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Abstract

Two types of NiO/g-Al2O3 catalysts prepared by the impregnation and the sol–gel method were used for the partial
oxidation of methane to syngas at 850◦C (GHSV∼ 1.8 × 105 l kg−1 h−1). The effects of the carbon deposition, the loss and
sintering of nickel and the phase transformation ofg-Al2O3 support on the catalytic performance during 80 h POM reaction
were investigated with a series of characterization such as XRD, BET, AAS, TG, and XPS. The results indicated that the
carbon deposition and the loss and sintering of nickel could not cause the serious decrease of catalytic performance over
NiO/g-Al2O3 catalyst during the short-time reaction. However, the slow process of the supportg-Al2O3 phase transforming
into a-Al2O3 could slowly decrease the performance of NiO/g-Al2O3 catalysts. Aimed at the reasons of the deactivation, an
improved catalyst was obtained by the complexing agent-assisted sol–gel method. © 2000 Elsevier Science B.V. All rights
reserved.

1. Introduction

The nickel-based catalysts are very effective for the
partial oxidation of methane to syngas (POM) because
of the high turnover rates and inexpensive cost. How-
ever, the catalyst deactivates with time on stream by
the carbon deposition, the nickel sintering and loss,
and by the phase transformation [1]. Lunsford and
co-workers [2] reported the serious carbon deposition
over the Ni/Al2O3 catalyst, which filled the catalyst
pores and caused the granules to disintegrate into fine
powder at CH4:O2 ratios≥ 2. Schmidt and co-workers
[3] found the loss of nickel on the 3 wt.% Ni/Al2O3
catalyst during the POM reaction. The CH4 conver-
sion and H2 selectivity decreased with 2%.

The deposition of carbonaceous materials may oc-
cur over the metallic sites, but also on the acid sites
of the support. Tang et al. [4] found that the content
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of carbon deposition decreased with the increase in
base strength of the catalysts for methane reforming
with CO2. We also found that the addition of basic
component Li was beneficial to prevent carbon depo-
sition over the nickel-based catalysts [5–7]. In our pre-
vious work, it is found that the surface acid centers of
g-Al2O3 prepared by sol–gel method are mainly Lewis
acid centers, but its acid strength is much weaker than
that of normal one [8]. In addition, the stronger inter-
action between NiO and support on such catalysts is
also found in NiO/Al2O3 catalysts prepared by sol–gel
method, which can restrain the loss and sintering of
nickel [9]. These suggest that the resistance of carbon
deposition and the sintering of nickel over the sup-
ported nickel-based catalysts may be improved by the
sol–gel method.

In this work, NiO/g-Al2O3 catalysts prepared by the
impregnation and the sol–gel method were tested for
POM reaction. A comparative study of the carbon de-
position, the loss and sintering of nickel and the sup-
port phase transformation was investigated to assess
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the effects of the catalyst preparation method on the
catalyst deactivation.

2. Experimental

2.1. Catalyst preparation

Three types of catalysts were used in this study.
IT catalyst was prepared by impregnating appropriate
amount of Ni(NO3)2 on commercialg-Al2O3 sup-
port. Then dried at 70◦C for 12 h and calcined in
air at 850◦C. ML catalyst was prepared by sol–gel
method. The pure 1M AlOOH sol was obtained
by peptizing PURAL SB powders (boehmite pow-
ders, Condea GmbH, Germany) with nitric acid
(H+ (mol)/AlOOH (mol) = 0.09). A correct amount
of Ni(NO3)2 solution was doping into pure AlOOH
sol with vigorous stirring to give a homogenous mix-
ture. Drying and calcining are the same as IT catalyst.
The improved catalyst named as ML(B) was prepared
by the complexing agent-assisted sol–gel method,
namely, adding glycerol into AlOOH sol. Other oper-
ations were the same as that of ML catalyst. The NiO
loading on these catalysts were all about 10 wt.%.

2.2. Test of catalytic performance

Catalysts were tested by flow-reaction in an atmo-
sphere pressure fixed-bed microreactor. The 80 h life
test experiments were performed using a microreactor
with an internal diameter of 4 mm with 100 mg catalyst
employed. The reaction conditions were as follows:
PCH4:PO2 = 2 : 1, GHSVCH4 = 1.8× 105 l kg−1 h−1.
The analysis of reaction products was provided else-
where [6].

2.3. Characterizations of catalysts

X-ray photoelectron spectroscopy (XPS) character-
ization was performed using a VG ESCA LABMK
II spectrometer. The instrument typically operated at
pressured below 1.33×10−7 Pa and monochromatized
Al exciting radiation was used. The binding energy of
all spectra was calibrated with respect to the Al2p line
at 74.5 eV. The surface relative atomic ratio of catalyst
was calculated according to the spectral line intense
of XPS [10].

TG test was performed with a Perkin-Elmer 3600
work station at a programmed temperature velocity of
10◦C min−1 in air with the flow rate of 25 ml min−1.
The elementary analysis of fresh and aged catalyst
samples was carried out in a Perkin-Elmer ICP-5000
apparatus by atomic absorption spectroscopy analysis
(AAS).

The specific surface area and pore volume of
samples were obtained in a volumetric equipment
OMNISORP-100CX by the BET method. X-ray
diffraction (XRD) characterization of the catalysts was
performed with a Riguku D/Max-RB X-ray diffrac-
tometer using a copper target at 40 kV× 100 mA and
a scanning speed of 8◦ min−1.

3. Results and discussion

3.1. Performance of catalysts

The catalytic performances of IT and ML catalysts
are shown in Fig. 1. After 10 min initial reaction, the
reaction attained steady-state condition. They had CH4
conversion close to its equilibrium values and high CO
selectivity above 97%. It was found that the CH4 con-
version of ML catalyst was slightly lower than that of
IT catalyst. These may be due to the sol–gel method
that improves the interaction between active compo-
nent and support, and makes NiO reduce more difficult
to Ni0 [11]. The reduced nickel metal is the active site

Fig. 1. Performance of catalysts as a function of time
(CH4/O2 = 2/1, GHSV = 1.8 × 105 l kg−1 h−1, 850◦C, 1 atm)
(j) ML catalyst, (r, e): IT catalyst.
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Fig. 2. TPR profiles of (a) NiAl2O4, (b) IT catalyst and (c) ML
catalyst.

for the POM reaction and POM activity and selectiv-
ity are related to the reduction of surface nickel to the
reduced state [12]. The TPR profiles also confirmed
this result as shown in Fig. 2. The curve of IT catalyst
showed a single peak at about 840◦C, which was close
to the reduction temperature of bulk NiAl2O4, while
the reaction peak of ML catalyst appeared at about
880◦C. A rise in reduction temperature over ML cat-
alyst could be attributed to the oxides with stronger
interaction with the support.

During the 80 h testing period, no obvious deacti-
vation over the two catalysts was observed. However,
CH4 conversion over ML catalyst decreased slightly
after 45 h-testing, but the rate of decrease was very
much slow, even not to be easily detected. The de-
crease value of CH4 conversion over ML catalysts was
less than 1% during the 80 h testing period. At this
point, the reaction was stopped and the spent catalysts
were analyzed. The results were listed in Table 1. They
will be discussed in detail hereinafter.

Table 1
The physico-chemical properties of IT and ML catalysts before and after reaction

Sample Condition Relative atomic ratio w (Ni) (%) w (C) (%) S (m2 g−1) V (ml g−1)

C O Ni Al

IT Before reaction 0.16 1.55 0.038 1 7.2 – 123.4 28.4
After reaction 1.24 1.51 0.012 1 6.9 17.64 54.1 12.4

ML Before reaction 0.20 1.70 0.039 1 8.3 – 111.0 25.5
After reaction 0.45 1.65 0.031 1 8.2 0.43 32.0 7.4

Fig. 3. C1s XPS spectra of catalysts after POM reaction (a) IT
catalyst and (b) ML catalyst.

3.2. Carbon deposition over catalysts

Fig. 3 showed C1s XPS spectra of IT and ML cat-
alysts after 80 h reaction. The binding energy (BE) of
284.6 eV was assigned to adventitious carbon on the
surface and the BE of about 283 eV was assigned to
surface carbon named as graphite–carbon, which re-
sulted in the pore closing and deactivation of catalyst
by covering the nickel surface [13]. The intensity of
graphite–carbon over IT catalyst was much stronger
than over ML catalyst, which suggested that the
amount of surface carbon over IT catalyst was much
more than that over ML catalyst. The surface C/Ni
atomic ratio of the used IT catalyst increased remark-
ably to 1.24/0.012 from that of 0.16/0.038 of the fresh
IT catalyst. The slight change of the surface C/Ni
atomic ratio over the ML catalysts showed that only a
little amount of carbon had deposited on the ML cata-
lyst. According to the TG result, the weight of carbon
deposition on the IT catalyst was about 17.64% of its
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net weight. However, the weight of surface carbon on
the ML catalyst was only 0.43% (nearly negligible).
These indicated that the carbon-deposition resistant
ability of ML catalyst were much better than that of
IT catalyst.

The examination of the IT catalyst surface by scan-
ning electron microscopy (SEM) showed the pres-
ence of coke in whiskers. It has been known [14] that
coke deposits on Ni catalysts may be present in a
variety of morphologies, i.e. amorphous, filamentary
(whiskers) and graphitic. The effect of different coke
deposit morphologies on the observed catalytic activ-
ity can be different, due to the fact that some mor-
phologies do not directly block active sites [15]. Thus,
at least for some time, the fraction of coke deposit as
whiskers allows the nickel crystalline to remain ex-
posed to the reaction environment, thus retaining their
activity. The active sites are deactivated until the rate
of carbon formation seriously increases to cover most
active sites. Although the carbon deposition were not
enough to deactivate IT catalyst during our 80 h test-
ing period, carbon deposition will be a major draw-
back with Ni-based catalysts during longer reaction
period.

3.3. The loss and sintering of nickel over catalyst

The surface relative atomic ratio of catalyst was
characterized by XPS (see Table 1). After 80 h reac-
tion, Ni/Al ratio over the used IT catalyst decreased
to 0.012 from 0.038 of the fresh one, while the Ni/Al
atomic ratio over the used ML catalyst only decreased
from 0.039 of the fresh one to 0.031. The results sug-
gested that the loss value of surface nickel of IT cata-
lyst was three times that of ML catalyst or the nickel
particles over the IT catalyst was sintered and grew
up to decrease the surface area of the nickel particles.
Comparing to the change of total nickel content mea-
sured with AAS, the loss of total nickel of IT catalyst
was 3% while that of ML was only 1%. There results
showed that the nickel of IT catalyst lost more seri-
ously than that of ML catalyst. The serious loss and
sintering of nickel is an important factor which causes
the catalyst deactivation, although the decrease of
activity due the loss and sintering of nickel was not
observed during 80 h reaction. Therefore, the loss and
sintering of nickel could not be disregarded during
the period of long-time reaction.

Fig. 4. XRD spectra of IT catalyst (a) before reaction (reduced)
and (b) after reaction ((.) reduced nickel, (d) a-Al2O3, (s)
g-Al2O3).

3.4. The structure and crystal phase of catalysts

The XRD tests were performed to determine the
crystal phases of these catalysts (in Figs. 4 and 5).
The fresh catalysts were previously reduced by H2 at
850◦C before XRD test. Their XRD spectra were sim-
ilar, only g-Al2O3 appeared except for reduced nickel
phase. After 80 h experiment, it was found that the in-
tensity of XRD patterns of reduced nickel over spent
ML catalyst was lower than that over spent IT cata-
lyst (see Figs. 4b and 5b), which suggested that ML

Fig. 5. XRD spectra of ML catalyst (a) before reaction (reduced)
and (b) after reaction ((.) reduced nickel, (d) a-Al2O3, (s)
g-Al2O3).
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catalyst could inhibit the sintering of metal nickel over
catalysts.

Compared the XRD spectra of used catalysts with
fresh catalysts, respectively, it revealed the different
sintering behaviors of support over the different cat-
alysts. The XRD spectrum of the used IT catalyst
was similar to that of fresh catalyst, and only a lit-
tle a-Al2O3 appeared except forg-Al2O3 and reduced
nickel phase. However, the XRD spectrum of the used
ML catalyst was different from that of the fresh cata-
lyst,g-Al2O3 phase of support disappeared completely
and transformed intoa-Al2O3 phase. Compared with
the specific surface area of catalyst before reaction (see
Table 1), the surface area of IT catalyst after reaction
decreased by 56%, while the surface area of ML cat-
alyst after reaction decreased by 71%. These results
suggested that the support structure of ML catalyst
was unstable and sintered toa-Al2O3 during POM re-
action.

The XRD of fresh catalysts (unreduced) were a mix-
ture of spinel andg-Al2O3. Formation ofa-Al2O3
from the spent catalyst under POM reaction conditions
could probably be explained by the fact that some of
the Ni2+ in spinel might be reduced to metallic nickel
which fall out of the spinel structure and then the part
containing the nickel-less lattice converted toa-Al2O3

Fig. 6. XRD spectra of the catalysts (a) IT, (b) ML, (c) ML(B) and (d) the used ML(B) ((a)–(c) after calcining at 1200◦C for 5 h, (d)
ML(B) catalyst after 80 h reaction). (.) Reduced nickel, (d) a-Al2O3, (s) g-Al2O3, (∗) NiAl 2O4.

[16]. Smaller pores of the catalysts and supports pre-
pared by sol–gel accelerated the sintering of support.
The decrease of CH4 conversion over ML catalyst af-
ter 45 h reaction was caused by the transformation of
supportg-Al2O3 into a-Al2O3. The phase transforma-
tion was a slow process so that the decrease of activity
was very slow as observed.

3.5. The improved catalysts prepared by the sol–gel
method

The above results suggested that a NiO/g-Al2O3
catalyst either with a high resistance of the carbon de-
position and the loss and sintering of nickel or with a
better thermal stability of support could be obtained
if the phase transformation ofg-Al2O3 support on the
catalysts prepared by the sol–gel method could be in-
hibited. Masuda et al. [17] found that the thermostabil-
ity of g-Al2O3 could be improved by the complexing
agent-assisted sol–gel method. So an improved cat-
alyst was obtained by such way. Fig. 6 showed the
XRD spectra of the different fresh catalyst calcined
at 1200◦C for 5 h and the used catalyst. It was found
that the phase of the improved catalyst was very stable
and no phase transformed even after calcined for 5 h
at 1200◦C, while the part ofg-Al2O3 supports on the
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IT and ML catalysts have transformed intoa-Al2O3.
After 80 h reaction, noa-Al2O3 phase appeared and
the surface area was still kept above 77 m2 g−1. On the
other hand, the catalytic performance of the improved
catalyst could also be kept stable during the period of
80 h reaction. This part work will be reported in other
paper in detail.

4. Conclusion

The carbon deposition, the loss and sintering of
nickel and the phase transformation are important fac-
tors to deactivate the NiO/g-Al2O3 catalysts. The cat-
alyst prepared by sol–gel method exhibited an excel-
lent ability to resistant carbon deposition and to inhibit
the loss and sintering of nickel. However, its support
(g-Al2O3) was unstable under POM reaction condition
and transformed intoa-Al2O3, which caused a very
slow decrease of CH4 conversion. By the complexing
agent-assisted sol–gel method, the phase transforma-
tion of the support can be inhibited to obtain a stable
NiO/g-Al2O3 catalyst for POM.
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