



Enhancing Biogas Purity from Livestock Manure Using Desulfurization and CO₂ Scrubbing System.
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ABSTRACT 
	Aims: This study was aimed at increasing the quality of CH4 thereby reducing the quantity of H2S and CO2 using the desulphurisation and decarboxylation scrubbers respectively.
Study design:  This study employed an experimental research design to evaluate the effectiveness of desulphurization and Decarboxylation scrubbers in enhancing biogas quality by reducing H₂S and CO₂ concentrations.
Place and Duration of Study: Waste-to-resource project laboratory of the Department of Environmental Science of the University of Buea, Cameroon between May and July 2023.
Methodology: The scrubbers were made up of locally available materials with the desulphurization scrubber constituting of 20 cm long PVC pipes with a diameter of 0.45 cm and a stopcock at both ends of the pipe making it air tight and contain within its iron fillings mesh with a mass of 25 g. While one of the Decarboxylation scrubbers was made up of the same material as desulphurization but contain within it particle size of 2 mm and mass of 50 g activated carbon and the other consisted of a cylindrical plastic container with a height of 20 cm and diameter of 16 cm, containing 4 M Ca(OH)2 (lime water). The different scrubbers were evaluated and optimized and efficiencies calculated for each.
Results: Result from the Decarboxylation scrubber showed highest efficiency of CO2 absorption in activated carbon (86.41 %) and least in 4M Ca(OH)2 (85.32 %). The desulphurization scrubber had an efficiency of 98.93 % removal of H2S by the iron fillings. The combination of desulphurization and Decarboxylation scrubbers had an outstanding result in increasing the quality of CH4 produced (0 % to 80.8 %). It can be concluded from this studies that, Ca(OH)2 and Iron fillings should be connected in series in any biogas outlet stream to enhance biogas production. Also, activated Carbon is discouraged to be used as a scrubber because it produces CO which is a very poisonous gas to human health. 
Conclusion: This study showed that using iron fillings and Ca(OH)₂ scrubbers significantly improved biogas quality, achieving 80.8% methane purity. Activated carbon is discouraged due to CO production. Future research should explore varying Ca(OH)₂ concentrations and use FTIR, XRD, and SEM analyses to assess activated carbon’s structural changes. This study recommends testing various Ca(OH)₂ concentrations for efficiency and using FTIR, XRD, and SEM to analyze structural and morphological changes in activated carbon before and after use.
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1. INTRODUCTION 

Transitioning to sustainable energy sources has become a global imperative in the face of climate crises, environmental degradation, and increasing energy demands. Biogas, a renewable energy source produced through the anaerobic digestion of organic matter, has emerged as a promising solution for addressing these challenges (IRENA, 2021). Rich in methane (CH₄) and carbon dioxide (CO₂), biogas provides a versatile energy source that can be used for electricity generation, heating, and as a transportation fuel. However, its widespread adoption faces significant technical challenges, particularly the presence of impurities like hydrogen sulfide (H₂S) and excess CO₂, which reduce the energy efficiency and durability of biogas systems. Technologies such as desulphurization and Decarboxylation scrubbers have been developed to overcome these limitations, enhancing the quality and usability of biogas. The demand for cleaner energy solutions has spurred innovation in biogas purification technologies. Hydrogen sulphide, a corrosive and toxic gas, poses a significant challenge to biogas utilization, leading to equipment degradation and environmental harm if not adequately removed (Khoshnevisan et al., 2021). Similarly, the high concentration of CO₂ in raw biogas reduces its calorific value, limiting its efficiency as a fuel source. Desulphurization scrubbers efficiently remove H₂S through chemical or biological processes, while Decarboxylation scrubbers reduce CO₂ levels, increasing the methane content and overall energy yield (Angelidaki et al., 2018). By integrating these technologies into biogas systems, the global energy sector can significantly improve the viability of biogas as a clean and sustainable energy source.
Africa, with its vast agricultural potential, presents a unique opportunity for biogas production. The continent’s livestock sector generates substantial quantities of manure, a primary feedstock for biogas production. According to the Food and Agriculture Organization (FAO), livestock farming accounts for approximately 30 % of agricultural GDP in sub-Saharan Africa, producing millions of tons of manure annually (FAO, 2020). Despite this abundance, the adoption of biogas technology remains limited due to infrastructural, financial, and technical challenges. In addition, there also cultural barriers to the adoption of biogas. Some communities believe that food prepared with other biomass sources like wood tastes better and some consider it icky to use manure to cook. 
One of the most significant barriers to biogas adoption in Africa is the quality of the gas produced. Impurities such as H₂S and CO₂ reduce the efficiency and safety of biogas systems, discouraging their use. Introducing desulphurization and Decarboxylation scrubbers could address these issues, enabling end users to harness biogas more effectively. Studies have shown that biogas systems incorporating purification technologies can increase methane content by up to 65 %, making the fuel more competitive with conventional energy sources (Mutungwazi et al., 2021). Cameroon, considered a leading agricultural nation in Central Africa, exemplifies the untapped potential for biogas production. Livestock farming contributes significantly to the national economy, producing an estimated 5.3 million tons of manure annually (MINEPIA, 2019). However, improper manure management often leads to environmental degradation, including water pollution and greenhouse gas emissions. Biogas production offers a dual benefit of waste management and renewable energy generation, yet its development in Cameroon remains nascent. One of the main challenges facing biogas initiatives in Cameroon is the poor quality of biogas, which limits its adoption and utility. Desulphurization and Decarboxylation scrubbers offer a practical solution to this problem by improving the energy yield and usability of biogas systems. For instance, pilot projects in rural areas have demonstrated the potential of purified biogas to power households, schools, and small businesses (Ndzana et al., 2020). Scaling up such initiatives at the national level could significantly enhance energy access while reducing environmental impacts associated with livestock farming.
In the case of Buea, a rapidly urbanizing municipality in Cameroon’s Southwest Region, highlights the opportunities and challenges of biogas adoption. Livestock farming is a common practice in Buea, generating substantial quantities of manure that are often disposed of inefficiently. This practice contributes to environmental pollution and represents a missed opportunity for energy generation. Despite ongoing biogas initiatives, the low quality of gas produced remains a significant barrier to its widespread use. This study sort to Integrating desulphurization and Decarboxylation scrubbers with locally available materials into biogas systems within the Buea municipality and possibility of upscaling which could transform the local energy landscape. This technology with enhanced biogas production would provide a reliable alternative to wood fuel, which is commonly used for cooking and contributes to deforestation. Additionally, improved biogas systems would reduce reliance on expensive imported fuels, fostering energy security at the community level. Local pilot projects have already demonstrated the feasibility of these technologies, with promising results in terms of methane content and system efficiency (Ekane et al., 2022). 
2. material and methods 

2.1 Experimental set-up desulphurization and decarboxylation scrubbers

[bookmark: _Hlk186882060]The scrubbers consisted of the desulphurization and decarboxylation scrubbers. There were two different set-ups for the desulphurization unit; each of these scrubbers was made up of 20 cm long PVC pipes with a diameter of 0.45 cm and a stopcock at both ends of the pipe making it air tight (Figure 1 and 2). One of the scrubbers contain activated carbon with particle size of 2 mm and mass of 50 g while the other one contains iron fillings mesh with a mass of 25 g. 
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                            Figure 2: Schematic diagram of Desulphurization unit


The other decarboxylation scrubbers consisted of a cylindrical plastic container with a height of 20 cm and diameter of 16 cm. The cylindrical container contained two openings of 1 cm each which serves as an inlet of high concentrated CO2 and the other serves as an outlet of low concentrated CO2 (Figure 3 and 4). The decarboxylation scrubber contained 4 M Ca(OH)2 (lime water)

2.2 Preparation of 4M Ca(OH)2(aq).  

4 M Ca(OH)2(aq) was prepared using the following chemical equation and calculation

[image: ][image: ]                                Eq. 1

Ca(OH)2(s) + H2O (l)  	   Ca(OH)2(aq)  	  Eq. 2

4 M = Moles/0.75 L 
Moles = 3 moles.
Moles = Mass/Molar Mass
3 moles = Mass/56
Mass = 168 g of CaO.

168 g of CaO was weighed on an electronic mass balance (Kern & Sohn GmbH, Balingen, Germany) and was dissolved in a 250 mL beaker containing 100 mL of distilled water. The mixture was stirred properly using a stirrer and the solution was submerged in a hot water bath   in other to fully dissolve the precipitate. The solution was then transferred into a 750 conical flask and beaker raised severally and added to the conical flask. Distilled water was then added to the conical flask up to the 750 mL mark and homogenized to give 4 M Ca(OH)2(aq). 
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Figure 3: Decarboxylation set-up
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2.3 Evaluation and optimization of Scrubbers 

The evaluation of the scrubbers was based on the outstanding tensile strength and high hardness for desulphurization scrubber and pH resistance and inert nature for decarboxylation scrubber.
The optimization of the scrubbers was design in an air-tight system using high quality superglue and opening tested with foam water (laundry detergent + water) to ensure that there were no leakages. Pressure was also introduce from one end of the openings while the other close and submerged in water to check for leakages. The leakages test was carried out daily for one week before the start of the experiment which gave room for optimization and minimization of leakages.
The efficiency of the scrubbers was calculated using the formula;

Decarboxylation scrubberEq. 3
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Desulphurization scrubber
Eq. 4
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2.4 Statistical analysis
Average and standard deviation was calculated to each treatment and a simple time-series graph was drawn for H2S, CO2 and CH4 concentrations, to show the reduction potential of the scrubbers over time. The efficiency of the scrubbers was calculated and presented on a table. All the analysis was carried out using Microsoft Office Excel (MS Excel) MINITAB version 17. 

3. results and discussion

3.1 Hydrogen sulphide removal using desulphurization scrubber.

Produced biogas is usually adulterated with impurities (CO2, H2S, NH3, N2, H2, water vapor etc.) which are harmful to thermal conversion systems as they may cause corrosion and fouling, resulting in harmful environmental emissions. H2S and CO2 were removed using locally designed technologies.  Hydrogen sulphide (H2S) removed was taken into consideration of its poisonous and corrosive nature, which make regeneration almost impossible, and very expensive to manage, where possible (Olumide et al., 2017). Scrubbing is an operation that removes H2S from raw biogas and as a result, the hydrogen sulphide is converted into dark brownish iron sulphide by the meshed iron fillings as it forms FeS(s), Fig.5.



a) Meshed iron fillings before absorption             b) Meshed iron fillings after absorption



Figure 3: Decarboxylation set-up

[bookmark: _Toc110057945]Figure 5: Hydrogen Sulphide Remover (desulphurization scrubber)
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[bookmark: _Toc110057946]Figure 6: Hydrogen Sulphite concentration in biogas treated with iron fillings



H2S concentration at the outlet stream reduced by by 93.29 %, absorbing ~ 8352.5 ppm over the entire sampling period giving iron fillings 98.93 % efficiency, which makes it an exceptional H2S locally made scrubber as compared to the use of ethanolamine (EA) as proposed by Lasocki et al., (2015) which half the outlet stream, Fig. 6 and table 1. At the beginning of the process, the solvent (meshed iron filling), rapidly and efficiently (100 %) absorbed H2S and gradually reduces efficiency over time as very negligible concentration of H2S was seen in the outlet stream of the scrubber, which was higher than that of Mohanakrishnan & Joseph, (2016). This high efficiency of the mesh iron fillings led to the absorption of the rotten eggs smell (H2S) leading to little or no smell of the gas produced from the AD’s. 
   
[bookmark: _Toc110054360]Table 1: Efficiency table of locally made purification scrubbers
	
	Total CO2_IN (%)
	Total CO2_Out (%)
	Total
H2S_IN (ppm)
	Total H2S_Out (ppm)
	Efficiency (%)

	Activated Carbon
	543.1
	73.8
	---
	---
	86.41

	4 M Ca(OH)2
	543.1
	79.7
	---
	---
	85.32

	Iron fillings
	---
	---
	8443.0
	90.5
	98.93



Although there exist different types of H2S removal processes, meshed Iron (iron oxide) used in this research was chosen based on the fact that, it is possible to extend bed life by admitting air, thereby forming elemental Sulphur, and regenerating the iron oxide. Also, the cost construction and management of iron oxide with respect to molecular sieves and other biofilters is relatively low. 
Iron oxide is still one of the oldest methods in practice, which remove hydrogen sulphide by forming insoluble iron sulphide and still being regenerated. This regeneration process is highly exothermic.

                                              FeO(s) + H2S(g)              FeS(s) + H2O(l)                Eq. 5Purification:


                                              Fe2O3(s) + 3H2S(g)             Fe2S3(s) + 3H2O(l)       Eq. 6        
           Limited Oxygen           O2 (g) + Fe (s) + H2S (g) → H2O (l) + FeS (s)                    Eq. 7

                                             FeS(s) + ½O2(g)                FeO(s) + S(s)			Regeneration:


                                              Fe2S3(s) + 3/2O2(g)               Fe2O3(s) + 3S(s)	     Eq. 8

Regeneration is possible for a limited number of times (until the surface is covered with natural Sulphur), after which the iron filling has to be renewed. If using one-column system like in the case employed in this study, the regeneration can be applied by injecting 1 – 5 % air into the reaction column but loading is limited when compared to a two-column system. In a two-stage system the raw biogas streams through the first column and iron sulphide is generated. In parallel in the second column air is injected and the regeneration takes place.
The purification step is optimal between 25 and 50 °C and since the reaction with iron oxide needs water the production pipe line from the digester to the purifiers was shorten such that the water vapour in the gas stream enters the purifier. However, condensation should be avoided because the iron oxide material (pellets, grains, etc.) will stick together with water reducing the reactive surface (Wellinger & Lindberg, 2000; Chen. et al 2022).

3.2 Carbon dioxide removal using decarboxylation scrubbers.

Furthermore, the iron oxide removal technology is simple and effective (up to 99.98 %). H2S output concentrations <1 ppm (related to 1,000 ppm H2S in the raw gas stream) are possible like in the case of this study during. Its general drawbacks are that the process is highly chemical intensive, the operating cost can be high, and a continuous stream of spend waste material is accumulated. Moreover, it is difficult to automate the regeneration and/or removal phase, and this can be troublesome if the heat from the regeneration is not dissipated properly. The availability of mesh iron fillings is limited in Cameroon but could be substituted by iron fillings gotten through a local knife/cutlass filling unit. The efficiently of iron filling gotten from this sector will be highly based on its small particle sizes which increase surface area for reaction within the desulphurization scrubber.














 Ca(OH)2(aq) before   b) Ca(OH)2(aq) after        c) Activated carbon before   d) Activated carbon after
[bookmark: _Toc110057947]Figure 7: Carbon dioxide removal (Decarboxylation scrubber)

 CO2 gas is the main competitor to CH4 and its complete elimination from the AD will greatly improve on the quality of the CH4. CO2 removal was carried out using two locally designed scrubbers with an insignificant difference in their absorption pecentages. 4M Ca(OH)2(aq) gradually changes colour from a colourless fluid to cloudy, fig 7(a&b). The change in colour is an indication of the formation of CaCO3(aq) as more CO2 is being absorbed in the solvent Ca(OH)2(aq).
	
	      CO2(g) + Ca(OH)2(aq)                    CaCO3(s) + H2O(aq) 
	Eq. 9

	
	
	


               C(s)+ CO2(g)                        2CO(g)	                                             	                               Eq. 10	         

4 M Ca(OH)2(aq) absorbed 463.4 % of the total CO2 (543.1%) making the system 85.32 % efficient which is lower than the result of Mohanakrishnan & Kurian, (2016), who uses a counter current chemical scrubing method with solvent being sodium carbonate (Na2CO3) as a scrubber. like meshed iron fillings, the efficiency reduces over time as more CaCO3(aq) is formed making the solution cloudier, Eq 4. Activated carbon on the other hand appeared coarser and glassy at the beginning and becomes finer and doll grey at the end of the process, due to the breakdown of C by moisture (since C has a high affinity for moisture) and physical absorption either at the surface or at the pore space.
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[bookmark: _Toc110057948]Figure 8: CO2 concentration in biogas treated with Ca(OH)2(aq) and activated Carbon




At the supersaturation stage, the activated C becomes finest and changes colour to brown, Fig 7(c&d). The adsorption event takes place on the surface of the adsorbent including the porous pore surface. Both the size of the pore and gas will affect the adsorption. The pore-size of carbon dioxide adsorption is 0.38 nm which is bigger size compared to methane (0.33 nm) (Bond. & Templeton, 2011; Zhao et al., 2019). Similarly, carbon dioxide (44 g/gmole) has higher molecular weight compare to methane (16 g/gmole). 
The larger size of carbon dioxide may cause CO2 to be retained and adsorbed on the surface of activated carbon while smaller CH4 will escape leaving activated carbon. The CO2 content in the biogas with respect to flow rate is 3 l/min has higher value compared to 2 l/min. CO2 high flow velocity may cause its flow pressure  also high. High pressure will force CO2 to flow together with CH4, and not be held at the surface of adsorbent. This is also consistent with biogas purification using pressure swing adsorption (PSA), which at low operation pressure resulting in higher CH4 content compared to higher operating pressure. 
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[bookmark: _Toc110057949]Figure 9: Absorption profile of Activated Carbon, 4 M Ca(OH)2(aq) and Iron fillings






The removal of CO2 and H2S by their respective scrubbers and efficiency percentages, was evident in the final yield of methane, Fig 9 and Table 1. The combination of the decarboxylation (activated carbon and 4M Ca(OH)2(aq)) and desulphurization (meshed iron filling) scrubber, had the highest (I) absorption coefficient hence, followed by activated carbon (II), followed by 4 M Ca(OH)2(aq) (III) and finally by meshed iron fillings (IV) as indicated in Fig 9.
Activated carbon is ranked the best single absorber, as it increases the quality of CH4 from 0-76% which was quite higher compared to another research which only has methane composition around 0-69 % (Essam et al., 2018). Activated Carbon is strongly encouraged since it is a physisorption process and can be reversible by simple firing. But it is highly discouraged because of the formation of CO when if not properly handle cause adverse health issues. 

4. Conclusion

The study aimed at enhancing biogas quality through the use of purifying scrubbers demonstrated promising results. The highest CO2 absorption efficiency was observed with activated carbon (86.41 %), while the lowest was achieved with 4M Ca(OH)2 (85.32 %). Notably, the scrubbers also exhibited high efficiency in H2S absorption (98.93 %), significantly reducing odors from the produced gas, as confirmed by olfactory testing. Additionally, the integration of multiple purifying chambers led to a substantial improvement in methane quality, increasing its concentration from 0% to 80.8 %. These findings underscore the effectiveness of purifying scrubbers in enhancing the overall quality of biogas, particularly in terms of CO2 and H2S reduction, offering a promising approach for optimizing biogas production.
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