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A B S T R A C T

A nickel catalyst (5.75 wt.%) supported on gamma-alumina was evaluated through autothermal reforming

of methane (ATR). The reforming process was pointed to hydrogen production, following thermodynamic

and stoichiometric predictions. The catalyst was characterised by several methods including atomic

absorption spectroscopy (AAS), B.E.T.-N2, X-ray diffraction (XRD), scanning electron microscope (SEM) and

thermal analyses (thermogravimetry, TG; derivate thermogravimetry, DTG; and differential thermal

analysis, DTA). Experimental evaluations in a fixed-bed reactor (1023–1123 K, 1.00 bar, 150–400 cm3/min

feed) presented methane conversions in the range of 40–65%. The effluent mixtures provided hydrogen

yields in the range of 78–84%, carbon monoxide 3–14%, and carbon dioxide 5–18%. High molar H2/CO ratios,

ranging from 8 to 90, were obtained. Operating autothermal conditions (excess of steam, 1023–1123 K,

1.00 bar) provided low coke formation and high hydrogen selectivity (81%) for methane reforming.
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1. Introduction

Natural gas (NG) has high contents of methane in its
composition (66.0–97.8%, v/v), can be processed in the presence
of steam and oxygen via autothermal catalytic reforming.

Autothermal reforming of methane (ATR) is a combination of the
conventional steam reforming of methane (SRM) and the non-
catalytic partial oxidation of methane (POX or NC-POM) [1,2]. In this
process, a mixture of natural gas, oxygen and water is firstly
submitted to a non-catalytic partial oxidation, and then the products
are converted into syngas through reforming reactions. Syngas from
NG, a mixture of carbon monoxide and hydrogen, may be used to
produce high added value chemicals such as hydrocarbons, fuels [1],
and oxygenated compounds [2]. In gas-to-liquids (GTL) processes,
where natural gas is firstly converted to syngas, 60–70% of the costs
of the overall process are associated with the syngas production.

The main obstacle of the reforming processes is the catalyst
deactivation due to carbon deposition during the reaction. The
catalytic partial oxidation and steam introduction may drastically
decrease or even eliminate the carbon deposition [1,3].

Nickel catalysts, traditionally used in industrial steam reform-
ing processes of NG, have presented good performances in terms of
conversion and selectivity to obtain syngas by methane reforming,
although these systems are sensible to coke formation.
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In this work, in order to have a stable syngas and/or hydrogen
production and minimum activity losses, a nickel/gamma-alumina
supported catalyst was prepared and employed in the ATR process.
Based on stoichiometric predictions, a thermodynamic analysis [4–
14] was performed, establishing the operational conditions of the
evaluation process.

2. Experimental

The catalyst was prepared employing nickel nitrate
(Ni(NO3)2�6H2O, Sigma) and gamma-alumina (g-Al2O3, Degussa)
as a catalytic support. The preparation method was the incipient
wetness where alumina was impregnated with the nickel nitrate
solution. Firstly, the impregnated solution was evaporated to
dryness. Then, the solid was dried at 393 K for 12 h, and calcinated
at 873 K in air flow during 5 h. Finally, to promote the activation, the
material was reduced in hydrogen atmosphere at 1073 K for 2 h.

The nickel catalyst was characterised by atomic absorption
spectroscopy (AAS, Varian AA 220 FS), B.E.T.-N2 (Micromeritcs
ASAP 2010), X-ray diffraction (XRD, Siemens D5000), scanning
electron microscope (SEM, Jeol JSM-6360), thermal analyses (TG,
DTG and DTA, Shimadzu TGA-50) and elementary carbon analysis.

The autothermal reforming experiments were carried out in a
fixed-bed reactor packed with nickel catalyst (dp = 212 mm, m =
60 mg) under atmospheric pressure, and at three different tem-
peratures 1023, 1073, and 1123 K, respectively [10]. The reactants
were fed into the reactor with a gas mixture with a molar ratio of
CH4:O2:H2O = 5:1:9, diluted in argon at 56% (v/v) with a flow rate in
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Table 1
B.E.T. analysis of pre-catalytic material and catalyst.

Material B.E.T.

area

(m2/g)

Pore

diameter

(Å)

Pore

volume

(cm3/g)

Micropore

volume

(cm3/g)

Alumina in natura 226 68 0.4 n.d.

Pre-treated alumina 145 102 0.4 0.0006

Calcinated catalyst 105 125 0.3 0.0026

Reduced catalyst 107 129 0.3 0.0034

n.d.: not determinated.
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the range of 150–400 cm3/min (STP). The reactor effluents, residual
reagents and products were analysed on-line by gas chromatograph
(GC, Saturn 2000, Varian; TCD, Carbosphere/Porapak-Q).

3. Results and discussion

3.1. Feed composition

Prior to operations, the stoichiometric relations, predicting the
operating conditions where carbon deposition on the catalyst was
avoided, were established. So, the autothermal reforming reaction
equation was written as

CH4þ aO2þ bH2O ! cCOþ dCO2þ eH2 (1)

The stoichiometric adjustment lead to the following relations:
b = e � 2, c = 2 � 2a � b and d = 2a + b � 1. To maximise the H2

production (c = 0), d = 1 and a = 1� b/2. For a � 0! b � 2, a straight
line describes the feed composition possibilities to the ATR (Fig. 1).

In Fig. 1, detached lines show positions with stoichiometric
relations (H2O/CH4 vs. O2/CH4) where carbon deposition should be
avoided [3]. Thus, to avoid coke deposition, the feed was carried
out at CH4:O2:H2O = 5:1:9 molar ratios, in the avoidable coking
region of the SRM.

Based on the molar ratio of the feed, a condition was obtained
(Eq. (2)), adopting a stoichiometric steam excess as indicated [15]:

CH4þ0:2O2þ1:8H2O!CO2þ3:6H2þ0:2H2O

H¼ þ109 kJ=mol

(2)

This condition overcame the athermicity of the reaction
[12–14] (exothermicity), producing a sufficient quantity of energy
to reach the autothermicity.
Fig. 1. Stoichiometric relations for autothermal reforming of methane to maximise

the hydrogen production.

Fig. 2. Electronic micrographies of Ni(5.75 wt.%)/g-Al2O3 catalyst. (a) Before au
3.2. Catalytic characterisations

The nickel content and its surface area, characterised by AAS
and B.E.T.-N2, were 5.75% by weight and 1067 m2/g, respectively.
Through textural analyses (Table 1), reductions of specific surface
area and pore volume during the catalyst preparation up to the
calcination step were observed. This can be explained by the metal
deposition on the support. During the reduction step, the pore
volume increases, indicating NiO conversion into nickel.

X-ray diffratograms of the catalyst preparation steps allowed to
identify the solid phases. From the crystallographic patterns of
alumina, it was possible to identify a gamma-alumina phase on the
support in natura and on the support submitted to the thermal pre-
treatment. There was no evidence of gamma-alumina transition to
delta-alumina. XRD analysis of the catalyst, performed after the
calcinations step, identified nickel oxide presence, as well as nickel
aluminates NiAl2O4 (2u = 37.08 and 59.78) [16] and NiAl10O16

(2u = 19.18, 45.58 and 66.88). After reduction step, the analysis also
identified the presence of the reduced nickel (2u = 44.58 and 51.88).

Scanning electron microscope (SEM) analyses of the catalyst
samples were performed before and after the reforming opera-
tions, when coke as whiskers forms [11,17] on the catalyst was
identified (Fig. 2).

Fig. 3 presents thermal analyses (TG, DTG and DTA) of the
catalyst during the preparation steps. The TG plot exhibited the
initial calcinations temperature of the precursor. The DTG profile
presented a peak at 346.9 K indicating a loss of water of 13.0%
between 298.7 and 427.9 K. A second peak was observed at 537.3 K
indicating a loss of NO2 of 10.0%, between 427.9 and 814.5 K. There
is also an indication that both events overlap in the range of 298.7
until 814.5 K. Losses progressed to 1273 K possibly due to NOx

emissions.
The carbon deposited during the reaction process was obtained

from thermal analyses (TG and DTG, Fig. 4) of the catalyst. It
showed a carbon mass loss of 4.2% between 430.7 and 1081.5 K.
Higher carbon deposit levels on the catalyst (>70% in weight) were
found under drastic operating conditions [18,19]. A mass loss of
water of 7.2% occurred in the range 300.1–430.7 K (endothermic
peak).
tothermal reforming (400�) and (b) after autothermal reforming (2500�).



Fig. 3. Thermal analysis of the catalyst during the preparation steps.
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3.3. Catalytic evaluations

Experimental evaluations of the ATR process, performed in a
fixed-bed continuous reactor, as a function of the operational time,
showed that steady states of concentration were reached after
100 min of operation. Under the same pressure conditions
(1.00 bar) and feed composition (molar ratio CH4:O2:H2O = 5:1:9).
For each temperature, flow rates in the range of 150–400 cm3/min
in the presence of the nickel catalyst (60 mg, Ni(5.75 wt.%)/g-
Al2O3) were employed. As a function of the utilised flow rates, the
process was operated with different spatial times (9–24 kg s/m3, or
GHSV = 331.5 � 103–884.0 � 103 h�1). The spatial times (t) is
defined as the ratio of the mass of the catalyst to the volumetric
flow of reactants at standard conditions (298 K and 1.00 bar):

t ¼ mcat

Q̇inlet

� �
STP

(3)

where mcat is the mass of the catalyst, kg, and Q_inlet is the
volumetric flow rate of the reactants, m3/h.

The gas hours space velocity (GHSV) is defined as the ratio of the
volumetric flow of reactants at standard conditions (298 K and
Fig. 4. Thermogravimetric (TG) and derivate thermogravimetric (DTG) analysis of

the nickel catalyst. Determination of mass loss of deposited carbon in autothermal

reforming of methane. Operating conditions: 1123 K, 1.00 bar, total feed flow rate

400 cm3/min, feed molar ratio CH4:O2:H2O = 5:1:9, Ni(5.75 wt.%)/g-Al2O3.
1.00 bar) to the total catalyst volume and has units of inverse time,
or:

GHSV ¼ rcatQ̇inlet

mcat

 !
STP

(4)

where rcat is the density of the catalyst, kg/m3, and Q_inlet and mcat

were already defined.
Catalytic activity (A) was obtained in terms of methane

consumption:

A ¼ �robs

�ro
(5)

where �robs and �ro are the instantaneous and initial reaction
rates, mol g�1

cat h�1.
In Fig. 5, the evolutions of the catalytic activity are presented as

a function of the spatial time for the three operating temperatures.
It was observed that, for operations with higher spatial times, the
catalytic activity was the lowest (Fig. 5). Evolutions showed that
the activities decreased approximately 8%, at each temperature.
From 1023 to 1123 K, for all spatial times, a reduction of the
catalytic activity, circa of 23%, was observed. This occurred
possibly due to the deposition of carbon in methane cracking
step, at higher temperatures (endothermic process), mainly at
initial conditions (�ro), with additional production of carbon.

The experimental steady state values of the concentrations
indicated CH4 conversions and production of CO2, CO, H2 and
carbon. Based on these experimental data and on the set of reaction
mechanisms of the ATR and other reforming processes proposed by
several authors [3,20–29], the following major reaction steps were
proposed: heterogeneous methane catalytic cracking, homoge-
neous methane combustion, water–gas shift reaction, and
heterogeneous non-catalytic carbon consumption with carbon
dioxide (Boudouard reverse reaction).

Hydrogen and carbon monoxide productions allowed calculat-
ing the syngas yields (Ysyngas) and H2/CO molar ratio.

Ysyngas ¼
YH2
þ YCO

2
(6)

where YH2
¼ CH2

=CH2 ;max, YCO = CCO/CCO,max, Ci is the obtained
concentration, mol/m3, of the specie i, and Ci,max = mol/m3

obtained to maximum reagents conversion.
For the three operating temperatures, the plots (Fig. 6) are

represented as spatial time functions and they indicate that the
syngas yields increases while H2/CO molar ratios decrease. The
syngas yields were in the range from 10 to 61% and the highest
Fig. 5. Evolution of the catalytic activity in the autothermal reforming of methane.

Temperature effect. Operating conditions: feed molar ratio CH4:O2:H2O = 5:1:9;

1.00 bar; Ni(5.75 wt.%)/g-Al2O3; 2 h of operation.



Fig. 6. Evolutions of the syngas yield and H2/CO molar ration in the autothermal reforming of methane. Temperature effect. Operating conditions: feed molar ratio

CH4:O2:H2O = 5:1:9; 1.00 bar; Ni(5.75 wt.%)/g-Al2O3; 2 h of operation.

Fig. 7. Selectivities of the products in function of methane conversion in the autothermal reforming of methane. Operating conditions: feed molar ratio CH4:O2:H2O = 5:1:9;

1.00 bar; Ni(5.75 wt.%)/g-Al2O3; 2 h of operation. (Exp.: experimental; Eq.: thermodynamic equilibrium).
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yield was obtained at 1123 K. The H2/CO molar ratio decreased
with the temperature, from 27 to 8, with the highest hydrogen
production at 1023 K.

The selectivity levels (Si) as a function of the analysed species
H2, CO and CO2, at different spatial times are presented in Fig. 7.

Si ¼ 102 Ci

SC p
(7)

where Ci is the obtained concentration, mol/m3, of the specie i, and
Cp is the obtained concentration, mol/m3, of all the products.

From the autothermal reaction (Eq. (2)), equilibrium selectiv-
ities were calculated (dotted lines), via van’t Hoff’s, and compared
with experimental results.

The experimental results indicated that the process was
selective to hydrogen production and in a range from 78 to 84%,
according thermodynamic predictions. Carbon dioxide and carbon
monoxide had maximum selectivities of 18 and 14%, respectively.
An approximate constant level of hydrogen selectivity, with a
decreasing H2/CO molar ratio, indicated the occurrence of
consumption of carbon by carbon dioxide into carbon monoxide
(Boudouard reverse reaction).

4. Conclusions

A kinetic-operational procedure was applied to the evaluation
of the autothermal reforming of methane. A supported nickel
catalytic, Ni(5.75 wt.%)/g-Al2O3, was formulated, and experimen-
tal tests of its activity, as well as operational evaluations of the
process, were performed. Predominant presence of the nickel
phase and nickel oxide and nickel aluminates phases (NiO, NiAl2O4,
NiAl10O16) were detected in the catalyst. Coke formation as
whisker forms was identified.

Stoichiometric predictions and thermodynamic analysis indi-
cated operational autothermal conditions (excess of steam, 1023–
1123 K, 1.00 bar) providing low coke formation (4.2 wt.%).

At 1123 K, the highest syngas yield, 61%, and the lower H2/CO
molar ratio were obtained. A high hydrogen selectivity (81%) was
quantified at the three operating temperature.
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