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PREFACE 

Rice Husk is one of the promising biomass residues largely available in all agricultural 

countries in the world. The effective utilization of this valuable waste into renewable fuels 

and gas in a sustainable society is a potential challenge and needs to be addressed. This 

book not only address their potential production but also provide the state-of-the-art 

technology for liquid fuel production, impact of process parameters, upgrading of fuels by 

preparing and testing cheap, effective and better deoxygenation able catalysts and process 

kinetics. 

Postgraduate students, engineers, scientist, and small medium companies who are 

producing rice clearly need such information from a single and easy-to-access source. The 

basic properties of rice husk, basic comprehension of conversion process would help plant 

operators to understand the working principle and design engineers to optimise the 

conversion of reactors and evaluate process kinetics. The present book provides kinetics 

and modelling information to postgraduate student and academic researchers which would 

help them to develop advance technology and experimentation techniques wherever 

possible. This book highly aims to fill these gaps and provide interesting information to 

readers. 
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CHAPTER 1 

 

INTRODUCTION

1. Background       

The continuing growth in world population brings rapid development in industrialization 

which consumes half of the world total energy produced. This increases the overall world 

energy demand particularly in developing countries which consumes about 95% of the 

world increase particularly in the industrial sector. Moreover, from 2007 to 2035, the total 

energy demand increases by about 84% for developing countries as compared to 49% for 

developed countries [1]. In the current scenario, the world energy is mainly dependent on 

fossil fuel, which contributes 81.1% of world energy production. The world energy 

production is not increasing at the same pace as energy consumption due to limited fossil 

fuel reserves. The energy consumption is growing every day globally [2]. In 2014, the total 

primary energy consumption in ASEAN was reported 444 Mtoe (million tonnes of oil 

equivalent), which is equivalent to Japan’s. It is predicated that ASEAN energy 

consumption will rise to 1186 Mtoe up till 2040. 

Apart from the finite reserves, fossil fuel energy dependency causes numerous 

environmental problems such as greenhouse effect, ozone layer depletion, acid rain and 

other pollutions. More seriously, the carbon dioxide released by fossil fuel contributes 84% 

of greenhouse gas emissions released to the atmosphere [3]. According to International 

Energy Outlook 2010, it was estimated that the world energy-related carbon dioxide 

emission was 29.7 billion metric tonnes in 2007 which would be expected to increase to 

42.2 billion metric tonnes in 2035 [1]. This high amount of CO2 released would result in 

global warming which may affect forests activities, food production and give problems to 

the ecosystem as well as to human health. These severe conditions will end up with world 

starvation and other social problems. Due to associated problems with fossil fuel, the 

search for alternative clean, sustainable and environmental friendly energy sources should 

be intensified. 
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Malaysia is a country of vast renewable and non-renewable sources of energy.  The 

country energy demand mainly depends on non-renewable sources comprising of oil and 

gas. Up to 2005, non-renewable sources (oil, natural gas and coal) contributed about 

87.9% of country energy demand while renewable sources (hydropower and biomass) 

shared only 12.1% [4]. Due to fast growing economy, the country energy demand is 

expected to be 18000 MW by the year 2010 [5]. Moreover, unwanted greenhouse gas 

emissions and other serious environmental issues associated with the transportation 

sector have become a great concern to the future of the country development. As part of 

the UN Convention on Climate Change and Kyoto Protocol, Malaysia has to take steps to 

reduce greenhouse gas emissions. More recently, in Copenhagen Climate Change 

Summit 2009, Malaysian Prime Minister has showed commitment to reduce carbon dioxide 

emission. The Prime Minister has also announced RM 1.5 billion in 2020 national budget 

for green technology development in the country [6]. The country needs to have abundant 

clean energy to maintain its journey towards achieving a developed country status. 

Malaysian government has put continuous efforts in the development of renewable energy 

by various supports, policies and action plans [7]. The renewable energy of grid capacity 

approached 440 MW while renewable energy connected to power utility grid was 55.5 MW 

by the end of 2011.  Moreover, according to the 9th Malaysian Plan (2006-2010), energy 

from renewable sources was expected to contribute about 300 MW in fuel mixture by 2010 

[6]. According to 10th Malaysian plan (2011-2015), renewable energy is expected to 

contribute about 985 MW making about 5.5% of Malaysian total energy combined/overall 

[8]. 

1.1 Lignocellulosic biomass 

Lignocellulosic biomass is an abundant, sustainable, green, and geographically diverse 

natural feedstock. It consists of three main organic components, cellulose, hemicellulose, 

and lignin, connected firmly to each other with lignin as glue that keep cellulose and 

hemicellulose intact, Figure 1.1 demonstrates this structure [9]. Biomass also contains 

mineral in the form of ash and abundant of moisture in the freshness form [3]. Biomass is 
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an indirect form of solar energy and a renewable source of carbon, through photosynthesis, 

it store chemical energy by absorbing sunlight and CO2 [4]. Malaysia is a tropical country 

with abundant supplies of sustainable lignocellulosic biomass resources such as oil palm, 

rubber, cocoa, wood, timber and paper, with statistical data shows a consistent increase in 

the biomass inventory. Malaysia is the second largest producer of palm oil after Indonesia, 

the plantation and milling processes reject substantial amounts of solid and liquid residue. 

In 2010, solid lignocellulosic biomass residue such as trunk and fronds from the plantation 

side, and empty fruit bunches (EFB), palm mesocarb fiber (PMF), and palm kernel shell 

(PKS)from the milling side  accounted for 80 million dry tonnes with the potential to 

reach100 million dry tones by 2020 [1, 5]. However, the main sources of biomass in 

Malaysia come from plantation residue and agricultural. 

 

Figure 1-1: The major structural component of a plant cell wall [9] 

 

1.2 Biomass: A Source of renewable fuel 

Biomass is the fourth largest source of energy after coal, natural gas and oil and fulfilled 

15% of the world’s primary energy demand and accounting for 38% of primary energy 

consumption in developing countries [12]. It is considered the largest and most important 
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renewable source exist on earth and can be used in a variety of ways to produce different 

types of energy and chemical feed stocks. 

1.2.1 Global biomass potential 

Biomass as a flexible resource of renewable energy and can play a vital role to meet the 

global demand profiles in energy sectors like electricity, buildings and transport. Among 

renewable energy, biomass is one the largest energy source that represents 14% out of 

18% renewable energy in global energy mix. Fig. 1.2 shows the distribution of different 

biomass resources as global primary energy supply. According to IEA, biofuels have 

potential to meet about 27% of global transportation fuel requirement by 2050 that shows 

biofuels have considerably large potential to be expanded for future sustainability. The 

electricity generation accounts for 1.5% of global electricity production.  

 

Figure 1-2: Global biomass distribution as primary resource [4] 
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1.3 Biomass to bioenergy: Fast pyrolysis process 

Lignocellulosic biomass (such as wood, grass, and agricultural waste) is the most abundant 

and cheapest carbon source and therefore has been identified as scalable, economically 

viable, and potentially carbon neutral feedstock for the production of renewable biofuels 

via appropriate technologies [13]. Biochemical conversion methodologies proposed for 

lignocelluloses await cost-effective technologies and can only process cellulosic and hemi-

cellulosic portions of lignocellulosic biomass. However, the thermochemical conversion 

routes are more energy efficient and more flexible in terms of feed and products. Among 

the primary thermochemical conversion routes (i.e., gasification and fast pyrolysis), fast 

pyrolysis is the most economically feasible way to convert biomass into liquid fuels and has 

therefore attracted a great deal of research over the past two decades [14]. A techno-

economic analysis of three conversion platforms (i.e., pyrolysis, gasification, and 

biochemical) comparing capital and operating costs for near-term biomass-to-liquid fuels 

technology scenarios was performed recently [15]. The analysis showed that the 

standalone biomass-to-liquid fuel plants are expected to produce fuels with a product value 

in the range of $2.00–5.50 per gallon gasoline equivalent, with fast pyrolysis being the 

lowest and bio-chemical conversion the highest. Fast pyrolysis shows the highest yield to 

liquid fuel products and retains most of the energy from feed stocks in the liquid products.  

Typical bio-oil from fast pyrolysis of woody biomass has high oxygen content and a low 

H/C ratio compared to crude oil (Table 1.1). Some properties of bio-oil from fast pyrolysis 

of lignocellulosic biomass significantly limit its direct utilization as transportation fuel in 

current systems [16]. Generally, bio-oils are characterized by low vapour pressure, low 

heating value, high acidity, high viscosity, and high reactivity [17-20]. Bio-oils show a wide 

range of boiling temperatures due to their complex compositions. These adverse 

characteristics, particularly the instability of bio-oil, are associated with the high oxygen 

content in the bio-oil, which is considered to be a primary issue among the differences 

between bio-oils and hydrocarbon fuels [17,21]. 

 

Table 1-1: Typical properties of bio-oil and crude oil [22] 
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Composition Bio-oil Crude oil 

Water (%) 15 – 30 0.1 

pH 2.8 – 3.8 - 

Density (kg L-1) 1.05 – 2.05 0.86 - 0.94 

Viscosity 50 °C (cP) 40 – 100 180 

HHV (MJ kg-1) 16 – 19 44 

C (wt%) 55 – 65 83.86 

H (wt%) 5 – 7 11 – 14 

O (wt%) 28 – 40 < 1 

Ash (wt%) < 0.2 0.1 

H/C 0.9 – 1.5 1.5 – 2.0 

O/C 0.3 – 0.5 ~ 0 

 The low heating value and flame temperature, greater ignition delay, and lower 

combustion rate of bio-oil are largely due to the high water content (15–30 wt%), although 

water could reduce the viscosity and enhance the fluidity [17, 23]. The low pH of 2–3 of 

bio-oil is due to the significant amount of carboxylic acids, mainly formic and acetic acids 

and leads to its corrosiveness to common construction materials such as carbon steel and 

aluminium as well as some sealing materials [17]. The high content of acidic components 

also makes the bio-oils extremely unstable. The physicochemical properties of bio-oils 

change as a function of time under ordinary storage conditions [24]. The viscosity of bio-

oil increases due to secondary condensation and polymerization of the high concentration 

of reactive components like aldehydes, ketones, and phenols [25]. In distillation, 35–50 
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wt% of the primary bio-oil is left as a residue due to the polymerization of reactive 

components and the substantial amounts of non-volatile sugars and oligomeric phenols. 

Highly oxygenated bio-oils are immiscible with hydrocarbon fuels. 

2. In situ catalytic fast pyrolysis 

It is desirable and necessary to improve the quality of bio-oil toward properties similar to 

those of hydrocarbon fuel by certain upgrading techniques [14, 26]. Oxygen must be 

removed before the bio-oil can be used as a replacement for diesel and gasoline [19, 27]. 

Bio-oil can be upgraded either off-line or during the fast pyrolysis assisted by a catalyst, 

the so-called catalytic fast pyrolysis (CFP) process. Both cases require catalysts to 

efficiently remove oxygen. 

To date, catalytic deoxygenation has been extensively investigated for more than three 

decades and generally includes two approaches: catalytic cracking and hydro-treating [28-

29]. Catalytic cracking creates products of lower oxygen content than the feed by solid acid 

catalysts, such as zeolites at atmospheric pressure without the requirement of hydrogen. 

However, the process produces low grade products (benzene, toluene, and small chain 

alkanes), which require further refining, and has a low carbon yield because of significant 

coke formation, which results in a very short catalyst lifetime [30]. The cheap way is to use 

a catalyst to directly upgrade the pyrolysis vapors prior to quenching to produce bio-oil with 

improved quality, a process that is called catalytic fast pyrolysis (CFP). By instantly treating 

the hot pyrolysis vapor with a suitable catalyst, the pyrolysis intermediates are 

simultaneously cracked/upgraded into hydrocarbons as the biomass is pyrolyzed. The 

catalyst could be either directly mixed with biomass feedstock or only mixed with the 

pyrolysis vapors. The process where the catalyst is mixed directly with the feedstock in the 

pyrolysis reactor is referred to as in situ catalytic fast pyrolysis (in situ CFP) while the 

process where the catalysts are only contacted with the pyrolysis vapors is referred to as 

ex situ catalytic fast pyrolysis (ex situ CFP). CFP has great potential to produce 

hydrocarbons directly from biomass or produce higher quality bio-oils with improved 

stability lending them more amenable for the subsequent upgrading process [31]. 

It is known that bio-oil produced by fast pyrolysis is a highly oxygenated mixture of 

carbonyls, carboxyl’s, phenolics, and water [32]. In CFP, hydrocarbons are formed by 
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removing oxygen from the pyrolysis-vapor intermediates in the form of CO2, CO, and H2O. 

The CFP process will lead to stabilized products and reduce the hydrogen demand in the 

necessary hydro-treatment process that follows. The removal of the most active 

oxygenates, such as carbonyl- and carboxyl containing components, in CFP could also 

stabilize primary bio-oils which are less prone to coke deposition and in turn improve the 

carbon yield to the final fuel products and long-term stability of the upgrading process [33-

34]. 

 

1.4 Hypothesis 

Bio-oil produced directly from the fast pyrolysis process exhibits rather a low quality 

compared with standard petroleum-derived fuels. It is acidic and highly oxygenated due to 

the highly oxygenated compounds such as acids, phenols, ketones, aldehydes, and furans. 

It is necessary and desirable to improve the quality of bio-oil towards properties similar to 

hydrocarbons fuel by employing upgrading techniques. Catalytic fast pyrolysis (CFP) is 

one of the alternative ways which involves the introduction of suitable catalyst to directly 

upgrade the pyrolysis vapors to produce bio-oil with improved quality and convert different 

oxygenated groups into desirable commodities such as benzene, xylene, toluene, and 

naphthalene.  The previous research available hardly addresses in situ catalytic fast 

pyrolysis (CFP) by using zeolites to achieve high oil yield and high deoxygenation degree. 

Current catalytic fast pyrolysis processes show low oil yield by using in-bed (in situ) mode 

which influences/causes a low degree of deoxygenation. Moreover, the comparisons of 

catalytic pyrolysis performance of commercial zeolites with new synthesized zeolites are7 

not reported in the literature [14, 16-19]. 

The investigation of shape selective zeolites for an agricultural biomass residue i.e. paddy 

husk via fast pyrolysis is still lacking and has not been explored completely. The challenge 

is to synthesize various pore size and shape zeolites for development for CFP of paddy 

husk and related fundamental understanding of the reaction mechanism/routes to produce 

upgraded bio-oil. Biochar also one of the vital products from fast pyrolysis of biomass. 

Biochar production from non-catalytic paddy husk pyrolysis and their physiochemical 
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properties evaluation for environmental application is also need to be investigated. To 

describe well the nature of biomass pyrolysis, the precise estimation of kinetic parameters 

e.g. (activation energy) of non-catalytic and catalytic biomass pyrolysis is essential for the 

understanding and modelling of fast pyrolysis process at industrial scale. 

 

1.5 Objectives & scope of study 

To address the present challenges in biomass pyrolysis using agricultural residue, the 

present study investigates the non-catalytic fast pyrolysis of paddy husk for bio-oil and 

biochar production. The overall research objective is to synthesize, experimentally 

characterize and investigate performance of catalytic fast pyrolysis process by utilizing 

commercial and new synthesized zeolites. The following measurable objectives are 

considered in the present study. 

 To study the effect of temperature on non-catalytic fast pyrolysis of paddy husk for bio-

oil and biochar production by using drop type fixed-bed pyrolyzer. 

 Synthesize and characterize the shape selective zeolites (e.g. SAPO-34, MCM-22 and 

ITQ-2) and test their performance for in situ catalytic fast pyrolysis of biomass. 

 Study the effect of zeolite pore size on pyrolysis products yield, deoxygenation of 

biomass and bio-oil composition.  

 Investigate the activation energy of non-catalytic and catalytic pyrolysis of paddy husk 

by application of Coats-redfern model using thermogravimetric data. 

The research mainly focuses on the non-catalytic and catalytic fast pyrolysis of paddy husk 

by employing zeolitic material for bio-oil and biochar production. In CFP process, the focus 

was to synthesis the novel shape selective zeolites and investigate their deoxygenation 

performance. Paddy husk was collected from a local rice mill. To understand the properties 

of the biomass, proximate and ultimate analysis was performed to get the fundamental 

knowledge about the physicochemical properties of paddy husk. Shape selective zeolites 

were synthesized, characterized and tested in in situ catalytic fast pyrolysis of paddy husk 

in drop type fixed-bed pyrolyzer to produced upgraded bio-oil. Characterization techniques 

i.e. x-ray diffraction (XRD), scanning electron microscopy (SEM) and NH3-TPD analysis 
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are carried out to determine the composition, pore size and acidity of the  synthesized 

catalysts. Comparison of zeolite pore size effect was performed at similar Si/Al ratio of 

synthesized and commercial zeolites. A reaction pathway is proposed for the catalytic fast 

pyrolysis of biomass over zeolites to understand the reaction mechanism.  The optimum 

temperature at which the bio-oil yield is higher selected for catalytic pyrolysis. The catalysts 

to biomass ratio varied and deoxygenation of biomass pyrolysis vapors are investigated. 

This study presents the kinetic study on non-catalytic and catalytic pyrolysis of paddy husk. 

Coats and Redfern method was used to interpret the thermogravimetric data obtained from 

the pyrolysis process. Various reaction models are presented and determined the 

activation energy of non-catalytic and catalytic fast pyrolysis of paddy husk. 

1.6 Chapter Summary 

This thesis consists of five chapters. The coverage of each chapter is given in the following 

paragraphs.  

 Chapter 1 provides insight of the subject, background and current issues related to the 

work. It further explains the problem statement, research objectives and scope of the 

proposed study. 

 Chapter 2 will summarize the literature review performed to determine the general 

state-of-the-art of the science and technology of biomass fast pyrolysis and review previous 

research efforts related to catalytic fast pyrolysis. 

 Chapter 3 comprises of methodology related to the material preparation, catalyst 

synthesis and characterization, experimental work and kinetic modelling presented in the 

study. It further provides the related experimental procedure and information about the 

main equipment participating in the experimental study. The equations and formulas to 

define the important process performance parameters are also provided in the chapter. 

 Chapter 4 provides results and discussions. The material characterization, 

experimental and kinetic modelling results are presented and explained based on the 

different arguments and theories. These results are then compared with related work 

published in the literature. 

 Chapter 5 summarizes all the findings and conclusions in the present study and 

provides the future recommendations for the related work.   
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Biomass Classification and resources 

Biomass is an organic matter and probably the oldest source of energy after the sun. Wood, 

crop, seaweed, animal wastes, etc. are composed of organic matters and are examples of 

biomass, which contain stored energy from the sun through a process of photosynthesis 

[35]. Biomass is a renewable energy source because its supply is limitless. Trees and crops 

can always grow and waste will always exit. Biomass provides a clean, renewable energy 

source that could dramatically improve environment, economy and energy security [36]. 

Biomass is the primary source of energy for nearly 50% of the world’s population. Wood 

and crop based biomass are the major renewable energy sources in the developing 

country, representing a significant proportion of the rural energy supply [37]. 

There are primary, secondary and tertiary resources for biomass. Primary resources 

include those that are produced directly by the photosynthetic process and are taken 

directly from the land e.g. perennial short-rotation woody crops and herbaceous crops, oil 

seeds, agricultural and forestry residues (e.g. paddy husk, corn stover and the tops, limbs 

and bark from trees). Physical, chemical or biological processing of primary biomass 

resources gives secondary biomass resources. Tertiary biomass resources are post-

consumer reminder stream e.g. animal fats and greases, used vegetable oil, packaging 

wastes and construction and demolition debris. The composition of biomass (living 

organisms) consists mainly of the following: 

1. Carbohydrates (sugars, cellulose, and hemi-cellulose) 

2. Lignin 

3. Proteins 
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(1) Lipids (oils, fatty acids) 

Carbohydrates and lignin are often grouped together and known as lignocellulosic 

biomass. A rough composition of typical terrestrial biomass is shown in Fig. 2.1. 

 

 

 

 

 

 

Figure 2-1: Terrestrial biomass composition[38] 
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2.1.1 Lignocellulosic biomass 

Fig. 2.2 shows the structure of lignocellulosic biomass which adapted from Mosier et al. 

[45].  

 

 

 

 

 

 

 

 

 

Figure 2-2: Structure of lignocellulosic material [45] 

Lignocellulosic biomass is seen as potential feedstock for sustainable bioenergy in the near 

future. Lignocellulosic biomass composed mainly of hemicellulose (20-35 wt.%), cellulose 

(35-50 wt.%), and lignin (15-30 wt.%) and minor amount of minerals that form the majority 

of the ash content (5-10 wt.%) [39].  

Cellulose is the most dominant component in the lignocellulosic biomass cell wall. It is a 

linear homopolysaccharide of ß-d-glucopyranose units joint together by (1→4)-

glycosidicbonds [40], and the elemental formula is assumed to be C6H10O5 .At slow 

heating, cellulose starts thermal decomposition between 337-407 °C with peak at 371 °C, 

as concluded by Burhenne et al. [41] for wheat and rape straw, Di Blasi [42] reported a 
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close range for woody biomass between 325 °C and 375 °C. Thermal decomposition of 

cellulose at high heating rate in the medium temperature (350 -650 °) by pyrolysis process 

produce mainly a liquid products.Hemicellulose is a branched polymer of sugar units, 

consists of D-xylose, Dmannose, D-galactose, D-glucose, L-arabinose, 4-O-methyl-

glucronic, Dgalacturonic and D-glucuronic acids [43]. Hemicellulose decomposes at lower 

temperature than cellulose at low heating rate (225-325 °C) as reported by Burhenneet al. 

[41] and produce mainly gases at heating rate and medium pyrolysis temperature. Lignin, 

is the second most common organic compound on earth, is a complex polymer of phenyl 

propane units linked by ether bond. Three monomers of lignin are p15coumaryl alcohol, 

coniferyl alcohol, and sinapyl alcohol. 

 Lignin decomposes over wide range of temperature and no mention in the literature about 

specific lignin decomposition range [44], just recently, Burhenne et al. [41] noticed a slight 

increase in mass loss in the thermogravimetric analysis data (TGA) of straw between 417 

°C to607 °C, he attributed this loss to lignin decomposition. Cellulose, hemicellulose, and 

lignin, create a very strong natural physical matrix in the biomass. Small crystalline fibrils 

of cellulose represent the building blocks of the biomass and are tied together rwith the 

hemicellulose structure.  

 

 

 

 

 

 

 



 

 

33 

 

Fig. 2.3 shows the classification of biomass feedstocks that can be classified by which 

constituent the biomass conversion technology is targeted toward. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3: Classification of biomass according to the constituent used for conversion[46] 
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2.1.2 Suitability of crop biomass for biomass production  

As a tropical country involving in agricultural sectors, Malaysia has a variety of biomass 

wastes produced from oil palm, rice, sugarcane, wood industry and municipal solid waste 

as shown in Figure 2.2 [19]. Among these biomasses, oil palm contributes 85.5% of 

biomass wastes in the country while municipal solids waste standing second with 9.55%. 

Rice contributes 0.7 % while wood industry shared 3.7 %. 

 

 

Figure 2-4: Biomass waste distribution in Malaysia [19] 

2.1.3 Rice husk production 

In general, agricultural wastes are biomass residues that can be divided into two categories 

namely the crop residues and the agro-industrial residues [53]. Crop residues refer to plant 

residues that remain on the field after the collection of crops. The agro-industrial residues 

on the other hand are the by-products of the post-harvest processes that maybe generated 

from the process of cleaning, sieving, and milling. In rice industry, biomass residues that 

are commonly utilised for energy generation are rice straw and rice husk, which are crop 

residue and agro-industrial residue, respectively. Rice straw is the stalk of the rice plant 

that is left over as waste products on the field upon harvesting of the rice grain (i.e. the 
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seeds of rice). Rice husk is the outer layer of a rice seed. Rice husk is removed from the 

rice seed as a by-product during the milling process. 

Figure 2.5 shows the total paddy residue production in Malaysia. It is forecasting that by 

2020, the paddy residue production will increase to 7 million tonne per year [54]. 

Abundance of paddy residue creates a major problem for agricultural waste management. 

However, these residues can be used for generating electricity and heat and also be used 

in transportation sector [47-52]. 

 

Figure 2-5: Total paddy residue production in Malaysia [54] 

Table 2 gives the residue ratio for rice straw and rice husk reported by different 

researchers. The table shows that, for every kilogram of harvested paddy, between 0.41 

and 3.96 kg of rice straw will be produced. Rice husk on the other hand accounts for 

between20% and 33% of paddy weight. The annual global quantity of rice straw and rice 

husk generated is 685 million tons and 137 million tons, respectively. If fully converted, 

these amounts of rice straw can produce about 191.8 billion litres of ethanol [55], which is 

equivalent to 119.9 billion litre of gasoline [56].which collectively produces 87% of 

worldwide resources [54]. 
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Table 2-1: Residue ratio of  rice straw and rice husk [52] 

 
Residue Ratio 

(ton/ton) 

[Reference] 

 

 

Remark 

Rice straw 

1.53 [57] 
Agricultural residue availability (in kg) per ton of 

grain produced 

0.62 [58]  

1-1.5 [59]  

Rice husk 

0.2-0.33 [60]  

0.23 [61] Based on processed rice 

0.33 [53] 
Agricultural residue availability (in kg) per ton of 

grain produced 

 

2.2 Fast pyrolysis 

Pyrolysis is the thermal decomposition occurring in the absence of oxygen. In fast 

pyrolysis, biomass decomposes very quickly to generate mostly vapours and some 

charcoal and gas. After cooling and condensation, a dark brown homogeneous mobile 

liquid is formed. A yield of liquid is obtained with most biomass feeds low in ash. The 

essential features of a fast pyrolysis process for producing liquids are [62]: 
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Figure 2-6: Fast pyrolysis scheme [46] 

 

 Very high heating rates and very high heat transfer rates at the biomass particle reaction 

interface usually require a finely ground biomass feed of typically less than 1 mm as 

biomass generally has a low thermal conductivity. 

 Carefully controlled pyrolysis reaction temperature of around 450-500 °C to maximise the 

liquid yield for most biomass 

 Short vapour residence times of typically less than 60 sec to minimize secondary 

reactions 

 Rapid removal of product char to minimise cracking of vapours 

 Rapid cooling of the pyrolysis vapours to the bio-oil product. 

 

Products formed during the fast pyrolysis of lignocellulosic biomass consist of a solid 

residue called char, a liquid called bio-oil and uncondensed gases as illustrated in the Fig. 

2.6. 
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As fast pyrolysis for liquids occurs in a few seconds or less, heat and mass transfer 

processes and phase transition phenomena, as well as chemical reaction kinetics, play 

important role. Three products are always produced, but the proportions can be varied over 

a wide range by adjustment of the process parameters. Table 2.1 and Fig. 2.6 indicate the 

product distribution obtained from different modes of pyrolysis, showing the considerable 

flexibility achievable by changing process conditions. The main product, bio-oil, is obtained 

in yields of up to 40 – 70 wt.% on a dry-feed basis, together with by-product char and gas 

which can be used within the process to provide the process heat requirements so there 

are no waste streams other than flue gas and ash. Liquid yield depends on biomass type, 

temperature, hot vapour residence time, char separation and biomass ash content. Fast 

pyrolysis for liquids production is currently of particular interest as the liquid can be stored 

and transported, and used for energy, chemicals or as an energy carrier [63]. 

Table 2-2: Products yield (wt%) obtained by different modes of wood pyrolysis [46]. 

Mode Conditions Liquid Solid Gas 

Torrefaction 

~ 290 °C, solid 

residence time ~ 

10 – 60 min 

0% unless 

condensed, then 

up to 5% 

80% 20%  

Slow 

~300 - 400 °C, 

long vapour 

residence time 

30% 35% 35% 

Intermediate 

~ 450 – 500 °C, 

hot vapour 

residence time 

30 – 240 sec 

50% 25 – 35% 25 – 35% 
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Fast 

~ 500 – 550 °C, 

short vapour 

residence time 

10 – 40 sec 

75 % 12 % 13 % 

 

Fast pyrolysis of lignocellulosic biomass is defined as the thermal decomposition of 

biomass in the absence of oxygen to produce mainly liquid bio-oil, bio-char and NCG [64]. 

The most important criteria for fast pyrolysis to occur are: medium temperature, high 

heating rate, short hot vapor retention time, fast quenching of vapors, and quick removal 

of char [65-66]. Reactor design has a vital role in deciding the overall efficiency of the 

process thus; it has received considerable creativity and innovation. It is necessary to 

understand that the reactor temperature is always higher than the temperature of reaction 

due to the need for a temperature gradient to affect heat transfer. 

2.2 Fast pyrolysis reactors 

At the heart of a fast pyrolysis process is the reactor. Although it probably represents only 

about 10 - 15% of the total capital cost of an integrated system, most research and 

development as focused on developing and testing different reactor configurations on a 

variety of feedstocks, although increasing attention is now being paid to control and 

improvement of liquid quality and improvement of liquid collection systems. 

2.2.1.1 Fluidized bed reactor (FBR) 

A bubbling fluidized bed pyrolyzer comprises of a heated bed of small particles, usually 

silica sand, where biomass is introduced and pyrolyzed in suitable inert medium such as 

nitrogen or by recycling some of the non-condensable gases (NCG) [46]. The typical 

process consists of the bubbling fluidized bed reactor; one or more cyclones to remove the 

bio-char from the vapors, two or more stages of condensation and finally an aerosol filter 

might be added to separate any entrained fine oil droplets that might be existed in the non-

condensable gases. Figure 2.7 shows a typical process for fast Pyrolysis of biomass using 

bubbling fluidized bed reactor. Fluidization is effected by blowing hot inert gas through the 
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bottom of the fluidized bed reactor, this will control both the pyrolysis vapors and the bio-

char particles resident time, normally bio-char is heavier and require more time than the 

vapors to leave the fluidized bed reactor [116]. Bio-char is an active tar cracking catalyst 

and the more contact time between pyrolysis vapors and bio-char the more cracking 

reactions occurs converting more liquids to gases and reducing the efficiency of the 

system. To reduce the effect of bio-char catalytic action, one or more cyclones are installed 

to capture the bio-char as quickly as possible, finally different stages of condensation are 

installed to capture all the tar and condense all liquids into the bio-oil collections vessels. 

NCG is sent to the atmosphere together with fluidization gas such as N2. However, in real 

life scenario, all NCG can be utilized, especially it still hot up to 250 °C, even after the 

condensation stage and can be recycled back to the system. 

 

Figure 2-7: Fast Schematic diagram of fluidized bed reactor system installed at Centre 

for Biofuel and Biochemical Research (CBBR) at UTP. 

The average optimum temperature for fast pyrolysis in bubbling fluidized bed reactor is 

somewhere between 450 and 500 °C and the retention time is below 2 s. The implication 

of the reactor dimensions such as diameter, bed height, and total height have not been 

investigated thoroughly in the literature, thus a scale up formula was not found. Many works 
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have been published in the literature on the fast pyrolysis of biomass using fluidized bed 

reactor such as the references [63,67-80]. 

 

2.2.1.2 Circulating and transported fluidized bed (CFR) 

The main difference between FBR and CBD is the resident time of the bio-char, as in CBD 

bio-char has exactly the same resident time of the pyrolysis vapors and the fluidized gas 

(less than 1 s) [81]. Figure 2.8 shows schematic diagram of typical biomass pyrolysis by 

CBD, constructed by Lappas et al. [70]. In CFD biomass introduces to the bottom of a 

raiser to mix immediately with the fluidized hot solid coming from the regenerator. Nitrogen, 

steam, or even air can be pumped from the bottom of the riser to fluidize and move the 

biomass/solid mixture upward the riser. Fast pyrolysis reactions kick off in the mixing stage 

of both biomass and solid and continue as they all travel to the top of the riser. The resident 

time is controlled by changing the flow rate of the circulation gas. The pyrolysis product 

mixture is separated in the disengage for the effective separation of the volatile pyrolysis 

products from solids. Both circulating solid particles mixed with the bio-char are allowed to 

flow to the stripper and then transferred to the regenerator reactor. Volatile products from 

the stripper are sending to condenser for fast quenching to produce the bio-oil. Bio-char 

and NCG are both burn in the regenerator to supply heat up the solids and sustain the 

system. Oxygen required for burning the bio-char is supplied as air which acts as the 

fluidization fluid. The heat of combustion is used to keep the circulating solid material at 

the desire temperature of the pyrolysis reactions. Rapid thermal process was developed in 

Canada by Ensyn Technologies Inc. based on CFD and have built 8 commercial facilities. 
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Figure 2-8: Schematic diagram of circulating fluidized bed reactor for fast pyrolysis of 

biomass [14]. 

2.2.1.3 Rotating cone pyrolyzer (RCP) 

The BTG-BTL pyrolysis process is one of the pioneering commercial system that utilizes a 

rotating cone reactor for the fast pyrolysis of biomass [82]. As shown in Figure 2.9, biomass 

is mechanically mixed in a rotating cone with a flow of solid articles, normally hot sand. 

Sand is used as a heat carrier, however that quantity of fluidized gas is much less than 

fluidized bed reactor (FBR) or circulating fluidized bed reactor (CFB); the rotating cone 

reactor is mixes the biomass with the hot sand efficiently without the requirements of good 

fluidization, thus minimizing the total quantity of gas required for the process. 

 

However, a separate fluidized bed reactor is required to burn all the produced bio-char and 

provide heat for the recirculated sand. The feature of circulating heat carrier in the rotating 

cone process is very similar to the aspect of the CFB reactor. In Malaysia, Biomass 

Technology Group (BTG) has developed a 2 t/h facility in south of Malaysia [83], they 

utilized Empty Fruit Bunch (EFB) as feedstock. EFB was supplied directly from a nearby 

palm oil mill, mechanically pressed, shredded, dried and fed to BTG-BIT process to 

produce bio-oil as the main product. 
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Figure 2-9: Schematic diagram of rotating cone pyrolyzer [14]. 

 

2.2.1.4 Ablative pyrolysis reactor (APR) 

Ablative pyrolysis reactor is totally different in basic from the rest of the reactor 

configurations, instead of transferring the required heat to the biomass through contact with 

hot fluidized solid material or fluidization gas, ablative pyrolysis brings the biomass into 

contact with a hot surface, under the influence of mechanical pressure or high gas flow 

rates. Ablative reactor can be designed in many ways, one example is shown in Figure 

2.10, representing a high speed spinning disk or plate at high temperature, and woody 

biomass (such as trunk) is pressed against the hot rotating disk surface to produce bio-

char and pyrolysis vapors. A pressing force is required to force the biomass on the hot 

rotating surface; the effect is best explained by melting butter on a hot frying pan by 

pressing down on it [84]. 

One of the main advantages of this reactor design is the ability to process large size 

biomass particles without the requirements of carrier fluid. The National Renewable Energy 

Laboratory (NREL) invented another means of applying pressure by operating a vortex 

reactor using specially designed “gas ejector” to provide extremely high gas velocities [83]. 
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One of the pioneering works on the principal of ablative pyrolysis was carried out by CNRS 

laboratories in France; the main focus in the research was to establish the relationship 

between heat, rotation and pressure [85]. 

 

Figure 2-10: Schematic diagram of ablative pyrolysis reactor [14]. 

 

 

 

 

 

 

 

2.2.1.5 Microwave pyrolysis reactor (MPR) 

Some basic research has been carried out on microwave driven pyrolysis. Microwave 

heating is fundamentally difference from all other pyrolysis techniques as the biomass 

particles are heated from within and not by external heat transfer from a high temperature 

heat source [86]. Microwave heating requires a material with a high dielectric constant or 

loss factor, of which water is a good example. So in microwave pyrolysis, water is rapidly 

driven off and then the particle heats up to start forming char [87]. It is not clear that this 

can be considered fast pyrolysis. This is electrically conductive and eddy currents are 

created that provide very rapid heating. Therefore control of a microwave system is quite 

challenging. A further problem to be considered is that penetration of microwaves is limited 

to typically 1-2 cm, so the design of a microwave reactor presents interesting scale up 

challenges (Figure 2.11). 



 

 

45 

 

Figure 2-11: Schematic diagram of microwave pyrolysis reactor. 

 

Table 2-3: Advantages, disadvantages and bio-oil yield of different pyrolysis reactors [63-

67, 80]. 

Reactor type Advantages Disadvantages Oil Yield 

Fixed-bed 

 Simple & Reliable design 

 Biomass size dependent 

 Long residence 

time 

 Difficult to 

remove char 

35 – 50 % 

Bubbling 

fluidized-

bed 

 Simple design & easy operation 

 Suitable for large scale 

 Small particle 

sizes 

are needed 

70 – 75 % 

Circulating 

fluidized-

bed 

 Good temp. control 

 Large particle size could be 

used 

 Suitable for small 

scale 

 Complex 

hydrodynamics 

70 – 75 % 
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Rotating 

cone 

 No carrier gas required 

 Less wear 

 Complex process 

 Small particle 

65 % 

Vacuum  Produce clean oil 

 Can process large particle (3 -5 

cm) 

 No carrier gas required 

 Slow process 

 Solid residence 

time is 

too high 

65 % 

Ablative  Inert gas is not required 

 Large particle sizes can be 

processed 

 Reactor is costly 

 Low reaction rate 

70 % 

PyRos 

 Compact & low cost 

 High heat transfer 

 Short gas residence time 

 Complex design 

 High impurities in 

the oil 

 High temp. 

required 

70 – 75 % 

Microwave  High heating rates 

 Large size biomass can be 

processed 

 High temperature 

 High electrical 

power 

consumption 

 High operating 

costs 

60 – 70 % 
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2.2.2 Bio-oil 

Bio-oil, also known as pyrolysis oil, or pyrolysis liquid is the main product of the fast 

pyrolysis process and results from the fast condensation of the pyrolysis vapors. In fact, 

the optimum operating condition of any research works targeting to maximize the bio-oil 

yield. However, properties that influence the quality of the bio-oil did change with some of 

the applied operating conditions, like biomass type and size, temperature, and reactor type 

[88-90]. Bio-oil is dark brown, acidic, viscous liquid with distinct smoke like wood burning. 

Bio-oil consists of complex mixture of hundreds of oxygenated organic compounds formed 

during complex pyrolysis reactions that are condensed in a liquid form [91]. Table 2.4 

summarizes the main properties of bio-oil from different biomass types compared to heavy 

fuel oil.  

Table 2-4: Bio-oil properties from different biomass compared with heavy fuel oil. 

 

EFB 

(organic 

phase 

EFB 

(aqueous 

phase) 

Straw 

oil 
Hardwood oil 

Pinewood 

oil 
Heavy oil 

              [ 92]                           [93]              [94]               [95]              [96]       

C (wt%) 69.35 13.83 55.30 58.40 44.08 86.00 

H (wt%) 9.61 11.47 6.60 6.00 6.18 13.50 

O (wt%) 20.02 74.56 37.70 35.50 49.64 0 

Water 

(wt%) 
7.9 64.01 19.90 23.30 34.40 NA 
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Ash (wt%) NA NA 0.14 0.09 0.29 NA 

HHV  

(MJ kg-1) 

36.06 NA 16.90 16.60 17.50 42.70 

2.2.3 Biochar 

Bio-char or char a black solid powder represents the residual of the biomass after 

decomposition and comes mainly from the lignin part [97]. The yield of bio-char from the 

fast pyrolysis of variety types of lignocellulosic biomass ranges between 11 wt.% and it 

depends on many factors such as the resident time of solids, particle size, biomass type, 

and reactor design. Bio-char consists of high percentage of elemental carbon (> 60 wt.%), 

with smaller amounts of hydrogen, oxygen, nitrogen and sulphur influenced greatly by the 

pyrolysis conditions and the contamination with tar. Bio-char with fixed carbon values up 

to 78 wt.% and higher heating values up to 31.7 MJ/kg was achieved in published study 

[98]. Bio-char exhibits relatively high ash content, almost all the initial ash component in 

the biomass feedstock ends up concentrated in the bio-char. The physiochemical and 

biological properties of bio-char differs greatly from biomass to another and from study to 

another, Lehmann and Joseph [99] reviewed these differences comprehensively. Some of 

the potential applications of biochar were as soil enhancement additive and as an 

improvement of soil water and nutrients retention [100-102], and reduction of water 

contamination and soil erosion [103]. 

 

2.2.4 Non-condensable gases (NCG) 

Non-condensable gases (NCG) are co-products from the fast pyrolysis of biomass, 

resulted mainly from the hemicellulose part of the biomass; however, it is also produced 

from the secondary cracking reactions of the pyrolysis vapors during longer resident time 

conditions. Bio-char is believed to suffer from gasification reactions during longer resident 

time as well [104]. It is combustible mixture, and contains many gases such as carbon 

monoxide (CO) and carbon dioxide (CO2), with lesser amounts of hydrogen (H2), methane 
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(CH4), ethylene (C2H4), ethane (C2H6), propane (C3H8), and other light hydrocarbons [105]. 

NCG yield and composition dependent on many factors such as the fast pyrolysis operating 

conditions and biomass feedstocks. Table 2.5 summarizes the recent fast pyrolysis 

studies. The table showed the feedstock, biomass size, reactor type, pyrolysis temperature 

and yields of bio-oil, biochar and non-condensable gases 

2.2.5 Mechanism of degradation reaction 

Biomass decomposed in an inert atmosphere at a fast heating rate and at higher 

temperature than torrefaction process results in the favourable production of liquid fuels, 

than solid and gas fuels. In lignocellulosic biomass, cellulose and hemi-cellulose form 

mainly volatile products upon primary cracking due to thermal cleavage of the sugar units. 

The primary char is cracked further into secondary char, gas and volatiles at higher 

temperature. Cellulose and Hemi-cellulose breaks mainly into compounds of low molecular 

weight. Active cellulose and hemi-cellulose upon primary cracking form volatiles and char 

and can divided into further categories depending upon the reaction temperature. Lignin 

forms mainly char as it is not readily cleaved to lower molecular weight fragments. Below 

is the Figure shows the mechanism of degradation reaction upon primary and secondary 

cracking. 

 

Figure 2-12: Mechanism of solid degradation reaction in a pyrolysis process.
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Table 2-5: Summary of recent advances in fast pyrolysis of lignocellulosic biomass in 

Malaysia and worldwide. 
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27.00 

32.0

0 

[113] 
201

3 
Brazil 

Amazon 

tucuma 

seeds 

< 

0.2 

Fluidiz

ed bed 

reacto

r 

500 
62.0

0 
11.00 

27.0

0 

[114] 
201

2 

Malay

sia 
PKS 

0.5

– 

1.0 

Spout

ed bed 

reacto

r 

350 
43.4

0 
44.70 

11.9

0 

[115] 
201

1 
Korea PKS 

0.6

– 

0.8

5 

Tubula

r  

reacto

r 

550 
33.0

0 
26.00 

41.0

0 
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2.3 Bio-oil upgrading 

Despite all efforts, so far no known process or technology has been able to to convert 

biomass into standard liquid fuel directly. However, many upgrading ways, physically, 

chemically, or catalytically to convert the bio-oil from biomass into more stable products 

and/or chemicals were reported in the literature, some of them have been reviewed here 

[117-121]. The main low qualities in the bio-oil that make it incompatible with standard fuels 

from fossil sources are the high acidity, high oxygen content, contamination of solid residue 

from bio-char, and high viscosity. It also contains ketones, phenols and aldehydes which 

make it not stable product and subject to aging. Based on the low qualities and 

disadvantages above, researchers have found ways to tackle one or more of these 

qualities by different upgrading processes as will be explained in the next sections. 

2.3.1 Physical upgrading of bio-oil 

The1 most important properties that may adversely affect bio-oil fuel quality are 

incompatibility with conventional fuels from the high oxygen content of the bio-oil, high 

solids content, high viscosity, and chemical instability. 

2.3.1.1 Filtration 

Hot-vapour filtration can reduce the ash content of the oil to less than 0.01% and the alkali 

content to less than 10 ppm, much lower than reported for biomass oils produced in 

systems using only cyclones. This gives a higher quality product with lower char [122], 

however char is catalytically active and potentially cracks the vapours, reduces yield by up 

to 20%, reduces viscosity and lowers the average molecular weight of the liquid product. 

There is limited information available on the performance or operation of hot vapour filters, 

but they can be specified and perform similar to hot gas filters in gasification processes. 

[116] 
201

1 

Malay

sia 

Empty 

fruit 

Bunch 

< 

0.5 

Fluidiz

ed bed 

reacto

r 

490 
49.0

0 
29.00 

22.0

0 
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2.3.1.2 Solvent addition 

Polar solvents have been used for many years to homogenise and reduce the viscosity of 

biomass oils. The addition of solvents, especially methanol, showed a significant effect on 

the oil stability. Diebold and Czernik [123] found that the rate of viscosity increase (“aging”) 

for the oil with 10 wt.% of methanol was almost twenty times less than for the oil without 

additives 

2.3.1.3 Emulsion 

Pyrolysis oils are not miscible with hydrocarbon fuels but they can be emulsified with diesel 

oil with the aid of surfactants. A process for producing stable micro-emulsions with 5- 30% 

of bio-oil in diesel has been developed at CANMET [124]. The University of Florence, Italy, 

has been working on emulsions of 5- 95% bio-oil in diesel [125-126] to make either a 

transport fuel or a fuel for power generation in engines that does not require engine 

modification to dual fuel operation. There is limited experience of using such fuels in 

engines or burners, but significantly higher levels of corrosion/erosion were observed in 

engine applications compared to bio-oil or diesel alone. A further drawback of this approach 

is the cost of surfactants and the high energy required for emulsification. 

 

2.4 Catalyst for biomass upgrading (catalytic fast pyrolysis) 

Catalytic fast pyrolysis and upgrading of bio-oil is catching a wealth of interest from 

researchers globally. The main objective of the catalytic upgrading is the chemical 

conversion of bio-oil into conventional transport fuel such as diesel, gasoline, kerosene, 

methane, and LPG [14]. Bio-oil can be upgraded catalytically at different stages of the fast 

pyrolysis process to produce a higher value fuel normally to be utilized as transportation 

fuel [127-131], or to extract valuable pure chemicals such as furfural [132-133]. Suitable 

catalyst for bio-oil upgrading should be able to support one of two reaction mechanisms, 

deoxygenation or cracking. Figure 2.17 summarized the current approaches in the catalytic 

fast pyrolysis research. Upgrading stage can be conducted after the fast pyrolysis of the 

biomass and before or after the condensation stage as shown in Figure 2.12 (options 1 

and 2) and examined by previous researches [134-135]. 
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Figure 2-13: Current scenarios for the catalytic fast pyrolysis upgrading works. 

 

However, it is a new approach to carry out the pyrolysis and catalysis reaction in one stage 

and recently it is known as catalytic fast pyrolysis process as demonstrated by Figure 

2.12(options 3 and 4). This approach can be achieved by two ways. The first way can be 

express as in situ upgrading of pyrolysis vapors by passing them through a catalyst bed 

assembled inside the pyrolysis reactor [136-137]. The second method can be achieved by 

mixing the catalyst with the biomass and then introduce them into the fast pyrolysis reactor, 

the technique has been investigated by a recent study and showed a promising potential 

to produce furfural and acetic acid from the fast pyrolysis of corncob impregnated with 

ZnCl2[133].  
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Upgrading bio-oil to a conventional transport fuel such as diesel, gasoline, kerosene, 

methane and LPG requires full deoxygenation and conventional refining, which can be 

accomplished either by integrated catalytic pyrolysis as discussed above or by decoupled 

operation as summarised below and depicted in Fig. 2.13. There is also interest in partial 

upgrading to a product that is compatible with refinery streams in order to take advantage 

of the economy of scale and experience in a conventional refinery. 

 

 

 

 

 

 

 

 

 

 

Figure 2-14: Upgrading path of biomass pyrolysis oil for biofuels and chemicals [14]. 

2.4.1 Zeolite based catalysts 

Zeolites have been the most widely used catalysts in petrochemical industries over the 

past decades. Since the late1900s in which a variety of efforts were attempted to use the 

bio-oil as a fuel for petrochemical processes, zeolites have been applied to the stabilization 

process of bio-oil, i.e., upgrading via deoxygenation. Biomass pyrolysis derived feedstocks 

can be upgraded using cracking catalysts (zeolites, silica-alumina and molecular sieves) 

at atmospheric pressure and temperature range of 350–650 °C. Upgrading process can 
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also be integrated with biomass pyrolysis using in situ upgrading technique. In this method 

which is called catalytic pyrolysis, vapors derived from biomass pyrolysis are directly 

deoxygenated by passing through a catalyst bed. However, it should be noticed that 

composition of bio-oil is different from that of biomass pyrolysis vapors due to 

oligomerization reactions which are occurred through condensation of pyrolysis vapors to 

bio-oil. This change in composition might cause a difference in product yields obtained 

from bio-oil upgrading and in situ upgrading of biomass pyrolysis vapors. Being operated 

at atmospheric pressure without hydrogen consumption, catalytic cracking seems to be 

economical method compared to HDO [139]. However, some challenges like rapid catalyst 

deactivation caused by coke deposition, low yields of organic liquids and formation of 

polycyclic aromatic hydrocarbons (PAHs) have been encountered in this method [14]. So 

far, several types of zeolite catalysts and mesoporous materials have been investigated to 

attenuate these problems. It was generally shown that a large variety of oxygenate 

compounds derived from biomass can be converted into hydrocarbons, CO, CO2 andH2O 

over acidic zeolite catalysts through reactions of decarbonylation, decarboxylation, 

dehydration, oligomerization, isomerization and dehydrogenation. A proposed overall 

reaction pathway for conversion of biomass over zeolite catalysts is proposed in Scheme 

1 (Fig. 2.14). 

 

Figure 2-15: A proposed reaction pathway for conversion of biomass over zeolites. 
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2.4.2 Practical catalytic fast pyrolysis of lignocellulosic biomass 

Catalytic fast pyrolysis has been extensively investigated in the past two decades using 

either various model compounds and/or biomass feedstock over a wide range of catalysts 

[21,140-144]. Most of the research results are summarized in Table 2.6 along with the 

catalysts, reaction conditions and feedstock. The studies with biomass showed that small 

oxygenates can be readily converted into aromatic hydrocarbons over ZSM-5-based 

catalysts. Furans, furfurals, and glucose can also be converted into aromatic hydrocarbons 

over ZSM-5 under appropriate reaction conditions [145]. 

The main purpose of the catalyst in both in situ and ex situ CFP is removing the oxygenated 

compounds and catalytically cracking the high-molecular-weight compounds into products 

of desired carbon chain length [146]. For in situ CFP, catalyst and biomass feed were 

intimately mixed in the pyrolysis reactor, which enables immediate contact between the 

pyrolysis vapor and catalyst. Thus the catalysts can intervene in the pyrolysis and cracking 

process of biomass at an earlier stage. This could enhance the decomposition of larger 

pyrolysis fragments or oligomers with suitable catalysts and in turn reduce the possibility 

of re-polymerization of primary pyrolysis products. In situ CFP also removes/upgrades the 

active components as soon as they are generated. This reduces the chance of secondary 

char formation, and could potentially increase the yield to desirable products. From an 

engineering point of view, in situ CFP simplifies the process and also offers a better chance 

to integrate the reaction heat of pyrolysis with that of the upgrading reactions [147]. 

However, the very short residence time (1–2 s) of the pyrolysis vapor may only remove the 

most active components and limit the deoxygenation degree of bio-oils. Thus it can only 

partially improve the bio-oil quality but it would be beneficial for subsequent upgrading 

operations such as hydro-processing. A large catalyst-to-biomass ratio is necessary to 

ensure a higher degree of upgrading and higher yield to liquid hydrocarbon products [148]. 

The high catalyst-to-biomass ratio will reduce the effective volume of the pyrolysis reactor 

and in turn decrease the efficiency of the reactor. Despite the simplicity of in situ CFP, the 

pyrolysis temperature and upgrading/cracking temperature must be identical due to the 

reactor configuration. That would compromise the optimal respective reaction 

temperatures of pyrolysis and upgrading. For ex situ CFP, the upgrading/cracking 
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operation can run under independent conditions. It is more flexible to operate under 

respective optimal reaction conditions such as reaction temperature and residence time for 

each step. Despite the high flexibility in choosing operating conditions, ex situ CFP requires 

more reactors and a longer process, which leads to substantially higher fixed assets 

investment and operation cost [149].
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Table 2-6: Summary of the catalysts of biomass over zeolites (catalysts, process type, 

bio-oil yield and product quality). 

Feed 
Cataly

st 

Temperat

ure 

Proce

ss 

type 

Bio-

oil 

yiel

d 

(wt

%) 

Hydrocar

bon yield 

(wt%) 

Product 

quality 

and 

oxygen 

content 

(wt%) 

Referen

ce 

Pine 

wood 
Hβ 400 - 440 In situ 26.0 NA 

Mainly 

oxygenate

s, O = 32.2 

[150] 

Saw 

dust 

HZSM

-5 
600 In situ NA 14 

Dominant 

aromatic 

hydrocarbo

n 

[151] 

Rice 

husk 

HZSM

-5 
500 Ex situ NA NA 

Mainly 

aromatic 

hydrocarbo

n, O = 8.1 

[152] 

Rice 

stalk 
ZSM-5 550 In situ Na 12.8 

Dominant 

BTX along 

with 10.5 

% olefin 

yield 

[153] 

Cornco

b 

HZSM

-5 
550 In situ 13.7 10.17 

Dominant 

aromatic 
[154] 
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hydrocarbo

ns, O = 

14.69 

Corn 

stalks 

ZSM-

5, 

USY, 

HY 

550 In situ NA 

27.55, 

22.20, 

26.10 

O = 20.23, 

O = 15.70, 

O = 19.98 

[155] 

Rapese

ed cake 

HZSM

-5, Hβ 
400 Ex situ 

10.4 

– 

13.4

0 

NA 
O = 21.35 

– 28.23 
[156] 

Kraft 

lignin 

HZSM

-5 

500 - 650 In situ NA 2.0 – 5.2 Mainly 

BTX 

[157] 

Maple 

wood 

HZSM

-5, HY 

290 - 410 Ex situ NA 27.90, 

18.90 

Mainly 

aromatic 

hydrocarbo

n 

[158] 

Radiata 

pine 

sawdus

t 

HZSM

-5 

450 - 550 Ex situ 43.7

0 

12.80 Mainly 

aromatic 

hydrocarbo

n 

[159] 

Jatroph

a 

wastes 

HZSM

-5 

550 Ex situ 4.1 – 

8.7 

NA 76.7 – 96.4 

% 

conversion

, product 

mainly 

aromatic 

[160] 
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hydrocarbo

ns 

Particle 

board 

HZSM

-5, Hβ 

500 Ex situ 42.5

4, 

44.6

0 

7.8, 5.4 Oxygenate

s are 

dominant 

[161] 



 

 

63 

 

2.4.3 Deoxygenation mechanism over zeolites 

Microporous materials have been successfully employed in FCC in petroleum refineries 

and methanol-to-gasoline processes [150]. Investigation of a larger variety of zeolites with 

various pore sizes and shapes in CFP of glucose and biomass indicated that zeolites of 

medium pore size, moderate internal pore space and steric hindrance are the most 

promising catalysts for aromatic production. In CFP, lignocellulose is first thermally 

decomposed into the corresponding monomers of each component and to smaller 

oxygenates. These fragments then contact the catalyst and undergo further transformation. 

The shape-selective and strongly acidic HZSM-5 can catalyse a wide range of reactions. 

Different types of oxygenates react differently on ZSM-5 and the reaction temperature 

affects the product distribution. Gayubo et al. [163] found that alcohols (methanol, ethanol, 

1-propanol, 2-propanol, 1-butanol, and 2-butanol) undergo dehydration over HZSM-5 at 

low temperatures (above about 200 °C) to form olefins, which are converted to higher 

olefins above 250 °C and then to alkanes and aromatics at higher temperatures (above 

350 °C). Aldehydes like acetaldehyde are very active and form large amounts of thermal 

coke instead of hydrocarbons over HZSM-5. Such thermal degradation of aldehydes, 

phenols, and pyrolytic lignin could lead to reactor plugging. Hoang et al. [164] compared 

the conversion of propanal and propylene on HZSM-5 and found that propanal is more 

active than propylene. Propanal was converted to C9 aromatics via the formation of an 

aldol trimer followed by dehydration and cyclization, which is different from the well-known 

carbon pool mechanism of propylene. Carboxylic acid and ester functionalities favoured 

oxygen removal through decarbonylation over dehydration, which preserved hydrogen in 

the hydrocarbon products. According to the conversion data of ketones and acetic acid 

over HZSM-5 reported by Gayubo et al., [163] ketones underwent condensation and 

decomposition to form aromatics and olefins, as evidenced by the consumption of ketones 

accompanied by simultaneous evolution of H2O. Acetic acid first underwent ketonization to 

form acetone, as evidenced by the simultaneous evolution of acetone, CO2, and H2O. 
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2.4.4 Role of acidity 

Acidity, particularly Brønsted acidity, is critical for cracking the oxygenated substances in 

the pyrolysis vapors7 [164]. The acidic sites of HZSM-5 promote deoxygenation, 

decarboxylation, and decarbonylation of oxygenate components, as well as cracking, 

oligomerization, alkylation, isomerization, cyclization, and aromatization via a carbonium 

ion mechanism [165]. Substitution for H with K led to almost complete loss of its activity. 

Even partly neutralizing HZSM-5 by 1.5 wt% potassium doping led to a drastic decrease in 

the selectivity to gasoline. The strong-acid shape-selective HZSM-5 zeolites produce 

mostly aromatics, while HY zeolites and silica–alumina produce mainly aliphatic 

hydrocarbons [166]. Theoretically, higher acidity of a catalyst should increase the activity 

of cracking. The better hydrogen transfer capability of HZSM-5 is mainly responsible for its 

producing the highest yield to hydrocarbons. The acidity of HZSM-5 can be tuned by 

varying the Si/Al ratio of the framework. Generally the low Si/Al ratio implies a relatively 

high acidity. Li et al. [167] found that both decreasing the Si/Al ratio and increasing the 

catalyst-to-feed ratio increases the yield to aromatic hydrocarbons. 

2.4.5 Specification of zeolites 

The product distribution of catalytic cracking depends on the type of catalyst used, 

particularly the shape selectivity and acidity of the catalyst [168]. Besides HZSM-5, various 

microporous materials such as ferrierite, mordenite, b-zeolite, HY, naturalzeolite, and 

silicate are possessdvitel properties in CFP of biomass. Table 2.7 summarizes the 

specifications of those microporous materials other than ZSM-5. Those microporous 

materials differ either in acidity, pore size or pore structure. In general, zeolites of small 

pore size will not be able to produce any aromatics with oxygenates but only CO, CO2, and 

coke. Medium-pore zeolites with pore sizes in the range of 0.52–0.59 nm produced 

aromatics with high yields, while large pore zeolites showed low yields for both aromatics 

and oxygenates and high yields for coke. 
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Table 2-7: Specification of various zeolites investigated for catalytic fast pyrolysis of 

biomass 

Type of 

catalyst 

Surface area 

(m2 /g) 

Pore size 

(nm) 

Si/Al 

ratio 

Acidity 

(mmol NH3) 
Reference 

HY 119 - 730 
0.74 – 

0.85 
2.6 - 84 NA [164] 

USY 520 0.8 7 0.91 [169] 

Β-zeolite 410 0.7 14 1.1 [162] 

H-Mordenite 112.6 0.67 7 - 14 NA [141] 

Ferrierite 347 0.54 10 NA [152] 

SAPO-34 441 NA NA 0.180 [135] 

Silicate 550 0.55 Pure 0 [158] 

FCC 176 NA 6 NA [112] 

Natural 

zeolite 
65.42 NA 1.45 NA [129] 
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2.5 Bio-refinery 

The large majority of chemicals are manufactured from petroleum feedstocks. Only a small 

proportion of the total oil production, around 5%, is used in chemical manufacture but the 

value of these chemicals is high and contributes comparable revenue to fuel and energy 

products. There is a clear economic advantage in building a similar flexibility into the 

biofuels market by devoting part of the biomass production to the manufacture of 

chemicals. In fact, this concept makes even more sense in the context of biomass because 

it is chemically more heterogeneous than crude oil and conversion to fuels, particularly 

hydrocarbons, is not so cost effective. Fig. 2.15 shows fast pyrolysis at the heart of a bio-

refinery. 

A key feature of the bio-refinery concept is the coproduction of fuels, chemicals and energy. 

As explained earlier, there is also the possibility of gasifying biomass to make syngas, a 

mixture of hydrogen and carbon monoxide for subsequent synthesis of hydrocarbons, 

alcohols and other chemicals. However, this route is energy intensive so much of the 

energy content of the biomass is lost in the processing so electricity generation may be the 

most efficient use of biomass. 

 

 

 

 

 

 

 

 

Figure 2-16: Fast pyrolysis based bio-refinery[14] 
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2.6 Kinetics of biomass pyrolysis 

The kinetics of biomass decomposition is predicated on a single reaction [130] and can be 

expressed under isothermal conditions by the following expression: 

𝑑∝

𝑑𝑡
= 𝑘(𝑇)𝑓(∝) = 𝐴 exp (

−𝐸𝑎

𝑅𝑇
) f(∝)              (2.1) 

Where t denotes time, α denotes degree of conversion or extent of reaction, dα/dt is the 

rate of the isothermal process and f(α) is the conversion function that represents the 

reaction model depends on the controlling mechanism. The extent of reaction (α) can be 

defined as the mass fraction of biomass substrate that has decomposed and expressed as 

shown below: 

∝ =
𝑊0−𝑊𝑠

𝑊0−𝑊𝑓
                                                   (2.2) 

Where w is the mass of substrate present at any time t, wo is the initial substrate mass, wf 

is the final mass of solids remaining after the reaction. The combination of A, Ea and f(α) 

are designed as the kinetic triplet who is used to characterise biomass pyrolysis reaction 

[131]. Non-isothermal rate expressions, which represent reaction rates as a function of 

temperature at a linear heating rate can be expressed as [130]: 

𝑑∝

𝑑𝑡
 =

𝑑∝

𝑑𝑡

𝑑𝑡

𝑇
                                                             (2.3) 

Where dt/dT shows the inverse of the heating rate, dα/dt represents the isothermal reaction 

rate and dα/dT describes the non-isothermal reaction rate. An expression of the rate law 

for non-isothermal conditions can be obtained by substituting eq. (2.1) into eq. (2.3): 

𝑑∝

𝑑𝑡
=

𝑘(𝑇)

𝛽
𝑓(∝) =

𝐴

𝛽
exp (

−𝐸𝑎

𝑅𝑇
) f(∝)                                     (2.4) 

 The application of reaction-order models is ubiquitous in the thermal analysis of biomass 

because of their simplicity and propinquity to relations used in homogenous kinetics [132]. 
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In order-based models, the reaction rate is proportional to the fraction of unreacted 

substrate raised to a specific exponent, which is known as the reaction order: 

𝑑∝

𝑑𝑡
 = 𝑘(𝑇)(1−∝)𝑛                                                             (2.5) 

Where (1-α) is the remaining fraction of volatile material in the sample and n describes the 

reaction order. Table 2.8 shows some of the important rate equations used to describe the 

kinetic behaviour of solid state reaction. 

Table 2-8 : Expressions for the most common reaction mechanism in solid state 

reactions 

Reaction model f(α) = (1/k) (dα/dt) g(α) = kt 

Reaction order 

 First order 

 nth order 

 

(1 – α)n 

(1 – α)n 

 

-ln(1 – α) 

(n – 1)-1 (1 – α)(1- n) 

Nucleation 

 Power law 

 Exponential law 

 

n(α)(1 – 1/n) ; n =2/3,1,2,3,4 

lnα 

 

αn ; n=3/2,1/2,1/3,1/4 

(α) 

Diffusion 

 1 D 

 2 D 

 3 D 

 

1/2α 

[-ln(1 – α)]-1 

3/2(1 – α)2/3 [1 – (1 –α)1/3]-1 

 

α2 

(1 – α)ln (1 – α) + α 

[1 – (1 – α)1/3]2 
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It should be noted that the application of first order reaction models in biomass pyrolysis 

kinetics has become almost formulaic and their indiscriminate acceptance has occurred 

without rigorous verification or sufficient awareness of their fundamental limitations 

[130,173]. The imposition of an order-based model on a solid state reaction system can 

cause a substantial divergence in the Arrhenius parameters (i.e., A and Ea) [132]. This 

discrepancy arises when an inappropriate reaction order is affixed to the last term in Eq. 

(2.5). The strongly correlated Arrhenius parameters in the rate constant, k(T), are then 

forcibly adjusted to accommodate the chosen reaction order. Accordingly, any reaction 

model, not only order-based models, can suitably fit kinetic data because of the 

corresponding “kinetic compensation effect” among the Arrhenius parameters. 

The pyrolysis models can be divided into three principal categories: single step global 

reaction models, multi-step models and semi-global models [130]. The effectiveness of 

single-step model is limited by the assumption of a fixed mass ratio between pyrolysis 

products. Furthermore, the kinetic pathways in most pyrolysis systems are too complex to 

yield meaningful global activation energy [173]. The inability to predict the kinetic behaviour 

of biomass under different process conditions has vexed researchers and encouraged the 

development of complex multi-step models. 

Model-free methods were thought to satisfactorily predict reaction kinetics in solid state 

processes. In model-free methods, on an isoconversional basis, wherein the degree of 

conversion, α, for a reaction is assumed to be constant and therefore the reaction rate, k, 

depends exclusively on the reaction temperature. Isoconversional approaches eliminate 

the need to initially hypothesize a rate order for the kinetic equation. Among 

isoconversional method, Coats and Redfern (CR) equation is more popular model-fitting 

method that requires an assumption be made regarding the value of reaction order for g(α). 

Another advantage of CR approaches is that the systematic error resulting from the kinetic 

analysis during the estimation of the Arrhenius parameters is eliminated [132]. 
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2.7 Chapter summary 

Biomass characteristics and its properties as a cheap and valuable feedstock to generate 

bio-oil are reviewed. Based on the review on different biomass properties, it can be 

concluded that the paddy husk has great potential as feedstock for bio-oil production based 

on its high volatiles matter and carbon content. Furthermore, paddy husk has the potential 

to produce biochar with excellent features for C sequestration. 

Availability of effective zeolite catalyst for in situ catalytic fast pyrolysis of biomass are 

reviewed and discussed. Amongst the catalysts used in biomass upgrading, ZSM-5 

showed great potential to produce high quality bio-oil. The deoxygenation mechanism, 

effect of acidity and specification of commercial zeolites are listed and discussed. Biomass 

upgrading is a shape selective reaction. The pore size, pore shape of zeolite can play a 

significant role in terms of deoxygenation of biomass pyrolysis vapors. 

It is concluded that the most of the works have been done for wood based biomass over 

ZSM-5 zeolite. The research on new shape selective zeolite catalyst application on 

biomass upgrading is still limited. Thus, the present study utilizes agricultural residue (e.g. 

paddy husk) for non-catalytic and catalytic fast pyrolysis for bio-oil and biochar production. 

A novel shape selective zeolites are synthesized and their performance is compared with 

commercial zeolites are needed to explore and tested. 

Designing and operating industrial biomass conversion systems, an understanding of solid 

state pyrolysis kinetics is imperative. Kinetic models are reviewed and summarized. 

Isoconversional and model-fitting methods for estimating activation energy are 

comparatively evaluated. The thermal decomposition of biomass via non-catalytic and 

catalytic systems, proceed via a very complex set of competitive and concurrent reactions 

and thus the exact mechanism for biomass pyrolysis remain a mystery. 
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CHAPTER 3 

 

MATERIALS AND METHODS 

 

3.1 Introduction 

Malaysian paddy husk underwent thermal decomposition experiments to investigate the 

impact of pyrolysis temperature and zeolite catalyst on the product yields and 

deoxygenation behavior. The experimental investigation is divided into two major phases: 

I) Study of fast pyrolysis of paddy husk to investigate the influence of pyrolysis temperature 

on the yields of bio-oil, biochar and non-condensable gases. II) In situ catalytic fast 

pyrolysis examination of paddy husk to explore the role of catalyst structure and acidity on 

pyrolysis product yields and chemical composition of pyrolysis oils. Non-catalytic and 

catalytic fast pyrolysis experimental work was carried out in a lab scale, robust reactor, 

named “drop type fixed-bed pyrolyzer” which is capable of obtaining all the pyrolysis 

products with sufficient recovery. 

 Detailed information of the materials and experimental apparatus is described in this 

chapter. The physiochemical properties of biomass, biochar and the zeolite catalyst were 

presented. A comparison of catalytic upgrading performance was also performed by using 

commercial zeolites (medium and large pore zeolites). Fig 3.1 depicts the research 

activities which explain the scope of the work. 
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Figure 3-1: Research work layout of the non-catalytic and catalytic pyrolysis of paddy 

husk over zeolites  

Paddy Husk 

Non-catalytic fast pyrolysis Catalytic fast pyrolysis 

Parameters study (for Bio-oil) 

 Effect of temperature on 

bio-oil yield 

 Effect of temperature on 

bio-oil physiochemical 

properties 
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 Effect of temperature on 

biochar yield 

 Effect of temperature on 

biochar properties & stability 

Parameters study 

 Effect of temperature on pyrolysis 

products yield 

 Effect of catalyst amount on pyrolysis 

products yield 

 Catalytic impact of composition of oil 

 Effect of catalyst structure and acidity 

on deoxygenation behavior 

 Reaction pathway of catalytic fast 

pyrolysis 
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Activation Energy estimation using 
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3.2 Biomass 

The lignocellulosic biomass used in this study was a crop biomass residue named,” paddy 

husk” which was obtained from a local rice mill in Perak, Malaysia.  

3.2.1 Collection, preparation and preservation 

The size of paddy husk was 8 – 10 mm long, 2.0 – 2.4 mm wide and 0.1 – 0.14 mm thick. 

The as-received paddy husk contained some moisture and named as wet paddy husk. The 

biomass was subjected to excess moisture removal before sieving. The fresh biomass was 

dried under the sunlight for 2-4 hours. This process eased the sieving process where fine 

particles agglomerated in the presence of excess moisture in the sample. Before pyrolysis, 

the biomass was passed through in high speed rotary cutting mill. The ground paddy husk 

was sieved using CISA BA 300N (Cedaceria Industries) into particle size of 0.100-0.355 

mm. Paddy husk was characterized by proximate, ultimate and chemical composition 

analyses. 

3.2.2 Biomass characterization 

Paddy husk was sieved to a diameter range of 0.100-0.355mm. This size was selected as 

most of the ASTM  procedure requires particle size of less than 0.355 mm in diameter[41]. 

This particle size was considered to avoid mass and heat transfer resistance inside the 

particle [167, 168]. The sample was then dried at 100°C for 24 hours in an oven until the 

weight of the sample becomes constant. This sample was then stored in air tight bottles. 

3.2.2.1 Proximate analysis 

The moisture content, volatile matter, ash content, and fixed carbon were determined 

based on dry basis. Moisture content is defined as the percentage of the total weight loss 

of a sample being dried at 105 °C. The moisture content was determined in this study by 

following the ASTM D4442 standard method [110]. 3g of biomass sample was weighed 

(Ws) in a petri dish and then dried in electrical oven maintained at 105 °C. After 24 hours, 

the sample was weighed every one hour till the decrease in weight became constant. The 

final dried biomass mass was recorded (Wd). The moisture content (MC) was determined 

using the following equation 3.1. 
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MC =  
WS−WD

WS
 × 100                           (3.1) 

For ash content, ASTM D-3175-01 procedure was used to evaluate the ash content in the 

biomass [110]. In the present study, 1.0 g of paddy husk was put in a furnace and heated 

up to 250°C at a heating rate of 10 °C/min, and hold for 30 min at this temperature. It was 

then heated to 700 °C at 10 °C/min. The temperature was kept constant for twelve hours 

to assure complete burning of carbon present in the sample. The sample was then cooled 

and weighed.  

Volatile matter was determined by following ASTM E-872 procedure [109]. The sample of 

1.0 g dried paddy husk was kept in a covered crucible to avoid contact with air during 

devolatilization process. This covered crucible was then placed in the furnace and heated 

up to 900°C at 100 °C/min and kept for 7 min at this temperature. The crucible was then 

cooled and weighed. Fixed carbon was determined by subtracting the sum of volatile 

matter and ash content in the biomass based on the dry basis as represented: 

Fixed Carbon (wt%) = 100 − moisture content (wt%) − volatile matter (wt%) −

Ash content (wt%)                 (3.2) 

3.2.2.2 Ultimate analysis 

The ultimate or elemental analysis of biomass and biochar was performed by following the 

ASTM D5373 standard method while the elemental analysis of bio-oil was carried out using 

the ASTM D5291 standard test method [110]. Elementary carbon, hydrogen and nitrogen 

analysis of biomass, biochar and bio-oil samples were carried out using Perkin Elmer 

CHNS/O 2400 elemental analyzer. The calorific value of paddy husk was determined by in 

IKA C5000 oxygen bomb calorimeter. The ASTM E711-87 procedure was considered to 

determine the calorific value [169]. The empirical formula which is the simplest ratio of 

atoms present in a molecule was also determined. 

3.2.3 Thermogravimetric analysis 

Thermal analysis of the dried paddy husk sample was conducted using a 

thermogravimetric analyzer (TGA, Q50) under flow of nitrogen (60 mL/min) with a heating 
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rate of 10 °C/min from a room temperature to 900 °C. For each experiment, 6 mg of each 

sample was processed and weight loss characteristics were investigated. 

3.3 Catalyst 

To study the impact of catalyst on biomass conversion, microporous zeolites were tested 

in terms of different loadings and their key characteristics (pore size, acidity) impact on 

product distribution and deoxygenation were evaluated. For this, few commercial zeolites, 

ZSM-5 (23, 30), Ferrierite (20), and Mordenite (20) were tested. The SAPO-34 (0.56), 

MCM-22 (35, 20) and ITQ-2 (35, 20) were synthesized and compare their performance 

with commercial zeolites.  

3.3.1 Commercial zeolite catalysts 

Commercial MFI zeolite ZSM-5 with Si/Al ratio of 23 and 30, Ferrierite (20) and Mordenite 

(20) were obtained from Zeolyst international. 

3.3.2 SAPO-34, MCM-22 and ITQ-2 zeolite catalyst 

SAPO-34 zeolite was synthesized by following the method described in the literature [171]. 

Boehmite (AlOOH) and phosphoric acid (both from Wako Pure Chemical Industries Co.) 

were used as sources of aluminum and phosphorous. Colloidal silica (ST-S; Nissan 

Chemical Industries) containing 30 wt% of SiO2 and 0.4 wt% ofNa2O was used as the 

source of silicon. A 20 wt% aqueous solution of TEAOH (Wako Pure Chemical Industries 

Co.) was used as the SDA. The molar ratio was Al2O3, 1.0; P2O5, 1.0; SiO2, 0.6; TEAOH, 

1.8; H2O, 77. The synthesis solution was stirred for 24 h at 30 ◦C, and then dried at 90 ◦C 

to give a dry gel. The dry gel was placed in a Teflon-lined stainless steel vessel and a small 

amount of water that served as a source of steam was separately added to the same 

vessel. Crystallization was conducted at 180 °C for 1.5–24 h. The products were rinsed 

with deionized water and finally calcined at 600 °C for 6 h. 

MCM-22 and ITQ-2 with a Si/Al of 35 and 20 ratio were synthesized from a MCM-22 

precursor using the similar method described in the literature [171-172]. Briefly, the layered 

precursor of MCM-22 was synthesized using 0.106 g of sodium aluminate (Wakao Pure 

Chemical Industries Ltd.), 0.416 g of sodium hydroxide solution (Wakao Pure Chemical 

Industries, Ltd.), 1.26 g of amorphous fumed silica (Aerosil 200, Evonik Industries) and 
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1.04 g of hexamethyleneimine (HMI, Wakao Pure Chemical Industries, Ltd.) The gel was 

crystallized in Teflon-lined stainless steel autoclaves at 180 °C for 3 days. During 

hydrothermal synthesis, the vessel was rotated at 2 rpm in an oven. The product was 

washed with deionized water and dried at 90 °C for 24 h. This product named is a precursor 

for MCM-22.  MCM-22 zeolite was obtained by calcination of a part of the precursor at 500 

°C for 8 h in air. To obtain ITQ-2 zeolite, the 1.139 g of Cetyltrimethylamonium (CTAB), 

4.94 g of 10 wt.% of tetrapropylammonium hydroxide aqueous solution and another part of 

the layered precursor (0.202 g) were mixed and reflux at 80 °C for 16 h. The solution was 

forced apart by an ultrasound for 1 h. The HCL solution was added to the solution until the 

pH of the solution reached about 2. The product was separated by centrifugation. After 

centrifugation, the ITQ-2 zeolite powder was obtained by calcination at 540 °C for 12 h in 

air.  

3.4 Fast pyrolysis of paddy husk 

Fast pyrolysis of paddy husk was performed with and without catalyst in a lab scale fixed-

bed pyrolyzer. The aim of this research is to investigate the role of temperature and catalyst 

on pyrolysis products yield and properties. For this purpose, a lab scale fixed-bed pyrolyzer 

named, “drop type fixed-bed pyrolyzer” was used. Fast pyrolysis process was performed 

in the temperature range 350 to 600°C. In the case of catalytic pyrolysis, the weighted 

amount of catalysis was mixed with biomass physically. This technique is called in-bed 

mode. Therefore, in situ catalytic fast pyrolysis of paddy husk was performed to study the 

effect of catalyst on products yield and deoxygenation of biomass pyrolysis vapors. The 

detailed description of the reactor and thermal decomposition of biomass using catalyst is 

illustrated in the following sections. 

 

3.4.1 Drop type fixed-bed pyrolyzer 

The main objective of this study is to design and implement a novel reactor which is simple 

in operation, robust and able to recover and capture all the pyrolysis products for non-

catalytic and catalytic pyrolysis. Drop type fixed-bed pyrolyzer has simple design and is 

cheap/inexpensive as compared to other existing lab scale fixed-bed pyrolyzers. For 
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upgrading process, drop type pyrolyzer facilitaties one step (in-situ) catalytic upgrading of 

pyrolysis vapors which produce better quality pyrolysis-oil than two step upgrading 

pyrolysis. Figure 3.2 shows the schematic diagram of the drop type pyrolyzer. 

The drop type fixed-bed pyrolyzer has four main parts; (i) an aspirator and nitrogen injection 

line (ii) biomass holder, (iii) reaction chamber and products collectors. The top part of 

pyrolyzer is connected to the aspirator and nitrogen injection line. To ensure the complete 

inert atmosphere inside the reaction zone, the aspirator and nitrogen injection line are used 

to replace the inside air. The biomass holder is in the form of stainless steel pipe with 25 

mm in internal diameter. The sample holder pipe is welded to a flange at the lower part that 

will be connected tightly with the pyrolyzer upper flange before the pyrolysis experiments. 

The sample holding volume is defined as the one between the part of two ball valves (lower 

and upper ball valves), which will hold the biomass before pyrolysis. The maximum amount 

of biomass 20 g can be held in the holder. The screw cover is used to introduce the biomass 

into the pyrolyzer and is equipped with lid that can be screwed tightly to the top of the 

biomass holder tube to prevent gas leakages. 
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Figure 3-2: Schematic diagram of drop type fixed-bed pyrolyzer 

The main part of the pyrolyzer is the reactor chamber where pyrolysis of biomass with 

catalyst and without catalyst will take place. The reactor is made up of a 2 mm thick 

stainless steel with a 53 mm internal diameter and a 166 mm height. The reactor is installed 

inside an electric heater and perfectly insulated to enable the fast heating and maintain the 

required temperature. A K-type thermocouple is inserted into the heater and the tip of the 

thermocouple touches the outer surface of the reactor to measure the outer surface 

temperature which is equal to the ceramic heater temperature. The second K-type 

thermocouple is inserted into the reaction zone from the upper side of the reactor through 

stainless steel tube with 5 mm internal diameter. The tip of the second thermocouple is 

positioned in the centre of the reactor to record the accurate internal temperature. The first 

thermocouple is used for heating purpose and the second thermocouple is used to control 

the pyrolysis temperature. The other part of the reactor, a 5 mm stainless steel tube is 

welded into the walls of the reactor and utilized as the vapor outlet pipe. The length of the 
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vapor extraction pipe is 10 mm and is connected from the outside with condensation part 

through silicon tube. The reactor chamber is completely removable and can be de-attach 

from the heater for bio-char collection and for washing and drying after each pyrolysis 

experiments. High temperature silicon gasket is used on the top of the reactor flange to 

ensure no gas leakages. After connecting the chamber with upper part and secure all 

screws and nuts, the reactor is operated and maintain high nitrogen pressure for 30 min, 

thus, ensuring no leak in the reactor and fittings.The outlet of the vapor pipe is connected 

to an ice trap made of glass and immersed in ice-water bath to condense the pyrolysis 

vapors. The ice-trap is connected with Teflon gas sampling bag to collect the all non-

condensable gases. The gas bag can be opened during the experiment and closed after 

the experiments so that it can be also detached from the condenser. Bio-oil was recovered 

from the condenser (ice-trap), residual bio-oil in the fitting silicon tube and on the reactor 

walls. Bio-oil was immediately weighted and stored in the sealed glass bottles. Bio-oil was 

analysed immediately for GC-MS and GC-FID. For gas analysis, the Teflon bag was then 

sampled by air tight syringe and injected into the GC-TCD for the quantitate analysis of the 

gases. Figure 3.3 shows the actual diagram of the drop type fixed-bed pyrolyzer.The 

pyrolysis vapor residence time is calculated from measuring the vapor flow rate from flow 

meter. The calculation of residence time is showed in Appendix. 
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Figure 3-3: Actual diagram of drop type fixed-bed pyrolyzer 

3.4.2 Non-catalytic fast pyrolysis of paddy husk 

Non-catalytic fast pyrolysis experiments were conducted using paddy husk with particle 

size (100 - 355) µm in the drop type fixed-bed pyrolyzer. The impact of the pyrolysis 

temperature (350, 400, 450, 500, 550 and 600°C) on products yield and characteristics 

was studied. The pyrolysis temperature has a vital role on bio-oil and bio-char production. 

The amount of rice husk used for each experiment was 19 g. The physical and chemical 

properties of bio-oils were characterized. All the experiments were carried out triplicate and 

the value of yield with standard deviation were presented. Biochar is a black carbon porous 

solid obtained from fast pyrolysis of paddy husk was also studied. The purpose of this 

research is to determine the study the production of biochar from fast pyrolysis of 

Malaysian paddy husk by investigating the influence of temperature on yield and stability 

in a drop type fixed-bed pyrolyzer. According to proximate and ultimate analysis data, 

temperature has the strongest effect on stability of biochar (stability increased at higher 

temperature). For further evaluation, an overall relationship in biochar stability between (O: 

C and H: C) molar ratios and (O: C and volatile) of produced biochar at various 

temperatures is proposed. Both the ratios (O: C and H: C) decreased at in biochar at higher 

temperatures which implies that the biochar produced at higher temperature has higher 

stable C and temperature is deterministic property for biochar stability. 

Table 3-1: Design parameter for non-catalytic fast pyrolysis experiments 

 

 

 

 

 

 

RUN Biomass Particle Size (µm) Pyrolysis Temperature (°C) 

1 Paddy Husk 100 – 355 350 

2 Paddy Husk 100 – 355 400 

3 Paddy Husk 100 – 355 450 

4 Paddy Husk 100 – 355 500 

5 Paddy Husk 100 – 355 550 

6 Paddy Husk 100 – 355 600 
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3.4.3 In situ fast pyrolysis of paddy husk 

In situ catalytic pyrolysis was performed in order to upgrade the oxygenated bio-oil. 

Catalytic deoxygenation is a promising route since it does not require use of hydrogen. To 

study the impact of catalyst on biomass conversion, microporous zeolites were tested in 

terms of different loadings and their key characteristics (pore size, acidity) impact on 

product distribution and deoxygenation were evaluated. For this, few commercial zeolites, 

ZSM-5 (23, 30), Ferrierite (20), and Mordenite (20) were tested. The SAPO-34 (0.56), 

MCM-22 (35, 20) and ITQ-2 (35, 20) were synthesized and compare their performance 

with commercial zeolites. Biomass and catalyst were pre- mixed and used in a drop type 

fixed-bed pyrolyzer for catalytic fast pyrolysis experiments. Firstly, ZSM-5 (23) zeolite 

catalysts tested to study the role of temperature and catalysts on biomass conversion 

(Table 3.2). Secondly, catalytic performance of ZSM-5 (30) is compared with MCM-22 (35) 

and ITQ-2 (35) (Table 3.2). Thirdly, the impact of zeolite pore size was investigated in 

comparison of commercial and synthesized zeolite catalyst on biomass conversion (Table 

3.4). Experiments were performed at triplicate.  

Table 3-2: Design parameters for catalytic fast pyrolysis experiments I. 

 

 

 

 

 

 

 

 

RUN Catalyst (Si/Al) Catalyst/Biomass ratio Pyrolysis Temperature (°C) 

7 ZSM-5 (23) 0.5 450 

8 ZSM-5 (23) 0.1 450 

9 ZSM-5 (23) 1.5 450 

10 ZSM-5 (23) 2.0 450 

11 ZSM-5 (23) 0.5 500 

12 ZSM-5 (23) 0.5 550 

13 ZSM-5 (23) 0.5 600 
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Table 3-3: Design parameter for catalytic fast pyrolysis experiments II. 

 

 

 

 

 

 

 

 

Table 3-4: Design parameters for catalytic fast pyrolysis experiments III. 

 

 

 

RUN Catalyst (Si/Al) Catalyst/Biomass ratio Pyrolysis Temperature (°C) 

14 MCM-22 (35) 0.05 450 

15 MCM-22 (35) 0.1 450 

16 MCM-22 (35) 0.5 450 

17 ITQ-2 (35) 0.05 450 

18 ITQ-2 (35) 0.1 450 

19 ITQ-2 (35) 0.5 450 

20 ZSM-5 (30) 0.05 450 

21 ZSM-5 (30) 0.1 450 

22 ZSM-5 (30) 0.5 450 

RUN Catalyst (Si/Al) Catalyst/Biomass ratio 
Pyrolysis Temperature 

(°C) 

23 SAPO-34 (0.56) 0.1 450 

24 Ferrierite (20) 0.1 450 

25 MCM-22 (20) 0.1 450 

26 ITQ-2 (20) 0.1 450 

27 ZSM-5 (23) 0.1 450 

28 Mordenite (20) 0.1 450 
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3.5 Biochar production 

The purpose of this research is to determine and study the production of biochar from fast 

pyrolysis of Malaysian paddy husk by investigating the influence of temperature on yield 

and stability in a drop type fixed-bed pyrolyzer (Scheme Fig. 3.4). According to proximate 

and ultimate analysis data, temperature has the strongest effect on stability of biochar. An 

overall relationship in bio-char stability between (O: C and H: C) molar ratios and (O: C and 

volatile) of produced bio-char at various temperatures is proposed.  

 

 

 

 

 

Figure 3-4: Proposed scheme for biochar production from paddy husk. 

3.6 Bio-oil characteristics 

Bio-oil produced from the non-catalytic and catalytic fast pyrolysis experiments in this study 

was limited in quantity due to the size of the reactor. Therefore only those properties were 

measured. The bio-oil is a complex mixture of many oxygenated and non-oxygenated 

compounds. It is thermally unstable liquid and its aging has been well reported in the 

literature [14]. Thus all the analyses of bio-oil were performed within 48 hours of the sample 

production. This would ensure the reliability of results, especially for the detecting of main 

compounds in the bio-oil by gas chromatography mass spectroscopy. 
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3.6.1 Water content 

The water content of bio-oils was measured using the ASTM E 203 method [36]. A Karl 

Fischer titrator (Metrhom 787 KF Titrino) was used; HYDRANAL Composite 5 K (Riedel-

de-Haen) and HYDRANAL Working medium K (Riedel-de-Haen) were employed as the 

titrant and the solvent, respectively. The analysis was repeated 3 times for each sample 

with the average value recorded in this study. 

3.6.2 Acidity 

The acidity of the bio-oil samples was measured by a pH-meter (Metro-Ohm) with a KL 

electrode for ion-poor media. The pH electrode was directly immersed into the bio-oil 

samples. The bio-oil samples were initially mixed very well to ensure unity during the 

measurement. All pH measurements were conducted immediately after the pyrolysis 

process to prevent errors due to product aging. 

3.6.3 Chemical components identification through GC-MS 

Gas Chromatography-Mass Spectrometry was applied to identify the compounds in bio-oil. 

Qualitative identification of individual components in the bio-oil products was performed by 

GC/MS (Agilent 5970 controlled by an HP 9000 series Pascal Chem Station computer). 

The column used was BPX-5 (30 m X 250 μm X 0.52μm). The oven temperature program 

was set at initial temperature of 35 °C for 2 min hold, then ramp at 20 °C/ min to reach a 

final temperature of 300 °C and finally hold for 45 min, the total run time is 60.25 min. 

Bio-oil samples were pre-diluted with methanol at 1:1 ratio to decrease both the 

concentration of the chemicals and the viscosity of the bio-oil sample, provide one 

continuous layer and prevent layer separation during the injection. Samples were injected 

using an automatic injector, the split ratio was 50:1, heater temperature of 300 °C and 

injection volume of 1 μL. Acetone was used to wash the needle between the injections. 

Acetone was selected because its peak location would not disturb the main targeted peaks. 

The perfect separation of all the bio-oil peaks was impossible due to the complex chemical 

composition of the products but some of the main components were separated very well 

and thus they were used as the main studied components for both the qualitative and the 

quantitative study such as phenol, methylated phenols, acetic acid, furfural, toluene, 

xylenes, and benzene. These compounds are very important in the bio-oil upgrading study. 
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Phenols, methylated phenols, acetic acid and furfural are the main oxygenated compounds 

that are typically found in any bio-oil from lignocellulosic biomass and it is the cause of the 

high acidity and poor stability of the bio-oil [220]. While, benzene, xylenes, toluene 

represent the main aromatics that normally measure the quality of bio-oil as transportation 

fuel [186, 187]. 

3.6.4 Chemical compounds quantification through GC-FID 

Bio-oil produced from the optimum pyrolysis conditions were analyzed using GC-MS as 

explained in the previous section. Methanol was used as solvent and diluted with bio-oil 

samples were prepared, the dilution level was chosen based on published study [140]. The 

retention times (RT) of the main targeted compounds identified in the chromatograms were 

recorded. The same column (PBX-5) used in the 69 GC-MS was also used in the GC-FID, 

so that the same selected compounds can be detected at approximately the same retention 

time. The internal standard method was used to quantify the targeted compounds; the 

internal standard used was methanol. Some previous studies used acetone as solvent, but 

due to the high volatility and the peak location in the chromatogram close to phenols, 

methanol was used as an internal standard in the entire study. GC-FID used in this study 

is Shimadzu, model: GC2014, fitted with the capillary column BPX-5 (30 m ×250 μm × 0.52 

μm). The oven temperature program was set at initial temperature of 35 °C for 2 min hold, 

then ramp at 20 °C/min to reach a final temperature of 300 °C and finally hold for 45 min, 

the total run time is 60.25 min. Calibration of benzene, phenol, methylated phenols, acetic 

acid, furfural, toluene, and xylenes were conducted as follows: first 1 μL of methanol diluted 

bio-oil samples were injected for each run. The chromatograms produced were analyzed 

and compared with the calibration curve of that compound, the quantity and concentration 

of the components. 

 

3.7 Biochar characteristics 

Bio-char is the carbon rich solid produced in the fast pyrolysis process of lignocellulosic 

biomass in an inert atmosphere. It has huge potential for carbon sequestration [110]. The 

addition of biochar to soil could increase potentially the soil quality improvement which 

could add little benefit for plant nutrition [14]. Biochar properties substantially depend upon 
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feedstock and pyrolysis temperature. Therefore, in this study the main purpose is to 

investigate the effect of pyrolysis temperature on biochar yield and physicochemical 

properties of the char such as proximate analysis, ultimate analysis, thermogravimetric 

analysis and surface functional group analysis. 

3.7.1 Proximate and ultimate analyses 

The physicochemical properties of produced bichars were investigated using several 

analytical methods. The carbon, hydrogen and oxygen contents (elemental composition) 

were determined using an elemental analyzer CHNS/O 2400 analyzer. The higher heating 

value (HHV) of the each biochar was measured by an oxygen bomb calorimeter according 

to ASTM D240 standard. The proximate analysis was performed to measure the moisture 

content, ash content, and volatile matter of raw biomass and biochar using the following 

ASTM standards (ASTM E871-82, ASTM D1102-84, and ASTM E872-82). The fixed 

carbon is calculated by the difference. 

3.7.2 Van Krevelen plot 

Van Krevelen is a plot between the hydrogen: carbon (hydrogen index) as a function of 

oxygen: carbon (oxygen index) atomic ratios of the carbon compounds. Hydrogen: carbon 

and oxygen: carbon atomic ratios are used to determine the degree of aromaticity and 

maturation. 

3.7.3 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis of the paddy husk biochar samples were performed using a 

thermogravimetric analyzer (TGA, Q50) under flow of nitrogen (60 mL/min) with a heating 

rate of 10 °C/min from a room temperature to 900 °C. For each experiment, 5-10 mg of 

each sample was processed and mass loss characteristics were investigated. 

 

3.7.4 Fourier transform infrared spectroscopy (FTIR) 

The possible chemical functional groups present in the raw paddy husk and paddy husk 

biochar samples were identified by Fourier transform infrared spectroscopy (FT-IR) Perkin 

Elmer 1650. The spectra were obtained by 32 scans of the sample in the range of 4000-

500 cm-1 at a resolution of 4 cm-1. 
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3.7.5 Scanning electron microscopy (SEM) 

The surface morphologies of the biomass and biochar were observed by a portable 

scanning electron microscopy (SEM, Hitachi TM3030). Before the analysis, the samples 

were platinum-coated by a vacuum electric sputter coater to assure surface electric 

conduction. 

3.8 Quantification of non-condensable gases (NCG) 

The gas compositions from fast pyrolysis and catalytic fast pyrolysis were analysed in a 

SHIMADZU GC-8A gas chromatograph with a TCD detector. After each experiment, the 

Teflon gas bag filled with the non-condensable gas was analysed for gas composition. 1ml 

of each gas sample was injected into the GC-TCD with high purity argon used as the carrier 

gas. The detected gases were H2, N2, CH4, CO, CO2 and quantified by plotting calibration 

curve (volume versus peak area) for each of these gases using high purity gas samples. 

MS-5A and silica gel column were used. The column temperature was set at 80 °C and the 

TCD detector temperature was maintained at 70 °C. The exact volume of each gas in the 

non-condensable gas was determined by knowing its peak area from the chromatogram of 

each gas. From the known peak area, it will allow the calculation of the volume from the 

calibration curve. 

3.9 Catalyst characterization 

The characterisation of a catalyst is an important aspect of research in order to figure out 

its nature, which helps in evaluating the process in terms of both reactants and products. 

The chemical composition and surface morphology of all of the catalysts used for the 

current research work were determined by utilising different techniques, such as X-ray 

diffraction (XRD), scanning electron microscopy (SEM), thermal programme desorption 

(TPD) of ammonia and BET surface analysis. The X-ray Diffraction (XRD) of zeolites was 

recorded on a Rigaku Minifle using Cu-Kα radiation. The analysis was carried out under 

standard operating conditions such as: the diffraction angle (2Ѳ) which started at 2º and 

ended at 80º and a step size of 0.1step/sec. The textural properties of MCM-22 and ITQ-2 

were measured by N2 adsorption/desorption at -196 °C on a Micrometrics ASAP 2010 

instrument. Using BET method, the specific surface area was calculated. T-plot approach 
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was employed to obtain the micropore volume. External surface areas were obtained by 

subtracting the micropore area from the BET specific surface area value. Prior to the 

adsorption measurements, the samples were degassed at 400 °C for 24 h. The morphology 

of microporous zeolites was observed by using a scanning electron microscopy (SEM, 

Hitachi S-2250). The acidity of zeolite catalysts was measured by temperature-

programmed desorption of ammonia (NH3-TPD). In pre-treatment, the helium was passed 

over zeolites at 550 °C for 2 h. The ammonia adsorption temperature was 120 °C and 

flushing with helium was carried out for 2 h prior to ammonia desorption. The temperature 

was raised at a rate of 10°C/min for ammonia desorption. The trapped ammonia in the 

temperature region of 100-800 °C was quantified using TCD after the desorption process. 

3.10 Kinetic study of catalytic pyrolysis 

The fast pyrolysis of biomass is a complicated process involving numerous intermediate 

products and overlapping reactions. Kinetic parameters of the biomass fast pyrolysis 

depend on the feedstock composition and also on the pyrolytic conditions, such as 

decomposition temperature, heating rate, particle size and presence/absence of catalysts. 

In recent years, few studies have focused on the effects of biomass composition and 

thermal cracking conditions on the pyrolytic kinetic characters and proposed different 

hypothetical reaction routes and steps using individual model free kinetic to describe and 

simulate the biomass pyrolysis process as closely as possible [173]. 

Pyrolysis of biomass is a complicated process and involves several chemical reactions. 

Phase transitions between solid materials into gaseous and liquid products also contribute 

to the complexity of this process. The studies had been conducted previously to determine 

the kinetic parameters of pyrolysis by using various models. However, model free kinetics 

which is most suitable and consistent for the whole process is not explored completely. 

The Coats-Redfern integral method is widely used to describe the kinetic parameters of 

pyrolysis reaction, particularly for the assumption that the catalytic pyrolysis reaction 

follows apparent first order reaction kinetics. Kinetic parameters have been calculated 

using Coats-Redfern integral method, which have limited abilities to solve the kinetic 

parameters of such complicated reaction systems as biomass fast pyrolysis or biomass 

catalytic pyrolysis.  
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This study aimed to simulate biomass catalytic pyrolysis using non-linear regression and 

to simultaneously describe the kinetic parameters and reaction mechanism. A 

thermogravimetry technique was used to give the TG and differential TG (DTG) 

experimental points for biomass pyrolysis and catalytic pyrolysis. The experiments were 

carried out in an atmosphere of N2 with a carrier flow rate of 60 ml/min, using 5-10 mg 

samples. The sieved paddy husk (100 – 355 µm) was used in this study. The microporous 

zeolites were used for catalytic pyrolysis experiments. Coats-Redfern method was used to 

interpret the thermogravimetry data obtained from the pyrolysis process. The effect of 

different catalyst on the activation energy was presented and discussed.  

For first-order reaction, the simplified form of Coats-Redfern method is expressed as: 

ln ⌊
𝑔(∝)

𝑇2 ⌋  ≡ 𝑙𝑛 ⌊
𝐴𝑅

𝛽𝐸
(1 −

2𝑅𝑇

𝐸
)⌋ −

𝐸

𝑅𝑇
     

 (1) 

 Where 

𝑔(∝) = Kinetic function 

T  = Temperature 

A = Pre-exponential factor 

R = Gas constant 

E = Activation energy 

𝛽 = heating rate 

 

α is the extent of reaction or conversion fraction, given by; 

∝=
𝑚𝑜−𝑚𝑡

𝑚𝑜−𝑚𝑓
         

 (2) 

Where mo, mt and mf are initial sample mass, sample mass at time t and sample mass at 

the end of reaction, respectively. 

For first-order reaction, g(α) would be; 

g(α) = - ln (1- α) 
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so equation (1) becomes; 

ln ⌊
− ln(1−𝛼)

𝑇2 ⌋  ≡ 𝑙𝑛 ⌊
𝐴𝑅

𝛽𝐸
(1 −

2𝑅𝑇

𝐸
)⌋ −

𝐸

𝑅𝑇
    (3) 

Using 10 °C/min reaction, the curve of ln[(-ln(1-α))/T2] versus 1/T under different catalytic 

pyrolysis were obtained. The slope and intercepts of the ln (-ln (1-α))/T2] versus 1/T curves 

were used to calculate the activation energy when each curve was divided into two 

sections, according to its linearity. The accuracy of this model free kinetic is indicated by 

the value of correlation coefficient (R2). 

3.11 Chapter summary 

This chapter elaborates the step by step methods and procedures starting from material 

preparation to the design of experiments. Biomass characterization has provided the 

measurement of basic feedstock properties that are used as the starting step in fixed-bed 

biomass pyrolysis. Furthermore, the properties of the catalyst are investigated which shows 

the influence of catalyst micro-porosity, pore shape and acidity to the pyrolysis products 

yield and finally on chemical composition of bio-oil. The experiments are designed based 

on specific range of process variables i.e. temperature (350-600°C), catalyst to biomass 

ratio (0.05-0.5) and biomass particle size (0.100-0.355mm). To study the shape selective 

zeolite catalyst effect on biomass conversion, various microporous catalyst were pyrolyzed 

at 450 °C with catalyst to biomass ratio of 0.1. Kinetic model is then considered to evaluate 

the kinetic parameters i.e. activation energy and correlation coefficient (R2) using Coats-

Redfern integral technique.  
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CHAPTER 4 

RESULTS AND DISCUSSIONS 
 
4.1  Introduction 

This chapter presents and discusses the overall results produced. Paddy husk, paddy husk 

bio-char and catalyst characterization were carried out. Paddy husk and paddy husk bio-

char are characterized majorly using proximate and ultimate analysis and 

thermogravimetric analysis. The characterization techniques involved for catalyst 

screening consist of x-ray diffraction (XRD), scanning electron spectroscopy (SEM), N2-

adsortption/desorption and NH3-TPD analysis. These analyses were used to evaluate the 

surface morphology, texture and acidity properties of the zeolites.  

Different parameters such as impact of pyrolysis temperature, catalyst to biomass ratio, 

catalyst microporosity and acidity consequences were studied on the drop type fixed-bed 

pyrolyzer in fast pyrolysis process. Process performance parameters such as pyrolysis 

products’ yield and gas composition and deoxygenation behaviour on product distribution 

from non-catalytic and catalytic fast pyrolysis was discussed. At the end of the chapter, the 

kinetic study of catalytic fast pyrolysis was conducted by using Coats-Redfern integral 

method for estimation of the activation energy. It is worthwhile to mention that all 

characteristics analyses were repeated in triplicate and the average value was reported 

here, while for non-catalytic and catalytic fast pyrolysis all experiments were repeated in 

duplicate for repeatability verification purpose. 

4.2 Biomass characterization 

Paddy husk used in the present study was obtained from a rice mill in Perak, Malaysia. 

The feedstock was dried in an electrical oven for 24 h at 105 °C to ensure the reduction of 

free moisture. Before pyrolysis, the biomass was passed through in high speed rotary 

cutting mill and then sieved to obtain the particle size range (355 to 500 µm). The proximate 

analysis was performed to measure the moisture content, ash content, and volatile matter 

of solid biomass using the ASTM standards methods [110, 158]. The higher heating value 
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of biomass was measured by oxygen bomb calorimeter. The properties i.e. ultimate and 

proximate analysis and calorific value are presented and discussed. 

4.2.1 Ultimate and proximate analysis 

Table 4.1 lists the physiochemical properties (ultimate analysis, proximate analysis and 

lignocellulosic composition of the biomass after collection and after feedstock preparation 

(grinding and drying). The proximate analysis shows that the biomass has a high ash 

content and high volatile matter. The ultimate analysis shows that the biomass mainly 

consisted of Carbon and Oxygen. The properties of biomass from different studies in the 

literature were included for the purpose of comparison. The lignocellulosic contents 

(cellulose, hemicellulose, lignin and extractives, dry, ash and extractives free basis) of 

paddy husk were determined about 42.12, 21.24, 26.35 and 10.29 wt%, respectively. As it 

can be seen that all the biomass samples exhibit different moisture content which might be 

due to different milling process and drying conditions. Paddy husk samples collected as -

received in this study showed moisture content of 9.74 wt%. After drying, the moisture 

content reduced up to 1.37 wt%. Alvarez et al [174], Phan et al [175] and Qian et al [176] 

reported the proximate, ultimate analysis and chemical composition of rice husk. Our 

findings are in well agreement with the literature. The biomass is dried (<2% moisture) 

before processing for fast pyrolysis process. The presence of moisture negatively effect on 

the combustible which in turn shows low carbon, hydrogen content and high oxygen 

content. In a similar manner, Bakar et al [177] and Xi et al [178] showed that high moisture 

and low volatile matter. These low combustibles resulted low carbon and high oxygen 

contents. The ash content of dried paddy husk used in this study was 11.98 wt% which 

showed very close result with other reported values in table 4.1. However, it is higher than 

the result reported by [175-176] and lower than that reported by [177-178, 174]. The 

moisture and ash content for both wet and dry biomass types used in this study were close 

to the reported values indicating that these could be an important factor for organic liquid 

yield in the fast pyrolysis process. High percentage of moisture and ash contents in the raw 

biomass will lead to lower heating value or energy density of oil which is thermally instable 

and requires further thermal treatments. As shown in the table 4.1, the volatile matter of 

wet and dry paddy husk was measured 73.86 wt% and 74.53 wt%. The dry biomass 

showed higher volatile matter than wet biomass.  The volatile matters investigated in this 
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study were in similar agreement with the literature [174-178]. Fixed carbon percentage was 

calculated by summing the moisture, ash and volatile matter and and then subtracting it 

from hundred.  

Table 4.1 shows the carbon, hydrogen, nitrogen and oxygen content of the paddy husk 

and present in comparison with other reported literature. The carbon and hydrogen content 

of the dry paddy husk was 42.78 wt% and 5.77 wt% while the oxygen content was 51.18 

wt%. Hence biomass exhibits high carbon and high oxygen contents. The agricultural 

residues exhibited very similar trend and possess high carbon and high oxygen content. 

Rice husk, rice straw, EFB, PMF, PKS and soft wood has carbon and oxygen contents in 

the range between 45.53 wt% - 47.13 wt% and 42.01 w.% - 47.40 wt%, respectively [158]. 

High oxygen content is a unique property of the lignocellulosic biomass. Dried paddy husk 

shows a low oxygen content of 51.18 wt% due to its high ash content of 11.98 wt% while 

wood shows the highest oxygen content due to its low ash content. The moisture and ash 

content for both wet and dry biomass types used in this study were close to the reported 

values indicating that these could be an important factor for organic liquid yield in the fast 

pyrolysis process. High percentage of moisture and ash contents in the raw biomass will 

lead to lower heating value or energy density of oil which is thermally instable and requires 

further thermal treatments. 

The volatile matter and fixed carbon contents of the feedstock used in this study is listed in 

comparison of the literature in Table 4.1. The volatile matter of the wet and dried paddy 

husk were 73.86 wt% and 74.53 wt%, respectively.
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Table 4-1: Proximate and ultimate analysis of reported and the paddy residues used in 

this study. 

Biom
ass 

 
Aver
age 
parti
cle 
size 
(mm

) 

Proximate analysis1 
(wt%) 

Ultimate analysis2 (wt%) 
Atomic 
molar 
ratio 

Chemical 
composition 

analysis (wt%) 
Refer
ence 

Mois
ture 

As
h 

Vola
tile 

matt
er 

Fixe
d 

Car
bon 

Car
bon 

Hydr
ogen 

Nitro
gen 

Oxy
gen3 

O/
C 

H/
C 

Cellu
lose 

Hemi
-

cellul
ose 

Lig
nin 

Padd
y 

husk 
(as-
recei
ved) 

0.1 - 
0.35

5 
9.74 

10.
50 

73.8
6 

5.90 
41.3

7 
5.77 0.31 

52.5
5 

0.
95 

1.
67 

   

This 
study 

Dry 
padd

y 
husk 

0.1 - 
0.35

5 
1.37 

11.
98 

74.5
3 

12.1
1 

42.7
8 

5.77 0.34 
51.1

8 
0.
89 

1.
59 

42.12 21.24 
26.
35 

Padd
y 

Husk 

0.63 
- 1 

1.10 
12.
90 

70.5
0 

16.6
0 

42.0
0 

5.40 0.40 
52.2

0 
0.
93 

1.
54 

- - - [174] 

Padd
y 

Husk 

0.18 
- 

2.00 
- 

11.
57 

88.4
3 

- 
50.0

2 
6.11 5.17 

38.7
1 

0.
57 

1.
46 

44.29 17.74 
26.
20 

[175] 

Brun
ei 

padd
y 

husk 

0.15 
- 

0.45 
1.55 

9.8
6 

72.5
8 

16.0
1 

51.2
0 

6.17 0.40 
42.2

3 
0.
62 

1.
45 

42.94 14.85 
25.
79 

[176] 

Padd
y 

husk 

0.35
5 - 

0.84
9 

8.43 
14.
83 

68.2
5 

16.9
2 

39.4
8 

5.71 0.66 
54.1

2 
1.
02 

1.
73 

41.52 14.04 
33.
67 

[177] 

Padd
y 

husk 

0.45 
- 

1.00 
12.30 

12.
26 

60.9
8 

14.4
6 

40.0
0 

5.03 0.53 
54.4

4 
1.
02 

1.
51 

37.15 23.87 
12.
84 

[178] 

 

1Dry basis,  2Dry-ash-free basis     3The difference without ash 

The fixed carbon content of wet paddy husk is 5.90 wt%. Dried paddy husk shows fixed 

carbon content of 12.11 wt%. Removal of moisture showed higher volatile matter and fixed 
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carbon content as compared to wet feedstock. It is worth mentioning that all the analysis 

was conducted in triplicate. 

The chemical composition (cellulose, hemi-cellulose and lignin percentage) of the dried 

paddy husk is listed in the Table 4.1. Biomass is composed of different components: 

cellulose, hemi-cellulose, lignin, extractives and ash. The results show in this study that 

the paddy husk consisted of cellulose content of 42.12 wt%, hemi-cellulose 21.24 wt%, 

lignin 26.35 wt% and rest of extractives. Our finding is well in the agreement with the 

literature reported values. The paddy husk majorly consists of cellulosic contents (cellulose 

and hemi-cellulose). 

4.2.2 Thermogravimetricanalsyis (TGA) 

Fig. 4.1 (a) and (b) illustrates, respectively thermogravimetric (TG) and derivate 

thermogravimetric (DTG) curves paddy husk in an inert atmosphere at heating rates of 10, 

15, 30 and 50 °C/min. Three peaks can be distinguished from the DTG curves at around 

70-80 °C, 260-300 °C and 310-400 °C, which indicates that the paddy husk underwent 

three significant mass loss processes during pyrolysis. The first peak appearing at 70-80 

°C may be attributed to moisture loss. For the second peak appearing at the temperature 

range of 260-300 °C at a heating rate of 10 °C/min; it could represent the major loss of 

hemi-cellulose. Hemi-cellulose is the one of the major chemical components of paddy and 

rice straw. Yang et al [179] found that the pure hemi-cellulose underwent major weight loss 

between 220 and 320 °C during pyrolysis. Therefore, the peak range between 280 - 310 

°C at various heating rates in these DTG curves could be the decomposition of 

hemicelluloses at their highest rates. The third DTG peak appearing at around 330 °C at a 

heating rate of 10 °C/min, it could represent the major loss of paddy husk – cellulose. Many 

previous findings suggested that pure cellulose decomposes between 320 and 400 °C 

[180]. The common thing in the literature that they all have high content of cellulose which 

supported the statement that the DTG peak at 330 °C in this study could be the major 

decomposition of cellulose.  
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Figure 4-1: (a) TG and (b) DTG curves of paddy husk at various heating rates. 
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The last event is related to lignin decomposition. Lignin is thermally more resistant than 

hemi-cellulose and cellulose. The paddy husk showed continuous mass loss at 

temperature 300 – 800 °C which is due to lignin decomposition [181]. As the heating rates 

increases, the peak shift towards right. 

4.2.3 FT-IR spectra of biomass 

Fig. 4.2 shows the FT-IR spectra of raw paddy husk. The raw paddy husk was 

characterized by FT-IR in the middle region including the wavenumbers between 4000 and 

500 cm-1. The purpose of this analysis was to identify the function groups of the feedstock. 

According to the literature, the feedstock is mainly composed of lignin, cellulose and hemi-

cellulose [179-181]. The band at 3454 cm-1 is formed by the hydroxyl group of lignin in the 

paddy husk (O-H stretching). The absorption peaks at about 2917 and 2839 cm-1 are the 

characteristics of cellulose. The absorption at wave number of 1745 cm-1 is the 

characteristics of xylans of hemi-cellulose [179]. The absorption peaks at about 1627 and 

1385 cm-1 are the characteristics of N-H stretching and C-H deformation of cellulose and 

hemi-cellulose. The band at 1160 cm-1 is formed by the C-O-C vibration in cellulose and 

hemi-cellulose. Generally the absorption peaks at 2919 and 1007 cm-1 represent the lignin; 

especially the peak at 1007 cm-1 is due to the ether bonds present in the paddy husk. 

 

 

Figure 4-2: FT-IR spectra of raw paddy husk. 
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4.3 Non-Catalytic Fast Pyrolysis of Paddy Husk in A Drop Type 

Fixed-Bed Pyrolyzer 

Fast pyrolysis experiments of paddy husk (non-catalytic) were performed in a drop type 

fixed-bed pyrolyzer at various temperatures. The pyrolysis products were obtained 

efficiently after the pyrolysis experiment and weighted to calculate the yield. The important 

issues when conducting fast pyrolysis experiments are the efficient product recovery. Fast 

pyrolysis produces three main products: (i) bio-oil, (ii) bio-char and (iii) non-condensable 

gases (NCG). The experiment setup of the pyrolyzer was designed in the manner to collect 

the bio-oil from the ice-trap. However, during the experiments it was noticed that the bio-

oil tends to condense at two other parts of the system. After the initial experiment upon the 

assembly and commissioning of the drop type pyrolyzer, the bio-oil was collected at the 

top surface of the pyrolyzer and in between the passage of the pyrolyzer and the 

condenser. So the total bio-oil yield was calculated by adding the bio-oil recovered from 

three locations: (i) condenser, (ii) top surface of the pyrolyzer and (iii) the passage pipe 

between pyrolyzer and condenser. 

4.3.1 Impact of temperature on non-catalytic pyrolysis products yield 

After each pyrolysis experiment, the products namely bio-char, bio-oil and gas were 

obtained. Pyrolysis products yield were based on mass percentage. It is well known that 

the yield of the pyrolysis products depends upon the type, size of the feedstock and the 

operational factors such as “the pyrolysis temperature” [110]. Complete data with duplicate 

run results are listed in Appendix A. The bio-oil yield is divided into organics and water. 

The water comes from two sources; the first one is the initial moisture content of the 

biomass and the rest of the water is resulted from the decomposition reaction. The total 

sum of these water sources and organics is the total bio-oil yield reported. The produced 

water was calculated by subtracting the biomass moisture content from the bio-oil water 

content which is measured by Karl Fischer titration. The volume of the non-condensable 

gases (NCG) was measured from the flow meter attached with the pyrolyzer. Non-

condensable gases are the mixture of gases that evolved from the pyrolysis reaction such 

as H2, CH2, CO and CO2. These gases were analysed, quantified and discussed in the 
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next sections. To calculate the yield of bio-oil, bio-char and non-condensable gases, 

following expression is used; 

Bio − oil Yield (wt. %) =
Wbio−oil

Wbiomass,db
× 100                      (4.1) 

Bio − char Yield (wt. %) =
Wbio−char,db

Wbiomass,db
× 100          (4.2) 

NCG Yield (wt. %) = 100 − Bio − oil yield (wt. %) − Bio − char yield (wt. %)                    

(4.3) 

 

Where the Wbio-oil, Wbio-char, db and Wbiomass, db are the mass of bio-oil and biochar and biomass 

respectively on dry basis.  The influence of temperature on yield of pyrolysis products is 

well highlighted in the literature [110]. The impact of pyrolysis temperature on the non-

catalytic pyrolysis product yields is illustrated in Fig. 4.3. Experiments were repeated at 

least three times and those with mass balance <90% were discarded. In Fig. 4.3, standard 

deviations are shown for each trial to show the accuracy and consistency of each 

experiment. The pyrolysis experiments were performed at the various temperatures of (350 

- 600 °C) with 50 °C intervals. From the pyrolysis temperature 350 to 450 °C, the bio-oil 

yield increased and then decreased up to 600 °C. The highest bio-oil yield of 35.5 wt% was 

noticed at the pyrolysis temperature of 450 °C. The gas yield increased with the 

incremental of pyrolysis temperature. The bio-char yield decreased with the increase of 

pyrolysis temperature. These observed behaviours could be attributed to the secondary 

cracking of the pyrolyzed vapor and decomposition of the solid. More significant behaviours 

were observed at higher temperature (>450 °C). A similar pattern for effect of temperature 

on the product distribution was observed by Williams and Nugranad [153]. They studied 

catalytic pyrolysis of rice husk with commercial ZSM-5 catalyst in a fluidized-bed reactor. 

They observed that as temperature increased, the liquid and solid yields decreased in 

parallel to higher gas production. The increase in gas yield at higher temperature was 

mostly because of the production of carbon oxide gases (see gas composition) which was 

caused by decomposition of the solid fraction and secondary reactions of the liquid fraction 

to volatile compounds in the reactor at higher temperature. Similar trends also were 

observed by many researchers [15, 110, 118-120]. 
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Figure 4-3: Product yields of non-catalytic pyrolysis at various temperatures. 

4.3.2 Impact of temperature on non-catalytic bio-oil properties 

The bio-oil properties on various pyrolysis temperatures were measured and presented in 

Table 4.2. In all experiments, the bio-oils consisted of varying quantities of water which 

forms a stable single-phase mixture ranging from 60-68 wt% water. It can be seen that the 

oxygen content decreased with the pyrolysis temperatures increasing from 350 to 450 °C, 

and at 450 °C the bio-oil has minimum oxygen content. The water formation increased with 

the increasing pyrolysis temperature. Compared with all pyrolysis temperatures, the bio-oil 

produced at the pyrolysis temperature of 450 °C had higher carbon and hydrogen contents 

and less oxygen content than the rest. The bio-oil produced at 450 °C showed highest HHV 

of 10.15. As the pyrolysis temperature increased, the HHV of the bio-oil decreased. The 

bio-oil produced at low temperature showed higher acidity (Table 4.2). At 450 °C, the 

acidity of the bio-oil was 2.65. After 450 °C, the acidity of the bio-oil decreased. The 

kinematic viscosity of the bio-oil followed similar trend and at 450 °C the viscosity of the 

bio-oil was 1.52 cSt. 
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Table 4-2: Properties of bio-oil produced at various pyrolysis temperatures 

 

Ultimate analysis 
(wt%) 

Pyrolysis temperatures (°C) 
 

 350 400 450 500 550 600 

Carbon 12.25 13.24 18.8 16.1 14.2 13.9 

Hydrogen 7.85 9.9 10.55 9.85 8.75 6.5 

Nitrogen 0.24 0.25 0.21 0.23 0.19 0.24 

Oxygen a 16.81 14.06 9.99 10.24 11.81 13.54 

       

Water content (wt%) 62.85 62.55 60.45 63.58 65.05 65.82 

HHV b (MJ/kg) 8.24 8.76 10.15 9.14 8.56 8.05 

Acidity (pH) 2.14 2.2 2.65 2.45 2.34 2.22 

Density (kg/m3) 
at 25 °C 

1031 1034 1045 1031 1029 1028 

Kinematic viscosity (cSt) 1.38 1.42 1.52 1.41 1.36 1.35 
a By Difference, b Bomb Calorimeter 

4.3.3 Impact of temperature on non-catalytic gas formation 

The non-condensable gases (NCG) were analysed immediately after each pyrolysis 

experiment. Fig. 4.4 shows the one of the chromatogram for the non-condensable gases 

produced from non-catalytic fast pyrolysis of paddy husk (100 - 355 µm) at 450 °C. All 

calibration curves and chromatograms are attached in Appendix C for reference. Four 

major gaseous compounds H2, CH4, CO and CO2were analysed using GC-TCD. As shown 

in Fig. 4.5, when the temperature increased, the formation of all gas products increased. It 

can be seen that volume of H2 and CH4 did not increase much with the temperature. CO 

and CO2 were the major components in the vapour products and increased significantly 

from 8.85 (vol %) and 20.12 (vol %) to 15.85 (vol %) and 35.85 (vol %) with a temperature 

increase from 350 to 600 °C. The CO/CO2 volume ratio changed from 0.39 to 0.45 when 

the temperature increased from 350 to 600 °C. Similar results were obtained by Du et al. 

[183] who studied fast pyrolysis of wood in a fluidized-bed reactor. They reported 0.49 – 

1.86 CO/CO2 weight ratio at temperature between 450 – 600 °C. 
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Figure 4-4: Chromatograph of the NCG of non-catalytic paddy husk pyrolysis 

at 450°C 

 

 

Figure 4-5: Impact of temperature on non-catalytic gas product distribution 

4.3.4 Impact of temperature on non-catalytic bio-oil chemical composition 

A typical chromatogram of GC/MS of bio-oil is shown in Fig 4.6. The chemical composition 

of the bio-oils was analysed using GC-MS. According to the yield and properties, the 

chemical composition of the bio-oil produced at 450 °C is shown in Fig. 4.7. The bio-oil 

produced is classified into chemical groups, namely organic acids, carbonyls (ketones, 
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alcohols), furans, phenols, esters, anhydrosugars and aromatic hydrocarbons. The main 

pyrolysis products identified include acetic acid, furfural, guaiacol, p-cresol and 

Levoglucosan. These chemicals originate from the degradation of cellulose, hemi-cellulose 

and lignin present in the paddy husk. Fig. 4.6 shows the peak areas for identified chemicals 

of interest that are known to affect the specific bio-oil properties. After fractioning, such 

compounds may be used as a feedstock for the production of useful chemicals. At fast 

pyrolysis conditions, cellulose is depolymerized and form sugar compounds 

(Levoglucosan) via a trans glycosylation mechanism [110]. Levoglucosan is one of the 

major products from the degradation of cellulose, besides water, char, CO and CO2. Acetic 

acid has the highest peak area detected amongst the other organic acids in the bio-oil. 

Acetic acid might produce from the thermal decomposition of 5-hydrooxymethylfurfural (5-

HMF) which is formed either direct ring-opening and rearrangement reactions of cellulose 

unit molecules or via the secondary reactions of Levoglucosan [152]. Secondary 

degradation reactions help in the formation of furans, such as furfural. Furfural is produced 

from the pyrolysis of cellulose and hemi-cellulose [179]. Few studies mentioned that the 

phenolics are also detected in cellulose degradation but in low relative abundance (area 

%) [160]. Cyclic ketones and phenols are the majority dominant products detected in the 

bio-oil. These products were observed/were formed from the thermal pyrolysis of hemi-

cellulose (e.g. xylan) [181]. The cyclic ketones are likely derived from the xylan main stem 

by cleavage of the o-glucosidic bonds and subsequent removal of the hydroxyl groups of 

the xylose rings [160]. Phenolics are derived from the cleavage of the ferulic acid ester 

branch of xylan, as well as the gas phase polymerization of unsaturated light species [161]. 

The main compounds from the degradation of lignin are phenolics and few aromatic 

compounds. The complex structure of phenolics compounds derived directly from the lignin 

matrix. 
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Figure 4-6: GC/MS Chromatogram of non-catalytic paddy husk fast pyrolysis oil at 450° 

C. 
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Figure 4-7: Product distribution from the non-catalytic paddy husk fast pyrolysis at 450° 

C. 

4.4 Catalytic fast pyrolysis of paddy husk over microporous zeolites 

Non-catalytic fast pyrolysis of paddy husk has been performed in a drop type fixed-bed 

pyrolyzer and their properties were presented in previous section. The produced bio-oil 

was highly oxygenated and not up to the mark. Catalytic de-oxygenation is an easier ad 

low-cost technique for rejecting oxygen from biomass. Few studies reported that this 

method could improve bio-oil properties at the expense of less chemicals. The efficiency 

of this technique depends on the degree of de-oxygenation. De-oxygenation attempts to 

remove the undesirable oxygenated compounds such as acids, ketones/aldehydes, furans. 

The presence of these compounds results in thermal instability and high density 

compounds [125]. 

Zeolites have reported to be effective catalysts for the aromatization of a wide range of 

non-oxygenated and oxygenated feedstocks. However, the studies on the influence of 

temperature, catalytic loading, catalytic acidity, catalytic pore size and shape are still not 

explored completely. The following section describes the performance comparison of in 

situ catalytic upgrading of paddy husk pyrolysis vapors on various microporous zeolites 

(small to large pore zeolites). Few Commercial microporous zeolites e.g. (ZSM-5 (23) & 

(30), Ferrierite (20), Mordenite (20) are used in this study. SAPO-34 (0.56), MCM-22 (35) 

& (20) and ITQ-2 (35) & (20) were synthesized and their pore size and acidity effect on de-

oxygenation performance in comparison with other commercial microporous zeolites is 
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investigated. The influence of the catalyst on the de-oxygenation of biomass pyrolysis 

vapors in a drop type fixed-bed pyrolyzer by calculating degree of deoxygenation has been 

investigated. Non-catalytic and catalytic pyrolysis products yields and characteristics of the 

bio-oil produced in fast pyrolysis process were examined and discussed. 

4.4.1 Characterization of the microporous zeolites 

The characterizations of commercial zeolites (Ferrierite, ZSM-5, and Mordenite) were 

shown in Appendix B. SAPO-34, MCM-22 and ITQ-2 were synthesized and their 

characterization is shown and discussed in detail. 

4.4.1.1 X-ray Diffraction (XRD) analysis 

The XRD spectrum of SAPO-34 is shown in Fig. 4.8. The presence of main peaks at 9.24°, 

12.7°, 20.9°, 25.8° and 31.4° at 2θ. The reflection peaks show the appearance of the 

boehmite which appeared in the XRD pattern. After crystallization for 24 h, the chabazitic 

structures of SAPO-34 appeared. XRD patterns of the MCM-22 and ITQ-2 with Si/Al ratio 

of 35 are depicted in Fig. 4.9 and Fig. 4.10, respectively. The XRD patterns are in a good 

agreement by matching peak positions and intensities with the literature reported before a 

MWW framework topology [182]. As expected, the strongest reflections of (100) and (310) 

at 2θ = 9.24° and 2θ = 9.24°was found in MCM-22 and ITQ-2. Since ITQ-2 shows weaker 

peaks in general, this proves weaker long range order of ITQ-2 than MCM-22. Actually, 

ITQ-2 was layered sheets formed by exfoliation of zeolite MCM-22. Hence, the degree of 

crystallinity reduced as well as microscopic morphology slightly changed. 

 

Figure 4-8: X-ray diffraction analysis of SAPO-34 
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Figure 4-9: X-ray diffraction analysis of MCM-22 

 

Figure 4-10: X-ray diffraction analysis of ITQ- 

4.4.1.2 Scanning Electron Microscopy (SEM) analysis 

SEM analysis was used to analyse the surface morphology of zeolite catalysts. Fig. 4.11 

(a-c) shows the SEM images of the SAPO-34, MCM-22 and ITQ-2 zeolite catalysts. Only 

cubic crystals were observed for the synthesized SAPO-34 sample and no amorphous 

phase was observed. This suggests a high degree of crystallinity for the SAPO-34. As 

shown in the Fig. 3(b), the morphology of MCM-22 zeolite is like a hollow sphere with a 

uniform size of 6 – 7 µm in diameter [184]. ITQ-2 particles are existing as thinner sheets 

than MCM-22 (Fig. 4.10 (c). After the swelling process, there are few fragmentsin ITQ-2 

than MCM-22 which presented the delaminated structure. 
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(a)                                                                               (b)                                                         (c) 

Figure 4-11: TEM image of images of the 

(a) SAPO-34, SEM image of  (b) MCM-22 and  (c) ITQ-2 zeolites. 

4.4.1.3 Texture and acidity analysis 

 

 

 

 

Figure 4-12:N2 adsorption/desorption isotherms of SAPO-34, MCM-22 and ITQ-2. 

The texture analysis of SAPO-34, MCM-22 and ITQ-2 zeolite catalysts are studied by N2 

adsorption/desorption. The N2 adsorption/desorption isotherms of the SAPO-34, MCM-22 

and ITQ-2 zeolite catalysts are shown in the Fig. 4.12. SAPO-34 and MCM-22 had a typical 

isotherm for microporous zeolites (type I) according to IUPAC, whereas ITQ-2 had a quite 

different kind, an isotherm of type IV with H3 hysteresis loop, which showing few mesopores 
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were generated in ITQ-2. N2 adsorption/desorption measurements were used to reveal the 

porosity features of the small, medium and large zeolite catalysts. 

Table 4.3 summarizes the BET surface area, pore volume and pore diameter of each 

catalyst analysed from N2 adsorption/desorption isotherms. Among all the investigated 

microporous catalysts, ITQ-2 zeolite has the highest BET surface area, microspore pore 

volume, followed by the MCM-22 and SAPO-34 zeolites. SAPO-34 is a small-pore zeolite 

(8 Å ring size, pore dimension of 3 and 4.3 Å of pore size) and has large surface area than 

MCM-22. MCM-22 consists of thin plates and is a medium-pore zeolite (10Å ring size, pore 

dimension of 2 and 4.0 x 5.5 4.1 x 5.1Å of pore size). The surface area and external surface 

of ITQ-2 is larger than MCM-22 which might be due to the exfoliation of the sheets. The 

thin structure of ITQ-2 provides external surface area and shorter pores than MCM-22. 

The total acid sites for all catalysts were determined by NH3-TPD and only SAPO-34, MCM-

22 and ITQ-2 results are summarized in Table 4.2. MCM-22 and ITQ-2 show a main 

desorption feature in the temperature range of 120 – 350 °C and 350 – 600 °C. These two 

different ranges are ascribed according to weak-medium strength. The number of acid sites 

decreases in the following order: SAPO-34>ITQ-2>MCM-22. SAPO-34 has stronger acid 

sites at low temperature by following ITQ-2 and MCM-22. ITQ-2 has higher acid strength 

as compared to MCM-22 and this might include the acid active sites at the external surface 

of ITQ-2 zeolite catalyst. 

Table 4-3: Properties of the SAPO-34, MCM-22 and ITQ-2 

 Texture Acidity (mmol/g) 

Catalyst 

BET 

surface 

area 

(m2/g) 

External 

surface 

area 

(m2/g) 

Micro 

pore 

volume 

(cm3/g) 

Pore 

diameter 

(nm) 

I (120 – 

350 °C) 

II (350 – 

600 °C) 

SAPO-34 537 - 0.19 2.71 0.50 - 
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MCM-22 226 100 0.12 3.36 0.22 0.31 

ITQ-2 546 442 0.43 4.69 0.32 0.45 

4.4.2 Catalytic fast pyrolysis over ZSM-5 (Si/Al = 23) 

To encompass the impact of temperature and catalyst on products yield and deoxygenation 

behaviour, catalytic fast pyrolysis of paddy husk over commercial MFI zeolite ZSM-5 at 

various ratios (0.5-2) was tested. The SiO2/Al2O3 ratio and surface area of the catalyst was 

23 and 425 m2/g, respectively. 

4.4.2.1 Impact of catalyst on products yield 

In non-catalytic pyrolysis experiments, the maximum bio-oil yield is achieved at 450 °C. 

Hence, the catalytic pyrolysis study is also done at 450 °C to compare with the non-catalytic 

process. In catalytic pyrolysis, the effect of catalytic to biomass ratio on products yield 

cannot be neglected. Therefore, the impact of catalytic loadings on products yield is 

illustrated in Fig. 4.13. As shown in the Fig. 4.13, bio-oil yield decreased with the increase 

of catalyst amount (30.57 wt% - 24.36 wt%). The gas product yields increased in the range 

of 24.17 wt% - 34.23 wt% with the addition of the catalyst due to decomposition of bio-oils. 

The solid yield is higher by catalytic loading as compared to non-catalytic pyrolysis. The 

overall mass balance for each experiment is also shown in Fig. 4.13 with error bars. These 

bars shown here also represent the variation of each yield measured over the three 

successful trials.  
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Figure 4-13: (a) 

Impact of ZSM-

5 catalyst loading 

on products yield 

at 450 °C 

 

 

Figure 4-14: Comparison of impact of catalyst to biomass ratio on pyrolysis product 

yields with previous articles. 

Carlson et al. [141] conducted fast pyrolysis of cellulose in pyro probe reactor with the 

commercial ZSM-5. The study showed that the ZSM-5 caused coking; hence the solid yield 

is high. The strong acidity and small pore size of the ZSM-5 were attributed to this coking. 

Few Recent studies also showed the similar trend by applying MgO and ZnO as a catalyst 

[142-143]. Samolada et al. [144] carried out the flash pyrolysis with HZSM-5 and used the 

in-bed process (catalyst mixing with feedstock) and ex-bed process (without mixing) in a 

piston reactor. Their results also indicated that the bio-oil yield was decreased while the 

gas product yield increased by in-bed process. They concluded that the coke formation 

was high by using in-bed mode and could not be effectively separated.  



 

 

112 

 

Fig. 4.14 shows a review of the effect of catalyst to biomass ratio on product distribution in 

comparison with current work and other previous. Du et al. [183] studied the catalytic 

pyrolysis of miscanthus x giganteus over ZSM-5 catalyst in a spouted bed reactor, in the 

temperature range of 400-600 °C and catalyst to biomass ratio (1:1 – 5:1). Their study 

revealed that higher catalyst to biomass ratios increased the gas yield, at the expense of 

liquid and solid products. Similar trend was obtained by Wang et al. [184] who studied 

catalytic pyrolysis of Douglas fir pellets in microwave with ZSM-5 catalyst by changing 

catalyst to biomass ratio. Atutxa et al [185] studied the catalytic pyrolysis of pine sawdust 

with ZSM-5 catalyst in a spouted bed reactor at 400 °C. They changed the catalyst to 

biomass ratio at constant bed height but different catalyst loadings. They found that as the 

catalyst to biomass ratio increased the gas yield increased, whereas the solid and liquid 

yields decreased. 

In summary, the effect of catalyst to biomass ratio on liquid and gas distribution is generally 

consistent between the current study and the literature. The increase of catalyst to biomass 

ratio typically results in a decrease of the liquid yield, which is converted to gas products. 

This indicates the effect of catalyst in promoting deoxygenation reactions, since oxygen 

removal from the bio-oil proceeds mostly via production of carbon oxides at relatively high 

temperature (> 450 °C). 

4.4.2.2 Impact of catalyst to biomass ratio on gas composition 

Table 4.4 shows the effect of catalyst to biomass ratio on the gas composition in 

comparison to the non-catalyst. As it was mentioned in previous section, catalyst to 

biomass ratio increased (0.5 -2), the total gas yield increased. Among gaseous products, 

CO and CO2 formation increased as the catalyst to biomass ratio increased. It can be seen 

that the volume of CO and CO2 increased in the presence of catalyst as compared to non-

catalytic pyrolysis which shows the de-oxygenation of harmful oxygenation can be 

achieved by converting them to products such as CO and CO2. The presence of catalyst 

in the pyrolysis process have the ability to selectively deoxygenate undesirable pyrolysis 

product oxygenates and form CO2. Foster et al [168] studied catalytic pyrolysis of glucose 

over ZSM-5 catalyst with varying SiO2/Al2O3 composition. They suggested the 

deoxygenation pathway to proceed through decarbonylation and then decarboxylation 
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Table 4-4: Composition of non-catalytic and catalytic pyrolysis gas; data are given in 

volume % 

    Catalyst/biomass ratio 

  Non-Catalyst 0.5 1 1.5 2 

H2 0.42 0.56 0.66 0.69 0.74 

CH4 2.071 4.10 4.45 4.62 4.44 

CO 10.25 23.85 27.85 26.54 24.15 

CO2 29.05 33.45 35.46 37.85 39.85 

 

4.4.2.3 Catalytic impact on the de-oxygenation of biomass 

The de-oxygenation of biomass is a promising route which attempts to eliminate oxygen in 

the form of carbon oxides or water. This work aims to eliminate/reduce the oxygen content 

of biomass by the application of catalysts to get high quality bio-oil. Oxygen removal degree 

was as a criterion to judge the quality of bio-oil. This approach focuses on how much 

amount that has been removed from biomass and retained in the bio-oil.  

Zabeti et al. [185] proposed the formula to estimate the degree of de-oxygenation as; 

 

Degree of deoxygenation= (1-([O](bio-oil) ⁄ ([O](biomass)))×100, 

where [O]is oxygen content (mass) 

The degree of de-oxygenation of catalytic and non-catalytic bio-oil at various pyrolysis 

temperatures is shown in Fig. 4.15. In non-catalytic experiment, the oxygen removal is less 

as compared to catalytic experiment. The catalyst helped to remove more oxygen from the 

original biomass.  The results showed that the catalyst/biomass ratio 0.5 at 450 °C removed 

more oxygen (~84.6 %) as compared to other pyrolysis temperatures. As the  
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pyrolysis temperature was not high (450 °C), it was observed that in the presence of ZSM-

5, oxygen in the biomass was removed mostly as H2O and as CO2/CO at higher pyrolysis 

temperatures (> 450 °C).  

Figure 4-15: Impact of ZSM-5 catalyst loading on products yield at 450 °C 

4.4.2.3 Catalytic impact on the composition of the bio-oil 

In all experiments, the bio-oil consisted of a single phase with dark brown colour. Since the 

bio-oil is a complicated mixture of different compounds and reflects the decomposition of 

the lignocellulosic content (cellulose, hemi-cellulose and lignin) present in paddy husk. To 

understand reasonably how the catalysts influence the chemistry of biomass pyrolysis, the 

chemical composition of bio-oils was analysed using GC-MS apparatus. The organic 

compound analysed through GC-MS, are classified into different groups based on their 

chemical families. These compounds are organic acid e.g., (acetic and formic acids), 

carbonyls e.g., (cyclopentanone, furfural and furanones), phenols (guaiacol, catechol) 



 

 

115 

 

anhydrosugars e.g. (Levoglucosan) and hydrocarbons. The total peak areas of these 

groups for non-catalytic and catalytic loading paddy husk bio-oils are shown in Fig. 4.16. 

This technique can also be utilized to compare the concentrations of a specific component 

in bio-oil obtained under pyrolysis condition. Carlson et al. [41] mentioned that the acetic 

acid and formic acid, mainly found in the bio-oil due to decomposition of cellulose and 

hemi-cellulose content of biomass cause acidity.  Phenol is also a main product formed 

due to the decomposition of lignin contribute to acidity to some extent. It is interesting to 

highlight the varying effect of the catalyst loading on bio-oil composition. The highest peak 

area group was acids. Catalyst/biomass ratio 0.5 appears to decrease the production of 

acids, carbonyls and sugar compounds. This ratio was observed to be the most active 

catalyst for aromatic hydrocarbons and phenols. As the catalytic amount increased, the 

production of carbonyls increased and the aromatic production decreased. 

It was already highlighted in section 4.4.2.3 that the by catalytic loading, oxygen is removed 

mostly as water and resulted low energy density. Nguyen et al. [145] described the three 

possible routes for the hydrocarbon formation as; (i) decarbonylation and oligomerization 

of dehydrated products of sugars into aromatic hydrocarbon, (ii) decarboxylation of acids 

into aliphatic hydrocarbons and (iii) hydrogenation of phenols into aromatic hydrocarbon. 

It can be seen from Fig. 4.15 that by using catalyst at ratio 0.5, both acids and sugars 

production have been decreased and the content of phenols has increased as compared 

to non-catalytic bio-oil. 



 

 

116 

 

 

Figure 4-16: GC-MS areas of the chemical families for the non-catalytic and catalytic 

loading paddy husk bio-oil. 

Figure 4-17: GC-MS areas of selected chemicals in bio-oils obtained from catalytic and 

non-catalytic experiments. 
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Fig. 4.17 illustrates the influence of catalytic loading on selected group of chemicals from 

non-catalytic and catalytic paddy husk bio-oil.  Among various chemicals present in both 

catalytic and non-catalytic bio-oil, acetic acid has the highest peak area detected and 

responsible for the acidity of the bio-oil the most (~60%). Other major contributors are 

phenols and sugar compounds.  Organic acids and sugars are the undesired compounds 

since they greatly raise the acidity of the bio-oil [31]. It is noticed from the results that at 

higher catalytic loading, formation of furanones, cyclopentanone and furfural increased as 

compared to low catalytic loading. The presence of carbonyls causes instability problem 

by undergoing condensation reaction which results in the formation of higher molecular 

weight components and enhanced viscosity. The presence of catalyst has increased the 

amount of carbonyls in the bio-oil and made it susceptible for polymerization. This observed 

behaviour is in accordance to the one reported in the literature [37,45,46]. Levoglucosan 

is the major sugar component found in non-catalytic bio-oil and by addition of 

catalyst/biomass ratio 0.5 ZSM-5 catalyst, it was effectively reduced in catalytic oil. This 

catalyst i.e. ratio (0.5) was observed as a promising catalyst because it (i) decreases the 

acidity, (ii) produces less carbonyl and (iii) increases the phenol and hydrocarbon content. 

4.4.3 Catalytic fast pyrolysis over MCM-22, ITQ-2 and ZSM-5 

Catalytic fast pyrolysis of paddy husk over commercial MFL zeolite (ZSM-5) is investigated 

in previous section. The study only discussed the performance of ZSM-5 by studying the 

effect of temperature and catalyst to biomass ratio on deoxygenation of biomass and 

product distribution. It was observed in our findings and literature that ZSM-5 causes sever 

coking and high catalyst to biomass ratio needed to improve the deoxygenation of biomass 

[110, 165]. However zeolite catalyst can provide a variety of reactions depending on their 

pore structure and acidity. The facile mass transfer of bulky molecules was inhibited by the 

sole presence of zeolite micropores to and from the acid active sites, thus limiting the 

catalytic performance. The layered and delaminated zeolites combing the benefits of the 

large accessible external specific surface area and the strong intrinsic acidity has been 

raising attention due to their potential as catalysts in converting the bulky molecules [16-

18]. Framework topology of MCM-22 zeolite is comprised of two independent pore system: 

one pore system is formed by large cage (7.1 Å) and other pore system is 3D defined by 

10-membered ring. MCM-22 can be exfoliated as thinner sheets known as ITQ-2 which 
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possesses very high external surface area. This framework facilitates the transport of large 

molecules to the active sites in the zeolite and free to react in surface active sites made 

available by the delamination.  Therefore, it is hypothesized that layered ITQ-2 exhibit 

different catalytic behaviors than MCM-22 in terms of oil yield, less coking and better 

deoxygenation. Hence, the main idea of this study is to investigate the effects of physical 

configuration of layered and delaminated zeolite catalyst on biomass conversion and 

deoxygenation behaviour. 

4.4.3.1 Effect of catalyst to biomass ratio on pyrolysis products yield 

The impact of catalyst on pyrolysis products yield at 450 °C is depicted in Fig. 4.18. The 

catalytic pyrolysis oils were found in two-phases. The bottom phase comprises of a mixture 

of black solid particles and tarry liquid and its amount is negligible compared to the top 

phase, which is transparent and brown. 

In-situ catalytic upgrading was performed at T = 450 °C, since maximum pyrolysis oil’s 

yield was obtained at this point. Yield pertaining to pyrolysis products of non-catalytic 

pyrolysis and selection of catalytic pyrolysis temperature were discussed in our previous 

section (4.3.1). The catalytic pyrolysis oils were found in two-phases namely; the top phase 

and bottom phase. The bottom phase comprises of a mixture of black solid particles and 

tarry liquid, and its amount is negligible compared to the top phase, which is transparent 

and brown. Figure 4.18 shows that the bio-oil yield in experiments with catalyst is 

significantly lower than the bio-oil yield in experiments without using catalyst i.e. the 

maximum  oil yields with MCM-22, ITQ-2 and ZSM-5 (13.00, 13.62 and 13.67%) are lower 

than that of non-catalytic pyrolysis oil yield (19.7%). The char yield is almost constant for 

both catalysts. The water yield increases as the catalyst/biomass ratio increases. The 

deoxygenation capability of zeolite catalyst can be investigated from the water formation in 

the produced pyrolysis oil [11]. It can be seen that the maximum organics yields with MCM-

22 and ITQ-2 (13.0 and 13.6 %) are lower than that of non-catalytic pyrolysis oil (19.7 %). 

This may be due to (i) cracking of pyrolysis vapors on the surface of catalysts which results 

in formation of coke and gaseous products. ITQ-2 zeolite catalysts showed different 

catalytic behavior than MCM-22 zeolite. By using MCM-22 and ITQ-2 at catalyst/biomass 

ratio of 0.05 to 0.5, the yield of organics in pyrolysis oil by ITQ-2 was slightly higher than 
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that of MCM-22. This may be attributed to ITQ-2’s thinner layer structure than MCM-22. 

Thinner structure provides more accessible active sites to the reactants (molecules of 

pyrolysis oil) and let the products (upgraded molecules generated from pyrolysis oil) leave 

from the catalytic sites to the bulk faster. This faster transport from the catalytic site to the 

bulk decreases the secondary cracking to form gases, hence increases the pyrolysis oil 

yield. In the case of MCM-22 zeolite catalyst, cracking occurred in 10-membered ring 

channel system (0.41 x 0.55 nm) as well as in the large cavities (0.71 x 0.71 x 1.82 nm) 

which could be accessible only through 10-membered ring windows. Therefore, it is found 

that pore-mouth plugging of MCM-22 zeolite occurs during biomass pyrolysis vapor 

cracking because of the diffusion limitation, resulting high solid yield and less oil).  Corma 

et al. [177] reported that cracking of n-decane, 1.3-diiisopropylbenzene (DIPB) and vacuum 

gas oil over ITQ-2 and MCM-22 zeolites. ITQ-2 produced more liquid and less gases than 

MCM-22 which could be the greater site accessibility and smaller diffusion path of ITQ-2. 

N-decane showed easy diffusion through 10-MR windows. On the contrary, DIPB reacts at 

only external surface area, which is abundant on ITQ-2. ITQ-2 exhibits the dual-model 

structures of micropores and mesopores and the large external surface area, which 

facilitates the diffusion of reactant and product to and from active sites and thus benefiting 

the higher catalytic activity. Compared to non-catalytic pyrolysis, the use of catalyst in the 

pyrolysis led to increase the gas production. Secondary reactions of pyrolysis vapors are 

favoured, resulting low liquid yield and high gas yield. It was reported that the increase of 

catalytic loading leads to enhance gas formation [110,121]. Our results comply well with 

the reported trends.  
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Figure 4-18: Products yield of non-catalytic and catalytic pyrolysis products with different 

zeolites at 450 °C. 

4.4.3.2 Effect of catalyst to biomass ratio on pyrolysis products yield 

Fig. 4.19 shows the gas composition from non-catalytic and catalytic pyrolysis. The 

composition of hydrogen (H2) and methane (CH4) in the pyrolysis gas did not show 

considerable increase in all three catalytic pyrolysis experiments in comparison with non-

catalytic pyrolysis. However, the composition of gas significantly varied in terms of 

increased CO and CO2 concentrations in the product gas with catalytic pyrolysis. The 

comparative analysis of used catalysts and catalyst loading (catalyst to biomass ratio) 

showed higher degree of CO and CO2 formation when using ZSM-5 than ITQ-2 and MCM-

2 but negligible difference in terms of CH4 and H2 formation.  The deoxygenation of biomass 

followed the route; Dehydration>>Decarboxylation>>Decarbonylation. 
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Figure 4-19: Gas composition of non-catalytic and catalytic pyrolysis runs in volume %. 

4.4.3.3 Effect of Catalyst on the de-oxygenation of biomass pyrolysis vapor 

Fig. 4.20 shows the results of degree of deoxygenation of pyrolysis oils by using MCM-22, 

ITQ-2 and ZSM-5 catalysts. In the non-catalytic experiment, the oxygen removal is 

significantly less as compared to catalytic experiments. The catalyst helped to remove 

more oxygen from the original biomass. The results showed that the catalyst/biomass ratio 

0.5 at 450 °C, ZSM-5 removed more oxygen (84.60 %) as compared to MCM-22 (72.70%), 

ITQ-2 (80.57%) and non-catalytic (46.70%). As it was observed that in the presence of 

catalyst, oxygen in the biomass was removed mostly as H2O and as CO2/CO at higher 

pyrolysis temperatures (> 450 °C). 
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Figure 4-20: Degree of deoxygenation of non-catalytic and catalytic pyrolysis 

experiments. 

Zebati et al. [185] studied Canadian pinewood fast pyrolysis in an infrared oven at 450 °C. 

The pyrolysis vapors were converted by passing through a catalyst bed (amorphous silica 

alumina containing alkali metal) at 450 °C. The catalysts showed selective deoxygenation 

to CO2 followed by H2O and CO. Wang et al. [184] investigated the catalytic pyrolysis of 

switch grass over H-ZSM5 catalyst. The results indicate that H-ZSM5 catalyst did not 

remove oxygen in an optimal pathway for catalytic pyrolysis of biomass. Dehydration was 

the dominant oxygen removal mechanism for catalytic pyrolysis, while decarbonylation to 

CO was favoured over decarboxylation to CO2. 

4.4.3.4 Effect of catalyst on the composition of bio-oil 

The bio-oil analysed using GC-MS was classified into several groups; acids, ketones, 

aldehydes, alcohols, furans, sugars, phenolics and aromatic hydrocarbons. The presence 

of oxygenated compounds in the bio-oil can be harmful because they may cause corrosion 

in transport pipes when it is used as fuel [20-21]. Fig. 4.21 shows the product distributions 

of chemical compounds. The catalyst exhibited sufficient number of acid active sites and 
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better pore structure were responsible for high production of aromatic hydrocarbons. These 

oxygenated compounds were also shown to be reduced by catalytic upgrading. On the 

other side, aromatic hydrocarbons, which are high-value species, was increased when 

catalyst were employed.  ITQ-2 reduced acids, ketones, aldehydes, alcohols and furans 

remarkably than MCM-22 and ZSM-5. ITQ-2 provided acid active sites on the external 

surface which helps to crack and dehydrate oxygenates into small one that can enter the 

pores. ZSM-5 produced more phenolics than MCM-22. These could be attributed to 

cracking of oxygenates at active sites of the external surface of ZSM-5. ITQ-2 provide large 

pore size which led to the more decomposition of sugar compound e.g. Levoglucosan. ITQ-

2 produced higher aromatic hydrocarbons and reduced oxygenated compounds than 

MCM-22 and ZSM-5. 

 

 

Figure 4-21: Product distribution obtained from non-catalytic and catalytic pyrolysis. 
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4.4.4 Catalytic consequences of micropore topology on biomass pyrolysis vapors 
over zeolites 

The research work investigates the influence of micropore topology of zeolite with same 

Si/Al ratio (except SAPO-34) on the biomass fast pyrolysis to the pyrolysis products yield 

and distribution. Zeolites having a variety of pore size and shape (small pore: SAPO-34 

(0.56), Ferriertite (20), medium pore: ZSM-5 (23), MCM-22 (20), ITQ-2 (20) and large pore 

zeolite Mordenite (20) were tested in a drop type fixed-bed pyrolyzer. Fast pyrolysis 

experiments were carried out with and without zeolites and the correlation between the 

distribution of products against pore size & shape was investigated. In the case of non-

catalytic pyrolysis, the main products were oxygenated compounds such as acids, ketones, 

furans and phenolics compounds. For catalytic pyrolysis, the catalyst to biomass ratio was 

0.1 at 450 °C. Zeolite catalyst chiefly favoured the formation of aromatic hydrocarbons and 

reduced the oxygenated compounds. Small pore zeolites did not produce aromatics while 

medium pore zeolites formed higher amount of aromatics. ZSM-5 and ITQ-2 zeolites were 

especially efficient for the higher deoxygenation of biomass pyrolysis vapors due to better 

pore dimension and higher acidity. High solid yield and low aromatics formation was 

observed with large pore size. Large micropore diameter, high external surface area and 

three- dimensional microstructure have advantages, because the intermediates can 

contact the active sites inside/outside of the micropore. 

4.4.4.1 Products yield 

The pyrolysis experiments were conducted at the pyrolysis temperature of 450 °C in the 

presence of microporous zeolites. As mentioned before (section 4.4.2), the maximum bio-

oil yield achieved in the non-catalytic pyrolysis experiments was at 450 °C. The catalyst 

was premixed with biomass at the ratio of 0.1 and in-bed mode. Experimental results are 

shown in Fig. 4.22. In the non-catalytic, water and organics yield are 15.07 wt% and 19.68 

wt%, respectively. Compared to the non-catalytic pyrolysis, catalytic pyrolysis resulted in 

moderate decrease in bio-oil yield with a concomitant increase in gas yield. The highest 

gas yield was obtained for mordenite. ITQ-2 showed a slightly less gas yield than 

mordenite. 



 

 

125 

 

 

Figure 4-22: Yield (wt%) of pyrolysis product distribution obtained from non-catalytic and 

catalytic pyrolysis. 

This less organic and gas yield in catalytic fast pyrolysis as compared to non-catalytic might 

be due to enhanced cracking of heavy-molecular-weight compounds by the catalyst [110]. 

SAPO-34 catalyst yielded reasonable water (19.04 wt%) and gas (30.84 wt%). SAPO-34 

is a small pore zeolite and exhibits sufficient acid active sites to crack the pyrolysis vapors 

and produced oxygenated species. On the other hand, water yield (16.39 wt%) by using 

Ferrierite zeolite is low and gas yield (31.60 wt.%) is higher as compared to SAPO-34 

zeolite. In medium pore size zeolites, (MCM-22, ITQ-2, and ZSM-5), the water and organic 

yield are 19.75 wt%, 19.89 wt%, 20.41 wt% and 9.33 wt%, 9.61 wt% and 9.00 wt%, 

respectively. Mordenite zeolite showed high char yield (42.01 wt%). This could attribute to 

the coking of the large pore zeolite. ZSM-5 afforded the highest gas yield in comparison to 

others. The fact that the maximum gas yield was obtained when using ZSM-5 could be 

attributed to the high acidity of this catalyst. Although Mordenite zeolite produced high gas 

(31.88 wt%). Mordenite catalyst provided a high gas yield than MCM-22, ITQ-2 and ZSM-

5 because of its large pore size. This result implies that large pyrolysis vapors molecules 
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penetrated the pores easily and decomposed by catalytic cracking. The deoxygenation 

capability of the zeolite catalyst can be judged from the water content of the oil [110, 159, 

185]. Fig. 4.22 shows that water formation of the bio-oil obtained by catalytic pyrolysis was 

much greater than non-catalytic pyrolysis. This could be ascribed to the fact that 

dehydration of the bio-oil intermediates was facilitated at the pore size and acid active sites 

of the catalysts. In addition, the medium pore zeolites, ZSM-5 may cause the water yield 

to be higher than that in the case of MCM-22 and ITQ-2. 

4.4.4.2 Gas analysis 

Fig. 4.23 shows the composition from non-catalytic and catalytic pyrolysis. The use of 

zeolite catalyst resulted in an increase in the amount of CO and CO2. The formation of 

CO and CO2 was attributed to deoxygenation reactions. Among medium pore size 

zeolites, SAPO-34 catalysts produced higher CO and CO2 as compared to Ferrierite 

zeolite. In medium pore size zeolites (MCM-22, ITQ-2 and ZSM-5), ZSM-5 showed more 

concentration of CO and CO2 as compared to others. Hence, ZSM-5 followed by ITQ-2 

showed better deoxygenation capability in terms of increased CO and CO2 

concentrations in the product gas than MCM-22. Choi et al. [166] studied the catalytic 

conversion of particle board over HZSM-5 and HBETA zeolite catalysts. Their studies 

also showed that the concentration of CO and CO2 significantly varied by employing 

HZSM-5 catalyst. The concentration of CO and CO2 by using Mordenite catalysts is lower 

as compared to ZSM-5 and ITQ-2. 
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Figure 4-23: Effect of catalyst pore size on gas product distribution. 

4.4.4.3 Catalyst pore size effect on deoxygenation of pyrolysis vapors 

Fig. 4.24 represents the effect of catalyst pore size on the deoxygenation of the paddy husk 

pyrolysis vapour at 450 °C with catalyst to biomass ratio of 0.1. Zeolite catalysts showed 

high deoxygenation capability as compared to the non-catalytic pyrolysis. In small pore 

zeolite, SAPO-34 showed higher deoxygenation as compared to Ferrierite. Among medium 

pore zeolites, ZSM-5 was the most active catalyst to eliminate oxygen from the pyrolysis 

vapors followed by ITQ-2 and MCM-22. The result showed that the main route of 

deoxygenation was dehydration. Deoxygenation decreases as ZSM-5> ITQ-2> MCM-

22>Mordenite> SAPO-34>Ferrierite. Even though the degrees of deoxygenation by ZSM-

5 and ITQ-2 catalysts were relatively high, the resulting bio-oil energy content might be 

lower because H2O, CO and CO2 were the main deoxygenation products. 

 

 

Figure 4-24: Effect of catalyst pore size on deoxygenation of pyrolysis vapors. 

Small pore Medium pore Large pore 
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4.4.4.4 Catalyst pore size effect on bio-oil composition 

Fig. 4.25 compares the product distribution of the bio-oil over various pore size zeolite 

catalysts. The bio-oil from non-catalytic and catalytic pyrolysis consisted of acids, ketones, 

aldehydes, alcohols, furans, phenolics, sugars, aromatic and PAHs compounds. Using the 

catalyst, the proportion of oxygenated (acids, ketones, aldehydes) and furans decreased 

significantly at the catalysts to biomass ratio of 0.1. Small pore zeolites, such as SAPO-34 

and Ferrierite, produced primarily oxygenated species formed from the pyrolysis of paddy 

husk, char, CO and CO2. These small pore zeolites are widely used for methanol to olefin 

conversion and their pore size (3.5 – 4.9 Å) do not produce aromatics [177]. Ferrierite 

(intersecting 8 and 10 ring pore systems) produced more phenolics as compared to SAPO-

34. It appears that the 8-membered ring (3.5 x 4.8 Å) pore slow down the over-all diffusion 

rate and inhibits aromatic formation. Brᴓnsted acid sites could be needed for aromatic 

production [178]. SAPO-34 is of a chabasite structure with small pore size and brᴓnsted 

acid sites are of a medium-to-weak nature [123], hence produced no aromatics. Molecular 

diffusion inside the one-dimensional pores is more limited than multi-dimensional pores 

[177]. Oxygenated compounds (e.g. acids, ketones and furans) are reduced in multi-

dimensional 10 ring pore zeolites. Among medium pore zeolites, ZSM-5 was the most 

effective catalyst to reduce acids, ketones and furans compounds and produced higher 

aromatics followed by ITQ-2 and MCM-22. Corma et al. [181] compared the cracking 

kinetics and decay behavior of the n-heptane cracking on MCM-22, ZSM-5 and beta 

zeolites. They found that in the case of MCM-22 cracking occurred in the 10-member ring 

channel system (0.41 × 0.51 nm) as well as in the large cavities (0.71× 0.71 × 1.82 nm) 

formed by12-member rings could be accessible only through 10-member ring windows (0.4 

× 0.55 nm) [11,20,29]. Therefore, it appears that pore-mouth plugging ofMCM-22 occurs 

during the n-dodecane cracking because of the diffusion limitation, resulting in a rapid 

decay of the catalyst activity at a relatively low level of the n-dodecane conversion. A similar 

conclusion that the decrease in the diffusion limitation brought about the increase in the 

catalytic activity of the n-dodecane cracking catalysed by the zeolite catalyst was reported 

by Ishihara et al. [31], Meng et al. [32] and Liu et al. [7]. ITQ-2 possesses the dual-model 

structures of micropores and mesopores and the large external specific surface, which 
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benefit the diffusion of reactant and product molecules to and from active sites, thus 

exhibiting the higher catalytic activity. 

Large pore zeolite such as Mordenite produced aromatics; however, the phenolics, sugars 

and aromatics are major products along with char. Thus large pore zeolite also produce 

high amount of solid. In particular, ZSM-5, ITQ-2 and Mordenite catalysts afforded a higher 

proportion of aromatics than MCM-22 which could be ascribed to the fact that the structure 

of 10-ring multidimensional pore zeolites is more suitable for the production of aromatics. 

Catalytic pyrolysis resulted in considerable reduction of sugar compounds (e.g. 

Levoglucosan). In particular, Mordenite had a large pore size which led to the complete 

decomposition of levoglucosan followed by ITQ-2. On the other hand, ZSM-5 and MCM-

22 had a medium pore size and did not cause complete decomposition of Levoglucosan. 

 

 

Figure 4-25: Effect of catalyst pore size on product distributions obtained from non-

catalytic and catalytic pyrolysis of paddy husk. 
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4.5 Supposed reaction pathway of catalytic fast pyrolysis of biomass 

over zeolites 

Based on the results from the analyses of the fast pyrolysis bio-oil of paddy husk, an 

elucidation of the reaction pathways during thermal pyrolysis was attempted and is 

described in this section. Results can be utilized to design a new zeolite catalyst for the 

conversion of biomass-derived oxygenates into aromatics. The reaction for the conversion 

of biomass-derived molecules into aromatics is a shape selective reaction where the shape 

selectivity effect is caused by both mass transfer effects, linked to the pore window size of 

zeolite, and transition state effects, related to the internal void space of zeolites [14]. The 

external surface acid sites of zeolite also contribute to the dehydration of pyrolysis products 

to smaller oxygenate and production of larger aromatic molecules which are less valuable 

products. Based on results and discussion, the conversion pathway of the three main 

components of biomass (cellulose, hemi-cellulose and lignin) over zeolites is summarized 

and shown in Fig. 4.26. 

In fast pyrolysis of paddy husk, two types of reaction pathway are believed to occur. One 

pathway is from cellulose or hemi-cellulose and the other is from lignin. In the case of 

reaction pathway from cellulose or hemi-cellulose, thermal degradation of cellulose or 

hemi-cellulose without catalyst to form non-aromatic oxygenated compounds. Lin reported 

the reaction pathway of non-catalytic cellulose pyrolysis [169]. Firstly, cellulose turned to 

active cellulose by heating, followed by depolymerisation to form Levoglucosan. This 

compound further undergoes dehydration and isomerization reaction to form other 

anhydrosugars. The anhydrosugars undergo further reaction to form furans such as furfural 

by dehydration reactions, or hydroxyacetone, glyceraldehyde by fragmentation and 

retroaldol condensation reactions. Water, carbon monoxide and carbon dioxide are formed 

from dehydration, decarbonylation and decarboxylation reactions. The acetic acid, which 

was also detected in our experimental runs, is considered to derive from 

hydroxyacetaldehyde by dehydration to form ketene and subsequent hydration to acetic 

acid [14-15]. Due to its early elution, hydroxyacetaldehyde was not detected in our 
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analyses, but is widely reported as a cellulose pyrolysis product in the literature 

[14,15,18,21,22]. 

Acetic acid is also formed from the thermal decomposition of 5- hydroxymethylfurfural (5-

HMF) [23], which is formed either via the direct ring-opening and rearrangement reactions 

of cellulose unit molecules or via the secondary reactions of Levoglucosan [15,17]. Finally, 

our analyses also showed the presence of cyclic ketones in the thermal bio-oil from 

cellulose, which were also reported by Wang et al. [23]. More peaks were present in our 

chromatogram but could not be identified by the GC–MS system. In the catalytic 

experiments, the levoglucosan content in the organic phase of the bio-oil from cellulose 

was significantly reduced, while other compounds were formed. The most notable 

compounds observed after catalysis were aromatic hydrocarbons, phenols, furans and 

PAHs. PAHs were naphthalene compounds with methyl substitutes. Phenolic compounds 

were also detected before catalysis, but their relative abundance (area %) increased 

significantly after catalysis. Carlson et al. [24] reported the possible contribution of furan 

compounds (furfural, 5-HMF and furfuryl alcohol) to the formation of hydrocarbons over 

ZSM-5. Grandmaison et al. [25] also reported the formation of aromatic hydrocarbons, as 

well as benzofurans during the conversion of furanic compounds (furfural and furan) over 

ZSM-5. Simple aromatic hydrocarbons and phenols may also form in the gas phase by 

secondary polymerization of unsaturated light compounds, as suggested by Evans and 

Milne [16] which are expected to be more abundant in the catalytic vapors due to the 

cracking effect of the ZSM-5 catalyst. 

The majority of the products observed from the thermal pyrolysis of xylan were phenols 

and cyclic ketones. Phenols are likely derived from the cleavage of the ferulic acid ester 

branch of xylan, as well as from the gas phase polymerization of unsaturated light species 

[16]. Acetic acid is formed by cleavage of the acetyl group of the xylan structure with 

simultaneous release of CO2 [27].After catalysis, aromatic, phenolic compounds and PAHs 

were considerably increased, while acids and especially ketones were reduced. Aromatic 

hydrocarbons were mostly benzenes with methyl-/ethyl- substitutes, as well as 

indenes/indanes and PAHs were napthalenic compounds. Horne and Williams [13] showed 

that cyclic ketones (cyclopentanone) form simple aromatic compounds when passed over 
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a ZSM-5 catalyst and are also responsible for the formation of indanes/indenes and 

napthalenes. Hydroxyacetone, which was a major product in the thermal pyrolysis vapors 

from xylan, tentatively followed a reaction pathway proposed by Gayubo et al. [28] and 

transformed into olefins, paraffins and eventually, aromatic hydrocarbons. 

The identified compounds in the thermal pyrolysis oil from lignin were almost entirely 

phenolic compounds, which were more complicated than the phenols from cellulose and 

xylan, as they were mostly phenols with methoxy- substitutes, benzenediols and 

polysubstituted phenols. Since the C-O bond in the phenol molecule is refractory to ZSM-

5, the presence of the catalyst was not expected to have any significant impact on the 

composition of the catalytic bio-oil. Although there was a slight increase in the yields of 

gases, solid products (coke) and water, an indication of the catalytic effect of the ZSM-5, 

the composition of the bio-oil was not substantially altered. Methoxy- substituted phenols, 

benzenediols and poly-substituted phenols were still the prevalent compounds. The 

increase in gas and water yields was most likely due to cleavage of the side groups of the 

phenolic units as they passed through the catalyst. 

Based on our results, ZSM-5 and ITQ-2 are the optimal zeolite structure having the ideal 

pore size and internal pore space for biomass conversion. Microporous zeolites can be 

further modified to improve its catalytic properties. 



 

 

133 

 

 

 

Figure 4-26: Conversion pathway of biomass components over zeolites 

4.6 Evaluation of Physiochemical Properties Of Paddy Husk Biochar 

From Non-Catalytic Fast Pyrolysis Of Paddy Husk 

Biochar is a carbon rich solid material generated by thermochemical conversion process 

(pyrolysis) of lignocellulosic biomass and its viability as a sustainable material has received 

increasing attention for environmental remediation. The relationship between biochar 

properties and its applicability for environmental applications are still not conclusive. The 

purpose of this research is to study the bio-char physical and chemical properties from an 

agricultural residue to examine the quality criteria for carbon sequestration and agricultural 

uses.  Pyrolysis temperature was shown to have a strong impact on production and 

characteristics of biochar samples. The biochar yield decreased with increasing 

temperatures (350-550 °C). According to proximate and ultimate analysis data, 

temperature has the strongest impact on carbon stability of bio-char (stability increased at 

higher temperature). The volatile matter decreased while fixed carbon content increased 
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with the increase of pyrolysis temperature. To evaluate further biochar quality, the 

relationships between (O/C and H/C molar ratio) and (H/C and volatile matter) of raw paddy 

husk and produced biochar at various temperatures is proposed. SEM, FT-IR and 13C-

NMR findings are in well agreement with thermogravimetric and proximate analysis of the 

bio-chars that structural and physicochemical properties were significantly influenced by 

pyrolysis temperature. CO2 adsorption rate increased with increasing temperature. Biochar 

produced at 450 °C showed higher absorption capability and could be a potential 

sustainable substrate for C sequestration potential. 

4.6.1 Yield, elemental composition and proximate analysis 

To investigate the characteristics of the biochar produced at pyrolysis temperatures of 350, 

450 and 550 °C, the paddy husk was processed by fast pyrolysis in a drop type fixed-bed 

pyrolyzer.  Biochar yield was reported as mean ± standard deviation for the replicate 

production and based on mass percentage. It is well known that the key parameter among 

operational factors is the pyrolysis temperature. The impact of pyrolysis temperature on 

bio-char yield is shown in Table 4.5. The biochar yield decreased rapidly from 56.63% to 

40.31% from 350 °C to 450 °C followed by a more steady decrease with the increase of 

pyrolysis temperature 40% to 38% from 450-550 °C. This could be due to greater primary 

decomposition of biomass or secondary decomposition of char residue [187]. The biochar 

yield at low pyrolysis temperature indicated that the biomass has been partially pyrolyzed. 

This similar decreasing trend in biochar yield as a function of pyrolysis temperature was in 

reasonable agreement with other reports in the literature of fast pyrolysis of biomass 

residues [188-190]. The elemental analysis of raw paddy husk and produced biochar at 

350, 450 and 550 °C indicated that the pyrolysis temperature had a significant effect on the 

elemental composition of the biochar. Carbon content generally increased while hydrogen 

and oxygen content decreased with the increasing pyrolysis temperature. This observation 

showed that with increment of pyrolysis temperature, the degree of carbonization was 

accelerated which resulted in loss in hydrogen and oxygen contents at higher pyrolysis 

temperature [191] 
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Table 4-5: Yield, elemental composition and HHV of produced bio-char at various 

temperatures. 

 Yield 
(wt.%, dry basis) 

Ultimate analysis a (wt.%, dry 
basis) 

HHV b 
(MJ/kg) 

 Bio-
oil 

Non-
condensab

le gases 

Bio-
char 

Carbon Hydrogen Oxygen  

Raw PH - - - 
42.78 

 ±  
1.50 

5.77 ± 0.45 
51.11 

 ±  
1.05 

16.24 
 ±  

0.45 

Bio-char-350 
°C 

24.8
5  
±  

1.85 

18.52 ± 
1.16 

56.63 
 ± 1.25 

46.18 
 ±  

2.32 
3.81 ± 0.25 

49.49 
 ±  

1.25 

17.18 
 ±  

0.52 

Bio-char-450 
°C 

34.7
4 
 ±  

0.94 

24.87 ± 
0.90 

40.31 
 ± 1.02 

54.54 
 ±  

2.25 
1.38 ± 0.18 

43.59 
 ±  

1.10 

20.05 
 ±  

0.22 

Bio-char-550 
°C 

28.0
0 
 ±  

1.80 

34.00 ± 
1.40 

38.00 
 ±  

1.14 

61.83 
 ±  

2.35 
1.17 ± 0.25 

36.56 
 ±  

1.14 

22.10 
 ±  

0.40 

a &b  biochar analysis 

Fig. 4.27 shows the proximate analysis of biochar produced at 350, 450 and 550 °C 

pyrolysis temperatures. The results indicated that the ash content and fixed carbon of 

paddy husk-derived biochar increased with the increasing pyrolysis temperature, whereas 

moisture content and volatile matter significantly reduced with the increment of pyrolysis 

temperature. The ash content of paddy husk char increased from 11.57 to 28.29% as the 

pyrolysis temperature increased from to 350 °C to 550 °C. The ash content of rice husk 

and rice straw were considerably high and increased with increasing pyrolysis temperature 

[192]. As the pyrolysis temperature increased from to 350 °C to 550 °C, volatile matter 

content of paddy husk biochar decreased from 32.15 to 10.95%. On the other hand, the 

fixed carbon content of paddy husk biochar increased from 51.71 to 59.11% with increasing 
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pyrolysis temperature 350 °C to 550 °C. Fixed carbon and volatile matter give relative 

measures of the labile and stable bio-char [189,191]. 
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Figure 4-27: Influence of pyrolysis temperature on biochar proximate analysis data: (a) 

Moisture content (b) Ash content (c) Volatiles (d) Fixed Carbon. 

 

4.6.2 Biochar stability and quality analysis 

To investigate the characteristics of the biochar produced at pyrolysis temperatures of 350, 

450 and 550 °C. Fig. 4.28 (a) shows the H/C and O/C molar ratio as a function of pyrolysis 

temperature in a Van Krevelen plot. A significant decrease in molar ratios of paddy husk 

bio-char was observed compared to the raw paddy husk as pyrolysis temperature 

increases. The produced bio-char at high pyrolysis temperature (PHC-550 °C) is 

characterized by a low H/C molar ratio (high aromaticity) and low aliphatic content 

compared to paddy husk char produced at 350 and 450 °C pyrolysis temperature in the 

fast pyrolysis process. A decrease in H/C and O/C molar ratio for paddy husk biochar 

(PHC-350) to paddy husk biochar (PHC-450 °C) with increasing pyrolysis temperature may 

be a result of the increasing degree of carbonization within the bio-char [193]. The molar 

ratio demonstrated a decreasing trend with increasing pyrolysis temperature which could 

be attributed to removal of polar surface functional groups and higher degree of aromaticity 

producing the more stable bio-chars. When the pyrolysis temperature is higher than 500 

°C, the O: C ratio of biochar changed slightly which indicating that paddy husk char (PHC-

550 °C) has higher thermal stability than paddy husk char (PHC-450 °C) and paddy husk 

char (PHC-350 °C). In contrast to H/C molar ratio which changed substantially with 

thermochemical treatment, the O/C molar ratio showed least correlation with the stability 

of bio-char as a function of pyrolysis temperature (Fig. 4.22 (b). Zimmerman [194] and 

Spokes [193] described that the volatile matter showed as an important property for the 

evolution of usefulness of biochar as soil amendment. A new index can be defined to 

predict the quality based on the highly-significant regression obtained in this study for the 
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molar ratio H/C and the volatiles (dry basis, ash-free basis %); Volatiles = - 7.7 + 63.9 x 

H/C (R2 = 0.999) 

According to this information, pyrolysis temperatures (450 and 550 °C) derived biochar 

fulfilled quality criteria for C sequestration and soil uses; volatiles (<30%), H/C < 0.4 and 

O/C < 0.6 as compared to low raw paddy husk and paddy husk biochar produced at 350 

°C. Correlation between volatiles and H/C for high-ash biochar showed high regression (R2 

= 0.99) 
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Figure 4-28: Relationship between O/C and H/C (a) H/C and volatiles (b) of raw paddy 

husk and bio-chars produced at 350, 450 and 550 °C pyrolysis temperature. 

 

 

 



 

 

140 

 

4.6.3 Thermogravimetric analysis 

 Thermogravimetric analysis of the raw paddy husk and produced paddy husk bio-

char at the pyrolysis temperature of 350, 450 and 550 °C was performed to study their fast 

thermal decomposition. Fig. 4.29 depicts TG and DTG curves of the raw paddy husk and 

paddy husk bio-chars. The TG/DTG of raw paddy husk indicated that below 100 °C 

temperature, the change in mass was mainly due to moisture volatilization. The mass loss 

indicated the free water loss of raw material, approximately 5% of the total sample mass.  

It was observed that the mass loss began to increase sharply at 250 °C. Generally, the 

mass loss at these temperature ranges is commonly associated with the decomposition of 

hemi-cellulose and cellulose [195]. The decomposition of hemi-cellulose partially overlaps 

that of cellulose degradation and a small shoulder appeared at 298 °C rather than a well-

defined peak in its DTG curve. The maximum mass loss of raw paddy husk occurred at 

340 °C which can be attributed to cellulose decomposition. The mass loss trend decreased 

due to carbohydrates volatilization and followed by slow mass decrease of lignin. Although 

lignin is harder to decompose and shows a very small peak in the mass loss rate between 

410 and 800 °C. 

The TG/DTG curves of three bio-chars produced at the pyrolysis temperatures of 350, 450 

and 550 °C showed degradation features considerably different from each other (Fig. 3). 

Generally, it was observed that the low pyrolysis temperature showed higher mass loss 

and this loss tended to decline with increasing biochar production temperature. The mass 

loss followed the order: raw paddy husk> PHC-350 °C> PHC-450 °C > PHC-550 °C. Thus 

our results illustrate that the order of carbon stability is PHC-350<PHC-450<PHC-550. Al-

Wabel et al., [195] suggested that the biochar produced from concocarpus wastes 

exhibited high carbon stability as the pyrolysis temperature increased. The paddy husk 

biochar at 550 °C is more stable than paddy husk biochar at 450 and 350 °C. In case of 

DTG curve PHC-350 °C (Fig. 3), the hemi-cellulose shoulder disappeared and the fact 

could be understood that hemi-cellulose was degraded around 298 °C during the fast 

pyrolysis process. On the other hand, cellulose and lignin could still be observed in 
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undegraded form [191]. Our results suggested that as the pyrolysis temperature increased, 

the biochar exhibited more stable form of carbon. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-29:Thermogravimetric (TG) and differential thermal gravimetric (DTG) curves of 

raw paddy husk and paddy husk biochar produced at pyrolysis temperature of 350, 450 

and 550 °C. 
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4.6.4 Functional group and surface structure analysis (FT-IR, SEM) 

 To investigate the changes in surface functional groups, FTIR spectra of the raw 

paddy husk and the bio-char produced at 350, 450 and 550 °C are shown in Fig. 4.30. The 

raw paddy husk FTIR spectra were similar to that of cellulose because the sample is 

dominated by cellulosic biomass. The analysis showed that in the spectra of raw paddy 

husk, two high peaks were observed about at 3450 cm-1 and 1642 cm-1 indicating the 

presence of O-H stretching and C=C stretching. With increasing pyrolysis temperature, 

bands due to O-H stretching and C=C stretching lose their peak intensity and bands arising 

from aliphatic C-H stretching at about 2900 cm-1 and aromatic C-H vibrations 800 cm-1 

became more visible. This implies the acceleration of dehydration reaction in biomass as 

increasing pyrolysis temperature [192]. Considering the peaks at wavenumbers of 3420, 

1667, 1042 and 800 cm-1 show the surface carbon structure which consists of chain 

hydrocarbon and functional groups such as hydroxyl and aromatic rings [195]. 

Figure 4-30: FT-IR spectra of raw paddy husk and paddy husk biochar produced at of 

350, 450 and 550 °C. 

SEM images comparison of the raw paddy husk and the biochar reveals the influence of 

pyrolysis temperature on the structural modifications (Fig. 4.31). Generally, the volatile 



 

 

143 

 

compounds released during the fast pyrolysis process and created pores in the solid 

residue product. Visual inspection of the images shows the development of significant 

pores in the paddy husk bio-char produced at higher temperatures e.g. 450 and 550 °C 

than low pyrolysis temperature and the raw paddy husk. Our TG/DTG data is well 

supporting this claim that with the increasing pyrolysis temperature, the formation of 

aromatic structure increases and the bio-chars produced at high pyrolysis temperatures 

have more pores and more stable [192]. 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4-31: SEM images of raw paddy husk and 

paddy husk biochar produced at of 350, 450 and 550 °C. 

4.6.5 Chemical composition analysis (13C-CMR) 

Raw PH PHC-350 °C 

PHC-450 °C 
PHC-550 °C PHC-450 °C 
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 The 13C NMR spectra of raw paddy husk and paddy husk biochar are shown in the 

Fig. 4.32. The assignation of the peaks and broads were used [196]. The spectra was 

integrated on the chemical shift (ppm) resonance intervals of 0-46 ppm (alkyl C or CH2 

groups deriving from lipid compounds and plant waxes, 46-65 ppm (methoxy and O-alkyl 

groups characteristics of easily-degradable compounds such as cellulose and hemi-

cellulose), 65-90 ppm (O-alkyl C such as alcohols and ethers), 90-108 ppm (anomeric 

carbons in carbohydrate like structure), 120-145 ppm (aromatic and phenolic carbon). The 

signals were observed at 57 ppm, 65 ppm, 77 ppm, 108 ppm and 130 ppm more clearly 

and sharpness of these peaks were gradually weaken at temperature goes away from 350 

°C. The bio-char produced at low temperature has shown easily degradable carbon and 

their peaks was eliminated in the bio-char produced at higher temperature (550 °C). These 

results are in accordance with [191,194] that bio-char produced at low temperature (300 – 

400 °C) exhibited broad alkyl signals and carbohydrate band while these bands were not 

found over 400 °C.  From these results and FT-IR figure, it is worth noting that the bio-char 

at high temperature has high stability based on the aromatic structure and keeping higher 

chemical property with functional groups. Higher pyrolysis temperature provides aromatic 

predominant presence in chemical composition which consequently resulting to the 

formation of recalcitrant structure. 

 

Figure 4-32: 13C CP-NMR of raw paddy husk and paddy husk biochar produced at of 

350, 450 and 550 °C. 
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4.6.6 CO2 adsorption 

 The CO2 adsorption capacities of the paddy husk bio-chars produced at various 

pyrolysis temperatures are investigated and shown in Fig. 4.33.  The CO2 adsorbed 

volume/g of biochar is plotted against the absolute relative pressure of the gas. There is 

an increase in adsorption with the increase of biochar production temperature. At the lower 

relative pressure, paddy husk biochar produced at 350 °C exhibited low CO2 adsorption 

capacity of 9.47 cm3/g at 0.2. On the other hand, paddy husk biochar produced at high 

temperatures (450 and 550 °C) exhibited high adsorption capacities of 24.85 cm3/g and 

25.55 cm3/g at relative pressure 0.2.  However, the paddy husk biochar produced at 450° 

C showed high adsorption capacity than biochar produced at 550 °C at the high relative 

pressure. This could indicate that biochar 450 °C filled with organized carbon and 

development of more porosity leads with high CO2 uptake. 

 

Figure 4-33: CO2 adsorption curves of paddy husk bio-char produced at of 350, 450 and 

550 °C. 
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4.7 Kinetic study of non-catalytic and catalytic pyrolysis of paddy 

husk: application of Coats-Redfern model to thermogravimetric data 

The Coats-Redfern model free integral method and correlation coefficients of different 

reaction models was used to analyse the non-catalytic and catalytic pyrolysis of biomass 

reaction kinetic characteristics by utilizing thermogravimetric data. The zeolite catalyst 

(ZSM-5, MCM-22 and ITQ-2) was mixed to the biomass in a ratio of 0.1. Based on the 

thermogravimetric analysis data, thermal decomposition of both non-catalytic and catalytic 

pyrolysis of biomass occurred at 240 – 450 °C. Two sections: section I (240 – 330 °C) and 

section II (360 – 450 °C) were identified and best-fit model to describe the behavior of non-

catalytic and catalytic biomass pyrolysis was found. The addition of catalyst decreases the 

activation energy in first section and then increases for second section for all reaction 

orders. The chemical reaction and diffusion-controlled reaction mechanisms could be 

kinetically characterized and described well the nature of biomass pyrolysis.  

In TGA, experiments were conducted usually under the linear heating program and mass 

loss curve versus temperature can be recorded in a single experiment. In this way, the 

reaction conversion curve (extent of reaction versus temperature) can be easily obtained 

[15]. To perform the kinetic analysis of reaction conversion curve, it is necessary to use an 

integral analysis method. The Coats-Redfern model free integral method is recently 

highlighted to describe the kinetic parameters of non-catalytic and catalytic pyrolysis of 

biomass reaction by assuming that the pyrolysis reaction follows apparent first order 

reaction kinetics [173]. The aim of this work was to study the kinetic behavior of catalytic 

pyrolysis of paddy husk thermogravimetric data using the Coats-Redfern integral method. 

For catalytic pyrolysis, the layered zeolites, MCM-22 and its delaminated counterpart, ITQ-

2 were synthesized and tested which possess unique features like pore structure and acid 

properties [168, 171]. According to author information, the influence of shape selective 

zeolites on kinetic study of biomass pyrolysis by utilizing thermogravimetric data is not 

reported yet. Therefore, this study investigated the activation energy by employing various 

reaction models. The current study also tends to concentrate on characterizing the catalytic 

biomass pyrolysis as a whole rather than analysing and characterizing the individual steps 

and their reaction types.  
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In this work, mass loss and derivate-mass loss curves of non-catalytic and catalytic paddy 

husk pyrolysis were investigated and characterized. Coats and Redfern method was 

employed to interpret the thermogravimetric data obtained from the pyrolysis process. Two 

reaction mechanisms, chemical reaction order (first-, 1.5- and second–order reactions) and 

diffusion-controlled reaction (one, two, three and four dimensional) were fitted into the 

integral equation in order to find a best one to describe the kinetic reactions for non-catalytic 

and catalytic biomass pyrolysis. Table 4.6 shows the g(α), f(α) of various reaction models 

which are investigated in this study. 

Table 4-6: Reaction model of pyrolysis with various function of g(α) and f(α) 

 

 

 

Reaction model         Reaction mechanism                        g(α) ʄ(α) 

Chemical reaction First-order reaction 

(F1) 

 
-ln(1-α) 1-α 

 
1.5-order reaction (F1.5) 

 
2[(1-α)-0.5 – 1] (1-α)1.5 

 Second-order reaction (F2)  (1-α)-1-1 (1-α)2 

Diffusion-controlled 

reaction 

    

 One-Dimensional 

diffusion (D1) 

 α2 0.5α 

 Two-Dimensional 

diffusion (D2) 

 [(1-α) ln(1-α)]+α -ln(1-α)-1 

 Three-Dimensional 

diffusion (D3) 

 [(1-(1-α)0.34]2 1.5(1-α)0.67[1-(1-α)0.34]-1 

 Four-Dimensional 

diffusion (D4) 

 1-(0.67α)-(1-α)0.67 1.5[(1-α)-0.34 -1]-1 
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4.7.1 Kinetic of biomass catalytic pyrolysis 

The model free kinetic parameter e.g. (activation energy) of non-catalytic and catalytic 

biomass pyrolysis was calculated from the analysis of TG data using the Coats-Redfern 

integral method. Since the biomass pyrolysis were assumed to follow first –order reaction, 

this model free integral method analyzed the general kinetic characteristics of biomass and 

catalytic pyrolysis process. Fig. 4.34 depicts the TG and DTG plots of non-catalytic and 

catalytic biomass pyrolysis using different microporous shape-selective zeolite catalysts 

(ZSM-5, MCM-22 and ITQ-2). The plots indicate that the three mass losses were observed. 

The first at which the temperature was below 100 °C relative to moisture loss 

corresponding to approximately 5% of mass loss [175]. 

Figure 4-34: (a) TG and (b) DTG curves of non-catalytic and catalytic pyrolysis of biomass at a 

heating rate of 10 °C/min. 

a 

b 
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In the second temperature range, primary decomposition reaction occurred between 220 

°C and 450 °C for both biomass and catalytic pyrolysis. The maximum weight loss rate for 

both pyrolysis was achieved at 330 – 360 °C. This mass loss attributed to the hemi-

cellulose, cellulose and a part of lignin decomposition [178, 14]. The third mass loss was 

above 450 °C and related to lignin decomposition which starts at relatively low temperature 

and proceed to a wide temperature range (150 – 900 °C) and has polymeric structure 

thermally more resistant than hemi-cellulose and cellulose [13]. 

The slope of the ln [-ln (1-α)/T2] versus 1/T curves were used to calculate the activation 

energy (Fig. 4.35). The each curve was divided into two sections: section I (240 – 330 °C) 

and section II (360 – 450 °C) according to its linearity characteristics based on the Coats-

Redfern integral method.  The calculated activation energy through various reaction 

models are listed in Table 4.7. From Fig. 4.35 and table 4.7, it can be seen that the non-

catalytic and catalytic biomass pyrolysis exhibited multi sections reaction characteristics. 

In the first section (240 – 330 °C), the activation energy ranged from 41.96 to 52.88 kJ/mol 

for non-catalytic pyrolysis and 41.39 to 53.95 kJ/mol for catalytic biomass pyrolysis for 

following first-, 1.5- and second-order reactions. For diffusion-controlled reactions in the 

first section, the activation energy ranged between 80.07 to 86.35 kJ/mol for non-catalytic 

biomass pyrolysis and 77.77 to 84.82 kJ/mol for catalytic biomass pyrolysis. The presence 

of catalyst reduced the activation energy of pyrolysis in the first stage. Only for 1.5- and 

second order reaction for ITQ-2 catalyst, the activation energy for biomass pyrolysis was 

a bit higher than non-catalytic and other catalysts. In the second section (360 – 450 °C), 

the activation energy ranged from 2.27 to 20.39 kJ/mol for non-catalytic pyrolysis and 5.32 

to 33.64 kJ/mol for catalytic biomass pyrolysis for following first-, 1.5- and second-order 

reactions. For diffusion-controlled reactions in the first section, the activation energy ranged 

between 0.89 to 7.50 kJ/mol for non-catalytic biomass pyrolysis and 1.61 to 10.87 kJ/mol 

for catalytic biomass pyrolysis. In chemical reaction models, First-order reaction kinetic 

model provided the highest value of R2 in first section while second-order reaction kinetic 

model gave highest value of R2 in second section. It can be concluded that the best 

approach for kinetic parameters by employing reaction models, evaluation of non-catalytic 

and catalytic biomass pyrolysis was first- and second-order reaction in section I and section 

II, respectively. Some kinetic model gave unrealistic results by determining negative values 

b 
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of activation energy (D1). Addition of catalyst decreased the activation energy in section I 

by employing both reaction models (chemical reaction and diffusion-controlled reaction). 

The hypothesis of these findings could be understood that after primary decomposition of 

biomass, tarry materials might decompose on char. The carbon on that char could enhance 

the activation energy. In the second stage of catalytic pyrolysis, the turning point of 

conversion dropped from 70-80 wt% and apparently the various reaction orders probably 

include the secondary cracking of intermediates compounds to produce small molecules 

products. The secondary reactions are influenced by shape-selective catalysts used in this 

study (ZSM-5, MCM-22 and ITQ-2). For example, ITQ-2 catalyst showed higher activation 

energy than ZSM-5, MCM-22 and non-catalyst for the second section. These results could 

imply that this model free integral method can be an efficient tool to demonstrate the nature 

of catalytic reaction kinetics for biomass pyrolysis.  
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Figure 4-35: Linearization of In (-In(1-α)/T2) versus 1/T curves of non-catalytic and 

catalytic biomass pyrolysis by (a) first-order, (b) 1.5-, (c)second-order reaction, (d) D2, (e) 

D3, (f) D4 controlled reaction 
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Table 4-7: Activation energy for non-catalytic and catalytic biomass pyrolysis 

throudifferent reaction models using the Coats-Redfern calculation. 

 

 

  section I (240 - 330 °C) section II (360 - 450 °C) 

 
Non-

catalyti
c 

ZSM-5 MCM-
22 

ITQ-2 Non-
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It can be concluded from our calculation that during the temperature range from 240 to 330 

°C, for non-catalytic biomass pyrolysis generally follows first-order reaction. However, D2 

second-dimensional, D4 fourth-dimensional appeared as the most probable model to 

describe the non-catalytic and catalytic pyrolysis (highest correlation coefficients of 0.996. 

For the second section (360 – 450 °C), 1.5-, second- order and D3 third-dimensional model 

had highest correlation coefficients of 0.999. Therefore, with regard to the Coats-Red fern 

integral method, D2 gave the best linearity in the first section and D3 gave the best linearity 

for the second section. In addition, other reaction models also had high correlation 

coefficients compared to D2 and D4 for the first section and D3 for the second section 

which suggested that other reaction model might also be able to describe the complex 

nature of biomass catalytic pyrolysis. According to our calculations, catalytic biomass 

pyrolysis no longer followed the first-order reaction which raised further analysis was 

required to determine the nature of complex reaction kinetics of catalytic biomass pyrolysis 

[173]. 
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CHAPTER 5 

Conclusions and Recommendations 
 
5.1 Conclusions 

Non-catalytic and catalytic fast pyrolysis of an agricultural residue (e.g. paddy husk) was 

carried out using   a drop type fixed-bed pyrolyzer. Biomass samples in fresh, dried, and 

grinded forms were analysed and compared.  Pyrolysis products (bio-oil, biochar, and 

NCG) were analysed as well to compare the quality. 

The impact of the reaction temperature (350 – 600°C) on products yield and characteristics 

in non-catalytic fast pyrolysis was studied. The highest bio-oil yield of 35.5 wt% was 

obtained at the pyrolysis temperature of 450 °C. Biochar yield showed decreasing trend 

(56.63- 33.35 wt%) with increasing the pyrolysis temperature while the gas yield increased 

(18.52-39.35 wt%) with the increment of pyrolysis temperature. These observations were 

attributed to the secondary cracking of the pyrolyzed vapor and decomposition of the solid. 

Catalytic fast pyrolysis of paddy husk with commercial (e.g. Ferrierite, ZSM-5, and 

Mordenite) and synthesized zeolite catalysts (e.g. SAPO-34, MCM-22 and ITQ-2) were 

investigated using drop type fixed-bed pyrolyzer by in-bed mode. Biomass conversion into 

desirable components is a pore size and shape selective reaction and caused by the mass 

transfer effects linked to pore window size and external surface area of zeolites. ITQ-2 

possesses high external surface area than MCM-22 which reduces the mass transfer 

hindrance and showed better deoxygenation degree. ZSM-5 is a medium-pore zeolite and 

due to high acid strength, it showed better biomass conversion and DOD. From pyrolysis 

products perspective, the organics yield in pyrolysis oil was highest with ZSM-5 in 

comparison with other zeolites. 

The findings highlight the key properties of paddy husk biochar as a substrate for the C 

sequestration. In this study bio-chars from paddy husk were prepared by fast pyrolysis in 

a drop type fixed bed pyrolyzer at 350, 450 and 550 °C and their physicochemical 

properties were investigated. Proximate analysis showed that fixed C content of biochar 
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increased with pyrolysis temperature and volatiles decreased which might be due to 

increasing concentrations of volatile matter being released. Correlation between O/C and 

H/C, H/C and volatiles were carried out and demonstrating that the biochar stability and 

quality can be fulfilled by volatile matter (< 30%), H/C< 0.4 and O/C < 0.6. The experimental 

findings of TGA, FTIR, SEM and 13C-NMR indicated that stable carbon content increased 

above 450 °C. CO2 adsorption capabilities of paddy husk-derived biochar generally 

increase with increasing pyrolysis temperature and but then decreases with increase in 

production temperature (< 550° C).  

Different reaction models for kinetics calculation by using the Coats-Redfern integral 

method were investigated in this study to analyse the nature of reaction kinetic 

characteristics of non-catalytic and catalytic biomass pyrolysis. TG and DTG curves of non-

catalytic and catalytic pyrolysis of biomass were analysed and two sections were identified: 

section (I) 240 – 330 °C and section (II) 360 – 450 °C. Non-catalytic pyrolysis followed first-

order reaction for the first section, but did not conform for catalytic biomass pyrolysis. D2 

two-dimensional described the nature of non-catalytic and catalytic pyrolysis most well for 

first section while D3 described the non-catalytic and catalytic biomass pyrolysis most well 

for second stage. The presence of catalyst decreased the activation energy in section I 

and then increased the activation energy of biomass pyrolysis in section II. Among catalytic 

and non-catalytic biomass pyrolysis, ITQ-2 showed better performance in terms of low 

activation energy in first stage and high activation energy for second stage, respectively.  

5.2 Recommendations 

Based on the above results, for further investigating in fast pyrolysis process, the 

following future work is recommended: 

 Improving the design of the drop type pyrolyzer in terms of bio-oil collection (increase 

the yield) and condensation by providing gas flow in the system and multi stage 

condensation to prevent condensation of tar in the gas bag and adding cotton trap. 

 Decrease the drop type pyrolyzer vapor resident time by modification in the design of 

the reactor. 
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 Utilizing drop type pyrolyzer to study the fast pyrolysis of other potential abundant 

biomass residues (e.g. oil palm fronds, wood residue). 

 For catalytic fast pyrolysis, new catalyst should be synthesized and tested to 

understand deep more the catalytic consequences on biomass pyrolysis. 

 Conducting a more comprehensive catalytic fast pyrolysis experiments using the drop 

type fixed-bed pyrolyzer with PKS, EFB, PMF (in fresh, dry, and torrefied form) and 

different types of zeolites to study the key parameters which might impact on product 

distribution in the bio-oil (e.g. catalysts to biomass ratio, residence time).  
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