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In supported cobalt catalysts, the formation of cobalt-support
compounds can result in lower activity of the catalysts. It has been
found that water vapor present during standard reduction affects
the degree of reducibility of cobalt in CoRu/γ -Al2O3. In this study,
the impact of water vapor on the formation of Co-support com-
pounds and the resulting characteristics of Co/γ -Al2O3 and Co-
Ru/γ -Al2O3 catalysts were investigated to develop a better under-
standing of the nature of the Co-support compounds formed and the
effect of noble metal promotion on their formation. The Co catalysts
were reduced under differential conditions with and without added
water vapor and then characterized. Co-support compound forma-
tion could not be detected by X-ray diffraction; however, Raman
spectroscopy gave useful information about the Co “aluminate”
formed. Temperature-programmed reduction indicated that the de-
gree of reduction of the catalyst samples was lower when addi-
tional water vapor was introduced during reduction, but to a lesser
degree when the Ru promoter was present. The Raman spectro-
scopic results suggest that the Co aluminate formed is not identical
to CoAl2O4 (spinel) but is probably a surface compound deficient in
Co. This compound formation is a major cause for differences seen
in the degree of reducibility of Co/alumina catalysts after initial
reduction, hydrogen chemisorption capacity, and Fischer–Tropsch
synthesis activity. c© 2001 Academic Press
1. INTRODUCTION

The Fischer–Tropsch (F–T) synthesis provides a means
of converting coal and natural gas to petrochemicals and
liquid transportation fuels. Supported cobalt (Co) catalysts
are the preferred catalysts for F–T synthesis based on natu-
ral gas because of their high F–T activity (1), high selectivity
for linear hydrocarbons, low activity for the water gas shift
reaction (2, 3), and lower cost compared to Ru (4). How-
ever, compound formation between cobalt metal and the
support can occur under pretreatment and/or reaction con-
ditions (5–7), leading to irreversible catalyst deactivation.

The effects of noble metal promoters such as Ru (8–10),
Rh (11, 12), and Pt (13) on cobalt-based catalysts have been
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investigated. It has been proposed that these metal promot-
ers can increase the reducibility and dispersion of Co (8,
13–15), preserve the activity by preventing the formation
of coke (16), exhibit cluster and ligand effects (17), and act
as a source for hydrogen spillover (4).

In a previous temperature-programmed reduction (TPR)
study reported from our laboratory, Zhang et al. (7) inves-
tigated the reducibility of CoRu/γ -Al2O3 during standard
reduction and during TPR in the presence of added wa-
ter vapor. It was confirmed that water has a significant ef-
fect on the reduction behavior of CoRu/γ -Al2O3. It was
suggested that water vapor present during standard reduc-
tion leads to a decrease in the degree of reduction of the
cobalt in two possible ways: (i) inhibition of the reduction of
well-dispersed CoO interacting with the alumina support,
possibly by increasing the cobalt–alumina interaction, and
(ii) facilitation of the migration of cobalt ions into proba-
ble tetrahedral sites of γ -Al2O3 to form a nonreducible (at
temperatures <900◦C) spinel. This irreversible compound
formation results in a decrease in the amount of reducible
cobalt metal atoms using conventional reduction proce-
dures. Although the effect of water vapor on reducibility
during standard reduction and TPR was studied, the nature
of the Co-support compounds formed were not identified
due to the limitations of the experimental techniques used.

It is known that water vapor is a by-product of metal cata-
lyst reduction. In a laboratory, the amount of water can be
minimized; but during reduction of the catalyst on an indus-
trial scale, this is more difficult. Thus, we need to understand
the impact of water on cobalt-support compound formation
and how it can be minimized during catalyst reduction and
subsequent reaction.

The nature of Co-support compound formation and its
effect on the characteristics of the catalysts were the fo-
cus of the present research. It is very important to fully
understand the impact of water vapor on the formation of
Co-support compounds and their nature in order to de-
velop a strategy to minimize their formation. The main ob-
jectives of this study were to develop further knowledge
about Co-support compound formation during reduction,
to better identify the compounds formed, and to investigate
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the effect of noble metal (Ru) promotion on Co-support
compound formation. In the present study, Co/γ -Al2O3

and CoRu/γ -Al2O3 catalysts were pretreated under various
conditions and were then characterized using Brunauer–
Emmett–Teller (BET), X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), Raman spectroscopy, TPR, and H2

chemisorption.

2. EXPERIMENTAL

2.1. Catalyst Preparation

2.1.1. Co/γ -Al2O3. The Co/γ -Al2O3 catalyst was pre-
pared using the incipient wetness impregnation of γ -Al2O3.
The support precursor (Al2O3, Vista B) was first calcined at
500◦C for 10 h before impregnation in order to put it in the
form of γ -Al2O3 having a specific surface area of 209 m2/g
and an average particle size ca. 60 µm. Cobalt nitrate
(Co(NO3)2 · 6H2O) was dissolved in deionized water and
impregnated into the support using incipient wetness to
give a final reduced catalyst with 20 wt% cobalt. The cata-
lyst was dried at 110◦C for 12 h and calcined in air at 300◦C
for 2 h.

2.1.2. CoRu/γ -Al2O3. The CoRu/γ -Al2O3 catalyst was
also prepared by the incipient wetness coimpregnation
method. The same γ -Al2O3 support as mentioned before
was used. Cobalt nitrate and ruthenium(III) nitrosyl nitrate
(Ru(NO)(NO3)3) were dissolved in deionized water and
coimpregnated into the support to produce a reduced cata-
lyst with 20 wt% cobalt and 0.5 wt% ruthenium. The catalyst
was also dried at 110◦C for 12 h and calcined in air at 300◦C
for 2 h.

2.1.3. CoAl2O4 (spinel), CoO, and Co3O4 (spinel). In
order to identify the Raman bands and XRD peaks of the
samples, cobalt aluminate (spinel) [98% CoAl2O4, 39–41%
Co], cobalt(II) oxide [95% CoO] from Alfa Aesar, and
cobalt(II, III) oxide [99.5% Co3O4] from Strem Chemicals,
Inc., were used as reference materials.

2.2. Catalyst Pretreatment

The catalysts were characterized following three pre-
treatments. These were as follows:

(i) after the original calcination step;
(ii) after standard reduction of the calcined catalysts in

a high space velocity (16,000 h−1) of H2 at 350◦C for 10 h
and passivation with an O2/He (5.20% of O2) mixture at
room temperature for 2 h;

(iii) after standard reduction of the calcined catalysts in
a high space velocity (16,000 h−1) of H2 with 3% added
water vapor at 350◦C for 10 h followed by passivation with
an O /He (5.20% of O ) mixture at room temperature for
2 2

2 h.
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While the concentration of water vapor during reduction
without added water vapor was certainly not zero, it was
very low due to the high space velocity used.

2.3. Catalyst Nomenclature

The following nomenclature was used for samples in this
study. C is the calcined catalyst samples, RP is the reduced
and passivated catalyst samples, and RWP is the catalyst
samples reduced in H2 with 3% added H2O vapor and then
passivated.

2.4. Catalyst Characterization

2.4.1. BET surface area. BET surface area measure-
ments were performed to determine if the total surface area
changes following different pretreatment conditions. The
surface area was determined using N2 adsorption at 77 K
in a Micromeritics ASAP 2010.

2.4.2. X-ray powder diffraction. XRD was performed
to determine the bulk crystalline phases of the catalysts
following different pretreatment conditions. X-ray pow-
der diffraction patterns of samples were collected using a
Philips X’pert X-ray diffractometer with monochromatized
CuKα radiation (λ = 1.54439 Å). The spectra were scanned
at a rate of 2.4 degree/min in the range 2θ = 20–80 degrees.

2.4.3. Raman spectroscopy. The Raman spectra of the
samples were collected by projecting a continuous wave
laser of argon ion (Ar+) green (514.532 nm) through the
samples exposed to air at room temperature. A scanning
range between 0 and 1000 cm−1 with a resolution of 2 cm−1

was applied. The data were analyzed using the Renishaw
WiRE (Windows-based Raman Environment) software,
which allows Raman spectra to be captured, calibrated, and
analyzed using system 2000 functionality via the Galactic
GRAMS interface with global imaging capacity.

2.4.4. Scanning electron microscopy and energy-
dispersive X-ray spectroscopy. Particle microstructure
and elemental distribution were determined using SEM
and EDX, respectively. SEM and EDX analysis were
performed using a Philips XL30 FEG electron microscope.
SEM micrographs were further analyzed using Scion Beta 2
image analysis software for determination of areas and
perimeters of particle projections. Elemental distribution
data were further analyzed using EDAX software.

2.4.5. Hydrogen chemisorption. Static H2 chemisorp-
tion at 100◦C on the reduced cobalt catalysts (re-reduced at
350◦C) was used to determine the number of reduced sur-
face cobalt metal atoms. This is related to the overall activ-
ity of the catalysts during Fischer–Tropsch Synthesis (FTS).
Gas volumetric chemisorption at 100◦C was performed us-
ing the method described by Reuel and Bartholomew [18].
2010 using ASAP 2010C V3.00 software.
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2.4.6. Temperature programmed reduction. TPR was
performed to determine the reducibilities of the catalyst
samples. TPR was carried out in an Altamira AMI-1 sys-
tem. It was conducted using 50 mg of catalyst and a tem-
perature ramp from 30 to 900◦C at 5◦C/min. The carrier gas
was 5% H2 in Ar. A cold trap (−70◦C) was placed before
the detector to remove water produced during the reaction.
A thermal conductivity detector was used to determine the
amount of hydrogen consumed. The hydrogen consump-
tion was calibrated using TPR of silver oxide (Ag2O) at the
same conditions. The RP and RWP catalyst samples were
recalcined at the original calcination conditions before per-
forming TPR.

2.5. Reaction

FTS was carried out at 220◦C and 1 atm total pressure.
A flow rate of H2/CO/Ar= 60/30/10 cm3/min in a fixed-bed
reactor under differential conditions was used. Thermocou-
ples at the top and the bottom of the catalyst bed assured
precise temperature control during pretreatment and reac-
tion. Typically, 0.2 g of the pretreated catalyst sample was
re-reduced in situ in flowing H2 (50 cc/min) at 350◦C for
10 h prior to FTS. In order to avoid exotherms and hot
spots that lead to rapid catalyst deactivation, the reaction
was initiated in a controlled manner by gradually increasing
the reactant concentrations over a period of 2 h. After the
start-up, samples were taken at 3-h intervals and analyzed
by gas chromatography. Steady state was reached after 24 h
in all cases.

3. RESULTS

3.1. BET Surface Area

BET surface areas of the Co catalysts after various pre-
treatments were all slightly less than that of the alumina
support (209 m2/g). Since all the surface areas of the cata-
lyst samples in this study ranged between 171 and 188 m2/g,
there was no significant change in surface areas after the
various pretreatments within experimental error.

3.2. X-ray Diffraction

XRD patterns of the Co and CoRu catalysts follow-
ing different pretreatment conditions are shown in Fig. 1.
The calcined samples of Co-C and CoRu-C had identical
XRD patterns. The diffraction peaks at 31.3◦, 36.8◦, 59.4◦,
and 65.4◦ are those of Co3O4. The XRD patterns of reduced
and passivated samples of Co-RP, Co-RWP, CoRu-RP, and
CoRu-RWP were also essentially identical. The diffraction
peaks at 42.6◦ and 61.8◦ in both catalyst series were due to
CoO. No peaks for Co metal were seen in any of the XRD
patterns due to overlap with those for γ -Al2O3. For refer-

ence, XRD of the alumina support, CoO, CoAl2O4 (spinel),
and Co3O4 (spinel) was carried out, and their XRD patterns
NOT, AND GOODWIN

FIG. 1. XRD patterns of γ -Al2O3, CoO, Co3O4 (spinel), CoAl2O4

(spinel), Co/γ -Al2O3, and CoRu/γ -Al2O3 after different pretreatments.

are also shown in Fig. 1. No peaks for CoAl2O4 (spinel) were
detected for any of the catalyst samples.

3.3. Raman Spectroscopy

Raman spectra for Co and CoRu catalysts after different
pretreatment conditions are shown in Fig. 2. Strong Raman
bands for Co-C and CoRu-C were observed at 694, 528,
and 488 cm−1, which can be assigned to Co3O4 (19, 20).
Raman bands for Co3O4 were not apparent for Co-RP, Co-
RWP, CoRu-RP, or CoRu-RWP because of its reduction to
CoO and Co metal. Broad Raman bands between 400 and
750 cm−1 could be observed in the reduced and passivated
samples of Co-RP, Co-RWP, CoRu-RP, and CoRu-RWP.
However, the peak area in that region was significantly
more apparent when 3% added water vapor was present
during standard reduction. For the same pretreatment con-
ditions, the broad peak in that region was apparently dimin-
ished when Ru promotion was used. In order to identify the

Raman bands of the samples, Raman spectra of bulk CoO,
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FIG. 2. Raman spectra of Co/γ -Al2O3 and CoRu/γ -Al2O3 after dif-
ferent pretreatments, CoO, Co3O4 (spinel), and CoAl2O4 (spinel).

Co3O4 (spinel), and CoAl2O4 (spinel) were collected; these
are also shown in Fig. 2. It indicates that CoAl2O4 (spinel)
has strong Raman bands at 198, 412, 480, 519, 619, 690, and
753 cm−1. The broad Raman bands of the catalyst samples
between 400 and 750 cm−1 are clearly not identical to those
of CoAl2O4 (spinel), CoO, or Co3O4.

3.4. Scanning Electron Microscopy

SEM micrographs of Co and CoRu after different pre-
treatment conditions are shown in Figs. 3 to 6. The term
granule is used here to refer to the overall catalyst particles
composed of Co, Ru (for CoRu), and γ -Al2O3. The term
patches is used to refer to entities rich in Co supported
on the catalyst granules. In all the SEM figures, the white
or light spots on the catalyst granules represent high con-
centrations of cobalt and its compounds, while the darker
areas of the granules indicate the support with minimal/no
cobalt present. Figures 3 and 4 show SEM micrographs of
the catalysts after initial calcination (Co-C and CoRu-C)

on the carbon tapes used for holding the catalyst samples
(the dark background). Figure 3 shows the typical overall
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shapes of the granules of the catalysts studied. It can be seen
in Fig. 4 that Co on the CoRu catalyst granules was more
dispersed (i.e., smaller SEM-visible patches/particles) than
on the unpromoted Co catalyst. The morphologies of the
catalyst granules changed insignificantly for the most part
after the different reduction conditions (not shown here).
However, the most dramatic change is shown in Fig. 5. As
can be seen, there was a significantly greater number of
small Co patches/particles on Co-RP granules than on Co-
RWP ones. This same phenomenon was also observed for
CoRu-RP and CoRu-RWP, as shown in Fig. 6.

3.5. Temperature Programmed Reduction

TPR profiles of bulk Co3O4 and the Co and CoRu cata-
lysts after different pretreatment conditions are shown in
Fig. 7. As can be seen in the figure, one reduction peak
envelop for bulk Co3O4 was obtained. This can be assigned
to the two-step reduction of Co3O4 to CoO and then to Co0

(7, 13, 21).
There were three major reduction peaks for Co-C

located at ca. 200◦, 300◦, and between 400◦ and 750◦C
(maximum at 600◦C). These peaks have been related to
the following steps: decomposition of residual Co nitrate,
Co3O4 → CoO, CoO→ Co metal, and CoXOY–Al2O3 →
Co metal (8, 13, 22, 23). However, after reduction, passiva-
tion, recalcination, and TPR, there were only two peaks left
for Co-RP and Co-RWP, located at ca. 350◦C and between
400 and 750◦C.

For the CoRu catalyst after different pretreatment con-
ditions, there were always only two peaks. For CoRu-C,
these were located at ca. 200◦C and between 250◦ and 550◦C
(max. at 400◦C). After reduction, passivation, recalcination,
and TPR, two peaks of reduction were still observed for
CoRu-RP and CoRu-RWP. However, they were located at
slightly higher temperatures: ca. 250◦C and between 300◦

and 600◦C.
The reducibilities of the catalyst samples after different

pretreatments are shown in Table 1. They ranged from 83
to 50% for the Co catalyst and from 98 to 80% for CoRu.
The reducibilities of catalyst samples decreased with the
introduction of 3% additional water vapor during reduction
and increased with the addition of the Ru promoter.

3.6. Hydrogen Chemisorption

The H2 chemisorption results for Co and CoRu after dif-
ferent pretreatment conditions are shown in Table 1. The
overall dispersion of reduced Co in the catalyst samples and
the average reduced Co metal particle sizes are also given.
The results indicate that the overall dispersion increases
with the addition of Ru promoter (5.7–7.8%) and decreases

with the introduction of water vapor during reduction, es-
pecially in the absence of the Ru promoter (5.7–3.8%).
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FIG. 3. SEM of the calcined Co/γ -Al2O3 and CoRu/γ -Al2O3

3.7. Reaction Rate

The rate of CO conversion on the pretreated catalyst
samples is shown in Table 1. It can be seen that the rate
of CO conversion during FTS decreased with the addition
of water vapor during reduction. Since only Co metal has
significant activity for FTS, these results are consistent with
both the reducibility and H2 chemisorption results. No sig-
nificant change in product distribution was observed.

4. DISCUSSION

The BET surface areas of the catalysts in this study did

ange significantly after the various pretreatments. It
r that the various pretreatments in this study had little
catalysts at 200× magnification. Top, Co-C; bottom, CoRu-C.

effect on surface area of the alumina support. Thus, changes
in catalyst characteristics in this study were not caused by
any change in total surface area of the catalysts.

In order to determine the bulk crystalline phases of the
catalysts, XRD was performed. As seen in Fig. 1, the XRD
peaks of the alumina support were present in all catalyst
samples as broad peaks. The XRD patterns for Co and
CoRu catalysts were identical for the same pretreatments,
as shown in Fig. 1. Diffraction peaks of Co3O4 were ob-
served for Co-C and CoRu-C. No XRD peaks of the Ru
promoter were detected because Ru was present in such a
small amount (0.5 wt%) and was well dispersed on the cata-
lyst surface. After reduction and passivation, the diffraction

peaks of Co3O4 were not apparent for Co-RP, Co-RWP,
CoRu-RP, or CoRu-RWP. The diffraction peaks for CoO
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FIG. 4. SEM of the calcined Co/γ -Al2O3 and CoRu/γ -Al2O3

were, however, present. This indicates that Co3O4 in the
calcined samples was reduced to Co metal and CoO dur-
ing standard reduction at 350◦C. Any Co3O4 formed during
passivation was present in only very thin surface layers and
was consequently XRD invisible. Because both CoAl2O4

and Co3O4 have a spinel structure, the XRD patterns for
both materials are almost identical, as shown in Fig. 1. No
evidence for CoAl2O4 was detectable for either Co or CoRu
after any of the reduction pretreatment conditions. The
diffraction peaks of cobalt metal could not be seen due to
overlap with those for γ -Al2O3. XRD patterns were iden-
tical for both Co and CoRu after the same pretreatments
dditional water vapor was and was not introduced
eduction, as shown in Fig. 1.
atalysts at 2000× magnification. Top, Co-C; bottom, CoRu-C.

Raman spectroscopy provided additional results with the
Co species present. The strong Raman bands of Co3O4 in
Co-C and CoRu-C can be observed in Fig. 2. They confirm
the XRD results that Co3O4 was present in the calcined
catalyst samples. After reduction, the strong Raman bands
of Co3O4 totally disappeared. Broad Raman bands between
400 and 750 cm−1 were observed in all reduced and pas-
sivated samples (including both RP and RWP samples).
However, these broad Raman bands were not identical to
those of CoO, Co3O4 (spinel), or CoAl2O4 (spinel). Thus,
the board Raman bands between 400 and 750 cm−1 can-
not be attributed to either the support, Co3O4, CoO, Co

metal, or CoAl2O4 (spinel). It is suggested that these broad
Raman bands represent a surface Co compound species
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FIG. 5. SEM of the reduced and passivated Co/γ -Al2O3 ca

related to Co strongly interacting with the alumina as a Co
“aluminate.” The identified Co aluminate is suggested to be
different from CoAl2O4 (spinel) due to it being a nonsto-
ichiometric surface Co aluminate compound. This highly
dispersed Co aluminate (Co–AlXOY) may be formed, pos-
sibly, by Co atom migration into the alumina matrix and is
detectable using Raman spectroscopy but not XRD.

It is known that there are two steps for the reduction of
bulk Co3O4 (13, 21–25). The first step is the reduction of
Co3O4 to CoO and then that of CoO to Co metal. However,
the two reduction steps may not always be observed as sepa-
rate peaks in TPR (22–25), as seen in Fig. 7 for the reduction
Co3O4. They can, however, be separated for bulk
y adding water vapor during TPR (7). In addition,
alyst at 6700× magnification. Top, Co-RP; bottom, Co-RWP.

it has been found that often, due to interactions between
Co3O4 and support materials such as silica or alumina, TPR
of supported Co3O4 can also manifest a separation of the
two reduction steps (18, 25).

TPR profiles of the catalyst samples are shown in Fig. 7.
There were three reduction peaks located at ca. 200, 300,
and between 400 and 750◦C (max. at 600◦C) for Co-C. It has
been suggested that the reduction peak at ca. 200◦C is due
to the decomposition of residual Co nitrate to Co3O4 (8,
22, 23). However, XRD and Raman spectroscopic results
(shown in Figs. 8 and 9) for dried Co(NO3)2/γ -Al2O3 prior
to calcination (the precursor for Co-C) show no detectable

amounts of Co(NO3)2 remaining and only the existence of
Co3O4. Previous results from our lab have proved that this



105

catal
Co-SUPPORT COMPOUND FORMATION
l
FIG. 6. SEM of the reduced and passivated CoRu/γ -Al2O3 cata

peak for Co/γ -Al2O3 is due to decomposition of residual
Co(NO3)2 (8).

TPR peak locations are affected by reduction kinetics.
The kinetics of reduction can be affected by a wide range
of variables, including particle size, support interaction, and
reduction gas composition. The effects of particle size and
support interaction can be superimposed on each other.
Thus, while a decrease in metal oxide particle size can result
in faster reduction due to a greater surface area/volume
ratio, smaller particles may interact more with the support,
slowing reduction.

It is suggested that the reduction of the unpromoted Co

yst after various pretreatments can occur as shown in
yst at 4000× magnification. Top, CoRu-RP; bottom, CoRu-RWP.

Fig. 10. For Co-C, the first reduction peak (at ca. 200◦C) can
be assigned to the decomposition of Co(NO3)2 (8, 22, 23),
as has previously been shown for catalysts similar to this
one (8). The second reduction peak (at ca. 300◦C) is as-
signed to the reduction of Co3O4 to CoO and Co0. The
reduction peak at 400◦–750◦C (max. at 600◦C) was clearly
related to the reduction of Co strongly interacting with the
support (CoXOY–Al2O3) (23, 26–29), which can only be
reduced at higher temperature.

The first low-temperature peak is not observed for a Co-C
type catalyst if a longer calcination period of 14 h is used (8).
Prolonged calcination or reduction and recalcination re-

sults in complete decomposition of any Co(NO3)2 present.
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FIG. 7. TPR profiles of Co3O4, Co/γ -Al2O3, and CoRu/γ -Al2O3

cat

duced by reduction and water effects on the CoXOY–Al2O3
alysts.

TABLE 1

Reducibility, H2 Chemisorption, and Reaction Rate during FTS for Co/γ -Al2O3 and for CoRu/γ -Al2O3

Catalysts after Various Pretreatments

Rated

(g CH2/g cat./h)
Reducibility (%)a Total H2 chemisorptionb Overall dispersion Co0 dp

c

Catalyst samples (30–900◦C) (µmol H2/g cat.) (%) (nm) Initial SS

Co-C 83 — — — 0.149 0.112
Co-RP 58 484 5.7 15 0.130 0.072
Co-RWP 50 322 3.8 22 0.112 0.034
CoRu-C 98 — — — — —
CoRu-RP 86 662 7.8 11 — —
CoRu-RWP 80 602 7.1 12 — —

a The RP and RWP samples were recalcined at 300◦C in air for 2 h before TPR measurement.
b Error = ±5% of measurement of H2 chemisorption.
c Particle size is based on H2 chemisorption and the amount of reduced cobalt [dp = 5/(SCo× ρCo), where SCo is the surface area of

reduced Co/g of reduced Co].

species.
d FTS was carried out at 220◦C, 1 atm, and H2/CO ratio = 2 (H2/
NOT, AND GOODWIN

FIG. 8. XRD patterns of Co(NO3)2, Co3O4 (spinel), dried Co/γ -
Al2O3, and calcined Co/γ -Al2O3.

As a result, the low-temperature (ca. 200◦C) peak disap-
pears after such treatments and only the second peak at
ca. 350◦C remains for Co-RP and Co-RWP. Reduction and
recalcination probably causes sintering of Co3O4 and/or in-
creased interaction with the support, resulting in a shift
in the TPR peak to ca. 350◦C for both Co-RP and Co-
RWP. The reduction peak at ca. 600◦C for Co-RP and
Co-RWP was also about 20◦C higher than that for Co-C
due to stronger interaction between Co and the support in-
CO/Ar = 60/30/10 cc/min.).
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FIG. 9. Raman spectra of Co(NO3)2, Co3O4 (spinel), dried Co/γ -
Al2O3, and calcined Co/γ -Al2O3.

It is suggested that the reduction in the Ru-promoted Co
catalysts can occur as shown in Fig. 11. For CoRu-C, the
two main reduction peaks were located at ca. 200◦C and
between 250◦ and 550◦C (max. at 400◦C). A lower temper-
ature shoulder on the 200◦C peak was observed due to the
reduction of Ru2O3 to Ru0 at ca. 160◦C (30, 31). The re-
duction of Co3O4 to CoO and Co0 then occurred around
200◦C, along with some possible decomposition of residual
Co nitrate. The higher temperature peak can be assigned
to the reduction of Co strongly interacting with the support
(CoXOY–Al2O3) to Co0.

For CoRu-RP and CoRu-RWP, two reduction peaks
were also seen. However, the lower temperature peak was
shifted about 60◦C higher compared to that for CoRu-C
probably due to sintering and/or increased interaction with
the support caused by the reduction and recalcination prior

to TPR measurement. It also had a low-temperature shoul-
der d

be related to the loss of smaller Co patches/particles, as seen

ue to the initial reduction of Ru. The higher temper- by SEM.
FIG. 10. Suggested reduction behavior of unpro
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ature peak located at ca. 380◦C for CoRu-RP and at ca.
500◦C for CoRu-RWP can again be assigned to the reduc-
tion of CoXOY–Al2O3 to Co0. This peak for CoRu-RWP
at a higher temperature than that for CoRu-RP was un-
doubtedly caused by an increase in the interaction of Co
with Al2O3 due to the presence a higher partial pressure of
water vapor during reduction.

It can be observed that with Ru promotion, the reduction
peaks of Co on alumina shifted to lower temperatures. This
has been shown previously to be due to the Ru reducing at
a lower temperature and then facilitating the reduction of
Co (8–10).

The reducibilities during TPR from 30 to 900◦C for the
catalysts studied are shown in Table 1. The results indicate
that the reducibility of samples increased with the addition
of the Ru promoter and decreased with the introduction
of additional water vapor during reduction. This indicates
that a larger amount of the nonreducible Co aluminate (at
temperatures ≤900◦C) was formed during reduction in the
presence of a “relatively” high partial pressure of water
vapor (when 3% water vapor was added), leading to a lower
reducibility. The addition of the Ru promoter resulted in
an increase in reducibility of the catalyst. This might be
explained in possibly one of two ways: (i) some of the Co
strongly interacting with the alumina (CoXOY–Al2O3) can
be reduced at lower temperature when Ru is present and/or
(ii) the Ru promotion can prevent the formation of the Co
aluminate by minimizing the impact of water vapor on the
formation of such compounds.

The results from H2 chemisorption show that Ru promo-
tion also results in an increase in the dispersion of the Co
on the catalyst. This has been noted previously for noble
metal promoted Co catalysts in general (2, 8–10, 13). The
overall dispersion was found to decrease with the introduc-
tion of additional water vapor during reduction. This may
moted Co catalysts after various pretreatments.
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SEM and EDX gave information about the morphology
and the elemental distribution of the alumina-supported
cobalt catalysts after different pretreatments. It was con-
firmed that with the addition of Ru, Co is more dispersed
on the catalyst surface. Comparing the particle size of Co
obtained by SEM and H2 chemisorption, it is obvious that
the average particle size of Co0 metal obtained from H2

chemisorption (ca. 11–22 nm) is significantly smaller than
the patches/particles seen by SEM (ca. 1–5 µm). In addi-
tion, SEM does not differentiate between Co metal, Co
oxide, and Co aluminate. Thus, with SEM, only large dense
patches of particles of Co metal and compounds can be de-
tected. However, it must be noted that after reduction with
and without added water vapor, significant differences were
observed using SEM, as shown in Figs. 5 and 6. The disap-
pearance of large numbers of smaller Co patches/particles
can be seen after the introduction of additional water vapor
during reduction. There are two possibilities: either water
vapor can facilitate the migration of small Co particles, re-
sulting in particle agglomeration (sintering), or it increases
the diffusion of Co atoms from the smaller Co particles
into the alumina. Considering the SEM, H2 chemisorption,
TPR, and Raman results, it would appear that both phe-
nomena probably occur, with the latter being especially im-
portant and resulting in significant Co aluminate formation.

It was seen that the addition of water vapor during reduc-
tion also decreased the overall activity of the Co catalysts
for FTS, which is related to the decrease in the reducibil-
ity and H2 chemisorption of the catalysts. This is probably
due to the fact that water vapor causes an increase in the
amount of Co aluminate formation, resulting in a decrease
in the amount of active Co metal available for the reaction.

5. CONCLUSIONS
ter vapor present during reduction has a major im-
n alumina-supported Co catalysts, resulting in an in-
omoted Co catalysts after various pretreatments.

crease in the amount of nonreducible Co aluminate (at tem-
peratures ≤900◦C) formed. This Co aluminate formation
causes changes in the characteristics of Co catalysts, espe-
cially their reducibilities and overall activity during FTS. It
is concluded that water vapor present during reduction pos-
sibly increases the amount of Co able to migrate into the
alumina matrix, forming a highly dispersed Co aluminate
and resulting in two broad Raman peaks between 400 and
750 cm−1. This surface Co aluminate formed is different
from CoAl2O4 (spinel).

The addition of Ru promoter to Co catalysts increases
both the overall Co0 dispersion and the reducibility. It is
suggested that the Ru promoter not only facilitates the re-
duction of Co at lower temperatures, but also decreases
the formation of Co strongly interacting with the alumina
(CoXOY–Al2O3) and nonreducible Co aluminate by min-
imizing the impact of water vapor on this formation. It is
highly possible that this minimization is due to the effect of
reduction at lower temperatures.
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