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Introdução: The continuous increase in CO2 concentrations in the atmosphere is one of the main causes of global 

climate change, intensifying the need for strategies to mitigate greenhouse gas emissions. As a result, CO₂ capture 

technologies have been studied, especially those applicable to stationary sources and direct capture of exhaust 

gases. Among the approaches, adsorption processes in solid materials emerge as promising alternatives to 

conventional chemical absorption methods, which present high energy consumption, corrosion problems, and 

solvent degradation (Dissanayake et al., 2020, Guo. et al., 2022). Porous carbonaceous materials have 

distinguished themselves as efficient adsorbents for CO₂ capture, exhibiting high thermal stability, chemical 

resistance, and the possibility of adjusting structural and surface properties. In this context, biochar has been widely 

investigated, as it can be obtained from renewable biomass or waste, adding value to side products and contributing 

to circular economy strategies (Zhang et al., 2023). The choice of biomass for obtaining biochar has a direct 

influence on its final properties. Wood pellets, such as those produced from pine, have significant advantages over 

undensified biomass, such as lower moisture content, higher energy density, and more homogeneous composition. 

These characteristics promote greater control and reproducibility of the pyrolysis process (Rani et al. 2023; 

Handiso et al., 2024). Pyrolysis conditions, especially temperature, are decisive for the physicochemical structure 

of biochar. Increasing the temperature promotes a higher degree of carbonization, thereby reducing the H/C and 

O/C atomic ratios and increasing the aromaticity of the material, while intermediate temperatures allow the 

preservation of oxygenated functional groups. Rani et al. (2023) observed that increasing the pyrolysis temperature 

from 400 to 500 °C raised the fixed carbon content from 67.2% to 78.8%, in addition to increasing the calorific 

value by approximately 1.2 times. At the same time, physical or chemical activation processes have been widely 

used to intensify the formation of micropores, which are considered fundamental for the physical adsorption of 

CO₂, especially under low pressure conditions typical of post-combustion and direct air capture processes.  

Zhang et al. (2023) demonstrated that activation methods have a decisive influence on the CO₂ capture capacity of 

biochar. Activation with KOH increased CO₂ adsorption capacity from 0.59 to 0.88 mmol·g⁻¹, while activation 

with steam promoted an increase of 85.7% for biochar derived from wood pellets. In contrast, activations with 

ZnCl₂ and H₃PO₄ resulted in a significant reduction in adsorbent performance, indicating that not all activation 

treatments are beneficial. These results show that improving CO₂ capture capacity depends not only on the 

development of porosity, but also on the chemical nature of the biochar surface. Several studies indicate that 

activated biochar may have CO₂ adsorption capacities comparable to those of traditional adsorbents, such as 

zeolites and metal-organic materials, with the added advantage of lower cost and reduced environmental impact. 

In addition, surface modifications, such as nitrogen doping, can increase CO₂ selectivity in gas mixtures containing 

N₂, although physical adsorption associated with microporosity remains the predominant mechanism.  Liu et al. 

(2018) demonstrated that biochar doped with nitrogen and activated with KOH exhibited CO₂ adsorption capacities 

between 2.04 and 2.67 mmol CO₂· g⁻¹ at 35 °C and ambient pressure. This high performance was associated with 

high microporosity and high incorporated nitrogen content, highlighting the effectiveness of the combination of 

chemical activation and doping for CO₂ capture. Thus, research into the potential of biochar  for CO₂ capture is of 

high scientific and environmental relevance. Understanding the relationships between raw materials, pyrolysis 

conditions, activation strategies, and adsorbent performance is fundamental to the development of efficient and 

sustainable materials capable of effectively contributing to the mitigation of carbon emissions and the advancement 

of CO₂ capture technologies based on biomass (Monteagudo, 2026). 

Materials and Methods: Chemically activated biochar (K2CO3 and H3PO4) and pine pellet-based biochar were 

used as adsorbents. The synthesis of biochar from pine pellets was performed in a pyrolyzer shown in Fig. 1(A). 

The pyrolysis process was conducted at a reactor rotation speed of 6 rpm, ensuring continuous movement of the 

material. The nitrogen gas feed was maintained at 6 L/min, divided equally between the material feed and the 

reactor inlet, ensuring an inert atmosphere throughout the operation. The pyrolysis temperature was set at 600 °C, 

with a duration of 30 minutes for complete pellet feeding and 60 minutes corresponding to the residence time of 

the material inside the reactor. The operating temperature was reached by means of heating ramps of 10 °C/min. 

The reactor was inclined at 2° to promote flow and thermal uniformity of the material throughout the process. 

The CO₂ capture efficiency tests in the biochar adsorption column were performed using the experimental 

apparatus shown in Fig. 1(B). The capture process was conducted in an adsorption column. During the tests, a gas 
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stream composed of CO₂ and air was introduced at the base of the column, passed through the adsorbent, and 

exited at the top. Sensors positioned at the inlet and outlet of the column continuously monitored CO₂ 

concentrations, allowing the determination of CO₂ capture efficiency per gram of biochar. Air and CO₂ flow rates 

were controlled using the control panel and flow meters, ensuring reproducible experimental conditions. The 

process variables were: Qar = 10 L/min, QCO2 = 0.1 L/min, biochar weight 20 g, and adsorption and quantification 

period of CO2 the sensors 20 min.  

Fig. 1. (A) Diagram of the pyrolyzer and (B) Capture system via CO2 capture column 

 

  
(A) Legend: 1) N2 cylinder; 2) Gas scrubbing system; 3) N2 

supply; 4) Feed screw; 5) Thermally insulated reactor; 6) 
Material feed; 7) Control panel; 8) Bio-oil collection; 9) Gas 

collection 

 

(B) Legend: A) Adsorption column; B) CO2 

sensors; C) Air and CO2 mixing; and D) CO2 

cylinder 

Results and Discussion: The average adsorption values per gram of biochar were: commercial charcoal: 20.55–

36.61 mmol/g; coffee grounds + K₂CO₃: 31.82–36.10 mmol/g; coffee grounds + H₃PO₄: 11.68–47.68 mmol/g; and 

pine pellets: 6.31–7.68 mmol/g. Adsorption was dominated by rapid diffusion, due to the presence of accessible 

micropores and good bed distribution. Coffee grounds proved to be a highly promising raw material. Activation 

with K₂CO₃ presented the best balance between performance and reproducibility. Biochar from coffee grounds 

activated with K₂CO₃ showed more consistent results, with high and similar values (31.8–36.1), suggesting that 

alkaline activation was efficient, with predominant formation of micropores, ideal for CO₂ capture, and better 

experimental reproducibility. K₂CO₃ is known to promote carbon structure expansion, increase surface area, and 

favor physicochemical interactions with CO₂. Min-Jeong Kim, et al., (2020) reported that by increasing the 

temperature during activation time, the specific area can reach 2337 m²/g and the total pore volume 1.15 cm³/g, 

with improved CO₂ adsorption performance associated with this microporosity. Guo, S. et al., (2022) reinforced 

that alkaline activation increases microporosity and improves CO₂ capture by physisorption. 
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