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ABSTRACT 

Agricultural waste disposal in landfills, depletion of fossil fuels, lack of energy sources and 

accelerated population growth have caused an urgent need to solve waste management, 

reduce environmental impacts, explore sustainable energy alternatives, and minimise 

dependence on non-renewable fuels. Bioenergy is a viable source of renewable energy that 

offers diverse conversion methods (combustion, gasification, pyrolysis, anaerobic digestion, 

and formation) and several useful products (ethanol, biodiesel, heat, electricity, char, etc.). 

However, selecting and exploring new technology for bioenergy generation is crucial to 

developing high by-product quality and value-added applications. Microwave pyrolysis as a 

biomass conversion method has attracted strong interest owing to quick biomass processing, 

the versatility in the use of feedstock, high energy efficiency and the diversity of by-product 

applications. 

 

This work investigates the agro-industrial waste conversion for energy and sustainable 

applications using microwave-assisted pyrolysis. Four study approaches are included in this 

research spanning from the overview, yield optimisation, energy recovery and by-product 

applications. A technological review of the breakdown of agricultural biomass for energy 

application was carried out. This review focuses on bioenergy technologies, microwave 

principles, biomass nature analysis, yield and quality of by-products, by-product applications 

and microwave pyrolysis economic analysis. This investigation exhibited influencing factors 

that impact the quality and yield of the solid, liquid and gas by-products during the microwave 

pyrolysis of agricultural waste. Biomass nature (fibre composition, particle size, moisture 

content, ash content, etc.) and diverse combinations of operating pyrolysis conditions 

(microwave susceptor, reaction time and microwave power) were evaluated based on the 

yield, energy, and quality of by-products. It was found that biomass with high lignin content 

promotes the formation of solid material, and high cellulose and hemicellulose are favourable 
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for the generation of bio-oil and biogas. Feedstock with a high concentration of moisture 

content reported high bio-oil yield with a superior aqueous fraction in the functional groups, 

which affects its quality. The input power, treatment time, and type and quantity of microwave 

susceptor are critical for biochar and bio-oil production. High microwave power and high 

susceptor addition led to excess pyrolysis temperature, which generates temperatures beyond 

the optimal condition for solid and liquid production but induces syngas formation. 

 

The subsequent phase of this investigation involved enhancing the energy efficiency of the 

microwave pyrolysis procedure applied to sugarcane bagasse biomass. The experimental 

procedure comprised exposing the feedstock to different combinations of microwave power, 

reaction time and microwave susceptor to optimise each by-product. The optimisation 

evaluated the yield and quality of biochar, bio-oil and biogas. Results showed that low power 

(1 kW), minimal microwave susceptor addition (10 %) and longer residence time (40 min) were 

favourable conditions for achieving a higher biochar yield due to the gradual thermal 

decomposition of the biomass. The optimal pyrolysis conditions for bio-oil production (25 wt%) 

were medium power of 2 kW, 30 mins and 10% susceptor addition. In contrast, high heating 

rates reached by high microwave power and susceptor generated secondary pyrolysis 

reactions that cause permanent gaseous formation (84 wt%), facilitating carbonization and 

reducing the biochar mass and bio-oil yield. Once the by-product was optimised, the high 

output energy (0.24 kWh) and global energy efficiency (13 %) were obtained.  

 

Biochar-based electrodes are a sustainable alternative for the development of sensing 

materials from residues. Varied agricultural wastes were used as feedstocks for developing 

value-biochar products. The synthesis of nanostructured biochar-modified for the fabrication 

of electrochemical working electrodes has focused the attention of researchers due to provided 

advantages of fast, ultrasensitive, and selective determination of several analytes in different 
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research fields, e.g., environmental, food, water treatment, pharmaceutical and clinical 

analysis. However, preparing carbon material involves toxic chemicals, expensive materials 

(metal/ metal oxide), and time-consuming and complex synthetic steps. This work studied the 

fabrication of modified glassy carbon electrodes by using sugarcane bagasse (SCB) and 

pineapple peel as feedstock for paracetamol and nitrite detection by reducing the synthesis 

step and chemicals without affecting the electrochemical properties. The electrode generated 

from activated biochar pineapple peel (ZnCl2 activated biochar/GCE) showed higher electron 

transfer kinetic properties (Rct=110 Ω) than the bare electrode (Rct=280 Ω) and achieved a 

limit of detection (LOD) of 0.97 µmol L−1 for NaNO2 detection. The application of H2SO4 SCB-

activated biochar on a GCE enhanced the paracetamol oxidation peak (from 6.2 µA to 17 µA) 

and electrocatalytic activity in the non-modified electrode. The electrochemical detection of 

paracetamol at SCB-activated biochar/GCE attained a limit of detection (LOD) of 2.5 µM. The 

findings demonstrated that traditional carbon materials could be replaced by modified biochar, 

which offers a sustainable alternative, reduced synthesis procedure, minimal chemical 

consumption, and high electrochemical sensor applicability. 
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NOMENCLATURE 

 

(εr′ )  Dielectric constant  

(ε′)  Dielectric constant of the material  

(ε0)  Dielectric constant of free space  

(εr′′)  Dielectric loss factor  

(ε′′)  Dielectric loss of the material  

(𝜎𝜎)  Conductivity of the material  

(𝑓𝑓)  Microwave frequency  

(tan δe)  Electric loss tangents  

(tan δm) Magnetic loss tangents  

(𝑄𝑄𝑔𝑔)  Heat generation per unit volume  

(HR)  Heating rate of the material  

(E)  Electric field  

(H)  Magnetic field  

(𝜌𝜌𝑡𝑡)   Thermal conductivity   

(𝐶𝐶𝑝𝑝)  Specific heat  

(𝜔𝜔, rad/s) Angular frequency of the microwave field  

(εo)  Permeability of free space  

(κ")  Dielectric loss factor of the material  

(τ)  Surface reflection coefficient of the material  

(Eo, V/m) Strength of the electromagnetic field at the surface of the material  

(β)  Wave attenuation factor   

(h, W/ m K ) Convective heat transfer coefficient at the surface of an object  

(𝑅𝑅𝑅𝑅𝐿𝐿)  Rayleigh number  
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(𝑃𝑃𝑃𝑃)  Prandtl number  

(𝑘𝑘, W/m ºC) Thermal conductivity of the fluid  

(L, metres) Length of the object being heated  

(𝑇𝑇𝑖𝑖, ºC)  Initial temperature of the material  

(𝑘𝑘𝑠𝑠, W/m ºC) Thermal conductivity of the heated material  

(αs, m2/s) Thermal diffusivity of the heated material  

(c, m/s) Speed of light  

(k’)  Relative dielectric constant of the material  
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CHAPTER 1 
 

 

INTRODUCTION 
 

 

1.1 Problem description 
 

Waste management, lack of energy sources and greenhouse emissions represent significant 

concerns in the agricultural and energy sectors. The agricultural industry faces a continuous 

increase in waste generation associated with the fast-growing population (Koul et al., 2022). 

Biomass waste can be generated during the cultivation or processing of agro-industrial 

products, and its sub-classification consists of sugarcane bagasse, rice husk, de-oiled seed, 

fruit peel, etc. (Koul et al., 2022; Sinha et al., 2021). Agro-industrial waste produced globally is 

equivalent to 50 billion tonnes of oil, and around 23.7 million tonnes correspond to food 

residues generated daily (Allende et al., 2023b; Babu et al., 2022). The disposal of this waste 

into landfills involves a severe environmental issue due to greenhouse gas emissions (GHG) 

contributing to global warming (Babu et al., 2022; Sinha et al., 2021). The agricultural industry 

is responsible for producing ~ 19.9% of the total GHG, releasing carbon dioxide (CO2), nitrous 

oxide (N2O), and methane (CH4) (Allende et al., 2022; Allende et al., 2023b; Babu et al., 2022). 

Around 25% of agricultural waste is burning, the rest of the waste management strategies are 

landfill, animal feed, composting, fertilizers, textile fibres, roof thatching, etc. (Babu et al., 2022; 

Koul et al., 2022). The proper utilisation of residues is beneficial to minimize the environmental 

impact, maximize the cost-effectiveness of management, and gain strategies for developing 

clean energy methods. 
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The gradual depletion of fossil fuels causes a serious issue for the dependence on energy 

resources, a crisis for industrial development, and a challenge for the energy sector (Babu et 

al., 2022; Gupta and Mondal, 2020; Moriarty, 2022). Hence, there is an urgent need to explore 

an eco-friendly and efficient technology to convert biomass waste into energy and value-added 

products. Bioenergy allows the conversion of biomass to energy by using two main 

mechanisms- biochemical and thermochemical processes. Biochemical conversion includes 

anaerobic digestion, alcoholic fermentation and photobiological hydrogen production, whose 

main products are biogas, bioethanol and biohydrogen (Lee et al., 2019). Processing biomass 

using the thermochemical method involves the generation of heat, electricity and fuels by the 

utilisation of production obtained from gasification (syngas- fuel cell, electricity), combustion 

(steam- turbine, heat/electricity), and pyrolysis (biochar, bio-oil and biogas) (Babu et al., 2022; 

Osman et al., 2021).  

 

Pyrolysis technology comprises two subclassifications- conventional and microwave pyrolysis. 

The main difference between pyrolysis technologies is the heating method, microwave 

pyrolysis involves electromagnetic heating instead of convective (external fuel source), where 

the heated material is due to a volumetric absorption of electromagnetic energy (Ethaib et al., 

2020; Santhoshkumar and Anand, 2019). Conventional pyrolysis transfers the heat by internal 

conduction from the environment (furnace/oven) to the material, but microwave pyrolysis 

transfers the energy internally from the hot spots in the material (Ethaib et al., 2020; Fodah et 

al., 2022). Depending on the dielectric properties of the feedstock is necessary the addition of 

a microwave susceptor to absorb the microwave energy and convert it into thermal energy, 

which is transferred to the biomass material (Suriapparao et al., 2021). Microwave pyrolysis 

has multiple benefits over other conversion methods, such as versatility for biomass 

processing, low waste pre-treatment requirement, superior distribution of the heating, rapid 

start-up and shutdown of system mechanism, higher heating rates, and better control of 
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parameters (microwave power, temperature, reaction time, etc.) over the target by-product 

(Allende et al., 2022; Singh et al., 2022; Suresh et al., 2021a). 

 

The by-product properties and quality generated from microwave pyrolysis are associated with 

the nature of biomass, feedstock physicochemical properties, microwave system 

configuration, and pyrolysis operating conditions (Ethaib et al., 2020; Zhang et al., 2017c). The 

intrinsic properties of biomass, such as fibre composition, ultimate analysis, moisture, volatile 

matter, and ash content are vital to developing the quality and yield target by-product (Suresh 

et al., 2021a; Zhang et al., 2017c). Biomass with high lignin compound contributes to increased 

biochar production with high carbon content (energy value), and waste material with high 

volatile matter and moisture content is favourable for generating high bio-oil yield and biogas 

fraction (Amalina et al., 2022; Ge et al., 2021; Wu et al., 2023). The microwave system 

configuration normally comprises a chamber, microwave reactor, vacuum pump, nitrogen flow, 

condensers, power/ temperature controller, by-product collection points, and thermocouple 

(Wu et al., 2023; Zhou et al., 2018). The operating conditions can be adjusted depending on 

the applications and characteristics requested of the target by-products, considering the 

microwave susceptor addition ratio, input power, reaction time, nitrogen flow concentration, 

chamber shape, vacuum pressure, etc.  

 

The correlation between the simultaneous optimisation of by-products and the biomass 

material and microwave operating conditions of agricultural waste has not been explored. 

These factors are essential for developing an appropriate by-product application. Biochar, bio-

oil, and biogas have an optimised energy value and yield by using optimisation of a specific 

combination of microwave operating conditions, which allows obtaining high energy recovery. 

The use of the by-products is varied, e.g., bio-oil and biogas are used for electricity generation 

by applying engine/turbine or as fuel by converting liquid into biodiesel (Abdurrahman, 2020). 
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The study of biochar as a sustainable carbon material has gained interest due to the diversity 

of applications and environmental benefits- reduction of waste disposal and carbon 

sequestration potential. Biochar is an excellent alternative replacement for some carbon 

materials, like graphite, graphene oxide, etc (Allende et al., 2023b; Li et al., 2022f; Sant’Anna 

et al., 2020). 

 

1.2 Research aims. 
 

This research aims to evaluate the breakdown of agricultural waste using microwave pyrolysis 

for optimising energy recovery and study the application of biochar in recent advancements in 

electrochemical sensors. Mainly, the study includes the following objectives: 

- Investigate the use of microwave-assisted pyrolysis as a conversion method for the 

processing of agricultural waste. 

- Evaluate the influencing factors that affect the quality and yield of the solid, liquid and 

gas by-products during the microwave pyrolysis process. 

- Optimisation of energy recovery from agricultural biomass under varying microwave-

assisted pyrolysis conditions. 

- Synthesis of carbon-rich material from the breakdown of diverse agricultural feedstocks 

and their application in the development of sustainable electrochemical sensors. 

 

1.3 Thesis structure 

 

Chapter 1: Introduction- Includes the description of the research background and its scopes. 

In addition, it introduces the aims of the project. 
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Chapter 2: Literature review- Consists of the research review about the breakdown of 

lignocellulosic biomass using microwave pyrolysis for energy recovery. The first part of the 

chapter considers the discussion about the different biomass conversion methods, including 

the study of microwave pyrolysis principles. The next objective of this work comprises 

evaluating the influencing factors that impact the yield and quality of biochar, bio-oil, and 

biogas. In this section, the yield, and the method of conventional and microwave pyrolysis were 

compared based on the yield, characterisation (quality) and energy value. The review also 

incorporates the applications of the by-products and economic analysis. 

 

This chapter was published as S. Allende, G. Brodie, and M. V. Jacob, "Breakdown of biomass 

for energy applications using microwave pyrolysis: A technological review," Environmental 

Research, vol. 226, p. 115619. 

 

Chapter 3: Energy recovery under varying microwave pyrolysis conditions- Involves the 

energy optimisation from the microwave pyrolysis of sugarcane bagasse under various 

operating conditions. The first stage of the research consists of the study of raw biomass 

physicochemical properties of sugarcane bagasse. The optimisation of biochar, bio-oil and 

biogas was based on a diverse combination of pyrolysis operating conditions. The quality and 

energy balance of the optimised by-products was investigated. Also, this work comprises the 

economic and carbon footprint analysis. 

 

This chapter was published as Allende, Scarlett, Graham Brodie, and Mohan V. Jacob. 2022. 

'Energy recovery from sugarcane bagasse under varying microwave-assisted pyrolysis 

conditions', Bioresource Technology Reports, 20: 101283. 
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Chapter 4: Paracetamol sensor using activated biochar- Investigates the synthesis of 

activated biomass-derived biochar as a metal-free sensor for paracetamol detection. The 

activated biochar was synthesized using sugarcane bagasse (SCB) as feedstock, which was 

exposed to a chemical activation (H2SO4) and post-thermochemical treatment achieved by 

microwave pyrolysis. The physicochemical properties of the carbon material were evaluated 

to use it as a biochar-based electrochemical sensor by drop casting in a glassy carbon 

electrode (GCE). The analytical performance of SCB-activated/GCE was investigated using 

the correlation of the current-time response to the analyte concentration. The properties of 

selectivity, stability and reproducibility were also studied. 

 

This chapter is under review for being published as S. Allende, Y. Liu, and M. V. Jacob, 

‘Electrochemical sensing of paracetamol based on sugarcane bagasse-activated biochar’, in 

the journal Industrial Crops and Products, special issue: Lignocellulosic Biomass-derived 

Functional Materials. 

 

Chapter 5: Food waste biochar for electrochemical sensing of nitrite- Assess pyrolysed 

pineapple peel as a biochar-based sensor for nitrite detection. The study starts with 

synthesising and characterising ZnCl2- activated biochar, e.g., ultimate analysis, BET surface 

area, Raman spectra, TGA and SEM/TEM. The modified glassy carbon electrode (GCE) was 

coated using active biochar from microwave pyrolysis by drop-casting technique. The 

electrochemical detection of nitrite on a modified electrode was evaluated using the current 

response to the nitrite addition ranging and limit of detection. Additionally, selectivity, stability, 

and reproducibility of ZnCl2- activated biochar/GCE were investigated. 
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This chapter was published as S. Allende, Y. Liu, M. A. Zafar, and M. V. Jacob, "Nitrite sensor 

using activated biochar synthesised by microwave-assisted pyrolysis," Waste Disposal & 

Sustainable Energy, 2023/01/17 2023. 

 

Chapter 6: Graphene oxide for high selective electrochemical detection of dopamine- 

Study the synthesis of a negatively charged carbon-based material obtained from the 

microwave pyrolysis conversion of banana peel (BP) waste into biochar-based graphene oxide 

(BBGO). The electrostatic interaction property of the material was assessed by its application 

on a modified carbon screen printed electrode (CSPE) for selective detection of dopamine 

(DA). The selectivity determination of dopamine was evaluated in the coexistence with 

interference molecules of ascorbic acid (AA) and uric acid (UA). The electrochemical analysis 

was carried out using electrochemical impedance spectra (EIS), cyclic voltammetry (CV), and 

differential pulse voltammetry (DPV). 

 

This chapter is under review for being published by S. Allende, Y. Liu., M. A. Zafar, and M. V. 

Jacob, ‘Sustainable Utilization of Food Waste: Microwave-Assisted Conversion into Graphene 

Oxide for Sustainable Sensor Applications’ in the journal Materials Today Sustainability. 

 

Chapter 7: Conclusion and recommendations- Reveals the highlights and discussion of 

the implications of this work, including suggestions for new research possibilities. 
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CHAPTER 2 

 

 

2 LITERATURE REVIEW 

 

Abstract 

The agricultural industry faces a permanent increase in waste generation associated with the 

fast-growing population. Due to the environmental hazards, there is a paramount demand for 

generating electricity and value-added products from renewable sources. The selection of the 

conversion method is crucial to developing an eco-friendly, efficient, and economically viable 

energy application. This chapter investigates the influencing factors that affect the quality and 

yield of biochar, bio-oil, and biogas during the microwave pyrolysis process, evaluating the 

biomass nature and diverse combinations of operating conditions. The by-product yield 

depends on the intrinsic physicochemical properties of biomass. Feedstock with high lignin 

content is favourable for biochar production, and the breakdown of cellulose and hemicellulose 

leads to higher syngas formation. Biomass with high volatile matter concentration promotes 

the generation of bio-oil and biogas. The pyrolysis system's conditions of input power, 

microwave heating susceptor, vacuum, reaction temperature, and the processing chamber 

geometry were influence factors for optimising the energy recovery. Increased input power and 

microwave susceptor addition led to high heating rates, which were beneficial for biogas 

production, but the excess pyrolysis temperature induced a reduction of bio-oil yield. 

 

Keywords: Biomass; Microwave pyrolysis; Energy; Biochar; Bio-oil; Biogas. 
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This chapter was published as S. Allende, G. Brodie, and M. V. Jacob, "Breakdown of biomass 

for energy applications using microwave pyrolysis: A technological review," Environmental 

Research, vol. 226, p. 115619.  

 

2.1 Introduction. 
 

Fossil fuel dependence, waste management, greenhouse emissions, and the disposal of 

several types of waste generated by individuals and industries are crucial issues in the 

electrical energy sector (Ferrari et al., 2022; Yu et al., 2022b). The conversion of waste into 

energy is of significant interest because it represents a sustainable and environmentally 

friendly way of managing waste and also, recovering the energy thereby contributing to the 

circular economy (Ferrari et al., 2022; Yu et al., 2022b; Zhao et al., 2022). Renewable energy 

development is vital to decrease greenhouse gas emissions and increase the reliability of the 

energy system and energy supply (Sun et al., 2022a). Microwave pyrolysis is an attractive 

method of bioenergy production that allows the replacement of fossil fuels in favour of clean 

energy applications, like fuel production (biodiesel), heat, electricity, chemicals and other 

commodities from biowaste materials (Siddique et al., 2022; Sun et al., 2022a). Lignocellulosic 

biomass used in bioenergy production is diverse (Yu et al., 2022b). These include agricultural 

waste, energy crops, forestry products, urban waste and industrial residue (Cai et al., 2021b; 

Duarah et al., 2022). Thus, bioenergy offers abundant feedstock to produce liquid, gas and 

solid fuels. Unlike other types of renewable energy, the bioenergy source supply is continuous 

(biomass) and hence is not affected by the intermittency of resources such as solar and wind 

energy (Li et al., 2022b; Liu et al., 2022).  
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Biomass waste can be converted into biofuels by two conversion processes, which are 

thermochemical and biochemical. These bioenergy methods have substantial dissimilarities 

associated with biomass feedstock, by-products, and applications (Shahbeig and Nosrati, 

2020; Varjani et al., 2022). Combustion, gasification, and conventional or microwave pyrolysis 

are thermochemical conversion methods (Karpagam et al., 2021; Von Cossel et al., 2021). 

Biochemical conversion involves anaerobic digestion and microbial fermentation (García-

Depraect et al., 2022; Karpagam et al., 2021). A biochemical process requires biomass 

pretreatment and is selective (microbes, enzymes and chemicals). However, thermochemical 

conversion is possible for practically any type of biomass without pretreatment (García-

Depraect et al., 2022; Karpagam et al., 2021; Zhao et al., 2022). The thermochemical process 

has less reaction time and higher productivity than the biochemical technique due to its limited 

by-products (biological conversion) and long reaction rate (Sun et al., 2022a; Yu et al., 2022b). 

Figure 2.1 shows different energy conversion methods, where combustion conversion implies 

burning biomass in the presence of oxygen, intending to generate heat and power. 

 

 

Figure 2.1: Biomass conversion process by bioenergy technology (Anca-Couce et al., 2021; 

Fodah et al., 2022; Hasan et al., 2021; Liu et al., 2022; Sun et al., 2022a). 
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Anaerobic digestion implicates microbial decomposition of organic biomass in an oxygen-free 

environment by applying an optimal temperature for the microorganism activity (Dhanya et al., 

2020a; Liu et al., 2022; Zhu et al., 2021). The product obtained from the conversion process 

is mainly biogas (methane, carbon dioxide, water vapour and lesser concentration of hydrogen 

sulphide and hydrogen) (Dhanya et al., 2020a; Yu et al., 2022b). Fermentation is also a 

biochemical conversion process in the absence of oxygen, in which organic biomass is broken 

down by the action of enzymes (Pishvaee et al., 2021; Yu et al., 2022b). Biomass 

decomposition by fermentation involves a long process time, where the first step is sucrose 

conversion into fructose and glucose by hydrolysis enzymes (Ghosh et al., 2020; Yu et al., 

2022b). Products obtained from the conversion process are alcohol fuels, such as ethanol and 

lactic acid (Gautam et al., 2019; Pishvaee et al., 2021). 

 

The gasification method involves a high-temperature process that allows converting organic 

biomass into mainly syngas generation in a controlled oxygen environment for energy 

applications (Yu et al., 2022b; Zhang et al., 2019b). Conventional pyrolysis involves a 

convective heating method that occurs in the absence of an oxidizing agent, where the heating 

is transferred into the biomass through internal conduction from the surface of the biomass (Li 

et al., 2022e). The pyrolysis range temperature is between 400 ºC and 1200 ºC (Rajendran et 

al., 2019). Conventional heating is conducted using a batch furnace, auger reaction chamber 

or fixed bed reactor. In contrast, microwave pyrolysis technology is achieved by the thermal 

decomposition of biomass exposed to electromagnetic heating in the absence of oxygen 

(Hadiya et al., 2022; Wang et al., 2020d). The heating method is material-dependent 

(feedstock dielectric properties), in which microwave energy is transferred by the microwave 

susceptors (biochar or activated carbon) that absorb the microwave radiation and start to burn 

the biomass (Prathiba et al., 2018; Toscano Miranda et al., 2021). There are beneficial factors 

associated with the conversion process compared to conventional pyrolysis. For example, 

microwave heating provides quick start-up, higher heating rates and an efficient heating 
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distribution (Li et al., 2022e; Toscano Miranda et al., 2021; Zhang et al., 2022d). The 

microwave pyrolysis method is a promising alternative to energy generation due to its high 

heating efficiency, which can lead to higher yield and quality of the by-products, contributing 

to increased energy recovery efficiency of the conversion process (Hadiya et al., 2022; Li et 

al., 2022e; Zhang et al., 2022d). Consequently, the type of conversion method depends on the 

nature of the biomass, energy applications (the kind of energy obtained), economic factors, 

environmental standards, operating conditions of the conversion system, and others (Shahbeig 

and Nosrati, 2020; Toscano Miranda et al., 2021; Varjani et al., 2022).  

 

2.2 Microwave pyrolysis technology. 
 

The pyrolysis concept comprises the thermal degradation of the raw waste in inert atmospheric 

conditions (absence of oxygen) to obtain gas, liquid, and solid products (Foong et al., 2020; 

Ge et al., 2021; Rajendran et al., 2021). Microwave pyrolysis technology can include three 

stages. The first stage involves the evaporation of free moisture existing in the biomass. The 

second phase comprises dehydration, demethylation, and decarboxylation reactions related 

to the depolymerization and fragmentation process of lignocellulosic compounds. The final 

stage is secondary reactions associated with depolymerization and recondensation (Foong et 

al., 2020; Ge et al., 2021). 

 

The pyrolysis process has three relevant factors associated with the pyrolysis operating 

settings and biomass conditions that depend on the residence time, heating rate, temperature, 

and particle size. The particle size of the sample impacts the intensity and distribution of the 

microwave irradiation, affecting the uniformity of the dielectric heating on the biomass. Small 

particle size is favourable to increasing the gaseous phase products (Li et al., 2022d; Suresh 

et al., 2021b). The slow pyrolysis process applies a low operating temperature and long solid 
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residence time (between 5 and 30 min) (Ethaib et al., 2020; Robinson et al., 2015; Suresh et 

al., 2021b; Yaning Zhang, 2017; Zhang et al., 2017a). These conditions produce limited bio-

oil quality. Fast pyrolysis is commonly used for liquid fuel production due to the high heating 

rate and low solid residence time (Tomczyk et al., 2020a; Yaning Zhang, 2017). Furthermore, 

flash technology produces lower thermal stability and oil corrosiveness because of the short 

residence time and elevated heating rate and temperature (Suresh et al., 2021b; Yaning 

Zhang, 2017). The detail of the operating ranges is shown in Table 2.1. 

 

Table 2.1. Operating parameters by pyrolysis process (Ethaib et al., 2020; Foong et al., 2020; 

Hasan et al., 2021; Kung et al., 2022). 

Pyrolysis 
classification 

Residence 
time (s) 

Heating rate 
(ºK/s) 

Particle size 
(mm) 

Temperature (ºK) 

Slow 450-550 0.1-1 5-50 550-950 
Fast 0.5-10 10-200 <1 850-1250 
Flash <0.5 >1000 <0.2 1050-1300 

 

Diverse studies reported the use of microwave pyrolysis for processing multiple types of waste 

materials. The configuration of the microwave system depends on biomass conversion, by-

product target and energy application. Some work reveals the use of plastic and triglycerides 

as feedstock for maximising bio-oil production, considering a series of columns and 

condensers (Wan Mahari et al., 2022). Other research established the conversion of food 

waste into activated biochar by using microwave heating and CO2 activation (Yek et al., 2020). 

 

2.2.1 Microwave pyrolysis principles. 

 

Microwave heating is a form of electromagnetic heating, involving the interaction of 

electromagnetic waves with ionic and dipolar molecules (Ge et al., 2021; Siddique et al., 2022; 

Yu et al., 2022a). Therefore, the heat is generated within the material rather than external to 
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the heated object, which is the opposite of conventional heating. Commercial microwave 

systems commonly operate at frequencies of 915 MHz and 2.45 GHz (Lam and Chase, 2012). 

Nevertheless, microwave heating requires an external microwave energy source to transfer 

energy to the content through a surface (Ethaib et al., 2020; Ge et al., 2021; Hadiya et al., 

2022). Atomistic dynamic represents the interactions between microwave heating and the 

different materials (molecules) given by the components of electric and magnetic fields 

(electromagnetic waves). The heat is applied to the material producing either the translational 

motion of molecules or the vibration of lattice (phonons). These phonons are in a higher energy 

state (high-frequency motions) than the surrounding magnetic system, so there is an exchange 

of energy with the magnetic system— then magnons are excited with the use of high-frequency 

microwaves. The microwave's behaviour depends on different loss mechanisms, e.g., electric, 

conduction, hysteresis, and resonance. These mechanisms are subjected to material, 

microstructure, frequency, and temperature variables (Mishra and Sharma, 2016; Yoshikawa, 

2020). 

 

Microwaves have a wavelength range between 10−3 and 1 m and photon energy between 1.2 

μeV and 1.2 meV. Microwaves are electromagnetic waves with perpendicular electric and 

magnetic fields, considering a frequency from 300 MHz to 300 GHz (Bartoli et al., 2019; 

Zamorano Ulloa et al., 2019). Microwave heating comprises two types of interactions between 

the material and the radiation. The most common interaction involves ion and dipole 

displacement by the wave's electric field; however, in some ferric materials, the wave magnetic 

field can interact with magnetic domains or induce eddy currents in the material. The most 

common interaction is with the electric field (Ge et al., 2021; Hadiya et al., 2022). 
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To fully understand the behaviour of feedstock material under microwave pyrolysis is crucial 

to study the volumetric absorption of electromagnetic energy in the heated material. The 

dissipated power in the feedstock reveals the main difference between conventional and 

microwave pyrolysis, which is to determine the heating profile (electromagnetic penetration 

depth) of the feedstock. Equations 1, 2, 3 and 4 (Bartoli et al., 2019) explain the interaction of 

electric and magnetic fields. Specifically, the relative dielectric constant (εr′ ) associated with 

the dielectric constant of the material (ε′) and the dielectric constant of free space (ε0). The 

dielectric loss factor (εr′′) is linked to the dielectric loss of the material (ε′′), the conductivity of 

the material (𝜎𝜎), and the microwave frequency (𝑓𝑓). The relative magnetic permittivity (μr′ ) is 

the ratio of the magnetic permeability properties of the material (μ′) and the magnetic 

permeability of the void (μ𝑜𝑜). The magnetic loss (μr′′) comprises additional factors like the 

magnetic loss of the material (μ′′) (Bartoli et al., 2019). 

 

εr′ = ε′ ε0⁄       (1) 

εr′′ = (ε′′ εo⁄ ) + � σ
2πfεo

�     (2) 

μr′ = μ′ μo⁄        (3) 

μr′′ = (μ′′ + μo) + � σ
2πfμo

�    (4) 

 

Equations 5 (Bartoli et al., 2019) and 6 (Bartoli et al., 2019) describe the electric (tan δe) and 

magnetic loss tangents (tan δm), both of which represent absorption of the electromagnetic 

energy. Also, Equations 7 (Bartoli et al., 2019) and 8 (Bartoli et al., 2019) describe heat 

generation per unit volume (𝑄𝑄𝑔𝑔) and the heating rate of the material (HR), respectively, as the 

absorbed energy is converted to internal kinetic energy (i.e., heat) in the material. The electric 

field (E) and magnetic field (H), which are the mutually perpendicular fields of electromagnetic 
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radiation, are related. Furthermore, thermal conductivity (𝜌𝜌𝑡𝑡) and specific heat (𝐶𝐶𝑝𝑝) of the 

material are related to its heating rate calculation. 

 

tan δe = (εr′′/ εr′ )        (5) 

 

tan δm = (μr′′/ μr′ )       (6) 

 

Qg =  πfε′o ε′′r |E|2 + πfμ′oμ′′r|H|2     (7) 

 

HR =  Qg/ρtCp      (8) 

 

Electromagnetic heating depends on volumetric heating conditions. The dissipated microwave 

power in the material is an influencer of the thermal diffusion in the heated material (Brodie, 

2008; Zamorano Ulloa et al., 2019). Equation 9 describes the involved factors in dissipated 

microwave power (Brodie, 2008). The factors associated with the dissipated power are; the 

angular frequency of the microwave field (𝜔𝜔, rad/s), the permeability of free space (εo), the 

dielectric loss factor of the material (κ"), the surface reflection coefficient of the material (τ), 

the strength of the electromagnetic field at the surface of the material (Eo, V/m), and the wave 

attenuation factor (β) (Brodie, 2008).  

 

q = ωεoκ"τ2Eo2

2
e−2βx    (9) 
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The heat from the object, which interacts with the electromagnetic wave, will also be 

transferred to the surrounding environment by convection. The convective heat transfer 

coefficient at the surface of an object (h, W/ m K ) is described by Equation 10 (Tomar, 2019; 

Welty.; et al., 2007). The convective heat transfer calculation involves; the Rayleigh number 

(𝑅𝑅𝑅𝑅𝐿𝐿), Prandtl number (𝑃𝑃𝑃𝑃), the thermal conductivity of the fluid (𝑘𝑘, W/m ºC), and the 

characteristic length of the object being heated (L, metres) (Welty.; et al., 2007). 

 

ℎ =  𝑘𝑘
𝐿𝐿

⎩
⎨

⎧
0.825 +

0.387 𝑅𝑅𝑅𝑅𝐿𝐿
1 6�

�1+ �0.492
𝑃𝑃𝑃𝑃 �

9 16�
�
8 27�

⎭
⎬

⎫
2

     (10) 

 

The temperature generated inside a semi-infinite material or a material that is many times 

larger than the penetration depth of the wave due to microwave heating can be calculated by 

Equation 12 (Brodie, 2008). The associated factors are the initial temperature of the material 

(𝑇𝑇𝑖𝑖, ºC), distance from the surface into the core of the material (x, meters), the thermal 

conductivity of the heated material (𝑘𝑘𝑠𝑠, W/m ºC), thermal diffusivity of the heated material (αs, 

m2/s), and heating time (t, seconds). The propagation factor is described in Equation 11 

(Brodie, 2008; J. Tang, 2009), which includes the speed of light (c, m/s) and the relative 

dielectric constant of the material (k’).  

 

𝛽𝛽 = 𝜔𝜔
𝑐𝑐
�𝜅𝜅′
2
��1 + �𝜅𝜅"

𝜅𝜅′
�
2
− 1�      (11) 

 

𝑇𝑇 = 𝜔𝜔𝜀𝜀𝑜𝑜𝜅𝜅"𝜏𝜏2𝐸𝐸𝑜𝑜2

8𝑘𝑘𝑠𝑠𝛽𝛽2
�𝑒𝑒4𝛼𝛼𝑠𝑠𝛽𝛽2𝑡𝑡 − 1� �𝑒𝑒−2𝛽𝛽𝛽𝛽 + �ℎ

𝑘𝑘𝑠𝑠
+ 2𝛽𝛽� 𝑥𝑥 ∙ 𝑒𝑒

−𝑥𝑥2

4𝛼𝛼𝑠𝑠𝑡𝑡�+ 𝑇𝑇𝑖𝑖    (12) 
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2.2.2 Difference between conventional and microwave pyrolysis. 

 

The difference between conventional and microwave pyrolysis lies in the heating method. 

Microwave heating is produced from internal sources, meaning that the heat is generated 

within the biomass, while conventional heating is from the external environment (Ethaib et al., 

2020; Li et al., 2022e; Yu et al., 2022a). Figure 2.2 illustrates the heating mechanism of both 

technologies. Microwave heating transfers energy, through the interaction of the molecules 

(agitating dipolar molecules) within the biomass, in a much shorter reaction time than 

conventional heating (Yu et al., 2022a; Zhang et al., 2022b).  

 

 

Figure 2.2. Comparison between heating mechanisms of microwave and conventional 

pyrolysis.  

 

The electromagnetic energy is converted into heat by applying diverse microwave susceptors 

that absorb the microwave radiation and heat the biomass (Li et al., 2022e; Siddique et al., 

2022). Another reason for adding microwave susceptor into the biomass is due to the low 

dielectric characteristics of the biomass feedstock (i.e., the dry biomass is relatively 

transparent to microwave radiation), which does not produce a heating effect by itself. Carbon 

material or water, which has much higher dielectric loss than dry biomass, can be added to the 

biomass to transform the microwave energy into heat (Ethaib et al., 2020; Li et al., 2022e; 

Nhuchhen et al., 2018; Siddique et al., 2022). 
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The advantages of microwave pyrolysis consist of the transfer of heat energy within the bulk 

of the material instead of heat transfer from outside to inside and the wide range of biomass 

materials that can be used (i.e., versatility in biomass processing) (Czajczyńska et al., 2017; 

Shukla et al., 2019; Yaning Zhang, 2017). For example, feedstocks can include agricultural 

biomass, plastics, tyre residues, and any other type of municipal solid waste. The precise and 

controlled heating method leads to the rapid and efficient start-up of the microwave system 

(Hadiya et al., 2022; Wu et al., 2022; Zhang et al., 2020). Microwave pyrolysis has 

instantaneous volumetric heating and uniform distribution in the energetic coupling. 

Subsequently, the microwave mechanism provides efficiency in the heating process, saving 

time, providing better heating distribution and controlling overheating (Hadiya et al., 2022; 

Siddique et al., 2022; Wu et al., 2022). Figure 2.3 shows a comparison of the pyrolysis 

technologies. 

 

Figure 2.3. Difference between conventional and microwave pyrolysis technologies (Siddique 

et al., 2022; Toscano Miranda et al., 2021; Yaning Zhang, 2017; Zi et al., 2019a).  
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Microwave pyrolysis consists of dielectric heating, in which the absorption of microwave 

irradiation produces the migration and rotation of ionic and dipolar species, respectively. Then, 

the mixture of a microwave susceptor with a high dielectric loss factor into the biomass allows 

for improved heating rates and pyrolysis temperatures (Ellison et al., 2017; Hadiya et al., 2022; 

Nhuchhen et al., 2018; Yaning Zhang, 2017). Table 2.2 shows the dielectric properties of 

different microwave susceptors. Carbonaceous materials, like carbon, graphite and SiC, are 

the most common microwave susceptors used (Ellison et al., 2017; Zhang et al., 2020). The 

ratio of the microwave susceptor to raw feed stock is a relevant factor in terms of by-product 

yield. For instance, adding a higher microwave susceptor ratio can increase bio-oil production. 

But at the later stage of pyrolysis, rapid excess temperature leads to secondary reactions of 

the liquid products to form permanent gaseous products (Nhuchhen et al., 2018; Yaning 

Zhang, 2017). 

 

Table 2.2. Dielectric loss tangent of diverse microwave susceptor materials (Ellison et al., 

2017; Yaning Zhang, 2017; Zhang et al., 2017a; Zhang et al., 2020). 

Material tanδ 
Water 0.15 
SiC 0.37-1.05 
Activated carbon 0.07-0.9 
Biochar  0.2-1.04 
Graphite 0.03-0.17 
Carbon  0.28-0.38 
Glycerol-water 0.3 
Ethylene glycol 1 

 

2.3  Biomass feedstock classification 
 

Cellulose, hemicellulose and lignin are the three main components of biomass. The common 

term used to identify these three constituents is lignocellulosic (S.Bharathiraja et al., 2017). 

Cellulose has a crystalline structure and a molecular formula of (C6H12O6)n and exhibits 

exceptional resistance to acids and alkalis, but hemicellulose and lignin are amorphous 
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(Fermanelli et al., 2020). The lignin component comprises units of phenylpropane and its 

derivatives, which are bonded 3-dimensionally (Tawaf Ali et al., 2022). The hemicellulose 

interaction in the biomass is covalently bonded (ester bond) (Fermanelli et al., 2020). In the 

microwave pyrolysis process, the fibre constituents have different thermochemical stability. For 

instance, hemicellulose breakdown is faster (from 200°C to 300°C) than cellulose (from 300°C 

to 400°C). Nevertheless, lignin is the most heat-resistant due to its gradual decomposition 

(from 200 °C to 500 °C) (Fermanelli et al., 2020; Ge et al., 2021). In microwave pyrolysis, the 

thermochemical stability can also depend on the microwave power levels. For example, low 

power will produce a minor thermal degradation of the lignin component, obtaining biochar with 

a high heating value (Huang et al., 2016b; Tomczyk et al., 2020a). 

 

Biomass fibre composition varies depending on its nature. The biomass components like lignin, 

cellulose, and hemicellulose are directly related to the pyrolysis by-product yield (Lin et al., 

2015). For example, lignin and hemicellulose influence the cellulose characteristics during the 

pyrolysis conversion process but not vice versa. Mostly, bio-oil is obtained from the cellulose 

component, while biochar is derived from lignin (Burhenne et al., 2013; Lin et al., 2015; 

Tomczyk et al., 2020a). Furthermore, lignin content significantly impacts the carbonization and 

biochar properties due to its increased carbon and ash content (Tomczyk et al., 2020a). 

 

The heating value of biochar is susceptible to the thermal decomposition of lignocellulosic 

compounds. The heating value of cellulose and hemicellulose is lower than lignin. Therefore, 

the gradual thermal breakdown of the lignin compound is beneficial for increasing the heating 

value of biochar (Chen et al., 2021; Ge et al., 2021; Li et al., 2016). Subjecting biomass with 

high lignin to pyrolysis technologies can improve bio-oil quality (heating value) due to the high 

heating value of the lignin compound and its steady thermal decomposition. However, there is 

an increase in its molecular weight and viscosity (Ge et al., 2021; Kan et al., 2016). Table 2.3 



 

39 
 

shows a compilation of the fibre composition of different biomass feedstocks. Cotton and 

banana peel has the highest cellulose (82.7%) and hemicellulose content (48.2%). The 

cellulose percentage suggests that paper is a suitable feedstock to produce a high bio-oil yield. 

In contrast, walnut shells have 52.3% lignin, which has the potential to generate a higher 

biochar yield. 

 

Table 2.3. Fibre composition ranges of diverse lignocellulosic biomass. 
 

Lignin 
(%) 

Cellulose 
(%) 

Hemicellulose 
(%) 

Reference 

Olive husk 48.4 24 23.6 (Jahirul et al., 2012) 

Tea waste 40 30.2 19.9 (Jahirul et al., 2012) 

Walnut shell 52.3 25.6 22.7 (Jahirul et al., 2012) 

Almond shell 20.4 50.7 28.9 (Jahirul et al., 2012) 

Sunflower shell 17 48.4 34.6 (Jahirul et al., 2012) 

Nutshell 35 27.5 27.5 (Jahirul et al., 2012) 

Sugarcane 
bagasse 

24.353 55.6 23.9 (Jayaprakash et al., 2022) 

Pineapple leaf 5.35 70.55 18.73 (Jayaprakash et al., 2022) 

Banana peel 5.55 60.25 48.2 (Jayaprakash et al., 2022) 

Corncob 21 28 39 (Nozieana et al., 2021) 

Rice husk 23 44 19 (Senthilkumar et al., 2021) 

Coconut coir 41.23 36.62 0.15 (Dungani et al., 2015) 

Rice straw 12.65 28.42 23.22 (Dungani et al., 2015) 

Oil palm 19 65 - (Hao et al., 2018) 

Cotton  - 82.7 5.7 (Hao et al., 2018) 

Kenaf 21.2 53.4 33.9 (Hao et al., 2018) 

Bamboo 11.9 53.1 35 (Shi et al., 2020b) 

Gumwood 14.4 62.4 23.2 (Shi et al., 2020b) 

Pine 11.2 59.1 29.7 (Shi et al., 2020b) 

Rosewood 24.1 62.9 13 (Shi et al., 2020b) 
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2.3.1 Biomass raw material properties 

 

Usually, raw biomass needs preparation to be used in pyrolysis technology. The biomass's 

mechanical (physical) pre-analysis includes moisture content and particle size (Bu et al., 2016; 

Yaning Zhang, 2017). This latter variable involves cutting and grinding the feedstock until the 

required particle size is obtained; for example, for sugarcane bagasse, the required size of 

between 0.12 and 0.5 mm (Lin and Chen, 2015). The calculation of the water content biomass 

is another influencer factor on the yield and quality of the by-products (Ethaib et al., 2020; Ge 

et al., 2021; Li et al., 2022d). The following points explain the physicochemical parameters of 

the biomass. 

 

2.3.2 Content of moisture and ash on the biomass 

 

Moisture content is a vital property of biomass, upon which its heating value depends. The 

standard method for determining moisture involves heating a 1 gm biomass sample in a hot 

air oven at 110°C. The moisture content of the biomass can be calculated using Equation 13  

(Basu, 2010). 

 

Moisture content (% M) = w1−w2
w3

∗ 100     (13) 

 

𝑤𝑤1: 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 & 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑔𝑔) 

𝑤𝑤2: 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 & 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑔𝑔) 

𝑤𝑤3: 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑔𝑔)  
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Once the moisture content is obtained, the ash percentage can be estimated by heating the 

oven-dried product at 575 °C until it attains constant weight (usually over 180 minutes). This 

value is the amount of inorganic material in the sample (Sluiter et al., 2008). In most cases, 

the weight of the residue represents the ash content of the biomass (Basu, 2010; Sluiter et 

al., 2008): 

 

Ash content (wt%A) = Ash mass 
Initial mass 

∗ 100   (14) 
 

2.3.3 Volatile matter, fixed carbon, and high heating value 

 

The high heating value (HHV) of the raw biomass is calculated based on the elemental content, 

such as carbon (C), hydrogen (H), and oxygen (O*). The O* value includes the rest of the 

elements, such as sulphur and nitrogen. The HHV represents the heat released at the end of 

the combustion process when water vapour is condensed (Sheng and Azevedo, 2005). 

Moreover, the low heating value (LHV) implies the formation of gaseous water during 

combustion (elimination of condensation heat of water) (Özyuğuran et al., 2018). Equations 17 

(Sheng and Azevedo, 2005) and 18 (Özyuğuran et al., 2018) estimate the HHV (with more 

than 90% predictions) and LHV. 

 

HHV �MJ
kg
�= − 1.3675 + 0.3137 ∗ C + 0.7009 ∗ H + 0.0318 ∗ O∗  (15) 

 

LHV �MJ
kg
�= HHV− �18.015∗H

2
+ %Moisture� ∗ 5.85    (16) 
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2.4 Physical and chemical classification of the biomass 
 

The physical and chemical behaviour of the biomass feedstock depends on the previously 

discussed variables, such as fibre composition, volatile matter, the content of ash and 

moisture, etcetera (Ge et al., 2021; Li et al., 2022d). Notably, it is possible to get a higher 

biochar yield in a pyrolysis process when the biomass composition is high in lignin content due 

to the increased heating value, reaction temperature, and pollutants associated with the lignin 

presence (Ge et al., 2021; Su et al., 2022a). At the same time, influencing factors linked to the 

residue conditions can affect biomass product yield. These include density (kg/m3), volatile 

matter (%), moisture, and ash content (%). For example, high fixed carbon represents a higher 

biochar yield with a minor portion of hydrogen, oxygen, nitrogen, and sulphur after subtracting 

the volatile matter, moisture and ash content in the biochar residue (Chen et al., 2015; 

K.Sarkar, 2015). Similarly, the volatile matter content is a vital parameter for combustion 

processes, producing high quantities of bio-oil and syngas during pyrolysis (Jahirul et al., 2012; 

Mierzwa-Hersztek et al., 2019)— the details are described in Figure 2.4. 

 
Figure 2.4. Factors influencing biomass product yield and generation (Ethaib et al., 2020; Ge 

et al., 2021; Leng et al., 2021; Su et al., 2022a; Yaning Zhang, 2017). 

 

The yield and quality of the by-products are significantly affected by the moisture content of 

the raw biomass because of the presence of organic compounds. The water content in 

biomass exists in three forms; water vapour, bound water and a free liquid state (Li et al., 
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2022d; Tomczyk et al., 2020a; Yaning Zhang, 2017). Biomass with a high moisture presence 

decreases the biochar formation but increases the bio-oil yield. Low water content is the 

optimal condition in biochar production, thereby heat energy and treatment time required 

during the pyrolysis process are less (Li et al., 2022d; Tomczyk et al., 2020a; Tripathi et al., 

2016). High moisture in biomass produces a bio-oil with a higher aqueous fraction, lower 

viscosity and heating value (Ethaib et al., 2020; Yaning Zhang, 2017). On the other hand, since 

the water has high dielectric properties (high loss tangent factor, tanδ), dry lignocellulosic 

biomass requires a high percentage of microwave susceptor addition to absorbing the 

microwave energy due to its low electromagnetic absorbing properties (Supramono et al., 

2015; Wu et al., 2019; Yaning Zhang, 2017; Zhang et al., 2017a). 

 

The moisture in bio-oil comes from two sources; i) water in the biomass or ii) dehydration 

reactions generated during the microwave pyrolysis process. The water content of the bio-oil 

impacts the quality and yield of the bio-oil (Zhang et al., 2017b). High moisture content 

influences the heat transfer distribution during the conversion process. Moreover, water 

produces large quantities of condensate water in the liquid phase, generating a higher bio-oil 

yield, reducing its viscosity, and improving its combustion properties (Jahirul et al., 2012; 

Nomanbhay et al., 2017; Zhang et al., 2017b). Nonetheless, the high water content in bio-oil 

contributes to lower heating value, causing ignition delay and reducing combustion rate (Ethaib 

et al., 2020; Zhang et al., 2017b). 

 

The raw biomass particle size will influence the yield of by-products using microwave-assisted 

pyrolysis; for example, a small size implies higher biogas and bio-oil generation. Conversely, 

larger particle sizes will contribute to higher biochar yield (Leng et al., 2021; Zaman et al., 

2018). The main reason for this parameter is that the particle size determines the effect on the 

reaction time and temperature of the biomass. Small particles are conducive to shifting the 
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pyrolysis process to a lower temperature, generating a quick thermochemical conversion (Leng 

et al., 2021; Li et al., 2022d). Analogously, the size of the particle is directly related to the liquid 

yield; the larger the biomass particle, the lower the bio-oil production due to the incomplete 

decomposition of the kerogen (Nizamuddin et al., 2018). 

 

Figure 2.5 displays a collection of different investigations associated with the physical ranges 

of some feedstock components, considering the volatile matter, fixed carbon, moisture, and 

ash content. Sugarcane bagasse and Arundo donax have high volatile matter content of 

around 86% and 83%, respectively. Nevertheless, bagasse, bamboo, and pine sources have 

the lowest moisture levels of between 2% to 4% of the content. Therefore, sugarcane bagasse 

has considerable potential for producing high-quantity biogas due to its volatile matter content. 

The high moisture content of wheat straw (16%) and peanut vine (11.58%) promote liquid 

formation (bio-oil) during microwave pyrolysis with a lower heating value due to the presence 

of water. 
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Figure 2.5. Biomass feedstock physical analysis (Cong et al., 2018; Huang et al., 2016a; 

J.Solar et al., 2016; Qu et al., 2011; Shi et al., 2020b; Singh, 2019; Wallace et al., 2019b).  
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The high calorific value of raw biomass denotes the energy content of the biomass, which is 

associated with the properties of the feedstock, such as elemental composition and ash 

content (Lo et al., 2017). Low heating value has been associated with the energy required to 

vaporise the water generated during fuel combustion. A high heating value considers the heat 

released in the combustion process, including vapour in the condensed state (Abhijeet et al., 

2020). Table 2.4 shows studies of lignocellulosic feedstock characterisation, including the 

calorific value and elemental composition. A correlation possibly exists between the elemental 

composition of the raw biomass and the by-products obtained from microwave-assisted 

pyrolysis. For example, biochar yield is affected by a significant variation between elementary 

and average elemental composition. Also, a high hydrogen presence produces a higher 

moisture content. Similarly, the high carbon content of biomass generates more CO2 

production during the thermochemical conversion process (Abhijeet et al., 2020). Ash content 

represents a vital factor in the energy value of the biomass and by-products due to obstruction 

of the heat released during the burning of the biomass, causing a reduction in the fuel 

properties (Allen and Downie, 2020; Aller et al., 2017; Domingues et al., 2017; Rafiq et al., 

2016). 

 

Table 2.4. Heating value and elemental composition of raw lignocellulosic biomass. 

 
Biomass 

HHV 
(MJ/Kg) 

LHV 
(MJ/Kg) 

C 
(wt%) 

H 
(wt%) 

N 
(wt%) 

O 
(wt%) 

 
Reference 

Rice straw 16.16 - 45.76 6.22 0.52 47.50 (Lo et al., 2017) 

Rice straw - 12.5 35.22 4.57 0.79 34.92 (Qu et al., 2011) 

Rice husk 15.91 - 43.98 5.94 0.4 49.68 (Lo et al., 2017) 

Corn Stover 16.82 - 44.92 5.77 0.98 41 (Cong et al., 
2018) 

Corn Stover 17.06 - 49.38 6.52 0.63 43.47 (Lo et al., 2017) 

Pineapple 
peel 

- - 43.37 5.83 1.4 49.4 (Allende et al., 
2023b) 

Sugarcane 
bagasse 

16.92 - 48.88 6.71 0.27 44.15 (Lo et al., 2017) 
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Sugarcane 
bagasse 

17.32 13.83 41.93 5.47 0.21 53.39 (Allende et al., 
2022) 

Sugarcane 
peel 

17.03 - 46.47 6.23 0.92 46.38 (Lo et al., 2017) 

Waste coffee 
grounds 

16.78 - 44.89 6.14 0.35 48.62 (Lo et al., 2017) 

Bamboo 
leaves 

15.75 - 39.98 5.81 1.12 53.09 (Lo et al., 2017) 

Bamboo - 6.9 49.9 6.5 6.0 37.0 (Shi et al., 2020b) 

Bamboo 18.07 - 52 5.1 0.4 42.5 (Abhijeet et al., 
2020) 

Gumwood - 6.7 48.9 6.5 3.5 0.6 (Shi et al., 2020b) 

Pine - 5.7 49.7 6.6 2.4 40.6 (Shi et al., 2020b) 

Rosewood - 6.2 54.9 6.6 0.5 37.4 (Shi et al., 2020b) 

Coffee husk 18.5 - 46.41 6.33 2.66 44.51 (Setter et al., 
2020) 

Woody 
biomass 

15.7 - 57.7 7.2 0.3 34.8 (J.Solar et al., 
2016) 

Kenaf 17.13 - 48.4 6.0 1.0 48.5 (Abhijeet et al., 
2020) 

Reed canary  18.72 - 49.4 42.7 6.3 1.5 (Abhijeet et al., 
2020) 

Miscanthus 18.06 - 49.2 44.2 6.0 1.0 (Abhijeet et al., 
2020) 

Switchgrass 18.54 - 49.7 6.1 0.7 43.4 (Abhijeet et al., 
2020) 

Cornstalk - 13.6 39.24 4.92 0.81 42.52 (Qu et al., 2011) 

Peanut vine - 12.2 35.07 4.89 1.26 40.62 (Qu et al., 2011) 
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2.5 Microwave pyrolysis by-products analysis. 
 

2.5.1 By-product yield calculation. 

 

After completing the microwave pyrolysis procedure, the by-products can be analysed using 

the yield calculation of bio-oil, biochar and biogas. These values are defined in Equations 19, 

20 and 21, respectively (Chen et al., 2008; Lin and Chen, 2015). Specifically, the yield factor 

is calculated by the ratio between the by-product weight obtained from the conversion process 

and the raw biomass weight. 

Liquid yield (wt%) =  100 weight of condensed gas
weight of raw biomass

   (17) 
 

Solid yield (wt%) =  100 weight of char residue
 weight of raw biomass

    (18) 
 

Gas yield (wt%) =  100 −  (liquid yield −  solid yield)  (19) 
 

General yield (wt%) =  �biochar weight+ oil+gas
biomass weight  

� ∗ 100   (20) 
 

Alternatively, Equations 23, 24 and 25 show the calculation of by-product yields (Lo et al., 

2017). The value establishes the relation between the fibre composition of biomass and 

product performance. The fibre analysis is crucial for determining comparative ranges between 

the predicted yields and the experimental data. These factors evaluate the effects of the 

operating parameters on the yield products. 

Solid yield (wt%) =  −0.167H − 0.239C + 0.007L + 34    (21) 
 

Liquid yield (wt%) =  0.185H − 0.076C + 0.272L + 34   (22) 
 

Gas yield (wt%) =  −0.018H + 0.315C − 0.280L + 31.9   (23) 
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H: Hemicellulose content, wt% 

C: Cellulose content, wt% 

L: Lignin content, wt% 

 

2.5.2 By-product yield analysis. 

 

The operating conditions of the microwave system have a crucial effect on the biochar, bio-oil, 

and biogas yield. Some influencing factors are input power, microwave susceptor, vacuum 

pressure system, heating rates, nitrogen flow, and geometry of the processing chamber (Fang 

et al., 2021; Nizamuddin et al., 2018; Zhang et al., 2017a). For instance, high reaction 

temperatures and pyrolysis power produce low biochar yield but high biogas yield. A higher 

heating rate promotes the rapid formation of volatiles, causing secondary reactions of non-

condensable gases and converting condensable vapours into permanent gaseous products 

(Dai et al., 2019; Ge et al., 2021; Nizamuddin et al., 2018; Shi et al., 2020b; Su et al., 2022a). 

A longer reaction time is beneficial for biochar and bio-oil yield. A prolonged thermochemical 

conversion and low power produce enough temperature to complete the pyrolysis process, 

reducing the secondary breakdown of organic vapours and increasing the release of volatiles 

for the formation of liquid components (Siddique et al., 2022; Toscano Miranda et al., 2021; 

Yaning Zhang, 2017). 

 

Figure 2.6 shows the comparison of by-product yields between both technologies. In 

comparison to conventional pyrolysis, biogas yield is higher for microwaves. Microwave 

pyrolysis can reach high heating rates faster producing increased biomass devolatilization 

(promotes the biomass molecules interactions), higher breakdown of lignin structure (promotes 

CO formation), favoured the dehydrogenation reactions, and increase the secondary reactions 

of heavy intermediates and higher biogas fraction (Lin et al., 2022; Liu et al., 2021d; Macquarrie 
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et al., 2012; Shi et al., 2020b). However, as biogas increased, bio-oil yield decreased (18%) in 

microwave pyrolysis. This is associated with the secondary reactions of organic non-

condensable gases and the devolatilization of biomass generated from the breakdown of 

intermediate vapours, converting them into syngas compounds (Shi et al., 2020b; Yaning 

Zhang, 2017). Biochar yield in microwave pyrolysis is slightly lower than in conventional 

pyrolysis due to the microwave heating method allowing higher thermal decomposition of the 

biomass compounds (Gabhane et al., 2020; Zhang et al., 2017a). Furthermore, a microwave 

reactor can reach a higher carbonization level than conventional pyrolysis, generating a higher 

graphitic char form (Macquarrie et al., 2012; Shi et al., 2020b).  
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Figure 2.6. Comparison of by-product yield between conventional and microwave pyrolysis 

(Abdelsayed et al., 2019; Domínguez et al., 2007; Ferrera-Lorenzo et al., 2014; Halim and 

Swithenbank, 2016; K. Shi, 2013; Lin and Chen, 2015; Shi et al., 2020b; Wu et al., 2014). 

 

Although the technology and operating conditions are relevant factors in the performance of 

the by-products, the nature of biomass is also another aspect to consider. The fibre 

composition of the biomass is influenced by diverse pyrolysis reactions, like depolymerization, 

dehydration, reformation, and depolymerization (Ansari et al., 2019). The bio-oil and biochar 

yield are correlated to cellulose and lignin components, respectively. The biomass fibre 

composition also affects the by-product quality and energy value (Lin et al., 2015; Tomczyk et 

al., 2020a). The devolatilization of cellulose and hemicellulose is favourable for increasing 

biochar energy value. In contrast, the devolatilization of lignin causes a decreased biochar 



 

50 
 

heating value, but increased biogas (Zhang et al., 2017a). Table 2.5 presents studies 

associated with by-product yields obtained in conventional and microwave pyrolysis using 

different biomass feedstocks and operating conditions. In microwave pyrolysis, the increase in 

temperature causes a decrease in biochar yield and an increase in biogas formation 

(Nhuchhen et al., 2018). For instance, the biochar yield generated from coffee hull biomass 

decreased by 4%, and biogas increased by 3%. The reason is that increased reaction 

temperature produces higher devolatilization and decomposition of the biomass, producing a 

significant mass loss, further volatile release, and gaseous products (Nhuchhen et al., 2018; 

Shi et al., 2020b). However, conventional pyrolysis generated a 33% higher bio-oil yield than 

microwave pyrolysis using coffee hull biomass. This increased yield fraction is due to the 

heating method of microwave pyrolysis promoting the conversion of liquid products into non-

condensable gases (Jennita Jacqueline et al., 2022; S.Mutsengerere et al., 2019; Toscano 

Miranda et al., 2021; Yaning Zhang, 2017). 

 

Table 2.5. By-product yield from conventional and microwave pyrolysis using different 

biomass. 

 
 
Biomass 

 
 
Temp 
(ºC) 

 
 
Time 
(min) 

Conventional 
pyrolysis (wt%) 

Microwave 
pyrolysis (wt%) 

 
 
Reference  

Char  

 

Oil 

 

Gas 

 

Char 

 

Oil 

 

Gas 

Macroalgae  750 60 31 36 34 28 35 37 (Ferrera-
Lorenzo et 
al., 2014) 

Sugarcane 
bagasse 

550 30 32 53 16 62 22 16 (Lin and 
Chen, 
2015) 

Coffee hulls 800 25 25 12 63 26 9 65 (Domíngue
z et al., 
2007) 

1000 25 24 10 67 23 9 69 (Domíngue
z et al., 
2007) 
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Bamboo 600 15 27 12 61 19 8 73 (Shi et al., 
2020b) 

Pine 800 15 14 8 77 18 4 79 (Shi et al., 
2020b) 

Gumwood 800 15 8 14 78 15 4 81 (Shi et al., 
2020b) 

Rosewood 700 15 12 10 78 22 6 72 (Shi et al., 
2020b) 

Wood pellets 800 16 23 17 61 22 26 52 (Halim and 
Swithenban
k, 2016) 

Rubberwood 800 16 22 14 70 21 19 60 (Halim and 
Swithenban
k, 2016) 

Wood 
sawdust 

200 18 60 32 9 43 47 10 (Wu et al., 
2014) 

Gumwood 500 30 30 6 65 18 9 73 (K. Shi, 
2013) 

Pinewood + 
lignite coal 

550 
 

50 38 12 43 14 43 (Abdelsaye
d et al., 
2019) 

 

2.5.3 Biochar characterisation 

 

The type of pyrolysis technology used influences the yield of biochar. It also influences the 

elemental composition and surface structure (Li et al., 2022e; Omar and Robinson, 2014; Riva 

et al., 2021; Sakhiya et al., 2020). For example, microwave pyrolysis produces biochar with a 

higher heating value than conventional pyrolysis due to the thermal breakdown of biomass 

compounds with low heating value (cellulose and hemicellulose), whose decomposition is 

established at the early stages of the pyrolysis reaction. In contrast, the lignin biomass 

compound has high thermo-resistant properties and a high heating value. Therefore, a gradual 

thermal decomposition of lignin is beneficial to reaching a high biochar energy value.  
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Since the heating value is based on the biochar elemental composition, microwave pyrolysis 

produces a low oxygen range and high carbon and hydrogen content (Fang et al., 2021; Ghesti 

et al., 2022; Su et al., 2022a; Wu et al., 2022). Some work report that biochar with high carbon 

content indicates that during biomass pyrolysis was produced the release of volatile matter 

and the elimination of oxygen-containing groups (Lim et al., 2022). Microwave heating 

promotes the formation of aromatic compounds and the coalification degree associated with 

low H/C and low O/C atomic ratios, improving the biochar energy potential (Liu et al., 2021d; 

Raheem et al., 2022). Table 2.6 shows the comparison of elemental composition and energy 

value between biochar produced from both pyrolysis technologies. 

 

Table 2.6. Ultimate analysis of biochar generated from conventional and microwave pyrolysis 

(Brickler et al., 2021a; Halim and Swithenbank, 2016; Nzediegwu et al., 2021; Wu et al., 2014). 

Element yield (wt%) Conventional pyrolysis Microwave pyrolysis 
C ~43-87 ~36-88 

H ~1-6 ~0.68-5.76 

O ~11-46 ~9.75-58 

N ~0.3-5 ~0.28-3.91 

HHV (MJ/kg) ~33-38 ~27.1-37.1 

 

The surface morphology of biochar generated under the microwave pyrolysis process has 

higher quality and stability than conventional pyrolysis (Halim and Swithenbank, 2016). 

Microwave pyrolysis produces biochar with a higher surface area and pore volume, contrary 

to conventional pyrolysis, which generates biochar with no uniform pores, high cracks, and 

fissures (Halim and Swithenbank, 2016; M.Waqasa et al., 2018; Shin Ying Foong, 2020). The 

volumetric heating method of microwave pyrolysis promotes the formation of micropores by 

the rapid release of volatile matter (volatilization process) leading to clean pore production (Li 

et al., 2016; Wallace et al., 2019b). Table 2.7 shows an estimation of surface area and pore 

volume formation generated from conventional and microwave pyrolysis.  
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Table 2.7. Comparison of biochar surface area obtained from conventional and microwave 

pyrolysis (Halim and Swithenbank, 2016; Mašek et al., 2013; Mohamed et al., 2016; 

Nzediegwu et al., 2021). 
 

Conventional pyrolysis Microwave pyrolysis 
BET Surface Area Analysis (m2/g) ~0.33-332.96 ~1.14-377.56 

Pore Volume Analysis (cm3/g) ~0.049-1.44 ~0.096-2.07 

 

2.5.4 Bio-oil characterisation 

 

Table 2.8 shows the bio-oil comparison of the ultimate analysis produced from both pyrolysis 

technologies. Conventional pyrolysis produces a higher bio-oil yield than microwave pyrolysis. 

However, microwave pyrolysis generates higher bio-oil quality, considering its heating value, 

elemental analysis, and chemical composition (Halim and Swithenbank, 2016; Huang et al., 

2016b; Mohamed et al., 2016; Wu et al., 2014). For instance, bio-oil from microwave pyrolysis 

has higher carbon but lower oxygen levels. A low oxygen content indicates higher organic 

functional group decomposition with high oxygen contained. The deoxygenation reactions 

comprise phenol group reduction, higher stability, and higher heating values (HHV and LHV) 

(Suriapparao et al., 2020a; Zhao et al., 2021). Moreover, in microwave pyrolysis, the H/C and 

H/O ratios are slightly higher and lower than in conventional pyrolysis. A low H/C value 

represents higher aromatic functional groups (Ferrera-Lorenzo et al., 2014; Halim and 

Swithenbank, 2016). However, exceeding pyrolysis temperatures leads to the breakdown of 

aromatic groups, generating more aliphatic content (Halim and Swithenbank, 2016; Liu et al., 

2021d; Nhuchhen et al., 2018). 
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Table 2.8. Estimation of bio-oil elemental analysis and the heating value obtained from 

conventional and microwave pyrolysis (Du et al., 2011; Ferrera-Lorenzo et al., 2014; Halim 

and Swithenbank, 2016; Nhuchhen et al., 2018; Suttibak et al., 2012).  

Element yield (wt%) Conventional pyrolysis Microwave pyrolysis 
C ~45-66 ~21-63 

H ~6-9 ~6-11 

O ~13-45 ~20-70 

N ~0.1-9.5 ~0.01-9 

H/C ~0.1-0.2 ~0.1-0.38 

H/O ~0.2-0.6 ~0.11-0.32 

HHV (MJ/kg) ~21.8-26 ~10-28 

 

Bio-oil functional groups are subject to pyrolysis technology and biomass nature. Conventional 

pyrolysis produces bio-oil with a higher phenol and alkane content, associated with the thermal 

decomposition of lignin compounds that promotes phenolic group formation (Ferrera-Lorenzo 

et al., 2014; Zhao et al., 2021). In contrast, microwave pyrolysis generates bio-oil with higher 

aromatic compounds due to higher cracking reactions of phenols leading to benzene 

conversion (Ghesti et al., 2022; Suriapparao et al., 2022a; Suriapparao et al., 2020b; Zhao et 

al., 2021). Moreover, the increased pyrolysis temperature (over 500 ºC) in a shorter reaction 

time induces the further breakdown of phenols, reducing phenol groups and increasing 

aromatic hydrocarbons content (Halim and Swithenbank, 2016; Khuenkaeo et al., 2021; Zhao 

et al., 2021). Alcohol and methylene content increases at elevated pyrolysis temperatures, but 

alkanes are decreased (Khuenkaeo et al., 2021; Liu et al., 2021d).   

 

2.5.5 Biogas characterisation 

The principal chemical composition of biogas from microwave pyrolysis is H2 and CO; however, 

conventional pyrolysis is predominated by the generation of CH4 and CO2. Microwave heating 

promotes the breakdown of methoxy (lignin form) and biochar self-gasification, causing 
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increased CO and decreased CO2 generation. The high heating rate reached during the 

microwave pyrolysis process contributes to large H2 formation by the dehydrogenation and 

secondary reactions, which involves converting heavy intermediate compounds (condensable 

gases) into a permanent gaseous fraction (Lin et al., 2022; Lin et al., 2023; Sahoo and Remya, 

2022; Shi et al., 2020b; Su et al., 2022a; Su et al., 2022b).  

 

Table 2.9 shows the comparison of biogas yield between conventional and microwave 

pyrolysis techniques. Available data substantiates that conventional pyrolysis can produce 9% 

higher CO2 than microwave heating. On the other hand, microwave pyrolysis exhibits a 

considerable increase in hydrogen (~ 19-52 Vol%) and syngas (~ 54-81 Vol%- CO, H2, CO2) 

generation than conventional heating. Increased pyrolysis temperature (600ºC to 900ºC) and 

prolonged residence time promote the breakdown of bio-oil (secondary reactions) and the 

volatile release from the biomass, causing more gaseous products (Ferrera-Lorenzo et al., 

2014; Halim and Swithenbank, 2016; Liu et al., 2021d; Shi et al., 2020b). Then, higher syngas 

production makes microwave pyrolysis a better alternative for improving biogas heating value 

(Sharma et al., 2020; Su et al., 2022a; Su et al., 2022b). 

 

Table 2.9. Gaseous fraction of microwave and conventional pyrolysis (Ferrera-Lorenzo et al., 

2014; Halim and Swithenbank, 2016; Liu et al., 2021d; Shi et al., 2020b). 
 

Vol (%) 
Composition Conventional pyrolysis Microwave pyrolysis 

CO2 ~3.2-36 ~13-31 

CH4 ~13-23 ~1-15 

CO ~18 ~23-44 

H2 ~0.8-24 ~19-52 

Syngas ~41-68 ~54-81 
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2.6 Comparison and analysis of energy balance 
 

The biochar calorific value (MJ/kg) can be studied by its ultimate analysis. Equation 26 (Qian 

et al., 2020) shows the relationship between the factors associated with carbon, hydrogen and 

oxygen content (%).  

HHV(MJ/kg) =  33.2C + 176.6H − 17.7O + 0.702  (24) 
 

The high heating value (HHV) of bio-oil can be estimated by its elemental composition. The 

determination of the HHV is obtained by the correlation between the carbon, oxygen, sulfur 

and hydrogen content (%). The factors related are illustrated in Equation 27 (Riaz et al., 2016).  

 

HHV(MJ/kg) = (34C + 124.3H + 6.3N + 19.3S − 9.8O)/(100)  (25) 
 

The relevance of the heating value of biogas released during pyrolysis is represented by the 

gas composition, mainly for the concentration of four gases: hydrogen (H2), methane (CH4), 

carbon monoxide (CO) and ethyne (C2H2). The lower heating value (LHV, MJ/m3) of biogas is 

calculated by Equation 28 (Kazim, 2018; Moghadam et al., 2014). 

 

 LHV �MJ
m3
� = 107.98 H2+126.36 CO+358.18 CH4+56 C2H2

1000
   (26) 

 

Equation 34 shows the calculation of the by-product energy obtained through their heating 

value (HV, MJ/kg), the mass of the biomass sample (M, kg) and yields (%). Then, the total 

energy output achieved in the microwave pyrolysis process involves the energy value of 

biochar (Echar), bio-oil (Eoil) and biogas (Egas) (Jesus et al., 2018). The energy conversion 

efficiency can be obtained by Equation 31 (Suriapparao et al., 2015a), considering the ratio 

between the total energy achieved from the three by-products and the electrical consumption 

of the microwave pyrolysis system. 



 

57 
 

By − product E(MJ) =  HV �MJ
kg
� ∗ M (kg) ∗ yield (%)   (27) 

 

Total output E (MJ) =  (Echar + Eoil + Egas)   (28) 
 

Energy recovered (%) = Total output energy
electrical consumption

∗ 100   (29) 
 

Since the energy recovery of pyrolysis depends on the by-products and energy system 

consumption, microwave pyrolysis produces slightly higher output energy (Hansirisawat and 

Srinophakun, 2020; Shi et al., 2020b). Table 2.10 shows a compilation of energy by-products 

generated from both pyrolysis technologies. Studies demonstrated that microwave pyrolysis 

has output energy (~ 7.2-22.1 MJ) higher than conventional heating (~ 2%), considering the 

same total input energy by applying an identical pyrolysis temperature and reaction time. The 

biogas energy efficiency in microwave heating is ~ 16% higher than conventional pyrolysis. 

The increased total efficiency in microwave pyrolysis is attributed to its increased biogas 

energy value (high H2 formation and low CO2 content), reaching higher energy efficiency than 

conventional heating (Shi et al., 2020b; Su et al., 2022a; Zhou et al., 2021). Microwave heating 

achieves higher efficiency than slow pyrolysis due to low energy consumption during the 

biomass conversion process (Hansirisawat and Srinophakun, 2020; Shi et al., 2020b). 

 

Table 2.10. Energy efficiency of conventional and microwave pyrolysis (Ferrera-Lorenzo et 

al., 2014; Shi et al., 2020b; Xiqiang Zhao, 2011). 

                                  MJ   
Conventional pyrolysis Microwave pyrolysis 

Char ~1.1-7.83 ~1.3-7.1 

Oil ~0.3-9.3 ~0.19-8.6 

Gas ~4.6-6.28 ~5.6-7.3 

Total output energy ~7.6-21.83 ~7.2-22.1 

 



 

58 
 

2.7 Application of microwave pyrolysis by-products. 
 

Other biomass conversion methods offer a limited application of by-products, mainly due to 

the restricted number of feedstock materials that can be processed and the target product 

obtained from the technology method. Microwave pyrolysis has several advantages over other 

bioenergy methods that involve the versatility of biomass uses and the simultaneous 

generation of char, oil and gas in shorter reaction time. Microwave pyrolysis generates biochar 

with a higher surface area than conventional heating, whose property is crucial for developing 

modified/ activated biochar (Allende et al., 2023b; Selvam S and Paramasivan, 2022). In terms 

of electricity generation, microwave pyrolysis provides two pathway mechanisms - by using 

biogas in a gas turbine or applying bio-oil upgraded in an engine. However, combustion, 

gasification and anaerobic digestion offer only one by-product to produce electricity by using 

steam, gas and biogas in the turbine, fuel cell and engine, respectively (Ifeanyi Michael Smarte 

et al., 2022).  

 

The by-products generated from microwave pyrolysis of lignocellulosic biomass have diverse 

applications in the industrial sector (Su et al., 2022a; Xin et al., 2021; Xue et al., 2021; Zi et 

al., 2019a), as shown in Figure 2.7. Biochar products present higher mineral content and 

elemental carbon composition due to the nature of the original feed material (Mierzwa-

Hersztek et al., 2019). Thus, biochar is an excellent resource for producing pellet conversion, 

activated carbon, soil conditioner, carbon nanofilaments, solid additives, and others (Shukla et 

al., 2019; Su et al., 2022a; Xin et al., 2021; Xue et al., 2021). Recent research reveals that 

biochar is an excellent additive that improves the properties of construction materials, 

especially mechanical strength and other relevant physical properties (Rossignolo et al., 2017). 

Interestingly, the integration of aluminium-siliceous material in concrete increases its strength, 

durability, performance, and porosity (Xu et al., 2019).  
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Figure 2.7. Applications of microwave pyrolysis by-products (Bu et al., 2016; Fernandez et 

al., 2011; Undri et al., 2011; Xu et al., 2019). 
 

The electrochemical sensors development, based on biochar use, has gained relevance due 

to its significant electrocatalytic potential. The biochar activation consists of chemical activation 

before the pyrolysis process, considering biomass soaking into KOH, ZnCl2, HNO3 or H2SO4 

(Cheng et al., 2017; Monticelli, 2020). The biomass chemical treatment and the pyrolysis 

process improve biochar porous structure, electron transfer, and ion insertion (Allende et al., 

2023b). Once the biochar is pyrolysed, the modified biochar is applied in the electrode 

fabrication by drop-casting (in a carbon glassy carbon electrode) or carbon paste (Cheng et 

al., 2017; Monticelli, 2020; Sudha et al., 2019). The sustainable electrode can be used for 

different analytes detection, like dopamine, oxalic acid, nitrite, and uric acid (Monticelli, 2020; 

Sudha et al., 2019; Teo et al., 2019).  

 

Some bio-oil uses comprise fuel combustion, power generation (stationary diesel engine), 

chemical production, transportation fuel, binders for pelletizing, etc. (Hu and Gholizadeh, 2020; 

Li et al., 2022c; Zeng et al., 2022). However, bio-oil often contains unstable chemical 

compounds that require upgrading for its application as fuel due to the viscosity and oxygen, 
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water, and nitrogen presence. Previous factors lead to bio-oil with low heating value and 

decreased thermal and chemical variability (Hussain et al., 2018; Li et al., 2021; Su et al., 

2022a). The purification process involves the separation of the bio-oil from the raw product to 

obtain better quality and performance as a fuel (Bu et al., 2016; Su et al., 2022a). Some 

purification techniques are: 

 

• The solvent addition (with a high heating value) in the bio-oil, causes a physical-

chemical reaction between the solvent and the bio-oil components, increasing the 

heating value and decreasing viscosity. The standard solutions are ethyl acetate, 

acetone, methanol, and ethanol (Hu and Gholizadeh, 2020; Li et al., 2022c; Liu et al., 

2014). 

 

• Emulsification with other fuels, like diesel or biodiesel integration, improves ignition 

properties, although this represents some problems with heating values, corrosion and 

cetane number (Cai et al., 2021a). This last property indicates the ignition quality of 

diesel fuel (VenkataMohan et al., 2019). 

 

• Esterification involves a reversible conversion, where it is possible to obtain methyl 

ester or biodiesel. The process entails the reaction between the bio-oil and alcohol 

(methanol or ethanol) in the presence of an acid catalyst (HZSM-5 or aluminium 

silicate) at a lower temperature than the boiling point of the alcohol (60 °C) (Hansen et 

al., 2020; Hu and Gholizadeh, 2020; Li et al., 2022c). 

 

• Supercritical fluid means a fluid at pressure and temperature above a critical point that 

can dissolve the liquid. Some common solvents include ethanol, methanol and water 

(Bu et al., 2016). 
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• Hydrotreating reduces the concentration of oxygen, nitrogen, and sulphur in the form 

of water and H2S (Hansen et al., 2020). This method requires removing the oxygen as 

water by adding hydrogen at high pressure in a catalytic process. Conventional 

catalysts are CoMo-based and NiMo-based, intended to remove O, N and S (Bu et al., 

2016; Hansen et al., 2020; Huber et al., 2006; Kumar and Strezov, 2021). 

Hydrocracking is a method that uses high temperature (310°C  -275°C) and pressure 

(10-20 MPa) in a catalytic cracking process in the presence of hydrogen gas, which 

involves the conversion of polymeric components into small fragments (Hansen et al., 

2020; K.Tanneru and H.Steele, 2015; Li et al., 2022c; P.M.Mortensen et al., 2011). 

 
• The extraction of valuable chemicals from the mixture also qualifies as an oil purification 

method. There are diverse separation processes, for example, through the absorption 

by acetone as a solvent, distillation techniques and fractionation of the oil (Bu et al., 

2016; Li et al., 2022c). 

 

Biogas application comprises combustible gas production, like hydrogen (H2), acetylene 

(C2H2), methane (CH4), ethylene (C2H4), ethane (C2H6), and carbon monoxide (CO) and some 

minority content of carbon dioxide and pollutants. The biogas produced from microwave 

pyrolysis had high hydrogen and carbon monoxide content, which allows the synthesis of 

gases, such as ammonia. As a result, biogas applications include the direct firing of boilers 

(without flue gas treatment), and gas turbines or engines for electricity generation (Abanades 

et al., 2022; Khan et al., 2021; Mulu et al., 2021). Fuel production is possible through steam 

reforming, which is the production of syngas (a reaction between hydrocarbon and water), 

whose objective is hydrogen generation (Bu et al., 2016; Mahari et al., 2018). Furthermore, 

microwave pyrolysis in a vacuum environment will generate more condensation volatiles, 

allowing bio-oil formation (Mahari et al., 2018). 
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2.8 Microwave pyrolysis economic analysis 
 

Microwave pyrolysis development is crucial for sustainable benefits associated with energy 

independence, CO2 mitigation, and the reduction of agricultural residues. Nevertheless, the 

economic factor of pyrolysis technology is challenging due to the highly competitive cost of 

fossil fuels (Inayat et al., 2022; Li et al., 2022d; Mulu et al., 2021). Additionally, multiple variable 

costs (V.C) are associated with financial viability and operating parameters, like technology 

method, biomass storage, plant size (operating scale), feedstock (represents 23-30% of the 

variable cost), maintenance (17-24% of the V.C), grinding (7-9% of the V.C), and transportation 

(5-7% of the V.C) (Hansirisawat and Srinophakun, 2020; Mullaney et al., 2002). 

 

The economic analysis is determined considering the energy balance of the conversion 

process that involves the relationship between the energy consumed by the microwave 

pyrolysis and the energy generated from the by-products (biogas, bio-oil and biochar). 

Microwave energy demand depends on system conditions, for example, microwave vacuum 

pyrolysis or microwave pyrolysis process in a nitrogen environment. The energy consumption 

of both microwave pyrolysis conditions is obtained by Equations 32 and 33 (Lam et al., 2019a; 

Yang et al., 2018). 

EMPsystem(kWh) = [A + B + C]X D    (30) 

A =𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑊𝑊) 

B =𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑊𝑊) 

C =𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑊𝑊) 

D =𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (ℎ𝑟𝑟) 

EMPsystem_N2environment(kWh) = [A + B]X D    (31) 
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Microwave pyrolysis system design, biomass state, and optimal operating conditions are 

relevant to determine its techno-economic viability and efficiency. The optimal microwave 

pyrolysis system design decreases the microwave heating loss, improves the energy 

conversion process and enhances by-product quality and yield (Inayat et al., 2022; Lam et al., 

2019a). For instance, using biogas as a fuel with high hydrogen content could be enough to 

self-supply the system (Xiqiang Zhao, 2011). Table 2.11 shows the operating cost comparison 

of both pyrolysis technologies. Biomass conversion based on small-scale microwave pyrolysis 

technology can be economically convenient (Beneroso et al., 2017; Wang et al., 2015). The 

economic viability lies in the low biomass cost, transportation, high returns (economic benefits 

for biomass producers), and accessible operating technology (Bu et al., 2016; Wang et al., 

2015). Additional work is required to understand the economic viability of scaled-up systems, 

and the level of scaling achievable. 

 

Table 2.11. Estimation of the techno-economic analysis of conventional and microwave 

pyrolysis (Badger et al., 2011; Lam et al., 2019a; Wang et al., 2015; Yahya et al., 2021). 
 

                                      US $/yr 

Item Conventional pyrolysis Microwave pyrolysis 
Capital costs 

  

Capital investment 110,000 208,000 

Others cost 265,000 74,300 
 

375,000  282,300  

Operating costs 
  

Feedstock 124,500-1,460,000 124,500-1,460,000 

Electricity 38,880-104,869 8640 

Labour cost 270,000 12,000 

Maintenance 40,000-91551 10,000 

Insurrance 39,539 4000 
 

1,239,439   826,890  
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2.9 Conclusion 
 

This work revealed the influential parameters on the energy recovery of the breakdown of 

biomass using the microwave-assisted pyrolysis method. Microwave heating is a promising 

alternative for biomass conversion due to its high efficiency and fast heat transfer capacity. 

The energy conversion of biomass feedstock using microwave pyrolysis is a feasible method 

that allows excellent yield on the by-products. The conditions and nature of biomass, 

microwave power, microwave susceptor and reaction time are some influencing factors that 

are essential to determine the quality and yield of the bio-oil, biochar, and biogas. For instance, 

pre-treatment of the biomass, high water content, and particle size produce a higher bio-oil 

and biogas yield. The operating conditions of microwave pyrolysis, such as input power, 

heating rate, and microwave susceptor also influence the outcomes. By modifying these 

parameters to optimal ranges, the by-product yield can be optimised to obtain a higher energy 

production potential and improved elemental composition. 

 

The optimisation of the by-products and their quality varied based on the operating conditions 

of the microwave pyrolysis system. High microwave susceptor addition and high microwave 

power cause more volatilization of larger molecules and the rapid release of small molecules, 

generating low biochar yield and non-uniform modification in its structure. Low temperature 

and longer reaction time are the optimal biochar conditions to obtain a higher BET surface 

area, adsorption efficiency and micropore volume. The combination of high power and 

microwave susceptor contributes to the thermal breakdown of heavy hydrocarbon and 

facilitates the formation of volatiles from the biomass, generating more gaseous fraction. 

Moderate microwave power and low microwave susceptor are beneficial for producing bio-oil 

with higher aromatic content. These factors are relevant to fully understanding the challenges 

that face energy recovery of a microwave pyrolysis system. 
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CHAPTER 3 

 

 

3  ENERGY RECOVERY UNDER VARYING MICROWAVE PYROLYSIS CONDITIONS 
 

 

Sugarcane bagasse is an abundant agricultural feedstock with valuable potential for clean 

energy generation. Literature review evidenced that microwave pyrolysis is an efficient 

technology for biomass conversion over the conventional pyrolysis method, which provides 

multiple sustainable benefits, e.g., reduction of greenhouse gas emissions, energy recovery 

and circular economy. However, the yield and quality of the by-products are subjected to 

intrinsic biomass properties and operating conditions. This chapter explores the energy 

optimisation of sugarcane bagasse considering different ranges of microwave power, 

susceptor addition and treatment time. Economic analysis and carbon footprint factors are 

also evaluated. 

 

Abstract 

Waste management and utilization of waste is a major global issue. This study investigated 

the influential parameters on the energy recovery from the sugarcane bagasse breakdown 

under microwave pyrolysis conditions. The by-product yield is optimised from 45 different 

combinations of microwave power, reaction time and microwave susceptor. The surface 

methodology, energy efficiency and by-product quality were studied. Low power, less 

microwave susceptor and longer residence time are the desirable conditions for high biochar 

yield due to the gradual thermal decomposition of the biomass and low heating rates. Higher 

microwave power and lower residence time obtained the highest bio-oil yield. The excess 
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pyrolysis temperature generated by the higher microwave power and higher microwave 

susceptor addition produces higher temperatures beyond the optimal conditions for bio-oil 

production. This phenomenon is relative to the self-gasification of the biochar during the high 

pyrolysis power, contributing to the formation of H2, CO and CH4. 

 

Keywords: Microwave pyrolysis; Sugarcane bagasse; Biochar; Bio-oil; Biogas 

 

This chapter was published as Allende, Scarlett, Graham Brodie, and Mohan V. Jacob. 2022. 

'Energy recovery from sugarcane bagasse under varying microwave-assisted pyrolysis 

conditions', Bioresource Technology Reports, 20: 101283. 
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3.1 Introduction 
 

Excessive use of non-renewable energy sources, depletion of fossil fuels and population 

growth cause a significant impact on climate change, air contamination and the economy 

(Daneshmandi et al., 2022; Ferrari et al., 2022). Fossil fuel combustion generates around 98% 

of human carbon dioxide emissions (Prasad and Ingle, 2019). On the other hand, the disposal 

of different types of waste produces significant greenhouse emissions, like methane and 

carbon dioxide gas, contributing to the rise in atmospheric temperature and global climate 

change (Liu et al., 2021c). Some biomass sources comprise agricultural waste, wood, animal 

and crop residues, food waste, municipal waste, algae, plastics, and cooking oil (Cai et al., 

2021b; Lee et al., 2019; Wang et al., 2021b). Globally, 23.7 million tons of agroindustrial 

biomass is generated per day (Duque-Acevedo et al., 2020). Hence, the deficit of energy 

resources, high fossil fuel demand, and greenhouse gas (GHG) emissions make bioenergy a 

promising alternative for clean energy production (Daneshmandi et al., 2022; Mierzwa-

Hersztek et al., 2019). 

 

Bioenergy is acknowledged as a renewable and sustainable energy source due to the energy 

conversion of lignocellulosic biomass having a lower-carbon life cycle than fossil fuel, 

generating heat, electricity and fuels with low environmental hazards (Daneshmandi et al., 

2022; Le Pera et al., 2022). Biomass can be converted to energy by two methods: 

thermochemical and biochemical processes. The thermochemical method comprises 

combustion, gasification, and conventional and microwave pyrolysis (Liu et al., 2022). 

Anaerobic digestion and microbial fermentation are biochemical conversion methods (Le Pera 

et al., 2022; Li et al., 2022b). The selection of biomass conversion method is crucial for 

synthesizing by-products and recovering energy (Lee et al., 2019; Li et al., 2022b). The nature 

of biomass is a relevant factor in choosing the appropriate energy conversion technology 

because of its structural and chemical composition. For example, the decomposition of 



 

68 
 

lignocellulosic biomass occurs faster in a thermochemical method than in a biological 

conversion due to the high heating efficiency (Arpia et al., 2021; Huang et al., 2016b). The 

fibre composition of lignocellulosic biomass is cellulose, hemicellulose, and lignin. The range 

of fibre compounds in these materials depends on the nature of the biomass. For example, 

sugarcane bagasse has higher cellulose content (46.55 wt%) than rice husk (30.42 wt%) 

(Huang et al., 2016b; Lo et al., 2017). 

 

Conventional and microwave pyrolysis implies the thermochemical breakdown of the biomass 

in the absence of an oxidizing agent for producing biochar, bio-oil and biogas (Arpia et al., 

2021). The main difference between microwave and conventional pyrolysis is the heating 

method; the microwave method involves volumetric heating, and conventional pyrolysis is 

conduction/convection heating (Selvam S and Paramasivan, 2022; Shukla et al., 2019). 

Conventional pyrolysis is achieved using a bath furnace with high thermal inertia and low 

electricity conversion efficiency (Arpia et al., 2021). Microwave-assisted pyrolysis has higher 

efficiency in the heating process because energy transfer is through the interaction of the 

molecules inside the biomass rather than by heat transfer from external sources ((Li et al., 

2022a; Zi et al., 2019b). The advantages of microwave heating are shorter reaction time, better 

distribution and control over the heating, non-contact heating, and a quick start-up and 

stopping mechanism (Arpia et al., 2021; Yu et al., 2022a). However, microwave pyrolysis 

requires a microwave susceptor to absorb the electromagnetic radiation and start the energy 

transfer (Suriapparao et al., 2018). 

 

Some types of biomass present poor dielectric heating properties, which involve lower 

absorption of microwave energy. In the case of dielectric loss tangent (tanδ) of 

polyethylene, polypropylene, fir plywood, wood polymer, sludge, and PVC are 0.0001, 0.0003, 

0.01, 0.03 and 0.035, 0.0056, respectively (Zhang et al., 2017a; Zhang et al., 2017b). 
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Therefore, the addition of a microwave susceptor (M.S) is necessary to transform the 

electromagnetic energy into heat to be transferred to the biomass, allowing the pyrolysis 

reaction to initiate (Suriapparao et al., 2018; Zi et al., 2019b). The ratio of microwave 

susceptors, biomass feedstock volume and intrinsic biomass properties influence the heating 

rate of the conversion process and the biochar, bio-oil, and biogas yield. The high addition of 

microwave susceptor at an elevated reaction temperature can produce a secondary thermal 

breakdown of non-condensable volatiles into permanent gaseous compounds, increasing 

biogas yield but reducing bio-oil production (Shi et al., 2020a; Zhang et al., 2017a; Zhang et 

al., 2017b). Ranges of tanδ in diverse microwave susceptors are between 0.02 and 1.05 

(Ellison et al., 2017; Zhang et al., 2017a; Zhang et al., 2017b). Representative absorber 

materials are SiC, activated carbon, biochar, graphite, glycerol, fly ash and water (Zhang et 

al., 2022b; Zhang et al., 2017a; Zhang et al., 2017b). The selection of a suitable microwave 

susceptor contributes to a significant difference in the heating rate, microwave assimilation 

capacity of bulk biomass, energy consumption (microwave energy system) and by-product 

quality (Selvam S and Paramasivan, 2022; Zhang et al., 2017a). 

 

Several studies have reported the by-products optimisation of diverse biomass using 

microwave pyrolysis, e.g., horse manure (Mong et al., 2021), oil palm (Idris et al., 2022), plastic 

(Suriapparao et al., 2022b), corn cob (Quillope et al., 2021), flax shives (Ubiera et al., 2021), 

sugarcane bagasse (S and Paramasivan, 2021), bamboo, gumwood and pine (Shi et al., 

2020a). However, most studies did not consider: (i) processing a higher biomass volume (over 

50 g); (ii) evaluating the impact of the optimised by-product on global energy recovery; (iii) 

assessing operating parameters on the quality of the target by-product; (iv) integrating 

sustainable aspects (economic and environmental analysis) on global energy efficiency. These 

factors are relevant to investigate to fully understand the challenges that face energy recovery 

using a pilot-scale microwave system from the processing of sugarcane bagasse. 
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This study intended to investigate the influential parameters on the energy recovery of the 

breakdown of sugarcane bagasse under microwave pyrolytic conditions. The objectives of this 

research include: (i) identifying the optimal yield of by-products established by the experimental 

combination scenarios; (ii) evaluating the influential parameters on the characterization and 

quality of by-products; (iii) assessing the impact of the target by-product on the total energy 

output and global energy recovery; (iv) techno-economic estimation of microwave pyrolysis 

system based on diverse operational conditions; and (v) do the carbon footprint of the SCB 

processing. 

 

3.2 Experiments and Methods.  
 

3.2.1 Raw biomass material. 

 

Sugarcane bagasse (Wilmar, Queensland) was used as feedstock in microwave pyrolysis. The 

water content of the biomass was determined by grounding the sample into smaller sizes (0.2–

0.5 mm) until obtaining a representative feedstock. Then, the SCB was exposed to 110 °C in 

an oven until it attained constant weight (~2 h). The resulting moisture content was 10 wt%. 

Raw bagasse (wet condition) was used to determine proximate analysis. Table 3.12 shows the 

physicochemical properties of the raw biomass. The volatile matter, ash content and fixed 

carbon were 76 wt%, 4 wt% and 10 wt%, respectively. The high heating value (HHV) and low 

heating value (LHV) were estimated by the elemental composition of the biomass. The ultimate 

analysis indicates that carbon (41.93 wt%) and oxygen (53.39 wt%) are the most abundant 

elements in the sugarcane bagasse. The calculated HHV was 17.324 MJ/kg and LHV 13.863 

MJ/kg. These values are relevant for the energy balance obtained from microwave pyrolysis. 
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Table 3.12. Physicochemical properties of raw sugarcane bagasse. 

Biomass raw material properties, wt% Sugarcane bagasse 

Moisture content 9.9 

Ash Content 4 

Volatile matter 76 

Fixed carbon 10 

Elemental composition, wt% 
 

C 41.93 

H 5.47 

N 0.21 

O 53.39 

HHV, MJ/kg 17.324 

LHV, MJ/kg 13.863 

 

The microwave absorbance of sugarcane bagasse is represented by the loss tangent (tanδ), 

which is around 0.161 (Liyana et al., 2012). Biomass moisture content directly impacts the tanδ 

value due to the high microwave absorbance of water (tanδ = 0.12) (Zhang et al., 2017b). High 

moisture content can lead to a high tanδ value and increased bio-oil yield with an elevated 

aqueous fraction. Nevertheless, the moisture existing in the biomass is evaporated during the 

microwave conversion process, generating bio-oil with high aqueous fractions and low heating 

value (Ethaib et al., 2020; Giorcelli et al., 2021; Zhang et al., 2017a). 

 

Thermal degradation of the fibre composition of sugarcane bagasse starts between 200 °C to 

400 °C (Najeeb et al., 2021). Below 100 °C temperature, there is a mass loss associated with 

the moisture content of raw biomass (Gomes, 2018; Najeeb et al., 2021). Figure 3.8 shows the 

thermogravimetric curve of sugarcane bagasse used in the experiments. Studies in literature 
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show a steady and gradual degradation of biomass when the temperature and power are 

sufficient to initiate the decomposition of the lignin component, which is between 350 °C and 

900 °C (Dai et al., 2020; Shi et al., 2020b; Zi et al., 2019a). However, the thermal breakdown 

of hemicellulose and cellulose is quicker than the lignin component, e.g., between 250 °C to 

350 °C and 350 °C to 500 °C, respectively (Dai et al., 2020; Zi et al., 2019a). Therefore, using 

microwave pyrolysis, an optimal operating temperature of sugarcane bagasse is reported at 

over 400 °C.  
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Figure 3.8. TGA and DTG of raw sugarcane bagasse  

 

3.2.2 Microwave-assisted pyrolysis system and experimental procedure. 

 

Figure 3.9 illustrates the microwave-assisted pyrolysis mechanism. The custom-made 

prototype was designed to process up to 5 kg of biomass (pilot-scale production). The system 

consists of a 3 kW microwave generator, an auto-tuner for impedance matching, a chamber 

where the biomass is pyrolysed, a vacuum pump, and various condensers for collecting biogas 

and bio-oil. Once the system is loaded with the biomass, the air is removed from the pyrolysis 

system using the rotary vacuum pump and purged with nitrogen gas. Between 5 and 6 Lmin−1 

of nitrogen gas was applied, preserving an inert atmosphere during experiments. The negative 

pressure generated inside the chamber is around 25 to 10 kPa. The vacuum pump allows 

extract gases from the reactor and then condenses them. Thus, more pyrolysis volatile 
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condensation is generated under a vacuum environment, contributing to oil production. 

Ranges of microwave power and treatment time were established using the controller. 

 

 

Figure 3.9. Components of microwave pyrolysis system. (a) nitrogen cylinder; (b) chamber; (c) 

tuner; (d) microwave generator; (e) controller; (f) condenser; (g) biogas flask in an ice bath, (h) 

biogas purification flask; (i) bio-oil flask; (j) vacuum pump. 

 

- Characterisation technique and optimisation 
 

The elemental analysis was collected using CHNS FlashSMART, scanning electron 

microscopy performance on JEOL 7001F SEM. Thermogravimetric analysis (TGA) of SCB, 

biochar and bio-oil was conducted by Netzsch STA 449F3 Jupiter Simultaneous Thermal 

Analyser. Then, biochar surface area was measured using a micromeritics 3-flex surface and 

porosity analyser. Bio-oil functional groups were achieved by the ATD-GC–MS system 

(Toluene D8 as an internal standard). Biogas compounds analysis was developed using 

Shimadzu GC 2030 gas chromatograph. The optimisation analysis was conducted 

by response surface methodology (RSM), and its statistical model was designed using DOE 

and ANOVA (Minitab). 
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- Synthesis of by-products 
 

This research was established by the modification of operating conditions, e.g., microwave 

power (kW), microwave-heating susceptor (%), and residence time (min). To identify the 

maximum by-product yield and their global energy efficiency, the same setting range in 

experimental conditions was considered for all 45 experiments, which produced the by-

products. The experimental design consisted of five microwave power ranges and three 

residence time and microwave susceptor additions. The SCB biochar generated from 

microwave pyrolysis was used as a microwave susceptor. 

 

The input microwave power varied from 1 kW to 3 kW, increasing by 500 W in every 

experimental pyrolysis treatment. The residence times were 30, 40 and 50 min, and the 

microwave susceptor was 10 %, 15 % and 20 %. A representative by-product yield was 

reached by repeating the experimental procedure four times. Therefore, the performance of 

each combination corresponds to the average of four pyrolysis runs. The selection of the 

optimal yield was based on the maximum value performed in the optimisation process of the 

three by-products attained in the lowest energy consumption (multivariate analysis of 

variance), with the independent variables of microwave power, susceptor volume and 

treatment time. Table 3.13 describes the experimental design for the synthesis of by-products. 

 

Table 3.13. Experimental microwave setup. 

Microwave power (kW) Microwave susceptor (%) Reaction time (min) 

 
1 

10  

30, 40 and 50 15 

20 

 
1.5 

10  

30, 40 and 50 15 



 

75 
 

20 

 
2 

10  

30, 40 and 50 15 

20 

 
2.5 

10  

30, 40 and 50 15 

20 

 
3 

10  

30, 40 and 50 15 

20 

 

3.3 Result and Discussion. 
 

3.3.1 Energy operational conditions.  

 

Figure 3.10 shows the resulting yield over the variation of operating conditions. Microwave 

energy consumption was calculated considering the input microwave power and the reaction 

time of the conversion process. The electrical energy was estimated by the relationship 

between energy consumption and the microwave unit efficiency (80 %) (Shi et al., 2020c). 

Then, the total input energy calculation involves biomass energy value (13.86 MJ/kg), biomass 

sample weight and electrical energy. The highest input energy value is 3.4 kWh, which 

consumed electricity at 3 kW for 50 min (2.5 kWh energy consumption). 
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Figure 3.10. Operating conditions of microwave pyrolysis system. 



 

76 
 

3.3.2 By-products optimisation. 

 

3.3.2.1 Biochar yield optimisation. 

 

Figure 3.11 shows biochar optimisation, and Table 3.14 describes the general linear model 

from the microwave pyrolysis process. The highest biochar yield was 38.1 % at 1 kW for 40 

min of treatment time and 10 % microwave susceptor. The second highest yield was 37.9.1 % 

at 1.5 kW for 30 min and 10 % susceptor content. Literature reports that low power decreased 

microwave susceptor addition and longer residence time are the desirable conditions to obtain 

a higher biochar yield due to the gradual thermal decomposition of the biomass and low heating 

rates (Idris et al., 2022; Shi et al., 2020a). This statement is confirmed by observing the biochar 

behaviour. When the reaction time was increased from 30 to 40 min at 1 kW, biochar yield 

increased by 43 %, considering a reduction of microwave susceptor from 20 % to 10 %. 

However, an excessive treatment time leads to the devolatilization of biomass and biochar by 

the excess pyrolysis temperature. Secondary pyrolysis reactions cause permanent gaseous 

formation, facilitating carbonization and reducing the biochar mass (Cong et al., 2018; Zhang 

et al., 2017a). For instance, when the residence time increased from 30 to 50 min, the biochar 

yield was reduced by 16 %, assuming a 20 % microwave susceptor and 1.5 kW. 

 

 

(a) (b) 
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Figure 3.11. Response surface plot of biochar yield under (a) 30, (b) 40, and (c) 50 minutes of 

microwave pyrolysis. 

 

Table 3.14. Regression equation of biochar yield versus reaction time, microwave power and 

microwave susceptor. 

 R-sq (%) 

B.C_Y(%)=22.685+1.906 A+ 0.757B- 2.663 C + 9.273 D + 5.133 E- 
1.312 F- 5.765 G- 7.328 H+ 3.695 I- 0.267 J - 3.428 K 

0.9406 

A: Reaction time (min)_30; B: Reaction time (min)_40; C: Reaction time (min)_50; D: 

Microwave power (kW)_1.0; E: Microwave power (kW)_1.5; F: Microwave power (kW)_2.0; G: 

Microwave power (kW)_2.5; H: Microwave power (kW)_3.0; I: Microwave susceptor (%)_10; 

J: Microwave susceptor (%)_15; K: Microwave susceptor (%)_20. 

 

Results evidence that a lower biochar yield was obtained at 3 kW at various residence times 

and 20 % susceptor, achieving between 11.9 and 13.67 wt%. High susceptor addition and 

increased microwave power produce low biochar yield. These operating conditions contribute 

to increased heating rates and facilitate the formation of volatiles from the bagasse and the 

thermal breakdown of heavy hydrocarbon, generating more liquid and gas compounds (Li et 

al., 2018; Sakhiya et al., 2020; Zhang et al., 2017a). However, higher M.S. addition and lower 

power (1–1.5 kW) induced better yield (49 % higher) than 3 kW. Regardless of the low pyrolysis 

power, higher susceptor addition enhances the microwave absorption and accelerates the 

biomass breakdown without exceeding the heating beyond the devolatilization of biochar (Agu 

(c) 
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et al., 2022; Kadlimatti et al., 2019; Zhang et al., 2017a). This finding is validated by some 

studies reported in (S and Paramasivan, 2021; Zhang et al., 2017a). 

 

The mass loss of feedstock is generated by two factors: water loss and organic matter 

decomposition. In the carbonization stage, the liquid and gaseous products are produced. Both 

yields depend on raw biomass properties, such as volatile matter and water content 

(Kosakowski et al., 2020). Moreover, inorganic substances and the moisture content in the 

biomass have a considerable impact on the quality and yield of biochar (Mierzwa-Hersztek et 

al., 2019). Biomass with high water content pyrolysed using high power causes higher energy 

release, enhancing the decomposition and depolymerization of lignocellulosic compounds. At 

the same time, higher input power advances the presence of moisture in the biochar pores, 

reducing its heating value (Shin Ying Foong, 2020; Zhang et al., 2017a).   

 

3.3.2.2 Bio-oil yield optimisation. 

 

Some studies reported that higher power and longer treatment time are optimal biomass 

treatments to achieve higher bio-oil yield (Suriapparao et al., 2015b). Nevertheless, maximum 

operational conditions were not always desirable parameters to obtain the highest bio-oil yield, 

which can lead to a critical secondary breakdown of oil components into non-condensable 

volatiles (Kadlimatti et al., 2019; S.Mutsengerere et al., 2019; Shi et al., 2020b). The results 

showed that the highest bio-oil yield was 25.37 wt% attained at 2 kW, 30 min of residence time 

and 10 % M.S. Bio-oil yield improved when more energy was released in the conversion 

process generating a breakdown of the organic bonds of SCB forming liquid products 

(condensable gases) (Y. Zhang et al., 2017). Then, 2 kW was enough microwave power to 

complete the pyrolysis process and reach the optimal bio-oil temperature (Yaning Zhang, 
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2017). Figure 3.12 shows bio-oil yields from the microwave-assisted conversion process, and 

its respective regression equation is described in Table 3.15. 

 

 
Figure 3.12. Response surface plot of bio-oil yield under (a) 30, (b) 40, and (c) 50 minutes of 

microwave pyrolysis. 

 

Table 3.15. Regression equation of bio-oil yield versus reaction time, microwave power and 

microwave susceptor. 

 R-sq (%) 

B.O_Y(%)=13.450+3.946A-0.204B-3.742C-.512D+1.190E+5.331F+1.267G-
2.276H+4.102I-0.082J-4.019K 

0.9729 

A: Reaction time (min)_30; B: Reaction time (min)_40; C: Reaction time (min)_50; D: 

Microwave power (kW)_1.0; E: Microwave power (kW)_1.5; F: Microwave power (kW)_2.0; G: 

Microwave power (kW)_2.5; H: Microwave power (kW)_3.0; I: Microwave susceptor (%)_10; 

J: Microwave susceptor (%)_15; K: Microwave susceptor (%)_20. 

 

The increased input power and high susceptor improving the residence time to reach the 

heating rate, high pyrolysis temperature led to low bio-oil yield (Khelfa et al., 2020; 

(a) (b) 

(c) 
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S.Mutsengerere et al., 2019; Y. Zhang et al., 2017). This asseveration can be confirmed by 

observing the variation of bio-oil performance from 2 kW to 3 kW, obtaining a reduction yield 

of 63 %. The excess pyrolysis temperature generated by the higher microwave power or/and 

microwave susceptor addition involves higher temperatures beyond the optimal condition for 

bio-oil production, reducing the solid and liquid products but increasing gas formation 

(Kadlimatti et al., 2019; Yaning Zhang, 2017). Therefore, there was a higher production of low 

molecular weight compounds due to the second breakdown of condensable vapours into 

syngas generation (Yaning Zhang, 2017). 

 

The microwave susceptor produces oxygen migration from the condensable bio-oil to the non-

condensable gases, inducing low bio-oil yield and high biogas production (Shi et al., 2020b). 

The resulting optimisation showed a bio-oil yield reduction of 49 % by increasing the susceptor 

from 10 % to 20 %, operating at 2 kW for 30 min. Moreover, an appropriate residence time is 

required to complete the microwave pyrolysis process and reach the optimal pyrolysis 

temperature, promoting the decomposition of biomass compounds (increased chemical 

reactions), like a breakdown of organic bonds of biomass to produce condensable gases. 

Increased residence time from 30 to 40 min and input power from 1 kW to 1.5 kW with a 

10 % M.S. conducted to an increased bio-oil yield of 7 %. However, increasing the treatment 

time to 50 minutes caused a decreased bio-oil yield of 18 %. Longer pyrolysis time promotes 

organic volatile formation due to the devolatilization of biomass. An extended thermochemical 

decomposition reached higher pyrolysis temperatures than were desirable, causing non-

condensable gas formation. Previous studies reported a critical temperature of over 550 °C 

(Kadlimatti et al., 2019; Lin and W.Chen, 2015). Hence, the optimal residence time for bio-oil 

production varied based on diverse factors associated with input power and the susceptor ratio 

(Y. Zhang et al., 2017). 
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The moisture content of the biomass used in the microwave pyrolysis process has a crucial 

impact on the yield and quality of the bio-oil (Ethaib et al., 2020). High moisture content can 

improve the bio-oil yield. However, a significant proportion of liquid products involves light oil 

with a high aqueous concentration, as water and hydro-soluble compounds (Ethaib et al., 

2020; Giorcelli et al., 2021; Zhang et al., 2017a). The aqueous fraction in bio-oil can be 

generated by chemical reactions associated with the microwave pyrolysis process (Yaning 

Zhang, 2017). For example, the aqueous fraction can come from the thermal decomposition 

of lignocellulosic compounds, low molecular weight acids and aldehydes (Budarin et al., 2015). 

Bio-oil quality is affected by the presence of water due to its low heating value (Yaning Zhang, 

2017). 

 

3.3.2.3 Biogas yield optimisation. 

 

Figure 3.13 shows the biogas yield distribution, and Table 3.16 indicates the general linear 

model of the biogas yield optimisation. The highest biogas yield was 84.43 wt% and 80.19 

wt%. These yields were obtained at various operational parameters. The first optimisation was 

at 3 kW with a 20% microwave susceptor for 50 min, achieving 84.43 wt%. The second stage 

involved exposing the biomass to 3 kW with 20% M.S for 40 min, obtaining a 76.93 wt% biogas 

yield. Nonetheless, the lowest yield was 51.67 wt% at 2 kW with 15% microwave susceptor for 

30 min.  

 

(a) (b) 
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Figure 3.13. Response surface plot of biogas yield under (a) 30, (b) 40, and (c) 50 minutes of 

microwave pyrolysis. 

 

Table 3.16. Regression equation of biogas yield versus reaction time, microwave power and 

microwave susceptor. 

 R-sq (%) 

B.G_Y(%)=63.865-5.852A-0.553B+6.406C-3.761D-6.323E-4.020F +4.498G 
+9.605H-7.796I+0.350J+7.447K 

0.9729 

A: Reaction time (min)_30; B: Reaction time (min)_40; C: Reaction time (min)_50; D: 

Microwave power (kW)_1.0; E: Microwave power (kW)_1.5; F: Microwave power (kW)_2.0; G: 

Microwave power (kW)_2.5; H: Microwave power (kW)_3.0; I: Microwave susceptor (%)_10; 

J: Microwave susceptor (%)_15; K: Microwave susceptor (%)_20. 

 

The results show that time is a relevant factor in biogas yield, where the conversion process 

must be long enough to complete the biomass pyrolysis (Y. Zhang et al., 2017; Zhang et al., 

2017a). Short treatment time and low power are not the optimal parameters to achieve a high 

by-product yield due to the impossibility of reaching the ideal pyrolysis temperature in a short 

time and the breakdown of lignocellulosic biomass compounds. In contrast, prolonged 

pyrolysis and high microwave power promote low molecular weight compounds, leading to 

secondary reactions, where condensable vapours generated in the chamber are decomposed 

into syngas components, increasing the biogas yield (Kadlimatti et al., 2019; Yaning Zhang, 

2017). For example, the lowest biogas yield was increased by 14 % when residence time was 

prolonged from 30 to 50 min, considering treatment settings of 1.5 kW and 10 % susceptor. 

(c) 
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The combination of high input power and high microwave susceptor content provokes an 

increased heating rate, facilitating biogas formation. High heat release induces the 

decomposition of heavy intermediate vapours into non-condensable gases (Kadlimatti et al., 

2019; Supramono et al., 2015). The result shows that biogas yield increased by 40 % when 

the power increased from 1 kW to 3 kW, considering 10 % susceptor and 30 min of treatment 

time. Moreover, by increasing the susceptor concentration from 10 % to 20 %, the biogas yield 

increased by 34 wt% at 1 kW and 40 min of residence time. Another influencing factor was the 

moisture of the raw biomass, which promotes syngas production. Biomass water content 

contributes to microwave absorbance because of its high tanδ value of 0.12, generating a 

higher temperature increase rate in the early stage of the pyrolysis process related to water 

evaporation (Yaning Zhang, 2017). Therefore, the biomass moisture content can improve the 

volatilization process due to the breakdown of liquid products (secondary reactions), forming 

permanent gaseous compounds ((Yaning Zhang, 2017). In this case, the raw biomass applied 

in the experiments has no pre-drying pre-treatment. 

3.3.3 By-products characterisation. 

 

3.3.3.1 Biochar analysis. 

 

To better understand the effect of the microwave pyrolysis process on the biochar quality, 

CHNS elemental analysis was undertaken. The microwave pyrolysis parameters and ultimate 

analysis are shown in Table 3.17. The results demonstrate that a high pyrolysis power 

produces biochar with high carbon content and low oxygen and nitrogen presence. This 

phenomenon is due to the high input power, which leads to more breakdown of chemical 

bonds, e.g., C―O and C―H (Shin Ying Foong, 2020; Wallace et al., 2019b). For example, the 

biochar generated at 2 kW, 10 % microwave susceptor and 30 min of pyrolysis resulted in the 



 

84 
 

highest carbon content (57 %) and the lowest oxygen concentration (39 %). Unlike the biochar 

produced at 2 kW power, 40 min reaction time and 20 % M.S. resulted in the lowest carbon 

content (27 %) and the highest oxygen presence (72 %). A higher concentration of microwave 

susceptor (20 %) produced higher heating rates, involving less water loss during biomass 

degradation. Then, a high pyrolysis temperature reached in a shorter reaction time forms more 

pores, trapping the moisture from the biochar (Shin Ying Foong, 2020; Tomczyk et al., 2020a). 

 

The carbonization (O/C) and aromatization (H/C) degrees were reduced using high microwave 

power. The lowest H/C ratio (0.01) was reached at 2 kW input power, 40 min of reaction time 

and 20 % M.S. The scenario of 2 kW, 30 min pyrolysis time and 10 % microwave susceptor 

achieved the lowest O/C ratio (0.68). Previous studies have reported that the O/C and H/C 

ratios should be <0.4 and 0.6, respectively (Mierzwa-Hersztek et al., 2019). Reduction of the 

O/C and H/C ratio is associated with the high aromaticity properties and lower polarity of the 

biochar generated from the microwave pyrolysis conditions (Tomczyk et al., 2020a). Therefore, 

high microwave power promotes the carbon and thermal stability of biochar (M.Waqasa et al., 

2018; Mierzwa-Hersztek et al., 2019). 

 

Table 3.17. Ultimate analysis of biochar obtained at different operational conditions. 

Microwave pyrolysis 
sample condition 

N% C% H% O*% H/C O/C LHV 
MJ/kg 

1.5 kW/30min/10%M.S 0.39 55.33 2.56 41.72 0.05 0.75 16.21 

2 kW/30min/10%M.S 0.36 57.61 3 39.03 0.05 0.68 18.22 

2 kW/30min/15%M.S 0.24 37.75 0.37 61.64 0.01 1.63 2.97 

1 kW/30min/20%M.S 0.3 36.29 0.7 62.71 0.02 1.73 2.88 

1 kW/40min/10%M.S 0.48 44.07 1.48 53.97 0.03 1.22 8.39 

2 kW/40min/20%M.S 0.16 27.33 0.28 72.23 0.01 2.64 2.14 
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3 kW/30min/20%M.S 0.4 54.6 1.34 43.66 0.02 0.80 13.468 

O*, oxygen was calculated employing the difference between the total percentage and all the 

remaining elements. 

 

Apart from biochar yield, the variation of microwave power, reaction time, and microwave 

susceptor also affected the heating value of the biochar due to the thermal decomposition of 

lignocellulosic compounds (Huang et al., 2016b; Nizamuddin et al., 2018). The heating values 

of cellulose and hemicellulose are much lower than lignin. Therefore, the volatilization of those 

components in the biomass contributes to the biochar heating value. There is a higher thermal 

breakdown of cellulose and hemicellulose content at a low microwave power but not very much 

cracking of lignin components, thus increasing the biochar heating value (Huang et al., 2016b). 

Moreover, high oxygen content causes a significant reduction in the biochar heating value, 

affecting its quality as fuel (Nizamuddin et al., 2018). For example, the results show that the 

highest biochar LHV (18.22 MJ/kg) was obtained at 2 kW power, 30 min of pyrolysis and 10 % 

microwave susceptor, which also represents the highest carbon content (57.61 %) and the 

lowest oxygen concentration (39.03 %). However, 2.14 MJ/kg was the lowest heating value 

attained, representing only 27.23 % oxygen content. 

 

Figure 3.14 and Figure 3.15 show the combustion and thermal performance of biochar 

generated from different microwave pyrolysis conditions. The decomposition stability is 

represented in the thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG). 

The graph shows that biochar produced at higher microwave power (2 kW) presents less 

weight loss at the early stage (3 %), between 100 and 150 °C. However, low input power 

(1 kW) causes slightly higher weight loss (5 %). Moreover, higher power generates more 

weight loss at a later stage of the pyrolysis reaction than low power. A weight loss of 21 % and 

24 % for the samples produced at 1.5 kW and 2 kW was observed at range temperatures of 

350–750 °C, respectively. The mass loss increase at high temperatures was due to the thermal 
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decomposition of the lignin and inorganic compounds and the high moisture removal from the 

biochar at high pyrolysis power (Brickler et al., 2021b; Nizamuddin et al., 2018). Therefore, 

high pyrolysis temperatures cause more thermal stability of the biochar (Mohammed et al., 

2015). 
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Figure 3.14. TGA curve of biochar generated at different microwave power, reaction time and 

microwave susceptor. 
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Figure 3.15. DTG curve of biochar generated at different microwave power, reaction time and 

microwave susceptor. 

 

The DTG curve shows the difference in the thermal peak quantity of biochar. The first peak 

was obtained between 250 °C to 400 °C, which involves the degradation of cellulose and 

hemicellulose components. High microwave power promotes the volatilization of biochar, 
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which is associated with dehydrogenation and aromatization (Mohammed et al., 2015). For 

example, there was a 94.4 % difference in the thermal peak between the raw biomass and the 

biochar obtained at 3 kW, 30 min of pyrolysis and 20 % microwave susceptor. However, 2 kW 

and 10 % microwave susceptor achieved only 59 % volatilization. 

 

The structural porosity and morphology of biochar generated from microwave pyrolysis have 

a higher surface area and pore volume (Leng et al., 2021). Figure 3.16 shows the SEM image 

of sugarcane bagasse biochar at different microwave operational conditions. Figure 3.16 (a) 

and (c) demonstrate that the biochar produced at high pyrolysis power presents lower pore 

breakdown due to the quick release of volatiles during the increased heating rates. The biochar 

samples generated at over 1.5 kW have a small pore size, higher pore volume, higher 

externally accessible surface area and higher mass loss (Brickler et al., 2021b; Nizamuddin et 

al., 2018; Tomczyk et al., 2020a; Wallace et al., 2019b). Moreover, high input power allows 

more energy production due to the breakdown of C-O bonds, generating the fragmentation, 

depolymerization, and decomposition of organic matter associated with lignocellulosic 

biomass (Shin Ying Foong, 2020). Figure 3.16 (b) reveals that low microwave power caused 

a gradual thermal decomposition of biomass, reducing the blocking of pore formation and 

decreasing the mass loss (Shin Ying Foong, 2020; Wallace et al., 2019b).  

 

Table 3.18. BET data of biochar obtained at different operational conditions. 

Analysis BCa BCb BCc BCd BCe BCf BCg 

Surface area (m2/g) 
       

BET Surface Area 121.78 131.23 211.60 197.03 202.16 157.29 139.29 

t-Plot micropore Area 65.03 
 

140.46 126.38 136.56 94.36 67.94 

t-Plot external surface 

area 

56.76 14.65 71.13 70.65 65.60 62.92 71.34 
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BJH Adsorption 

cumulative surface area 

of pores 

25.24 8.93 31.79 31.12 26.03 35.23 18.95 

Pore volume (cm3/g) 
       

t-Plot micropore volume 0.03 0.00 0.06 0.05 0.05 0.04    0.03 

Total pore volume 

calculated <1.0228nm 

0.04 0.00 0.07 0.06 0.07 0.05    0.04 

BCa: Biochar generated at 1.5 kW/30min/10%M.S; BCb: Biochar generated at 2 

kW/30min/10%M.S; BCc: Biochar generated at 2 kW/30min/15%M.S; BCd: Biochar generated 

at 1 kW/30min/20%M.S; BCe: Biochar generated at 1 kW/40min/10%M.S; BCf: Biochar 

generated at 2 kW/40min/20%M.S; BCg: Biochar generated at 3 kW/30min/20%M.S. 

 

  

    

(a) 

(b) 
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Figure 3.16. Scanning Electron Microscope (SEM) images of sugarcane bagasse biochar, 

generated at (a) 1.5 kW for 30 minutes and 10% microwave susceptor; (b) 1 kW for 40 minutes 

and 10% microwave susceptor; (c) 2 kW for 30 minutes and 10% microwave susceptor. 

 

Diverse studies have reported that biochar, generated from microwave pyrolysis, presents a 

higher BET surface area and pore volume than conventional pyrolysis (Selvam S and 

Paramasivan, 2022; Suriapparao et al., 2022b). Those properties determine the biochar quality 

for a combustion process (Halim and Swithenbank, 2016; Li et al., 2016; Sieng-Huat Kong; Su 

Shiung Lam; Peter Nai Yuh Yek; Rock Keey Liew; Nyuk Ling Ma; Mohammad Shahril Osman; 

Chee Chung Wong, 2018; Wallace et al., 2019b). Table 3.18 indicates the surface area 

properties of the biochar optimisation. Results show that high microwave power and longer 

treatment time are the optimal conditions for obtaining a higher BET surface area, adsorption 

efficiency and micropore volume. For example, the surface area improved by 74% (cases BCa 

and BCc) when the microwave power and the microwave susceptor increased from 1.5 kW to 

2 kW and 10% to 15%, respectively. 

 

Higher power leads to a structural modification of the biochar pores due to the high 

volatilization of larger molecules and the rapid release of small molecules (volatile matter) 

generated by the increased pyrolysis temperature (Halim and Swithenbank, 2016; Li et al., 

2016). For instance, high lignin decomposition promotes the quick release of H2 and CH4 and 

aromatic condensation. These conditions result in better surface pore formation during 

(c) 
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microwave pyrolysis (Mierzwa-Hersztek et al., 2019; Tomczyk et al., 2020a). On the other 

hand, the increment of microwave susceptor and treatment time promote higher heat energy, 

releasing more volatiles from the surface of the sugarcane bagasse, and increasing the area 

and volume of the biochar. This characteristic is related to the fragmentation, depolymerization 

and cracking of lignocellulosic compounds (Shin Ying Foong, 2020; Zhang et al., 2017a). 

Higher pyrolysis heat energy leads to higher carbon stability (M.Waqasa et al., 2018). The 

surface area increased by 3 % when the treatment time was incremented by 10 min (cases 

BCe and BCd). Then, the BET surface area improved by 62 % when the microwave susceptor 

increased from 10 % to 20 % (cases BCa and BCd). 

 

A low BET surface area is produced when biomass presents a high content of inorganic 

compounds, which can block the micropores in the biochar surface (Tomczyk et al., 2020a). 

Another factor in the surface area reduction is elevated power, which can lead to excessive 

pyrolysis temperature, generating destruction in the biochar structure. In terms of 

morphologies, the biochar has agglomerates of hexagonal prism-shaped (rough surface) 

(Halim and Swithenbank, 2016; Shin Ying Foong, 2020). The work reported by (Leng et al., 

2021) affirmed that if the temperature is not high enough (above 400 °C), the pyrolysis process 

won't be completed, reducing the volatile generation and pore formation. For example, sample 

BCb obtained the lowest surface area (11.23 m2/g) due to short pyrolysis time and low 

microwave susceptor were insufficient to cause the release of volatiles. 

 

3.3.3.2 Bio-oil analysis. 

 

Table 3.19 shows the elemental components of bio-oil produced at different microwave power, 

reaction time and microwave susceptor (M.S) combinations. The results show a variation in 

carbon, oxygen and hydrogen content based on the increment of the microwave operational 
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conditions. For instance, the lowest oxygen content (34.41 %) was obtained at 2 kW, 40 min 

of pyrolysis and 20 % microwave susceptor. However, the highest oxygen content (42.59 %) 

was produced at 1 kW, 30 min of pyrolysis and 20 % susceptor. The main reason for this 

phenomenon is the deoxygenation reaction of the raw biomass generated at high microwave 

power, which reduces the number of functional groups during pyrolysis (Ferrera-Lorenzo et 

al., 2014). At the same time, a higher H/C value was achieved with lower microwave power 

and reaction time, involving an increase in the aliphatic group due to the decrease in 

microwave heating. In contrast, a lower H/C ratio was obtained with higher microwave power, 

higher reaction time and microwave susceptor, whose effects in bio-oil resulted in higher 

aromatic content (Halim and Swithenbank, 2016). 

 

Table 3.19. Ultimate analysis of bio-oil obtained at different operational conditions. 

Microwave pyrolysis 
sample condition 

N% C% H% O*% H/C O/C LHV 
(MJ/kg) 

1.5kW/30min/10%M.S 0.33 55.25 5.88 38.54 9.40 0.70 29.89 

2kW/30min/10%M.S 0.44 55.46 6.11 37.99 9.08 0.68 30.20 

2kW/30min/15%M.S 0.56 53.48 5.92 40.04 9.03 0.75 29.50 

1kW/30min/20%M.S 0.42 51.39 5.60 42.59 9.18 0.83 28.63 

1kW/40min/10%M.S 0.35 55.03 6.10 38.52 9.02 0.70 30.09 

2kW/40min/20%M.S 0.45 57.73 7.41 34.41 7.79 0.60 32.24 

O*, oxygen was calculated employing the difference between the total percentage and all the 

remaining elements. 

 

The heating value of bio-oil is directly associated with the elemental composition of bio-oil. 

Decreasing the oxygen concentration cause increases its heating value due to the chemical 

reaction related to ketones and aldehyde concentrations. 32.24 MJ/kg was the highest heating 

value achieved at the lowest oxygen content. High oxygen concentration is associated with 
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chemical instability, storage permanence, acidity, and immiscibility properties of the bio-oil 

(Panwar and Paul, 2021; Si et al., 2017). 

 

The elemental analysis can be contrasted by the bio-oil functional groups shown in Table 3.20 

and Table 3.21. The bio-oil composition involves carboxylic acid, ketones, aromatic, sugar, 

phenols, guaiacol, alkanes, alkynes, and alcohol. Microwave pyrolysis produces more phenol 

compounds due to higher condensation temperature at the early stage (Zhao et al., 2021). 

Results show that the concentration of phenol groups is 33 % higher in bio-oil samples 

produced at 1 kW than at 2 kW. The combination of lower power and higher addition of 

susceptor allowed reaching a higher pyrolysis temperature, leading to the cracking of lignin 

compounds to the conversion into phenol groups. Hence, higher microwave power leads to 

the breakdown of phenols, reducing their concentration (Mohammed et al., 2015; Zhao et al., 

2021). High phenol content is associated with a higher H/C ratio (Halim and Swithenbank, 

2016). 

 

Table 3.20. Distribution of chemical compounds of bio-oil generated at 1 kW during 30 minutes 

of microwave pyrolysis and 20% M.S. 

 
Classification 

 
Compound 

Concentration 
(microgram/gram) 

Concentration 
(%) 

 
Carboxylic 
acid 

Acetic acid, methyl ester  673 1.54 

Acetic acid 1641 3.76 

   
5.30 

 
Ketone 

2-Butanone 149 0.34 

Benzaldehyde, 4-hydroxy- 380 0.87 
   

1.21 
 
 
 
 

 Phenol 552 1.26 

Phenol, 3-methyl-  931 2.13 

Phenol, 2,6-dimethyl- 216 0.49 

Creosol 752 1.72 
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Phenols Phenol, 4-ethyl-  1623 3.72 

2-Allylphenol 349 0.80 

3,5-Dimethoxy-4-hydroxytoluene 1517 3.47 

Benzaldehyde, 3-hydroxy-4-

methoxy-  

1406 3.22 

5-tert-Butylpyrogallol 380 0.87 
   

17.69 
 
 
 
Guaiacol 

2-Methoxy-4-vinylphenol 126 0.29 

Phenol, 2-methoxy-4-(1-

propenyl)- 

522 1.20 

Phenol, 2,6-dimethoxy-  2083 4.77 

Phenol, 2,6-dimethoxy-4-(2-

propenyl)- 

420 0.96 

Phenol, 2,6-dimethoxy-4-(2-

propenyl)- 

321 0.73 

   
7.95 

Alkanes Undecane 370 0.85 

Heptane, 2,2,4,6,6-pentamethyl- 1909 4.37 

Cyclotrisiloxane, hexamethyl-  106 0.24 
   

5.46 
Alkynes Methylcodeine 728 1.67 
   

1.67 
 
 
Alcohols 

 Silane, trimethoxymethyl-  89 0.20 

 1-(2-Acetoxyethyl)-3,6-

diazahomoadamantan-9-one 

oxime 

322 0.74 

Cyclopropyl carbinol  300 0.69 
   

1.63 
 
Aromatic 

Toluene 274 0.63 

Benzofuran, 2,3-dihydro-  2330 5.33 
   

5.96 
 
 
 
Sugars 

2,3-Anhydro-d-galactosan 1670 3.82 

Aminocarb 664 1.52 

Apocynin  401 0.92 

Triacetyl-d-mannosan 2791 6.39 
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1,3-Di-O-acetyl-à-á-d-

ribopyranose  

1027 2.35 

Alpha-D-Glucopyranose, 1,6-

anhydro- 

16659 38.14 

   
53.14 

 

Table 3.21. Distribution of chemical compounds of bio-oil generated at 2 kW during 30 minutes 

of microwave pyrolysis and 10% M.S. 

 
Classification 

 
Compound 

Concentration 
(microgram/gram) 

Concentration 
(%) 

 
 
Carboxylic 
acid 

Acetic acid, methyl ester 832 0.83 

Acetic acid 2130 2.13 

Hexanoic acid, 2-ethyl- 673 0.67 

3-Isoxazolecarboperoxoic 

acid, 4,5-dihydro-5-phenyl-

, 1,1- 

751 0.75 

o-Ethylhydroxylamine  3971 3.98 
   

8.37 
 
 
Ketone 

2-Butanone 156 0.16 

2-Methyliminoperhydro-

1,3-oxazine 

1057 1.06 

4-Methyl-2-

oxopentanenitrile 

1277 1.28 

   
2.49 

 
 
 
 
 
 
Phenols 

 Phenol 1169 1.17 

Creosol 1488 1.49 

Phenol, 3-methyl-  681 0.68 

Phenol, 2,6-dimethyl- 463 0.46 

Phenol, 4-ethyl- 2648 2.65 

Phenol, 4-ethyl-3-methyl- 618 0.62 

1,2-Benzenediol, 3-

methoxy- 

743 0.74 

3,5-Dimethoxy-4-

hydroxytoluene 

2153 2.16 
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Benzaldehyde, 3-hydroxy-

4-methoxy- 

1819 1.82 

 5-tert-Butylpyrogallol 623 0.62 

Benzaldehyde, 4-hydroxy-  896 0.90 
   

13.32 
Guaiacol Phenol, 2,6-dimethoxy-4-

(2-propenyl)-  

1376 1.38 

Phenol, 2-methoxy-  544 0.54 

 2-Methoxy-4-vinylphenol 561 0.56 

Phenol, 2,6-dimethoxy- 3281 3.29 
   

5.77 
Aromatic Benzofuran, 2,3-dihydro- 5370 5.38 
   

5.38 
Alkanes Heptane, 2,2,4,6,6-

pentamethyl-  

660 0.66 

 Alpha-

Hydroxyquebrachamine 

607 0.61 

   
1.27 

 
Alcohols 

1-Decanol, 2-hexyl- 715 0.72 

Silane, trimethoxymethyl- 318 0.32 

Cyclopropyl carbinol  1126 1.13 
   

2.16 
 
 
Sugars 

1,3-Di-O-acetyl-à-á-d-

ribopyranose  

1434 1.44 

 Aminocarb 876 0.88 

Triacetyl-d-mannosan 5715 5.72 

Apocynin 587 0.59 

Alpha-D-Glucopyranose, 

1,6-anhydro-  

49663 49.75 

2,3-Anhydro-d-galactosan 2849 2.85 
   

61.23 
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Lower microwave power produces slightly higher aromatic content (10 %) due to the higher 

pyrolysis temperature leading to the breakdown of aromatics, generating more phenol groups 

(Lyu et al., 2015). The concentration of aromatic groups is related to a high heating value and 

bio-oil quality because of the low concentration of oxygenated compounds (Khuenkaeo et al., 

2021) On the other hand, 2 kW achieved more concentration of sugars (61.23 %), ketones 

(2.49 %), and carboxyl acid (8.37 %). The higher sugar content is due to the breakdown of 

cellulose compounds generated with higher microwave power. For example, alpha-d-

Glucopyranose, 1,6-anhydro- (49.75 %) is associated with the feedstock type (Lyu et al., 2015; 

Zhang and Xiong, 2016). Since the pyrolytic sugar has water-solubility properties, it can be 

removed from the bio-oil by applying some liquid-liquid extraction method. Furthermore, 

pyrolytic sugar is extracted from bio-oil to convert it into fuels, and by using phenols, it is 

possible to obtain chemical products, like green diesel and adhesives (Rover, 2013; Yu et al., 

2016). 

 

Ketone groups are generated by the decomposition of hemicellulose (from hexoses) and 

cellulose compounds. The study reported by (Lyu et al., 2015) established that a high 

concentration of metal ions can produce a secondary reaction of sugar compounds like 

levoglucosan and generate ketones. The ketone concentrations increased by 2.5 % when the 

microwave power increased to 2 kW. This phenomenon is explained by the ketonization 

reaction, which means that two carboxylic acids are converted into a ketone, carbon dioxide 

and water by applying higher heat (higher power) (Pham et al., 2013; Wang et al., 2018). At 

the same time, increased microwave power produced slightly higher carboxylic acid content 

(37 %) which can represent higher oxygen content, a reduction of storage stability, and 

increased corrosiveness (Ferrera-Lorenzo et al., 2014; Panwar and Paul, 2021; Si et al., 2017; 

Wang et al., 2012). Higher carboxylic acid concentration can increase the polarity of bio-oil, 

involving higher solubility in other polar solvents (Rover, 2013). 
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Figure 3.17 and Figure 3.18 show the thermogravimetric analysis (TGA) and derivative 

thermogravimetry analysis (DTG). The results did not show much variation in the thermal 

deformation between the different bio-oil samples. The initial thermal decomposition happens 

between 250 °C and 350 °C, which involves moisture evaporation and highly volatile 

compounds. Also, at that temperature range, hemicellulose degradation occurs (Armando T. 

Quitain, 2015). The bio-oil generated at 2 kW for 30 min and 10 % microwave susceptor 

resulted in around 39 % weight loss. Differently, the weight reduction of the bio-oil produced 

at 1 kW for 30 min and 20 % microwave susceptor was 24 %. The rapid thermal degradation 

is generated by the volatilization of residual solvent (alcohols), water and light components 

(Sainab Omar, 2019; Suzanne Anouti, 2016). The last thermal decomposition is between 

400 °C and 600 °C conducted by the breakdown of heavy compounds, stability, and lignin 

degradation (Armando T. Quitain, 2015). 
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Figure 3.17. TGA curve of bio-oil generated at different microwave power, reaction time and 

microwave susceptor. 
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Figure 3.18. DTG curve of bio-oil generated at different microwave power, reaction time and 

microwave susceptor. 
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3.3.3.3 Biogas analysis. 

 

Through Gas Chromatograph (Shimadzu GC 2030), it was possible to determine biogas 

compounds obtained under various operational conditions. Table 3.22 shows the energy 

values of sugarcane bagasse gas obtained in the pyrolysis process. The biogas yield is directly 

relative to its heating value due to a higher yield achieved when the secondary breakdown of 

non-condensable volatiles occurs, increasing the formation of H2, CO and CH4. This 

phenomenon is relative to the self-gasification of the biochar during the high pyrolysis power 

(Lin and W.Chen, 2015; Shi et al., 2020a; Zhang et al., 2017a). 

 

Table 3.22. Composition and low heating value of six biogas samples at different pyrolysis 

conditions. 

Operational 
conditions 

CO2                

(% Mol) 

CH4  

(% Mol) 

H2S 

(%Mol) 

O2  

(%Mol) 

N2  

(%Mol) 

LHV 
(MJ/kg) 

1.5kW/30min/10%M.S 2.81 0.70 0.08 17.32 78.59 0.251 

1kW/40min/10%M.S 2.12 0.57 0.05 17.37 79.39 0.206 

2kW/30min/10%M.S 3.86 1.24 0.19 7.54 86.65 0.445 

2kW/30min/15%M.S 2.07 0.84 0.07 18.10 78.22 0.302 

1kW/30min/20%M.S 2.19 0.66 0.09 17.81 79.24 0.237 

2kW/40min/20%M.S 6.89 1.47 0.28 12.78 78.04 0.528 

 

The heating value was calculated considering the H2, CO and CH4 formation. Higher methane 

formation and energy value are obtained using higher microwave power, longer pyrolysis time 

and higher microwave susceptor. For instance, the biogas heating value generated at 1 kW 

for 30 minutes was 55% lower than the biogas produced at 2 kW for 40 minutes. Increased 

microwave power leads to a quicker microwave absorbance capacity of the biochar and 
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thermochemical reaction. The high presence of a carbon microwave susceptor could produce 

elevated CO2 due to the thermal decomposition of methane gas and light hydrocarbons (Shi 

et al., 2020b). The biogas impurities comprise the H2S gas associated with the sulphuric and 

nitrogen content in the formation of pyrolysis gas and its presence in the lignocellulosic 

biomass (Juan Camilo Solarte-Toro, 2018).  

 

3.3.4 Energy balance of microwave pyrolysis process. 

 

Table 3.23. Recovered energy of sugarcane bagasse by-products using microwave pyrolysis 

for 65 g of SCB. 

By-product 
optimised 

Operational 
conditions 

By-product energy (kWh) Total output 
energy (kWh) 

Char Oil  Gas 

Biochar  1.5kW/30min/10%M.S 0.111 0.119 0.002 0.23 

1kW/40min/10%M.S 0.058 0.068 0.002 0.13 

Bio-oil  2kW/30min/10%M.S 0.096 0.138 0.004 0.24 

2kW/30min/15%M.S 0.012 0.129 0.003 0.14 

Biogas 1kW/30min/20%M.S 0.014 0.033 0.003 0.05 

2kW/40min/20%M.S 0.007 0.083 0.006 0.1 

 

The output energy of the by-products was calculated considering their heating value, yield, 

and biomass weight. Table 3.23 shows that the highest total output energy (0.24 kWh) was 

obtained at 2 kW, 30 minutes of pyrolysis and 10% of microwave susceptor. Mainly, this 

performance was obtained by the high yield and heating value of bio-oil (0.498 MJ/kg). In 

contrast, the output energy in by-products generated at 1 kW and 10 % M.S. was 95 % lower 

than samples produced at 2 kW and 20 % M.S. Low pyrolysis power, short treatment time and 

high microwave susceptor are not the optimal combinations to achieve the energy by-products. 
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These operating conditions were insufficient to reach the pyrolysis temperature and complete 

the thermochemical conversion of lignocellulosic compounds into biochar, bio-oil, and biogas. 

 

Table 3.24. Energy recovery efficiency of microwave pyrolysis system. 

B.O* Microwave 
power kW 

Time, 
min 

E.E** 
kWh/kg 

Electrical 
consump. 

kWh 

Biomass 
energy 

kWh 

Total 
input 

energy 
kWh 

Energy 
conversion 

effic % 

 

Biochar  

1.5 30 0.8 0.9  

 

0.9 

1.8 12.6 

1 40 0.7 0.8 1.7 7.4 

 

Bio-oil  

2 30 1.0 1.3 2.2 11.1 

2 30 1.0 1.3 2.2 6.7 

 

Biogas 

1 30 0.5 0.6 1.5 3.3 

2 40 1.3 1.7 2.6 3.8 

*B.O: By-product optimised, ** E. E: Energy expended during the microwave pyrolysis of 

SCB, considering microwave power and treatment time. 

 

The electrical consumption of the microwave pyrolysis system was calculated considering the 

input power, treatment time, and 80% electrical efficiency conversion of the microwave 

pyrolysis process. On the other hand, the biomass energy was obtained by the heating value 

of the SCB and the sample weight (65 grams). The total input energy was calculated assuming 

the energy supplied by the microwave system and the biomass. Table 3.24 shows the different 

energy recovery values obtained from the optimisation process. The results showed a 

significant energy difference between the operating combinations of the microwave system. 

The energy conversion efficiency for the samples generated at 1 kW/30 min/20%M.S. and 

2 kW/40 min/20%M.S. were 74 % and 70 % lower than the setting scenario of 1.5 kW for 

30 min and 10 % M.S., respectively. In this way, a longer treatment time or low input power is 

not necessarily convenient for reaching higher energy efficiency. It is important to note that this 
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optimal operational energy condition is relative to the required quality of each by-product. For 

example, a higher biochar quality is achieved using low power and longer treatment time, but 

better bio-oil properties (HHV, oxygen content, and aromatic functional groups) are developed 

at higher power and longer pyrolysis time. 

 

The output energy of the by-products showed that biomass exposed at 2 kW for 30 min and 

10 % microwave susceptor obtained the highest output energy (0.24 kWh), with bio-oil 

representing 68 % of the total energy value. The bio-oil quality analysis showed that increasing 

pyrolysis temperature increased ketones functional groups concentration by up to 2.5 %, 

improving its quality. The highest biochar output energy was obtained at 

1.5 kW/30 min/10%M.S., considering 37.16 % yield, 0.21 MJ/kg LHV, 55.33 % carbon and 

41.72 % oxygen content. The same setting operating parameters achieved optimal energy 

recovery (12.6 %). 

 

3.3.5 Economic analysis. 

 

The economic analysis is based on the lab-scale microwave pyrolysis system. Table 3.25 

shows the economic analysis of the microwave pyrolysis system. Some operating costs are 

feedstock, electricity purchased, microwave susceptor and maintenance (0.23 AUD/day) (Lam 

et al., 2019b). The incurred cost of feedstock and microwave susceptor (M.S) was free 

because agricultural waste was used as biomass, and biochar produced in the pyrolysis 

process was utilised as M.S. The average electricity usage rate in Queensland is 20.19 c/kWh 

(Mullane, 2022). The unit values generated from the by-products are 0.55 AUD/kg biochar 

(Wang et al., 2015), 1.45 AUD/L bio-oil (Inayat et al., 2022; Wang et al., 2015), and 0.099 

AUD/kWh biogas (Wattanasilp et al., 2021). The economic analysis was estimated considering 

975 g of biomass and the highest and lowest energy recovery obtained from the pyrolysis 
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process. The economic balance shows that the income generated at 1 kW was 88 % lower 

than 1.5 kW pyrolysis power. High-income capacity is associated with the high energy 

generation of bio-oil (1.8 kWh) and biochar (1.67 kWh). Then, an acceptable utility cost is 

reached at 1.5 kW, with a total income was $1.28. The microwave pyrolysis system has 

economic viability and the potential to scale up the energy generation of by-products at low-

cost production. Microwave pyrolysis optimisation leads the sustainable development due to 

its energy efficiency and economic balance (Inayat et al., 2022). 

 

Table 3.25. Techno-economic analysis of the microwave pyrolysis system for 975 grams of 

biomass.  
 

1.5kW/30min/10%M.S 1 kW/30min/20%M.S 

Item Energy 
(kWh) 

Value/unit Amount 
(AUD) 

Energy 
(kWh) 

Value/unit Amount 
(AUD) 

Feedstock  - - - - - - 

Microwave 

susceptor 
- - - - - - 

Electricity 

consumed 
0.9 20.19, 

(c/kWh) 

0.18 0.6 20.19, 

(c/kWh) 

0.12 

Maintenance 
  

0.03 
  

0.02 

Total operating 

cost 

  
0.21c 

  
0.14d 

       

Item Energy 
(kWh) 

Value/unit Amount 
(AUD) 

Energy 
(kWh) 

Value/unit,  
$/kWh 

Amount 
(AUD) 

Biochar, AUD/kg 1.67 0.55 0.89 0.21 0.55 0.11 

Bio-oil, AUD/L 1.8 1.45 0.39 0.495 1.45 0.04 

Biogas, AUD/kWh 0.03 0.099 0.03 0.045 0.099 0.004 
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Total income $ 
  

1.28e 
  

0.15f 

Total energy 

gained kWh 

2.58 
  

0.15 
  

Total $ gained  
  

1.07 
  

-0.01 

c Total operating cost ($) at 1.5 kW/30 min/10%M.S; d Total operating cost ($) at 1 kW/30 

min/20%M.S; e Total income ($) from by-products generated 1.5 kW/30 min/10%M.S; f Total 

income ($) from by-products generated 1 kW/30 min/20%M.S. 

 

The economic analysis indicated that the total income decreased by 88 % when operating 

conditions changed from 1.5 kW/30 min/10%MS to 1 kW/30 min/20%MS. Therefore, the 

microwave pyrolysis system has the potential to scale up the energy generation of by-products 

at low-cost production. 

 

3.3.6 Carbon footprint analysis. 

 

GHG emissions depend on biomass management and energy generation methods. Table 3.26 

shows a CO2 emissions estimation for two different biomass management scenarios and a 

commonly used method for electricity generation. The evaluation was calculated considering 

the total biomass used during the experimental phase (65 g) and the highest energy output 

provided by the by-products at 1.5 kW/30 min/10%M.S. Production of 0.23 kWh, using a coal-

based thermal power plant produces 0.314 kg CO2, considering a factor of 1.57 kg CO2/kWh 

(Fodah and Abdelwahab, 2022). Biomass management as stored waste (landfilling) causes 

the release of 0.004 kgCO2, as the emission factor of raw feedstock is 57 kg CO2/t (Cheng et 

al., 2020). The emission factor for burning 1 kg of biomass is 1.5 kg CO2 (Fodah et al., 2021), 

releasing 0.1 kg CO2 for the indicated sample. 
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Table 3.26. Life cycle impact of biomass management and energy generation methods. 

The energy 
supplied (kWh) 

Biomass 
(kg) 

Biomass as 
residues kg_CO2 

Incineration 
kg_CO2 

Power plant 
kg_CO2 

0.23 0.065 0.004 0.1 0.314 

 

The environmental impact can be prevented by converting biomass into valuable products 

using microwave pyrolysis. Unlike bio-oil and biogas, biochar has the potential for carbon 

capture (Mong et al., 2022). Liquid and gaseous by-products are used as biofuels for heat and 

electricity production. These approaches are not carbon capture (Huang et al., 2015; Mong et 

al., 2022). However, biochar works as an absorbent for carbon dioxide sequestration due to 

its affinity to CO2 (Huang et al., 2015). Figure 3.19 shows the balance of CO2 adsorption 

capacity of by-products obtained at 1.5 kW for 30 minutes and 10% M.S. The CO2 adsorption 

capacity of biochar was 47.9 CO2 eq kg-1, whose value was calculated by Equation (1) 

(Venkatesh et al., 2022). The evaluation of the carbon sequestration of the microwave 

pyrolysis conversion consists of 37.9% biochar yield (𝐵𝐵.𝑌𝑌) and 43.1% fixed carbon content 

(FC). 

𝐶𝐶𝐶𝐶2 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐵𝐵. 𝑌𝑌 ∗ 𝐹𝐹𝐹𝐹 ∗ ( 80
100

) ∗ (44
12

)     (32) 

 

 

Figure 3.19. Bioenergy yield balance of SCB using microwave pyrolysis and its CO2 

sequestration potential.  
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The life cycle impact assessment of the microwave pyrolysis by-products indicated a carbon 

dioxide reduction potential of 47.9 CO2eq kg-1. Carbon sequestration capacity is related to 

biochar application, whose purpose is carbon storage. 

 

3.4 Conclusions.  
 

This work substantiated that the breakdown of sugarcane bagasse and the energy recovery 

under microwave pyrolysis are influenced by the input microwave power, susceptor and 

treatment time. Higher microwave power and susceptor reduce the biochar yield. These 

operating conditions contribute to increased heating rates and facilitate the formation of 

volatiles from the bagasse and the thermal breakdown of heavy hydrocarbon, generating more 

liquid and gas compounds, which can lead to the critical secondary breakdown of oil 

components into non-condensable volatiles, and hence could conclude that maximum 

operational conditions were not always the desirable parameters to obtain the optimal bio-oil 

yield. 
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CHAPTER 4 

 

 

4 PARACETAMOL SENSORS USING ACTIVATED BIOCHAR 

 

 

Chapter 3 demonstrated that biochar produced from sugarcane bagasse has a good 

potential to produce activated biochar by its processing with low microwave power and long 

treatment time. The activation process is complemented by chemical treatment to improve 

the biochar properties, e.g., carbon content, porosity, morphology, etc. These characteristics 

make the carbon material suitable for electrochemistry applications by the sensing of 

molecules. The following chapter presents the synthesis of activated biochar from sugarcane 

bagasse for the fabrication of an electrochemical sensor using a drop casting technique on 

the surface of a glassy carbon electrode for paracetamol detection.    

 

Abstract 

Agro-industrial waste is an abundant bio-resource which can be used as a feedstock to develop 

carbon nanomaterials. This research identifies the specific microwave pyrolysis operating 

conditions to generate activated biochar from sugarcane bagasse (SCB) biomass. The 

synthesis of activated biochar from SCB involves a chemical activation followed by a 

thermochemical conversion using microwave-assisted pyrolysis. The resulting carbon material 

attained a 278 m2/g BET surface area and a relatively pure carbon structure with a minor 

concentration of oxygen and silicon. The activated biochar was used to develop an 

electrochemical sensor using the drop-casting method. The SCB-activated biochar 

electrochemical sensor achieved significant electrocatalytic properties to detect paracetamol, 
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showing 71% less charge transfer resistance and 96% higher electrocatalytic properties than 

the bare glassy carbon electrode (GCE). The linear range of paracetamol current responses 

demonstrated a considerable sensitivity with a 2.5 µM limit of detection. The modified GCE 

indicates a promising performance in paracetamol detection in a real sample. 

 

Keywords: Biochar; Microwave-assisted pyrolysis; Paracetamol; Sugarcane bagasse. 

 

This chapter is under review for being published as S. Allende, Y. Liu, and M. V. Jacob, 

‘Electrochemical sensing of paracetamol based on sugarcane bagasse-activated biochar’, in 

the journal Industrial Crops and Products, special issue: Lignocellulosic Biomass-derived 

Functional Materials. 
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4.1 Introduction 
 

The solid residues from agricultural production represent around 2 billion tons globally (Millati 

et al., 2019). Some agricultural wastes are rice straw, rice husk, coffee pulp, sugarcane 

bagasse, seeds, crop/tree, wheat straw, and coconut husk (Dhanya et al., 2020a; Zhao et al., 

2022). Annually the global waste of wheat straw, hardwoods and rice straw are 709.2, 58 and 

673.3 million tons, respectively (Millati et al., 2019; Sadh et al., 2018). High demand for 

agricultural resources increases the waste material and subsequently increases the 

greenhouse gas emissions associated with the disposal and storage of wastes (Millati et al., 

2019; Sadh et al., 2018). The abundance of feedstock and the lack of energy sources are 

crucial factors for developing efficient bioenergy technologies to produce clean energy and 

carbon material, solve waste management issues and reduce environmental hazards 

(Belyakov, 2019; Guan et al., 2019; Li et al., 2022b). Microwave pyrolysis converts biomass 

into char, oil, and gas by a thermochemical process, in which microwave heating implies 

volumetric absorption of electromagnetic energy (Ethaib et al., 2020; Hadiya et al., 2022). 

Microwave pyrolysis heating comprises energy transfer, quick start-up, feedstock versatility 

application, and rapid and efficient heating (Hadiya et al., 2022; Li et al., 2022e). 

 

The activation methods of biochar have gained considerable interest due to their potential as 

an electrocatalytic material for sensing applications (Godwin et al., 2019; Spanu et al., 2020; 

Sudha et al., 2019). The microwave pyrolysis treatment of feedstock generates a carbon-rich 

material with a microporous structure, a high BET surface area, and pore volume (Allende et 

al., 2023b). Activated biochar development considers physicochemical properties, 

environmental benefits, and low-cost production (Luo et al., 2022). Biochar modification 

consists of two stages: biomass chemical activation and thermal treatment. To improve the 

porosity and optimise functional groups of the biochar, is the biomass chemically activated 

before the thermal treatment by using acid (H3PO4, HNO3, HCl, H2O2, ZnCl2), alkaline (KOH, 
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NaOH) or sulfonation additives (H2SO4) (Baharak Sajjadi, 2019; Cheng et al., 2017; Spanu et 

al., 2020). After the chemical impregnation, the biomass is exposed to a thermochemical 

conversion such as pyrolysis. The pyrolysis process accelerates chemical reactions and 

thermal breakdown of lignocellulosic biomass components (Cheng et al., 2017; Godwin et al., 

2019). The operating conditions of the pyrolysis process have a relevant influence on the 

surface area and functional groups on the biochar surface (Allende et al., 2022; Allende et al., 

2023a). High pyrolysis temperature and prolonged treatment time induce a decreased particle 

size, increase surface area, enhance pore volume, and enriched concentration of carboxylic 

and hydroxyl functional groups on the biochar surface (Godwin et al., 2019; Monticelli, 2020; 

Tang et al., 2020). 

 

The global consumption of pharmaceutical products has increased rapidly through the years 

(Alfhaid, 2022; Benyekkou et al., 2020). During these products’ fabrication, diverse 

pharmaceutical substances are released into natural water, causing a significant 

environmental hazard due to toxic elements that can contaminate natural sources, e.g., water, 

underground water, food and soil, etc. (Benyekkou et al., 2020; Escapa et al., 2017). 

Paracetamol (acetaminophen) is a common drug used for its antipyretic and analgesic 

properties, which chemical product has been detected in recycled water (Benyekkou et al., 

2020; Villota et al., 2019). Accurate and rapid detection of paracetamol is crucial for conserving 

environmental sources (natural water and sewage treatment plants), avoiding improper 

disposal, and active pharmaceutical ingredients removal in recycled water. Current detection 

methods are capillary electrophoresis, mass spectroscopy, fluorescence spectrum and gas 

chromatography (Boumya et al., 2021; Wang et al., 2020a). The applications of those methods 

represent extended procedure time, complex equipment, and expensive technologies (Zafar 

et al., 2022). Nevertheless, activated biochar is an emerging alternative with promising 

properties of electrochemical sensing, e.g., high sensitivity, simplicity, reliability, inexpensive, 

and low time-consuming for detecting paracetamol (Boumya et al., 2021; Wang et al., 2020a). 



 

110 
 

Various studies report synthesising carbon materials to modify electrodes in detecting diverse 

species (Bhujel et al., 2019; Martínez-Sánchez et al., 2019; Wang et al., 2020b). Nonetheless, 

the most common activation process required the addition of metal/metal oxide, complex and 

less sustainable procedures (Li et al., 2022f). This research studies the synthesis of activated 

biomass-derived material as a metal-free sensor for paracetamol detection. Sugarcane 

bagasse (SCB) was the biomass used as feedstock, sulphuric acid (H2SO4) as an acidic 

chemical activation method and microwave pyrolysis as a heating conversion method. The 

analytical performance of SCB-activated biochar was explored as an electrode material 

applied on a glassy carbon electrode (GCE) for the detection of paracetamol. The 

electrochemical performance was evaluated based on the sensitivity, selectivity, stability, and 

reproducibility properties of modified GCE. 

 

4.2 Material and methods 
 

4.2.1 Synthesis of activated biochar. 

 

The preparation of H2SO4-activated biochar consists of the chemical activation and microwave 

pyrolysis of the raw biomass and thermochemical post-treatment of the biochar. The feedstock 

used in biochar production was sugarcane bagasse (Wilmar Sugar Australia, Queensland). To 

remove the impurities the raw SCB was washed first with ethanol and then multiple times with 

distilled water. The SCB was soaked in a 1:1 ratio of sulphuric acid (H2SO4) for 24 hours. After 

the acid treatment, the feedstock was dried at 110 ºC overnight. The criteria selection of H2SO4 

as an activating agent was based on its intrinsic ability to generate carbon material with catalyst 

properties. A low concentration of sulfuric acid (1:1 ratio) was used due to the high addition of 

H2SO4 in the microwave heating process can induce over-gasification of biochar by the 

dehydration of surplus water, contributing to the destruction of biochar pore structure (Baharak 

Sajjadi, 2019). 
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Unlike other studies related to the biochar-modified electrode (Madhu et al., 2014; Wang et al., 

2020b), this work used larger pre-treated biomass (75 gr) for pyrolysis, then higher power and 

longer treatment time was required to fully process the feedstock (complete thermal 

decomposition of lignocellulosic fibre compounds). After being activated chemically, the 

biomass is pyrolysed at 1.5 kW for 2 hours in an oxygen-free environment (N2 flow of 5 Lmin–

1) and under negative pressure of 25 kPa. The modified biochar was washed with hydrochloric 

acid (1 M) and successive rinsing with distilled water. The activated biochar is then heated at 

110 ºC in the oven for 24 hours to remove the moisture. Figure 4.20 shows the scheme of the 

synthesis process of SCB-activated biochar and the microwave pyrolysis components. The 

microwave-assisted pyrolysis system used in the activated biochar synthesis involves the 

following sections: (i) a nitrogen cylinder that maintains an oxygen-free environment; (ii) a 

chamber where the biomass was placed during the pyrolysis process; (iii) a tuner applied to 

control the reflected power; (iv) 3 kW microwave generator (brand Sairem); (v) condenser 

system and (vi) vacuum pump. 

 

 

Figure 4.20. Synthesis process of SCB-activated biochar using microwave pyrolysis. 
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4.2.2 Preparation of SCB-activated biochar/GCE  

 

The carbon nanocomposites were prepared by grounding SCB-activated biochar into a fine 

powder using a mortar. The resulting material was dispersed in ethanol and then exposed to 

ultrasonication for 40 minutes until it reached fine and uniform particles. Before applying the 

coating, the surface of the GCE was carefully polished using 0.3 µm and 0.5 µm alumina slurry. 

The bare glassy carbon electrode was cleaned under sonication treatment with ethanol and 

deionised water for 15 minutes, and then 2 µL of 1.5 mg m/L dispersable activated SCB- 

biochar was added dropwise to the surface of the bare GCE. The modified working electrode 

was dried at ambient temperature before testing. 

 

4.2.3 Reagents and apparatus. 

 

98 % sulphuric acid purchased from AJAX-Finechem (Univar) and 1 M hydrochloric acid from 

Sigma were used as reagents. The dibasic-Na2HPO4 and monobasic-NaH2PO4 were 

considered for the preparation of buffer solution (PBS, pH 7.0). Electrochemical work was 

developed using a three-electrode scheme comprising a glassy carbon electrode (GCE) 

working electrode (3.0 mm diameter), a platinum wire counter electrode, and an Ag/AgCl 

reference electrode. The electrochemical study was achieved utilizing PalmSens4 potentiostat 

(PalmSens, Netherlands). BET surface area data of SCB-activated biochar were measured 

using a micromeritics 3-flex surface. Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) imaging were obtained using JEOL 7001F SEM and JEOL 2100 

TEM, respectively. The thermogravimetric analysis (TGA) was performed on Netzsch STA 

449F3 Jupiter Simultaneous Thermal Analyser. The Raman spectroscopy curve was 

conducted by a Renishaw In-Via Micro-Raman spectrometer. 
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4.3 Result and discussion 
 

4.3.1 Characterisation of H2SO4 activated SCB-biochar. 

 

The elemental composition is vital to understanding the behaviour of the activated biochar. 

Table 4.27 shows FlashSMART CHNSO elemental analysis of the raw biomass treated with 

sulphuric acid before the pyrolysis process and the activated SCB-biochar. After H2SO4 

impregnation and microwave pyrolysis, the carbon content of the activated biochar is increased 

by 24%, and the oxygen concentration is decreased by 45%. The chemical activation before 

microwave pyrolysis can reduce the carboxylic group and increase lactonic compounds 

(Baharak Sajjadi, 2019). On the other hand, the activation can produce high oxidation of 

H2SO4, generating a high C=O form and reducing oxygen-containing functional groups (Liu et 

al., 2020). SCB-activated biochar shows lower H/C and O/C molar ratios than nonactivated 

biochar. A Low H/C ratio involves higher biochar carbonization, low cellulose and 

hemicellulose content compounds and a high aromatic structure (Hassan et al., 2020; Peiris 

et al., 2019). Furthermore, a low O/C value comprises a decrease in the hydrophilic and polarity 

properties of the biochar, which is associated with the volatilization of polar functional groups 

(Godwin et al., 2019; Hassan et al., 2020; Liu et al., 2020; Peiris et al., 2019).  

 

Table 4.27. CHNSO elemental analysis of raw biomass and SCB-activated biochar. 

Element N% C% H% O% H/C O/C 

Raw biomass  0.15 43.37 5.83 40.7 0.13 0.94 

SCB-activated biochar 0.43 53.95 1.92 22.53 0.036 0.42 

 

Table 4.28 shows the BET analysis of SCB-activated biochar. The chemical activation by 

H2SO4 impregnation and microwave pyrolysis led to an increased surface area of up to 278 

m2/g and 0.075 cm3/g pore volume. The acid impregnation in the raw biomass increases the 
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formation of oxygen-containing functional groups on the modified biochar surface. The 

chemical activation generates sulphuric oxidation and carbon gasification, increasing the 

specific surface area and pore volume (Baharak Sajjadi, 2019; Spanu et al., 2020). The 

biomass nature and the pyrolysis parameters are crucial to developing biochar surface area 

properties, e.g., the morphology structure of lignocellulosic biomass (tubular) promotes 

microporosity formation. The greater surface area and porosity are related to the raw 

sugarcane bagasse's high lignin content and the prolonged pyrolysis time (Cheng et al., 2017; 

Leng et al., 2021; M.Waqasa et al., 2018). 

 

Table 4.28. Surface area data of raw biomass with H2SO4 before pyrolysis and SCB-activated 

biochar. 

Analysis Raw 
biomass+H2SO4 

H2SO4 activated 
SCB-biochar 

Surface area (m2/g)  
 

BET Surface Area 3.47 277.7 

t-Plot Micropore Area  188.2 

t-Plot external surface area 5.44 188.26 

BJH Adsorption cumulative surface area of 

pores (1.7-300 nm diameter) 

2.57 13.47 

Pore volume (cm3/g)  
 

t-Plot micropore volume 0.0013 0.075 

Total pore volume calculated <1.0228 nm 

diameter at p/p° 

0.000129 0.089 

 

Figure 4.21 (b1) and (b2) show the TEM of SCB-activated biochar. The thermochemical 

activation of biochar produced crystalline rods of approximately 5-10 nm wide. There are some 

layered semi-organised carbon clusters, and no single sheets of carbon are observed. The 

impregnation of SCB with sulphuric acid promoted the formation of pores due to carbon 

gasification (Baharak Sajjadi, 2019; Monticelli, 2020). At the same time, the use of high  
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Figure 4.21. (a1) (a2) Scanning Electron Microscope (SEM), (b1) (b2) Transmission Electron 

Microscopy (TEM), and (c1) (c2) (c3) EDS of SCB-activated biochar generated by the H2SO4 

chemical activation and microwave pyrolysis process at 1.5 kW for 2 hours. 

(a1) (a2) 

(b2) (b1) 

(c1) (c2) 

(c3) 
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microwave power evidences high biochar quality in terms of carbon elemental content, and 

uniform and larger pores formation. These properties are caused by the increased heating 

rates, which produce a large release of volatile in a short time throughout the biochar surface- 

rapid thermal decomposition of the lignocellulosic biomass compounds (Wallace et al., 2019a; 

Zhang et al., 2022c). Figure 4.21 (c1), (c2) and (c3) show the EDS of activated biochar. The 

results indicate a relatively pure carbon structure with a minor concentration of O and Si. 
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Figure 4.22. (a) Thermogravimetric analysis and (b) Raman spectra curves of SCB-activated 

biochar. 

 

Thermogravimetric analysis (TGA) of activated biochar is shown in Figure 4.22 (a). The curve 

reveals that biomass weight loss started between 150 ºC to 350 ºC. The principal 

thermochemical decomposition was between 350 ºC and 450 ºC. The final mass loss was 

associated with the breakdown of lignin compound over 450 ºC to 800 ºC (Elkhalifa et al., 

2022). Figure 22 (b) shows the Raman spectroscopy curve of activated SCB-biochar. The D 

and G peaks were observed at 1350 cm-1 and 1550 cm-1, respectively. The D band intensity is 
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related to existing defects in the structure (Muzyka et al., 2018a), and the G peak is associated 

with graphitization grade (Khan et al., 2017). A small 2D peak was observed at 2700 cm-1, 

involving the existence of graphite and some layers of graphene (Merlen et al., 2017). 2D and 

D+D’ are linked to sp2 graphitic presence (Muhammad Hafiz et al., 2014). The 2D’ band 

specifies two or more graphene layers in the material composition (Muzyka et al., 2018a). 

 

4.3.2 Electrochemical characterisation of the modified electrode 

 

The interfacial behaviour of the modified glassy carbon electrode (GCE) was assessed by the 

electrochemical impedance spectra (EIS). Figure 4.23 shows the electron transfer kinetic 

properties at the surface of the bare and modified GCE. EIS diagram consists of a semi-circular 

and linear part. The semicircle diameter represents the charge-transfer resistance (Rct), which 

describes the conductivity property (resistance of electron movement). The linear section at 

low frequency symbolizes the diffusion process (Foroughi, 2021; Randviir and Banks, 2013; 

Zamfir et al., 2020). A decreased charge transfer resistance (Rct) was observed in modified 

GCE (0.35 kΩ to 0.1 kΩ), representing lower mass transport resistance and improving the 

electron transfer kinetics. 
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Figure 4.23. Electrochemical impedance spectra (EIS) of bare GCE and SCB-activated 

biochar/ GCE in 0.1 M KCl containing 5 mM K3[(Fe(CN)6)] at 5 mV potential amplitude. 
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The Cyclic voltammetry (CV) curves of the bare and modified electrode in 0.1 M PBS with and 

without the presence of paracetamol are shown in Figure 4.24. In a blank solution, oxidation 

responses were not observed for non-modified and modified electrodes. There is a 

considerable difference between the capacitance of bare GCE and SCB-activated 

biochar/GCE, whose property is related to a higher surface area of the SCB-activated biochar 

compared to the specific surface of the bare GCE. CV curve of the bare electrode showed a 

pair of oxidation peaks. The first peak could indicate acetaminophen oxidation to semiquinone 

radical formation. Then, the second peak could be assigned to the complete oxidation of a 

quinone (Chikere et al., 2019; Luk et al., 2021). The evidence of only one oxidation peak on 

modified GCE can be attributed to the large surface area of SCB-activated biochar provides a 

well-defined oxidation peak at the lower potential in an irreversible reaction (El-Azazy et al., 

2022; Fu et al., 2018; Shanbhag et al., 2022). In this study analysis, only the predominant 

oxidation current peak is considered on bare GCE. Bare glassy carbon showed a current 

oxidation peak of ~ 6.2 µA for 0.5 mM paracetamol was recorded at 0.55 V. An increased 

oxidation peak in SCB-activated biochar/GCE (17 µA) was detected at 0.49 V. The CVs 

response in modified GCE showed a beneficial effect on paracetamol oxidation, demonstrating 

that the existence of SCB-activated biochar improved the catalytic activity of the electrode.  
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Figure 4.24. Cyclic voltammetry (CV) response of bare GCE and SCB-activated biochar/ GCE 

in the absence (a and c) and presence of 0.5 mM paracetamol (b and d) in 0.1 M phosphate 

buffer solution (pH 7.0) at 0.05 V/s scan rate. 
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4.3.3 Electrochemical detection of paracetamol at H2SO4 activated SCB-biochar/GCE 

 

The chronoamperometry technique was used to analyse the sensitivity of activated SCB-

activated biochar/GCE at different paracetamol concentrations. The current-time response 

investigated was set at the optimal of 0.8 V. Consecutive addition of paracetamol in 0.1 M PBS 

was evaluated in the experimental part. Figure 4.25 indicates a correlation curve between the 

paracetamol concentration and its current response. The linear regression is given by the 

equation 𝐼𝐼(𝜇𝜇𝜇𝜇) =  0.0743(𝜇𝜇𝜇𝜇) − 4.400, 𝑅𝑅2 = 0.982 for the range of concentration from 5 µM 

to 950 µM. Table 4.29 shows the performance comparison of SCB-activated biochar/GCE with 

other published electrodes for paracetamol detection. This work achieved a limit of detection 

(LOD) of 2.5 µM. The analytical performance of SCB-activated biochar/GCE was competitive 

compared to sensors found in the literature due to low LOD value and wide linear range, which 

indicates that the modified electrode has promising electrochemical characteristics to be 

applied in real samples. 

 

Table 4.29. Performance comparison of various modified electrodes for paracetamol detection. 

Electrode  Linear range 
concentration (µM) 

LOD 
(µM) 

Reference 

NiCu-CAT/GCE 5-190 5 (Wang et al., 2020a) 

DMBQ-MCNTPE 5-500 1 (Karimi-Maleh et al., 2014) 

GCE-M221-Fe3O4 50-2000 16 (Mulyasuryani et al., 2019) 

AGCE 0.1-100 0.72 (Câmpean et al., 2011) 

GO/GCE 0.1-430 0.021 (Alagarsamy, 2018) 

SCB-activated biochar/GCE 5-950 2.5 This work 
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Figure 4.25. (a) Chronoamperometry current response of modified GCE with activated SCB-

biochar at different concentrations of paracetamol in 0.1 M PBS (pH 7.0); (b) linear calibration 

plot of peak current vs. paracetamol concentration.  

 

4.3.2 Selectivity, stability, and reproducibility of the modified electrode 

 

Selectivity of modified GCE for paracetamol detection was studied by the chronoamperometric 

response in the presence of common interference substances, e.g., uric acid (UA), urea, 

calcium chloride (CaCl2), potassium chloride (KCl), glucose and potassium nitrate (KNO3). 

Figure 4.26 shows the current-time response for the 0.5 mM paracetamol injections and 

various interfering species. The results demonstrated that adding 0.5 mM of interfering 

substances had not affected the current peak oxidation of paracetamol. Hence, SCB-activated 

biochar/GCE has promising anti-interference properties and selectively detects paracetamol. 
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Figure 4.26. Interference studies of activated SCB-activated biochar/ GCE for paracetamol 

detection in the presence of various interfering components in 0.1 M PBS (pH 7.0) at 0.8 V 

potential. 

 

Reproducibility and stability of SCB-activated biochar/GCE were assessed by the differential 

pulse voltammetry (DPV) method at 6 mV step potential. The DPV technique provides better 

clarity than chronoamperometry to observe oxidation current peaks using low paracetamol 

concentrations. The reproducibility was evaluated by the successive detections of five modified 

GCE in response to 0.5 Mm paracetamol concentration. The relative standard deviation (RSD) 

from the oxidation current response of five modified GCE was 2.5%, confirming an acceptable 

reproducibility. The stability was studied considering the oxidation current of one modified GCE 

after 2, 3, 4, 6 and 8 days of its fabrication and storage at room temperature. The RSD obtained 

in the stability test was 2.32%. Electrochemical results of SCB-activated biochar showed a 

stable current response through the storage time.  

 

4.4 Conclusion  

 

The large generation of agricultural waste and the lack of carbon sources make sugarcane 

bagasse biomass an excellent candidate for resource recovery, particularly from biochar. The 

synthesis of the SCB-activated biochar using chemical pre-treatment and microwave pyrolysis 

developed clustered semi-organised carbon layers with improved surface area up to 278 m2/g 
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and increased carbon concertation by 24%. The electrochemical analysis of the modified GCE 

showed high electron transfer, electric conductivity, and potential redox behaviour. Fabrication 

of biosensors using biochar has received significant attention due to its practical electrode 

synthesis method, eco-friendly advantages and potential electrochemical activity. Current 

detection methods represent extended procedure time, complex equipment, and expensive 

technologies. The modified biochar with electrocatalytic properties is suitable for paracetamol 

detection and will be ideal for traces of pharmaceutical material in wastewater. The application 

of modified GCE for paracetamol detection has demonstrated an acceptable sensitivity, 

considering 2.5 µM LOD, substantiating that H2SO4-activated biochar/GCE is promising for 

real applications. Thus, developing carbon material from agricultural waste using microwave-

assisted pyrolysis allowed electrochemical feasibility and an environmentally friendly 

alternative for paracetamol sensing in media such as wastewater.  
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CHAPTER 5 

 

 

5 FOOD WASTE BIOCHAR FOR ELECTROCHEMICAL SENSING OF NITRITE 

 

 

The application of various agro wastes is unlimited in activated biochar production. Food 

waste is an excellent candidate for the fabrication of eco-friendly carbon sensors due to its 

abundance, natural properties, and rapid and simple synthesis without the addition of metals. 

This chapter explores the use of pineapple peel as feedstock for the fabrication of activated 

biochar and its application on nitrite detection by the modification of a glassy carbon 

electrode.   

 

Abstract 

Developing applications for the by-products obtained from waste processing is vital for 

resource recovery. The synthesis of ZnCl2-activated biochar with high electrocatalytic activity 

was carried out by the microwave-assisted pyrolysis of pineapple peel and the subsequent 

chemical activation process. Activated biochar is employed in the electrochemical sensing of 

nitrite by drop casting in a glassy carbon electrode (GCE). The activated biochar exhibited a 

stacked carbon sheet, 254 m2/g Brunauer, Emmett and Teller (BET) surface area, 0.076 cm3 

g−1 pore volume, 189.53 m2/g micropore area and oxygen-containing functional groups. The 

electrochemical impedance spectroscopy of the modified GCE showed a reduced charge 

transfer resistance of 61%. This is crucial to determine the electrochemical properties of 

biochar. The sensor showed a significant current response and an excellent limit of detection 
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of 0.97 µmol L−1. The modified-activated biochar electrochemical sensor demonstrated high 

selectivity, reproducibility (RSD=2.4%), and stability (RSD=2.6%). 

 

Keywords: Microwave-assisted Pyrolysis; Biochar; Nitrite; Electrochemical Sensor. 

 

This chapter was published as S. Allende, Y. Liu, M. A. Zafar, and M. V. Jacob, "Nitrite sensor 

using activated biochar synthesised by microwave-assisted pyrolysis," Waste Disposal & 

Sustainable Energy, 2023/01/17 2023, doi: 10.1007/s42768-022-00120-4. 
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5.1 Introduction. 
 

The agricultural industry generates around 23.7 million tonnes of food per day globally (Duque-

Acevedo et al., 2020), but one-third of the solid food produced annually is wasted (Adejumo; 

and Adebiyi, 2020). Food waste causes 8% of global greenhouse gas emissions (Energy, 

2017). Apart from food, agricultural waste residues also have negative impacts on the 

environment and economy (Awasthi et al., 2022; Wainaina et al., 2020; Wu et al., 2020a). The 

agricultural residues are classified into two types: agricultural wastes (husk, seed, bagasse, 

leaves) and industrial residues (orange peel, coconut oil cake, cassava peel, soybean oil cake, 

etc.) (Sadh et al., 2018). The depletion and excessive use of natural sources have caused a 

greater interest in renewable materials generated from waste in the agricultural sector (Cai et 

al., 2021b; Kalinke et al., 2021; Liu et al., 2022). The efficient and rapid conversion of agro-

industrial waste into valuable products is highly desirable for reducing greenhouse gases 

related to waste accumulation (Kalinke et al., 2021; Wu et al., 2020b). 

 

The conversion of solid agri-food waste into value-added products, i.e., biochar, bio-oil and 

biogas, can transform an unvalued material into versatile opportunities and applications 

(Dhanya et al., 2020b; Duque-Acevedo et al., 2020; Sarangi et al., 2022). Microwave-assisted 

pyrolysis of agri-food waste could efficiently convert by-products into a valued carbon material 

due to its electromagnetic heating allowing instantaneous volumetric heating and uniform 

distribution in the energetic coupling (Ethaib et al., 2020; Ge et al., 2021; Hadiya et al., 2022). 

The synthesis of modified biochar from natural waste using microwave pyrolysis is an attractive 

alternative to producing ecological sensing materials (Cao et al., 2020b; Spanu et al., 2020; 

Zhang et al., 2019a). The fabrication of biochar-modified electrodes can be done in two ways, 

i.e., drop casting on glassy carbon electrodes (GCE) or by making the carbon paste of the 

biochar (Spanu et al., 2020). The application of biochar-modified electrodes allows the 

determination of different analytes associated with the food, agriculture, and medical industries 
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(Cao et al., 2020a; Spanu et al., 2020). The satisfactory detection capacity depends on the 

electrochemical and morphological properties of the biochar achieved during its activation 

process (Cheng et al., 2017; Spanu et al., 2020; Sudha et al., 2019). 

 

The activation of biochar can be attained by two main mechanisms: physical and chemical 

activation methods. The physical modification consists of thermal treatment that produces 

more pore volume and a larger surface area (Wu et al., 2020b; Zhang et al., 2022a). For 

example, biomass activated by microwave pyrolysis can improve the surface area and surface 

functional groups. The improved composition of biochar can promote electron transfer and ion 

insertion rates (Cheng et al., 2017; Kalinke et al., 2021; Spanu et al., 2020). The chemical 

activation implicates exposing the biomass or biochar (before or after pyrolysis) to chemical 

agents, such as nitric, sulfonic, phosphoric, and sulphuric acids. The activation through metal 

salt agents, i.e., ZnCl2 produces dehydration of the carbon during the pyrolysis process, 

generating carbonyl and carboxylate functional groups (Cheng et al., 2017; Kalinke et al., 

2021). 

 

For the biochar activation, the literature shows different biomass feedstock and thermal and 

chemical methods. However, the relationship between the intrinsic properties of activated 

biochar and electrochemical sensor performance has not been completely studied. The 

purpose of this paper is to synthesise electrocatalytic biochar using pineapple peel as 

a biomass feedstock and microwave-assisted pyrolysis as a thermochemical treatment. The 

experimental parameters of the microwave-assisted pyrolysis process were essential for 

developing a biochar material with sensing properties and analytical performance. The 

physicochemical and electrochemical characterisation of activated biochar indicated high 

biochar Brunauer, Emmett and Teller (BET) surface area, micropore structure, increased pore 

volume, notable charge transferability, good selectivity, and high carbon stability. 
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5.2 Experimental.  
 

5.2.1 Biochar synthesis using microwave-assisted pyrolysis. 

 

The breakdown of biomass using microwave pyrolysis involves electromagnetic volumetric 

heating in the absence of air to produce biochar, bio-oil, and biogas (Hadiya et al., 2022; Li et 

al., 2022e; Wang et al., 2020d). The microwave heating method transfers the energy through 

the interaction of the molecules inside the biomass rather than by heat transfer from external 

sources (dielectric heating) (Ethaib et al., 2020; Yu et al., 2022a). The advantages of 

microwave-assisted pyrolysis are high heating efficiency, rapid reaction time, and control over 

heating (Li et al., 2022e; Toscano Miranda et al., 2021; Zhang et al., 2022d). Unlike 

conventional pyrolysis, microwave irradiation generates biochar with a higher fixed carbon 

content, significant thermal decomposition of the lignin network, better carbon stability and 

higher surface area and pore volume (Hidalgo et al., 2019; Selvam S and Paramasivan, 2022; 

Tang et al., 2020). The heating rate (~ 132 °C/min) of microwave pyrolysis is beneficial for the 

activation of biochar because it promotes the formation of microporous structures, develops 

oxygen functional groups on the surface, and gives rise to catalytic properties (Lam et al., 

2020; Selvam S and Paramasivan, 2022; Sun et al., 2022b; Yek et al., 2020). Therefore, the 

thermochemical treatment of pineapple peel biomass and modified biochar was carried out 

using microwave-assisted pyrolysis. 

 

Figure 5.27 shows the microwave pyrolysis scheme used, which comprises N2 flow (5 Lmin-1) 

that maintains an inert atmosphere during the experiments; a custom-made chamber where 

the biomass is placed; a reflected power controller; a 3 kW microwave generator; power 

controller; various condensers, whose functionality is collect liquid and gas by-products; and a 

vacuum pump. The synthesis process of ZnCl2-activated biochar comprises three stages. The 

first phase is biochar production using microwave-assisted pyrolysis. For this, pineapple peel 
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was first washed with ethanol and distilled water. The cleaned biomass was dried in an oven 

at 110 °C for 24 h to reduce its moisture content to 10%. Then, the biomass was pyrolysed at 

3 kW for 30 min. The produced biochar was soaked in ZnCl2 for 24 h for chemical activation. 

Afterwards, the biochar was dried overnight in an oven at 110 °C. The third phase comprised 

the second pyrolysis (calcination process) of activated biochar at 1.5 kW for 20 min. After the 

activated biochar was cooled to room temperature, it was washed with 1 mol/L HCl and 

distilled water. Finally, the modified biochar was dried at 110 °C overnight. 

 

Figure 5.27: Microwave pyrolysis system used in the ZnCl2- activated biochar synthesis. The 

system components are (a) nitrogen gas supply system; (b) pineapple peel biomass contained 

in quartz beaker; (c) custom-made chamber; (d) tuner; (e) 3 kW microwave generator; (f) 

microwave power controller; (g) various condensers; (h) vacuum pump. 

 

5.2.2  Electrode preparation for electrochemical study. 

 

The powder-activated biochar was dispersed in ethanol and subjected to ultrasonic cleaning 

for 30 min. The electrochemical study was carried out by a three-electrode system. A GCE, 

Ag/AgCl electrode and platinum wire were used as working, reference, and counter electrodes, 

respectively. The GCE surface was polished with 0.3 μmol/L and 0.5 μmol/L alumina slurry to 

remove impurities before coating. Subsequently, it was cleaned with ultra-sonification for 
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10 min in ethanol and deionised water. The GCE was dried at room temperature. Last, the 

GCE was coated with 2 µL of 1.5 mg/mL ZnCl2-activated biochar using the drop-casting 

technique. 

 

5.2.3 Reagents and instruments. 

 

Sodium nitrite (NaNO2), zinc chloride (ZnCl2, 1 mol/L), and hydrochloric acid (1 mol/L) were 

purchased from Sigma Aldrich. The phosphate-buffered saline (PBS, pH 7.0) solution was 

prepared using dibasic-Na2HPO4 and monobasic-NaH2PO4. Biomass feedstock applied in the 

production of modified biochar was pineapple peel which was obtained as food waste. The 

electrochemical experiments were carried out on PalmSens4 potentiostat (PalmSens, 

Houten, Netherlands). The characterisation techniques of the material involve the following: 

surface area obtained from micromeritics 3-flex surface and porosity analyser; transmission 

electron microscopy (TEM) imaging acquired from JEOL 2100 200 kV Transmission Electron 

Microscope (Joel, Peabody, MA, USA); X-ray photoelectron spectroscopy (XPS) using a 

Kratos Axis Supra (AXIS Supra+, Manchester, UK); Raman spectrum was collected using a 

Renishaw In-Via Micro-Raman spectrometer (inVia Qontor, Keyborough, Australia); 

thermogravimetric analysis (TGA) was achieved using Netzsch STA 449F3 Jupiter 

Simultaneous Thermal Analyser (Netzsch, Wittelsbacherstrasse, Germany). 

 

5.3 Result and discussion. 
 

5.3.1 Characterisation of ZnCl2- activated biochar. 

 

Table 5.30 shows the FlashSMART CHNSO elemental analysis of non-activated and activated 

biochar. The ultimate analysis of raw biomass showed oxygen as the main component (50%). 

The progressive thermochemical treatment causes partial chemical oxygen removal and 
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increased carbon content (Hidalgo et al., 2019; Selvam S and Paramasivan, 2022). The 

reduced O/C and H/C ratios indicate that during microwave pyrolysis decarboxylation reaction 

ensued, leading to a strong bond formation (carbon bonding) and decreased oxygen 

concentration (Lam et al., 2020; Selvam S and Paramasivan, 2022; Yek et al., 2020). Unlike 

raw biomass, the carbon content increased in ZnCl2-activated biochar by 18%, and the oxygen 

concentration decreased by 75%. However, after the chemical activation, the H/C ratio in 

ZnCl2-activated biochar was slightly higher (32%) than that in non-activated biochar, and the 

O/C value increased up to 0.24. According to the literature, the reduction of carbon content is 

related to the formation of amorphous microporous structures of aromatic sheets, which occurs 

after the chemical activation and second pyrolysis process (Lay et al., 2020). The increased 

O/C ratio indicates the formation of oxygen functional groups during the thermochemical 

modification process of biochar (Godwin et al., 2019; Hassan et al., 2020; Yang et al., 2021). 

Specifically, the biochar activation process with ZnCl2 promotes the formation of carbonyl and 

hydroxyl groups (XPS data, Figure 5.28 (c1)) (Godwin et al., 2019; Sajjadi et al., 2019). The 

presence of oxygen-containing functional groups in biochar improves the physical adsorption 

and total capacitance of modified electrodes (Dehkhoda et al., 2014; Liu et al., 2021b). 

 

Table 5.30. Elemental analysis of raw biomass, non-activated and activated biochar. 

Sample N% C% H% O% H/C O/C 

Pineapple peel 1.4 43.37 5.83 49.4 0.13 1.13 

Non-activated biochar 1.02 69.25 1.37 7.27 0.02 0.11 

ZnCl2- activated biochar 1.52 51.39 1.32 12.31 0.026 0.24 

 

The microwave-assisted biomass activation (thermal pre-treatment) is attached to operational 

conditions, i.e., microwave power and reaction time. High input power leads to micropore 

formation, and extended exposure to microwave irradiation involves a higher surface area and 

pore volume (Godwin et al., 2019; Selvam S and Paramasivan, 2022; Tomczyk et al., 2020b). 



 

131 
 

Between 400 °C and 900 °C was reached at a 1.5–3 kW power range for 20–30 min. The high 

heating rate made microwave pyrolysis an appropriate thermal decomposition method for 

quick biomass breakdown (cracking of organic matter) (Godwin et al., 2019; Tomczyk et al., 

2020b). During the microwave pyrolysis process at 3 kW, biochar rapidly releases H2 and CH4 

and produces carbonyl and carboxylate groups, which develop a higher surface area and 

micropores (Cheng et al., 2017; Sajjadi et al., 2019; Spanu et al., 2020). These 

physicochemical characteristics are essential for catalytic activity (Cheng et al., 2017; 

Tamizhdurai et al., 2017; Yan et al., 2020). 

0 200 400 600 800 1000
80

85

90

95

100

105

Temperature (˚C)

W
ei

gh
t (

%
)

Biochar without activation
ZnCl2 activated biochar

(a)

0 1000 2000 3000 4000
Raman shift (cm-1)

In
te

ns
ity

 (a
.u

)

D

G

D+G

(b)

Id/Ig= 0.7
- ZnCl2 activated biochar
- Non-activated biochar

0 1000 2000 3000 4000
Raman shift (cm-1)

In
te

ns
ity

 (a
.u

)

D

G

D+G

Id/Ig= 0.64

G'

 

280 290 300
0

10

20

30

40

50

Binding energy (eV)

C
PS

x102

Name    Pos.       Area%
SP2      284.092   10.19
SP3      284.892   36.42
C-OH    286.459   31.46
C=O     288.518   12.86
O-C=O 290.687    5.22
pi 292.276    0
K 2p     293.705    1.63
K 2p     296.505    0.82
K 2p 296.005    0.93
K 2p 298.805    0.47

(c1)

525 530 535 540
20

40

60

80

Binding energy (eV)

C
P

S

Organic

Name          Pos.         Area%
Organic       532.841    63.3
Metal-oxide 531.487    15.7
Water     534.57      21

Metal-oxide
Water

x102

(c2)

 



 

132 
 

0 500 1000
0

5

10

15

Binding energy (eV)

CP
S

Name         Pos.        At%.
O 1s         533.121    25.83
C 1s         285.121    59.07
N 1s         400.121    1.76
Mg 1s       1307.12    1.25
Zn 2p3      1023.12    5.24
Ca 2p        349.121    0.51
K 2s          379.121    2.21
Cl 2s         270.121    1.87
Si 2s         155.121    1.19
P 2p          135.121    1.08
Zn LMM a  501.121    0

x104

(c3)

 
Figure 5.28. (a) TGA curves of non-activated biochar generated at 3 kW for 30 minutes and 

activated biochar produced after chemical activation and second pyrolysis process at 1.5 kW 

for 20 minutes, (b) Raman spectra, and (c1) (c2) (c3) XPS of ZnCl2- activated biochar. 

 

ZnCl2 impregnation acts as an activating agent, causing the generation of deep cavities in the 

biochar. The BET surface area and pore volume of the activated biochar increased to 254.91 

m2/ g and 0.076 cm3/ g, respectively. After the activation, the micropores also increased up to 

189.53 m2/ g. Micropore formation contributes to the electrocatalytic performance of modified 

electrodes by improving the adsorption of the analyte, facilitating the electrical conductivity and 

enhancing the sensor response (Casanova et al., 2022; Cheng et al., 2017). Table 5.31 shows 

the specific surface area comparison between unmodified and modified biochar. 

 

Table 5.31. BET data of activated and non-activated biochar. 

Analysis Non-activated 
biochar 

ZnCl2-activated 
biochar 

Surface area (m2/g) 
  

BET surface Area 88.51 254.91 

t-Plot micropore Area 39.50 189.53 

t-Plot external surface area 49.01 65.38 

BJH Adsorption cumulative surface area of 
pores (1.7-300 nm diameter) 

25.45 27.10 

Pore volume (cm3/g) 
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t-Plot micropore volume 0.02 0.076 

Total pore volume calculated < 1.0228nm 0.03 0.09 

 

Figure 5.29 (a) and (b) show Scanning Electron Microscope (SEM) images of the biochar 

produced from the impregnation of ZnCl2 and the calcination process. The activation process 

had a notable impact on the surface structure of the biochar, causing a high concentration of 

pore formation with uniform distribution. Specifically, the penetration of ZnCl2 into the biochar 

pores generates an expansion of pores through all the biochar surfaces, explaining the 

increased pore volume (Sun et al., 2018). Also, instead of a solid structure, the formation of 

thin sheets was observed in ZnCl2-activated biochar. Figure 5.29 (c1) and (c2) show high sheet 

carbon structure, semi-organised carbon layers, and stacked sheets. No crystalline rods or 

crystalline patches were observed. 

  

  

(b1) 

(a1) (a2) 

(b2) 
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Figure 5.29. Scanning Electron Microscope (SEM) images of (a1) (a2) non-activated biochar 

obtained at 3kW for 30 minutes; (b1) (b2) SEM of ZnCl2-activated biochar after chemical 

activation and calcination process at 1.5 kW for 20 minutes; (c1) (c2) High-resolution 

transmission electron microscopy (HRTEM) of ZnCl2- activated biochar.  
 

TGA of activated and non-activated biochar is shown in Figure 5.28 (a). The results show that 

between 32 °C and 150 °C, there is slightly more weight loss in ZnCl2-activated biochar (5%) 

than in the non-activated biochar (3%). The main reason is the moisture loss and adsorption 

of organic components at an early stage. Between 500 °C and 650 °C, the activated biochar 

suffered a higher weight loss (10%), which can be attributed to the thermal decomposition of 

pineapple peel compounds (holocellulose and lignin structures) and inorganic impurities (Ani, 

2018; Raji and Pakizeh, 2013; Sukruansuwan and Napathorn, 2018). At temperatures of 

700 °C and 850 °C, the activated biochar was less affected by the volatilisation of the agent 

(ZnCl2) inside pores, increasing the thermal decomposition resistance (Chatterjee et al., 2020; 

Nikkhah et al., 2020). Thus, the TGA curve indicates that non-activated biochar is more 

thermally stable than ZnCl2-activated biochar. 

 

Figure 5.28 (b) shows the Raman spectrum of the biochar, showing the D-band at 1355 cm-1 

and G-band at 1620 cm-1 (Alagarsamy, 2018; Cao et al., 2020b). Specifically, the D-band is 

due to the condensed existence of benzene rings in an amorphous carbon structure, and the 

(c1) (c2) 
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G-band comprises the aromatic ring in biochar (Eshun et al., 2019). Moreover, the D+G peak 

(observed at 2899 cm-1) describes the sp2 graphitic structure (Khan et al., 2017). The results 

were like the Raman spectra of graphite oxide reported by (Muzyka et al., 2018b). An increase 

in the ID/IG factor was observed after the biochar activation, whose ID/IG value in ZnCl2-

activated biochar was 9.4% higher than in non-activated biochar. A higher peak intensity ratio 

represents a large disordered (amorphous carbon atoms) and reduced graphite structure of 

biochar (Lay et al., 2020; Li et al., 2019; Yu et al., 2020). The high pyrolysis temperature 

reached 3-1.5 kW could cause a change in biochar structure. Figure 5.28 (c1), (c2), and (c3) 

show the XPS of activated biochar. Along with carbon, nitrogen, and oxygen as the principal 

components. Some metals were detected, i.e., Zn, Fe and Mg. High oxidation of carbon in the 

form of C―OH, O―C=O and C=O was observed. The C=O, O-C=O and C―OH structures 

are associated with the carbonyl, ester and hydroxyl groups, respectively (Liu et al., 2020). 

The formation of carbonyl functional groups is related to the extraction of the H group from 

aromatic rings, whose reactions occur during the microwave pyrolysis and activation process 

(Sajjadi et al., 2019). XPS results revealed that using microwave pyrolysis as thermal treatment 

(high temperature) and ZnCl2 as a chemical activator generates biochar with high carbon 

content with oxygen functionalities (Dehkhoda et al., 2014; Fan et al., 2011; Liu et al., 2021b). 

These characteristics are relevant to determining the electrochemical performance of activated 

biochar. The discussion is developed in section 5.3.2. 

 

5.3.2 Electrochemical characterisation. 

 

The electrochemical behaviour of bare GCE and ZnCl2-activated biochar/GCE was 

investigated by electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) 

techniques. The EIS method evaluates the charge transfer resistance (kinetics) at the surface 

of the ZnCl2-activated biochar/GCE. The impendence curve comprises a semi-circular area at 

higher frequencies and a linear portion, which is related to the electron transfer limited process 
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and the diffusion process at lower frequencies, respectively (Cao et al., 2020b; Haldorai et al., 

2017; Lei et al., 2020; Tamizhdurai et al., 2017). The diameter symbolises the electron transfer 

resistance (Rct), whose value depends on the dielectric properties of the modified electrode 

interface (Cao et al., 2020b; Tamizhdurai et al., 2017). 

 

Figure 5.30 shows the Nyquist plots obtained through EIS. The measurement parameters in 

the experimental procedure consist of a 105 to 0.1 Hz frequency range and 5 mV potential 

amplitude in 0.1 M KCl containing 5.0 mM K3[(Fe(CN)6)]. The EIS curves show that the 

diameter of bare GCE (Rct = 280 Ω) is higher than that of the ZnCl2-activated biochar/GCE (Rct 

= 110 Ω). Increased miporous structure (189.53 m2/g) and surface area (254.91 m2/g) of 

activated biochar promoted the adsorption properties, contributing to the accessibility and 

diffusion of the electrolyte along the porous structure. These can improve the charge electron 

transfer and sensor response. Moreover, higher conductivity is achieved due to the binding 

affinity between oxygen-containing functional groups on the surface of activated biochar and 

the analyte (Casanova et al., 2022; Dehkhoda et al., 2014). These results confirm that ZnCl2-

activated biochar enhanced the electron transfer kinetic properties of the modified electrode.  
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Figure 5.30. Electrochemical impedance spectra of bare GCE and ZnCl2-activated 

biochar/GCE in 0.1 M KCl containing 5 mM K3[(Fe(CN)6)] at 5 mVs-1 
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The electrocatalytic property of the modified electrode towards nitrite oxidation was studied in 

0.1 M PBS containing 0.7 mM nitrite, as represented in Figure 5.31. There was no oxidation 

response in the blank solution in either of the two electrodes (curves a and b). Bare GCE 

showed a minor oxidation peak with a peak current of 8 µA in nitrite solution at 1 V (curve c). 

By comparison, ZnCl2-activated biochar/GCE presented a higher peak current of 19 µA (curve 

d) than non-modified GCE. A high surface area and increased micropore volume of ZnCl2-

activated biochar on the GCE improved the contact area between the biochar and the analyte, 

contributing to the charge propagation along the porous structure. Thus, using ZnCl2-activated 

biochar as a modification material for the GCE enhanced the oxidation peak current and 

electrocatalytic activity. 
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Figure 5.31. Cyclic voltammetry response of bare GCE and ZnCl2-activated biochar/GCE in 

the absence (a and b) and presence of 0.7 mM nitrite (c and d) in 0.1 M phosphate buffer 

solution (pH 7.0) at 50 mV/s scan rate. 

 

5.3.3 Electrochemical detection of nitrite on ZnCl2 activated biochar/GCE. 

 

The current responses of ZnCl2-activated biochar/GCE in chronoamperometry for nitrite 

detection are shown in Figure 5.32. The technical setting used was 0.8 V potential, whose 

value was optimal for response to noise ratio. The concentration range applied was from 10 

µM to 2850 µM, 250 µM per interval. The current response of modified GCE was increased 
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proportionally to the nitrite addition range. The calibration curve between concentration and 

the current signal shows a direct relationship. The linear regression function is represented as 

𝐼𝐼(𝜇𝜇𝜇𝜇) =  0.0627(𝜇𝜇𝜇𝜇) − 1.392, 𝑅𝑅2 = 0.9939. The limit of detection (LOD) achieved was 0.97 

µM. Table 5.32 shows a comparison of linear ranges and LOD in previous studies. The 

performance exhibited by ZnCl2-activated biochar/GCE was better or comparable to the 

electrochemical sensors reported in the literature. 
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Figure 5.32. (a) Chronoamperometry response of ZnCl2-activated biochar/GCE at successive 

addition of NaNO2 in 0.1 M PBS (pH 7.0); (b) Calibration curve for nitrite concentration against 

peak currents.  

 

Several studies indicate the addition of metal (copper, silver and gold) as the principal source 

for synthesising electrocatalytic active materials (Cao et al., 2020a; Mani et al., 2014; Manoj 
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et al., 2018; Sudha et al., 2019; Tamizhdurai et al., 2017). Some papers reported the use of 

conventional pyrolysis heating, and hydrothermal and exfoliation procedures. Due to the 

sophisticated synthesis methods, the ZnCl2-activated biochar/GCE showed lower charge 

transfer resistance (less than 150 Ω) compared to that of some materials registered in (Cao et 

al., 2020a; Lei et al., 2020; Manoj et al., 2018). The CV response of the modified GCEs 

was similar to that of our activated biochar, showing a significant oxidation current peak. These 

electrocatalytic properties make ZnCl2-activated biochar an excellent material for nitrite 

detection.  

 

Table 5.32. Comparison of the analytical performance of nitrite sensor with various modified 

electrodes. 

Electrode  Linear range 
(µM) 

LOD 
(µM) 

Reference 

ABC-800/GCE 4.9-1184 2.7 (Sudha et al., 2019) 

GCE/CeO2NPs 0.02-1200 0.21 (Tamizhdurai et al., 2017) 

Cu2+ -Cu/Biochar 1-300 0.63 (Cao et al., 2020b) 

Au/CNHN 0.05-1150 0.017 (Lei et al., 2020) 

Cu/MWCNTs/GCE 5-1260 1.8 (Manoj et al., 2018) 

RGO-MWCNT-Pt/Mb/GCE 1-1200 0.93 (Mani et al., 2014) 

ZnCl2-activated biochar/GCE 100-1400 0.97 This work 

 

 

5.3.4 Selectivity, stability, reproducibility of ZnCl2- activated biochar/GCE. 

 

The chronoamperometry response of ZnCl2-activated biochar/GCE and the effect of interfering 

substances on the peak current response of NaNO2 is shown in Figure 5.33. The anti-

interference property of the modified GCE was studied considering 1 mM nitrite, followed by 

the separate addition of 1 mM of six potential interfering components into the stirred PBS at 

0.8 V working potential. The results revealed that the presence of KCl, KNO3, CaCl2, glucose, 

KBr and urea did not influence the determination of NaNO2. A notable response was observed 
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for nitrite injections, but a weak current signal was observed for electroactive species additions. 

Therefore, it can be rightly said that ZnCl2-activated biochar/GCE demonstrates excellent 

selectivity. 
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Figure 5.33. Anti-interference property of ZnCl2-activated biochar/GCE towards detection of 

nitrite in the presence of electroactive species KCl, KNO3, CaCl2, glucose, KBr and urea. 

 

The reproducibility and stability of the modified glassy carbon were studied by differential pulse 

voltammetry (DPV). This technique was appropriate to determine the nitrate response, unlike 

chronoamperometry, DPV provided clarity to observe oxidation current peaks using low nitrate 

concentrations. The reproducibility and stability of the ZnCl2-activated biochar/GCE electrode 

are shown in Figure 5.34 (a) and (b), respectively. Five GCEs were modified using ZnCl2-

activated biochar to evaluate their reproducibility for 0.3 mM nitrite in 0.1 M PBS (pH 7.0) 

solution. The results show that the modified GCEs have significant reproducibility behaviour, 

whose relative standard deviation (RSD) value was 2.4%. Then, the stability was evaluated for 

the electrochemical nitrite sensor every two days until the completion of ten days of storage at 

room temperature. The test was achieved in a 0.1 M PBS (pH 7.0) solution containing 0.25 

mM nitrite. The DPV measurements for stability analysis demonstrate consistency in oxidation 

current response of up to 10 days, observing an excellent RSD of 2.6%. 
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Figure 5.34. (a) reproducibility analysis of five ZnCl2-activated biochar/GCE in the presence of 

0.3 mM nitrite in 0.1 M PBS; (b) stability results of modified GCE in 0.25 mM of nitrite in 0.1 M 

PBS (pH 7.0). 

 

5.4 Conclusion.  
 

This work synthesised the biochar through microwave pyrolysis and studied its electrochemical 

performance. Microwave-assisted pyrolysis had a significant role in the development of higher 

fixed carbon content, improved thermal decomposition of the lignin network, better carbon 

stability, and higher surface area and pore volume. The biochar was activated by soaking in 

ZnCl2. The activated biochar showed amorphous microporous structures of aromatic sheets, 

oxygen-containing functional groups on the biochar surface, strong carbon bonding, and a 

relatively higher ID/IG peak intensity ratio (owing to the amorphous form of carbon). These 

properties facilitated the adsorption of the analyte and enhanced the electrocatalytic activity 

and hence the sensor response. Modified GCE presented a higher peak current (19 µA) 

compared to that of bare GCE (9 µA) and reduced the charge transfer resistance value (110 

Ω). The electrochemical behaviour of ZnCl2-activated biochar/GCE for nitrite detection 

revealed comparable LOD (0.97 µmol/L), and high selectivity, leading to the promising 

potential for real applications.  
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CHAPTER 6 

 

 

6 BIOCHAR-BASED GRAPHENE OXIDE FOR HIGH SELECTIVE ELECTROCHEMICAL 

DETECTION OF DOPAMINE. 

 

 

Food waste can also be converted into graphene oxide by the thermochemical processing of 

biochar. The synthesis of this carbon material with negative charge properties is essential to 

achieve high selectivity on the sensing of positive charge molecules. The present chapter 

investigates the electrostatic interaction between the surface of the biochar-based graphene 

oxide material and dopamine in the presence of interfering species by the modification of a 

screen-printed carbon electrode. Banana peel is used as feedstock.   

 

Abstract 

Bio-based graphene derived from food waste is an attractive emerging research field, 

considering its eco-friendly and valuable applications. This work reports the synthesis of 

graphene oxide from biochar, which is initially produced using the microwave pyrolysis of 

banana peel waste. The performance of carbon-based material is evaluated in the fabrication 

of a modified screen-printed carbon electrode (SPCE) for selective dopamine (DA) detection 

in the coexistence of ascorbic acid (AA) and uric acid (UA). The material achieved 64.53% 

carbon elemental content, 345.79 m2/g surface area, 0.074 cm3/g micropore volume, large 

reactive surface area, and ribbon/banded organisation. The electrostatic interactions between 

the negatively charged biochar-based graphene oxide (BBGO) on the surface SPCE and 

opposite-charged dopamine assisted the oxidation potential with interfering species by 
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electrostatic repulsion of AA and UA. The modified electrode exhibited superior 

electrochemical results and stronger surface attraction of DA over bare SPCE. The 

BBGO/SPCE showed a high electroactive surface area, low charge-transfer resistance (~ 0.3 

kΩ), superior conductivity (shift oxidation potential from 0.2 V to 0.1 V), higher DA oxidation 

peak (12.12 µA), notable selectivity and sensitivity. The synthesised biochar has a promising 

analytical performance and hence will be useful for many other positively charged species. 

 

Keywords: Biochar; Microwave-assisted pyrolysis; Graphene oxide; Dopamine. 

 

This chapter is under review for being published by S. Allende, Y. Liu., M. A. Zafar, and M. V. 

Jacob, ‘Sustainable Utilization of Food Waste: Microwave-Assisted Conversion into Graphene 

Oxide for Sustainable Sensor Applications’ in the journal Materials Today Sustainability. 
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6.1 Introduction 
 

Food waste has become a serious issue due to environmental, economic and health effects. 

The excess of waste generation from agricultural industries and households is attributed to the 

increased population and high food loss (non-consumed). The level of waste estimated for the 

year 2025 is around 416 million tonnes, whose 23-65% corresponds to vegetables and fruits 

(Mohanty et al., 2022; Su et al., 2022b). Food waste dumping is responsible for releasing 

greenhouse gases (GHG), e.g., methane, carbon dioxide and carbon monoxide during its 

decomposition, contributing to global warming (Mohanty et al., 2022). This type of biomass 

management involves composting, landfill, incineration, and animal feed (Capanoglu et al., 

2022; Sadh et al., 2018). However, none of these alternatives is viable in terms of 

sustainability, pollution mitigation, scale-up, efficiency and circular economy. The selection of 

biomass treatment is based on waste conversion efficiency, limited resource consumption 

(energy, chemical, space, etc.), processing time, and target by-products (Allende et al., 

2023a). Microwave-assisted is an efficient biomass conversion method that offers a short 

treatment time, generation of three by-products (biochar, bio-oil, biogas), uniform heating 

distribution, reduced environmental footprint and potential CO2 sequestration (Allende et al., 

2022; Su et al., 2022b). Microwave pyrolysis results in the final by-product namely biochar, 

which has superior properties than other conversion mechanisms, e.g., higher carbon 

concentration, large reactive surface area, higher microporosity volume, rich carboxylic and 

hydroxyl surface group, etc. (Allende et al., 2023b; Sridhar et al., 2021; Su et al., 2022b). 

 

The activation of biochar has gained immense interest in the fabrication of bio-based graphene 

derived from agricultural waste due to sustainable process methods and diversity of functions. 

This carbon material is highly valued in electrochemical applications, like the detection of 

numerous molecules by using biochar-modified sensors (Li et al., 2022f; Spanu et al., 2020). 

Some examples of sensing organic species are ascorbic acid (AA), dopamine (DA), and uric 
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acid (UA). AA, DA, and UA are electrochemically active biomolecules that coexist in biological 

fluids (Cho et al., 2020; Mohan et al., 2020). Ascorbic acid is a vital vitamin found in different 

life processes (human metabolism); dopamine is a neurotransmitter molecule that exists in the 

central nervous system; and uric acid is the main final compound of purine catabolism in 

humans (Patella et al., 2021; Zhang et al., 2018). Several studies report the simultaneous 

detection of AA, UA, and DA (Wei et al., 2020; Zhang et al., 2018). However, the selectivity 

property of bare electrodes is limited for dopamine detection in the presence of other species. 

The electrochemical oxidation of AA, DA, and UA occurs at similar potential, which means poor 

selective electrochemical response for the single detection of molecules (Li et al., 2013; Patella 

et al., 2021). The electrostatic interactions between the electrode and the analyte have a 

relevant role in the detection of dopamine, e.g., dopamine (pKa = 8.87) and ascorbic acid (pKa 

= 4.10)/ uric acid (pKa = 5.40) are oppositely charged species at physical pH 7.0 (Li et al., 

2013). Therefore, the fabrication of a modified electrode with electrostatic attraction to 

positively charged molecules is essential to resolve the overlap oxidation response between 

the species. This research evaluates the synthesis of a negatively charged carbon-based 

material obtained from the microwave pyrolysis of banana peel (BP) waste into biochar and 

then conversion into BBGO. The properties of banana peel biochar-based graphene oxide 

(BBGO) are studied in the fabrication of an environment-friendly modified screen-printed 

carbon electrode (SPCE) for selective detection of DA in ascorbic acid and uric acid 

coexistence. 

 

6.2 Experimental methods 
 

6.2.1 Synthesis of activated biochar 

The biomass treatment was developed mainly by a thermochemical conversion process 

achieved by microwave-assisted pyrolysis. Figure 6.35 describes the pyrolysis system used 

for the synthesis of BBGO; the system is comprised of the following units: (i) a chamber where 
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pyrolysis occurs under an oxygen-free environment applying 5 L/min nitrogen as a carrier gas, 

(ii) a manual tuner for controlling reflected power; (iii) a 3 kW microwave generator; (iv) flask 

condensers system, and (vi) a vacuum pump (-50 kPa). The synthesis of BBGO involves four 

stages. First, the selected biomass was pyrolyzed at 1.5 kW for 1.5 hours, considering the 10% 

microwave susceptor of biomass weight. Banana peel (BP) was used as feedstock. The 

resulting banana biochar was immersed in NaOH with distilled water in a 1:1 ratio for 2 days 

at room temperature. After this period the treated biochar was washed successive times with 

distilled water and then cured with ZnCl2 in a 1:1 ratio for three days. The next activation 

procedure of BP biochar requires successive rinsing with distilled water and drying at 80 °C 

for five hours. Then treated biochar was subjected to a second pyrolysis at 1 kW for 40 minutes, 

resulting in BBGO from the banana peel (BP BBGO). 

 

 

Figure 6.35. A scheme on the BBGO synthesis process using microwave pyrolysis. 
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6.2.2 Electrode preparation for electrochemical study 

 

The biochar obtained from the chemical and pyrolysis treatments was ground in a mortar until 

it reached a uniform particle size. The BP BBGO was dispersed in ethanol and then exposed 

to ultrasonication until achieved fine biochar particles (~ 30 minutes). Then 1 µL of 1 mg mL-1 

dispersed material was used as a coating on the surface of the screen-printed carbon electrode 

(SPCE). Before using the electrode, the modified SPCE was dried at room temperature. 

 

6.2.3 Reagents and apparatus 

 

The chemical treatment of biochar was developed using sodium hydroxide pellets from Univar 

and Zinc Chloride Solution (1 M) from Sigma. The reagents used in the electrochemical 

analysis were ascorbic acid, dopamine, and uric acid purchased from Sigma. The buffer 

solution (PBS, pH 7.0) was produced using dibasic-Na2HPO4 and monobasic-NaH2PO4. 

ItalSens screen-printed carbon electrodes (SPCE) were used in the electrochemical study 

purchased from PalmSens. The SPCE characteristics are global dimensions of 0.8 x 4.5 cm, 

working electrode dimensions of 7.06 mm², substrate of polyester, 200 µm thickness, 2.54 mm 

contact pad pitch, and 2% coefficient of variation (CV). The electrochemical measurements 

were achieved using PalmSens4 potentiostat (PalmSens, Netherlands). The surface area of 

SCB-activated biochar was measured using a micromeritics 3-flex surface and porosity 

analyser; FlashSMART CHNSO elemental analysis, scanning electron microscopy (JEOL 

7001F SEM); transmission electron microscopy (JEOL 2100 TEM), thermogravimetric analysis 

(TGA) achieved on Netzsch STA 449F3 Jupiter Simultaneous Thermal Analyser; X-ray 

photoelectron spectroscopy was performed using a Kratos Axis Supra, Raman spectroscopy 

completed by Renishaw In-Via Micro-Raman spectrometer. 
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6.3 Result and discussion 

 

6.3.1 Characterisation of Graphene Oxide  

 

BP BBGO’s quality and electrochemical analytical performance mainly depend on the CHNSO 

elemental analysis and high specific surface area. The pre/post-pyrolysis and chemical 

treatment favoured the BET surface area formation and micropore volume. After the 

impregnation with NaOH, the carbon structure of biochar changed (Na2CO3 breakdown) by the 

microwave heating method, releasing CO, CO2 and H2 (2Na + 2Na2CO3 + 3H2) and causing 

higher porous generation (Liu et al., 2021a). The addition of ZnCl2 contributes to the physically 

enhanced porosity and surface functionalization (Liu et al., 2021a; Yi et al., 2020). Table 6.33 

shows the non-activated and activated biochar's surface area and elemental analysis. A 

significant increase in surface area was observed after the thermochemical treatment of BP 

biochar, achieving 345.7911 m2/g BET surface area, 173.999 m2/g micropore area and 0.074 

cm3/g micropore volume. The carbon content of BP BBGO is 2% higher than non-activated 

biochar. After activation, the H/C and O/C ratios were reduced by 60% and 10%. Reduced H/C 

value indicates high biochar carbonization, large aromaticity degree, and high aromatic 

structure (Meng et al., 2018). A low O/C ratio of activated biochar denotes a reduction of 

hydrophilic and polarity properties (Allende et al., 2023b; Meng et al., 2018). 

 

Table 6.33: Surface area and CHNSO elemental analysis of banana peel biochar and BP 

BBGO. 
Analysis Banana peel 

biochar 
BP BBGO   

Surface area (m2/g) 
  

BET Surface Area 27.65 345.7911 

t-Plot micropore Area 
 

173.999 

t-Plot external surface area 40.83 171.79 
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BJH Adsorption cumulative surface area of 

pores (1.7-300 nm diameter) 

22.07 91.96 

   

Pore volume (cm3/g) 
  

t-Plot micropore volume -0.011 0.074 

Total pore volume calculated <1.0228 nm 

diameter at p/p° 

 
0.106 

   

Elemental analysis 
  

N (%) 4.2 0.7 

C (%) 63.18 64.53 

H (%) 3.13 1.36 

O (%) 29.49 33.41 

H/C 0.05 0.02 

O/C 0.47 0.52 

 

Figure 6.36 (a1) and (a2) show the SEM images of raw banana peel biochar and BP BBGO, 

respectively. These figures demonstrate a notable difference in the biochar structure. Non-

activated biochar has a solid and uniform surface, but after the chemical and thermochemical 

process biochar experienced the breakdown of fibre compounds, forming pores and some 

carbon layers. Figure 6.36 (b1) and (b2) correspond to the TEM images of BP BBGO. The 

particles observed are more clusters of mixed material than layered, with areas of 

ribbon/banded organisation, where the lattice spacing is ~ 3.4 A- shown in Figure 6.36 (c1) 

and (c2). The TEM-EDS data reveals that carbon and oxygen are primary elements in the base 

matrix with a minor presence of heavier metal and organic-based particles (Ca, Fe, P, Si and 

Ti). Some carbon areas exhibit semi-organisation in crumpled packed particles, not layers.  
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(a1) (a2) 

(b1) (b2) 

(c1) (c2) 
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Figure 6.36. Scanning Electron Microscope (SEM) of non-activated (a1) and activated biochar 

(a2) and, (b1) (b2) Transmission Electron Microscopy (TEM), (c1) (c2) lattice spacing, and (d1) 

(d2) (d3) TEM- EDS images of BP BBGO. 

 

The thermogravimetric analysis (TGA) curve of BP BBGO is shown in Figure 6.37 (a). The 

result reveals an initial weight loss between 100 ºC and 200 ºC. This decreased mass weight 

is associated with moisture content. A constant mass loss was observed between 200 ºC and 

800 ºC, decreasing by 9.55%. The residual mass was around 90.45% at 849.8 ºC. The Raman 

spectroscopy curve indicates a high G peak at 1600 cm-1, which denotes a high graphitization 

grade (Allende et al., 2023b). Lower intensity is detected in the D band, this value involves the 

existing defects in the structure (Muzyka et al., 2018a). The Raman curve of BP BBGO was 

comparable to the GO material reported by (Muhammad Hafiz et al., 2014; Yan et al., 2021). 

Figure 6.37 (c1) and (c2) of XPS results indicate an atomic concentration of 59.5% carbon and 

30.7% oxygen. A minor presence of calcium, potassium, nitrogen, sodium, silicon, and zinc 

(d1) 

(d3) 

(d2) 
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was detected. Nitrogen and other heteroatoms are favourable for electron transfer and ion 

insertion (Spanu et al., 2020). The zeta potential of BP BBGO is a negative charge (-9.34 mV) 

shown in Table 6.34. This value indicates the electrostatic behaviour on the carbon material 

surface and gives an idea about the electrostatic interaction with different charge species.  
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Figure 6.37. (a) Thermogravimetric analysis, (b) Raman spectra curves and (c1) (c2) XPS of 

BP BBGO. 
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Table 6.34: Zeta potential data of BP BBGO. 
 

Value 
Zeta Potential (mV) -9.34 

Conductivity (mS/cm) 0.0134 

Measured Current (mA) 0.00358 

Measured Voltage (V) 149 

 

6.3.2 Electrochemical characterisation of the modified electrode 

 

The electrochemical properties of BP BBGO/SPCE are determined by the material sensor 

properties on the electrode surface, evaluating its active surface area and the electron transfer 

behaviour of the carbon material (Kokab et al., 2021). The electron transfer resistance of BP 

BBGO/SPCE was studied from EIS measurement. The EIS spectra are based on two main 

parts: (i) a semicircle that indicates electron transfer resistance (Rct), and (ii) a linear section 

that represents solution diffusion resistance (Allende et al., 2023b). Figure 6.38 (a) shows the 

Nyquist plot of bare SPCE and modified electrode. The surface property of BP BBGO/SPCE 

from EIS denotes a smaller semicircle diameter (0.3 kΩ) than the bare electrode (~ 7.5 kΩ). 

This result implies that the modified electrode has lower charge-transfer resistance than bare 

SPCE. The cyclic voltammetry (CV) response of modified SPCE at 5 mV and 5 mM potassium 

ferricyanide was also analysed in Figure 6.38 (b). The current density of BP BBGO/SPCE was 

significantly higher than that of the bare SPCE, confirming the superior electrochemical active 

surface area of the modified SPCE. The potential peak-to-peak separation of bare SPCE and 

the modified electrode was 0.2 V and 0.1 V, respectively. This small peak-to-peak difference 

and potential shift (~ 1 V) indicate a greater electron transfer reaction (Wang et al., 2021a). 
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Figure 6.38. (a) Electrochemical impedance spectra (EIS) and (b) cyclic voltammetry (CV) 

response of bare SPCE and BPBBGO/SPCE in 0.1 M KCl containing 5 mM K3 [(Fe (CN)6)] at 

5 mV potential amplitude. 

 

6.3.3 Electrochemical detection of dopamine in the presence of ascorbic acid 
and uric acid  

 

Ascorbic acid (AA), dopamine (DA) and uric acid (UA) are usually found simultaneous in 

biological human fluids. However, it was reported that AA, DA and UA have similar redox 

potentials (Patella et al., 2021; Wang et al., 2020c), which makes it challenging for selective 

dopamine detection. Herein, the selectivity of BP BBGO/SPC electrode towards determination 

of dopamine in the coexistence with these interferents was tested by voltammetry. Figures 

6.39 (b) and (c) show the oxidation current response of non-modified and modified electrodes 

in the presence of individual AA and UA. The electrochemical results of modified SPCE do not 

exhibit a current response to AA and UA. These CV curves were analogous to the modified 

electrode in the blank solution. Nonetheless, a distinctive oxidation peak was observed in the 

presence of 0.5 mM DA (12.12 µA peak), whose current intensity was around three times 

higher than the bare electrode, shown in Figure 6.39 (a). A potential shift (reduction) of 0.09 V 

was also noticed, the oxidation peak of bare SPCE was achieved at 0.15 V, while the BP 

BBGO/SPC electrode was at 0.06 V.  
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In terms of selectivity, the bare electrode shows a similar oxidation potential for single detection 

of the species, e.g., the current response of ascorbic acid was 6.47 µA at 0.21 V, dopamine 

was 5.72 µA at 0.18 V, uric acid was 0.8 µA at 0.2 V, AA+UA+DA was 7.29 µA at 0.135 V. The 

non-modified electrode evidences a notable limitation for dopamine detection due to the bare 

SPCE showing only one oxidation peak in the co-existence of molecules, and it was not able 

to sense the analytes separately in the presence of 0.5 mM AA+UA+DA. This indicates that 

the oxidation peaks for all the species overlapped. In contrast, as shown in Figure 6.39 (a) and 

(d) BP BBGO/SPCE only shows an oxidation peak in the presence of DA, with no electro-

activity for interfering species. This finding reveals that the carbon material on the electrode 

surface has improved the electrochemically active area for dopamine oxidation. 

 

The electrostatic interactions between the carbon material on the surface of the SPCE and the 

interfering species were analysed to resolve the oxidation peaks of DA. This phenomenon can 

be explained by the intrinsic properties of BP BBGO, e.g., the carbon material is negatively 

charged (shown in zeta potential data), the same as ascorbic acid (pKa = 4.10) and uric acid 

(pKa = 5.40), but dopamine is oppositely charged (pKa = 8.87) at physical pH 7.0 (Li et al., 

2013). Therefore, the electrostatic interactions on the surface of the modified electrode repel 

the negatively charged species of AA and UA, however, high attraction to positive change DA 

molecules. These properties are the main principles for achieving selective DA detection and 

resolving the oxidation response in co-existence with interference species. The electrostatic 

reaction between the carbon material and molecules is illustrated in Figure 6.39 (e). 
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Figure 6.39. Cyclic voltammetry (CV) curves of bare SPC electrode and BP BBGO/SPCE in 

0.5 mM ascorbic acid (a), 0.5 mM dopamine (b), 0.5 mM uric acid (c), and a combination of 

0.5 mM AA+ 0.5 mM DA+ 0.5 mM UA (d) in 0.1 M phosphate buffer solution (pH 7.0) at 0.05 

V/s scan rate, (e) surface potential reaction between the surface negative charge material and 

the charged molecules. 

 

(a) (b) 

(d) (c) 

(e) 
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The sensitivity of the BP BBGO/SPC electrode was studied in Figure 6.40 (a) and (b). The 

DPV curves show that the oxidation current response of DA was not affected by the presence 

of AA and UA. The linear range region of the modified SPC electrode was between 0.02 mM 

and 1.5 mM DA. The linear regression equation is represented by IDA= 12.268XDA+ 36.315 with 

a correlation coefficient of 0.9866 and a limit of detection (LOD) of 0.02 mM. Table 6.35 reports 

the sensing characteristics of different DA sensors. The modified electrode demonstrates 

promising electrochemical performance for dopamine detection. 
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Figure 6.40. Differential pulse voltammetry (DPV) of dopamine (0.02 to 1.5 mM) at the (a) BP 

BBGO/SPCE in the presence of 0.5 mM AA and 0.5 mM UA (b) and the corresponding 

calibration curve. 

 

Table 6.35. Comparison of the analytical performance of various modified electrodes for 

dopamine detection. 

Electrode Linear range 

(µM) 

LOD 

(µM) 

Reference 

Sulfonated graphene 0.2-20 0.02 (Li et al., 2013) 

PtNPs-rGO-ITO  0.1-20 0.075 (Patella et al., 2021) 

PtAu/GCE 24–384 24 (Thiagarajan and Chen, 2007) 

S-MC-1/GCE 0.01–5 3 (Emran et al., 2018) 

(a) 
(b) 
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PG/GCE 5–710 2 (Qi et al., 2015) 

BP BBGO/SPCE 20-1500 20 This work 

 

6.4 Conclusion  
 

This manuscript reports the use of food waste as feedstock for the synthesis of graphene oxide 

for application in the electrochemical selectivity of dopamine detection. The resulting banana 

peel-derived biochar-based graphene oxide (BBGO) has carbon and oxygen as primary 

elements in the base matrix with a minor presence of heavier metal and organic-based 

particles, ~ 3.4 A lattice spacing, 345.79 m2/g BET surface area, 173.99 m2/g micropore area, 

and 0.074 cm3/g micropore volume. The fabrication of the modified SPC electrode using BP 

BBGO showed higher selectivity and sensitivity of dopamine detection compared to the bare 

electrode. The improvements are related to the intrinsic properties of the modified electrode, 

such as high electrical conductivity, lower charge-transfer resistance, a higher electroactive 

area that increases the charge propagation of analytes and surface negative charge that 

attracts positively charged dopamine and repelling the negatively charged species like 

ascorbic acid and uric acid. The electrochemical detection of dopamine in the modified 

electrode demonstrated better selectivity in co-existence with interference species than the 

bare SPC electrode. This green carbon material has the potential to be applied in the sensing 

of other positively charged molecules. Overall, the developed technique is a highly efficient 

method for adding value to agricultural waste and converting the biochar into much more 

valuable graphene oxide, thereby developing various sensors.  
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CHAPTER 7 

 

 

7 CONCLUSION AND RECOMMENDATION 

 

 

This thesis investigated the feasibility of resource recovery from agricultural waste feedstock 

using microwave-assisted pyrolysis and identified various potential applications. The following 

points describe the conclusion ideas of the sub-topic considered in this work. The implications 

associated with the research project and recommendations for future works are also 

discussed. 

 

7.1 Energy recovery under varying microwave pyrolysis conditions. 
 

Sugarcane bagasse (SCB) is a valuable feedstock for clean energy generation. Microwave 

pyrolysis provides an efficient conversion method because of its short treatment time and 

heating mechanism. The optimisation of the microwave operating conditions is vital to reach 

the optimal energy and quality of biochar, bio-oil and biogas. Low microwave power and longer 

treatment time (over 30 min) produce biochar with a high heating value, carbon content, and 

uniform pore formation. The excess of pyrolysis power and microwave susceptor is 

unfavourable for bio-oil production due to the secondary reaction of non-condensable gases 

causing permanent gaseous. In contrast, high microwave heating, longer pyrolysis time and 

high addition of microwave susceptor are beneficial for syngas generation. The energy 

recovery demonstrated considerable efficiency (3-13%).  
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7.2 Paracetamol sensor using activated biochar. 
 

Water contamination with pharmaceutical chemicals is a serious environmental issue. The 

detection methods of these molecules have attracted the attention of the electrochemical field. 

The synthesis of a sustainable sensor for the detection of paracetamol was studied. Microwave 

pyrolysis offers the generation of high-quality carbon materials for sensing applications without 

needing to add metals. The modified working electrode (SCB-activated biochar/GCE) was 

fabricated by the generation of activated biochar, which was synthesised by the chemical 

(sulphuric acid) and thermochemical (microwave pyrolysis) treatment of sugarcane bagasse. 

The resulting electrode revealed superior electron transfer kinetics properties and a higher 

current oxidation response of paracetamol. The limit of detection of SCB-activated 

biochar/GCE was comparable (2.5 µM) with previous work reporting metal-added material.  

 

7.3 Food waste biochar for electrochemical sensing of nitrite. 
 

The conversion of agro-waste into appreciated carbon material has attracted attention in the 

electrochemistry sector due to its multiple sensing applications. Pineapple peel is an excellent 

feedstock for the generation of activated biochar. The activated material was obtained by 

exposing the biochar to chemical treatment (ZnCl2) and the carbonization process (second 

pyrolysis). The carbon was used in an ethanol solution for coating the surface of a glassy 

carbon electrode (GCE) for nitrite detection. The modified electrode exhibited a dielectric 

response, whose quality was mainly achieved by the intrinsic properties of the activated 

biochar (oxygen-containing functional groups, porosity, etc.). The ZnCl2-activated 

biochar/GCE reached acceptable selectivity, sensibility, stability and reproducibility. 
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7.4 Graphene oxide-like biochar with high selective for dopamine detection. 
 

A notable interest has been the development of eco-friendly carbon material for the highly 

selective detection of positive charge molecules. Biochar-based graphene oxide (BBGO) was 

synthesised using banana peel as feedstock, NaOH and ZnCl2 as post-chemical treatment and 

microwave pyrolysis as the carbonization method. The BBGO showed a negative charge 

surface, which was suitable for the detection of positive charge analyte, e.g., dopamine. The 

selectivity of the material was tested using the carbon material in a screen-printed carbon 

electrode (SPCE) in the coexistence of negative charge species (ascorbic and uric acid). The 

modified SPC electrode proved highly selective for dopamine detection by the high electrical 

conductivity, lower charge-transfer resistance, and a higher electroactive area of the BBGO. 

 

7.5 Overall conclusion.  

 

The development of renewable energies from waste biomass is gaining notable interest due 

to the significant concern existing for waste management, excess consumption of agricultural 

resources, depletion of fossil fuel, and rapid population growth. This work demonstrated an 

efficient and environmentally friendly method of processing agricultural waste by using 

microwave-assisted pyrolysis. This thermochemical conversion process offers desirable 

quality on the by-products, e.g., high energy value, great carbon-rich content, high energy 

recovery, CO2 sequestration potential, etc. These properties propose a clean alternative for 

energy generation and varied sustainable applications. 

 

7.6 Implications of this research.  
 

This work has a significant contribution to the sustainable development of various industrial 

sectors that covers the following aspects: 
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• The valorisation and quantification of agricultural waste provide an idea about the 

serious environmental and economic issues of the storage and disposal of waste- 

proving an eco-friendly alternative to waste processing by microwave-assisted 

pyrolysis. 

• The lack of energy sources and depletion of fossil fuels carries the need to rely on 

emerging energy technologies- The conversion of agricultural waste into biochar, bio-

oil, and biogas products by using microwave-assisted pyrolysis provides an energy 

recovery efficiency between 3 % and 13 %. 

• The synthesis of carbon material has gained great interest in water treatment, water 

metal recovery and the fabrication of electrodes. However, the synthesis of this carbon 

material is complex, costly and involves no eco-friendly methods (addition of metals)—

the proposed synthesis of carbon material is a favourable alternative to producing large 

quantities of activated biochar and graphene oxide-like biochar with excellent 

electrochemical properties. 

• Water contamination by pharmaceutical and agricultural sectors has caused an 

alarming necessity for molecule detection. Nevertheless, the sensors available are 

highly costly and not accurate for all the analytes existing in these industries- This 

research applied the properties of biochar to fabricate a modified electrode for sensing 

nitrite, paracetamol, and dopamine. 
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7.7 Recommendations. 
 

This research addressed diverse aspects of the conversion of agricultural waste into valuable 

products, e.g., energy recovery and biochar applications. The first part of the study showed 

promising performance in the bio-oil fuel application due to its high yield and phenol functional 

groups. The purification of bio-oil is suggested to remove the impurities and improve its quality. 

Depending on the purification process, the bio-oil can be used as biodiesel. In terms, of energy 

generation from biogas is recommended the integration of other technologies in the microwave 

system, like a solid oxide fuel cell, which advantage is the direct use of methane and hydrogen 

as a fuel for electricity production- implementing a cogeneration system. 

 

Biochar has the potential for multiple applications in the energy sector, agricultural soil 

conditioners and the development of high-quality carbon material. The synthesis and activation 

method of biochar is relevant to determine its properties and uses. The electrochemical results 

(cyclic voltammetry) of the three agricultural carbon materials revealed a high capacitance 

performance. This property makes the synthesised biochar a good candidate for the fabrication 

of electrochemical supercapacitors. 
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APPENDIX A 
 

 

 

Figure A1: Actual microwave pyrolysis systems and their components. 

 

   

Figure A2: (a) H2SO4 activated SCB-biochar, (b) pineapple peel ZnCl2- activated biochar, and 

(c) banana peel biochar-based graphene oxide. 

(a) (b) (c) 
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Figure A3: Sugarcane bio-oil obtained from microwave pyrolysis in data chapter 3. 

 

 

Figure A4: Sugarcane biogas collected in vacuum tubes from microwave pyrolysis in data 

chapter 3. 
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