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Abstract

The behavior of carbon deposition on the NirAl O catalysts promoted by CeO , MgO and CeO –MgO in CO2 3 2 2 2

reforming methane to synthesis gas was investigated using TG, CO -TPD, TPSR, TPR and other techniques. The results2

indicate that the resistance to carbon deposition of catalysts promoted by CeO and MgO is improved. It is found that the2

promoter MgO is the most effective one in the suppression of CH dehydrogenation. The CeO promoted catalysts can4 2

lower the temperature of the reforming reaction of CH with CO and improve the resistance to carbon deposition. The4 2

enlarged experiment result shows that the activity promoted by CeO and MgO keeps well over 900 h. This indicates that2

the catalyst has not only high activity and selectivity, but also high stability and good resistance to carbon deposition.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Renewed attention in both academic and in-
dustrial research has recently been focused on
the CO reforming with methane to syngas2
w x1–3 . This pathway provides a high CO selec-
tivity and produces synthesis gas with a high
COrH ratio. Nickel-supported catalysts have a2

high catalytic activity for methane reforming
with CO . But the reforming process is easily2
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interrupted due to carbon deposition and the
w xshattering of catalyst 4 . In previous studies

w x5,6 , we found that CeO or MgO are the most2

effective promoters for the NirAl O catalysts2 3

in the suppression of carbon deposition. These
w xcatalysts have high activity and stability 7–9 .

The beneficial influence of the rare earth oxide
is attributed to the existence of strong metal–

w xsupport interactions effect 10 . In this paper,
more detailed study in effect of CeO and MgO2

promoters on activity of CH dehydrogenation4

and CO eliminating carbon was made. In addi-2

tion, two kinds of catalysts promoted by CeO2

and MgO are found having high stability and
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excellent property of resistance to carbon depo-
sition.

2. Experimental

2.1. Catalyst preparation

Ž .The NirAl O catalyst Ni-5 was prepared2 3

by a conventional impregnation method using
Ž .commercial g-Al O and Ni NO P6H O so-2 3 3 2 2

lutions.The NirAl O catalyst were modified2 3

by CeO , MgO or CeO –MgO promoters, and2 2

the modified catalysts were called Ni–C, Ni–M
or NirACM, respectively. The contents of Ni,
CeO and MgO loadings are 9.17, 5.18, 32
Ž .mass.% , respectively.

2.2. Catalytic actiÕity

Temperature-programmed carbon depositions
were carried out in the quartz gondola of ther-
mal analysis balance with 25 mg of the catalyst.
Before reaction, the catalysts were reduced
Ž . Ž .TPR in 5.42 vol.% H in Ar purity-99.99%2

at 7008C, then flushed the reactor with Ar cooled
to room temperature and evacuated. The tem-
perature surface reaction was performed in dif-
ferent feed ratio of CO rCH .2 4

The catalytic activity of catalyst was exam-
ined in a fixed bed quartz micro-reactor and the
reactants and products were analyzed on line

Table 1
The results of temperature programmed carbon deposition on
catalysts

a bŽ . Ž . Ž .Catalyst CO rCH T 8C T 8C C %2 4 B E

Ni-5 1:1 490 1200 11.5
Ni-5 1.34:1 500 1000 6.33
Ni-5 1.77:1 510 800 1.64
Ni–C 1:1 510 785 2.70
Ni–C 1.34:1 495 700 1.92
Ni–C 1.77:1 345 675 1.14

a Temperature at the beginning of carbon deposition.
b Temperature at the end of carbon deposition.

Table 2
Physico-chemical characterization of catalysts and the content of
carbon deposited

Catalyst Ni dispersion Ni crystal Amount of
˚Ž . Ž .degree % size A carbon deposited

on catalyst
Ž .mass.%

a bw xNi-5 51.7 4 322 3.62 0.05
Ni–C 63.1 265 2.80 0.04
Ni–M 54.6 308 1.02 0.04
NirACM 68.7 241 1.99 0.03

a Ž .Pure CH reaction for 1 h .4
b Ž .CO rCH s1.2 reaction for 5 h .2 4

using gas chromatograph. The catalysts are acti-
vated by reduction in H at 7008C for 30 min,2

and then the reaction of natural gas reforming
with carbon dioxide takes place at 7008C to
produce synthesis gas. The catalytic activity is
represented by the mole fraction of the synthesis
gas in gaseous products.

The temperature-programmed surface reac-
Ž .tion TPSR and other experiments were carried

out under atmospheric pressure using a stainless
Ž .reactor 4 mm inside diameter with 50 mg of

Ž .catalyst sample 30–60 mesh . The catalyst was
Ž .first reduced in H 25 mlrmin at 7008C for 302

min, then flushed the reactor with Ar for 45 min
and cooled to 1008C. The CO -TPSR were per-2

Ž .formed in a flow of CO qAr 18 vol.% CO .2 2

Carbon dioxide temperature-programmed des-
Ž .orption CO -TPD in a flow of 24.5 mlrmin of2

Ar was performed at a constant rate of
12.88Crmin. The temperature-programmed pro-
cesses were recorded on line.

3. Results

3.1. Temperature-programmed carbon deposi-
tion in different ratio of CO rCH2 4

The temperature-programmed carbon deposi-
tion was performed by thermo-gravimetric anal-

Ž .ysis TG from different feed ratio of CO rCH ,2 4
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the contents of carbon deposition were obtained
in Table 1.

The results of Table 1 show that T , T andB E

the amounts of carbon deposition of Ni–C cata-
lyst are lower than that of Ni-5 catalyst. Com-
pared with Ni-5 catalyst, the results in Table 1
show that the resistance to carbon deposition of

Ni–C catalyst is superior to that of Ni-5 catalyst
due to the addition of CeO promoter.2

3.2. Ni dispersion on catalysts

The Ni dispersion degree and the Ni crystal
size were determined. According to results in

Ž . Ž . Ž .Fig. 1. Activity comparison of carbon deposition of CH dehydrogenation and eliminating carbon by CO . a Ni-5; b Ni–C; c4 2
Ž . Ž .NirARM; d Ni–M ‘m1, m2, m3, m4’: pulse numbers of CH ; ‘c1’: pulse numbers of CO .4 2
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Ž .Fig. 2. CO -TPSR spectra of deposited carbon on catalysts. a2
Ž . Ž .Ni-5; b Ni–C; c NirARM.

Table 2, adding of CeO and MgO can increase2

Ni dispersion degree and decrease the Ni crystal
size. It can also inhibit CH dehydrogenation4

and improve the resistance to carbon deposition.

3.3. Properties of CH dehydrogenation and4

CO eliminating carbon2

In order to make comparison between the
action CeO and MgO promoters, CH2 4

dehydrogenation and eliminating carbon by CO2

was performed by using pulse chromatographic
apparatus. The mole fraction of H or CO was2

used to represent the property of carbon deposi-
tion or the elimination of carbon.

During the process of pulse experiments, first,
we pulsed CH three times and then pulsed CO4 2

one time, and then repeated again, secondly, we
pulsed CH four times and CO one time,4 2

Ž .repeated again Fig. 1 . It is evident that the
addition of single MgO promoter to NirAl O2 3
Ž .Ni–M can efficiently impress CH dehydro-4

genation, and single CeO promoter can im-2

prove the ability of CO in eliminating carbon2

under similar circumstances. The results of Fig.
1 indicates that the addition of CeO –MgO2

Ž .promoters to NirAl O NirACM not only2 3

improves the ability of CO in eliminating car-2

bon, but also causes a decrease in the property
of CH dehydrogenation.4

3.4. CO -TPSR and CO -TPD2 2

The Ni-5, Ni–C and NirACM catalysts were
reduced by H at 7008C for 30 min, and after2

flushing the reactor with Ar for 45 min, pulsing
CH five times, the ratio of accumulation of4

carbon deposition of catalysts is Ni-5:Ni–
C:NirACMs1.5:1.25:1. Then, CO -TPSR was2

performed, and the analysis results indicate that
the tail gas contain much CO and little CO. It2

Ž . Ž . Ž . Ž . Ž .Fig. 3. TPD spectra of CO adsorbed on catalysts. a Ni–C; b Ni-5; c NirARM; d carrier of Al O –CeO ; e carrier of2 2 3 2
Ž .Al O –CeO –MgO; f carrier of Al O .2 3 2 2 3
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Ž . Ž . Ž . Ž . Ž .Fig. 4. TPR spectra of catalysts and carriers. a Carrier of Al O –CeO ; b carrier of Al O –CeO –MgO; c Ni–C; d Ni-5; e2 3 2 2 3 2
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .NirARM; f carrier of Al O –MgO MgO6% ; g carrier of Al O –MgO MgO3% ; h Ni-5; i Ni–M MgO3% ; j Ni–M MgO6% .2 3 2 3

Ž .can be seen Fig. 2 that all the catalysts have
maximum carbon eliminating peaks between
550–6508C. Analyzing the peak area of the
catalysts, Ni-5:Ni–C:NirACM is about
1.68:1.21:1. This is in accordance with the re-
sults of carbon deposition.

The TPD curves of CO for the three cata-2

lysts and carriers are presented in Fig. 3. One
can easily find out that the peaks of catalysts are
similar to carriers’ peaks except for g-Al O .2 3

All the catalysts have high peak of about 9008C,
and appear shoulder peaks at moderate tempera-

Ž .ture 300–6508C except for the Ni-5 catalyst,
and lower temperature peak between 150–
3008C. It is clear that, the 9008C peaks are the
strong base centers, the lower temperature peaks
are the weak base centers, and the moderate
temperature peaks indicate that the distribution
areas of base sites in the Ni–C and NirACM
catalysts which contain CeO and MgO are2

enlarged. This is in accordance with results of
w x w xZhang and Verykios 11 and Zhao et al. 12 . In

general, the temperature of the reforming reac-
tion is chosen under 8008C. It is supposed that

the moderate temperature peak will play an
important role in the elimination of carbon by
CO . Therefore, the ability of CO in eliminat-2 2

ing carbon in NirACM will be improved due to
its absorption ability.

3.5. Catalyst characterization

Characterization of catalyst was carried out
in order to study the influence of carbon deposi-
tion on the catalytic activity of methane reform-
ing with carbon dioxide and the relationship
between the size of nickel crystallites and the
carbon deposition rate. XRD studies indicated
that when the Ni loading is lower than 13.2%,
no crystal phase of NiO would be formed obvi-

Table 3
The surface compositions of the catalysts

Ž .Catalyst The surface concentration at.%

C O Ni Al

Ni-5 0.154 1.71 0.054 1.00
NirACM 0.177 1.80 0.068 1.00
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ously. When Ni-3 catalyst is modified by CeO2

and MgO, the dispersion of nickel on the sur-
face of catalyst will be enhanced remarkably.
One can easily find from Fig. 4 that nickel is
reduced in the temperature range between 400
and 7008C. The nickel reduction peak for the
modified catalyst is at the higher temperature. It
is evident that with the addition of Ce O and2 3

MgO to NirAl O catalyst, the interaction be-2 3

tween active component Ni and the Al O car-2 3

rier increases.
Table 3 shows XPS results of the relative

atom concentrations on catalyst surface, and the
q2Ž .obtained results indicate that the Ni 2p3r2

electron binding energy of the Ni-5 catalyst is
855.2 eV, and the XPS results also show that
with the addition of CeO –MgO promoters to2

Ž . 2qNi-5, Ni 2p3r2 binding energy of Ni is
Ž .lower about 1.58 eV than that of Ni-5 catalyst.

It means that adding CeO and MgO promoters2

to Ni-5 catalyst the electron density of surface
Ni atoms increases.

The stability experiment results is shown in
ŽFig. 5. It shows that the mole fraction of H q2

.CO is kept at around 94–96 mol% during 900
h test. After 900 h, there will be no carbon
deposition on the surface of catalyst and no
shattering phenomenon of catalyst. It means
that, the NirACM catalyst do not deactivate at

Fig. 5. The stability of the NirACM catalyst. Temperatures
8508C, pressures0.1 MPa, CO rCH s1.4r1.2 4

all during 800 h on stream with a CO rCH2 4

ratio of 2.4r1 at 750 or 1.4r1 at 8508C.

4. Discussion

4.1. The MgO promoter

The results of XRD indicated that no clear
MgO phase peak is found except for CeO and2

Ni peaks. The results of TPR show that with
addition of CeO –MgO to NirAl O , the re-2 2 3

Žduction peaks shift to high temperature Fig. 4,
.curves c, e, h and j . This means there is

interaction happened between the promoter and
w xthe carrier. According to Ref. 1 , a solid solu-

tion or partial solid solution is formed on sup-
ported Ni catalyst.

From Table 2, the Ni dispersion of Ni–M
catalyst is higher than that of Ni–C and is
similar to that of NirACM, and the amount of
carbon deposition for CH dehydrogenation is4

the least among the catalysts.

4.2. The CeO promoter2

According to Table 2, the CeO promoter2

may have two effects: first, the addition of
CeO to NirAl O can shift the reforming2 2 3

reaction of CH and CO to lower temperature4 2
Ž .and improve Ni dispersion Table 1 ; second,

CeO plays a role of transferring electrons.2

While the Ni-5 and Ni–C catalysts were re-
duced by H at 7008C for 30 min, and flushed2

by Ar for 45 min, it was found that a little
amount of H is replaced by pulsing CO. When2

the third pulse of CO was carried out, the H 2

area disappeared. The results show that the H 2

area replaced by CO on Ni–C catalyst is smaller
than that of Ni-5 catalyst. The existence of

w xNi–H has been proven by Ref. 13 . The studies
w xof Zhang and Verykios 14 of the results of

H -TPD revealed that the Ni–H bond on2

NirLa O catalyst is fewer and weaker than2 3

that of NirAl O catalyst. Momteiro and2 3
w xNoronha’s studies 15 also demonstrated that

the addition of CeO to PdrAl O catalyst2 2 3
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would decrease H uptake and diminish the2

HrPd ratio. The partial or total inhibition of
hydrogen on the metals was attributed to an

w xelectronic effect 16 . As mentioned above, there
is electron interaction between CeO and Ni. It2

is known that Ce is rich in d electrons, and Ni
has unfilled d orbits, and the unfilled d orbits of
Ni atom can accept d electrons of Ce. So the
Ni–H bond will be weakened and diminished.

w xAccording to Shyu et al. 17 , below 10008C,
CeO can be reduced by H only to Ce O .2 2 2 3

w xMomteiro and Noronha’s studies 15 also
showed that the reduction of CeO supported on2

Al O depends on the loading: with lower con-2 3
Ž .tents 3% CeO , the reduction is incomplete,2

Ž .while with higher contents 20% CeO , it will2

be reduced completely. Hence, when the CeO2

promoter in NirACM catalyst was reduced by
H at 7008C for 30 min, oxides Ce O and2 2 3

CeO might exist. During the reforming pro-2

cess, the reactant CO first absorbs base cen-2

ters, and then dissociates on Ce O by transfer-2 3

ring electrons to CO , and forms CO and CeO .2 2

Then, CeO reacts with carbon deposited by2

CH dehydrogenation, and CeO changes to4 2

Ce O again.The reaction process is:2 3

Ce O qCO s2CeO qCO 1Ž .2 3 2 2

w x18

2CeO qCsCe O qCO 2Ž .2 2 3 2

w x19 .
In fact, the above reactions imply a process

of transferring oxygen. As CO dissociates and2
Ž .forms CO, and absorb oxygen Oa or oxygen-

w xcontaining species 18 , the affinity of the ab-
Ž .sorbed oxygen Oa for the carbon atom of CH4

is responsible for the inhibition of carbon for-
mation of the reaction. Therefore, the presence
of CeO and Ce O in catalyst will improve the2 2 3

inhibition of the surface carbon formation.
In addition, the ability of resistance to carbon

deposition of the NirACM catalyst might be
related to the property of CO adsorption from2

macroscopic point of view. Fig. 3 shows that
the surface carbon on catalysts is removed from

most part before the temperature reaches 7008C.
So, we hold that a moderate temperature of CO2

adsorption would play an implant role in elimi-
nating carbon.

It is known that when the reforming reaction
was carried out, surface carbon would be formed
by the dehydrogenation of CH on the one4

hand, and CO can eliminate the surface carbon2

on the other hand. So, whether the carbon depo-
sition exists or not on surface of catalyst, it is
decided by the two competition reactions. With
the addition of CeO and MgO to NirAl O2 2 3

catalyst, the area of moderate temperature in-
creased, which will lead to the increase in the
CO rCH ratio on the surface of NirACM2 4

catalyst compared with the other catalysts at the
same feed ratio of CO rCH .2 4

From the microcosmic point of view, it is
known that CH or CO has stable molecular4 2

structure. If CH and CO are simultaneously4 2

activated, the catalyst should have Ni unfilled d
orbits to accept s electron pairs of C–CH bond
of CH , or have high d-electron density of the4

surface Ni atoms to fill the unfilled anti-bonding
p

U orbits of CO .2

The XPS results of literature indicated that
the addition of CeO to NirAl O catalyst,2 2 3

Ž . 2qNi 2p3r2 binding energy of Ni caused nega-
tive displacement of 0.4 eV. But with the addi-
tion of CeO –MgO promoters to NirAl O ,2 2 3

Ž . 2qNi 2p3r2 binding energy of Ni was lower
Ž .1.6 eV than that of the unmodified catalyst,
and a strong electron interaction is found in the
coexistence of promoter CeO and MgO. It2

implies that, the CeO –MgO promoters will2

improve d-electron density of the surface Ni
atoms, and the d-electron emigration ability to
anti-bonding p

U orbits of CO will increase,2

the CO dissociation is promoted, and the abil-2

ity of CO elimination and resistance to carbon2

deposition of catalyst is also improved. At the
same time, the property of CH dehydrogena-4

tion is impressed due to the decrease of Ni
unfilled d orbits.

The enlarged experiment results have demon-
strated that the activity of NirACM catalyst
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does not diminish at all during 900 h on stream
Ž .of CO rCH ratio of 2.4r1 vrv at 7508C or2 4

Ž .CO rCH ratio of 1.4r1 vrv at 8508C.This2 4

fact indicates that the NirACM catalyst has
high catalytic activity, selectivity, excellent re-
sistance to carbon deposition and high stability
in reforming methane with carbon dioxide to
produce synthesis gas.
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