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This study examined the influence of DES pretreatment using choline chloride and ethyl glycerol with the molar ratio of 1: 1 at different solid:liquid ratios and temperatures on groundnut shells’ microstructural arrangement and biomethane yield. Scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR) were used to study the effects of pretreatment on microstructural arrangements, and the pretreated substrate was digested at mesophilic temperature to determine its biomethane potential. The result of SEM analysis indicated that DES pretreatment alters the microstructural arrangement of groundnut shells, and XRD analysis showed an optimum crystallinity index of 20.71% when the substrate with a solid:liquid ratio of 1:2 was experimented at 80°C. The highest theoretical biomethane yield of 486.81 mL CH4/gVSadded was recorded when the substrate with a 1:4 solid:liquid ratio was investigated at 100°C, and the highest biodegradability rate (84.87%) was observed from the substrate treated with a 1:2 solid:liquid ratio at 100°C. The optimum biomethane yield of 365.70 mL CH4/gVSadded, representing a 226.05% increase, was observed from 1:2 of solid:liquid ratios at 100°C. Therefore, DES pretreatment using choline chloride and ethyl glycerol is a bright, low-cost pretreatment method for enhancing the biomethane yield of lignocellulose feedstocks.
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1 INTRODUCTION
Sustainable, affordable, and reliable energy, as well as appropriate waste management systems, support sustainable development (Olatunji and Madyira, 2023a). Energy is crucial to social and economic development; however, the primary source of world energy is fossil fuels that burn with harmful effects on the environment (Yildiz, 2018). Energy resources have improved living and working conditions, boosted economic expansion, allowed comfort and movement, and made necessities accessible. Energy-driven technologies replaced manual, labor-intensive jobs during the Industrial Revolution, when energy supplies were abundant, and there was little worry about their usage and availability; however, this is no longer the case. The difference between the supply and demand of energy has widened significantly. This imbalance may be caused by several factors, including population growth, rising living standards, careless use, and technical breakthroughs (Gautam et al., 2019). Most energy mix projections indicate that the present and predicted future energy sources are unsustainable. Despite projecting serious improvements in energy supply, it has been observed that long projection of energy demand globally will rise drastically, with a major increase to be experienced in developing countries. These trends suggest that a decoupling of economic activity from the use of fossil fuels, the primary source of energy, is important to meet the requirements for the three elements of sustainability (economic, environmental, and social) regarding energy production and consumption (Oyedepo, 2012). Fossil fuels are not renewable and are depleted faster than the rate at which they are being replenished. Another challenge of relying majorly on fossil fuels is the release of carbon dioxide during combustion, which is valued at approximately 21.3 billion tons per annum. It was observed that carbon dioxide released from fossil fuels and industries in 2016 was nearly stable, approximately 0.2%, as against the projected value of 2.2% (2017 UN Climate Change Conference in Bonn, Germany (COP23)—Wednesday, 4 October 2017, n.d.). This is not only because of reductions in fossil fuel consumption but also due to energy efficiency techniques and the production of renewable energy.
Renewable energy will play a significant role in supplying future energy requirements and the remediation of the ecosystem. Renewable energy is the energy source replenished through natural processes with limitless supply and can operate without pollution. This includes energy from the Sun, geothermal sources, biomass, wind, ocean waves and tides, and rivers. Renewable energy technologies (RETs), commonly known as “clean technologies” or “green energy,” are technologies that have been created to utilize these forms of renewable energy. Because of their unlimited supply, their supply is secure compared to that of fossil fuels, which is determined by national and international market situations (Oyedepo, 2012). Developing and applying renewable energy systems needs special attention, particularly in awareness of the harmful effects of fossil fuel usage. Globally, there has been a growing increase in the development of sustainable energy sources in recent years. The general acceptability of renewable energy is crucial to the development of sustainable energy in developing and developed countries. When renewable resources are used wisely for the benefit of current and future generations, they should be used at a reasonable pace that is neither too fast nor too slow. This ensures that the natural wealth they symbolize is transformed into long-term wealth as they are used (Taiwo, 2009). Although there are significant disparities in the objectives and accomplishments of different countries in the energy transition, it is undeniable that they are at a pivotal point in the process. Indeed, the energy transition needs to be established while fossil fuel prices are low and are expected to remain that way for the foreseeable future to prevent the irreversible effects of climate change caused by greenhouse gas emissions through fossil fuel burning. Major advantages and drawbacks are associated with consolidating the transition from fossil fuels to clean energy, and energy policies must be designed to handle these challenges appropriately (Arezki and Matsumoto, 2017).
Solid waste generation and management continue to be major social and political issues, especially in cities where waste generation outpaces available space and there is a rapid rise in population. Several worldwide development agendas, charters, and visions emphasize solid waste management’s role in attaining sustainable development. For instance, appropriate and sustainable waste management can assist in achieving some of the United Nations’ Sustainable Development Goals (SDGs), such as goals 2, 3, 6, 7, 9, 13, and 15 (Chowdhury et al., 2022). Additionally, it supports the development of a circular urban economy that minimizes the use of finite resources, encourages the reuse and recycling of materials to reduce waste, pollution, and costs, and promotes green growth. In a more sustainable waste management approach, techniques such as reduction in production, waste classification, reuse, recycling, and energy recovery are given priority over open dumps, landfilling, and open incineration (Yang et al., 2018; Kabera and Nishimwe, 2019). Energy recovery from waste is getting better attention globally because of its inclusivity, environment-friendly nature, and minimal harmful impact on human health and the environment (Rimi Abubakar and Aina, 2016). Waste-to-energy (WTE) technology not only produces clean energy but also offers an environmentally beneficial waste disposal option. Waste is converted into energy using WTE techniques. The kind of waste, the plant’s performance, and the method or path taken for energy recovery all affect how much energy can be recovered (Okedu et al., 2022). The most promising solution to the energy dilemma appears to be converting waste into energy, which can be accomplished through various technological means. The feasibility of these WTE solutions is determined by several parameters, including the energy content, the desired final energy form, the nature and composition of waste, the chemical and thermodynamic conditions, and the overall energy efficiency. Waste-to-energy technologies include biochemical conversion, thermal conversion, landfill with gas capture, chemical conversion (esterification), microbial fuel cell, and hydrothermal carbonization (Gautam et al., 2019).
Biochemical conversion techniques use microbial processes to transform organic waste into energy. The biodegradable portion of municipal solid wastes, wastewater sludge, agricultural residues, energy grasses, etc., are some of the bright feedstocks for these techniques (Olatunji et al., 2023a). Waste-to-energy biochemical conversion is divided into two processes, which are fermentation and anaerobic digestion. Fermentation is the process of converting organic waste into alcohol or acid (ethanol, lactic acid, etc.) and residue that is rich in nutrients in the absence of oxygen (Cai et al., 2016). Bioethanol is a clean fuel that can be produced from a pure culture of specific yeast strains (Orozco-González et al., 2022). The microbial breakdown of organic waste in the absence of oxygen is known as anaerobic digestion, producing biogas (methane and carbon dioxide) digestate (fertilizer). Biogas released from tightly closed tanks (digester) can be used to generate electricity or heat as renewable energy (Olatunji et al., 2022a). Anaerobic digestion has four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Raja and Wazir, 2017). Biogas can be generated from different organic wastes, such as corn cob, groundnut shells, wastewater sludge, cow dung, Jatropha cake, macroalgae and microalgae, poultry droppings, and duck waste (Ogunkunle et al., 2018; Venturin et al., 2018; Olatunji and Madyira, 2023b). Utilization of lignocellulose biomass for biogas production has been encouraged because of its environment-friendly nature and role as an economically sustainability source of feedstock. It is regarded as an eco-friendly second-generation technology for energy generation. Methane production from lignocellulose is an efficient technique for energy recovery from biomass compared to other techniques that require a higher energy input/output ratio (Monlau et al., 2013). Lignocellulose feedstocks are identified as an abundant and renewable feedstock for biogas production. The global production is approximately 120 × 109 annually, equivalent to 2.2 × 1021 J, approximately 300 times higher than the present global energy demand (Guo et al., 2015). One of the largest sources of lignocellulose materials is the crop residues from agricultural activities; most of them do not have other uses. The unused agricultural residues on the field can release greenhouse gases or cause serious environmental pollution when burned openly. These residues have been reported to have high biogas production potential that can be annexed as renewable energy sources (Rabemanolontsoa and Saka, 2016; Xu et al., 2019; Podgorbunskikh et al., 2020). However, lignocellulose feedstocks are recalcitrant, inhibiting the anaerobic digestion process and limiting their biogas production potential (Madyira and Olatunji, 2023). Therefore, pretreatment is required to convert lignocellulose feedstocks into biogas and other value-added products efficiently. Pretreatment aimed to break down the strong microstructural arrangement of the lignocellulose by altering the lignin and hemicellulose arrangement, thereby improving the porosity and reducing the cellulose crystallinity and polymerization level (Patowary and Baruah, 2018). Different pretreatment techniques have been investigated on lignocellulose, and recently, several studies have examined these techniques for improving the digestion process and enhancing biogas release from lignocellulose feedstock. These techniques are categorized as biological, thermal, mechanical/physical, chemical, nanoparticle additives, and combined pretreatment (Olatunji et al., 2021). A comprehensive review of the application of pretreatment techniques on lignocellulose feedstock before biogas and methane production has been published (Millati et al., 2011; Zhang et al., 2016; Brémond et al., 2018; Olatunji et al., 2021; 2023b). Different methods have been experimented with on various lignocellulose feedstocks, but their efficiency depends on the microstructural arrangement, treatment type, temperature, etc., making comparing the pretreatment techniques difficult.
Deep eutectic solvents (DESs) are a chemical pretreatment technique that has been regarded as one of the most acceptable green solvents of the 21st century. DESs are gaining attention in studies due to their biodegradability, low cost, ease of recycling, high solubility, non-flammability, and environment-friendly nature (Smith et al., 2014). DESs are defined as the combination of two or more components that can be liquid or solid, and the specific resulting mixture has a high melting point but becomes liquid at room temperature. Common DESs are choline chloride, succinic acid, citric acid, glycerol, urea, etc. (Paiva et al., 2014). Compared to other chemical and ionic liquids, the application of DESs has been limited to enzyme reactions (Gorke et al., 2008), organic reactions (Gore et al., 2011), electrochemistry (Jhong et al., 2009), and organic extractions (Abbott et al., 2009). Because of their biodegradable characteristics and acceptable toxicity, they have been considered an ideal candidate for feedstock pretreatment (Dai et al., 2013). Pretreatment with DESs improves the surface area and cellulose crystallinity, enhancing digestion. It also eliminates hemicellulose by altering the glycosidic bonds (C–O–C) to produce monosaccharides (Xu et al., 2020). Furthermore, DESs can selectively destroy the higher percentage of lignin by primarily splitting the aryl ether bond (β-O-4) within the feedstock (Alvarez-Vasco et al., 2016; Shen et al., 2020). The efficiency of DES pretreatment depends on the strength of the selected DESs to separate carbon–carbon linkages and aryl ether linkages in the feedstock’s microstructural arrangement (Xu et al., 2020).
Groundnut shells are one of the most abundant lignocellulose materials with biogas production potential (Olatunji et al., 2022c). Being a lignocellulose feedstock, the anaerobic digestion of this feedstock is ineffective without pretreatment. Some studies have examined the influence of different pretreatment techniques to enhance the biogas yield of groundnut shells (Dahunsi et al., 2017; Jekayinfa et al., 2020; Olatunji and Madyira, 2023b). Their findings indicate that pretreatment methods improve the biogas and methane yield of groundnut shells, but their degree of effectiveness differs. It was further reported that there is still a need for more research in the pretreatment of this economical feedstock to establish the most economical means of optimum recovery of renewable energy from groundnut shells. Therefore, this study examines the effects of DES pretreatment on the microstructural arrangement, crystallinity, functional groups, and biomethane yield of groundnut shells. Groundnut shells are mostly left on the farm/processing area after harvesting and are usually burnt off, posing health and fire-related hazards, promoting pathogen growth, and contributing to greenhouse gas emissions. The literature on the DES pretreatment technique is limited, and we aim to establish the potential of DESs on the structural arrangement and biomethane yield of groundnut shells. The study used scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR) to investigate the effects of DES pretreatment on surface changes and interior arrangement to provide the theoretical interpretation of the method. Finally, the pretreated and untreated feedstocks were subjected to an anaerobic digestion process to ascertain the influence of the method on biomethane yield. The result from this study is expected to provide baseline information for future studies on lignocellulose pretreatment for enhancing biomethane yield.
2 MATERIALS AND METHODS
2.1 Materials
Groundnut shells were sourced locally from a groundnut farm at Mogwase, Rustenburg, North West Province, South Africa (GPS: −25.2621, 27.27336), after harvesting and processing. The sample was then reduced to a particle size of between 2 and 4 mm using a hammer mill. Inoculum was collected from a recently terminated digester, whereby wastewater was digested at mesophilic temperature (35 ± 2). The pH value of the inoculum was observed to be 7.2. The substrate and inoculum were stored at 4°C in the laboratory before pretreatment, laboratory analysis, and anaerobic digestion. Choline chloride and ethyl glycerol were procured from Sigma-Aldrich (Darmstadt, Germany) for pretreatment.
2.2 Deep eutectic solvent preparation
The deep eutectic solvent was prepared from the combination of choline chloride and ethyl glycerol, as reported by Smith et al. (2014), with a pH value of 6.7 (presented in Table 1). The choline chloride and ethyl glycerol ratios were measured using a 1: 1 M ratio. A mixture of 1: 1 was selected because they are both hydrogen-bond donor and acceptors, which is the basis for the complexation of solid-producing liquids with a supramolecular arrangement (Dai et al., 2013). The mixture of choline chloride and ethyl glycerol in the beaker was heated at different temperatures, as shown in Table 1, on a magnetic stirrer at 500 rpm for 1 hour until a clear homogenous solution was achieved (Olugbemide et al., 2021).
TABLE 1 | NADES pretreatment conditions.
[image: Table 1]2.3 Substrate pretreatment with DES
Groundnut shells were pretreated with the prepared DES using different solid:liquid ratios and temperatures. The calculated quantity of groundnut shells was added to the DES using the solid:liquid ratio presented in Table 1 and heated at temperatures specified in Table 1 for 1 hour as recommended (Olugbemide et al., 2021). Pretreated samples were allowed to cool down to room temperature and washed with running water until a neutral pH (7) was achieved. The cleaned feedstock was oven-dried at 70°C for 1 h and kept in a zip-lock plastic before being stored at 4°C in the laboratory for physicochemical property analysis, structural analysis, and the biomethane potential test.
2.4 Substrate characterization
2.4.1 Physicochemical property analysis
To determine the compositional level of the substrate and inoculum, their physicochemical properties were examined. Total solids (TSs), moisture content, percentage ash, and volatile solids (VSs) were examined using the established procedures of the Association of Official Analytical Chemists (AOAC) (Official Methods of Analysis, 21st Edition (2019)—AOAC INTERNATIONAL, n.d.). Lignin, hemicellulose, and cellulose percentage were analyzed as prescribed by Van Soest et al. (1991). The nitrogen, carbon, and hydrogen percentages were determined using an elemental analyzer (Vario El cube, Germany), and the percentage of oxygen was calculated with the assumption that C + N + H + O = 99.50% (Rincón et al., 2012).
2.4.2 Microstructural characterization
The impacts of different solid:liquid ratios and temperatures of DES pretreatment on the microstructural arrangement of groundnut shells were studied using a scanning electron microscope (VEGA3 TESCAN X-Max, Czech Republic). The analysis was duplicated, and the images were picked at different magnifications before selecting the most explicit image. X-ray diffraction (D-8 Advance, Indiana, USA) was used to study the degree of cellulose crystallinity of groundnut shells before and after DES pretreatment. This investigation was carried out at 5°C–35°C with 5°C/min speed at 2Ө as the diffraction angle. Equation 1 was used to calculate the crystallinity index (Ic) of the pretreated and untreated substrates using the empirical data from the XRD analysis (Atalla and VanderHart, 1999). The influence of DES pretreatment on the functional group of the substrate was investigated under Fourier-transform infrared spectroscopy (SHIMADZU IRAfinity-1, Japan). This was considered under the wavelengths of 500 and 4,000 cm−1, and the changes in the absorbent ratio of the substrates were determined from the FTIR data using Eq. 2 (Dahunsi et al., 2019).
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Here, Ic is the crystallinity index, Imax is the highest diffraction at peak position at 2Ө = 22°, and Ix is the intensity at 2Ө = 18°.
2.5 Anaerobic digestion
The experiment to examine the influence of the DES pretreatment method on groundnut shells was conducted in a batch digester in the laboratory following the VDI 4630 standard (organischer Stoffe Substratcharakterisierung, 2016). The experiment was set up at mesophilic temperature using the Automatic Methane Potential Test System II (AMPTS II). AMPTS II reactor bottles of 10–500 mL were preloaded with 400 g of stabled inoculum as recommended by VDI 4630 (organischer Substratcharakterisierung, 2016). The quantity of substrate added to the inoculum was determined using Eq. 2, considering the volatile solids of the substrate and inoculum. Reactors were loaded at a 2:1 ratio of substrate:inoculum, and the AMPTS II water bath was maintained at 37°C ± 2 throughout the digestion process. The calculated quantity of DES-pretreated and untreated substrates was charged in each digester, as given in Table 1, and the experiment was replicated twice as recommended (Caillet et al., 2019). Two reactors with only stabilized inoculum were run as a parallel experiment to ascertain the exact volume of biomethane released. The biomethane yield released from the parallel experiment was used as a head-space correction for the reactors with both substrate and inoculum. In the AMPTS II programming, the mixing time was set as 60 s with 60 s off time. The agitation speed adjustment was maintained at 80%, and the carbon dioxide flush gas had a concentration of 10%. The reactor head-space was kept at 100 mL, and 60% methane content was presumed (Brennan and Owende, 2010). Nitrogen baseline gas was used to flush out the oxygen in the reactors to set an anaerobic condition. Screw cap bottles of 100 mL were filled with NaOH (3M NaOH) at the carbon dioxide removal section to eliminate the carbon dioxide in the gas released. The reactor bottles were linked with the carbon dioxide removal bottles using silicon tubes. The carbon dioxide removal unit was also connected to the third unit with another silicon tube, where the quantity of biomethane generated was rerecorded. Gas chromatography installed with the system was used to analyze the gas released to understand the quality of the gas. When it was observed that the daily biomethane released was below 1% of the cumulative biomethane released by day 35, the experiment was terminated.
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Here, Ms is the mass of the substrate (g), Mi is the mass of the inoculum (g), Cs is the concentration of the substrate (%), and Ci is the concentration of the inoculum (%) (organischer Substratcharakterisierung, 2016).
2.6 Theoretical methane yield and biodegradable rate (Bd)
The biomethane potential of the pretreated and untreated substrates was determined through theoretical yield using the result of the elemental analysis with Eqs 3, 4 (Buswell and Mueller, 2002). The biodegradability percentage of the digestion process was calculated using the experimental methane yield (EMY) and theoretical methane yield (TMY), as shown in Eq. 5 and reported by Elbeshbishy et al. (2012).
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where a, x, y, and z are the stoichiometry ratios of carbon, hydrogen, oxygen, and nitrogen, respectively.
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3 RESULTS AND DISCUSSION
3.1 Effects of DES pretreatment on the structural arrangements of groundnut shell
3.1.1 Effects of pretreatment on microstructural arrangements
The influence of different DES pretreatment conditions on the microstructural arrangement of groundnut shells was investigated with scanning electron microscopy, and the result is presented with the images in Figure 1. It was observed from the figure that DES pretreatment significantly impacts the microstructural arrangement of the substrate when images in Figures 1A–D are compared to Figure 1E. The images showed that different pretreatment conditions produce varying effects on the substrate. The effects of DES pretreatment on the groundnut shells can be traced to the biocatalysis characteristics of the solvents (Paiva et al., 2014). Figure 1E presents a more intertwined and smoother arrangement with several fiber layers that can inhibit the activities of microorganisms during digestion. Figures 1A–E indicate that the DES alters the lignin arrangement of the substrate with variation in the influence based on solid:liquid ratios and treatment temperatures. It was observed that the cell walls were broken down, and the initial compact and fine surface were loosened and fragmented, as can be observed in the morphological images shown in Figures 1A–E. It was observed from the images that the varying conditions (solid:liquid ratios and temperature) influenced the defibrillation and coarseness of the substrate. This result agrees with the previous report that indicated that pretreatment techniques significantly influence the structural arrangement of lignocellulose feedstocks. Still, the severity level depends on the microstructural arrangement of the feedstock and pretreatment conditions (Olatunji et al., 2021).
[image: Figure 1]FIGURE 1 | SEM images of DES-pretreated (A) 1:2 at 80°C, (B) 1:4 at 80°C, (C) 1:2 at 100°C, 1:4 at 100°C, and untreated groundnut shells.
The image in Figure 1A presents more damage to the lignin portion of the feedstock, which is swollen and has higher degrees of surface fragmentation with internal tissue exposure. It shows some tendency for methanogenic bacteria activities to have more accessible space during anaerobic digestion. On the other hand, the image in Figure 1B shows a collapsed structure with pores and cracks. It was observed that the internal tissue exposure was limited compared to other pretreated substrates, which can minimize the accessibility of anaerobic digestion bacteria during digestion. Comparing images picked for treatments A and B, it is evident that the selected solid:liquid ratio significantly influences the impacts of DES pretreatment on the microstructural arrangements of groundnut shells, which agrees with the previous study (Olugbemide et al., 2021). Figures 1C, D depict a significant effect of DES pretreatment on groundnut shells. There is a sign of lignin removal/redistribution, which enhances the accessibility to cellulose and hemicellulose. However, this is more pronounced in Figure 1D than in Figure 1C, which indicates that the solid:liquid ratio is important to the effect of DES pretreatment. These images indicate better availability for methanogenic bacteria, which is expected to improve the biomethane yield, provided the level of inhibitory compounds generated is minimal. Compared to other chemical pretreatment of groundnut shells, DES pretreatment’s influence on the microstructural arrangements of groundnut shells is not as severe as that of alkali and acidic pretreatment (Madyira and Olatunji, 2023). This could be due to the strength of the other chemicals, although it is presumed that DES will produce fewer inhibitory compounds, which could be advantageous to biomethane release.
3.1.2 Effects of DES pretreatment on crystallinity
Lignocellulose feedstocks have been observed to consist of both crystalline and non-crystalline microstructures, whereby the cellulose portion is identified as a crystalline structure, while hemicellulose and lignin are reported to be amorphous structures (Kim and Holtzapple, 2006; Sarbishei et al., 2021). DES-pretreated and untreated groundnut shells were investigated by XRD; the result is illustrated in Figure 2. It was inferred that untreated samples produce seven different distinctive peaks, which is a characteristic of cellulose materials (Olugbemide et al., 2021). It was observed that the peak of the pretreated substrate begins to flatten out at 18°, indicating crystalline reduction and cellulose transformation. There are no significant differences in the intensity of the pretreated samples, meaning that the cellulose did not undergo structural change during pretreatment. No noticeable difference exists between the peaks of the pretreated feedstocks, indicating cellulose transition during dissolution (Moyer et al., 2018).
[image: Figure 2]FIGURE 2 | XRD analysis of DES-pretreated and untreated groundnut shells.
Table 2 presents the crystallinity index (Ic) of pretreated and untreated substrates. It was observed that the Ic of the samples is 20.71, 19.18, 20.44, 19.17, and 16.52 for treatments A, B, C, D, and E, respectively. It was observed from the table that DES pretreatment significantly influences the Ic of groundnut shells. Compared to the untreated substrate, the Ic was improved by 25.36, 16.10, 23.55, and 16.04% for treatments A, B, C, and D, respectively. It was observed that the solid:liquid ratio plays a more significant role in the Ic than the temperature. A solid:liquid ratio of 1:2 showed better Ic improvement than 1:4, but temperatures did not have any significant impact. This result agrees with other literature works that pretreatment methods influence the Ic of lignocellulose feedstocks. Compared to other studies, this research produced a lower Ic than other pretreatment techniques on the same substrate (Madyira and Olatunji, 2023). The lower Ic recorded in this study can be traced to the reduction in cellulose content, which implies that the DES molar ratio is considered, the solid:liquid ratio is reduced, and the temperature reduces the Ic of groundnut shells. Furthermore, the lower Ic in this study means an increase in the diffraction intensity observed in the amorphous region, which can be linked to the properties of the DES used to recrystallize the cellulose crystal region (Olugbemide et al., 2021). It was also observed that the DES composition partially reduces the amorphous portion, like hemicellulose and lignin. It has been reported that crystalline cellulose restricts microbial activities more than amorphous cellulose (Zhao et al., 2012). Findings from this study support previous investigations on the influence of DES pretreatment techniques on lignocellulose feedstocks (Procentese and Rehmann, 2018). It is difficult to compare the effects of the pretreatment techniques because the impact of pretreatment depends on the structural arrangement of the feedstocks, which varies from one to another (Olatunji et al., 2021). Different studies have investigated the influence of crystallinity on enzymatic hydrolysis, but there is no concrete agreement because other factors involved in the process are more important or the same. When dilute acidic pretreatment of lignocellulose materials was considered, it was observed that the Ic did not directly relate to enzymatic hydrolysis (Moutta et al., 2014).
TABLE 2 | Crystallinity index of DES-pretreated and untreated groundnut shells
[image: Table 2]On the other hand, a significant relationship between the Ic and enzymatic hydrolysis at high enzyme loading was observed to be negative. The investigation also opined that the influence of the Ic on enzymatic hydrolysis needs to be examined without enzymes being a hindrance parameter (Li et al., 2014). The result of Ic values from this investigation showed an improved crystallinity compared to untreated substrate, and it is expected to enhance biomethane yield provided other factors (inhibitory compounds, pH, temperature, etc.) are within the acceptable range.
3.1.3 Functional group analysis
The impact of DES pretreatment on the functional group characteristics of groundnut shells and untreated feedstock was examined under FTIR spectra. Figure 3 illustrates the detailed characterization and spectra images, while Table 3 presents the spectrum assignment as observed by Shahid et al. (2020). The samples followed the same pattern until 3,329 cm−1 wavenumber was reached, as shown in Figure 3. The O–H straining in the untreated groundnut shells is responsible for the vibration intensity detected at 3,329 cm−1, which decreased with DES treatment. This suggests that both intramolecular and extramolecular hydrogen bonds in the cellulose were broken down, which facilitates better cellulose digestion because the dissolution of hydrogen bonds can modify how groundnut hells are arranged and increase the amount of cellulose available for anaerobic digestion. Similar straining vibrations for –CH and –CH2 were revealed by the vibration detected at 2,921 cm−1. This indicates a partial breakdown of the carbon chain following DES pretreatment, which results in the alteration in the cellulose structure. Carbonyl bands are apparent at approximately 2,624 cm−1 and are associated with the hydroxyl C=O straining vibration. These are the ester functional groups connected to ketones, carboxylic compounds, celluloses, and hemicelluloses (Heredia-Guerrero et al., 2014). This feature is readily discernible in the untreated substrate, and it was observed that it gradually vanished in all the treated specimens. The extinction of the carbonyl might be connected to the removal of a significant amount of lignin. The C=C aromatic structural vibration in lignin and the C=C straining of the aromatic ring are responsible for the strength of vibrations at 1,992 cm−1 and 1,792 cm−1, respectively. The strength of the substrate samples was lowered at different points following the DES pretreatment. As the solid:liquid ratio and temperature increased, the vibration strength at 1,509 cm−1 indicated that the C–O–C stretching vibration was less prominent in the untreated substrate, confirming lignin removal.
[image: Figure 3]FIGURE 3 | FTIR spectra image.
TABLE 3 | FTIR spectrum peak assignments of groundnut shells pretreated with DES at varying conditions.
[image: Table 3]However, the C–O stretching vibration in cellulose and hemicellulose is represented by the vibration strength at 1,262 cm−1. The strength was moderately reduced, suggesting that the DES pretreatment fractured the hemicellulose and cellulose parts. There was no discernible difference in treatments A and C and the peak at 896 cm−1 except for treatments B and D. This section displays the C–H bending vibration in the cellulose’s plane, and the 1:2 solid:liquid ratio has the most impact on it.
3.2 Effect of DES on the physicochemical properties of groundnut shells
The AOAC standard procedure was used to determine the TS and VS of the DES-pretreated and untreated groundnut shells (Official Methods of Analysis, 21st Edition (2019)—AOAC INTERNATIONAL, 2019). It was noticed that the TS value was 85.00, 78.63, 100, 98.64, and 100% for treatments A, B, C, D, and E, respectively. Likewise, the VS values of 97.00, 97.00, 98.50, 99.00, and 94.00 were observed for treatments A, B, C, D, and E, respectively. It was noticed that DES pretreatment influenced the TS and VS of groundnut shells. The VS values of pretreated groundnut shells were improved compared to those of the untreated substrate. This can be linked to the strength of the pretreatment technique to remove/redistribute the lignin portion and expose the cellulose, the major content for biomethane production. This indicates that the pretreated substrate’s biomethane potential is high since the VS represents the percentage of substrate available for biogas production. This result corroborates previous studies on the influence of pretreatment on the VS of lignocellulose materials (Olatunji and Madyira, 2023c). It was noticed that the solid:liquid ratio does not significantly impact the VS of the substrate, but temperature variation does. EDS pretreatment was discovered to influence the elemental composition of groundnut shells. The analysis shows that DES pretreatment increases the percentage of the carbon content but reduces the nitrogen content. The increase in carbon content indicates food availability for methanogenic activities during biomethane production and determines the quantity and quality of biomethane released (Khayum et al., 2020). This may be because some nitrogen content was used or released during pretreatment. This has a significant influence on the C/N ratio of the substrate. It was noticed that the C/N ratios were 48.37, 47.29, 52.95, 66.93, and 27.63 for treatments A, B, C, D, and E, respectively. It has been observed that a C/N ratio of 20–30 is the most productive for biomethane production (Kainthola et al., 2020). This implies that only the untreated substrate falls within the range. An inoculum high in nitrogen content will be ideal for effectively digesting the pretreated substrate. DES pretreatment affected the values of hydrogen and oxygen content, as shown in Table 4. This result agreed with previous studies on the impact of DES pretreatment on the physicochemical characteristics of lignocellulose feedstocks (Dai et al., 2013; Smith et al., 2014; Procentese et al., 2015).
TABLE 4 | Physicochemical characteristics of pretreated and untreated groundnut shells (%wt).
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3.3.1 Daily biomethane yield
The daily biomethane yield generated from the DES-pretreated and untreated groundnut shells is illustrated in Figure 4. It was observed that biomethane release began from all digesters on day 2, although at a different rate. The result indicates that biomethane yield from DES-pretreated samples declines after day 2 before it peaks up later during digestion. The daily biomethane yield was observed to be improved by DES pretreatment when compared to the untreated substrate. The optimum daily biomethane yield of 92.60 mL CH4/gVSadded was recorded on day 11, while the least biomethane yield from the DES-pretreated substrate was observed from treatment A on day 6. The optimum daily biomethane released was recorded between days 6 and 11 for pretreated substrates, whereas the optimum daily biomethane yield from untreated substrates was recorded on day 16. This result further established the previous findings that pretreatment methods influence the daily biomethane yield of lignocellulose feedstocks (Olatunji and Madyira, 2023d). This indicates that DES pretreatment significantly affects the daily biomethane yield and reduces the retention time of the process. Optimum daily biomethane concentrations of 36.40, 92.60, 66.00, 80.90, and 7.12 mL CH4/gVSadded were reported for treatments A, B, C, D, and E at days 6, 11, 6, 11, and 16, respectively. It was noticed that the solid:liquid ratio plays a major role in the daily yield more than the temperature. A solid:liquid ratio of 1:4 produced the highest daily biomethane yield at the temperature ranges considered. This can be linked with the strength of the DES to remove/redistribute the lignin portion of the substrate, thereby making the cellulose accessible for methanogenic bacteria. Treatment B was observed to produce a spike on day 26 after flattening for some days, while all other treatments continued with their flattening curve. It can be inferred from this study that DES pretreatment under all the conditions experimented to improve the daily biomethane yield of groundnut shells. This investigation agreed with previous studies that concluded that pretreatment at appropriate levels could enhance the daily biomethane yield of lignocellulose feedstocks (Almomani et al., 2019; Olatunji et al., 2021).
[image: Figure 4]FIGURE 4 | Daily biomethane yield of DES-pretreated and untreated groundnut shells.
3.3.2 Cumulative biomethane yield
DES-pretreated and untreated groundnut shells were subjected to anaerobic digestion for 35 days in a laboratory batch reactor at mesophilic conditions, and the biomethane yield is presented in Figure 5. The total biomethane yield of 272.50, 251.00, 365.70, 227.70, and 112.16 mL CH4/gVSadded was recorded for treatments A, B, C, D, and E, respectively. Compared to the untreated substrate, it was observed that the biomethane yield was improved by 142.96, 123.79, 226.05, and 103.01% for treatments A, B, C, and D, respectively. It was deduced from the result that all the pretreatment conditions of DES considered in this study enhance the biomethane yield but at different percentages. This agreed with previous studies that observed pretreatment techniques improve the biomethane yield of lignocellulose feedstocks (Olugbemide et al., 2021; Dasgupta et al., 2022; Olatunji et al., 2023b). It was observed from Figure 5 that there was a slow biomethane enhancement from all the pretreated samples at the beginning of the digestion. Still, a significant increase was experienced within the first 11 days of the retention period before it flattened around the middle of the retention period. It was inferred that the DES pretreatment method reduces the retention period of the digestion process. The influence of the solid:liquid ratio is more pronounced than that of the temperature. The result indicates that a 1:2 ratio of solid:liquid produces better biomethane yield at the different temperatures. The optimum cumulative biomethane yield of 365.70 mL CH4/gVSadded was observed from treatment C (1:2 of solid:liquid at 100°C). The least liquid ratio produced the best result because of fewer inhibitory compounds due to less liquid available for pretreatment. It was inferred from the effect that a higher solid:liquid ratio with a high temperature generates the least yield besides the untreated feedstock. This could be linked to the ability of the chemical and temperature to release inhibitory compounds during the pretreatment process. Another reason for the lower yield could be cellulose loss during pretreatment. When the biomethane yields are compared to the effect of pretreatment on the microstructural arrangement using SEM, it was noticed that the most affected samples release the highest biomethane yield. This indicates a significant correlation between microstructural arrangements and methane yield. This supports the previous studies that considered the influence of pretreatment methods on microstructural arrangements and biomethane yield (Olatunji et al., 2022a). The variation in the percentage of biomethane yield corresponding to the crystallinity index results in a slight difference. It can be established from this study that crystallinity plays a significant role in biomethane yield.
[image: Figure 5]FIGURE 5 | Cumulative biomethane yield of DES-pretreated and untreated groundnut shells.
Compared with other chemical pretreatment methods of groundnut shells, it was observed that DES pretreatment produces a better yield. The methane yield of groundnut shells was enhanced by 69.79% when 3% NaOH was used for 15 min at 90°C (Olatunji et al., 2022c). Thermal pretreatment with conventional heating produces a 23.96% increase in biomethane yield, and it was observed that the low improvement could be traced to the release of inhibitory compounds during pretreatment (Olatunji et al., 2022a). A 178% increase in methane yield released was reported when acidic pretreatment of groundnut shells was considered (Olatunji and Madyira, 2023b). It can be observed that among some of the pretreatment techniques experimented with on groundnut shells, DES pretreatment produced the most significant improvement except when combined pretreatment (particle size reduction and Fe3O4 additive) was investigated (Olatunji et al., 2022b). However, it has been reported that combined pretreatment increases the cost of production compared to single pretreatment, which could present DES pretreatment as the most efficient method. When DES pretreatment was investigated on corn stover, it was noticed that biomethane yield was improved by 48% (Olugbemide et al., 2021), which is lower than the improvement achieved in this study. Although there are few studies available on DES pretreatment for biogas production, there are few that focus on other end products. Corn cob was pretreated with DES before saccharification, and an approximately 76% increase in yield was observed (Procentese et al., 2015). Enzymatic hydrolysis of oil palm trunk pretreated with DES for 24 h at 50°C produces an optimum glucose yield of 74% (Zulkefli et al., 2017). Compared with other chemical pretreatment techniques on other lignocellulose materials, it can be observed that DES pretreatment on groundnut shells is more efficient in yield. Sweet sorghum was pretreated with different techniques, and it was noticed that pretreatment with NaOH produced the highest gas, followed by oxidative pretreatment. The result showed a 90.9% rise in hydrolysis with a 19.1% increase in total sugar (Cao et al., 2012). It has been discovered that the oxidative pretreatment of rice straw increases the biogas yield; when the biogas yield and process economy are considered, the efficiency is 3% (Song et al., 2012). Anaerobic digestion of sunflower stalks produced 33% more biogas when applying oxidative pretreatment (Monlau et al., 2012). When the results of this study are compared to those of the previous investigation, it becomes evident that the lignocellulose feedstocks’ efficiency varies. Differences in the DES composition, temperature, time, and the microstructural arrangement of groundnut shells may cause this fluctuation. It can be shown from the findings that none of the lignocellulose feedstocks reviewed generates more efficient outcomes than the one found in this study when treated chemically. It is also more successful than some of the results in the literature. Since the lignocellulosic arrangement and pretreatment circumstances differ, it is difficult to conclude that this chemical pretreatment is superior to other findings.
3.3.3 Biodegradability rate
Equations 4, 5 were used to calculate the theoretical methane yield and biodegradability rate of the pretreated and untreated groundnut shells, and the result is presented in Table 5. The result indicates that DES pretreatment influenced the elemental composition of the substrate, theoretical methane yield, experimental methane yield, and biodegradability rate. The result indicates that DES pretreatment improves the biomethane potential of groundnut shells. Despite DES pretreatment, it was observed that only 67.76, 57.26, 84.87, and 46.77% of the theoretical methane yield was released while only 28.28% of the theoretical methane yield of the untreated substrate was released. It was noticed that a lower solid:liquid ratio (1:2) with a lower temperature (80°C) has a higher biodegradability rate (84.87%). At either temperature considered, it was discovered that a lower temperature with a lower solid:liquid ratio produced the best biodegradability rate. The lower biodegradability of a higher solid:liquid ratio and temperature could be linked to the release of inhibitory compounds produced during pretreatment from both chemical and heat used. This agreed with earlier reports on the ability of thermal and chemical pretreatment to generate inhibitory compounds at higher temperatures and chemical concentrations (Zhang et al., 2011; Bolado-Rodríguez et al., 2016; Dumlu et al., 2017; Şenol, 2021). Considering the percentage of degradation, the addition of another pretreatment method could improve the yield further.
TABLE 5 | elemental formula, theoretical and experimental biomethane potential, and biodegradability of groundnut shells.
[image: Table 5]4 CONCLUSION
The deep eutectic solvent pretreatment of groundnut shells using choline chloride and ethyl glycerol at different solid:liquid ratios and temperatures was studied. The pretreatment method was observed to be efficient for lignocellulose material in terms of microstructural arrangement and biomethane yield. The microstructural analysis of the pretreated substrate indicates that DES pretreatment alters the substrate’s structural arrangement, improving the enzymatic hydrolysis, biodegradability, and biomethane yield of groundnut shells. Biomethane yield was increased from 112.16 to 365.70 mL CH4/gVSadded, and it was discovered that a solid:liquid ratio of 1:2 at 100°C produced the optimum biomethane yield. Results from this investigation are comparable with existing studies where lignocellulose pretreatment improves the enzymatic hydrolysis and methane yield. This study produced a further step toward establishing baselines for optimum pretreatment conditions for the DES pretreatment of lignocellulose feedstocks.
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