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CO hydrogenation was studied on four (1, 3, 10 and 15 wt%) Co/Al,O; catalysts using the
technique of temperature-programmed surface reaction (TPSR). Two distinct mecthane peaks
(Peaks A and B) are observed for 3, 10 and 15% Co/Al,Q; during TPSR of chemisorbed CO at room
temperature, indicating the presence of two different reaction states or mechanisms for CO hydro-
genation (A and B). No methane peak is observed for 1% Co/AlOs unless it is reduced at 1023 K.
The more active A state, the relative population of which increases with increasing metal loading
and increasing extent of reduction, probably corresponds to hydrogenation of atomic carbon on 3D
cobalt crystallites while the less active B state is assigned to decomposition on metal crystallites of
a methoxy or formate species originally formed on the support from spilled-over hydrogen and
carbon monoxide. TPSR spectra of hydrogen with carbon deposited by CO dissociation at 523 K
show that the quantity of active a-carbon increases with increasing metal loading and correlates
with the relative population of A sites. A linear correlation between logarithm of the steady-state
methane turnover frequency and the relative population of A sites suggests that large variations in
the steady-state CO hydrogenation rate with dispersion and metal loading observed for these
catalysts may be explained in terms of variations in the distribution of reaction states for CO
hydrogenation, i.e., a larger fraction of Reaction A at higher metal loadings and higher extents of

reduction. © 1989 Academic Press, Inc.

INTRODUCTION

Significant variations in CO hydrogena-
tion activitics of supported Group VIII
metals with changes in dispersion and metal
concentration have been observed by a
number of laboratories (I-11). For exam-
ple, the CO hydrogenation activity of Co/
AL O; has been observed to vary over about
2-3 orders of magnitude depending upon
preparation, dispersion, and metal loading
(5-8). The origin of these variations is a
meatter of considerable interest and has
stimulated a number of recent investiga-
tions (8—15). Several previous investigators
(2, 4, 6, 9) have attributed these variations
in activity with dispersion to changes in
structure with changing metal crystallite
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size, i.e., to primary structure sensitivity.
However, this hypothesis is not consistent
with reaction studies on Co, Ru, and Ni
single crystals (15-19), which provide
strong evidence that CO hydrogenation ac-
tivity on these metals is independent of sur-
face structure. Accordingly, other causes
such as metal—support interactions and ac-
tivity modifications by unreduced metal ox-
ides need to be more fully considered.
Indeed, it is well established that metal
oxide—metal oxide and metal-metal oxide
interactions play an important role in the
chemistry of alumina-supported base
metals (5-8, 12, 13, 20-34). For example,
cobalt oxide interacts strongly with Al,O,
to form cobalt aluminate which is difficult
to reduce (20, 21, 24, 25); the extent of such
interaction is affected by metal loading,
preparation, and pretreatment (5, 13, 20,
24, 25). Furthermore, the adsorption and
activity/selectivity properties of Co/Al,O,
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are greatly influenced by these same param-
eters (5-8, 13, 22-25). In other words, the
catalytic properties of alumina-supported
cobalt depend on the distribution of metal-
lic cobalt and cobalt oxide species.

In fact, recent temperature-programmed
surface reaction (TPSR) studies of hydro-
gen with adsorbed CO on alumina-sup-
ported Ni (26-29, 33, 34) provide evidence
for the existence of two different kinds of
active sites for CO hydrogenation, one as-
sociated with surface metal atoms sur-
rounded by other metal atoms and one in-
volving metal atoms or metal ions
associated with the support (26-29) or in-
volving the support itself (33, 34). How-
ever, it is also possible that the previous
results (26-29, 33, 34) could be explained
by two different reaction states (paths)
rather than by two different sites.

The objectives of this study were (1) to
identify, by means of hydrogen TPSR with
adsorbed CO, active sites and/or reaction
states for CO hydrogenation on Co/ALOs;
(2) to investigate the effects of metal load-
ing and reduction pretreatment on distribu-
tion of these sites/states; and (3) to shed
light on the origin of the apparent structure
sensitivity in CO hydrogenation observed
on Co/Al,O; catalysts.

EXPERIMENTAL

Materials. Catalysts used in this study
were prepared by incipient wetness impreg-
nation of Dispal-M y-AlLO; (sample No.
8032H from Conoco) with an aqueous solu-
tion of Co(NOs), (5). After preparation, cat-
alysts were oven-dried overnight at 373 K.
The unsupported cobalt was prepared by
heating Co(NO), at 473 K overnight. Metal
loading, extent of reduction, dispersion,
and turnover frequencies for conversion of
CH, during CO hydrogenation for these
catalysts previously determined in this lab-
oratory (6, 7) are summarized in Table 1.

All gases were ultrahigh purity grade
(99.999%) from Matheson. Hydrogen was
passed through a Pt/Pd oxygen-removal
trap (Girdler Catalysts, Chemetron Corp.)
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TABLE 1

Metal Loading, Extent of Reduction, Dispersion,
and Turnover Frequencies® of Co/AlLO, Catalysts

Metal Extent of D Neo X 100 Negg X 10}
loading reduction (%) at 225°C? at 225°C¢
(%) (%) (s7h (s7h
| 11 34 Inactive Inactive
3 28 15 6.4 1.2
10 34 9.9 12 3.8
15 44 6.6 63 8.0
100 100 0.26 5.8 1.1

« Data for unsupported cobalt and 1, 3, 10, 15% Co/
ALO; were taken from Reuel and Bartholomew for the
same catalysts (5).

5 Turnover frequency in molecules per hydrogen ad-
sorption site per second for CO conversion.

« Turnover frequency for methane production.

and a molecular sieve (Linde Type 5A). He-
lium was passed successively over a molec-
ular sieve, a heated copper Deoxo, and an-
other molecular sieve. The adsorbate gas
consisting of 10% CO in He was passed
through a heated molecular sieve to remove
carbonyls. For the exposure of the catalyst
to oxygen, 10% O,/He (from Matheson)
was used without further purification.
Apparatus and procedure. The TPD/
TPSR system incorporated an on-line qua-
druple mass spectrometer (UTI 100C). De-
tails of the apparatus and data acquisition
procedure are reported elsewhere (23, 35).
A powdered catalyst sample (20-100 mg)
was placed in a quartz microreactor, the
middle section of which was bulb-shaped to
reduce the depth of catalyst bed and
thereby minimize the temperature and con-
centration gradients along the bed (23, 33).
The absence of pore diffusional effects,
sample measurement lag time, and concen-
tration gradients within each catalyst parti-
cle during reaction and desorption mea-
surements was also established (23, 35).
The reactor tube was housed inside a tubu-
lar nichrome-wire-wrapped quartz furnace
which was resistively heated. The catalyst
temperature, during experiments, was
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monitored continuously by an unshielded
chromel-alumel thermocouple which was
placed directly in the catalyst bed. The sec-
ond thermocouple was placed in contact
with the furnace wall in the annular space
between the furnce and the reactor to drive
a temperature controller. A heating rate of
33 K/min was used for all runs.

Prior to a TPSR measurement, the sam-
ple was reduced in H, flowing at about 60
cm?/min according to a reduction schedule
including a temperature ramp of 3 K/min
(from 298 K) with a 1-h hold at 373 K to
facilitate water removal, a 1-h hold at 473 K
to avoid the rapid nitrate decomposition,
and 24 h at 648 K.

After reduction, the sample was purged
in He for 15 min at 648 K and cooled to 298
K in flowing He. CO was adsorbed at 298 or
523 K by injecting a pulse (0.1 cc/pulse) of
10% CO/He into flowing He every 30 s for
10 min, the total quantity of which corre-
sponded to several monolayers of CO. Ten
minutes were allowed for the excess gas to
be removed. The sample was then heated at
33 K/min from 298 K to 648 K in 60 ¢cm?/
min of pure H,. Effects of reduction tem-
perature were studied on the same catalyst
reduced initially at 648 K by reducing fur-
ther at higher temperatures for 12 h at each
temperature.

During the TPSR experiments, CH,, CO,
CO,, and C,H¢ were detected simulta-
neously by monitoring the mass signals
(m/e) 15, 28, 44, and 30, respectively. The
mass number of 15 instead of 16 was used
for methane to avoid interference of water
vapor and cracking of CO, and CO.

RESULTS

Hydrogenation of CO Preadsorbed at
298 K

Figure 1 shows the CH, TPSR spectra
obtained for CO preadsorbed at 298 K on 1,
3, 10, and 15% Co/Al,O; reduced at 648 K.
The CH,; TPSR spectrum for unsupported
cobalt (reduced at 673 K) is shown by the
dotted line for comparison. Each spectrum
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Fi1G. 1. CH, TPSR spectra for unsupported cobalt
(shown as the dotted line) and Co/AlLO; catalysts of
different metal loadings. Co/AlO; catalysts were re-
duced at 648 K and CO was adsorbed at 298 K in He.

is plotted to a vertical scale to make the
heights of the first CH, peak the same. A
small amount of unreacted CO also de-
sorbed at about 373 K during TPSR (not
shown in Fig. 1).

As shown in Fig. 1, two CH, peaks are
observed for 3, 10, and 15% Co/AlLO; (the
low-temperature peak designated as A and
the high-temperature peak as B) while no
CH, peak is observed for 1% Co/AlLO;. For
unsupported cobalt, only a single CH, peak
is observed. While the position of Peak A is
nearly independent of metal loading (shifts
only slightly to higher temperature), it is
evident that Peak B becomes narrower and
shifts significantly to lower temperature
with increasing metal loading. It is apparent
that the area for Peak B, relative to that of
Peak A, decreases with increasing metal
loading. It is significant that the position of
Peak A is very close to that observed for
unsupported Co.
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Rate of CHs Formation (Arbitrary Units)
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273 373 473 573 673

Temperature (K)

FiGg. 2. CH, TPSR spectra for various CO initial
coverages on 109 Co/Al,O; reduced at 873 K: (a) § =
0.18, (b) 8 = 0.43, (c) 6 = 0.67,(d) 6 = 1.0 (CO ad-
sorbed at 298 K in He).

Typical CH, spectra obtained for various
amounts of CO exposure are shown in Fig.
2. As initial CO coverage increases, Peak A
shifts to higher temperature while Peak B
shifts to lower temperature; however, the
shift in the position of Peak B is more signifi-
cant. The relative area for Peak A increases
slightly with increasing initial CO coverage
(about 0.33 for Spectra a and b, 0.34 for
Spectrum ¢, and 0.38 for Spectrum d).

In Fig. 3, the CH4 TPSR spectrum for CO
chemisorbed at 298 K in flowing H, is com-
pared with that for CO chemisorbed at 298
K in flowing He. The area under Peak A is
slightly lower for the former while that for
Peak B is significantly higher, indicating
that CO adsorption is enhanced in the pres-
ence of H,. No changes in peak tempera-
tures are observed.

Table 2 summarizes Peak B activation
energies and preexponential factors for
TPSR of hydrogen with CO adsorbed at 298
K as a function of metal loading and reduc-
tion temperature. Activation energies were
determined from the linear portions of Ar-
rhenius plots of Ln[(—d8/dT)/6] vs UT
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TABLE 2
Activation Energies and Preexponential Factors«
for Methane Peak B as Functions of Metal Loading
and Reduction Temperature

Catalyst Preexponential E...
factor (s*') X 107¢ for (kJ/mol)
various reduction
temperatures (K)
648 773 873 973
3% Co/AlO; 29 19 6.4 2.1 95 £ 3
10% Co/Al,Os o 52 42 98 + 2
15% Co/AlO4 400 190 130 97 £ 2

“ Activation energies were determined from Arrhe-
nius plots and preexponential factors were determined
from Redhead’s formula (36).

b Activation energies and preexponential factors for
Peak A are nearly independent of reduction tempera-
ture and metal loading (except for 1% Co/ALQOs): E4 =
81 = 2kl/mol, vy = 1.7 X 103571,

¢ For 1% Co/Al,O, reduced at 1023 K, £, = 101 = 5
kJ/mol, v, = 1.93 x 10'¢ 51,

while preexponential factors were calcu-
lated from Redhead’s formula (36). Activa-
tion energies and preexponential factors for
Peak A were found to be (with the excep-
tion of 1% Co) nearly independent of metal

B
Adsorbed in Hz

Adsorbed in Hg

Rate of CH4 Formation (Arbitrary Units)

273 373 473

Temperature (K)

573 673

Fi16. 3. CH, TPSR spectra for 109% Co/ALO; re-
duced at 648 K: (a) CO adsorbed at 298 K in H, (solid
line), and (b) CO adsorbed at 298 K in He (dotted line).
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F16. 4. CH, TPSR spectra for hydrogenation of car-
bon deposited by CO dissociation at 523 K (solid line)
and for hydrogenation of CO adsorbed at 298 K (dot-
ted line). All catalysts were reduced at 648 K (unsup-
ported cobalt at 673 K).

loading with average values of E, = 81 = 2
kI/molandvy = 1.7 X 108s 1 (E, =101 =5
kJ/mol, v, = 1.9 x 10'% s~ for 1% Co/alu-
mina reduced at 1123 K). Preexponential
factors for Peak B (Table 2) generally de-
crease with decreasing metal loading and
increasing reduction temperature while ac-
tivation energies are essentially indepen-
dent of reduction temperature and metal
loading for 3-15% Co.

Hydrogenation of CO Preadsorbed at
523 K

Figure 4 shows the CH, TPSR spectra for
CO preadsorbed at 523 K on unsupported
cobalt (reduced at 673 K) and on 3, 10, and
15% Co/Al,O; catalysts reduced at 648 K.
No methane peak was observed for 1% Co/
AlL,Os;. The CH, spectra for CO pread-
sorbed at 298 K are shown as dotted lines
for comparison. The scale for the CHy spec-

LEE AND BARTHOLOMEW

trum for unsupported cobalt after CO ad-
sorption at 523 K is different from the rest
of the spectra (smaller because of its lower
surface area). The methane spectrum for
CO adsorbed on unsupported cobalt at 523
K consists of several broad, overlapping
methane peaks including a low-temperature
peak at about 373 K and possibly a high-
temperature peak at about 500 K. For the
Co/AlL,O; catalysts, at least three CH,
peaks are observed below 673 K: a broad,
low-temperature peak from 273 to 473 K
with a maximum at about 400 K and two
high-temperature peaks at 473-600 K. The
second methane peak appears within the
range in which Peak B (shown as the sec-
ond peak in dotted lines) is observed; its
temperature peak position shifts to lower
temperature with increasing metal loading,
indicating that it may involve the same spe-
cies as Peak B but at a low coverage. The
third peak is observed at about 623 K for all
catalysts. Data in Fig. 5 show that the rela-
tive area of the methane peak appearing at
about 400 K assigned to a-carbon from CO
dissociation (37, 38) increases linearly with
increasing metal loading for Co/Al,O; cata-
lysts and is linearly correlated with the rela-
tive area for Peak A (first peak in the CHy
spectra shown by the dotted lines in Fig. 4).

Effects of Reduction Temperature

Figure 6 shows effects of reduction tem-
perature on the CH, spectra for 1, 3, and
15% Co/Al,Os catalysts while Table 3 sum-
marizes peak temperatures, peak areas
(normalized with respect to those for 648 K
reduction), and relative Peak A areas for all
four Co/Al,O; catalysts. Each spectrum in
Fig. 6 was obtained after CO adsorption at
298 K following reduction of catalysts at
the specified temperature. As indicated
from the table, the relative area for Peak A
increases with increasing metal loading at
a given reduction temperature. Moreover,
the fraction of A sites [A/(A + B)] generally
increases with increasing reduction temper-
ature (although in the case of 15% Co/AL,Os
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Fi1G. 5. (a) Relative Peak « areas (see Fig. 4) vs metal
loading. (b) The relative area of Peak « (see Fig. 4) vs
relative area of Peak A (see Fig. 1).

this fraction is the same written experimen-
tal error for all reduction temperatures).

No CH, peak is observed for 1% Co/
ALOs when it is reduced at 873 K or be-
low, although a CO desorption peak is ob-
served at about 373 K. When the catalyst
1s reduced at 1023 K, however, two CH,
peaks appear at about 447 and 723 K. For
higher loading catalysts, two distinct CH,
peaks are observed for reduction temper-
atures from 628 to 973 K, the areas of
which increase with increasing reduction
temperature (see Table 3). For a given cat-
alyst Peak B shifts to higher temperature
with increasing reduction temperature
while the position of Peak A remains nearly
constant; moreover, at a given reduction
temperature, the position of Peak B is
found at a progressively lower temperature
with increasing metal loading.

Oxygen Exposure and Interrupted
Experiments

Figure 7 shows the CH, spectrum ob-
tained after 3% Co/Al,O; (reduced at 973
K) was exposed to 10% O,/He at 298 K
followed by CO adsorption at 298 K. The
spectrum shown by the dotted line was ob-
tained after CO adsorption at 298 K on the
reduced catalyst in the absence of oxygen
exposure. Peak A disappears after oxygen
exposure while Peak B survives although
the area and the peak width decrease. For
unsupported cobalt, no methane peak was
oberved after oxygen exposure.

Two different interrupted experiments
were conducted on 3% Co/Al,O; reduced at
973 K. In the first experiment {Fig. 8), the
experiment was interrupted by cooling the
catalyst to 298 K rapidly in flowing H, when
the catalyst temperature reached 473 K
during TPSR. The spectrum shown by the
dotted line was obtained prior to interrup-

1% Co/Al2O3
Jb\

873 K

| 1 | 1 I
3% Co/Al203

15% Co/Al203

Rate of CH4 Formation (Arbitrary Units)

773K

648 K

| 1 | i
273 373 473 573 673 773 873
Temperature (K)

Fic. 6. Effects of reduction temperature on CH,
TPSR spectra. Reduction temperatures are specified.
CO was chemisorbed at 298 K.
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TABLE 3
Methane Peak Temperatures, Areas, and Area Ra-
tios as Functions of Metal Loading and Reduction
Temperature?

Catalysts and Peak Peak Peak area
reduction temp. area’ ratio¢
temp. (K) (K) A/(A + B)

A B
A B

1% Co/AL, O
1023 447 757 1 1 0.42

3% CO/A1203
648 432 543 1 1 0.23
773 432 553 2,17 1.57 0.29
873 432 581 331 2.26 0.30
973 432 613 4.79 2.46 0.37

10% CO/A1203
648 432 526 1 1 0.34
773 432 543 2.06 2.12 0.33
873 432 548 312 2.61 0.38

15% Co/Al,O4
648 440 494 1 1 0.41
773 434 509 1.22 1.19 0.38
873 434 517 147 1.29 0.40

« Based on the CH; TPSR for CO adsorbed at 298 K.

¥ Methane peak areas normalized with respect to those for
648 K reduction (except for 1% Co/Al,O;).

< Ratio of the area of Peak A to the sum of areas for Peaks
A and B.

tion. Following this interruption, the cata-
lyst temperature was raised from 298 K in
flowing H, as a typical TPSR run to obtain
the CH,4 peak shown by the solid line in Fig.
8. The combined spectrum of these two
peaks is almost identical to that obtained
during a normal TPSR run without an inter-
ruption. When the catalyst was cooled rap-
idly to 298 K in flowing He, the same result
was obtained.

In the second experiment (Fig. 9), the
TPSR run was interrupted at several tem-
peratures and the catalyst was rapidly
cooled to 298 K in flowing H,. Then, the
carrier gas was switched from H, to He
and temperature-programmed desorption
(TPD) was conducted in flowing He to ob-
tain the spectra in Fig. 9. When the inter-
ruption takes place at 373 K followed by
TPD, a significant quantity of CO (not de-
termined quantitatively) desorbs and sev-
eral peaks due to molecularly adsorbed CO
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273 373 473

Temperature (K)
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Rate of CHa Formation (Arbitrary Units)

FiG. 7. The CH, TPSR spectrum obtained for CO
adsorption after 3% Co/ALO; reduced at 973 K was
exposed to oxygen at room temperature (solid line).
Dotted line represents a typical CH, spectrum without
oxygen exposure.

and recombination of C, and O, are ob-
served (bottom spectrum in Fig. 9a). How-
ever, as the interruption temperature in-
creases, CO desorption peaks, appearing

before interruption
at473 K

1
1
Ll
)
1)
]
1]
[}
1
1
1
1
!
1
]
i after
| interruption
L
i
1
1
+
1
)
1

Rate of CH4 Formation (Arbitrary Units)

473 573 673

Temperature (K)

F1G. 8. CH, TPSR spectrum before and after inter-
ruption for 3% Co/Al,O; reduced at 973 K. Dotted line
represents the CH, spectrum obtained before interrup-
tion. Solid line represents the spectrum obtained after
interruption.
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FiG. 9. TPD spectra obtained for 3% Co/Al,O; reduced at 973 K after interruption during TPSR
(interruption temperatures are specified): (a) CO, (b) CO,, (¢) CHy, and (d) C,Hs.

below 673 K due to molecularly adsorbed
CO, vanish. After the interruption takes
place at 423 K or above, only a broad high-
temperature CO desorption peak is ob-
served at above 773 K. For the case of in-
terruption at 373 K with a 10-min hold, only
a high-temperature CO peak is observed,
indicating that most molecularly adsorbed
CO species disappear during the 10-min
hold at 373 K.

Significant desorption of CO; is also ob-

served during TPD following interruption at
373 K (Fig. 9b). The peak temperature is
about 573 K. However, this CO, peak dis-
appears at higher interruption tempera-
tures, which is also indicative of depletion
of molecular CO on the surface.

Figure 9¢ shows the corresponding CH,
spectra obtained during TPD. When the in-
terruption takes place at 373 K, a small
methane peak is observed at about 643 K.
The area under the methane peak increases
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rapidly with increasing interruption temper-
atures from 373 to 423 K. Ethane desorp-
tion is observed only at high temperatures
(at about 823-833 K) for all interruption
temperatures and its intensity is signifi-
cantly lower compared with other desorb-
ing species.

DISCUSSION

The results of this study provide new in-
sights into the kinetics and mechanism of
CO hydrogenation on alumina-supported
cobalt. They show that the reaction in-
volves two different states of different ac-
tivities having properties very similar to
those observed for Ni/ALO; (26-29, 33,
34). The results of this study also provide
new evidence that CO hydrogenation on
cobalt metal sites occurs either through dis-
sociation to an active carbon followed by
hydrogenation of the carbon or by decom-
position of a species formed on the support.
Finally, the results provide for the first time
a satisfying explanation for previously ob-
served variations in activity with dispersion
and metal loading and provide further evi-
dence that CO hydrogenation on cobalt is
not structure-sensitive. A discussion of
each of these points follows below.

The Nature of Active Sites on
Col/Alumina

The results of hydrogen TPSR with CO
adsorbed on Co/AlLO; at 298 K from this
study indicate two methane reaction states,
A at 440 = 7 K, the position of which is
relatively invariant with metal loading or
reduction temperature, and B at 500-973 K,
the position of which is highly dependent
upon metal loading and reduction tempera-
ture. These reaction states are very similar
to those reported for hydrogen TPSR with
adsorbed CO on Ni/AlLO; (26-29, 33, 34),
in fact, the reaction states observed in this
study for 3% Co/Al,0O; at 432 and 543 K are
very close to those observed by Kester and
Falconer (26) for 3—-5% Ni/Al,Os at 446 and
546 K. Moreover, most of the qualitative
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observations regarding the effects of metal
loading and reduction temperature as well
as the quantitative measurements of reac-
tion kinetics for Co/Al,O; (this study) and
Ni/ALO; (26, 27) are in good agreement.
For example, in both systems the A/B peak
area ratio increases with increasing metal
loading and extent of reduction; in the Co/
Al Oj; system the fraction under Peak A in-
creases from zero for 1% Co to 0.4 for 15%
Co whereas in the Ni/ALO; system the A
fraction increases from 0.23 for 1.8% Ni to
0.93 for 15% Ni (27). In both catalyst sys-
tems the position of Peak B shifts very
significantly to higher temperatures with
decreasing metal loading and increasing re-
duction temperature; the area of Peak B is
also increased in both systems by adsorbing
or cooling in H, rather than He. Activation
energies for Reaction B on 3% Ni/AlLQO;
and 3% Co/Al,O; are approximately the
same within experimental error, i.e., 145 =
39 (26) compared to 95 + 3 kJ/mol (see Ta-
ble 2).

The assignment of Peaks A and B to two
different reaction states of differing rates is
consistent with the data of this study and is
supported by the data in previous studies of
Ni/ALO; (2629, 33, 34). However, in the
previous studies Peaks A and B were as-
signed to two different reaction sites. The A
sites were assigned to CO adsorbed on Ni
metal atoms bonded to other Ni atoms (26—
29). A similar assignment of the A state for
Co/AlyO; to hydrogenation of CO adsorbed
on Co metal atoms bonded to other Co at-
oms, e.g., Co atoms in large, three-dimen-
sional (3D) crystallites, is consistent with
the results of this study; indeed, this is
strongly supported by the observation from
this study that only Peak A is observed on
the completely reduced, unsupported Co
catalyst (see Fig. 1) which consists entirely
of large, 3D Co metal crystallites. Further-
more, the complete disappearance of Peak
A for the unsupported Co and Co/AlLO;
catalyst upon exposure to oxygen at 298 K
provides further evidence for the strongly
metallic nature of the sites for Reaction A.
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Finally, the absence of both Peaks A and B
on 1% Co/alumina (reduced below 1023 K),
which nevertheless contains small crystal-
lites that absorb both hydrogen and carbon
monoxide (the latter only associatively),
provides further evidence that large cobalt
crystallites are a requirement for Reaction
A.

On the other hand, the observation of
Peak B for TPSR on Co/Al,Os catalysts but
not on unsupported Co coupled with the
partial survival of Peak B after 298 K expo-
sure to oxygen suggests that Reaction B in-
volves species created on sites in the pres-
ence of the support and having chemical
properties distinct from those of the A sites.

In previous studies of Ni/Al,O; the B
Peak was assigned to reactions of hydrogen
with CO adsorbed on (1) surface nickel
metal atoms interacting with an oxide phase
of the catalyst (26, 27), (2) a surface nickel
aluminate (28, 29), or (3) the Al,O5; support
(33, 34). While selected sets of data in these
previous studies provide some support for
each of these three models, none appears in
our opinion completely consistent with all
of the data. Recent studies by Falconer et
al. (34) of hydrogen TPSR with isotopes of
CO on 5 and 19% Ni/Al,O; catalysts pro-
vide evidence for the third model; their
results show that (1) adsorption on the B
sites is activated, (2) B sites are only satu-
rated in the presence of hydrogen by in-
creasing the adsorption temperature to 385
K (saturation coverage of 250 umol/g cata-
lyst for both catalysts), (3) the number of B
sites is about four times that of the A sites
in both catalysts, (4) after adsorption at 300
K and TPSR to 460 K to remove the A
peak, cooling in He causes some of the la-
beled CO on the B sites to transfer to A
sites, and (5) the stoichiomery for the com-
plex adsorbed on the support is CH;0.
These results combined with those of
TPSR/IR studies of Ni/Al,O; (33, 39) were
interpreted (34) as evidence that (1) B sites
are present on the Al O3 support, (2) CO
and hydrogen on nickel crystallites (A sites)
spill over to AlL,O; sites to form adsorbed
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methoxy radicals, and (3) the B peak is at-
tributed to hydrogenation/decomposition
of the adsorbed methoxy to methane.

It is our view that the data of this and
previous studies are most consistent with a
variation of this third model, namely one in
which CO and hydrogen adsorb on metal
crystallites (A sites) and spill over to the
AL O, support where they form a methoxy
{CH;0) or formate intermediate; the
methoxy or formate complex (henceforth
referred to as CH,O) then diffuses back to a
metal crystallite where it decomposes to
methane. In other words we propose that
the data are explained by the existence of
two reaction states (mechanisms or paths)
rather than two different reaction sites. The
support for this point of view is as follows:

1. It is generally accepted (40) that CO
hydrogenation occurs readily on metal at-
oms having the ability to dissociate hydro-
gen and CO. Experiments as part of this
(35) and a previous study (4/) indicate that
cobalt and nickel aluminates and high-sur-
face-area aluminas are not active for CO
hydrogenation. Cobalt and nickel alumi-
nates do not adsorb CO or hydrogen (35,
41, 42). Adsorption of CO on Al,O; is weak,
nondissociative, and small relative to that
on the metals under the conditions of the
TPSR experiment (35). Accordingly, reac-
tion on metal-like sites rather than oxide or
support sites is favored.

2. A model involving decomposition on
the metal of a complex formed on the sup-
port is likewise consistent with most of the
previous experimental observations (in-
cluding those in this study) in regard to
Peak B:

a. The increase in A and B areas with
increasing reduction temperature (Table 3)
is consistent with the reductive generation
of new metal clusters accompanied by the
sintering of these clusters to large, 3D crys-
tallites which are sites for a-carbon hydro-
genation (Reaction A), for spillover to the
support of CO and atomic hydrogen, and
for decomposition of the CH,O species (Re-
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action B) previously formed on the support
from spilled-over CO and hydrogen. The in-
creasing population of B sites with increas-
ing extent of reduction argues against their
assignment to cobalt or nickel aluminate
since this phase is reduced to small metal
clusters and any active sites on the alumi-
nate would diminish as the extent of reduc-
tion is increased.

b. The increasing population of the A
state (higher reaction rate for a-carbon hy-
drogenation) relative to the B state (CH,O
decomposition) with increasing metal load-
ing and increasing reduction temperature
(Table 3) is easily explained by an increas-
ing population of metal sites for CO dissoci-
ation to a-carbon leading to Reaction A
while the population of sites on the support
for CH,O formation is fixed (34). In other
words, while the concentration of metal
sites available for decomposition of the
CH,O complex is increased, the reservoir
for these complexes is nevertheless con-
stant.

¢. The very significant increase in the
temperature maximum of Peak B (decrease
in the rate of Reaction B) with increasing
reduction temperature (Table 3) could be
explained by a lowering of the surface diffu-
sion rate of the CH,O complex over the
support to metal crystallites due to progres-
sive modifications of the support, e.g., sup-
port dehydroxylation as reduction temper-
ature is increased. Indeed, Sen and
Falconer (34c) postulate that decomposi-
tion on the metal of the CH,O complex
formed on the support is limited by surface
diffusion to the metal. A recent study of CO
hydrogenation on carbonyl-derived Fe/
Al,O; catalysts in this laboratory (12) in-
dicates that catalyst activity is very sig-
nificantly affected by the support de-
hydroxylation temperature.

d. The observation that Reaction B is
favored by CO adsorption in the presence
of hydrogen (26, 27, 34) (Fig. 3) is also con-
sistent with a model involving formation of
a ‘““‘CO-H” complex. The previous obser-
vations by IR of a formate species on the
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ALO; surface of Ni/Al,O; catalysts (33, 39)
and on Co/kieselguhr catalysts (43) during
CO hydrogenation provides further support
for the role of a CH,O complex.

¢. From observations in this and a pre-
vious study (44) that the population of so-
called ‘B sites’’ (sites for methoxy forma-
tion) or of the B reaction state (state for
decomposition of methoxy species) is di-
minished but not completely removed by
room temperature oxygen exposure (Fig.
9), it would be tempting to conclude that
Reaction B involves sites that are nonme-
tallic, especially since metallic sites for
Reaction A were removed by this treat-
ment; however, it is not unreasonable to
postulate that small metal clusters either
partially buried in or surrounded by an ox-
ide layer might be resistant to oxidation at
low temperatures but nevertheless effective
for CH,O decomposition. These clusters
might be less accessible to oxygen atoms
because of the surrounding metal oxide
phase and because ensembles required for
oxygen dissociation might be present only
in low concentration. That small cobalt
clusters supported on Al,O; are indeed in-
accessible to oxygen at room temperature
was confirmed recently by Neubauer (45,
46), who observed using Co* Mgssbauer
emission spectroscopy that reduced super-
paramagnetic Co metal in 1 and 3% Co/
AlLO; was only partly oxidized by exposure
to air at 298 K. Neubauer’s catalysts were a
pink color before reduction and a blue color
after reduction; after exposure to air, they
were the same blue color.

Reaction Mechanism of CO
Hydrogenation on Co/ALO;

The results of this study provide evi-
dence that methanation occurs on Co/AlLOs
catalysts by two different mechanisms: (1)
hydrogenation of «-carbon (Reaction A)
and (2) decomposition of a CH,O complex
(Reaction B) formed on the support. Both
reactions occur on metallic sites. Indeed
the results in Fig. 1 and Table 3 show that
both Peaks A and B (at about 435 and 500-
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550 K, respectively) of 3-15% Co/Al,Oj; re-
duced at normal temperatures lie within or
below the typical operating temperature
range for FT synthesis methanation on co-
balt of 475-575 K.

The combined TPSR/TPD data in Fig. 9
show that molecularly adsorbed CO which
is typically desorbed at temperatures from
373 to 473 K (35, 47, 48) and certainly be-
low 650 K (35, 47, 49) (see peaks at 500 and
623 K for the TPD curve after TPSR to 373
K in Fig. 9a) is no longer present on the
catalyst surface after TPSR in hydrogen at
398 K and higher; the CO desorption peak
observed at 800-850 K in Fig. 9a is as-
signed with reasonable certainty to recom-
bination of carbon and oxygen atoms on the
surface (35, 48, 49). In other words, in the
presence of hydrogen, CO adsorbed on Co/
AlLO; is completely dissociated at tempera-
tures above 398 K; moreover a portion of
the carbon thus formed is present on the
surface in atomic form and can be desorbed
by recombination at higher temperatures.
This conclusion is further supported by the
CO; TPD spectra in Fig. 9b showing that
only a negligible amount of CO, desorbs at
temperatures above 398 K confirming the
absence of CO to combine with atomic oxy-
gen under these conditions. Accordingly, it
is clear that since adsorbed CO is com-
pletely dissociated above 398 K, methana-
tion via Reaction A (which occurs well
above 398 K) involves reaction of hydrogen
with adsorbed carbon species from CO dis-
sociation. This is further confirmed by the
TPSR results after adsorption of CO at 523
K (Fig. 4) showing that the most important
reaction peak has a maximum at 373 K, a
distinct characteristic of adsorbed, atomic
carbon commonly referred to as a-carbon
(37, 38). The other peaks in Fig. 4 are easily
assignable to B-carbon and other less ac-
tive, polymeric carbon forms (37, 38) and
the decomposition of the CH,O complex. It
should be emphasized that the peak for re-
action of a-carbon with hydrogen occurs at
a lower temperature than Peak A because,
once formed, a-carbon is more reactive
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with hydrogen than is CO which dissociates
first at about 425 K. The dissociation pro-
cess thus determines the peak position for
State A.

The facts that (1) CO is completely disso-
ciated on Co/AlL,O; above about 400 K and
(2) methanation via Mechanism A clearly
involves reaction of hydrogen with carbo-
naceous species have important mechanis-
tic implications. This suggests that the rate-
determining step in CO hydrogenation on
Co/AlLO; at low reaction temperatures
(475-525 K) involves carbon hydrogena-
tion. This conclusion is contrary to that of
Huang and Schwarz (37/) who postulated
that CH, hydrogenation is rate-determining
for Peak A while CO dissociation is rate
determining for Peak B of Ni/ALO;. Their
conclusion was based on the assumption
that CO adsorbed on the ‘B sites’’ did not
dissociate until the reaction temperature of
550 K had been reached. In view of the
similarity of the kinetic parameters for Co/
Al,O; and Ni/ALO; and the TPSR/TPD
results of this study, we think their assump-
tion is probably not correct. However, it
should be emphasized that the rate-deter-
mining step may shift with changes in reac-
tant concentrations, surface coverages,
temperature, and conversion; accordingly
one must be very cautious about generaliz-
ing what step may be rate-determining in
CO hydrogenation or any other reaction.
Nevertheless, the concept of Peak B corre-
sponding to a decomposition of a CH,O
complex is quite consistent with the results
of Huang and Schwarz (31).

Moreover, their interesting concept of
different rate-determining steps (for two
different sites) leads us to a similar con-
cept—namely that of methanation via Re-
action B being the ‘‘rate-dominating’’ step
under certain reaction conditions because
of its higher activation energy (the termi-
nology ‘‘rate-controlling’’ is probably not
applicable to a parallel process such as
this). Indeed, a careful examination of the
peak temperatures in Fig. 1 and Table 2 re-
veals that if methanation were conducted
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on 3% Co/Al, O3 in the temperature range
450-525 K above the peak temperature for
A and below that for B, the overall rate
would be representative of reaction via Re-
action A. However, at temperatures well
above 550-575 K, Reaction B could domi-
nate because of its higher activation en-
ergy. Accordingly, one would predict a
shift to a higher activation energy with in-
creasing reaction temperatures on a given
catalyst and a shift to progressively higher
activation energies with increasing metal
loading and decreasing reduction tempera-
tures, since the maximum for Peak B oc-
curs at progressively lower temperatures as
metal loading increases and reduction tem-
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perature decreases (see Fig. 1 and Table 3).
In fact, Bartholomew et al. (6-8) observed
increasing values of the activation energy
for steady-state CO hydrogenation on Co/
Al O3 with increasing metal loading. More-
over, the activation energies for 3 and 10%
Co/AlLLO; were found to be 87 and 112 kJ/
mol (8), values close to the activation ener-
gies of 81 and 98 kJ/mol for Reactions A
and B, respectively, suggesting that in the
temperature range of the study (8) Reaction
A dominated for the 3% Co while Reaction
B dominated or at least became more im-
portant for the 10% Co catalyst.

While the principle that activation ener-
gies in complex supported systems will be
influenced by the distribution of sites and
the reaction temperature relative to the
peak temperatures for reaction on those
sites is probably a general one, the reader is
cautioned that extrapolation of the specific
trends observed for Co/Al,0; and Ni/ALOs
prepared by impregnation is not warranted.
Several previous studies (6-8, 26-32, 34,
35) demonstrate that the adsorption and ac-
tivity/selectivity properties of supported
Co and Ni are strongly a function of sup-
port and preparation method. For example,
only Peak A is observed on silica-supported
Co and Ni (27, 35). Moreover, the steady-
state activation energy of 3% Co/Al,O; pre-
pared by carbonyl decomposition on a
highly dehydroxylated support increases
with increasing reduction temperature (8)
while the opposite trend is predicted for the
catalysts of this study prepared by impreg-
nation with an aqueous nitrate solution.

The results of this work show that Reac-
tion A dominates at lower reaction temper-
atures. Accordingly, one might expect a
correlation between steady-state activity
under these conditions and the population
of the A state in a series of Co/AlO; cata-
lysts. This correlation is indeed well-ob-
served in Fig. 10a where the turnover
frequencies for CO hydrogenation on Co/
ALO; at 498 K (6, 7) are plotted against
relative areas of Peak A for three of the
catalysts of this study. Further, if the reac-
tion occurs by hydrogenation of a-carbon,
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there should be a good correlation of the
steady-state activity with the population of
the species causing methane formation at
373 K after adsorption of CO at 523 K. In-
deed this is observed in Fig. 10b for four of
the catalysts of this study including unsup-
ported cobalt. This provides further evi-
dence that the methanation via Mechanism
A occurs through the hydrogenation of ad-
sorbed atomic carbon created by previous
CO dissociation. Similar correlations be-
tween activity and dissociated carbon mon-
oxide or a-carbon were found earlier for
CO hydrogenation on Fe/Al,O; catalysts
(50) and Ru/SiO, (51) catalyst.

In Fig. 2, peak temperatures for A and B
shift slightly up and down, respectively,
with increasing CO coverage. The shift in
Peak A to higher temperatures is consistent
with reported kinetics of CO hydrogenation
on cobalt (25) showing adsorbed CO to in-
hibit the reaction rate. The shift of Peak B
to lower temperatures is probably due to a
lower coverage of hydrogen with increas-
ing CO coverage; decomposition of the
methoxy is possibly inhibited by adsorbed
hydrogen (52).

The Variation of Activity of Col Al,O5 with
Metal Loading and Dispersion and Its
Basis

Two previous studies in this laboratory
(6, 8) showed that the steady-state activity
of Co/AlO; varies over 2-3 orders of mag-
nitude with variations in metal loading, dis-
persion, and preparation; generally a trend
of increasing activity with increasing metal
loading and decreasing dispersion was ob-
served. Kellner and Bell (2) observed a sim-
ilar trend for Ru/Al,O; catalysts, ascribing
it to a decrease in the fraction of sites
present on more active planar versus less
active edge sites with increasing dispersion;
Fu and Bartholomew (8) explained their
results for Co/Al,Os in a similar way.

However, recently obtained results for
CO hydrogenation on Co overlayers on sin-
gle-crystal W, Co/AlLLQ; catalysts, and Fe/
Al O; catalysts (12—15) provide convincing
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evidence that initial and steady-state rates
on these surfaces are clearly independent of
surface structure. Two recent studies (72,
15) provide new evidence that the varia-
tions in activity with metal loading and dis-
persion are strongly related to the extent of
reduction of the catalyst; if the extent of
reduction of Co/Al,O; or Fe/AlLO; is held
constant, activity is independent of both
metal loading and dispersion.

The results of this study provide a basis
for explaining this phenomenon. They
show that the activity of Co/Al,O; catalysts
is determined by the distribution of A and B
states (reactions) and the reaction tempera-
ture with respect to the peak temperatures
for these two sites. At low reaction temper-
atures, Reaction A predominates (as dis-
cussed above) and thus the activity of co-
balt/Al,O; catalysts correlates well with the
population of A (see Fig. 10a) which clearly
varies with metal loading and extent of re-
duction (see Table 3).

What accounts for the large variations in
the relative area for Peak A (Fig. 10a) as a
function of metal loading and for the negli-
gible activity and absence of a-cabon on 1%
Co/AlO;? It should be emphasized that the
1% Co/AlLO; catalyst adsorbs hydrogen (5,
6) (Table 1), although the adsorption is very
highly activated (23, 25); further, it adsorbs
CO at 298 K, albeit molecularly (35, 47);
moreover, it does not dissociate CO during
CO TPD (35, 47). Recent evidence indi-
cates that the highly activated hydrogen ad-
sorption and decrease in CO binding energy
are very probably due to decoration of the
metal crystallites in alumina-supported
metals (25, 53). The extent of decoration
apparently increases with decreasing load-
ing (25), thus accounting for the inactivity
of 1% Co/Al,0;. Since the Al,O; support is
not reducible, the decoration of metals by
AlLO; does not occur by migration during
the reduction process as with titania-sup-
ported systems but rather may occur by dis-
solution of Al,O; during impregnation (54)
or decomposition of the metal aluminate
during reduction (32).

Figure 1 shows that the Peak B tempera-



270

ture decreases with increasing metal load-
ing. Assuming that Peak B corresponds to
decomposition of the methoxy species on
the metal, this observation might be ex-
plained by a higher density of metal crystal-
lites in the higher loading catalysts and
hence a shorter path for surface diffusion of
the methoxy species from the support to
the metal. In the case of the 1% Co/Al, 04
catalyst reduced to 1023 K, Peak B was ob-
served at a very high temperature (about
773 K) consistent with this hypothesis. The
fact that no A or B peak was observed on
1% Co/AlLO; reduced at 873 K can be ex-
plained by the hypothesis that relatively
large, undecorated crystallites may be nec-
essary for spillover and formation of the
methoxy complex; this suggests the possi-
bility that a precursor to the methoxy spe-
cies involving dissociated or partially acti-
vated CO and hydrogen atoms, e.g., a COH
complex, is formed initially on the large,
undecorated crystallites and then spills
over to the support where it then forms the
CH,0 (methoxy) species. Independent of a
mechanism for the methoxy formation, it is
clear that Peak B does not form in the ab-
sence of Peak A; moreover, the work of
Falconer et al. clearly indicates that (1) for-
mation of the methoxy species is an acti-
vated process, i.e., the amount formed in-
creases with increasing temperature up to
385 K and hence the population of the B
state increases as the adsorption tempera-
ture for CO increases from 300 to 385 K;
and (2) the methoxy species is only formed
in the presence of hydrogen but is more
likely to decompose in the absence of hy-
drogen (34, 52).

CONCLUSIONS

1. Two mechanisms for CO adsorption
and hydrogenation operate on alumina-sup-
ported cobalt: (1) CO dissociation on the
metal followed by hydrogenation of a-car-
bon (Reaction A) and (2) spillover of CO
and H to the support where a CH,O com-
plex is formed followed by diffusion of the
complex to metal crystallites where it de-
composes (Reaction B). Both reactions
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take place on metal sites; Reaction A is fa-
vored on large, 3D crystallites while Reac-
tion B apparently takes place on both large
and fairly inaccessible small crystallites.
The distribution of these reactions (states)
is a function of metal loading and reduction
temperature; the fraction of methane
formed by Reaction A increases with in-
creasing metal loading and extent of reduc-
tion.

2. Methanation via Reaction A takes
place via CO dissociation followed by the
subsequent hydrogenation of a-carbon. At
low reaction temperatures, Reaction A pre-
dominates and hence determines the over-
all rate, while at high reaction temperatures
Reaction B dominates the reaction rate be-
cause of its higher activation energy.

3. The observed dramatic variations in
CO hydrogenation activity with variations
in metal loading and dispersion observed on
alumina-supported cobalt can be explained
by a distribution of A and B states. Cata-
lysts of higher loading and extent of reduc-
tion involve a higher fraction of the A state
and are more active in CO hydrogenation.
Moreover, the activity of the B state in-
creases with increasing metal loading, fur-
ther explaining the higher activity of high
metal loading catalysts. A linear correlation
is observed between the log of turnover fre-
quency for methane formation at 498 K dur-
ing steady-state CO hydrogenation on Co/
Al Os catalysts and the relative population
of a-carbon formed during CO adsorption
at 523 K. This correlation and the variation
of the fraction of the A state with metal
loading can be explained in part, by decora-
tion of metal crystallites which becomes
progressively more important at low metal
loadings and ultimately (as in 1% Co/Al,05)
prevents CO dissociation.
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