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Abstract: 

A series of cobalt-based catalysts were prepared using γ-Al2O3 as a support and cerium/zirconium 

mixed oxides as promoters, with varying Ce/Zr molar ratios. The 15Co/γ-Al2O3, 15Co/3Zr/γ-

Al2O3, 15Co/3Ce/γ-Al2O3 and 15Co/1.5Zr/1.5Ce/γ-Al2O3 were synthesized using the wet 

impregnation method. BET, TGA, FE-SEM, XRD, H2-TPR, and ICP techniques were used to 

determine the characteristics of the prepared catalysts. The findings showed that the catalyst 

(15Co/1.5Zr/1.5Ce/γ-Al2O3) with double promotion exceeded the performance of other catalysts, 

indicating notable synergistic effects. These effects are expected to play a crucial role in reducing 

side reactions that affect selectivity towards higher hydrocarbons. The 15Co/1.5Zr/1.5Ce/γ-

Al2O3 catalyst demonstrated enhanced stability and reduced degradation during prolonged 

operation, resulting in higher CO conversion and effective suppression of excessive carbon chain 

growth. All prepared catalysts were tested in a fixed-bed reactor under a pressure of 27 bar, a 

temperature of 220 °C, and an H2/CO ratio of 2. The results showed that the doubly-promoted 

catalyst achieved superior performance, with CO conversion, C5
+ selectivity, and yield reaching 

50.4 ± 1.5%, 82.3 ± 0.9%, and 41.5 ± 0.8%, respectively, compared to the other catalysts. In 

conclusion, these findings confirm the substantial influence of Zr and Ce promoters on the 

performance of Co-based catalysts during the Fischer-Tropsch synthesis reaction. 
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1. Introduction 

Fossil fuel resources are rapidly diminishing due to current 

levels of consumption [1]. There is growing interest in 

Fischer-Tropsch Synthesis (FTS), a process that converts 

syngas—a mixture of hydrogen and carbon monoxide 

sourced from natural gas, coal, and biomass—into liquid 

hydrocarbon fuels [2, 3]. FTS is a catalytic process that 

produces clean liquid fuels from syngas [4-6]. Also, FTS 

can be described as a polymerization process, wherein 

carbon-carbon bonds are created between carbon atoms 

originating from carbon monoxide, facilitated by hydrogen 

and a metal catalyst, with water produced as a byproduct 

[7, 8]. The fuels produced by the FTS process are of high 
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quality, characterized by low aromatic content and the 

absence of sulfur [9]. From both economic and 

environmental perspectives, converting natural gas into 

liquid hydrocarbons (Gas-To-Liquids (GTL)) is a viable 

strategy in the energy sector [10-12]. The synthesis gas 

employed in this technique consists of carbon monoxide 

and hydrogen, with specific ratios varying depending on 

the method and source of the gas [13, 14]. 

The activity and selectivity of CO hydrogenation catalysts 

in FTS are significantly influenced by critical parameters 

such as metal loading, preparation process, support type, 

and the use of promoters [15-18]. The metals in "group 

eight" show higher reactivity in carbon-carbon coupling 

reactions. Iron [19], ruthenium [20-22], cobalt [23-28], and 

nickel are more active than manganese and are considered 

the best alternatives for the FTS reaction. Certain transition 

metals, particularly Co, Fe, and Ru, have shown significant 

catalytic activity in the FTS process [29, 30]. Promoted 

cobalt catalysts are preferred for long-chain hydrocarbons 

derived from natural gas. However, cobalt catalysts are 

mainly used to produce straight-chain hydrocarbons [31]. 

γ-Alumina is commonly used as a support for Co catalysts 

due to its favorable mechanical properties. 

Cobalt-based catalysts offer several advantages over iron-

based systems, including higher activity per unit mass of 

metal, enhanced resistance to deactivation by water, lower 

activity for the competing Water-Gas Shift (WGS) 

reaction, and reduced formation of oxygenated byproducts 

[32]. However, the high cost and limited availability of 

ruthenium-based catalysts present significant challenges 

for their commercial application [32, 33]. As a result, 

researchers have investigated a range of heterogeneous 

catalysts, both supported and unsupported, such as Fe and 

Co catalysts promoted with Pt, Ru, Ir, Re, Ag, K, Cu, and 

Pd [34-39]. Additionally, researchers continue to pursue 

in-depth studies in this area, aiming to achieve higher and 

more stable syngas conversions in the FTS process. While 

Ru, Fe, and Co remain the most active metals for FTS, the 

considerable cost disparity poses a significant challenge, as 

Ru is approximately 225 times more expensive than Co 

[40-42]. The choice between Co and Fe is mainly 

determined by the quality of the syngas utilized, 

particularly when the syngas is produced from natural gas 

or methane, resulting in H2/CO ratios greater than 2.0 (> 

2.0) [43]. However, the cobalt catalyst is preferred due to 

its higher selectivity for hydrocarbons, lower WGS 

activity, and slower deactivation rates compared to the iron 

catalyst. Conversely, the Fe catalyst exhibits higher 

activity in the water-gas shift reaction, making it the 

preferred option for syngas obtained from coal or biomass 

with H2/CO ratios below 2.0 [44-46].  

Various researchers have achieved high α values ranging 

from 0.9 to 0.95 through higher potassium loadings. Janani 

et al. [47] examined the effectiveness of mixed metal 

catalysts composed of Co and Ce for the FTS of aliphatic 

hydrocarbons. Their results showed that the carbonyl-

based catalyst exhibited higher olefin selectivity (19–25%) 

and produced less methane (14%) compared to the 

dipicolinate catalyst (olefin selectivity: 15–16%, methane: 

20%). Jacobs et al. [48] investigated Co/Al2O3 catalysts 

promoted with varying amounts of Group 11 metals (Cu, 

Ag, Au), characterized them, and tested them in a FTS 

reaction. Their findings revealed that small amounts of 

such metals enhanced Co reducibility and improved the 

surface Co metal active site densities in the cases of Ag and 

Au. 

Moreover, alkali promoters significantly influence both the 

structure and catalytic performance of the catalyst. For 

instance, the alkali metals K, Rb, and Cs were more 

effective than Li and Na in facilitating shifts in the product 

distribution towards heavier hydrocarbons and olefins [49]. 

According to previous findings, potassium is commonly 

used as a promoter, with several advantages, including its 

lower cost compared to other Group I alkalis [50]. 

Potassium has been demonstrated to improve CO 

adsorption while reducing H2 adsorption [51]. 

According to Khodakov's [52] findings, cobalt-supported 

catalysts are the optimal choice for producing long-chained 

hydrocarbons from syngas with a high H2/CO ratio. His 

research identified the impact of several factors, such as the 

composition of cobalt phases, the size of cobalt particles, 

the texture of the catalyst support, the variety of support 

materials, and the presence of noble metals, on the rates of 

FTS reactions, the selectivity of hydrocarbon production, 

and the stability of the catalyst. Furthermore, he 

investigated potential catalyst deactivation processes and 

the alteration of cobalt active sites during the reaction. The 

study also examined the impact of catalyst synthesis, using 

either hydrogen or carbon monoxide pretreatment, on the 

activity and selectivity of a cobalt-based ZnO catalyst (10 

wt%-Co/ZnO) during the FTS reaction in a fixed-bed 

reactor. Their results demonstrated that hydrogen-

pretreated cobalt surfaces showed higher activity, leading 

to greater methane and olefin selectivity compared to 

carbon monoxide-pretreated catalysts [53]. Cobalt-based 

FTS catalysts are crucial to the GTL process. However, due 

to the high cost of cobalt and noble metals, which are often 

employed as promoters, extending catalyst lifespan is 

essential to ensure the process remains economically 

viable. Extensive research has been conducted on oxidation 

as a potential deactivation mechanism of FTS catalysts 

[54]. One study demonstrated that oxidation is not a 

significant deactivation mechanism during FTS for 

supported Co catalysts with crystallite sizes above 2 nm. 

Saib et al. [54] offered recommendations for extending 

catalyst lifespan and preventing deactivation. To reduce 

catalyst costs in FTS applications, zirconium (Zr) is a 

promising promoter due to its ability to enhance catalyst 

activity via CO dissociation, promote CO reduction [55], 

and increase hydrocarbon selectivity [51]. Recent studies 
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by Choodari et al. [56] explored FTS using Zr-K on iron-

based catalysts. They synthesized various combinations of 

Zr, K, and Fe for FTS under different operating conditions. 

However, the use of potassium as a promoter resulted in 

lower C5+ selectivity and CO conversion, attributed to 

issues such as coking, rapid structural changes, short-chain 

product formation, and high olefin selectivity. In their 

report, the C5+ selectivity and CO conversion were 64.2% 

and 67.7%, respectively. For iron-based catalysts activated 

at high temperatures (above 380°C), many efforts have 

focused on reducing the activation temperature for the FTS 

reaction. Catalysts activated at higher temperatures face 

challenges, including temperature runaway and coking, 

during the reaction [57]. Therefore, challenges remain in 

catalyst preparation, particularly in synthesizing new 

catalysts with lower activation temperatures, higher yields, 

and improved stability. 

Few studies have reported FTS using Co/Ce/Zr catalysts 

[58-60] under various catalyst preparation and operating 

conditions, but challenges remain in this area. The current 

study focused on a Co/γ-Al2O3 catalyst (referred to as Co-

Al) for the FTS reaction. Zirconium and cerium were 

employed as promoters to enhance the catalyst's 

performance.  

Different promoter loadings were applied to synthesize 

FTS catalysts. In this research, four types of catalysts were 

synthesized using the wet impregnation method, and 

characterization tests were conducted to determine the 

properties of the FTS catalysts. The structure of the 

catalysts was analyzed using X-ray Diffraction (XRD). 

Additionally, the Brunauer Emmet-Teller (BET) test was 

performed for surface area measurements, Scanning 

Electron Microscope (SEM) for visual observation of 

morphology, and Hydrogen Temperature-Programmed 

Reduction (H2-TPR) to define the reducibility and 

reduction behavior of the catalysts. Finally, a reactor test 

was conducted to evaluate the production quality and 

stability of the catalysts. 

2. Materials and Methods 

2.1. Materials 

All materials were utilized in their original form: γ-alumina 

(Sigma-Aldrich, 99.99%), Cobalt (II) nitrate (Co 

(NO3)2.6H2O, Sigma-Aldrich, 99%), Zirconium (IV) 

nitrate (Zr (NO3)4.4H2O, Sigma-Aldrich, 99%), Cerium 

(III) nitrate (Ce (NO3)3.6H2O, Sigma-Aldrich, 99%). The 

deionized water was applied for catalyst synthesis. 

2.2. Catalyst synthesis 

The wet impregnation method was used to synthesize four 

types of cobalt-based catalysts, following these procedures. 

First, γ-alumina extrusions were milled using a Retsch 

Planetary Ball Mill (PM 200) to produce a powder. Then, 

the appropriate amounts of Co (NO3)2·6H2O and Zr 

(NO3)4·4H2O were dissolved in deionized water under 

stirring and heated to 100 °C. These solutions were then 

added to the γ-alumina support. In addition, the desired 

amount of Ce (NO3)3·6H2O was added to the mixture. 

Following impregnation, the samples were subjected to a 

drying step at 120 °C for 24 h to ensure the removal of 

residual moisture. Subsequently, calcination was carried 

out at 400 °C for 3 h in the presence of air to activate the 

catalysts and stabilize their structures. 

2.3. Catalysts characterization 

In this study, various analytical techniques were employed 

to comprehensively characterize the catalysts used in the 

FTS. The fresh catalyst's XRD pattern was generated using 

an X-ray diffractometer (Philips PW1840) equipped with 

monochromatized Cu (Kα) radiation. The γ-alumina and 

cobalt oxide phases were identified by comparing their 

diffraction patterns to standard patterns in the XRD library.  

Additionally, the crystallite size of cobalt and the support 

was calculated and reported using the Scherrer equation 

(Eq. 1): 

𝐷 =
𝐾𝜆

𝛽 𝑐𝑜𝑠 𝜃
 (1) 

In this equation, D, K, λ, β, and θ represent the following: 

D is crystallite size, expressed in the same unit as λ, 

typically in angstroms (Å) or nanometers (nm). K is shape 

factor, a dimensionless constant. λ is wavelength of the 

Kα1 radiation from the X-ray source used in the XRD 

measurement. Β is Full Width at Half Maximum (FWHM) 

of the diffraction peak, which must be converted to radians 

before applying the equation. And θ is position of the 

diffraction peak on the horizontal axis of the diffraction 

pattern. If the horizontal axis is 2θ, the value should be 

divided by two to obtain θ. 

Thermo-gravimetric Analysis (TGA) was employed to 

measure the mass change of the synthesized catalyst as a 

function of temperature or time under a controlled 

atmosphere. The analysis was conducted using a Mettler 

Toledo TGA/SDTA 851e instrument, with nitrogen (N2) as 

the inert gas. 

N2 adsorption isotherms were utilized to determine the 

surface areas using the BET method (Micrometrics TriStar 

II, FL, USA). The pore volume, BET surface area, and 

average pore size of the catalyst were measured using N2 

physisorption on a Micrometrics ASAP 3020 automated 

system. The procedure involved degassing 0.5 g of the 

catalyst initially at 100 °C for one hour, followed by further 

degassing at 300 °C for two hours prior to analysis. 

The morphology of the catalysts and their precursors was 

analyzed using a field-emission scanning electron 

microscope (FE-SEM Mira3 Tescan). 

H2-TPR was employed to evaluate the reduction 

temperatures of the promoted catalysts, using a 

Micrometrics TPD-TPR 290 system to capture their H2-

TPR profiles after calcination. The analysis involved using 
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50 mg of each sample in a gas mixture of 95% argon and 

5% hydrogen, heated from 0 to 800 °C at a rate of 10 

°C/min. Additionally, a Perkin Elmer Optima 8000 DV 

ICP (Inductively Coupled Plasma) analyzer was utilized to 

assess the elemental composition of the catalysts. 

2.4. Catalyst reactor test 

Fig. 1 illustrates a fixed-bed reactor used for conducting a 

catalytic reaction. This reactor comprises a stainless-steel 

tube with a 0.96 cm inner diameter and a length of 72 cm. 

The reactor pressure and inlet gas flow rate were adjusted 

using a pressure controller and a digital mass flow 

controller. Heat for the reaction was supplied by a heating 

salt bath equipped with temperature indicators and 

controllers. In each experimental run, 2 g of the catalyst 

was placed in the middle of the reactor before initiating the 

reaction. The catalyst bed measured 2.5 cm in long, and the 

reactor was operated under a continuous flow of H2 at 400 

°C and atmospheric pressure for 16 h. Subsequently, the 

catalyst was evaluated under a synthesis gas stream with an 

H2/CO molar ratio of 2 and a Gas Hourly Space Velocity 

(GHSV) of L·h⁻¹·gCat⁻¹ over a period of 70 h. The reaction 

temperature was gradually increased from 210 °C to 

230 °C, while maintaining a constant pressure of 27 bar. 

The optimum operating temperature was determined to be 

220 °C, as it yielded the most favorable product 

distribution during the FTS reaction. The reaction effluent 

flowed through both hot and cold traps, with the gas stream 

from the top directed to an online gas chromatograph (GC-

Agilent 7890A) for analysis [61]. A flow diagram of the 

catalyst test system is provided in Fig. 1. Throughout the 

reaction process, product samples from the hot and cold 

traps were collected every 24 h [62]. The hot trap captured 

heavy hydrocarbon products, while the cold trap collected 

light hydrocarbon products. Unreacted feed gases were 

processed through a back-pressure regulator before 

analysis using a GC instrument equipped with a Flame 

Ionization Detector (FID) and two Thermal Conductivity 

Detectors (TCDs) to measure H2, CH4, CO, CO2, and other 

non-condensable gases, as illustrated in Fig. 1. All 

experiments were conducted in triplicate, and the data are 

presented as the mean ± standard deviation (SD). 

 

Figure. 1. Schematic of catalyst test system. 

3. Result and discussion 

3.1. XRD 

Fig. 2 presents the XRD patterns of the synthesized 

materials with a loading of 15.0 wt%. The XRD patterns 

indicate the formation of dispersed Co3O4 crystals on the 

γ-alumina support, demonstrating a robust interaction 

between these two phases. Additionally, the γ-alumina 

support maintained its stability during the calcination 

process.  

The introduction of Ce and Zr promoters did not markedly 

alter the XRD patterns, suggesting that these promoters 

were likely integrated into the Co3O4 structure rather than 

forming distinct phases.  

In addition to the diffraction peaks corresponding to the 

cubic phase of Co3O4, the XRD patterns exhibited features 

suggesting the potential existence of CoAl2O4. Under 

certain experimental conditions, it is possible that the XRD 

patterns for these phases cannot be differentiated. The 

peaks observed at 2θ= 45.7 ° and 67 ° in the patterns can 

be attributed to γ-Al2O3. The current results align with 

previous studies [58, 59]. On the other hand, the peaks 

observed at 31.4 °, 36.9 °, 45.0 °, 59.5 °, and 65.5 ° were 

identified as belonging to the Co3O4 phase, which was 

present in all of the catalysts. The lack of detected Zr in the 

catalysts may be attributed to its high dispersion or low 
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concentration.  

Similarly, Ce phases were not observed, potentially 

because Zr atoms were uniformly distributed over the 

support, had a relatively low concentration in the catalysts, 

or were incorporated into the Co3O4 lattice [58]. Overall, 

it appears that the addition of Zr and Ce, followed by air-

drying treatment, did not significantly impact the 

crystalline phases of the catalysts. 

 

Figure. 2. XRD patterns of the catalysts A) 15Co/γ-Al2O3, B) 15Co/3Zr/γ-Al2O3, C) 15Co/3Ce/γ-Al2O3, D) 15Co/1.5Zr/1.5Ce/γ-Al2O3. 

The crystallite sizes of Co3O4 and Al2O3 in the materials 

synthesized using commercial γ-Al2O3 were estimated 

based on the broadening of diffraction peaks in the XRD 

pattern. The results indicate that the incorporation of Ce 

into the alumina support promotes the growth of Co3O4 

crystallites, increasing their size from 10.3 nm in 15Co/ γ-

Al2O3 to 11.7 nm in 15Co/3Ce/γ-Al2O3, as reported in 

Table 1. 

Table 1. Average crystallite size of Co3O4, and Al2O3 

estimated from Scherrer equation. 

XRD Catalysts 

d(Al2O3) 

(nm) 

d (Co3O4) 

(nm) 
 

15.8 10.3 15Co/γ-Al2O3 

9.8 11.1 15Co/3Zr/γ-Al2O3 

8.6 11.7 15Co/3Ce/γ-Al2O3 

6.4 11.3 
15Co/1.5Zr/1.5Ce/γ-

Al2O3 

3.2. TGA 

The TGA profile of the 15Co/γ-Al2O3, 15Co/3Zr/γ-Al2O3, 

15Co/3Ce/γ-Al2O3, and 15Co/1.5Zr/1.5Ce/γ-Al2O3 

catalyst under an N2 atmosphere provides valuable insights 

into the thermal behavior, stability, and precursor 

decomposition of the Fischer-Tropsch catalyst, as 

presented in Fig. 3 and Table 2. The data indicate that the 

catalyst exhibits high thermal stability, making it suitable 

for high-temperature FTS applications. Optimizing the 

calcination temperature (~400 °C) is critical for ensuring 

complete precursor decomposition while maintaining the 

desired cobalt oxide phase for subsequent reduction and 

catalytic performance.  

The initial weight loss in the temperature range of 50–200 

°C corresponds to the removal of physically adsorbed 

moisture and volatile species. The Co/γ-Al2O3 catalyst 

exhibited the highest mass loss of 12 ± 2.1%, indicating a 

greater extent of water adsorption due to the porous nature 

of the alumina support. The incorporation of Zr and Ce 

reduced the moisture loss, as observed in the Co-Zr/γ-

Al2O3 and Co-Zr-Ce/γ-Al2O3 catalysts, which exhibited a 

lower weight loss of 8%. The Co-Ce/γ-Al2O3 system, 

however, showed a slightly higher loss of 9%, suggesting 

that Ce enhances surface hydroxylation, leading to 

increased water retention. Between 200 and 400 °C, the 

most significant weight loss occurred, corresponding to the 

thermal decomposition of precursor nitrates and the 

formation of metal oxides. The Co/γ-Al2O3 catalyst 

exhibited the highest weight loss of 23%, reflecting the 

complete decomposition of cobalt nitrate and the formation 

of Co3O4. The presence of Zr and Ce reduced the 

decomposition extent, as observed in the Co-Zr/γ-Al2O3 

and Co-Ce/γ-Al2O3 catalysts, which exhibited weight 

losses of 17%. The lowest weight loss in this range was 

observed for the Co-Zr-Ce/γ-Al2O3 catalyst (16%), 

indicating that the combined effect of Zr and Ce enhances 

precursor stability and delays the onset of thermal 

decomposition.  

https://doi.org/10.57647/j.ijic.2025.1603.13


2228-5970 [https://doi.org/10.57647/j.ijic.2025.1603.13] 

6/17  IJIC16 (2025) -162503                                                                                                                        Sadeghi Nikou et al.  

 

 

Figure. 3. TGA pattern of catalysts: A) 15Co/γ-Al2O3, B) 15Co/3Zr/γ-Al2O3, C) 15Co/3Ce/γ-Al2O3, D) 15Co/1.5Zr/1.5Ce/γ-Al2O3. 

The temperature range of 400–500 °C corresponds to 

the phase transition of metal oxides, particularly the 

reduction of Co3O4 to CoO and the stabilization of ZrO2 

and CeO2. In this range, all catalysts exhibited similar 

weight loss behavior, with values ranging between 5–6%. 

The slightly higher weight loss observed in the Co-Ce/γ-

Al2O3 and Co-Zr-Ce/γ-Al2O3 catalysts (6%) suggests that 

Ce plays a role in structural reorganization during oxide 

formation. At temperatures exceeding 500 °C, there was 

minimal weight loss, which indicates that the catalysts 

stabilized in their final oxide forms. The Co/γ-Al2O3 

catalyst had the lowest residual mass (56.24%), confirming 

that γ-Al2O3 alone does not provide significant thermal 

stability at high temperatures. The incorporation of Zr 

significantly improved stability, as evidenced by the Co-

Zr/γ-Al2O3 catalyst, which exhibited the highest final 

residual mass of 63.09%. The Co-Ce/γ-Al2O3 catalyst 

exhibited a slightly lower final residual mass of 60.82%, 

indicating that Ce improves thermal resistance but is less 

effective than Zr in stabilizing the catalyst structure. The 

Co-Zr-Ce/γ-Al2O3 catalyst showed a final residual mass of 

61.99%, demonstrating a synergistic effect between Zr and 

Ce in improving the high-temperature stability of the 

catalyst. Overall, the comparative analysis reveals that the 

monometallic Co/γ-Al2O3 catalyst undergoes the most 

significant decomposition and has the lowest thermal 

stability, making it less suitable for high-temperature 

catalytic applications. Zr enhances precursor stability and 

high-temperature resistance, with Co-Zr/γ-Al2O3 

demonstrating the highest residual mass. The incorporation 

of Ce influences both moisture adsorption and phase 

transformation behavior, as observed in the Co-Ce/γ-Al2O3 

catalyst. The Co-Zr-Ce/γ-Al2O3 system exhibits an optimal 

balance between precursor decomposition stability and 

high-temperature structural retention, making it a 

promising candidate for FTS process. The results show that 

the selection of promoters significantly influences the 

thermal behavior of the catalyst, with Zr and Ce 

collectively improving both precursor stability and thermal 

resistance at high temperatures. 
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Table 2. TGA results for the catalysts: A) 15Co/γ- Al2O3, B) 15Co/3Zr/γ- Al2O3, C) 15Co/3Ce/γ- Al2O3, and D) 15Co/1.5Zr/1.5Ce/γ- Al2O3. 

Catalyst 
Moisture loss % 

(50-200℃) 

Precursor 

decomposition% 

(200-400℃) 

Phase transition 

% (400-500℃) 

Stabilization and 

residual loss % 

(500-650℃) 

Final 

residual 

mass % 

15Co/γ-Al2O3 12.0 23.0 5.0 3.76 56.24 

15Co/3Zr/γ-Al2O3 8.0 17.0 5.0 6.91 63.09 

15Co/3Ce/γ-Al2O3 9.0 17.0 6.0 7.18 60.82 

15Co/1.5Zr/1.5Ce/γ-Al2O3 8.0 16.0 6.0 8.0 61.99 

 

3.3. H2-TPR 

 

The reducibility and reduction behavior of the catalysts 

were analyzed through H2-TPR tests, with the results 

displayed in Fig. 4. Indeed, cerium serves as a catalyst in 

the reduction process, enabling the movement of electrons 

and facilitating their transfer from the reducing agent to the 

Co3O4 surface. This procedure is essential in catalytic 

applications because it improves the selectivity and 

efficiency of the catalyst. The reduction behavior of 

catalyst samples, which included varying amounts of Zr 

and Ce, was evaluated using H2-TPR analysis. Fig. 3 

reveals distinct reduction peaks for Co/γ-Al2O3 at different 

temperature ranges: <200°C, 200–650°C, and >650°C. The 

first peak corresponds to the reduction of Co3O4 to CoO, 

while the broader peak at higher temperatures indicates the 

further reduction of CoO to metallic cobalt (Co). These 

distinct peaks at different temperatures suggest 

associations between the metal and the support in each 

catalyst. Additionally, a minor peak below 300°C is 

observed, likely arising from the reductive decomposition 

of residual Co (NO3)2 on the catalysts. Moreover, some 

catalysts show broad peaks in the second reduction step, 

indicating different degrees of interaction between cobalt 

and the support. It is also possible that cobalt aluminate 

may be present, which typically reduces at temperatures 

above 1000°C.  Among the examined catalysts, catalyst D 

exhibited the most pronounced reduction behavior, as 

evidenced by its distinct reduction peaks and interaction 

characteristics. By comparing the current results with 

previous studies [56, 57, 63] on the iron-based catalyst, it 

was demonstrated that the cobalt-based catalyst is activated 

at a lower temperature, thus preventing temperature 

runaway and coking issues during the reaction. 

 

Figure. 4. H2-TPR patterns of the catalysts A) 15Co/γ- Al2O3, B) 15Co/3Zr/γ- Al2O3, C) 15Co/3Ce/γ- Al2O3, D) 15Co/1.5Zr/1.5Ce/γ- Al2O3. 

Fig. 5 illustrates the reduction of the cobalt catalyst in two 

distinct stages of the reduction process. The first peak 

corresponds to the reduction of Co3O4 to CoO, while the 

second peak is associated with the subsequent reduction of 

CoO to metallic cobalt (Co). A small peak observed at 200–

300℃, preceding the two main peaks, is attributed to 

residual metal nitrate salts that were not fully converted 

into metal oxides during the calcination stage. 

Consequently, the reduction of Co3O4 to CoO shifts to 

higher temperatures when the catalyst contains Zr and Ce. 
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The area under the curve represents the volume of 

hydrogen uptake, which directly correlates with the 

reduction process. A lower reduction temperature and 

increased hydrogen uptake indicate enhanced reducibility. 

As evidenced by the TPR profiles, the presence of 

promoters leads to a more pronounced decrease in 

reduction temperatures. These findings confirm that 

promoted catalysts achieve a higher degree of reduction. 

Since the reduction of Co3O4 to Co is a critical step in this 

process, the introduction of promoters can influence the 

temperature at which this transformation occurs. A shift to 

higher temperatures may indicate reduced catalyst 

reducibility, which could potentially affect its overall 

activity. 

 

Figure. 5. H2-TPR profile of catalysts: A) 15Co/γ-Al2O3, B) 15Co/3Zr/γ-Al2O3, C) 15Co/3Ce/γ-Al2O3, D) 15Co/1.5Zr/1.5Ce/γ-Al2O3. 

Table 3 presents the quantitative data on hydrogen 

consumption by the catalysts. The lowest hydrogen 

consumption was noted for the Co/γ-Al2O3 catalyst. These 

findings indicate that the presence of the promoter helps to 

increase hydrogen uptake. The Co/Ce/Zr/γ-Al2O3 catalyst 

showed the highest hydrogen consumption. This suggests 

that the addition of Zr and Ce to the catalyst improved the 

distribution of the Co3O4 phase, thereby enhancing the 

hydrogen spillover effect. This effect occurs when 

hydrogen molecules dissociate on a catalyst's surface and 

move to adjacent sites, reacting with other molecules, 

which increases the number of active sites for catalytic 

reactions. Consequently, the catalysts containing 1.5%Zr 

and 1.5%Ce are presumed to exhibit superior catalytic 

activity due to better dispersion of the Co3O4 phase, 

facilitating more effective hydrogen spillover. This process 

leads to enhanced nucleation and more efficient surface 

oxide reduction. 

Table 3. H2-TPR results of the catalysts A) 15Co/γ-Al2O3, B)  

15Co/3Zr/γ-Al2O3, C) 15Co/3Ce/γ-Al2O3, D) 15Co/1.5Zr/1.5Ce/γ-Al2O3. 

Catalysts 
Temperature  

peak (°C) 
H2/g (mmol) 

Total H2  

consumption (mmol) 

A 
347.6 

704.4 

1.23 

1.84 

0.04 

0.06 

B 
339.9 

706.1 

1.37 

1.65 

0.05 

0.06 

C 
357.3 

704.5 

1.19 

2.38 

0.04 

0.08 

D 
345.8 

640.5 

1.56 

2.82 

0.05 

0.09 
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3.4. N2 Physiosorption 

Table 4 presents the surface area, average pore diameter, 

and pore volume of the promoters and cobalt catalysts. The 

results clearly indicate that the BET surface area of the 

support is 217.1 m2/g, which decreases to 147.1 m2/g for 

the 5Co/γ-Al2O3 catalyst. However, a slight increase was 

observed when the catalyst was promoted with 3 wt% Zr 

and Ce, while the pore size slightly decreased. This 

reduction in pore size can be attributed to the presence of 

Co3O4 clusters, which may cause pore blockage. The 

decrease in specific surface area, pore size, and pore 

volume of the catalysts after metal loading indicates that 

Co and Ce are well mixed with the porous structure of the 

catalysts. Pardo et al. [59] reported a similar pattern of 

partial coverage of the mesopores by Ce species on the γ-

Al2O3 support. However, the catalysts' pore volume and 

specific surface area decreased compared to Co3O4, which 

aligns with previous studies. Including Zr and Ce 

promoters noticeably impacts the surface area and pore 

volume. The impregnation of cobalt and promoters slightly 

reduces the pore size in the 15Co/3Zr/γ-Al2O3 and 

15Co/3Ce/γ-Al2O3 catalysts, while the pore volume 

remains unchanged. This suggests that some cobalt species 

and promoters entered the pores of the supports and 

blocked them, resulting in a decrease in available surface 

area and pore volume [7, 58, 60]. Furthermore, the 

incorporation of 3 wt% Zr, 3 wt% Ce, or a combination of 

1.5 wt% Zr and 1 wt% Ce led to a decrease in surface area, 

which is likely attributable to a synergistic interaction 

between the dopants. 

Table 4. BET, pore volume, and pore size of the support and the cobalt-

based catalysts before reaction: A) 15Co/γ- Al2O3, B) 15Co/3Zr/γ- 

Al2O3, C) 15Co/3Ce/γ- Al2O3, D) 15Co/1.5Zr/1.5Ce/γ- Al2O3. 

Catalysts & 

Support 

BET 

(m2/g) 

Pore 

volume 

(cm3/g) 

Pore size 

(nm) 

γ-Al2O3 217.1 0.512 9.54 

A 147.1 0.443 12.00 

B 155.4 0.454 11.60 

C 155.4 0.448 11.51 

D 149.4 0.449 12.01 

The significant decrease in BET surface area after the FTS 

reaction can be attributed to a combination of factors that 

affect the catalyst structure during operation that was 

presented in Table 5. High reaction temperatures and 

prolonged reaction times can lead to sintering of the active 

cobalt particles as well as the support, which results in the 

growth of particles and a consequent reduction in the 

available surface area. In addition, the reaction conditions 

may promote the formation of coke on the catalyst surface, 

effectively blocking the pores and further reducing the 

measurable surface area. This effect is observable across 

all four catalysts, although the extent of reduction exhibits 

slight variations depending on the specific promoter 

employed. For example, the catalyst promoted with cerium 

(15Co/3Ce/γ-Al2O3) shows a more pronounced decrease, 

suggesting that the presence of cerium might have 

influenced the extent of sintering or coking differently 

compared to zirconium or the unpromoted catalyst. 

Overall, these changes are typical for catalysts under harsh 

reaction conditions, where both physical sintering and 

chemical fouling contribute to the loss of surface area 

observed in the BET analysis after the test. 

Table 5. BET, pore volume, and pore size of the support and the cobalt-

based catalysts after reaction: A) 15Co/γ-Al2O3, B) 15Co/3Zr/γ-Al2O3, 

C) 15Co/3Ce/γ-Al2O3, D) 15Co/1.5Zr/1.5Ce/γ-Al2O3. 

Catalysts & Support 
BET 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

A 76.16 0.281 14.8 

B 97.13 0.340 14.0 

C 53.88 - - 

D 67.61 0.242 14.3 

 

In addition, Fig. 6 displays the adsorption and desorption 

isotherms of the catalysts at 77K, which are identified as 

type IV according to the Brunauer–Deming–Deming–

Teller (BDDT) classification, indicative of mesoporosity in 

all samples at high relative pressures (p/p0). Capillary 

condensation occurs in the p/p0 range of 0.6–0.8, 

confirming their mesoporous characteristics. 

3.5. Inductively Coupled Plasma (ICP) 

ICP analysis was conducted to verify the composition of 

elements in the catalysts. Table 6 shows that the 

compositions determined by ICP closely match those of the 

synthesis solutions. The results of this analysis align with 

theoretical expectations, indicating that the precursor salts 

Co(NO3)2⋅6H2O, Ce(NO3)3⋅6H2O, and Zr(NO3)4⋅4H2O, are 

completely reduced during the liquid phase of the co-

reduction process. 

Table 6. ICP analysis of the catalyst: A) 15Co/γ-Al2O3, B) 15Co/3Zr/γ-

Al2O3, C) 15Co/3Ce/γ-Al2O3, D) 15Co/1.5Zr/1.5Ce/γ-Al2O3. 

Catalyst Al (wt%) Co (wt%) Ce (wt% Zr (wt%) 

A 32.454 18.565 _ _ 

B 32.651 18.235 _ 4.325 

C 32.325 18.627 4.832 _ 

D 33.265 19.165 4.198 2.524 
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Figure. 6. N2 adsorption-desorption isotherms for the catalysts: A) 15Co/γ-Al2O3, B) 15Co/3Zr/γ-Al2O3, C) 15Co/3Ce/γ-Al2O3, D) 15Co/1.5Zr/1.5Ce/γ-

Al2O3 before and after reaction. 

SEM 

 

Fig. 7 presents typical SEM images of the catalysts. The 

size and morphology of the catalyst particles significantly 

influence their catalytic performance, affecting key factors 

such as surface area, pore accessibility, and active sites. 

The images reveal that the catalyst particles exhibit a 

distinctive structure, consisting of randomly crumpled and 

wrinkled sheets [64, 65]. The SEM images also show the 

catalyst pore diameter size range is between 5–18 nm. The 

corresponding mean pore diameter for the catalysts A, B, 

C and D are 13, 8.42, 12.21 and 7.96 nm, respectively. The 

decrease in mean pore size upon the addition of Zr and Ce 

promoters to the 15Co/γ-Al2O3 catalyst can be explained 

by several structural and physicochemical effects. One of 

the primary reasons for this reduction is the partial blocking 

of pores due to the deposition of Zr and Ce within the 

porous structure of γ-Al2O3. These promoters, when 

incorporated into the catalyst, tend to distribute over the 

surface or inside the pores, effectively reducing the overall 

pore volume and diameter. This phenomenon is 

particularly evident in the catalysts containing Zr, where 

the mean pore size decreases significantly from 13 nm in 

the unpromoted catalyst to 8.42 nm in the 15Co/3Zr/ γ-

Al2O3 sample and further to 7.63 nm in the 

15Co/1.5Zr/1.5Ce/γ-Al2O3 sample. The presence of Zr, 

therefore, plays a more pronounced role in narrowing the 

pores.  

Additionally, the formation of metal oxides, such as ZrO2 

and CeO2, contributes to this effect. These oxides tend to 

disperse finely over the γ-Al2O3 surface, filling the pore 

structure and effectively decreasing the average pore 

diameter. Since ZrO2 has a smaller particle size and higher 

dispersion capability than CeO2, it has a stronger impact on 

pore size reduction. This is reflected in the fact that the 

15Co/3Ce/γ-Al2O3 catalyst, exhibits a mean pore size of 

12.21 nm, which is closer to the unpromoted catalyst. The 

difference in pore size reduction between the Zr- and Ce-

containing samples suggests that Zr is more effective at 

modifying the porosity of the support material.  Moreover, 

the incorporation of Zr and Ce enhances the metal-support 

interaction, which leads to better dispersion of cobalt 

particles. This strong interaction, particularly in Zr-

containing catalysts, facilitates the formation of Co-O-Zr 

and Co-O-Ce bonds, which in turn contribute to the 

narrowing of the pores by stabilizing smaller metal 

particles within the support. The presence of these 

promoters may also cause slight structural rearrangements 

within the alumina framework, leading to a contraction of 

pore dimensions. This effect is more pronounced in the 

15Co/1.5Zr/1.5Ce/γ-Al2O3 catalyst, where the 

combination of both promoters results in the most 

significant reduction in pore size. Our findings are in line 

with previous studies [59, 66]. 
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Figure. 7. SEM images of the catalysts A) 15Co/γ-Al2O3, B) 15Co/3Zr/γ- Al2O3, C) 15Co/3Ce/γ- Al2O3, D) 15Co/1.5r/1.5Ce/γ- Al2O3. 

3.7. FTS performance 

 

A comparison between previous studies and the current 

work, as presented in Table 7, confirms that the synthesized 

catalysts' performance, including Fischer–Tropsch Yield 

(FTY) and selectivity, demonstrates remarkable 

improvements. The results indicate that the catalyst co-

promoted with Zr and Ce exhibited enhanced reduction 

behavior and superior reactor performance, as evidenced 

by a higher C5+ selectivity compared to the unpromoted 

catalyst. As a result of the metal-support interaction, the 

addition of promoters enhances the dispersion of active 

metals in FTS. Consequently, incorporating Zr and Ce into 

the cobalt-based catalyst led to a greater yield of 

hydrocarbons with higher molecular weights. These 

findings indicate that incorporating promoters into the 

catalysts enhances the chain growth reaction while limiting 

the hydrogenation reaction. 

The single-promoted catalyst exhibited the opposite effect. 

The C5
+ selectivity of the Zr/Ce-promoted catalyst was 

82.3 ± 0.9%, which was higher than that of the unpromoted 

catalyst. In addition, the 15Co/3Zr and 15Co/3Ce catalysts, 

which exhibit synergistic effects of the two promoters, 

achieved C5
+ yields of 77.5 ± 1.8% and 73.5 ± 1.8%, 

respectively. Based on empirical results, promoters like Zr 

accelerated C5+ selectivity and enhanced catalyst activity. 

These impacts can be attributed to two significant 

contributions: First, the presence of Zr-rich phases reduces 

the synthesis of Co/Al spinel compounds while increasing 

the availability of active Co sites. Second, acidic sites 

linked with Zr promote selectivity for longer-chain 

hydrocarbons [58]. This explains why catalyst B exhibits 

higher C5
+ selectivity compared to catalyst C. Our findings 

align with previous research [4, 56, 67, 68]. Additionally, 

Ce increases the oxygen storage capacity of the catalyst. 

The results indicate that catalysts with higher Ce loading 

presented lower selectivity toward long-chain hydrocarbon 

formation and increased selectivity toward CH4 and CO2. 

Comparing CO2 selectivity between catalysts B and C 

reveals that the CO2 selectivity of catalyst C (1.65%) is 

higher than that of catalyst B (1.16 %). On the other hand, 

the presence of CeO2 on the support surface enhances the 
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reducibility of cobalt oxides, lowering the reduction 

temperature by approximately 70 °C [60, 69, 70]. The 

olefin/paraffin (O/P) ratio for all catalysts ranged from 1.1 

to 2.4. 

Table 7. Comparison of product selectivity of the present study with previous works: A) 15Co/γ-Al2O3, B) 15Co-3Zr/γ-Al2O3, C) 15Co-3Ce/γ-Al2O3, D) 

15Co-1.5Zr-1.5Ce/γ-Al2O3). 

Catalysts 

P 

(bar) 

T 

(°C) 
H2/CO 

GHSV 

(L.h-1. g Cat-

1) 

C1 
C2-

C4 
C5

+ CO2 
CO Conversion 

(%) 
Ref. 

Co/Al2O3 19 225 2 0.64 16.1 16.4 67.6 - 58.4 [7] 

Co/Al2O3/Ba 19 225 2 0.64 14.8 12.3 72.9 - 57.1 [7] 

Co/MCM 9 199 2 1 33 35.6 31.4 - 4.8 [8] 

Co/SBA 9 199 2 1 21.1 23.9 55 - 17.7 [8] 

Co/SiO2 20 220 2 1.8 12.5 12.8 73.3 1.3 13.3 [72] 

Co/SiO2/Pt 20 220 2 1.8 9 10 80.4 0.6 30.5 [72] 

Co/SiO2/Ag 20 220 2 1.8 7.9 13.8 78.1 0.5 37.6 [72] 

Co/TiO2 20 220 2 6 6.5 11.3 81.9 0.3 29.8 [7] 

Co/TiO2/Pt 20 220 2 6 4.9 6.8 86.3 2 45.3 [7] 

Co/HZSM - 234 - 3.7 - 32.9 - 1.5 21.3 [7] 

Co/HZSM/Ru - 234 - 3.7 - 32 - 3.9 25.4 [15] 

Co/HZSM/Ni - 234 - 3.7 - 35.8 - 0.2 35.8 [15] 

Co/Al2O3 - - - - 7.9 9.6 81.8 0.7 47.7 [16] 

Co/Al2O3/Ag - - - - 7.6 9.6 82.1 0.7 46.7 [16] 

Co/γ-

Al2O3/Zr/Ce 
- 210 2 8.4 9.4 - 81 - - [18] 

A 27 220 2 4 24.35 8.85 64.4 2.43 33.1±0.6 P.W* 

B 27 220 2 4 16.79 4.52 77.5 1.16 35.9±3.2 P.W 

C 27 220 2 4 15.81 9.24 73.3 1.65 44.8±1.1 P.W 

D 27 220 2 4 11.59 4.76 82.3 1.34 50.4±1.5 P.W 

 

Fig. 8 shows the results of yield and CO conversion, which 

were analyzed using GC. The incorporation of a promoter 

enhances both CO conversion and yield. To compute the 

catalyst yield, CO conversion is multiplied by selectivity. 

The Co/γ-Al2O3 catalyst exhibited the lowest CO 

conversion, likely due to the strong interaction between Co 

and γ-Al2O3, which limits reducibility. Consequently, the 

yield is affected by CO conversion and C5
+ selectivity. The 

yield is calculated using the following Eq. (2): 

Yield = CO Conversion (%) × C5+ Selectivity  (2) 

The Co/Zr/Ce catalyst achieved a higher CO conversion 

compared to the singly-promoted variants such as Co/Zr, 

and Co/Ce. Specifically, the Co/Zr/Ce catalyst reached a 

yield of 41.5 ± 0.8% and CO conversion of 50.4 ± 1.5%, 

whereas the Co/Ce catalyst recorded a yield of 32.8 ± 2.6% 

and CO conversion of 44.8 ± 1.1%. In comparison, the 

Co/Zr catalyst achieved a yield of 27.9 ± 1.2% and CO 

conversion of 35.9 ± 3.2%. 

 
Figure. 8. CO conversion and yield of the catalysts A) 15Co/γ- Al2O3, 

B) 15Co/3Zr/γ- Al2O3, C) 15Co/3Ce/γ- Al2O3, D) 15Co/1.5Zr/1.5Ce/γ-

Al2O3. 

Fig. 9 illustrated the trend of CO conversion over time for 

the cobalt-based catalysts at 220ºC and 27 bar in terms of 

time on stream (TOS) for 70 h. The results show that the 

conversion rate of CO decreases over time and after 70 h. 
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Among catalysts, 15Co/1.5Zr/1.5Ce/γ-Al2O3 exhibits the 

highest stability.  

 
Figure. 9. CO conversion with time on-stream on the catalysts (220°C, 

27 bar, GHSV = 2 L.h-1. gCat -1, H2/CO=2.0) A) 15Co/γ- Al2O3, B) 

15Co/3Zr/γ- Al2O3, C) 15Co/3Ce/γ- Al2O3, D) 15Co/1.5Zr/1.5Ce/γ-

Al2O3. 

Based on the H2-TPR results, reactor test data, and the 

synergistic effect of the promoters (Zr and Ce), the stability 

estimation confirms that catalyst D demonstrates 

acceptable performance during the reactor test. 

A histogram of the product distribution (categorized by 

carbon number) for each catalyst is illustrated in Fig. 10. 

This histogram emphasizes the influence of the promoter 

loading on the product distribution. The results of 

introducing a promoter clearly indicate a significant shift 

in the product distribution towards heavier hydrocarbons, 

as illustrated in Fig. 10. The distribution of hydrocarbons 

produced in the FTS is defined by following Eq. (3): 

log 𝑊𝑛/𝑛 = 𝑛 log 𝛼 + 𝑐𝑜𝑛𝑠𝑡. (3) 

which Wn represents the mass fraction of a hydrocarbon, n 

is the number of carbon atoms, α is a parameter often 

referred to as the chain growth probability and "const" is a 

constant that adjusts the base level of the logarithmic 

function. 

 

Figure. 10. Liquid product distribution of the catalysts A) 15Co/γ-Al2O3, B) 15Co/3Zr/γ- Al2O3, C) 15Co/3Ce/γ- Al2O3, D) 15Co/1.5Zr/1.5Ce/γ- Al2O3. 

In conclusion, adding Zr and Ce promoters to the Co/γ-

Al2O3 catalysts significantly improved their CO conversion 

and selectivity towards higher hydrocarbon products. 

These promoters enhanced cobalt dispersion and 

reducibility and favored CO dissociation, leading to higher 

chain growth probability and improved catalytic 

performance in the FTS. The findings of this study 

contribute to a better understanding of the role of promoters 

in cobalt-based catalysts for FTS and offer potential 

avenues for further optimizing catalyst design for efficient 

hydrocarbon production. 

Table 7 provides valuable insights into the catalysts' α 

factor and selectivity trends. Catalyst D demonstrated a 

higher α factor than the other catalysts, indicating a higher 

probability of chain growth and the production of longer-

chain hydrocarbons. However, the addition of CeO2 led to 

a decrease in C5
+ selectivity and the α factor. This 

phenomenon could be attributed to the reduction in active 

sites caused by CeO2 loading, which may hinder the chain 

growth process and favor the production of lower 

molecular weight hydrocarbons. 

The reactor test data for all four catalysts revealed an 

interesting finding: a linear relationship between CH4 

selectivity and C5
+ selectivity, as depicted in Fig. 11. The 

correlation between CH4 and C5
+ selectivity was observed 

under fixed process conditions. This linear relationship 

suggests the presence of a common monomer that 

contributes to the formation of both CH4 and higher 

hydrocarbons. This finding is significant, as it illustrates 

the interdependence between CH4 and C5
+ selectivity, 

regardless of the specific properties of Co-based catalysts, 

such as cobalt crystallite size, support pore size, and type 
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of support. The identified linear relationship between CH4 

and C5
+ selectivity provides valuable insights into the 

mechanistic aspects of the FTS process and the role of 

catalysts in hydrocarbon production. These results align 

with prior findings, reinforcing the reliability of the 

observations [71]. 

 

Figure. 11. Correlation between CH4 and C5
+ selectivity for the catalysts. 

4. Conclusions 

This study investigated the effect of Ce and Zr 

promoters on the performance of cobalt-based catalysts in 

an FTS reactor. The characteristic test of all prepared 

catalysts hit the new value of 149m2/g, which was higher 

than that of previous studies. The combination of Ce and 

Zr promoters enhances hydrocarbon chain growth, thereby 

increasing selectivity towards longer-chain alkanes and 

olefins. The capacity of Ce to oscillate between multiple 

oxidation states facilitates the removal of coke, thereby 

markedly improving the catalyst's durability and potential 

for regeneration. In this combination, Zr increases thermal 

stability and resistance to sintering during the reaction, 

which is crucial for long-term operation at high 

temperatures. According to the fixed-bed reactor results, 

the 15Co/1.5Ce/1.5Zr/γ-Al2O3 catalyst exhibited 

maximum activity due to the synergistic interaction of Ce 

and Zr, with a productivity of 0.223 g 

hydrocarbon·h⁻¹·gCat⁻¹. This is particularly useful in 

applications where heavier synthetic fuels are desired. The 

GC results confirm that lower methane selectivity, 

advantageous for maximizing liquid fuel production, was 

achieved using the doubly-promoted catalyst, with CO 

conversion, C5
+ selectivity, and yield of approximately 

50.4 ± 1.5%, 82.3 ± 0.9%, and 41.5 ± 0.8%, respectively. 

The TPR analysis demonstrates that Zr helps distribute Co 

uniformly over the support, increasing the metal's exposed 

surface area available for the reaction. Additionally, the 

H2-TPR analysis shows that doubly-promoted catalysts 

exhibited a favorable degree of reduction and dispersion, 

highlighting the synergistic effect between Zr and Ce 

promoters. Finally, the 15Co/1.5Ce/1.5Zr/γ-Al2O3 catalyst 

demonstrated remarkable stability during a long reaction 

period of 70 h. 
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