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Co/CeQ;, Catalysts Prepared Using Citric Acid Complexing for
Ethanol Steam Reforming
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Abstract: Co/CeO; catalysts with and without calcium doping were prepared by the citric acid complexing method, and characterized by N»
adsorption, X-ray diffraction, temperature-programmed reduction, Fourier transform infrared spectroscopy, and high resolution transmission
electron microscope. Their catalytic performance measurement for ethanol steam reforming (ESR) at 400-650 °C and atmospheric pressure
with a steam-to-carbon ratio of 3.0 and gas hourly space velocity of 50000 ml/(g-h) was measured. The citric acid complexing method en-
hanced metal-support interaction. The Co/CeO, catalysts gave almost 100% ethanol conversion and good hydrogen yield at 500 °C. Calcium
doping in the catalyst reduced the particle size of CeO,, but had little effect on the metallic cobalt size after reduction. Calcium doping higher
than 5% deteriorated the redox properties and ESR catalytic performance, which was attributed to the fouling of CeO, by CaO. Catalysts
activated at 650 °C showed a better performance, which was due to a higher reduction degree of ceria and increase of the metal-oxide inter-
face. Stability investigation of the catalysts suggested that 5% calcium doping enhanced carbon deposition resistance.
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Hydrogen production from various hydrocarbon and al- Bio-ethanol from the fermentation of organic matter is en-
cohol fuels has been a focus of investigation recently [1]. vironmentally sustainable and benign [2]. Ethanol steam
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reforming (ESR) occurs by a complex mechanism. The fol-
lowing reactions take place, which include the desired ESR
(Eq. 1), ethanol decomposition (Eq. 2), water gas shift (Eq.
3), ethanol dehydrogenation (Eq. 4), ethanol dehydration
(Eq. 5), methanation (Eq. 6), and carbon deposition (Egs. 7,

8).
C,HsOH + 3H,0—2C0, + 6H,  AH’;5=173.1 kl/mol (1)
C,H;0H — CO + CH, + H, AH'555= 49 kJ/mol (2)
CO + H,0 <> CO, + H, AH"555 = —41 kJ/mol (3)
C,HsOH — H, + CH;CHO AH'55 = 68 kJ/mol (4)
C,HsOH — C,H, + H,0 AH’ 55 = 45 kJ/mol (5)
CO + 3H, <> CH, + H,0 AH" 555 =205 kJ/mol (6)
2CO — C + CO, AH' 55 =—171.5 kJ/mol (7)

C,H4 — polymers — coke ®)

Although the thermodynamics of ESR suggest a simple
reaction with few byproducts, under kinetically controlled
conditions, the reaction network is very complex and the
product distribution depends on the catalyst used [3.,4].
Supported catalysts containing Ni, Cu, Co, and noble metals
such as Rh, Ru, Ir, and Pt have been used for ESR [5-12].
Supported noble metal catalysts show good activity for ESR,
but their high costs limit their application. A much cheaper
alternative is cobalt-based catalysts, which also show good
performance for ESR due to their high activity for C-C
bond cleavage and good selectivity to hydrogen at tempera-
tures as low as 350-400 °C [14,15]. For example, over a
Co/ZnO catalyst at 350 °C, an ethanol conversion of 100%
was achieved at gas hourly space velocity (GHSV) = 5000
h™' and steam-to-carbon ratio (S/C) = 6.5. These working
conditions are not practical because of the high S/C ratio
and low hydrogen production rate [15]. Co/CeO, catalysts
also show good resistance to carbon deposition during ESR,
which has attracted much attention recently [16—18]. It was
found that Co/CeQ, catalysts prepared by different methods
showed significant differences in ESR activity. Song et al.
[18] prepared Co/CeO, catalysts using three different
methods: solvothermal method, colloidal crystal templating,
and reverse microemulsion. These catalysts gave much bet-
ter performance than those prepared by incipient wetness
impregnation. The superiority of these preparation methods
was attributed to a better cobalt dispersion and enhanced
metal-oxide interaction. However, these preparation meth-
ods are too complex and not practical. The citric acid com-
plexing method is a cost effective preparation method for
uniform composite oxide formation at relatively low tem-
peratures. It gives a high yield with a simple equipment
setup [19]. Catalysts prepared by this method have been
applied to the partial oxidation of methane and ESR [20,21].
The present work prepared Co/CeO, catalysts by citric acid
complexing. The effect of calcium doping was also investi-
gated. In view of a recently developed membrane reformer

for ESR [22-25], ESR was investigated in the temperature
range of 450-650 °C at a practical GHSV.

1 Experimental
1.1 Catalyst preparation

The catalysts were prepared by the citric acid complexing
method. Nitrates of cobalt, cerium, and calcium purchased
from Sinopharm Chemical Reagent Co. Ltd. were utilized
as starting materials without purification. A mixed solution
of the nitrates with a total cation concentration of 1.0 mol/L
was prepared by dissolving the nitrates in deionized water.
Citric acid was added as a complexing agent in a molar ratio
of 2:1. After complete mixing and stirring at 60 °C, a trans-
parent solution was obtained. Then most of the water was
evaporated at 80 °C to give a sol. A viscous gel was ob-
tained after further stirring and evaporation. After drying at
120 °C overnight, the resulting spongy solid was heated in
air in a muffle furnace from room temperature to 600 °C
with a temperature ramp rate of 5 °C/min and kept at 600 °C
for 4.0 h.

1.2 Catalyst characterization

The specific surface area, pore volume, and pore size dis-
tribution were characterized by N, adsorption at liquid ni-
trogen temperature using a Quantachrome NOVA 2200E.
Prior to adsorption, the samples were degassed at 350 °C for
2.0 h to remove physically adsorbed components. The sur-
face area was determined from the linear portion of the
Brunauer-Emmett-Teller (BET) equation. Pore volume and
pore size distribution were calculated by the Bar-
rett-Joiner-Halenda (BJH) method using the desorption
branch of the isotherm.

Temperature programmed reduction (TPR) experiments
were conducted on a microreactor-gas chromatograph (GC)
system using a 5% H,-95% Ar atmosphere. The sample
(50.0 mg) was heated from room temperature to 400 °C
under 30.0 ml/min Ar flow and kept at 400 °C for at least 30
min, and then cooled down to room temperature. The Ar
was switched to 30.0 ml/min 5% H,-95% Ar gas, and the
sample was heated with a linear temperature rise from 100
to 900 °C at a rate of 10 °C/min. Hydrogen consumption
was measured online with a thermal conductivity detector
(TCD).

X-ray powder diffraction (XRD) was used to determine
the phase composition and size of the catalysts before and
after reduction. The XRD measurements were performed on
a Rigaku D/MAX2500VL/PC apparatus using nickel fil-
tered Cu K, radiation (4 = 0.1541 nm), operating voltage of
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40 kV and current of 40 mA. The crystallite sizes of the
particles were measured using the peak width at half peak
height and the Debye-Scherrer equation.

FT-IR spectra were recorded using a Perkin-Elmer Spec-
trum 100 spectrometer equipped with a deuterated triglycine
sulfate detector. The spectra were collected at a resolution
of 4.0 cm™' using 32 scans in the range of 400-4000 cm .
All the samples were prepared as KBr pellets.

High resolution transmission microscopy (HR-TEM) was
recorded using a JEOL-2100 microscope. TEM were pre-
pared by the ultrasonic dispersion of slightly ground catalyst
samples in ethanol, and then a drop of the suspension was
applied onto a holey carbon grid.

1.3 Catalytic activity test

Catalytic activity was measured using a fixed bed reactor
of stainless steel with an inner diameter of 8.0 mm. The
catalyst (200 mg) of 60—80 mesh grain size were diluted
with quartz sand and loaded into the reactor to achieve a
catalyst bed height of 5.0 mm. A K-type thermocouple in-
serted into the center of the catalyst bed was used to detect
the temperature. Prior to reaction, catalysts were heated at
10 °C/min in 5% H,-95% Ar flow at 30.0 ml/min from room
temperature to 450 or 650 °C and kept at 450 or 650 °C for
2.0 h. Then, ethanol, water and N, gas were delivered to the
reactor. The reaction products were monitored by an online
GC equipped with TCD and flame ionization detectors
(FID). N, was used as the internal standard for calculations
as well as a dilution gas. CH, showed signals in both the
TCD and FID detectors, thus the analysis of all products
was obtained. Data with a carbon balance over 95% were
used. Ethanol conversion was calculated by

Xethanol = (FethanoLin ~ FethanoLout) FethanoLin X 100%  (9)

The yield of hydrogen was defined as the ratio between

hydrogen generated (moles) and six times the ethanol fed
(moles) and calculated by

Yiydrogen = moles of H, produced/(6 x moles of ethanol fed)

x 100% (10)

The selectivity of carbon-containing products was calcu-

lated by
SCXHVOZ =1iFc y 0. A2Fehanolin) * 100% (8))]

where FepanoLin Was the flow of ethanol in the gas phase at
the inlet of the reactor and Fpanorone Was the flow of ethanol
in the gas phase at the outlet of the reactor. Fepanolin Was
calculated from the liquid ethanol fed rate, and Flpanol ou Was
calculated using the GC analysis results and the standard
gas feed rate. C,H, 0O, represents carbon-containing products
such as CHy, CO, and CO,, and possible other products. The
steam-to-carbon ratio was the molar ratio of the steam and
carbon (each mole ethanol correspond to two moles carbon)

flow rates at the inlet of the reactor.

2 Results and discussion

2.1 Characterization

Table 1 shows the BET specific surface area, pore vol-
umes, and average pore sizes of the catalysts. The surface
areas were not high, and the pore volumes were in the range
of 0.09-0.14 ml/g. The pore sizes were in the range of
7.4-10.1 nm. The low surface areas were due to the com-
bustion reaction between the metal nitrates and citric acid
during calcination, which gave a high temperature and sin-
tering of the composite oxides.

Table 1 Texture properties of Co/CeO, with and without calcium

doping
. Surface area  Pore volume Average pore size

Catalyst )

(m/g) (ml/g) (nm)
C00.1Ce090, 8.7 0.09 10.1
Coy.1Ce0.85Ca0.050, 19.4 0.12 8.5
COQ_]Ceo_gCao_loy 18.2 0.11 7.8
Co0.1Ce0.75Ca.150, 20.3 0.14 7.4

. - -
Mass ratio of atom in samples.

Figure 1 shows the XRD patterns of the Co/CeO, cata-
lysts. Cubic CeO, was the main phase. Co;0,; was not
clearly seen and the CaO phase was not detected by XRD,
suggesting its probable high dispersion on the surface of
Ce0O,. Compared with pure CeO,, the intensity of the XRD
peaks for CeO; in the catalysts was smaller and the width of
the peaks for CeO, broader, indicating that cobalt and cal-
cium doping resulted in the formation of CeO, with a
smaller particle size. From the Scherrer equation, the CeO,
particle sizes in  Co;Ce40,, CogiCeyg5Cayg0s0,,
Co.1Ce5Cag;0,, and Cog;Cey75Cag 50, were 18.3, 14.7,
13.6, and 10.4 nm, respectively. The Co;0, cubic phase was
not as clearly shown as compared with catalysts prepared by
incipient wetness impregnation [16], showing that the
Co;0, phase was finely dispersed. After reduction at 650 °C
for 2.0 h, the CeO, particle size, deduced from the XRD
characterization, for Cog;Ceo90,, Cog1Ce(s5Cagos0,,
Co.1Ce5Cag;0,, and Cog;Ceg75Cag50, were 21.5, 15.8,
15.1, and 12.2 nm, respectively. The average particle sizes
COO,lceO,‘)O}w CoO,lceO.85caO.OSOya
Coy.1Ce3Ca;0,, and Co;Cej75Cag 50, calculated from

of cobalt in

the Scherrer equation were 12.8, 13.1, 13.4, and 14.2 nm,
respectively, which agreed with the HR-TEM characteriza-
tion results in Fig. 2.

HR-TEM characterization results are shown in Fig. 2,
which also suggested the nano-structure of the CeO, support
as well as the nanostructure of Co’. The average particle
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Fig. 1. XRD patterns of Co/CeO, catalysts after calcination (a) and after reduction at 650 °C (b). (1) Coo.1Cep90,; (2) Coq.1Ces5Ca00sO0y; (3)
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Fig. 2. TEM images of Cey9Co, 0, after reduction (a, d), used Cey9Coy.10, (b, €), and used Coy,Ceys5Cao.0s0, (c, f) catalysts.

size of Co° (dark part) in Cog;Ceyo0, after reduction was
14.0 nm, while the particle sizes of CeO, were in the range
of 13.0-30.0 nm. The TEM characterization also suggested
that 5% calcium doping had an obvious influence on ceria
particle size, but little effect on cobalt particle size.

Figure 3 shows FT-IR spectra for Cog;Ces0,,
Coy.1Ce35Cag 950, COoAlceoAxcao.loy, and Co,.1Ce75Cayg.150,
in the wave number range of 500-4000 cm'. The FT-IR
characterization gave information on two problems. The
first was the effect of calcium addition into Co/CeO, on
carbonate formation. Figure 3(a) clearly indicated that too
much calcium (15.0 wt%) addition caused much carbonate
formation, which was shown by the FT-IR peaks at 1419
and 870 cm™'. Thus, it was deduced that too much calcium
doping would cause acetate formation during ESR, which is
believed to be one of the reasons for catalyst deactivation
[28].

Figure 3(b) shows the IR region in which superoxide O,
was detected. Oxygen storage begins with the activation of
gaseous O, molecules on O vacancies associated with re-
duced cerium sites (Ce®"), known as coordinatively unsatu-
rated sites (CUS) on the surface of the composite oxide
[29,30]. This activation results in the formation of O radi-
cals upon exposure of the surface to O,, due to the reduction
of 0, and subsequently oxidation of the Ce’ CUS. Among
the various O radicals that can be progressively formed, the
O, is very stable and it is considered a key species or an
oxygen storage initiator for both surface and bulk storage
[29,30]. O, radicals can be detected by FT-IR [31]. The
band at 1121 cm™" was assigned to the superoxide species.
This band was observed with Cog;Ceyo0, and
Coy.1Ce5CagosO,, but not with Co,;Cey3Cag;0, and
Coy.1Ce75Cay 150,. The results indicated that too much cal-
cium doping into Co/CeO, through citric acid complexing
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Fig. 3. FT-IR characterization of Co/CeO, with and without calcium
doping. (a) FT-IR spectra in the range 500-4000 cm™'; (b) IR spectra
of O, in the range 1080-1180 cm™. (1) Co00.1Cep90y; (2)
Co00.1Ca0.05Ce0.350;; (3) Coo.1Cap.1Ce50,; (4) Coo.1Cag.15Ce.750,.

deteriorated its oxygen storage capacity, which is detrimen-
tal to surface oxygen reduction. As the formation of the
Ce*-0-Co” metal-oxide interface has been proposed as
necessary for the active sites for ESR by Chen [26] and de
Lima [27], thus the ESR catalytic performance was affected
by the particle size of the cobalt and ceria, as well as the
reduction degree of Ce*". Calcium doping hindered the sin-
tering of the ceria support by its isolation of small ceria
particles during calcination, but it also affected Ce’"-O-Co°
metal-oxide interface formation and ESR catalytic per-
formance.

Figure 4 shows the H,-TPR spectra for Co3;0,, CeO,,
C0041C60.9Oy’ C00.1C6048C30410y’ C00.1C60.85ca0.050ya and
Co,.1Ce75Cag 150,. The overlapping peak in Fig. 4 after
Gaussian deconvolution suggested that Co;0,4 reduction

ture at 320 °C was assigned to the reduction of Co’" to Co”"
and the second at 380 °C was attributed to Co”" reduction to
Co”. With ceria, two reduction peaks were observed. The
first broad peak at 400 °C was attributed to the reduction of
surface and subsurface Ce** to Ce’”, and the second peak at
800 °C was due to the reduction of bulk Ce*. For
Co.1Ce40,, the interaction of Co;0, and CeO, benefited
the reduction of Co’* to Co”" and Ce* to Ce’. During
Co;0, reduction of Co,;Ce90,, the peak temperature for
Co’" reduction to Co”" was decreased from 322 to 304 °C.
For some of the surface Co;04, the reduction temperature
was as low as 250 °C. The peak temperature for Co*" reduc-
tion to Co” was decreased from 382 to 354 °C, suggesting a
close interaction between Co;0, and CeO,. Calcium doping
of the catalysts would increase their sintering resistance
during the ESR reaction. However, it was detrimental for
Co030, and CeO, reduction and Ce**-0-Co° formation. Cal-
cium doping hindered the interaction between Co;0, and
CeO, to some extent, which was shown in the H,-TPR
characterization results. Calcium (5.0%) doping increased
the peak temperature for Co’" reduction to Co”" from 304 to
352 °C, and Co®" reduction to Co’ from 354 to 424 °C. With
the increase of calcium doping content, the reduction tem-
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perature shifted to higher temperatures, indicating that cal-
cium doping weakened the interaction between Co;O4 and
Ce0,. These results are not in agreement with the findings
by Song et al. [32] who doped 5.0% calcium into CeO, by
coprecipitation, and then prepared calcium doped Co/CeO,
by incipient wetness impregnation. They found that 5%
calcium doping of the catalysts benefited the reduction of
Co030, as well as CeO,. This significant difference was at-
tributed to the preparation methods. In the impregnation
method, Co;0, is supported on the surface of CeO,, and
calcium doping mainly influenced the properties of CeO,,
but had little effect on the interaction between Co;0, and
CeO,. For the Co/CeO, catalysts prepared by citric acid
complexing, calcium doping was shown to influence the
interaction between CeO, and Co;0, by FT-IR and TEM
characterization. Moreover, calcium doping also hindered
the promoting effect of Co;04 on CeO, reduction, as shown
by the TPR characterization in which the peak temperature
for bulk CeO, reduction increased from 591 to 676 °C when
the calcium content increased from 5.0% to 15.0%.

2.2 Catalytic performance

The influence of pre-reduction temperature on catalytic
performance was investigated. Two temperatures, 450 and
650 °C, were chosen from the H,-TPR characterization re-
sults. The two temperatures were chosen according to the
following consideration. Co;0, and surface CeO, can be
reduced at 450 °C, while Co;0,, surface and some bulk
CeO, can be reduced at 650 °C. The catalytic performance
of Coy1Ce90,, CoyCepgsCagsO,, CoyCeysCay;0,, and
Co0y.1Cey75-Cag 150, activated at 450 and 650 °C are shown
in Fig. 5. The catalysts activated at 650 °C gave better per-
formance in terms of ethanol conversion. For example, with
Co0y.1Ce085Cag 50, catalyst activated at 450 °C, ethanol was
not efficiently converted at 400 °C, while with Cog;Ce 0,

catalyst activated at 650 °C, ethanol conversion reached
40.5% at 400 °C. Similar trends were observed for the
Co,.1Ce40,, CogCeysCag,0,, and Coy;Ceg75Cayg 50, cata-
lysts, with much higher ethanol conversions from catalysts
activated at 650 °C than from those activated at 450 °C
when the reaction temperature was in the range of 400-500
°C. However, when the reaction temperature was over 550
°C, ethanol conversion was not very different for catalysts
activated at 450 and 650 °C. The result is related to in situ
reduction of the catalysts under working conditions. The
hydrogen content in the reformate increased with ethanol
conversion, and the in situ generated hydrogen can be util-
ized as a reduction agent for catalyst reduction.

The catalytic performance of the catalysts confirmed the
FT-IR and H,-TPR characterization results, which suggested
that > 5% calcium doping resulted in deteriorated oxygen
storage capacity. The oxygen storage capacity of Co/CeQO,
has a significant effect on ESR according to the reaction
mechanism proposed by de Lima [27]. The diffuse reflec-
tion infrared Fourier transform spectroscopy (DRIFTS)
characterization of ethanol desorption and DRIFTS under
reaction conditions showed a junction effect between metal
and support. Ethoxy species were generated on the surface
of partially reduced ceria by dissociative adsorption. Oxida-
tive dehydrogenation occurred with surface —OH on the
support to form an acetate intermediate, liberating H, in the
process at the support-metal interface [33]. During oxida-
tion and oxidative steam reforming, the dehydrogenated
species can react with oxygen species from the support to
produce acetate species. In the presence of co-adsorbed
steam, the acetate decomposition reaction is favored, gener-
ating CO, and CH,. Calcium doping decreased the catalytic
activity, although the particle size of ceria CeO, was de-
creased and that of Co’ was not changed. The decreased
catalytic performance was probably due to CaO fouling of
Ce0, and the smaller Ce**-Co interface [34].
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Fig. 5.

Catalytic performance for catalysts activated at 450 °C (1) and 650 °C (2) for ethanol steam reforming. (a) Coo,1Ce50,; (b) Coo.1Ca0.05Ce0.550y;

(c) Cog.1Cag.1Ce30,; (d) Coy.1Cay.15Ce0 750,. Reaction conditions: GHSV = 50000 ml/(g-h), C;HsOH:water:N, = 1:6:18, p = 101 kPa.
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Figure 6 shows the selectivity to CO,, CO, CH,, and hy-
drogen for Coy.1Ce40,, Coy.1Ce 55Cag 050,
Co,.1Ce5Cag10,, and Cog;Cey75Cayg 50, catalysts reduced
at 650 °C. At low temperatures, ethanol was not completely
converted into C; species. CH;CHO and CH;COCH; were
observed in products. With increasing reaction temperature
to over 450 °C, there was no CH;CHO and CH;COCH; in
the product, and ethanol was completely converted into C,;
species. The product distribution was kinetically controlled
and depended on reaction temperature and catalyst. During
ESR, water gas shift (WGS) and methanation also occurred.
To get a good hydrogen yield, a catalyst with good activity
for both the ESR and WGS reactions is desired. The
Co.1Ce 40, catalyst showed high WGS activity, and the
highest selectivities for CO, were obtained at temperatures
below 550 °C. However, at 600 and 650 °C, the selectivities
for CO, over the Co;Ceo0, catalyst was slightly lower
than those over the other catalysts, which were attributed to
the higher activity for the WGS and also reverse WGS reac-
tions of the Cog;Ceo0, catalyst. Thus, the selectivity for
CO, over Cog;Ceos0, was thermodynamically controlled,

while over the other catalysts, it was kinetically controlled.
The selectivity for CH, was also found to depend on the
catalyst and reaction temperature. At 500 °C, a lower selec-
tivity for CH4 was obtained with all the catalysts. According
to Eq. (6), each mole of CH, formation consumes three
moles hydrogen, and a lower selectivity for CH, would give
a higher hydrogen yield. CH, formation proceeds through
two routes: ethanol direct decomposition and methanation.
At low reaction temperature, ethanol direct decomposition
dominates. However, at high temperatures, CH4 steam re-
forming instead of methanation dominates. The selectivity
for CH4 was closely related with methane steam reforming
and ethanol decomposition. Hydrogen yields over the dif-
ferent catalysts are also shown in Fig. 6(a). Over the
Coy.1Ce 0, catalyst, a hydrogen yield of 89.2% was ob-
tained at 500 °C. The selectivities for CH,, CO, and CO,
were 6.0%, 8.5%, and 85.5%, respectively. At lower tem-
peratures, side products such as acetaldehyde and acetone
decreased the hydrogen yield, and less than 50% hydrogen
yield were obtained. A high reaction temperature also de-
creased hydrogen yield due to a higher selectivity for CO. A
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temperature around 500 °C was the best, where hydrogen
yields over 85% were obtained over all the catalysts. On
comparing the hydrogen yield over different catalysts, it can
be concluded that calcium doping significantly decreased
hydrogen yield below 500 °C due to its hindrance effect on
the interaction between CeO, and Co;0, and a lower oxy-
gen storage capacity. However, at temperatures above 550
°C, slightly higher hydrogen yields were obtained over the
doped catalysts, which can be attributed to the slightly
lower selectivity for CO, as shown in Fig. 6.

As shown by the characterization, activation, and cata-
lytic performance of the catalysts, the catalysts for ESR
should have small crystallites of the metallic cobalt active
phase and easily reducible and accessible Ce’" for steam
adsorption. On the surface of metallic cobalt, activation of
ethanol occurs, while over partially reduced ceria, activation
of water occurred. The close contact of both components
and a short enough distance from the boundary to the center
of the surface of cobalt crystallites have a significant influ-
ence on ESR. The reagents and reaction intermediates
chemisorbed on cobalt and on the ceria support have to in-
teract to form the desired products of ESR: hydrogen and
carbon dioxide. If the distance from the cobalt-support
boundary is too large (it is the case with large cobalt crystal-
lites) and since water is not strongly activated on the sup-
port, a non-selective transformation of ethanol takes place
without the possibility that the by-products or intermediates
can react with activated water from the support. Under this
circumstance, it is possible to obtain 100% ethanol conver-
sion to acetaldehyde as the primary product over the cobalt
surface. Due to a low surface concentration of activated
water adsorbed on the support near the cobalt-support bor-
der, much acetaldehyde remains in the final product. There
is no further reaction of acetaldehyde with water to form the
desired products (CH;CHO + H,0 — 3H, + 2CO or
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CH;CHO + 3H,0 — 5H, + 2CO,). Similarly, for the same
reason, acetone remains in the product. Large crystallites of
cobalt, a large distance from the cobalt-support boundary to
the center, low concentration of activated water on the sup-
port, and the chemical nature of the support result in a low
rate of WGS. Carbon monoxide can be formed on the cobalt
active phase by the direct decomposition of ethanol (eq. 2)
or acetaldehyde (CH;CHO — CO + CH,) and by the steam
reforming of ethanol and acetaldehyde (C,H;OH + H,0 —
2CO + 4H,, CH;CHO + H,0 — 3H, + 2CO) when the wa-
ter concentration is insufficient [35-37]. A small contribu-
tion of the WGS reaction to the ESR pathway on these
catalysts results also in low selectivities towards hydrogen
and carbon dioxide when compared with thermodynamic
values.

2.3 Stability

The stabilities of the CogCey55Cag 50, and Co, ;Ceq 40,
catalysts were investigated. The results are shown in Fig. 7.
During 50.0 h on stream, the ethanol conversion was main-
tained at almost 100%, and hydrogen selectivity of 85%,
and selectivities for CH,, CO, and CO, of 8.0%, 16.0%,and
76.0% were maintained. TEM characterization of reduced
Coy.1Ce35Ca 5O, and the used catalyst showed no obvious
sintering of cobalt and ceria in the Coy;CeqgsCa 5O, cata-
lyst. The good stability was closely related to the working
conditions as well as the catalyst itself. A S/C of 3.0 pre-
vents carbon deposition. HRTEM characterization of the
used catalysts also showed that no carbon deposition oc-
curred. The weak basic property of the catalyst efficiently
prevented ethanol dehydration to ethylene, which is be-
lieved to be a carbon deposition source. Although both the
C00.1Cep90, and Cog;CeossCagsO, catalysts maintained
their activity and product selectivities during 50.0 h on
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Stability test of Cog,Ceo.35Ca00s0, (a) and Coo1Ceos0, (b) catalysts. Reaction conditions: 7= 550 °C, S/C = 3.0, GHSV = 50000 ml/(g-h),

C,HsOH:H,0:N, = 1:6:18, p = 101 kPa. (1) Ethanol conversion; (2) H; selectivity; (3) CO, selectivity; (4) CO selectivity; (5) CH, selectivity.
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stream, TEM images of the used Cog;Cey0, and
Co,.1Ce 35Cag 50, catalysts (shown in Fig. 2) indicated that
whisker carbon deposition has occurred on the Cog;Ce 40,
catalyst, while this not seen on the Co,;Ces5Cags0O,. Cal-
cium doping increased the resistance to carbon deposition of
the catalyst, which was attributed to the small particle size
of ceria and basicity of CaO.

3 Conclusions

A Co/Ce0, catalyst and Co/CeO, catalysts modified with
5.0%, 10.0%, and 15.0% calcium doping were prepared by
the citric acid complexing method. The catalysts showed
good activity for ethanol steam reforming, with 100% etha-
nol conversion into C; species at reaction temperatures over
500 °C at a GHSV = 50000 ml/(g-h), S/C = 3.0, and atmos-
pheric pressure. The hydrogen yield was as high as 90%
under optimized conditions. Calcium doping in the Co/CeO,
catalysts reduced the ceria particle size but made them more
difficult to reduce, which deteriorated oxygen storage ca-
pacity and catalytic performance when the calcium content
was over 5.0%. The poorer catalytic performance was
probably because of a smaller Co’-O-Ce*" metal-oxide in-
terface due to CaO fouling of CeO,. Stability investigation
of the Co,,Ce0, and Cog,Ce(s5CaosO, catalysts sug-
gested that the small particle size of ceria and weak basic
property of the catalyst gave better carbon deposition resis-
catalysts
pre-reduced at different temperatures suggested that Ce’

tance. Activity measurement results from

formation was needed for ethanol steam reforming.
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