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 PHOTOCATALYTIC DEGRADATION OF RHODAMINE B IN 

GREYWATER OVER ZnO/BiOBr/MgFe2O4 TERNARY 

NANOCOMPOSITE UNDER SUNLIGHT IRRADIATION: 

PERFORMANCE EVALUATION, KINETIC AND PHYTOTOXICITY 

STUDIES 

 

ABSTRACT 

 

Extensive use of dye in various industries, particularly textile industries, along with the 

leaching from household sources into greywater has led to environmental and human 

health hazard. Among the existing advanced oxidation processes (AOPs), 

semiconductor-mediated photocatalysis is intensively recognized as a potential and 

promising alternative for the treatment of dye effluent. In this study, a new, efficient 

and magnetically separable ZnO/BiOBr/MgFe2O4 nanocomposite was successfully 

fabricated via a facile ultrasonic-precipitation method. A series of analytical 

characterization methods were employed to examine the physicochemical and optical 

properties of prepared photocatalyst. FESEM showed the homogeneous adhesion of 

ZnO nanoparticles and MgFe2O4 nanorods on the two-dimensional BiOBr nanosheets, 

forming a ternary heterostructure. UV-vis DRS confirmed the elevated visible light 

photosensitivity and reduced band gap of prepared ZnO/BiOBr/MgFe2O4 

nanocomposite. Photocatalytic performance of ZnO/BiOBr/MgFe2O4 was investigated 

by the degradation of RhB in both aqueous solution and greywater under solar light 

illumination. As compared to the single-phase component photocatalysts, the prepared 

ZnO/BiOBr/MgFe2O4 exhibited remarkably enhanced photocatalytic activity with RhB 

degradation efficiency up to 96.14% and 93.59% in aqueous solution and greywater, 

respectively, with corresponding apparent rate constant of 0.0153 min-1 and 0.017 min-

1 after 180 min irradiation. The boosted photoactivity of nanocomposite was attributed 

to the synergistic effect among the ZnO, BiOBr and MgFe2O4 which significantly 

reduced the charge carrier recombination and improved the charge migration behaviour. 

The phytotoxicity study also revealed that the phytotoxicity of RhB has been 

substantially reduced after the photocatalytic degradation over the as-synthesized 

ternary composite. The present work paves the way for future development and 
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potential application of ZnO/BiOBr/MgFe2O4 in remediation of wastewater and 

household greywater. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1 Background of Study 

 Water is one of the most essential and indispensable natural resources on earth. 

It is incontestably the spice of life, which owns a prominent place in ensuring the 

continuation and sustainability of life (Chaplin, 2001). Aside from covering 71% of 

earth’s surface (Keskin, et al., 2021), water constitutes large portion of body weight in 

human ranging from 75% in infants to 55% in the elderly, granting the function of cell 

homeostasis and metabolism (Popkin, D'Anci and Rosenberg, 2010). Nonetheless, 

water is limited despite its tremendous abundance, especially for freshwater. According 

to a statistic by the United Nations, the freshwater availability will be reduced by at 

least 10% for 685 million population in more than 570 cities in 2050, owing to the 

increase in demand of freshwater in conjunction with the rapid industrial growth (Ho, 

et al., 2021). Therefore, the initiatives on conservation of clean water resources are of 

utmost importance in order to prevent the shortage in water supply as well as retaining 

the biodiversity of natural ecosystem (Kilic, 2020).  

 Synthetic dyes had been extensively used as colorants in various industries, 

including textiles, paper, cosmetics, plastics, food and leather (Pathak, et al., 2011). It 

is permitted that approximately 7 × 105  metric tons of dyes are produced annually 

which could be accounted for the enormous amounts of dye effluent being discharged 

into water bodies without proper treatment (Agrawal and Verma, 2020). As reported by 

World Health Organization (WHO), textile industry had contributed 17-20% of water 

pollution (Ikram et al., 2020). Rhodamine B (RhB) is a cationic basic dye that belongs 

to anthraquinone family, which is widely employed in textiles industry, silk, wool, dye 
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cells in biotechnology and food products (Dao et al., 2021). However, the wastewater 

generated by this dye is generally depicted to be concentrated in organic pollutants, 

high chromaticity, and difficult to biochemically degrade as well as proclaimed to be 

hazardous to human (Xu and Ma, 2021). Hence, it is crucial to propose an advanced 

treatment technology to degrade the dye contaminants in wastewater before releasing 

into environment and thereby reduce water pollution. 

 In fact, there are various conventional water remediation technologies in the 

past decades including coagulation, flocculation, reverse osmosis and activated carbon 

adsorption, which had been devised to address the environmental issue caused by dye 

contaminants (Mahendran and Gogate, 2021). However, these conventional treatment 

methods are restricted by the limitations such as poor removal efficiency, sludge 

formation and secondary pollution by toxic by-products (Liu et al., 2020). Hence 

advanced oxidation processes (AOPs); for instance, photolysis, photocatalysis, 

ozonolysis, Fenton oxidation, etc., and their combinations have been proposed to 

further enhance the water remediation system in tertiary treatment due to the high 

removal efficiency and utilisation of green energy sources (Johnson, Ali and Kumar, 

2019; Zhang et al., 2021). The fundamental of AOP is the in-situ generation of highly 

reactive oxidising radical, primarily hydroxyl radicals (·OH) that capable of degrading 

persistent organic pollutants into biodegradable organic products (Zhong et al., 2021). 

Among the AOPs, photocatalysis is considered to be a promising approach to remove 

dye contaminants from effluent water as it allows the most effective decomposition, 

high stability, cost efficiency and environmental friendliness (Zhang et al., 2021). 

Photocatalysis takes place in semiconductors upon light irradiation where the 

photogenerated electron-hole pair reacts with the H2O and O2 adsorbed on the active 

surface, forming hydroxyl radical (·OH) and superoxide radical (·O2
-), which are 

participating in the degradation of organic pollutants (Domínguez-Jaimes et al., 2021). 

 Among numerous existing semiconducting metal oxides, zinc oxide (ZnO) is 

regarded as a very effective and appealing photocatalytic material on account of its non-

toxicity, prominent photocatalytic performance and low preparation cost (Liu et al., 

2021). Nevertheless, the photocatalytic performance of ZnO is greatly constrained by 

its rapid recombination of charge carrier pair and limited to ultraviolet (UV) light 

absorption due to large band gap (Yang et al., 2021).  To overcome these shortcomings, 

coupling with two or more narrow band gap semiconductor has been proposed as a 
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viable approach to promote the charge separation and extend the photoresponsivity to 

visible light spectrum (Qamar et al., 2021). Bismuth oxybromide (BiOBr), a typical p-

type semiconductor with a tetragonal matlockite structure has attracted rising attention 

among the researchers due to the small band gap (2.88 eV) and high sensitivity to 

visible light irradiation (Zarezadeh et al., 2020). The magnificent structural features of 

BiOBr have permitted it to be a felicitous candidate incorporated into ZnO to induce 

higher charge separation efficiency and elevated photocatalytic potential (Lu, Wu and 

Zhou, 2021). Inspired by the emerging evolution of ternary nanocomposites, for 

instance, Au/Ag/AgCl (Xu et al., 2021), ATO/g-C3N4/TiO2 (Ojha, Karki and Kim, 2018) 

and ZnO/ZnS/MoS2 (Fu et al., 2021) which exhibited greater photocatalytic 

performance than their corresponding binary and single semiconductors, the interests 

on introducing a third component have been provoked to further improve the separation 

of charge carrier and enhance the light absorption range of ZnO/BiOBr. Accordingly, 

magnesium ferrite (MgFe2O4) that manifested magnetocrystalline anisotropy and 

saturated magnetization as well as narrow band gap of 2.0 eV is among the promising 

photocatalytic material for construction of a p-n-n ternary heterojunction (Kumar et al., 

2021).  
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1.2 Problem Statement 

 Over recent decades, extensive consumption of organic dyes in various 

industries such as textiles, paper and pulp, tannery and paint manufacturing has led to 

ubiquitous presence of dye effluents in aquatic environment, which is detrimental to 

biological ecosystem and human health (Zhu et al., 2019). Rhodamine B (RhB), a 

xanthene dye which is substantially employed as colorant and water tracer, exhibits 

deleterious impact to human and animal owing to its developmental and reproductive 

toxicity as well as carcinogenicity (Dao et al., 2021). Conventional treatment methods 

including biological processes, flocculation, adsorption and reverse osmosis are 

perceived to be inadequate for degrading dyes due to low efficiency and expensive post 

treatment (Cadenbach et al., 2021). Therefore, it is indispensable to develop advanced 

water remediation technologies to degrade RhB into less virulent substance. 

Photocatalytic degradation induced by solar energy has been regarded as an alternate 

approach for the purification of dye effluent via generation of photoexcited reactive 

radicals, which allows the complete breakdown of dye contaminants (Xue et al., 2020). 

Compared with conventional methods, photocatalysis is denoted as an environmentally 

friendly process with inexpensive cost, high efficiency and low secondary pollution 

(Al-Kahtani, 2017). 

 In the past few years, titanium oxide (TiO2) and ZnO semiconductors had 

expanded substantially in the application of photocatalysis due to high chemical and 

physical stabilities as well as low cost (Lee et al., 2021). Although ZnO possesses 

characteristics comparable to TiO2, it is reported that the photocatalytic activity of ZnO 

is generally higher than TiO2 owing to its better electron mobility with diminished 

recombination loss that allows rapid charge carrier transport (Das et al., 2021). In 

addition, ZnO is widely recognized as an ideal semiconductor material because of the 

distinct benefits such as inexpensive cost, ease of availability, non-toxic and large band 

gap (Liu et al., 2021). Nonetheless, the widespread application of ZnO is still severely 

restricted by the wide band gap of 3.37 eV that leads to low efficiency of solar energy 

utilization by limiting the light absorption to UV light, which accounts for only 3-8% 

of solar spectrum (Sa-nguanprang et al., 2020). Besides that, the rapid recombination 

of photoinduced electron-hole pairs that appears to be faster than surface redox reaction, 

also imitates as a constraining factor for ZnO, thereby resulted in low quantum yield 
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(Song et al., 2021). In light of these issues, it is thus persuasive to propose some 

adequate modifications for ZnO to enhance its properties.  

  To circumvent the limitation of bare ZnO, various modification techniques 

including metal deposition (Jyothi and Ravichandran, 2020), ion doping (Christy et al., 

2021) and heterojunction nanocomposite (Girija Shankar et al., 2021) have been 

thoroughly investigated by the researchers for dye degradation. Among these strategies, 

forming a ZnO-based heterojunction nanocomposite incorporated with different 

semiconductors is at the lead of a strategy-driven approach that able to promote visible 

light absorption and induce effective charge carrier separation (Sin et al., 2019). Recent 

experimental studies had revealed that the photocatalytic activity of ZnO can be 

remarkably improved by coupling with BiOBr, owing to its superior visible light 

absorption and unique structure of tetragonal matlockite framework (Geng et al., 2017). 

The strong internal electric field generated by the [Bi2O2]
2+ layers interleaving with Br 

atom is depicted to elucidate the effective charge transfer and suppression of charge 

carrier from recombination upon coupling (Zhang and Zeng, 2017). However, in the 

case of a typical p-n junction as in ZnO/BiOBr, it is found that parts of the reduction 

and oxidation potential of photoinduced charge carriers are lost throughout the extent 

of migration toward the higher valence band (VB) and lower conduction band (CB) 

energy levels, resulting in poor degradation efficiency (Moradi et al., 2021). Therefore, 

introduction of a third component into the binary composite is vital to prevail over the 

aforementioned drawbacks. As a ternary n-type semiconductor, MgFe2O4 is known to 

possess distinct features such as large surface area with suitable band gap of 2.0 eV, 

excellent photochemical stability, high electromagnetic efficiency and strong 

mechanical hardness (Yuan et al., 2015; Syed et al., 2021). These properties render 

MgFe2O4 to be a reassuring candidate for coupling with ZnO/BiOBr to construct 

ternary heterojunction to ensure more effective separation of charge carrier and further 

improve the quantum efficiency for visible light spectrum (Faisal et al., 2021).  
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1.3 Objectives 

This research project encompasses three major objectives, which are: 

i. To synthesize ZnO/BiOBr/MgFe2O4 ternary Z-scheme heterojunction 

photocatalyst via a ultrasonic-precipitation method. 

ii. To characterize the physiochemical and optical properties of as-synthesized 

photocatalyst. 

iii. To determine the performance of as-synthesized photocatalyst on 

photodegradation of Rhodamine B in both aqueous solution and grey water 

under sunlight irradiation. 

 

 

1.4 Scope of Study 

ZnO/BiOBr/MgFe2O4 ternary composite was synthesized via ultrasonic-deposition 

method and characterized with a series of characterization technique such as Field 

Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-ray (EDX), 

X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy-Attenuated Total 

Reflectance (FTIR-ATR) and Ultraviolet-visible Diffuse Reflectance Spectroscopy 

(UV-vis DRS). Subsequently, a photocatalytic study will be conducted on the 

degradation of Rhodamine B (RhB) in both aqueous solution and greywater over the 

as-synthesized photocatalysts under sunlight irradiation, followed by phytotoxicity 

tests on the treated effluent. 
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CHAPTER 2 

 

 

LITERATURE REVIEW 

 

 

2.1 Review on Dye in Wastewater 

 In recent years, the textile sector in Malaysia had evolved expeditiously as a 

result of the rapid globalization expansion and industrial development, which leading 

to the increased demand and intensive consumption for dyes (Rasiah, 2009). As 

reported by the Malaysian Investment Development Authority (MIDA) in 2016, the 

textile sector was the tenth largest exporter earner in Malaysia with export value of 

RM12.6 billion, which contributed 2.6 % out of total export of manufactured goods 

(MIDA, 2016). However, textile industry has been perceived as the leading cause of 

wastewater contamination due to the discharge of dye effluents which are extremely 

recalcitrant and toxic (Wong et al., 2018). It is reported that approximately 80-85% of 

dyes are utilized in textile industries, with 15% of them being lost during the dyeing 

process and released to the water bodies without any further treatment (Zubair et al., 

2021). The textile effluents normally comprised of approximately 10-100 mg/L of dye 

containing carcinogenic amines (Mustafa et al., 2021) and other chemical pollutants in 

the form of heavy metals (Ghaly et al., 2014), halogen carriers (Eswaramoorthi et al., 

2008), free chlorine (Turhan and Turgut, 2009), biocides and softeners (Avlonitis et al., 

2008). As a result, these compositions tend to give rise to water-polluting textile 

effluents which are high in colour, pH, temperature, suspended solids (SS), chemical 

oxygen demand (COD), biochemical oxygen demand (BOD), metals and salts (Yaseen 

and Scholz, 2018). 

  Accordingly, the total amount of wastewater contributed by textile industry in 

Malaysia had escalated dramatically from 744 tons in year 2007 to 1559 tons in year 
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2009, which accounted for 22% of the total industrial wastewater produced (Hanafi and 

Sapawe, 2020). From Figure 2.1, it should be highlighted that the primary sources of 

wastewater contamination generated by textile industries are mainly focused in 

Peninsular Malaysia with Johor state contributing the most to water pollution (28.6%), 

succeeded by Pulau Pinang (28.2%) and Selangor (15.6%), which could be attributed 

to the considerable number of textiles finishing plants located at these states (Pang and 

Abdullah, 2013). 

 

 

Figure 2.1: The textile industry's contribution to water contamination in several states 

of Malaysia (Pang and Abdullah, 2013). 

 

 Apart from the presence of dyes in textile effluent, dye contaminants can be 

found in greywater as well due to the leaching of dyes from household sources such as 

fabrics, foods and personal care products into the water system (Chong et al., 2015). 

Greywater, which is a source of wastewater generated from laundries, showers, kitchen 

sinks and washing machines constitutes about 50-80% of total domestic wastewater 

(Ong et al., 2019). In addition, according to the statistics done by Oh et al., it is revealed 

that 43% of total water usage in Malaysia ends up as greywater and producing 0.097 

m3/p/d of greywater in year 2010, which is higher than the United Kingdom (UK) with 

volume of 0.088 m3/p/d (Oh et al., 2018). As shown in Figure 2.2, 65% of potable water 

in Malaysia is utilized for flushing toilets, showering and laundry washing. The 
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household activities including gardening, car washing, outdoor activities and household 

cleaning account for 20% of potable water usage while 15% of water is wasted due to 

pipe leakages that typically go undiscovered for long periods of time (Oh et al., 2018). 

 

 

Figure 2.2: Average water usage distribution (%) in Malaysia (Oh et al., 2018). 

 

 Generally, greywater contains lesser organic pollutants than industrial effluent 

but its composition varies extensively depending on the lifestyle, water source quality, 

demographics and the type of chemicals used for household activities (Oteng-Peprah et 

al., 2018). The treatment of greywater not merely replenishes water resources, but in 

fact having lower treatment cost as compared to municipal wastewater, owing to the 

low contamination of grey water. Grey water can be treated using a variety of 

approaches, including biological (Khalil and Liu, 2021), chemical (Shreya et al., 2021), 

and physical methods (Kim and Park, 2021).  However, the biological treatment 

approaches are inefficient due to the minimal organic content of grey water. 

Furthermore, physical treatment procedures alone cannot decrease contamination to an 

acceptable level for the environment (Hassanshahi and Karimi-Jashni, 2018). 

 The disposal of untreated greywater into water bodies poses insidious threats to 

the environment and ecosystem owing to the various hazardous contaminants existing 

in greywater such as synthetic dyes, surfactants, preservatives and solvents which could 
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affect the water quality parameters (Priyanka et al., 2020). Moreover, the presence of 

dyes in aquatic environment is readily visible even at very trace concentrations (<1 

ppm), thereby causing water pollution (Rafiq et al., 2021). In reality, natural 

degradation processes do not eliminate dye chemicals from wastewater, but instead 

produces secondary hazardous by-products in natural water systems and the 

environment due to the high stability of complex aromatic structure in dye pollutants 

(Doan et al., 2020; Noman et al., 2020). Therefore, the dye pollutants in both the textile 

effluent and greywater are mandatory to be treated using water remediation 

technologies by meeting the legislative requirement in accordance with standard A and 

B of which the colour intensity must not exceed 100 ADMI (refer Table 2.1). 

 

Table 2.1: Wastewater Discharge Standard (Department of Environment, 2015). 

 Parameter Unit Standard 

A B 

(i) Temperature ℃ 40 40 

(ii)  pH Value - 6.0-9.0 5.5-9.0 

(iii)  BOD5 at 20℃ mg/L 20 50 

(iv) Suspended Solids mg/L 50 100 

(v) Mercury mg/L 0.005 0.05 

(vi) Cadmium mg/L 0.01 0.02 

(vii) Chromium, Hexavalent mg/L 0.05 0.05 

(viii) Chromium, Trivalent mg/L 0.20 1.0 

(ix) Arsenic mg/L 0.05 0.10 

(x) Cyanide mg/L 0.05 0.10 

(xi) Lead mg/L 0.10 0.5 

(xii) Copper mg/L 0.20 1.0 

(xiii) Manganese mg/L 0.20 1.0 

(xiv) Nickel mg/L 0.20 1.0 

(xv) Tin mg/L 0.20 1.0 

(xvi) Zinc mg/L 2.0 2.0 

(xvii) Boron mg/L 1.0 4.0 

(xviii) Iron (Fe) mg/L 1.0 5.0 
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Table 2.1 Continued. 

(xix) Silver mg/L 0.1 1.0 

(xx) Aluminium mg/L 10 15 

(xxi) Formaldehyde mg/L 1.0 2.0 

(xxii) Phenol mg/L 0.001 1.0 

(xxiii) Free chlorine mg/L 1.0 1.0 

(xxiv) Sulphide mg/L 0.50 0.50 

(xxv) Oil and Grease mg/L 1.0 10 

(xxvi) Ammoniacal Nitrogen mg/L 10 20 

(xxvii) Colour ADMI 100 200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 

2.2 Usage and Hazardous Effects of Rhodamine B  

 Rhodamine B (RhB) is an organic chloride salt with N-[9-(2-carboxyphenyl)-

6-(diethylamino)-3H-xanthen-3-ylidene]-N-ethylethanaminium serving as its 

counterion (Yamashita et al., 1998). Belong to the class of xanthene dye, it is commonly 

known as a basic cationic dye having high solubility in water and ethanol (Joshiba et 

al., 2021). The physicochemical properties of RhB are outlined in Table 2.2. It is 

extensively used as colorant in staining industries such as textile, wool, silk, paper, 

tannery and paint (Dao et al., 2021). Moreover, its photostability and photophysical 

properties like quantum yield and polarization allows it to be widely applied as laser 

dyes (Reisfeld et al., 2021) for characterization of the polymer nanoparticles surface 

(Fonseca et al., 2007), structure and dynamics study of micelles (Kandhasamy et al., 

2021) and imaging in living cells (Vijay, Wu and Velmathi, 2019). Besides that, RhB 

is frequently employed as fluorescent probes for optical monitoring of pH, owing to its 

high photosensitivity and broad fluorescence in the visible region of electromagnetic 

spectrum (Battula et al., 2021). 

 

Table 2.2: Physicochemical properties of Rhodamine B (Allé et al., 2020). 

Properties Values 

Molecular structure 

 

Chemical formula C28H31CIN2O3 

Molecular weight (g/mol) 479.02 

Name (CI) Basic Violet 10 

Color index (CI) number 45170 

λmax (nm) 554  

Solubility Very high in organic solvents (eg. water, ethanol, etc.) 
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 Nevertheless, RhB is recognized as a highly toxic dye that poses carcinogenic, 

bio-recalcitrant and mutagenic behavior for any living organism (Topare, Bhutada and 

Bansod, 2021). Recent experimental studies had revealed the potential of RhB in 

affecting the human biological activity and causing water borne diseases such as nausea, 

hemorrhage, skin and mucous membrane ulcers, dermatitis, nasal septum perforation 

and respiratory tract irritation (Baldev et al., 2013). Furthermore, RhB is a major and 

long-term concern for aquatic life, especially plants, because it creates obstruction for 

light penetration into water bodies, thus disrupting the normal photosynthetic potential 

of aquatic flora and interfering with natural purification (Topare, Bhutada and Bansod, 

2021). It is note-worthy that the color of RhB is an obvious indicator of water pollution 

even at low concentration, in which it capable of altering the water quality parameters 

including COD, BOD, pH and dissolved oxygen concentration, and subsequently 

influencing the biological balance of aquatic ecosystem (Hashmi et al., 2021). 
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2.3 Heterogeneous Photocatalysis 

 The craving for clean, sustainable, and renewable energy, as well as 

environmental remediation, has sparked a surge in research interest in photocatalysis, a 

robust method for capturing sunlight as the major energy source. Heterogeneous 

photocatalysis using various semiconductors is a sophisticated oxidation process 

commonly for the photo-oxidation of organic and inorganic pollutant in the fields of air 

cleaning and water purification (Khataee and Fathinia, 2013). The mechanism of 

heterogeneous photocatalysis is contingent on the fundamental of charge carrier 

generation upon light irradiation to initiate reduction and oxidation reactions on the 

surface of semiconductor (Ahmed and Haider, 2018). Semiconductors (e.g., TiO2, ZnO, 

ZnS, CdS etc.) exhibits unique electronic structure composed of a completely occupied 

valence band (VB) and an empty conduction band (CB), which allow them to act as 

sensitizer of light induced oxidation processes (Saha, 2012). In particular, the 

absorption of a photon with energy equal to or higher than the band gap energy (Eg) 

activates the semiconductor, resulting in the migration of an electron (e-) from the VB 

to the CB, followed by simultaneous creation of a positive hole (h+) in the VB. These 

electron-hole pairs may recombine by re-emitting energy in the form of heat or light, 

or the charge carrier can induce redox reactions with species adsorbed on photocatalyst 

surface (Vaiano, Sannino and Sacco, 2020). 

 Extensive research has been conducted over the last few decades to investigate 

improved photocatalysts with superior light harvesting capabilities, high charge carrier 

separation efficiency, and efficient catalytic reactivity for optimizing the conversion 

efficiency of solar energy (Gao et al., 2020). Fundamentally, three key factors 

predominantly dictate the overall efficiency of a photoactive semiconductor: (i) band 

gap (EG); (ii) band position; and (iii) bulk and surface charge carrier dynamics such as 

diffusion length, mobility, charge lifetime and recombination rate (Thomson, Lee and 

Vilela, 2020; Tan, Abdi and Ng, 2019). The schematic of the key aspects is depicted in 

Figure 2.3. In overall, EG is described by the energy difference between valence band 

minimum (EVB) and conduction band minimum (ECB), which restrains the portion of 

solar spectrum for activation of semiconductor. For instance, the photosensitivity of 

semiconductors with EG more than 3 eV is merely limited to the UV light absorption in 

which the semiconductors with a smaller bandgap are conducive to more proficient 

solar energy harvesting (Ibhadon and Fitzpatrick, 2013). On the other hand, the 
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reducing and oxidizing powers of the photoinduced electron-hole pair is defined by the 

ECB and EVB potentials of semiconductor. From the thermodynamic point of view, the 

adsorbed electron acceptor species can only be reduced by higher ECB potential (more 

negative), while the oxidation reaction at VB can only occur if the EVB potential is lower 

(more positive) than the oxidation potential of the adsorbed electron donor (Augugliaro 

et al., 2019). The kinetics of photogenerated electrons and holes are equivalently 

dominant for determination of the number and efficiency of charge carriers that remain 

active for participating in the interface reaction at the semiconductor/solution phase 

boundary (Byrne et al., 2015).  

 

 

Figure 2.3: Schematic illustration of the key aspects governing the photocatalytic 

activity of semiconductor (Tan, Abdi and Ng, 2019). 
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2.4 ZnO as Photocatalyst 

ZnO is a II–VI compound semiconductor that possesses large ionicity residing 

at the borderline between covalent and ionic semiconductors. It is recognized by having 

a tetrahedral coordination with typical sp3 covalent bonding nature and substantial ionic 

character, which contribute to the large bandgap energy (Morkoç and Özgür, 2009). In 

general, ZnO can form three crystal structures: hexagonal wurtzite, cubic zincblende 

and rocksalt as shown in Figure 2.4. Under ambient circumstances, the hexagonal 

wurtzite form of ZnO is the most common and thermodynamically stable phase, 

whereas the zinc blende structure can only be maintained by growing ZnO on cubic 

substrates, and ZnO occurs in rocksalt form only at relatively high pressures. (Ong, Ng 

and Mohammad, 2018). ZnO is an inherently n-type semiconductor characterized by 

the presence of intrinsic defects such as oxygen vacancies (VO), zinc vacancies (VZn) 

and zinc interstitial (Zni), which result in various optical and electrical properties 

(Boukos, Chandrinou and Travlos, 2012). It is reported that a greater VO and VZn can 

enhance the photocatalytic performance of ZnO significantly by creating an 

intermediate energy level near the valence band, which able to induce band gap 

narrowing and thereby promoting visible light absorption. Moreover, the presence of 

VO on the surface of ZnO is proved to be responsible for the suppression of 

photoinduced charge carrier by behaving as electron traps (Le et al., 2020). 

 

 

Figure 2.4: Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt, 

(b) cubic zincblende and (c) hexagonal wurtzite (Ong, Ng and Mohammad, 2018). 
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For the past few decades, intensive research had been conducted to evaluate the 

viability of ZnO as an alternative photocatalyst to TiO2, with the findings suggested 

that ZnO presents an overall better photocatalytic behavior than TiO2 in pollutant 

degradation. For instance, Han et al. (2012) studied the effect of catalyst loading on 

degradation efficiency of estrone using ZnO and TiO2 under artificial UVA irradiation. 

Their results revealed that 95% degradation of estrone was achieved within 45 min at 

catalyst loading of 0.01 g L-1 ZnO, while TiO2 only able to degrade 70% of estrone 

provided the similar reaction condition. In overall, the photocatalytic degradation of 

estrone by ZnO at all catalyst loadings was revealed to be more superior to that of TiO2 

under artificial UVA or solar irradiation, which could be ascribed to the ionic defects 

in ZnO (positively charged interstitials and oxygen vacancies) that allow the trapping 

of charge carriers and thus facilitate the redox reactions by impeding the recombination 

of photoinduced electron-hole pairs. Besides, Kansal, Singh and Sud (2007) had 

conducted another comparative study for photocatalytic degradation of methyl orange 

(MO) and rhodamine 6G (R6G) using various semiconductors such as ZnO, TiO2, SnO2, 

ZnS and CdS. The results indicated that the photocatalytic performance of ZnO is the 

highest among all the selected semiconductors at different pH values by exhibiting the 

decolorization efficiency of up to 98% for both dyes. This could be explained by the 

higher quantum efficiency of ZnO as compared to TiO2 and others due to its suitable 

band gap and band position. 

Moreover, an experimental study for degrading phenol using ZnO and TiO2 in 

the presence of manganese dioxides (MnO2) by Li et al. (2008) suggested that the 

degradation efficiency of phenol using ZnO was relatively higher (95%) than TiO2 

(90%) in 150 min of UV irradiation. In addition, it was found that the presence of 

coexisting inorganic ion like MnO2 in wastewater, even in trace amounts, can impede 

the photocatalytic performance of TiO2 significantly in contrast to the slight decline in 

photocatalytic activity of ZnO. These results implied the enhanced removal efficiency 

of phenol and excellent stability of ZnO as a reliable photocatalyst. On the other hand, 

Tian et al. (2012) investigated the photodegradation of methyl orange (MO) using ZnO 

semiconductors synthesized via calcination of zinc acetate dihydrate (Zn(Ac)2•2H2O) 

and TiO2-P25 (Degussa). Their findings concluded that the degradation rate using the 

ZnO catalyst was four times higher than that for Degussa TiO2-P25 catalyst, with 

degradation efficiency of 100% in 120 min under UV light illumination. The enhanced 
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photocatalytic performance of ZnO could be ascribed to its high specific surface area 

and crystallinity which increased the adsorption capacity for organic pollutants. 

Notably, the photocatalytic efficiency of ZnO calcined at 600℃ (ZnO-600) shows no 

visible change (remain at 100%) after five recycles, suggesting its decent reusability.  
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Table 2.3: Photocatalytic activity of ZnO on various pollutant 

Pollutant Synthesis 

method 

Light source Process condition Best condition Performance Reference 

Estrone ZnO 

commercial 

(wurtzite 

type),  

18 W UVA 

lamp (320-400 

nm) 

Co = 20 ppm, Dosage 

= 0.01-1.0 g/L 

 

Dosage = 0.5 g/L, k = 

362 x 10-3/min 

95% at 10 min (Han et al., 

2012) 

Methyl orange/ 

Rhodamine 6G 

ZnO 

commercial 

30 W UV lamp 

(365 nm) 

Co = 5-200 mg/L, 

Dosage = 0.25-2.0 

g/L, pH = 2-10 

Co = 25 mg/L, Dosage 

= 1 g/L, pH = 8/ Co = 

25 mg/L, Dosage = 

0.5 g/L, pH = 10 

98% at 4 hr/98 % at 

3 hr 

(Kansal, Singh 

and Sud, 2007) 

Phenol ZnO 

commercial 

70 W high-

pressure 

mercury UV 

lamp (365 nm) 

ZnO, ZnO/β-MnO2, 

ZnO/γ-MnO2, ZnO/δ-

MnO2, Co = 20 mg/L, 

Dosage = 200 mg/L, 

CMnO2 = 20 mg/L, pH 

6, 25℃ 

ZnO > ZnO/β-MnO2 > 

ZnO/γ-MnO2 > 

ZnO/δ-MnO2 

95%/91%/90%/80% 

at 150 min 

(Li et al., 2008) 
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Table 2.3 Continued. 

Methyl orange Direct 

pyrolysis 

30 W UV lamp 

(365 nm) 

ZnO-400, ZnO-600, 

ZnO-800, ZnO-900 

ZnO-600 > ZnO-800> 

ZnO-400 > ZnO-900, 

k = 12.5 x 10-3/min 

100%/98%/84%/57% 

at 120 min 

(Tian et al., 

2012) 

Congo red Hydrothermal Solar irradiation Co = 5-20 ppm, 

Dosage = 0.05-0.20 g, 

pH = 3-11 

Co = 5 ppm, Dosage = 

0.171 g, pH = 6.43 

96% at 180 min (Yashni et al., 

2021) 
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2.5 Mechanism of ZnO Photocatalysis 

ZnO is a promising semiconductor with a broad direct bandgap width (3.37 eV), a high 

excitation binding energy (60 meV) and deep violet/borderline UV absorption (Ong, 

Ng and Mohammad, 2018). The photocatalysis of ZnO can be elucidated by the 

following mechanism: charge carrier generation, trapping, charge recombination and 

interfacial charge transfer.  

 

Charge carrier generation 

When ZnO is subjected to solar irradiation with photonic energy (hv) equal to or higher 

than the excitation energy (Eg), the electrons (e-) in the filled valence band (VB) are 

promoted to a vacant conduction band, leaving holes in VB and thereby resulting in the 

formation of electron-hole pairs (Albiss and Abu-Dalo, 2021) as shown by Eq. (2.1). 

ZnO +ℎ𝑣 → 𝑒𝐶𝐵
− + ℎ𝑉𝐵

+                                                      (2.1) 

 

Charge carrier trapping 

The photoinduced electron-hole pairs can be ensnared by the scavengers in bulk or 

move to photocatalyst surface and trapped there for subsequent redox reaction (Eq. (2.2) 

and (2.3)). In general, it is preferable to have surface trapping at either the subsurface 

or the surface region to hinder the charge carrier recombination in semiconductor. 

During the trapping stage, the primary states for charge carriers are trapped holes, 

trapped electrons, and free electrons (Qian et al., 2019). 

𝑒𝐶𝐵
− → 𝑒𝑡𝑟

−                                                                  (2.2) 

ℎ𝑉𝐵
− → ℎ𝑡𝑟

+                                                                 (2.3) 

 

Charge carrier recombination 

During charge transfer, there are chances for a substantial number of charge carriers (e-

/h+ pairs) recombining quickly at the surface and interior of the bulk material, 

dissipating the absorbed energy in the form of light (photon production) or heat (lattice 
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vibration), as depicted by Eq. (2.4). For that reason, these charge carriers are unable to 

take part in the succeeding photocatalytic processes, which is inimical to the entire 

process (Kang et al., 2019). Therefore, elimination of the crystal defects is considered 

to be an effective route to hinder charge recombination since most of the recombination 

process is usually occurring at the defect sites (e.g., interstitial atoms, vacancies and 

grain boundaries) as reported by Qian et al. (2019). 

𝑒− + ℎ+ → ℎ𝑒𝑎𝑡                                                         (2.4) 

 

Interfacial charge transfer 

As suggested by Fagier (2021), the electron-hole pairs that migrate successfully to the 

surface of the semiconductor without recombining can proceed to initiate the redox 

reaction. The positive holes in VB react with adsorbed water (H2O) and hydroxide ions 

(OH-) to form powerful hydroxyl radicals via oxidation reaction (Eq. (2.5) and (2.6)). 

The electrons in CB reduce the dissolved oxygen species into superoxide radical anions 

(O2•⁻) and hydroperoxyl radical (HO2•), which will subsequently produce hydrogen 

peroxide (H2O2) as represented by Eq. (2.7), (2.8) and (2.9). The H2O2 will undergo a 

series of reaction with e⁻ and O2•⁻ radicals to generate hydroxyl radicals (OH•), which 

may react with pollutants adsorbed on the surface of ZnO to form intermediate products 

that can be converted into green chemicals like CO2, H2O, and mineral acids afterwards 

(Eq. (2.10)–(2.13)). 

ℎ+ + H2O → OH•                                                           (2.5) 

ℎ++ OH⁻ → OH•                                                           (2.6) 

𝑒− + O2 → O2•⁻
                                                                                          (2.7) 

O2•⁻ + H+ → HO2•                                                          (2.8) 

HO2• + HO2• → H2O2 + O2                                                                           (2.9) 

𝑒− + H2O2 → OH• + OH⁻                                                  (2.10) 

H2O2 + O2•⁻ → OH• + OH⁻ +O2                                            (2.11) 

H2O2 + ℎ𝑣 → 2OH•                                                      (2.12) 
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Organic pollutant + OH• → intermediates → CO2 + H2O                    (2.13) 

 

 

Figure 2.5: Degradation of organic pollutant by ZnO under solar irradiation (Ong, Ng 

and Mohammad, 2018). 
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2.6 ZnO/BiOBr/MgFe2O4 ternary Z-scheme nanocomposite 

 Despite the fact that ZnO is a low cost and environmentally friendly 

photocatalyst with potentially high photocatalytic properties, there are still a few 

limitations that hinder its performance as an efficient semiconductor photocatalyst 

including broad band gap and quick recombination of electron-hole pairs (Długosz, 

Szostak and Banach, 2019). Recent experimental studies had demonstrated several 

approaches including filling with noble metals (Vaiano et al., 2019), doping with metal 

and non-metals (Moiz et al., 2021), creating heterostructures with narrow band gap 

semiconductor materials (Bai et al., 2021), and fabricating unique nanostructures (Dey, 

Das and Kar, 2021) to extend the photoresponsivity of ZnO towards the visible light 

region in the solar spectrum as well as to improve the charge separation efficiency. 

Within the context of the preceding, implementing narrow band-gap semiconductor 

coupling to fabricate heterojunction interface has been regarded as a relatively effective 

approach, in which the use of semiconductors with appropriate energy band structures 

to construct Zscheme heterojunctions can circumvent the deficiency of conventional 

type-I and type-II heterojunctions (Song et al., 2021).  

 Bismuth oxide bromide (BiOBr) is a layered oxide semiconductor photocatalyst 

that consists of [Bi2O2]
2+ slabs sandwiched by double halide anion layers, which had 

received a lot of interest in a variety of applications because of its wide visible-light 

response range, high chemical stability, and appropriate band location (Wang et al., 

2021). It shows excellent photocatalytic performance and high stability due to the 

unique tetragonal lattice structure that able to form intrinsic built-in electric fields, 

which enhance the suppression of e-/h+ pairs recombination significantly and induce 

high charge mobility (Dai et al., 2021). On the other hand, BiOBr with narrow bandgap 

of 2.7 eV is revealed capable of utilizing visible light to generate reactive oxygen 

species (ROS) through oxygen activation. In addition, it is known to possess 

exceptional physicochemical stability against light or water corrosion even under 

high/low pH conditions, which makes it to be one of the potential candidates to couple 

with ZnO to form heterojunction (Tu et al., 2021). However, it is discovered that parts 

of the reduction and oxidation potential of photoinduced charge carriers are lost 

throughout the extent of migration toward the higher valence band (VB) and lower 

conduction band (CB) energy levels in the case of a typical p-n junction like 

ZnO/BiOBr, which caused deterioration in photocatalytic performance (Moradi et al., 
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2021). Therefore, introduction of a third component into the binary composite is vital 

to prevail over the aforementioned drawbacks. 

 Lately, the spinel ferrites family, for instance, ZnFe2O4, MgFe2O4 and CuFe2O4 

have attracted enormous attention in the field of water splitting and eliminating 

pollutants, owing to their low costs, remarkable band topologies and environmentally 

benign constituent elements (Wang et al., 2020; Syed et al., 2021; Janani et al., 2021). 

Among them, magnesium ferrite (MgFe2O4) is an n-type semiconductor with a 

relatively narrow bandgap (2.0 eV) that endows the absorption of a large portion of 

visible light (Yuan et al., 2015). The distribution of Mg2+ and Fe3+ cations between 

tetrahedral (A) and octahedral [B] sites of spinel structure render it to own superior 

magnetic, electrical and optical properties (Garcia-Muñoz et al., 2019). As a magnetic 

material, MgFe2O4 has a high magnetism and excellent chemical stability in acid and 

base media, which allow it to be readily recovered from aqueous suspension by 

applying an external magnetic field (Jiang et al., 2020). Heidari and Masoudpanah 

(2020) reported that the coupling of ZnO with MgFe2O4 can further enhance the 

saturation magnetization of the heterostructure due to the imbalance of Fe3+ cations 

between (A) and [B] sites resulted from tuning effect, which give rise to higher 

efficiency of charge separation. Analogously, the visible light harvesting ability is 

expanded as well due to the well-matched band structure and thus enhancing the 

photocatalytic activity. 

  Till the present, there is no report regarding the combination of ZnO, BiOBr 

and MgFe2O4 for construction of  heterojunction ternary composite. However, recent 

research on ZnO-based photocatalysts has focused on the construction of ternary 

systems as they all demonstrated exceptional photocatalytic activity than their 

corresponding single and binary component photocatalysts (Yang et al., 2021). For 

instance,  Zarezadeh et al. (2020) synthesized a novel p-n-p BiOBr/ZnO/BiOI ternary 

heterostructure to investigate its photocatalytic performance in degrading various 

pollutants under visible light. The results demonstrated that the BiOBr/ZnO/BiOI 

photocatalyst displayed better degradation efficiency (99%) of RhB  as compared to the 

pristine ZnO (16%) after 90 min of light irradiation. In addition, the rate constant of the 

BiOBr/ZnO/BiOI (20%) sample for removal of RhB was greater than those of the ZnO, 

ZnO/BiOBr (30%), ZnO/BiOI (20%) photocatalysts, which are almost 59, 3.5 and 3.8 

folds larger. Based on their UV-Vis DR spectra result, the ternary heterostructure was 
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found to exhibit larger visible-light absorption than the single and binary structure, 

which could be explained by the strong interfacial coupling of ZnO with BiOBr and 

BiOI, as narrow band gap semiconductors. Besides, the photoluminescence (PL) 

spectra revealed that the ternary sample has a significantly lower PL intensity than the 

pure and binary photocatalysts, indicating that the charge carriers lifetime in the ternary 

nanocomposite is relatively longer and more likely to participate in the photocatalytic 

process, resulting in improved degradation efficiency. 

 On the other hand, Nandi and Das (2021) developed ZnO/CdS/CuS ternary 

heterostructure for the degradation of RhB and MO by embedding CdS and CuS 

nanoparticles onto the surface of micron-sized ZnO hexagonal discs via a simple low 

temperature aqueous solution method. In their findings, the photocatalytic efficiencies 

for pristine ZnO, ZnO/CdS and ZnO/CdS/CuS under 120 min of light irradiation were 

revealed to be 52, 72.4 and 82% for RhB, and 73.5, 88.5 and 97% for MO dye, 

respectively, suggesting higher photocatalytic performance of ZnO/CdS/CuS ternary 

photocatalyst as compared to ZnO/CdS and pristine ZnO. This may be ascribed to the 

ternary structure's increased specific surface area as revealed in their Brunauer-Emmett-

Teller (BET) results, which resulted in enhanced adsorption capacity as well as a 

reduced recombination rate of photogenerated carriers via the creation of a larger 

heterojunction interface. Besides, they also deduced from  the Diffuse Reflectance 

Spectra (DRS) and PL analysis results that the anchoring of CdS/CuS nanoparticles on 

ZnO was able to greatly improve the visible light utilization efficiency and achieve 

lowest charge carrier recombination rate through facilitated charge separation and 

transportation. Similarly, Wang et al. (2019) constructed a direct Z-scheme g-

C3N4/Zn2SnO4N/ZnO ternary heterojunction according to the band bending theory, 

which was prepared using a simple UV light irradiation method. The prepared g-

C3N4/Zn2SnO4N/ZnO composite exhibited improved photocatalytic activity for RhB 

photodegradation with higher degradation efficiency up to 98% as compared to pure 

ZnO (30%) and g-C3N4/Zn2SnO4N (80%). They reported that the interstitial N atoms 

existing in ternary heterostructure can cause asymmetric charge distribution, which will 

induce the formation of build-in polarization electric field that lead to strong redox 

ability, effective separation and rapid interfacial transfer of photoinduced electron-hole 

pairs.  
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Table 2.4: Photocatalytic activity of ZnO-based ternary nanocomposite on various pollutants. 

Ternary composite Pollutant Preparation 

method 

Light source Process condition Degradation 

efficiency 

Reference 

BiOBr/ZnO/BiOI Rhodamine B Hydrothermal 50 W LED 

lamp 

Co = 5 mg/L, Dosage 

= 100 mg 

99% in 90 min (Zarezedah, 

2021) 

ZnO/CdS/CuS Rhodamine 

B/methyl 

orange 

Hydrothermal 400 W metal 

halide lamp 

Co = 10 mg/L, Dosage 

= 5 mg 

82%/97% in 120 

min 

(Nandi and 

Das, 2021) 

g-C3N4/Zn2SnO4N/ZnO Rhodamine B UV light 

irradiation 

method 

500 W xenon 

lamp 

Co = 5 mg/L, Dosage 

= 50 mg 

98% in 60 min (Wang et al., 

2019) 

ZnO/AgBr/Ag2CrO4 Rhodamine B Hydrothermal 50 W LED 

lamp 

Co = 25 mg/L, Dosage 

= 100 mg 

99% in 180 min (Pirhashemi 

and Yangjeh, 

2015) 

ZnO/AgI/Ag2CO3 Rhodamine B Coprecipitation 50 W LED 

lamp 

Co = 10 mg/L, Dosage 

= 100 mg 

98% in 120 min (Nonakaran 

and Yangjeh, 

2016) 

ZnO/BiVO4/Co3O4 Brilliant green Hydrothermal 300 W Xenon 

lamp 

Co = 10 mg/L, Dosage 

= 200 mg 

99.1% in 60 min (Zhang and 

Xie, 2021) 
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2.7 Phytotoxicity 

 Phytotoxicity is referred to as a delay of seed germination, suppression of plant 

development, or any detrimental impacts on plants induced by particular compounds or 

growing circumstances (Blok et al., 2008). Direct discharge of various pollutants, 

particularly dye effluents into water bodies without sufficient treatment poses a 

significant environmental and health concern in which some of the contaminants 

degraded by photocatalysis may generate intermediate products that are more 

precarious than the parent pollutants (Naraginti and Yong, 2019). Therefore, it is crucial 

to perform phytotoxicity tests to examine the impact of irradiated solution release to 

the environment and evaluate the potential usage of the pre-treated aqueous solution in 

the irrigation field (Elghniji et al., 2012).  

 Khan et al. (2021) conducted a research study on the photodegradation of 

reactive black 5 (RB5) dye using graphene quantum dots (GDQs) and iron co-doped 

TiO2 photocatalysts as well as evaluating their phytotoxicity. The phytotoxicity of 

TiO2-300, 0.1Fe-TiO2-300 and GDQ-0.1Fe-TiO2-300 was assessed based on the 

germination of L. esculentum seed. With RB5 dye solution acting as the control, 

germination (%) was calculated using the following Eq. (2.14): 

Germination (%) =
Gs

Ts
× 100                                                                                     (2.14) 

Where Gs and Ts represent germinated seeds and total number of seeds, respectively. 

Figure 2.6 depicts the results of seed germination. It showed that the seed germination 

was not affected much by the types of photocatalyst, with TiO2-300, 0.1Fe-TiO2-300 

and GDQ-0.1Fe-TiO2-300 displaying 67%, 73% and 81.43%, respectively. The treated 

solution using GDQ-0.1Fe-TiO2-300 exhibited higher seed germination than the dye 

solution treated with TiO2-300 and 0.1Fe-TiO2-300, suggesting the effectiveness of 

GDQ-0.1Fe-TiO2-300 in decolorizing RB5. Further experimental findings also 

revealed that the control experiments with only RB5 showed relatively low seed 

germination (46%) as compared to treated water and photocatalysts containing water.  

 Gholami et al. (2019) investigated the sonocatalytic activity of ZnO-biochar 

(ZnO-BC) in degradation of gemifloxacin (GMF) and phytotoxicity tests were carried 

out on water, GMF solution and treated GMF solution by using Lemna minor. The 
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Relative Frond Number (RFN) was determined using Eq. (2.15) to compute the 

pollutant phytotoxicity. 

Relative Frond Number (RFN) =
(Frond N10−Frond N0)

Frond N0
                                            (2.15) 

Where N0 and N10 is the frond numbers at the beginning and after 10 days, respectively. 

The RFN for water, treated GMF solution, and untreated GMF solution was measured 

as 1.44, 1.24, and 0.16, respectively. These findings indicate that the toxicity of GMF 

solution is significantly higher than that of the other samples. The RFN of GMF solution 

increases from 0.16 to 1.24 after treatment with US/ZnO-BC process, implying a 

decrease in toxicity. It should be noted that the solutions with higher toxicity have lower 

pigment levels due to the death of the plants. The phytotoxicity of GMF solution is 

demonstrated by the reduced pigment level. They concluded that the US/ZnO-BC 

method produced low hazardous by-products and products, owing to the significant 

increase in the pigment concentration after GMF degradation. 

 Another experimental study was done by Wei et al. (2021) to discuss the  

capability of Ag3PO4/NrGO/CuFe2O4 photocatalyst in detoxifying 2,4-dichlorophenol 

(2,4-DCP). They evaluate the phytotoxicity of V. radiata by determining the 

germination index (GI) using the following equation: 

Germination Index (GI) =
GRS×ARS

GRC×ARC
× 100%                                                             (2.16) 

In which GRS = treated sample germination rate; ARS = treated sample average root 

length; GRC = control sample germination rate; ARC = control sample average root 

length. According to their findings, the pure 2,4-DCP significantly inhibited V. radiata 

germination (only 30%), while distilled water (control) and intermediate products had 

no effect on their germination (100%). This essentially proved that no hazardous 

chemicals were produced during the breakdown of 2,4-DCP. Additionally, 2,4-DCP 

toxicity had a significant impact on the growth of V. radiata roots and shoot lengths by 

resulting in only a minor amount of growth. However, substantially longer root and 

shoot lengths were detected in seeds treated with intermediate products, confirming the 

detoxification of 2,4-DCP. In addition, the GI of 2,4-DCP before and after degradation 

were found to be 11.97% and 80.31% respectively, revealing the capacity of 

Ag3PO4/NrGO/CuFe2O4 to effectively detoxify 2,4-DCP and gives new insights on the 

safety discharge of chlorophenols solutions after wastewater remediation. 
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CHAPTER 3 

 

 

METHODOLOGY 

 

 

3.1 Overall Flowchart of Work 

Figure 3.1 depicts a flowchart of the overall research methodology. 

 

 

 

 

 

 

 

Figure 3.1: Flowchart of Overall Experimental Study  

 

 

 

 

 

 

 

 

Synthesis of ZnO, BiOBr, MgFe2O4, ZnO/BiOBr, ZnO/MgFe2O4, and 

ZnO/BiOBr/MgFe2O4 photocatalysts 

Characterization of the as-synthesized photocatalysts using XRD, FTIR-

ATR, UV-vis DRS, FESEM and EDX 

Perform experiments on the degradation of Rhodamine B in both aqueous 

solution and grey water over as-synthesized photocatalysts under sunlight 

irradiation  
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3.2 Materials and Chemicals 

Table 3.1 shows the materials and chemicals that were used in this research study.  

Table 3.1: List of materials and chemicals used 

Material/Chemical Purity Supplier/Source Application 

Zinc acetate dihydrate 

[Zn(CH3COO)2.2H2O] 

99% ChemSoln Zinc precursor 

Bismuth nitrate 

pentahydrate 

[Bi(NO3)3.5H2O] 

98% SYNERLAB Bismuth precursor 

Potassium bromide 

[KBr] 

99% SCR Bromide 

precursor 

Centrimonium 

bromide/CTAB 

[C19H42BrN] 

98% R&M Chemicals Surfactant 

Iron (III) nitrate 

nonahydrate 

[Fe(NO3)3.9H2O] 

98.2% Bendosen Iron precursor 

Magnesium chloride 

hexahydrate 

[MgCl2.6H2O] 

99.5% QReC Magnesium 

precursor 

Sodium hydroxide 

[NaOH] 

98% Acros Organics pH adjustor 

Ethanol [C2H5OH] 99.8% ChemSoln Solvent for 

photocatalyst 

fabrication 

Distilled water - Gainson Advanced 

Technology 

Solvent for 

photocatalyst 

fabrication 

Rhodamine B 90% Merck Millipore Target pollutant 
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3.3 Photocatalyst Fabrication 

 To prepare pure ZnO, 4 mmol Zn(CH3COO)2.2H2O was dispersed in 60 mL 

ethanol and mechanically stirred for 3 hours. On the other hand, 60 mmol NaOH was 

dissolved into 100 mL ethanol and subjected to constant stirring for 3 hours. Then, the 

solution containing Zn(CH3COO)2.2H2O was added drop by drop into the alkaline 

solution under continuous stirring for  1 hour. The resulting solution was transferred to 

a Teflon-lined autoclave and heated at 150℃ for 20 hours. The as-formed precipitates 

were filtered and washed with deionized water and ethanol for several times. 

Subsequently, the collected sample was dried in an oven at 60℃ for 12 hours and 

grinded into fine powder using pestle and mortar. Finally, the powder was calcined in 

a muffle furnace at 450℃ for 2 hours to obtain pure ZnO. The preparation process of 

ZnO is illustrated in Figure 3.2. 

 

 

Figure 3.2: Illustration of ZnO preparation 

 

 To synthesize pure BiOBr, 5 mmol Bi(NO3)3.5H2O and 5 mmol KBr were 

dispersed in 150 mL water for 30 minutes and subsequently stirred for 2 hours under 

room temperature. The resulting solution was transferred to a 200 mL Teflon-lined 

stainless-steel autoclave, subjected to heating at 130℃ for 12 hours and left to cool 

overnight. The as-formed precipitates were filtered and cleansed with distilled water 
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for 5 times. After washing, the solid precipitates were placed in an oven and dried for 

24 hours at 80℃. Then, the dried solids were grounded into fine powder and finally 

calcined in a muffle furnace at 450℃ for 2 hours. The fabrication of pure BiOBr is 

shown schematically in Figure 3.3. 

 

 

Figure 3.3: Synthesis of BiOBr nanoparticles 

 

 For preparation of pure MgFe2O4, 0.1 g CTAB was dissolved in 100 mL water 

containing 60 mmol NaOH and subjected to stirring for 1 hour to form solution A. 

Subsequently, 8 mmol Fe(NO3)3.9H2O and 4 mmol MgCl2.6H2O were added into 100 

ml water and stirred for 1 hour to form solution B. Then, the solution B was added 

dropwise into the solution A at 80℃ and stirred continuously for 2 hours. The resulting 

precipitates was filtered and washed with deionized water for several times. Finally, the 

collected sample were put into a petri dish and dried at 60-80℃ for 12 hours, grinded 

into fine powders and eventually calcined at 450℃ for 2 hours in a muffle furnace. 

Figure 3.4 shows the preparation method of pure MgFe2O4. 
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Figure 3.4: Preparation route of MgFe2O4 nanoparticles 

 

 The ZnO/BiOBr/MgFe2O4 nanocomposite was synthesized by adding the as-

prepared BiOBr and MgFe2O4 with 15 wt% loading into 100 mL water containing ZnO 

and ultrasonicated for 30 minutes. The resulting solution was placed under stirring for 

12 hours in room temperature. The precipitates formed were filtered and washed with 

distilled water for several times. Then, the collected sample was dried in an oven at 80℃ 

for 24 hours and grinded into fine powder using pestle and mortar. Finally, the powder 

was calcined in a muffle furnace at 450℃ for 2 hours. A schematic illustration of the 

route employed to fabricate ZnO/BiOBr/MgFe2O4 is shown in Figure 3.5. The 

preparation of other photocatalyst combinations: ZnO/BiOBr and ZnO/MgFe2O4 was 

conducted using the similar procedure as well.  
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Figure 3.5: Synthesis process of ZnO/BiOBr/MgFe2O4 nanocomposites 

 

 

3.4 Characterization 

3.4.1 X-ray Diffraction (XRD) 

The crystallographic structure of as-synthesized photocatalysts was determined using 

Smimadzu XRD-6000 machine at Faculty of Science, UTAR Kampar. The XRD data 

were scanned at 2𝜃 ranged from 10° to 90°. 

 

 

3.4.2 Field Emission Scanning Electron Microscopy (FESEM) and Energy 

Dispersive X-ray (EDX) Spectroscopy 

The surface morphology and elemental composition of as-synthesized photocatalysts 

were examined at Faculty of Science, UTAR Kampar by using an Oxford Instrument 

X-Max EDS system equipped with a FESEM model of Quanta FEG 450 from the 

United Kingdom. The analysis was conducted by uniformly distributing the 

photocatalyst powder on a double-sided carbon adhesive tape attached to aluminium 

sample stub. 
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3.4.3 Ultraviolet-Visible Diffuse Reflectance Spectroscopy (UV-vis DRS) 

The optical properties as well as band gap energy of as-synthesized photocatalyst 

samples were investigated using JASCO V-730 UV-vis spectrophotometer, which is 

accessible at Faculty of Engineering and Green Technology, UTAR Kampar. 

 

 

3.4.4 Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance 

(FTIR-ATR) 

FTIR-ATR analysis was performed to analyse the functional group existing in the as-

synthesized photocatalyst. The FTIR-ATR data were scanned over the wavelengths 

ranging from 4000 cm-1 to 400 cm-1. This analysis was carried out at Faculty of Science, 

UTAR Kampar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 
 

3.5 Photocatalytic Activity 

The photodegradation of RhB in both aqueous solution and greywater over the as-

synthesized powder was performed in a batch reaction system under sunlight irradiation. 

For photodegradation of RhB in aqueous solution, 0.1 g of catalyst was dispersed in 

100 mL RhB solution of 20 ppm and being stirred for 1 hour under dark condition to 

reach adsorption-desorption equilibrium. The concentration of RhB after equilibration 

was analysed using JASCO V-730 UV-vis spectrophotometer and recorded as the 

initial concentration (𝐶𝑜). Subsequently, the suspension was subjected to constant 

stirring under sunlight irradiation for 2 hours to initiate the photocatalytic reaction, 

which is as depicted in Figure 3.6. Then, periodical sampling (4 mL) was conducted 

from the suspension at every 20 minutes for measurement of RhB concentration (𝐶𝑡) 

using the calibration curve of absorbance versus concentration (Figure 3.7).  

 

 

Figure 3.6: Experimental Setup for Photodegradation of Rhodamine B in aqueous 

solution 
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Figure 3.7: Calibration curve of absorbance against RhB concentration 

 

The degradation efficiency was determined using Eq. (3.1): 

(%) degradation =
(𝐶𝑜 − 𝐶𝑡)

𝐶𝑜
 × 100%                                                                         (3.1) 

where 𝐶𝑜 and 𝐶𝑡 are the equilibrium and concentration at time 𝑡 for the RhB solution, 

respectively. Then, the apparent reaction constant, 𝑘𝑎𝑝𝑝 was determined by fitting the 

obtained experimental data into a Langmuir Hinshelwood kinetic model as shown in 

Eq. (3.2). 

− ln
𝐶𝑡

𝐶𝑜
= 𝑘𝑎𝑝𝑝𝑡                                                                                                                     (3.2) 

The same experimental procedure was repeated for photodegradation of RhB in 

greywater, where the suspension was prepared by adding 0.1 g photocatalyst into 100 

mL greywater with 20 ppm RhB.  
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3.6 Phytotoxicity Test 

Phytotoxicity evaluation was conducted for the photocatalytically treated RhB-

greywater solution using the commercially available mung bean seeds as phytotoxicity 

assessment indicator. Initially, the surface of green bean seeds was sterilized with acetic 

acid and rinsed with distilled water for several times. The sterilized seeds were then 

placed in three petri dishes containing cotton wool wetted by distilled water (control) 

and RhB-greywater solution (untreated and treated). The seed growth was subsequently 

monitored for 7 consecutive days. After 7 days, the germinated seeds were removed 

from the petri dishes and the radicle lengths were measured. The phytotoxicities of each 

sample was calculated according to Eq. (3.3). 

(%) phytotoxicity =
𝑟𝑎𝑑𝑖𝑐𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑟𝑎𝑑𝑖𝑐𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝑟𝑎𝑑𝑖𝑐𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100            (3.3)  
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CHAPTER 4 

 

 

RESULT AND DISCUSSION 

 

 

4.1 Characterization 

A wide range of analytical techniques had been employed to characterize the physical, 

chemical and optical properties of the photocatalysts prepared as powder form. The 

analytical techniques include Field Emission Scanning Electron Microscopy (FESEM), 

Energy Dispersive X-ray (EDX), X-ray Diffraction (XRD), Fourier Transform Infrared 

Spectroscopy-Attenuated Total Reflectance (FTIR-ATR) and Ultraviolet-visible 

Diffuse Reflectance Spectroscopy (UV-vis DRS). 

 

 

4.1.1 Field Emission Scanning Electron Microscopy (FESEM) 

 The morphological structure of the as-synthesized samples was investigated 

using FESEM. As observed in Figure 4.1 (a), the pristine ZnO exhibited nanoparticle 

morphology with particle sizes ranging from 0.6 ± 0.5µm.  Figure 4.1 (b) depicts the 

FESEM image of bare BiOBr, demonstrating the typical sheet-like morphology that 

consists of stacked two-dimensional (2D) curved nanosheets with 2.0 ± 1.5µm in 

diameter. The surface morphology of MgFe2O4 is illustrated in Figure 4.1 (c), revealing 

a spinel structure with irregular coral-shaped rods (length of 2.5 ± 2µm). On the other 

hand, the ZnO/BiOBr/MgFe2O4 nanocomposite was composed of the ZnO 

nanoparticles, BiOBr nanosheets and MgFe2O4 nanorods, which were homogeneously 

attaching to each other as depicted in Figure 4.1 (d). The obtained FESEM results have 

denoted the successful incorporation of the single components in constructing a ternary 

heterostructure.
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Figure 4.1: FESEM images obtained for (a) ZnO; (b) BiOBr; (c) MgFe2O4 and (d) ZnO/BiOBr/MgFe2O4. 
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4.1.2 Energy Dispersive X-ray (EDX) 

 The elemental composition of the prepared ZnO/BiOBr/MgFe2O4 was 

scrutinized using EDX spectroscopy. Figure 4.2 illustrates the EDX spectra and 

elemental dot mapping images of ternary ZnO/BiOBr/MgFe2O4 nanocomposites. The 

simultaneous existence of O, Mg, Fe, Zn, Bi and Br elemental peaks as well as 

nonappearance of impurity peaks in the EDX spectra provided solid evidence to 

validate the successful synthesis of the ternary nanocomposites. Importantly, as 

depicted in the EDX mapping images, it should be noted that the elements were well-

dispersed throughout the composition, which could impart better photocatalytic 

efficiency. Furthermore, the percentage weight ratio of elements in the composite is 

shown in the inset table, which is almost consistent with the stoichiometric amounts 

taken for preparing ZnO/BiOBr/MgFe2O4 nanocomposite.  

 



43 
 

 

Figure 4.2: (a) The EDX spectra of ZnO/BiOBr/MgFe2O4; (b)-(h) elemental dot mapping of ZnO/BiOBr/MgFe2O4. 
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4.1.3 Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance 

(FTIR-ATR) 

 FTIR-ATR was performed to determine the functional group of the as-

synthesized samples. Figure 4.3 depicts the FTIR-ATR spectra of ZnO, BiOBr, 

MgFe2O4 and ZnO/BiOBr/MgFe2O4. In ZnO, the sharp absorption peak at 499 cm-1 is 

ascribed to the Zn-O stretching vibration in tetrahedral coordination (Janani et al., 2022). 

Apart from Zn-O, all additional bands that may form as a result of adsorbed species 

applied during synthesis process are absent owing to high temperature calcinations, 

which is consistent with the findings by Imran et al (Imran et al., 2017). Meanwhile, 

the two characteristics peaks of BiOBr at 508 cm-1 and 1382 cm-1 are assigned to the 

symmetric Bi–O stretching vibration and the antisymmetric Bi–Br stretching vibration, 

respectively (Qin et al., 2022). For MgFe2O4, the absorption bands observed at 1394, 

1432, 1648 and 3369 cm-1 correspond to the stretching and bending of O-H group of 

water (Israr et al., 2020; Syed et al., 2021). On the other hand, the prominent peaks of 

the typical spinel ferrites are also revealed at 553 cm-1 and 863 cm-1, indicating the 

existence of tetrahedral M-O bond and octahedral M-O bond, respectively (Fardood et 

al., 2022). In the case of ZnO/BiOBr/MgFe2O4 composite, the FTIR-ATR spectrum 

exhibits the similar characteristic peaks with those of ZnO, BiOBr and MgFe2O4, with 

the overlapping of peaks between ZnO and BiOBr observed at 501 cm-1 and occurrence 

of spinel ferrite characteristic peak at 875 cm-1 due to the MgFe2O4 deposition, 

suggesting that these elements were the key components of the composite. 
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Figure 4.3: FTIR-ATR spectra of ZnO, BiOBr, MgFe2O4 and ZnO/BiOBr/MgFe2O4. 
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4.1.4 Ultraviolet-Visible Diffuse Reflectance Spectroscopy (UV-vis DRS) 

 The UV-vis spectroscopy in diffuse reflectance mode has also been employed 

to all prepared samples to study the optical properties of synthesized nanostructures. 

The acquired spectral patterns and corresponding band gap energies (Eg) are 

demonstrated in Figure 4.4 and 4.5. The occurrence of absorption edges is attributed to 

the charge transportation between valence band and conduction band. It is clearly 

observed that the pristine ZnO shows an absorption peak (381 cm-1) in the UV region, 

implying its photoactivation upon UV irradiation. In a stark contrast, pure BiOBr and 

MgFe2O4 both exhibits good photosensitivity at the absorption band-edge of the visible 

light range. Despite the absence of absorption peak in the visible light spectrum for 

ZnO/BiOBr/MgFe2O4, the introduction of BiOBr and MgFe2O4 had led to an increased 

absorption intensity in the visible region, offering more probabilities for enhancing 

photocatalytic performance. According to the Tauc plot, the band gap values for ZnO, 

BiOBr, MgFe2O4 and ZnO/BiOBr/MgFe2O4 are estimated to be 3.31, 2.85, 1.97 and 

3.26 eV, respectively. As compared to the pristine ZnO, the ternary composite 

ZnO/BiOBr/MgFe2O4 has a lower band gap value plausibly due to the incorporation of 

BiOBr and MgFe2O4 with narrow band gaps, which offers more stimulation of 

photogenerated electron-hole pairs and improve the light utilization efficiency thereby 

leading to escalated photocatalytic activity. 

 

 

 

 

 

 

 

 

 

 



47 
 

 

Figure 4.4: UV-vis diffuse reflectance spectra of ZnO, BiOBr, MgFe2O4 and ZnO/BiOBr/MgFe2O4. 
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Figure 4.5: Energy gap analysis of ZnO, BiOBr, MgFe2O4 and ZnO/BiOBr/MgFe2O4 via Tauc plot. 
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4.1.5 X-Ray Diffraction (XRD) 

 XRD analysis was applied to elucidate the crystallinity of the as-synthesized 

samples and the diffraction patterns are shown in Figure 4.6. As depicted in Figure 4.6 

(a), the intense peaks located at 31.84°, 34.52°, 36.32°, 47.68°, 56.66°, 62.94° and 68.1° 

can be assigned to (100), (002), (101), (102), (110), (103) and (112) crystallographic 

planes of the hexagonal wurtzite ZnO (Kumari et al., 2022). For BiOBr NPs (Figure 

4.6 (b)), it displays strong reflections at 10.98°, 21.96°, 25.28°, 31.78°, 33.24°, 40.28°, 

44.74°, 50.76°, 69.66° and 78.88° for (001), (002), (101), (102), (110), (112), (200), 

(104), (220) and (310) planes, respectively, revealing consistent finding with the 

literature which corresponds to tetragonal matlockite structure of BiOBr (Lyu et al., 

2019). The MgFe2O4 NPs diffraction peaks are clearly observed in Figure 4.6 (c) with 

2θ = 30.16°, 34.28°, 38.06°, 44.76°, 48.42°, 62.68°, 65.16° and 78.28°, which are 

indexed respectively as (220), (311), (222), (400), (331), (440), (531) and (533) planes 

of MgFe2O4, demonstrating its face-centred cubic structure (Waheed et al., 2022). 

 On the other hand, as shown in Figure 4.6 (d), the XRD spectra of 

ZnO/BiOBr/MgFe2O4 is composed of sharp and strong diffraction peaks of ZnO, 

BiOBr and MgFe2O4, with no shifted peaks that would indicate lattice expansion or 

contraction. The weak peaks of (001), (002), (101), (220), (400), (200) and (533) plane 

might be attributed to the low dosage of BiOBr and MgFe2O4. Furthermore, no extra 

diffraction peaks can be identified in the ternary heterostructure, implying the high 

purity of the sample produced and non-occurrence of ZnO crystal phase transformation 

following in-situ growth of BiOBr and deposition of MgFe2O4. 
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Figure 4.6:  XRD spectra of as-obtained photocatalysts: (a) ZnO, (b) BiOBr, (c) MgFe2O4 and (d) ZnO/BiOBr/MgFe2O4.
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4.2 Photocatalytic Degradation Studies 

 The photocatalytic activity of the prepared samples is assessed by tracking the 

degradation of RhB in both aqueous solution and greywater under sunlight irradiation. 

In each experiment, 1 g/L of photocatalysts were dispersed in 20 ppm of RhB solution 

and subsequently irradiated to sunlight with continuous stirring for 3 hours. Figure 4.7 

(a) and Figure 4.8 (a) reveal that the absorption band intensities of RhB gradually decay 

over extended period of time in presence of ZnO/BiOBr/MgFe2O4 ternary composite, 

with absorption peaks located at 550 nm. The experimental results depicted in Figure 

4.7 (b) and Figure 4.8 (b) corroborated that the natural photolysis of RhB under sunlight 

irradiation was negligible, and there was no substantial degradation of the RhB in the 

presence of photocatalysts under dark circumstances, implying that the RhB 

degradation is primarily induced by the photocatalytic activity of excited 

semiconductors. The photodegradation efficiencies of RhB for ZnO, BiOBr, MgFe2O4, 

ZnO/BiOBr, ZnO/MgFe2O4 and ZnO/BiOBr/MgFe2O4 are found to be 90.42%, 92.06%, 

8.80%, 91.42%, 88.02% and 96.14% in aqueous solution, and 80.80%, 90.03%, 3.62%, 

88.25%, 85.07% and 93.59% in greywater, respectively. It can be observed that the 

ZnO/BiOBr/MgFe2O4 ternary heterojunction system exhibited better photocatalytic 

performance for degradation of RhB in both aqueous solution and greywater as 

compared to pristine single and binary photocatalysts. Interestingly, the photocatalytic 

efficiency of ZnO/BiOBr/MgFe2O4 in greywater decreased unremarkably by 2.55% as 

compared with the degradation of RhB in aqueous solution, which could be ascribed to 

the existence of other pollutants in greywater effluent that vigorously competes for the 

active reaction sites on the heterostructure surface (Chong et al., 2015). 

 Subsequently, the kinetics of RhB degradation in aqueous solution and 

greywater was studied by fitting to a Langmuir Hinshelwood kinetic model and 

corresponding results are summarized in Figure 4.7 (c) and Figure 4.8 (c). The plots of 

-ln (𝐶/𝐶𝑜) versus irradiation time (𝑡) were unveiled to be linear correlation, indicating 

that the reaction conforms to the pseudo-first-order kinetics. The photodegradation rate 

constant (𝑘𝑎𝑝𝑝) values of RhB dye in aqueous solution for ZnO, BiOBr, MgFe2O4, 

ZnO/ BiOBr, ZnO/MgFe2O4 and ZnO/BiOBr/MgFe2O4 are estimated as 0.0102. 0.0132, 

0.004, 0.0106, 0.0110 and 0.0153 respectively, while those of the RhB in greywater are 

0.0088, 0.0112, 0.0003, 0.01, 0.0096 and 0.0117, respectively. For 

ZnO/BiOBr/MgFe2O4 ternary nanocomposite, the 𝑘𝑎𝑝𝑝~0.0153 for aqueous solution 
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and  𝑘𝑎𝑝𝑝~0.0117 for greywater, as shown in Figure 4.7 (d) and Figure 4.8 (d), are the 

highest among all the photocatalysts, which is 1.5- and 1.33-fold higher than the pristine 

ZnO in both the respective cases. This phenomenon could be attributed to the 

synergistic effect from the coupling of BiOBr and MgFe2O4, which imparts elevated 

light absorption and further enhances the separation and migration efficiency of photo-

generated electron-hole pairs, as confirmed by UV-Vis diffuse absorption spectra 

spectroscopy. 

  Previous studies conducted by Gao et al. (2022) on ZnO-based ternary 

composite had reported similar findings whereby they proposed a novel ternary 

ZnO@ZIF-8/AgI composite for photodegradation of selected tetracycline (TC) upon 

visible light illumination. The ternary heterostructure was constructed via in-situ 

seamless growth of zeolitic imidazolate framework-8 (ZIF-8) nanofilms followed by 

deposition of AgI on ZnO@ZIF-8. Their photodegradation studies reveal that the 

ZnO@ZIF-8/AgI demonstrated highest photocatalytic activity, which was superior to 

unitary and binary photocatalysts. The photocatalytic efficiencies of ZnO@ZIF-8 and 

ZnO@ZIF-8/AgI increased by 34% and 90% compared with the ZnO, respectively, 

suggesting that the incorporation of ZIF-8 and AgI in constructing a ternary 

heterostructure can further enhance the photocatalytic potential of ZnO. They inferred 

that the improved photocatalytic activity of ternary composite may occur due to the (i) 

large specific surfaces and porosities of ZIF-8 shells which offered a favorable 

environment for the preconcentration of TC onto the photocatalyst surface, enhancing 

the utilization efficiency of photogenerated electron-hole pairs, the (ii) efficient 

photosensitivity towards visible light region and the (iii) increase in the trappings of 

electron and holes, facilitating the reduction of recombination rate. Another comparable 

finding was proclaimed by Nguyen et al. (2020) on the removal of various dyes over 

TiO2/ZnO/rGO (TZR) composite under UV/simulated solar illumination. The 

decreasing order of photocatalytic activities for RhB removal is found to be TZR > 

TiO2/ZnO > TiO2 > ZnO, suggesting that TZR composites exhibited the highest 

photocatalytic performance. They explained by the similar reasoning as the previous 

study whereby the incorporation of rGO, TiO2 and ZnO contributed to the narrowing 

of bandgap energy and increased the light absorption in the visible light region thereby 

led to improved photocatalytic performance of TZR composite. 
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 Apart of good photocatalytic performance, the good recyclability of 

photocatalyst is another key aspect to be taken into consideration for practical 

application. Figure 4.9 illustrates the recycling experiment for ZnO/BiOBr/MgFe2O4 

ternary composite through magnetic separation. It shows that the as-synthesized ternary 

photocatalyst can be easily attracted by the magnet owing to the intrinsic magnetic 

properties offered by MgFe2O4 spinel ferrite, which suggests its great potential for 

practical application. 
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Figure 4.7: Photocatalytic activity of as-prepared samples for RhB degradation in aqueous solution. (a) Absorption spectra of RhB dyes after 180 

min of sunlight exposure on ZnO/BiOBr/MgFe2O4 ternary composite; (b) profiles of RhB photodegradation; (c) kinetic curves and (d) apparent 

reaction rate constants (𝑘𝑎𝑝𝑝) obtained by applying the pseudo-first-order model. 
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Figure 4.8: Photocatalytic activity of as-prepared samples for RhB degradation in greywater. (a) Absorption spectra of RhB dyes after 180 min of 

sunlight exposure on ZnO/BiOBr/MgFe2O4 ternary composite; (b) profiles of RhB photodegradation; (c) kinetic curves and (d) apparent reaction 

rate constants (𝑘𝑎𝑝𝑝) obtained by applying the pseudo-first-order model. 
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Figure 4.9: Magnetic recovery of ZnO/BiOBr/MgFe2O4 ternary composites after 

photocatalysis. 
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4.3 Phytotoxicity Evaluation 

 The direct discharge of harmful organic pollutants, particularly synthetic dyes 

like RhB might pose a profound impact on the environment and human health, 

including a direct contamination on aquatic system as well as impedance of soil fertility. 

Thus, it is substantive and meaningful to evaluate the phytotoxicity of RhB dyes and 

the treatment effectiveness. A cultivation study of mung bean sprouts was conducted to 

evaluate the phytotoxicity of RhB dyes before and after the photocatalytic treatment 

over ZnO/BiOBr/MgFe2O4 as shown in Figure 4.10 (a)-(d). After incubation for 

consecutive 7 days, the radicle length of mung beans irrigated with deionized water 

(control) was measured to be 2.8 cm. However, the inhibition of radicle growth was 

observed for the seeds exposed to untreated RhB solution, which showed no 

germination at all. Impressively, the mung beans in the presence of 

ZnO/BiOBr/MgFe2O4 exhibited significantly higher radicle growth (1.8 cm) after 

degradation, with only 35% reduction in radicle length as compared to the control.  

  As shown in Figure 4.10 (a), the phytotoxicities of the RhB dyes was found in 

order of pure RhB solution before degradation > treated solution > control, with 

percentages of 100%, 35.71% and 0%, respectively. This suggested that the 

ZnO/BiOBr/MgFe2O4 can degrade the RhB dyes and reduce the toxicity of treated 

water in an impressive manner, which provide new insights on the safety release of 

RhB dyes during treatment process. These outcomes were highly consistent with the 

previous study done by Venkatesh and Sakthivel, whereby they also performed a 

phytotoxicity test on methylene blue (MB) dyes using Vigna Radiata as assessment 

indicator (Venkatesh and Sakthivel, 2022). They discovered a noteworthy degree of 

inhibition up to 40% on the germination rate of seedlings irrigated with untreated MB 

dyes, which is on contrary to the 71.10% seed germination index for the MB solution 

degraded over the Zn doped SnO2 photocatalyst, indicating a substantial reduction in 

phytotoxicity of dye effluent after photodegradation. 
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Figure 4.10: (a) Phytotoxicity of RhB dye in greywater before and after degradation using ZnO/BiOBr/MgFe2O4; (b) control; (c) before 

degradation and (d) after degradation after 7 days.
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CHAPTER 5 

 

 

CONCLUSION AND RECOMMENDATION 

 

 

5.1 Conclusion 

 In summary, a magnetically separable novel ternary ZnO/BiOBr/MgFe2O4 

photocatalyst was successfully developed via a low cost ultrasonic-deposition method 

for degradation of RhB dyes in aqueous solution and greywater under sunlight 

irradiation. The as-synthesized samples were characterized by various characterization 

techniques including FESEM, EDX, FTIR-ATR, UV-vis DRS and XRD to examine 

their physiochemical and optical properties. FESEM images showed the homogeneous 

attachment of ZnO nanoparticles and deposition of MgFe2O4 nanorods over the 2D 

curved BiOBr nanosheets towards the construction of ternary heterostructure. 

Furthermore, EDX results revealed the uniform distribution of O, Mg, Fe, Zn, Bi and 

Br in ZnO/BiOBr/MgFe2O4 ternary composite with no other characteristic peaks being 

observed,  implying the high purity of as-obtained photocatalyst. Moreover, FTIR-ATR 

spectra confirmed the existence of characteristic peaks of ZnO, BiOBr and MgFe2O4 in 

the prepared ZnO/BiOBr/MgFe2O4 sample. The improved light absorption of the 

ternary composite was also validated from the increased intensity of visible light 

absorption in UV-vis DRS spectra as well as the narrowing of band gap in Tauc plot. 

In addition, the diffraction patterns in XRD spectra of ternary composite were 

composed of the distinguishing peaks of corresponding pristine components, 

suggesting the good purity and crystallinity of the fabricated ternary heterostructure. In 

photoactivity test, as compared to the other photocatalysts, the ZnO/BiOBr/MgFe2O4 

ternary composite exhibited much better photocatalytic performance for degradation of 

RhB dyes in both aqueous solution and greywater upon sunlight illumination, with 

degradation efficiencies up to 96.14% and 93.59%, respectively. It is also noteworthy 

to mention that the ZnO/BiOBr/MgFe2O4 ternary photocatalyst can be easily recycled 

from the treated solution using an external magnet for industrial application. Lastly, the 
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phytotoxicity studies demonstrated 64.29% reduction in phytotoxicity for the RhB 

solution after degradation as compared to the untreated raw RhB solution. 

 

 

5.2 Recommendation 

Upon completion of this project, a few recommendations can be implemented in further 

photocatalytic studies: 

a) The effect of other parameters affecting photocatalytic activity such as initial 

dye concentration, pH, light intensity, catalyst loading and presence of 

oxidizing agent should be scrutinized to acquire in-depth understanding on the 

photocatalytic ability of ZnO/BiOBr/MgFe2O4. 

b) Scavenger test should be conducted to explore the roles of each reacting species 

in RhB degradation. 

c) Reusability test should be conducted to assess the stability and efficiency of the 

used ZnO/BiOBr/MgFe2O4 ternary composite. 

d) The photodegradation mechanism of RhB should be studied using High 

Performance Liquid Chromatography (HPLC) and Gas Chromatography (GC). 
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