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Abstract 

Anaerobic digestion (AD) is a conventional method for converting biomass into renewable energy, gaining 

renewed interest in recent years due to its potential for sustainable energy production. While the fundamental 

principles of AD are well-established, modern research primarily focuses on optimizing the process under 

various conditions to enhance efficiency and yield. This study provides a comprehensive assessment of AD, 

exploring the impact of pretreatment methods, inhibitors, and key parameters affecting its performance. Special 

emphasis is placed on substrates containing lignin or bacterial cells, which are identified as the most adaptable 

for pretreatment strategies aimed at improving AD efficiency. The analysis further evaluates existing methods 

for assessing improvements in AD across different systems, highlighting current challenges and the potential for 

developing enhanced evaluation techniques. The findings underscore the importance of exploring alternative 

renewable energy sources beyond fossil fuels, with AD serving as a promising solution. Understanding the 

interplay between pretreatment, process parameters, and inhibitor management is essential for advancing AD 

technology and achieving economically viable outcomes. 
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1 Introduction 

 

Increasing the usage of fossil fuels decreases the 

energy storage of carbon energy, coal, natural gas, and 

petroleum, while also increasing the danger of 

environmental contamination and climate change. 

Consumption of fossil fuel in the world causes CO2 

emissions to rise to 33.1 Gt, causing serious 

environmental consequences, especially global 

warming [1]. The increasing population also posed a 

challenge to the global energy demand and 

consumption. Therefore, the average temperature will 

rise to 2.5–5.4 °C due to the continued use of fossil 

fuels, which leads to the disappearance of millions of 

flora and fauna species [2]. Fossil fuels continue to be 

the primary source of energy, accounting for more 

than 80% of the world's energy requirements. 

Therefore, it is essential to investigate alternative 

renewable energy instead of fossil fuel [3].  

In recent years, researchers have placed a high 

value on lignocellulosic biomass as a raw material for 

production of biofuel as a fossil fuel substitute. 

Currently, lignocellulose biomass is a renewable 

energy source that is capable of meeting future energy 
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demands. Lignocellulosic biomass is the most 

extensive type of biomass on the planet, with an 

annual production is reported around 181.5 billion 

tons [4]. Plants typically contain lignocellulosic 

biomass in their cells, which is produced by 

photosynthesis. Lignocellulosic biomass, commonly 

referred to as plant biomass, includes agricultural 

waste, crop leftovers, and urban garbage (Table 1). 

Solid fossil fuel’s chemical structure is more complex 

than that of natural biomass. However, it is very 

complicated in semi-biomass combination of various 

non-biomass materials during biomass processing [5]. 

It was detected that the biomass composition is 

notably different from the coal. Like fossil fuels, 

biofuels are also made up of solid, liquid, and gaseous 

forms. In most cases, firewood, wood chips, wood 

pellets, and wood charcoal are recognized as forms of 

solid biofuel. The category of liquid biofuels 

encompasses bioethanol, biodiesel, and pyrolysis bio-

oil. Biogas and syngas are considered gaseous 

biofuels. The fermentation process for biofuel can 

effectively utilize lignocellulosic materials. 

 

Table 1: Biomass categorization based on lignocellulosic composition. 
Category of Biomass Composition (%) Examples of Biomass 

Cellulose Hemicellulose Lignin 

Woody and wood biomass 30–40 24–40 0–20 Branches, leaves, bushes, chips, lumps, pellets, briquettes, 

sawdust, sawmills. 
Agricultural and 

herbaceous biomass 

30–45 20–50 2–12 Fibers, shells, husks, pits, flowers, straws, stalks, fruits, and 

grasses. 

Aquatic biomass  29–38 28–42 12–16 Seaweed, lakeweed, water hyacinth. 
Human and animal waste 29–40 22–35 16–20 Sponges, animal dung, poultry litter, and bone meal. 

Biomass contamination and 

industrial waste 

25–35 25–40 15–25 Paperboard, fiberboard, plywood, wood pallets and boxes, 

sewage sludge, demolition wood, and municipal solid waste. 
Blends of biomass 30–45 25–35 15–20 Mixtures of biomass. 

Algae biomass 30–50 25–35 10–15 Yellow green algae, golden algae, red algae, brown algae, green 

algae. 

Terrestrial biomass 30–45 30–40 15–22 Argemone mexicana, Galinsoga purviflora, Ageratum 

conyzoides, Parthenium hysterophorus and Lantana camara. 

*N.A. Not available 

 

Currently, 14% of the energy in the world is 

covered by biomass [4]. In general, biomass is made 

up of hemicellulose (35–39%), cellulose (9–12%), lignin 

(19–24%), proteins (4–17%), and lipids (2–19%) [6].  

In addition, sugars derived from biomass through 

hydrolysis can be utilized to produce bioenergy in 

various forms, including ethanol, butanol, biodiesel, 

biogas, and biohydrogen. Mostly due to the huge 

availability of biomass, there are many technologies 

and infrastructure present for biomass production. At 

present, many countries use biomass for the 

commercial production of electricity and transportation 

fuels [7]. However, several species of weeds, such as 

Parthenium hysterophorus, Ageratum conyzoides, 

Lantana camara, are considered hazardous biomass in 

the world and have reduced the growth of the 

agriculture sector and they have significantly reduced 

the yields of the agricultural sector.  

Anaerobic digestion (AD) is an effective way of 

managing this noxious biomass. Any organic material 

degradation results in the form of biogas in the 

presence of microorganisms and the absence of 

oxygen [8]. Organic materials convert into biogas with 

the functions of microorganisms in an anaerobic 

condition. Biogas serves as one of the natural 

alternatives for renewable energy. The release of 

greenhouse gas (GHG) emissions can be reduced by 

the AD process [9].  

AD plays a vital role as a renewable source of 

energy. Methane (CH4) capturing from the AD has the 

advantages of reducing uncontrolled CH4 emissions 

and has a positive impact on reducing global warming. 

Major composition of biogas is 50–70% CH4, 25–40% 

CO2, and trace gases (1–5%) [10]. During the 

anaerobic digestion process, digestate is produced, 

which is rich in N, P, and K, and can be applied as an 

organic fertilizer [11]. This scheme suggests the 

application of AD to integrate in the management of 

agricultural wastes for the production of alternative 

energy to meet the goals of sustainable development. 

This study outlines the role of biomass, AD, and 

various parameters such as inoculum, temperature, 

pH, food to microorganism (F/M) ratio, and carbon to 

nitrogen (C/N) ratios for AD operations. The 

significance of chemical, thermal, and biological 

pretreatment strategies for increasing anaerobic 

digestion efficiency is outlined. Furthermore, AD is 

proposed as a sustainable alternative to fossil fuels, 

reducing their negative effects on the environment.
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2  Anaerobic Digestion of Biomass 

 

AD is a proven biological method that changes organic 

substances, including lignocellulosic biomass, into 

biogas and digestate without the presence of oxygen. 

It is gaining traction as a sustainable strategy for 

renewable energy production and organic waste 

management, particularly in the context of the circular 

bioeconomy [12]. While AD offers a viable pathway 

for energy recovery from lignocellulosic biomass, its 

efficiency hinges on appropriate pretreatment, process 

optimization, and careful management of inhibitory 

substances. The AD process, supported by a diverse 

microbial consortium, consists of four major stages: 

hydrolysis, acidogenesis, acetogenesis, and 

methanogenesis. In the hydrolysis stage, extracellular 

enzymes act to decompose complex polymers, such as 

cellulose and hemicellulose, into simpler monomers. 

Acidogenesis further converts these monomers into 

volatile fatty acids (VFAs), alcohols, ammonia, and 

hydrogen. In the acetogenesis step, VFAs are 

converted into acetic acid, H₂, and CO₂, which are 

substrates for methanogenesis, the final stage where 

methane (CH₄) and carbon dioxide (CO₂) are 

generated by methanogenic archaea (Figure 1). In 

addition to biogas, the AD process creates digestate, a 

nutrient-rich by-product that can serve as organic 

fertilizer, thereby contributing to nutrient recycling 

and enhancing the health of the soil. However, its safe 

application depends on adequate stabilization and 

pathogen reduction, which may require post-treatment 

processes [13]. 

Recent research has demonstrated that the 

biochemical complexity of lignocellulosic biomass 

and food waste requires pretreatment to enhance 

hydrolysis efficiency and microbial accessibility. 

Various pretreatment strategies—chemical (e.g., acid 

or alkaline hydrolysis), thermal (e.g., steam 

explosion), and biological (e.g., fungal 

delignification)—have been employed to disrupt 

lignin structures and improve enzymatic degradation 

[14]. These methods significantly improve biogas 

yield, with methane production ranging between 400–

650 mL CH₄/g VS, depending on the substrate 

composition, C/N ratio, and pretreatment applied [13], 

[15]. However, AD performance can be affected by 

several inhibitory factors, including ammonia toxicity, 

VFAs accumulation, sulfate reduction, and pH 

fluctuations. For instance, excessive protein 

degradation can lead to ammonia accumulation, which 

inhibits methanogenic activity [16]. To ensure stable 

digestion, it is vital to uphold a balanced carbon-to-

nitrogen (C/N) ratio, which usually lies between 20:1 

and 30:1. The use of co-digestion by combining with 

high-carbon materials has shown promising results in 

improving process stability and methane yield [17]. 

 

 
Figure 1: Sequential phases of biomass conversion 

by anaerobic digestion.  

 

3  Important Parameters Affecting the Anaerobic 

Digestion 

 

Significant factors that affect anaerobic digestion 

include the inoculum, the C/N ratio, the F/M ratio, pH, 

temperature, organic loading rate, hydraulic loading 

rate, and the presence of toxins, which can be either 

natural components or by-products resulting from 

metabolism. 

 

3.1  Inoculum  

 

Microorganism is a valuable component in anaerobic 

digestion. Inoculum is the primary source of 

microorganisms in the AD process. The composition 

of the inoculum in microbial consortium is a 

significant factor in anaerobic digestion. Generally, 

during hydrolysis stages, hydrolytic microorganisms 

are available to break down polymeric biomass to fatty 

acids, alcohols, and sugars. Acidogenic is the second 

stage, where volatile acids and alcohols break down 

into acetic acid and hydrogen [18]. In methanogenic 

stages, microorganisms, such as Archaea and 

acidogenic bacteria, are the main contributors. 

Methanogens are microorganisms that grow at a slow 

rate present in the inoculum and are highly sensitive to 

pH and environmental conditions [19]. Inoculum 

selection for the substrate in AD is one of the key steps 
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for the stable operation. Inoculums choices clearly 

demonstrate the contribution of methane yield. 

Inoculum can also affect the methane output and have 

the ability of stress tolerance. However, for the startup 

or operation of the reactor quantity and the quality of 

inoculum play a significant role [20]. Usually, fresh 

inoculum is preferred for the AD. A high amount of 

inoculum volume increases the number of microbial 

populations. Inoculum also maintains the buffering 

capacity of AD and helps to reduce the C/N ratios. 

Around 10–60% of the reactor volume is filled with 

the inoculum [21]. Enhance biogas production and 

improve the quality of its final composition during the 

AD process by ensuring adequate microbial activity 

from the inoculum source.  

 

Table 2: Application of different inoculum types for 

substrate varieties. 
Inoculum  Substrate Refs. 

Bovine Rumen fluid Municipal solid 

waste  

[24] 

Sludge Swine waste [25] 
Cattle manure  Palm oil mill 

effluent  

[26] 

Poultry dung, goat dung, cow 
dung, piggery dung and 

rhinoceros dung  

Food waste [23] 

Rumen, stabilized swine 
wastewater, sewage sludge 

Swine 
wastewater 

[20] 

Fresh cow dung Water hyacinth [27] 

Fresh cow dung Ageratum 
conyzoides 

[9] 

Fresh cow dung Lantana camara  [28] 

Mesophilic digestate of 
wastewater activated sludge and 

digestate of agricultural sludge  

Municipal Solid 
Waste 

[29] 

Unsorted organic municipal solid 
waste  

Anaerobic sludge 
and cow manure 

 [30] 

 

Various environmental and operational factors, 

including abrupt shifts in pH, temperature 

fluctuations, excessive organic load, and the buildup 

of toxic substances, can negatively impact 

methanogenic microorganisms and hinder the AD 

process [22]. Changes in inoculum from one 

collection to another emphasize the necessity of 

preserving an active anaerobic state. Inocula need to 

have active microorganisms that are crucial for the 

process of AD. This variation is dependent on the 

substrate, which is influenced by the amount of 

volatile fatty acids (VFA) and the ammonium released 

during the hydrolysis of carbohydrates and proteins, 

aiding in buffer formation [23]. The primary function 

of a single-stage batch reactor is to inhibit the buildup 

of VFAs within the ‘seed’ particles, ensuring they do 

not exceed their capacity for methanogenic 

assimilation. The food-to-microorganism (F/M) ratio 

plays a crucial role in all batch processes and the 

breakdown of volatile solids from organic solid 

particles. The degradation capacity of a substrate 

during AD must be upheld by its buffering capacity at 

a specific F/M ratio. Another important aspect is the 

ratio of waste to inoculum in a high solid anaerobic 

digestion process performed in batch mode [23]. As a 

mixing form of inoculum and substrate is crucial in 

AD, the researcher used various calculations of 

inoculum and substrate (such as Inoculum to substrate 

or Food to microorganism ratio) before settling into 

the reactor. The various research examining the effects 

of inocula on biogas production (Table 2).  

Inocula are vital components in the biogas 

generation process. The amount of methane generated 

was directly related to the initial inoculum levels, with 

a greater proportion of inoculum resulting in increased 

biogas production [31]. The ratios of food for the 

inocula had a considerable effect on biogas 

production. Selecting the correct inoculum can 

optimize the degradation rate, augment biogas 

production, decrease the initial time, and promote a 

more stable digestion process.  The higher inoculum 

ratio had the effect of enhancing the biogas production 

rate; thus, optimizing the inoculum /substrate ratio is 

necessary. Dhamodharan et al., [23] employed five 

types of livestock inoculum, including poultry dung 

(PD), goat dung (GD), cow dung (CD), piggery dung 

(PGD), and rhinoceros dung (RD) in their AD study. 

They found that reactors using CD as an inoculum had 

a shorter startup time and produced more methane 

compared to those using other types of inoculum. 

Methane production remained inconsistent and at low 

levels in reactors treated with GD and RD over a 30-

day anaerobic digestion period. Methane production 

was inconsistent and remained at a low level in 

reactors inoculated with GD and RD over a 30-day 

period. CD and PGD recorded the highest levels [23]. 

An increased inoculation volume can enhance 

microbial populations, particularly methanogens, 

improve the buffering capacity of AD, and maintain a 

balanced carbon-to-nitrogen (C/N) ratio. Typically, 

substantial amounts of fresh inoculants are not 

immediately accessible. The inoculum is often stored 

for the initiation of a new reactor and the 

bioaugmentation of an underperforming AD system. 

Moreover, inoculants possessing superior buffering 

capacity and substantial nutrient content can markedly 

enhance CH4 production [31].  

The ideal F/M ratio was established by evaluating 

the biochemical methane potential (BMP) of untreated 
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and hot air oven-pretreated whole water hyacinth 

plants, including leaves, stems, and roots, in 

conjunction with fresh cow dung [27]. The untreated 

water hyacinth with an F/M ratio of 2 exhibited the 

peak methane yield of 143 ± 14 mL CH4/g VS on day 

32, whereas the hot air oven pretreated water hyacinth 

with an F/M ratio of 1.5 achieved a maximum methane 

yield of 193 ± 22 mL CH4/g VS on day 14, as per a 

comparative analysis of the two types of water 

hyacinths [27]. Weeds were mechanically clipped to a 

size of 1 cm, as smaller sizes were not practical. The 

cow dung was combined with Ageratum conyzoides in 

varied ratios based on VS [16]. The results from the 

BMP assay show that using cow manure as the 

microorganism source for the AD of A.conyzoides 

resulted in the greatest biogas output at an F/M ratio 

of 2 [9].  Lantana camara and cow dung are mixed 

with varying F/M ratios [32]. In conjunction with a 

control that comprised solely cow dung, different F/M 

ratios of 1, 1.5, 2, and 2.5 were investigated. The F/M 

ratio of 1.5 yielded the highest methane production at 

4801 mL, with a concentration of 195.5 mL CH4/g VS, 

while ratios of 2 and 2.5 yielded less biogas, 

respectively [32]. Various inoculants significantly 

influence the composition of VFA and methane yields. 

Bovine rumen fluid was utilized as an inoculum for 

the anaerobic digestion of the organic fraction of 

municipal solid waste (MSW) [24]. The 

MSW/inoculum ratios in the reactors were as follows: 

Reactor A (100%/0%), Reactor B (95%/5%), Reactor 

C (90%/10%), and Reactor D (85%/15%). The level 

of methane in the biogas generated by Reactors A, B, 

C, and D was 3.6%, 13.0%, 25.0%, and 42.6%, 

respectively [24].  

 

3.2  Temperature and pH 

 

The effectiveness of AD is dependent on temperature. 

The process of anaerobic digestion can happen at 

psychrophilic temperatures (less than 25 °C), mesophilic 

temperatures (25–40 °C), and thermophilic temperatures 

(greater than 45 °C) [33]. Thermophilic digestion is 

marked by elevated metabolic rates and specific 

growth rates, but it frequently leads to increased 

mortality rates in comparison to mesophilic digestion. 

A major strength of the thermophilic process lies in its 

effectiveness in eradicating pathogens and weed seeds 

[34] demonstrated that fermenting livestock manure at 

thermophilic temperatures offers a kinetic advantage 

over fermentation at mesophilic temperatures. The 

kinetic benefits of carrying out digestion at a 

temperature of 60 °C as opposed to 50 °C are negligible. 

The study by Larsen et al., [35] demonstrated that both 

thermophilic and mesophilic digestion, when coupled 

with thermophilic pretreatment, can effectively lower 

the levels of vegetative pathogenic bacteria, including 

E. coli and Enterococci, as well as intestinal parasites 

associated with animal waste. Conversely, 

thermophilic treatment presents certain limitations, 

including reduced stability when compared to 

mesophilic treatment. Thermophilic system tends to 

produce effluent of somewhat lower quality. 

Furthermore, the interplay between the reduced 

growth yield and elevated growth rates of 

thermophilic organisms leads to prolonged start-up 

periods. This also renders these processes more 

susceptible to toxicity and variations in operational 

and environmental factors. 

The impact of non-optimal pH on methane 

fermentation arises from the shifts in multiple reaction 

equilibria rather than a single specific reaction [36]. 

Numerous studies have determined that the optimal 

pH range for methane-forming bacteria, whether using 

mixed or pure cultures, is typically around pH 7. 

Within the pH range of 6.0 to 7.5, the pH levels in 

anaerobic processes are regulated via the interaction 

of the carbonic system with a strong base. The acid-

base equilibrium of a digester can be effectively 

monitored by measuring only the pH and the partial 

pressure of CO2 [37].  The starting pH and duration of 

fermentation significantly influenced metabolite 

production. In the process of AD, only the hydrolytic 

and acidogenic phases were noted, with bacteria from 

the Firmicutes, Bacteroidetes, Actinobacteria, and 

Spirochaetes phyla being identified. AD of kitchen 

waste was most effective at pH 7, solubilizing 86% of 

total organic carbon and 82% of chemical oxygen 

demand. The highest VFA concentration, 36 g/L, was 

reached on the fourth day [38]. At a pH of 7, most of 

the protein was broken down into ammonia nitrogen 

(NH4
+), which contributed additional buffering 

capacity to the acidified solution [38]. Bicarbonate is 

commonly employed to regulate the reactor’s pH 

during AD. Acidogens predominate at low pH levels 

(pH < 6.0), while methanogens exhibit an 88% 

reduction at a pH of 5.5 compared to neutral pH. In 

addition to the loss in methanogenic and hydrolytic 

capacity, the need for acid dosing to maintain low pH 

conditions and other adverse effects of chemical 

dosing have been identified as significant limitations 

[39]. Low pH resulted in a change in the microbial 

community, favoring acetogens over methanogens. 

This research investigated the impact of specific pH 

levels on the degradation rate, gas composition, and 
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methane production of maize silage, indicating that 

optimal digestion of fiber-rich substrates is likely to 

occur within a pH range of about 6.5 to 7.5 [40]. 

 

3.3  Food to microorganism ratio (F/M ratio) and 

Carbon to Nitrogen ratio (C/N ratio) 

 

Biogas production via the process of anaerobic 

digestion F/M ratio represents the relationship linking 

the mass of food found in the waste substrate to the 

mass of microorganisms that serve as decomposers. If 

the F/M ratio is lower than the optimal level, the 

microbes cannot metabolize effectively.  Conversely, 

if the F/M ratio is excessively high, it results in 

metabolic imbalance [41]. Operational parameters, 

including the F/M ratio, significantly impact methane 

generation. Methane production may decline or cease 

altogether if the F/M ratios in AD systems are not 

maintained appropriately. At low F/M ratios, the 

primary challenge is the reduced reaction rates caused 

by a low reaction driving force (concentration), 

thereby limiting energy recovery efficiency [42]. At 

high F/M ratios, an overabundance of VFA is 

particularly problematic when processing degradable 

organic wastes. Additionally, a higher F/M ratio may 

lead to an overload, resulting in VFA accumulation. It 

is essential that the volume of inoculum is greater than 

that of the substrate on a volatile solids basis. 

Consequently, the F/M ratio must be regarded as a 

crucial factor influencing the outcomes of the AD [43]. 

Multiple analyses have pointed out that the 

optimal carbon-to-nitrogen (C/N) ratios for methane 

fermentation are between 25 and 30. However, the 

decline in carbon and nitrogen availability can be 

influenced and shaped by the operational conditions, 

particularly temperature, which may lead to inhibitory 

effects. Higher C/N ratios lessened ammonia's 

negative impact, with peak methane production at C/N 

ratios of 25 and 30 for 35 °C and 55 °C, respectively 

[44]. Carbon and nitrogen influence various digestive 

characteristics during AD, however, there is limited 

research on their interactions. In general, the preferred 

C/N ratio is believed to lie within the range of 15 to 

30. In the past, the determination of the C/N ratio in 

solid samples has involved evaluating the total organic 

fractions, specifically through the quantification of 

total organic carbon (TOC) and total nitrogen (TN). 

This approach assumes that in cooperation, nutrient 

sources are entirely decomposable. Biological 

treatments often fail on some organic materials due to 

unsuitable C/N ratios or pH levels for AD. However, 

simply knowing or adjusting the C/N ratio at the start 

approach to the process does not ensure optimal 

performance. This is because the initial C/N ratio often 

does not reflect the biodegradable or bioavailable 

carbon-nitrogen ratio [45]. By comparing a digestion 

system's output to its intake or volumetric digester 

capacity, AD performance is evaluated. In anaerobic 

digestion, performance is often gauged by methane 

yield, which indicates the volume of methane 

produced per unit of material under standard 

conditions. This can be reported as wet weight, total 

solids (TS), volatile solids (VS), or chemical oxygen 

demand (COD). In addition, methane productivity 

(m3-CH4/m3-reactor, per day) and the reduction 

percentage of total solids (TS) or volatile solids (VS) 

from the incoming feed are considered as alternatives. 

Thus, to get as near to the substrate's true potential 

methane production at the maximum practical 

digestion rate as possible, enhanced AD performance 

depends on raising the yield of methane during 

operations [46]. 

 

3.4  Rate of organic loading and time of hydraulic 

retention 

 

The rate of organic loading (OLR) and time of 

hydraulic retention (HRT) are important parameters 

that strongly influence the biogas yield. Optimizing 

the conditions of these parameters could significantly 

maximize methane yield and ensure process stability. 

In recent studies, several studies have demonstrated 

the impact of OLR and HRT on biogas yield across 

different substrate and reactor configurations [47]. 

The effect of OLR and HRT on methane yield during 

thermophilic co-digestion of sewage sludge alongside 

food waste was investigated. It was reported that a 

peak methane generation of 328 CH4/g-COD was 

achieved for OLR and HRT of 5.8 gVS/L.d and 15 d, 

respectively. The growth in methane yield was 

connected to the enhanced microbial interactions and 

metabolic activities during the AD process [48]. In a 

similar study, methane production of 273 L/kg-VS 

was obtained for OLR and HRT of 5 kg-VS/m3.d and 

2 d, respectively. The parameters OLR and HRT were 

investigated to advance the two-phase AD for food 

waste. It was further reported that valeric acid was the 

predominant VFA among the different VFAs produced 

during the AD process.  

The impacts of OLR and sludge composition on 

biogas generation from sewage sludge using a lab-

scale anaerobic membrane bioreactor (AnDMR) were 

investigated. Kwon et al., [49] reported the maximum 

average methane output rate of 0.7 L/L·d when the AD 
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process was performed with an OLR of 5.0 g COD/L·d 

and HRT of 12 d. Though several studies have been 

reported for AD of sludge and food waste, [50] 

performed the AD of cheese whey along with glycerol 

in a thermophilic anaerobic fluidized bed reactor. It 

was determined that the yield of methane and 

production improved in the initial stages. Maximum 

methane yield, methane yield, methane production 

rate, and organic matter removal were achieved for an 

OLR of 10 g COD/L.d. However, a further increase in 

the OLR led to a buildup of VFAs and a decline in 

methane production. Overall, the studies indicate that 

moderate OLRs (5–10 g COD/L.d) with HRT (12–15 d) 

could enhance the microbial activity and methane 

production. Therefore, to improve the AD process 

efficiency, OLR and HRT have to be studied 

considering the degradation kinetics, VFA and pH to 

prevent acidification. Advanced reactor configurations, 

such as staged digestion, can further optimize these 

parameters by separating hydrolysis/acidogenesis 

from methanogenesis, thereby enhancing overall 

process efficiency and methane recovery. 

 

4  Cellulose, Hemicellulose and Lignin 

 

Cellulose, hemicellulose, and lignin serve as the 

fundamental constituents of lignocellulosic materials 

(Figure 2). The primary determinants of these materials’ 

composition are the plants’ origin, variety, and 

topographical properties.  

 

 
Figure 2: Core structural components of 

lignocellulosic biomass and the effects of pretreatment 

on their accessibility. 

 

4.1  Cellulose 

 

The most prevalent polymer is cellulose, which makes 

up over 50% of the mass in secondary cell walls and 

20% to 30% of the anhydrous mass of primary cell 

walls [51]. Cellulose is characterized by its 

unbranched fibrils that are made up of glucose 

monomers joined by β-1, 4-glycosidic bonds. The 

general formula for cellulose is (C6H10O5)n. Cellulose 

has a degree of polymerization (DP) of 250–500 found 

in the fundamental cell wall and 103–104 present in 

the secondary cell wall [52]. Hydrogen bonds and Van 

der Waals interactions hold the glucose chains 

together. Three-dimensional microfibrils are created 

by the molecule's bonds. The cellulose structure 

becomes stable and densely packed as a result of these 

interactions. Every microfibril is integrated within the 

other biopolymers, specifically lignin and 

hemicellulose, that are made up of around 30 to 36 

parallel chains of cellulose [53]. Both crystalline and 

amorphous regions can be seen in cellulose. The 

crystalline portion of cellulose makes it more resistant 

to heat breakdown than hemicellulose [54]. Compared 

to the crystalline portions of cellulose, the amorphous 

fraction is less structurally dense and is more readily 

broken down by enzymes. 

 

4.2  Hemicellulose  

 

Hemicellulose has a lesser degree of polymerization in 

relation to cellulose (100–200) [53]. Hemicellulose 

makes up 20–40% of the weight of lignocellulosic 

materials. Pentoses, hexoses, deoxyhexoses, and 

hexuronic acid are all found in hemicellulose, despite 

xylose being the most prevalent sugar type found in 

hemicellulose [55]. Hemicellulose has two most 

prevalent forms: xylans and glucomannans. By adding 

diluted bases or acids and hemicellulase enzymes, 

hemicellulose can be hydrolyzed more readily than 

cellulose [56]. Hardwood and softwood have different 

hemicellulose compositions and contents. The amount 

and the makeup of hemicellulose in the bark, stem, 

root, and branches of a single tree can differ 

significantly [53].  

 

4.3  Lignin  

 

Lignin is made up of phenyl propane units and has a 

complicated, three-dimensional structure. It is the 

most plentiful source of aromatic compounds that is 

both renewable and natural [53]. Most plants' support 

tissues are made up of lignin because it provides 

stiffness and resists rotting. Lignin is crucial for the 

development of cell walls, particularly in wood and 

bark. Energy content up to 40% and weight up to 30% 

of lignocellulosic materials are attributed to lignin, 

making it a crucial component. It gives the cell wall 

structural support and guards against microbial 

assaults and cell wall breakdown. Additionally, lignin 

is in charge of the transfer of water by preventing its 

passage through the cell wall. The utilization of this 

aromatic substance for bio-derived products has been 

hampered by its recalcitrance. Nevertheless, lignin-
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degrading solutions will enable new industrial outputs, 

enhancing the profitability of lignocellulosic bio-

refineries. In lignocellulosic materials, lignin is 

physically and chemically linked to cellulose and 

hemicellulose [53]. The lignin and carbohydrate 

association is created when lignin, as a polymer, forms 

a covalent link with carbohydrates, particularly 

hemicellulose, to bind with cellulose and hemicellulose 

[57]. The structural component of lignin is the cross-

linking of three monomers of hydroxycinnamyl 

alcohol. The numbers of methoxy groups 

distinguishes these monomers, comprising coniferyl 

alcohol (G-type), sinapyl alcohol (S-type), and 

coumaryl alcohol (H-type) [57]. These methoxy 

groups protect these molecules from radical coupling 

events that create new bondings, and their placement 

has an impact on the lignin structure. 

 

5  Pretreatment 

 

Raw biomass mainly consists of cellulose, 

hemicelluloses, lignin, and carbohydrates, and 

proteins. Lignocellulosic material often requires 

pretreatment to release the sugars within cellulose 

fibers incorporated within the diverse structure of 

plant cell walls [58]. New biotechnological results for 

the breakdown of lignocellulosic biomass are needed 

to enhance the production efficiency and reduce the 

cost of cellulosic biofuel production. If the substrate 

includes lignin and lignocellulose, the anaerobic 

digestion process cannot be completed. The hydrolysis 

phase is typically regarded as the rate-limiting step, 

since microorganisms generate several types of 

hydrolytic enzymes that are not enough to break down 

the substrate's highly complex structure [59]. The 

structure of biomass includes hemicellulose as a 

matrix that surrounds the cellulose skeleton, while 

lignin provides an encasing protective layer. The 

covalent cross-linkages that exist between the 

polysaccharides and lignin contribute to the overall 

toughness of the material [60]. Moreover, substrates 

can be degraded rapidly in the hydrolysis, which might 

induce pH imbalances in the anaerobic reactor 

throughout the acidogenesis process. Consequently, 

methanogenic bacteria are very sensitive to low pH, 

which have the chances to affect the anaerobic process 

[61]. Hence, the selection of a pretreatment method is 

crucial to mitigate these negative impacts of the 

substrate.  

Pretreatment is an essential step in the conversion 

of cellulose, as it modifies the structure of cellulosic 

biomass, thereby enhancing the accessibility of 

cellulose to enzymes that transform carbohydrate 

polymers into fermentable sugars [62]. Pretreatment 

methods to enhance AD have been developed over the 

last three decades, resulting in a significant increase in 

the number of scientific studies. AD enhancement in 

relation to the augmented output of methane and the 

decreases in solid wastes are well-recognized benefits 

of these pretreatments [46]. The pretreatment of 

lignocellulose biomass has demonstrated considerable 

advantages to improve the properties of biomass that 

is converted to valuable green energy (Figure 3).  

 

 
Figure 3: Valorization of lignocellulosic biomass into 

bioethanol and biogas. 

 

Pretreatment culminates in reducing the 

interplay of toxicity and biodegradation, enhancing 

cascade fermentation, resulting in sustained and 

efficient methane yield.  Effective pretreatment is 

considered to delignify, enhance sugar solubility, and 

cause a decline in cellulose crystallization in 

lignocellulose. Multiple pretreatment options, 

involving physical, chemical, and biological 

processes, have been identified to increase the 

digestibility of lignocellulosic feedstocks (Figure 4). 

Mainly, pretreatment in AD is chemical, thermal, 

biological, and ultrasound. Residues from wastewater 

treatment plants (WWTPs) and lignocellulose derived 

from plants and vegetables are present in energy crops, 

agricultural byproducts, manure, and, to a lesser 

degree, household waste. Residues from wastewater 

treatment facilities are the most extensively 

investigated in the literature on pretreatment for 

increasing anaerobic digestion, followed by 

lignocellulosic substrates [46].
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Figure 4: Comparative structural representation of 

lignocellulosic components before and after pretreatment. 

 

5.1  Chemical pretreatment 
 

The most popular technique for pretreating 

lignocellulose to eliminate the components entirely or 

in part is chemical pretreatment (Table 3). Over the 

past few years, several chemical pretreatments, such 

as lime, acid, steam explosion, sulfur dioxide 

explosion, ammonia fiber explosion, and ionic liquids, 

have been recognized as effective approaches for 

biomass pretreatment [63]. In chemical pretreatment, 

chemicals are added to advance the operational 

capabilities of AD. Chemical pretreatments reduce the 

amount of lignin by reactions using different 

chemicals and solvents. Chemical pretreatment 

processes that solubilize polymers enhance their 

degradation by microbes. Alkaline and acidic reagents 

are commonly utilized to soften the hemicellulose and 

lignin, making them more susceptible to enzymatic 

breakdown. Alkaline pretreatment is particularly 

effective for lignin removal, whereas acid 

pretreatment is suggested for hemicellulose [64]. Lime 

(Ca(OH)2) is utilized to improve the solubilization of 

chemical oxygen demand (COD), which is 

subsequently followed by the AD of the organic 

fraction of municipal solid waste (OFMSW) [65]. 

Acidic reagents, including H2SO4, HCl, H2O2, and 

CH3COOH were utilized at concentrations of 1–3% to 

assess their impact on the anaerobic digestibility of 

agricultural straw [66]. The investigation on dried 

grass silage (GS) was conducted by treating it with 

various concentrations of NaOH (1%–7.5 %VS) at a 

range of temperatures (20 °C–150 °C) to evaluate its 

biodegradability, yield from hydrolysis, degradation 

rate of lignocellulose and biogas production. The 

results indicated that at a temperature of 100 °C and 

all NaOH concentrations, a maximum of 45% of the 

total COD was made soluble. Additionally, the content 

of cellulose was reduced by 21.2%, hemicellulose by 

36.1% and lignin by 65.6%. [67].  

The author investigated two types of chemical 

pretreatments using NaOH and HNO3 at 150 °C with 

a reaction time of 20 min. Using HNO3 for 

pretreatment resulted in the highest degradation of 

hemicellulose, while NaOH pretreatment caused a 

considerable decline in lignin content. Rice straw 

underwent AD at a concentration of 20 g/L, resulting 

in the production rate of 6.00 g VFAs/L with 0.5% 

HNO3 and 7.09 g VFA/L with 2% NaOH. The yield of 

VFAs with 2% NaOH was 0.35 g/g [68]. The 

biomethane potential was increased by 11% and both 

organosolv and alkaline by 15% by the pretreatments 

with N-methylmorpholine N-oxide (NMMO) and 

NaOH [69]. After pretreatment with 2%w/v NaOH 

and 2%w/v Ca(OH)2 at room temperature for one day, 

the bagasse is combined with cow dung in a 1:2 ratio, 

and the solid to water ratio is set at 1:3 [70]. According 

to the results, at 35 °C, biogas production from 

bagasse treated with NaOH is the greatest, followed 

by treatment with Ca(OH)2 and untreated sample. 

Additionally, it has been noted that biogas generation 

is higher at 55 °C than it is at 35 °C [70]. Utilizing 

solid state processes for the chemical treatment of rice 

husk for biogas generation was performed employing 

HCl, NaOH, and ethanol across varying 

concentrations (1%–5%) at 100 °C and 120 °C for 60 

minutes [71]. Biogas purity was increased by alkaline 

and organosolv pretreatments, which included 50.27% 

and 50.68% of methane, respectively. This verifies 

that the solid-state chemical pretreatment of rice husk 

using NaOH and ethanol significantly enhances 

biogas production [71]. 

Chemical pretreatment is widely utilized for 

lignocellulosic biomass due to its efficiency in 

breaking the ester bonds between polysaccharides and 

lignin [73]. Among these, alkali treatment stands out 

as the most used chemical pretreatment method, as it 

significantly lowers the crystallinity of cellulose, 

eliminates lignin, and enhances the surface area and 

porosity, thereby improving the substrate’s 

digestibility [74]. The mechanisms at play in the 

reaction involving lignin, lignin complexes, and OH− 

ions are outlined here. OH− ions can partially resolve 

and separate lignin from hemicellulose by breaking 

the ester–ether bonds that link lignin to 

polysaccharides, while also reducing the strength of 

the hydrogen bonds between hemicellulose and 

cellulose [75]. 
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Table 3: Evaluation of the chemical pretreatment methods for different biomass feedstocks. 
Methods  Substrate  Observations Refs. 

Lime (Ca(OH)2) Municipal solid waste Boost the organic fraction of municipal solid waste. Under 

anaerobic digestion, the pretreated waste produced a maximum 

methane yield of 0.15 m3 CH4/kg of VS, which is 172.0% 
compared to the control. 

[65] 

NaOH (loading rates (1%, 2.5%, 

5% and 7.5% by volatile solids 
(VS) mass in grass silage).  

Dried grass silage  At 100 °C, up to 45% of the total COD was solubilized. Also, 

high delignification was observed at 65.6%. 

[67] 

H2SO4, HCl, H2O2, CH3COOH, 

NaOH, Ca(OH)2, and NH3H2O 

Agriculture straw The efficiency of biogas production from the samples pretreated 

with acid and alkaline was 115.4% and 105.3% more than the 
untreated straw. The straw, which was pretreated using 3% H2O2 

and 8% Ca(OH)2, achieved the maximum methane yield of 

216.7 and 206.6 mL CH4/g-VS during the acid and alkaline 
pretreatments, representing increases of 115.4% and 105.3% 

compared to the untreated straw. 

[66] 

HNO3 and NaOH Rice straw AD of rice straw at 20 g/L produced 6.00 and 7.09 gVFAs/L 
when pretreated with 0.5% HNO3 and 2% NaOH, respectively. 

[68] 

N-methylmorpholine N-oxide 

(NMMO) and NaOH 

Agricultural residue High removal of hemicellulose was observed after organosolv 

pretreatment. The cumulative yield of biomethane production 
of 274 mL CH4/g VS achieved with the untreated feedstock was 

improved by 11% through NMMO pretreatment and by 15% 

with both organosolv and alkaline pretreatments. 

[69] 

HCl, NaOH, and ethanol  Rice Husk Biogas yield was increased by solid-state pretreatment using 

NaOH and ethanol. The recorded biogas yield values were 

67.32, 60.89, 32.26, and 9.32 mL/gVS for the samples 3E100, 
3N100, RH, and 5H100, respectively. 

[71] 

NaOH Corn waste The pentosan contents were enriched after pretreatment with 

1%–3% NaOH.  

[72] 

Chemical pretreatment transforms carbohydrate 

components, resulting in quantitative and qualitative 

differences between the raw materials being examined 

[72]. The alkaline treatment resulted in lower 

alterations in the percentage composition of 

carbohydrate biomass components relative to the acid 

treatment. It was determined that this is a modification 

after biomass pretreatment, having a good impact on 

fermentation productivity. The biodegradability of the 

solid phase during the chemical pretreatment 

procedure makes the following solid separation 

simple. However, most chemical pretreatments 

require a lot of chemicals and water; this may result in 

significant capital investment in facilities, elevated 

treatment expenses, and potential environmental 

contamination. The pretreatment processes also 

demand chemical recycling, waste solution disposal, 

and at times, high-temperature conditions [76]. As 

reported by Solé-Bundó et al., [77], a pretreatment 

using 10% CaO resulted in an 11.99% enhancement in 

methane yield. Likewise, Mancini et al., [69] found 

that alkaline pre-treatment raises the methane yield 

from wheat straw by 155%. The researchers suggest 

that alkaline pretreatment is deemed more effective in 

comparison to acid pretreatment for Anaerobic 

digestion. Alkaline pretreatment is most often carried 

out using sodium hydroxide (NaOH) and lime 

Ca(OH)2, for AD [66]. Overall, utilizing low 

concentrations of organic acids for pre-treatment tends 

to yield unsatisfactory biogas production outcomes, 

while employing high levels of organic acids can 

eliminate significant quantities of dry matter, 

negatively impacting anaerobic digestion [78]. 

 

5.2  Thermal pretreatment 

  
Thermal pretreatment employs heat energy to increase 

the solubility of particulate organic fractions and 

polymeric organic compounds. The thermal 

pretreatment technique for pretreating lignocellulose 

is discussed (Table 4).  This process can effectively aid 

in the breakdown of lignin and hemicellulose by 

facilitating hydrolysis through the acids generated 

during treatment. Generally, the application of heat 

disrupts the hydrogen bonds in crystalline cellulose 

and lignocellulosic structures, leading to the 

degradation of biomass [79]. Thermal pretreatment is 

predominantly carried out using hot air ovens, 

microwaves, autoclaves, and hot water baths. Hot air 

oven pretreatment process is applied to pulp and paper 

mill sludge at 80 °C for 90 min, resulting in the highest 

influence on sludge solubilization and production of 

methane, ranging from 264–303 mL/g-VS [80].  

 



  

                             Applied Science and Engineering Progress, Vol. 18, No. 4, 2025, 7895 
     

 

 

B. Saha et al., “Anaerobic Digestion: Technology for Biogas yield as a Source of Renewable Energy from Different Biomass—A Review” 

  
11 

Table 4: Summary of thermal pretreatment methods applied to various substrates. 
Methods  Substrate  Observations Refs. 

Hot air oven  Pulp and paper mill 

sludge 

The soluble COD and VFA were boosted up to 1.71 and 1.95 times, respectively. [80] 

Microwave and 
autoclave  

Green microalgae 
(Enteromorpha) 

After microwave pretreatment, methane was increased 1.30 times. The 
degradation rate of cells after autoclave pretreatment was increased by 95.99% 

at 120 °C. 

[81] 

Microwave  Sewage sludge At 20,000 J/g TS and 700 W, the OLR rose by 43% and 39%, respectively. [82] 
Autoclave  Food waste Ammonium and hydrogen sulphide concentrations were decreased. [83] 

Liquid hot water  Wheat straw  99.07% of the hemicellulose degradation and a 62.9% increase in biogas 

production were observed.  

[84] 

Liquid hot water  Hybrid Pennisetum CH4 yield increased by 32.9%, which was equivalent to a conversion efficiency 

of 76.1%. 

[85] 

 

The advancement of microwave (MW) 

technology has increased the amount of attention as an 

alternative non-conventional heating source that can 

be used to treat biomass and wastes. Microwaves are 

a type of electromagnetic energy that is located on the 

electromagnetic spectrum between 300 and 300,000 

MHz.  Microwave pretreatment on green microalgae 

(Enteromorpha), power and time fixed at 656.92 W, 

5.10 min [86]. After microwave pretreatment, 

methane was increased from untreated sample at 188 

mL to 244 mL in the treated sample [86]. Within a 

pilot-scale facility for the processing of sewage sludge 

microwave pretreatment, it is recommended to 

enhance the organic matter solubilization and the 

methane production [82]. The researcher varied MW’s 

power and specific energy applied, and found that, at 

20,000 joules/g-TS and 700 watts, the OLR rose by 

43% and 39%, respectively [82]. After autoclave 

pretreatment of green algae at 120 °C, the degradation 

rate of biomass was increased to 95.99% [81]. 

Autoclave pretreatment was used on food waste at 160 °C 

and 6.2 bar, after 473 days in mesophilic reactors with 

a semi-continuous feeding method, reductions of 

ammonium and H2S concentrations were observed [83].  

According to a comparative analysis, the 

untreated water hyacinth with an F/M ratio of 2 

yielded the most methane on the 32nd day at 143 mL/g-

VS. Conversely, the hot air oven pretreated water 

hyacinth at an F/M ratio of 1.5 produced a higher 

methane yield of 193 mL/g-VS on the 14th day [27]. 

The water hyacinth that had been prepared with a hot 

air oven was found to produce more biogas in a very 

short amount of time [27]. To improve methane yield 

from wheat straw during AD, liquid hot water (LHW) 

pretreatment was set up at a range of temperatures 

(150–225 °C) and retention times (5–60 min) [84]. 

Approximately 27.69%–99.07% of the hemicellulose 

degradation was observed. Following LHW 

pretreatment at a temperature of 175 °C for a duration 

of 30 min, the methane yield rises to 62.9% when 

compared with untreated straw [84]. Hybrid 

Pennisetum was treated with a pretreatment involving 

LHW was carried out at 175 °C for 35 min, and the 

generation of CH4 experienced a 32.9% increase. The 

theoretical energy conversion efficiency was found to 

be 76.1%, while the process energy efficiency, after 

accounting for pretreatment heat recovery, is 

calculated to be 51.7% [85]. Hemicelluloses are 

polymers that can be hydrolyzed with ease and are 

sensitive to thermal pretreatment. They have a lower 

molecular weight than cellulose. These compounds 

connect lignin to cellulose fibers, providing greater 

rigidity to the plant matrix as a whole [78]. The 

conversion of hemicellulose was more significant than 

that of cellulose and protein under mesophilic 

conditions. Yet, during thermophilic digestion, 

hemicellulose was converted with a much lower 

efficiency than cellulose [87].  

 

5.3  Biological pretreatment 

 

Biological pretreatments alter the chemical and 

physical structure of biomass by interacting with 

microorganisms that generate enzymes that break 

down the lignocellulosic structure [88]. The key 

findings of various biological pretreatment strategies 

that were applied to different biomass substrates 

(Table 5). By implementing biological pretreatment, 

the effectiveness of AD can be increased, leading to 

higher methane production and a faster hydrolysis 

stage. In general, lignocellulose-degrading bacteria 

and fungi are used for AD. SPT2-1 bacteria can 

successfully grow in pH 5.0–8.5, with a preferred 

temperature of 60–70 °C. During batch testing, the 

introduction of these isolated bacteria to preheated 

sludge led to the solubilization of 25–30% of the 

volatile suspended solids (VSS), in contrast to the 

negligible solubilization observed without 

inoculation. Microbial consortium can reduce the 

amount of lignin and result in increased methane 
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production [89]. These isolated bacteria demonstrated 

the ability to secrete extracellular enzymes like 

proteases and amylases. In trials involving continuous 

flow, the sludge solubilization rate (VSS removal) was 

roughly 40% in both aerobic and microaerobic settings 

[90]. While aerobic conditions prevented the buildup 

of VFAs in treated sludge, microaerobic conditions 

resulted in a significant increase in their levels. Biogas 

production from the AD of sludge that was 

microaerobically pretreated was 1.5 times greater than 

that from untreated sludge [90]. As a strategy for 

pretreatment, thermophilic microbial consortia (MC1) 

were used to enhance the yields of biogas and methane 

production [91]. This study showed a considerable 

increase in sCOD concentrations during the initial 

phases of pretreatment. The MC1 hydrolysis revealed 

that the most abundant volatile organic compounds 

were ethanol, acetic acid, propionic acid, and butyric 

acid. Following the MC1 pretreatment, the biogas and 

methane production yields from lignocellulose in 

municipal solid waste (LMSW) observed a significant 

boost. Additionally, the treated LMSW produced more 

methane than the untreated sample [91].  

 

Table 5: Evaluation of biological pretreatment approaches for biomass processing. 

 

To increase methane generation via solid-state 

AD, yard clippings were treated with Ceriporiopsis 

subvermispora, a white-rot fungus that targets lignin 

[92]. The research focused on the effects of moisture 

content (45%–75%) on the degradation of 

holocellulose and lignin during the fungal 

pretreatment, as well as on methane production during 

digestion, comparing these outcomes to a control 

group (autoclaved without inoculation) and raw yard 

clippings [92]. At 60% MC, C. subvermispora 

degraded lignin at a rate of 20.9% but only 7.4% of 

cellulose and resulting in the highest methane output 

at 44.6 L/kg-VS. This was an increase of 106% over 

the raw yard clippings and 154% over the control 

group [92]. To enhance the biodegradability of rice 

straw and boost methane production via solid-state 

AD, Pleurotus ostreatus and Trichoderma reesei were 

utilized for fungal pretreatment [93]. The research 

assessed how different moisture contents and 

incubation periods influenced the degradation of 

lignin, cellulose, and hemicellulose, as well as 

methane output, compared to untreated rice straw [93]. 

The optimal results were observed with P. ostreatus at 

75% moisture content and a 20-day incubation, 

achieving a 33.4% reduction in lignin and a 

lignin/cellulose removal ratio of 4.2 [93]. Another 

study screened 63 selected fungal strains to pretreat 

wheat straw. Among this fungal collection, the 

Polyporus brumalis BRFM 985 strain produced 

higher methane yield up to 43% than the untreated 

straw [94]. It also turned out that adding glucose 

during the pretreatment reduced the amount of 

methane produced from the substrate by 

delignification [94]. Similarly, the use of microbial 

consortium BYND-9 on pretreated corn stover, 

notable increase in Methanosaeta activity, climbing 

from 2.0% to 10.1%. The community's capacity to 

retain acetic acid and reduce CO2 to produce methane. 

[95]. In comparison to the untreated stover, the 

methane output during the peak phase of pretreatment, 

maize stover treated with the microbial consortia 

BYND-9 was 62.85% [95].  

Various pretreatment methods, such as physical, 

chemical, and biological ones, have been suggested. 

An effective pretreatment aims to accomplish 

delignification, enhance sugar solubilization, and 

Methods Substrate  Key Observations Refs. 

Bacteria SPT2-1 Organic sludge The microaerobically prepared sludge resulted in a 1.5 

increase in biogas production. 

[90] 

Thermophilic microbial consortia 

(MC1) 

Lignocellulose of 

municipal solid waste  

After pretreatment, the amount of soluble substrates in the 

hydrolysate increased. 

[66] 

Ceriporiopsis subvermispora 
(White rot Fungus) 

Yard clippings Pretreatment with 60% moisture content produced the 
maximum methane output of 44.6 L/kg-VS  

[92] 

Pleurotus ostreatus and 

Trichoderma reesei 

Rice straw P. ostreatus pretreatment was the most effective, removing 

33.4% of the lignin while maintaining a high lignin 
selectivity. 

[93] 

Polyporus brumalis BRFM 985 

strain (White rot Fungus) 

Wheat straw 21% more methane yield was detected. Glucose addition 

reduces delignification. 

[94] 

Trichoderma longibrachiatum Rice husk A methane production of 438.1 mL/gVS, which was about 

2.0 times greater than the control. 

[95] 

Pleurotus ostreatus and 
Dichomitus squalens  

(White rot fungi)  

Corn silage Pretreatment with P. ostreatus for 10 days at 28 °C increased 
the methane yield 1.55 times. 

[96] 
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reduce the crystallization of cellulose in the 

lignocellulosic feedstock [95]. Rice husk, a 

lignocellulosic bedding material obtained from broiler 

farms, was pretreated with the fungus Trichoderma 

longibrachiatum to improve the solid-state AD [97]. A 

series of batch experiments were performed to analyze 

the effectiveness of fungal pretreatment, taking into 

account both the pretreatment duration and the carbon-

to-nitrogen (C/N) ratio. Under the optimal fungal 

pretreatment conditions assessed (C/N ratio of 18.9 

and pretreatment duration of 7 days), disruption of the 

rice husk’s outer layer structure was evident and a 

methane production of 438.1 mL/gVS was recorded, 

which was 2 times more than the control [97].  White 

rot fungi were used to treat corn silage to examine how 

pretreatment affected methane production [96]. 

 

6  Inhibitors in Anaerobic Digestion 

 

During AD, the inhibition and toxicity levels of 

various compounds can differ greatly. This variation is 

largely due to the intricate nature of the anaerobic 

digestion process and substrate, which involves 

mechanisms like antagonism, synergism, acclimation, 

and complexing that can affect inhibition phenomena. 

There are several inhibitors that function in the 

anaerobic digestion process.  

 

6.1  Ammonia inhibitor  

 

Ammonia arises from the biological degradation of 

nitrogen-rich materials, predominantly proteins and 

urea. The production of ammonia during the anaerobic 

breakdown of organic substrates can be estimated 

using a particular stoichiometric formula. There are 

multiple proposed mechanisms for ammonia 

inhibition, such as shifts in intracellular pH, an 

increase in energy maintenance needs, and the 

inhibition of certain enzymatic processes [19]. In 

water, inorganic ammonia nitrogen primarily exists in 

two forms: ammonium ions (NH4
+) and free ammonia 

(NH3). A proton imbalance and/or a lack of potassium 

may occur due to the passive entry of the hydrophobic 

ammonia molecule into the cell. Methanogens are the 

least resistant and most likely to stop growing because 

of ammonia inhibition among the four categories of 

anaerobic bacteria. The granular sludge's 

methanogenic community saw a 56.5% drop in 

activity as ammonia level rose from 4.1 to 5.7 gNH3/L, 

while the acidogenic populations were not impacted 

[19]. The ammonia inhibition can also be influenced 

by acclimation. Currently, methanogens are adapting 

to a diverse array of potentially harmful chemicals.  

Melbinger and Donnellon [98] explore how 

methanogens adapt to ammonia by subjecting them to 

progressively higher concentrations of Na+, Ca2+, and 

Mg2+ [99]. Gallert and Winter (1997) [100] found that 

free ammonia levels of 560–568 mg NH3/L led to a 

50% reduction in methanogenesis at a pH of 7.6 under 

thermophilic conditions. Additionally, research on 

cattle manure at thermophilic temperatures revealed 

that free ammonia concentrations exceeding 700 mg 

NH3/L resulted in suboptimal treatment performance 

at a pH range of 7.4–7.9 [101]. 

In the aqueous phase, equilibria are established 

among ammonium ions (NH4 (aq)+), free ammonia 

(NH3 (aq)) in solution, gaseous ammonia (NH3 (g)), 

hydrogen ions (H+), and hydroxyl ions (OH−). The 

ratio of [ammonium] to [ammonia] is dependent on 

pH. A pH measurement not only reflects the 

concentrations of hydrogen and hydroxyl ions but also 

influences the overall composition of total ammonia 

nitrogen (TAN). At lower pH values, ammonium and 

hydrogen ions are the predominant species, whereas at 

higher pH levels, ammonia and hydroxyl ions prevail. 

Despite the presence of various inhibitory species, the 

specific composition of each can be distinctly 

identified at a given TAN concentration and pH value. 

The inhibition caused by ammonia can be eliminated 

by reducing the pH and subsequently lowering the 

concentration of free ammonia. This indicates that, 

while the toxicity in the digester may be indirectly 

associated with the concentration of free ammonia, it 

is directly linked to the concentration of unionized 

volatile acids. The process of diluting high nitrogen 

content waste streams with water or low nitrogen 

materials (co-digestion) can effectively decrease the 

concentration of ammoniacal nitrogen produced 

during anaerobic digestion. These approaches are 

often utilized to enhance solids loading in municipal 

AD or to control organic loading in food waste AD, 

where adjustments to the feed mixture can be made by 

managing sludge imports from different origins [102]. 

 

6.2  Sulfide inhibition 

 

H2S, being able to pass through the cell membrane, is 

considered the toxic variant of sulfide. Once it 

penetrates the cytoplasm, H2S can exert inhibitory 

effects by disrupting various coenzyme sulfide 

connections, altering native proteins through the 

creation of sulfide and disulfide cross-links among 

polypeptide chains, and hindering the assimilatory 

metabolism of sulfur [103]. There is a notable lack of 
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clarity in the literature about the nature of sulfide 

toxicity and the impact of various sulfides on 

microorganisms. According to Tursman and Cork 

[104], because H2S may permeate into the cell 

membrane, it is the hazardous form of sulfide. Upon 

entering the cytoplasm, H2S can inhibit functions by 

disrupting various coenzyme sulfide linkages [103], 

causing denaturation of native proteins through sulfide 

and disulfide cross-linking of polypeptide chains 

[105], and hindering sulfur's assimilatory metabolism. 

This perspective is supported by Speece [106] 

research. The inhibition of all bacterial species by 

sulfide was found to correlate with unionized sulfide 

levels within a pH range of 6.8 to 7.2, as well as total 

sulfide concentrations exceeding a pH of 7.2.  Sulfide 

toxicity had less of an impact on fermentative 

microbes, which break down monomers into smaller 

compounds. There are multiple strategies available to 

facilitate the removal of dissolved sulfate. One option 

to address sulfide toxicity is to dilute the wastewater 

stream, although this is generally not preferred due to 

the consequent rise in the total volume of wastewater 

that needs treatment. An alternative is to add a sulfide 

removal phase to the overall process, which can 

effectively decrease sulfide concentrations in 

anaerobic treatment systems. Sulfide removal 

techniques include physicochemical approaches (like 

stripping), chemical methods (such as coagulation, 

oxidation, and precipitation), and biological processes 

(including partial oxidation to elemental sulfur) [107]. 

Sulfate is swiftly converted into toxic sulfide by 

sulfate-reducing bacteria (SRBs) through the 

dissimilatory sulfate reduction pathway in anaerobic 

environments, negatively impacting the AD process. 

In wastewater, sulfate is prevalent at concentrations 

between 20 to 200 mg/L in domestic settings and can 

be as high as 35 g/L in industrial wastewater from 

paper and pulp mills and chemical facilities [108].  

The sulfur content varies widely across different 

feedstocks, and those rich in sulfur can lead to sulfide 

accumulation in AD processes, as sulfate from the 

degradation of sulfur compounds like proteins is 

reduced to sulfide. Within anaerobic digesters, sulfide 

can exist in both dissolved (S2−, HS−, and H2Saq) and 

gaseous (H2Sg) forms, depending on environmental 

factors such as pH and temperature. 

The H2S concentration in biogas generally falls 

between 0.1% and 2% (v/v), influenced by the 

composition of the substrate. H2S is extremely 

corrosive and can inflict significant damage on the 

metallic components of biogas-handling systems 

[109]. Moreover, the distinct rotten egg smell of H2S, 

detectable at very low levels (<2 ppmv), can lead to 

hygiene and health concerns. For commercial 

applications, the H2S levels in biogas must be 

sufficiently low to comply with the standards for 

various uses [110]. Numerous ex situ and in situ 

technologies exist for sulfide removal to purify biogas. 

ex situ techniques have demonstrated effectiveness in 

extracting H2S from biogas and are commonly 

implemented in full-scale operations. However, they 

incur high installation and operational expenses due to 

the necessity for intricate multi-step processes [111]. 

in situ techniques, on the other hand, either eliminate 

or inhibit sulfide formation during anaerobic digestion 

in digesters, and they do not necessitate large, separate 

facilities for sulfide extraction. 

 

7  Conclusions  

 

In an era where energy sustainability is a critical 

concern, AD emerges as a promising method for 

converting biomass into biogas. Pretreatment 

techniques have shown potential to enhance the AD 

process by increasing methane production. This 

enhancement can be achieved either by maintaining 

methane yield with reduced hydraulic retention time 

or by significantly increasing methane yield under 

comparable conditions. The growing demand for 

environmentally friendly waste management has 

driven extensive research in AD technology. Its 

applications span diverse sectors, including 

wastewater treatment, agriculture, and food waste 

management. Despite substantial progress in 

understanding the science of anaerobic digestion and 

the development of numerous optimization strategies, 

critical knowledge gaps persist. These gaps are 

particularly evident in batch-type digesters, where the 

complex biological and chemical processes are not yet 

fully understood. Furthermore, the wide range of AD 

applications highlights the continuous need for 

efficiency improvements, cost reduction, and time 

optimization. Achieving an economically viable end 

product requires a comprehensive understanding of 

small-scale batch digester design, effective 

pretreatment methods, and precise control of operating 

conditions. 
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