
Environmental Research, Engineering and Management 2021/77/350

Palm Oil Industries in Malaysia 
and Possible Treatment 
Technologies for Palm Oil Mill 
Effluent: A Review 

EREM 77/3
Journal of Environmental Research, 
Engineering and Management
Vol. 77 / No. 3 / 2021
pp. 50–65
DOI 10.5755/j01.erem.77.3.29522

Palm Oil Industries in Malaysia and Possible Treatment Technologies 
for Palm Oil Mill Effluent: A Review

Received  2021/07 Accepted after revision  2021/08

    http://dx.doi.org/10.5755/j01.erem.77.3.29522

*Corresponding author: risky.ayu.kristanti@lipi.go.id

Risky Ayu Kristanti*
Indonesian Institute of Sciences, Pasir Putih I, 14430 Jakarta, Indonesia

Tony Hadibarata
Environmental Engineering Program, Faculty of Engineering and Science, Curtin University Malaysia, 
CDT 250, Miri, Malaysia

Adhi Yuniarto
Department of Environmental Engineering, Faculty of Civil, Planning, and Geo-Engineering, Institut Teknologi 
Sepuluh Nopember, Surabaya 60111, Indonesia

Abrar Muslim
Chemical Engineering Department, Engineering Faculty, Universitas Syiah Kuala, Banda Aceh, 23111, Indonesia

Palm oil industries have become the main sector to boost the economic revenue in tropical countries, especially 
in South East Asia. In the recent years, the global production of palm oil reached 72 million metric tons in 2018, 
increasing from about 68 million metric tons in 2017. During that period, Malaysia is currently the second world 
producer of palm oil after neighbouring country Indonesia. Both countries are the leading exporters of palm oil with 
84 % of worldwide production.

A detailed analysis of the palm oil business in Malaysia, the environmental issues that have arisen, and the treatment 
technology used to effectively treat palm oil mill wastewater are reviewed to gain an understanding of environmental 
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sustainability. In Malaysia, most of the oil palm plantations are owned by private conglomerates (61 %), followed by the 
independent smallholders (16 %), the Federal Land Development Authority (13 %), state agencies (6 %), the Federal 
Land Consolidation and Rehabilitation Authority (3 %), and Rubber Industry Smallholders Development Authority (1 
%). However, the rate of deforestation has increased due to the expansion of oil palm plantations in Malaysia. Palm 
oil mill effluent is also considered as one of the major environmental issues since it reduces the water quality index. 
Some techniques are implemented to treat palm oil mill effluent, such as anaerobic ponding systems, integrated an-
aerobic-aerobic bioreactors, coagulation and flocculation, thermochemical treatment, vermicomposting, membrane 
filtration, photocatalysis, moving bed biofilm reactors, and zero liquid discharge. Zero liquid discharge method is con-
sidered an appropriate method since this method provides a better waste recovery.

Keywords: palm oil tree, mill effluent treatment technology, Malaysia palm oil industry.

Introduction
The oil palm tree originated in Africa and was first plant-
ed about 100 years ago (Awalludin et al., 2015). The palm 
oil industries have become the main sector to boost the 
economic revenue in tropical countries, especially in 
South East Asia. In the recent years, the global produc-
tion of palm oil reached 72 million metric tons in 2018, 
increasing from about 68 million metric tons in 2017 (Ta-
ble 1). During that period, Indonesia and Malaysia were 
the leading exporters of palm oil worldwide with 84 % 
of worldwide production. Total Malaysian exports of oil 
palm products increased by 12.1 % from 24.88 million 
tons in 2018 to 27.88 million tons in 2019. However, the 
total export revenue was reported to have decreased 
by 4.0 % to RM64.84 billion because of price reduction 
in world trade (MPOB, 2019). Malaysia has faced a chal-
lenge in the oil palm industry due to decreasing produc-
tion, export, and price compared with the previous year. 

Another problem is the decreasing demand from the EU 
because of several issues. Recently, Malaysia has faced 
serious problems related to the prohibition of importing 
CPO commodities by the EU. Environmental concerns, 
such as deforestation of rain forests, are a compelling 
reason for the ban, although a closer look concludes 
that European domestic interests are also the main in-
centive. The main objective of the proposed palm oil im-
port ban is to reduce or stop deforestation of oil palm 
plantations in Indonesia and Malaysia. As shown in Table 
2, the ban would certainly destroy the Malaysian indus-
try since the EU is the top importer countries for palm 
oil (MPOB, 2018). The EU has stated that their decision 
is based on rain forest deforestation in Malaysia which 
has led to biodiversity loss. Malaysia makes the palm oil 
industries as one of the major country incomes as well 
as the major suppliers of palm oils in the world since oil 

Table 1. World production and consumption of palm oil (in million MT) (MPOB, 2019)

Country
Production Consumption

2018 2017 2018 2017

Indonesia 41.00 37.10 11.80 9.22

Malaysia 19.52 19.92 0.58 0.56

Rest of the world 11.52 11.23

India – – 9.07 9.30

EU – – 7.58 7.56

China – – 5.40 5.10

USA – – 1.45 1.33
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palm plantations grow well in the tropical climate (Wu et 
al., 2010). The crude palm oil is mixed with crude diesel 
to produce biodiesel, a clean and biodegradable biofuel 
(Zhang et al., 2020). This information shows that palm oil 
production could improve the country’s economy due to 
the large usage area. However, the industry might im-
pact the environment if palm oil mill effluents are not 
treated before discharging into the environment (Bor-
ja and Banks, 1994,). It is necessary to treat the effluent 
before discharging into the environment to ensure the 
sustainability of palm oil production.

Malaysia Oil Palm Industry Situation
The feedstock used in biodiesel production in 2018 is 
shown in Fig. 1. The composition of feedstock used is 
35 % of palm oil, 26 % of soybean oil, 16 % of rapeseed 
oil, 11 % of used cooking oil, 7 % of animal fat, and 6 % of 
other fats. Oil palm yield is the most effective feedstock 
production in the world, and is about 10 times higher than 
that of soybean, 6.9 times higher than that of sunflower, 
and 6.3 times higher than that of rapeseed. Fresh fruit 
bunches are harvested approximately 24 to 30 months 
after planting, and production continues until the tree 

Table 2. Export of biodiesel from Malaysia (MPOB, 2018)

Country
2016 2017

Ton Million liters Ton Million liters

European Union 67,766 79.00 212.273 241.00

Switzerland NA NA 11,945 13.00

Peru NA NA 5,978 8.00

Albania 10,002 11.00 NA NA

China 2,586 3.00 3,774 4.00

South Korea 604 0.60 NA NA

Japan 426 0.48 1,049 1.00

Singapore 96 0.10 NA NA

USA 80 0.09 61 0.2

India 21 0.02 197 0.07

Vietnam NA NA 14 0.01

Total 83,581 94.29 235,291 267.00

*NA = Not available

reaches the maximum age of 30 years. The oil palm tree 
produces 9 to 15 fresh fruit bunches per year and 10 to 25 
kg per bunches (MPOB, 2019).

In Malaysia, most of the oil palm plantations are owned 
by private estates conglomeration (61 %), such as Sime 
Darby, IOI Group, and Kuala Lumpur Kepong (Fig. 2). 
Other owners of the plantations are independent small-
holders (16 %), FELDA (13 %), states agency (6 %), FEL-
CRA (3 %), and RISDA (1 %) (MPOB, 2016). Currently, the 

Fig. 1. Feedstock used in biodiesel production (2018) (von Schenck, 2020)
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palm oil industry is the major export-oriented industry 
and is one of the main contributors to Malaysia’s na-
tional revenue because of its huge contribution to the 
economic development of Malaysia. Thus, this industry 

Fig. 2. Distribution of oil palm planting area by category of stakeholders 
(MPOB, 2016)

Fig. 3. Biomass availability in Malaysia in 2013 (million tonnes) 
(MPOB, 2016)

is categorized as one of National Key Economic Area 
(NKEA) in Malaysia (Wu et al., 2010). Due to its abun-
dant resource and supply, the palm oil industry is also 
the main biomass source in Malaysia. The industry has 
produced huge amounts of biomass nationwide, much 
larger than other biomass sources such as organic 
waste from oil palm, timber, rice husk, livestock, and 
municipal solid waste (Fig. 3). Biomass from oil palm 
contains energy that can be processed into electricity, 
fuel, heat, and other forms of energy. Biomass com-
position in Malaysia is divided into three categories: oil 
palm, agricultural/forestry, and municipal waste, while 
the oil palm biomass sector contributes more than 
80 % of Malaysia’s available biomass (MPOB, 2016). The 
area of the oil palm plantation in 2019 was 5.9 million 
hectares, an increase of 0.9 % as against 5.85 million 
hectares in the previous year. East Malaysia occupies 
the largest plantation area in the country, with 3.13 mil-
lion hectares or 53.1 % of the total Malaysian oil palm 
planted area, while oil palm planted in Peninsular Ma-
laysia amounts to 2.77 million hectares or 46.9 % (Ta-
ble 3). CPO production in 2019 increased to 19.86 million 
tons, an increase of 1.8 % as against 19.52 million tons 
recorded in 2018. This result corresponded to the pro-
ductivity of fresh fruit bunch (FFB) which increased to 
17.19 tons /hectare, up by 0.2 % from the previous year 
(MPOB, 2017).

As one of the largest palm oil producers in the world, 
Malaysia introduced the National Biofuels Policy in 2006, 
which established a palm biodiesel mandate. Malaysia 
has the highest palm oil yield per hectare in the world, 
which is significantly higher than soybean and rapeseed. 
Therefore, palm oil has become the main feedstock of 
biodiesel in the country. However, studies claim that 
there are some factors which would impede biodiesel 

 

 

 
 

 

  
 

  
  

 

 

 

 

 
 

 

  
 

  
  

 

 

Area
Planted area (Hectare) CPO production (Tonnes) FFB Yield (Tonnes/Hectare)

2018 2019 2018 2019 2018 2019

Peninsular 2,727,608 2,769,003 10,197,446 10,583,788 17.44 17.95

Malaysia 1,572,477 1,586,673 4,179,339 4,237,411 15.74 15.56

Sarawak 
Sabah

1,549,245 1,544,481 5,139,356 5,037,168 18.16 17.66

Malaysia 5,849,330 5,900,157 19,516,141 19,858,367 17.16 17.19

Table 3. Summary of Malaysian palm oil industry in 2018–2019 (MPOB, 2019)
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development in the country by using palm oil as the feed-
stock of biodiesel, such as high feedstock prices, compe-
tition with food, engine compatibility, the sustainability of 
production, fuel subsidies, and crude oil prices (Johari et 
al., 2015). So, alternative feedstock with lower cost and 
higher productivity is also being considered in Malaysia. 
Microalgae is proven to be a suitable raw material for 
biodiesel due to its high productivity to produce signifi-
cant quantities of biomass and bio-oil fit for transforma-
tion to biodiesel and also low energy and production cost 
(Jayakumar et al., 2017). According to the United States 
Department of Agricultural, Malaysia produced 1245 mil-
lion liters of biodiesel in 2018 while the consumption of 
petrodiesel was 11,624 million liters. Malaysia promoted 
B20 for the transportation sector in certain areas of the 
country in 2020 (Shah, 2020; Wahab, 2019).

Environmental Impact

Deforestation

Malaysia is the second-largest palm oil producer in the 
world after Indonesia. Malaysia has committed to pro-
tecting the tropical forest, which accounts for more than 
half of the country’s total forest land. However, along 
with the increase of global demand for palm oil, the rate 
of conversion of tropical forests to oil palm plantations 
is also increasing. Malaysia had the world’s highest rate 
of forest loss between 2000 and 2012. Forest destruc-
tion in Malaysia during this period accounted for 14.4 % 
(47,278 square kilometers) of total forest cover, an area 
larger than Denmark. About 10 % of greenhouse gas 
emissions come from deforestation in the tropical for-
est making it a significant contributor to climate change. 
Palm oil-based biofuels actually have three times the 
climate impact of regular fossil fuels due to their CO2 
and methane emissions (Omran and Schwarz-Herion, 
2020; Vijay et al., 2016). Another negative impact is the 
loss of biodiversity, such as the extinction of medicinal 
plants and loss of habitat for endangered animals. The 
destruction of natural habitats deprives animals of the 
basis for their existence, causing an irreversible loss 
of biological diversity. As their forest habitat is cleared, 
endangered species, such as the orangutan, Borneo el-
ephant, and Sumatran tiger, are being pushed closer to 
extinction. Local communities that depend on the forest 

are also threatened. Conflicts between humans and an-
imals often occur due to the increasingly pressing habi-
tat of animals (Syahza, 2019).

Waste generation from palm oil mills

Waste products generated during oil palm processing 
consist of liquid waste (POME) and solid waste such as 
oil palm trunk (OPT), oil palm fronds (OPF), empty fruit 
bunches (EFB), palm juice fiber (PPF), and palm shells. 
POME is the wastewater produced during oil palm pro-
duction and consists of various suspended materials, 
and it is characterized as non-toxic wastewater since 
there is no addition of chemical during the oil extraction 
process. However, as per other wastewaters, POME 
poses environmental problems due to large oxygen 
depleting capability in the aquatic environment and the 
concentration of organic and nutrient contents. Previ-
ous studies have shown that POME consists of 95–96 % 
of water, 04–5 % of total solids, 2–4 % of suspended 
solids, 0.6–0.7 % of palm oil, and a certain range of in-
hibitors and toxicants. Furthermore, the composition of 
nutrients in POME (mg/L) are 2726 of chemical oxygen 
demand (COD), 1270 of total organic carbon (TOC), 316.7 
of total nitrogen (TN) and 257.6 of phosphate (Hariz et 
al., 2019; Irvan, 2018). Since POME has high nutrient 
concentrations and pollutants when being released into 
a body of water, it will cause algal blooms and subse-
quent loss of biologically active oxygen in the water, and 
consequently, all life in aquatic ecosystems would be 
destroyed (Donald, 2004). Among the solid waste gen-
erated during oil palm production, more than 50 % is 
contributed by OPF. OPF usually decomposes naturally 
in the soil to become soil fertilization, erosion control, 
and long-term benefits from nutrient recycling. OPT is 
usually allowed to burn or rot in plantation areas. How-
ever, freshly felled stalks, with their high moisture con-
tent, cannot be easily burned on site. Leaving the stems 
in the field without further processing physically hinders 
the process of planting a new plant, as the stems take 
about five years to fully rot. OPT is converted into saw-
wood, fiberboard, plywood, or wood for furniture pur-
poses (Abdullah et al., 2012).

Air quality impact

Burning is a cheap technique that is commonly used for 
land clearing in natural forests and plantations including 
oil palm. The forest burning releases massive smoke 
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and carbon dioxide into the atmosphere, leading to se-
vere decreases in air quality and contributing to climate 
change. Furthermore, fires in peat areas are very diffi-
cult to extinguish, and highly unpredictable and uncon-
trollable. The incineration of palm biomass is also the 
main source of air pollution. Empty fruit bunches, shells, 
and fibers are burnt to provide power generation for the 
mills. However, incinerators release various types of 
pollutants such as polycyclic aromatic hydrocarbons, 
volatile organic compounds, incomplete hydrocarbons, 
nitrogen, and particulate matter, which leads to health 
deterioration and environmental degradation. This pro-
cess of waste incineration poses a significant threat to 
public health and the environment (Izah et al., 2016). Air 
pollution has various health effects. Short-term expo-
sure to air pollutants is closely related to chronic ob-
structive pulmonary disease (COPD), cough, shortness 
of breath, wheezing, asthma, while long-term health 
effects from air pollution include heart disease, lung 
cancer, and respiratory diseases such as emphysema 
(Eze et al., 2014; Kelishadi and Poursafa, 2010).

Waste Management

Control of air emissions

The palm oil industry must monitor their air emission 
regularly and the inspection by authorized body must 
be conducted quarterly to ensure the air emission does 
not exceed the national limit. The industry should follow 
the Regulation Act of 1978 about the implementation of 
environmental quality that arranges the guideline for the 
quality assurance and air quality monitoring. According 
to the Regulation Act, the standard of particulate mat-
ter (PM) in gas emission must not exceed 0.5 g/m3. 
PM emitted from incinerators and boilers should be 20 
to 100 microns for soot and tar droplets, and 3000 to  
4000 mg/m3 for dust loads. Separation of solid waste 
before the incineration process is conducted to prevent 
incomplete combustion and produce black smoke (Ab-
dullah et al., 2015; Sumathi et al., 2008).

Conventional oxidation ponds

Liquid waste is generated from an extraction of palm oil 
through a wet process named decanter. Oxidation pond 
is a biological treatment that is commonly used to treat 

liquid waste from palm oil industry. Oxidation ponds or 
stabilization ponds are large and shallow maintaining 
the interaction of aquatic organisms such as algae and 
bacteria with sunlight. Liquid effluent is consumed by al-
gae and bacteria as food while algae can use sunlight as 
energy to do photosynthesis. The oxygen released during 
photosynthesis is used by bacteria to grow. Sludge de-
posit in the pond must eventually be removed by dredg-
ing. This treatment ensures that during the aerobic and 
anaerobic system, the biological oxygen demand (BOD) 
level is lower than 25,000 mg/L (Ahmad et al., 2005b). 
The addition of charcoal or a sand bed into the oxida-
tion pond to filter liquid effluent might be an alternative 
method to speed up the cleaning process. This approach 
increases the removal of the particulate matter in the 
liquid effluent before processing to lagoon treatment. In 
the lagoon system, several ponds working in parallel in 
which the inlet flow and the outlet flow are equal form la-
goon plants. Furthermore, the addition of aquatic plants 
is an alternative and resourceful clean up technique for 
phytoremediation of wastewater. Aquatic plants act as a 
natural absorber for organic pollutant and inorganic pol-
lutant. Some free-floating aquatic plants are well-known 
for their ability to absorb the pollutant from the aquatic 
environment such as water hyacinth, water ferns, water 
lettuce, and duckweed. Active transport of pollutants in 
the aquatic plant occurs from the roots, then is trans-
ferred to other plant bodies such as stem and leaves 
(Gunathilake et al., 2018; Iha and Bianchini, 2015; da Silva 
et al., 2017; Daud et al., 2018; Abbas et al., 2019).

Solid wastes converted into fertilizer and 
livestock feed

Solid waste generated by palm oil could provide an alter-
native, low cost, and useful material for livestock feed. 
Livestock feed with high nutritional content helps deter-
mine the productivity of the animal. However, livestock 
industries need to produce a cheaper and readily avail-
able protein ingredient of animal feed due to increased 
competition of human food. Palm kernel cake (PKC) is a 
solid waste of oil palm that is commonly used by livestock 
industries. PKC contains 16 % of crude protein and all the 
nine essential amino acids for monogastric animals. The 
composition of essential amino acids is higher than that 
of rice bran. PKC is also relatively high in the content of 
minerals, which are calcium, phosphorus, magnesium, 
zinc, sodium, potassium, copper, manganese, and iron. 
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On the other hand, the empty fruit bunch is used as fer-
tilizer, in terms of providing sufficient mineral require-
ments, because of its non-toxic nature and fertilizing 
properties, such as nitrogen, phosphorus, and potassi-
um as well as micronutrients such as iron, zinc, copper, 
and manganese. EFB is converted into eco-friendly and 
sustainable organic manure by co-composting with oth-
er solid waste to increase soil fertility (Abdullah and Su-
laiman, 2013; Ngieng, et al., 2021; Kristanti, et al., 2021).

Current Status of Palm Oil Effluent Treatment

The development in palm oil industries has caused envi-
ronmental pollution due to the increment of palm oil mill 
effluent, which is generated during the extraction of palm 
oil. Due to the high organic content of the effluent, the 
effluent must be treated before discharging into the en-
vironment to prevent pollution (Hashiguchi et al., 2020). 
A previous study has shown that the effluent is a hot 
brownish sticky liquid with temperature ranging from 
353K to 363K (Tabassum et al., 2015). The treatment 
of POME should be conducted due to its high biochem-
ical oxygen demand and high chemical oxygen demand 
(Lee et al., 2019). The presence of complex organic ac-
ids causes the very low pH of POME (pH 4.5) (Lee et al., 
2019; Tabassum et al., 2015). Every country has a differ-
ent department that is responsible to control the quality 
of POME, for example, Malaysia has the Department of 
Environment to ensure POME meets the regulation with 
the BOD level at 100 mg/L (Hashiguchi et al., 2020). Cur-
rently, various techniques such as mechanical, chemical 
or biological methods have been developed for the treat-
ment of POME (Tan and Lim, 2019). The most common 
POME treatment technology is anaerobic digestion by 
microorganisms. With high nutrient content, POME is a 
suitable media for microorganisms to thrive. Microor-
ganisms can consume and break down POME, turning 
them into harmless by-products (Kamyab et al., 2018). 
Other advanced treatment methods for POME that are 
also investigated, such as coagulation and flocculation 
treatment, thermochemical treatment, membrane filtra-
tion, vermicomposting, photocatalytic, and moving-bed 
biofilm reactors, as summarized in Table 4.

Anaerobic ponding treatment

The ponding system is the most conventional technol-
ogy for the treatment of the effluent containing a high 
concentration of organic carbon such as POME (Tan and 

Lim, 2019). It involves various species of anaerobic mi-
crobes that degrade organic pollutants. The process of 
pollutant decomposition by anaerobic microbes is per-
formed without the presence of oxygen, followed by hy-
drolysis, acidogenesis, and methanogenesis to convert 
the intermediate compounds into methane gas and car-
bon dioxide. This approach has great potential for the 
integration of pollutant decomposition and biogas pro-
duction to generate electricity (Yap et al., 2020; Monir 
et al., 2018). This method also provides greater advan-
tages over other alternative treatments because it does 
not require energy for aeration. However, the aerobic 
ponding system has limitations such as long retention 
time and long start-up period (Khadaroo et al., 2019).

The anaerobic ponding system has the advantage of lower 
cost and energy consumption. This is because anaerobic 
ponding treatment does not require any oxygen supplied 
to the pond, which can save the money of palm oil mill 
owners (Khadaroo et al., 2019). The anaerobic ponding 
system does not pollute the environment as it involves 
the natural decomposition of organic compounds in the 
pond. Besides, the product from anaerobic treatment, 
which is methane gas, could be recovered for energy 
generation in the oil palm mill (Abdurahman et al., 2013). 
The sludge generated from the anaerobic treatment is 
used to produce fertilizers (Chin et al., 2020). However, 
the disadvantage of anaerobic ponding treatment is the 
requirement of large areas for the ponding systems (Ab-
durahman et al., 2013). This reduces the space availa-
ble for palm oil mill expansion. The anaerobic digestion 
process needs to be managed frequently due to insta-
bility of the process and the hydrolysis process involved 
in anaerobic treatment limits the rate of decomposition 
(Khadaroo et al., 2019). If the biogas generated is not re-
covered for energy production, the methane in the biogas 
worsens global warming since methane is a greenhouse 
gas (Abdurahman et al., 2017). Anaerobic ponding treat-
ment has the disadvantage of high cost in removing the 
sludge sedimented at the bottom of the pond (Harsono et 
al., 2014). Long hydraulic retention time is required in the 
decomposition of organic compounds to achieve higher 
efficiency of effluent treatment (Ng et al., 2019b).

IAAB

IAAB is a high-rate bioreactor that combines aerobic and 
anaerobic processes and is capable of treating POME 
within a short period of time. Both processes involve 
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the microorganisms that use dissolved oxygen in the 
conversion of organic wastes to biomass and carbon 
dioxide, and complex organic wastes are degraded into 
methane gas, carbon dioxide, and water in the absence 
of oxygen. The aerobic process is widely implemented 
in the treatment of organic wastewaters for achieving a 
high degree of treatment efficiency, while in the anaerobic 
process, wastewater is treated based on resource recovery 
and pollution control (Chan et al., 2012; Ohimain and 
ChibuezeIzah, 2017; Hadibarata et al., 2017). The anaerobic 
compartment is designed to have a high solid retention 
time with a low hydraulic retention time. In the aerobic 
compartment, higher removal of soluble organic matter 
is achieved, and followed by flocculation of produced 
biomass, resulting in a lower concentration of suspended 
soil effluent (Chan et al., 2012; Chan et al., 2009).

Treatment Advantage Disadvantage References

Anaerobic ponding t
reatment

Lower cost and energy 
consumption;
Safer by product;
Production of methane gas;
Fertilizers from sludge

Large area for the ponding 
system;
Instability of the process;
Long hydraulic retention time

(Abdurahman et al., 
2013; Chin et al., 2020; 
Khadaroo et al., 2019) 

(Ng et al., 2019b)

Integrated 
anaerobic-aerobic 
bioreactor (IAAB)

Removing large number of 
pollutants;
High efficiency;
Methane gas is recovered

High energy required (Chan et al., 2012)

Coagulation and 
flocculation

Low maintenance cost;
Simple operation;
Fertilisers from sludge

Must be combined with other 
treatment;
Some of by-products are toxic

(Nasrullah et al., 2020) 
(Lek et al., 2018) (Lee 
et al., 2019) (Huzir et 

al., 2019)

Thermochemical
Low initial construction cost;
Low operational cost;
Hydrogen gas generation

Failure of water gas shift 
reaction can release carbon 
monoxide

(Cheng et al., 2019)

Vermicomposting 
technology

Generating fertilisers as final 
products;
Low operational cost;
No air pollution

Slow process;
Requires large space;
Requires greater care

(Lim and Wu, 2015; 
Singh et al., 2011)

Membrane filtration

High efficiency;
Low energy requirement;
Biogas generation;
Prevent eutrophication;
Processes are relatively  
simple for scale up

Equipment cost was high;
High flow rate can damage 
shear sensitive materials

(Abdurahman et al., 
2017) (Aziz et al., 

2020) (Lee et al., 2019)

Table 4. Possible treatment methods for palm oil mill effluent 

IAAB has the advantage of removing a large number of 
organic compounds at high efficiency. IAAB can reduce 
the chemical oxygen demand, biochemical oxygen 
demand, and total suspended solids by up to 99 %. With 
every gram of chemical oxygen demand removed, 0.24 
L of methane is produced and recovered for electricity 
generation (Chan et al., 2012). IAAB has the disadvan-
tage of energy required to return the activated sludge 
back to the aerobic compartment (Chan et al., 2012). 
Due to the bioreactor’s limited volume, only a limited 
volume of effluent can be treated.

Coagulation and flocculation treatment

Coagulation-flocculation is regarded as a popular phys-
icochemical treatment for POME due to simplicity in op-
eration and design, low energy consumption, and high 
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performance in filtering suspended solid. A previous 
study showed that effective decolorization of POME is 
achieved by using chemical coagulants. However, some 
researches have been conducted to find alternative natu-
ral coagulants and flocculants to replace alum and other 
chemical coagulants. Rice-husk-ash and chickpea (Cicer 
arietinum) are the natural coagulants-flocculants that 
have the potential to replace the chemical coagulants 
and flocculants for POME treatment. The combination of 
rice-husk-ash in a matrix of cement and filtration bed can 
trap up to 95 % of turbidity and bacteria present in the 
water (Huzir et al., 2019; Lek et al., 2018).

Treatment Advantage Disadvantage References

Photocatalysis

Low cost;
Reusable;
Eco-friendly
Complete degradation;
Effective for inorganic pollutant

Releasing of titanium dioxide 
to the environment

(Ng et al., 2019b) 
(Alhaji et al., 2016) 
(Lee et al., 2019)

Moving-bed biofilm reactor 
(MBBR)

Less space required for reactor 
set up;
Backwashing is not required;
Fertilizers are generated;
Easy to use for inexperienced 
plant operators;
Low hydraulic retention time

High construction cost;
Manual monitoring

(Bakar et al., 2018) 
(Leyva-Díaz et al., 

2020)

Zero-discharge

Fertilizers are generated;
Biogas generation;
Lower waste volume;
Recycle water in site

High capital cost
(Tabassum et al., 

2015) (Lee et al., 2019)

Phytoremediation

Potential to be converted into 
organic fertilizer;
An increase in biomass and 
superior in biochemical content;
Provides more nutritious food 
for aquaculture fish.

Slow process than other 
treatment;
Seasonally dependent

(Kadir et al., 2020; Ng 
and Chan, 2017)

Adsorption

Simple operation;
Ecological purity;
More safety;
Less operating costs

Adsorbent recovery possibly 
requiring a special, expensive 
distillation;
Spent adsorbent may be 
considered a hazardous waste

(Ahmad et al., 2005a; 
Sia et al., 2017; Hii et 

al., 2021, Lai et al., 
2021)

Microbial degradation

Generation of methane gas
Lower cost
Permanently eliminate waste
Environmentally friendly 

Duration of treatment
Nutrient availability
Different capability of each 
microorganism species

(Mohd-Nor et al., 
2019; Okwute et al., 

2015)

Continued

Another innovation includes the combination of coag-
ulation to destabilize, emulsify, or dissolve contami-
nants in an aqueous medium by introducing an elec-
trical current into the medium. This process basically 
involves the dissolution of metal cations from the anode 
with the simultaneous formation of hydroxyl ions. This 
method is used as a complement to other treatments 
in the polishing step such as biological treatment and 
the advanced oxidation process (Nasrullah et al., 2020). 
The advantages of coagulation and flocculation using 
electrocoagulation are low maintenance cost and low 
difficulty in operation (Nasrullah et al., 2020). The sludge 
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produced is used as a fertilizer to increase soil fertility, 
which can increase the yield of oil palm fruits (Lek et 
al., 2018). Coagulation and flocculation treatment can 
remove most of the suspended solids in the effluent 
and some chemical oxygen demand. The disadvantage 
of coagulation and flocculation is that this treatment 
cannot be applied without the help of other treatments. 
This treatment method should be applied together with 
membrane filtration or anaerobic digestion to get the 
best result of treatment (Lee et al., 2019). The applica-
tion of chemical coagulants such as alum pollutes the 
environment as the chemical sludge produced after the 
coagulation is toxic (Huzir et al., 2019).

Thermochemical treatment

Thermochemical treatment involves the supercritical 
water gasification of the effluent in the presence of cat-
alysts at high temperatures. POME is transformed into 
useful products such as syngas. Carbon monoxide is 
produced at the end of the steam reforming process. 
A water-gas shift reaction is carried out to convert the 
carbon monoxide into carbon dioxide and hydrogen gas. 
The syngas produced mainly consists of hydrogen gas, 
which is recovered for other purposes such as for lab-
oratory instrument. A previous study has reported that 
the thermochemical process could remove over 90 % 
of BOD and COD. The treatment also has the ability to 
remove the odour and colour of the effluent (Lee et al., 
2019; Ng et al., 2019a).

Thermochemical treatment is the most common tech-
nology for converting biomass into a higher heating val-
ue fuel. The main conversion processes comprise direct 
combustion to provide heat, liquid fuel, and process to 
generate electricity. POME is a feedstock that is more 
favourable than coal for gasification because it has low 
concentration of sulphur and a less reactive character. 
The product of gasification is referred to as producer 
gas, which is an energy-rich mixture of flammable gases 
such as hydrogen, methane, and other impurities such 
as carbon dioxide, nitrogen, and sulphur. Another ad-
vantage of the thermochemical treatment is low initial 
construction cost and operational cost. However, the re-
lease of carbon monoxide into the environment during 
the thermochemical process is a limitation of this tech-
nology (Cheng et al., 2019).

Vermicomposting technology

Vermicomposting is the utilization of microorganisms in 
the composting process to enhance the decomposition of 
organic waste and produce a better end product. It may 
be considered an interesting eco-innovation approach in 
biowaste treatment due to the circular economy concept, 
transferring different types of organic wastes into renew-
able energy sources. Vermicompost is claimed to be the 
potential fertilizer replacing the chemical synthesis, thus 
supporting the sustainability of the palm oil industry (Ru-
pani et al., 2010). Microorganisms break down organic 
compounds aerobically while earthworms improve the 
aeration in the sludge by increasing its porosity. The ad-
dition of earthworms has proven to increase the rate of 
organic compounds decomposition. Earthworms reduce 
the carbon to nitrogen ratio in the composting process, 
which improves the mineralization and increases soil nu-
trients (Lim and Wu, 2015). The existence of earthworms 
results in waste stabilization, sanitation of organic waste, 
pathogen reduction, and elimination of toxic compounds 
(Singh et al., 2011).

Vermicomposting is the decomposition of organic resi-
dues into a valuable finished product by non-thermophil-
ic processes using earthworm and mesophilic microbes. 
Earthworms convert industrial waste into a high-qual-
ity fertilizer as a final product by decreasing waste tox-
icity, decrease the organic carbon content, improve the 
C:N ratio, change the composition of waste, and retain 
macro and micronutrients (Lim and Wu, 2015). On the 
other hand, the fertilizer produced by this treatment (ver-
micompost) is a nutrient-rich organic fertilizer and has 
revealed a significant role in plant growth. Vermicom-
post contains many nutrients that are needed for plants, 
such as nitrogen, potassium, phosphorus, and calcium 
(Singh et al., 2011). However, the limitation of this treat-
ment is its slow process, and some problems associated 
with vermicompost are the sensitivity of earthworms to 
changes in pH, temperature, and water content. There-
fore, these parameters must be controlled during the 
process (Rupani et al., 2010).

Membrane filtration technology

Membrane filtration is the physical treatment charac-
terized by the ability to separate molecules of different 
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sizes and characteristics. Membranes with different 
permeability are used to filter out the suspended par-
ticles in the effluent (Goswami et al., 2018). In direct 
membrane filtration systems, membrane separation 
plays a role in effectively rejecting organic matter of 
wastewater, leading to superior seepage quality with 
a high-water recovery ratio. The process does not in-
volve any additional activated sludge processes, which 
leads to a reduction in the consumption of energy. Fur-
thermore, the filtering process enriches waste organics 
and nutrients, resulting in renewable energy or fertilizer 
(Abdurahman et al., 2017; Ahmad et al., 2003).

Some advantages of membrane filtration for POME treat-
ment are as follows: it can filter suspended solids at high 
efficiency, the biogas released during anaerobic decom-
position can be recovered for electricity generation, the 
installation cost is lower, so is the energy cost (Abdurah-
man et al., 2017). Membrane filtration could prevent eu-
trophication by removing the nutrients from POME such 
as nitrogen and phosphorus (Aziz et al., 2020). However, 
the membrane filtration technology for POME has many 
limitations. Firstly, the high flow rates used in cross-flow 
feed can destruct shear sensitive materials. Secondly, 
the process is prone to membrane fouling effects, which 
leads to a reduction in permeate flux. Finally, if the mem-
brane manufacturing process is not precisely controlled, 
membranes with a wide pore size distribution can result-
ing poor separation performance (Lee et al., 2019).

Photocatalysis treatment

Photocatalysis is the type of physical treatment that 
accelerates the photoreaction in the presence of cat-
alysts. Photocatalysis is an eco-friendly, effective, and 
economical technology to treat various wastewaters 
and it has received a lot of concern from scientists. The 
photocatalytic reaction shows high efficiency in the deg-
radation of pollutants and the disinfection of pathogenic 
microorganisms in wastewater. Various materials have 
been tested in photocatalysis and as a conclusion, the 
materials are classified into four types: titanium dioxide, 
sulfides, polymeric carbon nitrite, and bismuth-based 
photocatalysts. Titanium dioxide is chosen as a popu-
lar catalyst to decompose the organic compounds due 
to its low toxicity, low cost, suitability in the conduction 
band, and the valence band position for degradation 
of pollutants. During the photocatalytic process, there 

must be two reactions taking place simultaneously: the 
oxidation of the photogenerated holes and the reduc-
tion of the photogenerated electrons. The photocatalyst 
itself should not undergo changes, and therefore proper 
synchronization of the two processes needs to be car-
ried out (Alhaji et al., 2016; Alhaji et al., 2018). Ng et al. 
(2019b) and Tang et al. (2021) suggest that pre-treat-
ment such as filtration should be conducted before 
photocatalysis to avoid the fibers from shielding the UV 
penetration through the effluent.

The advantage of photocatalysis is that the organic com-
pounds are decomposed at an aqueous state and some 
heavy metals are removed during the effluent treatment. 
The titanium dioxide can withstand biological and chem-
ical corrosion so the replacement of the titanium dioxide 
is not frequent (Ng et al., 2019b). The cost of removing 
sludge can be saved as there is no sludge produced dur-
ing the photocatalysis (Alhaji et al., 2016). The disadvan-
tage of photocatalysis is that the release of titanium diox-
ide to the environment increases the ecological footprint 
(Lee et al., 2019). The titanium dioxide is needed to be 
separated from the treated effluent after the treatment 
and the efficiency is inversely proportional to the cloudi-
ness of the effluent (Alhaji et al., 2018).

MBBR

MBBR is an advanced technology that combines biofilm 
and activated carbon processes to increase the efficiency 
of wastewater treatment. The technology was invented by 
Hallvard Odegaard in 1989 and developed in Scandinavia 
in the early 1990s by Kaldness Miljiteknology in cooper-
ation with a Norwegian research institute, Selskapet for 
Industriell og Teknisk Forskning. MBRRs have become 
popular in Europe and has been installed in many indus-
trial wastewater treatments such as cheese factory, pulp 
and paper industry, and poultry processing. The principle 
of the MBBR is an initiation of the process with a high con-
centration of microbial biomass by improving suspend-
ed and attached growth systems. The MBBR comprises 
several components such as biofilm, flow configuration, 
aeration system, and media. The biofilm is a slim layer 
of microorganisms in organic and inorganic materials 
that stick to wet surfaces. The important components for 
biofilm growth are the microorganism, its substrate, and 
water. Water is very crucial in the development of biofilm 
growth because it determines bacterial life and nutrient 
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availability. Water is also needed by bacteria to maintain 
their osmotic pressure (Bakar et al., 2018). In the MBBR 
system, the microbe’s breakdown of the organic com-
pounds is suspended in the effluent and reduces BOD and 
COD levels significantly (Leyva-Díaz et al., 2020).

The advantage of the MBBR is less space required for the 
reactor to set up, so there is an extra space for palm oil 
mill development (Bakar et al., 2018). Backwashing is not 
required for this MBBR as the dead space which causes 
clogging and channeling is avoided; the MBBR can pro-
cess a high density of biomass. The nitrates generated 
from nitrification are used as fertilizers in an oil palm farm 
to reduce the expenses on fertilizers on the farm (Ley-
va-Díaz et al., 2020). The disadvantage of the MBBR is the 
extra cost needed for the aeration in the MBBR as oxygen 
is required to allow the fluidization in the reactor. There is 
a high construction cost of the MBBR and carriers in the 
reactors, which may not be affordable for all palm oil mill 
owners. The stagnant zones in the MBBR might reduce 
the complete mixing in the MBBR, which reduces the effi-
ciency of effluent treatment (Leyva-Díaz et al., 2020).

ZLD treatment

ZLD treatment is a water treatment process in which 
all the wastewater is fully utilized and recovered. The 
ZLD treatment is the combination of several treatment 
methods to treat POME such as ultrafiltration, reverse 
osmosis, crystallization, and fractional electrode-ioni-
zation. When the ZLD system is implemented, no water 
is discharged from a closed water cycle; instead, the 
water is reused after suitable treatment. This eliminates 
the risk of water contamination through wastewater 
disposal and also maximizes the efficiency of water use. 
Currently, ZLD technology has received increasing inter-
est due to severe water shortages and contamination of 
aquatic environments across the globe. Three types of 
ZLD commonly implemented in the wastewater treat-
ment plant are thermal ZLD system, RO-incorporated 
thermal ZLD systems, and emerging membrane-based 
ZLD systems. The key process involved in the thermal 
ZLD system includes wastewater pre-treatment, brine 
concentrator, brine crystallizer, followed by evapora-
tion pond, and solids recovery. In the RO-incorporat-
ed thermal ZLD systems, the RO is implemented be-
tween pre-treatment and the brine concentrator while 
membrane distillation (MD), forward osmosis (FO), and 

electrodialysis (ED) are installed after the pre-treatment 
(Loh et al., 2013; Tabassum et al., 2015).

The advantage of ZLD is that the expenses of a palm oil 
mill and a palm oil farm can be reduced since fertilizers 
and electricity are generated during sludge and biogas 
recovery. Due to the application of pre-treatment, the 
maintenance cost is reduced as the pre-treated efflu-
ent causes less damage to membranes and reactors 
(Tabassum et al., 2015), so membranes are replaced 
less frequently. This treatment ensures that all prod-
ucts during each stage are fully utilized, which can re-
duce the wastes and convert the wastes into resources. 
The final product of treatment is used to irrigate oil palm 
trees as a fertilizer. The disadvantage of zero-discharge 
treatment is the high capital cost required to build the 
whole treatment system, so less palm oil mill owners 
apply the treatment method (Lee et al., 2019).

Conclusions
Indonesia and Malaysia are the leading exporters of 
palm oil worldwide with 84 % of worldwide production. 
In Malaysia, most of the oil palm plantations are owned 
by private estates conglomerates (61 %), independent 
smallholders (16 %), FELDA (13 %), state agencies (6 
%), FELCRA (3 %), and RISDA (1 %). Although the com-
mercial plantation of oil palm trees can boost the coun-
try’s economy, environmental concerns associated with 
oil palm plantation must be addressed in order to avoid 
environmental damage. The palm oil mill effluent, which 
comprises a high biological oxygen requirement, chem-
ical oxygen, and other chemicals, must be thoroughly 
treated prior to discharge into the environment. Different 
treatment methods with advantages and disadvantages 
of each method are discussed. For the different scales 
of a palm oil mill, different effluent treatment methods 
are applied to fit the palm oil mill’s financial capability. 
Every method reduces environmental pollutants in the 
palm oil effluent so that the final product is safe for the 
environment. It is recommended to apply zero discharge 
treatment as it can fully utilize the waste palm oil mill 
effluent as a resource. With the development of science 
and technology, the zero-discharge treatment can be im-
proved and made affordable to all palm oil mills, which 
can reduce wastes generation.
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