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HIGHLIGHTS

o A Ni-Zn-Al catalyst is active and
stable for steam-methane reforming
at low temperatures.

« Ni-Zn-Al catalyst is resistant to
sintering and inhibits formation of
carbonaceous deposits.

o Ni-Mg-Al catalyst is active for steam-
methane reforming but produces
carbon nanofibers.

« Intimate contact between Ni and
spinel-like matrix is crucial for metal
phase activity and stability.
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ABSTRACT

In this work, we report the activity results obtained in steam-methane reforming (SMR) at 500 and 600 °C
using four nickel-based catalysts: (a) Ni/a-Al,O3 and Ni/SiO,, prepared by incipient wetness
impregnation method and (b) Ni-Zn-Al and Ni-Mg-Al, prepared by coprecipitation method. In all of
the samples, the nickel load ranged between 7% and 9%. The catalytic activity in SMR at steady state
followed the pattern: Ni-Mg-Al =~ Ni-Zn-Al > Ni/a-Al,03 > Ni/SiO,. According to characterization results,
the interaction between Ni?* species and support in precursor oxides was stronger in Ni-Mg-Al and
Ni-Zn-Al than in Ni/a-Al;03 and Ni/SiO,. After activation in H, flow, large metal nickel particles with
low or none interaction with the support were obtained in the case of Ni/a-Al,05 and Ni/SiO,. On the
contrary, small metal particles, between 3 and 6 nm, in high interaction with support were obtained in
Ni-Zn-Al and Ni-Mg-Al catalysts. The metal phase formed in Ni-Mg-Al and Ni-Zn-Al was the most
active and resistant to sintering under reaction conditions at T < 600 °C. It was also found that carbon
nanofibers were formed on Ni/o-Al,03, Ni/SiO, and Ni-Mg-Al catalysts during SMR at 600 °C. The
amount and diameter of nanofibers formed on Ni-Mg-Al were lower than on catalysts prepared by
impregnation method, which is in agreement with the relative sizes of metal nickel particles in each case.
Amazingly, no filamentary carbon was detected on the used Ni-Zn-Al sample: only amorphous coke in
low amounts was formed. This was attributed to the proper interaction of small metal nickel particles
with the non-stoichiometric zinc aluminate-like phase formed after thermal treatments of catalyst
precursor.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

gas [1]. In particular, according to the US DOE, almost 95% of the
hydrogen is produced in United States by SMR [2]. This process is

Steam-methane reforming (SMR) is the most common process
at industrial scale for the production of hydrogen and synthesis
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employed in both petrochemical industry and energy production.
For example, synthesis gas produced via steam reforming is
employed in order to obtain the reducing gas for steel production
and also as raw material in the ammonia, methanol and
Fischer-Tropsh synthesis [1-4].
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The principal products in SMR are CO, CO, and H,, which are
produced according to reactions (1) and (2), being the first reaction
highly endothermic and the second one slightly exothermic.

CH, + H,0 <= CO + 3H, AH®(25 °C) = 2062 kJ mol ™’ (1)

CO + H,0 <= CO, +H, AH’(25°C) = —412 kJ mol ' (2)

Simultaneously, CO disproportionation (3) and CH4 decomposi-
tion (4) can take place, which are undesirable reactions because
they produce carbon deposits and whiskers [5]. Both reactions
can take place between 500 and 600 °C, but CO disproportionation
is thermodynamically favored against CH, decomposition in this
temperature range [3].

2C0 <= C(s) + CO, AH°(25°C) = —1724 k] mol ™’ (3)

CHy <= C(s) +2H, AH°(25°C) = 749 k] mol (4)

Since reaction (1) is highly endothermic, it is necessary to carry
out the SMR process at high temperatures in order to reach
complete methane conversion. Normally, the temperature at the
reformer inlet is between 450 and 600 °C while at the outlet it is
in the range of 850-950 °C [4]. Water-gas shift (WGS) reaction
and CO disproportionation, Eqgs. (2) and (3), respectively, are
thermodynamically favored in the reformer low temperature
region while CH; decomposition, equation (4), is favored in the
high temperature zone.

There are many research papers in which the use of different
type of metal-based catalysts and reactors were proposed with
the aim of improving H, production and to minimize coke forma-
tion in methane reforming [4-29]. The most used catalysts were
those based on noble and non-noble metals of group VIII. Among
them, nickel is the preferred one in industrial applications due to
its low cost and catalytic performance [4,6]. However, the C(s) pro-
duced by reactions (3) and (4) can be dissolved in the metal nickel
particles and diffuse through it to form carbon whiskers [4]. If
these whiskers are produced in large amounts, they can break-up
the catalyst pellets and produce large amounts of powder. This will
increase the pressure drop in the catalyst bed leading to opera-
tional problems in the reformer unit [7]. Formation of carbona-
ceous deposits is favored below a critical steam to carbon (S/C)
ratio [4,6]. Therefore, S/C ratios used at industrial scale are higher
than unity. Normally, values between 2.5 and 4.5 are used at the
inlet of industrial reformers in order to reduce carbon production
[2]. An alternative to control carbon deposit formation is the use
of a pre-reformer unit that normally works between 400 and
600 °C [2,3]. The idea is to carry out the methane conversion under
conditions that insure the inhibition of reactions (3) and/or (4).
One proposal to fulfill this objective is to use a catalyst formed
by a stable phase of metal nanoparticles being active at 500-
600 °C for reaction (1) but that inhibits reactions (3) and (4).

The support and metal-support interaction are also influencing
the formation of carbonaceous deposits and carbon whiskers
during SMR process. The most common supports used in the open
literature for SMR are o-Al,03, Y-Al,03, SiO5, MgO, MgAl,04, CeO,,
TiO, and ZrO, [8-18]. In some cases, surface acid sites are present
and they promote hydrocarbon cracking and subsequent
polymerization leading to formation of carbonaceous deposits on
the catalyst surface [19]. Then, a way to suppress carbon deposi-
tion on Ni-based catalysts is by adding an alkali metal. However,
addition of alkali promoters can decrease catalyst activity [20].
Then, it would be better to design the catalyst having the right
acid-basic properties and the proper metal-support interaction
in order to inhibit the formation of carbonaceous deposits.

Another aspect that must be taken into account for the design of
a SMR catalyst is the particle sintering, since this is also one possi-
ble cause for catalyst deactivation. It is well known that the rate
and extent of sintering depend on many factors, as for example
metal load, crystallite size, support nature and reaction conditions.
The most accepted mechanism for particle sintering is migration
and coalescence [21]. In order to avoid particle migration on
support surface, the interaction between metal nanoparticles and
support must be the proper one. In this sense, a stable metal phase
highly dispersed in a Ni-Mg-Al oxide was obtained from a
hydrotalcite-like precursor [17,22]. In other cases, a noble metal
phase highly dispersed in a Mg-Al oxide matrix was obtained
following similar procedures [23,24].

In summary, the challenge is to design and develop a catalyst
active in SMR at low temperature, resistant to sintering and with
low formation of carbon deposits. In a previous paper, we studied
the hydrogenation of acetylene with Ni-based catalyst having a
non stoichiometric spinel-like structure and the carbon formation
was considerably reduced respect to other Ni-based catalysts
[30]. In this work we study the SMR at 500-600 °C over Ni-Mg-
Al and Ni-Zn-Al catalysts, prepared by coprecipitation method,
and compared their catalytic performance with that of Ni sup-
ported on SiO, and «-Al,03, prepared by incipient wetness impreg-
nation. The objective in this work is to obtain a stable phase of
metal nickel nanoparticles with high activity for SMR, able to inhi-
bit carbon production at temperatures below 600 °C and simulta-
neously resistant to sintering under reaction conditions. This
catalyst could be useful in the low temperature range of a steam
reformer or in a pre-reformer unit.

2. Experimental
2.1. Catalyst preparation

Two catalysts, Ni/SiO, (NS) and Ni/a-Al,03 (NA), were prepared
by incipient wetness impregnation using as supports SiO, (Aldrich,
Sg=250m?g~ ") and o-Al,03 (Aldrich, Sg=8m?g~!). A 0.5M
solution of Ni(NO3),-6H,0 (Merck, for analysis) was added drop-
wise to the supports, previously calcined in air during 4h at
500°C. These hydrated precursors were dried in an oven
at 100 °C for 12 h and then calcined in air flow (60 cm® min~') at
400 °C for 6 h. Other two Ni-based catalysts, Ni-Mg-Al (NMA)
and Ni-Zn-Al (NZA), were prepared by the co-precipitation tech-
nique according to the procedure described elsewhere [30,31].
The atomic ratios in samples NMA and NZA were Zn(Mg)/Ni =~ 3
and Zn(Mg)/Al = 0.75. An aqueous solution containing a mixture
of the corresponding nitrates and a basic aqueous solution of
K,CO; (for NZA) or K,CO3/KOH=0.125 (for NMA) were
simultaneously added dropwise to 400 ml of distilled water at
60 °C while the pH was kept at 7.2 + 0.2 for NZA and 10 0.2 for
NMA. The resulting precipitates were aged for 1 h at 60 °C in the
mother liquor and then filtered, washed with deionized water at
60 °C and dried at 80 °C overnight. The hydrated precursors were
decomposed in N, flow (60 cm? min~!) at 500 °C for 5 h to obtain
the corresponding mixed oxides.

2.2. Catalyst characterization

Specific surface area (Sg) were measured by N, physisorption at
—196 °C in a Quantachrome Autosorb I sorptometer. Elemental
composition of the samples was determined by atomic absorption
spectrometry (AA) using a Perkin Elmer Spectrometer AAnalyst
800. Hydrogen chemisorption was measured via volumetric
adsorption experiments at room temperature in a conventional
vacuum apparatus using the method described elsewhere [31,32].
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The reducibility of the calcined samples were determined by
temperature-programmed reduction (TPR) using a Micromeritics
Auto Chem II 2920 V2.00. The TPR profiles were acquired passing
a H, (5%)/Ar flow (60 cm® min~!) while the samples were heated
from room temperature to 950 °C at 10 °C min~..

Surface acidity was determined by temperature-programmed
desorption of NH3 (NH3-TPD). Samples (100 mg) were pretreated
by heating in He (60 cm® min~') flow from 25°C to 300°C at
10 °C min~' and keeping the final temperature for 1 h. Then, sam-
ples were cooled down to 100 °C and exposed to an NH3(1%)/He
gaseous stream for 1h. The physisorbed NH3; was removed by
flowing He (60 cm® min~!) at 100 °C for 0.5 h. The NH;3-TPD profile
was obtained increasing the temperature from 100 °C to 700 °C at
10 °C min~'. The NH; concentration in the effluent was measured
by mass spectrometry (MS) in a Baltzers Omnistar unit.

Basic site densities were determined by temperature-pro-
grammed desorption of CO, (CO,-TPD). Samples (50 mg) were
loaded in a fixed-bed quartz reactor and then pretreated by heating
from 25 °C to 300 °C in N, flow (60 cm® min~') at 10 °C min~'. The
final temperature was kept for 1 h. Afterwards, the system was
cooled down to room temperature and the samples expose to a
CO,(2%)/N, gas stream (60 cm® min~!) until CO, surface satura-
tion. The CO,-TPD profiles were obtained heating from 25 °C to
800 °C in N, (60 cm® min~") flow at 10 °C min~'. The effluent gas
was analyzed by an on-line Gas Chromatograph SRI 310C with
flame ionization detector (FID). Previously to the FID, the outlet
gas was converted to methane at 400 °C in a methanation reactor
loaded with Ni/Kieselguhr catalyst while passing hydrogen flow.

After SMR experiments, catalysts were characterized by trans-
mission electron microscopy (TEM) and temperature-programmed
oxidation (TPO). The TPO profiles were obtained in a fixed-bed
quartz reactor loading 50 mg of used catalyst. A continuous flow
of 05(2%)/N, (60cm® min~!) was passed over the sample and the
temperature was increased from 25 °C to 800 °C at 10 °C min~.
The outlet gas was converted to CH, as it was described above.
The measurements by TEM were performed using a FEI Teonai
T20 equipment operated at 200 kV.

2.3. Catalytic tests

Catalytic tests were performed in a fixed bed continuous flow
reactor operated at atmospheric pressure. A Ni-based catalyst
(100-200 mg) was placed in a fixed-bed quartz reactor
(i.d.: 6 mm). Catalyst activation was carried out in situ by reduc-
tion with H, (30 cm® min~!) at 500 °C or 600 °C for 1 h. After the
reduction, a stream of H,O/CH,4 = 2 diluted with H, (30 cm® min~")
was fed to the reactor. The catalytic tests were performed at 500 °C
and 600 °C for 2 h. The water at the reactor outlet was trapped
using an ice bath. Then, the effluent gas was analyzed using an
on-line gas chromatograph GC-8A equipped with a flame
ionization detector (FID) and two packed columns (Porapak Q
and Porapak QS). The reaction products, CO and CO,, were
separated in the packed column and then converted to CH, in a
methanation reactor at 400 °C previous to the detection in the
FID. The selectivity to CO was defined as Sco = Yco-(Yco + Yco2) ™
where Yo and Yo, are yields in CO and CO,, respectively. In turn,
Y; is defined as mol of i yielded by CH4 mol fed. The initial methane
conversion rates (%, CH4 mol gy; ! h™!) were calculated by polyno-
mial regression of the experimental data and subsequent differen-
tiation at time equal to zero. Turn-over frequencies (TOF) were
estimated from r°, atomic weight of nickel (My;) and metal disper-
sion (D) by applying the formula: TOF =% . My;/D. The catalysts
used in SMR experiments are identified by an abbreviation
followed by the reduction temperature. For example, NS-500
means Ni/SiO, catalyst reduced at 500 °C.

3. Results and discussion
3.1. Sample characterization

The experimental nickel load determined by AA was between 7
and 9 wt¥% in all of the samples used in this work (Table 1). After
impregnation and calcination at 500 °C, the final specific surface
areas of samples NS and NA were similar to those of the corre-
sponding supports (Table 1). The specific surface area (Sg) of NS
was about 20 times higher than that one of NA. Besides, after
coprecipitation and thermal decomposition, NMA and NZA mixed
oxides have similar Sg to the one of NS (Table 1).

The XRD patterns of oxide precursors are shown in Fig. 1. Only a
single polycrystalline phase of NiO (JCPDS 22-1189) was formed in
the case of NS sample after calcination. In addition, the amorphous
halo of SiO,, due to the scattering of the Si-O-Si structure, was ob-
served at 20 < 30°. In the case of NA sample, two well defined poly-
crystalline phases were observed: one characteristic of the low
surface o-Al,O3 (JCPDS 46-1212) and another one corresponding
to NiO (JCPDS 22-1189). Instead, broad diffraction lines were ob-
served for the NMA mixed oxide in the range 20 = 30-70°. These
lines could be assigned to small NiO crystallites. However, similar
XRD patterns were obtained for MgAl,0, spinels synthesized at
temperatures lower or equal to 600 °C [33]. The X-ray diffracto-
grams for these mixed oxides showed that the diffraction line of
highest intensity corresponds to the (400) plane family
(20 = 44°), instead of the (311) plane family (260 = 39°), which is
similar to the X-ray diffactogram obtained for NMA sample in this

Table 1
Physicochemical characterization of nickel samples used in this work.
Sample Sg* Ni load Tr® HG; D¢ dp
(m?g)  (wt¥) (°C)  (cm’NPTg™") (%) (nm)
NS 245 8.4 500 0.18 1.1 11-13
NA 12 8 500 0.13 0.8 19
NMA 224 7 500 0.21 1.6 -
600 0.73 5.5 3-4
NZA 210 8.6 500 043 2.6
600 0.42 2.6 4-6

2 Samples calcined at 500 °C.

b Reduction temperature.

¢ Metal fraction exposed respect to total Ni estimated by H, chemisorption
(H/Ni=1).

4 Mean particle sizes estimated from TEM histograms.
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Fig. 1. XRD of samples calcined at 500 °C. (®) Zinc aluminate-like; (O) magnesium
aluminate-like; (OJ) NiO; and (¢) o-Al,0s.
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Fig. 2. TPR profiles of samples calcined at 500 °C.

work (Fig. 1). Then, it is very probably that the NMA mixed oxide
consists of Ni%* ions and/or very small NiO particles (size less than
4 nm) highly dispersed in a non-stoichiometric Mg-Al spinel ma-
trix. In the case of NZA sample, broad diffraction lines were also ob-
tained between 20 = 30° and 70°. These peaks fitted very well with
the XRD pattern of ZnAl,04 with spinel structure (JCPDS 5-669).
Similar X-ray diffractogram was obtained in previous works for
ZnAl,0, prepared by the coprecipitation method and subsequent
calcination at 600 °C [30,34]. Then, similar to the case of NMA sam-
ple, the most likely is that Ni?* ions are very highly dispersed in the
polycrystalline zinc aluminate matrix with spinel-like structure.

TPR profiles are shown in Fig. 2. Both NS and NA samples
showed a single peak of H, consumption with a maximum around
390-400 °C that is normally assigned to reduction of supported
NiO into metal Ni. The broad and asymmetric reduction peaks
are probably due to reduction of NiO particles in a wide range of
sizes having very low or none interaction with the support
[35,36]. Instead, NMA and NZA gave very broad H, consumption
bands starting at T > 400 °C. The maximum H, consumption was
reached at 575 °C for NZA and 715 °C for NMA. These TPR results
are indicating that: (1) Ni®* jons are strongly interacting with
Mg-Al and Zn-Al spinel-like phases in NMA and NZA, respectively;
and (2) Ni?* ions are interacting more strongly with the Mg-Al spi-
nel-like phase than with the Zn-Al one. Then, conclusions from TPR
profiles are in good agreement with those proposed from XRD
results.

The irreversible chemisorbed hydrogen (HC;) for all of the sam-
ples was measured after reduction at 500 °C and 600 °C. The lowest
HC; values were determined for NS, NA and NMA reduced at 500 °C
(Table 1). When sample NMA was reduced at 600 °C, the HC; in-
creased more than three times. According to TPR profiles, it is prob-
ably that an important fraction of Ni%* ions remained unreduced in
NMA after activation at 500 °C in H; flow. When the final reduction
temperature was raised to 600 °C, the nickel metallic fraction in
NMA dramatically increased and therefore the sample capability
for irreversible hydrogen chemisorption also increased. Instead,
no difference for hydrogen chemisorption capability was observed
with NZA sample reduced at 500 °C and 600 °C. This last result is
indicating that: (1) it is likely that almost the major fraction of
Ni%* ions are reduced in the NZA sample even at 500 °C; and (2)
no sintering takes place when reduction temperature was raised
from 500 °C to 600 °C, probably due to the interaction between
Ni® particles and Zn-Al spinel-like matrix. From the HC; values,
assuming cubic particles and a stoichiometry H/Ni = 1, the metal
dispersion was calculated for each sample. Very low dispersions
and large mean sizes of metal particles were estimated for samples
NS and NA. These values are in good agreement with the large

particle sizes observed from TEM histograms (Table 1). These mean
particle sizes were even larger for NA sample than for NS one. The
metallic dispersions for NMA and NZA were about 3 times higher
or more than for NA and NS samples. In the case of NMA and
NZA, the dispersion values obtained from H;, chemisorption cannot
be used to estimate a mean particle size, since metal nickel particle
are both on surface and in bulk of these samples. Therefore, only
TEM measurements were used to estimate the mean metal particle
size in NMA and NZA. It was found that only very small particles,
with sizes smaller or equal to 6 nm, are present on the sample sur-
faces prepared by the coprecipitation method (Table 1).

The surface basicity and acidity of all the samples were mea-
sured by CO,-TPD and NH3-TPD, respectively, and results are sum-
marized in Table 2. The following pattern was found for the surface
density of basic sites: NMA > NZA =~ NA > NS. Instead, the strength
of basic sites showed the pattern: NA =~ NMA > NS =2 NZA. Besides,
only NMA sample showed a detectable density of surface acid sites
that desorbed NH; with maximum rate at 410 °C.

In summary, NA and NS oxide precursors are constituted by
large NiO particles having low interaction with support that are
easily reduced at 400 °C or lower temperatures. As a consequence,
the reduction in H, flow led to a metal phase constituted by large
metal nickel particles with low or none interaction with the corre-
sponding support. Instead, in NMA and NZA oxide precursors, Ni%*
ions are highly dispersed in a non-stoichiometric spinel-like matrix
and they are reduced only at temperatures higher than 500 °C. The
reduction in H, flow gave as result a very well dispersed metal
nickel phase resistant to sintering under H, flow at T < 600 °C.
All of the samples have surface basic sites of different relative
strength and only NMA sample showed a significant acidity. In par-
ticular, the weakest basic sites were detected on NZA and NS
samples.

Table 2
Basicity and acidity of nickel-based samples by temperature programmed desorption
(TPD) of CO, and NHs.

Sample CO,-TPD NH;-TPD
T (°C)  mp x 10* (mmolm™2) Ty (°C)  ng x 10° (mmol m—2)
NS 140 3.9 - n.d.
NA 450 57.0 - n.d.
NMA 400 180.5 410 1.9
NZA 130 52.2 - n.d.

2 Temperature at the maximum desorption rate.

t (min)

Fig. 3. CH4 conversion rate in the steam reforming at 500 °C (P =1 bar, Wy =
100 mg, Fy, = 30 cm® min~!, H,0/CH,4 = 2). (M) NS-500, (¢) NA-500, (o) NMA-500,
(A) NMA-600, and (@) NZA-500.
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Table 3

Catalytic performance of nickel-based catalysts in steam-methane reforming at 500 °C and 600 °C (P =1 bar, W, = 0.1 g; Fyy2 = 30 cm® min~'; and H,0/CH, = 2).
Catalysts T (°C) % (mol gy ' h71) ™ (mol gy ' h™") TOFx 1073 (h™ ") S%° Sco (%)
NS-500 500 0.86 0.02 4.6 0.98 0.30 0.5
NA-500 1.15 1.10 8.5 0.99 0.16 0.1
NZA-500 0.31 2.88 0.7 0.81 0.20 15
NMA-500 0.45 0.69 1.7 0.34 0.10 3.2
NMA-600 1.42 1.42 15 0.57 0.20 2.9
NS-600 600 1.41 0.03 7.5 0.89 0.60 29.2
NA-600 1.87 1.87 14.0 0.86 0.35 30.1
NMA-600 7.96 7.96 8.5 0.76 0.50 203
NZA-600 7.57 7.57 17.0 0.98 0.50 15

2 Initial methane conversion rate obtained by extrapolation at t = 0.
Steady-state methane conversion rate.

Initial selectivity to CO.

Steady-state selectivity to CO.

Carbon content on used catalysts.

n a2 n T

3.2. Catalytic tests

The initial rates for methane conversion at 500 °C followed the
pattern: NMA-600 > NA-500 > NS-500 > NMA-500 > NZA-500
(Fig. 3 and Table 3). However, the pattern at the end of the run
was: NZA-500 > NMA-600 > NA-500 > NMA-500 > NS-500. The
reasons for these changes in the activity pattern can be summa-
rized as follows: (1) catalytic activity of NMA-500, NMA-600 and
NA-500 varied very little or remained constant along the 2 h run;
(2) methane conversion rate with NS-500 diminished up to almost
zero in 30 min; and (3) methane conversion rate with NZA-500
raised by about one order in just 20 min. The very fast deactivation
of NS-500 could be due to the following facts: (1) very fast covering
of the metal nickel surface by carbonaceous deposits produced by
CO disproportionation; and (2) rapid surface oxidation of metal
nickel particles by H,O [9]. The last is the most likely explanation
when low coke amounts are produced during SMR. The slight
activity increase observed with NMA-500 could be due to incom-
plete reduction of Ni* jons strongly interacting with Mg-Al
spinel-like, during activation in H, flow at 500 °C for 1 h. This
assumption is in agreement with TPR profile obtained for the
NMA oxide precursor (Fig. 2). In agreement with this assumption,
the reaction rate at 500 °C with NMA-600 was about three times
higher than with NMA-500 and it kept almost constant during
the whole catalytic test (Fig. 3 and Table 3). Similar activity and
stability was observed for NMA-600 and NA-500 catalyst. On the
contrary, NZA activity increased with time. Analysis by AA showed
that about 25% of total Zn was lost after reduction and SMR at
500 °C, probably by sublimation. Then, it is likely that some of
the Zn in excess, respect to Zn/Al stoichiometric ratio in ZnAl,0y,
was decorating the metal nickel particles of the NZA-500 catalyst
at the beginning of the reaction [37]. In other words, some Zn re-
mained partially covering the metal active surface after reduction
in H; flow at 500 °C. As the zinc that was covering metal nickel par-
ticles was sublimated under reaction conditions at 500 °C, the ac-
tive surface increased with time and, as a consequence, the
methane conversion rate increased, as well.

NA-500 showed the highest TOF of this catalyst series at initial
conditions (Table 3). The lowest TOF values were determined for
the samples prepared by the coprecipitation method, i.e. NMA-
500, NZA-500 and NMA-600. Besides, the CO selectivity (Sco) var-
ied between 0.10 and 0.30, probably due to different activity of
each catalyst on CO, production reactions, i.e. WGS and CO dispro-
portionation [Egs. (2) and (3)]. These results are indicating that
surface structure is different for each catalyst and the preparation
method have an important influence on the type of metal nickel
surface exposed and, as a consequence, on the metal site activity.
Besides, in all of the cases, Sco diminished with time indicating that

metal nickel surface is changing under SMR conditions in such a
way that reactions producing CO, are favored.

The influence of reaction temperature on the catalytic perfor-
mance of each nickel-based catalyst was tested by carrying out
SMR at 600 °C. In this case, the pattern obtained for methane con-
version rate was: NZA-600 = NMA-600 > NA-600 > NS-600 (Fig. 4
and Table 3). It was found that NS-600 suffered a rapid deactiva-
tion, even some faster than that observed for NS-500 (Figs. 3 and
4). If reactions (3) and/or (4) are taking place, then this is in agree-
ment with an important increase in the ratio between C(s) produc-
tion rate and C(s) diffusion rate through metal nickel particles
[38,39]. On the contrary, the methane conversion rate with NA-
600, NMA-600 and NZA-600 kept practically constant during the
whole 2 h-run. It is worth noting that the increase in activity with
time observed for NZA-500 (Fig. 3) was not observed with NZA-600
(Fig. 4). This is suggesting that all the zinc in excess, respect to the
one forming part of zinc aluminate-like phase, was lost during acti-
vation at 600 °C and no zinc decorating the metal nickel particles
remained after this treatment. In agreement with this assumption,
elemental analysis by AA showed that: (1) about 30% of the total
zinc was lost in activation at 600 °C under H, flow; and (2) zinc
concentration in the used NZA-600 sample after SMR at 600 °C
was similar to that one in the sample obtained after activation in
H, flow at 600 °C. This result is also confirming that, after thermal
treatment at 600 °C, the zinc forming part of the zinc aluminate-
like phase is stable under reaction conditions.

The TOF at initial conditions for NS-600 and NA-600 was about
the same order to that observed for NS-500 and NA-500 (Table 3).

)
=)}

1
Ni

r (mol.g,

0 60 120
t (min)
Fig. 4. CH4 conversion rate in the steam reforming at 600 °C (P =1 bar, W, =

100 mg, Fy, = 30 cm® min~", H,0/CH, = 2). (W) NS-600, (¢) NA-600, (A) NMA-600,
and (@) NZA-600.
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Fig. 5. TPO profiles of the catalysts used in the low temperature steam reforming of
CHy4. (A) T=500 °C and (B) T =600 °C.

However, an important increment of at least one order was ob-
served in the case of NMA-600 and NZA-600 respect to NMA-500
and NZA-500. This is indicating a strong influence of activation
conditions on the intrinsic activity of metal nickel sites in samples
prepared by coprecipitation. Again, the lowest selectivity to CO
was obtained with NA-600 indicating that this catalyst is the most
active of this series for CO, production reactions at steady state. In-
stead, NZA-600 and NMA-600, together with NS-600 showed the
highest selectivity to CO at steady state. However, similarly to that
observed in SMR at 500 °C, the selectivity to CO diminished with
time in all of the cases. This is indicating that a metal surface being
more active for CO, production was obtained under reaction
conditions.
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All the above results are indicating that the catalytic perfor-
mance of metal nickel is showing a complex dependence with
the preparation method, metal particle size, support nature, me-
tal-support interaction and activation conditions. Large particles
of metal nickel supported on o-Al,03; resulted in one active and
stable phase for SMR at low temperatures with low selectivity to
CO. Instead, the large particles of metal nickel supported on high
surface SiO, were non-stable for this reaction under similar condi-
tions. Amazingly, very small nickel particles highly dispersed in a
spinel-like phase, as in the case of NMA and NZA catalysts, showed
an activity and stability superior to that one of NA, particularly
after activation at 600 °C. The last can be explained assuming that
the reduction of Ni%* ions, strongly interacting with a spinel-like
phase, led to formation of a highly dispersed and stable metallic
phase that is very active and selective for SMR at low tempera-
tures. In general, the activity and selectivity to CO of NMA and
NZA catalysts is strongly depending on the reduction and reaction
conditions. The last is probably due to the important metal-
support interaction that is occurring in these samples obtained
by coprecipitation method. Furthermore, the methane conversion
rate with NZA and NMA was between three and five times higher
at 600 °C than at 500 °C, while the TOF increase about one order.
The increase in the methane conversion rate was much more
important with NZA and NMA than in the case of catalysts consti-
tuted by large metal particles. In addition, the selectivity to CO in-
creased two and a half times when the reaction temperature
increased. These results indicate that activation energy for SMR
on NZA and NMA could be higher than on NA and NS. On the other
hand, selectivity to CO is depending on the occurrence of CO
disproportionation and WGS reactions, since these are the two

(B)

TR

———————i 200 nm

Fig. 6. TEM micrographs of catalysts used in the low temperature steam reforming of CH4 at 500 °C (A) NS-500; (B) NA-500; (C) NZA-500; and (D) NMA-600.
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reactions in which CO is converted into CO,. Besides, CO selectivity
diminished with time in all of the cases, which indicates that not
only catalyst activity but also selectivity to CO can be affected by
changes in the metal surface during reaction. One reason for these
changes is formation of carbon deposits on the catalyst surface.
Then, the used samples were analyzed by TPO and TEM in order
to determine the amount and type of carbonaceous deposits on
each catalyst. The results from TPO and TEM are presented and dis-
cussed in the following part.

3.3. Characterization of carbon deposits

The results obtained by TPO are summarized in Table 3 and
the corresponding profiles are shown in Fig. 5. The total O, con-
sumption was approximated by numerical integration of the TPO
profiles. From these values, the pattern obtained for the amount
of carbonaceous deposits on the catalysts used in SMR at 500 °C
was the following: NMA-500 =~ NMA-600 > NZA-500 > NS-
500 =~ NA-500 (Fig. 5A, Table 3). In all of the cases, the coke
formed during SMR at 500 °C was lower than 3.2% and it was
burn-out at temperatures below 500 °C. In particular, the coke
deposited on NZA-500 and NA-500 was mainly removed be-
tween 200 °C and 300 °C. The O, consumption peak for the used
NS-500, NMA-500 and NMA-600 samples showed a maximum at
around 370-400 °C (Fig. 5A). These results are indicating that the
coke formed in reaction at 500 °C was amorphous and mainly
deposited on the supports [40,41]. This was confirmed by TEM
since the typical nanofibers formed on nickel-based catalysts un-
der SMR conditions were not observed on the surface of the
used catalysts (Fig. 6). In the case of samples NS-500 and NA-
500, only large metal nickel particles in the range of 10-30 nm

were observed and practically no evidence of carbon deposits
was found in agreement with the low content determined by
TPO (Fig. 6, micrographs A and B). In the case of NZA-500,
NMA-500 and NMA-600, the metal nickel particles are still be-
tween 3 and 6 nm and only coke of amorphous nature could
be observed, in agreement with TPO results (Fig. 6, micrographs
C and D). In summary, the following facts were observed after
SMR at 500°C: (1) the highest amount of coke was around 3%
and it was formed over the NMA catalysts, which showed both
surface acidity and basicity; and (2) the coke has always amor-
phous nature and no carbon nanofibers were formed under these
conditions. It is worth noting that not only the amount but the
burn temperature of coke on NMA-500 and NMA-600 are very
similar, indicating that the coke formed on these two samples
has similar nature. NH3-TPD and CO,-TPD experiments showed
that surface acidity of medium strength was observed only on
NMA samples (Table 2). This can explain the highest formation
of amorphous coke on the oxide matrix of NMA-500 and NMA-
600 in SMR at 500 °C, which is in agreement with previous
works [19]. In line with this, the low amount of amorphous coke
over NZA-500, NA-500 and NS-500 could be due to both the ab-
sence of acidity and low basicity on the surface of these
catalysts.

When SMR was carried out at 600 °C, the patterns for the
burning temperature and total O, consumption were completely
different to that one observed after SMR at 500 °C: NS-600 = NA-
600 > NMA-600 > NZA-600 (Fig. 5B, Table 3). For NZA, all the coke
was burned below 400 °C, which is indicative that only amorphous
carbon was formed on this catalyst. Instead, the O, consumption
with NMA-600 was observed between 500 °C and 700 °C. In the
case of NS and NA, most of the deposited carbon was burned

(B)

. &

Fig. 7. TEM micrographs of catalysts used in the low temperature steam reforming of CH4 at 600 °C. (A) NS-600; (B) NA-600; (C) NZA-600; and (D) NMA-600.
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between 600 °C and 750 °C. In previous works, these bands have
been normally assigned to oxidation of carbon nanotubes and
nanofibers [40,41].

The TEM micrographs showed that the size intervals for the me-
tal nickel particles, in samples activated and used at 600 °C, are in
the same range as the samples activated and used at 500 °C (Figs. 6
and 7). Thus, the metal particle in NS-600 and NA-600 are in the
range of 10-30 nm, while the metal particle in NMA and NZA re-
mained between 4 and 5 nm. These results are indicating that no
important sintering of metal nickel particles was observed due to
temperature increase from 500 to 600 °C. However, nanofibers
with a diameter similar to the corresponding metal particle sizes
were clearly observed in samples NA-600, NS-600 and NMA-600
(Fig. 7, micrographs A, B and D). Amazingly, no nanofibers but only
amorphous coke in small amounts was observed on NZA-600
(Fig. 7, micrograph C), with similar nature to that one formed on
NZA-500. The low amount of carbon deposits detected over used
NMA-600 and NZA-600 catalysts, respect to NA-600 and NS-600,
can be due to: (1) the particle size and the high metal-spinel inter-
action are inhibiting C(s) dissolution and diffusion and, as a conse-
quence, formation of nanofibers [42-44]; (2) the rate of C(s)
gasification at 600 °C on the metal nickel surface of NZA and
NMA is higher than that one on NA and NS catalysts [45]; and
(3) the CO disproportionation and CH, decomposition are inhibited
on NZA and NMA. In any case, these facts or at least some of them
seem to be much more important on NZA than on NMA, which is
indicative that the type of spinel-like phase and metal-spinel
interaction play a very important role on the type and amount of
carbon deposited on the catalyst surface. Then, the differences in
formation rate and type of carbonaceous deposits can be attributed
to the distinct active phases exposed on NZA and NMA catalysts.

In summary, these results showed that the low selectivity to CO
at 500 °C is explained by a very important contribution of WGS,
reaction (2), since the amount of carbon deposits is very low in
general and so the contribution of CO disproportionation, reaction
(3), to CO, production would not be important under these condi-
tions. Instead, according to the amount of carbonaceous deposits
detected, the influence of CO disproportionation on selectivity
seems to increase at 600 °C, especially in the case of NA-600 and
NS-600 and so it could be the main source for CO, production.
However, at this temperature, the contribution of CH, decomposi-
tion on C(s) production cannot be disregarded. The amount of car-
bon deposited on NMA-600 is lower than on NA-600. It is then
possible that the higher selectivity to CO with NMA is due to a low-
er extent of CO disproportionation respect to NA-600 and due to
some gasification of C(s) by interaction with H,O and/or H,
[45,46]. Finally, the selectivity to CO with NZA-600 was similar
to the one obtained with NMA-600, but very little amorphous coke
was observed after SMR at 600 °C. One possibility is that CO dispro-
portionation took place on NZA-600 but carbon gasification was
much faster with NZA than with NMA.

4. Conclusions

In this work, several Ni-based catalysts with different metal
particle size and metal-support interaction were prepared by
impregnation and coprecipitation techniques. Large metal nickel
particles with none interaction with SiO- led to a very unstable cat-
alyst, which is deactivated very fast by either surface oxidation or
carbonaceous deposits. Active and stable catalysts for steam-meth-
ane reforming between 500 and 600 °C were obtained when very
small metal nickel particles are in intimate contact with a zinc alu-
minate-like or magnesium aluminate-like matrix. In addition,
these catalysts give the lowest production of carbonaceous depos-
its. In summary, carbon production is reduced when the active

phase is basically composed of very small metal nickel particles ob-
tained by reduction of Ni?* ions strongly interacting with the spi-
nel-like matrix. In particular, Ni-Zn-Al catalyst showed the
highest activity of the series with the lowest production of carbo-
naceous deposits in the range 500-600 °C. This catalyst must be
activated at 600 °C, previous to reaction, in order to prevent zinc
sublimation during steam reforming. In addition, sintering is not
occurring in this catalyst under reaction conditions since the me-
tal-support interaction is the proper to avoid particle migration
and subsequent coalescence. Then, Ni-Zn-Al activated by reduc-
tion at 600 °C becomes a suitable catalyst for use in the low tem-
perature zone of a methane reformer or in a pre-reformer unit.
The use of a catalyst with this catalytic performance could reduce
the problems usually appearing in the start-up of industrial
reformers.
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