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ABSTRACT

Methane obtained from renewable resources such as biogas or biomass gasification may be
reformed to produce hydrogen, an important and environmentally friendly energy vector.
In the present work, nickel based catalysts supported on either pure or doped ceria (5 at% of
Zr, Pr or La doping) were studied for this purpose. Catalysts were obtained by impregnation
of 5wt% nickel of ceria based supports prepared by coprecipitation by the urea method.
Catalysts were calcined at three temperatures (600, 750 or 900°C), characterized by
different techniques (XRD, H,-TPR, TPO, OSC-OSCC, H,-Chemisorption) and evaluated at
different feed conditions and temperatures for methane steam reforming. Catalysts
calcined at 900 °C were tested at three different reaction temperatures (600, 700 and 800 °C).
Higher temperatures favored methane conversion and CO selectivity. For catalysts tested
at 600 °C, increasing vapor/methane ratio caused an increase in hydrogen yield and low-
ered carbon formation. However, high vapor pressure was seen to favor nickel sintering.
Intermediate calcination temperature (750 °C) enhanced nickel-support interaction leading
to maximum methane conversion.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Among hydrogen production technologies, one of the most
studied approaches to obtain hydrogen in situ is methane
steam reforming (MSR) (Equation (1)) which is accompanied by

In the last decades, fossil fuels depletion and increasing
environmental consciousness led to much work in the pursuit
of alternative energy sources, i.e. renewable and environ-
mentally friendly ones. In this line, hydrogen was recognized
as an interesting energy vector since its combustion has water
vapor as only sub product [1,2]. Furthermore, hydrogen may
be fed to a fuel cell where energy conversion is not limited by
Carnot efficiency for internal combustion engines [3]. Despite
having higher energy per mass compared to other fuels, due to
H, low density, high pressures or volumes are required for its
storage. Therefore, in situ production is mandatory.
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water gas shift equilibrium reaction (WGS) (Equation (2)) [4]:

CH, + H,0—CO +3H, AHJ = 206k]/mol (1)

CO +H,0—CO, +Hy AHY, = —41kJ/mol )

It should be noted that hydrogen will be as environmen-
tally friendly as its source is. In consequence, instead of nat-
ural gas, renewable methane sources such as biogas and
biomass gasification could be considered. Both biogas, which
is obtained as a result of anaerobic degradation of biomass [5]
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and the exit current of biomass gasification contain mainly
methane, carbon oxides and some light hydrocarbons [6].
Since the aim of this work is to reform this type of current,
methane was chosen as a representative molecule because its
stable chemical structure makes it the most difficult com-
pound to reform [7].

Given that MSR is a well known industrial process, cata-
lysts for this reaction were widely studied. Between these,
nickel catalysts are preferred because of their reasonable high
activity and low cost compared to noble metal formulations
[8,9]. Nickel is usually supported on alumina based materials
because of their high thermal and mechanical stability [10,11].
Being MSR reaction endothermic and having a positive change
in total moles number, both moderate pressures (typically
20bar) and high temperatures (over 750 °C) are employed to
attain high conversion. In addition, since coking deactivation
problems are frequent when using nickel based catalysts, high
water/methane ratios are usually employed to favor gasifica-
tion reactions, i.e. water/methane ratios over 3 [12]. All con-
ditions mentioned have a high cost associated for the MSR
process which is desirable to lower [13]. Therefore, new ma-
terials are being studied to work at mild conditions: low
pressure, temperature and water vapor pressure [14,15].

In this work, nickel was chosen as active metal and ceria
based materials as supports. High oxygen mobility, charac-
teristic of ceria, was proven to enhance gasification reactions
which diminish carbon deposits on the catalysts [16—18].
Furthermore, oxygen mobility may be enhanced by doping
ceria with even small quantities of other elements [19]. Cata-
lysts prepared in the present work, containing 5wt% of Ni
supported on pure or doped ceria: 5at% of Zr, Pr or La, were
characterized and evaluated in different reaction conditions
to identify possible deactivation phenomena, best operation
conditions and dopant effects on catalyst structure and
activity.

Materials and methods
Sample preparation

Supports were prepared by coprecipitation method employing
the homogeneous thermal decomposition of urea [20], being
the doping percentage (Zr, Pr, La) 5 %at in every case. Aqueous
solutions of urea, ceria and dopant nitrates were prepared
with urea/cations ratio 10/1 and kept at 90°C for 24h. The
precipitate obtained was washed and centrifuged three times
before drying at 80°C overnight. Afterwards, the solid was
calcined at the desired temperature (600, 750 or 900 °C) for 5h
in muffle. Supports prepared were named CeMsT (M =La, Pr,
Zr and T=600, 750, 900) where number five refers to the
atomic percentage of the dopant M and T indicates calcination
temperature in °C. Supports were then impregnated with a
nickel nitrate solution which concentration was established to
obtain 5wt% of Ni in the catalysts. After impregnation, the
solids were dried at 80 °C overnight and finally calcined at the
desired temperature (600, 750 or 900 °C) for 5h in muffle. The
catalysts were named 5% Ni/CeMs T, consistently with sup-
port's nomenclature.

Sample characterization

XRD measurements were conducted in a Siemens D-501
diffractometer with Johansson Ge (1 1 1) monochromator, CuK
alpha radiation, 45 kV and 35 mA. Micromeritics AutoChem II
was used for H,-TPR, TPO, OSC-OSCC and H,-Chemisorption
measurements. Before starting any of these measurements,
the solid surface was cleaned by flowing air at 450°C for
30min to eliminate any carbonates or adsorbed impurities
usually present in these samples [21].

For H,-TPR, mass employed was 30mg, total gas flow
50Nml/min (4% H,/Ar) and temperature was raised from
ambient to 1000°C at 10°C/min. For TPO analysis total gas
flow 50 Nml/min (5% O,/Ar) and temperature was raised from
ambient to 1000°C at 10°C/min. For OSC (Oxygen Storage
Capacity) and OSCC (Oxygen Storage Capacity Complete)
measurements at isothermal conditions (400 °C), the tradi-
tional method described by Yao and YuYao was followed [22].
In first place, alternate pulses of oxidant (air) and reductant
(5% CO/Ar) were injected until stable CO, production was
registered (OSC), i.e. typically 10 pulses. Afterwards, succes-
sive reductant pulses were injected until no CO, production
was registered (OSCC). For H,-Chemisorption experiments,
following the oxidizing pretreatment mentioned, the sample
was reduced at 500 °C with 50 Nml/min (4% H,/Ar) until no H,
consume was detected. Afterwards, sample was cooled down
with purified Ar flow (CRS ZPure Glass Oxygen Purifier) up to —
80°C, temperature employed for pulse injection to avoid
support's concomitant reduction, following conditions estab-
lished by Hennings and Reimert [23].

Samples catalytic evaluation

Activity tests were carried out in an isothermal tubular fixed
bed reactor where temperature was measured by a K-type
thermocouple placed at the center of the catalyst bed. High
purity gases provided by Air Liquide were fed by Aalborg mass
flow controllers and gas mixture composition, both at the
entrance and the exit of reactor, was analyzed by gas chro-
matography employing a Shimadzu GC 14-B chromatograph
equipped with TCD (thermal conductivity detector) and FID
(flame ionization detector). Before each activity test, the cat-
alysts were pretreated with 5% H, in N, at 500°C for 60 min
before rising the temperature in Ny, up to the desired reaction
temperature (600 °C, 700 °C or 800 °C). All catalytic tests were
performed with constant contact time (W =100mg,
F=100Nml/min, W/F=1gmin/Nml) and the following
composition at reactor entrance: CH, (12.5%), H,O/CH, (0.5, 1,
1.5 or 3) and N as balance. Time-on-stream was 4 h for every
catalytic test since this period was enough for methane con-
version, CO and CO, selectivities stabilization. Values re-
ported on Tables 4—6 are all average values in this period.
Supports activity in MSR was tested and resulted negligible.
Methane conversion, CO and CO, selectivities and H, yield
were calculated by their usual definitions:

Fin _ FC
Xoi, = CHAFTH“ 3)
CH,
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Table 1 — BET, XRD, OSC-OSCGC and H,-TPR results for supports calcined at different temperatures.

Support Sger (m?g 1) dceoz (nm) axrp (A) 0SC 0SccC Total H, uptake
(nmol CO./g) (nmol CO./g) (nmol/g)

Ce0O, 600 53.8 21 5.411 (5.410) 48 123 1273
CeO, 750 8.0 41 27 85 1063
CeO, 900 6.0 79 19 34 863
CeLas 600 49.0 17 5.426 (5.428) 48 122 789
CelLas 750 12.0 29 30 65 530
CeLas 900 8.6 50 19 36 517
CePrs 600 49.6 21 5.412 (5.413) 63 147 1543
CePrs 750 10.9 38 76 165 911
CePrs 900 5.5 65 56 149 634
CeZrs 600 44.8 25 5.399 (5.410) 82 202 1141
CeZrs 750 14.8 37 55 123 770
CeZrs 900 10.6 43 38 80 536

Table 2 — XRD, OSC-OSCC and H,-Chemisorption results

for catalysts calcined at different temperatures. S¢ =1—Sco ~ Sco, (6)
Catalyst dXRD NiO 0OsC 0OscC Ani
(nm) (umol  (umol  (m? Ni/g) Yo = Xcn, (4Sco, + 3Sw0) )
COy/g) COy/g) ’ 4
5% Ni/CeO, 600 24 123 409 0.76 Additionally, in order to quantify catalyst deactivation,
5% Ni/CeLas 600 25 123 492 0.73 methane conversion diminution during 4h time-on-stream
5% Ni/CePrs 600 26 164 633 0.46 was calculated by:
5% Ni/CeZrs 600 27 209 661 1.58
5% Ni/CeO, 750 40 120 398 0.69
5% Ni/CeLas 750 33 99 396 0.34 ¢ =1 — Xcy, (4h) / xy, ®)
5% Ni/CePrs 750 36 110 426 0.74
5% Ni/CeZrs 750 34 129 409 1.10 . .
. here 4h) is methane conversion after 4h on stream and
5% Ni/CeO, 900 42 115 382 0.18 “g ; XC“‘*(h )i - Verst o ;
5% Ni/CeLas 900 40 93 373 0.06 XCn, 1§ methane initia converswr'l. A.s 1F is observed 1’01?1
5% Ni/GePrs 900 40 103 400 0.10 Equation (8), @ equals 1 when deactivation is complete and 0 if
5% Ni/CeZrs 900 37 122 384 0.23 there is no deactivation.
Feo — FID ( Results and discussion
SCO == 4
Feu, — Fou, )
4 . .
Characterization results
o _ Feo, — Ficﬂoz 5 The: supports' employed were thoroughly characterized by
co, = 71:1& ~Fen various techniques (BET, XRD, Raman spectroscopy, H,-TPR,
4 4

OSC-0SCC). Relevant results for the discussion in the present

Table 3 — H,-TPR profiles deconvolution results for catalysts calcined at different temperatures.

Catalyst Peak a. Peak B Peak Y Peak 3 Peaks o.+ B+ Y H, Peak d H, Total H,
uptake (umol/g uptake (umol/g  uptake (umol/g)

Position Position Position Position

Q) (°Q) 9 Q)
5% Ni/Ce 600 266 281 323 803 831 1579 2409
5% Ni/CeLas 600 276 309 369 767 1219 988 2207
5% Ni/CePrs 600 194, 234 318 358 766 917 968 1885
5% Ni/CeZrs 600 256 338 367 827 489 1599 2088
5% Ni/Ce 750 258 334 363 797 901 2888 3789
5% Ni/CeLas 750 260 316 348 693 1232 1947 3180
5% Ni/CePrs 750 222, 262 340 384 744 1122 1636 2760
5% Ni/CeZrs 750 220 287 308 733 868 1940 2808
5% Ni/Ce 900 = 319 344 770 917 1335 2252
5% Ni/CeLas 900 240 310 343 714 1446 1253 2699
5% Ni/CePrs 900 234, 256 331 365 729 1130 1332 2461
5% Ni/CeZrs 900 205 332 386 770 1039 1199 2238
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Table 4 — Catalytic results of catalysts calcined at 900 °C

evaluated at different reaction temperatures. (R=1, W/
F =1 g min/Nml, Time-on-stream =4h).

Catalyst T (°C) Xcu, (%) Sco (%) Sco, (%) ¢ (%)
5% Ni/Ce 900 600 39 44 46 25
700 66 61 18 35
800 71 77 16 31
5% Ni/CeLas 900 600 60 57 33 22
700 63 64 18 20
800 76 76 7 20
5% Ni/CePrs 900 600 42 38 53 30
700 49 64 19 34
800 56 73 15 29
5% Ni/CeZrs 900 600 54 54 38 27
700 64 69 26 23
800 67 73 13 40

Table 5 — Catalytic results of catalysts calcined at 600 °G

evaluated at different water/methane feed ratios (R).
(T =600 °C, W/F =1 g min/Nml, Time-on-stream = 4h).

Catalyst XCH, (%) Sco (%) Sco2 (%) YHz (%) () (%)
R=0.5

5% Ni/Ce 600 27 57 22 17 56
5% Ni/CeLas 600 27 61 30 20 26
5% Ni/CePrs 600 29 61 21 20 51
5% Ni/CeZrs 600 36 56 20 23 48
R=1

5% Ni/Ce 600 51 51 28 34 31
5% Ni/CeLas 600 52 47 35 37 9
5% Ni/CePrs 600 51 58 34 43 27
5% Ni/CeZrs 600 39 50 38 29 19
R=15

5% Ni/Ce 600 70 49 36 51 9
5% Ni/CeLas 600 54 49 34 38 2
5% Ni/CePrs 600 68 43 39 48 3
5% Ni/CeZrs 600 60 39 42 43 7
R=3

5% Ni/Ce 600 55 39 56 47 22
5% Ni/CeLas 600 67 39 49 53 5
5% Ni/CePrs 600 72 42 52 60 15
5% Ni/CeZrs 600 72 59 41 70 13

Table 6 — Catalytic results of catalysts calcined at

different temperatures and evaluated at 600°Cand R=1.

(T =600°C, R=1, W/F =1 g min/Nml, Time-on-
stream =4h).

Catalyst Calcination Xcu, Sco Sco, Yu, @
temperature (%) (%) (%) (%) (%)
Q)
5% Ni/Ce 600 51.1 514 280 34.0 31
750 574 554 316 420 30
900 39.3 438 46.2 311 25
5% Ni/Celas 600 52.1 473 353 369 9
750 584 537 319 421 8
900 59.5 56.7 328 448 22
5% Ni/CePrs 600 512 57.8 337 425 27
750 61.7 55.1 29.7 439 27
900 421 382 527 343 30
5% Ni/CeZrs 600 385 499 38.0 290 19
750 62.0 528 293 427 18
900 543 542 383 429 27

work are summarized in Table 1 while details and further
analysis can be found in our previous work [24].

Fig. 1 shows the measured XRD patterns for catalysts pre-
cursors calcined at different temperatures. In addition to ceria
fluorite structure reflections (JCPDS 34-0394), nickel oxide was
detected (JCPDS 47-1049) in every catalyst precursor.

Lattice parameters determined from these diffractograms
(indicated between parentheses below supports' values in
Table 1) were not significantly different from those observed
for the supports. Therefore Ni*" insertion in the lattice was
discarded since it would have produced noticeable contrac-
tion because of its smaller ionic radii, as reported in literature
[25,26].

The (2 0 0) reflection located at 260 =43.2° was used for
nickel oxide crystallite diameter determination because of its
highest intensity in accordance with other authors [27,28].
Calculated values, presented in Table 2, are in line with pre-
vious reports by other authors: Huang & Huang [29] obtained
25 nm NiO particles using 5 %wt. supported on Gd-doped ceria
and Radlik et al. [30] obtained 17 nm particles with 550°C-
calcined samples. It may be observed that for calcination
temperatures over 600 °C, doped samples had smaller crys-
tallite sizes, specially the one supported on Zr-doped ceria.
These observations are accordance with metallic area results
also shown in Table 2 and discussed below in this section.

Fig. 2 shows the catalysts' reduction profiles and decon-
volution results are presented in Table 3. Two temperature
regions can be distinguished: high temperature region is again
identified with bulk ceria reduction (Peak §) while in the low
temperature region both labile oxygen and nickel oxide
reduction events are lumped (Peaks ¢, B and Y) [31-35].
Considering the following reaction for nickel oxide reduction:

NiO + H, = H,0 + Ni° )

The amount of hydrogen consumed for complete nickel
oxide reduction can be calculated as 852 umol/g. Therefore,
taking into consideration the values in Tables 1 and 3,
simultaneous ceria and nickel reduction can be assumed in
the low temperature region.

Furthermore, it can be observed that bulk ceria reduction is
enhanced by nickel impregnation as previously reported by
other authors [36]. Given that nickel reduces in one step from
Ni?* to Ni° separate reduction events (Peaks $ and Y) are
usually ascribed to two different nickel particles: dispersed
and agglomerated ones [37]. In addition, Peak o is attributed to
highly reactive oxygen species generated by Refs. [32,35]:

Ni?* + 0%~ + H, —Ni® + H,0 + Vo
2Ce*t + Ni®—2Ce?" + Ni**
2Ce** + 0% + H, —2Ce>" + Vo + H,0

where V, indicates an oxygen vacancy in the lattice. For Pr-
doped catalysts, an extra low temperature peak may be
ascribed to the additional redox system:

Ni** + 0% + H, —»Ni’ + H,0 + Vo
2Pr*" + Ni® - 2Pr®* 4 Ni**

2Pr*t + 0%~ + H, —2Pr** + Vo + H,0
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Fig. 1 — XRD patterns for catalysts' precursors calcined at
600 °C (A), 750 °C (B) and 900 °C (C).
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particles which are consistent with the metallic area decrease
(see Table 2). Nevertheless, sample reduction still begun at
lower temperatures in comparison to supports as characterized
in previous work at the same conditions [24]. Most importantly,
a maximum reducibility was observed for samples calcined at
750°C which was interpreted as a consequence of increased
nickel-ceria interaction. As it will be shown below, these sam-
ples had better catalytic performance in MSR.

Tables 1 and 2 show the results obtained for OSC and OSCC
measurements, for supports and catalysts respectively, where
the positive effect of doping ceria was observed. Doping ceria
with trivalent cations such as La*® generates intrinsic va-
cancies to maintain electroneutrality in the solid, vacancies
which may favor oxygen mobility in the ceria lattice. However,
since BET surface area diminution was observed (Table 1), OSC
and OSCC values are almost the same for La doped and pure
ceria. Zr-doped samples have no intrinsic vacancies generated
as a consequence of cation substitution but, on the other
hand, differences in cation size between Zr** and cerium
generate lattice distortion which was proven to enhance ox-
ygen mobility considerably [38]. In the case of praseodymium,
previous results of our group had already exhibit an increase
in oxygen mobility when doping ceria even with small quan-
tities of Pr, both from experimental approach and DFT calcu-
lations [39]. Similar results were obtained by Ran et al. [40]
when employing Ce-Zr-Pr samples, finding greatest oxygen
mobility when using 5 at% of Pr.

For supports calcined at 600 °C, the greatest OSC and OSCC
values were registered for Pr and Zr-doped ceria. Increasing
calcination temperature was seen to produce a considerable
decrement of specific surface area (Table 1) which, since OSC
isidentified as a surface phenomenon, has a negative effect on
labile oxygen availability. OSC and OSCC for catalysts, shown
in Table 2, were bigger than the ones for supports because of
nickel ability to enhance oxygen mobility in the ceria lattice
[41]. OSC increment due to nickel impregnation was almost
the same for every sample and, consequently, Pr and Zr-doped
catalysts were the ones with the higher values (as occurred
with supports). On the other hand, relative differences be-
tween samples were somehow attenuated, in particular for
900°C calcined ones, because Ni relevance is predominant
over support. Therefore, catalysts' oxygen mobility decrease
with calcination temperature may be associated not only to
lower BET area but also to Ni agglomeration.

H,-Chemisorption results are also shown in Table 2. In first
place, it can be observed that nickel metallic area decreased
with increasing calcination temperature as expected. Catalysts
supported on CePrs were an exception to this diminution,
which is in line with its particular behavior found in our pre-
vious work [24]. The decrease in nickel availability was lower
for Zr and La-doped samples which were the supports with
more stable BET surface areas. In addition, it can be noted that
at every calcination temperature, the catalyst supported on
zirconium doped ceria showed the highest metallic area.
Additionally, it may be noticed that metallic area results were
consistent with OSC measurements. It was observed an almost
linear dependence of OSC and nickel metallic area for catalysts
calcined at 900°C, where support incidence in OSC value is
expected to be negligible due to low surface area (see Fig. 3).
This trend was not present with catalysts calcined at 600 °C and

130 4 2
T R* =097

120 o

110 A

Pr

0SC (umol CO_/g)

100 ~

90

T T v T y T . T ) 1
0,00 0,05 0,10 0,15 0,20 0,25

Metallic area (m2 Ni/g)

Fig. 3 — OSC versus metallic area for catalysts calcined at
900 °C (support dopant indicated).

750 °C suggesting that the support role in OSC measurement
was relevant for those calcination temperatures.

Catalytic activity results

Table 4 shows the results for catalysts calcined at 900 °C and
evaluated, with stoichiometric water/methane feed (R=1), at
different reaction temperatures: 600 °C, 700°C and 800°C in
methane steam reforming. It was observed that the increase
of reaction temperature had a positive effect on CO selectivity
while CO, selectivity descended. Carbon monoxide and diox-
ide selectivities behavior may be explained by the exothermic
water gas shift equilibrium displacement (Equation (2)) since
this reaction is usually equilibrated in these reaction condi-
tions [42]. Alternatively, this behavior could be understood in
terms of the differences between labile and bulk oxygen roles
in the reaction mechanism. Huang et al. [43] studied Gd-doped
ceria and found that, in absence of any other oxygen source
except for the support, CO, formation was related to superfi-
cial oxygen while CO formation was due to bulk activity. Since
increasing temperature favors bulk oxygen mobility and sur-
face area decrement, both effects may be responsible for the
selectivities observed. Methane conversion increased with
temperature at constant contact time, as expected, for every
catalyst leading to similar hydrogen yields values. The incre-
ment in methane conversion was bigger from reaction tem-
perature 600 to 700°C than 700 to 800°C, as previously
reported by other authors [44,45]. As an example, Fig. 4 shows
typical conversion and selectivities plots versus time on
stream for 5% Ni/CePrs 900 while values in the tables herein-
after are all mean values.

Regarding these catalysts' deactivation, it may be observed
that for activity tests at the highest temperature (800 °C), even
though samples were calcined at 900°C metal sintering is
expected because of water vapor presence since it is known to
enhance nickel mobility [46]. In fact it can be observed that
deactivation ratio (¢) at 800 °C obeys the following trend for
support's dopant: Zr > Ce > Pr> La, which is the same of the
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Fig. 4 — Methane conversion (circles), carbon monoxide
selectivity (squares) and carbon dioxide selectivity
(triangles) versus time on stream for 5% Ni/CePrs 900 at
different reaction temperatures (R =1, W/F =1 g min/Nml).

metallic areas (see Table 2). This is explained considering that
smaller particles are more prone to agglomeration. On the
other hand, for activity tests at 600 °C, carbon formation was
lower in accordance with Bartholomew [47].

Table 5 shows the results for catalysts calcined at 600 °C
and evaluated at the same temperature with different water/
methane feed ratios. It was observed that increasing water
content at the feed resulted in greater carbon dioxide selec-
tivity and lower carbon monoxide selectivity which is in
agreement with literature [42] where this phenomenon is
associated to water gas shift equilibrium displacement
(Equation (2)). Once again, since higher vapor pressure en-
hances oxygen vacancies' replenishment, the increment of
CO, selectivity may be interpreted as consequence of higher
labile oxygen availability [19]. Regarding methane conversion,
it was observed that, in the range evaluated, it increased with
the increase of water content in the feed. The maximum
observed for pure ceria supported catalyst may be explained
in terms of water and methane competition for the same
active site, as previously reported by other authors [48]. This
maximum may be displaced to higher water/methane ratios
for doped-support samples since water activation was re-
ported to be facilitated [49]. Hydrogen yield, calculated by
Equation (7), is a result of previous tendencies (methane
conversion, CO and CO, selectivities) and has its highest
values for R=3 and doped samples. Reaction mechanisms
presented in literature for metallic catalysts supported on
oxides with redox activity suggest that water and the support
itself serve as oxygen sources in the catalytic cycle [50]. At
water deficient conditions, i.e. low water/methane feed ratio,
main oxygen source will be the support. Accordingly, higher
hydrogen yields are encountered in catalysts for which sup-
ports have higher OSC and OSCC values.

Two main deactivation causes in MSR are carbon forma-
tion and metal sintering. The first one is expected to prevail at
low water/methane ratios while the second one is more likely
to occur at high water partial pressures [51]. In line with this
behavior, a minimum for deactivation ratio is predicted at an
intermediate steam content which, as results in Fig. 5 show,
occurred at R=1.5 for samples employed in this work. For
catalysts used at R = 3, Ni° crystallite diameter was estimated
by XRD characterization after 4h time on stream and these
values are exhibited on Fig. 5 as well. At high water/methane
ratios, deactivation ratio was higher for the catalysts with
bigger Ni° particle diameter as expected if sintering was the
main deactivation phenomenon. On the contrary, it may be
observed that deactivation ratio at R=0.5 is not perfectly
correlated with carbon yield indicated in Fig. 5 (Y¢). Thus, to
gain further insight into deactivation at this condition TPO
analysis of these used samples was carried out and it is shown
in Fig. 6. Atleast two types of carbon species are identified: one
which is gasified at 530—580°C (Type I) and other which is
gasified at 600—650°C (Type II, broken line in Fig. 6). The first
type is associated to carbon in contact with nickel particles
while the second one is ascribed to carbon over the support
[52,53], for which its contribution to carbon yield is indicated.
It is observed that this contribution obeys the following trend
with sample dopant: Ce (none)>Pr>Zr>La which corre-
sponds to deactivation observed suggestion that Type II
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carbon is the one responsible for the catalysts' loss of activity
in this reaction condition as expected [53,54].

Deactivation for pure ceria supported catalyst was the
highest at every feed condition. It should be emphasized that,
considering our reaction conditions, deactivation registered
with R=1.5 was extremely low for all catalysts compared to
traditional Ni/Al,O3 catalysts.

In Table 6, activity results for catalysts calcined at different
temperatures and tested at 600 °Cand R = 1 are shown. It maybe
observed that maximum methane conversion was achieved for
intermediate calcination temperature for every sample.

Higher calcination temperature diminishes nickel metallic
area, i.e. increases nickel particle size, as previously discussed
from data in Table 2. Despite some authors have found a

positive dependence between Ni particle size and TOF for MSR
[55,56], most careful studies done by Bengaard et al. [57] have
proven that methane decomposition is favored on step sites,
which in turn are more abundant on smaller crystallites.
However, considering the results shown in Table 5 it is
apparent that methane decomposition is not the sole rate
determining step for these catalysts and, therefore, nickel-
support interaction could be relevant in these system as pre-
viously suggested [12,36,43]. Dong et al. [36] found an optimum
catalytic formulation based on Ni with intermediate metallic
area where a good balance of two types of sites was achieved
(one for methane activation, other one for water vapor acti-
vation). Roh etal. [12] made a similar observation but attributed
the result to the presence of different oxidation states on nickel
particles. For our catalysts, greater nickel-support interaction
for 750°C-calcined catalysts was observed by H,-TPR. This
increased reducibility produces higher oxygen vacancy con-
centration which is recognized as a key factor for MSR [43].

Conclusions

Catalysts prepared were characterized by several techniques
(H2-TPR, OSC, OSCC and H,-Chemisorption) where support
doping effects in enhancing nickel reducibility and its metallic
area were observed. Zr-doped catalyst was the one to show
the highest OSC and nickel availability.

To test reaction temperature effect on MSR, catalysts
calcined at 900°C were evaluated with R=1at 600, 700 and
800 °C. Deactivation was higher for these samples compared to
the ones calcined at 600 °C and product distribution behavior
was in agreement with WGS equilibrium displacement.

Catalysts calcined at 600 °C were tested in the MSR at mild
conditions, ambient pressure, 600°C and different water/
methane feed ratios (R) below 3. Minimum deactivation was
found for intermediate R values, which may be explained by
coking and sintering competition. All doped-support catalysts
showed lower deactivation in comparison to pure ceria sup-
ported samples. Zr-doped catalyst showed the best results
both at water deficient conditions (R=0.5), Yu, =23%, and
high water content (R =3), Yy, = 70%.

Intermediate calcination temperature favored nickel-
support interaction and sample reducibility, as observed by
H,-TPR. Despite having lower metallic area than 600 °C-
calcined samples, catalysts calcined at 750 °C had the highest
methane conversion in all the cases, regardless the support
used.
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