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The  aim  of  this  work  was  the  development  and  performance  evaluation  of  alumina  supported  nickel
catalysts  for  partial  oxidation  of  methane  to  syngas  in  a self-sustained  short  contact  time  fixed  bed
reactor  using  pure  oxygen  or air. It  was  also  verified  the  attainment  of  relative  constant  temperatures  in
an  appropriate  range  (750–1050 ◦C)  along  the  catalytic  fixed  bed  independently  of  the  operative  weight
hourly  space  velocity  (WHSV);  thus  sintering  and  coking  problems  and  the consequent  performance
hort contact time
ixed bed reactor
i catalyst
lumina carrier

decay  were  avoided.  The  activity  tests  with  a Ni  load  of  5% and  10%  by  weight  were  carried  out  increasing
the WHSV  from  150  to  1440  Nl  h−1 gcat

−1.  The  results  obtained  with  10%  Ni/Al2O3 catalyst  when  working
with  pure  O2 showed  an  excellent  performance  towards  CH4 conversion  (>90%)  and  H2 selectivity  (>95%),
comparable  to the best  rhodium  based  catalysts  tested  at the  same  operating  condition  [29].  When
working  with  air,  10%  Ni/Al2O3 was  able  to  maintain  the  reactor  thermally  self-sustained  using  air  rather
than  pure  oxygen  until  WHSV  of  1440  Nl  h−1 gcat

−1 (GHSV  ≈  750,000  h−1) and  gave  a  performance  similar
 prod −1 −1
to  that  with  pure  O2 (but

. Introduction

The energy increasing demand of the modern society stimu-
ates exploration of new energy technologies. Partial oxidation is
resently considered an alternative to steam reforming for the gen-
ration of H2 from fossil fuels in decentralized applications [1] and
or stationary or mobile fuel cells [2].  The catalytic partial oxidation
CPO) of CH4 to CO/H2 mixtures has been largely discussed; several
atalysts were proposed, including non-noble [3,4] and noble met-
ls based ones [5,6]. The main chemical reactions involved in the
atalytic process are exothermic reactions (CH4 total and partial
xidation, water gas shift equilibrium, coke formation according to
oudouard equilibrium) and endothermic reactions (steam and dry
eforming) [7].

The extensive work on short contact-time (SCT) reactors [8–17]
howed Rh highly active and selective, superior to other noble met-
ls, able to avoid or at least partially limit coke formation [18].
t is widely accepted that with metal catalysts CH4 is firstly oxi-
ized to CO2 and H2O in the initial part of the catalytic bed until

2 is exhausted [19]; then the reforming reactions of remaining
H4 with steam and CO2 initially formed occur [5,6]. However, at
xtremely high temperatures and very short contact time, syngas
ay  be formed directly [6–9]. It has been reported, in fact, that

∗ Corresponding author. Tel.: +39 011 0904608; fax: +39 011 0904699.
E-mail address: stefania.specchia@polito.it (S. Specchia).

920-5861/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
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ucing  a syngas  diluted  by  N2) till a  WHSV  value  of  about  600  Nl h gcat .
© 2010 Elsevier B.V. All rights reserved.

the development of the combustion-reforming or direct reaction
mechanism depends also on the interaction between the active ele-
ment and the support: Weng et al. [20] studying the CPO of methane
with Rh-based catalysts on two different supports found that the
direct reaction to syngas was  the main pathway over Rh/SiO2 cat-
alyst whereas combustion-reforming was the dominant one over
Rh/�-Al2O3 catalyst. They suggested as responsible for the signif-
icant difference in the reaction mechanisms the variation in the
surface concentration of oxygen species over the catalysts under
the reaction conditions, mainly due to the unlike affinity between
oxygen and Rh species on the two  supports.

The very active and stable Rh catalysts employ, however, a very
expensive noble metal, whose price fluctuates significantly [21].
Cheaper and alternative metal-based catalysts (such as Fe-, Co-,
and Ni-based ones) would be desirable. In particular, Ni catalysts
have been widely investigated because of their low cost and rela-
tively high activity in methane CPO. Dissanayake et al. [6] reported
for Ni/Al2O3 nearly complete conversion of CH4 with 95% CO selec-
tivity at reaction temperatures above 700 ◦C by using an excess of
O2 compared to the stoichiometric requirements. Conversely, the
catalyst suffered deactivation by carbon deposition. Other draw-
backs, such Ni particles sintering [22,23] and phase transformation

of the carrier [24], have also been reported for Ni-based catalysts
in CH4 CPO. Nonetheless, these catalysts have been widely studied
because of their high catalytic activity and economic advantages.

Concerning the reaction mechanisms over nickel, Liu et al. [25]
claimed that in well reduced Ni/�-Al2O3 catalysts characterized by

dx.doi.org/10.1016/j.cattod.2010.11.068
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:stefania.specchia@polito.it
dx.doi.org/10.1016/j.cattod.2010.11.068
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igh activity towards CH4 dissociation, both metallic nickel and
iOx (x < 1.0) performed as active phases for partial oxidation of
H4, which could be partially oxidized to CO and H2 by the lat-
ice oxygen of NiOx. The bond strength of Ni–O seemed to act
avourably to CH4 partial oxidation, most likely due to the strong
nteraction between NiOx and �-Al2O3. However, Dissanayake et al.
6] suggested the presence in a fixed bed of irregular Ni/Al2O3
articles, in contact with an O2–CH4 mixture in the molar ratio
f 0.56, of three different regions: in the first region, the inlet
ne contacted by CH4/O2 fed mixture, they detected the pres-
nce of the spinel NiAl2O4, which had only moderate activity for
he methane complete oxidation to CO2 and H2O. In the inter-

ediate region they identified the NiO + Al2O3 phase, over which
omplete oxidation of CH4 to CO2 and steam occurred. As a result
f the complete O2 consumption in the second region, the reduced
i/Al2O3 phase in the third portion of the catalyst bed allowed

he formation of the final CO and H2 products, via reforming
eactions of the residual CH4 with the CO2 and H2O produced dur-
ng the complete methane oxidation over the NiO/Al2O3 phase.
ery recently, Özdemir et al. [26] demonstrated how the support
asicity greatly influenced both the H2/CO ratio and the carbon
eposition: H2/CO decreased gradually by increasing the basicity

evel, which in turns enhanced the reverse WGS  and the reverse
oudouard reaction. Carbon deposition, in fact, decreased in the
rder: Al2O3 > MgO/Al2O3 > MgAl2O4 > MgO.

The present work reports the preparation, characterization, and
atalytic performance evaluation of Ni-based catalysts, namely 5%
nd 10% Ni, over �-Al2O3 irregular particles. The main goal was
he development of suitable catalysts able to maintain the tem-
eratures in the fixed bed in an appropriate range (750–1050 ◦C)

ndependently of the operative feed gas flow rates, avoiding thus
intering and coking problems and limiting the consequent perfor-
ance decay. Both pure O2 and air were used as reactant feedstock.

. Experimental

Two different Ni based catalysts (5% Ni/Al2O3 and 10% Ni/Al2O3)
ere prepared by Ni deposition over �-Al2O3 irregular par-

icles obtained by crushing and sieving commercial alumina
pheres (3 mm in diameter, Sasol Germany GmbH); the fraction
00–1000 �m was used. Ni was deposited by incipient wetness

mpregnation technique at room temperature, using nickel (II)
itrate hexahydrate (Aldrich) dissolved in isopropyl alcohol. The
s-prepared particles were left at rest overnight and then placed
n oven with a temperature ramp of 5 ◦C min−1 until 900 ◦C and at
his temperature calcined in calm air for 2 h.

The catalysts’ morphology was observed by field emission
canning electron microscopy (FESEM FEI Quanta Inspect 200 LV
pparatus, coupled with EDAX GENESIS SUTW-sapphire detector).

The specific surface area (s.s.a.) and pore size distribution (p.s.d.)
ere measured via N2 adsorption at the liquid N2 temperature
ith an automated gas sorption analyzer (Micromeritics ASAP 2010

 apparatus), by degassing in vacuum for at least 12 h at 300 ◦C
efore analysis. The s.s.a. was determined according to the BET
heory method within the relative pressure range 0.05–0.3. The
.s.d. was determined by using the BJH method calibrated for cylin-
rical pores. Metallic Ni dispersion on the carrier was estimated
y CO chemisorption at 40 ◦C with the same apparatus employed
or BET s.s.a. and BJH p.s.d.: prior to the experiments, the cata-
ysts were reduced at 350 ◦C for 2 h by flowing H2 at a rate of
0 N cm3 min−1 and then degassed firstly at 350 ◦C for 2 h and after-

ards at 40 ◦C for 0.5 h. The chemisorbed CO was  determined by

xtrapolation to zero pressure of the linear part of the adsorp-
ion isotherm after removing the so-called reversibly adsorbed CO
“double isotherm” procedure) and assuming a chemisorption sto-
chiometry Ni:CO = 1:1.
oday 176 (2011) 340– 346 341

XRD analysis measurements were recorded with Philips
PW1710 apparatus equipped with a monochromator for the Cu K�
radiation.

XPS analysis measurements were recorded using a PHI 5000
VERSA PROBE spectrometer equipped with a hemispherical elec-
tron analyzer and an Al K� (h� = 1486.6 eV) 25.6 W X-ray source.
The peaks’ area was  estimated by each peak integration after
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 refer-
enced to the C 1s signal at 284.6 eV from carbon contamination of
the samples to correct the charging effects. The atomic fractions
on the sample surface were quantified by peaks’ integration with
appropriate corrections for sensitivity factors [27].

The catalytic activity of the prepared catalysts was determined
in a fixed bed reactor, already fully described in [28,29]. Briefly,
CH4 and O2 (or air), mixed at room temperature, were fed to the
reactor (an Inconel 601 tube of 12 mm  i.d. and 2 mm wall thickness
with the internal surface covered by a layer of oxidized FeCrAl-
loy to avoid any contact between the reactive gases and the alloy
wall, just to prevent any catalytic effect of Ni present in the lat-
ter). For safety reasons, pure N2 (technical grade, rate 2 Nl min−1)
was  used to fill up the reactor before and after each test. The
catalyst fixed bed was arranged between two  inert fixed beds:
upstream, quartz particles (to complete the reagents static mix-
ing) were 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 heat losses and cooled slowly
the outlet stream. The gas temperatures were monitored by ther-
mocouples located at catalytic bed inlet and outlet. The outlet gas
stream composition was  determined by a multiple gas analyzer
(ABB), for H2 (thermal conductivity analyzer module Caldos 17),
CO/CO2/CH4 (infrared analyzer module Uras 14), and O2 (paramag-
netic O2 analyzer module Magnos 106) concentrations. For safety
and environment protection reasons, after the analysis section, the
produced syngas was  completely oxidized by a catalytic honey-
comb burner.

The reactor was heated up to 920 ◦C in a tubular oven by feed-
ing N2 (2 Nl min−1). Then, the CPO reaction was ignited feeding a
room temperature mixture of pure CH4 and O2 or CH4 and air at
O2/CH4 ratio slightly above the stoichiometry (operative average
values: 0.572 ± 0.005 for tests with pure O2 [28,29]; 0.606 ± 0.008
for tests with air) to provide enough thermal input to the reac-
tor. 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 ignition procedure was very quick
taking about 1 min. The feed flow rate was adjusted accordingly
to increase the weight hourly space velocity WHSV (i.e., the ratio
between the flow rate and the catalyst mass in the reactor) from
170 to 600 Nl h−1 gcat

−1 when pure O2 was  used, or from 200 to
1440 Nl h−1 gcat

−1 when air was  used. The CH4 flow rate fed to the
reactor, i.e., the potential overall thermal power input to the reac-
tor, was the same for both the test runs (O2 or air). The prepared
catalysts were tested by placing in the reactor ∼1.2 g, to form a fixed
bed with ∼20 mm of axial length.

3. Results and discussion

FESEM analysis of the as-prepared 5% Ni/Al2O3 (Fig. 1A and C)

pointed out the morphology of the alumina support used in the
catalyst preparation; spongy and porous Al2O3 structures were
present and at high magnification it was possible to see a long
and narrow leaf-shape structure. FESEM analysis showed the same
morphology for 10% Ni/Al2O3 (Fig. 1B and D), also as concerns the



342 L.D. Vella, S. Specchia / Catalysis Today 176 (2011) 340– 346

F sts at
i re rep

l
r
o
b
p
i
s
d
c

t
c
v
t
a
c

a
f
c
fi
w
B

T
M
c

ting of 17.6 eV confirms this assignment, and the presence of
strong shake-up satellite structures indicates the presence of Ni(II)
ions in a paramagnetic state [31]. In fact, the fresh catalyst par-
ticles appeared light blue-green like spinel NiAl2O4. Therefore, a
ig. 1. FESEM images of the 5% Ni/Al2O3 (A and C) and 10% Ni/Al2O3 (B and D) cataly
mage). Atomic Ni/Al ratios calculated from EDX spectra in the enlightened zones a

ike leaf-shape structure, but for this catalyst FESEM investigation
evealed a widespread presence of numerous bright spots of vari-
us sizes (the larger ones up to 100 nm approximately), constituted
y Ni crystallite aggregates directly exposed on the catalytic surface
articles. The amount and sizes of Ni crystallites probably would

ncrease with the Ni load on the catalyst; anyway, nickel bright
pots were not present on 5% Ni/Al2O3. This occurrence could be
ue to the fact that Ni deposit was diluted in the matrix carrier or
hemically bonded with it, as evidenced by the XPS analysis.

The spectra obtained in the EDX analysis (not shown) confirmed
he presence of Ni on the surface of both prepared catalysts. The
alculated Ni/Al atomic ratios are reported in Fig. 1: the obtained
alues varied zone by zone, and resulted higher compared to the
heoretical Ni/Al atomic ratios (equal to 0.043 and 0.086 for 5%
nd 10% Ni/Al2O3, respectively), denoting the existence of nickel
lusters on the catalyst surface, especially for the 10% one.

H2 adsorption–desorption isotherms of the commercial crushed
nd sieved �-Al2O3 (collected fraction 600–1000 �m,  the same
raction used to prepare the catalysts) and of the two prepared

atalysts displayed type IV isotherms, according to IUPAC classi-
cation, with the hysteresis loop typical of mesoporous structures
ith one dimensional cylindrical channels. The obtained values of
ET s.s.a. and BJH p.s.d. are listed in Table 1: a decrease in s.s.a.,

able 1
orphological characterization of commercial �-Al2O3 and of the Ni-based

atalysts.

�-Al2O3 5% Ni/Al2O3 10% Ni/Al2O3

BET s.s.a. [m2 g−1] 133.8 109.2 100.1
BJH pore volume [cm3 g−1] 0.80 0.72 0.63
BJH pore diameter [nm] 2.4 2.0 1.9
Ni dispersion [%] – 0.18 0.12
 various magnifications. Ni clusters of 10% Ni/Al2O3 are enlightened (backscattered
orted.

so as in the p.s.d. values, was observed as the Ni load increased,
indicating a partial blockage of the carrier pores, or coverage of the
internal surface of pores with reduction of their diameter [30].

In the XPS analysis Ni 2p core-level spectra of calcined 10%
Ni/Al2O3 catalyst (Fig. 2) was  investigated; the Ni 2p2/3 binding
energy was 856.1 eV (±0.3 eV). Even though the values in the liter-
ature for the Ni 2p binding energies are spread over a fairly broad
energy interval, the Ni 2p2/3 obtained value can be assigned to
nickel aluminate NiAl2O4. Moreover, the Ni 2p1/2–Ni 2p3/2 split-
Fig. 2. X-ray photoelectron spectra (Ni 2p region) of 10% Ni/Al2O3 catalyst calcined
at  900 ◦C for 2 h.
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ig. 3. CH4 conversion and H2 selectivity (A), Tinlet and Toutlet (B) vs. WHSV for the 

bout  0.572 ± 0.005.

pinel NiAl2O4 structure could be present on the catalyst surface.
oreover, this occurrence can be supported considering the used

reparation methods (calcinations at 900 ◦C for 2 h) which could
ave created a stronger bonding between Ni and the Al2O3 car-
ier. The “surface spinel” model proposed by Jacono et al. [32],
here Ni2+ ions occupy the tetrahedral sites in �-Al2O3, again sup-
orts this possibility. The wide ranging literature values of the main
eaks of nickel oxides suggests also the presence on the surface of
iO, which can be supported by the strong shake-up lines around
60.7 eV (2p3/2), indicative of Ni2+ species. It is noteworthy that
he FWHM value was quite large (3.1 ± 0.1 eV) indicating a sur-
ace heterogeneity of the supported Ni, which can be exposed in
ifferent ways, from nickel oxide NiO to nickel strongly bonded
ith the Al2O3 carrier as NiAl2O4. The calculated atomic surface

atio Ni/Al was equal to 0.1, in a good agreement with EDX analysis
0.094 as reported in Fig. 1B). Sahli et al. [33] demonstrated that
ub-stoichiometric spinel structures possessed such properties to
erform as active catalysts: for Ni/Al atomic ratio lower than 0.5,

 solid solution of Al2O3 and NiAl2O4 could develop, characterized
y high specific surface area (∼105 m2 g−1).

The XRD spectra of 5% and 10% Ni/Al2O3 catalysts (not reported
ere for sake of space) enlightened the presence of the Al2O3 �
hase and the spinel NiAl2O4, in very good agreement with the
PS analysis results. XPS and XRD results were also in good agree-

ent with the dispersion measurements of Ni for both catalysts

etermined by CO chemisorption (see Table 1), which disclosed that
ractically no metallic Ni was present in the samples: most prob-
bly all the Ni deposited on the catalysts was chemically bonded
ith the matrix carrier as spinel.
Al2O3 and 10% Ni/Al2O3 catalysts. Feed: pure CH4 and O2; O2/CH4 average ratio of

The results from the experimental test activity carried on all
the synthesized catalysts are shown vs. WHSV as CH4 conver-
sion (CH4)conv and H2 selectivity (H2)sel (Fig. 3A) and as inlet and
outlet temperature (Tinlet and Toutlet) of the fixed bed (Fig. 3B).
(CH4)conv and (H2)sel were calculated as follows: (CH4)conv = (inlet
CH4 molar rate − outlet CH4 molar rate)/(inlet CH4 molar rate) and
(H2)sel = (outlet H2 molar rate)/[2 × (inlet CH4 molar rate − outlet
CH4 molar rate)]. The data in Fig. 3 refer to pure CH4 and O2 fed to
the reactor; during the tested flow rates, the average O2/CH4 ratio
was  equal to 0.572 ± 0.005 for each tested condition. All the inlet
and outlet temperatures and outlet gas stream concentrations data
were recorded when the steady-state was reached; the reported
data are averaged values since all the tests were repeated two
folds. The two catalysts showed excellent performance in the whole
examined WHSV range, in particular 10% Ni/Al2O3: (CH4)conv was
always higher than 95% and slightly decreased by increasing WHSV
for both catalysts, but (H2)sel increased till values of 100% at the
highest flow rates only for 10% Ni/Al2O3. This catalyst started with
high CH4 conversion (99.5%) at low WHSV, maintained a very sta-
ble trend for all the tested WHSV range and reached the minimum
value of 96% at the very high WHSV of 600 Nl h−1 gcat

−1 (corre-
sponding to a gas hourly space velocity GHSV, i.e., the ratio between
the reactor volume occupied by the catalyst and the feed flow rate,
of about 308,000 h−1).
As concerns the temperatures (Fig. 3B), for both catalysts the
Tinlet values were always higher than the corresponding ones with
an average difference of 200 and 480 ◦C for 10% Ni/Al2O3 and 5%
Ni/Al2O3, respectively, and with temperatures ranging from 600
to 1200 ◦C. This Tinlet − Toutlet difference in the catalytic bed allows
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Fig. 4. CH4 conversion and H2 selectivity (A), Tinlet and Toutlet (B) vs. WHSV for th

upposing the presence and dominance of an indirect mechanism
ased on the coexistence of two zones: a zone at the catalyst
ntrance with strongly exothermic CH4 oxidation to H2O and CO2
combustion zone), followed by a second one where the strongly
ndothermic steam- and CO2-reforming reactions were dominant
reforming zone) [9].  Thus the temperature data reflected this situa-
ion. For each axial position along catalytic bed if the heat released
y methane combustion is higher than the ones removed by the
olid–gas heat transfer and absorbed by the endothermic reac-
ions, then an increase of the temperature occurs, otherwise the
emperature will go down (endothermic reactions prevailing).

For both catalysts, by increasing WHSV, CH4 conversion slightly
ecreased while H2 selectivity increased, as the result of not only
he lower residence time. Increasing the feed flow rate increases
he heat transfer along the catalytic bed and if the higher combus-
ion heat released due to the higher CH4 fed flow is not enough to

aintain the same Tinlet, the latter becomes lower causing a loss
f performance towards CH4 conversion. On the other hand, an
ncrease in gas flow rate improves the mass transfer to the catalytic
urface and especially the heat and mass transport among adjacent
ombustion and reforming zones, thus favouring the endothermic
eactions; this can explain the increase in H2 selectivity with WHSV.
t very high space velocity the combustion zone can move towards

he bed outlet or leave tumbling the performance in syngas produc-
ion or, at worst, cause the reactions shutdown; the WHSV value

overning the reactor shut-off depends on the activity of catalysts
owards CH4 CPO reactions.

Fig. 4 compares the 10% Ni/Al2O3 catalyst activity when working
ith pure O2 with that obtained with air using the same start-
p procedure and working conditions. For both the test runs the
 Ni/Al2O3 catalyst; experimental runs with CH4 and pure O2 or air as feedstock.

potential thermal power input of the reactor was  the same, i.e.,
the fed CH4 flow rate was  identical during the tests with O2 or air.
The slightly higher (about 6%) O2/CH4 ratio (0.606 ± 0.008) kept for
the run with air compared to the one used with O2 (0.572 ± 0.005)
was  adopted to increase the heat released during the methane oxi-
dation to somehow try to compensate the 2.9 folds larger total
mass flowing through the reactor, due to the presence of N2, with-
out affecting in a too negative way  the reactor performance. The
inert gas was  moreover responsible for the higher values of WHSV
obtained during the tests with air, as also for the dilution of the
reacting gases and the lower temperature level in the catalytic
bed. With the adopted conditions, at low WHSV (CH4)conv using
air was  very high (equal to 98.6%), a value very close to the one
obtained with pure O2. (CH4)conv remained at high values (>90%)
till a WHSV value of 600 Nl h−1 gcat

−1 (GHSV ≈ 308,000 h−1). There-
fore, the reactor performance using air was  satisfactory and only
slightly lower compared to the obtained performance using O2.
However, at higher WHSV values the axial heat transfer along the
bed prevailed compared to the combustion heat generation, result-
ing thus in a key reduction of (CH4)conv until 31% at WHSV equal
to 1440 Nl h−1 gcat

−1 (GHSV ≈ 750,000 h−1). The (H2)sel curve had,
instead, a very different trend by increasing WHSV: it began with
values higher than 90%, remained stable until 1300 Nl h−1 gcat

−1

(GHSV ≈ 680,000 h−1) and then dropped to 53.5%. The test with
air presented an average lower thermal level compared to those

with pure O2: the recorded temperatures, in fact, presented oppo-
site trends (see Fig. 4B). Despite the same potential power input
provided by the fed CH4, when air was  used Tinlet and Toutlet were
significantly lower compared to the recorded temperatures with
pure O2, due to the presence of N2 as diluting agent. Moreover, with
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ig. 5. CO and CO2 selectivity (A), H2/CO and CO2/CO ratios (B) vs. WHSV for the 10%
.572  ± 0.005) or air (O2/CH4 average ratio of about 0.606 ± 0.008) as feedstock.

ir Tinlet was always lower than the corresponding Toutlet, whereas
ith O2 an opposing situation was always recorded (Tinlet always
igher than the corresponding Toutlet). When working with air, the

nlet feedstock preheating by back-radiation/conduction reached
ower values for both the larger mass rate and the lower residence
ime. Consequently, at very high flow rate, i.e., at very short contact
ime, due to the presence of N2 the combustion zone progressively

oved downward along the bed pushing the endothermic reac-
ions at the end of the catalytic region. Tinlet, in fact, continuously
ecreased since the combustion zone shifted downward, reducing
hus the possibility to heat-up the gas feed, now carrying also the
iluting N2. The endothermic reactions progressively shut-down

ed additional heat to remain in the bed and be employable by the
as phase, so balancing the increased heating necessities of the
owing gas mass rate and maintaining Toutlet at the same value.
he latter showed a rapid rise (see Fig. 4) only at the highest WHSV
alue, when the thermal energy balance shifted favouring the sys-
em heating. Anyway, the reactor provided a performance similar
o the one when working with pure O2 (obviously the obtained
yngas was diluted due the presence of N2) till about a WHSV value
f 600 Nl h−1 gcat

−1 and remained thermally self-sustained using air
ather than pure O2 for each tested WHSV until to 1440 Nl h−1 gcat

−1

GHSV ≈ 750,000 h−1).
To better understand the reaction mechanisms in the SCT-

PO reactor, also the CO and CO2 selectivity and the H2/CO and

O2/CO molar flow rate ratios were considered, as reported in Fig. 5.
he CO and CO2 selectivity were calculated as: (CO)sel = (outlet
O molar rate)/(inlet CH4 molar rate − outlet CH4 molar rate) and
CO2)sel = (outlet CO2 molar rate)/(inlet CH4 molar rate − outlet CH4

olar rate). (CO)sel and (CO2)sel trends were opposite and in accor-
2O3 catalyst; experiments run with CH4 and pure O2 (O2/CH4 average ratio of about

dance with the temperature trends (see Figs. 4B and 5A): with
pure O2, (CO)sel increased and (CO2)sel decreased by increasing
WHSV, whereas with air (CO)sel decreased and (CO2)sel increased by
increasing WHSV, sign that with O2 the CO concentration, whereas
with air the CO2 concentration, respectively increased with WHSV.
This was  also evident by the CO2/CO ratio reported in Fig. 5B. Such
trends could suggest that working with pure O2, the dry reforming
should be the main reaction in producing the syngas, whereas the
steam reforming should be the prevailing reaction when air was
used.

The H2/CO ratio (equal to 2 if only the direct partial oxidation
reaction occurs) was almost constant at ∼2.15 for the tests with
pure O2, whereas for the tests with air it increased from ∼2 to
∼2.4, sign that the H2 formation was prevailing on the CO one.
The higher H2/CO values recorded with air were in line with the
hypothesis that the steam reforming reaction should prevail when
working with air (H2/CO = 3 if only the steam reforming occurs) and
the dry reforming reaction should prevail when working with pure
O2 (H2/CO = 1 if only the dry reforming takes place).

Therefore, the presence of N2 in the feedstock had a negative
effect on CH4 conversion and syngas selectivity at very short contact
time (high WHSV values), as demonstrated also by other authors
[7]. This could be explained considering that both the reduced over-
all thermal level of the reactor and the diluting effect on the reactant
gas concentrations for the N2 presence affected detrimentally the

system kinetics. On the contrary, the higher both temperature and
reactant concentrations played favourably on the overall kinetics
of syngas production when working with pure O2 [15]. Conversely,
working with air presents some advantages, mainly in terms of
management costs of the process (O2 must not be separated by
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2: this could be very useful for ammonia synthesis, for example).
oreover, thanks to the lower thermal level of the system, the cat-

lyst results less thermally stressed, allowing longer lifetime and
etter resistance to sintering effects.

. Conclusions

Catalytic partial oxidation of methane in SCT reactor offers an
dvantageous and promising alternative to steam reforming for
yngas production. The present work investigated the activity per-
ormances of low cost nickel based catalysts over �-Al2O3 (5% and
0% by weight as nickel load) towards syngas production in ther-
ally self-sustained reactor at very high space velocity using pure

2 at first and then air. In the tests with pure O2, 10% Ni/Al2O3 cata-
yst showed the best performance towards CH4 conversion and H2
electivity due to the larger Ni load on Al2O3 support with excel-
ent conversion always higher than 95% and H2 selectivity of 100%
t high WHSV values and maintained stable and almost constant
inlet and Toutlet in all the tested WHSV, never exceeding 1200 ◦C.
he tests with air with the same methane fed flow rate strongly
ncreased the WHSV, but CH4 conversion starting from value sim-
lar to that obtained with oxygen at low WHSV, firstly decreased
lowly till WHSV of about 600 Nl h−1 gcat

−1, then strongly till a
inimum value of about 30%. The H2 selectivity remained almost

onstant up to WHSV of 1300 Nl h−1 gcat
−1 (GHSV ≈ 680,000 h−1);

or higher WHSV values the combustion zone moved towards the
nd of the bed causing a fall down of the CPO performance and an
ncrease of Toutlet. Anyway, 10% Ni/Al2O3 was able to maintain the
eactor thermally self-sustained using air rather than pure O2 until
HSV ≈ 750,000 h−1 and gave a performance similar to that with
ure O2 (but producing a syngas diluted from N2) till a WHSV value
f 600 Nl h−1 gcat

−1.
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