JOURNAL OF CATALYSIS 166, 1-7 (1997)
ARTICLE NO. CA971469

On the Inhomogeneity of Low Nickel Loading Methanation Catalyst

Chang-Wei Hu,* Jie Yao,T Hua-Qing Yang,* Yu Chen,* and An-Min Tian*

*Department of Chemistry, Sichuan University, Chengdu, Sichuan 610064, People’s Republic of China; and Chemical Institute in Chengdu,
Academy of China, Chengdu, Sichuan 610013, People’s Republic of China

Received March 23, 1995; revised February 26, 1996; accepted September 30, 1996

Temperature-programmed reduction (TPR) and continuous
stepwise reduction—-methanation (CSRM) have been used to iden-
tify and separate the active phases of Ni/Al,O3 catalyst. It is found
that there are four hydrogen consumption peaks representing four
nickel species on Al;O3; the peak temperatures for three of them
are below 673 K when the reduction temperature does not exceed
to 973 K. For the methanation of both CO and CO,, three distinct
active phases are discovered, the activation temperatures of which
coincide with the peak temperatures of the first three TPR peaks,
respectively. This indicates that different oxidized nickel species ex-
ist on Al,O3 prior to reduction and form different active phases for
the methanation of both CO and CO, after reduction. The metha-
nation activities on each phase for both CO and CO; in terms of
CHy yield or initial methanation temperature and turnover num-
ber differ significantly. Each phase also exhibits different activity
for CO and CO; methanation. It is suggested that the mechanism
of methanation for CO or CO; on different phases may vary, and
that the mechanism for CO and CO, on the same phase may also
vary. CSRM is convenient for separating different active phases for
the methanation of both CO and CO; on Ni/Al,O3 catalyst.  © 1997

Academic Press

INTRODUCTION

Low nickel loading Ni/Al,O3 catalyst was found to ex-
hibit CO hydrogenation performance that differed from
high loading ones, and two distinct methanation sites were
found by temperature-programmed reaction of adsorbed
CO (1-4). The two sites were assigned to Ni atoms bond-
ing to other nickel atoms and Ni atoms interacting strongly
with an oxide phase of the support (2) or assigned to Ni
atoms formed from the reduction of crystalline NiO and
NiAl,O4 (3, 4). The methanation activity of Ni/Al,Oj; cata-
lyst depended intimately on the surface chemical state of
Ni, and different active phases formed from the reduction
of different nickel species in the oxidated states (5). From
the results of interrupted temperature-programmed reac-
tion of adsorbed CO with isotope labeling, Glugla et al. (6)
proposed that among the two sites, one was on Ni metal
and the other was on the support. Zielinski (5) found that
nickel oxides appeared in Ni/Al,O3 in two forms prior to

reduction, as “free” and “fixed” oxides, and formed large
and small crystallites, respectively, when reduced. The diffi-
culty of reduction of the supported catalysts was due to the
chemical interaction of nickel oxide with the support. These
results indicated that the active surface of Ni/Al,Os; was not
homogeneous for methanation reaction. One may ask, what
is the relationship between active phases and the reduction
temperatures of the catalyst? Are there any differences be-
tween the performance of different active phases?

It was considered that the methanation of both CO and
CO; proceeded by the same mechanism on Ni/SiO, and
Ni/SiO~Al,O3 (8) and even on each type of the two dis-
tinct active sites on Ni/Al,O3 (9). However, CO; could be
converted to CH,4 at lower temperature than that for CO on
Ni/Al,O3 when each of them reacted solely with H, (10).
The molecular structure of CO, differs greatly from that
of CO, but they form the same product CH4 when they re-
act with H, over Ni-based catalyst. It will be valuable to
understand the essence of these facts.

The scope of this investigation is to correlate the mor-
phology before and after reduction and the catalytic per-
formance, and to examine and separate the contribution of
each active phase under reaction conditions. We also at-
tempt to explore if there are differences between the cata-
Iytic activation of CO and CO; on each active phase of
Ni/Al,O3.

EXPERIMENTAL

The catalyst was prepared by wet impregnation using a
nickel nitrate solution. High purity y-Al,O3; (Mg < 0.003%,
Mn < 0.001%, Si < 0.01%, Fe < 0.003%, Cu < 0.0001%b)
with BET surface area about 140 m? and a particle size of
20-40 mesh was used as support. The support was degassed
at room temperature before impregnation. The nickel con-
centration of the solution was controlled to make the final
nickel content of the catalyst to be less than 10 mass%o.
The support was impregnated for 24 h and the excess so-
lution was poured out to avoid nickel aggregation. Then
the supported nickel nitrate was dried in a vacuum system
and calcined at 673 K for 4 h in air flow. The final nickel
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TABLE 1

The Percentage of Ni Exposed at Different Activation
Temperature Based on H, Adsorption?

Activation temperature (K) 535 573 673
Total exposed Ni®
- - - 2.26 13.27 23.28
Total Ni contained in the sample (%)
H C
Amount of exposed Ni formed 2.6 1101 1001

Total Ni contained in the sample (%)

@ The turnover number is calculated by the amount of exposed Ni
formed at the activation temperature.

b The total exposed Ni is calculated directly from H, adsorption.

¢ The amount of exposed Ni formed at 535 K is also the total exposed
Ni at 535 K. The amount of exposed Ni formed at 573 K is obtained by
subtraction of the total exposed Niformed at 535 K from the total exposed
Ni at 573 K. The amount of exposed Ni formed at 673 K is obtained by
subtraction of the total exposed Niformed at 573 K from the total exposed
Ni at 673 K.

content of the finished catalyst is 9.3 mass%b as determined
by atomic absorption spectroscopy.

The TPR experiment is similar to that described previ-
ously (5). A 0.095-g sample of catalyst was placed in a U-
tube copper reactor. An electric furnace was used to heat
the catalyst from room temperature to 973 K at 15 K/min,
with 1:9 mixture of ultrapure H; and N, flowing over the
catalyst at normal pressure at 40 ml/min. A thermal con-
ductivity cell was used to detect the decrease of H, concen-
tration.

The number of exposed surface Ni was determined by
pulse chomatographic technique similar to that used by D.
Duprez et al. (11). The catalyst was reduced at given tem-
perature (535, 573, and 673 K, respectively) in H, (99.99%)
flow for 2 h and then flashed by Ar (99.999%) flow at the
reduction temperature for 1 h. The system was cooled to
280 K with Ar flow. A pulse of Ar+H; (10% H,) mix-
ture was injected to the reduced sample to saturation. The
amount of chemisorbed H, (Hc) was determined from the
peak heights of the unsaturated hydrogen,

He = No(nHn = >~ Hi) /Hi,

where N, is the number of moles of H, in a pulse, n the pulse
number, Hy, the peak height at saturation, and H; the peak
height of ith pulse. The number of exposed surface Ni was
calculated by assuming H/Ni=1 (12). The percentage of
exposed surface Ni to the total Ni contained in the sample
is given in Table 1.

The continuous stepwise reduction methanation mea-
surement was carried out by putting 1 ml (0.3118 g) of cat-
alyst on a frit to flow down into a 1.0-cm-diameter fixed-
bed quartz reactor operated at atmospheric pressure. A
mixture of H,+ CO (or CO;) was used both as activator
for the catalyst and as reaction feed. The water formed in

the methanation reaction was trapped by an ice trap con-
nected to the reactor. A gas chromographic system equiped
with a microcomputer was used to analyze the effluent gas
from the reactor. The temperature was elevated stepwise to
673 K using atube electric furnace, the detail of temperature
control will be described under Results and Discussion to
avoid duplication. CH, yield is defined as y% = the amount
of COy converted to CHy4/the amount of COy in the feed,
where x =1 for CO and 2 for CO,.

RESULTS AND DISCUSSION

TPR

Figure 1 shows the TPR curves for the catalyst and spec-
troscopically pure NiO and Ni,O3 powders. There is only a
single H, consumption peak for both pure NiO and Ni,O3
powders, at 678 and 611 K, respectively. However, for the
catalyst sample, four hydrogen comsumption peaks appear,
whichisinaccordance with TPR curves reported previously
(13). The peak temperatures for the first two peaks (510 and
580 K) are lower than that of Ni,O3 (611 K). The initial point
of the first peak (about 470 K) is much lower than that for
Ni,Oj3 (530 K), whereas the final point of the second peak

H, comsumption
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FIG.1. The TPR curve of the catalyst.
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(about 610 K) is near the peak temperature of Ni,Os. The
third and fourth peaks overlap, and the third one has al-
most the same peak temperature as NiO powder (678 K);
however, the peak temperature of the fourth peak (about
800 K) is even higher than the final point for NiO (about
770 K). These data reveal that the reduction of both NiO
and Ni,O3 powders occurs in only one step. The four TPR
peaks of the catalyst may represent four chemically differ-
ent oxidized nickel species existing on Al,O3 prior to reduc-
tion. It was previously suggested that the low temperature
TPR peaks of Ni/Al,O3 system originated from the total re-
duction of crystalline NiO or Ni,Og3, highly dispersed NiO
or Ni,O3 monolayers, and/or other dispersed nickel species
(5). Thus the four TPR peaks on the present catalyst are the
evidence of the existence of highly dispersed nickel species
(the first two peaks), crystalline Ni,O3 (the second peak),
crystalline NiO (the third peak), and the so-called “fixed”
nickel species (the fourth peak) on Al,O3.

CSRM

Now that the feed for the methanation over Ni/Al,O3 is
also the activator for the catalyst, itis possible to activate the
catalyst under reaction conditions. In CSRM measurement,
the catalyst is activated by heating to about 473 K and held
in H; flowing at 20 ml/min. After a constant temperature is
attained, CO or CO; is added to provide a Ho/CO (or COy)
mixture and the flow rates of H, and CO (or CO,) are ad-
justed to make CO/H; = 1/3 (CO,/H, = 1/4, i.e., under stoi-
chiometric proportion) and GHSV = 1260 h™!; the effluent
is analyzed simultaneously. No CHy is detected at 473 K.
Then the composition and flow rate of the feed are main-
tained and the temperature is elevated stepwise by steps of
about 10 K and maintained constant again with simultane-
ous analysis of the effluent. CH, is not detected until 530 K,
and at 535 K the amount of CH, formed initially increases
with increasing time, reaches a maximum, and finally re-
mains constant for both CO/H; and COy/H,. It indicates
that the first active phase for the methanation of both CO
and CO. is activated at about 535 K; it will be named phase
C. The increase of CH, yield with time indicates the activa-
tion process of the active phase and the final constant CH,4
yield indicates the ending of the activation. After that the
system is cooled stepwise by steps of about 10 K to investi-
gate the temperature dependence of methanation activity.
When the temperature is lower than 510 K for CO/H, and
520 K for CO4/H,, CH,4 disappears. It indicates that phase C
starts to show methanation activity for CO at about 510 K
and for CO; at about 520 K. The system is then heated and
cooled again in the same manner. Two phenomena are in-
dicative for the formation of new active phase. If there is an
active phase formed at a temperature, an increase in CHy
yield within time at this temperature will be observed at
first, and gradually a maximum value will be reached and
become constant at this temperature. The CH, yield at the

nearest low temperature on cooling will be higher than that
obtained at the same temperature on heating. The highest
activation temperature is 673 K in the present study to avoid
sintering. Two other phases activated at 573 and 673 K were
discovered and named phase B and phase A, respectively.
Itis interesting that the activation temperatures for phases
C, B, and A are in good agreement with the peak tempera-
tures of the first three TPR peaks, respectively. It is possi-
ble that phases C, B, and A are formed from the reduction
of the nickel species which give the first three TPR peaks.
The name of the active phases are given in accordance with
those given by K. B. Kester et al. (2, 9) according to their
methanation activity to facilitate comparison.

Inhomogeneity of the Active Phases
in the Methanation of CO

Figure 2 shows the changes of the total CH, yield and
the contribution of each active phase to methanation, with
increasing temperature. The contribution of phase C is ac-
quired directly, whereas that of phase B is acquired by a
substraction of the curve obtained when the catalyst is ac-
tivated at 535 K from the curve obtained when the catalyst
is activated at 573 K. As phase A exhibits much greater ac-
tivity than phases B and C, CO could be almost completely
converted to CH, at much lower temperature than that at
which phases B and C start to show activity. Then the curve
obtained when the catalyst is activated at 673 K represents
directly the contribution of phase A, as shown in Fig. 2.
Phase B starts to show methanation activity at almost the
same temperature as that of phase C, but the contribution of
phase B is less than that of phase C. Itis obvious that the rel-
ative order of activity, in term of CH, yield or initial metha-
nation temperature, is phase A > phase C > phase B over
the temperature range tested. Figure 3 shows the specific
methanation activity in terms of turnover number (number
of moles of CH,4 converted per mole of exposed surface Ni
per hour). It is clear that the surface Ni in phase C is much
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FIG. 2. CO methanation activity in terms of CH, yield. A, Total af-
ter activated at 673 K (phase A), O, Total after activated at 573 K.
O, Contribution of phase B. V, Total after activated at 535 K (phase C).
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FIG.3. CO methanation activity in terms of turnover number based

on H; adsorption. A, Total after activated at 673 K. <, Contribution of
phase A. O, Total after activated at 575 K. [J, Contribution of phase B.
V, Total after activated at 533 K (phase C).

more active than that in phase B over the same temperature
range. The temperature needed for a given turnover num-
ber (e.g., 200) over phase A is much lower than those over
phases B and C, respectively; thus the surface Ni in phase
A is more active than those in phases B and C. The initial
methanation temperatures and the apparent activation en-
ergies obtained from the Arrhenius plots of the space time
yield of CH,4 vs temperature is shown in Table 2. The ini-
tial methanation temperatures for phases A and B are a
little lower and near, respectively, the methane peak tem-
peratures obtained by temperature-programmed reaction
of adsorbed CO on Ni/Al,O3 with similar nickel loading
(10.5 wt%) (9), but the apparent activation energies are
different from these found in the literature (9). It is possi-
ble that phases A and B named in present study are similar

TABLE 2

The Initial Methanation Temperature and the Apparent
Activation Energy

Active phase

C B A

Activation temperature (K) 535 573 673

Initial temperature for CO 510 510 (498)2 440 (445)2
methanation (K)

App. Act. Eng. for CO 101.0 56.5 (145)®  83.1 (51)°
methanation (kJ mol~1)

Initial temperature for CO, 520 (650)2 470 (498)2 440 (445)2
methanation (K)

App. Act. Eng. for CO; 53.6 101.4 178.8

methanation (kJ mol~1)

2 The values in the parentheses are the methane peak temperature
in temperature-programmed reaction of adsorbed CO or CO, reported
previously (9).

b The values in the parentheses are the activation energies obtained by
temperature-programmed reaction of adsorbed CO (2).
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to those reported previously (2, 9). The difference in appar-
ent activation energies might be caused by the use of two
different techniques. Since the present method is carried
out under steady reaction conditions, the values obtained
hereby might approch the real ones. These data show that
each active phase behaves differently in the methanation
of CQ, although the products are the same.

Inhomogeneity of the Active Phases in CO, Methanation

The CO; methanation activity on the catalyst is similar
to CO methanation, as shown in Figs. 2 and 4. However,
it should be noted that the relative order of activity in
terms of CH, yield and initial methanation temperature is
phase A > phase B > phase C, which is different from CO
methanation. Especially noticeable is that phase B starts
to exhibit detectable activity at a much lower tempera-
ture than phase C. The relative order of specific activity
expressed by turnover number for phases A and B is the
same as that expressed by CHy, yield, though the differ-
ence is not significant, as shown in Fig. 5. However, the
surface Ni atom in phase C becomes the most active in
terms of turnover number. The initial methanation temper-
ature and the apparent activation energies on each phase
for CO; are listed in Table 2. The values of apparent ac-
tivation energies for CO, methanation on phase C (53.6)
and phase B (101.4) are close to those summarized by
G. D. Weatherbee and C. H. Bartholomew (54.3, 54.8, 94,
105.8 kJ/mol) (14). It is evident that each phase behaves
differently in the methanation of CO,. Moreover, no de-
tectable CO is observed in the whole process of activity
measurement.

Inhomogeneity on Each Active Phase between the
Methanation of CO and CO,

As shown in Figs. 2-5 and Table 2, the phase which is
active for the methanation of CO acts also as active phase
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FIG. 4. CO;methanation activity in terms of CH, yield. A, Total after
activated at 673 K. <, Contribution of phase A. O, Total after activated
at 573 K. O, Contribution of phase B. V, Total after activated at 535 K
(phase C).
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FIG.5. CO; methanation activity in terms of turnover number based
on H; adsorption. A, Total after activated at 673 K. <, Contribution of
phase A. O, Total after activated at 573 K. OJ, Contribution of phase B. V,
Total after activated at 535 K (phase C).

for the methanation of CO,. Nevertheless, each phase be-
haves differently. On phase C, the activity both in terms
of CHj, yield and of turnover number for CO methanation
is higher than that for CO, over the whole temperature
range tested, and the apparent activation energy is nearly
two times greater than that for CO,. Phase B starts to show
CO, methanation activity at about 470 K and CO methana-
tion activity at about 510 K, moreover both the CH, yield
and turnover number for CO, methanation are greater than
those for CO over the whole temperature range tested. The
apparent activation energy for CO, methanation is nearly
two times greater than that for CO. Although phase A starts
to show methanation activity for both CO and CO; at al-
most the same temperature, the CH, yield and turnover
number for CO methanation are greater than those for CO,,
and the apparent activation energy for CO, methanation is
two times greater than that for CO. It is obvious that phases
A and C are more active for CO methanation than for CO,,
while phase B is more active for CO, methanation than for
CO under stoichiometric ratios of H,/CO and H,/CO..
For the methanation of CO, we find three active phases;
this is one more than was observed by K. B. Kester et al.
(2,9). There are two possible reasons for this. First, because
phases B and C start to exhibit methanation activity at the
same temperature, the transient technique, temperature-
programmed reaction of adsorbed CO, may not be capa-
ble of separating their contributions. Second, it is possible
that phase C does not adsorb CO in the absence of hydro-
gen and/or at low temperature. It is the CO adsorbed at
high temperature or co-adsorbed CO and H; which causes
the hydrogenation, and then the temperature-programmed

reaction of CO adsorbed at 298 K could not identify it.
For the methanation of CO,, three active phases are ob-
served. This is in accordance with the result of K. B. Kester
et al. (9). On phases A and B, the initial methanation tem-
peratures are a little lower than the CH, peak temper-
atures in temperature-programmed reaction of adsorbed
CO,, respectively, which is in agreement with the findings
in the literature (9). On phase C, the initial methanation
temperature is much lower than the peak temperature in
temperature-programmed reaction of adsorbed CO,, but
it should be noted that the methane peak in temperature-
programmed reaction of adsorbed CO; is a broad one; thus
the peak temperature ought to be much higher than the
initial temperature. Then phase C, in the present work, is
also in accordance with the findings in the literature (9).

Phase A is assighed to Ni atoms bonding to other nickel
atoms, i.e., nickel crystallites (2, 4, 6, 9). The data in the
present work support this assignment. The TPR of the
sample also provides new information for this assignment.
Phase A isoriginated from the reduction of NiO crystallites.

Concerning the origin of phase B, P. G. Glugla et al.
(6, 15) proposed that it was on the support Al,Os.
Y. J. Huang et al. (4) assigned it to nonreducible NiAl,Og4-
like species. The TPR and CSRM results suggest that this
phase might form from the reduction of Ni,O3 species or
highly dispersed nickel species which could be reduced at
573 K, because it exhibits no methanation activity when it
is reduced below 573 K.

Phase C has been observed by K. B. Kester et al. (9) us-
ing temperature-programmed reaction of adsorbed CO,,
but little information about this phase has been proposed.
The TPR and CSRM results reveal that phase C is origi-
nated from the reduction of highly dispersed surface nickel
species which could be reduced at 535 K. It acts as active
phase for the methanation of both CO and CO..

The agreement of initial methanation temperature of
phase A, B, and C in present study with those observed
previously (9) from temperature-programmed reaction of
adsorbed CO; may support the assignment of the TPR re-
sults. The nickel species reduced at low temperature do not
experience further reduction at higher temperature when
the other nickel species are reduced.

The methanation of CO, on nickel-based catalyst is con-
sidered to proceed by the same mechanism as that of CO
(8, 9). M. Araki et al. suggested that the first step of CO,
methanation is the reduction of CO, to CO, and this step
was considered to be faster than CO methanation (16).
R. Maatman et al. proposed a slow two-step mechanism,
i.e., the dissociation of H, and CO, and either of the two
steps could be rate-determining (17). T. V. Herwijnen et al.
suggested that the adsorption of CO; on the clean surface
is rate-determining (18). In comparing the methanation
rates between CO; and CO, it is well known that on nickel
and nickel alloy catalysts, the CO, methanation activities
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are smaller than CO methanation activity (19, 20). Previ-
ous studies show that CO, could be converted to methane
at lower temperature than that for CO on Ni/Al,O3 with
6 wt% nickel loading (10) and on Rh supported on ZrO.,
Al;0O3, SiO,, and MgO (21). T. lizuka et al. discovered that
on Ni-La,O3-Ru/SiO; and Ru/SiO, the rate of CO, metha-
nation is greater than that for CO (20, 22). The apparent ac-
tivation energy for CO; is less than that for CO on compos-
ite catalysts containing Ni (22). G. D. Weatherbee and C. H.
Bartholomew (14, 23) discovered that on Ni/SiO; the CH4
turnover number for CO; methanation is slightly higher
at 500 K, the same at 525 K, and slightly lower at 550 K
than for CO methanation. They also proposed a mecha-
nism which proceeded via CO; dissociation to CO and CO
hydrogenation. These results seem to be a little contradic-
tory. The CSRM data reveal that on phases A and C, the
CO, methanation activity is indeed much lower than that
for CO, but the temperature dependence of CH, yield for
CO; hydrogenation differs remarkably from that for CO
hydrogenation. While on phase B, not only does the temper-
ature dependence vary but so does the initial methanation
temperature. If the first step of CO; hydrogenation is to be
converted to CO, and this step is a fast step, the tendancy
of temperature dependence of CH, yield should be similar,
and the initial methanation temperature should not be so
obviously lower than that for CO. The disagreement or even
contrary opinions by different authors on the mechanism
of CO, methanation might come from two origins. They are
the heterogeneity, as proposed by T. V. Herwijnenetal. (18)
in the active phases on the catalysts, and the complexity of
possible reactions of the reactants. Different active phases
existing on the catalyst are scarcely studied separately un-
der reaction conditions. The distribution of different active
phases, the contribution of which differs from one to an-
other, may change on different catalysts studied by differ-
ent researchers; then the total performance of the catalysts
originated from the overlaps of different active phases may
vary. Concerning the possible reactions of the reactants,
there are at least two different reaction paths which com-
pete; i.e.,

CO; +4H, — CH4 + 2H,0
(via C containing species other than CO) [1]

After reaction [2] occurs, the probability of the other two
reactions will rise; i.e.,

CO + 3H, — CH, + H,0, [3]

and the reverse reaction of [2]. In this case, any changes in
the concentration of CO, or Hy usually used in kinetics stud-
ies will probably change the variation of Gibbs free energy
(AG) of a certain reaction and then change the possibility

for the reaction to occur. In fact, the variation of CO,/H>
ratio could cause a change in AG as large as 10 kJ/mol.
Reaction [2] is thermodynamically unfavorable at low tem-
perature, while reaction [1] is unfavorable at high temper-
ature. Under this consideration, the variation in AG would
result in the complexity of the system. In fact, the results
of G. D. Weatherbee and C. H. Batholomew (14) showed
that the kinetic behavior of the system when H,/CO, > 4/1
differed from that when H,/CO, < 4/1. It should be noted
that the use of CSRM could not avoid the thermodynamic
complexity of the system. More detailed information from
each active phase may give more acceptable explanations.
What is certain is that Ni/Al,Oz with low nickel loading ex-
hibits remarkably different activity in the methanation of
CO or CO; when it is reduced at different temperatures.
The catalyst also shows different methanation activity for
CO and CO; when it is reduced at the same temperature
under the conditions tested in present work.

CONCLUSION

(1) CSRM method is efficient for the separation of differ-
ent active phases on Ni/Al,Oj3 catalysts under steady-state
reaction conditions.

(2) Three distinct active phases for the methanation of
both CO and CO; exist on Ni/Al,O3 with low nickel loading.
They originate from the reduction of different nickel species
which could be reduced at different temperatures. The rel-
ative activity order in terms of CH, yield and turnover
number for the methanation of CO is phase A > phase
C > phase B. The relative activity order in term of CH, yield
for CO;, methanation is phase A > phase B > phase C, and
in term of turnover number is phase C > phase A > phase B.
Phases A and C exhibit higher methanation activity for CO
than for CO,, while phase B shows higher activity for CO,
than for CO.
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