CATALYSIS
TODAY

AVAOL

G

www.elsevier.com/locate/cattod

S <
ELSEVIER Catalysis Today 63 (2000) 71-85

Methane reforming with C@over Ni/ZrO—CeQ
catalysts prepared by sol—gel

J.A. Montoy&**, E. Romero-Pascuét, C. Gimorf, P. Del AngeR, A. Monz6n®-2

a Instituto Mexicano del Petréleo, Simulacién Molecular, Eje Central 152, Cp. 07730 Mexico D.F., Mexico
b Dpto. de Ingenieria Qimica y T.M.A., Facultad de Ciencias, Universidad de Zaragoza, 50009 Zaragoza, Spain
¢ L.P.M.C. URA-CNRS 474, Av. de I'Universite, 64000 Pau, France

Received 1 November 1999; accepted 15 June 2000

Abstract

Ni/ZrO, catalysts promoted with different amounts of G0, 1, 8 and 20 wt.%) were prepared by the sol-gel method.
The catalysts were characterized after calcination at@@Md after reaction of CiHreforming with CQ. Rietveld analysis
reveals that the tetragonal Zs@hase (t-ZrQ@) present in the catalysts is stabilized by the ggrming a solid solution, and
avoiding transformation to the monoclinic phase (m-2xNi2t also competes with G& in the incorporation to t-Zr@
The t-ZrQ, stability increases with Cefroncentration. The catalyst activity is increased with the £e@htent, although
some degree of deactivation, due mainly to the sintering of the support, was not completely avoided by ceria addition. The
deposition of graphitic carbon does not play an important role in the catalysts deactivation. The catalytic performance is
related to the Ni surface dispersion and NiO reducibility, both promoted by, @&@rporation. Ce@enhances the reverse
water-gas shift reaction during dry reforming of methane over the studied catalysts. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction endothermic nature, the major drawback of this reac-
tion is the high temperature are required to reach high
In recent years, the GQeforming of methane (dry  conversions. These drastic operating conditions pro-
reforming) has become an interesting alternative for voke the deactivation of the catalyst by coke forma-
the production of synthesis gas{ldnd CO). Thisre-  tion and/or sintering of the metallic phase and support
action produces a HCO = 1, which is more suit-  [2,3]. In addition, it has been accepted that the catalytic
able for obtaining sulfur-free synthetic liquid fuels activity depends on the nature of the support, active
(by the Fischer—Tropsch reaction) and valuable oxy- phase precursor, synthesis method, and pretreatment
genated chemicals than the/8O ratio coming from [3-5].
the traditional steam reforming process [1]. Due toits ~ Nickel based catalysts have shown an excellent
behavior in this reaction, with an activity compara-
ble to noble metal catalysts [2,6]. Ni has been sup-
E-mail addresses: amontoya@www.imp.mx (J.A. Montoya), ported on dlﬁeren.t materials such as MgO 8%,
amonzon@posta.unizar.es (A. Mém, promoted-AbO3, TiOy, _CeQ, etc. However., most
1 Tel.: +34-976-761157; fax:+34-976-762142. of these tend to deactivate by coke formation [2,3],
2 Same as Footnote 1. which is closely related to the catalyst structure and
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composition [7]. The use of supports with low con- Ce(NQ;)-6H20, Zr(OBu), (80wt.%), HNG;, sup-
centration of Lewis acid sites and/or presence of plied by Aldrich. The amount of each reactive was
basic sites, such as ZgOMgO, and LaOs, resulted calculated in order to obtain 10g of catalyst. The
in enhanced activities, lower carbon deposition rates, Ni content was 15wt.% for all the catalysts, and the
and therefore more stable catalysts [8-10]. On the CeQ, concentration was 0, 1, 8 and 20wt.%. The
other hand, Swaan et al. [11] reported that activity of preparation procedure was the following: a proper
different Ni-based catalysts appears to depend essenamount of Zr(OBw) was dissolved in 700ml of
tially on the degree of reduction and the dispersion of isopropyl alcohol (to keep a 2wt.% ZpGsolution)
Ni particles, and not so much on the support. More and stirred for 2h. The hydrolysis of the alkox-
recently some studies [9,12—17] have pointed out that ide solution was carried out at°6, adding drop-
carbon formation is strongly diminished in catalysts wise a solution of HO (H,O/Zr(OBu)4 = 4 molar
with small as possible Ni particles. Another impor- ratio), Ni(NGO3)2-6H20, Ce(NG)-6H,0O, HNO3
tant fact in the catalyst life is the thermal stability of (HNO3/Zr(OBu)4 = 0.2 molar ratio) and 100 ml of
the support. In this respect, Zsg(as a high thermal  isopropyl alcohol. The green rigid transparent gels
stability as a catalyst support and its tetragonal phase,obtained were aged “in situ” for 24 h and then dried
(t-ZrOy), has both acid and basic properties [18]. In in air flow at room temperature. The dry gels were
addition, it has been found that the t-Zr@ the most carefully calcined in air at 50@€ during 2h with a
active phase for some reactions [19], therefore is im- 100 Nml/min flow. In addition a Ni/Ce@catalyst was
portant to reduce at maximum the transition to the prepared by coprecipitation of a solution of Ni and Ce
monoclinic phase, avoiding also the possible sintering nitrates in isopropyl alcohol at constant gH9. The
of the support. calcined solids were crushed and sieved and the frac-

However, the t-ZrQ is considered to be a tion with particle size between 0.16 and 0.40 mm was
metastable phase and the transformation to mono-kept. Finally, the samples were heated atQ/nin
clinic phase is complete at around 650-700This and calcined in air at 80C during 6 h with 50 ml
change causes a drastic decrease of the surface areair/min.
The tetragonal or cubic phases can be stabilized by
adding yttria, calcia, or ceria, thus maintaining small 2.2. Characterization techniques
crystallite sizes due to their lower surface tension, and
avoiding the transition to monoclinic form [20-22]. The specific surface area of the catalysts was mea-
Calcia and ceria have basic surface properties andsured by N adsorption at 77 K with a Micromerit-
can act as catalytic promoters in Nif8; catalysts ics Pulse Chemisorb 2700. The reducibility of NiO
[23,24]. present in the catalysts calcined at 80Qvas studied

In the present study we report the research about by temperature programmed reduction. The sample
the activity, selectivity and carbon formation of Ni (200 mg) was heated at a rate 6fG3min in a TPR
(15 wt.%)/ZrQ catalysts prepared by sol—gel and pro- system equipped with a TCD, from room temperature
moted with different amounts (0, 1, 8 and 20wt.%) to 900°C, under a H (6%)/N, mixture with a flow
of CeQ, during the reaction of methane reforming of 100 Nml/min. A NiO sample was examined by
with CO,. The catalysts have been characterized after TPR for purposes of comparison with the catalysts.
calcination and after reaction in order to explain the This sample was prepared from Ni(N)2-6H>,O by
effect of the Ce®@ addition on the catalysts activity. calcination under a pH> mixture flow, as in the cal-

cination of catalysts, from room temperature to 700
at a rate of 10C/min. The powder X-ray diffraction

2. Experimental section (XRD) patterns were recorded by Rigaku/Max Cu
rotatory anode equipment. The CaK, = 1.5418 A
2.1. Catalyst preparation was obtained using a graphite secondary beam

monochromator. In order to obtain the cell parameters
The catalysts were prepared by the sol-gel and phase composition by using the Rietveld method,
method. The precursors were Ni(NR-6H20, the diffractograms were measured under special
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conditions. The scanning was made from 2 20 The carbon formation on the catalysts duringAH
to 110 with a 2 step size of 0.02 and step time of reforming with CQ was studied in a thermogravimet-
4s. The samples were carefully placed on the sam- ric system operated as a differential reactor (Cl Elec-
ple holder to prevent inappropriate orientation. X-ray tronics Ltd., model MK2). All the experimental pa-
photoelectron spectroscopy (XPS) studies were car- rameters, such as feed ratio (¢HCO, : N = 1 :
ried out at room temperature with a SSI spectrometer 1 : 4), total flow, catalyst mass and reduction proce-
(model 301), using Al I& radiation. The spectrom-  dure were similar to those used in the micro reactor
eter was equipped with a high temperature reaction catalytic evaluation, with the exception of the reaction
cell to allow pretreatments. The samples were ana- temperature, which was 700.

lyzed in the calcined and reduced state. To reduce the

calcined catalysts the same reduction procedure was

followed as that used in the catalytic experiments, as 3. Results

described in later. The samples were then transferred

to the analysis chamber under an inert atmosphere.3.1. Chemical analysis

The analysis was done after the residual pressure of

about 4x 10~*°Torr was reached. The adventitious  The chemical composition of the catalysts was car-

C 1s line at a binding energy of 284.6 eV was used as ried out by the plasma emission technique and the re-
an internal standard. The TEM studies were carried sylts are shown in Table 1. The NiO content of the

out using a Jeol 100X equipment. catalysts ranged between 12.4 and 15 wt.%, except for
the Ni/CeQ catalyst, where the NiO concentration
2.3. Catalytic evaluation was 18.3 wt.%.

The catalysts behavior in GHeforming with CQ 3.2. Phase analysis by the Rietveld method
was carried out in a conventional fixed-bed micro reac-

tor system at atmospheric pressure. The reactor was a Fig. 1 shows the XRD patterns of the catalysts af-
quartz tube with an internal diameter of 9mm and the (e cajcination at 80C. In the Rietveld analysis of

catalyst was supported on a quartz wool bed. The cat- yifraction data (Table 2) an anisotropic crystallite size

alytic activity was measured at temperatures between gffect was considered for all phases. Itis observed that
500 and 800C. Also, stability experiments were car-  5q the Ce® content increased, the t-Zs@oncentra-

ried out at 800C, temperature at which (at thermody-  tion was higher, whereas the content of monoclinic
namic equilibrium under the conditions described) car- phase (m-Zr@) decreased. That means the presence
bon deposition is clearly diminished and stable nickel f ceria in the Ni/zrQ catalyst prevents or reduces the
carbide formation is avoided [25]. Before the catalytic - tetragonal-to-monoclinic transformation, and this fact
evaluat_mn,_the catalyst (1_00 mg |n_aII casgs) Was re- hecomes more evident as the Gesdntent is higher
dUC?d In situ at S0 during 3h with a mixture of (i the studied range). Thus, only the pure t-Zn@as

Hz : N2 = 50 : 50 Nmymin. After this, for the cat-  gptained in the Ni/Zrg-CeG-20 sample. In addi-
alytic evaluation at 500-80C, the H flow was turned tion this catalyst presents some (1.4 wt.%) GesBg-

off and purged with N during 1h. In the case of sta-  ggated. The NiO amount measured ranged from 10
bility evaluations, the temperature was increased to

800°C with a heating rate of X@/min. The feed ra-

towas CH, : CO, :Na=1:1:40rCH:COp:  1odlel N

N2 = 2 : 1 : 6with a total flow of 320 Nml/min and a Cheical composition of the catalysts

space velocity (WHSV) of 190 800 It/kg/h. A GC (HP ~ Catalyst 2Q CeQ NiO
5890 series Il) was used to analyze the reaction gasni/zro, 87.6 - 12.4
effluent at 20 min intervals. The GC used a thermal Ni/ZrO—CeG-1 83.9 0.8 15.3
conductivity detector, with Argon as the carrier gas. A N:Z:gz—ggggo Z;é-g 272-% 113:;-%
Carboxen 1000 column was used to separate the ga%/Ceoz2 _ 817 183

mixture.
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Fig. 1. XRD patterns of the catalysts calcined at D0
Table 2
Results of Rietveld analysis. Phase composition (wt.%) of catalysts calcined & 800
Catalyst t-ZrQ (%) m-ZrQ, (%) CeQ (%) NiO (%)
Ni/ZrO; 66.17 225 - 11.14
Ni/ZrO,—CeQ-1 71.62 12.95 — 15.44
Ni/ZrO,—CeQ-8 84.54 5.10 - 10.36
Ni/ZrO,—CeQ-20 86.17 - 1.25 12.58
Ni/CeO, - - 77.39 22.61

to 22 wt.%, which is similar to the nominal composi-
tion (Table 1). Thus most of the NiO crystallites are
big enough to be detected by XRD.

The results of phase composition of the catalysts
after reaction are shown in Table 3. As in the case of
calcined catalysts, the higher amount of m-Znias
obtained in the samples with the lowest content of
CeQ (Ni/ZrOz and Ni/ZrQ—CeQ-1). In these sam-
ples the m-Zr@ content was twice that of the calcined

Table 3
Results of Rietveld analysis. Phase composition (wt.%) of catalysts
after calcination and reaction at 8@

Catalyst t-2rQ m-ZrO, CceO Ni©

Ni/ZrO» 56.19 41.17 - 2.64
Ni/ZrO,—Ce(G-1 67.33 29.06 - 3.61
Ni/ZrO,—CeQ-8 96.94 - - 3.06
Ni/ZrO,—Ce(G-20 96.91 - 0.5 2.59
Ni/CeO, - - 94.55 5.45

catalysts. This indicates that during the reaction the
t-ZrO; crystallites grew and transformed into m-z;,0

in accordance with the Garvie's model [20]. However,
the catalysts with 8 and 20 wt.% of Ce@id not show
this trend, and the presence of m-Zr@Phase was
not observed. In addition, in the Ni/ZgECe(-20
some CeQ@ remained segregated, though a part was
incorporated into the t-Zr@structure.

As can be seen in Table 3, the quantities &f iiea-
sured in all the samples were lower than expected. The
content of metallic nickel should be around 12 wt.%,
according to the 15wt.% average content of NiO ob-
tained in the calcined catalysts (Table 2). This low
value could be explained by the formation of small
Ni° crystallites (smaller than 3nm, and therefore not
detectable by XRD) during the NiO reduction [26].
Also nickel is probably only reduced at surface and
proximity, the bulk Ni remaining inaccessible to the
gas. Another possibility is the incorporation of part of
Ni into the structure of t-Zr@.
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Fig. 2. Modification of t-ZrQ cell volume by the cation (&, Ni2*) incorporation in catalysts calcined at 8@ calculated by Rietveld
refinement of XRD data.

The cell parameters and cell volume (Fig. 2) of observed in the Ni/Zre-CeQ-1 sample could be due
the t-ZrQ, phase present in all the catalysts calcined to the incorporation of a small quantity of Ceallow-
at 800C increased with the CeQOcontent, indicat- ing the incorporation of a greater quantity of'Ni
ing that the Ce®@ was incorporated into the t-ZgQ A sample of ZrQ—(30 wt.%)CeQ (without Ni) was
forming a solid solution. In general, Vegard's law is prepared using the same synthesis method and as ex-
widely accepted to confirm the presence of a solid so- pected it formed a complete solid solution. Its cell
lution. However, due to the variability of the/ag ra- volume was higher than that of the Ni/Zs@CeQ-20
tio in the tetragonal system, the Vegard relationship is catalyst and did not follow the linear pattern of the Ni
better applied to the cell volume rather than a single catalysts (see Fig. 2), confirming that part of thé™Ni
cell parameter (as used for the cubic system). Given is incorporated into the t-Zr&in all the catalysts. This
that the ionic radii of C&" (0.97 nm) is higher than  fact also explains that part of the Ce® segregated
that of the Zf+ (0.84 nm), the cell volume of t-Zr® in the Ni/ZrO,—Ce(Q-20 catalyst. It has been found
should increase with the including of Ce@nd this is [27,28] that in the Ce@-ZrO, system the solid solu-
what happened to the samples (Fig. 2). This confirms tion formation and stability depend on the synthesis
the Ce incorporation into the t-ZgQattice forming a method. Thus, sol-gel was reported as the best method
solid solution. In addition, the t-Zr©cell volume in for preparing a Zs2sCey 7502 stable phase [27].
Ni/ZrO, was smaller than that of the standard (pure)
t-ZrOy (Fig. 2), pointing out that a fraction of Niisalso  3.3. Crystallite size evolution
incorporated, given that the i ionic radii (0.69 nm)
is smaller than Zt*. It seems plausible that the t-ZsO Fig. 3 shows the evolution of the t-Zprystallite
stabilization is carried out by G& incorporation into size, present in all the samples, after the calcination
the host lattice and on the surface vacancies, which process (800C) and after reaction. The crystallite size
causes the surface free energy to decrease, thus avoidwas measured by Rietveld refinement considering the
ing the t-ZrQ crystallite growth. The presence ofNi crystallite effect as isotropic. The horizontal line repre-
in the catalysts competes with €efor incorporation sents the critical crystallite size (22 nm) of the t-2rO
into the t-ZrQ. Thus it is possible that a fraction of below which the t-ZrQ is considered more stable,
Ni%* is included into the t-Zr@. The slight reduction  due to its lower surface energy, than the monoclinic
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Fig. 3. Crystallite size evolution of t-ZrOpresent in the Ni/Zr@-CeQ catalysts, as a function of temperature treatment and,CeO
concentration.

phase [20]. Under a given treatment, the t-Zrys- Ni/ZrO,—Ce(Q-8 catalysts, the value was smaller
tallite size diminishes with the Ce@oncentration. In (around 15.0 nm). This indicates that the NiO is fairly
the case of the Ni/Zr@catalyst, the increase of the well dispersed in all the catalysts and that the mean
t-ZrO, crystallite size is the largest, suffering a strong NiO crystallite size was not significantly affected by
process of sintering and transformation to the m-ZrO the support composition. However, the NiO crystal-
phase. The lowest average crystallite size observedlite size distribution is not necessarily the same. It is
after each treatment is that of the Ni/Zr@CeG-20 interesting to note that after reduction and reaction,
sample, which indicates that it has the highest thermal the NP mean crystallite size (calculated from XRD)
stability. The samples with a greater content of ceria in all the samples was similar to the NiO mean size
undergo a similar increase in crystallite size (about in calcined samples. According to the broadness of
20%) despite having, before the reaction, crystallite the NP reflection peaks it seems that an important
sizes smaller than sample Ni/ZsQDn the other hand,  fraction of NP had a low crystallite size, below the
this sample suffers a greater degree of sintering of the average size, and even below the XRD detection limit
support in spite of the fact that its growth potential (3 nm). This partially explains the low Riconcentra-
is much lower because the crystallite size is already tion quantified from the XRD results and suggests that
large before reaction. during the reduction stage and during the reaction, the
It is noteworthy that the Ni/Cefxatalyst exhibited  sintering of the Ni crystallites is not the dominant
the highest crystal size after calcination (about 35nm) process, otherwise the shape of the reflection peaks
and that it continued growing during the reaction (after would be different.
which the crystallite size reached a value of 48 nm).
;rg;ler}esult implies that this catalyst is not thermally 3.4. Surface area

Regarding the NIO crystallite size after calci-  The BET surface area results after calcination at
nation at 800C, the mean size was similar for gorc showed some differences among the cata-
Ni/ZrO,—CeQ-1, Ni/ZrO,—CeQ-20 and Ni/CeQ lysts. Both Ni/ZrQ and Ni/ZrQ—CeQ-1 presented

catalysts (around 20.0 nm), but for the Ni/zZr@nd a 2nf/g surface area, while Ni/Z>-CeQ-8 and
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Tang et al. [31] for the same type of catalyst, which
tively. Sample Ni/Ce@showed 1 /g, in accordance indicates a higher interaction between NiO and geO
to its lower thermal stability. As a general trend, it in our case. The rest of the samples showed a broader
is observed ceria induces a slightly increase in the main reduction peak at higher temperature than that
BET surface area of the samples. Rossignol et al. for the Ni/CeQ. The wideness of the peak suggests
[27] have found that for Ce£-ZrO, mixed oxides a broad particle size distribution and, given that the
the surface area was independent of the synthesisreduction temperature is relatively high [26], can be
method (coprecipitation and sol-gel) and the @eO concluded that it is associated to a more dispersed

Ni/ZrO,—CeB-20 exhibited 6 and 5?mg, respec-

concentration. However for these materials the sur-

NiO exhibiting a stronger interaction with the sup-

face areas were considerably higher than the sol-gelport than the NiO present in the Ni/CeGample.

NiO—ZrO,—CeQ catalysts presented in this work,
indicating that probably nickel can act as a nucleating
agent promoting the sintering.

3.5. Surface composition and reducibility

Fig. 4 presents the results of temperature pro-
grammed reduction (TPR) of the catalysts calcined
at 800C. In this figure, for comparison, the TPR of
the pure NiO sample is included, showing a definite
peak at 360C. For the Ni/Ce@ catalyst a sharp
peak atTyax = 420°C and other low-broad peak at
Tmax = 800°C were obtained. The first peak is asso-
ciated with the reduction of NiO to Rj and the peak
at 800C is related to the partial reduction of €kto
Cet3 [29,30]. The sharp peak obtained at 4@0cor-
responds to high uniformity in NiO crystallite size.

This peak was slightly shifted to a high@max as
the CeQ content increased. For the Ni/Z3eCeQ
catalysts an additional peak at lower temperature
appeared. This is associated to larger NiO particles
having a lower interaction with the support (reduction
temperature closer to the pure NiO sample). For the
Ni/ZrO,—CeQ-8 catalyst this peak at low tempera-
ture is shifted to a higher value, indicating that, for
this sample, the Ni-support interaction was stronger.
The TPR results showed the existence of a distribution
of NiO crystallite sizes having different interactions
with the support and these NiO-support interactions
in the Ni/ZrO,—CeQ catalysts are quite different than
those found in the Ni/single oxide catalysts [30].

The reducibility of the catalysts was also studied by
XPS and the results are presented in Table 4. It can be
observed that only 50-60% of the Nispecies present

This temperature is higher than that the reported by on the surface are reduced after reduction treatment

420°C

NwCeO2 485°C

350°C
Ni/ZrOz-Ce()z-ZO

Ni/Zr0,-CeO58

TCD Signal(a.u)

Ni/’ZrOz-CeOz-]

578°C

P il " 1 " i

200 300 400

500

600 700 800 900

Temperature(°C)

Fig. 4. TPR profiles of the catalysts calcined at 800
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Table 4
Surface reducibility (%), surface metal ratioS),(and bulk metal ratiosB) of the catalysts calcined at 80D and reduced at 50C
obtained by XPS

Cation Ni/Zr& Ni/ZrO,—Ce(G-1 Ni/ZrO,—CeQ-8 Ni/ZrO,—CeQ-20

Calcined Reduced Calcined Reduced Calcined Reduced Calcined Reduced
Ni2+ 100 55 100 30 100 50 100 40
Ni© 0 45 0 70 0 50 0 60
cett - - - - 70 70 78 70
cet - - - - 30 30 22 30
Ni/Zr-S 0.12 0.05 0.14 0.15 0.21 0.13 0.23 0.2
Ni/Zr-B 0.23 - 0.302 - 0.294 - 0.33 -
CelZrS - - - - 0.08 0.07 0.17 0.16
CelZrB - - 0.004 - 0.071 — 0.244 -

at 500C. In general the degree of reduction increases tion). Moreover, under the same treatment conditions,
with the ceria content. In addition, the presence of covering of active metal particles by partially reduced
Ce'3 is detected in the samples with higher GeO  zirconia support (due to strong metal-support interac-
content. This partial reduction of €ecan be achieved  tions) has been previously reported [34].
during the XPS pretreatment under vacuum [32,33] Also from Table 4 it can be observed surface ce-
and attributed to the progressive elimination of surface ria segregation for the Ni/Zr&-CeQ-20 catalyst, be-
hydroxyl groups and oxygen in the Ce6urface. This cause its Ce/Zr surface ratio is lower than the bulk ra-
agrees with the XRD results, indicating the presence tio, while for the Ni/ZrQ—CeQ-8 sample both ratios
of segregated ceria in the Ni/Zg6Ce(Q-20 sample. are quite similar.
For the Ni/ZrQ—CeQ-8 sample the C¥/Ce** ratio
was not modified by the reduction process, suggesting 3.6. Catalytic activity
that Cé* and Cé&" are either incorporated into the
t-ZrO, or segregated but with smaller crystal size than  Fig. 6 presents the evolution over time of ¢£kind
detected by XRD. CO, conversions at a reaction temperature of €00
Table 4 also shows a comparison between the sur-and a feed molar ratio CHCO, = 1. In order to
face composition determined by XPS (represented by make appropriate comparisons with other experimen-
the Ni/Zr ratio) and the bulk composition, measured by tal results presented in the literature, it must be taken
plasma emission. It is observed that, at low ceria con- into account that the space velocity used in this work
tents, the Ni/Zr surface ratio was smaller than the Ni/Zr (WHSV: 190 800 It/kg/h) is one of the highest to be
bulk ratio. This fact indicates that the surface NiO is found in the literature. Bradford and Vannice [7] have
agglomerated and forms particles on the Z0OeQ shown, from kinetics data in the literature that the use
surface, which were detected by XRD. However, when of low space velocity may frequently modify the cat-
the ceria content is higher, the difference between the alytic activity and the apparent activation energy due
bulk and surface ratios is lower, indicating higher ho- to the proximity of thermodynamic equilibrium.
mogeneity and better dispersion of the NiO particles It can be observed from the results in Fig. 5 that
on the catalyst surface. Results from XRD showed that catalysts containing Ni supported on pure oxides
in all the samples the Riparticles after reaction pre- (ZrO, and CeQ) presented similar conversions (be-
sented a similar average size than NiO particles be- low 15%), and that these were the lowest obtained.
fore reduction. This means that active metal sintering When ceria is added to the Ni/Zg@atalyst a signif-
is not an important process during the reduction and icant increase in conversion is noticed. As a general
reforming reaction. Thus the loss in the Ni/Zr ratio for trend, CH, and CQ conversions increased according
the Ni/ZrO;, catalyst caused by the reduction process to the CeQ content. Thus the activity of the samples
may suggest that Ni particles are partially occluded is related to their reducibility, i.e. to the quantity of
by the support (by phase sintering and transforma- Ni® present on the surface (see Fig. 4 and Table 4).
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Fig. 5. Catalytic activity of catalysts during reforming of ghkith CO, at 800C and CH/CO, = 1 feed ratio.

The activity of the Ni/ZrG—Ce(-8 catalyst is lower
activity than that of the Ni/Zr@-CeQ-1. This is
related to its particular properties as indicated by
the TPR and XPS results of this sample (lower re-
ducibility and lower Ni/Zr ratio than the other ceria
containing catalysts).

CO, conversion has always been found to be higher
than CH, conversion (Fig. 5) because the reverse

1.0

water-gas shift (RWGS) reaction occurs simulta-
neously with CQ reforming of CH, [7]. For this
reason, the bICO ratio always attains values lower
than unity (Fig. 6). Although at the high temperature
used in the experiments, the thermodynamic equilib-
rium of all the species leads to a diminution of water
formation [7], this product was detected in all cases,
as a consequence of the existence of the RWGS re-

e
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Fig. 6. H/CO ratio obtained during reforming of GHvith CO, at 800C and CH/CO, = 1 feed ratio.
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Fig. 7. Evolution of catalytic activity with reaction temperature for reforming of,Gtith CO, using CH;/CO, = 2 feed ratio.

action. However, some differences can be observed. stabilization and an increase in the activity, it does not
Thus, for Ni/Zr&, and NilZr,—CeQ-1 catalysts, the  appear to have any significant influence over the de-
conversions attained are very close, suggesting a sim-activation process. In fact, Fig. 3 shows t-4r€rys-
ilarity in the nature of the catalysts and that a 1wt.% tallite growth on all the samples, although with high
of CeG does not much modify the catalytic behavior ceria contents the crystallite sizes attained are lower.
of Ni/ZrO, for the RWGS reaction. When the CgO Fig. 7 shows the conversion vs. temperature results
concentration was increased, the £enversion be-  using a CH/CO, = 2 feed ratio. The conversion val-
came higher than the conversion of &Hnd this can ues were taken after 20 min of reaction at each tem-
only be due to a enhancement of the RWGS reaction. perature, starting at 50C. The results presented in
Consequently the $#1CO ratio is decreased (Fig. 6). this figure showed that an increase in the ceria content
Ni/CeQ, exhibited the lowest HCO ratio, indicating produced an increase in the apparent activation en-
the highest extension of the RWGS reaction for this ergy for both reactants, methane and carbon dioxide,
catalyst. but that the augmentation of the temperature induces
All the catalysts showed a similar slow deactiva- a higher activation of the C£than of the CH. These
tion along the reaction time. The deactivation of Ni facts are related to the mechanism of the reaction
catalysts during the CPOreforming of methane is  [7], which involves the C@adsorption/decomposition
mainly due to the formation of carbonaceous deposits over the support or the metal-support interface [36].
[16,17,23] and to active metal sintering [35]. Carbon This adsorption appears favored over the geéind
formation is limited by thermodynamics under the ex- as a consequence of the above, the RWGS reaction
perimental conditions used [25], so we expected little is enhanced, and the G@onversion increases to a
activity loss due to carbon deposition. In this case, greater degree than the gldonversion.
support sintering (mainly) and phase transformation  Fig. 8 shows the results of GHand CQ conver-
(Ni/ZrOy) appear to be the causes of the deactivation sions vs. time, at a temperature of 8@0and a ra-
process. This is revealed by the t-Zr@rystallite tio of CHy/CO, = 2. A trend similar to that in the
growth and the tetragonal-to-monoclinic transition CH/CO, = 1 experiments was observed. In spite of
produced during the reaction (see Fig. 3 and Tables 2 the fact that these operating conditions can favor car-
and 3). Although the ceria presence induces a to2ZrO bon formation, a lower deactivation of the catalysts is
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Fig. 8. Catalytic activity of catalysts during reforming of gkith CO, at 800C and CH/CO, = 2 feed ratio: (a) Cll conversion and

(b) CO;, conversion.

observed, excepting the Ni/CeG@ample, indicating

result suggests that this catalyst needs higher reducing

that carbon is not the main cause of the activity loss. conditions to favor the initial activity. It does, how-

The Ni/CeQ catalyst showed high initial CHand

ever, suffer fast and drastic deactivation over time.

CO, conversions, being under these operating condi- This deactivation could be caused by the existence of
tions one of the most active catalysts, in contrast to a “strong metal-support interaction”, when the cata-

the results obtained at the GHCO, = 1 ratio. This

lysts are reduced at high temperature [37,38]. Thus,
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Fig. 9. H/CO ratio obtained during reforming of GHvith CO, at 800C and CH/CO, = 2 feed ratio.
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Daniel [38], using IR spectroscopy, found that the 3.7. Carbon formation

CO chemisorption capability was strongly diminished

only when the reduction temperature was increased Results of experiments in the thermobalance, at
from 400 to 700C, pointing out that the temperature 700°C and with a CH/CO, = 1 ratio, are shown in
onset for SMSI effects on M/CeQCcould be higher Fig. 10. The rate and total amount of carbon forma-
than on M/TiGQ (M: transition metal). The existence of  tion over the catalysts followed the same pattern as
this temperature onset for SMSI effect was confirmed the catalytic activity (see Fig. 5), obtaining that an
by TEM [39,40]. This effect could be occurring in our increase in the ceria content enhances the carbon for-

case, given that the reaction temperature {8)0s mation. The lowest carbon deposition was exhibited
higher than that onset, and the reaction atmosphere isby the Ni/ZrQ and Ni/CeQ catalysts due to their
reducing. low catalytic activity.

As can be observed in Fig. 9, the values of the  The TEM observations showed the presence of car-
H»/CO ratio for the CH/CO, = 2 experiments ex- bon filaments over the samples after reaction at 800
hibited a similar behavior than those obtained for (Fig. 11). The carbon structure was graphitic with the
CH4/CO; = 1, with the exception of Ni/Ce® usual constant spacing between layers. Graphitic fil-
The ceria containing catalysts attained/€lO ratios aments were reported previously in Ni catalysts after
close to unity. However, Ni/Cefinitially presented the dry reforming reaction, also at the same temper-
a high H/CO ratio but this quickly decreased over ature of 700C [3,35]. The metal particles at the end
time. It is observed that thedfroduction drastically  of the filaments have the characteristic pear form, in
diminished whereas the CO formation presented a accordance with the mechanism proposed by Snoeck
slower drop. This fact could be caused by partial etal. [41]. Furthermore, there are filaments of different
reduction of the support, as it is shown in Fig. 4 (re- diameters indicating the presence of a distribution of
duction peak at 80@) and mainly by the existence Ni crystallite sizes. It is worth mentioning that for ev-
of the RWGS reaction. It seems that both processes, ery catalyst the filament zones were not present on the
loss of activity and enhancement of the RWGS re- whole surface; it was necessary to localize them. The
action, are consequences of the changes in the cat-carbon amounts are therefore really small. This obser-
alyst due to the existence of strong metal-support vation is consistent with the non-presence of graphite
interactions. XRD reflection in the catalysts after reaction, and with
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Fig. 10. Thermobalance experiments of carbon formation during reforming afvdth CO, at 700C and CH/CO, = 1 feed ratio.
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Fig. 11. TEM images of graphitic filaments formed on the catalysts during reforming gfvéiti CO, at 800C and CH/CO, = 1 feed
ratio: (a) Ni/Zr—CeQ-1 sample and (b) Ni/Zre-CeQ-20 sample.

the thermodynamic considerations [25]. Formation of At higher reaction temperatures, carbon is mainly
carbon deposits may occur through both methane de-produced from Clj, but when the temperature de-
composition and CO disproportionation (Boudouard creases CO disproportionation becomes predominant.
reaction): The results of Reitmeier et al. [42] and Richardson and
0 Paripatyadar [43] indicate that CO is the main con-
CHy= C+Hz (AH™ = 17.9kcal/mol O, tributor to the formation of graphitic carbon, which
2C0=CO;+C  (AH® = —41.2kcal/mol C) agrees with the results obtained by Swaan et al. [11]
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and Tsipouriari et al. [44] using isotope labeling and port enhances the conversion attained. The Ni/eO

TPO techniques. sample exhibited a particular behavior, probably due
The concentrations of carbon obtained in the ther- to the presence of “strong metal-support interaction”

mogravimetric system at 70Q are higher than those phenomenon. Cefalso induces a larger difference

obtained in the fixed-bed plant at 8@ In fact, the between CQ and CH, conversions and a lowering of

graphite presence was detected by XRD (peakat2  the H/CO ratio, thus enhancing the RWGS reaction

26.4) in the catalysts after reaction in the thermobal- during dry reforming of methane.

ance (results not shown). Carbon formation did not appear to be the main
This difference can be explained taking into account cause of the activity loss. The catalyst deactivation is

the endothermic character of the reaction and the po- a consequence of the phase transition and support sin-

sition of the thermocouple in the thermobalance, out- tering produced at the beginning of the reaction. TEM

side of the sample. Thus activity measurements in the observations showed that the carbon was deposited

thermobalance can be masked by a difference of tem- over the catalysts in the form of graphitic filaments of

perature between the sample and the thermocouple,different diameters depending on the Ni crystal size.

the real temperature in the sample being lower than

the nominal set point temperature indicated by the

thermocouple. In the fixed-bed reactor, the decrease Acknowledgements

of the temperature in the sample at the beginning of

the reaction is detected by the thermocouple and then The authors acknowledge financial support from
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