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bstract

Catalytic steam reforming of ethanol for hydrogen production in presence and absence of oxygen has been studied over Ni-CeO2-ZrO2 catalyst.
he effect of oxygen addition and space time on conversion and product selectivities has been investigated in a down-flow tubular fixed bed reactor
t atmospheric pressure with an ethanol/water molar ratio of 1:8, over a temperature range of 400–650 ◦C. The O2/EtOH molar ratio was varied
rom 0.5 to 1.5. In the presence of oxygen, the catalytic activity was significantly higher and the effect was more at lower temperature (<450 ◦C).

ydrogen yields and selectivities as well as the coke deposition were significantly affected by addition of oxygen. At a temperature ≤500 ◦C,
ydrogen yield was highest at an O2/EtOH molar ratio of 0.5, whereas at higher temperatures, higher hydrogen yields were obtained in absence of
xygen. Higher oxygen content in the feed (O2/EtOH ≥ 0.5) reduced the hydrogen yield.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent year, considerable effort has been expended in devel-
ping fuel cells. Fuel cells not only eliminate toxic emissions but
lso have a higher efficiency than internal combustion engines
or converting chemical energy of the fuel to electrical energy.
he choice of fuel for the fuel cell technology could become a
ery important aspect in establishing environmental impact and
he cost of produced electricity. Progress and recent trends on
he production and utilization of bio-fuel have been discussed
1,2]. Hydrogen production from renewable sources such as
iomass, is gaining attention as a CO2 neutral energy supply
3]. Alcohols are potentially attractive feedstocks for producing
ydrogen for use in fuel cells [4] and methanol steam reforming
as been extensively studied [5–9]. However, the main draw-
ack of methanol is its high toxicity and that it is produced from

on-renewable sources. On the other hand, ethanol can be pro-
uced by fermentation of renewable resources such as biomass
nd is also less toxic than methanol. Moreover, it is easy to trans-
ort, biodegradable and can be easily reformed in the presence

∗ Corresponding author. Tel.: +91 512 2597193; fax: +91 512 2590104.
E-mail address: dkunzru@iitk.ac.in (D. Kunzru).
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f water to generate a hydrogen-rich mixture that is free from
ulfur [10–12].

Hydrogen can be obtained directly from ethanol by steam
eforming (SR), partial oxidation (PO) or oxidative steam
eforming (OSR). SR generates a high H2/CO ratio but has the
isadvantage of high endothermicity and catalyst deactivation
ue to coke deposition. On the other hand, PO is exothermic but
t generates a lower H2/CO ratio than SR. OSR is a combination
f PO and SR and can produce suitable H2/CO ratio without
xternal energy consumption. OSR seems to be a reasonably
ood alternative whose salient features are reduced rate of car-
on deposition and more favorable thermal equilibrium that can
e varied as a function of the oxygen feed [13].

Ethanol steam reforming has been investigated on several
atalyst systems and has been recently reviewed [14–19]. Most
f the catalysts are Ni-based, either undoped or doped with
ther metals such as Cu, Cr, Zn or K. Fierro et al. [20] tested
ifferent metals for OSR and the order of activity for hydrogen
roduction was Ni–Zn > Ni–Fe > Ni–Cr > Ni–Cu. Production
f hydrogen by SR was strongly influenced by the addition of

mall amount of oxygen [21,22]. Velu et al. [23] tested the OSR
eaction of bio-ethanol using a series of CuNiZnAl multicom-
onent mixed metal catalysts with various Cu/Ni ratios. They
bserved that Cu rich catalyst favored ethanol to acetaldehyde

mailto:dkunzru@iitk.ac.in
dx.doi.org/10.1016/j.cej.2007.03.057
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NiO crystallite was 17.3 nm.
2 P. Biswas, D. Kunzru / Chemical E

ehydrogenation reaction whereas addition of Ni promoted the
–C bond rupture. Frusteri et al. [24] studied steam and auto-

hermal reforming of bio-ethanol over Ni/MgO and Ni/CeO2
atalysts. The performance of both the catalysts was enhanced
t an optimum O2/C ratio mainly due to the reduction in coke
ormation. Earlier studies [25,26] have shown that addition of
rO2 into CeO2, improves the redox property, oxygen storage
apacity and thermal stability, resulting in better performance
n CO oxidation and methane combustion. Pengpanich et al.
27] reported that Ni/Ce-ZrO2 showed a good resistance to
oke formation in ethane partial oxidation reaction.

In our previous study [28], we have investigated the SR
f ethanol (without added oxygen) on nickel supported on
e1−xZrxO2 (x = 0, 0.26, 0.59, 0.84 and 1) catalysts. The most
romising catalyst was 30% Ni/Ce0.74Zr0.26O2. In this study,
he oxidative reforming of ethanol over 30%Ni/Ce0.74Zr0.26O2
atalyst was investigated focusing attention on reaction param-
ters such as temperature, space time and oxygen concentration
n catalyst activity, product selectivity and hydrogen yields.

. Experimental

.1. Catalyst preparation

The CeO2-ZrO2 mixed oxide support was prepared by co-
recipitation with ammonia using aqueous solution of cerium
itrate and zirconium oxychloride. Aqueous ammonia solution
as added dropwise to the aqueous solution containing the Ce

nd Zr salt at the appropriate composition with constant stirring
ntil pH was 9–10. After precipitation, the obtained hydroxide
as filtered, washed thoroughly with deionized water, and then
ried at 120 ◦C for 12 h. The obtained solid was calcined in air at
50 ◦C for 5 h. The resulting solid oxide was crushed and sieved
o a size 50–70 mesh before metal impregnation.

30 wt.%Ni loading was carried out by incipient wetness
mpregnation method. After impregnation, the catalyst was dried
t 120 ◦C for 12 h and then calcined at 500 ◦C for 5 h.

.2. Catalyst characterization

The specific surface area of catalysts was determined by the
ynamic pulsing technique on a Micromeritics 2705 instru-
ent, employing nitrogen physio-sorption at liquid nitrogen

emperature. The XRD spectra were obtained with a Siemmens
iffractometer (Model D500) using Cu K� radiation, Ni filter
nd 40 kV, at a two theta interval of 20–100◦ with a sweep of
◦/min and a time constant of 3 s. The H2-TPR analysis was
btained on a Micromeritics Pulse Chemisorb 2705 unit, using
5 mg of catalyst and a temperature ramp from 35 to 1000 ◦C at
0 ◦C/min. A flow rate of 40 cm3 /min of 5% H2 in Ar was used
or the reduction. Hydrogen pulse chemisorption was also car-
ied out on Micromeritics 2705 at 50 ◦C using pure H2. The pulse
as given after 3–5 min interval until the areas of successive

ydrogen peaks were identical.

The surface morphology of fresh and used catalysts was
nalyzed by transmission electron microscopy (TEM) on a JEM-
000 FX-II unit. The samples for TEM analysis were prepared

T
i
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y ultrasonic dispersion of the catalysts in absolute ethanol.
ne drop of this solution was put on the carbon-coated cop-
er grid (400 mesh) and the grid then was dried under ambient
onditions.

The amount of carbon deposited on the catalyst after SR
nd OSR reaction was determined by CHNS elemental analy-
is using an Elemental Analyzer (Model: CE440, Leeman Labs
nc., USA). Approximately 5 mg of used catalyst was taken
nd treated in the presence of oxygen at 960 ◦C. The CO2 pro-
uced by the oxidation of the sample was analyzed by a thermal
onductivity detector.

.3. Catalyst testing

The details of the experimental set-up and procedure have
een reported earlier [28]. The experiments were performed at
tmospheric pressure in a continuous fixed bed down-flow quartz
ubular reactor. The catalyst (size 50–80 mesh) was diluted with
uartz particles of the same size and placed on a quartz wool
ed inside the reactor. Prior to a run, the catalyst was reduced
n situ at 700 ◦C for 1 h under a hydrogen flow. Nitrogen, which
erved as an inert, was mixed with the vaporized feed, and the
ixture was then fed to the reactor. The flow rate of nitrogen
as controlled by a mass flow controller. The water/ethanol
olar ratio was kept at 8:1; the O2/EtOH molar ratio was var-

ed from 0.5 to1.5 and the reaction temperature from 400 to
50 ◦C.

Initially, the activity declined at a relatively faster rate, but
fter 4 h of reaction, the rate of deactivation was very low. There-
ore, all the data were collected after 4 h of reaction and the run
ime for each run was 1 h. The carbon balance was 100 ± 5%.

The selectivity of carbon containing products has been
efined as:

X(%) = moles of carbon in product X

total moles of hydrogen in products
× 100

nd the selectivity to hydrogen as:

H2 (%) = moles of H2 produced

total moles of hydrogen in products
× 100

. Results and discussion

The surface area of the catalyst was 19.5 m2/g, the metal area
.30 m2/g and nickel dispersion was 0.3%. This is comparable
o the values reported by Laosiripojana and Assabumrungrat
29] for ceria-zirconia supported nickel catalysts. The average
rystallite size of the support (Ce0.74Zr0.26O2) was estimated
rom X-ray line width of the peak corresponding to (1 1 1) and
2 2 0) crystal planes and for NiO from (1 1 1), (2 2 0) and (3 1 1)
rystal planes, respectively, using Scherrer equation [30]. The
imension of CeO2-ZrO2 crystallites was 12.5 nm, whereas the
The degree of reduction of nickel was calculated from the
PR results by assuming that the degree of reduction of support

n Ni/Ce-ZrO2 was the same as for pure Ce-ZrO2 support. The
esults showed that 78.1% of NiO in the catalyst was reduced.
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.1. Non-catalytic oxidative steam reforming of ethanol

To determine the extent of homogeneous reactions in the
resence of oxygen, experiments were carried out with only
uartz powder (250 mg) placed in the reactor. The molar ratios
f H2O/EtOH and O2/EtOH were kept fixed at 8 and 0.5, respec-
ively, and the flow of ethanol was 4.1 × 10−4 mol/min. The
ffect of temperature on conversion of ethanol and product
electivity in absence of catalyst is shown in Fig. 1. Ethanol con-
ersion was significant above 500 ◦C, reaching 99% at 650 ◦C,
nd the oxygen conversion was complete. In addition to H2, CO,
H4 and CO2, others products such as C2H4, CH3CHO and
H3COCH3 were also observed. As shown in Fig. 1, selectivity

o H2, CO, CH4 and C2H4 increased with temperature. The max-
mum selectivity to hydrogen was 35.4% which is significantly
ower than the maximum possible selectivity. Selectivity to CO2
howed a minima at 500 ◦C, whereas the selectivity to CH3CHO

as relatively high at lower temperature and decreased sharply

t higher temperature, but was still 8.4% at 650 ◦C. Beyond
00 ◦C, the selectivity to CH3COCH3 was nearly zero. Selec-

ig. 1. Variation in conversion of ethanol and product selectivities with temper-
ture for non-catalytic oxidative steam reforming. (A) Conversion and product
electivities of CO, CH4, CO2 and H2. (B) Product selectivities of C2H4,
H3CHO and CH3COCH3.
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ivity to C2H4 varied from 5.3 to 23%; this is rather important,
ecause ethylene acts as a very strong promoter of carbon for-
ation. The product distribution shows that at low temperatures

ehydrogenation of ethanol to CH3CHO was predominant. The
ow value of hydrogen selectivities indicate that a significant
ortion of the hydrogen produced is consumed by further oxida-
ion, as also reported by Christensen et al. [31] for non-catalytic
artial oxidation of ethanol. The CO, CO2 and CH4 are most
ikely produced by reforming reactions and C2H4 is formed by
ehydration of ethanol.

.2. Catalytic steam reforming

The effect of temperature on ethanol conversion and product
electivities in the absence of oxygen is shown in Fig. 2. Con-
ersion increased with temperature and was greater than 90%
t 500 ◦C. In the steam reforming process, the main products
ere H2, CO, CH4 and CO2 but at lower temperature (<450 ◦C)

mall amounts of CH3CHO was also obtained. Above 450 ◦C,
he CH3CHO selectivity became zero. Selectivity to H2 and CO2
ncreased with temperature, selectivity to CH4 decreased with
emperature whereas the CO selectivity passed through a minima
t 500 ◦C. The results show that, 30 wt.%Ni/Ce0.74Zr0.26O2 cat-
lyst is active for steam reforming of ethanol. In such catalysts,
oth nickel and ceria can affect the activity and product selec-
ivities. The effect of CeO2 content of Ni/CeO2-ZrO2 catalysts
as been reported earlier [28]. The reducibility and the thermal
tability of CeO2 are greatly enhanced by the addition of ZrO2
ue to the formation of solid solution [32]. The smaller size of
r cation modifies the cubic fluorite structure of CeO2, result-

ng in enhanced oxygen mobility and oxygen storage capability
33]. Due to this enhanced oxygen mobility, CeO2 in CeO2-ZrO2
olid solution can undergo rapid oxidation–reduction cycles and
he capability of redox couple Ce4+–Ce3+ is enhanced. Conse-

uently, the activity of CeO2 for oxidation reaction increases
ignificantly by the addition of ZrO2 [26]. Laosiripojana and
ssabumrungrat [34] have discussed the role of CeO2 on pro-
oting the ethanol steam reforming activity. During reaction,

ig. 2. Variation in conversion of ethanol and product selectivities of ethanol
team reforming reaction with temperature.
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he hydrocarbons such as ethanol, ethylene, ethane and methane
re adsorbed on the ceria site or lattice oxygen. The reaction is
ontrolled by surface oxygen. Subsequently, the lattice oxygen
s regenerated by oxygen containing compounds such as steam
resent in the system. CeO2 can also suppress CH4 formation by
roviding active oxygen species which are formed by the partial
xidation of Ce sites under reforming conditions [35]. Moreover,
eO2 is also active for catalyzing the water gas shift reaction

16]. Therefore, the high activity of 30 wt.%Ni/Ce0.74Zr0.26O2
atalyst may be due to the high oxygen storage capacity of the
atalyst and the higher water gas shift activity of CeO2.

Haryanto et al. [18] have summarized the reaction pathways
hat can occur during SR over metal catalysts. The product dis-
ribution suggests that the important reaction occurring over
0 wt.%Ni/Ce0.74Zr0.26O2 catalyst are:

2H5OH → CH3CHO + H2 (1)

2H5OH → C2H4 + H2O (2)

H3CHO = CO + CH4 (3)

H3CHO + H2O → 2CO + 3H2 (4)

H4 + H2O � CO + 3H2 (5)

O + H2O � CO2 + H2 (6)

During steam reforming, acetaldehyde is mainly formed due
o dehydrogenation of ethanol according to reaction (1). The
ecrease in selectivity to CH4 and increase in the selectivity to
O2 and H2 with temperature suggest that SR of methane and

he water gas shift (WGS) have not reached equilibrium. On this
atalyst, above 550 ◦C, rates of decomposition and reforming of
H3CHO are much faster than rate of formation of CH3CHO,

esulting in very low selectivity to CH3CHO at higher tempera-
ure. It can be observed that at lower temperatures selectivity to
O and CH4 are equal, suggesting that CO and CH4 formation

akes place by dissociation of CH3CHO (reaction (3)). At higher
emperature, the product composition is controlled by methane
eforming reaction and WGS reaction [14]. When temperature
ncreases, methane and water are consumed resulting in increase
n the selectivities to H2 and CO2.

Without oxygen, a significant amount of side products (CO
nd CH4) were obtained which need to be reduced. Therefore,
he effect of oxygen addition on selectivity of products and
onversion was examined.

.3. Catalytic oxidative steam reforming

Oxidative steam reforming was investigated at different flow
ates and temperature. The effect of flow rate of ethanol–water
ixture on conversion and product selectivities was studied at

00 ◦C. For these experiments, the ethanol flow was varied from
.02 to 0.40 ml/min; this corresponds to variation in W/FA0
rom 1.6 to 4.1 gcat h mol−1, where W is the mass of catalyst

nd FA0 is the inlet molar flow rate of ethanol. For this set
f runs, molar ratio of O2/EtOH was kept fixed at 0.5. Varia-
ion in ethanol conversion and product selectivities with W/FA0
s shown in Fig. 3. At all flow rates, ethanol conversion was

t
i
t
o

ig. 3. Variation in conversion of ethanol and product selectivities with
/FA0 during oxidative steam reforming (Temperature = 600 ◦C; O2/EtOH =

.5 mol/mol).

reater than 88% and oxygen conversion was complete. The
ain products were H2, CO, CH4 and CO2 but at lower W/FA0

mall amount of CH3CHO was also observed. With increasing
/FA0, selectivity to H2 and CO2 increased. The selectivities

o CO and CH4 were not significantly affected by changing the
ow rate.

The effect of oxygen addition for a constant H2O/EtOH molar
atio on conversion and product selectivity is shown in Fig. 4.
or these runs O2/EtOH molar ratio was varied from 0.5 to 1.5
nd nitrogen flow rate changed accordingly to keep the total
ow constant. For this set of runs, W/FA0 was kept fixed at
.1 gcat h mol−1. As shown in Fig. 4A, conversion increased
ith increasing O2/EtOH; the effect was more significant at

ower temperatures (<450 ◦C). At lower temperature (<500 ◦C),
n absence of oxygen the conversion was less than 80%. When
small amount of oxygen (O2/EtOH = 0.5 mol/mol) was added,

he conversion of ethanol became 92% at 400 ◦C. Complete con-
ersion of ethanol was observed even at 400 ◦C at an O2/EtOH
olar ratio of 1.0. In presence of oxygen, over the whole tested

ange of O2/EtOH molar ratio, the ethanol and oxygen conver-
ion were almost complete at a temperature higher than 400 ◦C.

The variation in product selectivities with O2/EtOH molar
atio at different temperatures is shown in Fig. 4. Below 550 ◦C,
he H2 selectivity showed a maxima, whereas at higher tem-
eratures, selectivity to H2 decreased with increasing O2/EtOH
olar ratio. At a constant O2/EtOH, selectivity to hydrogen

ncreased with temperature (Fig. 4B). Selectivity to CO passed
hrough a minima with increasing oxygen content (Fig. 4C).
he lowest selectivity to CO (13.7%) was obtained at 500 ◦C
t an O2/EtOH molar ratio of 0.5. In the temperature range of
00–550 ◦C, selectivity to CH4 decreased with an increase in
2/EtOH. At higher temperature, selectivity to CH4 increased
ith oxygen content up to a O2/EtOH molar ratio of 1.0 and
hen became almost constant. The selectivity to CO2 at 400 ◦C
ncreased with an increase in O2/EtOH ratio but at higher
emperatures, the CO2 selectivity passed through a maxima
n increasing the O2 content of feed. Selectivity to CH3CHO
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Fig. 4. Variation in ethanol conversion and product selectivities with inlet O2/EtOH molar ratio at different temperatures for oxidative steam reforming (A) conversion;
(B) H2 selectivity (C) CO selectivity; (D) CH4 selectivity (E) CO2 selectivity; (F) CH3CHO selectivity.
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endothermicity or exothermicity of the ethanol reforming reac-
tion, the overall heat of reaction at 650 ◦C was estimated for both
SR and OSR. For each case, the measured product distribution

Table 1
Variation in hydrogen yield with temperature and O2/EtOH molar ratio

O2/EtOH ratio
(mol/mol)

H2 yield (mol of H2/mol of EtOH fed)

400 ◦C 450 ◦C 500 ◦C 550 ◦C 600 ◦C 650 ◦C
6 P. Biswas, D. Kunzru / Chemical E

ecreased with increasing oxygen content as well as temperature
Fig. 4F).

In the presence of oxygen, the following reactions can also
ccur [36]:

2 + 1
2 O2 = H2O (7)

O2 + 1
2 O2 = CO2 (8)

H4 + 2O2 = CO2 + 2H2O (9)

2H5OH + 1
2 O2 = CH3CHO + H2O (10)

2H5OH + 3O2 = 2CO2 + 3H2O (11)

The observed selectivity trends during OSR can be explained
ased on the proposed reaction scheme. The increase in the selec-
ivities to H2 and CO2 with increasing W/FA0 (Fig. 3) indicates
hat water gas shift reaction and the methane steam reforming
MSR) reactions have not reached equilibrium. To verify this,
he change in the mass action ratios of methane steam reforming
MARSR = p3

H2
pCO/pCH4pH2O) and water gas shift reaction

MARWGS = pCO2pH2/pCOpH2O) with W/FA0 was calculated
rom the experimental data and this variation is shown in Fig. 5.
s can be seen from Fig. 5, the WGS reaction nearly approaches

quilibrium at the highest W/FA0 whereas the MSR reaction is
till far from equilibrium.

In the presence of oxygen, reactions (7)–(11) are favored.
t low oxygen concentration (O2/EtOH = 0.5 mol/mol), the CO

onsuming reactions are faster than the CO formation reactions.
t higher O2/EtOH ratios, the CO oxidation reaction is favored

esulting in larger amounts of CO2. As a result, according to
ass action, the reverse WGS is favored, thereby increasing

he selectivity to CO. Due to the higher rate of ethanol combus-
ion (reaction (11)) as compared to ethanol dehydrogenation, the
electivity to CH3CHO significantly decreases in the presence
f oxygen.

The methane combustion results in a decrease in the selectiv-
ty to CH4 in the presence of O2. Unexpectedly, at temperature
bove 600 ◦C, the selectivity to CH4 increased in the presence of
mall amounts of O2. In there study of auto-thermal reforming
f ethanol on rhodium catalyst, Vesselli et al. [37] also reported
igher methane concentration in the outlet stream in the pres-
nce of oxygen. They postulated that presence of O2 favors CH3
ecombination with adsorbed hydrogen to CH4, probably due to
site blocking mechanism. Another reason for the higher selec-

ivity to CH4 could be the enhanced rate of the reverse methane
team reforming reaction, due to the higher concentration of CO.
he increase in selectivity to H2 with addition of small amount
f oxygen at lower temperatures is attributed to the significant
ecrease in the selectivity to CH3CHO. At higher temperatures,
he hydrogen selectivity decreased due to hydrogen oxidation
eaction. Klouz et al. [36] in their study of OSR of ethanol over
i/Cu catalyst also reported a similar trend for selectivity to H2
ith increasing O2/EtOH molar ratio. By comparing the results

btained with and without oxygen, we observe that, by the addi-
ion of oxygen, activity of the catalyst increased significantly
nd the product selectivities were also affected. Since the main
roduct of interest is hydrogen, the effect of inlet molar ratio

0
0
1
1

ig. 5. Variation in mass action ratios with W/FA0 for water-gas shift reaction
A) and methane reforming reaction (B).

f O2/EtOH on hydrogen yields was calculated and is shown in
able 1. As can be seen from this table, at temperatures ≤500 ◦C,
ydrogen yields are highest at a O2/EtOH molar ratio of 0.5;
hereas at higher temperatures, higher yields are obtained in the

bsence of oxygen. The other advantage of using small amounts
f oxygen in the feed is on the energy requirements. To check the
1.29 2.40 3.41 4.26 5.67 5.64
.5 2.08 2.92 3.52 3.57 4.23 4.34
.0 2.21 2.55 2.80 2.97 3.18 3.40
.5 1.31 1.38 1.63 1.76 2.23 2.24
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SR).
as utilized to represent the overall reforming reaction. The stan-
ard heats of formation of reactants and products were obtained
rom Reid et al. [38]. The calculated value for the overall heat
f reaction for SR was 164.6 kJ/mol whereas at an O2/EtOH of
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Fig. 7. TEM images of fresh and used 3
eering Journal 136 (2008) 41–49 47

.5, the overall heat of reaction was −86.5 kJ/mol. Thus, small
mounts of oxygen can be beneficial.

.4. Catalytic stability and coke formation

Stability is an important characteristic of any catalyst that
etermines its efficient use in a reaction. As discussed in the
revious section, at the space time used for the catalytic activity
nd product distribution studies, the conversion for both SR and
SR was 100%. In order to highlight the difference in activity

nd deactivation rate of the catalyst in SR and OSR, the catalyst
tability comparison was carried out at 600 ◦C with a lower space
ime (W/FA0 = 0.80 gcat h mol−1). The variation in ethanol con-
ersion with run time is shown in Fig. 6. For the OSR run, the
2/EtOH mol ratio was 0.5. As can be seen from this figure, oxy-
en significantly improved the activity. For both SR and OSR,
ill a run time of 4 h, the catalyst deactivation rate was faster,
nd beyond that the rate of deactivation decreased. Between a
un time of 4–15 h, for SR, the ethanol conversion decreased
y 4.9% whereas for OSR the decrease was 3.4%. Therefore,

ll the experimental data reported were taken after 4 h of reac-
ion as stated earlier. The result shows that, the Ni/CeO2-ZrO2
s active for ethanol reforming for long time and oxygen posi-
ively affects the catalyst stability. Similar kind of activity trend

0 wt.%Ni/Ce0.74Zr0.26O2 catalyst.



4 ngin

w
R
N
5

1
s
S
L
w
t
d
b
d
B
e
t
C
r
o
N
o
a
c
i
a
T
s
a
h
a
r
(

o
f
c
a
i
i
T
1
X
b
T
n
c

4

h
t
a
o
e
t

g
s
g
t
t
5
s
d
1

R

[

[

[
[

[

[

[
[

[

[
[

[

[
[

[

[
[
[

[
[

[

8 P. Biswas, D. Kunzru / Chemical E

as reported by Cavallaro et al. [13] for SR of ethanol over
h/Al2O3 catalyst. Srinivas et al. [39] reported that 40 wt.%
i/CeO2 (30 wt.%)-ZrO2 (30 wt.%) was active for more than
00 h without deactivation in SR of ethanol.

The amount of carbon deposited on the catalyst after
5 h of run time was measured by CHNS elemental analy-
is. A considerable amount of carbon was formed for both
R (6.03 mmolC gcat−1 h−1) and OSR (3.3 mmolC gcat−1 h−1).
aosiripojana and Assabumrungrat [34] proposed possible path-
ays of coke formation during SR of ethanol. According to

hem, at low temperature, the coke formation takes place mainly
ue to the hydrogenation of CO and CO2 to form water and car-
on. At higher temperature, the coke formation occurs mainly
ue to decomposition of methane, ethane, ethylene and the
oudouard reaction. Similarly, Liguras et al. [14] reported that
thane and ethylene are the strong promoters of carbon forma-
ion. On CeO2 surface, the carbonaceous compounds (CO, CH4,

2H4, C2H6) can combine with the lattice oxygen resulting in
educed coke deposition. In a related study on partial oxidation
f CH4, it has been reported that carbon formation is lower on
i/CeO2-ZrO2 catalyst as compared to Ni supported on CeO2
r ZrO2 catalysts [40]. In contrast to these studies, Frusteri et
l. [24] reported that, in the absence of oxygen, CeO2 promotes
oke formation by hydrocarbon decomposition due to strong
nteraction with the adsorbed reaction intermediate species like
cetaldehyde or ethoxy involved in the reaction mechanism.
hey reported approximately 2 and 0.3 mmolC gcat−1 h−1 for
team and auto-thermal reforming of ethanol over Ni/CeO2 cat-
lyst, respectively. In this study, the carbon formation is little
igher; this is may be due to the low nickel area of the catalyst or
low metal support interaction [41,42]. The coke formation was

educed significantly (≈45%) in the presence of small amount
O2/EtOH = 0.5 mol/mol) of oxygen.

For the reforming of hydrocarbon and oxygenated compound
ver Ni/CeO2 and Ni/CeO2-ZrO2 catalysts, two types of coke
ormation have been reported depending on the mechanism of
oke formation. Frusteri et al. [24] observed both filamentous
nd agglomerated carbon in SR over Ni/CeO2 catalyst whereas
n OSR only agglomerated carbon was detected. The TEM
mages of the fresh and used catalysts are shown in Fig. 7.
he nickel crystallite for the fresh catalysts was in the range of
5–20 nm which is in agreement with the value calculated using
RD. For the used catalyst, filamentous and agglomerated car-
on were detected for both SR and OSR (Fig. 7). Comparing the
EM of fresh and used catalysts, it was observed that there was
o significant difference in the nickel particle size indicating that
atalyst sintering was not significant.

. Conclusions

30 wt.%Ni/Ce0.74Zr0.26O2 catalyst is active and selective for
ydrogen production by steam reforming. For SR at a tempera-
ure of 650 ◦C, ethanol conversion of 100% can be achieved with

maximum hydrogen selectivity of 93.4%. Even in the absence
f a catalyst, ethanol conversion during oxidative reforming of
thanol is appreciable above 500 ◦C; however the selectivity
o hydrogen is low. In the presence of small amount of oxy-

[

[
[
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en (O2/EtOH = 0.5 mol/mol), the catalyst activity is enhanced
ignificantly, and at temperatures less than 500 ◦C, the hydro-
en yields are also higher than without oxygen. Increasing
he O2/EtOH molar ratio beyond 0.5 has no added advan-
age, as the hydrogen yields are lower. At temperatures above
00 ◦C, hydrogen yields are higher in the SR process. Mea-
urable amounts of coke are formed in both SR and OSR but
o not affect catalyst activity significantly till a run time of
5 h.
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