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ABSTRACT 

 

 

 

 

Malaysia is acknowledged as the world’s second largest producer and exporter 

of palm oil. This in turn has generated large amount of oil palm biomass which is 

normally left at the plantation to putrefy, burnt or turned into various low-value 

products. Hence, an alternative approach which is more robust, easier and environmental 

friendly to process this biomass is required. Microwave-assisted pyrolysis allows the 

conversion of biomass to various pyrolytic products for example pyroligneous acid 

(PA), biofuel, biogas, and biochar. However, to date, there are still limited reports 

available on the application of microwave-assisted pyrolysis for the production of PA in 

optimized condition, which is the novelty of this study. The objective of this study was 

to optimize the operating conditions during the microwave-assisted pyrolysis of oil palm 

fiber (OPF) in order to obtain the highest total phenolic content (TPC) as well as the 

highest liquid yield of microwave-assisted pyroligneous acid (MWPA). The 

optimization process was performed using central composite design technique via 

response surface methodology which focused on the following parameters; final 

temperature (400-600 °C), holding time (15-30 min) and activated carbon (AC) loading 

(50-100 g). MWPA was characterized for its chemical and antimicrobial properties. The 

thermal degradation profiles of OPF were evaluated using the Kissinger-Akahira Sunose 

(KAS), Ozawa-Flynn wall (OFW) and Coats-Redfern method (CRM) kinetic models 

based on the thermogravimetric analysis data. The optimum condition to produce the 

highest TPC and liquid yield of MWPA were as follows; 540 °C, holding time of 23 min 

and AC loading of 86.74 g. The following profiles were determined for concentrated 

MWPA extracted with ethyl acetate (C-MWPA); antioxidant properties of 18.52 ± 0.2% 

with IC50 of 285.66 µg/ml (2,2-diphenyl-1-picryhydrazyl radical scavenging), 0.836 ± 

0.003 mM (ferric reducing antioxidant power), 12 ± 0.07% (metal chelating activity), 

414.21 ± 4.74 µmol ascorbic acid/g (phosphomolybdenum), 85.42 ± 0.33% (hydrogen 

peroxide assay), and growth-inhibition of 28.67 ± 0.88 mm towards Escherichia coli 

American Type Culture Collection 25922 with minimum inhibition concentration value 

of 0.651 ± 0.13 mg/ml. The kinetics study evaluated for OPF found that the mean value 

of activation energy (Ea) were 97.01 kJ/mol (KAS) and 101.52 kJ/mol (OFW). The 

values of Ea calculated for C-MWPA were 28.59 kJ/mol and 33.87 kJ/mol for KAS and 

OFW, respectively. The validation of kinetic reaction model by using CRM model 

demonstrated that, OPF thermal degradation was well represented by the three 

dimension diffusion reaction model with mean value Ea of 84.71 kJ/mol while C-

MWPA was well fitted with second order reaction type (Ea of 39.83 kJ/mol). To 

conclude, this study has successfully demonstrated the application of microwave-

assisted pyrolysis to convert oil palm biomass into various useful pyrolytic products. 

This is considered as a significant finding as this technique can offer a substantial 

reduction in processing time, able to process large volumes at a given time, easy to 

operate as well as offering various valuable pyrolytic products. 
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ABSTRAK 

 

 

 

 

Malaysia diiktiraf sebagai pengeluar dan pengeksport minyak kelapa sawit 

kedua terbesar dunia. Keadaan ini sebaliknya telah menghasilkan banyak sisa biojisim 

kelapa sawit yang selalunya dibiarkan di ladang untuk mereput, dibakar atau diubah 

menjadi pelbagai produk bernilai rendah. Oleh itu, ianya memerlukan pendekatan 

alternatif yang lebih mantap, mudah dan mesra alam sekitar. Pirolisis berbantukan 

gelombang mikro membolehkan penukaran biojisim kepada pelbagai produk pirolisis 

seperti asid piroligneus (PA), bio-bahanapi, bio-gas, dan bio-arang. 

Walaubagaimanapun, sehingga hari ini, kajian penggunaan pirolisis pemanasan 

berbantukan gelombang mikro bagi penghasilan PA dalam keadaan optimum masih 

terhad, yang merupakan pembaharuan dalam kajian ini. Objektif kajian ini adalah untuk 

mengoptimumkan keadaan operasi semasa pirolisis berbantukan gelombang mikro serat 

kelapa sawit (OPF) bagi tujuan memperoleh jumlah kandungan fenolik (TPC) dan juga 

hasil cecair asid piroligneus berbantukan gelombang mikro (MWPA) yang tertinggi. 

Proses pengoptimuman telah dilakukan menggunakan teknik rekabentuk komposit 

berpusat melalui kaedah tindakbalas permukaan dengan menumpukan kepada beberapa 

parameter seperti berikut; suhu akhir (400-600 °C), masa pegang (15-30 min) dan 

muatan karbon teraktif (AC) (50-100 g). Sifat-sifat kimia dan anti-bakteria MWPA telah 

dianalisa. Profil degradasi termal OPF telah dianalisa menggunakan model kinetik 

Kissinger-Akahira Sunose (KAS), Ozawa-Flynn wall (OFW) dan Coats-Redfern method 

(CRM) berdasarkan kepada data analisa termogravimetri. Keadaan optimum untuk 

menghasilkan TPC dan hasil cecair MWPA yang tertinggi adalah seperti berikut; 540 

°C, 23 min masa pegang  dan 86.74 g muatan AC. Berikut adalah profil yang telah 

dianalisa untuk kepekatan MWPA yang diekstrak dengan etil asetat (C-MWPA); sifat-

sifat antioksidan iaitu 18.52 ± 0.2% dengan IC50 sebanyak 285.66 µg/ml (2,2-diphenyl-

1-picryhydrazyl radical scavenging), 0.836 ± 0.003 mM (ferric reducing antioxidant 

power), 12 ± 0.07% (metal chelating activity), 414.21 ± 4.74 µmol asid askorbik/g 

(fosfomolibdenum), 85.42 ± 0.33% (hydrogen peroxide assay), dan rencatan 

pertumbuhan MWPA terhadap Escherichia coli American Type Culture Collection 

25922 adalah 28.67 ± 0.88 mm dengan nilai kepekatan rencatan minimum sebanyak 

0.651 ± 0.13 mg/ml. Kajian kinetik yang dikira untuk OPF mendapati bahawa nilai 

purata tenaga pengaktifan (Ea) adalah 97.01 kJ/mol (KAS) dan 101.52 kJ/mol (OFW). 

Nilai Ea bagi C-MWPA ialah 28.59 kJ/mol dan 33.87 kJ/mol bagi KAS dan OFW. 

Pengesahan dari analisa tindak balas kinetik menggunakan kaedah CRM menunjukkan 

degradasi termal OPF mempunyai model tindak balas penyebaran tiga dimensi dengan 

nilai purata Ea sebanyak 84.71 kJ/mol, manakala C-MWPA menunjukkan jenis tindak 

balas kedua (Ea sebanyak 39.83 kJ/mol). Kesimpulanya, kajian ini telah berjaya 

menunjukkan penggunaan pemanasan berbantukan gelombang mikro dapat menukarkan 

biojisim kelapa sawit kepada pelbagai produk pirolisis yang berguna. Penemuan hasil 

kajian ini penting kerana teknik ini menyebabkan pengurangan yang besar dalam masa 

pemprosesan, berkemampuan memproses dalam jumlah besar pada waktu tertentu, 

operasi yang mudah serta dapat menghasilkan pelbagai produk pirolisis berharga.  
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CHAPTER 1 

 

 

 

 

 INTRODUCTION 

 

 

 

 

1.1 Research Background 

 

 

In the last four decades, Malaysia has recorded unprecedented growth to 

emerge as the second largest producer as well as exporter of palm oil in the world 

where almost 5.4 million hectares of land were allocated for oil palm (Elaeis 

guineensis) plantation (Abas and Ani, 2014).  It was estimated that every year 

Malaysia produces 22.1 million tonnes of palm oil from 37.2 × 10
6
 tonnes of fresh 

fruit bunches compared to 15 million tonnes in 2005 (MPOB, 2015).  This inevitably 

also produces huge amounts of biomass residues (yearly generation of around 100 

million tonnes) and the trend is increasing annually by 5% (Abdullah and Sulaiman, 

2013; Wafti et al., 2017).  This oil palm biomass residues includes empty fruit 

bunches (EFB), oil palm fiber (OPF), palm kernel shell (PKS), oil palm trunks 

(OPT) and palm oil mill effluent (POME) offers huge potential to be applied as raw 

materials to obtain valuable compounds based on its rich organic compositions (Wu 

et al., 2007; Abas and Ani, 2014; Hosseini and Wahid, 2014).  

   

 

Current management practice for oil palm residue, includes landfill and open 

burning, necessitates  an improve approach as with time these biomass will 

contribute to uncontrolled released of greenhouse gases and global warming to the 
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environment (Hassan et al., 2011).  In addition, the open burning of biomass will 

lead to haze hazard, smoke as well as emission of toxic chemicals (Abdullah and 

Sulaiman, 2013).  Due to this situation, proper disposal and management of oil palm 

biomass is necessary to minimize the environmental impact as well as maximizing 

utilization of these biomass into various value-added products such as biofuel, bio-

oil, biochar, pyroligneous acid and activated carbon that can be utilized in a wide 

range of applications. In general, biomass conversion technologies can be classified 

into three major processes namely thermochemical, physical and biochemical 

conversion (Figure 1.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1      The main process of biomass conversion (Ani, 2012; Asomaning et 

al., 2018) 

  

 

Biochemical conversion involves the use of microorganisms whether as 

whole cells or extracted enzymes for the production of biogas and ethanol via 

anaerobic digestion and alcohol fermentation respectively. Thermochemical 

conversion has been acknowledged as the efficient process in handling various kind 
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of biomass and solid waste with a higher conversion rate in a rapid process time 

compared to others (Shakorfow, 2015) and it consist of combustion, gasification and 

pyrolysis. Thermochemical conversion is a proven technique both to dispose various 

types of biomass wastes as well as the production of valuable products such as bio-

oil, pyroligneous acid, biochar and fuel-gas (Ani, 2012; Goyal et al., 2008; Lam and 

Chase, 2012). Amongst the available thermochemical conversion techniques, 

pyrolysis offers the advantage of being an environmental friendly method as well as 

an independent process to convert biomass into valuable chemical products (Ingole 

et al., 2016; Czajczyńska et al., 2017). Pyrolysis also offers simple operation, 

reasonable operating cost with lower range of the temperature required (350 to 800 

°C) and produce less hazardous gas (CO2, CO) relative to combustion (Shakorfow, 

2015, Czajczyńska et al., 2017). Apart from this, pyrolysis also acts as the initial 

step for all thermochemical processes that emits less air pollutants such as 

polybrominated diphenyl ethers (PBDEs) due to lower process temperature 

requirement. In contrast, gasification involved high energy consumption to maintain 

high process temperature required (Czajczyńska et al., 2017; Yuan et al., 2017). 

Table 1.1 highlights some of the characteristics of each processes:  

 

 

Table 1.1: Characteristic comparison between gasification, combustion and 

pyrolysis (Shakorfow, 2015) 

Characteristic Gasification Combustion Pyrolysis 

Process 

requirement 

occurred in 

insufficient or partial 

air or oxygen or 

steam 

occurred in sufficient 

oxygen or excess air 

occurred in the 

absence of oxygen 

Temperature  550-1600 °C 800 to 1200 °C 350 to 800 °C 

Heat supply allo or auto-thermal 

(internal heating) 

exothermal allo-thermal 

(external heating) 

Carbon 

conversion 

80-95 % >99 % ≈ 75 % 

Phase  gas gas solid, liquid, gas 

Final product fuel gases (CO2, H2O, 

N2) heat, tar and 

combustible gases 

(CO, H2 and CH4) 

heat, fuel gas and 

gases as: CO2, H2O, 

N2. 

bio-oil, char, tar 

(liquid/vapour), 

CO2, H2O, and 

combustible gases 

Reactivity of 

main product 

stable, 

combustible 

non-reactive reactive, 

combustible 
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Pyrolysis can be defined as thermal decomposition of organic material in the 

absence of oxygen which is operating at medium temperature range normally from 

350­550°C. Generally, it can be categorized into three types namely flash pyrolysis 

(favoring gas production), fast pyrolysis (principal product is liquid) and slow 

pyrolysis (applied for the production of char). The difference in pyrolysis types is 

determined mainly by two process parameters i.e. heating rate and residence time 

(Abubakar and Ani, 2013). Initial decomposition of waste material is around 120°C-

200°C. During pyrolysis, decomposition of large molecule of biomass causing the 

breakdown of long chains of carbon, hydrogen and oxygen compounds into smaller 

molecules in the forms of condensable vapours (tars and oils), solid charcoal and 

non-condensable gaseous product (Abas and Ani, 2014; Yaman, 2004). Generally, 

pyrolysis of biomass consists of three main stages which includes; (i) initial 

evaporation of free moisture, (ii) primary decomposition and (iii) secondary 

reactions (oil cracking and repolymerisation). These stages are intermingled, with a 

possibility to observe their transitional behavior through thermal analysis (Kan et. 

al., 2016). In addition, the temperature of pyrolysis process can be adjusted in order 

to favor charcoal, pyrolysis liquid or gas production (Goyal et. al., 2008).  

  

 

Pyroligneous acid (PA) is the aqueous liquid fraction that can be produced by 

condensing the vapor produced during pyrolysis of plant biomass in the absence of 

oxygen. It is also known as liquid smoke that has a distinctive smoky odor, reddish 

brown in color and acidic in nature (pH 2-3). Most of the studies carried out on PA 

production were using conventional heating methods that include charcoal kiln, 

jacket electric heater and furnace (rotating cone reactors, melting vessels, tabular 

reactor, blast furnaces). Amongst the disadvantages of conventional heating 

pyrolysis are slow reaction time, heat transfer resistance, inefficient heating due to 

heat losses to surrounding, lack of rapid heating, non-selective heating and damage 

to the reactor walls due to continuous electrical heating (Salema and Ani, 2011). 

Thus, microwave heating has promptly become an interesting alternative in the 

various industrial process in recent years. Microwave heating is widely used not only 

in analytical, organic and environmental chemistry but also in the pyrolysis of 

various kind of materials such as biomass, coal, oil shales and organic wastes 

(Domínguez et al., 2006). Microwave heating offers many advantages over 

conventional heating including rapid internal heating, shorter processing time, lower 
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relative energy consumption, environmental friendliness, quick start-up, automated 

and volumetric heating. The application of microwave-assisted technology applied 

to the pyrolysis process not only contribute to the ability to enhance the reaction 

rates and rapid heating during pyrolysis, but also can improve the quality and 

properties of the product required and has been regarded as a way of cost-effective 

and operationally feasible processes  (Menéndez et al., 2010; Nomanbhay et al., 

2017 ). 

 

 

Oil palm fiber (OPF) is one of the most abundant biomass produced during 

palm oil milling process. It is obtained after the pressing process of palm fruits for 

palm oil extraction. OPF can be converted into useful products for various 

applications such as in biofuel, bioethanol, biochemical, biocompost as well as 

biosugar. OPF is clean, non- carcinogenic, free from pesticides and soft parenchyma 

cell. Cellulose content has been observed as the principle component in chemical 

analysis of OPF since it plays an important role in the fiber’s performance (Sreekala 

et. al., 1997; Abdullah and Sulaiman, 2013). Thus, the analysis of the pyroligneous 

acid produced from OPF via microwave heating is required to get better 

understanding about the characteristic of the product, energy consumption, 

antioxidant and antimicrobial properties as well as kinetic analysis during the 

pyrolysis process. 

 

 

 

 

1.2 Problem Statement 

 

 

Numerous studies have investigated on the production of pyroligneous acid 

(PA) from various biomass feedstock by using conventional system such as the 

pyrolysis reactor and charcoal kiln.  The quality of PA is based on the phenolic 

content.  Production of PA by using conventional heating system is generally time 

consuming, requires high energy consumption, uneven heat distribution as well as 

generation of highly carcinogenic compounds such as polycyclic aromatic 

hydrocarbon (PAH). This situation leads to the production of low quality PA (low 



6 

 

phenolic contents). Microwave heating can be used to improve the quality of 

pyroligneous acid from its lower energy consumption, short pyrolysis time and 

better heat distribution with the expectation of high fraction of phenolic compounds 

produced with the absence of PAH. Amongst the available oil palm biomass in 

Malaysia, OPF offers an attractive alternative as feedstock for the production of PA 

based on its high lignin content. Nevertheless, to date, investigation on the 

production of PA from OPF via microwave-assisted heating in optimized condition 

is still very limited, hence is the focus of this study. The optimization process is 

important to determine optimum pyrolysis condition to obtain highest total phenolic 

content (TPC) as well as highest yield of PA. High phenolic content in PA would 

directly indicate high antioxidant and antimicrobial properties. Optimization would 

also lead to better understanding of the relationship between parameters verified (i.e 

holding time, final temperature and activated carbon loading) with the responses 

(TPC and yield of PA). Kinetic analysis is important for detail understanding on the 

pyrolysis temperature range and the behavior of lignocellulosic material degradation 

(cellulose, hemicellulose and lignin) during pyrolysis. Kinetic parameters such as 

activation energy (Ea), pre-exponential factors, (A) and reaction model are valuable 

information for any scaling up attempts notably for design of equipment and process 

optimization condition for yield maximization. 

 

 

 

 

1.3 Research Objectives 

 

 

The objective of this study were as follows:  

 

 

i) To optimize the production of total phenolic content (TPC) and liquid yield 

of microwave-assisted pyroligneous acid from OPF.  

ii) To evaluate the efficiency of optimized microwave-assisted pyroligneous 

acid as antioxidant and antimicrobial agents. 

iii) To elucidate the kinetic study analysis of OPF biomass and optimized 

microwave-assisted pyroligneous acid for details understanding on the 
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energy requirement and mechanism behavior of the material degradation 

during pyrolysis process. 

 

 

 

 

1.4 Scope of Study 

 

 

i) The pyroligneous acid was synthesized from OPF via microwave-assisted 

pyrolysis heating. 

ii) The activated carbon was used as microwave absorber to produce 

pyroligneous acid from OPF via microwave-assisted pyrolysis heating. 

iii) Three parameters were used during the optimization study namely holding 

time (15-30 minutes), final temperature (400-600 °C) and amount of 

activated carbon loading (50-100 g). 

iv) The Central Composite Design (CCD) approach via response surface 

methodology (RSM) was used for the optimization process on the TPC as 

well as liquid yield of microwave-assisted pyroligneous acid (MWPA). 

v) The efficiency of optimized concentrated microwave-assisted pyroligneous 

acid extracted with ethyl acetate (C-MWPA) was evaluated for antioxidant 

and antimicrobial properties. Ethyl acetate (99.5%, AnalaR grade) was used 

due to its less toxicity and higher capacity to extract phenolic compound in 

MWPA. 

vi) Kinetic study analysis were based on thermogravimetric analysis (TGA) 

data using three kinetics models approach namely Ozawa-Flynn Wall 

(OFW) Kissinger-Akahira-Sunose (KAS) and Coats-Redfern method 

(CRM). 

vii) The kinetic model validation of OPF biomass and optimized C-MWPA were 

analyzed using 13 types of reaction models from CRM.  
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1.5 Significance of Study 

 

 

The establishment on the production of pyroligneous acid containing highest 

amount of total phenolic content and highest yield in optimized microwave-assisted 

pyrolysis process can lead to larger application such as at pilot scale level. Process 

optimization would allow significant energy and time saving. The kinetic study 

analysis assist in the understanding of pyrolysis temperature range and the behavior 

of biomass degradation during pyrolysis.  The combination of model free method 

(KAS and OFW) with the model fitting method (CRM) significantly contribute to 

the ability to reveal the complexity of the process and to find the best fitted kinetic 

reaction model of the material involved during pyrolysis process. Moreover, it also 

contribute to the minimization in the volumes of oil palm biomass waste that needs 

to be transported to the plantation area from the mills. This directly contributes to the 

reduction in transportation cost as well as reduction in environmental pollution from 

degradation of these biomass. 
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