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than 30%. The isosorbide yield drastically increased with supported ruthenium catalysts instead of supported
platinum catalysts and it also increased with the loading of ruthenium on carbon support. One-pot conversion
of cellulose to isosorbide by 4 wt.% ruthenium catalyst and Amberlyst 70 proceeded with isosorbide yield of

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Conversion of lignocellulosic biomass to fuels and chemicals has
greatly attracted attention for establishing the sustainable society be-
cause of the abundance and renewability of the lignocellulose [1-3].
Cellulose, a polymer of p-glucose, is the most abundant component of
biomass; thus, valorization of cellulose is an issue of great interest.
Recently, cellulose conversion to sorbitol has been reported by some
research groups (Scheme 1) [4-12]. Subsequently, dehydration of sorbi-
tol can provide valuable chemicals: both anhydrosorbitol (sorbitan) and
isosorbide (Scheme 1) [13-19]. Anhydrosorbitol is a key material for
producing sorbitan fatty acid esters, which are used as naturally-
derived surfactants or nontoxic food additives. Isosorbide is a drug med-
icine used as osmotic diuretics and blood-pressure-lowering drugs.
Also, isosorbide has attracted a great deal of attention because poly
(ethylene terephthalate) (PET) containing isosorbide has higher glass
transition temperatures than pure PET [13,20-22], broadening the
applications of polyesters. Consequently, the cellulose valorization can
be realized by conversion of cellulose to isosorbide or anhydrosorbitol.
One-pot conversion of cellulose to isosorbide has been reported using
a combination of supported metal catalyst and homogeneous acid
such as sulfuric acid [23], hydrochloric acid [24], and heteropoly acid
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[25,26]. In these processes, however, neutralization procedure is essen-
tial to remove homogeneous acid catalysts and also separation process-
es of products from the salt solutions are required. Thus, the usage of
heterogeneous acid catalyst is desirable for easy separation of the prod-
ucts. Li et al. reported that ruthenium supported on niobium phosphate
showed high activity for cellulose conversion to isosorbide (maximum
yield 52%) [27]. Further improvement of catalyst system such as combi-
nation of supported metal catalyst and solid acid is required for the
higher isosorbide yield. In this work, we found that the combination
of supported ruthenium catalysts and ion-exchange resin, Amberlyst
70, was effective for one-pot conversion of cellulose to isosorbide
(Scheme 1). Recently, Shrotri et al. reported transfer hydrogenation of
cellulose-based oligomers to sorbitol in a fixed-bed reactor [28], leading
to the technique for the direct conversion of cellulose into isosorbide
using a flow reactor.

2. Experimental
2.1. Catalyst preparation

The supported platinum catalysts were prepared by an impregna-
tion method using a carbon black BP2000 (Cabot Corporation) and a
nitric acid aqueous solution of cis-[Pt(NH3),(NO),] (Furuya Metal Co.,
Ltd.) as follows. The aqueous solution of platinum precursor and the
carbon black were stirred for 12 h at ambient temperature and evapo-
rated to dryness at 323 K under reduced pressure by a rotary evaporator.
Then the samples were dried for 10 h at 373 K in an oven, followed by


http://crossmark.crossref.org/dialog/?doi=10.1016/j.catcom.2015.04.009&domain=pdf
http://dx.doi.org/10.1016/j.catcom.2015.04.009
mailto:a.yamaguchi@aist.go.jp
http://dx.doi.org/10.1016/j.catcom.2015.04.009
http://www.sciencedirect.com/science/journal/15667367
www.elsevier.com/locate/catcom

60 A. Yamaguchi et al. / Catalysis Communications 67 (2015) 59-63

OH
0 OHO OH + Hzo 0 + H2
0 N - — HO
H*
HO OH
OH
Cellulose
s HZO Ho

)J

HO OH

1,4-Anhydrosorbitol

OH

OH
Glucose Sorbitol
HO
-HQ 9
H' o)
OH
Isosorbide

Scheme 1. One-pot conversion of cellulose to isosorbide.

treatment at 673 K for 2 h under flowing hydrogen. The amounts of plat-
inum in the catalysts were 2 and 4 wt.%, of which the catalysts were rep-
resented as 2%Pt/C and 4%Pt/C, respectively.

The supported ruthenium catalysts were also prepared by an im-
pregnation method using BP2000 and an aqueous solution of RuCl;
(Wako Pure Chemical Industries, Ltd.). The preparation process of sup-
ported ruthenium catalysts (2%Ru/C and 4%Ru/C) was same as that of
platinum catalysts.

The ion-exchange resin, Amberlyst 70, was purchased from The Dow
Chemical Company and used without further purification.

2.2. Reaction procedure

Cellulose (Merck KGaA) was pulverized with a ball mill at 60 rpm for
48 h. The conversion of cellulose was carried out in a batch reactor (OM
Lab-Tech, MMJ-100), of which inner volume was 100 cm? [4,29]. The
cellulose (0.324 g), the supported metal catalyst (0.1-0.4 g), Amberlyst
70 (0.5-3 g), and water (40 g) were loaded in the reactor and
the reactor was purged with hydrogen gas, and then hydrogen gas
(5 MPa) was loaded in the reactor at ambient temperature. The reactor
was heated to 443-463 K and maintained at the reaction temperature
for the reaction time (16 h) with screw stirring at 600 rpm. After the
reaction, a mixture of liquid and solid was recovered and filtered to sep-
arate the solid materials from the liquid fraction. The quantitative anal-
ysis of water-soluble products in the liquid fraction was conducted by
high-performance liquid chromatography (Shimadzu, HPLC) with a
refractive index detector (Shimadzu, RID-10A) and a UV-Vis detector
(Shimadzu, SPD-20AV) equipped with a Rezex RPM-Monosaccharide
Pb + 2 (8%) (Phenomenex) and a SUGAR SC1211 column (Shodex).
Amount of total organic carbon (TOC) in the liquid fraction was deter-
mined using a total organic carbon analyzer (Shimadzu, TOC-V¢sy).
The other water-soluble (WS) products defined in this manuscript
were calculated from the amount of total organic carbon in the liquid
fraction other than the amount of total carbon detected by HPLC. The
product yield was calculated based on glucose unit in the reactant
cellulose.

Some of the recovered solid fractions by filtration after the reaction
were loaded in the reactor again to investigate the reusability of the cat-
alysts, and then 0.324 g of fresh cellulose was also loaded in the reactor.
The reaction was carried out in the same method as identified above.

Sorbitol dehydration reaction was also carried out in a batch
reactor (OM Lab-Tech, MM]-100). The sorbitol aqueous solution
(0.05 mol dm~3, 40 cm®) and Amberlyst 70 1 g were loaded in the
reactor and the reactor was purged with helium gas, and then the reac-
tor was heated to 463 K and maintained at the temperature for 16 h
with screw stirring at 600 rpm.

3. Results and discussion

Sorbitol was obtained from cellulose by hydrogenolysis, combina-
tion of hydrolysis and hydrogenation, using supported platinum cata-
lyst (2%Pt/C) and hydrogen (5 MPa) in water at 463 K for 16 h with a
yield of sorbitol 60.2% (Table S1 and characterization result of the Pt/C
catalyst are shown in ESI) [4,29,30]. Also, isosorbide could be obtained
from sorbitol by dehydration using ion-exchange resin Amberlyst 70
1 g at 463 K for 16 h with a yield of isosorbide 62.9% (Table S2),
where the maximum operating temperature of Amberlyst 70 was
463 K, as shown in its instructions. Accordingly, we carried out one-
pot conversion of cellulose to isosorbide using the Pt/C catalyst and
Amberlyst 70 at 463 K for 16 h, resulting in 8.4% of isosorbide yield
(Table 1). The isosorbide yield obtained by the one-pot reaction (8.4%)
was much lower than the expected yield (38%) from stepwise reactions
(first step 60.2% and second step 62.9%). The conversion of cellulose to
isosorbide consists of cellulose hydrolysis, glucose hydrogenation, and
sorbitol dehydration (Scheme 1). The acid catalyst Amberlyst 70 can
enhance not only sorbitol dehydration but also cellulose hydrolysis;
thus, it enables lower reaction temperature than 463 K. The isosorbide
yield increased to 9.3% at 453 K (Table 1); however, it decreased to
6.5% at 443 K where the yield of sorbitol increased with decreasing reac-
tion temperature, indicating that sorbitol dehydration was slow at
lower temperature. Next, we changed the amount of the acid catalyst
to accelerate the sorbitol dehydration. The isosorbide yield increased
with increasing the amount of Amberlyst 70 and it reached 16.1% in
the case of 3 g of Amberlyst 70 at 453 K (Table 2). Pt loadings and cata-
lyst amounts were also investigated for the enhancement of the
isosorbide yield from the cellulose (Table 3). The sizes of metal particle
in 2%Pt/C and 4%Pt/C were 1.7 nm and 1.9 nm from hydrogen adsorp-
tion, respectively [30]. The isosorbide yield was increased from 16.1%

Table 1
Product yields obtained from conversion of milled cellulose using 2%Pt/C and Amberlyst
70 with 5 MPa H, for 16 h (milled cellulose 0.324 g, 2%Pt/C 0.2 g, Amberlyst 70 1.0 g).

T* (K) Yield (%)
Is® 1,4-AHSO® so¢ IM© MA' Other WS¢
443 6.5 29 24.2 0.5 32 20.2
453 9.3 03 12.4 0.5 1.1 215
463 8.4 0.2 0.8 0.4 0.0 18.2

@ Reaction temperature.
b Isosorbide.

€ 1,4-Anhydrosorbitol.

4 Sorbitol.

¢ Isomannide.

f Mannitol.

& Other water-soluble products.
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Table 2
Product yields obtained from conversion of milled cellulose using 2%Pt/C and Amberlyst
70 at 453 K with 5 MPa H, for 16 h (milled cellulose 0.324 g, 2%Pt/C 0.2 g).

Table 4
Product yields obtained from conversion of milled cellulose using 4%Ru/C and Amberlyst
70 with 5 MPa H, for 16 h (milled cellulose 0.324 g, 4%Ru/C 0.2 g, Amberlyst 70 3.0 g).

Resin® (g) Yield (%) T (K) Yield (%)

Is° 1,4-AHSO¢ so? M© MA' Other WS® IS 1,4-AHSO® so? m© MA' Other WS®
0.5 7.0 2.7 20.1 0.2 34 19.7 443 31.8 425 32 1.8 0.1 5.0
1.0" 9.3 03 124 0.5 1.1 215 453 39.6 354 0.8 2.0 0.0 1.2
3.0 16.1 9.2 2.2 0.7 0.2 8.9 463 55.8 16.1 0.0 33 0.0 23
¢ Amount of Amberlyst 70. ¢ Reaction temperature.
b Isosorbide. b Isosorbide.
€ 1,4-Anhydrosorbitol. ¢ 1,4-Anhydrosorbitol.
4 Sorbitol. 4 Sorbitol.
¢ Isomannide. ¢ Isomannide.
' Mannitol. f Mannitol.
g

Other water-soluble products.
" Same data in Table 1.

to 24.7% by an increase of 2%Pt/C catalyst amount from 0.2 to 0.3 g. On
the other hand, the isosorbide yield over 0.1 g of 4%Pt/C (16.8%) was
almost the same as that over 0.2 g of 2%Pt/C (16.1%) when the amounts
of Pt surface atoms were almost the same. The isosorbide yield over
4%Pt/C increased with increasing catalyst amount and reached 29.9%
using 0.3 g of 4%Pt/C; however, the obtained yield of isosorbide was
still lower than the expected yield in the case of Pt/C catalysts.

The supported ruthenium catalysts were also reported to be active
for the cellulose hydrogenolysis to sorbitol [5-7,11,29,31]. The sorbitol
yield from cellulose was 51.2% at 463 K for 16 h, using supported ruthe-
nium catalyst (4%Ru/C) and hydrogen (5 MPa) (Table S3 and character-
ization result of the Ru/C catalyst are shown in ESI). The Ru/C catalyst
was comparably active to the Pt/C catalyst for the cellulose hydroly-
sis to sorbitol (Tables S1 and S3) in agreement with the previous
reports [29,31]. We carried out one-pot conversion of cellulose to
isosorbide using 4%Ru/C catalyst and Amberlyst 70 for 16 h (Table 4).
The isosorbide yields using Ru/C were much higher than those using
Pt/C catalysts. The total yield of sorbitol-derived materials, which
were sorbitol, 1,4-anhydrosorbitol, and isosorbide, decreased with in-
creasing reaction temperature. On the other hand, the isosorbide yield
was higher at higher reaction temperature, indicating that the dehydra-
tion of sorbitol to isosorbide proceeded at high reaction temperature
and at the same time side reaction also proceeded slightly. The
isosorbide yield (55.8%) over 4%Ru/C and Amberlyst 70 was higher
than the expected yield (32%) from stepwise reactions (first step
51.2% and second step 62.9%). We found that the Ru/C catalyst was
more active than the Pt/C catalyst for the direct cellulose conversion
to isosorbide with Amberlyst 70. The activity for cellulose into sorbitol
using Ru/C was almost the same as that using Pt/C; however, the activ-
ity for cellulose into isosorbide using Ru/C and Amberlyst 70 was higher
than that using Pt/C and Amberlyst 70. The activity of platinum was

Table 3
Product yields obtained from conversion of milled cellulose using Pt/C and Amberlyst 70 at
453 K with 5 MPa H, for 16 h (milled cellulose 0.324 g, Amberlyst 70 3.0 g).

& Other water-soluble products.

inhibited by Amberlyst 70; on the other hand, the Ru/C catalyst worked
well for cellulose hydrogenolysis even with Amberlyst 70. Zhao et al.
also reported the similar results that Ru/C was more active for cellulose
conversion to isosorbide with hydrochloric acid or sulfuric acid [24]. The
reported maximum isosorbide yield from one-pot conversion of cellu-
lose was 52% using Ru/C and heteropoly acid [26] and Ru/niobium phos-
phate [27]. The one-pot conversion of cellulose to isosorbide consists of
cellulose hydrolysis, glucose hydrogenation, and sorbitol dehydration.
5-Hydroxymethylfurfural (HMF) is also reported as one of the promis-
ing chemicals from cellulosic biomass, which is reviewed in some arti-
cles [32,33]. HMF can be obtained by cellulose hydrolysis, glucose
isomerization, and fructose dehydration. These reactions also proceed
using acid catalysts; however, the HMF yield is not so high (ca. 30%)
unless ionic liquid or organic solvent was used [32,33]. In this study,
we obtained isosorbide (yield 55.8%) and a trace amount of HMF can
be obtained, indicating that glucose hydrogenation into sorbitol was
faster than glucose isomerization to fructose under the reaction condi-
tion with acid catalyst, supported metal catalyst, and high-pressure
hydrogen. We also investigated the effects of Ru loadings and catalyst
amounts on the isosorbide yield from the cellulose (Table 5). The
isosorbide yields using 4%Ru/C 0.1 g (29.4%) or 0.3 g (42.1%) were
lower than that using 4%Ru/C 0.2 g (55.8%), indicating that optimum
amount of 4%Ru/C was 0.2 g. In the case of 0.1 g of 4%Ru/C, the yield
of the other water-soluble products was higher than those using 0.2
or 0.3 g, implying that the hydrogenation of glucose was slow because
of less number of ruthenium metal sites. Interestingly, the isosorbide
yield using 2%Ru/C 0.4 g (24.1%) was much lower than that using
4%Ru/C0.2 g (55.8%) despite the same amount of Ru atoms on these cat-
alysts. The metal dispersion of 2%Ru/C catalyst was 50.7% (Ru metal size
2.6 nm), which was twice larger than that of 4%Ru/C (25.0%, Ru metal
size 5.3 nm); thus, the number of surface Ru atoms in 4%Ru/C 0.2 g
(isosorbide yield 55.8%) was almost the same as that in 2%Ru/C 0.2 g

Table 5
Product yields obtained from conversion of milled cellulose using Ru/C and Amberlyst
70 at 463 K with 5 MPa H, for 16 h (milled cellulose 0.324 g, Amberlyst 70 3.0 g).

Cat® Yield (%) Cat? Yield (%)

Is° 1,4-AHSO® so? me© MA"  Other Ws¢ IS 14-AHSO°  SO¢  IM®  MA"T  Other WS¢
2%Pt/C,0.2 g" 16.1 9.2 2.2 0.7 0.2 8.9 2%Ru/C,02 g 13.2 35 0.1 0.5 04 14.2
2%Pt/C,03 g 24.7 13.2 0.5 0.8 0.1 5.5 2%Ru/C, 04 g 24.1 15.7 0.6 0.5 0.0 6.4
4%Pt/C,0.1 g 16.8 9.9 7.7 0.8 03 16.7 4%Ru/C,0.1g 294 18.6 0.6 04 0.6 15.6
4%Pt/C,0.2 g 273 169 2.8 1.0 03 8.6 4%Ru/C,0.2 g" 55.8 16.1 0.0 33 0.0 23
4%Pt/C,03 g 29.9 16.8 0.7 1.1 0.1 54 4%Ru/C,03 g 421 244 0.6 24 0.0 3.1
@ Catalysts. @ Catalysts.
b Isosorbide. b Isosorbide.
¢ 1,4-Anhydrosorbitol. ¢ 1,4-Anhydrosorbitol.
4 Sorbitol. 4 Sorbitol.
¢ Isomannide. ¢ Isomannide.
f Mannitol. f Mannitol.

& Other water-soluble products.
" Same data in Table 2.

& Other water-soluble products.
" Same data in Table 4.
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Fig. 1. Recycling results for the one-pot conversion of cellulose to isosorbide using 4%Ru/C and Amberlyst 70 at (a) 463, (b) 453, and (c) 443 K with 5 MPa H, for 16 h (milled cellulose
0.324 g, 4%Ru/C 0.2 g, Amberlyst 70 3.0 g). IS: isosorbide, 1,4-AHSO: 1,4-anhydrosorbitol, SO: sorbitol.

(isosorbide yield 13.2%). These results indicated that the active rutheni-
um species were formed in 4%Ru/C. Li et al. investigated the size effect
of ruthenium metal particles on cellulose conversion to isosorbide
[27] and showed that Ru metal particles with 5.5 nm showed the
highest isosorbide yield. In this study, we also showed that 4%Ru/C
with 5.3 nm of Ru metal particles provided the higher isosorbide yield
than 2%Ru/C with 2.6 nm of Ru metal particles. We have succeeded in
one-pot conversion of cellulose to isosorbide (yield 55.8%) by supported
ruthenium catalysts and ion-exchange resin, Amberlyst 70, in water
without homogeneous acid catalysts.

The reusability of the catalysts, 4%Ru/C and Amberlyst 70, was inves-
tigated by using them three times. These catalysts were recovered by
filtration after the reaction and used without any treatment three
times. The fresh cellulose was added each time and the yields were cal-
culated based on the amount of fresh cellulose. The isosorbide yield at
463 K decreased from 55.8% (1st run) to 10.6% (2nd run) where the
1,4-AHSO also decreased from 16.1% to 4.2% (Fig. 1), indicating that
the Ru/C catalyst deactivated and glucose hydrogenation did not
proceed effectively. We confirmed that ruthenium species were not
detected in water-soluble fraction after the reaction by ICP measure-
ment, indicating that ruthenium species remained on the carbon
support. The reason of the catalyst deactivation might be carbon precip-
itation on the ruthenium surface after the 1st run of the reaction. The
reusability of the catalysts at lower reaction temperature became better.
At 443 K, the yields of isosorbide and 1,4-anhydrosorbitol decreased
from 31.8% and 42.5% (1st run) to 20.3% and 29.9% (2nd run), respec-
tively. At low temperature, the side reactions such as polymerization
might be slow and carbon precipitation might be less adsorbed on the
metal surface; thus, the activity of ruthenium catalyst could be kept rel-
atively. The isosorbide yield at the 3rd run became only 4.8% even at
443 K. The catalyst life time and regeneration method should be devel-
oped, which we must consider next.

4. Conclusions

We have succeeded in converting cellulose into isosorbide directly
with 55.8% yield by a supported ruthenium catalyst and Amberlyst 70
in water. It has been demonstrated that the direct catalytic conversion
of cellulose into useful chemicals is a powerful technique for the use
of lignocellulosic biomass.
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