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ABSTRACT

Cobalt supported on amorphous aluminum phosphate (Co/AlIPO4) catalysts were prepared by the impreg-
nation method using three different cobalt precursors such as cobalt nitrate, acetate and chloride to
elucidate the activity of Fischer-Tropsch synthesis. The use of AIPO4 as a support for cobalt-based cata-
lysts exhibits better catalytic performance during FTS reaction than the corresponding Co/Al,03 catalyst.
TPR results also suggest that the reducibility of the catalysts varies with the nature of cobalt precursors
employed during the impregnation on AIPO4 support. The Co/AlPO4 catalyst prepared from cobalt nitrate
shows higher CO conversion and Cg+ selectivity than the others due to the facile formation of homoge-
neous cobalt particles with proper electronic characters and high reducibility. Interestingly, all Co/AIPO4
showed a growth of filamentous carbon initiated from the large mobile cobalt particles during the reac-
tion. The differences in catalytic properties of Co/AlPO4 are mainly attributed to the cobalt particle size,
reducibility with different electronic states of metallic cobalt, pore diameter of AIPO4 and formation of

filamentous carbon.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Fischer-Tropsch synthesis (FTS) is one of the potential chemi-
cal routes to convert coal or natural gas to environmentally benign
fuels with low emission of SOx and NOx and particulates and useful
chemicals as well [1-7]. This process is becoming more and more
attractive in recent years due to the depletion of oil resources in
near future. Cobalt dispersed on metal oxide supports such as alu-
mina or silica and promoted with noble metals is considered to
be the most promising catalysts for the FTS reaction. Supported
cobalt catalysts show high activity and selectivity to linear paraf-
fins, possess high resistance towards deactivation, and also exhibit
low activity for the water-gas shift reaction. The support plays an
important role in dispersing the active cobalt metal and in chang-
ing the reducibility of cobalt species. The design of highly dispersed
cobalt-based catalysts for FTS reaction on porous supports such as
Al,03 [7-11], TiO, [11], SiO; [12-16] has been numerously investi-
gated. The reactivity of cobalt-based catalysts during FTS depends
mainly on the cobalt particle size, dispersion of cobalt species,
their reducibility and the nature of the support. Promoters like Ru,
Re and Pt in combination with cobalt have shown a remarkable
enhancement of the catalyst performance [17,18]. Moderating the
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interaction of cobalt with the support is also a favorable property
in achieving high activity and selectivity during FTS reaction due to
the ease of reduction of cobalt oxides. Metal-support interaction
may leave a fraction of cobalt chemically inactive after reduction
treatment. Saib et al. [19] have shown the higher reducibility of
cobalt oxides in wide pore silica supported catalysts than with
cobalt deposited in narrow pore structured supports. Khodakov et
al. [20-22] have also shown that the ease of reduction decreases
from large pores to smaller pores on silica supported cobalt cata-
lysts. In recent years aluminum phosphate is receiving considerable
attention as a support for a variety of catalytic reactions [23-30].
For examples, AlPOy is used as a support for nickel catalyst used in
hydrogenation reactions [23]. For oxidation reactions, it is also used
to support vanadium-phosphorus oxide catalysts [24]. AlPOg4, in
combination with alumina, is also used as a support for nickel cata-
lysts for partial oxidation and carbon dioxide reforming of methane
[25] and dehydration of methanol to dimethyl ether [26,27]. High
surface area and the large average pore size are the main reasons for
using amorphous AIPO,4 as support. Amorphous aluminum phos-
phate is built of tetrahedral units of AlO4 and PO4 and is structurally
similar to silica. The specific interaction with the supported species
and AIPO4 can be achieved by using proper synthesis procedures
[28-30], and their catalytic properties may be improved. In addi-
tion, the phosphorous modification of hydrotreating catalysts is
widely investigated by many researchers and their positive effects
are related to the stabilization of active species by forming M-P oxo-
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species (M =Co, Mo, Ni), by generating active sites with structural
modification of catalyst, and by suppressing the metal-support
interaction due to the strong affinity between Al and P resulted
in enhancing the reducibility of active metal species [31]. It has
been widely investigated that the structural and surface reduction
properties of Co/SiO, are influenced by the nature of the cobalt
precursor thus changing the adsorption properties during impreg-
nation, by altering the exothermicity of precursor decomposition
and eventually resulting in the variation of metal-support interac-
tion [2,14,15,17]. The formation of Co304 on SiO, is more favorable
on nitrate-derived cobalt and it is difficult to reduce when the cata-
lyst is prepared using acetate precursor. Although cobalt chloride is
easy to be reduced at low temperature like cobalt nitrate, its reox-
idation to Co%* is more facile during the FT reaction resulting in
reduction of the activity and being easily poisoned by the residual
chloride ions [7,14,15].

In the present investigation, we report the use of an amorphous
AIPO4 as a new supporting material for the cobalt-based catalysts in
FTS reaction due to their characteristics of large pore diameter and
low interaction with active metal species. Furthermore, the struc-
ture and catalytic properties of cobalt supported on AIPO4 with
different cobalt precursors have been investigated and character-
ized by the measurement of surface area and pore size distribution,
X-ray diffraction (XRD), transmission electron microscopy (TEM),
temperature programmed reduction (TPR), Fourier-transformed
infrared (FT-IR) spectroscopy, H, chemisorption and X-ray photo-
electron spectroscopy (XPS). The aim of this investigation is to find
out the effect of the novel support AIPO4 and the nature of cobalt
precursors on the catalytic functionalities of cobalt supported on
amorphous AIPO4 during the FTS reaction such as CO conversion,
selectivity to hydrocarbons and filamentous carbon formation.

2. Catalyst preparation and characterization
2.1. Catalyst preparation and activity test

Amorphous aluminum phosphate with a P/Al ratio of 0.9 was
prepared from AI(NO)3-6H,0 and (NH4),HPO,4 by the following
reported procedures. The starting materials were dissolved in de-
ionized water (400 ml of 0.5M of Al nitrate solution and 350 ml
of 0.5M of (NH4),HPO,4 solution) and acidified with nitric acid.
A hydrogel was then formed by adding 700 ml of 10% solution of
ammonia to the acidified solutions of Al and P precursors until a
pH of 8.0 was achieved. After 1h, the contents were filtered and
the hydrogel was washed with twice its volume of distilled water.
The hydrogel was dried at 110°C for 16 h and calcined at 500°C
in air for 0.5 h. The resulting aluminum phosphate support had a
BET surface area of 173 m2/g. The 20 wt.%Co/AlPO,4 catalysts were
prepared by the conventional impregnation method with an aque-
ous solution containing three different cobalt precursors such as
cobalt (II) nitrate, cobalt (II) acetate or cobalt (II) chloride. The
notation of Co/AlPOy4 catalysts represents the kind of cobalt precur-
sor employed during the preparation, e.g. catalysts prepared from
cobalt nitrate, acetate and chloride are denoted as CoN, CoA and
CoCl, respectively. For comparison, CoN-Al catalyst was made by
using the Al,03 support (Catapal B with a surface area of 200 m2/g
supplied by Sasol) from cobalt nitrate precursor. The supported
cobalt catalysts were subsequently dried at 110°C for 16 h and cal-
cined at 500°C for 5h in air at a heating rate of 10 °C/min.

Prior to activity tests, the catalysts were activated at 400°C in a
fixed-bed reactor (I.D.=12.7 mm) for 12 h with 5%H,/He gas mix-
ture. The activity test was carried out at differential conditions to
minimize a hot-spot formation during the reaction such as cata-
lyst loading of around 0.3 g with a particle size of 80-120 wm and
its bed-height of around 5 mm. The activity test was conducted for

more than 80 h under the following reaction conditions; Reaction
T=220-240°C; P=2.0 MPa; SV (1/kgcac/h) =2000; feed composition
of H,/CO/CO,/Ar (mol%)=57.3/28.4/9.3/5.0 (selected as a model gas
composition without CO, separation after steam carbon dioxide
reforming with methane reaction of natural gas). The effluent gas
from the reactor was analyzed by an online gas chromatograph
(YoungLin Acme 6000 GC) employing GS-GASPRO capillary column
connected with flame ionization detector (FID) for the analysis of
the hydrocarbons and Porapak Q/molecular sieve (5A) packed col-
umn connected with thermal conductive detector (TCD) for the
analysis of carbon oxides and hydrogen with an internal standard
gas of Ar. The CO conversion from TCD analysis and product distri-
bution from FID analysis are calculated based on the carbon balance
by the following equations

moles of inlet CO—moles of outlet CO}

CO conversion (C-mol%) = [ oles ofinlet CO

x100

Hydrocarbon (Cx; x = 1, 2-4, 5-7 and 8+) selectivity (C-mol%)

_ moles of Cx produced } 100
~ | moles ofinlet CO — moles of outlet CO | ~

2.2. Catalyst characterization

The BET surface area, pore volume and pore size dis-
tribution were estimated from nitrogen desorption isotherm
obtained at —196°C using a constant-volume adsorption appara-
tus (Micromeritics, ASAP-2400). The pore volume was determined
at a relative pressure (P/Py) of 0.99. The calcined samples were
degassed at 300°C in a He flow for 4 h before the measurements.
The pore size distribution of the samples was calculated using the
BJH (Barett-Joyner-Halenda) model from the data of desorption
branch of the nitrogen isotherms.

The powder XRD patterns of samples were obtained on a Rigaku
diffractometer using Cu K, radiation operating at 40 kV and 40 mA
with a scanning rate of 5°/min from 5° to 80° to identify the crys-
talline phases of Co/AIPO4 catalysts. The calcined samples as well as
those reduced at 400°C for 12 h with 5vol.% H, /N, flow, followed
by passivation with 0.1%0,/He for 0.5 h at room temperature (RT),
were characterized separately to identify the crystalline phases of
Co304, CoO and Co metal. The identification of crystalline phases
of cobalt species was made with the help of Joint Committee on
Powder Diffraction Standards files (JCPDS) for Co304 with JCPDS
card number of 78-1969 and Co with that of 89-4308. The sur-
face morphology and compositions of Co/AIPO4 were measured by
using the scanning electron microscope (SEM; JEOL (JSM6700F))
and energy dispersive spectroscopy (EDS). Furthermore, the used
Co/AIPO4 catalysts were also characterized by using TEM (TECNAI
G2 instrument) analysis operating at 200 kV.

The TPR experiment was performed to determine the reducibil-
ity of the surface Co304 species. Prior to the TPR experiments, the
sample was pretreated in a He flow up to 350°C and kept for 2h
to remove the adsorbed water and other contaminants followed
by cooling to 50 °C. The reducing gas of 5vol.% H,/He was passed
over the samples at a flow rate of 30 ml/min with a heating rate of
10°C/min up to the 750°C and kept at that temperature for 0.5 h.
The effluent gas was passed over a molecular sieve trap to remove
the generated water and analyzed by GC equipped with TCD.

The FT-IR spectra of calcined samples were recorded on a Nico-
let Protege 460 FT-IR spectrometer equipped with a MCT detector
which was cooled with liquid nitrogen and at a spectral resolution
of 2cm~1. The collected spectra of calcined samples were obtained
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by subtraction of blank spectra from the calcined Co/AIPO4 sam-
ples. The diffuse reflectance infrared Fourier transform (DRIFT) of
adsorbed CO molecule on reduced catalysts was also conducted on
the same instrument. All catalysts were previously reduced in situ
at400°C for 12 h under 5 vol.% H, /He flow. The reduced catalyst was
kept at that temperature for 1 h and cooled to 50 °C under He flow
to remove H, on the cobalt surface. And then, CO was introduced
at 50°C for 0.5h with a flow rate of 30 cm?/min and the CO gas
was switched with He again to remove the gaseous CO molecules.
The FT-IR spectra of adsorbed CO molecules were obtained by sub-
tracting that of reduced catalyst. FT-Raman spectra were recorded
under ambient conditions using a Bruker FRA106/S with the exci-
tation laser of Nd:YAG (wavelength of 1064 nm) and optical power
of 300 mW at the sample position.

The dispersion of cobalt and cobalt metal surface area was mea-
sured by H, chemisorption at 100 °C under static conditions using
micrometrics ASAP 2000 instrument equipped with a high vacuum
pump system providing 10~ Torr. Prior to adsorption measure-
ments, the sample (0.5g) was reduced in situ at 400°C for 12h
under 5vol.% Hy/N; flow. H, chemisorption uptakes were deter-
mined as the difference of two successive isotherms measured. In
each case, the difference of the two isotherms extrapolated to zero
pressure was considered as the amount of chemisorbed hydrogen
molecules. The metal dispersion and cobalt metal surface area were
calculated with the assumption of H/Co metal’s stoichiometry of 1.0.
The reduction degree of samples was determined by O, titration
method and then the particle size of cobalt metal was corrected by
considering the reduction degree. The reduction degree was deter-
mined by the following equation; [the amount of O, consumption
(mmol O;; 3Co+20, — Co304)]/[the theoretical amount of H, con-
sumption with the assumption of fully reduced cobalt oxides (mmol
H,; Co304 +4H; — 3Co +4H,0)] x 100).

The surface cobalt species after calcination were characterized
by using the XPS (ESCALAB MK-II). During the experiments, the Al
K, monochromatized line (1486.6eV) was adopted and the vac-
uum level was around 10~7 Pa. The calcined powder sample was
previously pressed to thin pellet and the binding energy (BE) was
corrected with the reference BE of C 1s (284.4eV).

3. Results and discussion
3.1. Textual properties of Co/AIPO4 catalysts

The textural properties of AIPO4 and Co/AIPO4 Fischer-Tropsch
catalysts are given in Table 1 and Fig. 1. The laboratory-made
AIPO,4 shows a surface area of 173 m?/g and average pore diam-
eter of around 19.4nm. Its surface area decreases considerably
after impregnation of cobalt on AIPO4. The CoN catalyst has shown
higher surface area than CoA and CoCl catalysts. For comparison,
the CoN-Al catalyst shows a surface area of 139 m2/g and smaller
average pore diameter of around 6.7 nm. The decrease in surface
area after cobalt addition is probably due to its deposition in inner

Table 1
Physical properties of Co/AlPO4 and Co/Al, O3 catalysts.

Notation? Surface area (m?/g) Pore volume (cm3/g) Pore size (nm)
AIPO4 173 1.02 194
CoN-AIP 139 0.33 6.7
CoN 122 0.71 20.1
CoA 101 0.47 14.9
CoCl 116 0.61 20.6

2 The notation of Co/AIPO4 catalysts like CoN, CoA and CoCl catalysts denotes the
catalysts prepared from three different cobalt precursors such as nitrate, acetate and
chloride, respectively.

b CoN-Al stands for the Co/Al,03 (Catapal B with a surface area of 200 m?/g)
catalyst prepared from cobalt nitrate precursor.
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Fig. 1. Pore size distribution of Co/AlPO4 catalysts prepared with three different
cobalt precursors, Co/Al,03 and AlPO4 support.

pores of AIPO4 or blockage of small pore by the formation of cobalt
oxide particles. The decrease in surface area is much severe in CoA
catalyst. The dilution effect caused by very low surface area of
cobalt oxide particles is also affecting the reduction of surface area.
The results of pore size distribution also support the findings of
the surface area measurement, wherein the pore volume of AIPO4
decreased with the addition of cobalt precursors. All the catalysts
show unimodal pore size distribution. It is interesting to note that
the surface area, pore volume and pore size of the CoA catalyst are
much lower than that of the CoN and CoCl. The pore size distribution
patterns shown in Fig. 1, reveal that the homogeneously distributed
larger cobalt particles on CoN and CoCl catalysts could block small
pores of AIPO4 or deposition ininner pore resulted in the decrease of
surface area and eventually increased average pore diameter. How-
ever, well-dispersed cobalt particles on CoA catalyst decreased the
surface area by deposited cobalt oxides in the inside pore of AIPO4
preferentially resulting in the decrease of average pore diameter.
In general, since the large pore diameter of support is beneficial
for FTS activity and selectivity to heavy hydrocarbon formation due
to the facile reducibility of cobalt species [19-22,32], laboratory-
made AIPO4 showing high pore diameter of around 20 nm is a good
candidate for the development of Fischer-Tropsch catalyst.

3.2. Crystalline phases of cobalt species and their morphology

The XRD patterns of the CoN-Al and Co/AIPO4 catalysts are
shown in Fig. 2(a). The diffraction patterns suggest that AIPO4 sup-
port is found to be in the amorphous phase. All the catalysts show
the characteristic reflection peak at 26 =36.8° due to the presence
of Co304 phase except for CoA catalyst. The particle size of Co304
calculated by using the X-ray line broadening method with the help
of Scherrer’s equation is given in Table 2. The average crystallite size
of Co304 for the CoCl catalyst is found to be more than two times
larger than that of the CoN catalyst. But, no X-ray detectable cobalt
oxide peaks are observed on CoA catalyst. Girardon et al. [33] also
reported the amorphous nature of silica supported cobalt catalysts
prepared using the cobalt acetate precursor and they have shown
that the high exothermicity of cobalt acetate decomposition leads
primarily to amorphous and difficultly reducible cobalt silicate.
The present XRD analysis suggests that there is no new compound
formed between the cobalt oxide and aluminum phosphate. There-
fore, the result on CoA reveals the presence of the well-dispersed
cobalt particles in amorphous phase. The average crystallite size
of cobalt oxide on CoN-Al catalyst was 20.5nm which is larger
than that of CoN catalyst. To identify the phases of cobalt species
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Fig. 2. XRD patterns of Co/AlPO4 catalysts prepared with three different cobalt pre-
cursors and Co/Al, 05 catalyst. (a) Calcined catalysts, (b) reduced and subsequently
passivated catalysts.

of Co/AIPOy4 catalysts in the reduced state, the XRD analyses of the
catalysts after reduction with hydrogen and successive passivation
with 0.1%0;,/He have been carried out and the results are shown in
Fig. 2(b). Interestingly, the CoCl catalyst shows intense XRD peaks
for Co304 and Co metal phases. The reflections due to metallic
cobalt are more dominant in the CoCl catalyst which is correlated
with a large cobalt particle size and very weak interaction with
AIPO4 support by possessing the character of unsupported cobalt
chloride species [14,15].

The morphological nature of cobalt on Co/AIPO4 was also inves-
tigated by using the SEM and EDS analysis. The granular type
particles were observed in all Co/AIPO,4 catalysts, especially for the
CoA catalyst with much smaller particle size (not shown here). The
EDS analysis with a sampling depth of 1-2 um reveals that the
cobalt oxides were distributed mainly on the catalyst surface espe-

Table 2
Summary of cobalt particle size characterized by XRD and H, chemisorption.
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Fig. 3. FT-IR spectra of calcined Co/AIPO4 catalysts prepared with three different
cobalt precursors.

cially for CoN catalysts (the weight ratio of Co/(Al+P) is 28.9, 10.7
and 26.4% for CoN, CoA and CoCl, respectively). On the CoA catalyst,
in contrary, cobalt oxides were dispersed in the inner deep pore
of AIPO4 homogeneously with a strong metal-support interaction
(low mobility during the calcination step) which is also supported
by the abrupt decrease of surface area and its high value in pore
volume as shown in Fig. 1 and Table 1. Interestingly, the residue
of Cl (3.8 wt.%) on CoCl catalyst was not removed efficiently even
after calcination treatment and its existence might have affected the
aggregation of cobalt particles by a sintering phenomena with the
altered mobility of cobalt species due to the water generated during
reduction step [34,35]. The TEM images of calcined Co/AIPO4 cat-
alysts prepared by using different cobalt precursors suggest that
cobalt oxides are dispersed uniformly on the AIPO4 (not shown
here). The sphere type particles on CoN catalyst were found to be
above 10 nm in size. The particle sizes for CoCl catalyst are found
to be a little bit larger than that of CoN catalyst. The TEM images
of CoN and CoA catalysts reveal that cobalt oxide is well dispersed
on AIPO4 where as CoCl catalyst shows non-uniform distribution of
cobalt oxide.

The FT-IR analysis for the calcined Co/AIPO4 catalysts was carried
out to confirm the state of hydroxyl groups on AIPO4 and the Co-0O
formation and the results are shown in Fig. 3. Abroad band centered
at ~3500 cm~! is attributed to the isolated OH stretching vibration
and the vibration band at ~1640cm~! is due to the H,O molecule
(HOH). The band at around 1118 and 492 cm~"! could be attributed
to the triply degenerate P-O stretching vibration mode and to
the triply degenerate O-P-O bending vibration mode of tetrahe-
dral (PO4)3-, respectively [26,34,36]. Interestingly, the observed
well-dispersed cobalt oxides on CoN catalyst also showed intense
vibration band at 665 and 569 cm~! which is assigned to the Co-O
absorption band [36,37]. The cobalt oxide with crystalline phase on
CoN catalyst is responsible for showing high reduction degree and
high activity on FTS reaction.

Notation XRD 0, titration

H, chemisorption

XPS (binding energy/eV)

Particle size of Co304 (nm) Reduction degree (%) Surface area (m?/g Uncorrected Corrected particle Co 2p3p, P2p
Co-metal) particle size (nm) size (nm)?
CoN-Al 20.5 55.8 30.5 274 15.3 779.1 -
CoN 15.6 65.9 43.0 15.7 10.3 779.1 133.9
CoA Amorphous phases - not detectable by XRD and H, chemisorption 781.2 133.6
CoCl 35.3 415 1.7 398.0 165.3 781.2 133.8

2 The particle size was correlated by reconsidering the reduction degree of cobalt oxides by O, titration method.
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Fig. 4. XPS analysis of Co/AlPO4 catalysts prepared with three different cobalt pre-
cursors and Co/Al;O3 catalyst. (a) Binding energy vs. intensity of Co 2p3;; and Co
2p1)2; (b) binding energy vs. intensity of P 2p and Al 2s.

The surface cobalt species after calcination were further char-
acterized by XPS analysis and the results are shown in Fig. 4 and
Table 2. The characteristic Co 2psj;, P 2p and Al 2s peaks were
observed in all catalysts at the binding energy (BE) of around 780,
134 and 119eV, respectively. The high intensity of Co 2p3, peak
was observed on Co/AIPO, catalyst compared to CoN-Al catalyst.
It suggests that smaller cobalt particles could be formed on AlPO4
support compared to Al,03 support or the high concentration of
cobalt particles on the outer surface of AIPO4 due to the possible
migration of cobalt oxides during the calcination step. The inten-
sity ratio of Co/Al from XPS is also suggesting the formation of small
cobalt particles in AIPO4 support. This is further confirmed by SEM-
EDS analysis like when a high weight ratio (28.9%) of Co/(Al+P) is
observed for CoN catalyst. The experimental electron intensity ratio
for Co and Al (Ico /1) was correlated with cobalt particle size similar
to that has been established by many researchers [2,21,22,38]. With
the increase of I, /I ratio, the particle size of cobalt decreases with
the assumption of monolayer coverage of cobalt species. Although
the calculated particle size from XPS peak intensity ratio is not well
matched due to agglomeration of particles and heterogeneous dis-
tribution, the I, /I values could offer some clues to estimate the
cobalt particle size and its distribution. The ratio of I, /I calculated
from the spectra shown in Fig. 4 (Co 2p3); and Al 2s) on our sam-
ples is 0.34, 1.92, 1.84 1.81 for CoN-Al, CoN, CoA and CoCl catalysts,
respectively. Compared with the outer surface concentration from
SEM and EDS analysis, the particle size is much smaller on Co/AIPO4
especially for CoA catalyst than the one obtained for CoN-Al cata-
lyst even though the former show high concentration of cobalt on
the outer surface of AIPO4. The character of uneven particle size
distribution of cobalt species on CoN-Al catalyst with a presence of
5nm in particle size is also observed [39]. Furthermore, the shift on

BE and the satellite peak intensity of Co 2p3), can be useful infor-
mation in understanding the catalyst; e.g. BE of Co 2p3/; around
780¢V is related to the fully oxidized Co304 particles and satel-
lite peak at somewhat higher BE around 786 eV can be attributed
to the localized amorphous-phase Co2* [2,21,22,38]. The presence
of satellite peak is generally related to the difficult reducibility of
cobalt species and eventually showing a low FTS activity. As shown
in Fig. 4, the CoN-Al and CoN catalysts only show a main peak at
779.1eV assigned to Co304 particles, however, the satellite peak
observed in the case of CoA and CoCl catalysts is of high intensity.
The shift to a lower BE on CoN catalyst is beneficial for getting a
high FTS activity compared to that of CoA and CoCl catalysts.

3.3. Reducibility of cobalt species and their particle size on
Co/AIPOy catalysts

The H, chemisorption on cobalt-based catalysts provides valu-
able and quantitative information such as the number of cobalt
metal sites, cobalt dispersion and its average particle size. It was
found that CO chemisorption on cobalt catalysts was non-activated
and less reversible than hydrogen chemisorption [40,41]. To ver-
ify the cobalt particle size, therefore, H, chemisorption was carried
over Co/AlPOy4 catalysts. The results of H, chemisorption including
metallic surface area and particle size corrected by using the reduc-
tion degree measured by O, titration are presented in Table 2. The
cobalt species particle size (Co304 at 260=36.8°) calculated from
XRD with the value of full width at half maximum (FWHM) was
found tobe 15.6 and 35.3 nm for CoN and CoCl catalysts, respectively
which match well with the cobalt particle size measured from H
chemisorption for Co/AIPO,4 catalyst. A cobalt particle size (10.3 nm)
of CoN is found to be lower than the corresponding CoCl (165.3 nm)
and the surface area of cobalt metal of 43.0 m%/g Co-metal is also
found to be higher for CoN catalyst than other catalysts discussed.
The large particle size observed on CoCl by H, chemisorption is
probably due to the Cl residue (confirmed by SEM and EDS analysis)
which could induce aggregation of cobalt particles during reduction
step or inhibition of dissociative adsorption of H, due to the elec-
tron donating property of Cl residue [32,35]. These results are also
confirmed by XRD (Fig. 2(b)) analysis. For comparison, the cobalt
particle size of CoN-Al is also included in Table 2 and it is some-
what larger than that of CoN catalyst. The degree of reduction of
cobalt species is higher on CoN (65.9%) compared to that of CoCl
(41.5%) and CoN-Al (55.8%). This observation was further substan-
tiated by the results of XPS analysis. The catalysts showing a high
peakintensity of Co 2p3, satellite peak at around 786 eV show a low
reducibility which is attributed to the localized amorphous-phase
Co2*. Therefore, a facile reducibility was observed on CoCl cata-
lyst by TPR experiment, however, the reduction degree of that was
measured by O, titration is somewhat lower due to the presence
of a localized amorphous phase. Although the turn-over frequency
(TOF) is known to be constant above the particle size of 6-8 nm
[42], the differences in cobalt particle size and reducibility could
affect the catalytic activity and product distribution by changing the
adsorption properties of CO and H;. The metallic surface area mea-
sured from H, chemisorption provides valuable information such
as the surface concentration and competitive adsorption properties
of CO and H5. CO-rich and H;-deficient environment seems to be
responsible for the low CO conversion and high selectivity to Cg+.
In addition, the degree of reduction of cobalt oxides also alters the
electronic state of reduced cobalt metal, i.e. highly reduced cobalt
particles with appropriate particle size above 10 nm could affect the
easy activation of CO molecule and H; [7,12,42] which resulted in
showing the high catalytic activity on CoN catalyst.

TPR studies were carried out to investigate the reducibility of
the Co/AlPOy4 catalysts and the results are shown in Fig. 5. The TPR
profile of CoN catalyst exhibits two clearly distinct peaks at 390°C
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Fig. 5. TPR profiles of Co/AIPO4 catalysts prepared with three different cobalt pre-
cursors and Co/Al, 05 catalyst.

and 530°C. The first peak is attributed to the reduction of Co304
to CoO and the second peak is assigned to the reduction of CoO
to metallic cobalt. The TPR profile of CoCl catalyst also shows two
reduction peaks but at much lower temperature with a shoulder
around 350°C and an intense second peak at 456 °C compared to
that of CoN catalyst. The TPR profile of CoA catalyst did not show any
reduction peak below 400 °C, and a broad peak appeared at 568 °C
with a shoulder at low temperature. The low peak intensity on CoA
suggests the difficult reduction and non-reducible cobalt particles
could be formed due to the formation of difficulty reducible cobalt
species during calcination step which is confirmed by FT-IR, XPS
and XRD analysis. Furthermore, the CoN-Al catalyst shows the two
distinct reduction peaks at much higher temperature at 490 and
707 °C. The peak at 707 °C corresponds to the cobalt-aluminate
formation which is not observed in the case of AIPO4 supported cat-
alysts. This means that the modification of Al,03 with PO4 species
decreases the salt-support interaction. The reduced salt-support
interaction on AlPO4 support and homogeneous particle size dis-
tribution of cobalt oxides compared to the uneven distribution on
CoN-Al catalyst [31,39] is responsible for the formation of smaller
average particles on CoN catalyst.

The electronic states of reduced cobalt species and their struc-
tural characters are investigated by DRIFT experiment by observing
the types of adsorbed CO molecules and the results are shown
in Fig. 6. In general, the adsorbed CO molecules show distinc-
tive absorption band at around 1930-1980, 2030-2050, 2050-2070
and above 2110 cm~! for a bridged-type CO adsorption on metal-

Absorbance (a.u.)

2059.6 2034.6

1936.2

2250 2200 2150 2100 2050 2000 1950 1900

Wavernumber (cm")

Fig. 6. DRIFT spectra of adsorbed CO on the reduced Co/AIPO4 catalysts prepared
with three different cobalt precursors and Co/Al, O3 catalyst.
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Fig. 7. Variation of CO conversion with time on stream (h) on Co/AIPO4 catalysts
prepared with three different cobalt precursors and Co/Al,0; catalyst. Reaction
conditions: T=220-240°C; P=2.0 MPa; SV (I/kgcat/h)=2000; feed compositions of
H,/CO/CO;/Ar (mol%)=57.3/28.4/9.3/5.0.

lic cobalt, a linear-type CO adsorption on metallic cobalt, CO
adsorption on metallic cobalt (Co®) with less electron-donor
properties (Co®" sites) and residual gaseous CO molecules respec-
tively [2,7,12,43]. In general, the bridged-type and linear-type CO
molecules are active species on FTS reaction due to the low acti-
vation energy for CO hydrogenation. The high electron density on
the reduced cobalt species could increase the availability of d-
orbital electron by electron back donation from metal particle to
the adsorbed CO molecule and eventually reduce the C-O bond-
ing energy which is shifting to lower CO frequency [2,7]. On our
samples, the intense peaks for the bridged-type and the linear-
type CO molecules on the hexagonal cobalt phase were observed on
the CoN and CoCl catalysts. The CoA catalyst shows no peak in this
absorption range due to the difficulty in reduction. Although CoCl
catalyst shows no intense peaks for bridged-type and the linear-
type CO molecules, the peak at around 2059.6 cm~! assigned to the
electron-deficient Co®* sites with cubic cobalt phase is larger [43].
These observations are well matched with the results of XPS, TPR
and degree of reduction. Interestingly, the bridged-type CO adsorp-
tion band at 1936.2cm~! and the linear-type CO adsorption band
at 2034.6 cm~! is intense and shifted to low energy on the CoN cat-
alyst showing high reducibility due to the presence of electron-rich
cobalt species. The highly reducible cobalt species on CoN cata-
lyst shows low reduction temperature (confirmed by TPR in Fig. 5),
intense bridged-type and the linear-type CO adsorption band (con-
firmed by DRIFT in Fig. 6) and small satellite peak intensity of Co
2p3p.

The results of TPR analysis, particle size analysis from XRD, elec-
tronic and surface structural properties of cobalt species by XPS
analyses and adsorbed CO FT-IR, and H, chemisorption confirm that
the CoN catalyst is responsible for showing good catalytic activities
due to the facile reducibility at low temperature with appropriate
cobalt particle size and high electron density as discussed in the
following section.

3.4. Catalytic activity on Co/AIPO4 catalysts and filamentous
carbon formation

The variation of catalytic activity during FTS on Co/AIPO4 cat-
alysts with time on stream is reported in Fig. 7 and the product
distribution is presented in Table 3. At the reaction temperature
of 220°C, the initial activity of CoN catalyst is much higher than
the other catalysts and it shows a higher CO conversion at reaction
temperature of 240°C. The cobalt nitrate precursor on CoN cata-
lyst is much easily reduced at low temperature with the formation
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Table 3

Conversion and product distribution on Co/AlPO4 with three different cobalt precursors and Co/Al, 03 catalysts.

Notation Cobalt precursor Temp. (°C) Conversion of CO Initial TOF (converted CO Selectivity (C-mol%)
molecules/surface Co atom/s) x10~2
G -Gy Cs-C7 Cs* 0/(0+P)?
CoN-Al Nitrate 220 11.8 1.24 15.0 1.9 123 60.8 353
240 233 1.15 18.2 16.7 16.8 483 32.8
CoN Nitrate 220 314 1.61 16.7 141 14.9 54.3 40.8
240 57.4 2.07 20.6 16.5 17.9 45.0 29.1
CoA Acetate 220 6.1 - 16.7 16.9 14.1 52.3 37.8
240 19.8 - 22.7 19.9 17.1 40.3 22.0
CoCl Chloride 220 9.9 2.14 29.1 24.1 10.4 36.4 18.8
240 17.0 2.80 399 234 9.9 26.8 11.6

2 The content of olefin [O/(O+P); olefin/(olefin + paraffin) x 100] was calculated in the range of C,-C4 hydrocarbons.

of electron-sufficient state and highly dispersed on AIPO4 show-
ing high FTS activity. The CoA and CoCl catalysts have shown much
lower conversion than that of CoN catalyst. Among all the catalysts,
CoA catalyst shows the lowest CO conversion during FTS. The CO,
formation in all our catalysts is lower than 1.0 mol% due to the low
water-gas shift (WGS) activity on cobalt-based catalysts. The initial
TOF values are calculated by using the surface area of metallic cobalt
characterized by H, chemisorption. The low initial TOF (defined
as converted CO molecules/surface Co atom/s) of around 0.0124
at 220°C was observed on CoN-Al catalyst due to the presence of
small cobalt particles below 5nm. The initial TOF value of 0.0214
is higher on CoCl catalyst respectively than the results reported by
Bezemer et al. [42] due to the presence of cobalt species possess-
ing less electron-donor properties (Co®* sites) which is eventually
responsible for the high selectivity to CHy [2,7,12,21,22,38,39,43].
The high initial TOF value of 0.0161 was observed on CoN catalyst
showing a homogeneous cobalt distribution on the large pore AIPO4
support and a high reducibility with electron-rich cobalt surfaces.
These trends with activity variation on different FTS catalysts are
also similar at high temperature of 240 °C. The observed initial TOF
on Co/AIPO4 catalysts could be affected by cobalt particle size as
well as pore size of catalysts and deactivation by filamentous carbon
formed [44,45]. The activity changes with time on stream (deacti-
vation rate) could be correlated with the sintering phenomena of
cobalt particles (reconstruction and aggregation) and possible oxi-
dation by water formed as well as filamentous carbon formation
during FTS reaction and eventually alters the TOF values with time
on stream.

Fig. 8 shows TEM images of Co/AIPO4 catalysts after reaction for
120 h on stream and their surface composition was also analyzed
by EDS for CoN catalyst. Interestingly, all samples show growth of
filamentous carbon initiated from large cobalt particles. The EDS
analysis reveals that the filamentous materials are composed of
carbon and the cobalt particle was encapsulated at the end of fila-
mentous carbon. Even though the growth of filamentous carbon
was found to be severe on CoN and CoA catalysts, the reactive
cobalt particles above 10 nm still exist abundantly on those cata-
lysts which are responsible for a high CO conversion after long-term
experiments. Furthermore, the cobalt particle size on CoA catalyst
is much smaller than that of others in the reduced states (con-
firmed by XPS and TEM) and a homogeneous distribution of the
amorphous phase is responsible for the facile aggregation of cobalt
particles during FTS reaction and eventually formation of filamen-
tous carbon was enhanced. The structural and textural properties
of catalytic filamentous carbon depend on many factors like the
catalyst composition, gaseous precursor and the temperature. Nor-
mally reaction temperatures greater than 500°C are required for
the carbon filament formation [46]. Literature is abundant with the
information on the preparation of filamentous carbon. For example,
high loaded Ni-Al,03, Ni-Cu-Al,03, Co-Al,03 and Fe-containing

co-precipitated catalysts have been used for the preparation of
filamentous carbon [46] by Bouduard reaction or CO disproportion-
ation reaction. These catalysts have longer life and allow carbons to
be produced in larger quantities. But the temperatures required are
of the order of 500-675 °C. In this context, the preparation of carbon
filaments at lower temperature such as 240°C assumes consider-
able significance. The filamentous carbon in Co/AIPO4 catalyst was
composed of less ordered multi-walls which were initiated from
the large cobalt particles at the end of filamentous carbon. Accord-
ing to Wang and Ruckenstein [47], filamentous carbon formation
is favorable in the presence of a strong interaction between the
cobalt atom and the support, when an ordered structure templates
into an ordered carbon nucleus. When the interaction is low, the
large particles of cobalt formed are less ordered and numerous car-
bon nuclei will be formed. The carbon deposits will coalesce during
their growth, thus restricting the formation of fibers.

To verify the character of filamentous carbons, Raman spec-
troscopy is carried over the used Co/AIPO,4 catalysts as shown in
Fig. 9. In the case of hexagonal graphite [46,47], the main band
at around 1585cm~! is attributed to the in-plane displacement
of carbon atoms (G-mode) and new band at around 1300cm™!
appears with the increase of disorder in graphite structure (D-
mode). Therefore, in our samples, the observed band at around 1286
and 1591 cm~! reveals a disordered filamentous carbon formation
due to the low reaction temperature below 240 °C. The aggregation
of cobalt particles was also observed on all the samples, however,
the particle size was much larger on CoCl catalyst after FTS reaction.
The aggregation of cobalt particles as well as growth of filamen-
tous carbon could be an important reason for the deactivation of
Co/AIPQ4 catalysts.

The CoN and CoCl catalysts show an abrupt decrease in activity
which can be attributed to the carbon deposition including fila-
mentous carbons, however, even after forming filamentous carbon
on CoN and CoA catalysts, a large portion of active cobalt around
10 nm in size exists which is responsible for the catalytic activity of
these catalysts. Therefore, CoN catalyst showing high reducibility
and proper cobalt particle size is responsible for the low deactiva-
tion rate and high CO conversion by enhancing the easy dissociation
of H, and facile formation of active CO species such as a bridged
type on the reduced cobalt metal particles with electron-rich state.
Although the presence of large cobalt particles and their facile
reducibility at low temperature is observed on CoCl catalyst, the
fast deactivation rate and low CO conversion was observed due
to the possible poisoning by chlorine residue which is not eas-
ily removed by calcination and reduction steps and also carbon
deposition. Interestingly, CoA catalyst showing difficult reduction
property and smallest cobalt particle size shows a low CO con-
version and stable catalytic activity in spite of filamentous carbon
formation during the FTS reaction and it could be attributed to
the suppression of sintering and reoxidation phenomena during
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Fig. 8. TEM images of used Co/AIPOy4 catalysts prepared with three different cobalt precursors and Co/Al,03 catalyst, and EDS analysis for cobalt particle (point a) and
filamentous carbon (point b) on CoN catalyst.

FTS reaction [15]. In order to compare the catalytic activity with of Co/AIPO,4 catalysts due to the uneven distribution of cobalt par-
Co/AIPQy4 catalysts, the corresponding data on cobalt supported on ticles and diffusion-limitation in small pore [3,48]. The enhanced
Al,03 is also given in Table 3 and Fig. 7. The results suggest that activity on Co/AIPO4 catalysts can be ascribed to the decreased
CoN-Al shows a much lower CO conversion with high selectivity cobalt-aluminate formation, thereby more cobalt is available for
to Cg+ at the reaction temperatures of 220°C and 240 °C than that the FTS reaction. Although CoN catalyst exhibits higher C; selectiv-
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Fig. 9. Raman spectroscopy on the used Co/AlPO4 catalysts prepared from three
different cobalt precursors.

ity than that of CoN-Al catalyst, the CO conversion is three times
higher on CoN catalyst at 220°C. The high value for the olefin con-
tent in C;-C4 hydrocarbons on CoN catalyst correlated well with
Cg+ selectivity due to the possible diffusion-enhanced readsorption
of a-olefins [3] in large pore of CoN catalyst. In our previous work
[45], it was shown that the addition of Ru to CoN catalyst further
enhances the CO conversion and Cg+ selectivity without filamen-
tous carbon formation due to the facile hydrogen spill-over activity.
The low CO conversion and lack of formation of filamentous carbon
on CoN-Al catalyst are attributed to difficulty in reduction of cobalt
oxides due to strong interaction of cobalt species with Al,03 sup-
port. Furthermore, the cobalt precursors could alter the solution
pH during the preparation step and results in changing the par-
ticle size distribution and reducibility and finally change the CO
conversion and product distribution [39,48]. Furthermore, in our
recent publication [49], the phosphorous-modified Al,03 support
for cobalt-based FTS catalyst is reported to obtain high catalytic
activity and selectivity to Cs+ due to the homogeneous distribution
of cobalt particles and their redispersion phenomena during FTS
reaction by the partial transformation of Al, O3 surface to aluminum
phosphate.

The selectivity of Cg+ was found to be higher for the CoN cata-
lyst and the order of Cg+ selectivity is as follows; CoN > CoA > CoCl.
It is interesting to note that the CoCl catalyst exhibits higher C,
and C,-C4 selectivities than the other Co/AIPO4 catalysts in spite of
facile reducibility and larger particle size. The lower Cg+ selectivity
on CoCl catalyst could be attributed to the chlorine residue which
may enhance sintering of the cobalt particles and the presence
of partially reduced cobalt species such as the electron-deficient
Co®* sites with cubic cobalt phase which is responsible for the high
CH4 selectivity [21,22,38,43], and abrupt deactivation by forming
a carbon deposition that is responsible for the difficult activation
of CO, and enhancement of C; selectivity. The CoN catalyst shows
higher value for O/(O+P) compared to the other catalysts. The Cg+
selectivity correlated with the reducibility of cobalt particles with
proper electronic state (confirmed by the results of XPS and DRIFT)
which enhanced with the increase of reduction degree as shown
in Table 2 except for the CoCl catalyst. Furthermore, the ease dif-
fusion of reactants and products in the large pore of AlPQ, is also
responsible for the high Cg+ selectivity by facile secondary reaction
of a-olefins [3,48]. The high activity on CoN catalyst is attributed
to the enhancement of reduction degree with high surface area of
metallic cobalt with proper electronic states which is enhancing the
dissociative adsorption of CO (linear and bridged-type CO adsorp-
tion) and large pore diameter of AIPO,4 support which is beneficial
for the facile secondary reaction.

4. Conclusions

The use of AIPO4 as a support for cobalt-based catalysts exhibits
better catalytic performance during FTS than the corresponding
Co/Al, 03 catalyst. The information obtained by the characterization
such as XRD, TPR, FT-IR and DRIFT, XPS, TEM, Raman and chemisorp-
tion analysis further support the enhanced catalytic properties.
The Co/AlIPO4 catalysts prepared from cobalt nitrate precursor
show higher CO conversion and Cg+ selectivity than the catalysts
prepared from the corresponding precursors such as acetate and
chloride due to the facile reduction properties with a proper elec-
tronic state of reduced cobalt species and large pore diameter
with the diffusion-enhanced re-adsorption of a-olefins. The higher
selectivity of Cg+ is found to be in the order of CoN>CoA >CoCl
catalyst. Interestingly, all Co/AIPO4 catalysts showed a filamentous
carbon formation which is responsible for the abrupt decrease of
catalytic activity compared to that of Co/Al, 05 catalyst. The differ-
ences in the catalytic properties exhibited by Co/AIPO4 catalysts
are attributed to the cobalt particle size, reducibility with different
electronic states of cobalt species which is enhancing the disso-
ciative adsorption of CO molecule (linear- and bridged-type CO
species) and a large pore size of AIPO4 with a facile diffusion of
formed hydrocarbons as well as filamentous carbon formation.
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