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Abstract—The pyrolysis of coconut shell (CS) only, lamtoro (Leucaena leucocephala) wood residues (LWR) only, and
a CS/LWR mixture was experimentally studied herein for the first time. Additionally, the reaction kinetics of solid
destruction during the pyrolysis process of CS and LWR was deduced. An experimental investigation was carried out
in a batch reactor at the different pyrolysis temperatures (300-500 °C). The highest phenol yield (30.97%) was observed
at 500 °C for the pyrolysis of CS. The activation energy and pre-exponential factor and for degradation of solid were
successfully determined for the first time using the Arrhenius equation. The activation energy was determined in the
range of 121-153kJ mol ' for the temperature range of 300-500 °C. Meanwhile, the pre-exponential factors of 3.51x
10s !, 4.77x10"s ', and 5.38x10's ' were calculated for the pyrolysis of CS only, LWR only, and a CS/LWR mix-
ture, respectively. This research presents the mitigation for the alleviation of the energy crisis and to convert underuti-

lized biomass to high-value products.
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INTRODUCTION

World energy demand is increasing due to rapid population
growth and industrialization. Current energy demand mostly de-
pends on non-renewable fossil-based fuels such as coal, petroleum,
and natural gas. Therefore, the utilization of biomass, which mainly
consists of hemicelluloses (20-40%), cellulose (30-60%), and lignin
(15-25%), as energy sources is believed to be one of the best choices
to accommodate the high demand for energy [1]. Biomass is con-
sidered as one of the most significant fossil-fuel substitutes for the
production of chemicals and energy owing to its renewability, ab-
undance, and environmental friendliness due to its low ash, nitro-
gen, and sulfur content [2,3]. Hence, the production of renewable
energy and chemicals from biomass has attracted many research-
ers all over the world to maintain energy security and sustainabil-
ity [4-6].

There are several ways to convert biomass into fuels and high-
value chemicals: chemical, biological, and thermochemical treat-
ments. The thermochemical conversion of lignocellulosic biomass
has received considerable attention since it is an inexpensive car-
bon source and abundantly available [7]. The annual production
of lignocellulosic biomass across the world is 181.5 billion tons [8].
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Of these, about 7 billion tons from agricultural, grass or forest land
is currently used as fodder or for energetic and material purposes.
Additionally, about 4.6 billion tons of lignocellulosic biomass resi-
dues is produced as agricultural residues, of which only about 25%
is used intensively [9]. To convert biomass into fuels and energy,
several thermochemical processes such as direct combustion, lig-
uefaction, pyrolysis, and gasification, are being employed presently
[10-12]. Pyrolysis is one of the most promising pathways for bio-
mass conversion to generate useful products such as bio-oil, bio-
char, and gases due to its several socio-economic advantages as
well as the fact it is an efficient conversion method compared to
other thermo-chemical conversion technologies [13-15]. Concern-
ing biomass pyrolysis, bio-oil can be utilized as a renewable replace-
ment for petroleum-based fuels or the production of chemicals by
upgrading and hydrodeoxygenation approaches [16,17]. Moreover,
the potential sustainable chemicals from bio-oil such as cyclic ketones
and phenolic compounds for solvents and resins, aromatic hydro-
carbon for solvents and fuels, as well as levoglucosan for polymers
are also generated. Phenol and its derivative compounds are im-
portant chemicals found in myriad industrial products mostly pro-
duced from fossil-fuel-derived benzene and propane as feedstocks.
Recently, phenol is mainly used in a variety of industries such as
resin and synthetic products [18,19]. Since the availability of phe-
nol is determined by petroleum, the products of the industry using
phenol as raw material such as phenolic resins and phenol-formal-
dehyde are relatively expensive. Therefore, thorough research regard-
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Table 1. Proximate and ultimate analysis of feedstock

Coconut shell

Lamtoro wood residue

Properties

Value Value
Ultimate analysis [wt%]
Carbon 46.54 49.03
Hydrogen 6.88 6.03
Nitrogen 0.36 0.22
Sulfur 0.19 0.11
Oxygen 43.13 44.12
Ash content 2.9 0.49
Proximate analysis [wt%]
Volatile matter 79.61 83.16
Ash content 2.9 29
Fixed carbon 17.5 17.5
Heating value [Kcal/Kg, db] 3.8 3.8

ing mitigation of the challenges to reduce resin costs is sought to MATERIALS AND METHODS

achieve competitive renewable and sustainable phenolic resins. One
alternative option to substitute the petroleum-based phenol is by
employing pyrolysis of lignocellulosic biomass. As reported by Choi
et al. [20], palm-based biomass was a good feedstock for phenolic
compound production. Furthermore, Fan et al. [21] investigated
that 16-47 wt% of phenolic compounds were produced during fast
pyrolysis of lignin at 300-800 °C. Recently, Idris et al. [22] reported
that the total of phenol compound up to 42.95% was produced via
microwave-induced fast pyrolysis of oil palm empty fruit bunch
with activated carbon.

All aforementioned studies provide insights that phenol can be
generated via pyrolysis of lignocellulosic biomass, which is mainly
from the decomposition of lignin. However, a thorough study about
phenolic-rich bio-oil production from coconut shell and Lamtoro
wood residue has yet to be reported. Coconut is being planted in
many countries around the world mainly Indonesia, Philippines
and India that produce nearly 75% of world coconut production
nearly. Coconut shell waste (30-40%) is one of the widely avail-
able lignocellulosic biomasses found in tropical regions all over the
world. Meanwhile, Lamtoro (Leucaena leucocephala) is abundantly
(more than 50 ton ha™' yr') found in most tropical and subtropi-
cal countries in southeast Asia, the Caribbean, the Pacific islands,
South Asia, including Hawaii, Australia, and New Guinea [23]. Both
feedstocks are widely available in Indonesia, especially in South Kali-
mantan. Utilizing these biomasses can support government pro-
grams to reduce the use of fossil fuels, energy consumption, and
environmental pollution problems. The characteristics of pyrolysis
of single coconut shell (CS) only, Lamtoro wood residue (LWS)
only;, as well as a CS/LWR mixture are possibly interesting. There-
fore, this study investigated the effect of temperature on phenolic
compound production during pyrolysis of CS only, LWR only, and
a CS/LWR mixture, because the temperature plays a primary role
in endothermic chemical processes, as temperature allows the heat
needed to decompose the biomass. Moreover, a detailed destruc-
tion rate of the solid biomass and corresponding reaction rates was
also studied to provide a better understanding of the conversion
behavior of lignocellulosic biomass under pyrolysis conditions.
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1. Feedstock Preparation and Analysis

The feedstocks of LWR and CS were collected from the Banjar-
baru area in South Kalimantan, Indonesia. Prior to treatment, the
feedstocks were washed with deionized water to remove the impu-
rities. To reduce the moisture content, the feed materials were dried
in an air circulating oven for 24 h at 105 °C. After that, the feed-
stocks were vigorously ground using a grinder and subsequently
sieved with a vibration sieve to achieve 0.8 um of particle size. The
characteristic of feedstock is presented in Table 1.

ASTM D3172 method was used to analyze the proximate anal-
ysis. This covered the determination of moisture, volatile matter,
ash, and calculation of fixed carbon [24]. It reveals that the feed-
stocks were mainly composed of volatile matter (approximately 79.61
and 83.16 wt% for CS and LWR, respectively) and fixed carbon
(approximately 17.5 and 16.35 wt% for CS and LWR, respectively).
An elemental analyzer (Flash 2000 series, Thermo Scientific) was
used to analyze the ultimate. It shows that both CS and LWR pri-
marily consisted of carbon and oxygen.

2. Experimental

Pyrolysis of CS and LZWR was conducted in a batch reactor made
of stainless steel as that employed in previous studies by our research
group [25]. Please note that three types of feedstocks, CS only, LWR
only, and a CS/LWR mixture (a mass ratio of 1: 1), were employed
in this study. The experimental apparatus consists of a PID tem-
perature controller, an electrically heated furnace, and a condenser.
To measure the temperature inside the reactor, k-type thermocou-
ple (L-2001E) was used. Initially; the feedstock was introduced in
the reactor. For each experimental run, 250 g of feedstock was
used. Subsequently; the reactor was purged with N, using a pres-
sure gauge to ensure the pyrolysis process was under inert condi-
tion. The temperatures reported during the experiments are the
actual temperature values inside the reactor. Experiments were con-
ducted at 300, 400, and 500 °C. A water-cooled condenser made of
a copper tube was used to condense the vapors generated after
pyrolysis. The obtained liquid phase was collected. Subsequently,
diethyl ether (1 : 1 mass fraction) was added to the condensed lig-



Solid degradation and its kinetics on phenol-rich bio-oil production 391

uid to separate the bio-oil from the aqueous fraction. The bio-oil
was dried over 1wt% of anhydrous sodium sulfate. The mixture
was then filtered. To remove the diethyl ether, the solution was evap-
orated using a rotary evaporator at 25 °C. The obtained bio-oil was
weighted. Furthermore, after cooling the reactor the char was col-
lected. The char was then dried at 105 °C using an oven to achieve
a constant weight to calculate the yield of the char. The details of
product yield calculation are presented in the previous work of
Amrullah et al. [25].
3. Characterization of Bio-oil

Bio-oil product was analyzed by gas chromatography-mass spec-
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Fig. 1. Product distribution of (a) CS only, (b) LWR only, and (c) a
CS/LWR mixture at various temperatures (300, 400, and
500 °C).

trophotometry (GC-MS, QP-2010). A capillary column, as well as
the temperature program employed herein, have been reported in
the previous study [25]. The GC-MS peaks were identified based
on the NIST mass spectra library. The dilution solvent used was
methanol with a dilution rate of 1:5. All chemicals used were of
analytical grades. For consistency; all experimental setup and anal-
yses were carried out in duplicate.

RESULTS AND DISCUSSION

1. Effect of Temperature on Product Distributions

Temperature plays a primary role in endothermic chemical pro-
cesses such as pyrolysis since temperature allows the heat needed
to decompose the biomass. In this study; the pyrolysis of CS only,
LWR only, and a CS/LWR mixture was conducted comparatively
at temperatures range of 300-500 °C. The product distributions from
thermal pyrolysis of CS only, LWR only, and a CS/LWR mixture
obtained at various temperatures of 300, 400, and 500 °C are pre-
sented in Fig. 1.

As observed, the temperature of pyrolysis considerably affected
the product distribution. Notably, by increasing the pyrolysis tem-
perature from 300 °C to 500 °C, bio-oil yield increased from 22.6%
to 35.3% for CS only, from 13.3% to 34.6% for LWR only, and from
20.0% to 33.3% for a CS/LWR mixture, which is considered to be
due to reinforced primary cracking of the lignin molecules during
pyrolysis at higher temperatures to generate liquid hydrocarbons
[7]. Meanwhile, solid or char yield decreased from 33.3% to 24.0%
for CS only, from 44.6% to 30.0% for LWR only; and from 40.0%
to 29.3% for a CS/LWR mixture confirming that the solid materi-
als decompose at higher temperature. The maximum bio-oil yield
of 35.3% was obtained from the pyrolysis of CS only at 500 °C. This
finding is in line with the previous work of [26] who obtained a
maximum bio-oil yield of 38.7% at 500 °C for the pyrolysis of babool
seeds. It can be said that the yield of bio-oil can be promising and
comparable for alternative fuel production.

As mentioned that the most critical parameter affecting the yield
of the products during the pyrolysis of biomass is temperature of
which it is correlated with heating value. Pyrolysis characteristic of
large-scale of coal was evaluated by Wang et al. [27]. The increas-
ing in scale leads to the decrease of heat transfer efficiency and the
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Fig. 2. Rate of change of energy during the pyrolysis process.
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increase of pyrolysis retention time, which can improve the pyrol- The rate of change of energy during the thermochemical con-
ysis efficiency for large-scale coal. It demonstrates that by optimiz- version of biomass can be expressed as:
ing existing pyrolysis systems, it is possible to achieve adequate ok
flexibility in the co-pyrolysis of biomass, coal, and plastic waste 5 tC=—¢-T-P-D,-¢ 1)
while also generating promising economic and socio-environmen-
tal benefits. where C is the energy convection due to particle movement; ¢ is
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the energy transport due to pressure effect); T is energy transport
due to the vortices movement; P is the energy production; D,, is
the viscous diffusion, and &is the viscous dissipation.

By employing Eq. (1), the rate of change of energy during the
pyrolysis at different temperatures is presented in Fig. 2. As expected,
the higher temperature (500 °C) showed a higher rate of change of
energy during the pyrolysis process and contributed to rises in
bio-oil yield. This rise in the yield of bio-oil is attributed to the fact
that a higher heating rate reduces mass and heat transfer limita-
tions, while also avoiding secondary decomposition reactions (Varma
et al. [28]).

2. GC-MS Analysis of CS Only, LWR Only, and CS:LWR bio-
Oil Fraction

Due to the complexity of the chemical composition of bio-oil
and the limitation of the GC method, the chemical composition of
the bio-oils from pyrolysis of CS only, LWR only, and a CS/LWR
mixture was analyzed using a GC-MS. The representative GC-MS
chromatograms from sample pyrolysis oils of CS only, LWR only,
and a CS/LWR mixture are presented in Fig. 3. The main bio-oil
products identified from the pyrolysis of LWR only include acetic
acid, 1-hydroxy-2-propanone, furfural, phenol, o-cresol, p-cresol,
guaiacol, 2,6-dimethoxyphenol. Meanwhile, for the case of pyrolysis
of CS only and a CS/LWR mixture, free fatty acid peaks such as hexa-
decenoic acid and 9-octadecanoic acid were also identified, which
are expected to be due to degradation products of triglycerides.

The detailed main components identified from the pyrolysis of
CS only, LWR only, and a CS/LWR mixture at various tempera-
tures (300, 400, and 500 °C) are presented in Table 2. The different
feedstocks and the pyrolysis temperature have a crucial impact on
the chemical composition of bio-oil products. Bio-oils produced
through the standard pyrolysis process are typically multi-compo-
nent combinations of carbohydrate and lignin thermal degrada-
tion products with low pH, high viscosity, and high-water content,
limiting its use as a fuel on a large scale. By increasing the tempera-
ture from 300 °C to 500 °C, the organic acid and phenol content
increased for all feedstocks. Overall, the major peaks of bio-oil prod-
ucts identified from pyrolysis are acetic acid (34-49%), phenol (14-
30.97%), and 2-propanone (6-19.8%). This result is in accordance
with the previous works which reported that aldehydes, ketones,
phenols, organic acid, and alcohol groups were among the highly
oxygenated organics in the bio-oil (Junming et al. [29]). These chemi-
cals originate from the degradation of hemicellulose, cellulose, and
lignin.

3. Temperature Effect on Phenol Production

Phenol is one of the most promising chemicals from the pyrol-
ysis of biomass. The yields of phenolic compounds obtained from
the pyrolysis of CS only, LWR only; and a CS/LWR mixture at dif-
ferent pyrolysis temperatures of 300, 400, and 500 °C are shown in
Fig. 4. The different biomass feedstock as well as the pyrolysis tem-
perature influence phenol yields. It is interesting that the phenol

Table 2. (a) The chemicals detected from pyrolysis of CS only using GC-MS

Relative content (%)

Compounds Molecular weight Temperature [°C]
[g/mol]
300 400 500
Organic acids
Acetic acid 60.05 49.5 49.0 45.76
Hexadecanoic acid 256.42 1.98 0.9 -
2-Propenoic acid 72.06 0.19 1.37 0.34
9-Octadecenoic acid 282.5 0.04 - 0.46
Ketones
2-Propanone 58.08 4.76 7.71 7.22
2-Butanone 7211 0.15 - -
1-Hydroxy-2-butanone 88.11 2.03 2.53 2.70
Ethanone 44.05 0.34 0.49 0.53
Cyclopentanone 84.12 0.32 0.39 -
2-Cyclopenten-1-one 82.1 0.52 0.96 1.00
Phenols
Phenol 94.11 26.64 27.98 30.97
2-Methoxy-4-methylphenol 138.16 0.54 0.56 0.64
Hydrocarbons
1,2,4-Trimethoxybenzene 168.19 029 - 041
1,2-Benzenediol 110.11 0.82 1.98 222
1,4-Benzenediol 110.11 0.34 0.35 0.61
Heptadecene 238.5 230 1.26 -
Aldehydes
Benzaldehyde 106.12 0.19 - -
2-Furancarboxaldehyde 96.08 5.09 449 5.46

Korean J. Chem. Eng.(Vol. 39, No. 2)
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Table 2. (b) The chemicals detected from pyrolysis of LWR only using GC-MS

Relative content (%)

Compounds Molecular weight Temperature [°C]
[g/mol]

300 400 500
Organic acids
Acetic acid 60.05 34.24 48.79 34.86
Hexadecanoic acid 25642 0.58 041 -
2-Propenoic acid 72.06 0.39 - 0.33
Ketones
2-Propanone 58.08 9.95 19.82 0.61
2-Butanone 72.11 0.17 - 5.58
1-Hydroxy-2-butanone 88.11 2.01 - 232
Ethanone 44.05 1.03 - 0.83
Cyclopentanone 84.12 1.11 0.64 0.76
2-Cyclopenten-1-one 82.1 1.44 2.58 1.98
Phenols
Phenol 94.11 14.12 16.16 22.85
Alcohol
2-Furanmethanol 98.1 1.15 0.42 1.32
Hydrocarbons
2-Furancarboxaldehyde 96.08 2.88 371 3.75
1,2-Benzenediol 110.11 1.22 1.83 1.36
Pyrazine 80.09 1.06 - -
Pyridine 79.1 0.89 0.51 0.48

yield obtained from the pyrolysis of CS is greater than that of LWR.
It could be attributed to the fact that CS composition has higher
lignin content than LWR.

Overall, the phenol yield increased from 26.6 to 30.97% (CS
only), from 14.12 to 23% (LWR only), and from 22.6 to 25.9% (a
CS/LWR mixture) by increasing the temperature from 300 °C to
500 °C. This could be attributed to the enhanced degradation reac-
tion of LWR and CS due to temperature changes from 300 to 500 °C,
leading to the devolatilization of biomass. Accordingly, it could in-
crease the phenol yield. This result is slightly higher than the pyroly-
sis of woody biomass resulting in a phenol yield of 16% (Guzelciftci
et al. [30]). Furthermore, Luo et al. [31] reported that phenolic
compounds up to 20% were obtained in a fluidized bed reactor
from the pyrolysis of wood and rice straw. It can be confirmed that
the concentration of phenolic compounds in bio-oil generated by
pyrolysis of biomass is highly influenced by the lignin content of
biomass, types of biomass feedstock, pyrolysis reaction, and pyrol-
ysis activity conditions [32,33].

4. Determination of Reaction Rate of Solid Destruction

The reaction rate constant is important for understanding the
behavior of solid biomass during thermochemical treatment. The
reaction rate constant of solid destruction during hydrothermal
treatment can be calculated by considering the equation of a first-
order rate order. The model of solid destruction during pyrolysis
can be expressed as:

XI_ WRand cs ™ VXliquid + (1_ V)Xsulid (2)

The subscripts LWR and CS, liquid, and solid indicate the original
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feedstock of LWR and CS, liquid phase, and remaining solid, respec-
tively. Meanwhile, v represents the fraction of solid converted to
liquid. All of the solid is destructed at 300 °C, as depicted in Fig,
5(a). The yield of liquid at this temperature should correlate to the
value of v; which is 0.114-0.118 mol/mol. The following differential
rate equation can be expressed by assuming the first-order reaction:

AIX; wr an
% ==Kk[X g and cs] ©)

Note that [X;yz macs] is the concentration of Xz g cs-
The equation mass of mass balance gives:

[Xowr and cs) + Kiiguial + [Ksora] =const
=[Xiwr ana csli+ [Xix‘quid] XKoo= Xowr ana csl 4)

where the subscript i is the initial condition and the subscript ¢ is
the total amount of LWS and CS. Noting that the concentration of
Xiwr and cs 1S expressed as:

1-v
[X1wr and cs]= ~ [Xiiquial 5
Thus,

[X1wr and cs]1= [Xiwr and cs] T [Xliquid] = [Xsoiial

1-v
[X1wr and cs]r_ [Xliquid] - T [Xliquid]
1-v 1
=[XLwr ana cs][_ 1+ T [Xliquid] =[XLwr ana cs][_ ;[Xliquid] (6)

Substitution of Eq. (6) into Eq. (3) gives:
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Table 2. (c) The chemicals detected from pyrolysis of a CS/LWR mixture using GC-MS
Relative content (%)
Compounds Molecular weight Temperature [°C]
[g/mol]
300 400 500
Organic acids
Acetic acid 60.05 46.23 43.78 37.14
Hexadecanoic acid 256.42 1.17 0.45 1.78
2-Propenoic acid 72.06 1.31 241 4.39
Ketones
2-Propanone 58.08 891 14.75 17.56
1-Hydroxy-2-butanone 88.11 2.84 1.35 1.32
Ethanone 44.05 - 0.83 0.69
Cyclopentanone 84.12 0.38 - 0.69
2-Cyclopenten-1-one 82.1 0.98 1.32 1.28
Phenols
Phenol 94.11 22.61 25.74 2591
2-Methoxy-4-methylphenol 138.16 - 0,651 0.56
Alcohols
2-Furanmethanol 98.1 0.28 0.63 0.65
Pentanol 88.15 0.68 - 0.65
Hydrocarbons
2-Furancarboxaldehyde 96.08 391 4.92 429
1,2-Benzenediol 110.11 1.92 1.35 3.07
Furan
Furan 68.07 0.58 0.57 0.56
2(3H)-Furanone 84.07 0.38 - 0.32
Benzene
1 ,2,4-Trimethoxybenzene 168.19 0.25 0.33 0.29
o [ ) ®
< an an t
40 M CS only The liouid vield i
— | o cSILWR mixture e liquid yield is expressed as:
X 3
5 30 Yiiquia= M) (10)
°;-’ 25 X 8 [e) [(Xiwr and csl
g 20 © . Then Eq. (9) can be expressed as:
£ 15 = N d
10 d_tYliquid =vk- leiquid (11)
; This equation can be solved as follows:
200 300 400 500 600 Ay,
Temperature [°C] VK=KY 0010 =dt (12)
Fig. 4. Temperature effect on phenol yield (Temperature: 300, 400, In(v—Y,,,,)=—kt+C 13)
and 500 °C). 1
Yiquia=Vv— Aexp (ko) (14)
(%([XLWR and cs)y = %,[Xliquid]) == k([XLWR andcsli— %’[Xliquid]) @) At t=0, the liquid yield is Yiiguia, i
Eq. (7) can be simplified as follows: Yiiguia=V == Yjigua, Jexp(= kt) (15)

d 1
(i) =M Ksptans sl = X

®

By assuming Arrhenius behavior, the reaction rate constant can be

expressed as:

Korean J. Chem. Eng.(Vol. 39, No. 2)
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— Eﬂ
k= kO exp (ﬁ) ( 16)
where Kk, is the pre-exponential factor, E, is the activation energy,
R is gas constant and T is temperature.
Finally, by solving the equation above, the yield of liquid can be
expressed as follows:

Yiiquia=V— (v- Yiiquid, )exp (_ koexp (R_]f}a) t) 17)
To reproduce the experimental results, the values of activation energy
and the pre-exponential factor were calculated using the least-squares
approach. In this study; the pre-exponential factors of 3.51x10"s”,
4.77x10"s™", and 5.38x10's™" were determined for the pyrolysis
of CS only, LWR only; and a CS/LWR mixture, respectively. Mean-
while, the activation energy was determined at the range of 121-
153 k] mol . Fig. 5(a) displays the calculated liquid bio-oil yield.
As can be seen, the calculated and experimental values are in strong
agreement. A parity plot using the least square error (LSE) method
to compare the experimental and calculated results is shown in
Fig. 5(b). The model shows the high coefficient of determination
(R) indicates that it represents the experimental data well.

Genieva et al. [34] calculated the activation energies of raw and
impregnated almond shells during the pyrolysis process. Their cal-
culation value was 125.3 kJ mol™, which is lower than that for energy
activation determined from this study, namely 153kJ mol ™. The
high value of energy activation from this study indicates that the
high energy needs to decompose strong bond molecules contained
in IWR and CS. The mixture of CS/LWR biomass allows the for-
mation of complex molecules.

CONCLUSION

Pyrolysis of CS only, LWR only; and a CS/LWR mixture was car-
ried out to produce phenol-rich bio-oil at different temperatures
(300, 400, 500 °C). The phenol yield (30.97%) was observed at 500 °C
for the pyrolysis of CS. The reaction rate constant for solid destruc-
tion of the raw materials was deduced for the first time. The kinetic
model was observed in strong agreement with the experimental
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data. The generated kinetics model can provide essential pyrolysis
data and can be applied to other thermal corresponding models to
determine kinetic parameters and the most possible reaction mecha-
nism. The pre-exponential factors were determined for the pyroly-
sis of CS only, LWR only, and a CS/LWR mixture, respectively.
Meanwhile, the activation energy was determined in the range of
121-153 k] mol . Of note is that the optimized reaction tempera-
ture obtained at 500 °C yielded higher phenolic compounds in the
bio-oil. Therefore, substantial energy savings can be expected using
the pyrolysis method and route of comprehensive utilization of CS,
LWR, and CS/LWR mix to produce phenols.
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