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The rise in atmospheric CO2 concentrations poses a significant challenge for industrial decarbonization, particularly in regions that rely heavily on hydrocarbons, such as the Middle Magdalena Valley (MMV) in Colombia. This study evaluates, at the laboratory scale, an integrated approach to CO2 capture and utilization using amine-functionalized activated carbon (AAC) derived from sugarcane bagasse, which serves as both an adsorbent and a catalytic support. The AAC, synthesized via pyrolysis and chemical functionalization, exhibited a high specific surface area of 1,456 m2/g, thereby facilitating CO2 adsorption and improving catalyst dispersion. The hydrogenation of CO2 via Fischer-Tropsch synthesis was carried out in a batch reactor for 24 h at temperatures ranging from 220 to 260 °C, using H2 and CO2 as reactants. A comparative experimental approach was implemented to evaluate system configurations with and without AAC and a Co–Mn bimetallic catalyst. The use of the AAC/Co6/MnOx mixture to 260 °C demonstrated superior selectivity toward liquid hydrocarbons compared to other treatments, increasing by 24.37 % relative to the initial squalane mass. These results indicate that functionalized bio-based carbons can improve catalyst performance under batch conditions. However, further studies are needed to examine reaction kinetics, the effects of gas composition, and catalyst stability in order to assess the scalability and applicability of this approach in CCUS systems.
INTRODUCTION
The sustained increase in atmospheric carbon dioxide (CO2) concentrations has become a pressing global concern due to its direct role in accelerating climate change and global warming. Recent estimates indicate that approximately 41 Gt of CO2 equivalent (CO₂e) were emitted globally in 2025, highlighting the urgency of implementing effective mitigation strategies (BP, 2025). Carbon Capture, Utilization, and Storage (CCUS) technologies have gained increasing attention as promising strategies for managing anthropogenic CO2 emissions (Kazemifar, 2021; Lin et al., 2022). In Colombia, where emissions reached approximately 0.139 Gt of CO₂e in 2024, the Middle Magdalena Valley (MMV) has been identified as a strategic region for CCUS deployment due to its high concentration of oilfields, industrial sources, and available infrastructure (Yañez et al., 2018). Within the CCUS framework, the production of synthetic fuels via CO2 valorization has gained attention as a means of carbon recycling and energy storage, particularly given the global fuel market's substantial size. Catalytic CO2 hydrogenation to hydrocarbons typically involves the Reverse Water-Gas Shift (RWGS) reaction followed by Fischer–Tropsch synthesis (FTS), with overall efficiency strongly dependent on both CO2 capture performance and catalytic activity (Tang et al., 2023). Recent advances in catalytic systems, including advanced adsorbents such as activated carbons (AC), zeolites, and metal–organic frameworks (MOFs), have demonstrated high activity and selectivity for CO2 hydrogenation (Ye et al., 2025). Among these, biomass-derived activated carbons stand out for their high surface area, tunable porosity, and capacity for surface functionalization compared to conventional sorbents (Adeniyi et al., 2023). Additionally, these are typically synthesized from carbon-rich precursors with lignocellulosic agricultural residues offering a renewable, low-cost, and sustainable alternative to conventional fossil-based sources (Jafari & Botte, 2024). To improve the adsorption properties of the activated carbon, pyrolysis is carried out using alkaline and amine compounds, which react with the carbon matrix to induce oxidation, promoting the formation of nitrogen sites and the release of CO and CO2, thereby expanding the porous network (Yuan et al., 2023). In this context, sugarcane bagasse, widely available in Colombia, represents a promising precursor aligned with circular economy principles. The selection of catalytic systems is critical for achieving efficient CO2 conversion and product selectivity. Bimetallic catalysts outperform monometallic systems due to synergistic effects; cobalt-based catalysts are selected as the active metal because of their high catalytic activity and excellent selectivity (Suo et al., 2022). Furthermore, incorporating manganese oxide (MnOx) as a promoter significantly enhances catalyst performance by suppressing methane formation and increasing selectivity toward higher-value C2–C4 hydrocarbons (Van Koppen et al., 2022). Despite these advances, studies that combine biomass-derived functionalized carbons with bimetallic catalysts under batch conditions remain limited. For this reason, this study evaluates an integrated CO2 capture and utilization approach that uses an amine-functionalized activated carbon (AAC) derived from sugarcane bagasse as both the adsorbent and the catalytic support, combined with a Co–Mn bimetallic catalyst. The system was experimentally evaluated at the laboratory scale using a batch reactor to elucidate the effects of temperature and reactor configuration on hydrocarbon production, thereby providing valuable insights into the feasibility of biomass-derived materials for CCUS applications in the MMV.
MATERIALS AND METHODS 
2.1. Synthesis of amine-functionalized activated carbon (AAC)
Sugarcane bagasse was selected as the raw material, which was dried in an oven at 120 °C for 24 hours, then crushed, sieved, and ground into particles with a size of 0.6-0.8 mm (30 mesh). This biomass was impregnated with 15 wt% urea for 12 h, dried at 105 °C, and pyrolyzed under a nitrogen (N2) atmosphere (1 L/min) at 600 °C for 30 min with a heating rate of 10 °C/min. The resulting material was washed with deionized water to remove unreacted urea and dried at 105 °C. Subsequently, it was impregnated with KOH (KOH/AC ratio = 2.0), dried, and subjected to a second pyrolysis under the same conditions for 1 h. Finally, the resulting AAC was washed with deionized water until a pH of 7 ± 0.05 and dried at 105 °C for 12 h (Han et al., 2019). The yield distribution across the two-step pyrolysis process for AAC production is presented in Table 1, showing mean and standard deviation values from triplicate experiments.
[bookmark: _Ref226123103]Table 1: Stepwise yield distribution for AAC production from triplicate pyrolysis experiments.
	Sample
	First-step pyrolysis yield (%)
	Second-step pyrolysis yield (%)
	Process yield (%)

	AAC
	10.85 ± 0.28
	59.70 ± 0.72
	8.75 ± 0.31


2.2. Synthesis of the Co6/MnOx bimetallic catalyst
Co(NO3)2·6H2O (0.30 M) and Mn (NO3)2·4H2O (0.05 M) were dissolved in 40 mL of distilled water, then diluted in 100 mL of 0.5 M Na2CO3 with constant stirring, followed by centrifugation and washing of the solid with 500 mL of distilled water, with subsequent drying at 110 °C for 10 h, calcination in a muffle furnace at 400 °C for 3 h and reduction under a hydrogen (H2) flow at 400 °C for 1 h. Finally, the catalyst was passivated in a nitrogen (N2) atmosphere at room temperature for 30 min (He et al., 2019).
2.3. Preparation of AAC/Co6/MnOx catalyst
The Co6/MnOx catalyst was impregnated with AAC to a concentration of 5,000 mg/L, using ethanol as the dispersion medium. First, the mixture was prepared by immersing the catalyst in 60 mL of ethanol and sonicated at room temperature for 1 h to ensure homogeneous dispersion. Subsequently, 4 g of AAC was incorporated into the catalyst-ethanol solution, followed by an additional 60 minutes of sonication to deposit the catalyst within the activated carbon's porous structure. This mixture was refluxed for 2 h and then vacuum-filtered with 500 mL of a 9:1 water/ethanol solution. As a final step, the sample was dried for 3 h at 110 °C to eliminate residual solvent and ensure material stability (León et al., 2023).
2.4. Characterization of precursors
To determine the surface area of the synthesized AAC, a Micromeritics© Vac Prep 061 equipped with vacuum degassing was used to obtain nitrogen adsorption-desorption isotherms. The analysis was performed using the Brunauer-Emmett-Teller (BET) method with specialized 3FLEX V4® software. To characterize the Co6/MnOx catalyst, X-ray powder diffraction (XRD) analysis was performed using a Bruker D8 Advance© diffractometer with Bragg-Brentano geometry. This diffraction pattern was recorded at room temperature over a 2θ range of 4.00° to 70.00° with a step size of 0.02035° and a counting time of 1.2 seconds per step. Cu Kα radiation (λ = 1.5406 Å) was employed as the X-ray source, operating at 40 kV and 40 mA. The three precursors were studied by Raman spectroscopy of the AAC, Co6/MnOx catalyst, and the AAC/Co6/MnOx mixture using a Horiba Scientific LabRAM HR Evolution© microscope in the range of 200 to 3,500 cm⁻¹, with a 532 nm, 80 mJ green diode as the excitation source.
2.5. Procedure for the CO2 conversion to hydrocarbons
[bookmark: _Hlk223008200]In a batch reactor, 2.0289 g of squalane was added as a solvent, along with 0.38 g of AAC/Co6/MnOx mixture. After that, the reactor was pressurized with carbon dioxide (CO2) to 4 MPa and hydrogen (H2) to 8 MPa, and checked for leaks. The assembly is placed in an oven preheated to 200, 240, and 260 °C for 24 h. Once the time is up, the reactor is cooled and completely depressurized. The liquid products were collected, centrifuged to separate the solids, and then cooled to preserve volatile compounds (He et al., 2019). Liquid products were characterized using 1H nuclear magnetic resonance (1H NMR) spectroscopy with a Bruker Avance IIITM© HD 400 MHz (9.4 T) spectrometer. The samples were dissolved in deuterated chloroform (CDCl3) with tetramethylsilane (TMS) as the reference, then introduced into an NMR tube, where a magnetic field and radiofrequency pulses were applied to excite the 1H nuclei. NMR data were analyzed using MestReNova V. 15.3.1® software. Finally, liquid products were analyzed using Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy, in which the samples were placed in contact with the ATR diamond crystal at a fixed angle of incidence of 45° on the Nicolet™ iS50 FTIR spectrometer. The spectra were normalized and processed using OMNIC® software.
3. Results and discussion
3.1. Characterization of precursors
The AAC sample was characterized using nitrogen (N2) adsorption/desorption analysis, which indicated that pyrolysis time and the chemical compound impregnated in each phase significantly influence the development of AAC's textural properties. Urea decomposes into amines and other volatile species, leaving nitrogenous sites that improve the formation of micropores, and KOH reacts with the carbonaceous matrix, oxidizing C-C bonds and releasing carbon monoxide (CO) and carbon dioxide (CO2), which create internal channels that expand the porous network (Ding et al., 2022). Also, the AAC sample had a high surface area (1,456 m2/g), pore volume (0.0636 cm3/g) and a higher adsorption capacity, exceeding 400 cm3/g (STP), observing a combination of micropores and mesopores, suggesting that a longer time in the second step promotes the opening of mesopores without compromising the microporosity (Hidayu, Mahamad, Matali, & Sharifah, 2013).
Figure 1a shows the XRD analysis of the Co6/MnOx catalyst, where cobalt (II, III) and manganese oxide (III) (Co2.4Mn0.6O4) were observed, a mixed oxide of cobalt and manganese with a cubic structure that shows the partial combination of cobalt and manganese in the synthesis (He et al., 2019). Also, cobalt oxide (CoO) and manganese oxide (MnO) were observed, providing evidence that some of these oxides remain as single oxides without being doped by one another (Mu et al., 2024).
[bookmark: _Hlk223198539]Finally, Figure 1b shows the Raman spectra for the three precursors. In AAC, two main bands are identified: band D at 1,350 cm-1, which is associated with sp2 aromatic ring vibrations, while band G at 1,580–1,600 cm-1 corresponds to the symmetric stretching of C=C bonds in ordered graphitic domains (Ferrari & Robertson, 2000). These indicate an aromatic structure with a high degree of disorder, typical of activated carbons. For the Co6/MnOx catalyst, the predominant signals at <700 cm-1 are attributed to metal–oxygen (Mn–O and Co–O) vibrations (Julien et al., 2004). In the spectrum of the AAC/Co6/MnOx mixture, the D and G bands of AAC and those associated with M–O are preserved, which shows that the aromatic structure of the support is not affected after the incorporation of the catalyst and confirms the presence of the metal oxide on the AAC support.
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[bookmark: _Ref223215815]Figure 1: (a) XRD diffractogram for Co6/MnOx catalyst. (b) Raman spectra for AAC, Co6/MnOx catalyst, and AAC/Co6/MnOx mixture.
3.2. Process for CO2 conversion to hydrocarbons
In an experimental design with 12 tests at 220, 240, and 260 °C, with and without AAC and Co6/MnOx, the highest liquid volume was obtained at 260 °C using the AAC/Co6/MnOx mixture. Under these conditions, the liquid yield increased by 24.37 % relative to the initial squalane mass, as shown in Table 2. This is attributed to enhanced CO2 activation and selectivity toward useful products, such as methanol, olefins, and hydrocarbons. In addition, this condition produced 27.88 % more liquid than the reference test without AAC or catalyst at the same temperature, resulting in greater catalytic efficiency and stabilization of the bimetallic catalyst on AAC, thereby promoting CO2 adsorption and conversion (Brunner et al., 2009). Finally, tests without AAC and catalyst resulted in negative liquid yields, due to loss of the initial liquid phase and preferential formation of gas products.
[bookmark: _Ref226188011]Table 2: Liquid yield for all experimental tests.
	Sample
	Liquid yield (%)
	Sample
	Liquid yield (%)

	(-)AAC (+)Cat, 220°C
	16.07 ± 0.53
	(+)AAC (-)Cat, 220°C
	1.41 ± 0.08

	(-)AAC (+)Cat, 240°C
	16.26 ± 0.84
	(+)AAC (-)Cat, 240°C
	9.50 ± 0.12

	(-)AAC (+)Cat, 260°C
	19.50 ± 0.90
	(+)AAC (-)Cat, 260°C
	11.14 ± 0.58

	(+)AAC (+)Cat, 220°C
	18.07 ± 0.92
	(-)AAC (-)Cat, 220°C
	-4.77 ± 0.58

	(+)AAC (+)Cat, 240°C
	22.59 ± 0.28
	(-)AAC (-)Cat, 240°C
	-4.50 ± 0.52

	(+)AAC (+)Cat, 260°C
	24.37 ± 0.44
	(-)AAC (-)Cat, 260°C
	-3.18 ± 0.84



Based on the 1H NMR spectra, the predominant peaks corresponding to aliphatic protons are observed in the 0–2 ppm region. As shown in Figure 2a, increasing the temperature results in a decrease in the CH2 region (1.0–1.7 ppm), while the CH3 region (0.8–0.9 ppm) increases simultaneously. This behavior indicates that higher temperatures promote chain transformation via cleavage of linear hydrocarbon chains and formation of shorter-chain fragments (Keeler, 2010). Tests in the presence or absence of the Co6/MnOx catalyst or AAC were analyzed at the same regions, the CH2 and CH3 region (Figure 2b). The presence of the catalyst increases the signal intensity in the CH2 region, compared with the non-catalytic condition. This suggests the formation of relatively more condensed structures, greater retention of heavier compounds, and reduced cracking. Similarly, when AAC was added separately, only a modest variation in the intensity of both the CH2 and CH3 regions was observed. Although the presence of either AAC or Co6/MnOx alone does not produce a highly significant effect on band intensity, both cases show a slight increase compared with the condition without either additive. Finally, when AAC and Co6/MnOx are used together, a clear synergistic effect is observed, resulting in a marked increase in the intensity of both spectral regions. This synergistic behavior suggests that the AAC/Co6/MnOx mixture promotes the formation of fractions with moderate chain length, increased branching, and improved thermal stability (Lambert et al., 2019).
The FTIR-ATR spectra presented in Figure 2c and Table 3 display intense aliphatic C–H stretching bands (between 3,000 – 2,800 cm-1), characteristic of saturated hydrocarbons. At 220 °C, absorptions associated with CH2 groups were dominant, indicating long and weakly transformed chains. Increasing the temperature to 240 °C enhances CH3 bands, evidencing the onset of cracking and branching, along with emerging aromatic signals. At 260 °C, a substantial intensification of aromatic bands (≈1,600 and 800–750 cm-1), together with those attributed to CH3 groups, is observed, while the characteristic CH2 rocking bands (≈720 cm-1) exhibit a marked decline, confirming the progression toward advanced cracking, a pronounced reduction in chain linearity, and the formation of short-chain aliphatic fragments and condensed aromatic structures (Zhao et al., 2018).
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	[bookmark: _Ref226129899]Table 3: Conditions for FTIR-ATR spectra.
	No.
	Condition
	No.
	Condition

	1
	(-)AAC (+)Cat, 220°C
	7
	(+)AAC (-)Cat, 220°C

	2
	(-)AAC (+)Cat, 240°C
	8
	(+)AAC (-)Cat, 240°C

	3
	(-)AAC (+)Cat, 260°C
	9
	(+)AAC (-)Cat, 260°C

	4
	(+)AAC (+)Cat, 220°C
	10
	(-)AAC (-)Cat, 220°C

	5
	(+)AAC (+)Cat, 240°C
	11
	(-)AAC (-)Cat, 240°C

	6
	(+)AAC (+)Cat, 260°C
	12
	(-)AAC (-)Cat, 260°C




	(c)


[bookmark: _Ref223220715]Figure 2: (a) ¹H NMR spectrum of 3 tests with AAC and Co6/MnOx catalyst present (AAC/Co6/MnOx mixture), varying the temperature. (b) ¹H NMR spectrum of 4 tests at T = 260 °C with Co6/MnOx catalyst and AAC, present (+) or absent (-), depending on the case. (c) FTIR-ATR spectra obtained for all experimental tests.
4. Conclusions
Sugarcane bagasse was confirmed as a promising precursor for activated carbons for CO2 adsorption, due to its high carbon content, low cost, and storage stability. Adsorption performance depends not only on textural properties but also on surface chemistry, particularly the presence of basic functional groups. The AAC sample exhibited strong performance, combining high surface area, suitable pore volume, and improved crystallinity, highlighting its potential for efficient CO2 capture via scalable, low-complexity thermal treatments. The successful impregnation of the Co6/MnOx catalyst onto AAC via ethanol-based co-precipitation effectively combined CO2 adsorption capacity with catalytic hydrogenation activity. This synergy enhanced conversion, yielding a liquid volume up to 24.77 % higher than the initial squalane mass, while improving thermal stability and regeneration potential, thereby making the material suitable for CCUS applications. 1H NMR and FTIR-ATR analyses indicated that increasing temperature promotes catalytic cracking, chain scission, and the formation of branched and aromatic structures, with no evidence of oxidation pathways. These results confirm that higher temperatures, in the presence of AAC/Co6/MnOx, favor molecular fragmentation and aromatization. Overall, this study demonstrates a sustainable CCUS approach integrating agro-industrial waste valorization with CO2 capture and conversion into synthetic fuels, offering a viable decarbonization pathway for industrial applications in the MMV. Future work should address long-term stability, cyclic performance, and pilot-scale implementation.
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