
Chapter 11
Pyrolytic Products from Oil Palm Biomass
and Its Potential Applications

Khoirun Nisa Mahmud and Zainul Akmar Zakaria

Abstract Lignocellulosic biomass has been recognized as a sustainable feedstock
for the production of renewable energy and bio-products. Various technologies
including biochemical and thermochemical have been developed and applied for
the conversion of the oil palm biomass. Thermochemical processes (i.e., combus-
tion, pyrolysis, gasification, and liquefaction) could be the more economically
feasible option to convert the lignocellulosic biomass quickly with lower cost
compared to biochemical process due to high recalcitrant level of lignocellulosic
biomass toward microbial degradation. Pyrolysis is one of the predominant technol-
ogies for lignocellulosic biomass conversion into valuable end products. This
chapter provides an overview on the palm oil industry, oil palm biomass and current
management scenario, pyrolysis process, parameters that influence the pyrolysis
process, and the effect of these parameters on the pyrolysis product yield. The
potential applications of pyrolytic products from oil palm biomass were also com-
prehensively addressed.
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11.1 Introduction

Agriculture is an important sector for nearly all major economies in the world. This
has also resulted in huge generation of lignocellulosic biomass waste which would
lead to severe environmental pollutions if not properly treated. Conversion of
lignocellulosic biomass into various high-value bio-products and renewable energy
through thermochemical and biochemical processes has become an interesting
alternative lately (Mu et al. 2010). Thermochemical conversion process includes

K. N. Mahmud · Z. A. Zakaria (*)
School of Chemical and Energy Engineering, Faculty of Engineering, Universiti Teknologi
Malaysia, Johor Bahru, Johor, Malaysia
e-mail: zainulakmar@utm.my

© Springer Nature Switzerland AG 2020
Z. A. Zakaria et al. (eds.), Valorisation of Agro-industrial Residues – Volume II:
Non-Biological Approaches, Applied Environmental Science and Engineering for a
Sustainable Future, https://doi.org/10.1007/978-3-030-39208-6_11

225

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39208-6_11&domain=pdf
mailto:zainulakmar@utm.my
https://doi.org/10.1007/978-3-030-39208-6_11


combustion, gasification, liquefaction, and pyrolysis (Goyal et al. 2008) while for
biochemical conversion, the process includes digestion and fermentation (Balat
2006). Compared to the biochemical process, thermochemical process requires
shorter period to complete, i.e., few seconds to hours. Additionally, thermochemical
process utilizes entire feedstock to generate value-added end products, in contrast to
biochemical process which produces lignin as a by-product that would be difficult
for further conversion to C5 sugars. Thermochemical process is not feedstock
specific and can even consist of various processes of feedstock (Dhyani and Bhaskar
2018).

Pyrolysis is one of the predominant techniques available to transform the ligno-
cellulosic biomass into different value-added bio-products, biochemical compounds,
and renewable energy. It is a heating process in the absence of oxygen at high
temperature (Bhatia et al. 2012). The final pyrolysis product consists of solid (char),
liquid (bio-oil, tar, and pyroligneous acid), and gaseous product (Demirbas 2004).
Final temperature, heating rate, holding time, gas flow rate, and particle size are
among the factors that would significantly influence the production and composition
of pyrolytic products (Mimmo et al. 2014; Paethanom and Yoshikawa 2012).
Pyrolysis process can be classified into three categories, namely slow, fast, and
flash pyrolysis. Slow pyrolysis generally occurs at high temperature and slow
heating rate which mainly generates high char product accompanied by liquid
pyroligneous acid. Meanwhile, both fast and flash pyrolysis occur at higher temper-
ature compared to slow pyrolysis with fast heating rate which mainly generates high
liquid bio-oil and gaseous matters, respectively. This work highlights the overview
on the oil palm industry and current management scenarios of the biomass generated.
Potential applications of pyrolysis to convert the biomass into various end products
are also discussed.

11.2 Oil Palm and Palm Oil Industry

Oil palm (Elaeis guineensis) is the most important species in Elaeis genus which
belongs to the family of Palmae (Mekhilef et al. 2011). Oil palm tree is a large,
pinnate-leaved palm having a solitary columnar stem with short internodes (Corley
and Tinker 2008). Malaysia is currently the second largest producer (behind Indo-
nesia) and exporter of palm oil in the world (Gan and Li 2014). The Malaysian palm
oil industry is the fourth largest contributor to the Malaysian Gross National Income
(GNI) with a value of RM 52.7 billion and is set to increase to RM 178.0 billion in
2020 (Dompok 2013). In 2018, a total of 5.85 million hectares (Malaysian Palm Oil
Board 2018a) of land was planted with oil palm that has yielded 19.5 million tons of
crude palm oil (Malaysian Palm Oil Board 2018b). Of these, 16.5 million tons were
exported to countries worldwide with total value of RM 41.0 billion (Malaysian
Palm Oil Board 2018c). Currently, the state of Sarawak has the largest area of oil
palm cultivation at 1.57 million ha followed by Sabah (1.55 million ha), Pahang
(0.76 million ha) and Johor, 0.75 million ha (Malaysian Palm Oil Board 2018a).
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11.3 Oil Palm Biomass and Current Management Scenario

Malaysia has approximately 446 palm oil mills in February 2019, processing about
112 million tons of fresh fruit bunch (Malaysian Palm Oil Board 2019). With every
kg of palm oil production, about 4 kg of dry biomass is produced (Ng et al. 2012).
The reported production of oil palm biomass in 2014 is as follows: EFB—
22,100,614 tons, total OPF & OPT—16,176,705 tons, MF—13,561,741 tons,
PKS—5,525,154 tons, and POME—72,767,726 tons (Aditiya et al. 2016). Typical
characteristics of oil palm biomass are shown in Tables 11.1 and 11.2. The varying
proportion of cellulose, hemicelluloses, and lignin depends on the types of biomass.
Cellulose and hemicelluloses are the main compositions present in all types of solid
oil palm biomass except palm kernel shell which has high lignin content. According
to Loh (2017), the high amount of cellulose and hemicellulose in EFB, MF, OPT,
and OPF can be a good source for bioprocessing, while the high lignin content
particularly in PKS can be a good source of biofuel for thermal combustion.

Normally, most of the biomass generated is either disposed via landfill, converted
to fertilizers, or used as animal feed. Land application of palm oil mill biomass is
very common practice as biomass contains numbers of beneficial nutrients by
recycling it to the plant in the plantation. Composting is another conventional
recycling method that has been applied for oil palm biomass. Baharuddin et al.
(2009) carried out co-composting study of EFB and partially treated POME in pilot
scale and results gave acceptable quality of compost with very low levels of heavy
metals detected. Mixing of biomass with livestock wastes also can be a promising
method to produce good compost. Study by Kolade et al. (2006) has successfully

Table 11.1 Lignocellulosic content in solid oil palm biomass

Biomass type Cellulose (%)
Hemicellulose
(%) Lignin (%) References

Empty fruit bunch 38.30 35.30 22.10 Kelly-Yong et al. (2007)

23.70 21.60 29.20 Samiran et al. (2015)

38.52 33.52 20.36 Khor et al. (2009)

Mesocarp fibre 33.90 26.10 27.70 Kelly-Yong et al. (2007)

32.40 38.20 20.50 Aziz et al. (2002)

23.70 30.50 27.30 Abnisa et al. (2011)

40.12 20.12 30.33 Kabir et al. (2017)

Palm kernel shell 20.80 22.70 50.70 Kelly-Yong et al. (2007)

27.70 21.60 44.00 Abnisa et al. (2011)

35.64 21.39 42.97 Mahmud (2017)

Oil palm frond 40.01 30.78 29.50 Kristiani (2013)

50.33 23.18 21.70 Abnisa et al. (2013a, b)

45.22 19.22 31.24 Kabir et al. (2017)

Oil palm trunk 34.50 31.80 25.70 Kelly-Yong et al. (2007)

34.44 23.94 35.89 Abnisa et al. (2013a, b)
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converted the palm kernel cake, mixed with goat or poultry manure, as environmen-
tally friendly fertilizer to improve plant growth.

Nasrin et al. (2008) found that milled empty fruit bunch (EFB) and EFB mixed
with sawdust was a potential raw material for briquettes production and it showed
good burning properties. Oil palm biomass also has been utilized in paper making
industry as an alternative to reduce the dependency on current trees (i.e., coniferous
and deciduous trees). Two types of oil palm biomass namely OPT and EFB are
potential raw materials for pulp and paper making industry. According to Singh et al.
(2013), paper from EFB would have good printing properties and a good formation
within paper making due to the high number of fibers/unit weight. Review by
Sumathi et al. (2008) discussed the application of OPT to produce plywood, particle
board, laminated board, fiber board, furniture, and paper. The plywood made from
OPT is higher in strength compared to commercial plywood. The OPT also could be
used as an alternative source for compressed wood for industrial application
(Sulaiman et al. 2012).

Table 11.2 Proximate analysis of solid oil palm biomass

Biomass type
Moisture
content (%)

Ash
(%)

Volatile
matter (%)

Fixed
carbon (%) References

Empty fruit
bunch

8.75 3.02 79.67 8.65 Yang et al. (2006)

8.65 3.92 75.09 12.34 Khor et al. (2009)

– 6.1 77.1 16.8 Idris et al. (2012)

– 7.3 75.7 17 Husain et al. (2002)

Mesocarp
fibre

9.02 7.13 71.34 12.51 Hooi et al. (2009)

6.56 5.33 75.99 12.39 Yang et al. (2006)

4.75 1.4 66.84 27.01 Kabir et al. (2017)

– 10.83 73.03 16.13 Idris et al. (2012)

– 8.4 72.8 18.8 Husain et al. (2002)

Palm kernel
shell

7.96 1.1 72.47 18.7 Daud et al. (2000)

– 11.08 73.77 15.15 Idris et al. (2012)

– 3.2 76.3 20.5 Husain et al. (2002)

5.73 2.21 73.74 18.37 Yang et al. (2006)

9.5 2.5 84.5 3.5 Mahmud (2017)

Oil palm
frond

13.84 0.24 82.7 3.22 Abnisa (2013b)

– 1.3 83.5 15.2 Guangul et al. (2012)

4.83 5.87 70.33 18.97 Kabir et al. (2017)

Oil palm
trunk

9.97 4.79 75.2 10.04 Khor et al. (2009)

7.16 5.27 82.6 4.97 Abnisa (2013b)

2.1 4.3 76.7 16.9 Alias et al. (2015)
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11.4 Pyrolysis Process

Pyrolysis is generally described as thermal degradation of the organic components in
biomass wastes at high temperature in the absence of oxygen (Demirbas and Arin
2002). Three categories of pyrolysis (i.e., slow, fast, and flash) can be differentiated
in terms of chemistry, yields, and product quality (Karaosmanoğlu et al. 1999). Slow
pyrolysis can be classified into conventional charcoal making and modern processes.
Slow pyrolysis is characterized by a low to intermediate temperature with slow
heating rate and long residence time. The biomass feed size is generally larger than
biomass feed for fast or flash pyrolysis. Fast pyrolysis is applied to produce high
yields of liquid fuels that can be used as substitute for conventional fuels or as
chemical source (Kan et al. 2016). Fast pyrolysis is described by high reaction
temperature, fast heating rate, short residence time, and small size of biomass feed.
Fast or flash pyrolysis is the process of choice when the primary product of interest is
bio-oil (Kan et al. 2016).

11.4.1 Pyrolysis Product

Pyrolysis offers efficient utilization of biomass to produce solid (biochar), liquid
(bio-oil, tar and pyroligneous acid), and gaseous product. The first main product of
the pyrolysis is biochar. For high biochar production, a low temperature with low
heating rate and longer vapor residence time would be required (Demirbas 2004).
The properties of biochar such as macroscopic morphology and microscopic poros-
ity are affected by the properties of biomass feedstock, heating rate, final tempera-
ture, and residence time (Onay 2007; Demirbas 2004). For char, relevant properties
relative to its effect on slow pyrolysis are calorific value, elemental composition, and
surface area property. The surface area is important for reactivity and combustion
behavior of char. Highest amount of biochar can be generated from the pyrolysis of
PKS with a value of 32.26% followed by MF (29.8 wt.%) and EFB (29.05 wt.%).
The second main product of pyrolysis is liquid product. The yield of liquid product
could be maximized by applying moderate temperature with high heating rate and
short vapor residence time during pyrolysis (Demirbas 2004). The liquid fraction of
the pyrolysis products consists of two phases namely nonaqueous phase (wood tar,
bio-oil) and aqueous phase (pyroligneous acid, wood spirit) (Beis et al. 2002;
Karaosmanoğlu et al. 1999). The nonaqueous phase contains high molecular weight
insoluble polar organics, mostly aromatics and water. Bio-oil is nonaqueous phase of
liquid pyrolysis product and its production commonly occurs via fast pyrolysis
(Demirbas and Arin 2002). Bio-oil is composed of complex mixtures of organic
compounds such as anhydro-sugars, alcohols, ketones, aldehydes, carboxylic acids,
phenols, alkanes, and aromatic compounds (Choi et al. 2015; Abnisa et al. 2013a, b).
Pyroligneous acid is an aqueous phase fraction generated from condensation of
vapor released during charcoal production or pyrolysis. It has smoky and sour
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odor with acidic pH (Wei et al. 2010). Pyroligneous acid contains a complex mixture
of water (80–90%) and organic compounds (10–20%).

The third main product of pyrolysis process is the gaseous product. For a
maximum fuel gas yield, a high temperature with low heating rate and long gas
residence time was chosen during pyrolysis process (Demirbas 2004). The main gas
compounds present are of H2, C2, CO2, CH4, and traces of C2H4 and C6H6. The
synthesized gas can be burned directly or processed to create higher energy fuels or
chemical products.

11.5 Pyrolytic Product of Oil Palm Biomass

11.5.1 Biochar

Pyrolysis of solid oil palm biomass mixtures produces biochar with high chemical
resistance, surface area, porosity, carbon, and low ash and moisture, thus showing
desirable characteristics for potential use as pollutant adsorbent in wastewater
treatment, or bio-fertilizer to absorb nutrients and promote plant growth (Liew
et al. 2018). Study by Kong et al. (2019) reported that the biochar produced from
palm kernel shell prove to be a good adsorbent of methylene blue dye because of
high fixed carbon content, porosity, BET surface area, and pore volume of the
biochar. Lee et al. (2017) showed the potential of palm kernel shell and empty
fruit bunch were very promising sources for biofuel. The hydrogen released as flue-
gas during microwave pyrolysis of oil palm fiber is also a promising alternative and
sustainable energy resource. Microwave pyrolysis of palm kernel shell produced a
biochar with zero sulfur content and high heating value (23–26 MJ/kg) that is
comparable to conventional coal, thus indicating its potential as an eco-friendly
solid fuel (Liew et al. 2018). Biochar porosity is an important character which is
significant for soil fertilization. Biochar with high porosity can be used as soil
conditioner material because it allows microbials to stay alive in drought periods
and enhances the soil ability to retain water, nutrients and agricultural chemicals,
thus preventing water contamination and soil erosion (Mullen et al. 2010). The
pyrolysis of palm kernel shell also produced biochar containing a highly porous
structure with a high BET surface area, thus exhibiting desirable adsorption proper-
ties to be used as bio-fertilizer since it can adsorb nutrient and water (Nam et al.
2018).

The biochar from PKS which has high fixed carbon and very low ash content
makes it suitable as adsorbent agent. Improvement of this biochar as an adsorbent
can be done by physical or/and chemical activation in order to produce a high surface
area material known as activated carbon. A highly porous activated carbon produced
from palm kernel shell via microwave vacuum pyrolysis combined with sodium–

potassium hydroxide (NaOH-KOH) mixture and carbonization followed by steam
activation (Zainal et al. 2018) successfully reduced the total suspended solid (TSS),
oil and grease, biochemical oxygen demand (BOD), and chemical oxygen demand
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(COD) in palm oil mill effluent (POME). Activated carbon from empty fruit bunch
prepared by pyrolysis followed by physical activation using carbon dioxide (CO2)
also was found able to reduce the organic pollutants and colored component of
POME (Wafti et al. 2017). A single-step microwave pyrolysis of palm kernel shell
has been explored by Yek et al. (2019) to produce activated carbon and it showed
high adsorption efficiency of methylene blue.

11.5.2 Bio-Oil

Bio-oil has a promising potential as fossil energy and fuel substitute due to its great
versatility in feedstock and environmental benefits. The high volatile content
(73.5–78 wt.%) and low ash content (2.9–8.6 wt.%) of oil palm biomass which
consists of PKS, EFB, and MF favors the production of bio-oil (Abnisa et al.
2013a, b). Higher hydrogen content in biomass is also advantageous for production
biofuel in terms of its calorific value. The hydrogen content of bio-oil from EFB was
approximately 12.03 wt.%, compared to bio-oil from MF (10.18 wt.%) and PKS
(9.08 wt.%), thus giving high calorific value of bio-oil (Abnisa et al. 2013a, b).
Bio-oil contain more than 70 wt.% of oxygen where high oxygen content contributes
to low calorific value of bio-oil. An upgraded of bio-oil is required to increase the
calorific value of the oil before can be used in industrial applications. Another
problem is the high acidity of bio-oil, which hinders bio-oil storage and processing.
The degradation of hemicelluloses and lignin during pyrolysis contributes to the
presence of acidic compounds and results in corrosion of storage and fluidization
piping system (Abnisa et al. 2013a, b). Study by Chow et al. (2018) reported that an
increase in pH value of bio-oil was achieved during co-pyrolysis of empty fruit
bunch and palm oil sludge. Nevertheless, it led to a negative synergistic effect in
terms of bio-oil yields.

11.5.3 Pyroligneous Acid

Studies showed that phenolic compounds in pyroligneous acid from various sources
of biomass are the major compounds responsible for the antioxidant activity
(Ma et al. 2013, 2011; Wei et al. 2010). Mahmud et al. (2016) studied the feasibility
of pyroligneous acid from palm kernel shell as a potential antioxidant agent. The
pyroligneous acid showed higher antioxidant activity as free radical scavengers and
ferric reducing power compared to commercial antioxidant agents namely ascorbic
acid and butylated hydroxyanisole (BHA). The pyroligneous acid also exhibits
superoxide scavenging capability twice lower than ascorbic acid, nevertheless still
can be considered as potential alternative antioxidant agent. From their study,
phenols and derivatives compounds mainly benzene-1,2-diol (catechol),
1,3-dimethoxy-2-hydroxybenzene (syringol), 3-methoxy-1,2-benzenediol, and
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4-methylbenzene-1,2-diol found in the phenolic fraction of pyroligneous acid were
presumed to be the major antioxidant compounds.

Abas et al. (2018) reported that pyroligneous acid from oil palm fiber exhibits
antibacterial properties against Gram-negative (i.eEscherichia coli ATCC 25922)
and Gram-positive bacteria (i.e., Bacillus cereus ATCC 10876, Staphylococcus
aureus ATCC 25923, and Lactobacillus plantarum WICC B18) with low minimal
inhibition concentration (MIC) value ranging from 0.651 � 0.13 to
1.563 � 0.00 mg/mL. Study by Ariffin et al. (2017) reported that pyroligneous
acid from pyrolysis of palm kernel shell was able to inhibit the growth of B. cereus,
S. aureus, E. coli, and Pseudomonas aeruginosa with MIC ranging 1.95–3.91 mg/
mL. Their study also reported the reduced formation and metabolite activities of
biofilm by these bacteria up to 80–93% at 64-MIC and 77–93%, respectively, within
24 h. Pyroligneous acid from oil palm trunk has been evaluated as antifungal by
Oramahi et al. (2018) where the growth of white-rot fungus, Trametes versicolor,
and a brown-rot fungus, Fomitopsis palustris, was inhibited at different specific
concentrations. Their study on antitermitic activity of pyroligneous acid from oil
palm trunk toward Coptotermes formosanus also was successfully evaluated. Study
by Mahmud et al. (2016) reported the effectiveness of pyroligneous acid from palm
kernel shell as antifungal toward Aspergillus niger and Botryodiplodia theobromae.
The effects of pyroligneous acid from palm kernel shell as anti-inflammatory agent
which was evaluated by Mahmud (2017) in a RAW 264.7 macrophage cell induced
with lipopolysaccharides (LPS) from E.coli 0111:B4 strain revealed that the
pyroligneous acid possessed anti-inflammatory properties by suppressing the inflam-
matory mediator nitric oxide (NO) generation better compared to steroidal drug
prednisolone at concentration of 12.5 μg/mL. Furthermore, there was no toxicity
sign showed toward RAW 264.7 cell at this indicated concentration.

11.6 Future Prospects of Oil Palm Biomass Pyrolysis

In recent years, studies have been extensively carried out on oil palm biomass
conversion through pyrolysis process for production of biofuel, bioenergy, and
bio-products. However, the use of these pyrolytic products at commercial scale is
still challenging in particular the application of bio-oil as biofuel due to its unfavor-
able fuel properties (high oxygen content and low calorific value) and instability
(high acidity). Researchers have developed various processes, reactors, and catalysts
for pyrolysis process to overcome these issues. Development of new bio-products
for nutraceutical and pharmaceutical application using pyroligneous acid also
requires further investigation through in vivo studies for humans and clinical assays.
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11.7 Conclusion

Malaysia has the potential to be one of the major contributors of bio-based products
generated from oil palm biomass. This was based on the availability of feasible
technologies and the abundance of oil palm biomass throughout Malaysia. Devel-
opment of newer technologies and technical knowledge that will enhance production
of high-quality bio-based products (i.e., biofuel, bioenergy, and bio-products) from
pyrolysis of oil palm biomass is crucial to make it attractive for commercialization
and able to compete with existing products in the market. Furthermore, appropriate
infrastructure and sufficient financial support by the government are also much
needed for the expansion and advancement of oil palm biomass industry.
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