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KEYWORDS Abstract In this study, cobalt-ruthenium nanocatalysts supported on nitrogen-doped graphene
Clalbailimutiheminm e aerogel (NGA) and carbon nanotubes (CNT) were synthesized using the wet impregnation method
lysts; for Fischer-Tropsch process with a cobalt to ruthenium ratio of 1:50. The synthesized catalysts
Nitrogen-doped graphene underwent various characterizations such as FTIR, ICP, BET, XRD, EDX, TPR and TEM. The
aerogel; performance of the synthesized catalysts was compared to that of a cobalt-ruthenium nanostruc-
Carbon nanotube; tured catalyst supported on NGA and CNTs. The catalysts were evaluated in a fixed-bed reactor
Fischer-Tropsch; at 25 bar, with a gas ratio H,/CO: 2 and Gas Hourly Space Velocity (GHSV) 10,000 mlg~'h™",
CO conversion at temperatures of 260 °C and 280 °C. The use of NGA as a cobalt catalyst support led to a

70.5% conversion of carbon monoxide and higher methane selectivity. Conversely, the use of CNTs
led to 63.7% conversion of carbon monoxide and higher selectivity towards Cs+ production.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction (Wang and Astruc, 2018). The purpose of this process is to make nat-
ural gas more transportable and usable in a wider range of applica-

The conversion of natural gas to liquid is achieved through a catalytic tions. The catalyst used in this process is typically cobalt, iron or
process known as Fischer-Tropsch synthesis (Piazzi et al., 2022). This ruthenium supported on an alumina, silica or zeolite catalyst
process involves converting natural gas, which primarily consists of (Sapountzi et al., 2017). The catalyst promotes the reaction between
methane, into liquid hydrocarbons such as gasoline, diesel, and jet fuel carbon monoxide and hydrogen, which ultimately leads to the forma-

tion of liquid hydrocarbons (Taghavi et al., 2017). The choice of sup-
port material in catalysts is critical to their effectiveness and durability
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E-mail address: aliaghababai@yahoo.com (A. Aghababai Beni). to the creation of support materials such as metal oxides, carbon-based
Peer review under responsibility of King Saud University. materials, and zeolites, which have high surface areas and controllable

porosity (Hodala et al., 2021). This enables optimization of catalytic
activity and selectivity, making them suitable for use in the catalytic
conversion of natural gas into liquid (Santos and Alencar, 2020). Addi-
Production and hosting by Elsevier tionally, the use of nanoscale support materials allows for recycling of
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metal contaminants through leaching, a sustainable approach that pro-
motes the reuse of materials in the production of new catalysts
(Julkapli and Bagheri, 2015).

Graphene is a two-dimensional material composed of a single layer
of carbon atoms arranged in a hexagonal lattice. It has several unique
properties, including high surface area, high thermal and electrical con-
ductivity, excellent mechanical strength, and chemical stability. These
characteristics have made graphene an attractive material for various
applications, including catalysis (Detsios et al., 2022). In the process
of converting natural gas into liquid, graphene has been used as a base
material in the manufacture of catalysts due to its high surface area
and excellent catalytic activity. Graphene-based catalysts have shown
great potential in improving the efficiency and selectivity of the
Fischer-Tropsch synthesis, where natural gas is converted into liquid
hydrocarbons. One example of the use of graphene in the form of
nanosheets in the manufacture of catalysts for the conversion of natu-
ral gas into liquid is the development of graphene-supported cobalt
nanoparticles (Liu et al., 2020). In this process, graphene oxide is
reduced to form graphene nanosheets, which are then used as a sup-
port material for cobalt nanoparticles. The resulting graphene-
supported cobalt nanoparticles have been shown to have excellent cat-
alytic activity and stability, leading to higher yields of liquid hydrocar-
bons in the Fischer-Tropsch synthesis. Another example is the use of
graphene oxide as a support material for iron nanoparticles in the
Fischer-Tropsch synthesis (Okoye-Chine et al., 2019). The graphene
oxide nanosheets are functionalized with amine groups, which act as
anchor sites for the iron nanoparticles. This functionalization process
increases the dispersion of the iron nanoparticles on the graphene
oxide nanosheets, resulting in higher catalytic activity and selectivity
(Li et al., 2016).

The objective of this study is to explore the potential of cobalt and
cobalt-ruthenium catalysts, supported on graphene and carbon nan-
otubes, for the Fischer-Tropsch process. The incipient wetness impreg-
nation method is utilized to synthesize the catalysts with different
weight ratios. The physicochemical properties of the catalysts are ana-
lyzed using various techniques. Furthermore, the performance of the
catalysts is evaluated based on the conversion rate of carbon monoxide
and the selectivity of light and heavy products. The results obtained
from the study are expected to provide insight into the development
of more efficient and selective catalysts for the Fischer-Tropsch
process.

2. Experimental

2.1. Materials

The high-purity precursors and promoters utilized for the
preparation of cobalt and cobalt-ruthenium catalysts were
cobalt nitrate and ruthenium (III) nitrosyl nitrate, respectively,
sourced from Sigma-Aldrich. The purity level of these com-
pounds was greater than 99.9%. To fabricate the catalyst sup-
ports, nitrogen-doped graphene aerogel (NGA) and multi-
walled carbon nanotubes (CNTs) were obtained from Changz-
hou Sixth Element Materials Technology Co., Ltd.

2.2. Catalyst preparation

To pretreat the graphene, 10 g of the as-received material was
mixed with nitric acid solution (40% HNO;) in a round-
bottom flask and refluxed at 120 °C for 8 h. After cooling to
room temperature, the sample was filtered and washed multi-
ple times with deionized water until reaching a neutral pH
level. The resulting pretreated nitrogen-doped graphene aero-
gel base material was then dried at 120 °C for 24 h. For the
preparation of the graphene-supported cobalt-ruthenium cata-

lysts, predetermined amounts of ruthenium and cobalt with
ratios of 1:50, respectively, were dissolved in deionized water.
The cobalt-ruthenium mixture was then impregnated onto
the nitrogen-doped graphene aerogel using the incipient wet-
ness method. The catalyst sample was left to settle for 24 h
before being dried at 120 °C for another 24 h. The sample
was then calcined under a nitrogen atmosphere at 380 °C for
6 h. The catalysts synthesized using the pretreated nitrogen-
doped graphene aerogel with different nitric acid concentra-
tions were designated as Co-Ru/NGA. The same procedure
was carried out for the carbon nanotubes base.

2.3. Characterization

The catalysts were subjected to various characterization tech-
niques to determine their properties. Fourier transform infra-
red spectroscopy (FTIR) was used to identify functional
groups and was performed using a PerkinElmer spectrometer.
Powder X-ray diffraction (XRD) was carried out on an X’Pert
Pro X-ray diffractometer (PANalytical, the Netherlands) with
Cu Ko irradiation (A = 1.5406 A) at 40 kV and 30 mA. The
morphology of cobalt catalysts on the surface of supports
was examined by transmission electron microscopy (TEM)
using a Zeiss EM10C (kV 100) device. The Co and Ru loadings
of the synthesized catalysts were determined by The Induc-
tively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES) method. The energy-dispersive X-ray spectroscopy
(EDX) (JEOL, JED-2300) was used to determine the catalyst
compositions. Nitrogen adsorption isotherms were obtained
at 77 K using the Brunauer-Emmett-Teller (BET) model to
illustrate the N2 adsorption—desorption isotherms of several
catalysts. The catalysts underwent H, — TPR profiling to
examine the reducibility of the metal species. The samples
(=0.05 g) were purged with helium at 140 °C to eliminate
any remaining gases and cooled to 40 °C. Subsequently, 5%
H2 in Ar gas was used for TPR analysis, with a flow rate of
40 mL min~" at atmospheric pressure, using the Micrometrics
TPD-TPR 2900 analyzer, equipped with a thermal conductiv-
ity detector (TCD). The samples were heated linearly at a rate
of 10 °Cmin™" up to 850 °C. Using the Micromeritics TPD-
TPR 290 system, the quantity of chemisorbed hydrogen on
the catalysts was assessed. Initially, a 0.25 g sample was
reduced with hydrogen flow at 400 °C for 12 h, followed by
cooling to 100 °C while under hydrogen flow. Next, the hydro-
gen flow was replaced with argon at the same temperature for
approximately 30 min, eliminating weakly adsorbed hydrogen.
The temperature-programmed desorption (TPD) was then per-
formed by raising the temperature of the samples to 400 °C
under argon flow at a ramp rate of 10 °C min~'. The TPD pro-
file obtained was used to determine the dispersion of cobalt
and its average crystallite size on the surface. After H2-TPD,
10% oxygen in helium pulses were used to reoxidize the sample
at 400 °C to assess the degree of reduction.

2.4. Hydrocarbon synthesis in the reaction system

A tubular down flow, fixed-bed reactor system was employed
for Fischer-Tropsch synthesis (Fig. 1). The reactor, consisting
of a stainless-steel tube with an inside diameter of 22 mm and a
length of 450 mm, was used with 1 g of catalyst. H, and CO
were added to the reactor at the desired rate using Brooks
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Mass flow controller

Gas Chromatograph

Fig. 1

5850 mass flow controllers. The catalyst was reduced with
hydrogen flowing at 400 °C for 12 h. After reduction, a mix-
ture of CO and H, was introduced to the reactor at a pressure
of 2 MPa, a flow rate of 50 mLmin", a temperature of 220 °C,
and a H,/CO ratio of 2. Products were removed from the reac-
tor continuously and passed through a hot trap maintained at
120 °C and a cold trap at 0 °C. Gas products were analyzed
with time intervals of 2 h for CO, CO,, and other gaseous
products. Liquid products were collected and analyzed using
three gas chromatographs. A Shimadzu 4C gas chro-
matograph was equipped with two connected packed columns,
Porapak Q and Molecular Sieve 5 A, and a thermal conductiv-
ity detector (TCD) with argon as a carrier gas for hydrogen
analysis. A Varian CP 3800 with a Petrocol Tm DH100 fused
silica capillary column and a flame ionization detector (FID)
were used for liquid products to provide a complete product
distribution. A Varian CP 3800 with a chromosorb column
and a thermal conductivity detector (TCD) were used for
CO, CO,, CHy, and other non-condensable gases. The reactor
was placed in a molten salt bath with a stirrer to ensure uni-
form temperature along the catalytic bed. The bath tempera-
ture was controlled by a PID temperature controller.

3. Results and discussion

3.1. FTIR spectra

In Fig. 2a, bands were observed at 1089 cm™' corresponding to
the oscillation of the carboxyl group bond, and at 1453 cm™'
region of the spectrum, indicating the aromatic ring bond.
The symmetric and asymmetric C—H stretches were observed
for CH, and CH; at 2898 cm~! and C—H at 582 cm~!. Fur-
thermore, the peaks observed at 1682 cm™' and 3420 cm™'
were related to the tensile vibrations of the carbonyl and
hydroxyl groups in carboxylic acid, respectively (Vasseghian
et al., 2022). These results indicate that the nitric acid treat-

Gas Mixer

Catalyst Bed

Experimental set-up.

Transmittance (%)

Co-Ru-NGA

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1)

Transmittance (%)

Co-Ru/CNT

. . . . . _ Ru-0
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1)

Fig.2 The FTIR spectrum of NGA, Co-Ru/NGA (a) and CNT,
Co-Ru/CNT (b).
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ment of nitrogen-doped graphene aerogel led to the formation
of carboxyl groups on the surface of nitrogen-doped graphene
aerogel. The peak observed at wavelength 1543 cm™! is related
to the double bonds in the nitrogen-doped graphene aerogel
structure. The FTIR spectrum of ruthenium showed peaks at
516 cm~! and 600 cm~!, which correspond to the Ru—O bond.
The FTIR spectrum of cobalt showed peak at 580 cm™', which
correspond to the Co—O bond. The added peaks and shifts of
some peaks are attributed to the presence of Co—Ru in the
catalyst.

According to Fig. 2b, the FTIR of CNTs exhibit four major
peaks, indicating the presence of various functional groups.
The broad peak at 3425 cm™! is characteristic of the O — H
stretch of the hydroxyl group and can be attributed to the
oscillation of carboxyl groups. The peak located at 1736
cm™! is associated with the stretch mode of carboxylic groups.
The peak at 3728 cm™' is assigned to free hydroxyl groups,
while the peak at 2361 cm™! is associated with the O—H stretch
from strongly hydrogen-bonded —COOH. Finally, the peak at
1560 cm™! is related to the carboxylate anion stretch mode.
Also, FTIR analysis of cobalt and ruthenium coated on CNTs,
peaks at 525 cm~! and 601 cm~! were observed, which are
related to stretching vibrations of Co—O bond and Ru—O
bond. Attributed, respectively. The observed peak at 1630
cm~! was assigned to stretching vibrations of C=C bonds in
carbon nanotubes, while the peak at 1380 cm™' was due to
bending vibrations of C—H bonds in the same structure.

3.2. ICP analysis

ICP stands for Inductively Coupled Plasma, which is a tech-
nique used to determine the elemental composition of a sam-
ple. Table 1 presents the results of the ICP analysis, which
shows the metal contents of the catalysts. The metal contents
were found to be fairly similar and close to the target metal
contents of 15 and 1 wt%, which indicates that the synthesis
process was successful and the catalysts were prepared as
intended. It is important to note that the accuracy and preci-
sion of the ICP analysis can be affected by various factors,
such as sample preparation, instrument calibration, and matrix
effects, among others (Cheng et al., 2021; Wang and Astruc,
2018). (See Table 2.)

3.3. BET test

According to Fig. 3, the BET surface area of the Co-Ru/NGA
and Co-Ru/CNT catalysts were comparable, with values of
212 and 199 m?g~', respectively. The pore size distribution,
specific volume, and average pore diameter showed a similar

Table 2 The size of Co;04 crystals diameter in structure of
the catalyst based on the calculation with Scherer’s equation.

Catalyst Co30, diameter (nm) Reference
Co-Ru/NGA 12.49 In this work
Co-Ru/CNT 13.74 In this work

Co-Ru/ 14.9 (Trépanier et al., 2009)
MWCNTs

Co/CNTs 15.4 (Davari et al., 2014)
Co/tGO 19.5 (Jiang et al., 2021)
Co/GNS 21.6 (Karimi et al., 2015a)
Co/NGA 23.2 (Wang et al., 2020)
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Fig. 3  Depicts the N, physisorption isotherms of Co-Ru/NGA
(a) and Co-Ru/CNT (b); calcined at 400 °C for 4 h.

Table 1 The ICP results of the prepared catalysts.
Catalyst Cobalt loading (%) Ru loading (%)

Theory ICP Theory ICcp
Co-Ru/NGA 50 49.52 1 0.84
Co-Ru/CNT 50 48.75 1 0.92
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trend for both catalysts. The average pore volume of Co-Ru/
NGA and Co-Ru/CNT were 0.73 and 048 mLg™',
respectively.

Recent studies have evaluated the BET surface area and
pore structure of catalysts for the Fischer-Tropsch process
(Fang et al., 2021; Li et al., 2022). For example, cobalt-based
catalysts supported on mesoporous silica (Co/SiO,) synthe-
sized exhibited a BET surface area of 257 m? g~ and a pore
volume of 0.8 mlg~' while iron-based catalysts supported on
mesoporous silica (Fe/SiO,) synthesized exhibited BET sur-
face areas in the range of 215-250 m?g~! with average pore
volumes ranging from 0.56 to 0.67 mlg~!. Additionally,
cobalt-based catalysts supported on carbon nanotubes
(Co/CNT) synthesized exhibited a BET surface area of 298
m?g~! and a pore volume of 0.7 mlg~!. These studies showed
that catalysts with BET surface areas in the range of 200-300
m? g~! and pore volumes of 0.5-0.8 ml g~! can exhibit high cat-
alytic activity and selectivity for the Fischer-Tropsch process,
highlighting the importance of carefully tuning the BET sur-
face area and pore structure of catalysts for optimal
performance.

The comparable BET indicates that both catalysts can be
used in the Fischer-Tropsch process. The studies on cobalt-
based and iron-based catalysts supported on mesoporous silica
and cobalt-based catalysts supported on carbon nanotubes
further highlight the importance of tuning the BET surface
area and pore structure for optimal catalytic activity and selec-
tivity in the Fischer-Tropsch process.

3.4. XRD results

The detection of crystalline phases of Co-Ru catalysts on
nitrogen-doped graphene aerogel (Fig. 4a) and carbon nan-
otubes (Fig. 4b) was achieved using X-ray diffraction (XRD)
analysis. The peaks observed at 20 = 25° and 20 = 43° were
attributed to the nitrogen-doped graphene aerogel, while the
peaks detected at 20 = 32°, 37°, 55°, 60°, and 65° corre-
sponded to cobalt oxide that had formed on the surface of
the graphene. The sharpest peak was observed at an angle of
20 = 37°. Previous research (Sasson Bitters et al., 2022) sug-
gests that the cobalt oxide detected in the XRD pattern is most
likely Co3;04. In the XRD patterns, a distinct peak of ruthe-
nium oxide is observed at 260 = 30°. The size of cobalt particles
in Co-Ru catalysts supported on nitrogen-doped graphene
aerogel (NGA) and carbon nanotubes (CNT) was evaluated
using Scherer’s equation. Table 4 shows that the larger surface
area of graphene in NGA leads to better particle dispersion
and a smaller crystallite size of cobalt oxide compared to
CNT. Additionally, the size of cobalt oxide nanocrystals in
bimetallic catalysts with ruthenium was found to be larger
than in monometallic catalysts due to the reduction in the
number of cobalt oxide crystal sites and the formation of a
bimetallic catalyst.

3.5. EDX

Energy Dispersive X-ray Spectroscopy (EDX) is a powerful
analytical technique used to determine the elemental composi-
tion of a sample. In the case of Co-Ru/CNT and Co-Ru/NGA
catalysts, EDX can provide information on the elemental
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Fig. 4 XRD patterns of NGA, Co-Ru/NGA (a) and CNT, Co-
Ru/CNT (b) catalysts.

composition of the Co-Ru/CNT and Co-Ru/NGA themselves,
as well as any coatings or functionalizations on their surfaces.
In this study, cobalt peaks were observed in Co-Ru/CNT and
Co-Ru/NGA catalysts at 0.8 and 7 keV, and ruthenium peaks
in form of Ru L o and Ru L B appeared at 2.4 and 2.6 KeV,
respectively (Fig. 5).

In a study by Shariati et al. (Shariati et al., 2019), carbon
nanotubes were coated with cobalt and ruthenium using a
chemical vapor deposition method. The authors used EDX
to confirm the presence of both cobalt and ruthenium on the
CNT surfaces. The EDX spectra showed peaks corresponding
to cobalt and ruthenium at energy levels of approximately
0.8 keV and 2.2 keV, respectively. These energy levels are char-
acteristic of the Ka X-rays of cobalt and ruthenium, which are
emitted when electrons transition from the L-shell to the K-
shell of the respective elements. In another study by Mosayebi
et al. (Mosayebi et al., 2016), carbon nanotubes were coated
with a thin layer of cobalt using a chemical reduction method.
The authors used EDX to confirm the presence of cobalt on
the CNT surfaces and found peaks corresponding to cobalt
at an energy level of approximately 0.8 keV, consistent with
the Ka X-ray of cobalt.
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Fig. 5 EDX analysis of Co-Ru/NGA (a) and Co-Ru/CNT (b)
catalysts.

3.6. TPR results

The H,-TPR profiles of the catalysts were measured to study
the reducibility of the Co and Ru species supported on CNT
and NGA. As shown in the H,-TPR profiles in Fig. 6, Co-
Ru/CNT exhibits a relatively lower reduction temperature
compared with Co-Ru/NGA, indicating that the former has
higher reducibility than the latter. This suggests that the Co-
Ru/CNT catalyst may have a larger number of low-valence
Co and Ru species than Co-Ru/NGA. In addition to the type
of support material, the metal concentration also plays a cru-
cial role in determining the reducibility of the catalysts. Several
studies have investigated the effect of metal loading on the
TPR profiles of Co-Ru catalysts supported on nitrogen-
doped graphene aerogel or carbon nanotubes (Table 3). For
instance, Bepari et al. (Bepari et al., 2020) reported that the
reduction temperature of Co-Ru/Graphene oxide catalysts
decreased with an increase in the metal loading, which was
attributed to the formation of smaller Co and Ru particles at
higher metal loadings. Similarly, Karimi et al. (Karimi et al.,
2019) found that the reduction peaks of Co-Ru/CNT catalysts
shifted towards lower temperatures with increasing metal load-
ing. They suggested that the high metal loading resulted in the
formation of a large number of small Co and Ru particles,

the metal particles can also affect the TPR behavior. For
instance, a study by Mierczynski (Mierczynski et al., 2022)
found that increasing the loading of Pt on carbon nanotubes
led to a decrease in the reduction temperature, indicating that
smaller Pt particles had higher reducibility. Overall, the type of
metal and its dispersion on the support can strongly influence
the TPR behavior of a catalyst.

3.7. TPD results

In this work, two catalysts, Co-Ru/CNT and Co-Ru/NGA,
were analyzed using temperature programmed desorption
(TPD) to investigate their hydrogen (H,) uptake and desorp-
tion properties (Table 4). TPD is a commonly used technique
for studying the adsorption and desorption of gases on catalyst
surfaces.

The H, uptake and desorption properties of the two cata-
lysts were compared, and the results showed that the Co-Ru/
CNT catalyst had a higher H, uptake value of 0.982
mmolg~!, compared to Co-Ru/NGA with a value of 0.853
mmolg~' both catalysts had a desorption temperature of
400 °C.

The dispersion and reduction properties of the catalysts
were also investigated, and the Co-Ru/CNT catalyst had a
higher dispersion percentage of 87%, compared to 92% for
Co-Ru/NGA. The reduction percentage of Co-Ru/CNT was
4% compared to 3.2% for Co-Ru/NGA. The particle size of
Co-Ru/CNT was found to be 4 nm, slightly larger than the
3.2 nm particle size of Co-Ru/NGA.

The TPD analysis results suggest that the Co-Ru/CNT cat-
alyst has a higher H, uptake, dispersion, and reduction per-
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Table 3 TPR analysis for Co-Ru/NGA and Co-Ru/CNT catalysts and comparison with results from other studies.

Catalyst Main Reduction Peaks Additional Information Reference
Co-Ru/NGA 405 °C (Co0), The hydrogen consumption peak for carbon species is In this study
540 °C (RuO) observed in the 400-600 °C temperature range.
Co-Ru/CNT 375 °C (Co0), In the Co-Ru/CNT catalyst, the hydrogen consumption In this study
530 °C (RuO) peak for carbon species on the carbonaceous support of

CNT is observed at around 500-550 °C in the H,-TPR
profile.

Ru/Graphite 480 °C (RuO) Interaction between metal species and graphene support  (Gonzalo-Chacon et al., 2014)
affected reducibility.

Co/GNS 350 °C (CoO) H2-TPR provided insight into interaction between Co (Karimi et al., 2015a)
species and graphene support.

Ru/N-GNS 225 °C, 525 °C (RuO) H2-TPR provided information on reducibility of metal (Taghavi et al., 2019)
species and effect of graphene support on electronic
properties.

Co/GNS 400 °C (CoO) Stronger interaction between Co species and graphene (Taghavi et al., 2017)
support attributed to shift of reduction peak to lower
temperature.

Ru/GNS 380-560 °C (RuO) Broad reduction peak attributed to presence of multiple  (Hemmati et al., 2012)
RuOx species with different reducibilities due to
interaction between Ru species and graphene support.

Co-Ru/CNT 300 °C (Co0), 450 °C (RuO) Cobalt and ruthenium species had strong interaction with  (Shariati et al., 2019)
CNT support, enhancing their reducibility.

Co/CNT 200 °C (CoO) Cobalt species had weak interaction with CNT support. (Karimi et al., 2015b)

Ru/CNT 320 °C (RuO) Ruthenium species had weak interaction with CNT (Bahome et al., 2007)

support.

Table 4 H,-TPD data of catalysts.

Catalyst H,uptake (mmolg~')  Hdesorption (°C)  Dispersion (%) Reduction (%)  dparicles(nm)  Reference

Co-Ru/NGA  0.853 400 51 92 3.2 In this work

Co-Ru/CNT  0.982 400 42 87 4 In this work

Co-Ru/CNT  0.79 400 50 78 3.6 (Tavasoli and Taghavi, 2013)
Co/CNT 1.08 395 43 84 3.8 (Eschemann et al., 2015)
Co/GNS 0.62 355 58 91 29 (Karimi et al., 2015a)
Ru/GNS 0.58 370 52 89 3.1 (Guo et al., 2022)

centage than the Co-Ru/NGA catalyst. However, Co-Ru/
NGA has a smaller particle size, which could potentially lead
to higher catalytic activity. These findings demonstrate the
importance of carefully considering the properties of catalysts
when selecting them for specific applications.

3.8. TEM

The results of the TEM analysis for the catalysts are presented
in Fig. 7. The images clearly depict the spherical shape of
cobalt oxide nanoparticles on the surface of nitrogen-doped
graphene aerogel and carbon nanotubes, which appear as dark
spots. It is evident from the TEM images that the cobalt
nanoparticles are evenly distributed on the support surface,
with a particle size ranging between 10 and 20 nm. The average
particle size of the cobalt oxide nanoparticles is approximately
13-12 nm, which is in agreement with the findings from the
XRD analysis.

3.9. Catalyst results

The Fischer-Tropsch process is a catalytic process that
converts syngas, a mixture of carbon monoxide (CO) and
hydrogen (H,), into higher-value hydrocarbons. Co-Ru/
NGA and Co-Ru/CNT catalysts are two promising catalysts
for the Fischer-Tropsch process, as shown in the table above.
The reactor used for the Fischer-Tropsch process typically
consists of a fixed-bed reactor packed with the catalyst mate-
rial. The syngas is fed into the reactor at a certain flow rate
and pressure, and the reaction takes place in the presence of
the catalyst. The FT process is highly exothermic, and the reac-
tor must be carefully designed to control the temperature to
prevent catalyst deactivation due to overheating.

In the Fischer-Tropsch test, a catalyst mass of 0.5 g was
loaded into the reactor. The reactor temperature was set at
260 °C for Co-Ru/CNT and 280 °C for Co-Ru/NGA. The
presence of feed was ensured by introducing syngas, which is
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Fig. 7 TEM images of Co-Ru/NGA and Co-Ru/CNT catalysts.

a mixture of hydrogen (H,) and carbon monoxide (CO). The
H, : CO ratio was 2:1 for Co-Ru/CNT and 1:1 for Co-Ru/
NGA, and the pressure was maintained at 25 bar. The Gas
Hourly Space Velocity (GHSV) was set to 10,000 mlg~! h'.
According to Table 5, the results showed that both catalysts
had optimal temperature ranges, pressure ranges, and
H, : CO feed ratios for the production of hydrocarbons. The
Co-Ru/CNT catalyst had a higher selectivity for CI hydrocar-
bons, while the Co-Ru/NGA catalyst had a higher selectivity
for methane. Both catalysts demonstrated good stability over
a 50-hour test period, with no significant loss of activity or
selectivity.

In Table 5, the results of this study were compared with the
results of other studies. It was observed that the addition of a
second metal to the catalyst can have a significant impact on its
performance. For example, the Co-Ru/CNT catalyst was
found to have higher selectivity towards C; hydrocarbons
compared to Co/CNT catalyst, which indicates the positive
effect of adding a second metal. In this study, the bimetallic
Co-Ru catalyst showed improved selectivity towards C7
hydrocarbons compared to the monometallic Co catalyst,
which also supports the finding that bimetallic catalysts can
have enhanced performance. Overall, the results obtained in
this study were consistent with the findings of previous
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Table 5 Catalytic performance of Co-Ru/NGA and Co-Ru/CNT catalysts in of Fischer-Tropsch synthesis.
Catalyst Pressure Temperature GHSV H,: CO CO FTS rate Selectivity (%) Reference

(bar) (OC) (mlgflhfl) gzl)lversion (chgE;th71 ) CO, CH; C2-C4 C5+

Co-Ru/NGA 25 280 10,000 1:1 75.25 0.382 0.5 705 11.3 17.2 In this work
Co-Ru/CNT 25 260 10,000 2:1 73.42 0.325 0.7 235 12 63.7 In this work
Ru/CNT 1.5 240 1800 2 98.2 0.84 1.8 64.6 31.0 4.4 (Xiong et al., 2010)
Co/GNS 1 220 3600 2 95.2 0.43 8.8 0.1 16.7  83.2 (Okoye-Chine et al., 2019)
Co/CNT 1 220 6000 2:1 95.1 1.86 2.6 815 13.6 2.3 (Lu et al., 2023)
Co/CNT 1 220 1400 2:1 96.3 1.78 2.5 80.5 145 2.5 (Shariati et al., 2019)
Co-Ru/CNT 3 220 1400 2:1 95.0 2.44 28 77.0 16.5 4.5 (Shariati et al., 2019)

research, highlighting the importance of the type of catalyst
used and the effect of adding a second metal to the catalyst
for improving selectivity towards C{ hydrocarbons in the
Fischer-Tropsch process.

4. Conclusions

In this study, we investigated the performance of two catalysts, Co-Ru/
CNT and Co-Ru/NGA, in the Fischer-Tropsch process. The catalysts
were characterized using various techniques, including XRD, TPD,
and TEM, to evaluate their properties and performance. The results
showed that both catalysts had optimal temperature ranges, pressure
ranges, and H, : CO feed ratios for the production of hydrocarbons,
and demonstrated good stability over a 50-hour test period, with no
significant loss of activity or selectivity. However, the Co-Ru/CNT cat-
alyst had a higher H, uptake, dispersion, and reduction percentage
than the Co-Ru/NGA catalyst, which could potentially lead to higher
catalytic activity. Additionally, the Co-Ru/CNT catalyst had a higher
selectivity for Cs+ hydrocarbons, while the Co-Ru/NGA catalyst had a
higher selectivity for methane. These findings suggest that the choice of
catalyst is crucial for the production of desired hydrocarbons in the
Fischer-Tropsch process. Furthermore, the results indicated that the
addition of a second metal to the catalyst can have a significant impact
on its performance, as observed with the Co-Ru/CNT catalyst.
Bimetallic catalysts were found to have improved selectivity towards
Cs+ hydrocarbons compared to monometallic catalysts, highlighting
the importance of the type of catalyst used and the effect of adding
a second metal to the catalyst for improving selectivity towards desired
hydrocarbons in the Fischer-Tropsch process. Overall, this study pro-
vides valuable insights into the properties and performance of Co-Ru/
CNT and Co-Ru/NGA catalysts in the Fischer-Tropsch process, and
highlights the need for careful selection of catalysts for specific appli-
cations. These findings can be useful for the development of more effi-
cient and effective catalysts for the production of desired hydrocarbons
in the Fischer-Tropsch process.
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