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ABSTRACT  

Due to increasing awareness of the environmental impacts and costs of materials used in everyday 

products, industries are increasingly seeking more ecologically and environmentally friendly materials 

that are renewable, biodegradable, economically feasible, and have lower energy demands. As a result, 

recent research has focused on the extraction of natural materials such as cellulose, from plants, 

including agricultural biomass residue. As a cellulose source, agricultural biomass presents such 

advantages as being low-cost, widely available, environmentally friendly, and biodegradable. This 

study investigated the optimisation of cellulose microfibre extraction from Hemp (Cannabis sativa L.) 

bast fibres by organic acids via response surface methodology (RSM). The goal was to determine 

appropriate conditions under which organic acids could be applied, in order to replace the commonly 

used sulphuric acid process, thus providing a greener route for cellulose extraction. Upon extraction, 

surface treatment by cationisation was then performed in order to demonstrate their application in the 

remediation of water contaminated by various synthetic dyes.  

For the extraction of cellulose microfibres, hemp bast fibres were first subjected to alkali (4 wt% NaOH) 

and bleaching treatments using acetate buffer in aqueous chlorite. RSM was used to determine 

combinations of three processing conditions including acid concentration (45 – 64%), hydrolysis time  

(30 – 90 minutes), and temperature (45 – 65 ℃), using sulfuric acid, formic acid, and maleic acid. A 

central composite design model with 21 experimental runs was optimised using MODDE 13.1 software. 

Characterisation of cellulose and cellulose microfibres included surface morphology analysis by 

scanning electron microscopy (SEM), functional group analysis with Fourier Transform Infrared 

(FTIR) spectroscopy, crystallinity degree with X-ray diffraction (XRD) analysis and thermal stability 

analysis with thermogravimetric analysis (TGA). SEM confirmed that hydrolysis produced cellulose 

microfibres of varying size and morphology. FTIR spectra showed that the main chemical structure of 

cellulose was not altered during the hydrolysis process. TGA also showed that microfibres with high 

crystallinity resulted in good thermal stability, which is a favourable property for high temperature 

applications. The model suitably described the data (R2 =0.99; R2adj = 0.96). Microfibres with an 

average width of 6.91 µm, degree of crystallinity range between 40% and 75% and good thermal 

stability were produced with acid hydrolysis processes with assisted ultrasonic treatment. The optimum 

degree of crystallinity 83.21% was achieved with formic acid concentration of 62 wt%, hydrolysis time 

of 36 minutes, and hydrolysis temperature of 47 ℃ as predicted by the model. The optimisation results 

were validated to confirm the accuracy of the model. The data suggests that formic acid can be used as 

an alternative to sulfuric acid for synthesis of cellulose microfibres from biodegradable hemp waste 

fibres.  
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Using hemp plant fibres as a cellulose source, cationised hemp cellulose was synthesized and applied 

as an adsorbent for the removal of methyl orange (MO), and sunset yellow (SY) from aqueous solutions. 

For cellulose extraction, the previous method was utilised. Extracted cellulose fibres were 

functionalised using Glycidytrimethylammonium chloride (GTMAC) to synthesize cationised cellulose 

(GT-cellulose). Raw plant fibre, bleached cellulose, and GT-cellulose were characterised using SEM, 

FTIR, XRD, and TGA techniques. SEM showed long finger-like morphologies for all fibres and 

displayed that cationisation did not endorse any major modifications to the size and shape of the fibres. 

The FTIR spectra of raw hemp fibres, bleached cellulose, and GT-cellulose displayed functional group 

attributed to epoxy moieties of GTMAC, confirming cationisation. The crystallinity degree (CrI) of the 

fibres obtained from hemp bast material was 60%, which was improved following alkali and bleaching 

treatment extracting cellulose (CrI = 73%). XRD and TGA showed GT-cellulose with lower 

crystallinity degree and reduced thermal stability. For synthetic dye adsorption studies, the influence of 

pH, dosage of adsorbent, initial dye concentration, contact time, and temperature were investigated in 

batch experiments using GT-cellulose as an adsorbent. From the obtained results, the equilibrium 

processes were best described by Langmuir isotherm model for both dyes of interest, showing a 

monolayer adsorption. From the kinetic experiments, the adsorption processes for MO and SY dyes 

followed the pseudo first-order kinetic model indicating that the overall rate of dye adsorption could be 

governed by one of the reactants. The thermodynamic study showed that the adsorption processes for 

MO and SY were both endothermic and spontaneous in nature.   

Hemp bast fibres can therefore be regarded as a green and sustainable waste material for the preparation 

of cellulose microfibres with improved crystallinity, enhanced thermal stability and can be cationically- 

modified to act as an adsorbent for uptake of anionic dyes from aqueous solutions 
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SMBAC  Swietenia mahagoni bark activated carbon  
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CHAPTER 1 INTRODUCTION  

1.1 Background and motivation  

According to the United Nations, in 2019 the global population was estimated to be 7.7 billion, with a 

projected rise to be 8.5 billion by 2030, and with this increase, the need for sustainable food sources 

and safe and clean drinking water will rapidly increase causing a decrease in water quality and quantity 

due to increase water pollution (Sharma et al., 2019) (World Population Prospects, 2019). Water 

pollution is the contamination of water bodies such as groundwater, surface waters, lakes, rivers, seas, 

and oceans leading to poor water quality (Sharma et al., 2019). Pollution leads to a significant 

deterioration in water quality resulting in close to 675 million people living without access to safe 

drinking water. This can lead to contacting sickness from waterborne diseases such as cholera, guinea 

worm and these mostly occur in the rural areas in underdeveloped countries (Sharma et al., 2020). 

According to some statistics:  

• Over a decade ago, it was estimated that 1.2 billion people worldwide more especially in developing 

countries did not have access to safe drinking water and this figure is expected to be triple by 2025 

(Mukheibir, 2010)  

• In 2019, 785 million people did not have access basic safe clean drinking-water service and more than 

2 billion people worldwide used a drinking water source contaminated with feces (World Health 

Organization, 2019).  

• Contaminated drinking water is estimated to cause 485 000 diarrheal deaths each year (World Health 

Organization, 2019).  

• In least developed countries, 22% of health care facilities have no water service, 21% no sanitation 

service, and 22% no waste management service (World Health Organization, 2019)   

• On global scale, 26.3 million people per year die from drinking water contaminated with inorganic toxic 

heavy metals such as arsenic, chromium, lead, and cadmium, and organics such as dyes, pesticides, and 

surfactants (Jain, Varshney and Srivastava, 2016).  

• Due to the rapid rise in population growth, industrialization, climate change and water pollution, it is 

estimated that by 2050 the global population will be 9.7 billion people and over  

40% of the world’s population will be living in water-stressed areas (Guppy and Anderson, 2017).  

 

Synthetic dyes are frequently used in many industries e.g. textile, cosmetics, leather, paper dyeing, 

printing and colour photography, pharmaceutical, food, etc., (Hashem and El-Shishtawy, 

2001)(Konicki et al., 2015). When released into water systems, synthetic dyes may result in harmful 
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effects to humans and aquatic life such as increased heart rate, diarrhea, vomiting, shock, cyanosis, 

jaundice, and tissue necrosis even when present at low concentrations. Dyes can have carcinogenic and 

mutagenic effects in humans and animals (Mahida and Patel, 2016). They can be categorized as cationic, 

non-ionic, or anionic. Cationic dyes have a net positive charge when in water due to the presence of 

chemical groups such as amine whereas anionic dyes have a net negative charge due to sulfonate groups 

(Fernandes et al., 2020). The continued use of synthetic dyes has resulted in a growing challenge to 

develop efficient, reliable, environmentally friendly, and low-cost technologies to reduce contamination 

of water resources.   

Various technologies exist for the treatment of contaminated water including membrane separation  

(Liu et al., 2015), electrocoagulation (Dermentzis et al., 2011)(Kobya et al., 2011), electrodeposition 

(Verduzco et al., 2019), chemical oxidation(Mohan and Pittman, 2007), ozone treatment,, reverse 

osmosis (Mahdavi and Rahimi, 2018), co-precipitation (Mohan and Pittman, 2007), ion exchange (El 

Torky et al., 2016), simple adsorption (Ballav, Maity and Mishra, 2012) and a combination of two or 

more processes (Ibrahim et al., 2019).  

Adsorption is a simple and reliable method as it has been extensively used on a variety of contaminants. 

It is a process that uses adsorbents for the removal of substances from liquid or gaseous solutions 

followed by adsorption of the substances onto the surface of the adsorbent. This technique has been 

used extensively owing to its great advantages ease of use and operation, financial feasibility, wide 

availability, little to no sludge generation and high removal efficiencies, therefore it is applicable in 

wastewater treatment on a large-scale. For adsorption to work effectively, the experiments conditions 

such as pH range, metal concentration, adsorbent type, ligand concentration, particle size, and 

competing for ions are to be optimised (Nicomel et al., 2015)(Li et al., 2019)(Ahmad et al., 

2015)(Awang et al., 2018). The adsorption process strongly depends on the type of adsorbent used and 

commonly used adsorbents include chitosan (Neeraja et al., 2016), bottom ash (Jarusiripot, 2014), 

natural zeolites (Sannino et al., 2012), nanomaterials such as activated carbon, graphene, carbon 

nanotubes (Sadegh et al., 2017)(Ilavský, Barloková and Marton, 2020)(Sujitha and Ravindhranath, 

2016), activated alumina(Adegoke et al., 2017), Hydrous zirconium oxide (Kumar et al., 2018), rice 

husk ash(Vieira et al., 2014), fly ash(Adegoke et al., 2017), and agriculture by-products (Batmaz et al., 

2014).   

Recently, the focus has increasingly been on the exploration of greener technological solutions, leading 

to increased interest in the use of cellulosic materials for applications in various fields. Cellulose is the 

most abundant natural polymer being a major component of higher plants, alongside lignin and 

hemicellulose (George and Sabapathi, 2015). The global production of cellulose has been estimated to 

be 1.5 × 1012 tons (Tavakolian, Jafari and Ven, 2020). To date, much of the cellulose in use has been 
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from wood sources (Pennells et al., 2020) but other sources, particularly agricultural wastes e.g., 

sugarcane bagasse, corn husks, hemp fibres, banana rachis etc are attracting significant attention.  

Cellulose is suitable for organic and inorganic pollutant remediation due to the presence of hydroxyl 

functional groups which can also be modified to improve adsorption (Jamshaid et al., 2017)(Tavakolian, 

Jafari and Ven, 2020). Through various treatments, cellulose nanomaterials can be extracted various 

techniques. Acid hydrolysis using most often, mineral acids e.g., sulphuric acid, is used to synthesize 

nanocrystals (Sartika et al., 2019). Work by Isogai and colleagues also showed that TEMPO-catalysed 

oxidation can be used to generate nanofibres with lengths up to 3 µm (Isogai, Saito and Fukuzumi, 

2011). Importantly, both cellulose nanocrystals and nanofibres can be further modified with cationic or 

anionic surface groups in order to improve the adsorption capacity for organic and inorganic 

contaminants (Singh, Sinha and Srivastava, 2015)(Carpenter, de Lannoy and Wiesner, 2015)  

1.2 Study aims and objectives   

In South Africa, hemp production results of wastes rich in cellulose which is available at lower cost due 

to their wide local availability and renewability. For this reason, the use of these agricultural wastes in 

science research has become of great interest. Therefore, the current work aimed to use of hemp fibres 

as cellulose sources renewable and biodegradable material for applications in water remediation studies. 

The following objectives were pursued to achieve this goal:  

i. To investigate green approaches for the extraction of cellulose from hemp waste using organic 

and mineral acids using response surface methodology for the selection of reaction conditions 

i.e., acid type, acid concentration, reaction temperature and duration.   

ii. To characterise extracted cellulose for their physical and chemical properties using scanning 

electron microscope (SEM), X-ray diffraction (XRD). thermogravimetric analysis (TGA), and 

Fourier-transform infrared spectroscopy (FTIR).  

iii. To modify the surface of extracted cellulose fibres by cationic moieties using glycidyl 

trimethylammonium chloride (GTMAC). 

iv. To determine the removal efficiency of anionic dyes from water using cationised cellulose.   

1.3 Research justification   

Natural Cellulose is a renewable, low-cost, and biodegradable material that can be extracted from a 

variety of living and non-living organisms. Hemp bast fibres is a great source of cellulose (78%) and 

with legal hemp farming in South Africa increased production of hemp waste could result. Further 

resulting in a surge of under-utilised waste material that are burnt unused. Adsorption is a simple, low-

cost, and reliable process that has been vastly used for remediation of organic and in organic 
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contaminants using cellulose materials as a natural adsorbent. To our best knowledge, there is no 

literature that has covered the use cationised cellulose extracted from hemp bast fibres for remediation 

of anionic dyes (methyl orange and sunset yellow) from aqueous solutions  

1.4 Dissertation outline  

Chapter 1: Introduction to study  

This chapter gives a brief background introduction into the world of water scarcity on a global scale, 

pollution caused by synthetic dyes, extraction techniques and use of agricultural cellulose residue and 

cellulose material as adsorbents. It also highlights information of the main research aim and objectives 

for the work to be conducted, and the research justification.  

Chapter 2: Literature review   

This chapter is the core component of the dissertation in which phrases are defined and elaborated. 

Hemp bast fibre as a cellulose source is discussed with focus on preparation and extraction techniques. 

Response surface methodology (RSM) as an optimisation method and cellulose modification techniques 

are discussed. Furthermore, synthetic dye water remediation using cationised cellulose fibres is 

discussed in the following chapter.  

Chapter 3: Research methodology   

i. The major intention of this chapter is to clarify on experimental protocol of the research. It 

brings attention to all chemical reagents, equipment, Characterisation techniques, and 

adsorption experimental procedures. The experimental procedures were divided into a series of 

activities outlined below:  

ii. Preparation and extraction of cellulose fibres from Industrial Hemp (Cannabis sativa L.) bast 

fibres waste through alkali and bleaching treatments.  ii. Green chemistry synthesis of cellulose 

microfibres (CMFs) through mineral and organic acid hydrolysis coupled with ultrasonication 

method.  

iii. Preparation of cationised cellulose fibres using GTMAC, as cationising agent.   

iv. Characterisation techniques employed for all cellulose derived fibres were Scanning Electron 

Microscope (SEM), Fourier Transform Infrared (FTIR) spectroscopy, X-ray diffraction (XRD) 

analysis and Thermogravimetric analysis (TGA).  
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v. Adsorption parameters included solution pH, initial concentrations, adsorbent dosage, 

temperature effects, and contact time. Ultraviolet-visible (UV-vis) spectroscopy was used to 

measure the dye concentration after adsorption  

Chapter 4: Chemically treated cellulose and its cellulose microfibres extracted from hemp fibres: 

Isolation and Characterisation  

This chapter focuses on the acid hydrolysis extraction and characterisation of cellulose microfibres 

extracted from industrial hemp (Cannabis Sativa L.) plant fibres  

Chapter 5: Optimisation of acid hydrolysis of hemp fibres using response surface methodology  

In this chapter a response surface methodology with 33 full factorial experimental design was adapted 

to optimise organic and mineral hydrolysis in respect to acid concentration, temperature, and reaction 

time to obtain fibres high in crystallinity.  

Chapter 6: Synthesis and application of cationised cellulose for adsorption of anionic dyes  

This chapter presents the results of experiments conducted to examine the removal of azo dyes, methyl 

orange and sunset yellow by cationised cellulose. The chemical and physical characteristics of modified 

and unmodified cellulose are fully compared and discussed here. The adsorption efficiencies of raw 

plant fibre treated cellulose and cationised cellulose for remediation azo dyes are compared and 

discussed, primarily focusing on the influence of the following adsorption parameters: solution pH, 

mass of adsorbent, initial adsorbate concentration, contact time and reaction temperature. The 

applicability of the adsorbent on tap and seawater were also investigated. Adsorption isotherms and 

kinetic modelling were used to describe the adsorption behavior between adsorbate-adsorbent 

interactions.  

Chapter 7: Conclusions and Recommendations  

The general concluding remarks on the work covered in the study and future recommendations are made 

in this chapter.  
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CHAPTER 2: LITERATURE REVIEW  

2.1 Hemp fibres (Cannabis Sativa L.)  

Schultes wrote:  

“Hemp is a green, very abundant and ubiquitous plant, economically valuable, a versatile and 

multipurpose product, possibly dangerous and certainly in many ways mysterious” (Schultes 1970)  

Hemp (Cannabis sativa L.) is one of the most cultivated and used industrial crops worldwide. Hemp 

has an   estimated world production of 214×103 tons per year (Rahman et al., 2018). Hemp produces 

two types of natural fibres namely, bast fibres which are the fibrous form and woody core fibres (also 

known as Hurds) which is the granular form, and both are abundant in nature (Morin-Crini et al., 2018).  

Hemp bast fibres are mainly composed of 76% cellulose, 14% hemicellulose, 5% lignin, 1% pectin’s, 

and 6% of other substances, whereas Hurds are composed of 48% cellulose, 24% hemicellulose, 19% 

lignin, 2% ash and less than 5% of other substances (Väisänen et al., 2018)(Salami et al., 2020). Hemp 

fibres are low cost, biodegradable, environmentally friendly, durable, ease of processing, low density, 

and have good mechanical properties compared to synthetic fibres (Abraham, Wong and Puri, 

2016)(Jarabo et al., 2012). Furthermore hemp fibres have several industrial uses such as reinforcements 

for building materials, textile, paper processing, medicine, cosmetics, pharmaceuticals food 

manufacturing, detergent and bio-composites (Salami et al., 2020)(Jarabo et al., 2012)(Kassab et al., 

2020).   

2.2 Cellulose and its hierarchical structure  

Cellulose was first isolated in 1839 by the French chemist, Anselme Payen while studying various wood 

sources (Devabaktuni Lavanya, P.K.Kulkarni, Mudit Dixit, Prudhvi Kanth Raavi, 2011). Cellulose is a 

vital structural component of the cell walls of higher plants. It contributes up to 90 % of cotton, 80 % 

of hemp, 75 % of flax and 40-50% of wood (see Table 2.1) (Hokkanen, Bhatnagar and Sillanpää, 2016)( 

Huang et al., 2020a). Cellulose can be found in a number of living organisms such as amoeba, algae, 

fungi and bacterium acetobacter xylinum and even in some aquatic animals e.g tunicates (Figure 2.1) 

(Dong, Roman and Long, 2014)(Mansoori et al., 2020). Cellulose is the most abundant and renewable 

natural polymer on Earth. The global production of cellulose has been estimated to be 1.5 × 1012 tons 

each year (George and Sabapathi, 2015)(Tavakolian, Jafari and Ven, 2020). Cellulose has a wide range 

of physical and physiochemical properties such as high stiffness, high strength, biocompatibility, 

renewability, excellent thermal stability, high sorption capabilities and non-toxicity (Ratajczak and 

Stobiecka, 2020). Furthermore, due to previously mentioned properties and low cost, cellulose and other 

biopolymer materials attract more attention for applications in a variety of areas such as reinforcement 
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agents, water treatment, food packaging, textiles, bio-composite, medicine, and many more as shown 

in Figure 2.2(Abouzeid et al., 2019) (Di Giorgio et al., 2020)(Abiaziem et al., 2019). Cellulose as a 

main component of biomass has been used for decades for a wide variety of applications and will 

continue to be investigated and applied in the future to contribute to environmental and economic 

improvement.   

  

Figure 2.1: Sources of cellulose of various plant and animal species   

Table 2.1: Cellulose, hemicellulose, and lignin as major components in the chemical composition of 

various plants materials.  

Source Percentage composition (wt %) Ref  

Cellulose  Hemicellulose  Lignin  

 Softwood  42 40 32 (Tarasov et al., 2018) 

Hardwood 51 38 31 (Tarasov et al., 2018) 

Hemp fiber 74 14 5 (Väisänen et al., 2018) 

Corn husk  42 41 13 (De Carvalho Mendes et 

al., 2015) 

Sugarcane bagasse 46 24 24 (Candido and Gonçalves, 

2019) 

Bamboo 35 27 11 (Wijaya et al., 2019) 

Tea stalk 35 20 28 (Guo et al., 2020) 



13  

  

Rice husk  35 25 20 (Motaung and Linganiso, 

2018) 

Rice straw  37 29 23 (Ratnakumar et al., 2022) 

Sorghum 46 15 17 (Motaung and Linganiso, 

2018) 

Maize stem 39 28 15 (Longaresi et al., 2019) 

Banana trunks (Musa 

acuminata) 

33 39 27 (Merais et al., 2022) 

Banana rachis 34 8 16 (Gabriel et al., 2020) 

Calotropis procera fiber 64.1 19.5 9.7 (Song et al., 2019) 

Corn stalk 38 46 16 (Chen et al., 2020) 

Corn stover  40 28 10 (Hassan et al., 2016) 

Garlic straw 41 18 6 (Kallel et al., 2016) 

Yerba mate fiber  29 25 29 (Ju et al., 2020) 

Peanut shell 30 19 29 (Chen et al., 2020) 

Pineapple waste (roots) 42 32 19 (Maisyarah et al., 2019) 

Kans grass (Saccharum 

spontaneum) 

48 32 17 (Baruah et al., 2020) 

Date seed (Phoenix 

dactylifera L.) 

25 25 31 (Abu-thabit et al., 2020) 

Eggplant plant (Solanum 

melongena L.) 

63 7 23 (Bahloul, Kassab, El, et 

al., 2021) 

Sugar palm fibers  37-54 4-8 17-25 (Ilyas et al., 2021) 
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Figure 2.2: Applications of cellulose.  

2.2.1 Cellulose structure and properties   

Cellulose is a long linear polysaccharide chain consisting of repeating units of D-glucopyranose also 

commonly known as anhydroglucose units (AGU) in a chair conformation with molecular formula of 

(C6H11O5)n. The AGU are joined together by β-1,4-glycosidic linkages formed between C1 and C4 

position to form a dimer of glucose known as cellobiose (Figure 2.3) (Mansoori et al., 2020)(Hokkanen, 

Bhatnagar and Sillanpää, 2016)(Abouzeid et al., 2019). Each repeating unit of AGU has three highly 

reactive hydroxyl (OH-) groups which contribute to cellulose’s properties (hydrophilicity, degradability, 

chirality), each one at position C2, C3, and C6 (Dong, Roman and Long, 2014). The hydroxyl groups 

at position C2 and C3 are secondary alcohols and the hydroxyl group at position C6 is a primary alcohol 

making them hydrophilic in nature. Moreover, cellulose does not dissolve in water and most common 

solvents (acetone, ethanol, methanol) due to strong hydrogen bonding interactions between cellulose 

chains (Jasmani and Thielemans, 2018). Within the cellulose chains, crystalline domains are formed 

due to van der Waals forces formed between the glucose units and hydrogen bonds formation between 

the cellulose chains (Hokkanen, Bhatnagar and Sillanpää, 2016). As shown in Figure 2.3, cellulose  

chains are made up of two chemically different ends: the non-reducing end is the one end with a closed 

ring structure and the reducing end is the opposite end which has a free anomeric carbon atom of 

hemiacetal nature in equilibrium with an aldehyde (Jasmani and Thielemans, 2018)(Eyley and 

Thielemans, 2014). The degree of polymerization (DP) as the number of glucose unit in a 

polysaccharide chain molecule given as n, strongly depends on the cellulose source and treatment 
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conditions applied for the isolation of cellulose (Jasmani and Thielemans, 2018)(Seddiqi et al., 2021). 

The DP of cellulose materials can range from hundreds to a few thousands (Table 2.2).   

 

Figure 2.3: Molecular structure of cellulose showing the non-reducing ends, terminal reducing ends and 

cellobiose unit.  

Table 2.2: Various sources of cellulose and their degree of polymerization (DP)  

Source Type  Degree of 

polymerization (DP) 

Ref  

Wood Hardwood/softwood 1200-10,000 (Seddiqi et al., 2021)(Pei et al., 2013)  

Wood pulp 300-1700 (Dong et al., 2014)(Jasmani and 

Thielemans, 2018) 

Wood CNF 250-3500 (Seddiqi et al., 2021) 

Plants Cotton  800-10,000 (Jasmani and Thielemans, 

2018)(Ioelovich, 2014) 

Sugarcane bagasse 974–1039 (Bian et al., 2014) 

Corn husk 50-300 (El-Torky et al., 2016) 

Hemp  200-1300 (Ji et al., 2021) 

Bacteria  2000-16,000 (Yang et al., 2019)(Danafar, 

2020)(Wang, Tavakoli and Tang et al., 

2019) 

Algae  Up to 10,000 (Santmarti and Lee, 2018) 

Tunicate   700-3500 (Zhao and Li, 2014) 
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2.2.2 Cellulose microfibres (CMFs), cellulose nanofibres (CNFs), and cellulose nanocrystals (CNCs)  

Over the years in order to improve cellulose application in various industries, cellulose fibres have been 

derived from several sources with the aim to improve cellulose's mechanical and physical properties 

such as low density, high tensile strength and stiffness, high aspect ratio, and  high specific surface area 

for applications in water and wastewater treatment, paper making, biomedical engineering, and energy 

production (Abouzeid et al., 2019)(Shak, Pang and Mah, 2018)(Xie et al., 2018). Cellulose materials 

are thought of as emerging readily available biomass materials that is cost-effective, renewable, 

biocompatible, biodegradable, and causes little to no toxicity towards the environment.The Hierarchal 

nature cellulose is that it can be converted into different structures like microcrystalline cellulose 

(MCC), cellulose microfibres (CMFs), cellulose nanofibres (CNFs), cellulose nanocrystals (CNCs) 

using various treatments and approaches and Table 2.3 can be used to distinguish cellulose using their 

varying sizes (Figure 2.4).  

Purified CMFs can isolated from raw biomass sources by chemical treatment methods such as alkaline 

treatment using NaOH to remove hemicellulose followed by bleaching treatment using sodium chlorite 

to remove lignin material to bleach the fibres (Puttaswamy, Srinikethan and Shetty, 2017)(Ait 

Benhamou et al., 2022). Due to strong intra- and inter-molecular hydrogen bonds and van der Waals 

forces interactions within the cellulose molecular chain, the extraction and isolation of pure cellulose 

from the source is influenced by pretreatment methods that are used to aid the removal hemicellulose, 

lignin, pectin, ash, wax and other non-cellulosic materials from biomass materials (Wang, 

2019)(Shamsabadi, Behzad and Bagheri, 2015). CMFs usually exhibit several micrometer-wide fiber 

diameters and are composed of both crystalline and amorphous regions (Risite et al., 2022). Several 

other methods have also been used such as enzymatic hydrolysis, high-pressure homogenizer 

(SanchezSalvador et al., 2019), organosolv pretreatment (Ferreira et al., 2018), and steam explosion 

(Sonia and Dasan, 2013)(Tanpichai, Witayakran and Boonmahitthisud, 2019). CNFs are webbed-like 

cellulose particles composed of both crystalline and amorphous regions (Feng et al., 2018). CNFs have 

diameters less than<100 nm and lengths of 500 nm or even longer (Du et al., 2017). CNFs can be 

isolated from various cellulosic sources via mechanical treatments such as microfluidizer (Pacaphol and 

Aht-Ong, 2017), high-intensity ultrasonication (Kusumaningrum et al., 2020), high-pressure 

homogenisation (Li et al., 2014)(Wang et al., 2015), cryocrushing (Alemdar and Sain, 2008), grinding 

process (Xie et al., 2018), enzymatic hydrolysis (Tibolla, Pelissari and Menegalli, 2014), TEMPO 

oxidation method (Yang et al., 2017), or a combination of  two or more processes (Hu et al., 2017)(Soni, 

Hassan and Mahmoud, 2015). CNCs are rod-like shaped cellulose particles of highly crystalline nature 

with diameter size of 5 - 30 nm and length size of 100 nm up to several 𝜇m (Wijaya et al., 2019). CNCs 

can be isolated from cellulose using several methods for example, acid hydrolysis (Wijaya et al., 2019), 

enzymatic hydrolysis (Cui et al., 2016), high-pressure homogenisation (Lee et al., 2018), high-sheer 
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homogenisation (Zhao et al., 2013), microfluidisation (Khan et al., 2014), and/or a combination of two 

or more methods (Tang et al., 2014).   

 

Figure 2.4: Schematic of showing cellulosic fibres, cellulose microfibres, cellulose nanofibres, and 

cellulose nanocrystals with their respective sizes.  

Table 2.3: Type of nanocellulose with their respective average particle sizes  

Type of nanocellulose Sources of cellulose Average particle size  Ref 

Cellulose microfibers 

(CMFs) 

Doum tree, pineapple 

leaves, hemp 

Diameter of several 

micrometres  

(Bahloul, Kassab, 

Aziz, et al., 

2021)(Tanpichai et 

al., 2019) 

Cellulose nanofibers 

(CNFs) 

Wood, cotton, hemp, 

flax, straw, tunicin, 

algae, bacteria 

Width: 5–60 nm. 

Length: few microns 

(Wang, 2019)(Shak 

et al., 2018) 

Cellulose nanocrystals 

(CNCs) 

Wood, cotton, hemp, 

flax, straw, tunicin 

Width: 5–70 nm 

Length: 100 nm to 

several micrometres 

(Hokkanen et al., 

2016)(Xie et al., 

2018) 

 

2.3 Isolation techniques and their effects on crystallinity index and the surface morphology.  

2.3.1 Chemical methods   

Chemical methods such as acid hydrolysis and enzymatic hydrolysis have been of great interest for the 

isolation of nanocellulose from various sources.  
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2.3.1.1 Acid hydrolysis  

Acid hydrolysis treatment breaks apart the 𝛽-glycosidic bonds of the amorphous regions and crystalline 

regions of cellulose. This removes amorphous regions resulting in a distinct single crystalline region 

called CNCs with rod-like configuration and high crystallinity (Figure 2.5) (Yang et al., 

2019)(Zimmermann et al., 2016). During acid hydrolysis, the tightly packed cellulose chain undergoes 

an acid attack on the amorphous (disordered) regions during which the hydronium ions invade these 

regions encouraging the hydrolytic cleavage of glycosidic linkages in the process in order to isolate the 

acid attack resistant crystalline structures resulting in CNCs (Zimmermann et al., 2016)(Pereira and 

Arantes, 2018). Acid hydrolysis is the most frequently used method to yield CNCs due to its high 

efficiency for CNC preparation, and this can be achieved by using sulfuric acid (Lu and Hsieh, 2010)(de 

Andrade et al., 2019), hydrochloric acid (Huntley et al., 2015), p-toluenesulfonic acid (p-TsOH) (Wang 

et al., 2019), formic acid (Liu et al., 2016), maleic acid (Seta et al., 2020), phosphoric acid (Risite et 

al., 2022), hydrobromic acid (Sadeghifar et al., 2011), and other mixed acids (Wang et al., 2019)(Frost 

and Johan Foster, 2020).   

  

Figure 2.5: Cellulose acid hydrolysis mechanism.  

2.3.1.2 Sulfuric acid hydrolysis  

Sulfuric acid (SA) is a strong mineral acid (pKa -3.0 and 2.0) and has the chemical formula H2SO4 

(Almashhadani et al., 2022). SA is most frequently used in lignocellulosic residues hydrolysis, as it 

produces negatively charged surface charges to produce more stable CNC suspensions with good 

dispersibility in water. Consequently, because of the sulfate groups on the crystalline surface, this 

reduces the thermal stability of the fibres (Xie et al., 2018)(Jung, Choi and Yang, 2013). Shaheen et al, 

investigated the potential of commercially non-recyclable wood waste (sawdust) for the isolation of 

CNCs via acid hydrolysis together with ultrasonication technique. Alkaline treatment using 1.0 M 

NaOH was used to delignify sawdust material followed by sodium chlorite bleaching treatment for the 

removal of any non-cellulosic materials. Acid hydrolysis conditions of 65 wt% H2SO4 at 60℃ for 60 
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min were followed and CNCs were collected by centrifugation to remove traces of sulfate salts followed 

by dialysis to remove free acid then freeze-dried to produce CNC powder. From the results, the 

combination of sonication and chemical treatment had been effective for extraction of CNC with rodlike 

shape of the highly stiffened cellulose crystals like sticks and average diameter of 35.2 ± 7.4 nm were 

confirmed from SEM (Figure 2.6) and TEM, respectively. The CNC crystal structure is in accordance 

with cellulose type I with crystallinity index ⁓90%, according to the XRD data. (Shaheen and Emam, 

2018). 

  

Figure 2.6: SEM images for the CNC at different magnification (300, 100 and 50 µm), (Image adapted 

from (Shaheen and Emam, 2018)).  

Liu et al, also studied the extraction of CNCs from a waste material namely corncob residue (CCR). 

Prior to acid hydrolysis, alkaline and bleaching treatments were employed to treatment the CCR. 

Hydrolysis conditions of 64 wt% H2SO4 with 45℃ for 60 min was used and produced rod-like 

nanocrystals with an average diameter of 5.5 ± 1.9 nm. The nanocrystals produced seemed to be well 

dispersed and individualized due to the presence of negatively charged sulfate groups on the surface of 

the CNCs and the crystallinity of the CNC was found to be 55.9% decreasing from raw CCR (61.5%). 

Furthermore, this could be explained by the fact that the strong acid distorted the amorphous portion of 

cellulose as well as the crystalline portion during hydrolysis (Liu et al., 2016). In addition, Van Pham 

et al, studied the extraction of thermally stable CNCs from waste newspaper by sulfuric acid hydrolysis. 

The results showed that CNCs with rod-shaped structures were obtained with average diameters of 

about 12.3 ± 2.8 nm, high crystallinity index of 80.15%, and improved thermal stability with the 

crystalline regions of cellulose allowing for high temperature applications (Van Pham et al., 2020) 

Although the use strong mineral acids such as sulfuric acid produces high crystallinity cellulose 

particles, there are a few drawbacks (non-environmentally friendly, high operational and maintenance 

costs, highly corrosive to equipment and not easily recovered). Organic acids as alternatives to improve 

cellulose acid hydrolysis has been studied. For this study, formic and maleic acid were compared with 
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sulfuric acid in terms of surface morphology, chemical analysis, crystallinity degree and thermal 

stability.   

2.3.1.3 Formic acid hydrolysis  

Formic acid (FA) is a weak organic acid with the chemical formula HCOOH. FA can be used to prepare 

CNC with longer rod-like structures under controlled conditions. As a result of its low boiling point 

(about 100.8 ℃), FA is readily recoverable and reusable in multiple reactions, less corrosion to 

equipment and is environmentally friendly (Li et al., 2015) Liu et al, used 88 wt% formic acid to extract 

CNC from corncob residue and produced long rod-like nanocrystals with an average diameter of 6.5 േ 

2.0 nm thereby forming agglomerated CNCs with high crystallinity of ~64% and good thermal stability 

(Liu et al., 2016). In addition, Lv’s et al, group demonstrated the tailored and integrated production of 

functional CNCs and CNFs through formic acid hydrolysis. CNCs and CNFs produced were tailored 

with sustainable characteristics appropriate for use in polymeric materials owing to the hydrophobic 

surfaces (see Figure 2.7). CNCs and CNFs exhibited high crystallinity index values of 79.1% and 

61.0%, respectively. The surface morphology of the CNCs and CNFs was shown to be differentiable 

where CNCs had the average diameter of 11 nm, and average length of 141 nm, whereas CNFs 

microfibrils bundles of several length (Lv et al., 2019). Formic acid hydrolysis was found to be able to 

isolate CNCs from oil palm empty fruit bunch (OPEFB). The resultant CNCs were found have high 

crystallinity index (69.82%) with needle-like structures (bin Jumhuri et al., 2017).  

  

Figure 2.7: Schematic diagram of FeCl3-catalyzed FA hydrolysis for the integrated production of CNCs 

and CNFs (Image adapted from (Lv et al., 2019)).  

2.3.1.4 Maleic acid hydrolysis  

To overcome challenges faced with mineral acid hydrolysis, solid acids (maleic acid, oxalic acid, 

phosphotungstic acid) have been applied in hydrolysis as hydrolysis catalysts. Maleic acid (MA) is a 

solid organic acid and has chemical formula HO2CCH=CHCO2H. MA has considerable advantages 
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compared to mineral acids such as that it causes less corrosive to equipment, safe for storage, low 

transportation costs, cheap, environmentally friendly, easy to recover, uses milder reaction conditions, 

possible surface modification during hydrolysis, and higher boiling points (Wang et al., 2019)(Seta, An 

and Liu, 2021)(Nurhadi et al., 2022). Seta et al, used a green approach to isolate and extract CNCs 

through MA hydrolysis from bamboo fibres. To increase the accessibility of MA molecules and reveal 

more hydroxyl groups on the surface of bamboo fibers, ball-mill pre-treatment were done to the 

cellulose fibres. MA hydrolysis resulted in improved crystallinity (CrI = 85-91%) due to the removal 

of amorphous region in cellulose (Seta et al., 2020). Wang et al, used MA to produce CNC and CNF 

extracted from bleached eucalyptus kraft pulp (BEP). Hydrolysis experiments were conducted using 

MA concentrations between 15–75 wt%, hydrolysis temperature ranges between 60–120℃, and 

hydrolysis reaction time between 5–300 min. The average length of CNCs produced was around 

450−650 nm whereas CNFs produced were several micrometers longer and could not be deduced by 

AFM analysis (Wang et al., 2017a). In addition, a research group by Bian et al, found that carboxylated  

CNFs extracted from bleached pulp fibres using recyclable MA have average height of about 6−20 nm 

with entangled fibril networks and average crystallinity index of about 80% (higher than the original 

BEP). It is worth noting that as the severity of hydrolysis conditions increased, CNF with a shorter 

length and smaller diameter resulted, and CrI value was slightly reduced (Bian et al., 2019).  

  

Figure 2.8: Schematic diagram for the MA hydrolysis of bleached eucalyptus pulp to produce CNFs, 

along with acid crystallization, acid recovery, and acid reuse (Image adapted from (Bian et al., 2019)).  

2.3.1.5 Enzymatic hydrolysis  

Cellulase is a multicomponent enzyme system that is widely utilised in enzymatic hydrolysis process, 

and it can be divided into three components namely endoglucanases (EG), cellobiohydrolases (CBH), 
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and β-glucosidase enzymes (Xie et al., 2018)(Tibolla, Pelissari and Menegalli, 2014). These enzymes 

have targeted reactivity and selectivity, thus the hydrolysis occurs in three parts i) firstly, the EG enzyme 

decomposes the amorphous region of cellulose by randomly hydrolysing the β-1,4-glycosidic linkages 

in a cellulose chain generating smaller fibres with new terminal chains, ii) secondly, by removing the 

crystalline region of cellulose, the CBH enzyme primarily targets the terminal chains of cellulose to 

form cellobiose and iii) lastly, β-glucosidase enzymes are used to hydrolyse cellobiose into glucose (Yi 

et al., 2020)(Tibolla et al., 2017)(Kargarzadeh et al., 2017). See mechanism for enzymatic hydrolysis 

in Figure 2.9.  

 

Figure 2.9: Diagrammatic representation of the effects of cellulase on cellulose (Image adapted from 

(Lynd et al., 2002)).  

Zhang et al, reported on production of CNFs using enzyme-assisted mechanical techniques and the 

results revealed that synthetized CNFs had diameters <100 nm, however the thermal stability of CNFs 

diminished as enzyme dosage was increased. This reduction in thermal stability of CNFs compared to 

original pulp reduces the applicability of CNFs in high temperature applications (Zhang et al., 2018a). 

Additionally, Tao and colleagues conducted research on enzymatic pretreatment to separate cellulose 

nanofibrils from bagasse pulp. using cellulase, alkali pretreatment and combination of ultrafine grinding 

and high-pressure homogenisation techniques. It was discovered that the produced CNFs had a diameter 

of approximately 30 nm, reduced crystallinity, and the cellulose crystal structure transitioned from type 

I to type II. Furthermore, CNFs prepared had lower thermal stability and this was ascribed to the 

removal of amorphous regions of cellulose by pretreatment, grinding and high-pressure homogenisation 

methods leading smaller fibre dimensions with each treatment (Tao et al., 2019). Long et al, stated that 

CNFs produced by xylanase-aided enzymatic pretreatment showed increased crystallinity. This increase 
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was attributed to the cleavage of the β-1,4-glucosidic linkages in the disordered region of cellulose fibre 

hence a decrease of polymerisation and an increase in crystallinity (Long et al., 2017). Although 

enzymatic hydrolysis has been utilised for isolation of CNCs/CNFs, it has been combined with other 

processes (high-pressure homogenisation, ultrafine grinding, alkali pretreatment processes) to extract 

effectively. In addition, Li and associates, reported the considerable evidence in a review supporting 

the challenges such as expensive equipment needed for extraction, high investment costs, secondary 

contamination, and production of inhibitors limit large-scale application of enzyme hydrolysis in 

industries (Li et al., 2022)   

2.3.2 Mechanical methods  

Mechanical methods including high intensity ultrasonication (HIUS), high-pressure homogenisation 

(HPH), cryocrushing, microfluidisation, and grinding have gained interest for CNFs extraction over the 

past decades   

2.3.2.1 High Intensity Ultrasonication (HIUS)  

Recently, the high-intensity ultrasonication (HIUS) technique has been vastly applied for the successful 

isolation and preparation of CNFs from various sources and it has attracted significant attention 

(Bracone, Luduena and Alvarez, 2022)(Dilamian and Noroozi, 2019)(Lee et al., 2020)(Chen, Yu and 

Liu, 2011). During the HIUS process, the effect of ultrasonic energy is applied to the polysaccharide 

chains of cellulose via a cavitation process which involves the formation, growth and rapid collapse of 

cavities in water through intense shear forces, shockwaves, and microjets (Chen et al., 2011)(Hu et al., 

2017)(Kargarzadeh et al., 2017). Sonochemistry is the energy provided by the cavitation process which 

is between 10−100 kJmol-1 of hydrogen bond energy scale, capable of gradually decomposing cellulose 

weak interfibrillar hydrogen linkages thus forming CNFs from micron-sized cellulose fibres as shown 

in Figure 2.10 (Chen et al., 2011)(Ishak et al., 2020)(Lu et al., 2013)( Ji, Yu, Yagoub and Chen, 2021a). 

The characteristics of isolated CNFs by HIUS strongly depend on ultrasonic conditions such as process 

time, frequency, amplitude and solvent chemistry thus influencing the crystallinity degree, nanofibre 

size and thermal stability of nanofibres (Mazela et al., 2020)(Ji et al., 2020)( Ji, Yu, Yagoub, Chen, et 

al., 2021b)(Lee et al., 2020).   
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Figure 2.10: Schematic diagram showing the production of individualized CNFs using ultrasonic 

treatment (Imaged adapted from (Chen et al., 2011)).  

During the isolation of CNFs from culinary banana peel using HIUS with assisted chemical treatment,  

Khawas and Deka reported that increasing the ultrasonication output power reduced the size of CNFs 

forming thinner and needle-like structural fibrils compared to banana plant fibres. In addition, high 

crystallinity index values of about 63.64% and improved thermal stability was attained with higher 

power output during HIUS process, hence CNFs can be employed as a bio-nanocomposites due to its 

reinforcing properties. (Khawas and Deka, 2016). Abral et al, investigated the bacterial cellulose for 

the isolation of nano-sized bacterial cellulose (BC) particles via ultrasonication method and it was 

reported that nano-sized BC particles were successfully isolated with HIUS process. However, a 

decrease in crystallinity index values from 80% (no ultrasonication) to 68% (with ultrasonication) was 

reported which was attributed to reduced nano-sized BC particles isolated from the scission of the 

micro-length BC fibre by the high kinetic energy of a jet of liquid from acoustic cavitation produced by 

the ultrasonic equipment (Abral et al., 2018). Quite recently, Szymańska-Chargot et al, reported on the 

production of CNFs extracted from Hop stems by HIUS treatments and how HIUS influences the 

properties of extracted CNFs. Extracted CNFs showed a decrease in crystallinity degree from 67% to 

60% and a decrease in the fibre diameter up to 4 nm as longer HIUS treatments were applied. In 

addition, CNFs with higher thermal stability were produced, suitable for applications as natural 

reinforced or packaging biocomponents (Szymańska-Chargot et al., 2022).   

2.3.2.2 High-pressure homogenisation   

High-pressure homogenisation (HPH) is one of the most widely used mechanical methods applied for 

preparation of CNFs as it is a simple, economically feasible, and high efficiency technique and it lacks 

organic solvents (Li et al., 2012). The fundamental role of the HPH process is to cause high pressure 

(>150MPa), high shear, turbulence, and cavitation to cellulose pulp suspensions that is continuously 
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flowing through the homogenisation chamber (see Figure 2.11). Hence, this causes the disintegration 

of amorphous regions in cellulose, decreases size of cellulose fibres, results in dispersion of 

brokendown cellulose fractions thereby resulting in total cell disruption and consequently producing 

CNFs (Li et al., 2014)(Pacaphol and Aht-Ong, 2017)(Yi et al., 2020). In the past decade, most research 

shows that the cellulose fibre dimensions typically become smaller and more uniform as the number of 

homogenisation cycles increases. Therefore, high energy consumption can result due to increase in 

number of cycles, along with tedious equipment maintenance and low reliability (Yi et al., 2020). 

Furthermore, as cellulose is insoluble in most organic solvents including water, homogenisation can 

result in valve clogging because of the numerous extensive cellulose networks of intra and/or 

intermolecular hydrogen bonds and therefore needs assistance by inorganic solvents or other 

pretreatment methods (Wang et al., 2015)(Li et al., 2012).  

  

Figure 2.11: Schematic diagram of a high-pressure homogenizer used for the isolation of CNFs (Image 

adapted from (Kargarzadeh et al., 2017))  

Previous studies reported by Tibolla et al, have shown that CNFs obtained by acid hydrolysis and high-

pressure homogenisation processes have potential to be applied as reinforcing agents of polymeric 

matrixes in food packaging industries. The study extracted CNFs from banana peel bran through 

chemical and mechanical treatments and it was reported that CNFs with mechanical treatments showed 

a higher crystallinity index (average CrI ~66%) than those without mechanical treatments. In addition, 

as the number of cycles increases, the better the crystallinity index (Tibolla et al., 2018). Bacterial 

nanofibrillated cellulose (BNFC) was isolated from bacterial (Gluconacetobacter xylinus) cellulose by 

varying levels of high-pressure homogenisation (Kawee, Lam and Sukyai, 2018). The crystal 

characteristics of the fibres showed that homogenisation had no effect of the crystal structure of 
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cellulose dispute different applied pressures. However, the crystal size and crystallinity index of BNFC 

decreased as the pressure increased due to the shear forces destroying inter and/or intramolecular 

hydrogen bonds of cellulose and leading to the breakdown of the crystal structure.  
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Table 2.4: Cellulose isolation techniques extracted from different sources.  

Main process Cellulose 

source 

Pre-treatment Main Treatment  Post-treatment Crystallinity Ref  

Acid hydrolysis Sugarcane 

bagasse waste 

Bleaching and alkaline 

treatment 

Acid hydrolysis 

using sulfuric acid. 

Washing, 

centrifugation, dialysis, 

and sonication 

~69% (Wulandari et al., 

2016) 

Waste office 

paper 

Mechanical pre-treatment, 

alkaline, and bleaching 

treatment. 

Maleic acid 

hydrolysis  

Washing, centrifuging, 

dialysis, sonication, 

filtration and drying. 

~81% (Yeganeh et al., 

2017) 

Sugarcane 

bagasse waste 

Not applicable Phosphoric acid 

hydrolysis with 

hydrogen peroxide 

treatment then 

homogenization. 

Washing and dialysis 64% (Wang et al., 2020) 

Brewery spent 

grain (BSG) 

Acid and alkali treatment 

followed by bleaching step.

Acid hydrolysis 

using sulfuric acid 

Washing, 

centrifugation, 

sonication, and freeze-

drying. 

76.3% (Matebie et al., 

2021) 

Ramie fibers Chemical treatments (de-

waxing, alkaline and 

bleaching treatments) 

Acid hydrolysis 

using sulfuric acid 

Washing, 

centrifugation, dialysis, 

and ultra-sonication. 

80-91% (Kusmono et al., 

2020) 
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Corn husk Alkaline and bleaching 

treatment. 

Acid hydrolysis 

using 64% sulfuric 

acid. 

Washing, 

centrifugation, dialysis, 

and sonication 

68.33% (Kampeerapappun, 

2015) 

 Bleached 

softwood kraft 

pulp (BSKP) 

FeCl3 catalyst  Formic acid 

hydrolysis  

CNFs−Centrifugation 

and high-pressure 

homogenization. 

CNCs with HPH 

CNFs−52.91% 

CNCs−75.21%

(Du et al., 2017) 

 Bleached 

softwood kraft 

pulp (BSKP) 

Not applicable  Formic acid 

hydrolysis  

Centrifugation and 

high-pressure 

homogenization. 

49.0%−52.9% (Du et al., 2016) 

Enzymatic 

hydrolysis 

Banana peel 

bran 

Alkaline treatment, 

washing and centrifugation

Enzymatic 

hydrolysis using 

xylanase 

Washing and 

centrifugation. 

61.0% (Tibolla et al., 

2017) 

 Cotton fibres Fenton’s pre-treatment Enzymatic 

hydrolysis using 

cellulase. 

Not applicable ~85% (Jain and 

Vigneshwaran, 

2012) 

 Cotton fibres DMSO and NaOH, 

ultrasonic treatments 

Enzymatic 

hydrolysis with 

buffer solution of 

cellulose at 45℃ 

Centrifugation. 78.1% (Chen et al., 2012) 
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 Flax and hemp 

fibres 

Washing, drying, chemical 

/ultrasonic/microwave pre-

treatment. 

Enzymatic treatment 

in acetate buffer 

supplemented with 

endoglucanase and 

incubated in a shaker 

at 50℃. 

 

Centrifugation, 

washing, ultrafiltration, 

freeze drying. 

Not applicable (Xu et al., 2013) 

High-Intensity 

Ultrasonication 

(HIUS) 

Apple pomace Not applicable Precipitate calcium 

carbonate was used 

to prepare 0.2 wt% 

cellulose 

suspension. 

Ultrasonication 

treatment (t = 30/60 

min, P = 40, 60, or 

80% of Pmax). 

Vacuum filtration, and 

drying 

50-58% (Szymańska-

Chargot et al., 

2018) 

Hop stems 

(Humulus 

lupulus L.) 

Shredding, acid pre-

treatment, alkaline, and 

bleaching treatment. 

Ultrasonication 

treatment (power 

output 130W for 60 

min) in an ice bath 

Refrigeration a 5℃ ~60% (Szymańska-

Chargot et al., 

2022) 
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Bamboo 

(Phyllostachys 

pubescence) 

Soxhlet extractor for 6 hrs, 

NaClO2 at 75℃ for 1 hr 

(repeat five times), 2wt% 

KOH at 90℃ for 2 hrs. 

Dispersed in DI 

water (0.5 wt% solid 

content) 

Ultrasonication 

treatment (60 kHz, 

30 min, output 

power of 1200 W) 

Centrifugation, and 

drying. 

58.73%  (Han et al., 2018) 

Waste coconut 

husk 

Pre-washed, air-dried, and 

24hrs of Soxhlet 

extraction. 

Ultrasonic-assisted solvent 

immersion with ultrasonic 

power (100 W), ultrasonic 

frequency (40 KHz), and 

solid- liquid ratio (1:30) 

Alkaline and bleaching 

treatment. 

Ultrasonic treatment 

(output power 

1000W) for 1 hr. 

Centrifugation and 

stored at 4℃. 

56.3% (Wu et al., 2019) 

High-pressure 

homogenization 

(HPH) 

Cotton  1 % sodium hydroxide 

solution 

High-pressure 

homogenization at 

pressure levels 

ranging from 40 

Centrifugation and 

freeze drying 

32.62% (Wang et al., 2015) 
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Microwave oven treatment 

of the 1 %(w/w) 

cellulose/[Bmim]Cl 

solution at ~130℃ while 

mixing 

MPa to 140 MPa for 

up to 50 cycles. 

eucalyptus 

citriodora pulp 

Microwave heating of 1% 

(w/w) [Bmim]Cl at 150℃ 

at 300W 

High-pressure 

homogenization at 

pressure levels from 

40 to 120 MPa and 

for up to 50 cycles. 

Centrifugation and 

freeze drying 

34.43% (Wang et al., 

2017b) 

Corn stover  Chemical treatments 

(alkali extraction and 

delignification) 

High-pressure 

homogenization of 

1% cellulose 

solutions at 500 bars 

of pressure. 

Freeze drying  Not applicable (Xu et al., 2018) 

Okara cellulose Degreasing, decolourizing, 

delignification, and 

bleaching processes.  

High-pressure 

homogenization of 

4wt% cellulose 

suspension at 

various conditions. 

Freeze-drying ~69% (Wu et al., 2021a) 
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Combination of 

processes 

Culinary 

bananas 

(kachkal)  

Alkali pre-treatment and 

bleaching processes 

Acid hydrolysis via 

1% H2SO4 at 80℃ 

for 1 h. 

Ultrasonication 

treatment (25 kHz, 

30℃, output power 

400, 800 and 1000 

W) 

Washing and 

centrifugation. 

Stored at 4℃. 

30-64% (Xie et al., 2016) 

Pineapple leaf 

fibres  

Alkali treatment and 

bleaching process 

Acid hydrolysis (1st-

3.5M HCl at 50℃ 

for 12 hrs) and (2nd-

7.5 M HCl at 50℃ 

overnight). 

HPH 

HIUS 

Washing   HPH - 69.4% 

HIUS - 61.7% 

(Mahardika et al., 

2018) 

Commercial 

MCC powder 

Not applicable Acid hydrolysis 

using sulfuric acid 

and ultrasonic 

treatment 

Washing, 

centrifugation, dialysis 

and freeze-dried 

73% (Tang et al., 2014) 
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Cassava roots Alkali treatment, Q-

chelating treatment, and 

bleaching step. 

Acid hydrolysis and 

ultrasonic treatment 

Washing, and 

centrifugation 

~ 77% (Leite et al., 2017) 

Commercial 

MCC (95%) 

powder derived 

from wheat 

straw 

Not applicable Enzymatic 

hydrolysis using 

acetate buffer and 

cellulase. Followed 

by ultrasonic 

treatment 

Boiling, centrifugation, 

washing and freeze-

dried 

~ 77% (Cui et al., 2016) 
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2.4 Response Surface Methodology   

Response surface methodology (RSM) is a collection of statistical and mathematical modelling 

techniques employed to develop, improve, and optimise processes (Chang et al., 2017)(Goudarzi, Kasra 

Kermanshahi and Jahed Khaniki, 2020). RSM model is useful to assess multiple regression analysis of 

quantitative data obtained from experiments to explain multivariate equations simultaneously 

(Amenaghawon et al., 2013)(Ferreres et al., 2017). Contrary to traditional univariate products, through 

which singleton variables are studied independently, RSM is principally designed to deal with several 

affecting factors useful even in the presence of complex interactions (Ferreres et al., 2017)(Arslan and 

Araçoğlu, 2015). RSM has been extensively applied in research due to its resultant properties such that 

it allows successive models of increasing order to be built, gives an estimate of experimental error, 

robust presence of outliers in the data, cost-effective, allows for group experiments to be conducted, 

provides a good distribution and many more (Murray et al., 1990).  

Commonly used RSM designs are the 3k factorial, the Box–Behnken design (BBD), and central 

composite design (CCD) are used to fit second-degree models (Dean et al., 2015). BBD and CCD 

models are considered to be low-cost and time-saving due to the reduced number of experimental runs 

conducted in full factorial design when dealing with more than two variables (Goudarzi, Kasra 

Kermanshahi and Jahed Khaniki, 2020)(Sartika et al., 2019). RSM has been extensively applied in 

modelling and optimisation of numerous acid hydrolysis experiments using cellulose extracted from 

plant materials.  

2.4.1 Box-Behnken design (BBD)   

BBD is a second-order multivariate technique based on a fractional three-level factorial design. BBD is 

an independent, rotatable or nearly rotatable quadratic design (Ferreres et al., 2017)(Wan et al., 2018).  

A 3k factor BBD design is represented graphically in two forms: a cube defined by the midpoints of the 

edges of the process space and a centre point or three interlocking 22 factorial designs and a centre point 

as illustrated in Figure 2.12 (Dong, Roman and Long, 2014). For the BBD, the total number of runs, N, 

given by equation 2.1 below.  

N ൌ 2n ∙ (n െ1) + nc     2.1  

Where n is the number of factors and nc is the number of centre points. BBD is advantageous over CCD 

as it avoids the design space corner points because runs at extreme conditions are difficult to perform.  

BBD has been widely applied to optimise the extraction of CNCs from plant natural sources.  
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Figure 2.12: Geometry of 3k factor Box-Behnken design a) cube defined by the midpoints of the edges 

and a centre point; (b) three interlocking 22 factorial designs and a centre point.  

Song et al, investigated the effect of acid hydrolysis on nanocellulose crystals (NCCs) prepared with 

sulfuric acid using oil palm empty fruit bunch (Song et al., 2016). A BBD RSM model was employed 

to optimise the following conditions: alkaline (NaOH) concentration, acid (H2SO4) concentration and 

hydrolysis time. From the particle size analysis results, isolated NCC had a particle size (z-average) 

below 300nm with typical elongated rod-like features. From RSM 3D contour plots, it was determined 

that at low NaOH and H2SO4 concentrations, the z-average diameter is increased due to the presence of 

hemicellulose/lignin material and insufficient exposure of cellulose crystalline regions for hydrolysis 

to occur. Hydrolysis time also played an important role as increasing hydrolysis time reduced the z-

average diameter significantly (Song et al., 2016). Chowdhury et al, studied the extraction of cellulose 

nanowhiskers (CNWs) from the leaves of an African baobab tree using the ultrasonication method 

(Chowdhury et al., 2019). Two-level factorial BBD design was used to optimise the process parameters: 

ultrasonication power, hydrolysing time, and temperature. Ultrasonication power was determined as an 

significant factor influencing the extraction of CNWs from baobab leaves. Under optimum conditions 

(200 watts, 43.11 mins, 94 ℃), extracted CNWs were found to have high crystallinity index of 86.46 % 

and exhibited an average width of 15 – 20 nm (Chowdhury et al., 2019).   

2.4.2 Central composite design (CCD)   

In RSM, a CCD model is one of the most used statistical experimental design models to optimise a vast 

amount of research problems. A CCD is a rapid well-suited technique used to fit second-order 

(quadratic) multivariate models based on a two-level full factorial design instead of the conventional 

three-level full factorial design (Bashiri and Farshbaf Geranmayeh, 2011)(Hang, Qu and Ukkusuri, 

2011). A CCD includes three groups of design points: a) two-level factorial design points coded as +1 

and −1, b) axial/star points located at a distance, α, from the centre, and c) centre points which represents 
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the number of replicate runs (see Figure 2.13) (Asghar, Raman and Daud, 2014). Depending on the 

alpha value, α, from equation 2.2, the design is either face centred, orthogonal, spherical, or rotatable 

and |𝛼| >1. When α, the axial parameter is α = 1, the design is called the face centered cube design, 

when α = 1.287, the design is called orthogonal and when α = 1.682, the design called rotatable (Dong, 

Roman and Long, 2014)(Asghar, Raman and Daud, 2014).  

α = (2k)0.25 2.2 

Given the design points, the total number of experimental runs, N, of a CCD is given by equation 2.3.  

N ൌ 2n+ 2n+ nc                                                                                                                    2.3 

Where n is the number of factors and nc is the number of centre points. From the equation 2.3 above, 

the third term is used to determine experimental error and reproducibility of the data. A CCD model 

has been widely applied in scientific research fields, transportation, automotive engineering, and other 

fields.  

   

Figure 2.13: Geometry of central composite design in three factors.  

Guo et al, investigated the optimisation of the hydrolysis of nanocellulose crystals (NCCs) prepared 

from abundant waste tea stalk (Guo et al., 2020). They used CCD-RSM to evaluate and optimise the 

effect of the reaction conditions: H2SO4 acid concentration, hydrolysis temperature and hydrolysis time 

to achieve high yields of NCCs from tea stalk. According to the optimisation software, the maximum 

yield of 50.96 % was achieved at an acid concentration of 62.20 %, hydrolysis time of 123.35 min and 

hydrolysis temperature of 45℃. Furthermore, verification experiments obtained a yield of 49.8 % within 

the 97 % confidence interval of the software result. The tea stalk NCC also had good stability reports 

with dimensions of 4 – 8 nm wide and 6.36nm average width. Akhabue et al, investigated the optimum 

processing conditions for obtaining the maximum yield of MCC powder from orange peel waste (OPW) 
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by use of RSM (Akhabue and Osubor, 2017). CCD model was used to evaluate the optimum process 

conditions by investigating two factors: hydrolysis temperature and hydrolysis time. At optimum 

conditions 100.53℃ and 16.28 min, a maximum yield of 14.65% was obtained producing irregularly 

shaped fibrous MCC particles with particle size in the range 20–85 µm and average diameter of 56.57 

µm. Kandhola et al, studied the production of CNCs and CNFs from pre-extracted loblolly pine kraft 

pulp using strong sulfuric acid hydrolysis method (Kandhola et al., 2020). The effect of four parameters: 

acid concentration, temperature, hydrolysis time and pulp particle size were evaluated to optimise the 

yield and properties of CNCs using the CCD method of RSM. Maximum yield of 60% was obtained 

from optimum conditions of 60% acid concentration, 58℃, 60 min and 40 mesh particle size. From the 

results, it was observed that acid concentration and temperature had a significant effect on CNC yield. 

For CNC production, the use of strong acid concentrations is one of the most effective approaches, 

however, the process is not environmentally friendly due to harsh acid conditions. These conditions 

result in problems such as equipment corrosion, wastewater treatment and residual acid recycling 

(Wang et al., 2019)(Kandhola et al., 2020).  

2.5 Cellulose surface modifications   

As previously mentioned, cellulose materials can offer benefits of biodegradability, biocompatibility, 

high surface area, low cost, high thermal stability, and excellent mechanical qualities for various 

applications. However, the abundance of hydroxyl groups in cellulose chains reduces the processability 

of strong intra- and intermolecular hydrogen bonds, which commonly leads to fiber aggregation. To 

overcome the above-mentioned challenges, functionalisation of cellulose materials allows changes in 

the chemical structure by delivering unique properties to the material. By reacting hydroxyl groups with 

a modification reagent, additional functional groups can be added to the cellulose chain, enhancing its 

usefulness, and broadening its range of applications to various industries. 

2,2,6,6tetramethylpiperidinyloxyl radical (TEMPO) oxidation (Patiño-Masó et al., 2019), periodate 

oxidation (Sun et al., 2015)(Strong et al., 2018)(Yang, Chen and van de Ven, 2015), esterification 

(WillbergKeyriläinen and Ropponen, 2019; Her et al., 2020; Beaumont et al., 2021; Lease, Kawano 

and Andou, 2021; Liu et al., 2021), acetylation (Beaumont et al., 2020), amidation,(Gars et al., 2020) 

carboxymethylation (Saber-Samandari et al., 2016)(Veeramachineni et al., 2016)(Eltaweil et al., 2020), 

radical polymerization(Garcia-Valdez, Champagne and Cunningham, 2018), and cationisation(Gao et 

al., 2016)(Gu et al., 2020)(Rana et al., 2021), are some of the chemical modifications previously studied 

(Vincent and Kandasubramanian, 2021).  

2.5.1 TEMPO-mediated Oxidation  

During TEMPO-mediated oxidation, negatively charged carboxyl groups are introduced onto cellulose 

surface by selective oxidization of the primary hydroxyl group at the C6 position of anhydroglucose 
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unit to form well dispersed individual nanofibrils or elementary fibrils in water (Figure 2.14) (Qu et al., 

2021)(Abou-Zeid et al., 2020). Furthermore, it has been demonstrated that TEMPO-catalyzed oxidation 

does not oxidize the inside of crystalline microfibrils, which results in electrostatic repulsion between 

the fibrils, and primarily weakening the interfibrillar hydrogen bonds within cellulose structure 

(Kaffashsaie et al., 2021)(Puangsin et al., 2017)(Kondo, 2022). This method is one most promising, 

effective, and energy-saving pretreatments for converting plant cellulose fibres to nanofibres, however 

there are still several problems with the current method, including low processing efficiency, expensive 

catalyst, the use of toxic reagents, and difficulty in chemical recovery (Noremylia, Hassan and Ismail, 

2022)(Du, Liu, Zhang, et al., 2016). Nanocellulose isolation has been previously studied via 

TEMPOmediated oxidation reactions from different natural sources, bamboo (Tang et al., 2017), 

softwood (Fraschini, Chauve and Bouchard, 2017), oil palm empty fruit branches (Hastuti, Kanomata 

and Kitaoka, 2019) (Indarti et al., 2019), wheat straw (Qu et al., 2021), raw wood (Kaffashsaie et al., 

2021), sugarcane bagasse (Rossi et al., 2021) (Abou-Zeid et al., 2020), cassava peel (Czaikoski, da 

Cunha and Menegalli, 2020),. Eucalyptus (Lv et al., 2019), hemp bast (Puangsin et al., 2017) and many 

more. In principle, the TEMPO oxidation reaction mechanism produces nitrosonium ions (+N=O) in 

situ when TEMPO radicals react with oxidants, and cellulose fibres are thereby oxidized in the process. 

As a result, the main alcohol groups are first changed to aldehydes and then to COOH groups through 

oxidation. At the same time, the cellulose depolymerization phenomenon appears. The 

depolymerization of cellulose can result in two different ways, first by β-elimination because of the 

presence of C6 aldehyde groups in an alkaline environment, and second by cleavage of a hydroglucose 

unit due to the presence of a hydroxyl radical (Noremylia, Hassan and Ismail, 2022).  

According to Czaikoski et al, studied CNFs from cassava peel obtained by a combination of chemical 

and physical processes. During isolation, fibres were TEMPO oxidized with (CNFs-Tows) and without 

(CNFs-TOwos) ultrasonic treatment and it was found that CNFs-TOwos showed the widest distribution 

range. Larger dimensions were also observed for CNFs-TOwos, average length 3867±1597 nm and 

average diameter 16±14.0nm. Stable large negative zeta potential (above -40 mV) was observed with 

and without ultrasonic treatment which represented electrostatic stability as carboxylic groups were 

introduced on the surfaces of fibres during to catalytic oxidation (Czaikoski, da Cunha and Menegalli, 

2020). Furthermore, Abou-Zeid et al. produced CNFs using TEMPO- periodate-chlorite in a series of 

oxidation stages. CNFs were produced by TEMPO oxidation, however, to improve adsorption 

efficiency for cationic species in water the carboxyl content was enhanced through periodate-chlorite 

oxidation. As the repulsive forces between the fibres grew, they recorded an increase in carboxylic 

content from 0.9 to 3.5 mmolg-1 which further confirms the degradation of CNF fibres upon further 

oxidation (Abou-Zeid et al., 2020). Puangsin and co-workers reported TEMPO mediated oxidation of 

hemp bast for preparation of cellulose nanofibres (TOHBC). It was reported that oxidizing conditions 
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of TEMPO/NaBr/NaClO system in water at pH 10, a considerable amount of carboxylate groups (up to 

1.2 mmolg-1) was introduced and at the same time sufficient delignification from the hemp bast fibres 

was achieved (Puangsin et al., 2017).   

On the other hand, Hassan et al, proved that coconut residues (shell and husk) successfully produced 

TEMPO-oxidized cellulose nanofibrils (CNFs) through alkali and bleaching pretreatment for removal 

of non-cellulosic content, followed by TEMPO/NaBr/NaClO oxidation approach for defibrillation of 

cellulose fibres. Functionalising the carboxyl groups on the surface of the fibres through TEMPO 

oxidation treatment enabled the defibrillation of cellulose microfibrils into cellulose nanofibrils (Hassan 

et al., 2021). In addition, TEMPO oxidation of CNFs is known to reduce thermal stability of fibrils 

through the introduction of sodium carboxylate groups leading to decarbonation during heating process 

(Noremylia, Hassan and Ismail, 2022). In addition, TEMPO-oxidized CNFs prepared from aspen wood 

investigated by Jonasson et al, reported reduced thermal stability of nanocellulose (TOCNF) which can 

be attributed decarbonation of the oxidized anhydroglucose units (Jonasson et al., 2020). Furthermore, 

isolation of CNCs prepared from lemon (Citrus limon) seeds by Zhang et al, was done through 

TEMPOmediated oxidation and acid hydrolysis. Lower thermal stability (256℃) and low crystallinity 

was observed for TEMPO oxidized CNCs caused by the development of sodium carboxylate groups on 

the surface of the cellulose, whereas nanocellulose from acid hydrolysis showed two decomposition 

stages (240℃ and 320℃), the first due to its highly sulfated regions, and the second due to 

decomposition unsulfated crystalline domains (Zhang et al., 2020a).  

  

Figure 2.14: Schematic diagrams of a TEMPO-mediated oxidization process for nanocellulose isolation 

(Image adapted from (Kondo, 2022)).  

2.5.2 Cationisation  

Cationisation of cellulose fibres has been broadly utilized for preparation of modified cellulose. In the 

process, cellulose fibres are quaternised to introduce cationic functional groups on active hydroxyl 

group structures and nanofibrillation of cellulose fiber is facilitated by the electrostatic repulsion 
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between the quaternary ammonium cations (Xie et al., 2018). Commonly used cationising agents 

include (2,3-epoxypropyl) trimethylammonium chloride (EPTMAC) (El Miri et al., 2022)(Sehaqui et 

al., 2015)(Sehaqui et al., 2017)(Gao et al., 2016), 3-chloro-2-hydroxypropyltrimethylammonium 

chloride (CHPTAC) (Morantes et al., 2019)(Wang et al., 2016)(Wang et al., 2018)(Rana et al., 

2021)(Etale et al., 2021), glycidyl trimethyl ammonium chloride (GTMAC) (Gao et al., 2015) (Chaker 

and Boufi, 2015) (Pei et al., 2013) (Willberg-Keyriläinen et al., 2019) and (2-hydrazinyl- 2-

oxoethyl)trimethylazanium chloride also known as Girard’s reagent T (Huang et al., 2020b) (Sirviö et 

al., 2011)(Liimatainen et al., 2014). Derivatives of cationic cellulose have several uses in the pulp and 

paper, textile, cosmetics, pharmaceutical, and dye industries (Jasmani et al., 2016). Morantes et al, 

studied the use of highly charged CNCs as flocculants in water treatment processes. Acid-hydrolysed 

CNCs were modified CHPTAC resulting in CNC-EPTMAC. Results showed that grafting of cationic 

quaternary ammonium groups on the surface of the CNCs improved the zeta potential and thermal 

stability of the CNCs and gained flocculant properties (Morantes et al., 2019). Zaman et al, investigated 

NCC modification with GTMAC and reported that altering the water content in the reaction system 

increased the cationic surface charge density of NCC. Due to an increased cationic surface charge, the 

modified NCC was stable and well dispersed in aqueous conditions, however, it has also been reported 

the main etherification reaction is subsequently accompanied by the alkaline hydrolysis reaction. Hence 

during cationisation reactions, two reactions can occur by; 1) a desirable cationisation of NCC and 2) 

the GTMAC hydrolysis reaction which is undesirable (Figure 2.15) (Rana et al., 2021)(Zaman et al., 

2012). Although hydrolysis reactions cannot be avoided during cationisation as it results in high water 

content (Rana et al., 2021), research has been explored on replacing a certain ratio of water with water-

miscible organic solvents (dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), or isopropanol). They 

found that when isopropanol and THF replaced 90% of water the reaction efficiency improved, and 

THF produced higher degrees of substitution (Odabas et al., 2016) (Zaman et al., 2012). Furthermore, 

studies conducted by Gao and co-workers report that surface cationisation of PC resulted in an improved 

zeta potential (67 mV) and charge density (+5.20 meq/g) over the unmodified cellulose and charge 

density increases with higher DMSO content up to a point. This is primarily caused by the presence of 

organic solvent, which prevents cationised PC from hydrolysing (Gao et al., 2015). Additionally, it has 

been shown that cationised cellulose enhances the capacity for contaminant adsorption and significantly 

increases the antibacterial characteristics of the cellulose fibrils, therefore plays a significant role in 

wastewater treatment (Littunen et al., 2016).  
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Figure 2.15: Mechanism of reaction between (a) epoxides and cellulose fibres, (desirable)(b) showing 

multiple substitution, and (c) alkaline hydrolysis of EPTMAC (undesirable) (Image adapted from 

(Eyley and Thielemans, 2014)).   

Huang et al, used modified nanocellulose extracted from sugarcane bagasse for the effective removal 

of Cr (VI) using a Girard’s reagent as a cationising agent. It was found that the cationic dialdehyde 

nanocellulose adsorbent (c-DAC) with the highest charge density showed an adsorption efficiency of 

80.5 mg/g for Cr(VI) uptake and it was relieved that adsorption of anionic Cr(VI) was favored at a pH 

range 2-6 due to protonation of -OH and NH2
- functional groups, leading to a highly cationic c-DAC 

surface  (Huang et al., 2020b). Sehaqui et al, evaluated the adsorption potential of anionic (F-, NO3
-, 

SO4
2-, PO4

3-) contaminants onto cationic CNFs synthesized from waste pulp residue. GTMAC was used 

as cationising agent and it was found that in comparison to unmodified CNFs, cationic CNFs displayed 

better adsorption capacity due to the presence of positive charges of the CNFs surface and wen all 

anions were present in solution, the adsorption of multivalent ions (SO4
2-, PO4

3-) was approximately 

twice as higher than monovalent ions (F-, NO3
-)(Sehaqui et al., 2016). The removal of SO4

2- ions from 

aqueous solutions using cationised CNFs was investigated by Muqeet et al, under a variety of 

experimental circumstances. Electrospinning was used to create nanofibre mats, which were then 

cationised with CHPTAC. A Langmuir isotherm model was used to determine the maximum adsorption 

capacity of 24.5 mgg-1, and cationic CNF had an ammonium concentration of 0.134 mmolg-1. From the 

adsorption data, pseudo-second order (PSO) kinetic model was best fitted for sulfate adsorption onto 
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cationic CNF. The average fibre diameter analysed by SEM micrographs was 280 10 nm, and a BET 

surface area and porosity analyser yielded a BET surface area of 5.04 m2g-1 (Muqeet et al., 2017).   

Cationic modified has also been previously utilised for adsorptive removal of anionic dyes from waste. 

Jiang et al, investigated hydroxypropyloctadecyldimethylammonium as a modifying agent for 

preparation of cationised rice husk cellulose (CRHC) from rice husk cellulose (RHC). Adsorption of 

anionic dyes (Diamine Green B (DG-B), Acid Black 24 (AB-24) and Congo Red (CR)) was investigated 

in batch mode. FTIR, XRD, and SEM were used to characterize the structure and morphology of the 

materials. The findings revealed that the molecular structure and morphology of RHC had changed, and 

that the quaternary ammonium group were successfully grafted onto the RHC molecular structure. From 

the adsorption data, the adsorption performance and mechanism of DG-B, AB-24, and CR onto CRHC 

were best fit by pseudo-second order and Langmuir model. The maximal Langmuir adsorption capacity 

of DG-B, AB-24, and CR on the CRHC were determined to be 207.15, 268.88, and 580.09 mg g-1, 

respectively, at 303.15 K. adsorption mechanism can be attributed to various factors including 

electrostatic attraction, hydrogen bonding, and the competition of OH– ions (Jiang and Hu, 2019). 

Additionally, Pei et al, used mechanically pretreated wood pulp for quaternisation of cellulose 

nanofibrils with GTMAC. The generated quaternised cellulose nanofibrils (Q-NFC) reported trimethyl 

ammonium chloride content range of 0.59-2.31 mmol g-1. With increased trimethylammonium chloride 

content on cellulose, the anionic dye adsorption ability of Q-NFC nanofibrils increased. (Pei et al., 

2013). To remove anionic dyes, the polyacrylamide grafted quaternised cellulose (PAM-g-QC) 

adsorbents were developed. The addition of CHPTAC, and acrylamide (AM) to cellulose could 

effectively improve its amino content, resulting in improved adsorption capability. SEM revealed a 

porous and three-dimensional framework structure in the adsorbents. The cellulose PAM-g-QC 

experimental results suited the pseudo-second-order kinetic model and the Langmuir isotherm well, and 

the highest theoretical adsorption capacity of the beads was 380.084 mg g-1 for Congo red (CR) and and 

349.284 mg g-1 for Eriochrome blue SE (EBSE). The thermodynamic analyses gave support for the 

adsorption process being endothermic and spontaneous (Wang et al., 2016).  

Furthermore, anionic dye (Acid Orange 7, Direct Blue 75 and Direct Violet 31) adsorption was studied 

by Hashem and colleagues prepared from MCC with CHPTAC as a cationising agent. The results 

revealed that adsorption capacity was affected by adsorbent, temperature, type of dye, and van der 

Waals and hydrogen bonding. Cationised cellulose displayed significantly higher anionic dye 

adsorption capability than cellulose (Hashem and El-Shishtawy, 2001).  
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Table 2.5: Cellulose modifications from various sources 

Modification  Source  Cellulose  Conditions  Findings  Ref  

TEMPO 

oxidation 

Bamboo 

dissolving pulp 

Nanocellulose TEMPO/NaBr/NaClO system at 

pH 10 

TEMPO oxidized fibers showed fiber 

dimensions of 447 ± 5 µm, shorter than original 

sample. Crystallinity value = 69.5% 

(Tang et al., 

2017) 

Commercial 

bleached softwood 

kraft pulp 

CNCs TEMPO/NaBr/NaClO system at 

pH 10 with constant stirring 

Introduction of carboxylate groups onto surface 

did not damage crystal structure, average length 

of the TEMPO-mediated oxidized crystals was 

94 ±32 nm 

(Fraschini et 

al., 2017) 

Oil Palm Empty 

Fruit Bunches 

CNFs TEMPO/NaBr/NaClO system at 

pH 10 

TEMPO-oxidation increased carboxylate 

content without changing cellulose polymorph, 

fiber dimensions: The length:100–291 nm, 

width: 3–9 nm. 

(Hastuti et al., 

2019) 

Wheat straw  Cellulose 

fibers  

TEMPO/NaBr/NaClO system at 

pH 10 

Crystal structure change from cellulose I to II 

due to alkali treatment, however after TEMPO 

oxidation crystallinity did not change much 

meaning crystalline areas of cellulose could not 

be broken by the TEMPO-oxidized process. 

(Qu et al., 

2021) 

Raw wood 

particles of 

paulownia 

CNFs TEMPO/NaBr/NaClO system in 

water at pH 10 

Average diameter of ± 3 nm showing elementary 

fibrils in individual or bundles form. 

Crystallinity value of 67% 

(Kaffashsaie 

et al., 2021) 
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Oil palm empty 

fruit bunch 

(OPEFB) strands 

Nanocellulose TEMPO/NaBr/NaClO system in 

water at pH 10 

Crystallinity degree of 72%. (Indarti et al., 

2019) 

Walnut shell Nanocellulose TEMPO/NaBr/NaClO system in 

water at pH 10 

Porous network with an irregular block structure 

was observed, low thermal stability 

(Zheng et al., 

2019) 

Sugarcane bagasse  CNFs TEMPO/NaBr/NaClO system in 

water at pH 10.5 

TEMPO-oxidized samples had an average length 

of 400 ± 200 nm, No significant changes in 

crystallite sizes  

(Rossi et al., 

2021) 

Cassava peel CNFs TEMPO/NaBr/NaClO system in 

water at pH 10 

Diameter (5−16 nm) and high negative zeta 

potential values (around −30 mV). 

(Czaikoski et 

al., 2020) 

Bagasse pulp CNFs TEMPO/NaBr/NaClO system in 

water at pH 10 

high density of the carboxyl groups on CNFs 

thus improves adsorption, high crystallinity 

value of 83%, diameter of 20 nm, with different 

lengths up to a few micrometers.  

(Abou-Zeid et 

al., 2020) 

Cationization  bleached birch 

(Betula verrucose) 

commercial 

chemical pulp 

Nanocellulose Periodate oxidation 

Girard’s reagent with aldehyde 

cellulose at pH 4.5 using HCl as 

catalyst.  

Cationic group content increased from 2.85 to 

4.7 mmolg-1. An increase in temperature resulted 

in increased cationicity with low aldehyde 

content. improve solubility  

(Sirviö et al., 

2011) 

Hardwood 

bleached kraft 

pulp 

Cellulose 

fibrils 

EPTMAC as cationising agent Cationization did not alter fiber length and 

width, however, it improved kink index and 

surface charge density +18.68 µeq/lg 

(Gao et al., 

2016) 

Sugarcane bagasse  Nanocellulose Delignification of cellulose 

Periodate oxidation 

Increase in DAC’s degree of oxidation (from 

6.32% to 18.91%) led to a significant increase in 

(Huang et al., 

2020b)  
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Girard’s reagent at pH 4.5.  c-DAC’s degree of oxidation, improving 

chromium adsorption 

Softwood  CNFs GTMAC as cationising agent Improved trimethylammonium chloride content 

up to 2.31 mmol/g. nucleophilic addition of 

alkali activated hydroxy groups of cellulose to 

epoxy moiety of GTMAC 

(Pei et al., 

2013) 

Rice husk Nanocellulose Alkali and beaching treatments 

Epichlorohydrin as cationising 

agent 

Reduced crystallinity due to production of 

quaternary ammonium groups through 

breakdown of original hydrogen bonds of rice. 

Cationization produced individual fibers with a 

smooth surface. 

(Jiang and Hu, 

2019) 

Eucalyptus 

globulus 

CNFs Quaternization of cellulose 

fibers via GTMAC. 

Nucleophilic addition of the hydroxyl groups to 

the epoxy moiety of GTMAC. DMAC was 

utilized as solvent to limit hydrolysis. NMR 

showed an (CH3)3N+ at 55ppm  

(Chaker and 

Boufi, 2015)  

Bleached 

softwood kraft 

pulp 

Nanocellulose Cationised in systems with 

different water-miscible organic 

solvents. EPTMAC as 

cationising agent 

replacing 90% of the water with isopropanol or 

tetrahydrofuran yielded higher degrees of 

substitution and increased reaction efficiencies  

(Odabas et al., 

2016) 

Parenchyma 

cellulose (PC) 

from bagasse pith 

Cellulose 

fibers  

GTMAC was used as a 

cationization agent 

Zeta potential and charge density on PC's surface 

increased in comparison to unmodified cellulose 

because of surface cationization. 

(Gao et al., 

2015)  
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2.6 Environmental pollutants   

2.6.1 Synthetic Dyes   

Dyes are organic compounds that consist of complex ionic aromatic structures featuring aryl groups 

that have delocalized electron systems, and by adsorption, dyes tend to give colour to substrates 

(TejadaTovar, Villabona-Ortíz and Gonzalez-Delgado, 2021). With over an estimate of 100,000 types 

of dyestuff commercially available are manufactured each year, and the annual global production of 

dyes lies at approximately 7 × 105 tons (Dawood and Sen, 2012)(Katheresan, Kansedo and Lau, 2018). 

Synthetic dyes with complex chemical structures are considered to be non-biodegradable and 

nonoxidisable in nature due to properties such as thermal, biological, physiochemical, and optical 

stability (Sun et al., 2013)(Haddadian et al., 2013)(Ata et al., 2012). Unfortunately, up to 20% of dye 

solutions utilised in dyeing processes are discharged into industrial wastewater effluents and, become 

major environmental contaminants which can disrupt water ecosystems and affect human life (Veni and 

Brenda, 2021)(Haddadian et al., 2013)(Abdel-Ghani et al., 2017). A wide range of dyes can be 

classified as disperse, reactive, acid, basic, direct, azoic, sulfur, and direct dyes and these have been 

commonly used in textile industries (Hassan and Carr, 2018).   

2.6.2 Azo dyes, environmental fate, and human health  

Azo dyes are synthetic dyes which are distinguished by the presence of the azo moiety (–N=N–) in their 

chemical structure, linked with two identical symmetrical and/or asymmetrical or non-azo alkyl or aryl 

radicals (Weglarz-Tomczak and Górecki, 2012)( Benkhaya, M'rabet, and El Harf, 2020). Azo dyes are 

the largest and highly versatile class of dyes used and represent over 50% of total dyes manufactured 

worldwide (Benkhaya, M'rabet, and El Harf, 2020)(Chung, 2016). Due to their specific physiochemical 

properties and biological activities, azo dyes have been applied in various industries namely; 

pharmaceutical, plastics manufacturing, leather, cosmetic, food, dyeing/textile industry and analytical 

chemistry to impart color on final products (Hashem and El-Shishtawy, 2001)(Sun et al., 

2013)(Weglarz-Tomczak and Górecki, 2012)(Chukwuemeka-Okorie et al., 2021). Due their distinct 

vivid bright colours (oranges, reds, and yellows), their presence in wastewater is significantly noticeable 

and dye effluents cannot be treated by the conventional wastewater treatment methods leading to lethal 

effects, genotoxicity, mutagenicity, and carcinogenicity to humans as well as animals (Chung, 2016). 

Azo dyes include Tartrazine, Methyl Yellow, Methyl Red, Congo Red, Orange II, Aniline Yellow, 

Sunset Yellow, Solvent Yellow 3, Direct Red 28, Methyl Orange and many more (Chung, 2016), 

however for this research study, the environmental fate and human health impact of methyl orange and 

sunset yellow will be discussed further below.  
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2.6.2.1 Synthetic dyes of interest  

2.6.2.1.1 Methyl Orange   

Methyl Orange (MO) is a common and typical azo anionic [Sulfonate (SO3
−)] dye that is water-soluble  

(5 g L-1, H2O, 20℃) and is famous for its high colourability. The chemical characteristics of methyl 

orange are given in Table 2.6. MO has been applied in various industrial applications ranging from 

printing, dyeing, textile, pharmaceuticals, and research laboratories. Additionally, to industrial use, in 

laboratories MO can be used as a pH indicator (pH range 3.1–4.4) with a red to yellow colour change 

(Wu et al., 2021b) (Alghamdi et al., 2019) (Neethu and Choudhury, 2018) (Fernandes et al., 2020). 

Industrial use can generate large volumes of wastewater effluent that is discharge into the environment 

containing dye residue leading to water pollution even at low dye concentration (less than 1 ppm). Dye 

effluent in the environment can cause a domino effect whereby light penetration into water can be 

limited by dye pollutants, subsequently reducing photosynthetic activity resulting in poor growth of 

aquatic species (fauna and flora). MO is a highly toxic azo dye that can cause mutagenic, teratogenic, 

and carcinogenic effects on human beings (Fernandes et al., 2020) (Eljiedi and Kamari, 2017) (Liu et 

al., 2022) (Zhang et al., 2017).  

Table 2.6: Chemical characteristics of Methyl Orange monoazo dye (Chiong et al., 2016) (Iwuozor et 
al., 2021)  

Methyl Orange 

UIPAC name   Sodium;4-[[4-(dimethylamino) phenyl] diazenyl] benzenesulfonate  

Chemical formula  C14H14N3NaO3S  

Molecular weight (gmol-1)  327.33  

Colour index number (CI)  13,025  

λmax (nm)  522  

Chemical structure  
 

 
 
2.6.2.1.2 Sunset Yellow FCF   
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Sunset yellow FCF is a pyrazolone anionic dye that has been classified as a food additive used in food 

industry in products such as canned juices, sweets, sauces, jelly, pickles, soft drinks, orange squash, 

apricot jam, packet soups, and it has been applied in varying products including soaps, hair products, 

moisturizers, crayons, vitamins and medicinal capsule and many more (Dwivedi and Kumar, 2015)(do 

Nascimento et al., 2020)(Ghaedi, 2012)(Ghaedi et al., 2012). Sunset Yellow is known for its bright 

orange yellow colours and its chemical characteristics are given in Table 2.7 (Dwivedi and Kumar, 

2015). Due to high frequent use of dyes in these industries, about 10-15% of dye-containing effluents 

are discharged into the environment without treatment (Chekir et al., 2016)(Dawood and Sen, 2012). 

As a result, the Joint Food and Agricultural Organization (FAO)/World Health Organization (WHO) 

Expert Committee on Food Additives (JECFA) in 2011 determined and assessed safety data, such as 

acceptable daily intake (ADI) for Sunset Yellow FCF of 4 mg/kg /bw/day (EFSA, 2014).  

However, there are food manufactures who continue to ignore regulations leading to excessive amounts 

of dye molecules in food items and in wastewater effluents produced by such industries. Prolonged use 

of Sunset Yellow dye in food items can have varying effects in children, adult humans, and the 

environment. Items marked by the presence of Sunset Yellow should be avoid in children suffering 

from attention deficit hyperactivity disorder (ADHD), and for individuals with aspirin intolerance as it 

can result in allergic reactions with symptoms varying from asthma, diarrhoea, cardiac arrest, 

hypersensitivity, immunosuppression, eczema, stomach pain, vomiting, swollen skin, and urticaria 

(Wawrzkiewicz, 2011)(Rovina, Perumal and Siddiquee, 2016)(Yayayürük et al., 2020). Furthermore, 

dye molecules can have some of the following effects on the surrounding environment (a) dyed water 

bodies resulting in aesthetic issues, (b) reduces the ability of the receiving water to reoxygenate itself 

by blocking the sunlight, which disturbs photosynthetic processes within the aquatic system, and (c) 

can cause severe and chronic toxicity (do Nascimento et al., 2020)(Mosallanejad and Arami, 

2012)(Abdel-aziz and Abdel-gawad, 2020).   

Table 2.7: Chemical characteristics of Sunset Yellow FCF monoazo dye (EFSA, 2009)  

Sunset Yellow FCF 

UIPAC name   Disodium 6-hydroxy-5-[(4-sulfophenyl) azo]-2-naphthalenesulfonate  

Chemical formula  C16H10N2Na2O7S2  

Molecular weight (gmol- 

1)  

452.37  

Colour index number  

(CI)  

15,185  

λmax (nm) 480 
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Chemical structure  

 

2.7 Conventional wastewater treatment methods  

The presence of synthetic dyes in wastewater effluents continues to cause sustainable damage to human 

health and aquatic life. Therefore, over the past decade conventional wastewater treatment technologies 

aimed by reducing and/eradicating the issues have been developed and this has been crucial to achieving 

the Sustainable Development Goals (SDG). The methods for dye removal fall into three categories: 

chemical, biological, and physical methods. Table 2.8 identifies methods from each category which 

outlining their advantages and disadvantages.   

2.7.1 Chemical method  

Different chemical methods for dye removal can include advanced oxidation processes (AOPs), 

photochemical, Fenton reaction, and ozonation processes. The advanced oxidation processes (AOPs) 

are based on a treatment technique that uses hydroxyl radicals as oxidizing agents to remove dye 

molecules by attacking the chromogenic groups, which then generates organic peroxide radicals that 

eventually convert those groups into simple CO2, H2O, and inorganic salts. (Kamar et al., 2022)(Sharma 

and Kaur, 2018). Fenton reaction is another common type of oxidation process which incorporates an 

oxidation process with or using Fenton reagent to completely degrade the contaminants and reducing 

them into compounds like CO2, H2O and inorganic salt (Zhang et al., 2021). In addition, ozonation 

process uses ozone (short half-life) to act as a fast and effective oxidizing agent to oxidize chlorinated 

hydrocarbons, phenols, and other hydrocarbons, respectively (Vincenzo Naddeo, 2013)(Shah, 2018). 

Chemical methods are generally effective methods for remove of dye molecules, however the 

disadvantage of being expensive and producing large volumes sludge creates problems that can be 

possibly avoided by incorporating a different treatment method (Oller, Malato and Sánchez-Pérez, 

2011)(Ledakowicz and Pázdzior, 2021).   

2.7.2 Biological methods   

Biological methods such as decolorization and degradation of dyes by fungi, algae and yeasts, 

adsorption by microbial biomass, enzyme degradation, and a range of aerobic-anaerobic methods are 

generally applied to wastewater treatment effluents to accumulate and degrade a diverse range 
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contaminant using a variety of microorganism (algae, bacteria, fungi, yeasts, algae) (Saratale et al., 

2011). The use of large amounts of chemical agents (as seen or chemical methods) can generate 

secondary pollution in the form of unwanted by-products and toxic sludge, however biological 

treatments can further mineralize dyes and their aromatic amine compounds, making effluents less 

harmful or even completely detoxifying them (Zhang et al., 2021)(Chacko and Subramaniam, 2011). It 

is worth noting that due to its sensitivity to seasonal variation, use of some toxic chemicals, and lack of 

design and operating flexibility, biological treatment requires a considerably large space to operate and, 

therefore these drawbacks affect dye removal studies (Sivarajasekar, 2015)(Shah, 2018).   

2.7.3 Physical methods   

Common physical methods include membrane separation techniques (ultrafiltration, nanofiltration, 

reverse osmosis), ion-exchange, coagulation/flocculation, and adsorption processes. Membrane 

separation techniques act as physical barriers of species of ions, molecules or particles in a sample 

solution driven by either an electrical force, concentration differences or pressure in the system 

depending on particle size (Miculescu et al., 2016)(Yin and Deng, 2015)(Li et al., 2020). The ion 

exchange process has been investigated as dye removal technique since it is inexpensive, 

environmentally beneficial, and temperature resistant (Kaur and Jindal, 2018)(Wawrzkiewicz, 2011). 

The ion exchange process efficiently removes dyes from aqueous solutions by interacting strongly with 

charged dyes and functional groups on ion exchange resins. By exchanging ions, this procedure creates 

solid connections between the solutes and resins, thereby separating them. (Ahmad et al., 2015)(Aragaw 

and Bogale, 2021). Anion exchangers or cation exchangers are two types of ion-exchange resins. 

(Bashir et al., 2019). Another physical method is coagulation/flocculation (CF) process that has been 

vastly applied for its effectiveness for the removal of suspended from water effluents. Furthermore, CF 

processes also reduce water turbidity by removing toxic substances (organic and inorganic) and 

colloidal organic matter (Ugwu et al., 2017)(Kamar et al., 2022)(Barbosa et al., 2018).  Many suffer 

from disadvantages including high cost, difficultly to maintain and manage, generation of secondary 

pollution, toxic sludge generation, large amounts of chemicals used, severe membrane fouling, high 

energy consumption (Liu et al., 2022)(Iwuozor et al., 2021). Amongst the mentioned methods, 

adsorption process is considered to be the most used and effective methods for the removal of dye 

molecules from wastewater treatments as it is a simple and safe method that is characterised by minimal 

or no secondary pollution, low-cost, highly reliable and is capable of high removal efficiencies (Yue et 

al., 2019)(Nethaji, Sivasamy and Mandal, 2013). 
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Table 2.8: Conventional water treatment techniques for dye removal.  

Types of methods  Advantages  Disadvantages  Ref 

Chemical methods 

Advanced oxidation processes (AOPs) Simple method capable of dye 

removal from various effluents 

Rigid and high-cost process. 

Undesirable by-products generated, pH 

dependent 

(Sivarajasekar, 2015) 

(Katheresan, Kansedo and 

Lau, 2018) (Adegoke and 

Bello, 2015)  

Photochemical Effective for dye removal. Foul odors 

are generally reduced. No sludge 

generation 

Produces unwanted by-products and 

has high-cost implications. 

(Sivarajasekar, 2015) 

(Katheresan, Kansedo and 

Lau, 2018 (Adegoke and 

Bello, 2015) 

Fenton reaction Fenton reagent is a suitable chemical 

that is applicable for soluble and 

insoluble dye removal 

High iron sludge generation. Time-

consuming process. 

(Katheresan, Kansedo and 

Lau, 2018)(Sivarajasekar, 

2015) (Adegoke and Bello, 

2015) (Sharma and Kaur, 

2018) 

Ozonation No sludge production, effective for 

dye molecule removal. Ozone is 

applicable in its gaseous state 

Non reusable method, toxic by-

products generated, expensive, short 

half-life [20min] 

(Sivarajasekar, 2015) 

(Katheresan, Kansedo and 

Lau, 2018) (Adegoke and 

Bello, 2015) (Sharma and 

Kaur, 2018) 

Biological methods 
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Aerobic−anaerobic methods  Economically feasible, no foam 

build-up, applicable to a wide variety 

of dye molecules 

Low removal efficiency, time-

consuming, sludge generation, rigid 

method, requires a lot of working 

space, By-products formed are methane 

and hydrogen sulphide  

(Adegoke and Bello, 2015) 

(Katheresan, Kansedo and 

Lau, 2018)(Sivarajasekar, 

2015)(Manavi et al., 2017) 

Decolorization by white rot fungi Dye degradation aided by enzymes Unreliable enzyme production issues  (Sivarajasekar, 2015) 

(Adegoke and Bello, 2015) 

(Katheresan, Kansedo and 

Lau, 2018)(Saratale et al., 

2011)(Srinivasan and 

Viraraghavan, 2010) 

Enzyme degradation  Low-cost, high removal efficiency, 

environmentally friendly, reusable, 

and capable of using enzymes for dye 

uptake 

Requires large amounts of enzyme for 

degradation 

(Katheresan, Kansedo and 

Lau, 2018)(Bhatia et al., 

2017)(Mojsov et al., 

2016)(Chacko and 

Subramaniam, 2011) 

Adsorption by microbial biomass Microbial biomass has a strong 

affinity only towards a selection of 

dye molecules 

Does not apply to all dye molecules  (Sivarajasekar, 

2015)( Katheresan, Kansedo 

and Lau, 2018) (Adegoke and 

Bello, 2015) 

Algae degradation  High removal efficiency for dyes, 

low-cost, environmentally friendly,  

Unstable system  (Katheresan, Kansedo and 

Lau, 2018)(Bhatia et al., 

2017)(Solís et al., 2012) 
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Physical methods 

Membrane separation  Effective removal method for a wide 

range of dye molecules, and water 

recovery and reuse. 

Unsuitable for dye removal due to 

membrane fouling, concentrated sludge 

production, and expensive investment 

costs. 

(Madhura et al., 

2018)(Collivignarelli et al., 

2018)(Adegoke and Bello, 

2015) (Yadav et al., 2022) 

Ion-exchange Effective method for dye removal, 

results in high quality water, and can 

be easily regenerated. 

Limited to certain dye molecules.  (Katheresan, Kansedo and 

Lau, 2018)(Sivarajasekar, 

2015) (Adegoke and Bello, 

2015) 

Coagulation/flocculation Simple operation and environmental 

impact. Suitable only for disperse, 

sulphur, and vat dye effluents, 

relatively cheap 

pH dependent system, not suitable for a 

wide range of dyes (acid, azo, basic, 

and many more). High chemical usage 

and large volumes of concentrated 

sludge generated. 

(Katheresan, Kansedo and 

Lau, 2018(Adegoke and 

Bello, 2015)(Aragaw and 

Bogale, 2021)(Han et al., 

2016) 

Adsorption  Effective and efficient dye removal 

method for a wide range of dyes. 

Simple and adsorbents can be 

regenerated 

High-cost adsorbents  (Sivarajasekar, 2015) 

(Katheresan, Kansedo and 

Lau, 2018) (Adegoke and 

Bello, 2015) (Salleh et al., 

2011) 
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2.8 Adsorption process  

The removal of dye pollutants from aqueous environments by adsorption processes has been widely 

explored as it is a low cost, simple and reliable process with high removal efficiency outcomes, and has 

limited challenges related to the generation of toxic substances such as sludge or any by-products 

(Fernandes et al., 2020) (Jarusiripot, 2014)(Taha, Samaka and Mohammed, 2013)(Nethaji, Sivasamy 

and Mandal, 2013)(Veni and Brenda, 2021). The adsorption process is a surface phenomenon which 

involves the removal of substances (called adsorbates) from a solution by mass transfer processes onto 

a solid surface (called adsorbents) with a highly porous surface structure via liquid-solid intermolecular 

forces of interactions (Khulbe and Matsuura, 2018) (Kandisa and Saibaba, 2016). Various adsorbents 

derived from activated carbon, bio-sorbents, biochar, clays, polymer and resins, nanoparticles and other 

low-cost materials have been previously studied for the removal of a variety of dye molecules (see 

Table 2.9) (Iwuozor et al., 2021). The adsorption process strongly depends on different experimental 

conditions like solution pH, initial dye concentration, adsorbent used, adsorbent dosage, temperature, 

and reaction time (Ahmad, Ahmed and Ikram, 2015) (Dutta et al., 2021). Physical adsorption 

(physisorption) and chemical adsorption (chemisorption) are the two primary mechanisms of 

adsorption, however there are also numerous other forces of interaction such as hydrogen (H-H) 

bonding, ion exchange, electrostatic interactions, hydrophobic interactions, π−π interactions etc., 

(Ibrahim, Creedon and Gharbia, 2022)(Ahmad et al., 2015)(Dutta et al., 2021). Physisorption usually 

occurs in typical solid/liquid or solid/gas interactions whereby adsorption onto the adsorbent surface is 

caused weak forces of interaction called van der Waal’s forces, whereas chemisorption occurs via strong 

chemical bonds (covalent bonding) between adsorbate molecules and the adsorbent surface (Ibrahim, 

Creedon and Gharbia, 2022)(Khulbe and Matsuura, 2018)(Sadegh et al., 2017). Additionally, it is 

simple to reverse physical adsorption, whereas chemical adsorption is generally irreversible in most 

cases (Shah, 2018). Mechanism of physisorption and chemisorption are shown below (Figure 2.16).
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Figure 2.16: Schematic for physical and chemical adsorption mechanism (Image adapted from 

(Moosavi et al., 2020)).  

2.8.1 Adsorbents for dye removal  

2.8.1.1 Activated carbon  

Activated carbon (AC) is one of the most widely used adsorbents for the removal of dyes. AC adsorbents 

are carbon-based materials that undergo through physical or chemical processing in an effort to increase 

the material's potential for sorption (Iwuozor et al., 2021)(Katheresan, Kansedo and Lau, 2018). 

Materials such as coal, charcoal, carbonised plant matter, peat and lignite are some ACs. AC is highly 

favored for adsorption processes because the adsorbents usually possess high surface area, high 

adsorption capacity, improved thermal stability, highly porous structures, surface reactivity, active free 

valences, and inertness (Iwuozor et al., 2021)(Ahmad et al., 2015)(Kumar and S, 2021). Research into 

low-cost natural plant materials and biomass as alternatives to commercial activated carbon has been 

done. Therefore activated carbon has been previously prepared from various materials such as  coir 

pith(Namasivayam and Kavitha, 2002), rice husk(Saeed et al., 2015), lagerstroemia indica seed 

(Kumar, Sivaprakash and Jayakumar, 2017), banana stems (Kumar and S, 2021), pomelo peels (Bello, 

Ahmad and Semire, 2015), corn husk (Khodaie et al., 2013), Ficus racemose plant barks (Sujitha and 

Ravindhranath, 2016), Juglans regia shells (Nethaji, Sivasamy and Mandal, 2013), palm tree fibre 

(Alhogbi et al., 2021) , Nigella sativa L. (Abdel-Ghani et al., 2017), popcorn (Yu et al., 2019), red 

pumpkin skin (Omari et al., 2022), dragon fruit peels (Jawad et al., 2021), pomegranate peels (Jawad 

et al., 2018)(Nehaba, 2017)(Manimekalai et al., 2015), papaya leaf (Ahmaruzzaman, 2012), custard 

apple (Annona squamosa) fruit shell (Khan, Shahjahan and Khan, 2018), cashew nut shells ( Thang et 

al., 2021), mangosteen peel (Suwattanamala, Prachuabmorn and Suwattanamala, 2021),cornelian 

cherry stones (Cornus mas L.) (Oguz Erdogan and Erdogan, 2018), and watermelon rinds (Ahmad, 

Ahmad and Bello, 2015) etc. for application as dye removal adsorbents.   

El Maguana et al, investigated adsorption of MO from aqueous solutions onto activated carbon 

extracted from prickly pear seed cake via phosphoric acid activation. From previous studies, it was 

confirmed by FTIR analysis that oxygen and phosphorus functional groups were incorporated onto the 

activated carbon surface improving its adsorption capabilities. The adsorption process of MO was best 

described by the Freundlich isotherm and pseudo-second-order kinetic model, and furthermore, the 

mechanism for adsorption was determined to be physisorption with maximum adsorption capacity of 

336.12 mgg-1. Lastly, the authors concluded that activated carbon from prickly pear seed cake is suitable 

for dyes removal from aqueous solution (El Maguana et al., 2020). Study for MO adsorption onto 

activated carbon from coffee grounds waste material has also been reported. Nitric acid was used for 

carbon activation and improving the surface porosity of the activated carbon adsorbent and 
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impregnating the surface with new functional groups essential for adsorption. At adsorption conditions, 

pH of 3, initial dye concentration of 300 mgL-1, contact time of 90min and temperature of 30℃, the 

maximum adsorption capacity was 658 mgg-1. MO dye was best fit by the Freundlich isotherm 

characterised with multi-layer adsorption. Adsorption of MO dye was furthermore described as a 

chemical adsorption mechanism and the nature of adsorption of MO onto activated carbon exothermic 

due to negative enthalpy value of -43.32 kJ.mol-1 (Rattanapan, Srikram and Kongsune, 2017).   

In addition, Sawasdee et al, reported using agricultural waste from sugarcane leaves to prepare activated 

carbon for the removal of MO dye in aqueous solutions. It was found that prepared activated carbon 

material was highly porous and most of the surface was rough due to activation processes. FTIR data 

further confirmed surface functionalisation with oxygen-containing functional groups that contribute 

adsorption properties for MO dye removal from aqueous solutions. The adsorption process was best 

described by the Freundlich isotherm, and pseudo-second-order kinetic models with a maximum 

adsorption capacity onto activated carbon of 12.50 mgg-1 at 30°C. It is worth noting that activated 

carbon prepared sugarcane leaves was effective for MO dye removal (%RE = 83.54%) at low costs than 

conventional activated carbon (Sawasdee et al., 2020). A low-cost activated carbon adsorbent material 

was prepared from Swietenia mahagoni bark (industrial waste from wood processing) by Ghosh et al, 

for the adsorptive removal of MO dye from aqueous solution. Irregular, rough, and porous surface were 

found on the prepared activated carbon (SMBAC) adsorbent with new oxygen-containing functional 

groups reported. In addition, this also promotes MO dye adsorption onto SMBAC adsorbent. Maximum 

removal efficiency of MO dye by SMBAC was 92%, at adsorption conditions of pH 3.0, initial MO dye 

concentration 10.0 mg. L-1, adsorbent dose 10.0 g. L-1 and contact time 120 min. The From the reported 

adsorption data, the Freundlich and Halsey isotherm models best fit the adsorption process showing that 

the multilayer adsorption on a heterogenous surface. The pseudo-second order kinetic model was 

favored for MO dye adsorption onto SMBAC and film diffusion as a adsorption mechanism was 

possible (Ghosh et al., 2020).   

Several research has been performed using activated carbon for SY dye removal by adsorption process. 

Becker et al, studied the potential of activated carbon prepared from straw for the adsorption of SY dye. 

Stalks and leaves of straw material was soaked in acid and alkali before carbonisation, and it was found 

that material soaked in alkali and carbonised at maximum temperature 700℃, straw material with a 

loose and porous structure was formed that was efficient for dye adsorption. The adsorption results 

showed that SY dye removal was significantly affected by changes in temperature and not much by pH 

(Becker et al., 2022). The quinoa (Chenopodium quinoa Wild and Quillaja Saponaria) plant was used 

in a comparative study with commercial charcoal to remove SY dye, crystal violet and tartrazine. Porous 

surface structures with surface area of about 800 m2g-1 for activated carbon was reported, however, 
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commercial charcoal showed the best adsorption efficiency during batch adsorption experiments for SY 

removal (Abril et al., 2022). Oil palm trunk was utilised to prepare activated carbon to remove anionic 

dyes (SY and acid blue 25) from an aqueous solution. The equilibrium adsorption capacities of SY 

increased from 49.82 mgg-1 to 142.41 mgg-1 throughout an increase in initial dye concentration from 

100 to 300 mgL-1. For SY dye, the fitted isotherm followed non-linear Langmuir and kinetics was best 

fit by non-linear pseudo-second order model suggesting the adsorption mode of chemisorption in which 

adsorbate-adsorbent interaction is via electrostatic force of attraction (Lim et al., 2022). In addition, 

Chukwuemeka-Okorie et al, studied anionic dyes (SY and tartrazine) adsorption onto activated carbon 

derived from cassava sievate biomass. Activated carbon characterisation showed that the adsorbent had 

a fine and highly porous structural surface with rough and irregular shapes. FTIR data also revealed 

new surface functional groups and with that said adsorbent material showed ideal properties for 

adsorbents with high adsorption capacity for removal of dyes. The experimental findings showed that 

low-cost and environmentally friendly cassava sievate biomass was suitable for the preparation of 

activated carbon and can be utilised for tartrazine and SY dyes removal from water (see Table 2.9 for 

adsorption results) (Chukwuemeka-Okorie et al., 2021).    

The drawbacks of using activated carbon material include high energy consumption during activation 

processes, loss of adsorbents during the deactivation, issues related to adsorbent regeneration, high costs 

and not environmentally friendly (Shah, 2018) (Sharma and Kaur, 2018)(Singla, Kaushal and Mahajan, 

2016). However, from the reviewed studies, it is evident that low-cost agricultural biomass offers an 

advantage of widespread availability and biodegradability. This suggests that more work must be 

conducted resolve the issues involved in activated carbon production.   

2.8.1.2 Low-cost adsorbents   

Inclined growth in human population and the fast-growing industries, generation of industrial and 

agricultural waste residue is on the rise as these materials are usually burnt unused or pile up in landfills 

and this can result in both economic and environmental problems such as high transportation cost, lack 

of dumping site, and accumulation of high organic content material (Kadhom et al., 2020)(Sulyman, 

Namiesnik and Gierak, 2017)(Bharathi and Ramesh, 2013). In recent decades, these biomass waste 

(industrial and agricultural waste) have been ultimately recognized as suitable material for dye removal 

in various waters. Advantageous of adsorbents prepared from biomass waste for dye removal include 

wide availability, low-cost, easy-handling, high efficiency, renewability, low energy consumption, 

simple maintenance, and high adsorption capacity hence resolving issues of waste disposal (Farhadi, 

Ameri and Tamjidi, 2021)(Bello et al., 2015)(Adegoke and Bello, 2015)(Shelke, Jopale and 

Kategaonkar, 2022). Several agricultural wastes such a kenaf, flax, and ramie fibre (Kyzas, 

Christodoulou and Bikiaris, 2018), pineapple peel (Chaiyaraksa et al., 2019), wheat bran (Ata et al., 
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2012), raw oyster shell (Veni and Brenda, 2021), banana trunk fibres (Prasanna. et al., 2014), yam leaf 

fibres (Vinoth et al., 2010), camel thorn plant (MOGADDASI et al., 2010), psyllium seed powder 

(Malakootian and Heidari, 2018), almond shell, olive stone and rye straw (Dardouri and Sghaier, 2017), 

sphagnum peat moss (Hemmati et al., 2016),  lady finger stem (Abbas et al., 2012), sugarcane bagasse 

(Mohamed et al., 2022)(Moharm et al., 2022)(Mohamed et al., 2017) dragon fruit (Hylocereus 

polyrhizus) peels (Jawad, Kadhum and Ngoh, 2018), , sunflower seeds (Helianthus annuus L.) (Jóźwiak 

et al., 2020), jackfruit leaf powder (Chowdhury et al., 2022), watermelon (Citrullus Lanatus) peels 

(Latif et al., 2019) etc have been utilised for various dye molecule removal from different sources.   

Subbaiah et al, investigated the use of pumpkin seed powder as an adsorbent for MO dye removal. The 

powder material was modified using ethanolamine and HCl to form aminated pumpkin seed powder 

(APSP). The batch experiments were used to study the effect of pH (3-11), initial dye concentration 

(100 to 1000 mgL-1) contact time, and temperature (298, 308 and 313 K). The resultant material was 

characterised by SEM and FTIR techniques and it was reported that in SEM analysis, adsorbent material 

had irregular and porous surface which is suitable for adsorption of dye. The FTIR data also showed on 

the surface of the APSP adsorbent, amine and carboxyl functional groups were present. It was found 

that an increase in temperature influenced an increase on the removal rate of MO dye improving the 

adsorption efficiency of APSP. At equilibrium, the maximum adsorption capacity was determined to 

be 200.3 mgg-1 and the adsorption process followed the Langmuir isotherm model. Kinetic data showed 

the data was best fit with the pseudo-second-order kinetic model and desorption studies were 

successfully performed using 0.1 M NaOH with an efficiency of 93.5% (Subbaiah and Kim, 2016). 

Agriculture wastes such as date palm fibres (DPF), sawdust (SD), rice husk (RH) were studied without 

pretreatment for the removal of MO dye from industrial wastewater. The effect of various experiment 

conditions such as pH (2-10), initial dye concentration (100-500 mgL-1), adsorbent dose [(0.1-1) g per 

100 ml] and contact time (10-150 min) were evaluated and it was reported that as adsorbent dose (0.1- 

0.6 g) increased, the percentage of dye removal increased for all three adsorbents studied. The maximum 

adsorption capacities at equilibrium were found to be 61 mgg-1, 53 mgg-1, and 47 mgg-1 for DPF, SD, 

and RH, respectively. The adsorption data showed that all adsorbents adhered to the Langmuir isotherm 

model (Dakhil, 2020).   

Mohamed and coworkers reported using polyethylenimine (PEI) modified sugarcane bagasse adsorbent 

for the adsorption of MO dye from aqueous solution. From the experimental parameters investigated 

and optimal adsorption results were achieved at contact time of 240 min, initial dye concentration of 

0.01 gL-1, adsorbent dosage of 0.15 g per 50 mL, temperature of 30℃ and pH (7) with MO dye removal 

up to 82%. The study showed that PEI modified sugarcane has high potential as low-cost adsorbent for 

MO dye removal from wastewater (Mohamed et al., 2017). Natural jackfruit leaves powder (JLP) has 

been investigated as an adsorbent for removal of MO dye by Dutta and colleagues. To evaluate the 



59  

  

effects of pH solution (2 - 8), adsorbent dose (0.03 - 0.5 g), initial MO concentration (10 - 30 mgL-1), 

contact time (10 - 120 min), stirring speed (100 - 500 rpm), and temperature (300, 313, and 323 K), 

batch experiments were conducted. Prepared adsorbents were characterised using SEM, FTIR, XRD, 

and TGA techniques. SEM analysis showed adsorbent surfaces that were characterised by rough, 

irregular, and porous texture. FTIR, XRD, and TGA supported the suggested surface morphology of 

JLP adsorbent that has favorable properties suitable for MO dye removal. The adsorption data showed 

that the Langmuir model was well favored by exothermic monolayer adsorption and kinetics was best 

fit by the pseudo-second order kinetics and mixed diffusion process (bulk and intra-particle diffusion). 

The maximum sorption capacity of methyl orange on JLP adsorbent was found to be 32.89 mgg-1. The 

analysis of thermodynamic variables showed that the adsorption was exothermic, physisorption, and 

spontaneous in nature (Dutta et al., 2022).  

Okodugha et al, investigated the behavior of low-cost agricultural biomass rice rusk treated with HCl 

and NH4OH for the removal of MO dye from water. Batch studies were carried out to analyze and 

optimize the impact of different parameters on dye removal, including contact time, pH, initial dye 

concentrations, and adsorbent dosage. As initial concentration and contact time increased in HCl-treated 

husk, adsorption capacity increased; however, at higher pH and sorbent doses, adsorption capacity 

decreased. With an increase in the previously specified parameters, adsorption capacity decreased when 

NH4OH-treated rice husk adsorbent was used. When compared to rice husk treated with NH4OH, HCl 

treated rice husk adsorbent was found to show better removal efficiency for MO from aqueous solution 

and was best fit by the Freundlich isotherm model (Okodugha et al., 2021). Shah and coworkers 

conducted batch experiments on the adsorption of MO onto populous tree adsorbents. Prepared 

adsorbents were characterised by SEM, BET, FTIR, and XRD techniques. Experimental parameters 

such as adsorbent dosage (0.2–0.6 g), pH solution 3–12, initial dye concentration (5–100 mgL-1) and 

contact time (10–100 min) were evaluated for adsorption process. Langmuir and Freundlich isotherm 

models were used to fit the sorption data, and both were best fitted with the maximum Langmuir 

monolayer adsorptive capacity recorded as 90.44 mgg-1 at optimal adsorption conditions (pH 3, 

temperature 303.15 K). All prepared adsorbents were found to follow the pseudo-first order kinetic 

model. The adsorption process was exothermic according to the calculated thermodynamic parameters, 

and the spontaneous nature of the adsorption process was observed even at low temperatures (Shah et 

al., 2021).   

Song and coworkers performed comparative studies on the adsorption of SY dye onto modified 

methanol walnut shell (MMWS) adsorbent material. Batch experiments were performed using the 

following parameters pH, temperature, and initial concentration. The maximum capacity of SY onto 

MMWS at 298 K showed better adsorption than raw walnut shell, and the equilibrium data was best 

described by the Langmuir isotherm. Furthermore, it was shown that intra-particle diffusion was one of 

the rate-controlling phases in the adsorption process and that the adsorption kinetics suited the 
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pseudosecond-order model well. With that, the authors concluded that MMWS adsorbent is a promising 

adsorbent for wastewater dye removal (Yinghua et al., 2021). Additionally, another study was carried 

out for the removal of SY dye from peanut husk waste as a low-cost adsorbent by Song et al. Batch 

mode experiments were carried out as a function of adsorption time, adsorbent dosage and initial SY 

concentration as well as temperature on SY adsorption. The maximum adsorption capacity was 

determined to be 25.89 mgg-1 under the optimal conditions of adsorbent dosage (2 gL-1), initial 

concentration (95 mgL-1), and solution pH 2 over a 24 h period at the temperature of 293K. The 

equilibrium data showed that the Langmuir isotherm and pseudo-second order kinetic models were 

favored for the adsorption process and the thermodynamic data suggested that a spontaneous 

exothermic physical adsorption process was favored (Song et al., 2014).   

Song et al, investigated removal SY dye from aqueous solution whereby peanut husk was crosslinked 

with epichlorohydrin and then modified with ethylenediamine for the adsorbent. The solution pH, 

contact time, temperature, and initial dye concentration were evaluated in batch experiments. It was 

determined that the ethylenediamine-modified peanut husk (EMPH) adsorbent had a maximum 

adsorption capacity for SY of 117.7 mgg-1 at 313 K and the Langmuir isotherm model best fitted the 

adsorption data more accurately. According to the calculated thermodynamic data, the process was a 

spontaneous endothermic adsorption process of SY dye onto peanut husk. The adsorption process was 

governed by intra-particle diffusion as the rate limiting step. Authors thereby concluded that 

ethylenediamine-modified peanut husk showed good performance for removing SY dye and may be 

employed as a very effective biomass adsorbent to treat dye containing wastewater (Song, Xu and Ren, 

2015).  
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Table 2.9: Various materials used as adsorbents for removal of dyes via adsorption processes.  

Adsorbent  Dye  Adsorption capacity/ Removal 

efficiency 

Adsorption isotherms, 

kinetics, and mechanism 

Ref 

Modified walnut shell Sunset yellow 18.35 mgg-1 Langmuir, pseudo-second order, 

intraparticle diffusion  

(Yinghua et al., 2021) 

Dragon Fruit 

(Hylocereusundatus) Foliage 

Methyl orange 21.05 mgg-1 Freundlich, pseudo-second 

order, chemisorption and 

physisorption mechanism 

(Haddadian et al., 2013) 

Raw oyster shell Coomassie brilliant 

blue  

99.64% Not applicable (Veni and Brenda, 2021) 

Chitosan  Sunset yellow  

Tartrazine 

Brilliant blue 

1432.98 mgg-1 

1065.55 mgg-1 

814.27 mgg-1 

All dyes: physisorption 

mechanism 

(Zhang et al., 2020b) 

Kaolinite Clay Methyl orange 3.476 mgg-1 Langmuir, pseudo second-order, 

chemisorption 

(Aroke et al., 2020) 

Pinecone powder Congo red Raw - 32.65 mgg-1 

Acid-treated - 40.19 mgg-1 

Freundlich, pseudo-second 

order, intra particle diffusion 

(Dawood and Sen, 2012) 

Polyaniline and Fe3O4-

hydrotalcite (Pan/MHT) 

Methyl orange 156.25 mgg-1 Freundlich, pseudo-second 

order, physical adsorption 

mechanism  

(An Tran et al., 2021) 



62  

  

Modified pineapple peel Basic Red 9  82.03% Temkin, pseudo-second order, 

Physical adsorption 

(Chaiyaraksa et al., 

2019) 

Direct Red 46.15% Freundlich, pseudo-second 

order, Physical adsorption 

(Chaiyaraksa et al., 

2019) 

Activated carbon derived 

from Ficus racemose barks  

Coomassie brilliant 

blue 

65.0 mgg-1 Freundlich, pseudo-second 

order, heterogenous and 

multilayer adsorption process 

(Sujitha and 

Ravindhranath, 2016) 

Activated carbon from Camel 

thorn plant 

Methyl Orange Up to 80% Langmuir, pseudo-second order, 

electrostatic interactions 

(Mogaddasi et al., 2010) 

Cationized rice husk Diamine Green 207.15 mgg-1  Langmuir, pseudo-second-order, 

electrostatic attraction, hydrogen 

bonding, and van der Waals 

(Jiang and Hu, 2019) 

Acid Black 24 268.88 mgg-1  Langmuir, pseudo-second order, 

electrostatic attraction, hydrogen 

bonding, and van der Waals 

(Jiang and Hu, 2019) 

Congo Red  580.09 mgg-1  Langmuir, pseudo-second order, 

electrostatic attraction, hydrogen 

bonding, and van der Waals 

(Jiang and Hu, 2019) 

Banana peels Methyl orange 17.2 mgg-1 Freundlich, intraparticle 

diffusion 

(Annadurai et al., 2002) 

Orange peels Methyl orange 15.8 mgg-1 Langmuir, intraparticle diffusion (Annadurai et al., 2002) 

Activated carbon from 

coconut Shells 

Sunset yellow (SY) SY 18.12 mgg-1 Both dyes: Freundlich, pseudo-

first order 

(Ademoriyo and Enyoh, 

2020) 



63  

  

Tartrazine  Tartrazine 20.67 mgg-1 

Activated carbon from 

groundnut Shells 

Sunset yellow (SY) 

Tartrazine  

SY 19.02 mgg-1 

 Tartrazine 21.72 mgg-1 

Both dyes: Freundlich, pseudo-

first order 

(Ademoriyo and Enyoh, 

2020) 

Activated carbon from Ficus 

racemosa plant 

Coomassie brilliant 

blue 

65.0 mgg-1 Freundlich, pseudo-second-

order, chemisorption mechanism

(Sujitha and 

Ravindhranath, 2016) 

Activated carbon from 

Juglans regia shell biomass 

Malachite green (MG) 

Amido black 10B (AB) 

MG – 2.53 mgg-1 

AB – 2.55 mgg-1 

Freundlich, pseudo-second 

order, intraparticle diffusion and 

film diffusion played important 

roles for both dyes 

(Nethaji et al., 2013) 

Lala clam (Orbicularia 

orbiculata) shell 

Methylene blue (MB) 

Methyl orange (MO) 

MB – 9.615 mgg-1 

MO – 0.212 mgg-1 

Freundlich isotherm, adsorption 

at multilayer heterogeneous 

surface 

(Eljiedi and Kamari, 

2017) 

Modified coffee waste  Reactive Black 5 (RB5) 

Congo Red (CR) 

RB5 - 77.52 mgg-1  

CR - 34.36 mgg-1 

Langmuir, pseudo-second-order, 

chemisorption mechanism 

(Wong et al., 2020) 

Activated carbon from Corn 

cob 

Methyl Orange 80.36% Not applicable (Abdullah et al., 2019) 

Cellulose nanocrystals  Methylene blue 118 mgg-1 Langmuir isotherm model, 

monolayer adsorption on a 

homogenous surface 

(Batmaz et al., 2014) 

Activated carbon from palm 

tree fiber waste 

Congo red (CR) 

Rhodamine B (RhB) 

CR - 10.4 mgg-1 

RhB - 26.5 mgg-1 

Langmuir, pseudo-second-order, 

chemisorption mechanism 

(Alhogbi et al., 2021) 
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Cellulose  Reactive red RB dye 8.94 mgg-1 Langmuir, Elovich, 

Chemisorption mechanism 

(Silva et al., 2015) 

Cationic amphiphilic dextran 

hydrogel 

Methyl Orange 705 mg g-1 Langmuir, pseudo-second-order, 

chemical adsorption 

(Stanciu and Nichifor, 

2019) 

Modified Coconut (Cocos 

nucifera) Mesocarp 

Congo red (CR) 

Tartrazine  

CR – 19.99 mgg-1 

Tartrazine – 19.61 mgg-1 

CR - Dubinin–Radushkevic, fits 

all studied kinetic models 

Tartrazine - Freundlich, pseudo-

second order, more than one 

mechanism responsible for 

adsorption processes 

(Tejada-Tovar et al., 

2021) 

Mixed Fruit Peel Waste 

(MFPW) 

Sunset yellow FCF 200 mgg-1 Langmuir isotherm, pseudo-

second order-kinetics, 

physisorption process 

(Nafisa Begam et al., 

2022) 

Activated carbon derived 

from cassava sievate biomass 

Sunset yellow (SY) 

FCF 

Tartrazine  

SY FCF -0.091 mgg-1 

Tartrazine - 20.83 mgg-1 

Freundlich, pseudo-second order 

for all dyes. Chemisorption 

mechanism 

(Chukwuemeka-Okorie 

et al., 2021) 

Wheat bran Coomassie brilliant 

blue 

6.41 mgg-1 Freundlich, pseudo-second-

order, monolayer sorption 

(Ata et al., 2012) 

Acid-Functionalized 

Bentonite 

Methyl Orange Dye RF1 – 67.4 mgg-1, and RF2 47.8 

mgg-1 

Sips equation, electrostatic 

attraction 

(Fernandes et al., 2020) 
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Activated carbon entrapped 

in alginate 

Sunset yellow 86% Langmuir, monolayer adsorption 

on a homogenous surface 

(Abdel-aziz and Abdel-

gawad, 2020) 
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CHAPTER 3: RESEARCH METHODOLOGY  

3.1 Chemicals   

Corn husk fibres supplied from Johannesburg Street vendors, hemp stem and branch fibres were 

obtained locally. All chemicals used were of analytical grade. Sulfuric acid (H2SO4), formic acid 

(CH₂O₂), maleic acid (C4H4O4), sunset yellow FCF (C16H9AlN2O7S2; Mw = 452.37 g/mol) and Methyl 

orange (C14H14N3NaO3S, Mw = 327.34), Glycidyl trimethylammonium chloride (GTMAC; 

C6H14ClNO, > 90 wt % in H2O, Mw = 151.63 g/mol) and Tetrahydrofuran (THF, 99.5 % purity) were 

acquired from Merck, Sigma-Aldrich, Germany. Hydrochloric acid (HCl, 32 %), sodium hydroxide 

(NaOH), sodium chlorite (NaClO2), glacial acetic acid (CH3COOH) was acquired from Ace Chemicals, 

South Africa. Solutions of required lower concentrations were prepared by diluting the stock solutions. 

The pH of the solutions was adjusted using 0.1 mol L-1 HCl and/or 0.1 mol L-1 NaOH solutions. All 

solutions were prepared with double deionised water. Glassware and polypropylene vials were washed, 

soaked in a 1 M HNO3 acid bath for at least 24 hr., and rinsed with deionised water before use.  

3.2 Equipment   

For all mass measurements, an analytical balance with up to 4 decimal places and 220 g capacity 

supplied by OHAUS (Johannesburg, South Africa) was used. Deionised water was obtained from a 

Millipore water system (Massachusetts, USA). pH measurements were performed on a Five easy FE20 

pH meter (Mettler Toledo, Johannesburg, South Africa). Batch adsorption experiments were performed 

in triplicate on a room temperature Labcon electrical shaker (Johannesburg, South Africa) and 

temperature sensitive BIOASE electrical shaker (Johannesburg, South Africa). Cellulose microfibre 

samples were freeze-dried in an LABCONCO freeze dryer for several days. Cellulose samples were 

dried in an Wisecube air-circulating oven (Johannesburg, South Africa). Acid washing experiments and 

adsorbent-adsorbate separations were achieved using the Eppendorf centrifuge (Johannesburg, South 

Africa). To homogenize the sample the Scilogex D500 homogenizer (Johannesburg, South Africa) was 

used. Scanning electron microscopy (SEM, Jeol JSM IT300, Tokyo, Japan) at an acceleration voltage 

of 10 kV was used to examine the morphology of the cellulose derived samples. Before analysis, the 

samples were coated with 5 µm gold in an SCD 005 Cool Sputter Coater (BalTec, Germany) at a current 

of 25 µA applied for 50 s. Fourier Transform Infrared (FTIR) spectroscopy was used to study the surface 

chemical functional groups in cellulose derived samples. FTIR spectroscopy was performed on a Tensor 

27 Infrared Spectrometer (Massachusetts, USA). The spectra were collected in the range 500 – 4500 

cm-1 in the absorption mode. 

Thermal stability of the fibres was determined on a thermal analyser (STA 6000; Perkin Elmer, United 

states). Approximately 10 mg of the fibre samples were weighed and placed in an alumina crucible to 
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be evaluated at heating temperatures between 35℃ to 900℃. All measurements were carried out at a 

heating rate of 10 ℃ min-1 in nitrogen gas, at a flow rate of 20 mL min-1. The loss of weight was obtained 

from the TGA curve of a plot of weight loss (%) versus temperature (℃). X-ray diffraction (XRD) 

patterns were obtained to determine the crystallinity of the cellulose derived samples. XRD patterns of 

CMFs were collected on a Bruker D2 phase diffractometer (Massachusetts, USA) with a Cu-Kα (λ= 

0.154 nm) radiation source fitted with a LynxEye detector, using a 30 kV X-ray tube at a current of 30 

mA. The scan range was 5 ° ≤ 2θ ≤ 90 ° in a 0.02 ° measurement step. The crystallinity of the fibres 

was determined by applying Segal’s equation (3.1) (Segal et al., 1959).  

CrI (%) =  
ூమబబିூೌ೘

ூమబబ
ൈ 100%                                                                           (3.1) 

 

where I200 represents the crystalline peak corresponding to the intensity at about 22.5°, and Iam represents 

the amorphous peak corresponding to the intensity at approximately between 14-18°.  

Quantitative determination of methyl orange and sunset yellow concentrations in the aqueous medium 

was carried out using a Cary Series UV-vis Spectrophotometer (Agilent Technologies, United States). 

UV-vis analysis of methyl orange and sunset yellow were determined at the wavelength of 465 nm and 

485 nm, respectively.   
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CHAPTER 4: CHEMICALLY TREATED CELLULOSE AND ITS CELLULOSE 

MICROFIBRES FROM HEMP FIBRES: ISOLATION AND CHARACTERISATION  

4.1 Introduction  

Agricultural biomass is increasingly recognized as a valuable source of cellulose due to the low lignin 

content and the wide range of plant sources. With an estimated global annual production of 214×103 

tonnes, hemp (Cannabis sativa L.) is one of the most cultivated industrial crops from which fibrous 

(bast) fibres and granular fibres can be extracted (Morin-Crini et al., 2018). Hemp bast fibres comprise 

approximately 76% cellulose, 14% hemicellulose, 5% lignin, 1% pectin, and 6% of other non-cellulosic 

substances (Väisänen et al., 2018)(Salami et al., 2020). The use of hemp fibres as an alternative to 

synthetic fibres for reinforcement of polymer composites is of interest because hemp fibres are lower 

in cost, renewable, biodegradable, and environmentally friendly (Abraham, Wong and Puri, 

2016)(Jarabo et al., 2012)(Pejić et al., 2020). Hemp fibres also have applications in paper processing, 

medicine, cosmetics, pharmaceuticals, food manufacturing, detergent and bio-composites (Salami et 

al., 2020)(Jarabo et al., 2012)(Kassab et al., 2020).  

Micro- and nano-cellulose materials can be extracted by chemical and mechanical methods. Cellulose 

microfibres with diameters of 10 µm and several micrometres in length have been obtained using 

chemical, mechanical or a combination of both processes (Tanpichai, Witayakran and Boonmahitthisud, 

2019)(Reddy et al., 2016)(Elanthikkal et al., 2010). Acid hydrolysis breaks the glycosidic bonds of the 

crystalline regions and amorphous regions of cellulose (Wang et al., 2019)(Frost and Johan Foster, 

2020). This can be achieved by using a variety of organic and mineral acids including sulfuric acid 

(Elanthikkal et al., 2010), hydrochloric acid, phosphoric acid (Sherif, Gadalla and Kamel, 2021), 

hydrobromic acid, or mixtures of different acids (Rehman et al., 2018). CNFs, on the other hand, have 

been extracted using mechanical treatment; ultrasonic treatment, cryo-crushing, and high-pressure 

homogenisation to produce fibres of diameter ranging from 10 – 100 nm and lengths up to several 

microns (Du et al., 2017). However, for some applications including water treatment, there is evidence 

suggesting that it may not be necessary to process cellulose all the way to the nanoscale. Chen et al, 

(Chen et al., 2019), calculated a maximum adsorption of As(III) as 344.82 and 357.14 mg g-1, for 

nanofibrillated and microfibrillated cellulose, respectively. Periodate oxidation resulted in 

functionalisation of a large surface area within the fibres, providing high surface areas for adsorption.  

Finding more sustainable green approaches for the extraction and purification of cellulose is also a 

matter of increasing concern for upholding the sustainability credentials of cellulose-derived materials. 

These studies suggest that the properties of cellulose microfibres are influenced by hydrolysis 

conditions where various parameters can be optimised to obtain fibres with desired properties. The aim 

of this study was to investigate the extraction and synthesis of cellulose microfibres with high 

crystallinity index from hemp bast fibres. To our knowledge, no studies have compared the performance 
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of the selected acids (sulfuric, maleic, and formic acids) in the extraction of CMFs. Thus, this study 

presents an opportunity for comparing the chemical and physical properties of CMFs produced from 

organic and mineral acids.  

4.2 Methods   

4.2.1 Extraction and purification of cellulose  

Cellulose fibres were extracted from dried stems and branches of Cannabis sativa plants (Figure 4.1). 

The stems and branches were soaked in water overnight and the fibres peeled off the woody cores. 

Dried hemp fibres were treated with 4 wt% NaOH at 80℃ for 2 hr, 3 times. Treated cellulose were 

bleached using equal parts of NaClO2 (1.7 wt%) and acetate buffer (pH 4.8) for 1 hr at 100℃, and this 

was done until fibres were white in colour. The bleaching solution was disposed, fibres were washed 

with ultrapure distilled water and dried before further use in experiments.   

4.2.2 Synthesis of cellulose microfibres  

CMFs were extracted from bleached cellulose fibres via acid hydrolysis using different types of acids 

(sulfuric acid, formic acid, maleic acid) and different hydrolysis conditions determined through RSM 

design summarised in   

Experiment 1 involved the use of 45% H2SO4 with 20 mL g-1 of cellulose fibre. The hydrolysis process 

was conducted by heating the suspension to 45℃ for 30 min under constant mechanical stirring. Cold 

distilled water was added to the reaction vessel by 10-fold dilution to stop the hydrolysis reaction. After 

the hydrolysis reaction, the suspension was washed by centrifuging for 20 min at 7800 rpm to remove 

excess acid. This cycle was repeated several times by washing with distilled water until pH 7. Using a 

Scilogex D500 homogenizer, the samples were homogenised for 10 min at a medium speed then it was 

stored in a freezer, freeze-dried for several days, and later characterised as demonstrated in Figure 4.1. 

The rest of the experimental conditions conducted were followed according to Table 5.1.  
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Figure 4.1: Schematic showing extraction and preparation of cellulose microfibres from hemp bast 

fibres through acid hydrolysis process coupled with ultrasonic treatment.  

4.3 Results and discussion  

In this work, various acids (sulfuric acid, maleic acid, and formic acid) were used for the synthesis of 

cellulose microfibres at different acid concentrations, hydrolysis time and temperatures.  

4.3.1. Pretreatment of cellulose   

According to Figure 4.2, cellulose fibres were extracted from hemp bast fibres using a series of 

pretreatment procedures, including an alkali treatment step and a bleaching treatment step. Hemp bast 

fibres were subjected to alkaline treatment (4 wt% NaOH) to aid the removal of hemicellulose and other 

noncellulosic content from the fibres, resulting in brown hemp fibres (Abiaziem et al., 2020)(Malucelli 

et al., 2019). This process was achieved by three subsequent alkaline treatment rounds to help reduce 

any non-cellulosic content. Jiang et al, studied the effects of various concentrations of alkali treatments 

and found that 3 wt% NaOH was effective in the removal of non-cellulosic material (Jiang and Hsieh, 

2015) Furthermore, lignin removal was achieved after several rounds of bleaching using a bleaching 

agent, 1.7% sodium chlorite (NaClO2) in acetate buffer with 1 hr duration rounds to remove any 

hemicellulose and lignin content resulting a white cellulose fibres (Abiaziem et al., 2020)(Ilyas, Sapuan 

and Ishak, 2018). Similar reported were recorded from previous studies from cellulose extracted from 

Helicteres isora plant (Chirayil et al., 2014), bamboo plant (Xie et al., 2016), and banana peels 

(Pelissari, Sobral and Menegalli, 2014). The alkaline and bleaching treatment improved the surface area 

of hemp bast fibres to make polysaccharides more accessible to acid hydrolysis reactions.   
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4.3.2 Acid hydrolysis followed by ultrasonic treatment  

Acid hydrolysis process was performed using sulfuric acid, formic acid, and maleic acid to produce 

CMFs with various physical and chemical characteristics. Sulfuric acid (pKa -3.0) is a strong mineral 

acid commonly used to isolate CNCs and CNFs from natural plant sources. As shown in Figure 4.2a, 

during sulfuric acid hydrolysis, the typical mechanism of hydrolysis is that the hydrogen ions (-OH) of 

cellulose are converted to negatively charged sulfate ions (-OSO3H) thereby weakening amorphous 

regions. This process breaks down the β-1,4-glycosidic linkages between the anhydroglucose units 

(AGU) and preserves the crystalline regions of cellulose (Jiang and Hsieh, 2015)(Wulandari, Rochliadi 

and Arcana, 2016). This type of hydrolysis strongly depends on the acid concentration, hydrolysis time, 

temperature, and acid: cellulose ratio. It was observed that for 1SA- CMFs and 2SA- CMFs reactions, 

a white suspension was formed during the hydrolysis process. For 3SA- CMFs, after addition of acid, 

the fibres and acid suspension turned light brown due to high temperature. This later changed color to 

a white suspension during distilled water washing with successive centrifugation. For 4SA- CMFs 

,5SA- CMFs and 6SA- CMFs resulted in a black-dark brown suspension. These changed can be 

attributed to partial-complete digestion of cellulose fibres due to increased acid concentration, longer 

hydrolysis time and higher reaction temperature. Similar observations were reported by Leite et al, 

investigating isolation and characterisation of CNFs from cassava root bagasse and peelings via acid 

hydrolysis treatment (Leite, Zanon and Menegalli, 2017). Sulfuric acid concentration range was 30-

50%, the hydrolysis time range 30-90 min and the reaction temperatures were maintained at 60℃. It 

was observed that higher acid concentrations and longer hydrolysis resulted in dark brown suspension 

due to carbonisation of cellulose fibres during hydrolysis process.   

Weak organic acids such as formic acid (pKa 3.77) and maleic acid have also been used for acid 

hydrolysis process and Figure 4.2b and c, represent formic acid and maleic acid hydrolysis, respectively. 

Isolation of formic acid hydrolysed CMFs from bleached cellulose formed white colloidal suspension 

before freezing into white fibres. From the observed reactions, through variations of acid concentration, 

hydrolysis time and temperature, no significant changes were observed with the naked eye. During 

formic acid hydrolysis, the amorphous regions of cellulose can be digested to form nanosized fibres 

with a large surface area, however, a secondary process can result in the formation of cellulose formate 

(bin Jumhuri et al., 2017)(Du, Liu, Zhang, et al., 2016). As shown in Figure 4.2c, maleic acid hydrolysis 

can be expected to react with exposed hydrogen ions (-OH) of the cellulose chain to form carboxyl 

groups on the CMFs surface. No visible changes were observed through the naked eye during hydrolysis 

at various acid concentrations, hydrolysis time and temperature. During the acid hydrolysis process  

(Figure 4.2c), maleic acid has three functions:1) maleic acid molecules react with β-1,4-glycosidic 

linkages between AGU in cellulose chains and release cellulose with small and uniform particle size; 

2) maleic acid can hydrolyse the amorphous regions to release the crystalline regions of cellulose; and 
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3) maleic acid can catalyze cellulose molecules through the esterification process of hydroxyl groups 

(OH) with rich maleic anhydride anionic groups (Seta et al., 2020). Further characterisation to 

determine the size, morphology, chemical functional moiety, thermal stability, and crystallinity of the 

CMFs is to follow.   

 
  

Figure 4.2: Schematic showing the production of a) sulfuric acid, b) formic acid and c) maleic acid 

hydrolysis process from cellulose derived from hemp bast fibres.  

4.3.3 Scanning Electron Microscope analysis  

Detailed morphology in the structure of bleached cellulose fibres was investigated by using SEM 

analysis as shown in Figure 4.3. Hemp bast fibres were subjected to alkaline treatment (4 wt% NaOH) 

to aid the removal of hemicellulose and other non-cellulosic content, resulting in brown hemp fibres. 

Furthermore, lignin removal was achieved after several rounds of bleaching to remove any 

hemicellulose and lignin content resulting in white cellulose fibres. Jiang et al, studied the effects of 

various concentrations of alkali treatments and found that 3 wt% NaOH was effective in the removal of 

non-cellulosic material (Jiang and Hsieh, 2015). Various publications also observed similar trends 

(Malucelli et al., 2019)(Abiaziem et al., 2020)(Ilyas, Sapuan and Ishak, 2018). Micrographs of the dried 

cellulose fibres (1000x magnification) show that the fibres have smooth flat surfaces with average 

diameters of 9.18 ± 3.17 µm (Figure 4.3a, b). Further, the fibres were micrometre thick as seen in the 

SEM micrographs. The results correspond to native cellulose SEM images reported in many studies 

using cellulose extracted from palm tree trunk (Abd Hamid, Chowdhury and Karim, 2014), and recycled 

Tetra Pak Food Packaging Waste (Akgün, 2022)  
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Figure 4.3: SEM images of bleached cellulose a) 50 µm magnification and b) 10 µm magnification.   

The CMFs extracted from hemp cellulose fibre were examined by SEM analysis at 50 µm magnification 

as shown in Figure 4.4(a-r) with varying morphologies and sizes. Prior to freezing and freeze-drying to 

remove any water molecules and to produce white fluffy mass of fibrillated structures, CMFs 

suspension samples were subjected to ultrasonic treatment to help reduce the structural deformation of 

the fibres. After hydrolysis using various sulfuric acid concentrations at varying conditions the 

following morphology was observed (Figure 4.4a - b). Fibres (1SA- CMFs, 2SA- CMFs) extracted 

using 45% H2SO4 at temperatures below 55℃ were a few hundreds of micrometres in length and had 

rod-like morphologies, whereas when the temperature was increased to 65°C (3SA- CMFs), shorter 

fibres were obtained as the material was much more degraded. Due to high hydrolysis conditions, there 

was not enough sample for SEM images for 4SA- CMFs samples. Fibres from the 5SA- CMFs 

conditions showed rod-like features and smaller fibre diameters due to higher acid concentrations and 

longer reaction time. The structural deformation observed in 6SA- CMFs can be linked to cellulose 

swelling and dissolvability caused by high concentrations, longer reactions times conditions, and high 

temperatures, which was also observed in other studies (Jung, Choi and Yang, 2013). At high hydrolysis 

conditions (7SA- CMFs), the fibres appear to have sheet-like and rod-like features in morphology. It 

results could be due to insufficient hydrolysis and damage caused by ultrasonic treatment.  

CMFs preparation strongly depends on the acid concentration, temperature conditions and reaction 

times. Considering that formic acid is a weak organic acid, assisted hydrolysis using ultrasonic 

treatment is essential. Resultant CMFs had similar morphology throughout varying treatment conditions 

(Figure 4.4g–l). From the various conditions, it was observed that 1FA- CMFs, 2FA- CMFs, and 5FA- 

CMFs showed signs of incomplete hydrolysis and inhomogeneity resulting in a mixture of fibres of 

different sizes such as the partially hydrolysed microfibres and long CMFs. This can be attributed to 

low acid concentrations (pKa value 3.745), low reaction temperatures or even low reaction time. Similar 

results were recorded when Du and colleagues studied the preparation and characterisation of thermally 

stable CNFs via a sustainable approach of FeCl3-catalyzed formic acid hydrolysis. The results obtained 

showed hydrolysis carried out using formic acid with low catalyst concentration, hydrolysis was 

incomplete and inhomogeneous (Du, Liu, Mu, et al., 2016). Previous studies observed that formic 
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hydrolysis can result in incomplete hydrolysis resulting in CNFs/CNCs that are large and aggregation 

of fibres. However to improve fibre diameter various changing can be implemented namely introducing 

a catalyst, high pressure ultrasonic treatment, higher acid conditions, high temperatures and longer 

reaction times (Du, Liu, Zhang, et al., 2016)(Lv et al., 2019)(Du et al., 2017).   

Maleic acid is another relatively weak organic acid that can be used for hydrolysis produce CMFs as 

shown in Figure 4.4(m-r). Figure 4.4m representing 1MA- CMFs hydrolysis at low acid concentration 

and temperature was characterised by interwoven web-like structural features. As the hydrolysis 

conditions were increased (e.g higher acid concentrations, higher temperature, and longer reaction 

time), improvement in structural morphology was observed where fibres with rod-like structures were 

formed. Formic acid and maleic acid hydrolysed fibres showed similarities in morphologies, although 

fibres formed from hydrolysis with maleic acid showed more advanced degradation, and this was likely 

because maleic acid is a stronger acid (pKa = 1.9) than formic acid. The average diameter for fibres 

extracted using maleic acid was found to be between 8.32±1.85 µm and 11.27±2.01 µm.  
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Figure 4.4: SEM images of hemp cellulose microfibres after acid hydrolysis  

4.3.4 Fourier Transform Infrared spectroscopy   

FTIR spectroscopy is a suitable technique used to assign the vibrations/ stretch of samples caused by 

physical or chemical treatments on the chemical structure. The FTIR spectrum of raw hemp fibres and 

bleached cellulose are represented below in Figure 4.5 and recorded in Table 4.1. The absorption peaks 

that appear on the range between 1158 cm-1, and 1019 cm-1 including 1056 cm-1 are associated with C-

O stretching, C-O-C asymmetric stretching, and C-H deformation vibrations of the pyranose ring 

skeletal of cellulose. The increase in intensity of the absorption bands between 1158-1019 cm-1 from 

raw hemp fibre to bleached cellulose fibres shows the increase in the cellulose content (Reddy et al., 

2016). Some peaks observed on raw hemp fibre spectrum did not appear on the spectrum of bleached 
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fibres in 1736 cm-1, 1509 cm-1, and 1236 cm-1. The peak at 1736 cm-1 is most likely from vibrations of 

acetyl and uronic ester groups of hemicellulose or from the ester linkages between carboxylic group of 

the ferulic and p-coumaric acids of lignin (Matebie et al., 2021)(Ventura-Cruz and Tecante, 

2019)(Zhang et al., 2019). The absence of the aforementioned peaks in the bleached cellulose spectrum 

can be attributed to the elimination of hemicellulose and lignin content. Banana peels (Pelissari, Sobral 

and Menegalli, 2014), sugarcane bagasse (Wulandari, Rochliadi and Arcana, 2016), and bamboo (Xie 

et al., 2016) all showed similar results. The peaks at 1509 cm-1 and 1236 cm-1 on the raw hemp fibres 

spectrum could be attributed to C=C aromatic ring skeletal vibrations and C-O stretching vibrations of 

the guaiacyl ring of lignin, respectively. These groups were greatly weakened in the bleached cellulose 

spectrum because of partial or complete removal of lignin components after bleaching treatment of raw 

hemp fibres (Pelissari, Sobral and Menegalli, 2014)(Tibolla, Pelissari and Menegalli, 2014)(Dominic 

et al., 2020).   

  
Figure 4.5: FTIR spectra of a) raw hemp fibre and bleached cellulose, b) sulfuric acid hydrolysed CMFs, 

c) formic acid hydrolysed CMFs, and d) maleic acid hydrolysed CMFs.  

FTIR spectrum of bleached cellulose was later compared to that of CMFs as shown by Figure 4.5(b-d). 

From the FTIR spectra shown in Figure 4.5(b-d), the absorption bands at 3329 cm-1 and 2900 cm-1 were 

assigned to the hydroxyl group (-OH) stretching vibration and carbonyl (C-H) stretching vibration in 
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the CH2 and CH3 groups of cellulose, respectively (Syafri et al., 2018)(Tang et al., 2014)(Mahardika et 

al., 2018). The characteristic absorption band at 1640 cm-1 is due to the bending vibration mode of 

absorbed moisture (Li et al., 2014)(Rana et al., 2021).Characteristic absorption peaks at 1434 cm-1, 

1368 cm-1,  and 894 cm-1 could be attributed to intermolecular hydrog.en attraction at C6, C-H 

deformations and C-O bonds in the polysaccharide aromatic ring and β-glycosidic linkages between the 

anhydroglucose units within cellulose, respectively (Ilyas, Sapuan and Ishak, 2018)(Pelissari, Sobral 

and Menegalli, 2014)(Rana et al., 2021). Figure 4.5(b), which represents sulfuric acid hydrolysed CMFs 

shows that with less harsh hydrolysis conditions, CMFs showed weak chemical changes whereas higher 

acid conditions revealed advanced chemical changes. Figure 4.5(c, and d) represent formic acid and 

maleic acid hydrolysed CMFs and the absorption peak at 1714 cm−1 corresponds to C=O stretching 

vibrations in the carbonyl group from cellulose (Liu et al., 2016). However, the hydrolysis effects on 

the fibres can be observed with the peak strength varying between low to moderate esterification taking 

place. These results show that the main molecular structure of cellulose was not altered during 

extraction except in 5SA/6SA- CMFs spectrum which could be attributed to high sulfuric acid 

concentration leading to the breakdown of cellulose chain to glucose (Yang et al., 2017). Similar CMFs 

s FTIR spectra were also reported by other researchers working with other types of natural cellulose 

sources; rose stems (Ventura-Cruz and Tecante, 2019), banana peels (Tibolla et al., 2018), bamboo 

(Han et al., 2018), lettuce peel (Zhang et al., 2019) and many more.  

Table 4.1: Chemical functional groups of cellulose and hydrolysed cellulose derivatives.  

Wavenumber 

range (cm-1) 

Chemical peak assignments Ref 

3329 -OH stretching (Chirayil et al., 2014)(Syafri et al., 

2018)  

2900 -CH symmetrical stretching (Tang et al., 2014)(Mahardika et al., 

2018) 

1714 C=O stretching vibration (Zhang et al., 2019)(Nurhadi et al., 

2022) 

1640 -OH bending of absorbed moisture  (Li et al., 2014)(Rana et al., 2021) 

1510 C-O-C out of plane stretching vibrations of 

aryl groups 

(Nurhadi et al., 2022)(Tian et al., 2017)

1434 -CH2 and OCH in the plan bending 

vibrations 

(Matebie et al., 2021)(Tian et al., 

2017) 

1368 -CH bending deformations vibrations (Pelissari et al., 2014)(Rana et al., 

2021) 
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1240 C=C aromatic rings (Ventura-Cruz and Tecante, 

2019)(Dominic et al., 2020) 

1150 C-O-C asymmetrical stretching vibrations (Saurabh et al., 2016)(Widiarto et 

al., 2019) 

1109, 1056, 1019 C-C, C-O-H and C-H pyranose ring and 

side group stretching vibrations of cellulose

(Saurabh et al., 2016)(Widiarto et 

al., 2019)(Elanthikkal et al., 2010) 

894 C-O deformation and stretching/ glycosidic 

β linkages of cellulosic chain  

(Ilyas et al., 2018)(Matebie et al., 

2021)  

 

4.3.5 X-ray diffraction analysis   

XRD analysis is widely used to determine the crystallinity in individualized microfibres which plays an 

important role to determine the mechanical and thermal properties of microfibres. The X-ray 

diffractograms in Figure 4.6a-d for the cellulose fibres present intense peaks at 2θ angles of 14 – 18°, 

22 – 24° and 34.6° which reflect on the crystallographic planes of (101), (002) and (004) respectively.  

This represents a preserved native cellulose type Iβ crystal structure even after acid hydrolysis, 

indicating that ultrasonic treatment can not alter characteristic XRD peaks of cellulose (Radakisnin et 

al., 2020)(Wang et al., 2019)(Kouadri and Satha, 2018). The crystallinity index (CrI) of fibres as 

determined using the Segal method are shown in Table 4.2. Raw hemp fibre and bleached cellulose 

(Figure 4.6a) showed an increase in CrI from 60% to 73% with improved peak intensity. This could be 

attributed to the removal of non-cellulosic content such as hemicellulose, lignin, and ash residue after 

alkali pretreatment and bleaching treatment cycles (Nagarajan, Balaji and Ramanujam, 2019). X-ray 

diffractogram of bleached cellulose has been studied to have a well-defined crystalline structure due to 

hydrogen bonding and van der Waals inter-actions existing between adjacent cellulose molecules 

compared to raw hemp fibres which have hemicellulose and lignin content and are amorphous in nature 

(Chirayil et al., 2014). Similar results were reported by Wu and colleagues after isolation and 

characterisation purified coir cellulose fibres (PCC) from coconut coir fibres (CC). It is noteworthy to 

mention that the crystallinity increased from 35.8% in coconut coir fibres to 57.2% in purified coir 

cellulose, also due to chemical pretreatments aiding the removal of lignin and hemicellulose contents 

(Wu et al., 2019).   

CMFs isolation is strongly dependent on acid concentration, hydrolysis time and temperature of the 

hydrolysis reaction. After alkali and bleaching steps, cellulose fibres were acid hydrolysed using 

different hydrolysis conditions and Figure 4.6(b-d) represent the X-ray diffractograms of acid 

hydrolysed CMFs. Sulfuric acid hydrolysed CMFs resulted in CrI values ranging between 52% to 75% 

as the conditions of hydrolysis changed (Figure 4.6b). The hydrolysis conditions play a major role in 

crystallinity of CMFs. As shown in Figure 4.6b, at low hydrolysis conditions,1SA-CMFs, showed high 
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CrI value of about 75% whereas at high hydrolysis conditions (increased concentration, increased 

temperature, increased reaction time), 6SA-CMFs showed a low CrI value of 59%. At lower conditions 

of hydrolysis, acid treated CMFs with high crystallinity could be due to the removal of amorphous 

regions of cellulose, whereas at higher acid conditions can result in removal of amorphous and 

crystalline regions of cellulose, producing low crystallinity CMFs which can be attributed to the harsh 

hydrolysis conditions and ultrasonic treatment step which altered not only the amorphous regions of the 

hemp cellulose but also severely damage the crystalline regions leading to more disordered domains in 

the cellulose, hence reduced crystallinity. These changes are consistent with literature findings that have 

been reported by various researchers such as Wang et al, who was working on the preparation of CNFs 

using highly recyclable organic acid treated softwood pulp which resulted in similar results (Wang et 

al., 2019). The XRD pattern of 4SA- CMFs (Figure 4.6b) had an intense peak at 2θ = 22 – 24° with 

crystallinity index of 71%. Thus, the higher the acid concentration, contributes to the higher the 

crystallinity peak of CMFs. Due to improved crystallinity, acid hydrolysis and ultrasonic treatments 

play an significant role in removing the hemicellulose and lignin as also observed from others such as 

Revati et al, investigating the extraction of cellulose nanofibres from Napier grass fibres (Pennisetum 

purpureum) using acid hydrolysis process (Revati et al., 2019).  
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Figure 4.6: X-ray diffractogram patterns of a) fibres (raw hemp fibre-red and bleached cellulose 

fibreblack), b) sulfuric acid hydrolysed CMFs, c) formic acid hydrolysed CMFs, and d) maleic acid 

hydrolysed CMFs produced from hemp fibres.  

From the formic acid hydrolysed CMFs presented in the X-ray diffractograms (Figure 4.6c), the CrI 

values of CMFs range from 50 - 70% at different hydrolysis conditions. The CrI values for 1FA- CMFs 

and 6FA- CMFs were determined to be 55% and 61%, respectively. Since formic acid is a relatively 

weak acid, changes in hydrolysis conditions did not significantly affect the thermal and mechanical 

stability of CMFs extracted. Formic acid hydrolysis coupled with high-pressure homogenisation 

process has been previously studied to produce CNFs with 52.91% crystallinity (Du et al., 2017).  Du 

et al, investigated cellulose nanofibre preparation using formic acid hydrolysis coupled with high-

pressure homogenisation and it was found that the crystallinity increased from 49.0% to 52.9% with 

increased hydrolysis time (2 to 6 hr) (Du, Liu, Zhang, et al., 2016). For maleic acid hydrolysed CMFs 

X-ray diffractograms (Figure 4.6d), CrI values were calculated to range between 40 - 67% with varying 

hydrolysis conditions. The CrI values for 1MA- CMFs and 6MA- CMFs were reported to be 40% and 

67%, respectively. With improved maleic acid hydrolysis conditions, the crystallinity of CMFs also 

increases as shown in studies using waste office paper (Yeganeh, Behrooz and Rahimi, 2017) and mixed 

hardwood kraft pulp (Bian et al., 2017). Changes in crystallinity can be attributed to chemical treatment, 

and acid hydrolysis treatment effects onto cellulose fibres to produce CMFs. Ultrasonic treatment also 

has been proven to significantly affect the crystallinity of CNFs/ CNCs by removing amorphous and 

crystalline regions in cellulose (Tang et al., 2014)(Cui et al., 2016).  

Table 4.2: The crystallinity index (CrI %), thermal degradation onset temperature (Tonset), and max 

degradation temperature (Tmax) of cellulose microfibres obtained from XRD, TG, and DTG curves 

respectively. 

Sample ID CrI 

(%)  

Main thermal degradation Char residue 

amount  

at 900 ℃ (%) Tonset 

ሺ℃ሻ 

Tmax 

ሺ℃ሻ 

Weight loss 

(%) 

Raw hemp fibres 60 244 386 72 14 

Bleached cellulose 

fibres  

73 262 384 82 10 

1SA- CMF 75 289 378 78 11 

2SA- CMF 52 198 410 70 18 

3SA- CMF 53 152 441 71 19 

4SA- CMF 71 256 377 85 5 



121  

  

5SA- CMF 76 244 373 85 4 

6SA- CMF 59 190 522 48 48 

7SA- CMF 66 244 323 53 22 

1FA- CMF 55 208 364 72 18 

2FA- CMF 50 247 378 81 9 

3FA- CMF 66 252 380 83 8 

4FA- CMF 59 238 387 86 7 

5FA- CMF 70 235 389 81 9 

6FA- CMF 61 262 370 85 5 

1MA- CMF 40 203 368 67 18 

2MA- CMF 55 244 386 84 8 

3MA- CMF 61 253 385 84 8 

4MA- CMF 65 245 389 84 7 

5MA- CMF 54 261 385 87 3 

6MA- CMF 67 265 384 86 4 

4.3.6 Thermogravimetric (TG) and Derivative Thermogravimetric (DTG) analysis  

The thermal stability of cellulose microfibres was determined to evaluate their potential use in high-

temperature applications such as thermal processing, reinforcing agents, thermoplastics, bio-composite 

processing and many more. Figure 4.7-4.10 show the thermogravimetric (TG) and derivative 

thermogravimetric (DTG) curves of raw hemp fibres, bleached cellulose fibres and cellulose 

microfibres (CMF) samples. The thermal degradation onset temperatures (Tonset), maximum thermal 

degradation temperatures (Tmax), weight loss (%) and residual ash amount at maximum temperature 

(900℃) for all samples are listed in Error! Reference source not found. above. It is worth noting that 

all samples showed an initial weak weight loss of less than 5% at a temperature range between 45℃ to 

100 ℃, mostly caused by vaporization and removal of absorbed water molecules in the sample surfaces 

(Chirayil et al., 2014)(Du et al., 2016). The thermal decomposition of raw hemp fibres, bleached 

cellulose and acid hydrolysed fibres occurs in two stages, also known as cellulose pyrolysis curve and 

the mechanism of pyrolysis is affected by two main factors, chemical factors such as presence of 

impurities (cellulose and non-cellulose content), crystallinity of cellulose samples, type of cellulose 

used, and physical factors such as temperature, heating time and type of atmospheric conditions adapted 

during the decomposition measurements (Radakisnin et al., 2020)(Santmarti and Lee, 2018).  

From the TG curves of all samples, the first stage of decomposition takes place in the temperature range 

220 ℃ to 300℃, where β-glycosidic bonds of cellulose breakdown and this can attributed to thermal 

depolymerization of hemicellulose contents (Longaresi et al., 2019). The second stage of decomposition 

occurs in the temperature range 220℃ to 450℃, which can be attributed to cellulose decomposition 
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and lastly lignin decomposes in the wider region of 450℃ to 900 ℃ a result of released gases (CO2, 

CO, H2O) contributing to the formation of solid char residue at maximum temperature (Tanpichai et al., 

2019)(Wu et al., 2019)(Santmarti and Lee, 2018)(Shaikh et al., 2021). As shown from the TG and DTG 

curves (Figure 4.7), the thermal degradation of raw hemp fibres and bleached cellulose fibres starts at 

Tonset of 244℃ and 262℃, with a maximum rate at Tmax of 386℃ and 384℃, respectively. After 

chemical treatment, the weight loss (%) increased from 72% (raw hemp fibres) to 82% (bleached 

cellulose fibres) and ash residue amount at 900℃ is 14% and 10% for raw hemp fibres and bleached 

cellulose fibres, respectively. Thermal stability of bleached cellulose fibres is better than raw hemp 

fibres. Thermal decomposition temperatures similar to that of the current study were reported from the 

production of nanocellulose from pineapple leaf fibres and raw pineapple fibres Tonset at 215℃ and 

bleached fibres Tonset at 230 ℃ (Mahardika et al., 2018). This trend can be attributed to absence of non-

cellulosic components (ash and lignin) in the fibres due to the removal of hemicellulose and lignin 

content during chemical treatment steps (Chirayil et al., 2014). High crystallinity of bleached cellulose 

fibres samples along with the low solid ash residue provide better thermal stability. Similar results were 

reported by Dominic et al, where at maximum temperature of 700℃, raw Cuscuta reflexa fibres and 

alkali-treated Cuscuta reflexa fibres had char residue amount of 17% and 8%, signifying improved 

thermal stability (Dominic et al., 2020).  

 

Figure 4.7: TG a) and DTG b) curves of raw hemp fibres and bleached cellulose fibres extracted from 

hemp fibre waste.  
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Figure 4.8: TG a) and DTG b) curves of sulfuric acid hydrolysed microfibres extracted from hemp fibres 

waste. 

As shown in Figure4.8a and b, improved thermal stability of sulfuric acid hydrolysed CMF followed 

the order: 1SA-CMF <4SA-CMF <5SA-CMF <7SA-CMF <6SA-CMF <2SA-CMF <3SA-CMF. 1SA- 

CMF had the highest thermal stability with an onset decomposition temperature of 289℃ and maximum 

decomposition temperature of 378℃. High thermal stability of CMF can be attributed to the removal 

of amorphous regions of cellulose e.g., hemicellulose, lignin and other non-cellulose content after 

hydrolysis and homogenising treatment of cellulose samples (Du et al., 2017)(Lv et al., 2019). Sulfuric 

acid extracted CMF, however, e.g., 3SA-CMF had reduced thermal stability and a lower Tonset at 152℃. 

Two mechanisms can be considered to contribute to this phenomenon, The first is that sulfuric acid 

already leads to greater depolymerisation of the cellulose chains and the shorter cellulose chains are 

more easily degraded (Liu et al., 2016)(Sofla et al., 2016). Secondly, the presence of sulphate half ester 

groups leads to the generation sulfuric acid in the initial dehydration step. This stronger acid catalyses 

greater cellulose dehydration than the weaker carboxylic acid (generated from the dehydration of maleic 

and formic acid treated cellulose). The weight loss (%) of 1SA-CMF and 3SA-CMF were determined 

to be 78% and 74%, respectively. Moreover, the ash residue amount at 900℃ of the previously 

mentioned CMF were also determined to be 11% and 19%, respectively. The high weight loss (%) and 

low ash residue recorded in 1SA-CMF signifies the lack of any non-cellulose contents (hemicellulose, 

lignin, wax). Chirayil et al, (Chirayil et al., 2014), investigated and found similar results on acid treated 

cellulose extracted from Helicteres isora plant which had low carbon residue at maximum temperature 

800℃. 
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Figure4.9a and b, represent the TG and DTG curves of formic acid hydrolysed CMF. The thermal 

stability of CMF extracted using formic acid follow the order: 6FA- CMF >3FA-CMF >2FA-CMF 

>4FA-CMF >5FA-CMF >1FA- CMF as it decreases. Both the Tonset and Tmax of 6FA-CMF were 

determined to be higher than the Tonset and Tmax of 1FA-CMF (see Error! Reference source not 

found.). High thermal stability can be attributed to the removal of disordered regions of cellulose and 

hemicellulose during hydrolysis, whereas low thermal stability can be attributed to insufficient 

hydrolysis by weak formic acid (Liu et al., 2016)(Seta et al., 2020). This is also in line with the relatively 

low crystallinity index of 1FA-CMF showed on the X-ray diffractograms and the high ash residue of 

28% at maximum temperature 900℃.  

 

 

Figure 4.9: TG a) and DTG b) curves of formic acid hydrolysed microfibres extracted from hemp fibres 

waste. 

Figure4.10a and b, show the TG and DTG curves of maleic acid hydrolysed microfibres. The thermal 

stability of maleic acid hydrolysed microfibres can be arranged in ascending order:  Figure4.10a show 

that 1MA-CMF have low degradation temperature Tonset 203℃ to Tmax 368℃ and 6MA-CMF have a 

high degradation temperature of Tonset 265℃ to Tmax 384℃. Furthermore, 1MA-CMF has a lower 

crystallinity and high ash residue than 6MA-CMF. The lower acid concentration and lower temperature 

in 1MA- CMF likely resulted in less hemicellulose removal, leading to lower thermal stability and 

crystallinity (Peretz et al., 2019)(H. Bian et al., 2019). From all results, it is noteworthy to mention that 

TGA data analysis can be collaborated with the FTIR and XRD analysis results to support the notion 

that acid hydrolysis using various acid conditions and ultrasonic treatment of microfibres could not 
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modify the chemical composition, crystal structure, and thermal stability of microfibres, however only 

structural changes were observed via SEM analysis. Similar results were reported in previous studies 

(Nurhadi et al., 2022). 

 

Figure 4.10: TG a) and DTG b) curves of maleic acid hydrolysed microfibres extracted from industrial 

hemp fibres waste. 

4.4 Conclusion  

CMFs were successfully extracted from Hemp (Cannabis Sativa L.) bast fibres by alkali pre-treatment 

followed by subsequent bleaching processes. Additionally, acid hydrolysis combined with ultrasonic 

treatment was utilised for further isolation. The surface morphology, chemical analysis, crystalline, and 

thermal properties of the untreated, treated and acid hydrolysed fibres was determined using SEM, 

FTIR, XRD and TGA. SEM analysis confirmed that hydrolysis produced CMFs of varying size and 

morphology. Bleached cellulose fibres showed have smooth flat surfaces with average diameters of 

9.18 ± 3.17 µm whereas acid hydrolysed fibres showed more deformity on the surface due to acid 

hydrolysis and ultrasonic treatment.  FTIR spectra of acid-hydrolysed fibres showed that the main 

chemical structure of cellulose was not altered during the hydrolysis process. The values of crystallinity 

calculated from XRD for raw fibre and bleached cellulose fibres were 60% and 73%, respectively. Xray 

diffraction results confirmed that non-cellulosic content (hemicellulose, lignin, and ash residue) was 

partially or completely removed by alkali pretreatment and bleaching treatments. On the other hand, 

CMFs after hydrolysis and ultrasonic treatment showed reduced crystallinity. Thermal stability of some 

of the CMFs was significantly improved than the bleached cellulose and raw fibres. Thermal 
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decomposition of raw hemp fibre, bleached cellulose and acid hydrolysed fibres occurred in three stages 

which involved release of adsorbed moisture, at around 100℃, a 2nd rapid stage at about 360℃ 

involving dehydration and decarboxylation reactions and lastly a slow decomposition step of the 

remaining char residue. Fibres with reduced thermal stability were affected by weak hydrolysis 

conditions leading incomplete hydrolysis of fibres. TGA also showed that CMFs with high crystallinity 

resulted in good thermal stability which is a favorable property for high temperature applications such 

as use as a flame-retardant agent, thermal processing, etc. Furthermore, this study revealed that bleached 

cellulose and CMFs can be extracted from hemp bast fibres and therefore, this contributes as future 

knowledge to use cellulose and/or CMFs extracted from hemp as low-cost, green material for 

application in various industrial applications.   
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CHAPTER 5: OPTIMISATION OF ACID HYDROLYSIS OF HEMP FIBRES USING 

RESPONSE SURFACE METHODOLOGY  

5.1 Introduction  

RSM has been extensively applied in modelling and optimisation of numerous acid hydrolysis 

experiments using cellulose extracted from plant material. Commonly used RSM designs include the 

Box–Behnken design (BBD), and central composite design (CCD) (Dean et al., 2015). Guo et al, used 

a CCD to determine optimal conditions for the extraction of CNCs from tea stalk using sulfuric acid 

(Guo et al., 2020). The maximum yield of 50.96% was achieved at an acid concentration of 62.20%, 

hydrolysis time of 123.35 minutes and hydrolysis temperature of 45 ℃. The predicted yield was closer 

to the experimental yield of 49.8%. Akhabue and colleagues used RSM to determine optimal conditions 

for maximum yield of MCC powder from orange peel waste (OPW) (Akhabue and Osubor, 2017). They 

found that a maximum experimental yield of 14.12% was predicted when the hydrolysis temperature of 

100.53 ℃ and 16.28 minutes hydrolysis time was applied. Chowdhury et al, studied the extraction of 

CNCs from African baobab tree leaves (Chowdhury et al., 2019). Optimum conditions were determined 

as: 200 watts sonication, 43.11 minutes, 94 ℃. The extracted CNCs (15 – 20 nm diameter) were found 

to have high crystallinity index of 86.46%. Similarly, the production of CNCs and CNFs from pine kraft 

pulp using sulfuric acid hydrolysis was found to require 60 % acid concentration, 58℃ hydrolysis 

temperature, 60 minutes hydrolysis time for a 60% yield (Kandhola et al., 2020). In this endeavour, 

RSM can be a useful tool for comparing quantitative data from experiments in order to determine 

conditions that may be applied to achieve desired results; in this case conditions that may be used with 

organic acids, to achieve fibre properties similar to those obtained using mineral acids (Amenaghawon 

et al., 2013)(Ferreres et al., 2017). Further, RSM allows for achieving this goal with minimal number 

of experiments, thus reducing cost and time (Chang et al., 2017)(Goudarzi, Kasra Kermanshahi and 

Jahed Khaniki, 2020)(Murray et al., 1990).  

The objective of this work was to study the hydrolysis of hemp bast fibres with sulfuric acid, formic 

acid and maleic acid at different temperatures, reaction time, and acid concentrations. Response surface 

methodology with 33 full factorial experimental design was adapted to optimize the hydrolysis of 

cellulose microfibres to obtain fibres with high crystallinity and improved thermal stability suitable for 

application at high temperature.  

5.2. Methods  

Cellulose fibress and microfibres were extracted according to the method described in section 4.2.1. 

and 4.2.2. 
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5.2.1 Response Surface Methodology experimental design  

The experimental procedure variables such as acid concentration, hydrolysis time, temperature and type 

of acid used which influenced the physical and chemical characteristics CMFs were optimised by using 

RSM.  

Table 5.1 presents the level of process variables chosen. A full factorial design comprising of 21 

experiment runs was created in MODDE 13.1 (Sartorius Stedim Biotech, Malmö, Sweden), to assess 

CMFs hydrolysis. The partial least square regression will be applied to evaluate the fitting of the model 

and response surface. The adequacy of the models will be evaluated by the R2 (model fit) and Q2 

(estimate of the future prediction precision) values. The F-test will be used to assess the significance of 

the coefficients of regression and the modelling will be done with a quadratic model (Murray et al., 

1990)(Dean et al., 2015).  

Table 5.1: Experimental conditions and the types of acids to achieve optimum cellulose microfibres 

hydrolysis.  

 Exp No  Temperature  

(℃ሻ  

Hydrolysis 
time (min)  

Acid 

concentration  

(%)  

Type of Acid  Sample ID   

1  45  30  45  Sulfuric acid  1SA-CMFs  

2  45  60  45  Formic acid  1FA- CMFs  

3  45  90  45  Maleic acid  1MA- CMFs 

4  55  30  45  Sulfuric acid  2SA- CMFs  

5  55  60  45  Formic acid  2FA- CMFs  

6  55  90  45  Maleic acid  2MA- CMFs 

7  65  30  45  Formic acid  3FA- CMFs  

8  65  60  45  Maleic acid  3MA- CMFs 

9  65  90  45  Sulfuric acid  3SA- CMFs  

10  45  30  64  Maleic acid  4MA- CMFs 

11  45  60  64  Sulfuric acid  4SA- CMFs  

12  45  90  64  Formic acid  4FA- CMFs  

13  55  30  64  Formic acid  5FA- CMFs  

14  55  60  64  Maleic acid  5MA- CMFs 

15  55  90  64  Sulfuric acid  5SA- CMFs  

16  65  30  64  Maleic acid  6MA- CMFs 
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17  65  60  64  Sulfuric acid  6SA-CMFs  

18  65  90  64  Formic acid  6FA-CMFs  

19  55  60  55  Sulfuric acid  7SA-CMFs  

20  55  60  55  Sulfuric acid  7SA-CMFs  

21  55  60  55  Sulfuric acid  7SA-CMFs  

5.3 Results and discussion  

5.3.1 Interpretation of residual and coefficient plots  

The MODDE 13 statistical software was used to optimise the acid hydrolysis process for CMFs 

production of which were extracted from hemp bast fibres. The design matrix was provided with 

reaction conditions; type of acid, acid concentration, hydrolysis time, and hydrolysis temperature for 

all 21 experimental runs with the output response of crystallinity index (%) for CMFs. Figure 5.1 shows 

the linear regression plot for the predicted versus the observed crystallinity index (%) and summarised 

in table form below (Table 5.2). As seen on the linear plots, the crystallinity index of the predicted 

model was close to the crystallinity index (%) of observed experiments, exhibiting R2 value of 0.985 

close to unity. Therefore, the model was accurate for optimizing the experimental conditions. 

Chowdhury et al, found similar results with a slight difference (R2 = 0.986) in crystallinity index of 

predicted and experimental samples producing cellulose nanowhiskers from extracted African baobab 

leaves (Chowdhury et al., 2019). R2 value of 0.95 for the percentage crystallinity was found by Abd 

Hamid and colleagues while they investigated the extraction of MCC from palm trunk (Abd Hamid, 

Chowdhury and Karim, 2014).  

  

Figure 5.1: Residual plot of predicted versus observed crystallinity indexes (%) of CMFs extracted from 

hemp fibres.  
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Table 5.2: Results from the RSM-CCD experimental design and response data for sulfuric, formic, and 
maleic acid hydrolysis of cellulose extracted from Cannabis sativa L. bast fibres.  

Sample ID  Crystallinity degree (%)   

Predicted  Observed   

1SA-CMFs  72.8  75  

1FA- CMFs  57.2  55  

1MA- CMFs  40  40  

2SA- CMFs  54.2  52  

2FA- CMFs  47.8  50  

2MA- CMFs  55  55  

3FA- CMFs  66  66  

3MA- CMFs  61  61  

3SA- CMFs  53  53  

4MA- CMFs  65  65  

4SA- CMFs  72.1  71  

4FA- CMFs  57.9  59  

5FA- CMFs  70  70  

5MA- CMFs  54  54  

5SA- CMFs  76  76  

6MA- CMFs  67  67  

6SA-CMFs  57.9  59  

6FA-CMFs  62.1  61  

7SA-CMFs  66  66  

7SA-CMFs  66  66  

7SA-CMFs  66  66  

  62.1  61  

 

A positive regression coefficient indicates a direct proportionality effect to crystallinity, whereas the 

negative coefficient value indicates the effect of an inverse relationship with crystallinity (Sartika et al., 

2019). From Figure 5.2, it is illustrated that the linear factors (various types of acids and temperature) 

show that there is both a positive and negative correlation with the crystallinity, whereas other linear 

factors, acid concentration and reaction time show positive and negative effects, respectively.  An 

increase in acid concentration resulted in an increase in crystallinity degree of CMFs extracted from 
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hemp bast fibres and vice versa. However, the regression coefficients interactions between acid 

concentration and acid type varied i.e., a positive interaction was observed with sulfuric acid, but the 

opposite effect was possible when maleic or formic acid were used. The regression coefficients of the 

quadratic form of the acid concentration (aci*aci) had a strong significant negative effect on CMFs, 

whereas the reaction time (rea*rea) had a positive effect Therefore, from the observed trends an increase 

in the interaction of factors and squares between each factor can result in a decrease in crystallinity 

degree or vice versa.  

  

Figure 5.2: Coefficients plot for acid hydrolysed CMFs crystallinity index (%).  

5.3.2 ANOVA analysis and lack of fit  

The ANOVA of the regression model and statistical information corresponding to the second-order 

polynomial quadratic model has been summarised in Table 5.3. Several factors have been determined 

for a good regression model, namely the significance of the regression model, coefficient of 

determination (R2), coefficient of variation (CV), standard deviation (SD), and adequate precision of 

the model (Sartika et al., 2019). The significance level (p-value<0.05) of each independent factor 

involved in hydrolysis, namely type of acid, acid concentration, hydrolysis time, and temperature have 

a statistically significant effect on the crystallinity index (%) from the model. The significance of the 

regression model from the p-value was determined to be 0.034 which is smaller than the 0.05 

significance threshold. The values of p less than 0.05 indicate that the regression model terms are 

significant, whereas values greater than 0.10 indicate that regression model terms are insignificant 

(Amenaghawon et al., 2013). The variables of the acid concentration, hydrolysis temperature and 

reaction time, had a significant effect on the crystallinity degree (%) of CMFs. The regression model F 
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value was given as 11.41. This was determined to be greater than F0.05 3.20 at a level of 5%, (Table 

5.3). The coefficient of determination (R2) of the model is a measure of the linear relationship between 

the observed and predicted values (Sharmada et al., 2016)(Shet et al., 2018). The R2 value and adjusted 

R2 value are 0.985 and 0.898, respectively and moreover, with R2 close to unity it signifies a strong 

correlation between the observed and predicted CrI (%) of CMFs and validates the fitted model well. 

Coefficient of variation (CV) of the model in this study was determined to be 4.07%. A lower CV value 

signifies high accuracy and reliability of the experimental model (Ahmadi et al., 2005), and the standard 

deviation value of 2.84 indicates that the experimental model has satisfying precision, reliability, and 

reproducibility. Finally, the adequate precision values which is a measure of the “signal and noise ratio” 

was also examined. Values above 4 signify a desirable model (Amenaghawon et al., 2013)(Fatriasari et 

al., 2021). From the data (Table 5.3), adequate precision value was given as 9.59, which indicates 

adequate signal. Similar results were reported in various scientific experimental results. Matebie et al., 

2021, Kandhola et al., 2020, and Akhabue and Osubor, 2017 studied cellulose nanomaterials extracted 

from Brewer's Spent Grain, loblolly pine kraft pulp, and orange peel waste that also obtained the 

adequate signal, respectively.   

 

Table 5.3: Analysis variance estimated by ANOVA and statistical information for the crystallinity index  

(%) as a response from the optimisation of sulfuric, formic, and maleic acid hydrolysis treatment  

Source  DF  Sum of squares Mean square  F  p  

Regression  17  1564.09  92.0051  11.41  0.034*  

Residual  3  24.2  8.8.67      

Lack of fit  1  24.2  24.2  --  --  

Pure error  2  0.00  0      

Total corrected  21  1588.21        

R2  0.985    Coefficient of 

variance (CV)  

(%)  

4.07    

Adjusted R2  0.898    Adequate 
precision  

9.59    

Std.Dev  2.84    Q2  -0.524    

*p<0.05 is significant  

5.3.3 Interpretation of Response Contour and Surface Contour plots  

Response contour plots as well as surface plot analysis (Figure 5.3 and Figure 5.5) were used to describe 

the relationship between varying factors within the experimental range, while one factor was kept 

constant at the centre point. The shapes of the contour plots indicate the nature and scope of the 
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interactions. Circular plots describe insignificant interaction between two variables whereas noncircular 

(elliptical) plots represent a significant interaction (Chen et al., 2018). The response contour plot for 

sulfuric acid (Figure 5.3) suggests that for microfibres produced using sulfuric acid, the degree of 

crystallinity was high when hemp cellulose was exposed to an acid concentration range of 51 – 65%, 

and temperature of about ~50 ℃ for 60 min (Figure 5.3a). In general, crystallinity seemed to be 

maximised when acid concentration was higher than 52% regardless of the reaction time (Figure 5.3b), 

and by manipulation of reaction time and hydrolysis temperature (Figure 5.3c), at low reaction time and 

low temperature, the crystallinity degree increased. Figure 5.3d shows the surface plots of sulfuric acid 

hydrolysis and confirmed the same trend shown in the contour plots that an increase in crystallinity is 

influenced by an increase in acid concentration even at low temperatures. Furthermore, from the results 

obtained, the crystallinity degree decreases when high sulfuric acid concentrations are adopted, and this 

can be attributed to complete hydrolysis of cellulose to soluble sugars and other by-products (Akhabue 

and Osubor, 2017). Song et al, reported that excessive treatment using H2SO4 either in higher 

concentration or longer treatment conditions NCC yield percentage did not improve but rather NCC 

would be degraded into other products (Song et al., 2016). The contour plots show non-circular lines, 

and this can be attributed to a significant interaction between variables.   

 

Figure 5.3: Response contour plots for the response between a) hydrolysis temp vs acid conc., b) 

reaction time vs acid conc., c) reaction time vs hydrolysis temp and d) response surface plot from 

sulfuric acid hydrolysis.  
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In accordance with the contour plots results, Figure 5.4a-c shows non-circular contour lines representing 

a significant interaction between the formic acid concentration and hydrolysis temperature, acid 

concentration and reaction time, and reaction time and hydrolysis temperature. From the surface plot 

(Figure 5.4d), higher crystallinity was observed with an increase in formic acid concentration in the 

range of 50 – 62% and at lower temperatures as also shown by the contour plot (Figure 5.4a).  

In the contour plots (Figure 5.5a-c), the relationships between maleic acid concentration and hydrolysis 

temperature, maleic acid concentration and reaction time, and reaction time and hydrolysis temperature 

are presented. The results show a non-circular nature of the plots, and this can be attributed to significant 

interaction between two variables. From Figure 5.5a, the crystallinity is highly influenced by an increase 

in temperature and an increase in acid concentration. The reaction time and hydrolysis temperature 

contour plot show that the crystallinity degree is highly influenced by extreme hydrolysis conditions 

(temperature and time). Figure 5.5d, shows the surface plot relationship to crystallinity and an increase 

in crystallinity degree was observed at low temperatures and maleic acid concentration range 50 –61%.  

  

  

Figure 5.4: Response contour plots for the response between a) hydrolysis temp vs acid conc., b) 

reaction time vs acid conc., c) reaction time vs hydrolysis temp and d) response surface plot from formic 

acid hydrolysis.  
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Figure 5.5: Response contour plots for the response between a) hydrolysis temp vs acid conc., b) 

reaction time vs acid conc., c) reaction time vs hydrolysis temp and d) response surface plot from maleic 

acid hydrolysis.  

5.3.4 Optimisation and model verification  

To select the optimum conditions and their respective levels, the RSM-CCD model was analysed. The 

maximum crystallinity degree of CMFs predicted from the model was determined to be 83.69% with 

optimum hydrolysis conditions as detailed in Table 5.4. To confirm the validity of the model for 

predicting the maximum crystallinity degree for CMFs, experiments were repeated three times using 

the optimum conditions. From the three replicate experiments, the results obtained showed an average 

crystallinity degree of 82%, which is significantly closer to the predicted optimum value. Therefore, the 

results verified the validity of the model to produce CMFs extracted from cellulose.   

Table 5.4: Observed vs predicted results of the optimum crystallinity index (%)  
  Observed results Predicted 

results  
Acid type  Formic acid  Formic acid  

Acid concentrations (%)  62  62.1  

Hydrolysis temperature (℃)  47   47   
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Reaction time (min)  36  36   

Maximum crystallinity index (%)  82  83.69   

5.4 Conclusion  

 In the present work, a 33 full factorial design response surface study using a central composite design 

model was employed to investigate the effect of various hydrolysis conditions on the extracted CMFs. 

From the contour plots, it was observed that harsh hydrolysis conditions (acid concentration and 

temperature) can have an effect on the crystallinity index of cellulose fibres (high conditions, higher 

crystallinity index value). Optimum hydrolysis conditions were obtained while using formic acid as the 

acid choice at 62 % acid concentration, 47 ℃ hydrolysis temperature and 36 minutes of reaction time 

with maximum obtained crystallinity degree of 82 %. This study established that the wide available bast 

fibre can be regarded as a greener and sustainable waste for the preparation of CMFs and RSM-CCD 

can be used to optimise extraction conditions.   
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CHAPTER 6: SYNTHESIS AND APPLICATION OF CATIONISED CELLULOSE FOR 

ADSORPTION OF ANIONIC DYES  

6.1 Introduction   

With over 10,000 types of dyes commercially manufactured, approximately 7 × 105 tonnes of dyes are 

produced annually worldwide and 50% of these are azo dyes (Hashem and El-Shishtawy, 2001; 

Chukwuemeka-Okorie et al., 2021). Synthetic dyes represent a major class of organic pollutants found 

in wastewater and are commonly used in industries such as textile, plastics, paper printing, food, and 

pharmaceuticals to give colour to final products (Santos et al., 2017; Katheresan, Kansedo and Lau, 

2018). These dyes have complex aromatic structures that offer thermal, biological, physiochemical, and 

optical stability, hence not biodegradable and non-oxidizable in nature (Haddadian et al., 2013; Sun et 

al., 2013; Veni and Brenda, 2021). Therefore, when used in industrial processes, up to 20% of dye 

solutions end up in industrial wastewater effluents making their way into the environment (Stanciu and 

Nichifor, 2019; Veni and Brenda, 2021). Azo dyes such as methyl orange and sunset are highly toxic, 

carcinogenic, and mutagenic to humankind and aquatic life. The presence of such dyes in wastewater 

can adversely affect aquatic life by preventing light penetration into the water body, thereby inhibiting 

photosynthetic activity (Haddadian et al., 2013; Abdel-Ghani et al., 2017). Harmful human effects 

induced by dyes include allergies related to the skin, and eyes, as well as the respiratory and 

gastrointestinal tracts when dye contaminated water is ingested (Stanciu and Nichifor, 2019; Veni and 

Brenda, 2021) Due to the aforementioned negative impacts, various decontamination techniques such 

as chemical coagulation/flocculation, chemical oxidation, membrane filtration (Khumalo et al., 2019), 

electrocoagulation , adsorption (Chen and Zhao, 2009), and many more have been explored and 

employed in treating wastewater containing dyes (Dawood and Sen, 2012; Katheresan, Kansedo and 

Lau, 2018; Stanciu and Nichifor, 2019) Membrane fouling, toxic sludge generation, high operation and 

investment costs are some of the disadvantages associated with some of the techniques (Katheresan, 

Kansedo and Lau, 2018). Adsorption process is a widely used technique for dye removal as it is a low 

cost, simple and reliable process with high removal efficiency outcomes, and has limited hurdles 

associated with the generation of toxic substances (Dawood and Sen, 2012; Stanciu and Nichifor, 2019). 

Adsorption is principally the separation of solute molecules (dye molecules) by transfer onto the surface 

of an adsorbent. Adsorbents (zeolites, activated carbon, biomaterials, etc) act as filter materials for the 

removal of dyes from aqueous solutions (Veni and Brenda, 2021). Activated carbons are some of the 

most used adsorbents for the removal of toxic organic pollutants with high removal efficiencies but 

high operational and investment costs and difficulty in regeneration for reuse remains a cause for (Zhu 

et al., 2007; Ma et al., 2011). The use of agricultural waste material as adsorbents is common in today’s 

scientific research due to its low cost, wide availability, renewability and biodegradability impacts (Gao 

et al., 2016). Cellulose is one of the most abundant natural polymers found on earth, and it makes up 
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the structural component of plants’ cell wall (Gao et al., 2016; Kassab et al., 2020). Industrial raw hemp 

(Cannabis sativa L.) stalks are composed mainly of ~72% cellulose (Kassab et al., 2020), but are 

currently an under-utilised agricultural cellulose source. Cationisation of cellulose fibres can introduce 

amine or quaternary ammonium groups allowing for their use in adsorption. Cationisation has also been 

shown to imbue cellulose with antibacterial properties (Hashem and El-Shishtawy, 2001), allowing for 

dual approach to water treatment. To our best knowledge, no studies have been conducted using hemp 

fibre cellulose cationised using GTMAC as a cationising agent, for the removal of methyl orange and 

sunset yellow from aqueous solutions  

6.2. Methods 

6.2.1 Cationisation of cellulose fibres  

To functionalise cationic cellulose fibres, a two necked round bottom flask equipped with a condenser 

was utilised (Figure 6.1), 5 g of cellulose fibres was added to 225 mL THF solution and stirred for 1 hr 

at ambient temperature (21 േ 2℃). After 1 hr, 2.5 mL of 10 M NaOH was added into the mixture and 

stirred for an additional 30 min. After NaOH addition, 17.8 mL of GTMAC was added into the reaction 

vessel and further allowed to stir for 15 hr at 40℃. After 15 hr, 12.5 mL of 4 M HCl was then added to 

the reaction vessel to stop the reaction. The cationisation solution was decanted then the fibres were 

dried and then washed several times with ultrapure water until stable neutral pH. The fibres were then 

dried and further stored for characterisation and use in experiments. For referral cationised cellulose 

fibres were labelled GT-cellulose fibres.  

 
Figure 6.1: Schematic showing the preparation of cationised cellulose fibres extracted from hemp 

(Cannabis sativa L.) bast fibres.  
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6.2.2 Methyl orange and sunset yellow dye adsorption studies  

6.2.2.1 Batch adsorption experiments   

Adsorption measurements were determined by batch experiments of 50 mg of the adsorbent sample 

with 20 ml (20 mgL-1) of aqueous dye solutions. The pH of dye solution was adjusted with 0.1 M HCl 

or NaOH solution. The mixture was shaken in a thermostatic shaker bath at 120 rpm and room 

temperature for 24 hrs. After a shaking time was completed, the suspension was centrifuged at 4000 

rpm for 10 min. The equilibrium concentration of dye solution was measured using a UV-Vis 

spectrophotometer at the dye’s maximum wavelengths, 465 and 485 nm for methyl orange and sunset 

yellow, respectively. All assays were carried out in triplicate and the presented data represented the 

mean values of the experimental results. The amount of dye adsorbed by GT-cellulose (mgg-1) (qe) and 

the percentage of dye removal (% R) were calculated by using following equations, respectively. The 

adsorption capacity (qe) and percentage removal (% R) were calculated using Equation 6.1 and 6.2, 

respectively.  

qୣ ൌ
ሺେబିେ౛ሻൈ୚

୑
                                                                                                    (6.1) 

%R ൌ
ሺେబିେ౛ሻ

େబ
ൈ 100                                                                                          (6.2) 

 

Where qe is the amount of dye adsorbed by the GT-cellulose (mgg-1), C0 (mgL-1) and Ce (mgL-1) are the 

initial and equilibrium concentrations of the dye in solution, respectively, V (L) is the solution volume 

and M (g) is the sorbent mass. The experiments were carried out by varying the pH of the dye solutions 

(2-10), adsorbent mass (10-60 mg), initial dye concentration (5-200 mgL-1), contact time (5630 min).   

6.2.2.2 Application to real environmental waters.  

Application studies were performed using tap and drain water from the environmental chemistry 

laboratory (Wits university), and seawater from Mdhloti (Durban, South Africa). The sorption 

experiments were performed with 20 mL each of the effluent’s samples spiked with 20 mgL-1 dye 

concentrations. Adsorbent was added to the mixture and stirred for 24 hr at room temperature. After 24 

hrs, samples were centrifuged at 4000 rpm for 10 min and analysed as before.  

6.2.3 Adsorption isotherms, kinetics, and thermodynamic parameters  

6.2.3.1 Adsorption isotherm model  

Three isotherm models were fitted to the adsorption data: Langmuir, Freundlich and Temkin isotherm.  

The Langmuir isotherm model assumes monolayer adsorption on a structurally homogenous surface 

where there is no interaction between molecules adsorbed on adjacent sites (Ibrahim, Ang and Wang, 
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2009). The non-linear Langmuir is given by the equation below and the calculated values are given in 

Table 6.3:  

qୣ ൌ
୯ౣ୏ైେ౛

ଵା୏ైେ౛
                                                                                          (6.3)

Where Ce (mgL-1) is the dye concentration at equilibrium, qe (mgg-1) is the amount of dye adsorbed per 

GT-cellulose adsorbent used, KL (Lmg-1) is the Langmuir constant related to binding sites affinity and 

adsorption energy, and qmax (mgg-1) is the maximum monolayer capacity of adsorption.  

The Freundlich isotherm model assumes multilayer adsorption on a heterogeneous adsorbent surface 

with uneven distribution of adsorption heat and affinity (Ilgin, Ozay and Ozay, 2020). The non- linear 

Freundlich is given by the equation below and the calculated values are given in Table 6.3:  

qୣ ൌ K୤Cୣ
ଵ ୬ൗ

                                                                                           (6.4)

 

Where KF ((mgg-1) (mgL-1) (−1/ n/)) and n (dimensionless) are Freundlich constant related to the adsorption 

intensity and adsorption capacity, respectively. The n values indicate the favourability of the adsorption 

process.  

The Temkin isotherm is used to describes a heterogenous adsorption between the adsorbed and 

adsorbent interaction. Adsorption heat decreases linearly with increasing interactions between 

adsorbents and adsorbates, and the adsorption binding energies are distributed uniformly (Wang et al., 

2016). The non-linear Temkin isotherm is given by the equation below and the calculated values are 

given in Table 6.3:  

qୣ ൌ
ୖ୘

୆౐
lnሺK୘Cୣሻ                                                                               (6.5)

where Ce and qe are the same meaning as previously described, and KT (L mg−1) and BT (J mol−1) are 

the Temkin constants. R (8.314 J mol−1 K−1) is the universal gas constant, and T (K) is the absolute 

temperature.  

Dubinin-Radushkevich (D-R) isotherm is useful in determining on the nature of adsorption process as 

a physical or a chemical adsorption (Ayawei, Ebelegi and Wankasi, 2017). D-R isotherm is given as 

follows and calculated parameters are presented in Table 6.3:  
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ln qୣ ൌ ln q୫ୟ୶ െ βεଶ                                                                           (6.6)

ɛൌ RT lnሺ1 ൅ 1
Cୣ

ൗ ሻ                                                                               (6.7)

E ൌ
ଵ

ඥଶஒ
                                                                                                   (6.8)

 

Where qe, qmax, and Ce are the same meaning as previously described. β is the Dubinin-Radushkevich 

constant (mol2 kJ-2), and ɛ is the Polanyi potential (kJ mol-1), R (8.314 J mol−1 K−1) is the universal gas 

constant, and T (K) is the absolute temperature. E is the average adsorption energy (kJ mol-1), which is 

used to determine the type of adsorption mechanism (Günay, Arslankaya and Tosun, 2007). when E is 

less than 8 kJ mol-1, physical adsorption is favoured and when E greater than 8 kJ mol-1, chemisorption 

is favoured (An Tran et al., 2021).  

6.2.3.2 Adsorption kinetics model 

To further investigate the adsorption mechanism and its potential rate-controlling steps such as mass 

transfer, diffusion control, and chemical reaction, the adsorption kinetics models: Pseudo first order 

(PFO) kinetic, Pseudo second order (PSO) kinetic, and intraparticle diffusion (IPD) were investigated.  

The Pseudo first-order equations is expressed in the non-linearized form is given as follows (Ho and  

McKay, 1998) (Fungaro, Borrely and Carvalho, 2013)  

q୲ ൌ qୣሺ1 െ expሺ୏భ୲ሻሻ                                                                              (6.10)

Where qe is the amount of dye adsorbed per mass of GT-cellulose adsorbent at equilibrium, (mg g-1), qt 

is the amount of dye adsorbed per unit mass of GT-cellulose adsorbent at a certain time, (mg g-1), t is 

the removal of time t, K1 is the rate constant of pseudo first-order adsorption (g (mg min)-1). The plots 

of qt vs. t are used to determine K1 and qe from the slope and intercept of the plot, respectively.  

Pseudo second-order model is more suitable to understand adsorption on heterogeneous surfaces 

adsorption and multiple adsorption layers. The non-linear form of pseudo second-order model is given 

as follows (Fungaro, Borrely and Carvalho, 2013)(Ho and McKay, 1998):  

q୲ ൌ
୯౛

మ.୏మ.୲

ଵା୯౛.୏మ.୲
                                                                                       (6.11)

Where qt, qe, and t have the same meaning as in the pseudo-first order model and K2 is the rate constant 

of pseudo second-order model (g (mg min)-1). The plots of qt vs. t are employed to determine K2 and qe 

from the slope and intercept of the plot, respectively.  
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Intraparticle diffusion model is also used to study the adsorption kinetic of a chemical process. The 

intraparticle diffusion model equation is given as follows (Gandhi, Sirisha and Chandra Sekhar, 

2016)(Nethaji, Sivasamy and Mandal, 2013):  

q୲ ൌ k୧ୢ√t ൅ C୧                                                                                       (6.12)

Kid is the slope which refer to the intraparticle diffusion rate constant (g (mg min)-1).and C (mg g-1) is 

the intercept which is a constant related to the thickness of the boundary layer. t is the same as previously 

described. The plots of qt vs. t0.5 are used to determine Kid and Ci from the slope and intercept of the 

plot, respectively.  

6.2.3.3 Thermodynamic analysis  

Adsorption thermodynamic studies were conducted at various temperatures (298 - 318 K). Interaction 

between adsorbent and adsorbate during adsorption process was evaluated using thermodynamic 

parameters such as Gibbs free energy (∆G, kJ mol-1), enthalpy (∆H, kJ mol-1), and entropy (∆S, J 

molK1). By plotting a lnKc versus 1/T curve, the parameters were calculated and given in Table 6.7 as 

follows:  

∆G˚ = ∆H˚ - T∆S˚                                                                                                     (6.13)

∆G˚ = -RTlnKc                                                                                                                                                                     (6.14)

Kc = 
୯౛

େ౛
                                                                                                                       (6.15)

lnKc = 
∆ୗ°

ୖ
െ

∆ୌ°

ୖ୘
                                                                                                         (6.16)

where Ce is equilibrium concentration in dye solution (mg L-1), qe is the amount of dye adsorbed per 

mass of GT-cellulose adsorbent at equilibrium, (mg g-1), T is the temperature (K) and R is the gas 

constant (8.314 J mol-1 K-1) (Ebelegi, Ayawei and Wankasi, 2020)(Konicki et al., 2015).  

6.3 Results and discussion  

6.3.1 Characterisation of bleached treated and cationised cellulose  

In this work, bleached cellulose fibres extracted from hemp bast fibres were cationised using GTMAC, 

a highly effective and commercially available cationisation and NaOH as a base catalyst (Mohammed, 

Grishkewich and Tam, 2018). Changes in intramolecular and intermolecular bonds of cellulose during 

cationisation are improved using NaOH as a catalyst base (Willberg-Keyriläinen et al., 2019). To 

synthesize cationic cellulose, the introduction of the trimethylammonium chloride groups of GTMAC 
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was carried out through nucleophilic addition reaction between the alkali activated hydroxyl groups of 

cellulose and reactive epoxy moiety of GTMAC shown in Figure 6.2. Similar studies were reported by 

Hasani et al., working on cationic functionalisation of CNCs produced from cotton using a cationic 

surfactant EPTMAC (Hasani et al., 2015) (Zaman et al., 2012)(Chaker and Boufi, 2015). It has been 

reported in literature that the main etherification reaction is accompanied by an alkaline hydrolysis 

reaction during the cationisation process in the presence of a water content. Therefore, to eliminate 

undesirable side reactions involved in alkaline hydrolysis of GTMAC, THF has been employed as an 

organic solvent of choice as also studied in various literature (Rajesh and Hemraz, 2018) (Odabas et 

al., 2016).  

  

Figure 6.2: Desirable reaction scheme for the cationisation of cellulose using GTMAC.  

6.3.2 Scanning Electron Microscope analysis  

SEM was conducted to determine the surface morphology of bleached cellulose and cationised cellulose 

samples in Figure 6.3. Figure 6.3 (a) represents bleached cellulose from the hemp plant and shows a 

typical cellulose structure forming long fibrous structures of cylindrical cross-section referred to as the 

fibre bundles. Figure 6.3 (c) representing GTMAC modified cellulose shows fibres with similar surface 

morphology to the bleached cellulose fibres. Due to the entanglement of long cellulose fibres and 

twisted morphologies, the length bundles could not be easily deduced with the SEM image, however, 

only the average diameter could be deduced. The average diameter of bleached cellulose and cationised 

cellulose fibres were determined to be 10.1 ± 0.21 µm and 9.2 ± 0.87 µm, respectively using ImageJ 

software. From the results, cationisation process did not substantially affect the shape and/or the size of 

fibres. The small changes in diameter noted in GT-cellulose can be attributed to structural breakdown 

during cationisation, improving the active surface area, hence preferrable for effective adsorption 

studies (Hasani et al., 2015) (Fungaro, Borrely and Carvalho, 2013). Muqeet and coworkers also 
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reported that while working on cationisation of CNFs for the removal of sulfate ions from aqueous 

solutions, cationisation did not enact any major modifications to the size and/shape of fibres (Muqeet 

et al., 2017).  

  

  

Figure 6.3: SEM images of a) bleached and c) cationised cellulose, and histograms of b) bleached and 

d) cationised cellulose.  

6.3.3 Fourier Transform Infrared spectroscopy   

FTIR analysis of raw plant fibres, bleached cellulose, GTMAC and cationised cellulose (GT-cellulose) 

samples are shown in Figure 6.4 and Table 6.1. FTIR analysis is conducted to present detailed 

information about the chemical groups on the surface of the samples. In all spectrum, strong 

characteristic absorption bands at 3340 cm-1 and 2905 cm-1 are assigned to the O-H stretching vibration 

in hydroxyl groups involved in hydrogen bonding and the carbon hydrogen (C-H) asymmetric 
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stretching vibration, respectively (Zaman et al., 2012). The band observed at 1640 cm−1 was ascribed to 

the hydroxyl bending vibrations of absorbed water in the cellulose samples (Gu et al., 2020). At 1368 

cm-1 can be ascribed to the stretching and deformation vibration of carbon-hydrogen (C-H) group in the 

glucose unit of cellulose. The characteristic bands at 1426, 1158, 1113 and 894 cm-1 are thought to be 

typical bonds of cellulose 1β (Du, Liu, Mu, et al., 2016). The weakening band at 1426 cm-1 can be 

attributed to the disruption in intermolecular and/or intramolecular hydrogen bonding between the 

hydroxyl groups of cellulose from bleached fibres to cationised cellulose fibres (Yue et al., 2019)(Gu 

et al., 2020). The peaks in the range 1113-1028 cm-1 are ascribed to the C-O-C pyranose ring skeletal 

vibration and the 894 cm-1 is due to the carbon-hydrogen (C-H) bond deformation mode of the 

βglycosidic linkages between the glucose units of cellulose (Gu et al., 2020). The GTMAC spectrum, 

Figure 6.4b, a strong band appears at 1480 cm-1 due to -CH2 symmetric bending modes which 

correspond to the trimethyl groups of the cationic substituent which is also apparent on the GT-cellulose 

spectrum on Figure 6.4a (Etale et al., 2021). Kaboorani and Riedl successfully modified CNCs by a 

cationic surfactant, hexadecyltrimethylammonium (HDTMA) bromide, leading to the presence of 

quaternary ammonium groups. They observed that a weak intensity peak at 1480 cm-1 on the FTIR 

spectrum associated with -CH2 rocking for CNC modified with high concentrations of HDTMA 

(Kaboorani and Riedl, 2015). Lastly, the increase in intensity at 1113 cm-1 and 1028 cm-1  provides 

evidence of grafting of GTMAC onto the surface of cellulose as shown in Figure 6.4a. Similar results 

were reported by Rana and co-workers while working on preparing cationised alpha cellulose extracted 

from sugarcane bagasse, whereby on the FTIR spectrum of synthesized cationic alpha cellulose, 

characteristic band at 1477 cm-1 and was assigned to C-N stretching vibrations formed due to the 

introduction of quaternary ammonium group in cellulosic structure (Rana et al., 2021).  

  

Figure 6.4: a) FTIR spectrum of raw plant fibre, bleached cellulose, and GT-cellulose and b) FTIR 

spectrum of GTMAC solution.  
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Table 6.1: The main functional groups observed on raw plant fibre, bleached cellulose, and GT-cellulose 

by FTIR spectroscopy and their corresponding wavenumbers.  

Wavelength (cm-

1) 

Functional groups Ref 

3340 OH stretching vibration (Syafri et al., 2018)(Alhogbi et al., 2021) 

2900 C-H symmetrical stretching vibration (Alhogbi et al., 2021)(Mahardika et al., 

2018) 

1640 OH bending vibration (Li et al., 2014)(Gao et al., 2016) 

1480 -CH2 bending vibrations (Gao et al., 2015)(Gao et al., 2016) 

1426 -COOH stretching vibrations (Yue et al., 2019)(Eltaweil et al., 2020) 

1368 C-H bending vibrations (Konicki et al., 2015)(Huang et al., 2020b) 

1158 C-O stretching vibrations (Zaman et al., 2012)(Gao et al., 2016) 

1100-1028 C-O-C pyranose ring skeletal 

vibration 

(Tejada-Tovar et al., 2021)(Yin et al., 2017)

894 C-H deformation vibrations (Zaman et al., 2012)  

 

6.3.4 X-ray diffraction analysis  

The XRD patterns of raw plant fibres, bleached cellulose, and GT-cellulose are presented in Figure 6.5. 

The crystallinity of fibres can be affected by any chemical or mechanical treatment subjected to the 

material thereby affecting the size and shape of the fibres. From the X-ray diffractograms, all the 

diffraction patterns are characterised by two peaks at around 2θ=16.3° and 22.5° corresponding to the 

(110) and (002) crystallographic planes respectively and all of them are related to cellulose type I, and 

an amorphous broad hump (2θ=18-19°) (Hemmati et al., 2018). The crystallinity of raw plant fibres, 

bleached cellulose and GT-cellulose were calculated as 60%, 73% and 54% respectively (shown in 

Table 6.2), corresponding to similar results recorded by Rosli and colleagues working on Agave 

angustifolia fibres (Rosli, Ahmad and Abdullah, 2013). During the alkali (4 wt% NaOH) and bleaching 

(aqueous chlorite in acetate buffer) treatment, the crystallinity increased from 60% to 73% due to the 

reduction and removal of amorphous regions such as hemicellulose and lignin content (Rosli, Ahmad 
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and Abdullah, 2013)(García-García et al., 2018). Upon cationisation with GTMAC, the crystallinity 

decreased to 44% due to the breaking down of intermolecular hydrogen bonds in the structure of 

cellulose hindering the formation of crystalline regions (Etale et al., 2021)(Sajjan, Premakshi and 

Kariduraganavar, 2015).  

  

Figure 6.5: XRD spectrums of a) raw plant fibre, b) bleached cellulose and c) GT-cellulose.  

Table 6.2: Crystallinity Index (CrI), Onset Temperature (Tonset), Maximum Degradation Temperature 

(Tmax), and Char Residuals at 900 °C Obtained from XRD, TGA and DTG plots.  

Samples CrI (%) Cellulose thermal degradation 

Tonset (℃ሻ Tmax (℃ሻ Ash amount at 900℃ ሺ%ሻ 

Raw plant fibres 60 279.25 386.14 14.2 

Bleached cellulose 73 259.66 383.71 10.3 

GT-cellulose 44 228.26 365.90 9.5 

 

6.2.5 Thermogravimetric and Derivative Thermogravimetric analysis  

The TGA was performed to evaluate the thermal stability of raw plant fibre, bleached cellulose, and 

GT-cellulose fibres in a temperature range of 30-900℃ with the heating rate 10 ℃. min-1. The TGA 

and DTG curves of raw plant fibre, bleached cellulose and GT-cellulose are shown in Figure 6.6a) and 
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b), respectively. The thermal degradation onset temperatures, maximum thermal degradation 

temperatures and residual ash amount at 900 ℃ are also listed in Table 6.2. In the temperature range 

30-150 ℃, an initial weight loss of approximately 10 % is observed for all samples, which can attributed 

to moisture loss from absorbed water (Ilgin, Ozay and Ozay, 2020)(Tejada-Tovar, Villabona-Ortíz and 

Gonzalez-Delgado, 2021). Raw plant fibre and bleached cellulose samples resulted in a two-step 

mechanism process for degradation and cationised cellulose involved a three-step mechanism process 

of degradation. As seen on the raw plant fibre curve, a second weight loss of about 64.4% from 260െ400 

℃ and it was associated with the presence of non-cellulosic material such as hemicellulose and lignin, 

whereas bleached cellulose resulted in weight loss 80.2% from 320െ380 ℃ which can be attributed 

hemicellulose and lignin degradation from alkali and bleaching treatment (Tejada-Tovar, Villabona-

Ortíz and Gonzalez-Delgado, 2021)(Liu et al., 2016)(Silva et al., 2015). The cationised cellulose 

sample was observed to have reduced onset thermal degradation at approximately 228℃ and due to 

further removal of non-cellulosic material and addition of quaternary ammonium groups onto cellulose 

fibres after cationisation, resulting in lowered thermal stability and reduced crystallinity (Gao et al., 

2016)(Rana et al., 2021).   

  

Figure 6.6: a) TGA and b) DTA curves of raw plant fibre, bleached cellulose, and GT-cellulose.  

6.4 Adsorption experiments  

6.4.1 Effect of pH  

The point of zero charge(pHpzc) of an adsorbent plays a significant role in mode of adsorption at different 

pH and it helps determine the pH at which the surface of the adsorbent has net electrical neutrality. 

From the point of zero charge graph on Figure 6.7(a), the pHpzc of the cationised adsorbent is 4.01, 

hence the surface charge is positive at pH values lower than pHPZC, neutral at pHpzc =4.01, and negative 

at pH values higher than the pHpzc (Abidi et al., 2019). The effect of pH on the uptake of methyl orange 
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(MO) and sunset yellow (SY) onto GT-cellulose is shown in Figure 6.7(b). The pH of a solution is 

known to significantly affect the adsorption of pollutants onto adsorbents surface, however, from the 

results obtained we observed that the solution pH did have affect the dyes uptake onto GT-cellulose. 

For MO, it was observed that the dye removal efficiency increased from pH 2 (4.2 %) to pH 4 (98 %), 

with a slight decrease in removal uptake after pH 5(b). At lower adsorbate pH, the adsorbent surface 

has a higher protonation degree leading to an increase in hydrogen (H+) ions concentration therefore 

resulting in increased electrostatic attraction between the positively charged adsorbent and negatively-

charged MO dye molecules and at higher adsorbate pH, the positively charged sites on the adsorbent 

are reduced (less H+, more OH-) resulting in less attraction (electrostatic repulsion) of the dyes on the 

surface of GT-cellulose (Wong et al., 2020). A similar result was recorded for the removal of methyl 

orange from aqueous solutions using dragon fruit foliage as an adsorbent (Haddadian et al., 2013). As 

for SY, results show that the solution pH did not have a significant effect of the uptake onto GT-

cellulose. As shown in Figure 6.7(b), the dye uptake slightly increased from pH 2 (97 %) to pH 8 (99 

%) and this interaction between the adsorbent’s surface and dye molecules may not be solely described 

by simple electrostatic interactions, nonetheless, Van der Waals forces, hydrogen bonding or ion-ion 

interactions may contribute largely to the adsorption mechanism between the cationised adsorbent and 

anionic dyes (Sujitha and Ravindhranath, 2016). For further experiments, all dye solutions were 

prepared at pH 4.  

  

Figure 6.7: a) Point of zero charge graph and b) Effect of solution pH of dyes (MO and SY) adsorbed 

onto GT-cellulose adsorbent.  

6.4.2 Effect of adsorbent dosage  

The adsorbent dose governs the capacity of adsorbent for a given initial concentration of dye (20 mg g-

1), and it is an important parameter in adsorption studies. The effect of adsorbent dosage on the 

adsorption of MO and SY onto GT-cellulose is shown in Figure 6.8. From the results, Figure 6.8, 
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represents the removal efficiency and adsorption capacity of dyes, and it shows that an increase in 

adsorbent dose results in an increase removal efficiency and a decrease in adsorption capacity. This 

trend can be explained that there is an increase in available sorption active sites on the surface of the 

adsorbent as the adsorbent dosage increases, however, further increment of the adsorbent amount could 

lead to possible surface agglomeration of the GT-cellulose fibres, hindering access to the adsorbent’s 

sorption sites during the adsorption process (Chukwuemeka-Okorie et al., 2021). The abovementioned 

relationship is observed for both dyes. For MO dye in Figure 6.8 (a), at adsorbent dosage of 10 mg and 

60 mg resulted in removal efficiencies of 88 % and 98 %, respectively whereas the adsorption capacity 

was reduced significantly to 34.8 mg g-1 and 6.46 mg g-1, respectively. Figure 6.8 (b) represents the 

removal efficiency of SY from the sample solution onto the adsorbent surface and it was observed that 

SY uptake was significant from 10 mg (89 %) and 60 mg (100 %) with an adsorption capacity of 36.6 

mg g-1 and 6.76 mg g-1, respectively (Jarusiripot, 2014). A similar trend was reported by Taha and 

colleagues while using natural Iraqi palygors-kite clay as low-cost adsorbent for adsorptive removal of 

Basic Red 2 from industrial effluents (Taha, Samaka and Mohammed, 2013). Since 10 mg adsorbent 

amount resulted in the highest adsorption capacity for both dyes, it was selected as the optimal mass for 

further experiments.  

  

Figure 6.8: Effect of adsorbent dosage on the uptake of MO onto GT-cellulose adsorbent and b) Effect 

of adsorbent dosage on the uptake of SY onto GT-cellulose adsorbent  

6.4.3 Effect of initial concentration  

The influence of the initial dye’s concentration onto GT-cellulose was carried out at a fixed adsorbent 

dosage (10 mg), solution volume (0.02 L), a solution pH of 4, and various dye concentrations (5-200 

mg L-1) at 298.15 K. As shown in Figure 6.9, increasing the concentration of the dyes from 5 to 200 mg 

L-1, greatly increases the adsorption capacity of dyes onto GT-cellulose from 10.53-154.54 mg g-1 (93 

% - 36 %) in MO dye and from 8.19-52.73 mg g-1 (85 % - 16 %) in SY dye, thereby decreasing the 

removal efficiency. A similar trend was observed by Vena and colleagues, working on the preparation 
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of raw oyster shell for removal of Coomassie brilliant blue R-250 dye from aqueous solution (Veni and 

Brenda, 2021). This could postulate that more adsorbates have the ability bind to the active sites on the 

adsorbent at higher dye concentration, resulting in higher adsorption capacities (Haddadian et al., 2013). 

At 200 mg L-1 dye concentration, the removal efficiency was given as 8.34 % for MO and 4.79 % for 

SY, meaning that there are fewer active sites available for sufficient complete removal of dyes. This 

can also be observed on similar studies for the removal of Sunset Yellow Azo dye using activated 

carbon entrapped in alginate from aqueous solutions (Abdel-aziz and Abdel-gawad, 2020).  
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Figure 6.9: Effect of initial dye concentration on the uptake of MO and SY onto GT-cellulose adsorbent 

at 298.15 K.  

6.4.4 Effect of temperature  

The effect of temperature experiments for MO and SY uptake was carried out at different temperatures 

(298.15, 308.15, 318.15 K) at various dye concentration (10, 20, 35, 50 mg g-1). For MO dye at 20 mg 

L-1 in Figure 6.10a, it was observed that as the temperature increases from 298.15 K to 318.15 K, the 

adsorption capacity decreases from 44.27 mg g-1 to 33.30 mg g-1, a similar trend was observed for SY 

dye at 20 mg L-1 (Figure 6.10b), the adsorption capacity decreases from 33.34 mg g-1 to 25.89 mg g-1. 

Figure 6.10 (a and b) demonstrates that an increase in temperature, decreases the adsorption capacity of 

adsorbent for the anionic dyes. This could be attributed to the bond dissociation occurring on the 

adsorbent surface sites as the temperature increases increasing the kinetic energy within the system 

(Chukwuemeka-Okorie et al., 2021).  
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Figure 6.10: a) Effect on temperature on the uptake of MO onto GT-cellulose adsorbent and b) Effect 

on temperature on the uptake of SY onto GT-cellulose adsorbent.  

6.10.5 Effect of contact time  

The effect of contact time on the uptake of MO and SY onto GT-cellulose was studied over a period of 

630 min (Figure 6.11a and b). At 20 ppm, the equilibrium adsorption capacity MO was determined to 

be 32.18 mg g-1at 120 min (SY dye qe= 40.04 mg g-1 at 270 min) with a removal efficiency of 91 % (SY 

dye 97 %). After 120 min for MO uptake and 270 min for SY uptake, slight changes were recorded in 

the adsorption capacity. Therefore, this can be attributed to the abundant surface binding sites on the 

adsorbent which become saturated as contact time increases that suggest equilibrium adsorption is 

attained (Chukwuemeka-Okorie et al., 2021)(Abdel-Ghani et al., 2017). A similar trend was reported 

by Abdel-Ghani and colleagues while studying Coomassie Brilliant Blue R-250 dye adsorption by 

activated carbon from Nigella sativa L. (Abdel-Ghani et al., 2017).  
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Figure 6.11: a) Effect of contact time of MO dye onto GT-cellulose adsorbent over a period of 630 min 

and b) Effect of contact time of SY dye onto GT-cellulose adsorbent over a period of 630 min.  

6.5 Adsorption isotherms, kinetics, and thermodynamic parameters  

6.5.1 Adsorption isotherm models 

Adsorption isotherm studies for MO onto GT-cellulose by comparing Langmuir, Freundlich, Temkin 

and D-R adsorption isotherm model were studied and the calculated correlation coefficients (R2) at 298 

K were given as 0.996, 0.708, 0.857 and 0.732, respectively (see Table 6.3 below). According to the 

given R2 values, the adsorption of MO onto GT-cellulose was best fit by the Langmuir isotherm model 

and such results indicate monolayer adsorption and homogeneous onto the surface of GT-cellulose. 

Similar results were reported in adsorption of anionic dyes on a cationic amphiphilic dextran hydrogel 

(Stanciu and Nichifor, 2019). Furthermore, the values of 1/n could mean, easy adsorption when 0.5 ൏ 

1/n ൑ 1; difficult adsorption when 1/n is greater than 1; and excellent favourable adsorption when 0.1 

൏ 1/n ൑ 0.5. From the 1/n data given in Table 6.3, MO adsorption onto GT-cellulose adsorbent 

undergoes favourable excellent adsorption under the optimised adsorption conditions and a maximum 

adsorption capacity of 69.71 mg g-1 from Langmuir adsorption isotherm model is observed. For SY 

adsorption isotherm studies onto GT-cellulose, the Langmuir isotherm was the best fit model as the R2 

value was greater (R2 = 0.992) than that of Freundlich (R2 = 0.619), Temkin (R2 = 0.634), D-R (R2 = 

0.626) isotherm models. This confirms the applicability of Langmuir adsorption isotherm indicating the 

monolayer adsorption and homogenous surface of the adsorbent. Relatable data was also reported in 

the removal of sunset yellow azo dye using activated carbon entrapped in alginate from aqueous solution 

(Abdel-aziz and Abdel-gawad, 2020).  The 1/n values of SY onto GT-cellulose adsorption are in support 

of a favourable excellent adsorption process and maximum adsorption capacity from Langmuir 

adsorption isotherm model was 42.85 mg g-1. From the D-R isotherm, the evaluated average adsorption 

energies for MO and SY adsorption onto GT-cellulose under optimised conditions are all above E= 8 

kJ mol-1, supporting chemisorption processes as the adsorption mechanism. Similar studies are tabulated 

in Table 6.4.  

Table 6.3: Adsorption isotherm parameters for the adsorption of MO and SY onto GT-cellulose.  

 Isotherm parameters 

 Methyl orange Sunset yellow 

T (K)  Langmuir 

 qmax (mgg-1) KL (Lmg-1) R2 qmax (mgg-1) KL (Lmg-1) R2 
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298  69.71 1.12 0.996 42.85 1.06 0.992 

308  71.63 1.05 0.998 40.44 0.89 0.939 

318  55.06 0.37 0.945 34.00 1.77 0.977 

  Freundlich 

 1/n KF (Lmg-1) R2 1/n KF (Lmg-1) R2 

298  0.297 32.32 0.708 0.291 21.64 0.604 

308  0.299 33.06 0.706 0.248 18.64 0.619 

318  0.371 20.19 0.897 0.234 17.39 0.843 

  Temkin 

 BT (Jmol-1) KT (Lmg-1) R2 BT (Jmol-1) KT (Lmg-1) R2 

298  252.19 26.65 0.857 387.49 26.58 0.634 

308  250.93 24.28 0.858 404.41 17.46 0.779 

318  284.30 6.52 0.967 542.03 44.92 0.894 

  Dubinin-Radushkevich (D-R)  

  β E (kJ.mol-1) R2 β E (kJ.mol-1) R2 

298  2.2 × 10-3 15.18 0.732 2.1 × 10-3 15.46 0.626 

308  2.1 × 10-3 15.61 0.735 1.7 × 10-3 17.27 0.639 

318  2.4 × 10-3 14.42 0.902 1.4 × 10-3 18.87 0.851 

  

Table 6.4: Comparison of other adsorbents adsorption isotherm parameters.  

Dye 

contaminant 

Adsorbent qmax 

(mgg-1) 

Ref 
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Methyl 

orange 

Hydroxyethyl starch/p(sodium acrylate) 

(HES/p(NaAAc)) hydrogel 

2.84 (Ilgin et al., 2020) 

Dragon Fruit (Hylocereusundatus) Foliage 17.67 (Haddadian et al., 

2013) 

Cationic dextran hydrogel 705 (Stanciu and Nichifor, 

2019) 

3-chloro-2-hydroxypropyl trimethyl ammonium 

(CTA) modified chitosan magnetic composite 

adsorbent (CS-CTA- MCM) 

2.55 (Li et al., 2016) 

Natural bentonite 2.26 (Fernandes et al., 

2020) 

Magnetic Composite Polyaniline/Fe3O4 

−Hydrotalcite and 

156.3 (An Tran et al., 2021) 

Magnetic cellulose/Fe2O3 hydrogels 7.51 (Zhang et al., 2017) 

Cationized cellulose (GT-cellulose) 69.71 This work 

Sunset yellow 

Cassava sievate biomass 0.091 (Chukwuemeka-

Okorie et al., 2021) 

Activated carbon entrapped in alginate beads (AG-

AC) 

5.40 (Abdel-aziz and 

Abdel-gawad, 2020) 

Silver nanoparticles loaded on activated carbon 37.04 (Ghaedi, 2012) 

Amberlite FPA51 130.6 (Wawrzkiewicz, 

2011) 

Layered double hydroxide (LDH) 142.86 (Abd Malek and 

Yasin, 2012) 
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Cadmium sulfide nanoparticles loaded onto 

activated carbon (CdSN-AC) 

83.33 (Mosallanejad and 

Arami, 2012) 

Cationized cellulose (GT-cellulose) 42.85 This work 

 

6.5.2 Adsorption kinetic models 

The kinetic models for MO and SY adsorption onto GT-cellulose was evaluated using three models: 

Pseudo first-order, pseudo second order and intraparticle diffusion. Calculated kinetic constants (K1, 

K2, Kid), adsorption capacity at equilibrium (qe) and correlation coefficients (R2) are presented in Table 

6.6 above. From the data in Table 6.6, pseudo first-order model is the best fit model for the adsorption 

process of MO and SY onto GT-cellulose surface due to high R2 values of 0.967 and 0.883, respectively. 

While comparing the experimental value for adsorption capacity for MO and SY strongly agree with 

the calculated adsorption capacity at equilibrium (Given in Table 6.5).  

  

Figure 6.12: Effect of contact time on MO adsorption and kinetic data fit to (a) pseudo first order and 

pseudo second order non-linear models. (b) Intra-particle diffusion for adsorption of MO onto GT-

cellulose at 298.15 K.  

Table 6.5: Maximum experimental adsorption capacity of MO and SY onto GT-cellulose (adsorbent 

dosage = 10 mg, initial dye concentration= 75 mg L-1, contact time = 24 hr).  

T(K) 298 308 318 

Methyl orange, 𝐪𝐦𝐚𝐱
𝐞𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥(mg g-1) 71.65 72.11 64.51 
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Sunset yellow, 𝐪𝐦𝐚𝐱
𝐞𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥(mg g-1) 41.19 41.42 39.98 

 

  

Figure 6.13: Effect of contact time on SY adsorption and kinetic data fit to (a) pseudo first order and 

pseudo second order non-linear models. (b) Intra-particle diffusion for adsorption of SY onto GT-

cellulose at 298.15 K.  

To evaluate and determine the mechanism and rate-limiting steps for the adsorption of MO and SY onto 

GT-cellulose, the intraparticle diffusion parameters were studied. Plots of t0.5 vs qt in Figure 6.12(b) and 

Figure 6.13(b) showed multi-linearly indicating that adsorption is given by two or more rate controlling 

steps of adsorption, namely: Step 1: The transport of dye to the surface of the adsorbent (film diffusion), 

(b) the transport of dye within the pores of the adsorbent (particle diffusion), and (c) adsorption of dye 

on the interior surface of the pores of the adsorbent (Wawrzkiewicz, 2011)(Wu, Tseng and Juang, 2009). 

Intraparticle diffusion is only the rate-limiting step if the plots in Figure 6.12 (b) and Figure 6.13 (b) 

yield a straight line that passes through the origin (where C = 0) (Ghaedi, 2012) (Ghaedi et al., 

2011)(Zhang et al., 2018b). From the data presented in Table 6.6, it suggests that the 1st linear plots 

occurred due to film diffusion and 2nd linear plots support intraparticle diffusion. From Figure 6.12(b) 

and Figure 6.13 (b), film diffusion had greater R2 values that intraparticle diffusion and in this way 

adsorption of MO and SY onto GT-cellulose was more favourable during transport of dye molecules to 

the adsorbent surface. Given that the plot do not pass through the origin, the intraparticle diffusion is 

not the only rate-controlling step (Wawrzkiewicz, 2011)(Lesaoana, 2018).  

Table 6.6: Kinetic adsorption model parameters of MO and SY onto GT-cellulose.  

 Kinetic parameters 
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Pseudo first-order C0 (mg L-1) K1 (g (mg min)-1) qe (mg g-1) R2 

 

Methyl orange 

10 0.019 20.36 0.967 

20 0.024 40.52 0.979 

35 0.019 59.67 0.989 

 

Sunset yellow 

10 0.040 15.44 0.883 

20 0.015 32.74 0.956 

35 0.010 32.26 0.956 

Pseudo second order C0 (mg L-1) K2 (g (mg min)-1) qe (mg g-1) R2 

 

Methyl orange 

10 8.97 ൈ10 -4 23.45 0.927 

20 6.40 ൈ10 -4 45.48 0.940 

35 3.42 ൈ10 -4 67.96 0.984 

 

Sunset yellow 

10 2.97 ൈ10 -3 16.85 0.815 

20 4.26 ൈ10 -4 38.42 0.914 

35 3.06 ൈ10 -4 38.44 0.983 

Intraparticle diffusion 1st line regression C0 (mg L-1) KId (g (mg min)-1) Ci (mg L-1) R2 

 

Methyl orange 

10 2.47 -5.79 0.959 

20 4.42 -.5.20 0.928 

35 5.72 -6.32 0.969 

 

Sunset yellow 

10 2.29 -3.04 0.732 

20 3.63 -8.91 0.902 

35 2.56 -3.55 0.942 
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Intraparticle diffusion 2nd line 

regression 

C0 (mg L-1) KId (g (mg min)-1) Ci (mg L-1) R2 

 

Methyl orange 

10 0.014 19.58 0.147 

20 0.014 38.11 0.459 

35 0.049 49.89 0.895 

 

Sunset yellow 

10 -0.005 15.24 0.164 

20 -0.060 30.31 -

0.029 

35 1.063 10.11 0.972 

6.5.3 Thermodynamic analysis  

Calculated ∆G˚ values for MO and SY adsorption onto GT-cellulose were evaluated to be less than zero 

(∆G˚ ൏ 0), making them spontaneous in nature and thermodynamically feasible. It was further observed 

that ∆G˚ becomes less negative with an increase in temperature and favouring adsorption even at higher 

temperatures as shown in Figure 6.14 (Ilgin, Ozay and Ozay, 2020)(Haddadian et al., 2013). Similar 

phenomenas were noted by Wang et al, on studies to use cellulose-based adsorbents for the adsorption 

of Congo-red anionic dye from aqueous solutions (Wang et al., 2018). 
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Figure 6.14: Vant’ Hoff plot of MO and SY adsorption onto GT-cellulose  
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The enthalpy ∆H˚ of methyl orange and sunset yellow dyes were both greater zero (∆H˚ ൐ 0) making 

the adsorption processes, an endothermic process in nature. From Table 6.7, ∆H˚ = 84.86 kJmol-1 and 

∆H˚ = 63.76 kJmol-1 for MO and SY adsorption, respectively. In the range ∆H˚ = 20-80 kJ mol-1, 

physical adsorption mechanism is favoured, whereas ΔH˚ = 80-200 kJ mol-1, chemisorption mechanism 

is favoured. Moreover, both dyes might be undergoing chemisorption and physisorption 

simultaneously. Corresponding results were recorded on the adsorption of cationic dyes onto sulfonic 

acid modified activated carbon (Goswami and Phukan, 2017). ∆S values illustrate a decreased 

randomness at the solid-solution interface during adsorption. The negative value of ∆S˚ suggested 

reduced randomness at adsorbent-adsorbate interface during the adsorption process of MO and SY onto 

GT-cellulose.  

Table 6.1:Thermodynamic parameters for adsorption of MO and SY onto GT-cellulose. 

 Thermodynamic parameters 

 ∆G° (kJ mol-1) ∆H° (kJ mol-1) ∆S° (J mol-1K-1)

298 K 308 K 318 K

Methyl orange -9.96 -9.94 -4.86 84.86 -248.73 

Sunset yellow -8.64 -7.48 -4.92 63.75 -184.24 

 

6.6 Adsorption comparison studies between cellulose and GT-cellulose. 

Comparison adsorption studies were examined using cellulose and GT-cellulose as adsorbents for the 

removal of MO and SY dyes from aqueous solutions as shown in Figure6.15. The adsorption capacity 

for the removal of MO dye from cellulose and GT-cellulose adsorbents were determined to be 8.0 mg 

g-1 and 37.6 mg g-1 respectively. Removal SY dye from cellulose and GT-cellulose adsorbents resulted 

in adsorption capacities of 4.0 mg g-1 and 35.6 mg g-1 respectively. From the trend observed in both 

dye molecules, it can be deduced that cationization resulted in an increase of surface area contributing 

to improved adsorption of dye contaminants onto GT-cellulose active sites through electrostatic 

attraction interactions, van der Waals interactions, and hydrogen bonding (Y. Gao et al., 2016)(Jiang 

and Hu, 2019). 
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Figure 6.15: Adsorption of MO and SY onto cellulose and GT-cellulose. 

6.7 Application of real water samples. 

Real water samples were collected from tap water at wits university taps (Johannesburg, South Africa) 

and sea water at Mdhloti sea (Durban, South Africa). From the results, it was observed that tap water 

samples resulted in better adsorption capacity for both MO (5.2 mg g-1) and SY (32.1 mg g-1) due to 

less matrix effects present in tap water (see Figure 6.16). Dye spiked sea water resulted in lower 

adsorption capacities in both dyes due to the presence of salts, and other organic and inorganic 

substances including waste, sea salt, magnesium, calcium and many more (de Souza Ferreira et al., 

2021). From the results, remediation of dye molecules from sea water samples, prior cleaning would be 

required. 
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Figure 6.16: Application of GT-cellulose to tap water, and sea water spiked with MO and SY (Initial 

dye concentration = 20 mg g-1, adsorbent mass = 10 mg, temperature 298.15 K, contact time for MO 

(120 min) and SY (270 min)). 
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6.8 Conclusion  

This study investigated the use of a low-cost cationised cellulose material derived from hemp stem and 

branch fibres for the adsorption of methyl orange and sunset yellow dyes from aqueous solution. The 

FTIR spectrum of GT-cellulose adsorbent displayed the vital surface functional group required for 

adsorption at 1480 cm-1 attributed to epoxy moieties of GTMAC. XRD and TGA showed GT-cellulose 

with reduced crystallinity and reduced thermal stability. Effect of solution pH studies suggested that 

adsorption of MO and SY at pH 4 was not only due to electrostatic attraction interactions but also 

hydrogen bonding and van der Waals interactions. A lower adsorbent dosage (10 mg) was more 

favourable for dye uptake, due to the increased adsorption capacity, attributed to surface agglomeration 

at higher adsorbent dosage. Comparison studies for adsorption of dyes onto cellulose and GT-cellulose 

showed improved adsorption capacity when using GT-cellulose adsorbents for dye removal from 

aqueous solutions. The equilibrium adsorption isotherm data were best described by Langmuir model. 

The adsorption kinetics were best fit with pseudo first-order model for MO and SY adsorption. The 

thermodynamic study showed that the adsorption processes for MO and SY were both endothermic and 

spontaneous in nature. From the results, cationised cellulose adsorbents could be effectively applied for 

removal of anionic dye from wastewater.  
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CHAPTER 7: CONCLUSION AND RECOMMENDATIONS  

7.1 General conclusion   

This study set out to   

(i) To investigate green approaches for the extraction of cellulose from hemp waste using organic and 

mineral acids using response surface methodology for the selection of reaction conditions i.e., acid type, 

acid concentration, reaction temperature and duration,   

(ii) To characterise extracted cellulose for their physical and chemical properties using scanning electron 

microscope (SEM), X-ray diffraction (XRD). Thermogravimetric analysis (TGA), and Fourier-

transform infrared spectroscopy (FTIR).  

(iii) To modify the surface of extracted cellulose fibres by cationic moieties using GTMAC   

(iv) To determine the removal efficiency of anionic dyes from water using cationised cellulose.  

The extraction of CMFs has been successfully carried out from Hemp (Cannabis Sativa L.) bast fibres. 

Fibres were then acid hydrolysed using varies conditions (acid type, acid concentration, reaction time, 

and hydrolysis temperature) followed by homogenisation.   

The surface morphology, chemical, crystalline, and thermal properties of the raw plant fibre, treated 

and acid hydrolysed fibres was determined using SEM, FTIR, XRD and TGA, respectively. From visual 

observations, alkaline treatment of raw plant fibre to remove of hemicellulose and other non-cellulosic 

content resulted in brown fibres, the bleaching process results showed white fibres as reported by other 

researchers depicting the formation of cellulose. Raw hemp fibres underwent alkali and bleaching 

treatments using 4wt% NaOH and 1.7wt% NaClO2 in acetate buffer, respectively and it appears to be 

successful in removing lignin, hemicellulose, and other non-cellulosic components. SEM of CMFs 

confirmed that hydrolysis produced CMFs of average diameter between 7.06±1.86 µm and 11.27±2.01 

µm and varying morphology. Raw plant fibre and bleached cellulose FTIR spectrum showed that some 

functional groups such as that of absorption band 1736 cm-1 were weakened in the bleached cellulose 

spectrum due to partial or complete removal of non-cellulose components after NaOH treatment, 

whereas the FTIR spectrum of CMFs showed that the main chemical structure of cellulose was not 

altered during the hydrolysis process. On the other hand, the XRD analysis showed that the crystallinity 

degree of the fibre increases after NaOH and bleaching treatments. The crystallinity degree of the raw 

hemp fibre was 60% and treatment, the crystallinity degree of the cellulose increased to 73% following 

removal of lignin and hemicellulose components. CMFs showed a range of crystallinity from 40% to 

75% that was depended on type of acid used. Sulfuric acid hydrolysed CMFs showed a more varying 

crystallinity due to the harshness of the conditions applied. Based on the results of the TG and DG 

curves, the main thermal decomposition step for the raw hemp fibre and cellulose fibre occurs at 386℃ 
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and 359℃, respectively, whereas CMFs showed increased thermal decomposition temperatures 

suggesting improved thermal stability from cellulose which is a favourable property for high 

temperature applications particularly as flame-retardant material.   

To optimise the experimental conditions of acid hydrolysis for production of highly crystalline CMFs, 

using a RSM-CCD model. For acid hydrolysis processes using sulfuric acid, formic acid and maleic 

acid, the acid concentration, hydrolysis temperatures, and hydrolysis time within the ranges 45–64 wt%, 

45–65°C, and 30–90 min, respectively. Therefore, this study allows the following conclusions, for 

sulfuric acid hydrolysis the model showed that the crystallinity strongly depended on the acid 

concentration even at low hydrolysis time and hydrolysis temperature. Whereas, for formic acid 

hydrolysis, interaction between acid concentration and hydrolysis temperature was more favourable to 

obtain maximized crystallinity degree. For maleic acid hydrolysis, crystallinity was highly influenced 

by an increase in temperature and in acid concentration 50-61%. Under the optimum hydrolysis 

conditions, the predicted crystallinity degree of 82% predicted by the model agreed with the 

experimental results of ~84% of crystallinity and validated by the model generated by CCD-RSM. This 

optimum crystallinity degree was obtained by applying the following hydrolysis conditions, using 

formic acid at 62% acid concentration, 47 ℃ hydrolysis temperature and 36 minutes of reaction time. 

This study established that the wide available bast fibre can be regarded as a greener and sustainable 

waste for the preparation of CMFs and RSM-CCD can be used to optimise extraction conditions.  

This study investigated the use of a low-cost cationised cellulose material derived from hemp stem and 

branch fibres for the adsorption of methyl orange and sunset yellow dyes from aqueous solution. The 

FTIR spectrum of GT-cellulose adsorbent displayed the vital surface functional group required for 

adsorption at 1480 cm-1 attributed to epoxy moieties of GTMAC. XRD and TGA showed GT-cellulose 

with reduced crystallinity and reduced thermal stability. Effect of solution pH studies suggested that 

adsorption of MO and SY at pH 4 was not only due to electrostatic attraction interactions but also 

hydrogen bonding and van der Waals interactions. A lower adsorbent dosage (10 mg) was more 

favourable for dye uptake, due to the increased adsorption capacity, attributed to surface agglomeration 

at higher adsorbent dosage. The maximum adsorption capacity for MO and SY onto GT-cellulose were 

found to be 71.65 mgg-1 and 41.19 mgg-1, respectively. Comparison studies for adsorption of dyes onto 

cellulose and GT-cellulose showed improved adsorption capacity when using GT-cellulose adsorbents 

for dye removal from aqueous solutions. The equilibrium adsorption isotherm data were best described 

by Langmuir model. The adsorption kinetics were best fit with pseudo first-order model for MO and 

SY adsorption. The thermodynamic study showed that the adsorption processes for MO and SY were 

both endothermic and spontaneous in nature. From the results, cationised cellulose adsorbents could be 

effectively applied for removal of anionic dye from wastewater  
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7.2 Recommendations and future work  

• Hemicellulose, lignin, and cellulose yields at each stage of alkali, bleaching and acid hydrolysis 

treatment could be evaluated to determine the changes in cellulose yield as we may be losing valuable 

material with each step.  

• Following extraction of cellulose microfibres, characterisation such as Atomic Force Microscopy 

(AFM) could be explored to further evaluate the surface roughness to narrow down suitable application.  

• Comparison studies of fibres extracted with acid hydrolysis only and those with acid hydrolysis -

assisted ultrasonic treatment.  

• For the cationised cellulose fibres used for dye uptake, reusability studies to evaluate the performance 

of the adsorbent after multiple uses and from a matrix of competing ions studies could also be 

investigated to determine the affinity between dyes and GT-cellulose  

• Application of GT-cellulose for the removal of inorganic anionic pollutants e.g., arsenate could be 

investigated.  


