



Reduction of Carbon Monoxide in Biogas Using an Activated Carbon Filter Produced from Rubber Tree Branches
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ABSTRACT 

	Biogas is a renewable energy source that can significantly reduce fossil fuel consumption. However, raw biogas often contains carbon monoxide (CO), a toxic gas that compromises safety and reduces combustion efficiency. To address this challenge, this research investigates the impact of various factors of the activated carbon synthesis from rubber tree branches (the precursor and activating agent types, impregnation time) on its yield and physicochemical characteristics and develop on the base of such study results an effective method to reduce carbon monoxide (CO) concentration in biogas using the indicated activated carbon. The research investigates the influence of key synthesis parameters on the yield and physicochemical characteristics of the carbon. A full factorial design was used to optimize these factors. The activated carbon produced from HK (GT1) rubber clone and activated with K₂CO₃ achieved a consistent 90% CO removal efficiency, even at high initial CO concentrations, with adsorption best described by the Langmuir and Dubinin-Radushkevich isotherms. Compared to prior studies that mainly targeted hydrogen sulfide or other impurities in biogas purification, our work uniquely focuses on CO removal and demonstrates superior adsorption performance using a low-cost, renewable biomass-derived activated carbon. The use of a renewable waste biomass as precursor and the high efficiency of the synthesized adsorbent underscore the study’s originality. This work provides a cost-effective and scalable solution for biogas purification, contributing to improved energy performance and sustainable waste management practices.
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1. INTRODUCTION 

[bookmark: _Hlk205952611]Biogas is a renewable energy carrier whose composition depends on the raw materials and operational conditions. One of the undesirable components is carbon monoxide (CO), a toxic, odourless, and colourless gas that poses serious health risks at elevated concentrations (Emu et al., 2024). Its presence in biogas can also limit its use in sensitive applications, such as in residential settings or transportation (Khan et al., 2017). Unlike other more commonly studied contaminants, such as hydrogen sulfide (H₂S), the reduction of CO in biogas has been less explored, despite its significant impact on combustion efficiency and safety. CO can reduce the combustion efficiency of internal combustion engines used for biogas-based energy generation, leading to lower energy output and increased emissions. However, it does not directly cause engine malfunctions, unlike other impurities such as hydrogen sulphide (H₂S) or siloxanes, which can damage engine components.  Thus, reducing CO concentration in biogas is crucial for improving combustion efficiency, reducing harmful emissions, and enhancing engine longevity. 
The use of activated carbon for the adsorption of toxic gases is a well-established technique widely applied across industrial sectors. Activated carbon is known for its high specific surface area and porous structure, which allow it to effectively trap gas molecules. However, its production often relies on non-renewable precursors or energy-intensive processes, limiting its environmental benefits and increasing costs(Weiland, 2010). Recent research has shifted towards alternative feedstocks for activated carbon synthesis, particularly from agricultural residues and forest biomass, which reduce environmental impact and production costs. Despite these advances, the potential of biomass-derived activated carbon for CO removal in biogas remains underexplored. Rubber tree (Hevea brasiliensis) branches, an abundant by-product of latex harvesting, are often discarded or burned. Converting these residues into activated carbon offers a promising low-cost solution aligned with circular economy principles. Their lignocellulosic nature makes them suitable for thermal conversion and chemical activation, leading to materials with promising adsorptive properties. Studies have confirmed the viability of agricultural residues, such as rubber seed shells, for producing high-quality activated carbon, yet research on using rubber tree branches remains limited (Ahmad et al., 2021; Suhdi and Wang, 2021; Cé DEJ et al., 2024; Li et al.; 2023). 
Given the increasing demand for clean and efficient renewable energy sources, the purification of biogas has become a critical research focus. Raw biogas contains not only methane (CH₄), the primary energy carrier, but also various undesirable components such as hydrogen sulphide (H₂S), siloxanes, and carbon monoxide (CO), which can impair its performance and safety (Legendre et al., 2023). Purification techniques are therefore essential to enhance the quality of biogas for broader applications, including electricity generation, heating, and vehicle fuel (Castellanos-Sánchez et al., 2024). Among the methods available, adsorption using activated carbon has proven particularly effective for removing gaseous impurities due to its high surface area and porous structure(Sosa et al., 2023).
While activated carbon is widely used for the adsorption of contaminants like H₂S and VOCs in biogas streams, less attention has been paid to its potential for CO removal. Improving CO adsorption is essential to increasing combustion efficiency and reducing emissions, especially in applications involving internal combustion engines( Ko et al.,2022). This study specifically targets CO removal from biogas using activated carbon derived from rubber tree branches, an abundant, renewable, and underutilized resource. The present study aims to develop an effective method to reduce CO concentration in biogas using activated carbon synthesized from rubber tree branches. To achieve this, the following specific objectives are pursued:
-Produce activated carbon from HN (Rubber tree clone IRCA 18) and HK (Rubber tree clone GT1) varieties of rubber tree branches;
-Characterize the physical and chemical properties of the activated carbon;
-Purify biogas using the synthesized activated carbon.
2. material and methods 

2.1 Material
The following list outlines the necessary equipment for accurate measurement, preparation, and treatment of samples: Precision electronic balance, digital pH meter, high-precision digital thermometer, graduated burette, appropriately sized flasks, Erlenmeyer flasks, magnetic stirrer with heating capability, and activation agents: Sodium hydroxide (NaOH) and Potassium carbonate (K₂CO₃).

[bookmark: _Hlk205233483]2.1.1 Oven and Muffle Furnace   
An oven was used to dry the rubber tree branches and the activated charcoal at a temperature of 105°C for 24 hours. The carbonization of the rubber tree branches was carried out using a muffle furnace.
Using a SATORIUS electronic precision balance, mass measurements necessary for the various manipulations were carried out. The pH of the various solutions was measured using a digital pH meter of brand SKU: GE070IP028HCINAFAMZ. The temperature of the solutions was determined using a high-precision digital thermometer of brand TP 300. The volumes of the solutions were measured using a graduated burette. The solutions were prepared in flasks of appropriate capacity. The solutions were homogenized and heated using a magnetic stirrer with heater of brand IKAMAG.
2.1.2 BOSEAN Biogas Analyzer
The BOSEAN biogas analyzer was used to measure the components of biogas, such as methane, carbon dioxide, oxygen, hydrogen sulfide, and carbon monoxide. This device, known for its accuracy, provided essential data on the composition of the biogas, helping to assess its quality and to identify purification needs for optimal use.


[image: ]
Figure 1: BOSEAN Biogas Analyzer used 

2.2. Methods
2.2.1 Collection and Preparation of Rubber Tree Branches

2.2.1.1 Branch Collection Methodology

Rubber tree branches were collected from a three-hectare field in N’Zikro, located in the Comoé district (Figures 2 et and 4). Trees aged between 5 and 7 years were selected due to their optimal production of branches suitable for the synthesis of activated carbon. The branches were cut using hand saws to minimize damage to the trunks.
After harvesting, the branches were sorted by diameter and length (Figure 3). Branches with diameters between 2 and 5 cm and lengths between 50 and 100 cm were selected to ensure uniformity of the raw material. Those that did not meet these criteria were discarded.
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Figure 2: Map indicating the location of rubber branch collection
2.2.1.2. Drying and Pre-treatment of Branches
The cut branches were left in open air for one week to reduce surface moisture (Figure 3 and 5). Afterwards, they were placed in an oven at 105°C for 24 hours to eliminate residual moisture.
Once dried, the branches were stripped of their bark using knives. Then, they were crushed into small pieces measuring 2 to 3 centimetres in length, in order to increase the contact surface during carbonization. The crushed pieces were then sieved to obtain a homogeneous particle size, with particles ranging from 0.5 to 1 millimetre, which is essential to ensure uniform activation of the activated carbon (Figure 6).
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FIG  5. Rubber tree branches cut into pieces                                        FIG 6. Precursor

2.2.2. Production of Activated Carbon
[bookmark: _Hlk197091083]The synthesis of activated carbon is a complex process influenced by various factors, including the precursor, impregnation time, and activating agent. In this study, a full experimental design was used to analyse the impact of these factors and their interactions on the yield and iodine index of the activated carbon. The factors studied are the activating agent (A), impregnation time (B), and the type of precursor (C). The levels of these factors are coded in Table 1.
Table 1: Experimental Domain
	[bookmark: _Hlk195012208][bookmark: _Hlk195012167]Factors
	Coding

	Activating Agent (A)
	NaOH = -1
K2CO3 = +1

	Impregnation Time (B)
	12 hours = -1
24 hours = +1

	Precursor Type (C)
	H.N = -1
H.K = +1


[bookmark: _Hlk196922501]          HN (Rubber tree clone IRCA 18) and HK (Rubber tree clone GT1)
The experimental matrix for each combination of factors is presented in Table 2. Each experiment was replicated three times 
Table 2: Experimental Matrix
	[bookmark: _Hlk195092643]Experiments
	A (Activating Agent)
	B (Impregnation Time)
	C (Precursor Type)

	1
	-1
	-1
	-1

	2
	+1
	-1
	-1

	3
	-1
	+1
	-1

	4
	+1
	+1
	-1

	5
	-1
	-1
	+1

	6
	+1
	-1
	+1

	7
	-1
	+1
	+1

	8
	+1
	+1
	+1



Table 3: Experimental Design
	[bookmark: _Hlk195095809]Experiments
	A (Activating Agent)
	B (Impregnation Time)
	C (Precursor Type)

	1
	NaOH
	12h
	H.N

	2
	K2CO3
	12 h
	H.N

	3
	NaOH
	24 h
	H.N

	4
	K2CO3
	24h
	H.N

	5
	NaOH
	12 h
	H.K

	6
	K2CO3
	12 h
	H.K

	7
	NaOH
	24 h
	H.K

	8
	K2CO3
	24 h
	H.K



An analysis of the main effects of the factors was conducted, followed by an analysis of variance (ANOVA) to determine the significance of the main effects and interactions.
Based on the results from the multiple linear regression, the mathematical model of the yield was expressed as a function of the studied factors (Activating agent A, Impregnation time B, and Precursor type C) and their significant interactions.
Y = β0 + βAA + βBB + βCC + βABAB + βACAC + βBC BC + βABCABC + ϵ	(1)
Where:
-Y is the yield.
-A, B, and C are the factors.
-β0 is the mean effect.
-βA, βB, βC, βAB, βAC, βBC, and βABC are the coefficients of the main terms and interactions.
-ϵ is the residual error.


2.2.2.1. Preparation of Equipment
The crushed and sieved branch pieces, with a particle size of 0.5 to 1 millimetre, are impregnated with specific activating agents before carbonization.
2.2.2.2. Impregnation
The precursors are impregnated with a solution of activating agent (NaOH or K2CO3) at a concentration of 500 ppm for an impregnation ratio of 20 g of precursors to 100 mL of solution. The impregnation time varies from 12 to 24 hours.
2.2.2.3. Carbonization Conditions
The furnace is heated gradually to avoid thermal shock and allow a controlled decomposition of the organic components. The temperature is increased at a rate of 10°C per minute until reaching 450°C. The chemical agent acts during heating by promoting dehydration and creating pores in the material. The temperature of 450°C is maintained for 3 hours to allow complete carbonization and effective chemical activation. This duration was consistently applied to all precursor samples used in this study. The heating is carried out under a controlled atmosphere to prevent oxidation.
After carbonization, the material is slowly cooled to room temperature.
To determine the optimal activation conditions, iodine adsorption was used as a proxy due to its widespread use as a standard method for characterizing the surface area and porosity of activated carbon. However, iodine and CO have different molecular dimensions, which may lead to different adsorption behaviors. Thus, the optimal conditions obtained from iodine adsorption serve as a preliminary guideline and were validated by subsequent CO adsorption tests


2.2.2.4. Cooling
After carbonization, the charcoal is left to cool in the furnace, still under an inert atmosphere, to prevent oxidation. The cooling process occurs gradually until it reaches ambient temperature.
2.2.3 Expression of the Associated Mathematical Model
The complete factorial design with three factors (2³) allows for modelling the system's responses, such as the iodine number and yield, based on the studied factors: the activating agent (A), impregnation time (B), and precursor type (C). The mathematical model associated with this experimental design takes into account the main effects of each factor as well as their interactions.
The general expression of the mathematical model is given by equation (2).
[bookmark: _Hlk195113702]Y = β0 + βAA+ βBB+ βCC + βAB AB + βACAC + βBCBC + βABCABC           (2)
[bookmark: _TOC_250008]Where:
-Y is the response (iodine number or activation yield).
-β0 is the mean effect (constant term).
-βA, βB, βC are the coefficients of the main effects of factors A, B, C.
-βAB, βAC, βBC are the coefficients of the two-factor interactions.
-βABC is the coefficient of the three-factor interaction.
-A, B, C are the coded variables corresponding to the studied factors.
For each response (iodine number and yield), a mathematical model is established. The β coefficients are determined using a calculation software. Once the coefficients are determined, the mathematical model allows for predicting the responses for various combinations of the studied factors and optimizing the carbonization conditions to achieve the best performance of the activated charcoal produced.
2.2.4. Characterization of Activated Charcoals
2.2.4.1. Yield (R)
The yield represents the ratio between the amount of precursor used and the amount of activated charcoal obtained after the carbonization process. This measurement is essential for evaluating the efficiency of converting the precursor into activated charcoal.
To determine the yield, an initial mass of precursor (m₀) is measured and subjected to carbonization. After carbonization, the mass of the produced activated charcoal (m₁) is measured. The yield in percentage is calculated using Equation (3)( Ndongmo et al., 2024).
R(%) = ×100                                                                                        (3)
2.2.4.2. Ash Content (AC)
The ash content indicates the amount of mineral residue remaining after the combustion of a sample of activated charcoal. A high ash content is undesirable because it reduces the quality and adsorption capacity of the activated charcoal, increasing the presence of impurities such as silica, aluminium, iron, magnesium, and calcium. To determine the ash content, a 0.5 g sample of activated charcoal is placed in a crucible and then dried in an oven at 80°C for 24 hours. The sample is then heated to 650°C for 3 hours. After cooling, the crucible and its contents are weighed again. The ash content (AC) is calculated by comparing the weights before and after combustion (Yi et al., 2021).
A(%) =                                                                                                             (4)
m₁: mass of the charcoal
m₂: mass of the crucible and charcoal after removal from the furnace
m₃: mass of the crucible and charcoal after drying
2.2.4.3. Iodine Number
The iodine number measures the capacity of the activated carbon to adsorb small molecules in solution, which is important for evaluating its micro porosity. The method used is described below:
To determine the iodine number, 0.05 g of activated carbon is placed in a beaker with 15 ml of a 0.1N iodine solution and stirred for 4 to 5 minutes. The mixture is filtered, and 10 ml of the filtrate are placed in an Erlenmeyer flask. A sodium thiosulfate solution is added until complete decolorization. The volume of thiosulfate used is noted as Vb, and the iodine number (Id) is calculated using equation (Bouchelkia et al.2023a; Bouchelkia 2023b).
                                                                            (5)
                                                     Vb: Volume of 0.1N sodium thiosulfate for the blank test.
                               
2.2.4.4. Moisture Content
The moisture content is determined by measuring the water loss after drying a sample. 5 g of our charcoal (m1) are placed in a crucible, and the combined weight of the charcoal and crucible is measured (m3). The sample is then dried at 110°C for 2 hours to measure the moisture content. After drying, the combined weight is measured again (m2) between 6 and 12 hours for the moisture content(Sanou et al., 2024). The calculation formula is given by equation (6).
(%) =                                                                                       (6)
 : initial mass of the solid (g)
 : mass of the crucible and activated charcoal after drying (g)
 : mass of the crucible and activated charcoal before drying (g)

2.2.5. Study of Carbon Monoxide (CO) Adsorption from Biogas by the Optimal Activated Charcoal
The adsorption tests were conducted to evaluate the effectiveness of the optimal activated charcoal in reducing the carbon monoxide (CO) content in biogas, in order to produce safer and less toxic biogas. The tests aimed to decrease the CO in the biogas using optimal activated charcoal.

2.2.5.1. Description of the Experimental Site
The different series of adsorption tests were carried out at the site of the poultry company called Fondation Brin. This company, specializing in the marketing of eggs and poultry, is located in Yaokokoroko, a sub-prefecture of Tabagne, in the Gontougo region (Bondoukou), in the northeastern part of Côte d'Ivoire (Figure 7). It operates two poultry farms, each with 45 rooms housing approximately 1,200 laying hens per room, totalling more than 54,000 hens. Additionally, the company has a poultry feed manufacturing unit. The average production is 40 trays of eggs per room per day, equating to approximately 12,600 trays of eggs per week. The raising of these hens generates approximately 500 kg of waste (chicken manure) daily, creating a significant environmental issue. To address this, two digesters with capacities of 10 m³ and 20 m³ were built, one of which by FONSTI-CRDI (Figure 8). The chicken manure serves as the organic substrate for these digesters. The biogas produced was used for the various adsorption test series in this study.
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2.2.5.2. Protocol for Solid-Gas Adsorption Measurement
The maximum concentration measured by the biogas analyser is 1,000 ppm (parts per million) for carbon monoxide.
For each trial, 5 g of adsorbent were weighed with a precision of ± 0.01 g and introduced into a PVC cylindrical filtration column measuring 10 cm in height and 1.6 cm in diameter, equipped with 2 stop valves. A series of biogas with initial concentrations (Ci) of CO at 10, 20, 50, 100, 200, 500, and 1000 ppm was prepared using a biogas analyser and a filter column in which a mass of activated carbon was introduced each time. ACRYLIC flow meters, with a precision of ± 4%, were used to regulate the gas flow at the column's inlet. The biogas was introduced into the column and left in contact with the adsorbent for 24 hours to reach equilibrium, with continuous agitation to ensure optimal interaction. After this period, the equilibrium concentration (Ce) of CO in the biogas at the column's outlet was measured using a biogas analyser. The adsorbed amount (q) was calculated for each trial by using the difference between Ci and Ce, the gas volume, and the adsorbent mass (equation (7)).

	q=                                                                                                      (7)

[image: ]
2.2.6. Tools and Methodology for Data Analysis
The Excel software was used for data manipulation and analysis. It was employed to adjust the multiple linear regression model and perform Analysis of Variance (ANOVA), thus providing robust statistical tools.


3. RESULTS AND DISCUSSION
3.1. Effects of Factors on Yield
Table 4. presents the experimental results of the various synthesis factors, namely the precursor, impregnation time, and activating agent, on the yield of the activated carbon.


Table 4: Experimental matrix associated with the yield of activated carbon.
	[bookmark: _Hlk195096471]Experiments
	A (Activating Agent)
	B (Impregnation Time)
	C (Precursor type)
	Yield (%)

	1
	-1
	-1
	-1
	18.1

	2
	+1
	-1
	-1
	22.8

	3
	-1
	+1
	-1
	20.5

	4
	+1
	+1
	-1
	23.5

	5
	-1
	-1
	+1
	21.5

	6
	+1
	-1
	+1
	25.5

	7
	-1
	+1
	+1
	21.7

	8
	+1
	+1
	+1
	25.0



3.1.1. Coefficients of the mathematical model for the yield
Table 5. summarizes the values of the coefficients of the mathematical model determined by the multiple linear regression method. It also presents the contributions of the different factors and interactions influencing the yield of the activated carbon.

Table 5: Coefficients of the Mathematical Model for the Yield
	Coefficient                                         Coefficients
	p-value
	Significant

	β0
	22.3125
	0.000117
	yes

	βA
	1.8875
	0.015968
	yes

	βB
	0.3625
	0.272037
	No

	βC
	1.1125
	0.044005
	yes

	βAB
	-0.3125
	0.32164
	No

	βAC
	-0.0625
	0.819929
	No

	βBC
	-0.4375
	0.21164
	No

	βABC
	0.1375
	0.11164
	No



[bookmark: _Hlk196984792][bookmark: _Hlk196984716][bookmark: _Hlk196985000][bookmark: _Hlk196988297][bookmark: _Hlk196988519]The coefficient β₀ represents the average yield. It is the baseline value around which other factors influence the yield. The coefficient βA is positive (1.8875), which means that when the activating agent changes from -1 to +1 (while keeping other factors constant), the yield increases on average by 2×1.8875 %. This indicates that the activating agent has a significant positive effect (p< 0,05) on the yield. Similarly, the coefficient βB is also positive (0.3625), but much smaller than that of A (activating agent). This means that increasing the level of B (impregnation time) from -1 to +1 results in a smaller increase in yield (0.3625 %). Therefore, the impregnation time has a positive but non-significant effect (p>0,05) on yield. As for the coefficient βC, it is 1.1125, which indicates that changing C from -1 to +1 leads to an increase in yield of 2×1.1125 %. Hence, the precursor has a significant positive effect (p< 0,05) on yield, although this effect is less pronounced than that of the activating agent. On the other hand, the coefficient βAB is negative (-0.3125), which means that when both A and B are at their high level (+1), the combined effect reduces the yield by 2×0.3125 %. This interaction shows that the combination of the activating agent and impregnation time has a negative but non-significant effect (p>0,05) on yield. Moreover, the coefficient βAC is slightly negative (-0.0625), indicating that the combined effect of the activating agent and precursor tends to decrease the yield by 2×0.0625 %. However, this effect is quite weak and non-significant (p>0,05). Furthermore, the coefficient βBC is negative (-0.4375), which means that when both B and C are at their high level (+1), the yield decreases by 2×0.4375 %. This negative interaction is the strongest among those calculated. Finally, the coefficient for the triple interaction βABC is positive (0.1375), meaning that when all three factors are at their high level (+1), the yield increases slightly by 2×0.1375 %. However, this effect is positive but non-significant (p>0,05). In conclusion, these results show that the activating agent has the most significant and positive effect on yield, while most of the interactions between factors are negative, indicating that combinations of these factors tend to reduce the yield compared to the individual effects of the factors. 
The mathematical model of yield (Y) is expressed by the following equation:
Y=22,3125+1,8875A + 0,3625B+1,1125C - 0,3125AB - 0,0625AC - 0,4375BC + 0,1375ABC	                                                                                                                       (8)
Since the terms AB, AC, and ABC are non-significant, they can be omitted to simplify the model according to the equation.
Y=22,3125+1,8875A + 0,3625 B+1,1125 C                                                   	(9)
3.1.2. Coefficient of Determination R²
The coefficient of determination R² for the simplified model is 0.941. This means that the model explains approximately 94.1% of the total variance in the yield of activated carbon. Such a high R² indicates that the simplified model captures the variability in the data well (Chicco et al., 2021; Menard, 2000).
3.2. Effects of Factors on the Iodine Index
Table 6. below presents the experimental results showing the effect of the different synthesis factors (precursor, impregnation time, activating agent) on the iodine index of activated carbon.
Table 6 : Effect of synthesis factors on the iodine index of activated carbon - experimental results.
	Experiments
	 A (Activating Agent)
	  B (Impregnation Time)
	C (Precursor Type)
	Iodine Index

	1
	-1
	-1
	-1
	145.00

	2
	+1
	-1
	-1
	170.00

	3
	-1
	+1
	-1
	145.00

	4
	+1
	+1
	-1
	170.00

	5
	-1
	-1
	+1
	155.00

	6
	+1
	-1
	                   +1
	220.00

	7
	-1
	+1
	+1
	155.00

	8
	+1
	+1
	              +1
	226.00



While the iodine adsorption tests provided the initial conditions for optimization, these conditions were subsequently validated through CO adsorption tests, which confirmed their applicability to CO removal from biogas.
3.2.1. Coefficients of the Mathematical Model for the Iodine Index
Table 7. presents the coefficients of the mathematical model. It provides essential information on the impact of each factor and their interactions on the iodine index.
Table 7: Coefficients of the Mathematical Model for the Iodine Index.	
	Coefficient
	p-value
	Significant

	β0
	173.25
	0.002
	yes

	βA
	23.25
	0.013
	yes

	βB
	0.75
	0.897
	No

	βC
	15.75
	0.031
	yes

	βAB
	0.75
	0.897
	No

	βAC
	10.75
	0.0443
	yes

	βBC
	0.75
	0.897
	No

	βABC
	0.75
	0.897
	No




[bookmark: _Hlk196988564][bookmark: _Hlk196988607][bookmark: _Hlk196988667]Factor A (activating agent) has a significant positive effect (p< 0,05) on the iodine index. This means that when the activating agent changes from -1 to +1 (i.e., from NaOH to K₂CO₃), the iodine index increases by an average of 2×23.25 mg/g. Therefore, the activating agent is a crucial factor that significantly influences the iodine index. On the other hand, factor B (impregnation time) does not have a significant effect (p>0,05) on the iodine index. An increase of 12 hours in B only results in a negligible increase of 2×0.75 mg/g in the iodine index. Thus, impregnation time does not play a major role in determining the iodine index, and its effect can be considered insignificant.
[bookmark: _Hlk196988813][bookmark: _Hlk196988888]Factor C (precursor) has a significant positive effect (p< 0,05) on the iodine index. Indeed, changing C from -1 to +1 increases the iodine index by 2×15.75 mg/g on average. Therefore, the precursor (C) is also an important factor that significantly influences the iodine index. However, the interaction between factors A and B is not significant (p>0,05). This means that the combined effect of the activating agent (A) and impregnation time (B) on the iodine index is negligible, with only 2×0.75 mg/g of increase on average. Therefore, there is no significant interaction between the activating agent and impregnation time.
[bookmark: _Hlk196989042]In contrast, the interaction between factors A (activating agent) and C (precursor) is significant (p< 0,05). This indicates that the combined effect of the activating agent (A) and the precursor (C) increases the iodine index by 2×10.75 mg/g. Thus, the interaction between the precursor and activating agent is an important factor to consider, as they have a significant synergistic effect on the iodine index. However, the interaction between factors B and C is not significant (p>0,05). The combined effect of impregnation time (B) and the precursor (C) is weak, increasing the iodine index by only 2×0.75 mg/g on average. Therefore, there is no significant interaction between B and C, suggesting that the precursor is not influenced by impregnation time.
Finally, the three-factor interaction between A, B, and C is not significant (p>0,05). The combined effect of all three factors is negligible, with only a 2×0.75 mg/g increase in the iodine index on average. This shows that the interaction between the three factors does not have a notable effect on the iodine index, indicating that the combined effects of the three variables do not produce a significant additive effect. In conclusion, factor B (impregnation time), as well as the interactions AB, BC, and ABC, do not show a significant effect, suggesting that the iodine index is primarily influenced by the precursor and the activating agent.
The mathematical model for the iodine index (Y) is expressed by the following equation:
Y = 173.25 + 23.25 A + 0.75 B + 15.75 C + 0.75 AB + 10.75 AC + 0.75 BC + 0.75 ABC (10)
Based on the significance of the coefficients, the simplified model equation is:
Y = 173.25 + 23.25 A + 15.75 C + 10.75 AC (11)
This simplified equation only considers the terms that have a significant effect on the iodine index. These results highlight that factors A (activating agent) and C (precursor), along with their interaction AC, are the main significant contributors to the iodine index.
3.2.2. Coefficient of Determination R²
The coefficient of determination R² for the simplified model is 0.871. This means that the model explains approximately 87.1% of the total variance of the iodine index. Such a high R² indicates that the simplified model captures the variability of the data well.

3.2.3. Identification of the Precursor and Activating Agent Leading to a High Iodine Index  
To identify the precursor and activating agent that result in a high iodine index, the experimental results and the obtained coefficients were examined.  
The combinations of factors A (activating agent) and C (precursor) that led to the highest iodine indices are Experiment 6 (A=+1 (K₂CO₃), C=+1 (H.K), Iodine index = 220) and Experiment 8 (A=+1 (K₂CO₃), C=+1 (H.K), Iodine index = 226).  
Furthermore, the coefficient βA=23.25 indicates that when factor A (activating agent) is at its high level (K₂CO₃), the iodine index increases by 2×23.25 mg/g. The coefficient βC=15.75 indicates that when factor C (precursor) is at its high level (H.K), the iodine index increases by 2×15.75 mg/g.
In conclusion, the results show that the activating agent and the precursor, when both at their high levels (+1), lead to a high iodine index. Experiments 6 and 8, which use this combination, yielded the highest iodine indices (220 and 226, respectively).  
[bookmark: _Hlk205229875][bookmark: _Hlk205231506]The use of the H.K rubber variety and K₂CO₃ as the activating agent in activated carbon production offers several significant and diverse advantages, covering the physical, chemical, economic, and environmental aspects of the process. The H.K rubber variety, rich in carbon and naturally porous, serves as an abundant and renewable biomass, making it ideal for activated carbon synthesis. The activating agent K₂CO₃ plays a crucial role by promoting the development of a porous structure, thereby increasing the specific surface area of the activated carbon, which is essential for effective adsorption of pollutants(Paolini et al., 2019). The activated carbon produced from this combination has an iodine index of 220 or 226 mg/g, indicating a high adsorption capacity, and an average production yield of 25%, which is economically advantageous. By reducing the activation temperature required, K₂CO₃ lowers the energy costs of the process, making production more cost-effective(Paolini et al., 2019).
Moreover, the activated carbon obtained may possess an optimal distribution of micropores and mesopores, enhancing its adsorption capacity for carbon monoxide (CO) and its thermal stability. Economically, the H.K rubber biomass is inexpensive and abundant, and the use of K₂CO₃ as an activating agent reduces production costs. By valorising agricultural residues, this method contributes to a circular economy and sustainable resource management. Environmentally, the use of rubber residues could reduce agricultural waste and greenhouse gas emissions, thereby helping to combat climate change. Additionally, since rubber is a renewable biomass source, the entire process becomes more sustainable. The activating agent K₂CO₃ is also less harmful to the environment compared to other chemical agents, thus reducing the ecological footprint of activated carbon production(Paolini et al., 2019). 
3.3. Characteristics of Activated Carbon Produced from H.K Rubber and Activated with K₂CO₃
The synthesis of activated carbon from the H.K rubber variety and the activating agent K₂CO₃ results in carbon with an ash content of 5% and a moisture content of 2%. These results are important to interpret in order to assess the quality and efficiency of the activated carbon produced.
3.3.1. Ash Content

The ash content of 6% in the activated carbon is a measure of the inorganic impurities remaining after the combustion of the carbon material. A relatively low ash content, such as 6%, indicates that the activated carbon produced contains minimal residual inorganic matter, which is generally desirable for several reasons:
· A low ash content means that the activated carbon is primarily composed of active carbon, thus increasing its efficiency for pollutant adsorption. Inorganic matter can clog the pores of the activated carbon, reducing its adsorption capacity(Sieradzka et al., 2022).
· The ash can decrease the specific surface area available for adsorption. With only 6% ash, most of the activated carbon is available to capture and retain carbon monoxide (CO) molecules and other contaminants19.
· A low ash content contributes to the chemical stability of the activated carbon. The ash can interact with certain pollutants or alter the properties of the activated carbon over time, thereby reducing its lifetime and efficiency.


3.3.2. Moisture Content
The moisture content of 2% in the activated carbon represents the amount of water retained in the material. A low moisture content is also beneficial for several reasons:
· Activated carbon with a low moisture content has more available capacity for pollutant adsorption. Water can occupy the pores of the activated carbon, reducing the surface area available for the adsorption of gases and other contaminants (Sieradzka et al., 2022).
· [bookmark: _Hlk205230547]A low moisture content facilitates the storage and handling of the activated carbon. Dry activated carbon is less likely to compact or degrade, which could compromise its adsorptive properties (Lua and Yang, 2005).
· A low moisture content can improve the reactivity and efficiency of activated carbon in gas purification applications. Water can interfere with certain chemical reactions, and dry activated carbon is generally more effective in adsorption and catalysis processes.
The results indicating an ash content of 6% and a moisture content of 2% in the activated carbon produced from H.K rubber and K₂CO₃ show that the final product is of high quality and well-suited for gas purification applications, including the removal of carbon monoxide from biogas. These characteristics contribute to an effective, durable, and easy-to-handle activated carbon, thereby enhancing the economic and environmental benefits of this production method (Lua and Yang, 2005).
In summary, the 6% ash content and 2% moisture content obtained in the activated carbon synthesized from the H.K rubber variety and K₂CO₃ indicate high purity and optimal performance of the final product. These results underscore the efficiency of this production method and its potential for industrial and environmental applications, meeting the performance and sustainability requirements in gas treatment and biogas purification.

3.4. Adsorption of CO from Biogas by Activated Carbon Synthesized from H.K Rubber and Activated with K₂CO₃
3.4.1. CO Adsorption Performance in Biogas by Activated Carbon Synthesized from H.K Rubber and Activated with K₂CO₃
The results presented in the table show the adsorption performance of carbon monoxide (CO) in biogas by activated carbon synthesized from the H.K rubber variety and the activating agent K₂CO₃.

Table 8: Efficiency of CO Adsorption by activated carbon synthesized from H.K rubber and activated with K₂CO₃ at different initial concentrations.
	Initial concentration (Ci) (ppm)
	Equilibrium concentration (Ce) (ppm)
	Amount adsorbed (qe) (mg/g)
	% Adsorption

	10
	1
	14.16
	90.15

	20
	2
	27.31
	90.23

	50
	5
	57.85
	90.26

	100
	10
	84.22
	90.47

	200
	20
	111.77
	90.35

	500
	50
	133.41
	89.98

	1000
	100
	144.84
	89.72



The initial CO concentrations range from 10 ppm to 1000 ppm, showing a wide range of CO concentrations treated in this study. Indeed, the equilibrium concentrations (after adsorption) are consistently lower than the initial concentrations, indicating that the activated carbon is effective in reducing the CO content in biogas. Furthermore, the amount adsorbed per unit mass of activated carbon (qe) increases with the increase in the initial CO concentration. This is expected because a larger amount of CO is available for adsorption at higher initial concentrations.
[bookmark: _Hlk205230664]On the other hand, the adsorption percentage remains constant at 90% for all initial CO concentrations, suggesting that the activated carbon has a highly effective and stable adsorption capacity, able to maintain high performance even at significantly varying initial CO concentrations (Gbangbo et al., 2023). Consequently, the constancy of the adsorption percentage demonstrates that the synthesized activated carbon is very effective at adsorbing CO from biogas, regardless of the initial concentration (Gbangbo et al., 2023).
The increase in the amount adsorbed (qe) with the increase in Ci indicates that the activated carbon can handle higher CO loads, which is essential for industrial applications where pollutant concentrations can vary considerably. Moreover, the constancy of the adsorption percentage across a wide range of initial concentrations indicates that this material is reliable for practical applications under variable conditions (Gbangbo et al., 2023).

In conclusion, the activated carbon synthesized from H.K rubber and activated with K₂CO₃ demonstrates high CO adsorption efficiency, with consistent performance across a range of initial CO concentrations. Thus, it is a promising candidate for biogas treatment in industrial contexts.
The superior performance of activated carbon synthesized from the Hevea HK variety and activated with K₂CO₃ can be attributed to the high carbon content and natural porosity of the Hevea precursor, which allows for the creation of a highly porous structure. K₂CO₃ acts as an effective activating agent by promoting the development of micropores, significantly increasing the surface area and enhancing the adsorption capacity. This combination results in activated carbon that is particularly efficient for CO removal from biogas, as shown in our study.
3.4.2 Adsorption Isotherms of CO by Activated Carbon Synthesized from H.K Rubber and K₂CO₃
Figure 3.7 illustrates the comparison of CO adsorption isotherms by the activated carbon synthesized from H.K rubber and the activating agent K₂CO₃, referring to experimental data and various theoretical models, including those of Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich.
The blue points represent the quantities of CO adsorbed (qe in mg/g) measured experimentally as a function of the equilibrium concentration (Ce in mg/L). They serve as a reference for evaluating the accuracy of the different adsorption isotherm models.
The red curve is the Langmuir isotherm. This model assumes adsorption on a homogeneous surface with uniform energy across all adsorption sites.
𝒒𝒆 =                                                                                                                     (12)
The parameters obtained for the Langmuir isotherm, namely a maximum adsorption capacity qm = 150.89 and a Langmuir constant KL = 0.0505, reveal important characteristics of the adsorption. A high value of qm = 150.89 indicates that the adsorbent has a substantial capacity to adsorb the adsorbate, while the constant KL = 0.0505 shows a moderate affinity between the adsorbent and the adsorbate. These results suggest that the adsorbent is effective at capturing large amounts of adsorbate, particularly at high concentrations. The red curve of the Langmuir isotherm, which fits the experimental data well at these concentration levels (R² = 0.984), confirms the relevance of this model to describe adsorption behaviour under the studied conditions, highlighting its potential for applications where high concentrations of adsorbate are present. The green curve corresponds to the Freundlich isotherm. This model assumes adsorption on a heterogeneous surface with an exponential distribution of adsorption sites and energies. 
The formula used is:
	𝑞𝑒 = 𝐾F𝐶1/n	                                                      (13)
The parameters obtained for the Freundlich isotherm, with KF = 28.06 and C1/n = 0.29, reveal key information about the adsorption process on a heterogeneous surface. The high KF constant indicates significant adsorption capacity, while the value of C1/n, which is less than 1, suggests that adsorption is favoured at low to medium concentrations of the adsorbate. The lowest R² value (0.752) indicates that this model is the least suitable among those tested to describe the adsorption behaviour in this case. This model assumes a heterogeneous surface with an exponential distribution of adsorption sites, but it does not fit the experimental data well. The orange curve corresponds to the Temkin isotherm. This model takes into account the interactions between the adsorbed molecules and assumes that the adsorption energy decreases linearly with surface coverage.
 The formula used is:
 𝑞𝑒 = 𝐵 ln 𝐾𝑇𝐶𝑒	                                                     (14)
The parameters obtained for the Temkin isotherm, with B = 25.24 and KT = 0.99, provide insight into the interactions between the adsorbed molecules and the surface of the adsorbent. The B constant of 25.24 reflects the variation of adsorption energy with surface coverage, while KT = 0.99 represents the adsorption equilibrium. Although these parameters suggest a certain adsorption capacity and interaction, a moderate R² value (R² = 0.777) shows that this model has an intermediate accuracy in describing the adsorption process. It accounts for the interactions between the adsorbed molecules, but it seems less accurate compared to the Langmuir and Dubinin-Radushkevich models. The purple curve corresponds to the Dubinin-Radushkevich isotherm. This model is often used for systems with microporous structures and assumes a Gaussian distribution of adsorption sites. 
The formula used is:
𝑞𝑒 = 𝑞𝑚 𝑒−𝐵2	                                                                                      (15) 
The parameters obtained for the Dubinin-Radushkevich isotherm, with qm = 128.23 mg/g and B = 121.3171, provide information on adsorption in microporous systems. The maximum adsorption capacity qm of 128.23 mg/g indicates a moderate amount of adsorbate that the adsorbent can retain. The B parameter, high at 121.3171, is related to the average adsorption energy and suggests a relatively intense energetic adsorption. The second-best R² value (R² = 0.952) also indicates a good fit to the experimental data. This suggests that this model, although used for systems with microporous porosity, is quite suitable for describing adsorption in the system studied.
In conclusion, Figure 3.1 shows that the Langmuir and Dubinin-Radushkevich isotherms are the closest to the experimental data, suggesting that they are the most appropriate for describing the adsorption of CO by activated
carbon synthesized from the hevea variety HK and activated with K2CO3. The Temkin model is less accurate, and the Freundlich model is the least suitable among those tested.
[image: ][image: ]

Figure 11: CO adsorption isotherms by activated carbon synthesized from hevea HK and K2CO3.


The analysis of the experimental results on the synthesis of activated carbon showed that the precursor and activating agent positively influence the yield, while the impregnation time has no notable effect. Regarding the iodine number, the precursor and activating agent are significant, but not the impregnation time, with AB and BC interactions being highly significant (R² = 0.871). The activated carbon produced has a substantial CO adsorption capacity, effective across a wide range of initial concentrations, with the Langmuir and Dubinin-Radushkevich isotherms confirming its high performance for biogas treatment.
In this study, the CO adsorption capacity of the activated carbon synthesized from Hevea rubber tree branches and activated with K₂CO₃ was compared with previously published results. The activated carbon produced in this study achieved 90% CO adsorption efficiency, which is superior to some commonly used activated carbons. For example, activated carbons derived from coconut shells typically exhibit CO adsorption efficiencies ranging from 7% to 80% (Gbangbo et al., 2023; Sasmita et al., 2022). These results demonstrate that the activated carbon synthesized from Hevea rubber tree branches and activated with K₂CO₃ offers high performance, low production cost, and environmental sustainability, providing a competitive advantage over similar materials.

4.Conclusion and perspectives
This study demonstrated the significant potential of rubber tree branches (Hevea brasiliensis) as a raw material for the production of activated carbon, used to reduce the concentration of carbon monoxide (CO) in biogas. The results showed that the activated carbon synthesized from the HK rubber tree variety and activated with K2CO3 possesses optimal physicochemical characteristics, with an ash content of 6% and moisture content of 2%. Statistical analyses confirmed that the precursor and activating agent have significant effects on the yield and iodine number, and that their interactions are crucial for optimizing the synthesis conditions. The produced activated carbon showed consistent CO adsorption efficiency of 90% across a wide range of initial concentrations, with the Langmuir and Dubinin-Radushkevich isotherms providing the best descriptions of the adsorption process.
Furthermore, a comparison with activated carbons derived from other biomasses shows that the material produced exhibits comparable or even superior CO adsorption capacity and biogas purification efficiency. Thanks to the use of K₂CO₃ and rubber tree branches, this activated carbon combines high performance, low production cost, and environmental sustainability, offering a competitive advantage over similar materials.
The future directions of this research include the continuous optimization of the synthesis conditions to maximize yield and adsorption capacities, as well as the industrial implementation of this method to transform agricultural residues into valuable resources. Further environmental studies will be required to validate the sustainability of using rubber tree branches and activating agents. Additionally, the produced activated carbon could be tested for other applications, such as water purification and the removal of volatile organic compounds.
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