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The influence of small amounts of Pt on supported Co cata-
lysts has been investigated by several methods. Catalysts con-
taining 9 wt.% Co and 0 or 0.4 wt.% Pt on Al,O, or SiO, were
prepared by coimpregnation. At T = 483 K, P = 1 bar, and
H,/CO = 7, CO hydrogenation rates (based on weight of cobalt)
for Pt-promoted catalysts were 3-5 times higher than those on
their unpromoted analogues. The selectivity was not influenced
by the presence of Pt. TPR-studies have shown that the presence
of Pt strongly influences the reducibility of the catalysts, with
TPR-peaks shifting to lower temperatures for all catalysts. This
effect is most pronounced on the Al,O;-supported catalysts,
where the highly dispersed and otherwise difficult to reduce
surface cobalt oxides are readily reduced at normal reduction
temperatures (623 K) in the presence of Pt. The dispersion of
metallic cobalt on Pt promoted catalysts increased compared
to that on the unpromoted catalysts, with Al,O;-supported cata-
lysts showing the largest effect due to the reduction of highly
dispersed surface cobalt oxide. Apparent turnover numbers
(based on H,-chemisorption) were higher for Pt-promoted cata-
lysts than for their unpromoted analogues by a factor of =2,
Decoupling coverage and intrinsic reactivity effects on the ap-
parent turnover number by the use of steady-state isotopic
transient kinetic analysis revealed essentially constant true
turnover numbers on all catalysts. Thus, the increased apparent
turnover numbers on Pt-promoted catalysts are due to a higher
coverage of reactive intermediates. © 1995 Academic Press, Inc.

1. INTRODUCTION

A key element in improved Fischer—Tropsch processes
for natural gas conversion is the development of active
cobalt catalysts with high wax selectivity. Many recently
developed catalyst systems contain small amounts of a
transition metal (typically a noble metal) in addition to
cobalt (1). Higher noble metal/cobalt ratios have been
reported to give increased oxygenate selectivity (2).

Recent investigations indicate that Fischer—Tropsch
synthesis and methanation on cobalt catalysts belong to
the class of structure-insensitive reactions, with turnover

! To whom correspondence should be addressed.

frequencies essentially independent of the cobalt disper-
sion and the nature of the support (3, 4). The influence
of (noble) metal promoters on the intrinsic catalytic
properties of supported cobalt catalysts in the Fischer-
Tropsch synthesis has not been extensively studied. How-
ever, there has been some work on the characterization
and the use of related systems. Batley et al. (5) showed
that the reduction of metal oxides like Co50, is influenced
by Pt. Similar conclusions were drawn by Belousov et
al. (6) for Co;0, promoted by Pd. Sass er al. (7) studied
the Al O;-supported Co-Pd system and found both an
increased reducibility of Co and an increased tendency
toward Co”* oxidation to Co** during reoxidation of
reduced samples. Guczi and co-workers (2, 8, 9) studied
Co-Pt (total metal loading 10 wt.%) catalysts with high
Pt: Co ratios. Their findings include a Pt-assisted mecha-
nism for reduction of ALOs-supported Co catalysts and
a stabilization of Co ions on the ALQO; surface. The
presence of Co—Pt bimetallic particles was inferred from
a lower catalytic activity (compared with the monometal-
lic Co catalyst) in the synthesis of hydrocarbons from
CO and H, (2). Zyade et al. (10) also characterized similar
catalysts and found (by EXAFS) bimetallic particles with
a Pt-Co interatomic distance of 0.271 nm. A similar
conclusion was drawn by van't Blik e al in the case
of Co-Rh/SiO; studied by EXAFS (11), temperature-
programmed reduction (TPR), and other techniques (12).
Dees and Ponec (13) studied Co-Pt catalysts supported
on silica and alumina, with 5 wt.% total metal loading
and varying (but high) Pt:Co ratios. X-ray diffraction
(XRD) was used to identify alloy formation on silica,
although only a part of the cobalt could be accounted
for in the alloy. Bardi et al. (14, 15) investigated various
properties of Co-Pt alloy single-crystal surfaces. While
the [111] and [100} surfaces of a CoPt; alloy have an
outermost layer that is essentially pure Pt (14), the [100]
surface of a Co-Pt alloy (19 mol% Co) was found to
form a layer of CoO when exposed to CO (15).
Many of the kinetic studies of (noble) metal-promoted
cobalt have been performed with oxygenate synthesis as
the goal. Takeuchi et al (16-18) studied Co-X/SiO,
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catalysts, where X was Ir, Ru, or Re. These metals were
found to have similar promoter properties (enhancing the
CO hydrogenation rate and oxygenate selectivities) in spite
of their very different CO hydrogenation properties when
used alone. Ru and Ir added to cobalt catalysts prepared
from Co,(CO);g gave no significant effect on the activity
(19). An enhancement of the activity of cobalt with the
addition of small amounts of Ir was found by Guczi et al.
(20), and Lapidus et al. reported a similar effect for Pd
addition to supported Co (21).

The present study attempts to explain the role of Pt as a
promoter for hydrocarbon synthesis on alumina-supported
and silica-supported cobalt catalysts. In addition to conven-
tional measurements of kinetics and metal surface areas,
direct information on reaction rates and surface coverage
of reaction intermediates has been obtained by the use of
steady-state transient kinetic analysis (SSITKA) experi-
ments (22, 23).

2. EXPERIMENTAL
2.1. Catalyst Preparation

Al O; (Vista Chemicals, 179 m?/g) and SiO, (Davison
grade 59,241 m?/g) supported catalysts containing =~9 wt.%
Co and 0 or 0.4 wt.% Pt were prepared by incipient wetness
coimpregnation of the supports with aqueous solutions of
Co(NOs;), - 6H,0 and Pt(NH;),(NOs),. The catalysts were
dried in air overnight at 393 K and screened to 75-300 um
before calcination in flowing air at 673 K for 2 h. Further
pretreatment was done in situ. A bulk Co;0, catalyst was
also prepared for use as a reference material in TPR
studies. NH; was added to an aqueous solution of
Co(NOs),-6H,0 with continuous stirring until there was
an excess of NH,. The precipitate was washed several times
in distilled water and dried overnight at 370 K before
calcination in flowing air at 643 K for 3 h.

2.2. Hy Chemisorption

H, adsorption isotherms were measured at 298 K in a
standard volumetric glass apparatus capable of a vacuum
of 107 Torr or better. Before measurements, the catalysts
were reduced in flowing H, (1 bar, GHSV = 10000
cm’(STP)/g catalyst-h) with temperature programming
from ambient temperature to 623 K at a rate of 2 K/min
and kept at this temperature for 14 h. The samples were
then evacuated for =0.5 h at 603 K before cooling to
298 K and the adsorption isotherm between 10 and 300
Torr was measured. Strongly and weakly held hydrogen
were separated by measuring a second isotherm after
pumping for 20 min, but only the results from the first
isotherm (total H, adsorbed) are reported here. The
amount of hydrogen chemisorbed was determined by ex-
trapolating the linear portion of the isotherm to zero
pressure.

2.3. Temperature-Programmed Reduction

TPR experiments were performed in a quartz microreac-
tor heated by an electrical furnace. The maximum tempera-
ture was 1203 K, and the samples were studied at a heating
rate of 10 K/min in a mixture consisting of 7% H, in Ar.
The H, consumption was measured by analyzing the efflu-
ent gas with a thermal conductivity detector. Calibration
was made both by injecting calibrated pulses of H, and by
reducing Ag,O powder. The apparatus has been described
in detail elsewhere (24).

2.4. O, Titration

The extent of cobalt reduction was determined by O,
titration of reduced samples at 673 K (25). After reduction
under standard conditions (as described above for H, che-
misorption), the catalysts were kept in flowing Ar at
673 K for 1 h to desorb any chemisorbed H,. Calibrated
pulses of O, were then added until no further consumption
of O, could be detected by a thermal conductivity detector
located downstream of the reactor. Extents of reduction
were calculated assuming stoichiometric conversion of me-
tallic Co to Co;0;,.

2.5. X-Ray Diffraction

X-ray diffraction studies were performed in a Philips
PW 1710 spectrometer. The studies were aimed mainly at
measuring Co;0, particle sizes by XRD line broadening,
and all samples were therefore studied either after calcina-
tion or after reduction and subsequent reoxidation. Re-
duced-oxidized catalysts were prepared by passivating
used samples from chemisorption experiments in air at
298 K and by oxidizing in air at 468 K for =24 h. Co;0,
was the only cobalt phase detected by XRD for both cal-
cined and reduced-reoxidized catalysts. Average Co;O,
particle sizes were calculated from the most intense Co;0,
line (26 = 36.9°), using the Scherrer formula.

Instrumental line broadening was corrected by calibra-
tion with a W standard. In order to compare Co;0, particle
sizes with metal dispersions measured by chemisorption,
Co;0, particle sizes were converted to the corresponding
cobalt metal particle sizes according to the relative molar
volumes of metallic cobalt and Co;0,. The resulting con-
version factor for the diameter d of a given Co;0, particle
being reduced to metallic cobalt is

d(Co") = 0.75-d(Co0;0,).
Dispersions (D) can be calculated from average metal par-
ticle sizes, assuming spherical, uniform particles with site

density 14.6 atoms/nm?, by use of the formula (26)

D =96/d [D = %,d = nm].



Pt PROMOTION OF Co 87

2.6. Steady-State Kinetic Experiments

Kinetic measurements were carried out in the steady-
state mode using a quartz fixed-bed reactor operating at
atmospheric pressure. Catalyst (50-200 mg) (75-300 wm)
was diluted with an inert material (nonporous SiC)inal:5
weight ratio to minimize temperature gradients. Before
kinetic experiments, the catalyst was reduced using the
same procedure as described for H, chemisorption. After
reduction, the catalysts were cooled to 453 K in flowing
H, and the feed was switched to a mixture containing 56
mol% synthesis gas with H,/CO = 7.3 and 44 mol% Ar.
The reaction temperature was then increased to 483 K at
a rate of 1 K/min. On-line gas chromatography (GC) sam-
ples were taken at regular intervals and analyzed for CO,
CO,, and C,. hydrocarbons on a HP 5880 gas chromato-
graph equipped with thermal conductivity (TCD) and
flame ionization detectors (FID). Ar (used as an internal
standard), CO, CH,, and CO, were analyzed on the TCD
after separation by a Carbosieve-packed column. C,-C,
hydrocarbons were separated by a 0.53-mm i.d. GS-Q cap-
illary column and detected on the FID. Under the condi-
tions used, Cs. hydrocarbons, oxygenates, and CO, were
not detected. GHSV (em?*(STP) (H, + CO + Ar)/(g
catalyst-h)) was varied between 4000 and 14,000 h™! to
give 10-20% CO conversion.

2.7. Steady-State Isotopic Transient Kinetic Analysis

Steady-state isotopic transient experiments using synthe-
sis gas containing '*CO or *CO were carried out in con-
junction with the steady-state kinetic experiments de-
scribed above. After reaching steady-state activity (after
3-6 h of reaction), the feed was switched between Ar/H,/
12CO and Kr/H,/"*CO and the transients of Ar, Kr, ?CO/
13CO, and '>CH,/"*CH, were followed by an on-line quad-
rupole mass spectrometer (Balzers QMG 420). We have
used the analysis given by Biloen er al. (22, 27) for an
irreversible reaction with a single pool of reaction interme-
diates. It is assumed that the reversible CO adsorption
step is rapid compared to the rate of product formation,
meaning that “old”” CO,4) primarily transforms backward
after an isotopic switch. This allows use of the simplified
treatment described above. Deconvolution of the tran-
sients to detect surface heterogeneity or multiple pools
(28, 29) of intermediates was not attempted.

The following relations and definitions are used (22):

_ N _N/N,_ 6,
" R, R/N, TOF’

7

where

7, = residence time of reaction intermediates leading to
product i {s]

N; = number of reaction intermediates leading to prod-
uct {

R; = rate of i formation [molecules/s]

N, = number of surface atoms

6; = fractional coverage of reaction intermediates lead-
ing to i

TOF = apparent turnover frequency = R,/N;

1/7; = average intrinsic (true) turnover frequency [s7'].

The residence time, 7, is determined directly as the area
between the CH, transient and the inert tracer transient
(Ar or Kr), after correction for the chromatographic effect
on CO (22, 27). The chromatographic effect was used to
determine the amount of CO adsorbed under reaction and
nonreactive conditions. In the latter case, freshly reduced
catalysts were cooled in flowing H, to 373 K and then
exposed to the same reaction mixture as in the CO hydro-
genation experiments described above. By switching be-
tween Ar/Hy/'?CO and Ki1/H,/"*CO and following the tran-
sients of Ar, Kr, '2CO, and "*CQO, the amount of CO
adsorbed at these conditions can be determined. The
amount of CO adsorbed (N¢o) is given as

Nco = (area between CO transient and inert)
- (exit CO flow rate).

3. RESULTS AND DISCUSSION
3.1. Catalyst Characterization

3.1.1. Reducibility and distribution of cobalt oxide
phases. Temperature-programmed reduction has been
widely used for characterizing supported cobalt catalysts
(30-32). The interpretation of the TPR results will there-
fore to some extent be based on published literature on
this subject. In general, all TPR experiments resulted in a
total H; consumption close to values corresponding to
100% reduction of cobalt oxide. The TPR results can there-
fore also be interpreted quantitatively as estimates of the
distribution of various cobalt oxide phases. TPR profiles
of the catalysts are shown in Fig. 1. For (unpromoted) Co/
Al O3, the major peaks are found at 650 and 990 K, and
a poorly defined broader peak is seen around 1200 K (maxi-
mum temperature). The small shoulder at 560 K is caused
by decomposition of residual cobalt nitrate on the catalyst.
The magnitude of this shoulder peak has been shown to
depend strongly on calcination conditions (30, 33, 34).
There is also a weak shoulder at about 850 K. The TPR
of the (unpromoted) Co/SiO, catalyst shows only a pair
of peaks at 600 and 670 K, no high-temperature peaks,
and no residual nitrate peak, indicating that the nitrate is
more easily decomposed on the silica support. This differ-
ence could be due to a stabilization of the nitrate on the
AL O; support.

From comparison with previous studies and TPR of bulk
Co;0, powder (Fig. 1), the peaks at 600-670 K on (unpro-
moted) Co/AlL,O; and Co/SiO, have been identified as
relatively large, crystalline Co;0O, particles, behaving simi-
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FIG. 1. TPR of supported cobalt catalysts and bulk Co,04. Condi-

tions as described in the text. On reaching 1203 K, the temperature was
maintained for approximately 30 min. The portion of the curves above
1203 K signifies the consumption with time at 1203 K.

larly to bulk Co;0,. This is also confirmed by the fact that
in the calcined (unreduced) catalysts, Co;0, is the only
cobalt phase detected by XRD. It has been shown that the
two-step reduction of Co;04 (via CoO) to cobalt metal
can be seen either as a single peak or two resolved peaks
in TPR (30, 32, 34). Unlike Co/AL,O;, the Co/SiO, catalyst
shows two low temperature peaks (at 600 and 670 K), and
the 1:3 H, consumption ratio for these two peaks (as
predicted from the Co30,4 reduction stoichiometry) indi-
cates that the two reduction steps are resolved in this case.

The high temperature peak (=1200 K) on Co/Al,O; is
frequently reported for alumina-supported cobalt catalysts
(30, 31) and is usually assigned to a cobalt-aluminum oxide
compound, similar to cobalt aluminate (CoAl,Q,). The
formation of this compound is a result of solid-state reac-
tions with cobalt ions diffusing into the alumina lattice.
The amount of this phase has been reported to be mainly
a function of the calcination conditions and is favored by
increasing calcination temperatures (30). Under the
calcination conditions used in the present study, only a
small amount of CoAl,O, (or a similar compound) is ap-
parently formed, and CoAl; O, is not detected by XRD,
as a result of either the low concentration or the lack of
long-range ordering.

The peak at 990 K with the shoulder at 850 K observed
on Co/Al,Q; is very important and seems to be a unique

feature of the cobalt—-alumina system. In the literature, the
cobalt oxide phase giving rise to TPR peaks between 800
and 1000 K has been described as disordered, X-ray amor-
phous surface overlayers of Co oxide (30, 31). This phase
is assumed to be highly dispersed and interacts strongly
with the alumina support. The reducibility is intermediate
between the larger discrete Co;0, particles (at 650 K) and
the CoAlLOy-like compound (at =1200 K). Unlike the
latter, the overlayer phase contains a significant fraction
of the total amount of cobalt in the Co/AlLQO; catalyst
(40-50%, estimated from peak areas).

The TPR profiles of the Pt-promoted catalysts are clearly
different from the profiles of unpromoted catalysts, in par-
ticular for the alumina-supported catalyst. The main pat-
tern with two major peaks is still observed, but the peaks
have shifted to lower temperatures by more than 100 K
in the case of cobalt on alumina. There is also a third,
smaller but clearly resolved peak between the main peaks,
possibly corresponding to the low-temperature shoulder
on the 990 K peak for Co/AlLO; catalyst. This peak could
correspond to an intermediate phase. A range of TPR
peaks with different reducibilities due to different degrees
of interaction with the surface has been proposed for un-
promoted Co/Al,O; (30), and a similar range could be
expected with Pt present. On the silica-supported catalyst,
which was quite easily reduced also without Pt, the shift
in reduction temperatures is smaller for the second peak,
presumably representing the reduction of Co** ions to co-
balt metal. The first peak, assumed to arise from the reduc-
tion of Co®* to Co?*, is shifted from 600 K to 420-450 K.
It should be noted that a separate peak for the reduction
of Pt oxide is generally not observed (34). This is due to the
high Co/Pt atomic ratio (=75) in these catalysts, leading to
a very small hydrogen consumption for Pt—oxide reduction
compared to the reduction of Co-oxides.

The relative distribution of cobalt oxide in various
phases is known to change with preparation and pretreat-
ment conditions (30, 35), but does not seem to be strongly
influenced by Pt. The TPR peaks below 700 K (crystalline
Co,0, particles) and 800-1000 K (overlayer phase) each
represented 40-50% of the total H, consumption in the
case of Co/ALO; and CoPt/AL,O;. The position of the
cobalt aluminate peak (=1200 K) was not shifted as a
result of the presence of Pt. The amount of cobalt alumi-
nate seemed to decrease slightly compared to the Co/
ALO;, but was estimated to represent less than 10% of
the total amount of cobalt in both cases.

For Co/SiO, and CoPt/SiO;, all reduction peaks are
located below 700 K, and the cobalt is assumed to be
present mainly as Co;0, particles.

These TPR results show clearly that Pt is promoting
the reduction of cobalt oxide. Similar results have been
reported for CoPt/ALO; (2), CoRh/ALO; (36), Colr/
AlLO; (20), CoRu/Ce0;, (37), CoRu/TiO, and CoRu/SiQ,
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FIG. 2. TPR of prereduced alumina-supported cobalt catalysts (623 K, 16 h) (solid lines). Original TPR of calcined catalysts shown as dotted
lines. On reaching 1203 K (1123 K for the reduced Co/Al,O), the temperature was maintained for approximately 30 min. The portion of the curves
above 1203 K (1123 K) signifies the consumption with time at 1203 K (1123 K): (a) Co/AL,O; and (b) CoPt/Al,O;.

(38), and CoRe/Al,O; (33, 34). However, the mechanism
for this promoting effect is not clear and our study does
not give any direct answer to this. A hydrogen spillover
effect from Pt to Co is possible, or a more direct interaction
between Pt and Co in the form of a Co-Pt interface or
bimetallic CoPt particles is possible. If some kind of direct
physical contact between cobalt and Pt is necessary for
promoting the reduction of cobalt oxides, the small peak at
690 K for CoPt/Al,05 can be explained as some remaining
cobalt oxide (Co3;04) not influenced by Pt.

3.1.2. State of reduction after standard pretreatment.
The high-temperature TPR measurements do not give ex-
act information on the extent of reduction after the stan-
dard reduction pretreatment used before chemisorption
and kinetic experiments. Instead, we have measured this
in two different ways; namely, by a modified TPR tech-
nique and by reoxidizing reduced samples. The latter
method has been widely used for cobalt catalysts (25). The
modified TPR consists of a reduction in pure H; (1 atm,
623 K, 16 h), followed by a standard TPR to 1203 K. This
method has the advantage of showing both the amount
and the identity of unreduced cobalt phases, by comparison
with the original TPR measurement of unreduced catalysts.

The results are shown in Fig. 2 for cobalt supported on
Al O;. In the case of the unpromoted Co/AlLO;, the low-
temperature peak from the original TPR has disappeared
completely in the “new” TPR of the prereduced catalyst.
It is recalled that this peak is assumed to represent the
discrete, crystalline Co,0, particles. The peaks located at
>700 K are still present, although somewhat broader and
shifted to lower temperatures. As mentioned before, these

have been identified as surface and subsurface cobalt ox-
ides that interact strongly with the alumina support. The
hydrogen consumption in the remaining peaks corresponds
to roughly 50% of the total hydrogen consumption in the
original TPR. This is close to the fraction of cobalt esti-
mated to be present as surface and subsurface cobalt oxides
from the standard TPR measurements.

The influence of Pt is clearly demonstrated in Fig. 2b
for the Co-Pt/Al,O; catalyst. In this case both the low-
temperature and the high-temperature peaks are almost
completely absent in the “new” TPR of the prereduced
catalyst, leaving only a small contribution between 700 and
1200 K. Due to the broadness of this peak and a slightly
drifting baseline, the H, consumption can only be deter-
mined with some difficulty, but is estimated to be =10%
of the total H, consumed in the original TPR.

The TPR observations are supported quantitatively by
measuring the extent of reduction by reoxidizing reduced
samples in oxygen (Table 1). The extent of reduction is in
fair agreement with the values estimated by TPR for the
two Al,O;-supported catalysts.

Both the unpromoted and the Pt-promoted Co/SiO, cat-
alysts show high extents of reduction, as expected from
the lack of noticeable H, consumption above =700 K in
TPR (Fig. 1).

From these observations it is concluded that under the
reduction conditions used in this study, only the crystalline
Co;0, particles are reduced on the unpromoted Co/Al, O,
catalyst, corresponding to approximately 50% of the total
amount of cobalt present. The distribution of phases is not
changed on the Co-Pt/Al,O; (relative to the unpromoted
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TABLE 1

Characterization Results

Extent of Particle Dispersion Dispersion
reduction® size’ (H; ads.Y (XRD)#
Catalyst (%) H,y: Co® Hags : Co® CO: Co? (nm) (%) (%)
9.0Co/AlLG, 48 0.033 — 0.013 13.7 (7.6) 6.8 9.4 (16.8)
9.2C00.4Pt/ Al;0; 77 0.089 0.077 0.044 144 (6.0) 11.5 8.9 (21.4)
(0.098)"
8.9Co/Si0, 90 0.068 — 0.029 19.6 (10.1) 7.5 6.5 (12.6)
8.7C00.4Pt/Si0O, 92 0.089 0.075 0.052 17.1 (8.6) 9.6 7.5 (15.0)

“ Determined by reoxidation in O, at 673 K (pulse method), assuming 3Co + 20, — Co,0,.

® Total H; chemisorption (mol H/mol Co) at 298 K, assuming adsorption only on Co atoms.

< As Footnote b, assuming 100% Pt dispersion and adsorption on Co and Pt atoms.

4 From CO/"CO transients at 373 K (mol CO/mol Co), assuming adsorption only on Co atoms.

¢ From XRD line broadening. Determined for calcined (unreduced) catalysts. (Results for reduced and subsequently reoxidized catalysts (air, 468 K) given

in parentheses.)

Cobalt metal dispersion, given as (H, : Co)/(fraction reduced), assuming adsorption on Co only.

# Calculated from the average particle size of C0,0, as D(%) = 96/(0.75dc.;4) (d = nm) (see Experimental). Determined for caicined (unreduced) catalysts.
(Results for reduced and subsequently reoxidized catalysts (air, 468 K) given in parentheses.)

" Measured after reduction at 623 K, reoxidation in air at 468 K and reduction at 623 K.

catalyst), but in this case the more highly dispersed overlay-
ers of cobalt oxide are also almost completely reduced
under the conditions used. The cobalt—aluminate-like com-
pound (represented by the peak at =1200 K) does not
seem to be significantly influenced by Pt.

The reason for the shift in the position of the peak
representing the remaining oxide in the TPR of the prere-
duced Co/AlLO; (from 990 K in the original TPR to 890
K for the prereduced catalyst) is not clear. One possibility
is that the amount of Co** in the overlayer phase has
increased relative to Co®* as a result of the prereduction
treatment. The relative population of Co?*/Co** has been
reported to be sensitive to pretreatment conditions (30),
but it is not obvious that this should lead to a lower reduc-
tion temperature. A more likely mechanism may be a pro-
motion of the reduction of the overlayer phase by metallic
cobalt particles already present initially from the reduction
of Co;0y particles. This may be analogous in principle to
the observed promotion by Pt of the reduction of cobalt
oxides.

3.1.3. Dispersion and particle size. As shown in Table
1, the apparent dispersion measured by H, or CO chemi-
sorption is also strongly influenced by the presence of Pt,
but the magnitude of the effect depends on the support.
For cobait supported on alumina, the hydrogen uptake is
almost tripled as a result of the addition of Pt, whereas a
much less pronounced effect of Pt is seen for cobalt on
silica. An almost identical trend is shown for CO chemi-
sorption, but the amount of CO adsorbed is always less
than for hydrogen by a factor of approximately 2.

XRD line broadening analysis showed significantly
larger particle sizes for calcined (unreduced) catalysts than

for catalysts that had undergone reduction and reoxidation
(see Experimental). The calcined (unreduced) catalysts all
showed Co;0, average particle sizes in the range 14-20
nm and with no consistent decreasing trend in particle
size for Pt-promoted catalysts. In general, the reduced and
reoxidized catalysts had roughly half of the average particle
sizes of the calcined catalysts. The results indicated slightly
smaller particles for the ALO;-supported catalysts than
for their SiO,-supported analogues. Reduced-reoxidized
Pt-promoted catalysts showed =20% smaller particles
than the unpromoted catalysts for both supports.

In the interpretation of the XRD and chemisorption
results, the state of reduction of the catalysts and the ability
of XRD to detect various cobalt phases must be consid-
ered, as well as the possibility of adsorption on Pt itself.
One obvious difficulty is to account for an unknown quan-
tity of H, (or CO) adsorbed on “‘free” Pt. A reliable way
of determining adsorption on Co and Pt separately is not
easily available. At present, we have chosen to report ad-
sorbed amounts as if all H, or CO were adsorbed on Co.
The other extreme situation would be the case of Pt ex-
isting exclusively as free Pt particles with 100% Pt disper-
sion. Even in this case, the H,4: Co ratio would only de-
crease from 0.089 to 0.077 and 0.07S for Co-Pt/Al,O; and
Co-Pt/SiO,, respectively (Table 1). In the present case of
coimpregnation with Co and under pretreatment condi-
tions not optimized for maximum Pt dispersion, 100% Pt
dispersion seems extremely unlikely. Consequently, the
conclusion remains that the increase in the amount of H,
or CO adsorbed is caused mainly by increased adsorption
on cobalt.

The H,gs: CO,q4, ratio >1 observed in the present study
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may to some extent be caused by a less than monolayer
coverage of CO at the low partial pressure of CO (=50
Torr) used in the SSITKA experiments under nonreactive
conditions (see Experimental). In general, H,y,: CO,q, ra-
tios >1 as well as <1 have been reported on cobalt cata-
lysts, and this ratio has been shown to be sensitive to
the dispersion, the extent of reduction, and metal-support
interactions (39). The calculations of the fraction of ex-
posed metallic cobalt surface are based on the H, adsorp-
tion data, a widely accepted method with good agreement
with physical methods (XRD,TEM) (3, 26).

In order to calculate the dispersion of the metal phase
from chemisorption, it is necessary to multiply the metal
loading by the extent of reduction, as outlined by Bartholo-
mew and co-workers (40, 41). This procedure is based
on the assumption that unreduced cobalt is present in a
separate dispersed phase. The resulting increase in metal
dispersion for Co/Al,O; as a result of Pt addition is still
significant (Table 1). In the case of Co/SiO, and Co-Pt/
SiO,, both catalysts are almost completely reduced and
the correction for the extent of reduction does not make
any difference.

The large deviation between dispersions measured by
H, chemisorption on reduced catalysts and XRD on re-
duced-oxidized catalysts is probably caused by a redisper-
sion effect resulting from large cobalt particles breaking
up into smaller ones during oxidation, as reported for Co/
Si0; catalysts by Castner et al. (42). This increase in disper-
sion is probably to some extent lost after a second reduction
of a reduced-oxidized catalyst. This is clearly shown by
the moderate (=10%) increase in H,q4,: Co on a reduced—
oxidized—-reduced Co-Pt/Al,O; catalyst, compared to the
more than twofold decrease in particle size (XRD) from
the calcined to the reduced-oxidized catalyst (Table 1).
Particle sizes measured on reduced-oxidized catalysts are
therefore not considered to be representative of reduced
catalysts, although qualitatively the same trend is followed
for dispersions calculated from chemisorption and XRD.
The results reported by Lee et al. on Co/AlO; catalysts
(43) also indicate that the dispersion is largely fixed after
the calcination step.

There is reasonable agreement between the dispersions
calculated from XRD on calcined samples and from H,
chemisorption for both of the SiO,-supported catalysts.
"This confirms the conclusion from TPR that these catalysts
mainly contain crystalline Co;O, particles. The dispersion
does not seem to change as a result of the reduction.

On the unpromoted Co/Al,O; catalyst, the dispersion
calculated from XRD is slightly higher than that measured
by H, chemisorption. This may indicate that XRD, in addi-
tion to the main contribution from large and relatively
easily reducible Co;0, particles, detects a small fraction
of the highly dispersed, unreduced surface oxides. The
reverse situation is observed for CoPt/Al,O;, with H, che-

TABLE 2
Steady-State Kinetic Data

Hydrocarbon
Selectivity® (%)
Teo” TOFco"

Catalyst (umol/(gc, - ) (s'h CH, C,-C, C..
9.0Co/ALO, 4.1 0.0074 66 34 -
9.2Co00.4Pt/Al,O; 22.7 0.0151 67 33 e
8.9Co/Si0, 7.2 0.0063 62 38 —
8.7Co0.4P1/SiO, 21.0 0.0140 68 32 —

Note. T = 483 K, P = 1 bar, Hy/CO = 7.3, 44% inert (Ar), 10-20% CO
conversion (after 3-6 h of reaction).

* CO conversion rate,

® CO molecules converted/(H,g, 205k - 8).

¢ Carbon selectivity (CO, was not detected).

misorption showing a 70% increase in dispersion compared
to the unpromoted catalyst, while XRD of the calcined
samples showed approximately constant dispersion for Co/
Al,O; and Co-Pt/AlL,O5. This again confirms the conclu-
sions from TPR that the presence of Pt facilitates the reduc-
tion of the highly dispersed and (largely) X-ray amorphous
surface cobalt oxides. The increased dispersion measured
by H; chemisorption on the Co-Pt/Al,O; catalyst is there-
fore a result of averaging the dispersion of two different
cobalt phases. In contrast, XRD detects mainly the large,
crystalline Co;0, particles present on both Al,O;-sup-
ported catalysts. Since the increase in H,4: Co as a result
of Pt addition on the Al,Os-supported catalyst is far larger
than the increase in extent of reduction, this confirms that
the dispersion of the overlayer phase is higher than that
for the crystalline Co;Oy particles.

On the SiO;-supported catalysts, the effect of Pt on
cobalt metal dispersion is small and of the same magnitude
as measured by XRD on calcined samples. The possibility
of Pt acting as a dispersion improver without influencing
the final state of reduction on SiO,-supported catalysts
should therefore not be overlooked. Alternatively, the ef-
fect of Pt on the dispersion measured by H, or CO chemi-
sorption on reduced catalysts may be a result of the down-
shift in Co;0, reduction temperatures shown by TPR. This
may lead to a more “‘gentle” reduction process with a
smaller tendency to particle agglomeration.

3.2. Kinetics

The catalytic effect of Pt addition is shown in Table 2.
Based on the weight of cobalt, the Pt-promoted catalysts
are 3-5 times more active than their unpromoted ana-
logues and the effect is most pronounced for the alumina-
supported catalyst. Among the unpromoted catalysts, the
Co/Si0; catalyst is almost twice as active as the Co/ALO;.
For the promoted catalysts the situation is reversed, with
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Co-Pt/Al,O; showing slightly higher activity than Co-Pt/
Si0;. The operating conditions (low pressure, high H,/CO
ratio) favor light hydrocarbon formation even at the low
temperature used (483 K), and the differences in selectivity
between all four catalysts are very small, with 60-70%
methane selectivity in all cases.

A plot of the reaction rate (based on the weight of metal)
as a function of the amount of hydrogen or CO adsorbed
shows that although the reaction rate in general increases
with the amount chemisorbed, there is not a perfect straight
line relationship (Fig. 3). A straight line through the origin
is expected if the turnover number is constant for all the
catalysts, provided that H,4: Co or CO,q,: Co determines
the number of active sites correctly. (The turnover number
would then be proportional to the slope of the line.) The
apparent turnover numbers, as calculated from steady state
rate data and H, chemisorption, are nearly independent of
the support but increase by a factor of =2 for Pt-containing
catalysts compared to the unpromoted catalysts (Table 2).

In many reactions involving hydrocarbons or CQ, it has
been shown that the catalyst surface is largely covered by
unreactive material and the reaction is actually occurring
on only a small fraction of the total surface. In such cases
apparent turnover numbers (based on total exposed sur-
face) do not reflect the true rate of the catalytic event. In
addition, low pressure conditions, and in particular high
H,/CO ratios, may lead to significant variations in the
surface coverage of reactants and intermediates for differ-
ent catalysts. At higher pressures and conversions it has
been shown that apparent turnover numbers on cobalt
catalysts are independent of the support (3), but are in-
creased by addition of a small amount of Ru (38). In the

latter case, the effect was attributed to inhibited deactiva-
tion as a result of the *‘cleaning effect” of Ru, leading to a
larger active cobalt surface area under reaction conditions.

In order to decouple the effects of intrinsic turnover fre-
quency and surface coverage on the overall (or apparent)
turnover frequency, we studied the methanation kinetics by
SSITKA. Examples of transients are given in Fig. 4, and the
results are summarized in Table 3 and Fig. 5. It is evident
from Fig. 5 that the increase in apparent turnover number
for Pt-promoted catalysts is accompanied by a similar in-
crease in the coverage of reactive surface intermediates
leading to CH, (denoted 6y ). This is a result of the essen-
tially constant residence times (7= 105s) for all the catalysts,
measured directly by SSITKA. It can be concluded from this
that the increased apparent turnover numbers for the Pt-
promoted catalysts are caused by coverage effects and not
by increased intrinsic reactivity. The true turnover fre-
quency, as given by 1/7, is close to 0.1 s™! in all four cases,
which is similar to 0.10-0.12 s™! measured for bulk Co pow-
der by SSITKA at 488 K, 3 bar total pressure, and H,/CO
=5 (22). This, together with the insignificant differences in
selectivity, indicates that the basic CO hydrogenation catal-
ysis is not influenced by the support or the presence of Pt in
the systems investigated here.

The coverage of reaction intermediates leading to CH,4
(Bcw ) i1s low in all cases, corresponding to 5-10% of the
available surface (measured by H, chemisorption). The
chromatographic effect indicates a 25-40% coverage of ad-
sorbed CO, and with no particular trend for the promoted/
unpromoted catalysts. The total coverage of surface species
detected, 6co + Ocp . is <1.01in all cases. It is difficult to say
whether this indicates a large number of unoccupied sites
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or if the surface is blocked by some other unreactive com-
pound. Onthe other hand, if the surface coverages are calcu-
lated from CO chemisorption under nonreactive conditions
(instead of H, chemisorption), the surface coverages under
reactive conditions account for 70-100% of the CO-ad-
sorbing surface. It is possible that CO chemisorption at 373
K is a more realistic measure of the number of surface sites
involved in the Fischer-Tropsch or methanation reaction.
It has been shown that certain CO adsorption sites are the
sites active for the main CO hydrogenation pathway on co-
balt catalysts (44).

Although this study has concentrated on the kinetics for
methane formation, it is believed that the same conclusions
are generally true also for Fischer-Tropsch synthesis. At
the low reaction temperature used (483 K), the selectivity
can be varied from almost only methane to high Cs. selec-
tivity in a controlled way by adjusting the H,/CO ratio,

even at atmospheric pressure. There is increasing

agreement that methane and higher hydrocarbons are
formed from a common reaction intermediate, and pro-
moters like Pt would be expected to act similarly in both
cases. However, since we have shown that part of the
promoter effect is linked to differences in coverage under
working conditions, it is also possible that the magnitude
of the effects can change with increasing total pressure and
decreasing H,/CO ratio.

4. CONCLUSIONS

The addition of Pt significantly increases the CO hydro-
genation rate (based on weight of Co) of Co catalysts
supported on Al;O5 or SiO,. The increased rates are caused
by: (i) increased reducibility; (ii) increased dispersion of
reduced Co particles; (iii) increased coverage of reaction
intermediates.

The increased extent of reduction as a result of Pt pro-

TABLE 3

Kinetic Parameters Calculated from SSITKA

ren, 10°
(mol/ TOF(‘HJI I /T(‘Hx o’ GL‘H.2 Oco’ 9(‘H"
Catalyst (molg, - 8)) (s h (s (H:Co) (H:Co) (CO:Co) (CO:Co)
9.0Co/AlLLO; 16 0.005 0.10 025 0.05 0.63 0.12
9.2C00.4Pt/AL,O, 90 0.010 0.10 0.31 0.10 0.63 0.20
8.9Co/8i0, 27 0.004 0.08 0.38 0.05 0.89 0.12
8.7C00.4P1/5i0, 33 0.009 0.10 0.32 0.09 0.55 0.16

Note. T = 483 K, P = 1 bar, Hy/CO = 7.3, 44% inert (Ar), 10-20% CO Conversion (after 3-6 h

of Reaction).

! CH; molecules formed (Hiy, vk - 8).

* Surface coverage: 6, = N,/H, s - N, ({ = CH,, CO) determined by SSITKA under reaction conditions.
* Surface coverage: 8, = N,/CO,y, 315 - N, (i = CH,, CO) determined by SSITKA under reaction conditions.
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motion is the main reason for the observed effect on Al,O;-
supported catalysts. The highly dispersed, but difficult to
reduce, surface cobalt oxide phase is almost completely
reduced in Co-Pt/Al;O, whereas only the larger Co;04
particles are reduced on Co/AlL,O;. An increase in the
dispersion of metallic cobalt on Co-Pt/Al,O; compared
to monometallic Co/ Al,O, is observed as a result of averag-
ing the dispersion of two cobalt phases of different disper-
sions. On SiO, -supported catalysts, the presence of Pt does
not influence the final extent of reduction and gives only
a moderate increase in cobalt dispersion.

Steady-state and transient kinetic experiments indicate
constant intrinsic turnover frequency for CO hydrogena-
tion on these catalysts, independent of the type of support
and the presence of Pt.
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