
 

 

  
Abstract—Performance of a cobalt doped sol-gel derived silica 

(Co/SiO2) catalyst for Fischer–Tropsch synthesis (FTS) in slurry-
phase reactor was studied using paraffin wax as initial liquid media. 
The reactive mixed gas, hydrogen (H2) and carbon monoxide (CO) in 
a molar ratio of 2:1, was flowed at 50 ml/min. Braunauer-Emmett-
Teller (BET) surface area and X-ray diffraction (XRD) techniques 
were employed to characterize both the specific surface area and 
crystallinity of the catalyst, respectively. The reduction behavior of 
Co/SiO2 catalyst was investigated using the Temperature 
Programmmed Reduction (TPR) method. Operating temperatures 
were varied from 493 to 533K to find the optimum conditions to 
maximize liquid fuels production, gasoline and diesel. 
 

Keywords—Fischer Tropsch synthesis, slurry phase, Co/SiO2, 
operating temperature. 

I. INTRODUCTION 
ISCHER –Tropsch synthesis (FTS) is a well-known 
method for producing liquid hydrocarbons such as 

paraffins, olefins and other chemicals. FTS has drawn great 
interest in the past decade since it is believed that synthetic 
liquid fuels produced from this process can solve the shortage 
of liquid transport fuels. The FTS efficiency and product 
distribution depend on variables such as reactor type, 
operating conditions and the nature of the catalyst used [1]. 
The operating conditions are keys in the control of product 
distribution during FTS. Proper selection of reaction 
conditions such as temperature plays an important role in the 
catalytic activity and the selectivity of the reactions [2], [3]. 
The low temperature Fischer-Tropsch (LTFT) is run at 
temperatures of 493 to 533K. Cobalt based-catalysts are 
normally employed for production of long chain hydrocarbons 
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and small olefins [4]-[6]. Farias and coworkers showed that 
liquid hydrocarbon product distribution of iron based catalyst 
was dependent on the operating pressure and temperature [7]. 
Tian and coworkers found that increasing both reaction 
temperature and inlet H2/CO ratio improved the selectivity to 
low molecular hydrocarbons, while decreasing total pressure 
favoured selectivity to high molecular hydrocarbons [8].  De 
la Osa [2] showed that CO conversion and selectivity to 
hydrocarbon chains of 5 or more (C5

+) was influenced by 
addition of promoters and variation of operating condition 
such as space velocity, H2/CO ratio and reaction temperature. 

Cobalt and iron catalysts have been applied to industrial-
scale FTS process.  However, cobalt-based catalysts for FTS 
have received the most attention due to their high selectivity 
to linear hydrocarbon products, high resistance to deactivation 
and low activity towards occurrence of the water gas shift 
reaction (WGS) [9]-[11].  

In general, porous inorganic oxides are doped with cobalt 
via the wetness impregnation method using the solution of 
various salts [6], [12], [13]. Suitable inorganic oxides as a 
support should possess a high surface area such as SiO2, 
aluminium oxide (Al2O3) and Titania (TiO2).  Khodakov, 
Diehl and Viana de Sousaa investigated supported Co based 
catalysts with a view to maximizing the FTS efficiency by 
improving the dispersion ability and reducibility of the 
catalysts [5],[14],[15]. Khodakov and Oh found that the 
support influenced several important catalytic properties, 
including reducibility, dispersion ability, mechanical and 
chemical strength [6], [16]. SiO2 is commonly utilized for 
supporting Co in the FTS process due to its weak interaction 
with Co leading to good reducibility of Co oxides [17]. The 
effects of the SiO2 support textural properties on FTS catalytic 
performance has been studied in a number of publications 
[18]-[20]. Liu studied the effect of the textural properties of 
SiO2 supports on catalyst performance. The pore size of the 
SiO2 support was shown to strongly influence the catalytic 
activity of Co/SiO2 for FTS [21]. Investigations of the 
morphological properties of the SiO2 support have not 
received as much attention. On the other hand, catalyst 
modification for the purpose of maximizing the efficiency of 
the FTS had been researched widely. The catalytic properties 
of SiO2 can be adjusted to the most favorable condition for 
FTS [22]. 

Judicious election of the catalyst, support and the reaction 
conditions are significant for the FTS performance with 
respect to FTS activity and product distributions. In this paper, 
an experimental investigation of reaction temperature for Co 
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doped sol-gel derived SiO2 catalysts was carried out to 
optimize catalytic activity and product distribution to 
maximize gasoline (C5-C12) and/or diesel (C13-C23). 

II.   EXPERIMENTAL 
A. Catalyst Preparation 
Silica was prepared by the sol-gel method. A solution of 

ethanol and tetraethyl orthosilicate (TEOS, Aldrich) were 
mixed and stirred vigorously for 15 min. De-ionized water and 
hydrochloric (Aldrich, 37%) acid were added to the mixture 
of TEOS and ethanol then continuously stirred for a further 1 
hour (h) at 303 K. The final solution was heated in an oven at 
338 K for 24 h. The gel sample was collected and calcined in 
air at 773 K for 6 h. The calcined sample was then ground 
using a pestle and mortar and sieved to collect only fine 
particles (297–840 μm) of Co/SiO2.  

Cobalt (II) nitrate (Co(NO3)2·6H2O, Ajax Finechem) 
solution was impregnated into the sieved silica supports by an 
incipient wetness method to obtain cobalt metal loading of 13 
wt.%. The impregnated catalyst was dried in an oven at 393 K 
for 12 h, and then calcined at 723 K for 4 h in air. 

After calcination, the catalyst was activated in a stainless 
steel fixed bed reactor by flowing pure hydrogen flowing over 
10 h at 673 K followed by passivation using 1% O2/N2 for 1 h 
at room temperature. 

B. Catalyst Characterization 
The catalyst surface area and crystallinity were 

characterized. The surface area, pore size and pore volumes of 
the catalyst were measured by a standard BET method using 
N2 physisorption, the data were collected at its boiling point 
(77 K) on a Quanta chrome apparatus model Autosorb-1.  

 Diffractograms of SiO2 and Co/SiO2 were obtained by 
XRD analysis using a Bruker AXS, D8 Advance 
diffractometer (Germany) with Cu(Kα) radiation and 
operating parameters of  40 kV and 30 mA. Diffraction 
patterns were acquired using a step scanning technique from 
10° to 80° in 2θ.  The diameter of the Co3O4 crystalline size 
was calculated from Scherrer equation as shown in the 
equation (1) [23]. 

 

           
0cos)2( θθ

λ
Δ

=
KL                                (1) 

 
where   L  is the crystalline size (nm) 
            K is a Scherrer constant (K = 0.9 – 1.1) 
            λ  is the wavelength of X-ray (Cu(Kα) = 0.154 nm) 

        )2( θΔ is the width of the peak at half  height (radian) 

The reduction behavior of the cobalt oxide (Co3O4) 
component in the lab-prepared catalyst was investigated using 
the hydrogen temperature-programmed reduction (H2-TPR) 
technique. Prior to the H2-TPR experiment, the catalyst was 
pretreated with helium at 473 K, then cooled down to room 
temperature. The reducing gas, 5% H2 /Ar, was fed through 
the calcined catalyst at a heating rate of 10 K/min from 

ambient temperature to 1123 K. The thermal conductivity 
detector (TCD) signal indicated hydrogen consumption at 
different temperatures. The result was recorded on-line by 
computer. 

C. Fischer-Tropsch Synthesis 
Catalytic FTS were carried out in a slurry-phase reactor 

(Parr reactor model 4848) with a volume 0.25 L at 
temperature ranging from 493 to 533 K. CO conversion and 
product distribution were determined at each temperature to 
find the optimum operating temperature to maximize the 
desired yields of gasoline and diesel. 2 g of passivated catalyst 
was loaded into the reactor and suspended in 65 g of molten 
paraffin wax (the start-up medium). 50 ml/min of reactant gas, 
H2:CO at a molar ratio of 2, was introduced into the reactor. 
The total pressure was maintained at 2 MPa. The ratio of 
catalyst weight to reactant gas flow rate (W/F) and gas hourly 
space velocity (GHSV) were fixed at 15 g-cat.h/mol and 1.5 
l(STP)/g/h, respectively. The effluent gas was passed through 
a hot trap (433K), followed by a cold trap (293K) then back-
pressure regulator, before analysis by gas chromatography 
using a thermal conductivity detector (GC-TCD). Qualitative 
and quantitative gas analyses were performed on a Shimadzu 
gas chromatograph GC-8A. The products analyzed were H2, 
CO, carbon dioxide (CO2) and methane (CH4). The gas 
mixture was carried in as a mobile phase and passed through 
the stationary phase of a Porapak Q column. The outlet of the 
column was connected directly to a TCD, which responded in 
proportion to the concentration of the components in the 
sample stream. The liquid products were analyzed by 
combined gas chromatograph connected to a mass 
spectrometer (GC-MS). 

III. RESULT AND DISCUSSION 
A. Characterization of Catalyst 
Cobalt content, specific surface area and crystallinity of the 

catalysts were characterized by XRF, BET and XRD 
techniques, respectively. The Table I shows the structural 
properties of the sol-gel derived SiO2 support and the Co/SiO2 
catalyst before exposure to FTS. After Co impregnation, the 
surface area and pore volume of the doped catalyst were 
found to be reduced, compared to the undoped SiO2. This may 
be due to formation of large Co3O4 particles on the catalysts 
surface that were detected by XRD. Co3O4 coagulation 
occurred on the catalyst’s surface and partly penetrated the 
supports inner pores resulting in a drop of surface area and 
pore volume [24]. 

Fig. 1 shows XRD patterns of the lab-prepared SiO2 and 
Co/SiO2. The Co/SiO2 diffractogram indicates the presence of 
Co3O4 as a minor crystalline phase. The diameter of the Co3O4 
particle was measured as 4.5 nm. The large Co3O4 particles 
could be formed by a weak interaction between SiO2 and Co 
oxide species resulting in a low dispersion of Co on the SiO2 
[16], [25]. 
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TABLE I 

PHYSICAL PROPERTIES OF FTS CATALYSTS 

Sample Co content 
(wt.%) 

BET surface area 
(m2/g) 

Total pore volume 
(ml/g) 

Average pore diameter 
(nm) 

Co3O4 particle size 
(nm)  

SiO2 - 376 0.20 2.15 - 
Co/SiO2 13 284 0.14 1.84 45 

 
Fig. 2 shows the H2-TPR profile of the FTS catalyst, 

demonstrating the reducibility of Co3O4 to Co0, Co in the zero 
oxidation state being the active site for FTS.  In Fig. 2, two 
major peaks were seen at 634 and 648 K, corresponding to the 
two major mechanisms of the reduction process [26]-[28]. The 
low temperature sharp peak, detected between room 
temperature and 634 K, could be assigned to the partial 
reduction of Co3O4 to CoO. The second broad peak at medium 
temperature of 648 K could be ascribed to the subsequent 
reduction of CoO particle to the Co0 species [29]. However, 
the third peak at 1073 K probably occurred due to reduction of 
undesired cobalt silicate phase that could reduce the catalyst’s 
activity towards FTS [30]. A small shoulder peak at about 625 
K was also found. This peak is attributed to the decomposition 
of residual nitrate ions (from the cobalt (II) nitrate precursor) 
which decomposes completely above 673 K [26], [31]. 

 
Fig. 1 The XRD patterns of the (a) sol-gel derived silica (SiO2) 
support and (b) cobalt doped on sol-gel derived silica support 

(Co/SiO2) catalyst 

 
Fig. 2 The H2-TPR profile of the Co/SiO2 calcined catalyst 

B. Fischer-Tropsch synthesis 
In order to study the performance of the synthesized 

catalyst and to find the optimum operating temperature for the 
highest yields of hydrocarbon liquid fuels, the experiments 
were performed at different temperature. The CO conversion, 
FTS activity, product selectivity and distribution were 
determined after 24 h exposure of the catalyst to FTS as 
shown in Table II.  

The CO conversion (%) was calculated from the amount of 
CO used minus the CO that remained in the tail gas as: 
 

100
inCO)of(Moles

outCO)of(MolesinCO)of(Moles
(%)conversionCO ×

−
=     (2) 

 
TABLE II 

CATALYTIC PERFORMANCES OF THE CATALYST WITH THE VARIOUS REACTION 
TEMPERATURES IN SLURRY-PHASE FTS 

Reaction 
temperature 
(K) 

CO conversion 
(%) 

CH4 selectivity 
(%) 

CO2 selectivity 
(%) 

493 7.40 2.02  
513 11.05 3.75  
533 23.17 8.86 0.52 

 
CO conversions as function of time on stream (TOS) of the 

Co/SiO2 catalyst under temperatures of 493, 513 and 533 K 
are shown in Fig. 3. The CO conversion at 513 K was slightly 
higher than the CO conversion at 493K through the time on 
stream. The highest CO conversion, 23.17%, occurred at 533 
K. From Table II, CO2 is a minority product indicating the 
water-gas shift reaction (WGS) was efficient. This indicates 
that the CO has reacted with water generating CO2 and H2.  
Cobalt based catalysts is low activity in WGS [32]. 
Presumably, increased temperature caused an increase in CO2 
and CH4 formation via the WGS and methanation. These are 
endothermic reactions, thermodynamically favored at high 
temperature [33]. The result is in agreement with previous 
works. CO dissociation was promoted by increased 
temperatures and provided more surface C atoms leading to 
the release of hydrocarbons. Additionally, methane formation 
was promoted due to feed gas ratio enrichment within the 
reactor at increased operating temperatures [8],[34],[35]. 

The liquid products collected and analyzed by GC-MS 
showed n-paraffins as a main product with trace amounts of 
oxygenates.  

Fig. 4 shows the number of carbons in the liquid 
hydrocarbon produced in the experiments. Long chain 
hydrocarbons with carbon chains ranging from C10 – C16, C10 
– C21 and C7 –C23 were produced at 493K, 513K and 533K, 
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respectively. 
These findings are in agreement with previous studies 

reported by other researchers [7]. However, C5 and C6 n-
paraffins were not detected. This might be due to the space 
limitation inside the catalyst pores. Increased operating 
temperature apparently increases the spread of longer and 
shorter chain hydrocarbons using this catalyst. Fig. 5 
represented amount of total liquid fuels (mg) produced by 
FTS at temperatures of 493K, 513K and 533K. This result is 
consistent with the earlier results from Table II and Fig. 4 
which showed that, at 533 K, the highest CO conversion and 
highest amount of gasoline and diesel were obtained, 
respectively. 
 

 
Fig. 3 Catalytic performances with time courses for FTS over 

Co/SiO2 catalyst at different reaction temperature as (a) 493 K,        
(b) 513 K, and (c) 533 K 

IV. CONCLUSION 
Large particles of Co3O4 were found as a minor crystalline 

phase in the lab-prepared cobalt doped sol – gel derived 
amorphous silica, Co/SiO2 catalyst. Co3O4 aggregated and 
formed on the surface of the catalyst resulting in a drop of the 
surface area and pore volume. However, this catalyst 
displayed a good performance towards the FTS in slurry-
phase reactor.  

The Co/SiO2 possesses good selectivity towards 
hydrocarbons liquid fuels in the C5 to C23 range for LTFT. 

The operating temperature of the reaction strongly 
influenced the performance of the catalyst towards FTS. 

Increased temperatures resulted in greater CO conversion to 
hydrocarbon product, while similarly, the yield of the liquid 
products and the spread of carbon chain length numbers were 
influenced by the temperature with a higher temperature 
producing a greater spread.  

The maximum CO conversion and liquid products yield 
was obtained at 533 K for Co/SiO2 catalyst in a slurry-phase 
reactor. 
 

 

 

 
Fig. 4 Percentage of weight of each carbon number in hydrocarbon 
liquid products which was detected as the n-paraffins for (a) 493K, 

(b) 513K, and (c) 533K 
 

 
Fig. 5 Quantity of liquid fuels products obtained from FTS over 

Co/SiO2 catalyst 
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