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Abstract 

Co-pyrolysis of the coal-biomass blend has wide-ranging application prospects in 

relieving energy crises and environmental pollution. In this study, coal-biomass 

(hemp, sawdust) blends were prepared at various blending ratios (20-80%) for co-

pyrolysis investigating. The coal-biomass blends were characterized using ultimate 

analysis (CHN), gross calorific value (GCV), Fourier transform infrared spectroscopy 

(FTIR). The co-pyrolysis of blends was performed in thermogravimetric analyzer 

(TGA). Furthermore, the synergistic effect in each blend was observed by the deviation 

between the experimental and calculated data of mass loss (ML), residue left (RL), and 

maximum mass loss rate (DTGmax). The values of deviation in ML and DTGmax 

indicated the synergistic effect and inhibitory effect during co-pyrolysis. Kinetic 

parameters were analyzed by employing the Coats-Redfern method with thirteen 

integral functions. The activation energy (Ea) for individual coal (100C) was 39 kJ/mol 

through one and half chemical reaction (F3/2), while individual sawdust (100SD) and 

hemp (100H) showed 60 kJ/mol through deceleratory reaction mechanism for 

contracting sphere (R3) and 44 kJ/mol through the second order chemical reaction 

(F2), respectively. Thermodynamic parameters such as change in enthalpy (ΔH), 

change in Gibbs free energy (ΔG) showed positive values, while the change in entropy 

(ΔS) was negative for each coal-biomass blend. The C-SD blends are suitable to 

produce bio-oil as 100SD contained a larger number of volatiles, whereas the C-H 

blends are suitable to produce bio-char as 100H produced more residue after co-

pyrolysis. Hemp bio-char was further characterized by FTIR, TGA, and SEM-EDX 

analysis to investigate its potential in environmental and energy applications. 

 

Keywords: Hemp pyrolysis, coal-biomass blends, Co-pyrolysis, Synergistic effects, 

Kinetics & Thermodynamics, Bio-char   
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Chapter 1                                            

Introduction 

1.1 Background 

In a developed country, the energy production by resilience on fossil fuels (Coal, 

Natural Gas, and conventional oil) is the keystone for economic growth. However, the 

penalty should be paid with accelerated economic growth [1] in terms of reserves 

depletion which will further increase the cost of fossil fuels in upcoming years. Alongside, 

the consumption of fossil fuels is causing destructive emissions (like CO2, SOx, and NOx) 

for living things on the planet that ultimately destroy the ecosystem [2]. At present, the 

gas and oil sectors are under challenges about how to produce sustainable energy from 

conventional resources to partially save their reserves. Natural gas and oil are considered 

as the rapidly depleting source of energy in the future, but coal reserves can show a 

significant contribution to encounter a global energy demand in the future because coal 

reserves will be available up to the next two hundred years. While natural gas sixty-five 

and oil will be available up to forty years [3]. 

Therefore, coal remains the prominent source of energy for power generation and 

domestic uses across the globe [4]. More coal is being used with industrial development 

and increased energy demand. There is two main consideration that should be kept in mind 

when utilizing coal, the first one is the harmful emissions which emits after its combustion 

like CO2, NOx, and SOx [4, 5]. And the second one is the reserves that will deplete faster 

rate than right now because all the energy productions will mainly rely on coal. As a result, 

finding renewable and ecologically favourable feedstock for a long-term supply of fuels 

and energy is essential [6].  

However, to reduce the emissions, sustainable utilization of coal is under 

development and global research with strong importance on CO2 reduction and 

inexpensive energy supply. The vast coal deposits may be exploited to make synthetic oil 
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and other valuable products such as char, syngas, and other materials that can be used to 

partially replace consumption of conventional oil and gas. Additionally, pyrolysis of coal 

is a suitable option to produce liquid and solid fuels that are low sulfur and phosphor 

content as well as low ash content [7]. Among renewables supply for partial substitute of 

coal reserves, biomass gained more interest due to its wide abundance and CO2 neutrality 

in the atmosphere during utilization as compared to fossil fuels [8] as shown in Figure 1-1. 

More than half of global research over the last three decades has focused on biomass 

energy source [9]. Biomass can be transformed to biofuels and biochemical products 

through several methods [5]. 

 

Figure 1-1 CO2 intake and emission cycle for conventional and renewable fuels 

(self-created)  
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Biomass pyrolysis has recently attracted increasing attention among these 

approaches because it may create three useful products: bio-oil, bio-char, and biogas [10, 

11]. Pyrolysis oil utilized as a fuel or a feedstock for a variety of commercial chemicals. 

Boilers, and turbines may all use bio-oil directly [12]. Furthermore, pyrolysis oil has 

received excellent reviews due to its less emissions.[12, 13]. 

1.2 Problem statement 

The yield and quality of coal pyrolysis products to form synthetic fuels are relatively 

poor due to the low hydrogen-to-carbon ratio of coal [14].  Furthermore, large-scale 

biomass operations for the production of biofuels and value-added goods would need the 

use of biomass mixes rather than a single kind of biomass, necessitating the use of biomass 

blends rather than a single type of biomass. [15]. Therefore, it is a challenge to explore 

and characterize more types of biomass to reduce the problem with the seasonal 

availability of biomass [16]. Despite being environmentally beneficial, pyrolysis oil has 

inferior fuel qualities than fossil fuels, notably in terms of ignition proficiency. This 

difficulty is caused by the high proportion of oxygenated chemicals in pyrolysis oil in this 

scenario [11, 17, 18]. Furthermore, the high moisture and oxygen content of pyrolysis oil 

causes corrosion, low caloric value, and instability [12, 19].  

It is difficult to find out optimum blending ratio for the coal-biomass blend to gain 

a more synergistic effect during coal-biomass co-pyrolysis. Furthermore, the thermo-

kinetics of coal and biomass is a crucial parameter that needs to be evaluated for designing 

and scaling of pyrolysis reactor [20]. The kinetics evaluation of coal and biomass is a 

complex process because many chemical reactions may involve during its thermal 

degradation [21]. As a result, understanding kinetic and thermodynamic characteristics is 

critical for building a pyrolysis process that is both efficient and long-lasting [22]. 

1.3 Research hypothesis 

The combination of coal with biomass could be utilized to counter seasonality of 

biomass and provide a long-term feedstock [23]. The utilization of biomass for co-
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pyrolysis with coal can accelerate the cracking of coal, resulting in higher-quality and 

yielding products than individual coal pyrolysis. The biomass contains more hydrogen, 

making it a hydrogen donor during co-pyrolysis to increase coal cracking [24]. 

Furthermore, combining coal with biomass is a potential option for reducing unsustainable 

fossil fuel consumption as well as pollution concerns. [25]. Co-pyrolysis is also beneficial 

to biomass since it increases the calorific value of products and reduces process instability 

caused by highly oxygenated molecules in bio-oil. For this purpose, Coal-Sawdust (C-

SD) and Coal-Hemp (C-H) blends were prepared at various blending ratios and 

characterized to evaluate the physical and chemical properties of coal-biomass blends. 

Each blending ratio was characterized to find out the optimum blending ratio to gain a 

more synergistic effect. Additionally, the kinetics and thermodynamic parameters of C-

SD and C-H blends were calculated through a detailed study to evaluate the reaction 

mechanism for each stage of decomposition which will help in designing and scaling of 

co-pyrolysis reactor. 

1.4 Objectives of study  

The research conducted in this thesis mainly focuses on the co-pyrolysis of coal-

biomass blends. The goal of this study is to develop and investigates the characterization 

of coal-biomass blends in order to assess the chemical and physical properties of separate 

coal and biomass, as well as how these qualities may change when coal and biomass are 

blended. The experimental work reported in this study is consistent and agrees with 

previous studies. The study's key objectives are as follows: 

 To prepare coal-biomass blends and evaluate their characteristics at various 

blending ratios.  

 To find out the optimum blend having the highest synergistic effects. 

 To find out the kinetics and thermodynamic parameters through the Coats-Redfern 

method that will help in approaching the most suitable reaction mechanism for 

each stage of decomposition during pyrolysis and co-pyrolysis. 
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 To prepare and investigate the characterization of hemp bio-char for the seek of 

its suitable applicability.   

1.5 Scope of study  

For modelling of the co-pyrolysis system, coal-biomass blends were prepared and 

characterized. After gathering the materials, the bituminous coal (100C), sawdust 

(100SD), and wild hemp (100H) were dried in an oven for 24 hours at 105 °C to remove 

moisture. After screening, both coal and biomass had particle sizes of 0.63 mm. Several 

factors influence coal and biomass co-pyrolysis, including feedstock type, blending ratio, 

heating rate, reaction mechanism, and reactor design. The scope of the research is shown 

in Figure 1-2. For the co-pyrolysis process, several blending ratios of coal-biomass blends 

were generated in this investigation. Ultimate analysis (CHN), gross calorific value 

(GCV), and Fourier transform infrared spectroscopy were used to analyses the coal-

biomass blends (FTIR). TGA analysis of coal-biomass samples was also carried out in an 

inert (N2) atmosphere to assess their co-pyrolysis behavior. The synergistic effects were 

calculated using the difference between experimental and computational data. The Coat-

Redfern approach was used to compute kinetics parameters such as activation energy (Ea) 

and pre-exponential factor (A) using thirteen integral functions. Changes in enthalpy (H), 

Gibbs free energy (G), and entropy (S) were calculated as well as other thermodynamic 

parameters. The 100H is pyrolyzed to form bio-char, and hemp-derived bio-char is further 

processed. 
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Figure 1-2 Steps involved in the research scope (self-created). 

 

1.6 Flow chart of thesis 

The thesis flow chart is presented in Figure 1-3. The goal of the study was to see 

how biomass and coal could be used more efficiently and sustainably instead of being 

wasted in landfills or causing damaging pollutants. A literature review was undertaken on 

both coal and biomass current statistics and utilisation for this purpose. CHN, GCV, FTIR, 

and TGA were used to prepare and characterize coal-biomass blends. The TGA data was 

also used to describe the co-pyrolysis process in terms of kinetics and thermodynamics. 

The hemp bio-char was made in a fixed bed reactor and then characterized using FTIR, 

TGA, and SEM-EDX to determine its suitability for use in the energy and agriculture 

fields. In the results and discussion section, the data from the results were carefully 

reviewed. 
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Figure 1-3 Thesis flow diagram (self-created) 
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Summary 

As the energy demand is increasing with the industrialization. There are number of 

fossil fuel (coal, natural gas, natural oil) that play a prominent role in fulfilling the energy 

demand. However, fossil fuels are depleting and causes serious environmental damage. 

According to the literature, coal will be available for up to 200 years, whereas natural gas 

(65 years) and natural oil would be available for only 65 years (40 years). Therefore, it is 

need of time to partially or completely substitute fossil fuels with sustainable fuels. 

Biomass is one of the potential fuel sources in all over the world. But there is some 

problem in biomass utilization such as in pyrolysis the high moisture, oxygen content 

causes the low calorific value of fuel. Also, excessive amount of these content causes 

fouling and slagging in boiler. As a result, this study looked at the co-pyrolysis of coal-

biomass blends. Co-pyrolysis solves the challenges associated with individual coal and 

biomass pyrolysis. Furthermore, combining biomass and coal reduces harmful emissions 

because biomass is carbon neutral and contains less Sulphur and nitrogen. 
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Chapter 2                                                

Literature Review 

2.1 Coal Overview  

Carbon and hydrocarbons, which have a high energy density and are produced when 

coal is burned, make up the majority of coal (burning). During the First Industrial 

Revolution, coal-burning became a movement. From an economic aspect, this energy 

source was revolutionary. On the other hand, ambient air pollution is harmful to the 

environment. [1-3]. Coal production is continuing to rise due to increased demand for low-

cost energy, iron and steel, and cement. With an estimated 1.1 trillion tonnes of confirmed 

coal reserves worldwide, coal will last around 115 years longer than conventional oil and 

gas reserves, depending on current extraction rates. The production of coal in the world is 

dominated by ten countries, which account for 90% of total output. For the past three 

decades, China has been the world's greatest coal producer (with almost a third of the 

world's total reserves), followed by the United States of America, India, Australia, 

Indonesia, Russia, South Africa, Kazakhstan, Columbia, and Ukraine [4]. 

Coal is the second most important energy source on the planet, accounting for 40% 

of worldwide primary energy use.[5]. In major developing nations, coal is utilized as an 

primary energy source. In December 2015, all nations committed in Paris to invest and 

intensify efforts to prevent global warming to achieve a sustainable, low-carbon future. 

The Paris Agreement aims to lower greenhouse gas emissions [6]. Most poor countries 

are more preoccupied with the here and now than with the future, hence the goals are 

unlikely to be met. Power plants release toxins into the environment, which can harm 

people's health [7]. Not only the burning of coal is a health risk but the huge amount of 

coal dust produced during extractions, transportation is also a cause of xenobiotic diseases 

for workers and nearby neighborhoods [8]. 
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Low and middle income nations with around 97% of their cities having population 

higher than 0.1 million do not fulfill WHO air quality recommendations [9]. Although 

coal combustion is one of the contaminants, it is also crucial to highlight that coal 

transportation, point-source household heating, cooking sources, and automobile fuel 

combustion all contribute to environmental pollution. An organism's ability to operate 

properly is dependent on the quality of the air it breathes [10]. Figure 2-1 illustrates the 

classification, availability, and the path for each type effect utilization of coal: 

Lignite (60-75 percent carbon on a dry ash-free basis, 30-70 percent moisture): 

Lignite is completed from compacted peat. It is also a low-rank coal which is very volatile 

and majorly utilized in power plants. It is employed in the generation of power. Polished 

"jet" lignite is often used to make ornamental stones [11]. 

 

 

Figure 2-1 Coal classification, availability, and utilization around the world (self-

created) 
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Sub-bituminous Coal: (carbon content ranges from 71 to 77 percent on a dry ash-

free basis): It's substantial and ranges from dusky brown to lean black having 15-30% 

moisture content. This sort of coal has a heat content ranging from 8300 to 11500 BTU/lb. 

It's used to generate steam-powered electricity [12]. 

Bituminous coal (carbon content ranging from 77 to 87 percent): This type of coal 

is dense black having 77-87% carbon content along with a moisture level of 1.5-7 percent. 

Bituminous coal is dense, black coal made from compressed broken down lignite. These 

coals are commonly used in the production of briquettes and power plants, as well as the 

production of coke. When compared to lignite coal, it has two to three times the heat 

content [13]. 

Anthracite (carbon content ranges from 86 to 97 percent): It's the best ignitable coal, 

with a black vitreous sheen. It is the most abrasive type of coal. It is a non-smoking fuel 

that is mostly used in residential and commercial settings. It produces a lot of heat and 

burns for a long period. It has a relatively low Sulphur concentration [14]. In Pakistan, 

coal accounts for only 0.2 percent of total electricity output. It is mostly used to generate 

heat. It is cost-effective but harmful to the environment. If the correct coal policies are 

implemented, it can result in a sharp increase. Pyrolysis of coal forms  liquids and other 

compounds, however because of the low amount of hydrogen, the yield is low [15]. Coal 

pyrolysis is an exciting technology for improving fluid quality and production, but 

expensive hydrogen prevents it from being widely used in business [16].  

2.2 Biomass Overview and utilization  

One of the potential abundant energy resources globally, are biomass resources; 

annual primary output exceeds 4500 EJ, having 2900 EJ as potential bioenergy, about 270 

EJ of which is sustainable. Currently, global biomass residues and wastes, which include 

by-products of food, fiber, and forest production, exceeded 110 EJ per year, with only 

approximately 10% of that being exploited for energy. In the commercial sector, residues 

concentrated at industrial sites are currently the most extensively used biomass source 

[17]. Each year, Pakistan produces approximately 220 billion tonnes of biomass and 
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municipal solid waste, indicating a considerable improvement in energy production. A 

considerable percentage of it is burned inefficiently in open areas, polluting the 

environment. The IEA (International Energy Agency) suggested that biofuels might meet 

roughly 27% of the world's fuel demands through 2050. This suggests that biofuels have 

a lot of potential and are a viable answer for the masses' future energy demands. 

Agricultural waste is employed as biomass fuel for renewable energy generation in 

advanced countries, while biomass is still underutilized in developing countries. The 

world bank has released an atlas that includes a report on Pakistan's biomass energy 

potential, which includes locations such as sugar mills, rice plants, municipal solid waste 

dumps, and dairy farms. Crop leftovers left in agricultural fields which are left or thrown 

away because they are of no use. 

 Crop processing leftovers have a potential of 25.3 million tonnes per year, with an 

equal energy potential of 61,838 GWh/year, while crop harvesting residues have a 

potential of 114 million tonnes per year, with an equivalent energy potential of 448,990 

GWh/year, according to the report. Pakistan is expected to collect about 20 million tonnes 

of organic waste, up 2.4 percent from last year. Every day, Karachi produces roughly 9000 

tonnes of municipal waste. When energy-saving measures are performed, on the one hand, 

reliance on conventional fossil fuels can be minimized and eventually phased out if 

significant consideration is given to biomass fuel technology adaption on a wider scale 

[18]. Hemicellulose, lignin, and cellulose are the three main components that make up the 

majority of biomass. Hemicellulose is a polysaccharide made up of smaller chains (500-

3000 sugar units) that accounts for 25-30% of biomass. At 150 degrees Celsius, 

hemicellulose begins to disintegrate, and at 200 degrees Celsius, significant weight loss 

occurs. During the thermal decomposition of hemicellulose, light volatiles are released, 

resulting in less char and tars [19]. The fibrous part of wood and biomass is cellulose, a 

polymer with a molecular weight of 106 and higher. Because cellulose has a more 

crystalline structure than hemicellulose, it resists heat breakdown. At temperatures 

between 240 and 350 degrees Celsius, cellulose decomposes [20]. Lignin is a plant cell 

wall component that fills in the gaps between cellulose, hemicellulose, and pectin 

components. The thermal breakdown of lignin begins at temperatures between 280 and 
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500 degrees Celsius, creating phenols [21]. Biochemical and thermochemical processes 

can convert biomass into fuels and chemicals, as shown in Figure 2-2. The Pyrolysis, 

hydrothermal liquefaction, gasification, combustion, and hydrothermal carbonization are 

the most common thermochemical processes [22]. Table 2-1 presented the yield of 

products generated by thermochemical conversion of biomass. Biomass pyrolysis 

performed in a different type of reactor and reactor type affects the yield of product that 

is presented in the below section.  

 

Figure 2-2 Biomass utilization pathway for renewable fuels production (self-

created)  
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Biomass pyrolysis is a thermochemical process that happens when there is a 

restricted or no supply of oxygen, preventing excessive gasification. To generate a high 

yield of hydrogen-enriched syngas, this process is often run at a high temperature (600–

900°C), with modest heating rates and a lengthy residence time. 

In biomass pyrolysis, fast pyrolysis uses rapid heating rates and short hot vapor 

residence periods (less than one second) to produce a liquid with a 75% yield. The 

pyrolysis liquid, also known as bio-oil, has the potential to be developed into 

transportation fuels and high-value chemicals. To generate the energy required for the 

pyrolysis reaction, char and some gaseous products such as methane could be combusted. 

The technology of biomass pyrolysis is gaining prominence in academia and business due 

to the rising need for liquid transportation fuels [22, 23]. Pyrolysis can be done using 

atmospheric pressure. As a result, pyrolysis has aroused people's interest in turning 

biomass to a liquid fuel. Biomass pyrolysis is separated into two forms based on the 

heating rate: slow and quick pyrolysis. Fast pyrolysis is presently the preferred approach 

because to its rapid reaction rate and significantly higher bio-oil yields [24]. 

Table 2-1 The production of H2 and syngas through biomass thermochemical processes 

Feedstock H2 (vol%) Syngas (vol%) Ref. 

Rice husk 41.20 67.86 [25] 

Sawdust pellets 20.43 43.03 [26] 

Municipal solid waste 

and wheat straw 
- 47-48  [27] 

Corn stalk bale ~35 >50 [28] 
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Fast pyrolysis has been the subject of a variety of studies, including the study of 

pyrolysis mechanisms, reaction processes, and reactor design, as well as the creation of 

catalysts for catalytic pyrolysis. During pyrolysis, many writers investigated the reaction 

routes of biomass components. Figure 2-3 illustrates the conversion of biomass and their 

obtained products through a fixed bed reactor. For biomass pyrolysis, three key 

mechanisms are considered: char production, depolymerization, and fragmentation. 

Cracking and recombination are examples of secondary reactions that can occur [24]. 

 

Figure 2-3 Pyrolysis of biomass in a fixed bed reactor to produce valuable goods 

(self-created)  
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2.3 Co-pyrolysis  

Biomass co-pyrolysis is becoming popular as a feasible alternative method for 

improving the quality of pyrolysis products. In contrast to basic biomass quick pyrolysis, 

co-pyrolysis uses various raw materials for feedstock along with biomass, such as plastics, 

coal, sludge, tyres, and so on. Co-pyrolysis is a unique trait because of the synergistic 

influence between the chemical reactions between different feedstocks. However, 

depending on the extra raw materials employed in co-pyrolysis, the synergistic effect 

varies significantly. 

As a result, coal and biomass co-pyrolysis might give liquid along with gaseous 

products with significant economic worth, exceeding the constraints of individual coal 

and biomass pyrolysis [29]. Biomass could give hydrogen during the process, swiftly 

producing volatile compounds in significant volume, possibly enhancing gas-lignite 

contact will lead to changes in product distribution, kinetics, and tar and gas composition, 

as well as improved char gasification and interaction with the gaseous phase during 

secondary tar cracking. Incorporating biomass into coal is a feasible strategy for lowering 

our dependency on fossil fuels while simultaneously addressing the environmental 

difficulties posed by CO2 emissions from coal; CO2 emissions are the second major 

contributor to global warming [30]. The study of co-pyrolysis is a disputed subject. Its 

primary purpose is to improve the thermal transformation of coal. The majority of 

previous research [31-33] has shown little evidence of a synergistic effect between coal 

and biomass. Recent research [34-37] has revealed the importance of co-pyrolysis 

interactions in TGA. Other studies [38, 39] have found a synergistic effect on pyrolytic 

product yields, gaseous component yields, tar component yields, and char reactivities. 

Table 2-2 illustrates the results of past coal and biomass co-pyrolysis research. Because 

of its high energy density and low cost, coal is a good fuel for biomass co-pyrolysis. Alkali 

and alkaline-earth metals in biomass, as well as hydrogen donors, influence the co-

pyrolysis process. There is still a need for research into the synergistic effects that occur 

when biomass and coal are combined. 
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Table 2-2 Literature on coal-biomass studies 

Feedstock Biomass (wt. %) 

in the blend 

Flowrate 

(mL/min) 

Heating rate 

(°C/min) 

Temperature 

(°C) 

Ref. 

Rice straw/ bituminous coal 4/8/12/16/32 N2/500 NA 700–900  [29] 

Sawdust/ bituminous coal 20/40/60/80 N2/500 NA 800–1400  [40] 

Pine sawdust, legume straw/brown, 

bituminous coal 

0–100 N2/35 8.3  500–700  [38] 

Rice husk/ Bituminous coal 0/20/40/60/100 N2 10–30  900  [41] 

Sugarcane bagasse/ Bituminous 

coal 

20/40/60/80 N2 10  25–1100  [42] 

Pine/sub-bituminous coal 0–100 N2 NA 600  [43] 

sugarcane bagasse/ Coal 10/20/30/40/50 N2 20  25–900  [44] 
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2.3.1 Synergistic effect 

Biomass-coal mix interaction was studied by comparing experimental data to 

theoretical data, which is the total of each sample value in proportion to their blending 

value. Synergistic effects are the percentage increase or reduction in experimental results 

relative to theoretical values. Some groups' findings may be inconsistent since there are 

so many factors to consider. In other words, co-pyrolysis procedures using biomass and 

coal have shown synergistic or cumulative effects. Using thermogravimetric analysis 

(TG), no synergistic effect was found in the pyrolysis of coal-biomass blends in various 

coal and biomass ratios, and the char production and the amount of biomass in the blend 

were shown to have a linear relationship[33]. Kastanaki et al. [45] and Pan et al. [46] 

Kastanaki et al. [45] both confirmed that biomass and coal in a blend did not interact 

during pyrolysis. Aboyade et al. [47], Chen et al.[36] , Shui et al. [37], have challenged 

this perspective, demonstrating that during pyrolysis in TGA, extensive interactions 

between the coal and biomass fractions occur.. Sonobe et al. [32], Onay et al. [35], and Li 

et al. [40] stated that the yields of pyrolysis goods, tar, gaseous, and char component, all 

confirmed the presence of a synergistic effect. Park et al. [48] found the interaction in both 

fixed-bed reactors and TG, however, Sonobe et al. [32], who investigated the co-pyrolysis 

of corncob and lignite, found that synergy occurs in a fixed bed reactor instead of TG 

device. Furthermore, studies that look at the distribution of key products like char, gas, 

and liquid tried to find little indication of a synergistic effect [49], those who examine the 

volatiles' composition, on the other hand, are more likely to reach the opposite conclusion 

[50]. It's challenging to verify synergy in co-pyrolysis because it depends on type of fuels 

and the pyrolysis technique employed. These opposing results are puzzling and need to be 

clarified. Individual studies on coal and biomass pyrolysis have resulted in a flood of 

reviews [51, 52]. Instead of this, there are few reviews on the co-pyrolysis of coal-biomass 

blends [53]. 

2.4 Co-pyrolysis parameters and synergistic effect  

2.4.1  Feedstock type 
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The main component that might entice the synergy should be the types of blending 

fuels. Many coal-biomass blends, such as hazelnut shells-coal, have been demonstrated to 

be effective [54], sawdust-coal [55], legume straw-coal [38], corncob-coal [32], 

microalgae-coal [32], and corn stalk-sub-bituminous coal [56], show synergetic effects 

during co-pyrolysis. Hemicellulose, cellulose, and lignin have various extractives, and 

minerals are primary chemical components of biomass. Cellulose, hemicellulose, and 

lignin may have additive impacts on coal's thermal behavior [57]. The OH and H 

functional groups of biomass accelerate the cracking of coal's aromatic rings in co-

pyrolysis [58, 59]. Some studies also stated that biomass natural resources encouraged 

interaction between coal and biomass [60]. According to Yuan et al. [61], the greatest 

enhancement of hemicellulose effect on coal cracking and conversion in co-pyrolysis. The 

volatiles produced by pyrolysis are principally caused by the hemicellulose and cellulose 

elements of biomass, which can subsequently be used to manufacture hydrogen through 

secondary processes. Lignin in biomass may facilitate polymerizing processes at low 

temperatures, resulting in the formation of reactive radicals and stabilized phenoxy 

radicals [62, 63].  

Many studies have found that biomass and low-rank coals may readily develop 

synergy during co-pyrolysis, and that interactions are greater than interactions in high-

rank coal and biomass [54, 61, 64, 65]. Furthermore, when coal rank is low, the main 

pyrolytic zones moved to lower temperatures [66]. Instantaneously, in low ran coal 

hydrogen acceptor ability was superior to that of high ranked coal [67]. During the 

process, structures of the coal will broken, resulting in considerable coal fragmentation 

into hydrogen with no active sites. A hydrogen transfer process occurs between biomass 

and coal. Low-rank coals have a higher potential for hydrogen uptake; therefore, the 

synergistic beneficial effect is more noticeable. 

2.4.2 Blending ratio 

Liquid, solid, and gas product distributions were significantly influenced by the 

blend's biomass content [50]. The char yield is reduced, but the gas and liquid yields are 

increased by raising the blending ratio [43, 56]. According to co-pyrolysis research on 
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TG, the RL percentage in blends fell as the biomass quantity in the blends rose. [36, 41, 

68]. For coal-biomass blends, the TGA bends are exposed in Figure 2-4. Coal's solid phase 

is mostly composed of aromatics ring [50]. Biomass decompose more quickly as 

compared to coal. Figure 2-4 shows that the curve for the blends was in the central of 

curves for the individual components, as biomass loses more weight than coal. Changing 

the biomass blending percentage in coal-biomass blends can also modify the ignition and 

peak decomposition temperatures. Other breakdown features, such as weight loss and 

residue remaining, are mostly influenced by the blending ratio. In most research, biomass 

results in the greatest weight loss when compared to coal. 

 

Figure 2-4 Residue mass vs the temperature for coal-biomass blends [69] 

However, some studies [38, 70] stated that the amount of biomass in the blends had 

no influence on the degree of synergistic effect because biomass has a lower thermal 

conductivity packing density as compared to coal, increasing the amount of biomass in 

the blend would slow the heating rate and cause the volatiles from both coal and biomass 

to take longer to be released [48]. As a result, biomass H and OH radicals are released 

slowly, enhancing coal tar cracking [32, 37]. Furthermore, biomass char residues formed 

during co-pyrolysis easily build on coal molecules, inhibiting the cracks by which the 
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volatile material produced by coal pyrolysis is released. Pyrolysis of biomass produced 

hydrogen-rich gas [53]. 

2.4.3  Heating rate 

The temperature decomposition for coal and biomass pyrolysis is mostly different, 

if the heating rate is slow then it is difficult to observe synergistic effects [71]. It's feasible 

that the pyrolysis of blends might happen at high heating rate, resulting in a volatile 

emission overlap from both coal and biomass [38]. Because the reaction atmosphere also 

contains non-inert species, coal pyrolysis yields and products may differ at high heating 

rates [72]. Co-pyrolysis of coal-biomass blends at high heating rates, in other words, 

favored synergism [39, 61, 73]. 

Biomass and coal are devolatilized together in an inert atmosphere when co 

pyrolysis, resulting in a combined solid char and volatile stream as results. As a result, the 

synergistic effect seen during co-pyrolysis could be attributed to volatile-char and volatile-

volatile interactions [74, 75]. The generation of greater yields of volatile was aided by a 

faster heating rate [71, 76]. The possibility of gas phase reactions in biomass and coal 

volatiles increase by adopting these parameters, hence increasing the synergism's intensity 

[77, 78]. 

2.4.4 Operating temperature 

The pyrolysis temperature has a substantial influence on the product distribution of 

coal-biomass blends, according to a literature search and previous experiments [38, 39, 

48]. The coal pyrolysis produces mostly solids with minor amount of gases and liquid, 

while the biomass pyrolysis produces solid, gaseous, and liquid products. The obtained 

products from coal-biomass co pyrolysis is relatively same as both individual fuels. 

However, the synergistic effect affected them to diverge from the estimated amount of 

product [32]. 

Char yield reduced and the volatiles yield increase as the temperature increased [48]. 

Therefore, when the temperature rose, the conversion of pyrolysis increased. Many 
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researchers believe that at low temperature biomass can help to devolatilize coal [79], The 

indications of coal-biomass synergy, strongly depending on reaction temperature. The 

synergistic effect mostly happened in 300-500°C, according to Aboyade et al. [47], 

conforming to the beginning of coal breakdown and end of biomass devolatilization. 

There is synergy between secondary processes in the blends, according to Ulloa et al. [78], 

Synergy between coal pyrolysis and sawdust in the production of volatiles is strongest 

around 400°C. According to Park et al. [48] when the ratio of biomass was 0.6 at a 

temperature of 600°C, synergistic effects result in the generation of additional volatiles in 

a fixed bed under isothermal conditions between 500°C and 700°C. For co-pyrolysis of 

biomass and coal mix at 600°C, is the best temperature, where considerable free radical 

and hydrogen donors are formed [38]. As a result, the ideal temperature range for synergy 

occurrence is 400–600°C. Several scholars have said that [32, 48], as the temperature 

increases up to 800°C, the discrepancy in the experimental and estimated yields reduce. 

2.4.5 The reactor types 

The performance of co-pyrolysis process has been studied through various reactors, 

including fixed-bed reactors, TGA, drop style high frequency magnetic field-based 

furnaces, fluidized bed reactors, and free-fall reactors [59, 72, 80, 81]. In TGA lack of 

synergetic effect are present due to lower heating rate is used that allow the several 

devolatilization stages of together fuel in the mixture to be certainly divided. Moreover, 

the flow rate of nitrogen is high enough that may prevent volatiles to remaining near to 

the devolatilizing elements in the vessel. Therefore, the major reasons for the absence of 

interactions are the attempts to maintain an inactive environment [72]. However, many 

researchers have all disputed this idea, demonstrating that in TGA significant synergistic 

effect is observed during coal-biomass blends co-pyrolysis [36, 47, 78]. Previously Table 

2-2 summaries of existing literature on co pyrolysis in TGA. Close interaction between 

nearby fuel particles and associated volatiles would be possible in fixed bed reactors with 

large sample volumes, resulting in a synergistic effect for both gas product compositions 

and pyrolysis product generation [60, 82, 83]. However, close contact in coal and biomass 

particles during co-pyrolysis not always imply the presence of interaction [84]. The 
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vacuum pyrolysis and pressurized pyrolysis of coal-biomass blends confirmed the 

existence of synergistic effect, when compared to atmospheric fixed-bed reactors [50, 85]. 

The tube furnaces used for pyrolysis, on the other hand, typically feature extensive high 

temperature zones, and before escaping from the reactors the volatiles pass through this 

zone. To increase secondary reactions for char formation and tar cracking is possible by 

increasing residence time of intraparticle volatiles. [86]. As a result, it's impossible to tell 

whether the synergies in these reactors are mostly due to the second volatile reaction or 

the initial pyrolysis process [59]. 

Many different types reactor have been constructed for co-pyrolysis products that 

operate at fast heating rate. The Fluidized-bed reactors, according to some researchers, are 

not suited for studying interactions because the sample particles are completely separated 

in this setup, that cause lack in synergistic effect during co-pyrolysis [60]. Xu et al. [43] 

In a free-fall reactor, researchers investigated coal-biomass blends co-pyrolysis and 

discovered that a higher blending ratio of about 70% and a lower temperature of around 

600°C are more favorable to synergistic effects. Certain specially constructed reactors, 

such as a micro fluidized bed reactor, a single-particle reactor system, and congruent mass 

TGA, have been used to investigate the co-pyrolysis behavior of coal-biomass blends [84, 

87, 88]. 

2.5 Thermo-Kinetics Analysis 

2.5.1 Kinetic modeling overview 

Pyrolysis is an effective and reliable way to make bio-oil, charcoal, and producing 

gas all in one step. Producer gas is a gaseous fuel that may be used to power a gas turbine 

as well as to heat a building. As a result, calculating bioenergy product yields requires a 

thorough understanding of the pyrolysis mechanism. As a result, the only way to estimate 

it is to simulate the pyrolysis mechanism. The TGA method analyses the mass change of 

a sample as a function of time. A kinetic study should be performed before converting 

biomass to fuel to obtain valuable information for constructing pyrolysis reactors and 
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improving the process parameters [89, 90]. Due to changes in composition, different 

feedstock’s exhibit varied thermal behavior profiles [91]. 

The solid-state materials pyrolysis, such as biomass and coal is contain a 

heterogeneous chemical reaction. Three essential components, interfacial diffusion of 

reactants and products, changing reaction geometry, and breakdown and redistribution of 

chemical bonds, can alter the chemical kinetics and reaction dynamics of heterogeneous 

processes [92]. Unlike homogeneous reactions, concentration is a useless measure that 

can't be used to follow the evolution of heterogeneous reaction kinetics since it fluctuates 

spatially [92-94]. The adsorption, nucleation, interfacial reaction, desorption, and surface 

or bulk diffusion are examples of heterogeneous reactions that typically include a 

superposition of many primary processes [94]. In solid-state decomposition reactions, the 

initiation step usually involves a “random walk” of vacancies and defects inside the 

crystal-lattice that resulting in nucleation growth [95]. Also, the reaction interface, which 

is defined as the boundary surface between the product and reactant. This concept is 

commonly used to simulate solid state reaction kinetics [94]. 

2.5.2 Model fitting and model free overview  

A variety of models and methodologies were used to investigate pyrolysis kinetics. 

Model-fitting method provide helpful information about reaction mechanism involve in 

pyrolysis and determination of Ea [96, 97]. For estimating the apparent Ea for fixed mass 

conversions, model-free method are also a reliable method [91]. Based on the calculated 

kinetic triplet such as Ea, and A, and mechanism function, a major way to explore the 

thermal degrading process of biomass is currently extensively employed [98]. Non-

isothermal approaches for determining kinetics had the benefit of executing the 

temperature program more rapidly and readily than isothermal methods [99].  

Table 2-3 presents the most frequent models used in the evaluation of kinetics 

parameters and discusses the assumption that has been made to perform these models. The 

model free and model fitting methods were employed in the non-isothermal kinetics. The 

two model free methods are the Kissinger Akahira Sunose (KAS) [100] and Flynn Wall 
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Ozawa (FWO) [101] method, that assuming the reaction rate was only dependent on the 

reaction temperature for a fixed conversion. Various heating rate were used instead of a 

single heating rate without information of the reaction mechanism to calculate more 

reliable kinetic parameters. The mode fitting technique, on the other hand, was developed 

using a specific reaction mechanism such as diffusion, order-based, or power-law models 

to depict the conversion reliance on the reaction rate [94, 102]. The most crucial step in 

using a mode-fitting approach, such as in Coats Redfern [103] method, was to find an 

adequate reaction mechanism that describe degradation of sample [104]. Therefore, both 

methods have pros and cons. The combined, can obtain not only the Ea, and A but also 

find the most probable reaction mechanism [105]. Vyazovkin et al. [106] believe that the 

kinetic parameters attained by model free methods are more accurate and consistent. The 

model free procedures provide less specific information than model fitting methods [107, 

108]. 
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Table 2-3 Comprehensively used model fitting and model free methods, general forms, and assumption [109] 

Kinetic Models Formulation Rules Plotting variables 

Coats-Redfern (integral 

method) 
𝑛 = 1, ln [−

ln(1 − 𝛼)

𝑇2
] =  ln [

𝐴𝑅

𝛽𝐸
(1 −  

2𝑅𝑇

𝐸
) −

𝐸

𝑅𝑇
] 

𝑛 ≠ 1, ln [−
1 −  (1 − 𝛼)1−𝑛

𝑇2(1 − 𝑛)
] =  ln [

𝐴𝑅

𝛽𝐸
(1 −  

2𝑅𝑇

𝐸
) −

𝐸

𝑅𝑇
] 

Uses Taylor series and 

assumes the value of the 

reaction order. 

ln
[𝑔(𝛼)]

𝑇2 𝑣𝑠 (
1

𝑇
), 

 𝑆𝑙𝑜𝑝𝑒 =  −
𝐸

𝑅
  

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  ln (
𝐴𝑅

𝛽𝐸
) 

KAS method (integral and 

Iso-conversional) 
log 𝑝 (𝑥)  ≅  

𝑒𝑥𝑝−𝑥

𝑥2
, 𝑓𝑜𝑟 20 ≤ 𝑥 ≤ 50 

Tm: temp. At max 

reaction rate Assumes 

conversion is fixed. 

ln (
𝛽

𝑇𝑚
2)  𝑣𝑠 (

1

𝑇𝑚

) 

𝑆𝑙𝑜𝑝𝑒 =  𝐸  

Friedman Method 

(differential Iso 

conversional) 

ln (
𝑑𝛼

𝑑𝑡
) =  ln [𝛽 (

𝑑𝛼

𝑑𝑡
)] =  ln [𝐴f(α) ]  − 

𝐸

𝑅𝑇
  Rearranging by using 

Doyle’s approximation gives, ln (
𝛽

𝑇𝑚
2) =  −

𝐸

𝑅
(

1

𝑇𝑚
)  −

 ln [(
𝐸

𝐴𝑅
) ∫

𝑑𝛼

f(α)

𝛼

0
] 

Assumes f (α) constant. 

Degradation is 

depending only on the 

rate of mass loss and 

independent of 

temperature. 

ln (
𝑑𝛼

𝑑𝑡
)  𝑣𝑠 (

1

𝑇
) 

𝑆𝑙𝑜𝑝𝑒 =  −
𝐸

𝑅
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2.5.2.1 Coats Redfern method 

To examine the validity of model fitting methods and provide the most appropriate 

reaction model for biomass decomposition, the Coats Redfern approach is used. The 

Arrhenius equation is used in this model-based strategy. The Coats Redfern method is 

used to explore the Ea and A of complicated compounds with great success [110, 111]. 

The most extensively used strategies for determining reaction mechanisms is attain by 

Coat Redfern methods. Zakrzewski et al. [112] studied biomass kinetics in a non-

isothermal situation at a heating rate of 5 °C/min by using Coats Redfern method and 

conclude that the Ea and A were 93.1-174.9 kJ/mol and 4.9104-7.11011 1/min, 

respectively. Reina et al. [113] used TGA under isothermal conditions to explore the 

kinetics of forest wood and ancient furniture and found Ea and A values were in range 

215.7-127.8 kJ/mol and 1.89107–3.40107 s-1, respectively. Using the Coats Redfern 

method, B. Nyoni et al. [114] explore the co-pyrolysis kinetics behavior of bituminous 

coal and microalgae. The activation energy of coal was 81.8 kJ/mol during the first stage 

and 649.3 kJ during the second stage, whereas microalgae activation energy was 145.5 

kJ/mol and 127.3 kJ/mol during the first and second stages, respectively. Coats Redfern 

technique was used to examine co-pyrolysis and co-combustion kinetics on coal-biomass 

blends by Jian Wang et al. and co-authors [115].  Their results showed that blending ratio 

of biomass in blend affects the Ea and A. In literature,  L. F. Madiedo et al. [116] found 

kinetic parameters (Friedman, KAS, and FWO), and the reaction mechanism for 

decomposition was discovered using the Coats Redfern method during co-pyrolysis of 

coal, terrified sawdust, and paraffin. Hence, Coats Redfern method has been widely used 

in kinetics for solid materials decomposition [117]. 

2.5.3 Thermodynamics parameters 

Thermodynamics parameters such as ΔH, ΔG, and ΔS are important parameters that 

may be derived using kinetics parameters (Ea, A, and peak decomposition temperature Tp) 

[118]. Thermodynamic parameters are equally significant as kinetic parameters in reactor 

design and scaling. The thermodynamics parameters validate whether a process is possible 

to occur or not. The ΔH depicted the endothermic and exothermic behavior of processes. 
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The ΔH illustrations the energy changes in the reagents and activated complex. If the low 

energy barrier, the activation of the complex is preferred [119]. Furthermore, the high ΔH 

values, indicate stronger structural heat resistance, which could be owing to a smaller level 

of (positive) synergistic interactions [120]. The ΔG denotes the system's overall energy 

increase as it approaches reagent equilibrium and the creation of an activated complex 

[121].  

The positive ΔG values imply that the system requires an external energy because 

the process is non-spontaneous. The value ΔS indicates how far or close the system is in 

achieving its thermodynamic equilibrium [120]. The low ΔS value suggests that the 

material has undergone some chemical or physical change, that bringing it close to its 

thermodynamic equilibrium [122]. The thermodynamics parameter of acai seed biomass 

during pyrolysis was determined by Vanuza O. Santos et al. [123] who found that the 

value of ΔH was 154.298 kJ/mol, the value of ΔG was 148.76 kJ/mol, and the value of ΔS 

was positive. Also, during the sewage sludge-and rice husk co-pyrolysis, S. R. Naqvi et 

al. [118] also discovered the thermodynamics parameter.  

The results revealed that the ΔH reaction mechanism exhibited both exothermic and 

endothermic behavior, and the ΔG was positive for all samples, although the S values 

were negative for all samples. A study on sewage sludge-HDPE co-pyrolysis was 

undertaken by A. Zaker et al. [124]. The findings of thermodynamic parameters showed 

that the ΔH values of a 50 percent sewage sludge mix were 194.56-206.44 kJ/mol and the 

ΔG values were 119.28-119.54 kJ/mol, showing that bioenergy production is viable. 
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Summary 

Fossil fuels reserves depletion and harmful emissions necessity to be addressed on 

an urgent basis to partially save their reserves and reduce climate change. Among fossil 

fuels, coal reserves will be available up to the next 200 years, but their emissions cause 

thoughtful damage. However, coal can be used efficiently by various processing 

techniques such as pyrolysis, gasification, etc. Pyrolysis of coal is a good option to 

produce synthesis fuels to reduce emissions. However, the yield of the products is low 

because coal has a low H/C ratio.  

As an alternative of coal, a biomass pyrolysis is an interesting option because it is a 

renewable, broadly available, and CO2 neutral organic material. These all products are the 

sustainable source for energy production, but the calorific value of the product is relatively 

low as compared to coal. Moreover, bio-oil from biomass pyrolysis contains high moisture 

and oxygenated compound which may cause problems such as fouling, slagging, and 

corrosion. Therefore, the coal-biomass blend co-pyrolysis is a suitable option because 

biomass contains high hydrogen content which will support in coal pyrolysis. 

Additionally, the calorific value of products will increase due to coal blending. Coal-

biomass blending is supportive in partially saving of coal reserves. However, there is a 

need to characterize coal-biomass blends to evaluate their co-pyrolysis behaviour. For this 

drive, various characterizations are used. The synergistic effect or the yield of co-pyrolysis 

product depends on reaction parameters.  

The kinetic study helps in judgement of an appropriate reaction mechanism for 

thermal degradation of coal-biomass blends. It will further be supportive in designing and 

scaling of co-pyrolysis reactor Coats Redfern's method approaches the most suitable 

reaction mechanism by modelling various integral functions. Furthermore, the 

thermodynamic parameters are derived from the kinetic parameter that gives the ΔH, ΔG, 

and ΔH. These parameters are important in the understanding of the co-pyrolysis process. 
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Chapter 3                                                  

Material and Method 

3.1 Sample collection and blends preparation 

The bituminous coal (100C), sawdust (100SD), and wild hemp (100H) were used to 

prepare the blends. The C, SD, and H were locally collected from fields and power plants. 

Figure 3-1 illustrates the schematic diagram of coal-biomass blends preparation. Initially, 

the samples were dried for 1 day at 105 °C to remove moisture  

 

 

Figure 3-1 Coal-biomass samples and blends preparation schematic diagram (self-

created) 
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After this, the samples were ground in a Hard Grove Grindability Index Tester 

(USA) and sieved using Sieving WS Tyler RX-29–10 (USA). The particle size of coal 

and biomass after sieve was 0.63 mm. Co-pyrolysis behaviour was evaluated using a 

variety of coal-biomass mixtures. The coal-biomass blends were weighted and blended 

for 30 minutes in a vortex mixer. The coal-sawdust (C-SD) blends with ratios of 

80C:20SD, 60C:40SD, 40C:60SD and 20C:80SD, respectively. While coal-hemp (C-H) 

blends prepared ratios are 80C:20H, 60C:40H, 40C:60H and 20C:80H, respectively for 

characterizations. 

3.2 Samples characterization 

The CHN Analyzer 5ECH2200, CKIC, China, was used to determine the proportion 

of carbon, hydrogen, and nitrogen in each coal-biomass mix. For each sample, an 

aluminum sheet was put into a socket and filled with 80 mg of each sample. The He, N, 

and O2 gases were used to determine the carbon, hydrogen, and nitrogen concentrations 

in each coal-biomass mix. The conventional approach was followed to conduct the GCV 

analysis on coal-biomass blends in a Parr 6200 isoperibol oxygen bomb calorimeter 

(ASTM D5865-13). For the GCV study, the 0.5 grams of each mix were put into the 

calorimeter. Agilent Technologies' Cary 630 was used to do FTIR analysis on coal and 

biomass functional groups (USA). With a scan resolution of 2 cm-1, the infrared spectrum's 

absorption extends from 4000 to 650 centimeters per second. The Diamond ATR module 

was used for the measurements. 

TGA 5500 was used to conduct the TGA of coal-biomass blends, as previously 

stated (TA Equipments, USA). TGA analysis was performed using a platinum pan on 

about 10 mg of each sample. An N2 flow rate of 35 ml min-1 was used to heat each coal-

biomass mix to 25-900 °C for Co-pyrolysis. In this experiment, the heating rate was set at 

20°C min-1. Each experiment began with a blank test to ensure that there was no systematic 

fault in the equipment. By forcing the derivative of ML in relation to temperature, the 

differential thermogravimetric (DTG) was achieved. A set of kinetics and thermodynamic 

parameters were computed using the TGA data.  
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3.3 Synergistic effect  

The additive model was used to find out the synergistic effect in blends of coal-

biomass. The additive model compares the experimental values with the calculated values 

and assumed that there was no interaction observed during co-processing [1]. The 

calculated values can be estimated using Eq. 3-1 

𝑌𝑐𝑎𝑙 =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠. 𝑌𝑏𝑖𝑜𝑚𝑎𝑠𝑠 +  𝑋𝑐𝑜𝑎𝑙. 𝑌𝑐𝑜𝑎𝑙 Eq. 3-1 

Where Ybiomass, Ycoal are the experimental values obtained from TGA/DTG of individual 

fuels, while Xbiomass, Xcoal is the mass ratio of biomass and coal in the blend, respectively. 

The deviation of ML, RL, and DTGmax was determined by Eq. 3-2, which support 

an evaluation of the presence or absence of synergistic effect during co-pyrolysis [2]. 

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (%) =
𝑌𝑒𝑥𝑝 −  𝑌𝑐𝑎𝑙

𝑌𝑐𝑎𝑙
 ×  100 Eq. 3-2 

Where Yexp was the experimental values obtained during TGA/DTG analysis and Ycal 

was the calculated values calculated from Eq. 3-1. 

3.4 Kinetics study 

The kinetics of co-pyrolysis is a very complicated process since it involves so many 

reactions. The Coats-Redfern method was adopted by many researchers to evaluate the 

kinetics behavior during co-pyrolysis [3]. To calculate the Ea and A more precisely, the 

decomposition of blends was divided into two stages namely as first stage and the second 

stage [4]. Moisture content stages were not included in the calculation of kinetics 

parameters. The decomposition of coal-biomass blends can be defined by the rate equation 

as presented in Eq. 3-3. 
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𝑑𝛼

𝑑𝑇
= 𝛽. 𝑘(𝑇). 𝑓(𝛼) Eq. 3-3 

Where α is the conversion factor, k is the rate constant, f(α) is the reaction model, β 

is the heating rate. The conversion factor (α) is defined as in Eq. 3-4,  

𝛼 =
𝑤𝑖 − 𝑤𝑡

𝑤𝑖 − 𝑤𝑓
 Eq. 3-4 

Where wi is the initial weight, wf is the final weight, and wt is the instantaneous 

weight of material. The rate constant k(T) is defined in Eq. 3-5. 

𝑘(𝑇) = 𝐴 𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
) Eq. 3-5 

Where, Ea is the activation energy, A is the pre-exponential factor, R is the gas 

constant (R=8.314 J.K-1.mol-1), and T is the absolute temperature in Kelvin.  

By putting rate constant from Eq. 3-5 into rate equation Eq. 3-3. The rate equation 

can be simplified as in Eq. 3-6. 

𝑑𝛼

𝑑𝑇
= 𝛽. 𝐴  𝑒𝑥𝑝 (−

𝐸𝑎

𝑅𝑇
) . 𝑓(𝛼) Eq. 3-6 

By taking integral of Eq. 3-6, that gives a straight-line equation Eq. 3-7. 



44 

 

𝑙𝑛 
(𝑔(𝛼))

𝑇2
= 𝑙𝑛

𝐴𝑅

𝛽𝐸𝑎
 (1 −

2𝑅𝑇

𝐸𝑎
) −  

𝐸𝑎

𝑅𝑇
 Eq. 3-7 

Where (1-2RT/Ea) is assumed to be small and can be neglected from Eq. 3-7. Hence, 

it can be written as presented in Eq. 3-8. 

𝑙𝑛 
(𝑔(𝛼))

𝑇2
= 𝑙𝑛

𝐴𝑅

𝛽𝐸𝑎
 −  

𝐸𝑎

𝑅𝑇
 Eq. 3-8 

Coats-Redfern is a model-fitting method, and it approaches the most suitable 

integral function (g(α)) to determine the decomposition kinetics of solid substance. The 

most frequent g(α) is implemented from the literature [5] are provided in Table 3-1. 

Table 3-1 Algebraic expressions for reaction mechanism g(α) for solid state reaction 

Symbols Functions g(α) 

Power law for acceleratory reaction mechanism () 

R1 Contracting-disk α 

Phase boundary for deceleratory reaction mechanism   

R2 Contracting-cylinder 1 - (1- α)1/2 

R3 Contracting-sphere 1 - (1- α)1/3 

Diffusion mechanism 

D1 Parabolic-law α2 

D2 Valansi-equation α + (1- α) ln (1- α) 

D3 Jander-equation [(1- (1- α)1/3] 2 

D4 G. Brounstein-equation 1- 2α/3 - (1- α)2/3 

Mechanism non-invoking equations or chemical process 

F1/3 One and third order -3/2[1- (1- α)2/3] 
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F1 First order  -ln (1- α) 

F3/2 One and a half order 2[(1- α)-1/2 – 1] 

F2 Second order (1- α)-1 – 1 

F3 Third order 1/2[(1- α)-2 - 1] 

F4 Forth order 1/3[(1- α)-3 - 1] 

 

To evaluate the kinetic parameter during co-pyrolysis, the Coats-Redfern method 

with thirteen g(α) was implemented. Arrhenius plot for thirteen g(α) was plotted between 

ln[g(α)/T2] vs 1/T which gives a straight line. Additionally, if precise g(α) is implement, 

the plot gives a straight line having high value of linear regression (R2) from which the 

value of Ea and A could be derived. The Ea can be calculated from the slope of the line, -

Ea/R, and the intercept of the line is directly used to calculate the A. The g(α) describes 

the mechanism that controls the reaction, the shape, and the size of the reacting particles. 

The g(α) with the highest R2 will be considered as the function of the model that best 

describes the reaction kinetics of ML at a specific stage. 

3.5 Thermodynamics parameters 

Thermodynamic parameters were calculated after selecting the most suitable g(α) 

and using kinetics parameters (Ea and A) of that g(α). The change in enthalpy (ΔH) and 

change in Gibbs free energy (ΔG) were calculated through Eq. 3-9 and Eq. 3-10, 

respectively. The change in entropy (ΔS) was calculated from Eq. 3-11. These equations 

were taken from the literature [6]. 
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ΔH = Ea – RTp   Eq. 3-9 

ΔG = Ea + RTp ln (KbTp / hA) Eq. 3-10 

ΔS = (ΔH – ΔG)/ Tp Eq. 3-11 

Where Tp, h, Kb, and R is the peak decomposition temperature, Plank’s constant 

(6.626×10-34J.s), Boltzmann constant (1.381 × 10-23 J/K), and gas constant, respectively. 

3.6 Experimental setup for the bio-char formation 

To evaluate the further feasibility of hemp biomass for energy purposes, the bio-

char of hemp was prepared by pyrolysis. Figure 3-2 illustrates the schematic diagram for 

the formation of bio-char from hemp. The N2 gas was feed with a flowrate of 40 ml min-

1 for pyrolysis of hemp via a fixed bed reactor (FBR). The FBR contained a cylindrical 

stainless-steel tube (SS-316) and had 14 mm outer and 12 mm inner diameter, while the 

length of the tube was 40 cm. The sample was placed in the middle of the tube and the 

tube was held with quartz wool by both ends. The electric heater externally heats the 

furnace and a thermocouple was placed near the sample bed to monitor the temperature. 

The 10 g of sample was fed into the sample bed. The set temperature was 520 °C with 10 

°C/min of heating rate. The yield% of bio-char was calculated by Eq. 3-12 [7].  

% 𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑏𝑖𝑜𝑐ℎ𝑎𝑟 =  
𝑤𝑡. 𝑜𝑓 𝑏𝑖𝑜𝑐ℎ𝑎𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑤𝑡. 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑠𝑎𝑚𝑝𝑙𝑒
 ×  100 Eq. 3-12 
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Figure 3-2 Hemp bio-char production via fixed bed reactor schematic diagram 

(self-created) 

 

3.6.1 Bio-char characterization 

The FTIR analysis was done to evaluate the functional groups present in hemp bio-

char, while the TGA was performed to observe the ML and RL of bio-char. The conditions 

for FTIR and TGA analysis of bio-char were the same as coal-biomass blends that are 

mentioned in the above sections. The surface morphology and elemental composition of 

hemp bio-char were examined by an SEM-EDX analyzer (JSM-6490A of JEOL, Japan) 

combined with an X-ray energy dispersive (EDX) analyzer. 
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Summary 

The coal (bituminous coal) and biomass (sawdust, hemp) were collected locally and 

prepared according to the literature. The materials were dried in oven for 24 h at 105 °C 

to remove moisture content. Both coal and biomass had a particle sizes of 0.63 mm after 

sieving. The blends were prepared at 20,40,60,80 % of biomass in the blend. The CHN 

analysis was performed to evaluate carbon, hydrogen, and nitrogen content in blends. The 

GCV analysis of blends were performed in oxygen bomb calorimeter. The GCV analysis 

investigate the calorific value variation with the addition of both coal and biomass in the 

blend. The FTIR analysis indicated the presence and intensity of different functional group 

in coal and biomass. With a scan resolution of 2 cm-1, the infrared spectrum's absorption 

extends from 4000 to 650 centimeters per second. Co-pyrolysis was performed in TGA. 

TGA analysis was performed using a platinum pan on about 10 mg of each sample. An 

N2 flow rate of 35 ml min-1 was used to heat each coal-biomass mix to 25-900 °C for Co-

pyrolysis. In this experiment, the heating rate was set at 20°C min-1. The synergistic effects 

in coal-biomass blends were calculated through additive model that observed the presence 

and intensity of synergistic effect. The Coats Redfern method was implemented to 

calculate the activation energy and pre-exponential factor of coal-biomass blends. The 

reaction mechanism for thermal degradation was obtained by comparing results of thirteen 

integral function. The validity of model depends on the value of linear regression (R2). 

The model that gives the higher value of R2 (0.9-1), considered as a best model that will 

describe the thermal degradation mechanism of blends. The thermodynamic parameters 

were calculated by using best fitted data from kinetics. The kinetics and thermodynamics 

parameters are helpful in modeling and scaling of co-pyrolysis reactor. To assess the 

additional viability of hemp biomass for energy purposes, the bio-char of hemp was 

prepared in fixed bed reactor. The 10 g of hemp fed into the reactor. The set temperature 

was 520 °C with 10 °C/min of heating rate. The residence time was 2 hr. After bio-char 

preparation, the bio-char was characterized through FTIR, TGA, and SEM-EDX to 

investigate its functional groups, thermal stability, and structural morphology.  
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Chapter 4                                              

Results and Discussion 

4.1 Materials Characterization 

The CHN analysis of coal-biomass blends is presented in Table 4-1. The 100C was 

contained the high content of carbon (67%) as compared to 100SD (47%) and 100H 

(44%). Biomass has a lower percentage of carbon content while having high moisture, 

oxygen, hydrogen content [1]. The carbon content of blends decreased by increasing the 

biomass ratio that is due to the reduction effect of low carbon content in biomasse [2]. The 

compositions of both biomasses are different because each biomass has unique formation 

conditions and origins that can cause to increase or decrease various elements and phases 

[3]. Therefore, when comparing the carbon content of both biomasses, 100SD contained 

slightly high carbon content than 100H. Consequently, the blends of C-SD have a higher 

value of carbon content  (53-64%) as compared to C-H blends (49-64%). A higher char 

yield is obtained if the fuel contains a high amount of carbon content [4].  

The hydrogen content of 100C was lower (3.55%) than 100SD (7.17%) and 100H 

(6.94%), respectively. The blends of C-SD have slightly higher hydrogen content as 

compared to C-H blends. The H/C atomic ratio defines the energy content of any fuel as 

the process in an inert environment as the reaction retains a high H/C ratio by reducing 

the formation of H2O and CO2, hence resulting in higher energy content [5]. The H/C ratio 

of 100C was 0.05 which is far less than 100SD (0.15) and 100H (0.15). Generally, biomass 

has a high H/C ratio as compared to coal, so biomass provides more hydrogen resources 

to play a dominant role in hydrogenation [6]. Nitrogen content in fuel causes to produce 

NOx emission. It could be seen that nitrogen content in 100C (0.47%) was slightly higher 

than that of 100SD (0.09%), while 100H (2.8%) contained higher nitrogen content than 

100C. The CHN of 100H is related with literature observation [7]. 
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Table 4-1 Ultimate analysis (CHN) of coal-biomass blends 

Sample Carbon% Hydrogen% H/C Nitrogen% 

100C 67 3.55 0.05 0.47 

80C:20SD 64 4.00 0.06 0.28 

60C:40SD 61 4.90 0.08 0.23 

40C:60SD 56 5.13 0.09 0.21 

20C:80SD 53 6.16 0.11 0.23 

100SD 47 7.17 0.15 0.09 

80C:20H 64 3.9 0.06 0.81 

60C:40H 59 4.32 0.07 1.26 

40C:60H 52 4.47 0.08 1.71 

20C:80H 49 5.39 0.11 2.12 

100H 44 6.94 0.15 2.8 

 

The GCV of coal-biomass blends is compiled in Figure 4-1. The 100C shows the 

highest GCV (29.6 MJ/kg) as compared to 100SD (20.5 MJ/kg) and 100H (18 MJ/kg). 

Figure 4-1 (a) shows the GCV analysis of C-SD blends. The highest and lowest GCV is 

observed for 80C:20SD (29 MJ/kg) and 20C:80SD (23.7 MJ/kg), respectively which is 

higher than 100SD because coal blend with biomass increases the GCV of coal-biomass 

blend [8]. Therefore, the blending of coal with biomass increases the GCV of biomasses. 

Figure 4-1 (b) illustrates the GCV analysis of C-H blends. It could be seen that the highest 

GCV is for 80C:20H (29 MJ/kg), while the lowest GCV is for 20C:80H (21.7 MJ/kg). 

The GCV of 100SD was greater than 100H. Furthermore, it is also observed that the 

80C:20SD and 80C:20H blends have the same GCV (29 MJ/kg) that may be due to the 

same percentage of carbon content (64%) in both blends as previously investigated in the 

CHN analysis. The main component of biomass fuels is carbon, hydrogen, and oxygen, 
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while carbon and hydrogen content influences the GCV of the fuel during combustion by 

exothermic reaction [4].   

 

Figure 4-1 GCV measurement of coal-biomass blends (a) C-SD (b) C-H 
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Figure 4-2 (a) illustrates the FTIR spectra of C-SD blends. It could be seen that there 

is a considerable difference in functional groups of100C and 100SD main functional 

groups. There are two major absorption ranges in 100C. The first absorption peak in 100C 

was appeared at 1640-1500 cm-1 that is attributing the stretching vibration of C=C 

aromatic ring [9] whereas the second absorption peak is detected in the range of 2990-

2800 cm-1 that indicating the presence of the methylene group in saturated aliphatic C-H 

[10]. The weak peak around 3420-3510 cm-1 was due to the of OH group like alcoholic or 

phenolic compounds present in 100C [11]. Additionally, the C=O at 1770-1640 cm-1 and 

the C-O at 1320-1130 cm-1 stretching vibration seem to be very weak in 100C. In 100SD, 

noticeable stretching and broadening peak at 3305 cm-1 is indicating the hydroxyl 

stretching (O-H). The O-H group is abundantly found in all biomasses as compared to 

coal. It reveals that the biomass macromolecular network contains a higher percentage of 

hydrogen than coal as Table 4-1 illustrated. Dai et al. [12] reported nearly the same peak 

for C-O stretching vibration for cellulose and hemicellulose.  

The FTIR spectra of C-H blends are shown in Figure 4-2 (b). A noticeable stretching 

peak at 3331 cm-1 for 100H is attributed to O-H stretching. Rajinipriya et al. [13] reported 

the same absorption peak in this range for hemp at 3400 cm-1 which is due to the hydroxyl 

group or O-H stretching. The peak observed at 2861 cm-1 was due to the aliphatic 

stretching vibration of C-H group. Moonart et al. [14] also observed the same peak in this 

range for aliphatic C-H stretching vibration in cellulose and hemicellulose. Additionally, 

another two weak peaks of 1613 cm-1 and 1029 cm-1 are observed in Figure 4-2 (b) for 

100H is due to aromatic C=C stretching vibrations [13] and C-O stretching vibration [15], 

respectively. Additionally, it could be seen that 100SD and 100H biomass have almost the 

same functional groups, but the absorption intensity or percentage of relative contents are 

different. Therefore, when coal blended with biomass, the intensity of functional groups 

changed. The coal-biomass blends showed the intermediate behavior in terms of band 

intensity and percentage of relative content present in both coal and biomass.  
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Figure 4-2 FTIR analysis of coal-biomass blends (a) C-SD (b) C-H 
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The absorption intensity of 100SD for the O-H bond was highest as compared to 

100C and 100H that is indicating higher content of hydrogen present in 100SD as shown 

previously in the CHN analysis. The C=C aromatic ring stretching vibrations intensity of 

100SD was also observed high than 100H. However, 100SD has less C=C aromatic ring 

stretching than 100C is indicating that the 100SD has low carbon content than 100C and 

high carbon content than 100H. For coal-biomass blends, the band intensity of O-H 

stretching reduced and the intensity of aromatic ring C=C increases. This situation may 

be due to the reduction of oxygen and hydrogen content from biomass by blending it with 

coal that may causes to increase the carbon content in blends. Hence, increases the GCV 

of coal-biomass blends by increasing its carbon content percentage.  

Figure 4-3 demonstrates the TGA and DTG pyrolysis profile of coal-biomass 

blends. It could be seen that individual fuels and their blends are illustrated ML in three 

stages: moisture loss, active pyrolysis, and passive pyrolysis Co-pyrolysis investigation 

of coal-biomass blends are presented in 

Table 4-2. The first stage ML of each sample attributes to degradation of low 

molecular weight component and loss of moisture content. The structural component of 

biomass such as hemicellulose, cellulose, and lignin. Also, the oxygen-containing species 

and OH functional groups that fascinate moisture through H-bonding [16]. Figure 4-3 (a-

b) represents the TGA and DTG of C-SD blends that show 100SD evolved its moisture 

content around 30-120 °C, whereas the 100C contained less amount of moisture content 

than 100SD that evolved during 50-105 °C temperature range. The 100H evolved its 

moisture content around 30-150 °C temperature range as illustrated in Figure 4-3 (c-d). 

Mostly, the influence of the moisture content stage was not being considered during the 

evaluation of kinetics and thermodynamics parameters.  

The second stage of individual biomass was representing the active pyrolysis zone. 

Most of the pyrolysis vapour generates in this stage. Generally, in biomass, the shoulder 

at a lower temperature in the DTG curve represents the hemicellulose component 

decomposition, whereas the higher tmeperature range peak corresponds to the cellulose 

decomposition. The lignin degradation arises in a wider temperature zone [17].  
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Table 4-2 represents that the major decomposition of individual fuels was started 

around 365 °C for 100C, 200 °C for 100SD, and 147 °C for 100H. From Figure 4-3 (a-d), 

it is observed that the devolatilization of 100SD and 100H started earlier than 100C due 

to the macromolecular structure of biomass that is mainly composed of cellulose, 

hemicellulose, and lignin which are linked together by ether bond (R-O-R) [18]. However, 

the structure of coal is composed of polycyclic aromatic hydrocarbons and their thermal 

stability is much higher than ether bond [19]. Therefore, 100SD and 100H biomass were 

started to decompose at a low temperature than 100C which decomposed at higher 

temperature. For individual biomasses, the DTG curve showed that the maximum weight 

loss occurs at peak decomposition temperature (Tp), 376 °C for 100SD and 340 °C for 

100H. The Tp of 100C was observed at 466 °C which is greater than both biomasses.  

The volatile matter content in biomass was higher than that of 100C, therefore the 

DTGmax of 100SD and 100H was higher than 100C. The ML of biomass was also greater 

than that of 100C as shown in Figure 4-3 (a, c). The third stage, in 100C, and biomasses 

represent the passive pyrolysis zone, which is due to the biochar formation and 

decomposition of lignin [20]. The passive pyrolysis zone occurred in a wider temperature 

range and no peak was observed in this stage due to very slow ML. The RL at the end of 

the reaction was 65% for 100C, 39% for 100SD, and 47% for 100H.  Coal-biomass blends 

also showed three stages for major decomposition, the first stage was due to moisture 

evaporation, and it was not significantly changed due to blending, the second stage 

reflected the biomass ratio in the blend, and the third stage represented the portion of coal 

in the blend.  

Table 4-2, represents the major decomposition zone for coal-biomass and their 

blends. It could be seen that the coal-biomass blends showed some similar properties to 

those of individual fuels. Figure 4-3 (b, d) illustrates that the ignition temperature (Ti) of 

80C-20SD and 80C-20H was lower than 100C and higher than that of individual 

biomasses.  

The lower value of Ti in co-pyrolysis represents the better activity of blends [20]. 

The Tp of 80C-20SD blend during the second and third stages were 383 °C and 449 °C, 
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respectively. The ML during the second and third stages for the 80C-20SD blend were 

15% and 21% respectively. The RL for 80C-20SD was 85% in the second and 59% in the 

third stage. However, for 80C-20H the Tp was 339 °C in the second and 479 °C in the 

third stage, whereas the ML was 14% and 20% during the second and third stage of 

decomposition, respectively. The RL in second stage for 80C-20H was 83% and in third 

stage it was 63%. The Tp of all coal-biomass blends was decreased during the second stage 

as the ratio of biomass increased in the blends, whereas the Tp in the third stage increased 

by increasing the coal ratio. The DTGmax increased with increasing the ratio of biomass in 

the blend. Additionally, the DTGmax of blends was higher than 100C and less than 

individual biomasse. The ML of blends were in between the individual fuels for each stage 

as shown in  

Table 4-2. In pyrolysis, the OH and H radicals evolved from biomass, increasing the 

aromatic rings cracking in coal. The 100H and 100SD biomass contained a high hydrogen 

content as compared to 100C. Therefore, co-pyrolysis of blends generates complex 

hydrocarbon molecules and their thermal degradation needs more energy [21]. Coal and 

biomass have different structural properties therefore different pyrolysis behavior was 

observed. The C-H blends showed a higher RL as compared to C-SD blends, which that 

represents the C-H blends are suitable in the production of bio-char. Whereas, the ML in 

C-SD blends are higher than that of C-H blends, which indicates that C-SD blends are 

suitable in the production of bio-oil. 
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Figure 4-3 TGA/DTG of coal-biomass blends (a) C-SD TGA (b) C-SD DTG (c) C-H TGA (d) C-H DTG 
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Table 4-2 Major portions of decomposition of coal-biomass and their blends during pyrolysis in N2 environment 

 

 

The second stage (major decomposition zone) Third stage (major decomposition zone) 

Sample Temp  

range °C 

Tp (°C) ML % RL % DTGmax 

(%/°C) 

Temp  

range °C 

Tp (°C) ML % RL % DTGmax 

(%/°C) 

100C - - - - - 308-668 466 26 65 -0.130 

80C:20SD 250-408 383 15 85 -0.198 408-641 449 21 59 -0.143 

60C:40SD 232-410 381 30 70 -0.349 410-605 447 15 51 -0.133 

40C:60SD 211-410 381 47 53 -0.584 410-553 438 11 39 -0.109 

20C:80SD 200-402 366 57 42 -0.732 402-527 434 9 32 -0.095 

100SD 200-401 376 61 39 -0.805 - - - - - 

80C:20H 188-395 339 14 83 -0.088 395-592 479 20 63 -0.123 

60C:40H 174-395 332 22 75 -0.162 395-575 447 17 58 -0.129 

40C:60H 169-395 331 32 66 -0.248 395-530 445 14 52 -0.121 

20C:80H 147-395 341 39 57 -0.311 395-504 442 12 45 -0.108 

100H 147-395 340 47 47 -0.370 - - - - - 
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4.2 Synergistic effect 

Table 4-3 presents the synergistic effects observed during co-pyrolysis. For C-SD 

blend, the deviation of ML was only positive for 20C:80SD (0.024%), while the RL was 

positive for all C-SD blends. The deviation of DTGmax for C-SD blends were positive for 

40C:60SD (0.091%) and 20C:80SD (0.092%), respectively. In  C-H blends, the deviation 

of ML was positive for all blends except 20C:80H (-0.011%), while the deviation of RL 

was only positive for 20C:80H (0.056%). The deviation in DTGmax was negative for all 

C-H blends.  

The positive value for deviation for ML and DTGmax during bio-char formation 

indicates the presence of synergistic effect whereas the negative values represent the 

absence of synergistic effect [22]. The synergistic effect in co-pyrolysis was indicating 

the interaction of evolved products from biomass and coal [23]. The synergistic effect 

present in coal-biomass blends may be enlightened by the hydrogen donors and radical 

exchanges. The biomass and coal have altered H/C ratios, as biomass possesses higher 

hydrogen content than coal and the hydrogen donor/ acceptor mechanism may affect the 

coal-biomass co-pyrolysis mechanism [24]. 

From the above analysis, it is observed that the synergistic effect is mostly present 

in C-H blends rather than C-SD blends in term of ML that indicating the C-H blends which 

shows more synergistic effect during co-pyrolysis. Additionally, from C-SD blends the 

20C:80SD shows somehow positive synergy, while for C-H blends the 80C:20H, 

60C:40H, and 40C:60H show a positive synergistic effect in terms of ML. 
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Table 4-3 Synergistic effect calculation in co-pyrolysis of coal-biomass blends 

Sample Experimental Calculated Deviation 

 ML% RL % DTGmax ML% RL % DTGmax ML% RL % DTGmax 

100C 38.85 56.42 0.130 - - - - - - 

80C:20SD 43.18 53.24 0.198 48.55 46.73 0.265 -0.110 0.139 -0.252 

60C:40SD 51..45 45.21 0.349 58.26 37.05 0.400 -0.134 0.220 -0.127 

40C:60SD 64.14 33.04 0.584 67.96 27.37 0.535 -0.056 0.207 0.091 

20C:80SD 79.59 18.51 0.732 77.67 17.69 0.670 0.024 0.046 0.092 

100SD 87.38 8.01 0.805 - - - - - - 

80C:20H 52.22 44.12 0.088 44.56 50.53 0.178 0.171 -0.126 -0.485 

60C:40H 53.18 43.28 0.162 50.27 44.64 0.226 0.057 -0.030 -0.283 

40C:60H 60.74 35.72 0.248 55.98 38.75 0.274 0.085 -0.078 -0.094 

20C:80H 61.00 34.72 0.311 61.69 32.86 0.322 -0.011 0.056 -0.034 

100H 67.41 26.98 0.370 - - - - - - 
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4.3 Kinetics Study 

The kinetics parameters such as Ea and A of coal-biomass blends were calculated 

by using the TGA. Figure 4-4 shows the Ea of thirteen solid-state g(α). The g(α was 

established to determine the most suitable reaction mechanism by the Coats-Redfern 

method. The coats-Redfern model requires only a single heating rate. The kinetic 

parameters were calculated by presuming a single reaction for a specific stage. As 

discussed in DTG analysis, there was only a single reaction for individual coal and 

biomasses during pyrolysis. However, the coal-biomass blends show two reactions for 

devolatilization. Therefore, Eq. 3-8 was applied to each stage separately and calculated 

the kinetic parameters of each reaction. Each g(α) from Table 3-1 gives the straight line 

with R2. The g(α) having the highest value of R2 is considered as the best integral function 

that describes the kinetics of reaction for each stage [25]. The temperature ranges for the 

kinetics calculation of individual fuels and their blends were taken from  

Table 4-2. All models from Table 3-1 show the value of R2 in the range of 0.90-1 

except R1 and F1/3 model in the second stage for 40C:60SD, 20C:80SD, and 20C:80H 

blends. Figure 4-4 illustrates that the models R1 and F1/3 show negative value in the 

second stage for 60% and 80% ratio of biomasses which means these models are not 

suitable for these blends. The highest Ea for C-SD blend and C-H blends in the first stage 

were found by the D3 model, while in the second stage F4 model showed the highest value 

of Ea.  

The R1 model showed the lowest value of Ea for C-SD blends and C-H blends during 

the first and second stages. Based on the highest R2, Table 4-4 listed the best-fitted g(α), 

Ea, R
2, and A for the first and second stages of coal-biomass blends. The first and second 

stage Ea for C-SD blends is presented in Figure 4-4 (a-b). For the first stage of the C-SD 

blend, the R3 model shows the highest value of R2, whereas in the second stage the model 

F3/2 showed the higher value of R2. Figure 4-4 (c-d) represents the Ea for the first and 

second stages for C-H blends. For the first stage of C-H blends, the F2 model was suitable 

and for the second stage F1 and F3/2 models showed the highest value of R2. The Ea for 

100C was 39 kJ/mol through the F3/2 model, while 100SD and 100H show 60 kJ/mol 
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through the R3 model, and 44 kJ/mol through the F2 model, respectively. The Ea for C-

SD blends were 43-59 kJ/mol for first stage and 12-31 kJ/mol for second stage. In contrast, 

the C-H blends showed Ea of 29-42 kJ/mol in the first stage and 9-26 kJ/mol in the second 

stage as presented in Table 4-4. 

 The Ea for coal-biomass blend in the first stage increased as the ratio of biomass 

increased, whereas in the second stage the Ea decreased as the percentage of biomass 

increased in coal-biomass blends. Tian. et. al [26] also reported that under 350 °C 

temperature the Ea of coal-biomass blends increased as biomass ratio in blend increased. 

The overall minimum Ea was observed for 20C-80SD (70 kJ/mol) and 20C-80H (51 

kJ/mol) during the first and second stages. The R2 for all coal-biomass blends was in the 

range of 0.99-1, which confirmed the validity and suitability of the applied model [27].  

Generally, the A is related to the material structure, and indicates the collision of 

molecules in the direction essential to initiate a reaction [28]. The A value calculated for 

100C was 53min-1, for 100SD was 6208 min-1, and for 100H was 1731 min-1. As larger 

the value of A, the more energy is transferred by the collision of the molecules [29]. For 

C-SD blends the value of A was 77-4290 min-1 in the first stage and 1.25-22 min-1 in the 

second stage. While for C-H blends the value of A during the first and second stage was 

in the range of 15.90-1053 min-1 and 0.24-6.38 min-1, respectively. The value of A 

increased in the first stage as the ratio of biomass increased in the coal-biomass blend 

whereas in the second stage the value of A decreased as the biomass increased in the blend. 
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Figure 4-4 Ea of thirteen models for coal-biomass samples (a) C-SD first stage (b) C-SD second stage (c) C-H first stage (d) C-H 

second stage 
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Table 4-4 Co-pyrolysis kinetics parameters calculation for coal-biomass blends 

Sample Stage g(α) E (kJ mol-1) A (min-1) R2 

100C Second F3/2 39 53 0.99 

80C:20SD First R3 43 77 0.99 

Second F3/2 31 22 0.99 

60C:40SD First R3 49 476 0.99 

Second F3/2 26 13 0.99 

40C:60SD First R3 59 4832 0.99 

Second F3/2 19 4.92 0.99 

20C:80SD First R3 58 4290 0.99 

Second F3/2 12 1.25 0.99 

100SD First R3 60 6208 0.99 

80C:20H First F2 29 15.90 1.00 

Second F1 26 6.38 0.99 

60C:40H First F2 33 68 0.99 

Second F3/2 21 3.32 0.99 

40C:60H First F2 39 351 0.99 

Second F3/2 17 1.96 0.99 

20C:80H First F2 42 1053 0.99 

Second F1 9 0.24 0.99 

100H First F2 44 1731 0.98 

 

4.4 Thermodynamics parameters 

The thermodynamic parameters such as ΔH, ΔG, and ΔS were calculated by using 

kinetics parameters of best-fitted g(α). Table 4-5 shows the thermodynamics parameters 

for co-pyrolysis that were calculated from DTG peak temperature of decomposition (Tp) 

for each stage. The values of ΔH in the first stage were greater than the second stage for 

all coal-biomass samples. All samples show the positive value for ΔH, which is indicating 
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that the pyrolysis reactions are endothermic [30]. The ΔH followed the same pattern as Ea 

increased with increasing the ratio of biomass in the blend during the first stage.  

Table 4-5 Co-pyrolysis thermodynamic parameters calculation for coal-biomass blends 

Sample Stage ΔH (kJ mol-1) ΔG (kJ mol-1) ΔS (k J mol-1K-1) 

100C Second 33 201 -0.227 

80C:20SD first 38 184 -0.223 

second 25 194 -0.234 

60C:40SD first 44 181 -0.208 

second 20 191 -0.239 

40C:60SD first 54 178 -0.189 

second 13 187 -0.247 

20C:80SD first 53 175 -0.190 

second 6 182 -0.247 

100SD first 55 176 -0.187 

80C:20H first 24 169 -0.236 

second 21 201 -0.245 

60C:40H first 28 165 -0.224 

second 15 195 -0.250 

40C:60H first 34 161 -0.210 

second 11 192 -0.254 

20C:80H first 37 161 -0.201 

second 3 197 -0.272 

100H first 39 160 -0.197 

 

The ΔH for 100C (33kJ/mol) was less than 100SD (55 kJ/mol) and 100H (39 

kJ/mol). While the difference between the value of ΔH and ΔE was 4-7 kJ/mol that 

indicates the reaction was possible to produce because it lower the potential energy barrier 

[31]. The value of ΔH for C-SD blends in the first stage was 33-53 kJ/mol, whereas in the 

second stage was 6-25 kJ/kg. For C-H blends the ΔH was in the range of 24-37 kJ/kg, and 
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for the second stage, it was 3-21 kJ/kg. The value of ∆H for C-SD and C-H blends is 

depending on the value of Ea. The higher value of ∆H for C-SD blends as compared to C-

H blends was due to the complexity in chemical reaction for 100SD as compared to 100H 

biomass.  The ΔG specifies entire energy rises in system as the activated complexes were 

produced by consuming the reactants [27]. The ΔG for 100C (201 kJ/mol) was highest as 

compared to 100SD (176 kJ/mol) and 100H (160 kJ/mol). The value of ΔG was lower 

than 100C and 100SD which means 100H requires less energy to form an active complex 

[32]. The ΔG for C-SD blends in the first stage was 175-184 kJ/kg, while for the second 

stage it was 182-194 kJ/kg. The range of ΔG for C-H blends during the first stage was in 

the range of 161-169 kJ/mol, while in the second stage it was in the range of 197-201 

kJ/mol. It could be seen that the values of ΔG were positive for all coal-biomass blends 

that indicating the external energy is required to promote the reaction because the 

reactions are complicated [31].  

The ΔS describes the degree of disorder in the system after pyrolysis [32]. The value 

of ΔS for 100C (-0.227 kJ/mol.K) was lower than 100SD (-0.187 kJ/mol.K) and 100H (-

0.197 kJ/mol.K) that indicating lower the activity of 100C during pyrolysis reaction and 

it takes much time for chemical and physical change to move toward thermodynamic 

equilibrium [33]. The ΔS was negative for all coal-biomass blends that indicates the 

thermodynamic equilibrium is nearer to achieve in the system [32]. 

4.5 Bio-char characterization 

The yield of biochar obtained from pyrolysis of raw hemp was 40% g at 520°C that 

was calculated from Eq. 3-12. The produced bio-char is characterized using various 

techniques to investigate its suitability for various novel applications. The FTIR spectra 

of hemp bio-char showed a difference in functional groups and band intensities from raw 

hemp biomass as shown in Figure 4-5 (a). Hemp bio-char showed three major peaks of 

absorption. The first absorption peak at 1411 cm-1 is attributed to benzene C-H groups for 

lignin [34]. The second peak was observed at 1015 cm-1 that is mainly due to stretching 

vibration in C-O group. The third sharp peak at 871 cm-1 is attributed to the aromatic C-

H bending [35]. The loss of intensity at 1613 cm-1 relative to that at 871 cm-1 is due to the 
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transitional process from aliphatic structure to aromatic structure in bio-char [36]. In bio-

char, hemicellulose, and cellulose functional groups were disappeared with increasing the 

pyrolysis temperature. Therefore, the O-H and aliphatic C-H bonds are gradually 

disappeared or weaken in bio-char as compared to raw hemp biomass[33], while the 

additional peak at 871 cm-1 is due to the transitional process of functional groups. 

 

Figure 4-5 Characterisation of raw hemp and hemp-derived bio-char (a) FTIR (b) 

TGA 

Figure 4-5 (b) represents the TGA of raw hemp biomass and its bio-char. The overall 

ML of raw hemp was about 80%, while for hemp bio-char was nearly 47%. At 400 °C, 
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the ML of raw hemp was 53.58%, whereas for hemp bio-char it was 6.99 % that is due to 

the formation temperature of hemp bio-char being 520 °C and it is thermally stable below 

the temperature, it was produced [37]. Additionally, the cellulose component of bio-char 

will be pyrolyzed above 400 °C. The ML around 400 °C temperature during pyrolysis is 

mainly due to the decarboxylation and the cleavage of methoxyl groups [38]. Therefore, 

less weight loss% in this range for bio-char indicated the elimination of these groups. The 

high pyrolysis  temperature increases the thermal stability of biochar that makes the 

feasibility of biochar utilization as a fuel in co-firing with coal and other environmental 

applications [39]. 

The structural morphology of the hemp biochar and elemental scattering were 

analyzed by SEM coupled with EDX analysis. The SEM analysis of the hemp bio-char is 

shown in Figure 4-6 (a-c), while. Figure 4-6 (d) represents the EDX analysis of bio-chars. 

The hemp bio-char shows well defined and evenly distributed structure with horizontal 

and vertical tubes having uniform pores. The pores were prominent, large, and visible, it 

is due to the elimination of volatiles at higher pyrolysis temperature that enhances the 

surface area and roughness, cracks, pores, active sites and hence improving the retention 

and adsorption capacities of bio-char [40]. The SEM analysis of the hemp bio-char shows 

that it has the potential to be utilized in multiple applications such as catalysis and 

environmental applications. The EDX analysis revealed the existence of important 

elements in hemp bio-char such as Mg, Ca, K, Si, O, and C. These all are essential 

elements to enhance soil fertility as well as define the potential of hemp bio-char in 

agricultural applications. Detailed studies to further investigate the particular influence of 

hemp bio-char for agricultural applications are still needed. 
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Figure 4-6 Hemp-derived bio-char (a-c) SEM analysis (d) EDX elemental analysis 
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Summary 

The coal-biomass blends were characterized by CHN, GCV, FTIR, and TGA. The 

CHN analysis investigates that the carbon content of coal-biomass blends increases as the 

ratio of coal in the blend is increased. While the hydrogen content of both biomasses was 

higher than 100C. The higher content of hydrogen in biomass act as a hydrogen donor in 

the pyrolysis of coal. The nitrogen content of 100C is slightly higher than 100SD but less 

than 100H. Therefore, C-SD blends aid in reducing NOx emissions. The GCV analysis 

showed that the 100C has the highest GCV (29.6 MJ/kg) as compared to 100SD (20.5 

MJ/kg) and 100H (18 MJ/kg). When coal is blended with biomass, it increases the GCV 

of coal-biomass blends due to an increase in carbon content percentage. It means that the 

obtained products from co-pyrolysis also have a high calorific value as compared to only 

biomass pyrolysis products.  

The FTIR analysis reveals that the functional groups in coal and biomass were quite 

same but the absorption intensities were different. The 100C was rich in aromatic C=C, 

while both biomasses mostly contain O-H groups. For coal-biomass blends, the band 

intensity of O-H stretching is reduced and the intensity of aromatic ring C=C increases. 

This situation may be due to the reduction of oxygen and hydrogen content from biomass 

by blending it with coal that further increases the carbon content of coal-biomass blends. 

Co pyrolysis was performed in TGA and the analysis investigate that ML was in the 

following order 100SD>100H>100C. Whereas, the RL was in reverse order. The coal-

biomass blends showed some similar properties to those of individual fuels. It is observed 

the ML, RL, (dw/dt)max Ti, and Tp of coal-biomass blends vary with increasing or 

decreasing blending ratio of biomass. The TGA results show that C-SD blends are suitable 

to produce bio-oil, while the C-H blends are suitable for the production of bio-char. 

 The synergistic effect is mostly present in C-H blends rather than C-SD blends in 

terms of ML. From C-SD blends the 20C:80SD shows somehow positive synergy, while 

for C-H blends the 80C:20H, 60C:40H, and 40C:60H show a positive synergistic effect 

in terms of ML. The kinetic parameters demonstrate that the Ea was in the following order 

100C<100H<100SD. The Ea for 100C was 39 kJ mol−1 through F3/2, while 100SD and 
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100H showed 60 kJ mol−1 through R3 and 44 kJ mol−1 through the F2 model, respectively. 

The Ea for coal-biomass blend in the first stage increased as the ratio of biomass increased, 

whereas in the second stage the Ea decreased as the percentage of biomass increased in 

coal-biomass blends.  

Thermodynamic parameters show that all coal-biomass blends have a positive value 

for ΔH, which is indicating that the pyrolysis reactions are endothermic. The values of ΔG 

were positive for all coal-biomass blends that indicating external energy is required to 

promote the reaction because the reactions are complicated. The value of ΔS showed the 

negative value for all coal-biomass blends that indicating the system is close to its 

thermodynamic equilibrium. The FTIR, TGA, and SEM-EDX of hemp bio-char show that 

it can be used in energy and agriculture applications.   
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Chapter 5                                                 

Conclusions and Recommendations 

5.1 Conclusions 

The coal-biomass blends were prepared with different blending ratios for co-

pyrolysis. The CHN and GCV analysis results indicated that 100C has higher carbon 

content and gross calorific value as compared to 100SD and 100H biomass, while the 

coal-biomass blends showed intermediate behaviour those of individual fuels. FTIR 

analysis showed that both biomasses have nearly the same functional groups while having 

different absorbance intensities. Thermal decomposition characteristics of coal-biomass 

blends were investigated by TGA. The decomposition of biomass occurred in three main 

stages such as moisture release, cellulose and hemicellulose degradation, and lignin 

decomposition. The Ti and Tp of the reaction were influenced by the blending ratio. The 

deviation between the experimental and calculated values of ML, RL, and DTGmax showed 

the positive or negative values that indicate the presence of a synergistic effect or 

inhibitory effect, respectively. Kinetics parameters (Ea and A) were calculated by the 

Coats-Redfern method with thirteen integral functions. The Ea for 100C was 39 kJ mol−1, 

for 100SD was 60 kJ mol−1 and for 100H was 44 kJ mol−1. The Ea of blends in the first 

stage increased as the ratio of biomass increased in the blends, while in the second stage 

the Ea decreased as the ratio of biomass increased in blends. Thermodynamic parameters 

showed that ΔH and ΔG were positive values for each coal-biomass blend which means 

reaction was endothermic and non-spontaneous, Also, the ΔS was negative for each coal-

biomass blend that indicates the more ordered state or the system is close to its 

thermodynamic equilibrium. As the C-SD blends produced more volatiles during co-

pyrolysis, it could be a strong candidate to produce bio-oil, while the C-H blends were 

suitable to produce biochar as they left more residue after co-pyrolysis. Hemp biochar has 

the potential to be utilized in adsorption, carbon sequestration, and heat and power 

generation applications. 
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5.2 Recommendations 

Co pyrolysis of coal-biomass is an efficient and partially greener way to produce liquid, 

gaseous, and solid fuels. But the major challenge that resists its large-scale application is 

designing of co-pyrolysis reactor because coal and biomass both have different kinetic 

and thermodynamic behavior. Therefore, the reactor design can be performed in future by 

considering experimental results.  

The synergistic effect can be observed through CHN, GCV, and FTIT. Additionally, 

model free kinetics at different heating rate can be performed to better understand the 

comparison in model free and model fitting methods.  

Furthermore, hemp bio-char has the potential to be utilized in catalytic, agriculture, and 

energy production application, therefore it needs more exploration through 

characterizations for their applicability. 
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Muhammad Hassan, Khalil Hasni, Umair Yaqub Qazi and Imtiaz Ali. 
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