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      The Fischer-Tropsch Synthesis (FTS) activities of cobalt-based catalysts supported on carbon nanotubes (CNTs) and functionalized 
carbon nanotubes (FCNTs) are investigated in this work. The cobalt-based catalysts are synthesized by the reverse micro-emulsion 
technique using a non-ionic surfactant, and characterized by the Brunauer-Emmett-Teller, X-ray diffraction, H2 chemisorption, temperature 
program reduction, and transmission electron microscopy techniques. The activities of the synthesized catalysts are evaluated in terms of 
the FTS production rate (g produced hydrocarbons/g.cat./h) and selectivity (percentage of the CO converted to hydrocarbon products). 
According to the TEM results, the synthesized cobalt nanoparticles have a narrow size distribution and are mostly confined inside the 
functionalized CNTs (FCNTs). These nanoparticles are highly reducible as evidenced by the reduction peaks of the FCNT catalyst shifting 
to low temperatures. In comparison to non-functionalized CNT, FCNT increases the FTS rate and CH4 selectivity, and decreases the C5

+ 

selectivity as a catalytic support. In addition, the FCNT support preserves the high dispersion and reducibility of cobaltthat can be 
attributed to the hydrogen spill-over effect of the functional groups present on the CNT surface.  
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INTRODUCTION 
 
      In the recent years, the demand for fossil fuels has raised 
the focus on the Fischer-Tropsch synthesis (FTS) in both 
academia and industry [1-3]. In the FTS reaction, the syngas 
(a mixture of CO and H2) is changed into liquid 
hydrocarbons via catalytic surface polymerization. 
Supported cobalt catalysts are famous in the FTS process 
due to their high activity and selectivity towards paraffinic 
hydrocarbons. High chain growth probability, low 
deactivation rate, and small water-gas shift activity are 
among the reasons for choosing the cobalt-based catalysts 
as the best options for converting the syngas into clean 
liquid fuels [4,5]. 
      It  is  well-recognized  that   the   size,   dispersion,   and  
 
*Corresponding author. E-mail: aasghari@semnan.ac.ir 

 
reduction degree of the catalyst particles are important 
parameters for the CO hydrogenation mechanism [6]. These 
characteristics are influenced by the support selection in 
cobalt-based catalysts. Nowadays, the use of carbon 
supports, due to their suitable surface properties, is very 
much considered in the catalyst preparation. Nevertheless, 
these types of supports have small interactions with the 
cobalt active phase. In the carbon nanotube (CNT)-
supported cobalt catalyst, the strong metal-support 
interactions are decreased to a large degree [7,8].  It is well-
known that the synthesis of highly dispersed and stable 
cobalt catalysts requires strong interactions between the 
support and the cobalt active phase [9], making CNTs an 
unsuitable support in cobalt-based catalysts. 
Functionalization of CNTs as a support is a new technique 
for the catalyst preparation. This process allows the control 
of  metal  particle size with a narrow size distribution due to  
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the rise in the support interaction with the cobalt active 
phase [6].  
      Despite the fact that functionalization of the supports 
extremely influences the interaction between the cobalt 
particles and the CNT support, the functional groups formed 
on the surface of CNT support cause the sintering of cobalt 
particles [9]. Alternatively, the concentration, distribution 
and nature of the functional groups present on the surface of 
CNTs play an important role in the dispersion of the metal 
particles on the CNT support [9]. Chen et al. have reported 
that the confinement of the iron particles inside CNTs leads 
to a high reducibility and a superior CO dissociative 
adsorption on the metal surface [10]. For the CNT support 
with open cap, capillary force leads to the confinement of 
cobalt particles inside the CNT pores [7,11]. Thus, a cobalt 
active site located inside the tubes must be more active than 
the one located on the external surface of the CNT support 
[12]. 
      The aim of this work is to evaluate the effect of 
functionalization of the CNT support on the activity and 
selectivity of the cobalt-based catalyst in the FTS reaction. 
The results obtained are compared with those of common 
CNTs used as the catalytic support. A detailed discussion is 
provided to draw useful scientific and technical conclusions. 
 
EXPERIMENTAL  
 
Catalyst Preparation  
      Purified multi-walled CNTs were synthesized based on 
a method described in detail in Ref. [12]. The purity of the 
prepared CNTs was about 95%, and their diameters and 
lengths were in the ranges of 10-20 nm and 5-15 μm, 
respectively [13]. For the chemical functionalization 
procedure of CNTs, about 1 g of the purified CNTs was 
added to 150 ml H2O2 (30%) and sonicated for 15 min [6]. 
Then, a stream of the ozone gas was continuously passed 
through the mixture at a rate of 300 ml min-1 for 4 h. The 
prepared support precursor was filtered and washed with 
methanol to eliminate the residual H2O2, and then dried at 
120 °C for 5 h.  
      The pure and functionalized CNTs were used as the 
supports for the preparation of the cobalt-based catalysts. 
These catalysts (15 wt% cobalt loaded) were prepared by 
the  reverse  micro-emulsion  method  using   a   solution  of  

 
 
cobalt nitrate (CO(NO3)2.6H2O, 99%, Merck), the non-ionic 
surfactant Triton X-100 (Chem-Lab), n-hexane (C6H14, 
Chem-Lab) as the oil phase, and 1-butanol (C4H9OH, 
Merck) as the co-surfactant [4]. The water-to-surfactant 
molar ratio (W/S) was set at 0.5. The catalyst precursors 
were filtered and washed with distilled water and ethanol. 
Then, the catalysts dried at 120 °C for 2 h, and calcined 
under an argon atmosphere at 450 °C for 3 h. 
 
Catalyst Characterization 
      FT-IR spectra were obtained by a Bruker ISS-88. A 
smooth transparent pellet of 2.5% of CNTs mixed with 
97.5% KBr was made, and the IR beam was passed through 
this pellet. The surface area, pore volume, and pore average 
diameter of the calcined catalyst were measured using an 
ASAP-2010 Micrometrics system [14]. The morphologies 
of the calcined catalysts were considered by transmission 
electron microscopy (TEM) using a Philips CM20 (100 kV) 
equipped with a NARON energy-dispersive spectrometer 
and a germanium detector.  
      The prepared cobalt oxide phases and the cobalt 
crystallite size in the catalyst were analyzed by XRD using 
a Philips Analytical X-ray diffractometer (XPert MPD) with 
monochromatized Cu/Kα radiation between 2θ angles from 
20° to 80°. The Debye-Scherer formula was used for the 
Co3O4 peak at 2θ = 36.8° in order to calculate the average 
cobalt crystallite size.  
      The H2-TPR technique was performed in order to study 
the reducibility of the catalysts [5]. 0.05 g of the calcined 
catalyst sample was purged under a helium flow at 140 °C. 
Then, TPR of the sample was performed using 5% H2 in an 
argon stream at a flow rate of 40 ml min-1 at atmospheric 
pressure using a Micrometrics TPD-TPR 2900 analyzer 
equipped with a thermal conductivity detector (TCD), 
heating at a linearly programmed rate of 10 °C min-1 up to        
850 °C.  
      The hydrogen chemisorption of the fresh and used 
catalysts was conducted using the Micromeritics TPD-TPR 
290 system. About 0.25 g of the sample was reduced under 
a hydrogen flow at 400 °C for 12 h. Then, the sample was 
purged by argon in order to remove the weakly adsorbed 
hydrogen. Finally, the temperature programmed desorption 
(TPD) of the sample was obtained with a heating ramp of 10 
°C min-1 to 400 °C under an argon flow.  
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Catalyst Activity Test 
      The FTS activity (g HC produced/g cat./h) and product 
selectivity were evaluated using a fixed bed tubular stainless 
steel micro-reactor of 20 mm internal diameter. Three mass 
flow controllers (Brooks, Model 5850E) were used to 
control the flow rate of the inlet gases (CO, H2 and N2 with 
a purity of 99.999%), and a mechanical back-pressure 
regulator was used to control the pressure of the system. 
Three thermocouples were located in the catalyst bed for 
monitoring the inlet, outlet, and bed temperatures. The 
meshed catalyst (1.0 g) was held in the center of the reactor 
and diluted using quartz wool. The catalysts were reduced 
in hydrogen at 400 °C and atmospheric pressure for 16 h 
before the FTS reaction. The FTS reaction was carried     
out in T = 220 °C, H2/CO = 2, P = 2.5 MPa and GHSV =   
6000 h-1. The reactants and products were analyzed using 
two chromatography devices equipped with a sample loop, a 
thermal conductivity detector (TCD), and a flame ionization 
detector (FID). Total mass balances were accepted if the 
carbon balance is closed between 98% and 102%. This 
criterion adopted since compounds containing carbon and 
hydrogen may accumulate in the reactor, in the form of high 
molecular weight hydrocarbons.  
      The CO conversion, FTS rate (g HC/g cat./h), and 
selectivity of the products were defined using the formula 
presented in our previous work [15]. The conversion of 
carbon monoxide was calculated as follows: 
 
      

in

outin

CO
COCOCO 

%                                                       (1)  

          
where CO in is the amount of CO in reactor entrance and CO 

out is the amount of CO in reactor output. 
 
RESULTS AND DISCUSSION 
 
CNT Characterization 
      Figure 1 shows the FT-IR spectra for the purified and 
functionalized CNTs, and their analysis results are shown in 
Table 1. According to Fig. 1 and Table 1, the purified and 
functionalized CNTs show the same absorption band around 
1580 cm-1, which can be attributed to the C=C stretching 
[6]. The coupling of functional groups to CNTs can be 
established by the  existence  of  a  series  of  new  vibration  

 
 
bands at 3300-3600 cm-1 (OH) in the functionalized CNT 
spectrum. There is a peak around 1200 cm-1 for 
functionalized CNTs, which may be related to the C-O 
stretching of -COOH group. The broad peak at 1725 cm-1 
may be attributed to the C=O group. In addition, the two 
peaks around 1400 and 3215 cm-1 may be related to the 
bending and stretching vibrations of the O-H group, 
respectively. The presence of these peaks may be 
corroborated by the fact that the carboxylic groups have 
been effectively prepared on the surface of functionalized 
CNTs during the acid treatment. The peaks at 2850-2950 
cm-1 (both C-H anti-symmetric and symmetric stretches for 
CH3 and CH2) and 597 cm-1 (C-H) are shown in Fig. 1 [16]. 
There is a peak at 597 cm-1 that is related to the C-H 
bending mode, and represents the formation of defects in 
the process of functionalization of the CNT support.   
 
Catalyst Characterization 
      The BET surface area and the average pore size for the 
fresh calcined catalysts and purified CNT support are shown 
in Table 1. As shown in this table, the BET surface area of 
the freshly prepared cobalt catalysts are lower than that of 
the CNT support, demonstrating some pore obstacles by 
cobalt oxide particles in the CNT pores.  
      The XRD patterns for the calcined catalysts are shown 
in Fig. 2. In the XRD patterns for both catalysts, the peaks 
located at 2θ = 25° and 43° correspond to the CNT support, 
whereas the other peaks are associated to the different 
crystal planes of Co3O4 [17]. As shown in Fig. 2, the peak at 
2θ = 36.8° is the most strong one for the Co3O4 crystal in 
the XRD patterns for the catalysts. Minor peaks at 44° and 
52° are correlated with a cubic cobalt structure [18]. Table 1 
also reveals the average Co3O4 crystallite size of the 
catalysts, calculated using the Scherer formula (for the peak 
located on 2θ = 36.8°) [17]. As shown in Table 1, the 
average Co3O4 crystallite size is equal to 14.7 nm and 13.1 
nm for Co-CNTs and Co-FCNTs, respectively. The metallic 
cobalt crystallite size was calculated to be about 11.0 nm 
and 9.8 nm, when Co3O4 is reduced to Co, respectively.  
      The TEM image for the catalysts is shown in Fig. 3. 
This image demonstrates the presence of cobalt 
nanoparticles inside and outside of the CNT channels. The 
cobalt nanoparticles inside the CNT channels were papered 
due to diffusion of solvent  into  the  channels, and capillary  
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forces led to the confinement of cobalt particles inside the 
CNT channels [7]. As shown in Fig. 3, the cobalt content 
inside FCNTs is higher than that in the CNT support. The 
inner diameter of CNTs (10 nm) controlled the insertion of 
larger cobalt particles into the channel diameter. Thus, all 
particles with dimensions larger than 10 nm lie on the outer 
surface of the CNT walls. The size distribution of the cobalt 
particles  was  determined  based  on  the  data  taken  from  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
different TEM images (Fig. 3). As shown in this figure, the 
functionalized CNT support enables us to control a narrow 
cobalt nanoparticle size distribution [6].  
      The reducibility of the prepared catalysts was 
determined by the TPR experiments (Fig. 4). In this figure, 
the low temperature peak is normally assigned to the 
reduction of Co3O4 to CoO [19]. The second wide reduction 
peak  is related to the reduction  of  CoO  to Co.  The  cobalt  

 

Fig. 1. FT-IR spectra for multi-walled CNTs and functionalized multi-walled CNTs. 
 

                       
                              Table 1. Spectral Analysis of FT-IR Peaks 
 

Characteristic absorption range 

(cm-1) 

Type of vibration Functional group 

1580  Stretching C=C 

1725  Stretching C=O 

1200 Stretching C-O 

3215  Stretching O-H 

1400 Bending O-H 
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Fig. 2. XRD patterns for calcined catalysts. 

 

 
Fig. 3. TEM images and particles size distributions for calcined catalysts. a) Co-CNT; b) Co-FCNT. 
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particles located on the surface of functionalized CNTs will 
be easily reduced due to the confinement phenomenon and 
hydrogen spill-over of the functional groups. In addition, it 
can be recognized that the external surfaces of CNTs are 
electron-rich, while the inner ones are electron-poor [20]. 
Confinement of the cobalt nanoparticles (as shown in Fig. 
3) inside CNTs will lead to a particular interaction between 
the inner nanotube surfaces and the metal particles. The 
degree  of  reduction  of  the  cobalt  oxides   is  the  ratio  of  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
hydrogen consumed during reduction to the theoretical 
amount of hydrogen for the complete reduction of cobalt 
oxides. The degree of reduction of the cobalt catalysts are 
reported in Table 2. As shown in this table, the degree of 
reduction for Co-FCNTs catalyst is higher than that for Co-
CNTs catalyst. 
      According to Fig. 3, the reduction peaks for cobalt 
nanoparticles located on the functionalized CNTs support 
shift   to   a  lower   temperature   compared  to  the  catalyst  

 
Fig. 4. TPR patterns for calcined catalysts. 

  Table 2. Chemical Composition and Textural Properties of Calcined Catalysts 
 

Degree of reduction 

(%) 

Average pore diameter 

(Ǻ) 

Total pore volume 

(ml g-1) 

BET surface area 

(m2 g-1) 

Support Catalyst 

- 112 0.56 216 - CNTs 

63 137 0.33 98 CNTs Co-CNTs 

71 116 0.41 135 Functional CNTs Co-FCNTs 
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prepared on a common CNT. This event may be related to 
the higher reducibility of uniform cobalt particles produced 
on the functionalized CNTs support. The prepared 
functional groups on the CNT support have obstructed the 
sintering of cobalt and accelerated the hydrogen spill-over 
effect in the reduction process.   
      The results of the hydrogen chemisorption of the fresh 
and used catalysts using temperature programmed 
desorption (TPD) technique are reported in Table 3. As 
shown in Table 3, H2 desorptions are 114 to 146 μmole H2 
desorbed/gcat for Co-CNTs and Co-FCNTs fresh catalysts, 
respectively.  Hydrogen chemisorption data were employed 
to determine cobalt dispersion and anticipate metal particle 
size. As shown in Table 3, the cobalt particle size are 
increased from 9.7 to 11.2 nm for Co-FCNTs and  Co-CNTs  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
fresh catalysts, respectively. These results show that the 
hydrogen uptake of the Co-FCNT catalyst is higher than 
that of the Co-CNT catalyst due to the narrow particle size 
distributions in the Co-FCNT catalyst [21]. Bezemer et al. 
have reported that the hydrogen uptake is directly associated 
to the cobalt particle size for particles less than 10 nm, a 
trend that levels off for bigger particles [1]. Table 3 also 
shows that the cobalt particle size is increased after reaction 
due to cobalt sintering. The cobalt particle size increased 
from 9.7 to 12.9 nm for Co-FCNTs and 11.2 to 14.1 nm for 
Co-CNTs catalyst.   
 
FTS Activity 
      The relative results of carbon monoxide conversion, 
product selectivity, and  FTS  rate  (g HC produced/g cat./h)  

 Table 3. H2 Uptake, Dispersion (%), and Average Co Particle Size of Catalysts 
 

dp Co  

(nm) 

Dispersion  

(%) 

H2 TPD 

Used 

catalyst 

Fresh 

catalyst 

TEM average XRD results 

 

H2 TPD XRD results 

H2 uptakea Catalyst 

14.1 11.2 10.9 11.0  8.6 8.7 114 Co-CNTs 

12.9 9.7 9.6 9.8  9.9 9.8 146 Co-FCNTs 
  a(μmole H2 desorbed/gcat). 
 
 
             Table 4. CO  Conversion, Chain  Growth Probability, and  Hydrocarbon Selectivities Calculated  after  
                            25-30 h on Stream (T = 220 °C, P = 25 bar, H2/CO = 2.0 and GHSV = 6000 h-1) 
 
 

Selectivity  

(%) 

C20+ C13-C19 C5-C12 C2-C4 CH4 

FTS rate 

(g HC/gcat/h) 
α 

CO Conversion 

 (%) 
Catalyst 

9.1 14.5 38.6 26.6 11.2 0.81 0.87 45 Co/CNTs 

7.0 11.3 36.5 30.9 14.4 0.87 0.82 57 Co/FCNTs 
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for the Co-CNT and Co-FCNT catalysts are presented in 
Table 4. As shown in this table, the Co-FCNT catalyst show 
higher FTS rate, CO conversion and higher selectivity to 
light hydrocarbons such as methane and C2-C4 
hydrocarbons. However, the Co-CNT catalyst shows higher 
C5

+ selectivity. The selectivity to light hydrocarbons is 
related to the concentration of monomers that exhibited 
higher degree of hydrogenation (like CH2 species) on the 
surface of catalyst [22]. Although, the selectivity to heavy 
hydrocarbons is related to the concentration of monomers 
that exhibited lower degree of hydrogenation (like HCO, 
HCOH species) on the surface of catalyst [22]. The 
concentration of monomers that with higher degree of 
hydrogenation is increased with decreasing the catalyst 
particle size [22]. As reported in the previous section, the 
Co-FCNT catalyst has a narrow and uniform particle size 
distribution. In addition, the cobalt nanoparticles are mostly 
inside CNTs. The cobalt sites produced inside the 
functionalized CNTs are more stable and more catalytically  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
active than the ones produced on common CNTs [4,8,9,11]. 
These functional groups are considered as the anchoring 
sites for metal particles on the inner and outer graphite 
layers of CNTs, affecting the metal dispersion and stability 
of active metallic sites [10]. As shown in Table 4, 
improvement in the uniformity of the cobalt particles 
supported on functionalized CNTs leads to an increase in 
the FTS activity and stability of the catalyst. These results 
reveal that the FTS activity of the catalysts is strongly 
dependent on the size distribution of the cobalt particles, 
and the effect of cobalt particle confinement within the 
functionalized CNTs on the FTS activity may be more 
important than that of the particle size [9,11]. 
      The chain length distribution of the FTS products for 
cobalt-based catalysts can be well-characterized by the two 
ASF distributions in Fig. 5 [22]. As shown in Table 4, the 
chain growth probability was 0.82 and 0.87 for the Co-
FCNT and Co-CNT catalysts, respectively. These results 
show  that  the Co-CNT catalyst with a larger cobalt particle  

 
Fig. 5. Chain length distribution over calcined catalysts; T = 220 °C, H2 /CO = 2, P = 2.5 MPa, Xi mole  

                 fraction of component i. ●: Co-FCNT; ■: Co-CNTs. 
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size produces heavier hydrocarbons due to the steric 
hindrance. Large particles (+10 nm) have a high potential of 
re-adsorption and polymer chain initiation on the catalyst 
surface [2,4].  
 
CONCLUSIONS 
 
      In this work, we compared the effects of CNT 
functionalization on the cobalt catalyst preparation and FTS 
reaction for catalysts with 15 wt% cobalt loadings. 
According to the TEM results, the cobalt nanoparticles 
produced on the functionalized CNTs showed a narrow 
particle size distribution. According to the TPR results of 
the functionalized CNTs, the reduction steps shifted to a 
lower temperature compared to non-functionalized CNTs, 
likely due to the hydrogen spill-over effect of the functional 
groups on the CNT surface. The catalytic results showed 
that the FTS activity and product selectivity were strongly 
dependent on the cobalt particle size distribution. However, 
the effect of cobalt particle confinement within the 
functionalized CNTs on the FTS activity may be more 
important than that of the particle size. As a result, using the 
catalyst particles supported on functionalized CNTs led to a 
higher CO conversion and FTS activity compared to those 
prepared on common CNTs.  
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