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The reaction behavior and carbon deposition during the CO,/
CH4 reforming reaction have been investigated over the y-Al;03-
supported Co catalysts as a function of Co loading (between 2 and
20 wt%) and calcination temperature (T = 500 or 1000°C). It was
found that the stability of Co/y-Al,O3 catalysts was strongly de-
pendent on the Co loading and calcination temperature. For some
loadings (6 wt% for T. =500°C and 9 wt% for T, =1000°C), sta-
ble activities have been achieved. However, over the catalysts with
high Co loadings (>12 wt%), notable amounts of carbon were accu-
mulated during reforming, and deactivation was observed. More-
over, severe deactivation was also noted over the 2 wt% catalysts,
both when carbon deposition occurred (T, =500°C) or was ab-
sent (T, =1000°C). In the latter case, the oxidation of the metal-
lic sites was responsible for the deactivation. Hence, there are
two different deactivation mechanisms, namely, carbon deposition
and oxidation of metallic sites. The activities were stable when
a balance between carbon formation and its oxidation could be

achieved. (@ 2002 Elsevier Science
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Co catalyst; deactivation.

1. INTRODUCTION

The catalytic CO, reforming of CHy (reaction 1), in which
a mixture of CHy and CO,, both greenhouse gases, is con-
verted to synthesis gas, has been comprehensively studied
for the past few years (1-35). The synthesis gas thus gener-
ated has alow H,/CO ratio (<1) and is therefore suitable for
the Fischer-Tropsch synthesis of higher hydrocarbons and
for the oxo-synthesis or synthesis of oxygenates (36, 37).

CH, + CO, — 2CO +2H,, AH)y =247 kJ/mol  [1]

Most of the group VIII metals are more or less catalyti-
cally active toward this reaction. Due to the inherent inert-
ness of methane, a high temperature (typically, 800-900°C)
is needed to achieve a meaningful yield. Under such severe
conditions, an excess carbon deposition occurs on the sur-
face of the catalyst, and this constitutes a major drawback.
Even though the noble metal-based catalysts (such as Rh,

! To whom correspondence should be addressed. Fax: (+1-716) 6453822.

Ru, Pd, and Pt) can provide high activity and selectivity
with little or no carbon deposition (2, 5), they are unsuit-
able for large-scale commercial use because of their lim-
ited availability. While Ni- and Co-based catalysts are easily
available, they deactivated rapidly when the conventional
supports, such as Al,O3 and SiO,, were employed. Excep-
tions were the cases in which MgO was used as support
(10, 16, 34, 35). There is general agreement that the cata-
lytic deactivation during the CO, reforming of methane is
caused by carbon deposition and/or sintering of the metal
particles (2,3, 5,12,17, 24,28, 32). Sintering accelerates the
carbon deposition since large metal ensembles stimulate
coke formation (38).

Numerous mechanistic studies have suggested that dur-
ing the CH4/CO, reforming, CH4 is decomposed on the
metallic sites to reactive carbon species (CHy, x =0-3),
which are oxidized to CO by the oxygen-containing species
that originate from CO; (2, 4, 5, 8, 13, 18, 21, 30). Con-
sequently, the rate of carbon accumulation on the catalyst
surface is determined by the relative rates of the generation
of carbon species and its oxidative removal. When the for-
mer is faster than the latter, excess carbon deposition will
occur. The goal of the present paper was to correlate the
carbon deposition with the catalytic deactivation. For this
purpose, the CO, reforming of CHy was investigated over
y-Al,Os-supported Co catalysts as a function of Co loading
and calcination temperature (T.) and the amount of carbon
deposits generated during the reforming reaction was de-
termined. It was found that besides the carbon deposition,
the oxidation of the metallic sites by CO, also caused de-
activation. Conditions could be identified under which the
activity of the catalyst remained stable as a result of a dy-
namic balance between carbon formation and its oxidation.

2. EXPERIMENTAL

2.1. Catalyst Preparation

The supported cobalt catalysts were prepared by impre-
gnating y-Al,O; with aqueous solutions of Co(NO3); -
6H,O, followed by overnight drying at 110°C and calci-
nation in the open air of a furnace at 500 or 1000°C for
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TABLE 1
Physical Data for the y-Al;O3-Supported Co Catalysts

Co loading BET surf. area® Co surf. area®
(Wt%) T.(°C) (m?/g-cat.) (m?/g-cat.) (x100)

2 500 77 48
1000 51 15

6 500 77 83
1000 44 26

9 500 78 91
1000 46 34

12 500 71 109
1000 40 39

20 500 66 154
1000 35 49

@ For the calcined catalysts.
b For the reduced catalysts.

8 h. The calcined catalysts are denoted as Co(O)/y-Al,O3
(500 or 1000°C). The catalysts reduced in H, are denoted
as Co/y-Al,O3 (500 or 1000°C). The temperatures inside
the parentheses refer to the calcination temperature (T;).
Co loading means weight percent Co in the completely re-
duced catalyst.

2.2. Catalytic Reaction

The catalytic assay was carried out under atmospheric
pressure in a fixed-bed vertical quartz reactor (i.d. 4 mm),
which was operated in a down-flow mode. The calcined
catalyst (20.0 mg) was held on a quartz wool bed and its
reduction was carried out in a H, flow (30 ml/min) by in-
creasing the temperature from room temperature to 600°C
at a rate of 20°C/min and from 600 to 900°C at a rate of
10°C/min, without holding at 900°C. After reduction, the
feed gases (CH4/CO;, =1/1) were introduced into the cata-
lyst bed at a flow rate of 20 ml/min, which for 20.0 mg of
catalyst corresponds to a space velocity of 6.0 x 10* ml1h~!
g~!. The reactants and products were analyzed with an on-
line gas chromatograph (GC) equipped with a Porapak Q
column. An ice-cold trap was set between the reactor exit
and the GC sampling valve to remove the water formed
during reaction.

2.3. Catalyst Characterization

2.3.1. BET surface area and the exposed Co surface area.
The BET surface area of the calcined catalysts and the ex-
posed Co surface area of the reduced catalysts, determined
as in our previous paper (34), are listed in Table 1.

2.3.2. Coke determination. 'The amount of carbon de-
posited on the catalyst surface during the CO,/CH4 reform-
ing reaction was determined by oxidizing the carbon to CO
with CO; in a pulse reactor. A quartz tube (i.d. 4 mm), in
which the used catalyst was held on a quartz wool bed, was
employed as reactor. The used catalyst was heated to 900°C
in a flow of He (35 ml/min) to remove the possible adsorbed

RUCKENSTEIN AND WANG

species (such as water and CO;) and then pulses of CO,
(500 wl) were injected into the carrier gas (He, 35 ml/min).
The reaction product, CO, was analyzed with an online gas
chromatograph equipped with a thermal conductivity de-
tector (TCD) and a Porapak Q column. Through the CO,
oxidation of the reduced catalysts, it was found that the CO
that resulted via the oxidation of the metallic sites was, with
the exception of the 2 and 6 wt% catalysts precalcined at
1000°C, much smaller than those that resulted from the de-
posited carbon. For the exceptions, the amount of carbon
deposited was negligibly small.

2.3.3. X-ray photoelectron spectroscopy (XPS). Sam-
ples were mounted on double-sided adhesive tapes and
the XPS data were obtained with a SSI Small Spot ESCA
system using monochromatized AlKa radiation (hv=
1.485keV). The pressure in the ion-pumped analysis cham-
ber was below 2 x 10~ Torr during data acquisition. The
binding energies were referenced to the adventitious C 1s
line (284.8 V).

3. RESULTS AND DISCUSSION

As reported previously (39), in the y-Al,Os-supported
Co catalysts, the species generated during calcination were
strongly dependent on the calcination temperature (T.):
Co3z04 was generated as a major phase at a T, of 500°C,
and Co,AlO4 and CoAl,O4 were generated at a T, of
1000°C. As shown in Table 1, for the same Co loading,
Co/y-Al, 03 (500°C) had after reduction a larger exposed
Co surface area than did Co/y-Al, O3 (1000°C) because of
the higher reducibility of CozOy. For this reason, their cat-
alytic performances in the CO,/CH4 reforming were ex-
pected to be different. The time-dependent activities of
the Co/y-Al,O3 (500°C) and Co/y-Al,O3 (1000°C) cata-
lysts are plotted in Figs. 1 and 2. Only the conversion of
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FIG. 1. Time-dependent conversion of CHy4 over the reduced Co/y-
AL O3 (500°C) catalysts. P=1 atm, T =900°C, CH4/CO, =1.0, space
velocity =60000 ml h~! g1,
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FIG. 2. Time-dependent conversion of CHy4 over the reduced Co/y-
Al O3 (1000°C) catalysts. P =1 atm, T =900°C, CH4/CO, = 1.0, space
velocity = 60000 ml h~! g~1.

CHy, is presented, because the conversion of CO, and the
yields to H, and CO follow the same pattern. The equilib-
rium conversion of CHy at a reaction temperature of 900°C
is about 96.8. As shown in Figs. 1 and 2, in most cases the
initial activities of Co/y-Al,O3 catalysts are close to the
equilibrium value. With time on stream, some catalysts de-
activated, while others maintained their initial activities. At
a T. of 500°C, severe deactivation occurred over the cata-
lysts with low (2 wt%) and high (20 wt%) loadings, while
no significant deactivation was observed during 50 h over
those with loadings between 6 and 12 wt% (Fig. 1). At a
T, of 1000°C, the 9 wt% catalyst provided a stable activity

TABLE 2

Coke Deposition and Catalytic Deactivation during CO,/CH4
Reforming over the Reduced Co/y-Al,O3 Catalysts

Co loading Reaction time Amount of coke Deactivation?
W%)  T.CO) (h) (mol) (x10°) (%)
2 500 6 101.2 99.0
1000 6 0.2 83.9
6 500 22 132 0.8
50 31.1 1.1
1000 22 0.3 19.6
9 500 22 132.5 0.8
50 189.3 2.1
1000 22 1143 -22
12 500 6 162.4 0.4
22 258.1 3.6
50 308.5 4.0
1000 22 711.6 24.5
20 500 6 420.3 32
22 733.9 14.7
1000 22 1447.5 70.6

2 Defined as the difference between the initial (after 0.5 h) and final
CHy,4 conversions with respect to the initial one and multiplied by 100.
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during 50 h, while all the others experienced deactivation
to various extents (Fig. 2). Figures 1 and 2 demonstrate that
the stability of Co/y-Al,Os catalysts in the CO,/CHy4 re-
forming reaction was strongly affected by the Co loading
and the calcination temperature.

The amount of carbon accumulated on the catalyst sur-
face during reaction is listed in Table 2. To correlate the
carbon deposition with the catalytic deactivation, the de-
activation, which is defined as the difference between the
initial (after 0.5 h) and final CH4 conversions with respect to
the initial one, is also included in Table 2. Figures 3a and 3b
plot the amount of carbon deposited and the deactivation as
a function of Co loading for a selected reaction time. Ata T,
of 500°C, both exhibited a minimum at a loading of 6 wt%
(Fig. 3a), indicating that the carbon deposition, which de-
creases the number of exposed metallic sites, was one cause
for catalytic deactivation. At a T, of 1000°C and for Co
loadings higher than 9 wt%, both increase with increasing
Co loading (Fig. 3b), indicating again that the carbon
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FIG.3. Carbon deposition and deactivation as a function of Co load-
ing over the Co/y-Al, O3 (500°C) (a) and Co/y-Al, O3 (1000°C) (b). (The
data employed are after 22 h of reaction, with the exception of the 2 wt%
catalyst which after 6 h had small CH, conversions.)
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TABLE 3

Color of the y-Al,O3-Supported Catalysts after
Various Treatments

Co loading After After After reforming
(Wt%) T. (°C) calcination reduction reaction
2 500  Light green Dark gray Black
1000  Light blue Gray Light blue

6 500  Black Black Black

1000  Blue Blue-gray  Blue (surface layer)

Blue-gray (the rest)
9 500  Black Black Black
1000  Blue Blue-gray Black
12 500  Black Black Black
1000  Dark blue Black Black
20 500  Black Black Black
1000  Dark blue Black Black

deposition was responsible for deactivation. However, for
Coloadings lower than 9 wt %, severe deactivation occurred
even though almost no carbon deposition could be detected
(Fig. 3b). This implies that besides carbon deposition there
is also another cause for catalytic deactivation. The color
changes observed under various conditions provided some
useful information. As shown in Table 3, the 2 wt% Co/y-
Al,O5 (1000°C) catalyst had after the reforming reaction
the same light blue color as after calcination. The 6 wt%
Co/y-Al,O3 (1000°C) catalyst had after the reforming re-
action a thin blue top layer, as after calcination, while the
rest was blue-gray, as after reduction. Since after calcination
at T, = 1000°C, Co,AlO4 and CoAl,O4 were generated in
the Co(O)/y-Al,Os catalysts, these color changes indicate
that a large number of metallic Co sites were oxidized and
restructuring of catalysts took place (to form Co, AlO4 and
CoAl,0O4) during the reforming reaction over the Co/y-
Al O3 (1000°C) catalysts with Co loadings below 9 wt%.
Consequently, the oxidation of the metallic sites, which de-
creases the total number of metallic sites, constitutes an-
other cause for catalytic deactivation.

For the Co/y-Al,O3 (500°C) catalysts, it should be noted
that while the carbon deposition was much lower over the
2 wt% catalyst than over the 20 wt% one, the deactivation
was much higher over the former than over the latter. To
provide a reasonable explanation, the reactivity of carbon
generated during the reforming reaction toward CO, was
examined in a pulse reactor (i.d. 4 mm) at 900°C by puls-
ing CO, over the used 2, 6, 12, and 20 wt% Co/y-Al,0O3
(500°C) catalysts, which had been subjected for 6 h to the
reforming reaction. The amount of CO formed as a func-
tion of the CO, pulse number is plotted in Fig. 4. For the
first pulse point, the amount of CO formed was much lower
over the 2 and 6 wt% catalysts than over the 12 and 20 wt%
ones. Over the 2 wt% catalyst, the amount of CO formed
decreased moderately during the first five pulses, and very
slowly during the following 45 pulses, while over the 6 wt%
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FIG.4. Amount of CO formed as a function of CO; pulse number
during the reaction between surface carbon and CO; over the Co/y-AlL O3
(500°C) catalysts that were exposed to the reforming reaction for 6 h
under the following conditions: P =1 atm, T =900°C, CH4/CO, =1.0,
space velocity =60000 ml h~! g~

catalyst, it decreased to practically zero after 12 pulses. Ex-
cept for the 2 wt% catalyst, the amount of CO generated
for the last pulse point was negligible compared to the to-
tal amount of CO formed. Figure 4 demonstrates that the
carbon deposited on the 2 wt% catalyst was more difficult
to remove with CO, than were those deposited over the
6, 12, and 20 wt% catalysts. This could have been caused
either by the lower reactivity of the carbon deposited over
the 2 wt% catalyst or by the smaller number of active sites
present in this catalyst or, possibly, by both. As demon-
strated by XPS (Fig. 5), the peaks of C 1s of the used 2 and
20 wt% catalysts were centered at 285.0 eV, which could
be assigned to a ~C-C- type deposit (26). Thus, the car-
bons deposited on the 2 and 20 wt% catalysts had the same
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FIG.5. C 1s XPS spectrum obtained over the 2 (a) and 20 (b) wt%
Coly-Al, O3 (500°C) catalysts that were exposed to the reforming re-
action for 6 h under the following conditions: P=1 atm, T =900°C,
CH4/CO, = 1.0, space velocity = 60000 ml h~! g~1.
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nature. Consequently, the difficulty in the removal of the
carbon deposited on the 2 wt% catalyst with CO, was due
to the fewer accessible metallic Co sites available; most of
them were covered by carbon. This explains why after 6 h
of reaction the 2 wt% catalyst almost lost its activity for the
CO; reforming of methane (Fig. 1) and also demonstrates
that metallic Co sites are required for the reaction between
the surface carbon and CO,.

In the literature, two mechanisms have been suggested
for the CO,/CHy reforming. Mark and Maier (7, 15) sug-
gested an Eley-Rideal mechanism for the CO, reforming,
in which methane is adsorbed and decomposed over the
metal (Rh) into H, and adsorbed carbon, and the carbon re-
acts directly with CO; from the gas phase generating CO. In
an alternative mechanism (2,4, 5, 8,13, 18,21, 30), methane
is decomposed on the metal to yield a surface CHy species
and adsorbed hydrogen. On sorption, CO, dissociates to
CO and adsorbed oxygen, and the oxygen reacts with the
CHy species to generate CO and hydrogen. Our results are
compatible with the second mechanism because of the ox-
idation of the metallic sites by COs.

In summary, due to the coexistence of reductive (CHy,
H,, and CO) and oxidative (CO, and H,O) species in
CO,/CH4 reforming, the atmosphere in the reactor is both
reductive and oxidative. During reaction, a fraction of Co”
is oxidized to Co—O, which is reduced again to Co® by car-
bon species, thereby generating a dynamic redox process.
The reductive atmosphere stimulates the regeneration of
metallic Co and the dissociative adsorption of CHy, while
the oxidative atmosphere favors the oxidation of metallic
Co sites. When the former dominates (as over the 20 wt%
catalysts), an excess of carbon is deposited; when the lat-
ter dominates (as over the 2 wt% Co/y-Al,O3 (1000°C)
catalyst), the number of metallic sites is decreased due to
their oxidation and subsequent restructuring of catalysts.
Both lead to severe catalytic deactivations. Consequently,
the catalysts are stable when there is a balance between
the generation of carbon species and its oxidative removal.
By optimizing the metal loading (6 wt% for T, = 500°C and
9 wt% for T, =1000°C), highly effective and stable Co/y-
Al,Os catalysts can be obtained.
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