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Abstract

Conversion of biomass to renewable and valuable chemicals has attracted global interest in
order to build up sustainable societies. Cellulose is the most abundant and non-food biomass;
however, the low reactivity of cellulose has prevented its use in chemical industry except for
the paper manufacturing. The heterogeneous catalysis for the conversion of cellulose has been
expected to overcome this issue, because various types of heterogeneous catalysts can be
designed and applied in a wide range of reaction conditions. Furthermore, solid catalysts are
easily recovered and reused. In this review article, we show the present situation and

perspective of heterogeneous catalysis for the transformation of cellulose into useful platform
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chemicals.

1. Introduction

Biorefinery, the transformation of biomass to renewable chemicals and fuels, is important
under the situation of the rising cost and decreasing supply of oil [1-7]. Particularly,
plant-derived biomass is a reproducible and low environmental-loading resource, produced
from CO, and water via photosynthesis using sunlight. Bioethanol has been manufactured
from corn and sugarcane in the United States and Brazil for a decade [8], but use of these
crops has competed with the food supply. Hence, non-food biomass has to be utilized, and the
most abundant inedible biomass is cellulose, which is an attractive feedstock for the
production of chemicals.

Cellulose is a polymer composed of glucose units linked by B-1,4-glycosidic bonds.
Glucose, which can be synthesized via the hydrolysis of cellulose, is a versatile precursor to
valuable chemicals such as biodegradable plastics and ethanol [9-13] (Scheme 1). Sorbitol is
also a promising platform chemical, which can be converted to polymers and medicines [14]
(Scheme 2). Additionally, 5-hydroxymethylfurfural (5-HMF), gluconic acid, and other
derivatives have been expected as feedstock in the bio-based industry. Hence, the conversion
of cellulose has attracted worldwide interest; however, the effective degradation of cellulose is
a challenge because the polymer has rigid, chemically-stable, and water-insoluble properties,
which are induced from the inter- and intra-molecular hydrogen-bondings [15-18]. A large
number of strategies have been applied in this subject [19-23]. Homogeneous catalysts such
as sulfuric acid and cellulase enzymes produce glucose in high yields from cellulose [24,25],
but these processes suffer from the complicated separation of products from the solution [26]
and high costs. Although sub- and supercritical water converts cellulose to glucose without

any additives [27,28], the low selectivity of product due to the further degradation of glucose



in harsh conditions should be improved. Heterogeneous catalysts are expected to overcome
these problems as various types of the catalysts can be designed and applied in a wide range
of reaction conditions. Furthermore, solid catalysts are easily recovered and reused [29-32].
Indeed, various types of the cellulose conversion by using heterogeneous catalysts have been
reported, in which the number of research reports on the production of sorbitol and glucose is
larger than those for the other chemicals in recent years. In this article, we focus on the recent
progress in heterogeneous catalysis for the transformation of cellulose into chemicals,
especially sorbitol and glucose.
Scheme 1

Scheme 2

2. Pretreatment techniques for degrading the rigid structure of cellulose

Crystalline structure of cellulose needs to be considered for the chemical transformation
because the robust feature limits the contact of catalysts to cellulose [33]. Mechanical and
chemical treatments decrease the degree of crystallization of cellulose, crystallinity index
(Crl), and this value can be determined by XRD, *C NMR, and IR [34-37]. Milling methods
such as ball-milling [38] are the typical mechanical techniques for disrupting the crystal
structure of cellulose because hydrogen bonds in cellulose are cleaved during the treatments
[39]. In our experiments, the ball-milling in the ceramic pot with ZrO, balls for 96 h
decreased the Crl from 80% to 10%, calculated from the XRD patterns (Fig. 1). Additionally,
we measured the median diameter for the secondary particles of ball-milled cellulose in water,
which was also reduced from 67 um to 42 um, determined by laser diffraction. SEM images
showed that the fibrous shape of cellulose particles turned into smaller spherical morphology
by ball-milling (Fig. 2). Rod-milling and planetary ball-milling processes also convert the

crystalline cellulose into amorphous one in shorter time (< 1 h) [40,41], whereas the Crl does



not decrease by jet-milling [40]. The jet-milling treatment simply reduced secondary particle
size from 44 um to 16 pum. The aqueous counter collision (ACC) method drastically
diminished the length of particles from 100 um to 100 nm and the width from 10 um to 15 nm
[42], and we observed that the crystal structure of cellulose was not decomposed by the ACC
method (Fig. 1). In chemical methods, Wang et al. reported that the Crl and the degree of
polymerization (DP) of cellulose decreased by treating it with phosphoric acid [43]. The
parameters depended on the concentration of H3PO, and the temperature and time of
treatment. For example, the treatment in 43% H3PO, at 298 K for 1 h decreased the Crl from
85 to 79 and the DP from 221 to 209, and the Crl and DP of cellulose diminished to 33 and
106 by 85% H3PO, at 323 K for 40 min. Tsao et al. demonstrated that supercritical CO,
reduced the degree of crystallization to ca. 50% for 1 h [44]. The amorphous cellulose thus
prepared is expected to show higher reactivity than crystalline one [45].
Fig. 1
Fig. 2

Although cellulose is almost insoluble in water [46] except for at very high temperatures
(> 593 K) [47], solvents of cellulose have been explored to handle it as a soluble substrate and
to increase the reactivity [48]. Lithium chloride/N,N-dimethylacetamide (LiCI/DMAC) is well
known to dissolve cellulose, where chloride ions cleave hydrogen bonds of cellulose [49,50].
Schweizer's reagent forms a complex with cellulose [51] and dissociates hydrogen bonds to
dissolve cellulose. In recent years, ionic liquids (ILs) such as 1-butyl-3-methylimidazolium
chloride ([BMIM]CI) have received a significant attention as a new solvent of cellulose [52],
because ILs are chemically and thermally stable and their physicochemical properties are
tunable [53]. The dissolution mechanism of cellulose into ILs is almost the same as that into
LiCI/DMACc [53]. It was indicated that the depolymerization of cellulose occurred during the

dissolution in ILs because of the formation of acids from ILs such as [BMIM]CI,



1-ethyl-3-methylimidazolium chloride ([EMIM]CI), and 1-ethyl-3-methylimidazolium acetate

([EMIM]OAC) [54,55].

3. Catalytic transformation of cellulose to renewable chemicals
3.1. Hydrolytic hydrogenation of cellulose to sorbitol

Glucose is a versatile precursor to valuable chemicals as described above (Scheme 1), but
the hydrolysis of cellulose to glucose has remained a challenge. This reaction requires harsh
conditions, whereas glucose is easily decomposed owing to the aldehyde group in its linear
structure. In contrast, sorbitol is one of the twelve building block chemicals produced from
biomass resources [14], and it is thermally more stable than glucose and a good precursor to
various chemicals (Scheme 2). Thus, the hydrolytic hydrogenation of cellulose to sorbitol
(Scheme 3) has been studied using catalysts, and typical works are summarized in Table 1.

Scheme 3
Table 1

In the 1950s, Balandin et al. showed that Ru/C combined with mineral acids gave sorbitol
from cellulose under 7 MPa of hydrogen [56,57] (Table 1, entry 1). In this process, mineral
acids hydrolyze cellulose to glucose, and then glucose is hydrogenated to sorbitol by Ru/C.
Later, Jacobs used Pt/USY for the hydrolytic hydrogenation of starch [58], which was a
polymer of a-glucose soluble in hot water with significantly higher reactivity than cellulose
[59]. Hence, the degradation of solid cellulose by solid catalysts has remained an issue for a
long period. In 2006, we reported the first hydrolytic hydrogenation of cellulose using only
solid catalysts [60], in which Pt/y-Al,O3 produced sorbitol and mannitol in 25% and 6%
yields, respectively (Table 1, entry 2). This reaction contains two steps: hydrolysis of cellulose
to glucose via cellooligosaccharides and hydrogenation of glucose to sorbitol. Interestingly,

the former reaction is also accelerated by the solid catalyst. The hydrolysis step was proposed



to be accelerated by proton produced via heterolysis of hydrogen over Pt [60-62]. The residual
Cl on the catalysts derived from catalyst precursors such as H,PtClg also affected the catalytic
performance. The rates of the hydrolysis of cellulose and side reactions were enhanced by
HCI or APP* species [63,64]. This problem can be avoided by using Cl-free precursors and
carbon supports. In contrast, Liu et al. proposed that protons from hot-compressed water
promoted the hydrolysis step [65,66]. It seems that the major active species for the hydrolysis
alters by catalysts and reaction conditions employed.

Later, we found that y-Al,O3 support was transformed into boehmite [AIO(OH)] in hot
water, and the catalytic activity reduced in repeated reactions [63]. Thus, the development of
more active, selective, and durable catalysts has been a target. Carbons such as activated
carbon (AC) and carbon nanotubes (CNT) are known as heat- and water-tolerant supports. For
this reason, carbon supported metal catalysts have been extensively studied. Liu et al.
conducted the hydrolytic hydrogenation of cellulose by Ru/C, which produced 39% yield of
hexitols with 86% conversion with good reusability (entry 3) [66]. According to the results of
ICP and TEM analyses, neither leaching nor sintering of Ru occurred. Wang et al. reported
that the yield of sugar alcohols was improved to 73% by using Ru supported on CNT and
HsPO,-pretreated cellulose (entry 4) [43]. The Ru/CNT catalyst also yielded sugar alcohols in
40% vyield from microcrystalline cellulose (entry 5). We used a carbon black (BP2000, Cabot)
as a support, and Pt/BP2000 afforded sugar alcohols in 58-65% vyields in reuse experiments
(entry 6) [63]. The rate-determining step of the hydrolytic hydrogenation is the hydrolysis of
cellulose to glucose [63], and a mixture of Ru/C and heteropoly acid H4SiW1,04 was used to
enhance the hydrolysis rate [67]. This strategy gave 85% yield of sugar alcohols from
ball-milled cellulose (entry 7) and 36% yield from crystalline cellulose (entry 8). Palkovits et
al. showed that similar catalysts gave side reactions such as further transformation of sorbitol

with higher concentration of acids for longer reaction time, in which C,-Cg polyols such as



erythritol, xylitol, sorbitan, and isosorbide were obtained as by-products [68].

Recently, Ni catalysts have been studied instead of precious metals. Nickel phosphides
have both acidic and metallic sites, and they can promote not only the hydrolysis of cellulose
but also the hydrogenation of glucose. Microcrystalline cellulose was converted to sorbitol
(48% vyield) and mannitol (5%) by a Ni,P catalyst supported on AC (entry 9) [69]. We also
reported that Ni2Ps/AC produced sorbitol (62%) and mannitol (5%) from ball-milled
cellulose (entry 10), and the high catalytic performance was attributed to an amorphous nickel
phosphide phase generated during the reaction [70]. Although the nickel phosphide catalysts
were active, they were not durable in hot water due to phosphorus leaching and Ni sintering.
In contrast, it was reported that Ni species on carbon nanofibers (CNF) was stable for 24 h at
483 K (entries 11,12), and Ni/CNF catalyst kept its activity up to 3 runs [71]. Ni/CNF was
prepared by chemical vapor deposition (CVD) of carbon on Ni/y-Al,03 using methane. The
method of catalyst preparation was modified by post-treatment for a better balance of
hydrolysis and hydrogenation activities [72]. Ni/CNF was treated in concentrated HNO;3 at
383 K to oxidize CNF and to remove Ni species, and then Ni was again impregnated on the
CNF. The preparation scheme was complicated compared to the previous one, but the
dispersion of Ni on the oxidized CNF increased thanks to more oxygenated functional groups
on the CNF. Ni supported on the oxidized CNF showed higher activity than the original
Ni/CNF catalyst and gave sorbitol (64%) and mannitol (7%) with 93% conversion of
cellulose (entry 13). Bimetallic catalysts containing Ni were also effective for the hydrolytic
hydrogenation of cellulose to hexitols, and Ir-Ni supported on mesoporous carbon (MC)
afforded 58% yield of sugar alcohols in 4 repeated reactions (entry 14) [73]. Ir improved the
thermal stability and catalytic activity, and MC enhanced the dispersion of metals and the
adsorption of substrates onto the catalyst surface. According to a recent report about

adsorption of substrates onto MC by Katz et al., the longer the chain length of glucan



becomes, the easier the glucan adsorbs onto the surface of MC [74]. The adsorption occurred
by the CH-x interaction between hydrogens on the glucan molecule and aromatic rings of the
MC surface.

All the catalytic reactions described above need H, pressure higher than 2 MPa. We
found that RuO,-2H,0/AC (vide infra) afforded sorbitol (30%) and mannitol (8%) under H,
as low as 0.8 MPa (entry 15) [75]. It was reported that the hydrolytic hydrogenation of
cellulose was promoted under low H, pressure (0.7 MPa) using a high Pt loading (24 mol% to
cellulose) and a concentrated H;SiW1,049 solution (0.70 M) (entry 16) [76]. Moreover, the
hydrolytic transfer-hydrogenation of cellulose to sorbitol (Scheme 4) was also promoted by
RuO;-2H,0 catalyst supported on carbon (entries 17,18) [75]. In contrast, Ru/TiO,, Ru/ZrO,,
Ru/Al,03, and various metals (Rh, Ir, Pd, Pt, and Au) supported on AC were inactive for the
hydrolytic transfer-hydrogenation. This reaction proceeds via the production of active
hydrogen species from 2-propanol, in which the addition of H, gas is not necessary.

Scheme 4

3.2. Hydrolysis of cellulose to glucose

The selective and high-yielding production of glucose from cellulose is more difficult
than that of sorbitol as previously described, but recently the use of solid catalysts for this
process has been coming up to a promising methodology (Table 2).

Table 2

As mentioned above, cellulose is dissolved in ILs and shows higher reactivity than that in
water. Zhao et al. demonstrated that cellulose dissolved in [BMIM]CI was hydrolyzed by
sulfuric acid at 373 K [77]. Schiith and co-workers showed that a sulfonated polystyrene resin
(Amberlyst 15DRY) hydrolyzed cellulose in [BMIM]CI (entry 19) [78]. Later it was found

that H* species was released from SOsH by ion-exchange with [BMIM]" to become a



hydrolysis catalyst [79]. This was the reason for the deactivation of Amberlyst 15DRY
catalyst after the reaction in ILs; however, the catalytic activity of the resin was regenerated
by washing with H,SO,4. Furthermore, immobilized ILs and sulfonic groups on char was
easily separated from the products (entry 20) [80]. However, ILs are toxic and a decisive
advantage is necessary to use ILs as a solvent instead of water.

Although heteropoly acids (HPAs) work as homogeneous catalysts in water, they can be
separated by extraction using organic solvents such as 2-propanol and diethylether. In some
cases, the acidity of HPAs is higher than that of mineral acids. For example, the Hammet
acidity function (Hp) of HsBW;1,040 (0.7 M at 298 K, vide infra) is -2.1 lower than those (ca.
0) of H,SO,4 and HCI (0.7 M) [76]. Hence, HPAs have been expected to be active and reusable
catalysts for the hydrolysis. Shimizu et al. showed that the hydrolysis of cellobiose and
cellulose in water was promoted by HPAs such as H3PW1,04, HiSiW1,040, and
Snp7sPW12040 [81]. The total yield of reducing sugars was ca. 40% by Sng7sPW1,04 at 423
K for 16 h (entry 21). The authors also conducted the screening of counter cations of
PW1,040> for the hydrolysis of cellobiose and found that there was a volcano-type correlation
between TOFs for glucose formation and the Lewis acidities. Thus, both Brensted and Lewis
acidities were important for the catalytic activity of HPAs, although the Lewis acidity was not
checked in water. Mizuno et al. found that HsBW1,049 showed a good performance for the
conversion of crystalline cellulose to give glucose in 77% vyield (entry 22) [76], and that
various types of HPAs such as HsPW12049 (glucose yield 8%) and HiSiW12040 (37%) were
less active than HsBW1,040. They remarked that the acidity and the function of decreasing
Crl were the important factors for the catalytic activity of HPAs. In fact, the order of the Hyp
function was H3PW12040 < HsSiW12040 < HsBW1,040 in the same order of catalytic activity.
The Ho functions were correlated with the concentration of acids and the number of negative

charge of anions. Hence, HPAs containing highly negatively charged anions were preferable.



The anions also dissociated hydrogen-bonding between cellulose molecules to decrease the
Crl. Furthermore, protons of HPAs also weakened the hydrogen bonds of cellulose, and
higher concentration of proton was effective for this purpose. Thus, HsBW1,04, worked as a
highly active catalyst for the hydrolysis of cellulose. HsBW1,04 was recovered by the
extraction and recycled for 10 times.

Heterogeneous catalysts working under aqueous conditions have also been developed in
recent years. Hara et al. applied a sulfonated carbon to the hydrolysis of cellulose in water at
373 K and obtained glucose (4% yield) and water-soluble oligosaccharides (64%) (entry 23)
[82-84]. Sulfonic groups on large graphene sheets are usually decomposed in hot-compressed
water [85], but they are stabilized by electron-withdrawing groups such as carboxylic acids on
graphene with a small size (ca. 1 nm). The sulfonated carbon showed no decline in catalytic
activity in reuse runs more than 25 times. The authors proposed that neutral or weakly acidic
OH groups such as phenolic groups on carbon adsorbed 1,4-B-glucans by forming hydrogen
bonds, and then glycosidic bonds were cleaved by the sulfonic groups [86,87]. Nevertheless,
we suppose that some mechanocatalytic process might be involved in this catalytic system.

Onda et al. demonstrated that a sulfonated carbon prepared from commercial activated
carbon (AC-SO3H) gave 41% yield of glucose at 423 K for 24 h (entry 24) [88,89]. After the
hydrolysis of cellulose by AC-SO3H, they added fresh cellulose into the filtrated solution, and
then the 2nd reaction was tested without the solid catalyst. However, glucose yield was as low
as that in the blank reaction, indicating that the hydrolysis was not enhanced by soluble
species derived from the catalyst. Furthermore, AC-SO3H showed similar catalytic activity in
the repeated reactions. Hence, they concluded that AC-SO3;H worked as a durable solid acid
catalyst under the reaction conditions. It is noteworthy that they conducted pre-treatment of
AC-SO3H in hot-compressed water at 473 K before the reaction at 423 K to remove weakly

bonded sulfonic groups, and remaining sulfonic groups on AC were stable and reusable under
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the reaction conditions at 423 K. In our test, only a small amount of sulfate ions [35 uM
(1.2% of sulfonic groups in the catalyst), detected by ion chromatography] leached from the
pre-treated AC-SO3H, and the reported performance was reproduced. In contrast, the catalyst
was degraded without the pre-treatment at 473 K.

These reports motivated other researchers to develop sulfonic acid catalysts. A
silica/carbon nanocomposite and a mesoporous carbon CMK-3, treated by sulfonic acid,
yielded glucose in 50% (entry 25) [90] and 75% (entry 26) [91], respectively. Magnetic
catalysts with sulfonic groups, e.g. a composite of mesoporous silica SBA-15 and Fe3O4
treated by sulfonic acid [92,93] and sulfonated CoFe,O4-embedded silica [94], were also used
for the hydrolysis of cellulose (entries 27-29). They were easily separable by a magnet after
the catalytic reactions. Fe3O4-SBA-SO3H catalyst afforded glucose in 26% vyield from
microcrystalline cellulose at 423 K for 3 h, whereas levulinic acid became a major product
(42% vyield) by prolonging the reaction time to 12 h [92]. Recently, Pan et al. synthesized a
sulfonated chloromethyl polystyrene resin (CP-SO3H) to expect promoted adsorption of
cellulose onto CP-SO3H by hydrogen bonding via Cl and subsequent hydrolysis of glycosidic
bonds by SO3H [95]. They reported that CP-SO3H converted microcrystalline cellulose into
glucose in 93% yield at 393 K for 10 h (entry 30). Unfortunately, this high yield was not
obtained in our tests and the degradation of the catalyst was observed. Hence, we should take
care of the possibility of leaching of SOzH and CI in using sulfonated or chlorinated materials
as catalysts in water at high temperatures. We note that the reactions by these types of
catalysts are typically conducted at S/C [substrate/catalyst (wt/wt)] ratios lower than 1. Higher
S/C ratios would be favorable to improve the efficiency.

Supported metal catalysts have also been used for the hydrolysis of cellulose. We found
that 2 wt% Ru/CMK-3 hydrolyzed cellulose (conversion 56%) to glucose (24% yield, 43%

selectivity) in water (entry 31), and the TOF for the production of glucose was 18 h™* per the

11



number of bulk Ru atoms [96,97]. The yield of glucose was raised up to 31% by increasing
the Ru loading to 10 wt%. This catalyst was reusable up to 5 times without loss of the activity
or Ru leaching, checked by ICP-AES. The Ru species on CMK-3 was highly dispersed
RuO;-2H,0 determined by XAFS and XRD, and the high valent Ru has been proposed to
work as a catalyst for hydrolysis.

Intriguingly, mesoporous carbons also catalyzed the hydrolysis of cellulose to glucose
even in the absence of strong acidity (entries 32,33) [73,96,97]. Katz et al. reported that even
silanols with very weak acidity (pK, = 7) were able to hydrolyze cellulose by inducing
stressful conformations by forming ether bonds between silica and cellulose [98]. They
proposed that the proximity of surface silanols was important to hydrolyze the
biomass-derived polymer [99]. Silanols captured the polymer by forming ether bonds with
hydroxyl groups, which kept neighboring other silanols close to the immobilized polymer.
Then, the silanols had the enhanced chances to activate glycosidic bonds.

Recently, mechanocatalytic depolymerization of cellulose without solvents has been
reported. Cellulose and kaolinite (Al,Si,O7-2H,0) were milled together at 350 rpm for 3 h,
and 84% of cellulose was depolymerized into water-soluble products during the milling
process [100]. Rinaldi et al. conducted the planetary milling of acid-impregnated cellulose at
350 rpm for 2 h, and cellulose was almost completely hydrolyzed into water-soluble
oligosaccharides [101]. After that, these oligomers were converted to glucose by the acid in
water at 403 K for 1 h. Although the scalability and energy consumption in milling process
might be concerned for the practical use, they estimated that 6 tons of ethanol can be
produced from 12 tons of cellulose by the milling in a large vessel (112 m®) used in cement
industry and a fermentation process. Their calculation indicates that this milling process
consumes 5160 kWh, which is obviously lower than the energy content in the product (45000

kWh). Although milling-free process is ideal, this method might be applicable to practical
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production of chemicals from real biomass.

3.3. Conversion of cellulose to other valuable chemicals

Other valuable chemicals such as methyl glucosides, 5-HMF, gluconic acid, ethylene
glycol (EG), and propylene glycol (PG) have also been synthesized from cellulose (Scheme
5).

Scheme 5

Although glucose is unstable in hot-compressed water as noted above, methyl glucosides,
which are raw materials for surfactants, detergents, and cosmetics [102,103], are stable even
under harsh conditions owing to the protection of a hemiacetal group [104]. For this reason,
the methanolysis of cellulose to methyl glucosides has been studied. Saka et al. conducted the
conversion of cellulose in supercritical methanol, and methyl glucosides were obtained in ca.
30% vyield at 623 K and 43 MPa [104]. They also showed that the substitution reactions also
proceeded at reducing terminal glucose residue of cellulose to form methylated
oligosaccharides under the reaction conditions. Wang et al. reported that a sulfonated carbon
prepared from lignin afforded 62% vyield of methyl glucosides with 90% conversion of
crystalline cellulose [105]. A bio-char treated by fuming sulfuric acid converted
microcrystalline cellulose to methyl glucosides in 92% vyield at 548 K, but the activity
decreased during recycle tests [106].

The production of 5-HMF from cellulose has been a target in the biorefinery, since
5-HMF is a versatile platform chemical to fuels and plastics [107]. Antal et al. reported the
formation of 5-HMF from fructose and sucrose in water at 523 K with and without mineral
acids [108]. Zhang et al. demonstrated that CrCl, catalyzed the conversion of fructose and
glucose to 5-HMF in [EMIM]CI [107]. The production of 5-HMF from glucose includes four

steps: isomerization of glucose to fructose and stepwise dehydration of three water molecules
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from fructose [109]. The rate-determining step is the first isomerization. In [EMIM]CI,
[EMIM]*CrCl;~ was possibly formed, and CrCls™ anion enhanced the isomerization by
forming hydrogen bonds with hydroxyl groups of glucose to promote hydride transfer. Then,
the dehydration of fructose to 5-HMF rapidly occurred in the presence of the catalysts.
Notably, they also succeeded in the direct synthesis of 5-HMF from cellulose in 58% vyield by
using CuCl,-CrCl, catalyst in [EMIM]CI [110]. lonic liquid facilitated the reaction by
dissolving cellulose. Similarly, CrCl,-HCI gave 54% yield of 5-HMF from cellulose in a
mixture of 10 wt% LiCI/DMAc and [EMIM]CI, and CrCl;-HCI afforded 5-HMF in 48% vyield
from corn stover [111].

Conversion of biomass to gluconic acid, which is used in food industry and
pharmaceuticals [112], is also a challenge. The selective oxidation of glucose to gluconic acid
was catalyzed by various mono- and multimetallic catalysts under basic conditions [113-116].
Au nanoparticles, active for CO oxidation [117,118], promoted the selective oxidation of
glucose to gluconic acid [119]. Rossi et al. reported that Au/C gave ca. 6 times higher TOF
than Pd-Bi/C and Pt-Pd-Bi/C at pH 9.5 [120]. Furthermore, Au/C catalyzed the selective
oxidation even at pH 7, but the reaction was not promoted by Pd-Bi/C and Pt-Pd-Bi/C under
the same conditions. They also showed that the Au particles catalyzed the reaction only when
the particle size was smaller than 10 nm [121,122]. Wang et al. applied Au/CNT catalyst to
the conversion of cellobiose to gluconic acid without bases and obtained gluconic acid in 70%
yield at 418 K under O, pressure of 1.0 MPa [123]. Similarly, Onda et al. reported that
Pt/sulfonated carbon afforded ca. 60% yield of gluconic acid at 393 K under 0.1 MPa of air
without pH control [124]. The direct synthesis of gluconic acid from cellulose has been
achieved by Au/Cs;,H;sPW1204 catalyst, giving ca. 60% yield of gluconic acid at 418 K
under 1.0 MPa of O, [125]. This reaction consists of two steps: the first is the hydrolysis of

cellulose to oligosaccharides and glucose promoted by Cs; ,H; sPW1,04 and the second is the
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oxidation of reducing terminal of glucans by the small Au nanoparticles. Although
AU/Cs; ,H; gPW1,04 decreased its catalytic performance after the second reaction, a
combined catalyst, HsPW12040 and Au/Cs; oH; sPW12040, Was reusable at least 6 times.

Zhang et al. demonstrated the one-pot synthesis of EG from cellulose in 61% vyield by
supported Ni and tungsten carbide (WC) catalyst at 518 K under 6 MPa of H, for 30 min
[126]. They indicated that Ni promoted the hydrogenation via the activation of H,, and that W
catalyzed the C-C bond cleavage such as retro-aldol reaction [127]. WC activated H, without
Ni [128], and WC supported on mesoporous carbon produced 73% yield of EG with 100%
conversion of cellulose [129]. The WC catalyst was reusable for 3 times.

Liu et al. showed that the synthesis of EG and PG was promoted by Ru/C and WO;
[130,131]. They used Cg sugar substrates such as glucose and fructose to clarify the reaction
mechanism for the production of EG and PG on Ru/C. The mixture of sorbitol and mannitol
was obtained from both of the substrates without WOs;. In the presence of WOj3, glucose and
fructose were transformed into EG and PG, respectively, in higher selectivity than sorbitol and
mannitol. Mannose produced from cellulose was also converted to EG; however, relatively
large amount of mannitol was produced. Hence, the main precursors to EG and PG were
glucose and fructose, respectively, and WOj; catalyzed the cleavage of C-C bonds in the sugar
compounds. Moreover, the results of the model reactions using 2-deoxyglucose and
2-deoxyribose suggested that the C-C bond cleavage did not take place via the retro-aldol
reaction on WOg; catalyst, and that the hydroxyl group at C2 position of sugar molecules
played an important role in the reaction. Therefore, the authors proposed that WO; catalyst
formed a complex with a substrate by interacting with hydroxyl groups to result in the C-C
bond cleavage.

In addition, Ni/ZnO and Ni-Cu/ZnO converted cellulose into 1,2-alkanediols such as EG,

PG, 1,2-butanediol, and 1,2-hexanediol with good conversion (> 89%) in the reuse
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experiments more than 4 times [132,133]. The catalytic performance of Ni-Cu/ZnO depended
on the ratio of Ni and Cu, and the conversion of cellulose increased with increasing the Ni/Cu
ratio. On the contrary, the selectivity of 1,2-alkanediols decreased by increasing Ni content
because Ni species promote the cleavage of C-C bonds. When the ratio was 2/3, the

selectivity improved to 73% with 74% conversion.

4. Conclusions

The transformation of biomass resources to renewable and valuable chemicals has
progressed by using heterogeneous catalysis. The hydrolytic hydrogenation of cellulose to
sorbitol and the hydrolysis of cellulose to glucose are the essential upstream steps to
synthesize useful chemicals from biomass, and various catalysts have been developed to
overcome this challenge. Furthermore, the direct synthesis of methyl glucosides, 5-HMF,
gluconic acid, EG, and PG has been achieved in recent years. Although these processes still
need to be improved for the practical use, we believe that the further progress will realize the

biorefinery by heterogeneous catalysis to ensure the sustainable development.
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Table 1.

Conversion of cellulose to sugar alcohols.

Pretreatment of Time P(H;) Conv. Yield /%
Entry Catalyst cellulose T/K /h IMPa /%  Sor® Man® Total°® Ref
1 H,S04, RU/C Sulfite 433 2 7 nd® nd® nd® 82" 56
2 2.5 wt% Pt/y-Al,03 Microcrystalline 463 24 50 nd® 25 6 31 60
3 4.0 wt% Ru/C Microcrystalline 518 05 6.0 86 30 10 39 66
4 1.0 wt% Ru/CNT H3PO, 458 24 50 nd® 69 4 73 43
5 1.0 wt% Ru/CNT Microcrystalline 458 24 50 nd® 36 4 40 43
6 2.0 wt% Pt/BP2000 Ball-milled 463 24 50 82 49 9 58 63
7 5.0 wt% Ru/C, H4SiW1,04 Ball-milled 463 1 95 100 nd® nd? 85 67
8 5.0 wt% Ru/C, H4SiW1,040 Microcrystalline 463 1 95 77 nd® nd® 36 67
9 16 wt% Ni,P/AC Microcrystalline 498 15 6.0 100 48 5 53 69
10 Ni;,Ps/AC* Ball-milled 503 0.7 50 92 62 5 67 70
11 3.0 wt% Ni/CNF Ball-milled 463 24 60 92 50 6 57 71
12 3.0 wt% Ni/CNF Microcrystalline 483 24 6.0 87 30 5 35 71
13 7.5 wt% Ni/oxidized CNF  Ball-milled 463 24 6.0 93 64 7 71 72
14 4.0 wt% Ir-4.0 wt% Ni/MC Microcrystalline 518 05 6.0 100 47 12 58 73
15 2.0 wt% Ru/AC Ball-milled 463 18 08 83 30 8 38 75
16 Pt, HsSiW1,040° m‘ﬁr_ﬂ:fjé'o”' 333 24 07 nd® 54 nd® nd® 76
17 2.0 wt% Ru/AC Ball-milled 463 18 00" 74 34 9 43 75
18 2.0 wt% Ru/CMK-3 Ball-milled 463 18 00" 81 36 9 45 75
# Sorbitol.
® Mannitol.

° Total yield of sorbitol and mannitol.

9 Ni and P loadings were 10 wt% and 2.6 wt%, respectively.

® Pt amount was 24 mol% to cellulose and the concentration of H,SiW1,040 was 0.70 M.
" 2-propanol was used instead of H,.

9 No data.

" Monoanhydrides of sorbitol.
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Table 2.

Hydrolysis of cellulose to glucose.

Pretreatment s/c? Time Conv. Yield /%
Entry Catalyst of cellulose wow) K m e G ol R
19°  Amberlyst 15DRY  Microcrystalline 5.0 373 5 29 09 06° 78
20°  C-SOzH-IL Microcrystalline 2.0 363 2 nd' 33 nd 80
21 SNno.75PW1204 Ball-milled 0.9 423 2 23 23 nd 81
22 HsBW3,04 Microcrystalline’ 0.3 333 48 nd 77 5 76
23 C-SOzH Microcrystalline 0.083 373 3 nd' 4 64 82
24 AC-SOzH Ball-milled 0.9 423 24 nd' 41 nd 88
25 Si0,-C-SO3H Ball-milled 1.0 423 24 61 50 2 90
26 CMK-3-SO3H Ball-milled 0.9 423 24 94 75 nd 91
27 Fes04-SBA-SOsH [BMIM]CI 0.7 423 3 nd' 50 nd 92
28 Fe304-SBA-SOzH Microcrystalline 1.0 423 3 nd' 26 nd 92
29 CoFe;04/Si0,-SO3H  [BMIM]CI 1.0 423 3 nd' 70 300 94
30 CP-SO3zH Microcrystalline 0.2 393 10 nd 93 nd 95
31 2.0 wt% Ru/CMK-3  Ball-milled 6.5 503 0.83% 56 24 16 96
32 CMK-3 Ball-milled 6.5 503 0.83¢ 54 16 5 96
33  MC Ball-milled 3.3 518 0.75" 71 41 09 73

% Ratio of substrate and catalyst based on weight.

® Glucose.

¢ Cellooligosaccharides.

¢ The reaction was conducted in [BMIM]CI.

® Microwave (350 W) was used.

" Cellulose was immersed in the solution for 1 h before reaction.
9 Total time including heating and cooling.

" The reaction mixture was heated from room temperature to 518 K in 45 min and rapidly
cooled down to room temperature.

' No data.

I Total yield of reducing sugars.

k Cellobiose.
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