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a b s t r a c t

Cobalt-based catalysts with 20 wt.% Co and 0.5 wt.% Ru supported on the coprecipitated ZrO2–Al2O3 mixed
oxide were prepared by three different methods, such as slurry precipitation (SLP), physical-mixing of
precipitates (PMP) and conventional impregnation (IMP) to investigate their catalytic performance during
Fischer–Tropsch (FT) synthesis. Pore size distribution suggested that the catalysts prepared by SLP and
PMP possessed a bimodal pore size distribution data in contrast to the IMP catalyst possessing a unimodal
pore size distribution. Information obtained using transmission electron microscopy (TEM) revealed the
presence of homogeneously dispersed cobalt clusters in the case of SLP catalyst, whereas heterogeneously
dispersed cobalt clusters were observed on IMP and PMP catalysts. Although Ru/Co/ZrO2–Al2O3 catalyst
prepared by IMP showed low CO conversion, it showed high C8+ selectivity due to the existence of large
cobalt clusters with high reducibility. In case of Ru/Co/ZrO2–Al2O3 catalyst prepared by SLP method, the
studies on cobalt cluster size reveals that the highest activity was obtained at 5 h of aging time. The activity
of the catalysts performed in slurry reactor is much higher on SLP catalyst showing a bimodal pore size

distribution due to the facile mass-transfer of heavy hydrocarbons. The functionality of the catalysts during
FT synthesis was interpreted in terms of their structural aspects and reducibility of cobalt species obtained
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. Introduction

Fischer–Tropsch (FT) synthesis has become an attractive process
n recent years due to the depletion of oil reserves in the near future
nd its ability to produce high quality products for fuel application.
herefore, FT synthesis is one of the potential chemical routes to
onvert coal, natural gas and biomass to environmentally benign
uels and chemicals. Considerable development has taken place in
he FT process in terms of improved design of reactors and synthesis
f efficient cobalt (or iron)-based catalysts leading to optimization
f a fully integrated gas-to-liquids (GTL) process for commercial
cale application [1–4]. In the case of cobalt-based FT catalysts, the
bility to prepare well-dispersed cobalt clusters on supports such

s alumina, silica or titania and their promotion with Ru, Re or Pt
re considered to be the most promising aspects in obtaining high
T activity [5–20]. The design of highly dispersed cobalt-based cat-
lysts on porous supports such as Al2O3 [6–14,17], TiO2 [8], SiO2
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hods and the type of reactor.
© 2008 Elsevier B.V. All rights reserved.

5,15,18–20] and ZrO2 [16] has been well investigated for FT synthe-
is. Supported cobalt catalysts show high activity and selectivity to
inear paraffins and possess high resistance towards deactivation,
nd also show low activity for the water-gas shift reaction. The
atalyst support plays an important role in dispersing the active
obalt metal on the support and in turn on the catalytic activity.
part from the cluster size, dispersion of cobalt, reducibility and

he nature of support [11,12,16–20], the reactivity of cobalt catalysts
uring FT synthesis also depends on the pore size and its bimodal
istribution [15]. In addition, promoters like Ru, Re and Pt with a
ombination of cobalt have shown remarkable enhancement of the
atalyst performance [17,18].

Proper interaction of cobalt with the support is also a favorable
roperty in achieving high activity/selectivity during FT synthe-
is. Strong metal-support interaction may leave a fraction of cobalt
hemically inactive after reduction. Khodakov et al. [19] and Saib
t al. [20] have observed higher reducibility of cobalt oxides in

he wide pore silica supported catalysts than in narrow pore-
tructured supports. Khodakov et al. [19] have also shown that the
educibility decreases from large pores to smaller pores on silica
upported cobalt catalysts due to the large cobalt cluster formation
n large pore silica. In contrast, Xiong et al. [12] reported a negative

http://www.sciencedirect.com/science/journal/13811169
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orrelation between Co3O4 cluster size and the degree of reduc-
ion for �-Al2O3 supported cobalt catalysts. However, the ease in
educibility of cobalt cluster is well correlated with the enhance-
ent of heavy hydrocarbon formation owing to the easy activation

f CO on the well-reduced larger cobalt clusters [13,14,18]. To
revent strong metal-support interaction and enhance the selec-
ivity to heavy hydrocarbons, zirconium is frequently introduced
nd a bimodal pore size distribution helps to solve pore-
locking by heavy hydrocarbons formed during the FT reaction
8–10,15,16].

The aim of the present investigation is to examine these aspects,
n the case of Ru/Co/ZrO2–Al2O3 prepared by different methods so
s to develop highly active and selective bimodal pore-structured
atalyst during FT synthesis. The catalysts were prepared by IMP,
MP and SLP methods, and in the case of SLP the aging time is
aried. The prepared catalysts were characterized by using various
echniques and their physicochemical properties were correlated
ith the corresponding catalytic activity. Furthermore, the effect of
reparation method and aging time on the structure of the catalysts
as discussed and their relation with the cobalt cluster dispersion,
ore size distribution and reducibility to activity/product distribu-
ion of FT synthesis was investigated in fixed-bed and slurry reactor.

. Experimental

.1. Catalysts preparation and activity test

The zirconia–alumina mixed oxide (ZA) support (weight ratio
f ZrO2/Al2O3 = 6/94) was prepared by the following method;
alculated amounts of Al(NO3)3·9H2O and Zr(NO3)2·2H2O were
issolved in deionized water and the precipitating agent, K2CO3,
as dissolved separately in deionized water. Both the solutions
ere simultaneously added to a 2-L round bottom flask at a rate of
mL/min with constant stirring and maintaining the temperature
uring coprecipitation at 70 ◦C. The precipitate was aged for 3 h,
ltered and washed repeatedly with hot water until neutral pH to
nsure the removal of potassium. The white precipitate containing
he mixed hydroxides of Zr and Al was dried for 16 h and calcined
t 500 ◦C for 5 h. The catalysts containing 20 wt.% cobalt on ZA sup-
ort (weight ratio of Co/ZA = 20/80) were prepared by the following
hree methods:

1) Slurry precipitation method (SLP): Cobalt acetate precursor and
K2CO3 were dissolved in deionized water separately, and both
the solutions were simultaneously added (5 mL/min) to a 2-L
round bottom flask containing previously prepared ZA support
at 70 ◦C. The precipitate was aged for 1–10 h at 70 ◦C, filtered
and repeatedly washed with hot water to ensure the removal
of potassium. The precipitate thus obtained was dried for 16 h
and subsequently calcined at 500 ◦C for 5 h.

2) Physical-mixing method of precipitates (PMP): The precipitated
cobalt hydroxide and the mixed hydroxide containing Al and
Zr were prepared separately by precipitation method. Both the
hydroxides were mixed in a flask containing 1 L deionized water
and stirred constantly for 1 h. The obtained precipitate was
washed with water, filtered, dried for 16 h and finally calcined
at 500 ◦C for 5 h.

3) Conventional impregnation method (IMP): ZA support was
impregnated with a solution of cobalt acetate such that the fin-
ished catalyst containing 20 wt.% cobalt. The sample was dried

for 16 h and subsequently calcined at 500 ◦C for 5 h.

All the catalysts containing 20 wt.%Co on ZA support were suc-
essively impregnated with 0.5 wt.% Ru by using Ru(NO)(NO3)3
recursor. They were subjected to further drying and calcination at
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00 ◦C for 5 h to enhance the catalytic activity and their reducibil-
ty. The notation of CoZA stands for the FT catalyst containing
.5 wt.%Ru as well as 20 wt.%Co on the prepared ZrO2–Al2O3 mixed
xide (ZA) support with different preparation methods such as SLP,
MP and IMP. Furthermore, the x digit in CoZA-SLP(x) catalysts
tands for the aging time from 1 to 10 h.

Prior to activity test, the catalysts were activated at 400 ◦C
n a fixed-bed reactor (I.D. = 12.7 mm) for 12 h with 5%H2/He.
he activity tests were conducted for around 70 h under the fol-
owing reaction conditions; Reaction T = 220 ◦C, Pg = 2.0 MPa,
V (L/kgcat/h) = 2000, feed composition (H2/CO/CO2/Ar;
ol%) = 57.3/28.4/9.3/5.0.
The CoZA catalysts were also evaluated in a continuous-

tirred tank reactor (CSTR) with squalane (300 mL) as the liquid
edium and 3.5 g CoZA catalyst. The catalyst previously reduced

x situ with a 5%H2/He for 12 h was successively transferred to
STR in an air-free environment. The activity tests were con-
ucted for around 70 h under the following reaction conditions;
eaction T = 220 ◦C, Pg = 2.0 MPa, SV (L/kgcat/h) = 2000, revolu-
ion per minute (rpm) = 2000, feed composition (H2/CO/CO2/Ar;

ol%) = 57.3/28.4/9.3/5.0.
The effluent gas from the reactor was analyzed by an online gas

hromatograph (YoungLin Acme 6000 GC) employing GS-GASPRO
apillary column connected with FID for the analysis of hydro-
arbons and a Porapack Q/molecular sieve (5 Å) packed column
onnected with TCD for the analysis of carbon oxides and Ar was
elected as an internal standard gas.

.2. Catalysts characterization

The BET surface areas, pore volumes and pore size distribu-
ion were estimated from nitrogen adsorption and desorption
sotherm data obtained at −196 ◦C using a constant-volume adsorp-
ion apparatus (Micromeritics, ASAP-2400). The pore volumes were
etermined at a relative pressure (P/Po) of 0.99. The calcined sam-
les were degassed at 300 ◦C under a He flow for 4 h before the
easurements. The pore size distributions of the samples were

etermined by the BJH (Barett–Joyner–Halenda) model from the
ata of desorption branch of the nitrogen isotherms.

The powder X-ray diffraction (XRD) patterns of CoZA catalysts
ere obtained with a Rigaku diffractometer using Cu K� radia-

ion to identify the crystalline phases of cobalt oxides. The cobalt
article size (Co3O4 at 2� = 36.8◦) was calculated by using the full
idth at half maximum (FWHM) value with the help of Scherrer’s

quation as well. The elemental analysis of cobalt content on fin-
shed catalysts was further analyzed by using the X-ray fluorescence
XRF; SEA5120).

The morphology of the fresh and used CoZA catalysts was char-
cterized separately by using the transmission electron microscope
TEM; TECNAI G2 instrument).

The temperature programmed reduction (TPR) experiments
ere performed to determine the reducibility of the surface Co3O4

xides. Prior to the TPR experiments, the samples were pretreated
n a He flow up to 350 ◦C and kept for 2 h to remove the adsorbed
ater and other contaminants followed by cooling to 100 ◦C. A

educing gas containing 5%H2/Ar mixture was passed over the
amples at a flow rate of 30 mL/min with the heating rate of
0 ◦C/min up to 800 ◦C and kept at that temperature for 0.5 h. The
ffluent gas was passed over a molecular sieve trap to remove
he generated water and analyzed by a GC equipped with ther-
al conductivity detector (TCD). Furthermore, the second TPR
xperiment on the pre-reduced samples at 400 ◦C for 12 h was
lso carried out to elucidate the amount of un-reduced cobalt
xide at the activation step. The total reduction degree (%) was
efined as [(H2 consumption after calcination − H2 consumption
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fter pre-reduction)/theoretical H2 consumption for CoZA sam-
les × 100 (∼4.2196 mmol H2/g calculated from the equation of
o3O4 + 4H2 → 3Co + 4H2O)]. The difference between theoretical H2
onsumption and H2 consumption after calcination is responsi-
le for the formation of un-reducible cobalt species such as cobalt
luminate.

The dispersion and cobalt cluster size were measured by
ydrogen chemisorption at 100 ◦C under static conditions using
icromeritics ASAP 2000 instrument equipped with a pump sys-

em providing a high vacuum of 10−6 torr. Prior to adsorption
easurements, the sample (∼0.5 g) was reduced in situ at 400 ◦C

or 12 h. Hydrogen uptakes were separately determined as the dif-
erence between two successive adsorption isotherms measured
t 100 ◦C. The difference of the two isotherms extrapolated to zero
ressure was considered the amount of chemisorbed hydrogen. The
obalt metal dispersion and cluster size were calculated with the
ssumption of H/Co metal stoichiometry of 1.

. Results and discussion

.1. Surface area and pore size distribution of CoZA catalysts

The surface area, pore volume and the average pore diameter
or the CoZA catalysts prepared by the three different methods
re shown in Table 1. The surface area and pore volumes of the
LP catalyst are much higher than those of the other two catalysts.
he increase in surface area of CoZA catalysts varies in the order;
LP > PMP > IMP. Although the average pore size of ZA support is
.42 nm, the average pore size of CoZA-SLP(1) catalyst increased
p to 9.67 nm and it slightly decreased with the increase of aging
ime. This enhancement suggests the formation of inter-particular
orosity between cobalt oxides and ZA support during the precipi-
ation of cobalt precursor in the slurry of ZA support. The variation
n pore size distribution with the methods of catalyst prepara-
ion is shown in Fig. 1. The corresponding data for ZA support is
lso shown for comparison. The CoZA-IMP catalyst and ZA support
how a unimodal pore size distribution, whereas a bimodal pore
ize distribution is observed in CoZA-SLP and CoZA-PMP catalysts.
he bimodal structure on CoZA-SLP catalysts could be attributed
o the inter-particular structure between cobalt precipitates and
A support. The average pore size decreased to around 6.69 nm
n the CoZA-SLP(5) due to the possible formation of small cobalt
xide on the ZA support and it increased to 7.34 nm on CoZA-
LP(10). This increment could be ascribed to the aggregation of
obalt precipitates on ZA support during the extended aging step
21]. The results clearly demonstrate that the preparation method
onsiderably alters the pore size distribution of CoZA catalysts. The

verage pore size of CoZA-IMP catalyst has also increased due to col-
apse of small pores of ZA support during impregnation step. The
atalysts showing a bimodal pore size distribution are beneficial
or the mass-transfer of heavy hydrocarbons, especially in slurry
eactor.

1
r
d
i
o

able 1
hysical properties of Ru/Co/(ZrO2)–Al2O3 catalysts prepared by different methods.

otationa Preparation method BET surface area (

A Coprecipitation 299
oZA-IMP Impregnation 166
oZA-PMP Physical-mixing 220
oZA-SLP(1) Slurry precipitation 245
oZA-SLP(5) Slurry precipitation 232
oZA-SLP(10) Slurry precipitation 246

a The notation of CoZA stands for the FT catalysts containing 0.5 wt.%Ru and 20 wt.%Co o
ixing of precipitants (PMP) and slurry precipitation (SLP). The x digit in CoZA-SLP(x) cat
ig. 1. Pore size distribution of CoZA catalysts prepared by various methods and ZA
upport.

.2. The cobalt oxide reducibility and cobalt cluster size
easurements

The cluster size and the reducibility of cobalt species play an
mportant role in the catalytic activity and selectivity during the FT
eaction. The reduction degree of cobalt cluster can alter largely the
lectron density of cobalt surfaces resulting in change of the state
f CO adsorption and fraction of surface intermediates [9,13,14,18].
he average Co3O4 cluster size on the calcined CoZA catalysts was
easured by XRD analysis. The values of FWHM at 2� = 36.8◦ of the

oZA catalysts are presented in Table 2 and the patterns are shown
n Fig. 2. A larger Co3O4 cluster size of around 21.5 nm was observed
n CoZA-PMP catalyst and its minimum size was observed on CoZA-
LP(5) catalyst at around 12.5 nm. This observation is consistent
ith the pore size measurement from BJH method. The deposited

maller cobalt oxide cluster on ZA support is attributed to the small
ore size on CoZA-SLP(5) catalyst due to formation of the inter-
articular structure resulting in the bimodal pore size distribution.
he aggregation of cobalt oxide is also observed with the increase
f aging time (CoZA-SLP(10) with a cobalt cluster size of 21.4 nm).
n order to throw more light on the reducibility and metallic cobalt
luster size, TPR and H2 chemisorption measurements were carried
ut on CoZA catalysts and the results are shown in Fig. 3 and Table 2.

The TPR patterns are displayed in Fig. 3, wherein the solid line
epresents the reduction of the fresh samples and the dashed line
ives the reduction pattern of the pre-reduced catalysts (400 ◦C for
2 h in hydrogen flow which is the condition employed before car-

ying out the activity evaluation). All the fresh samples exhibit two
istinct reduction peaks. In general, the first reduction peak appear-

ng in the low temperature region is attributed to the reduction
f Co3O4 to CoO and the second one appearing at high tempera-

m2/g) Pore volume (cm3/g) Pore size (nm)

0.47 4.42
0.39 7.09
0.62 5.95–64.1 (8.39)
0.80 5.93–41.8 (9.67)
0.48 5.75–19.0 (6.69)
0.56 5.18–30.8 (7.34)

n the zirconia–alumina mixed oxide (ZA) support by impregnation (IMP), physical-
alysts stand for the aging time from 1 to 10 h.
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Table 2
Cobalt cluster size and dispersion measured by H2 chemisorption and reduction degree of cobalt oxides.

Catalyst H2 chemisorption H2 consumption from TPR (mmol/gcat) Reduction
degree (%)b

Cluster size of Co3O4

from XRD (nm)
Co content from
XRF (wt.%)

Dispersion
(%)a

Uncorrected
cluster size
(nm)

Corrected
cluster size
(nm)a

Calcined
(500 ◦C/5 h)

Pre-reduced
(400 ◦C/12 h)

CoZA-IMP 8.7 47.5 11.4 1.878 0.812 24.1 (56.8) 15.5 21.0
CoZA-PMP 6.3 38.1 15.8 3.649 1.906 41.5 (47.8) 21.5 19.9
CoZA-SLP(1) 9.8 51.4 10.2 3.325 2.487 19.1 (25.2) 15.9 18.8
CoZA-SLP(5) 10.1 22.8 9.8 4.023 2.203 43.1 (45.2) 12.5 20.1
CoZA-SLP(10) 8.8 28.2 11.3 4.009 2.248 40.1 (43.9) 21.4 20.8

a The dispersion and cobalt cluster size were calculated from H2 chemisorption and it was corrected by the reduction degree and Co content.
b The reduction degree (%) was defined as [(H2 consumption after calcination − H2 consumption after pre-reduction)/theoretical H2 consumption for 20 wt.%Co/ZrO2–Al2O3

samples (∼4.2196 mmol H2/g) × 100]. The difference between theoretical H2 consumpti
reducible cobalt species such as cobalt aluminate. The values in bracket is the recalculated
consumption for calcined sample − H2 consumption for pre-reduced sample)/H2 consum
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Fig. 2. XRD patterns of the calcined CoZA catalysts.

ure is due to the reduction of CoO to metallic state of cobalt. The

rst reduction peak shifted to lower temperature of around 300 ◦C
n CoZA-SLP catalyst compared to that of CoZA-IMP at 419 ◦C. In
ddition, the low temperature reduction peak at around 200 ◦C
s attributed to the segregated Ru [22] and this is more predom-

ig. 3. TPR profiles of calcined and pre-reduced (400 ◦C for 12 h) CoZA catalysts pre-
ared by various methods. The bold line is for the calcined samples and the dashed

ine is for the pre-reduced samples at the same pretreatment condition (400 ◦C for
2 h with H2).
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on and H2 consumption after calcination is responsible for the formation of un-
reduction degree just for counting the available cobalt species from TPR runs [(H2

ption for calcined sample] × 100.

nant on CoZA-PMP catalyst. In addition, the reduction peaks at
19 and 470 ◦C on CoZA-IMP catalyst could be induced from the
eterogeneously distributed cobalt clusters with different size. In
eneral, bulk cobalt oxide with large cluster size could be easily
educed at low temperature [23]. The CoZA-SLP catalysts show a
arge reduction peak with higher intensity at around 630 ◦C, indi-
ating a stronger interaction of cobalt oxides with ZA support. The
ffect of zirconium addition to Al2O3 is previously reported as pre-
enting CoAl2O4 formation and enhancing the catalyst’s lifetime
10]. Furthermore, zirconium addition plays an important role in
nhancing the turnover frequency (TOF) by means of decreasing
he strong metal-support interaction, and resulting in increasing
he catalytic activity [8,9]. From the theoretical H2 consumption
alue for CoZA samples (∼4.2196 mmol H2/g) as shown in Table 2,
he difference between the amount of theoretical H2 consump-
ion and that of H2 consumption after calcination is responsible for
he formation of un-reducible cobalt species such as cobalt alumi-
ate. The formation of un-reducible cobalt aluminate species even
t high reduction temperature (800 ◦C) is much higher on CoZA-
MP and this portion on CoZA catalysts is 55.5% for CoZA-IMP and
1.2% for CoZA-SLP(1). The facile formation of un-reducible cobalt
pecies such as cobalt aluminate could be responsible for the low
T catalytic activity.

The percentage of reduction for the CoZA catalysts is also
iven in Table 2. The reduction degree (%) was defined as
(H2 consumption after calcination − H2 consumption after pre-
eduction)/theoretical H2 consumption for 20 wt.%Co/ZrO2–Al2O3
amples (∼4.2196 mmol H2/g) × 100]. Based on that reduction
egree, the corrected cobalt dispersion and the cobalt cluster size
alculated from hydrogen chemisorption are shown in Table 2 as
ell. Finally, the cobalt cluster size is corrected by using the reduc-

ion degree and Co content measured by XRF analysis. The value is
uite high in the case of PMP catalysts. The corrected cluster size is
he largest for the CoZA-PMP catalyst (15.8 nm) and the smallest for
he CoZA-SLP(5) (9.8 nm). The larger cobalt cluster size observed on
he physically mixed CoZA-PMP may be due to the uneven distri-
ution of cobalt oxides on ZA support. Furthermore, the variation
f aging time on CoZA-SLP catalysts also alters the metallic cobalt
luster size and its value is minimum at an aging time of 5 h due
o the re-dispersion of cobalt precipitates during the proper aging
ime. The variation of metallic cobalt cluster size measured by H2
hemisorption is consistent with the results of XRD analysis for
o O cluster size and the size reduction from Co O to metallic Co
3 4 3 4

s observed around 25% for all CoZA catalysts.
The TEM pictures shown in Fig. 4 further confirm that CoZA-PMP

Fig. 4(b)) shows larger cobalt clusters with an uneven distribution
ue to the physically mixed cobalt oxides and ZA oxides. Inter-
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ig. 4. Transmission electron microscope (TEM) images of fresh CoZA catalysts pre-
ared by various methods. (a) CoZA-IMP (b) CoZA-PMP (c) CoZA-SLP(1).

stingly, heterogeneously dispersed cobalt clusters are observed
ith a considerable portion of small cobalt clusters below 5 nm

n CoZA-IMP (Fig. 4(a)). These small clusters can be transformed
asily to inactive cobalt aluminates or deactivated under sufficient
2O environment during the FT reaction conditions by the reoxi-

ation mechanism [6,7]. On the other hand, CoZA-SLP(1) catalyst
Fig. 4(c)) shows homogeneously dispersed smaller cobalt clusters
ith a size around 10 nm. Thus, the TEM data further strengthens

he cobalt cluster size calculated from the H2 chemisorption, XRD
nd TPR experiments.
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.3. FT functionality of the catalysts in a fixed-bed reactor

The data obtained on the conversion of CO, along with the selec-
ivity to different products obtained on the CoZA catalysts during
he evaluation in a fixed-bed reactor, at the specified reaction con-
itions are given in Table 3. These are the averaged values after
0 h on stream when the catalytic activity was stabilized. In gen-
ral, a promoter like Ru helps enhancing a reducibility of cobalt
pecies and hydrogenation activity as well [22], however, it is con-
ained in all CoZA samples with the same concentration around
.5 wt.% and its effect to FT activity is not entirely discussed at the
resent investigation. Iglesia [5] also reported increase in cobalt
ime yields with increase in dispersion. Recently, Bezemer et al.
24] investigated the effects of cobalt cluster size in FT reaction and
nally suggested that the TOF and selectivity of FT reaction vary
t cobalt clusters size below 6–8 nm and the intrinsic TOF value
emain constant above that cobalt cluster size. However, Shinoda et
l. [15,25] investigated the effect of bimodal pore-structured FT cat-
lyst and they concluded that ZrO2-silica bimodal support is good
or enhancing the cobalt dispersion and the diffusion efficiency of
T products resulting in the increased TOF.

Among our FT catalysts, the CoZA-SLP catalysts, showing
imodal pore size distribution, display a higher value of 27.2%,
hereas the CoZA-IMP shows the lowest value of 13.7% for the

O conversion. Interestingly, the CoZA-SLP(5) catalyst showing a
maller cobalt cluster size reveals the highest CO conversion of
9.7%. The lower CO conversion observed in the case of CoZA-IMP
an be attributed to the heterogeneously distributed cobalt clusters
ith its fast initial deactivation due to the small cobalt clusters of

elow 5 nm in size. It is expected that the small cobalt clusters on
oZA-IMP catalyst could be easily deactivated by the reoxidation
echanism resulting in low conversion of CO at steady-state. The

OF values for CoZA-SLP catalysts are higher than those of CoZA-
MP and CoZA-PMP due to the homogeneously distributed cobalt
lusters with small cobalt size around 9.8–11.3 nm and bimodal
ore size distribution of CoZA-SLP catalysts. In CoZA-SLP catalysts
ith different aging times, the CO conversion is highest on CoZA-

LP(5) catalyst. However, the TOF value steadily decreased with the
ncrease of aging time from 5.72 to 3.33. The higher TOF value
bserved on CoZA-SLP(5) is attributed to the large pore diame-
er in accordance with small cobalt cluster size due to the ease of
eavy hydrocarbon transfer. In addition, the lower CO conversion
n CoZA-PMP could be caused by the uneven cobalt cluster distri-
ution leading to the suppressed secondary reaction of olefins and
elatively larger cobalt cluster size of around 15.8 nm than that of
oZA-SLP catalysts.

In terms of product distribution, the CoZA-IMP catalyst showed
igh selectivity to C8+ with low CO conversion due to the high
eduction degree (56.8% calculated from the two TPR experiment
uns) of available cobalt species without counting cobalt alunmi-
ate species. The results of TPR, H2 chemisorption and TEM analysis
eveal that CoZA-IMP contains the highly reducible cobalt oxides
ven though it contains a larger portion of cobalt species to be
ransformed easily to the inactive cobalt species such as cobalt
luminate. The high selectivity to C8+ on CoZA-IMP could be due
o the easier dissociation of CO on the electron-rich cobalt clus-
er leading to the possible secondary reactions of olefins through
hain-growth mechanism on the larger metallic cobalt clusters
13,14]. The high value of O/(O + P) on CoZA-IMP reveals that there
xists a high probability for the secondary reactions to proceed to

orm heavy hydrocarbons. Interestingly, the rate of CH4 formation
s affected by the reduction degree (the values in bracket in Table 2
re calculated by counting the available cobalt species only) and
he high selectivity to CH4 is observed on CoZA-SLP catalysts which
re difficult to be reduced (Fig. 3) compared to CoZA-IMP catalyst.
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Table 3
CO conversion and product distribution over Ru/Co/ZrO2–Al2O3 catalysts prepared by various methods in a fixed-bed reactora.

Catalyst Conversion Selectivity (C-mol%) TOF × 10−2 (converted CO/Cosurface atom/s)

of CO to CO2 C1 C2–4 C5–7 C8+ O/(O + P)b

CoZA-IMP 13.7 1.0 4.4 6.2 6.9 82.5 54.7 2.96
CoZA-PMP 16.9 0.9 10.5 14.9 15.6 59.0 45.4 2.78
CoZA-SLP(1) 27.3 0.9 11.7 12.1 13.8 62.4 36.9 5.72
CoZA-SLP(5) 39.7 2.5 11.9 14.1 15.1 58.9 37.8 4.08
CoZA-SLP(10) 27.2 1.3 15.0 12.6 12.9 59.5 30.7 3.33
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and their cluster size distribution. Therefore, the catalytic activ-
ity was further examined in a slurry reactor to elucidate the effect
of bimodal pore size distribution on CoZA-SLP(1) catalyst which
showed higher C8+ selectivity.
a Reaction conditions: Reaction T = 220 selectivity (C-mol%), Pg = 2.0 MPa, SV (L/kg
b The O/(O + P) value was calculated from the ratio of olefin divided by total hydro

inally, the high CO conversion and selectivity to heavy hydrocar-
ons could be obtained on the catalyst showing a proper cobalt
luster size of about 10 nm and containing highly reducible cobalt
lusters (electron-rich state) to enhance the facile dissociation of CO
nd propagate the secondary reactions. Therefore, CoZA-SLP cata-
ysts showing small cobalt cluster size around 10 nm are responsible
or showing high CO conversion and TOF value, however, showing
ow selectivity to C8+ due to its difficultly reducible nature com-
ared to the CoZA-IMP catalyst. Although all CoZA-SLP catalysts
how a trivial difference in C8+ selectivity due to the similar cobalt
luster size, the CO conversion is proportionally related with cobalt
luster size.

It is necessary to understand why the CoZA-IMP, possessing a
obalt cluster size of around 11.4 nm is not able to show high steady-
tate conversion. The time on stream (TOS) data presented in Fig. 5
ndicate a sudden decrease in the initial activity. A close look at
he TEM picture (Fig. 4(a)) of fresh CoZA-IMP catalyst reveals the
resence of a considerable number of small cobalt clusters, along
ith the presence of cobalt cluster size above 20 nm. The small

obalt clusters (less than 5 nm) are easily subjected to reoxidation
uring FT synthesis reaction, thus getting deactivated. As shown in
ig. 6, the TEM images of used CoZA-IMP (Fig. 6(a)) and CoZA-SLP(1)
Fig. 6(b)) catalysts reveal that the cobalt clusters are sintered in
oth the cases up to 20 nm and the growth in size is much higher on

oZA-IMP due to the facile tendency of small clusters for oxidation
nd finally leading to sintering. During the conventional impregna-
ion, there occurs a heterogeneous cobalt cluster size distribution
specially in the case of catalysts prepared at low pH of preparation

ig. 5. CO conversion with time on stream (h) on the CoZA catalysts prepared
y slurry precipitation method, physical-mixing method of precipitates and con-
entional impregnation method at the following reaction conditions: Reaction
= 220 ◦C; Pg = 2.0 MPa; SV (L/kgcat/h) = 2000; feed compositions (H2/CO/CO2/Ar;
ol%) = 57.3/28.4/9.3/5.0.

F
b

= 2000, feed composition (H2/CO/CO2/Ar; mol%) = 57.3/28.4/9.3/5.0.
ns (olefin + paraffin) in the range of C2–C4 hydrocarbons.

olution [23]. In addition, from the EXAFS analysis, the CO-induced
obalt surface reconstruction during FT reaction is also reported on
obalt clusters [24,26]. Therefore, it appears that a uniform distribu-
ion of larger cluster size, above 10 nm, is advantageous for better
esistance against deactivation and CoZA-SLP catalyst appears to
e suitable for this purpose. Furthermore, the wax formation on
he catalyst surface during FT synthesis is responsible for the cat-
lyst deactivation irrespective of the reducibility of cobalt species
ig. 6. Transmission electron microscope (TEM) images of CoZA catalysts prepared
y SLP and IMP methods after FT synthesis reaction. (a) CoZA-IMP (b) CoZA-SLP(1).
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Table 4
CO conversion and product distribution over Ru/Co/ZrO2–Al2O3 catalysts prepared by various methods in a slurry reactora.

Catalyst Conversion Selectivity (C-mol%) TOF × 10−2 (converted CO/Cosurface atom/s)

of CO to CO2 C1 C2–4 C5–7 C8+ O/(O + P)b

CoZA-IMP 10.4 0.7 6.5 5.0 3.8 84.7 31.5 2.25
CoZA-SLP(1) 38.4 0.8 2.2 2.9 3.7 91.2 47.2 8.04
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a The FT synthesis reaction was performed in CSTR (continuous-stirred tank
L/kgcat/h) = 2000, revolution per minute (rpm) = 2000, feed composition (H2/CO/CO

b The O/(O + P) value was calculated from the ratio of olefin divided by total hydro

.4. Reactivity of the catalysts in a slurry reactor

The activity of CoZA-IMP and CoZA-SLP(1) catalysts was also
nvestigated in a continuous-stirred tank reactor (CSTR) under a
qualane solvent medium to elucidate the influence of pore struc-
ure (unimodal or bimodal pore size distribution) on the FT activity
nd product distribution. As described previously CoZA-IMP exhib-
ted a unimodal pore size distribution with the heterogeneously
istributed cobalt clusters (12.0 nm in average size), whereas a
imodal pore size distribution with the homogeneously distributed
obalt clusters (10.2 nm in average size) is observed in the case of
oZA-SLP(1). Generally, the large pore and its bimodal pore size
istribution are beneficial to the effective removal of heavy hydro-
arbons and the high catalytic activity due to the facile transfer with
ow accumulation of wax on catalyst surfaces [11,12,15,19,20,25]. As
hown in Table 4, the CO conversion and selectivity to C8+ are much
igher on CoZA-SLP(1) possessing a bimodal pore size distribution
han those of CoZA-IMP. The activity variation such as CO conver-
ion and TOF value in a fixed-bed and a slurry reactor on CoZA-IMP
s not much altered, though there is a slight decrease. However,
he CoZA-SLP(1) shows a significant improvement in activity due
o bimodal pore size distribution. Higher solubility of CO compared
o H2 in a slurry phase reaction [27] and low possibility of hot-
pot generation could contribute to the enhanced catalytic activity.
n addition, an increase in the activity as shown by TOF value on
oZA-SLP catalysts, rather than a decrease on CoZA-IMP catalyst,
eveals a clear-cut advantage of a bimodal pore size distribution of
oZA-SLP(1) catalyst. The catalyst possessing a bimodal pore size
istribution with the homogeneously distributed cobalt clusters is
ound to be beneficial for the enhancement of wax extraction during
he FT synthesis and it is also proposed that the catalyst’s lifetime
an be increased [5,15,25] On the slurry phase reaction, therefore,
he facile reducibility of the homogeneously distributed cobalt clus-
ers with low initial deactivation rate mainly induced from small
obalt clusters below 5 nm in size and a bimodal pore size distri-
ution of FT catalyst (CoZA-SLP(1)) are much important factors to
nhance the catalytic activity and yield to C8+ hydrocarbons.

. Conclusions

The CoZA catalyst prepared by the SLP method has shown bet-
er catalytic properties than the catalysts prepared by PMP and IMP

ethod. The control of cobalt cluster size and pore size distribution
uring the preparation of the CoZA catalysts plays an important
ole in determining the catalytic properties on FT synthesis. The
roperly designed CoZA-SLP shows a higher CO conversion and
OF in both fixed-bed reactor and slurry reactor (CSTR) due to
he homogeneously distributed cobalt clusters and bimodal pore

ize distribution of catalyst. In addition, C8+ selectivity is strongly
ffected by the reduction degree of available cobalt species due to
he facile activation of CO and easy propagation of secondary reac-
ions which is expected from the high value of O/(O + P). The proper
ging time for CoZA-SLP catalyst is around 5 h to obtain a high CO

[
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[
[

tor) at the following reaction conditions; Reaction T = 220 ◦C, Pg = 2.0 MPa, SV
mol%) = 57.3/28.4/9.3/5.0.
ns (olefin + paraffin) in the range of C2–C4 hydrocarbons.

onversion with small cobalt cluster size around 10 nm. In the slurry
eaction, CoZA-SLP catalyst possessing a bimodal pore size distri-
ution with the homogeneously distributed cobalt clusters (high
ass-transfer efficiency and low initial deactivation rate by sup-

ressing the formation of small cobalt clusters below 5 nm in size)
howed a high TOF value at steady-state compared to CoZA-IMP
atalyst. The formation of homogeneously distributed cobalt clus-
ers of size in the vicinity 10 nm with low tendency to be sintered
uring FT synthesis need to be considered in designing effective FT
atalysts in both fixed-bed and slurry reactor.
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