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ARTICLE INFO ABSTRACT
Article history: The aim of this work, concerning with the partial oxidation of methane to syngas in a self-sustained
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short contact time reactor using pure oxygen as oxidant, was the development of perovskite-based
nickel-lanthanum (LaNiOs; with Ni partially substituted by Co and Pt) catalysts and the comparison of
their performance with that of 5% nickel on alumina catalyst. The prepared catalytic materials were
arranged in a fixed bed and the activity tests were carried out by increasing the WHSV from ~130 to
~560N1h~1 g '. Perovskite-based catalysts were characterized by performances lower than that of 5%
Ni/Al;0s3. The very low perovskites catalytic performance towards the partial oxidation of methane was
mainly due to the high reducibility of their structures into La, O3, metallic Ni, and Ni oxides; moreover, La
and Ni species further reacted with the CPO reaction products CO, and H, O leading thus to the formation
of the poorly active species La(OH)s3, La;NiO4 and La;0,COs.

On the contrary, 5% Ni/Al,05 catalyst showed a very satisfactory CH4 conversion always above 85%,
remaining stable by varying WHSV. The same trend was noticed for H, and CO selectivity, both around
90%. Furthermore, as concerns the bed temperature by increasing WHSV, 5% Ni/Al, 03 catalyst presented
quite stable T;, and T (the latter around 1200-1250 °C), whereas the perovskite-based catalysts showed
a quick Ti, decrease and T,y increase, anyway not exceeding 1200 °C. The good performance and high
thermal stability of 5% Ni/Al, 05 catalyst was probably related to the arrangement of the nickel particles,
which resulted somehow thermally protected as partially embedded in the alumina carrier.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The energy demand of the modern society stimulates explo-
ration of new energy technologies. Partial oxidation is presently
considered an alternative to steam reforming for the generation
of H, from fossil fuels in decentralized applications [1]. Short con-
tact time catalytic partial oxidation (SCT-CPO) of natural gas has
received intensive attention because of its mild exothermic abil-
ity, high methane conversion, high selectivity towards CO and H,
and a more compact plant technology. Moreover, the possibility to
use air as oxidant appears a feasible route to reduce syngas pro-
duction costs with certain technological advantages. An important
recent example is the generation of H, for stationary or mobile fuel
cells [2]. Moreover, the syngas obtained with SCT-CPO technology is
characterized by H,/CO values favourable for further downstream
processes [3].

CPO of CH4 has been largely discussed; several catalysts were
proposed, including non-noble [4-14] and noble metals based ones
[6,15-19]. The extensive work on SCT reactors [6,20-30] showed Rh
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as high active and selective, with a performance superior to that of
other noble metals, able to avoid or, at least partially limit, coke for-
mation [26]. The main chemical reactions involved in the catalytic
process are represented in Egs. (1)-(6):

Methane total oxidation (MTO):

CH4 +205 — CO; +2H,0 AH°;95= -802.3 1(] mol~! (1)
Methane partial oxidation (MPO):
CH4 +%0, — CO + 2Hy AH°y98= -35.7K] mol~! (2)

Methane steam reforming (MSR):

CH4 +H0 — CO + 3Hy AH°,93 = 206.2 kjmol™" (3)
Methane dry reforming (MDR):

CH4 +COy — 2CO + 2H, AH°595 = 247.3k] mol~! (4)
Water gas shift equilibrium (WGS):

CO + Hy0 <> COy +Hy AH°595 = -41.1kJmol™" (5)
Coke formation (Boudouard reaction):

2C0 — CO3+C AH°355 = -72.9kJmol™" (6)

It is widely accepted that with metal catalysts CHy is first oxi-
dized to CO, and H;,0 in the initial part of the catalytic bed until O,
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is exhausted [27]; then the reforming reactions of remaining CHy
with steam and CO, initially formed occur [15,16]. This indirect
mechanism, however, was proposed mostly through the observa-
tions of the temperature profile of catalysts bed. It was found that
the catalyst temperature was significantly higher in the first part
of the bed than in the latter one, caused by the initial exothermic
combustion reactions followed by the endothermic reforming ones
[28,29]. This phenomenon was present on different catalysts and
under different reaction conditions [6]. However, at extremely high
temperatures and very short contact time, a direct route syngas
production was suggested [16,20,21]. Many researchers think that
the reaction mechanism depends upon the types of catalyst used,
in particular from both metal and support types and their chemical
interactions [30]. Ultimately, the role of catalysts may be summa-
rized as they all can be active for both partial and full oxidation, but
the weight of each oxidation route is more sensitive and strictly
linked to the individual catalyst.

Among the various noble metal catalysts examined in the liter-
ature, the Rh-based ones have been reported to be the most active
and stable catalysts towards deactivation. However, Rh is a very
expensive raw material, and its price fluctuates significantly. From
1992 up today it reached the following monthly average values:
minimum of 209 US$ per troy oz on February 1997, maximum of
9776 USS$ per troy oz on June 2008, and an actual of 2167 US$ per
troy oz on August 2010 [31]. Cheaper and alternative metal-based
catalysts (such as La-, Co-, and Ni-based ones) would be desir-
able. In particular, Ni based catalysts have been widely investigated
because of their low cost and relatively high activity in methane
CPO [8-10,12,16,32-36].

Dissanayake et al. [16] reported that 25% Ni/Al,03 showed
nearly complete conversion of methane with 95% CO selectivity at
reaction temperatures above 700 °C. They found that the Ni/Al,03
catalyst was deactivated by carbon deposition, and that overstoi-
chiometric oxygen was needed to obtain a stable catalytic activity.
In addition to coke formation, other drawbacks, such as sintering of
Ni particles [32,36] and phase transformation of the support [33],
have also beenreported in the literature. Nonetheless, Ni-based cat-
alysts have been widely studied because of their high CPO activity
and economic advantages.

Aim of this work was the development of perovskite nickel-
based catalysts for methane CPO to syngas in a self-sustained
short contact time (SCT) reactor using pure oxygen. Their capa-
bility of maintaining the fixed bed temperatures lower than about
1200°C independently of the operative weight hourly space veloc-
ity (WHSV) was pursued too; thus sintering and coking problems
and the consequent performance decay could be minimized.

Various perovskites LaNiOs-based catalysts were synthesized
via Pechini method by substituting part of Ni with Co and part
of Co with small atomic percentages of Pt. Their performance,
in terms of CH4 conversion, H, and CO selectivity and reac-
tor temperature level, was compared to that obtained with 5%
Ni/Al,03 catalyst, prepared through incipient wetness impregna-
tion over commercial alumina support using nickel nitrate as metal
precursor.

The perovskites belonging to the family of LaNiO3, doped with
various transition and noble metals, have been deeply studied in
the literature mainly for the dry reforming of methane [37-43]
and autothermal reforming of methane [7,44], but only in a limited
extension for the partial oxidation of methane [14,45].

Cobalt has been investigated as catalytic promoter in case of par-
tial oxidation of methane: Co on Rh—Co/MgO catalysts improved the
selectivity towards the direct partial oxidation route in the pres-
ence of gas-phase oxygen, but reduced the catalytic activity in the
steam reforming of methane in the absence of oxygen [17]. The
better performance related to the presence of Co was attributed to
the greater methane dissociation and reduction degree during its

partial oxidation [17]. On the contrary, the presence of Co on per-
ovskites LaNiO3 led to a decrease of the catalytic activity towards
the dry reforming of methane [43], most probably due to the for-
mation of the Co-Ni alloy.

2. Experimental
2.1. Catalysts preparation

The Ni-La-based perovskite catalysts were synthesized by
Pechini method [46]. Firstly, LaNiO3 was prepared; afterward, other
catalytic perovskite materials were prepared by substituting part
of Ni with Co and part of Co with small atomic percentages of
Pt, obtaining the following five catalysts: LaNiOs, LaNig75C0g 2503,
LaNig 55C00.4503, LaNig.75C00.20Pt0.0s03 and LaNig 55C00.40Pt0.0503-
Metal nitrates of La, Ni, Co and Pt (97.7% minimum, Johnson
Matthey) were used as precursors, together with citric acid mono-
hydrate and ethylene glycol (all precursors from Sigma-Aldrich).
Metal nitrates were dissolved in distilled water and then vigor-
ously stirred at least for 15 min. Citric acid was then added in an
amount equal to 5 times the moles of catalyst to be synthesized:
the resulting solution was vigorously stirred for 20 min. After that,
ethylene glycol was added to the previous solution, in a molar ratio
2:3 respect to citric acid. The so-obtained final solution was heated
until 70°C, and then stirred at the same temperature for 1.5 h until
excess of water was vaporized and therefore a gel containing the
metal cations inside a polymeric network was obtained. Finally,
the gel was heated firstly at 2°Cmin~" till 300°C, in order to burn
the organic material; the obtained fine powder was placed in the
refractory pot, heated at 2°Cmin~! to 800°C and calcined at this
temperature for 4 h in calm air.

Instead, 5% Ni/Al,03 catalyst was prepared by Ni deposition
over y-Al,03 irregular particles obtained by crushing and sieving
commercial alumina spheres (3 mm in diameter, Sasol Germany
GmbH); the fraction 600-1000 pm was used as support. Ni was
deposited by incipient wetness impregnation technique at room
temperature, using Ni(NOs3),-6H,0 dissolved in isopropyl alcohol
(all precursors from Sigma-Aldrich). The as prepared particles were
left at rest overnight and then placed in oven with a temperature
ramp of 5°Cmin~! until 900°C and calcined in calm air for 2 h [47].

2.2. Catalysts characterization

The as-prepared catalysts were characterized by different
techniques: XRD (Seifert 3000P vertical diffractometer and nickel-
filtered Cu Ko radiation with 1=0.1538 nm); XRF (Rigaku ZSX-100e
with a 3kW Rh tube); XPS (Escalab 200R spectrometer equipped
with a hemispherical electron analyser and an Al Ko, with
hv=1486.6eV, 120W X-ray source for the perovskite-based cat-
alysts; PHI 5000 VERSA PROBE spectrometer equipped with a
hemispherical electron analyzer and an Al Ko (with hv=1486.6eV,
25,6 W X-ray source for the alumina-based catalyst); H,-TPR
(Micromeritics 2900); BET (Micromeritics ASAP 2100); HRTEM
(JEOL-JEM 2100 F working at 300kV); FESEM (FESEM FEI Quanta
Inspect 200 LV apparatus, coupled with EDAX GENESIS SUTW sap-
phire detector).

The spent catalysts, i.e., after the catalytic tests below described,
were further characterized by the following techniques: XRD, XRF,
XPS, SEM-EDX, TGA-MS (Mettler-Toledo TGA analyser, equipped
with a Balzers Quadstar 422 mass-spectrometer).

Concerning the XPS analysis, the area of the peaks was estimated
by integration after peak smoothing and subtraction of an S-shaped
background, and fitting of the experimental curve to a mixture of
Lorentzian and Gaussian lines of variable proportions. All binding
energies (BE) were referenced to the C 1s signal at 284.6 eV from
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carbon contamination of the samples to correct the charging effects.
Quantification of the atomic fractions on the sample surface was
obtained by integration of the peaks with appropriate corrections
for sensitivity factors [48].

The specific surface area (SSA) was measured via N, adsorption,
at the liquid N, temperature by degassing in vacuum for at least
12 hat 150 °C before analysis. The SSA was determined by applying
the BET equation within the relative pressure range 0.05-0.3.

H,-TPR analyses of the as-prepared perovskites were carried out
in a U-shaped quartz reactor to assess the reducibility of the cata-
lysts. Prior to the reduction tests, each sample (30 mg) was flushed
with He at 110°C for 15 min and then cooled down to room tem-
perature. TPR profiles were obtained by heating the sample under
a 10% Hy/Ar flow (50 NmLmin~') from 30 to 1000°C at a rate of
10°Cmin~1.

TGA-MS was used to assess both the thermal stability of the
spent catalysts and the possible presence of carbonaceous residues
in the catalysts after the activity tests. Samples of each spent cat-
alysts (80-140 mg in weight) were treated in the TGA analyser up
to 1000°C at a constant rate of 10°Cmin~! when flowing both
chromatographic air (50 NmLmin~!) and argon (50 NmLmin™1).
The gas stream generated during TGA analysis was sent to a mass
spectrometer to measure the various compounds concentration, in
particular H,O and CO,.

2.3. Catalytic activity tests

The catalytic activity of the prepared catalysts was determined
in a fixed bed reactor, already fully described in [49,50]. Briefly, CH,4
and O,, mixed at room temperature, were fed to the reactor (Inconel
601 tube, 15mm i.d., 2mm wall thickness, with the internal sur-
face covered by a layer of oxidized FeCrAlloy to avoid any contact
between the reactive gases and the Inconel wall, just to prevent
any catalytic effect of Ni present in the latter). For safety reasons,
pure N, (technical grade, rate 2N1min~!) was used to wash and
fill up the reactor before and after each test. The catalyst fixed bed
was arranged between two inert fixed beds: upstream, quartz par-
ticles (to complete feed static mixing) followed by high thermal
conductivity SiC particles, to provide a shield for the radiant energy
emerging from the catalytic zone and promote reagents preheating.
Downstream, low thermal conductivity quartz particles reduced
the heat losses and cooled slowly the outlet stream. The gas tem-
peratures were monitored by thermocouples located at catalytic
bed inlet and outlet. The outlet gas stream composition was deter-
mined by a hygrometer (GE), for humidity, and by a multiple gas
analyzer (ABB), for the concentrations of H, (thermal conductivity
analyzer, module Caldos 17), CO/CO,/CH4 (infrared analyzer, mod-
ule Uras 14), and O, (paramagnetic O, analyzer, module Magnos
106). All the collected data, in terms of gas stream concentrations,
inlet and outlet temperatures (Tj, and Toyu, respectively), were
recorded when the steady-state condition was reached. For safety
and environment protection reasons, after the analysis section, the
produced syngas was completely oxidized in a catalytic honeycomb
burner.

The reactor was heated up to 920°Cin a tubular oven by feeding
N, (2N1min~1). Then, the CPO reaction was ignited feeding a room
temperature mixture of pure CH4 and O, at O,/CHy4 ratio always
equal to 0.57 (15% above the stoichiometry [49,50]). No diluent bal-
ance gas was fed in the reactor. Once ignited the catalytic bed, the
oven was switched off as the SCT-CPO reaction resulted thermally
self-sustained by the heat released in the reaction zone. The igni-
tion procedure was very quick taking about 1 min. The feed flow
rate was adjusted accordingly to increase the WHSV from 130 to
560N 1h~1 ge, 1. The prepared catalysts were tested by placing in
the reactor 1.5 g, to form a fixed bed with about 2 cm of axial length.
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Fig. 1. XRD spectra of the as-prepared LaNiOs, LaNigs5C0040Pto0503 and 5%
Ni/Al, 03 catalysts.

3. Results
3.1. Characterization of the fresh catalysts

The XRD analyses performed on all calcined Pechini’s per-
ovskites catalysts, included the partially substituted ones, showed
that the characteristic LaNiO3 perovskite with rhomboedral struc-
ture was formed in all samples, with a good degree of crystallinity,
without the formation of other undesired solid phase. No segre-
gated phases different from the LaNiO3 perovskite, in fact, were
found in the pattern of all the substituted samples, indicative of
the high degree of incorporation of the La, Ni and Co into the per-
ovskite structure achieved with the Pechini preparation method.
Peaks belonging to Pt species were not detected. The obtained spec-
traindicated, moreover, that the employed calcination temperature
was appropriate to develop the perovskite phase where both
cations in B position, Co3* and Ni3*, were incorporated in a homoge-
neous lattice distribution. Such a result was absolutely comparable
to those obtained by de Araujo et al. [45] on LaNi;_xCoxO3 per-
ovskites. Fig. 1 shows, as an example, the recorded spectra of
LaNiO3; and LaNig 55C0g40Pto.0503 catalysts. The XRD spectrum of
5% Ni/Al, 03 catalyst, also visible in Fig. 1, revealed the presence of
the phase vy of Al,03 and the spinel NiAl,04. No other Ni-based
structures were detected. Such a result was in agreement with
those obtained by Dissanayake et al. [16] on 25% Ni/Al;05.

In the XPS analysis of the perovskite-based catalysts (see, as an
example, Fig. 2 for LaNig 55C0g 4503 ), the La 3d level was character-
ized by a double peak for each spin-orbit component, attributed to
energy loss phenomena (shake-up satellites) induced by intense O
2p — La 4f charge transfer events or due to strong final state mixing
of electronic configurations [51]. La 3d peak positions observed for
the LaNiO3; were in agreement with the literature data for La3* in
La;03 with an energy value equal to 834 eV for La 3d5, and were
not modified by the addition of Co and Pt in the perovskite structure.
Ni 3p spectra region were analyzed since La 3d superimposed on Ni
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Fig. 2. XPS spectra of the regions La 3d, Co 2p and Ni 3p for the as-prepared LaNig 55C0¢ 4503 catalyst.
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Fig. 3. XPS spectrum of the Ni 2p region for the 5% Ni/Al,05 catalyst.

2p spectra (Fig. 2). The peak position, the atomic fraction (reported
in Table 1) and the energy separations for both peaks confirmed the
presence of a clear perovskite structure.

In the XPS analysis of calcined 5% Ni/Al,03 catalyst, as shown in
Fig. 3, Ni 2p core-level spectra were investigated. The Ni 2p,3 bind-
ing energy was 856.2 eV (+0.3 eV): even though the values in the
literature for the Ni 2p binding energies are spread over a fairly
broad energy interval, this can be assigned to nickel aluminate
NiAl;0y4. This result was fully in agreement with the XRD spectrum
of 5% Ni/Al;03. Moreover, the Ni 2p;,-Ni 2p3; splitting of 17.8 eV

confirmed this assignment, and the presence of strong shake-up
satellite structures indicated the presence of Ni2* ions in a param-
agnetic state [52]. In fact, the as-prepared fresh catalyst particles
appeared light blue-green like spinel NiAl,04. Therefore, the spinel
NiAl,O4 structure could be present on the catalyst surface, in agree-
ment with the findings of Dissanayake et al. [16], which evidenced
by XPS analysis the presence of such a spinel in the near-surface
region thanks to the Ni 2p3j, peak at a binding energy of 856¢eV,
with an accompanying shake-up satellite peak at 862 eV, for a 25%
Ni/Al, O3 catalyst for CPO reaction. Moreover, this occurrence could
be supported considering the used preparation method (in particu-
lar, the calcination step at 900 °C for 2 h) which could have created
a stronger bonding between Ni and the Al,03 carrier.

Almost all the surface atomic ratios Ni/La, Co/La and Pt/La
calculated from the XPS analysis in the perovskite-based cat-
alysts were slightly higher than the stoichiometric values (see
Table 1). On the contrary, the sample 5% Ni/Al,03; presented a
surface Ni/Al atomic ratio almost twice the stoichiometric ratio,
denoting thus an enrichment of Ni on the surface of the alumina
particles.

On this point of view, FESEM analysis of the as-prepared 5%
Ni/Al, 03, shown in Fig. 4, enlightened at high magnification a cat-
alyst morphology characterized by long and narrow leaf-shape
superficial configurations. The EDX analysis related to all the areas
shown in the two pictures was reported in Fig. 4 as subsurface
atomic ratios (the EDX beam penetrates for about 1 um). In par-
ticular, the Ni/Al values enlightened areas with different Ni local
loads, anyway with an average value in a good agreement with
that determined by XPS analysis (see Table 1). The EDX analysis

Table 1
BET specific surface area, surface atomic ratios (from XPS analysis) and subsurface atomic ratios (from XRF analysis) of all the nickel-based catalysts.
Catalysts BET SSA (m2g') Ni/La AR Co/La AR Pt/La AR Ni/Al AR
LaNiO3 2.8 XPS 1.15 - - -
XRF 0.94 - - -
LaNio_75 C00‘2503 2.6 XPS 0.85 0.23 - -
XRF 0.75 0.24 - -
LaNio_55 C00_4503 14.1 XPS 0.63 0.39 - -
XRF 0.56 0.42 - -
LaNio_75C00_20Pt0_0503 3.1 XPS 0.93 0.24 0.10 -
XRF 0.77 0.20 0.05 -
LaNio_ss C00_40 Ptg_os 03 2.8 XPS 0.64 0.37 0.09 -
XRF 0.55 0.38 0.05 -
5% Ni/Al, 03 117.2 XPS - - - 0.09
XRF - - - 0.04
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Fig. 4. FESEM images and EDX analysis of the 5% Ni/Al, O3 catalyst.

related to areas of few squared pm confirmed an average Ni load
on the external surface (calculated from various measurements)
equal to 10.6% by weight whereas the same analysis performed
on the cross-section of a cut particle disclosed an average Ni load
decreasing from the outer surface to the particle centre, proving,
consequently, the existence of a nickel gradient from outside to
the core of the supported catalyst particles: in fact, the load in the
centre was equal to approx. 5.1%. Practically, part of the deposited
Ni resulted embedded in the alumina matrix.

Ni/La = 0.61 3
Co/lLa=0.22

HRTEM images on perovskite-based catalysts, shown in Fig. 5 for
LaNig 75C0g 2503 and LaNig 75C0g 20Ptg 0503, pointed out the pres-
ence of irregular aggregates constituted by nanometric particles. All
the catalysts prepared with Pechini showed HRTEM pictures very
similar to those in Fig. 5. The performed EDX analysis (reported in
Fig. 5) confirmed the preparation of quite homogeneous catalysts;
the calculated Ni/Al, Ni/La and Co/La subsurface atomic ratios were
slight lower compared to the values of the surface atomic ratios
estimated by XPS analysis (see Table 1). The present HRTEM pic-

o, ,.C0, :0; LaNi ,;C0, ,s0,

/ColLa=0.18
Pt/La =0.03

200 nm
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Fig. 5. HRTEM images and EDX analysis of the LaNig 75C0¢2503 (top strip) and LaNig 75 C0g20Pto0503 (bottom strip).
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Fig. 6. H,-TPR profiles of the as-prepared perovskite catalysts.

tures were very similar to those reported in the literature for LaNiO3
prepared by explosion method [37], gel combustion technique [53]
and reverse micro-emulsion [54].

The XRF analysis performed on the as-prepared perovskite sam-
ples revealed slightly lower values of Ni/La, Pt/La and Ni/Al atomic
ratios (see Table 1), more similar to the values obtained by EDX
analysis (reported in Figs. 4 and 5). Considering that XRF and EDX
analysis have much higher penetration depth compared to XPS
analysis, the results coming from the former ones can be consid-
ered as subsurface (or bulk) atomic ratios; therefore, the lower
atomic ratio measured by XRF and EDX analyses, in particular
for the Ni/La and Pt/La ratios, could denote a possible enrich-
ment of Ni and Pt on the catalysts’ surface. The Co/La ratio values,
instead, were higher when calculated from the XRF, except than
for the LaNig75Cog20Pto.0503 perovskite. Possibly, Co showed the
tendency to go deep in the core of the particles. As also noticed by
Villoria et al. [55] for LaCoO3 perovskites, the Co/La values were
mostly slightly lower than the corresponding stoichiometric ones:
in accordance with previous works [56,57], such lower values could
be attributed to the segregation of La3* jons to the surface due to
their basicity. As opposite compared to the value obtained by XPS
analysis, the Ni/Al subsurface atomic ratio estimated by XRF anal-
ysis for the 5% Ni/Al,03 catalyst was closer to the stoichiometric
value (equal to 0.043). Consequently, Ni presented decreasing con-
centration gradient from the surface to inside particles, anyway
confined in a surface layer of a very small thickness.

The SSA values (reported in Table 1) of the perovskite-based
catalysts were similar among them and very low (with the excep-
tion of LaNig55C00 4503, which presented a higher value). These
low values can be considered characteristic of materials synthe-
sized according to the Pechini method. Besides, no regular change of
these values with the substitution degree of Co and Pt was observed,
inagreement with de Araujo et al. [45]. On the contrary, 5% Ni/Al,03
catalyst presented a SSA value two orders of magnitude higher,
117.2m2g 1.

Basically, H,-TPR profiles of the perovskite samples, presented
in Fig. 6, showed that a reducing environment led to the formation
of a structure containing La;03 and metallic Ni, as demonstrated
also in the literature for the LaNiO3 perovskite exposed to reduc-
ing conditions [7]. Moreover, the H,-TPR profiles were found to
be dependent on the Co and Pt substitution degree. The starting
sample LaNiO3 exhibited a first reduction peak at 390°C, which
accounted for the reduction of Ni3* into Ni2* species, and a sec-
ond peak at 513 °C belonging to the formation of metallic nickel
[45]. For the partially substituted samples, the presence of only Co
shifted the second peak (the high temperature one) to a slightly
higher temperature for LaNig75Cog2503, in agreement with the
literature data [14,43,45], and to a slightly lower temperature for
LaNig 55C004503. On the contrary, the first peak (the low temper-
ature one) shifted to slightly lower temperatures. As concerns the
presence of both Co and Pt in the perovskite structure, this situation
provoked the decrease of both the high and the low temperature
peaks. The formation of Ni metallic particles on a La,03 matrix
after reduction treatment was also observed by Sierra Gallego et al.
[40,43] and de Lima et al. [44]. Ni° on La,03 is known to be a sta-
ble and active catalyst for steam reforming and oxidative steam
reforming of hydrocarbons: such a catalyst can also be prepared
by activating under H,-stream the LaNiO3 perovskite used as pre-
cursor [44]. No peaks associated with the reduction of oxidized Pt
were noticed for the two Pt-containing samples: perhaps, Pt was
already reduced prior to the TPR analysis.

3.2. Catalytic activity tests

The main results from the catalytic activity tests carried out on
all synthesized catalysts are shown as a function of WHSV in terms
of CH,4 conversion (Fig. 7), Hy selectivity (Fig. 8), CO selectivity
(Fig.9),and T, and Tout (Fig. 10). A comparison with the 5% Ni/Al, 03
catalyst is presented, too. As a general comment, the global perfor-
mance of the latter appeared unequivocally superior then those of
the perovskite-based catalysts.

Looking at the CH4 conversion results (Fig. 7), the best cat-
alytic performance belonged to 5% Ni/Al;05: it remained in the
very narrow range of 86-90%, independently of the WHSV val-
ues, with a regular and uniform trend. On the contrary, for the
perovskite-based catalysts CH4 conversion varied in a wide range
(40-80%), always decreasing with the increase of the WHSV.
The partial substitution of Ni with Co worsened the conversion,
whereas the further substitution of Co with small Pt amount
showed for LaNigs55C0g.49Ptp 0503 a CH4 conversion higher also
than that of the not-substituted LaNiO3 perovskite catalyst, at
least for WHSV<320N1h=1g.~1. The lower value of the sur-
face atomic Pt/La ratio in the fresh status (compared to that of
LaNig 75Cog20Ptg.0503) could be responsible of a higher Pt expo-
sition on the catalyst surface and hence of the slightly improved
performance.

The 5% Ni/Al,05 catalyst showed also the best results in
terms of H, selectivity (Fig. 8), presenting values (90-93%) prac-
tically constant with WHSV. Among the perovskite materials, the
LaNig 75Cog20Pto, 0503 catalyst presented the best H, selectivity,
which was decreasing with WHSV from 70% to 49% at around
400N1h1ge, 1.
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By comparing the CO selectivities (Fig. 9), 5% Ni/Al,03 catalyst
exhibited again the highest values, slightly increasing from 86% to
91% by increasing WHSV. All the perovskite-based catalysts were
characterized by CO selectivity values less dispersed than the cor-
responding CH4 conversion and H, selectivity values, showing thus
the tendency in a larger CO production rather than in H,, compared
to the 5% Ni/Al, 053 catalyst.

Furthermore, with all the perovskite-based catalysts, when dur-
ing the catalytic activity tests the WHSV was reduced down from
the higher to the lower tested value, the recorded CH4 conversion,
H, and CO selectivity values were lower compared to the corre-
sponding ones recorded when WHSV was moving from the lower
to the higher tested value. On the contrary, the overall performance
of 5% Ni/Al, 05 catalyst remained practically constant by increasing
and/or decreasing WHSV.

Analysing the inlet and outlet temperatures of the fixed bed,
recorded during the activity tests, shown in Fig. 10, all the
perovskite-based catalysts presented the same behaviour: at low
WHSV values Tj, was higher than the corresponding Tou:. By
increasing WHSV, T, significantly decreased and Toy: increased
till about 1200 °C; there was a negative AT difference (T, — Tout),
reaching the value of approx. —850°C in the worst case, for cata-
lyst LaNig 55C004503. On the contrary, T;, and Tou: of 5% Ni/Al;03
showed very different trends: T;, was very stable and constant
by varying WHSV (either increasing or decreasing), and always
higher than the corresponding Toy¢, therefore with positive AT val-
ues varying from around 550°C at the lowest to around 300°C
at the highest tested WHSV (see Fig. 10). The found AT trend
within the catalytic bed allowed supposing that 5% Ni/Al,03 cat-
alysts favoured the indirect reaction mechanism, characterized by
the coexistence of two reaction zones: a first zone at the entrance
of the catalytic bed with strongly exothermic CH4, combustion
to H,O and CO, (combustion zone), followed by a second zone
with strongly endothermic steam- and CO,-reforming downstream
(reforming zone) [16,22]. The perovskite-based catalysts instead,
demonstrated an opposite effect: they were not able to promote
the exothermic reactions in the catalytic bed inlet zone at very
short residence time, therefore the combustion zone shifted to the
final part of the catalytic bed, so with a limited catalytic volume for
carrying on the reforming reactions.

On the best catalyst, i.e., 5% Ni/Al,03, the activity test run by
varying WHSV was repeated a second time, for a total of approx.
16 h of operative work for the catalytic bed (each run from the low-
est to the highest WHSV and coming back to the lowest WHSV

tested took approx. 8 h), to verify the catalytic stability with time
on stream. This period of time is not a long one, anyway, it can
be considered sufficiently indicative of the bed capability towards
any sintering or deactivation effects due to the very high tempera-
ture level supported by the catalytic material during the tests. The
results in terms of CH4 conversion and H; selectivity are reported
in the comparative histograms of Fig. 11 for the minimum, medium
and maximum WHSV values. All the results obtained at the other
WHSV values were in line with those reported in Fig. 11. The per-
formance of the catalyst was maintained at very good levels, with a
very limited loss: on average, CH4 conversion slightly decreased up
to ~3%, whereas the H, selectivity decreased up to ~6.5%. Similar
results were obtained with durability tests on Rh/Al,05 catalysts
with Rh embedded in the alumina matrix [58]: with ageing, a
slight decrease of CH4 conversion and H, selectivity were, in fact,
observed. The stable performance of the embedded catalysts during
methane partial oxidation could be linked to the protection offered
by the surrounding layer of Al,03, which prevented extensive sin-
tering of the active metal phase, even after the attainment of high
temperatures in the fixed bed [59].

3.3. Characterization of the spent catalysts

After the catalytic activity test runs, a further characterization
on the spent catalysts was carried out to better understand what
happened, in particular to the perovskite-based catalysts.

A new series of XRD spectra is shown in Fig. 12. The diffrac-
tion profiles of the perovskite-based catalysts after only one test
in the SCT-CPO reactor showed that the initial perovskite struc-
ture collapsed to form mainly La,0s3, as shown in Fig. 12 for
LaNiO3; and LaNigps55C0g 4503 catalysts, just as examples. More-
over, other structures as the spinel La;NiO4 and the hydroxide
La(OH)3 appeared in a lesser extent, so as metallic Ni, and Ni
and Co oxides (the latter only for the Co-substituted perovskites).
The production of the lanthanum hydroxide was attributed to the
hydroxylation of La,O3 present in the sample upon exposure to
atmospheric humidity (or steam-containing atmospheres), accord-
ing to the mechanism described by several authors [14,60]. In some
cases, also the La,0,C0O3 carbonate was detected (see diffraction
profile of LaNig 55C0¢.4503). No Pt-based compounds, neither car-
bonaceous residues, were detected. Compounds as La(OH)3 and
La;0,C0O3 were evidenced by XRD analysis of La-based perovskites
also by other authors in the literature [14,55,61]. The presence
of Lay03, Ni° NiO and CoO was absolutely compatible with the
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reducibility of the perovskite-based catalyst in a reducing environ-
ment, as the CPO process is, and already demonstrated also by the
TPR analysis of the fresh samples (see Fig. 6), and in agreement with
the literature data [14,40,45].

The XRD pattern of the spent 5% Ni/Al,03 catalyst (at the end of
the 214 test run) presented the transformation of the alumina from
v- to a-phase. Moreover, the spinel NiAl,04 (present on the fresh
as-prepared sample, see Fig. 1) was not anymore present, but peaks
belonging to Ni® and NiO appeared. Such a result was in agreement
with the findings of Dissanayake et al. [16]. Furthermore, on this
catalyst some peaks belonging to C with cubic structure appeared as
well. XPS analysis performed on the spent 5% Ni/Al, 03 catalyst (not
reported here) confirmed the presence of NiO species: the promi-
nent Ni 2p;p, peak shifted to lower value at a binding energy of
854.6eV (0.3 eV), thus confirming that the form of Ni in the near
surface region (i.e., the uppermost 2-5nm layer) was principally
NiO.

The SSA values measured on 5%Ni/Al, 05 after the second activ-
ity test run resulted much lower (4.1 m2g-!) compared to that
determined on the freshly prepared catalyst. The drop in this SSA
value by one order of magnitude was probably due to the trans-
formation at the high reaction temperature of the initial y-Al,03
phase towards a-Al, 03 one, as confirmed by the XRD analysis car-
ried out on 5% Ni/Al,03 at the end of the second CPO test run (see
XRD spectrum in Fig. 12). The alumina phase transformation was
attributed to the high temperature reached within the fixed bed:
despite the maximum recorded temperature at the fixed bed inlet
did not exceed 1250 °C, certainly, the temperatures inside the fixed
bed were higher, as demonstrated by other authors [62,63].

Also the XPS analysis (whose spectra are not presented) was per-
formed on the spent 5% Ni/Al, 03 catalyst. The Ni/Al surface atomic
ratio decreased from 0.09 (see Table 1) to 0.06 (see Table 2). More-
over, the XPS revealed the presence of C, which was accounted as
C/Al surface atomic ratio of 0.24.

New XRF investigations on all the spent catalysts allowed calcu-
lating the subsurface atomicratios reported in Table 2. In opposition
to the XPS analysis, the spent 5% Ni/Al,03 catalyst presented
a huge increase of the subsurface Ni/Al atomic ratio, as if Ni
resulted embedded in the alumina matrix. Instead, for LaNiO3 and
LaNig 75Cog 2503 perovskites, the Ni/La subsurface atomic ratios
slightly increased compared to the corresponding values in the
fresh status (compare Table 1 with Table 2). On the contrary, on the
perovskites with Ni partially substituted with Co and Pt the Ni/La
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Table 2
Subsurface atomic ratios (from XRF and EDX analysis) of all the spent nickel-based catalysts and surface atomic ratios (from XPS analysis) of the spent 5% Ni/Al,03 catalyst
only.
Catalysts Ni/La AR Co/La AR Pt/La AR Ni/Al AR C/La (C/Al) AR
LaNiO3 XRF 1.08 - - - -
LaNig.75C002503 XRF 0.76 0.29 - - -
EDX 1.06 0.32 - - 0.18
LaNio_ss C00_4503 XRF 0.45 0.42 - - -
LaNig.75C0g20Pt0.0503 XRF 0.69 0.20 0.05 - -
EDX 0.61 0.17 0.04 - 0.12
LaNig .55 C0g.40Pt0.0503 XRF 0.51 0.40 0.05 - -
5% Ni/Al, 03 XRF - - - 0.19
EDX - - - 0.06 (0.05)
XPS - - - 0.06 (0.24)

subsurface atomic ratios slightly decreased compared to the corre-
sponding values in fresh conditions. The subsurface Co/La atomic
ratios varied without any apparent relationship with the substitu-
tion degree, whereas the subsurface Pt/La atomic ratios remained
constant.

SEM-EDX analyses were performed on some of the spent cat-
alysts. The obtained results, in terms of subsurface atomic ratios
are reported in Table 2. The spent 5% Ni/Al,03 catalyst presented a
subsurface Ni/Al atomic ratio of 0.06, which was compatible with
the recorded increase of the surface atomic ratio calculated by
XPS analysis. A back-scattered picture of this sample is reported
in Fig. 13: the bright particles were Ni clusters. Also for this sample
the EDX detected the presence of C: the corresponding subsurface
C/Al atomic ratio, was equal to 0.05, much lower compared to the
surface one calculated by XPS analysis (equal to 0.24), sign that
the deposited carbonaceous residues were mainly on the catalyst’s
surface. For the perovskite-based catalysts, LaNig75C0¢2503 pre-
sented a slight increase of all the subsurface atomic ratios, whereas
the catalyst LaNig75Cog25Ptg 0503 presented a slight decrease of
these values. The EDX analysis revealed the presence of the corre-
sponding subsurface atomic ratios are reported in Table 2.

TGA-MS analyses were performed to quantify the carbonaceous
residues deposited on the catalysts after the activity test runs, and
to deeply analyze the phase changes on each sample. Fig. 14 shows
the evolution of the mass of each used sample as a function of the
temperature under a chromatographic air flow (black curves) or

Fig. 13. Back scattered SEM image of the spent 5% Ni/Al,O3 catalyst: bright Ni®
particles on the surface are visible.

under an argon flow (gray curves). Fig. 15 presents the correlated
H,0 and CO, emissions curves obtained with the mass spectrome-
ter for each performed TGA analysis (in chromatographic air: black
curves; in argon: gray curves).
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The spent 5% Ni/Al,03 showed a very limited region of mass
loss, linked with a slight CO, emission, which ended at 380°C,
and a following region of mass increase. No release of water was
detected. The mass decrease could be possibly associated with
the catalytic combustion of carbonaceous residues on the catalyst
surface. The catalytic combustion of coke, in fact, was evidenced
at such low temperature also by other authors for Pt, Pt-Sn and
Pt-Re on Al,03 catalysts in the temperature range 280-420°C
[64,65]. The mass increase at high temperature could be associated
with the formation of NiO, which was detected by XRD analy-
sis.

The spent perovskite samples presented very similar trends
among them. During the TGA in air, two regions of mass loss at low
temperature, linked with water release, were observed, the first

between approx. 290 and 390 °C and the second between 450 and
545 °C: such a double water release was fully compatible with the
decomposition of the hydroxide La(OH)3, detected by XRD on all
the spent perovskite samples (see Fig. 12), which could be formed
during the CPO reaction due to the presence of steam (side reac-
tion) in the product gases [14]. This was in close agreement with
the TGA results obtained on LaNiO3 perovskite by Aman et al. [54].

For the LaNig 75Cog20Ptg.0503 and LaNig 55Cog 4503 perovskites,
the region between the two losses of water was characterized by a
marked increase of weight (not presented during the TGA in argon),
linked with an exothermic effect, which could belong to the for-
mation of NiO [54]. At temperature higher than approx. 545°C,
LaNiO3 maintained an almost constant weight, whereas all the sub-
stituted perovskites showed a definite increase of weight and a
marked release of CO5, noticeable for LaNiO3 too (see black curves
in Figs. 14 and 15). The TGA curves obtained in argon for the substi-
tuted perovskites appeared almost overlapped up to around 545 °C.
Instead at higher temperature they presented a clearly visible
weight decrease, always linked with CO, release (see gray curves
in Figs. 14 and 15). The latter was assigned to the decomposition of
La;0,C0O3 phase (whose peaks were detected by XRD analysis, see
Fig. 12) with subsequent mass loss [55,61]. The recorded CO, peaks
temperatures (between 680 and 716 °C) were quite similar to that
(727 °C) reported by Shirsat et al. [66] in the thermodynamic study
of the decomposition of La;0,C03 in La; 03 and CO,. Consequently,
the mass increase noticed at temperatures higher than 545 °C for
the substituted perovskites during the TGA in air could be associ-
ated with the formation of Co oxides (the weight increase, in fact,
was more evident for the LaNig 55C0g 4503 perovskite, whose pre-
sented the highest Coload), confirmed by the presence of CoO peaks
on the XRD spectrum in Fig. 12. Moreover, the TGA results were in
full agreements with those obtained by Villoria et al. [55] for the
LaCoO3 perovskite and by Sierra Gallego et al. [40,43,61] for the
perovskites LaNiOs, La;_xAxNiO3_s (A=Pr, Ce) and LaNi;_yB,05_;
(B=Mg, Co). The assignment of the CO, peaks to the decomposition
of the lanthanum oxy-carbonate suggested that coke deposition
over the perovskite catalysts after one test run in the CPO reac-
tor (approx. 8 h on-stream) was very limited, in agreement with
the SEM-EDX analyses. Very similar results were obtained also by
Sierra Gallego et al. [61].

4. Discussion

The presence of the spinel NiAl,04 in the fresh 5% Ni/Al,03
sample, so as of NiO and Ni® on «-Al,03 on the spent catalyst,
was fully in agreement with the study performed by Dissanayake
et al. [16]: employing a Ni/Al,03 catalyst for the methane CPO
reaction in a fixed bed, fed with a molar O,/CHy4 ratio equal to
that used in our experiments, they suggested the presence in the
fixed bed of three different regions. In the inlet region, the first one
encountered by the CH4 and O, mixture, they detected the presence
of the spinel NiAl,04, which had only moderate activity towards
CH4 complete oxidation to CO, and H,O0. In a second intermediate
fixed bed region, where the temperature further increased, the par-
tial decrease in O, concentration (produced by the CH,4 oxidation
reactions) allowed a portion of the NiAl,04 undergoing thermal
decomposition, generating a-Al, O3 plus a NiO surface phase, which
presented an activity much higher than that of the spinel for CHy
conversion to CO, and H, 0. Consequently, the complete consump-
tion of O, occurred over NiO in a highly exothermic combustion
process, further increasing the reactor temperature. The resulting
CH4/CO,/H,0 mixture quickly reduced NiO to Ni® in the remaining
third region of the catalytic fixed bed. The so formed Ni® catalyzed
the endothermic reforming reactions of the remaining CH4 with
the CO, and H,0.
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The stable performance of 5% Ni/Al,03 indicated that, despite
the dramatic SSA reduction, the active nickel on the Al,03 carrier
available for the reactive gases remained in a satisfactory amount
for all the test time. So the catalyst did not suffer radical decrease
in performance, as happened for the perovskite catalysts. After the
CPO reaction, a large Ni fraction migrated to inside the particle
(as confirmed by the increase of Ni/Al subsurface atomic ratio and
decrease of the Ni/Al surface atomic ratio), but, anyway, a suffi-
cient part of it remained exposed to the surface, as also visible from
the SEM inspections (see Fig. 13). Thus, the high performance and
stability of 5% Ni/Al, 03 catalyst, was only partly related to the ini-
tial high SSA, but mainly linked to Ni interactions with the high
refractory alumina carrier where the active nickel species remained
thermally protected in a partially embedded status, anyway easy
accessible and available to the reacting gases.

On the contrary, the unsatisfactory performance of all the
perovskite-based catalysts was the consequence of their high sen-
sitivity to reduction environment. They were, in fact, exposed at
very high temperatures (up to around 1200°C) to the reducing
conditions of the CPO process, where the presence of H,0 and CO,
formed undesired phases, such La(OH)3, LaNiOg4, NiO and La, 0,CO3,
as evidenced by XRD and TGA analysis, that compromised the initial
catalysts performance [7]. Compared to the fresh perovskites, the
new formed Ni species were characterized by poor activity towards
methane oxidation, and thus not able to maintain combustion in the
first part of the catalyst bed, especially when increasing WHSV, as
evidenced by the sharp decrease of T,, thus moving the reform-
ing reactions out of the catalyst zone and causing the collapse
of the global reactor performance. Furthermore, the formation of
La;0,C03 and La(OH)3; over the catalyst probably created a some-
how fouling layer hindering the accessibility of reagents to the Ni
species active towards CPO reactions. Moreover, very recently Silva
et al. [14] noticed that after reduction treatment Ni-Co perovskites
completely decomposed into Co®, Ni® and La,0s, with a decrease
in the catalytic activity for PO reaction at high temperature.

5. Conclusions

The present work investigated the performance towards syn-
gas production in a SCT-CPO reactor of five perovskite-based
nickel-lanthanum catalysts (LaNiO3 with Ni partially substituted
with Co and Pt) and 5% Ni/Al,03 supported catalyst, by varying
WHSV from 130 to 560N1h~!g.,:~1. Perovskite-based catalysts
showed very low performances, due to the highly reducibility of the
perovskite structures into La; 03, metallic Ni, and Ni and Co oxides
and the formation of not active species, like La(OH)3, La;NiO4 and
La;0,COs3.

On the contrary, 5% Ni/Al,05 catalyst presented a very good CHy4
conversion always above 86%, which remained stable by varying
WHSV. The same behaviour was noticed for H, and CO selectivity
values, both around 90%. Furthermore, T;, and Toyu: values of 5%
Ni/Al,;03 catalyst resulted quite stable by varying WHSV, whereas
the perovskite-based catalysts showed a steep decrease of T, and
an increase of Toyt with WHSV.

The satisfactory performance and high thermal stability of 5%
Ni/Al, O3 catalyst, despite the relevant decrease at the end of the
test runs of the BET SSA. value compared to that in the fresh sta-
tus (mainly due to the alumina phase transformation from vy to o
phase) and the lower Ni load compared to the subsurface Ni in the
perovskite, was most likely related to nickel bonds with the Al,03
support, where the active nickel particles were thermally protected
as partially embedded in the carrier.
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