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Production of the hydrogen by methane steam reforming over nickel
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Abstract

Catalysts were prepared from hydrotalcite precursors, characterized and tested in the reaction of methane steam reforming to produce
hydrogen. The precursors were synthesized by: the traditional technique, with co-precipitation of Ni, Mg and Al nitrates with carbonate; co-
precipitation of Mg and Al nitrates with pre-synthesized nickel chelate and anion-exchange of NO3− of hydrotalcite with nickel chelate. The
oxides were analyzed using atomic absorption spectrophotometry, specific surface area, X-ray diffraction (XRD), temperature programmed
r ctivity for
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eduction (TPR) with H2, catalytic tests and elemental analysis. The catalytic tests demonstrated high methane conversion, high a
ydrogen production and high stability during the time of reaction for a molar ratio in the feed H2O:CH4 = 2:1.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Steam reforming of hydrocarbons, especially of methane,
hich is the principal constituent of natural gas, is the most
idely used and generally the most economical way to pro-
uce hydrogen. Supported nickel catalysts are used indus-

rially, although research shows that these catalysts, at low
team:methane ratios in the feed, suffer from coke formation,
eading to catalyst deactivation. Coke is formed at high tem-
eratures between the domain of the metallic nickel and the
etal-support interface, liberating small particles of nickel

rom the support and covering the surface with large amounts
f fibrous carbon, thus destroying the catalyst structure and
illing its activity [1].

Methane steam reforming can be represented by the reac-
ions(1) and(2).

H4 + H2O = CO + 3H2, H = 206 kJ mol−1 (1)

O + H2O = CO2 + H2, H = −41.2 kJ mol−1 (2)

∗ Corresponding author. Tel.: +55 16 273 9918; fax: +55 16 273 9952.

Supported metal catalysts are normally prepared by
impregnation of various supports. This method may pro
some heterogeneity in the distribution of metal on the
face, leading to a lowest dispersion of metallic specie
voring coke formation. The use of precursors containing
metal homogeneously distributed through the catalytic s
ture may, after the calcinations and reductions, result in
formation of highly-dispersed and stable metal particle
the surface. Some studies show that the use of hydrot
precursors minimizes coke formation since all the cation
homogeneously distributed inside the brucite-type shee
the hydrotalcite anionic clay structure[2].

Hydrotalcites, a family of anionic clays, are known
layered double hydroxides (LDHs). They may be represe
by the general formula:

[M(II) 1−xM(III) x(OH)2]A x/n
n−·mH2O

and consist of layers of brucite M(II)(OH)2, which as a re
sult of partial substitution of divalent by trivalent catio
acquire excess positive charge. This excess charge is
E-mail address:eassaf@iqsc.usp.br (E.M. Assaf). pensated by the incorporation of anions into the interlayer
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space. An important feature of these compounds is the rel-
ative facility of anion exchange[3]. There is practically no
restriction the nature of the anions, except that they should
not form strong complexes with the cation present. It is
known that the interlayer space can be used to introduce
metals in the anionic form (chromates, chelates and others)
[4]. Tsyganok et al.[5], recently reported a novel method
of hydrotalcite synthesis, where they suggested the intro-
duction of nickel into the structure Mg–Al (LDH), using
the fact that Ni(II) has the ability to react with the anionic
chelating agent of EDTA4−, making the highly stable species
[Ni(EDTA)] 2− [5].

In light of the above points, the goal of this work is
the preparation and characterization of catalysts from hy-
drotalcite precursors obtained by the traditional technique
and by chelates. These catalysts will be tested in the re-
action of methane steam reforming at different temper-
atures and molar ratios of fed steam to carbon in the
feed.

2. Experimental

2.1. Synthesis
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received the same treatment as in the traditional
technique.

• Anion-exchange method (ae-MgAl–NIY): in this method,
the hydrotalcite Mg–Al (LDH) was first obtained by ad-
dition of Mg(II) and Al(III) nitrates (30 and 10 mmol dis-
solved in 100 mL of water) to 1 M NaOH solution, with
stirring. The suspension was stirred for 1 h and then aged
as in the other techniques. (NIY)2− solution was added to
this suspension, stirred at room temperature. The suspen-
sion was then stirred for 24 h at room temperature and the
precipitate received the same treatment as above.

The mixed oxides were obtained by calcination at 500◦C
in air for 15 h and denominated tr-oxide, cp-oxide and ae-
oxide according to the hydrotalcite precursor.

2.2. Characterization techniques

The chemical composition of Ni–Mg–Al oxides was de-
termined in a Hitachi Z-8100 atomic absorption spectropho-
tometer with lamp current 12.5 mA, wavelength 240.7 nm
and a flame of Ar/C2H2 (2.2 L min−1).

Specific surface area of mixture oxides was measured by
adsorption of N2 according to BET method using a NOVA
Data Analysis.

X-ray diffraction (XRD) patterns were collected at room
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The hydrotalcite precursor containing nickel was prep
y three different methods: traditional, co-precipitation
nion-exchange. Precipitation was performed at a tem

ure of 63◦C pH 10, controlled by addition of 1 M aqueo
aOH solution.

.1.1. Traditional technique (tr-NiMgAl–CO3)
Ni-containing Mg–Al layered double hydroxide was p

ared by dropwise addition of an aqueous solution (100
ontaining Ni(II), Mg(II) and Al(III) nitrates (5, 25 an
0 mmol) to a continually stirred solution of sodium carb
te (30 mmol in 200 mL). The resulting suspension was
nder agitation at 63◦C for an hour. Next, the precipitate w
ged at the same temperature for 18 h without stirring.
recipitate, having a pale green color was separated b

ration, rinsed with deionized water (until complete remo
f Na+ cations), dried in air at 80◦C for 24 h and reserve

5].

.1.2. Chelation-based techniques
For the following syntheses a nickel complex chelate

tilized. This was prepared by adding nickel nitrate solu
50 mmol in 100 mL of water) to tetrasodium EDTA solut
50 mmol in 100 mL of water) at 63◦C. This chelated solutio
as denominated (NIY)2− [5].

Co-precipitation method (cp-MgAl–NiY): this meth
consists in dropwise addition of an aqueous s
tion (100 mL) of Mg(II) and Al(III) nitrates (30 an
10 mmol) to stirred (NIY)2− solution, at pH 10. Th
resulting suspension was stirred at 63◦C for 1 h and
emperature in a URD-6 Carl Zeiss diffractometer with
� radiation (λ = 1.54056Å). The spectra were scanned

he range 2θ = 3–80◦ at a rate of 2◦ min−1.
Temperature-programmed reduction (TPR) with hy

en (H2-TPR) of the catalysts was performed in Microme
hemisorb 2705 equipment, using 50 mg of catalyst a

emperature ramp from 25 to 1000◦C at 10◦C min−1. A flow
ate of the 30 mL min−1 of 5% H2/N2 was used.

Coke formation on the catalyst during tests of acti
as measured by element analysis in an Elemental Ana
E1110, model CHNS-0, using 3 mg of the sample in a
apsule, with the furnace at 1200◦C.

.3. Catalytic tests

Catalytic activity was tested in a fixed-bed tubular qu
icro-reactor, so as to analyze the activity for hydrogen
uction, product distribution and coke formation as a func
f the time of reaction. Before the reaction, the catalysts
educed in a flow of hydrogen (50 mL min−1) at 550◦C for
h, after which were heated to the reaction temperature u
owing nitrogen.

During the catalytic tests, both the reaction temp
ure and the steam:carbon molar ratio in the feed was
ed. The effect of reaction temperature variation was
yzed for a constant feed molar ratio of H2Ov:CH4 = 4:1,
he reaction being performed at 650 and 750◦C with a
H4 flow of 40 mL min−1. The effect of varying the fee
olar ratio was analyzed at 750◦C, with a CH4 flow of
0 mL min−1, and the ratios used were H2Ov:CH4 = 4:1 and
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Table 1
Composition of mixed oxides and specific surface area

Synthetic-LDH Composition
of oxides

Specific surface
area (m2 g−1)

tr-NiMgAl–CO3 NiMg17Al2O21 129.0
cp-MgAl–NiY NiMg17.4Al1.6O20.8 167.1
ae-MgAl–NIY NiMg17.2Al1.8O20.9 200.6

2:1. The ratio H2Ov:CH4 = 2:1 is stoichiometic. Finally, to
study deactivation process by coke, the drastic feed molar
ratio H2Ov:CH4 = 0.5:1 was used.

Reaction products were analyzed by gas chromatography
(GC) using a GC-3800 Varian chromatograph equipped with
two detectors and Porapak N (He carrier gas) and molecular
sieve 13X packed columns (N2 carrier gas).

3. Results and discussion

3.1. Chemical composition and specific surface area of
the mixed oxides

The chemical compositions and specific surface areas of
the three mixed oxides are shown inTable 1. Whereas the
compositions were similar for all methods of synthesis em-
ployed, the specific surface area of the catalysts prepared by
anion-exchange with Ni chelate was higher than that achieved
by the traditional method. The co-precipitation method gave
intermediate values.

3.2. X-Ray diffraction (XRD)

Fig. 1presents the XRD patterns of the synthesized hydro-
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Fig. 2. Patterns of TPR of tr-oxide, cp-oxide and ae-oxide.

phases. No formation of solid solution was observed, since
the temperature of calcination was not enough for this phase
to occur[6].

3.3. Temperature-programmed reduction (TPR)

The TPR patterns of mixed oxides are presented inFig. 2,
where one reduction peak can bee seen, starting above 300◦C,
that can be attributed to the reduction of Ni2+ in the NiO
phase. The position of this peak was different for each method
of preparation and the anion-exchange method showed the
highest stability of the NiO phase. Chmirlarz et al.[6] demon-
strated another peak at about 950◦C, related to reduction of
the spine phase NiAl2O4. This peak is not shown here because
in this work the catalyst was activated at 550◦C.

3.4. Catalytic tests

The CH4 conversions of all the catalyst, with a feed of
molar ratio H2Ov:CH4 = 4:1 at 650 and 750◦C, are shown in
Fig. 3.

All catalysts showed good activity in the 8 h of reaction.
At 750◦C, the catalysts prepared with chelated Ni gave the
best conversions of methane. At 650◦C, the methane conver-
sion obtained with ae-NiMg17.2Al1.8O20.9, was significantly
l ◦
c con-
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tio
H
I all

T
A
6
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alcite precursors and the mixed oxides obtained from
y thermal decomposition. The patterns show that all pre
ors produced peaks characteristic of hydrotalcite struc
he traditional method leading to the highest crystallinity.
hermal treatment resulted in changes of the phase stru
nd chemical composition. Calcination at 500◦C for 15 h
esulted in the disappearance of the layered structure o
rotalcite and formation of peaks attributed to NiO and M

ig. 1. Powder XRD patterns for synthesized LDH precursors and resp
xides. H: hydrotalcite; (*) MgO; (◦) NiO.
ower than at 750C, whereas for cp-NiMg17.4Al1.6O20.8, the
hange in the temperature did not influence the methane
ersion.

Fig. 4 shows plots of hydrogen yield with a molar ra
2Ov:CH4 = 4:1 in the feed at temperatures 650 and 750◦C.

n Table 2it is seen that the coke formation was low for

able 2
mount of coke, after 8 h of reaction, with molar ratio H2Ov:CH4 = 4:1 at
50 and 750◦C

atalyst Temperature
reaction (◦C)

Amount of
coke (%)

r-NiMg17Al2O21 650 2.40
r-NiMg17Al2O21 750 2.24
p-NiMg17.4Al1.6O20.8 650 1.78
p-NiMg17.4Al1.6O20.8 750 2.31
e-NiMg17.2Al1.8O20.9 650 0.89
e-NiMg17.2Al1.8O20.9 750 1.09
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Fig. 3. Methane conversion for molar ratio of feed H2Ov:CH4 = 4:1, at reaction temperature: (A) 650◦C and (B) 750◦C.

Fig. 4. Hydrogen yield with molar feedratio H2Ov:CH4 = 4:1 at temperature (A) 650◦C and (B) 750◦C, for catalysts: tr-NiMg17Al2O21; cp-NiMg17.4Al1.6O20.8;
ae-NiMg17.2Al1.8O20.9.

Table 3
Product yield in methane steam reforming for several feed molar ratio at 750◦C

Catalyst Molar ratio H2Ov:CH4 H2 Yield (average) CO Yield (average) CO2 Yield (average) H2/CO (average)

Tr-NiMg17Al2O21 4 (650◦C) 2.63 0.43 0.42 6.12
4 3.00 0.73 0.33 4.11
2 2.40 0.76 0.11 3.15
0.5 0.99 0.24 0.02 4.12

Cp-NiMg17.4Al1.6O20.8 4 (650◦C) 3.17 0.44 0.52 7.20
4 3.37 0.58 0.46 5.81
2 2.37 0.64 0.12 3.70
0.5 1.06 0.30 0.01 3.53

Ae-NiMg17.2Al1.8O20.9 4 (650◦C) 2.88 0.32 0.56 9.00
4 3.34 0.66 0.41 5.1
2 2.44 0.70 0.10 3.48
0.5 1.00 0.28 0.02 3.57
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Fig. 5. (A) Methane conversion with a feed of molar ratio H2Ov:CH4 = 2:1 at 750◦C. (B) Hydrogen yield: tr-NiMg17Al2O21; cp-NiMg17.4Al1.6O20.8;.
ae-NiMg17.2Al1.8O20.9.

Fig. 6. (A) Methane conversion with a feed molar ratio H2Ov:CH4 = 0.5:1 at 750◦C. (B) Product yield: tr-NiMg17Al2O21; cp-NiMg17.4Al1.6O20.8; ae-
NiMg17.2Al1.8O20.9.

catalysts, confirming the idea that hydrotalcite provides the
most homogeneous catalysts.

As expected the decrease in temperature from 750 to
650◦C decreased the yield of CO in relation to CO2 (ac-
cordingTable 3), because the formation of CO (reaction(1))
is an endothermic process and thus inhibited by the fall in
temperature, which favored CO2 formation (reaction(2)) as
it is exothermic process.

Fig. 5(A) shows the methane conversion over 8 h,
with feed molar ratio H2Ov:CH4 = 2:1 at 750◦C. All cat-
alysts showed activity and stability, throughout the 8 h
of reaction, at this low steam to carbon ratio. The de-
crease in proportion of steam in the feed led to a de-
crease in the conversion of methane. The hydrogen yield
for each catalyst is plotted inFig. 5(B). With all cata-

Table 4
Amount of coke after 8 h reaction with molar ratio H2Ov:CH4 = 2:1 at 750◦C

Catalyst Amount of coke (%)

tr-NiMg17Al2O21 2.77
cp-NiMg17.4Al1.6O20.8 0.97
ae-NiMg17.2Al1.8O20.9 2.99

lysts, the CO2 yield was little, because the low molar ra-
tio of steam to methane is unfavorable to its formation.
These catalysts did not favor coke formation, according to
Table 4.

Fig. 6(A) displays the methane conversion with a feed
of molar ratio H2Ov:CH4 = 0.5:1. These tests were done
to analyze the stability of catalysts in drastic feed con-
ditions. Note that the catalysts were not deactivated in
the 8 h of tests, showing their high stability for this
reaction.

4. Conclusions

It has been demonstrated that catalysts obtained via hydro-
talcite are active and stable for methane steam reforming. The
low quantity of carbon formed on the catalysts surface con-
firmed the hypothesis that the structure of hydrotalcite layers
leads to a homogeneous distribution of the active phase. Com-
paring the different methods of preparation, it was shown
that the precursors obtained by means of Ni chelates were
the most active in converting methane, with a high hydrogen
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yield, probably because they provided the best distribution of
the active phase.
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[6] L. Chmielarz, P. Kústrowski, A. Rafalska-Łasocha, R. Dziembaj, Ther-

mochim. Acta 395 (2003) 225.


	Production of the hydrogen by methane steam reforming over nickel catalysts prepared from hydrotalcite precursors
	Introduction
	Experimental
	Synthesis
	Traditional technique (tr-NiMgAl-CO3)
	Chelation-based techniques

	Characterization techniques
	Catalytic tests

	Results and discussion
	Chemical composition and specific surface area of the mixed oxides
	X-Ray diffraction (XRD)
	Temperature-programmed reduction (TPR)
	Catalytic tests

	Conclusions
	Acknowledgements
	References


