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Abstract 

Energy conservation and environmental sustainability has become global concern. 

Therefore, energy sources, their associated sustainable conversion and storage 

technologies to maximize energy and minimize pollution is being looked for. Biomass 

materials has shown ability for energy generation and storage. Due to their abundant 

sources and renewability, large amount undergo spoilage readily because of their high 

moisture content resulting to increased amount of CO2 released to the environment. 

Consequently, efficient conversion of these biomass materials to value-added materials 

will help various industries and save the environment.  

Conversion of biomass into porous carbon material has been a costly and energy-

intensive process as it has involved multi-stage thermal process above 900 ęC. Several 

conversion methods, such as carbonisation and activation, hydrothermal and activation, 

and other templating strategies has been explored to overcome the above-mentioned 

challenges. However, the process of first obtaining biochar from biomass, followed by 

the biochar activation with chemicals such as ZnCl2, KOH or removal of templates results 

in carbon that falls short of several applications especially supercapacitor applications. 

Therefore, developing a single-stage thermal route for biomass to carbon for 

supercapacitor application will be a significant advancement. 

This PhD research has focused on optimising a single-stage thermal process route 

for biomass materials conversion to functional (porous) carbon using the molten base 

carbonisation and activation (MBCA) process. 

 The novelty used pristine wet biomass with a minimal ratio of the desired base to 

achieve depolymerization of biomass constituents, intercalation of metallic ion through 

nucleophilic substitution and bond breaking of biomass monomers, dehydration, 

deacetylation, and recombination of reactive O- species before drying, followed by 

elevated temperature (carbonisation) process. This process route has not been reported.  

The process mechanism and reactions are summarised as follows: At room 

temperature the interaction of KOH, Biomass (components) and H2O caused oxidation, 

dehydration, deacetylation, decarboxylation and decarbonylation through bond cleavages 

and nucleophilic substitution to generate potassium organic compounds. The potassium 

organic compounds are also formed because of the organic acid interactions with base via 

neutralisation reactions. At elevated temperatures: the generated potassium organic 
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compound and oxygen active species enhanced dehydration, deoxygenation, 

decarboxylation, decarbonylation, dehydrogenation and aromatisation reactions coupled 

with KOH activation mechanism for in situ activation of carbon with the release of 

volatiles.  

 Moso bamboo shoots and Radish were selected as biomass precursors based on 

their rich carbon source, short maturity cycle and sustainability. They were subjected to 

proximate analysis and ultimate analysis to determine their organic composition and 

elemental composition. Also, thermogravimetry (TG), derivative thermogravimetry 

(DTG) and differential scanning calorimetry (DSC), Xray-diffraction (XRD), Fourier-

transform infrared spectroscopy (FTIR), were conducted on samples mixed with KOH to 

understand the biomass transformation and thermal behaviour. The derived carbon 

samples were characterised in terms of their thermal stability, elemental composition, 

morphology, surface functional groups and composition, specific surface area (SSA), 

pore structure, crystallographic and graphitic structure, and electrical conductivity before 

application as alternative electrode active material in EDL capacitor.  

Preliminary results on feasibility studies for MBCA showed biomass to KOH ratio 

affected the carbon properties in relation to morphology, SSA, porous structure, and 

graphitic structure. Optimum biomass to KOH ratio was revealed to be 15:1 with SSA of 

1367.82 m2 g-1 and specific capacitive performance of 327.23 F g-1. Also, the least 

biomass to KOH ratio (5:1) had the largest SSA of 1452.45 m2 g-1 with specific capacitive 

performance of 277.08 F g-1. This result revealed that high specific capacitance was 

achieved with large SSA combined with a hierarchical porous structure. 

Further investigation on the effect of cation with Moso bamboo shoots with 

optimum ratio, revealed that the hydroxide cation used for MBCA affected the properties 

of derived carbon. The potassium hydroxide (KOH) derived carbon via MBCA had higher 

SSA of 1367.82 m2 g-1 than 955.36 and 872.62 m2 g-1 for lithium hydroxide (LiOH.H2O) 

and sodium hydroxide (NaOH) mediated processes, respectively. This revealed that 

cation and carbon reactivity are different irrespective of same temperature condition and 

biomass source. The calculated specific capacitance at 20 mV s-1 was 306.99, 176.22, 

186.98 F g-1 for KOH, NaOH and LiOH.H2O respectively.  

 MBCA conducted on Moso bamboo shoots and Radish at 700 ęC for 3 hrs had 

hierarchical porous structure with large SSA of 1367.82 and 1172.83 m2 g-1 respectively, 

compared with 0.58 and 0.12 m2 g-1 for pristine Moso bamboo shoots and Radish with 
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only carbonisation. This result revealed that low amount of KOH could be used to convert 

different biomass sources to porous carbon via MBCA. These results in terms of SSA are 

comparable to commercial activated carbon with 1425.89 m2 g-1 derived from multi-stage 

thermal processes (carbonisation and activation).  

Furthermore, MBCA process revealed 800 ęC to be the best temperature to achieve 

maximum SSA of 1948.85 and 1571.92 m2 g-1 for Moso bamboo shoots and Radish, 

respectively. However, they did not show the best electrochemical performance which 

could be linked to their pore structure. This result showed that the MBCA process can be 

used to obtain large SSA carbon for diverse applications that would require large surface 

area. Though samples obtained at higher carbonisation temperatures had better electrical 

conductivity compared to those obtained at low temperatures. It further confirmed that 

MBCA process is temperature and ion dependent.  

   Moreso, the residence time for MBCA process affected carbon properties. At 700 

ęC for 1 hr, the least SSA of 1190.51 and 984.56 m2 g-1 was obtained for Moso bamboo 

shoots and Radish respectively. At 3 hrs, maximum SSA of 1367.82 and 1172.83 m2 g-1 

was obtained for Moso bamboo shoots and Radish respectively. They had better graphitic 

structure and conductivity. These results revealed that MBCA process could yield a 

porous carbon within a short residence time, but some other properties would suffer some 

deficiency.  

Furthermore, the specific capacitance of various derived carbon evaluated in 

symmetric electrochemical double-layer (EDL) capacitor at 5 mV s-1 in 6 M KOH was 

327.23 and 257.03 F g-1 for Moso bamboo shoots and Radish respectively, compared to 

142.44 F g-1 for the commercial carbon used for most supercapacitors. After 10,000 

cycles, the symmetric cells showed outstanding cycling stability, keeping 95% and 90% 

of their initial specific capacitance. The performance was attributed to their high SSA, 

hierarchical porous structure, and rich surface functional (oxygen and nitrogen) groups, 

which supplied an efficient electrode area and improved contact for improved 

performance. 

Further investigation on the scale-up of the MBCA process using Moso bamboo 

shoots was conducted with different reactor designs (horizontal and vertical) at 700 ęC 

for 1 hr. The SSA for horizontal reactor (H-1) and vertical reactor (V-1) was 1190.51 and 

1198.47 m2 g-1, respectively. This further confirms that using MBCA, process time for 

porous carbon production can be maximized to save energy. The differences in graphitic 
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structure and conductivity of carbon samples reflected in their specific capacitance of 

164.75 and 160.26 F g-1 for the vertical and horizontal reactors respectively, at 10 mV s-

1 in 1 M TEABF 4/AN (which is an organic electrolyte used in most commercial devices). 

Both carbons displayed better specific capacitance compared to commercial carbon 

(143.08 F g-1) at same condition. Furthermore, at a specific current of 0.1 A g-1, V-1 

displayed a better cycling stability of 10,000 cycles which proved its actual ability to 

serve as an alternative electrode material. 

Compared material, energy, and cost analysis for the conventional carbonisation 

and activation process using the pre-dried Moso bamboo shoots and the MBCA of wet 

bamboo shoots with KOH was conducted. The MBCA approach had a better overall yield 

of 8.6 % compared to 5.93 % for the conventional approach. The MBCA process proved 

to be 36.98 % of the cost for conventional process. The cost saving is from the cost of 

activation reactor and the amount of KOH used in the existing conventional process.  

In conclusion, this study has shown that the conversion of biomass to porous 

functional carbon suitable for electrode material for energy storage can be conducted in a 

single-stage thermal process at low temperatures, with little resources, and at a cheap cost. 

The findings of this study suggested that using wet biomass through MBCA might be a 

practical way to lower the cost of producing functional carbon from biomass. It would 

also reduce the environmental problems associated with wet biomass, particularly 

agricultural wastes that are easily decomposable. The innovative technique presented here 

offers an easy pathway for the large-scale production of carbon for supercapacitor use, 

decreasing biomass waste while contributing to energy storage. 

 

Keywords: Biomass, Molten Base Carbonisation and Activation, Porous carbon, 

Potassium Hydroxide, Temperature, Residence Time, Electrochemical Double Layer 

(EDL) Capacitors. 
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CHAPTER 1: BACKGROUND OF THIS RESEARCH  

1.1. Energy and Environmental Sustainability  

Energy is being sourced from various sources because of the exponential 

industrialization that is fast increasing the world's energy consumption. Figure 1.1 

illustrates different energy sources including nuclear, renewable, and fossil fuels, 

according to the energy information administration (EIA) [1]. However, with the 

concerns about mining costs, fossil fuel depletion, and environmental pollution across the 

globe, the goal is to look for efficient, renewable energy sources and energy storage 

techniques that are inexpensive, sustainable, and environmentally friendly.  

 

Figure 1.1. Energy sources and future projection [1]. 

Whereas energy generation technologies have increased, there is a need to store 

energy for later use, which has led to the development of energy storage technologies [2]. 

Thus, energy storage devices have gained global relevance. These devices store energy 

for later use, deliver energy and reduce the imbalance between energy demand and supply. 

They include batteries, supercapacitors, and supercappertteries, which have different 
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conversion mechanisms and are grouped together as electrochemical energy storage (EES) 

devices [3-5].  

1.2.  Introduction to Electrochemical Energy Storage Devices 

Electrochemical energy storage (EES) devices are devices that store electrical 

energy through chemical process. They  include batteries, fuel cells, and supercapacitors, 

which have different conversion mechanisms [3].  The purpose of energy storage is to 

devise a system that allows for the storage of electricity during lean hours at low cost 

with optimum energy delivery. Among the various devices,  supercapacitors has shown 

to provide high power in a short period of time due to their fast rate of energy storage and 

release [6], their long cycling stability is another advantage. Furthermore, as shown in 

Figure 1.2, EES devices comprises of positive electrode, negative electrode, and 

electrolyte separator. These elements are arranged in a cell in a variety of ways. 

 

Figure 1.2. Representation of electrochemical energy storage device [4]. 

 

The electrode is the main part of the EES device, and it is made up of carbon-based 

materials. Over the years, carbon materials commonly used include activated carbon 

(AC), carbon fibre-cloth (AFC), carbide-derived carbon (CDC) [3], graphite, graphene 

[7],  carbon nanotubes (CNTs) [8] and carbon nanofibers (CNF) [9].  Most of these 
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materials are made from non-renewable resources ( coal, pitch, and petroleum coke) and  

the methods for producing these materials are expensive, involves the use of toxic 

chemicals that are not environmentally friendly [4]. Furthermore, their associated 

technologies are highly sophisticated, expensive in terms of cost, and contribute to 

environmental challenges in terms of pollution and carbon emissions [10]. Therefore, the 

electrode material industry is currently leading research for practical solutions to sustain 

energy storage devices while reducing environmental pollution. To address these carbon 

demands at the moment, biomass has been identified as a carbon-rich source due to its 

abundant sources, diverse compositions, potential low cost and fast regeneration [11]. 

These fast regeneratable materials has shown promising results as alternative electrode 

materials [12, 13]. 

Therefore, this research focuses on producing carbon electrode active material from 

biomass with the ability to satisfy both energy and environmental sustainability 

requirements while improving the carbon performance for supercapacitor application. 

1.3. Introduction to Biomass Carbon 

 Biomass carbon are carbon materials derived from biomass. They contain more 

carbon and less oxygen, hydrogen, nitrogen as well as potassium, calcium, sodium, and 

other mineral species [14]. They are sourced from plants, animals, carbohydrates, 

cellulose, protein, and amino acids. Most biomass carbons are obtained from biomass 

sources, typically 20 - 40 % of dry lignocellulosic biomass [15, 16]. Biomass carbon has 

the potential to be a sustainable product based on its availability from different sources 

that could be generated within a short time (fast maturity cycle) compared to fossil fuel 

derivatives which take years to accumulate [17, 18]. 

Biomass carbon has attracted research interest due to its characteristics such as  

notable structural changes, diversified natural heteroatoms [19], strong adsorption 
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capacity [20, 21], large specific surface area and distinctive pore structure [22], abundant 

surface functional groups [23], when subjected to various process conditions. These 

advantages make it functional in numerous applications such  as catalysis [24], 

environmental pollution and energy storage fields [25, 26]. 

It is based on these diverse applications for biomass carbon, sustainability, and fast 

renewability (short maturity cycle) of its precursors, that Moso bamboo shoots and 

Radish are selected to produce biomass carbon in this research. 

1.4. Introduction to Production of Biomass Carbon  

Over the years, conversion of biomass into functional carbon (porous carbon or 

activated carbon) material for useful applications has been a costly and energy-intensive 

process. This is because the process involves multiple stages of heating above 900 ęC 

[27], pyrolysis [28], hydrothermal and activation, carbonisation and activation [29, 30], 

and other templating strategies as shown in Figure 1.3. However, the process of first 

obtaining biochar from biomass, followed by the biochar activation with chemicals such 

as ZnCl2, KOH [31] or removal of templates results in carbon that falls short of its target 

applications especially supercapacitor applications. Notably, KOH has been the mostly 

used reagent for activation of biochar, because  that the reactions proceed from 700 ęC  

and the reaction mechanism for KOH and carbon has been established [32]. Though the 

low melting point of KOH could be an advantage compared to other reagents.  
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Figure 1.3. (a) Schematic of biomass with multiple thermal phases, and (b) different 

activation of biomass to functional porous carbon [33].  

Recently, molten salt carbonisation and activation (MSCA) has shown to be a 

promising alternative. This process combines carbonisation and activation of biomass to 

functional porous carbon in a single-stage thermal process in the presence of salt ions. 

The process also uses ions to alter the reaction mechanism for biomass conversion which 

affects the properties of derived carbon in terms of its morphology, porosity, and graphitic 

structure [34-36]. With advancement in MSCA research, two approaches has been 

identified as mixing and immersion [36]. The mixing route has become more a promising 

route due to the straightforward application compared with the immersion route. 
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MSCA process requires ion mobility to achieve efficient interaction between 

biomass components which results to the use of substantial amounts of salt [21, 37, 38], 

which increases the operational cost. Also, the use of considerable amounts of salt in 

MSCA (high salt to biomass ratio) increases the energy consumption for melting the salt 

(especially high melting point salts) and prolongs the duration of the process. These 

challenges undermine the eco-friendly nature of MSCA for carbon production in energy 

storage applications. 

Therefore, this research explores a solution called molten base carbonisation and 

activation (MBCA). The process uses minimal amounts of low melting point alkali with 

wet biomass sources to obtain porous carbon that could be used as electrode active 

material. This process is efficient, inexpensive, sustainable and requires low energy 

consumption to produce functional carbon from biomass.  

1.5. Motivation for this research 

The motivation of this research is to use low-resource biomass materials to produce 

high-value, functional carbon materials for wide industrial applications using a low 

temperature single-stage thermal process.  

¶ The novel molten base carbonisation and activation (MBCA) concept with wet 

biomass used in this research has not been previously reported. It uses 

inexpensive and sustainable biomass precursors with fast maturity cycle. Also, 

the wet biomass is used directly with minimal amount of reagent (potassium 

hydroxide) to produce porous carbon through an optimized single-stage thermal 

stage process (one-pot synthesis).  

¶ MBCA reduces the existing process of carbonisation and thereafter activation to 

a single-stage thermal process. Through depolymerization of the biomass 

components (lignin, hemicellulose, cellulose, carbohydrates, proteins), 
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decomposition of biomass monomers by cleavage addition, dehydration, 

decarboxylation, and recombination of reactive O- species at room temperature 

before drying, then carbonisation at elevated temperatures obtain porous carbon. 

¶ To reduce the energy consumption needed for biomass conversion to porous 

carbon either through temperature or residence time, leading to resource 

optimization and energy sustainability.  

¶ Finally, this research tends to mitigate the environmental impact of natural 

decomposition of biomass sources through single thermochemical conversion 

process to valuable and sustainable resources and raw materials. 

1.6. Aim and Objectives   

The aim of this research is to investigate molten base carbonisation and activation 

(MBCA) for conversion of biomass into functional carbon through a single thermal 

process, and to use the resulting functional carbon as an alternative electrode active 

material for electrochemical double layer (EDL) capacitors.  

This will be achieved through the following pathways: 

¶ To understand the process of molten base carbonisation and activation using 

different wet biomass sources (lignocellulosic and non-lignocellulosic). The role of 

ions and various ion types (cations) during the carbonisation and in situ activation 

of biomass to porous carbon.  

¶  To investigate the process parameters: biomass to reagent ratio, temperature and 

residence time for the molten base carbonisation and activation process on different 

biomass sources (lignocellulosic and non-lignocellulosic).  

¶ To characterise the various derived carbon in terms of its thermal stability, 

elemental composition, morphology, textural, structural, conductivity and surface 

functional properties.  
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¶ To examine the electrochemical performance of the produced carbon as electrode 

active material in an electrochemical double-layer capacitor (EDL) capacitor and 

its performance metrics, such as capacitance, cycling stability, specific energy, 

specific power, and equivalent series resistance. 

¶ To conduct a comparative analysis of both biomass sources, reactor design for the 

biomass with better performance. Evaluate the material balance, energy balance, 

and cost analysis of the novel MBCA approach proposed in this research compared 

to existing conventional carbonisation and activation approach of biomass to 

porous carbon. 

1.7.  Thesis Structure 

This thesis has eight (8) chapters which summarises the research conducted: 

The background of the study of sustainable energy and the environment is provided 

in Chapter 1. An introduction to EES devices, components of EES devices, biomass 

carbon and how biomass carbon is produced is revealed. It also has information about the 

research motivation, aim and objectives.  

Chapter 2 gives an overview of biomass, its makeup, methods to convert biomass 

into porous carbon. A review of biomass's recent carbonization and activation in molten 

salt is explained. A description of the novel approach used in the study also includes 

recent updates in biomass-derived carbon as EDL capacitor electrode materials. EDL 

capacitor configuration, EDL capacitor mechanism, and evaluation of EDL capacitor cell 

performance. The biomass, materials and reagents used in this research are also presented. 

Chapter 3 explains research approach, experiment procedures and techniques used 

for the research, including the equipment used to characterise the biomass precursors and 

derived carbon. The biomass preparation, molten base carbonisation and activation of 
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biomass and characterisation of produced carbon samples. Procedure for symmetrical 

two-electrode coin cells and electrochemical techniques for cell characterisations.  

The results and discussions of major findings from this research are presented in 

chapters 4 to 7. 

 Chapter 4 presents the design and experimentation of molten base carbonisation 

and activation for biomass to porous carbon. The biomass precursors properties (Moso 

bamboo shoots and Radish). Role of cations in molten base carbonisation and activation 

using Moso bamboo shoots. Molten base carbonisation and activation for Moso bamboo 

shoots and Radish and proposed process mechanism. 

 Chapter 5 reveals temperature and residence time of molten base carbonisation and 

activation process using Moso bamboo shoots to porous carbon and its electrochemical 

performance.  

Chapter 6 gives temperature and residence time results of molten base 

carbonisation and activation process using Radish (non-lignin rich) to porous carbon and 

its electrochemical performance.  

Chapter 7 reveals the comparative performance analysis of molten base 

carbonisation and activation of Moso bamboo shoots and Radish derived carbon. Based 

on the electrochemical performance of Moso bamboo shoots, demonstration of MBCA 

using different reactor designs with Moso bamboo shoots and its electrochemical 

performance in an organic electrolyte is revealed. Also, the material, energy balance and 

cost analysis of the novel approach used in this research compared to the existing 

conventional approach is presented. 

Summary of the significant insights and directions on the major findings from this 

research is presented in Chapter 8. Additionally, future work to further develop some of 

the findings in this study are listed. 
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CHAPTER 2: LITERATURE REVIEW  

Findings from this chapter, in part, were disseminated in an original research paper: 

Ishioma Egun, Haiyong He, Di Hu, and George Z. Chen (2022) ñMolten Salt 

Carbonisation and Activation of Biomass to Functional Carbonò, Adv. Sustainable Syst., 

DOI: 10.1002/adsu.202200294. 

2.1.  Introduction  

This chapter presents biomass composition and conversion techniques to porous 

carbon. Molten salt carbonisation and activation of biomass to porous carbon with its 

approaches, benefits, and challenges. Furthermore, the novel method for this research is 

explained here. The mechanism of an EDL capacitor, EDL capacitor configuration, and 

performance metrics for an EDL capacitor cell are presented. Current developments of 

biomass derived carbon as EDL capacitor electrode materials. Selected biomass sources 

and reagents for this research are also presented. 

2.2. Biomass 

Biomass is a term for all organic material from plants and agricultural materials 

(including vegetable and animal substances), forestry, and biodegradable parts of 

industrial and household waste [39, 40]. Presently, biomass resources make up around 

10 % of global energy supply, of which 66 % is used for domestic heating and cooking 

in underdeveloped nations. [41, 42]. From Figure 2.1, biomass can be categorized into 

five groups: agricultural residues, animal residues, industrial waste, human waste 

(municipal solid waste), and aquatic waste [16, 43]. Also, using a simple method, 

researchers have categorized distinct biomass kinds as manures, aquatic plants, 

herbaceous plants, and woody plants. Herbaceous plants can be classified as having high 

or low moisture levels. Apart from specific applications or needs, the majority of 
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commercial activity has been focused on woody plants, herbaceous plants, and reduced 

moisture content varieties. [14, 39]. Most wood biomass sources take years for its 

maturity, which limits their availability and sustainability. Therefore, there is a need to 

investigate other plant biomass sources with faster maturity rates. 

 

Figure 2.1. Biomass types and their associated sources. 

2.2.1.  Plant Biomass  

Plant-based biomass are materials that have celluloses, hemicelluloses, lignin, 

minor acids, proteins, as well as minerals. Plant based biomass has been broadly 

categorized into two namely lignocellulose and non-lignocellulose biomass [44]. The 

primary composition of lignocellulosic biomass are polysaccharides (cellulose and 

hemicelluloses) and high s aromatic polymer (lignin component) as shown in Figure 2.2, 

while the non-lignocellulosic are those with low lignin content [45]. Over the years, the 

focus from numerous work has been on lignocellulosic materials to produce carbon [46]. 

The basis for lignocellulosic materials is their rich carbon content especially from lignin 

contribution, but the abundance of non-lignocellulosic plant biomasses poses 
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environmental pollution if not properly managed. Therefore, an efficient inexpensive 

conversion technique will be an advantage for non-lignocellulosic. 

 

Figure 2.2. Major components of plant biomass [47]. 

Notably, various plant biomass sources has been reported to have different 

composition ratios for cellulose, hemicelluloses and lignin [48].  Some plant biomasses 

may not contain all these basic components but could contain cellulose, or carbohydrates 

and minerals in form of proteins, vitamins, and metals; these groups are called non-

lignocellulosic biomass [49]. 

2.3. Biomass-derived Carbon and its Conversion Processes  

 Biomass-derived Carbon also known as Biochar are carbon materials that are 

produced from biomass. Biomass Carbon originating from biomass is typically 20-40 % 

of dry lignocellulosic biomass [15, 16]. The conversion of biomass into carbon with a 

high carbon content (greater than 70 %) is important for diverse targeted applications. In 

order to convert biomass into carbon, it must first undergo heat interaction in a controlled, 

inert environment (oxygen-deficient) that modifies its physical and chemical properties 

[50]. The various heat processes include pyrolysis, hydrothermal carbonisation and 

activation, and molten salt carbonisation and activation (MSCA). 
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2.3.1. Pyrolysis 

 Pyrolysis process is a straightforward conversion route for biomass to biochar. 

The pyrolysis of biomass to biochar occurs at temperatures between 300 and 500 ęC 

where moisture, volatiles, and most of the non-carbon hetero-elements in biomass 

(oxygen, hydrogen, nitrogen, and sulfur) are removed with the resultant charred material 

having a high carbon content [40, 51]. During pyrolysis, the gases emitted include CH4, 

H2, CO and CO2 [52], these gases can be used for other purposes, contributing to the 

current trend of reducing carbon emissions. Depending on the operating conditions 

(temperature, residence time, and particle size), the biomass undergoes different reactions 

during pyrolysis [16]. Temperature and residence time are critical process parameters in 

biomass pyrolysis research. These variables may have an impact on the biomass product 

distribution. Temperature influences the structure as well as the SSA and contents of 

heteroatoms (e.g., N, P, O, S) that are natural dopants in the produced porous carbon [53]. 

Though the micro and internal structures and composition of the char also vary in line 

with the complex components of the biomass source [54, 55], the temperature of the 

process has a significant impact on its yield [56]. The fundamental chemical reaction for 

pyrolysis of lignocellulosic biomass is complex and consists of several steps leading to 

end products such as biochar, biooil, and gases. 

There are three major stages in the reaction mechanisms of biomass pyrolysis [57]. 

Biomass Ÿ Water + Unreacted residue  (R1) 

Unreacted residueŸ (Volatile + Gases)1 + (Char)1      (R2) 

(Char)1Ÿ (Volatile + Gases)2 + (Char)2 (R3) 

The char produced by the aforementioned reactions is known as biochar, but needs 

additional processing to become useful since it lacks the ideal porous structures and large 
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SSA are required for particular applications [16, 58]. The drawback for the biochar to 

better functional carbon led to further research such Hydrothermal carbonisation with the 

goal to obtain biochar with superior qualities within a short residence the time and with 

less energy requirement. 

2.3.2. Hydrothermal Carbonisation 

Hydrothermal carbonisation (HTC) of biomass involves contacting the raw 

feedstock with hot, pressurized water. The process is carried out at low temperatures 

between 250 and 350 ęC with a reaction time from 1 to 6 hrs. when compared to pyrolysis. 

Through reactions such as hydrolysis, dehydration, and decarboxylation, gaseous and 

water-soluble products, and solid char are produced [59]. HTC accommodates a broad 

range of feedstocks including wet feedstock sources e.g sugar cane bagasse [60], and 

lignin [61]. The benefit of this method over pyrolysis, which employs dried stock, is that 

it uses wet biomass, saving on the energy costs associated with drying. However, the 

pressured environment for the process is a significant obstacle that needs specialized 

process equipment, making it more expensive than traditional pyrolysis. Though its 

residence time is shorter, research has demonstrated that its residence time is also  

influenced by the biochar application [62, 63]. The biochar obtained from HTC is better 

than that obtained from pyrolysis yet suffers from low porosity and SSA. Therefore, it 

requires further activation which negates the green advantage of the process (especially 

for large surface area carbon applications).  

2.4. Biochar activation to functional (porous) carbon 

The limitations of pyrolysis and hydrothermal carbonisation towards obtaining a 

functional biocarbon led to the development of activation strategies to upgrade biochar 

to porous carbon. Two activation strategies employed are physical carbonisation and 

activation and chemical carbonisation and activation. They are used to improve carbon  
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functionalities [64, 65]. The properties of interest include structural features, SSA, pore 

structure, and surface functional groups, the presence of these catalytic minerals affects 

the reactivity of carbon toward other materials.  These different properties affecting the 

reactivity can be grouped into three categories: 1) The char textural properties related to 

the char porosity and pore size distribution; 2) The char structural properties related to 

the char carbonaceous structure and graphitisation (ordering); 3) The char chemical 

properties related to the surface functional groups as well as the catalytic mineral species 

[66]. Achieving these properties from biomass with a feasible and sustainable route will 

be advantageous to carbon research.  

2.4.1. Physical carbonisation and activation 

 The term physical activation used in the literature refers to both carbonisation and 

activation. The first step is to pyrolyze and carbonize raw biomass in an inert atmosphere 

at temperatures below 750 ęC. In this phase, the majority, if not all, the volatile matter is 

eliminated, leaving char or biochar with a significantly greater carbon content. The 

biochar is then treated or activated at high temperatures (> 900 ęC ) in the presence of 

oxidizing gases such as carbon dioxide, steam, air, or their mixtures to produce carbon 

with a high SSA, variable pore size and volume, chemical inertness, and stability [12, 67]. 

The activation step leads to the formation of carbon with various functionalities, most 

notably an increased SSA of up to 1000 m2 g-1 [33, 68]. It is worth noting that these two 

steps involve not only physical changes but also thermochemical reactions, although the 

term physical activation seems to have been historically misused. Also, the two steps can 

proceed consecutively in the same reaction vessel, for example, a fixed or packed bed 

reactor [68]. Nevertheless, to monitor the process, specifically on a large scale, complex 

process equipment and utilities would be needed, which would certainly increase 

production costs. 
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2.4.2. Chemical carbonisation and activation  

Chemical activation, like physical activation, refers to both carbonisation and 

activation in a single step at temperatures ranging from 700 to 1000 ęC. The  biochar is 

mixed with activating agents such as KOH, NaOH, Na2CO3, MgCl2, H3PO4, and ZnCl2 

before thermal treatment [34]. Chemical activation has several advantages over physical 

activation, including shorter activation times, higher carbon yields, larger porosities, and 

SSA [12]. Chemical activation with KOH, NaOH, and other hydroxides is a common 

method for preparing porous carbon materials with a rich porous structure, particularly 

micropores [69]. Converting walnut shells to carbon, a comparison of physical and 

chemical activation was reported. The results revealed a significant increase in SSA from 

just under 700 m2 g-1 via CO2 activation to approximately 2300 m2 g-1 via KOH activation 

[70]. Carbon functionality from chemical activation appears to be highly dependent on 

the precursor biomass. KOH-activated plum stone was shown to have an ultrahigh SSA 

of over 3200 m2 g-1 [71]. One of the disadvantages of this process is the use of harsh and 

corrosive chemicals, as most of these chemicals have been used in a minimum ratio of 

1:3 or 1:4 for biochar to salt to obtain desired properties [14]. These chemicals, if not 

handled properly, cause corrosion of the reactor.  Also, using acids (HCl, HNO3) to clean 

the carbon from this process may alter its structure and functionality, increasing 

production costs for industrial applications.  

Despite the use of various materials for the process, the concept of physical and 

chemical activation has been misrepresented over the years from the standpoint of 

activation strategies. The carbon structure and texture are affected by chemical reactions 

that occur during the activation reactions of both methods at comparable temperatures. 

On the other hand, chemical activation has been demonstrated to result in better textural 

carbon characteristics, however this depends on the biomass source. The reactivity of 
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metals in chemicals used and carbon is a major factor, especially at high temperatures for 

potassium and carbon. These metals are not present in physical activator materials (steam, 

CO2), which could cause large SSA and pore structure reactions. 

2.5. Molten Salt Carbonisation and Activation (MSCA) 

Molten salt carbonisation and activation (MSCA) is the most recent advancement 

in carbonisation technology; it is unique because of its multifunction and includes some 

diverse technologies like electrochemistry, heat transfer, chemical oxidation/reduction 

baths, and nuclear reactors. All these technologies are linked by the universal 

characteristics of molten salts: can function as solvents, have chemical catalytic 

properties have good heat transfer characteristics (heat capacity), function as a fluid (like 

water), reach remarkably elevated temperatures and can conduct electricity [72].   

In MSCA, carbonisation and activation of biomass occur concurrently in molten 

salt, as does chemical activation, reducing energy consumption. The main difference 

between chemical activation and molten salt carbonization and activation (MSCA) is that 

molten salts can function as:  (1)  catalyst to accelerate the biomass-to-carbon conversion, 

(2) a physical barrier to prevent direct contact and hence reactions between the carbon 

and the atmosphere, and (3) a fluid career for mass transfer, i.e., both the biomass 

reactants and the carbon product, that is crucial in designing a continuous process. 

 In MSCA, the biomass breakdown into gas, liquid, and carbon material using 

molten salt. Most inorganic salts are ionic crystals at ambient temperature, but when 

heated past their melting points, they become the corresponding ionic liquids, or molten 

salts. Molten salts commonly consist of alkali and alkaline earth metal cations and halide, 

silicate, carbonate, hydroxide, and phosphate anions [55, 72]. These salts are used largely 

owing to their availability and low costs [64].  
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 The benefits of molten salts include a wide temperature range of operation, strong 

thermal stability, low vapour pressure, high heat capacity, low viscosity, and good 

solubility for a variety of contaminants. Because of these characteristics, molten salts are 

good reaction media for carbonizing and activating biomass because they enable doping 

of the carbon produced during this process [73, 74]. Molten salts can serve as a pore-

forming agent to prepare porous carbon compounds in addition to serving as a catalyst 

during carbonisation. Molten salts can also efficiently spread and quickly heat the 

biomass (particles) since they are a liquid medium with a high thermal conductivity, 

which helps the catalytic conversion process [73, 75-78]. Also, molten salts uses its 

catalytic properties to promote low-temperature reactions and thus lower activation 

energies for breaking and liquefying biomass molecules [34, 58]. It's interesting to note 

that the use of molten salts as catalysts for hydrocracking of biomass  (molten salt 

catalytic carbonization) began in the 1980s [79], however the research has not followed 

a consistent trend. 

 A feasible hypothesis that can account for the catalytic role of molten salts is that 

the physical changes and chemical reactions occurring during carbonization and 

activation are mostly either endo- or exothermic processes. This means that any pathways 

that can increase the heat supply to or remove from the individual processes will 

accelerate or catalyze the overall process. This is exactly how molten salts can function 

ideally because they are highly efficient heat conductors. This unique thermal property 

of molten salts results from their almost pure ionic nature, liquid state, and high 

temperature. In other words, within molten salt, because of the high mobility of ions, heat 

transfer can proceed via all three pathways, namely radiation, conduction, and convection. 

The benefits of high heat conductivity are particularly important in terms of localized 

heat transfer near the reaction sites on the biomass and biochar (particles).  
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 The ions in molten salts aid in preserving the nanostructure of the carbonaceous 

material obtained. The ions also act as structure-directing agents or modifiers to modify 

the physicochemical composition and microstructure of carbon materials [80-82]. This is 

related to the material's reactivity as the process progresses and the diffusion of ions 

across its components. Moreover, the ions hasten the breakdown of chemical bonds in 

biomass precursors also has an impact on the surface functional group of  carbon and [21]. 

Furthermore, the salt's temperature influences the mobility of ions and, consequently, the 

energy of collisions [83]. This occurs when the salt is above its melting point, therefore 

low melting point salts will be required to reduce the energy requirement for the process. 

 The ability to synthesize functional carbon in a single step, in-situ activation, and 

the inclusion of desired functional groups in the carbon product are three key advantages 

of MSCA over other carbonisation techniques that call for pre-carbonisation and 

activation.  Comparative analysis of MSCA to existing used techniques is shown Table 

2.1. 
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Table 2.1. Processes used to carbonize biomass to functional carbon. 

Process Routes Advantages Disadvantages Carbon Properties 

Traditional Pyrolysis/ 

 

 

High carbon yield greater than 20% of feed input [84]. 

High temperature < 800 -1000 ęC. 

Easy recovery of samples 

Mature process equipment and operating conditions for 

various biomass. 

Carbon is not activated. 

Long residence time (3 to 24 h). 

Multiple process steps. 

Low SSA. 

Carbon is mesoporous. 

Highly disordered Not Graphitic. 

Not doped with atoms. 

Hydrothermal High carbon yield [85]. 

Low temperature (150 - 350 ęC)  [86]. 

Easy sample recovery. 

Mature process equipment and operating conditions for 

various biomass. 

Carbon is not activated and requires 

further activation. 

Long residence time 

(6 h) [87].  

Low SSA [12]. 

Little micropores and large 

mesopores. 

Not Graphitic. 

Doped with heteroatoms (if 

added during the process). 

Molten Salt 

Carbonisation 

Activation 

Single thermal process, 

fast heating rate, 

short residence time 

Salt recyclability challenge. 

Lack of mature operating conditions 

for various biomasses. 

Large SSA [88]. 

Abundant micropores [88]. 

Graphitic in nature. 
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(1-2 h)  [58]. 

In situ activation of carbon samples [88]. 

Doping of heteroatoms (N, P, S) to carbon from salts 

or salt mixtures [89, 90]. 

Salt's low melting point causes low-temperature 

activation of carbon samples [64]. 

Low energy conservation [88]. 

Water-soluble salts can be used for the treatment of 

precursors to carbon and are washed easily [91]. 

The ability to dissolve inorganic materials from waste 

biomass and prepare capacitive storage carbon materials 

[42]. 

Equipment corrosion from the use of 

harsh salts [92]. 

Low carbon yield, but dependent on 

the salt mixture,  temperature, and 

biomass precursor [93]. 

 

Doped with Heteroatoms arising 

from the salt used for the process. 
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2.5.1. Molten Salt Carbonisation and Activation Approaches 

 The general trend of progress in research on biomass conversion to carbon has 

not been consistent for MSCA, despite its many advantages. Though many researchers 

use the generic name molten salt carbonization [34, 38, 94]. A recent review has shown 

that MSCA has two approaches known as the approaches as the ñmixing routeò and the 

ñimmersion routeò [36].  Briefly, in the mixing route, the biomass is mixed with the salt 

first in a designated ratio at room temperature. Then obtained mixture is then treated by 

heating to and kept at a temperature above the melting point of the salt for a given time, 

under a suitable atmosphere. In the immersion route, the salt is initially melted, followed 

by immersion of the biomass in the molten salt under a suitable condition. After a 

designated time of heating, the sample and molten salt may be cooled together, or with a 

proper design, the treated sample can be lifted out of the molten salt which is then ready 

for the next sample treatment (washing with water). The differences in MSCA approaches 

are shown in Figure 2.3 and Table 2.2.  

Table 2.2.  Comparisons of molten salt carbonization and activation approaches 

Parameter Mixing route  Immersion route 

Biomass feed Pretreatment or  

no pretreatment  

No-pretreatment 

State of salt  Solid Molten 

Temperature Not fixed, gradually increased 

to the set target. 

Fixed before biomass 

introduction. 

Biomass to salt ratio Dependent  Fixed salt volume based on 

reactor volume 

Residence (reaction) 

time  

1 to 5 h. 1 to 2 h. 
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Figure 2.3. Illustration of (a) mixing route, and (b) immersion route. (With T>Tm, the 

temperature for carbonisation (T) is greater than salt melting point temperature (Tm)). 

2.5.1.1. Mixing Route 

  This route involves mixing the biomass and salt into a homogenous mixture before 

heat treatment. Once placed in a furnace, the temperature of furnace is increased 
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gradually beyond the saltôs melting point to the set temperature for carbonisation 

(depending on biomass precursor) and kept for the desired reaction time as illustrated as 

shown in Figure 2.3. (a). The biomass may or may not need a pre-treatment, e.g. 

impregnation, and an allowed time for mixing the salt and biomass before heating in the 

furnace to the desired temperature and residence time for the MSCA [34, 94]. The 

reaction kinetics of the conversion process is promoted by the molten salt as the 

temperature rises. This process route can be referred to as salt-temperature dependent 

because salt is used as a catalyst to enhance the conversion and to improve the properties 

of the carbon product but the salt changes form which defies the definition of a catalyst. 

Additionally, as temperature rises, it is possible for salts to change from their initial state 

to one of intermediates or compounds [95, 96], creating room for researchers to 

investigate if the initial state of salt is used as the catalyst or the new salt derivatives are 

responsible for the catalytic effect. There may be interactions between the salt and 

biomass in the solid state before continuing into a liquid phase at elevated temperatures 

when carbonization proceeds as shown in Figure 2.4 for various biomass sources. 

 



25 

 

 

 

Figure 2.4. Illustrations of the mixing method of MSCA (a) ZnCl2  with chitosan [97], 

and  (b) Mixed LiCl and KCl with agaric biomass [94]. 

 According to earlier research from 1992, the mixing route dates to the 19th 

century when the pyrolysis of lignin was studied in the presence of ZnCl2-KCl at 500, 

550, and 600 ęC. Nineteen phenolic compounds were identified. The char yield increased 

with an increasing amount of salt, whilst the gas yield increased with an increase in the 

residence time [79]. In 2012, mixtures of KHCO3 with several biomass powders (Ŭ-

cellulose, xylose, glucose, starch, chitin, and sucrose) were studied in various mass ratios. 

The result was 3D hierarchically porous carbon with a nanostructure of micro, meso-, 

and macropores with high SSA (1893 m2 g-1) attributed to the reaction of biomass with 

KHCO3 at elevated temperatures [98]. This suggests that salt ratio and temperature can 

be used to change the morphology, pore structure, and pore size of carbon. Also, the 

average size of the macropores and the SSA could be controlled by the variation of the 

temperature. However, it has been noted that carbonate salts can be used as a reagent to 
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change the chemical makeup of commercial activated carbon and improve its capacitive 

storage performance [91, 99].  

To create carbon of porous structures with SSA up to 2000 m2 g-1, glucose was 

employed as the model carbon precursor. The oxysalts (KAzOx), which are nonmetal 

elements of H, B, C, N, P, S, and Cl in a mass ratio of 1:1:10, were dissolved in LiCl and 

KCl before being added to the molten salt. Using a ball mill, it was possible to combine 

salts and biomass, and the resulting mixture was heated and kept at 900 ęC for five hours. 

These oxysalts dissolved in molten LiCl-KCl exert a dominating influence on the pore 

formation as well as the two-dimensional growth of the carbons [90]. It proved that added 

salt types may be combined with the base salt to create a complex salt combination that 

was employed to increase the energetics of the redox reaction during the carbonisation. 

Nanostructured graphene was prepared by mixing glucose with metal chloride 

(LiCl/KCl), heating the mixture and keeping it at a temperature between 200 and 800 oC 

for 5 hrs. The increase in temperature resulted in the evolution of diverse microstructures 

in the produced carbon. Glucose to a salt ratio of 1:10 (by weight) at a temperature of 400 

ęC yielded a high carbon content with a 30 % oxygen content. The product showed good 

dispersity in water, in agreement with the presence of a large number of oxygen-

containing groups [93]. The salt accelerated the breakdown of carbohydrates in molecular 

structures, resulting in nano porous carbon with tunable pore size. Furthermore, highly 

mesoporous carbons were prepared from glucose, cellulose, and lignin in eutectic mixture 

of KCl and ZnCl2 at 1000ęC for 2 h. It was shown that the derived carbon from glucose 

with glucose to salt mass ratio of 1:6 exhibited a large SSA of 1297 m2 gī1 and a pore 

volume of 2.727 cm3 gī1 dominated by a mesopore volume of 92.2 %.  The carbon from 

cellulose and lignin also showed high mesoporous proportions in the range of 63.2 to 



27 

 

87.5 % and SSAs greater than 1000 m2 gī1 [20]. This means that the composition of 

biomass precursors will affect the textural characteristics of the derived carbon.   

Crushed peanut shells mixed with ZnCl2 in a ratio of 1:5 biomass, and heated to a 

temperature of 200 °C for 30 min., then 480 °C for 90 min. The presence of salt increased 

the biomass degradation rate. The obtained carbon had a large SSA(1642 m2 gī1) and 

surface functional groups allowing it for efficient use in methylene blue adsorption [64]. 

The derived carbon properties are dependent on salt to biomass ratio and the temperature 

for carbonisation. If salt reacts with components below its melting point, it might be 

interesting to investigate if specific compounds are produced. This is so because biomass 

materials initially breakdown between 150 and 200 ęC, as the melting point ZnCl2 is 290 

ęC. 

The mixture of chitosan and ZnCl2 in a mass ratio of 1:10 was used for the 

preparation of nitrogen-doped hierarchically porous carbon material in a temperature 

range of 400 to 700 ęC for 2 hrs. An optimal temperature of 600 ÁC yielded a carbon 

sample with a high SSA of 1582 m2 gī1, and high nitrogen content of 9.0 wt.% with a 

high carbon yield of 42 wt.% based on the weight of chitosan [97]. Temperature and the 

biomass-to-salt ratio has an impact on the yield of carbon and the characteristics of carbon, 

including the SSA and pore size distribution. The temperature and biomass-to-salt ratio 

affects the carbon yield and properties of carbon, such as the SSA and pore size 

distribution. The decline in SSA at 700 ęC shows that there is an optimum temperature to 

maximize carbon properties using the mixing route of MSCA. A model for temperature, 

salt mixture, and biomass type will help determine optimum process conditions for 

different biomass sources using the mixing route of MSCA. 
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ZnCl2 was impregnated into pinewood chips, banana peels, and pine leaves before 

being carbonised at 500 ęC for 1.5 hours to produce amorphous activated carbons. The 

carbon samples had high SSAs and pore volumes for pinewood chips (1624 m2 g-1 and 

1.16 cm3 g-1, respectively), banana peels (1160.4 m2 g-1 and 0.81 cm3 g-1), and pine leaves 

(1411.8 m2 g-1 and 1.10 cm3 g-1).The carbon samples showed sizable methylene blue 

adsorption capabilities [34]. The inherent composition of biomass is related to the 

variation in their relative SSAs and pore volumes. This result proves one benefit of 

utilising the same salt for different biomass sources for functional carbon, but even 

though the reaction conditions are the same, the characteristics of the carbon samples will 

be affected by the structure and composition of the biomass. 

 In a study, tofu was converted to carbon in a solution of LiCl and KCl to dilute 

LiNO3, which served as the activating agent based on the concept of black powder, which 

is composed of charcoal, an oxidizer such as nitrate, and a stabilizer (sulfur) to allow for 

a continuous reaction, to create porous carbon framework. A carbon with an SSA of 1202 

m2 g-1 was obtained after the carbonization process was completed at 750 ęC for 2 hours. 

The reaction between the biomass precursor and LiNO3 happened more quickly as the 

temperature and LiNO3 concentration increased. Also, when the carbon was consumed, 

the pores grew and caused the thickness of the carbon wall to decrease as well as the 

diameter of the macropores [89]. To increase the surface area and pore volume of carbon 

while keeping its shape, certain oxidizers can be added using the immersion MSCA 

method. This suggests that specific salts and chlorides can aid in the maintenance of the 

sheet shape of carbon during carbonization. 

In molten LiCl-KCl combination, agaric was transformed into thin carbon sheets. 

The ratio of biomass to salt mass ranged from 1:10 to 1:50. With a mass ratio of 1:30 and 

a temperature of 800 C for three hours, the ideal carbon sample was produced [94]. More 
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salt would enhance the qualities of carbon, but too much salt would diminish its 

functionality. Nonetheless, this research showed that it was possible to recycle wasted 

salt. One advantage of employing MSCA for carbon production is that the industrial 

scale-up might incorporate recycling into the facility and lower production costs. 

  A hierarchical porous carbon resembling a honeycomb structure was obtained by 

processing garlic seeds in KOH for two hours at 600 to 800 ęC. With a mass ratio of 1:1 

between KOH and garlic seeds, 700 ęC was the ideal temperature. The carbon has a large 

SSA of 1417 m2 g-1 and average pore sized of 2.44 nm [100]. The optimal temperature 

for the full conversion of biomass to carbon in the presence of salt is indicated by the 

temperature of 700 ęC. While the qualities of the carbon from the same biomass source 

are affected by the salt-to-biomass ratio and heating temperature, it is possible to tune the 

carbon's specific properties for a given application. Nevertheless, this depends on the 

process variables. 

LiCl, KCl, and ZnCl2 salts has been used to produce carbon with significant SSAs 

despite the use of different biomass sources. While ZnCl2 is renowned for its dehydrating 

properties, there haven't been any criteria for selecting these salts and their combination 

up until now. Understanding how ion size, temperature, and biomass composition affect 

reactivity and the process might aid in understanding the synergistic action of these salts. 

Mixing Route Reactions Mechanism 

The mixing route's reaction process is comparable to the known carbonization of 

biomass depicted by reactions (R1-3), with the exception that salt is present, which causes 

faster breakdown of biomass components as temperature rises. Figure 2.5 presents a 

summary of this route's process and response. Prior to starting the main transformation, 

the salt combines with the biomass and intermittent changes occur as seen in Figure 2.5(a) 

because of the progressive temperature rise to achieve activated carbon. If the original 
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salt or new salt forms or compounds are involved in carbonization is still a mystery. 

Researchers will gain more knowledge about the mixing route's reaction mechanism with 

the solution to this query. 

 

Figure 2.5. (a) Schematic diagram for biomass transformation and (b) potential 

carbonization reactions in a mixing pathway [99]. 

Like the recognized pyrolysis of biomass, the reactions depicted in Figure 2.5(b) 

shows the emission of gaseous products. Investigating the process's kinetics and 

thermodynamics might be intriguing, as this will help in figuring out whether salt 

composition and temperature have an impact on the reactivity of biomass components 

and different carbonization reactions. Most existing study focused more on product 

functions than process pathways.  

Table 2.3 gives examples of carbon derived from various biomass sources using 

the mixing route. From table 2.3, derived carbon samples from various biomass sources 

were porous irrespective of salt type and temperature of carbonization which corroborates 

one of the advantages of MSCA. While temperature for MSCA is a factor in the mixing 

route, the ratio of biomass to salt has been revealed to affect carbon properties irrespective 
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of biomass precursor. The application area for the carbon samples has been for the 

adsorption of contaminants and energy storage. 
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Table 2.3. Examples of biomass using the mixing route of Molten salt carbonisation to Functional Carbon 

Biomass Salt Type Temperature  

(ęC) / Time (hrs.) 

SBET  

(m2 gī1) 

Application  Ref. 

Glucose  LiCl/KCl   700 / 5.0 630 Adsorption of organics [93] 

Agaric LiCl/KCl  800 / 3.0 748 Negative electrode lithium battery  [94] 

Banana peels, ZnCl2 500 / 1.5 1160 Methylene blue adsorption [34] 

Tofu LiCl -KCl+ 

LiNO3 

700 / 2.0 1202  Supercapacitor [89] 

pine leaves ZnCl2 500 / 1.5 1411 Methylene blue adsorption [34] 

Garlic seeds KOH 700 / 2.0 1417 Supercapacitor [100] 

Chitosan ZnCl2 600 / 2.0 1582 Supercapacitor [97] 

Peanut shells ZnCl2 200 / 0.5 and  

480 / 1.5 

1642 Methylene blue adsorption [64] 

Pinewood chips,  ZnCl2 500 / 1.5 1624 Methylene blue adsorption [34] 

Biomass powder KHCO3 400 / 3.0 1893 Supercapacitor [98] 
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2.5.1.2. Immersion Route 

In the immersion route, molten salt is the reaction media and heat source for the 

process. The salt is molten and set at the desired temperature for carbonization before the 

introduction of the biomass as shown in Figure 2.4(b). During the process in an inert 

atmosphere, the catalytic capabilities of the salt are maximized in the molten state. In this 

method, liquid salt is utilized to significantly increase the reactivity and reaction kinetics 

of carbonaceous compounds [101]. The mixing approach and immersion route both yield 

more gas than normal pyrolysis, particularly CO and H2 [99].   

The immersion method was first employed in 1992 to pyrolyze two different types 

of lignin using mixes of molten ZnCl2 and KCl at molar ratios of 3:7 and 7:6, respectively. 

While a few gaseous products are released with increased temperature, regardless of the 

type of lignin, the yield of phenolic compounds was measured. The H2O-forming reaction 

was partially slow, confirmed by the significant output of H2. As of the time of the 

experiment, the greatest production of cresols from the solvolysis of lignin was achieved 

at 600 ęC, which is 4.6 weight percent higher than any values published [102]. In a 

different investigation, cellulose and rice stalks in six molten combinations with varying 

contents at temperatures between 400 and 600 ęC (ZnCl2, ZnCl2-KCl, ZnCl2-KCl-CuCl, 

KCl-CuCl, KNO3-NaNO2-NaNO3). The result showed that altering the salt mixture 

changed both the product yield and compound composition. This result explains catalytic 

actions of the ions in the different salt mixes. ZnCl2 increased the biomass pyrolysis 

output of bio-oil to its highest level. Moreover, nitrate salts produced negligible yields on 

bio-oil, showing that they are ineffective salts for the immersion MSCA of biomass. The 

FTIR analysis of the bio-oil produced by this process revealed that complex organic 

substance are generated,  and that the biomass-salt interaction influences the kind and 

quantity of functional groups that are present in the finished product [103]. 
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In 2015, experiments involving the molten salt pyrolysis of milled beech wood was 

conducted with particle sizes ranging from 0.5 to 2 mm. The experiments used a eutectic 

mixture of fluoride, sodium, and potassium chloride salts (FLiNaK) and LiF-NaF-KF and 

carbonates equivalents (LiNaK)2CO3 at temperatures between 450 and 600 ęC. With a 

maximum yield of 34.2 wt.% at 500 ęC and a decline with rising reactor temperature, 

FLiNaK produced the most pyrolysis oil [104]. Since temperature variation had no impact 

on oil yield, the procedure was compared to the quick pyrolysis process. The presence of 

CO2
- ions was the reason why carbonate salts produced more gas than chloride salts. 

Rice stalk to functional carbon was conducted with a ZnCl2-KCl salt solution 

heated to a temperature between 400 and 600ęC. Low temperatures could produce 

functional carbon. For both carbonization with and without molten salt, ZnCl2-KCl may 

significantly enhance the solid, raising it from 30.5% to 65.7% [78]. Temperature, weight 

ratio of carbon precursor to molten salt, and activation time are the three main variables 

that alter the properties of carbon. Notably, the eutectic ZnCl2-KCl mixture for pyrolysis 

may result in the largest synthesis of carbon and liquid, paving the way for salt mixture 

ratio optimization. 

Bamboo shells were carbonised for 1 hour at 850 ęC in molten Na2CO3-K2CO3 

using a nickel mesh basket to hold the biomass. Carbon kept its biomass precursor shape 

during and after the process.  The maintained shape of the generated carbon suggested 

that salt ions only diffused into the bamboo sample during the process. The carbon had a 

pore volume of 0.43 cm3 g-1, an SSA of 843 m2 g-1, and was partially graphitic [35]. The 

research showed that trace metals from biomass precursors could be eliminated, the 

method could be a quick and efficient way to turn waste biomass into materials with 

added value, especially for briquettes, which need to have a specific form as the final 



35 

 

product. The nickel mesh basket was used as a tool for carbon recovery; thus, it should 

be highlighted that its impact on the process was not examined. 

Boiled coffee beans, a common waste biomass, were successfully carbonised for 

1.5 hours in molten Na2CO3-K2CO3 and molten CaCl2. CaCl2 has a great affinity for 

moisture, making it a powerful desiccant. Despite anhydrous CaCl2 is employed, 

hydrolysis of CaCl2 is still significant and the hydrolysis products, i.e., Ca (OH)2 and HCl 

tend to dissolve (Ca (OH)2) in or become released (HCl) from the melts. Moreover, the 

produced Ca(OH)2 easily breaks down into CaO and H2O [21]. Carbon samples from 

molten chloride had higher SSA of 550 m2 g-1 compared to 436 m2 g-1 for carbonates. It 

had a less organized microstructure and had more oxygen surface functional groups. 

when compared to that of carbonated salt. This is one of the advantages of MSCA 

maintaining certain functional groups on the carbon surface and microstructure 

modification [105, 106]. This attested to the fact that anion and cation of salt melt will 

affect the carbon properties despite using the same biomass precursor, giving rise to the 

search for the mechanism of the reaction of biomass for various salt melts. An insight 

that the properties of carbon samples can be tuned with salt type and heating temperature 

using the immersion route is interesting. The difference in temperature for comparing 

both salts could be a factor that could affect carbon properties, as research has shown that 

temperature is a key factor in biomass carbonisation A critical investigation using the 

same process condition should be conducted, though differences in the melting point of 

various salts will be a challenge to achieving that.  

Different Chinese firwood feeds of powder (L = 0.09 mm), small (L = 1.0 cm) and 

large (L = 2.0 cm) woodblocks were treated in the molten eutectic mixture of Na2CO3 - 

K2CO3 at 850 ęC for 1 hr. Firewood samples were protected with nickel foam when 

immersed in molten salt. The work revealed that the salt could help the as-prepared 
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carbons to keep the shapes of the precursors, irrespective of the sizes. This result shows 

that the conversion process involves solid-to-solid and solid-to-gas conversions. 

Decreasing the size of the raw materials from 2 to 0.09 cm, the SSA of the resultant 

carbons increased from 215 to 818 m2 gī1, and the specific pore volume increased from 

0.10 to 0.44 cm3 gī1 [80]. This reflects that the immersion route of MSCA is a diffusion-

controlled process. As the biomass and salt ions interact at such a high temperature there 

is a release of volatile materials. The increased salt and biomass contact for smaller 

particles enhances a faster release.  

 In 2019, carbonization of soybean straw in molten KOH was reported. The 

soybean straw was compressed into tablets, wrapped in nickel foam, and heated for one 

hour at 800 ęC in the KOH melt. The resulting porous carbon had a distinct beehive-like 

structure, with SSA of up to 1615 m2 g-1, and displayed graphitic structures [88]. The 

remarkable fluidity of molten salt resulting from its melting point was thought to be 

responsible for the carbon characteristics.  

 This early attempt at KOH might be related to its low melting point of 360ęC and 

reactivity, the low melting point of salt will lower the amount of energy needed to make 

the salt molten. It is necessary to investigate the vigorous bubbling seen after immersion, 

which is depicted in Figure 2.6(A), to see if it is a tendency seen with other forms of salt 

or unique to KOH. This is to discover whether the bubbling would produce gases, as these 

gases may either be beneficial for pore creation or could change the carbon's 

characteristics. The physicochemical activation, expansion of the carbon lattice, and 

further increase of the surface area and porosity of the carbon materials were all caused 

by the intercalation of K+ ions into the biomass components during the process. 

Research has shown that the immersion technique employing molten KOH produces 

porous carbon within a short residence time, and this method merits further study. 
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Figure 2.6. Illustration of biomass evolution in molten KOH (A), SEM pictures of carbon 

samples (a and b), and Nitrogen adsorption-desorption isotherms of the produced carbon 

materials (c) following pyrolysis of soybean straw in KOH molten salt at 800 ęC for 1 

hour. The carbon pore size distribution is shown in (inset in C),  TGA and DTA curves 

(d) ( www.tandfonline.com) [88]. 

 Undoubtedly, using KOH in the immersion route of MSCA would be an 

advantage for short residence time. However, various volatile gases are generated 

because of the reaction between KOH and carbon at elevated temperatures. These volatile 

gases, including metal K (vapour), CO, CO2, H2, and H2O lead to the formation of 

abundant micropores but threatens the safety of the reactor because of the strong 

http://www.tandfonline.com/
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corrosiveness of metal potassium (K). Therefore, less corrosive salts need further 

investigation using the immersion route toward industrialization.  

Immersion Route Reaction Mechanism 

 In the immersing route, the biomass and the molten salt are in direct contact, 

forming dynamic solid/liquid interfaces. The salt diffuses into the biomass structure while 

different reactions occur at the high working temperature [88, 107]. Figure 2.7 shows the 

schematic representation of reactions in the immersion route. These reactions form a 

closed cycle but are experimentally difficult to separate because they are kinetically fast, 

as evidenced by the observed bubbling effect during the biomass pyrolysis in molten 

KOH, and at least some of which occur simultaneously [88, 107].  

 

Figure 2.7. Illustration of potential responses along the immersion route. 

 

A mechanism using carbonates salts and biomass has been proposed as given in equations 

(2.1 ï 2.6). The reactions using other types of salt will be quite interesting to investigate 

with the relevant thermodynamic properties to understand the reactions better. 



39 

 

ὓὅὕ ς ὙὅὕὕὌOς ὙὅὕὕὓὌὕ ὅὕ      2.1 

ὓ  ὅὕὕὌO ὅὕὕὓ Ὄ         2.2 

ὓ  ὕὌO ὕὓ  Ὄ                            2.3 

Ὄὕ ὅ ὓὅὕ ὅὕ  Ὄ           2.4 

ὅὌὕᴼὅ Ὕὥὶὅὕ Ὄ ὅὌ ὅὌ    2.5 

ὅὕ ὅᴼ ὓὅὕ ςὅὕ     2.6 

Where M is a metal, either lithium, sodium, or potassium. 

 Examples of carbon obtained from various biomasses using the immersion route 

have shown high SSA and used for various applications as summarized in Table 2.4. 

From Table 2.4, KOH salt is seen to yield a carbon with the highest  SSA of 1615 m2 gī1  

[12] compared to other salts which have been reported for the immersion route using a 

similar temperature range. This result shows the effectiveness of KOH as widely used for 

biochar activation. The residence time for carbonisation is short compared to the mixing 

approach (Table 2.2) showing the reaction and activation in KOH are rapid processes. 

The carbon from the immersion route is capable of capacitive charge storage and has 

been employed mostly in electrochemical supercapacitors. More application areas for this 

porous carbon need further investigation such as wastewater treatment, air purification, 

hydrogen storage, gas separation, and heterogeneous catalysis. 
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Table 2.4. Examples of the immersion method of molten salt carbonisation for converting biomass to carbon 

Biomass Salt Type Temperature (ęC) 

 / Time (hrs.) 

SBET  

(m2 gī1) 

Application Ref. 

Peanut Shell Na2CO3- K2CO3 850/ 1.0 408 Supercapacitor 

 

[42] 

Boiled coffee 

beans 

Na2CO3- K2CO3  800/ 1.5 436  Supercapacitor 

Electrocatalytic Activity 

Oxygen Reduction 

[21] 

Boiled coffee 

beans 

CaCl2  850 / 1.5 550 Supercapacitor 

Electrocatalytic Activity 

Oxygen Reduction 

[21] 

Chinese firwood Na2CO3- K2CO3 850 /1.0 818 Supercapacitor [80] 

Bamboo shells Na2CO3- K2CO3 850 /1.0 843 Supercapacitor [35] 

Soybean Straw  KOH 800 / 1.0 1615 Supercapacitor [88] 
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2.5.2. Benefits of Molten Salt Carbonisation and Activation  

MSCA of biomass material occurs in a single-stage thermal process leading to a 

functional carbon. This process reduces the multistage process of existing methods that 

produce char before char activation. In this procedure, the synthesis does not involve 

harmful substances, and the salt can be easily removed and recycled (depending on the 

salt type). Also, there is no need to purify carbon samples derived from excess chemicals 

as the salts involved are water-soluble; this could drastically reduce the production cost 

of carbon materials. These benefits show MSCA process is a green, sustainable, and 

scalable process. 

2.5.3. Challenges of Molten Salt Carbonisation and Activation 

Despite the benefits and advantages that salt carbonisation and molten salt 

carbonisation offer, there are some challenges. The cost and high amount of salt used for 

the process, efficient salt recovery (non-soluble) system after the process. Purification of 

samples with non-water-soluble salt is not easily achievable and an elevated temperature 

for single salt with a high melting point temperature is a challenge.  

2.5.4. Research gaps 

Till now, the detailed mechanisms of both the mixing and immersion same biomass 

precursor at various operating conditions (salt mixtures, temperature, and residence time) 

are yet to be investigated. This gives room for researchers to investigate if both 

approaches with the same biomass precursor, temperature, residence time and salt 

mixture will yield carbon with comparable properties.  

Reduction for salt used for the process to the barest minimum while achieving the 

porous carbon from biomass needs further investigation. This could be dependent on 

feedstock, salt type or salt mixtures. 
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The temperature for the MSCA approaches and their effect on the carbon properties 

has not been investigated using the same type of salt and biomass precursor. This creates 

the need for optimization of temperature for salt type and carbon properties application. 

This requires temperature optimisation for salt type and carbon properties application. 

The effect of residence time has not been studied for MSCA for either approach. 

The effect of residence time for the MSCA needs to be investigated at the best 

temperature and the properties on carbon for its applications.  

Research on mixing of different biomass precursors in various salt mixtures to 

produce optimum functional carbon materials needs to be investigated. As most biomass 

sources occur as mixtures, therefore the type of salt melt could affect the structure and 

functional group of the biochar irrespective of precursor thereby affecting the final 

application. 

 The dimension of protecting the biomass with nickel foam before the carbonisation 

process using the immersion approach was seen in this review. Further investigation 

needs to be conducted as understand if nickel foam plays a role in the carbonisation 

process, as nickel has been proven to be a catalyst in biomass gasification. Also, if it can 

be replaced with other materials that could be used for biomass protection during the 

carbonisation process.  

This research will focus optimization the mixing approach to produce carbon from 

various biomass sources with great interest in certain properties such as specific surface 

area, pore structure, and pore-size distribution to be an electrode active material in an 

electrochemical double-layer capacitor while considering some of the gaps revealed. 
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2.5.5. Novel Approach of Molten Base Carbonisation and Activation (MBCA)  using 

Wet Biomass 

Understanding that MSCA is an ion diffusion process coupled with temperature 

change explains why so much salt is needed to achieve biomass components and ions 

reactivity at specific temperatures. Therefore, a certain level of viscosity in the molten 

salt is needed for the mobility of ions. To overcome this high amount of salt or reagent, 

a novel concept is introduced in this research. This research proposes using wet biomass 

to solve the challenge of high salt in MSCA with a low-cost precursor to achieve porous 

carbon. Figure 2.8 illustrates the concept of wet biomass introduced in this research. 

Biomass in its wet state is hydrophilic and very receptive to structural changes. Its 

wet nature has high polarity and high permeability that allows the exchange of materials 

(ions and moisture) across the components (chemical composition). Thus, its inherent 

moisture and polar state are maximised to ease the diffusion of ions into the biomass 

structure, to achieve effective ion and biomass components (lignin, hemicellulose, and 

cellulose) interaction with a minimal amount of reagent. Furthermore, the combined 

polarity enhances the depolymerization of large molecules into lower molecular 

compounds. The breakdown of biomass monomers through cleavage bond breaking and 

nucleophilic addition, dehydration, decarboxylation, and recombination of reactive O- 

species for carbonization prior to drying. 

From Figure 2.8(A), subjecting wet biomass to heat treatment causes the 

components to become tightly packed, and its polarity induced by moisture is lost. In 

Figure 2.8(B), the wet state allows many ions to be contained within the biomass 

compared to the dried state. The increased contact between biomass components and salt 

ions shows that diffusion of ions occurs in wet biomass faster because of the presence of 

water, which allows the ions to become more active. 
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Figure 2.8. Schematic representation of the novel concept (a) structural changes of 

biomass components with respect to drying and salt infiltration (b) illustration of ion 

infiltration into biomass structure for dried and wet biomass. 

 

There is a tendency for the wet biomass to form different compounds upon reaction 

with the reagent before being subjected to elevated temperature. These new compounds 

will change the existing MSCA pathway to a new pathway regarded in this research as 

molten base carbonisation and activation (MBCA). 
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The term MBCA is derived from the organic base compounds and other base 

moieties during the thermal decomposition of the infiltrated biomass. A representation of 

the process flow sheet for this novel route is shown in Figure 2.9.  

 

Figure 2.9. Schematic representation of the novel mixing route used in this research. 

 From Tables 2.3 and 2.4, the predominant application area for MSCA derived 

carbon of has been in supercapacitors. Therefore, it is important to understand the 

concepts of electrochemical double layer capacitor and its mechanism.  

2.6. Electrochemical Double Layer Capacitors 

Electrochemical double-layer capacitors (EDLCs) or ultracapacitors are high-

power electrochemical energy storage devices. It is used to deliver energy in various 

applications such as memory backup units, auxiliary power, power systems and transport 

systems [38, 108-110]. They store energy electrostatically on the surface of the active 

material without involving any redox reaction[4]. It has attracted a lot of research interest 

due to its power density. The EDLC devices achieve charging and discharging through 

simple adsorption and release of ions without involving any redox reaction while the 

battery involves the faradaic transfer of electrons [111]. Most EDLCs are known to 

display high cycling efficiency (~98%), enhanced power density (1000 ï 1500 W kg-1 ) 
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and excellent cyclability (~10000 cycles) depending on the composition of the device 

[22].  

Although the EDLCs store energy based on electric double-layer capacitance from 

charge accumulation on the surface of both electrodes without any charge transfer. There 

is also a system whereby the supercapacitor stores energy through rapidly reversible 

redox reactions on the electrode surface which is called Pseudo capacitance [4, 111, 112]. 

Pseudo capacitance occurs when the carbon in the electrode has functional groups that 

enhance redox reactions, which create chemical and electrochemical interactions with 

electrolytes in the cell resulting to increase in the capacitive performance of the capacitor. 

2.6.1. Components of EDL Capacitors 

 As seen in Figure 2.10, the EDL capacitor consists of two electrodes (Positrode 

and Negatrode) submerged in an electrolyte and separated by a permeable membrane. 

The electrodes are constructed of high-conductivity materials like carbon black and 

activated carbon as the active material mixed with a polymer binder. Polymer binders 

include polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF). Carbon in 

its many forms, including activated carbon (AC), carbon fiber-cloth (AFC), and carbon 

produced from carbides, is the most often utilized electrode material for supercapacitors 

(CDC) [3], carbon aerogel, graphite (graphene) [113], graphene and carbon nanotubes 

(CNTs), carbon nano fibres [114].  
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Figure 2.10. Electrochemical double-layer capacitor with its components. 

Notably, the following are major characteristics for activated carbon to be an 

excellent electrode active material.  

1. A carbon material with a high SSA will have adequate space for charge storage, 

especially for an EDL capacitor, due to the material's specific capacitance and 

energy density [115, 116]. The ability of carbon materials to store energy is not 

correlated with their surface area. This is because an increase in SSA may limit 

some pores and prevent the ions from using certain channels [91, 117, 118].  

2. Carbon materials with  appropriate pore size distribution, different pore sizes and 

pore structures will dominate the storage mechanism. The right micropores and 

mesopores would help ion diffusion promotion, enhance supercapacitorsô rate 

performance, and power density. A pore size of about 2 nm on average 

(Micropores) contributes to capacitive behaviour, while the mesopores (2 - 50 nm) 

supply the interconnection channels for ion transfer and macropores (larger than 

50 nm) are a buffer for ion concentration gradient [119-121]. 

3. Excellent electrical conductivity: The electrical conductivity of carbon materials 

helps the transportation of ions or electrons during the discharge and charge 
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process. Graphitised carbon, which has more sp2 hybridisation carbon, will have 

a better conductivity [122, 123]. The degree of graphitization is also essential for 

the electrochemical characteristics of carbon materials derived from biomass, 

including internal resistance, rate capability, power delivery, and energy 

efficiency. Enhancing active carbon's graphitization encourages the electrode's 

surface hydrophilicity in an aqueous electrolyte, speeding up charge transport and 

ion diffusion [124]. 

4. Carbon materials with favourable surface properties and  surface functionalities 

affect capacitance and storage mechanisms [22]. During the charging and 

discharging process, the functional group on the electrode surface will react with 

the electrolyte, improving the capacitance performance of the devices [91].  

With the electrode material being a key part to achieving an excellent device, 

research interest in electrode active material has grown with a focus on optimizing 

electrode material that is cost-effective, environmentally friendly, renewable, and 

sustainable. A carbon material that fits these abovementioned characteristics from a 

cheap precursor, sustainable and environmentally friendly process route will be an 

advantage for electrochemical energy storage.  

Furthermore, the electrolyte is another critical component of the EDL capacitor, as 

it determines the voltage window of the device. A combination of positive and negative 

ions that have been dissolved in a solvent make up the electrolyte. Aqueous, organic, and 

ionic liquids are a few examples of electrolyte types [4]. Acidic, alkaline, and neutral 

electrolytes are the three main subgroups of aqueous electrolytes. Research on EDL 

capacitor often makes use of KOH and H2SO4  [125]. The high conductivity, cheap cost, 

thermal stability of aqueous electrolytes and their use for assembly in any environment 

makes them appealing as well. Comparing aqueous electrolytes to organic and IL 
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electrolytes, aqueous electrolytes have a higher conductivity. A lower equivalent series 

resistance (ESR) results from the strong ionic conductivity of the electrolytes in an EDL 

capacitor. With quicker charge and discharge stages, it offers a greater power density in 

an EDL capacitor. However, because of the narrow 1.2 V, the working voltage of 

aqueous-based EDL capacitors is quite low. This is constrained by electrolysis of the 

water-based solvent. 

Conducting electrical currents from each electrode is made possible by current 

collectors. Current collectors are made of metal foil or polymer-coated carbon. Its low 

price, toughness, and stability in organic and IL electrolytes, aluminium is most often 

used as a current collector for EDL capacitor [126]. Nickel foils, copper, platinum, and 

stainless steel are some other popular collectors. It should be mentioned that the strong 

chemical resistivity and electrolyte activity of current collectors are key factors in their 

choice for EDL capacitor. It is critical to choose a separator that will support good ionic 

conductivity and ion movement throughout the charge and discharge process while 

preventing self-discharge and any chemical reaction with electrolytes. 

2.6.2. Electric double layer mechanism   

In an EDLC, the charging process starts with voltage applied across the electrodes. 

The positive electrode attracts the negative sign of the electrolyte ions and charges 

accumulate on the surface of the electrode, while the negative electrode attracts positive 

electrolyte ions. One electronic layer lies in the surface lattice structure of the electrode, 

while the other, of opposite polarity, appears from dissolved and solvated ions in the 

electrolyte. These two layers of charges make up the electric double-layer mechanism. 

Between the two layers is a monolayer of solvent molecules known as the inner 

Helmholtz plane (IHP) (Figure 2.11). The idealized solvent can be thought of as a 

molecular barrier that physically binds to the electrode's surface and separates the 
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oppositely polarized ions from one another [117]. Solvent molecules adhere by physical 

adsorption on the surface of the electrode and separate the oppositely polarized ions from 

each other and can be idealized as a molecular dielectric. In the process, there is no 

transfer of charge between the electrode and electrolyte, so the forces that cause the 

adhesion are not chemical bonds, but physical forces, e.g., electrostatic forces. While the 

interfacial area between the electrolyte ions and the electrode determines how much 

energy can be stored [119, 127]. The electrolyte ions typically disperse throughout the 

separator and adhere to the outside of the pores of the electrode's active materials. To 

increase storage ability, electrode materials must have a high specific surface area and 

suitable hierarchical porous structure (fitting the size of the electrolyte ion). 

 

 Figure 2.11. Helmholtz model for EDL capacitor.  

2.6.3. EDL Capacitor Configuration and Performance  

EDL capacitor performance evaluation is conducted in either a two-electrode or a 

three-electrode setup. Three-electrode is usually assembled for research to study the 

electrode material in the working electrode. In contrast, the two electrodes are used to 

study the cellôs performance using the electrode material (practical application). A 
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representation of both sets up is shown in Figure 2.12. Typically, the working electrode 

is composed of inert substances like glassy carbon, platinum, or gold with active carbon 

material deposited on it. In contrast, the counter electrode measures the potential of the 

working electrode without taking part in the electrochemical process [128]. To prevent 

limiting the kinetics of the electrochemical reaction as the current flows between the 

working and counter electrodes, the total surface of the counter electrode is typically 

higher than that of the working electrode. The working electrode has a consistent 

potential window provided by the reference electrode. Without letting current to go 

through, it enables the measurement of the potential of the working electrode. 

 

Figure 2.12.  Electrochemical double layer capacitor configuration (a) Three-electrode, 

and (b) two- electrode.  

Due to the absence of resistance (separator, and other components) in three-

electrode setup, the capacitance measurement for three-electrode cells is typically higher 

compared to two-electrode cells. The assessment of two-electrode cells accurately 

captures the performance of EDL capacitors in industrial applications and in everyday 

use, despite the lower capacitance value. Equation 2.7 shows how to divide the specific 



52 

 

capacitance (Csp) of the three-electrode cell by the mass (m) of the active electrode 

material to determine the specific capacitance of a single electrode (Ce).  

ὅ                                   2.7 

For the symmetric two-electrode, which is equivalent to a practical EDLC, the total 

capacitance (Ccell) can be derived using Equation 2.8. 

 
  

                                 2.8 

If the mass of each electrode in the symmetric two-electrode cell is identical, 

equation 2.8 can be used to find the relationship between the capacitance of the two-

electrode cell and a single electrode measured in the three-electrode configuration. using 

equation 2.9. 

 
 
                                          2.9 

By considering the specific capacitance of each electrode to be identical, the 

specific capacitance (Ccellsp) of two-electrode cells is given by equation 2.10. 

ὅ                                                  2.10 

By comparing equations 2.9 and 2.10, the specific capacitance of a three-electrode 

system is 4 times of a two-electrode cell [4] as in equation 2.11. 

ὅ τὅ                                               2.11 

In this work, a two-electrode EDL capacitor was assembled to reflect the actual 

specific capacitance of the cell as a commercial device, and a three-electrode EDL set up 

was employed to further investigate the material behaviour for the best carbon sample. In 

research and industry, various metrics are used to assess carbon performance as electrode 

active material in EDL capacitor. They include cyclic voltammetry (CV), galvanostatic 

charge and discharge (GCD), and electrochemical impedance spectroscopy (EIS).  
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2.7. Current trends on biomass derived carbon and their performance in EDL 

Capacitors 

Carbon as electrode active material in EDL capacitors and their results are shown 

that are shown in Table 2.5. 
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Table 2.5. Electrochemical performances for various biomass-derived carbons used as supercapacitor electrodes. 

Biomass resource  BET 

(m2 g-1) 

Activating 

agent 

Specific 

capacitance 

(F g-1) 

Measurement 

condition 

Electrolyte Reference 

Cotton seed Husk 1694 KOH 238     0.5 A g-1 6 M KOH [129] 

Soya bean Straw 1615 KOH 140 10 A g-1 1M H2SO4 [88] 

Sugar cane bagasse 2905.4 KOH-Urea 302 1 A g-1 6 M KOH [130] 

Miscanthus 3024 KOH 110 50 mV s-1 1M 

TEMABF4/PC 

[131] 

Green tea waste  342 KOH 162 0.5 A g-1 6 M KOH [132] 

Tobacco Stem 1749 HF 167   5 mV s-1 1 M Li2SO4 [133] 

Pinewood 2207 KOH, HCl 146  1 A g-1 1 M 

TEABF4/AN 

[134] 

Sawdust  1869 KCl-KOH 286  1 A gī1 6 M KOH [38] 

Banana Peels  1358 Nitrogen-

Doped 

186   5 mVs-1 6 M KOH [135] 
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From Table 2.5, the use of KOH for carbon activation has been the trend due to its 

reactivity with carbon to yield pores within the carbon matrix. There is no correlation 

between SSA and the specific capacitance of carbon samples. This proves that the carbon 

specific capacitance depends on the carbon and energy content of the biomass precursor.  

2.8. Selected Biomass Sources 

For this research, two plant-based biomass, Moso bamboo shoots (Phyllostachys 

edulis) and Radish (Raphanus sativa) sources were selected based on their composition 

(Moso bamboo shoot is lignocellulosic, and Radish is non-lignin cellulosic), carbon content, 

and mineral composition. Also, their short maturity cycle allows for sustainability, fast 

regeneration, and possibility of creating a supply chain around their cultivation to maximize 

carbon production. Also, these biomasses have high water content which causes them to 

easily degrade, causing environmental pollution because decomposition leads to greenhouse 

gas emissions if not managed properly. 

2.8.1. Moso bamboo shoots (Phyllostachys edulis)  

Bamboo is one of the fastest-growing plants on the planet, especially in China and 

other Asian counties (Figure 2.13). One of the nations with the most plentiful bamboo 

resources worldwide is China. In China, there are 39 genera and around 500 species of 

bamboo [17]. A total of 6 Mha in China is covered with bamboo forests, of which 74% are 

Moso bamboo [18]. In addition, Moso bamboo forests have a significant ability for 

sequestering carbon, making them a crucial part of the carbon neutrality process. The carbon 

sequestered and stored in growing bamboo, may give off as emissions if the bamboo-to-

product process is not handled effectively [136].  The characteristics of bamboo, such as its 

green growth, lignin, hemicellulose, and cellulose, good structure, and sustainable 

harvesting, have enhanced the variety of its products [136].  Raw bamboo shoots have 

cyanogenic glycosides and natural toxins.  The estimated yearly dry weight of bamboo 
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shoots in China as agricultural waste is 22 million tons. As a result,  majority of its resources 

are wasted and the environment is polluted arising from decomposition and burning [137]. 

Thus, it would be a valuable feedstock for high-value products with a variety of applications, 

such activated carbon. 

 

Figure 2.13.  Fresh Moso Bamboo shoots. 

 

2.8.2. Radish (Raphanus sativa) 

Radish (Raphanus sativus) a member of the Brassicaceae botanical family, is grown 

in Europe, Southeast Asia, and South America. It is a form of winter cultivation that is also 

suited to moderate tropical and subtropical regions [138]. They are occasionally planted as 

companion plants because of their quick germination and rapid growth, which is typical of 

smaller types like the white one in Figure 2.14. Moreover, it grows quickly; although larger 

daikon types take many (2ï4) months to reach harvestable size, this variety is ready for 

consumption in just one month [139]. One of its benefits as a sustainable carbon source is 

for regions like Africa where it is not used as a food source, but often regarded as a weed 

and  may function as a host for a variety of pests and diseases affecting cruciferous crops. It 

is used for animal nutrition, covering pastures, improving soil fertility, and rotating crops 
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[138, 140]. Furthermore, the storage facility for radish needs a temperature of 0 ęC [141] 

which is not easily achievable for rural farms.  

 

Figure 2.14.  Fresh white Radish tubers. 

 The untapped potential of fodder radish beyond improvement of soil quality will be 

exciting research to investigate its carbon potential. Radish was chosen for this study to 

examine non-lignin-rich biomass sources for the carbon property. Also, its short maturation 

period will allow for sustainability and ongoing application.  

2.9. Reagents used for research.  

2.9.1. Potassium hydroxide 

 Potassium hydroxide (KOH) is an inorganic substance with the formula KOH. It has 

been used for diverse applications. In carbon materials research, KOH has been used as an 

activator for char to tune the pore structure. In this research, KOH was chosen for the molten 

base carbonisation and activation, based on its low melting point of 360 ęC to allow for 

biomass components and ion reactivity. Secondly, it was used for making the electrolyte 

used for evaluating the fabricated EDL capacitors. Also, this reagent is used for the industrial 
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comparison conducted based on its existing use on the industrial scale for the activation of 

biomass to activated carbon.  

2.9.2. Sodium hydroxide 

  An inorganic substance having the formula NaOH is sodium hydroxide, sometimes 

referred to as lye and caustic soda. It is an ionic white solid chemical made up of the sodium 

cations Na+ and the hydroxide anions OH- and its melting point is 323 ęC. It is used in this 

study to compare the role of cations in molten base carbonization and activation process. 

2.9.3. Lithium  hydroxide 

Lithium hydroxide, which can be either hydrated or anhydrous and is a white 

hygroscopic solid in both states, is an inorganic chemical having the formula LiOH. Lithium 

hydroxide is the least potent alkali metal hydroxide known to science. It has a melting point 

of 462 ęC. It is used in this study to compare the role of cations in molten base carbonization 

and activation process. 

2.10. Chapter Summary 

Detailed literature review of molten salt carbonisation and activation (MSCA) of 

biomass to porous carbon has been revealed. MSCA has two approaches: the mixing and the 

immersion approach. The two approaches for carbonizing biomass in molten salts employ 

various mechanisms because of the temperature-related degradation of precursors and salt 

melt temperature. The immersion strategy has a shorter residence time than the mixing 

approach. Both carbonisation and activation procedures are quicker than conventional 

methods. Using MSCA, temperatures as low as 500 ęC can be used to obtain porous carbon 

through a single thermal process depending on the salt mixtures and biomass type. In contrast, 

most biomass precursors turn into gases at above 700 ęC. The operating circumstances 

influence the carbon samples from both processes, which influences the intended use. The 

carbon from molten salt carbonisation and activation has been used most extensively in 
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energy storage (electric double-layer capacitors). Using biomass-rich carbon sources to their 

fullest potential and lowering the possibility of environmental damage from biomass are both 

benefits of conversion of biomass to carbon. 
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CHAPTER 3: METHODOLOGY  

3.1. Introduction  

The experimental design, method, and analytical analysis employed for this study is 

presented in this chapter. Section 3.2 introduces the materials and chemicals used for the 

research. In section 3.3, the biomass carbon precursors are highlighted. Section 3.4 details 

the analytical methods used to characterise biomass and carbon samples. Section 3.5 presents 

the experimental setup for the molten base carbonisation and activation (discussed in section 

2.5.1.1. of chapter two). Section 3.6 gives the critical process parameters for molten base 

carbonisation and activation. In section 3.7, the process for fabricating the electrodes and 

assembling the symmetric two-electrode coin EDL capacitor is described, while the 

electrochemical metrics used to evaluate cells performance is given in Section 3.8. 

3.2. Materials and Chemicals 

The list of materials and chemicals used in this research are presented in Tables 3.1 

and 3.2 respectively.  

Table 3.1. List of materials 

Material  Designation Vendor 

Moso bamboo shoots Raw form (unprocessed) Ningbo Local Market, China 

Radish tubers Raw form (unprocessed) Ningbo Local Market, China 

Activated carbon Kuraray YP50F Canard China 

Carbon black Super P Aladdin Biochemical     

   Technology Co., Ltd. 

Glass microfiber filters GF/D Whatman, USA 

Argon 99.999 % purity Local Vendor in Ningbo 
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Table 3.2. List of chemicals 

Chemical name Formula and Purity (% wt.)  Vendor 

Potassium hydroxide KOH (> 98.0 %) CS 

Sodium Hydroxide NaOH (> 98.0 %) CS 

Lithium Hydroxide Monohydrate LiOH. H2O (> 98.0 %) CS 

Lithium Sulphate Li 2SO4 (> 99.0 %) CS,  

Polyvinylidene fluoride (PVDF) (> 99.0 %) ABT 

N-Methyl-2-pyrrolidone (NMP) (> 98.0 %) ABT 

Alcohol  C2H5OH (> 98.0 % wt.) CS,  

Tetraethylammonium 

tetrafluoroborate 

C8H20BF4N (99.0 %) ABT 

Acetonitrile CH3CN (99.0 % wt.) ABT 

* CS: China Sinopharm Co., China. SA: Sigma Aldrich. ABT:  Aladdin Biochemical     

   Technology Co., Ltd. 

3.3. Biomass (carbon precursors) 

Moso bamboo shoots (Phyllostachys edulis) (lignocellulosic) and Radish 

(Raphanus sativa) (non-lignocellulosic) were selected to study their carbon properties 

via molten base carbonisation and activation (MBCA). Both samples were dried to obtain 

their pristine dried powder, another set of dried powder mixed with base were also prepared 

and was used to compare the process of MBCA using the wet biomass.  

3.4. Analytical methods 

3.4.1. Ultimate Analysis  

Carbon content in biomass precursor and derived carbon is important. Thus, ultimate 

analysis was done to determine the elemental composition (carbon, hydrogen, nitrogen, and 

sulphur concentrations) of biomass before the production of porous carbon. In this process, 
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samples are sent to rapid combustion about 1200 ęC, subjected to fast combustion while N2, 

CO4, H2O, and SO2 are produced as the samples are burned. The generated gases were 

collected using an adsorption tube, separating the components before the thermal 

conductivity detector picks them up. 

An organic elemental analyser (Unicube, Elementar, Germany) was used in this study 

to analyse the elemental composition of biomass and carbon to estimate the percentage 

composition (%) of the elements (C, H, N, and S). 3ï5 mg of various samples was weighed 

and sealed in a tin sample boat for analysis. To keep consistency throughout the procedure, 

standard blank sample was applied intermittently. The average test result was used for 

analysis after each sample underwent three separate tests. The inability of elemental analysis 

to directly detect oxygen from materials is a drawback. The percentage composition of 

carbon, hydrogen, nitrogen, and sulphur was retrieved directly from the analysis, while the 

oxygen content was calculated by difference. 

/ Ϸ  ρππ ɀ #  .  (  3 Ϸ     (3.1) 

3.4.2. Proximate analysis 

The moisture content, volatile matter (VM), fixed carbon (FC), and ash content of 

biomass samples were all analysed. Based on calculations made using experimental data 

from the VM and ash, the FC content was determined. Using 1 g, each sample was measured 

into a crucible and tested three times.  

¶ Moisture content: The moisture content of a sample is the amount of mass (water 

and other light materials) lost during the drying of the sample at 105 ęC to constant 

mass. The moisture content in the precursor samples was determined following the 

ASTM E 1756 method described below: 

a) For each sample, a clean beaker with lid was marked and placed in the drying 

oven at 105 ęC for one hour. The containers were cooled to room temperature in the 
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desiccator. 

b) Each beaker was weighed on the analytical balance to the nearest 0.1 mg. The 

mass was recorded as the tare mass, Mt. 

c) In the dried beaker, 1.0 g of sample was added, and the mass of the sample plus 

beaker was recorded as the initial mass, Mi. 

d) The beaker with the sample was placed in the drying oven at 105 ° 2 ęC for 12 hrs 

(overnight). Then the sample was allowed to cool to room temperature in a 

desiccator. Each sample was weighed to the nearest 0.1 mg and this mass was 

recorded. After weighing, the samples were returned to the drying oven at 105 ęC for 

1 h, cooled again in the desiccator, and weighed recorded again. This step was 

repeated until the mass of the samples varied by less than 0.3 mg from the previous 

weighing. This mass was recorded as the final mass, Mf. 

The percent moisture content in the sample was calculated as follows: 

-ÏÉÓÔÕÒÅ ÉÎ ÓÁÍÐÌÅȟϷ  ³ ρππ     (3.2) 

where: M t = tare weight of dried beaker, g, M i = initial sample powder weight and 

beaker together, g, and M t = dried sample powder weight and beaker together, g. 

¶ Ash content: The amount of ash in biomass is a rough indicator of the amount of 

minerals and other inorganic leftovers that are still left after ignition at 575 ° 25 ęC. 

The ASTM E 1755 technique was used to determine the ash content in the precursor 

samples. The process used is explained below. 

a) For each milled sample, a clean crucible (50 mL) was marked with and then 

placed in the muffle furnace. Constant mass was obtained at 575 ° 25 ęC. The 

crucible was cooled to room temperature in the desiccator and stored until used. 

b) Each crucible was weighed on the analytical balance to the nearest 0.1 mg. 

The weight was recorded as the tare mass, Mt. 
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c) In the crucible, approximately 1.0 g of the pre-dried sample at 105 ęC 

according to Test Method E 1756 was weighed. The mass of the sample plus 

crucible was recorded as the initial mass, Ms. 

d) The crucible with sample was placed in the muffle furnace and ignited at 550 

° 25 ęC for 3h. The temperature programme in the furnace was set as to initially 

heat the sample to 250 ęC at a rate of 5 ęC min-1 and hold for 30 min, then the 

temperature increase to 550 ęC. 

e) The test crucible with its contents was removed to a desiccator, cooled to 

room temperature, weighed to the nearest 0.1 mg, and recorded the mass. 

f) The samples were put back into the furnace and  heated for an additional hour  

until the mass was measured to be constant to within 0.3 mg after cooling. The 

container plus the ash mass, which is the final mass of the residue (ash), was 

noted as Mash. 

The sample's % ash content was determined as follows: 

!ÓÈ ÉÎ ÓÁÍÐÌÅȟϷ  ³ ρπ0   (3.3) 

¶ Volatile Matter:  The components produced when a biomass sample is heated to an 

elevated temperature without adding moisture are referred to as volatile matter (VM) 

in biomass. According to reports, depending on the source of the biomass, biomass 

typically has very high VM, which can vary from 75 to 90 % [142].          

In this research, the TGA analysis was used to obtain the VM at 900 ęC. 

¶ Fixed Carbon (FC): This is the mass that is left over after VM has been released, 

excluding moisture and ash content. In this work, FC was calculated by subtracting 

the ash and volatile matter contents from the dried sample mass for non-inorganic 

char residues as follows:     
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&# Ϸ  ρππ ɀ !ÓÈ Ϸ  6- Ϸ     (3.4) 

3.4.3. Thermogravimetric Analysis (TGA)  

Thermogravimetric analysis (TGA) is a thermal characterization method used to 

ascertain how material composition and mass vary with temperature and time in an inert 

environment. When the temperature and time increases, the change in material mass is noted. 

The temperature at which the largest rate of mass loss occurs is identified using the derivative 

of the mass loss profile known as derivative thermogravimetric analysis (DTG). 

Figure 3.1 presents a schematic illustration of the device.  

 

Figure 3.1. Schematic illustration of thermal analyser 

The thermograms for biomass and derived carbon samples were analysed using the 

curves shown in Figure 3.2 based on their shapes and  corresponding explanation in Table 

3.3 [143]. 
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Figure 3.2.  Classification of the Thermograms based on the shape [143]. 

Table 3.3. Types of TG curve and its interpretation 

Type of shape  Interpretation  

Type 1 This type of curve shows no weight variation. The fact that the sample's 

thermal stability is greater than the temperature range may be the cause 

of this event. 

Type 2 A mass loss zone can be seen on this kind of curve, which is then 

followed by a constant line. It happens because of desorption and some 

drying processes where volatile substances evaporate. 

Type 3 These curves show a single stage of breakdown or weight loss. 

Type 4 Samples that go through a multistage breakdown procedure can show 

this kind of curve. 

Type 5 When the sample's weight increases because of surface oxidation 

reactions that take place in a reactive environment, this type of curve 

may be produced. 

Type 6 This curve appears when there are many reactions that result in an 

increase in temperature. The surface oxidation reaction is what causes 

the weight to grow, and the decomposition of reaction by products 

causes the weight to drop as temperature rises. 
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Germany's Netzsch (STA 449, F3 Jupiter) instrument was employed in this study to 

conduct the analysis. In an alumina crucible, 5 mg of samples were added alongside a control 

empty crucible. Sample mass variations were monitored as the furnace heated from 50 to 

900 ęC while maintaining a heating rate of 10 degrees Celsius per minute under flowing 

argon for 30 minutes. After heating, the furnace's temperature control was set to decrease to 

ambient temperature.  

3.4.4. Physisorption characterisation  

The Brunauer-Emmet-Teller (BET) theory is the  widely used standard for estimating 

the surface area of materials with finely split and porous properties [144]. The BET theory 

is an expansion of Langmuir's original theory, which describes the isothermal monolayer 

adsorption of gases on a solid surface and takes into consideration multi-molecular 

adsorption. The well-known BET equation was created by starting with the presumption that 

gas molecules physically adsorb on a material in an unlimited number of layers with no 

contact between them (equation 3.5) [145]. 

Ȣ Ȣ Ȣ
Ȣ                                                    (3.5) 

Where na is the amount of gas adsorbed (mmolg-1), P is the relative pressure (mmHg), Po is 

the saturation pressure (mmHg), and na
m is the monolayer capacity, G has an exponential 

relationship with the enthalpy of adsorption and C stands for BET parameter. 

When surface analysis tests such as the BET is used, characteristic structural 

information of the material can be derived from the physisorption isotherms as given in 

Figure 3.3, with details in Table 3.4 [146-148]. When analysing physisorption isotherms, 

there could be the presence of hysteresis loops as shown in Figure 3.3(b). Hysteresis is 

usually associated with capillary condensation in mesoporous structures.  
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Figure 3.3. Characteristic physisorption isotherms and hysteresis loops for physisorption 

isotherms [146, 147, 149]. 

Table 3.4. Physisorption isotherms and material characteristics 

Isotherm  Material Characteristics 

Type I Activated carbon compounds and other porous oxides are 

examples of microporous solids with comparatively small 

exterior surfaces. 

Type II Non-porous or macroporous adsorbent 

Type III Uncommon systems in which the role of adsorbent-adsorbate is 

important 

Type IV Mesoporous high adsorption ability for adsorbents 

Type V An uncommon system, but weak adsorbent-adsorbate 

interaction, showed by certain porous adsorbents 

Type VI Typically, shown by graphitized carbon black 

 

Micromeritics ASAP 2020 HD 88 Surface Area and Porosity Analyzer (USA) was 

used in this study to evaluate the surface area and porosity of carbon samples. Before the N2 

adsorption isotherm analysis in this study, all samples were vacuum dried at 100 ęC for 12 
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hrs and then further degassed under vacuum at 160 ęC for 4 hrs. This stage makes sure that 

all the gases have been adsorbed off the various carbons. To determine the amount of gas 

that the degassed sample had absorbed throughout a relative pressure range (P/P0) of 0.1 to 

0.998, where P0 is the saturation pressure of nitrogen at 77 K, the sample was dosed with a 

particular amount of the gas N2, which was subsequently evacuated.  

The Brunauer-Emmett-Teller (BET) theory was used to calculate the total SSA, 

Barrett-Joyner-Halenda (BJH) approach was used to calculate the pore volume. To compute 

the micropore volume and pore size under the assumption of split pores, the density 

functional theory (DFT) was applied. BET has several restrictions regarding micropores in 

which nitrogen and argon molecules cannot access at cryogenic temperatures [150], this 

limitation becomes obvious for adsorption processes especially electrolytes ion diffusion  

into electrode active materials in EDL capacitor. 

3.4.5. Field Emission Scanning Electron Microscope (FE-SEM)  

Using a Field Emission Scanning Electron Microscope (Hitachi S-4800) paired with 

an Energy Dispersive X-ray Spectrometer, the surface morphology and microstructures of 

samples were recorded. The upper and lower secondary electron detectors are also included 

in S-4800. Secondary electrons are picked up by the upper secondary electron detector by 

the magnetic field of the objective lens, which is positioned above it. The specimen chamber 

holds the lower secondary electron detector, where backscattered electrons account for a 

sizable part of the signal. Since each detector signal has distinctive qualities, the picture 

contrast produced by them is exceptional. The absence of airborne microparticles that could 

redirect the electron onto the samples and skew the results is the purpose of the vacuum 

environment. The beam is focused on the sample (objective lens) and the spot diameter is 

adjusted with the aid of a series of magnetic condenser lenses (condenser lens). 
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 In this study, samples were coated with gold to increase their conductivity, and FE-

SEM images were acquired at an accelerated working voltage of 4ï10 kV at a working 

distance of approximately 10 mm. 

3.4.6. Raman Spectrometry  

Raman spectrometry, which bases its conclusions on the Raman shift, is a commonly 

used method for learning about the composition and crystal structures of materials. Based 

on the Raman effect/ scattering, which is the shift in wavelength of the inelastically scattered 

radiation. It is used to study the vibrational, rotational, or lower frequency modes in a 

material. The process entails illuminating a sample with a monochromatic light source (laser). 

During the scattering process, each molecule interacts with molecular vibrations to produce 

a unique scattering. The Raman shift, which occurs when photons exchange some of their 

energy with molecular vibration in samples, is what causes the energy to be acquired or lost. 

In general, elastic scattering has an output energy equal to that of the incident photon (i.e., 

hv), which is referred to as Rayleigh scattering. While inelastic scattering, has an energy 

shift of h (v0 - vs) and h (v0 + vs), referred to as Raman-Stokes shift and Raman anti-Stokes 

shift, respectively. Figure 3.4 depicts this scattering. 

 

Figure 3.4. Different scattering modes of incident radiation are due to the interaction of the 

photons with the molecules [151]. 
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This research used Raman analysis to analyse the degree of graphitisation of carbon 

samples by examining types of bonds and arrangements. Raman spectra were captured on 

Renishawôs inVia Raman microscope (Renishaw inVia, Renishaw, UK) with an excitation 

wavelength of 514 nm Argon ion laser beam. Origin Labôs software used for analysis with 

Lorentzian methods for fitting of the obtained spectra.  

3.4.7. X-ray Diffraction   

X-ray diffraction (XRD) is a non-destructive characterisation technique that reveals 

detailed information about natural and manufactured materials' chemical composition and 

crystal structure [152]. It is also used to characterise Phase identification of pure and impure 

materials, the degree of crystallinity of materials, space-group determination and indexing, 

and structure refinement. X-rays, because of their wavelength (ɚ) generate the diffraction 

pattern typically has the same order of magnitude (1 ï 100 angstroms) as the 

spacing d between planes in the crystal. In theory, diffraction results from any wave striking 

a regular array of scatterers [153].  

In this research, XRD (Bruker D8 Focus X-ray diffractometer, worked at 40 kV at 30 

mA, with Cu -KŬ with a wavelength of 0.154 nm in the 2 ɗ range of 5ę to 80ę at a scan rate 

of 5ę min-1 to determine biomass crystallinity and derived carbon's graphitic nature. 

3.4.8. Fourier-Transform Infrared Spectroscopy 

Fourier Transform Infrared (FTIR) spectroscopy is a method used to obtain an infrared 

spectrum of absorption or emission of a solid, liquid or gas. High-resolution spectral data 

over a broad spectral range are concurrently collected by an FTIR spectrometer. With this 

method, a beam of light with multiple frequencies is reflected at once, and the amount of 

that beam that is absorbed by the sample is measured. A second data point is then obtained 

by changing the beam's frequency configuration, which is done after the first [154].  
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This study used Nicolet 6700 FT-IR, Thermo Scientific to analyse the changes in 

functional groups present in the biomass precursors and derived carbon. The samples were 

mixed with Potassium Bromide (KBr) with a ratio of 100:1 for KBr to sample. After that, 

the mixtures were made into pellets of 13 mm diameter and 1 mm thickness, then measured 

in the range of 4000 - 400 cm-1 wavenumber at 4 cm-1.  

3.4.9. X-ray Photoelectron Spectroscopy (XPS)  

 X-ray Photoelectron Spectroscopy is a technique used to find the surface chemistry 

of samples. It is also used to quantify the chemical composition of sample surfaces by 

irradiating a surface area of the sample from the top 1-10 nm depth with x-rays and 

measuring the energy spectrum of the photoelectrons emitted. The analysis is usually 

conducted under an ultrahigh vacuum condition, to avoid interference of gas molecules with 

photoelectrons. The result is displayed as spectra recorded by counting the released electrons 

over a range of kinetic energies, with elements and bonding environments emitting electrons 

of a characteristic energy. This photoelectron spectrum is characterised by peaks that are 

generated by atoms emitting electrons at various specific energy characteristics. The 

recorded energies and intensities of these peaks can be used to find and quantify elements 

except hydrogen on the surface of the material.  To find the binding energy (EBE) equation 

3.6 is used: 

Ὁ Ὤὺ Ὁ                                           (3.6) 

Where EKE = Electron Kinetic energy (eV), EBE = Electron Binding energy (eV), hv = energy 

of the x-ray (eV) and ū = spectrometer work function (constant). 

In this study, Kratos Axis Ultra X-ray Photoelectron Spectroscopy (XPS) system with 

a Dual Anode X-ray Source of Mg, Al was used for the analysis. CASA XPS software was 

used analysis and data fitting, and Origin lab was used to graph the data with an adventitious 

carbon set at 284.8 eV.  
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3.4.10. Conductivity Measurement 

As shown in Figure 3.5, a constructed system was used to evaluate the conductivity of 

carbon samples using a voltmeter (to measure resistance). Carbon powder was compacted 

into a flexible insulator and sandwiched between two metal plates. Then compressed with a 

constant force of 5 MPa which was sustained using the screw clamp when the resistance was 

measured. 

 

Figure 3.5.  Representation of resistivity measurement with fabricated assembly. 

The resistance value was used to calculate the resistivity using equation 3.7. 

Ὑ   (3.7) 

where = Resistivity (ɋẗm), A= Area (m2), L = Length (m) and R = resistance (Ý) 

Then the conductivity was calculated using equation 3.8. 

     (3.8) 

Where ♫ = Conductivity (S m-1),  = Resistivity (ɋẗm). 

3.5. Molten base carbonisation and activation  

From the discussion in chapter two, the mixing approach of MSCA involves mixing 

the salt and dried biomass before thermal treatment. In this research, a new dimension is 

considered with by mixing the wet pristine biomass with the reagent (base).  
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3.5.1. Biomass preparation  

Fresh Moso bamboo shoots and Radish were obtained from a local market in Ningbo 

China. They were shredded in its wet state to an average size of 0.5 cm strips. Part of the 

shredded biomass was transferred into an alginate mortar and mixed with a specific ratio of 

Potassium Hydroxide. The mixture was put into a beaker and left to rest for 48 hours at room 

temperature (Figure 3.6). The mixture was dried in an oven for 24 hours at 60 ęC. Further 

gridding to powder was done with a laboratory particle size mill (IKA-A11BS25). The dried 

salted biomass powder was kept in an airtight glass jar before being sent to the furnace. 

Another part of the reduced biomass without salt was dried for 24 hrs at 60 ęC. The dried 

sample without salt was used as reference to compare the carbonisation and activation 

process. Same procedure was repeated for Radish. 

 

Figure 3.6. Representation of the preparation of the Moso bamboo shoots before 

carbonisation and activation process.  
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3.5.2. Carbonisation process with  Horizontal Reactor   

An Alumina crucible loaded with 5 g of dried infiltrated biomass (biomass mixed with 

KOH) was placed in the middle of a quartz tube in an HF-Kejing (OTF -1200X) tube furnace 

(Figure 3.7). The ends of the tube were sealed, secured, and purged with argon (99.999% 

purity) for 30 minutes at a constant flow rate of 150 ml min -1. This was to ensure there was 

no air in the tube furnace to prevent oxidation reactions, before raising the temperature of 

the furnace at the rate of 5 ęC min-1 to the desired temperature.  

 

Figure 3.7. HF-Kejing (OTF -1200X) tube furnace. 

Samples were allowed to cool to ambient temperature in an argon environment before 

being cleaned with deionized water to produce a filtrate with a pH of 7. The obtained carbon 

was dried in an air oven for 12 hours at 60 ęC. After being ball milled, the carbon components 

were then put to a glass jar and kept until they were needed.  

For comparison 5 g of dried sample without salt was placed in alumina crucible and 

transferred to tube furnace with the same operating condition.  

The carbon yield for samples was calculated using equation 3.9. 

ὅὥὶὦέὲ ώὭὩὰὨ   ὢ ρππϷ         (3.9) 

Where M1 = mass of biomass feed fed into the reactor (g) and M2 = Mass of carbon derived 

after washing (g).  



76 

 

3.5.3. Carbonisation with Vertical Reactor 

15g of dried KOH-Moso bamboo shoots were placed in an alumina crucible and heated 

in the steel tube furnace's retort (Figure 3.8). Before heating the reactor for carbonisation at 

a rate of 5 ęC min-1, the reactor was secured and purged with argon (99.999% purity) for 30 

minutes at a continuous flow rate of 450 ml min-1, to avoid oxidation processes, this is done 

to make sure there is no air within the tube furnace.  

 

Figure 3.8. Vertical Tube Reactor used for MBCA. 

3.6. Process Parameters  

Process parameters can be described as factors that can control or affect the process. 

These factors could affect the product or affect the reactions of the system. In this research, 

using the molten base carbonisation and activation, the process parameters were biomass to 

KOH ratio, temperature, and residence time.  
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3.6.1. Reagent to biomass ratio 

The ratio of reagent to biomass describes how much reagent is combined with the 

biomass during the process. Analysis was done on how the reagent ratio affected the 

characteristics of carbon that were deduced from different ratios. The optimum ratio was 

chosen based on the optimum electrochemical performance in specific application.  

3.6.2. Temperature for carbonisation 

Temperature of carbonisation affects the overall breakdown of material during a 

process. Temperature has shown to affect to influence product distribution during 

carbonisation and could also affect the properties of derived carbon from the process. While 

using the same biomass source and same process treatment, it is necessary to identify the 

optimum temperature for the desired application of the produced carbon. 

3.6.3. Residence time 

Residence time refers to the duration a biomass material is held constant at a specific 

temperature during its transformation process. Most existing pieces of literature have used 

from 1 to 3 hrs for biomass carbonisation and then another 1 to 2 hrs for activation. Therefore, 

it is important to find the effect of residence time on the properties of derived carbon using 

the novel approach proposed. This will help to reduce process time, energy requirement and 

cost of derived carbon for specific application. 

3.7.    Electrode Preparation and Cell Assembling 

3.7.1. Electrode materials and electrolytes 

In this research, the derived carbon samples, and commercial activated carbon (YP50F) 

were used to prepare electrodes. The carbon samples were combined with carbon black and 

Polyvinylidene fluoride (PVDF) in a ratio of 8:1:1. 6 M KOH was used as an electrolyte to 

evaluate the carbon samples capacitive performance. The practical usage of the various 

derived carbon for commercial purposes were evaluated using an organic electrolyte (1 M 
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TEABF4/AN), which is often used in commercial EDLCs. When organic electrolyte is used 

for the cell assembly, the electrodes are moved into the glovebox. 

3.7.2. EDLC Cell Assembling 

3.7.2.1. Two electrodes 

The symmetric two-electrode coin cells (2032) were constructed with stainless steel 

spacers, paired electrodes of symmetric 16 mm disc of equal mass (active material) with 

glass fibre filter paper of 18 mm diameter as the separator (Whatman GF/D). The electrolytes 

were applied to wet the electrode surfaces, then separator was placed on top of the wet 

electrode, then the separator was moistened by a few drops of selected electrolytes and 

further layered with another electrode and topped with a stainless-steel spacer. For 

performance verification, duplicates of each sample of built cells were examined. Figure 3.9 

depicts the cell constituent parts and fabricated cells. 

 

 Figure 3.9. (a) Fabrication of symmetric 2032-coin EDLC cells, and (b) Assembled 2032-

coin EDLC cells.  

3.7.2.2. Three electrodes  

In this research, the three-electrode set up was used to confirm the properties of derived 

carbon with best electrochemical performance. The system consisted of nickel foam (1 x 1 
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cm, active material mass loadings of 7 mg), platinum mesh (1 x 1 cm) as the counter 

electrode and Hg/HgO as the reference electrode. 

3.8. Electrochemical Testing Techniques 

In this research, electrochemical testing techniques were used to evaluate the 

electrochemical properties of derived carbons from various process conditions (temperature 

and residence time) as potential alternative electrode active material in EDL capacitors. 

3.8.1. Cyclic voltammetry 

Cyclic voltammetry (CV) is a technique used to measure how an electrode or 

electrochemical cell responds to a current flow. It is conducted using a constant potential 

sweep between two set voltage or potential values, as shown in Figure 3.10 (a). The cyclic 

voltammogram is a plot of current versus the potential for electrodes and current versus 

voltage for cells. It is obtained by measuring the current at a working electrode during the 

potential scans.  

 

Figure 3.10. (a) A representation of voltage between V1 and V2, and (b) Cyclic 

voltammogram representation for an EDL capacitor. 
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Figure 3.10 (b) shows the cyclic voltammogram of a near perfect EDL capacitor, 

which has a rectangular form without any redox hump attributable to pseudo capacitance 

behaviour. The symmetrical two-electrode setup used in this study lacks a reference 

electrode. Solartron Analytical 1470E multichannel was used to conduct the cyclic 

voltammetry within the voltage window of 0 to 1 V for aqueous electrolytes and 0 to 2.5 V 

for organic electrolytes with scan rates ranging from 5 to 200 mV s-1. Equation 3.10 was 

used to calculate the specific capacitance of the cell, C (F g-1), using data made using cyclic 

voltammetry.  

ὅ τ
᷿
                                                                       (3.10) 

 where m is the mass of active material on both electrodes, I is the current (A), v the   

scan rate (V s-1) and ȹV the voltage window (V). 

3.8.2. Galvanostatic charge discharge   

Galvanostatic charge discharge (GCD) procedure used to examine charge and 

discharge response of an electrode using a specific current within a set voltage window. 

Voltage versus time is measured as the working electrode has a continuous current applied 

and removed. The capacitance, specific energy, and specific power of the cells are also 

evaluated from the GCD profiles. Furthermore, the stability of devices was conducted using 

a charge-discharge cycle repeated 10,000 times. With the GCD test, the internal resistance 

may also be assessed from the potential drop (iR drop) on the current peak at discharge start. 

Figure 3.11 shows a representation of galvanostatic charge-discharge. 
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Figure 3.11.  Illustration of the Galvanostatic Charge-Discharge process. 

In this study, the GCD of the EDLCs was conducted using the Land CT2001A Battery 

Cycler from Landt Instruments, using voltage ranges between 0 and 1 V (for the aqueous 

electrolyte) and between 0 and 2 V (for the organic electrolyte) at different rates of specific 

current from 0.1 to 1 A g-1 for 10,000 charges/discharge cycles. 

 The specific capacitance (F g-1) was calculated from GCD profiles using equation 3.11. 

ὅ τ Ў                                                                     (3.11) 

where I represent the discharge current of the cell (A), m is the carbon mass of both 

electrodes (g), ȹV is the voltage window (V), and t is equal to the discharge time (S).  

3.8.3. Ragone Plot 

 A device specific energy and specific power characteristics are compared in the 

Ragone plot (RP). Under similar boundary conditions, RP is used to compare the 

performance of various technologies (batteries, capacitors, supercapacitors, and fuel cells) 

[155]. Figure 3.12 presents a schematic illustration of RP for various devices. 
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Figure 3.12.  Ragone plots of various electrochemical energy storage devices [156]. 

Using equations 3.12 and 3.13, the specific energy (E) (Wh Kg-1) and specific power 

(P)  (W Kg-1) of cells were evaluated.  

E =  
Ȣ

Ȣ
                    (3.12) 

P = Ὁᶻ
 

 
                             (3.13) 

where C represent the Specific Capacitance of the cell, ȹV is the voltage window after 

the IR drop, and t is equal to the discharge time.  

3.8.4. Cyclic stability  and Capacitance Retention  

 Cyclic stability is a measurement of the specific number of charging-discharging 

cycles while capacitance retention is the amount of capacitance retained after a specific 

amount of use or cycles. The test is crucial for determining the service life of supercapacitors 

[157]. The cyclic stability of supercapacitors is largely governed by the electrode materials, 

as 10,000 cycles is the new maximum for devices using carbon-based electrode materials 

[158]. 
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3.8.5. Electrochemical impedance 

Electrochemical impedance spectroscopy (EIS) is used to examine how potential 

perturbations behave when various frequencies (from mHz to MHz) are applied at a constant 

AC signal or open circuit potential. It is often used to measure electrochemical cell properties 

like capacitance, resistance, and frequency dependence as well as to research ion mobility. 

The EIS data is typically represented as a Bode plot showing the phase angle as a function 

of frequency or a Nyquist plot to show the imaginary and real cell impedances. To assess 

the equivalent series resistance (ESR) and define the behavioural properties of EDLCs, 

simplified equivalent circuit models are often created to fit the real EIS data obtained from 

an experiment. As illustrated in Figure 3.13, the charge-transfer resistance (Rct), double-layer 

capacitance (Cdl), and electrolyte resistance (Rs) can be described using Randle's circuit, 

which the simplest and widely used model. 

 

Figure 3.13. (a) Randleôs circuit (b) Nyquist plot  [159, 160].  
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The real and imaginary parts of the impedance are plotted on the X and Y axis, 

respectively, in the results from EIS. The three frequency areas on the Nyquist diagram are 

identified as high-frequency region (solution resistance) known as Rs. Medium frequency 

region (charge transfer with a tiny semicircle) equivalent to electron transfer-limited process 

Rct [161], because  EDLC is not a redox reaction controlled, the semi-circle is linked to the 

electrolyte ions' difficulty entering the electrode's small pores and the movement of ions 

within those pores [162]. A line that tends parallel to the real axis at low frequency comes 

after the Warburg line in the region of intermediate frequency. Ion diffusion from the 

electrolyte to the electrode surface is shown by the Warburg line. A pure capacitive 

behaviour and rapid ion transport to the electrode surface is suggested by the Warburg slope 

that was closer 90  [37].  

In this study, cell impedance was measured throughout a frequency range of 100 kHz 

to 0.1 Hz using a Solartron Analytical (14070E Cell Test System), and the charts were 

created using graphing software from Origin Lab. 

3.9. Chapter Summary 

The experimental methods and procedures used in this study has been described. The 

methods of biomass material preparation, carbonization and activation types has been 

discussed. Figure 3.14 displays a summary of the tests performed on biomass samples, 

derived carbon, and the electrochemical test to be conducted on fabricated EDL capacitor. 
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Figure 3.14. Summary of analysis on biomass, derived carbon, and its electrochemical test.  
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CHAPTER 4: MATERIAL CHARACTERISATION, FEASIBILITY, DESIGN AND 

APPLICATION  OF MOLTEN  BASE CARBONISATION AND ACTIVATION ON 

BIOMASS 

4.1. Introduction  

The findings of the design and feasibility study of the novel molten base carbonization 

and activation (MBCA) using wet biomass is presented in this chapter. Section 4.2 presents 

material characterisation of different biomass sources (Moso bamboo shoots and Radish) as 

carbon precursors that were chosen for this research. It also shows their proximate, ultimate, 

and thermogravimetric analysis. The feasibility and design study for molten base 

carbonisation and activation, investigating the biomass to KOH ratio to obtain porous carbon 

and its preliminary electrochemical performance to figure out the optimum ratio for further 

investigation is revealed in section 4.3. Section 4.4 presents the result of different cations in 

MBCA for Moso bamboo shoots; this was important to find out the hydroxide for further 

investigation in this research. In section 4.5, molten base carbonisation and activation on 

Moso bamboo shoots and Radish is contrasted with their dry samples mixed with KOH and 

their pure derived carbon to understand the changes and possibly propose the process 

mechanism. 

4.2. Characterisation of biomass (Moso bamboo shoots and Radish) 

In this section, characterisation of Moso bamboo shoots and Radish were conducted 

to understand their composition. This characterisation gives an insight into biomass 

composition from diverse sources. 

4.2.1. Proximate analysis 

Proximate analysis was conducted on Moso bamboo shoots and Radish to determine 

their material composition, as indicated in Table 4.1. On a wet and dry basis, Radish had a 

higher moisture content compared to Moso bamboo shoots. This finding indicates that 
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Radish is more moisture-sensitive than Moso bamboo shoots and needs a dry storage 

environment [138]. The high moisture in both biomasses would cause them to decompose 

quickly if not effectively managed. Therefore, their moisture content was maximized for 

KOH infiltration before drying to implement the MBCA process. 

Table 4.1. Proximate analysis of Moso bamboo shoots and Radish.  

 

Parameter  Moso bamboo 

shoots  

Radish 

Proximate  

Analysis (wt.%) **  

Moisture 85.00f, 

 2.02 d 

95.00f, 

 4.47 d 

 Volatiles matter 

(VM)  

80.11 81.12 

 Fixed Carbon 15.92 10.98 

 Ash 1.92 7.90 

** d= dry basis, f = fresh,  

Both biomass sources showed a high volatile matter content greater than 80 %; similar 

values for both samples have been reported [138, 142]. This value shows that both materials 

have considerable amounts of carbon and oxygen are suitable carbon precursors. Also, the 

volatile content would ease the generation of pores when it reacts with potassium ions (K+) 

The fixed carbon content of Moso bamboo shoots was higher than that of Radish. This 

result is linked  to their compositions, as Moso bamboo shoots is lignocellulosic [15] while 

Radish is non-lignocellulosic [138]. Furthermore, Moso bamboo shoots has lignin which 

does not easily break down during the heating. Therefore, its decomposition pattern and 

temperature will  differ from Radish, thus affects its overall carbon yield. 

 In addition, Radish had a higher ash content (7.90 %) compared to Moso bamboo 

shoots (1.92 %). The difference in value is linked to its  high mineral composition, including 
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silicon, magnesium, potassium, and calcium [35]. However, if the ash content is increased 

or kept in the obtained derived carbon, it would affect its carbon electrochemical 

performance. 

4.2.2. Ultimate analysis 

 The ultimate analysis for Moso bamboo shoots and Radish was conducted with 

Elemental Analyser to the understand their elemental makeup as given in Table 4.2.  

Table 4.2. Ultimate analysis of Bamboo shoots and Radish Biomass 

Ultimate Analysis  

(wt.%)  

Elements Moso bamboo shoots Radish 

 C 39.31 33.92 

 H 6.68 6.77 

 N 3.45 2.08 

 O 50.27d 56.94d 

 S 0.29 0.29 

 d = difference, calculated with + 0.02 

From Table 4.2, both biomass sources had carbon content greater than 30 %, which 

shows they are rich carbon sources. However, Moso bamboo shoots had a higher value 

(39.31 %) traced to their lignin content and classification as lignocellulosic biomass and 

Radish (33.92 %) non-lignocellulosic biomass [140]. Radish has cellulose that contributes 

to its elemental carbon content [138]. The high amount of carbon in each biomass suggests 

they can be converted to carbon for diverse applications.  

Radish had the highest oxygen content of 56.94 % compared to 50.27 % in Moso 

bamboo shoots. This is traced to its high moisture content (Table 4.1) which contributes 

more oxygen in the biomass. Also, this result corresponds with the proximate analysis (Table 

4.1), where it displayed the highest volatile matter content. Radish had a high nitrogen 
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content of 3.45 % compared to 2.08 % for Moso bamboo shoots. This difference in the 

nitrogen content is linked to the growing conditions of Radish, as it has been reported that 

Radish absorbs nitrate from soil to enhance its growth [163]. The presence of this nitrogen 

if kept in derived carbon samples, would contribute to enhanced capacitive performance of 

carbon in supercapacitor application. Similar hydrogen and sulphur content values in both 

biomass have been reported for other typical agricultural biomass [140, 142].   

4.2.3. Thermal behaviour of biomass precursors 

TGA analysis was conducted on biomass samples to understand their thermal 

behaviour. Both samples had similar decomposition patterns and mass loss behaviours with 

increased temperature as shown in Figure 4.1. The mass loss below >100 ęC accounts for 

moisture content and volatile extractives in both samples. Furthermore, the maximum mass 

loss occurred between 200 and 500 ęC, this is linked to the breakdown of cellulose, 

hemicellulose, carbohydrates, proteins, and lightweight volatile compounds fractions in both 

samples. This indicates that significant molecular compounds in both biomass decomposes 

within this temperature; similar trend has been reported for agricultural plant biomass [164]. 

Between 500 to 700 ęC, further breakdown of samples is attributed to the degradation 

of lignin or other large molecular compounds. Beyond 700 ęC, both samples experience little, 

or no mass loss linked to further reactions, as some lignin fragments have been studied to 

degrade steadily at high temperatures [79].  Overall, Moso bamboo shoots showed less mass 

loss of 62.76 %, compared with 72.69 % for Radish. This difference in mass loss is probably 

linked to the lignin content of Moso bamboo shoots, as lignin components are not easily 

broken down [165]. The similar decomposition pattern displayed by both biomass samples 

shows that they have similar compositions (carbohydrates, cellulose) at specific 

temperatures. The TGA profile for both samples agrees with agricultural biomasses that have 

cellulose material in their structure [138, 142].  
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Figure 4.1. (a) Thermogravimetric (TG), and (b) Derivative Thermogravimetric (DTG) 

profile for Moso bamboo shoots and Radish.  

From DTG profiles depicted in Figure 4.1(b), the overlapped curves further confirms 

that similar changes occurred in Radish and Moso bamboo shoots at specific temperatures. 

This could be linked to similar organic compounds common to biomass sources. 

Significantly, the maximum DTG temperature for Radish was 200 ęC and 300 ęC for Moso 

bamboo shoots. This difference in temperature for maximum degradation suggests that 

Radish will be converted easily at lower temperatures. Also, it shows the difference in their 

structure and composition, as carbohydrates and proteins would degrade faster compared to 

lignin, hemicellulose, and cellulose [138, 142].  

Between 400 to 500 ęC, Radish displayed a faster rate change than Moso bamboo 

shoots due to its composition as non-lignin rich. At this temperature, the gradual breakdown 

of lignin begins to occur. Furthermore, from 500 to 800 ęC, regarded as the temperature for 

carbonisation and activation, Moso bamboo shoots displayed better stability than Radish, 

linked to its composition (lignin). The differences between Moso bamboo shoots and Radish 

in their thermal stability and largest breakdown temperature could influence their 

carbonisation mechanism, temperature, carbon properties, and application performance. 
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Based on the above properties, Moso bamboo shoots was selected for the MBCA 

preliminary experiments.  

4.3. Design of Molten Base Carbonisation and Activation (MBCA)  using wet Moso 

bamboo shoots 

From section 2.5, MSCA is an ion diffusion process enhanced by increased 

temperature. Large amount of salt is used to achieve diffusion of ions to into the biomass 

precursor and to achieve effective biomass components ion interaction [166]. The large 

amount of salt used is one significant challenge of MSCA and has hindered its practical and 

industrial application. All existing research has used dried biomass precursors. Therefore, 

the novel concept of using wet biomass was introduced in this research to minimize salt to 

biomass ratio, maximize biomass components (lignin, hemicellulose, and cellulose) and ion 

interaction using the biomass's inherent moisture for the diffusion of ions before drying the 

biomass. It is proposed that the ions and synergetic water effect would cause the 

depolymerisation of large molecular compounds, decomposition of monomer components, 

dehydration, and deacetylation through bond cleavage to yield potassium-organic salts or 

compounds that promote the formation of porous carbon via in situ activation in single-stage 

thermal carbonisation.  

Molten base carbonisation and activation (MBCA) uses strong inorganic base (e.g., 

KOH, NaOH) that completely dissociate into their metal and hydroxide ions in the presence 

of water due to their polarity. Furthermore, the ions are attached to biomass components 

which causes structural changes in the complex biomass structure via dehydration and 

oxidation reaction. Further reactions include nucleophilic substitution, depolymerizing large 

molecules to generate organic alkali derivates at room temperature. Above room temperature, 

these derived metallic organic salts and active oxygen species shifts the various 
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carbonisation reaction (dehydration, deoxygenation, decarboxylation, decarbonylation, and 

dehydrogenation) positively or negatively. 

There is currently no literature report on this method of using wet biomass with the 

base before drying. Therefore, a preliminary experiment was conducted with parameters for 

KOH and biochar activation, and derived carbon evaluated in supercapacitors as electrode 

active material. 

4.3.1. Investigating the effect of biomass to KOH ratio 

Preliminary experiment was designed based on existing literature values for biochar 

activation with KOH dried biomass and KOH using the ratios 1:1,1:2,1:3,1:4 respectively, 

[32, 167]. However, as shown in Figure 4.2, the obtained precursor was not the desired 

outcome. Drying the precursor was a challenge, which increases the operating cost of the 

process. The ratio of KOH to biomass was too high, and was seen to dissolve the biomass 

components, and material recovery became a challenge. Therefore, the ratio of biomass to 

KOH was changed. 

 

Figure 4.2. Moso bamboo shoots impregnated with KOH at a ratio of 1:1. 
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 In line with one of the research gaps, to use the low ratio of KOH to biomass, the 

experiment was redesigned to minimize the amount of KOH. Therefore, the biomass to KOH 

ratio was increased to 1:5, 1:10, 1:15, and 1:20, respectively, with samples denoted as WB5, 

WB10, WB15, and WB20. 

 

Figure 4.3. Moso bamboo shoots impregnated with KOH at different ratios, and after 48hrs 

hours of impregnation. 
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 From Figure 4.3, all samples showed yellow colour which was different from the 

pristine bamboo shoots (white). This shows that KOH caused oxidation in biomass. However, 

the colour gradient seen in samples with increase in biomass to KOH ratio, shows that the 

oxidation reaction rate was proportional to the amount of KOH present in biomass. WB5 

showed faster degradation of components compared to WB10, WB15, and WB20, implying 

that depolymerisation of components in WB5 occurred faster due to the high salt ratio that 

promotes oxidation reaction at the carboxyl and carbonyl groups of biomass components. 

After 48 hrs of impregnation, no colour change was further seen suggesting that 

various reactions had ceased. Also, moisture content in samples increased which shows 

dehydration reaction occurred. WB5 had the highest moisture content which could be linked 

to the high ratio of KOH, which resulted in faster dehydration reaction. Notably, this process 

would be helpful to remove excess moisture from biomass if the precursor is properly dried.  

Furthermore, after 48 hours, samples were swollen. The swelling effect is proposed to 

have resulted from the intercalation of ions into biomass structure and the swelling of 

cellulose [168]. Biomass in its wet state is highly hydrophilic due to its hydroxyl, carboxyl, 

and aldehyde functional groups. As a result, introducing a polar salt with a similar polarity 

would promote depolymerization of the components present in the biomass as well as the 

breakdown of its monomers by cleavage, decarboxylation, and recombination of reactive O- 

species [23]. Also, there is the likelihood for vacancies to be created in the complex structure 

due to broken bonds, especially at the carboxyl and carbonyl groups.  

All samples were dried in an air oven in for 24 hours at 60 ęC (section 3.5.1) to less 

than 5 % moisture in 24 hours. However, WB5 maintained 10 % moisture content after 48 

hours of drying. The high moisture content would be a challenge towards the storage of 

derived precursors. This result agrees with the depolymerisation of macromolecular to lower 

molecular compounds with KOH and water in the biomass, resulting from hydrolysis 
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reaction [48]. These derived biomass precursors form the basis of MBCA as they have KOH 

and would begin to melt at the melting point of KOH (360 ęC). According to the process 

outlined in section 3.5.2, all samples were heated in the furnace at 700 ęC (Figure 3.7) to 

obtain the required functional porous carbon. 

4.3.2. Characterisation of derived carbon 

4.3.2.1. Products yield and Elemental Composition 

   The mass percentage yield of derived-carbon samples from various biomass to KOH 

ratio was calculated based on the mass of resultant carbon after washing, given in Table 4.3. 

The result showed that carbon yield increased as biomass to KOH ratio increased. This 

shows that the increased amount of KOH in precursor promoted the rate of various 

carbonisation reactions (dehydrogenation, decarboxylation, dehydrogenation, and 

deoxygenation). Also, coupled with the KOH in situ activation mechanism of carbon, the 

overall yield of carbon is affected. WB5 had the lowest yield of 2.89 %, while WB20 had 

the highest yield of 11.41%. The linear trend exhibited by samples indicates that the 

depolymerization rate of organic matter during the impregnation time affected the release of 

volatile components during carbonisation [94] and clearly shows that increased ratio of KOH 

caused faster structural disruption of biomass components (lignin hemicellulose and 

cellulose). 

Table 4.3. Carbon yield and their elemental composition 

Sample  Yield (%)  C H N  O**  S H/C O/C 

WB5 2.46 71.73 4.53 2.08 20.56 1.10 0.75 0.21 

WB10 5.02 73.20 4.14 0.39 21.75 0.52 0.68 0.22 

WB15 8.60 75.03 1.71 0.95 22.73 0.42 0.27 0.23 

WB20 9.70 65.26 3.89 0.79 29.93 0.13 0.72 0.34 

 **difference  
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Elemental analysis showed that carbon content increased as the biomass to KOH ratio 

increases. However, a decline is seen in WB20, which indicates that the amount of KOH in 

the biomass precursor will affect the transformation and release of elements in the biomass, 

thereby affecting the carbon [94, 169]. This goes to show that even though KOH ratio 

enhanced the biomass conversion to carbon, the carbon content will be affected due to 

molecular disruption arising from depolymerisation of large molecules. Moreso, the high 

carbon content of WB15 indicates that carbon purity due to the graphitization of carbon 

enhanced by the presence of KOH in biomass precursor. The decrease in WB5 and WB10 

relative to WB15 may be caused by the high K+ and carbon's chemical reactivity, which 

results in a reduced carbon content, similar trend has been reported [23, 32]. These 

differences in elemental carbon suggests that an optimum ratio for biomass to KOH is 

required to achieve maximum carbon content. 

Although the hydrogen to carbon (H/C) and oxygen to carbon (O/C) atomic ratios give 

a general idea of the quality of carbon (in terms of aromaticity and hydrophobicity). It also 

gives an insight of the reactions during the process. From Table 4.3, all samples had low 

values. The values of H/C and O/C for the various samples implied that the mechanism for 

MBCA includes dehydrogenation, deoxygenation, dehydration, and decarboxylation [32]. 

The significant H/C value for WB15 among the various samples suggests that 

dehydrogenation reaction was enhanced with a certain amount of K+. All samples had similar 

O/C ratio which shows that deoxygenation reaction was a dominant reaction irrespective of 

biomass to KOH ratio.  

4.3.2.2. Carbon morphology   

FE-SEM images for the various bamboo shoots to KOH ratio derived carbon samples 

are shown in Figure 4.4. All samples showed interconnected porous sheet-like structures 

with various pore sizes. The similar porous structure in samples suggests porous carbon 
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could be obtained from biomass in a single-stage thermal via MBCA. However, the biomass 

precursor must contain the pore-forming agent, which will catalyse the in situ activation 

reactions while undergoing carbonisation at the same time [32]. 

Furthermore, the differences in the exfoliation of samples indicates that the amount of 

K+ present in the biomass precursor would affect the intercalation of K+ during the 

carbonisation and lead to carbon lattice expansion [88]. WB5 depicted better exfoliation 

compared with WB10, WB15, and WB20. These differences in structure demonstrates that 

in situ activation mechanism with KOH depends on the amount of KOH, however excess 

KOH will cause carbon to be etched-out from the carbon structure during carbonisation and 

activation [32, 94]. 

 

Figure 4.4. SEM images of carbon at different biomass to base ratio (a) WB5 (b) WB10 (c) 

WB15, and (d) WB20. 

Moreso, the exfoliation in WB5 would increase its surface area. Nevertheless, WB15 

had a better a connected pore structure, which would be an advantage for ion transport in 
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EDLCs. The unique structure in WB15 shows that using wet biomass and KOH before 

drying allows for development of unique porous structures in carbon samples during 

carbonisation which results from pore formation from inside to outside. Notably, the 

different porous structure in carbon samples shows that using wet biomass and different 

ratios of KOH, variable porous structure for diverse applications can be obtained from the 

same biomass source. 

4.3.2.3. Physisorption analysis  

 Figure 4.5 (a, b) depicts the N2 adsorption-desorption isotherms and pore size 

distribution for WB5, WB10, WB15, and WB20 carbon samples. According to IUPAC 

classification, carbon samples revealed  type I and IV isotherms in Figure 4.5(a), this shows 

that samples contain micropores and mesopores [19]. When the relative pressure was less 

than 0.2, all samples displayed isotherm knee bend, indicating the existence of micropores 

[100]. WB5 and WB10 had desorption hysteresis, which reveals samples had the more 

presence of mesopores compared with WB15 and WB20. The difference in the adsorption 

isotherms of WB5 would reflect in its SSA, as shown in Table 4.4. This result shows that an 

increase in KOH enhanced pore development, affecting the surface area. 

 

Figure 4.5. (a) Nitrogen adsorption-desorption isotherms of carbon samples at various 

biomass-to-KOH ratio, and (b) pore size distribution. 
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Table 4.4. Textural properties of carbon samples. 

Sample SBET  

(m² g-1) 

SBETmic 

(m² g-1) 

SBETmeso 

(m² g-1) 

Vt  

(cm3 g-1) 

Vmic 

(cm3 g-1) 

DA 

 (nm) 

WB5 1452.45 913.44 539.01 0.822 0.490 2.26 

WB10 1267.89 1117.11 150.79 0.695 0.596 2.19 

WB15 1367.82 1137.96 47.39 0.663 0.526 1.94 

WB20 1295.03 1177.21 117.81 0.693 0.627 2.12 

** SBET = BET Specific Surface Area, SBETmic = Micropore Surface Area, SBETmeso = 

Mesopore Surface Area, Vt = Total pore Volume, Vmic = micropore volume, and DA = 

Average Pore Size 

From Table 4.4, SSA of derived samples decreased with the increase in biomass to 

KOH ratio, this shows that the amount of KOH present during carbonisation affects its 

reactivity with carbon. It also implies that increase in the concentration of KOH in biomass 

would result to increase in SSA, giving room for determination of optimal ratio of biomass 

to KOH for specific application. WB5 had the highest SSA (1452.45 m² g-1) among all 

samples, this indicates that microporosity of carbon samples can be increased with a specific 

ratio of KOH [38, 94]. Also, WB5 had the most significant pore volume of 0.82 cm3 g-1 with 

a significant ratio of ultra-micropores (less than 1 nm) compared with other samples whose 

pore volumes were ~ 0.7 cm3 g-1. This shows that the amount of KOH diffused into the 

biomass before heat treatment would affect the pore structure of derived carbon. Furthermore, 

the differences in average pore size of samples demonstrates that the amount of KOH in 

biomass will affect the collapse of micropores [170],  affecting the pore size during the 

activation.  These textural properties (SSA and hierarchical pore structure) are key 

requirement for supercapacitor electrode active material, and further proves that MBCA can 

be used to obtain carbon with textural properties for diverse applications. 
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4.3.2.4. Structural analysis  

 XRD patterns of derived carbon samples are depicted in Figure 4.6. The pattern 

showed carbon samples had similar broad peak positions of 2ɗ = 23 - 28ę and 40 - 43ę 

assigned to the (002) and (100) planes of graphitic and amorphous (disordered) activated 

carbon with graphitic crystallites [80]. The effect of biomass to KOH ratio was significant, 

as WB15 had  a unique peak at 2ɗ = 17ę indexed to (001) plane of graphene oxide with 

abundant interlayer spacing linked to  oxygen groups  [171]. Further verification of the 

carbon structure was conducted with Raman Spectroscopy. 

 

Figure 4.6. XRD patterns of derived -carbon various biomass-to-KOH ratio. 

 Raman analysis for various carbon samples as shown in Figure 4.7 revealed three 

peaks. These peaks were centred at 1350 cm-1 for the D- band (attributed to the defects or 

disorder of the graphitic lattice structure), 1580-1600 cm-1 for the G- band, the stretching of 

C-C (sp2 hybridized carbon with the hexagonal lattice) and 2600 - 2900 cm-1 for 2D, G* 

second-order graphitic structure overtones and combinations of graphitic lattice vibration 

modes [172, 173]. These peaks demonstrates that obtained carbon samples possess  graphitic 

structure with defects typical for most biomass-derived carbon [23].   
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Figure 4.7. Raman spectra of WB5, WB10, WB15 and WB20 carbon samples. 

Table 4.5. Peak position of carbon samples 

Sample Peaks and position  

 D1 D2 G 2D, G* ID1/IG 

WB5 1344.61 1534.12 1598.41 2804.57 0.84 

WB10 1348.28 1533.93 1596.99 2830.41 0.84 

WB15 1346.64 1515.21 1590.89 2856.53 0.85 

WB20 1350.73 1541.52 1598.79 2820.24 0.85 

  

According to Table 4.5, with the increase in bamboo shoots to KOH ratio, the D band 

position moves away from 1350 cm-1. This indicates that amorphous structure of carbon 

samples increases with increase in KOH concentration [174]. The ratio of disorder to 

graphitic band, generally referred to as the ID/IG ratio is conventionally used to characterise 

the degree of defects and graphitic structure in carbon  [173]. The calculated ID/IG ratio for 

all samples was less than 1. Thus, samples are partially graphitized, which was enhanced by 
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the presence of KOH during carbonisation. However, WB15 and WB20 had the highest 

value of 0.85 compared to other samples having 0.84. The increased degree of graphitization 

is due to the gradual thinning and loosening of the carbon due to increased KOH ratio. Also, 

a lower ID/IG ratio represents a lower oxygen functional group in carbon samples [172], 

which is well agreed with WB5 in Table 4.3 with the O/C ratio. This result demonstrates that 

an optimum biomass to KOH ratio is required within biomass components to obtain a 

graphitized carbon [94]. Hence, using MBCA, a certain KOH concentration can be used to 

control the graphitic structure of carbon generated from biomass. 

With the above characterisation outcomes: high SSA, its porous structure, and the 

graphitic structure. The generated carbon samples were used as electrode materials in a 

symmetric EDLC configuration to determine the optimum ratio with the most significant 

specific capacitance. 

4.3.2. Electrochemical performance of derived carbon 

 The capacitive performance for WB5, WB10, WB15, and WB20 was evaluated using 

cyclic voltammetry. They were examined to know the sample with the largest specific 

capacitance. This was done to prove the ideal sample ratio as model for further investigation.  

Cyclic voltammograms using different scan rates for samples are depicted in Figure 

4.8. All samples retained their rectangular shape without any redox peaks even at  small scan 

rate of 5 mV s-1, indicating that electric double-layer mechanism with no charge transfer  

was dominant in carbon samples within the cells [22]. This goes to show that capacitive 

carbon can be derived from biomass using MBCA approach. 
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Figure 4.8. Cyclic voltammogram at various scan rates of (a) WB5 (b) WB10 (c) WB15, 

and (d) WB20.  

 Figure 4.9 shows the computed specific capacitance for WB5, WB10, WB15, and 

WB20 at various scan rates. The specific capacitance of all samples showed decreasing 

pattern with increase in the scan rate, due to ion adsorption limitations at the electrode 

interface. This indicates that samples possess high capability rate which agrees with other 

reports [175].  

At 5 mV s-1, WB15 carbon had the highest specific capacitance of 327 F g-1, while WB20 

had the least of 253 F g-1. The differences in the specific capacitance could only be attributed 

to the hierarchical porous structure within the carbon samples as revealed by their 

morphology (Figure 4.4) will affect the diffusion of ions within the carbon structure [176]. 
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Figure 4.9. Calculated specific capacitance of cells at different scan rates. 

At high scan rate (200 mV s-1), all samples had specific capacitance greater than 190 

F g-1, this high specific capacitance value for all samples shows that highly porous carbon 

can facilitate ion storage. This result also shows that wet Moso bamboo shoots via the MBCA 

process could yield carbon material that can be applied as alternative electrode active 

material in supercapacitor application.  

Based on the specific capacitance of WB15, the biomass to KOH ratio of 1:15 was 

chosen for further analysis in this research.  
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4.4. Investigating the Effect of Cation in Molten Base Carbonisation and Activation 

 Further research was conducted to understand the impact of cation via molten base 

carbonisation and activation utilizing Moso bamboo shoots with the optimum ratio in section 

4.3. Using the sample preparation in section 3.5.1, potassium hydroxide was changed to 

lithium hydroxide and sodium hydroxide. The derived carbon samples were characterised to 

learn the impact of cation on the carbon properties and their capacitive performance 

evaluated in an EDL capacitor.   

4.4.1. Sample preparation  

Sample preparation procedure outlined in section 3.5.1 was used. Table 4.6 shows the 

summary of procedure while Figure 4.10 depicts the representation of samples.  

Table 4.6. Summary of experimental procedure 

Sample 

Name 

Mass ratio 

of cation: 

biomass 

Alkali  

infiltration  
Drying process 

Heating treatment 

temperature under Ar  

WB-K 1:15 

Room 

temperature for 

48 hours 

60 ęC for 24 

hours 
700 ęC 

WB-Na 1:15 

Room 

temperature for 

48 hours 

60 ęC for 24 

hours 
700 ęC 

WB-Li  1:15 

Room 

temperature for 

48 hours 

60 ęC for 24 

hours 
700 ęC 

 ** K= KOH, Na = NaOH and Li = LiOH.OH, while WB= Wet Bamboo shoots.  
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Figure 4.10.  Wet Moso bamboo shoots mixed with KOH, NaOH and LiOH.OH respectively. 

4.4.2. Characterisation for various cations 

As seen from Figure 4.10, all samples, irrespective of the cation, had similar changes 

in colour from white to yellow, showing that similar oxidation reactions occurred with the 

common OH- anions. Hydrophilic OH- anion will increase biomass components' surface 

polarity for depolymerisation and dehydration reactions. Moreover, the cellulose's 

intermolecular H-bonds will be broken more easily, resulting in the formation of a metallic 

organic salt complex and an O-active species. Though, LiOH.OH is known to contribute 

more OH- ion due to its hydrate form; it could add to the number of hydrates or remove more 

moisture during drying. This characteristic could move the energy of reactions to an endo- 

or exothermic direction when subjected to increased temperature. 

4.4.2.1. Structural analysis 

XRD patterns for WB-K, WB-Na, WB-Li, and Untreated bamboo shoots are shown in 

Figure 4.11. From Figure 4.11 (a), the broad cellulose peak at 2ɗ = 15 - 23ę in untreated 
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bamboo shoots, which depicts the amorphous structure of  cellulose was decreased in WB-

Li, WB-Na, and WB-K  linked to dehydration and depolymerisation reactions [177].  

Though WB-Li kept the cellulose peak at 2ɗ = 15 - 23ę as shown in Figure 4.11(b), WB-Na 

and WB-K did not keep this peak. This shows that cations will affect the rate of 

depolymerization in biomass components at room temperature. Also, this trend among the 

cations could be linked to the mobility of their hydrated ions, since lithium-ion is the most 

hydrated, a second hydration shell is most likely present [178], which will affect its reactivity 

with biomass components. Furthermore,  NaOH and KOH have been used for biomass pre-

treatment, such as delignification [179], lignin activation and conversion using KOH [180].   

 

Figure 4.11. (a) XRD patterns of WB-K, WB-Na, WB-Li, and untreated bamboo shoots 

precursors (b) XRD patterns of WB-K, WB-Na, and WB-Li , XRD patterns matched with 

possible standard compounds (c) WB-Li  (d) WB- Na, and (e) WB-K. 
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From Figure 4.11(b), the crystalline peaks at 2ɗ = 25 - 42.5ę for all samples shows   

that intercalation of cations occurred within the structural components of the bamboo shoots. 

The result of this intercalation is metallic organic salts, compounds or complexes as seen in 

Figures 4.11(c-e). Furthermore, bamboo shoots has been reported to contain oxalic acid, 

tartaric acid, malic acid and other organic acids [181, 182], which could result in 

neutralisation reaction when it comes in contact KOH and water.  

The possible salts formed include Di Lithium maleate hydrate (C4H2Li 2O4.H2O), 

Lithium acetyl acetonate (C5H7LiO2), Lithium nitrilotriacetate dihydrate 

(C6H6Li3NO6.2H2O) and Lithium hydrogen L-malate (C4H5LiO5) for LiOH.H2O. Sodium 

malonate hydrate (C3H2Na2O4.H2O), Sodium Hydrogen Tartrate Hydrate (C4H5NaO6.H2O), 

Sodium methyl aceto acetate (C5H7NaO3) for NaOH. Potassium citrate hydrate 

(C6H5K3O7.H2O), Potassium tartrate dihydrate (C4H4K2O6.2H2O), Potassium Hydrogen 

Oxalate (C2HKO4) and Potassium hydrogen trimalate (C12H16K2O15). This suggests that 

depolymerisation, decarboxylation, and dehydration reactions via bond cleavage and 

neutralisation reactions were prominent at room temperature [183].  

Interestingly, the differences in thermodynamic properties of various hydroxides at 

room temperature (25 ęC) given in Table 4.7 will influence its reactivity before high-

temperature treatment. LiOH had the lowest enthalpy value, showing it is very reactive and 

would release more heat. This process could become interesting for energy recovery for an 

integrated and circular plant design. 

Table 4.7. Thermodynamic data for LiOH (aq), NaOH (aq), KOH (aq), at 25 ęC [184]. 

Species  

 

Hf  ʐ

(kJ molī1) 

Gf  ʐ

(kJ molī1) 

Sfʐ  

(J molī1 Kī1)  

Sfʐ  

(J molī1 Kī1) 

LiOH (aq) ī(509.0 ± 3.7)  ī(451.1 ± 0.8) ī(194 ± 13) 2.8 ± 13 

NaOH (aq)  ī(474.3 ± 1.8) ī(416.9 ± 1.1)  ī(192.3 ± 7.1)  26.9 ± 7.1 

KOH (aq)  ī(479.0 ± 1.9) ī(436.9 ± 2.3) ī(141.0 ± 10.0) 91.6 ± 10.0 



109 

 

4.4.2.2.  Functional group analysis 

 Figure 4.12 illustrates the results of an FTIR investigation into the functional 

modifications in WB-K, WB-Na, WB-Li, and untreated bamboo shoots. When compared to 

WB-K, WB-Na, and WB-Li, the FTIR spectra of untreated bamboo shoots show high 

absorption bands in a variety of functional groups. Due to their ions' affinity and stretching 

vibration of O-H groups and hydrogen interaction in hydrated state, WB-Na and WB-Li  

broad peak in the hydroxyl (3500 - 3300 cm-1) groups were reduced. As opposed to WB-Li 

and WB-K, the aliphatic peak (2900 cm-1) for aromatic compounds with oxygen-containing 

groups in the biomass derived from lignin was significant in WB-Na [185, 186].  Also, it 

reflects the depolymerization of large aromatic molecules to lower cyclic rings, which could 

affect its carbon properties.   

 

Figure 4.12. FTIR spectra of WB-K, WB-Na, WB-Li, and untreated bamboo shoots 

precursors  

  The bands between 1670 and 1440 cmī1 ascribed to carboxyl groups, -COOH, or 

derivatives such as carboxylates, -COOLi, -COONa, -COOK; or methoxyl groups, -COOCH 

was present in all samples with WB-Na showing notable change. This result suggests bond 
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breaking C-O ends will be easier to break compared to the molecules with C=O due to bond 

energies [187]. Also, the clear changes in WB-Na shows the reactivity of sodium hydroxide 

and lignin components in biomass compared with other cations. This behaviour could affect 

the carbon properties and overall yield. Cation interaction affected lower mass molecules 

with aromatic structures (1000-500 cm-1) ascribed to C-N/C-OH stretching vibrations in 

samples, which facilitated depolymerization [188-190]. The various functional changes 

reflected by different cations would affect the conversion and decomposition. This is due to 

the reactivity order of the various carbonates;  Li2CO3 > Na2CO3 > K2CO3  at high 

temperatures due to their reactivity to release CO2 and CO [191].  Nonetheless, it has been 

demonstrated that K+ has a strong reactivity with carbon at temperatures more than 700 ęC, 

causing the creation of pores in the carbon complex [174].  

4.4.3. Derived Carbon Properties  

To understand how the cations effect on the characteristics of derived carbon, the 

derived carbon obtained from the various cations was characterised as follows: 

4.4.3.1. Thermal analysis 

TGA was used to characterise carbon samples WB-K, WB-Na, and WB-Li, as depicted 

in Figure 4.13. The insignificant mass loss in all carbon samples before 100 ęC was attributed 

to moisture bonded to carbon. The mass loss between 100 to 200ę C is linked to the 

degradation of carboxyl and quinone surface groups common to all samples. However, WB-

Na had the highest mass loss compared with WB-K and WB-Li, showing it had more 

carboxyl groups that were not transformed during the carbonisation.  
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Figure 4.13. TGA profiles of WB-K, WB-Na, and WB-Li carbon samples. 

 Between 200 to 400 ęC, gradual decomposition pattern was observed in WB-K and 

WB-Li. This temperature region corresponds to the decomposition of C-O groups [192]. In 

contrast, WB-Na differs with a visible degradation at 350 ęC, implying it is less stable than 

WB-K and WB-Li. This behaviour for WB-Na can be traced to its composition linked to the 

reactivity of  Na+ with carbon and oxygen to readily form CO3, which quickly decomposes 

upon heating [191].  

From 500 to 800 °C, the progressive breakdown of carbon samples reveals the 

breakdown of various surface groups, such as phenol, carboxyl, quinones, hydroquinone, 

ethers, and pyrone structures [192, 193].  Within this temperature, all samples showed 

similar trend which could be traced to the same functional groups resulting from the same 

biomass feedstock and shows it has C-O groups. It also suggests that certain functional 

groups are not affected after carbonisation despite using different cations. The overall mass 

loss of 11.66 % for WB-Li compared with 24.34 and 50.10 % for WB-K and WB-Na, 

respectively, shows that the cation used for MBCA influences the thermal stability of derived 

carbon due to its reactivity during carbonisation. 
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4.4.3.2. Products yield and elemental composition 

The yield and elemental composition of WB-K, WB-Na, and WB-Li are given in Table 

4.8. WB-Li had the highest yield compared with WB-K and WB-Li. The lowest value for  

WB-Na indicates delignification reaction from NaOH yields low molecular compounds that 

are easily volatilized at elevated temperatures [23]. This also indicates that NaOH reacted 

with other biomass components to yield Na2CO3, that quickly decomposes at elevated 

temperatures [191]. This yield supports the functional changes seen in Figure 4.12, where 

WB-Na displayed more obvious changes than WB-Li and WB-K. 

Table 4.8. Carbon yields and their elemental composition 

Sample  Yield (%)  C H N S O**  H/C O/C 

WB-Li  8.84 73.86 2.702 2.20 0.035 21.20 0.44 0.22 

WB-Na 4.39 71.27 1.988 0.77 0.223 25.75 0.33 0.27 

WB-K 8.60 75.03 1.714 0.95 0.252 22.73 0.27 0.23 

*PB 28.00 58.56 1.95 4.14 0.48 34.19 0.40 0.44 

 **difference,  * PB= Pure Bamboo shoots  

The elemental analysis reveals WB-K had the highest carbon content  compared with 

WB-Na and WB-Li . This result shows  that  the reaction of KOH with biomass components 

and carbon increased the rate of deoxygenation and decarboxylation reactions to remove 

oxygen and hydrogen, similar behaviour for KOH has been reported [32, 194]. On the other 

hand, NaOH, slows the rate of deoxygenation, with WB-Na having abundant oxygen. This 

could be linked to the sodium carbonate compounds formed from NaOH interaction with 

components and carbon. Furthermore, this result agrees with the TGA curve in Figure 4.13 

where WB-Na had the highest mass loss linked to high oxygen content. 

Comparing the H/C ratios, WB-K had the lowest value. This shows that KOH 

enhances graphitisation compared to NaOH and LiOH.H2O, which results  to better carbon 
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aromaticity. However, the low O/C ratio exhibited by WB-Li shows that LiOH.H2O 

enhances oxygen reduction, resulting  to an increase in carbon hydrophobicity, which is in 

agreement with the TGA plot in Figure 4.13. These low H/C and O/C ratios implies that  

decarboxylation, dehydrogenation, and deoxygenation were predominant during the 

conversion process. Furthermore, this result shows that the reactivity of cation affects 

carbon elemental composition despite having a common anion. These various elemental 

compositions in carbon samples are likely to affect carbon functionality. 

4.4.3.3. Carbon morphology 

 Figure 4.14 displays FE-SEM images of WB-K, WB-Na, and WB-Li (a, b, and c) 

and pure bamboo shoots. From Figure 4.14, a well-developed interconnected sheet-like 

porous structure is seen in samples. Contrastingly, pure bamboo shoots show a non-porous, 

densely packed sheet-like structure. The porous structure in WB-K, WB-Na, and WB-Li 

shows similar in-situ activation occurred with various ion types during carbonisation. 

However, the differences in the pore structure were affected by the reactivity of various 

cations (Li, Na, and K) to release volatiles at elevated temperatures. Furthermore, the 

micropores are linked to the reactivity of metal ions with CO2 to generate MCO3 (where M= 

Li, Na, and K). The decomposition of the various carbonates (Li2CO3, Na2CO3, K2CO3) 

resulted in micropores during the in-situ activation process [32, 195]. 
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Figure 4.14. FE-SEM micrographs (a) WB-K (b) WB-Na, and (c) WB-Li, and (d) pure 

bamboo shoots carbon samples. 

 The tightly packed sheet structure for pure bamboo shoots after carbonisation in 

Figure 4.14(d) confirms that minimal amount of hydroxide mixed wet biomass before drying 

and carbonisation would yield porous carbon in a single-stage thermal process. This is due 

to the intercalated ion and oxidation reaction that creates vacancies in the biomass structure. 

Significantly, the different ion sizes affected pore structures and carbon morphology, thus 

giving rise to micropores and mesopores, especially in WB-Na. Notably, WB-K shows a 

better-connected pore structure, traced to KOH activation reactions shown in equations 4.3 

to 4.7. The hierarchical porous structure in carbon samples is an advantage for ion transport 

and electrolyte adsorption, during the charge-discharge operation. 

4.4.3.4. Physisorption analysis  

  The microporous structure of carbon samples was further investigated using Nitrogen 

adsorption-desorption test, as depicted in Figure 4.15. All carbon samples exhibited type I 

isotherm with steep adsorption at relative pressure (P/P0) of < 0.1, which denotes abundance 
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of micropores [100]. The presence of an H4-type hysteresis loop in WB-Li between 0.4 - 0.6 

relative pressure implies the presence of mesopores in carbon, similar mesopores for biomass 

carbon has been reported [112, 196]. Due to the presence of metallic cations, various carbon 

samples showed different microporous structures during the carbonisation and insitu 

activation processes. The detailed textural properties are given in Table 4.9. 

 

Figure 4.15. (a) Nitrogen adsorption-desorption isotherms, and (b) pore size distribution for 

WB-K, WB-Na, WB-Li and Pure Bamboo shoots (PB) carbon samples. 

Analysing the pore size distribution in Figure 4.15(b), WB-K reveals a high presence 

of ultra-micropores (> 1nm) and micropores pores (> 2 nm) compared with WB-Li and WB-

Na. However, WB-Na displays a better uniform distribution for mesopore. This could be 

traced to the reactivity of Na+ ions with the volatile gases generated during the carbonisation 

and activation. Also, at elevated temperatures and vapour states, the atomic radii of K+ are 

smaller than Na+ and Li+ [184] which would  affect its reactivity,  and influence  the textual 

properties of carbon leading to micropores.  

Furthermore, WB-K shows the most significant SSA of 1367.82 m² g-1 compared with 

872.62 and 955.36 m² g-1 for WB-Na and WB- Li, respectively. This result proves that cation 

will influence the SSA of carbon, resulting from its reactivity and release of volatiles to 

generate pores at elevated temperatures. Also, this result further demonstrates why KOH has 

been used for biomass activation over the years [32, 88]. Comparing the SSAôs of cation 
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derived samples with that of PB (0.58 m² g-1), shows that temperature alone will not cause 

generation of pores in carbon samples. But temperature coupled with activating agent results 

in the generation of pores. 

Table 4.9. Textural properties of carbon samples from various cations. 

Sample SBET  

(m² g-1) 

SBETmic 

(m² g-1) 

SBETmeso 

(m² g-1) 

Vt  

(cm3 g-1) 

Vmic 

(cm3 g-1) 

DA 

 (nm) 

WB-Li  955.36 775.394 179.964 0.566 0.392 1.79 

WB-Na 872.62 694.748 177.868 0.475 0.371 2.18 

WB-K 1367.82 1137.955 47.394 0.663 0.526 1.94 

PB 0.58 0.550 0.031 0.00 0.000 6.82 

 ** SBET= BET Specific Surface Area, SBETmic = Micropore Surface Area, SBETmeso = 

Mesopore Surface Area, Vt = Total pore Volume, Vmic = micropore volume, and DA = 

Average Pore Size. 

The high ratio of micropores in WB-K will be an advantage for ion diffusion and 

electrolyte transport, while the large SSA in all carbon samples will supply large adsorption 

sites for activated ions. 

4.4.3.5. Structural analysis  

Raman spectra for WB-K, WB-Na, and WB-Li are shown in Figure 4.16. All samples 

showed 3 visible peaks for a graphitic carbon, explained in section 4.3.2.4. The ratio of D 

and G bands (ID/IG) used to predict the presence of defects present in samples was determined 

to be 0.845, revealing the existence of graphitic crystallites in all samples. This shows that 

WB-K, WB-Na, and WB-Li -derived carbon partially has sp2 carbon with defects. Though a  

high degree of sp2 carbon translates to a level of electrical conductivity for biomass-derived 

carbon with KOH [23]. 
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Figure 4.16. Raman Spectra of WB-K, WB-Na, WB-Li carbon samples.  

4.4.4. Electrochemical performance of derived carbon using various cation 

The electrochemical performance of various cation derived carbon was tested using 

cyclic voltammetry, evaluated with symmetric cells using 6M KOH as electrolyte. Figure 

4.17 shows voltammograms for WB-Li, WB-Na, and WB-K at a scan rate of 20 mV s-1, with 

samples displaying quasi-rectangular curves like the ideal capacitor curve without visible 

redox peaks indicative of EDL mechanism within the cell. WB-K and WB-Li  exhibit better 

capacitive behaviour compared with WB-Na. However, the pseudo-capacitive element 

displayed by WB-K and WB-Li  would contribute to their capacitance. 
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Figure 4.17.  Cyclic Voltammograms for WB-Li, WB-Na, and WB-K. 

The calculated specific capacitance was 306.99, 176.22, and 186.98 F g-1 for WB-K, 

WB-Na, and WB-Li, respectively. The excellent performance for WB-K is linked to its large 

SSA (1367.82 m² g-1) and porous structure, shown in Figure 4.15. This result proves that the 

cation influences the SSA and pore sizes of carbon samples, so affecting its specific 

capacitance despite being derived from same biomass precursor.  

Further investigation, using different scan rates, shows that samples kept their EDL 

properties without redox peaks. According to Figure 4.18(d), the specific capacitance of the 

samples decreases as the scan rate increases; WB-K displayed the highest specific 

capacitance at each scan rate. This behaviour is linked to its significant SSA and hierarchical 

porous structure, illustrating that carbon properties will influence its electrochemical 

performance. Notably, this result shows that irrespective of the cation used for MBCA with 

same biomass source, capacitive carbon will be obtained. 
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Figure 4.18. Cyclic Voltammograms at different scan rates for (a) WB-Li (b) WB-Na (c) 

WB-K, and (d) Calculated Specific Capacitance of WB-Li, WB-Na, WB-K at different scan 

rates. 

 From the electrochemical performance, the outstanding performance of WB-K 

compared with WB-Li and WB-Na is attributed to its large SSA coupled with a hierarchical 

porous structure. The result shows that using the wet biomass route with various hydroxide 

cations, the carbon properties of the same biomass precursor will show different properties, 

so affecting its performance in a specific application. 

Based on this result, further investigations based on KOH were conducted in this research. 
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4.5. Biomass Response using Molten Base Carbonisation and Activation  

Establishing that MBCA is a route for producing porous carbon in sections 4.3 and 4.4. 

The process mechanism was investigated on wet Moso bamboo shoots and Radish compared 

with their respective pristine biomass. 

4.5.1. Sample preparation  

Using the method for preparing samples outlined in Section 3.5.1. Table 4.10 offers a 

summary of the procedure.  

Table 4.10. Summary of experimental procedure 

Sample Name 
Pre-drying 

process 

Mass ratio 

of KOH: 

biomass 

Conditions 
Drying 

 process 

Heating 

treatment 

temperature 

under Ar  

PB 

 

60 ęC  

for  

24 hours 

N/A N/A N/A 700 ęC 

WB N/A ** 1:15 

Room 

temperature 

for 48 hours 

60 ęC for 24 

hours 
700 ęC 

PR 

60 ęC  

for  

24 hours 

N/A N/A N/A 700 ęC 

WR N/A ** 1:15 

Room 

temperature 

for 48 hours 

60 ęC for 24 

hours 
700 ęC 

 N/A = Not available, **PB and PR are dried biomass precursors before the 

carbonisation process for Moso bamboo shoots and Radish respectively. WB and WR are 

wet Moso bamboo shoots and Radish mixed with KOH before drying. The mass ratio for 

KOH to biomass was chosen as optimum ratio after several trials and application of derived 

carbon as shown in section 4.3.  
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4.5.2. Characterisation of derived carbons 

The various carbon obtained from wet biomass precursor with KOH, compared with 

untreated samples were characterised using the nomenclature mentioned in Table 4.2.  

4.5.2.1. Carbon yield and elemental composition 

The percentage yield of derived carbon and ultimate analysis are given in Table 4.11.   

Table 4.11. Carbon yields and elemental composition 

Sample  Yield 

(%)  

C H N S  O**  H/C O/C 

PB 28.00 58.56 1.95 4.14 0.48 34.19 0.40 0.44 

WB 8.60 # 75.03 1.71 0.95 0.25 22.73 0.27 0.23 

PR 30.69 60.04 1.57 3.07 0.57 34.75 0.31 0.43 

WR 5.30 # 66.87 2.20 0.62 1.09 29.22 0.39 0.33 

              # Dried content after mixing with KOH, **difference + 0.02 

From Table 4.11, PB and PR had higher carbon yield compared to WB and WR, 

respectively. The low yield in WB and WR demonstrates that the presence of KOH 

contributes to the faster breakdown of volatile components and loss of carbon during in-

situ activation, which did not occur in PB and PR. In particular, the low yield for WR (5.30 %) 

compared with WB (8.60 %) is linked to its biomass composition. Bamboo shoots belong to 

lignocellulosic plants, which have high lignin, while radish is non-lignocellulosic, this 

difference will affect their carbon yield. Notably, most existing literature do not show the 

carbon yield after the activation of biochar for feedstock (biomass) precursor. Therefore, the 

yield for this novel approach will be a starting point for further investigation.  

Table 4.11 displays the elemental analysis of carbon samples with the four essential 

elements (C, H, N, and O), eliminating trace elements like silicon, magnesium, and 

aluminium, which make up most of the ash. WB had a carbon content of 75.03 %, which 
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was higher than that of PB (58.56 %). Moreover, WR (66.87 %) had a higher value than PR 

(60.04 %). The increase in elemental carbon compared to 39.31% (bamboo shoots) and 

33.92 % (radish) precursors (Table 4.2) shows that carbonisation of samples had occurred. 

Also, the increased carbon content shows that KOH enhanced the graphitisation of carbon, 

as seen in the various samples. Moreover, WB and WR had the least amount of oxygen 

compared with PB and PR, respectively. This result reveals that KOH within the structure 

of the component enhanced deoxygenation reaction during carbonisation, while the high 

oxygen content WR is traced to its precursors [197].   

Comparing the H/C and O/C ratios for PB and WB, the lower value for WB shows that 

the presence of KOH improved the aromaticity, hydrophobicity, and non-polarity. This 

suggests that KOH and water interaction before drying the bamboo shoots increased the rate 

of decarboxylation, and recombination of reactive species during carbonisation. In contrast, 

the H/C ratios for WR increased compared to PR, which further reflects that different 

biomass will react differently with KOH during the carbonisation. The low O/C in WR and 

WB shows KOH promotes the rate of deoxygenation which reduces the hydrophobicity of 

obtained carbon.  

4.5.2.2. Thermal analysis 

   

TGA profiles for the derived carbons (PB, WB, PR and WR) are shown in Figure 4.19. 

It proves how carbon samples decompose as temperature increases, linked to some surface 

groups (carboxyl and quinone) generated by some volatiles. All samples had initial mass 

loss between 50 to 100 ęC is linked to bound moisture within the carbon. The similar patterns 

for WB, PR and WR indicates that similar volatile compounds are present in the carbon. The 

deviation in PB can be traced to the composition of bamboo shoots and the carbonisation 

temperature, showing that certain organic species are still present. 
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The similar decomposition between 104.1 and 401.3 ęC for C=O surface groups  [192], 

indicates that similar surface groups are present in carbon samples. However, PB reflected 

the highest release of these surface functional groups, which could be linked to the biomass 

precursor and carbonisation temperature. 

 

Figure 4.19. TG curves for PB, WB, PR, and WR carbon samples 

Between 400 and 800 ęC, all samples experienced significant mass loss, indicative of  

carboxylic groups presence, which are volatile carbon components at high temperatures 

[198].  The less mass loss in WB (24.01 %) compared with PB (27.40 %) shows the WB 

carbon had fewer volatile components, showing KOH promoted deoxygenation and 

decarboxylation reactions in WB. Contrastingly, the more significant mass loss in WR 

(39.24 %) compared with PR (17.10 %) shows KOH promoted dehydration and hydrolysis 

reaction in Radish; this behaviour is supported by Figure 4.26 (b). These results suggest that 

different wet biomass sources with KOH will react differently based on their inherent 

composition. The obtained carbon will have different surface functional groups and 

influence their thermal stability. TGA patterns exhibited by samples are similar for biomass-

derived carbon [164]. The information derived from the TGA analysis reveals that WB had 




















































































































































































































































































































































