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The palm oil industry has been continuing to help in mitigating poverty and drive socio-economic growth

through job opportunities and infrastructure development in the suburbs. However, as the industry expands

rapidly, production goes hand in hand with waste generation. With current utilization by mills, a large

quantity of oil palm biomass is left underutilized. Existing practices allow only a proportion of biomass to

be used as mulching agents in plantations and fuel boilers, while trunks and fronds are left to

decompose for carbon cycling. A lot of work has been done on bio-product development using oil palm

biomass, including biochar, activated carbon, bio-oil, compost, nanocellulose, biosugar, bioelectricity,

biohythane, bioplastic, and bioenergy. This review puts together the latest pieces of evidence of

technological progress in the valorization of oil palm biomass for value-added use. Overall, it was

demonstrated that oil palm biomass can be converted into highly valuable feedstock via several

pretreatment routes. Moreover, several challenges were identified and urgently need to be improved.

This review will give a glimpse of how effective oil palm biomass is as the main feedstock for these high

value-added bioproducts.
Environmental signicance

Oil palm is now one of the major economic crops in a large number of countries, which triggered the expansion of the plantation area around the world. In
Malaysia, this industry annually generates about 80 million tons of oil palm biomass. This creates a serious problem of biomass waste overload to the country.
The biomass generated has attracted great interest from researchers. This was due to the abundance of this valuable material which can be converted into value-
added materials such as bioelectricity, biofuels, biohydrogen, bioplastics, biosugars, and nanocellulose. This review will give a glimpse of how effective this
biomass is as the main feedstock for these high value-added bioproducts. This article discusses the feasibility of biomass conversion technologies, including the
detailed process involved in each bioproduct development, which wasn't comprehensively highlighted in recent years.
1 Introduction

The production of palm oil has increased dramatically over the
last ve decades, with a projected USD 88 billion worth by 2022.1

Palm oil has advantages over other vegetable oils: (1) superior
shelf life of the nal products of up to 12 months, (2) the
presence of natural antioxidants, tocopherol, and tocotrienols,
which contribute to high oxidative stability, and (3) low price.2

In 2015, the global palm oil demand hit 56.4 million metric tons
(MT), nearly quadrupling compared to that in 1995. The
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production continued to rise by 22% in 2020, exceeding 72
million MT.3,4 Almost 85% of palm oil output is generated in
only two nations, with Indonesia producing 46.8 million MT or
58% of world supply, while Malaysia produced 20.9 million MT
or 26%.5 As the industry expands rapidly, palm oil production
goes hand in hand with its biomass generation. Approximately
70% of fresh fruit bunches become waste in the form of empty
fruit bunches, shells, and liquid effluent.6 Malaysia and Indo-
nesia recorded 220.5 million MT of dry oil palm biomass
production in 2013.7 In Malaysia alone, the government fore-
casted that solid biomass generation would increase to 93.7 to
122.4 million MT, while mill effluent would increase to 77.2 to
121.3 million MT by 2020.8 The statistics above are summarized
in Fig. 1.

By looking at the current landscape of the industry,
sustainability is a big concern. Despite the outstanding
economic and social development that the industry continued
to witness, it has drawn global attention attributable to envi-
ronmental conicts over the excessive production of biomass.
Environ. Sci.: Adv., 2022, 1, 259–275 | 259

http://crossmark.crossref.org/dialog/?doi=10.1039/d2va00029f&domain=pdf&date_stamp=2022-07-28
http://orcid.org/0000-0003-2101-5642
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2va00029f
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA001003


Fig. 1 Summary of the current statistics of the palm oil industry and its biomass generation.
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The scenario is further exacerbated aer the European Union
(EU) and United States (US) boycott of palm oil over the issues of
deforestation and global warming.9–11 A bio-based economy is
considered one of the feasible alternatives to achieve sustain-
ability by making use of oil palm biomass.

To date, biomass has largely been used as a fuel source for
cooking and heating in many developing countries.12 Mean-
while, in developed countries, the use of biomass derived fuels
for transportation and for electricity generation is increasing
due to the impacts and consequences of CO2 emissions on the
environment.12 In most of the palm oil producing countries, oil
palm biomass is now underutilised due to its restricted appli-
cation, which is mostly due to the low or medium technology
readiness level of specic bio-product processing, making it
difficult for the industry to adapt. This is linked to the techno-
logical know-how and nancial implications that vary from lab
to industrial scale manufacturing. According to Kaniapan
et al.,13 oil palm biomass is currently being utilized in various
industries such as brooms from oil palm fronds (OPF) and
compressed medium density breboard from oil palm trunks
(OPT), whereas oil palm empty fruit bunches (OPEFB) are being
utilized widely as a mulch for fertilizers to promote soil fertility.
OPEFB can also be a good source of polymer reinforcement
materials. Besides that, processed palm kernel cakes have been
commonly used for animal feed given to cattle and chickens.
Fig. 2 Overview of the complex structure of lignocellulosic fibers.
Reproduced from Norrrahim et al.17

260 | Environ. Sci.: Adv., 2022, 1, 259–275
Oil palm biomass is divided into solid and liquid biomass
with possible uses for each part. It consists of a complex
lignocellulosic structure as represented in Fig. 2. The direct
utilization of lignocellulosic biomass for bioproducts is chal-
lenging due to the tight bonding within their components. To
overcome this problem, several pretreatment methods are
usually applied to fractionate this biomass prior to further
processing. The scientic community's continuing commit-
ments in research and development (R&D) have expedited
technological innovations in potential bio-products, such as
biochar, activated carbon, bio-oil, compost, nanocellulose,
biosugar, bioelectricity, bioplastics, biogas and bioenergy, as
summarized in Fig. 3.14–18 This review highlights the latest
ndings in that regard.
2 Emerging technologies for value-
added use of oil palm biomass

Today's paradigm shi in handling biomass ensures that it is
leveraged in an environmentally sound manner so that the
benets are grasped with both hands for prot, people, and the
planet. This implies that no spare biomass shall be discarded by
mills by any means possible either by converting it into useful
derivatives or reclaiming it for in-house use. Much research that
has been conducted on numerous processes using oil palm
biomass opens up the possibility of creating a valuable product
proposal and bringing it to the commercial marketplace.

As shown in Fig. 2, the structural arrangement of oil palm
biomass and its composition have a signicant effect on its
conversion efficiency.16 By referring to Fig. 4, the pretreatment
of oil palm biomass can be done via thermal, physical, ther-
momechanical, chemical, and biochemical conversion routes.
Physical and thermomechanical pretreatments are usually been
applied towards the lignocellulosic bers. Physical pretreat-
ment, also known as mechanical pretreatment, is a process that
uses mechanical methods, such as milling, chipping, grinding,
and shredding, to reduce the particle size and to increase the
surface area of biomass.17 This pretreatment is also able to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Overview of oil palm biomass-derived bioproducts and their related technologies.
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partially modify the structure of biomass, reduce cellulose
crystallinity, and disrupt the chemical bonding. The chemical
composition of natural bers is usually not affected by physical
pretreatment. It is oen an essential step prior to or following
chemical or biological processing. However, there are some
drawbacks to physical pretreatment. Physical pretreatment
lacks the ability to remove lignin and hemicellulose, which
limits the conversion processes such as enzymatic sacchari-
cation and nanocellulose production. Besides that, this
pretreatment also requires high energy consumption, which
limits its large-scale implementation and causes environmental
safety concerns.17

Besides that, thermomechanical pretreatment involves both
thermal and physical interactions in the pretreatment process.17

Methods such as steam explosion, superheated steam, hydro-
thermal, ammonia bre explosion and liquid hot water are
Fig. 4 Pretreatment routes of oil palm biomass.

© 2022 The Author(s). Published by the Royal Society of Chemistry
among the most widely used methods. It has the capability of
changing the structure of biomass, increasing the surface area,
and reducing the degree of biomass polymerization. Thermo-
mechanical pretreatment is considered as the most effective
and environmentally friendly method. Interestingly, it has been
optimized with a variety of feedstocks on a pilot scale for
industrial applications. It is also usually applied to remove
hemicellulose and lignin from lignocellulosic biomass.
2.1 Thermal treatments for biofuels & adsorbents

The biochemical components of oil palm biomass can be
decomposed into biochar, bio-oil, and non-condensable gasses
when treated under high temperatures in an oxygen-limited
environment.19 The classication is based on operating condi-
tions and has been successfully employed in either lab-scale or
pilot-scale reactors. Table 1 summarizes previous literature
Environ. Sci.: Adv., 2022, 1, 259–275 | 261
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Table 1 Literature on biochar, activated carbon, and bio-oil production from oil palm biomass

Biochar production

Biomass Process mode Operating conditions Yield (wt%)
Higher heating
value (HHV) (MJ kg�1) Reference

OPKS Slow carbonization 500 �C for 60 min under
a 2000 cm3 min�1 N2 ow

35.3 28.9 20
OPEFB 29.1 21.3
OPMF 29.8 29.1
OPEFB Self-sustained

carbonization
417–590 �C for 15–31.7 h
under air-tight conditions

16.3 25.0 21

Activated carbon production

Biomass Process mode Operating conditions
Surface area
(m2 g�1) Removal Reference

OPEFB Physical activation 900 �C for 30 min under
a 2500 cm3 min�1 N2 ow

635 97% cadmium 22

OPKS 500–1000 �C under a 12.8–
18.2 L min�1 steam ow

935 68% COD and 83%
BOD

23

OPMF 600 �C for 1 h 494 23% COD and 88% SS 24

Bio-oil production

Biomass Process mode Operating conditions
Oil yield
(wt%) HHV (MJ kg�1) Reference

OPEFB Slow pyrolysis 500 �C for 1 h under
a continuous N2 ow of 2 L
min�1

45.8 32.6 20
OPMF 43.9 28.0
OPKS 47.4 29.6
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identied using oil palm biomass for potential solid-fuel,
carbon-based adsorbent, and bio-oil production.

Abnisa et al.20 reported on biochar production from OPEFB,
oil palm mesocarp ber (OPMF), and oil palm kernel shells
(OPKS) via slow pyrolysis. The study found that oil palm
biomass contains high xed carbon, which indicates high
energy potential.25 The results found that OPKS-biochar has the
highest xed carbon content of 72.5% compared to OPEFB- and
OPMF-biochar at 41.7% and 30.6% respectively. As for the
energy content, the samples are characterized at a high heating
value of 21.3–29.1 MJ kg�1. To put this into perspective, the high
heating value of coal and coke is 30.7 and 33.5 MJ kg�1,
respectively, showing that thermochemical conversion of oil
palm biomass residues into biochar provides an opportunity as
an alternative source for renewable energy.26

A pragmatic approach to produce oil palm biomass biochar
on a large scale was developed by Idris et al.21 using a briquet
reactor tted with an air suction blower. Biomass is thermally
pyrolyzed for hot air to ow evenly within the combustion
chamber, as shown in Fig. 5. An optimal combustion process is
achieved by controlling the temperature and amount of ue gas
released so that the pressure inside consistently persists to
create partial activation. The combustion is stopped once the
temperature falls to <500 �C and the resultant biochar is
sprayed using rainwater to halt the combustion from
continuing which could burn down the resultant product into
ash. The characterization of the biochar produced shows that it
262 | Environ. Sci.: Adv., 2022, 1, 259–275
has a heating value of 25 MJ kg�1 and productivity reaches 26
wt%.

Another promising bioproduct is activated carbon.27 It typi-
cally has a higher surface area and pore volume than biochar
between 500 and 1900 m2 g�1 and 0.3 and 1.27 cm3 g�1,
respectively.28 Due to its large surface area and specic func-
tional groups that act collectively for adsorption, it has broader
applications, e.g., as adsorbents in wastewater treatment, cata-
lyst-support materials for chemical processes, and pseudo-
capacitor materials for energy storage.29–31 The process usually
includes a two-step process: carbonization and activation; car-
bonisation is a process to increase the carbon content of organic
materials to form char, which is normally non-porous, at 600–
900 �C under inert conditions, while activation is a process to
increase the surface area of char by increasing the porosity
through thermal or chemical modication at 700–900 �C under
inert conditions.32,33

Alkhatib et al.22 carbonized OPEFB at 900 �C with an N2 ow
rate of 2500 cm3 min�1 for 30 min, followed by physical acti-
vation using steam for 15min. The activated carbon produced is
then applied for cadmium removal from an aqueous solution,
whereby the adsorption indicates 97% of cadmium removal
owing to its high surface area of 635 m2 g�1. Zainal et al.23

investigated OPKS activation in the temperature range 500–
1000 �C with a 12.8–18.2 L min�1 steam ow rate. The resulting
activated carbon has shown an increase in surface area from
935 m2 g�1, which contributed to its 68% of chemical oxygen
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A self-sustained reactor for industrial-scale biochar production.
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demand (COD) and 83% of biochemical oxygen demand (BOD)
removal from palm oil mill effluent (POME). In another similar
study, Ibrahim et al.24 performed physical activation using
steam on OPMF at 600 �C for 1 h, which resulted in an increased
surface area of 494 m2 g�1. In treating POME, the activated
carbon effectively removed �23% COD and 88% suspended
solids.

Bio-oil or wood tar is recovered through destructive distilla-
tion, as a liquid fraction of biomass that is made up of
a complex mixture of 25–30% water, phenolic compounds, and
hydrocarbons with a caloric value of 15–16 MJ kg�1.34 During
the thermal process, a series of depolymerization, fragmenta-
tion, and cracking occurred concurrently to disrupt and
restructure chemical bonds within the lignocellulosic compo-
nents, leading to the production of a dark-brown organic
liquid.35 The biomass liquefaction incorporated a slightly
different approach, preferring fast pyrolysis to advantageously
obtain a high yield of bio-oil, which opposed the usual low
heating and long retention in carbonization.36 In a study by
Abnisa et al.,20 slow pyrolysis of OPEFB, OPMF, and OPKS is
optimized. The best conditions are recorded as 500 �C and 2 L
min�1 N2 for 1 h using biomass that is sized at 1–2 mm, where
the oil yields obtained from OPKS, OPEFB, and OPMF are 47.4
wt%, 45.8 wt%, and 43.9 wt%, respectively. The energy content
of biochar (20–30 MJ kg�1) is still higher than those of the bio-
oils obtained, nevertheless.

Despite the great progress achieved in oil palm biomass use
for bioenergy production, there are some drawbacks that need
to be considered. According to Mohammadi et al.,37 it is
important to evaluate several factors such as climate change
and human health implications regarding the adoption of
biochar technologies as discussed above. The production of
biochar may have inconsistent agronomic and soil effects. It
depends on their properties, crop species, soil types, and
management practices. Moreover, the current method to
produce biochar by using kilns is inefficient. It can have a bad
© 2022 The Author(s). Published by the Royal Society of Chemistry
impact on human health. Therefore, the development of
appropriate technologies based on efficiently engineered
pyrolysis facilities as discussed above is believed to mitigate
these adverse impacts.

Meanwhile, there are several other challenges that need to be
considered for developing future research. Reza et al.38 listed
several challenges faced in the application and commerciali-
zation of activated carbon as listed below:

(a) Activated carbon does not perform well in the removal of
pollutants that are not attracted by carbon like nitrates, sodium,
uoride, and pathogens. Therefore, the process for removing all
types of pollutants with activated carbon should be improved.

(b) The service life of activated carbon is short. The adsorp-
tion and desorption capability of activated carbon need to be
evaluated. Hence, a more thorough evaluation is required to
determine its long-term viability.

(c) The development of the second generation of waste
during the production process of activated carbon needs to be
avoided.

(d) The cost of preparing activated carbon from raw material
sources should be taken into account.
2.2 Co-composting for nutrient recycling

Co-composting is the biological degradation of organic mate-
rials with microorganisms over a prolonged period under
controlled conditions, e.g. temperature, moisture, O2 level, and
C/N ratio, to produce nutrient-rich humus or soil-like mate-
rials.39–42 A mesophilic stage begins with bacteria proliferation,
which simultaneously increases the compost temperature to 50
�C. Thermophilic microbes begin to proliferate as the environ-
ment becomes hotter. However, as the temperature continues to
rise to 70 �C, pathogenic microbes are exterminated and
phytotoxic compounds are broken down. As the thermophilic
activity subsides, the pile temperature starts to cool off gradu-
ally as it enters the curing phase. The mesophilic
Environ. Sci.: Adv., 2022, 1, 259–275 | 263
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microorganisms recolonize and continue to ingest the
remaining coarse organic materials at a much slower rate,
helping to further degrade potentially toxic organic acids and
resistant compounds. O2 is replenished throughout the process
by turning the compost pile to provide adequate aeration.42,43

There is a little amount of nitrate-N formed in the primary
phase of composting. However, as it enters the curing stage, the
mesophilic microbes' proliferation begins to ourish, resulting
in high conversion of organic material to ammonium-N and
nitrate-N. Therefore, measuring CO2 and NH3 using the Solvita
test or C/N ratio is gaining recognition as a useful way of eval-
uating the degree of compost maturity. Usually, the compost is
considered mature once the C/N ratio is <20 and the Solvita
Index reaches 7.44,45 The different phases in composting are
summarized in Fig. 6.

Composting has gained interest owing to its cheap starting
material, simplicity, environmentally friendly nature, and high
rate of carbon cycling.46–48 A pile of OPEFB with a block
dimension of 4.73 m3 is periodically supplemented with thick-
ened POME sludge at a ratio of 1 : 1 (w/w).49 The deterioration of
OPEFB self-degradation requires a long time to complete, and
hence the introduction of POME sludge is to expedite the
process by providing nitrogen and inoculum sources. Every 3
days within the rst 2 weeks of composting, the sludge is added
until the volume reaches a 1 : 1 (w/w) OPEFB to POME sludge
ratio. Sufficient aeration is replenished by periodically turning
the compost pile 1–3 times a week. Aer 40 days, the compost
achieved maturity as conrmed by the measured C/N ratio of
18.3.

Another study by Baharuddin et al.50 investigated the physi-
cochemical changes during OPEFB composting with POME. In
the rst 2 weeks, the pile moisture is kept at 65–75% with
aeration regularity once in 3 days. The compost pile is
purposefully covered to avoid heat loss and aid raise the
temperature to 60–70 �C. Aer 60 days, the maturity is reached
with the C/N ratio reaching 12, an acceptable quality of compost
with a N : P : K ratio of 2.2 : 1.5 : 2.8 and a heavy metal content
of <10 mg kg�1. Ahmad et al.51 have carried out one-tonne
composting of oil palm fronds and POME (1 : 1 w/w oil palm
Fig. 6 Different phases during composting.42–45

264 | Environ. Sci.: Adv., 2022, 1, 259–275
fronds to POME ratio) for 30 days. The POME addition is
completed within the rst 2 weeks of composting and the
turning process is carried out once in 3 days to ensure an even
distribution of moisture and provide sufficient aeration. The
compost maturity is achieved as the C/N ratio is reduced from
64 to 18 aer 60 days. Similar conditions are applied by Hock
et al.52 using a different raw material, OPMF. The reported
N : P : K content is 2.1 : 0.3 : 1.2, which met the USEPA
standard.

In the development of co-composting of oil palm biomass,
some challenges related to health issues are the main concerns
and require attention for future research. Usually, heavy metals
are present in POME. Based on the data reported by Krishnan
et al.,53 POME has metal concentrations (e.g. B 7.6 mg L�1, Fe
46.5 mg L�1, Mn 2.0mg L�1, Cu 0.89mg L�1 and Zn 2.3 mg L�1).
The presence of these heavy metals is due to the mechanisms
such as metal binding, microbial immobilization and oxida-
tion, and humication. Krishnan et al.53 also suggested by
proling that the microbial community in the POME and
developed compost can help the future research to increase the
effectiveness of the co-composting process. By doing this,
species with higher oxidation and immobilization of toxic heavy
metals can be identied. Besides that, prolonging the co-com-
posting period is ineffective and not economically practical. The
co-composting period is reported to be around 60 days. There-
fore, the identication of microbes involved in the co-com-
posting would also provide novel and valuable insights into the
mechanism and help to improve the efficiency of the process.
2.3 Nanocellulose as a reinforcement material

Fibrillated cellulose is used as a reinforcement material for
composite materials owing to its advantages, e.g. improved
deformation, great thermal conductivity and insulation, non-
poisonous nature, high durability, and electrical conduc-
tivity.54–60 Nanocellulose isolation stages and the types of treat-
ments are summarized in Fig. 7. The latest nding reveals that
nanocellulose gives better performance to the composite
compared to macro- and micro-sized cellulose, e.g., higher
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Nanocellulose isolation stages and types of treatments.65–69

Table 2 The literature on nanocellulose production from oil palm biomass for biocomposite development

Biomass Fabrication Filler loading (wt%) Results Reference

OPEFB Nano-ller epoxy nanocomposites 3 (1) Density increased from 1.13–1.25 g
cm�3

70

(2) Improved thermomechanical
properties

OPMF Nanowhisker nanocomposites 3–6 (1) Elongation at break increased by
240% at 3 wt% loading

71

(2) Tensile strength and elastic modulus
increased at 6 wt% loading

OPMF PE reinforced nanocellulose
nanocomposite

3 (1) 139% increase in exural strength 61
(2) 195% increase in exural modulus
(3) Increased thermal properties

OPMF PLA reinforced nanocellulose
nanocomposite

3 (1) 11.6% increase in tensile strength 72
(2) 27.1% increase in Young's modulus

OPMF PP reinforced nanocellulose
nanocomposites

3 (1) 34.2% increase in tensile strength 73
(2) 63.7% increase in Young's modulus

OPEFB PLA reinforced nanocellulose
nanocomposites

3–5 phr (1) 84% increase in tensile strength at 3
phr

74

(2) 12.7% increase in degradation
temperature at 5 phr

OPEFB PVA/starch lm reinforced
nanocellulose nanocomposites

5–10 (1) Highest tensile strength at 10% (v/v) 75
(2) Highest elongation at break at 5% (v/
v)
(3) Water adsorption increased with ller
loading
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surface area, higher crystallinity, and higher thermal stability as
well as mechanical strength.61–64 Table 2 summarizes a few
studies that focused on utilizing oil palm-derived nanocellulose
for biocomposite production.

During the fabrication of composite materials, nanocellulose
provides rigidity and porosity so that a stronger interlocking
with resins can be achieved, and hence boosts the mechanical
strength.76–78 Saba et al.70 found that the use of OPEFB-nano-
cellulose in epoxy increased the density and overall thermo-
mechanical properties of the resultant composites due to
enhanced interfacial bonding. Campos et al.71 studied the
feasibility of OPMF-nanowhiskers, which are another form of
nanocellulose, for cassava starch nanocomposites via acid
© 2022 The Author(s). Published by the Royal Society of Chemistry
hydrolysis and microuidization, followed by solvent casting
into the starch lm. This method had improved the morpho-
logical and mechanical properties of the nanocomposites. This
is because the interaction between nanowhiskers and the starch
matrix resulted in better stability and more interfacial bonds,
thus providing the obtained composites with higher tensile
strength and thermal-mechanical adhesion.

Yasim-Anuar et al.61 discovered the potential of nano-
cellulose in enhancing the tensile and exural strengths of
a polyethylene (PE) composite by 139% and 195% respectively
with 3 wt% OPMF-nanocellulose inclusion into the polymer
matrix. A similar trend of increment is also evidenced for pol-
ylactic acid (PLA) and polypropylene (PP) nanocomposites.79–81
Environ. Sci.: Adv., 2022, 1, 259–275 | 265
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Ariffin et al.72 revealed that the addition of 3 wt% OPMF-nano-
cellulose has increased both the tensile strength and Young's
modulus of a PLA nanocomposite by 13% and 38% respectively,
attributed to the high crystallinity of nanocellulose. Haaz
et al.74 noticed a great improvement in the mechanical and
thermal properties of PLA composites with 3 wt% OPEFB-
nanowhisker reinforcement. The tensile strength has increased
substantially by 84% upon prolonging the degradation
temperature (Tmax) from 363 �C to 389 �C. Norrrahim et al.73

reported that the interaction between OPMF-nanocellulose and
PP improved the mechanical properties and crystallinity by
33.4% and 9%, respectively. A similar trend of increment is also
recorded with 5 wt% OPEFB-nanocellulose inclusion into
a polyvinyl alcohol (PVA)/starch lm.75 The addition of OPEFB-
nanocellulose also improved the water resistance and biode-
gradability of the PVA/starch lm. The water absorption
capacity increased to approximately 60% and 59% more of the
lm's weight was lost aer 90 days than the PVA/starch lm
without nanocellulose reinforcement.

The usefulness of nanocellulose production from oil palm
biomass is a promising and exciting area of current and future
R&D. Although the effectiveness of nanocellulose as a new green
biobased material has been demonstrated through several
different studies, further improvements are still needed. The
cost-effectiveness and availability of nanocellulose on an
industrial scale are the main concerns in the production of
nanocellulose from oil palm biomass.82 Indeed, the energy
consumption related to the production of nanocellulose is still
an issue hampering the scale-up production of nanocellulose.
However, to the best of our knowledge, several achievements
have been accomplished by many scientists, who were focused
on this area. Thus, increase the potential application of nano-
cellulose in several elds.
2.4 Gasication of biomass

The rapid depletion of gas and oil reserves to sustain global
energy demand has driven the exploration of biogas.83 Oil palm
biomass is a promising alternative resource to fossil fuels given
its signicantly lower carbon emission relative to fossil fuels.
The gasication of oil palm biomass is a main driver for the
interest in the production of versatility gases such as carbon
monoxide (CO), hydrogen (H2), methane (CH4) and several
other hydrocarbons. These biogases can be used in conven-
tional equipment such as boilers, engines, turbines, and fuel
cells for the generation of heat and electricity. It is a mature
technology pathway that uses a controlled process involving
heat, steam, and oxygen to convert oil palm biomass to gaseous
products, without combustion.

H2 and CH4 are the most common biogases that have been
actively produced from oil palm biomass. This is due to several
factors such as the abundance of locally available energy sour-
ces, the ability to reduce the greenhouse gas emission andmake
the energy market less dependent on the supply and uctuation
price of oil and gas. Hydrogen is seen as a promising future
clean energy that has the potential to replace fossil fuels thanks
to its ability that can provide energy for a wide range of
266 | Environ. Sci.: Adv., 2022, 1, 259–275
applications, from domestic to industrial, while emitting no
hazardous emissions.84 Meanwhile, CH4 is able to produce
more heat and light energy than other hydrocarbons or fossil
fuels.85 CH4 also produces signicantly less carbon dioxide
(CO2) and other pollutants that contribute to smog and
unhealthy air.

Biogas derived from organic content-rich wastewater
through anaerobic digestion could be used for electricity
generation. POME is a non-toxic, thick, viscous liquid waste
with a high organic content and abundance in quantity.86 Table
3 summarizes the previous ndings on CH4 and hydrogen H2

production from POME.
Biogas production can be achieved from POME through

anaerobic digestion as it contains high methane which is
around 65 to 75%.93 For every MT of CPO production, about 2.8
MT of POME is produced, and for every MT of POME being
anaerobically digested, nearly 31 m3 of biogas is generated.93

Harsono et al.88 assessed the potential contribution of the
anaerobic treatment of POME using an 80 m3 anaerobic
digestion plant at a �422.4 thousand MT fresh fruit bunch
(FFB) per year capacity palm oil mill. The CH4 production
reached 484 MT CH4 per year with a calculated energy output of
26 275 GJ per year, or 7.3 GW h per year, which is approximately
valued at around USD 1 million at the current Malaysian tariff.
From another similar study, a palm oil mill of 396 thousand MT
per year FFB capacity was reported to generate 2.62 thousand
MT CH4 per year, which is equivalent to 13.26 GW h per year.87

Besides CH4, the microbial degradation of organic matter
under anaerobic conditions also releases H2 gas, which is
another valuable source of energy for electricity.94 The produc-
tion of H2 from biomass is deemed as a viable option to reduce
the carbon footprint released by fossil fuels. It is expected that if
POME is used as the main ingredient in H2 production, half of
the H2 market can be projected. The potential production of H2

could hit 21.6 million MT per year with the current POME
generation at 184.6 million MT per year, or 2.59 EJ per year for
power output.95

The most widely utilized method involves two-stage micro-
bial fermentation: (1) acidogenesis (formation of H2 and CO2)
and (2) acetogenesis (H2 and acetic acid formation). Mishra
et al.89 studied H2 production via two-stage sequential dark and
photo-fermentation, where the H2 yield reached 3.06 mL H2 per
mL POME with 93% COD reduction. Experimentation by
Seengenyoung et al.90 conducted a pilot-scale experiment on
a two-stage thermophilic for POME-H2 synthesis, using
a sequential ASBR and UASB, and the authors managed to
create 73 mL H2 per g COD, accounting for 11% of the biogas
composition. This is in agreement with the ndings reported by
O-Thong et al.,91 whereby biogas production from POME was
investigated via a two-stage thermophilic-mesophilic reactor
with methanogenic effluent
containing Thermoanaerobacterium sp., achieved a maximum
H2 yield of 4.1 L H2 per L POME. Mahmod et al.92 used a UASB
reactor at a hydraulic retention time (HRT) of 6 h, achieving
11.75 L H2 per L POME per day with 52% biogas composition.

However, the production of biogas from oil palm biomass
also has some challenges. The implementation of this
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The literature on CH4 and H2 production using POME as feedstock

Types of gas Methods Production References

CH4 Anaerobic digestion 2.62 thousand MT CH4 per year 87
484 MT CH4 per year 88

H2 Two-stage sequential dark and photo-fermentation 3.064 ml H2 per mL POME 89
Anaerobic sequencing batch reactor (ASBR)
and upow anaerobic sludge blanket (UASB)

73 L H2 per kg-VS at 11% purity 90

Two-stage fermentation 4.1 L H2 per L POME 91
POME pre-treatment and UASB 11.75 L H2 per day at 52% purity 92

Table 4 Bioelectricity generation using microbial fuel cells using oil palm biomass as a carbon source

Substrates Congurations Yields References

OPEFB Single chamber with graphite cloth electrodes 0.68 W m�2 102
Two-chamber MFC with carbon cloth electrodes 0.33 W m�2 101

POME Two-chamber MFC with carbon graphite electrodes 85.11 mW m�2 100
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technology in developing countries still requires advancements
at all levels for energy and electricity production. According to
Patinvoh et al.,96 some developing countries are also facing
problems associated with funding, policy, sustainability,
awareness, technical services, and education. These are the
important key factors to achieve the full potential of biogas
production. Moreover, the production of biogas can also lead to
potential explosions, corrosion hazards and greenhouse gas
emission problems. Safety and operational risk mitigation in
operating biogas trapping facilities is important to overcome
these issues. Workers must ensure a stable operation and close
monitoring of biogas during the operation and maintenance.
Patinvoh et al.96 suggested several approaches to enhance
biogas implementation by applying technical training,
enforcement of policy, public–private partnership funding,
record keeping and advertisement of biogas programmes.
2.5 Bioelectricity from microbial fuel cells

The fundamental concept of a microbial fuel cell (MFC) is
converting chemical energy stored in organic materials to
electricity through the metabolic activity of microbes.97,98 The
MFC is set up by conjoining aerobic (cathode) and anaerobic
(anode) chambers, which are separated by a proton-exchange
membrane. The electron transfer activity from the anode to the
cathode creates an electron current and hence electricity. The
MFC was previously used to harness chemical energy from
simple organic materials, including acetate, butyrate, and
simple sugars.99 As of today, the method is leveraged for
complex substrate degradation in wastewater treatment. POME
is known to be rich in total organic carbon, and therefore it is
a promising carbon source alternative at a lower cost to be
utilized in MFCs. As organic compounds in POME are being
anaerobically degraded by microbes for growth, the catabolism
at the anode (oxidation) releases electrons (H+), only to be
received by an oxidant (O2) at the anode chamber. Hence, it
© 2022 The Author(s). Published by the Royal Society of Chemistry
creates an electric current that can be harvested by an external
circuit. Table 4 summarizes the ndings on MFCs using POME
for electricity generation. The synergic integration of POME
treatment and the MFC system has been demonstrated by Nor
et al.100 with the highest energy harvested at 85.11 mW m�2.
Mahmood et al.101,102 demonstrated bioelectricity generation
from different concentrations of alkaline pretreated OPEFB
with a mixed culture. As a result, higher power densities (0.33–
0.68 W m�2) are achieved at a lower concentration of substrate
loading.

According to Bazmi et al.,103 many studies were performed in
recent decades to estimate the future demand and supply of
bioelectricity. Recently, the world's market for bioenergy has
been expected to increase to meet the global demand by year
2050. Shiing the electricity mix from fossil fuels to renewables
can now be done using the best existing technologies as dis-
cussed here. However, the shi process requires much invest-
ment in infrastructure, equipment and R&D related to palm oil
biomass.
2.6 Enzymatic saccharication for biosugar conversion

Lignocellulosic materials are composed of complex molecular
and recalcitrant polymer structures. To enzymatically convert
lignocellulosic materials into biosugar, pretreatment is
required to disrupt the lignin polymer and reduce the crystal-
linity of the cellulosic components.104–106 Alkaline pretreatment
using NaOH is recognized as an effective approach, causing the
swelling effect on the lignocellulosic structure, thus signi-
cantly disrupting the linkages between cellulosic and lignin
components.107 Apart from that, biological pretreatment
involves the degradation of lignocellulosic materials with
lignolytic enzymes produced by a fungus. However, this typical
pretreatment has the major drawback of a slow degradation
process, suggesting that a combination with another pretreat-
ment process is required. Table 5 lists several pretreatment
Environ. Sci.: Adv., 2022, 1, 259–275 | 267
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Table 5 Pretreatments for biosugar production from oil palm biomass

Substrates Pretreatments Yields References

OPEFB Physical SHS-enzymatic laccase 71.5% g g�1 glucose 108
OPMF 63% g g�1 glucose 108
OPT Deep eutectic solvent 74% glucose conversion 109
OPEFB 5% (v/v) acetic acid-steam pretreatment 696.9 mg g�1 carbohydrate 110
OPEFB Sequential mechanical-green solvent 105.3 g L�1 total reducing sugars 111
OPMF Subcritical H2O–CO2 29.9% xylose and 84.6% glucose 112

Table 6 Synthesis of renewable plastics with oil palm biomass oil as substrates via fed-batch

Microbes Substrates
Dry cell mass
conc. Yields References

Polyhydroxyalkanoate (PHA)
Comamonas sp. EB 172 Mixed organic acids from POME 3 g L�1 85.8% 120

9.8 g L�1 59% 121
Rhodobacter sphaeroides 4 g L�1 67% 122
Ralstonia eutropha ATCC 17699 — 11.4% 123

Polylactic acid (PLA)
Bacillus coagulans JI12 OPEFB — 80.6 g L�1 124

— 97 g L�1 125
Lactobacillus lactis ATCC19435 OPT — 89.9% 126
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applications on different oil palm biomass for biosugar
production.

Indeed, the selection of optimum pretreatment before
saccharication is crucial to increase the accessibility of
enzymes in the degradation process. According to Rizal et al.,108

the combination of physical and biological pretreatment using
superheated steam (SHS) and laccase enzyme has greatly
improved the glucose yield by 4.6-fold and 4.8-fold that of
saccharication of OPEFB and OPMF, respectively. As an
interesting note, in this study, they also reported that
a proportional interaction between substrate size and glucose
yield has been shown, with a concurrent increase in total
surface area for enzymatic degradation.113,114 On the other hand,
the application of a deep eutectic solvent, which is the high
melting point emerged uid from an ionic class solvent
composed of two or three components, has been demonstrated
by Zulkei et al.109 As a result, the increment of 26.4% of the
cellulose component in pretreated OPT as compared to
untreated OPT resulted in mixed ethyl ammonium chloride and
ethylene glycol. Subsequently, the highest glucose conversion
achieved was 74% from the saccharication of pretreated OPT
at 50 �C for 24 h (celluclast 1.5 L, 50 FPU per g; Novozyme 188,
100 CBU per mL; substrate concentration, 15 mg mL�1).

The mechanical-green solvent concept for the bioconversion
of biomass into biosugar is regarded as one of the innovative
approaches in the pretreatment process. In brief, green chem-
istry is aimed at utilizing non-hazardous solvents as an alter-
native to the synthesis of value-added products. Julio-
Altamiranda et al.111 have demonstrated the combination of
mechanical and chemical pretreatment using urea on OPEFB.
The results showed that a substrate size of 0.5 mmwith 4% urea
268 | Environ. Sci.: Adv., 2022, 1, 259–275
concentration has successfully produced the highest total
reducing sugars of 105.3 g L�1 from OPEFB. The denouement of
urea causes the polymeric structure of lignocellulosic materials
to degrade, thereby preventing the resemblance of cellulose
molecules aer linkage disintegration.115

Although some pretreatments could achieve a high amount
of sugar recovery, the efficiency and the suitability of the
pretreatment should be considered in several aspects as listed
below:116

(a) Energy and time consumption
(b) Cost (initial capital for setting up the plant)
(c) The inhibitors released aer the pre-treatment process
(d) The waste generated from the pre-treatment process
(e) The environmental impact
According to Rizal et al.,116 even though a single pretreatment

could save energy and time, a combination of more than two
pre-treatments could enhance the sugar recovery. However, the
compatibility of combining pretreatments is still limited.
Nevertheless, many previous studies have been conducted on
a small scale, yet there is a signicant disparity between labo-
ratory preliminary ndings and industrial-scale results. There-
fore, further research is required to address these issues and
provide a feasible pretreatment approach for large-scale bio-
sugar production systems.
2.7 Biodegradable plastics from sugar derivatives

Rising concern over the troubling environmental impacts of
plastic use encouraged the production of biodegradable plas-
tics.117 However, the most signicant challenges to commerci-
alising green plastics, such as polyhydroxyalkanoate (PHA) and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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polylactic acid (PLA), are consistency and cost of production,
thus researchers must discover solution to tackle these issues.
The use of biomass as feedstock for the biological processing of
plastics is viewed as a feasible solution in light of the zero-
discharge policy for the palm oil industry relative to traditional
petroleum plastics such as PE, PP, and PVA.118 Naturally,
organic plastics are biopolymers generated as a form of intra-
cellular energy storage by microbes via fermentation under
unbalanced growth conditions, e.g. nutrient deprivation or
excess carbon source. These biopolymers are close to chemically
derived polymers characteristically with pronounced biode-
gradability. However, the thermal and mechanical properties of
PHA and PLA differ, which reects the kinds of monomers
included.119 A variety of studies are listed in Table 6 concerning
the production of biobased plastics with palm oil biomass.

Mumtaz et al.120 produced PHA anaerobically using organic
acids from POME. A maximum recovery rate of 97% (83.23 g L�1

total acid concentration) was achieved via a two-step dewatering
and acid-distillation process at a ratio of 1 : 4 of H2SO4 : POME.
Fed-batch cultivation of Comamonas sp. EB 172 was continued
with the addition of 1 g L�1 POME acids and 20 C/N ratio
(carbon source: organic acids; nitrogen source: (NH4)2SO4) for
63 h at pH 7.5, 30 �C, 30% dissolved O2 concentration, and
continuous agitation from 200–800 rpm. The maximum dry cell
weight reached 3 g L�1 with a PHA yield of 0.31 g g�1 at 85.8%
content. Zakaria et al.121 investigated polyhydroxy butyrate
(PHB) production from POME using Comamonas sp. EB 172,
achieving a maximum cell dry weight of 9.8 g L�1 with 59% PHB
composition. The cultures were incubated at 30–37 �C for 4–5
days using 10 g L�1 of POME acids containing a 5 : 3 : 2 (ace-
tic : propionic : butyric) acid ratio.

Hassan et al.122 experimented with Rhodobacter sphaeroides
to produce PHA using POME acids as a substrate. The organic
acids were obtained through dark-fermentation of treated
POME and mesophilic sludge in a photobioreactor at 30 �C and
pH 6 for 24 h, producing 8.7 g L�1 total acid concentration.
Initially, the R. sphaeroides were cultured in a basic medium
containing glucose and ammonium to increase the cell
concentration before transferring into the medium containing
the POME acids. According to the organic acid prole, acetic
and propionic acids were consumed at a much higher rate
compared to formic acid. At pH 7, the highest PHA yield of 0.5 g
g�1 was obtained with 65.1% PHA content. Hong et al.123

employed a 2 L reactor to synthesize PHA by using Ralstonia
eutropha ATCC 17699 using POME-extracted organic acids as
a carbon source. The acids were rst extracted using a 50 L
continuously stirred tank reactor (CSTR) under controlled
conditions of pH 6.5, and a 1 : 1 sludge to POME ratio for 4 days,
achieving the maximum yield at 15.3 g L�1 of total organic
acids. Following a two step evaporation process, the organic
acid-containing distillate was concentrated with a recovery of
76% to a total concentration of 87.2 g L�1, comprising 44.6 g L�1

acetic acid, 20.2 g L�1 propionic acid, and 22.5 g L�1 butyric
acid. These organic acids were then supplemented into a 2 L
fed-batch fermenter for PHA accumulation by using Ralstonia
eutropha ATCC 17699 under a nitrogen decient environment
© 2022 The Author(s). Published by the Royal Society of Chemistry
and C/N ratio of 40, achieving the highest PHA yield at 11.4 g
L�1.

Generally, the synthesis of lactic acid from lignocellulosic
materials is done mainly using Lactobacillus sp. or Lactococcus
sp., due to their fast-growing characteristics and capability of
producing a high yield of acid. The process of lactic acid
synthesis includes a few stages in succession: (1) pre-treatment
of biomass, (2) saccharication, (3) separate hydrolysis, and (4)
fermentation. However, there are some disputes over its unat-
tractive and uneconomical approach. With the current state-of-
the-art implementation of simultaneous saccharication and
fermentation (SSF), all the fermentation processes can be
merged into a single step. Ye et al.124 investigated the produc-
tion of L-lactic acid from Bacillus coagulans JI12 within a simul-
taneous detoxication, saccharication, and co-fermentation
(SDSCF) system. By consuming the recovered cellulosic and
hemicellulosic fractions from OPEFB as substrates, which were
recovered via acid hydrolysis, a lactic acid yield of 80.6 g L�1 was
obtained with an efficiency of 3.4 g L�1 h�1. Another study by Ye
et al.125 was reported on lactic acid production from Bacillus
coagulans JI12 using hydrolysate from OPEFB via the batch
fermentation process. The acid hydrolysis of OPEFB was con-
ducted at 130 �C for 1 h containing 2% (w/v) H2SO4 and 0.8% (w/
v) H3PO4 in a high-pressure reactor. The lactic acid production
was then carried out in a 2 L fermenter containing 600 mL
hydrolysate, 1% (v/v) yeast extract, and 0.2% (v/v) (NH4)2SO4.
Within 9.5 h, a maximum lactic acid yield of 59.2 g L�1 (97%)
with an efficiency of 6.2 g L�1 h�1 was achieved. Kosugi et al.126

studied lactic acid production from OPT from the homolactic
acid bacterium Lactobacillus lactis ATCC19435. The fermenta-
tion resulted in a lactic acid yield of 89.9%, which was compa-
rable to the efficiency of the reference fermentation using
glucose as a substrate.

However, the main problem in the development of bio-
plastics is price competition. Based on the data reported by
Hassan et al.,118 the price of biodegradable plastics in the US is
about ve times higher than that of common thermoplastics.
This will limit the demand on bioplastics especially in pack-
aging industries. Besides that, the cost involved in the
production process also needs to be reduced. In designing
future research, the overall production costs of bioplastics
should not only focus on the raw material, bacterial strain and
the fermentation system but also on the downstream process
which affects the economics of the overall process.
2.8 Acetone–butanol–ethanol fermentation for bioenergy
harvesting

Anaerobic fermentation is a series of processes that use anaer-
obic microorganisms, to break down biodegradable materials
such as simple sugars to produce required products in the
absence of oxygen. Since the process is in the absence of oxygen,
the metabolic reaction could use other substituent components
to replace the oxygen as aerobic microorganisms do. Fossil fuels
as a major energy source take a toll on the environment. Thus,
renewed interest in exploring alternative routes for industrial
biofuel production has been evident since the oil crisis of the
Environ. Sci.: Adv., 2022, 1, 259–275 | 269
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Table 7 Summary of oil palm biomass used for the production of
biobutanol and bioethanol

Types Substrates Mode Production References

Biobutanol OPEFB Fed-batch 36.59 g L�1 127
Pretreated OPEFB SSF 2.75 g L�1 128
Pretreated OPEFB SSF 3.97 g L�1 129

Bioethanol Pretreated OPEFB SSF 0.281 g g�1 130
SHF 0.258 g g�1

Pretreated OPF Batch 0.12 g g�1 131
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1970s, of which acetone–butanol–ethanol (ABE) fermentation is
considered one of the early approaches. It employs anaerobic
bacteria such as Clostridia sp. to convert fermentable sugars
into acetone, butanol, and ethanol. ABE fermentation is divided
into two metabolic pathways, which are solventogenesis and
acidogenesis. Biofuels have been produced during solvento-
genesis with a ratio of 3 : 6 : 1 of acetone, butanol, and ethanol,
respectively. Table 7 shows a summary of biobutanol and bio-
ethanol production from oil palm biomass.

2.8.1 Biobutanol. Butanol or biobutanol (C4H10O) short-
chain alcohol resulted from the synthesis of a carbon source
from Clostridia sp. by ABE fermentation. The unique properties
of biobutanol, including a low Reid Vapor Pressure (RVP) of 0.33
psi,132 being less corrosive, and easy blending with gasoline,
have made it potentially available as an alternative to current
fuels. Despite all these benets, the limitations that hindered
its commercialization are a considerably low production rate
and energy content (10–20% of what gasoline has to offer).127,133

Therefore, the improvement and enhancement efforts that have
been made focus on genetic approaches as well as the utiliza-
tion of readily available biomass, to make this potential biofuel
“ready” in the near future. One of the recent inventions in
biobutanol production from biomass is using the SSF
approach.128,134–136 In recent years, several lignocellulosic
biomass materials have been employed as feedstocks for the
production of biobutanol, including oil palm biomass,137,138 rice
straw,139 and wheat straw.140

Microbial butanol production has been afflicted by grievous
fermentation and a high recovery cost resulting in low
productivity of butanol. Over the years, several studies have
been conducted to overcome these hurdles. The integration of
biobutanol separation might be one of the innovative solutions
including cell immobilization, extractive fermentation, and
pervaporation.141 Hastuti et al.127 have demonstrated the utili-
zation of nanocellulose described as TEMPO-oxidized cellulose
nanobers (TOCN) to improve the stability of C. saccha-
roperbutylacetonicum N1-4 ATCC 13564. As a result, the total
biobutanol concentration obtained was 36.6 g L�1 from OPEFB-
derived TOCN, which was 54.3% higher as compared to that of
TOCN-free. The study also found that the cell immobilization
technique has signicantly improved biobutanol production by
27%. The positive effect of TOCN on biobutanol production is
due to the safeguard action of TOCN that prevents the loss of
calcium ions caused by the tightly packed nanobrous struc-
ture, which subsequently retains a high level of cell viability.142

In another study, by considering the time consumption and
270 | Environ. Sci.: Adv., 2022, 1, 259–275
extra vessel required, the SSF approach has been introduced to
overcome these obstacles. Several studies have been conducted
to evaluate the performance of SSF in biobutanol production
using OPEFB as a substrate. Ibrahim et al.128 have produced 2.75
g L�1 biobutanol concentration at a yield coefficient of 0.11 g
g�1 using 50 g L�1 OPEFB as a substrate. Razali et al.129 studied
biobutanol optimization via SSF from pretreated OPEFB by
using Clostridium acetobutylicum ATCC 824. The highest bio-
butanol yield obtained was 3.97 g L�1 concentration at a 0.16 g
g�1 yield coefficient, under controlled conditions of pH 5.5, 35
�C, and 15 FPU per g cellulose loading. It is worth mentioning
that the optimum biobutanol was achieved at a fermentation
period of 120 h with a productivity of 0.03 g L�1 h�1.

2.8.2 Bioethanol. The price uctuation and gradual deple-
tion of natural fossil fuels have forced efforts towards the
exploration of renewable and sustainable alternative biofuels.
The bioconversion of agricultural biomass into biofuels has
gained considerable attention due to the feasible technologies
to utilize complex feedstocks.143 The development of biofuel
production has been classied into four generations of biofuel
based on the material used as the feedstock, and bioethanol
production from lignocellulosic biomass was categorized as the
second generation. By a great deal, bioethanol has been
renowned as one of the world's primary renewable energy
sources as global bioethanol production has gradually
increased by 7% during 2018, accounting for 112 billion
liters.144 The US and Brazil are the world’s largest bioethanol
producers as they produced 83% of the global total, focusing on
the utilization of corn, sugar cane, and other crops as feed-
stocks. Over the years, the development of bioethanol produc-
tion from oil palm biomass has been deemed to have
a promising future, since it is made up of high cellulosic
materials, even though the successes are not yet
commercialized.145

Based on Table 7, several studies have been conducted on
the feasibility of oil palm biomass as a substrate for the
production of bioethanol. Sukhang et al.130 implemented acid-
alkali (H2SO4 and NaOH) delignication of OPEFB as
a pretreatment before enzymatic hydrolysis using cellulase and
b-glucosidase to produce fermentable sugars. The fermentation
through SSF and separate hydrolysis and fermentation (SHF)
using Klyveromyces marxinus were compared. In SHF, 0.584 g
g�1 of sugars obtained has given the maximum bioethanol
concentration of 28.1 g L�1 at a yield coefficient of 0.258 g g�1.
Meanwhile, a higher bioethanol yield coefficient was observed
in the SSF process at 0.281 g g�1 with a concentration of 25.8 g
L�1, under optimum conditions of 48 h, 37.5 �C, 10% (w/v)
substrate loading, 1% (v/v) culture, and pH 5. Therefore, these
ndings suggested that better performance of SSF was achieved
over the SHF process. Another study by Farah Amani et al.131

utilized OPF hydrolysate (63.7% cellulose, 21.9% hemicellulose,
and 14.4% lignin) for bioethanol production. The enzymatic
hydrolysis of pretreated OPF was carried out using 40 U per g of
cellulase and 10 U per g of hemicellulase at 50 �C for 150 min,
resulting in the maximum yield of 2421 mg g�1 and 2418 mg g�1

of glucose and xylose, respectively. The obtained hydrolysate
was then used to incubate Saccharomyces cerevisiaeHC 10 under
© 2022 The Author(s). Published by the Royal Society of Chemistry
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controlled conditions of 30 �C, and agitation at 150 rpm for 60
h. The highest bioethanol concentration obtained was 13.8 g
L�1 at a 0.12 g g�1 ethanol yield coefficient.

The production of bioethanol from oil palm biomass can
lead to the production of vinasse, which is dangerous to the
environment. Vinasse is a dark-brown, acidic aqueous with
a high COD value. According to Yusof et al.,146 the amount of
vinasse production was about 10–20 times that of ethanol
produced, with a COD range of 27.5–299.3 kg m�3 (depending
on the types of raw materials and the operating conditions). To
overcome this problem, the initial separation of suspended
solids in the stillage that contained yeast and other materials
needs to be done prior to proceeding with other pretreatment
methods.

3 Biomass technology by-products

Despite the great incentives, the emerging technologies are not
without challenges emanating from the secondary wastes
generated during production. In other words, the by-products
generated are sources of environmental concern posing
a question on the sustainability of the emerging technologies.
For instance, technologies employing high temperature treat-
ment are associated with the production of various pollutants as
exhaust gas containing condensable gases and non-condens-
able gases such as NH3, hydrogen sulde (H2S), sulfur oxide
(SO2), CH4, methene (C2H4), CO2 and CO.147,148 Pyrolytic gas
capture has been the best applicable solution to pollution
caused by biomass pyrolysis. The captured gas, commonly
referred to as bio-oil, has potential uses as a bioplastic, asphalt
amendment, wood preservative, biocide and crop protection
and plant growth enhancer.149

The challenging secondary wastes associated with co-com-
posting are odors, bioaerosols and heavy metals, which can lead
to health risks such as respiratory disorders and eye membrane
irritation. Control measures such as aeration optimization, bulk
agent addition and bioltration for end-of-pipe systems have
been shown to be effective technologies to minimize odor
emission. Source-separation co-composting is effective in
minimizing aerosol generation and reducing the content of
heavy metals in compost materials.150 However, anaerobic
digestion produces a substantial volume of undesirable
byproducts that must be treated to avoid odour and aquatic
contamination. Digestate was demonstrated to be an effective
organic fertilizer suitable for varieties of crops due to the diverse
contents of macroelements and heavy metals.151,152 In general,
most biomass conversion technologies aim at zero emission,
where value is added to the by-products generated for
utilization.

4 Conclusion

There is an issue with oil palm biomass disposal across the
world. Therefore, it is vital to continuously explore for alterna-
tives to manage the problem effectively. This review also
demonstrates that oil palm biomass is a highly valuable feed-
stock for value-added use via thermal, physical, chemical, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
biochemical conversion routes. It can be inferred that the
downstream application has a profound effect on the selection
and optimization of a feasible pretreatment technique. Among
all, physical and thermomechanical pretreatments are gaining
popularity since they are more advantageous due to their
chemical-free processability, cost-effectiveness, and sustain-
ability. This is because an ideal oil palm biomass pretreatment
should have minimum or no solvent costs and also the capacity
to process at high solid loadings with shorter treatment times
and minimal secondary waste formation.

Overall, the progress conversion technologies for potential
bioproducts are summarized as follows:

(1) Solid biomass contains high combustible residues that
could turn into biochar through pyrolysis at 400–600 �C under
an oxygen-limited environment, reaching a high energy poten-
tial of 29 MJ kg�1.

(2) At a higher pyrolysis temperature of 500–1000 �C, solid
biomass is thermally activated to form 500–900 m2 g�1 of highly
porous activated carbon by further removing the remaining
volatile matter.

(3) A liquid fraction of biomass, known as bio-oil, is recov-
erable at a slower pyrolysis rate that held an energy content of
about 30 MJ kg�1.

(4) Biological-assisted degradation of OPEFB using POME
over 30–60 days under controlled conditions helps to produce
an organic fertilizer with the highest reported NPK ratio of
2.2 : 1.5 : 2.8 with all heavy metals measured to be <10 mg kg�1.

(5) The extraction and brillation of cellulose from oil palm
bers produce natural llers that reinforce composites by
improving the tensile and exural strengths by 13–84% and
139%, respectively.

(6) The anaerobic digestion of POME potentially generates
0.4–2.4 thousand tonnes of CH4 per year at mill capacity
production, and 4–12 L H2 per L POME in a lab-scale bio-
hydrogen production set-up.

(7) Microbial fuel cells have made electricity harvesting from
oil palm biomass possible, with the highest energy reported to
be 85.11 mW m�2 using POME.

(8) Pretreatment and saccharication convert lignocellulosic
biomass into glucose at a conversion rate of 63–85%.

(9) Organic plastics from oil palm biomass are synthesized
through fermentation under stress growth conditions, where
the highest PHA and PLA yields were obtained as 85.8% and
97%, respectively.

(10) Biobutanol and bioethanol are synthesized from Clos-
tridia sp. by ABE fermentation, with the highest yields reported
to be 36.6 g L�1 and 0.28 g g�1, respectively.

It can be concluded that there are no preferable technologies
for each individual oil palm biomass-based bioproduct, as each
has its own set of advantages and disadvantages. In comparison
to using a single process, integrating numerous processes can
improve the efficiency, economic feasibility, and environmental
feasibility of bioproduct production. Despite the never-ending
growth of technologies, the manufacturer or producer must
examine the goal, technical efficiency, and economic feasibility
before making a decision. This is not just to ensure that the
Environ. Sci.: Adv., 2022, 1, 259–275 | 271
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company makes a prot, but it also has to be able to meet the
company's and targeted customers' needs.
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