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ABSTRACT 

The depletion of fossil fuels and environmental deterioration leads researchers to 

search for alternative, renewable, sustainable, and eco-friendly energy resources. The 

lignocellulosic biomass (LCB) is one of the most promising renewable resources for the 

production of biofuels, due to its mass availability, eco-friendliness, and CO2 neutrality. A 

total of 220 and 0.686 billion tons/year of LCB is being produced worldwide and in India, 

respectively. The LCB consists majorly of hemicellulose, cellulose, lignin and minor 

amounts of extractives and ash. The solid biomass cannot directly be used as fuel in 

industrial applications, because of several drawbacks including hygroscopic nature, high 

moisture content, high oxygen content, low heating value, lower grindability, low bulk 

density, fewer compositional homogeneity and lower resistance to biological degradation. 

Recently, the thermochemical conversion processes such as catalytic and non-catalytic (co-

)pyrolysis has increased attention to convert biomass into biofuel. The biofuel obtained from 

the pyrolysis of raw biomass is inferior and the process itself is inefficient due to 

heteropolymeric nature of the hemicellulose present in the biomass. Therefore, it was 

hypothesized that the selective removal of hemicellulose by wet-torrefaction would help in 

improving the biofuel quality as well as overall economics of the process due to extra useful 

product (xylose) formation in the process. Addition of plastic also improves the biofuel 

characteristics and mitigates the plastic pollution. Further, addition of catalyst improves the 

biofuel quality by forming desired products such as aromatics (BTEX).  

The overall aim of this thesis is to develop wet-torrefaction process to selectively 

remove the hemicellulose in the form of xylose and to form the hydrochar with better 

pyrolysis characteristics. Further, to explore the potential of various zeolite catalysts 

(MesoHY and HZSM-5) for the catalytic co-pyrolysis (CCP) of wet-torrefied bamboo 
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biomass and plastic (linear low-density polyethylene, LLDPE). The catalytic co-pyrolysis 

and pyrolysis and non-catalytic co-pyrolysis and pyrolysis of wet-torrefied (or raw) bamboo 

biomass and LLDPE were carried out using thermogravimetric analysis (TGA) in the 

temperature range of 30 to 900°C at heating rates 5, 10, 20 and 40°C min-1, under argon 

atmosphere. The kinetic parameters were determined using three models based on the 

isoconversional method: Kissinger-Akahira-Sunose (KAS), Flynn–Wall–Ozawa (FWO), 

and Friedman (FM) models. The reaction mechanisms for the above mentioned reactions 

were predicted using the Criado's master plot. 

Initially, the co-pyrolysis of bamboo sawdust (BSD) and LLDPE was studied. A 

blend containing 25 wt.% BSD and 75 wt.% LLDPE (BP1:3) showed the highest synergism 

as compared to other blends studied. The activation energy drop (36% with respect to 

biomass) was the highest with this blend. The mean values of apparent activation energy (Ēα 

) for the decomposition of blends (BP3:1 (75 wt.% BSD and 25 wt.% LLDPE), BP1:1 (50 

wt.% BSD and 50 wt.% LLDPE) and BP1:3) are determined to be 357, 371 and 143 kJ mol-

1 from KAS, 368, 400 and 165 kJ mol-1 from OFW and 468, 356 and 255 kJ mol-1 from FM, 

respectively. The reaction follows a multistep mechanism. The decomposition of the blend 

BP1:3 follows a nucleation growth (A2) model in the lower conversion range and diffusion 

(D2) model in the higher conversion range. 

As a next study, the bamboo saw dust (BSD) was wet-torrefied to selectively remove 

hemicellulose in the form of pentoses (xylose + arabinose) and to produce hydrochar (with 

high energy density of 24 MJ/kg, which is similar to that of lignite). The best torrefaction 

activity, with xylose yield 85% and complete removal of hemicellulose, was obtained with 

formic acid:BSD 1:1 and NaCl:BSD 3:1 w/w, at temperature 140°C and time 30 min. 

Further, the pyrolysis and co-pyrolysis behavior of hydrochar, LLDPE, and their blends 
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were studied. The blend with one part hydrochar and three parts LLDPE (TBP1:3) showed 

the highest positive synergism during co-pyrolysis at 40°C min-1 heating rate. The average 

apparent activation energies of co-pyrolysis of blends (TBP3:1, TBP1:1, and TBP1:3) were 

found to be 232, 261, 247 kJ mol-1, respectively. The Criado's master plot showed the 

reaction mechanism of co-pyrolysis to be multistep. For example, the blend TBP1:3 

followed the trend of two-dimensional Avrami-Erofeyev model (A2) at lower conversions, 

diffusion-reaction model (D2) at high conversions and end with a first-order reaction. 

The torrefied BSD (TBSD) was catalytically co-pyrolyzed with LLDPE over 

HZSM-5. The apparent activation energies (Eα) of catalytic pyrolysis (CP) of TBSD, and 

LLDPE were 187 and 147 kJ mol-1, respectively, from Kissinger–Akahira–Sunose (KAS) 

model. Those of catalytic co-pyrolysis (CCP) of blends TBP3:1, TBP1:1 and TBP1:3 were 

163, 135 and 133 kJ mol-1, respectively. The CCP of TBP1:3 and TBP1:1 showed synergism 

between TBSD and LLDPE in terms of Ēα and TBP1:3 showed the highest synergism with 

the least Ēα. The CCP mechanism of blends with higher fraction of TBSD was more 

complex, as depicted from the Criado’s master plot. 

Finally, the catalytic co-pyrolysis (CCP) of wet-torrefied bamboo sawdust (TB) and 

linear low-density polyethylene (LLDPE) over MesoHY zeolite was carried out. Four 

degradation stages were found in the CCP of TB and LLDPE blends, the first stage being 

moisture removal. The peak decomposition temperature of catalytic pyrolysis (CP) of 

LLDPE over FAU was reduced by 251°C as compared to that over HZSM-5 and the 

enhancement can be attributed to the topology of HY. The Ēα of the blends TBP3:1, TBP1:1, 

and TBP1:3 were 176, 133, and 122 kJ mol-1, respectively. The Eα of the blends was much 

lower as compared to that of TBSD, indicating a clear synergism. A multistep mechanism 

was observed in both CP of individual samples and CCP of blends, as analysed by Criado’s 
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master plot. For example, the CCP of TBP1:3 followed geometric (volume) contraction (R3) 

and first-order reaction models at low and high conversions, respectively. 

Keywords: Wet-torrefaction of bamboo sawdust; Linear low-density polyethylene 

(LLDPE); Catalytic co-pyrolysis; Biofuel; Criado’s master plot; Reaction mechanism 
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Chapter 1 

 

Background of the Work and Research Objectives 

1. Introduction 

The energy crisis and solid waste management are the two vital issues faced by mankind.[1,2] 

The fossil resources are depleting rapidly and alternative renewable and sustainable resources 

are required, on an urgent basis, to meet the energy demands of the society. The depletion of 

fossil fuels and environmental deterioration lead researchers to search for alternative, 

renewable, sustainable, and eco-friendly energy resources, as in Fig. 1.1. [3,4] Among all the 

renewable resources, lignocellulosic biomass (LCB) has been identified as the most promising 

feedstock for the production of biofuels, due to its mass availability, eco-friendliness, and CO2 

neutrality.[5–9] [10] The LCB includes agricultural residues, energy crops, and forest residue. 

A total of 220 and 0.686 billion tons/year of LCB is being produced worldwide [11] and in 

India, [12]  respectively. The greenhouse gases can significantly be reduced by utilizing 

biomass in the production of transportation fuels. [13–15] 

The bamboo comes under the family of poaceae or gramineae and Bambusa genera, monocot 

plants, and rarely flowering and irregular cycle known as grass. It is the fastest-growing plant 

on earth, grows on even poor soil conditions and/or degraded lands. The high productivity and 

self-regeneration ability, make it one of the best-known Bioresource. [16]  The plant cell wall 

of Bambusa tulda consists majorly of biopolymers, namely cellulose, hemicellulose, and lignin 

and non-structural components (extractives and ash) in minor amounts. [17]  
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Figure 1.1: Various historical events such as Oil crises, war, economy and global warming 

responsible for biofuel research initiatives. 

The hexose monomers are the building blocks of cellulose and join each other by glycosidic 

bonds in a regular array to form microfibrils that act as a skeleton in the cell wall. These 

microfibrils also connect with hemicellulose and lignin through inter and intramolecular 

hydrogen bonding. [11] The cellulose is crystalline. Based on the crystallographic 

configuration, two types of crystalline cellulose (Iα and Iβ) occur in lignocellulosic biomass 

having triclinic, with one chain, and monoclinic, with two chains, structures (Fig. 1.2a). [18] 

The hemicellulose is a heteropolysaccharide, an amorphous and lower degree of 

polymerization compared to cellulose. Its backbones consist of pentose units (xylose and 

arabinose), and these units are also attached with oligosaccharide chains having hexose 

monomers such as galactose, mannose, glucose, and fructose.[17] Acetyl units are attached 

with C2 or C3 in xylose ring and glucuronic acid also attached with xylose ring in xylan 

backbone (Fig. 1.2b). It acts as a linking material, connected through lignin and cellulose by 

hydrogen and covalent bonds. The lignin is a tridimensional polymer (Fig. 1.2c), amorphous, 
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and composition varies from species to species. The hardwood, softwood, and grasses contain 

20–25, 25–35, and 10–15% lignin, respectively.[17] The linkage or bond between lignin and 

carbohydrate are categorized into five categories including phenyl glycosides (C6H5–O–C1), 

benzyl ether (α–O–4 or β–O–4), alkyl benzyl ether, γ–ester or ester linkages with glucuronic 

acid and acetal bonds (Fig. 1.2d).[19] The strength and rigidity of the cell wall depend upon 

the extent of the lignin matrix which consists of three basic units p–hydroxyphenyl (H), 

guaiacyl (G), and syryngyl (S). These units are differentiated based on the number of methoxy 

groups they contain. The H, G, and S units possess zero, one, and two methoxy groups, 

respectively [20]. These monomers are joined to each other by different linkages such as ether 

(α–O–4, β–O–4 and γ–O–4), carbon-carbon linkage in aromatic and alkylated carbon (β–5, β–

1, 5–5), resinol type (β–β, α –O–γʹ, γ–O–αʹ) and phenyl-coumarane (β–5, α–O4) .[21] 

Figure 1.2: Schematic illustration of cellulose (a), hemicellulose (b) and lignin (c) in the cell 

wall of bambusa tulda and lignin carbohydrate complex having different bonds [glycosidic (I), 

benzyl ether (II), γ–ester (III), acetal (IV), etc.] (d). 

a) b)

c) d)
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The liquid fuel produced from pyrolysis of biomass is known as bio-oil. Six major fractions 

are present in bio-oil, namely water (15-30 wt%), light oxygenates including acids, esters, 

ketone and aldehyde and alcohols (8-26 wt%), monophenols (2-7 wt%), water-insoluble 

oligomers originated from lignin (15-25 wt%), and water-soluble molecules (10-30 wt%).[22] 

It consists of highly oxygenated compounds including acids, esters, ketones, aldehydes, 

alcohols, aromatic species with some traces of polymeric carbohydrates and lignin 

fragments.[23,24] It has high oxygen content, acidity, viscosity (flash pyrolysis 51 cp, slow 

pyrolysis 300 cp at 40ºC) [25], and low heating value.[26] The presence of water and high 

oxygen content (50 wt % on dry basis) contribute to the low heating value of the bio-oil.[27] 

The corrosive nature of bio-oil is mainly due to acids and its instability is due to aldehydes and 

phenols.[25] The presence of these compounds makes bio-oil not suitable to be used directly 

as a transportation fuel and hence needs an up-gradation. Therefore, researchers have tried to 

obtain mono-aromatic components (benzene, toluene, and para-xylene), using zeolite catalyst 

in pyrolysis.[28] The bio-oil has been proposed to be used directly as fuel in a variety of 

applications, including diesel engines, boilers, turbines, and furnaces [14]. The by-products 

(biochar or pyrochar) from the bio-oil production process are also used as fertilizers, lime, 

pesticides, antioxidants, carbon electrodes, etc.[29–31]  

Plastic has attracted huge attention globally because of its remarkable properties such as high 

thermal stability, durability, and polymeric structure.[32,33] However, it is non-biodegradable 

and takes centuries for complete degradation by abiotic and biotic methods.[32,34] The plastic 

has two backbone structures, namely C-C bonds and heteroatoms (mainly oxygen). 

Polyethylene (Low-density polyethylene (LDPE), Linear low-density polyethylene (LLDPE), 

and High-density polyethylene (HDPE)), Polyvinyl chloride, Polypropylene, and Polystyrene 

comes under the former category. While, Polyethylene terephthalate, Polyurethane, etc., are 

identified as heteroatoms containing plastic [32,35]. The total market share of PET and PU is 
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lower (18%) as compared to that of C-C bond plastic (77%). The PEs are resistant to hydrolysis 

and biodegradation because of high strength of C-C bond in the backbone of plastic but are 

susceptible to thermal oxidation. The production of plastic globally is increasing day-by-day 

and the total plastic production from 1950 to 2018 was estimated as 8.3 billion metric tonnes. 

However, 76% of total plastic is considered as waste out of which 14% is recycled, 14% is 

incinerated, and 72% is landfilled. Therefore, the plastic waste accumulated in the earth’s 

atmosphere, pollutes our natural ecosystem and adversely affects human health (Fig. 1.3).[32] 

The production and consumption of plastic in the Asian continent has significantly been 

increased from 114 to 131 Million tonnes oil equivalant (Mtoe) during 2013-2015. The 

production quantity of major plastic resins was 82 Mtoe in Asian countries while China plays 

as a major role (44.79 Mtoe), followed by India and Republic of Korea with 14.17 Mtoe and 

13.68 Mtoe, respectively [33]. The consumption of plastic in India (12 kg/capita/year) is still 

low as compared to that from the USA and China.[36]  

The LLDPE, with building blocks ethylene and α-olefins (e.g., butene-1 and hexene-1), is 

produced using Ziegler–Natta catalyst. It possesses a short chain length identical to HDPE but 

the occurrence of lower frequency as compared to HDPE. It also has lower lamellar thickness 

than that of LDPE and HDPE. It also has a lower temperature range (Tm: 125–128°C) and 

density (0.919 g cm-3) compared to LDPE (ρ: 0.920 gcm-3 and Tm: 85−130°C) and HDPE (ρ: 

0.953 gcm-3 and Tm: 130−140°C). It is generally used in packaging materials.[36,37] Due to 

its durability and buoyancy nature, it is found in all oceans. It fragments into various sizes 

(micro, and mm) by weathering and photo-degradation processes and is considered hazardous 

waste. Therefore, these fragments are transferred into aquatic animals (e.g., fish) by different 

modes. Moreover, these fragments also reduce the growth of plankton and cause global 

warming. [38] These micro-plastics, if absorbed by humans, may create severe problems such 

as inflammation, apoptosis, oxidative stress, tissue damage, fibrosis, and 
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carcinogenesis.[32,35] Therefore, the utilization of the waste-LLDPE is highly warranted. The 

thermochemical conversion or chemical recycling process of plastic waste to produce value 

added-products or fuel could be considered an effective eco-friendly and sustainable alternative 

to overcome plastic waste pollution.[34,39] 

 

Figure 1.3. Plastic waste fate and their harmful impact on the environment as well as human 

health. 
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The raw biomass has various shortcomings such as high moisture content, low bulk 

density, low energy density, and unfavourable pyrolysis characteristics. The quality of biofuels 

obtained directly from the lignocellulosic biomass is inferior. Therefore, certain pre-treatment 

methods such as torrefaction are used to improve the quality of biomass and thereby the quality 

of biofuel. The torrefaction of raw biomass removes hemicellulose and overcomes the above-

mentioned issues.[4] Two torrefaction methods, namely wet and dry torrefaction which 

produce hydrochar and biochar, respectively[40], have been reported in the literature. Both the 

methods have their pros and cons. The dry torrefaction suffers from the challenges such as 

increased ash content, the requirement of pre-drying step, and the risk of self-ignition. Further, 

the dry torrefaction (DT) is energy-intensive as it requires high temperature and the 

enhancement of the high heating value (HHV) of biochar is lower. On the other hand, the wet 

torrefaction is highly promising, as the hydrochar obtained from this process possesses 

excellent properties.[40,41] Moreover, the wet torrefaction (WT) is less energy-intensive and 

gives higher enhancement of HHV, by increasing the H/C ratio (due to dominant 

decarboxylation reactions).[4] The wet torrefied biomass (WTB) is superior to dry torrefied 

biomass in terms of grindability, hydrophobicity, and ease of pelletization.[4] The WT removes 

more ash by demineralizing the sample. It preserves active –OH groups that rearrange 

themselves and increase the crystallinity of macromolecules (cellulose).[42] It is sustainable 

and eco-friendly due to less emission of pollutants and dust particles as compared to DT.[43] 

The furanic and phenolic resins formed during WT adhere to the solid surface of hydrochar 

which, in turn, acts as binders in pelletization avoiding the need for external binders.[44] In the 

wet torrefaction, the biomass in aqueous suspension is treated at autogenous pressure and 

temperatures in the range of 150–260°C for 30–60 min.[45] It was hypothesized that using a 

suitable catalyst (such as NaCl and formic acid) in the wet-torrefaction process, the 
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hemicellulose can selectively be removed in the form of a useful platform chemical, which 

improves the overall economics of the process.  

The lower effective hydrogen to carbon ratio (H/Ceff) of biomass is responsible for the 

formation of carbonaceous materials (such as char).[46] The co-feeding of waste plastic, along 

with (torrefied) biomass, in a process called co-pyrolysis, provides hydrogen and leads to the 

enhanced formation of aromatic content.[45,47] However, the non-catalytic co-pyrolysis 

produces the unwanted side-products[48] or the products of the individual pyrolysis of 

lignocellulosic biomass and plastic[49] and requires higher temperatures. While the catalytic 

pyrolysis of lignocellulosic biomass may lead to the loss of C and H in the form of CO2 and 

CO in decarboxylation and decarbonylation reactions and dehydration while eliminating the 

oxygen in the bio-oil.[17] In catalytic pyrolysis of biomass, the breakdown of biomass occurs 

on the surface of the zeolite. The degraded volatiles move into the pore of zeolite where 

different reactions take place for the formation of aromatic fractions. The zeolite contains both 

Brønsted and Lewis type acid sites. Therefore, catalytic co-pyrolysis (CCP) is the best 

technology to obtain high-quality biofuels, even though the reaction is complex.[28,50] In this 

regard, zeolites are seen to be valuable catalysts due to strong acidity, shape selectivity, and 

aromaticity for degradation of biomass.[47]  

The catalytic co-pyrolysis enhances the aromatic content and reduces the coke 

formation.[51] The Diels-Alder reaction is dominant in the co-pyrolysis process. While, the 

Diels-Alder, hydrocarbon pool and hydrogen transfer mechanisms are dominant in the catalytic 

co-pyrolysis process.[52] The plastic, a hydrogen rich (high H/Ceff ratio) feedstock, provides a 

hydrogen atmosphere to the hydrocarbon pool inside the zeolite pores.[50,53] The interaction 

of cellulose/hemicellulose-derived furan derivatives with the olefins from plastic produces 

aromatic content (monomer or dimer compounds) by Diels-Alder reaction followed by 

dehydration.[51]  
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The use of wet-torrefied biomass in the catalytic co-pyrolysis with plastic (or hydrogen-

rich compounds) [54]) could enhance the pyrolysis characteristics and quality of pyrolysis 

oil.[10,50,55] A clear increase in aromatics yield and decrease of char formation was observed 

with such a combination. Therefore, it was hypothesized that the CCP of torrefied biomass and 

LLDPE could result in better quality biofuels. Although the catalytic co-pyrolysis of torrefied 

biomass and plastic (hydrogen-rich source) is highly potential, the reported studies in this 

research area are scarce. 

In the CCP, the acidity and topology of zeolites play an important role in the decomposition of 

biomass and plastic during catalytic copyrolysis process. For obtaining high quality biofuel, 

ZSM-5 is seen to be a valuable catalyst due to its strong acidity and shape selectivity for the 

degradation of biomass. It enhances the aromaticity and reduce coke formation due to strong 

acidity and shape selectivity.[47] The derivatives of oxygenates from lignin can effectively be 

eliminated using MesoHY as catalyst in the catalytic fast pyrolysis of lignin. For example, the 

2,6-dimethoxyphenol and 1,2,3-trimethoxybenzene remained in the final products when ZSM-

5 or MOR was used while completely disappeared when HY was used.[56] The product 

distribution during (hydro-)cracking of waste plastics is affected by acidity of FAU zeolite. 

The gasoline range hydrocarbons (C5−C12) are obtained at low silica-to-alumina ratio (SAR) 

and jet and diesel ranges hydrocarbons (C8−C22) are obtained at higher SAR.[57] The FAU 

zeolite has possessed higher ability to break C−C and C−O bonds and regenerability from coke. 

The deoxygenation for lignin macromolecule occurs at a faster rate over HY than that over 

HZSM-5, due to larger size pores (7.4 Å) and internal pore space (11.2 Å) of FAU. [13]  The 

diffusional resistances are the major limitation in the CCP of biomass and plastic due to larger 

molecular sizes of the reactants. The mesoporous zeolites (pore size: 2–50 nm) resolve this 

issue.[58–60] The mesoporous HY zeolite (MesoHY) reduces most acidic and carbonyl 

compounds (which are responsible for the corrosiveness and instability) and boosts the amount 

TH-2788_156107018



Catalytic and Non-Catalytic Co-Pyrolysis of Torrefied Bamboo Biomass and Plastic 

10 

 

of desirable hydrocarbons (monoaromatic hydrocarbons (MAH), especially the BTEX) by 

Diels-Alder reactions.[59] Therefore, both MesoHY (FAU) and HZSM-5 (MFI) zeolites with 

silica alumina ratio of 80 are explored as potential catalysts in this study for the catalytic co-

pyrolysis of (torrefied) biomass and plastic (LLDPE). 

1.2 Literature Review 

1.2.1 Theory 

The pyrolysis of biomass is a complex process involving many reactions.[36,37] The rate of 

reaction depends upon three variables: temperature, the extent of fractional conversion, and 

pressure of the system[61], given as the following expression 

𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼)ℎ(𝑝) … … … … … … … … … … … … … … … … … … … … .1.1 

Neglecting the pressure dependence, since the operation is at negligible pressure drop, equation 

1.1 can be modified as 

𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼) … … … … … … … … … … … … … … … … … … … … … … . .1.2 

Where k(T) is the Arrhenius constant (a function of temperature) and f(α) is the reaction model 

(a function of conversion). The temperature dependence of the rate constant follows the 

Arrhenius equation which is given below 

𝑘(𝑇) = 𝐴 𝑒𝑥𝑝 (
−𝐸𝛼

𝑅𝑇
) … … … … … … … … … … … … … … … … … … … … .1.3 

Substituting the value of k(T) in equation 1.1, the following equation is obtained: 

𝑑𝛼

𝑑𝑡
= 𝐴 𝑒𝑥𝑝 (

−𝐸𝛼

𝑅𝑇
) 𝑓(𝛼) … … … … … … … … … … … … … … … … … … . .1.4 
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The equation 1.4 is applied as a tool for differential kinetics methods. It applies to any type of 

temperature program i.e. isothermal or non-isothermal process [62]. For constant heating rate 

(β = dT/dt), the equation 1.4 can be simplified as  

𝛽
𝑑𝛼

𝑑𝑇
= 𝐴 𝑒𝑥𝑝 (

−𝐸𝛼

𝑅𝑇
) 𝑓(𝛼) … … … … … … … … … … … … … … … … … … .1.5 

Integration of equation 1.4 or 1.5 results in the following equations 

𝑔(𝛼) = ∫
𝑑𝛼

𝑓(𝛼)

𝛼

0

= 𝐴 ∫ 𝑒𝑥𝑝 (
𝐸𝛼

𝑅𝑇
) 𝑑𝑡 … … … … … … … … … … … … … … 1.6

𝑡

0

 

Or 

𝑔(𝛼) =
𝐴

𝛽
∫ 𝑒𝑥𝑝 (

𝐸𝛼

𝑅𝑇
) 𝑑𝑇 … … … … … … … … … … … … … … … … … … … 1.7

𝑇

0

 

where, g(α) is the integral form of the reaction model. equation 1.7 does not have any exact 

analytical solution. Various approximations produced a significant number of approximate 

integral methods.[36] 

1.2.1.1 Isoconversional methods 

All isoconversional methods originate from isoconversional principle state that indicates that 

the rate of reaction at the constant extent of conversion is only the function of temperature.[61] 

This can be proven by the following equation 

𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼) … … … … … … … … … … … … … … … … … … … … … … . .1.8 

By taking logarithmic derivatives of equation 1.8 at the constant extent of conversion (α). Thus, 

[
𝜕 𝑙𝑛 (

𝑑(𝛼)
𝑑𝑡

)

𝜕(𝑇)−1
]

𝛼

= [
𝜕 𝑙𝑛 𝑘(𝑇)

𝜕(𝑇)−1
]

𝛼

+ [
𝜕 𝑙𝑛 𝑓(𝛼)

𝜕(𝑇)−1
]

𝛼

… … … … … … … … … … 1.9 

TH-2788_156107018



Catalytic and Non-Catalytic Co-Pyrolysis of Torrefied Bamboo Biomass and Plastic 

12 

 

At the constant extent of conversion (α), f (α) is also constant because of a given value of α, 

the above equation 1.9 can be expressed as 

[
𝜕 𝑙𝑛 (

𝑑(𝛼)
𝑑𝑡

)

𝜕(𝑇)−1
]

𝛼

=
−𝐸𝛼

𝑅
… … … … … … … … … … … … … … … … … . .1.10 

From equation 1.10, it is concluded that Eα can be evaluated by taking the temperature 

dependence of isoconversional rate. Therefore, Isoconversional methods are also known as 

“model free” methods [61]. The model-free methods can be separated into two groups such as 

integral and differential isoconversional models. Kissinger-Akahira-Sunose (KAS) and Flynn-

Wall-Ozawa (FWO) models are identified as integral and Friedman (FM) model comes under 

the category of differential isoconversional model. 

Kissinger-Akahira-Sunose model (KAS) model 

The KAS model is used to determine the kinetic parameters (Eα and A) of (co-)pyrolysis 

reaction, by using a mathematical approximation for the exponential term. The equation for the 

KAS model is given as [63–65]:   

ln [
β

𝑇𝛼𝑖
2

] = ln [
Aα R

Eα g(α)
] − [

Eα

R 𝑇𝛼𝑖

] … … … … … … … … … … … … … … … … … … .1.11 

Where 𝑇𝛼𝑖
 and the subscript i represent the temperature at which the extent of conversion (α) 

is reached and the individual heating rate. The apparent activation energy (Eα) can be estimated 

from the slope [Eα/R] of the line when the graph was drawn between  ln [
β

𝑇𝛼𝑖
2 ] vs  

1

 𝑇𝛼𝑖

 for different 

fractional conversion levels (α).
 

Flynn-Wall-Ozawa model 

Doyle’s approximation is used in the FWO model to obtain an equation which is expressed as 

[63,65,66]: 
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ln[β] = ln [
AEα

Rg(α)
] − 2.315 − 0.457 [

Eα

R 𝑇𝛼𝑖

] … … … … … … … … … … … … … … 1.12 

After plotting the graph ln[β] vs [
1

𝑇𝛼𝑖

], Eα can be obtained from the slope of line 0.457 [
Eα

R 
] at 

a particular value of conversion (α). 

 

 Friedman model 

The equation for the Friedman model is as follows [65,67]: 

𝑙𝑛 [
𝑑𝛼

𝑑𝑡
]

𝛼𝑖

= ln [β
dα

dT
] = ln[Af(α)] − [

Eα

R 𝑇𝛼𝑖

] … … … … … … … … … … … … … … … … 1.13 

Eα was determined by FM model from the slop of the line [
Eα

R 
] by plotting the graph ln [β

dα

dT
] 

vs [
1

 𝑇𝛼𝑖

].                        

 

1.2.1.2 Reaction mechanism from Criado’s master plot method  

In 1965, Ozawa used the concept of generalized time (θ) to understand the master plot method 

describing a solid-state reaction. This permits the use of master plot to analyze the reaction 

mechanism of solid-state reaction in an isothermal and non-isothermal process.[68] To 

construct the experimental master plot, the knowledge of activation energy and conversion rate 

(α) as a function of temperature is needed.[37] The experimental data is converted to an 

experimental master plot and compare with the theoretical master plot which is drawn by 

assuming various reaction mechanisms. This comparison helps us to select appropriate reaction 

mechanisms.[68] Based on the generalized concept of reaction time (θ), the Master plot can be 

categorized into three forms including differential, integral, and both. 

The rate of solid-state reaction can be presented as the following equation 
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𝑑𝛼

𝑑𝑡
= 𝐴 exp (

−𝐸𝛼

𝑅𝑇
) 𝑓(𝛼) … … … … … … … … … … … … … … … … … … … … … .1.14 

where, α is the reacted fraction at time t; f (α) is a function that depends upon the reaction 

mechanism, Eα activation energy, A and T are the frequency factor and absolute temperature 

respectively. 

By introducing generalized time (θ), the kinetic reaction rate at infinite temperature can be 

achieved as follows 

𝜃 =  ∫ 𝑒𝑥𝑝

𝑡

0

(
−𝐸𝛼

𝑅𝑇
) 𝑑𝑡 … … … … … … … … … … … … … … … … … … … … … … … . .1.15 

While θ is the reaction time taken to attain a particular value of conversion fraction (α) at 

infinite temperature. Differentiation of equation 1.15, we get 

𝑑𝜃

𝑑𝑡
= 𝑒𝑥𝑝 (

−𝐸𝛼

𝑅𝑇
) … … … … … … … … … … … … … … … … … … … … … … … … … 1.16 

Combining equation 1.15 and 1.16, the following equation obtained as  

𝑑𝛼

𝑑𝜃
= 𝐴 𝑓(𝛼) … … … … … … … … … … … … … … … … … … … … … … … … … … 1.17 

or 

𝑑𝛼

𝑑𝜃
=  

𝑑𝛼

𝑑𝑡
 𝑒𝑥𝑝 (

𝐸𝛼

𝑅𝑇
) … … … … … … … … … … … … … … … … … … … … … … … .1.18 

Where dα/dθ is the generalized reaction rate, obtained by extrapolating the reaction rate in real-

time, dα/dt to infinite temperature. Integration of equation 1.17 as follows 

𝑔(𝛼) =  ∫
𝑑𝛼

𝑓(𝛼)

𝛼

0

= 𝐴 ∫ 𝑑𝜃 = 𝐴 𝜃

𝜃

0

… … … … … … … … … … … … … … … … … .1.19 
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By taking reference α: 0.5, three forms of master plot such as the differential, integral, and both 

as presented by following equations 1.20, 1.21, and 1.23 respectively. 

(
𝑑𝛼
𝑑𝜃

)

        (
𝑑𝛼
𝑑𝜃

)
𝛼:0.5

=
𝑓(𝛼)

𝑓(0.5)
… … … … … … … … … … … … … … … … … 1.20 

𝑔(𝛼)

𝑔(0.5)
=

𝜃

𝜃0.5
… … … … … … … … … … … … … … … … … … … .1.21 

𝜃 (
𝑑𝛼
𝑑𝜃

)

        𝜃0.5 (
𝑑𝛼
𝑑𝜃

)
𝛼:0.5

=
𝑓(𝛼) 𝑔(𝛼)

𝑓(0.5)𝑔(0.5)
… … … … … … … … … … … … … … … … … 1.22 

Z(α)

Z(0.5)
=

f(α) g(α)

f(0.5) g(0.5)
= [

Tα

T0.5
]

2

 
(dα dt⁄ )α

(dα dt⁄ )0.5
… … … … … … … … … … … … . .1.23 

The pyrolysis of fossil fuel or biomass is a complex process, the evaluation of such processes 

needs a significant number of reaction models. All of these models can be grouped into three 

major types such as accelerating, deaccelerating, and sigmoidal or autocatalytic. Each of these 

types has a characteristic “reaction profile or kinetic curve, shown in Table 1.1.[61] In an 

accelerating model, the weight loss rate increases with conversion throughout the process and 

reaches its maximum at the end of the process. The power-law model comes under this category 

and can be depicted as  

𝑓 (𝛼) = 𝑛(𝛼)
𝑛−1

𝑛 … … … … … … … … … … … … … … … … … … … … … … … … … . .1.24        

where, n is constant. In the deaccelerating model, the weight loss rate decreases continuously 

in the entire process. The order of reaction and diffusion model belongs to this type and the 

mathematical formula can be represented as 

𝑓(𝛼) = (1 − 𝛼)𝑛 … … … … … … … … … … … … … … … … … … … … … … … … … … . .1.25 
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where, n is the order of the reaction. In sigmoidal model, the rate of reaction reaches its 

maximum point at some intermediate conversion level. The Avrami Erofeyev is applied to the 

model. It can be expressed as 

𝑓 (𝛼) = 𝑛(1 − 𝛼)[−ln(1 − 𝛼)]
𝑛−1

𝑛 … … … … … … … … … … … … … … … … … … … … 1.26 

 Avrami-Erofeyev (A) and power law (P) models come under the category of nucleation 

mechanism, which is related to the phase transformation that depends upon temperature, time, 

and heterogeneity of the material (edge dislocation, defects, surfaces, impurities).[69,70] The 

reaction between reactants from two different crystal lattices is often controlled by diffusion 

and its mechanism follows the diffusion (D) mechanism.[69] A complete list of soli-reaction 

models is given in Table 1.1. 

Table 1.1. Various solid-state reaction mechanisms and corresponding expressions for f(α), 

g(α), and z(α). 

Model 
Model 

code 

differential form 

𝒇(𝜶) =  
𝟏

𝒌

𝒅𝜶

𝒅𝒕
 

Integral form 

𝒈(𝜶) = (𝒌𝒕) 
𝒛(𝜶) = 𝒇(𝜶) ∗ 𝒈(𝜶) 

Nucleation model 

Power law P2/3 2/3(𝛼)−1/2 (𝛼)3/2 2/3(𝛼)−1/2 ∗  (𝛼)3/2 

Power law P2  (n=1/2) 2(𝛼)1/2 (𝛼)1/2 2(𝛼)1/2 ∗ (𝛼)1/2 

Power law 
P3 

(n=1/3) 
3(𝛼)2/3 (𝛼)1/3 3(𝛼)2/3 ∗  (𝛼)1/3 

Power law 
P4 

(n=1/4) 
4(𝛼)3/4 (𝛼)1/4 4(𝛼)3/7 ∗ (𝛼)1/4 

Avrami–

Erofeyev 
A2 2(1 − 𝛼)[(− ln(1 − 𝛼)]1/2 [(− ln(1 − 𝛼)]1/2 2(1 − 𝛼)[(− ln(1 − 𝛼)]1/2 ∗ [(− ln(1 − 𝛼)]1/2 

Avrami–

Erofeyev 
A3 3(1 − 𝛼)[(− ln(1 − 𝛼)]2/3 [(− ln(1 − 𝛼)]1/3 3(1 − 𝛼)[(− ln(1 − 𝛼)]2/3 ∗ [(− ln(1 − 𝛼)]1/3 

Avrami–

Erofeyev 
A4 4(1 − 𝛼)[(− ln(1 − 𝛼)]3/4 [(− ln(1 − 𝛼)]1/4 4(1 − 𝛼)[(− ln(1 − 𝛼)]3/4 ∗ [(− ln(1 − 𝛼)]1/4 

Geometrical contraction model 

Contracting area R2 2(1 − 𝛼)1/2 1 − (1 − 𝛼)1/2 2(1 − 𝛼)1/2 ∗ 1 − (1 − 𝛼)1/2 

Contracting 

volume 
R3 3(1 − 𝛼)2/3 1 − (1 − 𝛼)1/3 3(1 − 𝛼)2/3 ∗ 1 − (1 − 𝛼)1/3 
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1.2.2 Torrefaction of biomass  

Chen et al. (2014) [71] torrefied the rice husk biomass at temperatures 200, 230, 260 and 290°C 

for 30 min and characterized the torrefied biomass using TG-FTIR, GCMS, and fast pyrolysis. 

They reported the removal of hemicellulose from the biomass and increased HHV (11−16 MJ 

kg-1) upon torrefaction. In addition, the activation energy of pyrolysis of torrefied biomass 

decreases, in the range of 72−45 kJ mol-1, with torrefaction temperature. Bach et al. (2015) [72] 

studied the effect of wet torrefaction (at T: 175, 200, 250°C; t: 5, 15, 30 min; and 70 bar) on 

the thermal behaviour and kinetics pyrolysis of woody biomasses namely, Norway spruce, and 

Birchwood. The torrefaction process improves the homogeneity of materials and also the HHV 

(from 20.2 to 23.0 MJ kg-1). A lesser amount of volatiles release and the reduction of the 

activation energy are observed during the pyrolysis of torrefied biomass in comparison to those 

with raw biomass. Wang et al. (2016) [73] reported an increase of H/Ceff and HHV (12.7 to 

19.3 MJ kg-1) of hemicellulose model compound upon dry-torrefaction (T: 200–300°C and 30 

min) by removal of small oxygenates. Zhang et al. (2016) [74]  examined the effect of 

torrefaction of biomass (at T: 250–280°C and 20 min) on its pyrolysis. The authors found that 

Diffusion model 

1–D diffusion D1 
1

(2𝛼)
 (𝛼)2 

1

(2𝛼)
∗ (𝛼)2 

 

2–D diffusion 

 

D2 
− [

1

ln(1 − 𝛼)
] [(1 − 𝛼) ln(1 − 𝛼)] + 𝛼 − [

1

ln(1 − 𝛼)
] ∗ [(1 − 𝛼) ln(1 − 𝛼)] + 𝛼 

 

 

3–D diffusion 

 

 

D3 

[
3(1 − 𝛼)1/2

2(1 − (1 − 𝛼)1/3
] 

 

1 − (2
3⁄ )𝛼 − (1 − 𝛼)2/3 

[
3(1 − 𝛼)1/2

2(1 − (1 − 𝛼)1/3
] ∗ 1 − (2

3⁄ )𝛼 

− (1 − 𝛼)2/3 

Reaction order model 

Zero order F0 1 𝛼 1* 𝛼 

 

First order 
F1 (1 − 𝛼) −𝑙𝑛(1 − 𝛼) (1 − 𝛼) ∗ −𝑙𝑛(1 − 𝛼) 

 

Second order 

 

F2 
(1 − 𝛼)2 [

1

(1 − 𝛼)
− 1] (1 − 𝛼)2 ∗ [

1

(1 − 𝛼)
− 1] 

Third order F3 (1 − 𝛼)3 
1

2
[

1

(1 − 𝛼)2
− 1] (1 − 𝛼)3 ∗ 

1

2
[

1

(1−𝛼)2
− 1] 
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the activation energy increases with increasing torrefaction temperature. They also concluded 

that the pretreatment of biomass decreases the acids, ketones, aldehydes, and furan compounds 

while the content of sugars significantly increased, as shown by Py-GC-MS analysis of 

biomass. Wang et al. (2017) [75] performed the torrefaction (T: 200–300°C and 30 min) in a 

tubular reactor using cellulose as feedstock. They observed that the O/C ratio decreases because 

of the removal of small oxygenates by dehydration and decarboxylation reaction and found the 

improvement of heating value ranges from 15.2 to 16.4 MJ kg-1. Zhang et al. (2018) [76] 

studied the torrefaction process (T: 200–300°C and 15–60 min) in a tubular furnace by using 

spent coffee grounds, Chinese medicine residue, and algae as feedstocks. They reported that 

the HHV increases due to the improvement of the H/C ratio and evolution of small oxygenates 

upon torrefaction. The rates of reactions to remove elements O, H, and C are as follows: 

deoxygenation (DO) > dehydrogenation (DH) > decarbonisation (DC). They also concluded 

that the biomass torrefaction with lower severity has higher energy efficiency. Bach et al. 

(2019) [77] used the TG analyzer to examine the thermal and kinetic behavior of industrial 

solid waste (ISW) and oilcloth waste as feedstock in the pyrolysis and non-isothermal 

torrefaction process. They used three torrefaction temperature ranges 235-265, 220-280, and 

205-295°C for three different heating rates (0.5, 1, and 1.5°C min-1) for 60 min and reported 

activation energy of 337−668 kJ mol-1 for ISW and 272-496 kJ mol-1 for oilcloth waste. Dacres 

et al. (2019) [78] investigated the influence of gas-pressurized (GP at 50 bar in an autoclave) 

and atmospheric (AP in fixed bed reactor) torrefaction using two feedstocks, rice straw and 

pine sawdust at 250°C for 15 min. The GP torrefied biomasses have lower activation energies 

in their pyrolysis as compared to those of raw and normal torrefied biomasses. Dai et al. (2019) 

[79] studied the torrefaction of corn cob at 240°C for 30 min in a tubular furnace in anoxic 

condition and catalytic fast pyrolysis of torrefied corn cob. They revealed that 8% Ni-ZSM-5 

produced a maximum amount of aromatics (54.4%) than that over 11%Ni-ZSM-5. Singh et al. 

TH-2788_156107018



Chapter 1: Background of the Work and Research Objectives 

19 

 

(2020) [80] studied the torrefaction of Acacia nilotica (T: 220−280°C for 40 min) and examined 

the suitability of torrefied biomass for bioenergy generation. They found the activation energy 

of pyrolysis of torrefied biomass to be in the range of 122−42 kJ mol-1 (Entries 47–50, Table 

1.2). Gan et al. (2021) [81] have studied the wet torrefaction of two microalgae species 

(Chlorella vulgaris ESP-31and FSP-E) at 160°C for 10 min in a microwave reactor in presence 

of 0.1M sulfuric acid solution. The authors reported that the activation energy of pyrolysis for 

raw and pretreated microalgae samples (with higher carbohydrate amounts) are found to be 

221, 183 and 65 kJ mol-1 while the other species containing higher amounts of lipid exhibited 

reverse order (Entries 51–56, Table 1.2). A detailed list of torrefaction studies of lignocellulosic 

biomass reported in the literature are summarized in Table 1.2
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Table 1.2. Reaction conditions and kinetics of catalytic and non-catalytic pyrolysis of torrefied and raw lignocellulosic biomass. 

S No 
FS-1 

 

HHV 

(MJ kg-1) 
Torrefaction (W/D) 

TR (°C) 

(RR) 
Catalyst 

AE (Eα) or Range of AE 

(kJ mol-1) 
Ref. 

 
T (°C) or TR 

and W/D 
t (min) Eα or RAE 

Model Code 

Or methods 

1 
Rice husk 

(RH) 
11.0 – – 

30–700 

(10–30; 3) 
– – CR 

[71] 

 

2 
Dried rice husk 

(DRH) 
12.8 110 360 do – 71.6 CR 

3 RH 13.6 200 (DT) 30 do – 73.2 CR 

4 RH 14.3 230 (DT) 30 do – 74.3 CR 

5 RH 15.6 260 (DT) 30 do – 69.9 CR 

6 RH 16.2 290 (DT) 30 do – 45.0 CR 

7 Raw spruce (RS) 20.42 – – 
30–700 

(10) 
– 108.0 – 

[72] 

 

8 Raw birch (RB) 19.94 – –  – 111.8 – 

9 RS 20.8 
175 (WT) 

F/W: 1/5 
30 do – 102.4 – 

10 RB 20.21 do – – – 97.1 – 

11 RS 21.08 
200 (WT) 

F/W: 1/5 
10 do – 93.3 – 
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12 RB 20.01 do    96.1 – 

13 RS 21.33 
200 (WT) 

F/W: 1/5 
30 do – 92.2 – 

14 RB 20.78 do    90.5 – 

15 RS 21.51 
200 (WT) 

F/W: 1/5 
60 do – 91.2 – 

16 RB 20.51 do    90.0 – 

17 RS 22.97 
225 (WT) 

F/W: 1/5 
60 do – 89.0 – 

18 RB 22.93 do – –  89.1 – 

19 Cellulose (CL) 14.95 – – 
25–800 

(5–20; 4) 
– 

113.9 

113.2 

FWO 

Am − DAEM 

[75] 

 

20 CL 15.18 200 (DT) 30 
do 

 
– 

117.7 

117.8 

FWO 

Am − DAEM 

21 CL 15.26 225 (DT) 30 
do 

 
– 

117.6 

117.6 

FWO 

Am − DAEM 

22 CL 15.26 250 (DT) 30 
do 

 
– 

116.9 

117.0 

FWO 

Am − DAEM 

23 CL 15.48 275 (DT) 30 
do 

 
– 

116.2 

116.0 

FWO 

Am − DAEM 

24 CL 16.36 300 (DT) 30 
do 

 
– 

125.2 

119.5 

FWO 

Am − DAEM 

25 
Xylan (XYL) 

part of HCL 
12.55 – – 

25–800 

(20) 
– 149.8 DG–DAEM 

[73] 
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26 XYL 12.77 200 (DT) 30 do – 150.9 DG–DAEM 

27 XYL 13.35 225 (DT) 30 do – 172.3 DG–DAEM 

28 XYL 16.39 250 (DT) 30 do – 172.5 DG–DAEM 

29 XYL 19.46 275 (DT) 30 do – 167.0 DG–DAEM 

30 XYL 19.34 300 (DT) 30 do – 166.6 DG–DAEM 

31 Rice husk (RH) 16.58 – – 
25–700 

(10–40; 3) 
– 

146.3 

148.4 

ST 

FWO 

[74] 

 

32 

Water washing 

Rice husk 

(WRH) 

– 
60 

F/W: 1g/70ml 
360 

do 

 
– 

136.1 

138.8 

ST 

FWO 

33 WRH – 250 (DT) 30 
do 

 
– 

140.6 

143.3 

ST 

FWO 

34 WRH – 280 (DT) 30 
do 

 
– 

146.6 

149.1 

ST 

FWO 

35 
Industrial solid 

waste (ISW) 
19.97 

235−265 (DT) 

at 0.5 RR 
60 

30–800 

(20) 
– 667.5 – 

[77] 

 

36 
Oil cloth waste 

(OCW) 
20.61 

do 

 

do 

 
do – 495.8 – 

37 
Industrial solid 

waste (ISW) 
19.97 

220–280 (DT) 

at 1.0 RR 
60 

do 

 
– 336.7 – 

38 
Oil cloth waste 

(OCW) 
20.61 

do 

 

do 

 

do 

 
– 272.3 – 

39 
Industrial solid 

waste (ISW) 
19.97 

205–295 (DT) 

at 1.5 RR 
60 

do 

 
– 361.5 – 
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40 
Oil cloth waste 

(OCW) 
20.61 

do 

 

do 

 
do – 274.6 – 

41 Rice straw (RS) – – – 
25–900 

(5–20; 3 
– 

213.3; 210.9 

221.1 

DAEM; 

FWO 

FM 

[78] 

 

42 
Pine Saw dust 

(SD) 
– – – do – 

220.2; 218.9 

230.9 

DAEM; 

FWO 

FM 

43 RS – 250 (DT) 30 do – 
195.4; 195.5 

217.2 

DAEM; 

FWO 

FM 

44 SD – 
do 

 

do 

 
do – 

279.2; 275.2 

296.6 

DAEM; 

FWO 

FM 

45 RS – 250; 25Pa (DT) 30 do – 
202.3; 201.4 

218.3 

DAEM; 

FWO 

FM 

46 SD – 
do 

 

do 

 
do – 

181.4; 182.4 

238.7 

DAEM; 

FWO 

FM 

47 
Acacia nilotica 

(AN) 
18.66 – – 

25–800 

(5–15; 3) 

 

 

– 

211.5; 221.6 

216.8; 211.9 

KAS; FWO 

FM; ST 

[80] 

 48 AN 20.33 220 (DT) 40 do – 
241.6; 252.3 

261.8; 241.8 

KAS; FWO 

FM; ST 

49 AN 22.51 250 (DT) 40 do – 
185.1; 198.9 

188.4;  185.5 

KAS; FWO 

FM; ST 
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50 AN 25.94 280 (DT) 40 do – 
121.8; 132.9 

122.1; 122.3 

KAS; FWO 

FM; ST 

51 

Chlorella 

vulgaris 

(ESP-31) 

20.8 – – 
30–800 

(20) 

 

– 
117.0 

 

– 

[81] 

 

52 
Chlorella 

vulgaris (FSP-E) 
20.9 – – do – 85.6 – 

53 ESP-31 25.2 
160 (WT) 

F/W: 1/5 
10 do – 116.1 – 

54 FSP-E 22.5 do – do – 91.1 – 

55 ESP-31 31.7 do – do H2SO4 121.1 – 

56 FSP-E 23.1 do – do H2SO4 99.4 – 

57 
Corn cob (CC) 

 
– 

240 (DT) 

F/C: 1/5 
10 

30–800 

(10) 
ZSM-5 70.1 RO 

[79] 

58 CC – do do do 
MZSM-5 

(M: meso.) 
74.1 RO 

59 
CC 

 
– do do do 

NiMZSM-5; 

2 wt. % Ni 

MS: [Ni H2O)6] 

(NO3)2 

70.2 RO 

60 
CC 

 
– do do do 

NiMZSM-5; 

5 wt. % Ni 

MS: [Ni (H2O)6] 

(NO3)2 

68.1 RO 
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61 
CC 

 
– do do do 

NiMZSM-5 

8 wt. % Ni 

MS: [Ni (H2O)6] 

(NO3)2 

68.5 RO 

62 
CC 

 
– – – do 

NiMZSM-5; 

11 wt. % Ni 

MS: [Ni (H2O)6] 

(NO3)2 

70.3 RO 

63 
Water hyacinth 

(WH) 
– – – 

30–750 

(10–40; 4) 
– 65.3 FWO 

[82] 

 

64 WH – – – do CaO (10%) 69.2 FWO 

65 WH – 126 W 3 do do 60.0 FWO 

66 WH – 126 W 5 do do 89.8 FWO 

67 WH – 126 W 10 do do 64.8 FWO 

68 WH – 329 W 3 do do 64.9 FWO 

69 WH – 329 W 5 do do 56.7 FWO 

70 WH – 329 W 10 do do 65.1 FWO 

71 WH – 567 W 3 do do 76.7 FWO 

72 WH – 567 W 5 do do 52.9 FWO 

73 WH – 567 W 10 do do 67.0 FWO 
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74 
Wood saw dust 

(SD) 
– – – 

30 – 600 

(35–45; 3) 
– 

164.0; 166.0 

162.4 

KAS; FWO 

FM 

[83] 

 
75 SD – – – do 

Sodium zirconate 

C/F:1/1 

112.5; 117.3 

116.7 

KAS; FWO 

FM 

76 SD – – – do 
Lithium silicate 

C/F:1/1 

112.6; 116.7 

113.7 

KAS; FWO 

FM 

77 
Municipal solid 

waste (MSW) 
– – – 

30–900 

(10–30; 3) 
– 179.6; 180.3 KAS; FWO 

[84] 78 MSW – – – do 
Iron ore 

(Hematite) 
154.6; 151.8 KAS; FWO 

79 MSW – – – do Iron oxide Fe2O3 154.0; 150.2 KAS; FWO 

80 Pine needle (PN) – – – 
30 – 800 

(10–40; 4) 
– 

111 – 55.6 

108 – 44.8 

KAS 

FWO 

[85] 81 PN – – – – 
γ–Al2O3 

C/F:1/1 

38.1 – 90.0 

42.3 – 97.6 

KAS 

FWO 

82 PN – – – – 
Ni/γ–Al2O3 

C/F:1/1 

18.5 – 86.3 

23.3 – 93.9 

KAS 

FWO 

Note: HHV: High Heating Value; F/W: Feed water ratio; C/F: Catalyst to Feed ratio; D/W: Dry or Wet torrefaction; T: Temperature (°C); t: 

Torrefaction time in minutes; TR: Temperature range (°C); RR: Ramp rate (°C min-1); AE: Activation energy in kJ mol-1; (Eα); RAE: Range of 

Activation energy; KAS: Kissinger-Akahira-Sunose model; FWO: Flynn-Wall Ozawa- model; FM: Friedman; CR: Coats- Redfern model; Am: 

Avrami −Erofeyev model; DG: Double Gaussian; DAEM: Distributed Activation Energy Model; RO: Reaction order model (F1 or F2 or F3); W: 

Unit of power; 
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1.2.3 Co-pyrolysis of lignocellulosic biomass and plastics 

Chin et al. (2014) [86] studied the co-pyrolysis behaviour of rubber seed sell (RSS) and high-

density polyethylene (HDPE). They reported that the blended sample exhibited positive 

synergism (ΔW nagetive) in a temperature range of 710−850 K. They also reported the 

activation energies for RSS, HDPE, and their mixture (RSS/HDPE) as 54, 264, and 49−70 kJ 

mol-1, respectively. Bu et al. (2014) [87] studied the thermal behavior, kinetics and synergism 

of co-pyrolysis of cellulose (CE), hemicellulose (HCE), and lignin (LIG) with bituminous coal 

(BC) using a TG analyzer in the temperature of 30−950°C. They reported the activation 

energies of individual components CE, HCL, LIG, and BC as 135, 118, 185, and 271 kJ mol-1, 

respectively, by the FWO model. The authors also estimated the activation energies of BC and 

CE mixture as 129, 113, and 123 kJ mol-1. Similarly, the activation energy for other blended 

samples (BC and HCE) was calculated as 209, 105, and 247 kJ mol-1 (Entries 7–12, Table 1.3). 

Oyedun et al (2014) [88] studied the co-pyrolysis of plastic (PS and HDPE) and biomass 

(bamboo, empty fruit bunch, and sawdust) and reported the activation energies for the blended 

samples with blend ratio (BB:HDPE) of 4:1, 3:2, 2:3, and 1:4 w/w as 66−69 kJ mol-1 (Entries 

16–26, Table 1.3). Gunasee et al. (2016) [89] studied the synergism and  kinetics of co-

pyrolysis of pine wood branches (BR) and cardboard (CB) with polypropylene (PP). The 

authors reported that the maximum values of ΔW for the mixture of lignocellulosic biomass 

with plastic are -3.5 and -4 wt% at 400 and 480°C, respectively. They also reported the 

activation energy of (co-)pyrolysis of individual and mixed samples as 160, 65 and 250 kJ mol-

1 for lignocellulosic biomass (BR & CB) with PP by FM model (Entries 27–30, Table 1.3). 

Burra et al. (2018) [90] examined the kinetics of co-pyrolysis of pine wood (PW) with synthetic 

polymer (PP). They reported the activation energy of PP and PW as in the range of 100−294 

and 122−260 kJ mol-1 by DAEM model. In addition, they reported the activation energies for 

mixed samples PW:PP (1:1 w/w) as in the range of 115−295 kJ mol-1. Garba et al. (2018) [91] 
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studied the co-pyrolysis of Iroko wood fuel (WF) with polyethylene (LDPE and HDPE). The 

authors evaluated the activation energy of individual samples (WF, LDPE and HDPE) as 25, 

148, and 250 kJ mol-1 and that for blends (WF/LDPE and WF/HDPE) as 37 and 96 kJ mol-1, 

respectively. Chen et al. (2019) [92] studied the co-pyrolysis of tobacco stalk (TS) with 

polymers scrap tire (TS), PP, and polyvinyl chloride (PVC) and estimated the kinetics. They 

found the activation energy of individual feedstocks as 32, 46, 250, and 119 kJ mol-1 for ST, 

TS, PP, and PVC, respectively and those of blends TS:ST, TS:PP, and TS:PVC (with 1:1 w/w 

ratio) were 28, 80, and 48 kJ mol-1, respectively (Entries 65–71, Table 1.3). Kai et al. (2019) 

[93] studied the co-pyrolysis of corn stalk (CS) and HDPE by using TG-FTIR-MS, analyzed 

the evolved gases from feedstock materials and explored the synergism. The strongest positive 

synergy was found with CS content 80 wt% in the blend of CS and HDPE. The gases including 

CH4, C2H6, C3H8, C4H10, H2, and CO/C2H4 were formed in the temperature range of 400-800°C. 

The activation energies of blends CS:HDPE (4:1 w/w), CS:HDPE (3:2), CS:HDPE (2:3) and 

CS:HDPE (1:4) were estimated to be 171, 208, 212, and 220 kJ mol-1, respectively, by FWO 

model. Sun et al. [94] studied the kinetics, synergism and the product distribution of the co-

pyrolysis of blends of wood fiber and polylactic acid (WF/PLA) by TG-FTIR-MS and Py-

GCMS. The activation energy of the co-pyrolysis of blends was lower as compared to that of 

pyrolysis of individual feedstocks by at least 28% (Entries 92–96, Table 1.3). Wang et al. 

(2019) [95] examined the co-pyrolysis behavior of xylan (XYL) and PVC with different weight 

ratios of XYL:PVC blends (4:1, 3:2, 2:3, and 1:4 w/w). They studied the bio-oil composition 

by using a horizontal quartz tube reactor at different temperatures of 400, 500, and 600°C for 

the constant residence time of 10 min. They observed a lower amount of oxygenates during co-

pyrolysis of blends than that of pyrolysis of xylan biomass only. The activation energy of the 

co-pyrolysis of the blend (1:4 w/w) was lower as compared to that of pyrolysis of individual 

feedstocks by 55% (Entries 97–103, Table 1.3). Varma et al. (2020) [96] studied the 
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thermochemical properties of pine needles (PN), Styrofoam (SF), and their blend with the ratio 

of 1:1. The average activation energy of the co-pyrolysis of blend was reduced by a factor of 

at least 2 compared to that of pyrolysis of individual feedstock. Chen et al. (2021) [97] explored 

the co-pyrolysis of microalgae Dunaliella salina (DS) and typical plastics (PP, PS, PET, and 

PVC) by employing TG-FTIR in a temperature range of 35−800°C. The authors noticed the 

evolution of carbon dioxide, carbonyl, alkyl, and aromatics during the co-pyrolysis of the 

blends. The average activation energy of the co-pyrolysis of blend was lowered by 6 folds 

compared to that of pyrolysis of individual feedstocks as estimated by the Arrhenius equation 

(Entries 107–115, Table 1.3).  
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Table 1.3. Reaction conditions and kinetics of non-catalytic co-pyrolysis of torrefied and raw lignocellulosic biomass (and its derivatives) with 

plastic  

S No 
FS-1* 

(wt.% ) 

FS-2# 

(wt.% ) 

HHV 

(MJ kg-1) 

Torrefaction (W/D) 
TR (°C) 

(RR) 

AE (Eα) or Range of AE 

(k J mol-1) 
Synergistic effect 

 

Ref. T (°C) 

and W/D 
t (min) Eα or RAE 

Model Code 

Or methods 

ΔW 

(wt. %) 

TR (°C) 

or Tmax 

1 
Rubber Seed 

Shell (RSS) 
– – – – 

50–900 

(10–50; 4) 
54.4 F1 – – 

[98] 

 

2 – HDPE – – – do 264.1 F1 – – 

3 RSS (20%) HDPE (80%) – – – do 55.0 F1 at 10 RR (-) 6.3 377−502 

4 RSS (20%) HDPE (80%) – – – do 57.2 F1 at 20 RR (+) 12.3 247−377 

5 RSS (20%) HDPE (80%) – – – do 58.1 F1 at 30 RR (+) 11.8 247−377 

6 RSS (20%) HDPE (80%) – – – do 69.6 F1 at 50 RR (+) 13.5 247−377 

7 Cellulose (CE) – – – – 
25–950 

(10–40; 3) 
134.6 OFW – – 

[87] 

8 
Hemicellulose 

(HCE) 
– – – – do 117.7 OFW – – 

9 Lignin (LIG) – – – – do 184.5 OFW – – 

10 – 
Bituminous 

coal (BC) 
– – – do 271.4 OFW – – 
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10 BC (25%) CE (75%) – – – do 123.0 OFW 
(-) 4.5 

(+) 2.8 

400 

380 

11 BC (50%) CE (50%) – – – do 113.1 OFW 
(-) 10.79 

(+) 6.2 

400 

400 

12 BC (75%) CE (25%) – – – do 129.1 OFW (-) 4.2 400 

13 
Rubber Seed 

Shell (RSS) 
– – – – 

50–900  

(10–50; 4) 
47.0–63.2 F1 – – 

[86] 14 – HDPE – – – do 242.1–278.2 F1 – – 

15 RSS (20%) HDPE (80%) – – – – 49.2–83.1 F1 – – 

16 
Bamboo 

biomass (BB) 
 − – – 

30–800 

 (10) 
66.0 CR − – 

[88] 

 

17 − PS − – – do 213.5 CR − – 

18 BB (80%) PS (20%) − – – do 69.9 CR – – 

19 BB (60%) PS (40%) − – – do 64.8 CR – – 

20 BB (40%) PS (60%) − – – do 62.4 CR – – 

21 BB (20%) PS (80%) − – – do 69.8 CR – – 

22 − HDPE − – – do 253.6 CR   

23 BB (80%) HDPE (20%) − – – do 68.6 CR – – 

24 BB (60%) HDPE (40%) − – – do 66.4 CR – – 
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25 BB (40%) HDPE (60%) − – – do 65.4 CR – – 

26 BB (20%) HDPE (80%) − – – do 65.1 CR – – 

27 
Pine wood 

branch (BR) 
– – – – 

25–1000 

 (20) 

160 

 
FM – – 

[89] 

28 
Cardboard 

(CB) 
– – – – do 

65 

 
FM – – 

29 – PP – – – do 250 FM – – 

30 
BR (100%) + 

CB (100%) 
PP (100) – – – do 

300–60 

 
FM 

(-) 3.5 

(-) 4% 

400 

480 

31 Lignin (LIG) – – – – 
25–900 

 (20) 
33.56 CR – – 

[99] 

32 – LDPE – – – do 296.0 CR – – 

33 – PC – – – do 294.8 CR – – 

34 – PS – – – do 309.6 CR – – 

35 LIG (50%) LDPE (50%) – – – do 180.1 CR – – 

36 LIG (50%) PC (50%) – – – do 73.1 CR – – 

37 LIG (50%) PS (50%) – – – do 179.9 CR – – 

38 
Pinewood 

(PW) 
– – – – 

110–1000 

(10–30; 3) 
112–260 DAEM – – 

[90] 

39 – PP – – – do 100–294 DAEM – – 
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40 – PETE – – – do 101–348 DAEM – – 

41 – BPC – – – do 100–150 DAEM – – 

42 PW (50%) PP (50%) – – – do 115–295 DAEM – – 

43 PW (50%) BPC (50%) – – – do 105–295 DAEM – – 

44 PW (50%) PETE (50%) – – – do 104–282 DAEM – – 

45 
Iroko wood 

(WF) 
− − – – 

30–900 

 (10) 

24.6 

 
AE – – 

[91] 

46 − LDPE − – – do 147.5 AE – – 

47 WF (80%) LDPE (20%) − – – do 29.1 AE 
(-) 10.3 

(+) 8.2 

450 

510 

48 WF (20%) LDPE (80%) − – – do 137.1 AE – – 

49 − HDPE − – – do 250.4 AE – – 

50 WF (80%) HDPE (20%) − – – do 29.9 AE (+) 8.2 510 

51 WF (20%) HDPE (80%) − – – do 188.7 AE – – 

52 
Pine wood 

(PW) 
− − – – 

30–600 

 (10) 

88.1 

 
CR – – 

[100] 

 
53 − PE − – – do 220.6 CR – – 

54 PW (75%) PE (25%) − – – do 84.7 CR – – 
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55 PW (50%) PE (50%) − – – do 80.6 CR – – 

56 PW (25%) PE (75%) − – – do 78.3 CR – – 

57 
Chestnut shell 

(CNS) 
− − – – 

25–1000 

(5–40; 4) 
175.2 DAEM – – 

[101] 

 
58  PS − – – do 208.9 DAEM – – 

59 CNS (50%) PS (50%) − – – do 191.6 DAEM – – 

60 
Yunnan pine 

(YP) 
– – – – 

25–600 

(5–60; 5) 
185.9 OFW – – 

[102] 

61 Cellulose (CL) – – – – do 168.3 OFW – – 

62 – LDPE – – – do 249.9 OFW – – 

63 YP (50%) LDPE (50%) – – – do 224.3 OFW – – 

64 CL (50%) LDPE (50%) – – – do 201.6 OFW – – 

65 
Tobacco Stalk 

(TS) 
– – – – 

25–800 

(10) 
31.7 F1 – – 

[92] 

 

66 
Scrape Tire 

(ST) 
– – – – do 46.1 F1 – – 

67 – PP – – – do 249.7 F1 – – 

68 – PVC – – – do 118.7 F1 – – 

69 TS (50%) ST (50%) – – – do 28.1 F1 – – 
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70 TS (50%) PP (50%) – – – do 80.1 F1 – – 

71 TS (50%) PVC (50%) – – – do 48.2 F1 – – 

72 
Corn Stalk 

(CS) 
– – – – 

25–900 

(40) 

48.5 

 
D3 – – 

[103] 

73 – PE – – – do 
313.8 

 
D1 – – 

74 – 
Anthracite 

Coal (AC) 
– – – do 75.9 D3 – – 

75 CS (20%) 
PE (20%) + 

AC (60%) 
– – – do 88.4 D1 – – 

76 
CS (60%) 

 

PE (20%) + 

AC (20%) 
– – – do 73.4 D1 – – 

77 CS (10%) 
PE (40%) + 

AC (50%) 
– – – Do 83.9 D1 and D3 – – 

78 
CS (50%) 

 

PE (40%) + 

AC (10%) 
– – – do 49.0 D1 and D3 – – 

79 
CS (10%) 

 

PE (60%) + 

AC (30%) 
– – – do 99.0 D1 and D3 – – 

80 CS (30%) 
PE (60%) + 

AC (10%) 
– – – do 70.8 D1 and D3 – – 

81 
Corn Stalk 

(CS) 
– – – – 

35–850 

(5–30; 4) 

177.3 

176.4 

OFW 

KAS 
– – 

[104] 82 – HDPE – – – do 
229.0 

228.2 

OFW 

KAS 
– – 

83 CS (80%) HDPE (20%) – – – do 
170.7 

168.6 

OFW 

KAS 
(-) 2.97 280–390 
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84 CS (60%) HDPE (40%) – – – do 
208.1 

207.3 

OFW 

KAS 

(-) 1.87 

(+) 4.2 

280–390 

480–510 

85 CS (40%) HDPE (60%) – – – do 
211.5 

210.3 

OFW 

KAS 

(-) 0.40 

(+) 7.5 

280–390 

480–510 

86 CS (20%) HDPE (80%) – – – do 
220.3 

219.2 
 

(-) 0.76 

(+) 4.5 

280–390 

280–390 

87 
Rice husk 

(RH) 

 

– 
– – – 

25 – 800 

(20) 

82.8 

7.2 

54.8 

JDE 

AEE 

CR 

– – 

[105] 

88 – 
Sewage 

sludge (SS) 
– – – do 68.1 JDE – – 

89 RH (70%) SS (30%) – – – do 

65.8 

4.0 

27.2 

JDE 

AEE 

CR 

– – 

90 RH (50%) SS (50%) – – – do 

59.7 

3.0 

18.7 

JDE 

AEE 

CR 

– – 

91 RH (30%) SS (70%) – – – do 

57.2 

2.0 

26.3 

JDE 

AEE 

CR 

– – 

92 
Poplar Wood 

Fiber (PWF) 

 

– 
– – – 

30–700  

(10–40; 4) 

139.0–214.0 

137.2–214.2 

137.0–214.0 

OFW 

ST 

DAEM 

– – 

[94] 
93 – PLA – – – do 

179.0–209.0 

178.3–209.0 

178.0–209.0 

OFW 

ST 

DAEM 

– – 

94 PWF (40%) PLA (60%) – – – do 
121.0–200.9 

117.1–201.0 

OFW 

ST 
– – 
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117.0– 206.7 DAEM 

95 PWF (30%) PLA (70%) – – – do 

129.0–171.6 

126.0–170.3 

125.4–170.0 

OFW 

ST 

DAEM 

– – 

96 PWF (20%) PLA (80%) – – – do 

140.0–154.0 

138.0–151.0 

137.5–151.6 

OFW 

ST 

DAEM 

– – 

97 Xylan (Xyl) – – – – 
30–700 

(20) 

70.5 

 
CR – – 

[95] 

98 – PVC – – – do 168.2 CR – – 

99 Xyl (80%) PVC (20%) – – – do 122.5 CR – – 

101 Xyl (60%) PVC (40%) – – – do 110.3 CR – – 

102 Xyl (40%) PVC (60%) – – – do 94.9 CR – – 

103 Xyl (20%) PVC (80%) – – – do 76.3 CR – – 

104 
Pine Needles 

(PN) 

 

– 
– – – 

35–850 

(5–20; 3) 

79.1 

71.0 

228.2 

OFW 

KAS 

FM 

– – 

[106] 

 
105 – 

Styrofoam 

(SF) 
– – – do 

210.8 

209.0 

202.9 

OFW 

KAS 

FM 

– – 

106 PN (50%) SF (50%) – – – do 

109.7 

96.4 

202.9 

OFW 

KAS 

FM 

– – 
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107 
Dunaliella 

salina (DS) 
– – – – 

35–800 

(20) 
50.2 F1 – – 

[97] 

108 – PP – – – do 289.4 F1 – – 

109 – PS –   do 249.9 F1 –  

110 – PET – – – do 280 F1 – – 

111 – PVC – – – do 115.4 F1 – – 

112 DS (50%) PP (50%) – – – do 85.2 F1 – – 

113 DS (50%) PS (50%) – – – do 84.7 F1 – – 

114 DS (50%) PET (50%) – – – do 44.5 F1 – – 

115 DS (50%) PVC (50%) – – – do 52.2 F1 – – 

116 
Vine pruning 

(VP) 
– 16.9 – – 

30–900 

(20) 
53.0 CR –  

[107] 

117 VP – – 300 (DT) 30 do 51.7 CR – – 

118 
Olive pruning 

(OP) 
– 17.83   do 47.3 CR – – 

119 OP – – 300 (DT) 30 do 58.9 CR – – 

120 
Corn stalk 

(CS) 
– 18.1   do 108.1 CR – – 

121 CS – – 300 (DT) 30 do 75.5 CR – – 
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122 
Boiler litter 

BL) 
– 14.4   do 32.8 CR – – 

123 BL – – 300 (DT) 30 do 39.1 CR – – 

124 
Laying hens 

litter (LL) 
– 

12.1 

 
  do 42.2 CR – – 

125 LL – – 300 (DT) 30 do 53.6 CR – – 

126 – Lignite (LN) 25.1 – – do 38.3 CR – – 

127 
LL (25%) + 

BL (25%) 
LN (50%) – – – do 49.1 CR – – 

128 
OP, CS & VP 

each 25% 
LN (25%) – – – do 48.2 CR – – 

129 

OP, CS, VP, 

LL & BL; 

each 17% 

LN (15%) – – – do 45.4 CR – – 

130 
Camphor 

(CAM) 
– 18.8 – – 

30–800 

(10–40; 4) 

96.9–100.4 

 
CR – – 

[108] 

131 CAM (85%) 
Caster  

(CAS:15%) 
– – – do 94.1–97.9 CR – – 

132 CAM (70%) CAS (30%) –   do 88.1–92.6 CR – – 

133 CAM – 18.9 240 (DT) – do 104.6–105.4 CR – – 

134 CAM – 20.5 270 (DT) – do 98.3–107.6 CR – – 

135 CAM – 22.4 300 (DT) – do 78.8–86.3 CR – – 
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136 CAM (85%) CAS (15%) – 240 (DT) – do 97.3–106.9 CR – – 

137 CAM (70%) CAS (30%) – 240 (DT) – do 90.8–101.8 CR – – 

138 CAM (85%) CAS (15%) – 270 (DT) – do 95.4–101.0 CR – – 

139 CAM (70%) CAS (30%) – 270 (DT) – do 83.3–103.3 CR – – 

140 CAM (85%) CAS (15%) – 300 (DT) – do 75.8–77.9 CR – – 

141 CAM (70%) CAS (30%) – 300 (DT) – do 74.9–79.6 CR – – 

142 

Microwave 

torrefied lignin 

(MTL) 

– – – – 

25–550 

(40) 

 

41.4 CR – – 

[109] 

 143 – LDPE – – – do 91.8 CR – – 

144 MTL (70%) LDPE (30%) – – – do 51.5 CR – – 

145 
Sugarcane 

bagasse (RBG) 
– – – – 

30–800 

(20) 

313.6 

 
PBCR – – 

[110] 

 

146 RBG – – – – do 37.5 PBCR – – 

147 – HDPE – – – do 389.4 PBCR – – 

148 – EVA – – – do 127.7 PBCR – – 

149 – PS – – – do 267.7 PBCR – – 
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150 – TIRE (TE) – – – do 69.0 PBCR – – 

151 TBG (70%) HDPE (30%) – – – do 192.1 PBCR – – 

152 TBG (70%) EVA (30%) – – – do 148.3 PBCR – – 

153 TBG (70%) PS (30%) – – – do 158.7 PBCR – – 

154 TBG (70%) TE (30%) – – – do 110.9 PBCR – – 

Note: FS-1*: Feedstock-1 (wt.% or ratio); FS-2#: Feedstock-2 (wt.% or ratio); HHV: Higher heating values (MJ kg-1); D/W: Dry or Wet torrefaction; T: 

Temperature (°C); t: Torrefaction time in minutes; TR: Temperature range (°C); RR: Ramp rate (°C min-1); AE: Activation energy in kJ mol-1; (Eα); RAE: 

Range of Activation energy; KAS: Kissinger-Akahira-Sunose model; FWO: Flynn-Wall Ozawa- model; FM: Friedman; CR: Coats- Redfern model; DAEM: 

Distributed Activation Energy Model; AH: Arrhenius equation; JDE: Jander diffusion eqn.; AEE: Avrami Erofeyev eqn.; CA: Chemical reaction model (F1 or 

F2 or F3); (+) Syn.: Positive Synergism; (-) Syn.: Inhibitive Synergism; PE: PBCR: Phase boundary controlled reaction; HDPE: High density polyethylene; PS: 

Polystyrene; PP: Polypropylene; LDPE: Low density polyethylene; PC: Polycarbonate; PETE: Polyethylene terephthalate; BPC: Black polycarbonate; PE: 

Polyethylene; PVC: Polyvinyl chloride; PLA: Polylactic acid; PET: Polyethylene terephthalate; EVA: Ethyl vinyl acetate 
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1.2.4 Catalytic co-pyrolysis (CCP) of torrefied biomass with plastic 

Lee et al. (2016) [111] studied the effect of catalyst (HZSM-5 and H-β) on the co-pyrolysis of 

torrefied cellulose (TCL) and PP with different combinations of biomass and plastic (3:1, 1:1, 

and 1:3 w/w) by employing Py-GCMS/TCD/FID-system at 550°C. A higher amount of 

aromatics was obtained from catalytic pyrolysis of TCL than that of raw cellulose (CL) due to 

structural change of cellulose and formation of intermediates. Further, they reported the higher 

amount of BTEX yield (33.4%) during catalytic co-pyrolysis of torrefied cellulose with PP. 

Zhou et al. (2017) [112] examined the influence of potassium content on the thermochemical 

properties, synergism, and kinetics of the (co-)pyrolysis of individual (wood sawdust: WS and 

LDPE) and blended (mass ratio 1:1) samples. The potassium treated WS/LDPE mixture with 

5 wt% potassium acetate exhibited the highest positive synergism (∆W = -24.2%). The 

activation energy of WS treated with potassium content (1.25, 2.5, 3.75, and 5 wt%) was found 

as 103, 105, 113, and 114 kJ mol-1, respectively. The K-treated blends exhibited higher 

activation energy in their co-pyrolysis as compared to that of pyrolysis of K-treated WS 

(Entries 1–11, Table 1.4). Xiang et al. (2018) [113] studied the thermal behavior, synergism, 

and kinetics of the co-pyrolysis of rice straw (RS) and LLDPE (4:1 w/w) over Ni modified 

ZSM-5 catalyst (25 wt%). The maximum synergism (ΔW) for RS/LLDPE, CE/LLDPE, and 

LIG/LLDPE was reported as -6.2, -18.2, and -9.8 wt%, respectively. The activation energies 

for blends were computed as 56, 164, and 34 kJ mol-1 by Arrhenius equation (Entries 12–19, 

Table 1.4). Wang et al. (2018) [114] investigated the synergism and kinetics of the catalytic 

co-pyrolysis (CCP) of cellulose (CE) and polyethylene (PE) mixture (1:1 w/w) over different 

transition metals, namely Mn, Fe, Co, and Ni. They reported that the initial thermal 

decomposition temperature of CE and PE in the mixture reduced by 91−136°C and 8-15°C, 

respectively. The maximum positive synergism (ΔW) for mixture of CE and PE over different 

transition metal catalysts during CCP (CE/PE-Ni, CE/PE-Co, CE/PE-Fe, and CE/PE-Mn) was 
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determined as -9.3% at 279°C, -11.7% at 238°C, -14.1% at 258°C and -12.9% at 244°C, 

respectively. The activation energies for pyrolysis of CE in presence of transition metal 

catalysts were 52, 45, 32, and 42 kJ mol-1 and those of CCP of blends were 57, 70, 49, and 62 

kJ mol-1, respectively (Entries 33–42, Table 1.4). Chi et al. (2018) [115] studied the catalytic 

pyrolysis and CCP of cellulose (CE) and polypropylene (PP) and their blends (CL:PP 3:1 w/w) 

over MCM-41 and Al-MCM-41 (feedstock:catalyst ratio 1:10 w/w), for a residence time of 18 

s. They reported a higher yield of furan and aromatics (MAH) over both the catalysts due to 

the presence of higher number of active centres (Brønsted and Lewis acids). The activation 

energy for the blend over the two catalysts was determined as 114 and 138 kJ mol-1 by the 

Coats-Redfern model (Entries 20–25, Table 1.4). Kumar et al. (2019) [116] studied the CCP 

of ground nut shell with waste plastic, PP and PS (feed ratio 1:1 w/w) over FCC catalyst (10 

wt%). The experiment was carried out at 510°C in a semi batch reactor. A maximum aromatic 

selectivity of 49% with PP and 82% with PS was reported in the CCP. Xu et al. (2020) [117] 

studied the thermal degradation behavior, synergism, and kinetics of CCP of enteromorpha 

proliferate (EP) and HDPE over HZSM-5, at 500 and 550°C for 30 min. They reported that the 

higher yield of bio-oil produced over HZSM-5 catalyst as compared to the non-catalytic 

process. The bio-oil obtained over HZSM-5 has a lower concentration of acids, oxygenates, 

and nitrogen-containing compounds and significantly higher light-hydrocarbons and 

aromatics. Further, the activation energy of CCP of blend (1:1 w/w) was determined as 109 kJ 

mol-1 by FM model (Entries 50–53, Table 1.4). Zhao et al. (2020) [118] examined the synergy 

in the CCP of cellulose (CE) and PE (1:1 w/w) over HZSM-5 (feed to catalyst ratio 4:1 w/w), 

at 650°C for 30 min. The maximum synergism (ΔW) was found as -0.15 wt% in CCP. Zhong 

et al. (2021) [119] studied the thermal behavior and kinetics of the CCP of WH and HDPE 

(3:1, 1:1, and 1:3 w/w) over HZSM-5 (feed to catalyst ratio 1:1 w/w). The maximum synergism 

(ΔW) for WH3:1 was reported as -22.3 for CCP and -6.2 wt% for co-pyrolysis. The activation 
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energy for WH and HDPE was determined as 121.2 and 263 kJ mol-1 in absence of the catalyst 

by FWO model. Furthermore, activation energy of CCP of blends followed the order of WH 

(1:3) > WH (1:1) > WH (3:1) > WH (3:1) (Entries 70–75, Table 1.4). Lin et al. (2021) [120] 

investigated the co-pyrolysis and CCP of raw and torrefied poplar wood (TPW) and HDPE 

over hierarchical HZSM-5 in a fixed bed reactor at 550°C for 20 min under inert atmosphere. 

The yield of bio-oil in CCP of raw PW/HDPE was 48.7% which was lower than that from non-

catalytic co-pyrolysis due to further cracking of the vapors by zeolite active sites to generate 

small oxygenates such as CO, CO2, and HCOOH. In addition, they also observed a higher 

amount of monoaromatics (BTEX) produced during CCP of TPW/HDPE as compared to that 

in non-catalytic process. The role of alkali and alkaline earth metal halides in lignocellulosic 

biomass degradation is summarized in Table 1.5.

TH-2788_156107018



Chapter 1: Background of the Work and Research Objectives 

45 

 

Table 1.4. Reaction conditions and kinetics of catalytic co-pyrolysis of torrefied and raw lignocellulosic biomass (and its derivatives) with 

plastic. 

S No 
FS-1* 

(wt. %) 

FS-2# 

(wt. %) 

HHV 

(MJ 

kg-1 ) 

Torrefaction (W/D) Catalyst 

(wt %) 

 

TR (°C) 

(RR) 

AE (Eα) or Range of AE 

(k J mol-1) 
Synergistic effect 

Ref. 
T (°C) and 

W/D 

t 

(min) 
Eα or RAE 

MC or 

methods 

ΔW 

(wt. %) 

TR (°C) 

or Tmax 

1 
Biomass wood 

saw dust (WS) 
– – – – 

CH3COOK 

(1.25) 

30–700 

(10) 
103 F1 – – 

[112] 

 

2 WS – – – – 
CH3COOK 

(2.5) 
do 105 F1 – – 

3 WS – – – – 
CH3COOK 

(3.75) 
do 113 F1 – – 

4 WS – – – – 
CH3COOK 

(5.0) 
do 114 F1 – – 

5 WS – – – – AOC do 98 F1 – – 

6 – LDPE – – – – do 307 F1 – – 

7 WS (50%) LDPE (50%) – – – AOC do 113–411 F1 (-) 17.5 480 

8 WS (50%) LDPE (50%) – – – 
CH3COOK 

(1.25) 
do 117–294 F1 

(-) 6.5 

(+) 2.6 

480 

360 

9 WS (50%) LDPE (50%) – – – 
CH3COOK 

(2.5) 
do 122–487 F1 (-) 22.8 

480 

 

10 WS (50%) LDPE (50%) – – – 
CH3COOK 

(3.75) 
do 129–410 F1 

(-) 21.2 

(+) 3.8 

480 

360 
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11 WS (50%) LDPE (50%) – – – 
CH3COOK 

(5.0) 
do 133–384 F1 (-) 24.2 

480 

 

12 Rice straw (RS) – – – – 
CoZSM-5 

(25) 

25–600 

(30) 
101.3 – – – 

[113] 

13 – LLDPE – – – – do 266.7 – – – 

14 RS (80%) 
LLDPE 

(20%) 
– – – AOC do 46.7 – 

(-) 6.2 

(+) 6.8 

480 

350 

15 RS (80%) 
LLDPE 

(20%) 
– – – 

CoZSM-5 

(25) 
do 55.7 – – – 

16 CL (80%) 
LLDPE 

(20%) 
– – – AOC do 224.3 – 

(-) 18.2 

(-) 9.8 

350 

460 

17 CL (80%) 
LLDPE 

(20%) 
– – – 

CoZSM-5 

(25) 
do 164.0 – – – 

18 LIG (80%) 
LLDPE 

(20%) 
– – – AOC do 34.0 – (-) 9.8 450 

19 LIG (80%) 
LLDPE 

(20%) 
– – – 

CoZSM-5 

(25) 
do 34.3 – – – 

20 Cellulose (CL) – – – – AOC 
50–900 

(10–30; 3) 

218–215; 

264 

FM 

CR 
– – 

[115] 

 

21 CL – – – – 
MCM41; 

(C/F:10/1) 
 

333–74.6; 

149 

FM 

CR 
– – 

22 – PP – – – AOC do 
219–200; 

281 

FM 

CR 
– – 

23 – PP – – – 
MCM41 

(C/F:10/1) 
do 

58.8–102; 

114 

FM 

CR 
– – 

24 CL – – – – 
Al-MCM41 

(C/F:10/1) 
do 

228–284; 

206 

FM 

CR 
– – 
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25 – PP – – – 
Al-MCM41 

(C/F:10/1) 
do 

81.3–72.4; 

138 

FM 

CR 
– – 

26 Corn Stover (CS) – – – – AOC 
30 – 800 

(10) 
73.5 F1 – – 

[96] 

 

26  HDPE – – – AOC do 253 F1 – – 

27 Cellulose (CL)  – – – AOC do 152 F1 – – 

28 CS (50%) HDPE (50%) – – – AOC do 177.3 F1 (-) 7.8 482 

29 CS (50%) HDPE (50%) – – – 
HZSM-5 

(C/F:1/4) 
do 152.5 F1 – – 

30 CS (50%) HDPE (50%) – – – 

Ni-HZSM-5 

(5); 

(C/F:1/4); 

 

do 159.3 F1 – – 

31 CS (50%) HDPE (50%) – – – 

Ni-HZSM-5 

(10); (C/F:1/4) 

 

do 161.3 F1 – – 

32 CS (50%) HDPE (50%) – – – 

Ni-HZSM-5 

(10); 

(C/F:1/4); 

 

do 164.3 F1 – – 

33 Cellulose (CL) – – – – AOC 

30 – 750 

(10) 

 

209 F1 – – 
[114] 

 

34 – PE – – – AOC do 154 F1 – – 
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35 CL – – – – 

[Ni (H2O)6] 

(NO3)2 

C/F: 1/1 

do 52 F1 – – 

36 CL – – – – 

[Co (H2O)6] 

(NO3)2 

C/F: 1/1 

do 45 F1 – – 

37 CL – – – – 

[Fe (H2O)9] 

(NO3)3 

C/F: 1/1 

do 32 F1 – – 

38 CL – – – – 

[Mn (H2O)4] 

(NO3)2 

C/F: 1/1 

do 42 F1 – – 

39 CL (50%) PE (50%) – – – 

[Ni (H2O)6] 

(NO3)2 

C/F: 1/1 

do 57.0 F1 
(-) 9.3 

(+) 12.1 

279 

456 

40 CL (50%) PE (50%) – – – 

[Co (H2O)6] 

(NO3)2 

C/F: 1/1 

do 70.0 F1 
(-) 11.7 

(+) 6.2 

238 

468 

41 CL (50%) PE (50%) – – – 

[Fe (H2O)9] 

(NO3)3 

C/F: 1/1 

do 49.0 F1 
(-) 14.1 

(+) 1.3 

258 

453 

42 CL (50%) PE (50%) – – – 

[Mn (H2O)4] 

(NO3)2 

C/F: 1/1 

do 62.0 F1 
(-) 13.9 

(+) 8.4 

244 

447 

43 
Pine saw dust 

(PSD) 
– – – – AOC 

25–600 

(5–60; 5) 

 

202 OFW – – 
[121] 
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44 Cellulose (CL) – – – – AOC do 169 OFW – – 

45 – LDPE – – –  do 250 OFW – – 

46 PSD (50%) 
LDPE  

(50%) 
– – – 

HZSM-5 (25) 

C/F: 2/1 
do 173 OFW (-) 23.5 451 

47 PSD (50%) 
LDPE  

(50%) 
– – – AOC do 224 OFW – – 

48 CL (50%) 
LDPE  

(50%) 
– – – AOC do 202 OFW (-) 21.4 325 

49 CL (50%) 
LDPE  

(50%) 
– – – 

HZSM-5 (25) 

C/F: 2/1 
do 167 OFW (-) 9.9 451 

50 
Enteromorpha 

prolifera (EP) 
– – – – AOC 

30–800 

(10–40; 4) 

 

229.5 

229.0 

229.2 

228.8 

229.4 

FM 

KAS 

FWO 

VYZ 

DAEM 

– – 

[117] 51 – HDPE – – – – do 

146.4 

146.3 

146.3 

146.1 

146.3 

FM 

KAS 

FWO 

VYZ 

DAEM 

– – 

52 EP (50%) HDPE (50%) – – – AOC do 

120.3 

119.9 

119.9 

119.9 

120.1 

FM 

KAS 

FWO 

VYZ 

DAEM 

– – 
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53 EP (50%) HDPE (50%) – – – 
HZSM-5 

C/F: 2/1 
do 

109.1 

106.7 

108.8 

108.6 

108.9 

FM 

KAS 

FWO 

VYZ 

DAEM 

– – 

54 Cellulose (CL) – – – – AOC 
30–600 

(30) 
– – – – 

[118] 

 

55 – PE – – – – do – – – – 

56 CL (50%) PE (50%) – – – AOC do – – (-) 0.09 370 

57 CL (50%) PE (50%) – – – 
HZSM-5 

C/F: 4/1 
do – – (-) 0.15 460 

58 Lignin (LIG) – – – – – 

30–900 

(10–40; 4) 

 

26.4 F1 – – 

[122] 

 

59 – PE – – – – do 190.5 F1 – – 

60 LIG (50%) PE (50%) – – – AOC do 65.6 F1 
(-) 6.3 

(+) 8.3 

445 

486 

61 LIG (50%) PE (50%) – – – 

[Ni (H2O)6] 

(NO3)2 

C/F: 0.5/1 

do 52.9 F1 (-) 6.3 520 

62 LIG (50%) PE (50%) – – – 

[Co (H2O)6] 

(NO3)2 

C/F: 0.5/1 

do 31.1 F1 
(-) 5.4 

(+) 6.4 

432 

506 

63 LIG (50%) PE (50%) – – – 
[Fe (H2O)9] 

(NO3)3 
do 50.8 F1 

(-) 5.9 

(+) 6.9 

445 

484 
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C/F: 0.5/1 

64 LIG (50%) PE (50%) – – – 

[Mn (H2O)4] 

(NO3)2 

C/F: 0.5/1 

do 57.9 F1 
(-) 4.1 

(+) 6.1 

455 

488 

65 LIG (80%) PE (20%) – – – 

[Ni (H2O)6] 

(NO3)2 

C/F: 0.5/1 

do 47.7 F1 – – 

66 LIG (67%) PE (33%) – – – 

[Ni (H2O)6] 

(NO3)2 

C/F: 0.5/1 

do 54.1 F1 – – 

67 LIG (50%) PE (50%) – – – 

[Ni (H2O)6] 

(NO3)2 

C/F: 0.5/1 

do 52.9 F1 – – 

68 LIG (33%) PE (67%) – – – 

[Ni (H2O)6] 

(NO3)2 

C/F: 0.5/1 

do 65.4 F1 – – 

69 LIG (20%) PE (80%) – – – 

[Ni (H2O)6] 

(NO3)2 

C/F: 0.5/1 

do 66.6 F1 – – 

70 
Water hyacinth 

(WH) 
– – – – AOC 

30–800 

(15–35; 3) 

 

121.2 

114.4 

FWO 

KAS 
– – 

[119] 

 

71 – HDPE – – – AOC do 
263.0 

264.1 

FWO 

KAS 
– – 

72 WH (75%) HDPE (25%) – – – AOC do 
90.3 

81.7 

FWO 

KAS 

(-) 6.2 

(-) 6.8 

342 

494 

73 WH (50%) HDPE (50%) – – – AOC do 
206.4 

199.5 

FWO 

KAS 
(+) 16.2 515 
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74 WH (25%) HDPE (75%) – – – AOC do 
311.1 

327.3 

FWO 

KAS 
– – 

75 WH (75%) HDPE (25%) – – – 
HZSM-5 

C/F: 1/1 
do 

70.5 

61.3 

FWO 

KAS 
(-) 22.3 483 

76 Cellulose (CL) – – – – AOC 

30–700 

(5) 

T: 550°C 

– – BTX Low 

[111] 

 

77 CL – – 250 (DT) 60 
HZSM-5 

C/F: 1:1 

T: 550°C 

 
– – BTX High 

78 – PP – – –  do – – – – 

79 CL PP – – – 

HZSM-5 

SAR:30, 50, 80 

C/F: 3:1 

do – – BTEX High 

80 CL PP – – – 

HBEA 

SAR: 25 

C/F: 3:1 

do – – BTEX High 

81 Yellow poplar (YP) – – 250 (DT) 30 

HZSM-5 

SAR: 30 

Al-MCM-41 

C/F: 1:1; 10:1 

30–700 

(20) 

T: 550°C 

 

– – BTX High 

[50] 

 82 – HDPE – – – 

HZSM-5 

SAR: 30 

Al-MCM-41 

C/F: 1:1; 10:1 

do – – – – 

83 TYP (50%) HDPE (50%) – – – 

HZSM-5 

SAR: 30 

Al-MCM-41 

do – – BTEX High 
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C/F: 1:1; 10:1 

84 Cork oak (Oak) – – – – 
HY (30) 

C/F: 1:1 

30–700 

(10) 

T: 550°C 

– – OXY Low 

[55] 

 

85 
Torrefied cork oak 

(TOak) 
– – 250 – 

M-HY1 & M- 

HY2 

SAR:30 

C/F: 1:1 

do – – OXY High 

86 – HDPE – – – 

M-HY1 & M- 

HY2 

SAR:30 

C/F: 1:1 

do – – MAH High 

87 
Raw Sugarcane 

bagasse (RSB) 
– – – – 

ZSM-5 

C/F: 2:22 

T1: 180-320°C 

FR:(BOG1) 

T2: 320-450°C 

FR:(BOG2) 

T3: 450-700°C 

FR:(BOG3) 

30–800 

(10) 

 

 

 

– – – – 

[123] 

 
88 SB – – 180 30 do do – – MAH Medium 

89 SB – – 200 30 do do – – MAH Medium 

90 SB – – 240 30 do do – – MAH Medium 

91 SB – – 270 30 do do – – MAH Medium 
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92 TSB (70%) HDPE (30%) – – – do do – – MAH Medium 

93 
Poplar wood 

(PW) 
– –   T: 550 

30–800 

(10) 

T: 550°C 

– – – – 

[120] 

 

94 PW – – 220 30 

HZSM-5 

SAR: 35 

0.2-HZSM-5 

0.3-HZSM-5 

0.4-HZSM-5 

C/F: 1:1 

do – – BTX Medium 

95 PW – – 240 30 do do – – BTX Medium 

96 PW – – 260 30 do do – – BTX Medium 

97 PW – – 280 30 do do – – BTX Medium 

98 TPW (50%) HDPE (50%) – –  do do – – BTEX High 

Note: FS-1*: Feedstock-1 (wt % ); FS-2#: Feedstock-2 (wt %); HHV: Higher heating values (MJ kg-1); D/W: Dry or Wet torrefaction; T: Temperature (°C); t: 

Torrefaction time in minutes; TR: Temperature range (°C); RR: Ramp rate (°C min-1); AE: Activation energy in kJ mol-1; (Eα); RAE: Range of Activation energy; 

AOC: Absence of catalyst; KAS: Kissinger-Akahira-Sunose model; FWO: Flynn-Wall Ozawa- model; FM: Friedman; CR: Coats- Redfern model; DAEM: 

Distributed Activation Energy Model; Tmax: Maximum peak temperature; Chemical reaction model (F1 or F2 or F3); (+) Syn.: Positive Synergism; (-) Syn.: passive 

or inhibitive Synergism; C/F; Catalyst to feed ratio; BOG: Bio-oil grades; BTEX: Benzene; Toluene, Ethyl benzene, Xylene; OXY: Oxygenates; MAH: 

Monoaromatics; HDPE: High density polyethylene; PP: Polypropylene; LDPE: Low density polyethylene; LLDPE: Linear low density polyethylene; PE: 

Polyethylene; 
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Table 1.5. Role of alkali and alkaline earth metal halides in the degradation of lignocellulosic biomass and its derivatives. 

S 

NO 

Feed Stock (FS) 

 

Alkali or alkaline 

salts or 

carbonate 

Process Parameters: 

T, t 

TR (°C) 

(RR) 

Major Findings Ref. 

1 Cellulose (CL) (CH3COO)2Ca: 

0.006, 0.02, 

0.05, 0.15 & 0.3 

mmol per CL 

(CH3COO)2Mg, 

CH3COONa, 

CH3COOK 

– –  The yield of aromatic and olefin 

decreases with increasing conc. 

of AAEM salts and follow the 

order 

                 K+ +> Na+ +>Ca2+ +>Mg2+ 

 

 The formation of a higher 

amount of non-condensable gas 

and char occurs resulting in less 

condensable organic vapor 

suitable for catalytic 

deoxygenation  

 

 AAEMs enhance the cleavage 

of several bonds in the pyranose 

ring leading to small oxygenates 

in competition with the cleavage 

of glycosidic linkages leading to 

the formation of LVG  

 

 

[124] 

 

2 Rice husk (RH) NaCl: 1, 2, 3, 4 

and 5 wt% of 

RH 

 

T: 350°C; t: 60 min; 

–  Sodium chloride suppresses the 

generation of LVG and 

promotes cellulose degradation 

 

 

 

[125] 
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 It enhances the formation of 

ketones and organic acid by 

decarbonylation and 

decarboxylation reactions 

 

 It improves the heating value of 

bio-oil (27.09 MJ kg-1) 

3 Cellobiose as a 

model compound 

AAEMs (Na+, 

K+, Mg2+, Ca2+) 

DFT Calculation with 

Gaussian code, Set 

(M06-CX with 6−31 + 

G (2d, p) 

–  Mg2+ reduces the Eα barrier of 

glycosidic bond breaking which 

consist of glycosylation, trans 

glycosylation, ring contraction, 

and mannose pathways 

 

 Mg2+ and Ca2+ inhibit 

dehydration reactions 

 

 Absence of AAEMs, breaking 

of glycosidic bonds occurs by 

direct trans glycosylation and 

two-step dehydration pathway 

resulting LVG formation 

 

 

 

[126] 

 

4 Rubber wood 

(RW) 

K2CO3: 0.004M, 

0.008, 0.012, 

0.022 & 0.036M 

T:150, 200, 250 & 

300°C (DT) 

t: 120 min 

 

105–800°C (20)  The potassium salt is 

responsible for the cleavage of 

hydrogen bonds and glycosidic 

linkages 

 

 Solid residue increases from 

13.4 to 38.1 wt.% due to poly-

 

 

 

[127] 
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condensation reactions 

facilitated by impregnated alkali 

metals 

 

 Alkali modifies the cellulose 

reactivity and lowers the 

decomposition temperature 

5 Microcrystalline 

Cellulose 

(MCL), 

Alpha Cellulose 

(ACL) 

NaCl, HCl, and 

NaOH 

F/A: 1g/100ml 

 

F/ B: 1g/100ml 

 

F/ S: 1g/100ml 

 

 

T: 300°C; t: 50 min; 

Super-heated steam 

 

–  Sodium metal reduce 

Levoglucosan quantity by 

inhibiting terminal hydroxyl 

group contained cellulose 

 

 

[128] 

 

6 Corn cob lignin 

(CCL) 

AAEMS 

(Na, K, Mg and 

Ca) 

 

F/MS: 1g/20ml 

T: 550°C @ 10; PY t: 

50 min 

 

30–800°C (10)  AAEMs improve the bio oil 

composition 

 

  Bio-oil consist of phenol, o-

cresol, p-cresol, and catechol  

 

 It involves demethylation, 

demethoxylation, or alkyl 

substitution reactions 

 

 AAEMs loaded char having an 

excellent hierarchical porous 

structure 

 

 

[129] 
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7 Beech wood 

xylan (DX) 

Na+ doped XYL 

(0.4, 0.5, and 1.1 

wt% of Na+) 

T: 400 −7 00°C τ: 2 sec 

 

30–700°C (5)  Maximum weight loss rate and 

devolatilization temperature 

XYL was reduced by alkali 

metal (Na+) 

 

 The rate of formation of various 

acids including CH3CH2COOH, 

CH3COOH, HCOOH was 

increased due to the presence of 

alkali metals by dehydration and 

rearrangement reaction 

 

 Na+ ion favours the ring-

opening and rearrangement of 

xylose ring to furan derivatives 

 

 Alkali metal enhance the yield 

of char by polycondensation 

reactions 

 

 

[130] 

 

8 Typical biomass AAEM halides 

 

(NaCl, KCl, 

MgCl2, CaCl2) 

 

F/MH: 1/5 

T: 550°C @ 10; PY 

 

t: 120 min 

 

–  AAEM halides improve carbon 

retention in biochar during 

pyrolysis 

 

 percentage of C-retention in 

biochar as following the order 

 

 

 

[131] 

 

 Cow manure 

(CM) 

AAEM halides 

 

– – 
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(NaCl, KCl, 

MgCl2, CaCl2) 

 

F/MH: 1/5 

 MgCl2 (64.1 wt%) > CaCl2 (60.7      

wt%)  NaCl (53.7 wt%) > KCl (52.5 

wt%)  > Biomass (49.8 wt%) 

9 Acid washing 

corn cob (ACS) 

KCl: 0.05M, 0.1, 

0.15 & 0.30M 

– –  It promotes 2° reactions due to 

which the yield of gas and char 

increased by the expense of 

liquid fraction 

 It promotes the scission of 

HDPE by improving alkene 

production 

 The coupling effect of K and 

HZSM-5 favours the formation 

of monoaromatics (toluene and 

xylene) and suppress the 

formation of alkyl naphthalene 

(PAHs) 

 

 

 

 

 

 

[132] 

 

 ACS +HDPE 

(1:1) 

– T: 550°C @ 10; CPY; t: 

20 min 

 

100–800°C (10) 

 ACS +HDPE 

(1:1) 

KCl: 0.05M do 

 

do 

 

 ACS +HDPE 

(1:1) 

KCl:  0.10M do 

 

do 

 

 ACS +HDPE 

(1:1) 

KCl:  0.15M do 

 

do 

 

 ACS +HDPE 

(1:1) 

KCl: 0.30M do 

 

do 

 

 ACS +HDPE 

(1:1) 

HZSM-5 (1) do 

 

– 

10 Bamboo powder 

(BP) 

Molten alkali 

carbonate (MC): 

Li2CO3, Na2CO3, 

CaCO3 

T: 450°C; PY; t: 20 min 

 

–  Biochar obtained by MC 

pyrolysis possess a large BET 

surface area, porous structure, 

and higher aromatic hydrogen 

sites 

 MC weakened inter and 

intramolecular hydrogen 

bonding found in cellulose and 

hemicellulose 

 

 

[133] 

 

 MBC MC: 3:Li2CO3, : 

3Na2CO3, : 

4K2CO3 

T: 450, 500, 550 & 

600°C 

– 
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 MC related biochar hydrolyze 

cellulose to produce a higher 

yield of total reducing sugars 

(52.8%) and glucose (43.5%) 

11 Rice straw (RS)  P: 800W; 

t: 8 min 

 

–  AAEM species reduce the 

decomposition temperature and 

rate of individual and mixed 

samples 

 K2CO3 promote decomposition 

and condensation of lignin 

 Alkaline earth metals bring 

down activation energy because 

of the uniform distribution of 

K2CO3 in mixed samples 

 

 

[134] 

  RS: AB Alkaline base 

(AB): 0,1,5 &10 

wt%) 

 

do 

 

– 

 RS: KC Potassium 

carbonate (KC): 

0,1,5 &10 wt%) 

 

do 

 

– 

Note: DT: Dry torrefaction; (HR): Number of heating rate is used e.g. (;3 or 4); PP: Process Parameters; F/S: Feed salt ratio; F/A: Feed acid ratio; 

AAEM: Alkali and Alkaline Earth Metal species; Tau (τ): Residence time; MH: Metal halides; P: Power in a micro reactor (W) 
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1.3 Knowledge Gap and Objectives 

Based on the literature review, it is clear that the lignocellulosic biomass (agriculture residue, 

forest materials, crop residue and various grasses family species) is a potential renewable 

energy source and has high potential for the replacing the fossil fuels. It also reduces CO2 by 

closing the carbon cycle quickly through photosynthesis, increases energy security and 

supports sustainable development. A total of 220 and 0.686 billion tons/year of LCB is being 

produced worldwide and in India, respectively. The North-East India is one of the regions with 

richest biodiversity in the world. The highest amount of bamboo biomass (34%) is available in 

the North-East India among all the states in India. Moreover, bamboo is among the fastest 

growing plants, can tolerate adverse climatic conditions such as acidic soil. [135,136] The LCB 

consists majorly of hemicellulose, cellulose, lignin and minor amounts of extractives and ash.  

The solid biomass cannot directly be used as fuel in industrial applications, because of several 

drawbacks including hygroscopic nature, high moisture content, high oxygen content, low 

heating value, lower grindability, low bulk density, fewer compositional homogeneity and 

lower resistance to biological degradation. Recently, the thermochemical conversion processes 

such as catalytic and non-catalytic (co-)pyrolysis has got increased attention to convert biomass 

into biofuel. The biofuel obtained from the pyrolysis of raw biomass is inferior and the process 

itself is inefficient due to heteropolymeric nature of the hemicellulose present in the biomass. 

Therefore, it was hypothesized that the selective removal of hemicellulose by wet-torrefaction 

would help in improving the biofuel quality as well as overall economics of the process due to 

extra useful product (xylose) formation in the process.  

The addition of plastic also improves the biofuel characteristics and mitigates the plastic 

pollution. There are various reports on co-pyrolysis of lignocellulosic biomass (such as Pine 

wood, Bamboo biomass, Rice husk, Rubber seed shell and Yellow Poplar) and plastic (such as 
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HDPE, LDPE, PP, PS and PET).[93,95,97,106]  However, the co-pyrolysis of raw (or torrefied) 

bamboo biomass with linear low density polyethylene (LLDPE) has not been reported for the 

production of fuels. The linear low-density polyethylene is highly suitable for co-pyrolysis with 

(torrefied) bamboo sawdust because of higher H/Ceff (2.16 mol/mol), lower melting 

temperature range (125−128°C) and as compared to LDPE, PP and HDPE.[36] It provides 

different volatiles at low temperature which further react with biomass for degradation of 

cellulose and lignin.[48]  

Further, the addition of catalyst improves the biofuel quality by forming desired products such 

as aromatics (BTEX). Various studies performed on the catalytic co-pyrolysis of biomass and 

plastic indicate that the catalyst addition improves the biofuel quality in terms of aromaticity, 

yield, selectivity and minimization of coke.[59] To the best of my knowledge, the reports on 

the use of linear low density polyethylene (LLDPE) as a co-feed along with the (torrefied) 

bamboo sawdust feed in the co-pyrolysis process is scarce in the open literature. Moreover, no 

literature reports are present on the use of catalytic torrefaction of bamboo sawdust to remove 

hemicellulose selectively in the form of xylose. 

Objectives of the thesis 

Based on the literature review and research gaps as discussed above, the following objectives 

have been formulated:  

❖ Pre-treatment of bamboo biomass by wet-torrefaction to selectively remove hemicellulose 

in the form of xylose and to form hydrochar.  

❖ Kinetics, reaction mechanism and synergism study of co-pyrolysis of raw bamboo biomass 

and linear low density polyethylene (LLDPE).  
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❖ Kinetics, reaction mechanism and synergism study of co-pyrolysis of wet-torrefied bamboo 

biomass and LLDPE.  

❖ Kinetics, reaction mechanism and synergism study of catalytic co-pyrolysis of wet-torrefied 

bamboo biomass and LLDPE over HZSM-5 zeolite.  

❖ Kinetics, reaction mechanism and synergism study of catalytic co-pyrolysis of wet-torrefied 

bamboo biomass and LLDPE over MesoHY zeolite.  

1.4 Organization of the Thesis and Major Findings 

The contents of this thesis have been organized into seven chapters based on the results of 

experimental work carried out during the complete course of the research period. 

CHAPTER 1: Background of the work and Research Objectives 

This chapter includes the problem statement, literature survey, research gaps and objectives.  

CHAPTER 2: Materials and Methods 

This chapter summarizes the materials used, the bamboo biomass and plastic sample 

preparation. In addition, this chapter also describes the wet torrefaction procedure and product 

quantification by HPLC. The characterization of the solid sample obtained after wet-

torrefaction using various characterization techniques including FTIR, XRD and FESEM. 

Furthermore, the procedure for the proximate and ultimate analyses of BSD, TBSD, and 

LLDPE is also included in this chapter. The thermal behavior determination procedure of the 

individual or mixed samples with or without catalyst using thermogravimetric analyzer, under 

the non-isothermal conditions at four different heating rates (5−40°C min-1) from 30 to 800°C 

in presence of the inert atmosphere, is also included. The isoconversional models, such as KAS, 

FWO, and FM models, employed to determine the apparent activation energy for individual 
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and mixed samples are discussed. The procedure for the reaction mechanism determination 

using Criado’s master plot method are detailed. 

CHAPTER 3: Co-Pyrolysis of Bamboo Sawdust and Plastic: Synergistic Effects and 

Kinetics 

In this chapter, the co-pyrolysis of bamboo sawdust (BSD) and linear low-density polyethylene 

(LLDPE) is reported by using a thermogravimetric analyzer at three different heating rates (5, 

10 and 20°C min-1) in the temperature range of 30−900°C under non-isothermal conditions. 

The bamboo sawdust and LLDPE were mixed at various mass ratios and termed as BP3:1 (75 

wt.% BSD and 25 wt.% LLDPE), BP1:1 (50 wt.% BSD and 50 wt.% LLDPE), and BP1:3 (25 

wt.% BSD and 75 wt.% LLDPE). The interaction between biomass and plastic was evaluated. 

The highest positive synergism was observed with the blend BP1:3. The mean values of 

apparent activation energy (Ēα) for the decomposition of blends (BP3:1, BP1:1 and BP1:3) 

were determined to be 357, 371 and 143 kJ·mol-1 from KAS, 368, 400 and 165 kJ·mol-1 from 

OFW and 468, 356 and 255 kJ·mol-1 from FM, respectively. The decomposition of the blend 

BP1:3 followed a nucleation growth (A2) model in the lower conversion range and a diffusion 

(D2) model in the higher conversion range. 

 

 

 

TH-2788_156107018



Chapter 1: Background of the Work and Research Objectives 

65 

 

CHAPTER 4: Wet Torrefaction of Bamboo Sawdust (BSD) and Its Co-Pyrolysis with 

Plastic  

In this chapter, the results of wet torrefaction (of BSD) and co-pyrolysis (of torrefied BSD and 

plastic) are reported. The wet torrefaction of BSD was carried out in presence of an organic 

acid and sodium chloride and observed that the hemicellulose part of the biomass was 

selectively removed in the form of xylose. The best torrefaction activity, with xylose yield 85% 

and complete removal of hemicellulose, was obtained with formic acid:BSD 1:1 and 

NaCl:BSD 3:1 w/w, at temperature 140°C and time 30 min. The blend with one part hydrochar 

and three parts LLDPE (TBP1:3) showed the highest positive synergism during co-pyrolysis 

at 40°C min-1 heating rate. The average apparent activation energies (as calculated using 

isoconversional method: KAS model) of co-pyrolysis of blended samples (TBP3:1, TBP1:1, 

and TBP1:3) were found to be 207, 264, 245 kJ mol-1, respectively. The Criado's master plot 

showed the reaction mechanism of co-pyrolysis to be multistep. For example, the co-pyrolysis 

of the blend TBP1:3 followed the trend of two-dimensional Avrami-Erofeyev model (A2) at 

lower conversions, diffusion-reaction model (D2) at high conversions and end with a first-order 

reaction. 
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CHAPTER 5: Catalytic Co-pyrolysis of Wet-Torrefied Bamboo Sawdust and Plastic over 

the Zeolite H-ZSM-5: Synergistic Effects and Kinetics 

Chapter 5 delineated the catalytic co-pyrolysis of TBSD and LLDPE over HZSM-5. The 

TBP1:3 showed positive synergism at 20°C min-1 and obtained the highest ΔW value about -

1.47 wt%. The average apparent activation energies (Ēα) of catalytic pyrolysis of TBSD, and 

LLDPE were 187 and 147 kJ mol-1, respectively, from the KAS model. Those of catalytic co-

pyrolysis (CCP) of blends TBP3:1, TBP1:1 and TBP1:3 were 163, 135 and 133 kJ mol-1, 

respectively. The CCP of TBP1:3 and TBP1:1 showed synergism between TBSD and LLDPE 

in terms of Eα and TBP1:3 (TBSD: LLDPE 1:3 w/w) showed the highest synergism with the 

least Ēα. The CCP mechanism of samples with a higher fraction of TBSD was more complex, 

as depicted from Criado’s master plot. The probable reaction pathways of cellulose, lignin, 

LLDPE and their blends during catalytic pyrolysis and co-pyrolysis are also included in this 

chapter. 
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CHAPTER 6: Catalytic Co-Pyrolysis of Wet-Torrefied Bamboo Sawdust and Plastic over 

the Zeolite HY: Synergism and Kinetics 

In this chapter, the catalytic (co-)pyrolysis of wet torrefied biomass sawdust (TBSD), linear 

low-density polyethylene (LLDPE), and their blends over zeolite MesoHY (MesoHY: 60 wt. 

%) is reported. In catalytic pyrolysis of TBSD, three thermal degradation stages were observed 

over HY catalyst including moisture removal. The moisture removal stage extends from 30 to 

150°C. While, the catalytic co-pyrolysis of blends exhibited four degradation stages. The peak 

decomposition temperature of catalytic pyrolysis (CP) of LLDPE over MesoHY (FAU) was 

reduced by 251°C as compared to that over HZSM-5 and the enhancement can be attributed to 

the topology of MesoHY. The activation energies were calculated using isoconversional 

models. The Ēα of the blends TBP3:1, TBP1:1, and TBP1:3 were 171, 128, and 117 kJ mol-1, 

respectively, from the KAS model. The Ēα of the blends was much lower as compared to that 

of TBSD, indicating a clear synergism. A multistep mechanism was observed in both CP of 

individual samples and CCP of blends, as analysed by Criado’s master plot. For example, the 

CCP of TBP1:3 followed geometric (volume) contraction (R3) and first-order reaction models 

at low and high conversions, respectively. 
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CHAPTER 7: Major Findings and Future Directions 

The key findings of the research work carried out are summarized in this chapter. After that, 

the recommendations for the future work directions are appended with a brief outline of the 

limitations of the present work. 
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Chapter 2  

 

1 Materials and Methods 

 

 

This chapter details the experimental investigations, procedures, and the methods of 

analyses followed throughout the study. It includes the determination of physicochemical 

properties, such as functional groups structural morphology, size, and crystallinity of biomass 

as well as torrefied biomass along with catalyst activities of zeolites. Specifications of all 

reagents and chemicals are documented in this chapter. Any specific change or deviation from 

what is stated here is detailed in the respective section(s) / chapter(s).  
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2.1 Materials and Reagents 

The xylose (99.5%), fructose (99%), glucose (99.5%), lactic acid (85.9%) were obtained from 

Himedia, India. The cellobiose (99.5%), 5-hydroxymethylfurfural (99%) were from Sigma 

Aldrich, USA. The formic acid (85%) and levulinic acid (99%) were from Merck, Germany. 

The linear low-density polyethylene (LLDPE) was provided by Haldia petrochemical limited, 

India. The complete details of materials used in this research work are summarized in the Table 

2.1. Deionized (DI) water (conductivity 0.055 µS cm-1) of Millipore Filtration Unit (Elix-3, 

USA) was used to prepare all the reagents and solutions. All the plastic wares used were made 

of polypropylene procured from Tarson Products Pvt. Ltd., Kolkata (India). Glassware with a 

low coefficient of thermal expansion was mostly obtained from Borosil, Mumbai (India). 

Table 2.1. List of chemical and reagents to carry out experiment 

Reagents/chemicals Purity (%) Grade Make 

5-HMF (C6H6O3) 99 GR Sigma Aldrich (India) 

Cellobiose (C12H22O11) 99.5 AR Sigma Aldrich (India) 

Fructose (C6H12O6) 99.5 AR 

Hi-media (India) 
Glucose (C6H12O6) 99.5 AR 

Xylose (C5H10O5) 99.5 AR 

Lactic acid (C3H6O3) 99.6 AR 

Formic acid (CH2O2) 85 GR 

Merck (India) 

 

Furfural (C5H4O2) 98.5 GR 

Levulinic acid (C5H8O3) 99 GR 

1,4 Dioxane  (C4H8O2) 99.5 AR 

Levulinic acid (C3H8O3) 97 GR 

Acetone (C3H6O) ≥ 99.8 AR 

Silicone oil – – 

Potassium bromide (KBr) 99.5 GR 

Sodium chloride (NaCl) 99.5 GR 

Sulphuric acid (H2SO4) 98 AR 

HZSM-5 (SAR:80) – – Alfa-Aesar (now Thermo Fisher) 

MesoHY (SAR:80) – – Alfa-Aesar (now Thermo Fisher) 
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2.2 Sample preparation 

Bamboo biomass (Bambusa tulda), harvested in the state of Assam, north-eastern India 

(26°14' 38'' N and 92° 32' 16'' E), was employed as a feedstock for this study. The biomass, 

obtained from a bamboo processing mill (Guwahati city, Assam, India), was washed with water 

to remove impurities, and dried to remove moisture. Further, the sample was ground and 

sieved, to obtain particle size range of 105–250 µm. To prepare the wet-torrefied bamboo 

sawdust the following procedure was adopted. In a typical wet torrefaction experiment, 10 wt% 

of BSD (particle size distribution: 150–300 µm) was suspended in 2 ml DI water in a glass 

reactor (model: CG4920–01, Chemglass, USA). To this suspension, NaCl and formic acid (FA) 

were added such that BSD:NaCl ratio 1:3 w/w and BSD:FA ratio 1:1 w/w. The wet torrefaction 

was carried out at the desired pre-set temperature (120–150°C) and for the desired duration 

(30–90 min) under stirring. After completion of the experiment, the reaction mixture was 

filtered using a 0.2 µm nylon membrane filter. The solid residue was thoroughly washed for 

multiple times with DI water to remove all the leftover NaCl and dried at room temperature 

under vacuum for further analysis/use. The filtrate was analysed by high-pressure liquid 

chromatography (HPLC). 

To prepare LLDPE powder from beads, the following procedure was adopted. The 

beads and the solvent (toluene) were added into a flask connected to a condenser and heated at 

around 80°C for 1 h, to ensure complete dissolution of the LLDPE polymer. Then, the polymer 

solution from the cooled flask was poured into the non-solvent (ethyl alcohol) to re-precipitate 

the polymer. The re-precipitated polymer was then washed, filtrated and dried in an oven at 

80°C for 10 h. 
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2.3 Product analysis 

The quantities of Pentoses (xylose + arabinose), hexoses (glucose + galactose + 

mannose), acetic acid, furfural, 5-hydroxymethylfurfural (HMF) and levulinic acid formed 

during the wet-torrefaction were determined by using HPLC (Model: LC-20AD, MAKE: 

Shimadzu, Japan) equipped RID (Model: RID-20A, MAKE: Shimadzu, Japan) detector and 

HPLC column (Model: Aminex HPX-87H; Make: Bio-Rad, The USA). The mobile phase was 

an aqueous sulphuric acid solution (0.005 M) at a flow rate of 0.6 mL min-1. The column 

temperature was set at 60°C. It is pertinent to note that the hemicellulose of bamboo biomass 

consists of xylose, arabinose, galactose, mannose and glucose. The sugar profile of 

hemicellulose is as follows: xylose was the highest (87.6 wt.%) followed by arabinose (8.7 

wt.%), glucose (2.1 wt.%), mannose (0.9 wt.%) and galactose (0.7 wt.%).[1] Here, the xylose 

and arabinose are pentose isomers and glucose, mannose and galactose are hexose isomers. 

The Aminex HPX-87H column detected the xylose and arabinose as a single peak (named as 

“pentoses”) and the glucose, mannose and galactose as a single peak (named as “hexoses”). 

The yields of the compounds were calculated using the following formulae: 

 𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑖 (𝑚𝑜𝑙𝑒 %) =
 moles of i formed

Initial moles of cellulose + hemicellulose present 
× 100 … … … … … 2.1 

where i is hexoses (glucose + galactose + mannose), HMF, or levulinic acid. The moles of 

cellulose were based on the equivalent hexose (e.g., glucose) units (molecular weight = 162.14 

g mol-1).[2] 

 𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑚 (𝑚𝑜𝑙𝑒 %) =
moles of m formed

Initial moles of hemicellulose present
× 100 … … … … … … … … … .2.2  

where m is pentoses (xylose + arabinose), acetic acid, or furfural. The moles of hemicellulose 

were based on the equivalent pentose (e.g., xylose) units (molecular weight = 132.14 g mol-1). 
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The concentrations of cellulose (31 wt%) and hemicellulose (23.1 wt%) were taken from our 

previous study.[2] 

2.4 Material characterisation 

The proximate and ultimate analysis of pure BSD and plastic (LLDPE) are given in 

Table 2.2. The quality of solid fuel was characterized by four parameters i.e. fixed carbon, 

volatile matter, ash and moisture content.[3] The volatile matter was determined in accordance 

with ASTM E872 standard method. One-gram of dried sample was kept in a muffle furnace 

(VBCC-14/15-FF), pre-stabilized at a temperature of 950°C, and heated for 7 min exactly. The 

sample was removed from the furnace and allowed to cool in a desiccator. The difference in 

weight before and after heating gives the amount of volatile matter present in the sample. 

Moisture content experiment was performed according to ASTM 871-82: 1 g of sun-dried 

sample was placed in the oven at 103±1°C for 16 h. The moisture content was calculated by 

subtracting the final weight of the sample form the initial weight. 

The mineral content and inorganic matter comes under the category of ash. [4] The ash content 

was determined by ASTM E1534-93 Standard Test Method. The fixed-carbon content was 

determined by subtracting the moisture, volatile matter, and ash contents (wt.%) from 100 

wt.%. Channiwala and Parikh presented an equation (eq. 2.3) to evaluate the high heating value 

of various biomasses having different chemical composition.  

HHV (MJ/kg) = 0.3491C +1.1783H +0.105S – 0.1034O – 0.015N – 0.0211A…………2.3 

Where, C, H, O, N, S and A represent Carbon, Hydrogen, Oxygen, Nitrogen, Sulphur and Ash 

contents of sample, wt.% on dry basis. 

Elemental analysis of the BSD, TBSD and plastic samples (C, H & N) was carried out by using 

the CHNS analyzer (Thermo scientific flash 2000, Thermo Fisher Scientific, USA). The 

calorific value of BSD was calculated by Bomb Calorimeter (Parr 6400, Parr instrument 

company, USA). 
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Table 2.2. Proximate and ultimate analysis of BSD, TBSD and LLDPE 

 

2.4.1 Surface characterization of bamboo biomass and Catalyst 

The functional groups of BSD and TBSD were analysed by Fourier-transformed 

infrared spectroscopy (FTIR, Model: IR Affinity, MAKE: Shimadzu, Japan). The spectra were 

collected in the wavenumber range of 400–4000 cm-1. The sample pellets were prepared by 

blending 1% finely ground BSD/TBSD with KBr. The X-ray powder diffractometer (XRD; 

Model: Smart Lab; Make: Rigaku, Japan) was used to determine the crystallinity of biomass. 

The Ni filtered Cu Kα radiation (λ: 0.15418 nm, 45 kv, and 112 mA) was employed in the range 

of 5–70° (2ϴ) with a step size of 0.01° and a scan rate of 20° min-1. The morphology of BSD 

and TBSD was determined using Field Emission Scanning Electron Microscopy (FESEM, 

Model: JSM-7610F, MAKE: JEOL, Japan). Prior to analysis, the samples were gold-coated in 

an argon atmosphere, to avoid charging. Prior to analysis, the samples were gold-coated in an 

argon atmosphere, to avoid charging. The porosity of zeolites was evaluated by N2-sorption 

process (Model: Autosorb-1QMP, Make: Quanta chrome, USA) at -196°C. Before analysis, 

the sample was degassed at 200°C for 6 h to remove moisture or unwanted materials under 

 

Sample 

PA# 

(wt.% dry basis) 

UA* 

(wt.%  ash-free and dry basis) 

HHV 

(MJ/kg) H/C O/C 
MC 

 
FC VM Ash C H N O Cal. Exp. 

BSD 9.2 74.9 5.8 46.73 6.18 0 47.66 18.55 17.04 0.132 1.02 10.1 

TBSD$ 30 66 0.3 51.4 6.5 0.02 42.04 21.32 24.02 0.127 0.82 4.5 

LLDPE 0.5 99.5 0.0 75.96 13.45 0 10.59 41.27 NA 0.18 0.14 Neg. 
#PA & *UA: Proximate and Ultimate analysis data of BSD and LLDPE 
$The proximate and ultimate analysis data of TBSD sample that is prepared by wet torrefaction of BSD 

at 140°C and 30 min (optimum conditions). 

FC: Fixed carbon; VM: Volatile matter; Cal.: Calculated; Exp.: Experimental; MC: Moisture Content 

NA: Not available; Neg.: Negligible 
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vacuum. The Barrette-Joyner-Halenda (BJH) method was used to characterize pore size 

distribution and average pore width. The textural properties of zeolites (HZMS-5 and MesoHY) 

were shown in Table 2.3. 

Table 2.3. Physicochemical properties of MesoHY and HZSM-5 zeolites 

Sample IZA code SBET
* 

SMICRO
# 

 

SMESO
$ 

 

VT
& 

 

VMICRO
% 

 

VMESO
@ 

 

APS£ 

 

Py FTIR¥ 

CBAS
© CLAS

§ 

MesoHY 

FAU¢ 

(100) 12 7.4 x 

7.4 

IPS (Å)Θ : 11.24 

773 440 333 0.58 0.23 0.35 3.79 78.4 2236.4 

HZSM-5 

MFIø 

(100) 10 5.1 x 

5.5 ↔ (010) 10 

5.3 x 5.6 

IPS (Å)Θ: 5.6 

382 316 66 0.30 0.17 0.13 1.40 130.5 869.9 

Note: ΘIPS: Internal pore space in Å, ¢FAU: Plane with pore size and number of rings present in zeolites [5]; S: 

Specific surface area;  *SBET, (BET: Brunauer, Emmett and Teller) specific surface area, m2 g-1; #SMICRO : specific 

surface area of micropore, m2 g-1; $SMESO: specific surface area of mesopore, m2 g-1; &VT: Total pore volume, cm3 g-

1; &VT: Total pore volume calculated at p/po (0.99) , cm3 g-1; %VMICRO: t-plot micropore volume, cm3 g-1; @VMESO: 

mesopore volume, cm3 g-1; £APS: Average pore size (nm) of zeolites; ¥Py FTIR: FTIR Spectroscopy after pyridine 

adsorption [6]; ©CBAS: Concentration of Brønsted acidic sites, µ mol g-1; and  §CLAS: Concentration of Lewis acidic 

sites, µ mol g-1 

 

2.5 Thermogravimetric analysis  

The thermal decomposition behaviour of solid raw or torrefied biomass, LLDPE and 

their blends, under non-isothermal conditions, was analysed in the thermogravimetric analyser 

(Model: TG209F1, Make: Netzsch, Germany). Approximately 10 mg of individual or blended 

sample was taken in an alumina crucible and heated with different heating ramps (5–40°C min-

1) and weight loss was recorded as a function of temperature (30–900°C). To maintain the inert 

atmosphere, the argon gas was used at a flowrate of 20 mL min-1. The raw data obtained from 

TG analyzer was used to determine the synergism, kinetics, and reaction mechanism. 
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The blends (raw or torrefied biomass + plastic) were prepared by taking appropriate mass ratios 

in a mortar and pestle and blended thoroughly to homogeneity as shown in Table 2.4. To 

prepare the samples for catalytic co-pyrolysis, 60 wt% of the catalyst (HZSM-5 or MesoHY) 

was added to each sample and mixed well to homogeneity.  

Table 2.4: The code and the composition of TBSD + LLDPE blends 

 

2.6 Synergism analysis 

To understand the synergistic effects in co-pyrolysis of blends, an additive formula was used, 

assuming no interaction between the two compounds (BSD or TBSD and LLDPE) present in 

the blend. The thermal profile was calculated using the additive formula and was compared 

with that obtained from the experiment. From the difference between the two profiles, the 

synergistic effects were deduced. The extent of synergistic effect (∆W) during co-pyrolysis 

was calculated using the following formula. [7–10] 

∆𝑊 = 𝑊𝐸𝑋𝑃 − 𝑊𝐶𝐴𝐿 … … … … … … … … … … … … … … … … … 2.4 

The following additive formula was used to calculate WCAL,  

𝑊𝐶𝐴𝐿 = 𝑋1𝑊1 + 𝑋2𝑊2 … … … … … … … … … … … … … … … … … 2.5 

Where X1 and X2 are the mass fraction of BSD/TBSD and LLDPE in the blend and W1 and W2 

are the weight % from TGA of BSD and LLDPE, respectively. According to this equation, the 

Code 
The weight % of each component in mixed samples 

Raw or Torrefied bamboo sawdust LLDPE 

BSD or TBSD 100 0 

BP3:1 or TBP3:1 75 25 

BP1:1 or TBP1:1 50 50 

BP1:3 or TBP1:3 25 75 

LLDPE 0 100 
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total weight at a certain temperature is the sum of the weights of individual components 

multiplied by the corresponding weight fraction in the blend.[11–13] 

Substituting the value of WCAL in equation 2.1, we get following equation  

∆𝑊 = 𝑊𝐸𝑋𝑃 − (𝑋1𝑊1 + 𝑋2𝑊2) … … … … … … … … … … … . … .2.6 

If the ΔW is positive, the synergistic effect is passive or inhibitive and if the ΔW is negative 

then the synergistic effect is positive.  

2.7 Kinetic analysis 

The apparent activation energies (Eα) of catalytic or non-catalytic (co-)pyrolysis of 

BSD/TBSD, LLDPE and their blends were calculated from the slope (Eα/R)  of the graph 

between 𝑙𝑛 [
𝛽

𝑇𝛼𝑖
2 ] 𝑣𝑠 

1

𝑇𝛼𝑖

 at conversion rate α and various heating rates i = 5, 10, 20 and 40°C 

min-1 by Kissinger-Akahira-Sunose model (equation 1.11). In a similar manner, Eα were 

evaluated by FWO (equation 1.12) and FM (equation 1.13) models from the slope of the 

curves: ln(𝛽𝑖) 𝑣𝑠 
1

𝑇𝛼𝑖

, and 𝑙𝑛 [
𝑑𝛼

𝑑𝑡
]

𝛼𝑖

𝑣𝑠 
1

𝑇𝛼𝑖

, respectively.  

2.8 Criado’s master plots 

The Master plots for individual and blended samples were derived from equation 1.23 at ramp 

rate of 10 by using apparent activation energy from FM model. The RHS of equation 1.23 is 

known as reduced rate. A comparison between experimental results obtained from equation 

1.23 with the theoretical master plot allows identifying the best reaction mechanism for the 

degradation process.[14] 
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Chapter 3 

 

Copyrolysis of Bamboo Saw Dust and Linear Low Density 

Polyethylene 

 

Highlights 

 The co-pyrolysis of bamboo biomass and LLDPE is studied using thermogravimetry 

 The highest synergism and an Ēα drop of 36% with the blend 1:3 biomass: plastic  

 Master plot: A2, and D2 mechanisms at lower and higher conversions, respectively 

 The Ēα for the blends 3:1, 1:1 and 1:3 are 397, 376, and 188 kJ mol-1, respectively 

 The mean reactivity order of blends is found to be 1:3>1:1>3:1 at all heating rates 

3.1 Objectives 

This chapter focuses on the kinetics and the synergistic effects of the co-pyrolysis of bamboo 

sawdust (BSD) and linear low-density polyethylene (LLDPE) using thermogravimetric 
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analysis (TGA). The kinetic parameters were determined utilizing three models based on the 

isoconversional method: Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO), and 

Friedman (FM) models. The reaction mechanism was deduced using the Criado's master plot. 

To the best of our knowledge, no reports available on the co-pyrolysis of BSD+LLDPE blend. 

3.2 Results and discussion 

3.2.1 Thermal degradation of BSD and LLDPE blends 

The TGA and DTG curves for pure BSD, LLDPE and their blends BP3:1, BP1:1 and 

BP1:3 at three heating rates (5, 10 and 20°C min-1) are shown in Fig. 3.1 and deconvoluted 

plots fitted with Gaussian function are illustrated in Fig. A1.1– A1.3. In case of pure BSD and 

LLDPE, the thermal degradation occurred in three stages and two stages, respectively. While, 

their blends BP3:1, BP1:1 and BP1:3 showed four stages of degradation. The peak temperature 

(Tmax), weight loss (Wloss), and the maximum rate of degradation (DRmax) in each stage, and 

the residual weight after 800°C and the mean reactivity for all the samples at different heating 

rates are presented in Table 3.1. The weight loss from BSD (e.g., 6.10 % at heating rate 20°C 

min-1), corresponding to the first stage (25–150°C), is due to the removal of moisture and a 

marginal loss of light volatiles. [1,2] Structural water present in the form of hydrogen and 

hydroxyl moieties is stripped out from the equatorial position of cellulose in the temperature 

range of 140–150°C.[3] The very small weight loss (e.g., 0.46 wt.% at a heating rate of 20°C 

min-1) from LLDPE in the first stage is due to moisture removal. [4,5] 

The second stage of weight loss occurred in the temperature range of 180–400°C and 

280–520°C from BSD and LLDPE, respectively. For both the samples this is the maximum 

degradation range and is termed as active pyrolysis. The third stage of weight loss from BSD 

occurred in the temperature range of 405–800°C and could be attributed to the decomposition 

of lignin and carbonaceous material. Maximum peak temperature (Tmax) and the decomposition 

rate (DRmax) of LLDPE were higher as compared to those of BSD at all the heating rates (5 
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(Table S2), 10 (Table S3) and 20°C min-1 (Table 3.1)). For example, in the second stage, DRmax 

of LLDPE was 2.12 mg min-1 at a Tmax of 474°C, while that of BSD was 0.73 mg min-1 at a 

Tmax of 316°C, for 10°C min-1 ramp rate. Moreover, the second stage starting temperature for 

decomposition of LLDPE (280°C at 10°C min-1) was higher as compared to that of BSD 

(180°C at 10°C min-1). Weak ether bond (360–420 kJ mol-1) in BSD is responsible for the 

lower Tmax. On the other hand, the hard-to-break bonds (C ̶ H; 414 kJ mol-1, C ̶ C; 344 kJ mol-

1 and C=C; 611 kJ mol-1) present in LLDPE make its Tmax higher. [6,7] The width of weight 

loss peak (in DTG) from BSD, in the second stage, was wider as compared to that of LLDPE. 

For example, the decomposition of BSD and LLDPE in the second stage occurred in the range 

180–400°C (width was 220°C) and 340–520°C (width was 180°C), respectively, at 20°C min-

1 (Fig. 3.1 and Table 3.1). This is because of structural differences of lignocellulosic materials 

and LLDPE. The small hump (260–290°C) appeared on the left side of the main degradation 

peak from pure BSD and blended samples could be attributed to the degradation of 

hemicellulose. [8] Interestingly, the hump was clearly visible at 5 and 20°C min-1 ramp rates 

but was not completely distinguishable at 10°C min-1, indicating that the degradation of 

hemicellulose is overlapped with that of cellulose and lignin [9,10]. 

The rate of decomposition in the second and third stages depended upon the 

composition of the blend (Fig.s 3.1a2, 3.1b2 and 3.1c2). In the second stage (180–410°C), the 

decomposition of cellulose and hemicellulose occurred and was slightly affected by presence 

of LLDPE. Whereas, in the third stage (380–520°C), the decomposition of LLDPE dominates. 

The free radicals formed from LLDPE helps in the decomposition of lignin in this stage. In 

blended samples, the PE pyrolyzates traverse to the lignin layer and interacts with the lignin 

pyrolysis intermediates. A series of radical intermediates such as benzyl, benzoyl, phenyl and 

acyl radicals were formed from thermal degradation of lignin as shown in scheme 1. Owing to 

effective mass transfer and quick interaction between lignin intermediates and PE pyrolyzates, 
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phenolic monomers were formed. In the absence of plastic pyrolyzates, the lignin derived 

radicals produce coke by coupling and rearrangement reactions.[11] Therefore, the free radicals 

formed from the LLDPE helps in the decomposition of lignin, as depicted by Scheme. A1.1 

(Annexure A1). [12–18] Volatiles formation from the blends was due to breaking of various 

bonds (C–C, C=C, β–(C1↔C4), α–(C1↔C4 & C1↔C6), etc.) and involvement of various 

functional groups (–OH, –OR, >CO, –CHO, –COOH, etc.) in different reactions (cracking, 

condensation polymerization, depolymerisation, ring opening, etc.). Softening of LLDPE 

occurs at around 300°C, comes under the plastic state and inhibits the evolution of volatile 

matter at this (second) stage. [4,10] With the increase of LLDPE composition from 25 to 

75 wt.% in BSD, DRmax in second stage was decreased at all the heating rates (5–20°C min-1). 

For example, in the blend BP1:3, DRmax in second stage diminishes to 0.458 mg min-1 at 339°C 

at 20°C min-1 (Table 3.1). While in third stage, the pattern of DRmax was reversed.  For example, 

the value of DRmax of BP1:3 (5.479 mg min-1 at 20°C min-1) was the highest as compared to 

other mixed samples, because it contains the maximum amount of LLDPE (75%). The change 

in DRmax showed a similar trend with other two heating rates. The thermal behavior of these 

peaks for blended samples in second and third stage can be attributed to the disintegration of 

lignocellulosic materials (cellulose, hemicellulose, and lignin) and LLDPE, respectively. [19]  
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Figure 3.1. TG analysis of BSD+LLDPE blends at three different heating rates of (a) 5, (b) 10 

and (c) 20°C min-1: Weight loss as a function of temperature (a1, b1 and c1) and DTG (a2, b2, 

and c2). (The legend given in subfigure a1 is applicable to all the other subfigures). 

The mean reactivity (RM) was calculated based on the method developed by Ghetti et al.[20], 

which suggests that the mean reactivity depends on two parameters: peak height (R) and 

corresponding peak temperature (Tp) in DTG. The RM is directly proportional to the peak height 

and inversely proportional to the corresponding peak temperature.[20,21]  For blends, the peak 

height increased in the second stage with weight percentage of bamboo biomass in the second 

stage of DTG while it was reversed in the third stage. The order of MR of blends was found to 

be BP1:3 > BP1:1 > BP3:1 at heating rates 10 and 20°C min-1. The MR of all the three blends 

were nearly equal at heating rate 5°C min-1. 
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3.2.2 Effect of heating rate 

The thermal degradation profiles of BSD, LLDPE and their blends at heating rates of 

5, 10 and 20°C min-1 are shown in Fig. 3.2. The DTG peaks shifted to higher temperature with 

heating rate. The MR and DRmax of mixed samples were increased with the increase of heating 

rate from 5 to 20°C min-1 (Tables 3.1, A1.1 and A1.2), which is a usual non-isothermal behavior 

as also reported by other researchers.[22,23] The poor thermal conductivity of BSD creates a 

temperature gradient across the BSD particles, which is responsible for peak shifting in DTG 

curves. A constant temperature across the BSD particle can be assumed at lower heating rate 

(5°C min-1), where sufficient time was given for heating, while at the higher heating rates (10 

and 20°C min-1) a substantial temperature gradient exists across the biomass particle.[24] The 

secondary reactions may change with heating rate.[25] A better heat transfer inside the particle 

can be  ensured at a lower heating rate.[26] The higher rate of decomposition was observed at 

higher heating rate because of the higher thermal energy.[27] 

Similar studies conducted under non-isothermal conditions, demonstrated that TGA 

curves shifted to higher temperature zone with heating rate.[28,29] The initial and final 

degradation temperatures were increased with heating rate. The overall release of volatiles in 

the second and third stage of co-pyrolysis process was found to increase with heating rate and 

plastic content. In the second stage of BSD and LLDPE, the release of volatiles increased with 

heating rate (5–20°C min-1), while the volatile components from the BSD decreased in the third 

stage (Fig. 3.2a and c). The generation of free radicals from volatiles depends upon heating 

rate. A lesser amount of free radicals forms at low ramp rate (5°C min-1) and is responsible for 

the char formation by polymerization, cracking, recondensation, etc.[24] The thermal 

degradation of BSD follows complicated kinetics which could be attributed to the structural 

composition of hemicellulose, cellulose and lignin. At low heating rate, mass and heat transfer 

between particles is inhibited by cellulose and interface of hemicellulose and cellulose because 
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of crystalline nature of cellulose.[30] Heat flux is more at higher heating rate as compared to 

that at lower heating rate which brings down the viscosity of solid materials and initiates the 

reaction for volatile formation. [33, 34] 

Table 3.1. Degradation parameters at different stages of degradation of pure BSD, LLDPE and 

their blends at a heating rate of 20°C min-1. 

Stages Parameters BSD BP3:1 BP1:1 BP1:3 LLDPE 

First stage T
Range

 (°C) 25–150 25–150 25–150 25–150 25–150 

 W
Loss

 (%) 6.075 4.121 2.879 1.436 0.463 

 DRmax (mg min-1) 0.2608 0.207 0.133 0.039 – 

 T
max

 (°C) 63 69 58 53 – 

Second stage T
Range

 (°C) 180–400 180–395 180–390 180–390 340–520 

 W
Loss

 (%) 62.891 49.123 28.681 13.384 89.558 

 DRmax  (mg min-1) 1.997 1.685 0.927 0.458 5.382 

 T
max

 (°C) 343 341 334 339 488 

Third stage T
Range

 (°C) 405–800 400–530 390–540 395–530 520–800 

 W
Loss

 (%) 9.774 27.260 57.480 80.770 0.580 

 DRmax  (mg min-1) – 1.389 3.054 5.479 – 

 T
max

 (°C) – 481 485 486 – 

Fourth stage T
Range 

(°C) – 520–800 520–800 520–800 – 

 W
Loss

 (%) – 4.097 2.404 1.803 – 

Reactivity (mg min
-1 

°C
-1

) x103 4.98 3.691 3.788 4.453 11.028 

% Residual weight at 800°C 20.770 15.04 8.051 3.071 7.98 
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Figure3.2.TG analysis of three different BSD+LLDPE blends (a) BSD (b) BP3:1, (c) BP1:1, 

(d) BP1:3, and (e) LLDPE: Weight loss as a function of temperature (a1, b1, c1, d1 and e1) and 

DTG (a2, b2, c2, d2 and e2).  

3.2.3 Synergistic effect 

The BSD and LLDPE showed different thermal behaviour (Fig. 3.1) due to differences in their 

structural and chemical properties.  
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The residual weight (𝑊𝐶𝐴𝐿 (equation 2.5) at highest temperature) was higher in the case of 

calculated blend as compared to that (𝑊𝐸𝑋𝑃 at highest temperature) of experimental blend (Fig. 

3.3a1, 3.3b1 and 3.3c1). This could be due to the higher liquid formation in the case of 

experimental blend, which in-turn could be attributed to the hydrogen rich atmosphere (resulted 

from the LLDPE) of the blend.[33] The LLDPE (with H/Ceff :0.18 w/w) acts as a hydrogen 

donor during co-pyrolysis process which inhibits the recombination and cross linking reactions 

that increase char formation. [34,35] In other words, in the absence of such atmosphere 

(biomass alone), the char formation was favoured and the residual weight was higher.  

ΔW (equation 2.6) < 0 indicates an accelerated co-pyrolysis process and a positive 

synergistic effect. While, ΔW > 0 indicates a passive synergistic effect. For all the three blends, 

the ΔW was approximately zero below 280°C (Fig. 3.3), because, below this temperature, 

LLDPE is in plastic state and does not start decomposition/interaction with BSD. In the 

temperature range of 300 to 500°C, 𝑊𝐸𝑋𝑃 < 𝑊𝐶𝐴𝐿 for BP1:3 implying that the weight loss was 

more in the case of experimental blend. This indicates a positive synergistic effect between 

BSD and LLDPE during the co-pyrolysis. For BP1:1 and BP3:1, the value of ΔW was positive 

at low temperatures and then decreased sharply at 430–500°C, peaking at 460°C. While, for 

BP1:3, the ΔW was started to decline at 320°C and increased sharply at 500°C after peaking at 

450°C. This characteristic behaviour of blend can be explained by the physical state of LLDPE. 

First it gets softened at about 280°C followed by a plastic state which inhibits the release of 

volatiles from BSD by the formation of a coating layer on the surface of BSD. The internal 

pressure of volatiles from BSD and plastic increases with increase in temperature. This is 

beneficial for dispersal of residue of biomass formed by secondary reactions.[10,33,36,37]. 

This behaviour is pictorially shown in Fig. 3.4. This could be the reason for the higher liquid 

production (or lower residual mass) during the thermal degradation of the blends. Rapid 

generation of volatiles from LLDPE in mixed samples was occurred upon further heating (> 
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280°C) which ruptures the coating on BSD and causes the ΔW to decrease quickly. 

Furthermore, it was observed that the values of ΔW of BP1:3 (-11.68) and BP1:1 (-11.08) are 

much higher than that of BP3:1 (-4.75) at 5°C min-1, suggesting that BP1:3 and BP1:1 showed 

a strong positive synergism than BP3:1. The synergism was examined during copyrolysis of 

biomass and plastic, biomass accelerated the chain scission of polyethylene to short carbon 

chain length while PE promoted the decomposition of biomass to carbohydrate derived light 

oxygenates (for examples furan). Therefore, Diels-Alder reaction occurred between light 

oxygenate furan from biomass and olefins from PE to form aromatic components and inhibit 

coke formation. Zhang et al. explored the synergism between biomass and plastic. Primary free 

radicals are formed from biomass which react with PE derived hydrocarbons to form volatile 

substances which not only accelerated biomass decomposition but also inhibit free radical 

repolymerization to form coke. The blend containing higher amount of plastic which produce 

higher number of olefin chain which react further oxygenates derived from biomass saw dust 

or torrefied biomass saw dust during copyrolysis process to exhibit highest synergism as 

compared to other blends (BP3:1 and BP1:1 or TBP3:1 and TBP1:1). The ΔW of all the blends 

was approximately constant above 500°C since the devolatilization process has essentially 

been completed. 
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Figure 3.3. Experimental and calculated (from equation 18) TG curves for three different 

BSD+LLDPE blends (BP3:1, BP1:1, and BP1:3) at three different heating rates of (a) 5, (b) 10 

and (c) 20°C min-1: Weight loss as a function of temperature (a1, b1 and c1) and ΔW (a2, b2, 

and c2). (The legend given in subfigure a1 is applicable to all other sub figures).  
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Figure 3.4. Schematic representation of co-pyrolysis process of BSD and LLDPE at lower 

temperatures. 

The thermal degradation of polyolefin occurs via a radical chain process. It consists of three 

steps i.e. initiation, propagation and termination [4,33,38].  A large number of free radicals are 

evolved from lignocellulosic materials during co-pyrolysis. These free radicals accelerate the 

decomposition of plastic involving many reactions such as cracking, depolymerisation and 

crosslinking reaction.  

3.2.4 Kinetic analysis 

For the estimation of kinetic parameters (Eα and A) of the co-pyrolysis process, two integral 

isoconversional models (KAS and FWO) and one differential (FM) model were used. In these 

models, decomposition was assumed to be first order reaction. The apparent activation energy 

(Eα) determined by these isoconversional models is independent of the reaction mechanism. 

[32] The master plot was used to identify the order and mechanism of the reaction. 

The equations 1.11, 1.12 and 1.13 were plotted, at constant conversion, to estimate the 

activation energy and frequency factor from KAS, FWO and FM models, respectively, as 
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shown in Fig. A1.1 (Annexure A1). For kinetic analysis, a temperature range of 150–700°C 

was used at all the three heating rates. Moisture was removed below 150°C and there was no 

weight loss above 700°C, as shown by the TGA graph (Fig. 3.1). The values of Eα, A and the 

correlation coefficient (R2) for the thermal degradation of blended biomass are presented in 

Tables A1.3–A1.7 (Annexure A1). The apparent activation energy increased with conversion 

as shown in Fig. 3.5, indicating that the solid-state reactions follow multi-step reactions. For 

example, the apparent activation energies in the conversion range from 0.1 to 0.7 varied in the 

range of 92–324 kJ mol-1 and subsequently decreased towards the end of the reaction. The 

cleavage of weak bonds and elimination of volatile molecules occurs at the beginning of 

pyrolysis process which requires low activation energy. Decomposition of the stronger bonds 

and bigger stable molecules requires higher apparent activation energy. [39] The mean values 

of apparent activation energy (Ēα) for the decomposition of blends (BP3:1, BP1:1 and BP1:3) 

were determined to be 357, 371, and 143 kJ mol-1 from KAS, 368, 400 and 165 kJ mol-1 from 

FWO and 468, 356 and 255 kJ mol-1 from FM models, respectively (Table 3.2). In addition, 

the mean Ēα value of individual sample such as BSD and LLDPE was found as 265 and 207 kJ 

mol-1 from KAS, 265 and 230 kJ mol-1 from FWO and 353 and 175 kJ mol-1 from FM model, 

respectively. Overall, the BSD degradation involves the cracking and condensation reactions 

of cellulose, hemicellulose and lignin. While, the LLDPE consists of C–C bonds in linear 

fashion with short chain lengths and only cracking occurs during its degradation. Hence, the 

activation energy of BSD was higher as compared to that of LLDPE.[40–44] The Eα of blends 

obtained from KAS and FWO models were first increased then decreased, while, those 

obtained from FM model decreased continuously, with LLDPE concentration. The pattern of 

mean apparent activation energy (Eα) as discussed above was collectively due to composition 

variation, polymeric structure (hemicellulose, cellulose, lignin and LLDPE), types of chemical 

bonds of bamboo biomass and plastic and temperature. The apparent activation energies 
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obtained by FM model were noisy as compared to those from the other two models (KAS and 

FWO). The KAS and FWO models are derived based on the assumption of constant activation 

energy, which may introduce a systematic error in the treatment.[45,46] In FM model, 

approximations and boundary conditions are not required to calculate apparent activation 

energy.[45,46] Scattered values of apparent activation energy and noisy data obtained by FM 

method were because of the differential method applied to integral data.[46,47] For calculating 

kinetic parameters, the FM model can be the best method among three methods (KAS, FWO, 

and FM) for solid state reactions.[48] The BP1:3 is the potentially efficient blend for co-

pyrolysis as compared to other two blends because of its lower mean apparent activation 

energy. The values of R2 over the entire conversion range (0.1–0.8) were close to 1 (> 0.97) 

for all the three models tested indicating a good fit of the experimental data to all three models.  

 

Figure 3.5. Variation of Eα and temperature with conversion of BSD+LLDPE blends: a) FM 

model, b) KAS, c) FWO model with mixed and individual sample d) Temperature profile of 

mixed samples 
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Table 3.2. Average apparent activation energy from isoconversional methods of BSD, LLDPE 

and BSD + LLDPE blends. 

 

Code 

KAS Model FWO Model FM Model 

Ēα , (kJ mol-1) Avg. R2 Ēα , (kJ mol-1) Avg. R2 Ēα , (kJ mol-1) Avg. R2 

BSD 265 0.982 265 0.976 353 0.970 

BP3:1 357 0.979 368 0.981 468 0.956 

BP1:1 371 0.976 400 0.978 356 0.993 

BP1:3 143 0.988 165 0.990 255 0.982 

LLDPE 207 0.970 230 0.975 175 0.990 

 

3.2.5 Master plot method for determination of reaction mechanism 

For kinetic studies, determination of mechanism is a fundamental step which helps to improve 

understanding of the reaction. In the previous sections, a first order reaction was assumed in 

isoconversional methods  [31,49–52]  but it is not a recommended assumption without prior 

knowledge of master plots because other orders may also be suitable to describe the reaction. 

The average values of apparent activation energy (Ēα) of thermal degradation of BSD, LLDPE 

and blends calculated using FM model are used to construct an experimental master plot at 

10°C min-1 by using equation 1.23  to find out reaction mechanism. The experimental master 

plot (Z(α) against α) at 10°C min-1 ramp rate is shown in Fig. 3.6. Theoretical master plots 

obtained with various reaction mechanisms [32,53–56] are also shown in the same figure. The 

experimental master plot of BSD in the conversion range from 0.05 to 0.5 followed an F3 

model (3rd order reaction) while that in the conversion range from 0.5 to 0.8 was close to 

contraction volume R3 model (Fig. 3.6a). The experimental master plot of BP1:1 in the 

conversion range of 0.3 to 0.8 was close to the theoretical master plot of random nucleation 

and growth mechanism (A2, n:2) (Fig. 3.6b). When the conversion value less than 0.3, the same 

experimental graph follow the trend of F3 model. For the blend BP1:3, in 0.05 to 0.5 conversion 

range, the master plot was close to the theoretical master plot of random nucleation and growth 

mechanism (A2, n:2) (Fig. 3.6c). When the conversion value was graeter than 0.5 to 0.8, the 
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same experimental graph followed the trend of D2 model. These findings are in-line with the 

previous studies. [57–59] By diffusion controlled mechanism, the breakdown of hemicellulose 

and extractives occurs more vigorously at a low temperature which creates more volatile 

components. These components promote the degradation of cellulose. [60–62]. The theoretical 

master plot of the F1 model (nth order reaction; α value from 0.05 to 0.8) was the best suited to 

the experimental master plot of LLDPE (Fig. 3.6d). The experimental conversion ranges and 

their corresponding theoretical master plots models are summarized in Table 3.3. 

In literature, no study reported the co-pyrolysis of BSD and LLDPE. Therefore, the data 

obtained in this study was compared with the similar blends such as biomass (pine saw dust, 

bagasse, empty fruit bunch etc.) and LDPE, HDPE, PS or PP reported in the literature (Table 

S9).[10,63–69] The thermal reactivity of BSD is lower as compared to that of LLDPE because 

of high mean activation energy of BSD in pyrolysis process (Tables A1.3 and A1.7). Similar 

results are also reported in various other studies.[4,63,70] The peak temperature (Tmax) is 

related to material structure, plastics such as LDPE, HDPE and PP having similar structure 

therefore they have almost same Tmax (486–505°C) but LLDPE has different structural 

arrangement (polyethylene and α olefins i.e. hexane-1 and octane-1). The physical 

characteristics of olefin polymers are discussed in the introduction part of this thesis. The 

variations of mean activation energies of blends (Tables A1.4–A1.6) with weight ratio show 

that they possess different pyrolysis reactivity. The activation energies vary with raw material 

structures, weight ratio between biomass and plastic, operating conditions and methods.  The 

mean activation energy of the blend BP1:3 (188 kJ mole-1) lie below that of both BSD and 

LLDPE and was 36% lower with respect to BSD which is a clear indication of synergism. 

Moreover, the synergistic effect was much higher with the BP1:3 blend as compared to that 

from most of the other studies (Table 1.3). Therefore, LLDPE is a good choice to blend with 

the BSD. The high synergism could be explained based on the favourable properties of the 
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LLDPE as compared to LDPE and HDPE. Typical characteristics of LLDPE such as structural 

components (polyethylene and α olefins) and arrangements, lower lamellar thickness, lower 

melting point range (125–128°C) and high frequency of shorter side chain are responsible for 

higher thermal reactivity [40,41,71] which, in turn, provides the higher reactivity when blended 

with biomass.   

 

Figure 3.6. Master plot Z (α) of BSD+LLDPE blends at a heating rate of 10°C min-1: a) BSD 

b) BP 1:1, c) BP 1:3 and d) LLDPE. 

Table 3.3. Determination of kinetic model by Criadios-Master plots method for pure BSD, 

plastic and blended samples at 10°C min-1 

BSD BP1:1 BP1:3 LLDPE 

α M Mn α M Mn α M Mn α M Mn 

0.05–0.5 F3 RO 0.05–0.3 F3 RO 0.05–0.5 A2 NM 0.05–0.4 P3 PL 

0.5–0.8 R3 GC 0.3–0.8 A2 NM 0.5–0.8 D2 DN 0.4–0.8 F1 RO 

Note: Mn: Mechanism; M: Model (RO: Reaction order, GC: Geometrical Contraction, DN: Diffusion 

model and NM:  Nucleation model); α: Conversion 
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3.3 Conclusions 

The co-pyrolysis of BSD+LLDPE blends occurs in four stages. The highest synergistic 

interaction between BSD and LLDPE was occurred with the blend BP1:3 (25 wt.% BSD and 

75 wt.% LLDPE). In addition, an activation energy drops of 36% (with respect to biomass) 

was observed with the same blend. The average apparent activation energy of pure BSD, 

LLDPE and the blends BP3:1, BP1:1 and BP1:3 as obtained from isoconversional method were 

265, 207, 357, 371, and 143 kJ mol-1, respectively, from KAS model. The order of mean 

reactivity of blends was found to be BP1:3 > BP1:1 > BP3:1 at all the heating rates (5, 10, 20°C 

min-1) studied. Multistep reactions were found to be responsible for a large variation of 

apparent activation energy of co-pyrolysis, as depicted by the master plot. The decomposition 

of the blend BP1:3 followed a nucleation growth (A2) model in the lower conversion range 

and diffusion (D2) model in the higher conversion range. 
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Chapter 4 

 

Wet Torrefaction of Bamboo Saw Dust and Its Co-Pyrolysis with 

Plastic  

 

 

Highlights 

 The wet torrefaction selectively removes hemicellulose as xylose (yield 85%)  

 The catalyst in wet torrefaction reduces the temperature and time of operation 

 The wet torrefied biomass shows better pyrolysis characteristics 

 The blend with 1:3 weight ratio of TBSD to LLDPE gives the highest synergism 

 The co-pyrolysis follows the multi-step reaction mechanism (Criado’s master plot) 

4.1 Objectives 
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In this chapter, the bamboo sawdust (BSD) was wet torrefied using salt and organic acid as 

catalysts to produce platform chemicals (xylose + arabinose) and torrefied bamboo sawdust 

(TBSD) or also known as hydrochar. The wet torrefaction was used to reduce the moisture 

content, increase the H/C ratio and HHV and improve the grindability and hydrophobicity of 

BSD. The co-pyrolysis of the blends (TBSD + LLDPE) was studied using thermogravimetric 

analysis (TGA) at heating rates 5–40°C min-1. The kinetics and the synergistic effects of the 

co-pyrolysis were studied in detail. The kinetic parameters were estimated using 

isoconversional methods and the reaction mechanism was deduced using the Criado's master 

plot. To the best of our knowledge, the co-pyrolysis of TBSD and LLDPE is not reported in 

the literature. Moreover, the quantification of the platform chemicals from the wet torrefaction 

of BSD is reported for the first time in this study. 

4.2 Results and discussion 

4.2.1 Hemicellulose removal from bamboo biomass by wet torrefaction 

The variation of product yields of wet torrefaction of BSD as a function of the concentrations 

of NaCl, and formic acid, temperature and time is shown in Fig. 4.1. As the temperature 

increased from 120 to 150°C at constant reaction time (30 min), the pentoses (xylose + 

arabinose) and acetic acid yields were first increased and then decreased passing through a 

maximum at 140°C. The maximum yields of pentoses and acetic acid at 140°C were 85 and 

38%, respectively. It is worth mentioning that the total yield of the products from hemicellulose 

is more than 100%. This is because the molar yields were calculated based on the pentose 

molar-equivalent of hemicellulose weight (see methods section) and the molecular weight of 

acetic acid is lower as compared to that of pentose. Hemicellulose being the complex polymer 

of various components, this is the best one can do. At 150°C, pentoses and acetic acid yields 

were decreased from 85 to 60% and 38 to 34%, respectively, and the furfural yield was 

increased from 5 to 25%. It indicates that the pentoses convert into furfural in the presence of 
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Brønsted acid, at higher temperatures [1]. The yield of acetic acid decreased due to reactions 

such as decarboxylation of carboxylic (–COOH), and acetyl groups, reforming of ketonic 

groups (>C=O), cracking and condensation, at high temperature [2]. With reaction time, the 

pentoses yield was gradually decreased, hexoses, HMF, and acetic acid yields were nearly 

constant and the furfural yield was increased.  

The effect of NaCl concentration on wet torrefaction of bamboo sawdust (BSD) was 

studied in the range NaCl: BSD ratio of 0:1 to 3:1 w/w at 140°C, 30 min and FA: BSD ratio of 

1:1 w/w (Fig. 4.1c). The NaCl concentration of 30% is in DI water close to its saturation limit 

and therefore the NaCl concentration was varied only up to 30% (NaCl:BSD ratio 3:1 w/w). 

The pentoses (xylose + arabinose) and acetic acid yields were increased linearly with NaCl 

from 30.7 and 14.3%, respectively, at NaCl:BSD ratio 0:1 w/w to 85.7 and 38.5% at 3:1 w/w 

(Fig. 4.1c). The yields of other compounds such as hexoses (glucose + mannose + galactose), 

5-hydroxymethylfurfural (HMF) and furfural were marginal (less than 5%), at all the NaCl 

concentrations studied. This result testifies that the cellulose part of the BSD was intact and the 

hemicellulose part was selectively converted to pentoses and acetic acid, under the torrefaction 

conditions used. The xylose conversion to furfural was also negligible. The Fig. 4.1d shows 

the yields of various compounds in the presence and absence of FA at 140°C, 30 min and an 

NaCl:BSD ratio of 3 w/w. The FA addition has a great effect on the torrefaction reaction. In 

the absence of FA, the acetic acid only was formed in reasonable quantity (4%) and the yields 

of all other products (pentoses, hexoses, HMF and furfural) were negligible (< 2%). However, 

upon the addition of formic acid at a FA:BSD ratio of 1:1 w/w, the yields of pentoses and the 

acetic acid were increased significantly. Overall, the yields were very low in the absence of 

either NaCl or FA and were highest when both NaCl and FA were present in right quantity. 

This indicates a synergistic effect between the NaCl and FA. 
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The highest pentoses yield (85%) was obtained at 140°C for 30 min in presence of NaCl 

(NaCl:BSD :: 3:1 w/w) and FA (FA:BSD :: 1:1 w/w). At these optimum wet torrefaction 

conditions, approximately 96 wt.% of hemicellulose was removed predominantly in the form 

of pentoses (xylose and arabinose) and acetic acid. The formic acid and NaCl can be recycled 

after the separation of solids and the pentoses products. The same aqueous solution (containing 

NaCl, formic acid, and predominantly pentoses) after separation of solids can be used to further 

convert the pentoses to valuable products such as furfural or levulinic acid. The low 

concentration of reactant (10 wt.%) results in high energy demand and hampers the economic 

feasibility. The concentration of the reactant should be increased to improve the economics. 

These are the on-going works in our research group. 

 

Figure 4.1. The variation of product yields as a function of (a) temperature, (b) time (c) 

NaCl:BSD ratio w/w and (d) FA:BSD ratio w/w, during wet-torrefaction of BSD. (Other 

reaction conditions (other than the variable in a particular graph): 140°C temperature, 30 min 

reaction time, 10 wt.% of BSD in 2 ml DI water, NaCl:BSD 3:1 w/w and FA:BSD 1:1 w/w) 
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(Pentoses majorly contain xylose and arabinose and hexoses contain glucose, mannose and 

galactose). 

The xyloglucan is a form of hemicellulose, amorphous in nature, consist of pentose rings 

(xylose, arabinose, etc.) by glycosidic linkage, acetyl units also attached with C–2 or C–3 

position in xylose units and glucuronic acid also attached with side chain backbone of 

xyloglucan [1]. The xyloglucuran a form of hemicellulose bonds randomly (physically), or 

covalently or in bridge form to the cellulose [3]. It also connects to lignin through different 

types of linkages (β–O–4 or γ–ester) and forms the lignin-carbohydrate complex [4]. In the WT 

process, initially, the alkali salt (NaCl) solubilizes the xyloglucuran by breaking-down the ether 

linkage and ester bonds between hemicellulose and lignin and also disrupt the hydrogen 

bonding between hemicellulose and cellulose [5,6]. It also breaks down the cellulose partially 

and lignin marginally. The sodium chloride brings down the activation energy barrier of 

biomass degradation by forming a metal complex with xyloglucuran [7]. The chloride ions 

from sodium chloride improve the activity of H+ ions. These H+ and H3O
+ (HCOOH → H+ + 

HCOO-; H+ + H2O → H3O
+) ions attack on xylan units having acetyl groups (–COR) and 

glucuronic acid which further break down into xylose, acetic acid via oxonium ion by series of 

reactions including dehydration, decarboxylation, decarbonylation and rearrangement 

reactions (Fig. 4.2). Therefore, the yields of pentose sugars and acetic acid were increased with 

the concentration of NaCl. Further, Brønsted acidic site (H3O
+) attacks the oxygen atom in 

acetyl groups having lone-pair to produce acetic acid and formic acid. The elementary steps 

(path 1 & 2) for the conversion of xylose into furfural were shown in Fig. A2.1, Annexure A2. 

The (H3O)+ attacks O5 of pyranose ring and converts the xylopyranose to furan derivatives, 

which immediately dehydrates to form furfural. The Brønsted acidic site (H3O
+) also partially 

degraded the cellulose into glucose which further converted into HMF at high temperature 

(150°C).[8] 
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Figure 4.2. Formation of Acetic acid, formic acid, and xylose from hemicellulose containing 

bamboo sawdust by Formic acid (10%) and sodium chloride (30%) at 140°C. 

 

4.2.2 Chemical and structural properties of biomass sawdust (BSD) and 

torrefied bamboo sawdust (TBSD)  

The FTIR spectra of BSD and TBSD are shown in Fig. 4.3. Various functional groups such 

as alcohol, aldehyde, carbonyls, carboxylic, esters, alkyls, and alkoxy groups, are found in 

both BSD and TBSD [9]. The intensity of absorption peaks of the –OH group and oxygen-

containing functional group in TBSD was lower as compared to that in BSD signifying the 

hydrophobic nature of TBSD. The decrease of the peak of hydrophilic oxygen-containing 

functional groups clearly indicates that the reduction of functional groups in the surface of 
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hydrochar or TBSD (Fig. 4.3f: 1750–1650 cm-1 and 1650–1600 cm-1) and finally resulted 

in a significant decrease in hygroscopicity of hydrochar, that is the hydrophobicity of TBSD 

is enhanced. The hydrophobicity of biomass was determined by equilibrium moisture 

content (EMC) and contact angle.[10] A similar observation was found by wet torrefaction 

of woody and herbaceous and grassy biomass by many researchers, intensity of C=O band 

decreased after wet torrefaction.[10–14] The peak absorption intensity of unconjugated 

carbonyl groups (1738 cm-1) in TBSD was lower as compared to that of BSD, a clear 

degradation of hemicellulose (Fig. 3f). The peak range 1500–1560 cm-1 is responsible for 

C=O group vibration in hemicellulose and lignin (Fig. 4.3g). In TBSD, the absorbance of 

these peaks decreased because of the removal of hemicellulose and a minor amount of 

cellulose. The lower absorbance of different peaks ranges such as 1750–1650 cm-1 in TBSD 

as compared to BSD was a clear indication of the release of aldehydes, ketones, carboxylic 

and phenolic functional groups. The peak at 1000 cm-1 shown by BSD having higher 

absorbance as compared to TBSD which could be due to the structural vibration of –C–O 

and –C–O–C groups. Therefore, it gives an idea of breaking of functional groups to 

alcohols, carboxylic acids, ethers, and esters during wet torrefaction [15]. In BSD, a 1730 

cm-1 peak was found due to the presence of benzyl ester lignin-carbohydrate bonds. While 

in TBSD it disappears, which could be due to the rupture of ester linkages between lignin 

and carbohydrate. Five types of linkages were found in the association of lignin with 

carbohydrates [4]. The XRD graph of BSD, TBSD, and the corresponding parameters are 

shown in Fig. 4.4. The diffraction peaks at 16° (101) and 22° (002) represent the crystalline 

structures, cellulose Iα (triclinic) and cellulose Iβ (monoclinic), respectively [16]. The 

crystallinity index (CrI) and the intensity of major peak (2ϴ: 22.4°) of TBSD were higher 

as compared to those of BSD. This could be due to several reasons such as removal of 

amorphous hemicellulose, rearrangement of cellulose macromolecules, and dehydration 
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and decarboxylation reactions. A more ordered and graphite-like hydrochar forms in the 

presence of NaCl as compared to other salts such as sodium bicarbonate and sodium acetate 

[17,18]. 

The FESEM images of BSD and TBSD are shown in Fig. A2.2. The surface of the BSD 

showed the bundles and tubular structure. After wet torrefaction, bundles deformed and more 

tubular structure appeared (Fig. A2.2a and b) due to the removal of hemicellulose. Tubules 

made up of cellulose in BSD degraded after wet torrefaction as shown in Fig. A2.2c and d, 

indicating a small amount of cellulose also degraded in WT [19].  
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Figure 4.3. FTIR spectra of BSD and TBSD (a) and the spectra of some specific functional 

groups were plotted separately (b-g). (HCL: hemicellulose; LIG: lignin). 
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Figure 4.4. The XRD patterns of BSD and TBSD. 

4.2.3 Role of torrefaction and NaCl in the pyrolysis of TBSD 

The effect of torrefaction and the role of NaCl on the degradation behavior of TBSD in 

the pyrolysis process are shown in Fig. 4.5. To check catalytic activity of NaCl in the pyrolysis 

and co-pyrolysis, 10 wt.% NaCl was added to TBSD. To better understand the hemicellulose 

removal and lignin decomposition, the decomposition peaks in DTG were deconvoluted using 

cumulative fit peak (CFP) with Gaussian function in plotting software ORIGIN Pro 9.0.  From 

the TG and DTG curves, it was observed that the degradation of BSD and TBSD occurred in 

two stages. The first stage corresponds to moisture removal and light volatiles. The 

deconvolution of second stage of the DTG of BSD (Fig. 4.5b) shows three peaks (b*, c* & d*) 

corresponding to degradation of hemicellulose, cellulose, and lignin, respectively. The second 

stage of TBSD deconvoluted into two peaks (Peaks 2 and 3). The peak 2 corresponds to 

cellulose and peak 3 to lignin degradation. The degradation of lignin occurred between 150 and 

580°C due to its complex structure having different linkages (α, β, γ, ether, and ester) and 

functional groups (Fig. 1.2c).   

The degradation of hemicellulose, cellulose, and lignin in BSD started at 180, 260, and 

180°C and ended at 425, 410 and 660°C, respectively (Fig. 4.5b). In torrefied samples, the 

cellulose and lignin decomposition started at 260 and 150°C and ended at 400 and 580°C, 

Parameter BSD TBSD

CrI 79 86

FWHM (°) 3.16 2.63

L002 (nm) 22.18 22.20
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respectively, in the presence of NaCl (Fig. 4.5d). While, their decomposition started at 275 and 

380°C and ended at 440 and 500°C, respectively, in the absence of NaCl (Fig. 4.5f). The start 

temperature of the main active pyrolysis was lower and the end temperature was higher in the 

presence of NaCl (Tables A2.1 and A2.2, column: 4; stage_3). This indicates that the presence 

of NaCl not only hastens the start of pyrolysis but also delays its end. The delay of the reaction 

in presence of NaCl provides some insights on efficient degradation of lignin, which is also 

evident from the deconvoluted DTG plot of TBSD + NaCl (Fig. 4.5d). According to Fig. 4.5, 

the lignin decomposition was the highest in presence of NaCl as compared to both BSD or pure 

TBSD. The efficient degradation of lignin results in higher fraction of aromatics in the 

pyrolysis oil obtained. A similar effect was reported with other metal halides in the literature. 

The detailed function of alkali, alkaline-earth, or transition metal halides on the pyrolysis of 

lignocellulosic biomass is given in Table 1.5. The residual weight was higher in the pyrolysis 

of TBSD with NaCl (Tables A2.1 and A2.2) because of the formation of char through cross-

linking and poly-condensation reactions. Other researchers also reported similar results 

[5,17,20,21]. However, the residue formation was lower with sodium as compared to the other 

alkali and alkaline earth metals [20]. 

In the second stage of the BSD degradation process, the shoulder peak was observed at 

all heating rates which indicates the presence of hemicellulose [22]. The shoulder peak was 

absent in TBSD pyrolysis which confirms the absence of hemicellulose in the TBSD (Fig. 4.5). 

The thermal stability of the TBSD was higher as compared to that of BSD. This could be 

attributed to the removal of hemicellulose and extractives, which in turn results in an increase 

of crystallinity of cellulose by bringing cellulose microfibrils close to each other. In TBSD the 

ash content was almost removed (Table 2.2). From the thermograms and corresponding data 

(Fig. 4.5 and Tables A2.1 and A2.2), it was also observed that the degradation rate of TBSD 
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was higher compared to that of BSD but mean reactivity was lower, indicating the possible 

change in the reaction mechanism [23].  

The alkali metal ions (Na+) in NaCl would pierce through the texture of TBSD and acts on 

cellulose and lignin materials altering the reaction pathways [24]. Inorganic salt is less 

corrosive than acid and can be recycled, it is more economically viable if inorganic salt in 

aqueous solution can be directly used in the pre-treatment of lignocellulosic biomass. Mass 

yield and energy densification of hydrochar are higher because of chloride ion interaction with 

biomass to remove only lower HHV components while leaving lignin and other higher HHV 

components in the biomass. It also catalyse the lower HHV components to higher fuel value 

products by cross linking reaction. The sodium chloride solubilizes the xyloglucan by breaking 

ether linkage and ester bond between hemicellulose and lignin and also disrupt hydrogen 

bonding between hemicellulose and cellulose.[25–30] The salts also accelerates the hydrogen 

production by reforming of C=C and C-H groups in lignin.[6][7] The Mg2+ ions bring down 

activation energy barrier of glycosylation, ring contraction and mannose pathways requiring 

activation enthalpies of 32–52 kcal mol-1. The Mg2+ and Ca2+ also inhibit dehydration 

pathway.[8] The role of metal salts (mono, bi and trivalent metals) were expressed as scheme 

1 (Annexure A2). 

It enhances the homolytic cleavage of several bonds in pyranose rings leading to the 

decomposition of smaller molecules in addition to hetrolytic cleavage of glycosidic linkages 

[31]. It also suppresses levoglucosan formation and promotes the breakdown of cellulose and 

lignin into smaller fragments by ring scission, isomerization, dehydration, decarboxylation, 

decarbonylation, cross-linking, and rearrangement reactions [32]. Because of the above 

reasons, the co-pyrolysis experiments were performed in the presence of NaCl. 

TH-2788_156107018



Chapter 4: Wet Torrefaction of Bamboo Saw Dust and Its Co-Pyrolysis with Plastic 

145 

 

 

Figure 4.5. The TGA (a, c, and e) and DTG, along with CFP, plots (b, d, and f) of BSD (a and 

b), TBSD + NaCl (c and d) and TBSD (e and f) at 10°C min-1 (CFP: Cumulative fit peak with 

Gaussian function for peak deconvolution). 

4.2.4 Thermogravimetric analysis on Co-pyrolysis of TBSD and LLDPE 

Thermogravimetric analysis was conducted with various combinations (1:0, 3:1, 1:1, 

1:3 and 0:1) of TBSD and LLDPE at different heating rates (5, 10, 20, 40°C min-1) in presence 

of 10% NaCl (with respect to TBSD) in an inert atmosphere to understand the thermal 

degradation behavior and reaction mechanism of co-pyrolysis process.  

The co-pyrolysis characteristics of TBSD, LLDPE, and their blends are shown in Fig. 

4.6 and the deconvoluted plots, fitted by the Gaussian function, are presented in Fig.s A2.3–

A2.6. The degradation of LLDPE occurred in a single stage. The degradation behavior of 

TBSD was already discussed in the above section. The degradation of blends (TBSD+LLDPE) 
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occurred in three stages. The complete degradation of cellulose and the partial degradation of 

lignin occurred during the second stage. During the third stage, mainly lignin and plastic 

degrade [22]. The degradation parameters for different stages of TBSD, LLDPE, and their 

blends are given in Table 4.1 (for 10°C min-1) and Tables A2.3–A2.5 (for 5, 20 and 40°C min-

1 heating rates). The degradation of TBSD has occurred in the temperature range of 180–460°C 

and that of LLDPE was 350–510°C at 5°C min-1. Similarly, at 10°C min-1, the TBSD 

degradation temperature range was 180–450°C and that of LLDPE 380–520°C. The DRmax 

(25.70 wt % min-1) of LLDPE was higher by a factor of 2 as compared to that of TBSD (13.55 

wt% min-1) at 10°C min-1. The degradation rate and mean reactivity of TBP was significantly 

increased with the heating rate (Fig. A2.7). Due to the poor thermal conductivity of TBSD, 

peak shifting of DTG to higher temperatures occurred with the heating rate (5–20°C min-1). 

Based on cell wall composition, lignin-carbohydrate complex and cellulose hinder the heat and 

mass transfer between torrefied biomass particles at a high heating rate (40°C min-1) as a 

comparison to that at a low heating rate (5°C min-1) [4,33]. The LLDPE improves the effective 

H/C ratio of the blend and acts as a hydrogen source, which in turn enhances the mean reactivity 

(MR) of blends in the co-pyrolysis process. The Mean reactivity is directly proportional to peak 

height and inversely proportional to the corresponding peak temperature. The MR values for 

various combinations of TBP (3:1, 1:1, and 1:3) were observed as 3.77, 4.46, 4.52 wt % min-

1 °C-1, respectively, at 10°C min-1. The percentage residual weights at 790°C were in the order 

of TBSD > TBP3:1 > TBP1:1 >TBP1:3 > LLDPE.  
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Figure 4.6. TG analysis of TBSD+LLDPE blends at four different heating rates of a) 5, b) 10, 

c) 20 and d) 40°C min-1: Weight loss as a function of temperature (a1, b1, c1 and d1) and DTG 

(a2, b2, c2 and d2). (The legend given in subfigure a1 is applicable to all the other subfigures). 
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Table 4.1. Degradation parameters at different stages of degradation of TBSD, 

LLDPE and their blends at a heating rate of 10°C min -1  

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Stage_1 

(Moisture 

removal) 

T
range (

oC) 30–120 30–110 30–95 30–80 – 

DRmax  (wt% ·min-1) 1.22 0.6 0.43 0.9 – 

T
max (°C) 56 55 53 40 – 

W
loss (%) 4.82 2.67 0.53 2.49 – 

 

 

Stage_2 

T
range (

oC) 180–450 250–410 200–385 210–370 380–520 

DRmax  (wt% ·min-1) 12.36 8.81 5.82 3.0 25.70 

T
max (°C) 335 334 337 335 476 

W
loss (%) 63.35 46.29 29.5 15.85 96.1 

 

 

Stage_3 

T
range (

oC) – 405–540 395–525 375–520 – 

DRmax  (wt% ·min-1) – 5.44 13.45 17.14 – 

T
max (°C) – 481 477 473 – 

W
loss (%) – 20.73 53.02 73.17 – 

Mean Reactivity ( MR) x 102  (wt % min-1
 °C-1) 3.69 3.77 4.46 4.52 5.40 

% Residual weight after 790°C 26.13 18.20 13.27 2.03 1.50 

 

4.2.5 Synergistic effect 

The synergistic effect between the TBSD and LLDPE in co-pyrolysis process was 

determined by calculating the difference of weight loss (ΔW) from equation 2.6. The values of 

ΔWmax (wt%) of all blends were positive at temperatures below 400°C at all ramp rates (5–

40°C min-1), with only a few exceptions (Fig. 4.7 and Table 4.2). This observation suggests 

that the decomposition of TBSD was inhibited with the addition of LLDPE, in most of the 

cases, at lower temperatures. The possible reason for the inhibition is that the LLDPE forms a 

coating on the TBSD because the LLDPE first softens in the temperature range 180–300°C 

(Fig. 4.6) and release of volatiles from the TBSD becomes difficult. At above 400°C, the ΔWmax 

values were negative for all the blends at 40°C min-1 ramp rate, and for TBP1:3 at all the ramp 

rates (Table 4.3), indicating that the decomposition of TBSD was promoted with the addition 

TH-2788_156107018



Chapter 4: Wet Torrefaction of Bamboo Saw Dust and Its Co-Pyrolysis with Plastic 

149 

 

of LLDPE [34]. Various structural rearrangements of biopolymer (cellulose: linear and lignin: 

amorphous) and LLDPE (ethylene with α–olefin), the orientation of dispersed phase, nature of 

the interaction, density, glass transition temperature, and biomass composition are responsible 

for positive and passive synergistic effects between TBSD and LLDPE [22,35,36]. At 

temperatures above 400°C, the thermal degradation of polyolefin (LLDPE) occurs via a radical 

chain process consisting of three steps (initiation, propagation, and termination). This process 

produces several smaller fragments (propyl, isopropyl, hexyl, iso-pentyl, and neo-butyl) which 

react with volatiles from TBSD or with TBSD itself and enhance the overall degradation 

process synergistically [37,38]. The ΔW of all the blends at ramp rates 5–40°C min-1 was 

approximately constant above 600°C since the devolatilization process has essentially been 

completed. The TBP1:3 has more positive synergistic effect as compared to the other two 

blends (TBP3:1 and TBP1:1) at all ramp rates (Fig. 4.7), majorly due to the higher 

concentration of LLDPE in this blend. Various structural rearrangements of biopolymer 

(cellulose: linear and lignin: amorphous) and LLDPE (ethylene with α–olefin), the orientation 

of dispersed phase, nature of the interaction, density, glass transition temperature, and biomass 

composition are responsible for positive and passive synergistic effects between TBSD and 

LLDPE [22,35,36]. In the co-pyrolysis process, the biomass first degrades (at temperatures 

below 400°C) and generates free radicals, which may react with LLDPE and initiates its 

degradation reactions.[37] The LLDPE donates protons (hydrogen) and stabilizes the co-

pyrolysis products.[39] The char produced from the biomass (TBSD) catalyses the pyrolysis 

of LLDPE.[40] Thus, the presence of both TBSD and LLDPE in the right quantities 

synergistically help each other in their degradation process. 
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Figure 4.7. Experimental and calculated TG curves for three different TBSD+LLDPE blends 

(TBP3:1, TBP1:1, and TBP1:3) at four different heating rates of (a) 5, (b) 10, (c) 20 and (d) 

40°C min-1: Weight loss as a function of temperature (a1, b1, c1 and d1) and ΔW (a2, b2, c2 

and d2). (The legend given in subfigure a1 applies to all other subfigures).  

Table 4.2. Synergistic effect of mixed samples with different heating rates (5–40°C min-1) 

 

RR 

Extent of Synergism 

TBP3:1 TBP1:1 TBP1:3 

ΔW* Ta ΔW# Tb ΔW* Ta ΔW# Tb ΔW* Ta ΔW# Tb 

5 3.92 450 – – – – 4.25 333 23.58 471 2.38 368 
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10 1.33 459 10.57 333 0.56 510 9.42 335 31.33 480 – – 

20 
– 

– 

– 

– 

2.10 

1.86 

197 

499 

– 

– 

– 

– 

2.82 

1.17 

358 

482 

4.64 

24.58 

355 

494 

– 

– 

– 

– 

40 1.92 477 3.10 182 4.55 502 2.39 372 25.30 507 0.53 162 

RR: Ramp rate; ΔW*: Maximum weight percentage difference (negative values); ΔW#: 

Maximum weight percentage difference (positive values); Ta: Maximum temperature (°C) 

for ΔW*; Tb: Maximum temperature (°C) for ΔW#. 

 

4.2.6 kinetic analysis 

The apparent activation energy (Eα) of the co-pyrolysis was estimated by isoconversional 

models (KAS (equation 1.11), FWO (equation 1.12), and FM (equation 1.13)) [41]. These 

kinetic models use the experimental data generated from the thermogravimetric analysis. For 

kinetic analysis, temperature range from 150–700°C was taken because below 150°C most of 

the weight loss was due to moisture removal and above 700°C, the weight loss was marginal. 

The variation of activation energy (Eα) and temperature profile with conversion (α) for co-

pyrolysis of various blends (3:1, 1:1, and 1:3) of TBSD and LLDPE and the pyrolysis of BSD, 

TBSD and LLDPE are shown in Fig. 4.8 and Tables A2.6–2.11. The R2 (correlation coefficient) 

values in most cases were greater than 0.99, indicating that all the models fit well for the co-

pyrolysis and pyrolysis processes (Table 4.3). [41]  The average apparent activation energy for 

the pyrolysis of TBSD was lower than that of BSD (Table 4.3), indicating less energy required 

for the pyrolysis of torrefied biomass. The reason for the lower activation energy of TBSD 

pyrolysis as compared to that of BSD could be the weaker bonds of lignin (–ether (C–O–C) 

and >C=O), which bring down the activation energy. Other reasons for the lower activation 

energy of TBSD may be a removal of xylan from BSD  [15].   

The Ēα for co-pyrolysis of (TBSD+LLDPE) blends (3:1, 1:1 and 1:3) were observed to 

be 207, 264, and 245 kJ mol-1 from KAS model; 229, 261, and 244 kJ mol-1 from FWO model; 

258, 254, and 256 kJ mol-1 from Friedman model, respectively. The Ēα of pyrolysis of LLDPE 

from KAS, FWO, and Friedman model were 210, 256, and 259 kJ mol-1, respectively. From 
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the above results, it was observed that the apparent activation energies of the co-pyrolysis of 

blends fell in between those of pyrolysis of TBSD and LLDPE. The Eα calculated for all the 6 

samples from all the three models fall within a standard error of ≤10 kJ mol-1 (Table 4.3). In 

most of the cases, the Eα was significantly higher from FM model as compared to those form 

KAS and FWO models, because of the differential form of FM model [22]. Therefore, the FM 

model was the most contributor for the higher standard error. The standard error was the highest 

for the BSD sample (10 kJ mol-1) and was the lowest for the TBP1:1 (2 kJ mol-1). The blends 

have the lowest standard error, indicating that any of the three models can be used to estimate 

the activation energies. Moreover, the trends of activation energy variation with conversion 

were similar from all the three models (Fig.s 4.8a, b and c). 

The Eα of TBSD and BSD (estimated from all the three models) was nearly constant 

with conversion, at lower conversions (α: 0.1–0.6) and increased at higher conversions (Fig.s 

4.8a, b and c). While the Eα of LLDPE followed an opposite trend, it was increased with 

conversion, at lower conversions (α: 0.1–0.3) and remained nearly constant at higher 

conversions (α: 0.3–0.8). The profile of Eα of blends with the conversion was similar to that of 

TBSD and LLDPE at lower (e.g., TBP3:1) and higher (e.g., TBP1:3) concentrations of LLDPE, 

respectively. For example, the Eα of TBP3:1 was nearly constant with α, at α ≤ 0.5, and then 

increased and passed through a maximum at α = 0.7 (KAS and FWO models) and 0.6 (FM 

model). The co-pyrolysis of blends can be divided into three stages. The first stage of TBP3:1 

occurred from conversion range 0.1 to 0.3 at the temperature range 300–335°C. At this stage, 

the cleavage of weak bonds (β–, ether and –COOH in lignin) and the elimination of volatile 

molecules from cellulose and LLDPE occur in the co-pyrolysis of mixed samples, which 

requires low Eα. The second stage was in the conversion range 0.3–0.5 at higher temperatures 

from 335 to 350°C. In this temperature range, degradation of functional groups having higher 

bond energy (such as glycosidic bonds [β–(C1↔C4)], ether bonds (α–O–4), –OCH3 and 
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biphenyls, etc.) occurred. The sudden change in Eα at 0.5–0.7 conversions could be attributed 

to the degradation of resinol, and phenyl–coumarane-type linkages in lignin. Stage three was 

occurred in the temperature range from 454 to 476°C and at conversion from 0.7 to 0.8. At this 

stage, the condensed molecules having aromatic rings, which act as precursors for char, 

degrades with higher activation energy.  

The Eα of TBP3:1 was increased (with a small dip at α: 0.2) and levelled off (became 

constant) at α ≥ 0.5. The dip in activation energy at α: 0.2 could be due to the synergistic effects, 

which was discussed in detail in the Section 4.2.5. A positive synergistic effect was observed 

in the temperature range of 320–380°C for TBD1:3 (Fig. 4.7). The fractional conversion was 

increased from 0.1 to 0.2 in the temperature range of 340–420°C. Which indicates that the dip 

in activation energy was due to synergism between TBSD and LLDPE of this blend. For this 

blend, the trend of Eα variation with conversion was similar from all the three models used. 

The trend of Eα variation of TBP1:1 with conversion was more like in-between that of TBP3:1 

and TBP1:3. 

The Arrhenius plots (Fig. A2.8) generated from different kinetic models and at various 

conversions (0.1 to 0.9) indicate that the reactions of co-pyrolysis are multistep. The blends 

TBP3:1 and TBP1:3 are the potentially efficient blends for co-pyrolysis as compared to the 

TBP1:1 blend because of the lower mean apparent activation energy. The degradation 

mechanism was determined by plotting the master plots using Criado’s method in the next 

section. 
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Figure 4.8. Variation of apparent activation energy (a, b and c) with the conversion, obtained 

from FM (a), KAS (b), FWO (c) models for both blends and individual samples. The 

temperature profile of blends as a function of conversion (d). The temperature was averaged 

over all the four heating rates 

Table 4.3. Average apparent activation energy of pyrolysis of TBSD, and LLDPE and co-

pyrolysis of TBSD+LLDPE blends from isoconversional methods 

 

Code 

KAS MODEL FWO MODEL FM MODEL 

Ēα , (kJ mol-1) Avg. R2 Ēα , (kJ mol-1) Avg. R2 Ēα , (kJ mol-1) Avg. R2 

BSD 191 0.996 191 0.974 228 0.985 

TBSD 155 0.998 157 0.996 180 0.988 

TBP3:1 207 0.994 229 0.995 210 0.971 

TBP1:1 264 0.992 261 0.996 256 0.989 

TBP1:3 245 0.960 244 0.965 260 0.984 

LLDPE 258 0.999 257 0.999 271 0.998 

 

4.2.7 Determination of reaction model by Master plot  

The FM model was used to construct an experimental master plot [23]. The experimental 

master curves (equation 1.23) were plotted from TGA data at the heating rate of 10°C min-1 

(Fig. 4.9). The experimental data was matched with the theoretical curves to evaluate the 
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reaction mechanism of solid decomposition (co-pyrolysis). The theoretical models such as 

nucleation (A and P), diffusion (D), geometrical contraction (R) and reaction order (F) models 

were used for the evaluation.[42] Avrami-Erofeyev (A) and power law (P) models come under 

the category of nucleation model, which is related to the phase transformation that depends 

upon temperature, time and heterogeneity of materials (edge dislocation, defects, surfaces, 

impurities).[42,43] The reaction between reactants from two different crystal lattices is often 

controlled by diffusion and its mechanism follows the diffusion (D) model.[42] The LLDPE 

degradation followed a first-order reaction (F1) at all the conversions (Fig. 4.9f). The TBSD 

degradation followed a zero-order reaction (F0) at conversions from 0.1 to 0.55 and first-order 

reaction (F1) at 0.55 to 0.7 conversions (Fig. 4.9b). 

The co-pyrolysis of TBSD + LLDPE blends did not follow a single reaction mechanism 

instead it followed the mixed reaction mechanisms because of the complex composition of the 

blends. The co-pyrolysis of the blend TBP3:1 initially followed third order reaction (F3) from 

0.1 to 0.6 and at further conversions (0.6-0.9) the reaction followed the trend of two-

dimensional Avrami-Erofeyev model (A2). The co-pyrolysis of the blend TBP1:1 also 

followed third order reaction (F3) from conversions 0.1 to 0.3 and at higher conversions, the 

reaction followed the trend of two-dimensional Avrami-Erofeyev model (A2). The blend 

TBP1:3 followed the trend of two-dimensional Avrami-Erofeyev model (A2) at lower 

conversions (0.1–0.55) in temperature range of 300–450°C. The volatiles generated from lignin 

and extractives at low-temperature (300–450°C) help in the fragmentation of cellulose. At 

higher conversions, it followed the diffusion-reaction model (D2) but the degradation trend 

seems to end with following first-order reaction mechanism (F1). At temperature >450°C, the 

fragments initially formed move from one location/lattice to another location/lattice by 

diffusion-controlled mechanism. 
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Figure 4.9. Master plot [Z(α): z(α)/z(0.5)] of TBSD+LLDPE blends at a heating rate of 10°C 

min-1: a) BSD, b) TBSD, c) TBP 3:1, d) TBP 1:1, e) TBP 1:3 and f) LLDPE 

4.3 Conclusions  

The hydrochar and pentoses (xylose + arabinose) were selectively produced from bamboo 

biomass using catalytic wet torrefaction (WT). The hemicellulose was selectively removed in 

the form of pentoses (xylose + arabinose), during the WT. The produced hydrochar (TBSD) 

was hydrophobic in nature, having high heating value (HHV) 24.02 MJ kg-1, comparable to 

that of low-rank coal, lignite (25.10 MJ kg-1). The best torrefaction activity, with pentose sugar 

yields of 85% and complete removal of hemicellulose (> 95%), was obtained with formic 

acid:BSD ratio of 1:1 w/w and NaCl:BSD ratio of 3:1 w/w at 140°C for 30 min. In the co-

pyrolysis of TBSD+LLDPE blends, the blend TBP1:3 has more positive synergistic effect 

compared to TBP1:1 and TBP3:1. The activation energy of TBSD was lower by 20% as 
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compared to that of BSD. The average apparent activation energies of samples TBSD, TBP3:1, 

TBP1:1 TBP1:3, and LLDPE were 155, 207, 264, 245, and 258 kJ mol-1, respectively. The 

multistep reactions were found to be responsible for a large variation of apparent activation 

energy of co-pyrolysis with conversion, as shown by the master plot. The decomposition of the 

blend TBP1:3 follows a nucleation growth (A2) model in the conversion range of 0.1 to 0.5 

and diffusion-reaction (D2) model in the higher conversion range (0.5 to 0.8).   
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                                               Chapter 5 

 

Catalytic Co-pyrolysis of Wet-Torrefied Bamboo Sawdust and 

Plastic over the Zeolite H-ZSM-5: Synergistic Effects and Kinetics 

 

Highlights 

 Torrefied bamboo sawdust (TBSD) was co-pyrolyzed with LLDPE over HZSM-5 

 The catalytic co-pyrolysis of the blend 1:3 TBSD: LLDPE has the least activation energy 

 The catalytic (co-)pyrolysis outperformed the (co-)pyrolysis of TBSD and/or LLDPE 

 The catalytic co-pyrolysis (CCP) of the TBSD: LLDPE blends showed the synergism. 

 The CCP mechanism was more complex with samples having higher fraction of TBSD 

5.1 Objectives 

In this study, the catalytic co-pyrolysis of wet-torrefied BSD (TBSD) with plastic (LLDPE) over 

HZSM-5 was then investigated, using thermogravimetric analysis (TGA) at heating rates 5–

40°C min-1. The effect of presence of NaCl on the catalytic pyrolysis of TBSD and catalytic co-
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pyrolysis of TBP1:3 was studied. The kinetic parameters were estimated and the reaction 

mechanism was predicted using isoconversional methods and the Criado's master plot, 

respectively. To the best of our knowledge, the catalytic co-pyrolysis of wet-torrefied biomass 

and LLDPE is not reported in the literature. 

5.2 Results and Discussion  

5.2.1 Catalytic pyrolysis of TBSD and LLDPE and catalytic co-pyrolysis of 

blends 

The TG and DTG curves for the catalytic pyrolysis (CP) of TBSD and LLDPE and the 

catalytic co-pyrolysis (CCP) of their (TBSD and LLDPE) blends at heating rates 5–40°C min-1 

are shown in Fig. 5.1. According to our previous study, presence of NaCl in TBSD enhances the 

pyrolysis activity[1] and therefore, 10 wt.% of NaCl with respect to TBSD was added to each 

sample. The CP of TBSD and CCP of TBP3:1 and TBP1:1 occurred in three stages and at all the 

heating rates. Those of LLDPE and TBP1:3 occurred in two stages. The first stage (30–150°C), 

in both cases (for all the five samples), was corresponded to the loss of moisture and low 

molecular weight compounds. The shoulder peak corresponding to hemicellulose (which 

typically occurs in the range of 200–290°C) was not observed in the decomposition of both 

TBSD and its blends, a clear indication of removal of hemicellulose during wet-torrefaction.  

The second stage, observed in the range 150–450°C, was majorly due to degradation of 

cellulose and some lignin. This region is also known as active pyrolysis region. The TBP3:1 and 

TBP1:1 showed a broad hump and a shoulder peak at higher temperatures (in the range 380–

500°C), respectively. The tailing (from the samples with high fraction of TBSD) in the high-

temperature region (500–720°C) was due to charring and condensation reactions of lignin having 

bonds such as α–O–4, β–O–4, γ–O–4 and benzene rings, which need more energy to rupture 

[2,3]. In the CCP of blends (TBP3:1 and TBP1:1), shorter tailing was observed as compared to 

TH-2788_156107018



Chapter 5: Catalytic Co-pyrolysis of Wet-Torrefied Bamboo Sawdust and Plastic over the Zeolite H-ZSM-5 

165 

 

that in CP of TBSD. No hump/shoulder was observed in the CP of TBSD. Moreover, the peak 

decomposition temperature was lowered with the increase of LLDPE fraction in the blend (insets 

of DTG graphs of Fig. 5.1). These facts indicate that the presence of LLDPE helps in the effective 

degradation of TBSD (particularly the lignin portion). Moreover, the synergy between biomass 

and LLDPE also could be positively affected by the catalyst acidity.[4,5] It is worth noting that 

the hump/shoulder/tailing disappear in the case of TBP1:3 blend. The peak degradation 

temperature (365°C) of TBSD was similar in presence and absence of the catalyst.[1]  

The CP of LLDPE showed a sharp DTG peak centered at 300–340°C, the peak 

temperature was increased with heating rate (Fig. A3.1). At heating rate 40°C min-1, the CP of 

LLDPE exhibited a shoulder peak towards high temperature side, centered at 410°C. As 

compared to non-catalytic pyrolysis, the CP of LLDPE showed a lower decomposition 

temperature. The decomposition temperature in the former process was 480°C[1] and that in the 

later process was 320°C. Other works also reported a decrease in the peak temperature of 

pyrolysis of polyethylene’s (PEs) in presence of catalyst [6,7]. This could be due to the presence 

of acidic sites (Brønsted and Lewis) in HZSM-5, which enhances the rate of cracking reactions.  

The thermal behavior of TBSD, LLDPE and their blends are presented in Table 5.1 (10°C min-

1) and Tables A3.1–A3.3 (for 5, 20 and 40°C min-1). The second stage peak degradation 

temperature and mean reactivity for all the samples were increased with heating rate (5–40°C 

min-1). The LLDPE possessed higher H/Ceff ratio as compared to TBSD and acted as hydrogen 

source in blended samples, which enhanced the mean reactivity of blends (except TBP1:1) with 

respect to TBSD. For example, the mean reactivity of blends TBP3:1, TBP1:1 and TBP1:3 were 

13.1, 10.0 and 14.5 wt.% min-1 °C-1, respectively, at 10°C min-1. In CP of TBSD, the formation 

of solid residue at 790°C was higher than that in CP of LLDPE and CCP of blends. The solid 

residue in CCP of blends was decreased with increase of LLDPE fraction in the blend. This could 

be attributed to lower H/Ceff ratio of TBSD as compared to that of LLDPE.[1] The lower H/Ceff 
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ratio of TBSD produce hydrocarbon pools inside the catalyst pores and due to hydrogen 

deficiency these pools form larger molecules. These molecules act as precursors of solid residue 

or char. However, in presence of hydrogen-rich reactants such as LLDPE, these hydrocarbon 

pools undergo reactions such as Diels-Alders and form more aromatic hydrocarbons.[8] Overall, 

in catalytic pyrolysis (CP) and co-pyrolysis (CCP), the zeolite catalyst reduced the 

decomposition temperature of LLDPE and blends (TBSD+LLDPE) by providing alternate path 

because of unique pore dimensions and (Brønsted and Lewis) acidity.  
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Figure 5.1. TG analysis of catalytic pyrolysis of Torrefied Bamboo Saw Dust and Linear Low-

Density Polyethylene and catalytic co-pyrolysis of blends TBP3:1, TBP1:1 and TBP1:3, in 

presence of HZSM-5, at heating rates (a) 5, (b) 10 (c) 20 and (d) 40°C min-1: Weight loss as a 

function of temperature (a1, b1, c1 and d1) and DTG (a2, b2, c2 and d2). The legend given in 

subfigure a1 is applicable to all the other subfigures. 
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Table 5.1. Degradation parameters and stages of catalytic pyrolysis of Torrefied Bamboo Saw 

Dust and Linear Low-Density Polyethylene and catalytic co-pyrolysis of blends TBP3:1, TBP1:1 

and TBP1:3, in presence of HZSM-5, at a heating rate of 10°C min-1. 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Moisture removal 

 

Stage 1 

T
range (

oC) 30–150 30–150 30–150 30–150 30–150 

DRmax  (wt.% min-1) 0.72 0.52 0.55 0.52 0.38 

T
max (°C) 62 63 61 52 58 

W
loss (%) 4.3 2.84 2.85 2.68 1.08 

 

 

Stage 2 

T
range (

oC) 150–385 150–360 180–360 180–430 180–405 

DRmax  (wt.% min-1) 4.29 3.44 3.33 4.62 6.25 

T
max (°C) 339 337 332 319 311 

W
loss (%) 22.55 19.22 23.87 31.71 35.95 

 

 

Stage 3 

T
range (

oC) 385–610 365–590 360–487 – – 

DRmax  (wt.% min-1) – 1.11 – – – 

T
max (°C) – 380 – – – 

W
loss (%) 3.72 8.01 6.04 – – 

Mean Reactivity ( MR) x 103  (wt.% min-1 °C-1) 12.66 13.13 10.03 14.48 20.10 

% Residual weight# at 790°C 69.46 68.52 65.27 64.75 61.21 
#The residual weight includes the catalyst weight also. 

5.2.2 Interaction between materials (synergism) during the catalytic co-

pyrolysis 

The blend TBP3:1 showed synergism (ΔW (equation 2.6) was negative) only at low heating rate 

(5°C min-1) at temperatures below 280°C. The blends TBP1:1 and TBP1:3 exhibited positive 

synergism at all the heating rates, except at 5°C min-1 for TBP1:1 (Fig. 5.2). The blend TBP1:3 

showed the positive synergism with ΔW: -1.47 (Table 5.2). When temperature increases above 

280°C, the decomposition of LLDPE begins and volatile hydrocarbon radicals form by free 

radical reaction mechanism. These radicals react with oxygenated species formed from the 

pyrolysis of TBSD instead of attacking LLDPE chain [9], resulting in the passive synergism in 
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the temperature range 280–500°C. A similar synergistic effects were observed by other 

researchers.[10–14] 

 

Figure 5.2. Experimental and calculated TG curves for three different Torrefied Bamboo Saw 

Dust and Linear Low Density Polyethylene blends (TBP3:1 (a & b); TBP1:1 (c & d); and TBP1:3 

(e & f) at four different heating rates (5–40°C min-1): Weight as a function of temperature (a, c 

and e) and ΔW (b, d and f) in presence of HZSM-5 

Table 5.2. Synergistic effect of mixed samples with different heating rates (5 – 40 °C min-1) in 

presence of HZSM-5 

 

RR 

Extent of synergism 

TBP3:1 TBP1:1 TBP1:3 

ΔW* Ta ΔW# Tb ΔW* Ta ΔW# Tb ΔW* Ta ΔW# Tb 

5 -0.70 260 4.31 344 – – 4.34 333 -0.24 248 2.80 308 

10 – – 5.0 356 – – 4.34 342 -0.43 264 3.24 323 
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20 – – 4.81 372 -0.21 263 5.30 357 -1.47 300 2.46 344 

40 – – 4.87 387 -0.66 194 5.06 373 -0.59 181 4.76 354 

RR: Ramp rate (°C min-1); ΔW*: Maximum weight percentage difference (at temperature Ta); 

ΔW#: Maximum weight percentage difference (at temperature Tb). 

 

5.2.3 Role of salt on catalytic (co-)pyrolysis of biomass and plastic 

To determine the effect of NaCl on the pyrolysis rate, the activation energies catalytic CP of 

TBSD and CCP of TBP1:3 blend in presence and absence of NaCl were compared (Fig. 5.3). 

The * represents the absence of salt. For example, the sample *TBSD is the torrefied biomass 

sawdust sample without NaCl and TBSD represents torrefied biomass sawdust with NaCl. It can 

clearly be seen that the activation energy of catalytic and non-catalytic (co-)pyrolysis of both 

TBSD and TBP1:3 samples was lower in the presence of NaCl. This is because of combined 

effect of catalysts (alkali metal or salt and HZSM-5). The glycosidic linkages [β–{C1↔C4}] 

between glucose units in cellulose macromolecules can be broken by alkali metal or salt (Table 

1.5). The braking of ester linkages (–COOR) in lignin[2] and ring opening reactions are favorable 

in presence of alkali metal or salt.[7] In CCP of blended sample, the combined effect of catalysts 

(alkali metal and HZSM-5) generates the free radicals from biomass. The free radicals generated 

from LLDPE by Brønsted acid sites of HZSM-5 help in stabilizing the biomass-derived radicals 

(Schemes A3.1–A3.4) to form various oxygenates and aromatic compounds. These products 

form through various reactions such as Diels-Alder reaction, hydro deoxygenation, dehydration, 

decarboxylation, decarbonylation and cracking,[15] and brings down the Ēα of individual or 

blended samples. The activation energies of CP and of CCP at various conversions in the absence 

of NaCl from the three different methods are tabulated in Table A3.4 (for *TBSD) and Table 

A3.5 (for *TBP1:3). 
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Figure 5.3. Activation energies of catalytic co-pyrolysis of Torrefied Bamboo Saw Dust and the 

1:3 blend of torrefied biomass sawdust and Linear Low-Density Polyethylene (TBP1:3) in 

presence (samples TBSD and TBP1:3) and absence (samples *TBSD and *TBP1:3) of NaCl. 

5.2.4 kinetic analysis of catalytic (co-)pyrolysis of TBSD, LLDPE and their 

blends 

To evaluate the apparent activation energy (Eα) of CP of TBSD and LLDPE and CCP of 

their blends, three iso-conversional methods (KAS (equation 1.11), OFW (equation 1.12) and 

FM (equation 1.13)) were applied on the corresponding TGA experimental data. The 

decomposition data in the temperature range of 150–700°C was considered for the analysis.[1] 

The typical Arrhenius plots for the Eα determination are shown in Fig. A3.2. Both the CP of 

individual and CCP of blended samples followed a multistep reaction. The data from FM model 

was scattered as compared to that from other two models due to differential form of the kinetic 

equation used in the FM model. The variation of Eα from all the three models and temperature 
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profile with conversion (α), for CP of TBSD and LLDPE and CCP of their blends (TBP3:1, 

TPB1:1, and TBP1:3) is shown in Fig. 5.4 and Tables A3.6–A3.10. 

 

Figure 5.4. Variation of apparent activation energy (from (a) FM, (b) KAS and (c) OFW models) 

and temperature (d) with conversion in catalytic pyrolysis of Torrefied Bamboo Saw Dust and 

Linear Low-Density Polyethylene and catalytic co-pyrolysis of blends TBP3:1, TBP1:1 and 

TBP1:3, in presence of HZSM-5. 

The Ēα for CCP of blends TBP3:1, TBP1:1 and TBP1:3 were found to be 163, 135, and 133 kJ 

mol-1 from KAS model; 165, 137, and 136 kJ mol-1 from OFW model; 171, 135, and 126 kJ mol-

1 from FM model, respectively (Table 5.3). The Ēα of CP of LLDPE from KAS, FWO, and FM 

model were 147, 149, and 148 kJ mol-1, respectively, and those of TBSD were 187,187 and 184 

kJ mol-1, respectively. The R2 (the coefficient of determination) values were determined and 

compared for all the three models at each conversion level. The R2 values obtained in the 

calculation of activation energy from KAS, FWO and FM models were higher than 0.99, 

indicating a good applicability of these models to the experimental data. The R2 values from 

KAS and FWO models were always higher than those from FM model, since the FM is a 
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differential model and KAS and FWO are integral models. The experimental data that we obtain 

is integral data and, in MF model case, we are applying the differential model to the integral 

experimental data. All the three models gave similar trends of the variation of the activation 

energies with the blend concentration. Therefore, the Ēα obtained from KAS model were used 

for the discussion. 

Surprisingly, the Ēα of CP of LLDPE was lower than that of TBSD, indicating that the TBSD is 

less reactive as compared to LLDPE, in presence of HZSM-5 catalyst. However, the trend is 

usually opposite in the absence of catalyst.[1] The Ēα of CP and CCP were lower as compared 

to those of non-catalytic pyrolysis (except for TBSD) and co-pyrolysis, respectively.[1] This 

could be attributed to the presence of Brønsted and Lewis acid sites in the zeolite HZSM-5, 

which are responsible for enhancing the rates of cracking, ring opening, cyclization and 

deoxygenation reactions [7]. The Ēα of CP of TBSD was slightly higher as compared to that of 

non-catalytic pyrolysis of TBSD, indicating that the CP of TBSD was not enhanced by the 

HZSM-5. A similar effect was observed with MnFeO3 catalyst for the CP of poplar wood.[16] 

The Ēα of the CCP of blends were decreased with LLDPE concentration and (except TBP3:1) 

were lower than those of CP of TBSD and LLDPE, indicating a clear synergism.  

The activation energy (Eα) calculated from KAS model for CP of TBSD was higher at 

lower conversions (α), decreased with α up to α 0.5 (to 165 kJ mol-1) and then increased (to 255 

kJ mol-1 at α 0.8). The increase was rapid at higher conversions: The Eα was increased from 175 

to 255 kJ mol-1 as conversion increased from 0.7 to 0.8. For TBP1:3, the Eα, after a slight increase 

from α: 0.1–0.2, was constant (at 157±2.4 kJ mol-1) up to α 0.6 and then increased with α (to 197 

kJ mol-1 at α 0.8). For TBP1:1, the Eα is nearly constant (at 135±1.9 kJ mol-1) with α at all 

conversions. For TBP1:3, the Eα decreased with α from 160–120 kJ mol-1. The decrease was 

higher at lower conversions (decreased from 160–135 kJ mol-1 with α increase from 0.1–0.3) and 

was marginal at higher conversions. For LLDPE, the activation energy was first decreased, then 
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increased, again decreased and finally leveled-off (at 144 kJ mol-1) at the higher conversions 

(0.7–0.8). The trends of Eα variation with conversion from FWO and FM models (with a few 

exceptions) were similar to those of KAS. For example, the trend of Eα of CP of TBSD was 

similar to that of KAS model except at conversion 0.1. That of TBP3:1 was also similar except 

a hump at conversion 0.4. The trend of Eα of CCP of TBP1:1 from FM model was completely 

different than that from KAS and FWO models: Eα was increased up to α 0.3, then decreased up 

to α 0.7 and finally increased. The activation energy values calculated from KAS and OFW 

models were nearly the same with deviation < 2%. 

The variation of apparent activation energy (Eα) with conversion can be divided into three 

stages in CP of TBSD and in CCP of blends (TBP3:1 and TBP1:1) containing higher fraction of 

TBSD (Fig. 5.4). The first stage (0.1 ≤ α ≤ 0.3) occurred in the temperature range of 288–330°C. 

At this stage, the activation energy was the highest at lower conversion and decreased with 

conversion. The second stage (0.3 ≤ α ≤ 0.7) was in the temperature range of 330–358°C. In this 

stage, also known as active pyrolysis stage, the reaction rate was the highest. The acidic sites of 

HZSM-5 enhance the reaction rate of various reactions, such as dehydration, decarbonylation, 

deoxygenation and ring opening reactions, and promotes the degradation of cellulose and partial 

degradation of lignin. In the third stage (0.7 ≤ α ≤ 0.8), the temperature required was the highest 

(258–387°C) and the activation energy was also the highest. This could be attributed to the 

degradation of bigger molecules (condensed: 3–4 benzene fused rings) and different linkages in 

the lignin (resinol type and coumarane linkage).[2,17] The trend of temperature variation with 

conversion for the blends TBP3:1 and TBP1:1 were similar to that of TBSD (all the three stages 

can be seen). However, for the samples TBP1:3 and LLDPE, only first two stages were observed 

(Fig. 5.4d). The temperature required to reach a particular conversion was increased with 

increasing the TBSD concentration in the sample, at lower conversions up to 0.5. The trend was 

similar at high conversions except that the sample TBP3:1 required higher temperature than 
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TBSD. The temperature required to reach a particular conversion was the lowest for LLDPE 

followed by TBP1:3 and TBP1:1, in the entire conversion range. However, the Ēα followed a 

different trend: Ēα (TBP1:3) < Ēα (TBP1:1) < Ēα (TBP3:1). This could be due to the synergism 

between the TBSD and the LLDPE of the blended samples. Usually, it is advantageous to 

complete the degradation in a shorter temperature range.[18] The temperature difference to reach 

conversion from 0.1 to 0.8 was the lowest with LLDPE (62°C), followed by TBP1:3 (76°C), and 

was the highest with TBP3:1 (122°C). The trends of activation energy and temperature variation 

with conversion can better be understood by analyzing the reaction mechanism using the master 

plots. Therefore, the Criado’s master plots were presented for all the blends in the next section.  

The results indicate that the blend containing 25 wt.% TBSD and 75 wt.% LLDPE 

(TBP1:3) showed the best catalytic co-pyrolysis characteristics with the least activation energy. 

Other literature reports also indicated the similar results with ZSM-5 [19] and other catalysts 

(MgO/C) [20]. The Diels-Alder reactions between furanic groups of biomass and the 

hydrocarbons of LLDPE results in the formation of additional aromatics [20]. The HZSM-5 

catalyzed co-pyrolysis of 1:3 blend of raw bamboo biomass and LLDPE also resulted in the 

highest aromatic content [19]. Therefore, it can be concluded, from our experimental data and 

the literature reports, that the presence of HZSM-5 results in lower activation energy and higher 

aromatic content. 

Table 5.3. Average apparent activation energy, and corresponding R2 value, of catalytic pyrolysis 

of Torrefied Bamboo Saw Dust and Linear Low-Density Polyethylene and catalytic co-pyrolysis 

of blends TBP3:1, TBP1:1 and TBP1:3, in presence of HZSM-5, from isoconversional (KAS, 

OFW and FM) methods. 

Code 

KAS Model OFW Model FM Model 

Ēα , (kJ mol-1) Avg. R2 Ēα , (kJ mol-1) Avg. R2 Ēα , (kJ mol-1) Avg. R2 

TBSD 187±6 0.998 187±6 0.997 184±9 0.989 
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TBP3:1 163±2 0.999 165±2 0.999 171±3 0.992 

TBP1:1 135±1 0.997 137±1 0.998 135±2 0.986 

TBP1:3 133±6 0.987 136±6 0.989 126±2 0.971 

LLDPE 147±2 0.995 149±2 0.995 148±4 0.990 

 

5.2.5 Determination of reaction mechanism by Criado’s master plot  

The mechanism of solid-state reactions can be represented by various models.[1,9,21,22] 

The reaction mechanism was determined using the master plots and was used to understand the 

reaction kinetics obtained from the isoconversional methods.  

The Ēα calculated from FM model was used to construct master plot at 10°C min-1, since 

no approximation is needed with FM model. The equation 1.23 was used to plot the reaction 

models of CP of TBSD, and LLDPE and CCP of their blends (TBP3:1, TBP1:1, and TBP1:3). 

The master plots of all the samples were presented in Fig. 5.5 and compared with theoretical 

models [9]. The models which were followed by the experimental data at various conversion 

ranges are summarized in Table 5.4. The CP of TBSD followed different models, namely zero 

order reaction (with α 0.1–0.3), second order diffusion (α 0.3–0.4), first and second order 

reactions (α 0.4–0.65) and geometrical contraction (α > 0.7). The CP of LLDPE followed a first 

order reaction for α 0–0.65 and tends to second order reaction (F2) model at α above 0.65.  

The CCP of TBP3:1, initially (with α 0.1–0.45) followed a zero-order reaction (F0), then 

followed first (F1) and second order reactions (F2) in a brief conversion range of 0.45–0.55. The 

mechanism finally changed to third order geometrical contraction (R3) for conversions above 

0.55 with corresponding temperature 350–400°C (Table 5.4). While, the CCP of TBP1:1 

followed the first order reaction (F1) in the conversion range 0.1–0.5, then the second order 

reaction (F2) for α 0.5–0.65. Finally, it tends to a second order geometrical contraction at α > 

0.65, with decomposition temperature between 340 and 380°C. The CCP of TBP1:3 followed 

first (F1) and second order (F2) reactions at lower (0.1–0.5) and higher (> 0.5) conversions, 
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respectively. Overall, the mechanism of CP and CCP at lower conversions (< 0.5) transitioned 

from “F0 followed by D2” to “F0 followed by F1 and F2” and to “just F1” at no, lower and 

higher fractions of LLDPE, respectively. That at higher conversions (> 0.5) transitioned from 

“F2 followed by R3” to “F2 followed by R2” and to “just F2” at no, lower and higher fractions 

of LLDPE, respectively. The reaction mechanism from master plot correlates well with the 

kinetics presented in the previous section. The CP and CCP of samples with higher fraction of 

TBSD followed a three-stage degradation and those with higher fraction of LLDPE followed a 

two-stage degradation. This was clearly reflected from the master plot also, which determined 

that the mechanism is more complex (containing more steps) in the case of samples with higher 

fraction of TBSD as compared to those with lower fraction of TBSD. 

 

Figure 5.5. Master plot [Z(α): z(α)/z (0.5)] of TBSD (a) TBP3:1 (b) TBP1:1 (c) TBP1:3 (d) and 

LLDPE (e), in presence of HZSM-5 at a heating rate of 10°C min-1. 
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Table 5.4. The kinetic models from Criado’s master plot for catalytic pyrolysis of Torrefied 

Bamboo Saw Dust and Linear Low Density Polyethylene and catalytic co-pyrolysis of blends 

TBP3:1, TBP1:1 and TBP1:3 at 10°C min-1 heating rate, in presence of HZSM-5. 

TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

α M Mn α M Mn α M Mn α M Mn α M Mn 

0.1–0.3 F0 RO 0.1–0.45 F0 RO 0.1–0.5 F1 RO 0.1–0.50 F1 RO 0.1–0.65 F1 RO 

0.3–0.4 D2 DN 0.45–0.55 F1 RO 0.5–0.65 F2 RO >0.5 F2 RO >0.65 F2 (C) RO 

0.4–0.5 F1 RO >0.55 R3 GC >0.65 R2 (C) GC – – – – – – 

0.5–0.65 F2 RO – – – – – – – – – – – – 

>0.7 R3 GC – – – – – – – – – – – – 

Note: M: Model; Mn: Mechanism (RO: Reaction order model, DN: diffusion and GC: Geometrical Contraction model); 

α: Conversion; (C) indicates tending towards (close to) that mechanism but not exactly matching. 

 

5.2.6 Probable reaction pathways of CP of TBSD and LLDPE and CCP of the 

blends (TBP) 

CCP is a set of complex reactions involving a significant number of species, such as free radicals 

and carbocation. As per the FTIR analysis carried out in our previous study, the major functional 

groups present on the TBSD surface are carboxylic, carbonyl, ester, alcohol, aldehyde, and 

alkoxy groups.[1] The TBSD (consisting of cellulose, lignin, and a minor amount of 

hemicellulose) broke down into different oligomers by cracking reaction in presence of zeolite 

containing (Brønsted and Lewis) acidic sites and at temperatures in the range of 200–400°C as 

shown in Fig. 5d. Further, the macromolecule cellulose consists of D-glucose units joined by 

glycosidic bonds [β–{C1↔C4}] which thermally degraded into oligosaccharides and 

monosaccharides on the external surface of zeolite by cleaving of glycosidic linkages. These 

anhydrosugars further break down into light and heavy oxygenates. Acetic acid, ketones, and 

acetaldehydes come under the category of light oxygenates while furans and their derivatives 

under heavy oxygenates. Further, these oxygenates move into the pores of HZSM-5 zeolite 

where reactions such as deoxygenation and rearrangement (Grob type) occur on catalytic 
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(Brønsted and Lewis) sites of the zeolite to form various aromatics (scheme A3.1).[1,7,17,23–

28]  The production of phenol and its derivatives with different kinetic diameters (phenol: 0.45-

0.54 nm and its derivatives: > 0.54 nm) from lignin pyrolysis adsorbed on the surface of zeolites 

(HZSM-5) which recombine and rearrange to form a precursor of coke that reduce catalytic 

activity (scheme A3.2).[29,30] [31] The plastic polymer, predominantly consisting of C–C and 

C–H bonds, degraded into different fragments by the catalytic activity of zeolite (on the external 

surface) at high temperatures (280–400°C) by various session processes (β, random, end chain 

and mid-chain).[1] Further, these fragments move into the pores of zeolite which convert into 

olefins (C2−C4), wax-like materials, aromatics (minor amount) (Scheme A3.3) [1,9,32], 

hydrogen radicals and hydrogen ions (H+) over Brønsted and Lewis acid sites through cracking 

reactions.[29] The hydrogen radicals further react with lignin and cellulose derivatives to from 

oxygenates (Schemes A3.1−A3.4) and enhances the catalytic activity by reducing the coke 

formation. The oxygenates (furanic and phenolic derivatives) may also further react in 

hydrocarbon pools in zeolite pores (HZSM-5) during co-pyrolysis to form mono aromatic 

hydrocarbons by Diels-Alder reaction and polyaromatic hydrocarbons by multiple reactions, as 

shown in Scheme A3.4.[15]  

5.3 Conclusions 

The bamboo sawdust (BSD) was torrefied to selectively produce pentose sugars 

(predominantly xylose) and acetic acid from the hemicellulose portion of the BSD. The best 

torrefaction activity, with pentose sugar yields of 85% and complete removal of hemicellulose, 

was obtained with formic acid:BSD ratio of 1:1 w/w and NaCl:BSD ratio of 3:1 w/w. The 

catalytic co-pyrolysis (CCP) of blends containing higher (TBP3:1 and TBP1:1) and lower 

(TBP1:3) fractions of torrefied BSD (TBSD) occurred in three and two stages, respectively. The 

average apparent activation energies (Em) of samples TBSD, TBP3:1, TBP1:1 TBP1:3, and 

LLDPE for KAS model were found to be 187, 163, 135, 133, and 147 kJ mol-1, respectively. The 
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CCP of blends TBP1:3 and TBP1:1 showed synergism in terms of apparent activation energy. 

The values of Ēα of CP and CCP were lower as compared to those of non-catalytic pyrolysis 

(except for TBSD) and co-pyrolysis, respectively. The blend containing 25 wt.% TBSD and 75 

wt.% LLDPE (TBP1:3) showed the best CCP characteristics with the least Ēα. In CCP, the 

temperature difference to reach conversion from 0.1 to 0.8 was the lowest with TBP1:3 (76°C) 

and was the highest with TBP3:1 (122°C). The reaction mechanism from the master plot 

correlates well with the kinetics, i.e., the mechanism is more complex (containing more steps) in 

the case of CCP of samples with a higher fraction of TBSD as compared to those with a lower 

fraction of TBSD. 
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Chapter 6 

 

Catalytic Co-Pyrolysis of Wet-Torrefied Bamboo Sawdust and 

Plastic over the Zeolite HY: Synergism and Kinetics 

 

Highlights 

 The catalytic co-pyrolysis (CCP) of wet-torrefied bamboo sawdust (TBSD) and 

LLDPE. 

 A clear synergism between TBSD and LLDPE in CCP at lower temperatures. 

 Blend (25 wt% TBSD and 75 wt% LLDPE): Highest synergism and lowest Ēα (117 kJ 

mol-1) 

 Eα of blends was lower than that of torrefied bamboo, supporting the synergistic effects. 

 CCP of TBP1:3 followed R3 and F1 models at low and high conversions, respectively. 
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6.1 Objectives 

The aim of this study was to explore the potential of mesoporous MesoHY zeolite (with SAR 

80) in the co-pyrolysis of torrefied bamboo biomass (TBSD) and plastic (linear low-density 

polyethylene). The TBSD was prepared using wet-torrefaction process in presence of formic 

acid and sodium chloride. The effect of heating rate and blend concentrations on the synergism 

and kinetics was studied in detail. The reaction mechanism of CCP was understood using 

Criado’s master plots. To the best of knowledge, no work is reported in the open literature that 

is related to catalytic co-pyrolysis (CCP) of torrefied bamboo sawdust (TBSD) and linear low-

density polyethylene (LLDPE) over MesoHY zeolite. 

6.2 Results and discussion 

6.2.1 Catalyst characterization 

From the N2-sorption studies, the MesoHY and HZSM-5 were found to follow Type IV 

isotherm, indicating the mesoporous nature of the materials by IUPAC classification. In 

addition, an H4 type of hysteresis loop was observed with MesoHY zeolite (Fig. 6.1a and Table 

2.3) implying the presence of narrow slit-like pore. The BET surface area and total pore volume 

of zeolite MesoHY were determined to be 773 m2 g-1 and 0.58 cm3 g-1, respectively. The 

mesoporous texture was confirmed by average pore diameter (3.79 nm) with pore diameter 

ranging up to 30 nm as shown in Fig. 6.1b. The HZSM-5 exhibited typical MFI structure with 

diffraction planes at 2θ of 7.9° (111), 8.8°(020), 23.6°(151), 23.9°(303), and 29.1°(352). 

Similarly, the HY also showed typical FAU structure with diffraction planes at 2θ of 6.2°(111), 

10.2°(220), 12.2° (311), 15.5°(331), 23.4°(533), and 26.8°(642).[1,2] Both the zeolites 

exhibited good crystallinity (Fig. 6.1c).  

TH-2788_156107018



Chapter 6: Catalytic Co-Pyrolysis of Wet-Torrefied Bamboo Sawdust and Plastic over the Zeolite HY 

189 
 

Figure 6.1. Catalytic characterization of zeolites a) N2 adsorption-desorption b) Pore size 

distribution by BJH method and c) XRD of MesoHY and HZSM-5 catalyst. 

6.2.2 TG analysis of an individual and mixed sample of TBSD and LLDPE 

over MesoHY catalyst 

The thermal profiles of the CP of individuals and the CCP of blends over MesoHY are shown 

in Fig. 6.2. The thermal degradation parameters at ramp rates 5, 10, 20, and 40°C min-1 are 

summarized in Tables A4.1, 4.1, A4.2, and A4.3, respectively. The deconvoluted plots of TGA 

of TB and blends at the heating rate 10°C min-1 are depicted in Fig. 6.3. The thermal 

degradation of TBSD over MesoHY occurred in three stages including moisture removal. The 

moisture removal is stage I which occurred in the temperature range of 30–150°C. In the second 

stage (180–405°C), the devolatilization of wet torrefied biomass occurred by degradation of 

cellulose and a minor amount of hemicellulose which was left over after the wet torrefaction 

process. This stage is also known as the active pyrolysis stage of biomass. The lignin 
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degradation occurred in the third stage in the temperature range of 410–670°C. The lignin with 

a complicated structure started to degrade at 180°C (Fig. 6.3).[3] At temperatures above 500°C, 

charring and condensation reactions occur in biomass polymer.[4] To summarize, in CP of TB, 

the degradation of cellulose occurred at temperatures between 180°C and 405°C (active 

pyrolysis) and that of lignin in the range of 410–670°C.  

The peak temperature (Tmax) in this study was defined as the temperature at which the 

decomposition rate was maximum in that particular stage (Table 6.1). The peak temperature 

(Tmax) of DTG curve of non-catalytic TBSD pyrolysis was occurred at 336°C and was shifted 

to a higher temperature (364°C) when the TBSD was pyrolyzed in presence of MesoHY zeolite 

(Fig. 6.4). The shift was higher in presence of HY (28°C) as compared to that in presence of 

HZSM-5 (3°C) (Fig. 6.5). Alteration of the maximum degradation temperature (Tmax) of 

torrefied biomass saw dust (TBSD) over MesoHY during pyrolysis was because of the catalyst 

deactivation. The catalyst deactivation was in turn caused by char/coke formation which 

deposited on the catalyst of the surface. The MesoHY zeolite allows larger sized oxygenates to 

be diffused into its pores and undergo further conversion or recombine to condensed molecules 

which act as precursor of coke. The Tmax of the catalytic pyrolysis of TBSD in presence of 

HZSM-5 was similar to that of non-catalytic pyrolysis because of its medium sized pores (5.1 

x 5.5 ↔ 5.3 x 5.6 Å) and lower internal pore space (6.36 Å). The kinetic diameter of cellulose 

and lignin are much larger than the micro-pore size of HZSM-5 zeolite. Therefore, the 

diffusional limitations play an important role on the degradation of cellulose and lignin over 

different zeolites.[5–10] Moreover, the peak height of degradation of TBSD over MesoHY was 

lower compared to that of over HZSM-5 because of the accumulation of coke on the surface 

of the catalyst. 

The catalytic pyrolysis of LLDPE over MesoHY revealed a broader peak (180–480°C), as 

shown in Fig. 6.3e. The pyrolysis of plastic (LLDPE) over MesoHY occurred at a lower 
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temperature (Tmax :251°C) as compared to that without catalyst (Tmax :478°C). The LLDPE 

derived components, such as isobutane (kinetic diameter 0.528 nm [7–9,11]), can easily diffuse 

into the pores of the catalyst and undergo further catalytic transformations over the acidic sites 

located inside catalyst channel to form aromatic hydrocarbons without re-polymerization. 

Therefore, the lowest char/coke formation was occurred with the LLDPE feedstock (Fig. 6.4). 

The pyrolysis temperature of LLDPE (Tmax :251°C) over MesoHY catalyst was lower than that 

over HZSM-5 (Tmax :313°C), as shown in Fig. 6.5. This could be attributed to the larger surface 

area, mesoporosity and larger average pore size of HY (Table 2.3).  

The catalytic co-pyrolysis (CCP) of blends (of TBSD and LLDPE) over MesoHY showed four 

stages including moisture removal (30–150°C). The maximum degradation temperature (Tmax) 

of each stage in a given mixture was different depending on their composition.  The weight 

loss regions of thermal decomposition of blends (TBP3:1, TBP1:1, and TBP1:3) over MesoHY 

catalyst at heating rate 10°C min-1 are shown in Table 6.1 and at 5, 20, and 40°C min-1 are 

shown in Tables A4.1-A4.3. For TBP3:1, the weight loss regions were: second stage 160–

290°C, the third stage 295–405°C, and fourth stage 405–640°C. Similarly, for TBP1:1: second 

stage 160–310°C, the third stage 310–400°C, and fourth stage 400–570°C. For TBP1:3: second 

stage 160–325°C, the third stage 325–395°C, and fourth stage 400–510°C. 

The second decomposition stage of CCP of blends was majorly due to the decomposition of 

the LLDPE (Fig. 6.3). The decomposition of both plastic and cellulose part of the TBSD 

contributed to the third stage. The fourth stage was majorly due to the decomposition of lignin. 

The Tmax of the catalytic co-pyrolysis of blends was shifted to lower temperatures as compared 

to the corresponding non-catalytic co-pyrolysis. Further, the catalytic co-pyrolysis temperature 

was lower over MesoHY as compared to that over HZSM-5. For example, Tmax of CCP for the 

blend TBP1:3 over HY was 249°C and that over HZSM-5 was 320°C. The Tmax values of CCP 

in presence of catalysts MesoHY and HZSM-5 were lower as compared to those in the absence 
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of catalyst (339°C), as shown in Fig.s 6.4 and 6.5. Due to the large cavities of MesoHY zeolite, 

the primary (1°) pyrolyzates can easily reach to the internal acidic sites, making the co-

pyrolysis reaction over MesoHY zeolite more efficient than that over HZSM-5.[12,13] 

The mean reactivity, which is inversely proportional to the Tmax,[14] followed the order 

MRLLDPE > MRTBP1:3 > MRTBP1:1 > MRTBP3:1> MRTBSD, at all four different heating rates, over 

MesoHY zeolite. 

The residual weight of TBP3:1, TBP1:1, and TBP1:3 was found to be 7.3, 6.6, and 4.1 wt.% 

(excluding catalyst weight), respectively, at 790°C and ramp rate 10°C min-1 (Table 6.1). The 

residual weight obtained from CCP of TBP1:3 was the lowest. This could be attributed to the 

higher plastic content of the blend, which provides a hydrogen-rich atmosphere (H/Ceff = 0.18) 

and prevents the polymerization of fragmented species.[15] The heating rate affects the 

decomposition of individual and mixed samples over MesoHY zeolite (Fig. A4.1). The DTG 

peak shifted to a higher temperature region as the heating rate increased from 5 to 40°C min-1. 

In other words, the sample decomposition required high temperature at high heating rates, 

indicating that the heat and mass transfer resistances intruded the decomposition process. 

Moreover, the temperature and pressure gradients across the particle increase with the heating 

rate.  
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Figure 6.2. Catalytic pyrolysis and co-pyrolysis of individual and blended samples at (a) 5, (b) 

10 and (c) 20 and d) 40°C min-1: Mass variation with temperature (a1, b1, c1 and d1) and DTG 

(a2, b2, c2, and d2), in presence of MesoHY zeolite 
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Figure 6.3. The deconvolution of DTG graph along with CFP, plots of TBSD (a), TBP3:1 (b), 

TBP1:1 (c), TBP1:3 (d) and LLDPE (e) at 10°C min-1 over MesoHY zeolite (CFP: Cumulative 

fit peak with Gaussian function for peak deconvolution: Origin pro 9.0). 
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Figure 6.4. Comparison of the DTG profiles of catalytic (over MesoHY) and non-catalytic 

(NC) pyrolysis of torrefied bamboo sawdust (TBSD) (a) and LLDPE (e) and catalytic (over 

MesoHY) and non-catalytic co-pyrolysis of TBSD with LLDPE with various weight ratios of 

TBSD and LLDPE (TBP3:1 (b), TBP1:1 (c) and TBP1:3 (d)), at a ramp rate of 10°C min-1. 

TH-2788_156107018



Catalytic and Non-Catalytic Co-Pyrolysis of Torrefied Bamboo Biomass and Plastic 

196 
 

 

Figure 6.5. Comparison of the DTG profiles of catalytic pyrolysis of torrefied bamboo sawdust 

(TBSD) (a) and LLDPE (e) and catalytic co-pyrolysis of TBSD with LLDPE with various 

weight ratios of TB and LLDPE (TBP3:1 (b), TBP1:1 (c) and TBP1:3 (d)) over MesoHY and 

HZSM-5 catalysts, at a ramp rate of 10°C min-1. 

 

 

 

 

a)

c)

e)

b)

d)
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Table 6.1. The catalytic (co)pyrolysis reaction parameters of TBSD, LLDPE and their blends 

at 10°C min-1 ramp rate. 

 

6.2.3 Interaction between TBSD and LLDPE over MesoHY catalyst 

The interaction between TBSD and LLDPE during CCP over MesoHY may lead to synergism. 

The understanding of synergism is useful to improve the quality and/or quantity of bio-oil 

produced during the catalytic co-pyrolysis.[16] The synergism relies on many factors such as 

composition and contact between volatiles, removal or equilibrium of volatiles generated from 

individual polymers in the blends, operating conditions (temperature, duration of co-pyrolysis, 

and heating rates), the addition of catalysts and hydrogen donors.[17] To evaluate the existence 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Moisture 

removal 

 

Stage_1 

T
range (

oC) 30–140 30–140 30–140 30–150 40–120 

DRmax  (wt% min-1) 0.68 0.79 0.55 0.57 0.21 

T
max (°C) 60 57 54 55 69 

W
loss (%) 3.02 4.28 2.40 2.75 0.87 

 

 

 

Stage_2 

T
range (

oC) 180–405 160–290 160–310 160–325 150–335 

DRmax  (wt% min-1) 3.70 0.91 1.74 2.36 3.11 

T
max (°C) 363 250 248 249 251 

W
loss (%) 21.72 6.45 12.83 18.88 25.32 

 

 

 

Stage_3 

T
range (

oC) 410–670 295–405 310–400 325–395 330–470 

DRmax  (wt% min-1) 0.41 2.75 2.05 1.33 1.10 

T
max (°C) 435 364 365 365 380 

W
loss (%) 5.52 15.62 11.38 7.49 9.76 

 

 

 

Stage_4 

T
range (

oC) – 405–640 400–570 400–510 – 

DRmax  (wt% min-1) – 0.60 0.76 0.99 – 

T
max (°C) – 428 414 418 – 

W
loss (%) – 5.75 5.17 5.11 – 

Mean Reactivity x 102  (wt % min-1
 °C-1) 1.11 1.26 1.45 1.34 1.83 

% Residual weight* at 790°C 68.12 67.25 66.55 64.05 63.18 

Calculated residual weight# 8.12 6.89 5.65 4.42 3.18 
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of synergism between TBSD and LLDPE of the blends, the theoretical and experimental weight 

losses of blends during CCP over MesoHY were compared (Fig. 6.6).  

 

Figure 6.6. Experimental and calculated TG curves for three blends (TBP3:1, TBP1:1, and 

TBP1:3) at the ramp of (a) 5, (c) 10, (e) 20 and (g) 40°C·min-1: Variation of weight loss as a 

function of temperature (a, c, e, and g) and ΔW (b, d, f, and h) in environment of MesoHY 

zeolite. 
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The majority of blends showed positive synergism (∆W (equation 2.6) negative) in the 

temperature range 50−300°C at ramp rates 5, 10, 20 and 40°C min-1 (Fig. 6.6d and f). In this 

temperature range, the sidechain and backbone (to lesser extent) of LLDPE breaks down to 

form smaller fragments. These fragments help in decomposing the sidechain functional groups 

such as COOH and COOR from the torrefied biomass over MesoHY catalyst during CCP 

process. All blends in CCP over MesoHY showed a passive synergism in the temperature range 

of 350–500°C. The positive synergistic effect was increased with TBSD content in the blends 

in the lower temperature range 50−250°C at heating rate 20°C min-1 and followed the order of 

∆WTBP3:1 > ∆WTBP1:1 > ∆WTBP1:3 (Table A4.4). While, the reverse trend was observed in the 

temperature range of 350−480°C and reflected the order as ∆WTBP3:1 < ∆WTBP1:1 < ∆WTBP1:3. 

The backbone of LLDPE further decomposes and forms volatile hydrocarbon radicals (ethyl, 

propyl, butyl, isobutyl, and neopentyl) at higher temperature. The catalytic copyrolysis induces 

the formation of secondary (2°) radicals. The secondary radicals initiate various reactions, such 

as depolymerization, inter and intramolecular hydrogen transfer, monomer formation, and 

isomerization via vinyl groups. These radicals selectively react with oxygen-containing species 

of TBSD instead of attacking the LLDPE chain, which retards the cracking reaction of 

LLDPE.[18] In addition, at above 300°C, the degradation of cellulose and lignin (linkage: 

α/β˗O4, γ˗ester) occurs to form various pyrolyzates (derivatives of furanic and phenolic 

compounds). The pyrolyzates react with hydrocarbon radicals over HY to form aromatic 

hydrocarbons (AHCs) by Diels-Alder reaction.[19–24] Therefore, the passive synergism at 

high temperatures can be attributed to the reaction of secondary radicals with oxygenated 

compounds, retarding the overall reaction. The devolatilization of all blends was nearly 

complete at 500°C (Fig. 6.6). However, a constant difference in experimental and calculated 

weights was observed above 500°C, which can be attributed to the difference in experimental 

and calculated residual weight. For example, the experimental residual weight (4%) of the 
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blend TBP1:3 after CCP at ramp rate 10°C min-1 was lower than that calculated, 4.4% (Table 

1). In addition, all blends at heating rate of 40°C min-1 showed positive synergism at 780°C 

with ∆W -2.62, -1.01 and -0.02wt% for TBP1:3, TBP3:1 and TBP1:1, respectively. This 

indicates that the catalytic copyrolysis reduces the solid residue. Lower solid residues are 

favorable for the stable furnace operation. This is in good agreement with previous 

studies.[20,24–27]  

6.2.4 Kinetic Analysis of Torrefied biomass, Plastic and mixed samples 

The apparent activation energy values were calculated using iso-conversional models 

(equations 1.11, 1.12, and 1.13) in the conversion range of 0.1–0.8 over MesoHY catalyst (Fig. 

6.7 and Tables A4.5–A4.9). A correlation coefficient of 0.99 in most cases indicates that the 

proposed models fit very well to the experimental data. The average apparent activation energy 

(Ēα) of CCP of the blends TBP3:1, TBP1:1, and TBP1:3 over MesoHY zeolite was found to be 

171, 128 and 117 kJ mol-1 from KAS; 172, 131 and 120 kJ mol-1 from OFW; and 184, 139 and 

128 kJ mol-1 from FM model, respectively (Table 6.2). Similarly, the Ēα of CP of LLDPE were 

107, 111, and 116 kJ mol-1 from KAS, OFW, and FM models, respectively, and those of TBSD 

were 216, 214, and 232 kJ mol-1. 

In CP of TBSD, the Eα was first increased (from 176 to 208 kJ mol-1) in the conversion range 

of 0.1 to 0.2 and then nearly constant (208±4 kJ mol-1) for the α range of 0.2 to 0.6. Thereafter, 

the Eα was decreased to 171 kJ mol-1 at α: 0.7 and increased significantly to 343 kJ mol-1 at 

high conversions (α: 0.8). At conversion 0.1, the Eα was lower because of the degradation of 

molecules having lower bond energy. The Eα increased with conversion due to degradation of 

glycosidic linkages (300–350°C) which connect glucose monomer in cellulose 

macromolecules. The fragmentation of lignin possesses higher Eα because of the complicated 

structure (linkages: α/β–O4; condensed (C–C) and coumarane). While side-chain degraded to 
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lower molecular components such as methanol and acetic acid at a lower temperature.[14,28] 

the CP of LLDPE, the Eα decreased from 98 to 90 kJ mol-1 in the first stage (0.1 ≤ α ≤ 0.5), 

with a corresponding temperature of 230–290°C. In this temperature range, the backbone of 

LLDPE breaks down into smaller fragments over-acidic sites of MesoHY catalyst which 

further converted into free radicals as shown in Scheme A4.3. In the second stage (0.5 ≤ α ≤ 

0.8), the Eα increased from 90 to 161 kJ mol-1. 

The Eα of TBP3:1 increased from 105 to 193 kJ mol-1 (Fig. 6.7b) with the increase of conversion 

from 0.1 to 0.5, in the temperature range of 250–350°C (Fig. 6.7d). With further increase of 

conversion, the Eα decreased, reaching 183 kJ mol-1 at conversion 0.7 and temperature 390°C. 

Finally, the Eα was increased significantly at high conversion. For example, the Eα at 0.8 

conversions (temperature 425°C) was 212 kJ mol-1. The variation of Eα for CCP of both TBP1:1 

and TBP3:1 followed a trend similar to that of LLDPE at lower conversions. For example, the 

Eα of TBP1:1 was decreased from 97 to 87 kJ mol-1 with the conversion from 0.1 to 0.3 and 

that of TBP1:3 was decreased from 99 to 87 kJ mol-1 with the conversion from 0.1 to 0.4. At 

higher conversions, the variation trend of Eα for CCP of TBP1:1 was similar to that of TBP3:1. 

The Eα of TBP1:3 was continuously increased with conversion at higher conversions. With 

both individual feedstock’s (TBSD and LLDPE) and blends (TBP3:1, TBP1:1 and TBP1:3), 

an increase of Eα was observed towards higher conversions, which could be attributed to the 

formation of precursor molecules of coke.[29,30]  In summary, the variation of the Eα of CCP 

of blends showed trends similar to those of TBSD at lower LLDPE concentration and those of 

LLDPE at higher LLDPE concentration. In addition, the variation of the Eα of the CCP of 

blends was similar to that of TBSD and LLDPE at higher and lower conversions, respectively.  

As can be observed from Fig. 6.7d, the temperature required to reach a particular conversion 

in the blends was decreasing with the concentration of LLDPE in the blend. The decrease in 

temperature was significant at lower conversions. For example, upon addition of 50 wt.% 
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LLDPE to TB, the temperature was reduced from 355 to 275°C at 0.3 conversion level. The 

degradation temperature for LLDPE at the same conversion level was 260°C. This is a clear 

indication of synergy between the TBSD and LLDPE in the blend, at lower conversions. The 

trends of the variation of activation energy and temperature were in agreement with the 

synergism trend shown in Fig. 6.6. 

The CP of individual samples and CCP of the blends over MesoHY follow a multistep reaction 

mechanism. as shown by the Arrhenius plot, obtained from isoconversional models (Fig. A4.2). 

The variation of activation energy with conversion (Fig. 6.7) indicates the multistep reaction 

mechanism. The only kinetic analysis is not sufficient to describe exact thermal decomposition 

behaviour because of the involvement of complex reactions. Therefore, Criado’s master plot 

method was used to describe the reaction mechanism of CP of individual samples and CCP of 

the blends over MesoHY catalyst. 

 

Figure 6.7. Variation of Eα and temperature with the conversion of TBSD+LLDPE blends: a) 

FM model, b) KAS, c) OFW model with mixed and individual sample d) Temperature profile 

of mixed samples in the presence of MesoHY zeolite. 
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Table 6.2. The average Eα from model-free methods of CP of TBSD, LLDPE, and CCP of 

blends (TBSD +LLDPE) over MesoHY zeolite 

 

Code 

KAS MODEL OFW MODEL FM MODEL 

Ēα , (kJ mol-1) Avg. R2 Ēα , (kJ mol-1) Avg. R2 Ēα , (kJ mol-1) Avg. R2 

TBSD 216 0.9915 214 0.9915 232 0.9879 

TBP3:1 171 0.9800 172 0.9820 184 0.9864 

TBP1:1 128 0.9905 131 0.9918 139 0.9901 

TBP1:3 117 0.9909 120 0.9923 128 0.9918 

LLDPE 107 0.9667 111 0.9719 116 0.9610 

 

6.2.5 Reaction Mechanism by Master plot method 

The catalytic degradation of individual or blended samples is a process involving hundreds of 

complex reactions, making the prediction of its reaction mechanism difficult. However, 

mathematical models have been developed based on various approximations to predict the solid 

reaction mechanism (Table 1.1).[14,18,31] In the current study, the Z–Master plot (equation 

1.23) was used to evaluate solid reaction mechanisms based on Criado’s method. The Eα 

obtained from the FM model was used to construct the Z-Master plot [(Z(α)/Z (0.5)] at 10°C 

min-1 during pyrolysis/co-pyrolysis of individual/blended samples over MesoHY catalyst (Fig. 

6.8). Based on the proximity, the theoretical curves obtained from equation (4) were compared 

with the experimental curves to obtain the reaction mechanism of the CP and CCP.[14] 

For TBSD at α < 0.3, the experimental curve aligned with theoretical curve F0 (Table 1.1), 

demonstrating that the catalytic pyrolysis of TBSD followed the zero-order solid-state reaction 

(Fig. 6.8a). For α = 0.3–0.5, the experimental curve aligned with theoretical curves F1/F2, 

consistent with first (F1) and second (F2) order reaction models. The experimental curve of 

TBSD close to the theoretical curve F3 at α: 0.5–0.7, indicating that the CP of TBSD, in this 

conversion range, followed a third-order reaction (F3). Similarly, the TBSD also showed the 
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geometrical contraction (volume contraction) mechanism (R3) at α: 0.7–0.9. Overall, the CP 

of TBSD followed the reaction order models (zero, first, second, and third-order) and 

geometrical contraction model at different conversion ranges. This explains the reaction 

complexity of CP of TB, which in turn is due to the complex structure of the used wet-torrefied 

biomass. The pattern of experimental curves of LLDPE showed similar behavior with the 

theoretical curve of third-order reaction (F3) in the conversion range 0.10–0.45. Besides, in the 

conversion range 0.45–0.70, the experimental curve overlapped with the theoretical curve R3. 

These results indicate that the CP of LLDPE over MesoHY obeyed the third-order reaction and 

geometrical (volume) contraction mechanisms at low and high conversion ranges, respectively. 

By comparing the experimental curve with theoretical curves at α: 0.2–0.45, the CCP of 

TBP3:1 fluctuated between second-order Avrami–Erofeyev model (A2) and power law (P2/3) 

model. These models come under the category of nucleation mechanism (Table 1.1). At α: 

0.45–0.55, the reaction mechanism shifted to first–order reaction model (F1). At lower (α < 

0.2) and higher conversions (α > 0.55), the experimental curve crossed multiple curves of 

theoretical models indicating the poor fit. 

The experimental curve for CCP of TBP1:1 closely overlapped with the theoretical curve (P4) 

at α: 0.45–0.60 indicating that the thermal degradation of TBP1:1 followed the power law (P4) 

model (under nucleation mechanism, Table 1.1). At lower conversions (0.2 < α < 0.45), it 

followed the trend of geometric (volume) contraction (R3). At higher conversions (0.60–0.8), 

it crossed multiple theoretical curves, indicating a poor fit in this conversion range. At even 

higher conversions (α > 0.8), it followed the trend of the first-order reaction (F1) model. The 

CCP of TBP1:3 followed approximately the geometrical (volume) contraction (R3) modal at α 

0.2–0.6 and the first-order reaction (F1) model at α 0.6–0.9 (Table 6.3). 
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Figure 6.8. Master plot Z(α) of CP of a) TBSD and b) LLDPE and CCP of c) TBP3:1, d) 

TBP1:1 and e) TBP1:3 in presence of MesoHY, at ramp rate 10°C min-1 

Table 6.3. Determination of kinetic model by Criado’s model- Master plot for TBSD, LLDPE, 

and mixed samples at 10°C. min-1 in presence of MesoHY zeolite 

TBSD LLDPE TBP3:1 TBP1:3 

α M Mn α M Mn α M Mn α M Mn 

0.10–0.23 F0 RO 0.10–0.40 F3 RO 0.20–0.45 A2 NM 0.20–0.60 R3 GC 

0.30–0.50 F1/F2 RO 0.40–0.70 R3 GC 0.20–0.45 P2/3 NM (C) 0.65–0.90 F1 RO (C) 

0.50–0.70 F3 RO – – – 0.50–0.65 F1 RO – – – 

0.70–0.90 R3 GC – – – – – – – – – 

Note: M: Model; Mn: Mechanism (RO: Reaction order, GC: Geometrical Contraction and NM:  Nucleation 

model); α: Conversion; (C) indicates closer to curve but not exactly matching 
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6.3 Conclusions 

The catalytic (co)pyrolysis behavior and kinetics of TBSD, LLPDE, and their blends were 

studied in a thermogravimetric analyzer over MesoHY catalyst. The peak (maximum) 

decomposition temperature of LLDPE was lowered greatly over MesoHY as compared to that 

over HZSM-5, because of the larger pore size of the HY catalyst (7.4 Å). The bulky pyrolyzates 

derived from copyrolysis of TBSD and LLDPE easily diffuse into mesopores of MesoHY 

zeolite and convert into aromatic hydrocarbons by Diels-Alder reaction due to which coke or 

precursor of coke minimized in catalytic copyrolysis. While, the acidic sites present inside the 

microporous HZSM-5 are not accessible to the pyrolyzates.  A clear synergism was observed 

in the catalytic co-pyrolysis of blends of TBSD and LLDPE over MesoHY zeolite, at low 

temperatures (<250°C). The blend TBP1:3 exhibited the lowest average apparent activation 

energy (Ēα : 117 kJ mol-1) from the KAS model. The mean activation energies (Ēα) of the 

samples TBSD, LLDPE, TBP3:1, TBP1:1, and TBP1:3 were evaluated, using KAS model, to 

be 216, 107, 171, 128, and 117 kJ mol-1, respectively. The order of the percentage of Ēα 

reduction of blends with respect to TBSD was as follows: TBP3:1 (20%) > TBP1:1 (40%) > 

TBP1:3 (45%). The multistep degradation mechanism was followed by both individual and 

blended samples, as identified by Criado’s master plot. In CCP over MesoHY catalyst, the 

lowest average apparent activation energy, and highest synergism were observed with TBP1:3 

among all the blends. 
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Chapter 7 

 

Major Findings and Future Directions 

7.1  Major findings 

 Based on the investigations reported in Chapters 3, 4, 5, and 6, the following 

conclusions can be drawn: 

Co-pyrolysis of BSD and LLDPE: 

 The highest synergistic interaction between BSD and LLDPE was occurred and an 

activation energy drop of 36% (with respect to biomass) was observed with the blend 

BP1:3 (25 wt.% BSD and 75 wt.% LLDPE).  

 The average apparent activation energy (Ēα) of pure BSD, LLDPE and the blends 

BP3:1, BP1:1 and BP1:3 as obtained from isoconversional method are 294, 204, 397, 

376, and 188 kJ·mol-1, respectively.  

 The order of mean reactivity of blends was found to be BP1:3 > BP1:1 > BP3:1 at all 

the heating rates (5, 10, 20°C min-1) studied.  

 Multistep reactions are found to be responsible for a large variation of apparent 

activation energy of co-pyrolysis, as depicted by the master plot.  

 The decomposition of the blend BP1:3 follows a nucleation growth (A2) model in the 

lower conversion range and diffusion (D2) model in the higher conversion range. 

Wet-torrefaction of BSD and co-pyrolysis of torrefied BSD (TBSD) and LLDPE: 

 The hemicellulose was selectively removed in the form of pentoses (xylose + arabinose) 

with 85% yield, during the wet torrefaction. The produced hydrochar (TBSD) was 
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hydrophobic in nature, having high heating value (HHV) of 24.02 MJ kg-1 which is 

comparable to that of low-rank coal, lignite (25.10 MJ kg-1).  

 The best torrefaction activity, with pentose sugar yields of 85% and complete removal 

of hemicellulose (> 95%), was obtained with formic acid:BSD ratio of 1:1 w/w and 

NaCl:BSD ratio of 3:1 w/w at 140°C for 30 min.  

 The activation energy of TBSD was lower by 20% as compared to that of BSD.  

 The average apparent activation energies of samples TBSD, TBP3:1, TBP1:1 TBP1:3, 

and LLDPE were 155, 207, 264, 245, and 258 kJ mol-1, respectively.  

 The decomposition of the blend TBP1:3 followed a nucleation growth (A2) model in 

the conversion range of 0.1 to 0.5 and diffusion-reaction (D2) model in the higher 

conversion range (0.5 to 0.8).   

Catalytic co-pyrolysis of torrefied BSD and LLDPE over HZSM-5: 

 The average apparent activation energies (Ēα) of samples TBSD, TBP3:1, TBP1:1 

TBP1:3, and LLDPE for KAS model were found to be 187, 163, 135, 133, and 147 kJ 

mol-1, respectively.  

 The CCP of blends TBP1:3 and TBP1:1 showed synergism in terms of apparent 

activation energy. The blend TBP1:3 showed the best CCP characteristics with the least 

Ēα. The temperature difference to reach conversion from 0.1 to 0.8 was the lowest with 

TBP1:3 (76°C) and was the highest with TBP3:1 (122°C).  

 The reaction mechanism from the master plot correlates well with the kinetics, i.e., the 

mechanism is more complex (containing more steps) in the case of CCP of samples 

with a higher fraction of TBSD as compared to those with a lower fraction of TBSD.  
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Catalytic co-pyrolysis of torrefied BSD and LLDPE over MesoHY: 

 The peak (maximum) decomposition temperature of LLDPE was lowered greatly over 

MesoHY as compared to that over HZSM-5, due to larger pore size of the HY zeolite 

(7.4 Å).  

 A clear synergism was observed in the catalytic co-pyrolysis of blends of TBSD and 

LLDPE over MesoHY zeolite, at low temperatures (<250°C).  

 The blend TBP1:3 exhibited the lowest average apparent activation energy (Ēα: 117 kJ 

mol-1) from the KAS model.  

 The mean activation energies (Ēα) of the samples TBSD, LLDPE, TBP3:1, TBP1:1, 

and TBP1:3 were evaluated, using KAS model, to be 216, 107, 171, 128, and 117 kJ 

mol-1, respectively.  

 The order of the percentage of Ēα reduction of blends with respect to TBSD was as 

follows: TBP3:1 (20%) > TBP1:1 (40%) > TBP1:3 (45%).  

 In CCP over MesoHY catalyst, the lowest average apparent activation energy, and 

highest synergism were observed with TBP1:3 among all the blends. 

Overall summary: 

 The catalytic co-pyrolysis of wet-torrefied bamboo biomass with LLDPE over 

MesoHY zeolite is the best process among all the processes studied in this thesis, due 

to higher synergism and lower activation energy. 

 All the reactions (catalytic and non-catalytic pyrolysis of individual samples and 

catalytic and non-catalytic co-pyrolysis of blends) studied in this thesis followed the 

multistep degradation mechanism, as identified by Criado’s master plot.  

 The wet torrefaction process developed in this study improves the overall economics of 

the process due to the selective production of the additional valuable products (xylose).  
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 The improved CCP characteristics, in terms of both kinetics and synergism, of torrefied 

biomass and LLDPE leads to the generation of high-quality biofuels in a single step.  

 This study is the path forward for better economics and better-quality biofuels. 

 

7.2 Limitations of the thesis 

 The lower concentration of reactant (10 wt.%) in wet-torrefaction process may result in 

high energy demand and hamper the economic feasibility.  

 The product distribution from the catalytic and non-catalytic pyrolysis and co-pyrolysis 

processes was not determined. 

 Advanced catalysts with precise pore structure were not studied. 

 Only one biomass (bamboo sawdust) was tested in this study. 

7.3 Future work directions 

 The product distribution from the catalytic and non-catalytic pyrolysis and co-pyrolysis 

processes helps in designing better catalysts. 

 Torrefaction study: The reactant concentration may be increased to improve the 

economics. Other organic acids, such as oxalic acid, as they provide more H+ ions per 

mol and other alkali and alkaline-earth metals, such as Ca, Mg, and K, may be tested. 

 Synthesis of hierarchical zeolites following advanced methods may help in controlling 

the pore size precisely, which in turn help in enhancing the catalytic (co-)pyrolysis 

process. Transition metal (3d and 4f elements) encapsulated zeolites may also be tested 

for the catalytic (co-)pyrolysis to produce benzene, toluene, ethyl benzene and p-xylene 

(BTEX) selectively. 

 Use of operando methods to deduce the reaction mechanism would be highly helpful in 

designing the better catalysts for the process. 
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 Due to heterogenous nature of the lignocellulosic biomass, more biomass sources may 

be tested to understand the differences in their reactivity and robustness of the process. 

 The hydrochar produced from wet-torrefaction can be tested for other applications such 

as adsorption, soil fertility, in battery electrodes. 
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Annexure A1 

 

Table A1.1: Degradation parameters at different stages of degradation of pure BSD, LLDPE and their 

blends at a heating rate of 5°C.min-1 

 

Stages Parameters BSD BP3:1 BP1:1 BP1:3 LLDPE 

First stage  

T
Range

 (°C) 25–150 25–150 25–150 25–150 25–150 

W
Loss

 (%) 7.770 6.447 3.606 2.895 1.042 

DRmax  (mg·min-1) 0.067 0.096 0.044 0.034 – 

T
max

 (°C) 53 52 49 49 – 

Second stage  

T
Range

 (°C) 180–365 180–360 180–350 180–355 280–510 

W
Loss

 (%) 58.461 40.453 24.502 17.564 84.890 

DRmax  (mg·min-1) 0.292 0.168 0.118 0.114 1.144 

T
max

 (°C) 306 309 383 306 467 

Third stage  

T
Range

 (°C) 375–800 360–485 355–495 360–510 520–800 

W
Loss

 (%) 30.486 32.714 59.547 67.578 0.580 

DRmax  (mg·min-1) – 0.312 0.618 0.941 – 

T
max

 (°C) – 449 459 464 – 

Fourth stage 
T

Range 
(°C) – 500–800 520–800 520–800 – 

W
Loss

 (%) – 10.953 7.424 4.726 – 

Reactivity (mg min
-1 

°C
-1

) X 103 1.11 1.030 0.851 1.032 2.45 

% Residual weight at 800°C 1.44 7.550 0.853 7.470 13.49 

 

Table A1.2: Degradation parameters at different stages of degradation of pure BSD, LLDPE and their 

blends at a heating rate of 10°C.min-1 

 

Stages Parameters BSD BP3:1 BP1:1 BP1:3 LLDPE 

First stage 

T
range (

oC) 25–150 25–150 25–150 25–150 25–150 

W
loss (%) 7.194 5.163 3.103 1.042 0.463 

DRmax
  (mg·min-1) 0.140 0.1404 0.0816 0.0333 0.0136 

T
max (°C) 57 57 56 59 65 

Second stage 

T
range (°C) 180–400 180–365 180–360 180–365 280–520 

W
loss (%) 61.538 38.179 27.943 14.811 88.592 

DRmax  (mg·min-1) 0.7272 0.591 0.373 0.231 2.1244 

 T
max (°C) 316 314 315 325 474 

Third stage T
range (°C) 405–800 380–520 380–510 380–520 – 
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W
loss (%) 29.037 35.636 54.825 76.359 – 

DRmax (mg·min-1) 0.109 0.642 1.062 2.143 – 

T
max (

oC), 509 458 465 476 – 

Fourth stage 
T

range (°C) – 500–800 520–800 520–800 – 

W
loss (%) – 13.750 8.410 2.929 – 

Mean Reactivity ( MR) x 103  (mg·min-1.oC-1) 2.28 3.27 3.45 5.20 4.40 

% Residual weight at 800°C 1.23 6.32 2.667 4.32 9.03 

 

Table A1.3: Kinetic parameters (Eα and A) from model free methods (KAS, OFW and FM) for BSD 

and corresponding R2 value. 

 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 

A 

(min-1) 
R2 

Eα 

(kJ.mol-1) 

A 

(min-1) 
R2 

Eα 

(kJ.mol-1) 

A 

(min-1) 
R2 

0.1 234 3.881 E+18 0.9946 255 1.998 E+24 0.9449 294 9.160 E+27 0.9803 

0.2 257 1.916 E+20 0.9996 280 8.799 E+25 0.9999 341 1.335 E+31 0.9952 

0.3 270 9.911 E+20 0.9999 294 4.329 E+26 0.9999 345 5.844 E+30 0.968 

0.4 265 1.227 E+20 0.9999 289 5.859 E+25 0.9999 364 3.804 E+31 0.9879 

0.5 326 1.289 E+25 0.9709 353 4.223 E+30 0.9726 389 1.410 E+33 0.9943 

0.6 390 1.277 E+30 0.9996 301 9.541 E+25 0.9772 448 2.237 E+37 0.9563 

0.7 209 7.554 E+12 0.9554 196 1.882 E+16 0.9282 507 3.599 E+41 0.9304 

0.8 171 2.342 E+9 0.9353 148 3.360 E+12 0.9813 141 5.204 E+8 0.9448 

Avg. 265 1.596 E+29 0.9819 265 5.280 E+29 0.975487 353 4.499 E+40 0.96965 

 

Table A1.4: Kinetic parameters (Eα and A) from model free methods (KAS, OFW and FM) for BP3:1 

and corresponding R2 value. 

 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 

A 

(min-1) 
R2 

Eα 

(kJ.mol-1) 

A
 

(min-1) 
R2 

Eα 

(kJ.mol-1) 

A
 

(min-1) 
R2 

0.1 217 4.468 E+16 0.9624 238 2.727 E+22 0.9652 311 1.329 E+29 0.987 

0.2 228 1.244 E+17 0.9497 250 7.518 E+22 0.9534 365 1.145 E+19 0.9422 

0.3 266 1.175 E+20 0.9948 291 5.758 E+25 0.9964 382 1.232 E+33 0.9999 

0.4 393 4.209 E+30 0.9798 417 2.921 E+35 0.9717 664 2.439 E+56 0.9958 

0.5 347 2.603 E+24 0.9837 346 4.524 E+27 0.9969 539 4.36 E+41 0.977 
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0.6 476 1.902 E+32 0.9973 434 1.257 E+37 0.9995 346 1.874 E+4 0.8333 

0.7 527 1.211 E+35 0.9712 541 1.228 E+44 0.9732 585 4.201 E+40 0.9885 

0.8 399 3.768 E+25 0.9946 420 3.316 E+34 0.9949 553 6.156 E+37 0.926 

Avg. 357 1.516 E+34 0.9792 367 1.535 E+43 0.9814 468 3.049 E+55 0.9562 

 

Table A1.5: Kinetic parameters (Eα and A) from model free methods (KAS, OFW and FM) for 

BP1:1 and corresponding R2 value 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 

A
 

(min-1) 
R2 

Eα 

(kJ.mol-1) 

A
 

(min-1) 
R2 

Eα 

(kJ.mol-1) 

A
 

(min-1) 
R2 

0.1 315 1.656 E+28 0.9617 344 1.004 E+28 0.9664 268 5.469 E+26 0.998 

0.2 432 3.793 E+37 0.9758 381 2.084 E+27 0.9843 270 3.389 E+24 0.9999 

0.3 381 1.078 E+31 0.9771 388 5.007 E+28 0.9828 292 5.158 E+26 0.9929 

0.4 402 6.866 E+29 0.9975 449 1.943 E+30 0.9897 325 1.736 E+27 0.9676 

0.5 328 4.893 E+23 0.9811 403 2.542 E+26 0.9698 354 1.323 E+29 0.9965 

0.6 445 5.899 E+31 0.9638 498 2.384 E+32 0.9722 550 1.636 E+43 0.9992 

0.7 361 2.122 E+25 0.9745 402 3.668 E+25 0.9799 450 3.885 E+35 0.9996 

0.8 306 1.473 E+21 0.9727 339 1.565 E+21 0.9768 336 1.283 E+27 0.9945 

Avg. 371 4.741 E+36 0.9756 400 3.005 E+31 0.9777 356 2.046 E+42 0.9934 

 

Table A1.6: Kinetic parameters (Eα, and A) from model-free methods (KAS, OFW, and FM) for 

BP1:3 and corresponding R2 value 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 

A
 

(min-1) 
R2 

Eα 

(kJ.mol-1) 

A 
(min-1) 

R2 
Eα 

(kJ.mol-1) 

A
 

(min-1) 
R2 

0.1 92 4.025 E+6 0.9869 107 1.510 E+7 0.9891 92 4.025 E+5 0.9644 

0.2 91 3.622 E+5 0.9919 117 8.131 E+6 0.9699 133 9.674 E+11 0.9799 

0.3 102 3.231 E+6 0.9974 126 2.452 E+7 0.9993 240 1.426 E+20 0.9968 

0.4 119 4.581 E+7 0.9998 136 1.0183 E+8 0.9825 313 4.510 E+25 0.997 

0.5 150 7.294 E+9 0.9812 201 1.588 E+12 0.9971 312 3.401 E+25 0.9959 

0.6 176 5.636 E+11 0.9826 238 4.452 E+14 0.9996 328 4.306 E+26 0.9669 

0.7 198 2.313 E+13 0.9828 222 3.083 E+13 0.9847 324 2.871 E+26 0.9605 

0.8 218 5.451 E+14 0.983 175 3.645 E+10 0.9992 299 4.098 E+24 0.9914 

Avg. 143 7.110 E+13 0.9882 165 5.970 E+13 0.9902 255 1.001 E+26 0.9816 
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Table A1.7: Kinetic parameters (Eα and A) from model free methods (KAS, OFW and FM) for 

LLDPE and corresponding R2 value. 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 

A 
(min-1) 

R2 
Eα 

(kJ.mol-1) 

A 
(min-1) 

R2 
Eα 

(kJ.mol-1) 

A 
(min-1) 

R2 

0.1 99 6.328 E+5 0.9560 112 1.562 E+5 0.9724 168 1.183 E+12 0.9920 

0.2 142 1.488 E+9 0.9664 159 2.237 E+9 0.9754 175 2.324 E+12 0.9640 

0.3 211 1.725 E+14 0.9625 235 2.077 E+14 0.9694 256 8.4656 E+17 0.9993 

0.4 216 3.913 E+14 0.9686 240 4.176 E+14 0.9738 260 1.181 E+18 0.9998 

0.5 236 9.890 E+15 0.9862 261 9.404 E+15 0.989 255 6.112 E+17 0.9742 

0.6 241 2.230 E+16 0.9605 266 2.055 E+16 0.9642 280 1.755 E+19 0.9996 

0.7 252 1.291 E+17 0.9718 278 1.099 E+17 0.9744 247 5.010 E+16 0.9907 

0.8 263 7.857 E+17 0.9834 290 6.187 E+17 0.9849 248 4.327 E+16 0.9999 

Avg. 207 1.185 E+17 0.9694 230 9.490 E+16 0.9754 175 2.536 E+18 0.9899 
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Figure A1.1. The deconvolution of DTG graph along with CFP, plots of BSD (a), BP3:1 (b), 

BP1:1 (c) and BP1:3 (d) at 5°C min-1 (CFP: Cumulative fit peak with Gaussian function for peak 

deconvolution: Origin pro 9.0). 
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Figure A1.2. The deconvolution of DTG graph along with CFP, plots of BSD (a), BP3:1 (b), 

BP1:1 (c) and BP1:3 (d) at 10°C min-1 (CFP: Cumulative fit peak with Gaussian function for peak 

deconvolution: Origin pro 9.0). 
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Figure A1.3. The deconvolution of DTG graph along with CFP, plots of BSD (a), BP3:1 (b), 

BP1:1 (c) and BP1:3 (d) at 20°C min-1 (CFP: Cumulative fit peak with Gaussian function for peak 

deconvolution: Origin pro 9.0). 
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Figure A1.4. Determination of Activation energy using three different isoconversional models: 

KAS (a), OFW (b) and FM (c) of various BSD + LLDPE blends (BP3:1: a1 to c1; BP1:1: a2 to 

c2; and BP1:3: a3 to c3). 
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Scheme A1.1: Role of plastic during copyrolysis of Bamboo sawdust and LLDPE [1–5] 

 

 

 

 

 

 

 

TH-2788_156107018



 

 

 

228 

 

Annexure A2 

Table A2.1: Degradation parameters at different stages of degradation of TBSD with or without salt at 

a heating rate of 10°C min-1 

 

Stages Parameters BSD 
*TBSD (W) 

With NaCl 

#TBSD (W) 

without NaCl 

 

Stage_1 

(Moisture 

removal) 

T
range (

oC) 30–120 30–110 30–95 

DRmax  (wt% ·min-1) 0.82 1.19 0.53 

T
max (°C) 59 57 53 

W
loss (%) 3.24 4.26 1.64 

 

 

Stage_2 

T
range (

oC) 260–295 – – 

DRmax  (wt% ·min-1) 3.087 – – 

T
max (°C) 273 – – 

W
loss (%) 11.46 – – 

 

 

Stage_3 

T
range (

oC) 290–500 180–500 200–500 

DRmax  (wt% ·min-1) 10.65 12.30 14.31 

T
max (°C) 337 336 358 

W
loss (%) 57.45 64.27 80.47 

Mean Reactivity ( MR) x 102  (wt % min-1
 °C-1) 4.29 3.66 4.00 

% Residual weight after 790°C 21.14 26.32 12.72 

 

Table A2.2: Degradation parameters at different stages of degradation of TBSD with or without salt at 

a heating rate of 20°C min-1 

 

Stages Parameters BSD 
TBSD (W) 

With NaCl 

TBSD (W) 

without NaCl 

 

Stage_1 

(Moisture 

removal) 

T
range (

oC) 30–120 30–120 30–110 

DRmax  (wt% ·min-1) 1.90 1.98 1.10 

T
max (°C) 67 68 62 

W
loss (%) 4.12 4.06 1.97 

 

 

 

Stage_2 

T
range (

oC) 260–310 – – 

DRmax  (wt% ·min-1) 5.80 – – 

T
max (°C) 282 – – 

W
loss (%) 14.05 – – 

 

 

T
range (

oC) 290–500 180–500 200–500 

DRmax  (wt% ·min-1) 20.08 23.43 25.77 
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Stage_3 T
max (°C) 348 350 359 

W
loss (%) 53.43 65.56 79.73 

Mean Reactivity ( MR) x 102  (wt % min-1
 °C-1) 7.83 6.69 7.18 

% Residual weight after 790°C 23.22 26.77 13.24 

 

Table A2.3: Degradation parameters at different stages of degradation of TBSD, LLDPE blends 

at a heating rate of 5°C min-1 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Stage_1 

(Moisture 

removal) 

T
range (

oC) 30–100 30–110 30–90 30–80 – 

DRmax  (wt% ·min-1) 0.3 0.22 0.21 0.12 – 

T
max (°C) 48 55 53 40 – 

W
loss (%) 1.8 0.52 0.35 0.30 – 

 

 

Stage_2 

T
range (

oC) 180–460 140–390 180–375 200–370 350–510 

DRmax  (wt% ·min-1) 6.82 4.97 3.05 1.38 13.55 

T
max (°C) 325 327 326 327 466 

W
loss (%) 67.30 49.88 29.03 13.88 96.64 

 

 

Stage_3 

T
range (

oC) – 390–540 380–520 370–510 – 

DRmax  (wt% ·min-1) – 2.94 7.29 10.61 – 

T
max (°C) – 468 467 466 – 

W
loss (%) – 27.93 54.82 79.21 – 

Mean Reactivity ( MR) x 102  (wt % min-1
 °C-1) 2.10 2.15 2.50 2.70 2.91 

% Residual weight after 790°C 24.32 18.06 12.89 2.20 1.34 

 

Table A2.4: Degradation parameters at different stages of degradation of TBSD, LLDPE blends 

at a heating rate of 20°C min-1 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Stage_1 

(Moisture 

removal) 

T
range (

oC) 30–120 30–110 30–100 30–95 – 

DRmax  (wt% ·min-1) 1.94 0.94 0.71 1.25 – 

T
max (°C) 65 65 60 48 – 

W
loss (%) 4.3 1.98 1.05 1.97 – 

 

 

Stage_2 

T
range (

oC) 180–460 180–405 200–400 210–390 390–540 

DRmax  (wt% ·min-1) 23.38 16.10 11.08 5.59 47.27 

T
max (°C) 349 349 350 349 487 

W
loss (%) 64.28 49.65 30.37 16.56 96.11 
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Stage_3 

T
range (

oC) – 405–560 400–540 395–530 – 

DRmax  (wt% ·min-1) – 9.44 25.04 35.84 – 

T
max (°C) – 491 488 486 – 

W
loss (%) – 26.9 53.78 74.39 – 

Mean Reactivity ( MR) x 102  (wt % min-1
 °C-1) 6.70 6.54 8.30 8.98 9.71 

% Residual weight after 790°C 26.30 19.39 13.12 5.40 2.40 

 

Table A2.5: Degradation parameters at different stages of degradation of TBSD, LLDPE blends 

at a heating rate of 40°C min-1 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Stage_1 

(Moisture 

removal) 

T
range (

oC) 30–130 30–110 30–110 30–80 – 

DRmax  (wt% ·min-1) 5.33 2.03 1.41 0.49 – 

T
max (°C) 79 77 74 60 – 

W
loss (%) 6.38 2.5 1.22 0.87 – 

 

 

Stage_2 

T
range (

oC) 200–450 180–418 200–400 220–400 380–550 

DRmax  (wt% ·min-1) 46.95 32.24 22.26 11.48 93.55 

T
max (°C) 363 361 362 357 501 

W
loss (%) 62.66 49.13 30.84 14.81 97.57 

 

 

Stage_3 

T
range (

oC) – 418–570 400–550 400–540 – 

DRmax  (wt% ·min-1) – 19.02 49.09 72.43 – 

T
max (°C) – 503 496 500 – 

W
loss (%) – 27.41 54.12 77.76 – 

Mean Reactivity ( MR) x 102  (wt % min-1
 °C-1) 12.93 12.71 16.05 17.70 18.67 

% Residual weight after 790°C 25.55 18.93 12.72 5.63 1.33 

 

Table A2.6: Activation energy (Eα) from model-free methods (KAS, OFW, and FM) for TBSD 

and corresponding R2 value. 

 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 140 0.9983 142 0.9985 155 0.9627 

0.2 149 0.9985 151 0.9987 164 0.9985 

0.3 151 0.9974 153 0.9978 160 0.9984 

0.4 155 0.9988 157 0.9989 195 0.9859 

0.5 158 0.9988 160 0.9990 166 0.9996 
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0.6 157 0.9989 159 0.9991 162 0.9993 

0.7 167 0.9995 168 0.99956 181 0.9975 

0.8 188 0.9949 188 0.9954 273 0.9601 

Avg. 155 0.9981 157 0.9984 180 0.9878 

 

Table A2.7: Activation energy (Eα) from model-free methods (KAS, OFW, and FM) for TBP3:1 

and corresponding R2 value. 

 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 158 0.9979 176 0.9982 167 0.9953 

0.2 163 0.9992 182 0.9993 191 0.9865 

0.3 168 0.9995 187 0.9995 163 0.9995 

0.4 163 0.9997 183 0.9998 166 0.9994 

0.5 168 0.9998 187 0.9998 176 0.9983 

0.6 244 0.9868 264 0.9866 343 0.9909 

0.7 318 0.9733 347 0.9752 272 0.9077 

0.8 275 0.9981 303 0.9982 204 0.9144 

Avg. 207 0.9943 229 0.9946 210 0.9712 

 

Table A2.8: Activation energy (Eα) from model-free methods (KAS, OFW and FM) for TBP1:1 

and corresponding R2 value 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 170 0.9997 171 0.9998 174 0.9997 

0.2 171 0.9993 172 0.9994 149 0.9772 

0.3 188 0.9996 188 0.9996 247 0.9909 

0.4 356 0.9914 347 0.9915 281 0.9590 

0.5 311 0.9973 307 0.9975 294 0.9936 

0.6 307 0.9909 304 0.9915 305 0.9941 

0.7 302 0.9954 299 0.9958 303 0.9973 

0.8 304 0.9949 301 0.9953 293 0.9971 

Avg. 264 0.9923 261 0.9963 256 0.9886 
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Table A2.9: Activation energy (Eα) from model-free methods (KAS, OFW, and FM) for TBP1:3 

and corresponding R2 value 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 207 0.9802 207 0.9817 220 0.9467 

0.2 173.7 0.9354 173.9 0.9510 177 0.9633 

0.3 237.8 0.9201 237.7 0.9289 267 0.9935 

0.4 254 0.9419 253 0.9469 275 0.9929 

0.5 266 0.9625 265 0.9657 282 0.9953 

0.6 271 0.9792 270 0.9810 284 0.9964 

0.7 277 0.9841 276 0.9854 290 0.9966 

0.8 275 0.9914 273 0.9922 283 0.9994 

Avg. 245 0.9598 244 0.9647 260 0.9843 

 

Table A2.10: Activation energy (Eα) from model-free methods (KAS, OFW, and FM) for 

LLDPE and corresponding R2 value. 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 225 0.9970 226 0.9973 267 0.9922 

0.2 256 0.9997 255 0.9997 283 0.9994 

0.3 258 0.9998 257 0.9998 280 0.9984 

0.4 260 0.9996 259 0.9996 278 0.9985 

0.5 266 0.9989 264 0.9990 273 0.9983 

0.6 266 0.9996 264 0.9996 273 0.9996 

0.7 265 0.9987 264 0.9988 261 0.9996 

0.8 266 0.9985 265 0.9987 254 0.9979 

Avg. 258 0.9989 257 0.9991 271 0.9980 

 

Table A2.11: Activation energy (Eα) from model-free methods (KAS, OFW, and FM) for BSD 

and corresponding R2 value. 
 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 
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0.1 164 0.9971 164 0.9974 177 0.9624 

0.2 176 0.9972 177 0.9974 185 0.9960 

0.3 182 0.9901 182 0.9910 189 0.9945 

0.4 174 0.9961 175 0.9965 185 0.9978 

0.5 182 0.9961 183 0.9964 188 0.9972 

0.6 197 0.9935 197 0.9941 215 0.9989 

0.7 203 0.9992 202 0.9993 240 0.9929 

0.8 252 0.9967 246.5 0.9949 448 0.9432 

Avg. 191.3 0.9957 190.9 0.9738 228 0.9854 

 

Biomass composition 

Bamboo comes under the family of Poaceae or Gramineae and Bambusa genera, monocot plants 

and rarely flowering and irregular cycle known as grass. It is the fastest-growing plant on earth, 

grows on poor soil conditions or degrade lands, high productivity and self-regeneration ability 

which make it one of the best-known Bioresource. [6]  Plant cell wall of Bambusa tulda consists 

majorly of biopolymers, namely cellulose, hemicellulose and lignin, and non-structural 

components, extractives and ash in minor amounts. [7] Hexose monomers are the building blocks 

of cellulose (I) which join by glycosidic bonds in regular array to form microfibrils that act as a 

skeleton in the cell wall. Due to inter and intramolecular hydrogen bonding, these microfibrils also 

connected with hemicellulose and lignin. [8] It is crystalline. Based on crystallographic 

configuration, two types of crystalline cellulose (Iα and Iβ) occur in lignocellulosic biomass having 

triclinic, with one chain, and monoclinic, with two chain, structures. [9] 

Hemicellulose is a heteropolysaccharide, amorphous in nature and lower degree of polymerization 

compare to cellulose. Its backbones consist of pentose units (xylose and arabinose), and these units 

also attached with oligosaccharides chain having hexose monomers such as galactose, mannose, 

glucose and fructose. [7] Acetyl units are attached with C2 or C3 in xylose ring and glucuronic 

acid also attached with xylose ring in xylan backbone, shown in Fig. A 2.1b. It acts as linking 
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materials, connected through lignin and cellulose by hydrogen and covalent bonds. The linkage or 

bond between lignin and carbohydrate (LCC) were categorized into five categories including 

phenyl glycosides (C6H5–O–C1), benzyl ether (α–O–4 or β–O–4), alkyl benzyl ether, γ–ester or 

ester linkages with glucuronic acid and acetal bonds shown in Fig. A 2.1d. [10] 

Lignin is tridimensional polymer, amorphous in nature and composition varies from species to 

species. The hardwood, softwood, and grasses contain 20–25, 25–35 and 10–15% lignin, 

respectively. [7] The strength and rigidity of the cell wall depend upon the extent of the lignin 

matrix which consists of three basic units p–hydroxyphenyl (H), guaiacyl (G) and syryngyl (S). 

These units are differentiated based on the number of methoxy groups they contain. The H, G and 

S units possess zero, one and two methoxy groups, respectively. [11] These monomers are joined 

to each other by different linkages such as ether (β–O–4, α–O–4 and γ–O–4), carbon-carbon 

linkage in aromatic and alkylated carbon (β–5, β–1, 5–5), resinol type (β–β, α –O–γʹ, γ–O–αʹ) and 

phenyl-coumarane (β–5, α–O4) [12], shown in Fig. A2.1c. 
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Figure A2.1. Schematic illustration of cellulose (a), hemicellulose (b) and lignin (c) in cell wall 

of bambusa tulda and lignin carbohydrate complex having different bonds [glycosidic (I), benzyl 

ether (II), γ–ester (III), acetal (IV), etc.] (d). 

 

Conversion of xylose into furfural 

The elementary steps related to the conversion of xylose into furfural are presented in two paths 

in Fig. A2.2. An insignificant amount of levulinic acid also formed from glucose through 5–

hydroxymethylfurfural in the presence of Brønsted acid sites. [8] 

 

TH-2788_156107018



 

 

 

236 

 

Figure A2.2. The conversion of Furfural from β–D–xylose by most favourable pathways 

(represented in blue and golden arrows)  

 

 

 

Figure A2.3. FESEM images of bamboo saw dust (a, c & e) and torrefied BSD (b, d & f). 
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Figure A2.4. The TGA (a, c, e and g) and DTG, along with CFP, plots (b, d, f and h) of TBSD 

(a and b), TBP3:1 (c and d), TBP1:1 (e and f) and TBP1:3 (g and h) at 5°C min-1 (CFP: Cumulative 

fit peak with Gaussian function for peak deconvolution). 
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Figure A2.5. The TGA (a, c, e and g) and DTG, along with CFP, plots (b, d, f and h) of TBSD 

(a and b), TBP3:1 (c and d), TBP1:1 (e and f) and TBP1:3 (g and h) at 10°C min-1 (CFP: 

Cumulative fit peak with Gaussian function for peak deconvolution). 
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Figure A2.6. The TGA (a, c, e and g) and DTG, along with CFP, plots (b, d, f and h) of TBSD 

(a and b), TBP3:1 (c and d), TBP1:1 (e and f) and TBP1:3 (g and h) at 20°C min-1 (CFP: 

Cumulative fit peak with Gaussian function for peak deconvolution). 
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Figure A2.7. The TGA (a, c, e and g) and DTG, along with CFP, plots (b, d, f and h) of TBSD 

(a and b), TBP3:1 (c and d), TBP1:1 (e and f) and TBP1:3 (g and h) at 40°C min-1 (CFP: 

Cumulative fit peak with Gaussian function for peak deconvolution). 
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Figure A2.8. TG analysis of a) TBSD, b) TBP3:1, c) TBP1:1, d) TBP1:3 and e) LLDPE: Weight 

loss as a function of temperature (a1, b1, c1, d1 and e1) and DTG (a2, b2, c2, d2 and e2).  
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Figure A2.9. Determination of activation energy using three different isoconversional models: 

KAS (a), OFW (b) and FM (c) of various TBSD+LLDPE blends (TBP3:1: a1 to c1; TBP1:1: a2 

to c2; and TBP1:3: a3 to c3). 
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Annexure A3 

Table A3.1: Degradation parameters and stages of catalytic pyrolysis of TBSD and LLDPE and 

catalytic co-pyrolysis of blends TBP3:1, TBP1:1, and TBP1:3, in presence of HZSM-5, at a 

heating rate of 5°C min-1. 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Moisture 

removal 

 

Stage_1 

T
range (

oC) 30–150 30–150 30–150 30–150 30–150 

DRmax  (wt% min-1) 0.36 0.37 0.26 0.28 0.19 

T
max (°C) 50 48 52 42 55 

W
loss (%) 3.71 3.37 2.67 2.67 1.28 

 

 

Stage_2 

T
range (

oC) 150–370 150–345 180–345 180–395 180–380 

DRmax  (wt% min-1) 2.38 1.77 1.69 2.49 3.29 

T
max (°C) 327 325 319 308 299 

W
loss (%) 21.37 18.87 24.04 32.23 36.82 

 

 

Stage_3 

T
range (

oC) 370–490 345–460 345–440 – – 

DRmax  (wt% min-1) – 0.57 – – – 

T
max (°C) – 365 – – – 

W
loss (%) 3.37 6.73 5.87 – – 

Mean Reactivity ( MR) x 103  (wt.% min-1 °C-1) 7.28 7.01 5.30 8.08 11.01 

% Residual weight after 790°C 68.70 67.25 65.85 63.36 60.51 

 

Table A3.2: Degradation parameters and stages of catalytic pyrolysis of TBSD and LLDPE and 

catalytic co-pyrolysis of blends TBP3:1, TBP1:1, and TBP1:3, in presence of HZSM-5, at a 

heating rate of 20°C min-1. 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Moisture 

removal 

 

Stage_1 

T
range (

oC) 30–150 30–150 30–150 30–150 30–150 

DRmax  (wt% min-1) 1.32 1.11 1.03 1.16 0.55 

T
max (°C) 72 74 72 58 76 

W
loss (%) 2.23 3.27 3.19 4.12 1.62 

 

 

Stage_2 

T
range (

oC) 150–390 150–380 180–375 180–470 180–435 

DRmax  (wt% min-1) 7.96 6.33 6.24 8.45 11.68 

T
max (°C) 351 349 345 333 326 
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W
loss (%) 20.96 20.05 22.82 31.88 37.05 

 

 

Stage_3 

T
range (

oC) 390–660 380–680 375–590 – – 

DRmax  (wt% min-1) – 2.17 – – – 

T
max (°C) – 397 – – – 

W
loss (%) 4.88 8.36 6.91 – – 

Mean Reactivity ( MR) x 103  (wt.% min-1 °C-1) 22.68 23.60 18.09 25.38 35.83 

% Residual weight after 790°C 69.57 67.98 66.03 63.88 61.38 

 

Table A3.3: Degradation parameters and stages of catalytic pyrolysis of TBSD and LLDPE and 

catalytic co-pyrolysis of blends TBP3:1, TBP1:1, and TBP1:3, in presence of HZSM-5, at a 

heating rate of 40°C min-1. 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Moisture 

removal 

 

Stage_1 

T
range (

oC) 30–150 30–150 30–150 30–150 30–150 

DRmax  (wt% min-1) 2.39 2.04 2.38 1.87 1.15 

T
max (°C) 85 84 83 87 85 

W
loss (%) 3.71 3.02 3.2 2.67 1.80 

 

 

Stage_2 

T
range (

oC) 150–400 150–390 180–390 180–550 180–450 

DRmax  (wt% min-1) 15.37 12.38 12.01 15.51 21.62 

T
max (°C) 365 362 360 353 340 

W
loss (%) 21.19 20.67 23.17 33.68 37.52 

 

 

Stage_3 

T
range (

oC) 400–730 390–730 390–710 – – 

DRmax  (wt% min-1) – 4.31 – – – 

T
max (°C) – 411 – – – 

W
loss (%) 11.52 8.20 8.01 – – 

Mean Reactivity ( MR) x 103  (wt.% min-1 °C-1) 42.11 44.69 33.36 43.94 63.59 

% Residual weight after 790°C 69.74 68.12 65.44 61.90 60.86 

 

Table A3.4: The activation energy (Eα) from model-free methods (KAS, OFW, and FM) for 

catalytic pyrolysis of torrefied biomass sawdust without NaCl (*TBSD) and corresponding R2 

value (H-ZSM-5; SAR: 80)  

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 239 0.9974 236 0.9976 232 0.9906 

0.2 227 0.9787 225 0.9787 228 0.9819 
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0.3 218 0.9987 217 0.9988 220 0.9567 

0.4 213 0.9998 212 0.9999 204 0.9995 

0.5 204 0.9996 204 0.9996 197 0.9999 

0.6 205 0.9997 205 0.9997 201 0.9999 

0.7 211 0.9997 210 0.9998 213 0.9987 

0.8 227 1.0000 226 1.0000 252 0.9971 

Avg. 218 0.9967 217 0.9968 218 0.9905 

 

Table A3.5: The activation energy (Eα) from model-free methods (KAS, OFW, and FM) of 

catalytic co-pyrolysis of blends without NaCl (*TBP 1:3) and corresponding R2 value (H-ZSM-5; 

SAR: 80 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 265 0.9647 261 0.9669 253 0.9792 

0.2 233 0.9946 230 0.9945 227 0.9625 

0.3 225 0.9302 223 0.9350 218 0.9064 

0.4 172 0.9843 171 0.9818 192 0.9712 

0.5 183 0.9162 184 0.9245 179 0.9591 

0.6 191 0.9611 191 0.9651 196 0.9520 

0.7 209 0.9672 209 0.9704 242 0.9589 

0.8 257 0.9557 254 0.9593 279 0.9365 

Avg. 217 0.9592 215 0.9622 223 0.9532 

 

Table A3.6: The apparent activation energy, and corresponding R2 value, from isoconversional (KAS, 

OFW and FM) methods of catalytic pyrolysis of TBSD, in presence of HZSM-5 with SAR (80) 

 

 

α 

KAS  MODEL OFW  MODEL 
FRIEDMAN  

MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 199 0.9949 198 0.9953 142 0.9632 

0.2 188 0.9947 188 0.9952 179 0.9967 

0.3 172 0.9981 173 0.9983 162 0.9978 

0.4 173 0.9982 174 0.9984 165 0.9996 

0.5 165 0.9993 167 0.9993 164 0.9995 

0.6 167 0.9997 169 0.9997 172 0.9997 
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0.7 175 0.9965 177 0.9970 221 0.9660 

0.8 255 0.9905 249 0.9957 270 0.9849 

Avg. 187 0.9975 187 0.9970 184 0.9889 

 

 

Table A3.7: The apparent activation energy, and corresponding R2 value, of catalytic co-pyrolysis of 

blends TBP3:1, over HZSM-5 with SAR (80), from isoconversional (KAS, OFW, and FM) methods. 

 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 147 0.9981 148 0.9984 151 0.9965 

0.2 154 0.9967 155 0.9978 152 0.9881 

0.3 155 0.9999 156 0.9999 164 0.9997 

0.4 156 0.9998 158 0.9998 172 0.9699 

0.5 161 0.9986 163 0.9988 164 0.9989 

0.6 159 0.9997 161 0.9995 173 0.9869 

0.7 178 0.9970 180 0.9974 182 0.9974 

0.8 197 0.9955 198 0.9959 211 0.9953 

Avg. 163 0.9983 165 0.9984 171 0.9916 

 

Table A3.8: The apparent activation energy, and corresponding R2 value, of catalytic co-pyrolysis 

of blends TBP1:1, over HZSM-5 with SAR (80), from isoconversional (KAS, OFW, and FM) 

methods 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 139 0.9945 140 0.9951 133 0.9935 

0.2 135 0.9940 137 0.9947 137 0.9859 

0.3 135 0.9968 138 0.9972 141 0.9751 

0.4 134 0.9980 137 0.9982 136 0.9979 

0.5 133 0.9991 136 0.9992 135 0.9993 

0.6 134 0.9989 137 0.9991 131 0.9987 

0.7 132 0.9978 136 0.9981 115 0.9396 

0.8 139 0.9959 143 0.9962 152 0.9995 

Avg. 135 0.9969 137 0.9972 135 0.9862 
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Table A3.9: The apparent activation energy, and corresponding R2 value, of catalytic co-pyrolysis 

of blends TBP1:3, over HZSM-5 with SAR (80), from isoconversional (KAS, OFW, and FM) 

methods 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 160 0.9991 160 0.9992 144 0.9987 

0.2 141 0.9926 143 0.9936 142 0.9831 

0.3 135 0.9927 137 0.9938 134 0.9767 

0.4 133 0.9913 136 0.9926 126 0.9772 

0.5 127 0.9815 130 0.9843 123 0.9757 

0.6 125 0.9841 128 0.9865 116 0.9681 

0.7 120 0.9779 125 0.9814 112 0.9504 

0.8 121 0.9754 126 0.9803 109 0.9408 

Avg. 133 0.9868 136 0.9889 126 0.9713 

 

Table A3.10: The apparent activation energy, and corresponding R2 value, of catalytic pyrolysis 

of LLDPE, in presence of HZSM-5 with SAR (80), from isoconversional (KAS, OFW, and FM) 

methods.  

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 154 0.9997 155 0.9998 157 0.9995 

0.2 150 0.9989 151 0.9991 163 0.9729 

0.3 144 0.9976 146 0.9976 145 0.9995 

0.4 144 0.9985 146 0.9987 146 0.9987 

0.5 147 0.9985 149 0.9987 144 0.9972 

0.6 149 0.9989 151 0.9991 147 0.9953 

0.7 144 0.9949 147 0.9956 142 0.9790 

0.8 144 0.9929 147 0.9938 135 0.9808 

Avg. 147 0.9975 149 0.9978 148 0.9903 
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Figure A3.1. TG analysis of catalytic pyrolysis of TBSD (a, b) and LLDPE (i, j) and catalytic co-

pyrolysis of blends TBP3:1 (c, d), TBP1:1 (e, f), and TBP1:3 (g, h), in presence of HZSM-5, at 

heating rates 5, 10, 20 and 40°C min-1: Weight loss as a function of temperature (a, c, e, g and i) 

and DTG (b, d, f, h, and j).  
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Figure A3.2. Determination of activation energy (Arrhenius plots) using three different iso-

conversion models: KAS (a), OFW (b) and FM (c) of various TBSD+LLDPE blends, TBP3:1: a1 

to c1; TBP1:1: a2 to c2; and TBP1:3: a3 to c3) in presence of HZSM-5 
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Scheme A3.1. Thermal degradation of Cellulose by two processes over zeolite catalyst Scheme 

[15–19] (BA: Brønsted acid site; β: Glycosidic linkage) 
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Scheme A3.2. Formation of aromatic hydrocarbons and coke from Lignin degradation pathway 

over zeolite catalyst [12,20,21] (BA: Brønsted acid site; EB: Etherified bond (α/β-O-4 linkage); 

LMWC: Low molecular weight compounds; Δ: Thermal degradation) 
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Scheme A3.3. Thermal degradation pathway of LLDPE over zeolite catalyst [22–24] (BA: 

Brønsted acid site; R.Sn: Random Scission; M.C.Sn: Mid Chain Scission; E.C.Sn: End Chain 

Scission; Δ: Thermal degradation) 
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Scheme A3.4. Probable reactions between oxygenated furan derivatives obtained from TBSD with 

olefin (LLDPE) in copyrolysis over zeolite catalyst [19,25,26] (BA: Brønsted acid site; Δ: Thermal 

degradation) 

 

 

 

 

 

TH-2788_156107018



 

 

 

254 

 

 

Annexure A4 

 Table A4.1: The catalytic (co)pyrolysis reaction parameters of TBSD, LLDPE, and their blends 

at 5°C min-1 ramp rate 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Moisture 

removal 

 

 

Stage_1 

T
range (

oC) 30–140 30–140 30–120 30–120 30–120 

DRmax  (wt% min-1) 0.46 0.26 0.34 0.31 0.24 

T
max (°C) 50 56 47 46 52 

W
loss (%) 4.3 2.15 2.85 2.49 2.15 

 

 

 

 

Stage_2 

T
range (

oC) 170– 390 150–275 130–300 130–300 130–320 

DRmax  (wt% min-1) 1.97 0.50 1.01 1.33 1.71 

T
max (°C) 351 233 233 234 238 

W
loss (%) 22.54 6.56 14.06 19.74 25.96 

 

 

 

 

Stage_3 

T
range (

oC) 390–625 275–390 300–385 310–380 320–550 

DRmax  (wt% min-1) 0.23 1.62 1.09 0.75 0.55 

T
max (°C) 413 352 353 354 371 

W
loss (%) 5.62 16.72 10.51 7.84 10.51 

 

 

 

 

Stage_4 

T
range (

oC) – 390–550 385–485 380–450 – 

DRmax  (wt% min-1) – 0.30 0.36 0.49 – 

T
max (°C) – 412 405 405 – 

W
loss (%) 0 5.52 4.47 5.16 0 

Mean Reactivity ( MR) x 102  (wt % min-1
 °C-1) 0.61 0.75 0.83 0.90 1.33 

% *Residual weight at 790°C 65.44 65.85 64.75 62.25 60.71 

Calculated residual weight# 5.44 4.40 3.37 2.33 0.71 

*Weight of catalyst included in the residual weight. #after subtraction of the catalyst weight. 

 

Table A4.2: The catalytic (co)pyrolysis reaction parameters of TBSD, LLDPE, and their blends 

at 20°C min-1 ramp rate 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Moisture 

removal 

 

 

Stage_1 

T
range (

oC) 30–140 30–140 30–140 30–140 30–140 

DRmax  (wt% min-1) 1.01 1.42 1.13 0.98 0.95 

T
max (°C) 75 70 69 71 70 

W
loss (%) 2.84 3.71 2.72 2.51 2.32 
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Stage_2 

T
range (

oC) 180–425 150–305 150–330 150–335 150–340 

DRmax  (wt% min-1) 6.74 1.73 3.43 4.34 5.29 

T
max (°C) 376 267 261 261 268 

W
loss (%) 22.07 6.56 13.86 18.35 23.5 

 

 

 

 

Stage_3 

T
range (

oC) 425–730 305–420 330–410 335–405 340–560 

DRmax  (wt% min-1) 0.81 5.16 3.76 2.57 2.94 

T
max (°C) 450 375 375 373 395 

W
loss (%) 5.69 16.26 10.21 7.66 13.69 

 

 

 

 

Stage_4 

T
range (

oC) – 420–700 410–670 400–600 – 

DRmax  (wt% min-1) – 1.30 1.85 2.02 – 

T
max (°C) – 444 427 428 – 

W
loss (%) – 6.04 6.5 6.39 – 

Mean Reactivity ( MR) x 102  (wt % min-1
 °C-1) 1.97 2.32 2.75 2.82 4.08 

% *Residual weight at 790°C 68.87 66.73 66.22 64.23 60.10 

Calculated residual weight# 8.87 6.68 4.49 2.29 0.1 

*Weight of catalyst included in the residual weight. #after subtraction of the catalyst weight. 

 

Table A4.3: The catalytic (co)pyrolysis reaction parameters of TBSD, LLDPE, and their blends 

at 40°C min-1 ramp rate 

Stages Parameters TBSD TBP3:1 TBP1:1 TBP1:3 LLDPE 

Moisture 

removal 

 

 

Stage_1 

T
range (

oC) 30–140 30–150 30–150 30–150 30–150 

DRmax  (wt% min-1) 1.71 2.13 0.75 1.88 0.78 

T
max (°C) 92 87 98 87 94 

W
loss (%) 2.48 3.01 0.87 2.45 0.97 

 

 

 

 

Stage_2 

T
range (

oC) 180–430 150–320 150–330 150–345 150–350 

DRmax  (wt% min-1) 12.89 3.44 5.88 7.64 9.72 

T
max (°C) 388 285 281 281 281 

W
loss (%) 21.37 6.39 11.9 17 21.21 

 

 

 

 

Stage_3 

T
range (

oC) 430–780 320–425 330–420 345–420 350–580 

DRmax  (wt% min-1) 1.54 10.52 7.43 5.52 4.94 

T
max (°C) 465 390 386 385 404 

W
loss (%) 6.38 15.68 11.96 8.8 12.13 

 

 

 

T
range (

oC) – 425–770 420–740 420–710 – 

DRmax  (wt% min-1) – 3.50 4.29 4.64 – 

T
max (°C) – 456 438 436 – 
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Stage_4 
W

loss (%) – 7.32 7.49 7.05 – 

Mean Reactivity ( MR) x 102  (wt % min-1
 °C-1) 3.65 4.67 4.99 5.22 4.68 

% *Residual weight at790°C 69.39 67.60 67.42 63.87 65.36 

Calculated residual weight# 9.39 8.38 7.38 6.37 5.36 

*Weight of catalyst included in the residual weight. #after subtraction of the catalyst weight. 

 

Table A4.4: Synergism of mixed samples with four ramp rates (5–40°C min-1) over MesoHY 

zeolite 

RR 

Extent of synergism 

TBP3:1 TBP1:1 TBP1:3 

ΔW* Ta ΔW# Tb ΔW* Ta ΔW# Tb ΔW* Ta ΔW# Tb 

5 – – 2.42 400 1.08 247 2.51 395 0.49 238 2.48 389 

10 1.65 248 1.06 410 1.37 256 2.02 400 1.89 247 1.37 399 

20 1.43 273 1.26 426 1.62 288 2.85 416 0.92 273 3.31 418 

40 1.36 298 0.84 434 0.27 310 2.14 421 2.0 290 – – 

RR: Ramp rate; ΔW*: Maximum weight percentage difference (negative values); ΔW#: Maximum weight 

percentage difference (positive values); Ta: Maximum temperature (°C) for ΔW*; Tb: Maximum temperature 

(°C) for ΔW# 

 

Table A4.5: The activation energy (Eα) from model-free methods (KAS, OFW, and FM) for 

TBSD and corresponding R2 value (MesoHY: SAR: 80) 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 176 0.9929 177 0.9935 191 0.9950 

0.2 208 0.9949 207 0.9954 219 0.9969 

0.3 211 0.9993 211 0.9993 211 0.9999 

0.4 213 0.9996 212 0.9996 207 0.9999 

0.5 202 0.9998 202 0.9998 198 0.9982 

0.6 207 0.9998 207 0.9998 212 0.9962 

0.7 171 0.9933 170 0.9930 250 0.9612 

0.8 343 0.9523 325 0.9519 370 0.95557 
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Avg. 216 0.9915 214 0.9915 232 0.9879 

 

Table A4.6: The activation energy (Eα) from model-free methods (KAS, OFW, and FM) for 

TBP 3:1 and corresponding R2 value (MesoHY: SAR: 80) 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 105 0.9981 108 0.9984 108 0.9957 

0.2 125 0.9886 128 0.9902 151 0.9799 

0.3 176 0.9914 176 0.9923 188 0.9971 

0.4 184 0.9944 184 0.9951 196 0.9953 

0.5 193 0.9985 194 0.9987 190 0.9999 

0.6 188 0.9984 189 0.9986 184 0.9995 

0.7 183 0.9980 184 0.9983 180 0.9824 

0.8 212 0.8729 213 0.8845 274 0.9411 

Avg. 171 0.9800 172 0.9820 184 0.9864 

 

Table A4.7: The activation energy (Eα) from model-free methods (KAS, OFW, and FM) for 

TBP 1:1 and corresponding R2 value (MesoHY: SAR: 80) 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 97 0.9993 100 0.9994 92 0.9985 

0.2 89 0.9987 93 0.9989 84 0.9953 

0.3 87 0.9958 92 0.9966 84 0.9880 

0.4 92 0.9869 97 0.9894 110 0.9774 

0.5 139 0.9848 141 0.9868 180 0.9983 

0.6 170 0.9980 172 0.9983 177 0.9993 

0.7 167 0.9960 169 0.9965 152 0.9902 

0.8 181 0.9649 183 0.9689 233 0.9735 

Avg. 128 0.9905 131 0.9918 139 0.9901 

 

Table A4.8: The activation energy (Eα) from model-free methods (KAS, OFW, and FM) for 

TBP 1:3 and corresponding R2 value (MesoHY: SAR: 80) 
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α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 99 0.9998 102 0.9998 95 0.9996 

0.2 94 0.9984 98 0.9988 89 0.9980 

0.3 89 0.9980 93 0.9984 83 0.9954 

0.4 87 0.9974 92 0.9980 83 0.9928 

0.5 90 0.9915 95 0.9933 103 0.9848 

0.6 126 0.9746 129 0.9784 168 0.9862 

0.7 160 0.9863 162 0.9881 166 0.9933 

0.8 191 0.9811 192 0.9831 239 0.9843 

Avg. 117 0.9903 120 0.9923 128 0.9918 

 

Table A4.9: The activation energy (Eα) from model-free methods (KAS, OFW, and FM) for 

LLDPE and corresponding R2 value (MesoHY: SAR: 80) 

 

α 

KAS MODEL OFW MODEL FRIEDMAN MODEL 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

Eα 

(kJ.mol-1) 
R2 

0.1 98 0.9985 101 0.9987 98 0.9952 

0.2 98 0.9937 101 0.9946 96 0.9861 

0.3 96 0.9902 100 0.9917 92 0.9761 

0.4 94 0.9809 98 0.9840 89 0.9543 

0.5 90 0.9652 95 0.9712 89 0.9201 

0.6 96 0.9548 101 0.9637 108 0.9423 

0.7 122 0.9289 126 0.9408 153 0.9555 

0.8 161 0.9213 163 0.9302 201 0.9580 

Avg. 107 0.9667 111 0.9719 116 0.9610 

 

Table A4.10: Various solid-state reaction mechanisms and corresponding expressions for f(α), 

g(α), and Z(α). 

Model Model 

code 

differential form 

𝒇(𝜶) =  
𝟏

𝒌

𝒅𝜶

𝒅𝒕
 

Integral form 

𝒈(𝜶) = (𝒌𝒕) 

𝒁(𝜶) = 𝒇(𝜶) ∗ 𝒈(𝜶) 

Nucleation model 

Power law P2/3 2/3(𝛼)−1/2 (𝛼)3/2 2/3(𝛼)−1/2 ∗  (𝛼)3/2 
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Power law P2  

(n=1/2) 
2(𝛼)1/2 (𝛼)1/2 2(𝛼)1/2 ∗ (𝛼)1/2 

Power law P3 

(n=1/3) 
3(𝛼)2/3 (𝛼)1/3 3(𝛼)2/3 ∗  (𝛼)1/3 

Power law P4 

(n=1/4) 
4(𝛼)3/4 (𝛼)1/4 4(𝛼)3/7 ∗ (𝛼)1/4 

Avrami–

Erofeyev 

A2 2(1 − 𝛼)[(− ln(1 − 𝛼)]1/2 [(− ln(1 − 𝛼)]1/2 2(1 − 𝛼)[(− ln(1 − 𝛼)]1/2 ∗ [(− ln(1 − 𝛼)]1/2 

Avrami–

Erofeyev 

A3 3(1 − 𝛼)[(− ln(1 − 𝛼)]2/3 [(− ln(1 − 𝛼)]1/3 3(1 − 𝛼)[(− ln(1 − 𝛼)]2/3 ∗ [(− ln(1 − 𝛼)]1/3 

Avrami–

Erofeyev 

A4 4(1 − 𝛼)[(− ln(1 − 𝛼)]3/4 [(− ln(1 − 𝛼)]1/4 4(1 − 𝛼)[(− ln(1 − 𝛼)]3/4 ∗ [(− ln(1 − 𝛼)]1/4 

Geometrical contraction model 

Contracting 

area 

R2 2(1 − 𝛼)1/2 1 − (1 − 𝛼)1/2 2(1 − 𝛼)1/2 ∗ 1 − (1 − 𝛼)1/2 

Contracting 

volume 

R3 3(1 − 𝛼)2/3 1 − (1 − 𝛼)1/3 3(1 − 𝛼)2/3 ∗ 1 − (1 − 𝛼)1/3 

Diffusion model 

1–D diffusion D1 1

(2𝛼)
 

(𝛼)2 1

(2𝛼)
∗ (𝛼)2 

 

2–D diffusion 

 

D2 
− [

1

ln(1 − 𝛼)
] 

[(1 − 𝛼) ln(1 − 𝛼)] + 𝛼 
− [

1

ln(1 − 𝛼)
] ∗ [(1 − 𝛼) ln(1 − 𝛼)] + 𝛼 

 

 

3–D diffusion 

 

 

D3 

[
3(1 − 𝛼)1/2

2(1 − (1 − 𝛼)1/3
] 

 

1 − (2
3⁄ )𝛼 − (1 − 𝛼)2/3 

[
3(1 − 𝛼)1/2

2(1 − (1 − 𝛼)1/3
] ∗ 1 − (2

3⁄ )𝛼 − (1 − 𝛼)2/3 

Reaction order model 

Zero order F0 1 𝛼 1* 𝛼 

 

First order 

F1 (1 − 𝛼) −𝑙𝑛(1 − 𝛼) (1 − 𝛼) ∗ −𝑙𝑛(1 − 𝛼) 

 

Second order 

 

F2 

(1 − 𝛼)2 
[

1

(1 − 𝛼)
− 1] (1 − 𝛼)2 ∗ [

1

(1 − 𝛼)
− 1] 

Third order F3 (1 − 𝛼)3 1

2
[

1

(1 − 𝛼)2
− 1] 

(1 − 𝛼)3 ∗ 
1

2
[

1

(1−𝛼)2 − 1] 
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Figure A4.1.  TG analysis of three different TBSD+LLDPE blends (a) TBSD (b) TBP3:1, (c) 

TBP1:1, (d) TBP1:3 and e) LLDPE: Weight loss as a function of temperature (a1, b1, c1, d1 and 

e1) and DTG (a2, b2, c2, d2 and e2) in presence of MesoHY zeolite 
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Figure A4.2. Determination of Activation energy using three different iso-conversion models: 

KAS (a1) OFW (b1) and FM (c1), of various TBSD + LLDPE blends, TBP3:1: a1 to c1; TBP:1: 

a2 to c2; and TBP1:3: a3 to c3) over MesoHY zeolite 

3.5 Catalytic pyrolysis pathways for cellulose and lignin over HY catalyst 

 Cellulose consists of D-glucose units joined by beta glycosidic linkages [β–(C1↔C4)] and is 

crystalline. The CP of cellulose over zeolite gives various products such as anhydrosugars, furan 

derivatives, light oxygenates, olefins (C2–C6), and mono and polyaromatic hydrocarbons (MAH 

and PAH). [27] Formation of aromatics from CP of cellulose occurs in various reactions over a 

zeolite catalyst. First, the cellulose degrades into oligosaccharides and monosaccharides over the 

external surface of zeolite by the breaking of glycosidic linkages. Further, the C6 monomers are 

a1)

b1)

a2)

c1)
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converted into anhydrosugars (e.g., levoglucosan). These anhydrosugars again break down into 

two different oxygenates viz light oxygenates (e.g., hydroxylacetaldehyde and acetic acid) and 

heavy oxygenates such as furanic derivatives. The heavy oxygenates are formed by dehydration, 

cleavage of C2 or C4 bonds, decarboxylation, retro aldol condensation, and rearrangement (Grob 

type rearrangement). Moreover, these partially dehydrated oxygenates move into the pore of the 

zeolite where a series of reactions (i.e. dehydration, decarbonylation, decarboxylation, and 

oligomerisation) occur on catalytic sites (BAS and LAS) to produce aromatics by hydrocarbon 

pool mechanism (Scheme A4.3). The polyaromatic hydrocarbons also form due to the reactions 

between monoaromatics and oxygenates in the hydrocarbon pool. [28] Lignin is a complicated 

structure consisting of compounds such as phenyl propane, which are thermally stable. [17] The 

production of gaseous (CO2, CH4, CO, and H2) and liquid products occurs during lignin 

pyrolysis.[29,30] At low temperatures (<200°C), the degradation of the phenyl propane unit is 

very slow. At temperatures in the range of 250°C, the side chain of a benzene ring, having different 

functional groups, converts to compounds such as CO2, acetic acid, acetaldehyde. [29,30] At 

350°C, the degradation of phenyl ether (β–O–4) occurs to produce phenol derivatives on the 

external surface of the catalyst. These derivatives then move into the catalyst pore and undergo 

deoxygenation and dehydration reactions at acidic sites and subsequently convert into aromatics 

by Diels-Alder reaction. [31,32] The depolymerization and reconstruction of lignin also occur at 

reaction temperatures 350°C. In the temperature range 350–450°C, decarbonylation, deolefination 

occur. Moreover, the reactions polycondensation and reconstruction of benzene convert it to fused 

structure, which acts as a precursor of coke (Scheme A4.4 and A4.5). [33] 

3.6 Global degradation pathways in catalytic co-pyrolysis of torrefied biomass and plastic 
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In CCP, the hydrocarbons form by Diels-Alder reaction between furan derivatives and plastic-

derived olefins in the hydrocarbon pool, found inside the zeolite pore. [3] The kinetic diameter of 

phenol (0.45–0.54 nm) and its derivatives (> 0.54 nm) [34] derived from lignin adsorb onto the 

surface of catalyst and form coke that reduce catalytic activity but H-transfer from plastic improves 

cracking activity.[3,35] Hydrogen transfer from plastic also contributes to the synergism in terms 

of production of aromatics (Schemes A4.3, A4.4, and A4.5) [36] and lower activation energies of 

the blends (Fig. 4). Overall, in CCP, the interaction is favored through a combination of Diels-

Alder, hydrocarbon pool, and H-transfer reactions. [37]  
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Scheme A4.3. Degradation pathways for CP of cellulose over HY zeolite. [31,38–41] 
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Scheme A4.4. Degradation pathways for CP of lignin over HY zeolite. [3,31,35,37,42,43] 
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Scheme A4.5. Global degradation pathways for co-pyrolysis of TBSD and plastic by hydrocarbon 

pool mechanism in the pores of HY zeolites. [3,33,35,37] 
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