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Abstract

In this study, we investigated the oligomerization mechanism of the Fischer-Tropsch synthesis
catalyzed by a cobalt-based catalyst supported by SBA-15. The Co/SBA-15 catalyst contained
20% w/w of cobalt. It was prepared by the wet impregnation method and characterized by X-
ray diffraction (XRD), N2 adsorption-desorption, temperature-programmed reduction (TPR),
and scanning electron microscopy coupled to X-ray energy dispersion spectroscopy (SEM-EDS).
The FT synthesis was conducted in a slurry bed reactor operating at 240-270°C, 2.0-3.0 MPa,
and 1:1-2:1 H,:CO ratio (mol:mol). An oligomerization model, based on alkyl and alkenyl
mechanisms for hydrocarbon chain propagation, was used for product distribution.
Impregnation with cobalt and calcination did not alter the structure of SBA-15. Cobalt oxides,
including Co,03 and Cos04, were the active phases of the reaction. Adding cobalt to the
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support lowered the specific surface area and the pore volume of the support but did not
change the structure of SBA-15. Fischer-Tropsch synthesis and C°* hydrocarbon selectivity
increased at a low H,:CO ratio (1.0) and low temperatures (240-255°C). The content of
branched-chain paraffin and olefins increased with a decrease in the H;:CO ratio and
temperature. The parameters of the model were estimated, and the assumption of a dual
mechanism was satisfied.
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1. Introduction

Natural gas can be converted to synthesis gas (a mixture of CO and H;) and then to liquid fuels,
including hydrocarbons (paraffin and olefins), and energy by the Fischer-Tropsch Synthesis (FTS).
Several plants apply FTS to produce liquid fuels with low sulfur, aromatic, and oxygenated content
[1].

The type of catalyst strongly influences the specific hydrocarbon distribution and the productivity
of synthesis. Many studies have discussed the advantages and disadvantages of using cobalt or iron-
based catalysts for producing paraffin and olefins [1-4]. The carbon number distribution obtained
using Co-based catalysts is affected by the reducibility of the cobalt oxides, the type of support, and
the average pore size [1-4]. Different cobalt-based catalysts have different reaction rates and yields
and catalyze the formation of different products (hydrocarbon distribution).

Many supports have been developed for cobalt catalysts used in FTS. Silica, alumina, molecular
sieves, and zeolites are the most studied supports for Co-based FTS catalysts. Porous supports
guarantee a uniform dispersion of active metal particles in the catalyst and protect it from
agglomeration. Porous SBA materials are suitable for supporting FTS because of their satisfactory
chemical stability and thermal conductivity [5-8].

The mesoporous silica-based material SBA-15 has uniform hexagonal channels with narrow and
uniform pores. It also facilitates higher active metal dispersion inside the support. It has high
stability and a large surface area (500-1,000 m?/g) [7, 9-12]. The textural and morphological
characteristics of SBA-15 allow it to support FTS catalysts.

The activity of FTS catalysts depends on the concentration of the surface metal, its dispersion on
the support, and the degree of reduction of metal oxides. A limitation of silica-based supports for
cobalt catalysts is that the interaction between Co and SiO; is weak (e.g., for Co and TiO;). It tends
to form metal agglomerates, resulting in a low metal dispersion on the support [13, 14]. SBA-15
promotes the functional interaction between cobalt and SiO, owing to its highly ordered pore
texture. The structure limits the formation of cobalt aggregates and improves their dispersion on
the support. Cobalt oxide particles are highly reducible when supported by silica-based materials
and show a large number of active sites [13].

The product distribution generated by Co-based catalysts depends mainly on the reaction
conditions and the applied reaction technique. The FT reaction is usually conducted in a slurry or
tubular reactor, which operates at temperatures and pressures ranging from 240 to 270°Cand 1 to
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4 MPa, respectively [15]. The choice of the reactor technology affects product distribution because
it determines the concentration gradient of H, and CO in the reactor, the reaction phase, and the
active site [16-19].

In this study, we investigated the oligomerization mechanism of the Fischer-Tropsch synthesis
catalyzed by 20% (w/w) cobalt supported on SBA-15. We also characterized the Co-based catalyst
supported on SBA-15 and evaluated the selectivity of the FTS products synthesized under different
operating conditions in a slurry reactor. In this study, a phenomenological mathematical model was
used for the first time to determine the reaction steps most affected by changes in the operating
conditions. To evaluate the effects of the operating conditions at each reaction step, a mathematical
model was used, assuming the co-occurrence of alkyl and alkenyl mechanisms during FTS. The
kinetic parameters of the reaction were determined to identify the reaction steps that were more
susceptible to variations in this cobalt-based catalyst.

2. Materials and Methods
2.1 Synthesis of SBA-15

The SBA-15 material was synthesized following the procedure reported by Zhao [10], using a
reaction mixture with a molar composition of 1.0 Si0,/0.017 P123/5.7 HCI/193 H,0. Pluronic P123
(P123, EO20P0O70EO,0) was dissolved in a solution of HCl (2 mol/L) and stirred for 4 h at 35°C.
Tetraethyl orthosilicate (TEOS, 98%) was added to the mixture and stirred for 24 h at 35°C. The
obtained mixture was treated by the conventional hydrothermal method for 48 h at 100°C. The
product was centrifuged at 1,100 rpm, washed with deionized water, and dried at 60°C for 24 h. The
material was calcined in static air at 550°C for 7 h to remove the polymer matrix (P123).

2.2 Synthesis of the Co/SBA-15 Catalyst

Cobalt was deposited on the SBA-15 support by applying the wet impregnation method. The
catalyst produced had 20% cobalt (w/w) on SBA-15. A cobalt nitrate solution [Co(NOs)2:6H,0] (0.1
mol/L) was added gradually to the SBA-15 support. The suspension was stirred at room temperature
for 30 min.

The mixture was dried at 100°C for 24 h. The solid material was calcined from room temperature
to 200°C under a stream of nitrogen (flow rate: 100 mL/min). The temperature was increased by
10°C/min. The final temperature was maintained for 1 h. Then, nitrogen was replaced by synthetic
air and heated at 2°C/min from 200 to 450°C; the treatment continued at this temperature for 2 h.

2.3 Characterization of the Catalyst

Powder diffraction patterns were measured through X-ray diffraction (XRD) using a Shimadzu
XRD 6000 instrument, where Cu-Ka irradiation was applied at 40 kV/30 mA, and a goniometer
velocity of 2°/min was maintained with a step size of 0.02° over the 26 range from 0.5° to 10° and
20° to 80°. The phases were identified by the Rietveld refinement method and compared to the data
from the Joint Committee on Powder Diffraction Standards (JCPDS) database. The average diameter
of the sample crystallites was determined using the Scherrer equation.

Elemental analysis was conducted by performing energy-dispersive X-ray spectrophotometry in
a Shimadzu EDX-700 instrument.

Page 15/15



Catalysis Research 2022; 2(3), doi:10.21926/cr.2203023

The textural characteristics of the samples were investigated by isothermal gas
adsorption/desorption of N2 at —196°C using a Micromeritics ASAP 2020 adsorption analyzer. The
adsorption and desorption N isotherms were obtained at relative pressures (P/Po) between 0.06
and 0.98. The BET method was used to determine the average pore diameter and surface area
(SBET). The external surface area (SE), micropore area (SM), and the average volume of the
micropores (VM) were determined by the t-plot method. The BJH method was used to calculate the
average pore volume (VP) and the average pore diameter (DP).

The calcined catalyst was characterized by TPR using a Micromeritics ChemiSorb 2720 instrument
under a mixed flow of H,-N2 (5% H; at 30 mL/min). Approximately 20 mg of the catalyst was pre-
treated and heated from room temperature to 200°C (at 10°C/min). It was maintained at this
temperature for 1 h under a stream of nitrogen (flow rate: 30 mL/min). The sample was cooled, and
the data were collected. The catalyst was heated from 20°C to 1,000°C at 10°C/min.

The SEM images were recorded using a Shimadzu (model SSx 550) scanning electron microscope
at an acceleration voltage of 20 kV. Elemental analysis was conducted by energy dispersive X-ray
spectrophotometry (EDX) using a Shimadzu EDX-700 instrument. The solids were prepared by
sputtering Au on their surfaces.

The TEM images were taken using a JEOL JEM-1200 EX electron microscope. The samples were
prepared by dispersing the solids in alcoholic solutions and dropping them on a carbon-coated
copper grid. Finally, the samples were air-dried and characterized.

2.4 Fischer-Tropsch Synthesis

The Fischer-Tropsch synthesis was conducted in a high-pressure autoclave reactor (Parr model
4571; 400 mL) using 2.0 g of the catalyst. The synthesis gas was prepared by mixing H, and CO using
two mass flow controllers (Alborg GFC-17). The synthesis gas was fed into the reactor below the
agitator. The reaction was conducted under constant mechanical agitation (800 rpm). The reactions
were performed with 2.0 g of Co/SBA-15 catalyst suspended in 200 mL of hexadecane (slurry phase).
A gas entrainment impeller was used to constantly recirculate the syngas from the headspace into
the slurry phase. The catalyst was activated in situ at 240°C and 2.0 MPa for 6 h under an
atmosphere of CO and H; (H2:CO ratio = 1.0). The operating conditions of the catalytic tests included
a total pressure of 2-3 MPa, a temperature of 240-270°C, and an H,:CO feed ratio of 1.0 and 2.0
[20, 21].

The effluent gas from the reactor was analyzed using a gas chromatograph (Thermos model Ultra)
equipped with an ionic barrier detector (BID) and a flame-ionization detector (FID). A Carboxen 1006
Plot capillary column (30 m x 0.25 mm i.d. x 0.25 um film) followed by an RTX-1 capillary column
(30 m x 0.25 mm i.d. x 0.25 um film) were used to separate the hydrocarbon products. A specific
temperature program (30 to 60°C) was used during separation to identify the gaseous Fischer-
Tropsch products (C; to Cs), hydrogen, carbon monoxide, and carbon dioxide.

The liquid product was analyzed online by a gas chromatograph (Thermos model Ultra) equipped
with a flame-ionization detector (FID). A specific temperature program (30 to 280°C) was used with
an OV-5 capillary column (30 m x 0.25 mm i.d. x 0.25 um film) to identify the liquid Fischer-Tropsch
products (Cs to C14). The conversions were obtained based on the syngas mass balance of CO.
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2.5 Uncertainty Analysis

The data were presented as the mean tstandard deviation. The measurement uncertainty
replaced the standard deviation whenever the measurement or process uncertainty was higher
than the standard deviation of the triplicate.

2.6 FTS Oligomerization Modeling

The model used in this study was based on the oligomerization model presented in Fontenelle &
Fernandes [22]. The overall reaction rate assumed that both reactants were adsorbed on the
catalyst before they reacted to form the in situ monomer CH; (Equation 1). The formation of the
monomer was independent of the hydrocarbon chain length, given its formation in a free active site.

kprsy - Poo - (Pya)¥FTs?

(1 + kFTS3 : PCO + kFTS4- ' PHZ)Z

Rers = (D

The model assumed that the oligomerization of CH; occurs through a dual mechanism (alkyl and
alkenyl) and has three steps, including initiation, propagation, and termination. The mass balances
for the Fischer-Tropsch oligomerization reaction are shown in Equations 2 to 12. A full description
of the development of the model is provided in Fontenelle & Fernandes [22].
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dP(n)
dt = kpar : PI9125 “R(n) (11)
dP=(n) ) _
dt = kolef ' R(n) + kolefz ' PIE)I'ZS ‘R (n) - kads ’ PIE)IZS : P_(n) (12)

The Arrhenius equation was applied to account for the kinetic parameters of the model (Equation
13).

ki = Aexp <_Eai> (13)
RT
Seven sets of experimental data were used to fit the parameters of the model, and three sets of
experimental data were used for model validation. The kinetic parameters were estimated using an
algorithm developed in Python based on the Trust Region Reflective method to minimize the sum
of squared errors. Several sets of initial parameters were tested to determine if the kinetic
parameters referred to a global optimum.

3. Results and Discussion
3.1 Chemical Composition and Textural Properties of the Support and the Catalyst

The diffractograms of the SBA-15 presented three peaks, which were located at 26 = 0.9°, 1.5°,
and 1.7° (Figure 1a). These peaks corresponded to the crystalline planes with the Miller index (1 0
0), (11 0), and (2 0 0), respectively. The reflections conformed to the p6 mm hexagonal symmetry.
This characteristic of SBA-15 matched the characteristics reported by several authors for
mesoporous SBA-15 [10, 23, 24].
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Figure 1 The diffractogram of (a) the SBA-15 molecular sieve and the 20% Co/SBA-15
catalyst at 26 = 0.5° to 10° (b) and 26 = 25° to 80°.

The calcined Co/SBA-15 catalyst diffractogram showed peaks at 26 = 0.9° and 1.5° (Figure 1a).
The diffractogram showed that the impregnation of the support with cobalt nitrate and its
transformation into cobalt oxides slightly changed the support structure. This result agreed with the
characteristics reported by several authors for other oxides supported by SBA-15 [25-27].

The crystalline cobalt oxide phases (Figure 1) were identified using the crystallographic charts for
these oxides (available in the JCPDS-ICDD library). The decomposition of cobalt nitrate
[Co(NOs3)2:6H,0] produced a mixture of Co,03 and Co304, identified by the peaks at 26 = 31.3, 36.9,
45.1, 59.4, and 65.4 on the calcined catalyst.

The digo interplanar spaces and the ap unit cell parameters for the support and catalyst are shown
in Table 1. The support analysis showed values that were similar to those reported in other studies
on SBA-15 [25-27]. The unit cell parameter of the catalyst decreased slightly, denoting that the
mesoporous structure of the support remained unaltered after impregnation and calcination.

Table 1 The interplanar spaces and unit cell parameters for the support and the catalyst.

Sample 20 d(100) (nm) ao(nm)
SBA-15 0.95 +£0.01 9.3+0.1 10.74 £0.11
20% Co/SBA-15 0.97 £0.01 9.110.1 10.50 £0.11

The results of the chemical analysis of the catalyst (Table 2) showed that the impregnation of the
support was successful, and the catalyst had the designed mass fraction of cobalt. The SBA-15
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support consisted primarily of silica, as expected for this kind of support [27, 28], and after
impregnation, the catalyst consisted of silica and cobalt oxide.

Table 2 The chemical composition of the SBA-15 support and the Co/SBA-15 catalyst.

Sample SiO2 (%) C0203 (%) Other (%)
SBA-15 99.3 £0.3 - 0.7 £0.1
20% Co/SBA-15 72.8 £0.3 27.1 0.1 0.1+0.1

The N; adsorption-desorption isotherms of the support and the catalyst exhibited a typical type
IV isotherm with H1-type hysteresis loops (Figure 2), which is characteristic of several ordered
mesoporous materials. Adsorption to the support occurred in a monolayer at low pressure (P/Po <
0.6), as capillary condensation at P/Po values between 0.6 and 0.9, and in multiple layers at P/Pg >
0.9. The sharp inflection at a relative pressure of 0.7 to 0.8 indicated that the SBA-15 support had

uniform mesopores [29, 30].
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Figure 2 The N adsorption and desorption isotherms (at —196°C) of SBA-15 (a) and the
20% Co/SBA-15 catalyst (b).

Adsorption onto the surface of the catalyst occurred in a monolayer at low pressure (P/Po < 0.6),
as capillary condensation at P/Pg values between 0.6 and 0.85, and in multiple layers at P/Po > 0.85
[31-33]. The similarity of the isotherms indicated that the pore structure of the support was
preserved after cobalt deposition. The height of the hysteresis loop decreased slightly after
impregnation, suggesting that the mesopores were partly blocked due to cobalt deposition.

3.2 Surface and Morphological Analyses

The support structure had silica fibers with micrometric dimensions formed through the linear
adhesion of sub-micrometric particles (Figure 3). The textural properties of the support are shown
in Table 3. The catalyst had an average pore volume (VP) and superficial area lower than those of
the support due to the partial loading of the pores with cobalt oxides. The pore volume decreased
by 33%, and the surface area decreased by 39%.
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Figure 3 The MEV micrographs of the SBA-15 support (magnification: 5,000x).

Table 3 The textural analysis of SBA-15 and the Co/SBA-15 catalyst.

Samples Seer(M?/8)  Sext(M?/8)  Smicro(M?/8)  Vp(cm3/g)  Vmicro(cm3/g) Dp(nm)
SBA-15 660 +7 589 +6 71 +1 1.16 +0.01 0.03+0.00 7.2 +0.1
20% Co/SBA-15 402 +5 400 +5 46 +1 0.77+0.01 0.02+0.00 7.8%0.1

Seer: superficial area calculated by the BET method; Sex:: external surface area calculated by the
t-Plot method; Smicro: micropore area calculated by the t-Plot method; Vp: average pore volume
calculated by the BJH method; Vmicro: average micropores volume calculated by the t-Plot method;
Dp: average pore diameter calculated by the BJH method.

The transmission electron micrographs of the catalyst are shown in Figure 4. The micrographs
showed small dark regions dispersed in a hexagonal channel structure (indicated by the arrows).
The dark areas were formed by reduced cobalt particles, which agglomerated in an isle-like shape
in the support. The micrographs suggested that impregnation with cobalt nitrate or calcination did
not damage the SBA-15 support. The micrographs also indicated that the cobalt particles were

evenly distributed on the support, but only some channels were filled with the cobalt particles [7,
12, 34].
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Figure 4 Transmission electron micrographs of the 20% Co/SBA-15 catalyst.

3.3 Temperature-programmed reduction (TPR) pattern

The reduction pattern of the Co/SBA-15 catalyst is shown in Figure 5. The TPR pattern showed
three reduction peaks at 150, 280, and 316°C. The first reduction peak corresponded to the
decomposition of cobalt nitrate, which remained in the catalyst after calcination. The second
reduction peak corresponded to the reduction of Co304 and Co203 to CoO and Co°. The third
reduction peak corresponded to inactive cobalt silicates (Co2Si04) produced due to a strong
interaction between cobalt and the silica of the SBA-15 support [12, 34].
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Figure 5 The TPR profile of the 20% Co/SBA-15 catalyst.

3.4 Catalytic Evaluation in FTS

The catalytic data for the FTS catalyst developed in this study is shown in Table 4. The entire
quantity of CO was converted into hydrocarbons because of the low flow rate applied, which aimed
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at high CO conversion and high catalyst activity. The activity of the 20% Co/SBA-15 catalyst was
higher than that of other catalysts tested previously by our group. Those catalysts usually had a
conversion rate of 30% to 60% under the same reaction conditions [7, 12, 26, 35, 36]. The conversion
observed here was higher than that obtained when small differential tubular reactors were used
because the catalyst used had a higher mass. The reactor configuration allowed gas recirculation
through the slurry containing the catalyst.

Table 4 The catalytic test of the 20% Co/SBA-15 catalyst.

Temperature Pressure  H,:CO C C-C Cs-Co Cio+

(°C) (MPa) (mol/mol) (% wt) (% wt) (% wt) (% wt)
240 2.0 1.0 6.4 £0.3 32.7+3.3 46.6 £9.3 143 +2.9
240 3.0 1.0 6.9 £0.3 35.2£3.5 43.0 8.6 15.0+3.0
255 2.5 1.0 8.110.4 37.313.7 445 8.9 10.1 +2.0
270 2.0 1.0 23.1+1.1 38.7 4.0 32.8 6.6 54+1.1
270 3.0 1.0 20.0£1.0 42.0+4.1 34.146.8 3.910.8
240 2.0 2.0 27.4+1.4 37.313.7 25.515.1 9.712.0
240 3.0 2.0 64.0 £3.2 29.9 £3.0 4.8 +1.0 1.4£0.3
255 2.5 2.0 60.7 £3.0 27.5+2.7 8.6+1.7 3.1+0.6
270 2.0 2.0 65.0 £3.2 29.3+2.9 3.910.8 1.8+0.4
270 3.0 2.0 62.4 £3.1 29.8 £3.0 4.6+1.0 3.1+0.6

The distribution of the product depended on the reaction conditions, especially the ratio of
hydrogen to carbon monoxide. The Cs—Co hydrocarbons were the main products of FTS on the 20%
Co/SBA-15 catalyst when the reaction was conducted at a low H,:CO molar ratio (1.0) and low
temperature (£255°C). When the molar ratio increased to 2.0, the main product formed was
methane, except for when the reaction was conducted at 240°C and 2.0 MPa, in which case the
main product was the C,-C4 fraction.

The catalyst produced more C°* hydrocarbons at low temperatures (240°C) and low pressures
(2.0 MPa). The amount of C'°* hydrocarbons was higher at a low H,:CO ratio because lower
hydrogen concentration was present in the reaction media, which corroborated with the role of
hydrogen as a reactant and a chain transfer agent.

A reduction in the C>* content and a significant increase in methane were observed when the
H,:CO ratio, temperature, and pressure increased. In such cases, the reduction of the hydrocarbon
chain length was associated with an increase in hydrogen concentration and reaction temperature.
Under such conditions, the chain transfer reaction, which halts the propagation of CH; units,
increased, resulting in the formation of hydrocarbons with low molecular weight.

A significant reduction in methane and selectivity toward C>* products displayed by the catalyst
confirmed the role of SBA as support for providing suitable catalytic activity and high selectivity to
the Co-based catalyst. The performance of the catalyst in producing heavy hydrocarbons (C'%*)
might be related to the higher surface area and mean pore diameter of the catalyst, which can
further enhance the growth of the hydrocarbon chain.

A decrease in the ratio of H,:CO increased the fraction of olefins and branched-chain paraffin
(Table 5). The termination of hydrocarbon chains to olefins was independent of the concentration
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of hydrogen. In contrast, the termination of hydrocarbon chains to paraffin was directly related to
the hydrogen concentration in the active site of the catalyst [22]. As the concentration of hydrogen
decreased, the termination to olefins increased proportionally, producing more olefins. The
readsorption of olefins, followed by termination to paraffin, produced branched-chain paraffin [37].
Since more olefins were generated in hydrogen-poor media, more branched-chain paraffin was
produced in our experiment.

Table 5 The characteristics of the liquid product (Cs.).

Temperature Pressure H,:CO Branched Olefins
(°C) (MPa) (mol/mol) Paraffins (%) (%)

240 2.0 1.0 14.4+2.9 14.0 £2.8
240 3.0 1.0 12.6 £2.5 13.6 £2.7
255 2.5 1.0 13.0£2.6 11.4 £2.3
270 2.0 1.0 11.1+2.2 10.2 £2.0
270 3.0 1.0 13.0£2.6 10.5+2.1
240 2.0 2.0 9.2+1.8 12.7 £2.5
240 3.0 2.0 6.0 £1.2 10.0 £2.0
255 2.5 2.0 8.6 1.7 8.6 1.7
270 2.0 2.0 7.7 £1.5 9.2+1.8
270 3.0 2.0 8.4 +1.7 8.411.6

The FTS conducted in the slurry reactor showed a good selectivity of C>* hydrocarbons (60.9
19.3%), higher olefin production (14.0 £2.8%), and lower methane formation (6.4 £0.3%) compared
to the FTS conducted in tubular reactors under similar operating conditions and using the same
catalyst. The FTS showed 75.9% C>* hydrocarbons in tubular reactors, 0.4% olefin, and 16.9%
methane (w/w) [9]. Another study on 20% Co/SBA-15 catalyst [38] in tubular reactors also showed
similar C°* selectivity (64.7%) and olefin production (10.5%).

High methane selectivity was reported for low-loaded Co catalysts with high dispersion and low
reducibility [39]. Unreduced cobalt oxides catalyze the water-gas-shift (WGS) reaction favoring
hydrogenation reactions, which is the primary cause of high methane selectivity. The catalyst
studied here was not active for the WGS reaction and showed low selectivity for methane, indicating
that it contained low levels of unreduced cobalt oxides.

The comparison of the 20% Co/SBA-15 catalyst with other cobalt catalysts used in other studies
showed that the catalyst reported here was productive at low temperatures and a low molar ratio
of hydrogen to carbon. The 15% Co/SiO> catalyst reported by Shiba et al. [40] showed higher C>*
selectivity (75%) but also had higher CHa selectivity (18%), indicating a narrower hydrocarbon
distribution than the 20% Co/SBA-15 catalyst. The Ru-promoted 15% Co/SiO> catalyst, also reported
by Shiba et al. [40], performed better and showed higher C>* selectivity (90%) and a broader
distribution of hydrocarbons.

The Mo-promoted and Pt-promoted Co/TiO; catalyst reported by Gahtori et al. [41] showed
similar C>* selectivity (62%) compared to the 20% Co/SBA-15 catalyst only at lower temperatures
(<180°C) but at the expense of very low carbon monoxide conversion (20%). The cobalt-based
mesoporous catalyst developed by Oliveira et al. [42] showed better C°* selectivity (81%) than the
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20% Co/SBA-15 catalyst at similar operating conditions (210°C, 1.0 H,:CO ratio). Similar to the 20%
Co/SBA-15 catalyst, the cobalt-based mesoporous catalyst showed a substantial decrease in
performance at high temperatures and a high H,:CO molar ratio.

3.5 Reaction Mechanism and Modeling

The kinetic parameters estimated for the FTS oligomerization reaction are shown in Table 6. The
dual mechanism model was well-fitted to the experimental data, as shown in Figure 6.

Table 6 The kinetic parameters for the FTS oligomerization based on the dual

mechanism model

Pre-exponential

Parameter coefficient Activation Energy (J/mol)
Methylene formation (mol.MPa=F52 h1) kets1 2.32x 1072 1.37
Reaction exponent (adm) ketsz2 O --

CO adsorption coefficient (MPa™) kerss  6.43 x 1072 2.43
H2 adsorption coefficient (MPa™) ketsa  3.93x 107! 3.31
Alkyl mechanism

Initiation (h.MPa=%>.mol™) ki 2.75 x 10° 11.10
Propagation (h.mol™) kp 1.31x 107! 5.62
Termination to paraffin (mol.MPa=>.h7%) kpar  7.37x107° 1.58
Termination to olefin (mol.h™) Kolef 1.11x10™* 4.96
Termination to methane (mol.MPa™@>.h™)  kmet 3.61x 1072 2.55
Termination to ethane (mol.MPa=>.h™) Ket 5.62 x 107® 2.74
Alkenyl mechanism

Initiation (h.mol™) ki2 1.96 x 102 4.96
Propagation (h.mol™) Kp2 9.50 x 10? 2.28
Termination to olefin (mol.MPa=0°.h?) Kolerz 1.11x 107 20.29
Adsorption of olefin (mol.MPa=>.h7) Kags  8.61x 1072 0.70
Termination to ethene (h.mol™) ket=  8.45 x 10’ 0.75
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Figure 6 Validation of the mathematical model and comparison between experimental
data and model prediction. (a and b) H:CO = 2:1, 20 atm, 240°C; (c and d) H,:CO = 1:1,
30 atm, 270°C; H,:CO = 1:1, 30 atm, 240°C.

The model was validated against data that were not presented to the model while conducting
parameter estimation. The R? of the predictions indicated that the model prediction of paraffin and
olefin products agreed with the experimental data within the 75% confidence level (Figure 6). The
proposed model showed better agreement with the experimental data, especially when the ASF
distribution theory failed to predict the distribution. More complex factors, such as the non-
uniformity of pore size and diameter that limit mass transfer, might allow the deviation between
the predicted model and the experimental data to be incorporated into the model.

The alkane (paraffin) content was significantly higher than the alkene content (olefins) from C;
to C11 except for in C,. This is because the amount of ethene is usually higher than that of ethane in
several Fischer-Tropsch applications. The catalyst predominantly used the alkyl mechanism,
indicated by the considerably higher initiation rate for the alkyl mechanism than the alkenyl
mechanism.
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Among olefins, the ethene content was substantially higher than the content of other alkenes
with a higher carbon number, which was also indicated by the higher formation rate of ethene than
the termination rate of olefin. The termination rates for olefin in both mechanisms were slightly
higher than the termination rate for paraffin, even though the concentration of alkanes was higher
than that of alkenes. The results of the analyzed model showed that this catalyst might be re-
adsorbing olefins and terminating them as paraffin, following a mechanism already established for
the cobalt-based catalyst.

4. Conclusions

The mesoporous SBA-15 support showed well-ordered hexagonal arrays of mesopores with a 2-
D hexagonal (P6 mm) mesostructure, which remained unchanged after incorporating the metal. The
20% Co/SBA-15 catalyst produced sufficient levels of C°* hydrocarbons at low temperatures (<255°C)
and a low H:CO molar ratio (1.0).

The operating conditions strongly influenced the performance of the catalyst, particularly
product distribution. The C°* content ranged from 6.2% to 60.9%, which was unfavorable since a
more stable performance was desired. The production of branched hydrocarbons and olefins was
slightly higher when the H,:CO ratio was 1.0.

The oligomerization model provided satisfactory predictions, although intraparticle mass
transfer limited the ability to make better predictions. However, evaluating the oligomerization
model parameters provided a better understanding of the reaction steps regarding where
improvements in the catalyst are required. The 20% Co/SBA-15 catalyst showed a high rate constant
for termination to methane and low activation energy for this reaction step, compared to the rate
constant and activation energy of the propagation step; this was the main problem with the catalyst.
Incorporating other metals that can diminish the rate constant for termination to methane might
enhance the effectiveness of the catalyst.
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