

  methane-02-00019




methane-02-00019







Methane 2023, 2(3), 279-303; doi:10.3390/methane2030019




Review



Methane Oxidation via Chemical and Biological Methods: Challenges and Solutions



Dipayan Samanta 1,2 and Rajesh K. Sani 1,2,*[image: Orcid]





1



Department of Chemical and Biological Engineering, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA






2



BuG ReMeDEE Consortium, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA









*



Correspondence: rajesh.sani@sdsmt.edu







Academic Editors: Yadira Rodríguez, Juan Carlos López and Maximilian Lackner



Received: 22 May 2023 / Revised: 24 June 2023 / Accepted: 12 July 2023 / Published: 19 July 2023



Abstract

:

Methane, a potent greenhouse gas, has gained significant attention due to its environmental impact and economic potential. Chemical industries have focused on specialized catalytic systems, like zeolites, to convert methane into methanol. However, inherent limitations in selectivity, irreversibility, and pore blockages result in high costs and energy requirements, thus hindering their commercial viability and profitability. In contrast, biological methane conversion using methanotrophs has emerged as a promising alternative, offering higher conversion rates, self-renewability, improved selectivity, and economically feasible upstream processes. Nevertheless, biological methane oxidation encounters challenges including the difficulty in cultivating methanotrophs and their slow growth rates, which hinder large-scale bioprocessing. Another highlighted limitation is the limited mass transfer of methane into liquid in bioreactors. Practical strategies to enhance methane oxidation in biological systems, including optimizing reactor design to improve mass transfer, altering metal concentrations, genetic engineering of methane monooxygenases, enzyme encapsulation, and utilizing microbial consortia are discussed. By addressing the limitations of chemical approaches and highlighting the potential of biological methods, the review concluded that the utilization of genetically engineered methanotrophic biofilms on beads within a biotrickling reactor, along with enhanced aeration rates, will likely enhance methane oxidation and subsequent methane conversion rates.
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1. Introduction


Methane plays a significant role as a greenhouse gas in our planet’s atmosphere, comprising around 18% of the overall greenhouse gas mixture [1]. The National Oceanic and Atmospheric Administration (NOAA) documented that the global level of methane has recently exceeded to 1925 ppb (as of December 2022) [2,3]. For a decade, the relentless increase in methane concentration in the atmosphere has been a severe worldwide issue. Methane possesses a remarkable potency in trapping heat in the atmosphere, exceeding carbon dioxide by over 25 times [4]. This significant disparity underscores the substantial environmental burden associated with methane emissions. The major anthropogenic sources of methane are landfill wastes, coal mines, and agricultural and human wastes (shown in Figure 1) [5,6]. Furthermore, the enormous use of fossil fuels due to industrialization and urbanization significantly contributes toward increasing the methane concentration in the environment [7]. However, methane exhibits a dual nature as both a potent greenhouse gas and a resource that can be produced using renewable methods. Biogas purification allows for the capture of methane from organic waste sources like agricultural residues, sewage, or landfill gases [8]. Additionally, advanced technologies like biological methanation enable carbon-negative methane production by combining CO2 and renewable hydrogen [9]. This process removes more CO2 from the atmosphere than it emits. Moreover, methane serves as a precursor to liquid fuels, providing an avenue to mitigate vented methane emissions [10,11]. Expanding the applications of methane, including C-C coupling reactions, similar to biomass processes, and oxidation to methanol, can unlock its potential as a versatile chemical building block across various industries, fostering a sustainable and circular economy [12]. However, the oxidation of methane is challenging in the field of catalytic conversion due to high C-H bond energy (104 kJ/mol), thus conceding only partial oxidation [13]. Additionally, the heterogenous reaction kinetics are slow due to the weak interaction of methane with the catalyst surface [14]. For the past few decades, microbially mediated methane oxidation has become a focus of research. Therefore, there is a constant search for the exploration of novel microbes that can convert methane into valuable products.



Among the microbial community, the methanotrophic and methylotrophic genera consist of fascinating enzymatic machinery—methane monooxygenase (MMO) that serves as a major sink for methane [15]. Methylotrophs are a diverse group of Gram-negative microorganisms that utilize C1 compounds such as methane, methanol, and other organic compounds as the source of carbon and energy [16]. Methanotrophs are a subset of methylotrophs that uses methane as the sole carbon and energy source [17]. Typically, aerobic methanotrophs can be categorized into three types—Type I (γ-proteobacteria), Type II (α-proteobacteria), and Type X (γ-proteobacteria)—on the basis of carbon assimilation pathways, membrane morphology, and phospholipid composition [18]. An out-group category, Verrucomicrobia also oxidizes methane but involves a far different mechanism from the above-stated types [19]. Therefore, the diverse methanotrophic community offers great potential for utilizing methanotrophs in the selective production of a wide range of value-added products. This approach agrees with the advantages of low cost, low energy requirements, and improved economic profitability.



Due to the fast-paced nature of the industry, projections remain uncertain, yet the 2020 McKinsey Global Institute report approximates that the global bioeconomy and has the potential to generate USD 2 to USD 4 trillion in direct annual economic impacts by 2030–2040 [20]. Despite challenges posed by low methane solubility and oxidation rates, methanotrophs have gained significant interest in recent years as they offer the potential for producing value-added products such as single-cell protein, biopolymers, and biofuels [21]. Solutions to address these challenges include optimizing bioreactor configuration, tuning physical parameters such as high pressure, and employing genetic engineering to enhance methane oxidation and create novel metabolic pathways [22,23,24]. Therefore, methanotrophic bioconversion has been an area of focus for several decades, given its potential to convert methane into useful products. The development of a bioeconomy based on methanotrophs has the potential to create significant economic impacts [25].



In this review, we discuss the challenges associated with methane oxidation using chemical and biological methods including the stability of the methane molecule, the availability of cofactors, and the diversity of methanotrophs and their metabolic pathways. We also discuss potential solutions such as the development of efficient bioreactor systems, the optimization of cultivation methods for methanotrophs, and the use of synthetic biology and genetic engineering. By addressing these challenges, methane oxidation can become a viable solution for mitigating the impact of methane emissions and contributing to a sustainable future.
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Figure 1. Illustration of the production of methane in metric tons (MT) from both anthropogenic and natural sources, highlighting their collective impact on mean global annual methane emissions (in ppb) [26,27]. Additionally, a heat map is provided to depict the country-wise contributors to methane emissions [28]. 
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2. Challenges in Methane Oxidation


According to the Global Methane Budget 2020 report, which estimated data from 2000–2017 using a bottom-up approach, methane emissions primarily originate from two categories: natural/ biogenic sources and anthropogenic sources [29]. Natural sources account for methane emissions of 367 Tg CH4 yr−1, while anthropogenic sources contribute 380 Tg CH4 yr−1. Among natural sources, wetlands are responsible for 145 Tg CH4 yr−1, while other natural sources including land sources and ocean sources contribute a combined 222 Tg CH4 yr−1. Within anthropogenic sources, agriculture and waste emissions account for 213 Tg CH4 yr−1, fossil fuel emissions contribute 135 Tg CH4 yr−1, and biomass and biofuel burning contribute 29 Tg CH4 yr−1 [29]. Terrestrial wetland habitats, characterized by waterlogged soils and permafrost, serve as significant carbon sinks. However, the warming climate poses a challenge as it causes wetland soils to warm or flood, resulting in the release of carbon into the atmosphere in the form of methane.



In the global transition towards a sustainable low-carbon economy, two key technologies, methane storage and methane capture, hold significant importance. Metal-organic framework (MOF) materials have demonstrated their potential in the field of gas adsorption storage due to their exceptional properties such as high surface area, excellent porosity, and an adjustable pore structure [30]. Regarding methane capture at atmospheric pressure, particular attention is given to CH4/N2 and CO2/CH4 separation, as well as methane capture technologies [30]. Notably, MOF material PCN-14 has achieved the highest reported methane capture at 298 K and 6.5 MPa, reaching an impressive volumetric uptake of 230 cm3 cm−3 [31]. Sadiq et al. developed a method to capture low-concentration methane emitted from landfills using aluminum fumarate and @MgFe2O4 magnetic framework composite [32]. This composite demonstrated methane uptake of 18.2 cm3 g−1 at 300 K and 0.1 MPa, particularly when the mass fraction of MgFe2O4 was only 1 wt%. In the oil and gas industry, methane recovery from storage tanks and well casinghead vent emissions can be achieved using a vapor recovery unit. Traditionally, the adsorbent material employed in these units has been porous carbon materials like zeolite 5A. Notably, at 303 K and 0.099 MPa, zeolite 5A has exhibited a methane uptake rate of 7.456 mg g−1 [33]. Indeed, the technologies discussed have demonstrated their effectiveness in capturing and storing methane for subsequent use as a precursor for liquid fuels. However, a crucial question arises: is the methane oxidation and conversion of methane into value-added products a challenging endeavor? The subsequent sections of this review comprehensively address this inquiry by highlighting the limitations encountered in methane conversion and presenting potential solutions.



Methane oxidation via chemical and biological approaches has unique challenges, that limits methane as a precursor for value-added products in commercial sectors. Table 1 presents a comparison between the chemical and biological methane oxidation with respect to operational conditions (e.g., temperature, pressure, and catalysts) and carbon conversion efficiency.



Chemical methane oxidation is a promising approach for the conversion of methane into more useful chemicals, and the use of catalysts such as transition metal oxides has been explored as a strategy for facilitating the reaction [54]. However, the development of efficient and selective catalysts for methane oxidation remains a significant challenge. The high stability of the methane molecule presents a significant hurdle, making it difficult to activate and react with other molecules [55]. The C-H bond in methane is relatively unreactive and requires a high activation energy to break, making the process energy-intensive and adding to the cost of any industrial application [56]. To overcome this challenge, researchers have developed catalysts that can activate the C-H bond and promote the oxidation of methane [56,57]. These catalysts typically involve the use of transition metals, such as platinum, palladium, and rhodium, which can adsorb methane and facilitate the activation of the C-H bond but usually lead to the formation of carbonaceous deposits on the catalyst surface, leading to catalyst deactivation [58,59]. However, while these catalysts have shown promise in laboratory settings, developing efficient and selective chemical catalysts for methane oxidation for industrial purposes remains a significant challenge.



Biological methane oxidation offers several advantages over chemical methane oxidation, primarily due to its autobiocatalytic nature and tolerance towards impure methane. Unlike chemical catalysts that require periodic replacement, resulting in downtime and additional costs, a properly managed bioprocess operates continuously, with no additional operational expenses (OPEX) apart from hardware maintenance [60]. Additionally, the side and by-products generated during the process can be transformed into valuable additional products, supporting the goal of zero waste bioprocessing and fostering a more sustainable approach [61]. This is made possible by the self-replicating nature of the MMO in the bioprocess, highlighting the concept of autobiocatalysis. Furthermore, biological systems exhibit a notable tolerance to impurities present in methane-containing gas streams. Unlike chemical catalysts that are sensitive to impurities in methane or oxygen streams), biological catalysts can often withstand and effectively process impure methane sources [46]. This tolerance to impurities expands the range of methane feedstocks that can be utilized, including those derived from waste streams or unconventional sources. This versatility enhances the feasibility and flexibility of biological methane oxidation processes, offering opportunities for more diverse and sustainable methane utilization.



However, biological methane oxidation also faces several challenges that limit its potential for large-scale bioprocessing applications. One significant challenge is the requirement for copper and iron ions as cofactors in MMO enzymes, which are essential for methane oxidation [62]. These cofactors can be limiting factors in an uncontrolled natural environment, such as soils with low copper or iron content, and can affect the efficiency of the methane oxidation process [63,64]. However, in an applied process, one can easily address this challenge by supplementing the required cofactors, turning it into a mere triviality. Methanotrophs are often difficult to cultivate, and the slow growth rate can result in low productivity, making large-scale bioprocessing applications challenging [24,65]. Furthermore, the diversity of methanotrophs and their metabolic pathways can make it challenging to identify optimal strains for specific applications [66]. Methanotrophs, based on methane oxidation capacity, can be categorized as high-affinity or low-affinity based on their methane oxidation kinetics [67]. High-affinity methanotrophs are capable of oxidizing ambient methane concentrations (~2 ppm) [68], while low-affinity methanotrophs utilize methane at higher concentrations (>40 ppm) [69]. Also, different methanotrophs have different carbon assimilation pathways and require specific environmental conditions to maintain their activity, which can vary depending on the application [70]. Therefore, identifying the optimal strain for a specific application can be challenging and require extensive screening and characterization efforts. In addition, the methane oxidation process can lead to the formation of secondary byproducts such as formaldehyde, formic acid, and carbon monoxide [71]. These byproducts can reduce the net yield of the desirable product and limit the efficiency of the process. Researchers have explored different strategies to mitigate these side reactions such as the use of specific growth conditions and the development of new strains with improved selectivity.



The bioreactor system can be employed for increased methane oxidation, but it has its own challenges. One major challenge in designing a gas-to-liquid bioreactor is the limited mass transfer of methane, which has low solubility in water at standard temperature and pressure (~22 mg/L at 20 °C and 1 atm) [72,73]. With respect to chemical methane oxidation, many reactor designs contain products and reactants in the liquid phase [74]. This is not feasible for a methanotrophic bioreactor for increasing mass transfer between gaseous methane and microorganisms [75]. The convective mass transfer coefficient kLa (h−1) is often used to measure the efficiency of gas–liquid mixing in bioreactors [76]. A greater kLa can be achieved through various reactor designs such as bubble columns, stirred tank reactors (STRs), or continuously stirred tank reactors (CSTRs) with gas spargers to produce additional bubbles [77]. However, these designs may require large reactor volumes that are beyond considerable. Additionally, there are some conventional techniques that can help improve mass transfer in bioreactors, such as operating at high pressure, reducing the size of gas bubbles, and increasing the number of bubbles [78]. Moreover, other designs involve immobilizing the biomass to increase protein density and overall productivity [79]. The use of 3D culture techniques can be beneficial for long-term experiments as flat surface cultures may not accurately reflect the system being studied [80]. Bioreactors can be filled with gel beads composed of alginate, silica, or hydrogels. Taylor et al. conducted an experiment in which they measured the methane uptake of Methylosinus trichosporium OB3b at different seeding densities in sodium alginate beads in batch and semi-steady state reactors [81]. Their objective was to inhibit methanol dehydrogenase using cyclopropane, which would result in the accumulation of methanol. However, the results showed that the use of alginate beads did not lead to any improvement in methanol production or methane uptake when compared to suspended biomass cultures [81].



Trickle bed reactors (TBRs) typically use ceramic beads or polyurethane foams to cultivate biofilms on the surface or within the pores of the foam [82]. TBRs offer advantages over STRs and bubble columns in terms of energy requirements, as the volumetric flow rate of the liquid component is primarily determined by gravity [83]. Encapsulated beads containing biofilm in a packed column can increase the surface area, which is crucial for gas-to-liquid mass transport [73]. To evaluate and compare the performance of various reactor types, including TBR, STR, and bubble columns, parameters such as syngas (CO and H2) conversion rates, as well as ethanol productivity, have been considered. This evaluation allows for a comprehensive comparison of TBR with other reactor types, highlighting its potential as an effective option for methane conversion processes. In a notable study conducted by Devarapalli et al., a TBR system utilizing Clostridium ragsdalei demonstrated a remarkable CO and H2 conversion rate of 90% along with a high ethanol productivity of 158 mg/L∙h at gas flow rates between 1.5 and 2.8 standard cubic centimeters per minute (sccm) [84]. These findings outperformed the ethanol productivities reported for C. carboxidivorans in hollow fiber membrane bioreactor (140 mg/L∙h), C. ljungdahlii in a CSTR without cell recycle (110 mg/L∙h), and Alkalibaculum bacchi in a CSTR (70 mg/L∙h) [85,86,87]. Furthermore, in a two-stage continuous syngas fermentation involving C. ljungdahlii, the CSTR exhibited CO and H2 conversion efficiencies of 46% and 49% at a gas flow rate of 23 sccm, while the bubble column achieved higher CO and H2 conversion efficiencies of 86% and 82% at a gas flow rate of 121 sccm [88]. Orgill et al. conducted a comparison of mass transfer coefficients for CO and H2 between TBR and STR [89]. Their findings revealed that a TBR with 6 mm bead size exhibited the highest total mass transfer coefficient, with a KTotA/L value of 421 h−1. In contrast, the STR demonstrated a lower KTotA/L of 114 h−1 under conditions of 400 sccm gas flow and 900 rpm stirring speed [89]. Considering the improved mass transfer coefficient for gas-to-liquid transfer, enhanced productivity, and higher conversion rates, it can be concluded that TBR holds promise as a viable option for methane conversion via methanotrophs. However, TBRs face challenges such as clogging due to the accumulation of biomass and unsteady operating conditions caused by an increase in pressure drop across the inlet and outlet [90]. These limitations restrict the use of TBRs in industrial settings for long-term operations. To conclude, chemical methane oxidation faces challenges such as the development of efficient and selective catalysts, high activation energy, and catalyst deactivation due to carbonaceous deposits. On the other hand, biological methane oxidation offers several advantages over chemical methane oxidation, primarily due to its autobiocatalytic nature and tolerance towards impure methane. However, biological methane oxidation faces its own set of challenges such as the requirement for copper and iron ions as cofactors, slow growth rates, optimal strain identification, byproduct formation, and limited mass transfer of methane. However, potential solutions exist to overcome these limitations in both chemical and biological methane oxidation, and in the later section we will discuss the promising small-scale increased biological methane oxidation strategies. Figure 2 shows the challenges via chemical and biological methane oxidation and potential biological solutions to overcome the limitations.




3. Solution to Overcome the Challenges


3.1. Chemical Methods


3.1.1. Traditional Methods for Direct Atmospheric Methane Removal


Several chemical methods to mitigate atmospheric methane have been proposed and studied to help reduce methane emissions and limit its impact on the environment. Different chemical methods that are in practice to mitigate methane are listed in Table 2. One of the most promising chemical methods to mitigate atmospheric methane is the use of catalysts; the systems which can help oxidize methane into carbon dioxide [91]. The catalytic systems broadly use noble metals, transition metals, and metal oxides [92]. A study by Chen et al. reviewed that using a Ni-Au/Al2O3 catalyst could oxidize up to 84% of methane into methanol under a steam reforming process [93]. Inhibitors such as 3-nitrooxypropanol prevent methane-producing microbes from producing methane and are also reported to be promising to reduce methane production in cattle by up to 30% [94]. The first proposal towards direct atmospheric CH4 removal was laid by Boucher et al., with existing technologies such as zeolite minerals, cryogenic separation, molecular sieves, and adsorption filters [95]. Zeolites are the most popular chemical methane conversion catalyst in industries for the production of liquid fuels [96,97]. While zeolites offer several benefits, including reduced environmental corrosion, minimal waste generation, and easy continuous operation in fixed-bed reactors, they also come with drawbacks such as high sensitivity, irreversibility, and steric blockages [96]. Furthermore, structural tuning of zeolites into molecular sieve zeolites (e.g., Cobalt-ZSM-5) is beneficial to oxidize methane into methanol and formaldehyde and are effective in one-phase (gaseous) hydrocarbon separations [98]. However, the usage of these traditional materials or methods are limited to within chemical industries and are energetically and economically ineffective to treat large volume of atmospheric CH4 [99]. Ma et al. conducted a study for 63 days, where acidification levels (doses) ranging from 1.2 to 6.0 kg of concentrated sulfuric acid per cubic meter of slurry (pig excreta) were used across six distinct tanks [100]. They observed a substantial reduction in CH4 levels, with removal rates ranging from 46% (at 1.2 kg H2SO4) to 96% (at 6.0 kg H2SO4) and concluded that employing low-dose acidification proves to be a promising and viable strategy for mitigating CH4 emissions [100]. Highly interesting iron-salt aerosol method, which is a mimic of natural reactions related to mineral dust particles, is capable of direct atmospheric CH4 removal [101,102]. This method generates CH4 depleting chlorine atoms in the tropospheric atmosphere, thereby capable of removing the total atmospheric CH4 to some extent [103]. Furthermore, few speculative ideas are proposed by Lockley et al. such as CH4 ignition at point sources, lake sealing (impermeable cover/non-biodegradable foaming agents), and ducting CH4 bubble streams [104]. However, these methods may not be a complete solution to the problem of methane emissions, and further research is needed to determine their effectiveness in different environmental settings and to identify new and more effective methods for mitigating atmospheric methane.




3.1.2. Chemical Methods and Reported Benchmark for Methane to Methanol Conversion


The multifaceted applications of methanol, coupled with its potential as a cleaner energy source, have firmly established it as a commercially valuable organic compound with a promising market outlook. Methanol has gained recognition as a promising alternative to fossil fuels in transportation and power generation due to its potential as a cleaner energy source [109,110,111,112]. Simultaneously, it plays a vital role as a feedstock for producing essential chemicals like formaldehyde, acetic acid, and dimethyl ether [113]. These chemicals find extensive application in the manufacturing of diverse industrial products including plastics, resins, and solvents [114]. Methanol’s versatile nature extends to other areas as well. It serves as an antifreeze agent in windshield washer fluid and natural gas pipelines, functions as an industrial solvent for inks, adhesives, and pharmaceutical ingredients, and also finds use in the production of building materials and high-tech devices [115,116,117,118]. The demand for methanol has been substantial, with the United States alone registering a demand of 19.7 million metric tons in 2022, valued at approximately USD 30 billion [119,120]. Furthermore, projections suggest a compound annual growth rate (CAGR) of 4.2%, which is expected to elevate the market value to USD 38 billion by 2028 [119].



Currently, the industrial process to synthesize methanol involves the use of syngas, which are usually prepared by methane reforming, but the cost of this process is high. Within the various chemical methods discussed earlier, lab and pilot scales have placed particular emphasis on utilizing specialized and optimized zeolitic catalytic systems to convert methane into methanol. However, there are several methods such as direct one-step oxidation, oxidation via MMO-mimicked catalyst, continuous methane–water–oxygen reaction with ZSM, and using non-thermal plasma.



The direct one-step oxidation of methane to methanol is more advantageous than the syngas route, and there are several reports that exist. In direct one-step oxidation noble metals (e.g., Au, Pd, and Rh) have been reported to exhibit excellent catalytic properties for the conversion of methane. Agarwal et al. achieved a high yield (92%) in the low-temperature (50 °C) selective oxidation of methane to methanol using colloidal gold-palladium nanoparticles as a catalyst in the presence of aqueous hydrogen peroxide (H2O2) [121]. Jin et al. developed a novel catalyst called a “molecular fence” by incorporating AuPd alloy nanoparticles into aluminosilicate zeolite crystals and modifying the external surface of the zeolite with organosilanes [122]. This catalyst demonstrated high efficiency in converting methane to methanol, achieving a production rate of 91.6 mmol gAuPd−1 h−1. Similarly, non-noble metals have also shown promise in this reaction. Taking inspiration from MMO biocatalysis, Grundner et al. developed a Cu-MOR catalyst through ion exchange, mimicking the active sites of MMO enzymes [23,123]. The catalyst, featuring single-site trinuclear copper oxygen clusters within mordenite zeolite, selectively converts methane to methanol by activating carbon–hydrogen bonds, resembling the enzymatic systems in terms of cluster rearrangements during the conversion process. The study achieved 80% methane conversion at 200 °C, with a methanol yield of approximately 160 µmol gcat–1 with Cu concentration of 500 µmol gcat–1 [123]. In another approach, Narsimhan et al. achieved continuous methane oxidation to methanol by introducing methane, oxygen, and water simultaneously into the reactor. Cu-Na-ZSM-5 and Cu-H-ZSM-5 catalysts demonstrated steady-state methanol production rates of 0.88 ± 0.02 μmol h–1 gcat–1 and 1.81 ± 0.01 μmol h–1 gcat–1, respectively [124]. Although the conversion rate was not particularly high in this study, it marked the first successful realization of continuous methane-to-methanol oxidation under continuous conditions. In one study, methanol synthesis from methane and water at room temperature and atmospheric pressure using non-thermal plasma was reported [125]. This approach prevents further decomposition and conversion of methanol by transferring it to the liquid phase. The addition of Ar or He gases, along with the use of plasma and semiconductor materials, significantly enhances methanol production rates and selectivity, with a maximum production rate of 56.7 mmol gcat−1 h−1 and 93% selectivity in the liquid phase, representing more than a five-fold increase compared to conditions without a catalyst and added gas [125].



Although there exist several effective catalytic approaches, the catalyzation approach have notable limitations, including inadequate selectivity, irreversibility, and pore blockages, which ultimately hinder the commercial viability and profitability of methanol production through methane oxidation. Hence, the pursuit for cost-effective and highly efficient CH4 conversion has motivated researchers to explore alternative biological approaches utilizing microbes. These methods are deemed environmentally friendly, sustainable, and economically viable, addressing the demand for more sustainable methane conversion processes.





3.2. Biological Methods


As previously described, methanotrophs utilize MMO, which exists in two forms, sMMO and pMMO, as their complex enzymatic machinery for biological methane oxidation. Both sMMO and pMMO have complex, multi-subunit scaffold, but with distinguishable structures, active sites, and reaction mechanisms [126]. Methanotrophs can express either both or one of these MMOs which is highly genus specific. The occurrence of both sMMO and pMMO in a particular methanotroph is rare and is limited to very few methanotrophic species (for example, M. trichosporium OB3b and M. capsulatus BATH) [127]. pMMO is present in almost all methanotrophs except for Methylocella and Methyloferula genera [70]. In methanotrophs where the genes for both forms exist, the expression of sMMO and pMMO is controlled by the availability of environmental copper, termed as “copper switch” [128]. Typically, high concentrations of copper (>0.85 µM) relative to biomass levels inhibit the activity of sMMO, whereas an excessive addition of iron has been observed to stimulate sMMO expression [129]. Specifically, when the copper-to-biomass ratio exceeds 0.86 µmol Cu.g−1 DW, methane oxidation occurs in the periplasmic membrane space mediated by pMMO, while at ratios below 0.86 µmol Cu.g−1 DW, methane oxidation is catalyzed by sMMO in the cytosol [127,130,131]. The involvement of metalloregulation in the expression of MMOs is due to the graved metal atoms within these enzymes, which serve as cofactors: sMMO has iron atoms confined to the non-heme diiron active site and pMMO has nucleated copper atoms [132]. Talking about metalloregulation, methanobactin (Mbn), a copper-chelating peptide, acts as chalkophores and copper scavenger, facilitating the transport and delivery of copper ions to MMO for its proper function while also playing a role in metalloregulation. Taking the example of M. trichosporium OB3b, the methanobactin operon consists of 11 genes organized as follows: import genes (MbnE periplasmic binding protein and MbnT Ton-B dependent transporter), export genes (MbnM MATE multidrug exporter, and regulatory sigma/anti-sigma factor pair MbnIR), and putative synthesis genes (MbnA precursor peptide, MbnC, and MbnN aminotransferase). Additionally, the methanobactin machinery in OB3b includes two hypothetical proteins, MbnP and MbnH, whose functions remain unknown. Figure 3 illustrates the intricate biological pathway of methane oxidation, highlighting the crucial role of methanobactin genes as regulators responsible for modulating the expression of methane monooxygenase (MMO). The reaction pertaining to sMMO and pMMO during the methane-to-methanol conversion is as follows:



pMMO: CH4 + O2 + 2e− + 2H+ → CH3OH + H2O



sMMO: CH4 + NAD(P)H2 + O2 → CH3OH + NAD(P+) + H2O



Therefore, to enhance the rates of methane oxidation in biological systems, various approaches can be employed. Firstly, mass transfer rates can be increased by employing different reactor configurations that facilitate efficient contact between the methanotrophs and methane substrate. Secondly, genetic modification of the MMO enzymes can be pursued to optimize their catalytic activity and improve methane oxidation efficiency. Finally, another strategy involves engineering the regulatory genes involved in the “copper switch” mechanism, which controls the expression of MMO enzymes based on the availability of environmental copper, thereby fine-tuning the methane oxidation process. By combining these approaches, it is possible to significantly enhance the efficiency of methane oxidation biologically. The later sub-sections describe the novel approaches that have been reported in lab-scale experiments to achieve higher methane oxidation. Table 3 presents an overview of different biological methods for methane mitigation, along with their advantages and disadvantages.



3.2.1. Bioreactor and Biofilter Based Method


Methane biofilters and bioreactors are crucial in mitigating the release of methane and relies on methanotrophs to convert methane into less harmful compounds [146]. In a bioreactor study involving iron-rich sediments from the Bothnian Sea, metagenomics was used to investigate shifts in microbial community composition under low oxygen concentrations [147]. The study identified marker genes for methane and iron cycling, as well as respiratory and fermentative metabolism, which provided insights into the metabolic potential of methanotrophs in coastal marine sediments. Novel Verrucomicrobia, Bacteroidetes, and Krumholzibacteria were recovered and found to have the potential for methane oxidation, organic matter degradation, and iron cycling, respectively [147]. The study suggests that the methane biofilter in coastal sediments may be more diverse than previously thought, with a variety of microorganisms contributing to methane oxidation. This diversity could be harnessed to improve the efficiency of bioreactors and biofilters for methane oxidation.



Moreover, biofilters with forced aeration have been investigated in experimental plants of different scales to understand their potential and limitations for methane oxidation [148]. In a study by Streese et al., a bench scale plant (total biofilter volume 60 L) and a pilot plant (4 m³) were used to evaluate the performance of biofilters for methane oxidation [148]. The forced aeration helps to maintain optimal conditions for the methane-oxidizing bacteria within the biofilter, ensuring sufficient oxygen supply and promoting efficient methane oxidation. In this study, the researchers observed that the methane oxidation rates were influenced by factors such as biofilter material, temperature, water content, and pH [148]. In another study by Farrokhzadeh et al., a multiple-level aeration biofilter design was proposed to improve conventional methane biofilter performance [49]. Laboratory flow-through column experiments were conducted to evaluate three actively aerated methane biofilter configurations, with air introduced at one, two, and three levels of the bed depth. The results indicated that the biofilter column with two aeration levels had the most even performance over time, maintaining 85% average oxidation efficiency over 95 days of experiments [49]. In a study by Jawad et al., a transient model was developed to predict methane concentration at various heights and times in a biofilter using composted sawdust as packing media [149]. The model was validated with experimental data and showed good agreement. The simulations suggested that under certain conditions, a removal efficiency of 95% might be achieved for a height of 2 m. One study analyzed the performance of different biofilter materials, including peat, compost, and a mixture of compost and lava rock [150]. The peat-filled biofilter did not show significant methane oxidation, while the other materials exhibited better performance after an adaptation period. This may limit the role of biofilter in methane oxidation under such conditions.



Biotrickling filters have been gaining attention for methane oxidation due to their potential for efficient gas treatment and lower energy consumption compared to other technologies [146]. Cáceres et al. conducted a study on the oxidation of methane in biotrickling filters inoculated with methanotrophic bacteria [151]. They found that the inoculation of the biotrickling filter with methanotrophic bacteria significantly increased the methane removal efficiency. The study also showed that the performance of the biotrickling filter was affected by factors such as the type of packing material, the presence of other gases (e.g., H2S and NH3), and environmental conditions. Further in the same study, Caceres et al. explored the potential of hydrophobic methanotrophs in two-liquid phase partitioning biotrickling filters for methane abatement [151]. The results indicated that the use of hydrophobic methanotrophs could enhance the methane removal efficiency and the overall performance of the biotrickling filter. In a study by La et al., a biotrickling filter packed with inert materials was investigated for methane treatment in the presence of a non-ionic surfactant [146]. The results showed that the presence of the surfactant enhanced the removal efficiency of methane, suggesting that the use of surfactants can improve the performance of biotrickling filters for methane oxidation [146]. In another study, Brandt et al. investigated the use of novel packing materials for improving methane oxidation in biofilters [152]. They found that the selection of appropriate packing materials could significantly affect the performance of the biofilter, with some materials showing better methane removal efficiency than others. Veillete et al. studied the effect of ammonium concentration on microbial population and performance of a biofilter treating air polluted with methane [153]. They found that higher ammonium concentrations led to a decrease in methane removal efficiency, highlighting the importance of controlling nutrient concentrations in biotrickling filters for optimal performance. Largely, biotrickling filters have shown promise for methane oxidation, with several studies demonstrating their potential for efficient methane removal. Factors such as packing material, the presence of surfactants, inoculation with methanotrophic bacteria, and nutrient concentrations can significantly influence the performance of biotrickling filters [75]. Further research on optimizing these factors, as well as understanding the interactions between methanotrophic bacteria and other microbial communities, can help improve the design and operation of biotrickling filters for methane mitigation.



Nevertheless, microbial fuel cells (MFCs) have gained significant attention in recent years for their potential towards direct conversion of methane to electricity via microorganisms as catalyst [154]. However, the direct conversion of methane to electricity in traditional fuel cells is challenging due to high-temperature operation requirements and catalytic instability [155]. In this context, microbial fuel cells offer a promising alternative by utilizing the biological conversion of methane to electricity through microbial electrochemical systems (MESs) [156]. MFCs operate at ambient temperatures and offer flexibility in scale, making them suitable for integration with catalytic processes to selectively produce desired chemical products [157]. However, achieving high efficiency in methane oxidation using MFCs has been a challenge due to the complexity of anaerobic oxidation of methane and the difficulty of microbial culturing.



Ren et. al. demonstrated an anaerobic reverse-methanogenesis process that directly converts methane into electricity using MFCs with high efficiency [154]. By carefully selecting a consortium of microorganisms, they were able to achieve efficient methane oxidation and current generation in the MFC system. Another study investigated enhancing methane oxidation in a bioelectrochemical membrane reactor using a soluble electron mediator [158]. The researchers focused on optimizing electrode materials to enhance power outputs in the MFC, addressing structural configurations and limitations of microbial fuel cells. Methane-driven MFCs have also been demonstrated to recover energy and mitigate dissolved methane emissions from anaerobic effluents [158]. This approach provides an effective solution for reducing methane emissions while simultaneously generating electricity from anaerobic wastewater treatment processes. Chen et al. conducted a study using two air–cathode single chamber MFCs containing anaerobic effluents and showed 85% dissolved methane removal and a maximum coulombic efficiency of 18% at 16 h hydraulic retention time. Further metagenomic 16S rRNA Illumina sequencing showed the presence of Geobacter sp. and methanotroph at the anode biofilm, which suggests the benefit of methane oxidation in electricity production [135]. Myung et al. used a two-staged MFC, whereas, in the first stage, methane-oxidizing bacteria was used to accumulate methanol in the high phosphate buffer (350 ± 42 mg/L), and in the second stage, the same accumulated methanol had been used to generate electricity and a maximum power density of 426 ± 17 mW/m2 was observed [159]. This implies that a multi-stage reactor can be used to address the issue of methanol accumulation in facultative methanotrophs. In the first stage, the growth of biomass is prioritized, while in the second stage, the activity of methanol dehydrogenase (MDH) is inhibited to allow methanol accumulation.



To conclude, the optimization of reactor design, including forced aeration and the selection of suitable packing materials, has shown promising results in enhancing methane oxidation rates. Biotrickling filters have emerged as an energy-efficient option for methane treatment, with the potential for enhanced removal efficiency through the use of specific packing materials, surfactants, and the inoculation of methanotrophic bacteria. Additionally, microbial fuel cells offer an alternative approach for the direct conversion of methane to electricity, with recent advancements demonstrating high efficiency and the potential for integration with catalytic processes. Further research is needed to optimize the factors influencing the performance of biotrickling filters and microbial fuel cells including nutrient concentrations, electrode materials, and microbial consortium selection.




3.2.2. Alteration in Metal Concentrations


Although there is no direct evidence from studies addressing the impact of altering metal concentrations on methane oxidation, observations from experiments involving different substrates such as trichloroethylene (TCE) suggest that manipulating metal concentrations, specifically copper, may have a positive effect on enhancing methane oxidation by methanotrophs. In a study utilizing methanotrophic consortia isolated from a landfill cover, it was observed that increasing copper (Cu2+) concentration from 0 to 15 μM increased the degradation rate of TCE from 74.41 nmol/(mgcell.h) at 15 μM Cu2+ to 654.99 nmol/(mgcell.h) at 0.03 μM Cu2+, with specific activity of sMMO ranging from 650 nmolnaphthol/(mgcell.h) at 0.03 μM to 100 nmolnaphthol/(mgcell.h) at 15 μM [160]. In another study, methanotrophic–heterotrophic communities enriched with Cu exhibited significant accumulation of polyhydroxybutyrate (PHB), with PHB content ranging from 43.2% to 45.9%, whereas cultures without Cu accumulated only small amounts of PHB (11.9% to 17.5%). Batch assays demonstrated that communities grown with Cu and higher oxygen levels synthesized more PHB, showing an extended optimal range of methane to oxygen ratio and achieving a high PHB content (48.7%) even in the presence of nitrogen [161]. In the study conducted by Lee et al., it was found that methanotrophs expressing the particulate form of pMMO had a competitive edge over cells expressing sMMO due to their higher growth rates. Furthermore, when exposed to excess Cu (100 µM), the pMMO-expressing cells exhibited enhanced growth and degraded the mixed chlorinated solvents at a faster rate within a shorter time frame [162]. Whole-cell assays on M. trichosporium OB3b expressing pMMO demonstrated that the affinity for TCE was enhanced with higher copper concentrations, as indicated by a decrease in Ks from 36 to 7.9 μM [163]. Therefore, the stimulation of methanotroph growth by higher copper concentrations highlights the importance of copper-mediated regulatory mechanisms in these organisms, suggesting a potential to enhance methane oxidation and increase the production of valuable bioproducts.




3.2.3. Synergetic Growth and Consortia


Consortia of methanotrophic bacteria can lead to enhanced methane oxidation rates due to their synergistic interactions and the ability to utilize excreted methane degradation metabolites [137]. One such example is the co-occurrence of type II methanotroph Methylocystis and the methylotroph Hyphomicrobium in heterotrophic-methanotrophic consortia. In this consortium, Methylocystis is responsible for oxidizing methane, while Hyphomicrobium can grow on the CH4-derived carbon intermediates produced by Methylocystis. This cross-feeding interaction improves both the methane-oxidation rate (9.2 ± 1.2 mg CH4 g−1 DWbiomass h−1) and biomass growth, leading to an efficient and stable methane oxidation system [138].



In this regard, aerobic methanotrophs, such as Methylobacter, have been found to form active methane-oxidizing communities even in anoxic environments. These methanotrophs can thrive in such conditions by closely associating with photosynthetic (micro) algae, which serves as an oxygen source. Light stimulation has been shown to enhance methane oxidation by gammaproteobacterial methanotrophs, including Methylobacter, in the anoxic water layers of oxygen-stratified lakes [139]. Aerobic methanotrophs may also rely on Sphagnum for molecular oxygen, enabling their proliferation in anoxic niches in peatland ecosystems. Alternatively, they can independently rely on incomplete denitrification [139]. Therefore, the interaction of aerobic methanotrophs with their biotic environment appears to be relevant in modulating community functioning and may help confer resilience during disturbances, prompting the use of alternative strategies and the formation of synergistic/antagonistic interactions.




3.2.4. Genetic Engineering of MMOs


As previously indicated, genetic studies offer an efficient approach to enhance MMO expression and methane oxidation for catalytic conversion of methane to methanol. To achieve this, it is crucial to explore the active sites of both sMMO and pMMO and identify the essential amino acid residues responsible for methane oxidation. While the genetic and mechanistic aspects of sMMO are well-established, there is a significant knowledge gap concerning the active site and metallic content of pMMO, presenting an opportunity for further investigation.



sMMO has three protein components (1) a hydroxylase (MMOH), (2) a reductase (MMOR), and (3) a regulatory (MMOB) component, which are collectively responsible for achieving its maximal catalytic activity. The MMOH which is an approximate 251 kDa α2β2γ2 homodimer and consists of three subunits, namely, α-subunit, β-subunit, and γ-subunit. The active site of sMMO is graved within the α-subunit of MMOH. On the other hand, pMMO catalyzes the oxidation of methane to methanol in the periplasmic space of the cell, and it is composed of three subunits— α-subunit (pmoA), β-subunit (pmoB), and γ-subunit (pmoC). The structure of pMMO is still not fully understood, but it is believed to be a heterotrimeric protein complex that contains copper ions coordinated by histidine residues. Furthermore, the active site within the pMMO is controversial and is, therefore, ambiguous between the three subunits.



By using site-directed mutagenesis to alter these crucial amino acid residues, researchers can enhance the methane oxidation rate in both sMMO and pMMO. Through computational methods, Samanta et al. identified five potential amino acid substitutions (B:Leu31Ser, B:Phe96Gly, B:Phe92Thr, B:Trp106Ala, and B:Tyr110Phe) in M. trichosporium OB3b that could potentially enhance methane oxidation rates mediated by pMMO [164]. Fei et al. in a review proposed that by implementing upstream strategies such as overexpression and protein engineering of methane monooxygenase, the rates of methane oxidation to methanol could be improved [21]. To date, the expression of sMMO in heterologous hosts has been challenging due to difficulties in efficiently expressing the sMMO hydroxylase component. This, along with the slow growth rate and low product yields of methanotrophic bacteria, hinders their industrial applications [165]. Developing a functional expression system for MMO genes in heterologous hosts that can achieve high cell density with additional carbon sources would greatly facilitate the advancement of Bio-GTL technologies [21]. Despite efforts to express sMMO in heterologous hosts such as Escherichia coli, Agrobacterium tumefaciens, Burkholderia cepacia, Pseudomonas mendocina, Pseudomonas putida, and Sinorhizobium meliloti, the sMMO activity remains relatively low and less robust compared to methanotrophic hosts like M. trichosporium OB3b, Methylomicrobium album, and Methylocystics parvus [127,166,167]. Nevertheless, Lloyd et al. successfully introduced sMMO genes from M. trichosporium OB3b and M. capsulatus BATH into Methylocystis parvus OBBP and Methylomicrobium album BG8, respectively, using conjugation with broad-host-range plasmids. The sMMO genes were expressed and produced active sMMO in these heterologous hosts, indicating that all the necessary genes for sMMO synthesis were present on the plasmids and effectively expressed [145]. The presence of conserved sMMO regulatory systems unique to methanotrophs further complicates heterologous expression [127,145]. In contrast, successful expression and regulation of pMMO, both homologously and heterologously, have been reported, although the construction of a robustly engineered methanotroph is yet to be achieved [142,144,168]. The ability to transfer the methanotrophic phenotype to various microorganisms would greatly impact the industrial utilization of this metabolic capability. However, until then, bioprocesses relying on the conversion of methane to value-added products primarily depend on natural methanotrophs.



These investigations underscore the promise of genetic engineering in advancing our comprehension of the active sites of methane monooxygenases and enabling their enhancement in catalytic activity and stability. Computational dynamics and site-directed mutagenesis have yielded valuable insights into the reaction mechanisms of sMMO and pMMO enzymes, elucidating the contributions of specific residues during the catalytic cycle. Through heterologous and homologous recombination, engineered variants of both MMOs have been developed, offering further opportunities to improve their activity and enhance methane oxidation.




3.2.5. Enzyme and Whole Cell Immobilization


Enzyme immobilization is a promising technique for improving enzyme stability and reusability, which can potentially increase methane oxidation in methanotrophs. This technique involves embedding gas-reacting enzymes within an organic, polymeric material, allowing for control over gas solubility, permeability, and surface area. While there is limited literature specifically discussing enzyme immobilization for methane oxidation in methanotrophs, there are relevant studies on methanol production. Mardina et al. utilized whole cell immobilized Methylocella tundra in alginate beads as biocatalysts and optimized production conditions for maximum methanol production [140]. They found that immobilized cells produced 5.18 mM of methanol, a significant improvement over free cells which produced only 0.66 mM, with 50% methane as a substrate [140]. Razumovsky et al. immobilized Methylosinus sporium B-2121 cells in polyvinyl alcohol cryogel and observed an improved methanol production of 62 ± 2 mg/L in 24 h, which was five times as compared to the free cells [141]. The improvement in methanol production is directly proportionate to the enhanced methane oxidation with accordance to methane oxidation. Blanchette et al. developed printed, mechanically robust, gas-permeable membranes with pMMO (from Methylococcus capsulatus BATH) based polymer material embedded within a silicon lattice to convert methane into methanol. They found that the printed cylinder with an area-to-volume ratio of 2.33 had an average pMMO activity of 128 ± 14 nmol MeOH min−1mg−1 per cylinder, which is reportedly the maximum activity of membrane-bound pMMO with NADH as a reducing agent [23]. This study established a direct proportionality between the area–volume ratio and methanol production [23]. The study resulted in the establishment of direct proportionality between the area–volume ratio and methanol production. Patel et al. encapsulated Methylosinus sporium cells in Na-alginate beads and silica gel and found maximum methanol production of 3.73 mM and 3.43 mM, respectively, while retaining 61.8% and 51.6% of the initial efficiency, which was far higher as compared to the free cells (11.5%) [169]. Overall, these studies suggest that enzyme immobilization techniques can significantly improve methanol production, and by extension, methane oxidation in methanotrophs.






4. Challenges in Upscaling of Biological Methods


Scaling up to commercial applications presents significant challenges that become increasingly pronounced at larger scales, requiring careful consideration. Though biotrickling filters show promise for removing methane, they have only been tested at small scales, from lab to pilot. The presence of other gases, such as hydrogen sulfide and ammonia, can negatively affect the performance of biotrickling filters for methane oxidation, as these gases can compete with methane for the active sites (e.g., pMMO) of methanotrophic bacteria [153]. Insufficient nutrient availability, such as nitrogen and phosphorus, can also limit the performance of biotrickling filters, as these nutrients are essential for the growth and activity of methanotrophic bacteria. These filters can be subject to periods of starvation or shock loads due to process variations or equipment malfunctions, leading to a decrease in viable bacteria numbers and negatively impacting performance. Furthermore, accurate evaluation of biotrickling filter performance can be challenging due to the complex interactions between microbial communities, packing materials, and environmental conditions. Addressing these challenges will be critical to realizing the full potential of biotrickling filters for large-scale methane removal.



In a pilot-scale study conducted by Karthikeyan et al., methane oxidation was investigated using methanotrophic consortia enriched from marine sediment [50,51]. They reported CH4 removal rates of 7–13% in a 10 L CSTR under high gas flow conditions of 2.5 L.min−1 (20–25% CH4). However, when the methanotrophic consortia were cultivated on plastic bio-balls, a significant improvement was observed, with CH4 removal reaching 95–97% in biofilters operating at a lower gas flow rate of 0.1 L.min−1 and with a CH4 concentration of 1%. Notably, the study highlighted that the presence of cyanobacteria, despite being a contamination, had positive effects on treating low-level CH4. The cyanobacteria provided additional oxygen for methane oxidation by the methanotrophic consortia, suggesting that co-cultivating MMC with cyanobacterial mats could be beneficial for CH4 remediation at an industrial scale without interfering with its performance [50]. Building upon the concept of a methanotroph–microalgae partnership, another study demonstrated the remarkable ability of methanotrophs and microalgae to jointly oxidize methane within bioflocs [170]. This particular study revealed that the microalgae within the bioflocs supplied the vital oxygen required for the methane oxidation process. Furthermore, an intriguing finding was that nearly all of the carbon derived from methane was assimilated into biomass by the partnership, without any significant release of carbon dioxide [170]. The study further supported the notion of a mutually beneficial relationship between methanotrophs and microalgae, highlighting their potential for efficient methane conversion at industrial sectors.



The National Renewable Energy Laboratory (NREL) isolated a strain called Methylomicrobium alcaliphilum 20Z that is capable of consuming a mixed stream of commercial biogas (consisting of methane, carbon dioxide, and hydrogen sulfide) [171,172]. NREL concluded that CO2 does not have a significant impact on methanotroph growth and that biogas with varying compositions can be used for culturing. Two critical factors in this regard are low operating costs and scalability. Chemical plants are unable to economically purify waste streams selectively, and the process of purification and separation often requires large volumes of reactants to be profitable. Using biological processes can circumvent these issues, as it requires no high-tech facilities to remove unwanted substances. A novel approach to address this is the use of a bioreactor that utilizes gas–solid mass transfer of methane gas through a solid hydrogel. The Lawrence Livermore National Lab (LLNL) immobilizes methanotrophs in a hydrogel that is supported by a cylindrical scaffold, aiding in structural integrity and increasing mass transfer between the gas and solid (immobilized methanotrophs) [73].



Therefore, experimental studies at National Laboratories have demonstrated the potential for future enhancements in methane conversion to value-added products at higher rates and with improved economic feasibility. Strategies such as co-cultivating methanotrophs with cyanobacteria or microalgae and utilizing innovative bioreactor designs like gas–solid mass transfer systems offer promising avenues for achieving efficient methane conversion on an industrial scale. These advancements pave the way for realizing the potential of methane as a valuable resource in various sectors.




5. Conclusions


In conclusion, while challenges exist in both chemical and biological methane conversion methods, laboratory-scale studies have demonstrated that biological approaches offer more potential for enhancing methane oxidation rates. One effective solution that may show potential is the amalgamation of enzyme immobilization in biotrickling reactors. Co-cultivating methanotrophs with cyanobacteria or microalgae in biotrickling reactors and utilizing aeration systems can enhance gas–solid mass transfer, offering a promising avenue for achieving efficient methane conversion on an industrial scale. Encapsulated beads containing methanotrophic culture biofilm in a packed column can significantly increase the surface area, which is crucial for efficient gas-to-liquid mass transport. Pilot-scale studies have reported impressive results, with approximately 97% methane conversion achieved using plastic balls as the medium. This demonstrates the feasibility of scaling up these technologies and achieving high conversion rates at larger operational scales. In addition to process optimization, genetic engineering approaches hold promise for enhancing enzymatic activity and thus improving methane oxidation rates. By employing genetic engineering techniques to fine-tune the activity of MMOs, it is possible to enhance the catalytic efficiency of these enzymes. This approach opens up new avenues for improving the overall methane conversion efficiency. However, it is important to note that there are still several challenges that need to be addressed to achieve widespread implementation of these technologies. Factors such as reactor design, catalyst selection, nutrient supply, and process control must be carefully optimized to maximize the efficiency of gas-to-liquid mass transfer and methane oxidation. Additionally, the economic viability and scalability of these approaches need to be thoroughly evaluated to ensure their practical applicability on an industrial scale. Therefore, continued research, development, and collaboration among researchers, engineers, and industry stakeholders are crucial for further advancements and the successful implementation of these technologies in real-world applications. With sustained efforts, it is possible to overcome the challenges and contribute to a more sustainable and environmentally friendly approach to commercially produce methane-based bioproducts.
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Figure 2. The challenges of chemical and biological methane oxidation and the potential biological solutions to enhance methane oxidation. EA—activation energy; HP—high pressure; HT—high temperature; kLa—volumetric mass transfer coefficient; WT—wild type; k—specific rate constant. 
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Figure 3. The intricate biological pathway of methane oxidation in M. trichosporium OB3b is illustrated, highlighting the crucial role of methanobactin genes as regulators that govern the expression of MMO. In the first step of methane oxidation pathway, methane is oxidized by either sMMO (in cytoplasm, with main genes: mmoX, mmoC, and mmoB) or pMMO (in intracellular membrane, with main genes: pmoA, pmoB, and pmoC). The resulting product, methanol, is further oxidized to formaldehyde by methanol dehydrogenase. The Serine pathway (Type II; α-proteobacteria) is involved in the assimilation of formaldehyde, while the Ribulose monophosphate pathway is utilized in Type I/X (γ-proteobacteria). Eventually, formic acid and carbon dioxide (CO2) are generated. Notably, methanobactin, consisting of various genes involved in synthesis (mbn A, mbnB, and mbnC), export (mbnR, mbnM, and mbnI), import (mbnT, and MbnP), and reactive oxygen radical generation (mbnH) plays a vital role in facilitating pMMO or sMMO activity by supplying molecular oxygen. 
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Table 1. Comparison of operating parameters between chemical and biological methane oxidation.
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	Parameters
	Chemical Methane Oxidation
	Biological Methane Oxidation





	Catalyst
	The most common catalysts are palladium (Pd) and platinum (Pt) and are associated with high catalytic activity and selectivity towards methane oxidation [34,35].
	The catalysts are the enzymes methane monooxygenases (MMOs) that consist of soluble MMOs (sMMOs) and particulate MMOs (pMMOs) [36,37].



	Temperature
	Requires high temperatures (between 500 °C and 800 °C) for effective conversion [38].
	Requires comparatively lower temperatures (20 °C and 30 °C) [39].



	Pressure
	The operating pressure depends on the catalyst used. For Pd catalysts, the optimal pressure range is between 0.1 and 10 atm, while for Pt catalysts, between 1 and 10 atm is used [40,41]
	The operating pressure depends on the organism used. Some methanotrophic bacteria can grow at atmospheric pressure, while others can grow at pressures as high as 20 atm [42].



	Oxidant
	The oxidants used are typically oxygen (O2) or air. The amount of oxidant used depends on the catalyst used and the desired methane conversion percentage [43].
	The oxidants used are typically molecular oxygen (O2) or nitrate (NO3-). The amount of oxidant used depends on the organism used and the desired methane conversion percentage [44].



	Methane conversion (%)
	The conversion depends on the catalyst used, temperature, pressure, and oxidant. The highest conversion percentage for Pd catalysts is 80% at 700 °C and 5 atm pressure, while for Pt catalysts, is 60% at 750 °C and 1 atm pressure [41,45]. The carbon efficiency for direct methane to methanol conversion is around 35%, roughly half that of indirect conversion methods [46].
	The conversion percentage depends on the organism used, temperature, pressure, and oxidant. The highest methane uptake for sMMOs is 22 mmol gDCW−1 h−1, while for pMMOs, it is 9.0 mmol gDCW−1 h−1 [47]. The turnover frequency of sMMO is reported to be 95 molmethanol molFe–1 h–1 with a 100% selectivity of methane over methanol [48]. The methane conversion efficiencies are reported up to 85–97% [49,50].



	Selectivity
	Further oxidation of methane oxidation product, methanol, leads to the formation of unwanted products such as formaldehyde, lowering the selectivity of desired to undesired products [51].
	Further methanol oxidation within the cell system can be limited by inhibiting the subsequent enzyme, methanol dehydrogenase, thus improved selectivity can be achieved [52,53].
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Table 2. Chemical methods for methane mitigation, their advantages, and disadvantages.
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	Methods/Strategies
	Description
	Advantages
	Disadvantages





	Acidification [100]
	Treatment of slurry wastes with certain concentration of acids (e.g., concentrated sulfuric acid).
	Reduction in CH4 emission is 46–96%.

Below pH 6, methanogens get inhibited.
	Time and cost inefficient. Only low dose acidification is cost-effective.



	Iron-salt aerosols [99,101,102,103]
	Chemical mimicry of natural reactions associated with mineral dust particles (contains iron) in the atmosphere. Uses Fenton and photo-Fenton reactions.
	Releases iron salt aerosols in the lower troposphere, creating a sink for chlorine and hydroxyl ions. No negative impact on stratospheric ozone.
	Cannot be deployed in urban areas due to activation of chlorine ions leads to tropospheric ozone layer depletion.



	Zeolite minerals [96,97,105]
	Zeolite sorbents followed by catalytic destruction.
	High thermostability, less corrosion, easy set up continuous process, and no environmental waste.
	Deactivation by irreversible adsorption and steric blockage due to secondary chemicals.



	Molecular sieves [106,107]
	The mechanisms are governed by Langmuir and Freundlich adsorption and diffusion.
	Structural modifications can improve efficiency.
	Involves a sizable quantity that is not feasible from an economic standpoint. Lower CH4 concentrations in the air increases the energy requirements for capturing and circulating the air through adsorbers.



	Cryogenic separation [108]
	Involves compression of methane to increase the pressure until it liquefies.
	Converts coal mine methane to cold refrigerant stream.
	Blockage of piping and cost inefficient.
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Table 3. Biological methods for methane mitigation, their advantages, and disadvantages.
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	Methods/Strategies
	Description
	Advantages
	Disadvantages





	Bio-trickling filter 1 [133]
	Air stream containing pollutants is passed through the filter, and as it comes into contact with the microorganisms in the filter, they consume or oxidize the pollutants.
	A total of 5 to 40 tons of CH4 could be mitigated per biofilter per year near landfills and concentrated animal feeding operations.
	Operates at a higher airflow rate and thus requires enough CH4 concentration (>500 ppmv) for cell viability.



	Biofiltration Packed with fly ash [134]
	Methanotrophic cultures are inoculated on biofilters packed with supportive materials such as carbon, perlite, etc.
	Methane elimination capacity of biofilters with fly ash ceramic packing is 4.628 g h−1 m−3), which is higher than other biofilters.
	Membrane fouling and poor surface biocompatibility of support material



	Microbial fuel cells 1 [135,136]
	Methane-oxidizers donate electrons directly to anode during the oxidation of methane to organic products.
	Produces energy (e.g., electricity) from methane, which is sourced from anaerobic membrane bioreactors.
	Occasional irregularities involve biofouling at cathode that leads to decrease in voltage.



	Co-cultivation and symbiotic growth 1 [137,138,139]
	Heterotrophic interactions mainly observed with cyanobacteria
	Enhanced methanotrophic growth and high cell density. Potential for simultaneous production of valuable products.
	Challenging to maintain stability and balance between microorganisms.



	Encapsulated biofilm technology [140,141]
	Adherence of methanotrophic pure culture or consortia on suitable attaching surfaces
	Increased surface area for methanotrophic growth, resulting in enhanced gas to liquid mass transfer
	Limited diffusion of methane into biofilm. Potential for biofilm detachment and clogging of carriers



	Genetic engineering [142,143,144,145]
	Engineering the catalytic domain of MMOs
	Targeted modification and has potential use for substrate and product selectivity
	Technical challenges with regard to availability of genetic tools. May be time-consuming and expensive.







1 Technologies that can be utilized not only for methane conversion but also for methanol production. The other technologies listed in the table can be deployed to enhance productivity and titer of the products.
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Challenges

on catalysts (catalytic deactivation)
* Improper selective products

* Formation of carbonaceous deposits
* Low conversion rate

* Involvement of HP and HT

* Requirement of high EA
* Expensive novel metals
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