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INTRODUCTION

Malaysia and Indonesia are recognised as the 
main palm oil producers in the world, supplying 
nearly 85.0% of the global palm oil production  

(Kristanti et al., 2021), followed by Thailand, which 
contributes 4.0% of the global palm oil production 
(Iskandar et al., 2018). This extensive amount 
of palm oil production meets rising worldwide 
demand, representing around 33.0% of the global 
fats and oils (Tan & Lim, 2019). The palm oil 
industry also contributes to the global economy due 
to its extensive application in different sectors, such 
as biofuels, agrifood and personal care products. 
While the palm oil industry has been a key driver 
of economic growth, its rapid development has also 
contributed to large-scale deforestation and habitat 
loss, which has increased greenhouse gas (GHG) 
emissions and freshwater source pollution. 
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ABSTRACT
Palm oil mill effluent (POME) is a high-strength wastewater which is rich in nutrients, organic matter 
and suspended solids. Discharging POME without adequate treatment into the environment can cause 
undesirable hazards to both humans and the environment. Conventional treatment methods, such as 
ponding systems and anaerobic digestion, are widely applied but face several limitations in managing 
POME, including inconsistent removal efficiency, extended treatment duration, extensive land use and 
unfavourable weather conditions. In contrast, fungal-based treatment systems are gaining interest due 
to the ability of the fungi to produce a wide range of extracellular enzymes, degrade complex organic 
or recalcitrant pollutants and possess remarkable adaptability to harsh environmental conditions. 
This review highlights the advantages of the fungal-based treatment systems over conventional 
treatment methods. It also focuses on the potential of diverse fungal strains as emerging pollution 
control for POME treatment, as well as in understanding fungal pollutant removal mechanisms 
and operational factors that influence fungal-based treatment performance. Finally, the review 
identifies the implementation challenges and future research directions, providing a comprehensive 
perspective on fungal-based POME treatment as a sustainable and scalable technology for pollution  
control.
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From 2000 to 2020, the global oil palm 
plantations expanded by more than 18 million 
hectares, primarily in Southeast Asia (Yu et al., 2024). 
This expansion required extensive deforestation, 
accounting for approximately 1.4% of the global 
net carbon emissions. A significant contributor to 
this environmental challenge lies in the handling 
of POME, a high-strength wastewater produced  
during the palm oil extraction process (Khatiwada  
et al., 2021; Meijaard et al., 2020; Ratnasari et al., 
2022). The production of every tonne of crude 
palm oil yields up to 3.75 t of POME, which can 
cause severe water pollution if not adequately 
treated (Arisht et al., 2020). The palm oil industry 
has responded to this problem by commonly 
implementing conventional treatment systems (Pauzi 
et al., 2023). However, these systems are associated 
with several limitations, including inconsistent 
removal efficiency, extended retention times,  
extensive land use and unfavourable weather 
conditions.

In response to environmental concerns, 
numerous approaches have recently been 
conducted on various methods to address the 
limitations of conventional treatment systems. 
Among other treatment methods, fungal-based 
treatment has gained significant recognition as 
a valuable approach in POME management due  
to its remarkable biodegradation capabilities 
(Akerman & Rojas, 2021; Latif et al., 2023; Legorreta 
et al., 2020; Marycz et al., 2022; Tamjidi et al.,  
2023). The application of fungi is an effective 
solution for treating diverse wastewater types 
due to their unique metabolic and enzymatic  
abilities, which allow them to produce extracellular 
enzymes that efficiently degrade complex organic 
pollutants (Ghosh et al., 2023; Naeem et al., 
2022; Singh et al., 2021). Additionally, fungi 
exhibit an exceptional versatility in utilising 
different substrates, enabling the degradation of 
various recalcitrant pollutants (Aiduang et al., 
2022; Langton et al., 2022). Fungi also possess a 
remarkable adaptability to harsh environmental 
conditions (Branco et al., 2022; Krah et al., 2022). 
These superior resistances and adaptations enable 
them to thrive in extreme environments compared 
to other microorganisms (Priyadarshini et al.,  
2021; Rahman, 2020). 

Despite growing interest in fungal-based POME 
treatment, significant gaps remain in systematically 
evaluating the performance of diverse fungal 
strains. There is also a limited understanding 
of fungal pollutant removal mechanisms and 
operational factors that influence fungal activity. 
To address these gaps, this review has three key 
objectives: (i) To systematically assess the potential 
and pollutant removal efficiency of various fungal 
strains in POME treatment, (ii) to understand 
the pollutant removal mechanism using fungal-

based POME treatment, and (iii) to evaluate the 
implementation challenges, scalability, and future 
opportunities for fungal-based POME treatment. 
Therefore, by clarifying the objectives of this study, 
this review presents a focused framework for using 
fungi as a sustainable alternative to conventional 
POME treatment.

CHARACTERISTICS OF PALM OIL MILL 
EFFLUENT

POME is a viscous and brownish liquid containing 
approximately more than 95.0% water, 2.0%–4.0% 
fine cellulose debris, and 0.6%–0.7% oils (Azmi & 
Yunos, 2014; Mohammed & Chong, 2014). It also 
exhibits high concentrations of total suspended 
solids (TSS), acidity, oil and grease (O&G), biological 
oxygen demand (BOD), chemical oxygen demand 
(COD), ammoniacal nitrogen (NH3-N), and total 
nitrogen (TN). The pH of raw POME typically ranges 
between 3.4 and 5.2, while its temperature can 
reach up to 90°C. Consequently, discharging POME 
into natural waterways without proper treatment 
severely impacts the aquatic ecosystem by reducing 
water transparency and inhibiting photosynthesis, 
leading to oxygen depletion, eutrophication and 
the contamination of freshwater sources, while also 
posing serious human health risks like irritation, 
poisoning, genetic mutations and cancer. Therefore, 
to mitigate these environmental risks, regulatory 
authorities have established effluent discharge 
standards for POME. 

In Malaysia, the Department of Environment 
(DOE) enforces these standards in accordance 
with the Environmental Quality (Prescribed 
Premises Crude Palm Oil) Regulations 1977 
under the Environmental Quality Act (EQA) 1974. 
Specifically, these standards set the maximum 
allowable concentrations for parameters like 
COD, BOD, TSS, NH3-N, O&G and TN that must 
be met before treated effluent can be discharged 
into natural waterways. Comparable regulatory 
frameworks also exist globally among other palm 
oil producing countries. Indonesia, the largest 
producer of palm oil in the world, enforces effluent 
standards under the Regulation of the Ministry 
of Environment of the Republic of Indonesia 
No. 5/2014, which also sets the maximum limits 
for pollutants like BOD, COD, TSS, oil and fat 
(O&F) and TN (Putra et al., 2024). The general 
characteristics of raw POME, the average value of 
raw POME and its respective standard discharge 
limit set by Malaysia and Indonesia are shown  
in Table 1. 

Moving beyond the national regulations, 
the Roundtable on Sustainable Palm Oil 
(RSPO) was established in 2004 to promote the 
sustainable production of palm oil through the 
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development of global standards and stakeholder  
engagement (Iskandar et al., 2018). It is a set 
of strict environmental and social criteria that 
requires mill companies to meet specific effluent 
treatment benchmarks to get RSPO certification, 
encouraging sustainable wastewater management. 
This also aligns with the international environmental 
standards, which not only mitigate the ecological 
footprint of POME but also directly influence market 
competitiveness, as global buyers increasingly 
demand for RSPO certification (Dermoredjo et al., 
2025). Even without local palm oil production, the 
European Union (EU) uses indirect influence on 
exporting countries through stringent environmental 
directives such as the Water Framework Directive 
(2000/60/EC) and the Industrial Emissions Directive 
(2010/75/EU) (Brandstätter et al., 2025). 

Thus, by considering POME management 
within the national and international regulations, 
it emphasises the critical demand for more 
innovative, efficient, and sustainable POME 
treatment strategies. Since conventional methods 
often struggle to achieve these essential goals, 
these limitations highlight the growing relevance 
of alternative treatments, particularly fungal-based 
treatments.

CONVENTIONAL POME TREATMENTS 

Ponding Systems

Conventional POME treatment approaches, 
such as ponding systems and anaerobic digestion, 
demonstrate the ability to reduce organic 
pollutants while maintaining cost-effectiveness 
(Lok et al., 2020). Ponding systems rely on the 
natural decomposition process for reducing 
organic pollutants, offering a reasonable degree 

of treatment capabilities at minimal energy 
consumption, low initial investment and limited 
technical expertise requirements. These features 
make ponding systems an attractive option for 
mills operating in resource-limited settings. 

Despite these benefits, ponding systems are 
progressively being considered outdated and 
unsustainable for modern industrial requirements 
(Kim, 2021). The pollutant removal efficiency 
remains a significant limitation. BOD removal 
can reach 90% under ideal conditions, while 
COD reduction usually ranges between 50%–70% 
(Jumadi et al., 2020; Lokman et al., 2021; Yunus  
et al., 2015). Additionally, oil and grease removal 
is inconsistent, frequently failing to meet stringent 
discharge standards. Moreover, they necessitate 
extensive land use, occasionally exceeding 1–2 ha 
per mill, depending on the production capacity. 
Between 2000 and 2020, the global area of oil palm 
plantations expanded at an average of 0.92 million 
hectares per year (Soo et al., 2022; Yu et al., 2024). 
The treatment durations can also be as long as 
60–90 days before effluent discharge (Mohammad 
et al., 2021; Sabiani et al., 2023). Unfortunately, 
extended retention times can lead to the production 
of greenhouse gases that substantially contribute 
to climate change. These limitations highlight the 
critical need for an environmental sustainability 
alternative or complementary treatment strategies 
that can achieve higher efficiency. 

Anaerobic Digestion

Anaerobic digestion in digester tanks has been 
recommended as a better alternative to the ponding 
systems. Compared with the ponding systems, this 
method is preferable as it produces more stable 
effluent discharge, effectively reduces pollutants 
and simultaneously generates biogas, which can 

TABLE 1. TYPICAL CHARACTERISTICS FOR POME AND ITS DISCHARGE LIMIT IN MALAYSIA AND INDONESIA

Parametersa Concentration range of 
POMEb

Average value of raw 
POMEc

Malaysia discharge 
limitsd

Indonesia discharge 
limitse

COD 15,000–100,000 51,000 1,000 350

BOD 10,250–43,750 25,000 100 100

TSS 5,000–54,000 18,000 400 250

NH3-N 4–80 35 150 -

O&G 130–18,000 6,000 50 -

O&F - - - 25

TN 180–1,400 750 200 50

Temperature 80°C–90°C 24.8°C 45°C -

pH 3.0–5.2 4.2 5.0–9.0 6.0–9.0

Note:	 COD - chemical oxygen demand; BOD - biological oxygen demand; TSS - total suspended solids; NH3-N - ammoniacal nitrogen; 
O&G - oil and grease; TN - total nitrogen; POME - palm oil mill effluent. a - All values, except pH and temperature, were 
expressed in mg/L; b Rajani et al. (2019); c Kamyab et al. (2018); d - Environmental Quality (Prescribed Premises Crude Palm Oil) 
Regulations 1977; e - Regulation of the Minister of Environment of the Republic of Indonesia No. 5/2014
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be used as a renewable energy source (Chan et al., 
2012; Yunus et al., 2015). Anaerobic digestion is 
also widely considered to be an environmentally 
friendly and cost-effective method (Chin et al., 2013;  
Soo et al., 2022). 

Despite its advantages, anaerobic digestion 
exhibits several key inefficiencies in POME treatment. 
The process typically achieves 80%–95% BOD 
removal but only 50%–70% COD removal, which 
is insufficient to meet regulatory discharge limits 
that often require over 90% of removal efficiency 
(Ramón et al., 2024). Similarly, O&G removal is 
frequently inconsistent, with residual concentrations 
that necessitate additional treatment to meet the 
permissible limit of < 50 mg/L (Muhammad et al., 
2023; Soo et al., 2022). The hydraulic retention time 
(HRT) is also relatively long, with a typical treatment 
time of 20–30 days, which restricts throughput and 
increases land requirements (Lokman et al., 2021; 
Murti et al., 2024; Zainal et al., 2022). Cumulatively, 
these limitations demonstrate that although 
anaerobic digestion is relatively better than ponding 
systems, it cannot consistently achieve the high 
pollutant removal efficiency or short treatment 
durations. This highlights the need to integrate 
existing treatment with complementary treatment 
processes, including alternative or additional steps 
such as fungal-based systems, to meet compliance 
standards and enhance environmental sustainability.

POLLUTANT REMOVAL MECHANISM USING 
FUNGAL-BASED TREATMENT

The pollutant removal mechanism using fungal-
based treatment involves a combination of 
biosorption, enzymatic biodegradation and 
intracellular metabolism that convert or transform 
complex pollutants into more manageable  
substances and less harmful products. These 
mechanisms are fundamental to the overall 
effectiveness of POME treatment using fungi, 
as they integrate physical adsorption and 
biochemical conversion within the fungal system. 
Figure 1 illustrates these mechanisms, showing 

the adsorption of pollutants onto the fungal 
cell, extracellular degradation and subsequent 
intracellular degradation.

Biosorption represents the initial phase of 
fungal pollutant removal, where fungi act as 
efficient biosorbents due to their cell wall are highly 
composed of polysaccharides and proteins. These 
cell wall components also comprise a large variety 
of functional groups such as carboxyl, hydroxyl, 
amine and phosphate. Functionally, these groups 
facilitate fungal interactions with pollutants through 
mechanisms such as ion exchange, electrostatic 
interaction, microprecipitation and complex 
formation (Sadhasivam et al., 2009). Fungal species 
such as Aspergillus niger, Penicillium chrysogenum 
and Rhizopus arrhizus have demonstrated strong 
biosorption capacities in wastewater treatment, 
effectively adsorbing and removing diverse organic 
and inorganic pollutants (Mohammed et al., 2024). 
For organic pollutants, biosorption helps concentrate 
the compounds near the fungal hyphae, which 
allows extracellular enzymes to access and degrade 
them more effectively. In the case of inorganic 
pollutants, including heavy metals such as lead, 
cadmium, copper, chromium and nickel, biosorption 
occurs via either surface attachment or intracellular 
accumulation, in which metal ions are immobilised 
or stored within fungal cells. Overall, this adsorption 
process acts as an essential preliminary step that 
enhances subsequent enzymatic degradation and 
supports the overall pollutant removal process.

After biosorption, extracellular enzymatic 
degradation becomes a key mechanism for pollutant 
removal using fungal-based treatment, breaking 
large molecules into smaller intermediates. The 
interaction begins with substrate recognition and 
attachment between fungi and pollutants, in which 
hyphal structures serve as dynamic explorers, 
allowing physical contact with pollutant surfaces 
and initiating the degradation process (El-Gendi  
et al., 2021; Steffan et al., 2020). This stage not 
only serves as a passive physical process but also 
allows fungi to anchor onto substrate surfaces, 
facilitating the release of enzymes directly onto 
the substrates. The continuous growth of hyphae 

Figure 1. Schematic diagram of pollutant removal mechanism using fungi.
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further increases the surface area in contact with the 
pollutants and creates a stable environment that 
enhances the overall efficiency of the degradation 
process (Steffan et al., 2020). Once the attachment 
occurs, the fungi persistently secrete a diverse 
set of extracellular enzymes directly onto the 
pollutants, maximising the degradation efficiency 
and this ongoing enzymatic activity enables 
fungi to effectively degrade various types of 
pollutants, ranging from complex organic matter 
to more recalcitrant substances (Marycz et al., 2022;  
Okal et al., 2023). 

From a taxonomic perspective, fungi are 
primarily classified as Ascomycota, Basidiomycota 
and Zygomycota. Members of the Ascomycota, 
such as Aspergillus sp. and Penicillium sp., are 
characterised by their ability to produce hydrolytic 
enzymes, including cellulases, hemicellulases and 
lipases, which degrade cellulose, hemicellulose and 
triglycerides (Wong et al., 2021). Basidiomycota, 
such as Phanerochaete chrysosporium and Trametes 
versicolor, are efficient lignin degraders that 
secrete ligninolytic enzymes, including laccases 
(Lac), lignin peroxidases (LiP) and manganese 
peroxidases (MnP), which can break down 
phenolics and aromatic compounds (Tauro et al., 
2021). Zygomycota, represented by genera such 
as Rhizopus and Mucor, play a key role in lipid and 
protein degradation through the activity of lipases 
and proteases, facilitating the hydrolysis of fats and 
nitrogenous compounds (Pfendler et al., 2019). 

Beyond this extracellular stage, the metabolic 
process inside fungal cells also represents a 
fundamental part of the pollutant removal 
mechanism in the fungal-based treatment. Once 
the pollutants are converted into smaller or more 
bioavailable substrates, these products are taken up 
by the fungal cell for further metabolism through 
intracellular pathways (Fenner et al., 2021; Orhan, 
2024). For instance, species like Aspergillus sp. and 
Penicillium sp. produce a complete suite of cellulases, 
comprising endoglucanases, cellobiohydrolases and 
β-glucosidases, which act synergistically to drive 
the hydrolysis of cellulose into glucose monomers 
(Panchapakesan & Shankar, 2016). These cellulase 
systems perform specific functions, such as 
endoglucanases initiate internal cleavage of cellulose 
chains, cellobiohydrolases release cellobiose units 
from the chain ends and β-glucosidases hydrolyse 
these disaccharides into glucose monomers 
(Baldrian & Valášková, 2008). The resulting glucose 
is absorbed into the fungal cells and metabolised 
through glycolysis to form pyruvate, which is 
subsequently converted to acetyl-CoA. Then 
acetyl-CoA enters the tricarboxylic acid (TCA) 
cycle and oxidative phosphorylation, generating 
adenosine triphosphate (ATP) as the primary energy 
source. Similarly, lipases catalyse the hydrolysis 
of triglycerides into glycerol and fatty acids. The 

glycerol is metabolised through the glycolytic 
pathway, while fatty acids are transported into 
mitochondria and undergo β-oxidation, yielding 
successive two-carbon acetyl-CoA units that feed 
into the TCA cycle (Gupta & Gupta, 2021). This 
integrated metabolism provides energy in the form 
of ATP, sustaining fungal growth and enzymatic 
activity during pollutant degradation process.

Besides, white-rot fungi, such as P. chrysosporium 
and T. versicolor, produce a suite of ligninolytic 
enzymes (Lac, LiP and MnP) that catalyse the 
oxidative reactions to degrade recalcitrant organic 
compounds like lignin, phenolics and synthetic 
dyes (Konan et al., 2024; Mohammed et al., 2024). 
Lac oxidises phenolic compounds and, with the 
help of small-molecule mediators, can also oxidise 
non-phenolic compounds, generating highly 
reactive free radicals. LiP is a high redox potential 
enzyme, which is crucial for oxidising both phenolic 
and nonphenolic structures through mechanisms 
such as demethoxylation, hydroxylation and 
aromatic ring cleavage, while MnP catalyses 
the oxidation of Mn²⁺ to Mn³⁺, which forms a 
chelated complex acting as a powerful diffusible 
redox mediator capable of attacking complex 
organic molecules. Collectively, these enzymes 
initiate the non-specific, free-radical-mediated 
depolymerisation of large, insoluble polymers 
outside the cell, breaking them down into smaller, 
soluble aromatic and aliphatic fragments. These 
degradation products are subsequently absorbed 
by the fungal hyphae, where intracellular metabolic 
pathways further process them through sequential 
catabolic reactions, ultimately leading to complete 
mineralisation into carbon dioxide and water.  
Figure 2 summarises these sequential pathways, 
illustrating the conversion of complex pollutants 
in POME into simpler compounds through 
extracellular biodegradation and subsequent 
intracellular metabolic pathways.

FACTORS AFFECTING THE FUNGAL 
TREATMENT

The effectiveness of POME treatment using fungi 
is directly influenced by various factors, including 
temperature, pH level, HRT, aeration or agitation 
method, nutrient availability, fungal strain 
selection, organic load and pollutant concentration, 
which play a pivotal role in creating a conducive 
environment for fungal biodegradation, promoting 
optimal fungi growth and activity (Ali et al., 2017; 
Mannaa & Kim, 2017; Mustafa et al., 2023; Reihani 
& Khosravi-Darani, 2019; Umar et al., 2023). 
Therefore, understanding these variables is crucial 
to ensuring the fungi perform at their maximum 
potential, reducing the pollutants in POME 
efficiently.
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Temperature

Temperature is one of the most pivotal 
operational factors influencing the growth 
and activity of fungi. Different fungal species 
have preferred temperature ranges in which 
they can thrive and perform efficiently in the 
biodegradation process. For instance, species 
such as A. niger, Trichoderma harzianum, Emericella 
nidulans and Meyerozyma guilliermondii generally 
perform well at moderate temperatures ranging 
from 25°C to 35°C (Ganapathy et al., 2019; 
Suseela & Muralidhar, 2018) while Rhizopus oryzae 
thrives at a higher temperature around 45°C 
(Prasertsan & Binmaeil, 2018). These preferred 
temperatures are closely tied to the metabolic 
activities and enzyme production capabilities 
of the fungi (Michele et al., 2022; Suttinun et al., 
2025). When environmental temperatures align 
with optimal ranges, fungi can grow robustly and 
secrete extracellular enzymes at maximum levels, 
resulting in more efficient degradation of organic 
pollutants in POME. However, deviations from the 
preferred temperature can significantly impact the 
performance of the fungi. Conversely, deviations 
from a lower temperature can slow down enzyme 
activity, metabolic rates and fungal growth, while 
excessively high temperatures potentially denature 
enzymes and inhibit fungal growth (Showkat  
et al., 2024). 

pH Level

The pH level plays an important role in the 
treatment process as it significantly impacts both 
the growth of fungi and the activity of enzymes 
involved in pollutant degradation (Michele et al., 
2022). Fungi are highly sensitive to pH variations, 

which can influence their metabolic activities, cell 
wall stability, and the efficiency of enzyme secretion. 
Optimum pH values typically range between 4.0 
and 8.0 for most fungal species. Within this range, 
fungi like M. guilliermondii and R. oryzae exhibit 
maximum enzymatic activity (Ganapathy et al., 
2019; Prasertsan & Binmaeil, 2018; Ridtibud et al., 
2024). However, if the pH falls outside this optimal 
range, the enzymatic breakdown of pollutants 
can become inefficient. For instance, extremely 
alkaline condition could reduce the solubility of 
organic pollutants, making them less accessible for 
breakdown, whereas extremely acidic conditions 
can denature enzymes or damage fungal cell 
membranes. Thus, maintaining a stable and suitable 
pH level is critical for maximising the effectiveness 
of fungal-based POME treatment systems.

Hydraulic Retention Time (HRT)

Fungal growth, enzymatic activity, and the 
overall effectiveness of pollutant degradation are 
all strongly impacted by HRT, which is an essential 
operational condition in fungal-based POME 
treatment systems. HRT refers to the period that 
wastewater remains in the system, giving fungi 
enough contact and metabolic processing time to 
break down complex pollutants. Optimal HRT 
facilitates fungal colonisation, hyphal extension 
and the secretion of extracellular enzymes, 
ensuring effective degradation of organic matter. 
Based on the previous studies, optimal HRT 
ranging from 3 to 10 days enables fungi such as  
A. niger and T. hirsuta AK04 to achieve high  
pollutant removal (Kietkwanboot et al., 2022; 
Ridtibud et al., 2024; Thegarathah et al., 2022). 
Excessively long HRT can result in inefficiency, 
including decreased throughput, overgrowth and 

Figure 2. Extracellular degradation pathway and intracellular metabolic pathway.
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higher operational costs. However, shorter HRT 
might hinder fungal adaptation to metabolise 
the pollutants, resulting in ineffective pollutant 
removal (Beltrán-Flores et al., 2024; Kawan et al.,  
2022; Mofijur et al., 2023). Striking a balance between 
efficiency and operational capacity necessitates 
constant monitoring and dynamic modifications 
to HRT, making it an important parameter for 
optimising the performance of fungal-based 
treatment systems.

Aeration and Agitation Methods

Aeration and agitation methods are important 
operating conditions for fungal growth, enzymatic 
activity and overall effectiveness in fungal-based 
POME treatment systems. Aerobic fungi such 
as Aspergillus, Penicillium and Trichoderma rely 
heavily on a consistent oxygen supply to promote 
optimal growth and metabolic activities, which 
are important for their pollutant degradation 
capabilities (Dominic & Baidurah, 2022; Nwuche 
et al., 2014). A steady oxygen flow is essential not 
only for supporting fungal growth and metabolism 
but also for enhancing the production of the enzyme 
and substrate degradation rates by maintaining 
the effects of agitation speed and aeration (Razak 
et al., 2022). Additionally, it facilitates the even 
distribution of nutrients, oxygen and pollutants, 
ensuring consistent interaction between fungi 
and substrates while preventing the accumulation 
or settling of solids and biomass. In large-scale 
operations, inadequate aeration can result in oxygen 
depletion, which can impede fungal development 
and reduce overall treatment efficiency. In 
contrast, anaerobic fungi such as Neocallimastix, 
Piromyces and Orpinomyces thrive under anoxic 
conditions and exhibit strong metabolic potential 
for degrading lignocellulosic substrates (Bhagat  
et al., 2023; Dehhaghi et al., 2020; Ramasamy, 2024). 
Despite these capabilities, their application in large-
scale POME treatment is currently underutilised. 
Therefore, exploring their cultivation strategies, 
metabolic pathways optimisation, and synergistic 
interactions with other microorganisms are crucial 
steps toward maximising their potential for more 
sustainable POME management.

Nutrient Availability

Nutrient availability is an important aspect that 
determines the efficiency of fungal-based POME 
treatment systems, since nutrients are required 
for fungal growth, metabolism and enzymatic 
activity. While POME is rich in organic carbon, it 
often lacks essential nutrients, particularly nitrogen 
and phosphorus, which are crucial for sustaining 
fungal growth, enzyme production and pollutant 
degradation (Osman et al., 2020). To address this, 

nutrient supplementation might be necessary 
in some cases to maintain optimal conditions. 
However, excessive nutrient supplementation can 
also result in toxicity, emphasising the importance 
of proper nutrition control. By providing adequate 
food availability, fungi can grow vigorously, release 
enzymes effectively and break down pollutants 
efficiently, thus contribute to an improved 
treatment performance with shorten processing  
time.

Organic Load and Pollutant Concentration

Organic load and pollutant concentration 
are also important factors that influence the 
effectiveness of fungal-based POME treatment 
systems. High levels of organic loads in POME 
provide an abundance of substrates for fungal 
metabolism. However, excessive organic loads can 
significantly reduce the efficiency of fungal-based 
treatment, leading to a slower rate of pollutant 
degradation (Gikas et al., 2022; Malik et al., 2023; 
Zhang et al., 2018). High organic loads often require 
prolonged HRT or sequential treatment processes 
for efficient pollutant degradation. Shock loads 
or sudden increases in pollutant volume, can also 
overwhelm the biological treatment capacity of the 
systems. This leads to reduced efficiency, stressed 
or inhibited microbial activity and even system 
failure. Conversely, if the organic load is too low, 
fungal growth and enzyme production may be 
insufficient due to substrate limitation, resulting in 
poor pollutant removal efficiency.

Fungal Strain Selection

The selection of fungal species or strains is 
one of the most critical factors impacting the 
efficiency of POME treatment. Each fungal species 
has unique physiological characteristics, metabolic 
capabilities and enzymatic activities that directly 
influence the nature of its degradation products 
and biodegradation process. Different fungal 
species exhibit considerable variability in growth 
rates, oxygen requirements, enzyme secretion 
profiles, tolerance to extreme conditions and  
inhibitory compounds present in effluent 
streams. For instance, white-rot fungi such as  
P. chrysosporium are well known for producing 
a broad spectrum of ligninolytic enzymes, but 
their activity is highly sensitive to environmental 
fluctuations (Konan et al., 2024). In contrast, 
fast-growing species such as Aspergillus and 
Trichoderma are more adaptable because they can 
utilise diverse substrates and tolerate a wider 
range of conditions, making them ideal for 
challenging wastewater environments (Ravenel  
et al., 2024; Ren et al., 2022). Aspergillus, Trichoderma 
and P. chrysosporium are widely applied due to 
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their ability to synthesise powerful enzymes, 
including cellulases, laccases and peroxidases, 
which are essential for the breakdown of complex 
organic contaminants (Dominic & Baidurah, 2022; 
Šimonovičová et al., 2021; Suseela & Muralidhar, 
2018; Thegarathah et al., 2024). 

Equally important is the nature of the 
degradation products formed during fungal 
metabolism. Although fungal metabolism 
generally converts complex macromolecules into 
simpler compounds, some intermediates, like 
phenolics derivatives, organic acids or partially 
oxidised aromatics, can still be toxic (Khali et al., 
2021; Panigrahy et al., 2022). These byproducts 
can pose harm to downstream water quality and 
necessitate additional polishing steps to achieve 
the regulatory discharge standards. Conversely, 
certain degradation products, such as organic 
acids, biosurfactants or fermentable sugars, 
present opportunities for resource recovery and 
valorisation within a circular bioeconomy. Thus, to 
ensure a fungal-based POME treatment is scalable 
and sustainable, the selected strain must be 
evaluated based on its physiological characteristics, 
metabolic capabilities, enzymatic activities and the 
nature of its degradation products.

POME TREATMENT USING FUNGI 

The effectiveness of POME treatment using 
fungi is primarily determined by its ability to 
degrade pollutants, while its overall performance 
is strongly influenced by various operational 
factors. A thorough understanding of the interplay 
between fungal pollutant removal ability and 
these influencing factors is crucial for designing 
effective and scalable fungal-based POME 
treatment systems. This section reviews recent 
findings on pollutant removal and key influencing 
factors in fungal treatment of POME, highlighting 
both advancements and potential practical 
considerations for the industrial applications. 
Table 2 summarises the removal efficiency of 
POME treatment using various fungal strains. 
Based on the table, the efficiency of pollutant 
removal varies across species, with some fungi 
achieving over 90% of COD and BOD removal, 
while others demonstrate moderate efficiency but 
high adaptability to harsh environments. These 
data collectively emphasise that strain selection, 
operational factors and treatment configuration 
are critical in determining performance outcomes, 
highlighting the necessity of aligning fungal 
capabilities with specific treatment objectives.

The study reported by Suseela and 
Muralidhar (2018) showed that five fungal species, 
including E. nidulans NFCCI 3643, T. reesei,  
T. harzianum, A. niger and A. fumigatus, were isolated 

from POME dump sites of Pedavegi Palm Oil Mill, 
West Godavari District, India. Among the fungi 
tested, E. nidulans NFCCI 3643 achieved notable 
removal efficiencies of 80.3% in COD, 88.2% in 
BOD, and 87.3% in O&G within five days under 
optimal environmental and nutritional conditions, 
demonstrating the crucial role of maintaining 
a suitable environment for fungal metabolism 
and enzymatic activity. However, utilising a  
consortium of microorganisms proved to be more 
effective compared to single microorganism cultures, 
as mixed cultures of E. nidulans, A. niger and A. 
fumigatus achieved 91.4% of COD and 94.3% of BOD 
removal under similar conditions, demonstrating 
superior metabolic flexibility and pollutant 
degradation compared to a single strain (Dominic 
& Baidurah, 2022; Nwuche et al., 2014; Suseela 
& Muralidhar, 2018). These findings emphasise 
that well-selected fungal strains within controlled 
operational conditions present significant potential 
for the development of an efficient and sustainable 
POME treatment strategy.

Thermotolerant fungi such as R. oryzae ST29 
demonstrate significant potential in POME 
treatment, due to their ability to withstand 
high temperature and degrade complex 
organic pollutants. Isolated from palm oil mill 
environments, R. oryzae ST29 achieves 60.0% COD 
removal, 98.6% O&G removal and 52.9% total solids 
removal within a five-day HRT at 45°C (Prasertsan 
& Binmaeil, 2018). This impressive performance 
was linked to its high production of extracellular 
enzymes, including carboxymethyl cellulase and 
xylanase, which are the key for organic matter 
degradation. Process parameters, such as a 1:1 
POME dilution, optimal nitrogen supplementation 
(0.025% urea), and an initial pH of 4.5, significantly 
influence fungal growth, enzyme activity and 
biopolymer production. Despite the presence of 
inhibitory phenolic compounds in POME, R. oryzae 
ST29 adapted successfully and demonstrated 
strong treatment capability. Collectively, these 
findings maximise the potential of fungal-based 
systems for managing POME with the valuable 
addition of bioproduct recovery.

The study by Ganapathy et al. (2019) 
demonstrated the bioremediation potential of 
M. guilliermondii degraded pollutants through 
enzymatic processes, significantly reducing COD 
by 72.0%, TN by 49.2%, NH3-N by 45.1%, TOC by 
46.6%, phosphate by 60.6% and O&G by 92.4%. 
These results align with enzymatic degradation 
mechanisms, including the role of extracellular 
enzymes in breaking down complex pollutants 
and the ability of fungi to sequester or transform 
nutrients and toxic compounds. The improved seed 
germination rates in the treated effluent highlight 
the detoxification potential of fungal treatment, 
indicating reduced phytotoxicity and showcasing 
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the ecological relevance of fungal biodegradation. 
This study further emphasises the crucial role of 
operational factors such as nutrient availability, 
pH and retention time in optimising fungal-based 
POME treatment. Overall, these results highlight 
the critical role of strain selection and operational 
optimisation in developing sustainable and 
high-efficiency fungal-based POME treatment  
systems.

The study by Ridtibud et al. (2024) further 
validated the central role of the fungal mechanisms 
in the biodegradation of persistent pollutants 
in POME, particularly through the enzymatic 
activity of the white-rot fungus T. elegans PP17-06. 
This strain demonstrated effective decolorisation 
performance, achieving up to 55.6% efficiency over 
24 days and an optimal of 47.7% at eight-day HRT, 
reflecting the importance of HRT as a key factor 
influencing the treatment efficacy. The breakdown of 
these largely treatment-resistant colour compounds 
was linked to the activity of ligninolytic enzymes, 
notably manganese peroxidase, consistent with 
the enzyme-mediated oxidative breakdown 
mechanism for complex organic matter in POME. 
This enzymatic capability aligns with previously 
discussed fungal treatment pathways, where fungi 
secrete extracellular enzymes to mineralise lignin-
like and phenolic compounds. The study further 
underscores the importance of nutrient availability 
by demonstrating that glucose and yeast extract 
supplementation enhanced the breakdown of 
phenolic compounds, thus reinforcing the critical 
role of optimised nutrient sources in supporting 
fungal metabolism and pollutant degradation.

Kietkwanboot et al. (2022) reported that the 
use of T. hirsute AK04, a white-rot fungus known 
for robust ligninolytic enzyme production, aligns 
with pollutant removal mechanisms where 
extracellular enzymes like manganese peroxidases 
are crucial for breaking down recalcitrant phenolic 
compounds in POME. The implementation of a 
temporary immersion bioreactor (TIB) with oil 
palm fibre (OPF) serves as an immobilisation 
matrix, directly influencing fungal performance 
through the physical configuration and process 
design, which encompasses aeration dynamics and 
hydraulic retention patterns. An immersion cycle 
of 6 hr submerged and 2 hr non-immersed proved 
optimal for dephenolisation, resulting in 85.0% 
phenolic compounds removal and up to 80.0% 
COD reduction within 168 hr, demonstrating the 
critical roles of HRT, oxygen availability and reactor 
design in boosting treatment efficiency. Beyond 
the pollutant removal, the process contributed to 
biogas enhancement during anaerobic digestion 
and generated nutrient-rich fungal biomass with 
potential as animal feed, underscoring the dual 
environmental and economic benefits of this 
approach.

The study conducted by Neoh et al. (2014) 
demonstrated that the effectiveness of Curvularia 
clavata, isolated from pineapple solid waste, 
in POME treatment, achieving 80.0% of colour 
removal within five days through enzymatic 
degradation of polyphenolic compounds and 
lignin. Additionally, the fungi also reduce COD 
by 41.0%, TOC by 53.0%, lignin by 67.0%, NH3-N 
by 65.0% and phosphate by 91.0%, indicating their 
capacity to metabolise complex pollutants and 
assimilate nutrients. The effectiveness of C. clavata  
also reflects the significant impact of well-regulated 
conditions, such as pH, nutrient supplementation 
and HRT, which are highly effective in maximising 
fungal activity for reducing the pollutant load 
and toxicity of agro-industrial wastewaters like 
POME. These findings underscore the importance 
of selecting resilient fungal strains with strong 
enzymatic capabilities and carefully optimising 
operational parameters to ensure effective and 
comprehensive POME treatment.

The research conducted by Peace and Ome  
(2014) evaluated the native fungi Geotrichum 
candidum and Candida rugosa, sourced from 
local palm oil mills and tested under optimised 
environmental conditions, underlining the 
significant impact of the environmental parameters 
like pH, temperature, nutrient availability and 
inoculum size on fungal effectiveness. The superior 
pollutant removal by G. candidum achieved 
reductions of 46.9% in BOD, 16.9% in COD and 
64.9% in O&G, while C. rugosa achieved a reduction 
of 44.6% in BOD, 13.9% in COD and 50.7% in 
O&G, demonstrating its capability to efficiently 
break down organic matter. These findings show 
that the utilisation of locally sourced fungi is 
not only an economical alternative to traditional 
POME treatment methods but also promotes 
environmental sustainability by using naturally 
adapted organisms. This strategy aligns with the 
growing importance of site-specific microbial 
solutions and further highlights the critical roles of 
strain selection for the optimisation process in the 
biodegradation of POME using fungi.

The study by Binma-Ae et al. (2021) further 
highlighted the potential of thermotolerant fungi 
in enhancing POME biodegradation through the 
production of cellulase and xylanase enzymes. In 
the study, Aspergillus sp. was applied to raw POME 
with initial pollutant concentrations of COD at 
45,200 mg/L and BOD at 17,000 mg/L. After six 
days of treatment under optimised conditions at 
a temperature of 45°C and an agitation speed of 
200 rpm, the fungus achieved 31.0% reduction in 
COD and 49.1% reduction in BOD. Although the 
removal efficiencies were moderate compared to 
other fungal strains, these findings emphasise the 
suitability of thermotolerant fungi as pretreatment 
agents, especially for reducing pollutant loads in 
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a high-temperature environment.  The capability 
of this thermotolerant fungus also suggests that 
it can serve as a valuable pretreatment agent in 
multi-stage POME treatment systems, particularly 
when it is integrated with subsequent processes to 
achieve discharge standards.

The investigation conducted by Bakar et al.  
(2022) provides further evidence of the effectiveness 
of fungi in POME treatment. Using A. flavus 
under controlled conditions with a HRT of 
five days, at a temperature of 35 ± 2°C and an 
agitation speed of 180 rpm, the treatment achieved 
pollutant removal efficiencies of 36.0% for COD, 
48.6% for BOD and 60.0% for TSS. The notable 
TSS reduction highlights the strong potential of  
A. flavus in minimising suspended solids, thereby 
reducing sediment load in the effluent discharge.  
Furthermore, the study incorporated co-fermentation 
with Lysinibacillus sp., which improved pollutant 
degradation as well as facilitated waste valorisation. 
When POME was co-cultured with empty fruit 
bunches at a ratio of 7:3, it produced a maximum 
calorific energy value of 26.71 MJ/kg, allowing 
for zero wastewater discharge in a single day. 
These findings highlight the combined benefits of 
pollution removal and sustainable biomass fuel 
generation, promoting sustainable consumption 
and production patterns and thus, advancing 
environmentally friendly strategies for palm oil waste  
management.

The study conducted by Thegarathah et al. 
(2022) provided further insights into the efficiency 
of fungal-based treatment systems, specifically 
emphasising turbidity removal. The evaluation 
of A. niger immobilised on coconut husk through 
submerged fermentation under controlled 
conditions demonstrated a remarkable turbidity 
removal efficiency, achieving a 96.2% reduction 
from an initial turbidity of 3,980 formazin 
attenuation unit (FAU) within a HRT of seven 
days. The process was carried out at an optimised 
temperature of 32 ± 2°C with an agitation speed 
of 150 rpm, conditions that significantly enhanced 
fungal performance. These findings highlight 
the importance of immobilisation in enhancing 
fungal stability and activity, while simultaneously 
demonstrating the cost-effectiveness of utilising 
agro-waste carriers like coconut husk for large-
scale applications. The impressive reduction in 
turbidity highlights the potential of A. niger as 
an effective biological agent for final polishing 
stages in POME treatment. Moreover, the study 
reinforces the critical role of optimising operational 
parameters, such as temperature stability and 
adequate mixing, in driving fungal performance.  
Collectively, these results demonstrate the 
feasibility of A. niger as a sustainable alternative 
and strategy for enhancing conventional POME 
treatment systems.

The study by Suttinun et al. (2025) significantly 
deepened the understanding of fungal degradation 
mechanisms and the influence of the process 
conditions in POME treatment. They isolated 
Thermomyces lanuginosus TSP3-2, a thermophilic 
fungus that produces polyphenol oxidase 
and tested its capability to degrade phenolic 
compounds under varying pH values and 
temperatures. The fungus demonstrated significant 
efficiency under optimised neutral to alkaline with  
pH values of 6.5–8.0 and thermophilic temperature 
ranged from 60°C to 70°C, achieving up to 79% 
removal of phenol. This high performance was 
directly correlated with its peak polyphenol 
oxidase activity, which reached approximately  
91.7 U/L at pH 7. Notably, T. lanuginosus TSP3-2 
induced partial depolymerisation of phenolics 
and simultaneously yielded valuable co-
products, including xylanase and fungal biomass 
protein. The findings underscore the critical 
role of the operational parameters, particularly 
pH and temperature, in maximising enzymatic 
phenolics removal. More broadly, it also 
highlights the dual potential of fungal systems 
to both detoxify pollutants and produce valuable  
biomolecules.

COMPARATIVE ASSESSMENT BETWEEN 
CONVENTIONAL POME TREATMENT AND 

FUNGAL-BASED TREATMENT

POME treatment has traditionally depended 
on conventional treatment methods, which 
have served the palm oil industry for decades. 
Although these conventional methods are well-
established, there is a growing need for more 
effective and sustainable approaches due to 
their operational and environmental limitations. 
Fungal-based treatment has emerged as a potential 
alternative, with a higher pollutant removal 
efficiency, shorter treatment times and better 
alignment with current sustainability goals. Table 3  
illustrate a comparative summary of key 
performance parameters between conventional 
treatment and fungal-based treatment. The table 
highlights the differences in pollutant removal 
efficiency, HRT and operational conditions, 
providing a clearer perspective for understanding 
the distinct roles of the both treatment systems play 
in addressing POME management challenges.

Conventional treatment systems, such as 
ponding systems and anaerobic digestion, 
providing a straightforward approach for 
removing pollutants. However, these treatment 
methods often fail to achieve consistently high 
removal efficiencies, particularly for more 
recalcitrant organic pollutants. For example, 
ponding systems demonstrate effectiveness in 
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reducing biodegradable organic pollutants in 
POME, achieving up to 90.0% BOD removal under 
optimal operating conditions (Jumadi et al., 2020;  
Lokman et al., 2021). In contrast, their efficiency is 
considerably lower for COD, typically ranging 
from 50.0% to 70.0% (Yunus et al., 2015). Ponding 
systems also struggle with a consistent removal 
of O&G, necessitating the implementation of 
additional tertiary treatment processes to comply 
with regulatory the discharge standards. In 
comparison to conventional methods, fungal-based 
treatments utilising species such as A. niger and  
E. nidulans achieve superior efficiency, with BOD 
removal ranging between 80%–90%, along with 
COD removal between 60%–90% (Bala et al., 2018; 
Suseela & Muralidhar, 2018). Furthermore, R. oryzae 
ST 29 was reported to achieve up to 98.6% O&G 
removal, significantly outperforming conventional  
systems (Prasertsan & Binmaeil, 2018). 

Although conventional treatment systems 
are valued for their reliability, their extended 
HRT severely compromise the overall efficiency, 
necessitating an improvement for more efficient 
and time-effective alternatives. Ponding systems 
typically require a notably long retention time, 
usually exceeding 60 days, to significantly 
reduce pollutant levels before the effluent can be 
discharged into the environment (Mohammad 
et al., 2021; Sabiani et al., 2024).  While anaerobic 
digestion can shorten the treatment duration to 
3,060 days, this timeframe remains inadequate 
to meet the rapid operational requirements of  
modern industries (Lokman et al., 2021; Murti 
et al., 2024; Zainal et al., 2022). Fungal-based 
treatment systems offer a significantly shorter 
treatment duration than traditional methods, 
typically ranging from 5 to 10 days (Bakar et al., 
2022; Binma-Ae et al., 2021; Ganapathy et al., 2019; 
Neoh et al., 2014; Peace & Ome, 2014; Prasertsan & 
Binmaeil, 2018; Ridtibud et al., 2024; Thegarathah 
et al., 2022). Moreover, the shorter treatment 
process also reduces the amount of land required, 
making fungal-based systems more practical 
and suitable option for operation in regions  
with limited space.

Ponding systems remain attractive due to 
their low initial investment, minimal technical 
requirements and reliance on natural processes. 
Consequently, major expenses are limited to 
land acquisition and periodic maintenance. 
However, the low operational complexity of these 
systems comes with a low efficiency, as they often 
require prolonged retention times and large land 
areas (Nadzim et al., 2023). Similarly, while the 
anaerobic digestion offers improved efficiency, 
it remains vulnerable to process instability and 
still requires significant treatment time. On the 
other hand, fungal-based treatment provides an 
advanced alternative with major improvements 

in efficiency and environmental sustainability, 
but these benefits come along with a higher 
operational complexity. These systems typically 
rely on bioreactors or other controlled environment 
structures, which require skilled labour, precise 
monitoring and specialised equipment to optimise 
fungal growth and enzymatic activity (Latif et 
al., 2023; Pundir et al., 2024). Consequently, while 
fungal-based systems present a transformative 
opportunity, transitioning them to full industrial 
application will critically depend on progress 
in process optimisation and techno-economic  
feasibility.

Nevertheless, a critical bias must be 
acknowledged when comparing the fungal-
based treatments with conventional methods. 
Most fungal studies have been reported based 
on laboratory-scale experiments with ideal  
parameters for nutrient supply, aeration, pH 
and temperature, enhancing fungal growth and 
enzymatic activity in shorter treatment durations.  
A controlled laboratory environment often 
accelerates treatment and maximises pollutant 
removal, potentially overestimating their 
performance relative to real-world operations. In 
contrast, existing ponding and anaerobic systems 
are already implemented at a full-scale, facing 
environmental fluctuations, variable hydraulic 
loading and long-term operational issues that 
are hard to simulate in a laboratory. Therefore, 
the scalability, stability under non-sterile field 
conditions and economic feasibility of fungal 
treatments still need to be fully validated. This 
validation is essential for making meaningful 
comparisons with established treatment systems in 
terms of efficiency, treatment duration, complexity 
and operational costs.

CHALLENGES IN INTEGRATING FUNGAL-
BASED POME TREATMENT

The use of fungi for treating POME has attracted 
considerable attention for its potential to deliver 
high efficiency while promoting environmental 
sustainability. Nonetheless, this promising 
method faces various challenges and its wider 
implementation depends on overcoming key 
technical, economic and operational issues. 
Simultaneously, the future prospects of fungal-
based treatment hold considerable potential 
for POME treatment, driven by advancements 
in biotechnology, environmental policies and 
industrial collaboration.

A key challenge in utilising fungi for POME 
treatment lies in maintaining the optimal 
environmental conditions necessary for consistent 
and efficient pollutant degradation. The 
fungal strain has desired operating conditions, 

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS



12

JOURNAL OF OIL PALM RESEARCH

TA
BL

E 
2.

 R
EM

O
VA

L 
EF

FI
C

IE
N

C
Y 

O
F 

PO
M

E 
TR

EA
TM

EN
T 

U
SI

N
G

 F
U

N
G

I

Fu
ng

i
In

iti
al

 c
on

ce
nt

ra
tio

n
R

em
ov

al
 e

ffi
ci

en
cy

O
pe

ra
tio

na
l p

ar
am

et
er

R
em

ar
ks

R
ef

er
en

ce
s

Em
er

ice
lla

 n
id

ul
an

s N
FC

C
I 3

64
3

C
O

D
: 7

9,
98

0 
m

g/
L

BO
D

5: 
39

, 4
76

 m
g/

L
O

&
G

: 2
09

 m
g/

L

C
O

D
: 8

0.
3%

BO
D

5: 
88

.2
%

O
&

G
: 8

7.
3%

H
RT

: 5
 d

ay
s

Te
m

pe
ra

tu
re

: 3
0°

C
A

gi
ta

tio
n 

sp
ee

d:
 1

50
 rp

m

En
ha

nc
ed

 b
io

de
gr

ad
at

io
n,

 p
ot

en
tia

lly
 

fr
om

 sy
ne

rg
is

tic
 e

nz
ym

e 
ac

tio
n 

on
 o

rg
an

ic
 

lo
ad

.

Su
se

el
a 

&
 M

ur
al

id
ha

r 
(2

01
8)

Tr
ich

od
er

m
a 

re
es

ei
C

O
D

: 5
9.

3%
BO

D
5: 

68
.2

%
O

&
G

: 5
9.

1%

Tr
ich

od
er

m
a 

ha
rz

ia
nu

m
C

O
D

: 6
4.

8%
BO

D
5: 

88
.2

%
O

&
G

: 5
2.

6%

A
sp

er
gi

llu
s n

ig
er

C
O

D
: 7

1.
1%

BO
D

5: 
77

.6
%

O
&

G
: 7

1.
2%

A
sp

er
gi

llu
s f

um
ig

at
us

C
O

D
: 6

1.
9%

BO
D

5: 
63

.3
%

O
&

G
: 6

1.
2%

Rh
iz

op
us

 o
ry

za
e S

T2
9

C
O

D
: 1

44
,0

00
 m

g/
L

O
&

G
: 1

0,
00

0 
m

g/
L

TS
: 7

1,
50

0 
m

g/
L

C
O

D
: 6

0.
0%

O
&

G
: 9

8.
6%

TS
: 5

2.
9%

H
RT

: 5
 d

ay
s

Te
m

pe
ra

tu
re

: 4
5°

C
A

gi
ta

tio
n 

sp
ee

d:
 2

00
 rp

m
pH

: 4
.5

St
ro

ng
 li

pa
se

 se
cr

et
io

n 
en

ab
le

d 
ou

ts
ta

nd
in

g 
O

&
G

 re
m

ov
al

; e
nz

ym
e 

pr
od

uc
tio

n 
op

tim
al

 a
t h

ig
h 

te
m

pe
ra

tu
re

 
an

d 
ac

id
ic

 p
H

.

Pr
as

er
ts

an
 &

 B
in

m
ae

il,
 

(2
01

8)

M
ey

er
oz

ym
a 

gu
ill

ier
m

on
di

i
C

O
D

: 3
5,

98
3.

5 
m

g/
L

TN
: 8

33
.4

 m
g/

L
N

H
3-N

: 9
1.

7 
m

g/
L

TO
C

: 3
,1

19
 m

g/
L

Ph
os

ph
at

e:
 5

81
.7

 m
g/

L
O

&
G

: 3
,7

50
 m

g/
L

C
O

D
: 7

2.
0%

TN
: 4

9.
2%

N
H

3-N
: 4

5.
1%

TO
C

: 4
6.

6%
Ph

os
ph

at
e:

 6
0.

6%
O

&
G

: 9
2.

4%

H
RT

: 7
 d

ay
s

Te
m

pe
ra

tu
re

: 3
0°

C
A

gi
ta

tio
n 

sp
ee

d:
 1

50
 rp

m
pH

: 4
.5

D
em

on
st

ra
te

d 
m

ul
ti-

po
llu

ta
nt

 re
m

ov
al

; 
po

te
nt

ia
l f

or
 e

co
-s

af
e 

di
sc

ha
rg

e 
an

d 
bi

of
er

til
is

er
 re

us
e.

G
an

ap
at

hy
 e

t a
l. 

(2
01

9)

Tr
am

et
es

 el
eg

an
s (

PP
17

-0
6)

D
ec

ol
ou

ris
at

io
n:

 5
5.

6%

H
RT

: 8
 d

ay
s

Te
m

pe
ra

tu
re

: 2
5°

C
A

gi
ta

tio
n 

sp
ee

d:
 1

50
 rp

m
pH

: 7

W
hi

te
-r

ot
 fu

ng
us

 u
til

is
es

 m
an

ga
ne

se
 

pe
ro

xi
da

se
 fo

r l
ig

ni
n 

an
d 

ph
en

ol
ic

s 
co

lo
ra

nt
 b

re
ak

do
w

n.
Ri

dt
ib

ud
 e

t a
l. 

(2
02

4)

Tr
am

et
es

 h
irs

ut
a 

A
K

 0
4

Ph
en

ol
ic

s: 
1,

27
7 

± 
37

 m
g/

L
C

O
D

: 5
6,

41
6 

± 
24

12
 m

g/
L

D
ep

he
no

lis
at

io
n:

 8
5.

0%
C

O
D

: 8
0.

0%
H

RT
: 4

 d
ay

s
Te

m
pe

ra
tu

re
: 2

9 
± 

2°
C

Im
m

ob
ili

se
d 

on
 O

PF
 in

 a
 b

io
re

ac
to

r; 
im

pr
ov

ed
 p

he
no

lic
s r

em
ov

al
 b

oo
st

ed
 p

os
t-

tr
ea

tm
en

t b
io

ga
s y

ie
ld

.
K

ie
tk

w
an

bo
ot

 e
t a

l. 
(2

02
2)

Cu
rv

ul
ar

ia
 cl

av
at

a
C

ol
ou

r: 
3,

79
3 

± 
35

2 
A

D
M

I
C

O
D

: 9
30

 ±
 6

8 
m

g/
L

N
H

3-N
: 7

1 
± 

5 
m

g/
L

Ph
os

ph
at

e:
 1

6.
83

 ±
 0

.3
2 

m
g/

L

D
ec

ol
ou

ris
at

io
n:

 8
0.

0%
C

O
D

: 4
1.

0%
N

H
3-N

: 6
5.

0%
Ph

os
ph

at
e:

 9
1.

0%

H
RT

: 5
 d

ay
s

Te
m

pe
ra

tu
re

: 2
7 

± 
1°

C
A

gi
ta

tio
n 

sp
ee

d:
 1

50
 rp

m
pH

: 5

Eff
ec

tiv
e 

po
ly

ph
en

ol
 a

nd
 li

gn
in

s 
re

du
ct

io
n;

 a
ls

o 
de

to
xi

fie
s a

nd
 lo

w
er

s 
nu

tr
ie

nt
 p

ol
lu

tio
n.

N
eo

h 
et

 a
l. 

(2
01

4)

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS



13

EMERGING POLLUTION CONTROL TECHNOLOGIES FOR THE TREATMENT OF PALM OIL MILL EFFLUENT (POME)  
THROUGH MICROBIAL BIODEGRADATION USING FUNGI: CHALLENGES AND FUTURE PERSPECTIVES

TA
BL

E 
2.

 R
EM

O
VA

L 
EF

FI
C

IE
N

C
Y 

O
F 

PO
M

E 
TR

EA
TM

EN
T 

U
SI

N
G

 F
U

N
G

I (
co

nt
in

ue
d)

Fu
ng

i
In

iti
al

 c
on

ce
nt

ra
tio

n
R

em
ov

al
 e

ffi
ci

en
cy

O
pe

ra
tio

na
l p

ar
am

et
er

R
em

ar
ks

R
ef

er
en

ce
s

Ca
nd

id
a 

ru
go

sa

BO
D

: 1
6,

28
0 

± 
25

 m
g/

L
C

O
D

: 7
8,

75
0 

± 
41

 m
g/

L
O

&
G

: 5
,1

65
 ±

 0
8 

m
g/

L

BO
D

: 4
4.

6%
C

O
D

: 1
3.

9%
O

&
G

: 5
0.

7%
H

RT
: 6

 d
ay

s
Te

m
pe

ra
tu

re
: 3

0°
C

A
gi

ta
tio

n 
sp

ee
d:

 2
00

 rp
m

pH
: 8

C
os

t-e
ffe

ct
iv

e 
lo

ca
l y

ea
st

; m
od

er
at

e 
po

llu
ta

nt
 re

du
ct

io
n,

 h
ig

he
r O

&
G

 
de

gr
ad

at
io

n;
 g

oo
d 

fo
r l

ip
id

-r
ic

h 
w

as
te

.
Pe

ac
e 

&
 O

m
e 

(2
01

4)
G

eo
tr

ich
um

 ca
nd

id
um

BO
D

: 4
6.

9%
C

O
D

: 1
6.

9%
O

&
G

: 6
4.

9%

A
sp

er
gi

llu
s s

p.
C

O
D

: 4
5,

20
0 

m
g/

L
BO

D
: 1

7,
00

0 
m

g/
L

C
O

D
: 3

1.
0 

%
BO

D
: 4

9.
1%

H
RT

: 6
 d

ay
s

Te
m

pe
ra

tu
re

: 4
5°

C
A

gi
ta

tio
n 

sp
ee

d:
 2

00
 rp

m

M
od

er
at

e 
effi

ci
en

cy
; r

ec
om

m
en

de
d 

fo
r 

th
er

m
ot

ol
er

an
t p

re
tr

ea
tm

en
t.

Bi
nm

a-
A

e 
et

 a
l. 

(2
02

1)

A
sp

er
gi

llu
s fl

av
us

C
O

D
: 3

6.
0%

BO
D

: 4
8.

6%
TS

S:
 6

0.
0%

H
RT

: 5
 d

ay
s

Te
m

pe
ra

tu
re

: 3
5 

± 
2°

C
A

gi
ta

tio
n 

sp
ee

d:
 1

80
 rp

m

Eff
ec

tiv
e 

TS
S 

re
m

ov
al

; p
ot

en
tia

l i
n 

th
e 

se
di

m
en

t r
ed

uc
tio

n 
pr

oc
es

s.
Ba

ka
r e

t a
l. 

(2
02

2)

A
sp

er
gi

llu
s n

ig
er

Tu
rb

id
ity

: 3
,9

80
 F

A
U

Tu
rb

id
ity

: 9
6.

2%
H

RT
: 7

 d
ay

s
Te

m
pe

ra
tu

re
: 3

2 
± 

2°
C

A
gi

ta
tio

n 
sp

ee
d:

 1
50

 rp
m

Eff
ec

tiv
e 

tu
rb

id
ity

 re
du

ct
io

n;
 p

ot
en

tia
l f

or
 

fin
al

 p
ol

is
hi

ng
.

Th
eg

ar
at

ha
h 

et
 a

l. 
(2

02
2)

Th
er

m
om

yc
es

 la
nu

gi
no

su
s T

SP
3-

2
D

ep
he

no
lis

at
io

n:
 7

9%
pH

: 7
.0

Eff
ec

tiv
e 

ph
en

ol
ic

s r
em

ov
al

; o
pt

im
al

 a
t 

hi
gh

 te
m

pe
ra

tu
re

 a
nd

 n
eu

tr
al

 to
 a

lk
al

in
e 

pH
.

Su
tti

nu
n 

et
 a

l. 
(2

02
5)

N
ot

e:
 C

O
D

 - 
ch

em
ic

al
 o

xy
ge

n 
de

m
an

d;
 B

O
D

 - 
bi

ol
og

ic
al

 o
xy

ge
n;

 T
SS

 - 
to

ta
l s

us
pe

nd
ed

 so
lid

s; 
N

H
3-N

 - 
am

m
on

ia
ca

l n
itr

og
en

; O
&

G
 - 

oi
l a

nd
 g

re
as

e;
 O

&
F 

- o
il 

an
d 

fa
t; 

TN
 - 

to
ta

l n
itr

og
en

; P
O

M
E 

- p
al

m
 

oi
l m

ill
 e

ffl
ue

nt
; T

S 
- t

ot
as

l s
ol

id
s ;

 H
RT

 - 
hy

dr
au

lic
 re

te
nt

io
n 

tim
e;

 T
O

C
 - 

to
ta

l o
rg

an
ic

 c
ar

bo
n.

TA
BL

E 
3.

 C
O

M
PA

R
A

TI
V

E 
A

SS
ES

SM
EN

T 
FO

R
 P

O
M

E 
BE

TW
EE

N
 C

O
N

V
EN

TI
O

N
A

L 
TR

EA
TM

EN
T 

M
ET

H
O

D
S 

A
N

D
 F

U
N

G
A

L-
BA

SE
D

 T
R

EA
TM

EN
T

Pa
ra

m
et

er
Po

nd
in

g 
sy

st
em

A
na

er
ob

ic
 d

ig
es

tio
n

Fu
ng

al
-b

as
ed

 tr
ea

tm
en

t

BO
D

 re
m

ov
al

 
U

p 
to

 9
0.

0%
 (o

pt
im

al
 c

on
di

tio
ns

)  
(Ju

m
ad

i e
t a

l.,
 2

02
0;

 L
ok

m
an

 e
t a

l.,
 2

02
1)

80
%

–9
5%

 (R
am

ón
 e

t a
l.,

 2
02

4)
80

%
–9

0%
 (S

in
gh

 e
t a

l.,
 2

02
1;

 S
us

ee
la

 &
 M

ur
al

id
ha

r, 
20

18
)

C
O

D
 re

m
ov

al
 

50
%

–7
0%

 (A
ris

ht
 e

t a
l.,

 2
02

0;
 Y

un
us

 e
t a

l.,
 2

01
5)

 
50

%
–7

0%
 (R

am
ón

 e
t a

l.,
 2

02
4)

60
%

–9
0%

 (K
ie

tk
w

an
bo

ot
 e

t a
l.,

 2
02

2;
 P

ra
se

rt
sa

n 
&

  
Bi

nm
ae

il,
 2

01
8;

 S
us

ee
la

 &
 M

ur
al

id
ha

r, 
20

18
)

O
&

G
 re

m
ov

al
 

In
co

ns
is

te
nt

, o
fte

n 
fa

ils
  

(Ju
m

ad
i e

t a
l.,

 2
02

0;
 L

ok
m

an
 e

t a
l.,

 2
02

1)
M

od
er

at
e 

(M
uh

am
m

ad
 e

t a
l.,

 2
02

3;
  

So
o 

et
 a

l.,
 2

02
2)

U
p 

to
 9

8.
6%

 (K
ie

tk
w

an
bo

ot
 e

t a
l.,

 2
02

2;
 P

ra
se

rt
sa

n 
&

  
Bi

nm
ae

il,
 2

01
8;

 S
us

ee
la

 &
 M

ur
al

id
ha

r, 
20

18
)

Tr
ea

tm
en

t d
ur

at
io

n
60

–9
0 

da
ys

 (M
oh

am
m

ad
 e

t a
l.,

 2
02

1;
  

Sa
bi

an
i e

t a
l.,

 2
02

4)
30

-6
0 

da
ys

 (L
ok

m
an

 e
t a

l.,
 2

02
1;

  
M

ur
ti 

et
 a

l.,
 2

02
4;

 Z
ai

na
l e

t a
l.,

 2
02

2)
5–

10
 d

ay
s 

(B
ak

ar
 e

t a
l.,

 2
02

2;
 B

in
m

a-
A

e 
et

 a
l.,

 2
02

1;
 

G
an

ap
at

hy
 e

t a
l.,

 2
01

9;
 K

ie
tk

w
an

bo
ot

 e
t a

l.,
 2

02
2;

  
Pr

as
er

ts
an

 &
 B

in
m

ae
il,

 2
01

8;
 R

id
tib

ud
 e

t a
l.,

 2
02

4;
  

Su
se

el
a 

&
 M

ur
al

id
ha

r, 
20

18
; T

he
ga

ra
th

ah
 e

t a
l.,

 2
02

2)

K
ey

 li
m

ita
tio

ns
Lo

ng
 re

te
nt

io
n 

tim
e 

(N
ad

zi
m

 e
t a

l.,
 2

02
3)

Re
qu

ire
s a

 la
rg

er
 la

nd
 a

re
a 

 
(S

oo
 e

t a
l.,

 2
02

2;
 Y

u 
et

 a
l.,

 2
02

4)

Pr
oc

es
s i

ns
ta

bi
lit

y,
 se

ns
iti

ve
 to

  
en

vi
ro

nm
en

ta
l c

ha
ng

es
 (W

u 
et

 a
l.,

 2
01

0)

In
su

ffi
ci

en
t C

O
D

 re
m

ov
al

 (R
am

ón
 e

t a
l.,

 2
02

4)

H
ig

he
r i

ni
tia

l c
os

t (
La

tif
 e

t a
l.,

 2
02

3)

Li
m

ite
d 

to
 la

b/
pi

lo
t s

ca
le

, r
eq

ui
re

s o
pt

im
is

at
io

n 
fo

r  
la

rg
e-

sc
al

e 
ap

pl
ic

at
io

n 
(P

un
di

r e
t a

l.,
 2

02
4)

N
ot

e:
 B

O
D

 - 
bi

ol
og

ic
al

 o
xy

ge
n 

de
m

an
d;

 C
O

D
 - 

ch
em

ic
al

 o
xy

ge
n 

de
m

an
d;

 O
&

G
 - 

oi
l a

nd
 g

re
as

e;
 P

O
M

E 
- p

al
m

 o
il 

m
ill

 e
ffl

ue
nt

.

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS



14

JOURNAL OF OIL PALM RESEARCH

including appropriate temperature, pH level, 
HRT, aeration or agitation, nutrient availability, 
fungal strain selection, organic load and pollutant 
concentration for optimal growth and metabolic 
activity. Changes in these operating conditions, 
which usually happen in large-scale industrial 
operations, can greatly impact the efficiency 
of the fungal treatment systems. Additionally, 
POME is a complex and inconsistent effluent, with 
its composition varying based on the palm oil 
milling process, raw materials, and seasonal (Ng 
et al., 2023; Shakir et al., 2016; Sukor et al., 2024; 
Tambe et al., 2024). This variability requires careful 
selection and adaptation of fungal strains to suit 
the specific properties of the effluent, making the 
design and operation of treatment systems more  
challenging.

Scaling up fungal-based treatment systems 
for industrial applications presents various 
interconnected challenges. While laboratory 
studies have demonstrated promising results, 
translating these findings into large-scale operations 
involves overcoming technical, financial, and 
operational barriers (Aiduang et al., 2022; Langton 
et al., 2022; Sar et al., 2024; Singh et al., 2021;  
Thirumalaivasan et al., 2024). For instance, 
designing and constructing bioreactors capable 
of supporting fungal growth and enzymatic 
activity on a commercial scale requires significant 
investment and specialised expertise. Moreover, 
maintaining a sterile or semi-sterile environment 
to prevent contamination by competing with other 
microorganisms becomes increasingly difficult as 
the system size grows. Such contamination decreases 
the efficiency of the treatment and destabilises the 
system by competing with the desirable fungal 
strains.

Economic viability is another crucial challenge 
influencing the adoption of fungal-based POME 
treatment. While these systems provide long-
term cost-benefits by effectively improving 
pollutant removal, reducing treatment times 
and resource recovery, the initial setup costs 
for system integration could pose a financial 
challenge for many small and medium-sized palm 
oil mills.  Transitioning to the implementation of 
fungal treatment into the existing current system 
requires a process of modifying or transitioning 
the current systems, which could further increase 
the costs. Financial constraints, along with a lack 
of awareness or technical expertise among mill 
operators, could delay the adaptation of fungal-
based technology. Careful and strategic planning 
can address these challenges over time. The 
successful widespread adoption of advanced 
wastewater treatment hinges on providing financial 
incentives, enacting clear regulatory frameworks, 
and sufficient technical expertise (Karno et al.,  
2024).

THE PROSPECTS OF FUNGAL-BASED 
TREATMENT SYSTEM FOR POME

Despite the challenges reported earlier, the  
prospects of POME treatment using fungi remains 
highly promising approaches for wastewater 
treatment. Innovations in fungal biotechnology, 
including genetic engineering and adaptive 
evolution, are driving the creation of resilient 
and highly efficient fungal strains (Kersey et 
al., 2020; Salazar-Cerezo et al., 2023; Sandberg  
et al., 2019; Tiwari & Park, 2024; Yang et al., 2024). 
By modifying these strains to withstand harsh 
environments, target specific pollutants, or produce 
valuable by-products, fungal treatment system 
becomes more adaptable and effective. Advanced 
bioreactor designs, which are integrated with the 
existing treatment systems such as membrane 
bioreactors and fluidised bed reactors, opens up 
possibilities for hybrid systems that combine 
the strengths of multiple approaches, including 
enhanced nutrient distribution, improved oxygen 
transfer, and increased substrate contact. These 
collective improvements can optimize fungal 
growth, metabolic activity, and overall treatment  
efficiency.

Environmental concerns and strict regulations 
are driving the adoption of innovative wastewater 
treatment technologies, particularly for the 
fungal-based systems. These systems offer 
sustainable and efficient solutions for treating 
challenging industrial effluents like POME, 
aligning with the increasing need for eco-friendly 
approaches. Successful implementation requires 
collaboration between researchers, industries and 
policymakers. Researchers contribute expertise 
in fungal technology, industries provide real-
world or practical insights and infrastructure and 
policymakers establish supportive regulations and 
financial incentives. Incentives such as subsidies 
and tax breaks can encourage the adoption 
and implementation of fungal-based treatment 
technologies (Ahmed et al., 2023; Cagno et al., 
2022; Chen et al., 2023; Fontecha et al., 2022; Poškus  
et al., 2021). This integrated approach not only 
helps industries meet the environmental standards 
but also contributes to broader sustainability goals, 
including reducing the environmental impact 
of industrial activities and promoting a circular 
economy.

Fungal-based POME treatment systems offer 
economic benefits through the recovery of valuable 
by-products. As fungi consume POME, they generate 
high-value products like enzymes, organic acids, 
and bioethanol (Amini et al., 2022; Chai et al., 2022; 
Chatterjee & Venkata Mohan, 2022; Mahongnao et 
al., 2023; Wang et al., 2021; Yan et al., 2024). These 
by-products not only enhance sustainability but 
also provide additional revenue for industries, 
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making the treatment more cost-effective. Enzymes, 
organic acids, and bioethanol produced by fungi 
have diverse applications in various sectors, 
creating significant market opportunities. By 
recovering these by-products, industries can offset 
the treatment costs and even generate profit. This 
aligns with the circular economy principles of 
waste valorisation, reducing environmental impact 
and promoting sustainability. Furthermore, by-
product recovery encourages investment in fungal-
based technologies, driving further research and 
development to optimise production and expand 
the range of recoverable products. This dual 
benefit of environmental protection and economic 
gain makes fungal-based POME treatment a 
highly promising and attractive option for the  
industries.

CONCLUSION

In conclusion, the treatment of POME using fungi 
presents a sustainable and transformative solution 
for mitigating the environmental challenges faced 
by the palm oil industry. Fungal-based POME 
treatment offers enhanced pollutant removal 
efficiency, shorter treatment durations and reduced 
land requirement compared to the conventional 
methods. Their distinctive pollutant removal 
mechanisms, combined with substrate versatility 
and adaptability to harsh conditions, enable them 
to degrade complex organic pollutants in POME 
even under extreme environments. All these 
advantages present an opportunity for the palm oil 
industry and policymakers to develop supportive 
regulatory frameworks that encourage the adoption 
of fungal-based systems within the existing 
wastewater management, ensuring compliance 
with the both national standards and global 
sustainability goals. These findings also highlight 
the need for future research, focusing on refining 
potential fungal strains, optimising bioreactors 
and assessing the techno-economic feasibility to 
successfully transform the laboratory-scale promise 
into industrial implementation. Therefore, through 
continued innovation, supportive policies and 
cross-sector collaboration, fungal-based POME 
treatment has the potential not only to mitigate the 
severe environmental impacts of POME but also to 
transform the palm oil industry toward a greater, 
environmentally sustainable future.

ACKNOWLEDGEMENT

The authors acknowledge the Fundamental 
Research Grant Scheme (FRGS), grant number 
FRGS/1/2023/TK08/UTM/02/21 funded by the 
Ministry of Higher Education (MOHE), Malaysia.

REFERENCES

Ahmed, F., Johnson, D., Hashaikeh, R., & Hilal, N. 
(2023). Barriers to innovation in water treatment. 
Water, 15(4), 773. https://doi.org/10.3390/
w15040773

Aiduang, W., Chanthaluck, A., Kumla, J., Jatuwong, 
K., Srinuanpan, S., Waroonkun, T., Oranratmanee, 
R., Lumyong, S., & Suwannarach, N. (2022). 
Amazing fungi for eco-friendly composite 
materials: A comprehensive review. Journal 
of Fungi, 8(8), 842. https://doi.org/10.3390/
jof8080842

Akerman, S. G., & Rojas, J. K. (2021). Fungi 
for the bioremediation of pharmaceutical-
derived pollutants: A bioengineering 
approach to water treatment. Environmental  
Advances, 4, 100071. https://doi.org/10.1016/j.
envadv.2021.100071

Ali, S. R. M., Fradi, A. J. & Al-Aaraji, A. M. (2017). 
Effect of some physical factors on growth of five 
fungal species. European Academic Research, 5(2), 
1069-1078.

Amini, Z., Self, R., Strong, J., Speight, R., O’Hara, 
I., & Harrison, M. D. (2022). Valorization of 
sugarcane biorefinery residues using fungal 
biocatalysis. Biomass Conversion and Biorefinery, 
12(3), 997–1011. https://doi.org/10.1007/s13399-
021-01456-3

Arisht, S. N., Abdul, P. M., Jasni, J., Mohd Yasin, N. 
H., Lin, S.-K., Wu, S.-Y., Takriff, M. S., & Jahim, 
J. Md. (2020). Dose-response analysis of toxic 
effect from palm oil mill effluent (POME) by-
products on biohydrogen producing bacteria 
– A preliminary study on microbial density 
and determination of EC50. Ecotoxicology and 
Environmental Safety, 203, 110991. https://doi.
org/10.1016/j.ecoenv.2020.110991

Azmi, N. S., & Yunos, K. F. Md. (2014). Wastewater 
treatment of palm oil mill effluent (POME) by 
ultrafiltration membrane separation technique 
coupled with adsorption treatment as pre-
treatment. Agriculture and Agricultural Science 
Procedia, 2, 257–264. https://doi.org/10.1016/j.
aaspro.2014.11.037

Bakar, N. A. S. A., Khuzaini, N. A., & Baidurah, S. 
(2022). Co-fermentation involving Lysinibacillus 
sp. and Aspergillus flavus for simultaneous 
palm oil waste treatment and renewable 
biomass fuel production. AIMS Microbiology,  
8(3), 357–371. https://doi.org/10.3934/
microbiol.2022025

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS



16

JOURNAL OF OIL PALM RESEARCH

Bala, J. D., Lalung, J., Al-Gheethi, A. A. S., 
Kaizar, H., & Ismail, N. (2018). Reduction of 
organic load and biodegradation of palm oil 
mill effluent by aerobic indigenous mixed 
microbial consortium isolated from palm 
oil mill effluent (POME). Water Conservation 
Science and Engineering, 3(3), 139–156.  
https://doi.org/10.1007/s41101-018-0043-9

Baldrian, P., & Valášková, V. (2008). Degradation 
of cellulose by basidiomycetous fungi. 
FEMS Microbiology Reviews, 32(3), 501–521.  
https://doi.org/10.1111/j.1574-6976.2008.00106.x

Beltrán-Flores, E., Blánquez, P., Gorito, A. M., 
Sarrà, M., & Silva, A. M. T. (2024). Combining 
fungal bioremediation and ozonation for 
rinse wastewater treatment. Science of The 
Total Environment, 912, 169198. https://doi.
org/10.1016/j.scitotenv.2023.169198

Bhagat, N. R., Kumar, S., Kumari, R., & Bharti, 
V. K. (2023). A review on rumen anaerobic 
fungi: Current understanding on carbohydrate 
fermentation and roughages digestion 
in ruminants. Applied Biochemistry and  
Microbiology, 59(3), 231–249. https://doi.
org/10.1134/S0003683823030043

Binma-Ae, H., Saek, H., & Kayeeyu, D. (2021). 
Treatment of palm oil mill effluent by 
thermotolerant cellulase and xylanase – 
Producing fungi. Annals of the Romanian Society 
for Cell Biology, 25(4), 1751–1761.

Branco, S., Schauster, A., Liao, H., & Ruytinx, J. 
(2022). Mechanisms of stress tolerance and 
their effects on the ecology and evolution of 
mycorrhizal fungi. New Phytologist, 235(6), 2158–
2175. https://doi.org/10.1111/nph.18308

Brandstätter, G., Fürsatz, K., Long, A., Hannl, 
T. K., & Schubert, T. (2025). Exploring the 
potential of sewage sludge for gasification and 
resource recovery: A review. Environmental 
Technology & Innovation, 40, 104346.  
https://doi.org/10.1016/j.eti.2025.104346

Cagno, E., Garrone, P., Negri, M., & Rizzuni, A. 
(2022). Adoption of water reuse technologies: 
An assessment under different regulatory 
and operational scenarios. Journal of 
Environmental Management, 317, 115389.  
https://doi.org/10.1016/j.jenvman.2022.115389

Chai, Y., Bai, M., Chen, A., Peng, L., Shao, J., 
Luo, S., Deng, Y., Yan, B., & Peng, C. (2022). 
Valorization of waste biomass through fungal 
technology: Advances, challenges, and prospects. 

Industrial Crops and Products, 188, 115608.  
https://doi.org/10.1016/j.indcrop.2022.115608

Chan, Y. J., Chong, M. F., & Law, C. L. (2012). Start-up, 
steady state performance and kinetic evaluation 
of a thermophilic integrated anaerobic-aerobic 
bioreactor (IAAB). Bioresource Technology, 
125, 145–157. https://doi.org/10.1016/j.
biortech.2012.08.118

Chatterjee, S., & Venkata Mohan, S. (2022). Fungal 
biorefinery for sustainable resource recovery 
from waste. Bioresource Technology, 345, 126443. 
https://doi.org/10.1016/j.biortech.2021.126443

Chen, Z., Guo, J., & Nie, P. (2023). Tax scheme for 
agricultural technology innovation incentive. 
Paddy and Water Environment, 21(3), 343–352. 
https://doi.org/10.1007/s10333-023-00932-y

Chin, M. J., Poh, P. E., Tey, B. T., Chan, E. S., & 
Chin, K. L. (2013). Biogas from palm oil mill 
effluent (POME): Opportunities and challenges 
from Malaysia’s perspective. Renewable 
and Sustainable Energy Reviews, 26, 717–726.  
https://doi.org/10.1016/j.rser.2013.06.008

Dehhaghi, M., Panahi, H. K. S., Jouzani, G. S., 
Nallusamy, S., Gupta, V. K., Aghbashlo, M., & 
Tabatabaei, M. (2020). Anaerobic rumen fungi 
for biofuel production. In G. S. Jouzani, M. 
Tabatabaei, & M. Aghbashlo (Eds.) Fungi in fuel 
biotechnology (pp. 149–175). Springer. https://doi.
org/10.1007/978-3-030-44488-4_7

Dermoredjo, S. K., Darmawan, D. H. A., Sumedi, 
Mutaqin, Dani, F. Z. D. P., Yusuf, E. S., Pasaribu, 
S. M., Sayaka, B., Wardana, I. P., Adnyana, I. M. 
O., Estiningtyas, W., & Antriyandarti, E. (2025). 
The global sway of Indonesian palm oil: An 
export analysis. Journal of Agriculture and Food 
Research, 22, 102064. https://doi.org/10.1016/j.
jafr.2025.102064

Dominic, D., & Baidurah, S. (2022). Recent 
developments in biological processing technology 
for palm oil mill effluent treatment – A review. 
Biology,  11(4), 525. https://doi.org/10.3390/
biology11040525

El-Gendi, H., Saleh, A. K., Badierah, R., Redwan, 
E. M., El-Maradny, Y. A., & El-Fakharany, E. M. 
(2021). A comprehensive insight into fungal 
enzymes: Structure, classification, and their role 
in mankind’s challenges. Journal of Fungi, 8(1), 23. 
https://doi.org/10.3390/jof8010023

Fenner, K., Elsner, M., Lueders, T., McLachlan, 
M. S., Wackett, L. P., Zimmermann, M., & 

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS



17

EMERGING POLLUTION CONTROL TECHNOLOGIES FOR THE TREATMENT OF PALM OIL MILL EFFLUENT (POME)  
THROUGH MICROBIAL BIODEGRADATION USING FUNGI: CHALLENGES AND FUTURE PERSPECTIVES

Drewes, J. E. (2021). Methodological advances 
to study contaminant biotransformation: New 
prospects for understanding and reducing 
environmental persistence? ACS ES&T Water,  
1(7), 1541–1554. https://doi.org/10.1021/
acsestwater.1c00025

Fontecha, J. E., Nikolaev, A., Walteros, J. L., & 
Zhu, Z. (2022). Scientists wanted? A literature 
review on incentive programs that promote 
pro-environmental consumer behavior: Energy, 
waste, and water. Socio-Economic Planning 
Sciences, 82, 101251. https://doi.org/10.1016/j.
seps.2022.101251

Ganapathy, B., Yahya, A., & Ibrahim, N. (2019). 
Bioremediation of palm oil mill effluent (POME) 
using indigenous Meyerozyma guilliermondii. 
Environmental Science and Pollution Research, 
26(11), 11113–11125. https://doi.org/10.1007/
s11356-019-04334-8

Ghosh, S., Rusyn, I., Dmytruk, O. V., Dmytruk, K. 
V., Onyeaka, H., Gryzenhout, M., & Gafforov, 
Y. (2023). Filamentous fungi for sustainable 
remediation of pharmaceutical compounds, 
heavy metal and oil hydrocarbons. Frontiers in 
Bioengineering and Biotechnology, 11, 1106973. 
https://doi.org/10.3389/fbioe.2023.1106973

Gikas, G. D., Parlakidis, P., Mavropoulos, T., & 
Vryzas, Z. (2022). Particularities of fungicides 
and factors affecting their fate and removal 
efficacy: A review. Sustainability, 14(7), 4056.  
https://doi.org/10.3390/su14074056

Gupta, R., & Gupta, N. (2021). Lipid biosynthesis 
and degradation. In Fundamentals of bacterial 
physiology and metabolism (pp. 491–523). Springer. 
https://doi.org/10.1007/978-981-16-0723-3_18

Iskandar, M. J., Baharum, A., Anuar, F. H., & Othaman, 
R. (2018). Palm oil industry in Southeast Asia and 
the effluent treatment technology – A review. In 
Environmental Technology and Innovation (Vol. 9, 
pp. 169–185). Elsevier. https://doi.org/10.1016/j.
eti.2017.11.003

Jumadi, J., Kamari, A., & Wong, S. T. S. (2020). 
Water quality assessment and a study of 
current palm oil mill effluent (POME) treatment 
by ponding system method. IOP Conference 
Series: Materials Science and Engineering,  
980(1), 012076. https://doi.org/10.1088/1757-
899X/980/1/012076

Kamyab, H., Chelliapan, S., Din, M. F. M., Rezania, 
S., Khademi, T., & Kumar, A. (2018). Palm Oil 
Mill Effluent as an Environmental Pollutant. 

In Palm Oil. InTech. https://doi.org/10.5772/
intechopen.75811

Karno, R., Arisoesilaningsih, E., Mustafa, I., & 
Siswanto, D. (2024). Physicochemical properties 
of wastewater from palm oil mill secondary 
effluent (POMSE) for water evaluation 
quality. BIO Web of Conferences, 117, 01039.  
https://doi.org/10.1051/bioconf/202411701039

Kawan, J. A., Suja’, F., Pramanik, S. K., Yusof, A., 
Abdul Rahman, R., & Abu Hasan, H. (2022). Effect 
of hydraulic retention time on the performance 
of a compact moving bed biofilm reactor for 
effluent polishing of treated sewage. Water,  
14(1), 81. https://doi.org/10.3390/w14010081

Kersey, P. J., Collemare, J., Cockel, C., Das, D., Dulloo, 
E. M., Kelly, L. J., Lettice, E., Malécot, V., Maxted, 
N., Metheringham, C., Thormann, I., & Leitch, I. 
J. (2020). Selecting for useful properties of plants 
and fungi – Novel approaches, opportunities, 
and challenges. Plant, People, Planet, 2(5), 409–420. 
https://doi.org/10.1002/ppp3.10136

Khali, A. D. M., Massoud, M. S., El-Zayat, S. A., 
& El-Sayed, M. A. (2021). Bioremoval capacity 
of phenol by some selected endophytic fungi 
isolated from Hibiscus sabdariffa and batch 
biodegradation of phenol in paper and pulp 
effluents. Iranian Journal of Microbiology.  
https://doi.org/10.18502/ijm.v13i3.6404

Khatiwada, D., Palmén, C., & Silveira, S. 
(2021). Evaluating the palm oil demand in 
Indonesia: Production trends, yields, and 
emerging issues. Biofuels, 12(2), 135–147.  
https://doi.org/10.1080/17597269.2018.1461520

Kietkwanboot, A., Chaiprapat, S., Müller, R., 
& Suttinun, O. (2022). Dephenolization 
of palm oil mill effluent by oil palm fiber-
immobilized Trametes hirsuta AK04 in temporary 
immersion bioreactor for the enhancement 
of biogas production. Environmental Science 
and Pollution Research, 29(5), 7559–7572.  
https://doi.org/10.1007/s11356-021-16199-x

Kim, H. N. (2021). Adoption of TiO2-photocatalysis 
for palm oil mill effluent (POME) treatment: 
Strengths, weaknesses, opportunities, threats 
(SWOT) and its practicality against traditional 
treatment in Malaysia. Chemosphere, 270, 
129378. https://doi.org/10.1016/j.chemosphere. 
2020.129378

Konan, D., Ndao, A., Koffi, E., Elkoun, S., 
Robert, M., Rodrigue, D., & Adjallé, K. 
(2024). Biodecomposition with Phanerochaete 

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS



18

JOURNAL OF OIL PALM RESEARCH

chrysosporium: A review. AIMS Microbiology, 
10(4), 1068–1101. https://doi.org/10.3934/
microbiol.2024046

Krah, F. S., Hagge, J., Schreiber, J., Brandl, R., 
Müller, J., & Bässler, C. (2022). Fungal fruit 
body assemblages are tougher in harsh 
microclimates. Scientific Reports, 12(1), 1633.  
https://doi.org/10.1038/s41598-022-05715-9

Kristanti, R. A., Hadibarata, T., Yuniarto, A., & 
Muslim, A. (2021). Palm oil industries in Malaysia 
and possible treatment technologies for palm oil 
mill effluent: A review. Environmental Research, 
Engineering and Management, 77(3), 50–65.  
https://doi.org/10.5755/j01.erem.77.3.29522

Langton, M., Appell, M., Koob, J., & Pandelia, M. 
E. (2022). Domain fusion of two oxygenases 
affords organophosphonate degradation in 
pathogenic fungi. Biochemistry, 61(11), 956–962.  
https://doi.org/10.1021/acs.biochem.2c00163

Latif, W., Ciniglia, C., Iovinella, M., Shafiq, M., 
& Papa, S. (2023). Role of white rot fungi in 
industrial wastewater treatment: A review. 
Applied Sciences, 13(14), 8318. https://doi.
org/10.3390/app13148318

Legorreta, C. A., Lucho, C. C., Beltrán, H. R., Coronel, 
O. C., & Vázquez, R. G. (2020). Biosorption of 
water pollutants by fungal pellets. Water, 12(4), 
1155. https://doi.org/10.3390/w12041155

Lok, X., Chan, Y. J., & Foo, D. C. Y. (2020). Simulation 
and optimisation of full-scale palm oil mill effluent 
(POME) treatment plant with biogas production. 
Journal of Water Process Engineering, 38, 101558. 
https://doi.org/10.1016/j.jwpe.2020.101558

Lokman, N. A., Ithnin, A. M., Yahya, W. J., & Yuzir, 
M. A. (2021). A brief review on biochemical 
oxygen demand (BOD) treatment methods for 
palm oil mill effluents (POME). Environmental 
Technology & Innovation, 21, 101258. https://doi.
org/10.1016/j.eti.2020.101258

Mahongnao, S., Sharma, P., & Nanda, S. (2023). 
Conversion of waste materials into different 
by-products of economic value. In P. Singh, P. 
Verma, R. Singh, A. Ahamad & A. C. S. Batalhão 
(Eds.), Waste management and resource recycling 
in the developing world (pp. 665–699). Elsevier.  
https://doi.org/10.1016/B978-0-323-90463-6.00030-0

Malik, S., Bora, J., Nag, S., Sinha, S., Mondal, S., 
Rustagi, S., Hazra, R., Kumar, H., Rajput, V. D., 
Minkina, T., Sadier, N. S., & Almutary, A. G. 
(2023). Fungal-based remediation in the treatment 

of anthropogenic activities and pharmaceutical-
pollutant-contaminated wastewater. Water,  
15(12), 2262. https://doi.org/10.3390/w15122262

Mannaa, M., & Kim, K. D. (2017). Influence of 
temperature and water activity on deleterious 
fungi and mycotoxin production during 
grain storage. Mycobiology, 45(4), 240–254.  
https://doi.org/10.5941/MYCO.2017.45.4.240

Marycz, M., Brillowska-Dąbrowska, A., Muñoz, 
R., & Gębicki, J. (2022). A state of the art review 
on the use of fungi in biofiltration to remove 
volatile hydrophobic pollutants. Reviews in 
Environmental Science and Bio/Technology, 21(1),  
225–246. https://doi.org/10.1007/s11157-021-
09608-7

Meijaard, E., Brooks, T. M., Carlson, K. M., Slade, 
E. M., Garcia-Ulloa, J., Gaveau, D. L. A., Lee, 
J. S. H., Santika, T., Juffe-Bignoli, D., Struebig, 
M. J., Wich, S. A., Ancrenaz, M., Koh, L. P., 
Zamira, N., Abrams, J. F., Prins, H. H. T., 
Sendashonga, C. N., Murdiyarso, D., Furumo, 
P. R., … Sheil, D. (2020). The environmental 
impacts of palm oil in context. Nature Plants,  
6(12), 1418–1426. https://doi.org/10.1038/
s41477-020-00813-w

Michele, D. R., Jannick, S., & Haskarlianus, P. 
(2022). Industry-driven mitigation measures 
can educe GHG missions of palm oil. Journal 
of Cleaner Production, 365, 132565. https://doi.
org/10.1016/j.jclepro.2022.132565

Mofijur, M., Hasan, M. M., Sultana, S., Kabir, 
Z., Djavanroodi, F., Ahmed, S. F., Jahirul, M. 
I., Badruddin, I. A., & Khan, T. M. Y. (2023). 
Advancements in algal membrane bioreactors: 
Overcoming obstacles and harnessing potential 
for eliminating hazardous pollutants from 
wastewater. Chemosphere, 336, 139291. https://
doi.org/10.1016/j.chemosphere.2023.139291

Mohammad, S., Baidurah, S., Kobayashi, T., Ismail, 
N., & Leh, C. P. (2021). Palm oil mill effluent 
treatment processes – A review. Processes, 9(5), 
739. https://doi.org/10.3390/pr9050739

Mohammed, N. N., Zamel, D., Etman, A. E., Rabee, 
M. M., Elmasry, S. A., & Khan, A. U. (2024). 
Elucidation of the biodegradation mechanisms 
of fungi in efficient pollutant removal from 
wastewater. Studies in Fungi, 9(1), 1–14.  
https://doi.org/10.48130/sif-0024-0011

Mohammed, R. R., & Chong, M. F. (2014). 
Treatment and decolorization of biologically 
treated palm oil mill effluent (POME) using 

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS



19

EMERGING POLLUTION CONTROL TECHNOLOGIES FOR THE TREATMENT OF PALM OIL MILL EFFLUENT (POME)  
THROUGH MICROBIAL BIODEGRADATION USING FUNGI: CHALLENGES AND FUTURE PERSPECTIVES

banana peel as novel biosorbent. Journal of 
Environmental Management, 132, 237–249.  
https://doi.org/10.1016/j.jenvman.2013.11.031

Muhammad, N. H. J., Yudi, S., Azmi, A., Tony, 
H., Adhi, Y., Hisyam, J., & Mohamed, Z. M. 
N. (2023). Agro-based wastewater profile by 
biological treatment of pond treatment system 
in Kulai, Johor. Biointerface Research in Applied 
Chemistry, 13(6), 586. https://doi.org/10.33263/
BRIAC136.586

Murti, G. W., Prasetyo, J., Adiprabowo, A. B., 
Hastuti, Z. D., Rahmawati, N., Solihah, A., 
Heriyanti, S. I., Restu Finalis, E., Rini, T. 
P., Valentino, N., & Senda, S. P. (2024). The 
hydraulic retention time (HRT) control upon 
palm oil mill effluent (POME) treatment by  
Bio-CSTR 1 M3. AIP Conference Proceedings 2836, 
070003. https://doi.org/10.1063/5.0206013

Mustafa, H. K., Anwer, S. S., & Zrary, T. J. (2023). 
Influence of pH, agitation speed, and temperature 
on growth of fungi isolated from Koya, Iraq. 
Kuwait Journal of Science, 50(4), 657–664.  
https://doi.org/10.1016/j.kjs.2023.02.036

Nadzim, U. K. H. M., Hairom, N. H. H., Abidi, 
M. A., Algheeti, A. A. S. A., Sidik, D. A. 
B., Madon, R. H., Hamzah, S., Azmi, A. A. 
A. R., & Mohammad, A. W. (2023). POME 
treatment using AB-101 microbial consortium: 
Performance and proposed mechanism. Journal 
of Oil Palm Research. https://doi.org/10.21894/
jopr.2023.0029

Naeem, M., Manzoor, S., Abid, M.-U.-H., Tareen, 
M. B. K., Asad, M., Mushtaq, S., Ehsan, N., 
Amna, D., Xu, B., & Hazafa, A. (2022). Fungal 
proteases as emerging biocatalysts to meet the 
current challenges and recent developments in 
biomedical therapies: An updated review. Journal 
of Fungi, 8(2), 109. https://doi.org/10.3390/
jof8020109

Neoh, C. H., Lam, C. Y., Lim, C. K., Yahya, A., 
& Ibrahim, Z. (2014). Decolorization of palm 
oil mill effluent using growing cultures of 
Curvularia clavata. Environmental Science and 
Pollution Research, 21(6), 4397–4408. https://doi.
org/10.1007/s11356-013-2350-1

Ng, H. J., Jalil, N. K. A., Audu, J. O., & Abdul-
Wahab, M. F. (2023). Temporal variation of 
methanogenic microbial community in palm oil 
mill effluent (POME) anaerobic digester. South 
Asian Journal of Research in Microbiology, 16(4), 
39–52. https://doi.org/10.9734/sajrm/2023/
v16i4316

Nwuche, C. O., Aoyagi, H., & Ogbonna, J. C. (2014). 
Treatment of palm oil mill effluent by a microbial 
consortium developed from compost soils. 
International Scholarly Research Notices, 2014, 1–8. 
https://doi.org/10.1155/2014/762070

Okal, E. J., Heng, G., Magige, E. A., Khan, S., Wu, S., 
Ge, Z., Zhang, T., Mortimer, P. E., & Xu, J. (2023). 
Insights into the mechanisms involved in the 
fungal degradation of plastics. Ecotoxicology and 
Environmental Safety, 262, 115202. https://doi.
org/10.1016/j.ecoenv.2023.115202

Orhan, U. (2024). Microbial insights: A comprehensive 
journey through microbiology. Zenodo.

Osman, N. A., Ujang, F. A., Roslan, A. M., Ibrahim, 
M. F., & Hassan, M. A. (2020). The effect of 
palm oil mill effluent final discharge on the 
characteristics of Pennisetum purpureum. Scientific 
Reports, 10(1), 6613. https://doi.org/10.1038/
s41598-020-62815-0

Panchapakesan, A., & Shankar, N. (2016). Fungal 
cellulases: An overview. In V. K. Gupta (Ed), New 
and future developments in microbial biotechnology 
and bioengineering (pp. 9–18). Elsevier. https://
doi.org/10.1016/B978-0-444-63507-5.00002-2

Panigrahy, N., Priyadarshini, A., Sahoo, M. M., 
Verma, A. K., Daverey, A., & Sahoo, N. K. (2022). 
A comprehensive review on eco-toxicity and 
biodegradation of phenolics: Recent progress 
and future outlook. Environmental Technology & 
Innovation, 27, 102423. https://doi.org/10.1016/j.
eti.2022.102423

Pauzi, M. F., Muda, K., Basri, H. F., Omoregie, 
A. I., Hong, C. Y., Aftar Ali, N. S., Mohamed 
Najib, M. Z., Mohd Amin, M. F., Ismail, S., 
Mohamad Shahimin, M. F., & Dahalan, F. A. 
(2023). A mini review and bibliometric analysis 
of palm oil mill effluent in past five years. IOP 
Conference Series: Earth and Environmental Science, 
1143(1), 012019. https://doi.org/10.1088/1755-
1315/1143/1/012019

Peace, I. N., & Ome, A. (2014). Biodegradation 
of palm oil mill effluent. British Microbiology 
Research Journal, 4(12), 1440–1450. https://doi.
org/10.9734/BMRJ/2014/12008

Pfendler, S., Karimi, B., Alaoui-Sosse, L., Bousta, 
F., Alaoui-Sossé, B., Abdel-Daim, M., & Aleya, 
L. (2019). Assessment of fungi proliferation 
and diversity in cultural heritage: Reactions 
to UV-C treatment. Science of the Total  
Environment, 647, 905–913. https://doi.
org/10.1016/j.scitotenv.2018.08.089

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS



20

JOURNAL OF OIL PALM RESEARCH

Poškus, M. S., Jovarauskaitė, L., & Balundė, 
A. (2021). A systematic review of drivers of 
sustainable wastewater treatment technology 
adoption. Sustainability, 13(15), 8584. https://doi.
org/10.3390/su13158584

Prasertsan, P., & Binmaeil, H. (2018). Treatment 
of palm oil mill effluent by thermotolerant 
polymer-producing fungi. Journal of Water and 
Environment Technology, 16(3), 127–137. https://
doi.org/10.2965/jwet.17-031

Priyadarshini, E., Priyadarshini, S. S., Cousins, 
B. G., & Pradhan, N. (2021). Metal-fungus 
interaction: Review on cellular processes 
underlying heavy metal detoxification and 
synthesis of metal nanoparticles. Chemosphere,  
274, 129976. https://doi.org/10.1016/j.
chemosphere.2021.129976

Pundir, A., Thakur, M. S., Prakash, S., Kumari, 
N., Sharma, N., Parameswari, E., He, Z., Nam, 
S., Thakur, M., Puri, S., Puranik, S., Kumar, 
S., Madhu, & Kumar, M. (2024). Fungi as 
versatile biocatalytic tool for treatment of textile 
wastewater effluents. Environmental Sciences 
Europe, 36(1), 185. https://doi.org/10.1186/
s12302-024-01007-3

Putra, S. E., Dewata, I., Barlian, E., Syah, N., Iswandi, 
U., Gusman, M., Amran, A., & Fariani, A. (2024). 
Analysis of palm oil mill effluent quality. E3S 
Web of Conferences, 481, 03001. https://doi.
org/10.1051/e3sconf/202448103001

Rahman, Z. (2020). An overview on heavy metal 
resistant microorganisms for simultaneous 
treatment of multiple chemical pollutants 
at co-contaminated sites, and their 
multipurpose application. Journal of Hazardous  
Materials, 396, 122682. https://doi.org/10.1016/ 
j.jhazmat.2020.122682

Rajani, A., Kusnadi, Santosa, A., Saepudin, 
A., Gobikrishnan, S., & Andriani, D. (2019). 
Review on biogas from palm oil mill effluent 
(POME): Challenges and opportunities 
in Indonesia. IOP Conference Series: Earth 
and Environmental Science, 293(1), 012004. 
https://doi.org/10.1088/1755-1315/293/1/ 
012004

Ramasamy, S. (2024). Utilizing aerobic and 
anaerobic mesophilic fungi for the production 
of multienzymes. In K. B. Uppuluri & R. 
Selvasembian (Eds.) Bioprospecting of multi-
tasking fungi for a sustainable environment (pp. 
49–67). Springer Nature Singapore. https://doi.
org/10.1007/978-981-97-4113-7_3

Ramón, V. A. A., Vásquez, J., Molina, F., & Peñuela 
Vásquez, M. (2024). Evaluation of anaerobic 
digestion of palm oil mill effluent (POME) using 
different sludges as inoculum. Water Resources and 
Industry, 31, 100247. https://doi.org/10.1016/j.
wri.2024.100247

Ratnasari, A., Syafiuddin, A., Boopathy, R., Malik, S., 
Aamer Mehmood, M., Amalia, R., Dwi Prastyo, 
D., & Syamimi Zaidi, N. (2022). Advances in 
pretreatment technology for handling the palm 
oil mill effluent: Challenges and prospects. 
Bioresource Technology, 344, 126239. https://doi.
org/10.1016/j.biortech.2021.126239

Ravenel, K., Guegan, H., Gastebois, A., Bouchara, 
J.-P., Gangneux, J.-P., & Giraud, S. (2024). Fungal 
colonization of the airways of patients with 
cystic fibrosis: The role of the environmental 
reservoirs. Mycopathologia, 189(2), 19. https://
doi.org/10.1007/s11046-023-00818-x

Razak, I. B. A., Bohari, N. H., Fishal, E. M. M., 
Mohamad, N. L., Azmi, M. N., Razali, M. F. F. 
M., & Ibrahim, H. (2022). Aerobic degradation 
process in palm oil mill – Issues, challenges and 
upsurging its efficiency through bioremediation. 
Journal of Water Resource and Protection, 
14(07), 515–530. https://doi.org/10.4236/
jwarp.2022.147027

Reihani, S. F. S., & Khosravi-Darani, K. (2019). 
Influencing factors on single-cell protein 
production by submerged fermentation: A 
review. Electronic Journal of Biotechnology, 37, 34–
40. https://doi.org/10.1016/j.ejbt.2018.11.005

Ren, X., Branà, M. T., Haidukowski, M., Gallo, A., 
Zhang, Q., Logrieco, A. F., Li, P., Zhao, S., & 
Altomare, C. (2022). Potential of Trichoderma spp. 
for biocontrol of aflatoxin-producing Aspergillus 
flavus. Toxins, 14(2), 86. https://doi.org/10.3390/
toxins14020086

Ridtibud, S., Suwannasai, N., Sawasdee, A., 
Champreda, V., Phosri, C., Sarp, S., Pisutpaisal, 
N., & Boonyawanich, S. (2024). Selection of 
white-rot fungi for decolorization of palm oil 
mill effluent and evaluation of biodegradation 
and biosorption processes. Nature Environment 
and Pollution Technology, 23(1), 235–243.  
https://doi.org/10.46488/NEPT.2024.v23i01.019

Sabiani, N. H. M., Alkarimiah, R., Ayub, K. R., 
Makhtar, M. M. Z., Aziz, H. A., Hung, Y.-T., 
Wang, L. K., & Wang, M.-H. S. (2023). Treatment 
of palm oil mill effluent. Civil and Environmental 
Engineering Faculty Publications, 503. 227–284. 
https://doi.org/10.1007/978-3-031-44768-6_7

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS



21

EMERGING POLLUTION CONTROL TECHNOLOGIES FOR THE TREATMENT OF PALM OIL MILL EFFLUENT (POME)  
THROUGH MICROBIAL BIODEGRADATION USING FUNGI: CHALLENGES AND FUTURE PERSPECTIVES

Sadhasivam, S., Savitha, S., Swaminathan, K., & Lin, 
F.-H. (2009). Metabolically inactive Trichoderma 
harzianum mediated adsorption of synthetic 
dyes: Equilibrium and kinetic studies. Journal 
of the Taiwan Institute of Chemical Engineers, 
40(4), 394–402. https://doi.org/10.1016/j.
jtice.2009.01.002

Salazar-Cerezo, S., de Vries, R. P., & Garrigues, 
S. (2023). Strategies for the development of 
industrial fungal producing strains. Journal 
of Fungi, 9(8), 834. https://doi.org/10.3390/
jof9080834

Sandberg, T. E., Salazar, M. J., Weng, L. L., Palsson, 
B. O., & Feist, A. M. (2019). The emergence of 
adaptive laboratory evolution as an efficient 
tool for biological discovery and industrial 
biotechnology. Metabolic Engineering, 56, 1–16. 
https://doi.org/10.1016/j.ymben.2019.08.004

Sar, T., Marchlewicz, A., Harirchi, S., Mantzouridou, 
F. T., Hosoglu, M. I., Akbas, M. Y., Hellwig, 
C., & Taherzadeh, M. J. (2024). Resource 
recovery and treatment of wastewaters 
using filamentous fungi. Science of the Total  
Environment, 951, 175752. https://doi.
org/10.1016/j.scitotenv.2024.175752

Shakir, A. N. A., Sohaimi, M. A., Wahid, D. N. 
A., & Salihon, J. (2016). Effects of variations 
in palm oil mill effluent (POME) on carbon 
dioxide sequestration by microalgae and their 
optimisation. 4th IET Clean Energy and Technology 
Conference (CEAT 2016), 1–5. https://doi.org/ 
10.1049/cp.2016.1343

Showkat, M., Narayanappa, N., Umashankar, N., 
Saraswathy, B. P., Doddanagappa, S., Ashraf, 
S., Gani, S., Fatimah, N., Nabi, A., Perveen, K., 
Bukhari, N. A., Barasarathi, J., & Sayyed, R. Z. 
(2024). Optimization of fermentation conditions 
of Cordyceps militaris and in silico analysis of 
antifungal property of cordycepin against plant 
pathogens. Journal of Basic Microbiology, 64(10). 
https://doi.org/10.1002/jobm.202400409

Šimonovičová, A., Vojtková, H., Nosalj, S., Piecková, 
E., Švehláková, H., Kraková, L., Drahovská, H., 
Stalmachová, B., Kučová, K., & Pangallo, D. 
(2021). Aspergillus niger environmental isolates 
and their specific diversity through metabolite 
profiling. Frontiers in Microbiology, 12. https://
doi.org/10.3389/fmicb.2021.658010

Singh, A., Bajar, S., Devi, A., & Pant, D. (2021). 
An overview on the recent developments 
in fungal cellulase production and their 
industrial applications. Bioresource Technology 

Reports, 14, 100652. https://doi.org/10.1016/j.
biteb.2021.100652

Soo, P. L., Bashir, M. J. K., & Wong, L.-P. (2022). 
Recent advancements in the treatment of palm 
oil mill effluent (POME) using anaerobic biofilm 
reactors: Challenges and future perspectives. 
Journal of Environmental Management,  
320, 115750. https://doi.org/10.1016/j.
jenvman.2022.115750

Steffan, B. N., Venkatesh, N., & Keller, N. P. (2020). 
Let’s get physical: Bacterial-fungal interactions 
and their consequences in agriculture and 
health. Journal of Fungi, 6(4), 243. https://doi.
org/10.3390/jof6040243

Sukor, M. Z., Jamaludin, S. I. S., Sanusi, S. N. A., 
Muhamad, S. H. A., & Samah, N. A. A. (2024). 
Physico-chemical characteristics of palm oil mill 
effluent anaerobic sludge as a potential bio-
derived fuel. AIP Conference Proceedings, 3041,  
020002. https://doi.org/10.1063/5.0180615

Suseela, L., & Muralidhar, P. (2018). Reduction 
of organic load from palm oil mill effluent 
(POME) using selected fungal strains isolated 
from POME dump sites. African Journal of 
Biotechnology, 17(36), 1138–1145. https://doi.
org/10.5897/AJB2016.15821

Suttinun, O., Kietkwanboot, A., Palamae, S., 
Sengmee, D., & Na-Phatthalung, W. (2025). 
Influence of physicochemical factors and 
thermophilic fungus – Produced polyphenol 
oxidase on phenolic compounds during the 
treatment of palm oil mill effluent. Environmental 
Technology, 1–15. https://doi.org/10.1080/09593
330.2025.2530032

Tambe, E. B., Okonkwo, A. U., Mbuka-Nwosu, I. 
E., Cookey, C. O., Agbe, E., Onwusa, S. C., Ekpe, 
I. N., Evuen, U. F., & Okpoghono, J. (2024). 
Determinants of physicochemical composition 
of palm oil mill effluent – Implications on 
environment and bio-digester treatment design. 
Applied Environmental Research, 46(4), 58. 
https://doi.org/10.35762/AER.2024058

Tamjidi, S., Ameri, A., & Esmaeili, H. (2023). A 
review of the application of fungi as an effective 
and attractive bio-adsorbent for biosorption of 
heavy metals from wastewater. Environmental 
Monitoring and Assessment, 195(1), 91.  
https://doi.org/10.1007/s10661-022-10687-4

Tan, Y. D., & Lim, J. S. (2019). Feasibility of palm 
oil mill effluent elimination towards sustainable 
Malaysian palm oil industry. Renewable and 

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS



22

JOURNAL OF OIL PALM RESEARCH

Sustainable Energy Reviews, 111, 507–522.  
https://doi.org/10.1016/j.rser.2019.05.043

Tauro, T. P., Mtambanengwe, F., Mpepereki, 
S., & Mapfumo, P. (2021). Soil fungal 
community structure and seasonal 
diversity following application of organic 
amendments of different quality under 
maize cropping in Zimbabwe. PLOS ONE,  
16(10), e0258227. https://doi.org/10.1371/
journal.pone.0258227

Thegarathah, P., Jewaratnam, J., & Simarani, 
K. (2022). Turbidity reduction in palm 
oil mill effluent (POME) by submerged 
fermentation with immobilized Aspergillus 
niger spores using coconut husk. IOP Conference 
Series: Earth and Environmental Science,  
1074(1), 012027. https://doi.org/10.1088/1755-
1315/1074/1/012027

Thegarathah, P., Jewaratnam, J., Simarani, K., & 
Elgharbawy, A. A. M. (2024). Aspergillus niger as 
an efficient biological agent for separator sludge 
remediation: Two-level factorial design for 
optimal fermentation. PeerJ, 12, e17151. https://
doi.org/10.7717/peerj.17151

Thirumalaivasan, N., Gnanasekaran, L., Kumar, 
S., Durvasulu, R., Sundaram, T., Rajendran, S., 
Nangan, S., & Kanagaraj, K. (2024). Utilization of 
fungal and bacterial bioremediation techniques 
for the treatment of toxic waste and biowaste. 
Frontiers in Materials, 11, 1416445 https://doi.
org/10.3389/fmats.2024.1416445

Tiwari, P., & Park, K.-I. (2024). Advanced fungal 
biotechnologies in accomplishing Sustainable 
Development Goals (SDGs): What do we know 
and what comes next? Journal of Fungi, 10(7), 506. 
https://doi.org/10.3390/jof10070506

Umar, A., Abid, I., Elshikh, M. S., Dufossé, L., Abdel-
Azeem, A. M., & Ali, I. (2023). Agitation role 
(dissolved oxygen) in production of laccase from 
newly identified Ganoderma multistipitatum sp. 
nov. and its effect on mycelium morphology. BMC 
Microbiology, 23(1), 280. https://doi.org/10.1186/
s12866-023-03009-2

Wang, Y., Liu, P., Zhang, G., Yang, Q., Lu, J., Xia, 
T., Peng, L., & Wang, Y. (2021). Cascading 
of engineered bioenergy plants and fungi 
sustainable for low-cost bioethanol and high-
value biomaterials under green-like biomass 
processing. Renewable and Sustainable Energy 
Reviews, 137, 110586. https://doi.org/10.1016/j.
rser.2020.110586

Wong, S., Muharam, F. M., Rasyed, O., & Ahmad, 
K. (2021). Soil fungal composition and 
diversity in oil palm plantation at Sungai Asap, 
Sarawak, Malaysia. Journal of Oil Palm Research,  
33(2), 215–226. https://doi.org/10.21894/
jopr.2021.0014

Wu, T. Y., Mohammad, A. W., Jahim, J. Md., & 
Anuar, N. (2010). Pollution control technologies 
for the treatment of palm oil mill effluent 
(POME) through end-of-pipe processes. Journal 
of Environmental Management, 91(7), 1467–1490. 
https://doi.org/10.1016/j.jenvman.2010.02.008

Yan, S., Ma, J.-J., Wu, D., Huang, G.-L., Yu, 
X.-W., & Wang, Y.-N. (2024). Value-added 
biotransformation of agricultural byproducts by 
cellulolytic fungi: A review. Critical Reviews in 
Biotechnology, 1–20. https://doi.org/10.1080/073
88551.2024.2423152

Yang, P., Condrich, A., Lu, L., Scranton, S., Hebner, 
C., Sheykhhasan, M., & Ali, M. A. (2024). Genetic 
engineering in bacteria, fungi, and oomycetes, 
taking advantage of CRISPR. DNA, 4(4), 427–454. 
https://doi.org/10.3390/dna4040030

Yu, H., Fu, D., Yuan, Z., Tang, J., Xiao, Y., Kang, L., 
Lyne, V., & Su, F. (2024). Regimes of global and 
national oil palm cultivations from 2001 to 2018. 
Global Environmental Change, 86, 102845. https://
doi.org/10.1016/j.gloenvcha.2024.102845

Yunus, A., Yaakob, Z., Akhtar, P., & Sopian, K. 
(2015). Production of biogas and performance 
evaluation of existing treatment processes 
in palm oil mill effluent (POME). Renewable 
and Sustainable Energy Reviews, 42, 1260–1278. 
https://doi.org/10.1016/j.rser.2014.10.073

Zainal, B. S., Gunasegaran, K., Tan, G. Y. A., 
Danaee, M., Mohd, N. S., Ibrahim, S., Chyuan, 
O. H., Nghiem, L. D., & Mahlia, T. M. I. (2022). 
Effect of temperature and hydraulic retention 
time on hydrogen production from palm oil 
mill effluent (POME) in an integrated up-
flow anaerobic sludge fixed-film (UASFF) 
bioreactor. Environmental Technology &  
Innovation, 28, 102903. https://doi.org/10.1016/j.
eti.2022.102903

Zhang, H., Feng, J., Chen, S., Li, B., Sekar, R., Zhao, Z., 
Jia, J., Wang, Y., & Kang, P. (2018). Disentangling 
the drivers of diversity and distribution of 
fungal community composition in wastewater 
treatment plants across spatial scales. Frontiers in 
Microbiology, 9, 1291. https://doi.org/10.3389/
fmicb.2018.01291

ARTIC
LE IN

 PRESS

ARTIC
LE IN

 PRESS


