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Abstract

Biomass-based energy from agricultural wastes is a promising alternative energy source since its abundant supply and renewable.
Biomass is converted into gas and liquid fuel through biochemical or thermochemical treatments. In this work, oil palm empty fruit
bunches (OPEFB) and rice husk are pyrolyzed to produce gas and liquid fuel. The reactor temperature and feed mass are varied
to obtain the best operating condition in a semi-batch pyrolysis reactor. The experimental results showed that the best operating
temperature in pyrolysis process to produce bio-oils from OPEFB and rice husk was at 500 °C with 4.3 % (w/w) and 2.6 % (w/w)
of bio-oil yields, respectively. The pyrolysis product distribution and their chemical composition are strongly affected by operating
condition and the types of biomass. The GC-MS analysis results showed that the primary pyrolysis products components consist of
hydrocarbons and oxygenated compounds such as carboxylic acids, phenols, ketones and aldehydes. Thermodynamic properties

such as thermal conductivity of the biomass also influenced the product distribution of the biomass pyrolysis.
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1 Introduction
Increasing population and industrialization in the world
caused increasing energy demand globally. The world’s
energy demand is expected to grow by about 27%, or 3.743
million tons of oil equivalents (MTOE), worldwide from
2017 to 2040 [1]. This situation is related to the availability
of fossil fuels or conventional energy sources which are the
main energy sources in which fossil fuels meet the needs
of more than 80 % of all energy sources [2]. The economic
impact of fossil fuel dependency also shows by the expo-
nential increase of fossil fuels prices along the time. The
phenomena prompted many countries to develop renew-
able energy sources such as biomass-based energy. Many
researchers study the conversion of biomass into liquid/
gaseous fuels. Since the availability of biomass source is
abundant, energy recovery from it is an alternative solu-
tion to the present energy crisis.

Agricultural wastes have the potential as the source of
renewable energy. They are composed of cellulose, hemi-
cellulose, lignin, and possess high energy content [3-5].

Agricultural biomass waste is an effective solution com-
pared to the fossil resources for industrial activities, such
as power, heat and fuels for transportation. It also has high
potential on the production of chemicals and biomaterials.
Agricultural wastes such as oil palm empty fruit bunches
(OPEFB) and rice husks are abundant in South East Asian
countries such as Indonesia and Malaysia [6, 7]. Indonesia,
as an agriculture country, produced 28 million tons of
palm oil [8] and 70 million tons of rice annually resulted in
the high rate of agricultural waste [9]. The waste becomes
a social problem that has to manage immediately.

The annual productions of OPEFB and rice husk were
19 million tons and 12 million tons, respectively [10].
There are a lot of agricultural wastes conversion methods
such as physical, biological, chemical, and thermal to pro-
duce a solid, liquid, and gaseous fuel. The most promis-
ing and feasible process to convert biomass into energy is
the thermochemical conversion process [11]. The thermo-
chemical conversion such as combustion, pyrolysis and
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gasification are the main thermal processes. In general,
the definition of combustion is the occurrence of rapid
oxidation of fuel accompanied by the production of heat
and power. Complete combustion of a fuel occurs if there
is sufficient oxygen supply. However, this process is not
economically friendly due to the low efficiency of the
combustion process and high production of emissions in
particles and gas form [12]. Biomass pyrolysis is one of
the most efficient technologies to produce biofuels. This
process is carried out at high temperatures under an inert
atmosphere which is maintained using argon or nitrogen
gas. This process produces bio-oil, solid residues, and gas
products. These products can be used directly or after
being processed as fuel [13].

Previous researchers stated that the distribution of the
bio-oil, fuel gas, and char products from pyrolysis depend
on the operating condition [14, 15]. The operating con-
dition of fast pyrolysis is at medium temperature, which
produced short vapor residence time and higher heating
rate. However, the heating rate is lower than the ash pyrol-
ysis. Ji-lu [16] performed a study on bio-oil production
from rice husk using fast pyrolysis to determine the yield
of bio-oil and also related properties of bio-oil. Rice husk
quickly pyrolyzed at the temperature range of 420 °C until
540 °C in a fluidized bed reactor where the main product
of bio-oil obtained. The experimental result shows that
increasing the pyrolysis temperature increases the bio-oil
yield first and then slowly decrease. Therefore, the opti-
mal temperature for bio-oil production from rice husks
converted to bio-oil using fast pyrolysis is obtained. At
the temperature of 465 °C for rice husk, the highest bio-oil
yield was 56 % (w/w). The bio-oil product was character-
ized using GCMS to examine its chemical compositions
include heating value, stability, miscibility and corro-
sion characteristics. Heo et al. [17] found that the opti-
mal fast pyrolysis temperature for the bio-oil production
from furniture sawdust waste was 450°C with the par-
ticle size of 0.7 mm. Increased feeding rates can reduce
vapor residence times. Better results of bio-oil produc-
tion obtained by maximizing the bio-oil yield at about
65 % (w/w). Moreover, Park et al. [18] explain that the
optimal reaction temperature for the production of bio-
oil was 450 °C. The increase of flow rate and feeding rate
can increase the bio-oil yields gradually; however, these
did not significantly affect the yields of bio-oil. Sulaiman
and Abdullah [19] researched fast pyrolysis using empty
palm fruit bunches, which give the highest bio-oil yield

at 55 % depending on the particle size of ash content at
a reactor temperature of 450 °C. The process with short
reaction time (only a few seconds) known as flash pyroly-
sis is using a higher heating rate. Hence a small particles
size is required. Slow pyrolysis is a thermal cracking pro-
cess that occurs at lower process temperature and low-
ers heating rate. Due to the lower heating rate, the vapor
residence times are longer. Guedes et al. [20] conducted
pyrolysis of rice husk at the temperature of 450 °C and
produced the highest yield of 70 % (w/w) bio-oil in liquid
form. The change of pyrolysis temperature caused many
results in yield. The previous study also explained about
the pyrolysis of oil palm empty fruit bunches in a bench-
scale of fluidized bed reactor, which obtained the highest
bio-oil yield of 55 % (w/w). Depending on the particle
size of ash content, the vapor residence time used at the
temperature of 450 °C is about 1.03 s [19].

Conventionally, fast pyrolysis is commonly used if the
desired end product is the liquid hydrocarbon. The bio-
oil product provides significant advantages in storage and
transportation, but fast pyrolysis required very high tem-
perature so that the materials needed for the equipment
must be resistant by high temperature. However, the oper-
ating conditions of slow pyrolysis process can be varied
to produce large amounts of bio-oil and gas other than
char. Based on the previous research, bio-oil production
still have some shortcoming. Therefore, in this research
rice husk and OPEFB biomass were pyrolyzed in a batch
reactor to obtain bio-oil with a higher yield. In particu-
lar, the specific objectives of this research are to examine
the influence of different feed mass and temperature of
OPEFB and rice husk as feed. The bio-oil and gas product
compositions from OPEFB and rice husk were analyzed
and compared.

2 Materials and methods

2.1 Materials

Rice husk obtained from local paddy farms in Semarang,
Indonesia. The empty palm fruit bunches (OPEFB)
obtained from palm farms in North Sumatra, Indonesia.
The samples were collected and then dried using a dry, hot
air oven at 100 + 5 °C for 24 h to remove the moisture. The
dried biomass samples were ground and then sieved using
100 mesh vibrator sieves. The biomass powders were char-
acterized and used as feedstocks in the pyrolysis reactor.
The Industrial grade nitrogen gas with a purity of 99.9 %
purchased from Ancka Gas, Ltd., Indonesia.



2.2 Proximate and ultimate analysis of rice husk and
OPEFB

The Ultimate analysis was carried out using an ASTM D
5373-16 standard method to determine the elemental com-
position of biomass such as carbon, hydrogen, nitrogen,
and sulfur [21]. The proximate analysis was performed
using method ASTM D 3173-17 for moisture analysis [22],
ASTM D 3174-12 for ash content [23], ISO 562-2010 for
volatile matter [24], ASTM D 3172-13 for fixed carbon
[25] and ASTM D 5865-13 for gross heating value [26].

2.3 Biomass pyrolysis experimental procedure

The pyrolysis experiments were performed using a bench-
scale semi-batch pyrolysis reactor, as shown in Fig. 1. The
reactor is a vertical cylinder stainless-steel vessel with a
height of 30 cm and an internal diameter of 10 cm. The
reactor was electrically heated using a coil heater of 1.5
kW 3 phase AC. To control the temperature, the reactor
equipped with thermocouple connected to a PID control-
ler monitor. The reactor was insulated using asbestos insu-
lator to prevent heat loss and the hot reactor surface. The
reactor connected to an insulated stainless-steel pipe at the
top of the reactor that also connected with a double series
of the shell-and-tube condenser. The bio-oil product can
be obtained from each condenser outlet periodically. The
uncondensed gas was trapped using a gas bag at another
outlet of the condenser.

These experimental procedures were conducted in two
main stages: thermally pyrolysis reaction and separation
process [27]. The first stage of bio-oil production from
rice husk and OPEFB by feeding the biomass powder (rice
husk/OPEFB) into the reactor with varied mass feed (150;
250; 350; 450 g) to acquire the optimum feed mass, fol-
lowed by set the reactor temperature condenser at varied
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temperature (300; 400; 500; 600°C) in order to attain the
highest bio-oil yield produced. Nitrogen gas was streamed
to the reactor at 1.5 mL/min to eliminate the oxygen inside
the reactor to prevent combustion reaction. The pyrolysis
process produced two main products, liquid and gas prod-
ucts. The total liquid consists of water and pyrolysis oil
(bio-oil) that separated via gravity settling. The gas prod-
uct was collected and analyzed to determine its chemical
composition. The solid residue of bio-char was collected
after the process was shut down and the reactor reached
room temperature. After that, the final mass was measured.
The yield of bio-oil, char and also gas produced by each
experimental run were calculated using Eq. (1)-(4) [28].

Y, wt—% =~ %100 % 1)
Wy

Y, wt—% =2 x100 % @
Wy

Y wt—% =~ %100 % 3)
Wy

Y, wi—%=100 %—(¥, +Y,) @)

Where, ¥, Y, Y, and Y, are liquid yield, oil yield, char
yield, and gas yield, respectively. w, = mass of total liquid
product, w = mass of separated bio-oil, w = mass of solid
residue, and W, = mass of the biomass feed.

2.4 Bio-oil and gas products characterization using
GCMS

Analysis of GCMS or Gas Chromatography Mass
Spectrometry is performed to ensure that structural
changes have occurred in the oil, and to know the various
types of compounds contained in the pyrolysis product
sample specifically, in the presence of this analysis can be
known percentage for each type of compound contained
in pyrolysis products.

3 Results and discussions

3.1 Characterization of rice husk and OPEFB

Ultimate and proximate analysis of rice husk and OPEFB
are essentials for potential energy estimation in biomass.
The results of the ultimate and proximate characteriza-
tion showed in Table 1. The moisture content of rice husk
is higher than OPEFB. The hygroscopic behavior of rice
husk is related to the high content of silica [29]. The ash
content of rice husk is also much higher than OPEFB,
where some reports showed that rice husk substantially
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Table 1 Proximate and ultimate analysis of OPEFB and rice husk

Value
Parameter Unit OPEFB Rice Husk
Proximate analysis
Moisture % 9.2 12.7
Ash content % 10.6 16.1
Volatile matter % 61 55.5
Fixed carbon % 19.2 15.7
gﬁs\ifeati“g Value ke 4010 3627
Ultimate analysis
Carbon (C) % 42.32 45.2
Hydrogen (H) % 5.74 5.8
Nitrogen (N) % 1.84 1.02
Oxygen (O) % 39.24 47.6
Sulfur % 0.26 0.21

* H and O reported include moisture

had ash content higher than 15 % and the major compo-
nent is silica compound. Higher ash content may reduce
the heating value estimation of the biomass however it is
beneficial from another perspective that higher ash con-
tent present in agricultural biomass waste has potential to
be used in brick manufacture, catalyst production, silica
recovery, etc. [30, 31]. The lower volatile matter was found
in the rice husk i.e. 55.5 %. From this information, it could
be estimated that overall rice husk has a lower conversion
for the pyrolysis process compared with OPEFB.

From the elemental composition review, sulfur was
found to be slightly higher in OPEFB than rice husk indi-
cates that rice husk was potentially more ecofriendly. The
heating value of the samples is reported in Table 1. The
gross heating values were determined using bomb calo-
rimeter. The GHV of OPEFB is higher than rice husk. The
phenomena were following the results of the proximate
characterization that rice husks contain less volatile mate-
rial than OPEFB. The GHV of agricultural wastes (rice
husk and OPEFB) showed that this biomass has poten-
tial as a renewable energy resource that able to convert to
usable bio-energy products.

3.2 Effect of the OPEFB feed mass on product yield
The effect of the OPEFB mass on bio-oil, char and gas
yield discusses in this subchapter by varying the mass of
feed. The pyrolysis of OPEFB was carried out at 600 °C
with biomass mass of 150, 250, 350, and 450 g. The pyrol-
ysis product yields with varying biomass mass at 600 °C
are shown in Fig. 2.
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Fig. 2 OPEFB pyrolysis product yields with varied feed mass at 600°C

Fig. 2 shows that the correlation between biomass mass
on product yields. The solid phase (char) and liquid phase
(bio-oil) product fraction determined by measuring the
solid and liquid product’s mass directly. The gas phase is
obtained by subtracting total mass with the mass of liquid
and solid products. At the higher biomass mass of 450 g, the
char yield reached 29.3 %. The increasing of OPEFB mass
at the range from 150 to 450 g, the bio-oil yield increased
from 3.9 % to 4.7 %. The gas yield increased from 60 to
64 % along with the increase of OPEFB feed mass.

Cellulosic biomass can be converted into bio-oil
through pyrolysis process as reported by the previous
study, the production of bio-oil increased up to 62-72 %
(w/w) at higher rate. While, the char production decreased
when the tar formation increased [32]. OPEFB contains
cellulose, hemicellulose and lignin. Cellulose content in
OPEFB was reported in the range of 37.3—46.5 %, hemi-
cellulose content are 25.3-33.8 % and lignin content are
27.6-32.5 % [33]. OPEFB potentially can be converted
into bio-oil via pyrolysis. As shown in Fig. 2, at feed
mass of 450 g, the highest bio-oil yield was obtained, it
was 4.7 % and the lowest char yield was obtained up to
29.3 %. The large gap between the bio-oil result in this
study and previous study might be due to the condensing
system, where condensable gasses escaped the condens-
ing system in this study. The higher biomass mass at this
range produce higher liquid yield (bio-oil). However, if the
feed mass is high enough, the products yield may decrease
because the heater cannot accommodate the energy for
cracking process and at constant heating power the heat-
ing rate become lower with higher feed mass.



At lower OPEFB mass gives faster heat transfer, which
led to faster devolatilization, and the formation of organic
vapor and gas [34]. The lower OPEFB feed mass in batch
reactor provides a longer residence time of volatile com-
pounds in the reactor vessel, which lead on the second-
ary cracking of organic vapor into an incondensable gas
product. Besides, a longer residence time provides the pos-
sibility of a re-polymerization process that produces sec-
ondary charcoal. In the other side, shorter vapor residence
time was affected by the increasing of OPEFB feed where
the secondary cracking and a re-polymerization process
are not preferred, so the gas and charcoal yields are low.
The previous study also showed that at higher biomass
feed mass increased the liquid product of pyrolysis pro-
cess significantly [20].

3.3 Effect of the pyrolysis temperature on products
yield in OPEFB pyrolysis

The effects of the reactor temperature of OPEFB pyrolysis
on the yield of the products were studied by varying the tem-
perature reactor from 300 °C to 600 °C at constant OPEFB
feed mass of 450 g. The profile of pyrolysis products yield
with varied pyrolysis temperature are shown in Fig. 3.

Fig. 3 shows that at the lowest pyrolysis temperature
of 300 °C, decomposition is not significant because the
yield of solid material is the primary product. It indicates
that biomass is not converted at this range of temperature.
The bio-oil yield reached the highest value of 5 % (w/w) at
500 °C operating temperature. At higher pyrolysis tempera-
tures of 600 °C, the bio-oil yield decreased to 4.7 % (w/w).
The gas yield obtained at the range of 15-60.4 % (w/w)
over the temperature range of 300 °C to 600 °C. The oper-
ation at 300 °C shows the lowest yield and the highest yield
obtained at a temperature of 600 °C. The high gas yield at
higher temperature was the result of the pyrolysis vapors
conversion into non-condensable gases through secondary
cracking at the higher reaction temperature. The volatiles
evolved from pyrolysis were introduced into the next zone
for the secondary reactions. The secondary cracking usu-
ally occurs at a temperature range of 600—900 °C [35]. This
trend of bio-oil production affected by temperature was in
agreement with the previous research [36].

Based on Fig. 3, the increase of temperature signifi-
cantly enhanced the bio-oil yield until a specific value,
the addition of temperatures over the maximum values
gave the opposite result. At high temperature (over than
500 °C) there is a secondary cracking of the volatiles com-
pounds which produce higher gas yields. Fig. 3 shows
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Fig. 3 OPEFB pyrolysis product yields with varied reactor temperature

that by increasing the temperature from 300 °C to 500 °C
enhanced the bio-oil yield from 0.8 % - 5 %. While the
increase of temperature from 500 to 600 °C reduce the
bio-oil yield to 4.7 %.

The yield of biochar in OPEFB pyrolysis decreased
drastically from 84 % to 35 % when the temperature
changed from 300 °C to 600 °C. Char is the solid resi-
due of the biomass pyrolysis that consists of mineral ash,
heavy organics and carbon, its elemental composition and
structure vary with the pyrolysis temperature. Also, the
char loses hydrogen and oxygen as temperature rises. On a
high-temperature condition, the addition of liquid and gas
components released from OPEFB pyrolysis results to the
high carbon residue character. The increase in tempera-
ture leads to a decrease in the char yield [37].

The gas yield increases at a higher temperature with
the highest gas yield up to 60 % (w/w) at the pyrolysis
temperature of 600 °C. The enhancement of gas yield was
related to the secondary cracking of the organics vapor
and secondary decomposition of the char at a higher tem-
perature. It indicates that the increase in pyrolysis tem-
perature followed by the increase of gas yield [38].

3.4 Effect of the rice husk feed mass on pyrolysis
products yield
The effects of the rice husk feed mass on the yield of bio-
oil, bio-char and gas were investigated by varying the feed
mass ranging from 150 to 450 g at a constant temperature
of 600 °C. The profiles of pyrolysis products yield as the
effects of various rice husk mass showed in Fig. 4.

Fig. 4 shows the product distribution of rice husk pyrol-
ysis at various feed mass. The bio-char product slightly



1 84 | Kusworo et al.
Period. Polytech. Chem. Eng., 64(2), pp. 179-191, 2020

70 |7 ) Bio-oil yield &K Bio-char yield
61.25
60
z
S 50
R
< 40 ~
e
> .
© _ PR
s % B35
3 K5
e R3S
‘- XXM
o KK
20 1 fote
kS
% logede!
034 RS
9055 loge%e
10 H %% [
K53 (e
Dae (XN
1 192 o g0 555
0 L ZZAX 72023

150 250 350 450
Feed mass, g

Fig. 4 Rice husk pyrolysis products yield with varied feed mass at 600 °C

decreases with the increase of rice husk feed mass. The
lowest bio-char product was achieved at 450 g of rice husk
mass i.e 31.6 %. The increasing of rice husk feed mass at
the range of 150 to 450 g, the bio-oil yield increased from
3.7 to 4.1 % (w/w) as well as the gas yield increased from
59.7 to 64.2 % (w/w).

Pyrolysis products distribution of rice husk is simi-
lar to OPEFB pyrolysis products distribution. In general,
the higher feeding mass may lead to preventing second-
ary cracking of organic volatiles due to short residence
time, which results in higher bio-oil yield. Compared with
OPEFB pyrolysis products distribution, rice husk pyrolysis
produced the less bio-oil product. This behavior depends on
biomass constituent compounds, the cellulose, hemicellu-
lose, and lignin structures in rice husk are more degradable
than OPEFB. Furthermore, the bio-char production from
rice husk is higher than average char production of OPEFB
pyrolysis, due to the higher mineral content of rice husk, as
shown in biomass characterization results (Table 1).

Rice husks contained cellulose, hemicellulose, lig-
nin and extractives. The cellulose content on rice husks
is 25-35 % (w/w), the hemicellulose content is 18-21 %
(w/w), while lignin and minerals contents are 26-31 %
(w/w) and 15-17 % (w/w), respectively [39]. OPEFB con-
tained 24-65 % (w/w) of cellulose, 21-34 % (w/w) of
hemicellulose, and 14-31 % (w/w) of lignin [40]. The lig-
nocellulosic compounds are the main constituent which
potentially converted into usable energy products. Since
the lignocellulosic content of rice husk is lower than
OPEFB’s thus in the potential conversion of rice husk is
expected to be lower than OPEFB’s as revealed in this
study. Thus the OPEFB is more potential to be utilized

as biomass feedstock in bio-energy production besides its
abundant availability.

3.5 The effects of operating temperature on the yield of
rice husk pyrolysis products

The effects of the pyrolysis temperature of rice husk on
yield of bio-oil, char and gas were studied by varying
the temperature of pyrolysis reactor (300, 400, 500, and
600 °C) using rice husk as biomass feedstock and the feed
mass was fixed at 450 g (the best condition from varied
mass experiments). The products distribution with reactor
temperature variation are shown in Fig. 5.

The distribution of product yield of rice husk pyroly-
sis at various operating temperature has similarities with
OPEFB, it indicates that lignocellulosic biomass has sim-
ilar pyrolysis product distribution. The pyrolysis process
at 300 °C (lowest temperature in this study) shows a solid
product as the primary product, up to 83 % (w/w), because
the decomposition process at 300 °C is insignificant. The
highest bio-oil production of 2.58 % (w/w) obtained at
500 °C. However, this level is much lower than the bio-oil
production from OPEFB. The highest gas yield obtained
at the temperature of 600 °C. In general, temperatures
influence the distribution of the pyrolysis product. At
low temperature (300 — 400 °C) bio-char yield reaches
the highest level, at medium temperature (500 °C) bio-oil
yield reaches the highest level, and at high temperature
(>600 °C) gas yield achieves the highest level due to sec-
ondary cracking of organic volatile which indicated by the
decreasing of bio-oil yield.

Higher temperatures caused more char cracks which
produce more gas products and lower charcoal yields.
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Fig. 5 Rice husk pyrolysis products yield at various operating temperature



When the pyrolysis temperature increases, the charcoal
yield decreases. At high temperatures, the primary pyrol-
ysis rate and the thermal cracking rate of char becomes
gas product is high [41].

Some critical point obtained from this experimental
study is, (1) bio-oil yields increases at medium operating
temperature and then decreases with temperature increase;
(2) non-condensable gas yields relatively increase varying
with temperature, the highest level achieved at temperature
of 600 °C with yield of 59 %; and (3) the rise of tempera-
ture significantly decreases the biochar yield. The result
of this study is following a previous research report [42]
that the higher operating temperature leads to the second-
ary cracking of organic vapor, resulting in higher gas yield
and lower bio-oil yield. In general, pyrolysis conversion of
solid biomass increases along with the increase of tempera-
ture. The charcoal yield decreased by the temperature rise
due to a more significant primary decomposition of rice
husks at higher temperatures or a secondary decomposi-
tion of char residues. Secondary decomposition of charcoal
at higher temperatures can also provide non-condensable

Fig. 6 and 7 show the chromatogram of chemical com-
position of the bio-oil obtained from OPEFB and rice husk
pyrolysis, respectively. For the detail information regard-
ing to chemical composition of OPEFB bio-oil product are
shown in Table 2. Aromatics and oxygenated compounds
such as carboxylic acids, phenols, ketones and aldehydes
are the primary compounds found in bio-oil. The portion
of hydrocarbon derivatives is 43.01 %, and oxygenated
hydrocarbon (esters are the major components) is 56.99 %.
The presence of aromatic and oxygenated compounds is
associated with the chemical structure of the biopolymers
such as cellulose, hemicellulose, lignin and extractive
components. The esters products may come from the deg-
radation of triglycerides esters that contained in OPEFB at
a relatively high level [43].

OPEFB is lignocellulosic biomass due to its high cellu-
lose content. OPEFB has the potential to be converted as a
promising alternative to fuel as well as bio-oil production.
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Table 2 Chemical composition of bio-oil from OPEFB pyrolysis

according to the GC-MS analysis

No. Compound name Mole fraction (%)
1 Phenol 9.23
2 Pentadecane 1.87
3 Dodecanoic acid, methyl ester 4.27
4 Hexadecane 2.12
5 Nonadecane 2.54
6 Tetradecanoic acid, methyl ester 1.91
7 Pentadecane, 2,6,10,14-tetramethyl- 3.90
8 Octadecane 241
9 Nonadecane 2.28
10 Hexadecanoic acid, methyl ester 3.92
11 Octadecane 2.13
12 9-Octadecenoic acid-, methyl ester 3.68
13 Pentratriacontane 1.97
14 Tetratetracontane 1.78
15 Tetratetracontane 2.00
16 Tetratetracontane 1.88
17 Nonacosane 2.78
18 Glyceryl tridecanoat 4.50
19 Dodecanoic acid, 1,2,3-propanetriyl ester 2.55
20 7-Meth0xy-2,6,6-tri1'nethy1-6,7-dihydro- 191
SH-oxepin-4-one
21 Eicosgnoic acis, 2,2-dimethyl-1,3- 21
dioxolan-4-ylmethyl ester
22 Octadecanoic acid, butyl ester 2.38
23 2-Lauro-1,3-Didecoin 7.41
24 Dodecanoic acid, 1,2,3-propanetriyl ester 3.53
35 pmetdeeshons oyl eser 438
26 Nonadecane 5.70
27 2-(3’-hydroxybutyl)cyclooctanone 3.80
Bt g
29 Gliceryl tridecanoat 5.98
30 Docosane 2.24
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Fig. 6 Chromatogram of bio-oil from OPEFB pyrolysis
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Fig. 7 Chromatogram of bio-oil from rice husk pyrolysis

Table 3 shows the GC-MS result for the bio-oil pyroly-
sis product of rice husk, which reveals that the portion of
hydrocarbon derivatives and oxygenated hydrocarbon (phe-
nols) are 88.19 % and 11.81 %, respectively. The amount of
oxygenated hydrocarbon compounds in rice husk bio-oil
is much lower than that in OPEFB due to the lower lig-
nin content in rice husk. Lignin and extractive components
are the sources of oxygenated hydrocarbon products. As
reported by previous research, the thermal decomposition
of lignin in the absence of air may produce monophenols,
monolignols, alcohols, ketones, and aldehydes [44].

The number of the cellulosic compound contained in
OPEFB is higher than rice husks. High cellulose content
produced a water-rich liquid phase along with small por-
tions of propionaldehyde, butanedione, butyraldehyde,
furan, acrolein, acetaldehyde, crotonaldehyde, acetone
and methanol. There are two types of cellulose degrada-
tion, gradual degradation, decomposition and combus-
tion on heating at low temperatures, and rapid volatiliza-
tion accompanied by levoglucosan formation on pyrolysis
at higher temperatures. After pyrolysis, the residue was
found to consist of several water-soluble materials, in
addition to charcoal and cellulose which not decomposed.
Aromatics, phenols and alkyl substituted fractions are
formed by recombination and cyclization reactions,
through condensation of Aldol, from fragments C,, C, and
C, which are initial degradation products. Further reac-
tions can produce furan, aldehydes and ketones.

The distribution of hydrocarbon on bio-oil from empty
palm oil bunches and rice husks is shown in Fig. 8. Based
on Fig. 8, the number of alkanes on bio-oil of empty palm
oil bunches is higher than rice husks, but the highest
alkenes are found in the bio-oil of rice husks. Pyrolysis
or thermal cracking is the process of breaking the alkanes
by heating at high temperature in the absence of oxygen
that produce alkanes and alkenes with the shorter carbon
chains [45].

The main cracking reactions of one or more covalent
carbon-carbon bonds in the hydrocarbon molecules are

Table 3 Chemical composition of bio-oil from rice husk pyrolysis
according to the GC-MS analysis

No. Compound name Mole fraction (%)
1 Pentane, 3,3-dimethyl- 4.20
2 1-Hexene, 3,4-dimethyl 11.06
3 Oxirane, 2-3thyl-2methyl- 29.06
4 Hexane, 2-chloro- 20.35
5 Phenol 5.93
6 Phenol, 2-methoxy- 2.37
7 Tridecane 0.54
8 Tetradecane 0.52
9 Dodecane, 2,6,10-trimethyl- 0.98
10 1-Nonadecene 0.49
11 Pentadecane 0.99
12 Dodecanoic acid, methyl ester 1.54
13 Hexadecane 1.23
14 Nonadecane, 9-methyl- 0.96
15 Octadecane 1.33
16 Pentadecane, 2,6,10,14-tetramethyl- 3.54
17 Octadecane 1.47
18 Nonadecane 1.30
19 Hexadecanoic acid, methyl ester 0.58
20 Eicosane 1.16
21 Heptacosane 1.61
22 Citronellol epoxide 0.83
23 Eicosane 0.64
0 rSsoontortowiiion g,
25 (Z)14-Tricosenyl formate 0.48
2% Cyclopentane,17(2-decyld0decyl)-2 4- 0.19
dimethyl-

27 HAHNFETT 1.38
28 HAHNFETT 3.53
29 Docosane 0.92
30 Heptacosane 0.78
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Fig. 8 Hydrocarbon distribution of bio-oil from OPEFB and rice husk

taken place by the mechanism of free radicals. As a result,
a large number of small molecules formed. At the same
time, a dehydrogenation reaction occurs by cracking the
carbon-hydrogen bond. The cracking reaction of alkanes
are shown in Eq. (5) and Eq. (6):

C.H,,., > CH,, ,+CH, &)
Alkane alkane  alkene
CH,.,—>CH,+H, 6)
Alkane alkene hydrogen

Hence, both reactions produced alkanes and alkenes as
the product of bio-oil. The uses are for combustion in die-
sel engines/turbines for power generation [46]. An essential
parameter for diesel fuel is the viscosity because it affects
the quality of fuel atomization to achieve proper air-fuel
mixing and the formation of deposits in the engine — the
distribution of molecular mass and alkene content influenc-
ing the value of viscosity. In the case of ignition delay, shal-
low alkene content in diesel fuel has the benefit of achieving
the previous ignition. Low fuel alkene content inhibits the
formation of molecules with high molecular mass, which
induces previous ignition and benefits for diesel engine
performance. The per cent area of alkenes on rice husks is
higher than OPEFB, therefore the OPEFB is more preferred
for bio-oil production by the pyrolysis process.

3.6 Gas products characterization via gas
chromatography mass spectrometry (GCMS)

The gas products from the pyrolysis process of biomass
are the result of thermal cracking reactions from organic
compounds contained in biomass. Different composition
of organic matter contained in biomass produce differ-
ent chemical compositions of gas products. In general,
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Table 4 Chemical compositions of gas products obtained from OPEFB
and rice husk pyrolysis

Percentage (%)

Chemical composition

OPEFB rice husk

Alanin Ethylamide 95.79 -

Trans-Beta-lonon-5,6-Epoxide - 51.50
2-Butene 1.38 6.53
2-Propanone 1.30 6.60
Furan - 15.72
Acetic acid, hydrazide 1.53 4.14
2-Butanone - 3.92
Benzene - 3.55
Methyl Benzene - 8.06

the pyrolysis process in biomass materials with a limited
oxygen environment produce unsaturated hydrocarbon
compounds (olefins). The results of chemical composi-
tion analysis in gas products carried out in this study are
shown in Table 4. The chemical composition of the gas
products produced by OPEFB and rice husks looks sig-
nificantly different. The chemical composition of the gas
produced from the pyrolysis of rice husks is having more
variations than the OPEFB, due to differences in chemical
composition in each feedstock.

Table 4 shows that the gas from pyrolysis of OPEFB
dominate by alanine ethyl amide compounds (about
95 %), followed by hydrocarbon derivative compounds
namely acetic acid hydrazide (1.53 %), butene (1.38 %),
and propanone (1.30 %). Alanine ethyl amide compounds
are volatile organic compounds (VOCs), which are quite
flammable. These compounds are the result of decom-
position of peptide compounds which are constituents of
plant cells. Further decomposition of this compound is a
hydrazide compound. The composition of the gas from the
rice husk pyrolysis shows a different result, where epox-
ide compounds dominate the gas composition. Epoxide
compounds are flammable, volatile organic compounds
(VOCs), formed from the oxidation of olefins. The sim-
plified mechanism of epoxide formation from rice husk
pyrolysis is shown in Fig. 9. The results of this study indi-
cate the potential for utilizing epoxide compounds pro-
duced by thermal cracking of rice husks, which reaches
52 % of the total gas produced. Further studies need to be
carried out to optimize the production of epoxide com-
pounds from thermal cracking of rice husks.

The second major component of gas produced from rice
husk pyrolysis is furan (15.72 %). Furan is a volatile organic
compound (VOC) which is also flammable and is the result
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Fig. 9 Simplified mechanism of epoxide formation from biomass
pyrolysis

of thermal decomposition of pentose sugar compounds
[47]. Pentose sugar found in many plant cell walls. The next
component is unsaturated hydrocarbon compounds such
as butene and benzene, which produced through a thermal
cracking process. From the results of this study, it revealed
that the pyrolysis process of biomass, especially EFB and
rice husk has the potential to produce gas that can be used
as fuel. Also, some compounds have the potential to be used
as an intermediate chemical product such as epoxide which
used as one of the raw materials for epoxy adhesives.
Based on the chemical component identification listed
in Table 4, the gasses are condensable gas. However, it
obtained in the gas sampling point. It could be due to the
condensing system couldn’t accommodate the complete
condensation process. It may also come from the inappro-
priate flow rate, the temperature of cooling water, effective
heat transfer area, and gas residence time in the condenser.
This phenomenon underlies the reason why the produc-
tion of bio-oil in this study was far below from the bio-oil
production reported in the previous study. In the previ-
ous study conducted by Balagurumurthy et al. [27], they
used chilled water at 4 °C as cooling water in the condens-
ing system, which maximized the bio-oil production. The
results of the gas compound evaluation also reveal that the
pyrolysis of biomass in the absence of air or steam is going
to produced CO,, CO, and H, gasses in low concentration.

3.7 Heating rate of pyrolysis process at constant power
supply

Biomass pyrolysis experiments conducted with constant
power supply; however, it needs different time to reach
a targeted temperature between rice husk and OPEFB. It
indicates that biomass has an essential role in heat trans-
fer. Fig. 10 shows the time duration for complete pyrolysis
reaction at various temperatures using the same feed mass
(450 g). The pyrolysis reaction considered complete if there
is no more gas produced. Based on Fig. 10, the reaction

time decreased along with the increase of reaction tempera-
ture. The higher temperature indicates more energy to ini-
tiate the reaction and kinetics energy to provide faster reac-
tion. At the same pyrolysis temperature (300, 400, 500 and
600 °C), rice husk gives longer time to complete the crack-
ing process. OPEFB and rice husk required 115 and 120 min
respectively, to complete the reaction at the temperature of
300 °C. At the highest temperature of 600 °C OPEFB and
rice husk required 66 and 74 min respectively, to complete
the reaction. The complexity of the biomass chemical struc-
ture affected the different reaction time. Thus, rice husk
needs a longer time to complete the reaction.

Fig. 11 shows that the heating rates (the rate of heat-
ing from an initial condition to targeted temperature)
increase with the increasing of temperature at the constant

130
—=— OPEFB

120 - —+— Rice Husk

£

E 110

[0

£

.S 100

©

©

IO

i)

<@

o

E 80- .

o S . T~ 7384
70 .

ey

60

T T T T T T T
300 350 400 450 500 550 600
Operating Temperature, °C

Fig. 10 Relationship between temperature with pyrolysis reaction time

10

—=— OPEFB
94| 4 Rice Husk

Heating rate, (°C/min)

T T T T T T T
300 350 400 450 500 550 600
Operating Temperature, °C

Fig. 11 Relationship between temperature with heating rates of biomass



power supply. Pyrolysis with rice husk as biomass gives
2.25 °C/min with 300 °C as targeted temperature and
7.70 °C/min with 600 °C as targeted temperature. OPEFB
gives 2.34 °C/min with 300 °C as targeted temperature
and 8.76 °C/min with 600 °C as targeted temperature. The
difference in the heating rate at the same power supply is
influenced by material thermal conductivity. As reported
by previous research, OPEFB had thermal conductivity of
0.069-0.2 W.m™' .K' [48] while rice husk was found to be
0.01-0.15 W.m".K! [49]. The higher thermal conductivity
of the material gives higher heat transfer at the same tem-
perature gradient.

Generally, maximum liquid yields could be obtained
with higher heating rates to minimize secondary reaction
[50]. Based on this study, OPEFB produced higher liquid
yield (bio-oil) compared with rice husks. Besides the higher
lignocellulosic content in OPEFB, it also has a higher ther-
mal conductivity that leads to higher heating rate.

3.8 Comparison of pyrolysis product distribution
between OPEFB and rice husk

The distribution of the pyrolysis products varies depending
on the type of biomass used. As discussed in Section 3.7,
OPEFB and rice husk pyrolysis show different product
distribution and also product chemical compositions, it
was attributed by the elemental composition of each bio-
mass. Fig. 12 shows the comparison of overall product dis-
tribution given by OPEFB and rice husk pyrolysis.

. 61.83 60.34
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X 40 4 3740
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Fig. 12 Comparison of product yields between OPEFB and rice husks
pyrolysis at 600 °C
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Based on Fig. 12, OPEFB and rice husk shows a differ-
ent yield of pyrolysis product at the same operating con-
dition. The overall bio-oil and gas yields of OPEFB are
higher than those of rice husk. OPEFB have greater bio-oil
yield due to the higher lignocellulose content and higher
thermal conductivity. Thermal degradation of cellulose
produces the liquid fraction (bio-oil) consisted mainly of
water, hydrocarbon, and oxygenated hydrocarbon. The
higher char yield in the rice husks related to the ash con-
tent of the rice husk in the proximate analysis (Table 1).
Moreover, the lignin on the rice husk is slightly higher
than OPEFB, where thermal degradation of lignin gives
higher yields of charcoal and tar [17]. Overall, OPEFB
pyrolysis shows higher conversion than rice husk pyroly-
sis as well as more bio-oil and gas products.

4 Conclusion

The pyrolysis experiment of two different agricultural
wastes shows that the pyrolysis product distributions were
strongly influenced by operating condition (reactor tem-
perature). Under the identical operating condition, the prod-
uct distributions vary depending on the types of biomass.
The highest bio-oil productions from OPEFB and rice husk
pyrolysis were 4.3 % (w/w) and 2.6 % (w/w), respectively,
achieved at a temperature condition of 500 °C. The bio-en-
ergy potentials of OPEFB and rice husk were found to be
4010 kcal/kg and 3627 kcal/kg, respectively. Thermal con-
ductivity of biomass determined the heating rate of the
reactor under the constant power supply. The chemical
composition analysis revealed that the bio-oils were simi-
lar and mainly composed by hydrocarbons and oxygenated
hydrocarbons. OPEFB pyrolysis produced more hydro-
carbon portion in bio-oil while rice husk produced more
oxygenated hydrocarbons in the bio-oil product. The gas
products analysis also indicates that the produced gases are
flammable and has potential as a fuel.
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