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ABSTRACT: Anaerobic digestion is preferred to produce biogas from highly polluted 
organic wastes, which also has the potential for renewable energy. However, the slow 
degradation of complex organic compounds available in organic wastes poses difficulties 
in this process. Lower biogas yields and longer hydraulic retention times (HRT) are caused 
mainly due to the complex nature of the substrates. This work reports the progress and 
potential of applying enzymatic pretreatment to improve biogas production using 
anaerobic digestion systems. Enzymatic pretreatment is the process of breaking down 
complex organic molecules into simpler ones, which are more readily biodegradable 
compounds in hydrolysis steps utilising enzymes, such as cellulase, protease, and lipase. 
The efficiency of the enzymatic pretreatment is measured by the increase in biogas 
production. Although this field is relatively new, according to the literature from previous 
studies, enzymatic pretreatment significantly increases the biodegradability of organic 
wastes compared to untreated substrates, producing higher biogas yields in shorter HRTs. 
However, the improvement varies depending on the type of waste and the process 
parameters used. The enzymatic pretreatment of municipal sludge, pulp & paper sludge, 
and POME has been reported to improve biogas yield by 23.1, 26.0, and 52.17%, 
respectively. The HRTs of the above-mentioned anaerobic processes are recorded as 11 
days, 62 days, and 38 days, respectively. These results highlight the potential of enzymatic 
pretreatment to enhance biogas production in anaerobic digestion. By improving 
efficiency, this approach offers a more sustainable means for waste management and 
energy generation. There is huge potential for further research to explore the use of mixed 
enzyme combinations and optimal dosages to evaluate the scalability of enzymatic 
pretreatment for industrial applications. 

KEY WORDS:  Anaerobic Digestion, Enzymatic Pretreatment, Biogas Production, 
Multi-enzyme Cocktail 

1. INTRODUCTION 
Anaerobic digestion is a biological method used to treat wastewater in the absence of 

oxygen, with biogas production as a by-product. However, the process is often hindered by 
the slow degradation of complex organic matter, particularly in industrial wastewater, 
resulting in a lower biogas yield and an extended hydraulic retention time (HRT) [1]. Biogas 
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generation, a form of renewable energy, has gained global attention for its dual benefit in 
energy security and waste management [2]. Wastewater, rich in organic compounds, offers 
a viable substrate for biogas production. However, the efficiency of anaerobic digestion is 
contingent on the effective breakdown of these complex compounds to enhance methane 
yield [3]. The efficiency and speed of anaerobic digestion largely depend on the 
pretreatment process.  

Biogas generation has received a lot of interest as a renewable energy source because 
of its potential to improve both energy security and environmental sustainability [4]. 
Wastewater, which contains a significant amount of organic matter, provides an ideal 
feedstock for biogas production [5]. However, the efficiency of anaerobic digestion, and 
thus biogas yield, is strongly dependent on the breakdown of complex organic molecules in 
wastewater into simpler forms that are accessible to methanogenic microbial populations 
[6]. 

One of the most difficult issues in anaerobic digestion is the partial degradation of 
complex substrates such as cellulose, hemicellulose, and lignin, which make up a large 
portion of the organic matter [6]. To improve the biodegradability of such substances, 
pretreatment methods such as chemical, thermal, and mechanical treatments are used [7]. 
Enzymatic pretreatment has emerged as a viable method for increasing biogas yield by 
promoting the hydrolysis of complex organic [8]. Enzymes such as cellulases, lipases, and 
proteases catalyse the breakdown of larger molecules into smaller substrates, increasing 
their accessibility to anaerobic microbes [9]. 

1.1 Enzymatic Pretreatment for Biogas Production 
Biogas, composed primarily of methane (CH₄) and carbon dioxide (CO₂), is produced 

through the anaerobic digestion of organic matter by microorganisms in the absence of 
oxygen [4]. The process involves four stages: hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis, where complex organic compounds are broken down into simpler 
molecules and ultimately converted into biogas [10]. The efficiency of biogas production is 
influenced by the biodegradability of the substrate and operational conditions [11]. 

Enzymatic pretreatment can enhance the biodegradability of organic waste by breaking 
down complex compounds and thereby improving the efficiency of the anaerobic digestion 
process [12]. By facilitating the breakdown of lignocellulosic materials and other 
recalcitrant compounds, enzymatic pretreatment helps to increase biogas yields and reduce 
the hydraulic retention time (HRT) required for effective digestion. 

1.2 Challenges in Biogas Production from Wastewater 
Industrial wastewater, such as palm oil mill effluent (POME), municipal wastewater, 

and pulp and paper sludge, contains a substantial proportion of lignocellulosic materials, 
lipids, and proteins that pose challenges for biodegradation. Lignin, which is a critical 
component in lignocellulosic biomass, acts as a physical barrier preventing microbial access 
to cellulose and hemicellulose [13]. The crystalline structure of cellulose further 
complicates the hydrolysis process. Similarly, lipid-rich wastes form a complex matrix that 
inhibits microbial activity, which requires long HRTs for efficient breakdown [14]. Without 
adequate pretreatment, the anaerobic digestion of such wastewater results in suboptimal 
biogas yields and lengthy digestion periods, which significantly affect process viability [15]. 
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Enzymatic pretreatment offers a solution by improving the hydrolysis phase of 
anaerobic digestion, which is often the rate-limiting step in biogas production [16]. Studies 
show that enzymes such as cellulases, proteases, and lipases can significantly reduce the 
time required for hydrolysis by breaking down complex molecules into simpler, more 
biodegradable substrates [17]. This increases the availability of soluble sugars, peptides, and 
fatty acids, which are more readily utilised by methanogens, thus improving biogas yield 
and reducing HRTs [18]. Without adequate pretreatment, wastewater digestion can result in 
long retention times, inefficient biogas production, and high organic load in the effluent, 
making the process economically and environmentally less feasible. 

In the Malaysian context, where palm oil production generates vast amounts of Palm 
Oil Mill Effluent (POME), the challenge is especially evident. Despite government support 
through Feed-in Tariff (FiT) schemes, tax incentives, and the Green Technology Financing 
Scheme (GTFS), biogas adoption has been limited - only 92 out of 450 palm oil mills had 
biogas facilities by 2016, largely due to logistical issues in remote areas and the absence of 
mandatory biogas capture regulations [19]. 

1.3 Benefits of Enzymatic Pretreatment 
Enzymatic pretreatment has been proven effective across various types of wastewaters. 

For instance, the enzymatic treatment of municipal sludge has been reported to improve 
biogas yield by 23.1%, while pulp and paper sludge saw an improvement of 26%, and 
POME yielded a remarkable increase of 52.17% [20]. These improvements are 
accompanied by reduced HRTs - 11 days for municipal sludge, 62 days for pulp and paper 
sludge, and 38 days for POME - compared to untreated controls [21]. These results highlight 
the importance of optimising the enzymatic process by selecting the right enzyme cocktail 
and adjusting parameters such as pH, temperature, and enzyme dosage to maximise 
efficiency and economic feasibility [22]. 

Moreover, the environmental benefits of enhancing biogas production through 
enzymatic pretreatment are significant. It supports the goal of reducing greenhouse gas 
emissions by providing a more sustainable and efficient method for managing organic waste 
while promoting the use of renewable energy [23]. Future research should focus on 
optimising enzyme combinations, scaling up applications for industrial systems, and 
reducing the cost of enzymes to make this approach more economically viable [24]. 

2. METHODS 
This paper is based on secondary data and peer-reviewed publications. No primary 

experiments or tests were conducted for the data collection. Rather, secondary data and 
journal sources were used to assess the potential of pretreatment to enhance biogas 
production. A structured literature review approach was adopted to ensure the reliability and 
relevance of the findings. Academic databases, including Scopus, Web of Science, and 
Google Scholar, were systematically searched using targeted keywords such as “enzymatic 
pretreatment,” “biogas production,” “anaerobic digestion,” and “organic wastewater.” 
Inclusion criteria focused on studies that provided quantitative data on biogas or methane 
yield improvement following enzymatic pretreatment. As shown in Fig. 1, the methodology 
flowchart illustrates the steps involved in writing this paper. 
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Fig. 1: Methodology flowchart 

2.1 Pretreatment Method 
Pretreatment of organic substrates is required to overcome the challenges provided by 

complex substances such as lignin, cellulose, and lipids, thereby making the substrates more 
digestible to microorganisms [25]. Several pretreatment methods have been developed to 
improve biogas production, including physical, chemical, thermal, and biological methods. 
Physical pretreatment, such as grinding or milling, lowers the particle size and increases the 
surface area available for microbial attack [26]. Chemical procedures involve the use of 
acids, alkalis, or oxidising agents to degrade lignin and dissolve hemicellulose and cellulose 
[27]. Thermal pretreatment is the process of heating the substrate to a high temperature, 
causing cell walls to break down and making organic content more accessible [28]. 
Biological pretreatment, especially enzymatic pretreatment, has gained a lot of attention 
because it is more eco-friendly, precise, and requires less energy compared to chemical or 
heat treatments [29]. Enzymatic pretreatment uses enzymes to selectively break down 
complex polymers, making the organic matter more easily degradable during anaerobic 
digestion and increasing the biogas generation and process efficiency [30]. 

2.2 Advantages and Challenges of Enzymatic Pretreatment 
Enzymatic pretreatment offers several advantages over other pretreatment methods, 

such as chemical or thermal processes. Enzymes are highly specific, meaning they target 
bonds within organic compounds, resulting in efficient hydrolysis without producing 
harmful by-products. This makes enzymatic pretreatment environmentally friendly, as it 
does not require harsh chemicals or high energy inputs [31]. Moreover, enzymes work under 
mild conditions, such as moderate temperatures and neutral pH, which aligns well with the 
conditions within anaerobic digesters [9, 32]. However, enzymatic pretreatment also 
presents challenges, particularly in terms of cost and scalability [33]. The production of 
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enzymes can be expensive, and large amounts of enzymes may be required for industrial-
scale operations [34]. Additionally, enzymes are often substrate-specific, meaning that 
different enzymes or enzyme blends are required for different types of waste [35]. This 
specificity can make the pretreatment process more complex to implement in a full-scale 
biogas plant. Overcoming these challenges, such as through the development of more cost-
effective enzyme production techniques or the use of enzyme recovery systems, is crucial 
for the widespread adoption of enzymatic pretreatment in the biogas industry [36]. 

Hydraulic retention time (HRT) is the average time the substrate spends in the digester 
for microbial breakdown and biogas production [37]. Shorter HRTs can result in incomplete 
substrate degradation, reducing biogas outputs, whereas longer HRTs allow microorganisms 
to digest complex organic matter completely [38]. Optimising HRT during enzymatic 
pretreatment is important because it improves substrate digestibility, allowing for a possibly 
shorter HRT without losing biogas output [39]. However, balancing HRT is critical, since 
excessively lengthy retention times can lower process efficiency and increase operating 
costs [40]. 

The presence of inhibitors can significantly reduce the effectiveness of anaerobic 
digestion by decreasing microbial activity required for methane production [41]. Ammonia, 
sulphides, volatile fatty acids (VFAs), heavy metals, and long-chain fatty acids (LCFAs) are 
some common inhibitors that can accumulate during digestion or be found in the substrate 
[42]. For example, high ammonia concentrations suppress methanogenic archaea, whereas 
sulphides, which are frequently formed from sulphur-containing substances, might disturb 
microbial activities [43]. Phenolic compounds can also act as strong inhibitors during 
enzymatic pretreatment [44]. 

 

3. RESULTS AND DISCUSSION 
Not much information is available in the published materials on the use of enzymes to 

improve the biogas yield in anaerobic digestion of highly polluted wastewater. This section 
critically analyses and summarises the results obtained in the past research works published 
in the journals. Enzymatic pretreatment improves biogas production over a wide range of 
substrates, as shown in Table 1.  

 
The enzymes’ capacity to break down complex organic substances such as lignin, 

cellulose, hemicellulose, and lipids into more digestible forms for anaerobic 
microorganisms, leading to an increase in methane yield. The different types of 
improvement among substrates show the importance of substrate composition, enzyme 
selectivity, and the type of enzymatic action [30]. Pretreatment of POME with xylanase 
resulted in a 160% increase in methane (CH₄) production compared to untreated controls 
[45]. This substantial increase can be due to xylanase's ability to convert hemicellulose, a 
major component of the lignocellulosic biomass contained in POME, into xylose. The 
xylose generated during enzymatic hydrolysis is more easily metabolised by the microbial 
community responsible for biogas production in anaerobic digestion. In contrast, fleshing, 
a by-product of the leather industry, showed a modest 15% increase [46]. Although rich in 
lipids, fleshing is more recalcitrant and may contain inhibitory substances such as salts and 
heavy metals. Lipase helps by converting triglycerides into fatty acids and glycerol, but the 
limited accessibility and possible inhibition may reduce the overall methane enhancement. 
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Table 1: Enzymatic pretreatment results on different substrates 
Substrate Enzyme Results Ref. 

POME Xylanase 
CH4 production increased by 160% 

compared to the control 
 

[45] 
 

Fleshing Lipase Biogas production increased by 15% 
 

[46] 
 

Willow Laccase 33% biogas yield improvement 
 

[47] 
 

Manure Laccase Methane yield improvement by 19.8 m3 
 

[49] 
 

Corn stover Blend of cellulase Methane production increased by 111% 
 

[48] 
 

Sugar beet pulp and 
spent hops 

Celustar XL and 
Agropect pomace 

Biogas yield increased by 19% and 13% 
 

[50] 
 

Pulp and paper bio-
sludge Protease Biogas yield increased by 26% [51] 

Waste-activated sludge Mix of amylase, protease, 
cellulase, lipase Biogas yield increased by 34% [52] 

Sewage sludge Isolated protease and 
bacteria 

Biogas volume increased by 3.65 and 5.77 
times, respectively [53] 

 
Substrates rich in lignocellulosic biomass, such as willow and corn stover, also 

benefited from pretreatment. Willow showed a 33% increase with laccase [47] likely due to 
lignin removal that exposed cellulose and hemicellulose for digestion. Corn stover, on the 
other hand, responded with a 111% increase [48] using a cellulase blend, which highlights 
its high cellulose content and the effectiveness of enzymatic hydrolysis in unlocking 
fermentable sugars. These results underscore the importance of substrate-enzyme 
compatibility. 

Manure, although relatively less fibrous, showed a measurable increase (19.8 ± 0.4 m³ 
methane) with laccase [49]. The improvement suggests the presence of partial lignin, which 
inhibits degradation; laccase helps to alleviate this effect. Similarly, sugar beet pulp and 
spent hops, both agro-industrial residues, showed moderate improvements (19% and 13%) 
with enzymes targeting pectin and cellulose [50]. These modest gains suggest partial 
accessibility of biodegradable components even before pretreatment. 

Protease treatment of pulp and paper bio-sludge resulted in a 26% increase in biogas 
yield [51]. The protease likely helps in breaking down proteins into amino acids, making 
them more accessible for anaerobic microorganisms. The complex protein structure of pulp 
and paper bio-sludge may have initially hindered microbial activity, but the enzymatic 
treatment improved biodegradability. Similarly, waste-activated sludge, treated with a 
combination of amylase, protease, cellulase, and lipase, saw a 34% increase in biogas yield 
[52]. The use of multiple enzymes enhances the breakdown of various organic components, 
improving overall substrate digestibility. 

Fig. 2 shows the increase in biogas production after enzymatic pretreatment on different 
substrates. Jose tall wheatgrass, treated with cellulase and hemicellulase, saw a 31% 
increase in biogas production, highlighting the effectiveness of these enzymes. Algae: 
Spirulina platensis, with cellulase and cellobiose, showed a 24.8% increase. While effective, 
the increase was lower than that of wheatgrass. Switchgrass had the highest increase at 39%, 
suggesting that its high cellulose content makes it highly responsive to enzymes. Microalgae 
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treated with cellulase showed only an 8% increase, indicating limited biogas yield from this 
substrate. However, when microalgae were treated with a mix of cellulase, xylanase, and 
glucohydrolase, the increase rose to 15%, showing the benefit of using a combination of 
enzymes. 

 

 
Fig. 2: Increase in Biogas Production by Enzymatic Pretreatment on Various Substrates 

[58, 59, 60] 
 
To further enhance biogas yield, the use of enzyme blends, such as combining cellulase 

and xylanase, has proven effective, especially for substrates with mixed polymeric 
structures. Optimising parameters such as enzyme dosage, contact time, temperature, and 
pH is critical to ensure efficient pretreatment without incurring excessive costs. 

However, while enzymatic pretreatment offers significant advantages, scalability and 
cost remain major challenges. Industrial enzymes can be expensive, and their application on 
a commercial scale often requires large volumes and precise conditions [54]. Strategies such 
as the development of recombinant microorganisms for on-site enzyme production, enzyme 
immobilisation and recovery, and the use of crude enzyme extracts from low-cost sources 
are being explored to reduce operational costs [55, 56]. 

From an environmental perspective, enzymatic pretreatment supports sustainable waste 
management. Enhanced methane yields reduce the volume of residual waste and increase 
energy recovery, which can substitute fossil fuels and help lower greenhouse gas emissions. 
Moreover, improved conversion reduces the organic load in digestate, making it safer for 
land application and contributing to circular economy goals in wastewater and agricultural 
waste management [57]. 
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4. CONCLUSIONS 
Enzymatic pretreatment is a promising approach to enhance biogas yields from various 

organic waste substrates by improving the breakdown of complex compounds such as 
lignin, cellulose, and lipids. Process specificity, low energy requirements, and compatibility 
with anaerobic digestion make enzymatic pretreatment an attractive option for sustainable 
energy recovery and wastewater treatment. However, its widespread implementation 
remains limited due to the high cost of enzymes and challenges related to scalability. To 
address these limitations, future research should focus on developing cost-effective enzyme 
production methods, including recombinant enzyme expression, on-site enzyme generation 
using microbial cultures, and the use of crude or waste-derived enzyme sources. 
Additionally, pilot-scale studies are essential to validate laboratory findings under real-
world conditions and assess operational feasibility. Addressing these research gaps will be 
critical to advancing enzymatic pretreatment as a practical and economically viable strategy 
in biogas production and environmental management. 
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