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Abstract: The use of carbide catalysts in Fischer-Tropsch synthesis (FTS) is an active area of research,
as carbide phases have been shown to improve the stability and performance of catalysts in this
reaction. This study compared the catalytic activity and product selectivity of cobalt and iron catalysts
supported on SBA-15, with and without a carbide phase and reduction treatment before the reaction.
Results showed that the presence of the carbide phase had a noticeable influence on the catalytic
behavior of the catalysts, and the reduction of the catalyst with hydrogen also affected the product
selectivity. The presence of the carbide phase in non-reduced cobalt catalysts resulted in increased
selectivity to liquid phase products, as evidenced by a CO conversion of 37% with 68% selectivity to
the products in the liquid phase. The catalytic activity of the iron carbide catalyst for CO dissociation
was found to be 38% after reducing the catalyst with hydrogen, leading to the formation of more
active sites. The presence of metal carbides and formation of metallic cobalt and iron during the FT
reaction and reduction step was found to have a significant effect on the catalytic performance and
product selectivity. The findings of this research provide new insights into the role of carbide in the
performance of cobalt and iron catalysts in Fischer—Tropsch synthesis.
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1. Introduction

Nowadays, the Fischer-Tropsch synthesis (FIS) is beginning to receive more attention
as an alternative route to fuels and valuable chemicals. Since the technological progress in
FTS has led to the possibility of converting synthesis gas (syngas) derived from biomass
processing, in addition to coal, into liquid fuels, this makes the process even more impor-
tant for the environment. Nevertheless, the production of hydrocarbons from syngas is a
complex catalytic process that includes a large number of sequential and parallel transfor-
mations, where the composition of the products is determined by the nature of the catalyst,
which is mainly a VIII group transition metal (Co, Fe, Ni, and Ru) [1].

Catalysts play a crucial role in Fischer—Tropsch synthesis (FTS), where the conversion
of feedstocks to fuels and chemicals takes place. In this regard, one of the main tasks is
the design of a catalyst with not only high activity and stability, but also high selectivity
with respect to the formation of a certain range of hydrocarbon products. Ruthenium is the
most active FT catalyst, but its high price and limited world reserves preclude industrial
applications. In the case of nickel, at elevated temperatures, the selectivity changes mainly
to methane [2], which is an undesirable product since FT process conditions are usually
optimized to produce more valuable, higher molecular weight liquid fuels, which are
more valuable products. When the feedstock is natural gas with a high H to C ratio,
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cobalt catalysts exhibit better activity for FI'S compared to iron-based catalysts, making
water—gas shift reactions (WGSR) unnecessary for these metal catalysts. On the other
hand, catalysts containing iron with enhanced activity for the water—gas shift reaction
(WGSR) are desirable for converting low-quality feedstocks, such as coal or biomass, into
syngas. This is important because syngas from such feedstocks typically contains low
hydrogen, necessitating a water—gas shift reaction to increase the hydrogen content. Iron
catalysts tend to form several phases, including oxides and carbides, during the reaction.
The regulation of these phase transformations plays a critical role in sustaining catalytic
activity and preventing degradation of the catalyst particles [3].

To maximize the yield of the FTS product, it is crucial to identify the active phase(s) of
the catalyst under the reaction conditions. FT catalysts are commonly composed of metal
oxide nanoparticles, such as Co304 for cobalt and Fe, O3 for iron, prior to the reaction. The
catalyst can be activated by treatment with H, or CO/synthesis gas for iron to convert
it into its active form. During FTS, metallic and oxide species are commonly observed
to coexist after activation. For iron, the carbide particles are considered to be the active
phase, while for cobalt, its metallic form [4]. However, from 2011 to the present, numerous
studies have reported cobalt carbide as a highly active phase in cobalt-based FT reaction to
olefins [5-8] or oxygenates [9-13]. These studies showed that cobalt carbide was stabilized
by an oxide compound and/or an alkaline promoter [14].

Additionally, the choice of catalyst support strongly affects the catalytic activity, as
the physicochemical properties of the support impact the metal-support interaction, metal
dispersion, crystallite size, and mass transfer of reactants and products. The surface prop-
erties, pore volume, and pore size play a significant role in determining selectivity and
catalytic activity. The most commonly used supports are zeolites, alumina, silica, titanium
dioxide, and carbides [15]. Among others, the SBA series is a mesoporous silica widely rec-
ognized for its remarkable stability under both thermal and hydrothermal conditions [16],
as well as its high surface area and pore volume [17]. In addition, its porosity can be easily
controlled [18], making it a popular choice as catalyst support. SBA-15, in particular, has
been extensively studied due to its high thermal stability, uniform pore size, and hexago-
nal arrangement of one-dimensional cylindrical channels, making it an excellent support
material for catalysts [19].

The novelty of this work lies in the investigation of the catalytic properties of
SBA-15-supported cobalt and iron catalysts modified with a carbide phase for the
Fischer-Tropsch synthesis. While cobalt and iron catalysts are commonly used in this
process, the addition of a carbide phase has been shown to enhance the activity and
selectivity of cobalt-based FT reactions. In this study, we aimed to compare the catalytic
activity and product selectivity of the cobalt and iron catalysts with and without a carbide
phase, with a particular focus on the role of the carbide phase in the catalyst behavior.
Our findings will contribute to the development of more efficient and selective catalysts
for the production of valuable liquid fuels and chemicals from syngas, especially from
biomass processing, thus addressing a pressing environmental concern.

2. Experimental
2.1. Support Preparation

The mesoporous material, SBA-15, utilized for catalyst support, was synthesized fol-
lowing the protocol described by Zukal et al. [20]. The support materials included
amphiphilic triblock copolymer Pluronic® P123 (P123, Sigma-Aldrich, Schnelldorf,
Germany) and silica, added through tetraethyl orthosilicate (TEOS, Sigma-Aldrich,
Schnelldorf, Germany). The reaction mixture was prepared with a molar ratio of
1 TEOS:0.017 P123:6.1 HCIL:197 H,O and maintained at 35 °C for 24 h, followed by
66 h at 95 °C under static conditions. The product was then filtered, washed with dis-
tilled water, and dried overnight at 80 °C. The final step involved calcination in air at a
temperature of 540 °C for 8 h, with a temperature ramp of 1 °C/min.
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2.2. Catalyst Preparation

The Co/SBA-15 and Fe/SBA-15 catalysts were synthesized using the incipient wetness
impregnation (IWI) technique. The method involved dissolving the required number
of precursors, cobalt nitrate hexahydrate (Lech-Ner s.r.o., p.a. purity), or iron nitrate
nonahydrate (Lech-Ner s.r.0., p.a. purity) in deionized water at room temperature. The
resultant solution was then added to the SBA-15 support powder. The impregnated
catalysts were dried sequentially overnight at 120 °C and 250 °C.

The CoCx/SBA-15 and FeCx/SBA-15 carbide catalysts were prepared by exposing
4 g of the precursor to a gas mixture containing 20% CHy in Hy with a flow rate of
300 cm?/min at a temperature of 300 °C for 3 h according to a method previously described
in our work [21]. After carbidation, the catalysts were purged with N for 30 min and then
passivated for 2 h under 1% O, in Ar with a flow rate of 75 cm?/min (Figure 1).
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Figure 1. The R41 reactor scheme for the synthesis of catalysts (1—gas flow regulator, 2—temperature

regulator, 3—furnace (3 zones), 4—quartz glass cuvette with sample).

2.3. Catalysts Characterization

Synthesized catalysts were characterized using scanning electron microscopy (SEM),
N, adsorption—desorption, X-ray diffraction (XRD) analysis, thermogravimetric analysis
(TGA), inductively coupled plasma (ICP) analysis, and H,-temperature programmed
reduction (H,-TPR).

2.3.1. SEM

The morphology of the samples was examined using a HITACHI scanning electron
microscope (Chiyoda, Tokyo, Japan) S-4800 FEG equipped with secondary and backscat-
tered electron detectors. To verify the presence of carbon in the fresh carbide catalysts,
energy-dispersive X-ray spectroscopy (EDX) was utilized. EDX was conducted at a voltage
of 15 kV and a working distance of 15 mm. Compositional analysis was also conducted
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using EDX under the same voltage and working distance. Compositional mapping was
performed at the same working distance and voltage.

2.3.2. Nitrogen Adsorption—-Desorption

To analyze the surface properties of the catalyst samples, a N, physisorption
isotherm was obtained using an Autosorb iQ instrument (Quantachrome Instruments,
Boynton Beach, FL, USA) at its normal boiling point of —196 °C. Prior to the analysis,
the samples were evacuated at 110 °C for 16 h. The Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) equations were utilized to determine the catalyst’s surface
area, pore size, and pore volume.

2.3.3. XRD

Powder X-ray diffraction (XRD) analysis was performed using a D8 Advance Eco
X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) equipped with an X-ray
lamp with Cu anode (A = 1.5406 A). Samples were homogenized manually in an agate
mortar, triturated with isopropanol, and applied to a monocrystalline (Si). Following that,
samples were measured in the range from 5° to 70° (2Theta) with 0.04° resolution and an
integration time of 1 s. The diffraction patterns were analyzed using Diffrac. Eva V4.1.1
software, and the identification of crystalline phases was performed with the ICDD PDF4+
database of diffraction data.

2.34. TGA

Short thermogravimetric tests were carried out on TGA Discovery Series from TA
Instruments for all fresh catalysts using one temperature ramp up to 900 °C at a heating
rate of 10 °C/min in nitrogen and oxygen gases.

2.3.5. TGA Long-Term Analyses

TGA tests were performed for fresh non-carbide catalysts using a Linseis equipment
model PT 1600 to monitor the formation of carbides on the catalyst surface. Before each
analysis, samples were pressed into pellets using a manual powder tablet compression
machine (443 MPa). The temperature program included four temperature ramps up to
800 °C with a heating rate of 5 °C/min using different gases: air, hydrogen, and methane,
and each ramp was followed by a cooling step in inert nitrogen gas to 40 °C.

2.3.6. ICP-OES

Inductively coupled plasma optical emission spectrometry (ICP-OES) was performed
to determine the percentage of carbon and other elements in the catalysts using an Agilent
725 spectrometer with a cross-dispersed echelle scheme and a CCD photon detector. Solid
catalyst samples were measured after wet decomposition with acids.

2.3.7. H-TPR

To examine the reducibility of the samples, the temperature-programmed reduction
method was used to characterize the fresh catalysts. A sample weight of approximately
100 mg was used in the analysis, and the Autochem 2950 HP instrument (Micromeritics
Instrument Corporation, Norcross, GA, USA) was employed. Prior to analysis, the sample
was pretreated in Ar up to 400 °C using a temperature ramp of 10 °C/min. The TPR
experiments were performed by applying a mixture of 10 vol.% H2 and 90 vol.% Ar at a
flow rate of 50 mL/min and a linear temperature ramp of 10 °C/min up to 800 °C to obtain
the H,-TPR curve from the TCD detector.

2.4. Experimental Reaction Setup

The Fischer-Tropsch (FT) reaction was conducted in a 1 L autoclave reactor made
of stainless steel from Parr instruments. To begin each test, 1.5 g of the catalyst and
35 mL of solvent (cyclohexane) were placed inside the reactor. The reactor was then
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FeCx/SBA-15

CoCx/SBA-15

SED. 15.0kV

HighVac 5,000.

tightly sealed, and the temperature was gradually increased at a rate of 3 °C/min until
it reached 230 °C under a pressure of 5 MPa of synthesis gas with a H, /CO ratio of 2.
The reaction was conducted for 6 h in batch mode with constant stirring at 800 rpm
to prevent diffusion control effects. The conversion rate was calculated based on the
pressure drop and the gas composition before and after the reaction. To investigate the
effect of in situ catalyst reduction on the FT reaction, the reactor was heated to 300 °C at
a rate of 3 °C/min, and then the Hj pressure was increased to 5 MPa over a period of 5 h.
After the reduction step, the reactor system was cooled to room temperature, the reaction
gas was changed to syngas, and the FT reaction was conducted for 6 h at 230 °C and
5 MPa. Various chromatographic techniques were used to analyze the liquid and gaseous
products of the FT reaction. The gaseous products were analyzed using an Agilent 7890A
gas chromatograph equipped with three parallel channels that simultaneously collected
data. Two channels had thermal conductivity detectors (TCD) for CO, Hy, N, and CO;,
and the third channel had a flame ionization detector (FID) for hydrocarbon detection.
Liquid product samples were analyzed using Thermo Scientific ITQ Series GC/MS Ion
Trap Mass Spectrometers.

3. Results and Discussion
3.1. Characterization of Catalysts
3.1.1. SEM

Figure 2 shows SEM images of the fresh carbide CoCx/SBA-15 and FeCx/SBA-15
catalysts. The dispersion of detected atoms is observable, and mapping distinguishes
carbon atoms at 0.5 um. Cobalt and iron were highly dispersed on the catalyst surface, with
oxygen atoms also dispersed, and the pattern partially coincides with the image of silicon.
Thus, it can be assumed that the visible oxygen is most likely located in the silica lattice.
SEM images from the catalyst surfaces showed similar morphology, and EDX analysis
confirmed that carbon atoms were introduced into the catalyst structure. Since graphitic
carbon peaks were not observed in the XRD pattern of fresh carbide catalysts, the observed
carbon in mapping analysis could be attributed to carbon species in carbide form. Silicon
atoms forming the SBA-15 support were also clearly detected for both fresh CoCx/SBA-15
and FeCx/SBA-15 catalysts.

0.5 pm

@ g ¢ s
CoCxX/SBA-15 a FeCx/SBA-15 6l gu. | FeCx/SBAAS. '

Spm SED. 150kV HighVac 5,000. 5 pum SED. 150kV HighVac 5,000. 5 SED. 150kV HighVac 5,000

Figure 2. SEM images of the surface texture of CoCx/SBA-15 and FeCx/SBA-15 catalysts, including
elemental mapping of C: carbon, Co: cobalt, Fe: iron, O: oxygen, and Si: silicon atoms obtained by
EDX analysis with 0.5 um resolution.
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3.1.2. Nitrogen Adsorption-Desorption

Table 1 shows the specific surface area (SSA) and total pore volume of the fresh and
used catalysts with and without carbide phase. The surface area of SBA-15
(842 m?/g) decreased to 624 m?/g and 649 m?/g after loading 5 wt.% of cobalt and
iron, respectively. The carbidation of the catalysts and the formation of CoCx and FeCx
phase on the catalyst surface slightly increased the surface area of the carbided catalysts
to 665 m?/g and 679 m?/g for CoCx/SBA-15 and FeCx/SBA-15, respectively. These
results indicate that the presence of carbide phases in the catalyst structure can lead to an
increase in the specific surface area. The total pore volume of the catalysts followed the
same trend, where metal loading resulted in a lower pore volume due to pore blocking
by metals, while carbidation and the formation of metal carbides resulted in a slightly
higher pore volume.

Table 1. Surface area and total pore volume of fresh catalysts.

Catalyst BET Surface Area (m?/g) Total Pore Volume (cm3/g)
SBA-15 842 1.23
Co/SBA-15 624 0.93
Fe/SBA-15 649 0.91
CoCx/SBA-15 665 1.05
FeCx/SBA-15 679 1.05

The adsorption—desorption isotherms of the fresh cobalt- and iron-based catalysts
are shown in Figure 3a,b. The nitrogen adsorption isotherms of the catalysts (with and
without carbide phase) exhibited a type IV isotherm, with a Hj hysteresis loop for the
SBA-15 supported catalysts. A defining characteristic of the isotherm observed for these
materials is the presence of a hysteresis loop, which is related to capillary condensation
taking place within the mesopores, resulting in limited uptake over a range of high P/P.
The first portion of the type IV isotherm is attributed to monolayer to multilayer adsorption.
Type IV isotherms are commonly observed for many mesoporous materials. The observed
H2 hysteresis loop is attributed to the complex pore structure of the materials, which
is characterized by ink-bottle-shaped pores with poor connectivity and an uneven pore
structure [22,23]. The BJH technique was employed to determine the pore size of the
catalysts. The pore sizes of both Co- and Fe-based catalysts (with and without carbide
phase) were observed to be in the mesoporous range of 3-10 nm. Similar to the pore
volume, the pore size of the catalysts slightly decreased after loading 5% cobalt or iron on
SBA-15, which could be due to partial pore blockage. However, after carbidation of these
Co/SBA-15 and Fe/SBA-15 catalysts, the pore sizes were almost similar to those of fresh
SBA-15. These findings confirm that carbidation of the catalysts and formation of CoCx or
FeCx on the surface resulted in a slight increase in the BET surface area, pore size, and pore
volume of the catalysts.

Furthermore, in addition to the enhancement of surface properties, the catalytic activity
and selectivity of the catalysts in the FTS can be influenced by the presence of carbide
phases. The metal carbide phases can serve as active sites, facilitating the adsorption and
activation of the reactants (CO and hydrogen), which are crucial to the FTS process. The
presence of the metal carbide phases may also affect the distribution and stability of the
active sites in the catalyst structure, which can influence the selectivity of the reaction
towards different products.

3.1.3. XRD

The fresh and used cobalt- and iron-based catalysts were characterized to identify
the cobalt- and iron-based phases in these catalysts (Figure 4a,b). The strong and broad
peak at 2theta 15-30° is attributed to the amorphous structure of the SBA-15 [24,25].
Peaks belonging to the cubic phase Co304 (PDF card no. 65-3103) at 2theta of 19°, 31.4°,
37°,45°,55.9°, 59.5°, and 65.4° were observed in the fresh Co/SBA-15 catalyst. After
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using this catalyst in the FT reaction without reduction, the catalyst exposed to syngas
for 6 h (U-Co/SBA-15-WR) showed new peaks belonging to cobalt with a hexagonal
closed-packed (hcp) structure (PDF card no. 00-005-0727) at 47.5°, and a face-centered
cubic structure (fcc) of cobalt (PDF card no. 00-001-1259) at 44.4°, resulting from the
reduction of the catalyst by exposing it to H, + CO during the reaction.
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Figure 3. Adsorption—desorption isotherms of nitrogen and pore size distribution for fresh and used
(a) cobalt-based and (b) iron-based catalysts.

Peaks belonging to CoO were also detected at 36° and 42.5° (PDF card no. 00-002-1217),
which could form during the reduction of CozO4 (Co304 — CoO — Co). The peak at 26.3°
is a reflection of graphitic carbon (PDF card no. 41-1478), which could form due to coke
deposition during the reaction. Another Co-based catalyst was used in the FT catalyst
with a prior reduction step with hydrogen (U-Co/SBA-15-R), which did not show any
obvious peaks for cobalt oxides, and very weak peaks for metallic Co were detected in this
sample. The fresh cobalt carbide catalyst (Fresh CoCx/SBA-15) showed a weak peak for
CopC 42.4°, 45.8°, and 56.6° (PDF card no. 65-1457), and small peaks for metallic cobalt
were also observed for this catalyst.

The used cobalt carbide catalyst without reduction (U-CoCx/SBA-15-WR) showed
very weak peaks belonging to metallic cobalt, as well as a peak ascribed to carbon. The
U-CoCx-SBA-15 catalyst also did not show any significant peak except the main peak
belonging to the amorphous SBA-15, and the detected peaks of metallic cobalt were very
weak. During the reaction, cobalt oxide (CozOy) is gradually reduced into CoO, and metallic
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Co. Co304 can be active for the water gas shift reaction (CO + H,O = CO; + H). Metallic
cobalt is known as the main active phase for hydrocarbon production via FT reaction.
Cobalt carbides are reported to positively affect the formation of olefins and oxygenates.
Deposited graphitic carbon on the catalyst’s surface leads to the catalyst deactivation, and
it is crucial to avoid and reduce the carbon deposition to increase the catalyst’s lifetime.
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Figure 4. XRD patterns of (a) cobalt-based catalysts and (b) iron-based catalysts for fresh and used
catalysts (U: used, R: with reduction step, WR: without reduction step).

Similar to the U-Co/SBA-15, the U-CoCx/SBA-15 catalyst also did not show any peak
for carbon, which proved that coke deposition was impeded after reducing the catalysts
with hydrogen prior to the FT reaction. The fresh Fe/SBA-15 catalyst showed peaks
belonging to hematite Fe;O3 (PDF card no. 00-039-1346). After exposure to syngas during
the reaction (U-Fe/SBA-15-WR), the peaks belonging to the iron carbide (x-FesC;) were
observed at 42.6°, 43.6°, 44.7°, and 54.9° (PDF card no. 00-051-0997) in these catalysts. The
U-Fe/SBA-15-R catalyst, without the reduction step, did not show any peaks after the FT
reaction except for the metallic state of Fe. On the contrary, the U-FeCx/SBA-15-R carbide
catalyst had weak peaks for hematite Fe; O3 (PDF 00-039-1346) at 35.2° and for x-Fe5C; at
45°. The unreduced U-FeCx/SBA-15-WR carbide used catalyst showed very weak peaks
corresponding to metallic iron, as well as a peak attributed to carbon, but had a stronger
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peak for Fe;O3 at 35.3°. A freshly synthesized iron-based catalyst (Fresh FeCx/SBA-15)
had a well-visible peak for x-FesC, at 44.9°.

Cobalt carbides are known as an active site for FT reaction, and iron oxides trans-
form into iron carbides during the reaction. In the presence of hydrogen, the fresh iron
catalyst undergoes reduction in both bulk and surface regions, resulting in the formation
of Fe3O4 from the ferromagnetic (fm) and superparamagnetic (sp) structures of «-Fe;Os
(hematite) [26] (Figure 5). As reduction continues, Fe3Oy is converted to wiistite (FeO) and
ultimately to metallic Fe (x-Fe). At temperatures above 200 °C in an inert atmosphere or at
temperatures above 150 °C in a Hp-containing atmosphere, the disproportionation of FeO
can occur kinetically [27]. Metallic iron is the primary active phase in Fe-based catalysts,
and its transformation into iron carbides that can significantly affect the catalyst activity
and product selectivity during the FT reaction. x-Fe;C, (Hagg carbide) is recognized as a
highly active phase for the production of long-chain hydrocarbons, while FeO can act as an
active phase for the water—gas shift reaction.

a-Fe,0,(fm) a-Fe,0,(sp)
~rEals

a-Fe,0; Fe;0, FeO Fe® FexC
H
Fe,0,(fm) ’l
Fe;0,(sp)

s i

Figure 5. The behavior of an iron-based catalyst during reduction and carburization [26].

When the reduced catalyst is exposed to a syngas (CO + Hy) atmosphere, iron carbides
(especially x-FesC;) can be formed and act as the active sites for the FT reaction. During
the reaction, various forms of iron oxides, including «-Fe, y-Fe, Fe304, and FeO, may be
present along with different types of iron carbides, including ¢-Fe,C, ¢'-Fe; »,C, x-FesC,
(Hagg carbide), Fe;Cs, and 6-Fe3C [28-30]. All used iron-based catalysts showed a peak for
graphitic carbon due to coke deposition during the FT reaction. Exposing the Fe/SBA-15
catalyst to hydrogen transformed Fe;O3 to Fe304, FeO, and finally metallic Fe, which then
converted to iron carbide in the presence of syngas. A small peak of metallic iron was also
detected in all used catalysts. The intensity of iron oxide peaks decreased, and the intensity
of x-Fe5C, peaks slightly increased in the XRD pattern of the U-Fe/SBA-15-R catalyst. Due
to the presence of more iron carbides, this catalyst is expected to have higher catalytic
activity than the Fe/SBA-15-WR catalyst during the FT reaction. The fresh FeCx/SBA-15
catalyst showed a more intense peak of iron carbide, confirming the formation of x-Fe5C,
during catalyst preparation. A small peak of Fe,Os was detected, possibly due to the
incomplete transformation of Fe;Os to Fe;C, during the catalyst preparation. After using
this catalyst in the reaction, the intensity of the iron carbide peaks decreased, and an extra
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peak of graphitic carbon was detected. Reducing the FeCx/SBA-15 with hydrogen could
enhance the transformation of remaining iron oxides into iron carbide, leading to slightly
higher activity during the reaction.

After conducting XRD analysis on cobalt and iron catalysts on SBA-15 with and
without carbide phase for Fischer-Tropsch synthesis (FTS), various phases were identified.
These phases have unique roles in the FTS reaction mechanism, ultimately affecting the
catalyst’s overall performance. For cobalt-based catalysts, CoO is crucial for activation,
while Co,C enhances the activity and selectivity towards olefins and oxygenates. Co3O4
phase acts as a promoter, providing active sites for the water—gas shift reaction. The crystal
structure of metallic cobalt (hcp or fcc) also impacts its activity and selectivity, while carbon
deposition can lead to deactivation.

Iron-based FTS catalysts also contain distinct phases that play vital roles in the reac-
tion mechanism. Fe,Oj3 is responsible for activating iron-based catalysts, while x-Fe5Cp
promotes the formation of long-chain hydrocarbons, and FeO acts as a promoter for the
water—gas shift reaction. The metallic Fe phase is considered the primary active phase,
and its crystal structure significantly influences activity and selectivity toward different
hydrocarbon products. However, carbon deposition on the catalyst surface can lead to
deactivation, and it is crucial to consider this factor when evaluating catalyst performance.

3.1.4. TGA

Thermogravimetric curves of the analyzed fresh catalysts in an oxidative (O;) and
inert (N,) atmosphere are shown in Figure 6a,b. The TGA curves indicate several areas of
mass loss for all samples. In all cases, the first mass loss, which starts at 50 °C and ends
at 100 °C, can be ascribed to the removal of adsorbed water (moisture). For non-carbide
catalysts, this loss varied by about 2.5 wt.%, while for carbide catalysts, it was around
0.5-1.5 wt.%. It is also worth noting that carbon catalysts were more stable upon heating in
both an inert and oxidative atmosphere. According to the differential thermogravimetric
(DTG) curves of all fresh catalysts (Figure 4c,d), it can also be stated that the highest mass
loss was at the beginning of the analysis in both inert and oxidative atmospheres and
corresponds to the removal of water (moisture) from the samples. Subsequently, the mass
change for all cases did not change significantly.

However, a small increase in mass is visible for carbide samples at a temperature of
200-500 °C. In the case of an oxidizing atmosphere, it can be ascribed to the formation of
metal oxides and the subsequent burning of the samples. On the contrary, under an inert
atmosphere, the decomposition of the samples should take place without a rise in weight,
which could be due to the potential furnace leakage, leading to the reaction of residual air
with the catalyst sample and the formation of oxides.

3.1.5. TGA Long-Term Analyses

Long-term TGA tests were conducted to determine the formation of the carbide phase
on the catalyst surface and its mass percentage. Figures 7 and 8 show the experiment, which
includes four temperature ramps up to 800 °C and a subsequent cooling step to 40 °C after
each heating. For the cobalt-based catalyst, the first linear temperature increase occurred
using air to remove volatile components, possible moisture from the catalyst surface, and
chemically bound water inside the structure. At this step, the sample lost 7.1 wt.% of its
mass, indicating that the mass of the catalyst became 316.1 mg. The second step involved
the reduction of the catalyst to its metallic state in a hydrogen atmosphere, where oxygen
atoms were removed as water (Equation (1)), resulting in a mass loss of about 2.3 wt.%.
The third step used methane as a carbon source to form a carbide phase on the catalyst
surface, with a weight gain of about 2.6 wt.%, indicating the formation of a carbide phase
in the sample (Equation (2)). Thus, the sample mass remained approximately the same as
after the first step. The final temperature ramp aimed to burn off all the carbon produced
to determine its percentage, but it is likely that not all of the formed carbon was burned
out, suggesting that the carbide phase formed not only on the surface but also within the
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structure of the sample. This suggests the formation of a carbide phase not only on the
surface but also in the structure of the sample, for which the temperature was insufficient
for its removal.
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Figure 6. Thermogravimetric curves of fresh non-carbide catalysts (Co/SBA—15, Fe/SBA—15) and
carbide catalysts (CoCx/SBA—15, FeCx/SBA—15) in nitrogen (a) and oxygen (b) atmosphere; Dif-
ferential thermogravimetric (DTG) curves of fresh non-carbide catalysts (Co/SBA—15, Fe/SBA—15)
and carbide catalysts (CoCx/SBA—15, FeCx/SBA—15) in (c) nitrogen and (d) oxygen atmosphere.

The experiment with the Fe/SBA-15 catalyst was carried out under the same condi-
tions as the Co/SBA-15 catalyst (Figure 8). The first temperature ramp (step 1) followed
the same course, with the removal of all moisture resulting in a weight loss of approxi-
mately 5.3 wt.%. During the second step (reduction with Hj), a further weight loss of
around 1.9 wt.%. can be observed, corresponding to the conversion of the catalyst to the
metallic state (Equation (3)). Subsequently, exposure of the reduced sample to methane
resulted in an increase in weight of approximately 2.6 wt.%, indicating the formation of
the carbide phase (Equation (4)). At the beginning of the fourth step in the air, a small
increase in sample weight was observed, which could be due to the formation of oxides
up to a temperature of about 400 °C. However, upon subsequent heating, the carbide
phase began to decompose, resulting in a weight loss of 1.4 wt.%, indicating incomplete
combustion of the bound carbon.

Fe, O3 + 3H,; — 2Fe + 3H,O 3)

Fe 4+ 3CH,4 — Fe3C 4+ 3H; 4)
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The aim of this method was to determine whether the formation of a carbide phase is
possible in these catalysts and in what percentage. Thus, based on a long thermogravimetric
analysis of all samples, it can be concluded that the formation of the carbide phase occurs
with approximately the same percentage content of about 2.6 wt.% for both Co/SBA-15
and Fe/SBA-15 catalysts.

3.1.6. ICP-OES

ICP-OES results (Table 2) showed that the main component of all catalysts was silicon
oxide (about 84-92 wt.%), which forms the basis of the catalyst support. The metal content
in all cases was in the expected range of 3.6-4.2 wt.%. However, as can be seen from the
results, the carbon content was not determined by this method since its content was likely
too low for detection.

Table 2. Co—cobalt, Fe—iron, C—carbon, and SiO,—silicon oxide contents of fresh catalysts deter-
mined by the ICP-OES method.

Catalyst Co (wt.%) Fe (wt.%) C (wt.%) SiO; (wt.%)
Co/SBA-15 4.18 - <0.06 86.6
Fe/SBA-15 - 3.79 <0.06 90.4

CoCx/SBA-15 3.97 - <0.06 914
FeCx/SBA-15 - 3.64 <0.06 84.8
3.1.7. H,-TPR

On the TPR curves shown in Figure 9, one can see the reduction of fresh catalysts and
their pure SBA-15 support. The TPR profile recorded for the SBA-15 support had a wide
range of reduction temperatures with only one weakly pronounced maximum observed
above 350 °C. In the case of cobalt catalysts Co/SBA-15 and CoCx/SBA-15, it can be seen
that for a carbide-free sample, reduction began with a two-step hydrogen consumption at
temperatures between 200 °C and 350 °C. Following this, a second large peak was followed
and completed below 550 °C, and hydrogen consumption ended below 800 °C. A similar
situation was observed in the case of the cobalt carbide sample, with the only difference
being that the first step occurred in one peak. The catalysts demonstrated high hydrogen
consumption between 200 °C and 350 °C, which suggests a strong interaction between the
active metal phase and the support compared to other catalysts.

07 r Co-SBA-15
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Fe-SBA-15
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— o4 | SBA-15
3
L 03 |
— \-
g . ]
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Figure 9. Temperature—programmed reduction profiles of all fresh catalysts and SBA—15 support.
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In the case of iron catalysts Fe/SBA-15 and FeCx/SBA-15, the reduction occurred
in three steps starting from 300 °C to 700 °C. However, as seen from the graph, the
carbide sample had a higher hydrogen consumption, which could be due to a stronger
metal-carbide interaction. Negative values of the TCD detector signal were observed in
non-carbide samples, which could be due to the low content of metals in the catalysts,
hindering their detection.

3.2. Catalytic Performance

The catalytic performance of the prepared cobalt- and iron-based catalysts was eval-
uated in an autoclave reactor, and the results are discussed in this section. The catalytic
activity of catalysts, with and without reduction with hydrogen, was studied (Figure 10).
For comparison, the catalytic performances of metal oxide catalysts (Co/SBA-15 and
Fe/SBA-15) were also evaluated at the same reaction conditions with and without reduc-
tion with hydrogen. The non-reduced Co-SBA-15 catalyst did not show high activity, and
the products were mainly in gaseous form. Reducing the catalyst with hydrogen resulted
in the formation of Co as the catalyst’s active sites, and the catalyst’s activity increased
sharply, and CO conversion increased from about 16% to 73%, while the products were
mainly heavier hydrocarbons in the liquid phase (73%). The CoCx/SBA-15 catalyst with-
out reduction (CoCx/SBA-15-WR) showed better results than Co/SBA-15-WR. The CO
conversion was 37%, with 68% selectivity to the products in the liquid phase. During the
FT reaction, in the presence of syngas, the cobalt carbide could be decomposed to carbon
and Co” (the active site for FT reaction) [31-33], resulting in a higher activity of the catalyst.

(a)
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Figure 10. The distribution of gaseous and liquid products analyzed after 6 h of Fischer-Tropsch
reaction at 230 °C. (a) Cobalt-based catalysts and (b) iron-based catalysts with and without reduction
with hydrogen (R: with reduction step, WR: without reduction step).

The reduction of the CoCx/SBA-15 catalyst with hydrogen prior to the reaction
(CoCx/SBA-15-R) resulted in a further increase in the catalyst’s activity due to the higher
transformation of cobalt species into the metallic form. At this condition, the CO conversion
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increased to about 71% with 76% of liquid phase products. When cobalt carbides were
exposed to hydrogen, they could be transformed into metallic cobalt with face-centered
cubic (fcc) and hexagonal close-packed (hep) structures. The fcc and hep facets of cobalt with
different bulk symmetries and structures have different intrinsic activity in the reaction [34].
Regarding the FT reaction, the hcp Co® nanoparticles are reported to be more active than
Co? with fcc facet [34-36]. The reaction pathways over these two different cobalt structures
are also different, and H-assisted CO dissociation mechanism (Equation (5)) is the main
pathway over fcc cobalt facet, while the direct dissociation of CO (Equation (6)) is favored
over hcp cobalt facet [34].

CO* + H* — CHO* — CH* + O* ()

CO*+H — C*+ O*+ H* 6)

The analysis of gaseous products (Figure 11) showed that the products were mainly
alkanes, with high selectivity to methane. By reducing the catalyst with hydrogen and
forming metallic cobalt, it is expected to have more active sites for CO dissociation and the
production of longer-chain hydrocarbons. The non-reduced CoCx/SBA-15-WR catalyst had
a methane selectivity of 85% (Figure 11a), which reduced to 70% after catalyst reduction
(CoCx/SBA-15-R), but at the same time, CO, formation increased over this catalyst. This
observation may be attributed to the presence of cobalt carbide (CopC), which has (111)
facets and is characterized by nanosphere-like particles. The formation of Co,C can lead to
reduced activity and higher selectivity towards methane [8,37,38].
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Figure 11. Gaseous product analysis in the FT reaction over (a) cobalt-based catalysts, (b) iron-based
catalysts, (c) alkanes and alkene distribution over cobalt-based catalysts, and (d) alkanes and alkene
distribution over iron-based catalysts (R: with reduction step, WR: without reduction step).

On the other hand, the Co/SBA-15-WR with the lowest catalytic activity and highest
selectivity to gaseous phase products had the highest selectivity to CO; (27%), which then
reduced sharply to 10% after reducing the Co/SBA-15 catalyst (Co/SBA-15-R). Methane
was the only product observed during the reaction over Co/SBA-15-WR. The higher
content of Co® could enhance the CO dissociation and the formation of more hydrocarbons
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and less CO,. However, this was not observed for the CoCx/SBA-15 catalysts, and after
reduction with hydrogen, the formation of CO, increased. While the Co® active site is
favored for CO dissociation and chain propagation, cobalt carbide (Co,C (111)) is reported
to be mainly active for the CO nondissociative activation and insertion mechanism [39,40].
The gaseous products were mainly alkanes, and the selectivity to alkenes was negligible
(<1%) (Figure 11c).

Cobalt-based catalysts predominantly exhibit activity in their metallic state, whereas
in the case of iron-based catalysts, reports have shown that iron oxides, iron carbides, and
even metallic iron can act as active sites [26,41-43]. In this study, as shown in Figure 10b, the
catalytic activity of FeCx/SBA-15-WR (36%) was slightly lower than that of FeCx/SBA-15-R
(38%). The main product of the reaction over these two catalysts was gaseous products,
mainly alkanes, with the highest selectivity to methane (Figure 11b,d). The hexagonal
close-packed e-carbide Fe,C could be developed in small particles, while the x-carbide
Fes5C; could be developed in larger particles. The catalytic activity depends on the carbide
phase and its content. Several theoretical analysis characterizations have reported that
the Hégg x-FesC, is the main active phase of the iron-based FT catalysts [44,45]. During
the reduction of the carbide catalyst with hydrogen, the remaining oxide form of iron
was reduced, which, in the presence of syngas, converted to iron carbides. Therefore, the
activity increased slightly after the reduction of this catalyst.

Changing the reducing agent for Fe/SiO, catalyst could result in the formation of
different carbide phases. Using hydrogen, carbon monoxide, and syngas as reducing
agents leads to the formation of x-Fe5Cy + ¢-Fe;C, x-FesCy + FeyC3, and x-Fes;C; phases,
respectively [46]. Chang et al. [46] observed that the presence of Fe;Cs can improve the
catalyst activity, whereas the e-Fe,C phase can increase the selectivity towards Cs, products
and decrease methane formation. The phase analysis of the iron catalyst supported on
silica (Fe/SiO,) was performed by Zhang et al. [47], and they found that the iron oxide
mixtures («-Fe;O3 (hematite) and maghemite (y-Fe,O3)) are the main phases in the fresh
supported catalyst, while after reduction of the catalyst with hydrogen, the main phases
were FeO and iron (II) silicate (Fe;SiOy4). The non-reduced catalyst (Fe/SBA-15-WR), which
is mainly in the Fe;O3 form, did not show high activity, and the main product over this
catalyst was alkanes (mainly methane) (Figure 11b,d).

The reduction of the Fe/SBA-15 catalyst with hydrogen could result in the formation of
more reduced iron, which can easily convert to iron carbides (x-FesC; + ¢-Fe,C) with high
activity in the FT reaction. The main product over this catalyst was the products in the liquid
phase, and the selectivity to heavier hydrocarbons increased slightly over this catalyst.

The evaluation of the liquid phase products for both cobalt- and iron-based catalysts
(with and without the reduction step) showed that longer-chain hydrocarbons formed
over the CoCx/SBA-15 catalysts (Figure 12). The decomposition of cobalt carbides and
formation of more hcp Co? with higher selectivity to long-chain hydrocarbons could be
the reason for these results. The non-reduced Co/SBA-15-WR with the lowest conversion
showed selectivity to hydrocarbons up to C10. By reducing the catalyst with hydrogen and
forming cobalt active sites, longer-chain hydrocarbons were formed during the FT reaction.
As expected, the iron-based catalysts resulted in the formation of lighter hydrocarbons up
to Cyg with the highest selectivity to C¢-C7 hydrocarbons.

The iron carbide catalyst (FeCx/SBA-15-WR) produced hydrocarbons in the range
of C4-Cq; and reducing the catalyst with hydrogen prior to the reaction resulted in the
formation of slightly heavier hydrocarbons (up to Ci¢). As mentioned earlier, during the
reduction of the catalyst with hydrogen, some iron oxide (Fe,O3) that was not converted to
iron carbide during the preparation of the carbide catalyst could be converted to the metallic
form of iron, which then transformed into iron carbides in the presence of syngas. The
Fe/SBA-15-WR, with a mixture of iron oxides as the main phase and low CO conversion,
led to the formation of light hydrocarbons. Reducing the Fe/SBA-15 catalyst with hydrogen
resulted in the formation of iron carbides (mainly x-FesC, + ¢-Fe;C) with higher catalytic
activity and selectivity to Cs, hydrocarbons. Similar to the gaseous phase products, in this
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research, the main products in the liquid phase were alkanes over both cobalt- and iron-
based catalysts (Figure 12¢,d). A study by Yin et al. [48] examined the effect of Fe;O3, Fe30y,
and FesC, phases on Fe/SiO; catalysts for FTS. They found that the presence of Fe5Cp
promoted the formation of higher molecular weight hydrocarbons, which is consistent
with our findings for iron carbide catalysts. However, they did not observe a significant
difference in catalytic activity between the reduced and non-reduced catalysts, which differs
from our results for the iron carbide catalysts.
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Figure 12. Liquid product analysis in the FT reaction over (a) cobalt-based catalysts, (b) iron-based
catalysts, (c) alkanes and alkene distribution over cobalt-based catalysts, and (d) alkanes and alkene
distribution over iron-based catalysts (R: with reduction step, WR: without reduction step).
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4. Conclusions

The catalytic efficacy of the cobalt-based and iron-based catalysts, with and without
the carbide phase, was assessed in a Fischer-Tropsch synthesis reaction using an autoclave
reactor. The catalytic potential of both cobalt and iron catalysts was investigated with
and without reduction with hydrogen. The results of this study highlight the important
role of the carbide phase in promoting the synthesis of higher-value hydrocarbons from
syngas. The non-reduced Co-SBA-15 catalyst did not show high catalytic activity (16%),
while reducing the catalyst and formation of metallic cobalt resulted in an increase in CO
conversion to 73%, and at the same time, selectivity to Cs, increased to 73%. Reduction
of the CoCx/SBA-15 catalyst with hydrogen prior to the reaction (CoCx/SBA-15-R) led
to a higher catalytic activity (71%) than the non-reduced CoCx/SBA-15 catalyst (37%)
due to the higher transformation of cobalt species into the metallic form (mainly hcp Co”
nanoparticles) in the presence of hydrogen during the reduction step. The formation of Cs.,
also increased from 68% to 76%. Reducing the catalyst with hydrogen and forming metallic
cobalt led to the formation of more active sites for CO dissociation and the production of
longer-chain hydrocarbons.

Notably, iron carbide catalysts showed promising catalytic activity and selectivity
towards Cs, hydrocarbons, with the FeCx/SBA-15-WR catalyst producing hydrocarbons
in the range of C4-Cy; and slightly heavier hydrocarbons (up to Cy4) upon reduction with
hydrogen prior to the reaction. The presence of iron carbides, iron oxides, and metallic iron
during the reaction was found to have a notable influence on the catalytic performance.
Interestingly, the presence of iron oxide in the Fe/SBA-15-WR catalyst led to the formation
of lighter hydrocarbons with low CO conversion, underscoring the importance of the
carbide phase for selective hydrocarbon synthesis. Overall, the findings of this study
provide valuable insights into the design and optimization of carbide catalysts for the
efficient conversion of syngas to high-value hydrocarbons, with potential implications for
the development of sustainable and economically viable energy technologies.
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