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Tungsten Trioxide Promoted Selective Conversion of Cellulose into
Propylene Glycol and Ethylene Glycol on a Ruthenium Catalyst**
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Cellulose is the most abundant source of biomass and has
received considerable attention as a vitally renewable alter-
native to fossil fuels."! Consequently, different primary
routes for the conversion of cellulose with potentially high
energy efficiency and atom economy have been explored.!'>
As such, catalytic conversion of cellulose to polyols is
particularly noteworthy because of the versatile uses of
polyols as chemicals directly and as precursors in the synthesis
of fuels and value-added compounds. 410111

Conversion of cellulose to polyols involves hydrolysis of
cellulose by inorganic acids to glucose, and subsequent
hydrogenation of glucose to sorbitol and other polyols. !
For example, recent studies showed that combination of
water-soluble heteropoly acids and Ru/C catalysts is efficient
for cellulose conversion to hexitols (sorbitol and manni-
tol).“*¥l Fukuoka and Dhepe reported the direct conversion of
cellulose to hexitols on Pt/Al,O; in water without use of any
mineral acids.” Following this pioneering work, we devel-
oped a more efficient approach by combining hydrolysis with
H" ions, which are reversibly formed in situ in hot water, with
instantaneous hydrogenation on Ru/C.°! This green
approach has recently been further studied, for example, by
replacing Ru/C with different catalysts, such as carbon
nanotube supported Ru,®! carbon nanofiber supported
nickel,”’) and activated carbon supported nickel phosphide,’
leading to improved yields of hexitols. More noticeably, Ji
et al. achieved the direct conversion of cellulose to ethylene
glycol with high yields (e.g., ~60%) on supported tungsten
carbide catalysts (e.g., Ni-W,C/C).l*" Although the active
sites of the carbides and the underlying mechanism of the
C—C bond cleavage remain unclear, this work provides
a novel route to the sustainable synthesis of ethylene glycol,
an important commodity chemical that is currently dependant
on petroleum-derived ethylene as precursor. These pro-
gresses demonstrate the feasibility of the rational control of
the polyol distributions by exploring effective catalytic
systems for the hydrolysis of cellulose and subsequent
reactions of the sugar intermediates under mild conditions.

[*] Y. Liu, C. Luo, Prof. Dr. H. Liu

Beijing National Laboratory for Molecular Sciences, State Key
Laboratory for Structural Chemistry of Stable and Unstable Species,
College of Chemistry and Molecular Engineering, Peking University
Beijing 100871 (China)
E-mail: hcliu@pku.edu.cn

[**] This work was supported by the National Natural Science
Foundation of China (Grants 20825310, 21173008, and 51121091)
and the National Basic Research Project of China (Grants
2011CB808700 and 2011CB201400).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201200351.

Angew. Chem. Int. Ed. 2012, 51, 3249 —3253

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Herein, we report an efficient conversion of cellulose into
ethylene glycol, propylene glycol, or sorbitol as dominant
products on Ru/C in the presence of WO; (Scheme 1).
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Scheme 1. Catalytic conversion of cellulose into polyols.

Depending on the domain size of WO,, as a solid acid it
promotes not only the hydrolysis of cellulose to sugars (e.g.,
glucose), but also the selective cleavage of the C—C bonds in
the sugar intermediates, thus leading to the preferential
formation of ethylene glycol and propylene glycol
(Scheme 1). In particular, propylene glycol, an important
commodity chemical like ethylene glycol, can be obtained
directly from cellulose with an unprecedented yield (> 30%).

Table 1 shows the cellulose conversions and selectivities
on Ru/C in hot water both in the presence and absence of
WO,;. The effects of WO; on the product selectivities were
examined mostly at similar cellulose conversions of approx-
imately 20 %. At 478 K and 6 MPa H,, cellulose conversion
was 12.5% after 30 minutes in the absence of WO;, and the
major product was sorbitol with a selectivity of 54.4%
(Table 1, entry 1), as reported previously.”” Combined with
mannitol (10.3 %), the total selectivity to hexitols was 64.7 %.
Other products included ethylene glycol (7.5 %), propylene
glycol (3.3%), glycerol (3.0% ). After addition of bulk WO;,
cellulose conversion increased from 12.5% to 23.4%
(Table 1, entry2), as a result of the acidity of WO,."?
Notably, the product distribution changed; the selectivity to
ethylene glycol increased dramatically from 7.5 % to 51.5 %,
concurrently with the decline of the selectivity to hexitols
from 64.7% to 16.9% (15.0% sorbitol and 1.9 % mannitol).
These results clearly show the bifunctional role of WOj; in
accelerating the cellulose hydrolysis and C—C bond cleavage.
Upon addition of activated carbon (C,,) physically mixed
with WO;, the cellulose conversion remained essentially
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Table 1: Conversion and selectivity in cellulose reaction on Ru/C.F!

Entry  Catalyst® Conversion [%] Selectivity [%]

Ethylene  Propylene  Glycerol  Tetritols!?  Pentitols”  Mannitol  Sorbitol

glycol glycol

c, C, G C, C, C, C,
1 - 12.5 7.5 33 3.0 3.2 10.3 10.3 54.4
2 WO, 23.4 51.5 6.7 2.8 3.8 1.1 1.9 15.0
3 WO, + Cye 22.8 24.4 31.9 6.7 25 0.4 1.4 6.7
4 Coat 14.2 6.2 6.7 4.0 2.2 6.7 6.7 52.1
5 0.5%WO0,/C 20.1 25.7 37.6 5.1 1.3 0 0.6 2.5
6 12%W0,/ZrO, 18.5 11.5 4.0 3.9 1.3 4.6 5.1 58.3
7 50%W0,/ZrO, 20.1 349 6.5 3.6 7.3 1.8 53 26.1
8 12%W0O,/TiO, 18.0 10.2 4.6 2.1 23 9.1 9.5 60.5
9 36%WO,/TiO, 20.0 37.5 8.5 3.6 7.2 1.4 4.4 25.3
10 12%WO;/Al,0;, 16.1 25.5 10.6 7.5 4.8 25 5.9 37.5
11 50%WO;/Al,0, 21.5 45.0 10.0 5.2 6.0 0.7 3.0 13.8
12 509%WO0,/Zr0, + Cpo 20.7 25.0 33.1 7.4 5.3 0 3.0 1.1
13 36%WO,/TiO, + C, 19.8 27.9 212 45 5.1 0 28 26.6
14 50%WO,/ALO, +C,.  21.2 27.7 40.9 4.7 15 0 03 3.0
158 WO, 100 48.9 7.4 0.9 1.7 0.7 0.8 6.8
169 50%WO,/ALO, +Coe 100 16.6 30.7 18 0.2 0 0.4 0.6
17 12%W0,/TiO, 100 8.7 8.2 3.2 2.1 4.4 3.9 45.9
18 WO, 20.6 41.4 8.1 1.3 2.8 0 0.7 12.6
19 ) 13.0 31.4 8.0 6.8 23 0.3 1.7 15.6
20 W,C 22.7 50.8 11.4 1.4 33 0.1 0.8 53

[a] 478 K, 6 MPa H,, 30 min, 40 mL H,0, 1.0 g cellulose, 0.02 g 3 wt% Ru/C. [b] 1.0 g for bulk WO;, WO,, W, and W,C catalysts, 0.016 g WO, for
supported WO; catalysts, and 1.0 g for activated carbon when used. [c] Erythritol and threitol. [d] Ribitol, arabitol, and xylitol. [e] 518 K, 6 MPa H,,

30 min.

unchanged (22.8% vs. 23.4 %), but instead of ethylene glycol,
propylene glycol surprisingly became the major product with
a selectivity of 31.9% (Table 1, entry 3). The role of addi-
tional C,, was examined in the presence of Ru/C, and no
contribution to the formation of propylene glycol was
observed when WO; was absent (Table1, entry4). By
supporting the WO; crystallites on C,, (e.g., 0.5 wt % WOj),
a similar result of 37.6% propylene glycol selectivity was
obtained at 20.1 % conversion (Table 1, entry 5), thus indicat-
ing that C,,, and WO; work individually for the formation of
propylene glycol without requirement of their close contact.
Activated carbon appears to accelerate the isomerization of
glucose into fructose by its surface basicity, as confirmed by
a separate experiment of glucose isomerization on C, (not
shown here). Fructose is most likely the active intermediate
for propylene glycol while glucose is the precursor for
ethylene glycol on WO, as discussed below.

A parallel study showed that the catalytic property of
WO; strongly depends on its domain size, which was varied by
changing its surface density on different supports (e.g., ZrO,,
Al,O3, and TiO,). When the surface density of WO; on ZrO,
increased from 2.2 to 11.0 Wnm ™% especially from 4.2 to
6.4 Wnm?, the selectivity to ethylene glycol increased
sharply from 11.5% to 34.9 %, while the selectivity to hexitols
concurrently decreased from 63.4% to 31.4% (Figure 1a).
The conversion and selectivity to propylene glycol slightly
varied from 18.5 to 20.1 % and from 4.0 to 6.5 %, respectively,
in the whole range of surface density of WO;. Similar trends
were observed on other supports, such as ALO; and TiO,
(Table 1, entries 6-11). Increase in the surface density of WO,
on ALO; and TiO, in the range of approximately 2 to

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

7Wnm™? led to an increase in the selectivity to ethylene
glycol from 25.5% to 45.0% and 10.2% to 37.5%, respec-
tively, with a concurrent decline in the selectivity to hexitols
from 43.4% to 16.8% and 70.0% to 29.7%, respectively.
These WO; domains were characterized by X-ray diffraction
(XRD) analysis (Figure S1 in the Supporting Information)
and Raman spectroscopy (Figure 1b and Figure S2). These
analyses showed that the domains evolve from dispersed
mono- and polytungstates at WO; surface densities below
approximately 5 Wnm™, the theoretical monolayer
capacity,'” to three-dimensional WO, crystallites at WO,
surface densities above approximately 5 Wnm~2. This corre-
lation is represented by the Raman spectra of the WO4/ZrO,
samples (Figure 1b), which show the characteristic features of
crystalline WO; at about 807, 720, and 270 cm™' above
5.3 Wnm™2 Such structural evolution is consistent with the
general conclusions reported previously.'” These parallel
changes in the structure of the WO; domains and their
selectivities show that the dispersed WOs; species are active
mainly as solid acid for the cellulose hydrolysis, while the
WO; crystallites not only act as solid acid but also catalyze the
cleavage of the C—C bonds in the sugar intermediates.

At given WOj; surface densities especially below a cover-
age of one monolayer, it was noted that WO; supported on
TiO, and ZrO, afforded higher selectivity to hexitols while
conversion to ethylene glycol was preferred on Al,O;
(Table 1, entries 6-11). Such a support effect may be related
to the different surface basicities of these supports and thus
the different interactions with the sugar intermediates, as was
inferred from the separate experiments with these pure
supports (Table S1). Addition of C,, to the supported WO,
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Figure 1. a) Cellulose conversion and product selectivity as a function
of the surface density of WO; on ZrO, (478 K, 6 MPa H,, 30 min,

40 mL H,0, 1.0 g cellulose, 0.02 g 3 wt% Ru/C, 0.016 g WO3). Left
hand axis: selectivity for hexitols (m), for ethylene glycol (), for
propylene glycol (®); right hand axis: cellulose conversion (A).

b) Raman spectra of ZrO, (1) and WO, on ZrO, with different WO,
loadings and surface densities: 2) 12 wt% WO,/ZrO, (2.2 Wnm?),
3) 24 wt% WO,/ZrO, (4.2 Wnm™?), 4) 30 wt% WO,/ZrO,

(5.3 Wnm™?), 5) 36 wt% WO,/ZrO, (6.4 Wnm?), 6) 50 wt% WO,/
ZrO, (11.0 Wnm™).

samples, which dominantly consisted of WO, crystallites, also
led to a change in product distributions (Table 1, entries 12—
14), as observed with bulk WO; (Table 1, entries 2 and 3). For
example, the selectivity to propylene glycol increased signifi-
cantly from 10.0 % to 40.9 %, while the selectivity to ethylene
glycol and to hexitols decreased from 45.0% to 27.7% and
16.8% to 3.3 %, respectively, at a similar cellulose conversion
(~21%) after addition of C,, into 50 wt% WO,/ALQO;
(7.2 Wnm™?). These results show that the synthesis of
ethylene glycol, propylene glycol, and hexitols can be
controlled by changing, for example, the domain size of
WO; and the support.

The high selectivity toward these polyols can be retained
even at 100% cellulose conversion on these WO, catalysts
(Table 1, entries 15-17). For example, the selectivities to
ethylene glycol, propylene glycol, and hexitols were 48.9 %,
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30.7 %, and 49.8 %, respectively, on bulk WO;, 50 wt % WO,/
AlLO; (7.2 Wnm?) mixed with C,,, and 12wt% WO,/TiO,
(2.2 Wnm?), respectively, corresponding to their respective
yields at 100 % conversion achieved at 518 K. To the best of
our knowledge, such high yields, more specifically of propyl-
ene glycol (30.7 % ), have not been reported previously for the
direct reaction of cellulose. Obviously, these yields can be
potentially improved by optimizing the catalyst performance
and reaction conditions.

The recyclability of these WOj; catalysts was also exam-
ined. No essential decline in cellulose conversion and polyol
distribution was observed after five successive cycles either on
bulk WO; or 50wt % WO,/ALO; (7.2 Wnm?) mixed with C,,
(representative results in Figure S3). Such stable performance
of these WO; catalysts is consistent with their characterization
results. Analysis of the aqueous reaction solutions by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) showed no detectable leaching of WO;. Charac-
terization by XRD analysis, Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS) showed no change or
modification in the bulk and surface of WOj; and in its
oxidation state after reactions (Figure S4-7). These results
demonstrate that the bulk and supported WO, catalysts are
stable and reusable under the reaction conditions in this work.

To confirm that WO; is the active phase for the cleavage
of C—C bonds in the sugar intermediates, other tungsten
samples were compared under identical conditions, including
crystalline WO,, W,C, and W in different oxidation states.
Similar to WO;, WO,, and W,C catalyzed the cellulose
reaction with 41.4% and 50.8 % selectivity to ethylene glycol
at 20.6% and 22.7% conversion, respectively (Table 1,
entries 18-20). Even on tungsten powder, the selectivity to
ethylene glycol was as high as 31.4% at 13.0% cellulose
conversion. To understand the performances of these tung-
sten species, they were characterized by XPS, XRD analysis,
and Raman spectroscopy. XPS spectra showed that as-
received WO,, W,C, and W contained W' species at their
surfaces with estimated molar fractions of 68 %, 46 %, and
54 %, respectively (Figure S6). Such high surface contents of
WY may be relevant to the preparation of these species,
which involves either reduction of WO; (for WO, and W) or
passivation in O, (for W,C)."*!¥ Irrespective of this differ-
ence, the surfaces of these species were predominantly
covered with the W' after the cellulose reaction, thus
showing the intensive oxidation at their surfaces to WOj;
(Figure S6). This result is consistent with the detection of
the WO; phase after the reaction by Raman spectroscopy
(Figure S5), nevertheless, the bulk phases of these species
remained essentially intact (Figure S4). In contrast, WO; was
very robust and stable, as mentioned before. Such difference
in their structural stability indicates that the WOj; phase plays
the key role in breaking the C—C bonds and forming ethylene
glycol. Notwithstanding its superior activity and hydrother-
mal stability in the cellulose reaction, WO; possesses addi-
tional advantages over the other three tungsten samples,
which are generally derived from WO;, with respect to price
and availability.

In order to understand the mechanism for the conversion
of cellulose to ethylene glycol and propylene glycol involving
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Table 2: Conversion and selectivity in reactions of different sugars and sorbitol on Ru/C.1!

Selectivity [%)]

Entry Ethylene Propylene Glycerol Tetritols® Pentitols! Mannitol Sorbitol

glycol glycol

c, C, G, C, C, C, C,
1 sorbitol + WO, 0 0 0 0 0 0 100
2 glucose 9.3 6.1 1.9 0 3.5 7.4 70.3
3 fructose 8.3 6.6 2.9 0.3 1.9 35.8 43.5
4 glucose +WO; 59.4 14.1 2.9 4.5 0 1.8 9.2
5 fructose + WO, 15.7 47.9 17.7 1.0 0 9.4 10.8
6 mannose + WO, 54.2 1.3 3.4 53 0 17.6 33
7 xylose + WO, 321 355 10.0 53 15.5 - -
8 ribose + WO, 25.8 29.0 7.6 0.3 20.3 - -
9l 2-deoxy-glucose + WO, 0 0 0 0 0 0 0
101 2-deoxy-ribose + WO, 0 0 0 0 0

[a] 478 K, 10 min, 6 MPa H,, 40 mL H,0, 0.1 g sugar or sorbitol, 0.02 g 3 wt%Ru/C, 1.0 g WO;; sorbitol conversion was 1.4% and sugar conversions
are all 100%. [b] Erythritol and threitol. [c] Ribitol, arabitol, and xylitol. [d] The product is 2-deoxy-sorbitol. [e] The product is 2-deoxy-ribitol.

the C—C bond cleavage, reactions of the possible intermedi-
ates, glucose, fructose, and sorbitol, were performed on WO,
under identical conditions (at 478 K and 6 MPa H,). Sorbitol
was found to be inactive with a negligible conversion (1.4 %)
after 10 minutes (Table 2). Glucose and fructose were readily
reduced to sorbitol and to a mixture of sorbitol and mannitol,
respectively, with nearly equimolar amounts on Ru/C without
WO;. In the presence of WO;, glucose was converted to
ethylene glycol in a selectivity of 59.4 % (at 100 % conversion)
with a similar product distribution to that observed in the
cellulose reaction. However, for the fructose reaction, Cs;
polyols were formed dominantly, including 47.9 % propylene
glycol and 17.7 % glycerol, as found in the cellulose reaction
on WOj; mixed with C,,. Reaction of mannose, an alternative
isomer of glucose from the cellulose hydrolysis, was also
examined on WO;, which afforded ethylene glycol as the
major product (54.2 %), like the glucose reaction, but with an
expected higher mannitol selectivity (17.6%) than sorbitol
selectivity (3.3%). Therefore, glucose and fructose are the
precursors of ethylene glycol and propylene glycol, respec-
tively, which are formed through selective cleavage of the
C—C bonds in these sugar molecules on WO; and subsequent
hydrogenation of the corresponding degraded intermediates
on Ru/C (Scheme 1).

These results of the Cy4 sugar reactions indicate that the
cleavage of the C—C bond occurs primarily at the (3 position to
the carbonyl group. This is further verified by the reactions of
C; sugars, xylose, and ribose, which form nearly equimolar
amounts of ethylene glycol and C; polyols (propylene glycol
and glycerol; Table 2, entries7 and 8). Such a cleavage
pattern resembles the pattern predicted by the retro-aldol
mechanism, which has been used previously to understand the
sugar hydrogenolysis reaction under basic conditions. !
However, this mechanism was excluded by reactions of 2-
deoxy-glucose and 2-deoxy-ribose on WO; and Ru/C under
the same conditions (Table 2, entries9 and 10). If the
reactions followed the retro-aldol mechanism, the major
products would be ethylene glycol and ethanol for 2-deoxy-
glucose, and propylene glycol and ethanol for 2-deoxy-ribose.
But only their sugar alcohols, 2-deoxy-sorbitol and 2-deoxy-
ribitol, were formed with no detectable products derived from
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the C—C bond cleavage in the two 2-deoxy-sugars. Taken
together, these results demonstrate that the adjacent a-OH
group (i.e., next to the carbonyl group) in the sugars is
indispensable to undergo the C—C bond cleavage on WO;,
different from the typical retro-aldol reaction that requires
the presence of only $-OH to the carbonyl groups. Detailed
studies on the underlying reaction mechanism are in progress,
however, we tentatively propose that the involved cleavage of
the C—C bond in the cellulose reaction may proceed through
complexation of the sugar intermediates with WO;. The
complexation probably involves the carbonyl oxygen atoms
and three hydroxylic oxygen atoms at the a-, -, and y-OH
groups of the sugars, and leads to the rearrangement of the
C—C bonds of the sugars, as proposed by Hayes et al. for the
epimerization of aldoses on molybdates.!'”)

In conclusion, we have found that structurally stable and
readily available WOj; crystallite is efficient in the acceler-
ation of the hydrolysis of cellulose to sugar intermediates, and
more significantly in the selective cleavage of the C—C bonds
in these sugars. In combination with the hydrogenation step
on Ru/C, this approach leads to the controllable synthesis of
ethylene glycol, propylene glycol, and sorbitol from cellulose.
Further studies on the fine design of WO; structures and
catalysts that are effective for the isomerization of glucose
into fructose, together with optimization of the two compet-
itive reactions of the sugar hydrogenation and degradation,
will improve the yields and productivity of ethylene glycol
and propylene glycol with promising potential for industrial
purposes.

Experimental Section

Ru/C catalysts were prepared by incipient wetness impregnation of
activated carbon (AR, Beijing Dali Fine Chemical) with an aqueous
solution of RuCl; (GR, Sinopharm Chemical), followed by drying at
383 K in air and reduction at 623 K in a 20 % H, in N, flow. Supported
WO, catalysts were prepared by incipient wetness impregnation of
different supports, including activated carbon, ZrO,, TiO,, and Al,O;,
with aqueous solutions of ammonium metatungstate (AR, Sinopharm
Chemical), subsequent drying at 383 K in air, and calcination at 773 K
in an air flow (except WO5/C, which was calcinated in a N, flow). Bulk
WO; was purchased from Beijng Chemical Works (>99.0% ), bulk
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WO, (99.9%) and W,C (99.5%) from Alfa Aesar, and bulk W
(>99.8%) from Sinopharm Chemical.

XPS spectra were obtained on Kratos Axis Ultra with Al Ka
source (hv=1486.7¢V) and a hemispherical electron analyzer
connected to an eight-channel detector. The Cls line at 284.8 eV
was used as an internal standard for binding-energy correction. XRD
patterns were taken on a Rigaku D/MAX-2400 diffractometer using
Cu Kal radiation (1=1.5406 A) operated at 40kV and 100 mA.
Raman spectra were collected in ambient conditions with a resolution
of 1.5cm™! on Renishaw 1000 micro-Raman spectroscopy using
a 632.8nm He-Ne laser. BET surface areas were measured by
nitrogen physisorption at its normal boiling point on an ASAP 2000
analyzer. WO; surface densities (Wnm ) of the supported catalysts
were estimated from the WO; contents and BET surface areas.

Cellulose (Alfa Aesar, microcrystalline) reactions were carried
out in water (40 mL) in a stainless autoclave (total volume 100 mL)
typically at 478 K and 6 MPa H, for 30 min with vigorous agitation.
Products in liquid solutions were analyzed by HPLC analysis
(Shimadzu LC-20A), and in gaseous phase by GC analysis (Shimadzu
2010GC). Cellulose conversion was determined by the weight differ-
ence of cellulose before and after the reaction; product selectivities
were calculated on the carbon basis.
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