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Abstract: The strong electrostatic adsorption (SEA) method was applied to the synthesis of a
cobalt (Co) catalyst on a multi-walled carbon nanotube (CNT) support. In order to uptake more
of the cobalt cluster with higher dispersion, the CNT was functionalized via acid and thermal
treatment. The Co/CNT catalyst samples were characterized by a range of methods including the
Brunauer-Emmet-Teller (BET) surface area analyzer, transmission electron microscopy (TEM), X-ray
powder diffraction (XRD) analysis, atomic absorption spectroscopy (AAS), and Hj-temperature
programmed reduction (Hp-TPR) analysis. The data from the TEM images revealed that the catalyst
was highly dispersed over the external and internal walls of the CNT and that it demonstrated
a narrow particle size of 6-8 nm. In addition, the data from the H,-TPR studies showed a lower
reduction temperature (420 °C) for the pre-treated catalyst samples. Furthermore, a Fischer-Tropsch
synthesis (FTS) reaction was chosen to evaluate the Co/CNT catalyst performance by using a
fixed-bed microreactor at different parameters. Finally finding the optimum value of the cobalt
loading percentage, particle size, and calcination conditions of Co/CNT catalyst resulted in a CO
conversion and Cs, selectivity of 58.7% and 83.2%, respectively.

Keywords: carbon nanotubes; Fischer—Tropsch; thermal treatment; cobalt; catalyst; acid treatment

1. Introduction

Fischer-Tropsch synthesis (FTS) is known to convert syngas (H; + CO) to hydrocarbons and can
be considered as an alternative choice for the production of eco-friendly fuels and the management of
renewable energy resources. Declining of crude oil reserves and abundance of natural gas and coal
reserves as feedstock, made FTS process attractive in recent years. Hydrocarbon fuels synthesized
with the FTS method contain a very low percentage of sulfur and aromatic rings. In addition, cobalt is
one of the most common metallic catalysts for FTS [1]. Cobalt loading, the dispersion of the size of
the cobalt particles on a support, and catalyst reducibility play an important role in catalyst activity.
Therefore, the desired catalyst on a suitably chosen support should be considered together with the
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presence of potentially dispersed catalytic active sites and enhanced catalytic reduction properties.
Catalyst activity and product selectivity were shown to increase within the cobalt optimum particle
size range of 6-8 nm. Methane selectivity was shown to increase with a catalyst particle size of less
than 6 nm [2,3].

A Co catalyst was prepared by the conventional impregnation method, which results in a
agglomeration of cobalt on the carbon nanotube (CNT) support. Strong electrostatic adsorption
(SEA) enhances the dispersion of the catalyst active sites, resulting in a narrower distribution [4-8].
SEA is based on the electrostatic attraction between oppositely charged particles. The surface of the
silica and alumina supports, as well as the CNT and other metal oxides, contain hydroxyl groups.
In addition, the pH value of the medium where the hydroxyl groups remain neutral is the point
of zero charge (PZC). In the case where pH < PZC, the hydroxyl groups become protonated, and
their resulting positive charges attract anions. If pH > PZC, the hydroxyl groups, on the other hand,
become deprotonated, and the resulting negative charges attract cations. A series of experiments
was conducted to evaluate the optimum pH range for the catalyst particle uptake on a support [5,7].
The objective of this study is to prepare a cobalt catalyst that is supported on a CNT support using the
SEA method and to characterize the effect of Co supported on a CNT in order to study the impact of
the cobalt loading, particle size, and calcination condition on the overall performance of the catalyst.

2. Experimental

2.1. Purification and Functionalization of a CNT Support

Prior to loading the metal catalyst to the CNT support (purity >95%, chemical vapor deposition,
length: 10—20 um and diameter: 30—50 nm, purchased from ILJIN Nanotech Co. Ltd., Seoul, Korea),
CNT functionalization and activation steps had to be conducted. The aim of these steps was to enhance
the interaction between the CNT support and the catalyst active sites. The functionalization and
activation steps increased the purification of the CNT, resulting in the opening of the terminal caps
of the tubular CNT and introducing OH surface functionality over the CNT. From a reaction with
concentrated nitric acid, the OH functional groups were found present on the surface of the CNT,
which provides active sites for the attachment of the cobalt particles. Wet chemical oxidation is the
most common method for functionalizing and activating the CNT. Accordingly, 2 g of as-received
CNT was charged into a single-necked, round-bottom flask with 35 vol% nitric acid (Merck, Petaling
Jaya, Malaysia). The solution was then refluxed at 110 °C for 10 h. At the end of the reflux, the
mixture was cooled down to room temperature, the reaction solution was then diluted with deionized
water, filtered, and washed several times until the pH of the last filtrate reached 7. The sample was
dried at 120 °C for 12 h. Subsequent to this acid treatment, the sample (CNT.A.) was subjected to
a thermal treatment at 900 °C under argon flowing at 20 mL/min [9,10]. The as-synthesized acid-
and thermal-treated carbon nanotube support (CNT.A.T.) was subsequently used in the next step in
this work.

2.2. The Point of Zero Charge, Co Impregnation on a Support, and Catalyst Preparation

To determine the PZC of the CNT support, the equilibrium pH at high oxide loading method was
applied [11]. A series of solutions with a pH value ranging from 2-14 was prepared by adding nitric
acid and ammonium hydroxide to distilled water. Accordingly, each 50 mL of the solution containing
a specific pH reading (from a pH of 2-14), was charged into a conical flask containing the pre-weighted
CNT. All the mixtures in the series of various pH solutions were shaken for 1 h on a rotary shaker.
A weighted amount of CNT was then added to a cobalt precursor solution with a pH of 14, where the
cobalt particles adsorbed into the CNT support from an excess solution to prevent changes in the pH
value. Finally, the resulting CNT-supported catalyst was filtered and air dried for 24 h, followed by
calcination at 400 °C for 4 h in a tubular furnace under a flow of argon.
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2.3. Characterization

The physicochemical properties of the catalyst can significantly affect the catalyst’s
Fischer-Tropsch (FT) performance. A physical adsorption study, a temperature programmed desorption
of hydrogen (H2-TPD), and a temperature programmed oxidation (TPO) analysis of the catalysts
was carried out using a Thermo Finnigan (TPDRO 1100 MS, Waltham, MA, USA) instrument.
The transmission electron microscopy (TEM) was carried out by Zeiss LIBRA 200 FE TEM. X-ray
powder diffraction (XRD) analysis was performed on a Bruker (A&S D8 Advanced Diffractometer,
Singapore) instrument. In addition, Fourier-transform infrared spectroscopy (FTIR) analysis, atomic
absorption spectrometer (AAS) analysis, thermogravimetric analysis (TGA), Brunauer-Emmet-Teller
(BET) total surface area analysis, and total pore volume analysis was also conducted to further
characterize the designed catalyst.

O, Uptake x 3 x Atomic Weight

% Reduction = Percent Metal

)

where O,-uptake = amount of O; in umol/g.cat calculated from TPO spectra of the catalyst, atomic
weight = Molecular weight (MW) of the metal, and % Metal = the weight percentage of the metal in
the catalyst.

HyUptake x Atomic Weight x Stoichiometry

% Metal
Number of Co Atoms on Surfacee a 100 2

% Dispersion (total Co) =

" Total Number of Co Atoms in Sample %

where Hj-uptake = amount of Hy consumed in mmol/g.cat calculated from the peak area of the
H,-TPD spectra, atomic weight = MW of the metal, % Metal = the weight percentage of the metal in
the catalyst, and Stoichiometry = 2.

The number of active sites was calculated using Equation (3) [12].

Wt of Co in the Sample x Reduction x Dispersion x N

No. of acti ites =
0. of active sites MW @)
where N = Avogadro’s number, and MW = the atomic weight of the metal.
moles Analytical Area from TPD x Calibration Value
H = . 4
2 uptake ( gcat ) Sample Weight x 24.5 @
0, uptake (moles/gcat) — Sum of the Consumed Pulse Areas x Calibration Value. 5)

Sample Weight x 24.5

2.4. Microreactor Setup, Sampling, and Composition Analysis

To study the catalyst performance, a microactivity-reference reactor (Micromeritics, GA
30093-2901, USA) was used, and the reaction products were analyzed by an online gas chromatography
Agilent (Hewlett-Packard Series 6890, Santa Clara, CA, USA). To calculate the gas product conversion
for the CO, methane (CH,) selectivity and Cs.. selectivity were calculated using Equations (6)—(8),
respectively [12].

COin — CO

CO conversion (%) = —2 =04t 900, (6)

Coin

.. Mole of CHy

Hy sel %) = 100. 7
CHy selectivity (%) Total moles of hydrocarbons <100 @

Moles of
Cs, selectivity (%) — oles of Cs.+ x 100. ®)

Total moles of hydrocarbons
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To calculate the Fischer-Tropsch synthesis rate, Equation (9) was used for calculating the formation
rate of the carbon dioxide (RFCO;), and Equation (10) was necessary [13-15]:

RFTS (g HC/g cat/h) = g hydrocarbons produced/g cat *+h™!. )

RWGS (g CO, /g cat/h) = RFCO, = g CO, produced/g cat * hL (10)

3. Results and Discussion

Figure 1a shows a plot of the final solution’s pH versus the initial pH for the determination
of the PZC of the CNT. The plot shows a plateau, and the PZC was identified at 9.5. In order to
find an optimum pH value of a cobalt nitrate solution for the Co uptake in the CNT, the solution
pH was adjusted within a range of 2-14, a weighted amount of CNT was added to each of the
pre-determined pH solutions, and all the mixtures were shaken for 1 h. Figure 1b shows a plot of the
Co uptake versus the solution pH from each sample prepared above, obtained from atomic absorption
spectrophotometer (AAS) analysis. The optimum pH of the cobalt adsorption on the CNT support is
also shown in Figure 1b.
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Figure 1. (a) The point of zero charge (PZC) of the carbon nanotube (CNT) support, and (b) the Co
uptake versus the pH analyzed by atomic absorption spectroscopy (AAS).

Th reduction and activation of the resulting calcined catalyst is an important step prior to the
catalytic performance reaction. The as-synthesized catalyst was activated under the flow of H; at
the rate of 1.8 L/h at 420 °C for 10 h in a fixed-bed reactor. After in situ activation of the catalyst,
the temperature was cooled down to 240 °C under a helium gas flow before the Fischer-Tropsch
reaction was carried out at a 2/1 H, /CO (v/v) ratio, 40 L/g-cat.h, at 240 °C and at 20 atm pressure.

3.1. Effect of Co Loading on Catalyst Properties and Performance

The effect of cobalt metal loading on the morphology of the treated Co/CNT catalyst sample was
investigated. Transmission electron spectroscopy (TEM) micrographs of Co/CNT catalyst with cobalt
loading of 5, 10, 15, and 20 wt % are shown in Figure 2a—d. The 5 and 10 wt % dispersions of cobalt were
homogenous and well dispersed inside and outside of the CNT channels, whereas, for 10 wt % loading,
it was expected that a higher amount of cobalt would be present over the CNT walls (Figure 2a,b).
However, in Figure 2¢,d, the TEM micrographs show that increasing the metal loading percentage to
15 and 20 wt % resulted in agglomeration and lower dispersion of the nanoparticles. The figures also
show the presence of blockage on the CNT pores. Generally, it has been reported that the extent of the
metal loading has a significant effect on the particle size and dispersion of the catalyst on the support,
which, in turn, has an effect on the catalyst activity and selectivity [16-22].
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Figure 2. TEM images of the as-synthesized catalyst at (a) 5 wt %, (b) 10 wt %, (c) 15 wt %, and
(d) 20 wt % Co loading on the CNT.

The particle size distribution is shown in Figure 3 for different cobalt loading percentages on
the pre-treated CNT support. For each as-synthesized catalyst sample, the number count of about
200 particles was obtained, which reflected an overall representative on the number average of the Co
particles. The average particle size was 6.1, 7.2, 9.0, and 10.6 nm, corresponding to the metal loading of
5,10, 15, and 20 wt % on the pre-treated CNT support. The optimum metal particle size for obtaining a
high selectivity and reactivity in a Fischer-Tropsch reaction is about 6-8 nm [21,23]. Hence, from the
above observation, by exploiting the SEA method and metal loading of 10 wt % on the pre-treated
CNT support, the desired size of the nanoparticles was obtainable within the range of 6-8 nm.

Based on the average inner diameter of the CNT channels, the catalyst particles in the size range of
3-8 nm were found to occupy the inside of the CNT channels uniformly. On the other hand, the catalyst
particles from about 8 to 10 nm in size were found at the outer surface of the CNT support. In addition,
Figure 4 shows the distribution of catalyst particle size based on the cobalt loading percentage, which
can be obtained from TEM micrograph analysis from each 5, 10, 15 and 20% of cobalt loading.

According to Figure 4, increasing the cobalt loading from 5 wt % to 20 wt % leads to an increase
in the catalyst particle size from 2 to 10 nm. For 5 wt % cobalt loading, the average size of the catalyst
particles is 6.1 nm, whereas for 20 wt % cobalt loading the average size of catalyst particles is 10.6 nm.
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Figure 3. Average Co particle size of the catalyst prepared at different Co loadings.
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Figure 4. Size distribution of the cobalt particles from different catalyst samples based on transmission
electron microscopy (TEM) micrograph analysis.

Table 1 shows a decrease for the BET surface area from 224.6 to 214.1 (m? /g) and the total pore
volume from 0.43 to 0.34 (cm3/g) for samples with 5 wt % and 20 wt % Co loading, respectively.
Increasing the Co loading from 5 wt % to 20 wt % leads to pore blockage and agglomeration of the
cobalt particles, as shown by TEM analysis, and these combined effects eventually lead to a decrease
in the BET surface area and total pore volume.

Table 1. Surface area and porosity properties of the catalytic samples at various Co wt % loadings.

Samples BET Surface Area (m?/g) Total Pore Volume (m3/g)
As-received CNT 138.2 0.32
CNTA 2232 0.41
CNTAT 266.4 0.54
Co5/CNT.A.T 224.6 0.43
Col0/CNT.A.T 2214 0.40
Col5/CNT.A.T 217.6 0.37

Co20/CNT.A.T 2141 0.34
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Figure 5 shows the XRD patterns of the CNT and Co/CNT materials. From the XRD spectrum,
peaks at 26 and 43 degrees are related to carbon nanotubes, and the most intense peak from the catalyst
samples was observed at 36.8 degrees, which corresponds to Co304 [24]. The average particle size
of Co30; from the catalyst was calculated from the TEM images and the XRD spectrum using the
Scherrer equation [25] and are shown in Table 2. The results show that increasing the cobalt loading
from 5 wt % to 20 wt % led to an increase in the average particle size of Co3O4 from 6.1 to 10.6 nm
and that the average particle size calculated from the TEM images was also in agreement with a size
increase trend, which can be related to the agglomeration of the larger size of the cobalt particles.

A

v
Co5/CNT
Col0/CNT

| N /\ Nzo/cm

Intensity (a.u.)

20 25 30 35 40 45 50
2 Theta (°)

Figure 5. XRD spectra for CNT, Co5/CNT, Col0/CNT, and Co20/CNT catalysts.

Table 2. Catalyst particle size based on X-ray powder diffraction (XRD) and transmission electron
microscopy (TEM) results.

Catalyst XRD (dCo304) (nm) TEM Average Size (nm)
Co5/CNT.A.T 6.1 6.0
Col0/CNT.A.T 7.2 7.3
Col5/CNT.A.T 9.0 8.9
Co20/CNT.A.T 10.6 10.5

Figure 6 shows the TPR profiles of the calcined catalyst samples with 5, 10, 15, and 20 wt %
cobalt loading. For 10 wt % Co loading, the reduction of Co3O4 to CoO occurred at 238 °C, and part
of the resulting peak overlapped with the peak from the subsequent reduction of the CoO species
to Co [26]. The second peak observed from the TPR profile corresponded to the second step of the
reduction of CoO to Co and the interaction of the cobalt particles with the CNT support at 449 °C [26].
In addition, the gasification of the purified CNT support occurred at 600 °C. Furthermore, increasing
the Co loading led to an increase in the second reduction peak intensity and, therefore, a higher degree
of reduction. In addition, an increase in the cobalt loading shifted the reduction temperature of the
catalyst to a lower temperature and led to a lower strength of interaction between the CNT support
and catalyst particles.
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Figure 6. TPR-H; profiles of (a) CNT.A.T, (b) C020/CNT, (c¢) Col5/CNT, (d) Col0/CNT, and
(e) Co5/CNT.

The metal loading percentage is a key factor that affects the particles size and dispersion of
catalysts [20]. Table 3 shows that by increasing the cobalt loading from 5 wt% to 20 wt%, the temperature
of the first TPR peak dropped from 291 to 250°C, and for the second TPR peak, it dropped from 481 to
400 °C. These results are in agreement with the average particle size of the catalyst (Table 2) and their
interaction with the CNT support.

Table 3. H, Chemisorption results *.

Catalyst 1st Peak °C ~ 2nd Peak °C H, Uptake * %Disp. Reduction (%) No of Active Sites x (10%°)
Co5/CNT.A.T 291 481 97.4 19.3 55.4 34
Col0/CNT.A.T 273 477 102.4 29.1 68.1 5.8
Col5/CNT.A.T 238 449 88.1 16.8 51.9 27
Co20/CNT.A.T 250 400 85.8 14.4 47.5 2.3

* H, uptake (1 mole H, desorbed/g cat.).

To calculate the Hy consumption, the data from the TPR profile of all the catalyst samples were
divided into two categories of temperature. In the first category, the temperature range was between
25 and 500 °C, while the temperature ranged from 500 to 800 °C in the second category. The area under
the TPR peaks was calculated by integration and was proportional to the amount of H, consumption
at each temperature range. Table 3 shows that by increasing the Co loading from 5 wt % to 20 wt %,
the amount of the catalyst active sites that were reduced at the lower range of temperature (i.e., the first
category) decreased with the Hy consumption (from 102.4 to 85.8) due to Co particle agglomeration as
the metal loading increased. Table 3 also shows that across the cobalt loading of 5-10 wt %, the catalyst
dispersion increased from 19.3% to 29.1%, while catalyst reduction increased from 55.4% to 68.1%, and
consequently, the H, uptake increased from 97.4% to 102.4%, respectively.

Catalyst activity and selectivity in the FTS process can be affected significantly by the extent
of the metal (in wt %) [27]. Table 4 shows that by increasing the metal loading from 5 to 10 wt %,
the CO conversion increased from 45.5% to 58.7%, which could be due to an increase in the number of
active sites. However, increasing the Co loading from 10 wt % to 20 wt % led to a decrease in the CO
conversion from 58.7% to 40.3%, which could be related to metal particle agglomeration and a decrease
in the particle dispersion in the catalyst. Increasing the metal loading from 5 wt % to 20 wt % led to
an increase in the CHy selectivity from 19.0% to 23.0%. Furthermore, the selectivity of the heavier
hydrocarbons (Cs.) also increased from 70.3% to 83.2% when increasing the Co loading from 5 wt % to
10 wt %. However, when the metal loading was reduced from 10 wt % to 20 wt %, there was a decrease
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in the Cs, selectivity from 83.2% to 57.4%. From the effect of the Co loading, our studies show that the
highest CO conversion and Cs selectivity was obtained at 10 wt % cobalt loading on the CNT support,
and Co loading of more or less than 10 wt % resulted in a lower Cs, selectivity of 57.4%.

Table 4. Effect of the wt % cobalt loading on the CO conversion and hydrocarbons selectivity.

Catalyst (w/w)% O/OCOCOnV. COzo/o CHy % Cy-Cy % Cs, % o/r o4
Co5/CNT.A.T 45.5 0.5 19.0 10.2 70.3 0.55 0.505
Col0/CNT.A.T 58.7 0.5 9.5 6.8 83.2 0.60 0.542
Col5/CNT.A.T 50.6 0.5 18.2 15.6 65.7 0.65 0.476
Co20/CNT.A.T 40.3 0.5 23.0 19.1 57.4 0.69 0.432

Figure 7 shows catalytic activity and selectivity of different wt % of cobalt-loaded catalysts.
It shows that increasing the cobalt loading from 5 wt % to 10 wt % resulted in an increased rate of FTS
from 0.18 to 0.25 (g HC/g cat/h), whereas increasing the cobalt loading from 10% to 20% resulted in a
decrease of the FTS from 0.25 to 0.16 (g HC/g cat/h).

Increasing the cobalt loading from 5% to 10% increased the number of available surface active
sites for FTS, and this increased the CO conversion from 45.5% to 58.7%. On the other hand, increasing
the Co metal loading from 10 wt % to 20 wt % caused cobalt metal particles to agglomerate on the
surface of the CNT support and resulted in the reduction of the number of the metal active sites, which
contributed to a drop in the CO conversion from 58.7% to 40.3% and in Cs, selectivity from 83.2%
to 57.4%.

0.3 70
BFTS rate mWGS rate 7 CO conversion
0.25 - , - 60
B L 50 ©
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5 - 40 5
= 015 4 =
3 30 3
£ 01 2
e - 20
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5Co/CNTs 10Co/CNTs 15Co/CNTs 20Co/CNTs
Co%

Figure 7. CO conversion, Fischer-Tropsch synthesis (FTS) rate (g HC/g cat/h), and water gas shift
reaction (WGS) rate (g CO, /g cat/h) for different Co/CNT catalyst loadings.

Figure 7 and Table 4 show that cobalt particles in the size range of 6-8 nm are more selective for Cs,,
hydrocarbons, while those of less than 5 nm are more selective for methane and light hydrocarbons [2].
Table 4 also shows the chain growth probability («) for FTS products. Increasing the cobalt loading led
to a shift towards higher hydrocarbon chains. The highest chain growth (0.542) occurred at 10 wt % Co
loading, and increasing the cobalt loading from 10 wt % to 20 wt % resulted in a decrease in the chain
growth from 0.542 to 0.432; this observation can be attributed to the agglomeration of cobalt particles
with higher wt % cobalt loading.
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3.2. Effect of Calcination Condition on Catalyst Properties and Performance

Table 5 tabulates the surface area and porosity properties of various catalyst samples at various
calcination temperatures. In a typical Co/CNT sample preparation, 10 wt % cobalt catalyst particles
were loaded onto the acid- and thermal-treated CNT support, followed by calcination at 300, 350, 400,
and 450 °C for 4 h. For ease of reference, the last three digits of sample coding (i.e., Co/CNT.A.T.C300)
refer to the calcination temperature (T = 300 °C). The calcination of a catalyst sample at 400 °C indicated
the optimum value of the BET surface area and total pore volume, which corresponded to the removal
(by thermal treatment) of the precursor used during the synthesis of the catalyst. These tabulated
results show that by increasing the calcination temperature from 300 to 400 °C, an increase in the BET
surface area of the catalysts was observed from 208.8 to 221.4 m?/g. The pore volumes of the different
catalysts prepared by the strong electrostatic adsorption method increased from 0.54 to 0.71 cm®/g.
The lower BET surface area of the catalyst sample with higher loading of Co metal particles was
comparable to the values obtained for CNT.A, indicating some pore blockage due to cobalt loading on
the support, but, on the other hand, increasing the calcination temperature, led to the removal of the
impurities from the catalyst sample, and as a result, higher BET surface area and total pore volume
was observed. Figure 8 shows the effect of the calcination temperature on the cobalt particle size as
analyzed by TEM.

Figure 8. TEM image of the catalyst calcined for 4 h at (a) 300, (b) 350, (c) 400, and (d) 450 °C.
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Table 5. Surface area and porosity properties of samples calcined at various temperatures (°C).

110f18

Samples BET Surface Area (m?/g) Total Pore Volume (m3/g)
As-received CNT 138.2 0.32
CNT.A 223.2 0.41
CNT.A.T 266.4 0.54
Co/CNT.A.T.C300 208.8 0.40
Co/CNT.A.T.C350 214.6 0.63
Co/CNT.A.T.C400 2214 0.88
Co/CNT.A.T.C450 211.3 0.71

The results shown in Figure 8 and Table 6 indicate that increasing the calcination temperature
from 300 to 450 °C led to an average particle size increase from 6.3 to 8.9 nm. In addition, an increase
in the calcination temperature also led to an increase in the grain boundaries and resulted in a particle
size increase. From a microscopical analysis perspective, the driving force for calcination is a reduction
of the total surface energy. Differential surface energy with different surface curvatures is linked
to mass transport during calcination [28,29]. The effect of the calcination temperature on the cobalt
particle size is shown in Figure 9. Particle size is one of the key factors in the FTS process. In order
to obtain the desired particle size, calcination is one of the functional treatments that may be used to
increase the particle size [28].
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Figure 9. Metal particle size for the samples calcined at (a) 300, (b) 350, (c) 400, and (d) 450 °C.
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Table 6. Particle size comparison by XRD and TEM analysis for catalytic samples with various
calcination temperatures (°C).

Catalyst TEM Ave. Size(nm) XRD d (Co304) nm
Co/CNT.A.T.C300 6.3 6.4 +0.2
Co/CNT.A.T.C350 6.7 6.6 0.2
Co/CNT.A.T.C400 7.3 72402
Co/CNT.A.T.C450 8.9 8.8+0.2

Figures 10 and 11 show the effect of the calcination duration on the cobalt particle size. In this
section of the study, cobalt particles were pre-loaded onto the acid- and thermal-treated CNT support
by the SEA method and were calcined for 2, 3, and 4 h. The results from Figure 11 show that increasing
the calcination duration from 2 to 4 h resulted in an increase in the cobalt particle size from 4 to
10 nm. Increasing the calcination period enhanced the growth of the nanoparticles on the treated CNT
support [30].

Figure 10. TEM images of catalysts calcined at 450 °C for (a) 2 h, (b) 3 h, and (c) 4 h.

Figure 12 shows the performed X-ray diffraction plot of the calcined catalyst for the calcination
temperature of 300, 350, 400, and 450 °C. The results from the XRD patterns show peaks at 20 values
of 26° and 43°, which can be attributed to the CNT support. Other peaks in the catalyst XRD pattern
correspond to different crystal planes attributed to Co3O4 [24]. Therefore, the peak at the 20 value of
36.8° is the most intense peak, corresponding to Co3Oj from the catalyst samples. In addition, Table 6
illustrates the average particle size of the cobalt particles from the TEM image and XRD spectra using
the Scherrer equation [25].
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The reducibility of the catalysts in the H, atmosphere was determined by TPR experiments.
The TPR spectra of the different calcining temperature of Co/CNT.A.T.C300, Co/CNT.A.T.C350,
Co/CNT.A.T.C400, and Co/CNT.A.T.C450 are shown in Figure 13, and the specific reduction
temperatures are presented in Table 6.
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Figure 11. Average cobalt particle size for various calcination durations at 450 °C.

Intensity (a.u.)

5 15 25 35 45 55 65 75
2 Theta (°)

Figure 12. XRD patterns of Co/CNT catalysts calcined for 4 h at (a) 300, (b) 350, (c) 400, and (d) 450 °C.

Figure 13 shows that a higher calcination temperature resulted in a bigger particle size and
therefore led to easier reduction, as shown by the peaks shifted to a lower temperature range. In TPR
spectra, the peak at the low range of temperature (325-395 °C) corresponded to the reduction of Co3zO4
to CoO [31]. A subsequent reduction of CoO to Co was indicated by a second broad peak during the
reduction of the catalyst active sites on the CNT support. A small peak at 600 °C from Figure 13a
can be attributed to CNT support gasification. Based on Figure 13, the calcination of the catalyst at
a higher temperature shifted the reduction step of Co3O4 to the CoO species (first peak) to a lower
temperature compared with the catalyst calcined at a lower temperature, which indicated higher
uniform particle reducibility at 400 °C. On the other hand, increasing the cobalt particle size from 3 to
10 nm led to a decrease in the reduction temperature. Based on the TEM analysis, the majority of the
cobalt particles in the range of less than 9 nm were impregnated inside the CNT channels, and this
observation resulted in a better interaction with the electron-deficient CNT interior and led to a higher
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reduction rate of the Co3Oy4 species [32]. The tubular-shaped structure of CNT offers uniquely different
properties in comparison with other carbon-based supports. External surfaces of CNT are electron-rich
and internal surfaces of CNT channels are electron-deficient, and effect to the interactions of metal and
metal oxide particles with the internal and external CNT surfaces [32]. In addition, Chen et al. reported
that catalyst particles inside the CNT channels have a higher reduction rate and activity compared
with those located on the external surface of the CNT support [32].
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Figure 13. TPR profiles for the catalyst (a) Co/CNT.A, (b) Co/CNT.A.T.C300, (c¢) Co/CNT.A.T.C350,
(d) Co/CNT.A.T.C400, and (e) Co/CNT.A.T.C450.

It was also observed that the second reduction peak for the catalyst samples (Co/CNT.A.T.C300,
Co/CNT.A.T.C350, Co/CNT.A.T.C400, and Co/CNT.A.T.C450) shifted to higher temperatures of 435,
460, 475, and 480 °C, respectively, due to the presence of smaller-sized cobalt particles (>10 nm).
Furthermore, the size of the catalyst particles affected the interaction between the particles and their
support, where larger catalyst particles showed a stronger interaction with the support and hence
could be reduced at a lower temperature. A smaller catalyst particle size can be reduced at a higher
temperature [30].

Figure 13 shows an absence of a significant reduction peak above 500 °C, and therefore, the
formation of metal support compounds on the CNT support surface was negligible. Tavasoli and
Martinez et al. reported a reduction peak that was present at above 530 °C with an oxidic support—an
indication of the formation of a cobalt species—which was difficult to be reduced (oxide compounds).
Carbon nanotubes are an inert support for a cobalt catalyst and cannot support the formation of
metal-support compounds as compared with Co/«-Al203 catalysts possessing a higher reduction
rate with CNTs but not with oxidic supports [18]. The data for the catalyst reduction percentage
and the amount of hydrogen consumption (area under the peak) for each part of the reduction steps
(Co304 to CoO and CoO to Co), which corresponded to a reduction percentage, are shown in Table 7.
The first part of the reduction was in the range of 325-395 °C, and the second part of the reduction
was from 435-480 °C. From the results in Figure 13, the TPR graphs indicate that by increasing the
calcination temperature from 300-450 °C, the ratio of the H, consumption for part two to that of part
one decreased from 0.6 to 0.54 and 0.49, respectively. The results also illustrate that increasing the cobalt
particle size decreased the temperature of the reduction and resulted in an easier reduction at a lower
temperature. Consequently, well-dispersed catalyst particles synthesized by the SEA method and
impregnated on CNT channels were able to increase the reduction rate of the first step and decrease
the reduction temperature of CoO to the Co compounds. The confinement of the catalyst particles by
the CNT support improved the first step reduction in comparison with other types of supports, and
furthermore, the particle size was an important player for the second step of the reduction [32].
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Table 7. TPR and temperature programmed desorption (TPD) results of the catalyst samples at various
calcination temperatures.

Samples 1st TPR Peak °C  2nd TPR Peak °C Reduction (%) H, Uptake * Disp.%

CNT.A 600 — — — —
Co/CNT.A.T.C300 395 480 48.3 515 18.5
Co/CNT.A.T.C350 391 475 52.1 368 20.2
Co/CNT.A.T.C400 338 449 68.1 102.4 29.1
Co/CNT.A.T.C450 325 435 55.4 211 214

* H, uptake: (1 mole H, desorbed/g cat.).

The results of the temperature programmed desorption (TPD) of the catalysts are also given
in Table 7. This table shows that in the case of the Co/CNT.A.T.C300, Co/CNT.A.T.C350,
Co/CNT.A.T.C400, and Co/CNT.A.T.C450 catalysts, the hydrogen chemisorption (H, uptake)
decreased with the increasing calcination temperature, and the dispersion increased with the increasing
calcination temperature up to 400 °C; however, at the higher calcination temperature of 450 °C,
the dispersion decreased possibly due to the sintering of the particles (Table 7).

In this study, samples prepared at different calcination temperatures and consequently different
Co particle sizes were examined in Fischer-Tropsch reactions (Table 8). Increasing the calcination
temperature from 300 to 450 °C resulted in an increase in the CO conversion, as well as in the
hydrocarbon selectivity, which could be related to the small particle size of the cobalt catalysts.
However, increasing the calcination temperature from 400 to 450 °C led to a decrease in the CO
conversion and selectivity, which could be related to the particle size and Co dispersion over the
CNT support.

Table 8. Effect of the calcination temperatures on the performance of the catalysts.

Catalyst T(O (@) o/oCOConv_ C02 % CH4 % C2 -C4 % C5+ %
Co/CNT.AT.C300 44.6 0.5 18.9 19.1 61.5
Co/CNT.A.T.C350 50.2 0.5 14.9 12.3 72.3
Co/CNT.A.T.C400 58.7 0.5 9.5 6.8 83.2
Co/CNT.A.T.C450 52.1 0.5 14.5 10.4 74.6

While comparing the catalyst samples calcined at 300 and 400 °C, the calcination performed at
400 °C showed a reduction of 7% selectivity towards methane with a £0.1% systematic error. A drop of
7% selectivity of CHy4 for a cobalt catalyst can be attributed to the significant presence of olefins in the
carbon—carbon chain propagation. For the catalyst sample calcined at 400 °C, R-CH=CH2 (x-olefins)
had to compete with heavier olefins and CO with respect to the chain initiation and re-adsorption.
Increasing an average particle size from 2—4 to 6-8 nm led to an increase in Cs, selectivity from 61.5%
to 83.2%. However, Bezemer et al. reported that the range of 6-8 nm cobalt particle sizes was optimum
for higher Cs, selectivity [33]. In Figure 9, it was shown that a catalyst particle size of 6.3 nm resulted in
61.5% Cs, selectivity. The results also indicated that in the 6.3 nm catalyst size range, the propagation
step of the adsorption of CO and the chain growth probability (x-olefins re-adsorption) was efficient
due to the unique electronic properties of the interior CNT walls. In addition, the presence of CO
chemisorption inside the CNT channels was due to the electron deficiency of the CNT interior walls
and the tubular-shaped structure of CNT was reported to increase the resident time of the reactants in
order to react with the catalyst active sites and hence the selectivity of long carbon chains (Cs.) [32].

Nevertheless, Cs,. selectivity was predominant for the Co/CNT catalyst particles within the range
of 7-8 nm. Bezemer et al. reported that smaller-size particles (<8 nm) supported on an oxidic support
resulted lower selectivity in compared to CNT support. This differentiation is due to the confinement
of the catalyst with smaller particle sizes inside the CNT channels and the better stability in contrast
with the catalyst particles located on the exterior surface of the conventional oxidic supports [33].
Chen et al. reported that the tubular shape of the CNT channels prevented catalyst particles inside the
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CNT channels from sintering and thus led to higher activity and stability [32]. Moreover, increasing
catalyst particle size from 4 to 8 nm led to an increase in the olefin/paraffine mass ratio from 0.55 to 0.69.
Increasing the paraffin/olefin ratio can also be attributed to the presence of catalyst particle sizes of
smaller than 6-8 nm, therefore leading to high selectivity [34,35].

4. Conclusions

Well-dispersed Co nanoparticles on the CNT support was successfully prepared from 10 wt
% Co loading via the SEA method. However, increasing the cobalt loading to 20 wt % led to the
agglomeration of Co on the support. In terms of the catalyst’s particle size, increasing the Co
loading from 5 wt % to 20 wt % resulted in an increase in particle size from 6.1 to 10.6 nm. We have
demonstrated that a higher catalyst activity and Cs, selectivity in the Fischer—Tropsch reaction were
observed within the optimum range of the Co particle size of 6-8 nm and with 10 wt % cobalt loading.
Furthermore, the cobalt particle size distribution could affect the FT activity and selectivity. The unique,
tube shape of CNT with open caps could give allowance for the Co particles to enter the CNT tubular
channels due to the electron deficiency of the interior CNT surface. Hence, it is envisaged that the CNT
support of the catalyst could provide a higher reducibility property in the catalyst as compared with
conventional oxide catalysts. Increasing the calcination temperature from 300 to 450 °C resulted in an
increase of the Co particle size from 6.3 to 8.9 nm, and increasing the calcination duration from 2 to
4 h resulted in an increase in the Co particle size from 4 to 10 nm. In addition, the results showed by
increasing the Co loading from 5 wt % to 10 wt % led to a decrease in the reduction temperature from
530 to 420 °C, while increasing the Co particle dispersion from 19.3% to 29.1%, led to an increase in the
CO conversion from 45.5% to 58.7% and in the Cs, selectivity from 70.3% to 83.2%.
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