Biomass Conversion and Biorefinery (2021) 11:1987-2001
https://doi.org/10.1007/s13399-019-00596-x

ORIGINAL ARTICLE

®

Check for
updates

Investigation of physicochemical properties of oil palm biomass
for evaluating potential of biofuels production via pyrolysis
processes

Pranshu Shrivastava' - Phonthip Khongphakdi? - Arkom Palamanit? - Anil Kumar* - Perapong Tekasakul®

Received: 23 September 2019 /Revised: 1 December 2019 / Accepted: 27 December 2019 / Published online: 11 January 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

The objective of this work is to evaluate the potential of oil palm biomass (OPB) in terms of physicochemical properties for
producing biofuels via pyrolysis processes. The OPB included oil palm trunk (OPT), oil palm fronds (OPF), oil palm shell (OPS),
oil palm roots (OPR), oil palm decanter cake (OPDC), empty fruit bunches (EFB), oil palm fiber (OPFB), and oil palm sewage
sludge (OPSS). Their physicochemical properties are considered on several physical, chemical, and thermal aspects. The results
showed that particle size distribution and bulk density of ground OPB were different. The proximate analysis results of OPB were
consistent with the lignocellulose content and extractives. The carbon and hydrogen content of the OPB were also correlated with
the organic components. Some OPB contained high lignin and extractives. The lignin content of OPB strongly influenced to
thermal decomposition trend. OPB contained high inorganic elements such as potassium (K), calcium (C), and iron (Fe). The
higher heating value and potential use as energy equivalent with fossil fuels of the OPB were relatively low. OPB had low thermal
conductivity, and the dielectric constant, loss factor, and tangent loss of the OPB were also low. Thus, these results will be
beneficial for the researchers and biofuel producers for choosing the appropriate OPB, as well as the operating conditions and
reactor types.
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1 Introduction

The relentless growth of the global population inevitably leads
to higher energy consumption [1]. In 2018, British petroleum
(BP) reported that global energy demand was 1.6 Gtoe [2].
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Most of the currently available energy is obtained from fossil
fuels, including crude oil, coal, and natural gas. The growth in
global energy demand strongly influences to the energy sys-
tems not only in terms of energy security and sustainability but
also concerning environmental and social aspects. Global
warming and climate change due to greenhouse gases are
already severe problems on a global scale. The grave nature
of the situation has prompted both developed and developing
countries around the world for searching and innovating the
clean energy resources in the forms of renewable energy (RE)
and alternative energy (AE) resources [1-5]. However, the
potential of RE and AE resources such as solar, hydro, wind,
geothermal, tidal, wave, and biomass varies significantly be-
tween countries and regions. The potential of RE and AE
resources of each country and region depends on several fac-
tors such as location, weather, and season, as well as the local
agricultural and industrial activities. Biomass is one of the
high potential RE and AE resources in some regions or coun-
tries. Biomass is defined as organic matters which may be
obtained from direct plantation (forestry), animal and human
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waste, residues and wastes from agricultural and industrial
processes, and organic municipal solid wastes [6]. In 2018,
biomass used as bioenergy accounted for approximately 14%
of total global energy consumption [7—10]. Bioenergy has the
potential to decrease carbon footprints and to reduce environ-
mental impacts because the replantation or new growing of
plants consumes the carbon dioxide (CO,) that is emitted from
the biomass conversion processes into bioenergy [2]. For this
reason, the utilization of bioenergy is considered to be carbon
dioxide neutral. However, the biomass potential of each coun-
try or region depends on the location, weather, plantations,
agricultural activity, and industrial processing in that specific
location. Biofuels and bioenergy are most commonly pro-
duced by countries whose prime industry is agriculture.
Most of the Asian countries have a high degree of dependency
on the agricultural sector, with Thailand among them.

As an agro-industry country, Thailand has a high potential for
biomass applications. Rice husks, cassava roots, corn stalks, rub-
ber wood bark, rubber wood sawdust, oil palm shell, and empty
fruit bunches are examples of the biomass available in Thailand
[11]. These biomasses are produced during the replanting, har-
vesting, and processing of agricultural products. For oil palm
biomass (OPB), there is particularly high potential in the south
of Thailand, which is among the top-ranked producers and ex-
porters of palm oil, after only Malaysia and Indonesia. The total
plantation area of the oil palm tree in Thailand increased to
818,500 ha in 2018, which was 4.2% more than in 2017 [12].
The Thai government has also set the target of increasing the
plantation area of palm oil trees to 1,632,000 ha in 2036 [12].
The OPB is obtained from harvesting and processing the fresh
fruit bunches, as well as during the replantation of oil palm trees.
Typically, oil palm fronds and leaves (2-3 fronds) will be pro-
duced when harvesting fresh fruit bunches from each oil palm
tree [13, 14]. The replantation of oil palm trees also provides a
huge source of OPB, including oil palm trunk (OPT), oil palm
fronds and leaves (OPF and OPL), and oil palm roots (OPR)
[14]. The milling process of fresh fruit bunches also generates
various types of biomass and waste such as oil palm fiber
(OPFB), empty fruit bunches (EFB), oil palm kernel shell
(OPS), oil palm decanter cake (OPDC), and sewage sludge
(OPSS) from wastewater treatment [15—18]. Previous reports
have revealed that the yield of crude palm oil obtained from
the milling process of fresh fruits was only 20-25% (wt.) [15,
17, 19]. The other parts were turned into biomass in the form of
residue or waste [15—-18, 20]. These reports also indicated that
milling 100 tons of fresh fruit bunches generated 4-6 tons of
OPS, 20-32 tons of EFB, and 12-19 tons of OPFB [14,
19-21]. The Ministry of Energy of Thailand reported that some
of the OPB, such as OPS, OPFB, and EFB, has been used as
solid biofuel in palm oil factories and other industries for the
generation of heat and power [12]. However, OPB, including
EFB, OPT, OPF, OPL, OPR, and OPDC, remains high potential
for biofuel or bioenergy applications.
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The conversion of biomass into biofuels or bioenergy can
be performed by several processes such as mechanical con-
version, thermochemical conversion, biochemical conversion,
and combined processes. The criteria for choosing the bio-
mass conversion process among the options depend on many
factors such as the type and properties of the biomass being
used, the desired fuel forms or energy products, the cost, stor-
age, transportation considerations, and the utilization target.
This is because the conversion of biomass by the mentioned
processes provides different final forms of biofuels (liquid,
gas, or solid) or bioenergy (heat or power). Pyrolysis is one
of the thermochemical conversion processes. It involves the
thermal decomposition of raw materials under the absence of
oxygen or air at elevated temperatures ranging from 300 to
600 °C [22, 23]. This process can be applied for several ma-
terials such as plastic wastes, municipal solid wastes, waste
cooking oil, used tires, and biomass. The pyrolysis of biomass
provides products in the form of bio-oil, biochar, and pyroly-
sis gas. There are two types of pyrolysis processes — slow
pyrolysis and fast pyrolysis — depending on many factors such
as temperature, heating rate, and vapor residence time [24,
25]. Fast pyrolysis is more popular than slow pyrolysis for
the production of bio-oil or pyrolysis oil. This is because the
bio-oil yield obtained from fast pyrolysis is higher than from
slow pyrolysis [26-29]. However, the yield and quality of the
bio-oil or liquid product not only depend on pyrolysis types
but also are influenced by many other factors such as the
reactor type, operating conditions (heating rate, pyrolysis tem-
perature, vapor residence time, etc.), biomass type, biomass
property, and biomass composition [30—40]. Biomass proper-
ties such as particle size, bulk density, elemental composition,
lignocellulosic composition, and chemical composition have a
substantial impact on the bio-oil yield and quality [35, 40-50].
The main advantage of bio-oil is that it has a high energy
density compared to raw biomass. Bio-oil is also easy to store,
handle, and transport. The bio-oil also has many applications.
It can be used directly as fuel in a boiler, upgraded for use as
fuel in an engine, and turned into high value-added products
for food and chemical processes [29, 49, 50]. For the biochar
and pyrolysis gas, they can be used as biofuels to generate heat
or power for use in pyrolysis or other processes.

With OPB, the applications of this biomass for pyrolysis
process are still challenging due to many types of OPB that
can be applied with pyrolysis processes for producing biofuels
in forms of bio-oil, biochar, and pyrolysis gas. Most of the
research papers related with pyrolysis have used OPS, OPFB,
and EFB [14, 51-56]. There are only a few studies that have
investigated the pyrolysis of other oil palm biomasses
[57-59]. Thus, the literature reviews indicated that there are
very less studies that revealed the properties of OPB or pyrol-
ysis of OPB in Thailand. Most of the research papers related
with OPB and pyrolysis of OPB are published by Malaysian
researchers. The aim of this study was, therefore, to
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investigate the physicochemical properties of OPB for evalu-
ating the potential of biofuels production via pyrolysis pro-
cesses. The OPB used in this study included OPT, OPF, OPS,
OPR, OPDC, EFB, OPFB, and OPSS. The investigated phys-
icochemical properties of these biomasses were considered
via proximate analysis, ultimate analysis, higher heating val-
ue, and potential use as energy equivalent with fossil fuels,
lignocellulose content, thermal decomposition via thermogra-
vimetric analysis (TGA), elemental composition, thermal con-
ductivity, and dielectric property.

2 Materials and methods
2.1 Preparation of biomass samples

The OPT, OPF, and OPR were obtained from oil palm trees
which were harvested for 25 years old at Klong Thom District,
Krabi Province, Thailand. The OPS, OPDC, EFB, OPFB, and
OPSS were residue and waste from crude palm oil production at
the Thiando palm oil factory located at Lam Thap District, Krabi
Province, Thailand. The fresh OPT (with bark), OPF (without
leaves), and OPR were chopped by a chopping machine (MCH-
420, Machinery 789, Thailand). All samples were dried inside a
solar greenhouse dryer to reduce the moisture content to below
10% (%owt., wet basis). The dried samples were then ground by a
grinding machine (Bonny, 2HP, Thailand) equipped with a 2 mm
size sieve. The ground samples were kept in a sealed plastic zip
bag until ready for further use.

2.2 Determination of physicochemical properties
2.2.1 Particle size distribution

The particle size distribution of the ground OPB was deter-
mined by using a vibratory sieve shaker (Analysett 3 pro,
Fritsch, Germany) comprising seven sieves with opening sizes
0f 0.08, 0.11, 0.15, 0.21, 0.30, 0.60, and 1.18 mm and a bot-
tom pan (< 0.08). The determination was performed following
the sieve standard ASTM E11 [47]. The result was presented
as a weight percentage.

2.2.2 Bulk density

The bulk or apparent density of the ground OPB was deter-
mined based on the mass and volume ratio. The cylindrical
container with a specific inside diameter and volume
(500 mL) was used to determine the bulk density of the bio-
mass samples. The ground biomass samples were poured into
a container from a certain height to facilitate the free flow of
the samples until the container was full with a specific volume.
The net weight of each sample was then recorded, and the
bulk density was calculated. To ensure the accuracy of each

measurement, it was repeated three times, and the mean value
with standard deviation value was presented in the unit of kg/
m’ [47].

2.2.3 Proximate and ultimate analysis

The proximate analysis is the determination of the gross com-
ponents, including moisture content, volatile matter, and fixed
carbon content and ash content [48]. These components were
determined by using a macro thermogravimetric analyzer
(TGA 701, LECO, USA), according to the ASTM D7582
procedure. The basic elemental composition of each sample,
including carbon (C), hydrogen (H), oxygen (O), nitrogen (N),
and sulfur (S), was determined by a CHNS/O Analyzer
(FLASH 2000, Thermo Scientific, Italy). The oxygen content
was determined based on the analyzer procedure. The C, H,
and N were performed according to related EN15104, and the
S content was performed according to the ASTM D4239. The
mean and standard deviation of values were reported as per-
centages by weight (wt.%, dry basis).

2.2.4 Higher heating value and potential use as energy
equivalent with fossil fuels

The higher heating value (HHV) of the OPB samples was
determined by a bomb calorimeter (C5000, IKA® Werke,
Germany), according to the EN14918 procedure. The HHV
obtained from the bomb calorimeter was also compared to the
HHYV obtained from the calculation based on the following
equations:

HHV; = 0.3516C + 1.16225H~0.11090 -+ 0.0628N
+0.10465S(MJ /kg) (1)

where C, H, O, and S are the elemental composition obtained
from ultimate analysis (R* = 0.720) [49].

HHV, = 0.3536FC + 0.1559VM~0.0078A(MJ/kg)  (2)

where FC, VM, and A are the content of fixed carbon, volatile
matter, and ash obtained from proximate analysis (R?=0.695)
[50].

HHV; = 0.341C + 1.322H-0.120-0.12N
+0.0688-0.0153Ash(MJ /kg) (3)

where C, H, O, S, and ash are the compositions of the biomass
obtained from ultimate analysis and proximate analysis (R* =
0.695) [60].

HHV, = 0.0889L + 16.8218(MJ /kg) (4)

where L is the lignin content of the biomass obtained from
lignocellulose content determination (R*=-0.875) [61].
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The higher heating value (HHV) of the OPB obtained from
the bomb calorimeter was then converted to the potential use
as energy equivalent with fossil fuels, including coal (bitumi-
nous), crude oil, natural gas (NG), and liquefied petroleum gas
(LPG). The reference HHV of the coal, crude oil, NG, and
LPG were 28.87 MJ/kg, 38.78 MJ/L, 38.95 MJ/m>, and
50.08 MJ/kg, respectively [62, 63].

2.2.5 Lignocellulosic content

The lignocellulosic content of the OPB was determined via
the method developed by Georing and Van Soest (1970) [64],
Van Soest (1991) [65], Reza et al. (2014) [66], and Kambo and
Dutta (2015) [67]. According to this method, the percentage
of cellulose, hemicellulose, and lignin was determined in
terms of acid detergent fiber (ADF), neutral detergent fiber
(NDF), and acid detergent lignin (ADL). The percentage of
cellulose, hemicellulose, and lignin was then calculated from
the following equations. Extractives are calculated by differ-
ence method.

Cellulose content = ADF—ADL (wt%, dry basis) (5)
Hemicellulose content = NDF—ADF(wt.%, dry basis)  (6)
Lignin content = ADL(wt.%, dry basis) (7)

Extractives = 100—(Cellulose + Hemicellulose + Lignin)(wt.%, dry basis)

(8)

2.2.6 Thermogravimetric analysis (TGA)

Thermal decomposition of the OPB was observed by thermo-
gravimetric analysis (TGA) and differential thermal analysis
(DTA) techniques using a thermogravimetric analyzer (Perkin
Elmer, USA), according to the ASTM E1131 procedure. The
observation was performed at temperatures ranging from 50 to
1000 °C and at a heating rate of 10 °C/min under a nitrogen
gas atmosphere.

2.2.7 Major and minor elemental compositions

The major and minor elemental contents, including silicon
(Si), iron (Fe), calcium (Ca), magnesium (Mg), sodium (Na),
potassium (K), cadmium (Cd), and lead (Pb), of the biomass
samples were determined by the Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES, AVIOS500, Perkin
Elmer, USA), according to the EN15290 procedure. The re-
sults were reported as mg/kg.

2.2.8 Thermal conductivity

Thermal conductivity of biomass is one of the important fac-
tors for designing the conventional heating unit, which the
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heat transfers from the reaction wall to the biomass. In this
study, the thermal conductivity measurement of the ground
OPB was performed by the Hot Disk Thermal Constants
Analyzer (Hot Disk, TPS 25008, Sweden). This system deter-
mines the thermal conductivity based on a patented transient
plane source (TPS) technique, which can be used to study
materials with thermal conductivities from 0.005 to 500 W/
meK and cover a temperature range from 30 to 1000 K.

2.2.9 Dielectric properties

Dielectric properties are important factors for designing mi-
crowave heating which can be applied for pyrolysis process.
Thus, this study determined the dielectric properties, including
dielectric constant (¢”), dielectric loss factor (¢”), and tangent
loss (tan &) of the ground OPB by using materials test equip-
ment (E5S071C ENA Series Network Analyzer, Keysight
Technologies, USA) equipped with a coaxial probe. The
ground samples were poured into a cylindrical container,
and then the measurement was performed at a temperature
of 25 °C and a frequency of 2.45 GHz [68]. The measurement
of the dielectric properties for each sample was repeated five
times to gain a confidence value, and the mean value of the
dielectric properties was presented.

3 Results and discussion
3.1 Particle size distribution of ground samples

Table 1 shows the particle size distribution of the ground OPB.
The dried OPB samples were ground with a grinding machine
equipped with a 2 mm size sieve. The determination of the
particle size distribution showed that most of the ground OPB
had particle sizes in the range of 0.30—1.18 mm, except the
OPSS, which had a particle size of lower than 0.08 mm. For
the pyrolysis process, the particle size of the biomass is one of
the main factors that strongly influence product yield and
quality. This is because the biomass particles with a small
particle size have a high surface area, leading to a high heat
transfer rate and also a high heating rate of the biomass inside
the pyrolysis reactor. In the case of bio-oil production, the
heating rate strongly affects the bio-oil yield and quality.
With a fast pyrolysis process, the biomass is usually pyrolyzed
by moving the bed pyrolysis reactors with small biomass par-
ticles. Pattiya and Suttibak [69] and Sirijanusorn et al. [36]
studied bio-oil production from cassava biomass with biomass
particle sizes ranging from 0 to 250 and 250-425 to 425—
600 pum by using a fluidized bed and counter-rotating twin-
screw reactor. They found that the maximum bio-oil yield was
obtained with a particle size of 250-425 um. Pyrolysis of
biomass with particles that were too small or large tended to
decrease the bio-oil yield. There are two reasons to explain
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Table 1 Particle size distribution

of ground biomass samples Size Particle size distribution of ground biomass (wt.%)
Mesh mm OPT OPF OPS OPR OPDC EFB OPFB OPSS
16 1.18 7.94 10.22 38.21 6.86 41.28 57.53 42.15 0.00
30 0.60 36.39 52.92 16.76 46.32 23.24 8.18 12.04 16.61
50 0.30 25.80 20.26 11.49 27.25 13.59 16.41 21.95 2521
70 0.21 8.64 4.99 4.68 6.09 6.18 6.55 7.45 9.36
100 0.15 7.19 432 434 3.88 353 435 6.09 5.95
140 0.11 4.28 241 3.64 3.28 3.26 2.72 4.01 4.51
200 0.08 3.09 2.18 543 1.34 2.76 3.30 2.83 8.13
Pan >0.08 6.67 2.69 15.45 4.99 6.17 0.94 3.48 30.23
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

why the biomass particle size of 0-250 um gave a low bio-oil
yield. The first reason is related to the high ash content of the
biomass due to the segregation of the feed into a high dirt feed.
The second reason is related to the hydrodynamic nature of the
fine biomass particles. The tiny biomass particles tend to be
blown or entrained out of the reaction zone before completion
of the pyrolysis process. For the large biomass particles, the
bio-oil yield was found to be low because the larger biomass
particles have lower heat transfer. The large particles are usu-
ally not complete pyrolyzed, leading to the formation of bio-
char [36, 69].

The biomass particle sizes not only influence the bio-oil
yield but also affect the quality of the bio-oil or liquid product
in terms of water content and solid content. The water content
of'the bio-oil was increased in line with an increase in biomass
particle size. This is because the large particles provided a low
heat transfer rate. The high water content in the bio-oil also
decreased its heating value [21]. For the effect of biomass
particle size on solid content in the bio-oil, pyrolysis of small
biomass particles using a moving bed reactor or under a high
carrier gases flow rate creates the risk of producing bio-oil
with high solid content. This is because the small particles
have a low density, which is easily carried out from the reac-
tion zone before the pyrolysis is complete. However, in prac-
tice, the desirable biomass particle size for pyrolysis processes
may range from millimeters to centimeters, depending on the
capacity and type of the pyrolysis reactors [36]. Moreover, the
biomass particle size directly affects the preparation cost,
transportation, storage, and feeding system [70].

3.2 Bulk density of ground samples

Figure 1 shows the bulk density of the ground OPB, which
was in the range of 151.83-895.96 kg/m’, depending on the
type of OPB. The OPSS had the highest bulk density
(895.96 kg/m3), followed by the OPS (702.61 kg/m3) and
the OPDC (592.88 kg/m3 ), while the OPT had the lowest bulk
density of 151.83 kg/m®. When comparing the bulk density of

the ground OPB with ground cassava rhizomes (230 kg/m°)
and cassava stalk (200 kg/3), the results indicate that the bulk
density of the OPT, OPF, OPR, and OPFB is relatively lower
than that of the cassava biomass [71]. For the biofuel and
bioenergy application of biomass, the bulk density of the bio-
mass particles is one of the most important physical proper-
ties. Bulk density of biomass or biomass particles is defined as
the mass of the biomass particles divided by the total volume
of those particles in the standard container. The total volume
includes the volume of the biomass particles, the void volume
between the biomass particles, and the volume of the pores
inside the biomass particles.

Usually, each biomass has a different bulk density because
it has different physical features and structure, as well as dif-
ferent compositions. In the case of OPB particles, such as
OPT, OPF, EFB, OPR, and OPPF, they have low bulk density
because these biomasses are fibrous and bulky. The chopping
or grinding of dried fibrous biomass into powder or small
particles helps to improve its bulk density. However, the bulk
density of the ground sample is relatively low compared to
solid or dense particles such as in coal and sand. For the
ground OPS, OPSS, and OPDC samples, they have high bulk
density since these biomasses have a solid or dense structure.
Grinding dense biomass provides small and dense solid parti-
cles, leading to high bulk density. In the pyrolysis process, the
bulk density of the biomass particles is one of the key param-
eters for designing the pyrolysis reactor and feeding system of
continuous pyrolysis systems. Beside the reactor size, the bulk
density of biomass also directly influences energy density
(MJ/m3), storage area requirement and cost, and transportation
cost [72-75].

3.3 Proximate analysis results

Table 2 shows the results of the proximate analysis, including
the moisture content (MC), volatile matter (VM), fixed carbon
content (FC), and ash content (AC) of the OPB samples. The
results show that the MC, VM, FC, and AC of the OPB
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samples were in the ranges of 8.11-14.42, 51.70-79.98,
11.42-26.14, and 1.35-36.43 (wt.%), respectively. The mois-
ture content of the biomass samples after drying with a solar
greenhouse dryer was relatively low, implying that these bio-
mass samples are appropriate for being used as raw biomass to
produce biofuels via pyrolysis processes. In pyrolysis process-
es, particularly in the production of bio-oil through the fast
pyrolysis process, the initial moisture content of the biomass
strongly influences the water content in the obtained bio-oil or
liquid product [21, 76]. The water content of the bio-oil usu-
ally varies in the range of 15-40% (wt., wet basis), depending
on the moisture content of the biomass and pyrolysis condi-
tions [69, 77, 78]. The pyrolysis of biomass with high mois-
ture content results in bio-oil with high water content. Thus,
the moisture content in the biomass should be as low as pos-
sible in practice. However, the water content in the bio-oil or
liquid product not only depends on the moisture content in the
biomass but also is influenced by the pyrolysis conditions,
such as the heating rate, reactor type, vapor residence time,
and pyrolysis temperature [77, 78]. Aside from these aspects,

Table 2 Proximate analysis results

Biomass  Proximate analysis results (wt.%)
MC VM FC AC

OPT 8.21+0.04 79.98+£0.60 16.17+£0.51 3.69+0.05
OPF 8.11+0.04 7890+022 17.87+0.29 3.12+0.05
OPS 8.92+0.17 72.58+021 26.14+0.15 1.35+0.53
OPR 11.924+0.10 68.32+042 22.28+0.55 8.49+1.05
OPDC 10.38+£0.05 72.13+£0.06 12.75+£0.05 14.79+0.10
EFB 8.93+0.04 79.16+029 1543+0.52 548+0.27
OPFB 9.53+£0.01 75.43+0.56 18.24+0.33 5.82+0.20
OPSS 1442+0.04 51.70+0.12 11.42+0.10 36.43+0.09

MC is in the unit of wt.% (as received basis). VM, FC, and AC are
presented as wt.% (dry basis)
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the pyrolysis of moistened biomass also leads to a loss of
energy during dehydration. In practice, the biomass can be
dried to the desired moisture content lower than 10% (wt.
wet basis). However, drying biomass to the low moisture con-
tent affects energy consumption and cost. Thus, the biomass
can be dried from the waste heat or the heat obtained from the
combustion of the pyrolysis gas.

For volatile matter, the results reveal that the OPT, OPF,
EFB, and OPFB had volatile mater in the range of 75-80%
(wt.), which is close to the volatile matter results of pinewood
(81% wt.) [79], cassava rhizomes (81.5% wt.,), and cassava
stalk (81.2% wt.) [69]. The volatile matter of the OPR, OPS,
and OPDC was in the range of 68—72% (wt.). The OPSS had
the lowest amount of volatile matter (51.70% wt.), which is
not much different from the works of [80-82]. The OPT, OPF,
and EFB had high volatile matter content because they contain
high amounts of cellulose and hemicellulose, while the
amount of lignin is low (this will be discussed in more detail
in the next part.). Volatile matter is an essential component of
biomass for producing bio-oil via pyrolysis processes because
the yield of bio-oil or liquid product depends on the volatile
matter, which is the part of the solid biomass that can be
converted into vapors or gases in the form of both condensable
and non-condensable vapors. The previous works related to
pyrolysis processes have reported that the pyrolysis of bio-
mass with the high volatile matter provided high yields of
bio-oil or liquid products [23]. In the part of fixed carbon
and ash content, it can be seen in Table 2 that the OPS and
OPR had fixed carbon content higher than 20% (wt.), and the
OPDC and OPSS had relatively high ash content (14.79,
36.43% wt.). For the pyrolysis process, the fixed carbon con-
tent is the part of the biomass that cannot be converted into
vapors or gases. This product is called biochar. Thus, for the
pyrolysis of biomass to produce a high yield of biochar, bio-
mass with the high fixed carbon content is appropriate. The
last part of the proximate analysis is the ash content, which is
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an inorganic composition in biomass. Biomass with the high
ash content indicates that it is not suitable for bio-oil produc-
tion via pyrolysis processes because it leads to a low yield of
bio-oil (liquid product) and high amounts of biochar.
However, producing bio-oil by the co-pyrolysis of sewage
sludge with woody and non-woody biomass can help to im-
prove the bio-oil yield [47, 80, 81].

3.4 Ultimate analysis results

Table 3 shows the ultimate analysis results, including carbon
(C), nitrogen (N), hydrogen (H), sulfur (S), and oxygen (O)
content of the OPB samples. The atomic ratio (H/C and O/C)
of the biomass is also presented in Fig. 2. The results show
that the C, N, H, O, and S content of the OPB samples were in
the ranges of 32.39-53.29, 0.19-5.07, 4.83-6.92, 32.08—
44.60, and <0.01-0.77% (wt.). These results indicate that
the type of OPB used affected the elemental composition.
The carbon and hydrogen of the OPB samples (except
OPSS) were relatively high compared to the elemental com-
position of the lignocellulosic biomass such as cassava rhi-
zomes, cassava stalk, wheat straw, corn stalk, wood sawdust,
corncob, and rice husk [69, 82, 83]. The results of the ultimate
analysis are consistent with the proximate analysis results.
High fixed carbon content in the biomass leads to a high
carbon element as clearly observed in the cases of OPS,
OPR, and OPFB. Sukiran (2016) [82] reported that there is a
good relationship between atomic H/C and O/C ratios in OPB,
indicating fairly high energy contained in the C-H and C-O
bonds. Chaiwong et al. (2013) [84] explained that a high ratio
of H/C indicates a high content of aliphatic hydrocarbon com-
pounds in the biomass. A relatively low O/C ratio in the bio-
mass indicates that it has a small number of polar compounds
[84]. For the oxygen content, it was found that the OPT, OPF,
EFB, and OPSS had an oxygen content of about 32-33%
(wt.), which was lower than the oxygen content in the OPS,
OPR, and OPFB (41.54-44.60% wt.).

For bio-oil production via pyrolysis processes, the biomass
with high carbon, high hydrogen, and low oxygen content is

favorable [85]. This is because carbon and hydrogen can be
converted into useful aromatics, bio-oil, or liquid products. On
the other hand, the oxygen will bond with the hydrocarbon
molecules as phenol, acetic acid, and other oxygenated com-
pounds, which is a disadvantage of biomass for producing
bio-oil. Besides, the pyrolysis of biomass with high oxygen
content presents the risk of obtaining bio-oil or liquid products
with high water content. This is because reaction water can be
formed from the reaction between hydrogen and oxygen [85].
The higher water content in bio-oil leads to lower heating
values, as well as the instability of liquid products [76, 86].
For nitrogen and sulfur, they have a small bio-oil or liquid
composition. These elements are transformed by pyrolysis
into gas products. In terms of the nitrogen and sulfur content
in the OPB samples, they were found to be low, except in the
OPSS which had high contents of both nitrogen and sulfur.
The nitrogen and sulfur content levels of the biomass samples
obtained from this study are consistent with the previous stud-
ies [47, 80, 81]. The nitrogen and sulfur content in the biomass
have less influence on the nitrogen and sulfur content in the
bio-oil. However, most of the sulfur and nitrogen remained in
the biochar [84, 87].

3.5 Minor and major elemental compositions

The minor and major elements in the OPB samples are shown
in Table 4. It can be clearly seen that the minor and major
elements of the OPB samples are silicon (Si), iron (Fe), calci-
um (Ca), magnesium (Mg), sodium (Na), and potassium (K),
with the content of these elements ranging from 142.07 to
10,907.68 mg/kg for Si, 581.11 to 7959.66 mg/kg for Fe,
841.39t0 21,407.33 mg/kg for Ca, 10.98 to 18,892.55 mg/kg
for Mg, 47.87 to 526.18 mg/kg for Na, and 175.63 to
70,791.31 mg/kg for K. The investigated OPB samples had
very low levels of cadmium (Cd) and lead (Pb), ranging from
0.10to 1.55 mg/kg and 0.96 to 10.47 mg/kg, respectively. The
OPSS had the highest content of the minor and major ele-
ments, which is consistent with the results of the proximate
analysis, indicating the highest ash content is in the OPSS. For

Table 3 Ultimate analysis results

Biomass Ultimate analysis (wt.%, dry basis)

Carbon Nitrogen Hydrogen Oxygen Sulfur
OPT 4591 £ 0.19 0.42 + 0.00 6.38 £ 0.04 33.19 £ 0.43 <0.01
OPF 45.94 + 0.02 0.19 + 0.00 6.39 = 0.02 33.24 £ 0.09 <0.01
OPS 53.29 £ 0.09 0.30 £ 0.01 6.15+0.11 41.54 +£0.18 0.01
OPR 50.58 +0.13 0.28 + 0.00 6.28 +£0.02 44.60 = 0.19 <0.01
OPDC 45.60 + 0.06 238 £ 0.01 6.41 £ 0.06 36.40 + 0.37 0.24
EFB 49.73 £ 0.16 1.01 £0.04 6.92 £0.13 32.61 £ 0.35 0.07
OPFB 50.85 £ 0.05 1.05 £ 0.01 6.71 £ 0.04 42.14 £ 0.75 0.09
OPSS 32.39 £0.39 5.07 £0.09 4.83 £0.09 32.08 £0.29 0.77
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biomass, some of the minor and major elements function as
macro and micronutrients. These results indicate that OPB is a
biomaterial which is safe to be used as biofuel and bioenergy
because it contains very low levels of heavy metals (Cd and
Pb). The obtained results were consistent with the results of
Loh, 2016 [82]. However, there are many works which have
revealed the alkali content of OPB, such as the amount of Na,
Mg, K, and Ca, to be especially important in thermochemical
conversion processes. This is because these elements may
react with the Si, which then leads to operational problems
in the reactors, furnaces, and boilers [82, 88, 89].

For the pyrolysis process, Alvarez et al. (2015) reported
that the metals in the biomass resulted in catalytic activity on
the pyrolysis products by promoting secondary reactions such
as cracking and dehydration [73]. These effects led to
obtaining low bio-oil yields and high gas yields. Moreover,
Eom et al. (2012) concluded that some inorganic elements
such as Ca, Mg, and K would promote the degradation of
cellulose and hemicellulose from the biomass, favoring the
formation of gas [90]. Additionally, many papers have inves-
tigated the effects of catalytic activity of inorganic elements in
co-pyrolysis processes [47, 90, 91]. Zhang et al. (2015) found

Atomic O/C ratio

the synergetic effect of the co-pyrolysis of sewage sludge and
rice husk [92]. The high inorganic elements in sewage sludge
led to a high gas yield of co-pyrolysis. Zuo et al. (2014) also
found that the co-pyrolysis of poplar sawdust and sewage
sludge in a fixed bed reactor provided the maximum yield of
bio-oil when they mixed 80% sludge and 20% sawdust [93].
Thus, the co-pyrolysis of OPB such as OPT, OPR, OPS, EFB,
and OPFB with OPSS is still interesting.

3.6 Higher heating value and potential use as energy
equivalent with fossil fuels

The higher heating value (HHV) or gross calorific value
(GCV) of the OPB samples obtained from both determina-
tions by bomb calorimeter and estimation by correlations is
shown in Table 5. It can be seen that the HHV of the OPB
obtained from the bomb calorimeter was in the range of
11.19-18.72 MJ/kg. The HHV (HHV -HHV,) can be estimat-
ed by correlations, but the accuracy of the results depends on
the correlation used. Based on the values of the estimated
HHVs, they indicated that the HHV estimated by using the
results from the proximate analysis provided the best

Table 4 Major and minor

elements of oil palm biomass Biomass ~ Major and minor elements (mg/kg, dry basis)
Si Fe Ca Mg Na K Cd Pb

OPT 142.07  1086.96 1668.57 10.98  431.83 17563  0.10 1.72
OPF 353.18 581.11 3817.10 163022 209.15  20,994.04  0.40 ND
OPS 14371 2438.06  21,407.33 744.80 47.87 2708.62 ND ND
OPR 426.18  7959.66 841.39 1311.93 99.01 7909.73  0.10 6.95
OPDC 36444 152526  14,366.06 4737.85 96.85  27,435.65  0.19 <0.96
EFB 330.54 533.80 5103.02 2705.57  285.67  46,331.60  <0.1 ND
OPFB 37541 889.73 4042.47 2026.11 63.02 7362.17  0.10 ND
OPSS 10,907.68 591544  38,886.73  18,892.55  526.18  70,791.31 <155 <1047

ND means not defined
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Table 5 Higher heating values of oil palm biomass
Biomass Higher heating value (MJ/kg)
HHV HHV, HHV, HHV; HHV,

OPT 16.11 19.90 18.13 20.00 17.41
OPF 15.81 19.81 18.59 19.97 17.62
OPS 18.72 20.40 20.54 21.28 20.21
OPR 16.30 20.15 18.48 20.04 19.42
OPDC 17.00 19.62 15.36 19.16 18.68
EFB 18.18 21.98 17.76 21.99 17.90
OPFB 18.20 21.08 18.16 20.95 18.72
OPSS 11.19 12.77 11.81 12.48 19.53

estimation values for all biomass samples. The obtained HHV
of the OPB from this study was consistent with the results
obtained from Sukiran, 2016 [82]. The heating value (both
LHV and HHV) of the biomass depends on many factors such
the type, composition, age, plantation region, and weather
conditions. The composition of the biomass is one of the most
important factors that influence its heating value. Normally,
biomass consists of moisture, organic components, and inor-
ganic components.

For energy applications, the biomass should contain the
lowest moisture content possible. This is because biomass
with the high moisture content will release low useful thermal
energy (net heating value or lower heating value). The heating
value of the biomass depends on the gross components, in-
cluding the volatile matter (VM), fixed carbon content (FC),
and ash content (AC). Biomass with a high VM and FC, but
with low AC, will provide high heating values such as in the
cases of the OPS, EFB, and OPFB for OPB samples. The
heating value of the biomass can also be described by ultimate
analysis results based on the relative content of the main ele-
ments, including C, H, and O. This is due to the fact that the

Table 6
biomass

Potential use as energy equivalent with fossil fuels of oil palm

Biomass HHV  Potential use as energy equivalent with fossil fuels*

(MJ/kg)

Crude oil Coal LPG NG

(D) (kg) (kg) (m*)
OPT 16.11 0.42 0.56 0.32 0.41
OPF 15.81 0.41 0.55 0.32 0.41
OPS 18.72 0.48 0.65 0.37 0.48
OPR 16.30 0.42 0.56 0.33 0.42
OPDC 17.00 0.44 0.59 0.34 0.44
EFB 18.18 0.47 0.63 0.36 0.47
OPFB 18.20 0.47 0.63 0.36 0.47
OPSS 11.19 0.29 0.39 0.22 0.29

*with respect to 1 kg of OPB

overall values of these elements are directly related to the
biochemical components of the cell wall, such as the lignocel-
lulose content [3]. In the case of OPB, it can be seen that the
biomass samples with high cellulose and lignin tended to have
high HHV. The previous works reported that lignin has higher
levels of HHV than cellulose and starch [63]. The OPB sam-
ples have high calorific values conforming the high carbon
and hydrogen content of the biomass as well as its low mois-
ture content, as shown in Table 3.

For the pyrolysis process, the heating value of the biomass
did not affect the heating value of the bio-oil. The biomass
with high HHV provided bio-oil with a low HHV [69]. This is
because different types of biomass with the same heating val-
ue may have different compositions (volatile matter, fixed
carbon content, lignocellulose content). These components
can be converted into condensable vapors under different con-
ditions during the pyrolysis process [92]. Table 6 shows the
potential use of the OPB samples as energy equivalent with
fossil fuels. These HHVs were calculated to the equivalent
quantity of fossil fuels, including crude oil, coal, LPG, and
NG. The potential uses of the OPB samples as energy equiv-
alent with crude oil, coal, LPG, and NG were 0.29-0.52 L,
0.39-0.70 kg, 0.22-0.40 kg, and 0.29-0.52 m’, respectively.
These results indicated that the utilization of OPB as
bioenergy could help to reduce the reliance on fossil fuels
and subsequently lessen environmental impacts, particularly
the net carbon dioxide emission.

3.7 Lignocellulose content

Table 7 shows the chemical composition of the OPB samples
in terms of cellulose, hemicellulose, lignin, and extractives.
The cellulose, hemicellulose, lignin, and extractives of the
OPB were in the range of 2.59-54.35, 8.25-25.97, 6.64—
38.15, and 2.55-58.69% (wt.), respectively. The type of
OPB had a strong effect on lignocellulosic compositions.
The OPT, OPF, EFB, and OPFB had high cellulose and hemi-
cellulose content. The OPS, OPR, and OPFB had high cellu-
lose content, but their lignin content was also high. The OPDC
and OPSS had high extractives, which are part of the inorganic
elements and ash. The ratios of hemicellulose/lignin and
cellulose/lignin are depicted in Fig. 3. It can be seen that the
OPT, OPF, EFB, and OPFB had relatively high ratios, indi-
cating high cellulose and hemicellulose content in the biomass
samples. For the pyrolysis process, biomass with the high
cellulose and hemicellulose contents usually produces higher
yields of bio-oil or liquid than biomass with high lignin con-
tent. This is because the thermal decomposition of lignin is
more difficult than that of cellulose and hemicellulose. The
pyrolysis of biomass with a high lignin content usually leads
to a high biochar yield [94]. The effects of the cellulose, hemi-
cellulose, and lignin content of the biomass on the yield of
pyrolysis products have been studied by many authors. Quan
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Table 7 Lignocellulose content

of oil palm biomass samples Oil palm biomass

Lignocellulose content (wt.%, dry basis)

Cellulose Hemicellulose Lignin Extractives*
OPT 39.40+0.77 2597+1.17 6.64+0.31 27.99+£0.65
OPF 54.35+£0.29 20.72+0.12 8.96+0.26 15.96 +£0.44
OPS 37.95+0.28 11.52+0.01 38.15+0.45 12.38 £0.35
OPR 49.00+£2.55 19.19+0.06 29.26+0.07 2.55+0.08
OPDC 21.85+041 13.51+0.93 20.91+0.32 43.73+0.58
EFB 37.82+0.57 21.85+0.54 12.16+0.17 28.17+0.47
OPFB 33.58+1.80 2541+1.99 21.38+0.92 19.63 +£0.86
OPSS 2.59+0.81 8.25+0.52 30.47+0.57 58.69 +0.49

et al. (2016) studied the pyrolysis behavior of cellulose, hemi-
cellulose, and lignin at 500 °C [95]. They found that the py-
rolysis of these components provided liquid yields of 18.67,
30.83, and 0.5% (wt.), respectively. The mentioned effects
were also investigated by Kim et al. (2013), who found a
higher bio-oil yield when using biomass with higher cellulose
and hemicellulose content [43]. Qu et al. (2011) explained that
the pyrolysis of cellulose provided a high bio-oil yield because
cellulose is more volatile than hemicellulose [96].

In addition to the liquid yield, variations in the composition
of the cellulose, hemicellulose, and lignin in the biomass also
influence the chemical compounds of the bio-oil or liquid
products. For biomass with high levels of cellulose, the liquid
fraction usually contains acids, alcohols, aldehydes, ketones,
esters, heterocyclic derivatives, and phenolic compounds [97].
Stefanidis et al. (2014) studied the pyrolysis of cellulose,
hemicellulose, and lignin separately [98]. They found that
the liquid products obtained from cellulose pyrolysis were
composed of sugars, simple phenols, ketones, aldehydes,
and alcohols. The main compounds in bio-oil produced from
hemicellulose pyrolysis were ketones, phenols, acids, and
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aldehydes. The bio-oil produced from lignin is composed of
complex phenols with high molecular weights [98, 99].

3.8 Thermal decomposition behavior

The thermal decomposition behavior of the OPB via TGA and
DTA is shown in Fig. 4a, b, respectively. The observation
results indicate that there are four main stages (as shown in
the DTA curves) in the thermal decomposition of the OPB
samples. The thermal decomposition of the OPB samples also
occurred at different trends due to the different components of
the lignocellulosic biomass, namely, cellulose, hemicellu-
loses, and lignin. The first stage occurred at temperatures of
50-100 °C. At this stage, the weight of the biomass decreased
slightly due to the evaporation of the moisture content. In the
second stage at temperatures of 100-250 °C, the weight of the
OPB was relatively constant due to the lower amount of evap-
oration of the light volatile compounds. Most of the thermal
energy supplied to the biomass was used to increase its tem-
perature during this stage. The next stage is the main thermal
decomposition of the OPB, which was occurred at
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Fig. 4 TGA (a) and DTA (b) profiles of oil palm biomass samples

temperatures of 250-400 °C. For the last stage, the thermal
degradation of the biomass samples was prolonged due to the
decomposition of the lignin. The weight of the biomass sam-
ples decreased mainly in the third stage due to the decompo-
sition of the cellulose and hemicellulose into both condens-
able and non-condensable vapors.

A previous study found that the decomposition of hemicel-
lulose, generally represented by xylan, mainly takes place
within the temperature range of 250-350 °C, followed by
cellulose decomposition, which primarily occurs at the

Table 8 Thermal conductivity and dielectric properties of oil palm
biomass

Oil palm biomass  Dielectric properties Thermal conductivity

(W/m<K)
&’ & tand
OPT 1.01 0.01 0.01 0.08
OPF 0.99 0.01 0.01 0.09
OPS 1.56 0.04 0.02 0.14
OPR 1.14 0.01 0.01 N/A
OPDC 0.95 0.00 0.00 0.12
EFB 1.28 0.02 0.02 N/A
OPFB 1.20 0.02 0.01 0.12
OPSS 2.03 0.10 0.05 0.17

N/A means not available

temperature range of 325-400 °C with levoglucosan as the
main pyrolysis product. Recent investigations have reported
that lignin was the most stable component, decomposing in
the higher temperature range of 300-900 °C [100]. Figure 4a
also showed the less thermal decomposition of the OPSS. This
is because the main composition of the OPSS was extractives,
which are mainly composed of inorganic elements and ash.
The thermal decomposition trends of the OPB shown in
Fig. 4a were consistent with the trends for the lignocellulosic
content of the OPB samples shown in Table 7. The lignin is
covalently linked to hemicellulose and cross-linked to the
polysaccharide, and thus, it is highly rigid and hard. Besides,
lignin consists mostly of aromatic rings; thus, the bio-oil pro-
duced from lignin biomass is rich in aromatic compounds
[98].

3.9 Thermal conductivity and dielectric properties

Table 8 shows the thermal conductivity and dielectric property
of the OPB samples. The results reveal that the thermal con-
ductivity of the OPB samples was in the range of 0.08—
0.17 W/meK. The OPS, OPDC, OPFB, and OPSS had thermal
conductivity higher than 0.10 W/m*K, while the OPSS had
the highest thermal conductivity (0.17 W/meK). For the di-
electric property of the OPB samples, it was reported in terms
of dielectric constant (¢”), dielectric loss factor (¢”), and tan-
gent loss (tan §). The dielectric constant (¢’), dielectric loss
factor (¢”), and tangent loss (tan §) of the OPB samples were
in the ranges of 0.95-2.03, 0.00-0.10, and 0.00-0.05, respec-
tively. The dielectric property of the OPS, OPDC, OPFB, and
OPSS was relatively high, which is consistent with the values
of thermal conductivity. Comparing the dielectric property
and thermal conductivity of the biomass samples with their
inorganic elements indicated that the OPB with high Fe, K,
and Ca content also provided high values of dielectric prop-
erty and thermal conductivity. These results indicate that the
type of OPB affected the thermal conductivity and dielectric
property. The solid biomass has low thermal conductivity be-
cause it is an anisotropic material [101].

Many previous studies have determined the thermal con-
ductivity of biomass. For example, Mason et al. (2016) report-
ed that the thermal conductivities of dried wood pellets,
miscanthus, and willow were between 0.10 and 0.12 W/
meK, while agricultural residues such as wheat and rape
straws had a relatively low thermal conductivity value of
0.05 W/meK [102]. Gupta et al. (2003) found that the thermal
conductivities of softwood, softwood bark, and softwood char
were in the range of 0.095-0.205 W/m*K [103]. For the py-
rolysis process, the thermal conductivity of biomass strongly
affects the heating systems and reactor design, heating rate,
and kinetics of pyrolysis [51]. The significance of the heat
transfer properties of small biomass particles in evaluating
the chemical kinetics of pyrolysis and char combustion has
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been described by Hayhurst [104]. Differences in thermal con-
ductivity affect the internal temperatures and heating rates in
the particle, which, in turn, affect the reaction kinetics [105].

For the dielectric property, it is the key property of the
materials or biomass for microwave heating. This is because
the microwave absorbability and conversion to the heat of any
materials depends on the dielectric property. The €’ represents
the ability of molecules to become polarized under the electric
field. The €” indicates the ability of materials to convert elec-
tromagnetic energy into heat. The ability or potential of mate-
rials that can be heated by microwave can be evaluated by the
loss tangent, which is the ratio of the dielectric loss factor to
the dielectric constant of the materials [52, 106]. In general,
materials can be classified into three types according to their
loss tangent, namely, high (> 0.5), medium (0.1-0.5), and low
(<0.1) microwave absorbing materials [107]. In the case of
OPB, the loss tangent of oil palm fiber, oil palm shell, and
empty fruit bunches was 0.08, 0.12, and 0.3, respectively [53,
106]. The loss tangent of biomass is low when compared to
the loss tangent of carbon materials such as biochar and acti-
vated carbon (0.1-0.8). Consequently, carbon materials are
good microwave absorbers with a high capacity to absorb
and convert microwave energy into heat [108, 109]. Thus,
the biomass pyrolysis heated by microwave irradiation could
be a more promising heating technique because of the many
advantages it offers over conventional heating methods [52,
106, 110].

4 Conclusions

This study determined the physicochemical properties of oil
palm biomass (OPB), including oil palm trunk (OPT), oil
palm fronds (OPF), oil palm shell (OPS), oil palm roots
(OPR), oil palm decanter cake (OPDC), empty fruit bunches
(EFB), oil palm fiber (OPFB), and oil palm sewage sludge
(OPSS) to evaluate the potential use for producing biofuels
via pyrolysis processes. The physicochemical properties of the
OPB were considered from particle size distribution, bulk
density, proximate and ultimate analysis, higher heating value
and potential use as energy equivalent with fossil fuels, ele-
mental composition, lignocellulose content, thermogravimet-
ric analysis, thermal conductivity, and dielectric properties.
The results indicate that:

*  Most of the ground OPB had low bulk density, except for
the OPS, OPDC, and OPSS which had relatively high
bulk density.

+ The OPT, OPF, OPFB, and EFB contained high amounts
of volatile matter (75.43—79.98%). The OPS and OPR had
high amounts of fixed carbon, while the OPDC and OPSS
contained high ash content. The main elemental
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compositions of OPB were consistent with the proximate
analysis results.

* The higher heating value (HHV) of OPB was in the range
of 11.19-18.72 MJ/kg, which was relatively low as com-
pared to fossil fuels.

* The OPF and OPR had the high cellulose content, while
the OPT and OPFB had the high hemicellulose content.
The OPS, OPR, and OPSS had high lignin. The extrac-
tives were high in OPDC and OPSS. The thermal decom-
position trend of the OPB depended on the lignocellulosic
components, particularly the lignin.

* The content of inorganic elements such as potassium (K),
calcium (Ca), magnesium (Mg), and iron (Fe) in the OPB
depended on the OPB types. The inorganic elements in the
OPB may act as a catalyst for the pyrolysis processes,
which influence the product yield and quality.

* The thermal conductivity and dielectric properties of OPB
were low. The need for an appropriate design of heating
unit both conventional and microwave heating. The mi-
crowave heating of the OPB may be applied with carbon
materials for improving the heat generation and heating
rate inside the reactor.

Therefore, based on these results, it can be concluded that
some OPB has the potential to produce biofuels via pyrolysis
processes, while the co-pyrolysis of the OPB may help to
improve the utilization of OPB, waste, and residues. The re-
sults from this study will help the researchers and biomass
industries to identify the most appropriate way to convert
OPB into biofuels via pyrolysis processes.
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