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a b s t r a c t

Co/ZnO catalysts with different Co/Zn ratios have been prepared by the coprecipitation method. It is
revealed that below the nominal Co/Zn molar ratio of 2, the calcined Co/ZnO samples were constituted
by ZnO and ZnCo2O4 spinel. At the nominal Co/Zn ratio of 2, a small amount of Co3O4 spinel emerged. After
reduction, the catalysts were composed of fcc Co and ZnO. In aqueous-phase reforming (APR) of ethylene
glycol, it is found that the intrinsic activity and selectivity to H2 increase with the increment of the ZnO
vailable online 2 December 2010
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o/ZnO
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content. H2 selectivities over the Co/ZnO catalysts ranged from 52% to 89%, which are substantially higher
than that of the Raney Ni catalyst at similar conversion. Moreover, the Co/ZnO catalysts produced much
less CO in the product gas. With the aid of literature works as well as additional experiments on APR of
acetic acid, methanol, and ethanol, the reaction pathways of ethylene glycol in the presence of water on
the Co/ZnO catalysts were discussed.
queous-phase reforming
ydrogen

. Introduction

Approximately 80% of the present world energy demand comes
rom fossil fuels [1], which are exhaustible and cause seri-
us environmental problems. Recently, Dumesic and coworkers
emonstrated the new process of aqueous-phase reforming (APR)
f biomass-derived polyols such as ethylene glycol, glycerol, and
orbitol to H2 and hydrocarbons [2–4]. The APR process is operated
t temperatures near 500 K, at which the water–gas shift (WGS)
eaction is thermodynamically favored, making it possible to gener-
te H2 and hydrocarbons in a single reactor with trace amount of CO
5]. This process is energy-efficient and green-house gas-neutral,
hus opening a new opportunity for the utilization of readily avail-
ble renewable biomass.

Catalysts that have been studied in the APR of ethylene gly-
ol include Pt-based catalysts [2,6–13], SiO2-supported Ni, Pd, Ru,
h, and Ir catalysts [6], Sn-modified Raney Ni [3,8,14,15], Ni/Al2O3
atalysts [8,14], rapidly quenched skeletal Ni [16] and NiMo cata-
ysts [17], and non-pyrophoric Ni catalyst derived from traditional

i50Al50 alloy [18]. However, the APR performance of Co-based
atalyst has not been explored as far as we are aware of. It is
cknowledged that Co exhibits appreciable activities for C–C bond
cission, WGS, and Fischer–Tropsch synthesis (FTS) among VIIIB
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metals [6,19], so the Co-based catalyst is anticipated to be promis-
ing for the APR process.

It has been shown that the Co-based catalysts are efficient in
steam reforming (SR) of ethanol [20]. Homs and coworkers have
prepared Co catalysts by impregnating Co2(CO)8 on a series of sup-
ports, and found that the ZnO-supported Co catalyst exhibited the
best catalytic performance in SR of ethanol [21]. Motivated by their
work, we prepared Co/ZnO catalysts with different Co/Zn ratios
by the coprecipitation method using less hazardous cobalt nitrate.
Their catalytic behaviors in APR of ethylene glycol were investi-
gated and correlated with the characterization results. The reaction
pathways of ethylene glycol on the Co/ZnO catalysts in the presence
of water were discussed with the aid of additional experiments on
APR of acetic acid, methanol, and ethanol.

2. Experimental

2.1. Catalyst preparation

The Co/ZnO catalysts with four different Co/Zn molar ratios were
prepared by the coprecipitation method. An aqueous solution fixed
at 0.4 M containing a mixture of Zn(NO3)2 and Co(NO3)2 was added
drop by drop to an aqueous solution of Na2CO3 (0.4 M) as the pre-

cipitant at 333 K under stirring. After being aged at 333 K for 2 h,
the solid was filtered, washed with deionized water to neutrality,
dried at 373 K overnight, and then calcined at 723 K for 4 h at a heat-
ing rate of 10 K min−1 in static air. The catalysts were obtained by
reduction under 5 vol.% H2/Ar at 723 K for 2 h at a heating rate of

dx.doi.org/10.1016/j.molcata.2010.11.024
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Table 1
Physicochemical properties of the Co and Co/ZnO samples before and after reduction.

Sample Co/Zn (molar ratio) SBET (m2 g−1) dZnCo2O4 (nm)a dCo
a (nm) dZnO

a (nm) SH
b (m2 g−1)

Nominal Exp. Cal. Red. Cal. Red.

Co/ZnO-13 0.33 0.5 41 12 12 20 14 23 1.1
Co/ZnO-12 0.5 0.8 44 11 13 24 13 28 1.3
Co/ZnO-11 1.0 1.3 45 11 13 27 10 27 1.8
Co/ZnO-21 2.0 2.2 47 9 12 28 / 27 2.3
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a Crystallite size determined by XRD.
b Active surface area determined by H2 chemisorption.

K min−1. The nominal Co/Zn molar ratios were 1/3, 1/2, 1/1, and
/1 for catalysts labeled Co/ZnO-13, Co/ZnO-12, Co/ZnO-11, and
o/ZnO-21, respectively. Co3O4 was prepared in a way similar to
hat of the calcined Co/ZnO samples in the absence of Zn(NO3)2.

e have also prepared the Co/ZnO-13 catalyst by the impregna-
ion method (Co/ZnO-13-imp). However, it is identified that the
atalytic performance in APR of ethylene glycol on the Co/ZnO-13-
mp catalyst was much inferior to that on the Co/ZnO-13 catalyst
repared by the coprecipitation method.

.2. Catalyst characterization

The bulk composition was determined by inductively coupled
lasma-atomic emission spectroscopy (ICP-AES; Thermo Elemen-
al IRIS Intrepid). The BET surface area was measured on a

icromeritics TriStar3000 adsorption apparatus by N2 physisorp-
ion at 77 K. Prior to the measurement, the sample in the glass
dsorption tube was degassed at 423 K under a N2 flow for 2 h.

X-ray diffraction patterns (XRD) were acquired on a Bruker D8
dvance X-ray diffractometer using Ni-filtered Cu K� radiation

1.5418 Å) with a scanning angle (2�) of 10–90◦. The voltage was
0 kV, and the current was 40 mA. The Scherrer equation was used
o estimate the crystallite size. Temperature-programmed reduc-
ion (TPR) profiles were collected on a home-made apparatus with
he 5 vol.% H2/Ar flow rate of 40 ml min−1 and the heating rate of
0 K min−1. The amount of H2 consumed was quantified with a
hermal conductivity detector (TCD).

H2 chemisorption was carried out on a home-made apparatus
quipped with a TCD detector. A catalyst sample of ca. 300 mg
as reduced at 723 K for 2 h in 5 vol.% H2/Ar. After reduction, the

emperature was kept at 723 K for 2 h and then cooled to room tem-
erature in an Ar flow. The chemisorption was carried out at 423 K,
nd the metal surface area (SH) of the catalyst was calculated based
n the assumption of a H:Co stoichiometry of 1:1 according to Reuel
nd Bartholomew [22].

The surface morphology was observed by transmission electron
icroscopy (TEM; JEOL JEM2011). X-ray photoelectron spectrum

XPS; Perkin Elmer PHI5000C) was recorded using Mg K� radiation
s the excitation source (1253.6 eV). The sample, pressed into a self-
upported disc, was mounted on the sample plate and degassed in
he pretreatment chamber in vacuo at room temperature for 4 h.
he sample was then transferred to the analyzing chamber with a
ackground pressure better than 2 × 10−9 Torr. All binding energy
BE) values were referenced to the C 1 s peak of contaminant carbon
t 284.6 eV with an uncertainty of ±0.2 eV.

.3. Activity test and product analysis
A reactor system similar to that of Shabaker et al. [7] was used
or APR of ethylene glycol. An aqueous solution containing 5 wt%
f ethylene glycol was fed to the reactor in an up-flow configura-
ion. The reforming was operated at a temperature of 498 K, system
ressure of 2.58 MPa, and WHSV ((weight flow rate of the feed solu-
o3O4) 71 / / 0.2

tion) × (weight fraction of ethylene glycol in the feed)/(weight of
the catalyst)) of 0.59 h−1 if not specified. Argon was used to reg-
ulate the system pressure. The reaction course was monitored by
sampling the gas and liquid products at intervals, followed by gas
chromatographic analysis. For the gas effluent, H2, CO, CH4, and
CO2 were separated by a 5 Å molecular sieve-packed column, and
examined by TCD. CH4, C2H4, C2H6, C3H6, C3H8, C4H8, and C4H10
were separated by a Porapak R packed column, and examined by a
flame ionization detector (FID). The liquid effluent was separated
by a CP-Wax 52 CB capillary column (30 m × 0.25 mm × 0.25 �m),
and examined by FID [16]. The selectivities to H2 and hydrocarbons
were calculated based on independent hydrogen and carbon bal-
ances, respectively [14]. Steady-state product compositions were
achieved after 6 h on stream.

3. Results and discussion

3.1. Physicochemical properties

Table 1 lists the bulk compositions and BET surface areas of the
Co/ZnO samples. It is found that the experimental Co/Zn molar
ratios always exceed the nominal values, suggesting that zinc
cations are more reluctant to precipitate than cobalt cations under
the present preparation conditions. With the increment of the
Co/Zn ratio, the experimental ratios approach the nominal values.
For the calcined Co/ZnO samples, the BET surface area increases
slightly from 41 to 47 m2 g−1 with the increment of the nominal
Co/Zn ratio from 1/3 to 2/1. After reduction, the BET surface areas
of all the Co/ZnO catalysts are decreased to about 10 m2 g−1.

The XRD patterns of the calcined Co/ZnO samples are shown in
Fig. 1a. For the Co/ZnO-13 sample with the lowest Co/Zn ratio, the
diffraction peaks can be assigned to a combination of ZnO (JCPDS
36-1451) and ZnCo2O4 (JCPDS 23-1390) or Co3O4 (JCPDS 42-1467).
It is noted that the last two spinel phases are indistinguishable
by XRD, because their standard diffractograms are similar. How-
ever, one can find in Fig. 1a that with the increment of the Co/Zn
ratio, the diffraction peaks of ZnO are attenuated, and nearly dis-
appear for the Co/ZnO-21 sample with the nominal Co/Zn molar
ratio of 2, a stoichiometry identical to that in ZnCo2O4. This phe-
nomenon strongly suggests the formation of ZnCo2O4 rather than
Co3O4 in the calcined Co/ZnO samples. For the Co/ZnO-21 sam-
ple, Table 1 shows that the experimental Co/Zn molar ratio is 2.2,
implying that in this sample about 10% of Co is in the form of Co3O4.
For comparison, Homs and coworkers identified exclusively Co3O4
on their calcined Co/ZnO sample prepared by the impregnation
method [23], suggesting that the coprecipitation method results
in a stronger interaction between the oxides of cobalt and zinc.

After reduction, Fig. 1b shows that ZnCo2O4 as well as Co3O4 for

the Co/ZnO-21 sample originally in the calcined Co/ZnO samples
are diminished. Instead, new features at 2� of 44.3, 51.5, and 75.9◦

ascribable to fcc Co (JCPDS 15-0806) emerge. The diffraction peaks
of ZnO, which are not available on the calcined Co/ZnO-21 sam-
ple, are identified after reduction, signifying the decomposition of
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Fig. 1. XRD patterns of the Co/ZnO samples (a) before and (b) after reduction.

nCo2O4 to ZnO and Co. Moreover, the diffraction peaks of ZnO are
ery sharp for the reduced catalysts. Based on X-ray line broad-
ning, the crystallite sizes of ZnO, ZnCo2O4, and metallic Co in the
alcined and reduced Co/ZnO samples are calculated. Table 1 shows
hat the crystallite sizes of ZnO and metallic Co in the reduced cat-
lysts are about twice as those of ZnO and ZnCo2O4 in the calcined
ounterparts, which can be an important reason for the decreased
ET surface areas after reduction.

Fig. 2 shows the H2-TPR profiles of the Co/ZnO samples. The
eduction degree of the Co/ZnO-13, Co/ZnO-12, Co/ZnO-11, and
o/ZnO-21 catalysts are 86%, 91%, 94%, and 95%, respectively.
he TPR profile of a Co3O4 sample is also presented in the
gure for comparison. Co3O4 shows two distinct H2 consump-
ion peaks centered at 575 and 644 K, with the intensity ratio
etween the low- and high-temperature peaks being ca. 1/3,
hich corresponds exactly to a two-step reduction mechanism of
o3O4 (Co3O4 + H2 → 3CoO + H2O, 3CoO + 3H2 → 3Co + 3H2O) [24].
n the other hand, the TPR profiles of the calcined Co/ZnO-13,
o/ZnO-12, and Co/ZnO-11 samples are similar to each other.
hese samples also give two H2 consumption peaks, but the
eak maxima (573 and 700 K) deviate noticeably from those of
o3O4. Moreover, the intensity ratio of the peak area between
he low- and high-temperature peaks for these samples is ca.

/1.99, which conforms to the stoichoimetry of the two-step reduc-
ion mechanism of ZnCo2O4 (ZnCo2O4 + H2 → 2CoO + ZnO + H2O,
CoO + 2H2 → 2Co + 2H2O) [25–27].

For the calcined Co/ZnO-21 sample, although its TPR profile
esembles more the profiles of other Co/ZnO samples, it is evi-
Fig. 2. H2-TPR profiles of Co3O4 and the Co/ZnO samples.

dent that there is an additional shoulder peak at 647 K superposing
on the high-temperature peak. This shoulder peak appears at a
temperature close to that of the high-temperature peak of Co3O4,
suggesting their similar origin. We also integrated the areas of the
low-temperature peak and the high-temperature peak including
the shoulder peak, and obtained a ratio of 1/2.22. This ratio is
much larger than that of Co3O4, while slightly smaller than that
of ZnCo2O4, signifying again that the major phase in the calcined
Co/ZnO-21 sample is ZnCo2O4.

The TEM images of the reduced Co/ZnO catalysts are presented
in Fig. 3. The dark metallic Co nanoparticles are dispersed on the
platelet-like ZnO. The average particle size of metallic Co measured
in the TEM images increases from about 25 to 50 nm with the nom-
inal Co/Zn molar ratio from 1/3 to 2/1, while the particle size of
ZnO is in the range of 45–80 nm for all the catalysts. The particle
sizes of Co and ZnO observed in Fig. 3 are much larger than the
crystallite sizes derived from XRD, suggesting their polycrystalline
nature.

Fig. 4a presents the HRTEM image of the calcined Co/ZnO-13
sample. The lattice fringes in direct space corresponding to the
(1 1 1) plane of ZnCo2O4 of 4.66 Å and the (1 0 1) plane of ZnO
of 2.48 Å are readily visible. Fig. 4b shows the HRTEM image of
the reduced Co/ZnO-13 catalyst. The particle labeled ‘A’ on top of
the ZnO platelet displays a complex high-resolution image. The
Fourier transform image of this area affords spots corresponding
to the Co(1 1 1) diffraction at 2.04 Å and the ZnO(1 0 1) diffraction
at 2.48 Å, which are consistent with the assignments based on XRD.
The highly defective structure of area ‘A’ may be an indication of
the out-growth of metallic Co from the bulk of the ZnCo2O4 spinel
during the reduction process.

Fig. 5 shows the Co 2p spectra of the calcined and the reduced
Co/ZnO samples. For the calcined samples (Fig. 5a), the Co 2p3/2 BE
is 780.4 eV, and the BE difference between the 2p1/2 and 2p3/2 lev-
els is 15.0 eV, which can be ascribed either to ZnCo2O4 or to Co3O4
which are not distinguishable if only based on these two parame-
ters [28,29]. However, compared with the standard Co 2p spectra of
ZnCo2O4 and Co3O4 reported by Zsoldos and Guczi [28], the pres-
ence of a weak satellite peak at ca. 9 eV higher than the Co 2p3/2
peak observed in Fig. 5a supports the formation of predominantly
ZnCo2O4.
After reduction, Fig. 5b shows that there are two Co 2p3/2 peaks
with BEs of 778.0 and 780.2 eV, respectively. The former is readily
assignable to metallic Co [30], while the latter, combining with the
strong satellite peak at ca. 6 eV higher BE, is assigned to CoO [31].
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o/ZnO

I
i
i
i

Fig. 3. TEM images of Co/ZnO catalysts after reduction. (a) C
t is observed that the proportion of metallic Co increases with the
ncrement of the Co/Zn ratio, which is consistent with the ascend-
ng active surface area (SH, Table 1) and reduction degree with the
ncrement of the Co/Zn ratio.

Fig. 4. HRTEM images of the Co/ZnO-13 sample (a) before and (b) after reduction. T
-13, (b) Co/ZnO-12, and (c) Co/ZnO-11, and (d) Co/ZnO-21.
3.2. APR performance

Table 2 compiles the selectivities to H2 and hydrocarbons and
kinetic data for APR of ethylene glycol over the Co/ZnO catalysts

he inset corresponds to the Fourier-transformed image of area marked as ‘A’.
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Table 2
Kinetic results over the Co/ZnO catalysts in APR of 5 wt% ethylene glycol at 498 K, 2.58 MPa, WHSV of 0.59 h−1, and after 8 h on stream.

Catalyst Co/ZnO-13 Co/ZnO-12 Co/ZnO-11 Co/ZnO-21

Conversion of EG to gas (%) 5.2 6.2 7.5 8.6
Conversion of EG to liquid (%) 1.6 1.5 1.4 1.4
H2 selectivitya (%) 89 77 58 52
Hydrocarbon selectivityb (%) 29 36 41 46
TOF of gas products (h−1)
H2 101.4 76.0 40.6 27.9
CO n.d.c n.d. n.d. n.d.
CO2 32.2 25.6 16.4 11.5
CH4 8.1 9.2 7.8 6.7
C2H4 0.07 0.06 0.04 0.03
C2H6 0.69 0.68 0.52 0.44
C3H6 0.25 0.19 0.10 0.06
C3H8 0.44 0.49 0.41 0.39
C4H8 0.13 0.10 0.06 0.04
C4H10 0.24 0.26 0.21 0.21
TOF of liquid products (h−1)
CH3OH 2.90 1.29 0.83 0.42
C H OH 1.89 1.07 0.65 0.43

100.
in gas

a
t
t
h

F

2 5

CH3COOH 10.4

a H2 selectivity (%) = [(moles of H2 produced)/(moles of C in gas phase)] × (2/5) ×
b Hydrocarbon selectivity (%) = [(moles of C in gaseous alkanes)/(total moles of C
c Below the detection limit.
t conversions below 9%. As proven by our previous work [16],
he transport limitations can be excluded under the present reac-
ion conditions. As shown in Table 2, the selectivities to H2 and
ydrocarbons evolve in opposite trends: with the increment of the
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6.32 4.24 2.82

products)] × 100.

nominal Co/Zn ratio from 1/3 to 2/1, the selectivity to H2 decreases
from 89% to 52%, while the selectivity to hydrocarbons increases
from 29% to 46%. For comparison, on the Raney Ni catalyst and
under the same temperature and pressure, the H2 selectivity is 47%,
and the alkane selectivity is 33% at conversion of 13.7% [14], which
is even less selective to H2 than the Co/ZnO-21 catalyst displaying
the lowest H2 selectivity among the Co/ZnO catalysts. In addi-
tion, as compared to Raney Ni, the Co/ZnO catalysts produce much
less CO in the outlet gas (below the detection limit of ∼50 ppm),
which is significant especially for fuel cells in which anode materi-
als are vulnerable to CO poisoning [32]. The present work therefore
demonstrates the potential of cobalt as an effective component in
formulating a CO-free H2-specific catalyst for APR of ethylene gly-
col. Also found in Table 2 are small amounts of alkenes (C2H4, C3H6,
and C4H8), which are not available on Raney Ni [14]. Such differ-
ences are attributable to the fact that Co is an excellent FTS catalyst
tending to produce alkenes [19,33].

According to the kinetic data presented in Table 2, when the
nominal Co/Zn ratio is increased from 1/3 to 2/1, the turnover fre-
quency (TOF) of H2 drops greatly from 101.4 to 27.9 h−1, while the
TOF of hydrocarbons using CH4 as a representative only decreases
slightly. The concomitant decrement in the TOFs of H2 and CO2
with the increment of the Co/Zn ratio strongly implies that the
incorporation of ZnO promotes the desirable WGS reaction, which
is analogous to the role of ZnO in Cu/ZnO-based WGS catalysts
[34,35]. Shishido et al. found that Cu alone showed a weak activ-
ity in the WGS reaction, but the binary system formation with ZnO
resulted in an obvious enhancement in the activity [34]. Moreover,
Rodriguez et al. identified that the Arrhenius activation energy of
the WGS reaction decreased from 15.2 kcal mol−1 for Cu(1 0 0) to
12.4 kcal mol−1 for Cu/ZnO(0 0 0 1), attributable to a more efficient
cleavage of the O–H bond in water at the existence of ZnO [35]. It
should be noted that although the Co/ZnO-13 catalyst has higher
TOF of H2 than Raney Ni (66 h−1) and Raney Ni14Sn (84 h−1) [14], the
H2 production rate on the former (37 �mol gcat

−1 min−1) is much
lower than those on Raney Ni (244 �mol gcat

−1 min−1) and Raney
Ni14Sn (236 �mol gcat

−1 min−1), which can be attributed to the
much lower active surface area of the Co/ZnO-13 catalyst. Future
catalyst development work should focus on how to prepare Co/ZnO

catalysts with higher dispersions.

In the liquid effluent, methanol, ethanol, and acetic acid are
detected. We find that the production rates of acetic acid are the
highest than those of methanol and ethanol on the Co/ZnO cata-
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Table 3
The conversion and product distribution over the Co/ZnO-21 catalyst in APR of 5 wt%
methanol, ethanol and ethylene glycol at 498 K, 2.58 MPa, WHSV of 0.09 h−1, and
after 8 h on stream.

Feedstock Ethylene glycol Methanol Ethanol

Conversion (%) 50.5 42.0 19.0
Conversion of C to gas (%) 35.5 41.7 0.1
Gas products (mol%)
H2 58.7 67.2 99.7
CO n.d.a n.d. n.d.
CO2 29.8 24.1 n.d.
CH4 8.3 8.2 0.18
C2H4 0.07 0 0
C2H6 1.2 0.3 0.08
C3H6 0.27 0.02 0
C3H8 1.1 0.18 0
C4H8 0.13 0 0
C4H10 0.45 0 0
Liquid product (mol%, excluding unreacted feedstock)
Methanol 14.1 / 0
Ethanol 8.7 0 /
2-Propanol 2.7 0 0
Acetic acid 74.5 0 92.3
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Acetaldehyde 0 0 5.4
Acetone 0 0 0.2
Ethyl acetate 0 0 2.1

a Below the detection limit.

ysts. The production of acids from alcohols over ZnO-supported
etal catalysts is not uncommon. Shabaker et al. found the for-
ation of glycolic acid and acetic acid in APR of ethylene glycol

ver Pt/ZnO catalysts [10]. Takezawa and Iwasa detected formic
cid intermediates in SR of methanol over Pd/ZnO catalysts [36].

To have a better understanding of the APR pathways of ethylene
lycol over the Co/ZnO catalysts, APR of 5 wt% of ethylene glycol,
cetic acid, methanol, and ethanol are compared over the Co/ZnO-
1 catalyst under 498 K, 2.58 MPa, and WHSV of 0.09 h−1. Table 3
hows that APR of ethylene glycol at a relatively lower WHSV gen-
rates methanol, ethanol, acetic acid, as well as 2-propanol in the
iquid phase. According to Shabaker et al. [14], the formation of

ethanol from ethylene glycol proceeds through C–H bond scission
n metal sites, followed by C–C bond scission and hydrogenation.
he overall reaction can be written as:

OCH2CH2OH + H2 → 2CH3OH (1)

Ethanol can be produced from ethylene glycol through O–H
ond scission on metal sites, followed by C–O bond scission and
ydrogenation:

OCH2CH2OH + H2 → CH3CH2OH + H2O (2)

Another pathway for the formation of ethanol from ethylene
lycol, i.e. dehydration on the support followed by hydrogenation
n metal sites [5] can be discarded here, because we found no dehy-
ration product in APR of ethylene glycol over bare ZnO under the
ame APR conditions.

Acetic acid may arise from the scission of the O–H bond in
thylene glycol on metal sites, followed by desorption and rear-
angement in the aqueous phase [5]:

OCH2CH2OH → CH3COOH + H2 (3)

An alternative pathway leading to acetic acid will be discussed
elow.

We find that acetic acid remains intact when it is used sepa-
ately as the feedstock under the above APR conditions. The APR of

ethanol only leads to gas products (Table 3). In APR of ethanol,

cetic acid is identified as the primary liquid product (>90 mol%)
Table 3), suggesting the possibility of the formation of acetic acid
hrough ethanol during APR of ethylene glycol. It should be noted
hat under the present APR conditions, the main reaction is not

[

[
[
[
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the reforming of ethanol, which should otherwise produce both H2
and CO2, as ethanol can only be reformed on Co-based catalysts
at much higher temperatures [21,23,37,38]. Thus, the formation of
acetic acid as the primary product clearly indicates that ethanol
mainly undergoes the reaction [39]:

C2H5OH + H2O → CH3COOH + 2H2 (4)

On the other hand, acetone, rather than 2-propanol formed in
APR of ethylene glycol, is detected in APR of ethanol. It is well doc-
umented that acetone can be produced through ethanol via the
reaction [39,40]:

2C2H5OH → CH3COCH3 + CO + 3H2 (5)

The 2-propanol detected in APR of ethylene glycol may form via
the hydrogenation of acetone in the H2-rich atmosphere because
of the better reforming reactivity of ethylene glycol.

Based on these control experiments and literature works, it is
evident that besides the reaction pathways of ethylene glycol with
water proposed by Cortright et al. [2], there are additional pathways
from ethanol to acetic acid and 2-propanol and via the FTS reaction
to alkenes in APR of ethylene glycol over the Co/ZnO catalysts.

4. Conclusion

In APR of ethylene glycol, the Co/ZnO catalysts prepared by the
coprecipitation method could exhibit higher intrinsic activity and
H2 selectivity than the Raney Ni catalyst. Moreover, the Co/ZnO
catalysts produced much less CO, which is especially desirable for
fuel cell applications, demonstrating the potential of cobalt as an
effective component in formulating a H2-specific catalyst for APR
of ethylene glycol. Future catalyst development work should focus
on the preparation of Co/ZnO catalysts with higher dispersions to
improve the H2 productivity, which is underway in our laboratory.
As to the reaction pathways, besides those proposed previously,
reactions from ethanol to acetic acid and 2-propanol and via the
FTS reaction to alkenes should also be taken into account for the
Co/ZnO catalysts.
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