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Steam reforming of ethanol on Ni-CeO,—ZrO, catalysts:
Effect of doping with copper, cobalt and calcium
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Steam reforming (SR) and oxidative steam reforming (OSR) of ethanol were investigated over undoped and Cu, Co and Ca
doped Ni/CeO,~ZrO, catalyst in the temperature range of 400-650 °C. The nickel loading was kept fixed at 30 wt.% and the
loading of Cu and Co was varied from 2 to 10 wt% whereas the Ca loading was varied from 5 to 15 wt.%. The catalysts were
characterized by various techniques, such as surface area, temperature programmed reduction, X-Ray diffraction and H,
chemisorption. For Cu and Co doped catalyst, CuO and Co;0,4 phases were detected at high loading whereas for Ca doped
catalyst, no separate phase of CaO was found. The reducibility and the metal support interactions were different for doped catalysts
and varied with the amount and nature of dopants. The hydrogen uptake, nickel dispersion and nickel surface area was reduced
with the metal loading and for the Co loaded catalysts the dispersion of Ni and nickel surface area was very low. For Cu and Ca
doped catalysts, the activity was increased significantly and the main products were H,, CO, CH4 and CO,. However, the Co doped
catalysts showed poor activity and a relatively large amount of C,Hy4, C,Hg, CH;CHO and CH;COCH; were obtained. For SR, the
maximum enhancement in catalytic activity was obtained with in the order of NCu5. For Cu-Ni catalysts, CH;CHO
decomposition and reforming reaction was faster than ethanol dehydrogenation reaction. Addition of Cu and Ca enhanced the
water gas shift (WGS) and acetaldehyde reforming reactions, as a result the selectivity to CO, and H, were increased and the
selectivity to CH3;CHO was reduced significantly. The maximum hydrogen selectivity was obtained for Catalyst N (93.4%) at
650 °C whereas nearly the same selectivity to hydrogen (89%) was obtained for NCal0 catalyst at 550 °C. In OSR, the catalytic
activity was in the order N > NCuS5 > NCal5 > NCoS5. In the presence of oxygen, oxidation of ethanol was appreciable together
with ethanol dehydrogenation. For SR reaction, the highest hydrogen yield was obtained on the undoped catalyst at 600 °C.
However, with calcium doping the hydrogen yields are higher than the undoped catalyst in the temperature range of 400-550 °C.
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hydrogen production.

1. Introduction

Use of hydrogen as an energy carrier for mobile and
stationary power applications is expected to increase in
the future. Steam reforming of ethanol is a potentially
attractive method of producing hydrogen because,
compared to other liquid feedstocks, ethanol is non-
toxic, easy to handle and can be obtained from renew-
able feedstocks such as biomass [1-4]. Moreover,
production of hydrogen by ethanol steam reforming is
CO, neutral [5]. Steam reforming over noble metals (Pd,
Pt, Rh) and nonnoble metals (Ni, Cu, Co) has been
extensively studied, and recently reviewed [6,7]. Ethanol
conversion and H, production varies greatly with reac-
tion conditions, type of catalyst and support, as well as
the method of catalyst preparation. Nickel seems to be
the preferred active metal because of its high activity
and low cost.

Steam reforming of ethanol has been investigated
on nickel supported on various oxides such as Al,Os,
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MgO, La203, SiOQ, Y203, CGOQ or C602—Zr02 [5,8]
Reforming of ethanol at low temperature (250 °C) over
Ni/Y,0s3, Ni/La,O5; and Ni/Al,O3 was investigated by
Sun et al. [9]. Ni/Y,03 and Ni/La,Oj5 catalyst exhibited
relatively higher activity in terms of ethanol conversion
and hydrogen selectivity whereas Ni/Al,O3 was the least
active. Frusteri et al. [10, 11] studied the steam reform-
ing of bioethanol over Ni/MgO and Ni/CeO,. Fatsi-
kostas and Verykios [12] investigated ethanol reforming
over Ni catalysts supported on y-Al,O3;, La,Oz and
La,05/y-Al,O5. The impregnation of Al,O3 with La,O5
reduced carbon deposition. Aupretre et al. [13] reported
nickel supported on CeO,—ZrO, to be a very effective
catalyst for steam reforming of ethanol. They tested
various supports (Al,O3, 12%CeO,— Al,O3, CeO,,

CeO,—Zr0O,, ZrO,) and reported that the activity in the
SR reaction varies directly as the degree of mobility of
surface OH groups, and selectivity towards CO, was
controlled by the activity in the water-gas shift (WGS)
reaction. The ceria-based catalysts were highly active for
the WGS. In our previous study [14], we have studied
the effect of metal loading and support composition
of Ni-CeO,—ZrO, catalysts and found that 30 wt.%
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Ni/Ceg 7421060, to be the most effective catalyst. The
enhanced activity of CeO,—ZrO, mixed oxide for
oxidation reaction has been reported to be due to higher
oxygen mobility and formation of a solid solution
[15,16].

Dopants can significantly affect the activity, selectiv-
ity and stability of catalysts. Very limited information is
available on the effect of dopants during SR of ethanol.
Frusteri et al. [10,11] studied the effect of alkali (Na, K,
Li) addition on the behavior of Ni/MgO catalysts. Li
and Na promoted the NiO reduction but negatively
affected the dispersion of the Ni/MgO catalyst, whereas
K did not significantly affect either the morphology or
dispersion. Li and K enhanced the stability of Ni/MgO
mainly by depressing Ni sintering. Marino et al. [17-20]
tested Cu—Ni-K/y—Al,O3 catalyst for ethanol steam
reforming reaction. Copper—nickel catalysts on y—Al,O3
and doped with potassium hydroxide, were suitable for
hydrogen production at a relatively low temperature of
300 °C. Cu was active agent for steam reforming, Ni
favored the C—C bond rupture and potassium neutral-
ized the acidic sites of the support. In the steam
reforming of hydrocarbons, Lisboa et al. [21] reported
that, addition of Ca and Mg to o-Al,O3 supported
nickel-based catalyst improve the stability and selectiv-
ity. Ca and Mg favored the steam methane reforming
reaction and in presence of Mg the coke was easily
oxidized. Youn et al. [22] studied the effect of second
metal (Ce, Co, Cu, Mg and Zn) addition on Ni/ y-Al,O3
catalysts in the auto-thermal reforming of ethanol.
Among the dopants tested, Cu was found to be most
efficient promoter and it was active for WGS. In addi-
tion to that, Cu also served as a barrier to prevent the
growth of Ni particles and decreased the interaction
between Ni-species and y-Al,O3 which facilitated the
reduction of Ni—Cu/y-Al,O5 catalyst. A series of
CuNiZnAl multi component mixed metal oxide cata-
lysts with various Cu/Ni ratio was tested for OSR of
bio-ethanol by Velu et al. [23]. Nickel significanty
reduced the carbon products. Dehydrogenation of eth-
anol to acetaldehyde reaction was favored over Cu
based catalyst whereas introduction of Ni favored the
C—C bond rupture. The effect of different dopants (Cr,
Fe, Zn or Cu) on Ni/Al,Oj; catalysts for OSR of ethanol
was investigated by Fierro et al. [24]. Nickel promoted
the SR and WGS reactions while Al,O; promoted the
dehydration reaction. Moreover, Cu was more active for
methane steam reforming compared to Cr, Zn and Fe.
In related studies on steam reforming of methane on
nickel catalysts, it has been reported that Cu enhanced
the WGS activity as well as the stability of the nickel
based catalyst [25,26]. Recently, Hu and Lu [27] repor-
ted that Ni—Co bimetallic catalyst was active for acetone
reforming reaction and the catalyst was stable for long
time without deactivation.

The influence of oxygen on product selectivity and
catalyst stability has been investigated by various

authors on several catalyst systems [28-30]. They
concluded that an oxidizing environment is required in
order to avoid carbon poisoning and to promote
decomposition C,-compounds. For the steam reforming
of ethanol on Ni/Cu, it was found that addition of small
amounts of oxygen increased the over all hydrogen
yields and the formation of CH, and CO was strongly
reduced [5]. Higher oxygen concentration reduced the
production of hydrogen and catalyst sintered due to
formation of hot spot.

Our earlier study [14] on the effect of support and
metal loading on Ni/CeO,—ZrO, had shown that the
best performance was obtained with 30 wt% Ni on
Ce.74Z10»60>. Therefore, to study the effects of
dopants, this catalyst was doped with other metals. In
this study, the effect of doping Ni/CeO,—ZrO, catalyst
with copper, cobalt or calcium on steam reforming and
oxidative steam reforming of ethanol has been investi-
gated.

2. Experimental
2.1. Preparation of catalysts

The CeO,—ZrO, mixed oxide support was prepared
by co-precipitation with ammonia using aqueous solu-
tion of cerium nitrate and zirconium oxychloride.
Aqueous ammonia solution was added dropwise to the
aqueous solution containing the Ce and Zr salt at the
appropriate composition with constant stirring until pH
was 9-10. After precipitation, the obtained hydroxide
was filtered, washed thoroughly with deionized water,
and then dried at 120 °C for 12 h. The dried solid was
calcined in air at 750 °C for 5 h. The resulting solid
oxide was crushed and sieved to a size 50-80 mesh
before metal impregnation. The 30 wt% Ni/
Ce(.74Z210 60, (Catalyst N) was prepared by incipient
wetness impregnation method. After impregnation, the
catalyst was dried at 120 °C for 12 h and then calcined
at 500 °C for 5 h.

Cobalt, copper or calcium was added to Catalyst N
by incipient wetness impregnation using an aqueous
solution of cobalt nitrate, cupric nitrate or calcium
nitrate. After impregnation, the doped catalysts were
dried at 120 °C for 12 h and then calcined at 500 °C for
5 h. The loading of Cu was varied from 2 to 10 wt% of
the total catalyst; the corresponding catalysts have been
designated as NCu2, NCu5 and NCul0, respectively.
Similarly, the Co and Ca doped catalysts have been
designated as NCo2, NCo5, NCo10 and NCa5, NCalo0,
NCals, respectively.

2.2. Characterization of catalysts

The specific surface area of catalysts was determined
by the dynamic pulsing technique on a Micromeritics
Pulse Chemisorb 2705 instrument, employing nitrogen
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physio-sorption at liquid nitrogen temperature. Prior to
each measurement, the sample was degassed at 120 °C
by passing helium for 20 min.

X-ray powder diffraction (XRD) analysis was per-
formed in order to identify the different phases present
in the catalyst and to determine their crystallinity. The
spectra were obtained with a Siemmens diffractometer
(Model D500) using Cu Ko radiation, Ni filter and
40 kV, at a two theta interval of 20—100° with a sweep of
3°/min and a time constant of 3 sec. The average crys-
tallite size of CeO, and ZrO, was determined using the
Scherrer equation [31] from the line widths of the XRD
peaks corresponding to (111), (220) and (311) crystal
planes, and the average crystal size of NiO was deter-
mined from the line width of the (111), (200) and (220)
crystal planes, respectively.

Temperature programmed reduction (TPR) was per-
formed to determine the reduction behavior of CeO,—
ZrO, and the Ni, Cu, Co and Ca species on the support.
The experiments were performed on the Micromeritics
Pulse Chemisorb 2705 equipment, using 25 mg of cata-
lyst and a temperature ramp from 35 to 1000 °C at
10 °C/min. A flow rate of 40 cm®/min of 5% H, in Ar
was used for the reduction. A thermal conductivity
detector (TCD) was employed to determine the amount
of hydrogen consumed.

The nickel surface area was determined by hydrogen
pulse chemisorption on the Micromeritics Pulse Chem-
isorb 2705 unit. For these measurements, approximately
100 mg of catalyst was used. The catalyst was reduced at
700 °C using pure H, for 3 h and then the sample was
purged by passing Ar at 700 °C for 1 h. The catalyst was
cooled to 50 °C in flowing Ar. The hydrogen pulse
chemisorption study was done using pure Hj, the pulse
was given after 3-5 min interval until the area of suc-
cessive hydrogen peaks were identical. The amount of
carbon deposited on the catalyst after SR and OSR
reaction was determined by CHNS elemental analysis
using an Elemental Analyzer (Model: CE440, Leeman
Labs Inc., USA). Approximately 5 mg of used catalyst
was taken and treated in the presence of oxygen at
960 °C. The CO, produced by the oxidation of the
sample was analyzed by a thermal conductivity detector.

2.3. Catalyst testing

Experiments were performed at atmospheric pressure
in a continuous fixed bed downflow vertical tubular
reactor consisting of a quartz tube, 320 mm in length
and 10 mm i.d. Another quartz tube of 420 mm length
and 5 mm i.d attached to the first one served as the
outlet to facilitate fast removal of reactor effluent. The
catalyst was placed on a quartz wool bed inside
the reactor. 100 mg of catalyst (size: 50-80 mesh) diluted
with 150 mg of same sized quartz particles was used
for catalytic tests. Prior to a run, the catalyst was
reduced in situ at 650 °C for 1 h under a hydrogen flow

rate of 20 cc/min. Water/ethanol mixture (EtOH/H,O
= 1:8 mol/mol) premixed in a separate container,
vaporized at 150 °C was fed to the reactor by a pump
(Model RP-G6; FMI, USA). Nitrogen, which served as
an inert, was mixed with the vaporized feed, and the
mixture was then fed to the reactor. The flow rate of
nitrogen was controlled by a mass flow controller. To
study the effect of oxygen addition in the feed on the
catalytic activity and product selectivity, the O,/EtOH
molar ratio was fixed at 0.5. The liquid flow rate was
maintained at 0.08 mL/min and the reaction tempera-
ture was varied from 400 to 650 °C. The product stream
was analyzed by use of three gas chromatographs (Nu-
con). The first one, equipped with a packed column
(Hysep) and a flame ionization detector (FID) with N,
as the carrier gas, was used for the separation of CO,
CH4, COQ, C2H4, C2H6, CszoH, CH3CHO and
CH;COCH;. The second GC, equipped with a Molec-
ular Sieve 5 A column and TCD with Ar as the carrier
gas, was used for the determination of H,. The third GC
was used to analyze the composition of condensed liquid
products, on a capillary column (Petrocol DH capillary
column) using FID with N, as the carrier gas. For cal-
culating the selectivity of the gaseous products, nitrogen
was used as the internal standard. For the liquid prod-
ucts, iso-propanol was used as the internal standard.
Reaction gases were supplied from high pressure gas
cylinders and analytical grade ethanol (99.99% pure,
s.d.Fine-Chem, Itd. Mumbai, India) was used for the
reaction. For the reported runs, the carbon balance was
100 + 5%.

The selectivity of carbon containing products has
been defined as:

moles of carbon in product X

Sx(%) =

~ total moles of carbon in products
and the selectivity to hydrogen as:

moles of H, produced

- 100
total moles of hydrogen in products x

Sy (%) =

3. Results and discussion
3.1. Catalyst characterization

The surface area of catalysts and the crystallite size of
CeO,—Zr0O, and NiO are shown in Table 1. The surface
area of catalyst N was 19.5 m?/g and decreased after
doping with Cu, Co or Ca. For Cu doped catalyst, with
an increase in Cu loading from 2 to 10 wt.%, the surface
area decreased from 13.9 to 11.6 m?/g. The surface area
of Co doped catalysts was almost the same as the Cu
doped catalysts. For Ca doped catalysts, the surface
area was less than half the surface area of the undoped
catalyst.
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Table 1
Structural parameters and specific surface area of different catalyst

Catalyst Ce0,—ZrO; crystallite NiO-crystallite Surface
size (nm) size (nm) area (m?/g)

N 12.5 17.3 19.5
NCu2 11.4 12.3 13.9
NCu5 10.2 12.5 12.4
NCul0 11.2 12.5 11.6
NCo2 10.8 11.4 11.4
NCo5 10.9 12 10.9
NCol0 10.4 11.4 10.8
NCa5 11.7 12.9 7.55
NCalo0 12.2 12.1 6.62
NCal5 12.1 14.1 5.28
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Figure 1. XRD patterns of catalysts, (a) N, (b) NCul0, (c) NCol0,
(d) NCals. (V) CeOy—ZrO,, (o) NiO, () CuO, (O) Co;30,.

The XRD patterns of the catalysts N, NCul0, NCo10
and NCal5 are shown in figure 1. For Catalyst N, the
presence of diffraction peaks at 20 = 29°, 33°, 48° and
56° correspond respectively to the planes of CeO, (111),
CeO, (200), ZrO, (220), CeO, (311), and the peaks at
20 = 37°, 43° and 62° correspond respectively to the
(111), (200) and (220) crystal planes of NiO. For catalyst
NCul0, the additional peaks at 26 values of 33.7° and
39° represent the presence of CuO phase [17,18]. At
lower Cu loading, no peak corresponding to CuO was
detected. For the Co doped catalyst, diffraction peaks at
20 values of 32°, 37°, 45°, 59° and 65° indicate the
presence of Co304 [32]. At lower Co loading, the
intensity of these peaks was not significant. Therefore,
the XRD patterns of Cu and Co catalysts with lower
loading have not been shown. No separate phase of CaO
was detected in the Ca doped catalysts. The dimensions
of CeO,-ZrO, and NiO crystallites in Catalyst N were
12.5 and 17.3 nm, respectively (table 1). After doping,
there was a marginal decrease in the crystallite size of
the support whereas the NiO crystallite size reduced by
20-30%. For doped catalysts, the crystallite size of
CeO,—ZrO, was in the range of 10.2-12.2 nm and NiO

crystallite size was in the range of 12.1-14.1 nm,
respectively (table 1).

The reduction features of the catalysts were analyzed
by TPR. The TPR plots of Catalyst N and Cu doped
catalyst are shown in figure 2. For sake of comparison,
the TPR of 10 wt.% Cu supported on Cey 7421960,
was also obtained (figure 2a). The TPR plot exhibited
three overlapping reduction peak at 164°C, 229°C and
270°C respectively. Similar TPR results have been
reported for the reduction of CeO, supported CuO
catalysts [33,34]. For catalyst N, a combined broad peak
was obtained (figure 2b); the first peak (320°C) corre-
sponds to the reduction of NiO particles having a lower
interaction with the support and the second peak
(370°C) is associated with the reduction of NiO strongly
bonded to the support. In the TPR of Cu doped cata-
lysts (figure 2c, d and e), four reduction peaks were
observed. Depending on the Cu content, the peaks were
in the temperature range of 148-149 °C, 186-194 °C,
302-317 °C and 699-710 °C, respectively. The first two
peaks correspond to the reduction of CuO, the third
peak is associated with the combined reduction of NiO
and CuO and the low intensity peak at 700 °C is due to
the reduction of bulk CeO,. From TPR plots, it can be
noticed that the broadness of the peak at 302 °C
increased with copper loading. The TPR plots show that
with Cu addition, the nickel oxide was reduced at a
lower temperature.

The TPR plots of Co doped catalysts together with
the TPR plot of 10 wt% Co—Ceg 74Z1( 60, are shown in
figure 3. The TPR of 10% Co—Ce( 7471 -60> (figure 3a)
showed a low intensity peak at 310 °C and a broader
peak at 350°C. The peak obtained at 310 4°C corre-
sponds to the reduction of Co304 to CoO, and the peak
at 350 °C has been attributed to the reduction of CoO to
metallic Co [35,36]. The broad peak at 741 °C is due to
the reduction of bulk CeO,. The TPR plot of NCo2
catalyst (figure 3b) was characterized by one sharp peak

H, consumption (a.u.)
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Temperature (°C)

800

Figure 2. TPR profile of fresh catalysts. (a) 10 wt% Cu—Ceg74
7192605, (b) N, (c) NCu2, (d) NCu5, (¢) NCulo.
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Figure 3. TPR profile of fresh Co doped catalyst, (a) 10 wt%
Co—Cey74Z19260,, (b) NCo02, (c) NCo5, (d) NCol0.

at 379 °C which corresponds to the combined reduction
of NiO, Co304 and CoO. With an increase in Co
loading, this peak shifted towards lower temperature
indicating that the higher loaded catalysts were more
reducible.

The TPR profiles of Ca doped nickel catalyst as well
as 10 wt% Ca on Ce( 747160, are shown in figure 4.
The TPR profile of 15 wt% Ca—Ceg 7471260, catalyst
(figure 4a) was characterized by two peaks; one at
600 °C for the reduction of CaO and another low
intensity peak at 737 °C corresponding to the reduction
of bulk CeO,. For NCa5 catalyst, three reduction peaks
were obtained (figure 4b); a combined peak at a tem-
perature of 317 °C corresponding to the reduction of
loosely and strongly bounded NiO to Ni°, the second
one at a temperature of 472 °C corresponding to the
reduction of CaO and a peak at 699 °C corresponding
to the reduction of bulk CeO,. With an increase in Ca
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Figure 4. TPR profile of fresh Ca doped catalyst, (a) 10 wt%
Ca—Ce 74210607, (b) NCa5, (c) NCal0, (d) NCal5s.

loading, nature of the nickel oxide reduction peak
changed. At a loading of 10 and 15 wt.% Ca, a shoulder
at around 325 °C can be seen, indicating that the
proportion of loosely bonded NiO reduced with Ca
loading. Moreover, the reduction temperature of the
strongly bonded NiO increased with Ca loading, i.e.,
with increasing Ca loading, the metal-support interac-
tion increased.

The hydrogen uptake, nickel dispersion and nickel
surface area of the catalysts obtained from hydrogen
pulse chemisorption are shown in the table 2. For cal-
culation of dispersion, it was assumed that the stoichi-
ometry of chemisorption of hydrogen atom on nickel was
1 and hydrogen did not chemisorb on Cu, Co or Ca. As
can be seen from table 2, the H, uptake, nickel dispersion
and Ni surface area decreased with increasing metal
loading. The calculated nickel dispersion and nickel
surface areas waere in the range of 0.02-0.30% and 0.01—
0.30 m?/g, respectively. The dispersion of Ni and the
nickel surface area in the Co loaded catalyst was very low.

3.2. Catalytic performance in steam reforming

The effect of temperature on catalytic activity and
selectivity of the catalysts was examined at the same
space velocity (W/Fao = 4.06 gcat.h.mol™"). Ethanol
conversion as a function of time on stream was mea-
sured for 15 h. Initially, the activity declined rapidly but
after 4 h, the rate of deactivation was very slow.
Therefore, all the reported data were collected after a
run time of 4 h. For Catalyst N, the effect of tempera-
ture on ethanol conversion and product selectivities is
shown in figure 5. Conversion increased with tempera-
ture and was >90% at 500 °C. The main products were
H,, CO, CHy, and CO, but at a lower temperature
(<450 °C) significant amount of CH3;CHO was also
obtained. Selectivity to CH3;CHO decreased exponen-
tially with temperature. With increasing temperature,
selectivity to CO, and H, increased, selectivity to CHy
decreased whereas the CO selectivity passed through a
minima at 500 °C. The maximum hydrogen selectivity

Table 2
H, pulse chemisorptions results of different catalysts

Catalyst H,-uptake Dispersion Ni surface
(1 mol/g cat) (%) area (m?/g cat)
N 7.60 0.30 0.30
NCu2 7.11 0.28 0.28
NCu5 5.47 0.23 0.21
NCul0 4.24 0.18 0.16
NCo2 2.02 0.09 0.08
NCo5 1.41 0.06 0.02
NCol0 0.55 0.02 0.01
NCa$5 6.46 0.27 0.25
NCalo0 5.44 0.24 0.21
NCal5 4.23 0.2 0.16
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Figure 5. Variation of ethanol conversion and product selectivities with temperature. Effect of Cu doping. (A) Conversion; (B) H, selectivity; (C)
CO selectivity; (D) CHy selectivity; (E) CO; selectivity; (F) CH;CHO selectivity.

of 93.4% was obtained at a temperature of 650 °C. At
this temperature, the ethanol conversion was 100% and
the selectivities to CO, CH4 and CO, were 26.3%,
10.5% and 63.2% respectively.

In our earlier study [14], the product distribution
obtained over undoped Ni/CeO,—ZrO, catalysts could
be explained by the following reaction scheme:

C,H;OH — CH3CHO + H, (1)
C,H;0H — C,Hy + H,0 (2)
CH3CHO — CH,4 + CO (3)
CH3CHO + H,0 — 2CO + 3H, (4)
CH,4 + H,0 — CO + 3H, (5)

CO + H,0 — CO, + H, (6)

2CH3;CHO — CH3;COCH; + CO+H,  (7)

For undoped catalysts, at high temperatures, the prod-
uct composition is mainly controlled by methane
reforming reaction and the water—gas shift reaction.

3.2.1. Effect of Cu

The catalytic behavior of Cu doped catalysts is also
shown in figure 5. As shown in figure 5A, the activity of
catalysts increased significantly with Cu doping. The
effect of Cu doping on conversion was more at lower
temperatures (<500 °C). At 400 °C, the ethanol con-
version increased from 43 to 74% by addition of
2 wt.%Cu (NCu2) and conversion was 91% at 400 °C
for catalyst NCu5. Further increase in copper loading
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had an adverse effect on the conversion and for
NCul0, conversion decreased to 78% at 400 °C. For all
Cu doped catalysts, the conversion was 100% at a
temperature of 500 °C and higher.

The variation of product selectivities for Cu doped
catalyst at different temperatures is shown in figure 5.
For all Cu doped catalysts, selectivity to H, showed a
maxima with increasing temperature (figure SB) and
was highest for NCuS. Selectivity to CO showed a
minima with increasing temperature (figure 5C). The
effect of Cu doping on CO selectivity was appreciable
below at 450 °C. At temperatures of 500 °C and above,
the CO selectivity for NCu2 and NCu5 catalyst was
similar. The minimum CO selectivity (=~13%) was
obtained at 450 °C for Catalysts NCu5 and NCul0. For
Cu doped catalysts, selectivity to CH4 showed a minima
with increasing temperature (figure 5D). For catalysts
NCu2 and NCuS5, the minimum CH, selectivity was
obtained at 600 °C, whereas for NCul0 the minima was
observed at 550 °C. Selectivity to CH,4 for undoped and
Cu doped catalysts was not significantly different till
550 °C. Selectivity to CO, for Cu doped catalysts
increased sharply in the temperature range of
400-500 °C, but did not change significantly above
500 °C (figure SE). Below 500 °C, CO, selectivity
increased with Cu doping. Selectivity to CH;CHO
decreased with an increase in temperature and copper
content of the catalyst. For all the doped catalyst, the
selectivity was zero at temperature of 500 °C and higher.

It is well-known that an effective catalyst for ethanol
reforming should be capable of breaking the C—C bond
and also be active for water gas shift (WGS). Earlier
studies have shown that Ni favors the C—C bond rupture
but its activity for the WGS is low [13,37,38]. On the
other hand, Cu is known to be a good catalyst for WGS
and the active sites for reforming and WGS are the
reduced metallic species [22]. For steam reforming of
methane, Huang and Jhao [39] reported that copper
increases the WGS activity and thereby the overall
steam reforming reaction activity is enhanced. The TPR
data shows that with an increase in Cu loading, the
reduction temperature of Ni species was lower, implying
that the interaction between the support and nickel
decreased. For steam reforming of CH4 over Ni and
Ni—Cu catalysts, addition of Cu into a Ni catalyst
enhanced the WGS activity and the enhancement was
related to the amount of bimetallic Cu—Ni species [40].
In our study, the activity increased with copper content
till a loading of 5 wt.%, but decreased at higher loading.
This is most likely due to the formation of a segregated
CuO phase as evidenced by XRD. A similar effect of Cu
loading of Ni—Cu/y-Al,O5 catalysts was reported for
autothermal reforming of ethanol where a 5 wt.% Cu
containing catalyst was more active than either a 2 wt.%
or 7 wt.% Cu containing Ni—Cu catalyst [22].

The product distribution shows that for undoped
catalyst at lower temperature (400 °C), significant

amount of acetaldehyde was formed due to dehydroge-
nation of ethanol (reaction 1). However, for Cu—Ni
catalysts, CH3CHO formation reduced significantly
implying that in the presence of Cu, CH;CHO decom-
position and reforming (reaction 3 and 4 respectively)
are faster than ethanol dehydrogenation. With addition
of Cu, selectivity to CO reduced significantly with a
simultaneous increase in the selectivities to H, and CO,.
This confirms that Cu enhanced the WGS activity as has
also been reported by others [14,22]. At 450 °C, acetal-
dehyde decomposition was complete, and the effluent
gas composition was then controlled by the two
reversible reactions of methane steam reforming (MSR),
reaction 5 and WGS, reaction 6. The observed trend of
the product selectivity changes can be explained on the
basis of these two reactions. Below 450 °C, the rate of
WGS is not significant and consequently the selectivity
to CO; is low. As the temperature increased to 450 °C,
the rates of WGS and MSR become significant resulting
in a lower selectivity to CO and CH4 together with a
higher selectivity to H, and CO,. Klouz et al. [29] also
reported a decrease in the selectivity to CO in the tem-
perature range of 300400 °C during the ethanol
reforming on Ni—Cu/SiO,.

The selectivity trends for Cu—Ni catalysts show that
at high temperature the reverse WGS and reverse MSR
reactions, start to control the product distribution. As a
result, the selectivities to CO and CH, increase whereas
the selectivities to H, and CO, decrease. This is in
contrast to the undoped catalyst where the selectivity to
CH, decreased with temperature suggesting that the
reverse methane reforming reaction was not appreciable.
Previous studies [41,42] have also reported that, for Cu
based catalyst at higher temperature, the reverse WGS
reaction is significant. Suetsuna et al. [43] reported, that
for Cu—Ni based catalyst at higher temperature, more
methane was produced leading to the simultaneous
consumption of CO and H, according to the reverse
MSR.

3.2.2. Effect of Ca

The ethanol conversion and product selectivities for
Ca doped catalysts are shown in figure 6. Activity of the
catalysts increased significantly with addition of Ca to
the catalyst. As shown in figure 6A, conversion of eth-
anol increased with the amount of Ca incorporated in
the catalysts. For all Ca doped catalysts, conversion was
nearly 100% at a temperature of 550 °C and above. The
main products were H,, CO, CH4 and CO,. These are
the products of both steam reforming and water gas
shift reactions that take place simultaneously in the
reactor. Minor amount of CH3;CHO was observed at
lower temperature. The product selectivities were also
affected due to Ca doping, especially at lower tempera-
tures (<500 °C). In the temperature range of
400-550 °C, selectivity to H, and CO, (figure 6B&E)
was higher for Ca doped catalysts whereas the
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Figure 6. Variation of ethanol conversion and product selectivities with temperature. Effect of Ca doping (A) Conversion; (B) H, selectivity;
(C) CO selectivity; (D) CHy selectivity; (E) CO, selectivity; (F) CH3;CHO selectivity.

selectivities to CO and CH3;CHO were lower (fig-
ure 6C&F). Selectivity to CHy (figure 6D) was not
affected significantly till 550 °C; at higher temperature
the selectivity of CHy4 increased slightly.

The data shows that in the presence of Ca, ethanol
dehydrogenation reaction was inhibited and the WGS
reaction was enhanced, thereby increasing the overall
activity for the SR. No previous studies on the effect of
calcium doping on the catalyst activity during ethanol
reforming have been reported but Zhang and Baerns
[44] in their study of oxidative methane coupling have
reported that CaO—-CeO, catalyses the WGS. Also, Xu
et al. [45], in their study of gasification of Ca-impreg-
nated coffee grounds, reported that Ca catalyses the
WGS. In contrast to Cu—Ni/CeO,—ZrO, catalysts, for
Ca—Ni catalysts, the activity does not correlate with the
ease of reduction of the catalyst. Even though the
reduction temperature of the nickel oxide marginally
increased with calcium loading, the activity also
increased. A possible reason for the enhancement in

activity could be the effect of Ca on the electronic
properties of the Ni clusters. Chang et al. [46] reported
the beneficial effect of calcium doping on Ni/ZrO, cat-
alysts for dry reforming of methane. They reported that
alkaline-carth promoters can affect the physico chemical
properties of nickel reforming catalysts by affecting the
electronic properties of the Ni catalysts, or by increasing
the basic character of the support. For SR of ethanol on
Ni/MgO catalysts, Freni et al. [47] reported that MgO
inhibited the dehydrogenation of ethanol and also con-
tributed to the electronic enhancement of Ni. The vari-
ation of product selectivities with temperature was
similar to that obtained with Ca doped catalysts. The
main difference was that at lower (400 °C), the selec-
tivity to CO, and H, were higher and the selectivity to
CH;CHO was lower than that obtained for Cu doped
catalysts. This implies that acetaldehyde reforming and
WGS were faster than on Ca doped catalysts. At a
temperature of 550 °C and above, the reverse WGS and
MSR reaction controlled the product selectivity as a
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result, the selectivity to H, and CO, decreased and CO
and CHy selectivity increased.

3.2.3. Effect of Co

The conversion and product distribution obtained
with Co doped catalysts is shown in table 3. Conversion
of ethanol for these catalysts was significantly lower
than the undoped catalysts, especially at lower temper-
atures (<500 °C). Above 500 °C, the main products
were H,, CO, CH4 and CO,, but at lower temperature
(<450 °C) the selectivity of these products was very low
whereas the selectivity to CH3;CHO and CH;COCH;
was relatively higher. Measurable amounts of C;H, and
C,Hg were obtained at all temperatures. With an
increase in temperature, selectivity to CO, increased and
the selectivity to H, passed through a maxima.

At lower temperature (400 °C), the product selectiv-
ity trend of Co doped catalyst signifies that the steam
reforming reaction did not proceed appreciably over
these catalysts and mainly ethanol dehydrogenation
(reaction 1), decarbonylation of acetaldehyde (reac-
tion 7) and WGS reaction (reaction 6) were favored. The
relatively large amount of CH;COCH; and relatively
low concentration of CH4 at lower temperature indi-
cates that Co has weaker capability of breaking the C—C
bond in ethanol molecule. Previous studies have repor-
ted Co on different supports (Al,O3, ZnO, SiO,, V,0s5
etc.) to be less active for ethanol SR and more active for
ethanol dehydrogenation to acetaldehyde, ethanol
dehydrogenation to ethylene and ethanol decomposition
to acetone [35,47,48]. Batista et al. [32] observed that the
oxidized cobalt species was not active for SR of ethanol
whereas Co metal was the active agent for the catalytic
process. Llorca et al. [49] studied the SR of bioethanol

on ZnO-supported cobalt catalysts and concluded that
Co0504 and CoO did not have a positive effect on the SR
reaction. The product distribution obtained in this study
may be due to the cobalt species, their amount and
states on the surface of the catalyst and also their
interaction with the support and Ni metal present in the
catalyst. The XRD showed that Co;04 was present on
cobalt doped Ni/CeO,—ZrO,, which can also convert to
CoO under the reaction conditions. The presence of
these two oxides may result in the reduced activity.
Another reason for the lower activity could be the very
low nickel surface area of these catalysts (refer table 2).
At higher temperature (> 550 °C), the activity increased
and significant amount of H,, CO, CH4 and CO, was
obtained but still side products were also present.

3.3. Catalytic performance in oxidative steam reforming

The effect of oxygen addition on steam reforming was
investigated for Catalyst N, NCu5, NCol5 and NCal5.
For these runs, the total volumetric flowrate was kept
the same as for the earlier steam reforming runs. For the
reported data, H,O/EtOH and O,/EtOH molar ratios
were 8:1 and 0.5:1, respectively. The reaction tempera-
ture was varied from 400-650 °C. The variation of
conversion and product distributions with temperature
for OSR for the four catalysts is shown in figure 7.
During oxidative steam reforming, the catalyst activity
varied as in the order: N > NCu5 > NCal5 > NCoS5.
For all the catalysts, conversion increased due to oxygen
addition. Except for NCo5, conversion for the other
catalyst was 100% at a temperature of 450 °C and
higher. The undoped catalyst showed the highest activ-
ity in OSR. In all cases, with an increase in temperature,

Table 3
Catalytic behavior of Co doped catalyst-N in the steam reforming of ethanol

Catalyst Temperature (°C) Ethanol conversion (%) % Selectivity of products
CcO CH, CO, GCHy GCHg CH3;CHO  CH3;COCH; H,
NCo2 400 25.7 0.4 0.4 14.8 2.1 1.4 39.3 36.6 35.5
450 40.6 0.9 0.70 20.5 3.4 1.2 36.5 36.1 54.0
500 74.2 22.4 18.2 353 8.5 1.1 14.5 0.00 73.7
550 86.6 209  21.1 36.5 9.5 0.8 9.3 1.8 75.8
600 99.6 23.5 23.5 51.3 0.9 0.9 0.0 0.00 81.1
650 99.6 24.5 23.1 S51.2 0.7 0.4 0.0 0.00 80.7
NCo5 400 29.5 0.6 0.7 15.0 1.7 1.5 46.8 333 37.5
450 39.6 0.6 0.6 20.9 4.3 1.1 24.0 47.0 54.7
500 66.5 21.3 21.6 359 1.7 0.8 14.3 3.9 69.9
550 78.7 23.8 21.8 39.2 2.9 0.9 9.9 1.3 75.8
600 96.2 22.8 22.3 429 5.9 1.1 4.8 0.0 75.5
650 99.6 240 237 41.5 8.1 1.8 0.8 0.0 74.1
NCol0 400 33 0.4 0.4 17.5 33 1.3 38.8 37.8 322
450 47.6 264 239 18.0 1.5 0.7 18.4 10.9 55.8
500 71.7 246 218 37.6 1.8 0.8 12.0 1.2 69.5
550 82 20.9 17.0 43.5 5.8 1.0 11.6 0.0 75.3
600 98.4 24.1 22.3 48.1 0.9 1.8 2.7 0.0 72.7
650 99.8 219 239 48.8 3.4 2.0 0.0 0.0 69.6
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selectivities to H, and CO, passed through a maxima,
selectivity to CO showed a minima and selectivity to
CH;CHO decreased. Except for NCo5, selectivity to
CH, showed a decreasing trend with temperature and
the selectivity to CH3;CHO was zero above 450 °C for
the other catalysts.

In comparison to steam reforming, during OSR over
NCals the selectivity to CH4 was lower at a temperature
of 550 °C and above whereas H,, CO selectivities were
lower in the whole temperature range. The selectivity to
CO, was higher at higher temperature. For NCu5,
selectivity to H; reduced but other product selectivities
were not significantly affected due to the addition of
oxygen. For NCo5, selectivities to CO and CH,
increased significantly at lower temperature but at
higher temperature (> 500 °C), these selectivities were
not significantly affected compared to the selectivities
obtained in the absence of oxygen. Selectivity to H, and
CO, increased significantly with temperature. During
SR reaction over NCo5 catalyst, considerable amounts
of side products such as ethylene, ethane, acetaldehyde
and acetone were obtained but in OSR reaction the side
products reduced drastically.

3.3.1. Effect of oxygen

The products selectivity profile suggest that the OSR
reaction does not occur in single reaction step between
ethanol, water and oxygen but the actual process is the
combination of several overlapping exothermic and
endothermic reactions steps. Velu et al. [23] made ther-
modynamic equilibrium composition calculations for SR
and OSR at atmospheric pressure. They found that the
calculated equilibrium compositions for SR and OSR
were not too different. Their calculations also showed
that addition of oxygen decreased the CHy selectivity
with a simultaneous increase in the selectivity of CO».
However, for their study of ethanol reforming on
Cu;_Ni,ZnAl-mixed metal oxide catalysts, the product
distribution showed that the reactions were not at equi-
librium. Cavallaro et al. [50] studied the steam reforming
of ethanol on Rh/Al,O; catalyst and reported only small
changes in CO, CO and CHy selectivity due to addition
of 0.4 vol.% of oxygen to the feed. In presence of O,, the
following additional reaction can take place:

H> + 1/202 = H,0 (8)
CO + 1/20, = CO, 9)

CHy4 + 1/20, = CO, + 2H,0 (10)

2CH;CHO + 50, = 4CO, + 4H,0 (11)

C,HsOH + 30, =2CO, + H,O (12)

The maximum increase in catalytic activity and change
of product selectivity was observed over NCo5 catalyst

below 500 °C. The increase in selectivity of CO,
CH,4, CO,, H, and the significant decrease in a selec-
tivity of C,—C; compounds is most likely due to
enhanced oxidation of the side products.

In presence of O,, different catalysts showed different
product selectivities but the trend for most of the
products was similar (figure 7). In all cases, the catalyst
activity was higher and selectivity to CH3;CHO signifi-
cantly lower which suggests that in addition to ethanol
dehydrogenation, oxidation of ethanol was also appre-
ciable. Moreover CH3CHO can also reacted with oxy-
gen to form carbon oxides [51]. Oxygen favored the CO
oxidation reaction as a result a large amount of CO, was
obtained in OSR process compared to SR, especially at
higher temperature. The data suggests that WGS reac-
tion plays an important role in determining the product
selectivities. With an increase in temperature from 400
to 500 °C, the CO, CH; and CH;CHO selectivities
decreased with a concomitant increase in H, selectivity.
This implies that in this temperature range, the WGS
reaction was not at equilibrium. The increase in CO
selectivity at high temperature is due to contribution of
the reverse WGS. Other reactions which affect the
product distribution are methane reforming, oxidation
of H, and CHy. The lower hydrogen selectivity in the
presence of oxygen is due to the oxidation of hydrogen
(reaction 8). The decreasing trend of CHy selectivity was
obtained due to the combustion of methane in presence
of oxygen.

The effect of oxygen on hydrogen yields at different
temperatures for the undoped and doped catalysts is
shown in table 4. For SR reaction, the highest hydrogen
yield was obtained on the undoped catalyst at 600 °C.
However, with calcium doping the hydrogen yields are
higher than the undoped catalyst in the temperature
range of 400550 °C. For OSR, the hydrogen yield with
Ca-doped catalyst at 550 °C was nearly equal to the
yield obtained for undoped catalyst at 650 °C. Thus,
with calcium doping the reaction temperature can be
significantly reduced without affecting the hydrogen
yields.

3.4. TPR of used catalysts

The TPR studies were carried out for the used cata-
lysts both after steam reforming (SR) as well as oxidative
steam reforming (OSR). The results are shown in fig-
ure 8. By comparing the TPR results of used and fresh
undoped catalyst (Catalyst N), the peaks obtained at
238 °C and 256 °C can be attributed to the reduction of
NiO to Ni° and the peaks obtained at 513 °C and 494 °C
(figure 8A(a) & B(a)) for the reduction of CeO,. There-
fore, from the results, it can be observed that the NiO
was not completely reduced after reforming and CeO,
was present in the used catalyst. No significant reduction
peaks were observed during the TPR of used Cu and Co
doped catalysts. For both the catalysts, a very low
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Figure 7. Variation of ethanol conversion and product selectivities with temperature in OSR. Effects of Cu, Co, and Ca doping (A) Conversion;
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intensity peak was obtained in the temperature range of
267-414 °C, which may be due to reduction of small
amount of NiO present in the used catalyst. This suggests
that the catalysts were almost completely reduced after
steam reforming (SR) as well as oxidative steam
reforming (OSR). However, for Ca doped catalyst, for
SR and OSR reaction, one broad peak was obtained at a
temperature of 544 °C and 575 °C, respectively and
another peak was obtained at 673 °C and 693 °C,
respectively (figure 8A(d) & B(d)). A comparison of the
TPR profiles of the used and fresh Ca doped catalysts
(figure 4d), shows that the used catalyst was not reduced
completely. The TPR profile of the used catalyst was
similar to that of the fresh catalyst; only the reduction
temperature was shifted towards higher temperature.

3.5. Coke formation

The amount of carbon deposited on the catalysts
after 15 h of run time was measured by CHNS elemental

analysis. As shown in figure 9, for all the doped and
undoped catalysts, considerable amounts of carbon were
formed in SR and OSR. In SR, the coke formation rate
is comparable for catalyst N and NCo5 whereas the
coke formation rate is highest for NCu5 and lowest for
NCals. It is known that, in the reforming of ethanol,
carbon formation takes place by the dissociation of
hydrocarbon molecule formed during reaction or the
dissociation of CO according to Bouduard reaction [52].
The carbon formation strongly depends on the reaction
conditions as well as the surface properties of the cata-
lysts. The high carbon formation for NCu5, NCo5 and
N, may be due to the low nickel area of the catalyst or a
low metal support interaction [53,54]. The nickel parti-
cles present on the surface of the catalyst may favor the
Bouduard reaction and ethanol decomposition which
promotes the carbon formation. In presence of Ca, the
carbon formation is less, presumably due to the increase
in the electronic properties of nickel clusters by calcium
which reduces the Bouduard reaction and hydrocarbon
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decomposition activity of the catalyst [46,55]. In the
steam reforming of bio-ethanol, coke formation was
reduced significantly by the addition of alkali (Li, Na,

OSR
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Figure 9. Coke formation rate in SR and OSR at 600 °C; W/F5o =
4.06 gcat h mol™'; O,/EtOH = 0.5 (for OSR).

Table 4
Variation of hydrogen yield with temperature in SR and OSR of
ethanol
Catalyst Temperature (°C) Hydrogen yield, mol of H,/mol of
ethanol fed
SR of ethanol OSR of ethanol
N 400 0.89 2.08
450 2.2 2.92
500 3.26 3.52
550 4.23 3.57
600 5.66 4.23
650 5.63 4.34
NCu5 400 243 1.67
450 3.2 2.76
500 3.96 3.38
550 4.99 3.7
600 5.21 3.87
650 5.01 3.57
NCo5 400 0.3 1.62
450 0.77 2.78
500 2.03 3.66
550 291 3.13
600 3.39 2.7
650 3.36 2.53
NCal5 400 1.85 1.58
450 3.38 2.85
500 4.63 3.51
550 5.33 433
600 4.84 4.07
650 3.49 3.85

K) on Ni/MgO catalysts [56]. For all the catalysts, in
presence of oxygen rate of coke formation was reduced
significantly. The maximum decrease in rate of coke
formation was observed for NCu5.

4. Conclusions

Addition of copper, calcium or cobalt affects the
physicochemical properties of the Ni/CeO,—ZrO, cata-
lyst as well as the activity and product selectivities
during steam reforming of ethanol. The extent of
interaction varied with the nature and amount of
dopants. At low loadings of Cu and Co and for all other
loadings of Ca, no new phases were detected by XRD
confirming the formation of mixed solid solution. At
high loading of Cu and Co, segregated CuO and Co30y4
phases were detected. The TPR results showed that
catalysts doped with Cu or Co were more reducible
whereas calcium enhanced the metal-support interaction
and the reduction temperature of strongly bonded NiO
increased with Ca loading. The hydrogen uptake, nickel
dispersion and nickel surface area reduced with metal
loading and for the Co loaded catalysts the dispersion of
Ni and nickel surface area was very low. Copper and Ca
addition enhanced the reforming and WGS activity of
the catalysts and simultaneously reduced the ethanol
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dehydrogenation. The Co doped catalysts was less active
and a relatively large amount of C,Hy, C,Hg, CH3;CHO
and CH;COCH; were obtained. Among the second
metals tested, Ca was the most efficient dopant for the
production of hydrogen; the WGS activity was higher
for Ca doped catalysts than Ni—Cu catalysts. In com-
parison to the hydrogen selectivity obtained with Cata-
lyst N in SR process, nearly the same amount (5.75 mol/
mol ethanol reacted) of hydrogen was obtained for
NCalO catalyst at a lower temperature (550 °C). In
OSR process, the catalytic activity decreased in the
order N > NCu5 > NCal5 > NCoS5. In all the cases,
the catalyst activity was higher and selectivity to
CH;CHO was significantly lower due to oxidation of
ethanol and ethanol dehydrogenation. Over NCo5 cat-
alyst, below 500 °C, the maximum increase in catalytic
activity and the selectivity to CO, CHy4, CO,, and H, was
observed due to enhanced oxidation of the side prod-
ucts. The selectivity of C,-C; compounds was also
reduced significantly. For SR reaction, the highest
hydrogen yield was obtained on the undoped catalyst at
600 °C. However, with calcium doping the hydrogen
yields are higher than the undoped catalyst in the tem-
perature range of 400-550 °C. For OSR, the hydrogen
yield with Ca-doped catalyst at 550 °C was nearly equal
to the yield obtained for undoped catalyst at 650 °C.
Therefore, Ca may be a good promoter of ceria—zirconia
supported nickel catalysts for SR and OSR of ethanol
for production of ethanol.
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