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Abstract: One of the challenges in Fischer–Tropsch synthesis (FTS) is the high reduction temperatures,
which cause sintering and the formation of silicates. These lead to pore blockages and the coverage
of active metals, particularly in conventional catalyst promotion. To address the challenge, this
article investigates the effects of the preparation method, specifically the inverse promotion of
SiO2-supported Co catalysts with manganese (Mn), and their reduction in H2 for FTS. The catalysts
were prepared using stepwise incipient wetness impregnation of a cobalt nitrate precursor into a
promoted silica support. The properties of the catalysts were characterized using XRD, XPS, TPR, and
BET techniques. The structure–performance relationship of the inversely promoted catalysts in FTS
was studied using a fixed-bed reactor to obtain the best performing catalysts for heavy hydrocarbons
(C5+). XRD and XPS results indicated that Co3O4 is the dominant cobalt phase in oxidized catalysts.
It was found that with increase in Mn loading, the reduction temperature increased in the following
sequence 10%Co/SiO2 < 10%Co/0.25%Mn-SiO2 < 10%Co/0.5%Mn-SiO2 < 10%Co/3.0%Mn-SiO2.
The catalyst with the lowest Mn loading, 10%Co/0.25%Mn-SiO2, exhibited higher C5+ selectivity,
which can be attributed to less MSI and higher reducibility. This catalyst showed the lowest CH4

selectivity possibly due to lower H2 uptake and higher CO chemisorption.

Keywords: support modification; metal–support interaction; inverse model; activity; selectivity

1. Introduction

Cobalt (Co)-based catalysts are an excellent choice for applying the Fischer–Tropsch
synthesis (FTS) method to produce clean chemicals and fuels due to cobalt’s high activity
in converting syngas. These catalysts are effective for FTS because they offer high selec-
tivity, sustainable fuel production, better catalytic activity, and improved reducibility and
dispersion. Cobalt is one of the metals that converts synthesis gas the most actively [1–7].
Given that cobalt is a highly expensive metal, it is necessary to synthesize a Co catalyst that
is evenly distributed over the support to reduce the catalyst’s cost. Since Co alone cannot
provide the appropriate final composition, oxide supports such as silica and alumina have
been utilized for Co based catalysts in low-temperature Fischer–Tropsch (LTFT) [8–11]. The
metal–support interaction, crystallite size, metal dispersion, mass transfer of the reactants
and products, mechanical strength, and thermal stability of the catalyst are all influenced
by the physicochemical and textural characteristics of the support material. Therefore, the
key to creating an effective catalyst is choosing and synthesizing the right support material
with a unique physicochemical composition, well-defined surface chemistry, a wide surface
area, and the right pore size and volume [12,13]. To achieve the required catalyst qualities,
catalyst preparation methods (i.e., preparation procedures, including impregnation, dry-
ing, and calcination), pH-controlled precipitation, evaporative deposition, and have been
used [14–16].
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Moreover, several tactics have been employed to adjust the cobalt–support interaction
to improve the catalyst’s reduction capabilities. A modest quantity of promoter elements,
which have a high capacity for dissociative hydrogen activation, could be added to enhance
the cobalt dispersion and catalytic reducibility [17,18]. By grafting inactive or less active
groups, deactivation or passivation of the chemically active oxygen groups on the support
surface may also reduce the metal–support interaction, e.g., SiO2 has a several silanol
(SiOH) groups on its surface, which can interact with cobalt oxides and affect catalyst
structure and performance [12,19].

Both the catalyst’s composition and structure can be optimized by utilizing a certain
the preparation technique, to increase product selectivity. The application of electronic
promoters to enhance catalytic performance has been thoroughly studied in relation to
co-based FTS catalysts [20]. It has been suggested that manganese (Mn) [21,22] is a potential
promoter to increase both the hydrocarbon selectivity and catalytic activity [23]. Bell et al.
discovered that a Mn promoter increased CO surface coverage and aided in CO dissociation,
which caused a distribution of heavier hydrocarbon products due to reduced H availability
and faster synthesis of C1 monomers [24].

It has been observed that adding trace quantities of Mn to cobalt-based catalysts
increases their activity and C5+ selectivity while decreasing their selectivity for methane
production [22,25–28]. The amount of Mn in the catalyst, as well as the reaction parameters
(temperature, pressure, and CO conversion), determine how much activity increase occurs
through Mn promotion [29,30]. Dinse et al. [24] and Johnson et al. [31] reported increased
activity with Mn promotion at low concentrations of Mn (Mn/Co ratio < 0.125); however,
activity decreased at Mn/Co ratios over 0.125. A higher rate with Mn promotion of
Co/Carbon nanotubes (CNTs) was also found by Thiessen et al. [29], with a maximum at
Mn/Co = 0.075 at 220 ◦C and 1 bar. Because the activation energy and the pre-exponential
factor are reliant on the Mn content, the ideal Mn amount is temperature-dependent.

The enhanced dispersion of metallic Co, which is not usually observed [20–22,24,27],
or a chemical promotion that modifies the bonding of CO on the catalytically active
cobalt [25,27] has been suggested as the causes of the increase in activity with Mn promo-
tion [24,31]. The latter was explained by the interaction between the adsorbed CO on the
metallic cobalt surface and Mn2+ cations at the edges of MnO islands. This interaction
strengthened CO adsorption and weakened the C-O bond in adsorbed CO, which has been
hypothesized to be related to the observed increase in turnover frequency [32].

There is still little knowledge about the second metal’s and promoter’s activities and
selectivities, despite a wealth of studies on catalyst loading and promotion. Typically, the
metal salt precursor is impregnated first, followed by activation, and then the promoter is
applied to the supported metal catalyst. The idea behind this method is to reduce at higher
temperatures by absorbing the metal catalyst into the support material. The technique’s
drawbacks include high reduction temperatures, which cause sintering and the creation of
silicates and aluminates, as well as pore blockages when the promoter is introduced later
(traditional catalyst promotion).

It is commonly known that conventional techniques for creating heterogeneous cata-
lysts typically result in a mixture of various metal species and, as a result, provide limited
control over the selectivity of the final product. One of the most significant areas of het-
erogeneous catalysis research in recent years has been the design and manufacturing of
nanostructured metal catalysts with modified product selectivity or enhanced reaction
activity for syngas conversion. According to Zhai et al. [33], those nanostructured materials
appear to give fresh perspectives on the FTS reaction mechanism in addition to serving
as a platform for product selectivity engineering. Using γ-alumina support Co catalysts,
Goodwin et al. [34] investigated the support modification using titanium doping for FTS.
No noble or nearly noble metal was used to boost the catalyst. To create titanium doped
alumina, aluminum, and titanium alkoxide were co-hydrolyzed. This support was then
impregnated with aqueous cobalt nitrate to achieve the required Co loading. According to
their research, cobalt-on-alumina catalysts that have the proper amount of dopant loaded
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onto the support help to inhibit the synthesis of cobalt–alumina compounds, a result that
is comparable to that of employing noble metal promoters. Using lanthanum (La) and
barium (Ba), Alan H et al. [35] also looked into the impact of doping an alumina-supported
Co catalyst. They found that, with little effect on product selectivity, the alumina support
doped with either Ba or La enhanced FT activity and increased thermal stability.

Furthermore, transition metal oxides like Si, Zr, or Ti are frequently added to FT
supports to improve structural stability [36]. In addition to changing the support surface’s
structural makeup, the modifiers can affect the activity and selectivity of the FT. SiO2
modification of alumina supports has been demonstrated to lessen the amount of cobalt
removed from the wax product and protect the support from the hydrothermal attack
that is a natural part of the FT process [37]. Through the prevention of irreducible silicate
production, zirconia (ZrO2) modification of silica catalysts was able to enhance cobalt
reduction and improve catalyst performance [38].

In this work, we aimed to optimize the Co-Mn catalyst composition for inversely
promoted Co-based catalysts (promoting the support before loading the metal catalyst).
This article provides a methodical analysis of how Mn support modification affects Co-Mn-
SiO2 catalysts for FTS, highlighting the significance of inverse support promotion for cobalt
crystallite size, reduction degree, activity, and product (C5+) selectivity.

2. Materials and Methods
2.1. Catalysts Preparation

Two kinds of Co-based catalysts were prepared for this study.

1. Non-promoted silica-supported Co catalyst (basis).

Commercially accessible SiO2 with a specific surface area of 317 m2/g and pore
volume of 1.15 mL/g was the support utilized in these catalysts, serving as a baseline
for comparison. The primary approach used to synthesize this Co/SiO2 was incipient
wetness impregnation (IWI). Regarding the total amount of cobalt oxide precursor and SiO2
support, the cobalt weight loading was maintained at 10 wt.%. 4.98 g of Co(NO3)2·6H2O
in an aqueous solution (10.35 mL) was used to saturate the first 9 g of SiO2. After being
impregnated, the sample was dried inside the furnace for 12 h at 80 ◦C, and it was then
calcined for 4 h at 400 ◦C, with a heating rate of 2 ◦C/min. This catalyst was labelled as 10%
Co/SiO2. The best possible balance between metal dispersion and active site availability
is achieved with a 10 wt.% Co loading on silica. High catalytic activity is produced by
this loading because it guarantees enough surface area for CO adsorption [39,40]. High
reproducibility in the preparation of 10 wt.% cobalt on silica catalysts guarantees consistent
outcomes between batches. This uniformity is essential for consistent catalytic performance
as shown by studies from our research institute [19,41,42].

2. Inverse promotion: promoting the support before loading the metal catalyst.

Using the same commercial support as mentioned above, a manganese loading of
0.25 wt.% was prepared. This involved impregnating the support with an aqueous solution
containing 0.80g of manganese nitrate Mn(NO3)2 as a precursor. The resulting sample was
dried at 80 ◦C for 12 h and then calcined at 400 ◦C for 4 h, yielding the support designated
as 0.25%Mn-SiO2.

Subsequently, this support was further impregnated with a 10 wt.% loading of cobalt,
considering the combined weight of cobalt oxide, manganese, and silica. The resulting
sample underwent drying at 80 ◦C for 12 h followed by calcination at 400 ◦C for 4 h. This
catalyst sample was labeled as 10%Co/0.25%Mn-SiO2. The same procedure was used to
obtain the catalysts 10%Co/0.5%Mn-SiO2 and 10%Co/3.0%Mn-SiO2, and consequently
having Mn/Co of 0.025, 0.05, and 0.3, respectively. Consideration of the Mn/Co ratios
was dependent on literature reviews. The amount of Mn in the catalyst determines how
much activity increase by manganese promotion occurs [24,29,31,32,43]. Dinse et al. [24]
and Johnson et al. [31] reported increased activity with manganese promotion at low doses
of Mn (Mn/Co ratio < 0.125); however, activity decreased at Mn/Co ratios over 0.125. A
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higher rate with Mn promotion of Co/CNT was also found by Thiessen et al. [29], with a
maximum at Mn/Co = 0.075 at 220 ◦C and 1 bar.

2.2. Catalyst Characterization

X-ray powder diffraction (XRD)
X-ray powder diffraction spectra for the calcined catalysts were recorded on a Rigaku

SmartLab X-ray Diffractometer using Cu Kα radiation (40 kV, 200 mA). The scan range was
from 2θ = 5◦ to 90◦. The average Co3O4 sizes were calculated using the Scherrer equation:

d =
Kλ

β cos θ
(1)

where d is the mean diameter of crystallites (nm); K is the Scherrer constant corresponding
to the crystallite shape assumed 0.94; λ = 0.154 (nm) is X-ray wavelength; β is full width at
half-max (FWHM) or integral breadth in radian [44].

The Co3O4 particle size was converted to the corresponding cobalt metal particle
size according to the relative molar volumes of metallic cobalt and Co3O4. The resulting
conversion factor for the diameter d(Co3O4) of a given Co3O4 particle being reduced to
metallic cobalt is as follows:

d(Co0) = 0.75 × d(Co3O4) (2)

H2 temperature programmed reduction (H2-TPR)
The TPR experiment was conducted to examine the catalyst’s reduction behavior using

a CATLAB that was outfitted with an MS detector. A thermocouple was connected to the
catalyst (0.2 g) in a quartz tubular reactor to enable continuous temperature monitoring.
Before TPR measurement, water or impurities were removed from the calcined catalysts by
purging them with Ar (flow rate: 50 mL/min) at 150 ◦C for two hours and then cooling
them down to 50 ◦C. After that, 10%H2/Ar was turned on, and the temperature was
increased from 50 to 900 ◦C at a rate of 10 ◦C/min.

CO and H2 chemisorption
To approximate the Co dispersion, metal surface area, and H2 uptake, CO and H2

adsorption isotherms were recorded at 35 ◦C using a CATLAB machine. After being
evacuated at 150 ◦C for one hour, the 0.2 g samples were cooled to room temperature. Next,
the catalysts were reduced in situ at 5000 C for 10 h at a ramping rate of 10 ◦C/min in
flowing hydrogen or carbon monoxide (10%H2/Ar or 10%CO/Ar, respectively). Following
reduction, the samples were cooled to 35 ◦C after being evacuated for 30 min at 400 ◦C.
Assuming homogeneous, spherical cobalt metal particles, the cobalt metal particle size was
computed from the cobalt metal dispersion [45].

These assumptions give the following formula:

D% =
NCo,surface

NCo·DOR
× 100% (3)

d(Co0)(nm) = 96/D(%) (4)

2.3. Catalyst Testing

A wide range of hydrocarbons, including olefins, oxygenates, and linear and branched
paraffins, are produced using the Fischer–Tropsch process. Reaction conditions must be
controlled in any study on the catalytic performance of comparable catalysts because of
the complexity of the Fischer–Tropsch synthesis. The catalyst was tested in a fixed-bed
microreactor for the Fischer–Tropsch process reactions. The 220 mm in length and 8 mm
in diameter stainless steel FBR reactor was coated with a heating jacket to regulate and
keep the temperature at the appropriate operating level. After loading a 1.0 g sample of
the catalyst into the reactor, several parameters were monitored, including temperature,
pressure, and space velocity. The catalyst was activated by reducing cobalt oxide to metallic
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cobalt, which is the active form for FTS, for 20 h using 5% H2 in Ar at 60 mL(NTP)/min
before experiments.

For the FTS experiments, the fixed bed reactor was maintained at 220 ◦C and 20 bars
until a steady state was attained. At a flow rate of 60 mL(NTP)/min, an FTS gas stream
(H2/CO/N2 ratio = 6:3:1) was fed into the reactor. The Agilent gas chromatograph was
used to conduct the online product analysis. Three phases make up the product stream:
the gaseous phase, the oil phase, and the wax phase. An Agilent 7890B GC was used to
examine the gaseous phase stream for the following gaseous components: CO, H2, N2,
CO2, α-olefins C2–C5, and linear paraffins C1–C10. The Agilent GC has three detectors: the
flame ionizing detector (FID), the thermal conductor detector (TCD)-A, and TCD-B. The
FID was used to analyze the hydrocarbon products that were found, and the TCD-A was
used to analyze the CO, CO2, and N2 components, while the TCD-B was used to detect H2.
Argon 99.99% (AFROX Ltd., Johannesburg, South Africa,) was the carrier gas utilized in all
detectors.

GC analysis: First, the oven is kept at 35 ◦C for five minutes. After that, it is gradually
raised to 200 ◦C at a rate of 3 ◦C per minute. The temperature is then held at 200 ◦C for
60 min after. Each sample requires around 45 min to analyze. The GC is connected to a
monitor, where The Agilent 7890B GC with 7693A ALS ChemStation edition is used to
collect and store all of the data from the detectors about the sample.

3. Results and Discussions
3.1. Catalysts Textural Properties

The samples were degassed at 300 ◦C for 8 h. BET surface area, pore size, and
volume were measured using nitrogen at 77 K. Instrument: Tristar II. Manufactured by
Micromeritics (Atlanta, GA, USA).

Table 1 displays the physicochemical properties of Mn inversely boosted and non-
promoted Co-based catalysts made by stepwise impregnation. When Mn is added, the BET
surface area of the four catalysts decreases somewhat up to a Mn/Co ratio of 0.05 mol/mol,
at which point it increases to a Mn/Co of 0.3. The latter can be explained by the creation
of additional pores in addition to the possible removal of certain bigger organosilane
groups than in Co. Furthermore, the interaction between a catalyst’s (precursor’s) BET
surface area and the support material’s BET surface area is a complicated subject since
the homogenous adsorption mechanism and uniform surface assumed by the BET theory
might not apply to all materials. If there are interactions between the adsorbate molecules
or if the surface is heterogeneous, this could result in inaccurate results. Depending on
the relative particle size concerning their density, a physical combination of two materials
with different densities may cause the BET surface area to rise or decrease. The complexity
increases with the addition of a third component, and the loading of the third component
and its average particle size are related to the observed change in the BET surface area for a
physical mixture. Each of their pore volume pores diameters decreased as the Mn promoter
level increased. This is explained by Mn and Co species partially filling the pores in the
silica support.

Table 1. Chemical composition and textural properties of the Mn inversely promoted and non-
promoted catalysts.

Sample ICP-AES
Loadings (wt.%)

BET
Surface

Area (m2/g)

Pore
Volume
(m3/g)

Pore Sizes
(nm)

Co Mn

SiO2 - - 317.0 1.15 15.0
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Table 1. Cont.

Sample ICP-AES
Loadings (wt.%)

BET
Surface

Area (m2/g)

Pore
Volume
(m3/g)

Pore Sizes
(nm)

10%Co/SiO2 9.55 - 312.2 0.75 14.1

10%Co/0.25%Mn-SiO2 9.86 0.25 308.4 0.51 6.4

10%Co/0.5%Mn-SiO2 9.09 0.57 309.6 0.51 6.1

10%Co/3.0%Mn-SiO2 9.68 3.09 320.4 0.46 5.4

3.2. Structure and Crystallite Size of Cobalt Species

X-ray Diffraction (XRD): Calcined Catalysts
Figure 1 compiles the XRD patterns of the produced catalyst samples that were calcined

in an air flow at 623 K. The JCPDS card no. 80-1538 reference indicates that the majority of
the cobalt species are Co3O4 (2θ = 18.0◦, 32.0◦, 36.8◦, 39.0◦, 44.8◦, 55.6◦, 59.1◦, 65.0◦, and
77.0◦). It should be noted that the XRD patterns contained no Mn-attributed diffraction
peak which was expected at peaks 2θ = 12◦, 24.7◦, and 66.1◦ [46]. This suggests that the
catalysts’ higher dispersion on their surfaces, which is impossible to assess using XRD as
a result of the catalysts’ lower concentrations of Mn promoter. The breadth of the Co3O4
peaks was the sole variation observed in the X-ray diffraction patterns of the calcined
samples. Therefore, the amount of silica support and promoter applied determined the
average size of the Co3O4 crystallites. The particle sizes of the calcined samples were then
determined using the Scherrer equation. Table 1 indicates a clear rise in Co3O4 particle
size as support pore size increased. Comparable results have been documented for cobalt
supported by silica [47–51]. Additionally, Co3O4 crystallite size increased with increasing
γ-Al2O3 pore size, as reported by Xiong et al. [52]. It should be noted that no discernible
relationship was discovered between the Co3O4 particle sizes and the BET surface areas of
the supports.
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3.3. X-ray Photoelectron Spectroscopy: Calcined Catalysts

XPS was used to establish that the Co3O4 structure was present in all calcined samples.
The deconvoluted peaks corresponding to the Co3+ 2p3/2 and Co2+ 2p3/2 were located
approximately at 780.1 and 781.4 eV. At 794.8 and 796.8 eV, the corresponding 2p1/2 spin-
orbit component for Co3+ and Co2+ is visible, and on the high binding energy sides, a low
strong shake-up satellite structure was noted. Consequently, Co3O4 is the predominant
cobalt phase in oxidized catalysts, as demonstrated by the XP spectra obtained for Co2p.
This result is in line with the Co3O4 XRD patterns that have been seen in every catalyst.
As seen in Figure 2, the change of Mn causes the binding energies of Co 2p3/2 to move
to lower values. The XPS data show that with Mn modification, the electron density
surrounding the Co and Mn atoms declined. When Mn is present, inversely promoted
catalysts’ Co2+ peak intensity is lower than it is in the Mn-free sample. For the Mn-promoted
catalysts, the Co3+/Co2+ ratio rises, indicating a preferred replacement of Mn2+ ions in the
mixed oxide spinel structure by Co2+ ions. Additionally, Table 2 illustrates the reduced
atomic percentage of the Co 2p3/2 peaks for the 0.5%Mn promoted catalyst, indicating
a reduced interaction between SiO2 and the other Co2+ species. This is also evident on
the BE of approximately 780.9 eV, which is lower than 781.1 eV in the 10%Co/SiO2 non-
promoted sample.
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Table 2. XPS atomic percentages for the different catalysts.

10%Co/SiO2
10%Co/0.25%Mn-

SiO2

10%Co/0.5%Mn-
SiO2

10%Co/3.0%Mn-
SiO2

Co2p3/2 (BE) 781.1 781.1 780.9 781.3
Co2p (atomic %) 0.5 0.4 0.4 0.8
Mn2p (atomic %) - - - 0.7
Si2p (atomic %) 27.9 26.4 19.6 26
C1s (atomic %) 13.3 15.9 31.8 14.9

Following the addition of MnOx to Co3O4, the binding energy of Co 2p3/2 increased.
This observation points to a rise in the Mn–Co–O catalysts’ Co3+/Co2+ fraction. According
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to published research, silicas impregnated and then calcined may result in an enrichment
of Co3O4 particles on the outside of SiO2 grains [48]. A greater concentration of Co3O4 in
the vicinity of the catalyst grains’ outer surface may cause the Co2p to be more intense.
Furthermore, a stronger shake-up satellite structure emerges with the addition of Mn, and
the location of the XPS Co 2p peak moves to the region with greater binding energies.
These findings suggest that isolated surface Co2+ species may also be present in some
concentration in promoted catalysts close to the outer surface of catalyst particles, in
addition to the predominant Co3O4 phase. According to earlier reports, these isolated Co2+

ions may be located in the amorphous phases of cobalt silicate/hydrosilicate [36,53–56].
The TPR data (Figure 3) show that these cobalt species have substantially lower reducibility
in hydrogen than the Co3O4 crystalline phase.
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Due to the lower loading of Mn 2p peaks corresponding to MnO for 10%Co/0.25%Mn-
SiO2 and 10%Co/0.5%Mn-SiO2 could not be observed because they were below the XPS
sensitivity or resolution limit, making it difficult to validate the chemical environment
of the manganese species in the Mn inversely promoted catalysts. Thus, Figure 4 solely
displays the Mn 2p3/2 photoelectron spectra of 10%Co/3.0%Mn-SiO2. With a spin orbit
level energy spacing of 11.5 eV, the deconvoluted Mn 2p displayed two peaks at 642.2 eV
for Mn 2p3/2 and 653.7 eV for Mn 2p1/2. This is common for Mn3+-based materials [57,58].
This suggests that Mn is substituted preferentially in spinel oxide’s Oh sites.

The average particle size determined by averaging the Co3O4 (220), (311), (400), (511),
and (440) peaks were found to be greater than the average support pore diameter as
determined by Scherrer’s equation, as shown in Figure 1 and Equation (1). As a result, it
appeared that most of the particles were found outside the support pores. It is important to
compare the Co3O4 particle size and pore diameter carefully when determining the position
of the particles. The authors think that the particles are inside the pore system, and they
attribute the contradictory findings in Figure 1 to the selection of the pore shape model. The
BJH model oversimplifies the pore geometry since it presumes that there are only cylindrical
pores and that pore networks do not exist [51]. When the loading of Mn increased, the
average particle sizes shrank. This is consistent with the outcomes of H2 chemisorption
results. An increase in dispersion caused by a rise in Mn loading subsequently increased
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metal surface area. Notably, with 10%Co/SiO2, there is a discernible variation in the particle
sizes measured by XRD and H2 chemisorption. This could be explained by the movement
and agglomeration of particles in the chemisorption reaction during reduction.
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3.4. Reducibility of Co Species

H2 Programmed Reduction (TPR)
Using H2-TPR, the reduction behavior of the unpromoted and Mn inversely pro-

moted catalysts was investigated as shown in Figure 3. An initial peak at 335–350 ◦C for
10%Co/SiO2 and 10%Co/0.25%Mn-SiO2, and 362–375 ◦C for 10%Co/0.5%Mn-SiO2 and
10%Co/3.0%Mn-SiO2, was noted. Subsequent peaks occurred at about 400 ◦C, as opposed
to 648 ◦C for 10%Co/3.0%Mn-SiO2. The TPR profile for Co catalysts supported by silica has
been thoroughly studied, and the reduction peaks located at 200–400 ◦C and 400–800 ◦C,
respectively, indicate a two-step reduction process. The reduction of Co3O4 to CoO is
frequently attributed to the first stage, and the subsequent reduction of CoO to Co0 is
attributed to the second step [18,59]. With an increase in Mn loading, the positions of the re-
duction peaks of Co3O4 to CoO and CoO to Co changed to higher temperatures, suggesting
a strong interaction between Si species and cobalt nanoparticles. Equation (3) was utilized
to compute the reduction degrees of each catalyst, which are displayed in Table 3. The
reduction degrees of the 10%Co/SiO2, 10%Co/0.25%Mn-SiO2, 10%Co/0.5%Mn-SiO2, and
10%Co/3.0%Mn-SiO2 catalysts were 96.0, 94.3, 94.0, and 92.3%, respectively. For catalysts
10%Co/0.5%Mn-SiO2 and 10%Co/3.0%Mn-SiO2 the second peak appeared at 362–375 ◦C,
i.e., the highest temperature peak area increased in this case and further addition of Mn
reduced the Co reducibility. This suggests once more that these catalysts have a Co-Mn
interaction, which reduces the amount of Co reducibility [27].
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Table 3. XRD and chemisorption data for the Mn inversely promoted and non-promoted catalysts.

Catalyst Metal Sizes

XRD H2 Chemisorption CO Chemisorption

d(Co3O4)
(nm) a

d(Co0)
(nm)

Dispersion
(%)

d(Co0)
(nm)b

Metal
Surface Area

(m2/g) b

DOR
(%) c

H2 Uptake
(×10−4 moles/g) d

CO Uptake
(×10−4 moles/g) e

10%Co/SiO2 11.03 8.27 7.87 12.19 8.025 96.0 1.77 0.64

10%Co/0.25%Mn-SiO2 11.20 8.40 10.43 9.21 10.63 94.3 1.34 0.70

10%Co/0.5%Mn-SiO2 10.79 8.09 11.80 8.03 12.02 94.0 2.01 0.68

10%Co/3.0%Mn-SiO2 8.45 6.34 15.39 6.23 13.39 92.3 2.61 0.65

a Determined by XRD using Scherrer equation (Equation (1)). b Determined by H2 pulse chemisorp-
tion. Estimated d(Co0) = 0.75.d(Co3O4). Estimated D = 96/d(Co0). DOR (%) c is degree of reduc-

tion = 100 −
(

H uptake
4·NCo3O4

× 100%
)

; where NCo3O4 = 8.329·10−4. d Based on H2 consumption in TPR. e Obtained

from CO chemisorption results.

3.5. Fischer Tropsch Tests

The calcined catalysts were activated with an H2 flow at a rate of 60 mL/g-cat/min for
20 h at 350 ◦C (as obtained from H2 TPR) before the reaction. Following the in situ catalyst’s
activation, the reaction was cooled to the target reaction temperature of 220 ◦C and flushed
with helium for 30 min to get rid of any excess H2. The Fischer–Tropsch reaction test was
run at 20 bar pressure, 220 ◦C, 60 mL/g-cat/min, and H2/CO (v/v) = 2/1. For the Mn
inversely promoted and non-promoted silica-supported catalysts, the percentage of CO
conversion, CH4 selectivity, rate of CO conversion, and C5+ selectivity is shown for a 75 h
time on stream (TOS) in Figures 5–7.
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Figure 5. CO conversion for the synthesized Mn inversely promoted and non-promoted catalysts.
Reaction conditions: T = 220 ◦C; P = 20 bar; H2/CO2 = 3/1, for TOS = 75 h.
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Figure 6. Methane selectivity for the synthesized Mn inversely promoted and non-promoted catalysts.
Reaction conditions: T = 220 ◦C; P = 20 bar; H2/CO2 = 3/1, for TOS = 75 h.
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Figure 7. C5+ selectivity for the synthesized Mn inversely promoted and non-promoted catalysts.
Reaction conditions: T = 220 ◦C; P = 20 bar; H2/CO2 = 3/1; for TOS = 75 h.

FTS Mass Balance Calculations
The experimental setup utilized in this investigation allows for the input of the inlet

volumetric flow rate, which is necessary to compute the output flow rate. As an internal
standard, N2 was added together with the reactor feed. N2 is only present in the feed
stream and the reactor output gas stream since it is an inert gas during the FT reaction. As
a result, the N2 balance throughout the reactor can be written as follows:

Fin × XN2,in = Fout × XN2,out (5)

CO conversion, the rate of CO conversion, and product selectivity were defined as
follows [4]:

CO conversion : %CO =
FinXCO,in − FoutXCO,out

FinXCO,in
(6)

Rate of CO conversion : rCO =
FoutXCO,out − FinXCO,in

mcat
(7)

Product selectivity : Sθi =
iNθi

mcat·t·(−rCO)
(8)

where Fin = inlet total molar flow rate in mol/min.

Fout = outlet total molar flow rate in mol/min.
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XN2, in = inlet molar fraction of N2.
XN2,out = outlet molar fraction of N2.
Xco2,in = CO molar fraction in the gas feed.
Xco2,out = molar fraction of CO in the gas stream leaving the reactor.
mcat = mass of the catalyst (in grams).
iNθi = moles of carbons in the product stream.

The CO conversion for each catalyst at a TOS of 75 h is shown in Table 4. The
inclusion of Mn caused the conversion of 10%Co/0.25%Mn-SiO2 and 10%Co/0.5%Mn-SiO2
to decrease from 31.8% to 20.1 and 18.9%, respectively, before slightly increasing to 24.0%
for 10%Co/3.0%Mn-SiO2. The preparation method for Mn promotion, that is, inverse
promotion as opposed to conventional promotion, may be the reason for this study’s
decline in activity. The H2 TPR and H2 chemisorption measurement reveals a reduction in
the level of active metal reduction as shown in Table 3 (DOR) in Co-prompted catalysts,
which might be the justification for lower activity for promoted catalysts.

Table 4. Catalyst activity and product selectivity for the non-promoted and inversely promoted
catalysts. Reaction conditions: T = 220 ◦C; P = 20 bar; H2/CO2 = 3/1, for TOS = 75 h.

10%Co/SiO2
10%Co/0.25%Mn-

SiO2

10%Co/0.5%Mn-
SiO2

10%Co/3.0%Mn-
SiO2

CO conversion (%) 31.8 20.1 18.9 24.7
Selectivity/C1 (%) 4.77 1.66 4.72 2.97

C2–C4 6.10 3.90 5.48 4.23
CO2 - - - -
C5+ 89.2 94.4 89.8 92.8

rCO (× 10−5) 24.1 15.4 7.4 19.0

The CO conversion trend is comparable to the hydrogen intake pattern found in
Table 3’s H2 chemisorption data. H2 absorption was decreased by the addition of Mn to the
cobalt, mainly in the 10%Co/0.25%Mn-SiO2 and 10%Co/0.5%Mn-SiO2 catalysts. Dinse
et al. [24] and Johnson et al. [31] reported increased activity with manganese promotion at
low doses of Mn (Mn/Co ratio < 0.125), however activity decreased at Mn/Co ratios over
0.125. Therefore, the divergence in the results may be ascribed to the amount of manganese
in the catalyst, the preparation procedure, and the reaction parameters [24,29,31]. Moreover,
the observed disparities in accessible Co surface area are the main reason for the conversion
differences between the unpromoted and Mn-promoted catalysts. It has previously been
proposed that Mn decorates the surfaces of the Co particles and that increased activity sites
close to the Co-Mn interface are the basis of this effect’s promotion [31]. When a catalyst
is unpromoted and the Mn/Co ratio is low, the crystal structure changes from hexagonal
close-packed (hcp) to face-centered cubic (fcc), where product selectivities are strongly
dependent on promoter loading. Therefore, it is necessary to consider the likelihood that
the promoting effects were brought on by a Mn-induced shift from hcp to fcc structure.
According to reports, hcp Co nanoparticles have a greater FTS turnover frequency than fcc
Co nanoparticles [60,61]. Regarding product selectivity, reports indicate that the product
distributions for the two crystal structures differ not significantly [62,63]. These results lead
to a prediction that, in contrast to the effects of Mn that have been observed, a shift from
the hcp to the fcc crystal structure would result in a decrease in site activity.

The effects of Mn promoter and non-promoted catalysts on CH4 products on FTS selec-
tivity are shown in Figure 6. It unequivocally demonstrates a decrease in methane selectivity
for catalysts supported by Mn. Methane selectivity dropped for 10%Co/0.25%Mn-SiO2 and
10%Co/3.0%Mn-SiO2 catalysts, respectively, from 4.7% to 1.7 and 3.0%. The selectivity to-
wards the desired C5+ products is significantly increased as a result of the notable effects of
manganese stimulation on the selectivity of undesirable by-products, such as methane. The
increasing trend in chain growth probability indicates a shift to higher molecular weight
hydrocarbons by increasing the amount of Mn promoter. On the surface of the cobalt
crystallite, Mn enrichment for Co–Mn bimetallic catalysts may be the cause of the increased
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C5+ selectivity when compared to the unpromoted catalyst. Reduced CO conversion rates
are the result of increased CO uptake decreasing H2’s mobility on the catalyst surface.

The product selectivities (C5+) of the non-promoted and Mn inversely promoted Co
catalysts are displayed in Figure 7. 10%Co/SiO2, 10%Co/0.25%Mn-SiO2, 10%Co/0.5%Mn-
SiO2, and 10%Co/3.0%Mn-SiO2 have C5+ selectivities of 89.2%, 94.4%, 89.8%, and 89.7%,
respectively. There is a decline in the selectivity of C5+ hydrocarbons as the loading on
Mn is increased. This is because Mn starts to cover the Co surface once the percentage of
promoted interface sites exceeds Mn/Co 0.025. As a result, there would be fewer active
sites and a fall in CO consumption rates per gram of Co. These results align with Østbye,
et al. [64], who realized a CO conversion of ≈20% for the Mn-promoted catalyst which was
less than the unpromoted Co catalyst of ≈37%.

The formation of an alloy of metallic Mn with Co on the nanoparticle surface, which
might happen at low Mn loadings where selectivity is extremely sensitive to promoter
loading, was one theory that was taken into consideration to explain the trends in catalyst
performance as a function of promoter loading. It seems sense that Mn would preferentially
reside on the surfaces of the nanoparticles because its surface free energy is significantly
lower than that of Co [65]. Moreover, the Mn loading (Mn/Co = 0.1) at which C5+ selectivity
hits a plateau is about equal to the amount required to create a monolayer on the surfaces of
the nanoparticles. The reason for the lack of improvement in C5+ selectivity above Mn/Co
atomic ratios of 0.1 could be attributed to the saturation of the nanoparticle surfaces by Mn.
For the Co-Mn catalysts examined in this work, no indication of metallic Mn was found,
even though these tendencies are phenomenologically coherent [66].

The results shown above agree with those of Breejen et al. [67]. They discovered that
slightly greater C5+ selectivity values were found for bigger levels of MnO (Mn/Co > 0.13)
but at a significant cost to the activity. This could be caused by a cobalt surface ob-
struction [22] or a reduced degree of reduction as a result of MnO’s reduction-retarding
impact [27]. It was discovered that adding a small amount of MnO to the AC catalyst
reduced its activity; the value declined even more at larger Mn/Co ratios. This could be
because MnO is obstructing the cobalt surface [21]. However, the positive effect of MnO is
demonstrated by a rise in Mn/Co atomic number and C5+ selectivity. However, the rise
in C5+ selectivity indicates that MnO is favorable. Consequently, this study shows that
10%Co/0.25%Mn-SiO2 is the most effective catalyst among all those examined in this study
and that it is capable of both increasing the much-desired C5+ selectivity and decreasing
the CH4 selectivity.

4. Conclusions

By using Mn as a promoter element, the production of CH4 may be reduced and
selectivity may be improved. But only by employing a proper preparation technique that
results in a sufficient Mn-Co interaction in the active catalyst can this promoting effect
be realized. By limiting pore blockages and active Co sites, inverse promotion can lead
to improved catalyst product selectivity and stability. Co-based catalysts are prone to
deactivation due to carbon buildup (coking) and sintering. Inverse promotion can help
mitigate these issues by altering the surface chemistry and morphology of the catalyst. In
all oxidized catalysts, Co3O4 crystallites are the most prevalent cobalt phase, according
to the XRD analysis of the calcined samples. For Mn inversely promoted catalysts, the
XRD-derived crystallite sizes are marginally larger than the support pore width, indicating
that the particles were primarily on the support’s outer surface. When the catalysts are
reduced in situ under identical FT pretreatment conditions, XPS measurements verify that
the cobalt is more difficult to reduce when supported over the Mn modified silica. The H2
TPR profiles, which show significant hydrogen consumption as Mn loading rises from 0.25%
to 3.0%, are likewise compatible with this feature. With the addition of Mn to the catalysts,
CO conversion demonstrated a decline, which is consistent with the reduced surface area.
When comparing the catalysts’ catalytic performance in the FT process at 600 h−1 space
velocity, it is found that the Mn inversely promoted catalysts had higher C5+ selectivities,
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with 10%Co/0.25%Mn-SiO2 having the highest at 94.4%. This may be explained by the Co
oxide’s strong interaction with the Mn-modified silica substrate, which prevents particle
mobility and, as a result, reduces H2 chemisorption and increases CO chemisorption.
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