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ABSTRACT 

 

Azo dyes are the most used dyes in the textile industry. Azo dyes are also the most harmful in the 

environment due to their soaring toxicity, and bio-recalcitrance for common microbial 

wastewater treatment. Photocatalytic degradation using titanium dioxide (TiO₂) has been found 

effective in their treatment in wastewater. However, the large energy band gap of TiO₂ (2.80 - 

3.20 eV) makes TiO₂ absorb less than 5 % in the visible spectrum. Supporting TiO₂ with a non-

metal can enhance the photocatalytic activity of TiO₂ and allow the use of a larger amount of 

solar energy. A non-metal such as carbon is mostly used as photocatalyst support due to its 

stability, mechanical resistance, and elevated superficial area. 

 

In this study, the photocatalytic degradation process of orange II sodium dye was investigated by 

using TiO₂-supported biochar nanoparticles as photocatalyst. TiO₂-supported biochar composites 

were synthesised by an ultrasound process by mixing TiO₂ and biochar using the ratio 3:2 (60% 

biochar and 40% TiO₂).  TiO₂ was synthesized from TiCl₃ via a hydrothermal process and biochar 

was obtained by carbonization of Acacia saligna (Port Jackson Willow) leaves. Biochar, TiO₂ 

and TiO₂-supported biochar nanoparticles were characterised by UV-Vis spectrophotometry, 

Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS), Fourier 

transformer infrared (FTIR), X-ray diffraction (XRD), and Brunauer-Emmett-Teller (BET). 

Compared with the synthesised TiO₂ (band gap = 2.81 eV), the energy band gap of TiO₂-

supported biochar composite was measured to be 2.11 eV, showing comparatively more promise 

as a solar active photocatalyst. Results from FTIR and SEM-EDS confirmed that TiO₂ was 

successfully immobilized on the biochar external surface. The BET results showed curves of TiO₂ 

and TiO₂ supported biochar composites exhibiting small hysteresis phenomena which represent 

a typical type-IV isotherm attributed to mesoporous material with low porosity. Furthermore, the 

XRD results revealed the presence of rutile and anatase crystalline phases in the TiO₂-supported 

biochar composites, due to the doping of biochar. 

 

The photocatalytic activity of TiO₂ and TiO₂-supported biochar composites were studied for the 

removal of orange II sodium dye. Batch experiments were conducted to obtain the optimum 

conditions for the dye degradation. The effect of parameters such as pH, photocatalyst loading 

and initial dye concentration was determined. From the results obtained in this study, the optimum 
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conditions obtained were 120 min contact time for both nanoparticles using 200 mg/L for TiO₂-

supported biochar at pH 6.8 and TiO₂ at pH 4, respectively. The highest degradation efficiency 

of orange II sodium was found to be 20.75 % using TiO₂ at pH 4 and 83.48 % using TiO₂-

supported biochar at pH 6.8. The photocatalytic degradation of orange II sodium followed the 

pseudo-first-order kinetic (r² = 0.9914) with the lowest EEo of 136.49 kWh/m³ using TiO₂-

supported biochar at pH 6.8; thus, reducing the process’ cost. TiO₂-supported biochar composites 

were found to be effective in the photocatalytic degradation of orange II sodium dye in a neutral 

solution. In addition, TiO₂-supported biochar composites showed good stability without any 

significant loss over three reusability cycles.  
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CHAPTER 1  

INTRODUCTION 

 

1.1. BACKGROUND 

 

All essential human activities are directly or indirectly connected with water and the availability 

of potable water (Pengelly et al., 2017; Ziervogel & Parnell, 2014). Along with the growing 

population, the water demand is likely to exceed its supply (Samanta, 2019). Thus, extensive 

funds and scientific research must be focused on water treatment technologies (Enqvist & 

Ziervogel, 2019). 

The textile industry is one of the industries with the greatest water usage in the world with a 

resultant large amount of wastewater. Consequently, the textile manufacturing company is the 

second-largest producer of effluent, next to agriculture (Cloete et al., 2010; Greer et al., 2010). 

Textile wastewater is coloured, which indicates the presence of a variety of dyes that are difficult 

to remediate (Haroun & Idris, 2009). According to reports, thousands of tons of synthetics dyes 

are released in the ground water annually. Consequently, the greatest problem in the textile 

effluent treatment plant is the removal of theses coloured dyes (Ajmal et al., 2014; Choudhury, 

2018). The presence of dyes in the wastewater causes a severe ecological problem due to their 

high toxicity (Palter et al., 2006) and capacity for prevention of UV treatment due to their intense 

turbidity (Saggioro et al., 2011).  

Azo dyes are commonly used in the printing and textile manufacturing industries (Saggioro et 

al., 2011). They are harmful when discharged untreated in the environment due to their 

recalcitrance in common wastewater treatment plants. Their oxidized products are potentially 

hazardous with recognized carcinogenic and mutagenic aromatic amines constituents (Palter et 

al., 2006). Azo dyes such as orange II sodium are very stable due to the presence of the azo group 

(-N=N-) group in their structure (Sandhya, 2010). Their stability and strong colour make it 

difficult to degrade in the environment, decreasing the quality of water and therefore becoming a 

source of pollution (Zhang et al., 2011). 

Several physical, chemical, and biological technologies or a combination of them can be used for 

the removal of dyes from wastewater (Lellis et al., 2019). Conventional wastewater treatment, 

such as adsorption, flocculation, UV treatment, and biological degradation is not effective in their 

removal due to the high solubility of azo dyes (Sharma & Bhattacharya, 2016). Adsorption 
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treatment which involves the transfer of pollutants from effluent to an adsorbent that generates 

waste in the spent adsorbent material, also has limited impact on azo dyes. They are not easily 

biodegradable and, mostly require specific microorganisms that can endure the toxic mixture of 

the effluent water (Ezzatahmadi et al., 2018). Advanced oxidative processes (AOP) have been 

found effective in the treatment of persistent azo dyes pollutants (Ou et al., 2006). They are 

efficient degradation methods with the promise of complete mineralization of azo dyes 

economically (Chong et al., 2010; Ezzatahmadi et al., 2018; Badmus et al., 2020). Photocatalytic 

degradation is prominent as an inexpensive and convenient method that degrade dyes to produce 

water, carbon dioxide, and harmless inorganic matter (Onyatta et al., 2016). This degradation 

method is effective as the catalyst can significantly reduce treatment time, improve the efficiency 

of the process and consequently lower the treatment cost, energy, and time (Lee & Park, 2013).  

Among several photocatalytic materials, TiO₂ is very promising due to its strong oxidizing 

activity, stability, and nontoxicity (Li et al., 2015; Badmus et al., 2021). However, the main 

disadvantages of TiO₂ are low quantum yields and low solar activity (Stewart, 2018). These 

setbacks can be overcome by coupling TiO2 with carbon-based materials such as biochar that 

improve its photocatalytic activities (Zhang et al., 2017). Biochar can be produced from a variety 

of carbonaceous raw materials including plant and animal materials. However, plant residues are 

a particular choice from both economic and environmental standpoints in addition to their 

abundance (Zhang et al., 2011). In the current investigation, biochar will be prepared through the 

valorisation process of Acacaia saligna leaves and its effectiveness as a support using TiO₂ will 

be investigated. Reactive orange II sodium salt was selected as a framework dye for the 

examination of the photo-activity of TiO₂-doped carbon composites.  

 

1.2. PROBLEM STATEMENT 

 

Azo dyes are the most used synthetic dyes in the textile industry (Ohashi et al., 2012). Their high 

stability and the presence of aromatic rings in their structures complicate the treatment by 

biodegradation processes (Singh et al., 2016). Common methods used in the degradation of azo 

dyes are disadvantageous due to the extensive treatment time and by-products that are 

carcinogenic. Besides, the produced toxic aromatic amines can constitute a danger for the nearby 

population and environment (Ajmal et al., 2014). Heterogeneous photocatalysis processes have 

been demonstrated to be efficient in the degradation of azo dyes (Onyatta et al., 2016). The 

challenge is in the application of an effective and environmentally friendly photocatalyst that 
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ensures the complete mineralization of azo dyes. The photo-activity of TiO₂ is low due to its large 

energy band gap which leads to poor solar activity. Supporting TiO₂ with a non-metal, such as 

biochar can enhance the photocatalytic activity of TiO₂ in the visible region and enable the 

utilization of a larger amount (greater than 45 %) of solar energy. 

 

1.3. AIM AND OBJECTIVES 

 

Degradation of orange II sodium dye in textile wastewater using simulated solar-light in the 

presence of TiO2-supported biochar composites. 

The aim of this research will be achieved through the following objectives:  

- Synthesis and characterisation of biochar from Acacia saligna leaves; 

- Synthesis and characterisation of TiO₂ from TiCl₃ as precursor; 

- Synthesis and characterisation of TiO₂-supported biochar; 

- Application of the synthesized TiO₂ and TiO₂-supported biochar composites for the 

decolouration of reactive orange II sodium dye solution; 

- Determination of the effect of some reaction parameters such as the catalyst loading, pH, 

and initial concentration of dye. 

 

1.4. RESEARCH QUESTIONS 

 

- Can biochar be synthesized from Acacia saligna leaves? 

- Can TiO₂ be synthesized using TiCl₃ as a precursor? 

- Can TiO₂ be supported on the synthesized biochar from Acacia saligna leaves? 

- Can the synthesized TiO₂-supported biochar composite be applied for the decolouration of 

reactive orange II sodium dye solution? 

- What are the effects of pH, time, temperature, catalyst loading, and initial concentration of 

dye in the degradation process? 
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1.5. SIGNIFICANCE OF THE RESEARCH 

 

The synthesis of TiO₂-supported biochar composite will enable the optimum utilization of solar-

light through the energy band gap reduction. 

 

1.6. DELINEATION 

 

This study will only focus on the synthesis of TiO₂-supported on biochar of Acacia saligna leaves 

and its application for the photocatalytic degradation of simulated textile wastewater (orange II 

sodium salt). The Photochemical degradation using raw wastewater will not be carried out during 

the current investigation. 

 

1.7. RESEARCH ASSUMPTIONS 

 

- TiO2-supported biochar nanocomposite will show activity in the visible light region. 

- The photocatalytic activity of TiO₂ will be enhanced by the presence of biochar. 

- The application of TiO₂-supported biochar composite will lead to the degradation of 

wastewater under ultraviolent radiation.  
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CHAPTER 2 

LITERATURE REVIEW 

 

This chapter contains the literature reports on textile wastewater, its impact on the environment, 

and conventional methods used in their treatment. It also focuses on Advanced Oxidative 

Processes (AOPs) and heterogeneous photocatalysis using TiO₂ in water treatment, and possible 

techniques in the modifications of TiO₂. An overview of biochar used as support in photocatalysis 

is given.  

 

2.1. CHARACTERISTICS OF TEXTILES WASTEWATER 

 

Textile effluents contain a large number of dyes such as azo dyes (Saggioro et al., 2011) and 

other organic pollutants. It poses a real threat to the environment due to their characteristics colour 

(Ahmed et al., 2007), high temperature (Kumar, 2016), fluctuating pH, malodour (Mahlambi et 

al., 2015), COD, BOD, TOC, TSS, O&G, inorganic heavy metals such as Cu, Ni, Zn, Cr, Cd, As 

Fe, and Pb, microbial impurities, and others organic substances including pesticides, phenols,  

phosphates, and surfactants (Ghaly et al., 2013; Anjum et al., 2017; Fluence News Team, 2019). 

Table 2.1 below illustrates the nature of wastewater pollutants at different stages of textile 

processes (Laxman, 2009). 

 

2.2. TEXTILE DYES 

 

Textile dyes are soluble and non-biodegradable coloured organic compounds with their complex 

chemical structure which contains various chromophoric fractions, e.g.  -C=O, -C=C-, -N=N-, -

NO2, -C=N-, etc. (Palter et al., 2006, Lellis et al., 2019). Dyes can be obtained from natural 

materials such as minerals, plants, animals, and microorganisms and can also be synthesized 

(Saggioro et al., 2011). Synthetic dyes are categorized into azoic, basic, metal complex, optical 

brightener, and sulfur dyes. Azoic dyes, also known as azo dyes, and basic dyes are considered 

the most hazardous due to the high toxicity of their components and breakdown products 

(Hassaan & Ahmed, 2017). However, azo dyes are extensively used in the industry due to their 

low cost (Ozer & Kevser, 2010). 

 



 
 

6 
 

Table 2.1: Nature of water pollution at various stages of textile processing 

 

Process Possible pollutants Nature of effluent 

Desizing Fats, resins, starch, waxes, glucose 

and PVA do not utilize a high BOD. 

Very small amount, PVA, and high 

BOD. 

Kiering Fragments of cloth, soda ash, caustic 

soda, waxes and sodium silicate. 

Very small amount, strongly alkaline, 

dark colour, and high BOD. 

Bleaching Acids, caustic soda, chlorine, 

hypochlorite , hydrogen peroxide. 

Small amount, strongly alkaline, and 

low BOD. 

Mercerizing Caustic soda. Small amount, strongly alkaline, and 

low BOD. 

Dyeing Mordants, dyes, and reducing agents 

like soap, acetic acid and sulphides. 

Large amount, strong colour, and 

fairly high BOD. 

Printing Mordants, dyes, china clay, acids, 

gum oil, metallic salts, and starch. 

Very small amount, oily appearances,  

and fairly high BOD. 

Finishing Salts, traces of starch, waxes, traces 

of starch, etc. 

Very small amount, softly alkaline, 

and low BOD. 

 

Azo dyes are mostly synthetic dyes with a complex structure consisting of conjugated double 

bonds and aromatic amine rings (-N=N-) (Sandhya, 2010). This structure permits intense π-π* 

transitions in the UV–visible region, with high extinction coefficients (Khan & Banerjee, 2010). 

They are xenobiotic with high solubility and low biodegradation. Their toxicity (genotoxicity, 

mutagenicity, and carcinogenicity) is due to their degradation products such as aromatic amines 

(Brown & DeVito, 1993). Azo dyes can also contain heavy metals and recalcitrant organic 

molecules, which are resistant to microbial treatment, very stable to oxidizing agents and light 

They are classified as hazardous pollutants and may harm human health (Eletta et al., 2018; Guo 

et al., 2010). The effects of azo dyes on public health depend mainly on the length and route of 

exposure, the number of dyes as well as the relative toxicity of the dyes (Ki-Hyun et al., 2013). 

Generally, the common danger of azo dyes is a lung disease, caused as a result of the breathing 
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of dye particles. This is known as respiratory sensitization (Hassaan, 2016; Hassaan & Amhed, 

2017). The removal of azo dyes from the environment must be prioritized for public safety.  

 

2.3. CONVENTIONAL TREATMENT OF AZO DYES IN TEXTILE 

WASTEWATER 

 

Conventional techniques employed for textile dyes treatments are following (Chandran, 2015):  

- Physical methods such as aeration, degasification, equalization, filtration, flotation, 

screening, sedimentation, and skimming. 

- Chemical methods such as adsorption, chlorination, coagulation, neutralization, and 

ozonation.  

- Biological methods can be aerobic processes (such as activated sludge treatment methods, 

aerobic digestion, lagoons, ponds, Trickling filtration, and oxidation) or anaerobic processes 

(such as lagoons, anaerobic digestion, and septic tanks) 

These conventional treatments of textiles wastewater can be categorized into primary, secondary, 

and tertiary treatment processes, and are very common in the production of potable water (Ghaly 

et al., 2013). 

 

2.3.1. Primary treatment 

 

The primary treatment consists of a physicochemical pre-treatment that is meant to eliminate 

several refractory COD with the separation of dye effluents (Shyan et al., 2007; Chandran, 2015). 

Some primary treatment methods are screening, sedimentation, homogenization, neutralization, 

and mechanical-chemical flocculation (Vineta et al., 2014). 

 

2.3.2. Secondary treatment 

 

The secondary treatment involves biological treatment. Biological treatment, also known as 

conventional activated sludge systems can eliminate a huge amount of COD (Wang et al., 2011). 

Biological processes can be anaerobic or aerobic. Coupled anaerobic-aerobic treatment may be 



 
 

8 
 

applied in the treatment of azo dyes without their complete degradation due to the increasing 

presence of molecules in the wastewater (Guo et al., 2010; Chandran, 2015). Industrial 

wastewaters are generally treated by biological treatments such as oxidation ditch and pond, 

anaerobic and aerobic digestion, trickling filtration, and aerated lagoon (McMullan et al., 2001; 

Fu & Viraraghavan, 2001). 

 

2.3.3. Tertiary treatment 

 

The tertiary treatment consists of a combination of biological and physicochemical treatment, 

which were developed to treat recalcitrant pollutants (Wang et al., 2011). Tertiary treatment can 

be effective in the removal of dyes by reducing high concentrations of colour from the effluent 

(Chandran, 2015). Some wastewater tertiary treatments include processes such as oxidation 

techniques, membrane–filtration processes, electrochemical processes, thermal evaporation, and 

ion exchange process (Huang et al., 2011).  

Conventional techniques applied to treat textile wastewater are mostly inadequate due to the 

presence of highly toxic reactive compounds such as aromatic components of dissolved organic 

compounds, such as azo dyes. Therefore, more advanced techniques such as advanced oxidative 

processes (AOP) must be used to decolorize and reduce recalcitrant wastewater loads  (Nova et 

al., 2009; Hassaan & Nemr, 2017).  

 

2.4. ADVANCED OXIDATIVE PROCESSES (AOPs) 

 

Advanced oxidative processes (AOPs) are non-conventional but effective methods that can treat 

recalcitrant organic compounds dissolved in wastewater as they can completely degrade these 

compounds into water, carbon oxide, and harmless inorganic substances (Mahlambi et al., 2015). 

AOPs may as well be used as a pre-treatment to decrease the concentrations of toxic pollutants 

followed by biological wastewater treatment processes (Garrido-Cardenas et al., 2019). AOPs 

include all the catalytic and non-catalytic processes that exploit the high effectiveness of the 

hydroxyl radical (OH•) used as a strong oxidant for the formation of harmless by-products 

(Hassaan & Nemr, 2017). These methods use compounds such as O₃, H₂O₂, transition metals, and 

metal oxides as a precursor of OH• with catalysts (including metal oxides and transition metals) 

and energy (such as ultraviolet, visible, electronic current, γ-radiation and ultrasound) (Stasinakis, 
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2008; Studies, 2011). AOPs can use homogeneous or heterogeneous catalysts. In homogeneous 

catalysis, photocatalysts, and reactants are in the same phase. It is very difficult to disassociate 

the photocatalyst from the product in homogeneous catalysis. This can lead to thermal 

decomposition of the photocatalyst. Meanwhile, in heterogeneous catalysis, the reactants 

(generally liquid or gas) and photocatalyst (solid) are in a different phase. The photocatalyst is 

accessible and at the end of the reaction, the photocatalyst and its by-products are easily separated 

(Ranga, 2017). Table 2.2 illustrates the classification of advanced oxidation processes (Mota et 

al., 2008). 

 

Table 2.2: Different processes of advanced oxidation processes AOPs 

 

Types of AOPs Homogeneous processes Heterogeneous processes 

 

 

Non-

photochemical 

- Electro-oxidation 

- Electrohydraulic discharge – 

ultrasound 

- Fenton (Fe3+/H₂O₂ or Fe2+) 

- Ozonation with O₃/H₂O₂ 

- Ozonation in alkaline media (O₃/HO−) 

- Supercritical water oxidation 

(SCWO) 

- Wet air oxidation (WAO) 

 

 

 

Catalytic wet air oxidation 

(CWAO) 

 

 

Photochemical 

- Photo-Fenton (Fe2+ or Fe3+/H₂O₂/UV) 

- Photolysis of water in vacuum 

ultraviolet (VUV)  

- UV/O₃/H₂O₂ 

- UV/H₂O₂ 

- UV/O₃ 

 

Heterogeneous 

photocatalysis: TiO₂/UV, 

TiO₂/H₂O₂/ UV, SnO₂/UV, 

ZnO/UV. 

 

 

Heterogeneous photocatalytic using TiO₂ processes are extensively used for wastewater treatment 

because of their higher effectiveness and large potential for the degradation of recalcitrant 

pollutants and deadly bacteria (Donga et al., 2015; Ranga, 2017). 
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2.5. HETEROGENOUS PHOTOCATALYSIS  

 

Heterogeneous photocatalysis is a treatment based on the photo-activation of semiconductor 

nanoparticles (for example SiO₂, TiO₂, Al₂O₃, ZnS, etc.) by visible light irradiation that generates 

reactive oxidizing species (ROS) which can cause the degradation of organic pollutants (Pelaez 

et al., 2012). The photo-activation of nanomaterials is the transition at an ambient temperature of 

an electron (e−) from the valence band (VB) to the conduction band (CB) due to the absorption 

of photons having equal or higher energy than the band gap energy (Nova et al., 2009). This 

absorption generates oxidizing sites known as holes, h+, in the valence band that reacts directly 

using pollutant or indirectly using wastewater generating OH•. While in the conduction band, the 

electron reduces the oxygen accumulated on the surface of the nanoparticle (Gautam & 

Chattopadhyaya, 2017). This process can lead to the total degradation of toxic pollutants to 

harmless species such as carbon dioxide and water (Rashed et al., 2017). 

Titanium dioxide, TiO₂ is the ideal semi-conductor nanoparticle used in the photocatalytic 

process due to its thermochemical stability, low price, availability, high reactivity under light 

irradiation, and low toxicity (Zhang et al., 2017). The high chemical stability of TiO₂ is one of 

the major advantages that make the heterogeneous photocatalysis a semi-permanent process in 

the degradation of dyes (Kursvuran et al., 2005). However, TiO₂ shows photo-physical 

limitations due to the large energy band gap (2.8 - 3.2 eV) of pure TiO₂. It can only be active 

within the UV spectrum which is less than 5 % of the solar light (Kanakaraju et al.,2014). 

Overcoming these issues will facilitate the utilization of natural sun light for textile wastewater 

remediation (Donga et al., 2015). Moreover, it can be done by modifying the TiO₂ with a 

compound like a metal, non-metal, etc., that has a larger surface area. The surface area of the 

compound should be large enough to support which promotes high photocatalyst distribution and 

increase of the active sites (de Oliveira et al., 2019). 

The mechanism of photocatalytic activation in the TiO₂ and the degradation of pollutants by the 

photocatalytic activity of TiO₂ are demonstrated in Figure 2.1 (Moyet, 2019) and as shown below 

(Gautam & Chattopadhyaya, 2017): 

 

- Activation of TiO₂ by light radiation 

 

TiO₂ + hυ → 𝑒− + ℎ+ + TiO₂         (2.1) 
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This equation shows the subjection of TiO₂ to UV light in a water solution. 

 

- Degradation of pollutants by the photocatalytic activity of TiO₂ 

 

𝑒−  + O₂ → O₂-            (2.2) 

h+ + H₂O → H+ + HO•         (2.3) 

OH• + pollutant →   oxidised pollutant (CO₂, H₂O, etc.)     (2.4) 

 

 

 

Figure 2.1: Schematic illustration of photocatalytic activation in the TiO2 on the removal of 

pollutants (Moyet, 2019). 

 

2.6. TiO₂ MODIFICATIONS 

 

The principal objective of TiO₂ modifications is to reduce its energy band gap thus moving its 

optical response from the UV to the visible region and reducing the electron-hole pair 

recombination. Several modifications techniques including doping with metals and non-metals, 

dye sensitization, deposition with noble metals, and coupled semiconductors have been applied. 

However, studies show that doping has a positive effect on TiO₂ because it introduces elements 

such as metal and non-metal in the titania structure that lead to the increase of its photo-activity 
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by changing the functional properties of the TiO₂ (Wei et al., 2008; Wong et al., 2008;  Mahlambi 

et al., 2015). Figure 2.2 demonstrates the effect of doping and the photocatalytic process of TiO₂. 

 

Figure 2.2: Impact of doping and photocatalysis process of TiO₂ (Hoffmann et al., 1995). 

 

The impact of doping in the photocatalyst is regulated by factors, such as the nature of the dopant, 

the synthesis process, and the physicochemical properties of the photocatalyst. Various ways of 

increasing the photo-activity of TiO₂ are mentioned below. 

 

2.6.1. Non-metal doping 

 

TiO₂ supported with a non-metal (such as C, F, B, S, Cl, N, and Br) has been considered as 

second-generation photocatalysts. Studies show that modifying TiO₂ with a non-metal may 

inhibit the electron-hole pair recombination (Wang et al., 2011, Zhang et al., 2011). Lately, 

doping with non-metal, such as C, I, F, S, P and N, has been widely investigated due to their 

relatively high photoelectric properties and photocatalytic stability that may modify the electronic 

structure of the TiO₂ (Kang et al., 2019). However, compared to the metal-doped TiO₂, the 

purpose of the non-metal doped TiO₂ is to decrease the recombination of electron-hole pairs. In 
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this doping, oxygen atoms are substituted by the non-metal in the TiO₂ lattice, which may greatly 

reduce the band gap and therefore increase the visible light response of TiO₂ (Muhich et al., 2014; 

Kang et al., 2019). Notably, non-metal doping at the atomic grade can maintain the intrinsic 

surface properties of the TiO₂, as the dopant act as an isolated particle instead of clusters 

throughout the surface (Donga et al., 2015). Moreover, the exceptional distribution of dopant 

states is usually found nearly over the VB maximum, making the photo-generated holes on these 

states oxidative enough for further photo-reactions (Mahlambi et al., 2015). 

 

2.6.2. Metal oxide doping 

 

Doping with more than one metal oxide such as ZrO₂, WO₃, Fe₂O₃, SnO₂, Ln₂O₃, RuO₂ may lead 

to the enhancing of TiO2 photocatalytic effectiveness and inducing the diminishing of the band 

gap by causing a structure modification into the TiO2. Therefore, the photocatalytic activity is 

increased and the metal oxides expand the TiO₂ surface (Mahlambi et al., 2015). However, some 

of the metal oxides are thermodynamically unbalanced, for instance, RuO₂/TiO₂, thus causing the 

electron-hole pair recombination and greatly reducing the photo-activity (Beydoun & Amal, 

2002). 

 

2.6.3. Metal-ion doping 

 

The modification of TiO₂ with transition and noble metal including Pt, Au, Ag, Cu, V, Ni, and Sn 

has been found to increase the photo-response and photocatalytic activity of TiO₂ into the visible-

light region (Donga et al., 2015). Metal-ion doping can lead to the duplication of the CB in TiO₂ 

with the d-orbital of the transition metal, that produces the decrease in the energy band gap 

(Mahlambi et al., 2015). It leads to the creation of new energy levels between the VB and CB 

with electron transfer due to light absorption into the visible light region. Transition metal ions 

can also play the role of recombination sites for the photo-induced charge carriers, therefore, 

decreasing the quantum effectiveness (Ghasemi et al., 2009; Mahlambi et al., 2015). 

Metal-ion doping may enhance the rate of centre recombination and generate thermal imbalance. 

It is therefore essential to prevent this by considering the effective quantity of the metal-ion 

during the synthesis of the doped TiO₂ compposites. Although the metal-ion level crosses the 

optimum limit (at a very low concentration), it acts as the recombination centres for charge 
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carriers by causing photo-activity. The existence of an acceptable quantity of metal-ion doping 

(optimum limit) guarantees that the metal particles simply appear as electron traps thus helping 

electron-holes split (Gorska et al., 2008). 

 

2.7. PORT JACKSON WILLOW (ACACIA SALIGNA) 

 

The Port Jackson Willow (PJW) is a flexible tree that grows rapidly in semi-desert regions 

(including South Africa) as windscreens and as an ornamental tree (Cronk & Fuller, 1995). It has 

become an invasive species outside of its natural range, therefore threatening biological diversity 

and is categorized as an Invasive Alien Plan (IAP). IAP harms the ecosystem by consuming more 

water than local plants, exhausting valuable water resources, and also providing material for 

wildfires, making them exceptionally hot, which destroys the soil structure and sterilise the soil 

for up to three years (Richardson & kluge, 2008). This results in negative ecological, social, and 

economic impacts. As we depend on biodiversity for water, food, wood, clean air, medicine, and 

much more, we must protect this resource. 

 

2.7.1. Identification of the Port Jackson Willow 

 

PJW is a sprout that grows in sandplain, near rivers, wetlands, and on the coastal plain where 

there is a high-water table. The bark of young plants or new branches is smooth and greyish, but 

as the plant grows older, it darkens and cracks. This plant has long, slender blue-green phyllodes 

that look like leaves. The phyllodes measure around 1 to 5 cm large and 20 cm long with one 

clear midrib. (Hildegard, 1987). Such phyllodes make the tree appear as a willow tree while it is 

truly an acacia tree. The PJW generates bouquets of shining yellow flowers such as tiny pom-

poms from Spring to midsummer. The thin, linear shucks are brownish with a neutral border, and 

little bound among the seeds. They fall off the plant after releasing the shiny dark brown seeds. 

 

2.7.2. Invasion of the Port Jackson Willow in South Africa 

 

Port Jackson Willow was brought from Australia to South Africa for dunes stabilization, animal 

foods, and a source of woods, also because its peels entered into the process of tanning leather 

and for ornament (Cronk & Fuller, 1995; Midgley & Turnbull, 2003). The PJW is a persistent 
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seed bank, that is expanded by a stream and enfolded by local ants, that may rapidly uproot after 

a fire or rain due to its impermeable seed dormancy ability (Richardson & Kluge, 2008). The 

seeds may also be distributed when sand for roads, buildings etc., is transported from quarries or 

riverbanks where these trees are numerous (Hildegard, 1987). The Port Jackson willow quickly 

invaded offshore and stream areas (Cronk & Fuller, 1995). 

PJW crops can grow in poor and calcareous soil because their roots contain symbiotic bacteria 

that catch Nitrogen gas from the air and turn it into fertilizer for the plant. It has been listed as an 

invasive alien plant in the Cape Floristic Region of South Africa, where it has displaced native 

species through changing fire regimes (Richardson et al., 2004). 

 

2.8. SYNTHESIS OF BIOCHAR (CARBON) 

 

Biochar is a solid carbonaceous material with stable sequestration (Kuzyakov et al., 2009). 

Research has shown that biochar may be used as a cost-effective sorbent in the removal of 

pollutants in wastewater due to the chemical groups (-COOH, COO-, -C=O, -C=O, -OH, etc.) 

present on its surface (Zhang et al., 2012; Oliviera et al., 2021). Biochar is an excellent platform 

for supporting various metal oxides catalytic nanoparticles due to its high surface energy with a 

controlled pore size (Mahlambi et al., 2015), easy tuneable functional groups, chemical stability, 

strong magnetic attraction (Mian & Liu, 2018) easy availability, and simplicity of operation 

(Nguyen et al., 2020). Biochar can also improve the reactivity of the nanomaterial by increasing 

the surface area and the number of active sites of the metallic nanoparticles and also ameliorate 

the charge separation of the e-/h+ pair during the photocatalysis (Mian & Liu, 2018); which, 

consequently, enhances the photodegradation of organic pollutants (Kang et al., 2019). However, 

the proprieties of biochar are determined by the characteristics of the precursor (biomass) for 

example the size, density, rigidity, and percentage of the ash and its composition (Spokas et al., 

2012).  

Biochar is a product of pyrolysis of renewable and sustainable carbon-based material (biomass) 

such as plant and animal materials used as precursors. Pyrolysis is the thermochemical 

degradation of biomass happening in the absence supply of oxygen. The process depends on 

factors including thermal environment (from 200oC to 700oC), yielding materials with their 

chemical composition (Oliviera et al., 2021), moisture, particles size (Salman, 2020), rate of 

heating, and removal time (Zhang et al., 2011). The pyrolysis temperature is one of the most 

important parameters that influence the proprieties of the final product (Oliviera et al.,2021).  
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Pyrolysis processes can be categorized as torrefaction (200oC – 320oC) and produce materials of 

amorphous carbons predominance, slow pyrolysis (350oC – 700oC) that takes several hours and 

fast pyrolysis (450oC – 550oC) that takes minutes to complete the process and is mostly used 

(Spokas et al., 2012). Above the temperature of 700oC, carbonization with oxygen and hydrogen 

elimination occurs leading to the formation of carbon material with a higher amount of aromatic 

structures (Oliviera et al., 2021). 

 

2.9.  SYNTHESIS OF TiO2-SUPPORTED BIOCHAR COMPOSITES 

 

The processes used for the synthesis of TiO₂-supported biochar composites are mentioned below: 

 

2.9.1. Sol-gel process 

 

The sol-gel method is a process in which a Sol (liquid) changes gradually to a Gel (solid phase). 

Sol is a colloidal solution in which particles are in suspension in a liquid. And a gel is a semi-

solid material with a three-dimensional continuous system, that is enveloped in a liquid (Kumar, 

2018). This process is used for the deposit of TiO₂ composites on the surface of biochar (Rashed 

et al., 2017) and is done as follow : 

(1) Pyrolysis of Biomass to obtain biochar; 

(2) Acid treatment to increase the surface area of biochar followed by TiO₂ deposition on the 

surface of biochar; and finally.  

(3) Heat treatment of TiO₂-supported biochar to obtain a composite with a stable structure (Mian 

& Liu, 2018).   

 

2.9.2. Solvothermal process 

 

The solvothermal method is the hydrothermal synthesis of composites at a wide range of 

temperature (from 100°C to 1000°C) and pressure (from 1 atm to 10 000 atm) in a solvent with 

high boiling points (such as ethanol) without changing the nanomaterial composition (Kumar, 

2018). The solvothermal process is done as follow:  

(1) The deposition of TiO₂ onto biochar, then mix with an ethanol solution.  
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(2) The mixture was placed into a Teflon-lined stainless-steel autoclave, followed by a 

solvothermal treatment overnight.  

(3) The resulting powder was washed, dried, and calcined to obtain TiO₂-supported carbon 

composites (Mian & Liu, 2018).  

 

2.9.3. Sonochemical process 

 

The sonochemical synthesis is the preparation or modification of inorganic composites with high-

surface-area by using sonochemistry principles (Gong & Hart, 1997) and is done as follows: 

Firstly, biochar was prepared via thermal decomposition of biomass, then the obtained biochar 

was mixed with TiO₂ in the presence of a solvent (for-example ethanol) follow by sonication of 

the mixture. After sonication, the solvent was then removed via a rotary vacuum evaporator. 

Finally, the obtained material was dried and calcined to obtain TiO₂-supported biochar composite 

(Mian & Liu, 2018). 

 

2.10. TiO₂-SUPPORTED CARBON COMPOSITES IN PHOTOCATALYSIS 

 

Extensive studies have been done on the photo-activity of TiO₂-supported carbon composite in 

the degradation of organic pollutants. Azo dyes are one of the most studied pollutants in 

photocatalytic degradation, due to their large utilization in the industry (e.g. textile industry) and 

their harmful properties including mutagenic and carcinogenic effects and may negatively impact 

on before human health and the environment (Castro et al., 2019; Chiu et al., 2019). 

 

 Subramani et al. (2007) studied the degradation of indigo carmine dye using TiO₂-impregnated 

activated carbon nanocomposites under 8 W UV lamps. Their result revealed that the initial 

concentration of the dye and amount of the catalyst can greatly affect photocatalytic performance. 

The mineralization of the dye was revealed by the reduction in COD. Singh et al. (2016) studied 

the degradation of direct blue 199 dye using activated carbon-based TiO₂ composites under a 196 

W mini lamp. They also studied the reaction kinetic modeling of the photocatalytic, sonocatalytic, 

and sono-photocatalytic processes. Their results showed that the sono-photocatalytic process 

showed maximum degradation. However, the photocatalytic reactor was more efficient as it 

consumed less energy. They also demonstrated that the degradation reactions of direct blue 199 

followed the Langmuir–Hinshelwood model.  
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Xing et al. (2016) studied the degradation of rhodamine B using activated carbon-based TiO₂ 

composites under a 450 W high-pressure mercury lamp. They also investigated the effect of 

loading cycles of TiO₂ on the structural properties. The results indicated that after multiple 

loading cycles the porosity of TiO₂/AC composites decreased and the dispersibility of TiO₂ 

particles on the AC surface becomes less uniform. The highest photocatalytic activity was 

observed after 2 loading cycles. 

 

Rashed et al. (2017) studied the adsorption and photocatalysis of TiO₂/sewage sludge-based 

activated carbon composites for the removal of methyl orange and Cd in wastewater using a 15 

W UV irradiation lamp. They also investigated the parameters affecting the photocatalytic 

process such as solution pH, TiO₂:  sewage sludge-based activated carbon ratios, nanocomposite 

dosage, UV irradiation time, and initial pollutant concentrations. Their results showed that these 

factors have a direct effect on photocatalysis efficiency.  

 

Zhang et al. (2017) reported the adsorption and photocatalysis degradation of acid red 18 using 

ordered mesoporous TiO₂-doped activated carbon under an ultraviolet lamp. They also studied 

the kinetic model. They reported that the adsorption and photocatalytic degradation followed the 

pseudo-second-order kinetic model. The complete mineralization of dyes might have occurred 

due to the presence of strong oxidizing free radicals provided by M-TiO₂.  

 

Nguyen et al. (2020) studied the kinetics of adsorption and photocatalysis in the removal of 

phenol, naphthol blue-black, and reactive black 5 under UV lamps. Their kinetic analysis 

revealed that the adsorption-assisted photocatalysis performance depended on the similarity of 

the initial rates of adsorption and degradation determined by the properties of the photocatalyst 

and the dye. 

 

Mondol et al. (2021) synthesised activated Carbon/TiO₂ nanohybrids by hydrothermal technique. 

They investigated the photocatalytic activity of activated carbon/TiO₂ nanohybrids by 

degradation of Reactive Red-35 dye using solar irradiation in open-air. Their report showed that 

the photodegradation was mainly controlled by the radicals •OH and •O₂‾. The photocatalytic 

performance was significant due to the synergistic effect of adsorption and photodegradation 

activity of the nanohybrids.  
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The Table 2.3 gives previous research done on the synthesis of TiO₂-doped carbon composites 

and their energy band gap. It can be noted that most of these reports show a decrease in band gap 

and therefore enhance the photocatalytic activity of TiO₂.  

 

Table 2.3: Summary of previous studies on TiO₂-doped carbon band gap. 

 

Photocatalyst Band gap 

(eV) 

Reference 

Carbon modified TiO₂ 2.60 Chao et al., 2009 

 

Carbon-doped mesoporous TiO₂ 

 

2.77 

 

Hu et al., 2013 

 

Carbon-doped Titanium 

 

2.44 

 

Wei et al., 2014 

 

C-doped Titania film 

 

2.02 

 

Klaysri et al., 2017 

 

TiO₂ / C-dot 

 

3.10 

 

Syafei et al., 2017 

 

Carbon-doped TiO₂ 

 

2.20 

 

Sarunas et al., 2019 

 

Carbon-doped TiO₂ 

 

2.82 

 

Cheol et al., 2021 

 

C-doped TiO₂ 

 

2.71 

 

Au-pree et al., 2021 

 

The synthesis of TiO₂-supported carbon composite has been reported as enhancing the 

photocatalytic activity of TiO₂ and is effective for dye removal in wastewater. Table 2.4 below 

shows several studies on the photocatalytic performance of TiO₂-doped carbon composites done 

in the removal of azo dyes. 
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Table 2.4: Summary of extensive researches on photocatalytic degradation of reactive dyes using TiO₂-doped Carbon nanoparticles. 

 

Photocatalyst Biomass Pollutant Degradation 

Efficiency 

Synthesis method References 

TiO₂-impregnated AC Commercial AC Indigo Carmine 91.06 % Hydrothermal Subramani et al., 

2007 

TiO₂/AC Rice husk Direct blue 199 92 % Sol–gel Singh et al., 2016 

TiO₂-doped AC Lignite Rhodamine B 93.20 % Sol-gel Xiang et al.,2016 

TiO₂/Sewage Sludge-

based activated carbon 

Sewage Sludge Methyl orange 94.28 % Sol-gel Rashed et al., 2017 

TiO₂/AC Wallut Shell Acid red 18 92.30 % Sol-gel/ 

Ultrasound 

Zhang et al., 2017 

TiO₂/AC Commercial AC Naphthol blue black  

Reactive black 5 

90 % 

85 % 

Hydrothermal Nguyen et al., 2020 

AC/ TiO₂ nanohybrids Commercial AC Red-35 95 % Hydrothermal Mondol et al., 2021 
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CHAPTER 3 

METHODOLOGY 

 

 

This chapter gives a detailed account of the experimental procedures followed to attain the 

objectives of this study regarding the photocatalytic degradation of orange II sodium dye in textile 

wastewater.  

 

3.1. CHEMICAL REAGENTS AND MATERIALS  

 

All the chemicals used in this research for the preparation of photocatalyst composites and 

simulated textile wastewater, including hydrochloric acid solution (≥ 37 %), nitric acid solution 

(≥ 65 %), ethanol (≥ 99 %), titanium (III) trichloride solution (≥ 12 %), and orange II sodium salt 

(≥ 85 %), were obtained from Merck and Sigma Aldrich. Deionised water in milli-Q water (18 Ω 

cm). Port Jackson Willow leaves were used as raw material for the preparation of Biochar. 

 

3.2. PREPARATION OF PHOTOCATALYST NANOCOMPOSITES AND 

SIMULATED TEXTILE WASTEWATER 

 

3.2.1. Synthesis of biochar 

 

The Biochar was prepared by pyrolysis of the Port Jackson Willow leaves. The leaves were 

washed multiple times with deionised water to eliminate impurities such as dust, then dried and 

ground. 10.0 g of the dried powdered leaves was put in a Teflon crucible and placed in an oven 

at 285oC at a different time ranging from 1 hour to 3 hours to obtain biochar. 

The yield of the biochar was obtained after the carbonization of the PJW leaves in the oven. The 

percentage of biochar yield was calculated from the following equation (Sadaka et al., 2014): 

 

𝑦𝑖𝑒𝑙𝑑 =
𝑚(𝑏𝑖𝑜𝑐ℎ𝑎𝑟 )

𝑚(𝑟𝑎𝑤)
 𝑥 100        (3.1) 
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Where yield is the mass yield of biochar (%), m(biochar) is the masse of obtained biochar (g), 

m(raw) is the masse of raw biomass (g). 

The ash content was obtained as follows: 5 g of the dried sample was put in a crucible and placed 

in the muffle furnace for 20 hours at 570oC. 

 

Calculation of percentage of the ash-based on formula (Nielsen, 2010):  

 

% =
𝑤𝑒𝑖𝑔ℎ 𝑎𝑓𝑡𝑒𝑟 𝑎𝑠ℎ𝑖𝑛𝑔 – 𝑡𝑎𝑟𝑒 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑤𝑒𝑖𝑔ℎ

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ
      (3.2) 

  

 

3.2.2. Synthesis of the photocatalyst composites 

 

TiO₂ composites were synthesised by a hydrothermal method (Joni et al., 2018) and TiO2-

supported biochar composites were obtained from the mixing of TiO₂ and biochar using an 

ultrasound method. 

 

3.2.2.1. Synthesis of TiO₂ composites 

 

TiO₂ composites were synthesised using a hydrothermal process with TiCl₃ as a precursor (Figure 

3.1). Firstly, 7 ml of TiCl₃ were added to 1.5 ml concentrated HCl and 9 ml of distilled water 

(used as a solvent) and stirred for 15 minutes. The resultant solution was put in a water bath at 

80°C for 10 minutes before slowly adding 6 ml of concentrated HNO₃ as the reaction is highly 

exothermic. The heating was then continued for 4 h, 6 h, 8 h, and 10 h. The resultant titanium 

solution was then washed multiple times via centrifugation with distilled water to remove the 

excess acid and put in a desiccator. 

 

3.2.2.2. Synthesis of TiO2-supported biochar composites 

 

TiO2-supported biochar composites were obtained using an ultrasound process by the mixing of 

TiO2 synthesised from TiCl3, biochar at different ratios (2:1, 2:2, 2:3, and 2:4), and 10 ml of 
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ethanol used as a solvent (Figure 3.2). The mixture was then sonicated for about 1 hour at room 

temperature. The solution was then put in the oven for 24 hours at 80oC to remove the excess  

solvent. Subsequently, samples were calcined under the N2 stream at 500oC for 5 hours. The 

obtained powders were washed several times via centrifugation with ethanol to remove impurities 

and put in the desiccator. 

 

 

 

Figure 3.1: Flow chart of synthesis of TiO2 composites by hydrothermal process.  
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Figure 3.2: Flow chart of synthesis of TiO₂-supported biochar composites by ultrasound 

process. 

 

3.2.3. Preparation of simulated textile wastewater 

 

The simulated textile wastewater was prepared by dissolving 20 mg of reactive orange II sodium 

salt in deionised water in 1000 ml volumetric flasks to obtain a solution of 20 ppm of orange II 

sodium dye. This solution was sealed in the reagent bottle and stored at room temperature. 

 

3.2.4. Properties of orange II sodium dye 

 

Orange II sodium; also known as acid orange 7, acid orange A and orange II; is an azo dye pH 

indicator and is relevant in biological applications. Orange II is commonly found in cleaning 

TiO
2
 Biochar in ethanol 

Sonication for 1 hour 

Drying in the oven for 24 hours at 80°C 

Washing via centrifugation with ethanol  

TiO
2
-supported biochar composites 

Calcination in a furnace for 5 hours at 500°C 

N
2
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products, cosmetics, personal care, food, and beverages. The general characteristics of orange II 

sodium are summarized in Table 3.1. In this study, orange II was used as a model dye. 

  
Table 3.1: Characteristics data of orange II sodium 

 

Dye structure 

 

Properties 

  

 

 

 IUPAC Name: 4-(2-Hydroxy-1-

naphthylazo) benzenesulfonic acid 

sodium salt 

 Wavelength: 483 nm 

 Dye class: azo dye 

 MW: 350.32 g.mol-1 

 Molecular formula: C16H11N2NaO4S 

 

 

 

3.3. PHOTOCATALYTIC DEGRADATION OF ORANGE II SODIUM DYE 

 

The photo-activity of the TiO₂-supported biochar composites was assessed by the photochemical 

degradation of reactive orange II sodium in simulated textile wastewater under visible light. The 

investigations were executed in 100 ml of the Teflon container, at room temperature in the 

presence of air and a constant agitation speed (200 rpm). The TiO₂-supported biochar was spread 

in a solution of 50 ml of orange II sodium salt (20 ppm). The solution was put in the dark for 20 

minutes to set up the adsorption-desorption equilibrium between the TiO₂-supported biochar 

composites and the reactive orange II sodium molecules. The samples were then put below a 160 

W Mega-Ray irradiation lamps light using a UV filter (450 nm) at room temperature in the 

presence of air and a regular agitation speed (200 rpm). The samples were centrifuged and then 

monitor via the UV-Visible spectrophotometer to measure dye concentration.  

 

Calculation of photocatalytic efficiency was done on the formula:  

 

 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) = 100 𝑥 
𝐶𝑜−𝐶 

𝐶𝑜 
        (3.3) 
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Co is the initial concentration of orange II sodium, C is the concentration of orange II sodium 

when the reaction time is t. 

 

3.4. ANALYSING TECHNIQUES 

 

3.4.1. Ultraviolet-Visible spectrophotometry (UV-VIS) 

 

The Optical proprieties of the TiO₂ and the TiO₂-supported biochar composites were measured 

on a UV-1800 Shimadzu spectrophotometer. The degradation of the orange II sodium dye was 

also monitored similarly. Measurement were made by putting water (the blank) in the reference 

cell and the liquid sample in quartz cuvette, the wavelength ranged from 200 nm to 800 nm. The 

energy band gap of TiO₂ and TiO₂-supported biochar composites have been obtained by the use 

of the Tauc method that is expressed with the aid of the following equation (Makula et al., 2018):  

 

(𝛼ℎ𝜐)² = 𝐾(ℎ𝜐 –  𝐸𝑔)                   (3.4) 

 

Where h is the Planck constant, υ is the photon’s frequency, 𝛼 is the molar extinction 

coefficient, Eg is the band gap energy, K is a constant, and hυ is the energy of the incident wave.  

 

𝐸𝑔 =
1240

𝜆
             (3.5) 

 

Where λ is the frequency 

 

𝛼 = 2.303 × 𝑙𝑜𝑔
𝐴

𝑡
           (3.6) 

 

Where A is absorbance and t is the thickness of the cuvette. 

 

3.4.2. Fourier transform infrared spectroscopy (FTIR) 

 

The surface performance of the Port Jackson willow leaves, biochar, TiO₂, and TiO₂-supported-

biochar was characterised with the aid of FTIR. Measurements were made on a Perkin Elmer 
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1000 series Fourier Transform Infrared (FTIR) spectrometer. The functional groups of the sample 

were determined through FTIR based on its special absorption frequency. The wave energies are 

immediately proportional to the absorption frequency given by using Hooke's law: 

 

ῡ =
1

2𝜋𝑐
√

𝑘

𝑢
            (3.7) 

 

Where ῡ, c, k, and μ are vibrational frequency, speed of light, force/spring constant, and reduced 

mass of bonding atoms, respectively (Berthomieu & Hienerwadel, 2009). 

 

3.4.3. Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS)  

 

Scanning electron microscopy joined together with energy-dispersive x-ray spectroscopy (SEM-

EDS) was used to learn about the surface morphology of Port Jackson willow leaves, Biochar, 

and TiO₂-supported biochar composites. SEM is the best technique to use because it offers details 

on the diameter and association of the pores of the sample structure. The SEM instrument used 

was coupled with EDS to a computerized image investigation system using a backscattered 

electron beam (BSE). The x-ray detector of the EDS calculates the wide variety of emitted x-rays 

in opposition to their energy. A spectrum of energy x-rays was obtained and assessed for 

qualitative and quantitative identification of existing chemical elements in the samples. The 

powder samples were coated with K950X EMITECH sputter coater for 3 minutes before the 

analysis. SEM images were obtained using the 1450 Scanning Electron Microscopy Unit at 

University of the Western Cape. 

 

 

3.4.4. X-ray diffraction (XRD) 

 

TiO₂ and TiO₂-supported biochar composites have been characterised by XRD to determine their 

crystal structure and inside atoms arrangement (Bunaciu et al., 2015). XRD spectra were got from 

a BRUKER AXS D8 Advance x-ray diffractometer outfitted with a LynxEye detector, the use of 

Cu-Kα radiation (λKα1=1.5406 Å) supply in the vary of 5o to 90o. The particle size, D, of the 

nanomaterial was decided from powder x-ray diffraction (XRD) spectra by using Scherrer’s 

formula: 
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 𝐷 =
𝐾 𝜆

𝐹𝑊𝐻𝑀 𝑐𝑜𝑠𝜃 
           (3.8) 

The K factor in Scherrer’s formula is dimensionless and accounts for the form of the specimen 

and frequently has the price of 0.9 or close to unity. λ is the wavelength and FWHM is the full 

width of the peak at half the maximum depth after subtraction of instrumental noise and its 

represented the diffraction angle in radians, θ is the height position in radians (Jensen et al., 2006). 

 

3.4.5. Brunauer–Emmett–Teller (BET) 

 

The change of the TiO₂ with biochar was studied by using BET. This method uses a size of the 

physisorption of gas to derive a value of surface area regarding the characterization of porous and 

finely-dispersed solids for a sample. The gas molecules can skip between particles and into all 

pores, cracks, and floor roughness so that the measurement probes the full microscopic surface 

place of the sample. The BET model gives the quantity of adsorption, at a constant temperature, 

relative to the quantity in a single monolayer. It is a sorption isotherm model (Ambroz et al., 

2018): 

 
𝑛𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

𝑛𝑚
=

𝐶 (𝑃/𝑃0)

(1 − 𝑃/𝑃0)(1 + (𝐶 − 1)𝑃/𝑃0)
 

(3.9) 

  

where P and Po are the equilibrium and the saturation pressure of adsorbates at the temperature 

of adsorption, respectively, C is a constant considered to relate the adsorption strength of the first 

layer to the enthalpy of vaporisation of the liquid adsorbate. 

 

3.5.  PARAMETERS AFFECTING THE PHOTOCATALYTIC DEGRADATION 

PROCESS 

 

 

3.5.1. Effect of catalyst loading 

 

The catalyst loading is one of the important parameters in the photocatalytic degradation 

efficiency due to the increase in the quantity of catalyst the number of active sites onto the surface 

of the catalyst which subsequently leads to the increase of hydroxyl radical (Akpan & Hameed, 

2009; Gnanaprakasam et al., 2015). The photocatalytic effectivity of TiO₂ and TiO₂-supported 
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biochar on the decolouration of orange II Sodium was evaluated at exclusive catalyst loading in 

the range of 50 mg/L to 250 mg/L for 60 minutes the use of 20 ppm of orange II sodium dye. 

 

3.5.2. Effect of pH 

 

The solution pH affects photocatalytic decolouration because it changes the quantity onto the 

surface of the catalyst (Ajmal et al., 2014). Hence pH takes an essential part in the qualities of 

the wastewater and in the dye degradation process during generation of hydroxyl radicals (Riaz, 

2013). To study the impact of pH, the degradation of orange II sodium was performed at pH 4 to 

pH 10 using a solution of 20 ppm of orange II sodium dye. Concentrated sodium hydroxide 

(NaOH) and concentrated hydrochloric acid (HCl) were used to adjust the pH in the solution. 

 

3.5.3. Effect of initial dye concentration 

 

The initial concentration of organic dyes strongly influences the photocatalytic degradation 

efficiency and the quantity of dyes adsorbed onto the surface of the catalyst (Chiu et al., 2019). 

The impact of dye on photocatalytic degradation of orange II sodium was studied in the presence 

of TiO₂ and TiO₂-supported biochar composites. The initial concentration of dye was varied from 

20 ppm to 50 ppm at catalyst loading 200 mg/L. 

 

3.5.4. Kinetics studies 

 

During the photodegradation process, the concentration of orange II sodium dye decreased as a 

function of time. Therefore, the kinetics of the study was analysed by using the Langmuir-

Hinshelwood kinetic model. The pseudo-first-order kinetics were tested for the photodegradation 

procedure the use of the following equation (3.10): 

 

ln
𝐶𝑜

𝐶𝑡
= 𝐾𝑡          (3.10) 

 

 

Where Co, and Ct represent the initial concentrations of orange II sodium dye, the concentration 

of orange II sodium dye at time t respectively. K observed pseudo-first-rate coefficient rate 
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coefficient (Irani et al., 2016). The effect of dye concentration on the rate r of degradation is 

given in the form of the following equations (3.10): 

 

𝑟 =
𝐾𝐾𝐶

1+𝐾𝐶
          (3.11) 

 
1

𝑟
=

1

𝐾𝐾𝐶
+

1

𝐾
          (3.12) 

 

 

where C is the concentration of the orange II sodium dye at time t, K is the reaction rate constant 

in min−1 and K is the Langmuir adsorption constant. K reflects the limiting rate of the reaction at 

maximum coverage under the given experimental conditions K represents the equilibrium 

constant for the adsorption of orange II sodium on the illuminated catalyst (Jamil et al.,2012). 

 

3.5.5. Determination of the electrical Energy Efficiency per order (EEo) 

 

Photocatalytic degradation is an energy process as it uses electrical power for the procedure to 

run and can affect the running costs. The International Union of Pure and Applied Chemistry 

(IUPAC) introduced two figures-of-merit for Advanced Oxidation Processes (AOPs) on the 

utilization of electrical energy (Bolton et al., 2001). In the degradation of low pollutant 

concentrations, the applicable figure-of-merit is the electrical energy per order (EEo), described 

as the number of kilowatt-hours of electrical energy needed to remove 90 % of the pollutant in 1 

m³ of wastewater. The EEo for the pseudo-first-order was calculated using the following 

equations (3.13) and (3.14) below: 

 

𝐸𝐸𝑜 =  
𝑃 𝑥 𝑡𝑥 100

𝑉𝑜 𝑥 60 𝑥 log𝐶𝑜
𝐶⁄

        (3.13) 

 

𝐸𝐸𝑜 =  
𝑃 𝑥 38,4

𝑉𝑜 𝑥 𝑘
                    (3.14)

  

Where P is the power (kW) of the system, t (h) is the duration, Vo (m³) is the treated volume, and 

Co and C are the initial and final dye concentrations (mg/L), respectively. 
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3.5.6. Reusability of the photocatalyst 

 

The reusability of photocatalyst is a very vital key in green technology for an environmental 

benefit that determines the stability of a photocatalyst (Saggioro et al., 2011). To evaluate the 

reusability of TiO₂-supported biochar, the photocatalyst was separated from the reaction 

combinations by centrifugation, washed numerous times with distilled water and kept in the oven 

overnight at 80°C and reused for the degradation of orange II sodium under the same conditions 

for three times. 
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CHAPTER 4 

CHARACTERISATION OF THE BIOCHAR, TiO₂ AND TiO₂-

SUPPORTED BIOCHAR COMPOSITES 

 
This chapter discusses in detail the characterisation of the synthesised biochar from Acacia 

saligna (PJW) leaves, TiO₂ from TiCl₃, and TiO₂-supported biochar composites from the mixing 

of synthesised TiO₂ and biochar. The discussion includes the optical absorption properties of the 

samples with UV-Vis spectrophotometer and the analysis of the morphology and amorphous 

structure with scanning electron microscopy (SEM). The functional group identification was 

done with the aid of Fourier transform infrared spectrophotemetry (FTIR).  Furthermore, the 

discussion on structural properties of a sample with XRD and surface area and pore size 

distribution with Brunauer-Emmett-Teller (BET) were used for further characterization of the 

synthesized samples. 

 

4.1. CHARACTERISATION OF BIOCHAR OBTAINED FROM PJW LEAVES 

 

The yield of the biochar was obtained after the carbonization of the PJW leaves in the oven. As 

shown in Table 4.1, the yield increased with the increasing time of pyrolysis from 68.90 % at 1 

hour to 70.90 % at 2 hours and then decreased to 70.68 % after 3 hours. Previous studies show 

that the yield decline due to the combustion of organic materials and the destruction of 

components such as hemicellulose which decomposes at 220o - 300oC. This process is 

corresponding to the torrefaction process (Yang et al., 2004; Batista & Gomes, 2021). The 

chemical composition of the biochar was obtained using EDS analysis. These results revealed the 

presence of carbon and oxygen as the main constituents and inorganic minerals such as Ca, K, 

Cl, and S, which could explain the high percentage of the ash content as shown in Table 4.1 

below. 

The percentage ash content is given in Table 4.2. The results show that the ash content is lower 

in Port Jackson Willow than in the biochar due to the mineral elements found in the ash remaining 

in biochar following carbonization (Al-Wabel et al., 2013). 
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Table 4.1: Yield and chemical compositions of the biochar after varying pyrolysis times. 

[PJW leaves weight = 10.0 g; temperature = 285oC]. 

 

Pyrolysis 

Time (hours) 

Yield (%) Carbon (%) Oxygen (%) Others elements (%) 

1 68.90 78.62 19.05 2.33 

2 70.90 75.11 22.26 2.63 

3 70.58 77.57 19.30 3.14 

 

According to Stella et al. (2016), the carbonaceous material is divided according to the percentage 

of the ash content such as low (< 5 %), medium (5 – 10 %), and high (> 10 %). Therefore, the 

ash content of PJW leave of 8.07 % was medium, and the ash content of biochar was classified 

as high.  

  

Table 4.2: Ash content at differents time 

 

Sample Pyrolysis time 

(hours) 

Ash content (%) 

Port Jackson Willow - 8.07 

Biochar 1 10.55 

Biochar 2 10.76 

Biochar 3 11.23 

 

The Fourier transform infrared spectra of the PJW leaves and the biochar prepared at different 

times are similar and are shown in Figure 4.1. The band at 3261 cm-¹ is attributed to the -OH 

stretching vibration due to the surface adsorbed moisture. The peaks at 2991 and 2847 cm-¹ are 

assigned to -CH₂- symmetric stretching of an alkyl which is consistent with the C–H stretching 

appearing at 1376 cm-¹ (Saraswati et al., 2015). The peaks 1721 and 1446 cm-¹ are attributed to 

the C=O stretching vibration in the carboxylic groups. The 1629 cm-¹ is ascribed to the C=C 

stretching variation in aromatic rings (Tahir, 2019). The absorption peaks at 1039 cm−¹ 

correspond and to the C-O-C stretching vibration from esters and ethers (Maulidiyah et al., 2015; 

Gee et al., 2020). The small peak at 832 cm-¹ proves the presence of an alkene out-of-plane bend. 

The band below 1000 cm-¹ shows the presence of a metal oxide mode which indicates the 

presence of a metal, as also supported by EDS analysis (see Section 4.5). 
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Figure 4.1: FTIR spectra of PJW leaves and Biochars at 1 h, 2 h, and 3 h. 

 

 

Figure 4.2 gives the SEM images of the surface morphology of the PJW and synthesized biochars. 

These appear rough and display a morphology with irregular and small porous surfaces that 

indicated a low porosity.  
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Figure 4.2: SEM images 10 µm: (A) Port Jackson Willow leaves (B) biochar at 1 h (C) biochar 

at 2 h and (D) biochar at 3 h. 

 

X-ray scattering revealed structural similarity among the biochars at 2 h and 3 h, which can make 

them more resistive in the environment, heavily depending on their physical structure. The peak 

was at 15°, which was assigned to the completely ordered regions of cellulose. The extended 

signals centred at 23° and 43° in the biochar diffractogram confirmed the presence of amorphous 

carbon; the signal at 51° that indicated the presence of carbon nanofiber according to the JCPDS 

database (Singh et al., 2016; Xing et al., 2016). The X-ray diffraction patterns of PJW leaves and 

biochars prepared at different times are provided in Figure 4.3 below. 
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Figure 4.3: XRD pattern of PJW leaves and biochar prepared at 1 h, 2 h, and 3 h. 

 

4.2.  UV-VISIBLE SPECTROSCOPY OF THE SYNTHESISED TIO₂-SUPPORTED 

BIOCHAR 

As shown in Figure 4.4 (a), a small absorption below 400 nm on the spectra of TiO₂ demonstrates 

the rutile TiO₂ phase which was confirmed on the XRD (Zhang et al., 2010). Compared to the 

spectrum of TiO₂, a small absorption above 400 nm in the spectrum of the TiO₂-supported biochar 

composite shows a contribution of the biochar on the TiO₂ and is shown in Figure 4.4(b) 

indicating that the TiO₂-supported biochar might have a higher photocatalytic activity under 

visible light irradiation. Similar observations are reported by Park et al. (2005) and Zhang et al. 

(2011). 
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Figure 4.4: UV-Visible spectra range from (a) 200–550 nm and (b) 300–800 nm for TiO₂ and 

TiO₂-supported biochar composites. 

 

4.3.  DETERMINATION OF ENERGY BAND GAP TIO₂-SUPPORTED BIOCHAR 

 

The energy band gap of TiO₂ and TiO₂-supported biochar composites were measured with a UV-

Vis spectrophotometer using the Tauc method. Figure 4.5 shows the Tauc plots of (a) TiO₂ and 

(b) TiO₂-supported biochar nanocomposites synthesised. 

(a) 

(b) 
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Figure 4.5: Energy band gap (Tauc plots) (a) TiO₂ and (b) TiO₂-supported biochar composites. 

 

The energy band gap of the synthesised TiO₂ composite was determined to be 2.81 eV. According 

to Radha et al. (2018), this band gap is due to the formation of rutile TiO₂ which has a lower band 

gap and can be confirmed with XRD. Compared with TiO₂, the energy band gap of TiO₂-

supported biochar composite was measured to be 2.11 eV, and the absorption range of the 

photocatalyst is more expanded to the visible spectrum. TiO₂ is grown on the in-situ biochar-

supported by Ti-O-C bond, and the carbon 2p and oxygen 2p atomic orbitals are hybridized under 

500oC in the presence of gas after nitrogen causing the formation of sub-band levels between the 

(a) 

(b) 
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VB and CB. This leads to an increase in the edge of the valence band, which reduces the band 

gap (Liu et al. 2019). This result indicates that the modification of TiO₂ with biochar reduces the 

energy band gap by about 0.7 eV, expanding it into the visible light region. Therefore, the TiO₂-

supported biochar composite shows greater promise as a solar active photocatalyst than the TiO₂ 

synthesised. It has been reported by Chao et al. (2009), Hu et al. (2013), Wei et al. (2014), Syafei 

et al. (2017), Sarunas et al. (2019), Cheol et al. (2021) and Au-pree et al. (2021) that doping TiO₂ 

with a carboneous material produce a composite with an energy band gap from 2.2 to 3.2 eV.  

The band gap of 2.11 eV for the TiO₂-supported biochar prepared in this study is lower than the 

band gaps reported by the authors above.  

 

4.4. FTIR ANALYSIS 

 

The Fourier transform infrared (FTIR) characterization of synthesised nanocomposites is shown 

in Figure 4.6. The spectra of TiO₂ show a band around 3003 cm-¹ corresponding to stretching and 

a peak 1647 cm-¹ corresponding to bending vibration of a hydroxyl group (OH) representing the 

water (H-O-H) as moisture. The 1045 - 1056 cm-¹ attributed to the Ti-O stretching which is the 

characteristic peak of TiO₂. The stretching mode of the hydroxyl (O–H) group in water as 

moisture is not visible in TiO₂-supported biochar spectra due to the high temperature used during 

the synthesis (Singh et al., 2016; Zhang et al., 2017).  

The FTIR-spectra of TiO₂-supported biochar shows two absorption peaks around 3006 cm-¹ that 

demonstrate the C-H stretching mode of the double bonds (=CH) group and 2906 cm-¹ 

corresponding to the C-H asymmetric stretching in aliphatic (C-C) groups, this peak appears with 

higher intensity in the TiO₂-supported biochar (Saraswati et al., 2015). A peak observed at 1223 

cm-¹ corresponding to the C-O broad stretch, this bond occurred because of glycosidic linkage of 

C–O–C and ethanol (Maulidiyah et al., 2015; Gee et al., 2020). The TiO₂-supported biochar 

spectrum indicates a peak at 1073 cm-¹ that suggested the vibration of Ti–O–C coming from the 

surface attachment of TiO₂ on biochar which is favourable in enhancing the photocatalytic 

activity of the TiO₂ (Singh et al., 2016). 
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Figure 4.6: IR-spectra of TiO₂ and TiO₂-supported biochar composites. 

 

4.5.  SCANNING ELECTRON MICROSCOPY ANALYSIS 

 

The SEM images of the samples and the corresponding EDS are shown in Figure 4.7. The result 

confirms that TiO₂ was successfully immobilized on the biochar external surface through 

ultrasound process. TiO₂-supported biochar composite was smooth with a disparate distribution 

and apparent agglomeration of TiO₂ on the biochar surfaces.  

 

Table 4.3 shows the elemental compositions of TiO₂ and TiO₂-supported biochar based on 

dispersion efficiencies. The EDS spectrum of TiO₂ shows the presence of O (41.10 %) and Ti 

(43.45 %) indicating that the nanocomposite is in form of Titanium oxide with C (15.14 %) 

coming from the coating material during the SEM analysis. 
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Figure 4.7: SEM images of the (a) TiO₂ and (b) TiO₂-supported biochar composites. 

 

The EDS spectrum of the TiO₂-supported biochar shows the presence of C (34.49 %), O (39.71 

%), and Ti (24.29 %) as the main elements in the composite suggesting that the TiO₂-supported 

biochar was successfully synthesised.  

 

Table 4.3: Chemical composition of the composites. 

 

Elements TiO₂ (Wt%) TiO₂-supported 

 biochar  (Wt%) 

C 15.14 34.59 

O 41.40 39.71 

Ti 43.45 24.29 

K - 0.69 

Ca - 0.72 

Total 100 100 

 

 

4.6.  BRUNAUER EMMET TELLER SURFACE AREA ANALYSIS 

 

The Brunauer-Emmett-Teller (BET) method was used to determine the surface area and pore size 

distribution of the photocatalyst. Table 4.4 shows the results of the adsorption/desorption 

isotherms measurements for TiO₂ and TiO₂-supported biochar composites with relative pressure 



 
 

42 
 

(p/p0) ranging from 0.011 to 0.999. Figure 4.8 shows N₂ adsorption-desorption isotherms of (a) 

TiO₂ and (b) TiO₂ supported biochar composites. The curves of TiO₂ and TiO₂-supported biochar 

composites exhibited a small hysteresis phenomenon representing a typical type-IV isotherm 

attributed to mesoporous material with low porosity (Neimark et al., 2008). 

 

 

 

Figure 4.8: N₂ adsorption-desorption isotherm of (a) TiO₂ and (b) TiO₂-supported biochar 

composites 

The surface area of TiO₂ is 84.45 m²/g. After the doping of biochar on the TiO₂, the surface area 

was reduced to 11.11 m²/g due to the blockage of carrier pores caused by the loading of biochar 

and the collapsing of pores walls (Zhang et al., 2017). These results also show that the pore 

volume of TiO₂-supported biochar greatly decreases after the deposition of TiO₂ into the biochar 

surface due to the TiO₂ agglomerations blocking the surface of biochar pores. The higher surface 

area of TiO₂ was favourable for the growth of adsorption and photocatalytic activity for the 

pollutant by ensuring a higher contact time.  

(a) 

(b) 
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Table 4.4: The specific surface area and pore structure parameters of TiO₂ and TiO₂-supported 

biochar composites. 

 

Photocatalyst Surface Area (m²/g) Pore size (Å) Pore volume (cm³/g) 

TiO₂ 84.25 10.133 0.0488 

TiO₂-supported biochar 11.11 9.793 0.0071 

 

 

4.7. X-RAY DIFFRACTION (XRD) ANALYSIS 

 

The X-ray diffraction patterns of TiO₂ and TiO₂-supported biochar composites are provided in 

Figure 4.9. According to the JCPDS Card No: 21-1276 as reported by Joni et al. (2018), the 

distinctive peaks at 2θ angles in the TiO₂ composite are corresponding to the TiO₂ rutile phase. 

The position of 2θ corresponds to Miller indices of (110), (101), (111), (211), (220), (002), and 

(301) crystalline planes. In the TiO₂-supported biochar, the observed (220), (301), and (200) 

crystalline planes are clearly a characteristic of TiO₂ anatase. These results reveal the presence of 

rutile and anatase crystalline phase in the TiO₂-supported biochar, due to the doping of biochar. 

According to Zhang et al. (2017), photocatalysts that contained anatase and rutile phases are more 

efficient than those with only one crystalline phase. 
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Figure 4.9: XRD patterns of TiO₂ and TiO₂-supported biochar composites. 
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The strongest peaks of TiO₂ and TiO₂-supported biochar composites, calculated using Equation 

3.8 in Section 3.4.4 (Jensen et al., 2006), were shown at 2θ equal to 36.08° and 54.39°, with 

corresponding crystallite size (d spacing) of 7.158 nm and 7.927 nm, respectively. Table 4.5 gives 

the values of the crystallite size of the photocatalyst. 

 

Table 4.5: XRD data of TiO₂ and TiO₂-supported biochar composites 

 

Photocatalyst 2θ  

(The strongest peak) 

β (rad) Crystallite size 

(nm) 

TiO₂ 36.08° 0.01937 7.158 

 

TiO₂ supported biochar 54.39° 0.01749 7.927 
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CHAPTER 5 

PHOTOCATALYTIC DEGRADATION OF ORANGE II 

SODIUM DYE 

  
This chapter covers the photocatalytic degradation of reactive orange II sodium dye using TiO₂-

supported biochar composite as visible-light-driven nanocomposite. To evaluate the 

photocatalytic performance of the composite an adsorption study was conducted. Effects of 

parameters such as catalyst loading, initial concentration of dye, time on removal, and pH were 

investigated.   

 

5.1.  DETERMINATION OF MOLAR EXTINCTION COEFFICIENT OF ORANGE 

II SODIUM 

 

The molar extinction coefficient is an important factor that serves to establish the quantitative 

nature of dyes (French, 2009). The absorption spectra of orange II sodium for concentrations 

ranging from 2 mg/L to 10 mg/L were obtained following the Beer-Lambert law (Mainya et al., 

2013). Figure 5.1 shows the Lambert-Beer law plot of the dye at λmax = 483 nm. 
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Figure 5.1: Beer’s law plot for orange II sodium dye. 
 

y = 0.068x + 0.0072 

r² = 0.9991 
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As shown in previous studies, the increase of dye concentration generated a proportional increase 

of absorbance values which indicates that molecular aggregates are not formed in solutions of 

orange II sodium (Semeraro et al., 2015). Figure 5.2 shows the UV-Visible spectra of orange II 

sodium dye. 
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Figure 5.2: UV-Visible spectra of orange II sodium dye 

 

 

5.2.  BATCH STUDY 

 

5.2.1.  Effect of catalyst loading  

 

It was observed that increasing the catalyst loading from 50 mg/L to 200 mg/L increased the 

photocatalytic degradation of orange II sodium from 12.47 % to 12.76 % for TiO₂ and 28.58 % 

to 55.34 % for TiO₂-supported biochar, respectively as shown in Figure 5.3. The results indicated 

that the photodegradation efficiency is directly proportional to the catalyst loading. This indicated 

a true catalytic regime that can be attributed to the increase in photoreactive sites available on the 

surface of biochar which contributes to the high photocatalytic activity of the nanocomposite (Lin 

et al., 2013). However, no further increases in efficiency were observed beyond 200 mg/L due to 

an increase in turbidity and low light penetration of a catalyst (Sintayehu et al., 2017).  The 

photocatalytic degradation was most effective at 200 mg/L catalyst concentration; therefore, all 

experiments were continued with a 200 mg/L dosage. 
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Figure 5.3. Effect of catalyst loading on the photodegradation efficiency of orange II sodium. 

[Cdye =20 ppm, pH = 6.8, time = 60min]. 

 

5.2.2.  Effect of pH  

 

The results indicate that the photocatalytic efficiency is strongly affected by the pH of the solution 

as shown in Figures 5.4 and 5.5. The photocatalytic degradation using TiO₂ as photocatalyst was 

influenced by the pH.  At pH 4, enhanced efficiency in the photodegradation of 20.61 % was 

observed. Increasing the pH from 4 to 10 had a negative effect on the degradation efficiency, 

resulting in a 13.16 % degradation at pH 10. This suggests that an acidic condition is favourable 

for the formation of the reactive intermediate hydroxyl radicals (Kumar, 2016). TiO₂ 

photocatalysts have been reported to exhibit higher oxidizing activity at lower pH (Al-Amin et 

al., 2016). In contrast, the higher photocatalytic efficiency of orange II sodium using TiO₂-

supported biochar was found to be of 83.48 % at pH 6.8 with a minimum of 73.08 % at pH 10. 

Jamil et al. (2012) and Sintayehu et al. (2017) reported that a higher photocatalytic efficiency 

was observed in a neutral medium due to the undissociative nature of the dye which lead to strong 

adsorption onto the catalyst surface, then a decrease in efficiency was observed due to the 

negatively charged nature of the photocatalyst surface in a basic medium. 
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Figure 5.4: Removal efficiency of the effect of pH on orange II sodium decolourisation, and 

degradation with (a) TiO₂ and (b) TiO₂-supported biochar composites 

[Cdye=20 ppm, Ccat= 200mg//L]. 

(a) 

(b) 
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Figure 5.5: Effect of pH on the photodegradation efficiency of orange II sodium.  

[Cdye =20 ppm, Ccat=200 mg/L, time = 60min]. 

 

5.2.3. Effect of initial dye concentration  

 

A decrease in the photodegradation efficiency from 18.39 % to 4.42 % for TiO₂ composites and 

83.50 % to 60.60 % for TiO₂-supported biochar composites respectively was observed as shown 

in Figures 5.6 and 5.7. The photodegradation efficiency was inversely affected by the dye 

concentration due to the equilibrium adsorption of dye on the catalyst surface which results in a 

decrease in the active sites on the catalyst surface. This phenomenon results in the lower 

formation of OH• radicals which were considered as the primary oxidizing agents of the organic 

dye (Madhusudhana et al., 2012). 
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Figure 5.6: Effect of the initial concentration of dye on the photodegradation efficiency of 

orange II sodium using (a) TiO₂ and (b) TiO₂-supported biochar composites [ Ccat= 200 mg/L, 

pH= 6.8]. 

(a) 

(b) 
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Figure 5.7: Effect of initial dye concentration on the photodegradation efficiency of orange II 

sodium. [Ccat =200 mg/L, pH = 6.8, time = 60 min]. 

 

5.2.4. Kinetics of the photodegradation of orange II sodium dye 

 

The kinetic studies for orange II sodium degradation using both TiO₂ and TiO₂-supported biochar 

composites were fitted as shown in Figures 5.8. The degradation of orange II sodium by TiO₂ and 

TiO₂-supported biochar follows the pseudo-first-order and respects the Langmuir-Hinshelwood 

kinetic model as shown in Table 5.1 below. From this table, the values of the r² obtained for TiO₂ 

and TiO₂-supported biochar composites showed that the photocatalytic degradation process of 

orange II sodium was suited to be described by the pseudo-first-order model. Jamil et al. (2012), 

Singh et al. (2016) and Nguyen et al. (2020) reported the same results. The second order kinetics 

were also fitted, however, the correlation coefficient showed poor correlation for all the samples. 
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Figure 5.8: Plot of Ln(Co/Ct) versus irradiation time in the degradation of orange II sodium 

dye using (a) TiO₂ and (b) TiO₂-supported biochar composites 

[Ccat= 200 mg/L, pH= 6.8].  

y = 0.0017x + 0.0689 

r2 = 0.9041 

y = 0.0012x + 0.0427 
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According to Equation 3.11 (in Section 3.5.4), the plot of 1/K versus dye concentration is 

demonstrated in Figure 5.9. The results show a linear variation with a correlation coefficient close 

to 1, r² =0.8404 for TiO₂ and 0.9621 for TiO₂-supported biochar respectively, which affirmed that 

the photocatalytic degradation reaction obeys the Langmuir-Hinshelwood kinetic model.  Yetim 

& Tekin (2016) reported that this result is due to the generating hydroxyl radicals by cavitation 

without a direct change in the structure of dye. Jadaa et al. (2021) also obtained the same results.  
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Figure 5.9:  Plot of 1/K versus dye concentration in the degradation of orange II Sodium dye 

[Ccat= 200 mg/L, pH= 6.8, time=120 min.]. 

 

The values of K of 0.0102 min-1 for the 20 ppm dye concentration using TiO₂ composite indicated 

its lower performance under visible light. The value of K of 0.015 min-1 for the 20 ppm dye 

concentration using TiO₂-supported biochar composites indicates its good photocatalytic activity 

which confirms the photo-activity of TiO₂-supported biochar composites in the visible (Yang et 

al., 2004). Ayoub et al., 2017 reported that the change in rate is due to the formation of more 

active site on the photocatalyst during the kinetics process. 

 

y = 110.3x – 56.689 

r² = 0.8404 

y = 21.272x + 40.136 

r² = 0.9621 
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Table 5.1:  Kinetic parameters of orange II Sodium dye using TiO₂ and TiO₂-supported biochar 

composites (Ccat = 200 mg/L) for 120 minutes at pH 6.8. 

 

 

Photocatalyst Dye 

concentration        

(ppm) 

k x 10- 3 

(min-1) 

r² 1/K 

(min) 

 20 10.2  

 

0.9041 98.04 

TiO₂ 30 7.5  

  

0.9651 133.33 

 40 4.9  

  

0.9823 204.08 

 50 2.2 

 

0.9776 454.54 

 20 15 

 

0.9914 66.66 

TiO₂-supported 

 biochar 

 

30 13.2  0.9566 75.75 

 40 9.8  

 

0.9700 102.04 

 50 7.8  0.9504 128.20 

 

 

5.2.5. Electrical Energy Efficiency per order (EEo) of the photocatalytic degradation of 

orange II sodium dye 

 

The EEo values for the photodegradation process are given in Table 5.2. The lowest value of EEo 

of 136.49 kWh/m³ was obtained using TiO₂-supported biochar at pH 6.8. The results confirm that 

photocatalytic degradation is affected by the solution pH. Moreover, it can be concluded that the 

process using TiO₂-supported biochar as photocatalyst offered a better energy efficiency 136.49 

KWh/m³ compared to TiO₂ which has a corresponding EEo of 1182.19 KWh/m³. The lower EEo 

does provide a cost benefit. 

 



 
 

55 
 

Table 5.2: Electrical Energy Efficiency per order (EEo) and Kinetic parameters of orange II 

sodium using the TiO₂ and TiO₂-supported biochar composites at pH 4, 6.8, 8, and 10. 

 [Cdye= 20 ppm, Ccat= 200 mg/L, time= 120 min, power= 160W]. 

 

Photocatalyst pH Removal (%) Kx10-3  

(min-1) 

r² EEo 

(kWh/m3) 

 

 4 

 

20.75 1.94 0.7170 1056.75 

TiO₂ 6.8 

 

18.77 1.73 0.7719 1182.19 

 8 

 

16.32 1.49 0.8766 1379.36 

 10 

 

12.96 1.16 0.8273 1770.58 

 4 

 

81.73 14.17 0.9549 144.57 

TiO₂-supported 

 biochar 

6.8 83.48 15.01 0.9525 136.49 

 8 

 

77.81 12.53 0.9677 163,39 

 10 

 

70.03 10.94 0.9435 187.22 

 

 

5.2.6. Photocatalyst reusability 

 

The photocatalyst was assessed for its reusability by subjecting it to three consecutive 

photodegradation studies. The achieved photodegradation efficiencies for the first, second and 

third run were 83.1 %, 82.6 %, 81.8 % respectively (Figure 5.10). A small decrease was observed 

after each run probably due to the loss of some active sites because of the orange II sodium dye 

molecules agglomerated on the photocatalyst surface. Similar results were also reported by 

Nguyen et al. (2020) after four runs indicating the high chemical and operating stabilities of the 

photocatalyst.   
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Figure 5.10: Reusability of TiO₂-supported biochar composites for orange II sodium dye for 

three successive cycles [Ccat= 200 mg/L, Cdye=20 ppm, time=120 min., pH= 6.8, power= 

160W] 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

 

 

6.1. CONCLUSION  

 

In this research, the preparation and characterization of biochar from PJW leaves, TiO₂ 

nanocomposite from TiCl₃, and TiO₂-supported biochar composites from mixing biochar and 

TiO₂ composite were successful. The optical absorption with UV-Visible spectrophotometry 

shows that doping TiO₂ with the biochar produce a nanocomposite with a higher response under 

the visible spectrum. The analysis of the morphology and amorphous structure with scanning 

electron microscopy (SEM) also shows that both TiO₂ and biochar are present in the composite. 

The chemical characterization with FTIR and the structural properties with XRD confirmed that 

TiO₂-supported biochar composites was successfully synthesised. The BET results show that the 

composite synthesised was a mesoporous material with low porosity.  

The effects of different parameters such as pH, catalysts loading, and initial dye concentration 

were investigated on the photodegradation efficiency of orange II sodium dye using the 

synthesised TiO₂ and TiO₂-supported biochar composites. The optimum conditions obtained were 

at 120 min contact time for both composites using 200 mg/L for TiO₂ at pH 4 and TiO₂-supported 

biochar at pH 6.8, respectively for the degradation of 20 ppm dye. The photodegradation 

efficiency was found to be 18.40 % for the former and 83.48 % for the latter species respectively. 

The rate of degradation decreased as the initial dye concentration increased and follow the 

pseudo-first-order model.  The neutral pH of the solution has the highest rate of reaction with the 

lower EEo. Further increasing the pH (in the basic medium) and decreasing the pH (in the acidic 

medium) reduced the rate of the reaction with a higher EEo. The optimum EEo was found to be 

136.49 kWh/m³ for the doped and 1056.75 kWh/m³for the undoped nanoparticles. The 

photocatalyst was shown to be show negligible degradation after three consecutive 

photodegradation processes. 
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6.2. RECOMMENDATIONS    

 

The following could be considered for future studies:  

 

- Modification of TiO₂-supported biochar for increasing the surface area of which could 

increase its photo-activity.  

-  Application of the TiO₂-supported biochar for the treatment of raw textile wastewater. 
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