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Silica nanotubes (SNT) have been synthesized using carbon nanotubes (CNT) as a template. Silica-coated carbon nanotubes 
(SNT-CNT) and SNT were loaded with a cobalt catalyst for use in Fischer–Tropsch synthesis (FTS). The catalysts were pre-
pared by incipient wetness impregnation and characterized by N2 physisorption, X-ray diffraction (XRD), hydrogen tempera-
ture programmed reduction (H2-TPR) and transmission electron microscopy (TEM). FTS performance was evaluated in a 
fixed-bed reactor at 493 K and 1.0 MPa. Co/CNT and Co/SNT catalysts showed higher activity than Co/SNT-CNT in FTS be-
cause of the smaller cobalt particle size, higher dispersion and stronger reducibility. The results also showed that structure of 
the support affects the product selectivity in FTS. The synergistic effects of cobalt particle size, catalytic activity and diffusion 
limitations as a consequence of its small average pore size lead to medium selectivity to C5+ hydrocarbons and CH4 over 
Co/SNT-CNT. On the other hand, the Co/CNT showed higher CH4 selectivity and lower C5+ selectivity than Co/SNT, due to 
its smaller average pore size and cobalt particle size. 
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1  Introduction 

The Fischer–Tropsch synthesis (FTS) is a method for the 
production of liquid hydrocarbons from synthesis gas (CO 
and H2) [1,2]. Cobalt-based FTS catalysts have been widely 
studied because of their high conversion, high selectivity for 
heavy hydrocarbons, low water-gas shift activity, and com-
paratively low price [3]. Many studies of FTS catalysts have 
been carried out using different preparation methods, cobalt 
loadings and supports (silica, alumina, magnesia, carbon, 
etc.). It has been found that the support materials have a 
crucial effect on the activity of heterogeneous catalysts 
[4–7]. Reuel et al. [8] showed that the support can signifi-
cantly influence the extent of reduction, morphology, ad-

sorption, activity and selectivity properties of the active 
phase. In FTS, the catalytic behavior of silica-supported 
cobalt catalysts was found to depend on the nature of the 
cobalt species, the cobalt particle size, and the texture of the 
support [9–13]. 

In recent years, hollow inorganic nanotubes have at-
tracted considerable attention due to their unique structural 
characteristics and potential applications in catalysis 
[14–20]. Wang et al. [15] have used needle-like CaCO3 
nanoparticles as a template to prepare porous hollow silica 
nanotubes (SNT), which have a uniform open tubular struc-
ture with a large surface area. Mokoena et al. [21] have 
studied SNT as a potential support with metals well-dis-     
persed inside the nanotubes. 

As a catalyst support, SNT has many advantages such as 
resistance to acids or bases, stability at high temperatures in 
inert or reducing atmospheres, and a wide range of pore  
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structures and flexibility, which allows the catalyst proper-
ties to be tailored for specific needs. The properties of SNT 
as a support make it suitable for FTS. The use of hollow 
inorganic nanotubes (SNT, or silica coated carbon nano-
tubes (SNT-CNT)) as supports for cobalt catalysts for FTS 
has not been reported so far. In this work, three different 
hollow inorganic nanotubes (SNT, SNT-CNT, and CNT) 
were used as a support for cobalt catalysts, and the activity 
and hydrocarbon selectivities of these catalysts in FTS were 
investigated.  

2  Experimental  

2.1  Catalyst preparation 

Raw CNT (Chengdu Organic Chemicals Company, China) 
was used as a template for the preparation of SNT. The 
CNT was first treated in nitric acid solution using a modifi-
cation of a procedure reported in ref. [15]. Briefly, 6 g of 
raw CNT was added to 300 mL of HNO3 (68 wt.%) and 
refluxed at 413 K for 8 h in an oil bath to open the tips of 
the tubes. The mixture was filtered and washed with deion-
ized water until the pH reached 7.0, followed by drying at 
373 K for 12 h.  

1.0 g of treated CNT and 0.06 g of citric acid were added 
to a mixture of 300 mL of ethanol and 10 mL of water with 
vigorous stirring. 4.5 mL of tetraethoxysilane (TEOS) and 
0.5 mL of 3-aminopropyltriethoxysilane were added con-
secutively to the above solution. After stirring the mixture at 
room temperature for 120 min, about 18 mL of 14 wt.% 
NH3·H2O was added and the mixture stirred at room tem-
perature for 30 h. The product was centrifuged and washed 
three times with alcohol and then three times with dou-
ble-distilled water to remove possible remnants. SNT-CNT 
was obtained as a black solid and dried at 353 K for 12 h. 
Finally, the product was heated in air from room temperature 
to 823 K in a well-controlled tube furnace with a heating rate 
of 2 K min1 and kept at 823 K for 6 h to obtain SNT.  

The CNT, SNT-CNT and SNT calcined in N2 at 823 K 
for 6 h were impregnated with the appropriate amount of an 
ethanol solution of Co(NO3)2·6H2O by incipient wetness. 
The samples were dried at 323 K for 12 h and calcined in 
N2 at 623 K for 6 h. All catalysts contained 15 wt.% cobalt 
and are denoted as Co/CNT, Co/SNT-CNT, and Co/SNT, 
respectively. 

2.2  Catalyst characterization 

2.2.1  Transmission electron microscopy (TEM) 

TEM is the conventional method used to obtain detailed 
information about the shape, size, and size distribution of 
metallic particles. The microstructure of the Co material 
supported on the inorganic nanotubes was observed with a 

FEI Tecnai G220 instrument. Samples were prepared by 
suspending directly in ethanol with ultrasonication. A cop-
per grid covered with perforated carbon was dipped into the 
ultrasonicated suspension. 

2.2.2  Sample porosity 
BET surface area, pore volume and pore size distribution 
were measured by nitrogen physisorption at 77 K using a 
Quantachrome Autosorb-1-C-MS instrument. Before the 
measurements, the samples were outgassed at 473 K for at 
least 6 h. The surface area was obtained using the Brunau-
er–Emmett–Teller (BET) model for adsorption data in the 
relative pressure range from 0.05 to 0.30. The total pore 
volume was determined from the aggregation of N2 vapor 
adsorbed at a relative pressure of 0.99.  

2.2.3  X-ray powder diffraction (XRD) 

The X-ray diffraction (XRD) patterns were obtained using a 
Bruker-D8 powder diffractometer with monochromatized 
Cu-Kα radiation ( = 1.54056 Å) operated at 40 kV and 40 
mA and collected by a Vantec-1 detector. The average 
Co3O4 crystallite size of the catalysts was calculated using 
the Scherrer equation. 

2.2.4  H2 temperature programmed reduction (H2-TPR) 

Temperature programmed reduction was performed in a 
Zeton Altamira AMI-200 unit. The catalysts (ca. 0.05 g) 
were placed in a U-shape quartz reactor, with a thermocou-
ple for continuous temperature measurement. The sample 
was first flushed with high purity argon at 423 K for 1 h, 
and the temperature then decreased to 323 K. An Ar gas 
stream containing 10% H2 (30 cm3 min1) was switched on 
and the temperature was raised from 323 to 1073 K at a rate 
of 10 K min1. The temperature was held at 1073 K for 30 
min. Hydrogen consumption was monitored using a thermal 
conductivity detector (TCD).  

The TPR procedure was performed again on a 
Quantachrome Autosorb-1-C-MS instrument, and the ef-
fluent was simultaneously monitored with an Omnistar 300 
quadrupole mass spectrometer.  

2.3  Fischer–Tropsch synthesis 

Fischer–Tropsch synthesis was performed in a fixed-bed 
reactor. The catalyst (ca. 0.5 g) was reduced in high purity 
H2 with a gas hour space velocity (GHSV) of 4 NL.h1g1 at 
atmospheric pressure (NL: normal liter, at 298 K and 
101.325 kPa). The reactor temperature was increased from 
ambient to 373 K at 2 K min1, followed by increasing to 
723 K at 1 K min1 and held for 10 h. Subsequently, the 
reactor was cooled down to 373 K before switching to syn-
gas (H2/CO = 2; 4 SL h1 g1) and the pressure was increased 
to 1.0 MPa (SL: standard liter, at 273 K and 101.325 kPa). 
The reactor temperature was increased to 493 K over 14 h. 
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The reaction was carried out at the final temperature. The 
products were collected in a hot trap (373 K) and a cold trap 
(271 K). The effluent product gas was passed through an Ag-
ilent Micro GC 3000 gas chromatograph for online analysis. 
Activity is reported as CO conversion. C5+ selectivity was 
calculated by subtracting the amount of C1–C4 hydrocarbons 
in the product gas mixture from the total mass balance. 

3  Results and discussion 

3.1  Transmission electron microscopy (TEM)  

Figure 1 shows TEM images of the supports and the catalysts. 
As can be seen, the template CNT has a pore diameter of 
8–15 nm (Figure 1(a)). The SNT-CNT (Figure 1(b)) shows a 
pore diameter of 4–10 nm with silica coated on the CNT sur-
face. The shape of SNT-CNT was similar to that of CNT, 
with a uniform tubular hollow structure and opened tips. This 
demonstrates that CNT serves as a template for the synthesis 
of SNT. After the template CNT was removed by calcination, 
the uniform tubular hollow nanostructure (pore diameter 
10–20 nm) is clearly visible in the TEM image of the re-
sulting SNT (Figure 1(c)). The SNT inner diameter is about 
10–20 nm, and the outer diameter is about 40–70 nm. From 
the TEM images of CNT, SNT-CNT and SNT, the outer 
diameters of SNT-CNT and SNT are larger than the pore 
size of CNT, indicating that silica layers are located outside 
the CNT walls. Typical TEM images of the cobalt catalysts 
are shown in Figures 1(d), 1(e) and 1(f). The TEM image of 
Co/CNT (Figure 1(d)) shows that the cobalt oxide particles 
are located both inside and outside the CNT nanochannels. 
Figures 1(e) and (f) show that the cobalt oxide particles are 
mostly inside the nanochannels of SNT and SNT-CNT. 

3.2  Nitrogen physisorption measurements 

The BET surface area, pore size and pore volume data for 
the supports and the catalysts are listed in Table 1. The pore 
size of SNT-CNT is similar to that of CNT whilst the pore 
size of SNT is larger than that of CNT. This suggests that 
the silica is deposited outside the CNT, and is in agreement 
with the conclusion from the TEM images. After loading 
with cobalt, the BET surface area of the catalysts decreased 
significantly due to the blocking of the pores by the depos-
ited cobalt clusters [8]. 

3.3  X-ray powder diffraction (XRD) 

X-ray powder diffraction patterns of the supports and the 
catalysts are presented in Figure 2. The peaks at 25.5°, 
42.7° and 53.6° correspond to the diffraction peaks of car-
bon nanotubes, and the peaks at 31.4°, 36.9°, 45.2°, 59.5° 
and 65.5° can be assigned to Co3O4. The intensities of the 
CNT diffraction peaks are lower for the catalysts than for 
the corresponding CNT and SNT-CNT, which may be due 
to the decrease in crystallinity of CNT after loading with 
higher crystallinity Co3O4. The Co/CNT catalyst shows 
weak Co diffraction peaks, indicating that the cobalt species 
are well dispersed on the CNT surface. In comparison with 
Co/CNT, the intensities of the diffraction peaks for both 
Co/SNT-CNT and Co/SNT are higher, and the peaks are 
narrower, indicating an increase in Co3O4 particle size.  

3.4  Temperature programmed reduction (TPR) 

TPR profiles of the three catalysts and that of the purified 
CNT are shown in Figure 3. For the Co/SNT catalyst, two  

 

 

Figure 1  TEM images of CNT (a), SNT-CNT (b), SNT (c), Co/CNT (d), Co/SNT-CNT (e) and Co/SNT (f). 
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Table 1  BET surface area, pore size, pore volume and Co3O4 crystallite 
size 

Sample 
SBET 

(m2 g1) 
Pore volume 

(cm3 g1) 
Average pore 
diameter (nm) 

Co3O4 crystal-
lite diameter 

(nm) a)

CNT 169.1 1.40 11.6 
SNT 119.2 0.93 16.8  

SNT-CNT 73.2 0.51 12.0  
Co/CNT 145.9 1.51 11.8 12.2 

Co/SNT 94.7 1.27 17.3 16.6 

Co/SNT-CNT 61.9 0.55 12.3 19.8 

a) The Co3O4 crystallite diameter was calculated using the Scherrer 
equation. 

 

 

Figure 2  XRD patterns of the supports and the cobalt catalysts. 

 

Figure 3  TPR profiles of calcined catalysts and purified CNT. 

reduction peaks located at 575 and 614 K are observed and 
can be attributed to the first reduction step of Co3O4 (Co3O4→

CoO) and the subsequent reduction of the CoO phase (CoO→

Co0), respectively. The temperatures of both the first and 
second reduction peaks for SNT-CNT are slightly higher 
than the corresponding peaks for SNT. The nitrogen phy-
sisorption measurements and TEM images both show that 
the pore size of SNT-CNT is smaller than that of SNT. It 
can be inferred that Co/SNT catalyst is more easily reduced 

than the Co/SNT-CNT catalyst due to the larger pore size 
and lower diffusion limitations of SNT. Studies have sug-
gested that slow diffusional evacuation of the water, which 
is formed in the reduction, outside the porous structure of 
catalysts might affect the H2-TPR profiles by slowing the 
reduction rate [22]. The peaks at 565 and 790 K for the 
Co/CNT catalyst can be assigned to the reduction of Co3O4 
to CoO and the reduction of CoO to Co0 respectively, while 
the broad peak appearing at T > 700 K results from the gasi-
fication of CNT [16]. Its lower reduction temperature shows 
that the Co/CNT catalyst is more easily reduced than the 
Co/SNT and Co/SNT-CNT catalysts, which can be at-
tributed to the weaker interaction between cobalt oxide and 
the carbon support compared to that with the silica support.  

Figure 4 shows the TPR-MS profiles of CNT and Co/CNT; 
the peak intensity of the outlet products was recorded as a 
function of temperature. When the temperature was in-
creased, no distinct change in CH4 concentration was ob-
served for CNT (Figure 4(a)). However, for Co/CNT, the 
CH4 concentration increased sharply when the temperature 
was above 600 K, with the maximum value appearing at 
850 K (Figure 4(b)), indicating gasification of CNT oc-
curred in the presence of Co. The broad peak at around 785 
K in Figure 4 is due to the gasification of CNT, and is 
strongly overshadowed by the broad tailing of the second 
TPR peak. 

 

 

Figure 4  The intensity of products as a function of temperature deter-
mined by TPR-MS for CNT (a) and Co/CNT (b). 
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Table 2  Performance of different catalysts in Fischer–Tropsch synthesis (H2/CO = 2, P = 1.0 MPa, T = 493 K, GHSV = 4 NL h1 g1) 

Catalyst Cobalt loading (wt.%) a) CO conversion (%) 
Hydrocarbon selectivity (mol%) 

CH4 C2 C3 C4 C5+ 

Co/SNT 14.87 27.62 5.99 0.57 1.45 1.94 90.04 

Co/CNT 14.94 26.94 8.16 0.81 2.58 3.82 84.16 

Co/SNT-CNT 15.06 9.88 6.79 0.75 2.28 3.60 86.57 

a) The data were determined using inductively-coupled plasma atomic emission spectroscopy (ICP–AES). 

 

3.5  Fischer-Tropsch synthesis 

The catalytic performance of the three catalysts in FTS is 
shown in Table 2. Co/SNT displayed higher activity and 
higher C5+ selectivity than Co/SNT-CNT, while Co/CNT 
showed similar activity, lower C5+ and higher CH4 selectiv-
ity relative to Co/SNT. It can be concluded that the activity 
and the selectivity of the catalysts are related to the differ-
ences in the properties of the supports. It has been suggested 
that the cobalt catalyst activity for FTS is strongly depend-
ent on cobalt particle size and catalyst reducibility [23,24]. 
In this work, Co/CNT and Co/SNT displayed higher activity 
than Co/SNT-CNT due to the higher reducibility and small-
er cobalt particle size as shown in the characterization sec-
tion.  

These results also show that the difference in support 
structure affects the product selectivity in FTS. From Table 
2, Co/SNT displayed a high C5+ selectivity and low CH4 
selectivity. The difference in selectivity to C5+ and CH4 is 
due to the effect of the support structure and cobalt particle 
size [12,25,26]. The larger cobalt particles are more selec-
tive for heavier molecular weight hydrocarbons in FTS [27]. 
This is because dissociative adsorption of CO, which leads 
to the formation of the –CH2– fragments required for chain 
growth, is facilitated on larger cobalt clusters. Although the 
cobalt particle size in Co/SNT-CNT is the largest of the 
three catalysts, it shows the lowest activity. It is known that 
the activity can affect the product selectivity of catalyst in 
FTS, with lower activity leading to higher CH4 selectivity 
and lower C5+ hydrocarbon selectivity. On the other hand, 
diffusion limitations in Co/SNT-CNT, with its smaller av-
erage pore size, can also lead to higher CH4 selectivity and 
lower C5+ hydrocarbon selectivity. The medium selectivity to 
C5+ hydrocarbons and CH4 of Co/SNT-CNT can therefore be 
attributed to the synergistic effects of cobalt particle size, 
catalytic activity and diffusion limitations in Co/SNT-CNT 
with its small average pore size. The higher CH4 and lower 
C5+ selectivity of Co/CNT relative to Co/SNT can be at-
tributed to the smaller average pore size and cobalt particle 
size in the former [27]. 

4  Conclusions 

Various nanotube supports (SNT, SNT-CNT) have been 
synthesized using CNT as a template. The type of nanotube 
support (SNT, SNT-CNT and CNT) was found to affect the 

physicochemical and catalytic properties of cobalt-based 
catalysts in FTS. Co/CNT and Co/SNT catalysts showed 
higher activity than Co/SNT-CNT in FTS because of their 
smaller cobalt particle size, higher cobalt dispersion and 
stronger reducibility. The difference in support structure 
also affects the product selectivity of FTS. The synergistic 
effects of the cobalt particle size, the catalytic activity and 
the diffusion limitation in Co/SNT-CNT with its small av-
erage pore size lead to medium selectivity to C5+ hydrocar-
bons and CH4 over Co/SNT-CNT. On the other hand, 
Co/CNT showed higher CH4 and lower C5+ selectivity than 
Co/SNT, due to its smaller average pore size and cobalt 
particle size.  
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