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Summary: Hydrogenolysis of biomass-derived glycerol is an alternative route to produce 1,
2-propanediol. Supported Cu catalysts were prepared by the wetness impregnation method
and characterized by N, adsorption—desorption, X-ray powder diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier transformed infrared spectroscopy (FT-IR),
temperature programmed desorption of NH; (NH3;-TPD) and temperature programmed
reduction (TPR) techniques, and then tested for glycerol hydrogenolysis. It was found that the
nature of support significantly affected the performance of the catalysts, revealing a
correlation between catalytic activity and total acidity. Compared with ZrO,, SiO, and HZSM-
5, v-ALO; showed superior performance due to its surface properties, and with 20wt% Cu
loaded, glycerol conversion and 1, 2-propanediol selectivity reached 85.05% and 85.71% at

513 K and 6 MPa H,, respectively.
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Introduction

Biomass has received much attention being
a new energy source because of its renewable and
carbon-neutral. Especially, biodiesel [1] has been
proved to be a potential environmentally friendly
diesel fuel substitute or extender. With the increase of
annual world production of biodiesel, the crude
glycerol, as the by-product, will increase to over 400
million liters per year and then the market will likely
to be saturated due to the limited demand for glycerol
in medicines, cosmetics, and sweetening agents.
Recently, attention has been paid to the conversion of
glycerol to high value-added products, such as
propylene glycol [2-4], acrolein [5-8] and hydrogen
[9-12]. Thus, glycerol is regarded as one of the
building blocks in the bio-refinery feedstock.

1, 2-propanediol (1, 2-PD), one of the
products in the hydrogenolysis of glycerol, could be
used as a raw material of polyester resins, food
products, antifreeze, liquid detergents,
pharmaceuticals, etc. At present, the manufacture of
1, 2-PD is mainly based on the hydration of
propylene oxide derived from petroleum. So, glycerol
hydrogenolysis to 1, 2-PD represents a sustainable
process with valuable potential applications [2-4, 13].

Currently, the hydrogenolysis of glycerol to
1, 2-PD has been reported in either gaseous or liquid

phases reaction process, involving various catalysts,
such as the supported Rh [3, 13, 14], Ni [15], Ru [14,
17-26], Pt [20, 27, 28], and Cu [13, 16, 26, 29-39].
The previous results demonstrated that noble metal
catalysts were usually more active than Cu based
catalysts towards the hydrogenolysis reaction, yet
with low selectivity to 1,2-PD. It has also been
reported that bi-functional catalysis played a vital
role in the hydrogenolysis of the glycerol reaction [3,
13, 16, 18, 33, 37], including the dehydration
glycerol on acid sites, and then the hydrogenation of
the intermediate on metal sites.

To keep those in mind, the hydrogenolysis
of glycerol was investigated to understand the role of
support in the present work. The support materials
such as y-AL,O3, ZrO,, Si0, and HZSM-5 were used.
In addition, the reaction was also carried out at
different reaction conditions to optimize the selective
formation of 1, 2-PD.

Results and discussion
Texture and Phase Structure
N, adsorption—desorption was employed to

determine the textural properties of the supported Cu
catalysts (BET surface area, average pore diameter
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and pore volume, Table-1). The introduction of
copper caused a slight decrease in the specific surface
area of samples compared to the supports, especially
for the catalyst Cu/SiO,. These phenomena could be
probably attributed to the plugging of the pores. In
other word, copper oxides deposited on the walls
and/or in the mouth of the smaller pores, leading to
the decrease in the BET area.

Table-1: Physical property of supported Cu catalysts.

Average Pore

Catalyst BAErZaS(;:fgf)e Diameter Po::n\lg(;l_}l)me
(nm)
5Cu/y-ALOs 287.3 10.3 0.7
5Cu/ZrO, 149.8 3.1 0.1
5Cu/SiO, 295.6 11.1 0.8
5Cu/HZSM-5 348.3 7.9 0.5

XRD was carried out to identify the phase
structure of all four catalysts (Fig. 1). Clearly, Cu
supported on ZrO, and SiO, was either completely X-
ray amorphous in phase or too fine to be detected by
XRD. It was found that no crystalline CuO was
formed on the as-synthesized materials except
5Cu/SiO, (The catalysts are designated as
xCu/support, in which x represents the quantity of the
Cu metal (weight) loaded on per 100 gram of the
support.), indicating that SiO, favored a better
crystallization of CuO, which appeared to be
amorphous on other supports.
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Fig. I: XRD patterns of supported Cu catalysts.

Chemical State of Copper

It was well-known that the Binding Energy
(BE) of CuO was about 933.3 eV for 2p;,, and 953.5
eV for 2p,;, [41]. Fig. 2 and 3 give the typical XPS
spectra of supported Cu catalysts. It was found that in
all samples, copper existed in the oxidation state of
Cu*", as evidenced by the Cu 2p;, peak at 933.6-
934.3 eV with the shake-up satellite at 942.4-944.2
eV and the Cu 2p;,, peak at 953.8-954.6 eV with the
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shake-up satellite at 962.7-964.6 eV [42]. The spectra
were fitted with two components for the Cu 2p;,, Cu
2p1» and two satellite peaks. The low energy peak
could be generally attributed to Cu®" located in
octahedral sites, and the high binding energy peak
might be ascribed to Cu®" in tetrahedral sites [43].
The BE of Cu 2p;, decreased in the order of
5Cu/SiO, > S5Cu/HZSM-5 > 5Cu/ZrO, > 5Cu/y-
AL O3, from 934.3 to 933.6 eV (Fig. 3). This result
implied that the interaction between CuO and
supports took place. According to other report [44],
the BE of Cu 2p;,; also appeared to correlate with the
copper dispersion, i.e. a lower BE observed for the
sample with a higher component dispersion and a
higher BE for the sample containing bulk crystalline
CuO. This was in accord with the XRD
diffractograms (Fig. 1).
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Fig. 2:  XPS spectra of supported Cu catalysts.

Intensity (a.u.)

935.0
934.5 |
S\ -\\- Cu2p,,
() o
" T
o \\
933.5 | -
933.0 L
a b c d
catalyst
Fig. 3: Effect of the supports on the BE (eV) of Cu
2ps, for the supported Cu catalysts: a
5Cu/SiO,; b 5Cu/HZSM-5; ¢ 5Cu/ZrO,; d
5CU/'Y-A1203
Surface Acidity
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Pyridine FT-IR was used for determining
Lewis and Brensted acid sites of the catalysts (see
Fig. 4). In general, the bands at 1545 and 1640 cm™
could be assigned to Brensted acid sites [45].
Similarly, the bands at 1455 and 1607 cm™ could be
associated with Lewis acid sites, and the band around
1495 cm™ was normally attributed to a combination
band associated with both Brensted and Lewis acid
sites. Obviously, the pyridine FT-IR spectrums for
both 5Cu/ZrO, and 5Cu/y-Al,O; only showed bands
associated with Lewis sites (at 1455 and 1607 cm™),
but the co-existence of Brensted sites (at 1545 and
1640 cm’™") and Lewis sites (at 1455 and 1607 cm™)
were evident for SCu/HZSM-5 in addition to the
combination band at 1495 cm™. No Bronsted sites or
Lewis sites was observed on 5Cu/SiO,. These
observations were in agreement with those reported
in the literatures [46-49].
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Fig. 4: FT-IR spectra of pyridine adsorbed on
supported Cu catalysts.

NH;-TPD for supported Cu catalysts was
carried out for the acidity (Fig. 5). The total acid
amount of catalysts decreased in the order of
5CwHZSM-5 >> 5Cu/y-ALLO; > 5Cu/ZrO, >
5Cu/SiO,. The ammonia desorption spectra of
5Cu/HZSM-5 showed a desorption peak at 430 K
with two shoulders ranged from 400 K to 700 K, and
both 5Cu/y-Al,O3 and 5Cu/ZrO, exhibited a broad
peak in the temperature range 350-530 K, but
5Cu/SiO, had a little desorption peak within all the
temperature range. Furthermore, the high temperature
peaks were observed for SCu/HZSM-5. These results
indicated that there was no strong acid site on
5Cu/ZrO,, 5Cu/y-Al,O5; and 5Cu/SiO, compared to
5Cuw/HZSM-5. Obviously, their acidity was closely
related to the nature of support.
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Fig. 5: NH;-TPD profiles of supported Cu catalysts.
Reducibility

H,-TPR illustrated that all the -catalysts
showed two well-defined peaks at 450-650 K (see
Fig. 6). Several researchers [50-53] reported that the
reduction of CuO followed a route of
Cu**—Cu'—Cu’, while others [54, 55] attributed the
TPR peaks to the reduction of different CuO states.
The hydrogen consumption indicated that the
different peaks could not be assigned to the reduction
of Cu**—Cu'—Cu’. Therefore, the reduction
processes were considered that the low temperature
peak might be related to the reduction of well-
dispersed CuO and the peak at high temperature
should be corresponded to the reduction of large CuO
particles for all supported Cu catalysts. Besides, the
reduction temperatures increased along with 5Cu/y-
A1203 < 5CU/ZI'O2 < 5Cu/HZSM-5 < 5CU/SIOz,
indicating that the nature of support had a strong
effect on the reducibility of copper species.
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Fig. 6: TPR profiles of supported Cu catalysts.
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Catalytic Performance

The hydrogenolysis of glycerol was carried
out for the performance of supported Cu catalysts.
The results in Table-2 indicated that SCu/HZSM-5
and 5Cu/SiO, had a low glycerol conversion (2.01%
and 6.41%, respectively). A more pronounced support
effect was observed over 5Cu/ZrO,, for which the
activity increased significantly to 37.79% in spite of
its lower specific surface area, however, the
selectivity to the desired product 1, 2-PD dropped
significantly to 49.73%. The 5Cu/y-Al,O; catalyst
gave a glycerol conversion of 60.58%, showing both
high activity and selectivity for the glycerol
hydrogenolysis compared to others.

Table-2: The catalytic performance of glycerol
hydrogenolysis over different supported Cu catalysts*

Conversion Selectivity (%)"
Catalyst (%) 12-PD_1-PO_EG EtOH MeOH
5Cu/y-ALO; 60.58 8520 097 875 042 182
5Cu/Zr0, 37.79 4973 4156 621 031 142
5Cu/SiO; 6.41 8039 - 413 823 045

5Cu/HZSM-5 2.01 65.83 - 1.87 20.68 5.32
# Reaction conditions: 10 wt% glycerol aqueous solution; H; pressure: 6
MPa; catalyst weight: 4 g; reaction temperature: 513 K; LHSV: 0.9 h”!
®1,2-PD =1,2-propanediol; 1-PO = 1-propanol; EG = ethylene glycol; EtOH
= ethanol; MeOH = methanol

It was believed that the pathway of glycerol
hydrogenolysis involved a dehydration step on acidic
sites followed by hydrogenation on metal sites [3, 13,
16, 18, 33, and 37]. However, an unexpected lower
activity was observed from the most acidic
5Cu/HZSM-5, which was consistent with the result
of Guo et al. [56]. They considered that acrolein
instead of acetol was the preferred dehydration
product on zeolites. In our opinion, this might be
caused by coking due to the strong acidity of such a
catalyst [57, 58], which encapsulated the active sites
and then deactivated the catalyst. For 5Cu/SiO,, the
lower activity might be due to the lowest acidity and
the large CuO particles, which led to a lower
reduction of the copper oxides. As a result, the
catalysts with the moderate acidity would be
favorable for hydrogenolysis of glycerol. That was
why 5Cu/y-Al,O3, which possessed an appropriate
acidity, showed a better ability to activate the
glycerol to form intermediates and then facilitated the
formation of 1, 2-PD. Furthermore, it could also
prevent the formed 1, 2-PD from consecutive
hydrogenolysis to propanols.

The Cu/y-ALO; catalysts with different
amounts of Cu were investigated to optimize the
catalysts’ composition for the glycerol hydrog-
enolysis. Table-3 presented the performance of those
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catalysts at the condition of 513 K and 6 MPa. It
could be observed that the glycerol conversion was as
low as 3.68% over y-Al,0; without the formation of
1, 2-PD. The activity was greatly enhanced with 5%
Cu incorporated into the catalyst system, and the
conversion of glycerol increased to 60.58% with the
1, 2-PD selectivity of 85.20%. These results were
similar with the reported literatures [30, 33], which
confirmed that catalytic hydrogenolysis of glycerol
should be performed over a bi-functional catalyst.
Besides, the glycerol conversion reached a maximum
for 20Cu/y-ALO;. It was noted that the selectivity
toward 1, 2-PD was almost constant irrespective of
Cu loadings, suggesting that only a certain amount of
Cu would be sufficient for hydrogenation to 1, 2-PD.
Thus, the hydrogenolysis of glycerol needed a bi-
functional catalyst.

Table-3: Effects of copper loading of Cu/y-Al,05"

Selectivity (%)"
1-PO  EG EtOH MeOH

Conversion
(%) 1,2-PD
7-AL O3 3.68

Catalyst

85.20 097 875 0.42 1.82

5Cu/y-ALO;  60.58

10Cu/y-ALO;  76.04 86.66 1.03 7.88 0.62 191
20Cu/y-ALO;  85.05 8571 052 822 033 201
30Cu/y-ALO;  57.95 86.65 1.06 728 055  1.94
50Cu/y-ALO;  40.52 8639 091 858 048 174

#Reaction conditions: 10 wt% glycerol aqueous solution; H, pressure: 6
MPa; catalyst weight: 4 g; reaction temperature: 513 K; LHSV: 0.9 h”!
©1,2-PD = 1,2-propanediol; 1-PO = 1-propanol; EG = ethylene glycol; EtOH
= ethanol; MeOH = methanol

Furthermore, the temperature had a
significant effect on the performance of 20Cu/y-
AlLO;3 (Table-4). As the temperature increased from
453 to 543 K, the glycerol conversion
monotonically increased from 8.25% to 95.55%, but
the 1, 2-PD selectivity declined from 87.64 % to
35.65 % with the increase of ethylene glycol and 1-
propanol. This indicated that higher temperature
would lead to the excessive hydrogenation of 1, 2-PD
into other alcohols such as 1-propanol, ethylene
glycol and other degradation products. Therefore, the
high yield of 1, 2-PD required the optimal
temperature which facilitated the conversion of those
dehydrated intermediate and prevented the formation
of 1, 2-PD from consecutive hydrogenolysis to 1-
propanol.

Table-4: Effect of reaction temperature on the
20Cu/y-Al,Os catalyst *

Reaction . Selectivity (%)"
Temperature Conversion
) (%) 12-PD 1-PO EG EtOH MeOH
453 8.25 87.64 - - - -
483 31.15 86.04 1.07 - 0.42 -
513 85.05 8571 052 822 033 2.01
543 95.55 35.65 4046 10.28 2.65 3.96

# Reaction conditions: 20Cu/y-Al,03, 10 wt% glycerol aqueous solution; H,
pressure: 6 MPa; catalyst weight: 4 g; LHSV: 0.9 h”!

® 1,2-PD = 1,2-propanediol; 1-PO = I-propanol; EG = ethylene glycol;
EtOH=ethanol; MeOH = methanol

Fig. 7 showed the effect of pressure on the
conversion and selectivity. The conversion of
glycerol and the selectivity to 1, 2-PD over 20Cu/y-
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Al,O5 increased with the rise of hydrogen pressures
from 6 to 9 MPa. However, the increment showed a
small change within the pressure range in the present
work. Furthermore, the glycerol concentration also
influenced the conversion of glycerol and the
selectivity of 1, 2-PD (Fig. 8). The decrease of the
conversion showed a near linear relation with the
glycerol concentration increased from 10 to 50%.
However, the selectivity toward 1, 2-PD remained
almost constant in this case.
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Fig. 7: Effect of reaction pressure on the 20Cu/y-
Al,O5 catalyst at 513 K and LHSV: 0.9 h™"
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Fig. 8: Effect of glycerol concentration on the
20Cu/y-Al,O; catalyst at 513 K, 6MPa and
LHSV: 0.9 h™
Experimental
Catalyst Preparation

Supported Cu catalysts were prepared by
means of incipient wetness impregnation method
similar to that described in the literature [40].
Aqueous solutions containing specified amounts of
Cu(NO;),-3H,0 were prepared and impregnated onto
different supports. The supports used in this study

J.Chem.Soc.Pak.,Vol. 34, No. 4, 2012 811

included y-Al,O; (selfmade, 292.7 ngfl), 7r0O,
(selfmade, 165.8 m*g "), SiO, (Qingdao Haiyang Co.,
Ltd., China, 334.7 m’g'), and HZSM-5 zeolite
(Nankai University Catalyst Co., Ltd., China,
Si0,/AlL,05; =52, 367.9 ng_l). The supports were
crushed and sieved to the powder form of 20-40
mesh. After impregnation, the catalysts were dried at
393 K overnight and calcined at 623 K for 5 h in air,
and finally reduced at 573 K for 3 h in a H, stream
(40 ml/min) before reaction.

Catalyst Characterization

To understand the performance of the
catalysts, the different techniques were used to
measure the catalysts properties such as pore size,
surface area, structure, acidity and reducibility. The
catalysts as-prepared were characterized using the
follow techniques: N, adsorption—desorption, XRD,
XPS, FT-IR, NH;-TPD and TPR.

BET surface areas, pore volumes, and
average pore diameters of the catalysts were
determined by N, adsorption—desorption method at
77 K using a Micromeritics Tristar 3000 instrument.
The samples were degassed under vacuum at 473 K
for 12 h before the measurement. The average pore
diameters were calculated according to BJH method.

XRD patterns of the catalysts were recorded
on a Rigaku Miniflex (M/s. Rigaku Corporation,
Japan) X-ray diffractometer using Ni filtered Cu Ka
radiation (k = 1.5406 A ) with a scan speed of 2° Min
"' and a scan range of 5-90° at 30 kV and 15 mA.

XPS analyses were carried out with a
Perkin-Elmer PHI-5400 spectrometer, using a
monochromatic Mg Ka radiation (1253.6 eV).
Samples were compressed in small cup under the
pressure of 5 kg/cm® for 30 s and supported on a
holding ceramic carousel. The positive charge,
developed on the samples due to the photoejection
process was compensated by a charge neutralizer
(Low energy electron and Low energy ion beam).
The residual pressure in the spectrometer chamber
was 5x107 Pa during data acquisition. The analyzed
area of the sample was 100 um and the Energy
regions of the photoelectrons were scanned at a pass
energy of 29.35 eV. The resolution was 0.68 eV.
Binding energy (BE) reference was taken at the Cls
peak of the carbon contaminating the surface of the
samples at a value of 284.6 ¢V. The data was treated
on Phi Multipack Program, Gaussian/Lorentzian
=80%.
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FT-IR measurements were made in the
hydroxyl group and pyridine regions using Nicolet
Nexus 470 Infrared spectrophotometer. Prior to each
IR experiment, compressed sample (in form of a self-
supporting wafer, ca. 6 mg/cm?) placed in the IR cell
(with CaF, windows) was first subjected to
evacuation treatment at 573 K for 3 h, followed by
saturated adsorption of pyridine at room temperature
(298 K) for 1 h and subsequent removal of
physisorbed pyridine under vacuum at 423 K for 2 h,
the sample was then allowed to cool to room
temperature and the spectra were recorded.

NH;-TPD analyses were conducted in a self-
made apparatus. The catalyst sample (200 mg) was
first purged by Ar for 2 h at 473 K, then cooled down
to room temperature and NH; adsorption was carried
out by passing a 30% NHi/Ar mixture for 1 h.
Afterwards, the residual NH; was eliminated by
flowing dry Ar at the same temperature, the
temperature was then raised to 873 K at a heating rate
of 10 K/min and the desorption of NH; were recorded
by a Balzers Mass Spectrometry (m/z=16 was used to
avoid the influence of water).

TPR analyses were performed on a
conventional apparatus with a thermal conductivity
detector (TCD). 50 mg samples were loaded in a
quartz tube and purged with Ar at 423 K for 60 min,
and then cooled to 333 K. Reduction was carried out
from 333 up to 1073 K (10 K/min) in a 10% H,/Ar
mixture with a flow rate of 30 ml/min.

Catalytic Test

The hydrogenolysis of glycerol in liquid
phase was carried out in a fixed-bed reactor (stainless
steel tube, length 800 mm and i.d. 20 mm) with a
back pressure valve to control the reaction pressure.
Prior to reaction, the catalysts were reduced in the
hydrogen with a flow rate of 40 mL/min at 573 K for
5 h. The products were analyzed by HPLC
(Schimadu LC-2010Avp, Kromasil-C18,5 p,4.6
mmx250 mm stainless steel column). The reaction
was usually conducted for 8 h and the condensed
products during the first hour of the reaction were
abandoned due to poor material balance. Glycerol
conversion and production selectivity were defined as
following:

Sum of C mol of all liquid products

Conversion of glycerol (%)= x100%

Added glycerol before reaction

C mol of each liquid product

Selectivity (%)= x100%

Sum of C mol of all liquid products
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Conclusions

Supported Cu catalysts were investigated for
the glycerol hydrogenolysis. It was found that the
supports  strongly influenced the catalytic
performance via their properties. XRD, XPS and H,-
TPR characterization indicated that the interaction
between CuO and supports took place, and the
supports had strong effect on the reducibility of CuO.
On the basis of the reaction and characterization
results, it could be deduced that the catalyst with a
moderate acidity would be favorable for the glycerol
hydrogenolysis. It was also concluded that the
hydrogenolysis of glycerol should be performed over
a bi-functional (acid/metal) catalyst. Among those
supports, therefore, y-Al,O; supported Cu catalyst
showed higher activity and selectivity to 1, 2-PD with
the optimal copper loading of 20%. In addition, the
conversion of glycerol and the selectivity to 1, 2-PD
also depended on the reaction temperature, pressure
and glycerol concentration. The optimum perfo-
rmance over 20Cu/y-Al,0; was observed at 513K,
6MPa H, and LHSV of 0.9 h"" in 10 wt% glycerol
aqueous solutions.
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