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Abstract

Methane steam reforming over Ni on high surface area (HSA) CeO, and Ce-ZrO, supports, synthesized by surfactant-assisted method, was
studied and compared to conventional Ni/CeO,, Ni/Ce-ZrO,, and Ni/Al,O3. It was firstly observed that Ni/Ce-ZrO, (HSA) with the Ce/Zr ratio of
3/1 showed the best performance in terms of activity and stability. This catalyst presented considerably better resistance toward carbon formation
than conventional Ni/CeO,, Ni/Ce-ZrO,, and Ni/Al,O3; and the minimum inlet H,O/CH, ratio requirement to operate without the detectable of
carbon are significantly lower. These benefits are related to the high oxygen storage capacity (OSC) of high surface area Ce-ZrO, support. During
the reforming process, in addition to the reactions on Ni surface, the redox reactions between the absorbed CH, and the lattice oxygen (O,) on
Ce0O, and Ce-ZrO, surface also take place, which effectively prevent the formation of carbon on the surface of Ni.

The effects of possible inlet co-reactant, i.e. H,O, H,, CO,, and O, on the conversion of CH, were also studied. It was found that H, presented
positive effect on the CH4 conversion when small amount of H, was introduced; nevertheless, this positive effect became less pronounced and
eventually inhibited the conversion of CHy at high inlet H, concentration particularly for Ni/CeO, (HSA) and Ni/Ce-ZrO, (HSA). The dependence
of H,O on the rate was non-monotonic due to the competition of the active sites, as have also been presented by Xu [1], Xu and Froment [2,3],
Elnashaie et al. [4] and Elnashaie and Elshishini [5]. Addition of CO, inhibited the reforming rate, whereas addition of O, promoted the CH,4
conversion but reduced both CO and H, productions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Methane steam reforming is a widely practiced technology
to produce hydrogen or synthesis gas for utilization in chemi-
cal processes and solid oxide fuel cells (SOFCs). Three main
reactions take place as in the following equations.

CH4 +H;0 = CO + 3H; (1)
CO + H;O = CO;+Hy 2)
CH4 +2H,0 = CO, +4H; 3)

Both the water-gas shift reaction (Eq. (2)) and reverse metha-
nation (Eq. (3)) are always associated with catalytic steam
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reforming at elevated temperatures. Due to their overall high
endothermic nature, these reactions are carried out at high-
temperature (700-900 °C) to achieve high conversions.
Commercial catalysts for the methane steam reforming reac-
tion are nickel on supports, such as Al,O3, MgO, MgAl,O4 or
their mixtures. Selection of a support material is an important
issue as it has been evident that metal catalysts are not very
active for the steam reforming when supported on inert oxides
[6]. Various support materials have been tested, for example,
a-AlL O3 [7], v-Al, O3 and y-Al, O3 with alkali metal oxide and
rare earth metal oxide [8], CaAl,O4 [9] and Ce-ZrO, [10]. A
promising catalyst system for the reforming reactions appears
to be a metal on Ce-ZrO; support, where the metal can be Ni, Pt
or Pd [11-19]. Ni/Ce-ZrO, has also been successfully applied
to partial oxidation and autothermal reforming of methane [20].
It is well-established that cerium oxide (CeO;) and ceria-
zirconia (Ce-ZrO,) are useful in a wide variety of applications
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involving oxidation or partial oxidation of hydrocarbons (e.g.
automotive catalysis) and as components of anodes for SOFCs.
This material has high oxygen storage capacity, which is benefi-
cial in oxidation processes and carbon combustion. The excellent
resistance toward carbon formation from methane cracking reac-
tion over CeO, compared to commercial Ni/Al,O3 was also
reported recently [21]. The addition of zirconium oxide (ZrO;)
to cerium oxide (CeO;) has been found to improve the oxygen
storage capacity, redox property, thermal stability, and catalytic
activity [22-31]. Nevertheless, the major limitations for apply-
ing CeO, and to a lesser extent Ce-ZrO; in high-temperature
steam reforming are their low specific surface and surface area
reduction due to sintering [21]. Therefore, the use of high sur-
face area (HSA) ceria-based materials as the catalyst support
would be a good alternative to improve the methane steam
reforming performance. Several methods have been described
recently for the preparation of high surface area (HSA) CeO»
and Ce-ZrO, solid solutions. Most interest is focused on the
preparation of transition-metal oxides using templating path-
ways [32-34]. However, only a few of these composites showed
a regular pore structure after calcination [35-37]. A surfactant-
assisted approach was employed to prepare high surface area
CeO, and Ce-ZrO, with improved textural, structural and chem-
ical properties for environmental applications [38]. They were
prepared by reacting a cationic surfactant with a hydrous mixed
oxide produced by co-precipitation under basic conditions.
By this preparation procedure, materials with good homo-
geneity and stability especially after thermal treatments were
achieved.

In the present work, high surface area (HSA) CeO, and Ce-
ZrO, were synthesized by the surfactant-assisted approach. Ni
was selected as a metal catalyst and impregnated on these high
surface area CeO; and Ce-ZrO,. It should be noted that, for
Ni/Ce-ZrO,, different ratios of Ce/Zr were firstly investigated to
determine a suitable composition ratio. The stability and activity
of Ni on high surface area CeO, and Ce-ZrO, were then studied
and compared to Ni on low surface area CeO; and Ce-ZrO, and
also conventional Ni/Al,O3. Furthermore, the resistance toward
carbon formation and the influences of possible inlet co-reactant,
i.e. Hp, H,O, CO3, and O; (as oxidative steam reforming) on the
methane steam reforming over these catalysts were determined
by adding and varying the partial pressures of these components
at the inlet feed, as these are important issues in the industrial
applications.

Table 1
Specific surface areas, pore volume, and pore size of catalysts after treatments

2. Experimental
2.1. Material preparation and characterization

Conventional Ce-ZrO; supports (Ce-ZrO, (LSA)) with dif-
ferent Ce/Zr molar ratios were prepared by co-precipitation
of cerium chloride (CeCls-7H20), and zirconium oxychloride
(ZrOCl,-8H70) from Aldrich. The starting solution was pre-
pared by mixing 0.1 M of metal salt solutions with 0.4 M of
ammonia at a 2 to 1 volumetric ratio. This solution was stirred
by magnetic stirring (100 rpm) for 3 h, then sealed and placed in
a thermostatic bath maintained at 90 °C. The ratio between each
metal salt was altered to achieve nominal Ce/Zr molar ratios of
1/3, 1/1 and 3/1. The precipitate was filtered and washed with
deionised water and acetone to remove the free surfactant. It was
dried overnight in an oven at 110 °C, and then calcined in air at
1000 °C for 6 h.

High surface area (HSA) Ce-ZrO; supports were pre-
pared by the surfactant-assisted method [38]. An aqueous
solution of an appropriate cationic surfactant and 0.1 M
cetyltrimethylammonium bromide solution from Aldrich were
added to an 0.1 M aqueous solution containing CeCl3-7H,0
and ZrOCl,-8H,0 in a desired molar ratio. The molar ratio of
([Ce] + [Zr])/[cetyltrimethylammonium bromide] was kept con-
stant at 0.8. The mixture was stirred and then aqueous ammonia
was slowly added with vigorous stirring. The mixture was con-
tinually stirred for 3 h, then sealed and placed in the thermostatic
bath maintained at 90 °C. After that, the mixture was cooled
and the resulting precipitate was filtered and washed repeatedly
with water and acetone. The filtered powder was dried in the
oven at 110°C for 1 day and then calcined in air at 1000 °C
for 6 h. Similarly, CeO, (LSA and HSA) were prepared using
the same procedures as Ce-ZrO,, but without the addition of
ZrOCl,-8H50.

Ni/Ce-ZrO,, Ni/CeO, and Ni/Al,O3 with 5wt.% Ni were
prepared by impregnating the respective supports with NiClj;
solution at room temperature. These solutions were stirred by
magnetic stirring (100rpm) for 6h. The solution was dried
overnight in the oven at 110 °C, calcined in air at 1000 °C and
reduced with 10%H, for 6 h. The BET measurements of all
synthesized Ni/CeO; and Ni/Ce-ZrO, were then carried out in
order to determine the specific surface area. These values as
well as the observed pore volume and pore size of the catalysts
are presented in Table 1. It can be seen that the introduction of

Catalysts Surface area after Pore  volume Pore size (A)
calcination (m? g’l) (cm? g’l)
Ni/Ce-ZrO; (HSA) (Ce/Zr=1/3) 45 0.15 63.71
Ni/Ce-ZrO, (HSA) (Ce/Zr=1/1) 44 0.14 63.90
Ni/Ce-ZrO; (HSA) (Ce/Zr=3/1) 41.5 0.14 63.15
Ni/CeO, (HSA) 24 0.13 63.02
Ni/Ce-ZrO; (LSA) (Ce/Zr=1/3) 20 0.13 63.67
Ni/Ce-ZrO, (LSA) (Ce/Zr=1/1) 18 0.11 61.19
Ni/Ce-ZrO; (LSA) (Ce/Zr=3/1) 19 0.11 62.42
Ni/CeO; (LSA) 8.5 0.08 61.20
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Table 2
Physicochemical properties of the synthesized catalysts

Catalyst Metal-load (wt.%) Metal-reducibility (%) Ni-dispersion (%)
Ni/Ce-ZrO, (HSA) (Ce/Zr=1/3) 4.9 91.8 9.67
Ni/Ce-ZrO, (HSA) (Ce/Zr=1/1) 4.9 91.0 8.82
Ni/Ce-ZrO, (HSA) (Ce/Zr=13/1) 5.0 92.6 8.95
Ni/CeO, (HSA) 5.0 92.2 6.41
Ni/Ce-ZrO; (LSA) (Ce/Zr=1/3) 4.8 90.8 4.69
Ni/Ce-ZrO, (LSA) (Ce/Zr=1/1) 4.9 91.6 473
Ni/Ce-ZrO; (LSA) (Ce/Zr=3/1) 4.9 92.1 4.68
Ni/CeO; (LSA) 5.0 91.3 3.12
Ni/Al, O3 5.0 94.5 4.85

ZrO, stabilizes the surface area of catalyst, which is in good
agreement with the results obtained on catalysts prepared by
conventional routes [21]. It should be noted that the catalysts
were also characterized with several physicochemical methods
after reduction. The weight content of Ni in Ni/Al,O3, Ni/Ce-
ZrQO, (with different Ce/Zr ratio), and Ni/CeO, were determined
by X-ray fluorescence (XRF) analysis. The reducibility and dis-
persion percentages of nickel were measured from temperature
programmed reduction (TPR) with 5% H; in Ar and temperature
programmed desorption (TPD), respectively. All physicochem-
ical properties of the synthesized catalysts are presented in
Table 2.

2.2. Experimental set-up

Fig. 1 shows the schematic diagram of the experimental reac-
tor system. It consists of three main sections: feed, reaction, and
analysis sections. The main obligation of the feed section is to
supply the components of interest, such as CH4, H2O, H», or
O, to the reaction section, where an 8 mm internal diameter
and 40 cm length quartz reactor was mounted vertically inside
a furnace. The catalyst (with the weight of 50 mg) was loaded
in the quartz reactor, which was packed with a small amount
of quartz wool to prevent the catalyst from moving. Preliminary
experiments were carried out to find suitable conditions in which
internal and external mass transfer effects are not predominant.
Considering the effect of external mass transfer, the total flow
rate was kept constant at 100 cm> min~! at a constant residence
time of 5 x 10™* gmincm™ in all testing. The suitable aver-
age sizes of catalysts were also verified in order to confirm that
the experiments were carried out within the region of intrinsic
kinetics. In our system, a Type-K thermocouple was placed into
the annular space between the reactor and furnace. This ther-
mocouple was mounted in close contact with the catalyst bed
to minimize the temperature difference. Another Type-K ther-
mocouple, covering by closed-end quartz tube, was inserted in
the middle of the quartz reactor in order to re-check the possible
temperature gradient.

After the reactions, the exit gas was transferred via trace-
heated lines to the analysis section, which consists of a Porapak
Q column Shimadzu 14B gas chromatography (GC) and a
mass spectrometer (MS). The gas chromatography was applied
in order to investigate the steady state condition experiments,

whereas the mass spectrometer was used for the transient carbon
formation and water-gas shift reaction experiments.

2.3. Temperature programmed techniques (TP)

In the present work, temperature programmed technique
(TP) was applied for studying carbon formation and water-gas
shift reaction experiments. Temperature programmed methane
adsorption (TPMA) was done in order to investigate the reac-
tion of methane with the surface of catalyst. Five percent CHy4
in He with the total flow rate of 100 cm?® min~! was introduced
into the system, while the operating temperature increased from
room temperature to 900 °C by the rate of 10°Cmin~'. Then,
the system was cooled down to the room temperature under
helium flow. After the TPMA experiment, the carbon deposited
on the catalyst was investigated by the temperature programmed
oxidation (TPO). Ten percent O, in He with the total flow rate
of 100 cm? min~! was introduced into the system, after a He
purge. Similar to TPMA, the temperature was increased from
room temperature to 900 °C. The amount of carbon formation
on the surface of each catalyst was then determined by measuring
the CO and CO; yield obtained from the TPO result.

The temperature programmed reaction (TPRy) of
CO/H;0/He gas mixture was also carried out in order to
investigate the water-gas shift reaction. The mixture of 5%CO
and 10%H,0 in He was introduced into the system during
heating up period by the rate of 10°Cmin~! before reaching
the isothermal condition at 900 °C.

3. Results
3.1. Selection of suitable Ce/Zr ratio for Ni/Ce-ZrO;

Ni/Ce-ZrO; catalysts with different Ce/Zrratios (1/3, 1/1,and
3/1) were firstly tested in methane steam reforming conditions
at 900 °C for both HSA and LSA materials in order to select
the most suitable ratio of Ce/Zr for the main studies. The results
shown in Fig. 2 revealed that at steady state, the Ni/Ce-ZrO;
with Ce/Zr ratio of 3/1 shows the best performance in terms
of stability and activity for both high and low surface areas.
Consequently, Ni/Ce-ZrO, with Ce/Zr ratio of 3/1 was selected
for further investigations.
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Fig. 1. Schematic diagram of the experimental set-up.

3.2. Stability and activity toward methane steam reforming

The reactivity of methane steam reforming over Ni/CeO,
(HSA), Ni/Ce-ZrO, (HSA) with Ce/Zr ratio of 3/1, Ni/Al,O3,
Ni/Ce-ZrO, (LSA) and Ni/CeO; (LSA) were then tested. The
inlet components were CH4/H2O/H; in helium with the inlet
ratio of 1.0/3.0/0.2 (with the inlet CH4 partial pressure of
4 kPa). The main products from the reactions over these cata-
lysts were H, and CO with some CO», indicating a contribution
from the water-gas shift, and the reverse methanation at this
high-temperature. The steam reforming rate was measured as a
function of time in order to indicate the stability and the deac-
tivation rate. The variations in CHy conversion with time for
different catalysts are shown in Fig. 3. At steady state, Ni/CeO»

Methane conversion (%)

Time (min)

Fig. 2. Steam reforming of methane at 900 °C for Ni/Ce-ZrO, with differ-
ent Ce/Zr ratios using the inlet CH4/H,O/H; ratio of 1.0/3.0/0.2 (Ni/Ce-ZrOy
(HSA) Ce/Zr=3/1 (), Ni/Ce-ZrO, (HSA) Ce/Zr=1/1 (@), Ni/Ce-ZrO,
(HSA) Ce/Zr=1/3 (A), Ni/Ce-ZrO; (LSA) Ce/Zr=3/1 (A), Ni/Ce-ZrO; (LSA)
Ce/Zr=1/1 (x), and Ni/Ce-ZrO; (LSA) Ce/Zr=1/3 (O)).

(HSA) and Ni/Ce-ZrO;, (HSA) presented much higher reactivity
toward the methane steam reforming than Ni/Al,O3, Ni/Ce-
ZrOy (LSA), and Ni/CeO; (LSA). As seen from the figure, the
steam reforming activities of Ni/CeO, (LSA) and Ni/Al, O3 sig-
nificantly declined with time before reaching a new steady state
rate at a much lower value, while the activity of Ni/CeO, (HSA),
Ni/Ce-ZrO; (HSA), and Ni/Ce-ZrO, (LSA) declined slightly.
Catalyst stabilities expressed as a deactivation percentage are
given in Table 3. In order to investigate the reason of the cat-
alyst deactivation, the post-reaction temperature programmed
oxidation (TPO) experiments were then carried out. TPO exper-
iments detected small amount of carbon formation on the surface
of Ni over ceria-based supports, whereas significant amount of
carbon deposited was observed from the TPO over Ni/Al,O3
(1.31 mmol g;&). According to these TPO results, the deacti-

Methane conversion (%)

Time (min)

Fig. 3. Steam reforming of methane at 900 °C for different catalysts using the
inlet CH4/H2 O/H; ratio of 1.0/3.0/0.2 (Ni/Ce-ZrO, (HSA) (O), Ni/CeO, (HSA)
(W), Ni/A,O3 (x), Ni/Ce-ZrO; (LSA) (A), and Ni/CeO, (LSA) (O)).
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Table 3

Physicochemical properties of the synthesized catalysts after running the reaction at 900 °C for 10h

Catalyst Deactivation (%) Surface area after reaction (m? g’l) C. formation® (mmol gc_al) Ni-dispersion (%)
Ni/Ce-ZrO, (HSA) (Ce/Zr=1/3) 7.0 42 0.08 9.62
Ni/Ce-ZrO, (HSA) (Ce/Zr=1/1) 12 40 0.11 8.71
Ni/Ce-ZrO, (HSA) (Ce/Zr=3/1) 3.0 40 ~0 8.75
Ni/CeO, (HSA) 8.7 22 ~0 6.33
Ni/Ce-ZrO; (LSA) (Ce/Zr=1/3) 11 18 0.21 4.52
Ni/Ce-ZrO, (LSA) (Ce/Zr=1/1) 12 15 0.19 4.61
Ni/Ce-ZrO, (LSA) (Ce/Zr=3/1) 5.1 18 ~0 4.62
Ni/CeO; (LSA) 24 6.2 0.14 3.06
Ni/Al,O3 16 40 1.31 4.81

2 Measured from temperature programmed oxidation (TPO).

vation of Ni/AlO3 during the methane steam reforming was
mainly related to the carbon formation. In contrast, the deac-
tivations of Ni/CeO; and Ni/Ce-ZrO; were not caused by the
carbon formation; the BET measurement (Table 3) suggested
that the deactivations of Ni/CeO; and Ni/Ce-ZrO,, particularly
for the low surface area supports, could be due to reduction of
surface area. The lower magnitude of the reduction for Ni/CeO»
(HSA) and Ni/Ce-ZrO, (HSA) than for the LSA materials indi-
cates a higher thermal stability for CeO, (HSA) and Ce-ZrO,
(HSA). It should be noted from the BET and TPO studies that
although Ni/Al,O3 was thermally stable at high operating tem-
perature, it was more susceptible to carbon formation which led
to the catalyst deactivation.

3.3. Resistance toward carbon formation

More investigations on the resistance toward the formation
of carbon species for all catalysts were investigated by Tem-
perature programmed techniques, i.e. TPMA and TPO. In order
to provide the best conditions for testing and obtain the actual
resistance toward carbon formation, the influences of exposure
time and methane concentration on the amount of carbon for-
mation were firstly determined. Five percent CHy in He was
fed to the catalyst bed at the isothermal condition (900 °C) for
several exposure times (15, 30, 60, 90, 120, 150, and 180 min).
The profiles of carbon formation over different catalysts with
several exposure times are shown in Fig. 4. Clearly, the quan-
tity of carbon formed on the catalyst surface increased with
increasing CHy exposure time, and reached its maximum value
after 120min for all catalysts. The influence of inlet CHy
concentration on the amount of carbon formation was then inves-
tigated by introducing different inlet methane partial pressures
(2.0-10.0 kPa) with the constant exposure time of 120 min. The
amount of carbon deposition seemed to be independent of the
inlet methane partial pressure at the same operating conditions.
It should be noted that although the rate of carbon formation
reaction (CH4 — C+Hj) should vary with the methane partial
pressure, the reaction time of 120 min may be sufficiently long
enough to achieve its maximum carbon formation on the surface
of each catalyst and, therefore, the influence of methane par-
tial pressure on coke deactivation was not obviously observed.
Therefore, in all experiments, TPMA was carried out by intro-
ducing 5% CHy in He for 120 min before investigating the degree
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Fig. 4. Influence of exposure time on the amount of carbon formation
(mmol g;ab for different catalysts at 900 °C (Ni/Ce-ZrO, (HSA) (O), Ni/CeO,
(HSA) (W), Ni/AlO3 (x), Ni/Ce-ZrO; (LSA) (A), and Ni/CeO; (LSA) (O)).

of carbon formation by TPO. Fig. 5 presents the TPMA results
for Ni/Ce-ZrO, (LSA), Ni/CeO, (HSA), Ni/Ce-ZrO, (HSA),
and Ni/Al;O3, while Fig. 6 presents the TPO results for those
catalysts.

As seen in Fig. 5, carbon monoxide and carbon dioxide were
also produced together with hydrogen for Ni catalysts on ceria-

Temperature

Temperature (C)

Mass spectrometer signal (a.u.)

Time (min)

Fig. 5. TPMA over (A) Ni/Ce0,-ZrO; (HSA), (x) Ni/CeO, (HSA), (O)
Ni/Ce0,-Z10, (LSA), (o) Ni/CeO, (LSA), and (@) Ni/Al,O3.
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Fig. 6. Temperature programmed oxidation over (A) Ni/CeO,-ZrO; (HSA),
(x) Ni/CeO; (HSA), (O) Ni/CeO,-ZrO, (LSA), (4) Ni/CeO; (LSA), and (@)
Ni/Al, O3 following TPMA to 900 °C.

based supports, whereas only hydrogen peak was detected for
TPMA over Ni/Al;O3. The CO and CO; formations from TPMA
of Ni catalysts on ceria-based supports comes from the gas—solid
reaction of CH, with the lattice oxygen (O,) on ceria surface (Eq.

4)):
CH4 + Oy = 2H; + CO + Voo + 2¢/ 4)

Voe- denotes an oxygen vacancy with an effective charge 27,
e’ is an electron which can either be more or less localized on a
cerium ion or delocalized in a conduction band. The quantities
of carbon deposited (mmol ggab on the surface of each catalyst,
which could be calculated by measuring the CO and CO;, yields,
are presented in Table 4. Clearly, Ni/CeO, (HSA) and Ni/Ce-
ZrOy (HSA) provided higher resistance toward carbon formation
than Ni/Al,O3, Ni/Ce-ZrO; (LSA), and Ni/CeO, (LSA).

The influence of adding H>O along with CHy4 at the feed on
the amount of carbon formation was studied by varying the inlet
H,O/CHy4 ratio from 0.0/0.05 to 0.15/0.05. As seen in Table 4,
it was observed that the carbon deposition over nickel catalyst
on ceria-based supports rapidly decreased with increasing inlet
steam partial pressure. Nickel catalyst on low surface area (LSA)
Ce-ZrO, required inlet H»O/CHy4 ratio of 3.0 in order to prevent
the formation of carbon species on catalyst surface, while nickel
catalyst on high surface area (HSA) Ce-ZrO, required inlet
H;O/CHy ratio as low as 1.0. It should be noted that Ni/Al,O3
required much higher H»O/CHy ratio to reduce the carbon for-
mation, and the carbon species remains detectable on the surface
of Ni/Al,O3 even the inlet HO/CHy4 ratio is higher than 3.0.

3.4. Effect of inlet co-reactant compositions

The influences of possible co-reactant compositions, i.e. Ho,
H,0, CO,, and O, on the conversion of CHy over these Ni cat-
alysts were investigated. First, various inlet H, partial pressures
were added along with CH4 and H,O to the feed in order to
investigate the influence of this component on the CH4 conver-
sion. The inlet CH4 and H, O partial pressures were kept constant
at 4.0 and 12.0kPa, respectively. As shown in Fig. 7, with the

60

50 4

40 o D LTTTRO

Methane conversion (%)

T
0 4 8 12 16 20
Hydrogen partial pressure (kPa)

Fig.7. Effect of hydrogen partial pressure on steam reforming rate over different
catalysts at 800 °C (Ni/Ce-ZrO; (HSA) (O), Ni/CeO, (HSA) (W), Ni/Al,O3
(x), Ni/Ce-ZrO; (LSA) (A), and Ni/CeO, (LSA) (0O)).

presence of low H» partial pressure (0-5 kPa), H, presented pos-
itive effect on the CH4 conversion. Without inlet hydrogen, the
CHy4 conversions for all catalysts were apparently low, suggest-
ing that some hydrogen must be fed together with methane and
steam to obtain significant reforming rate. Similar result was
earlier reported over Ni/ZrO, [1]. Table 5 gives the reaction
orders in Hj for all catalysts in this range of Hy partial pres-
sure. Compared to Ni/Al;O3, the reaction orders in hydrogen
for Ni catalyst on ceria-based supports, especially on high sur-
face area (HSA) supports were significantly lower. The CHy
conversion at higher inlet H, partial pressures (>5 kPa) was also
measured. When the inlet hydrogen partial pressure was greater
than 8-10kPa, a strong reduction in rate was observed for all
catalysts, Fig. 7, as expected.

Fig. 8 shows the effect of steam on the CHy conversion. It
was found that the conversion increased with increasing inlet
H,O partial pressure at low values but H>O then presented a
negative effect on the reforming rate at higher inlet HoO/CHy4
ratio. It should be noted that the steam requirement for Ni/CeO»

50

Methane conversion (%)

Steam partial pressure (kPa)

Fig. 8. Effect of steam partial pressure on steam reforming rate over different
catalysts at 800 °C (Ni/Ce-ZrO, (HSA) (O), Ni/CeO, (HSA) (W), Ni/Al,O3
(x), Ni/Ce-ZrO, (LSA) (A), and Ni/CeO, (LSA) (O)).
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Dependence of inlet HyO/CHy4 ratio on the amount of carbon formation on the catalyst surface (900 °C)

Catalysts Amount of carbon formation at various H, O/CHy4 ratios (mmol g;l)

0 0.2 0.4 0.6 0.8 1.0 2.0 3.0
Ni/CeO; (HSA) 0.90 0.73 0.59 0.26 0.14 0.09 ~0 ~0
Ni/Ce-ZrO; (HSA) 1.04 0.85 0.54 0.21 0.07 ~0 ~0 ~0
Ni/CeO; (LSA) 1.26 1.24 1.09 0.73 0.50 0.34 0.23 0.14
Ni/Ce-ZrO; (LSA) 1.30 1.18 0.79 0.56 0.32 0.18 0.09 ~0
Ni/Al, O3 2.37 2.37 2.25 2.16 2.06 1.99 1.49 1.35

Table 5

Reaction orders in hydrogen from the methane steam reforming reaction at low hydrogen partial pressure (4 kPa CHy, 12 kPa H>O, and up to 5 kPa Hy)

Catalysts Reaction order in hydrogen at different temperatures

650°C 700°C 750°C 800°C 850°C
Ni/CeO, (HSA) 0.16 0.18 0.16 0.16 0.17
Ni/Ce-ZrO, (HSA) 0.17 0.18 0.19 0.16 0.17
Ni/CeO, (LSA) 0.17 0.18 0.19 0.18 0.17
Ni/Ce-ZrO; (LSA) 0.18 0.19 0.18 0.20 0.18
Ni/Al,O3 0.34 0.31 0.28 0.30 0.29

(HSA) and Ni/Ce-ZrO, (HSA) to achieve the maximum reform-
ing reactivity were lower than the others.

The methane steam reforming in the presence of CO, was
then investigated by adding different inlet CO; partial pressures
(1-5kPa) to the feed gas. Fig. 9 presents the effect of CO, on
the reforming rate for each catalyst by plotting the relationship
between In(Rateit co, /Ratewithout co,) and In(Pco,). As seen
from this figure, CO, presented a negative effect on the CHy
conversion for all catalysts; however, in contrast to the influence
of Hy, the weaker inhibition effect by CO, was observed for
Ni on ceria-based supports. According to the reaction order in
CO, calculation, the reaction order in CO, for Ni/Al,O3 was
approximately —0.12, whereas those over Ni on ceria-based
supports were around —0.06 to —0.03, which clearly indicated
the weaker inhibitory effect of CO; for Ni on ceria-based sup-
ports.

-0.15 ™,

-0.2 1 bt

In(Ratewith coz/ Rate without CO2)

-0.25

In (Pcoz)

Fig. 9. Effect of carbon dioxide partial pressure on steam reforming rate over
different catalysts at 800 °C (Ni/Ce-ZrO, (HSA) (O), Ni/CeO, (HSA) (W),
Ni/Al, O3 (x), Ni/Ce-ZrO, (LSA) (A), and Ni/CeO, (LSA) (O)).

Finally, the methane steam reforming in the presence of Oy
(as autothermal reforming) was then carried out by adding dif-
ferent O partial pressures (1-4 kPa) into the feed gas at several
operating temperatures. The rate increased with increasing the
inlet oxygen partial pressure for all catalysts as shown in Fig. 10.
However, Hy and CO/(CO + CO;) production selectivity were
found to decrease with increasing O concentration as shown in
Fig. 11 for Ni/Al;03, Ni/Ce-ZrO, (LSA), and Ni/CeO; (LSA)
and Fig. 12 for Ni/Ce-ZrO, (HSA) and Ni/CeO, (HSA), respec-
tively. It should be noted that, at the same operating conditions,
the CO/(CO +CO,) production selectivity for Ni/Al,O3 was
observed to be higher than that over Ni on ceria-based supports.
The difference in this production selectivity is due to the reac-
tivity toward the water-gas shift reaction of each support. The
water-gas shift reaction (WGS) activities of each support was
also carried out in the present work to ensure the influence of
this reaction on the CO/(CO + CO,) selectivity. Fig. 13 shows
the activities of all supports toward this reaction at several tem-

60

50

Methane conversion (%)
w
(=]

O
w
~

Oxygen partial pressure (kPa)

Fig. 10. Effect of oxygen partial pressure on steam reforming rate over different
catalysts at 800 °C (Ni/Ce-ZrO, (HSA) (O), Ni/CeO, (HSA) (W), Ni/Al,O3
(x), Ni/Ce-ZrO, (LSA) (A), and Ni/CeO, (LSA) (O)).
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Fig. 11. Effect of oxygen partial pressure on the H selectivity (solid lines)
and CO/(CO+CO;) (dot lines) at isoconversion from steam reforming over
Ni/Al,O3 (%), Ni/Ce-ZrO; (LSA) (A), and Ni/CeO; (LSA) (OJ) at 800 °C.

peratures. Among the supports, the activity toward this reaction
over CeO, (HSA) was the highest.

4. Discussion

Improvements of stability and activity toward methane steam
reforming were achieved for Ni on high surface area (HSA)
ceria-based supports. The high stability is due to the lower sin-
tering rate compared to Ni on low surface area (HSA) ceria-based
supports and the higher resistance toward carbon deposition
compared to Ni/Al,O3, while the high reforming activity is
possibly due to the improvement of Ni-dispersion on the high
surface area support (Table 2), and also the strong gas—solid
redox reaction between methane and the high surface area (HSA)
ceria-based supports. It has been reported that the solid—gas
reaction between CeO, and CHy produces synthesis gas with
a Hy/CO ratio of two (Eq. (4)), while the reduced ceria can
react with CO, and H»O to recover CeO; and also produce CO
and H; (Egs. (5) and (6)) [39-41]. Importantly, we reported
in our previous work that these redox reactions (Egs. (4)—(6))
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Fig. 12. Effect of oxygen partial pressure on the H, selectivity (solid lines)
and CO/(CO+CO;) (dot lines) at isoconversion from steam reforming over
Ni/Ce-ZrO, (HSA) (Q), and Ni/CeO, (HSA) (H) at 800 °C.
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Fig. 13. The activities of each catalyst toward the water-gas shift reaction.

increase with increasing the specific active surface area of CeO
[42].

Voes +2¢ +CO, =0, + CO 5)
Voes +2¢' + H,0 = O, + Hp (6)

The addition of suitable ratio of ZrO, over ceria, as Ce-ZrO,,
has also been widely reported to improve the oxygen storage
capacity, and the redox reactivity of material [22-31]. These
benefits were associated with enhanced reducibility of cerium
(IV) in Ce-ZrO», which is a consequence of high O*~ mobility
inside the fluorite lattice. The reason for the increasing mobility
might be related to the lattice strain, which is generated by the
introduction of a smaller isovalent Zr cat/ion into the CeO; lattice

(Zr4+ has a crystal ionic radius of 0.84 A, which is smaller than

0.97 A for Ce** in the same co-ordination environment).

The high resistance toward carbon deposition, which was
observed from the catalyst over high surface area ceria-based
supports, is also related to the facile redox reaction. During the
steam reforming of methane, the following reactions are theo-
retically the most probable reactions that could lead to surface
carbon formation:

2C0 = CO,+C %)
CH;= 2H, +C 8
CO + Hp= H,O + C C))

CO, +2H, = 2H,0 + C (10)

Reactions (9)—(10) are favorable at low-temperatures,
whereas the Boudouard reaction (Eq. (7)) and the decompo-
sition of methane (Eq. (8)) are the major pathways for carbon
formation at high-temperatures as they show the largest change
in Gibbs energy. According to the range of temperature in this
study, carbon formation would be formed via the decomposition
of methane and Boudouard reactions. By applying ceria-based
supports, the formation of carbon species via both reactions
could be inhibited by the redox reactions with the lattice oxy-
gen (O,) forming Hy and CO,, which is thermodynamically
unfavored to form carbon species in this range of conditions.
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Therefore, significant lower amount of carbon deposition were
consequently observed even at low inlet HyO/CHy4 ratio.

The experiments on the effect of co-reactants yielded non-
linear positive hydrogen trend. The positive effect at the low
hydrogen appearance could be due to the reduction of oxidized
state on the surface active site of nickel, while the inhibitory
effect at high hydrogen partial pressure is due to the reverse
methane steam reforming methanation, and the reverse water-
gas shift reactions [1-3]. In addition, the presence of hydrogen
atom on some active sites of nickel particle could also lead to the
decrease in methane conversion [1-3]. Regarding the observed
reaction order in hydrogen, the inhibitory impact for Ni catalysts
on ceria-based supports (both HSA and LSA) is stronger than
that for Ni/Al,O3 due to the redox property of the ceria-based
materials. As described earlier, the gas-solid reaction between
the ceria-based materials and CH,4 can generate CO and Hj,
while the reduced state can react with steam and CO; to pro-
duce Hy and CO, respectively. For Ni/Ce-ZrO; and Ni/CeO»,
although hydrogen prevents the oxidized state of nickel, this
component can also reduce ceria via the reverse of Eq. (6) and
consequently results in the inhibition of methane conversion via
Eq. (4). This explanation is in good agreement with the previ-
ous studies [43] which investigated kinetics parameters for the
methane steam reforming on ceria-based materials and reported
the negative effect of hydrogen on methane conversion over these
materials due to the change of Ce** to Ce3*.

The dependence of HyO on the CH4 conversion is non-
monotonic due to adsorption competition between CHy and
H>0 on the catalyst active sites. Previous works [4,5] also
reported the same results and explanation. The CHy4 conversion
increased with increasing the inlet O, partial pressure. However,
the CO/(CO +CO») production selectivity and Hy production
rates strongly decreased with increasing O; partial pressure. This
could be due to the combustion of Hy and CO productions and
the inhibition of H,O adsorption on the catalyst surface active
sites by Oy.

5. Conclusion

High surface area CeO; and Ce-ZrO; with Ce/Zr ratio of 3/1
are the good candidates to be used as the support for Ni catalysts
for the steam reforming of CHy4 producing Hj for later utilization
in SOFC. The great advantages of Ni on high surface area (HSA)
ceria-based supports are the high reforming reactivity, and also
the high stability due to their excellent resistance toward carbon
formation. Lower inlet Hy O/CHy ratio is required for Ni on high
surface area (HSA) CeO; and Ce-ZrO; to prevent the carbon
formation.

According to the effect of co-reactants (i.e. H,O, Hj, CO»,
and O,), the effects of HyO on the methane steam reform-
ing over Ni/CeO, (HSA) and Ni/Ce-ZrO, (HSA) are similar
to those for Ni/AlO3 in terms of reaction orders, whereas
a stronger negative effect of H, was observed over Ni/CeO,
(HSA) and Ni/Ce-ZrO, (HSA) as H inhibits the gas-solid reac-
tion between CeO; and CH4. Additional of CO; inhibited the
reforming rate, whereas addition of O promoted the CHy4 con-
version but reduced both CO and H; productions due to the

further combustion and/or the inhibition of H,O adsorption on
the catalyst surface active sites. Lastly, the difference between
Ni/CeO; (HSA) and Ni/Ce-ZrO, (HSA) is the CO/(CO +CO,)
production selectivity. This selectivity for Ni/Ce-ZrO; is higher
than that for Ni/CeO; due to the high reactivity toward water-gas
shift reaction of CeO; compared to Ce-ZrO,.
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