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Abstract: The effects of process conditions on Fischer–Tropsch Synthesis (FTS) product distributions
were studied using a fixed-bed microreactor and a Co–Mn/CNT catalyst. Cobalt and Manganese,
supported on Carbon Nanotubes (CNT) catalyst were prepared by a Strong Electrostatic Adsorption
(SEA) method. CNT supports were initially acid and thermally treated in order to functionalize
support to uptake more Co clusters. Catalyst samples were characterized by Transmitted Electron
Microscope (TEM), particle size analyzer, and Thermal Gravimetric Analysis (TGA). TEM images
showed catalyst metal particle intake on CNT support with different Co and Mn loading percentage.
Performance test of Co–Mn/CNT in Fischer–Tropsch synthesis (FTS) was carried out in a fixed-bed
micro-reactor at different pressures (from 1 atm to 25 atm), H2/CO ratio (0.5–2.5), and reduction
temperature and duration. The reactor was connected to the online Gas Chromatograph (GC) for
product analysis. It was found that the reaction conditions have the dominant effect on product
selectivity. Cobalt catalyst supported on acid and thermal pre-treated CNT at optimum reaction
condition resulted in CO conversion of 58.7% and C5+ selectivity of 59.1%.

Keywords: carbon nanotubes; heterogenous catalysis; thermal treatment; cobalt-manganese;
Fischer–Tropsch; bimetallic catalyst; acid treatment; gas process

1. Introduction

Fischer–Tropsch synthesis (FTS) uses syngas to produce hydrocarbons and plays an important role
in all eco-friendly fuels and renewable energy resources. The gas to liquid process is attractive because
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of abundant natural gas and coal reserves, which can be used as feed sources rather than terminating
crude oil reserves. Fuels synthesized with the FTS method is heterogenous catalysis, environmentally
friendly, and has low sulfur and aromatic ring content [1]. Using a cobalt catalyst is common choice of
catalyst for FTS [2]. Liquid hydrocarbons, i.e., those with five carbon atoms and above, referred to as
C5+ are of most economic interest. Therefore, optimizing the reaction product distribution is crucial,
and it is influenced by operating conditions such as temperature, pressure, the ratio of H2/CO, type of
reactor and the catalyst, etc. [3–7]. The increase in operating pressure for FT reaction over cobalt-based
catalysts has been reported to have an insignificant effect or to increase the reaction rate and C5+

selectivity [8]. It has been reported that the selectivity to low molecular hydrocarbons is increased
with the increase of reaction temperature and inlet H2/CO ratio, while the selectivity to high molecular
hydrocarbons is increased with the decrease of total pressure [9]. Some investigators reported the
effect of operation parameters on the product distribution from cobalt-based catalysts [9–11] and
showed that the olefin contents of the product spectrum decreased with increasing pressure, which was
consistent with previous investigations [12,13]. This work is a continuation of the same project which
has previously been investigated and published. Previous works focused on catalyst preparation
variables such as effects of catalyst active site confinement in CNT channels, addition of Mn to Co/CNT
catalyst, acid and thermal treatment of CNT support, catalyst pH, percentage of Cobalt catalyst
loading, calcination condition and catalyst particle size [14–17]. The present study aims to prepare
a CNT-supported cobalt manganese bimetallic catalyst using the SEA method and focus on the study
of the effect of Fischer–Tropsch reaction parameters such as pressure, H2/CO ratio, and reduction
conditions on the performance of Co–Mn/CNT bimetallic catalyst.

2. Experimental

2.1. Carbon Nanotube Support Functionalization

Functionalization and activation of CNT using nitric acid are important prior to metal loading [18].
Purpose of the functionalization process was to improve the interaction between foreign molecules and
the surface of CNT. Acid pretreatment purifies pristine CNT, introduces oxygen-containing groups
(-OH) onto the surface, and helps to open closed caps of CNT [19]. The most widely accepted approach
for activation and functionalization of carbon nanotubes is through a wet chemical oxidation process.
Approximately 2 g of commercial CNT (purity > 95%, CVD, length: 10−20 µm, diameter: 30−50 nm,
Nanostructured & Amorphous Materials Inc., Houston, TX, USA) (denoted as, as-received CNT)
added into a single-necked round-bottom flask was functionalized and activated with 35 vol% nitric
acid (Merck) at 110 ◦C for 10 h [20]. A conventional reflux system, consisting of the single-necked
round-bottom flask with a thermometer, condenser, and oil bath, was used. After refluxing, the mixture
was cooled to room temperature, diluted with deionized water, filtered through a 0.2 µm pore-sized
filter membrane, and washed several times until the pH of the filtrate was approximately 7 [21]. The
neutralized slurry dried in an oven overnight at 120 ◦C and the acid-treated CNT were thermally
treated at 900 ◦C in flowing argon at 20 mL min−1 [22]. In the present study, CNT support samples
with acid and thermal treatment were designated CNT.A.T.

2.2. Determination of PZC, Catalyst Uptake on CNT Support and Catalyst Synthesis

Conventional impregnations method used for synthesizing cobalt catalyst yielded heterogeneously
dispersion of cobalt particles on the CNT support, but the Strong Electrostatic Adsorption (SEA)
method, based on the electrostatic attraction of oppositely charged particles, resulted in a higher catalyst
active sites dispersion and narrower distribution [23–26]. Silica, Alumina, CNT, and metal oxides have
hydroxyl groups on their surface. In the SEA method, the point of zero charges (PZC) is a pH value of
medium at which hydroxyl group on the surface remain neutral. In the case of pH<PZC, hydroxyl
group will protonate, so they have positive charged and therefore attract anions. Where pH>PZC
hydroxyl groups will deprotonate and become negatively charged and adsorbing cations. A series of
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experiments to determined noble metals supported on CNT by using cationic hexamine of complexes
of noble metal showed that metal uptake increase significantly at pH>PZC [23,25,26]. All samples
prepared via SEA, at optimum pH, were found to be a smaller size and better dispersion in comparison
to those prepared by the conventional impregnation method. Equilibrium pH at high oxide loading
(EpHL) method [27] was employed to determine the PZC of CNT support. Solutions at pH values in
the range of 2–14 were prepared by adding nitric acid or ammonium hydroxide into distilled water.
Amount of 50 mL of each solution were added into 0.5 g CNT in a conical flask. The mixture was
shaken for 1 h using a rotary shaker prior to measurement of final pH value. Plateau in final pH versus
initial pH plot as shown in Figure 1a indicates PZC of CNT was found to be 9.5.
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Figure 1. Determination of (a) PZC of CNT support, (b) Co–Mn uptake versus pH survey by AAS.

The pH of the cobalt nitrate precursor solution was adjusted to a range of 2–14 to perform cobalt
uptake versus pH survey. Weighed 0.5 g CNT were added in solutions and measured after 1 h shaken
for final pH. An amount of 5 mL of filtered cobalt solution for each sample was tested by atomic
absorption spectrophotometer (AAS) for cobalt content. Figure 1b shows a plot of cobalt uptake versus
pH and the optimum pH indicated for cobalt uptake is 14. At selected pH = 14, the cobalt precursor
was adsorbed by 10 wt% at Co–Mn metal loads from an excess solution on CNT support (to prevent
pH shift). The sample was filtered and dried for 24 h under air flow. The dried sample was calcined
to remove residual reactants in a tubular furnace at 400 ◦C for 4 h under air flow. All catalysts were
prepared using a powerful method of electrostatic adsorption (SEA) with a total metal load of 10 wt%.
Total metal loading of 10 wt% (Co and Mn) divided between Co and Mn with following percentage
codding, Co/CNT, 95Co5Mn/CNT, 90Co10Mn/CNT, 85Co15Mn/CNT, 80Co20Mn/CNT.

2.3. Catalyst Characterization and Equations

FT catalyst performance is strongly influenced by catalyst physicochemical properties,
and therefore, it is essential to characterize these properties. FTS catalyst properties needing classification
are chemical and physical surface properties, reducibility of catalysts, catalytic activity and selectivity.
This work is continuation of the same project which is previously investigated and published.
In the previous studies X-Ray Diffraction (XRD), Brunauer–Emmett–Teller (BET), X-ray Photoelectron
Spectroscopy (XPS), etc characterization preformed and discussed [14–17]. Characterization techniques
performed for FTS catalysts include Transmission electron microscopy (TEM) analysis on a Zeiss LIBRA
200 FE TEM at 200 kV accelerating voltage. Figure 2 showing TEM images of different Co-Mn/CNT
bimetallic catalyst formulation.

Scanning electron microscopy (FESEM-EDX) (Zeiss Supra 55 VP, accelerating voltage: 5 KV,
magnification: 100.00 KX and working distance: 4 mm) was used to analyze morphology and surface
elemental composition of samples. Figure 3 showing FESEM images of different Co-Mn/CNT bimetallic
catalyst formulation.
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Flame atomic absorption spectrometer (AAS) by Agilent Technologies GTA 120 was employed to
measure Co and Mn uptake on CNT support in an air-acetylene flame [28,29].

% Reduction =
O2 Uptake× 2

3 ×Atomic Weight
Percent Metal

(1)

where:
O2-uptake = µmol/g.cat of O2 calculated from TPO spectra of catalyst.

Atomic weight = MW of metal

% Metal = weight percentage of metal in catalyst.

% Dispersion (total Co)
=

H2uptake×atomic weight×stoichiometry
% metal

= number of Co atoms on the surface
total number of Co atoms in the sample × 100

(2)

where:

H2-uptake = amount of H2 consumed in mmol/g. cat calculated from the peak area of H2-TPD spectra
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Atomic weight = MW of metal

% Metal = weight percentage of metal in catalyst.

Stoichiometry = 2

A number of active sites of catalysts were calculated using % dispersion and % reduction calculated
using Equation (3) [30].

No. o f active sites =
wt o f Co in the sample× reduction× dispersion×NA

MW
(3)

where:
NA = Avogadro’s number

MW = atomic weight of metal.

H2 uptake
(

moles
gcat

)
=

the analytical area from TPD× calibration value
sample weight× 24.5

(4)

O2 uptake (moles/gcat) =
the sum of consumed pulse areas× calibration value

sample weight× 24.5
(5)
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2.4. Microreactor Setup, Sampling, and Composition Analysis

Microactivity-reference equipment (Micromeritics) was used to study the performance of
nanocatalyst in Fischer–Tropsch (FT) reaction. An online gas chromatograph (Agilent Hewlett-Packard
Series 6890, USA) equipped with a TCD detecting CO2, O2, N2, and CO and FID detecting (Agilent J&W
DB-5 column) detecting Methane, Ethane, Ethylene, Acetylene, Propane, iso-Butane, n-Butane,
n-Pentane, n-Hexane, and n-Heptane were used to analyze the gaseous product.

Percentage of conversion for CO and selectivity of methane (CH4) and C5+ was calculated using
Equations (6)–(8), respectively [30].

CO conversion (%) =
COin −COout

COin
× 100 (6)

where:
COin = Mole % of CO feeding to the reactor from mass fellow meter.

COout = Mole % of CO exit from the reactor and detect with GC.

CH4 selectivity (%) =
SCH4

THC
× 100 (7)

where:
SCH4 = Mole of CH4 detected by GC

THC = Total moles of hydrocarbons detected by GC

C5+selectivity (%) =
SC5+

THC
× 100 (8)

where:
SC5+ = Mole of C5+ detected by GC

THC = Total moles of hydrocarbons detected by GC

Fischer–Tropsch synthesis rate (RFTS) shown in Equation (9) and water gas shift reaction rate
(RWGS) shown in Equation (10), is equivalent to the formation rate of carbon dioxide (RFCO2) and can
be defined by [31–33]:

RFTS (g HC/g cat/h) = g hydrocarbons produced/g cat ∗ h−1 (9)

RWGS (g CO2/g cat/h) = RFCO2 = g CO2 produced/g cat ∗ h−1 (10)

3. Process Studies

It is important to reduce and activate calcined catalysts before an FTS reaction. Catalysts were
activated under the H2, 1.8 L/h flow at 420 ◦C for 12.5 h in the reactor tube. Reactor temperature was
cooled down to the desired reaction temperature after catalyst activation in-situ and flushed with
helium for 10 min. This study was conducted to investigate the effects of the H2/CO (v/v) reaction ratio
(0.5/1, 1/1, 1.5/1, 2/1 and 2.5/1), pressure (1, 5, 10, 15, 20, 25 atm) and different reduction temperature
and duration on the performance of different CNT catalysts. Effects on the catalytic performance of
monometallic and bimetallic Co–Mn nanocatalysts, such as reaction pressure, H2/CO feed gas molar
ratios and reduction condition were studied. The results of the reaction were compared in terms of CO
conversion and selectivity of the product. For the process study portion, all reactions were conducted
three times and the standard deviation value was ±1 percent for all reactions. Figure 4 showed a reactor
schematic (Microactivity-reference device, Micromeritics) used for FTS reactions.
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3.1. Effect of Pressure on Catalytic Performance

Table 1 shows the CO conversion dependence with an increase in total operating pressure.
It has been observed that CO conversion also increases with an increase in operating pressure from 1
to 25 atm. CO conversion was increased to 89.4% for the 95Co5Mn/CNT catalyst at 20 atm operating
pressure and the trend was reported [9]. It was suggested that increased operating pressure increased
the concentration of reactant species over active catalyst sites, and, hence, increased CO conversion
and was attributed to increased adsorption of CO molecules on the catalyst surface and improved
chances of the collision of reactants and catalysts [9].

The effect of operating pressure on the selectivity of C1 and C2–C4 over selected catalysts is
shown in Table 1. With operating pressure increasing from 1 to 25 atm, methane selectivity decreased
to 15 percent over the Co–Mn/CNT catalyst. Mukenz (Mukenz 2010) [34] suggested that the rate
of formation of methane depends on the operating pressure. Li and colleagues [35] observed that
methane selectivity was suppressed by an increase in operating pressure. An increase in FTS operating
pressure has been suggested to alert partial reactant or product pressure resulting in methane selectivity
depression. As shown in Table 1, increased pressure to 25 atm resulted in increased selectivity of
C5+ hydrocarbons. This effect was more significant for catalysts with 95Co5Mn/CNT where C5+

selectivity increased to 85.8%. The results indicated that with increased operating pressure, there is
an increased chain growth probability and thus favored higher hydrocarbon selectivity [30]. It was
also suggested that increased operating pressure increased chain propagation of CHx monomers to the
active catalyst surface, and thus increased selectivity for higher hydrocarbons [36]. Bergr et al. and
Farias et al. reported a similar effect, discovering that with increased operating pressure there was
a significant increase in chain growth probabilities [37,38].
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Table 1. Effect of reaction pressure (atm) on CO conversion and catalyst selectivity.

CO Conversion 1 5 10 15 20 25

Co/CNT 32.2 50.4 53.7 55.6 58.7 61.5
95Co5Mn/CNT 49.4 78.5 81.7 84.4 86.6 89.5

90Co10Mn/CNT 44.6 75.8 77.0 78.1 79.8 83.9
85Co15Mn/CNT 42.2 68.6 70.1 72.2 73.2 77.7
80Co20Mn/CNT 38.9 58.1 62.6 64.9 66.3 68.2

C1 Selectivity

Co/CNT 16.6 15.2 14.5 13.8 9.5 12.7
95Co5Mn/CNT 15.5 13.2 12.4 11.9 11.8 6.1

90Co10Mn/CNT 14.1 13.7 12.2 11.4 8.3 11.3
85Co15Mn/CNT 14.7 14.1 13.1 12.3 9.1 11.4
80Co20Mn/CNT 15.1 14.6 13.8 13.2 10.0 12.1

C2–C4 selectivity

Co/CNT 42.1 33.6 30.6 25.6 13.4 21.8
95Co5Mn/CNT 26.2 16.3 11.3 8.6 6.7 6.5

90Co10Mn/CNT 32.7 25.8 20.5 15.4 8.4 9.3
85Co15Mn/CNT 37.5 30.7 26.7 21.3 9.4 13.6
80Co20Mn/CNT 41.5 35.2 31.4 25.5 10.5 18.1

C5+ selectivity

Co/CNT 27.3 36.2 39.5 45.4 59.1 50.5
95Co5Mn/CNT 55.3 66.7 72.3 76.1 81.5 76.3

90Co10Mn/CNT 48.2 56.2 62.3 68.2 78.0 74.6
85Co15Mn/CNT 43.3 50.2 55.2 61.4 76.5 70.7
80Co20Mn/CNT 38.4 45.2 49.8 56.5 74.5 64.8

3.2. Effects of H2/CO Feed Ratio on Catalytic Performance

For the constant weight of the catalyst, five different H2/CO feed ratios (H2/CO = 0.5, 1, 1.5,
2 and 2.5) were used at 240 ◦C. Table 2 summarizes the effects of the H2/CO feed ratio on CO conversion
over bimetallic and monometallic Co–Mn nanocatalysts (at P = 20 atm, T = 240 ◦C and 3 L/g.h.
space velocity). Conversion of CO increased to a feed ratio of 2 for monometallic Co/CNT and then
decreased as the H2/CO ratio increased to 2.5. An increase in H2/CO feed ratios increased partial H2
pressure and consequently increased CO conversion [39]. The decrease in CO conversion for H2/CO
feed ratios below 2 may be due to a decrease in H2 partial pressure leaving some CO molecules
unhydrogenated. The H2/CO ratio higher than 2, increase partial H2 pressure and therefore decrease
activity. H. Schulz et al. research groups have also reported similar trends [40]. Reducing the H2/CO
ratio from 2 to 1 reduced the percentage of CO conversion for the Co/CNT catalyst sample from 64.3% to
46.7%. Decreasing the H2/CO ratio will reduce the partial pressure of syngas on the gas phase resulting
in a reduction in the amount of CO adsorbed on the surface of the catalyst. Decreasing the rate of FTS
can be explained by the kinetic rate equation of cobalt-based FTS catalysts with partial CO pressure in
denominator [41]. A similar trend was observed for bimetallic systems to that of monometallic Co,
where CO conversion increased from 62.6% to 80.5% with an increased H2/CO feed ratio of 1 to 2,
passing through an optimum H2/CO ratio of 2. These CO conversion trends at different H2/CO feed
ratios were consistent with various literature reports [40,41].

Table 2 summarizes the effects of different H2/CO feed ratios on C1 and C2–C4 selectivity. Increased
selectivity for methane based on increasing the H2/CO feed ratio from 0.5 to 2.5 for monometallic Co
and bimetallic catalyst. An increase in H2/CO feed ratio increased H2 partial pressure which would
have increased CO hydrogenation and consequently decreased methane selectivity [39]. As the feed
ratio of H2/CO increases further, more H2 will be adsorbed on the surface of the catalyst, thus reducing
CO adsorption. The effects of different H2/CO feed ratios on C5+ catalyst selectivity are shown in
Table 2. Increasing H2/CO feed ratios for Co catalyst increased C5+ selectivity for 95Co5Mn/CNT
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bimetallic catalyst from 50.6% to 81.5%. Increasing the feed ratio of H2/CO has been suggested to
decrease the partial CO pressure on Co-based catalysts resulting in increased hydrocarbon chain
propagation and thus increased selectivity for higher hydrocarbons [39]. A similar trend followed by
bimetallic Co–Mn/CNT as that of Monometallic Co. The increasing partial CO pressure on the catalyst
surface increases the amount of adsorbed CO and increases the growth of the chain and decreases the
termination reaction to paraffin.

Table 2. Effect of H2/CO ratio on CO conversion and catalyst selectivities.

CO Conversion 0.5 1 1.5 2 2.5

Co/CNT 25.6 46.7 53.3 58.7 55.8
95Co5Mn/CNT 41.7 62.6 69.7 86.6 74.7

90Co10Mn/CNT 36.6 57.3 65.6 79.8 70.5
85Co15Mn/CNT 33.8 52.8 59.8 73.2 65.3
80Co20Mn/CNT 28.3 49.7 56.9 66.3 61.7

C1 selectivity

Co/CNT 16.5 16.0 15.5 9.5 14.3
95Co5Mn/CNT 13.5 13.1 12.5 11.8 11.3

90Co10Mn/CNT 14.5 14.0 13.5 13.3 12.2
85Co15Mn/CNT 15.5 15.0 14.5 14.1 13.3
80Co20Mn/CNT 16.4 15.5 15.1 15.0 13.7

C2–C4 selectivity

Co/CNT 45.7 33.7 26.5 13.4 28.8
95Co5Mn/CNT 35.6 23.6 15.5 6.7 4.4

90Co10Mn/CNT 38.8 29.8 21.5 8.4 9.6
85Co15Mn/CNT 42.6 33.8 24.5 9.4 13.7
80Co20Mn/CNT 45.5 35.5 29.6 10.5 16.5

C5+ selectivity

Co/CNT 30.2 41.3 48.8 59.1 54.5
95Co5Mn/CNT 50.6 64.4 72.7 81.5 78.1

90Co10Mn/CNT 45.7 57.8 65.6 78.0 76.5
85Co15Mn/CNT 42.3 52.6 61.3 76.5 71.5
80Co20Mn/CNT 38.9 49.2 56.8 74.5 67.5

3.3. Effect of Reduction Time Period and Temperature on Catalytic Performance

The sample was reduced at 420 ◦C by flowing 25 mL/min, H2 gas before starting the FTS reaction.
Metal oxide converts to active metals in the reduction part and activates sites by the catalyst [42].
Variety of reduction time from 3 to 15 h and temperature at 350, 400, 450 and 500 ◦C at 240 ◦C reaction
temperature, 20 atm pressure, 20 mg catalyst mass; flow rate: 30 mL/min H2 and 15 mL/min CO
(H2/CO ratio: 2).

In the FTS process, Table 3 indicates that CO conversion increased from 21.5% to about 65.7%
with an increase in the reduction period from 3 to 15 h due to a higher fraction of metallic Co which
forms active support sites. In contrast, the effect of the reduction period on C1 and C2–C4 selectivity
increased from 15.2% to 21.6% with an increase in the reduction period from 3 to 15 h C1 and from
70.8% to 24.2% for all catalysts for C2 to C4. Increasing the reduction period from 3 to 15 h leads to
an increase in C5+ selectivity for the 95Co5Mn/CNT catalyst from 25.4% to 86.1%. Table 4 shows
that increasing temperature reduction from 340 to 420 ◦C, CO conversion of 95Co5Mn/CNT catalyst
increased from 46.6% to 81.4% due to the desired temperature on CNT support to active cobalt sites.
However, due to sintering and agglomeration of metal active sites, reduction temperature increased
from 340 to 500 ◦C and CO conversion declined.
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Table 3. Effect of reduction time (h) on CO conversion and catalyst selectivities.

CO Conversion 3 6 9 12 15

Co/CNT 21.5 35.7 46.2 58.7 58.8
95Co5Mn/CNT 30.4 67.9 83.1 86.6 86.7

90Co10Mn/CNT 28.9 65.7 70.5 83.8 83.8
85Co15Mn/CNT 25.7 52.6 60.6 73.2 73.3
80Co20Mn/CNT 23.9 48.7 52.8 66.3 66.5

C1 selectivity

Co/CNT 16.2 14.1 11.7 9.5 9.6
95Co5Mn/CNT 17.3 15.6 13.9 11.8 11.7

90Co10Mn/CNT 19.6 17.7 15.6 13.3 13.4
85Co15Mn/CNT 21.8 19.9 17.4 14.1 14.5
80Co20Mn/CNT 23.7 20.4 17.7 15.0 15.4

C2–C4 selectivity

Co/CNT 70.8 65.6 34.4 13.4 13.5
95Co5Mn/CNT 60.6 48.8 27.9 6.7 6.8

90Co10Mn/CNT 63.5 52.7 29.7 8.4 8.5
85Co15Mn/CNT 66.9 55.6 33.9 9.4 9.5
80Co20Mn/CNT 69.6 57.4 37.6 10.5 10.6

C5+ selectivity

Co/CNT 15.3 30.3 35.7 59.1 59.3
95Co5Mn/CNT 25.4 34.2 40.6 81.5 81.5

90Co10Mn/CNT 23.9 31.6 37.3 78.0 78.2
85Co15Mn/CNT 21.7 29.8 35.1 76.5 76.6
80Co20Mn/CNT 18.6 26.4 32.6 74.5 74.7

Table 4. Effect of reduction temperature (◦C) on CO conversion and catalyst selectivity.

CO Conversion 340 380 420 460 500

Co/CNT 31.4 40.8 58.7 37.7 29.4
95Co5Mn/CNT 46.6 62.6 86.6 56.9 43.6

90Co10Mn/CNT 45.7 58.7 79.8 52.8 40.7
85Co15Mn/CNT 37.6 51.8 73.2 47.7 35.9
80Co20Mn/CNT 35.8 46.6 66.3 42.4 32.5

C1 selectivity

Co/CNT 25.5 22.3 9.5 20.7 29.4
95Co5Mn/CNT 15.3 12.7 11.8 12.6 18.7

90Co10Mn/CNT 18.6 15.9 13.3 14.7 20.6
85Co15Mn/CNT 21.9 17.4 14.1 16.6 23.4
80Co20Mn/CNT 22.4 19.5 15.0 18.4 26.3

C2–C4 selectivity

Co/CNT 40.4 37.2 13.4 40.2 41.9
95Co5Mn/CNT 37.5 33.3 6.7 31.7 38.6

90Co10Mn/CNT 38.6 35.4 8.4 34.8 39.4
85Co15Mn/CNT 41.7 38.6 9.4 37.9 40.5
80Co20Mn/CNT 42.2 38.8 10.5 38.6 40.2

C5+ selectivity

Co/CNT 30.5 41.3 59.1 40.7 30.7
95Co5Mn/CNT 42.9 55.5 81.5 57.4 44.3

90Co10Mn/CNT 39.4 50.6 78.0 52.6 41.7
85Co15Mn/CNT 35.6 45.8 76.5 47.5 37.1
80Co20Mn/CNT 32.5 43.4 74.5 44.8 34.4
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For 95Co5Mn/CNT bimetallic catalyst, the selectivity of C1 and C2–C4 follows the same general
trend. Increasing temperature reduction from 340 to 420 ◦C leads to a decrease in C1 selectivity from
15.3% to 8.4% and from C1 selectivity from 420 to 500 ◦C from 8.4% to 18.7%. Increasing temperature
reduction from 340 to 420 ◦C, the selectivity of C5+ increased from 42.9% to 85.8% and increased
temperature reduction from 420 to 500 ◦C, the selectivity of C5+ decreased from 85.8% to 44.3% [43,44].

3.4. Characterization of Spent Catalyst

Figure 5 shows TEM images of 95Co5Mn/CNT.A.T600 and 95Co5Mn/CNT.A.T900 catalyst samples
that spent 10 h at 240 ◦C and shows increased growth of cobalt particles on CNT support. Figure 5
shows TEM images of spent catalysts at 95Co5Mn/CNT where thermal treatment at (a) 600 and
(b) 900 ◦C were conducted. Catalyst particle size increased from 4.2 to 20.5 nm for CNT thermal
samples pretreated at 600 ◦C and increased from 7.2 to 14.1 nm for CNT thermal samples pretreated at
900 ◦C; indicating a catalyst sintering phenomena. The deactivation step showed significantly high
sintering during FTS. Results of the TEM test show that the sintering rate of particles on the outer
surfaces of CNT is higher than that of particles inside the CNT channels.
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4. Conclusions

The bimetallic Co–Mn catalyst was prepared using the SEA method on functionalized CNT
support. Acid and thermal CNT pretreatment were conducted for functionalization of CNT support.
The performance of the CNT-supported Co–Mn catalyst was tested in the FTS reaction. Co–Mn/CNT
catalyst has high activity and C5+ selectivity and is stable. It also concluded that variables of reaction
conditions have a significant impact during the FTS process on catalytic activity and product selectivity.
Study of reaction conditions showed (with an increased pressure from 1 to 20 atm) increased CO
conversion for 95Co5Mn/CNT catalyst from 49.4% to 89.4%. However, for the 95Co5Mn/CNT catalyst
sample, increasing reaction pressure from 1 to 20 atm increased the selectivity of the C5+ product from
55.3 to 85.8%. However, the effect of the H2/CO (v/v) feed ratio increasing from 0.5 to 2 resulted in
an increase for CO conversion of 95Co5Mn/CNT catalyst from 41.7 to 86.6% and for C5+ from 50.6% to
81.5%. The effect of reduction time increasing from 3 to 15 h resulted in an increase for CO conversion of
95Co5Mn/CNT catalyst from 30.4% to 86.7% and for C5+ selectivity from 25.4% to 81.5%. A reduction
temperature increase from 340 to 460 ◦C resulted an increase for CO conversion of 95Co5Mn/CNT
catalyst from 46.6 to 56.9 and for C5+ selectivity from 42.9 to 57.4%. In terms of CO conversion and
C5+ product selectivity, the feed ratio of H2/CO of 2 (v/v), reaction pressure of 20 atm, reduction time
of 20 h and reduction temperature of 420 ◦C were found as optimum values of the Fischer–Tropsch
reaction for the 95Co5Mn/CNT catalyst.
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