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ABSTRACT

Large scale palm oil production will inevitably generate a vast amount of liquid waste, particularly palm

oil mill efuent (POME), that has adverse environmental impacts. While most studies concentrate on the

organic removal rom POME, the recovery o valuable resources rom the efuent is inrequently described.

The rising awareness o sustainability has motivated palm oil millers and academics to enhance waste

management while also placing cognizance need or the resource’s recovery. POME possesses a substantial

amount o oil and grease (O&G), which can be valorised into value-added products such as biouels or

phytonutrients via oil recovery. Recovering oil loss through POME not only prevents income loss but also

improves downstream treatment eectiveness. In this article, the perspective o oil recovery rom POME,

ocusing on technologies like physical separation, chemical extraction, and ultrasonic irradiation as a

pre-treatment will be discussed, along with their eectiveness and limitations. Additionally, uture

opportunities as well as the economic viewpoint will be looked upon to provide a comprehensive outlook.

Overall, this article will provide the readers with an understanding o the signicance o recovering oil

rom POME and its potential as a sustainable resource, contributing to eective waste management and

supporting a circular economy.
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INTRODUCTION

Malaysia is recognised as the world’s second-largest
producer and exporter of palm oil after Indonesia,
accounting for 25.8% and 34.3% of global palm oil
production and exports, respectively, with more
than 18 million tonnes of crude palm oil (CPO)
produced in 2022 (MPOB, 2022a). While Malaysia
benets economically rom its massive palm oil
production, it also generates a large quantity of

industrial wastewater known as palm oil mill
efuent (POME), a high-strength acidic contaminant
with substantial solids and organic contents. Despite
enhanced extraction eciency in the palm oil mills,
a signicant amount o oil and grease (O&G) was
unavoidably discovered in the efuent as oil losses.
Studies have shown that the average oil loss inPOME
is around 4000 to 6000mg/L (Choong et al., 2018; Lee
et al., 2019), which has been largely neglected by the
industry without realising the eects and potentials
that might be generated.

Conventional POME treatment via biological
process focuses primarily to avoid penalties from
non-conformance with the government regulations
by adhering to the stringent discharge limits.
However, they have frequently overlooked the
resource recovery rom POME or higher value-
added products. Resource recovery from waste is
far more than just being sustainable, as it would
concurrently lead to less environmental impacts and
promotes economic development in the industry.
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These practices would also act as a cradle for green
industry practices such as harnessing renewable
energy sources, reducing dependency on the
depletable fossil fuels, while minimizing negative
impact on the planet all at one go.

The whole objective of this article aims to
concisely review and report on the oil management
strategies rom POME that have not previously
been compiled to acquire insight or better efuent
management. As the current scenario in palm oil
research focuses on resource recovery, this article
introduces technologies or oil recovery rom POME,
along with their mechanisms of action, advantages,
and disadvantages, while also presenting a green
technology or enhancing oil recovery rom POME
via ultrasonication. Future opportunities in terms of
environmental, social, and governance (ESG) as well
as the economic viewpoint were looked upon. This
strategy will pave the way for waste recovery and
resource valorisation, which will not only eectively
reduce pollution degree, but also greatly reduce the
usage of non-renewable sources, moving the palm
oil industries towards a sustainable development.

PALM OILMILL EFFLUENT

Over the past 60 years, palm oil production has
increased substantially as a result of expanding
global population and driving demand from the
food and beverage, oleochemical and biodiesel
industries. Global palm oil production in 2022
reached a new high of 77 million tonnes, which is
40 times the output rom 1970 (Edi, 2022).
Nonetheless, the continual expansion of palm
oil production will undeniably generate massive
volumes of waste. A typical extraction operation of 1
t of CPO would require 5.0-7.5 t of water, with over
half of it ending up as liquid waste (Mohammad
et al., 2021). POME is the most prominent oily
pollutant in palm oil mills derived from the mixture
o steriliser condensate, crude oil clarication, and
hydro-cyclone efuent. Not to mention that various
boiler blowdown, tank and decanter drains, water
used for maintenance and cleaning also resulted in
POME generation.

Due to the heterogeneity o POME, no xed
values are provided for its attributes, as they
uctuate signicantly in response to starting
material qualities and processing variations. Table 1
summarises the general physicochemical properties
o raw POME along with the established regulatory
limits to the discharge o POME. The raw POME
characteristics were found to be non-compliant with
the discharge limits.

POME is a solid-liquid efuent composed
primarily o ne cellulosicmaterials aswell aswater-
soluble oil palm components. Commonly, POME
is a dense, brownish underutilised agro-industrial

wastewater discharged at high temperatures and
with a lowpHvalue.Owing to the elevation of solids,
O&G, andorganic contents, indiscriminate discharge
o untreated POME on land and into waterway can
be concomitantly sensitive to environmental issues.
POME is also eutrophic and emits an unpleasant
odour due to its rich mineral content.

Presence of Oil and Grease in POME

Section 304(a) of the Clean Water Act (CWA)
classies O&G as conventional pollutants. In recent
years, biological treatment has been the most
prevalent approach or the treatment o POME
(Cheng et al., 2021; Yashni et al., 2020). Despite
POME’s biodegradability ability, oil is notoriously
dicult to be degraded biologically since not all
microorganisms generate lipase enzymes that are
capable o decomposing triglycerides. Oil lm
depositionsurrounding themicrobeswould interfere
with the existing biological treatment by hindering
the transmission of oxygen and soluble substrate for
microbial degradation. This will ultimately result in
a decrease in the ecacy o treatment process and an
increase in the operational treatment cost.

The oil droplets in POME exist in two phases
being either oating in the supernatant or embedded
in the solids. Due to the harsh mechanical processing,
residual oil in POME is mostly in emulsied and
dispersed orm(<150μm). Inaddition, thepresenceo
natural suractants in POME, such as glycolipids and
phospholipids, increases the oil’s stability, making it
more resistant to coalescence and more challenging
to be separated by natural means. POME is also
highly complicated in nature due to the involvement
of a diverse structure of cellulose, hemicellulose,
and lignin (Hii et al., 2012). The carbohydrate-
rich particles in POME encapsulate bulk o the
oil droplets due to their amphiphilic properties,
with predominating lipophilic capabilities (Wan
Sharifudin et al., 2015). In brief, the oil is believed
to be primarily trapped in the suspended solids
and inseparable mechanically from the multiphase
system, contributing to poor recovery and resource
wastefulness in the long term.

OILMANAGEMENT STRATEGIES FROM
POME

Although biological treatment shows a certain
level o eciency in treating POME, it requently
disregards the resource recovery rom POME.
Resource recovery is one of the most desirable
environmental options for handling oily sludge. It
not only enables the palm oil industry to reprocess
and reformulate the recovered oil for energy
recovery, but it also signicantly reduces the volume
of waste and alleviates the negative impact.
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Oil recovery is identical to oil extraction, with
the key distinction being that when a virgin source is
employed, it is commonly referred to as ‘extraction’.
‘Oil recovery’, on the other hand, is usually used
to dene oil extraction rom waste or subsequent
oil extraction. Mechanisms employed in extracting
oil from virgin sources have also been applied in
the oil recovery process. Since oil recovery from
POME has received less attention rom the industry,
this section intends to concisely review the oil
management techniques that have been explored
rom POME on a laboratory scale to acquire insight
or better efuent management. Various oil recovery
methods, including physical, chemical, as well as
physicochemical, have been investigated as one of
the waste management approaches or POME.

Physical Methods

Oil recovery rom POME could be accomplished
by using trapping and skimming techniques. This
entails the collection o all liquid efuent rom the
processing stages in a container and allowing it
to stand or days until the oil components oat to
the surace and are skimmed o due to density
dierences. Commonly, this phenomenon is known
as gravity separation. As Stoke’s Law states, there
are several actors that aect the physical separation,
such as the medium viscosity, density, and particle
sizes.

To improve the eciency o oil recovery or
gravity separation, researchers had incorporated
dissolved air otation (DAF) into the oil skimming
process. When pressurised air is supplied at the
bottomofanopencontainer, the resultingair bubbles
will adhere to the microscopic oil droplets, causing
them to oat to the surace and be recovered by the
skimming equipment. Faisal et al. (2016) studied
the optimal DAF parameters and the result shows
that 52.6% o the O&G in POME could be removed
with an airow o 11 L/min and a treatment time

of 5 days. This represents a 39.9% improvement
over conventional separation. By integrating a
membrane separation (MS) unit, the oil recovery
rate improved to 99.9%. Albeit improved eciency,
the incorporation of DAF and MS units incurred
substantial operating and maintenance expenses
due to the requirement to generate a continual
stream of bubbles and high tendency of membrane
clogging.

Mechanical centrifugation is another method
of recovering oil by physical means. During
centrifugal operation, the force of centrifugation
generated by high-speed rotation causes particles
in oily sludge to move radially toward the bottom
o the centriugal device. Upon stratication o oily
sludge, the top layer of oil-water emulsion liquid
can be recovered for value-addedproducts,while the
bottom layer of solid particles can be processed for
further uses. Laohaprapanon et al. (2005) compared
gravity separation and mechanical centrifugation
to physically separate oil rom POME. It was
discovered that centrifugation at 7000 rpm for 15min
yielded comparable oil recovery to gravity settling
at 55°C or 1 day. Centriugal eciency is inuenced
by a number of factors, including centrifugal speed,
power, temperature, and duration (Philemon and
Benoît, 2013). Despite its superior performance
to gravity separation in terms of space and time,
mechanical centrifugation still has a relatively low
eciency.

Conventionally, physical separation is the most
common and simplest method to adopt. Despite its
relatively simpledesignand lowoperatingexpenses,
it is inecient as it necessitates a huge setup area
and is only able to recover 35%-55% oil layer on
the surface (Loh et al., 2013; Wang et al., 2015). In
contrast, the oil encapsulated within the remnant
source cannot be freed and will be discharged as
sludge. Consequently, the oil from the wastewater
is not eectively recovered, necessitating a better
recovery method or pre-conditioning of sample.

TABLE 1. GENERAL CHARACTERISTICS OF RAW POME AND REGULATORY DISCHARGE LIMITS FOR POME

Parameters Concentration range Standard discharge limit

pH 3.3 – 5.7 5 – 9

Temperature 80°C – 90°C 45°C

Total solids (TS) 11 500 – 78 000 mg/L N/A

Suspended solids (SS) 5 000 – 54 000 mg/L 400 mg/L

Biochemical oxygen demand (BOD) 10 250 – 43 750 mg/L 100 mg/L

Chemical oxygen demand (COD) 15 000 – 100 000 mg/L N/A

Total nitrogen (TN) 180 – 1 400 mg/L 200 mg/L

Ammoniacal nitrogen (NH3-N) 4 – 80 mg/L 150 mg/L

Oil and greases (O&G) 130 – 18 000 mg/L 50 mg/L

Note: N/A – not applicable.

Source: Department o Environment Malaysia, 1977; Kamyab et al., 2018; Loh et al., 2017; Mahmod et al., 2021.
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Chemical Methods

Solid-liquid extraction (SLE), commonly known
as Soxhlet extraction, developed by Franz Von
Soxhlet in the mid-18th century, has been used to
separate various compounds from solid samples.
A typical Soxhlet apparatus mainly consists of a
boiling ask, a Soxhlet extractor, and a condenser, as
illustrated in Figure 1.

Theprocessbeginswith theadditionof extraction
solvent into the boiling ask. As the ask is steadily
heated, the solvent vaporises as it reaches its boiling
point. Through the siphon device and condenser,
the vaporised solvent condenses and drains into
the Soxhlet extractor. The analyte is extracted when
the warm solvent contacts the oil source. When
the extractor is full, the analyte-containing solvent
oods back into the boiling ask. Repetition o
cycles will result in complete extraction. Suwanno
et al. (2017) employed a laboratory-scale Soxhlet
technique to recover residual oil rom POME. They
discovered that 80% of the oil was recovered after
1 hr of reaction at 100°C with a sample-to-solvent
ratio of 1:6.

Soxhlet extraction is a less commonly used
method or oil recovery rom POME on an industrial
scale due to several limitations. One of the major
drawbacks is that this technique is only applicable
to solid samples. With the overwhelming presence
o liquid phase in POME, a pre-treatment by
drying is required prior to oil recovery. This will
undoubtedly result in extended treatment time and
higher production costs. Additionally, prolonged
high-temperature exposure may also result in
lipid peroxidation and deterioration of recovered
products (López-Bascón and Luque de Castro, 2020).

On the other hand, liquid-liquid extraction
(LLE), oten termed as chemical extraction or
solvent extraction, is currently widely employed
in the food, pharmaceutical, and petrochemical
sectors for the extraction process. Analytes are
isolated based on their relative solubility in two
immiscible solutions. LLE diers rom Soxhlet
extraction in that it does not entail any heating.
Figure 2 depicts the mechanisms o LLE, which
consists of three fundamental steps: Interaction,
separation, and recovery of solvent.

In POME, residual oil can be chemically
recovered using non-polar organic solvents like
n-hexane, n-heptane, pentane, petroleum ether, and
benzene. Among various solvents, n-hexane is the
most popular choice due to its superior oil extraction
performance. The fundamental properties for the
selection of extraction solvent include the solubility,
hydrophobicity, molecular weight, vapor pressure,
and acid dissociation (Wells, 2003).

Zulqarnain et al. (2021) conducted a study on
the impact of various solvent extraction parameters
on POME oil recovery eciency. The parameters
assessed included the solvent type, sample-to-
solvent ratio, mixing time, agitation speed, and pH.
The results revealed that the highest oil recovery
rom POME was 90% under the conditions o
a POME-to-hexane ratio o 1:1 or 25 min at
an agitation speed of 500 rpm and a pH of 10.
Additionally, there are ongoing eorts being
undertaken to commercialise solvent extraction as a
viable method or POME oil recovery. One notable
example is Mecpro Heavy Engineering Limited
(2022), a reputable company specialising in process
engineering for the palm oil industry, which has
recently developed an innovative solvent extraction
system known as the Mecpro Multi extraction
system. This system is designed to recover both
oating and emulsied oil rom POME as well as
wet mesocarp bre simultaneously, leading to an oil
extraction rate (OER) increase omore than 1%.

As a matter of fact, chemical extraction is
considered as one o the most ecient means o
separating residual oil from oily sludge. Unlike
physical separation, this method requires organic
extraction solvents. In addition to sourcing green
solvents to reduce environmental pollution, future
research may also ocus on improving the eciency
of chemical extraction process by reducing the size
of substrates, which increases their surface area and
facilitates better solvent-substrate contact.

Physicochemical Methods

Progressive freezing concentration (PFC) is
a process of concentrating a solution that entails
freezing or solidifying one liquid component to
orm a pure solid, and then separating the solidied
fragment from the mother liquor. The PFC process

Source: López-Bascón and Luque de Castro (2020).

Figure 1. Soxhlet apparatus setup.
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is aected by several actors, including temperature,
duration, freezing rate, oil-water phase, and
impurities (Hui et al., 2020). Mohamed Anuar
et al. (2020) discovered that the PFC technique
could recover 67.9% o O&G rom POME ater 1 hr
at a coolant temperature of 6°C. One of the main
advantages of PFC is that it is a green technology
that operates at low process temperature, which
can help maintain thermally sensitive elements of
the solution. However, the productivity of PFC is
relatively poor, and the energy requirements for the
process can be high, making it less economically
viable in warm climates. Nevertheless, there
is a potential for application of this method in
cold winter regions where low temperatures are
prevalent.

Adsorption is one of the most popular
techniques adopted for oil separation from oily
wastewater. Adsorption is a surface-related
phenomenon in which the sorbate molecules adhere
to the sorbent without penetrating it. Adsorbent
materials can be either synthetic or natural. Several
sorbents have been reported for the adsorption
o oil rom POME; including synthetic rubber
powder (Ahmad et al., 2005a), chitosan (Ahmad et
al., 2005b), palm shell activated carbon magnetic
composite (Ngarmkam et al., 2011), modied oil
palm leaf (Jahi et al., 2015), esteried sago bark
bre waste (Wahi et al., 2017), as well as
polypropylene micro/nanober (PP-MNF) (Semilin
et al., 2021). The eciency o oil adsorption ranged
rom 80% to 99%, with the esteried sago bark
bre waste achieving the lowest eciency, and
chitosan powder achieving the highest. The
eciency o the oil-water adsorption process is
determined by the properties of sorbent, the most
important of which are the hydrophobic and
oleophilic properties. These studies have shown
that the adsorption eciency can be improved
by optimising the processing conditions, such as
dosage, contact time, pH, and temperature. Physical

pressing, chemical extraction, or supercritical
carbon dioxide techniques can be used to recover
the adsorbed oil from the sorbent. Adsorption is
widely utilised or its benets, such as high
eciency, ease o operation, and environmental
friendliness. However, the concern over the
reusability of adsorbent and post-adsorption
treatment to recover the adsorbed oil is a huge
disincentive to this technology as it will certainly
increase the expenditure.

Table 2 provides an overview of various oil
management strategies or POME, along with
their advantages and disadvantages. Among
those, chemical extraction would be the preferred
option due to its high recoverability eciency and
industrial-scale practicability.

ULTRASONICATION TECHNIQUE – A GREEN
TECHNOLOGY TO ENHANCE OIL RECOVERY

The primary drawback o oil recovery rom POME
is the oil-bearing cell, and most oil recovery systems
are geared only toward recovery, with little attempt
made to enhance the recovery yields. As approaches
outlined above have limitations in extracting the
entrapped lipids, research has demonstrated that
the incorporation of ultrasound pre-treatment can
transcend these barricades.

Ultrasound is a cyclic sound pressure with a
frequency greater than 20 kHz. Ultrasonication
technique is often regarded as a ‘green technology’,
as evidenced by its numerous advantages such as
high eciency, low equipment requirement, short
operation duration (seconds to minutes), and ability
to operate under atmospheric pressure and ambient
temperature. Most notably, ultrasonication does not
require any chemical enhancers to increase yield,
which exhibits the benet o being non-hazardous to
the environment and contributes to waste reduction.
In recent years, ultrasound technology has acquired

Source: Suzuki et al., 2020.

Figure 2. Mechanisms o LLE.
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greater application in almost all disciplines,
including the elds o medical and therapy, ood
and beverage, material cleaning, nanotechnology,
industrial welding, and environmental applications
(Mohammed and Alhajhoj, 2020).

When ultrasound wave propagates in the
sample, it generates a series of cycles known as
compression and rarefaction, which impose positive
pressure by pushing the molecules together and
negative pressure by pulling them apart. As a result
o instantaneous and enormous pressure dierence,
microbubbles occur in the rarefaction region.
These microbubbles expand in successive cycles
by absorbing the ultrasonic energy and collapse
violently upon reaching an unstable diameter. This
phenomenon is known as acoustic cavitation and is
represented in Figure 3.

The detonation of cavitation bubbles induces
shock waves, which in turn create intense
localised heating (5000 K), high pressure (500 atm),
and a high heating and cooling rate (109 K/s)
at the liquid-gas interface turbulence over a
few microseconds (Suslick, 1998). Such extreme
conditions create other physical and mechanical
eect, namely hydromechanical shear orces
created by liquid jet stream travelling at a speed
o 400 km/hr. These eects can cause breakdown
of cell wall and exudation of cellular content, all
of which contribute to an increase in yield. In
addition, ultrasonication has been associated with
sonochemistry reactions. The heat generated by
the cavity implosion dissociates the water (H2O)

molecules into highly reactive hydroxide radicals
(OH·) and hydrogen (H+) atoms. These radicals
recombine during the rapid cooling phase to form
hydrogen peroxide (H2O2) and molecular hydrogen
(H2). These reactive oxygen species will oxidise and
degrade the solutes. Overall, ultrasonic irradiation
is an emerging technology with a combination of
physical (pyrolysis and shearing) and chemical
eects (radical reaction).

Tang et al. (2021) studied the use of low-
frequency ultrasound to enhance the oil recovery
rom POME. The oil content ater subjecting POME
to ultrasound pre-treatment were compared to the
oil content from corresponding sample without
ultrasound pre-treatment. The results reveal that
low-frequency ultrasound pre-treatment improved
extractability by 39.17% additional oil content,
with the highest extractability achieved under
the conditions of 150 W and 15 s. In addition,
ultrasonic irradiation on POME could also enhance
the organic solids solubilisation, which will be
an added advantage for subsequent biological
treatment (Isa et al., 2020; Wong et al., 2019).

Essentially, the ultrasound intervention on
POME not only allows or potentially higher oil
recovery and increases economic returns for palm
oil mills, but also appreciably reduces the treatment
operation footprint through enhanced organic
solubilisation. Although ultrasound pre-treatment
exhibited numerous benets, concerns regarding
energy consumption and the possibility of oxidation
on recovered products should be considered.

TABLE 2. OVERVIEW OF OILMANAGEMENT STRATEGIES FOR POME

Oil recovery method Advantages Disadvantages

Trapping and skimming Simple design
Low cost

Does not require chemicals

Only able to remove free oil
Slow removal process
Huge setup area

Dissolved air otation and
membrane separation

Improved eciency compared to gravity
separation

Does not require chemicals

High operating costs
Tendency of membrane clogging

Mechanical centrifugation Reduced time and space compared to gravity
separation

Emulsied and entrapped oil cannot be
recovered

High maintenance cost

Soxhlet extraction Large selectivity
High yield

Necessitate pre-treatment of drying and
chemicals

Adverse thermal eects

Chemical extraction Industrial practicability
High recoverability eciency

Require chemicals

Progressive freezing
concentration

Maintain thermally sensitive element Low productivity
Unsuitable for warm climates

Adsorption High removal eciency
Ease o operation

Post-adsorption treatment is required
Concern over reusability
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POTENTIAL PRODUCTS FROM POME-
RECOVERED OIL

Table 3 shows the characteristics of residual oil
recovered rom POME with that o CPO. The
attributes o residual oil recovered rom POME
are comparable to CPO, but with a slightly higher
ree atty acids (FFA) and peroxide value (PV).
Figure 4 illustrates the potential products from
POME-recovered oil. The recovered oil rom
POME can be valorised as eedstock or biodiesel
production, burner fuel, sustainable aviation fuel, as
well as in nutritional platform.

Biodiesel

The imminent depletion of fossil fuel reserves,
combined with environmental concerns, has fuelled
the desire to achieve greater energy independence by
encouraging more research on ecologically friendly
and sustainable biofuels. Biodiesel, a renewable
liquid fuel, has been advocated as a promising fuel
for the future. It outperforms petroleum-based fuels
in several aspects, including being biodegradable,
non-toxic, and emitting fewer harmful pollutants
(Ogunkunle and Ahmed, 2019). Commonly, edible
oil is the leading resources for the manufacturing
of biodiesel. Nevertheless, the utilisation of edible
oil invariably sparks controversy and establishes a
conict between the availability o ood and uel.
To alleviate the issue, academics and stakeholders
strive to transform the processed-palm-oil waste into
biofuel, while reutilising the residual oil recovered
rom POME or biodiesel production came on
top of the plan. Zulqarnain et al. (2021) reviewed
the biodiesel production process and discussed
the research gaps related to valorising POME as a
substrate. The authors emphasised that although

POME demonstrated a great potential as a eedstock
for green fuels, there is a need for more research
to improve the eciency and cost-eectiveness o
POME-based biodiesel production.

Burner Fuel

Alternatively, residual oil rom POME can be
valorised directly as a fuel substitute in a burner
without undergoing any rening process. According
to Zuber et al. (2018), the viscosity of residual
oil rom POME is 15 times higher than that o
conventional diesel, preventing it rom owing or
spraying eciently without any treatment. Through
heating, its viscosity can be reduced signicantly,
while its owability can be enhanced. Compared
with conventional diesel, it has been reported that
the use o residual oil rom POME in a burner
reduces emissions of carbon monoxide (CO) and
nitrogen oxides (NOx) by 34% and 90%, respectively,
indicating its feasibility as burner fuel.

Sustainable Aviation Fuel

In conjunction with the global commitment in
reducing emissions in the aviation sector, conversion
o residual oil rom POME into sustainable aviation
uel (SAF) with hydrotreated vegetable oil (HVO)
technology could be one o the most eective
strategies. Yeoh and Goh (2022) presented a review
on current state o HVO production rom POME
along with its opportunities and challenges. The
study also highlights the benets it could bring to
the aviation industry. The conversion o POME into
SAF can reduce the carbon footprint of aviation
by up to 80% compared to conventional jet fuel.
It can also improve energy security by reducing
reliance on fossil fuels and diversifying fuel sources.

Source: Perera and Alzahrani (2021).

Figure 3. Mechanisms o ultrasonic irradiation.
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Additionally, the production o SAF rom POME can
create new economic opportunities by providing an
additional source of income for palm oil producers.

Phytonutrients

Phytonutrients are bioactive compounds that
have benecial eects on human health. These
extracts have been shown to have antioxidant, anti-
inammatory, and anti-cancer properties, which can
be employed as cosmeceuticals additives, colouring
agents, as well as nutritional supplements within
the pharmaceutical and food industries. Recent
studies revealed that POME-recovered oil possesses
high nutritional value, prompting the nutraceutical
investors to venture in technologies for the
valorisation of essential bioactive compounds.
In a study conducted by Teh et al. (2017), it was
reported that POME-recovered oil is rich in various

phytonutrients, containing 161 ppm of sterols, 706
ppm o vitamin E (tocotrienol and tocopherols),
569 ppm of pro-vitamin A (carotenoids), as well
as 514 ppm of squalene. Sterols are plant-based
compounds that have cholesterol-lowering
properties, while vitamin E is a group o at-soluble
compounds that act as an antioxidant. Carotenoids
are essential for maintaining healthy vision, skin,
and immune function, and squalene is a natural
antioxidant that can enhance skin health and reduce
the risk of chronic diseases. The study also revealed
that the phytonutrient contents o POME-recovered
oil are comparable to those of CPO, suggesting the
possibility for valorisation as a reliable source of
nutritional products. Furthermore, Chen et al. (2019)
provided a comprehensive review of the challenges
related to recovering high-value nutrients from
POME, including saety, technology, regulations,
and cost-eectiveness.

TABLE 3. CHARACTERISTICS COMPARISON OF POME-RECOVERED OIL AND CPO

Residual oil from POME Crude palm oil

Free fatty acids, FFA (%) 5 – 45 Max 5

Iodine value, IV 40 – 100 50.4 – 53.7

Peroxide value, PV (meq/kg) 1.36 – 21.81 Max 3

Fatty acid composition (%)

Myristic (C14:0) 1.08 – 1.20 0.90 – 1.50

Palmitic (C16:0) 45.00 – 46.20 39.20 – 45.80

Stearic (C18:0) 3.70 – 4.45 3.70 – 5.10

Oleic (C18:1) 37.99 – 39.80 37.40 – 44.10

Linoleic (C18:2) 9.80 – 9.85 8.70 – 12.50

Linolenic (C18:3) 0.02 – 0.40 0.00 – 0.60

Source: Hayyan et al., 2011; Malaysia Department of Standards, 2007; Putri Primandari et al., 2013.

Figure 4. Potential products rom POME-recovered oil.
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FUTURE OPPORTUNITIES

With the rising generation o POME, there is a
need for research to be conducted to intensify the
performance of current oil recovery techniques
rom POME. Given the possibility o industry’s
reliance on solvent extraction method, an alternative
of low-cost green solvent is also one of the highly
anticipated opportunities.Methods like supercritical
uid extraction (SFE) or aqueous extraction process
(AEP), which involve the use o green solvents
such as carbon dioxide or water, could be explored.
The massive volume o POME could be a trade-o
between the environmental benets and the cost o
the associated technology. Besides, palm oil millers
could also look into the incorporation of other green
technologies like microwave-assisted or enzymatic
hydrolysis as a pre-treatment or polishing step to
improve the oil recoveryprocess, as certain treatment
methods are insucient to stand alone. As or the
ultrasound pre-treatment in enhancing oil recovery
rom POME, a thorough study o the system design,
ultrasound eld patterns, cost-benet analysis, as
well as quality assessment on the recovered products
could be undertaken.

Amore scientic approach in the entire palm oil
industry is necessary for the future growth of the
industry, both in terms o eciency and economics.
Biodiesels are one of the potential outcomes for
recovered oil rom POME. An eective conversion
technology with the lowest possible production
cost and environmental impact should be designed
by conducting economic assessment and life cycle
analysis. Besides, a comprehensive strategy for
connecting and transporting the efuent rom its
source to biodiesel manufacturing facility could
be devised. Aside from enhancing the conversion
and recovery process, researchers can also expand
their horizons and explore new possibilities and
applications for the recovered oil.

Environmental Aspect of the Residual Oil
Recovery Practice

Oil palms were cultivated as a strategy to
minimise the country’s economic reliance on tins
and rubber as early as 1960. The decision to cultivate
oil palm is often linked to the negative impacts
on the environments which include mass scale
deforestation and emission of greenhouse gases
(GHG). Another controversial issue o the palm
oil industry is the discharge o POME into open
water bodies. The water consumption in the palm
oil industry is so huge, that POME has become
one of the largest contributors to the wastewater in
Malaysia.

Both government and private organisations
have been encouraged to undertake all development
projects with a focus on sustainable development.

The implementation of best-developed practices
(BDPs) with a ‘zero waste’ philosophy that
emphasises the recycling and utilisation of all waste
and by-products from the entire palm oil sector, is
promoting the palm oil industry to become more
environmental-friendly.

Rather than new forest land exploration that
led to disturbance of forest system, loss of animal’s
habitats, and pesticide pollution in maintaining
the plantation, researchers can divert their eorts
to increase the oil production through adoption
of residual oil recovery from processed palm-oil
waste as one of its waste management strategies.
The adoption of these practices will greatly drive
the sector towards cleaner production, with benets
suchas reducedwastegeneration, ecientutilisation
o waste, and cost-eective improvements to end-
of-pipe solutions when integrated into current
production processes.

Along with the country’s commitment to the
ParisAgreement, theMalaysiangovernment recently
declared that carbon tax would be incorporated
in the 12th Malaysia Plan (2021-2025). Through
introducing the carbon tax, palm oil millers will be
obliged to seek into alternative energy source as a
method to reduce and oset the carbon ootprints
from the process. One example is that the residual
oil recovered rom POME can be used or biodiesel
production, which acts as a renewable substitute
for petroleum fuel. Advanced feedstocks derived
rom waste and achieving greater GHG savings are
double counted towards transport fuel mandates
under the new European Union Renewable Energy
Directive (EU RED) II, and POME has been included
as one o the sources, which would oer a signicant
incentive in the eld.

Social Aspect of the Residual Oil Recovery Practice

Thepalmoil industry is currently ahot topic in the
society and communities, and the recovery of residual
oil rom POME is viewed as a potential solution to
the sector’s social issues. The implementation of
residual oil recovery practices could potentially
result in the creation of new job opportunities in
waste management, oil recovery, and renewable
energy production. As the demand for sustainable
palm oil grows, there will be a need for more skilled
personnel in these areas, which could contribute to
the development of local communities. Furthermore,
integrating these communities in the process can
lead to environmental education and awareness,
promoting sustainable practices.

The recovery o residual oil rom POME could
also result in new partnerships between palm oil
producers and other industries, like biofuel industry.
This could help strengthen the supply chain and
open new avenues for collaboration. The Malaysian
government’s launch o PEMERKASA stimulus
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package and Workforce Recalibration Programme
could contribute to the social sustainability by
encouraging investment in the palm oil industry and
providing legal status to foreign workers (NurAisha,
2021). These initiatives encourage technology transfer
and fair labour practice, resulting in a more socially
responsible and sustainable industry.

Overall, the residual oil recovery practice oers
a range of opportunities for employment creation,
community development, environmental education,
and partnership development. By prioritising these
social aspects, the palm oil industry can progress
towards a more sustainable uture, ullling the
growing demand for sustainable palm oil while
beneting communities and the environment.

Governance Aspect of the Residual Oil Recovery
Practice

Governance actors reer to a country’s norms or
standards, allowing investors to screen for proper
governance practices in the same manner that they
do for the environmental and social aspects. The
European market is already shiting rom voluntary
standards to enforcing sustainability by law, and
this process is being expedited by the global climate
ambitions, which have turned the Paris Climate
Agreement into European Green Deal, with the goal
o achieving EU climate neutral by 2050. Malaysia
has also developed its own mandatory certication
scheme known as Malaysia Sustainable Palm Oil
(MSPO) for the palm oil industry stakeholders, with
the goal of promoting and ensuring the industry’s
sustainability. However, the EU’s ailure to
recognise the importance of MSPO had ushered for
further improvement. Hence, governments over the
countries should work together to enable a feasible
two-way collaboration.

To achieve a greener future, governments have
also introduced renewable fuel policies such as
subsidies, incentives, mandates, and taxes to boost
the biodiesel sector. One example is the Malaysian
and Indonesian governments’ announcement of
the objective in promoting biodiesel blend B20 and
B40 mandates by the end of 2022 (Ajeng Dinar,
2022). Since POME is abundantly generated, cheap,
and challenging to dispose of, one of the research
areas that can be investigated for sustainability is
recovering the residual oil rom POME and utilising
it for biodiesel production. Without the cooperation
by government and industry players, this approach
would not be a success.

ECONOMIC VIEWPOINT

Oil recovery rom POME could be an appealing
alternative as it demonstrated a considerable
reduction in organic content in POME, making

subsequent treatment more ecient. Research has
shown that removing oil from raw sludge reduces
COD content by 10%-15% (Liew et al., 2017).
Additionally, de-oiling contributes positively to
anaerobic digestion rate and biomethane yield,
which is advantageous for subsequent biological
treatment (Aziz et al., 2020). Moreover, the recovered
oil romPOME can be sold or 40%-60%o the typical
CPO price, revealing a new economic opportunity.
The market price/t of CPO in 2022 ranges from
RM3682 to RM6873 (MPOB, 2022b). With the
assumption o recovered oil rom POME is
sold at 50% of the average market price of CPO
(RM5126/t), the selling price of residual oil
recovered rom POME is approximately RM2563/t.

In 2022, global production of palm oil reached
77 million tonnes, resulting in 231 million tonnes of
POME being produced. Not only did the process
generate a considerable volume o efuent, but a
rough speculation also indicates that the POME
discharged contains approximately 1.16 million
tonnes of residual oil that can be recovered. This
could result in an additional revenue of RM2.9
billion/yr for the industry if the recovery of
residual oil rom POME is properly implemented.
Additionally, this would also support the
government’s Economic Transormation Program
(ETP) and its goal o boosting OER through Entry
Point Projects (EPP) 4.

It is crucial to factor in the costs, particularly
the equipment cost, to accurately determine
the net economic benet when considering the
implementation of oil recovery technology. The
cost of adding equipment can vary depending on
the specic technology employed and the scale o
operation. Some of the other expenses associated
with implementing oil recovery technology include
the installation cost of equipment, maintenance cost,
operation cost, aswell as infrastructure improvement
cost.While the adoption of oil recovery practice from
POME does incur some costs, these expenses can be
oset by the value o recovered oil and other benets.
Therefore, a thorough analysis of the associated costs
and benets with the implementation o oil recovery
technology is essential for making an informed
decision.

CONCLUSION

The huge amounts of waste produced by the palm
oil sector have sparked public concern. As a results,
eorts are being made to study ways to eectively
manage and utilise this waste tomitigate its negative
eects on the environment. This review article
outlines the valorisation of liquid palm oil waste via
oil recovery. Various techniques along with research
gaps or oil recovery rom POME were looked
upon, while also presenting the green technology
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such as ultrasonic irradiation as a pre-treatment to
enhance the eciency o oil recovery. This review
also highlights the use o recovered oil rom POME
as a renewable and sustainable source of material
for producing value-added products, diversifying
the utilisation o POME beyond traditional ponding
systems. The future opportunities in terms of
environmental, social, and governance aspects
of residual oil recovery practice were critically
evaluated.Overall, the implementationof techniques
to recover residual oil rom POME is highly
recommended as an eective and sustainable waste
management solution. It not only helps to conserve
the environment, but also creates a new economic
opportunity for palm oil millers. Additionally, the
utilisation of recovered oil as a sustainable resource
can provide industrial symbiosis possibilities and
contributes to the circular economy.
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