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Co-support compound formation in titania-supported cobalt catalyst
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Co-support compound formation (Co-SCF) in Co/TiO, was found during standard reduction resulting in a lower reducibility of
the catalyst. The compound formed is considered to be non-reducible at temperatures <800 °C during TPR and different from
CoTiOs;. The characteristics of Co-SCF were investigated using BET surface area, XRD, Raman spectroscopy, SEM/EDX, and

TPR.
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1. Introduction

In Fischer—Tropsch synthesis (FTS), supported
cobalt catalysts are preferred because of their high
activity for FTS based on natural gas [1], high
selectivity to linear long-chain hydrocarbons and low
activity for the water—gas shift (WGS) reaction [2,3].
However, compound formation between cobalt and
the supports can occur during the catalyst activation
and/or reaction conditions resulting in irreversible
catalyst deactivation [4—0].

Besides alumina (Al,O3) and silica (SiO»), titania
(TiO,) has been widely studied as the support for
cobalt catalysts by many authors [7-20], especially for
the application of FTS in a continuously stirred tank
reactor (CSTR) [11,15]. It was reported that Co-SCF
in SiO, [21] and Al,O3 [4-6,22] can occur during
standard reduction and resulted in a lower degree of
reduction. However, titania was the first support
where strong metal support interaction was observed
[19]. In the present research, the nature of Co-SCF in
titania-supported cobalt catalyst and its effect on the
characteristics of the catalysts were the main focus. In
this study, the Co/TiO, catalyst was prepared, pre-
treated under various conditions, and characterized
using BET surface area, XRD, TPR, SEM/EDX, and
Raman spectroscopy to identify the nature of com-
pounds formed. The main objectives of this research
were to develop a better understanding of Co-SCF in
titania-supported cobalt catalyst and to better identify
the compounds formed. Based on information ob-
tained from the present research, the strategies to
minimize such a compound formation can be further
developed.
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2. Experimental
2.1. Catalyst preparation

A 20 wt% of Co/TiO, was prepared by the incipient
wetness impregnation. A designed amount of cobalt
nitrate [Co(NO3) - 6H,0] was dissolved in deionized
water and then impregnated onto TiO, (anatase form
calcined at 600 °C obtained from Ishihara Sangyo,
Japan). The catalyst precursor was dried at 110 °C for
12 h and calcined in air at 500 °C for 4 h.

2.2. Catalyst pretreatments

Standard reduction of the calcined catalyst was
conducted in a fixed-bed flow reactor under differential
conditions at 1 atm using a temperature ramp from
ambient to 350 °C at 1 °C/min and holding at 350 °C
for 10 h in a gas flow having a space velocity of
16,000 h™" and consisting of H, or mixtures of H, and
water vapor (5-10 vol%). The high space velocity of the
H, flow when water vapor was not added insured that
the partial pressure of water vapor in the catalyst bed
produced by cobalt oxide reduction would be essentially
zero in that case. The reduced catalyst was then
passivated at room temperature with air for 30 min.

2.3. Catalyst nomenclature

The nomenclature used for the catalyst samples in
this study is following:

e Co—C: the calcined catalyst sample

e Co—RWO: the calcined catalyst sample reduced in H,

e Co—RWS5: the calcined catalyst sample reduced in a
mixture of H, with 5 vol% water vapor added during
reduction

e Co—RWI10: the calcined catalyst sample reduced in
a mixture of H, with 10 vol% water vapor added
during reduction
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2.4. Catalyst characterization

2.4.1. BET surface area

BET surface area of the samples after various
pretreatments was performed to determine if the total
surface area changes upon the various pretreatment
conditions. It was determined using N, adsorption at
77 K in a Micromeritics ASAP 2010.

2.4.2. X-ray diffraction

XRD was performed to determine the bulk crystal-
line phases of catalyst following different pretreatment
conditions. It was conducted using a SIEMENS D-5000
X-ray diffractometer with CuK, (1 = 1.54439 A). The
spectra were scanned at a rate of 2.4 °/min in the range
20 = 20-80°.

2.4.3. Scanning electron microscopy and energy
dispersive X-ray spectroscopy
SEM and EDX were used to determine the catalyst
morphologies and elemental distribution throughout the
catalyst granules, respectively. The SEM of JEOL mode
JSM-5800LV was applied. EDX was performed using
Link Isis series 300 program.

2.4.4. 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 of 100-
1000 cm™" with a resolution of 2 cm™ 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 Galactic
GRAMS interface with global imaging capacity.

2.4.5. Temperature-programmed reduction

TPR was used to determine the reduction behaviors
and reducibilities of the samples. It was carried out using
50 mg of a sample and a temperature ramp from 35 to
800 °C at 5 °C/min. The carrier gas was 5% H, in Ar. A
cold trap was placed before the detector to remove water
produced during the reaction. A thermal conductivity
detector (TCD) was used to determine the amount of H,
consumed during TPR. The H, consumption was
calibrated using TPR of Ag,O at the same conditions.
The reduced samples were recalcined at the original
calcination conditions prior to performing TPR. The
calculation of reducibilities was described elsewhere [4—
6,21,22,23].

2.5. Reaction

CO hydrogenation (H,/CO = 10/1) was performed to
determine the overall activity of the catalyst samples
reduced at various conditions. Hydrogenation of CO
was carried out at 220 °C and 1 atm. A flow rate of Hy/

CO/He = 20/2/8 cc/min in a fixed-bed flow reactor
under differential conditions was used. A relatively high
H,/CO ratio was used to minimize deactivation due to
carbon deposition during reaction. Typically, 20 mg of a
catalyst sample was re-reduced in situ in flowing H,
(30 cc/min) at 350 °C for 10 h prior to the reaction.
Reactor effluent samples were taken at 1 h intervals and
analyzed by GC. In all cases, steadystate was reached
within 5 h.

3. Results and discussion
3.1. Evidence of Co-SCF in Co/TiO; catalyst

It can be observed that Co-SCF in Co/TiO, essentially
occurred during standard reduction resulting in lower
reducibilities of the reduced samples during TPR at
temperatures 35-800 °C as shown in table 1. The redu-
cibilities ranged from 92% to 64% upon the various
pretreatments of catalyst samples. Essentially, TPR of
the TiO, support only (table 1) was also conducted at the
same condition and no hydrogen consumption was
detected. It should be noted that the loss in the degree
of reduction was attributed to the compound formation
of cobalt and the titania support. The suggested concep-
tual diagram of reducibility loss during standard reduc-
tion is illustrated in figure 1. First, when performing
TPR on a fresh calcined sample, the reducibility gain was
92%. However, when the calcined sample was reduced
with and without water vapor addition (5-10 vol%)
during reduction, then recalcined it back to the oxide
form prior to performing TPR, the reducibilities obvi-
ously decreased. The reducibilities loss during the
reduction process were found to be in the range of 22—
28% indicating the non-reducible (at temperatures
<800 °C) “Co-titanate” compound formed. The term
“Co-titanate” is used here to refer to the surface
compound formed during standard reduction of cobalt
and the titania support.

It should be mentioned that a decrease in the degree of
reduction of reduced samples slightly changed upon

Table 1
Reducibilities and surface areas of samples after various pretreatments

Sample Reduction gas Reducibility ~ Surface area
mixture (%) during (mz/g)b
(Pr2/Pr20) TPR at
35-800 °C**
TiO, - - 70
Co-C - 92 52
Co-RW0 1/0 70 49
Co-RWS5 0.95/0.05 68 46
Co-RWI10 0.90/0.10 64 46

“The reduced samples were recalcined at the original calcination
conditions prior to performing TPR.
®Measurement error is =+ 5%.
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* The difference in reducibility gain from a fresh calcined sample and the
reducibility gain from a reduced and recalcined sample.

Figure 1. Suggested conceptual diagram for the reducibility loss during
reduction process.

increasing the partial pressures of water vapor during the
reduction process. Zhang et al. [22] investigated the
reducibilities of CoRu/y-Al,O5; during standard reduc-
tion and TPR in the presence of added water vapor. They
reported that water has a significant effect on the
reduction behavior of CoRu/y-Al,O3. It was suggested
that water vapor present during reduction leads to a
decrease in the degree of reduction of the cobalt
perhaps in two ways: (i) inhibition of the reduction of
well-dispersed CoO interacting with the alumina sup-
port, possibly by increasing the cobalt-alumina interac-
tion, and (ii) facilitation of the migration of cobalt ions
into probable tetrahedral sites of y-Al,Oz to form a
non-reducible (at temperatures <900 °C) spinel. How-
ever, considering the Co-SCF in Co/TiO,, the effect of
water vapor added during standard reduction was
essentially less pronounced compared to that on the
alumina support. The only slight effect of water vapor on
Co-SCF in Co/TiO, is also listed in table 1 indicating
that the reducibilities of the reduced samples only slightly
decreased within experimental error when water vapor
(5-10 vol%) was added during standard reduction.
Besides the reducibility measurement, TPR also provides
information on the reduction behaviors of the catalyst
samples pretreated under various conditions.

TPR profiles of bulk Co304 and the catalyst samples
after various pretreatment conditions are shown in
figure 2. Only one strong reduction peak can be
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Figure 2. TPR profiles of bulk Co30, and the catalyst samples after
various pretreatment conditions.

observed for bulk Co3O4 and all the samples regardless
of various pretreatment conditions used. This peak can
be assigned to the overlap of two-step reduction of
Co304 to CoO and then to Co° [22,24,25]. Upon the
TPR conditions, the two reduction peaks based on the
two-step reduction may or may not be observed. The
TPR profile of the titiania support (not shown) showed
no reduction peak. There was only one reduction peak
located at ca. 370-620 °C (max. at 520 °C) for the
calcined sample (Co—C) indicated that no residual cobalt
nitrates remain on the calcined sample of Co/TiO, upon
the calcination condition used in this study. In some
cases, the peak of the decomposition of cobalt nitrates
during TPR of supported cobalt catalysts can be
observed at temperatures between 200 and 300 °C, espe-
cially with silica and alumina supports [4-6,23,26,27].
However, prolonged calcination or reduction and recal-
cination results in complete decomposition of any cobalt
nitrates present [23].

TPR profiles of all reduced samples were also similar
exhibiting only one reduction peak as shown in figure 2.
TPR peak located at ca. 400620 °C (max. at 520 °C) for
Co-RWO0 sample was slightly shifted about 10 °C higher
when the partial pressure of water vapor was increased
during reduction indicating slightly stronger interaction
between cobalt and titania support. However, the much
stronger interaction between cobalt and the supports
such as silica and alumina can be usually observed
leading to an observation of two separated peaks during
TPR of the reduced and recalcined samples [4-6,21,23].
The higher temperature reduction peak can be assigned
to the reduction of cobalt strongly interacting with the
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supports, i.e. CoyOy—Al,O3 and Co,0,-SiO,, which
can not be observed in the reduced and recalcined Co/
TiO, catalyst. Based on the TPR results, it should be
noted that a degree of reduction of the reduced Co/TiO,
catalyst was found to decrease during standard reduc-
tion due to “Co-titanate” formed. However, the reduc-
tion behaviors of samples reduced in various conditions
were similar upon the TPR measurement conditions
used in this study. This can be concluded that “Co-
titanate” formed in a Co/TiO, catalyst resulted in only a
decrease in the reducibility without changing the reduc-
tion behaviors of it. The effect of partial pressures of
water vapor during reduction on the formation of “Co-
titanate” seemed to be less pronounced.

3.2. Characteristics of ““Co-titanate”

In order to identify the characteristics of “Co-
titanate” formed during reduction, several characteriza-
tion techniques were conducted. BET surface areas of
TiO, and the catalyst samples after various pretreat-
ments are also shown in table 1. BET surface areas of
samples were slightly less than the titania (anatase form)
support (70 m?/g). Since all surface areas of the samples
in this study ranged between 46 and 52 m?/g, there was
no significant change in surface areas after the various
pretreatments within experimental errors. This indicated
that “Co-titanate” formed did not cause any change in
surface areas of the catalyst.

SEM and EDX were performed to study the mor-
phologies of the catalyst samples and elemental distri-
butions of the catalyst samples, respectively. There was
no significant change in morphologies of catalyst
samples due to the “Co-titanate” formed. By observa-
tion on the external surface of the catalyst granules,
cobalt patches (the term “patches’ is used to refer to the
entities rich in cobalt supported on the catalyst granules)
can be seen all over the external surface of samples. In
general, all of them were similar regardless of the
pretreatment conditions used. The typical morphology
in an external area of catalyst granules with different
magnification for Co-RW10 is shown in figure 3. It can
be observed that cobalt patches (white spots) were well
distributed all over the external surface of catalyst
granules. The elemental distributions can be clearly seen
by EDX. Figure 4 shows the typical elemental distribu-
tion for a cross section of a granule of Co-RW10. The
distribution of cobalt was well dispersed throughout
the catalyst granule as also seen by SEM. Thus, there
was no significant change in catalyst morphologies
and elemental distribution upon the formation of
“Co-titanate”.

The bulk crystalline phases of samples were deter-
mined using XRD. XRD patterns of TiO,, CoTiO3
(synthesized, based on reference [28]) and catalyst
samples after various pretreatments are shown in
figure 5. XRD patterns of TiO, showed strong diffrac-
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Figure 3. SEM micrographs of Co-RWI10 catalyst granule at the
external surface; (a) at 300x magnification and (b) at 6000x magni-
fication.

tion peaks at 26°, 37°, 48°, 55°, 56°, 62°, 69°, 71° and 75°
indicating the TiO, in the anatase form. After calcina-
tion, the diffraction peaks of Co304 at 36°, 46°, and 65°
can be observed. Apparently, the relative intensity of
those peaks is much lower compared to the TiO, peaks.
To identify the XRD peaks of samples, XRD peaks of
CoTiO3 were also collected and it showed the diffraction
peaks at 23°, 32°, 35°, 49° 52° 62° and 64° as also
shown in figure 5. Kraum et al. [29] reported the
observation for XRD peaks of CoTiO; phase along
with Co304 on the calcined Co/TiO, catalyst using
cobalt (IIT) acetyl acetonate as a precursor for cobalt.
They suggested that the formation of CoTiOj3 by the use
of cobalt (III) acetyl acetonate as a precursor can be
attributed to the migration of cobalt ions into the
support lattice, with the consecutive formation of
titanate. However, based on differences in the cobalt
precursor, the amounts of cobalt loading and the
calcination condition used in the present study, the
formation of CoTiO; was not observed in the calcined
Co/TiO; catalyst. After reduction at various conditions
and passivation, the diffraction peaks of CoO were
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Figure 4. SEM micrograph and EDX mapping of Co-RW10 catalyst
granule (cross section).

present at 37° and 63°. This indicated that Co30y4 in the
calcined samples was reduced to highly dispersed cobalt
metal and CoO during standard reduction at 350 °C.
Any Co304 formed during passivation was present in
only very thin surface layers and was consequently XRD
invisible. No XRD peaks for “Co-titanate” formed were
detected for any of the catalyst samples. In order to
investigate the structure of non-reducible (at tempera-
tures <800 °C during TPR) “Co-titanate”, XRD was
also conducted on the samples after performing TPR up
to 800 °C. XRD patterns of samples after TPR mea-
surement up to 800 °C are shown in figure 6. The similar
trend as shown in figure 5 was found except for the
observation of cobalt metal peaks at 44° and 52° due to
sintering. No phase change, i.e from anatase to rutile
form of TiO, was observed. XRD results revealed that
the “Co-titanate” formed was in a highly dispersed
form, thus, it is invisible in XRD after either standard
reduction or TPR.

Raman spectra of TiO,, CoO, Co304, CoTiO;5 and the
catalyst samples after various pretreatments are shown in
figure 7. To identify Raman bands of samples, the
Raman spectra of Co0304, CoO and CoTiO; were
collected. The Raman bands of CoTiOj; exhibited bands
at 695, 604, 455, 382, 336 and 266 cm ™' which are similar
to the ones reported by Brik et al. [30]. The strong Raman
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Figure 5. XRD patterns of TiO,, CoTiO; and the catalyst samples
after various pretreatment conditions.
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Figure 6. XRD patterns of the catalyst samples after TPR measure-
ment up to 800 °C.

bands for TiO, were observed at 640, 514, and 397 cm™!
indicating the TiO, in its anatase form [9]. The Raman
spectrum of the calcined sample exhibited Raman bands
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Figure 7. Raman spectra of TiO,, Co03;04, CoO, CoTiO3 and the
catalyst samples after various pretreatment conditions.

at 640, 514, and 397 cm™' as seen in those for TiO,
including two shoulders at 690 and 480 cm™", assigned to
Co304 [4-6]. Raman spectra of all reduced samples
showed the Raman bands of TiO, support and the
shoulders at 690 and 480 cm™'. These can be assigned to
Co304 present on catalyst surface rather than CoO
(detected in the bulk by XRD) since Raman spectroscopy
is more of surface technique [5]. This indicated that “Co-
titanate” formed during reduction was different from
CoTiO3 and invisible in Raman spectroscopy. The
invisible “Co-titanate” bands was probably caused by
(1) its highly dispersed form and (ii) the Raman signals
were hindered due to the highly strong Raman intensities
of TiO, support. It was reported that reduced samples of
Co/y—Al,O3 at high partial pressure of water vapor
during reduction exhibited the broad Raman bands
between 400-700 cm ™' [4]. This was suggested that these
broad Raman bands represent a surface cobalt com-
pound related to cobalt strongly interacting with the
alumina support as a “Co-aluminate”. The identified
“Co-alumiante” was suggested to be different from
CoAl,O4 (spinel) due to being a non-stoichiometric
surface ““Co-aluminate” compound. This highly dis-
persed “Co-aluminate” may be formed, possibly by
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Figure 8. Raman spectra of Co;04, CoO, CoTiO3, the calcined sample
and the reduced with a lesser degree of passivation samples.

cobalt migration into the alumina matrix and was
detectable using Raman spectroscopy, but not XRD. In
addition, the alumina support itself does not exhibit any
of Raman bands between 100 and 1000 cm™', thus, the
Raman bands of ““Co-aluminate” can be clearly detected.
However, in the present study, the highly strong Raman
intensities of the titania support may result in a hin-
drance of the Raman bands, if present, of the highly
dispersed “‘Co-titanate” formed. Besides the strong
signal of TiO,, the signal of CoO and Co30y is likely to
hinder the observation of surface “Co-titanate” as well.
In order to eliminate that interference, we also conducted
Raman spectroscopy on the reduced samples with a
lesser degree of passivation and the Raman spectra of
samples are shown in figure 8. It can be observed that the
characteristic peaks of the reduced samples were similar
to each other, but deviated from the characteristic peaks
of Co30, as seen in figure 7. The Raman band of the
reduced samples at 397 cm™' of the TiO, became
broader. This perhaps resulted from the overlap between
the peaks of 397 cm™' of the TiO, and 382 cm™' of
CoTiOs3 due to the formation of surface “Co-titanate”.
However, to clucidate all kinds of hindrances, rigorous
surface techniques may be needed for further investiga-
tion. Nevertheless, Raman spectroscopy revealed that
the “Co-titanate” formed was different from CoTiO3
probably due to it also being non-stoichiometric (cobalt
deficiency) surface “Co-titanate’” compound.

CO hydrogenation was performed to determine the
overall activity of the catalyst samples reduced at
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Table 2
Reaction rate for CO hydrogenation on catalyst samples reduced at various conditions

Sample CO conversion (%)* Rate (umol/ gcat.s)b CHy selectivity (%)
Initial® ssd Initial SS Initial SS
CoC 3.71 2.09 1.39 0.79 99 99
Co-RW0 1.53 0.73 0.58 0.27 99 99
Co-RW5 0.83 0.46 0.31 0.17 99 99
Co-RWI10 0.34 0.08 0.13 0.03 98 98

4CO hydrogenation was carried out at 220 °C, 1.8 atm, and H,/CO/He = 20/2/8 cc/min).

PError +5%.
“After 5 min of reaction.
dAfter 5 h of reaction.

various conditions. The results are shown in table 2. It
indicated that the CO conversion ranged between 3.71
and 0.34% (initial) and 2.09 to 0.08% (steady state). The
reaction rate ranged between 1.39 and 0.13 umol/g cat.s
(initial) and 0.79-0.03 umol/g cat.s (steady). This sug-
gested that the “Co-titanate” formed in the reduced
samples resulted in decreased activities of catalyst.
However, there was no significant difference in selectiv-
ity for any of samples based on reaction conditions used
in this study.

4. Conclusions

We have shown that Co-support compound forma-
tion (Co-SCF) in titania-supported cobalt catalyst can
occur during standard reduction resulting in a lower
reducibility of catalyst. The compound of cobalt and
titania formed referred as “Co-titanate” was consid-
ered to be non-reducible at temperatures <800 °C.
The “Co-titanate” formed resulted in a decrease in the
degree of reduction without any significant change in the
reduction behaviors. It was found that the partial
pressures of water vapor during reduction probably
had only a slight effect on an increase in the
“Co-titanate” formation. Due to its highly dispersed
form, it can not be detected by XRD. However, Raman
spectroscopy revealed that this highly dispersed
“Co-titanate” formed was likely to be different from
CoTiO3 and present as a non-stoichiometric surface
“Co-titanate” compound. The “Co-titanate” formed
also resulted in decreased activities of catalyst without
any changes in selectivity.
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