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The effect of the MgO content on the basicity and on the catalytic performance of Ni/ZrO2–MgO catalysts
for carbon dioxide reforming of methane was studied. MgO addition to the zirconia support by co-precip-
itation (5% MgO) had several effects: stabilized the zirconia tetragonal phase by increasing its thermal
stability, increased the basicity of the support, and decreased the reducibility of Ni2+. The CO2 desorption
energy distribution functions calculated from the TPD-CO2 profiles were centred at activation energies
around 100–134 kJ mol�1. Besides the effect due to the modification of the zirconia properties by MgO
addition, the catalytic activity was also related to the reduction degree of nickel on Ni/ZrO2–MgO cata-
lysts, while the catalyst stability was related to the basic properties of the supports.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The transformation of light hydrocarbons is a challenge of prac-
tical and theoretical interest, particularly the efficient use of the
methane, the main component of the natural gas, is an important
objective due to the existence of large deposits and to the progres-
sive diminution of the traditional fuel source (petroleum). The
indirect conversion of methane into other compounds is usually
performed via syngas formation over metal catalysts. Syngas
(H2–CO mixture) is mainly produced by steam reforming of meth-
ane [1] by the following reaction:

CH4 þH2O! COþ 3H2 DH�25�C ¼ þ206 kJ mol�1 ð1Þ

Although steam reforming of methane is commercially applied
to produce syngas (a mixture of H2 and CO), lower ratios are
needed for oxo- and Fischer–Tropsch synthesis. The methane
reforming reaction with carbon dioxide, also known as dry reform-
ing (reaction (2)), constitutes an attractive alternative due to its
high selectivity towards carbon monoxide, useful in the long chain
hydrocarbon [2] and oxygenates derivatives synthesis [3]. Further-
more, this process is of great interest for environmental issues
since the reaction consumes two important greenhouse gases
(CH4 and CO2) to convert them into valuable feedstock and also
to increase the valorization of gas-field with high carbon dioxide
content.

CH4 þ CO2 ! 2COþ 2H2 DH�25�C ¼ þ247 kJ mol�1 ð2Þ
ll rights reserved.

co (A. Moreno).
One of the major problems of CH4–CO2 reforming is the high
thermodynamic potential to coke formation by the following two
reactions:

CH4 ! Cþ 2H2 DH�25�C ¼ þ75 kJ mol�1 ð3Þ
2CO! Cþ CO2 DH�25�C ¼ �173 kJ mol�1 ð4Þ

These reactions are favored at high and at low temperatures,
respectively. Thus, from the practical viewpoint, it is preferable
to operate CO2 reforming of methane at moderate temperatures,
which requires a catalyst that kinetically inhibits the carbon for-
mation under the conditions that are thermodynamically favorable
for carbon deposition.

Moreover, considering the dry reforming of methane is influ-
enced by the simultaneous occurrence of RWGS (Reverse of Water
Gas-Shift) reaction; indeed, it is frequently found that CH4 conver-
sion is lower than CO2 conversion, according with reaction (5):

COþH2O! CO2 þH2 DH�25�C ¼ �41 kJ mol�1 ð5Þ

Currently the commercial implementation of dry reforming is
hindered by the absence of suitable inexpensive catalysts that pro-
vide high activity, selectivity and stabilility. Numerous investiga-
tions on catalyst development for the dry reforming have been
reported [4–8]. Although noble metals have been successfully used
in terms of activity and selectivity [9,10], the cost and limited
availability have discouraged their industrial application.
Nickel-based catalysts have been employed as possible substitute
for noble metals, as they are relatively cheap and are known to
possess high activity [11–13]. However, studies have shown that
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nickel is more susceptible to coking and deactivation [2,14], there-
fore the search for suitable new catalysts is still a priority. In this
sense, one of the current trends in this field concerns the improve-
ment of the metal dispersion by using as catalyst solid precursors
containing active metals like hydrotalcites, perovskites and solid
solutions (NiO–MgO) [8,15,16]. Another line of research is the
study of bimetallic systems [17] and the addition of promoters (ba-
sic or redox oxides) [18–21]. It is known that the use of a basic sup-
port [5] favours CO2 adsorption and its dissociation, which
contributes to gasify the carbonaceous deposits and to decrease
the deactivation by coke formation. Nevertheless, it has been also
found that the addition of these basic oxides reduces not only
the formation of coke but also the rate of the reforming reaction
[22].

Zirconium oxide has been widely applied as catalytic support
for different reactions due to its high thermal stability and unique
chemical (redox and acid–base) properties [23,24]; on the other
hand, it has been reported that Ni/ZrO2 catalyst deactivates due
to coke formation and by sintering during dry reforming of meth-
ane. In order to increase catalyst stability, several research works
concerning zirconia-based catalysts modified with different oxides
(e.g., CaO, MgO, CeO2) have been reported [25–27]. An improved
nickel dispersion and enhanced interaction between CO2 and the
catalyst during the dry reforming of methane were observed when
magnesium is added as promoter [26]. The addition of CaO to the
zirconium oxide forms a solid solution, decreasing the reduction
temperature of supported nickel and reducing coke accumulation
during methane conversion [18].

The objective of the present work was to study the effect of the
MgO addition on the basicity and on the catalytic performance of
Ni/ZrO2 catalysts for the carbon dioxide reforming of methane.
The surface basicity of the supports and catalysts was studied by
temperature-programmed desorption of CO2 (CO2-TPD) and the
activation energy of desorption was calculated from the CO2-TPD
profiles. The reducibility of the supported Ni2+ was studied by tem-
perature-programmed reduction (TPR).
2. Experimental

2.1. Catalysts preparation

The catalysts were prepared by wet impregnation of an aque-
ous solution of Ni2+ onto zirconia supports containing variable
nominal MgO amounts (1–5 wt.%). ZrO2–MgO supports were pre-
pared by co-precipitation method at constant pH (pH 9–10) by
drop-wise addition of a mixed solution of the cations (Zr4+ and
Mg2+) to a concentrated ammonia aqueous solution (28 wt.%).
The oven-dried mixed hydroxides were pre-calcined at 500 �C
for 3 h in static air. This pre-calcination step was performed in or-
der to facilitate the solid state reaction between zirconium and
magnesium hydroxides and to avoid a possible redissolution of
MgO during the wet impregnation with Ni2+ solution. After
impregnation and drying at 100 �C, the solids were calcined in sta-
tic air for 3 h at 700 �C, with temperature linearly increased at a
rate of 5 �C min�1.
2.2. Catalysts characterization

The Ni2+ and Mg2+ contents of the calcined catalysts were deter-
mined by atomic absorption spectroscopy. Thermal stability of dif-
ferent catalysts was evaluated by thermogravimetric analysis
using a TGA 2950 thermo-analyser (TA Instruments) from 25 �C
to 950 �C in air flow (10 �C min�1, 100 mL min�1). Specific surface
areas of the different solids were determined by N2 adsorption at
�196 �C in an ASAP 2000 system (Micromeritics), and applying
the BET model. Prior to the analyses the solids were outgassed
for 24 h at 120 �C under vacuum.

X-ray diffraction was used to determine the crystal structure of
the solids. Samples in the powder form were analyzed in a Kristal-
loflex D-5000 (Siemens) difractometer (Cu Ka radiation, k = 1.5418
Å, 40 kV, 30 mA) at a scanning rate of 0.03� 2h every 5 s.

XPS analysis of the solids was performed with an SSI X-Probe
(SSX-100/206) photoelectron spectrometer equipped with a
monochromatized microfocus Al X-ray source. The sample pow-
der pressed in a small stainless steel troughs of 4 mm diameter
were placed on an aluminum carousel. Zr 3d, Mg 2s, Ni 2p, O 1s
and C 1s signals were measured. The binding energy (BE) refer-
ence was taken at the C 1s peak from carbon contamination of
the samples at 284.8 eV. The atomic concentration ratios were
calculated from the peak areas normalized on the basis of acqui-
sition parameters and sensitivity factors provided by the
manufacturer.

The reducibility of the calcined catalysts (NiOx/ZrO2–MgO) was
studied by temperature-programmed reduction (TPR) in a chemi-
sorption unit (AutoChem 2910, Micromeritics). The samples
(50 mg) were treated at 500 �C in He flow, and after cooling to
25 �C, a TPR was run under a 5% H2/Ar gas mixture from 25 to
900 �C (10 �C min�1, 50 mL min�1). The consumption of hydrogen
was monitored on-line with a thermal conductivity detector.

The supports and catalysts basic surface properties were deter-
mined by temperature-programmed desorption of carbon dioxide
(TPD-CO2). The measurements were carried out in a quartz mi-
cro-reactor using He as carrier gas. Prior to the adsorption of
CO2, the samples (100 mg) were pre-treated at 500 �C for 1 h
(100 mL min�1) for cleaning the surface from moisture and other
adsorbed gases. In order to evaluate the basicity over reduced cat-
alysts, the Ni2+-containing solids were further treated with 5% H2

in Helium gas mixture (100 mL min�1) at 500 �C for 1.5 h. After
cooling at 50 �C the samples were saturated by passing a stream
of 5% CO2 in Helium (100 mL min�1) for 30 min, then the gas mix-
ture was changed to He to purge the gas line and to remove weakly
adsorbed CO2. After 1 h purge, temperature was raised at
10 �C min�1 from 50 �C to 700 �C under He flow (100 mL min�1).
Carbon dioxide desorbed from the sample was on-line monitored
with a quadrupole-type mass spectrometer (Thermo Onix, Pro-
Lab300). The desorption profiles presented here are the signal of
the m/z = 44, corresponding to CO2 species. The quantitative anal-
ysis of desorbed CO2 was done by integration of the area of the
desorption profile, which was calibrated using the CO2 produced
in the decomposition of MgCO3 (Merck). The distribution function
of the CO2 desorption activation energy from supports and cata-
lysts treated with mixture of CO2/He at 50 �C, was determined.
The algorithm employed in the calculation was a variation of the
stochastic method commonly used for the evaluation of the activa-
tion energies from TPD data, which described the TPD process as
the desorption of a series of surface complexes with different acti-
vation energies [28].

2.3. Catalytic activity measurements

The CO2 reforming of methane was carried out in a fixed-bed
quartz micro-reactor (11 mm i.d.) operated at atmospheric pres-
sure and 600 �C. The reaction temperature was controlled with
the aid of a thermocouple located externally to the catalyst bed.
Prior to the introduction of the feed (1 CH4 : 1 CO2 : 2 He; total flow
200 mL min�1), the catalysts (50 mg) were reduced at 500 �C for
1.5 h (10% H2 in He; 100 mL min�1). After removing the water pro-
duced during the reaction (via water–gas shift reaction) using silica
gel, the reaction products were analyzed on-line by gas chromatog-
raphy (Shimadzu GC-9A), with a thermal conductivity detector and
a 3 m Carbosieve S II packed column.
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Fig. 1. XRD patterns of the supports after calcination at 700 �C (a) ZrO2 and (b)
ZrO2–2.3% MgO.
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3. Results and discussion

3.1. Physico-chemical properties of supports and catalysts

The characterization results of the chemical analyses and spe-
cific surface areas of the supports and calcined catalysts (700 �C)
are presented in Table 1. The chemical analysis results indicate that
for all samples the nickel content was close to the nominal values
(10 wt.%) introduced during the impregnation step in the catalysts
preparation. Also from Table 1, it is observed that there is a corre-
lation between the MgO content obtained by chemical analysis and
the nominal MgO loading introduced during the co-precipitation.
However, it should be pointed out that the MgO contents differ
considerably from the expected values according to the synthesis
procedure. This indicates that nearly 60% of the Mg2+ did not pre-
cipitate upon addition of the mixed Zr4+–Mg2+ solution to the con-
centrated ammonia solution. This result is not surprising if one
considers the solubility product constant of the magnesium
hydroxide (Ksp = 5.61 � 10�12), which means that a pH higher than
10 is required for the quantitative precipitation of the Mg2+. In the
present work, ammonia was selected as precipitating agent in or-
der to avoid the risk of contamination of the precipitate with coun-
ter-ions usually present when other common precipitating
chemicals are used (i.e., NaOH). The synthesis procedure adopted
allowed us to get solids with variable MgO content, which was a
parameter studied in the present work.

From Table 1, it is also observed that at 500 �C the Mg2+-con-
taining supports showed a higher surface area than zirconium
oxide. However, this effect becomes less important when solids
are calcined at a higher temperature (i.e., 700 �C); the catalysts cal-
cined at 700 �C have a specific surface area around to 25 m2 g�1.

Two typical 2h peaks at 28.3� and 31.5� 2h ascribed to the
monoclinic zirconia phase are observed in the XRD profile for the
pure zirconia sample calcined at 700 �C (Fig. 1a), while for the sam-
ple modified with 2.3 wt.% MgO, the tetragonal zirconia phase (t-
ZrO2) is predominant (with main diffraction lines at 30.4� and
50.8� 2h). These X-ray diffraction results indicated that the addi-
tion of Mg2+ increased the thermal stability of the zirconia support.
Montoya et al. [25] suggested that MgO stabilizes the t-ZrO2 by
incorporating in the surface vacancies or covering the particles
and preventing the contact between the crystallites of (t-ZrO2)
avoiding the crystallite growth and the tetragonal to monoclinic
transformation. Stefanic et al. [29] attributed the tetragonal and
cubic stabilization at room temperature to the addition of different
oxides, viz. MgO, CaO, Sc2O3, Y2O3. The main effect, due to the for-
mation of a solid solution, is the decrease in the Zr coordination
number by the introduction of oxygen vacancies associated with
the lower charge of the guest cations.

3.2. Temperature-programmed reduction (TPR) of supported Ni2+

Fig. 2 shows the reduction profiles (TPR) of the calcined cata-
lysts with variable MgO content. Under the same experimental
Table 1
Chemical analysis and surface area results for supports and non-reduced calcined at 700 �

Supports Non-reduced c

Sample SBET (m2 g�1) Sample

Calcn. Temp. 500 �C 700 �C

ZrO2 72 37 NiO/ZrO2

ZrO2–1% MgO 91 29 NiO/ZrO2–1% M
ZrO2–3% MgO n.d. n.d. NiO/ZrO2–3% M
ZrO2–5% MgO 112 21 NiO/ZrO2–5% M

a Nominal 10 wt.% with respect to the reduced catalyst (Ni/ZrO2–MgO).
b Nominal values 0, 1, 3, 5 wt.%, with respect to the ZrO2–MgO support.
conditions, bulk NiO (Aldrich) showed a single symmetric peak
centred at 363 �C, which can be ascribed to the reduction of Ni2+

to nickel Ni�. When Ni2+ is supported over the zirconium oxide
(NiO/ZrO2) two reduction peaks at 430 and 570 �C were observed.
Consistent with this observation, for Ni/ZrO2 catalysts prepared by
impregnation (melt-salt method), Roh et al. observed a wide band
with maxima at 400 and 510 �C [30], while Montoya et al. observed
a single peak at 548 �C, for zirconia-based catalysts, in which the
Ni2+ was introduced by co-precipitation (via sol–gel method) [31].

Our results suggest the existence of two different NiO species
on the zirconia surface; the high temperature peak can be ascribed
to NiOx species strongly interacting with the ZrO2 surface (i.e.,
C.

atalysts calcined at 700 �C (NiO/ZrO2–MgO)

SBET Nia MgOb

(m2 g�1) (%) (%)

26 – 0.0
gO n.d. 9.4 0.4
gO 18 10.5 1.2
gO 23 10.1 2.3



Fig. 2. H2-TPR profiles for non-reduced catalysts Ni/ZrO2–MgO with increasing
MgO content (0–2.3% MgO).
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direct contact), while the low temperature peak would probably be
due to the reduction of NiOx species, which are not in direct contact
with the ZrO2 surface, accordingly, the reduction peak appeared at
lower temperature. It could not be ruled out that the two peaks ob-
served were related to NiO particles interacting with different sur-
face ambient on the zirconia support (i.e., steps, kinks, etc.);
however, our results did not could give evidence to proof this
hypothesis.

It could also be seen in Fig. 2 that reduction peaks shifted to
higher temperatures with increasing the MgO content, and they
become complex (wider peaks), suggesting an increasing Ni2+-sup-
port interaction, and probably providing evidence about the heter-
ogeneity of the catalysts surface. In addition, there is a low
reduction shoulder-like peak near 360 �C for both 0.4% and 2.3%
MgO samples, which could be ascribed to NiO crystallites;
although it is not clear why the solid with an intermediate magne-
sia content (i.e., 1.2% MgO) did not showed this peak, this observa-
tion further confirms the comment above concerning the
heterogeneity of the catalysts surface. The observed shift of the
reduction peak to higher temperatures could be ascribed to the
increasing number of interacting Ni2+–O–Mg2+ sites due to the pro-
gressive increasing of the MgO content in the support. It is well
known that for Ni/MgO catalysts (abundant Ni2+–O–Mg2+ sites),
the reduction of Ni2+ (i.e., NiO) occurs at relatively high tempera-
tures (ca 800–850 �C) [32].

3.3. XPS

The XPS was used to obtain further information about the sur-
face composition of ZrO2–MgO supports and NiO/ZrO2–MgO cata-
lysts by inspecting the spectral line shape and intensities of the
Zr3d, Mg2s, and Ni2p and O1s core-level electrons.

The Mg/Zr ratio for the supports increased with the Mg content
from 0.4 to 2.3 wt.% MgO (Table 2). For the calcined catalysts NiO/
ZrO2–MgO, the Mg/Zr ratio was about one order or magnitude
Table 2
Mg/Zr ratio obtained by XPS for zirconia –magnesia supports and calcined catalysts
(Mg2s and Zr3d).

Sample ZrO2–MgO NiO/ZrO2–MgO
%MgO Mg/Zr Mg/Zr

0.4 0.05 0.43
1.2 0.11 1.28
2.3 0.15 2.33
higher than that in supports (ZrO2–MgO), indicating that the NiO
presence enhances the Mg2+ surface concentration and suggest a
strong NiO–MgO interaction. To obtain information about struc-
tural differences for ZrO2–MgO supports, the XPS spectra in the
O1s binding energy (BE) was determined, (Fig. 3). Mixed oxides ex-
hibit two peaks: one at 529.8 eV corresponding to O2– lattice ions,
and the other at and 531 eV assigned to oxygen containing species
like hydroxyl and carbonate groups [33]. The presence of surface
carbonates is also confirmed by the C1s peak at ca. 289 eV. For pure
MgO support the O2� lattice peak component is not observed,
probably due to the higher content of the carbonate and/or hydro-
xyl species at the surface. Ardizzone et al. [34] found that the affin-
ity between the surface chemisorbed –OH and MgO is so strong
that a fraction of them remains even after a treatment at a temper-
ature as high as1200 �C.

The O1s spectra for NiO/ZrO2 and NiO/MgO catalysts are pre-
sented in Fig. 4. As in the case of the supports, two different oxygen
components are observed at 529.5 eV and 531.5 eV. The intensity
of O1s signal at 531.5 eV over NiO/MgO, associated with hydroxyl
and/or carbonate species at the surface, is much higher than that
over NiO/ZrO2, implying the higher basicity of oxygen surface on
(a)
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Fig. 4. O1s XPS spectra of (a) NiO/ZrO2 and (b) NiO/MgO.
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NiO/MgO than NiO/ZrO2. In addition, the complexity of O1s signal
on NiO/MgO surface relative to NiO/ZrO2, constitutes an evidence
of the strong interaction NiO/MgO (see TPR results).

3.4. Temperature-programmed desorption of CO2

3.4.1. TPD-CO2 profiles
Fig. 5 shows the CO2 desorption profiles obtained for zirconia–

magnesia supports with increasing MgO content. It can be seen
that zirconia support has a desorption peak with a maximum at
110 �C, which is slightly shifted to higher temperatures with
increasing the MgO content. Moreover, the TPD profile is highly
asymmetric with desorption curve extending up to 300 �C. For
the MgO support the desorption peak appeared at about 147 �C,
along with a shoulder at 260 �C. Since basic sites are classified
according to their different strength (different CO2 desorption tem-
perature), the results in Fig. 5 indicate that the addition of Mg2+ to
zirconium oxide induces only a slight increase of the strength of
the basic sites, and introduces new basic sites (additional shoulder
at 260 �C) to zirconia, likely associated to the Mg–O sites.

The ZrO2–MgO (0.4%) support has a similar profile to zirconia, a
desorption peak at 119 �C, followed by a small shoulder at 190 �C.
The ZrO2–MgO (2.3%) support has a similar peak, now at 124 �C,
and as for MgO, a shoulder at higher temperature (ca. 213 �C) with
respect to that observed for ZrO2–MgO (0.4%) support. The amount
of CO2 desorbed, calculated from the integration area of desorption
profiles and normalized by the surface area, are presented in Table
3. From these data, it can be concluded that the Mg2+-containing
supports have an increased number of basic sites (higher amount
Fig. 5. CO2-TPD of (a) MgO, (b) ZrO2–2.3% MgO, (c) ZrO2–0.4% MgO and (d) ZrO2.

Table 3
CO2 desorbed during the CO2-TPD over supports and Ni/ZrO2 catalyst and activation
energy of CO2 desorption.

Sample lmol CO2/m2 Activation energy (kJ mol�1)

Ea1 Ea2

MgO 2.4 109.5 134.0
ZrO2–2.3wt.% MgO 4.3 104.2 127.0
ZrO2–0.4wt.% MgO 2.3 104.2 121.8
ZrO2 1.0 100.5 115.9
Ni/ZrO2 1.5a n.d. n.d.

a Based on the surface area of non-calcined catalyst.
of desorbed CO2) with respect to the zirconia support. It is worth
mentioning that a small addition of Mg2+ (0.4 wt.% MgO) increased
the number of basic sites by a factor of two. In the present work,
Mg-containing zirconias showed higher amount of basic sites com-
pared to the single oxides. Similar results over magnesia–zirconia
oxides were reported by Aramendía et al. [35].

CO2-TPD curves for the reduced Ni/ZrO2 and zirconia support,
presented in Fig. 6a, show that the profile and the intensity is sim-
ilar to that of ZrO2. A comparison of the amount of CO2 desorbed
from Ni/ZrO2 and ZrO2 (Table 3) suggests that nickel impregnation
does not affect (increase or reduce) the number of basic sites
responsible for the CO2 adsorption. As shown in Fig. 6b, for Ni/
ZrO2–MgO (2.3%) catalyst, similar results were obtained for the
catalysts containing Mg2+, i.e., there were no important differences
on the amount of CO2 desorbed between the supports and the re-
duced catalysts. If it is assumed that the CO2 adsorption occurred
on Mg–O sites at the surface, this result would be contrary to what
it would be expected according to the XPS results over calcined
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Fig. 6a. CO2-TPD of zirconium catalyst and support (a) Ni/ZrO2 and (b) ZrO2.
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NiO/ZrO2–MgO catalysts indicating a surface enrichment with
Mg2+. The similar CO2 adsorption over supports and Ni-supported
reduced catalysts suggest that, due to the strong interaction be-
tween NiO and MgO, impregnation with nickel induced a migra-
tion of the Mg2+ to the surface and not necessarily increased the
basicity of the solids. This hypothesis is in agreement to the TPR re-
sults which indicated that reduction of NiO is affected by the pres-
ence of Mg2+.

It could be concluded that the CO2 is mainly adsorbed on Zr–O
and Zr–O–Mg sites at the surface of the support on reduced cata-
lysts, as reported for Ni/MgO catalyst [36]. Furthermore, the CO
formation during the TPD-CO2 is not important and then the disso-
ciative CO2 adsorption is neglected.

3.4.2. Desorption activation energy and its distribution function
The calculated energy distribution functions, assumed as a com-

bination of two normal Gaussians distribution functions, were cen-
tred at activation energies around 100–134 kJ mol�1 (Fig. 7);
accordingly, two maxima of the activation energy of desorption
(Ea1 and Ea2) were obtained. The results in Table 3 are in agree-
ment with activation desorption energy results reported by Bach-
iller et al. [37] for ZrO2 (97–130 kJ/mol) and Auroux et al. [38]
for MgO (110 kJ/mol).

There is a narrow distribution of the sites with the lower
desorption activation energy (Ea1, Table 3) with respect to the sites
desorbing CO2 at higher temperature (Ea2), as shown in Fig. 7. For
ZrO2 the population of sites with lower activation energy of CO2

desorption is much larger than those with higher desorption acti-
vation energy. In the case of MgO the population sites with Ea1 was
larger than those with Ea2. The addition of MgO increased the pop-
ulation of the sites with the high desorption activation energy at
expense of the sites with lower desorption Ea; in other words,
the addition of MgO to the zirconia support increased the strength
of the basic sites at the surface of the solids. As will be shown in the
next section, the increase of the strength of the basic sites seems to
be responsible for the higher stability of the MgO-containing cata-
lysts, due to the ability of the support to chemisorb CO2, which
would contribute to the gasification of the carbonaceous species
being formed at the surface of the catalysts, as confirmed by the
amount of coke measured after reaction.

3.5. Catalytic activity

Fig. 8a shows the curves of the methane conversion with time at
600 �C for the catalysts with different MgO content. At the reaction
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Fig. 7. Energy distribution functions obtained from the CO2 desorption profile of
ZrO2–MgO supports (a) MgO, (b) ZrO2–2.3% MgO, (c) ZrO2–0.4% MgO and (d) ZrO2.
conditions adopted, Ni-free supports (ZrO2 and ZrO2–MgO) were
not active; Ni/ZrO2 catalyst shows a progressive deactivation with
time, and deactivation was slightly less pronounced for Mg2+-con-
taining catalysts, and all of them exhibited a relatively stable re-
gime of conversion above 100 min of reaction. All of these results
were reproducible. In the case of the catalyst containing 0.4 wt.%
MgO, the methane conversion remains practically constant in time,
after 5 h of continuous reaction it became the most stable catalyst.

Similar reaction profiles were observed for the conversion of
carbon dioxide (Fig. 8b). On the other hand, for all catalysts it
was found that the carbon dioxide conversion was superior to that
of the methane. The carbon balance for these reactions was about
95%. The observed differences between the CO2 and the CH4 con-
version suggest that besides the reforming reaction, an additional
fraction of the carbon dioxide was consumed according to the re-
verse water–gas shift reaction [3], indeed, formation of water
was also detected in the moisture trap located at the exit of the
reactor. Although our experimental setup did not allow simulta-
neously measuring H2 and CO, due to the low sensibility of the



Table 4
Amount of carbonaceous residues after 5 h reaction at 600 �C.

Catalyst mg C/mg catal.

Ni/ZrO2 0.80
Ni/ZrO2–0.4% MgO 0.26
Ni/ZrO2–1.2% MgO 0.31
Ni/ZrO2–2.3% MgO 0.26
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TCD when using He as carrier gas, from the results in Figs. 8a and b
it is clear that the H2/CO ratio should be lower than 1, and it could
be likely near to 0.8, as it was recently observed over Ni/CaO–ZrO2

catalysts [39].
For Ni//ZrO2–MgO catalysts containing 1, 8 and 20 wt.% MgO,

Montoya et al. [25] observed that the catalyst with 1 wt.% MgO
showed the highest conversion, selectivity and stability; these
authors suggested that the better catalytic activity of this solid
was due to the pore active Ni crystallites-support interfaces sites
created on the surface after reduction. Our catalysis results are
consistent with this hypothesis, furthermore the XPS results con-
firms that upon impregnation with nickel Mg2+ migrate from the
bulk of ZrO2 tetragonal phase during calcination to the surface
which could react with NiO forming a solid solution as in the case
of Ni/MgO catalyst [4]. The formation of this Ni-support interface
sites would be favoured with the lowest MgO content.

Previous research has shown that methane is mainly activated
over the metallic sites on the catalyst (i.e., Ni�) [3]. On the other
hand, the results from H2-TPR indicated that the reducibility of
the Ni2+ decreased with the increase of the magnesium content;
this is probably due to the fact that the strong interactions be-
tween Ni and Mg makes the catalysts less reducible, and therefore
reduces the activity for the reforming reaction. The progressive
deactivation observed for the catalyst without Mg2+ (i.e., Ni/ZrO2)
suggests that in the absence of magnesium a higher fraction of re-
duced nickel could be obtained, being then more favourable the
conversion of methane, over the Ni� sites, to other products (such
as coke precursors), by a reaction path different to the reforming
reaction. In agreement with this hypothesis the analysis of coke
by TGA (see Table 4) show that after 5 h of reaction at 600 �C,
the formation of a carbonaceous residue on the surface of the cat-
alyst was appreciably lower for Mg2+-containing catalysts as com-
pared to the Mg2+-free catalyst (Ni/ZrO2).

4. Conclusions

The addition of Mg2+, via co-precipitation, to zirconia increased
its thermal stability by inhibiting the transformation of the tetrag-
onal metastable phase to monoclinic phase. Furthermore, the pres-
ence of Mg2+ shifted the reduction of the Ni2+ to higher
temperatures for the Ni/ZrO2–MgO catalysts. In the absence of
Mg2+, Ni2+ could be reduced at lower temperature. The addition
of MgO to Ni/ZrO2 prevents the deactivation of the catalyst by com-
bination of the increase of basic properties on the surface of the
support and the strong metal support interaction of Ni/ZrO2–
MgO catalysts.
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