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The influence of the promoters CeO,, CeO,-ZrO, and CeO,-La,Os on the reactivity of y-Al,03
supported nickel catalysts from steam and oxidative reforming of methane was investigated in this
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study. At temperatures above 500 °C, promoted catalysts showed the best performance in the methane
oxidative reforming reaction. The increase in activity can be attributed to the specific catalyst-promoter
interactions such as the capacity of CeO, to store and release oxygen and the influence of La,O3 on the

stability of the support. Below 500 °C, the activity of the catalyst may be related more directly to the

www.rsc.org/catalysis exposed metal surface area.

Introduction

Finite stocks of fossil fuels and pollution problems related
to their combustion have led the scientific and industrial
communities and governments to search for alternative
energy systems.' Hydrogen has attracted great interest as a
future clean fuel to be used in combustion engines and
fuel cells.” It can be produced from various sources, like fossil
fuels and sustainable sources.? The electrolytic production of
hydrogen by electric power from solar cells or from hydro-
electricity is considered the cleanest and most desirable
method, but nowadays these processes do not provide enough
hydrogen.*

The conversion of petroleum or natural gas products into
hydrogen has generally been achieved by one of the following
processes: steam reforming (SR), partial oxidation (PO), auto-
thermal reforming (ATR), dry reforming (DR) or a combination
of two or more of these processes.” Steam reforming is the
principal industrial catalytic process for the conversion of
methane into synthesis gas (syngas) to be used in H, genera-
tion,> as shown in eqn (1). The H, : CO ratio produced in
reaction (1) is 3 : 1, making this process suitable for hydrogen
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production. The water-gas shift reaction takes place in parallel
with reaction (1) and is represented by eqn (2).

CH, + H,O s CO + 3H, AH,05 x = 206 k] mol™* )
CO + H,0 s CO, + H, AH®,95 ¢ = —41 k] mol™* (2)

The stoichiometry of eqn (1) suggests that one mol of H,O is
needed to convert one mol of methane; however, excess steam
must be used, in order to avoid the formation of carbon
deposits on the catalyst. The ratio H,O : CH, = 2.5-3.0 : 1 is
used in industrial plants that operate with natural gas.>® Even
though this is the route employed most frequently in the
industry, it has the disadvantage of high energy costs, since it
is an endothermic reaction,” making the high temperatures
necessary to provide high levels of methane conversion. Besides
this, the necessity of operating under such severe conditions
leads to catalyst deactivation by sintering or by coke formation,
since the catalyst starts the promotion of parallel reactions that
form carbon on the catalyst surface.” An alternative process,
which could decrease the energy costs of hydrogen production,
is the partial oxidation of methane (POM).® In this process,
methane is oxidized to produce CO and H,:

CH, + 0.50, & CO+ 2H, AH%5 x = —38 k] mol ™" (3)

The most important characteristic of POM applied to the
production of H, or synthesis gas is that the reaction is
moderately exothermic. On the other hand, methane steam
reforming produces a higher H,/CO ratio than partial oxida-
tion, favoring the hydrogen production.”*’
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One way to minimize energetic costs in hydrogen produc-
tion is to combine steam reforming of methane (SRM) and
POM. This is done by performing methane steam reforming in
the presence of oxygen.” This set of reactions requires less
energy than SRM, given the exothermic contribution of partial
oxidation, and it may improve the temperature control in the
reactor and reduce the formation of hot spots, thus avoiding
catalyst deactivation by sintering or carbon deposition.* Its
main advantage is that the heat generated by methane partial
oxidation can be used as a source of energy in the endothermic
reactions. Various studies have been focused on Ni/Al,O;
catalysts, to which promoters are added in order to improve
support stability and carbon removal, increase metal dispersion,
etc. This paper reports a study of influence of the promoters
Ce0,, Ce0,-ZrO, and CeO,-La,0; on the catalytic and surface
properties of Ni/Al,Os.

Experimental
Preparation of supports and catalysts

The catalysts were prepared by wet impregnation. Particles of
v-Al,O; (Alfa Aesar) were selected on a 100-200 mesh and
calcined at 550 °C for 5 hours in synthetic air flowing at
80 mL min~ " in order to remove volatile compounds. Precursor
salts used to obtain oxides of cerium, cerium-zirconium and
cerium-lanthanum were Ce(NO3);-6H,0 (Fluka), Cl,0Zr-8H,0
(Fluka) and La(NOs);xH,O (Aldrich) respectively. The final
content of promoter (w/w) was 10% of the alumina support. It
is important to emphasize that when two precursors were used
on alumina, only one solution was prepared, allowing the
oxides to be randomly deposited on alumina. The samples
were again calcined under the same conditions used for
v-alumina. The active phase was also added to the supports
by wet impregnation, with an amount of Ni(NO;),-6H,0
(Aldrich) sufficient to yield 15% nickel by weight. The calcined
supports were impregnated with this solution in a rotary
evaporator with constant stirring at 70 °C until the sample
was homogeneous. After nickel oxide impregnation, the catalysts
were dried for 24 hours and then calcined (under the same
conditions as the other precursors).

Catalyst characterization

The physicochemical properties of the catalysts were measured
by energy-dispersive X-ray spectroscopy (EDS), BET analysis of
surface area, X-ray diffraction (XRD), temperature-programmed
reduction (H,-TPR), temperature-programmed hydrogen desorption
(H,-TPD) and temperature-programmed oxidation (TPO). The
EDS analysis was performed in an Oxford 7060 energy-dispersive
analyzer based on Si (Li) with a beryllium window and a
resolution of 133 eV. The specific areas of the catalysts were
determined in a Quantachrome NOVA 1200; for the BET
analysis, about 200 mg of sample was previously activated at
300 °C in nitrogen and then cooled to —195 °C, to allow the
physical adsorption of N,. H,-TPR measurements were
performed in a Micromeritics Pulse ChemSorb 2705 equipped
with a thermal conductivity detector (TCD), using 30 mg of sample.
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The X-ray diffraction patterns were collected with a Rigaku
Multiflex diffractometer, the Bragg angle being varied from 10°
to 80° at 2° min~ ', using Cu Ko radiation with a nickel filter.
Both the NiO and CeO, apparent crystallite sizes (Dyio and
Dceo,, Tespectively) were determined by Scherrer’s equation,
using the reflection (2 0 0) for NiO and the reflection (1 1 1) for
CeO,, In order to calculate the metal surface area of the catalyst,
H,-TPD analysis was performed in the same equipment as the
H,-TPR measurements. 100 mg of catalyst was reduced for
2 hours at 700 °C in pure H,. Next, the sample was cooled to
25 °C in N, flowing at 30 mL min~". At this temperature, the
sample was subjected to a 30 mL min~" flow of pure hydrogen
for 1 hour until saturated with adsorbed H,. The hydrogen was
then purged by N, flowing at 30 mL min " for 2 hours to expel
accumulated hydrogen from the pores, so that only chemi-
sorbed hydrogen would remain in the catalyst. After the pur-
ging process, the hydrogen desorption measurement started in
a 30 mL min~" flow of nitrogen, with a heating rate of 10 °C
min~* up to 700 °C, and the sample remained at that tempera-
ture until the end of the measurement. TPO analyses were
performed on the catalyst samples after they were used in the
catalytic tests, in a TA Instruments SDT2960 simultaneous
DSC-TGA instrument; samples were heated to 900 °C at 10 °C min ™~
in an oxidizing atmosphere (synthetic air).

Catalytic experiments

Methane oxidative reforming experiments were performed in a
quartz reactor of internal diameter 0.9 cm, with 0.1500 g
catalyst samples held between quartz wool plugs. The feed
rates were 20 mL min ' of methane, 47 mL min ' of air
(21.3% O,) and 3.9 g h™" of water at 25 °C and 1 atm. The
CH,4 : H,0 : O, molar ratio in the feed was thus 1: 4 : 0.5. In
steam reforming experiments, the same amount of sample and
the same conditions of pressure and temperature were used.
The SRM feed rates were 40 mL min~ " of methane and 7.10 g h™*
of water, giving a CH, : H,O molar ratio of 1 : 4. All catalysts
were initially reduced with pure H, flowing at 30 mL min ", the
sample being heated at 10 °C min™' to 700 °C, where it
remained for three hours.

Catalytic tests were performed at temperatures falling from
700 °C to 350 °C in steps of 50 °C. Gas chromatography (GC)
was performed on the outlet gases in triplicate at each temp-
erature step, after a few minutes had elapsed, in order to allow
the reaction system to stabilize. These GC analyses were
performed by a VARIAN 3800 chromatograph equipped with
thermal conductivity detectors (TCDs). Effluents were split into
two streams. The first stream had helium as the carrier gas,
flowing with 25 mL min ™", the analytes being separated on a
13X column in series with a PORAPAK column. The second
stream had nitrogen as the carrier gas, flowing at 25 mL min ™",
separated on a molecular sieve 13X column. Both streams were
monitored with TCDs. The feed gas flow rate was controlled by
a mass flow controller (MKS Instruments 247, with 4 channels).
Liquid water was fed through a high-pressure piston pump with
a flow rate digital control.

This journal is © The Royal Society of Chemistry 2013
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Results and discussion

A semi-quantitative estimate of the percentage of metal ele-
ments present in each catalyst was obtained by EDS analysis.
The results (Table 1) are an average of 3 measurements of the
mass fraction. The results showed differences in nominal and
real composition. This may be caused by a heterogeneous
distribution of the components in the catalytic matrix added
by the accuracy of the EDS analysis, causing the material in the
bulk of the catalyst to be not fully detected.

The surface areas of the catalyst samples measured by the
BET method are shown in Table 1. Alumina has the highest
surface area and the metal oxides addition causes a decrease in
the surface area. The elevated values showed by the catalysts
are due to alumina characteristics, which present an area of
196 m* g~ . Also, it is possible to note that the presence of
promoters decreases the specific area, probably due to coating
of alumina pores. Cerium addition causes an accentuate
decrease in NiO/y-Al,O3;, but the BET area with addition of
zirconium in NiO/CeO,-Al,O; had a similar value. Also, the
lanthanum addition in NiO/CeO,-Al,O; causes an accentuated
decrease, probably due to La,0O3; coverage of alumina pores.

The X-ray diffraction patterns for all the samples are shown
in Fig. 1. All catalysts produced diffraction peaks of low
intensity, characteristic of y-Al,O; indicating low support
crystallinity."’ The NiO/Ce0,-Al,0; sample showed peaks
related to CeO, at 28.7°, 33.1°, 47.7°, 56.6°, 59.6° and 77.0°,
the peak at 28.7° having the greatest intensity. These peaks
were generated by the face-centered cubic (fcc) structure of
fluorite-type cerium oxide. '>™° CeO,-related peaks of the
fluorite type were also produced by the NiO/CeO,-ZrO,-Al,0;3
and NiO/CeO,-La,03-Al,0; samples. The addition of Zr on the
cerium oxide crystal lattice should cause a shift of these peaks
to higher values of 20.'® Such a change in the position of these
peaks is usually cited as evidence that Zr has entered the
cerium oxide crystal lattice, giving rise to a solid solution with
a cubic structure with a reduced cerium oxide lattice parameter.
In this study, there were no significant peak changes; thus,
there is no evidence that zirconium entered the cerium oxide
crystal lattice. The absence of any diffraction peaks for the ZrO,
phase may be due to small and dispersed particles."”

The NiO/CeO,-La,0;-Al,0; sample did not show any peaks
related to La,0s;, to non-stoichiometric species (LaO,) or to
lanthanum aluminate. According to the EDS result shown in
Table 1, the absence of those peaks may be due to the
lanthanum content being undetectable by X-ray diffraction."®
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Fig. 1 XRD patterns of catalysts. (A) NiO/Al,O3; (B) NiO/CeO,-Al,03; (C) NiO/
Ce0,-Zr0,-Al,03; (D) NiO/CeO,-La03-Al,03.

NiO and CeO, crystallite sizes of all samples were estimated
from Scherrer’s equation and the results are presented in
Table 1. These results show that NiO is present as small
particles in the range of 5-7 nm in all catalysts, the NiO/
Ce0,-Al,0; being the one which presented the biggest crystal-
lite sizes. For the catalysts promoted with ceria, the NiO/CeO,-
Zr0O,-Al,0O; catalyst showed the smallest crystallite size related
to CeO, (4.1nm). The addition of ZrO, to CeO, caused a
decrease in the crystallite size. According to the literature, the
use of ZrO, improves the thermal stability of CeO,, avoiding the
sintering process.'**°

The H,-TPR reduction profiles of NiO/y-Al,03, NiO/CeO,-
Al,O;  NiO/CeO,-ZrO,-Al,0; and NiO/CeO,-La,0;-Al,03
samples are shown in Fig. 2. By comparing these results with
data in the literature, the peaks at low reduction temperatures
(approximately at 227 °C to 420 °C) can be attributed to the
reduction of free nickel oxides that interact weakly with the
support. Such peaks can be seen in the profiles for NiO/y-Al,O3
and NiO/CeO,-Al,0;3. A small shoulder may represent reduc-
tion of this species in NiO/CeO,-ZrO,-Al,0; and NiO/CeO,—
La,03-Al,0;. All the catalysts, except NiO/CeO,-Al,0;, show the
largest reduction peak for NiO species around 600 °C, implying
that these species interact moderately with the support. In the
NiO/Ce0O,-Al,O; catalyst, that peak is shifted to about 570 °C,
indicating that these species are reduced more readily than in
other catalysts. The reduction peaks above 800 °C correspond to

Table 1 Average elemental composition of catalysts obtained by EDS, specific surface area of catalysts estimated by the BET method and apparent crystallite size

(Dnio and Dceo,)

Catalysts Ni (Wt%) Ce (Wt%) Zr (Wt%) La (wt%) BET surface area/m” ge,; ' Dyjo/nm Dceo,/nm
NiO/y-ALO, 17.89 — — — 195.9 5.3 —
NiO/Ce0,-AL0;, 17.07 8.04 — — 136.0 6.6 7.6
NiO/Ce0,-Zr0,-Al,04 13.81 4.65 7.55 — 129.8 5.1 4.1
NiO/CeO,-La,05-Al,04 16.92 4.25 — 3.24 103.7 4.6 6.2

Zcat = gram of catalyst.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 H,-TPR profiles of catalysts. (A) NiO/y-Al,03, (B) NiO/CeO,-Al,03, (C) NiO/CeO,-ZrO,-Al,03 and (D) NiO/CeO,-La,03-Al,0s.

the formation of nickel aluminate, evidently in strong inter-
action with the support. It is interesting to observe that the
NiO/Ce0,-Al,0; catalyst has a large fraction of NiO that inter-
acts more weakly, producing a peak at 327 to 527 °C.*!

In the H,-TPR studies, a CuO standard was used to calibrate
the degree reduction of Ni*". The amount of reduced Ni*" was
calculated by integrating the reduction peaks in the H,-TPR
profiles and expressed as a percentage of the consumption
needed to reduce all the Ni*" in the catalysts, based on the
elemental contents of Ni determined by EDS. Since reduction of
ceria also occurs, values of H, consumption by the Ni catalysts
containing Ce were adjusted by subtracting the consumption of
the CeO,-Al,0; support. This support was subjected to H,-TPR
and generated peaks at 400-600 °C related to the reduction of
ceria on the surface, and at 800-900 °C, related to reduction
of bulk ceria (Fig. 6). Table 2 presents the percent reduction of
Ni** calculated for the four catalysts. The NiO/CeO,-ZrO,-Al,0;
catalyst presented the highest reduction (100%), indicating that
all the Ni was reduced to Ni°, while the percent reduction of Ni
in the catalysts NiO/CeO,-Al,0; and NiO/CeO,-La,0;-Al,0;
was slightly smaller than in the non-promoted catalyst. The higher
hydrogen consumption observed for the sample Ni/CeO,~ZrO,-
Al,O5; compared to NiO/CeO,-Al,O; is attributed to the addition
of zirconium in the crystalline lattice of ceria, which helps its
reducibility. Zirconium oxide promotes the formation of vacancies

Table 2 Hydrogen consumed by the catalysts during TPR

Theoretical H, Actual H,

consumption  consumed Degree of
Catalysts (107> mol) (107°> mol)  reduction (%)
NiO/y-Al,O3 9.14 7.85 86
NiO/Ce0,-Al, 05 8.72 6.75 77
NiO/CeO,-Zr0,-Al,O;  7.06 7.04 100
NiO/CeO,-La,0;-ALO;  8.65 6.71 78

638 | Catal. Sci. Technol, 2013, 3, 635-643

in the cerium oxide’s crystal lattice, which facilitate oxygen
removal in the catalytic surface, thus increasing the consump-
tion of H,.20"2?

Fig. 3 shows the H,-TPD profiles of the catalysts. Different
peaks can be observed in the H,-TPD profiles and that there are
sites with different adsorption forces. Promoters shift the peaks
to higher or lower temperatures, that is, they cause stronger or
weaker H, chemisorption. These shifts may be attributed
to electronic changes due to the formation of alloys, since
hydrogen adsorption and desorption are not sensitive to parti-
cle size.?® The desorption profile of the NiO/CeO,-Zr0,-Al,O;
catalyst is different from other catalysts. These differences can
be attributed to the influence of zirconium on the interaction of
hydrogen with the nickel surface.'® The catalyst NiO/CeO,~-Al,O;
presented a peak shift to higher temperatures, indicating
stronger sites relative to the other ones. Also it has the largest area
under the peaks, indicating a highest amount of adsorbed sites.

Table 3 shows the metal surface area and percent dispersion
of the catalysts not containing Zr. According to the literature,>*
it is not correct to estimate the metal area of catalysts containing
Zr by this technique, as the amounts of H, chemisorbed on the
surface of zirconia are readily dissolved in it as the temperature
rises.

The NiO/CeO,-La,03-Al,0; catalyst has a smaller metal
surface area than NiO/y-Al,Os. This decrease might be due to
the aggregation of nickel into larger particles after reduction,
facilitated by ceria-lanthanum-alumina interaction with the
metallic sites. The NiO/CeO,-Al,O; catalyst showed the largest
specific metal area, and the ceria—alumina interaction favors
the nickel smaller crystals growth. Addition of lanthanum in
the NiO/Ce0,-Al,0; catalyst causes a decrease in the dispersion.
This behavior was also noted by Navarro et al.'> and Araujo
et al.,”® who observed decreases in values of Pt dispersion with
the addition of La,O; to the supports of Al,0;. According to the
authors, this decrease is attributed to the coating of metallic

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 H,-TPD profiles of catalysts.

Table 3 Metal surface area and dispersion estimated by TPD

Catalysts Metallic area/m? g, * Dispersion (%)
NiO/y-Al, 0, 13.8 2.8
NiO/CeO,-Al, 0, 15.1 2.6
NiO/Ce0,-La,05-Al,0; 10.2 2.1

particles by lanthanum oxide. Thus, in the present work, the
decrease in metal dispersion displayed for the sample pro-
moted with CeO, and La,0O; could be associated to the covering
of the support by Ni.

Fig. 4 shows the total methane conversion results in the
methane oxidative reforming tests. It can be seen that above
500 °C, the unpromoted catalyst produced the lowest total
conversion and higher rates of conversion are achieved with
the promoters. It has been reported that the addition of ZrO, to

1004 Equilibrium conversion
1—@—NiO/ALO,

90 -0 Ni0/Ce0,-ALO,
1 NiO/CeOZ-ZrOZ-Al:O3

801 _a- NiO/CeO,-La,0,-ALO,
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Fig. 4 Methane conversion during oxidative reforming.
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CeO, leads to improvement in its oxygen storage capacity, redox
properties, thermal resistance and catalytic activity at low
temperatures.”® Cerium and cerium-zirconium oxides have
important roles in maintaining the catalytic bed free of carbon,
due to their redox properties. La,O; also has the property of
removing carbon from the catalyst surface, and stabilizing the
support.

The NiO/CeO,-Al,0; catalyst showed the greatest catalytic
activity below 500 °C. At low temperatures there is a sharp fall
in conversion. This may be due to the oxidation of metallic
nickel. Above 500 °C, methane conversion increase greatly with
rising temperature, especially on the NiO/CeO,-Al,O; and NiO/
Ce0,-La,05-Al,0; catalysts, and, above 600 °C, the conversion on
those catalysts reaches the equilibrium conversion (almost 100%).

Fig. 5 presents the effluent composition for nickel catalysts
supported by Al,O3, CeO,-Al, 03, CeO,-La,0;-Al,0; and CeO,-
ZrO,- Al,O; for the oxidative reforming reaction. By analyzing
Fig. 5, it can be observed that H, production is favorable at high
temperatures for all catalysts. Below 500 °C, there is discrete H,
production, and above 500 °C the H, molar fraction increases
drastically. It can be noted that the mole fraction of carbon
dioxide is higher than that of carbon monoxide. The largest
amount of carbon dioxide is due to the excess of water used in
the reaction, which favored the shift reaction positively
(eqn (2)). It is important to note that above 500 °C the amount
of oxygen is practically zero, indicating that the combustion of
methane occurs. It is possible to observe that the addition of
ceria and zirconia in the NiO/Al,O; catalysts favors the catalytic
properties and specially the ratio H,/CO. For H, production
applications, the ceria and zirconia addition is favorable in
oxidative reforming reactions.

Fig. 6 shows the temperature profile of methane conversion
on catalysts during methane steam reforming (SRM). Once
again, a large increase in conversion with temperature can be

Catal. Sci. Technol, 2013, 3, 635-643 | 639
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Fig. 6 Methane conversion during steam reforming.

observed; however, the rise is more gradual than in the profile
of NiO/Ce0O,-Al,0; and NiO/CeO,-La,0;-Al,0; activity during

640 | Catal. Sci. Technol, 2013, 3, 635-643

methane oxidative reforming. It should be noted that the
performance of the ZrO,-promoted catalyst is better in SRM
than in oxidative reforming, indicating that Zr is a more
effective promoter in steam reforming of methane.

The outlet effluent composition from the catalytic reactor in
terms of mole fractions of the steam reforming reaction is
illustrated in Fig. 7. In the steam reforming reaction, the
methane content decreases whereas the contents of CO, H,
and CO, increase with increasing temperature. It is known that
under these conditions, the reactions of steam reforming
(eqn (1)) and water-gas shift (eqn (2)) are present in the process.
Moreover, carbon dioxide formation is more thermodynamically
favored than carbon monoxide’s at 350-650 °C because the
excess of water in the feed (4 moles of H,O to 1 mol CH,) and
the interval of temperatures in which the experiments were
performed. This is important because it decreases the concen-
tration of carbon monoxide in the product, since this gas
causes deactivation by poisoning in the electro-catalyst in low
temperature fuel cells (PEM fuel cells). It is also observed that
there is a decrease in water intake with increasing temperature,

This journal is © The Royal Society of Chemistry 2013
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Table 4 H,/CO ratio in products of SR and ATR on supported Ni catalysts

View Article Online

NiO/y-AlL O, NiO/Ce0,-Al,0; NiO/Ce0,-Zr0,-Al,0; NiO/Ce0,-La,0;-Al,0;
Temperature/°C  H,/CO (SR)  H,/CO (ATR)  H,/CO (SR)  H,/CO (ATR)  H,/CO (SR)  H,/CO (ATR)  H,/CO (SR)  H,/CO (ATR)
700 6.8 4.8 7.8 4.8 5.6 6.0 6.1 5.5
650 8.7 6.1 10.2 6.6 7.8 8.1 7.4 7.3
600 13.4 9.2 14.2 8.4 11.1 13.4 11.3 8.5
550 28.7 11.0 29.2 12.6 26.4 24.0 22.5 13.8

as the shift reaction is exothermic. Therefore, the reaction is
favored at higher temperatures.

This phenomenon is most visible in Fig. 6, which shows the
conversion of methane to carbon monoxide and carbon dioxide.
It can be observed that at low temperatures, almost all the
carbon monoxide is converted to carbon dioxide, from which
the carbon monoxide is only detected at temperatures starting
at 500 °C and above, because when the shift reaction approxi-
mates to the thermodynamic equilibrium, the conversion tends
to fall with increasing temperature, due the reaction being
slightly exothermic. This approach to the equilibrium means
that, at these temperatures, the rate of increase of conversion
with temperature begins to decrease.

By analyzing the H,-TPR of the Al,O; promoted with Ce
(Fig. 8), it can be seen that the reduction of that metal starts at
temperatures close to 400 °C, with reduction of surface ceria.
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At higher temperatures, bulk ceria, in which the particles are
larger, is reduced and the Ce is ready to act as an oxygen
storage agent.

This effect is consistent with the sudden increase in the
activity of NiO/CeO,-Al,0; and NiO/CeO,-La,0;-Al,0; catalysts
during methane oxidative reforming above 500 °C. However,
during steam reforming, since the atmosphere is more reducing,
the oxygen storage effect may be ignored, and the metal surface
area of the catalyst becomes the reaction limiting factor. This
suggestion that the reaction is limited by the metal area would
also explain the pattern of methane conversion results at tem-
peratures below 500 °C during methane oxidative reforming.

H,/CO ratios in the reformatted gases are summarized in
Table 4. It may be noted that the H,/CO ratio is lower for the
oxidative reforming than steam reforming of methane, at most
temperatures and on all catalysts except NiO/CeO,-ZrO,-Al,0;.
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Table 5 Carbon deposition on nickel catalysts in the steam reforming deter-
mined by thermogravimetry

Catalysts 2C Gear
NiO/y-ALO, 5.98
NiO/Ce0,-Al,03 1.43
NiO/CeO,-Zr0,-ALO, 2.31
NiO/CeO,-La,05-Al,0, 2.37

This shows that H, is formed in greater amounts in steam
reforming than in the oxidative reforming of methane. It is also
important to note that the use of excess of water promotes
the WGS reaction, contributing to the formation of carbon
dioxide. The reason for the decrease in H,/CO with increasing
temperature is that the shift reaction is less formed at high
temperatures.

TPO profiles of the catalysts after the SRM are shown in
Fig. 9. Below 200 °C, the mass loss can be ascribed to the liquid
retained in the used catalyst, chiefly water. From around 200 to
600 °C, the mass gain reflects the re-oxidation of the metallic Ni
still present in the sample. Above 600 °C, the mass losses refer
to the removal of coke by gasification. These mass are small
and the total mass of C deposited did not exceed 1% in any
reaction. The samples presented low carbon content, which can
be attributed to excess water in the feed flow, preventing the
deposition of carbon. Coke formation results are presented in
Table 5. The amount of coke produced decreases in the
following order: NiO/Al,O3 > NiO/CeO,-La,03-Al,0; > NiO/CeO,—
ZrO,-Al,03 > NiO/CeO,-Al,O; catalysts. Ceria-based catalysts
disfavor the carbon deposition, and these results may be related
to reducibility and oxygen transfer capacity of CeO,-Al,O;,
Ce0,-Zr0,-Al,0; and CeO,-La,0;-Al,0; systems, hindering the
carbon formation by gasification of carbon deposits. The presence
of La,0; affects the ability of the catalyst to remove the carbon
deposits, probably by activation of H,O that produces oxygen
species that are transferred to carbon. The NiO/CeO,-Al,0;
catalyst presents the lowest carbon deposition compared to the
other catalysts, and this fact may be attributed to the elevated
amount of ceria.*>?” >

Conclusions

It can be seen that promoted catalysts showed better catalytic
activities than the unpromoted ones in the oxidative reforming
measurements performed at temperatures higher than 500 °C.
The lanthanum oxide may contribute to the stabilization of the
support. Zirconia enhances the redox property of ceria, helping
to improve the catalytic activity in steam reforming. These
effects are more evident at high temperatures, at which cerium
oxide goes through an oxidation state change. Below 500 °C, the
catalytic activity may be more related to the metal surface area.
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