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Abstract

This research aimed to evaluate the pyrolysis reaction for bio-fuel production from palm fibre. A preliminary step to
nvestigate the effect of different type of heterogeneous catalyst revealed three different catalysts: zeolite type (H-Beta),
ungsten–zirconia (WO3/ZrO2) and modified alumina (KOH/Al3O2). An increase in temperature was found to have a positive
mpact on the production of bio-fuel. Bio-fuel synthesis performed in a stainless steel tubular reactor was found to optimized
t 650 ◦C using WO3/ZrO2 as a catalyst resulting in 40.5% bio-fuel, 7.1% bio-char and 14.3% gas. Formation of gas product
s due to the presence of strong acid sites on the surface of WO3/ZrO2 promoting cracking reactions. H-Beta catalyst produced
he largest about of bio-char which is also due to strong acid sites and narrow catalytic pore structure which caused rapid
eposit of coke and then formation of bio-char. Pyrolysis of palm fibre over KOH/Al2O3 catalyst produced the least amount of
io-fuel, but contain the largest composition of phenolic compounds. These compounds are the transformed from lignin content
n palm fibre on alkaline sites of the KOH/Al2O3 catalyst. A larger scale production facility was designed to produce larger
mount of bio-fuel for the engine performance test. The biofuel blended gasoline (10% biofuel) was tested in an eight-cylinder
park–ignition engine. Engine performance testing revealed that the brake power and torque generated from combustion of bio-
uel blended oil was lower than conventional gasoline. The brake specific fuel consumption of bio-fuel blended was slightly
igher than conventional gasoline.
c 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).

eer-review under responsibility of the scientific committee of the Tmrees, EURACA, 2021.

eywords: Engine performance testing; Heterogeneous catalyst; Pyrolysis reaction; Phenolic compounds

1. Introduction

Two main problems that our communities have encountered daily is the accumulation of organic waste and energy
risis due to shortage in petroleum reservoir. These two problems can be simultaneously solving by converting waste
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Nomenclature

Bfuel Synthesized bio-fuel (%)
Csolid Synthesized char material (%)
Gc Gas generated (%)
Rfibre Remaining palm fibre after reaction (%)

into a renewable source of energy. Pyrolysis process thermally decomposed raw material into bio-char, bio-fuel,
and synthetic gas in the absence of oxygen [1]. Additionally, lignin content inside lignocellulosic biomass can
be transformed to into phenol molecule [2]. These intermediates can then be deliver in to electricity generating
facilities to provide clean source of energy. The type of output from a pyrolysis process depend mainly on the kind
of raw material used as a feedstock and the pyrolysis operating condition. For instance, pyrolysis of animal fat at
500 ◦C (heating rate of 5 ◦C per min) produced mostly bio-car and bio-oil [3]. Chen et al. reported an increase in
electivity toward liquid product when palm’s fibre used as feedstock was compressed into a pellet before being fed
nto pyrolysis fixed-bed reactor. Additionally, a pyrolysis process when operated under CO2 environment instead of

N2 generated larger amount of liquid product [4]. Combination of corn cob and waste cooking oil as feedstock for
co-pyrolysis process was found to generated 24.96 MJ/kg of bio-char, 32.78 MJ/kg of bio-oil, and 16.06 MJ/Nm3

of synthetic gas [5].
Pyrolysis of palm fibre was also investigated in batch and fixed bed reactor. Hameed et al. prepared zeolite

from palm fibre which was then used in the pyrolysis reaction converting palm fibre into bio-oil at 550 ◦C [6].
ZM-5, which is a type of zeolite catalyst, was employed for pyrolysis of rice straw [7]. Optimization of bio-oil
roduction from palm fibre using horizontal fixed-bed reactor was found at 700 ◦C [8]. Dias et al. demonstrated
inetic modelling of the pyrolysis of wood material. It was reveal that activation energy of the reaction increases with
ignin content. In was also documented in their research that pyrolysis reaction confined to the mass/heat transfer
imitation instead of kinetic control restriction [9]. Mass transfer constraint is an important obstacle to pyrolysis
rocess that required the use of catalyst. This could be problematic because most pyrolysis required catalyst to
ccelerate the decomposition reaction.

Heterogeneous catalyst is used main in reaction inside high pressure and high temperature fixed-bed reactor. For
nstance, Chiaramonti et al. reported the use of catalyst for the pyrolysis of waste cooking oil to bio-oil. Catalytic
yrolysis at 500 ◦C and 4 h−1 weight hourly space velocity resulted in as high as 64 wt% bio-oil product [10]. Other
atalysts included HY zeolite which was used in the co-pyrolysis of corn cob and waste cooking oil. An increase
n the acid concentration of HY zeolite was found to increase the production of bio-oil [11]. The type of acid site
lso influences the pyrolysis reaction. Incorporation of precious metal such as tungsten on the acidic catalyst was
ound to increase the concentration of lewis acid site, which enhanced the pyrolysis process [12,13]. However, one
f the main limitation of the heterogeneous catalysts is their stability [14,15]. For this reason, it is important for
esearcher to increase the pore size of the acidic catalyst in order for the pyrolysis process to be properly improved.
inard et al. developed a desilication method which was proven to significantly increase the pore size of HZM-5
eolite [16]. Another modification technique used to create a hierarchical porous catalyst was dealumination, which
ave been performed on H-Beta zeolite [17] and HZM-5 zeolite [18] by hydrogen fluoride solution.

The aim of this research was to investigate the influence of operating condition such as reaction temperature,
ype of catalyst and pressure on the composition of pyrolysis product consisting of bio-char, bio-oil and synthetic
as. The pyrolysis reaction was conducted in a fixed-bed reactor using palm fibre as feedstock and different types of
eterogeneous catalyst (H-beta, tungstate–zirconia, KOH doped Al2O3). Characterization of heterogeneous catalyst
ncreased N2 sorption and NH3 temperature desorption. Bio-oil characterization included FTIR and acidity analysis
y using ASTM D664 technique. Derived bio-char analysed using N2-adsorption, thermos-gravimetric analyser and
bomb calorimeter.

. Method and apparatus

.1. Pyrolysis reaction

Palm fibres from empty fruit bunches were obtained in bulk from Palm Oil Factory in Surathani province,
hailand. Before used palm fibres were washed with 1 M of sodium hydroxide in warm water and then dried
600
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in an oven at 110 ◦C overnight. Approximately 10 g of palm fibres were ground (300 mesh), mixed with catalyst
and then loaded into a vertical fixed-bed reactor on quart wool. The reactor was filled with ceramic balls up to the
top. Helium gas (9.99%) as carrier gas was delivered into the reactor system at 70 mL/min measured by a built-in
digital flow metre. Bio-oil was collected at the bottom of the reactor using glass condenser attached to a water
circulation cooler.

2.2. Bio-oil analysis

Composition both in terms of quality and quantity of the bio-oil product was analysed using GS-MS device
(Agilent 5977B) equipped with a HP-INNOWAX column (30 m length × 300 µm in diameter. The device was
attached to a computer, which contained a software used to display data, analysed results of relative similarity
compared with databased, control the operating parameters. Through this software the injection temperature was
set at 170 ◦C, split ratio of 100:1 and helium flow rate of 200 mL/min. The temperature programme started at 45 ◦C
for 10 min and then ramped up at the rate of 5 ◦C/min to 290 ◦C and held isothermally for 20 min. The percentage
composition of the main component phenol and benzene derivatives were obtained by integration of the area under
the peaks, which was calibrated by known composition of both components. (See Fig. 1.)

Fig. 1. GS-MS device (Agilent 5977B) used for analysing biofuel.

The amount of bio-fuel (Bfuel), bio-char (Csolid), gas (Gc) and fibre remaining (Rfibre) can be calculated from the
equations below.

Bfuel =
Amount of biofuel collected

Amount of feedstock
× 100 (1)

Csolid =
Amount of biochar collected

Amount of feedstock
× 100 (2)

GC = 100 − Bfuel − Csolid −

(
Amount of biofuel collected

Amount of feedstock
× 100

)
(3)

.3. Engine performance testing

This part of the research was performed to evaluate the outcome of the bio-oil produced based on actual
esting inside an eight-cylinder spark–ignition engine. The engine belonged to an old model of Ford automobile.
pecification of the testing engine are shown in Table 1. An aluminium compartment is used to cover the engine

o shield the engine from external environment.
Bio-oil synthesized from the pyrolysis reaction was blended with gasoline (benzene) along with 1% emulsion

gent. The code name for the blended bio-oil is B10Z90 which represented 10 wt% bio-oil and 90% gasoline. A
ynamic dynamometer using AC electric was used to simulate load for the engine. A computer was used to control
601
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Table 1. Engine specification using for testing bio-oil.

Engine characteristics Value

Number of cylinders 8
Displacement volume 0.607 L
Type of engine Naturally aspirated and direct injection
Bore × stroke 101.6 mm × 76.2 mm
Manifold type Dual plan carb
Manufacture brake power 164.1 kW @ 4000 rpm

Table 2. Composition of products from pyrolysis of palm shell fibre using different type of catalyst.

Catalyst Bfuel (%wt) Csolid (%wt) Gc (%wt) Rfibre (%wt)
◦C 450 550 650 450 550 650 450 550 650 450 550 650

No catalyst 16.8 22.4 25.4 1.2 1.4 1.2 3.7 2 0.9 78.3 74.2 72.5
H-Beta 25.7 34.3 23.4 9.4 12.3 13.8 11.6 8.2 22.5 53.3 45.2 40.3
WO3/ZrO2 22.4 39.5 40.2 6.2 7.3 7.1 22 12.9 14.3 49.4 40.3 38.4
KOH/Al2O3 9.3 22.7 24.1 2.3 3.2 2.3 8.1 0.7 1.4 80.3 73.4 72.2

the dynamometer, the workbench and temperature at various location (lubricant and coolant). An AVL IndiModul
622 equipment was employed to record the in-cylinder pressure and the flow of fuel was measured using AVL 753.
The direct injection pump was used to deliver gasoline fuel inside the chamber at pressure of 100 bar. The AVL
models are group of instruments which are widely used for sensing, recording and display data correlated with the
performance of the engine. The specific details of the AVLs sensing equipment are as followed: sampling rate per
channel of 14 bit/800 kHz per channel, resolution of 1 ◦CA, on board memory 64 MB, and analog Input Signal

/ − 10 V. The logic procedures for this experiment is shown in Fig. 2.

. Result and discussions

Pyrolysis of palm oil was performed inside a fixed bed reactor with different type if catalyst including zeolite
ype (H-Beta), tungsten–zirconia (WO3/ZrO2), and KOH/Al2O3. In the first set of experiment, temperature was
aried from 350 ◦C to 650 ◦C. The production of bio-oil at different temperature and type of catalyst is shown in
ig. 3. An increase in pyrolysis temperature was found to significantly increase the amount of bio-oil produced. The
esults correlated well with other researches [7,19]. Pyrolysis over H-beta and WO3/ZrO2 were found to give the
ighest amount of bio-oil compared with KOH/Al2O3 and the control experiment with no catalyst. This is due to
he presence of both bronsted and lewis acid sites on the catalyst surface which promote decomposition of cellulose,
emicellulose and lignin into bio-oil [20,21]. For H-Beta, the amount of bio-oil reached the peak at 550 ◦C and
ecreased from 34.2% to 26.3% when reaction temperature increased to 650 ◦C. This is due to the large amount of
ard coke formation inside micropores of H-Beta causing the acid site inside the catalyst to be inaccessible [22].
able 1 demonstrated the formation of biofuel, char and gas product. A 8.9% increase in bio-fuel amount in the
roduct was observed when H-Beta catalyst was used compared with no catalyst reaction. Production of bio-fuel
rom H-Beta Large amount of char was found to be form over H-Beta, which is due to the narrow catalytic pores
f the zeolite type catalyst causing isomerization and char formation [23]. Large amount of gas was form at higher
emperature due to the presence of acidic sites. For H-Beta catalyst gas amount increased from 8% to as high as
2% as the pyrolysis temperature increased from 500 ◦C to 550 ◦C. A 17.8% increase in the bio-fuel amount was
ound after the pyrolysis temperature was increased from 450 ◦C to 650 ◦C over WO3/ZrO2 catalyst. The dramatic
ncrease in bio-fuel amount when H-Beta was used was due to the performance of acidic site on the catalyst. (See
able 2.)

Fig. 4 demonstrated a reduction in benzene content inside the synthetic bio-oil. This is because benzene can
e easily cracked into small and more volatile molecule on acid sites inside the zeolite and tungsten–zirconia
atalyst [24,25]. KOH/Al2O3 resulted in the smallest amount of benzene at pyrolysis temperature in the range of
50 ◦C to 550 ◦C. The largest production of benzene from pyrolysis reaction was observed in the absence of catalyst.

ig. 5 illustrated the effect of temperature and type of catalyst on the formation of phenol via the pyrolysis of palm
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Fig. 2. Flow chart of the experimental process from type of catalysts, operating conditions, and engine performance testing.

fibre. Phenol component can be formed from the depolymerization of lignin content inside palm fibre [26]. Similar

to other researches utilization of alkali catalyst was found to promote production of phenolic components [27–29].

An increase in pyrolysis temperature was found to slightly reduce the composition of phenolic compounds inside

the bio-oil. This is because under the presence of alkaline catalyst, phenolic compounds can be converted to cresol
compound at higher temperature due to deoxygenation reaction.
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Fig. 3. Influence of pyrolysis temperature and type of catalyst on the amount of bio-oil produced from Palm fibre (operating conditions:
helium atmosphere, 0.5 g catalyst and 2 h reaction time).

Fig. 4. Influence of pyrolysis temperature and type of catalyst on benzene composition in bio-oil produced under helium atmosphere and
0.5 g catalyst.

Fig. 5. Influence of pyrolysis temperature and type of catalyst on phenol composition in bio-oil produced under helium atmosphere and
0.5 g catalyst.
604
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Fig. 6. Engine performance of the bio-oil (10 %wt) blended with benzene (90 %wt) compared with gasoline.

The optimum condition using WO3/ZrO2 catalyst was performed in order to produce large portion of bio-oil
rom palm fibre. At least 10L of bio-oil have to be used to test in the internal combustion engine workbench.
ig. 6 illustrated the result of engine performance testing based on torque, brake power and brake specific fuel
onsumption of the bio-oil (10%) blended with benzene (90%) fuel. The engine performance testing results was
ompared with pure benzene fuel. Brake power achieved from bio-oil blend peaked at 4500 rpm at 145 kW. Torque
enerated from bio-oil blend at 4500 rpm was 350 Nm and the brake fuel specific consumption of bio-oil at 4500 rpm
as 376 g kW/h. Bio-oil blend demonstrated slightly lower brake power and torque compared with pure benzene

uel. Additionally, brake fuel specific consumption of bio-oil was slightly higher than pure benzene. The higher
rake fuel specific consumption of bio-oil is because bio-oil have lower heating value compared with pure benzene
uel [30,31].

. Conclusion

The objective of this research is to investigate the pyrolysis reaction over different type of heterogeneous catalyst
nd reaction temperature. Preliminary experimental revealed three practical catalysts for pyrolysis reaction including
ungsten–zirconia (WO3/ZrO2), zeolite (H-beta) and modified alumina (KOH–Al2O3). The reaction temperature was
aried from 350 ◦C to 650 ◦C. Production of bio-fuel was optimized at 650 ◦C over WO3/ZrO2 generating 40.5%
io-fuel, 7.1% bop-char and 14.3% gas. Pyrolysis over KOH/Al2O3 was the least effective in the production of
io-fuel. However, high composition of phenolic compound was observed in bio-fuel solution when the pyrolysis
eaction was conducted over KOH–Al2O3 catalyst. This is due to the degradation of lignin content inside the palm
bre which transform into phenolic compound. The reaction system was scale-up to produced more bio-fuel at
ptimized condition. The produced bio-fuel was blended with gasoline solution (10%) and used in a spark–ignitions
ngine performance testing workbench attached to a dynamometer. Engine testing results demonstrated that the fuel
lended with 10% bio-fuel have slightly lower brake power and torque compared with gasoline. The brake specific

uel consumption of the blended bio-fuel is slightly higher than conventional gasoline.

605



S. Echaroj, N. Pannucharoenwong, P. Rattanadecho et al. Energy Reports 7 (2021) 599–607

h

A

R
F
T

R

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could
ave appeared to influence the work reported in this paper.

cknowledgements

This study was supported by the Program Management Unit for Human Resources & Institutional Development,
esearch and Innovation, NXPO (grant number B05F630092) and Thailand Science Research and Innovation
undamental Fund (Project No. 66082). Additionally, special thanks to Faculty of Engineering research fund,
hammasat University for providing facilities necessary for the research.

eferences
[1] Phuakpunk K, Chalermsinsuwan B, Assabumrungrat S. Comparison of chemical reaction kinetic models for corn cob pyrolysis. Energy

Rep 2020;6:168–78.
[2] Soongprasit K, Sricharoenchaikul V, Atong D. Phenol-derived products from fast pyrolysis of organosolv lignin. Energy Rep

2020;6:151–67.
[3] Ben Hassen-Trabelsi A, Kraiem T, Naoui S, Belayouni H. Pyrolysis of waste animal fats in a fixed-bed reactor: Production and

characterization of bio-oil and bio-char. Waste Manage 2014;34(1):210–8.
[4] Chen W-H, Lin B-J. Characteristics of products from the pyrolysis of oil palm fiber and its pellets in nitrogen and carbon dioxide

atmospheres. Energy 2016;94:569–78.
[5] Chen G, Liu C, Ma W, Zhang X, Li Y, Yan B, et al. Co-pyrolysis of corn cob and waste cooking oil in a fixed bed. Bioresour

Technol 2014;166:500–7.
[6] Khanday WA, Kabir G, Hameed BH. Catalytic pyrolysis of oil palm mesocarp fibre on a zeolite derived from low-cost oil palm ash.

Energy Convers Manage 2016;127:265–72.
[7] Cen K, Zhuang X, Gan Z, Ma Z, Li M, Chen D. Effect of the combined pretreatment of leaching and torrefaction on the production

of bio-aromatics from rice straw via the shape selective catalytic fast pyrolysis. Energy Rep 2021;7:732–9.
[8] Selvarajoo A, Oochit D. Effect of pyrolysis temperature on product yields of palm fibre and its biochar characteristics. Mater Sci

Energy Technol 2020;3:575–83.
[9] Rego F, Soares Dias AP, Casquilho M, Rosa FC, Rodrigues A. Pyrolysis kinetics of short rotation coppice poplar biomass. Energy

2020;207:118191.
[10] Chiaramonti D, Buffi M, Rizzo AM, Prussi M, Martelli F. Bio-hydrocarbons through catalytic pyrolysis of used cooking oils: Towards

sustainable jet and road fuels. Energy Procedia 2015;82:343–9.
[11] Chen G, Zhang X, Ma W, Yan B, Li Y. Co-pyrolysis of corn-cob and waste cooking-oil in a fixed bed reactor with HY upgrading

process. Energy Procedia 2014;61:2363–6.
[12] Venkatesan K, He S, Seshan K, Selvam P, Vinu R. Selective production of aromatic hydrocarbons from lignocellulosic biomass via

catalytic fast-hydropyrolysis using W2C/γ -Al2O3. Catal Commun 2018;110:68–73.
[13] Wang S, Li Z, Bai X, Yi W, Fu P. Catalytic pyrolysis of lignin in a cascade dual-catalyst system of modified red mud and HZSM-5

for aromatic hydrocarbon production. Bioresour Technol 2019;278:66–72.
[14] Zhang J, Wang K, Nolte MW, Choi YS, Brown RC, Shanks BH. Catalytic deoxygenation of bio-oil model compounds over acid–base

bifunctional catalysts. ACS Catal 2016;6(4):2608–21.
[15] Wang K, Johnston PA, Brown RC. Comparison of in-situ and ex-situ catalytic pyrolysis in a micro-reactor system. Bioresour Technol

2014;173:124–31.
[16] Jia LY, Raad M, Hamieh S, Toufaily J, Hamieh T, Bettahar MM, et al. Catalytic fast pyrolysis of biomass: Superior selectivity of

hierarchical zeolites to aromatics. Green Chem 2017;19(22):5442–59.
[17] Li W, Dou X, Zhu C, Wang J, Chang H-m, Jameel H, et al. Production of liquefied fuel from depolymerization of kraft lignin over

a novel modified nickel/H-beta catalyst. Bioresour Technol 2018;269:346–54.
[18] Wang J-X, Cao J-P, Zhao X-Y, Liu S-N, Ren X-Y, Zhao M, et al. Enhancement of light aromatics from catalytic fast pyrolysis

of cellulose over bifunctional hierarchical HZSM-5 modified by hydrogen fluoride and nickel/hydrogen fluoride. Bioresour Technol
2019;278:116–23.

[19] Chaiya C, Pankumpet N, Buapibal B, Chalermsinsuwan B. Alternative liquid fuel from pyrolysis of polyethylene wax. Energy Rep
2020;6:1262–7.

[20] Zhao Y, Nishida T, Minami E, Saka S, Kawamoto H. TiO2-supported Ni-Sn as an effective hydrogenation catalyst for aqueous acetic
acid to ethanol. Energy Rep 2020;6:2249–55.

[21] Gou X, Zhang R, Xu G, Zhao D. Comparative study of low temperature denitration performance of Mn-Ce/ACFA-TiO2 catalysts under
oxy-fuel and air-fuel combustion flue gases. Energy Rep 2020;6:1545–52.

[22] Rosadi I, Athikaphan P, Chantanachat P, Neramittagapong A, Neramittagapong S. The catalytic activity of Co/kaolinite catalyst for
dimethyl ether synthesis via methanol dehydration. Energy Rep 2020;6:469–73.

[23] Aho A, Tokarev A, Backman P, Kumar N, Eränen K, Hupa M, et al. Catalytic pyrolysis of pine biomass over h-beta zeolite in a

dual-fluidized bed reactor: Effect of space velocity on the yield and composition of pyrolysis products. Top Catalysis 2011;54(13):941.

606

http://refhub.elsevier.com/S2352-4847(21)00559-X/sb1
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb1
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb1
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb2
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb2
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb2
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb3
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb3
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb3
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb4
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb4
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb4
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb5
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb5
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb5
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb6
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb6
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb6
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb7
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb7
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb7
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb8
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb8
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb8
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb9
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb9
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb9
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb10
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb10
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb10
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb11
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb11
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb11
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb12
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb12
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb12
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb13
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb13
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb13
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb14
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb14
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb14
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb15
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb15
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb15
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb16
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb16
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb16
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb17
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb17
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb17
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb18
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb18
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb18
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb18
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb18
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb19
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb19
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb19
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb20
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb20
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb20
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb21
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb21
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb21
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb22
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb22
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb22
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb23
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb23
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb23


S. Echaroj, N. Pannucharoenwong, P. Rattanadecho et al. Energy Reports 7 (2021) 599–607
[24] Chun YN, Song HG. Microwave-induced cracking and reforming of benzene on activated carbon. Chem Eng Process Process Intensif
2019;135:148–55.

[25] Liu H, Chen T, Chang D, Chen D, He H, Yuan P, et al. Characterization and catalytic performance of Fe3Ni8/palygorskite for catalytic
cracking of benzene. Appl Clay Sci 2013;74:135–40.

[26] Cui Y, Wang W, Chang J. Study on the product characteristics of pyrolysis lignin with calcium salt additives. 2019;12(10):1609.
[27] Peng C, Zhang G, Han J, Li X. Hydrothermal conversion of lignin and black liquor for phenolics with the aids of alkali and hydrogen

donor. Carbon Resour Convers 2019;2(2):141–50.
[28] Otromke M, White RJ, Sauer J. Hydrothermal base catalyzed depolymerization and conversion of technical lignin – An introductory

review. Carbon Resour Convers 2019;2(1):59–71.
[29] Lee H-s, Jae J, Ha J-M, Suh DJ. Hydro- and solvothermolysis of kraft lignin for maximizing production of monomeric aromatic

chemicals. Bioresour Technol 2016;203:142–9.
[30] Amaral LV, Santos NDSA, Roso VR, Sebastião RdCdO, Pujatti FJP. Effects of gasoline composition on engine performance, exhaust

gases and operational costs. Renew Sustain Energy Rev 2021;135:110196.
[31] Yuan X, Ding X, Leng L, Li H, Shao J, Qian Y, et al. Applications of bio-oil-based emulsions in a DI diesel engine: The effects of

bio-oil compositions on engine performance and emissions. Energy 2018;154:110–8.
607

http://refhub.elsevier.com/S2352-4847(21)00559-X/sb24
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb24
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb24
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb25
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb25
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb25
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb27
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb27
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb27
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb28
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb28
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb28
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb29
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb29
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb29
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb30
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb30
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb30
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb31
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb31
http://refhub.elsevier.com/S2352-4847(21)00559-X/sb31

	Investigation of palm fibre pyrolysis over acidic catalyst for bio-fuel production
	Introduction
	Method and apparatus
	Pyrolysis reaction 
	Bio-oil analysis
	Engine performance testing

	Result and discussions
	Conclusion
	Declaration of competing interest
	Acknowledgements
	References


