO/f catalyst has its specific role shown below. Due
to the abundant acid sites, B-zeolite exhibited a high catalytic
performance on the hydrolysis of cellulose to glucose. Further
isomerization of glucose to fructose was promoted by addition
of ZnO, which is a key step to generate fructose precursor. Ni
is effective in the hydrogenation of dihydroxyacetone to acetol
and acetol to target 1,2-PG while W facilitates bond cleavage
via a retro-aldol condensation of fructose to dihydroxyacetone
intermediate. As shown in Scheme 3a, Ni-W-ZnO/f catalyst
shows a high activity and selectivity in the conversion of cellulose
to C2/C3 glycols (1,2-PG specially), total yield of EG and 1,2-PG
reached 70.1% with 1,2-PG accounting for 51.1%.

Knowing from the above process, hydrogenolysis is the
decisive step in the formation of small molecular alcohols, which
results in the cleavage of corresponding C-C and C-O bonds
by hydrogen and also be regarded as a promising available
technology for future biorefinery concepts. Furthermore, how
to achieve efficient hydrogenolysis and the exploration of
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TABLE 2 | The summary work of one-pot conversion of cellulose to ethanol.
Entry Catalyst Cellulose Solvent Temperature (K) Time (h) Ethanol References
dosage(g) yield (%)
1 0.15g HoyWO4-Pt/ZrO2 0.2 H,O 523 5 32 Song et al., 2019
2 0.1 g Ru-WOx/HZSM-5 0.1 H,O 508 10 59 LiC.etal, 2019
3 0.1 g Mo/Pt/WOx 0.15 H,O 518 2 43.2 Yang et al., 2019
4 0.15g Ni@C 0.4 HsPO4 473 69.1 Liu et al., 2019

hydrogenolysis mechanism should be focused on in the
future research.

Production of 5-Hydroxymethylfurfural and

Its Derivatives

5-Hydroxymethylfurfural

HMEF has always been considered as a bridge between renewable
biomass resources and platform compounds for its versatile
function in terms of obtaining medical drugs, fuel additives, and
other bulk chemicals (Korner et al., 2019). It was first reported
in 1951 by Newth on the synthesis of HMF from carbohydrates
(Newth, 1951), and publications on HMF chemistry have
increased significantly in recent years. In the beginning,
homogeneous catalysts were favored in the dehydration of
fructose to HME, like HCI (Kuster and Temmink, 1977), oxalic
acid (Elhall et al., 1983), H,SO4 (Antal et al., 1990), and H3POy4
(Tarabanko et al., 2006). With homogeneous catalysts, in order to
obtain higher HMF yields, harsh reaction conditions containing
higher temperatures and higher pressures are generally required,
50% HMF yields and 95% conversion of fructose could be

obtained in the presence of HSO4 under 250°C (Antal et al.,
1990). Although the homogeneous catalysts can obtain a certain
higher HMF yield, there still exists the problems about difficult
separation of homogeneous acid catalysts from the solvent after
reaction and the corrosive to the reaction equipment; moreover,
the selectivity of the reaction is rather low. Later, related work on
HME synthesis from fructose was published using heterogeneous
catalysts in aqueous environment by Carlini et al. When niobium
phosphate-based catalysts were applied, quite high selectivity
(over 85%) of HMF could be obtained, but only about 30%
conversion of fructose were observed in the meantime (Carlini
etal., 1999). Cubic zirconium pyrophosphate catalyst (Benvenuti
et al.,, 2000) and vanadyl phosphate catalysts (Carlini et al., 2004)
also showed similar reaction patterns, a higher HMF selectivity
corresponds to a lower fructose conversion. Generally, large
amounts of HMF are unstable in water, its further rehydration to
levulinic acid (LA) and formic acid (FA) can be facilitated under
acid conditions. More than that, HMF may also be oligomerized
or polymerized by itself or with fructose to generate insoluble
humins or soluble polymeric by-products, lead to the decrease of
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HMF yield, shown as Scheme 4a. As a comparative experiment
on y-TiP catalyst has shown, HMF was extracted with an organic
solvent—methyl isobutyl ketone (MIBK) when the reaction was
halfway through and at the end, the yield of HMF increased
apparently from 39 to 67%, although the reaction time was
already shortened from 2 to 1 h (Benvenuti et al., 2000). Due to
the timely separation of generated HMF from the water solvent,
the occurrence of side reactions is reduced, thereby greatly
increasing the HMF yield.

When the substrate turns to glucose, the formation of
HMF become more complex and difficult attributed to the
requirements of Lewis acid for the isomerization of glucose
to fructose firstly. In the process of HMF production, Lewis
acid sites are prerequisite for the isomerization of glucose into
fructose; the lack of Lewis acid sites could make the isomerization
rate go down, but excessive Lewis acid sites will result in the
formation of undesired by-products and humins, further reduce
the HMF selectivity; similarly, Bronsted acid sites are active
for dehydration of fructose, the lack of Brensted acid sites
cannot make a full dehydration of fructose to HME limiting
the generation of HME while excessive Bronsted acid sites may
suppress the isomerization reaction (Zhang M. et al., 2015; Kreissl
et al,, 2017; Li X. et al., 2017). Therefore, in order to achieve
the cooperative catalytic action for the conversion of glucose to
HME, it is extremely important to find a balance between Lewis
acid sites and Brensted acid sites. In addition to acidic sites,
water tolerance is the intrinsic requirement for catalyst when
converting glucose to HMF in aqueous phase, thereby niobium-
based catalysts have attracted the attention of researchers due
to their good water-tolerant property and tunable surface acid
density. The acid properties of Lewis acid sites and Brensted acid
sites could be adjusted by controlling the synthesis pH values of
porous niobium phosphate catalyst. When NbPOy catalyst was
synthesized at pH = 7, the amounts of Lewis acid and Brensted
acid were balanced and highest 33.6% yield of HMF could be
obtained from glucose under optimal reaction conditions in
pure water (Zhang M. et al.,, 2015). According to the literature
(Watanabe et al., 2005a,b; Chareonlimkun et al., 2010), more than
Lewis acidic sites, basic sites present on metal oxides can also lead
to the isomerization of glucose to fructose. Bifunctional catalyst
Zr0O,-TiO; possesses both basic sites for isomerization and acid
sites for dehydration achieved a relatively high HMF yield of 29%
in aqueous phase. The result of TPD analysis indicated that ZrO,
mainly works as an isomerization catalyst to form fructose from
glucose, and TiO, served as an acidic catalyst mainly responsible
for the further dehydration of fructose to HMF.

Direct conversion of cellulose to HMF is more challenging
than that from fructose and glucose, since the dissolution of
cellulose is required at first in aqueous phase. Therefore, it will
be meaningful to find an aqueous solution which could not
only hydrolyze cellulose but also promote HMF production.
Fortunately, it is reported that cellulose could be dissolved
in aqueous ZnCl, solution with a concentration >60 wt%
by forming a Zn-cellulose complex (Cao et al., 1994, 1995).
Moreover, the aqueous ZnCl, solution also exhibited strong
acidity which would be able to facilitate the hydrolysis of cellulose
and the dehydration of fructose to HME, as shown in Scheme 5.

The Zn?* ions in the concentrated aqueous ZnCl, solutions can
be combined with two adjacent hydroxyl groups on glucose,
which may play a same key role like Cr*" in the isomerization
of glucose to fructose (Xu and Chen, 1999; Pidko et al., 2010). As
high as 30.4% HMF yield can be directly obtained from cellulose
in 63 wt% high concentrated ZnCl, solution (Deng et al., 2012).
In a low concentrated solution, since the coordination between
H,0 and Zn?* ions is stronger than that between hydroxyl
groups and Zn?" ions, there is no excess Zn?* to combine with
hydroxyl group, further lead to a lower HMF yield. In short,
although aqueous solution achieved a lower yield than organic
solvents or ionic liquids in the production of HMF from fructose,
glucose, and cellulose, aqueous-phase reaction system has the
most available and economic value. Hence, as to researchers, it
is very meaningful to seek out novel catalysts to improve both
yield and selectivity as far as possible in the conversion of biomass
carbohydrates to HMF.

Table 3 shows an overview of published work about HMF
production under aqueous conditions.

2,5-Furandicarboxylic Acid

FDCA, obtained after HMF oxidation, is an important
monomer in polymer and chemical industry, which can replace
petroleum-based terephthalic and isophthalic acids to reduce
our dependence on traditional petroleum (Papageorgiou et al.,
2016). There are general three intermediate products in the
production of FDCA from HMF oxidation, 5-hydroxymethyl-2-
furancarboxylic acid (HFCA), 2,5-diformylfuran (DFF), and 5-
formyl-2- furancarboxylic acid (FFCA), as shown in Scheme 4b.
When the aldehyde group on HMEF is first selectively oxidized to
a carboxyl group, intermediate product HMFCA is obtained. On
the contrary, when the hydroxyl group on HMF is first selectively
oxidized to an aldehyde group, intermediate product DFF can be
obtained. After that, under oxygen conditions, an aldehyde group
on DFF can be converted to carboxyl group, and hydroxyl group
on HMFCA is oxidized to aldehyde group, both of them could
form the other intermediate product 5-formyl-2- furancarboxylic
acid (FFCA). FDCA can be obtained after further oxidation of
FFCA. Noble metals (like Pt, Pd, and Au) supported by carbon
or metal oxides (like Al,O3, TiO,, and CeO;) have been found
to be efficient for the oxidation of HMF to FDCA (Davis et al.,
2011; Saha et al,, 2013; Li Q. et al,, 2019). Several supported
Pt, Pd, and Au metal catalyst reactivities were investigated for
the oxidation of HMF to FDCA under identical conditions in
the aqueous phase of sodium hydroxide (Davis et al., 2011).
Pt/C, Pd/C, Au/C, and Au/TiO; catalysts were synthesized and
applied. In the presence of Pt/C and Pd/C, higher yield of FDCA
could be achieved, while mainly intermediate product HMFCA
were formed did not continue to be converted to FDCA in the
presence of Au/C and Au/TiO; under identical conditions (690
kPa Oy, 295K, 6h, and 0.3M NaOH). With the operation of
increasing O, pressure to 2,000 kPa, reaction time to 22h, and
NaOH concentration to 2.0 M, higher 72% and 80% yield of
FDCA can be achieved over Au/C and Au/TiO, respectively.
The experimental result indicates that Pt and Pd can activate the
hydroxyl group of HFCA under a mild condition and lead to the
formation of FDCA, whereas Au required higher O, pressure
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and NaOH concentration. The reason can be revealed as the
literature reported that a large amount of OH™ is required to
activate the hydroxyl group to form aldehyde group intermediate,
which can subsequently be oxidized to carboxyl group in the
presence of Au catalyst and O, (Ketchie et al.,, 2007). Noting

that in the presence of NaOH, undesirable by-products such
as 2,5-bis(hydroxymethyl)furan (BHMF) may be formed by
disproportionation reaction of HMF. Scheme 4c.

According to the previous work in our group, different
morphologies of CeO, support Au catalysts (Au/CeO;-rod,
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TABLE 3 | Production of 5-hydroxymethylfurfural (HMF) under aqueous conditions.

Entry Substrate Catalyst Temperature (°C) Time Yield (%) Conversion (%) Selectivity (%) References

1 Fructose HCI 90 7h 43 72 60 Kreissl et al., 2017

2 Fructose Formic acid 175 45min 56 56 100 LiX. etal, 2017

3 Fructose y-Tip 100 2h 39 57 69 Benvenuti et al., 2000
4 Fructose FeVOP 80 1h 60 71 84 Carlini et al., 2004

5 Glucose DyCls 140 2h 12 30 40 Seri et al., 2001

6 Glucose TiOo-ZrOs 250 5min 29 44 67 Chareonlimkun et al., 2010
7 Glucose MnPQO4 160 90 min 18 72 25 Xuetal., 2018

8 Glucose NbPO4 140 60 min 33.6 68.1 49.3 Zhang et al., 2015b

9 Cellulose ZnClo+HClI 120 - 30.4 - - Deng et al., 2012

10 Cellulose Bimodal-HZ-5 190 4h 46 67 69 Liand Yu, 2014

Au/CeO;-cube and Au/CeO;-oct) synthesized via hydrothermal
method and deposition-precipitation exhibited high selectivity
of HMF oxidation to FDCA (Li Q. et al,, 2019). Combining
with experimental results and catalyst characterization, valence
of Au and the interfacial acidic properties can be affected by
the oxygen vacancies on Au-CeO; interface, which determined
the catalytic activity. The Au/CeO,-rod catalysts with the highest
oxygen vacancies achieved higher yield of FDCA than Au/CeO,-
cube and Au/CeO;-oct catalysts in aqueous solution of sodium
hydroxide. Further characterization of catalysts shows that
Au/CeO;-rod possesses more interfacial Lewis acidic sites and
cationic Au between Au nanoparticles and CeO;-rod. Hence,
we proposed a mechanism of synergistic effect between the
interfacial Lewis acid sites, OH™, and neighboring Au particles,
by which the groups (hydroxyl, aldehyde) and molecular O,
can be activated efficiently, thereby promoting the progress of
oxidation reaction, as shown in Scheme 6. And Table 4 exhibits
the experimental results about production of FDCA from HMF
according to references (Davis et al., 2011; Li Q. et al., 2019).

Although with the addition of mineral base, noble metal
catalysts show excellent performance and high yields of FDCA
can be achieved, the high costs and produced wastewater may
limit their practical application. Therefore, the exploitation of
non-noble metal catalysts and greener reaction medium without
mineral base or acid should be investigated majorly in the
synthesis of FDCA.

Production of Liquild Alkanes via

Hydrogenolysis and Hydrodeoxygenation
Direct hydrodeoxygenation of cellulose would lead to the
formation of gasoline alkanes, mainly pentanes and hexanes.
Taking the insoluble property and complex structure of cellulose
into consideration, cellulose needs to be first hydrolyzed
to soluble hexitol, then pentanes and hexanes would be
formed wvia consecutive dehydration, hydrogenation, or
hydrogenolysis. Numerous research efforts on hydrogenolysis
and hydrodeoxygenation of cellulose to gasoline alkanes have
been made (Chen et al., 2013; Liu C. et al., 2014; Liu S. et al.,
2014; Beeck et al., 2015; Liu et al., 2015; Venkatakrishnan et al.,
2015; Xi et al., 2016).

As shown in Scheme 7, reaction pathway via HMF: the
aldehyde group on HMF is reduced to hydroxyl group leads
to the formation of BHMF, and two kinds of intermediate
precursor 1-hexanol and 2-hexanol could be obtained. 1-hexanol
conversion pathway can be expounded as the following: in the
presence of metal catalysts and acid conditions, 1-hexanol can be
directly converted to hexane by dehydration and hydrogenation,
or fracture of C-O bond under the action of metal sites; on the
other hand, pentane could be generated from hexanol via the
cleavage of C1-C2, meanwhile along with the formation of one
molecule CO, or methane. Both pentane (mainly) and hexane
could be obtained. However, for the conversion of 2-hexanol,
reactions are prone to dehydration and hydrogenation of -OH
than hydrogenolysis, lead to the generation of hexane. Noting
that the conversion route via HMF mainly occurs in a reaction
solvent containing an organic phase (n-decane, n-dodecane, etc.)
or subcritical water (Osaka et al., 2013). There are also some
researches on the conversion of cellulose to pentane and hexane
in water-organic biphasic system (Chen et al., 2013; Liu S. et al.,
2014; Beeck et al., 2015). Therefore, here we mainly introduce
some representative transformation of pentanes and hexanes in
aqueous phase.

There are generally two pathways of pentanes and hexanes
formation in aqueous phase that are proposed from intermediate
precursors sorbitol (Chen et al., 2013). As shown in Scheme 8a,
sorbitol can be obtained from the hydrogenation of glucose after
cellulose hydrolysis, which can be directly converted to hexane
via hydrodeoxygenation under metal-acid catalytic systems; on
the other hand, Scheme 8b, after dehydration of sorbitol to
isosorbide, 1-hexanol can be achieved via further hydrogenolysis
of isosorbide, pentanes and hexanes(mainly) could also be
obtained under metal-acid catalytic systems by fracturing the
corresponding C-O and C-C band (Li and Huber, 2010).

It is reported that layered LiNbMoOg catalysts combined
with Ru/C catalyst are conducive to the preparation of liquid
alkanes from direct cellulose conversion in low concentration
phosphoric acid aqueous solution (Liu S. et al., 2014). In this
process, glucose that was obtained after cellulose hydrolysis
could be hydrogenated to sorbitol in the presence of Ru/C
catalyst, and the formation of isosorbide from sorbitol was
inhibited significantly with the addition of layered LiNbMoOg
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SCHEME 6 | Possible reaction mechanism for oxidation of 5-hydroxymethylifurfural (HMF) to 2,5-furandicarboxylic acid (FDCA). Reprinted with permission from Li C.
et al. (2019). Copyright 2019 Royal Society of Chemistry.

catalysts, so that the formation of hexane is promoted efficiently ~ successive hydrogenolysis steps lead to the formation of hexanol,
via hydrodeoxygenation of sorbitol by combining LiNbMoOs  further converted to hexane and pentane via C-O band cleavage.
catalysts and Ru/C catalyst. According to the analysis results of  In order to have a better understanding of the conversion process,
catalysts and experiments, glucose and sorbitol, not isosorbide,  the activation energy of isosorbide hydrogenolysis and sorbitol
are allowed to enter the interlayer pores due to the steric  dehydration was calculated, that is, 72.7 and 147.6 kJ/mol, which
hindrance of the pores between the layered LiNbMoOg catalyst ~ are much lower compared to Pt/H-Beta (92 and 171.3 kJ/mol)
layers, so the process of converting sorbitol into isosorbide is  catalysts. It was also revealed that isosorbide hydrogenolysis
inhibited, and this mechanism is conducive to the formation is the rate-determining step. Moreover, the strong and high
of hexane, as shown in Scheme9. Benefit by the unique acid amount on NbOPOy4 supporter and the promoter effect
layer structure of LiNbMoOs and property of Ru/C, high  of component NbOy on C-O bond cleavage are responsible for
yield of hexanes (72% C) and pentane (5.9% C) could be  sorbitol dehydration and isosorbide hydrogenolysis, respectively.
obtained directly in low-concentration phosphoric acid aqueous ~ With good catalytic performance of Pt/NbOPOy, catalyst,
solution by one-pot conversion of cellulose via hydrolysis  55.9% yield of hexane and 4.8% yield of pentane can be

and hydrodeoxygenation. achieved from sorbitol under optimal reaction conditions in
When isosorbide is formed after the dehydration of sorbitol, ~ water phase.
the reaction pathway to pentane and hexane production is Overall, noble metal catalysts show an efficient and stable

obviously different from abovementioned, which is hardly catalytic reaction system in the conversion of cellulose to produce
converted to alkanes by further hydrodeoxygenation. alkanes. However, noble metal catalysts cannot be widely used
Pt/NbOPO4 multifunctional catalyst was investigated for  due to its limited availability on earth, which motivated the
alkane production from sorbitol in aqueous solution (Xi et al.,  exploration of alternative non-noble metal catalysts. Ni/HZSM-5
2016), the final product of sorbitol dehydration is isosorbide,  catalyst was investigated by aqueous-phase reforming of sorbitol
also an important intermediate in this process. With following  to bio-gasoline (Zhang et al, 2012). Total 36.4% yield of
ring opening hydrogenation reactions of isosorbide and two  C5-C6 alkanes can be achieved at 240°C under 4 MPa H,.
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TABLE 4 | Davis et al. (2011) and Li Q. et al. (2019) experimental results about production of 2,5-furandicarboxylic acid (FDCA) from 5-hydroxymethylifurfural (HMF) in
aqueous phase.

Entry Catalyst Temperature (°C) Time(h) Yield (%) Conversion (%) Selectivity (%)
1@ Pt/C 22 6 79 100 79
22 Pd/C 22 6 71 100 71
32 Au/C (WGC) 22 6 8 100
42 Au/C(sol) 22 6 7 100
52 AU/TiO2 22 6 8 100
6° Au/C(sol) 22 6 31 100 31
7° AU/TiO2 22 6 32 100 32
8° Au/C(sol) 22 22 72 100 72
9P AU/TiO2 22 22 80 100 80
10° Au/CeO,-rod 130 2.5 87.4 100 87.4
11¢ Au/CeO,-cube 130 2.5 19 100 19
12¢ Au/CeO,-otc 130 2.5 2 100 2
aReaction conditions: 0.15 M HMF solution in 0.3 M NaOH, metal:HMF = 6.67 x 10~3 mol/mol, P = 690 kPa 0.
bReaction conditions: 0.1 M HMF solution in 2.0 M NaOH, metal:HMF = 8.0 x 10~3 mol/mol, P = 2,000 kPa Os.
¢Reaction conditions: 2.5h, 130°C, 0.5 MPa O, molar ratio of NaOH/HMF = 4, molar ratio of HMF/Au = 400, 0.5 mmol HMF, 20 ml H>O.
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SCHEME 7 | Probable pathway of cellulose conversion to pentane and hexane via 5-hydroxymethylfurfural (HMF).

By comparing the characterization analysis results over Hj-
TPR/TPD of calcined catalyst at different temperatures (400,
500, 600, and 700°C), the Cat-500 catalyst has the largest
H, consumption of 1.34 mmol g~! and higher hydrogen
desorption, which indicated that decomposed NiO species were
reduced completely accompany with the appearance of more
Ni active sites on HZSM-5. In addition, the catalyst in lower
calcination temperature is not able to provide enough active sites
while Ni particles can easily be sintered in higher calcination

temperature. Moreover, according to N, physical adsorption
results, Ni/HZSM-5 catalyst, calcined at 500°C, possess a higher
surface area and appropriate amount of macropores. On the one
hand, higher surface area means more active sites that could be
beneficial to reactions; on the other hand, appropriate amount of
macropores could promote the desorption of the target products,
so the side reactions (for example, the cleavage of alkanes) could
also be suppressed, thereby further enhancing the yield and
selectivity of alkanes.

Frontiers in Chemistry | www.frontiersin.org 13

May 2020 | Volume 8 | Article 333


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xin et al.

Cellulose Conversion in Aqueous-Phase

CH,OH C4
o) CHO +
H OH H OH 2
OH : hydrodeoxygenation
HO o 0, hydrolysis HO——H  hydrogenation ~ HO——H Y Y9 o~~~ AN
o d wo 0d ——— HtoOoH ——»  H—[OH
HO OH H——OH H——OH a hexane pentane
n-2 CH,0H CH,OH
cellulose glucose sorbitol \ /
590
$ b NN
S OH
o\i‘é\s hexanol
oS
o
HO_ H )
.0 hydrogenolysis
ydrog o OH
—
OH
isosorbide 2-(tetrahydrofuran-2-yl)ethan-1-ol

SCHEME 8 | Probable pathway of cellulose conversion to pentane and hexane via sorbitol.

Copyright 2014 Royal Society of Chemistry.

SCHEME 9 | Conversion of cellulose to hexanes over LiNbMoOg and Ru/C in aqueous phosphoric acid. Reprinted with permission from Liu C. et al. (2014).

Table 5 shows the summary work about pentane and hexane
preparation via different catalysts.

Though a series of multifunctional catalysts are investigated
for the production of C5-C6 alkanes, the reaction routes and
catalytic mechanism are not clearly enough. Accordingly, the
design of catalysts for involved complicated reaction process
(hydrolysis, dehydration, hydrogenation, and hydrogenolysis,
etc.) should be more targeted and efficient.

ENZYMATIC CONVERSION OF
CELLULOSIC MATERIALS AND THE
PRODUCTION OF DERIVED GREEN
SOLVENTS

As an effective and promising process of cellulose conversion,
enzyme treatment methods are thought highly of due to its

specificity to the corresponding substrate. Typically, a mixture
of several enzymes, cellulase, consists of endo-1-4-p-glucanase,
cellobiohydrolase, and B-glucosidase, works synergistically on
cellulose hydrolysis process (Nigam, 2013). Firstly, endoglucanse
cleaves B-1, 4-glycosidic linkage of D-glucan chains casually
in the amorphous regions of cellulose or the surface of
microfibrils, so that free chains that contain both reducing
and non-reducing ends could be obtained. Then, cellobiose
can be achieved while cellobiohydrolase acts on reducing
and non-reducing ends. Ultimately, the cellobiose would be
converted into glucose by B-glucosidase (Zabed et al., 2016).
Moreover, lignocellulosic materials could also be converted by
enzymes (Skiba et al., 2016). In the presence of CelloLux-
A and BrewZyme BGX industrial enzymes, the hydrolysis of
lignocellulosic materials from miscanthus and oat husks was
studied. Several monosaccharides including xylose, mannose,
glucose, and galactose were obtained after the substrate is treated
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TABLE 5 | Summary work about hexanes and pentanes preparation under different catalytic systems in aqueous phase.

Entry Catalysts Solvent Carbon balance (%) Yield (%) References
Hexane Pentane Others

18 Ru/C H,O 95.4 1.9 1.1 92.4 Liu S. etal., 2014
22 Ru/C HzPO4 93.6 23.3 12.4 57.9 Liu S. etal., 2014
3@ Ru/C+MCM-41 HzPO4 93.9 48.6 9.6 35.7 Liu S. etal., 2014
4@ Ru/C+HZSM-5 HzPO4 93.4 36.6 16.4 40.4 Liu S. etal., 2014
5@ Ru/C+y-Al,Og HzPO4 94.5 35.3 14.4 44.8 LiuS. etal.,, 2014
6° Ru/C+SBA-15 H3PO4 95 29.7 13.8 51.5 LiuS. etal., 2014
7 Ru/C+HNbMoOg H3PO4 88.4 65.9 6.9 15.6 LiuS. etal., 2014
82 Ru/C+LiNbMoOg HsPO4 88.6 72 5.9 10.7 Liu S. et al., 2014
9?2 Ru/C+LiNbWOg HsPO4 84.5 47.7 5.5 31.3 Liu S. et al., 2014
10° Pt/NbOPO,4 H,O >66 55.9 4.8 >5.3 Xi et al., 2016

110 Pd/NbOPO4 H,O >37.7 23.5 5.1 >9.1 Xi et al., 2016

120 Ru/NbOPO4 H.O >53.4 8.9 7.8 >36.7 Xi et al., 2016

13° Ir/NbOPO4 H>O >58.1 6.1 3.1 >48.9 Xi et al., 2016

140 Rh/NbOPO4 H2O >48.5 10.2 15.2 >23.1 Xiet al., 2016

15°¢ Ni/HZSM-5 H>O 35.3 18.3 4.7 12.3 Zhang et al., 2012
169 Ni/HZSM-5 H,O 47.6 30 6.4 11.2 Zhang et al., 2012
16° Ni/HZSM-5 H,O 45 28.7 8.0 13.3 Zhang et al., 2012

aReaction conditions: 0.8 g microcrystalline cellulose, 0.2 g Ru/C, 230°C, 40 ml solvent, 6 MPa Hs, 24 h, others = C1-C4 alkanes, glucose, cellobiose, sorbitol, sorbitans, isosorbide,

1-hexanol, 1-pentanol, 1,6-hexanediol, ethylene glycol, and propylene glycol.

bReaction conditions: 1 g sorbitol, 0.3g catalysts, 250°C, 209 HoO, 4 MPa Ha, 12 h, others = isosorbide (mainly), sorbitan, 2-(tetrahydrofuran-2-yl)ethan-1-ol, and hexanol.
¢Reaction conditions: 0.05 mol sorbitol, 3.0 g catalyst, 240°C, 150 ml deionized water, 3 MPa Ho, others = C1-C4 alkanes.
9Reaction conditions: 0.05mol sorbitol, 3.0g catalyst, 240°C, 150 ml deionized water, 4 MPa H,, others = C1-C4 alkanes.
®Reaction conditions: 0.05 mol sorbitol, 3.0 g catalyst, 240°C, 150 ml deionized water, 5 MPa Ho, others = C1-C4 alkanes.

with enzymes. Expectedly, glucose has the highest yield among
those monosaccharides, 75.8 and 53.5% yields can be achieved
from miscanthus and oat husks. Surprisingly, bioethanol, a
derived green solvent, could be obtained in a high yield with
further fermentation after enzymatic hydrolysis.

In addition to bioethanol, levoglucosenone (LGO) and
dihydrolevoglucosenone (Cyrene) are also considered as green
solvents and building blocks of platform chemicals. LGO is the
precursor of synthetic Cyrene that was obtained after cellulose
dehydration, which could be subsequently hydrogenated to
Cyrene, as shown in Scheme 10. Cyrene has the potential in
many applications, such as in the field of graphene manufacturing
due to its optimal polarity and high viscosity (Salavagione et al.,
2017); a replacement for toxic dipolar aprotic solvents, like DMF,
NMP, and sulfolane (Camp, 2018); used to synthesize metal-
organic framework (Zhang et al., 2016). However, the synthesis of
Cyrene mostly used Pd-based catalysts with additional hydrogen.
Distinctively, an alkene reductase (OYE 2.6) shows a high
performance in the reduction of levoglucosenone to Cyrene
(Mouterde et al., 2018), high levoglucosenone conversion of
99 and 99% yield of Cyrene can be achieved by continuous
extraction. Furthermore, the formation of side product (1R,2S)-
2-hydroxy-6,8-dioxabicyclo [3.2.1] octan-4-one (OH-LGO) is
avoided due to the catalytic specificity of alkene reductase (OYE
2.6) and present the best conversion rates.

In view of the high selectivity and activity of the enzyme
in the catalytic process, meanwhile meet with the demand of
green and sustainable catalytic process, more research should

be accounted of in the upcoming development of cellulosic
materials conversion.

CONCLUSIONS AND PERSPECTIVES

The transformation of cellulose to oxygenated and hydrocarbon
chemicals was reviewed via several reaction routes over diverse
multifunctional catalysts in aqueous phase. Sugars, alcohols,
furfural, furan, and alkane chemicals can be obtained in one or
two-step from cellulose conversion, which provide an alternative
way to replace traditional fossil fuels with sustainable resources
and potential solution for current environment problems. During
the conversion process, complex reactions including hydrolysis,
dehydration, isomerization, hydrogenolysis, and hydrogenation
have high requirements for reaction systems and catalysts.
(1) As to reaction solvent, the preferred reaction solvent for
efficient conversion of cellulose to the downstream products
for practical application is the aqueous phase, which is more
available and economical than organic solvents or ionic liquids
or other solvents. (2) For reaction conditions, high temperature
and added extra gas (Hj, O;) increased the cost of conversion
process and exiting security issues, which would bring a lot
of uncertainty for the reaction. (3) When it turns to catalysts,
multifunctional catalysts were designed due to the complexity
of the various reactions involved in the conversion process, in
which different components of the catalysts have unique effects
for specific reaction processes, for example, metal components
are usual responsible for the hydrogenation, or hydrogenolysis
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of C-O or C-C bonds, or active sites of the reaction. (4)
The reaction routes have always been valued in the study
of cellulose aqueous-phase transformation, different reaction
routes generally correspond to various types of reaction systems
over diverse multifunctional catalysts, and the ultimate goal of
the study is to achieve a clear understanding of the reaction
and reduce the reaction steps as possible for energy-saving
purposes. (5) Meet the requirements of green and sustainable
catalysis, enzyme catalytic process of cellulosic materials has
shown a giant potential for its high selectivity and activity,
hence, looking for specific enzymes for specific reactions are
of great significance. Overall, the research findings mentioned
in this review provide a scientific basis for related subject
study, which has broad prospects for future development in
biomass conversion.

Although tremendous progresses have been achieved in the
conversion of cellulose, there are still a lot of shortcomings and
challenges that need to be solved in further study. (1) It can
be confirmed that cellulose could be efficiently converted in
aqueous phase, but many mineral acids (sulfuric acid, phosphoric
acid, hydrochloric acid, etc.) or organic acids (formic acid, acetic
acid, fatty acid, etc.) are involved in many aqueous phases,
all of these acids has corrosive effects on reaction instruments
and may cause water pollution problems, so pure water phase
reaction should be the ultimate goal to pursue. (2) The efficient
conversion of cellulose under milder conditions should be the
focus of researchers. And taking the high oxygen content of
cellulose and the presence of water in reaction system into
consideration, can oxygen and hydrogen be supplied in situ
during the reaction process? Those ways can both reduce the
energy consumption and expenditure by a large margin. (3)
The decisive steps in all kinds of reaction process should be
defined in the beginning so that the catalyst can be designed
more accurately, and researches on non-noble metals should
be reinforced to minimize the use of precious metals in
economic aspect. Furthermore, the interaction between different

REFERENCES

components of the multifunctional catalysts should be clearly
understood in order to reduce the occurrence of side reactions
and improve the yield of the target products. In particular,
the hydrothermal stability and excellent catalytic activity of
multifunctional catalysts are the most important things that
should be the first to be considered to enable the full utilization of
cellulose. (4) The reaction routes are still the key research object
of cellulose aqueous phase transformation, the design of catalysts
and the comprehension of reaction mechanisms would be a
benefit from the premise of a clear reaction route. (5) The high
cost, sensitivity to reaction temperature, and pH have become
non-negligible factors restricting the application of enzymes in
catalytic conversion of biomass. Therefore, further reducing the
cost and improving the stability of the enzyme to adapt to various
reaction conditions will be focused on in the next research.

AUTHOR CONTRIBUTIONS

HX and QL taking the lead in coordinating the review study
and drafting the manuscript. CZ is responsible for obtaining the
Scheme permission in the relevant cited references. XH, HW,
CZ, SL, and ZX provided professional advice. CC, XZ, and QL
participated in the work of manuscript revision. XZ, QL, and
LM provided funding support. All authors read and approved the
final manuscript.

FUNDING

This work was financially supported by the National Key R&D
Program of China (2018YFB1501402), the National Science
Foundation of China (51976220 and 51576199), the Natural
Science Foundation of Guangdong Province (2017A030308010),
the DNL Cooperation Fund, CAS (DNL180302), and the
Transformational Technologies for Clean Energy and
Demonstration, Strategic Priority Research Program of the
Chinese Academy of Sciences (No. XDA21060102).

Alonso, D. M., Bond, J. Q., and Dumesic, J. A. (2010). Catalytic conversion of
biomass to biofuels. Green Chem. 12, 1493-1513. doi: 10.1039/c004654;

Adschiri, T., Hirose, S., Malaluan, R., and Arai, K. (1993). Noncatalytic conversion Alonso, D. M., Wettstein, S. G., and Dumesic, J. A. (2012).
of cellulose in supercritical and subcritical water. J. Chem. Eng. Jpn. 26, 676-680. Bimetallic ~catalysts for upgrading of biomass to fuels and
Frontiers in Chemistry | www.frontiersin.org 16 May 2020 | Volume 8 | Article 333


https://doi.org/10.1039/c004654j
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xin et al.

Cellulose Conversion in Aqueous-Phase

chemicals. Chem. Soc. Rev. 8075-8098. doi:  10.1039/c2cs3
5188a

Amarasekara, A. S., and Reyes, C. D. G. (2019). Bronsted acidic ionic
liquid catalyzed one-pot conversion of cellulose to furanic biocrude and
identification of the products using LC-MS. Renew. Energy 136, 352-357.
doi: 10.1016/j.renene.2018.12.108

Antal, M. J. Jr., Mok, W. S., and Richards, G. N. (1990). Mechanism of formation
of 5-(hydroxymethyl)-2-furaldehyde from D-fructose and sucrose. Carbohyd.
Res. 199, 91-109. doi: 10.1016/0008-6215(90)84096-D

Atalla, R. H., and Vanderhart, D. L. (1984).
composite of two distinct crystalline forms.
doi: 10.1126/science.223.4633.283

Beeck, B. O., Dusselier, M., Geboers, J., Holsbeek, J., Morré, E., Oswald, S., et al.
(2015). Direct catalytic conversion of cellulose to liquid straight-chain alkanes.
Energy Environ. Sci. 8, 230-240. doi: 10.1039/C4EE01523A

Benvenuti, F., Carlini, C., Patrono, P., Galletti, A. M. R., Sbrana, G., Massucci,
M. A, et al. (2000). Heterogeneous zirconium and titanium catalysts for
the selective synthesis of 5-hydroxymethyl-2-furaldehyde from carbohydrates.
Appl. Catal. A Gen. 193, 147-153. doi: 10.1016/S0926-860X(99)00424-X

Binder, J. B., and Raines, R. T. (2010). Fermentable sugars by chemical
hydrolysis of biomass. Proc. Natl. Acad. Sci. US.A. 107, 4516-4521.
doi: 10.1073/pnas.0912073107

Camp, J. E. (2018). Bio-available solvent cyrene: synthesis, derivatization, and
applications. ChemSusChem 11, 3048-3055. doi: 10.10021/cssc.201801420

Cao, N. J,, Xu, Q., Chen, C. S., Gong, C. S., and Chen, L. F. (1994). Cellulose
hydrolysis using zinc chloride as a solvent and catalyst. Appl. Biochem.
Biotechnol. 45, 521-530. doi: 10.1007/BF02941827

Cao, N. J,, Xu, Q., and Chen, L. F. (1995). Acid hydrolysis of cellulose in zinc
chloride solution. Appl. Biochem. Biotechnol. 51:21. doi: 10.1007/bf02933408

Cao, Y., Wang, J., Kang, M., and Zhu, Y. (2014). Efficient synthesis of ethylene
glycol from cellulose over Ni-WO3/SBA-15 catalysts. J. Mol. Catal. A Chem.
381, 46-53. doi: 10.1016/j.molcata.2013.10.002

Carlini, C., Giuttari, M., Galletti, A. M. R, Sbrana, G., Armaroli, T., and
Busca, G. (1999). Selective saccharides dehydration to 5-hydroxymethyl-2-
furaldehyde by heterogeneous niobium catalysts. Appl. Catal. A Gen. 183,
295-302. doi: 10.1016/S0926-860X(99)00064-2

Carlini, C., Patrono, P., Galletti, A. M. R., and Sbrana, G. (2004). Heterogeneous
catalysts based on vanadyl phosphate for fructose dehydration to
5-hydroxymethyl-2-furaldehyde. Appl. Catal. A Gen. 275, 111-118.
doi: 10.1016/j.apcata.2004.07.026

Chareonlimkun, A., Champreda, V., Shotipruk, A., and Laosiripojana, N.
(2010). Catalytic conversion of sugarcane bagasse, rice husk and corncob
in the presence of TiO,, ZrO, and mixed-oxide TiO;-ZrO, under hot
compressed water (HCW) condition. Bioresour. Technol. 101, 4179-4186.
doi: 10.1016/j.biortech.2010.01.037

Charmot, A., Chung, P. W., and Katz, A. (2014). Catalytic hydrolysis of cellulose
to glucose using weak-acid surface sites on postsynthetically modified carbon.
ACS Sustain. Chem. Eng. 2, 2866-2872. doi: 10.1021/5¢500669q

Chen, K., Tamura, M., Yuan, Z., Nakagawa, Y., and Tomishige, K. (2013). One-pot
conversion of sugar and sugar polyols to n-alkanes without C-C dissociation
over the Ir-ReOx/SiO; catalyst combined with H-ZSM-5. ChemSusChem 6,
613-621. doi: 10.1002/cssc.201200940

Chen, P., Shrotri, A., and Fukuoka, A. (2019). Soluble cello-oligosaccharides
produced by carbon-catalyzed hydrolysis of cellulose. ChemSusChem 12,
2576-2580. doi: 10.1002/cssc.201900800

Davda, R. R., and Dumesic, J. A. (2004). Renewable hydrogen by aqueous-phase
reforming of glucose. Chem. Commun. 1, 36-37. doi: 10.1039/B310152E

Davis, S. E., Houk, L. R., Tamargo, E. C., Datye, A. K., and Davis, R. J. (2011).
Oxidation of 5-hydroxymethylfurfural over supported Pt, Pd and Au catalysts.
Catal. Today 160, 55-60. doi: 10.1016/j.cattod.2010.06.004

Degirmenci, V., Uner, D., Cinlar, B., Shanks, B. H., Yilmaz, A., van Santen, R.
A, et al. (2011). Sulfated zirconia modified SBA-15 catalysts for cellobiose
hydrolysis. Catal. Lett. 141, 33-42. doi: 10.1007/s10562-010-0466-1

Delbecq, F., Wang, Y., Muralidhara, A., El Ouardi, K., Marlair, G., and
Len, C. (2018). Hydrolysis of hemicellulose and derivatives-A review
of recent advances in the production of furfural. Front. Chem. 6:146.
doi: 10.3389/fchem.2018.00146

41,

Native cellulose: a
Science 223, 283-285.

Den, W., Sharma, V. K., Lee, M., Nadadur, G., and Varma, R. S. (2018).
Lignocellulosic biomass transformations via greener oxidative pretreatment
processes: access to energy and value-added chemicals. Front. Chem. 6:141.
doi: 10.3389/fchem.2018.00141

Deng, T., Cui, X., Qi, Y., Wang, Y., Hou, X,, and Zhu, Y. (2012). Conversion
of carbohydrates into 5-hydroxymethylfurfural catalyzed by ZnCl, in water.
Chem. Commun. 48, 5494-5496. doi: 10.1039/C2CC00122E

Deng, W., Tan, X,, Fang, W., Zhang, Q., and Wang, Y. (2009). Conversion of
cellulose into sorbitol over carbon nanotube-supported ruthenium catalyst.
Catal. Lett. 133:167. doi: 10.1007/s10562-009-0136-3

Elhall, T., Martin, J. C, and Descotes, G. (1983).
hydroxymethylfurfural I synthesis of DI and terfuran derivatives. Chem.
Inform. 36:14. doi: 10.1002/chin.198336200

Farrell, A. E., Plevin, R. J., Turner, B. T., Jones, A. D., O’hare, M., and Kammen, D.
M. (2006). Ethanol can contribute to energy and environmental goals. Science
311, 506-508. doi: 10.1126/science.1121416

Fujita, Y., Ito, J., Ueda, M., Fukuda, H., and Kondo, A. (2004). Synergistic
saccharification, and direct fermentation to ethanol, of amorphous
cellulose by use of an engineered yeast strain codisplaying three
types of cellulolytic enzyme. Appl. Environ. Microbiol. 70, 1207-1212.
doi: 10.1128/AEM.70.2.1207-1212.2004

Fukuoka, A., and Dhepe, P. L. (2006). Catalytic conversion of cellulose into sugar
alcohols. Angew. Chem. Int. Ed. 45, 5161-5163. doi: 10.1002/anie.200601921

Gao, D. M., Shen, Y. B., Zhao, B., Liu, Q., Nakanishi, K., Chen, J., et al.
(2019). Macroporous niobium phosphate-supported magnesia catalysts for
isomerization of glucose-to-fructose. ACS Sustain. Chem. Eng. 7, 8512-8521.
doi: 10.1021/acssuschemeng.9b00292

Gao, Z., Li, N, Chen, M., and Yi, W. (2019). Comparative study on the pyrolysis
of cellulose and its model compounds. Fuel Proc. Technol. 193, 131-140.
doi: 10.1016/j.fuproc.2019.04.038

Gu, M., Shen, Z., Yang, L., Dong, W, Kong, L., Zhang, W. et al
(2019). Reaction route selection for cellulose hydrogenolysis into C,/Cs
glycols by ZnO-modified Ni-W/B-zeolite catalysts. Sci. Rep. 9, 1-10.
doi: 10.1038/s41598-019-48103-6

Gunther, W. R, Wang, Y., Ji, Y., Michaelis, V. K., Hunt, S. T., Griffin, R. G,,
et al. (2012). Sn-Beta zeolites with borate salts catalyse the epimerization
of carbohydrates via an intramolecular carbon shift. Nat. Commun. 3:1109.
doi: 10.1038/ncomms2122

Han, J. W, and Lee, H. (2012). Direct conversion of cellulose into sorbitol using
dual-functionalized catalysts in neutral aqueous solution. Catal. Commun. 19,
115-118. doi: 10.1016/j.catcom.2011.12.032

Himmel, M. E., Ding, S. Y., Johnson, D. K., Adney, W. S., Nimlos, M. R., Brady,
J. W., et al. (2007). Biomass recalcitrance: engineering plants and enzymes for
biofuels production. Science 315, 804-807. doi: 10.1126/science.1137016

Huber, G. W., Shabaker, ]. W., and Dumesic, J. A. (2003). Raney Ni-Sn catalyst for
H, production from biomass-derived hydrocarbons. Science 300, 2075-2077.
doi: 10.1126/science.1085597

Ji, N., Zhang, T., Zheng, M., Wang, A., Wang, H., Wang, X,, et al. (2008).
Direct catalytic conversion of cellulose into ethylene glycol using nickel-
promoted tungsten carbide catalysts. Angew. Chem. Int. Ed. 47, 8510-8513.
doi: 10.1002/anie.200803233

Jing, Y., Guo, Y., Xia, Q., Liu, X., and Wang, Y. (2019). Catalytic production of
value-added chemicals and liquid fuels from lignocellulosic biomass. Chem 5,
2520-2546. doi: 10.1016/j.chempr.2019.05.022

Jun, S., Joo, S. H., Ryoo, R., Kruk, M., Jaroniec, M., Liu, Z., et al. (2000). Synthesis
of new, nanoporous carbon with hexagonally ordered mesostructure. J. Am.
Chem. Soc. 122, 10712-10713. doi: 10.1021/ja002261e

Kennes, D., Abubackar, H. N., Diaz, M., Veiga, M. C., and Kennes, C. (2016).
Bioethanol production from biomass: carbohydrate vs syngas fermentation. J.
Chem. Technol. Biotechnol. 91, 304-317. doi: 10.1002/jctb.4842

Ketchie, W. C., Murayama, M., and Davis, R. J. (2007). Promotional
effect of hydroxyl on the aqueous phase oxidation of carbon monoxide
and glycerol over supported Au catalysts. Top. Catal. 44, 307-317.
doi: 10.1007/s11244-007-0304-x

Kim, K. H., and Hong, J. (2001). Supercritical CO, pretreatment of lignocellulose
enhances enzymatic cellulose hydrolysis. Bioresour. Technol. 77, 139-144.
doi: 10.1016/50960-8524(00)00147-4

Derivatives of 5-

Frontiers in Chemistry | www.frontiersin.org

17

May 2020 | Volume 8 | Article 333


https://doi.org/10.1039/c2cs35188a
https://doi.org/10.1016/j.renene.2018.12.108
https://doi.org/10.1016/0008-6215(90)84096-D
https://doi.org/10.1126/science.223.4633.283
https://doi.org/10.1039/C4EE01523A
https://doi.org/10.1016/S0926-860X(99)00424-X
https://doi.org/10.1073/pnas.0912073107
https://doi.org/10.10021/cssc.201801420
https://doi.org/10.1007/BF02941827
https://doi.org/10.1007/bf02933408
https://doi.org/10.1016/j.molcata.2013.10.002
https://doi.org/10.1016/S0926-860X(99)00064-2
https://doi.org/10.1016/j.apcata.2004.07.026
https://doi.org/10.1016/j.biortech.2010.01.037
https://doi.org/10.1021/sc500669q
https://doi.org/10.1002/cssc.201200940
https://doi.org/10.1002/cssc.201900800
https://doi.org/10.1039/B310152E
https://doi.org/10.1016/j.cattod.2010.06.004
https://doi.org/10.1007/s10562-010-0466-1
https://doi.org/10.3389/fchem.2018.00146
https://doi.org/10.3389/fchem.2018.00141
https://doi.org/10.1039/C2CC00122E
https://doi.org/10.1007/s10562-009-0136-3
https://doi.org/10.1002/chin.198336200
https://doi.org/10.1126/science.1121416
https://doi.org/10.1128/AEM.70.2.1207-1212.2004
https://doi.org/10.1002/anie.200601921
https://doi.org/10.1021/acssuschemeng.9b00292
https://doi.org/10.1016/j.fuproc.2019.04.038
https://doi.org/10.1038/s41598-019-48103-6
https://doi.org/10.1038/ncomms2122
https://doi.org/10.1016/j.catcom.2011.12.032
https://doi.org/10.1126/science.1137016
https://doi.org/10.1126/science.1085597
https://doi.org/10.1002/anie.200803233
https://doi.org/10.1016/j.chempr.2019.05.022
https://doi.org/10.1021/ja002261e
https://doi.org/10.1002/jctb.4842
https://doi.org/10.1007/s11244-007-0304-x
https://doi.org/10.1016/S0960-8524(00)00147-4
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xin et al.

Cellulose Conversion in Aqueous-Phase

Kitano, M., Yamaguchi, D., Suganuma, S., Nakajima, K., Kato, H., Hayashi, S.,
et al. (2009). Adsorption-enhanced hydrolysis of -1, 4-glucan on graphene-
based amorphous carbon bearing SO3H, COOH, and OH groups. Langmuir
25, 5068-5075. doi: 10.1021/1a8040506

Kobayashi, H., Komanoya, T., Hara, K., and Fukuoka, A. (2010). Water-
tolerant mesoporous-carbon-supported ruthenium catalysts for the hydrolysis
of cellulose to glucose. ChemSusChem 3, 440-443. doi: 10.1002/cssc.200900296

Kobayashi, H., Yabushita, M., Hasegawa, J. Y., and Fukuoka, A. (2015). Synergy of
vicinal oxygenated groups of catalysts for hydrolysis of cellulosic molecules. J.
Phys. Chem. C 119, 20993-20999. doi: 10.1021/acs.jpcc.5b06476

Kobayashi, H., Yabushita, M., Komanoya, T., Hara, K., Fujita, I, and Fukuoka,
A. (2013). High-yielding one-pot synthesis of glucose from cellulose using
simple activated carbons and trace hydrochloric acid. ACS Catal. 3, 581-587.
doi: 10.1021/cs300845f

Korner, S., Albert, J., and Held, C. (2019). Catalytic low-temperature dehydration
of fructose to 5-hydroxymethylfurfural using acidic deep eutectic solvents and
polyoxometalate catalysts. Front. Chem. 7:661. doi: 10.3389/fchem.2019.00661

Kreissl, H. T., Li, M. M, Peng, Y. K., Nakagawa, K., Hooper, T. J., Hanna, J. V., et al.
(2017). Structural studies of bulk to nanosize niobium oxides with correlation
to their acidity. J. Am. Chem. Soc. 139, 12670-12680. doi: 10.1021/jacs.7b06856

Kuster, B. F., and Temmink, H. M. (1977). The influence of pH and weak-
acid anions on the dehydration of D-fructose. Carbohydr. Res. 54, 185-191.
doi: 10.1016/S0008-6215(00)84808-9

Lee, H. S., and Hong, J. (2000). Kinetics of glucose isomerization to fructose by
immobilized glucose isomerase: anomeric reactivity of D-glucose in kinetic
model. . Biotechnol. 84, 145-153. doi: 10.1023/B:MCBI.0000049152.06259.4b

Li, C., Wang, Q., and Zhao, Z. K. (2008). Acid in ionic liquid: An efficient system for
hydrolysis of lignocellulose. Green Chem. 10, 177-182. doi: 10.1039/B711512A

Li, C, Xu, G., Wang, C., Ma, L., Qiao, Y., Zhang, Y., et al. (2019). One-pot
chemocatalytic transformation of cellulose to ethanol over Ru-WOx/HZSM-5.
Green Chem. 21, 2234-2239. doi: 10.1039/C9GC00719A

Li, C,, and Zhao, Z. K. (2007). Efficient acid-catalyzed hydrolysis of cellulose in
ionic liquid. Adv. Synth. Catal. 349, 1847-1850. doi: 10.1002/adsc.200700259

Li, N., and Huber, G. W. (2010). Aqueous-phase hydrodeoxygenation of sorbitol
with Pt/SiO,-Al,O3: Identification of reaction intermediates. J. Catal. 270,
48-59. doi: 10.1016/j.jcat.2009.12.006

Li, N., Zheng, Y., Wei, L., Teng, H., and Zhou, J. (2017). Metal nanoparticles
supported on WO3 nanosheets for highly selective hydrogenolysis of cellulose
to ethylene glycol. Green Chem. 19, 682-691. doi: 10.1039/C6GC01327A

Li, Q., Wang, H,, Tian, Z., Weng, Y., Wang, C., Ma, ], et al. (2019). Selective
oxidation of 5-hydroxymethylfurfural to 2,5-furandicarboxylic acid over
Au/CeO; catalysts: the morphology effect of CeO,. Catal. Sci. Technol. 9,
1570-1580. doi: 10.1039/C9CY00211A

Li, W., Zhang, T., Xin, H,, Su, M., Ma, L., Jameel, H, et al. (2017). p-
Hydroxybenzenesulfonic acid-formaldehyde solid acid resin for the conversion
of fructose and glucose to 5-hydroxymethylfurfural. RSC Adv. 7, 27682-27688.
doi: 10.1039/C7RA03155F

Li, X, Peng, K, Liu, X, Xia, Q, and Wang, Y. (2017). Comprehensive
understanding of the role of Brensted and Lewis acid sites in glucose
conversion into 5-hydromethylfurfural. ChemCatChem 9, 2739-2746.
doi: 10.1002/cctc.201601203

Li, X, Zhang, Y., Xia, Q., Liu, X,, Peng, K, Yang, S., et al. (2018). Acid-
free conversion of cellulose to 5-hydroxymethylfurfural catalyzed by hot
seawater. Ind. Eng. Chem. Res. 57, 3545-3553. doi: 10.1021/acs.iecr.8b
00443

Li, Y., and Yu, J. (2014). New stories of zeolite structures: their descriptions,
determinations, predictions, and evaluations. Chem. Rev. 114, 7268-7316.
doi: 10.1021/cr500010r

Li, Z., Liu, Y., Liu, C., Wu, S., and Wei, W. (2019). Direct conversion of cellulose
into sorbitol catalyzed by a bifunctional catalyst. Bioresour. Technol. 274,
190-197. doi: 10.1016/j.biortech.2018.11.089

Liebert, T., Seifert, M., and Heinze, T. (2008). Efficient method for the
preparation of pure, water-soluble cellodextrines. Macromol. Symp. 262,
140-149. doi: 10.1002/masy.200850214

Liu, C., Carraher, J. M., Swedberg, J. L., Herndon, C. R., Fleitman, C. N,
and Tessonnier, J. P. (2014). Selective base-catalyzed isomerization
of glucose to fructose. ACS Catal. 4, 4295-4298. doi: 10.1021/cs5
01197w

Liu, Q., Wang, H,, Xin, H., Wang, C,, Yan, L., Wang, Y., et al. (2019). Selective
cellulose hydrogenolysis to ethanol using Ni@C combined with phosphoric
acid catalysts. ChemSusChem 12, 3977-3987. doi: 10.1002/cssc.201901110

Liu, S., Tamura, M., Nakagawa, Y., and Tomishige, K. (2014). One-pot conversion
of cellulose into n-hexane over the Ir-ReOx/SiO, catalyst combined with
HZSM-5. ACS Sustain. Chem. Eng. 2, 1819-1827. doi: 10.1021/5c5001463

Liu, Y., Chen, L, Wang, T., Zhang, X., Long, J., Zhang, Q. et al. (2015).
High yield of renewable hexanes by direct hydrolysis-hydrodeoxygenation of
cellulose in an aqueous phase catalytic system. RSC Adv. 5, 11649-11657.
doi: 10.1039/C4RA14304C

Luo, C., Wang, S., and Liu, H. (2007). Cellulose conversion into polyols catalyzed
by reversibly formed acids and supported ruthenium clusters in hot water.
Angew. Chem. Int. Ed. 46, 7636-7639. doi: 10.1002/anie.200702661

Mariscal, R., Maireles-Torres, P., Ojeda, M., Sddaba, I, and Lépez Granados,
M. (2016). Furfural: a renewable and versatile platform molecule for
the synthesis of chemicals and fuels. Energy Environ. Sci. 9, 1144-1189.
doi: 10.1039/C5EE02666K

Martin-Mingot, A., Vigier, K. D. O., Jérome, F., and Thibaudeau, S. (2012).
High efficiency of superacid HF-SbF 5 for the selective decrystallization-
depolymerization of cellulose to glucose. Org. Biomol. Chem. 10, 2521-2524.
doi: 10.1039/c20b07143f

Mayes, H. B., Nolte, M. W., Beckham, G. T., Shanks, B. H., and Broadbelt, L. J.
(2014). The alpha-bet (a) of glucose pyrolysis: computational and experimental
investigations of 5-hydroxymethylfurfural and levoglucosan formation reveal
implications for cellulose pyrolysis. ACS Sustain. Chem. Eng. 2, 1461-1473.
doi: 10.1021/5¢500113m

Mellmer, M. A., Martin Alonso, D. M., Luterbacher, J. S., Gallo, J. M. R,
and Dumesic, J. A. (2014a). Effects of gamma-valerolactone in hydrolysis
of lignocellulosic biomass to monosaccharides. Green Chem. 16, 4659-4662.
doi: 10.1039/C4GC01768D

Mellmer, M. A., Sanpitakseree, C., Demir, B., Bai, P., Ma, K. W., Neurock,
M., et al. (2018). Solvent-enabled control of reactivity for liquid-
phase reactions of biomass derived compounds. Nat. Catal. 1, 199-207.
doi: 10.1038/541929-018-0027-3

Mellmer, M. A., Sener, C., Gallo, J. M. R., Luterbacher, J. S., Alonso, D. M., and
Dumesic, J. A. (2014b). Solvent effects in acid-catalyzed biomass conversion
reactions. Angew. Chem. Int. Ed. 53,11872-11875. doi: 10.1002/anie.201408359

Moliner, M., Roman-Leshkov, Y., and Davis, M. E. (2010). Tin-containing zeolites
are highly active catalysts for the isomerization of glucose in water. Proc. Natl.
Acad. Sci. U.S.A. 107, 6164-6168. doi: 10.1073/pnas.1002358107

Mouterde, L. M., Allais, F., and Stewart, J. D. (2018). Enzymatic reduction of
levoglucosenone by an alkene reductase (OYE 2.6): a sustainable metal-and
dihydrogen-free access to the bio-based solvent Cyrene®. Green Chem. 20,
5528-5532. doi: 10.1039/C8GC03146K

Newth, F. H. (1951). The formation of furan compounds from hexoses. Adv.
Carbohydr. Chem. 6, 83-106. doi: 10.1016/S1876-0813(08)60032-9

Nigam, P. S. (2013). Microbial enzymes with special
for  biotechnological  applications.  Biomolecules, 3,
doi: 10.3390/biom3030597

Onda, A., Ochi, T., and Yanagisawa, K. (2008). Selective hydrolysis of
cellulose into glucose over solid acid catalysts. Green Chem. 10, 1033-1037.
doi: 10.1039/b808471h

Oozeerally, R., Burnett, D. L., Chamberlain, T. W., Walton, R. I, and Degirmenci,
V. (2018). Exceptionally efficient and recyclable heterogeneous metal-organic
framework catalyst for glucose isomerization in water. ChemCatChem 10,
706-709. doi: 10.1002/cctc.201701825

Osaka, Y., Ikeda, Y. Hashizume, D., and Iwamoto, M. (2013). Direct
hydrodeoxygenation of cellulose and xylan to alkanes on
ruthenium catalysts in subcritical water. Biomass Bioenergy 56, 1-7.
doi: 10.1016/j.biombioe.2013.04.012

Paine, J. B. III, Pithawalla, Y. B., Naworal, J. D., and Thomas, C. E. Jr. (2007).
Carbohydrate pyrolysis mechanisms from isotopic labeling: part 1: the pyrolysis
of glycerin: discovery of competing fragmentation mechanisms affording
acetaldehyde and formaldehyde and the implications for carbohydrate
pyrolysis. J. Anal. Appl. Pyrolysis 80, 297-311. doi: 10.1016/j.jaap.2007.03.007

Pang, J., Sun, J., Zheng, M., Li, H., Wang, Y., and Zhang, T. (2019). Transition metal
carbide catalysts for biomass conversion: a review. Appl. Catal. B Environ. 254,
510-522. doi: 10.1016/j.apcatb.2019.05.034

characteristics
597-611.

lower

Frontiers in Chemistry | www.frontiersin.org

May 2020 | Volume 8 | Article 333


https://doi.org/10.1021/la8040506
https://doi.org/10.1002/cssc.200900296
https://doi.org/10.1021/acs.jpcc.5b06476
https://doi.org/10.1021/cs300845f
https://doi.org/10.3389/fchem.2019.00661
https://doi.org/10.1021/jacs.7b06856
https://doi.org/10.1016/S0008-6215(00)84808-9
https://doi.org/10.1023/B:MCBI.0000049152.06259.4b
https://doi.org/10.1039/B711512A
https://doi.org/10.1039/C9GC00719A
https://doi.org/10.1002/adsc.200700259
https://doi.org/10.1016/j.jcat.2009.12.006
https://doi.org/10.1039/C6GC01327A
https://doi.org/10.1039/C9CY00211A
https://doi.org/10.1039/C7RA03155F
https://doi.org/10.1002/cctc.201601203
https://doi.org/10.1021/acs.iecr.8b00443
https://doi.org/10.1021/cr500010r
https://doi.org/10.1016/j.biortech.2018.11.089
https://doi.org/10.1002/masy.200850214
https://doi.org/10.1021/cs501197w
https://doi.org/10.1002/cssc.201901110
https://doi.org/10.1021/sc5001463
https://doi.org/10.1039/C4RA14304C
https://doi.org/10.1002/anie.200702661
https://doi.org/10.1039/C5EE02666K
https://doi.org/10.1039/c2ob07143f
https://doi.org/10.1021/sc500113m
https://doi.org/10.1039/C4GC01768D
https://doi.org/10.1038/s41929-018-0027-3
https://doi.org/10.1002/anie.201408359
https://doi.org/10.1073/pnas.1002358107
https://doi.org/10.1039/C8GC03146K
https://doi.org/10.1016/S1876-0813(08)60032-9
https://doi.org/10.3390/biom3030597
https://doi.org/10.1039/b808471h
https://doi.org/10.1002/cctc.201701825
https://doi.org/10.1016/j.biombioe.2013.04.012
https://doi.org/10.1016/j.jaap.2007.03.007
https://doi.org/10.1016/j.apcatb.2019.05.034
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xin et al.

Cellulose Conversion in Aqueous-Phase

Pang, J., Wang, A., Zheng, M., Zhang, Y., Huang, Y., Chen, X, et al
(2012). Catalytic conversion of cellulose to hexitols with mesoporous
carbon supported Ni-based bimetallic catalysts. Green Chem. 14, 614-617.
doi: 10.1039/C2GC16364K

Papageorgiou, G. Z., Papageorgiou, D. G., Terzopoulou, Z., and Bikiaris, D.
N. (2016). Production of bio-based 2,5-furan dicarboxylate polyesters: recent
progress and critical aspects in their synthesis and thermal properties. Eur.
Polym. ]. 83,202-229. doi: 10.1016/j.eurpolym;j.2016.08.004

Patwardhan, P. R., Satrio, J. A., Brown, R. C., and Shanks, B. H. (2009). Product
distribution from fast pyrolysis of glucose-based carbohydrates. J. Anal. Appl.
Pyrol. 86, 323-330. doi: 10.1016/j.jaap.2009.08.007

Pidko, E. A., Degirmenci, V., van Santen, R. A., and Hensen, E. J. (2010). Glucose
activation by transient Cr?* dimers. Angew. Chem. Int. Ed. 49, 2530-2534.
doi: 10.1002/anie.201000250

Ribeiro, L. S., Delgado, J. J., Orfio, J. J., and Pereira, M. F. R. (2017).
Carbon supported Ru-Ni bimetallic catalysts for the enhanced one-pot
conversion of cellulose to sorbitol. Appl. Catal. B Environ. 217, 265-274.
doi: 10.1016/j.apcatb.2017.04.078

Rinaldi, R., and Schiith, F. (2009). Design of solid catalysts for the conversion of
biomass. Energy Environ. Sci. 2, 610-626. doi: 10.1039/b902668a

Romero, A., Cantero, D. A., Nieto-Mérquez, A., Martinez, C., Alonso, E., and
Cocero, M. J. (2016). Supercritical water hydrolysis of cellulosic biomass as
effective pretreatment to catalytic production of hexitols and ethylene glycol
over Ru/MCM-48. Green Chem. 18, 4051-4062. doi: 10.1039/C6GC00374E

Romero, A., Nieto-Marquez, A., and Alonso, E. (2017). Bimetallic Ru:Ni/MCM-48
catalysts for the effective hydrogenation of d-glucose into sorbitol. Appl. Catal.
A Gen. 529, 49-59. doi: 10.1016/j.apcata.2016.10.018

Saha, B., Gupta, D., Abu-Omar, M. M., Modak, A. and Bhaumik, A.
(2013). Porphyrin-based porous organic polymer-supported iron (III)
catalyst for efficient aerobic oxidation of 5-hydroxymethyl-furfural into 2,5-
furandicarboxylic acid. J. Catal. 299, 316-320. doi: 10.1016/j.jcat.2012.12.024

Salavagione, H. J., Sherwood, J., Budarin, V. L., Ellis, G. J, Clark, J. H,
and Shuttleworth, P. S. (2017). Identification of high performance solvents
for the sustainable processing of graphene. Green Chem. 19, 2550-2560.
doi: 10.10391/C7GC00112F

Sankar, M., Dimitratos, N., Miedziak, P. J., Wells, P. P., Kiely, C. J., and Hutchings,
G. J. (2012). Designing bimetallic catalysts for a green and sustainable future.
Chem. Soc. Rev. 41, 8099-8139. doi: 10.1039/c2¢s35296f

Seri, K. L, Inoue, Y., and Ishida, H. (2001). Catalytic activity of lanthanide (III) ions
for the dehydration of hexose to 5-hydroxymethyl-2-furaldehyde in water. Bull.
Chem. Soc. Jpn. 74, 1145-1150. doi: 10.1246/bcsj.74.1145

Shuai, L., and Luterbacher, J. (2016). Organic solvent effects in biomass conversion
reactions. ChemSusChem 9, 133-155. doi: 10.1002/cssc.201501683

Singh, R., Krishna, B. B., Mishra, G., Kumar, J., and Bhaskar, T. (2016). Strategies
for selection of thermo-chemical processes for the valorisation of biomass.
Renew. Energy 98, 226-237. doi: 10.1016/j.renene.2016.03.023

Skiba, E. A., Budaeva, V. V., Baibakova, O. V., Udoratina, E. V., Shakhmatov,
E. G., Shcherbakova, T. P., et al. (2016). Enzymatic hydrolysis of
lignocellulosic materials in aqueous media and the subsequent microbiological
synthesis of bioethanol. Catal. Indus. 8, 168-175. doi: 10.1134/52070050416
020100

Song, H., Wang, P., Li, S., Deng, W., Li, Y., Zhang, Q., et al. (2019). Direct
conversion of cellulose into ethanol catalysed by a combination of tungstic
acid and zirconia-supported Pt nanoparticles. Chem. Commun. 55, 4303-4306.
doi: 10.1039/C9CC00619B

Subramani, V., and Gangwal, S. K. (2008). A review of recent literature to search
for an efficient catalytic process for the conversion of syngas to ethanol. Energy
Fuels 22, 814-839. doi: 10.1021/ef700411x

Tai, Z., Zhang, ], Wang, A., Pang, ], Zheng, M., and Zhang, T. (2013).
Catalytic conversion of cellulose to ethylene glycol over a low-cost
binary catalyst of Raney Ni and tungstic acid. ChemSusChem 6, 652-658.
doi: 10.1002/cssc.201200842

Tanase, T., Takei, T., Hidai, M., and Yano, S. (2001). Substrate-dependent
chemoselective  aldose-aldose and  aldose-ketose — isomerizations — of
carbohydrates promoted by a combination of calcium ion and monoamines.
Carbohydr. Res. 333, 303-312. doi: 10.1016/S0008-6215(01)00156-2

Tarabanko, V., Chernyak, M. Y., Nepomnyashchiy, I., and Smirnova, M. A. (2006).
High temperature 5-hydroxymethylfurfural synthesis in a flow reactor. Chem.
Sustain. Dev. 14, 49-53.

Van Putten, R. J., Van Der Waal, J. C, De Jong, E. D., Rasrendra, C. B,
Heeres, H. J., and de Vries, J. G. (2013). Hydroxymethylfurfural, a versatile
platform chemical made from renewable resources. Chem. Rev. 113, 1499-1597.
doi: 10.1021/cr300182k

Venkatakrishnan, V. K., Delgass, W. N., Ribeiro, F. H., and Agrawal, R. (2015).
Oxygen removal from intact biomass to produce liquid fuel range hydrocarbons
via fast-hydropyrolysis and vapor-phase catalytic hydrodeoxygenation. Green
Chem. 17, 178-183. doi: 10.1039/C4GC01746C

Wang, A., and Zhang, T. (2013). One-pot conversion of cellulose to ethylene glycol
with multifunctional tungsten-based catalysts. Acc. Chem. Res. 46, 1377-1386.
doi: 10.1021/ar3002156

Wang, H., Zhu, C, Liu, Q. Tan, ], Wang, C, Liang, Z., et al. (2019).
Selective conversion of cellulose to hydroxyacetone and 1-hydroxy-2-
butanone with Sn-Ni bimetallic catalysts. ChemSusChem 12, 2154-2160.
doi: 10.1002/cssc.201900172

Wang, J., Ren, J., Liu, X, Xi, J., Xia, Q., Zu, Y., et al. (2012). Direct conversion
of carbohydrates to 5-hydroxymethylfurfural using sn-mont catalyst. Green
Chem. 14, 2506-2512. doi: 10.1039/C2GC35699F

Wang, J., Xi, J., and Wang, Y. (2015). Recent advances in the catalytic
production of glucose from lignocellulosic biomass. Green Chem. 17, 737-751.
doi: 10.1039/C4GC02034K

Wang, J., Zhao, X,, Lei, N,, Li, L., Zhang, L., Xu, S., et al. (2016). Hydrogenolysis
of glycerol to 1,3-propanediol under low hydrogen pressure over WOx-
Supported single/pseudo-single atom Pt catalyst. ChemSusChem 9, 784-790.
doi: 10.1002/cssc.201501506

Watanabe, M., Aizawa, Y., lida, T., Aida, T. M., Levy, C., Sue, K., et al. (2005a).
Glucose reactions with acid and base catalysts in hot compressed water at 473 K.
Carbohydr. Res. 340, 1925-1930. doi: 10.1016/j.carres.2005.06.017

Watanabe, M., Aizawa, Y., lida, T., Nishimura, R., and Inomata, H. (2005b).
Catalytic glucose and fructose conversions with TiO; and ZrO, in
water at 473 K: relationship between reactivity and acid-base property
determined by TPD measurement. Appl. Catal. A Gen. 295, 150-156.
doi: 10.1016/j.apcata.2005.08.007

Xi, J., Xia, Q., Shao, Y., Ding, D., Yang, P., Liu, X, et al. (2016). Production
of hexane from sorbitol in aqueous medium over Pt/NbOPOy catalyst. Appl.
Catal. B Environ. 181, 699-706. doi: 10.1016/j.apcatb.2015.08.052

Xin, H., Zhang, T., Li, W., Su, M., Li, S., Shao, Q., et al. (2017). Dehydration of
glucose to 5-hydroxymethylfurfural and 5-ethoxymethylfurfural by combining
Lewis and Brensted acid. RSC Adv. 7, 41546-41551. doi: 10.1039/C7RA07684C

Xin, S., Yang, H., Chen, Y., Yang, M., Chen, L., Wang, X,, et al. (2015). Chemical
structure evolution of char during the pyrolysis of cellulose. J. Anal. Appl. Pyrol.
116, 263-271. doi: 10.1016/j.jaap.2015.09.002

Xu, G., Wang, A,, Pang, J., Zhao, X., Xu, J., Lei, N,, et al. (2017). Chemocatalytic
conversion of cellulosic biomass to methyl glycolate, ethylene glycol, and
ethanol. ChemSusChem 10, 1390-1394. doi: 10.1002/cssc.201601714

Xu, Q., and Chen, L. F. (1999). Ultraviolet spectra and structure of zinc-cellulose
complexes in zinc chloride solution. J. Appl. Polym. Sci. 71, 1441-1446. doi: 10.
1002/(SICI)1097-4628(19990228)71:93.0.CO;2-G

Xu, S., Pan, D,, Li, W, Shen, P.,, Wu, Y., Song, X, et al. (2018). Direct conversion of
biomass-derived carbohydrates to 5-hydroxymethylfurfural using an efficient
and inexpensive manganese phosphate catalyst. Fuel Proc. Technol. 181,
199-206. doi: 10.1016/j.fuproc.2018.09.027

Yabushita, M., Kobayashi, H., Hasegawa, J. Y., Hara, K., and Fukuoka, A.
(2014). Entropically favored adsorption of cellulosic molecules onto carbon
materials through hydrophobic functionalities. ChemSusChem 7, 1443-1450.
doi: 10.1002/cssc.201301296

Yamaguchi, D., Kitano, M., Suganuma, S., Nakajima, K., Kato, H., and Hara, M.
(2009). Hydrolysis of cellulose by a solid acid catalyst under optimal reaction
conditions. J. Physical Chem. C 113, 3181-3188. doi: 10.1021/jp808676d

Yang, C., Miao, Z., Zhang, F., Li, L., Liu, Y., Wang, A,, et al. (2018). Hydrogenolysis
of methyl glycolate to ethanol over a Pt-Cu/SiO; single-atom alloy catalyst:
a further step from cellulose to ethanol. Green Chem. 20, 2142-2150.
doi: 10.1039/C8GC00309B

Frontiers in Chemistry | www.frontiersin.org

May 2020 | Volume 8 | Article 333


https://doi.org/10.1039/C2GC16364K
https://doi.org/10.1016/j.eurpolymj.2016.08.004
https://doi.org/10.1016/j.jaap.2009.08.007
https://doi.org/10.1002/anie.201000250
https://doi.org/10.1016/j.apcatb.2017.04.078
https://doi.org/10.1039/b902668a
https://doi.org/10.1039/C6GC00374E
https://doi.org/10.1016/j.apcata.2016.10.018
https://doi.org/10.1016/j.jcat.2012.12.024
https://doi.org/10.10391/C7GC00112F
https://doi.org/10.1039/c2cs35296f
https://doi.org/10.1246/bcsj.74.1145
https://doi.org/10.1002/cssc.201501683
https://doi.org/10.1016/j.renene.2016.03.023
https://doi.org/10.1134/S2070050416020100
https://doi.org/10.1039/C9CC00619B
https://doi.org/10.1021/ef700411x
https://doi.org/10.1002/cssc.201200842
https://doi.org/10.1016/S0008-6215(01)00156-2
https://doi.org/10.1021/cr300182k
https://doi.org/10.1039/C4GC01746C
https://doi.org/10.1021/ar3002156
https://doi.org/10.1002/cssc.201900172
https://doi.org/10.1039/C2GC35699F
https://doi.org/10.1039/C4GC02034K
https://doi.org/10.1002/cssc.201501506
https://doi.org/10.1016/j.carres.2005.06.017
https://doi.org/10.1016/j.apcata.2005.08.007
https://doi.org/10.1016/j.apcatb.2015.08.052
https://doi.org/10.1039/C7RA07684C
https://doi.org/10.1016/j.jaap.2015.09.002
https://doi.org/10.1002/cssc.201601714
https://doi.org/10.1002/(SICI)1097-4628(19990228)71:93.0.CO;2-G
https://doi.org/10.1016/j.fuproc.2018.09.027
https://doi.org/10.1002/cssc.201301296
https://doi.org/10.1021/jp808676d
https://doi.org/10.1039/C8GC00309B
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xin et al.

Cellulose Conversion in Aqueous-Phase

Yang, M., Qi, H.,, Liu, F., Ren, Y., Pan, X,, Zhang, L., et al. (2019). One-pot
production of cellulosic ethanol via Tandem catalysis over a multifunctional
Mo/Pt/WOx catalyst. Joule 3. 1937-1948. doi: 10.1016/j.joule.2019.05.020

Yu, Y., Liu, D., and Wu, H. (2012). Characterization of water-soluble intermediates
from slow pyrolysis of cellulose at low temperatures. Energy Fuels 26,
7331-7339. doi: 10.1021/ef3013097

Zabed, H., Sahu, J. N., Boyce, A. N., and Farug, G. (2016). Fuel ethanol
production from lignocellulosic biomass: an overview on feedstocks
and technological approaches. Renew. Sustain. Energy Rev. 66, 751-774.
doi: 10.1016/j.rser.2016.08.038

Zavrel, M., Bross, D., Funke, M., Biichs, J., and Spiess, A. C. (2009). High-
throughput screening for ionic liquids dissolving (ligno-) cellulose. Bioresour.
Technol. 100, 2580-2587. doi: 10.1016/j.biortech.2008.11.052

Zhang, H., Wu, J., Zhang, J., and He, J. (2005). 1-Allyl-3-methylimidazolium
chloride room temperature ionic liquid: a new and powerful nonderivatizing
solvent for cellulose. Macromolecules 38, 8272-8277. doi: 10.1021/ma0505676

Zhang, J., White, G. B, Ryan, M. D., Hunt, A. J, and Katz, M. ].
(2016). Dihydrolevoglucosenone (Cyrene) as a green alternative to N, N-
dimethylformamide (DMF) in MOF synthesis. ACS Sustain. Chem. Eng. 4,
7186-7192. doi: 10.1021/acssuschemeng.6b02115

Zhang, M., Geng, Z., and Yu, Y. (2015). Density functional theory (DFT) study on
the pyrolysis of cellulose: the pyran ring breaking mechanism. Comput. Theor.
Chem. 1067, 13-23. doi: 10.1016/j.comptc.2015.05.001

Zhang, Q., Wang, T, Li, B,, Jiang, T., Ma, L., Zhang, X,, et al. (2012). Aqueous
phase reforming of sorbitol to bio-gasoline over Ni/HZSM-5 catalysts. Appl.
Energy 97, 509-513. doi: 10.1016/j.apenergy.2011.12.044

Zhang, T., Fan, W., Li, W,, Xu, Z, Xin, H,, Su, M,, et al. (2017). One-
pot conversion of carbohydrates into 5-(Hydroxymethyl) furfural using
heterogeneous Lewis-acid and Brensted-acid catalysts. Energy Technol. 5,
747-755. doi: 10.1002/ente.201600492

Zhang, T., Li, W., Xin, H,, Jin, L., and Liu, Q. (2019). Production of HMF from
glucose using an A>T -promoted acidic phenol-formaldehyde resin catalyst.
Catal. Commun. 124, 56-61. doi: 10.1016/j.catcom.2019.03.001

Zhang, Y., Liu, C, and Chen, X. (2015a). Unveiling the initial pyrolytic
mechanisms of cellulose by DFT study. J. Anal. Appl. Pyrolysis 113, 621-629.
doi: 10.1016/j.jaap.2015.04.010

Zhang, Y., Wang, J., Li, X,, Liu, X,, Xia, Y., Hu, B,, et al. (2015b). Direct
conversion of biomass-derived carbohydrates to 5-hydroxymethylfurural
over water-tolerant niobium-based catalysts. Fuel 139, 301-307.
doi: 10.1016/j.fuel.2014.08.047

Zhang, Z., Song, J., and Han, B. (2017). Catalytic transformation of lignocellulose
into chemicals and fuel products in ionic liquids. Chem. Rev. 117, 6834-6880.
doi: 10.1021/acs.chemrev.6b00457

Zhao, X., Wang, J., Chen, C., Huang, Y., Wang, A., and Zhang, T. (2014). Graphene
oxide for cellulose hydrolysis: how it works as a highly active catalyst?. Chem.
Commun. 50, 3439-3442. doi: 10.1039/C3CC49634A

Zhao, X., Wang, J., Yang, M., Lei, N., Li, L., Hou, B., et al. (2017). Selective
hydrogenolysis of glycerol to 1,3-Propanediol: manipulating the frustrated
Lewis pairs by introducing gold to Pt/WOx. ChemSusChem 10, 819-824.
doi: 10.1002/css¢.201601503

Zhu, W., Yang, H., Chen, J., Chen, C, Guo, L, Gan, H. et al. (2014).
Efficient hydrogenolysis of cellulose into sorbitol catalyzed by a
bifunctional catalyst. Green Chem. 16, 1534-1542. doi: 10.1039/C3GC4
1917G

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Xin, Hu, Cai, Wang, Zhu, Li, Xiu, Zhang, Liu and Ma. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org

20

May 2020 | Volume 8 | Article 333


https://doi.org/10.1016/j.joule.2019.05.020
https://doi.org/10.1021/ef3013097
https://doi.org/10.1016/j.rser.2016.08.038
https://doi.org/10.1016/j.biortech.2008.11.052
https://doi.org/10.1021/ma0505676
https://doi.org/10.1021/acssuschemeng.6b02115
https://doi.org/10.1016/j.comptc.2015.05.001
https://doi.org/10.1016/j.apenergy.2011.12.044
https://doi.org/10.1002/ente.201600492
https://doi.org/10.1016/j.catcom.2019.03.001
https://doi.org/10.1016/j.jaap.2015.04.010
https://doi.org/10.1016/j.fuel.2014.08.047
https://doi.org/10.1021/acs.chemrev.6b00457
https://doi.org/10.1039/C3CC49634A
https://doi.org/10.1002/cssc.201601503
https://doi.org/10.1039/C3GC41917G
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Catalytic Production of Oxygenated and Hydrocarbon Chemicals From Cellulose Hydrogenolysis in Aqueous Phase
	Introduction
	Categories of Cellulose Conversion
	Cellulose Hydrolysis Hydrogenation to Saccharides and Sugar Alcohols
	Polysaccharides
	Glucose
	Fructose
	Sorbitol and Mannitol

	Selective Hydrogenolysis of Glucose to Small Molecular Alcohols
	Ethylene Glycol
	Ethanol
	1,2-Propylene Glycol

	Production of 5-Hydroxymethylfurfural and Its Derivatives
	5-Hydroxymethylfurfural
	2,5-Furandicarboxylic Acid

	Production of Liquild Alkanes via Hydrogenolysis and Hydrodeoxygenation

	Enzymatic Conversion of Cellulosic Materials and the Production of Derived Green Solvents
	Conclusions and Perspectives
	Author Contributions
	Funding
	References


