G Model
MOLCAA-8938; No.of Pages8

Journal of Molecular Catalysis A: Chemical xxx (2013) XXX-XXX

. . . . =
Contents lists available at ScienceDirect =
JOURNAL OF MOLECULAR

CATALYSS

A CHEMICAL

Journal of Molecular Catalysis A: Chemical

journal homepage: www.elsevier.com/locate/molcata S e

Direct conversion of cellulose into acetol on bimetallic Ni-SnO,/Al,03
catalysts

Tianyin Deng, Haichao Liu*

Beijing National Laboratory for Molecular Sciences, College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China

ARTICLE INFO ABSTRACT

Article history:

Received 17 August 2013
Received in revised form

29 September 2013
Accepted 11 November 2013
Available online xxx

The direct conversion of cellulose into acetol was studied on SnOx-modified Ni/Al,05 catalysts with dif-
ferent Sn/Ni atomic ratios in the range of 0-2.0. The selectivity to acetol strongly depended on the Sn/Ni
ratios, which reached the highest value of 53.9% at the ratio of 0.5, compared at similar cellulose conver-
sions (~20%). On Ni-SnOy/Al, 03 (Sn/Ni=0.5), cellulose, glucose and fructose converted to acetol in high
yields of approximately 35%, 53% and 73%, respectively, at 210°C and 6 MPa H,. The effects of the Sn/Ni
ratios on the acetol selectivity appear to be related to their effects on the hydrogenation activity of the
Ni-SnOy/Al, 03 catalysts that decreased with increase of the Sn/Ni ratios, and to the relative rate between
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Ce}l}lulose the hydrogenation of Cs sugar intermediates (e.g. glucose and fructose) and their degradation intermedi-
Acetol ates (e.g. glyceraldeyde and dihydroxyacetone) involved in the cellulose reaction on the Ni particles and
Ni catalyst the isomerization of glucose to fructose and their C—C bond cleavage by retro-aldol condensation on the

SnO, domains. Comparison of SnOy with CeOy, ZnOy and AlO, supported on Al,03 with different basicity
suggested that the larger concentration of stronger basic sites on SnOy facilitated the isomerizaiton of
glucose to fructose and its subsequent C—C bond cleavage. These results and their understanding provide
guidance for improving the acetol production from cellulose by tuning the catalytic functions required for
the involved reactions of hydrogenation on the metal surfaces, and isomerization and C—C bond cleavage

C—C bond cleavage
Hydrogenation

on the basic sites.
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1. Introduction

Hydrolytic conversion of cellulose to polyols is an important
route for cellulose utilization because its structural feature, a lin-
ear polysaccharide polymer with multiple hydroxyl groups, makes
it a favorable feedstock of polyols [1,2,3a]. Moreover, polyols are
promising bio-platform molecules for the efficient production of
fuels and value-added chemicals [3b,4]. In this respect, based on
the traditional conversion route involving hydrolysis of cellulose to
sugars by mineral acids, and subsequent hydrogenation of sugars
to hexitols and other polyols on metal-based catalysts [5], numer-
ous efforts have been made to improve the efficiency of the acid
and metal catalysts [6,7]. For example, recent studies showed that
combination of heteropoly acids and Ru/C catalysts is efficient for
cellulose to hexitols [7]. More notably, Fukuoka and Dhepe reported
a pioneering approach for the direct conversion of cellulose to hex-
itols on Pt/Al,03 in the absence of mineral acids [2]. Luo et al. used
the H* ions reversibly formed from hot water and achieved more
efficient hydrolysis of cellulose and formation of hexitols on Ru/C at
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245°C and 6 MPa H, [3a]. Combination of such H* ions in hot water
with different hydrogenation catalysts, such as carbon nanotube
supported Ru and H-ZSM-5 supported nickel, leads to significantly
improved hexitol yields [8,9].

Hydrolytic hydrogenation of cellulose has also led to the selec-
tive synthesis of other polyols, and particularly ethylene glycol and
propylene glycol [5,10-12]. Ji et al. reported the first example of the
direct conversion of cellulose into ethylene glycol in high yields
(~60%) on supported tungsten carbide catalysts (e.g. Ni-W,C/C)
[10a], which can also be achieved by using HWO, instead with
Ru/C [10b]. Recently, Liu et al. found that cellulose can be trans-
formed selectively to sorbitol, 1,2-propanediol and ethylene glycol,
strongly depending on the WO3 domain size, and obtained a ~31%
yield of 1,2-propanediol on W03/Al,03 (50wt%) and Ru/C [11a].
Mu and co-workers also reported the direct conversion of cellulose
into 1,2-propanediol in a ~34% yield together with a 19% yield of
ethylene glycol on Ni/ZnO [12]. It is known that formation of ethy-
lene glycol and propylene glycol involves selective cleavage of C—C
bonds of glucose and fructose intermediates, respectively, prior to
their hydrogenation to hexitols [11]. These results show the feasi-
bility of the controllable synthesis of polyols by finely tuning the
catalytic functions and consequently the relative rates between the
hydrogenation of the sugar intermediates and their degradation in
the cellulose reaction.
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In this work, we report an efficient conversion of cellulose into
acetol. Acetol (1-hydroxy-2-propanone) is an important interme-
diate in the synthesis of acrolein, heterocyclic compounds and
pharmaceuticals, or directly used as an additive in food industry,
a reducing agent in the textile industry and so on [13-15]. It is
currently produced mainly by oxidation of 1,2-propanediol and
esterification/alcoholysis of bromide acetone [16]. New processes
based on catalytic dehydration of glycerol to acetol have also been
explored [17,18]. Recently, we found that SnOx-modified Pt/Al,03
(Pt-SnO/Al,03) catalysts with Sn/Pt atomic ratios above 2 favor
the conversion of cellulose to ethylene glycol and especially acetol
over hexitols, most likely due to their inferior hydrogenation activ-
ity and the reactivity of SnOx domains for isomerization of glucose
to fructose and its subsequent cleavage of the C—C bonds by retro-
aldol condensation [19]. We herein extend this preliminary work,
and present a systematic study on the selective conversion of cel-
lulose to acetol on Ni-SnOy/Al,03 bimetallic catalysts with Sn/Ni
ratios in the range of 0-2.0. We examine the effect of the hydro-
genation activity of Ni-SnOx/Al, 03 on the product distribution, and
the mechanism of the SnOy species active for the selective cleavage
of the C—C bonds in glucose and fructose involved in the cellu-
lose conversion on the SnOy species. Finally, we obtain high acetol
yields from cellulose, and also from glucose and fructose, being
approximately 35%, 53% and 73%, respectively.

2. Experimental details
2.1. Catalyst preparation

SnOx-modified Ni/Al,O03 (denoted as Ni-SnOx/Al,03) catalysts
with five different Sn/Ni molar ratios in the range of 0-2.0, were
prepared by the incipient wetness impregnation of y-Al,03 (Alfa
Aesar, 208 m? g~1) with aqueous solutions of Ni(NO3),-6H,0 (AR,
Beijing Yili Chemical), and of Ni(NO3 ),-6H50 (AR, Beijing Yili Chem-
ical) and SnCl,-2H,0 (AR, Shantou Xilong Chemical) with several
drops of aqueous HCl solution, respectively. The impregnated sam-
ples were dried at room temperature for about 12 h and then at
110°C overnight. Afterwards, they were reduced in a Hy/N; (1/4)
flow at 600°C for 4 h. The Ni-SnOx/Al,03 samples were denoted
as Ni-SnOx(m)/Al, 03, where the m in parentheses represents their
nominal Sn/Ni atomic ratio. For example, Ni-Sn0x(0.2)/Al,03 rep-
resents the sample with a Sn/Ni atomic ratio of 0.2.

SnOx-modified Pt/Al,03, Ru/Al, 03 and Cu/Al, O3 catalysts were
prepared in the same way using H,PtClg-6H,0 (AR, Beijing Chem-
ical), RuCl3-nH,0 (GR, SinopharmChemical) and Cu(NOs3),-3H,0
(AR, Beijing Yili Chemical), respectively, followed by reduction in
a Hy/N, (1:4) flow at 400°C for 4 h. Their nominal metal load-
ings were 2wt% Pt, 1wt% Ru and 5wt% Cu, respectively, and
their Sn/Pt, Sn/Ru or Sn/Cu atomic ratios were 0.5. In a similar
way, SnOx/Al;03 (5wt% Sn), CeOx/Al,03 (5.9 wt% Ce), ZnOx/Al,03
(2.7wt% Zn) and AlOx/Al;03 (1.1wt% Al) with the same metal
molar loading were prepared by the incipient wetness impregna-
tion of Al,03 with aqueous solutions of SnCl,-2H,0, CeCl3-2H,0
(AR, SinopharmChemical), ZnCl,-2H,0 (AR, Shantou Xilong Chem-
ical) and AICl3-2H,0 (AR, SinopharmChemical) with several drops
of HCl solution. They were reduced in a Hy/N; (1/4) flow at 600°C
for 4 h.

2.2. Catalyst characterization

XRD patterns were recorded on a Rigaku D/MAX-2400 diffrac-
tometer using Cu Ko 1 radiation (A = 1.5406 A) operated at 40 kV and
100 mA. The 26 angle was scanned in the range of 25-50° at arate of
4° min~'. TEM images with Energy dispersive X-ray (EDX) analysis
were taken on a Philips TEM instrument (Tecnai F30 FEI) operated at

300 kV. Samples were prepared by uniformly dispersing in ethanol
and then placing onto carbon-coated copper grids. The average
sizes of metal particles and their size distributions were determined
by measuring more than 300 particles randomly distributed in the
TEM images. Temperature programmed desorption experiments
using CO, as the probed molecule (CO,-TPD) were performed on
the ChemBET/TPR/TPD unit (Quantachrome). The samples were
treated in the cell in a 99.9999% CO, flow (30 mLmin~1) at 25°C
for 30 min, and then flushed in a He flow for 1h. Afterwards, the
temperature was ramped from 25°C to 900°C at 10°Cmin~! in
a He flow (30 mLmin~1). Prior to the measurements, the samples
were hydrothermally treated at 210°C for 1h, and then dried in a
vacuum oven at 25°C for 12 h.

2.3. Cellulose reaction

Cellulose (microcrystalline, Alfa Aesar) reactions were carried
out in a stainless steel autoclave (100 mL) typically at 210°C and
6 MPa H, for 30 min with vigorous stirring at a speed of 800 rpm.
In a typical run, 1g cellulose and 0.4 g catalyst were introduced
into the autoclave containing 50 mL H,O. Afterwards, the reactor
was fully purged with Hy (>99.999%, Beijing Longhui Jingcheng),
pressurized with H, to 6.0 MPa and then heated to 210°C which
was kept constant during the reaction. After cooling to room tem-
perature in water, the reaction mixture was filtrated and the solids
were washed several times with deionized water. The solids includ-
ing the catalyst and remaining cellulose were washed with acetone
three times and then fully dried in an oven at 60°C for 24 h. Cel-
lulose conversions were determined by the change in the weight
of cellulose loaded before and after the reactions. The products in
the liquid phase (e.g. polyols) were analyzed by high-performance
liquid chromatography (Shimadzu LC-20A) using Bio-Rad Aminex
HPX-87H with a RID detector. The product selectivities were
reported on a carbon basis.

3. Results and discussion

SnOx-modified Ni/Al, O3 (Ni-SnOy/Al, O3) catalysts with five dif-
ferent Sn/Ni atomic ratios of 0, 0.2, 0.5, 1.0 and 2.0 were examined
in the cellulose reaction in water at 210°C and 6 MPa H,. As shown
in Table 1, the cellulose conversions fell in the range 20-30% after
reaction for 0.5h, but the selectivities to polyols on these cata-
lysts changed significantly with their Sn/Ni ratios. On Ni/Al,03,
the hexitol selectivity was 63.3%. The other identified products
mainly included pentitols (4.7%), tetritols (2.4%), glycerol (6.1%),
1,2-propanediol (5.2%), lactic acid (1.0%) and ethylene glycol (2.8%)
(Table 1 and Table S1). Trace amount of glucose (0.3%) was also
detected. The total selectivity to the identified products was 85.8%.
The missing carbon balance was most likely due to the formation of
the unidentified products (e.g. humins) derived from the condensa-
tion or degradation of glucose and other sugar intermediates. Upon
addition of a small amount of SnOy to Ni/Al, 03 at a Sn/Ni ratio of
0.2, the hexitol selectivity decreased slightly from 63.3% to 62.6%,
and the selectivities to the cracking products (e.g. C; and C3 poly-
ols) remained similar to those on Ni/Al,03. The total selectivity to
the identified products reached 88.0%. After the Sn/Ni ratio was
increased to 0.5, the hexitol selectivity sharply decreased to as low
as 0.2% with the concurrent increase in the acetol selectivity to as
high as 53.9%. The selectivities to glycerol and 1,2-propandiol also
sharply decreased to 1.5% and nearly zero, respectively. However,
further increasing the Sn/Ni ratios to 1.0 and 2.0 led to a slight
decrease in the acetol selectivity to 47.1% and 42.9%, and to the
concurrent increase in the lactic acid selectivity to 4.9% and 6.0%,
respectively. Moreover, the selectivity to the glucose intermedi-
ate monotonically increased from 0.5% to 2.8% with increasing the
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Table 1

Cellulose conversion and polyol selectivity on Ni-SnO,/Al,03 with different Sn/Ni ratios of 0-2.0, and Pt-Sn0,(0.5)/Al,03, Ru-Sn0,(0.5)/Al;03 and Cu-Sn0Oy(0.5)/Al,03 with

a Sn/Ni ratio of 0.5.2

Catalyst® Conversion%  Selectivity (%)

Glucose Hexitols¢ Pentitols and tetritols? Glycerol 1,2-Propanediol Acetol Lactic acid Ethylene glycol

Ce Ce Cs+Cy () C3 (Y C3 G
Ni/Al, 03 19.4 0.3 63.3 71 6.1 52 Trace 1.0 2.8
Ni-Sn0x(0.2)/Al,03 23.2 0.5 62.6 7.6 8.3 5.0 Trace 1.2 2.8
Ni-Sn0,(0.5)/Al, 03 229 23 0.2 4.5 1.5 Trace 53.9 1.5 2.7
Ni-SnOy(1.0)/Al,03 26.5 2.5 0.0 5.7 13 Trace 471 49 0.9
Ni-Sn0x(2.0)/Al,03 29.8 2.8 0.1 6.0 14 Trace 429 6.0 1.9
Pt-Sn0y(0.5)/Al, 03 24.7 0.3 87.6 8.4 1.7 0.5 Trace Trace 0.7
Ru-Sn0,(0.5)/Al, 053 26.5 4.1 28.8 6.4 6.5 115 8.2 1.2 6.5
Cu-Sn0x(0.5)/Al; 05 21.7 11.8 0.7 7.8 1.8 0.0 28.0 11.0 1.6
Ni-Sn0x(0.5)/Al,03° 93.9 0.3 0.2 24 0.8 1.9 372 32 2.7
Ni-Sn0y(0.5)/Al,05" 100 - 3.2 3.5 55 3.1 53.0 3.5 5.1
Ni-Sn0y(0.5)/Al, 03¢ 100 - 0.2 3.0 2.4 2.0 72.8 6.8 14

2 1g cellulose, 0.4 g catalyst, 210°C, 50 mL H,0, 6 MPa H, and 0.5 h.
b Metal loading: 5 wt% Ni, 2 wt% Pt, 1 wt% Ru and 5 wt% Cu.
¢ Sorbitol, mannitol and trace amount of iditol.

d Xylitol, arabitol, erythritol and threitol.

¢ Reaction at 240°C for 0.5 h on Ni-Sn0,(0.5)/Al, 03 (2 wt% Ni).

f Glucose reaction: 0.2 g glucose, 0.4 g Ni-Sn0,(0.5)/Al,03 (2 wt% Ni), 200°C, 50 mL H,0, 6 MPa H, and 0.5 h.
& Fructose reaction: 0.2 g fructose, 0.4 g Ni-Sn0x(0.5)/Al,03 (2 wt% Ni), 200°C, 50 mL H,0, 6 MPa H; and 0.5 h.

Sn/Ni ratios in the range 0.2-2.0. Notably, on Ni-SnOx(0.5)/Al, 03,
by increasing the cellulose conversion to 93.9% at 240 °C, the selec-
tivity to acetol remained as high as 37.2%, as shown in Table 1,
corresponding to approximately 35% yield of acetol. This acetol
yield, on the basis of the following discussion and understanding,
could be further improved by optimizing the catalyst properties or
reaction conditions.

The observed change in the polyol selectivities is consistent with
the effect of SnOx on the hydrogenation activity of these Ni cata-
lysts, which was probed by the hydrogenation of glucose, the key
primary intermediate in the cellulose conversion into polyols. As
shown in Table 2, Ni/Al,03 showed a 25.8% glucose conversion and
51.7% hexitol selectivity after 10 min at 120 °C and 6 MPa H,, which
decreased to 12.5% and 31.6%, respectively, on Ni-SnO(0.2)/Al,03
with a Sn/Ni ratio of 0.2. Fructose was also detected on the two
catalysts, as a product from the isomerization of glucose, with a
selectivity of 21.3% and 41.7%, respectively (Table 2). By increasing
the Sn/Ni ratio from 0.2 to 0.5, the glucose conversion decreased
to 8.6%, and only trace amount of hexitols formed. The fructose
selectivity accordingly increased to 71.1%, which further increased
to 94.2% at a 6.0% conversion on Ni-SnOx(2.0)/Al,03 with a Sn/Ni
ratio of 2.0. Clearly, the Ni-SnOx/Al,03 catalysts with the Sn/Ni
ratios of 0.5-2.0 exhibited inferior hydrogenation activities, and
favored the isomerization of glucose to fructose, which thus ren-
ders it possible, under the cellulose reaction conditions in this
work, to degrade to C3 intermediates (e.g. pyruvaldehyde) and

Table 2
Glucose hydrogenation on Ni-SnOy/Al,03 with different Sn/Ni ratios of 0-2.0, Pt-
Sn0,(0.5)/Al;03, Ru-Sn0,(0.5)/Al; 03 and Cu-Sn0,(0.5)/Al;05 catalysts.?

Catalyst® Conversion% Selectivity (%)

Hexitols Fructose
Ni/Al, 03 25.8 51.7 213
Ni-Sn0y(0.2)/Al, 03 125 31.6 43.7
Ni-Sn0,(0.5)/Al; 05 8.6 Trace 711
Ni-SnO,(1.0)/Al, 03 8.7 Trace 79.1
Ni-Sn0y(2.0)/Al, 05 6.0 Trace 94.2
Pt-Sn0x(0.5)/Al, 05 61.1 91.0 Trace
Ru-Sn0,(0.5)/Al,03 19.5 82.2 12.5
Cu-Sn0x(0.5)/Al,03 124 Trace 534
None 0.5 - -

2 1g glucose, 0.4 g catalyst, 120°C, 50 mL H,0, 6 MPa H;, 10 min.
b Metal loading: 5 wt% Ni, 2 wt% Pt, 1 wt% Ru and 5 wt% Cu.

ultimately to form the C3 products including acetol [20-22], as
indeed observed at the Sn/Ni ratios exceeding 0.2 (Table 1). Taken
together, the observed volcano-shaped change of the acetol selec-
tivity with the Sn/Ni ratios, and its highest value obtained at the
ratio of 0.5 (Table 1) suggest that the favorable formation of ace-
tol in the cellulose reaction requires an appropriate hydrogenation
activity of the Ni-SnOyx/Al,03 catalysts to meet the requirements
for the involved reactions including the hydrogenation of glucose,
fructose and C3 (e.g. glyceraldehyde and dihydroxyacetone) inter-
mediates on the Ni surfaces and their degradation on the basic SnOy
species, as discussed below.

To understand such SnOy effects on the hydrogenation activity of
the Ni-SnOy/Al, 03 catalysts, they were characterized by XRD, TEM
and EDX (Figs. 1 and 2 and Fig. S1). Fig. 1 shows the XRD patterns of

v v NiSn alloy
* Ni

Intensity (a.u.)

20 30 40 50 60
2 e ( o )

Fig. 1. XRD patterns of Ni-SnOyx/Al, 03 (~5 wt% Ni) with different Sn/Ni atomic ratios
in the range of 0-2.0.
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Fig. 2. TEM images and histograms of Ni particle size distribution for Ni/Al,03 (a) and Ni-SnO(0.2)/Al,03 (b) (~5wt% Ni loading).

the Ni/Al; 03 and Ni-SnOx/Al, 03 samples. For comparison, the pat-
tern of Al,O3 is also included. The Ni crystalline diffraction peaks
at 44.4° and 51.8° (JCPDS: 65-2865) were observed on Ni/Al;03,
and their intensity increased on Ni-SnO(0.2)/Al,03, indicating
the formation of larger Ni particles on Ni-SnOx(0.2)/Al;03. This
result is consistent with their TEM images (Fig. 2), showing that
the Ni particles possessed mean diameters of 9.7 nm and 21.6 nm,
respectively, on Ni/Al,03 and Ni-SnOx(0.2)/Al;03. New diffraction
peaks appeared at 30.5°, 34.6°, 43.2°, 44.2°, 55.0°, 57.2°, and 59.5°
when the Sn/Ni ratios exceeded 0.5, which increased in intensity
with increasing the Sn/Ni ratios (Fig. 1). These peaks are tentatively
assigned to the Ni3Snj alloy (JCPDS: 65-1315) [23]. However, these
diffraction peaks shifted slightly to higher 26 values (i.e. 30.9°,
35.0°, 43.8°, 44.8°, 55.5°, 58.1°, and 60.1°) at the Sn/Ni ratio of 2.0,
most likely due to the formation of Ni3Sn4 alloy (JCPDS: 04-0845).
The formation of the Ni-Sn alloys on these catalysts with the
Sn/Ni ratios higher than 0.5 was confirmed by the representa-
tive EDX result for Ni-SnOx(0.5)/Al;03 (Sn/Ni=0.5), showing a
parallel variation of the relative Ni and Sn compositions against
the line-scan positions (Fig. S1). It has been reported that the

hydrogenation activities of different Ni species are in the sequence
Ni>Ni3Sn>NizSny > Ni3Sny [23]. These characterization results
may account for the observed lower hydrogenation activities for
the Ni-SnOyx/Al, 05 catalysts with the higher Sn/Ni ratios.

The observed effects of the hydrogenation activity on the polyol
selectivities in the cellulose reaction were further confirmed by the
results with the SnOx modified Pt/Al,03, Ru/Al;03 and Cu/Al,03
catalysts (at a Sn/metal atomic ratio of 0.5). As probed by the
glucose reaction (Table 2), Pt-Sn0x(0.5)/Al;03 was very active
and selective for the glucose hydrogenation to hexitols, afford-
ing a 61.1% conversion and 91.0% selectivity after 10 min at 120°C
and 6 MPa H,, which decreased to 19.5% and 82.2%, respectively,
on Ru-Sn0(0.5)/Al;03 with the concurrent formation of fruc-
tose with a 12.5% selectivity. Cu-Sn0x(0.5)/Al,03, resembling the
aforementioned Ni-SnO(0.5)/Al;03, catalyzed the glucose reac-
tion mainly to fructose with a 53.4% selectivity at a 12.4% glucose
conversion. Such different hydrogenation activities of the four
SnOx-modified catalysts led to their different product distribu-
tions in the cellulose reaction, as observed on Ni-SnOx/Al;03
with the different Sn/Ni ratios. As shown in Table 1, due to
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its superior hydrogenation activity, cellulose converted to hexi-
tols with a selectivity of as high as 87.6% on Pt-SnO(0.5)/Al,03,
similar to the result reported previously [19]. The hexitol selec-
tivity declined to 28.8% on Ru-Sn0x(0.5)/Al,03, and to nearly
zero (<1%) on Cu-Sn0x(0.5)/Al;03 and Ni-SnOx(0.5)/Al,03 at the
similar cellulose conversions (19.4-26.5%). In contrast, the com-
bined selectivity to the identified C; and C3 products increased
from 2.9% on Pt-SnOx(0.5)/Al,03 to 32.2%, 31.4% and 58.1%,
respectively, on Ru-Sn0y(0.5)/Al;03, Cu-Sn0x(0.5)/Al;03 and Ni-
Sn0y(0.5)/Al,03. Specifically, the acetol selectivity increased from
nearly zero on Pt-SnOy(0.5)/Al; 03 to 8.2% on Ru-Sn0Ox(0.5)/Al, 03,
and then further to 28.0% on Cu-Sn0x(0.5)/Al;03 and 53.9% on Ni-
Sn0x(0.5)/Al,05. The lactic acid selectivity was conversely higher
on Cu-Sn04(0.5)/Al, 03 than on Ni-Sn0Ox(0.5)/Al, 03 (11.0% vs. 1.5%).
It is known that acetol and lactic acid are formed competitively
from the same intermediate, i.e. pyruvaldehyde, via hydrogena-
tion on metal surfaces and benzilic acid rearrangement with bases,
respectively [19,22]. Therefore, relative to Ni-SnOx(0.5)/Al,0s3,
such lower acetol selectivity and higher lactic acid selectivity of
Cu-Sn0x(0.5)/Al,05 indicates its inferior hydrogenation activity,
together with its higher selectivity to glucose (11.8% vs. 2.3%).
Clearly, Ni-SnO(0.5)/Al,03 is superior to the other metal-based
catalysts in term of the formation of the C3 products including par-
ticularly acetol. The observed SnOy effects reflects the bifunctional
catalysis in the formation of the C3 products, as discussed previ-
ouslyintheliterature [19], and their selectivity relies on the relative
rates of the competitive reactions catalyzed by the metal surfaces
and basic sites, respectively. Next, we further examine the effects
of such bifunctions of the Ni-SnOy/Al,03 catalysts on the cellulose
reaction.

Recently, we reported the cellulose conversion to the C, and
C3 products on Pt-SnO/Al; 03 in the presence of segregated SnOy
species, in which SnOy is proposed as a base to catalyze the
isomerization of glucose to fructose and their retro-aldol con-
densation [19]. To further understand such function of the SnOy
species in breaking the C—C bonds, three other metal oxides
supported on Al, 03, CeOx/Al,03,Zn0x/Al; 03 and AlOx/Al, O3, phys-
ically mixed with Ni/Al,03, were compared with SnOx/Al,03 in
the cellulose reaction. Their basicity was probed by CO,-TPD.
As shown in Fig. 3, three or four CO, desorption peaks, corre-
sponding to different strength of basic sites, were observed in
the range 100-800°C on these Al,03-supported oxides. The low-
temperature peak around 200°C was assigned to the desorption
of the bidentate carbonate species on weaker basic sites, and the
peaks above 300 °C were related to the unidentate species desorbed
from stronger basic sites [24-26]. Accordingly, the concentrations
of their basic sites, based on their CO, uptakes, were estimated
and listed in Table 3. The total concentrations of the basic sites
were 13.2 wmol/g and 11.7 wmol/g for ZnOx/Al, 03 and AlOx/Al, 03,
respectively, lower than the value (21.2 wmol/g) for pure Al,O3
support, which increased to 40.5 wmol/g and 69.3 pmol/g for
SnOx/Al;03 and CeOyx/Al;03. Among them, SnOx/Al,03 possessed

Table 4

Ni-SnO, (0.5) /ALLO,

~ CeOJALO,
=)
©

= SN0 /ALO,
2

[0} ZnQO /Al.O

E LN T

AIO /A0,

N\ ___Ap,

T T T T T T T T

25 200 400 600 800

T(C)

Fig. 3. CO,-TPD profiles of SnOy/Al,03, CeO,/Al,03, Zn0Oy/Al; 03 and AlO,/Al,03.

Table 3
The concentrations of basic sites with different strength on Al,03-supported SnOy,
CeOy, ZnOy, and AlOy samples, and Ni-Sn0x(0.5)/Al, 05,

Sample Concentration of basic sites (umol/g)

Weak Strong Total
AlOy /Al 05 6.1 5.6 11.7
Zn0y/Al, 05 6.3 6.9 13.2
CeOy/Al, 04 60.9 8.4 69.3
SnOy/Al, 03 19.1 214 40.5
Al 03 14.9 6.3 21.2
Ni-Sn0(0.5)/Al; 03 321 25.5 57.6

the largest amount of strong basic sites (~21.4 wmol/g), similar
to the value for the Ni-SnOx(0.5)/Al,03 catalyst. Such different
basicity of these supported oxides led to the different cellulose con-
version and product distribution. As shown in Table 4, the cellulose
conversions varied in the range of 16.1-28.0%, most likely due to the
expected effect of the basicity of the supported oxides on the con-
centrations of H* ions generated from hot water under the reaction
conditions employed here. Addition of ZnOy/Al, 03 and AlOx/Al,03
with Ni/Al,;03 led to the increase in the selectivtity to the detected
C, and C3 products (including glycerol, 1,2-propanediol, acetol,
lactic acid and ethylene glycol) from 15.1% to 29.1% and 39.2%,

Cellulose conversion and polyol selectivity on four different Al,03 supported oxides physically mixed with Ni/Al,03 ?

Catalyst Conversion %  Selectivity (%)
Glucose  Hexitols” Pentitols and tetritols® Glycerol  1,2-Propanediol  Acetol Lacticacid  Ethylene glycol
Ce Cs C5+Cy Cs (Y C3 C3 Gy

Ni/Al, 03 +SnOy/Al, 03 16.1 2.6 12.3 6.0 4.8 28.6 164 1.5 26.9

Ni/Al; 03 +CeOy/Al, 03 19.0 Trace 11.0 6.9 5.4 233 Trace 5.6 28.1

Ni/Al,03 +Zn0O4/Al,05  28.0 1.2 41.7 6.0 9.6 12.7 Trace 1.4 55

Ni/Al, O3 +AlOx/Al, O3 27.6 0.7 46.4 7.3 11.1 13.6 23 1.1 6.0

2 1g cellulose, 0.3 g Ni/Al,03 (5 wt%), 0.4 g SnOx/Al,03 (or CeOy/Al,03, Zn0yx/Al, 03, AlOy/Al;03), 210°C, 50 mL H,0, 6 MPa H,, 1 h.

b Sorbitol, mannitol and trace amount of iditol.
¢ Xylitol, arabitol, erythritol and threitol.
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respectively, which further increased to 62.4% and 78.2% when
more basic CeOx/Al,03 and SnOyx/Al,03 were present instead. Con-
versely, the selectivity to hexitols decreased from 63.3% to 41.7%
and 46.4% in the presence of ZnOx/Al,03 and AlOx/Al,03, respec-
tively. The hexitol selectivity further decreased to only 12.3% and
11.0% on SnOx/Al; 03 and CeOy/Al, O3, respectively. Such close cor-
relation between the product selectivities and the basicity of the
supported oxides confirms the role of the basic sites in the cleavage
of the C—C bonds and the formation of the C, and C3 products.

Further experiments showed that in the presence of given
amount of SnOx/Al, 03, the formation of the C; and C3 products also
strongly depended on the hydrogenation activity of the Ni/Al,03
catalyst, which was changed by varying its amount in its physi-
cal mixture with SnOx/Al,03. As shown in Fig. 4, with increasing
the amount of Ni/Al;03 from 0.1¢g to 0.4 g in the presence of 0.4¢g
SnOy/Al, 03, the selectivities to hexitols, as expected, increased
monotonically from 4.5% to 18.7% at similar cellulose conversions
(~20%). However, the total selectivities to the C3 polyols (including
glycerol, 1,2-propanediol and acetol) increased from 39.9% to 49.8%
with increasing the Ni/Al,03 amount from 0.1 g to 0.3 g, and then
decreased to 44.8% when 0.4 g of Ni/Al,03 was present. Similar to
this trend, the selectivities to these C3 and C; polyols (i.e. ethylene
glycol) reached the maximum value of 76.8% at 0.3 g of Ni/Al;0s.
The total selectivities to lactic acid and glycolic acid decreased from
5.0% to 1.2% with increasing the Ni/Al;03 amount in the range of
0.1-04g.

Furthermore, the C3 products were noted to be always dom-
inant over the C, products on these SnOx-containing physical
mixtures and SnOx-modified Ni/Al, 03 catalysts, as shown in Fig. 4

T. Deng, H. Liu / Journal of Molecular Catalysis A: Chemical xxx (2013) Xxx-xXX
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Fig. 4. Cellulose conversions and polyol selectivities as a function of the amount
of Ni/Al, 03 physically mixed with SnOx/Al,053 (1 g cellulose, 0.4 g SnO,/Al,03 with
5wt% Sn, 50 mL H,0, 6 MPa H;, 210°C, 0.5 h).
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Scheme 1. Plausible cellulose reaction pathways on Ni-SnOy/Al, O3 catalysts.
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Fig. 5. Yields of C5 products (acetol, glycerol, 1,2-propanediol and lactic acid) for the four successive reaction cycles of glucose (a) and fructose (b) reaction on Ni-
Sn0(0.5)/Al;05 (0.2 g glucose or fructose, 0.4 g Ni-SnOy(0.5)/Al, 03 catalyst, 50 mL H,0, 200 °C, 6.0 MPa H,, 0.5 h).

and Tables 1 and 3. Following the retro-aldol condensation mecha-
nism, glucose tends to form the C; products while the C3 products
dominate in the fructose reaction. Therefore, it appears that the
predominant formation of the C3 products including acetol in the
cellulose reaction on Ni-SnOx/Al,03, as depicted in Scheme 1,
involves the efficient isomerization of glucose to fructose on SnOy,
following the cellulose hydrolysis to glucose in hot water and
before it undergoes hydrogenation to hexitols on the Ni surfaces
and retro-aldol condensation to the glycoaldehyde intermediate
on the SnOy species, which is consistent with the observed con-
version of glucose to fructose on the Ni-SnOy/Al,03 catalysts at
120°C (Table 2). Fructose degrades by retro-aldol condensation on
SnOy to form the glyceraldehyde and dihydroxyacetone interme-
diates, which undergo hydrogenation to glycerol and further to
1,2-propanediol [20], or dehydration to pyruvaldehyde [21]. The
pyruvaldehyde intermediate then converts competitively to acetol
and lactic acid via hydrogenation on Ni and benzilic acid rearrange-
ment with SnOy, respectively [22]. The glycoaldehyde intermediate
is ultimately hydrogenated to ethylene glycerol on Ni.

Such proposed reaction pathways are further confirmed by the
separate reactions of glucose and fructose on Ni-SnOx(0.5)/Al, 03,
leading to the predominant formation of the C3 products, acetol,
1,2-propanediol, glycerol and lactic acid. As shown in Table 1, after
30min at 200°C and 6 MPa Hj, the glucose and fructose conver-
sions reached 100%, and the yields to the C3 products were 65.1%
and 84.0%, respectively, in which the acetol yields were 53.0% and
72.8%. Together with the aforementioned acetol yield (34.9%) in the
cellulose reaction, these are the highest acetol yields that have been
reported to date directly from cellulose and its derivatives. These
high acetol yields on Ni-SnOy(0.5)/Al,03, together with its stabil-
ity and recyclability, as discussed below, demonstrate the potential
property of the Ni-SnOx/Al, 03 catalysts for the direct transforma-
tion of cellulose and its derivatives (e.g. glucose and fructose) to
acetol.

The stability and recyclability of the Ni-SnOy/Al,03 catalysts
were examined, and Fig. 5 shows the representative results on Ni-
Sn0x(0.5)/Al,05 in the reactions of glucose and fructose at 200°C
and 6 MPa H,. No significant decline in the yields of the C3 products
(i.e. acetol, 1,2-propanediol, glycerol and lactic acid) was observed

after recycling the Ni-Sn0y(0.5)/Al, 03 catalyst over four times. This
is consistent with the XRD characterization result for this catalyst,
showing essentially identical XRD patterns (Fig. S2) before and after
the four cycles. However, pure Al,03 support readily transformed
into hydrated boehmite (AIOOH) phase in water at 200 °C, as shown
in Fig. S2. These results show the enhanced hydrothermal stability
of Al;03 by loading SnOy on its surface, as also found with the Pt-
SnOx/Al;, 03 and WOy/Al, 03 catalysts [11a,19], which is most likely
achieved via the efficient blocking of the surface hydroxyl groups by
SnOy on Al, O3 to inhibit its hydration and the boehmite formation,
as proposed by Ravenelle et al. [27].

4. Conclusions

Cellulose conversion to polyols on Ni-SnOx/Al,03 catalysts
strongly depends on their Sn/Ni atomic ratios in the range of
0-2.0, as a result of their lower hydrogenation activity at the
higher Sn/Ni ratios. Compared at similar cellulose conversions, the
Ni-SnOy/Al, 03 catalyst at the Sn/Ni ratio of 0.5 exhibits the high-
est acetol selectivity, reflecting the requirements of the catalytic
functions for the cellulose conversion to acetol involving the iso-
merization of glucose to fructose, the cleavage of the C—C bonds
of fructose to form the pyruvaldehyde intermediate on the basic
SnOyx domains, and the subsequent pyruvaldehyde hydrogenation
on the Ni particles. Compared to CeOy, ZnOx and AlOy supported on
Al, 03 with different basicity, it appears that the larger concentra-
tion of stronger basic sites on SnOx may contribute to its superior
performance for the isomerizaiton of glucose to fructose and C—C
bond cleavage. On Ni-SnOx/Al;03 (Sn/Ni=0.5), reactions of cellu-
lose, glucose and fructose afford high acetol yields of 34.9%, 53.0%
and 72.8%, respectively, at 210°C and 6 MPa Hj. Such high yields,
based on the findings in this work, can be further improved by opti-
mizing the catalytic functions required for the involved reactions
of hydrogenation, isomerization and C—C bond cleavage.
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