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ABSTRACT
Alumina and zirconia, as well as a zirconium and aluminum-containing solid, were
compared as supports for nickel-based catalysts to produce hydrogen by steam reforming
and autothermal reforming of methane. Samples were prepared by precipitating
aluminum and zirconium compounds, followed by the impregnation of the supports with
nickel nitrate (15 %) and characterized by FTIR, TG and DTA, XRD, TPR and specific
surface area and porosity measurements. The catalysts were evaluated in steam reforming
and autothermal reforming of methane in the range of 450-750°C. Zirconia-supported
nickel showed the monoclinic and tetragonal phases while alumina-supported nickel
showed the gamma phase; the aluminum and zirconium-containing solid showed the
tetragonal phase and gamma-alumina, indicating that alumina stabilized tetragonal
zirconia. Nickel oxide (NiO) was found in all solids. All catalysts were active in both
steam reforming and authothermal reforming and the conversion increased with
temperature. For both reactions, alumina and zirconia produced catalysts with similar
activities and selectivities to hydrogen, the mixed catalyst showed the lowest values.
These findings were related to the ability of zirconia of favoring the reduction of nickel
particles while alumina is responsible for the high specific surface area, both related to
the increase of nickel active sites. Also, zirconia led to catalysts more active to water gas
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shift reaction than alumina. The H2/CO ratio can be adjusted by the kind of the support
and the reaction temperature.

INTRODUCTION
Hydrogen is expected to become an important source of energy in the future, mainly due
to its potential use in fuel cells [1, 2], besides the possibility of being burned directly in an
internal combustion engine [3]. In addition, it is largely used in chemical, petrochemical and
food industries, as well as in electronics and in oil refining, among other applications. In
chemical and petrochemical industries, it is widely used for the production of ammonia,
hydrogen peroxide, alcohols and others [4]. In refineries, the most application is concerning
to hydrodesulphurization [5], while in food industry it is especially used in hydrogenation of
fats and oils [6]. Also, in steel and electronics industries it is used in the manufacture of
electronic devices [7].
Currently, steam reforming of natural gas is by far the most important route for producing
hydrogen worldwide, while partial oxidation, autothermal reforming and dry reforming have
also been considered [8-13]. All these processes are also attractive for the generation of
synthesis gas (syngas) with different carbon monoxide to hydrogen ratios, used for different
purposes [8]. The reforming with carbon dioxide also called dry reforming, for instance,
produces syngas with a ratio H2/CO of one, which is particularly suitable for Fisher-Tropsch
reaction [14]. This process has attracted an increasing interest in last years because it
consumes carbon dioxide and methane, two greenhouse gases. On the other hand, partial
oxidation is an exothermic process in which hydrocarbons are converted to synthesis gas with
H2/CO ratio of two, through the incomplete combustion by oxygen [15]. It has the
disadvantage of requiring an external source of oxygen. Steam reforming, in turn, is adequate
to produce a H2/CO ratio of three, while the ratio can be adjusted by changing the process
condition for autothermal reforming [16]. This process combines partial oxidation with steam
reforming and thus decreases the energy expenditure, since the heat required for the second
reaction is provided by the first one. This process, as the partial oxidation, has the
disadvantage of requiring a source of oxygen, which increases the operational costs [9]. As a
whole, the most widely used catalysts for all reforming processes are based on nickel, which
have low cost and are sufficiently active, as compared to noble metals, although they show
the disadvantage of coke formation [10, 17-20].
Other processes for hydrogen production include pyrolysis and plasma reforming of
hydrocarbons as well as ammonia reforming. The pyrolysis of organic materials can be
performed in the absence of water or oxygen, which prevents the formation of carbon
monoxide and dioxide, avoiding subsequent steps such as the water gas shift reaction; in
addition, the process produces valuable clean carbon [21]. In plasma reforming, the reactions
involved are the same as those of conventional reforming, being the energy provided
artificially by a plasma [22]. The ammonia reforming was originally proposed for fuel cell
applications [23]. Several catalysts have been used in this process like iron oxide,
molybdenum, ruthenium and nickel [9, 23]. Other routes for producing hydrogen are derived
from different treatments of biomass, such as gasification, conversion to liquid fuels by
supercritical fluid extraction, liquefaction, hydrolysis and others. Hydrogen can also be
produced by electrolysis of water [9].
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Among these processes, the steam reforming of methane is the most economical and used
route to produce hydrogen, this process has been optimized for several decades [17, 24,
25]. The main reactions are the conversion of methane into carbon monoxide and hydrogen
(Eq. 1) and the water gas shift reaction, WGSR (Eq.2) [ 10, 11, 19, 20, 26].
(1)
(2)
The steam reforming reaction (Eq. 1) is highly endothermic, being favored by low
pressures and high temperatures. However, the industrial process is operated at high pressures
and temperatures (800 °C and 30 bar), in order to achieve rates for economical
purposes. From the stoichiometry, one water molecule is consumed per carbon atom but, in
commercial operations, the catalysts tend to favor reactions that produce coke and then
H2O/CH4 molar ratios in the range of 2.5 to 3.0 are often used [17]. For modern plants
operating at high temperatures and low steam/gas ratios, efficiencies around of 94 % of the
calculated value are achieved, indicating that the existing technology for producing hydrogen
by steam reforming of methane has evolved significantly, resulting in a more efficient process
with reduced operating costs [24].
The commercial catalyst, traditionally used in steam reforming of natural gas, is based on
nickel (12 to 20 %) supported on a refractory material such as alpha alumina containing
alkaline promoters, like potassium or calcium, which decrease coke deposition and improve
the stability of the catalyst [9, 17, 19, 20]. Noble metals such as iridium, platinum, palladium,
rhodium and ruthenium, which are less affected by coke deposition, have also been used [10,
25, 26]. Because of the severity of the process, the support should be mechanically and
thermally resistant, with specific surface area high enough to promote a high metal
dispersion; also, it should not be able to catalyze secondary reactions, especially those
forming coke [25]. Several supports used in steam reforming of methane have been proposed
such as alumina, silica, magnesia, zirconia, titania, ceria, hafnia, thoria, lanthana and tantalum
oxide, as well as strontium, barium and calcium oxide, silicon carbide, barium phosphate and
calcium aluminate [10, 11, 20, 25].
In recent years, there has been a growing interest for partial oxidation of methane (Eq. 3),
which is moderately exothermic [15, 18, 27, 28]. The reaction is often described by two
mechanisms, direct and indirect. The first case involves the initial formation of carbon
monoxide and hydrogen which desorb from the catalyst, before being converted to total
oxidation products (carbon dioxide and water). In the indirect synthesis, methane is
completely oxidized into carbon dioxide and water, which are then reformed to produce
syngas [29].

(3)
The partial oxidation of methane has some advantages compared to steam reforming,
such as the lower energy consumption due to exothermic reaction, allowing the use of the
heat generated in the process. Also, reactors with lower volume and weight can be used by
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providing flexibility regarding production scale, as well as a more rapid response to variations
of operating conditions [17, 29, 30]. A disadvantage of this process is the need for large
amounts of oxygen continuously, which requires investment in building a plant for the
generation of this product [17].
Several catalysts were evaluated in this reaction including the nickel-based ones, which
showed a strong tendency to sintering and carbon formation, thus requiring stabilization by
small amounts of calcium oxide, potassium or sodium bicarbonate. The catalysts based on
noble metals have also been investigated, showing higher activities than the nickel catalysts.
Among them, iridium, platinum, palladium, rhodium and ruthenium have showed the best
performances but show the disadvantage of high cost [28, 31].
In recent years, the combination of steam reforming and partial oxidation of
hydrocarbons has been proposed as an alternative route for hydrogen production, taking the
advantages of these two processes. This results in the autothermal reforming (Eq. 4), whose
main advantage is the exothermic and endothermic reactions that occur simultaneously,
minimizing the energy cost of the plant, without requiring an external source of heat for the
reactor [17, 31]. In this case, there is a thermal zone in which the heat generated in the
exothermic reaction of partial oxidation is used in steam reforming. The temperature profile
in the reactor is characterized by a marked increase in the thermal zone and then
progressively decreases the temperature in the area due to the endothermic reactions. To
properly operate the autothermal reforming process, there is a need to control the amount of
oxygen, methane and steam, with the aim of controlling the reaction temperature and the kind
of products obtained, as well as to prevent coke formation [9]. During operation, temperatures
can reach values as high as 2000 to 2200 oC, in the combustion zone and 1000 to 1200 oC, in
the catalytic zone. For fuel cell applications, a compact arrange has been proposed, in which
both the partial oxidation and the steam reforming occur simultaneously on the catalyst
bed. In other arrange, there are separate sections, in the first (combustion chamber) the noncatalytic partial oxidation occurs while in the second section the steam reforming occurs on a
catalytic bed [32].
(4)
Despite the autothermal reforming has been originally used to maximize the amount of
hydrogen in ammonia plants, it can be conveniently used for the production of synthesis gas
with high or low content of carbon monoxide [31]. It has been demonstrated [16], for
instance, that increasing the H2O/CH4 molar ratio the hydrogen production is increased, since
steam reforming reaction is favored while the increasing O2/CH4 molar ratio favors the
carbon monoxide formation, because the reaction oxidation is favored.
The catalysts used in autothermal reforming of methane are the same used in steam
reforming and partial oxidation of methane. Thus, catalysts based on nickel or cobalt,
supported on a refractory material such as alumina or magnesium aluminate promoted with
alkali or alkaline earth, are often used. Also, noble metals such as rhodium, ruthenium,
palladium, platinum and rhenium supported on alumina or on rare earth oxides, especially
cerium oxide, have been show good performances [12].
In a previous work [11], we have found that the addition of aluminum to zirconiasupported nickel is beneficial to the catalyst, increasing the activity in the partial oxidation of
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methane. In the present work, zirconia and alumina-based supports for nickel catalysts were
compared in the hydrogen production through steam reforming and autothermal reforming of
methane. The study aims to develop efficient catalysts to produce high pure hydrogen.

EXPERIMENTAL
Alumina, zirconia and aluminum and zirconium-containing solid (Al/Zr (molar)= 1) were
used as catalytic supports. For alumina preparation (Al sample), an aqueous solution of
aluminum nitrate (1 M, 250 mL) was added simultaneously with an aqueous solution of
ammonium hydroxide (8.2% v/v) to water, at room temperature. During reaction, the system
was kept under stirring and the final pH was 9. The sol was matured for 24 h and then
centrifuged at 2800 rpm, for 5 min. The gel obtained was washed with an aqueous solution 1
% v/v of ammonium hydroxide to remove nitrate ions and centrifuged again. The sample was
dried at 120 oC, for 24 h and calcined (10 °C.min-1) at 750 °C, for 2 h, under air flow (100
mL.min-1). In the preparation of zirconium oxide (Zr sample), an aqueous solution of
zirconium oxychloride (1 M, 250 mL) was added simultaneously with an aqueous solution of
ammonium hydroxide (8.2% v/v) to water. Then, the procedure followed the same steps
described for alumina preparation. The aluminum and zirconium-containing solid (AZ
sample) was prepared by the same method, by adding simultaneously aqueous solutions of
aluminum nitrate (1 M), zirconium oxychloride (1 M) and ammonium hydroxide (8.2% v/v)
to water.
The catalysts were prepared by impregnating the supports with nickel nitrate solutions in
order to obtain 15 % of the metal. The support was dispersed in a nickel nitrate solution (1.4
mL of water/g of support) and stirred at 80 oC, for 2 h. The solid was then dried at 120 ºC, for
24 h and calcined (10 oC.min-1) at 750 ºC, for 2 h, under a flow of 100 mL. min-1.
The precursors of the supports were characterized by thermogravimetry, differential
thermal analysis and Fourier transform infrared spectroscopy. The supports and catalysts were
characterized by X-ray diffraction, specific surface area and porosity measurements, Fourier
transform infrared spectroscopy and temperature programmed reduction.
The experiments of thermogravimetry (TG) and differential thermal analysis (DTA) were
performed on the support precursors, in order to follow the metallic oxide production and its
stability. The sample (0.005 g) was heated (10 oC.min-1) in a TGA/SDTA 851 Mettler Toledo
equipment, under flowing air (50 mL.min-1) in the range of 25 to 1000 °C. The presence of
nitrate species in solids was followed by Fourier transform infrared spectroscopy (FTIR),
which was carried out in a Perkin Elmer spectrometer model Spectrum One, in the range of
500-4000 cm-1, using discs of the samples dispersed in potassium bromide.
The X-ray diffractograms were obtained in a Shimadzu model XRD-6000 equipment,
operating with a CuKα (λ= 1.5420 Ǻ) radiation in the 2θ range between 10 and 80 degrees,
with a scan rate of 2o. min-1. The specific surface area measurements were performed in an
ASAP 2020 Micromeritics apparatus. Before analysis, the sample (approximately 0.3 g) was
evacuated (10 μmHg), for 30 min and heated at 200 oC, for 60 min, under nitrogen flow. To
calculate the specific surface area and porosity, the methods of Brunauer-Emmett-Teller
(BET) and of Barrett-Joyner-Halenda (BJH) were used, respectively.
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The experiments of temperature programmed reduction were performed in a
Micromeritics apparatus model TPD/TPR 2900. The sample (0.3 g) was previously heated
(10 oC.min-1) up to 160 °C, under nitrogen flow, for 30 min. The sample was cooled to room
temperature and analyzed using a mixture of 5 % H2/N2, by heating the reactor up to 1000 °C
at a rate of 10 oC.min-1.
The catalysts were evaluated in steam reforming and in autothermal reforming of
methane. The steam reforming was performed in a fixed bed reactor, using 0.1 g of sample, at
1 atm and temperatures ranging from 450 to 750 oC, under a flow of methane (20 mL.min-1)
and steam (7.1 g.h-1). Before reaction, the solids were reduced in situ at 700 °C, under
hydrogen flow (30 mL.min-1), for 2 h. The reaction products were analyzed online in a Varian
model GC-3800 gas chromatograph equipped with two thermal conductivity detectors and
Porapaq Q and molecular sieve 13X separation packed columns.
The same experimental set was used for evaluating the catalysts in autothermal
reforming, at different temperatures ranging from 450 to 750 oC and 1 atm, under methane
(20 mL.min-1), air (47 mL.min-1) and steam (3.9 g.h-1) flow. Before reaction, the samples
were reduced in situ at 700 °C, under hydrogen flow (30 mL.min-1), for 90 min. The reaction
products were analyzed online as above described.

RESULTS AND DISCUSSION
Figure 1 shows the thermogravimetry (TG) and derivative thermogravimetry (DTG)
curves for the support precursors. For aluminum-containing solids (Al and AZ samples), three
stages of weight loss were noted while zirconium-based solid (Zr sample) showed two steps.
For all cases the first weight loss, in the range of 25 to 120 °C (centered at around 95 °C), is
associated with the removal of water and volatiles adsorbed on the solid [10, 33]. This
process is endothermic, as shown by the DTA curves, displayed in Figure 2.

Figure 1. Curves of (a) thermogravimetry and (b) derivative thermogravimetry of support precursors
(P). Al sample: aluminum oxide. Zr sample: zirconium oxide. AZ sample: aluminum and zirconiumbased solid (Al/Zr (molar) = 1).
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For aluminum-based solids (Al and AZ samples), the second weight loss from 120 to 300
°C, associated with an endothermic peak in DTA curve, is related to dehydroxylation of
aluminum hydroxide, producing boehmite and bayerite, which is followed by loss of water
and of residual nitrate species from the precursor salt [10, 33]. The third weight loss above
300 °C, related to a broad exothermic peak in DTA curve, can be attributed to the formation
of different types of transition alumina such as γ-alumina, which is formed at 450 oC and δalumina, produced at around 900 °C [10, 34].

Figure 2. DTA curves of the support precursors (P). Al sample: aluminum oxide. Zr sample: zirconium
oxide. AZ sample: aluminum and zirconium-based solid (Al/Zr (molar) = 1.

For zirconium-based sample (Zr), the second loss in the range of 120 to 475 °C is
associated with formation of zirconium oxide [35]. In DTA curve, an exothermic peak
centered at 440 ° C is related to the production of zirconium oxide, while the other peak at
temperatures higher than 700 oC can be ascribed to the transition from monoclinic to
tetragonal phase [36].
For all samples, a total weight loss of 23 to 48 % was noted, which decreased with
increasing amount of zirconium, since that less water was lost. Thus, the solid containing only
aluminum showed the largest weight loss (47.7 %) followed by aluminum and zirconiumbased solid (30.7 %) and the sample containing only zirconium (23.5 %).
FTIR spectra of precursors and supports (not shown) displayed a broad band above 3000
-1
cm , related to vibrations of hydroxyl groups and a band at 1650 cm-1, associated to the
deformation vibration of water molecules adsorbed on the solids [37]. For the precursors, it
can be noted a band in 1380 cm-1, characteristic of nitrate and chloride species [37],
indicating that the rinsing of gel, during sample preparation, was insufficient to remove these
groups from the solids. For the spectra of the supports, these bands were not found for AZ
sample, indicating these species were removed during calcination. For the other cases, this
band was weaker, as compared to the precursors, indicating that these species were partially
removed from the solid, during calcination. Moreover, the spectra of aluminum-based support
precursors showed a band at 1050 cm-1 which can be attributed to deformation vibrations of
hydroxyl groups, characteristic of boehmite and a band at about 740 cm-1, typical of
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stretching vibration of Al-O bond, which can be associated to oxygen atoms in octahedral
coordination in boehmite [38].
Figure 3 shows the spectra for precursors and catalysts. Also, the absorptions at 1640 and
above 3000 cm-1, related to deformation and stretching vibrations of water molecules,
respectively and a band at 1380 cm-1 characteristic of nitrate species [37], appear weaker for
the catalysts, as compared to the precursors, indicating that a small amount of these species
remains in the catalysts.
The X-ray diffraction of supports and catalysts are shown in Figure 4. Pure zirconia (Zr
sample) shows a profile typical of monoclinic and tetragonal phases, in agreement with
previous studies [11, 39]. On the other hand, the diffractogram of alumina (Al sample)
showed peaks related to -alumina. It was found that aluminum stabilized the tetragonal phase
of zirconia, since the AZ sample showed no peak related to monoclinic phase, in accordance
with previous work [11]. Also, -alumina was found in this sample.

Figure 3. FTIR spectra of (a) precursors and of (b) catalysts. NAl and NZr samples: nickel on alumina
and on zirconia, respectively. NAZ sample: nickel aluminum and zirconium sample (Al/Zr = 1).

For the zirconium-based catalyst (NZr sample), tetragonal and monoclinic phases were
found, while for aluminum-based catalyst (NAl sample) -Al2O3 was detected. In the case of
aluminum and zirconium sample (NAZ), tetragonal zirconia and -Al2O3 were found. For
both cases, it was not possible to detect nickel aluminate because of the coincidence of the
peaks of this phase with the peaks of -Al2O3. Nickel oxide (NiO) was found for all catalysts.
The values of specific surface areas of supports and catalysts are shown in Table
1. Alumina (Al sample) showed the highest value while zirconia showed the lowest one, the
zirconium and aluminum-based solid showed a value close to zirconia. After nickel
impregnation and calcination, the specific surface area decreased, possibly due to the
blockage of pores by nickel compounds.
The nitrogen adsorption isotherms of the supports are shown in Figure 5. Aluminumbased samples (A and AZ1 samples) showed a Type II isotherm with a hysteresis loop,
characteristic of macroporous materials with mesopores [40]. On the other hand, the curve of
the sample of zirconia showed the profile of the Type III isotherm with a narrow hysteresis
loop at high pressures, indicating the presence of some mesopores interparticles.
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Figure 4. X-ray diffraction patterns of (a) supports and (b) catalysts. A sample: alumina. Z sample:
zirconia. AZ sample: aluminum and zirconium-based solid (Al/Zr= 1). The letter N indicates the
presence of nickel. O= nickel oxide; M= monoclinic phase; T= tetragonal phase; γ=gama-alumina.

Table 1. Specific surface areas of supports and catalysts. Zr sample: zirconia. Al
sample: alumina. AZ sample: zirconium and aluminum-based solid (Al/Zr= 1). The
letter N indicates the presence of nickel
Sample
Sg (m2.g-1)

Al
178

AZ
99

Zr
91

NAl
129

NAZ
59

NZr
24

Figure 6 shows the TPR curves of catalysts. For the alumina-based sample (NAl) two
peaks were noted, a small one at 367 °C, related to reduction of nickel in weak interaction
with the support [41] and a broad peak above 650 ºC, associated to reduction of nickel in
strong interaction with the support, possibly as nickel aluminate, NiAl2O4, in accordance with
other works [40-42]. For zirconia-based catalyst (NZr), a broad peak from 320 to 600 oC was
detected, related to nickel reduction; it occurred at lower values, as compared to aluminabased sample, indicating that zirconium decreased the interaction of nickel with the support
and then makes its reduction easier. The aluminum and zirconium-based catalyst (NAZ
sample) showed a broad peak from 450 to 950 oC, related to nickel reduction, which occurred
at intermediate temperatures, as compared to the other samples. It means that this solid is
more reducible than alumina-supported nickel, probably due to a decrease of the production
of nickel aluminate.
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Figure 5. Nitrogen adsorption-desorption isotherms for (a) alumina (Al sample), (b) zirconia and
aluminum-based solid (AZ sample) and (c) zirconia (Zr sample).

Figure 6. TPR profiles of the catalysts. NAl sample: nickel on alumina. NZr sample: nickel on
zirconia. NAZ sample: nickel on aluminum and zirconium-based solid (Al/Zr (molar) = 1).

The methane conversion on the catalysts as a function of temperature, during steam
reforming, is shown in Figure 7. It can be seen that the conversion increased with temperature
for all catalysts. Zirconia-supported nickel and alumina-supported nickel showed similar
activities, the first one leading to higher values at higher temperatures. Zirconia-supported
nickel has the lowest specific surface area but is the most reducible sample; on the other hand,
alumina-supported nickel has the highest specific area and is the least reducible. They showed
similar conversions, suggesting that they produce a similar number of active sites, by
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compensating the specific surface area and the ability to produce metallic nickel, which is
supposed to be the active phase. On the other hand, the aluminum and zirconium-containing
sample has an intermediate specific surface area and reducibility; in this case, it seems that
the low specific surface area combined to low reducibility resulted in a decrease of active
sites and thus in the activity.

Figure 7. Methane conversion as a function of temperature in steam reforming over the catalysts. NAl
sample (): alumina-supported nickel. NZr sample (): zirconia-supported nickel. NAZ sample ():
nickel supported on aluminum and zirconium solid (Al/Zr (molar) = 1).

Figure 8. Hydrogen selectivity as a function of temperature in methane steam reforming over the
catalysts. NAl sample (): alumina-supported nickel. NZr sample (): zirconia-supported nickel. NAZ
sample (): nickel supported on aluminum and zirconium solid (Al/Zr (molar) = 1).
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The hydrogen selectivity as a function of temperature, during methane steam reforming
(Figure 8), showed the same tendency as the conversion, the aluminum and zirconium-based
catalyst showed the lowest selectivity. Moreover, the carbon monoxide selectivity as a
function of temperature displayed similar profiles, as shown in Figure 9, but aluminasupported nickel showed the highest selectivities while the other catalysts showed similar
values.

Figure 9. Carbon monoxide selectivity as a function of temperature in methane steam reforming over
the catalysts. NAl sample (): alumina-supported nickel. NZr sample (): zirconia-supported
nickel. NAZ sample (): nickel supported on aluminum and zirconium solid (Al/Zr (molar) = 1).

It means that alumina-based catalyst has the lowest activity to WGSR (Eq. 2), followed
by the zirconia-based solid and the aluminum and zirconium-containing sample. In fact, it can
be seen, in Figure 10, the same tendency for WGSR. It can be noted that all catalysts showed
100 % of selectivity to carbon dioxide at low temperatures (below 550 oC), resulting in no
carbon monoxide in the products. It indicates that all carbon monoxide produced reacted with
steam by WGSR to produce carbon dioxide and hydrogen. However, the temperature increase
causes a decrease in the activity of the catalysts towards WGSR, causing an increase of the
amount of carbon monoxide, as shown in Figure 9. It can also be seen, from Figure 10, that
the aluminum and zirconium-based catalyst is the most active in WGSR followed by zirconiasupported nickel and alumina-supported nickel. These results indicate that the addition of
zirconium to alumina-supported nickel decreased the activity for methane steam reforming
and favored the WGSR.
The values of H2/CO ratio as a function of temperature, during steam reforming of
methane on the catalysts, are shown in Figure 11. It can be noted that they decreased with
increasing temperature with no significant differences in these values at temperatures higher
than 650 °C. Below this temperature, the samples led to high values, which can be explained
by the enhancement of the WGSR at low temperatures; at values lower than 500 oC, no
carbon monoxide was detected because it was converted to hydrogen and carbon dioxide by
WGSR. From the results, one can conclude that the H2/CO ratio can be adjusted by the kind
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of the support and by the reaction temperature. Thus, high pure hydrogen can be obtained at
temperatures up to 550 oC, depending on the support.

Figure 10. Selectivity to carbon dioxide as a function of temperature in methane steam reforming over
the catalysts. NAl sample (): alumina-supported nickel. NZr sample (): zirconia-supported
nickel. NAZ sample (): nickel supported on an aluminum and zirconium-based solid (Al/Zr (molar) =
1).

Figure 11. Hydrogen to carbon monoxide molar ratio as a function of temperature in methane steam
reforming over the catalysts. NAl sample (): alumina-supported nickel. NZr sample (): zirconiasupported nickel. NAZ sample (): nickel supported on aluminum and zirconium-based solid (Al/Zr
(molar) = 1).

354 Maria do Carmo Rangel, Guillermo Paternina Berrocal, Cristhiane G. Maciel et al.

Figure 12. Methane conversion as a function of temperature in the autothermal reforming of methane
over the catalysts. NAl sample (): alumina-supported nickel. NZr sample (): zirconia-supported
nickel. NAZ sample (): nickel supported on aluminum and zirconium-based solid (Al/Zr (molar) = 1).
The percentage is missing: CH4 conversion (%).

Figure 13. Hydrogen selectivity as a function of temperature in autothermal reforming of methane on
the catalysts. NAl sample (): alumina-supported nickel. NZr sample (): zirconia-supported
nickel. NAZ sample (): nickel supported on aluminum and zirconium-based solid (Al/Zr (molar) = 1).

The catalysts showed similar performances for the autothermal reforming of methane, the
conversion increased with temperature. From Figure 12, one can see that the aluminum and
zirconium-containing catalyst was the least active while the others led to similar conversions
at temperatures higher than 550 oC; below this temperature, zirconia-supported nickel was the
least active catalyst. The curves of hydrogen selectivity (Figure 13), as well as those for
carbon monoxide selectivity (Figure 14), showed similar tendencies as the conversion. It can
be noted that the aluminum and zirconium-containing catalyst showed no carbon monoxide
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selectivity at temperatures lower than 600 oC; zirconia-supported nickel showed the same
behavior at temperatures lower than 500 oC, while alumina-supported nickel showed no
selectivity to carbon monoxide only at 450 oC. It means that they led to the complete
conversion of carbon monoxide produced in methane reforming to carbon dioxide and
hydrogen by WGSR. The curves of carbon dioxide (Figure 15) show that the aluminum and
zirconium-containing catalyst was the most active to WGSR, followed by the other catalysts
that showed similar activities.

Figure 14. Selectivity to carbon monoxide as a function of temperature in the autothermal reforming of
methane over the catalysts. NAl sample (): alumina-supported nickel. NZr sample (): zirconiasupported nickel. NAZ sample (): nickel supported on aluminum and zirconium-based solid (Al/Zr
(molar) = 1).

Figure 15. Selectivity to carbon dioxide as a function of temperature in autothermal reforming of
methane on the catalysts. NAl sample (): alumina-supported nickel. NZr sample (): zirconiasupported nickel. NAZ sample (): nickel supported on aluminum and zirconium-based solid (Al/Zr
(molar) = 1).
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Figure 16 shows the H2/CO molar ratio for the catalysts in autothermal reforming. It can
be noted that they decreased with the temperature increase; achieving values lower than six at
around 750 oC, this can be ascribed to the highest activity of the catalysts to WGSR at low
temperatures.
These results show that zirconia is a promising support to nickel-based catalysts to both
steam reforming and autothermal reforming of methane, leading to performances close to
alumina. The addition of high amounts of aluminum to zirconia (Al/Zr= 1) led to a decrease
of activity and of hydrogen selectivity but is useful to adjust the H2/CO ratio.

Figure 16. Hydrogen to carbon monoxide molar ratio as a function of temperature in autothermal
reforming of methane on the catalysts. NAl sample (): alumina-supported nickel. NZr sample ():
zirconia-supported nickel. NAZ sample (): nickel supported on aluminum and zirconium-based solid
(Al/Zr (molar) = 1).

CONCLUSION
Zirconia, alumina and aluminum and zirconium-based support (Al/Zr= 1) for nickelbased catalysts were compared, for both steam and autothermal reforming, in order to obtain
efficient catalysts to produce hydrogen. Zirconia-supported nickel showed the monoclinic and
tetragonal phases while alumina-supported nickel showed gamma-alumina structure; the
aluminum and zirconium-based solid showed the tetragonal phase of zirconia and gammaalumina, indicating that alumina stabilized the tetragonal phase. Nickel oxide (NiO) was
found for in all catalysts. The addition of nickel to the supports caused a decrease in specific
surface area, which was related to the pore blockage by the metal. Nickel was more reducible
on zirconia than on alumina and showed an intermediate behavior on the mixed support. All
catalysts were active in steam reforming and autothermal reforming of methane and the
conversion increased with temperature. For both reactions, zirconia-supported nickel and
alumina-supported nickel were the most active and selective to hydrogen, showing similar
performances while the aluminum and zirconium-containing catalyst showed the worst
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performance. These findings were related to the ability of zirconia in favoring the reduction
of nickel particles while alumina provided high specific surface area; it seems that the highest
specific surface area of alumina compensates the lower amounts of active sites produced in
this catalysts, as compared to zirconia-supported nickel, resulting in catalysts with similar
performances. The catalysts were also active in water gas shift reaction which occurred
mainly at lower temperatures; alumina-supported nickel was the least active while the
aluminum and zirconium-based catalyst was the most active. As whole, hydrogen selectivity
was higher for autothermal reaction than for steam reforming, but it depended on the kind of
support and on the reaction temperature. It can be concluded that zirconia is a promising
support for nickel-based catalysts to produce hydrogen by methane steam reforming or by
methane autothermal reforming. In addition, the H2/CO ratio can be adjusted by the addition
of alumina and by the reaction temperature.
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