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Abstract This review explores the advancements in biomethane production, focusing on biogas purification techniques and CO₂ methanation methods. Key technologies such as chemical scrubbing, biological desulfurization, and membrane separation are analyzed for their efficiency and sustainability. The study highlights innovative approaches for integrating renewable hydrogen into methanation processes, offering solutions for carbon neutrality and energy transition. Practical applications and the potential for scaling up are also discussed.
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Introduction
Biomethane production has gained significant attention in recent years due to its potential as a renewable energy source that contributes to carbon neutrality. 
Biomethane, a purified form of biogas, can be used as a substitute for natural gas in various applications, including heating, electricity generation, and as vehicle fuel. However, biogas in its raw form contains impurities such as hydrogen sulfide (H₂S), carbon dioxide (CO₂), and other trace gases that need to be removed to produce high-quality biomethane.
The importance of biomethane production is underscored by its role in achieving global energy transition goals and reducing greenhouse gas emissions. Regulatory frameworks such as the Paris Agreement, the European Green Deal, and Ukraine's National Energy and Climate Plan emphasize the need for sustainable energy solutions, including the production and utilization of biomethane. These policies encourage investments in renewable energy technologies to meet ambitious carbon reduction targets.
Biomethane has diverse applications, including its use as a clean fuel for vehicles, a reliable energy source for industrial processes, and a means of decentralizing energy production. Additionally, the by-products of biomethane production, such as digestate, can serve as valuable fertilizers, promoting circular economy practices. The growing interest in biomethane is also driven by its potential to replace natural gas in existing infrastructure, offering a seamless transition to renewable energy.
This article aims to provide an overview of existing methods and recent advancements in biogas purification and biomethanation, focusing on the methodologies and technologies involved in biogas purification and biomethanation. With the growing need for sustainable energy solutions, advancements in technology have further enhanced the efficiency and feasibility of biomethane production. A deeper understanding of purification methods, alongside the integration of renewable hydrogen for methanation, provides opportunities to address global energy and environmental challenges. This article also discusses the economic and practical implications of these technologies, considering their role in energy transition policies.
Results and Discussion
[bookmark: _gjdgxs]1 Methods and Studies on Hydrogen Sulfide Removal
Hydrogen sulfide (H₂S) is a toxic and corrosive gas that must be effectively removed from biogas. The key chemical reactions and corresponding technological schemes for H₂S removal are as follows:
[bookmark: _30j0zll]1.1 Chemical Scrubbing
Chemical scrubbing involves the use of alkaline solutions such as sodium hydroxide (NaOH) or iron-based compounds to react with H₂S. Recent studies have highlighted the efficiency of using iron chelates, which form stable precipitates with H₂S, achieving removal efficiencies exceeding 99% (Smith et al., 2020). However, the high operational costs and disposal of spent chemicals are significant drawbacks.
Further advancements include the development of hybrid systems combining chemical scrubbing with other techniques, reducing chemical usage and improving efficiency. Pilot-scale systems have demonstrated the feasibility of these approaches in industrial applications, though optimization remains necessary for cost reduction.
Chemical scrubbing involves reactions such as:
H₂S + NaOH → NaHS + H₂O
3H₂S + 2Fe(OH)₃ → Fe₂S₃ + 6H₂O
This process often employs packed tower scrubbers where biogas is passed through a countercurrent flow of the chemical solution. Diagrammatically, this consists of a gas inlet, scrubbing tower with packing material, and a collection system for the scrubbed gas. For example, a 100 m³/h biogas flow treated using a sodium hydroxide scrubber can achieve H₂S removal efficiency above 99%. The addition of scrubbing systems ensures precise control over reaction conditions, optimizing the neutralization of H₂S.
[bookmark: _3znysh7]1.2 Biological Desulfurization
Biological methods employ sulfur-oxidizing bacteria (e.g., Thiobacillus species) to convert H₂S into elemental sulfur or sulfate. This approach is cost-effective and environmentally friendly, with removal efficiencies ranging from 90% to 98% (Jones et al., 2019). Optimization of reactor conditions, such as pH and temperature, is crucial for achieving high performance.
Research by Syed et al. (2016) demonstrated the effectiveness of biotrickling filters in removing H₂S from biogas streams. Emerging studies focus on genetically engineered strains of bacteria to enhance their sulfur conversion efficiency. These approaches aim to reduce the reactor size and improve adaptability to varying biogas compositions. Combined systems integrating biological and chemical processes are also under investigation for improved reliability.
Biological methods rely on sulfur-oxidizing bacteria that facilitate reactions such as:
H₂S + ½O₂ → S⁰ + H₂O
H₂S + 2O₂ → H₂SO₄
Technological schemes involve biofilters or biotrickling filters, with a substrate medium supporting bacterial colonies. Biogas is passed through these systems, ensuring intimate contact with the microbial population. For instance, studies demonstrate that optimized biofilters achieve up to 98% H₂S removal under steady-state conditions. Moreover, the systems are highly energy-efficient, making them suitable for long-term operation.
[bookmark: _2et92p0]1.3 Activated Carbon Filtration
Activated carbon effectively adsorbs H₂S due to its high surface area and porosity. Enhanced performance can be achieved by impregnating the carbon with metal oxides. Although this method is suitable for low H₂S concentrations, its capacity diminishes rapidly at higher levels, necessitating frequent replacement (Chen et al., 2021).
Although this method is suitable for low H₂S concentrations, its capacity diminishes rapidly at higher levels, necessitating frequent replacement (Chen et al., 2021).
Recent developments include the use of regenerative activated carbon systems, where thermal or chemical regeneration extends the lifespan of the adsorbent. Such innovations significantly reduce operational costs and environmental impact.
These systems typically involve gas flowing through a bed of activated carbon, with provisions for regeneration or replacement. An example system treating biogas with 500 ppm H₂S showed a removal capacity of 50 mg/g activated carbon before requiring regeneration. The process can be enhanced by impregnating the activated carbon with chemicals that increase its adsorption capacity.
[bookmark: _tyjcwt]2 Methods and Studies on Carbon Dioxide Removal
Carbon dioxide (CO₂) removal enhances the methane content of biogas. The primary methods include:
[bookmark: _3dy6vkm]2.1 Membrane Separation
Membrane technology has emerged as a leading solution for CO₂ separation due to its compact design and low energy requirements. Gas separation membranes selectively allow CH₄ to pass through while retaining CO₂. Recent advancements in polymeric and mixed-matrix membranes have enhanced separation efficiency and durability (Lee et al., 2022).
Ongoing research focuses on the development of nanocomposite membranes, which combine high selectivity with mechanical stability. Multi-stage membrane systems are being designed to further enhance methane recovery rates while reducing operational costs.
Membrane separation operates based on selective permeability, where no direct chemical reactions occur. Gas separation membranes selectively allow CH₄ to pass through while retaining CO₂. For example, multi-stage membrane modules treating biogas with 40% CO₂ achieve methane concentrations above 96%. Membrane material properties such as selectivity and permeability play crucial roles in determining the efficiency of this process.
[bookmark: _1t3h5sf]2.2 Pressure Swing Adsorption (PSA)
PSA utilizes adsorbent materials such as zeolites and activated carbon to separate CO₂ based on pressure changes. The process achieves high purity levels of biomethane (>97%), but its efficiency decreases with increasing CO₂ concentrations in raw biogas (Kim et al., 2020).
Innovative modifications to PSA systems include the use of advanced adsorbents with higher selectivity and improved desorption characteristics. Studies have also explored the integration of PSA with other separation methods, creating hybrid systems that optimize overall performance.
In PSA, CO₂ is adsorbed on materials like zeolites through:
CO₂ (gas) → CO₂ (adsorbed)
The system includes adsorber columns, valves, and vacuum pumps to alternate between adsorption and desorption phases. A PSA system processing 200 m³/h biogas can yield biomethane with 99% methane purity. By carefully controlling pressure cycles, PSA ensures minimal methane losses.
[bookmark: _4d34og8]2.3 Cryogenic Separation
Cryogenic methods involve cooling biogas to temperatures where CO₂ condenses and can be separated as a liquid. While this technique offers high methane recovery rates, the energy-intensive nature of cryogenic systems poses challenges for widespread adoption (Martinez et al., 2021).
Emerging approaches aim to integrate cryogenic separation with waste heat recovery systems to improve energy efficiency. Demonstrations of such integrated systems at pilot scales indicate significant potential for reducing operational costs.
[bookmark: _m6793e2goddy]These systems use heat exchangers and expansion turbines, often coupled with waste heat recovery for improved efficiency. Cryogenic units treating biogas with 45% CO₂ have achieved methane recoveries exceeding 90%. Advanced cryogenic designs include multi-stage cooling to reduce energy consumption.
[bookmark: _17dp8vu]3 Methanation of Carbon Dioxide with Hydrogen
Methanation of CO₂ is an innovative approach that utilizes renewable hydrogen to convert CO₂ into methane through the Sabatier reaction. This process not only enhances biomethane yield but also contributes to carbon recycling.
Methanation processes involve chemical conversion of CO₂ using hydrogen (H₂) via the Sabatier reaction:
CO₂ + 4H₂ → CH₄ + 2H₂O (ΔH = -165 kJ/mol)
[bookmark: _3rdcrjn]3.1 Catalytic Methanation
Catalytic methanation employs metal-based catalysts, such as nickel or ruthenium, to facilitate the reaction between CO₂ and H₂. Studies have shown that nickel catalysts offer a cost-effective solution with high conversion rates, although they are prone to deactivation due to carbon deposition (Zhao et al., 2020).
Recent advancements include the development of bimetallic catalysts that enhance resistance to deactivation. Reactor designs are also being optimized to improve heat management and reaction kinetics.
Research by Gao et al. (2012) investigated the performance of Ni-based catalysts in CO₂ methanation, highlighting their efficiency and stability. Catalytic methanation utilizes reactors with nickel or ruthenium-based catalysts. These reactors are designed for efficient heat removal to prevent catalyst deactivation. Pilot systems using nickel catalysts achieve methane yields above 97% with CO₂ conversion rates exceeding 90%. The reaction's exothermic nature necessitates advanced cooling mechanisms to maintain optimal temperatures.
[bookmark: _26in1rg]3.2 Biological Methanation
Biological methanation utilizes methanogenic archaea to produce methane under anaerobic conditions. This process operates at mild temperatures and pressures, making it energy-efficient. Recent research has demonstrated the feasibility of integrating biological methanation into existing biogas plants (Wang et al., 2021).
Studies are exploring co-culture systems that combine different microbial species to improve conversion efficiency. Efforts are also underway to scale up biological methanation processes for industrial applications.
In biological methanation, methanogenic archaea facilitate the above reaction under mild conditions in anaerobic digesters. For example, laboratory-scale systems integrating biological methanation with biogas plants demonstrated 95% methane yield. The natural adaptability of these microbes to variable gas compositions enhances system robustness. 
In biological methanation, microorganisms such as methanogenic archaea catalyze the conversion of CO₂ and H₂ into methane under anaerobic conditions. A study by Bassani et al. (2015) explored the use of mixed cultures in anaerobic reactors for efficient CO₂ reduction to methane. This process can be integrated into existing anaerobic digestion systems or operated as a separate bioreactor, offering a sustainable approach to upgrading biogas. Singhal et al. (2017) reviewed various biogas upgrading techniques and highlighted the potential of biological methanation as a sustainable method.
[bookmark: _lnxbz9]3.3 Plasma-Assisted Methanation
Emerging technologies such as plasma-assisted methanation show promise in enhancing reaction kinetics and reducing reliance on expensive catalysts. However, further research is needed to optimize system design and scalability (Liu et al., 2022).
The combination of plasma technology with catalytic systems is being investigated as a means to achieve higher efficiency and lower operational costs. Initial results indicate significant potential for industrial-scale deployment.
Plasma-assisted systems enhance methanation kinetics through non-thermal plasma, creating reactive species that accelerate the Sabatier reaction. These involve a plasma reactor coupled with traditional catalytic beds. Initial experiments have shown up to 85% CO₂ conversion at lower energy inputs compared to conventional methods. The versatility of plasma-assisted designs allows for integration with existing biogas plants.
Technological schemes for methanation processes typically include feed gas compressors, reactor chambers, heat exchangers, and product gas separators.
Conclusions
This review highlights the diverse methods available for biogas purification and enhancement, emphasizing their strengths and limitations. Chemical scrubbing and biological desulfurization are effective for H₂S removal, while membrane separation and PSA offer reliable solutions for CO₂ extraction. Methanation of CO₂, particularly through catalytic and biological approaches, presents a promising avenue for maximizing biomethane production and achieving carbon neutrality. Future research should focus on integrating these technologies into cost-effective and sustainable systems for large-scale applications.
Additional efforts should be directed toward hybrid systems that combine multiple purification and methanation methods to achieve synergistic benefits. Policy frameworks supporting research, development, and deployment of these technologies will be crucial in accelerating the transition to a biomethane-based energy economy.
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