
Journal Pre-proofs

Original Article

Semi-industrial CO and CO2 conversion with biochar-supported Fe-based cat‐
alysts

Mohammed H. Eldesouki, Mohamed Mokhtar Mohamed, Ahmed Abd El-
Moneim

PII: S2588-9133(25)00056-0
DOI: https://doi.org/10.1016/j.crcon.2025.100358
Reference: CRCON 100358

To appear in: Carbon Resources Conversion

Received Date: 11 January 2025
Revised Date: 24 March 2025
Accepted Date: 20 July 2025

Please cite this article as: M.H. Eldesouki, M.M. Mohamed, A.A. El-Moneim, Semi-industrial CO and CO2

conversion with biochar-supported Fe-based catalysts, Carbon Resources Conversion (2025), doi: https://doi.org/
10.1016/j.crcon.2025.100358

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd

https://doi.org/10.1016/j.crcon.2025.100358
https://doi.org/10.1016/j.crcon.2025.100358
https://doi.org/10.1016/j.crcon.2025.100358


Semi-Industrial CO and CO₂ Conversion with Biochar-Supported 
Fe-Based Catalysts

Mohammed H. Eldesouki*a,b,c, Mohamed Mokhtar Mohameda,e, Ahmed Abd El-Moneima,c,d

a Nano Science program, Basic and Applied Sciences Institute, Egypt-Japan University of 
Science and Technology, Borg Al Arab City, Alexandria 21934, Egypt.

b Petroleum Application Department, Egyptian Petroleum Research Institute, Nasr City, Cairo 
11727, Egypt.

C Graphene Center of Excellence, Egypt-Japan University of Science and Technology, Borg Al 
Arab City, Alexandria 21934, Egypt.

d Physical Chemistry Department, National Research Centre, El-Doki, Cairo 12622, Egypt.

e Chemistry Department, Faculty of Science, Benha University, Benha, Egypt.

Corresponding author: Mohammed H. Eldesouki

Address: Basic and Applied Sciences Institute, Egypt-Japan University of Science and 
Technology, Borg Al Arab City, Alexandria, Egypt.

Email: mohammed.eldesouki@ejust.edu.eg

Abstract

This research investigates the use of biochar derived from agricultural waste as a support material for Fe-based (Fe-
Co-K) catalysts, with and without Zn, in CO and CO₂ hydrogenation, benchmarking its performance against 
commercial activated carbon. Under semi-industrial Fischer-Tropsch conditions, biochar-supported catalysts, 
particularly the Zn-enhanced variant (ZFCK@C), delivered superior catalytic outcomes. The catalysts were prepared 
using ultrasound-assisted dissolution and incipient wetness methods and characterized using FTIR, XRD, BET, H₂-
TPR, CO₂-TPD, XPS, and TEM. In CO hydrogenation at 340 °C and 20 bar, ZFCK@C achieved a remarkable 97% 
conversion, with 32% longer hydrocarbons selectivity(C5+), 39.6% olefins distribution(C5+), an O/P ratio of 4.0, and 
45.3% gasoline-range (C₅–C₁₂) hydrocarbons distribution. For CO₂ hydrogenation at 340 °C and 30 bar, the catalyst 
showed 40% conversion, low CH₄ selectivity (6.1%), high C5+ selectivity (45%), 38.7% olefins distribution(C5+), an 
O/P ratio of 3.2, and 45.3% kerosene-range (C₆–C₁₆) hydrocarbons distribution. Stability testing over 100 h 
demonstrated excellent durability with no significant deactivation or sintering, making the catalyst viable for extended 
industrial use.
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1. Introduction

CO and CO2 are products of the combustion of carbon-containing materials, such as fossil 
fuels, but they differ significantly in their properties and impacts [1]. CO is a colorless, odorless 
gas resulting from incomplete combustion [2], while CO2 is produced during complete 
combustion.  Both gases have significant environmental and health impacts [3]. CO contributes to 
air pollution and poses immediate health risks [4], while CO2 is a primary driver of long-term 
climate change. Strategies to combat these emissions include the development and implementation 
of carbon capture, usage, and storage (CCUS) technologies, which can capture CO2 from industrial 
processes and power generation. It is estimated that approximately 95% of the total CO2 captured 
in 2050 will be stored in permanent geological storage, with the remaining 5% converted to 
produce synthetic fuels. According to the International Energy Agency (IEA), achieving zero CO2 
emissions by 2050 requires a significant shift to sustainable energy and a reduction in the 
combustion of fossil fuels, which would also mitigate the production of CO [5]. This integrated 
approach underscores the interconnectedness of addressing CO and CO2 emissions to protect 
human health and mitigate climate change.

Unlike CO, the hydrogenation of CO2 poses a significant challenge due to the strong bond 
between carbon and oxygen, which informs the high stability of the gas. This requires employing 
rigorous conditions, including elevated pressure and temperature, to rupture the bond and enable 
the reaction to proceed [6]. Scientists have been developing catalysts capable of hydrogenating 
CO and CO2 under adequate parameters including pressure, temperature, and GHSV. Among these 
catalysts, Fe-based catalysts stand out as one of the most widely used in the conversion processes 
of both CO [7] and CO2 [8, 9]. To increase the effectiveness of the catalyst, materials with a high 



surface area such as graphene [10], alumina [8], silica [11], MOF [12, 13], and carbonaceous 
materials [14-16] have been employed as support. Catalyst supports play a crucial role in 
enhancing catalytic activity and stability by preventing the agglomeration of Fe-active sites 
through the adhesion process [17, 18]. Moreover, these supports offer a large surface area, 
facilitating the interaction of molecules [19].  Additionally, scientists have introduced promoter 
metals such as alkali metals (e.g., Na [20, 21], K [22, 23], Li [24], Rb [24, 25], and Cs [26-28]), 
transition metals (e.g., Zr [29, 30], Zn [31, 32], Cu [33, 34], Co [35], Ni [36, 37], Ru [38] and Mg 
[39, 40]), and/or post-transition metals (e.g., Al [41, 42], Si [43] and Sn [44])  to improve the 
efficiency of the catalyst. 

Carbonaceous materials play a significant role in catalytic processes due to their unique 
properties and surface characteristics [45-48]. As a highly porous material with a large surface 
area, biochar provides an excellent support structure for catalysts, allowing for enhanced 
dispersion and stabilization of active catalytic species. This promotes increased catalytic activity 
and selectivity in various chemical reactions. Moreover, the surface functional groups present in 
biochar, such as hydroxyl (-OH), carboxyl (-COOH), and phenolic (-OH) groups, can interact with 
catalytic species and substrates, facilitating adsorption and activation of reactant molecules. This 
interaction can lead to improved reaction kinetics and efficiency in catalytic processes [49]. 
Additionally, biochar's thermal stability and resistance to chemical degradation make it a durable 
support material for catalytic applications, ensuring long-term performance and recyclability of 
catalysts [50]. Furthermore, biochar's carbonaceous nature enables it to act as a reducing agent or 
source of carbon in certain catalytic reactions, thereby promoting specific reaction pathways and 
product formation [51].

This work looks at how the unique porosity architectures of biochar and activated carbon affect 
the catalytic efficiency of Fe-based catalysts in CO and CO2 hydrogenation over a semi-industrial 
FTS reactor. The study focuses on crucial indicators including conversion rates, product 
selectivity, and hydrocarbons distribution. While previous research has shown that commercially 
available activated carbon is effective as a support material in CO2 hydrogenation catalysts, this 
study takes a novel approach by using biochar derived from recycled agricultural waste, 
specifically corn cobs, as a carbonaceous support for Fe-based catalysts. By exploring the usage 
of biochar, the study seeks to gain useful insights into the function of support materials in catalyst 
design, with a special emphasis on sustainable and ecologically friendly catalytic processes for CO 
and CO2 conversion. The study is carried out under actual reaction circumstances utilizing a semi-
industrial 1-inch stainless steel fixed bed reactor, with practical implications and prospective 
applications in the field of renewable energy generation.

2. Experimental

2.1. Materials

The corn cobs utilized in this study were sourced from a local farm in Egypt, ensuring a 
readily available and sustainable feedstock for biochar. Potassium hydroxide (KOH, 99% purity), 
hydrochloric acid (HCl 37%), iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O, 98% purity), zinc 
(II) acetate dihydrate (Zn(CH3COO)2·2H2O, 98% purity), cobalt (II) nitrate hexahydrate 
(Co(NO3)2·6H2O, 97% purity), potassium carbonate (K2CO3, anhydrous, 99% purity), activated 



charcoal and absolute ethanol were procured from Sigma-Aldrich. These chemicals were utilized 
as received without further purification.

2.2. Preparation of Biochar from Corn cob 
As illustrated in Fig. 1, the corn cob was washed with 0.1 M HCl, rinsed with distilled water 

until the pH was neutralized, dried at 100 °C and ground into small particles. The sample was then 
carbonized in a tube furnace under N2 flow at 450 °C for 4 h, with a heating rate of 10 °C min-1, 
followed by re-washing with 0.1 M HCl and distilled water until the pH was neutralized. 
Subsequently, it was dried in an oven at 80 °C overnight before being manually milled into a fine 
powder. The activation step was carried out by manually grinding the sample with KOH (1:1 
wt.%). In a tube furnace, the calcination process was conducted at a temperature of 700 °C for 1 
h, with a heating rate of 10 °C min-1 under N2 flow. The final product was washed with 0.1 M HCl, 
followed by several rinses with distilled water until a neutral pH was achieved, and then dried at 
100 °C overnight. The commercial activated carbon was used as received, without undergoing any 
additional treatment.

2.3. Catalyst Preparation 

For the preparation of a 5 g catalyst, 17.0 mmol of iron nitrate nonahydrate was dissolved in 
an appropriate volume of ethanol using ultrasound-assisted dissolution filtration. Then 3.5 g of 
carbonaceous material was added and sonicated for 1 h. Subsequently, the solution was 
supplemented with 3.0 mmol of zinc and 2.0 mmol of cobalt precursors and sonicated for 5 h. The 
resulting solution was dried overnight in an oven at 85 °C. Following this, 3.0 mmol of potassium 
carbonate was loaded using an incipient wetness impregnation step. A catalyst without Zn was 
prepared similarly, utilizing 3.7 g of carbonaceous material. Finally, the catalyst was pyrolyzed at 
a temperature of 500 °C for 5 h at a rate of 10 °C min-1 under N2 flow. The samples prepared using 
biochar were designated as ZFCK@C for samples containing Zn and FCK@C for samples free of 
Zn. The samples that were prepared using activated carbon were named FCK@R and ZFCK@R, 
respectively, for the Zn-free and Zn-containing samples respectively.

Fig. 1.  Schematic illustration of the synthesis of the carbonaceous support and catalyst.



2.4. Catalyst Characterization

FTIR spectra were generated using a Bruker Vertex 70 to investigate chemical 
characteristics. X-ray diffraction (XRD) patterns were plotted using a Shimadzu XRD6100 with 
Cu-K radiation in the 2θ range of 20-80° to identify phases and crystallinity.  The Debbye-Scherrer 
equation and MDI Jade software (version 6) were employed to determine crystal size. The N₂ 
adsorption isotherms were measured using a BEL Japan (BELSORP II mini) instrument. The data 
were analyzed using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) t-plot 
methods to determine the BET surface area, total pore volume, and average pore diameter. 
Microtrac Bellcat II was used to measure H2-Temperature-programmed reduction (H2-TPR) and 
CO2-Temperature programmed desorption (CO2-TPD). The quartz reactor was loaded with 100 
mg of sample for CO2-TPD. The sample was treated with pure He at a flow rate of 50 ml min−1, 
the temperature at a rate of 5 °C min−1, and then the temperature was held at 200 °C for 30 min. 
Subsequently, the sample was reduced with pure H2 at 400 °C for 4 h at a flow rate of 50 ml min−1 
and then cooled to 50 °C under the flow of pure He for an hour. Next, a stream of 10 vol% CO2/He 
at 50 ml min-1 was introduced for an hour, followed by pure He for 20 min. Finally, the temperature 
was raised to 850 °C at a rate of 10 °C min−1, and the measurements were taken by the TCD 
detector after stabilization. For H2-TPR, results were recorded at room temperature up to 850 °C 
while heating at a rate of 10 °C min−1 with a 50 ml min−1 stream of 10 vol% H2/Ar. The surface 
chemistry was investigated using X-ray photoelectron spectroscopy (XPS) K-ALPHA (Thermo 
Fisher Scientific, USA) with monochromatic X-ray Al Kα radiation (-10 to 1350 eV), a spot size 
of 400 µm, and a pressure of 9-10 mbar with a full spectrum pass energy of 200 eV and a narrow 
spectrum pass energy of 50 eV. Transmission electron microscopy (TEM) images were collected 
using a JEOl 2100 Plus microscope to study the morphological structure, particle size distribution, 
and dispersion of the prepared materials. 

2.5. Catalyst Loading 

As depicted in Fig. 2 and Fig. 3, the assembly process of the reactor column commences with 
the insertion of a thermocouple into the column's center from the top, followed by tightly sealing 
the top with a designated part using anchor bolts. Subsequently, the column is inverted and 
securely fixed in a horizontal position using a clamp. A cylindrical metal piece, referred to as the 
catalyst support, is then positioned to accommodate the thermocouple. Glass beads are carefully 
poured into the column to fill the space up to a specified point in the middle where temperature 
concentration occurs. To separate the catalyst from the glass beads, glass wool is layered on the 
bottom of the glass beads. Following this, the catalyst is loaded into the column, with glass wool 
placed at the bottom of the catalyst to prevent its passage through the glass beads under pressure. 
Additional glass beads are added until the bottom of the column is filled, after which more glass 
wool is placed at the end of the column. Subsequently, the column is sealed from the bottom using 
a specialized component that permits gases and products to pass into the cold trap. Finally, the 
column is positioned inside the furnace, with the upper part connected to the gas supply pipeline 
for gas entry and the lower part linked to the cold trap to facilitate product collection.



Fig. 2.  Schematic illustration of catalyst loading: (a) rector column before filling, (b) thermocouple fixation and 
closure of the upper part, (c) turning over the column, (d) filling the upper part with glass beads, (e) catalyst loading, 
(f) filling the lower part with glass beads, (g) closure the lower part, and (h) fixation of the column inside the furnace.

Fig. 3.   Schematic and photographic images showing the components of the reactor.

2.6. Reactor Performance Evaluation

The CO2 hydrogenation reaction was evaluated in a 1-inch stainless fixed-bed reactor, as 
shown in Fig. 3, (2.54 cm in diameter, 85 cm in length, a volume of 430 cm3, and a loading capacity 
of up to 500 g of catalyst) containing 2.5 g of catalyst sample mixed with the same weight of SiC. 
Firstly, the samples were reduced in situ for 10 h in a flowing stream of pure H2 (GHSV = 1700 
mL g-1

cat h-1, T= 400 °C and under atmospheric pressure) and then cooled to 50 °C. For CO 
hydrogenation, the conditions included a H2/CO=1.0 (molar ratio), GHSV = 3000 mL g-1

cat h-1, T 
= 340 °C and P = 20 bar.  The catalytic reaction conditions of CO2 hydrogenation were as follows: 
H2/CO2 = 3 (molar ratio), GHSV = 3000 mL g-1

cat h-1, T = 340 °C and P = 20 and 30 bar. A cold 



trap filled with n-octane (2 g) for liquid hydrocarbon fraction collection, n-dodecane (0.1 g) as an 
internal standard for GC measurements, and H2O (30 g) was used at 2 °C. The effluent gas was 
analyzed using an online gas chromatograph GC-2030 DHA SHIMADZU, model (Nexis GC-2030 
AF), which was equipped with a TCD detector for C1 product analysis (CO2, CO and CH4). The 
He carrier gas flow rate was 20 ml min-1, heating the injection ports to 100 °C, the column to 120 
°C, and the TCD detector to 150 °C. FID detector was used to detect C1–C8 gaseous hydrocarbon 
products. The collected hydrocarbon liquid was analyzed by an off-line gas chromatograph using 
FID detector. The results were analyzed by Dragon software using PIONA references where the 
percentage of paraffines, olefins, and iso-paraffins were recorded. The mass balance was based on 
carbon and the results were calculated in terms of activity for CO or CO2 conversion and CH4, 
light hydrocarbons (C2-C4), and high hydrocarbons (C5+) selectivity. The conversion rate and 
product selectivity are defined as: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = 100 ×
𝑛 𝐶 𝑖𝑛 ― 𝑛 𝐶 𝑜𝑢𝑡

𝑛 𝐶 𝑖𝑛

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = 100 ×  
𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡 × 𝑐𝑎𝑟𝑏𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟

𝑛 𝐶 𝑖𝑛 ― 𝑛 𝐶 𝑜𝑢𝑡

Where n is the number of moles and C refers to CO in the context of CO hydrogenation reactions 
or CO2 in the context of CO2 hydrogenation reactions.

3. Results and Discussion

3.1. Catalyst Characterization

Fig. 4a depicts the FTIR spectra of the FCK@C, FCK@R, ZFCK@C, and ZFCK@R 
samples. The spectra show a significant resemblance in functional groupings related to 
carbonaceous materials. The conspicuous band at 3447 cm-1 is due to the stretching vibration of 
hydroxyl groups (-OH) [52]. Furthermore, the band at 1637 cm-1 represents the stretching vibration 
of carbon-carbon double bonds (C=C) [53]. The peak at 1386 cm−1 corresponds to the stretching 
vibration of carbon-carbon bonds (C-C) [54]. Furthermore, a minor signal at 1118 cm-1 is most 
likely caused by the stretching vibration of carbon-oxygen bonds (C-O) [55]. The peak at 698 cm-

1 represents the bending vibration of carbon-hydrogen bonds (C-H) [56] , especially that associated 
with the C=C bond structure.  The shift of the OH stretching peak from 3447 cm-¹ to lower 
wavenumbers in Zn-containing samples indicates that the mass increases due to the further 
insertion of Zn ions into the sample. This shift reflects alterations in the hydrogen bonding 
environment, which might be caused by enhanced contact between the Zn and OH groups.  Zn-
containing samples exhibit significant shoulders about 3600 cm-¹ in the O-H stretching region. 
These shoulders most likely represent free OH groups that are less engaged in hydrogen bonding. 
This can happen when fewer linked or isolated clusters form within the sample, and the OH groups 
aren't as well networked as they would be in a more homogeneous material. The presence of Zn 
appears to disrupt the normal hydrogen bonding network [57], resulting in these unusual spectrum 
characteristics.

Fig. 4b, c displays the XRD patterns of catalysts in their fresh and spent states after CO₂ 
hydrogenation, highlighting notable structural changes. In the fresh forms (Fig. 4b), distinctive 
crystallographic planes (220), (311), (400), (511), and (440) reveal the presence of the maghemite 



(γ-Fe₂O₃) phase (JCPDS No. 39-1346). Notably, biochar-supported catalysts display more intense 
peaks than those supported on activated carbon, indicating biochar’s effectiveness in enhancing 
the distribution of active crystalline phases. Additionally, the Zn-containing catalyst (ZFCK@C) 
exhibits a stronger peak at 2θ = 35.5° than the Zn-free sample, further supporting the role of Zn in 
promoting more intense Fe phase peaks, as observed by Gao, Zhang et al [58]. These results 
underscore the combined influence of biochar and Zn in optimizing the dispersion and distribution 
of Fe species. In the spent forms (Fig. 4c), peaks corresponding to magnetite (Fe₃O₄, JCPDS No. 
19-0629) are observed at planes (311), (400), and (531), indicating a transformation from γ-Fe₂O₃ 
to Fe₃O₄. This conversion suggests a partial reduction of Fe³⁺ to Fe²⁺ during the CO₂ hydrogenation 
process. Additionally, in the Zn-containing samples, peaks at planes (100) and (110) correspond 
to ZnO nanoparticles. The Scherrer formula was utilized to calculate the average crystallite 
diameter, excluding SiC peaks. Generally, the Zn-containing samples exhibited smaller crystallite 
sizes compared to their Zn-free counterparts. In the fresh state, the average crystallite size of 
FCK@C was approximately 17.2 nm, while that of  FCK@R was 19.1 nm. After the reaction, 
these sizes increased to 35.6 nm and 42.0 nm, respectively. In contrast, the fresh ZFCK@C crystals 
had a smaller average size of 12.5 nm, which grew to about 30.1 nm following the reaction. For 
ZFCK@R, the initial size was 17.5 nm, increasing to 38.7 nm post-reaction.

Using techniques like BET, H₂-TPR, and CO₂-TPD to evaluate surface area, porosity, 
reducibility, and CO₂ adsorption strength are excellent probes for understanding the structural and 
textural characteristics of catalysts for CO₂ adsorption and transformation. As shown in Fig. 4d
ZFCK@C exhibits a type I isotherm with H4 hysteresis, indicating a microporous structure. In 
contrast, ZFCK@R exhibits a type II isotherm with H3 hysteresis, indicating a wider pore size 
distribution and bigger pore spaces (Fig. 4e). ZFCK@C has a greater specific surface area (587 
m²/g) than ZFCK@R (428 m2/g), resulting in more active sites for improved CO₂ adsorption, as 
seen by the CO₂-TPD graph. Both samples have comparable total pore volumes, however, 
ZFCK@R has bigger pore apertures (3.07 nm) than ZFCK@C (2.04 nm). ZFCK@C also has a 
pronounced pore size distribution with peaks at 12 and 22 nm, while ZFCK@R shows a broader, 
less defined distribution, indicating mesoporosity in both samples. In summary, ZFCK@C's 
smaller pore size and higher surface area may contribute to its catalytic efficiency, than ZFCK@R.

The H₂-TPR analysis is essential for understanding the reduction behavior of catalyst 
samples, particularly in systems involving metal components and carbon-based supports. Fig. 4f 
highlights the H₂-TPR profiles for biochar- and activated carbon-supported catalysts, emphasizing 
Zn's key role in enhancing reducibility. Iron oxides generally undergo a two-step reduction: Fe2O3 
reduces to Fe3O4 around 400 °C, followed by a reduction to metallic iron (Fe0) above 500 °C [59]. 
In this study, catalysts supported on biochar showed lower reduction temperatures than those on 
activated carbon, suggesting that biochar promotes easier reduction, possibly due to better 
dispersion of Fe species or stronger interaction between Fe and biochar. For example, the Zn-free 
FCK@C catalyst exhibited two reduction peaks: Fe2O3 to Fe3O4 at 403 °C and Fe3O4 to Fe0 at 560 
°C. In contrast, the activated carbon-supported FCK@R had a higher reduction temperature of 
585°C for the second stage. Zn incorporation significantly lowered reduction temperatures. For 
instance, ZFCK@R showed an initial reduction at 468 °C, far lower than FCK@R’s 585 °C. In 
addition, ZFCK@C  displayed three peaks: i) Fe2O3 to Fe3O4 at 370 °C, ii) partial reduction of 
Fe3O4 to FeO at 502 °C, and iii) reduction to Fe0 at 583 °C. Two factors likely contribute to 
enhanced reduction in Zn-containing catalysts: i) ZnO’s semiconductor properties, which facilitate 
electron transfer during reduction [60], and ii) smaller particle sizes, confirmed by TEM and XRD, 



which are more easily reduced [61]. Regarding H₂ consumption, FCK@C, and ZFCK@C 
demonstrated higher rates (417 and 356 µmol H₂ g-¹, respectively) compared to the activated 
carbon-supported catalysts, as shown in Table S1. These findings suggest that the combination of 
biochar and Zn enhances reduction efficiency, likely due to the synergistic effects of biochar’s 
catalytic properties and Zn’s role in improving the reducibility of Fe species. 

Fig. 4g illustrates the CO₂-TPD profiles of the catalysts, showing three distinct CO₂ 
desorption peaks for each sample. These peaks correspond to multiple types of basic sites with 
varying strengths—ranging from weak to strong interactions with CO₂. The presence of these 
peaks indicates a significant capacity for CO₂ adsorption across all catalysts. The inclusion of Zn 
generally shifts the desorption peaks to higher temperatures compared to the Zn-free catalysts, 
indicating enhanced interactions between CO₂ and the catalyst surface. However, it is noteworthy 
that not all desorption peaks follow this trend. For instance, ZFCK@C exhibits an initial CO₂ 
desorption peak at 536 °C, which is lower than the corresponding peak of FCK@C at 578 °C. 
Similarly, the last desorption peak for ZFCK@R occurs at a lower temperature than the equivalent 
peak for FCK@R. These exceptions suggest that Zn influences the interaction strength of CO₂ 
with the catalyst surface in a non-uniform manner, depending on the type and location of 
adsorption sites. Conversely, ZFCK@C’s third peak appears at 763 °C, higher than FCK@C's 
peak at 716 °C, indicating that CO₂ chemically bound to the Zn-containing catalyst is held more 
tightly on specific sites. As confirmed by TEM and XRD analyses, Zn plays a critical role in 
reducing the particle size of the active Fe species, increasing the surface area and the number of 
active sites available for CO₂ adsorption [62]. This reduction in particle size, along with Zn's 
interaction with the support material, appears to enhance adsorption on certain sites, leading to 
higher desorption temperatures. However, the lower temperature desorption peaks observed for 
ZFCK@C and ZFCK@R compared to their Zn-free counterparts suggest that Zn may also alter 
weaker adsorption sites, reducing the binding strength in some cases. These findings emphasize 
the dual role of Zn in modifying the adsorption behavior of CO₂. While stronger adsorption, as 
seen at higher desorption temperatures, is beneficial for applications like CO₂ hydrogenation or 
dry reforming, it may also lead to slower desorption and potential challenges in catalytic 
transformation. Balancing these effects is critical for optimizing catalyst performance for specific 
reactions.

XPS measurement was used to comprehend the surface chemistry and disclose critical 
insights into the composition and alterations seen between the fresh and spent catalyst states of the 
ZFCK@C catalyst (Fig. 4h, i). The XPS survey spectra show the presence of Zn, Fe, Co, K, C, 
and O in both fresh and used catalysts. The Fe 2p spectrum exhibits significantly split spin-orbit 
components, with a separation (Δmetal) of 13.1 eV. The area ratio of the two spin-orbit peaks, Fe 
2p₁/₂ and Fe 2p₃/₂, is 1:2, corresponding to the electronic configurations of 2 electrons in the 2p₁/₂ 
level and 4 electrons in the 2p₃/₂ level. The Fe 2p3/2 and Fe 2p1/2 peaks were observed at around 
711 eV and 725 eV, respectively [63, 64]. The presence of satellite peaks at 719.2 eV and 734.1 
eV suggests the involvement of Fe in complex electronic environments, often seen in iron oxides 
or hydroxides [65]. These satellite peaks are generally associated with shake-up transitions of Fe 
in high-spin states, confirming iron's oxidation state and electronic structure. In the fresh 
ZFCK@C catalyst (Fig. 4h), the Fe 2p₃/₂ peak was deconvoluted into two components: a major 
peak at 711.3 eV, attributed to Fe²⁺ species, and a minor peak at 714.1 eV, associated with Fe³⁺ 
species [65]. Similarly, the Fe 2p₁/₂ peak was deconvoluted into two peaks at 724.5 eV and 727.2 
eV, corresponding to the Fe-O bonds of Fe²⁺ and Fe³⁺, respectively. In the spent catalyst (Fig. 4i), 



the Fe 2p₃/₂ and Fe 2p₁/₂ peaks of iron oxide were deconvoluted into six distinct components. Peaks 
at 710.5 eV, 712.5 eV, 722.2 eV, and 724.9 eV were assigned to the Fe-O bonds of Fe²⁺ ions, while 
peaks at 715.2 eV and 728.2 eV were attributed to the Fe-O bonds of Fe³⁺ ions in the Fe₃O₄ phase 
[66]. An increase in the proportion of Fe²⁺ species, coupled with a decrease in Fe³⁺ species, 
suggests the formation of Fe3O4, which is compatible with XRD data.  The Zn 2p spectrum has 
two peaks at 1044.9 eV and 1021.8 eV, which correspond to Zn 2p1/2 and Zn 2p3/2, respectively, 
indicating the presence of the Zn2+ state in the catalyst. The C 1s spectra in the fresh catalyst have 
three deconvoluted peaks at 284.1, 286.3, and 288.4 eV, which correspond to C=C, C-O, and C=O 
bonds, respectively [67-69], while, the two peaks that appeared at 293.2 and 296.2 eV were due to 
K 2p.  The spent catalyst showed three peaks at 282.0, 284.1 and 285.5 eV that corresponded to 
Fe-CHX, C=C, and C-C respectively [69-72]. These findings imply that Fe carbide species are 
formed during the reaction, which is accompanied by a decrease in oxygen species at the catalyst 
surface.  The fresh catalyst's O 1s spectrum is fitted to two peaks at 530.5 and 532.18 eV, which 
are assigned to (C-O-Fe) and the oxygen in the adsorbed OH groups on the sample surface, 
respectively [73]. The spent catalyst exhibited two peaks at 530.1 and 531.6 eV which are 
attributed to Fe-O and oxygen defects in the matrix of metal oxides respectively [74]. In brief, the 
XPS results provide crucial insights into the oxidation states, surface bonding, and compositional 
changes in the ZFCK@C catalyst, particularly the transformation of iron and carbon species during 
catalyst use. When combined with XRD data, this XPS analysis offers a comprehensive 
understanding of the catalyst's behavior and activity throughout the reaction cycle.



Fig. 4.  (a) FTIR analysis, (b) XRD patterns of fresh catalysts, (c) XRD patterns of spent catalysts, (d) BET analysis 
of ZFCK@C, (e) BET analysis of ZFCK@R, (f) H₂-TPR profiles, (g) CO₂-TPD profiles, (h) XPS analysis of fresh 
ZFCK@C, (i) XPS analysis of spent ZFCK@C.

Fig. 5 depicts TEM images, EDS elemental mapping, and particle size distribution for the 
fresh FCK@C, ZFCK@C, FCK@R, and ZFCK@R samples. At a 5 nm magnification scale, all 
images show a consistent distribution of micropores that resemble a honeycomb pattern due to the 
porous nature of the carbonaceous supports within the catalysts. The average pore sizes for the 
catalysts were around 0.55 nm, as measured using ImageJ software. This uniform pore size is 
typical of carbonaceous materials, which frequently have closely spaced micropores. Aligning 
with this observation, Guo et al. [75] previously established that active carbon has a honeycomb-
like structure with holes smaller than 2 nm, while Kumar and Jena [76] showed that activated 
carbon from fox nutshells had an average pore diameter of 0.64 nm.  FCK@C, ZFCK@C, FCK@R 
and ZFCK@R have an average particle size of 34.7, 33.9, 35.8, and 34.6 nm, respectively. This 
demonstrates Zn's ability to reduce particle size. Smaller particles typically offer a higher surface 
area, which can enhance catalytic activity. In carbon-supported catalysts, crystal size from XRD 
and particle size from TEM can differ significantly because of the nature of these measurement 
techniques and the structure of carbon-based supports. XRD measures the size of individual metal 
crystallites based on coherent scattering domains, often resulting in smaller size measurements 
since it only captures well-ordered, crystalline regions. On the other hand, TEM provides an image 
of the entire particle, which may appear larger because it includes not only these crystalline 
domains but also any amorphous material in the sample—particularly relevant for carbonaceous 



supports such as biochar or activated carbon, which often contain both crystalline and amorphous 
structures. All catalysts exhibit interlayer spacings of 0.25 nm, associated with the (311) plane of 
Fe2O3  as confirmed by the XRD results, suggesting an enhanced distribution of Fe species within 
the material. Elemental analysis via EDS confirms that all samples contain Fe, Co, K, and O; 
however, the Zn-containing sample, ZFCK@C, demonstrates the most uniform distribution of 
these components. This result highlights the role of Zn and biochar in promoting homogeneity, 
likely contributing to improved structural stability and catalytic performance.

Fig. 5.  TEM images with EDS mapping and particle size distribution of as-prepared catalysts.

The following section provides a detailed analysis of the CO and CO₂ hydrogenation test for 
the four catalyst samples (FCK@C, FCK@R, ZFCK@C, and ZFCK@R) highlighting key 
differences in their performance based on the presence of biochar, activated carbon, and Zn.

3.2. Evaluation of CO Hydrogenation Performance

Fig. 6a illustrates the CO conversion and selectivities for CO2, CH4, light hydrocarbons (C2-
C4), and higher hydrocarbons (C5+), with additional data on higher hydrocarbon and olefin (C5+) 
yield and O/P ratio provided in Table S2. In the absence of Zn, both FCK@C and FCK@R 
catalysts achieve a  CO conversion rate of approximately 92%. Among these, FCK@C stands out 
with a higher C5+ hydrocarbon selectivity of 32.1% compared to 20.7% for FCK@R. Additionally, 



FCK@C achieves a lower CO₂ selectivity of 35.0%, compared to 40.4% for FCK@R. Upon the 
introduction of Zn, both ZFCK@C and ZFCK@R exhibited improved CO conversion rates 
exceeding 95%. However, this enhanced conversion is accompanied by a slight increase in CH4 
selectivity for both catalysts. ZFCK@C achieves a C5+ hydrocarbon selectivity of 32.2%. In 

contrast, ZFCK@R shows a significantly higher selectivity for light hydrocarbons at 29.7%, 
compared to 20.3% for ZFCK@C. Fig. 6b highlights the superior performance of the FCK@C 
catalyst in terms of higher chain olefin (C5+) distribution compared to FCK@R. FCK@C achieves 
olefin (C5+) distribution of 34.4% with a yield of 20.5%, while FCK@R shows a significantly 
lower olefin (C5+) distribution of 13.6% and a yield of 7.5%. This difference is reflected in the O/P 
ratio for C5+, which rises dramatically from 0.64 for FCK@R to 2.3 for FCK@C. When Zn is 
introduced, ZFCK@C further excels, achieving the highest olefin (C5+) distribution of 39.6% 
compared to 21.6% for ZFCK@R. This enhancement boosts the O/P ratio for C5+ from 2.1 for 
ZFCK@R to 3.4 for ZFCK@C. ZFCK@C also achieves the highest total O/P ratio of 4.0, 
demonstrating the significant role of Zn in optimizing the catalyst's performance and maximizing 
the production of higher olefins. Biochar-supported catalysts demonstrate a higher distribution of 
gasoline-range hydrocarbons, with FCK@C achieving 46.6% and ZFCK@C 45.3%, compared to 
the lower distributions seen with activated carbon-containing catalysts as shown in Table S5 and 
Fig. 6c, d. In brief, the biochar significantly influences product selectivity towards higher 
hydrocarbons and olefins. The presence of Zn further enhances conversion rates and olefin yields 
for both catalyst types. However, biochar-supported catalysts, particularly ZFCK@C, exhibit a 
more favorable selectivity towards longer hydrocarbons and a higher O/P ratio compared to 
activated carbon-supported catalysts. This improved performance is likely due to the higher 
surface area of biochar, which provides more active sites for the reaction.

Fig. 6.   CO Hydrogenation Evaluation: (a) CO conversion and, selectivity of CO2 and hydrocarbons, (b) Olefin distribution and 
O/P ratio, and (c, d) Carbon distribution by carbon number.



3.3. Evaluation of CO2 Hydrogenation Performance

The CO₂ hydrogenation performance of biochar-supported and activated carbon-supported 
catalysts was evaluated at 20 bar and 30 bar. Detailed information can be found in Table S3 and 
Table S4. The CO₂ conversion rates and selectivities for CO and hydrocarbons at 20 bar and 30 
bar are summarized in Fig. 7a, b. At 20 bar, the FCK@C catalyst achieves a CO₂ conversion rate 
of 35.2% and demonstrates a high selectivity for higher chain hydrocarbons (C5+) at 33.5%, 
surpassing the activated carbon-supported FCK@R, which has a C5+ selectivity of 25.1%. 
Similarly, ZFCK@C shows a CO₂ conversion rate of 35.3% and a C5+ selectivity of 39.3%, 
compared to ZFCK@R's C5+ selectivity of 29.5%. At 30 bar, ZFCK@C further enhances 
performance with a CO₂ conversion rate of approximately 40.1%, a C5+ selectivity of around 
45.0%, and a CH4 selectivity of 6.1%. In contrast, ZFCK@R exhibits a lower C5+ selectivity of 
38.2% and a higher CH4 selectivity of 17.2%. The introduction of Zn is observed to decrease CO 
selectivity for both catalyst types.  Fig. 7c, d presents the distribution of olefin products in both 
light and heavy fractions, along with their respective O/P ratios. As shown in Fig. 7c, at 20 bar, 
biochar-supported catalysts—FCK@C and ZFCK@C—demonstrate higher olefin (C5+) 
distributions of 34.4% and 32.0%, respectively, compared to activated carbon-supported catalysts 
(FCK@R and ZFCK@R) which have distributions of 22.6% and 22.0%, respectively. Notably, 
FCK@C achieves the highest O/P(C5+) ratio of 2.2. As pressure increases, the olefin distribution 
improves for all catalysts, as depicted in Fig. 7d. ZFCK@C reaches a maximum olefin(C5+) 
distribution of approximately 39%, which results in an increased O/P(C5+) ratio of approximately 
2.2, highlighting its superior selectivity for higher olefins. As shown in Fig. 7e-h, for FCK@C, the 
distribution of C4 hydrocarbons remains nearly constant as the pressure increases. This behavior can be 
attributed to thermodynamic and kinetic factors that stabilize intermediate-chain hydrocarbons under 
varying pressure conditions. In contrast, higher pressure promotes chain growth and secondary 
hydrogenation reactions, resulting in an increase in olefin content due to enhanced reactant availability. The 
selectivity for C5 hydrocarbons decreases for both FCK@C and ZFCK@C as the pressure increases. This 
trend is likely due to a shift toward the formation of longer-chain hydrocarbons (C5+), particularly C8, C9, 
and C10. The increased pressure facilitates chain propagation, making the production of higher-chain 
hydrocarbons more favorable. Based on the fuel liquid hydrocarbon distribution reported in Table 
S5, biochar-supported catalysts, ZFCK@C and FCK@C, exhibit superior performance at 20 bar. 
Both catalysts demonstrate a significant gasoline range hydrocarbon distribution of around 48%, 
with a higher olefin content compared to paraffins and isoparaffins. At 30 bar, ZFCK@C shifts its 
distribution towards the kerosene range, achieving a maximum value of 45.3%. 

When comparing the total O/P ratio across CO and CO₂ hydrogenation, distinct trends 
emerge depending on the catalyst and reaction conditions. For CO hydrogenation, the ZFCK@C 
catalyst achieved the highest total O/P ratio of 4.04, highlighting its superior ability to produce 
olefins over paraffins. This result is attributed to the role of Zn in promoting CO dissociation and 
enhancing chain growth processes that favor olefin formation. Furthermore, Zn’s role in reducing 
the particle size of active Fe species increases the number of active sites, optimizing the 
hydrogenation environment for olefin production. In contrast, a different trend is observed during 
CO₂ hydrogenation. At 20 bar, the FCK@C catalyst achieved the highest total O/P ratio of 2.81, 
significantly outperforming ZFCK@C. This behavior can be attributed to the Zn-free catalyst’s 
less efficient CO₂ activation, which favors olefin production due to weaker paraffin formation 
pathways. However, at 30 bar, the total O/P ratios for both FCK@C and ZFCK@C become 
comparable, with each achieving a value of 3.22. The increase in pressure likely enhances CO₂ 



conversion efficiency and shifts the reaction equilibrium toward olefin formation for both 
catalysts. For ZFCK@C, this result reflects the combined effects of improved CO₂ activation via 
Zn species and enhanced hydrogenation activity at higher pressure, which balances the O/P ratio 
to levels comparable with FCK@C.

Fig. 7.   CO2 Hydrogenation Evaluation:  CO2 conversion and, selectivity of CO and hydrocarbons at (a) 20 bar and (b) 30 bar, 
Olefin distribution and O/P ratio at (c) 20 bar and (d) 30 bar, and Carbon distribution by carbon number at (e, f) 20 bar and (g, h) 

30 bar.

Overall, the dual catalytic function of RWGS and FTS is essential for converting CO₂ and 
H₂ into valuable hydrocarbons. The Fe-based catalyst, though effective in the FTS reaction, shows 
high selectivity for CH4. To address this, metals like Co and Zn are doped into the catalyst to 
improve the RWGS reaction efficiency. Biochar plays a pivotal role as a support material, 
significantly increasing the catalyst's surface area and providing additional active sites. As 
illustrated in Fig. 8, biochar facilitates CO₂ adsorption and the initial bond dissociation necessary 
for the RWGS reaction. In this process, biochar supports the breaking of the bond between one 
oxygen atom and the carbon atom, producing CO. This is followed by the dissociation of two 
hydrogen atoms and their recombination with oxygen to form water, completing the RWGS stage 
and setting the stage for the FTS process. During the FTS reaction, biochar aids in the secondary 
dissociation of the C-O bond, resulting in the formation of water. Concurrently, carbon atoms bond 
with hydrogen atoms to form CHx radicals. These radicals then combine with other CHx radicals, 
promoting the formation of longer hydrocarbon chains.

In summary, biochar’s role in enhancing catalyst performance is significant. Its presence 
not only boosts the production of longer hydrocarbon chains and olefins but also directs the product 
distribution towards more valuable hydrocarbons in CO₂ hydrogenation reactions. This 
improvement is attributed to biochar's larger surface area and smaller pore diameter compared to 
activated carbon, as well as its higher CO₂ adsorption, which promotes more effective interactions 
and enhances overall catalyst efficiency.



Fig. 8.   Schematic illustration of dual catalytic functions: RWGS and FTS mechanisms for producing high chain 
hydrocarbons.

3.4. Evaluation of the Performance Stability

In the industrial sector, the long-term stability and activity of catalysts are vital. To test 
stability beyond 4 days, a series of continuous catalytic experiments were conducted, measuring 
ZFCK@C catalyst performance over time on stream (TOS), as shown in Fig. 9. After 100 h of 
operation, the catalyst remained effective and capable of functioning without showing any signs 
of deactivation. The catalytic performance, including conversion rate and C1 selectivities, at the 
final stage was consistent with the initial stage under identical operating conditions, with a 
conversion rate difference of no more than ±1.0% for all reactions.



Fig. 9.    Catalytic Performance Stability of ZFCK@C with a TOS of 100 h at 340 °C: (a) CO Hydrogenation at 20 
bar, (b) CO₂ Hydrogenation at 20 bar, and (c) CO₂ Hydrogenation at 30 bar.

3.5. Comparative analysis with prior research

As shown in the comparative analysis in Table S6, CO hydrogenation was more efficient at 
temperatures above 300 °C, where catalysts with conversion rates over 90% typically had CO₂ 
selectivity around or above 40%. In this study, the ZFCK@C catalyst stood out with a conversion 
rate of approximately 97%, a lower CO₂ selectivity of 37%, and a higher selectivity for C5+ 
hydrocarbons at 32%. Additionally, ZFCK@C produced a notably high proportion of gasoline-
range hydrocarbons, with a distribution of 45.3%.

Based on Table S7, it has been observed that carbon-supported Fe-based catalysts typically 
exhibit CO2 conversion rates ranging from 30% to 40%. However, selectivity between light and 
heavy hydrocarbons varies significantly depending on the support material employed. For 
example, CNTs tend to favor the selectivity of light hydrocarbons, often at the expense of heavier 
hydrocarbons, while MOFs achieve higher conversion rates but are frequently associated with 
increased CH4 selectivity. Although activated carbon supports reported in the literature generally 
demonstrate superior catalytic performance compared to other carbon supports, the ZFCK@C 
catalyst has achieved the best performance, with selectivity toward C5+ hydrocarbons reaching 
approximately 45.0% and attained a high kerosene distribution of 45.3%.

Unlike most previous studies that utilized micro-reactors and did not report the distribution of 
specific hydrocarbon ranges such as gasoline, kerosene, and diesel, this study stands out by 
employing a semi-industrial fixed-bed FTS reactor and offering a more detailed and practical 
analysis of hydrocarbon distribution. Additionally, while many FTS studies have used commercial 
activated carbon as a support, this work is unique in utilizing biochar derived from agricultural 
waste (corn cobs) through an environmentally friendly recycling process. The enhanced porous 
structure of the biochar-supported catalyst in this study led to higher production of C5+ 
hydrocarbons. This comparison is particularly significant, as the catalyst and operating conditions 



were similar to previous research, with the exception of a difference in GHSV, highlighting the 
superior performance of the biochar-supported catalyst.

4. Conclusion

This study demonstrates the significant potential of industrial-scale synthesis in producing 
valuable liquid fuels through the hydrogenation of CO and CO₂. The research utilized biochar, 
produced via an eco-friendly recycling process from corn cobs, alongside commercial activated 
carbon as supports for Fe-based catalysts promoted with Co and K, with and without Zn. These 
catalysts were rigorously tested in a 1-inch semi-industrial fixed-bed FTS reactor designed to 
closely mimic industrial conditions. Notably, the ZFCK@C catalyst demonstrated exceptional 
performance, achieving a 97% conversion rate and a 45.3% distribution of gasoline-range 
hydrocarbons during CO hydrogenation at 20 bar and 340 °C. In CO2 hydrogenation at 30 bar and 
340 °C, it achieved a 40% conversion rate with a 45.3% distribution of kerosene-range 
hydrocarbons. The addition of Zn enhanced catalyst activity by increasing the electron density 
around Fe, providing more active sites, while the biochar support, with its high surface area, 
improved CO2 adsorption efficiency on the catalyst surface. These findings collectively highlight 
a sustainable and practical approach to converting CO and CO2 into high-value fuels, offering a 
promising solution to the environmental challenges posed by carbon emissions.
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Highlights

• Iron-based catalysts supported on carbonaceous materials and promoted with Co, K, and/or 
Zn were evaluated for CO and CO₂ hydrogenation to gasoline-range hydrocarbons.

• Biochar support outperformed commercial activated carbon, by reducing CH4 selectivity 
and increasing C5+ hydrocarbon production.

•  A conversion rate of 97% was achieved in CO hydrogenation.
• Zinc promotion played a key role in boosting higher-chain hydrocarbon production.
• A stability test confirmed that ZFCK@C maintains stable activity after 100 h of reaction.


