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ABSTRACT 

This thesis investigated the enhancement of photocatalytic efficiency of 
manganese ferrite (MnFe2O4) by integrating it with graphitic carbon nitride (g-C3N4) for 
the degradation of organic dyes and pharmaceutical contaminants in synthetic wastewater. 

The MnFe2O4/g-C3N4 (MnFG) nanocomposites were successfully synthesized via a 
hydrothermal method and evaluated for their photocatalytic performance in degrading 
pollutants such as Indigo Carmine (IC), Reactive Black 5 (RB5), and Tetracycline (TC). 

Comprehensive characterization of the photocatalysts was conducted using X-

ray diffraction (XRD) for phase analysis, scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) for morphology and structural observations, 
Fourier-transform infrared spectroscopy (FT-IR) for functional group identification, X-ray 
photoelectron spectroscopy (XPS) for surface composition, ultraviolet–visible diffuse 
reflectance spectroscopy (UV-vis DRS) for optical properties, and photoluminescence 
spectroscopy (PL) for charge carrier dynamics. 

The g-C₃N₄-enhanced MnFG nanocomposites exhibited over 99% degradation 
efficiency for IC and RB5, and high efficiency for TC under visible light irradiation. TC 
kinetic analysis revealed that the degradation followed pseudo-first-order kinetics, 
indicating a strong correlation between composite composition and photocatalytic 
activity. These findings demonstrated the potential of MnFG nanocomposites for effective 
environmental remediation and provided a foundation for future research focused on 
optimizing composite design and elucidating underlying photocatalytic mechanisms. 
 
Keywords: Photocatalysis, MnFe2O4, g-C3N4 , wastewater treatment, organic dyes, 
environmental remediation. 
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CHAPTER 1  

INTRODUCTION 

1.1 Background and importance 

Enhancing the potential of photocatalysts at the nanoparticle level is currently 

one of the key challenges to the application of photocatalytic technologies to 

environmental cleanup issues. The necessity of finding solutions to this worldwide issue, 

encompassing air pollution, wastewater treatment, and environmental contamination, 

promptly spurred extensive investigations into the principles of photocatalyst design. The 

utilization of composite materials in preparing photocatalysts has been demonstrated to 

greatly augment the efficiency of the photocatalytic process across several dimensions, 

including increased surface area, enhanced stability, reduced toxicity, improved cost-

effectiveness, and recyclability. Furthermore, it boasts the highest efficiency in 

decomposing pollutants, rendering it an intriguing option for both theoretical exploration 

and practical implementation [1-5].  

One important way to increase the effectiveness of the photocatalytic process is 

to use graphitic carbon nitride (g-C3N4) when creating photocatalysts [6]. The exceptional 

optical properties and chemical stability of g-C3N4 provide the explanation [7-9]. 

Concurrently, the performance of the photocatalyst is improved through synergistic 

integration because of its advantageous electrical conductivity characteristics [10-13]. To 

get the ideal combination of properties and improve stability and efficiency for 

environmental applications, composite photocatalyst design is essential [14-17]. As a 

result, a crucial step in the photocatalytic process is the careful selection of photocatalyst 

reactants. A promising approach to enhance the photocatalytic properties of 

photocatalysts involves incorporating metal oxides, such as CeO2, TiO2, SnO2, WO3, and 

ZnO into the precursor material [18, 19]. The photocatalytic process holds significant 

potential due to its unique properties and wide-ranging applications. In-depth research on 

this strategy can lead to the discovery of high-performance photocatalysts that effectively 

promote the production, separation, and utilization of photoexcited carriers in organic 

synthesis [20, 21]. Materials or metal oxides integrated with photocatalysts can leverage 

the distinctive properties of different materials [19, 22]. Researchers have at their disposal 
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a powerful toolkit to manipulate light harvesting, adsorption capacity, and ultimately the 

activity and selectivity of photocatalysts [22]. Harnessing electronic properties to control 

reaction selectivity has been proven to be a viable approach due to the presence of highly 

oxidative radical species under ultraviolet light [23, 24]. Moreover, the highly efficient 

charge separation of nanocomposites is particularly intriguing due to their novel 

properties. The first challenge to improve selectivity for a specific oxidation reaction is 

to better understand the reaction kinetics of photocatalysts [25]. Significant knowledge 

gaps remain regarding the surface characteristics of photocatalysts, the properties of 

materials such as MnFe2O4, Fe2O3, BiVO4, and WO3 [26], and the application of synthetic 

methods, which serve as a powerful tool for investigating surface properties and 

photocatalytic reactions [19]. Electrons can undergo photoexcitation when molecules 

exhibit positive adsorption energy, and such combinations may provide multiple 

advantages, including enhanced stability, broader absorption spectra, reduced charge 

recombination due to lower light intensity, improved photocatalytic properties, and 

synergistic effects that decrease the energy band gap [19, 26, 27]. 

In this study, an advanced photocatalyst, MnFe2O4/g-C3N4 (MnFG), is 

developed by integrating the metal oxide MnFe2O4 with carbon-based precursors 

MnFe2O4 and g-C3N4 using the hydrothermal method to enhance pollutant degradation. 

The research aims to evaluate photocatalytic efficiency and explore the reaction 

mechanisms involved in pollutant decomposition using the synthesized MnFG 

photocatalyst. This work focuses on two types of contaminants: synthetic dyes 

wastewater and synthetic pharmaceutical wastewater. 

1.2  Purpose of the Study 

1.2.1 Synthesis and analysis of the photocatalytic physical properties of the 

MnFG photocatalyst for the preparation of nanocomposites. 

1.2.2 Evaluation of the degradation efficiency of the synthesized 

photocatalysts under the photocatalytic process. 

1.2.3 Investigation of the kinetics of the photocatalytic degradation process.  
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1.3  Scope of works 

1.3.1 Preparation of Photocatalyst: The photocatalyst utilized in this study is 

MnFe2O4/g-C3N4 (MnFG), synthesized through the hydrothermal method. 

1.3.2 Experimental Setup: All experiments are conducted using a batch reactor 

system.  

1.3.3 Two types of synthetic wastewater are employed in the experiments: 

• Synthetic wastewater polluted with dyes, specifically indigo 

carmine (IC) and reactive black 5 (RB5). 

• Synthetic wastewater containing pharmaceutical pollutants, 

specifically tetracyclines. 

1.3.4 Kinetic Analysis: The photocatalytic degradation process is analyzed 

based on pseudo-first-order reaction kinetics. 

 

1.4 Expected benefits 

1.4.1 Development of photocatalysts with optimal properties and high 

efficiency, making them suitable for application in photocatalytic processes for 

wastewater treatment. 

1.4.2 Establishment of a viable alternative for advanced wastewater treatment 

technologies, contributing to more effective contaminant removal. 

1.4.3 Acquisition of comprehensive kinetic analysis data to enhance 

understanding of contaminant degradation mechanisms and process efficiency. 

  



4 

CHAPTER 2  

REVIEW OF THE LITERATURE 

2.1  Introduction to Photocatalytic. 

Photocatalysis has emerged as a pivotal technology in environmental remediation 

and renewable energy production, leveraging light energy to drive chemical reactions. This 

process hinges on semiconductors that absorb photons, generating electron-hole pairs capable 

of initiating redox reactions to degrade pollutants or produce clean fuels [23, 24, 28]. 

Photocatalytic addresses critical challenges such as wastewater treatment, air purification, 

and carbon dioxide reduction, aligning with Sustainable Development Goals (SDGs) for 

clean water, affordable energy, and climate action [29-31].  

At the core of Photocatalytic lies the excitation of a semiconductor material by light, 

typically with energy exceeding its bandgap. This generates electron-hole pairs that migrate 

to the surface, where they participate in redox reactions [23, 32-34]. Photocatalysts absorb 

ultraviolet (UV) light to produce electrons in the conduction band (CB) and holes in the 

valence band (VB) [28, 32, 35].These charge carriers can reduce oxygen to superoxide 

radicals (O2⁻) or oxidize water to hydroxyl radicals (OH), both potent oxidants for organic 

pollutant degradation[23, 32, 33, 36] as shown in Figure 2.1. The efficiency of this process 

depends on minimizing electron-hole recombination, achieved through structural 

modifications like doping or heterojunction formation[23, 28, 33].  

2.1.1  Photocatalyst. 

A photocatalyst is defined as a semiconducting material that absorbs 

photons to generate electron-hole pairs, initiating redox reactions without being 

consumed in the process. Unlike conventional catalysts, photocatalysts require light 

irradiation to activate their catalytic properties, enabling reactions under ambient 

conditions. The mechanism begins with photon absorption, where energy exceeding the 

material’s bandgap promotes electrons (e-) from the valence band (VB) to the conduction 

band (CB), leaving positively charged holes (h+) in the VB [37, 38]. These charge carriers 

migrate to the catalyst surface, where they interact with adsorbed species such as water, 

oxygen, or pollutants, producing reactive oxygen species (ROS) like hydroxyl radicals 

(•OH) and superoxide anions (•O2
-) [37]. 
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Figure 2.1 Mechanism of Photocatalytic Photodegradation. 

2.1.2 Classification of Photocatalysts 

 Photocatalytic materials are systematically categorized based on their 

structural composition, charge transfer mechanisms, and operational efficiencies in light-

driven chemical reactions. Contemporary research identifies six primary classifications, 

each addressing specific energy conversion and environmental remediation challenges 

through tailored photophysical properties. 

• Metal Oxide-Based Photocatalysts. 

 Metal oxides dominate photocatalytic systems due to their tuneable 

band gaps and stability. TiO2 (3.2 eV bandgap) and ZnO (3.3 eV) exhibit UV-driven 

activity, while doping (e.g., W, Fe) reduces bandgaps to ~2.5 eV for visible-light 

absorption [39, 40]. Mesoporous TiO2 (10 nm pores) enhances mass transport, achieving 
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70% site accessibility over cycles [40]. Three-Dimensional Ordered Microstructure of 

Titanium Dioxide (3DOM TiO2) architectures (300 nm macropores) enable dual 

photocatalytic-thermocatalytic toluene conversion (90% efficiency) [39]. 

 MnFe2O4, a spinel ferrite, has a 1.9–2.4 eV bandgap and cubic 

structure (Fd-3m space group). Its magnetic properties arise from Mn(II) and Fe(III) in 

tetrahedral/octahedral sites, enabling efficient charge separation [41, 42]. Ce-doped 

MnCexFe2₋xO4 increases lattice parameters (8.388 A at x=0.5) and enhances methylene 

blue degradation (91.53% efficiency) [41]. 

• Spinel Ferrite Photocatalysts 

 Spinel ferrites (AB2O4) integrate transition metals in tetrahedral (A) 

and octahedral (B) sites, enabling visible-light absorption through d-d electron transitions. 

Manganese ferrite (MnFe2O4) exemplifies this class, with a cubic spinel structure (Fd-3m 

space group) and lattice parameter of 8.343–8.388 Å [34, 41]. Its 2.42 eV bandgap allows 

absorption up to 512 nm, while Fe3+/Mn2+ redox pairs facilitate hole-mediated 

degradation pathways. MnFe2O4 nanoparticles (6–24 nm) exhibit 92% acid violet 7 

degradation under UV light via hydroxyl radical (·OH) generation [34, 43]. 

 Comparative studies show MnFe2O4 outperforms cobalt ferrite 

(CoFe2O4) due to higher surface area (72.3 vs. 65.85 m2/g) and stability [34, 43]. 

Heterostructures like CeO2/MnFe2O4 enhance charge separation through p-n junctions, 

achieving a 0.0108 min⁻¹ degradation rate constant for methylene blue 2.8× faster than 

pure MnFe₂O4  [44, 45]. Challenges include photo corrosion under visible light, mitigated 

by sacrificial agents (S2-/SO3
2-) that scavenge holes [43, 46]. 

• Polymeric Semiconductor Photocatalysts 

 Graphitic carbon nitride (g-C3N4) represents a metal-free polymeric 

photocatalyst with a 2.7 eV bandgap, enabling visible-light absorption up to 460 nm. Its 

layered structure comprises tri-s-triazine units connected by tertiary amines, providing a 

high specific surface area (up to 202 m²/g) and π-conjugated electron systems [46, 47]. 

Nitrogen vacancies in g-C3N4 create mid-gap states, reducing recombination and 

enhancing CO2 reduction efficiency (62.5% aromatic yield) [42, 47]. 

 Modifications like exfoliation into quantum dots or doping with 

phosphorus (P) narrow the bandgap to 1.5 eV, extending absorption into the near-infrared 
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[46, 48]. Z-scheme heterojunctions (e.g., g-C3N4/W18O49) preserve redox potentials, 

achieving 1097 μmol·h⁻¹ hydrogen evolution 40% higher than pristine g-C3N4 [42, 49]. 

However, low quantum efficiency (≤18%) and rapid charge recombination remain 

challenges, addressed through hydrogel immobilization or machine learning-guided 

design [42, 48]. 

• Composite Heterojunction Systems 

 Composite photocatalysts combine multiple materials to optimize 

light absorption and charge separation. Type-II heterojunctions (e.g., α-Fe2O3/TiO2) 

spatially separate electrons and holes via staggered band alignments, while Z-scheme 

systems (e.g., BiVO4/g-C3N4) mimic natural photosynthesis for high redox efficiency[43, 

49]. The MoS2/CdS/TiO2 ternary system demonstrates vectorial electron transfer, with 

CdS (−0.52 eV CB) injecting electrons into TiO2 (−0.29 eV CB) and MoS2 providing H2 

adsorption sites[49, 50]. 

 Core-shell structures like CuxO@TiO2 leverage visible-light 

absorption from copper oxides (1.2–2.0 eV) and TiO2’s stability, maintaining 85% Cr(VI) 

reduction over 10 cycles [41, 42]. Challenges include interfacial charge resistance and 

scalability limitations, particularly for three-dimensionally ordered microporous (3DOM) 

architectures, causing 30% pressure drops in flow reactors [42, 51]. 

2.1.3   MnFe2O4 nanoparticles 

 Manganese ferrite (MnFe2O4) nanoparticles are spinel-type ferrites with 

a cubic crystal structure (space group Fd3m), where Mn2+ and Fe3+ ions occupy 

tetrahedral (A) and octahedral (B) sites [52] shown in Figure 2.2. Synthesized via 

coprecipitation, hydrothermal, or sol-gel methods, these nanoparticles exhibit tunable 

sizes (5–38 nm) depending on synthesis parameters like pH, annealing temperature (500–

1200°C), and dopants [53-55]. For instance, coprecipitation at pH 9–12 yields particles 

with crystallite sizes of 5–15 nm, while sol-gel methods produce 27.4 nm particles 

confirmed by XRD [52, 55]. The lattice parameter ranges from 8.34 Å to 9.40 Å, 

influenced by Fe/Mn ratios and synthesis conditions [53, 54]. The properties of MnFe2O4 

are present in table 2.1 and the Advantages and Limitations are in table 2.1  
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Table 2.1  Properties of MnFe2O4 

Properties Details References 

Crystal Structure Cubic spinel (Fd3m), lattice parameter 

8.34–9.40 Å 

[53-55] 

Particle Size 5–38 nm (TEM/XRD) [52, 55, 56] 

Bandgap 1.4–1.9 eV [55, 56] 

 

 

Figure 2.2  Schematic diagram of MnFe2O4 [57] 

2.1.4 Graphitic carbon nitride (g-C3N4) 

 Graphitic carbon nitride (g-C3N4) is a metal-free semiconductor 

composed of carbon and nitrogen atoms arranged in a layered structure similar to 

graphite. Synthesized primarily through thermal polymerization of nitrogen-rich 

precursors like urea or melamine at 500–600°C, it forms a tri-s-triazine-based framework 

with alternating C–N bonds [58, 59] shown in Figure 2.3. The material exhibits a bandgap 

of ~2.7 eV, enabling visible-light absorption up to 460 nm, and demonstrates high thermal 

stability (up to 600°C), making it suitable for harsh photocatalytic environments [58-60]. 
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Figure 2.3  Structure of g-C3N4 [61] 

 g-C3N4’s polymeric structure consists of tris-triazine units connected via 

tertiary amines, creating a porous morphology [59]. Synthesis methods include direct 

thermal condensation of precursors like melamine, which produces a bulk material with 

a high degree of polymerization [58]. The process can be modified to achieve varying 

textural structures, such as nanosheets or hollow rods, through templating or doping 

techniques [62]. 

 The material’s electronic structure allows for visible-light-driven 

applications, though its efficacy is limited by rapid electron-hole recombination [60]. 

Heterojunction formation with other semiconductors, such as TiO2 or Ag3PO4, enhances 

charge separation and light utilization. For example, a Z-scheme heterojunction in 

TiO2/g-C3N4 composites improves photocatalytic CO2 reduction by promoting electron 

transfer [63, 64]. 

 g-C3N4 exhibits a hexagonal lattice structure (space group P6m2) with 

interlayer distances of 0.326 nm, confirmed by XRD peaks at 27.4° (002 plane) and 13.1° 

(100 plane). Porous variants synthesized using citric acid as a template show increased 

surface area (13.975 m²/g vs. 9.163 m²/g for bulk) and smaller crystallite sizes (~43.5 nm) 

[65]. SEM reveals irregular tissue-like morphologies in doped samples, while TEM 

confirms ultrathin nanosheets with abundant edge sites for catalytic reactions [34, 66]. 

 The material’s band structure comprises a highest occupied molecular 

orbital (HOMO) at +1.6 eV and a lowest unoccupied molecular orbital (LUMO) at -1.1 

eV, facilitating redox reactions. Photoluminescence spectroscopy indicates suppressed 
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electron-hole recombination in heterojunctions like g-C3N4/ZnS, where a Z-scheme 

mechanism preserves redox potentials [67]. UV-vis diffuse reflectance spectra show 

absorption edges redshifted to 650 nm in Fe3+-doped samples, enabling near-infrared 

activity [34, 68]. Properties of g-C3N4 are shown in Table 2.2 

Table 2.2 Properties of g-C3N4   

Properties Details References 

Crystal Structure Hexagonal (P6m2), interlayer 

distance 0.326 nm 

[34, 66] 

Bandgap 2.7 eV (tenable to 1.5 eV via doping) [34, 66, 67] 

Surface Area 9.163–13.975 m2/g (porous vs. bulk) [65] 

Thermal Stability Stable up to 600°C [66] 

2.1.5 MnFe2O4/g-C3N4 Heterojunction Composites 

 MnFe2O4/ g-C3N4 composites integrate the visible-light absorption of g-

C3N4 ( bandgap ~2 . 7  eV) with the magnetic properties of MnFe2O4, enabling efficient 

pollutant degradation and catalyst recovery [69, 70]. The cubic spinel structure of 

MnFe2O4 ( lattice parameter: 8 . 3 4 – 9 . 40  Å) provides Fe3+/ Mn2+ redox pairs for hole-

mediated degradation, while the g-C3N4 layered structure offers π-conjugated electron 

systems for charge transfer [71, 72]. Optimized composites achieve > 9 0 %  methylene 

blue degradation under visible light via hydroxyl radical (·OH) pathways [70, 73]. 

 The composite’s enhanced activity stems from a Type II heterojunction, 

where the conduction band (CB) of g-C3N4 (−1.3 eV) lies above that of MnFe2O4 (−0.5 

eV), while the valence band (VB) of MnFe2O4 (+2.7 eV) resides below g-C3N4 (+1.4 eV) 

[66, 74]. Under visible light, photogenerated electrons migrate from g-C3N4 to MnFe2O4, 

while holes transfer inversely, suppressing recombination and prolonging carrier 

lifetimes. This mechanism facilitates the generation of reactive oxygen species ( •OH, 

•O2
-) responsible for pollutant degradation [75, 76]. 

 MnFe2O4 incorporation grants the composite ferrimagnetic behavior, 

with saturation magnetization values ranging from 45–76 emu/g, enabling facile magnetic 

separation [74, 75]. The hybrid structure also improves thermal stability, retaining >85% 
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activity after five cycles due to robust interfacial bonding between MnFe2O4 

nanoparticles and g-C3N4 nanosheets [74, 77]. 

• Synthesis Methods for MnFe2O4/g-C3N4 Composites 

 MnFe2O4/g-C3N4 composites are fabricated using methods that 

optimize interfacial bonding, crystallinity, and photocatalytic-magnetic synergy. The 

show is a detailed comparison in Table 2.3 

Table 2.3  Synthesis Methods for MnFe2O4/g-C3N4 Composites. 

Method Key Steps Advantages Limitations References 

Hydrothermal Precursor 

mixing, 

autoclaving 

(160–200°C) 

High crystallinity, 

controlled 

morphology, strong 

interfacial bonding 

Energy-

intensive, long 

reaction times 

[74, 76, 

78] 

Calcination Thermal 

treatment (400–

550°C) of 

precursors 

Scalability, induces 

nitrogen doping in 

g-C₃N₄ 

Particle 

agglomeration, 

reduced 

surface area 

[75, 79] 

Co-

precipitation 

Fe³⁺/Mn²⁺ salts 

+ g-C₃N₄ in 

basic solution 

Rapid synthesis (1–

2 hours), cost-

effective 

Irregular 

particle size, 

weak 

crystallinity 

[66, 80, 

81] 

Solid-state Mechanical 

mixing + high-

temperature 

annealing 

Simple setup, 

avoids solvent use 

Poor 

interfacial 

contact, 

limited 

scalability 

[76, 82] 

• Hydrothermal synthesis of MnFe2O4/g-C3N4 composites 

 Hydrothermal synthesis of MnFe2O4/g-C3N4 composites typically 

involves dissolving Mn2+ (e.g., MnSO4·H2O) and Fe3+ (e.g., FeCl3·6H2O) precursors in a 

solvent such as ethanol-water mixtures, followed by the addition of pre-synthesized g-
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C3N4 [72, 83]. The mixture is sonicated to ensure dispersion, then transferred to a Teflon-

lined autoclave and heated at 120–180°C for 10–24 hours under autogenous pressure [72, 

83, 84]. Post-synthesis, the composite is washed repeatedly with ethanol and deionized 

water to remove impurities, then dried at 60–80°C or freeze-dried to maintain structural 

integrity [85]. This method promotes the formation of MnFe2O4 nanoparticles anchored 

on g-C3N4 surfaces through hydrogen bonding or electrostatic interactions, enhancing 

photocatalytic and adsorption properties [72, 83]. Critical Synthesis Parameters of 

Hydrothermal synthesis of MnFe2O4/g-C3N4 composites will show in table 2.4  

Table 2.4  Critical Synthesis Parameters of Hydrothermal synthesis of MnFe2O4/g-C3N4 

composites.  

Parameter Optimal 

Range 

Impact on Properties Ref. 

Temperature 120–180°C Higher temperatures enhance crystallinity 

but risk g-C3N4 decomposition 

[70, 86] 

Reaction 

Time 

12–24 hours Prolonged durations improve 

heterojunction formation 

[72, 87] 

MnFe₂O₄/g-

C3N4 Ratio 

1:1 to 1:2 

(w/w) 

Excess g-C3N4 (>50%) blocks active sites 

on MnFe2O4 

[86, 87] 

pH 9–11 Alkaline conditions Favor spinel phase 

formation 

[83, 87] 

 The integration of MnFe2O4 with graphitic carbon nitride (g-C3N4) has 

emerged as a promising strategy to enhance photocatalytic efficiency for both 

environmental remediation and energy production. This nanocomposite leverages the 

synergistic properties of its components, MnFe2O4 provides magnetic recoverability and 

visible-light absorption, while g-C3N4 offers a high surface area and tunable electronic 

structure. Together, they form a heterojunction that improves charge separation, extends 

light absorption, and facilitates redox reactions for pollutant degradation and hydrogen 

evolution [76, 78, 88]. Below, we explore the mechanistic details and reaction pathways 

that underpin the photocatalytic activity of MnFe2O4/g-C3N4 composites. 
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2.1.6 Mechanisms of MnFe2O4/g-C3N4 composites in the Photocatalytic process  

 Under visible-light irradiation, both MnFe2O4 and g-C3N4 are 

photoexcited, generating electron-hole pairs. As shown in equations 2.1 and 2.2 

g C N hv− +3 4  → CB VBg C N (e h )− +− +3 4  (2.1) 

2 4MnFe O + hv  → - +
2 4 CB VBMnFe O (e + h )  (2.2) 

 Electrons in the CB of g-C3N4 migrate to the CB of MnFe2O4, while holes 

in the VB of MnFe2O4 transfer to g-C3N4 [76, 78, 89]. This spatial separation suppresses 

recombination and prolongs carrier lifetimes, as confirmed by photoluminescence 

spectroscopy [89, 90]. 

 Reactive Species Generation. The separated charges participate in redox 

reactions with adsorbed species. As shown in equations 2.3 - 2.7    

• Electrons reduce dissolved O2 to superoxide radicals ( -
2•O ) [91] 

• Holes oxidize H2O or OH- to hydroxyl radicals ( •OH ) 
+

2h + H O  → +•OH + H  (2.4) 

• -
2•O further reacts to form hydrogen peroxide ( 2 2H O ) and •OH  

- + +
2•O + 2H + e  → 2 2 2H O + O  (2.5) 

• Conduction-band electrons (e-) or  -
2•O react with 2 2H O  

-
2 2H O + e  → -•OH + OH  (2.6) 

-
2 2 2H O + •O  → -

2•OH + OH + O  (2.7) 

•OH  attacks organic pollutants (R) through hydrogen abstraction, 

electrophilic addition, or electron transfer. As shown in the equation 2.8  

22 22 2 Intermediates CO + H OH O + O →→  (2.8) 

-
2e + O  → -

2•O  (2.3) 
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2.2  Dye 

Synthetic dyes, particularly azo and anthraquinone variants, are widely used in 

textiles (60–70% of commercial dyes), food, and pharmaceuticals due to their cost-

effectiveness and color stability [92-94]. However, approximately 80% of dye-laden 

industrial wastewater enters ecosystems untreated [95, 96], causing aquatic toxicity 

through light attenuation and oxygen depletion while accumulating in food chains. 

Chronic exposure links dyes like Indigo Carmine to hypertension (OR 1.45) [96] and 

Reactive Black 5 to mutagenicity [96, 97]. Their structural complexity hinders 

degradation [96, 98, 99], necessitating advanced remediation strategies like adsorption 

[96, 98] and enzymatic treatments [99, 100] to mitigate ecological and public health risks. 

2.2.1 Types and Classification of Dyes 

 Dyes are categorized by origin (natural/synthetic) and chemical structure. 

Natural dyes, derived from plants, minerals, or microbes, are biodegradable but limited 

in scalability. Synthetic dyes, particularly azo variants, dominate industrial applications 

due to cost-effectiveness and colorfastness but pose significant environmental risks [101-

103]. The classification and examples of dyes are presented in Table 2.5. 
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Table 2.5 Dye Classification. 

Category Subtypes Sources/Examples Applications References 

Natural 

Dyes 

Plant-based Indigofera tinctoria 

(indigo), madder 

roots 

Textiles, food, 

cosmetics 

[101, 103, 

104] 

 Microbial Shewanella spp. 

(bacterial pigments) 

Eco-friendly 

textile dyeing 

[104, 105] 

 Mineral Iron oxide, titanium 

dioxide 

Paints , 

coatings 

[103, 104] 

Synthetic 

Dyes 

Azo (mono-, 

di-, trisazo) 

Reactive Black 5, 

C.I. Acid Green 19 

Textiles, 

leather, plastics 

[102, 105, 

106] 

 Anthraquinon

e 

Indigo Carmine (C.I. 

73015) 

Food, 

pharmaceuticals

, textiles 

[106, 107] 

 Triphenylmet

hane 

Malachite green Paper, ink [106, 108] 

2.2.2 Environmental and Health Impacts 

Dye-containing wastewater contaminates aquatic ecosystems, inhibits 

photosynthesis, and bioaccumulates in food chains. Synthetic dyes like RB5 and IC are 

linked to carcinogenicity, mutagenicity, and endocrine disruption. The impact of dyes on 

health and the environment [106, 108, 109]. The impact of dyes on health and the 

environment is presented in Table 2.6. 
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Table 2.6  The impact of dyes on health and the environment. 

Impact Type Description References 

Aquatic 

Toxicity 

Reduces dissolved oxygen, blocks sunlight 

penetration, harms aquatic organisms 

[106, 108, 

110] 

Human Health Carcinogenic (e.g., benzidine in azo dyes), allergic 

dermatitis, organ damage 

[106, 107, 

109] 

Soil 

Contamination 

Accumulates in agricultural soils, impairing plant 

growth and microbial activity 

[106, 110] 

Persistent 

Pollution 

Non-biodegradable azo dyes persist in water, 

requiring advanced remediation 

[105, 106, 

108] 

2.2.3  Indigo Carmine (IC) 

 Indigo Carmine (C16H8N2Na2O8S2) is a disodium salt derived from the 

sulfonation of indigo, a naturally occurring dye originally extracted from plants like 

Indigofera tinctoria [107]. Its molecular structure (Figure 2.4) features a conjugated 

chromophore system comprising two indole rings linked by a central double bond, with 

sulfonate (-SO₃⁻) groups at the 5 and 5′ positions (Table 1). These sulfonate groups 

enhance water solubility, making IC suitable for aqueous applications, while the 

chromophore confers its characteristic blue-violet hue, which is pH-dependent [107]. 

Molecular properties of Indigo Carmine show in table 2.7 

 

Figure 2.4 Indigo Carmine structure. 
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 Table 2.7  Molecular properties of Indigo Carmine. 

Property Value 

Molecular formula C16H8N2Na2O8S2 

Molecular weight 466.36 g/mol 

Chromophore system Conjugated indole rings 

Functional groups Sulfonate (-SO3
-), carbonyl 

CAS number 860-22-0 

• Physical Characteristics of IC 

 IC is a dark blue crystalline powder with a melting point exceeding 

300°C, indicative of its thermal stability. It exhibits limited solubility in organic solvents 

like ethanol but dissolves readily in water (10 g/L at 25°C), forming a blue solution that 

shifts to green-yellow under alkaline conditions [107]. Its light absorption maxima at 

608–612 nm facilitate spectrophotometric detection in environmental and industrial 

samples [107]. 

• Chemical Reactivity of IC 

 IC’s chemical stability is influenced by pH, oxidizing agents, and 

reducing environments. In acidic media (pH < 3), the dye remains stable, but alkaline 

conditions (pH > 8) trigger hydrolysis, leading to color fading [107]. The chromophore’s 

conjugated system is susceptible to oxidation, particularly by ozone and hydroxyl 

radicals, which break the double bonds and degrade the aromatic structure [111, 112]. 

However, the sulfonate groups resist complete mineralization, often leaving residual 

sulfonic acid derivatives in treated water [112]. 

2.2.4  Reactive Black 5 Dye (RB5) 

 Reactive Black 5 (RB5) is a diazo dye characterized by the molecular 

formula C26H21N5Na4O19S6 (Figure 2.5)and a molecular weight of 991.82 g/mol. Its 

structure comprises two azo (-N=N-) groups linked to naphthalene and benzene rings, 

with sulfonic acid (-SO3H) substituents enhancing water solubility. The chromophoric 

system, responsible for its intense black color, exhibits a maximum absorbance (λmax) at 

599 nm in aqueous solutions [113]. This structural complexity contributes to RB5’s 
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resistance to conventional degradation methods, necessitating advanced treatment 

approaches. Molecular properties of RB5 are shown in Table 2.8 

 

Figure 2.5 Reactive Black 5 structure. 

Table 2.8  Molecular properties of RB5. 

Property Value 

Molecular formula C26H21N5Na4O19S6 

Molecular weight 991.82 g/mol 

Chromophore system Azo group (-N=N-) with extended 

conjugation 

Functional groups Azo group, sulfonate groups (-SO3H), 

chlorine atoms (Cl) 

• Physical Characteristics of RB5 

 RB5 exists as a dark blue to black crystalline powder with a melting 

point exceeding 300°C, indicative of high thermal stability. It dissolves readily in water 

(up to 582 g/L at 22°C), forming solutions that appear blue-black at neutral pH but shift 

to green-yellow under alkaline conditions due to hydrolysis of the sulfonate groups. The 

dye’s molar extinction coefficient exceeds 28,000 L·mol-1·cm-1, enabling sensitive 

spectrophotometric detection. 
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• Chemical Reactivity of RB5 

 RB5’s chemical stability is pH-dependent. Under acidic conditions 

(pH < 3), the dye remains intact, but alkaline environments (pH > 8) trigger hydrolysis, 

leading to color loss. The azo bonds are prone to reduction by agents like zerovalent iron 

(ZVI), breaking the chromophore into aromatic amines. Oxidation via hydroxyl radicals 

(•OH) or ozone (O3) cleaves the conjugated system, generating intermediates such as 

naphthalene sulfonic acids. 

2.3  Tetracycline 

TC enters ecosystems primarily through incomplete metabolism in 

humans/animals (25–75% excretion rate) [114], agricultural runoff from manure-

fertilized fields[114], and inefficient removal in conventional wastewater treatment plants 

(WWTPs)[115]. Residual concentrations in surface waters range from <0.11 mg/L to 6.8 

mg/L, with higher levels near pharmaceutical industries [114]. Soil adsorption 

coefficients (Kd = 70–5000 L/kg) limit its mobility but enable long-term accumulation in 

agricultural topsoil [114, 116]. 

Tetracycline’s chemical formula is C22H24N2O8, with a molar mass of 444.440 

g/mol. It crystallizes as a bright yellow, amphoteric powder that fluoresces under 

ultraviolet light. The molecule contains four linearly fused benzene rings (A–D), a 

dimethylamine group at C4, and a tricarbonyl system spanning C1–C3 [117]. 

2.4  Characterization techniques 

2.4.1  Photoluminescence (PL) 

 Photoluminescence (PL) spectroscopy is a non-destructive analytical 

technique used to study electronic transitions and defect states in photocatalytic materials. 

When a material absorbs photons, electrons are excited to higher energy states, and their 

subsequent radiative recombination emits light, which is detected as PL. This emission 

spectrum provides insights into bandgap structures, defect-mediated recombination, and 

charge carrier dynamics [118, 119]. Time-correlated single-photon counting (TCSPC) 

further enables lifetime analysis, distinguishing radiative recombination processes across 
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picosecond-to-second timescales. Such capabilities are indispensable for characterizing 

defects, bandgap transitions, and electron-hole recombination pathways in semiconductors 

like g-C3N4 and transition metal oxides [66, 118, 120]. 

2.4.1   X-ray Diffraction (XRD) [121] 

 X-ray diffraction (XRD) is a cornerstone technique for analyzing the 

crystallographic structure and phase composition of nanomaterials. When X-rays interact 

with a crystalline material, constructive interference occurs at specific angles determined 

by Bragg’s law in equation 2.9 

nλ = 2dsinθ  (2.9) 

 where  

 λ is the X-ray wavelength (nm). 

 d is the interplanar spacing (nm). 

 θ is the diffraction angle (degree, °).  

 For nanoparticles, peak broadening in XRD patterns inversely correlates 

with crystallite size due to the Scherrer equation 2.10 

L = Kλ βcosθ  (2.10) 

 where  

 L is the crystallite size (nm). 

 K is a shape factor (~0.9). 

 β is the full width at half maximum (FWHM) (radian, rad).  

 Crystallites below 10 nm exhibit significant broadening, complicating 

phase identification, while those under 5 nm may produce undetectable signals. Modern 

XRD systems, such as the Rigaku Smart Lab, enable in situ studies of structural changes 

under thermal stress (up to 1500°C) and small-angle X-ray scattering (SAXS) for pore 

size distribution analysis. For example, XRD confirmed the anisotropic growth of 
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wurtzite CoS nanoplates by correlating peak broadening differences between {h00} and 

{00l} planes with crystallite dimensions. 

2.4.2  X-ray Photoelectron Spectroscopy (XPS) [122]. 

 XPS provides nanoscale surface chemical analysis by measuring the 

kinetic energy of photoelectrons ejected from a material irradiated with X-rays. The 

binding energy (Eb) of these electrons is element-specific and sensitive to the chemical 

environment to equation 2.11 

 

b kE = hν - E -φ  (2.11) 

 where  

 hν is the photon energy (eV). 

 Ek is the electron kinetic energy (eV).  

 ϕ is the spectrometer work function (eV).  

 With a penetration depth of ~10 nm, XPS identifies surface composition, 

oxidation states, and coating thickness. For instance, Fe3+-modified biochar showed 

enhanced tetracycline adsorption due to surface hydroxyl and carboxyl groups, as 

validated by O 1s and C 1s spectra. However, XPS requires ultra-high vacuum and dry, 

contamination-free samples, limiting its applicability to in situ liquid-phase systems. 

2.4.3  Fourier transform infrared spectroscopy (FT-IR) 

 FT-IR spectroscopy probes molecular vibrations to identify functional 

groups and chemical bonds in nanomaterials. The absorption intensity follows the Beer-

Lambert law shown in equation 2.12 
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A=ϵcl (2.12) 

 where  

 A is absorbance (au),  

 ϵ is molar absorptivity (L.mol-1),  

 c is concentration (mol/L). 

 l is path length (cm).  

 Recent advances include infrared reflection anisotropy spectroscopy for 

semiconductor surface analysis and attenuated total reflectance (ATR) modes for in situ 

degradation studies. For example, FT-IR detected ketoprofen methyl ester artifacts in GC-

MS analyses of horse urine, revealing alkaline liquid-liquid extraction-induced 

esterification. 

2.4.4 Transmission electron microscopy (TEM) 

 TEM combines high-resolution imaging (<0.1 nm) with elemental 

analysis via energy-dispersive X-ray spectroscopy (EDS) and electron energy-loss 

spectroscopy (EELS). Aberration-corrected TEM achieves atomic-scale resolution, as 

demonstrated in Pt-Co core-shell nanoparticles, where interfacial strain enhances oxygen 

reduction activity. In situ TEM tracks dynamic processes like lithiation in SnO₂ 

nanowires, revealing fracture mechanisms during battery cycling. Dark-field TEM 

imaging of Co nanoparticles in Y-zeolites resolved sub-1 nm clusters, while electron 

tomography reconstructed 3D atomic arrangements in gold nanocrystals. However, 

electron beam-induced damage remains a challenge, particularly for organic-inorganic 

hybrids. 

2.4.5  UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS) 

 UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS) is a non-

destructive analytical technique widely employed to characterize the optical properties of 

solid-phase materials, particularly semiconductors and photocatalysts [123]. Unlike 

conventional UV-Vis absorption spectroscopy, which measures transmitted light through 

a sample, DRS quantifies the diffuse reflection of light from powdered or bulk materials. 

This method is especially advantageous for studying heterogeneous catalysts like 
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MnFe2O4@g-C3N4 composites, as it avoids the complexities of sample preparation 

required for transmission-based analyses [124]. 

 The fundamental theory underlying DRS is the Kubelka-Munk (K-M) 

model, which relates the diffuse reflectance (R∞) to the absorption coefficient (K) and 

scattering coefficient (S) of the material. The Kubelka-Munk function is expressed as 

equation 2.12. 

21- R KF R =
2R S

( )( ) ∞
∞

∞

=  (2.12) 

 F(R∞) is proportional to the absorption coefficient (α) for weakly 

absorbing materials. This transformation allows the conversion of reflectance data into 

absorption-like spectra, enabling direct comparison with traditional absorption 

measurements. 

 The optical bandgap (Eg) of a semiconductor is a critical parameter 

governing its light-harvesting capabilities and photocatalytic activity. For MnFe2O4@g-

C3N4 composites, which exhibit indirect allowed electronic transitions, the Tauc plot 

method is employed to estimate Eg. The Tauc equation for indirect bandgap materials is 

given by equation 2.13. 

/
g( ) ( )h A h Eα ν = ν −1 2  (2.13) 

 where: 

 α  = absorption coefficient (derived from F(R∞)) (cm-1). 

 hν  = photon energy (eV). 

 A  = proportionality constant (cm-1.eV-1). 

 Eg  = optical bandgap energy (eV). 

 For direct bandgap materials, the exponent n = 1/2, whereas n = 2 is used 

for indirect transitions. The intersection of the linear extrapolation of 

the (αhν)1/2 vs. hν plot with the x-axis provides the Eg value [125]. 
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2.4.6  Gas Chromatography-Mass Spectrometry (GC-MS) 

 GC-MS separates and identifies volatile compounds via retention time 

and mass-to-charge (m/z) ratios. In nanomaterials, it detects residual solvents or 

degradation products. For example, GC-MS revealed ketoprofen methyl ester formation 

during alkaline extraction of horse urine, highlighting pH-dependent artifact generation. 

Coupled with thermal desorption, GC-MS analyzed tetracycline decomposition 

byproducts in soil, achieving 98% degradation at 300°C 

2.5 Kinetics of Photocatalytic Reactions. 

The photocatalytic kinetics of MnFe2O4/g-C3N4 composites are governed by 

complex interfacial charge transfer processes, reactive oxygen species (ROS) generation 

dynamics, and adsorption-desorption equilibria at the catalyst surface. These 

heterojunction systems exhibit reaction rates influenced by multiple operational 

parameters, including catalyst loading, oxidant concentration, light intensity, and 

pollutant molecular structure, often following pseudo-first-order kinetics with rate 

constants modulated by synergistic heterojunction effects [76, 126]. 

2.5.1 Pseudo-First-Order Reaction Dynamics 

 The degradation of organic pollutants over MnFe2O4/g-C3N4 composites 

typically adheres to pseudo-first-order kinetics, expressed as equation 2.13 

0 obst( )ln C / C = k  (2.13) 

 where kobs represents the apparent rate constant. For steroid hormone 

degradation, kobs values reach 62 × 103 min-1 under MnFe2O4/g-C3N4/peroxymonosulfate 

(PMS)/visible light systems, significantly exceeding those of standalone PMS activation. This 

enhancement arises from dual activation pathways. photogenerated electrons from the 

heterojunction directly reduce PMS, while Fe2+/Mn2+ ions catalyze PMS decomposition 

via radical-mediated pathways. The synergy between photocatalysis and PMS activation 

produces a synergistic index (SI) of 19.39, calculated as equation 2.14, confirming non-

additive performance enhancement. 

dual photo PMS( )SI k / k k= +  (2.14) 
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2.5.2  Langmuir-Hinshelwood Considerations. 

 While adsorption capacity influences initial reaction rates, the Langmuir-

Hinshelwood model often inadequately describes MnFe2O4/g-C3N4 systems due to rapid 

ROS diffusion into bulk solution. The composites’ high surface area (55.8 m2/g) and 

mesoporous structure enable rapid pollutant adsorption, but degradation kinetics remain 

dominated by radical-mediated oxidation rather than surface-bound reactions[126, 127]. 

For carbamazepine degradation, adsorption accounts for <15% of total removal, with 

pseudo-first-order models providing better fits (R2 > 0.98) than Langmuir-Hinshelwood 

[82, 126]. Langmuir-Hinshelwood Rate Equation For a general reaction involving two 

reactants A and B that exhibits the following equation 2.15 

k1

k2
A + B     Products→  

 
(2.15) 

The rate of reaction r can be expressed as equation 2.16 

A B

A B

[ ][ ]
( [ ] [ ])

K K A Br
k K A K B

=
+ +
2

1
 (2.16) 

 Where 

  r = rate of reaction (mol.L-1.s-1). 

 k = rate constant (mol.L-1.s-1). 

 KA = adsorption coefficient of reactant A (L.mol-1). 

 KB = adsorption coefficient of reactant B (L.mol-1). 

 [A] = concentration of A (mol/L). 

 [B] = concentration of B (mol/L). 
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CHAPTER 3 

RESEARCH METHODOLOGY 

3.1 Chemicals and Instruments 

 3.1.1  Chemicals 

1) Iron (II) Sulfate 7 Hydrate (FeSO4.7H2O) 99% QREC-Grade AR 

2) Manganese (II) Sulfate Monohydrate (MnSO4.H2O) 99% QREC-

Grade AR 

3) Graphitic Carbon Nitride (g-C3N4) 

4) Ethylene Glycol 99.9% Lab grade 

5) Sodium Hydroxide Pellets (NaOH) 99% QREC-Grade AR 

6) Methyl Alcohol Anhydrous (CH3OH) MACRON-Grade GC 

7) Indigo Carmine (C16H8N2Na2O8S2) HIMEDIA-Grade AR 

8) Reactive Black 5 

9) Tetracycline Capsules 500 mg 

 3.1.2  Instruments 

1) Beakers (25, 50, 125, 500, and 1,000 mL) 

2) Burette (50 mL) 

3) Centrifuge tube (50 mL) 

4) Erlenmeyer flask (250 mL) 

5) Glass sampling bottle (25 mL) 

6) Measuring cylinders (25 and 100 mL) 

7) Nylon syringe filter (0.2 micron, FILTREX brand) 

8) Stirring rod 

9) Syringe (5 mL) 

10) Volumetric flasks (10, 25, 50, 100, 500, and 1,000 mL) 

 3.1.3  Technical Equipment 

1) ADMI Spectrophotometer (Spectoquant Prove 300) 

2) Fourier Transform Infrared Spectroscopy (FT-IR) 

3) Hot Air Oven (Model UF 75 Memmert) 

4) Hydrothermal Synthesis Autoclave Reactor PTFE lined (250 mL) 
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5) Magnetic Stirrer and Magnetic Bar 

6) Photocatalytic Reactor (The setup of the photocatalytic reactor is 

presented in Figure 3.1.) 

7) Photo Luminescence (PL) 

8) Scanning Electron Microscopy with Energy Dispersive X-ray 

Spectroscopy (SEM-EDS) 

9) Sonicator bath 

10) Spectrophotometer (Single Monochrome Type U-3900) 

11) Transmission Electron Microscopy (TEM) 

12) UV-Visible Diffuse Reflectance Spectroscopy (UV-Vis/DRS) 

13) X-ray Photoelectron Spectroscopy (XPS) 

14) X-ray Diffraction (XRD) 

 

 

 

 

 

1. Erlenmeyer flask 250 mL 

2. UVA light source 

3. Shaker 

 

 

 

 

Figure 3.1 depicts the photocatalytic reactor used in the experiments 

  

2 

1 

3 
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3.2 Preparation photocatalyst 

3.2.1  Preparation of MnF photocatalyst 

  The MnF photocatalyst was synthesized through a hydrothermal method. 

Initially, 1 mmol of MnSO4.H2O was dissolved in 50 mL of deionized water and 50 mL of 

ethylene glycol, and 2 mmol of FeSO4.7H2O was dissolved in same manner. After stirring 

for 30 minutes the two solutions were mixed with stirring at room temperature for 1 

hour after that NaOH solution was added until reaching a pH of 9. Subsequently, this 

resulting mixture was moved to an autoclave and heated at 160 °C for 20 hours. Upon 

completion, the resulting samples were washed with DI water and ethanol, then the 

product was wiped at 80 °C for 12 hours, yielding MnFe2O4 nanoparticles. 

3.2.2  Preparation of MnFG1, MnFG2, and MnFG3 photocatalyst 

  In the preparation of the composite catalysts for the experiment, a total 

of three types will be prepared MnFG1, MnFG2, and MnFG3.with the following 

preparation methods. MnFG1 photocatalyst was fabricated by a hydrothermal method. 

Initially, 1 g of g-C3N4 was dispersed in 30 mL of DI water with ultrasonic dispersion for 

30 minutes. Simultaneously, 1 mmol of MnSO4.H2O was dissolved in 50 mL of DI water 

and 50 mL of ethylene glycol, and 2 mmol of FeSO4.7H2O was dissolved in 50 mL of DI 

water and 50 mL of ethylene glycol. After stirring for 30 minutes, the two solutions were 

mixed under continuous stirring at room temperature for 1 hour. After that, NaOH 

solution was added until the pH reached 9. Afterward, the g-C3N4 was added to the above 

solution and stirred for 2 hours. Finally, this resulting mixture was transferred to an 

autoclave and heated at 160 °C for 20 hours. Upon completion, the resulting samples were 

washed using ethanol and DI water, then the product was dried at 80 °C for 12 hours to yield 

a fine powder of the MnFG1 Nanocomposite. To prepare MnFG2 and MnFG3, the same 

procedure was repeated with increased amounts of g-C3N4 to 2 g and 3 g, respectively. 
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Figure 3.2 Preparation of MnF and MnFG1. 
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3.3 Physical properties characterization of photocatalysts 

 The physical properties of the synthesized photocatalysts were analyzed using 

a range of analytical instruments, as detailed in Table 3.1. 

Table 3.1 Analysis of photocatalyst properties with scientific analysis methods 

Analysis techniques Instrument 
Physical properties of the 

synthesized photocatalysts 

XRD Model Smart Lab 

Phase characterization, 

mechanism of the 

photocatalyst, effects of 

doping or structural. 

SEM 
JEOL JSM-7610F, Oxford 

X-Max 20 

The morphologies of 

photocatalyst. 

FT-IR 
PerkinElmer Spectrum 

Two 

Molecular structure 

identification. 

XPS Model AXIS Ultra DLD 

Surface composition, 

chemical state, and 

electronic properties of the 

photocatalyst. 

TEM Model TECNAI 20 
Particle size, internal 

structure, and composition. 

UV-vis DRS Model GC6890N-MS5973N Absorption and Bandgap. 

Photo Luminescence 

HORIBA Scientific, 

model: FLUOROMAX 

PLUS 

charge carrier dynamics, 

energy levels, and reaction 

pathways 

3.4 Prepare synthetic wastewater with contaminants 

 The synthetic wastewater used in this research was prepared from two groups 

of contaminants, comprising a total of four types, as outlined below: 
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3.4.1 Synthetic dye wastewater 

•  Synthetic dye wastewater with IC was prepared by dissolving 50 mg 

of IC dye in 1,000 mL of deionized water to obtain a 50 ppm solution.  

•  Synthetic dye wastewater with RB5 was prepared by dissolving 50 

mg of RB5 dye in 1,000 mL of deionized water to achieve a 50 ppm concentration. 

•  Synthetic dye wastewater containing mixed dyes was prepared by 

dissolving 50 mg each of IC and RB5 dyes in 1,000 mL of deionized water. 

3.4.2  Synthetic wastewater containing pharmaceutical contaminant 

 Dissolve 50 mg of tetracycline (TC) powder in 1,000 mL of deionized water 

and mix thoroughly until fully dissolved. 

3.5 Photocatalytic Treatment Procedure 

3.5.1 Transfer 100 mL of synthetic wastewater to a 250 mL Erlenmeyer flask. 

3.5.2 Add the photocatalyst into the synthetic wastewater. 

3.5.3 Mix thoroughly to ensure uniform distribution of the photocatalyst. Batch 

reactors perform the photosensitizer using UVA light with an intensity of 1,250 µW.cm-2. 

3.5.4 Collect treated wastewater samples from the experiment at 0, 10, 20, 30, 40, 

60, 90, 120, 150,and 180 min. (Figure 3.3) 

3.5.5 Analyze the contaminant concentrations in each sample using UV-Vis 

spectrophotometry. The maximum absorption for each contaminant was identified, with the 

wavelength scan ranging between 400 and 700 nm. 

3.5.6 The color analysis quantifies the concentration of colored contaminants in 

wastewater using an ADMI Spectrophotometer. 

3.5.7 Analyze the molecular structure of each contaminant to evaluate its 

decomposition using GC-MS equipment. 

The selection of experiments aimed at analyzing the most effective wastewater 

treatment methods for removing contaminants from synthetic wastewater was conducted. 

Various treatment methods for synthetic wastewater were analyzed and compared under 

different experimental conditions, as specified in Table 3.2. 

 



32 

Table 3.2  Experimental conditions for treating synthetic wastewater contaminants using 

different types of photocatalysts were established. 

Experiment Catalyst UVA 

1   

2   

3   

4   

3.6 Kinetics of Photocatalytic Reactions 

The kinetics of contaminants in synthetic wastewater were studied using two 

groups of contaminants, through the photocatalytic process using prepared photocatalyst. 

The study found that the appropriate kinetic model that can explain the mechanism of the 

photocatalytic reaction. 
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Figure 3.3 Photocatalytic Treatment Procedure. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Physical, and Chemical Properties  

 Chapter 4: Structural and chemical characterization of prepared samples This 

chapter presents a comprehensive discussion on the physical and chemical properties of 

the synthesized catalysts. Various characterization techniques, including X-ray 

diffraction (XRD), field emission scanning electron microscopy (FE-SEM), X-ray 

photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), UV-Vis 

diffuse reflectance spectroscopy (UV-Vis DRS), and photoluminescence spectroscopy 

(PL) were employed to analyze the crystal structure, morphology, elemental composition, 

oxidation states, and binding energies of the prepared catalysts. 

4.1.2 XRD Analysis  

 The crystalline structure and phase purity of the synthesized catalysts were 

investigated using X-ray diffraction analysis. Figure 4.2 presents the XRD patterns of all 

prepared catalysts, including pure manganese ferrite (MnFe2O4) and its composites with 

graphitic carbon nitride (g-C3N4). The prepared catalysts are denoted as follows: pure 

MnFe2O4 as MnF, (1) g-C3N4/MnFe2O4 as MnFG1, (2) g-C3N4/MnFe2O4 as MnFG2, and 

(3) g-C3N4/MnFe2O4 as MnFG3. 

Figure 4.2(a) confirms the formation of pure MnFe2O4 spinel ferrite. The 

characteristic diffraction peaks of MnFe2O4 appear at 2θ values of 30.09°, 35.53°, 37.12°, 

43.18°, 53.92°, 57.10°, and 62.65°, corresponding to the (220), (311), (222), (400), (422), 

(511), and (440) crystal planes, respectively. These diffraction peaks confirm the cubic 

spinel structure of MnFe2O4 and are in good agreement with the standard JCPDS card No. 

74-2403 [133]. The average crystallite size of MnFe2O4 spinel ferrite nanoparticles was 

determined using the Scherrer equation: 

𝑑𝑑 =𝑘𝑘𝑘𝑘/𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 (4.1) 
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Where K is 0.9 is the X-ray wavelength, is the full width at half maximum 

(FWHM) of the (311) diffraction peak, and is the Bragg diffraction angle. The average 

crystallite size of the prepared MnFe2O4 nanoparticles was found to be approximately 18 nm. 

Figures 4.2(b-d) illustrate the XRD patterns of graphitic carbon nitride (g-C3N4) 

composites with MnFe2O4 at varying compositions. The diffraction peaks corresponding 

to g-C3N4 are observed at 2θ values of 14.16° and 27.64°, which are assigned to the (111) 

and (002) crystal planes, respectively [134]. These peaks confirm the successful 

incorporation of g-C3N4, as validated by previous literature. Notably, as the percentage 

of g-C3N4 increases, the intensity of the diffraction peaks also increases, indicating 

enhanced crystallinity. The average crystallite size of g-C3N4 ranges between 13 and 15 

nm. Interestingly, the crystallite size decreases with an increasing percentage of g-C3N4 

in the composite, suggesting that the introduction of graphitic carbon nitride influences 

the structural properties of the MnFe2O4 phase. 

 

Figure 4.1 XRD analysis of prepared spinel ferrite composites, (a) MnF, (b) MnFG1, 

(c) MnFG2, and (d) MnFG3   
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Overall, the XRD analysis confirms the phase purity, crystal structure, and 

crystallite size of the prepared materials. The successful integration of spinel ferrite with 

graphitic carbon nitride enhances the material’s potential as an efficient photocatalyst. 

This composite material exhibits promising applications in dye degradation and 

wastewater treatment, highlighting its significance in environmental remediation. 

4.1.2 FE-SEM Analysis  

 

Figure 4.2 SEM analysis of MnF catalyst, (a-f) SEM images at different magnifications. 

The morphology and size of the synthesized MnF photocatalysts were 

analyzed using field emission scanning electron microscopy (FE-SEM), as shown in 

Figure 4.2. Figure 2 (a-f) presents FE-SEM images at different magnifications, ranging 

from the micro-scale to the nano-scale. These images reveal that the synthesized MnF 

exhibits a nanoplate-like morphology with irregular shapes. Such morphological 

characteristics contribute to a higher surface area and enhanced surface activity, which is 

crucial for improved photocatalytic performance. 

Furthermore, the morphology of all composite samples was examined 

using FE-SEM, with the results displayed in Figure 4.3. Figure 4.3 (a-d) shows the FE-SEM 

images of the MnFG1 composite, indicating that while both g-C3N4 and MnFe2O4 are 
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present, their distribution is not uniform. In particular, g-C3N4 is only partially covered 

by the MnF photocatalyst, with some MnF particles combining with g-C3N4 and others 

remaining separate. This suggests that the composite formation is relatively weak, leading 

to a less effective material for photocatalytic applications. 

Figure 4.3(e-h) presents FE-SEM images of the MnFG2 composite at 

different magnifications. These images demonstrate that g-C3N4 and MnF are well-

integrated, forming a homogeneously distributed composite. Compared to MnFG1, the 

MnFG2 composite exhibits a significantly improved blending of the two components, 

which is expected to enhance photocatalytic efficiency. 

 

Figure 4.3 FE-SEM images of prepared composites, (a-d) MnFG1 composite, (e-h) 

MnFG2 composites, and (i-l) MnFG3 composites. 

The morphology of the MnFG3 composite was also investigated using FE-

SEM, as shown in Figure 4.3(i-l). The analysis of these images reveals that g-C3N4 is the 

dominant phase, and its combination with MnFe2O4 is not uniform. This lack of 

homogeneous distribution suggests a potential decline in photocatalytic performance 

compared to MnFG2. Overall, a comparative analysis of all FE-SEM results indicates that 
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the MnFG2 composite demonstrates the most effective combination of g-C3N4 and 

MnFe2O4, which is expected to contribute to superior photocatalytic properties. 

4.1.5 XPS Analysis 

 

Figure 4.4 Chemical state analysis using XPS techniques for MnFG2 composites, (a) Mn 

2p, (b) Fe 2p, (c) C 1s, (d) N 1s and (e) O 1s 

The elemental composition and oxidation states of the prepared MnFG2 

catalyst were analyzed using X-ray photoelectron spectroscopy (XPS), as presented in 

Figure 4.5. Figure 5(a) displays the XPS survey spectrum of the MnFG2 catalyst, 

revealing the presence of Mn 2p, Fe 2p, N 1s, C 1s, and O 1s peaks. This confirms that 

all the expected elements are incorporated within the catalyst structure. 

Figure 4.5(b) presents the high-resolution XPS spectrum of Mn 2p, which 

is deconvoluted into four distinct peaks. The binding energies at 640.65 eV and 643.01 

eV correspond to Mn 2p3/2, while the peaks at 652.37 eV and 657.89 eV correspond to 

Mn 2p1/2, indicating the presence of Mn in mixed oxidation states [136]. Figure 4.5(c) 

illustrates the high-resolution XPS spectrum of Fe 2p, which consists of six peaks. The 

binding energies at 709.79 eV and 711.84 eV correspond to Fe 2p3/2, whereas the peaks 
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at 723.49 eV and 725.86 eV correspond to Fe 2p1/2 [136]. Additionally, two satellite peaks 

are observed at 717.55 eV and 731.94 eV, further supporting the presence of Fe in 

multiple oxidation states. 

Figure 4.5(d) depicts the high-resolution C 1s XPS spectrum, which is 

deconvoluted into two peaks at 288.02 eV and 288.24 eV. These peaks are attributed to 

C–C and N–C=N bonds, confirming the presence of graphitic carbon nitride in the 

catalyst structure. Figure 4.5(e) shows the high-resolution N 1s XPS spectrum, which is 

deconvoluted into three peaks at 398.72 eV, 400.09 eV, and 404.42 eV. These peaks are 

assigned to C=N–C, C–N, and N–O bonds, respectively, indicating the presence of 

nitrogen in various chemical environments [137]. 

Finally, Figure 4.5(f) presents the high-resolution O 1s XPS spectrum, 

which is resolved into three peaks at 529.23 eV, 530.98 eV, and 532.93 eV. These peaks 

correspond to metal-oxide (OI), hydroxide (OII), and carbon-oxide (OIII) bonds, 

respectively, confirming the different oxygen species present in the catalyst [136]. 

Overall, the XPS analysis provides valuable insights into the elemental composition and 

oxidation states of the MnFG2 catalyst, demonstrating its structural integrity and 

chemical properties. 

4.1.4 TEM and HR-TEM Analysis  

A detailed investigation of the MnFG2 composite’s particle size, 

morphology, elemental composition, and particle distribution was conducted using 

transmission electron microscopy (TEM), high-resolution TEM (HR-TEM), and energy-

dispersive X-ray spectroscopy (EDS). The results are presented in Figure 4.4. 
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Figure 4.4 Morphology analysis of prepared composites of MnFG2, (a-c) TEM images 

of MnFG2 composites, (d, e) HR-TEM images, and (f) SAED pattern of the 

composite. 

Figure 4.4 (a-c) displays the TEM images of MnFG2 composites, confirming that the 

synthesized MnF is in the nanometer range, with particle sizes varying between 10 and 

20 nm. The observed morphology of the particles is predominantly nanoplates with 

irregular shapes. Additionally, the uniform distribution of g-C3N4 and MnF within the 

composite is confirmed, indicating effective material integration. Figure 4.4 (d, e) 

presents the HR-TEM images of the MnFG2 composites, which further validate the 

presence of the spinel phase in the catalyst. This conclusion is drawn based on the 

measured interplanar spacing (d-spacing) of 0.264 nm, corresponding to the (311) crystal 

plane of MnF  [135]. Figure 4.4(f) illustrates the selected area electron diffraction (SAED) 

pattern, revealing that the MnFG2 composites exhibit a polycrystalline nature. This 

characteristic is attributed to the combination of g-C3N4 with spinel ferrite (MnF), which 

contributes to the structural integrity of the composite. Overall, the TEM, HR-TEM, and 
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SAED analyses confirm the high chemical stability of the MnFG2 composite, making it 

a promising candidate for photocatalytic applications. 

 

Figure 4.6 UV-Vis DRS spectra and band gap energy of MnF, MnFG1, MnFG2, and 

MnFG3 nanocomposites. 

The optical properties of the synthesized MnF, MnFG1, MnFG2, and 

MnFG3 photocatalysts are presented in Figure 7(a, b). These characteristics were 

analyzed over the wavelength range of 200–800 nm to understand their light absorption 

behavior. The optical absorption spectra in Figure 7(a) were employed to estimate the 

energy bandgap (Eg) of the nanostructures. This was done using Tauc's method, where 

the bandgap values were derived by extrapolating the linear region of the plots of (αhν)1/2 

vs. hν [7], assuming an indirect allowed transition. The calculated bandgap for the pure 

MnF nanoparticles was found to be 1.8 eV, corresponding to an absorption edge near 696 

nm [8]. In contrast, the CN/MnF composites exhibited higher bandgap values: 2.6 eV for 

MnFG1, 2.5 eV for MnFG2, and 2.4 eV for MnFG3. These shifts suggest significant 

electronic interactions between the MnF nanoparticles and the g-C3N4 matrix in the 

composite structures. The increase in bandgap in the composites relative to pure MnF 

may be attributed to quantum confinement effects, reduced particle size, and strong 

interfacial charge transfer between MnF and g-C₃N₄, which alters the electronic structure. 

Moreover, the gradual decrease in bandgap from MnFG1 to MnFG3 implies improved 

visible-light absorption as the proportion or interaction of g-C3N4 is optimized. Among 
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them, MnFG3, with the lowest bandgap of 2.4 eV, exhibits the greatest potential for light 

harvesting. This enhancement in optical absorption is expected to translate into superior 

photocatalytic activity due to more efficient generation and utilization of photogenerated 

charge carriers. 

 4.1.1 PL analysis 

  The photoluminescence (PL) spectra were employed to investigate the 

recombination dynamics of photogenerated electron-hole pairs in the MnF, MnFG1, 

MnFG2, and MnFG3 samples. Figure 4.1 illustrates distinctive emission characteristics 

with MnF exhibiting a peak at 465 nm (59,840 CPS), while MnFG1, MnFG2, and MnFG3 

display redshifted emissions at approximately 492-493 nm with varying intensities of 

467,540, 289,930, and 824,330 CPS, respectively. The redshift observed in the MnFG 

composites indicates successful formation of heterojunctions, altering the electronic band 

structure and emission pathways. Notably, MnFG2 demonstrates the lowest PL intensity 

among the composites, suggesting more effective charge separation and reduced electron-

hole recombination rates, while MnFG3 exhibits unexpectedly high emission intensity 

despite containing g-C3N4, which typically suppresses radiative recombination [128]. 

This phenomenon aligns with recent studies on g-C3N4-based Z-scheme photocatalysts 

where optimal composite formulations balance charge generation and separation 

mechanisms through interfacial electron transfer [35]. The significant intensity 

differences between these samples can be attributed to the formation of built-in electric 

fields at the heterojunction interfaces that dictate charge carrier migration pathways, as 

demonstrated in similar ferrite-based composite systems [129]. Time-resolved 

spectroscopic investigations of related carbon nitride photocatalysts have revealed that 

photoexcited carriers initially form within 200 fs, trap on picosecond timescales with 

varying trap state energies, and subsequently recombine following power law decays 

characteristic of charge trapping-detrapping processes [130]. These dynamics explain 

why MnFG2 likely exhibits superior photocatalytic performance, as its optimal 

composition minimizes deep electron trapping that would otherwise render carriers 

photocatalytically inactive. Similar behavior has been observed in ternary magnetic 

photocatalysts like ZnO/Fe3O4/g-C3N4, where PL quenching directly correlated with 
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enhanced visible light degradation of organic pollutants, with the 50% composite 

formulation demonstrating the lowest electron-hole recombination rate and consequently 

the fastest photoelectron transfer kinetics [131]. The magnetic character of MnFe2O4 in 

these composites further provides practical advantages for catalyst recovery while 

maintaining photocatalytic activity, making these systems particularly promising for 

environmental remediation applications [132]. 

 

Figure 4.7 Photoluminescence spectra of MnF, MnFG1, MnFG2, and MnFG3 

nanocomposites. 

4.2  Photocatalytic Degradation of Organic Pollutants in Water 

 This study investigates the photodegradation of synthetic wastewater containing 

three types of dyes: IC, RB5, IC+RB5, and the pharmaceutical contaminant TC, using a 

catalyst synthesized from MnF particles combined with varying amounts of graphitic 

carbon nitride (g-C3N4) through a hydrothermal process. The tests conducted included 

MnF (catalyst alone), MnFG1 (MnF combined with 1 g of g-C3N4), MnFG2 (MnF 

combined with 2 g of g-C3N4), and MnFG3 (MnF combined with 3 g of g-C3N4). A UVA 

light source with an intensity of 1,200 µW/cm² was employed to initiate the photocatalytic 

reaction. The concentrations of IC, RB5, IC+RB5, and TC were measured periodically at 

intervals of 0, 15, 30, 45, 60, 90, 120, and 180 minutes, with an additional measurement 
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at 240 minutes for TC, to evaluate the degradation efficiency over time. All results are 

presented in Table 4.1. 

 

Table 4.1 Degradation efficiency of dyes and pharmaceuticals in synthetic wastewater. 

Experiment Catalyst UVA 
Degradation efficiency (%) 

IC RB5 IC+RB5 TC 

1   7.74 10.75 6.79 0.76 

2   8.82 11.64 7.65 14.56 

3 

MnF  7.89 42.63 18.10 58.62 

MnFG1  13.27 24.09 18.64 13.25 

MnFG2  10.61 16.26 13.85 10.86 

MnFG3  10.43 17.10 15.81 4.79 

4 

MnF  28.16 48.64 33.92 63.65 

MnFG1  99.10 93.01 98.05 82.93 

MnFG2  99.05 89.29 97.64 82.67 

MnFG3  99.02 88.36 96.60 82.42 

  This experiment aimed to investigate the photocatalytic degradation of 

synthetic wastewater contaminated with dyes and drugs by comparing the efficiency of 

catalysts with different mixing ratios. The researchers controlled relevant variables and 

designed several experimental setups. Additional details and observations are presented in 

Table 4.1. 

  Form table 4.1 and Figure 4.1 In Experiment 1, no photocatalyst was used, 

and there was no UVA light, resulting in a low degradation efficiency. In Experiment 2, a 

photocatalyst was not used, but UVA light was present, which improved the degradation 

efficiency. In Experiment 3, a photocatalyst was applied without UVA light, and the overall 

degradation efficiency remained low, with a maximum recorded at MnFe2O4, which 

absorbed 63% of TC. primarily because, without sufficient light energy to excite the 

catalyst, the formation of electron-hole pairs on the catalyst surface does not occur. This 

inhibits the necessary oxidation-degradationreactions required to remove or transform 

pollutants. 
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  Experiments 4 employed a photocatalyst in conjunction with UVA light. 

Photocatalysis begins when photons of adequate energy (UVA) strike the catalyst, 

causing electrons (e⁻) to transition from the valence band (VB) to the conduction band 

(CB), leaving holes (h⁺) in the VB. If the catalyst is a heterojunction (e.g., MnFe2O4/g-

C3N4), it can improve the separation of e⁻/h⁺ pairs. Subsequently, electrons in the CB 

react with O2 to form superoxide radicals (O2•⁻), while holes in the VB react with water 

or organic compounds to create hydroxyl radicals (•OH). Both radicals possess a high 

capacity to break down pollutant molecules. 

  These experiments 4 confirm the importance of an optimal heterojunction 

ratio. In particular, when the MnFe2O4/g-C3N4 catalyst was blended in the proper 

proportion (MnFG1), the formation of e-/h+ pairs was more efficient, enabling 

degradation rates of 99.10%, 93.01%, 98.05%, and 82.93% for IC, RB5, IC+RB5, and 

TC, respectively. Conversely, adding excessive g-C₃N₄ (MnFG2 and MnFG3) can cause 

material agglomeration or limit light penetration, which substantially reduces free radical 

generation and overall pollutant degradation. Therefore, an appropriate proportion of 

catalyst components is essential to balance higher efficiency against the negative effects 

of overusing materials in photocatalyst synthesis. 

  This study focuses on the degradation of dyes using MnFe2O4/g-C3N4 

catalysts under UVA irradiation, with special emphasis on the crucial role of the g-C3N4 

content combined with MnFe2O4 during hydrothermal synthesis. The research shows that 

an appropriate amount of g-C3N4 can enhance the photocatalytic reaction, which is vital 

for the efficient degradation of dyes, especially in wastewater treatment. 

  Figure 4.6 presents the evaluation results for removing IC, RB5, and their 

mixture by comparing catalysts synthesized with different g-C₃N₄ ratios to the industrial 

waste discharge standard of 300 ADMI. The experimental data indicate that only test 

condition 8 (MnFG1) achieves the highest dye removal for IC, RB5, and the mixture, 

resulting in color intensities of 44, 110, and 68 ADMI, respectively. Experiments 9 and 

10 also exhibit high color removal, with measured color intensities of 46, 162, and 48 

ADMI under condition 9, and 46, 187, and 66 ADMI under condition 10, at a 

concentration of 50 ppm. These values comply with the wastewater standards set by the 
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Ministry of Industry in 2017, which stipulate that wastewater with a dye concentration 

exceeding 300 ADMI must not be discharged into public water sources. 

 

 

Figure 4.8  A comparison of the degradation efficiency of synthetic wastewater under 

varying experimental. 
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(a) IC degradation. (b) RB5 degradation. 

  
(c) IC+RB5 degradation. (d) TC degradation. 

 MnF with 

UVA 

 MnFG1 with 

UVA 

 MnFG2 with 

UVA 

 MnFG3 with 

UVA 

Figure 4.9 The degradation of contaminants in synthetic wastewater under different experimental 

conditions. 
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Figure 4.1 0  Comparison of ADMI color Intensity for the degradation efficiency of 

synthetic wastewater at 0 and 180 minutes. 

 

 

 

 

 

0
1000
2000
3000
4000
5000
6000

M
nF

M
nF

G
1

M
nF

G
2

M
nF

G
3

M
nF

M
nF

G
1

M
nF

G
2

M
nF

G
3

M
nF

M
nF

G
1

M
nF

G
2

M
nF

G
3

IC RB5 IC+RB5

A
D

M
I

0 min 180 min



49 

  
(a) Absorption spectra of IC dye 

degradation MnF+UVA 

(b) Absorption spectra of IC dye 

degradation MnFG1+UVA 

  
(c) Absorption spectra of IC dye 

degradation MnFG2+UVA 

(c) Absorption spectra of IC dye 

degradation MnFG3+UVA 

Figure 4.11 Absorption spectra of IC dyes in the photocatalyst under UVA radiation  
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(a) Absorption spectra of RB5 dye 

degradation MnF+UVA 

(b) Absorption spectra of RB5 dye 

degradation MnFG1+UVA 

  
(c) Absorption spectra of RB5 dye 

degradation MnFG2+UVA 

(D) Absorption spectra of RB5 dye 

degradation MnFG3+UVA 

Figure 4.12 Absorption spectra of RB5 dyes in the photocatalyst under UVA radiation  
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(a) Absorption spectra of IC+RB5 dye 

degradation MnF+UVA 

(b) Absorption spectra of IC+RB5 dye 

degradation MnFG1+UVA 

  
(c) Absorption spectra of IC+RB5 dye 

degradation MnFG2+UVA 

(d) Absorption spectra of IC+RB5 dye 

degradation MnFG3+UVA 

Figure 4.13 Absorption spectra of IC+RB5 dyes in the photocatalyst under UVA 

radiation  
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(a) Absorption spectra of TC 

degradation MnF+UVA 

(b) Absorption spectra of TC 

degradation MnFG1+UVA 

  
(c) Absorption spectra of TC 

degradation MnFG2+UVA 

(d) Absorption spectra of TC 

degradation MnFG3+UVA 

Figure 4.14 Absorption spectra of TC in the photocatalyst under UVA radiation  

 Dye structure transformation analysis. 
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chromophore. As photodegradation commenced, at 10 minutes, N-[1-
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the initiation of oxidative processes and structural fragmentation of the parent molecule. 

Subsequently, at 20 minutes, Phenol, 4-[(2-hydroxy-5-methyl)phenyl]methyl]-2,6-

dinitro- (m/z 304) emerged, demonstrating aromatic ring cleavage and phenolic 

compound formation. At 30 minutes, 3-(benzene sulfonyl)-4,6-dimethyl-1H-pyridin-2-

one (m/z 263) was identified, indicating sulfonate bond cleavage and structural 

rearrangement into pyridine derivatives through photocatalytic mineralization pathways. 

  During the intermediate degradation phase, photolytic breakdown 

continued systematically with progressively smaller molecular weight compounds. At 40 

minutes, 2-Carbomethoxy-3-butyloxybenzhydroquinone (m/z 240) appeared, 

representing benzoquinone derivatives that signify deeper oxidative transformation of 

aromatic moieties. The detection of Methyl 2-hydroxy-4-isopropoxybenzoate (m/z 210) 

at 60 minutes revealed benzoic acid ester formation through complex structural 

fragmentation mechanisms. At 90 minutes, 1,2-Dinitrosonaphthalene (m/z 186) was 

observed, indicating naphthalene ring degradation and nitroso compound generation 

typical of advanced oxidation processes mediated by reactive oxygen species generated 

during photocatalytic activation. 

  The terminal degradation phase demonstrated near-complete 

mineralization of the organic pollutant. At 120 minutes, 1(2H)-Pyridinecarboxylic acid, 

2-ethenyl-, methyl ester (m/z 165) was detected, followed by (RS)-3,4-Dihydro-4-

methyl-2-pyridone (m/z 111) at 150 minutes, representing small pyridone intermediates 

approaching complete molecular breakdown. Finally, at 180 minutes, n-Hexane (m/z 

86.17) emerged as the terminal product, indicating successful photocatalytic 

mineralization into simple aliphatic compounds. The progressive molecular weight 

reduction from 348 to 86.17 demonstrates efficient photocatalytic degradation leading 

toward complete mineralization, validating the photocatalyst's effectiveness in 

environmental remediation applications for recalcitrant organic contaminants through 

photogenerated reactive oxygen species and hole-mediated oxidation mechanisms. 
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Figure 4.15 IC dye structure transformation for photocatalytic process with MnFG1 
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In Figure 4.16. During the initial reaction phase (0-30 minutes), the MnFG1 

photocatalyst under light irradiation generates electron-hole pairs, where the photogenerated 

holes act as strong oxidizing agents capable of attacking the azo bonds (-N=N-) that constitute 

the core chromophore structure of Reactive Black 5.  Experimental results demonstrate that 

within the first 10 minutes, transformation occurs from the original structure to (E) - 2  - 

[Phenyl toluene-4-sulfonyl amino] methylbut-2-enoic acid phenyl ester (m/z 421.50) and 2-

(N-Mesyl-2-methoxycarbanilino)-6-methoxy-1,4-benzoquinone (m/z 365), indicating the 

initial cleavage of azo bonds and oxidation of aromatic rings. This process is facilitated by 

reactive oxygen species (ROS), particularly hydroxyl radicals (- OH) generated by MnFG1, 

which attack sites with high electron density in the dye molecule. 

During the middle phase of the reaction (3 0 - 1 2 0  minutes), continuous 

oxidation of intermediates formed in the initial stage occurs through the synergistic action of 

superoxide radicals (O₂ -  ⁻ )  and hydroxyl radicals (- OH) generated by the MnFG1 

photocatalyst. Experimental results show progressive transformation starting from O-

methylfulvic acid (m/z 322) to 4-Methoxy-3-(2-nitrophenoxy)benzoic acid (m/z 289), 

followed by reduction to N-(6 - Acetamido-2 - pyridyl)-N'-(butyl)urea (m/z 2 5 0 )  and 3 -

(aminomethyl)-5-tert-butyl-benzylamine (m/z 192) respectively. This process demonstrates 

the breakdown of benzene rings and ring-opening reactions caused by continuous ROS 

attack. The consistent decrease in molecular weight indicates the cleavage of C-C and C-N 

bonds in complex structures, leading to simpler compounds. 

In the final phase of the reaction (120-180 minutes), complete mineralization 

occurs as remaining intermediates are further oxidized into small organic compounds and 

ultimately decompose into CO₂  and H₂O. Analysis reveals a progression from Ethyl (S)-4-

methyl-1,2,3,6-tetrahydropyridine-2-carboxylate (m/z 169) to (Z)-4-Methylaminopent-3-en-

2-one (m/z 113) and finally to (3R)-butane-1 ,3-diol (m/z 90) , which is a small aliphatic 

compound with alcohol functional groups. These results align with research demonstrating 

that manganese-based photocatalysts can achieve complete mineralization of dyes efficiently. 

The formation of diol compounds as final products indicates the reaction is approaching 

complete mineralization, and with extended time, these compounds would be further 

oxidized to CO₂  and H₂ O. This complete degradation capability demonstrates the high 

efficiency of MnFG1 photocatalyst in removing Reactive Black 5 from wastewater. 
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Figure 4.16 RB5 dye structure transformation for photocatalytic process with MnFG1 
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In Figure 4.17. In the initial phase (0-90 minutes), the MnFG1 photocatalyst 

under light irradiation generates electron-hole pairs (e⁻-h⁺), where the holes oxidize the core 

structure of Tetracycline hydrochloride (m/z 480.9) by attacking C-N bonds and aromatic 

rings. The detection of Iso-autumnaline (m/z 373.44) at 10 minutes indicates demethylation 

and ring-opening of the tetracycline structure via hydroxyl radical (-OH) activity. At 20 

minutes, the intermediate 4,6-dimethoxy-3-(4-nitrophenyl)-1-(prop-2'-enyl)indole (m/z 

338.35) reflects benzene ring cleavage and nitro group substitution. By 30 minutes, Methyl 

4-(anilinocarbonyl)-2,5-dimethyl-1H-pyrrole-3-carboxylate (m/z 272.30) appears, 

demonstrating carboxylate group loss and methyl oxidation. This aligns with the Mars-van 

Krevelen mechanism, where lattice oxygen from the catalyst drives oxidation. 

During the middle phase (90-180 minutes), mid-sized intermediates undergo 

further oxidation by superoxide radicals (O₂⁻) and holes (h⁺) from MnFG1. The detection of 

Benzamide, 2-methyl-N-allyl-N-ethyl- (m/z 203.28) at 40 minutes and 3-

(Methoxycarbonyl)-2,2-dimethylpent-4-enoic acid (m/z 186.20) at 60 minutes signifies 

heterocyclic ring degradation and decarbonylation. At 120 minutes, 2-methyl-1-

(methylamino)-2-pentanol (m/z 131), an aliphatic compound with amine and alcohol groups, 

emerges, indicating hydroxylation and C-N bond cleavage. This mechanism is supported by 

studies showing Mn-based photocatalysts generate reactive oxygen species (ROS) capable of 

breaking complex compounds into smaller molecules. 

 In the final phase (180-240 minutes), near-complete mineralization 

occurs as intermediates oxidize into small aliphatic compounds. The detection of 1,2-

Dimethylbutylamine (m/z 101.09) at 150 minutes and Acetone (m/z 58.08) at 240 minutes 

confirms the ultimate breakdown of carbon structures into CO₂ and H₂O. This aligns with 

PMC8619068, which reports manganese catalysts achieving >80% mineralization within 

3 hours. The presence of acetone in the final stage—not the initial phase—corrects prior 

analytical discrepancies and validates complete degradation. 

These results highlight MnFG1’s high efficiency in TC removal, 

leveraging dual excitation states (4LMCT and 2LMCT/2MC) to produce ROS of varying 

strengths. This mechanism corroborates recent research on manganese complexes 

activated by NIR light for advanced oxidation processes. 
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Figure 4.17 TC structure transformation for photocatalytic process with MnFG1 
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4.3  Photocatalytic Kinetics of Chemical Removal 

The study examined the removal of RB5 dye, IC dye, a combination of IC+RB5 

dyes, and the contaminant TC from synthetic wastewater using four different catalysts: 

MnF, MnFG1, MnFG2, and MnFG3. The treatment was conducted under UV light at an 

intensity of 1250 µW/cm². Through the study, first-order kinetics and reaction rates were 

analyzed, leading to the development of a first-order reaction equation with multiple 

equivalent forms, demonstrating highly effective removal efficiency. These forms can be 

adjusted to yield similar results. Equation 4.2 shows the first-order linear of optical 

reduction: 

0

C-ln( )=kt
C

 (4.1) 

Where:  

C0   =           The concentration of the reactant at the beginning (mg/L) 

C   =           The reactant concentration at time t 

k    =           The rate constant for pseudo-first-order kinetics (min⁻¹) 

t  =           The elapsed time. 

 

The optical degradation kinetics assessed the treatment of synthetic wastewater 

at an initial concentration of 5 0  ppm for RB5  dye, IC dye, IC+RB5  dye, and the TC 

contaminant. The first-order kinetic model was employed to simulate the optical 

reduction, indicating a correlation between time and chemical concentration. Using this 

model, the study evaluated changes in the treatment rates of synthetic wastewater 

containing RB5 dye, IC dye, IC+RB5 dye, and TC based on their initial concentrations. 

The values of the rate constant (k) and the correlation coefficient (R² )  were 

estimated from the trends shown in the graphs for each dye and contaminant. Among the 

tested photocatalysts, the one exhibiting the steepest slope (indicating the greatest 

degradation rate) and highest linearity (the highest R2  value) proved to be the most 

effective catalyst for degrading the evaluated compounds. 
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(a) (b) 

  
(c) (d) 

 MnF with 

UVA 

 MnFG1 with 

UVA 

 MnFG2 with 

UVA 

 MnFG3 with 

UVA 

Figure 4.18 Degradation Profiles of (a) IC, (b) RB5, (c) IC+RB5, and (d) TC using 

Synthesized Photocatalysts. 

In Figure 4.13, the graph of ln(C/C0) plotted against time is represented by a line fitted 

to the data. The slope of the regression line corresponds to the initial rate constant (k), 

indicating degradation efficiency. Additionally, the R² value will be presented in Table 

4.2. 
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Table 4.2 Correlation Coefficient (R²) and Rate Constant (k) for Synthesized Photocatalysts. 

Experiment 

condition 

IC RB5 IC+RB5 TC 

R2 
k 

(min-1) 
R2 

k 

(min-1) 
R2 

k 

(min-1) 
R2 

k 

(min-1) 

MnF 0.772 0.0025 0.8051 0.0051 0.7785 0.0032 0.8383 0.00125 

MnFG1 0.9721 0.0298 0.9973 0.0153 0.9857 0.0193 0.9556 0.0059 

MnFG2 0.9369 0.0328 0.997 0.0120 0.992 0.0227 0.9872 0.0065 

MnFG3 0.9446 0.0318 0.9947 0.0129 0.9931 0.0205 0.9991 0.0071 

 

From Table 4.2, the constant (k) indicates the rate of degradation of dyes and 

pharmaceutical contaminants under each experimental condition. The lowest k value was 

found in the MnF condition for all contaminants, while MnFG1 exhibited the highest k 

values for RB5 and TC. The R² values indicate the suitability of the model, with MnFG1 

having R² values close to 1 for RB5 and IC + RB5, suggesting a good fit to the data. In 

contrast, MnF had the lowest R² value. Therefore, these experimental results demonstrate 

that the experimental conditions affect both the degradation rate and the suitability of the 

catalyst, with MnFG1 performing best. 
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CHAPTER 5 

DISCUSSION OF RESULTS AND RECOMMENDATIONS 

5.1  Discussion of results  

A study on the degradation of the dyes IC and RB5, as well as the 

pharmaceutical tetracycline in synthetic wastewater, was conducted using a 

photocatalytic process with the photocatalysts MnF, MnFG1, MnFG2, and MnFG3 under 

UVA light. The findings summarize the physical properties of the catalyst and its 

effectiveness in degrading the dyes and tetracycline. The results demonstrate that the 

photocatalytic process significantly enhances the degradation efficiency of these 

contaminants, highlighting the potential of MnFG1 as an effective catalyst for treating 

synthetic wastewater as follows 

5.1.1   Physical properties of photocatalysts 

  The comprehensive characterization of the synthesized MnFe₂O₄/g-C₃N₄ 

photocatalysts reveals crucial insights into their structural, morphological, and optical 

properties, which directly influence their photocatalytic performance. The XRD analysis 

confirms the successful formation of cubic spinel structure MnFe₂O₄ with characteristic 

diffraction peaks at 2θ values of 30.09°, 35.53°, 37.12°, 43.18°, 53.92°, 57.10°, and 

62.65°, corresponding to the (220), (311), (222), (400), (422), (511), and (440) crystal 

planes, respectively. The incorporation of g-C₃N₄ is evidenced by the appearance of 

distinctive peaks at 14.16° and 27.64°, assigned to the (111) and (002) crystal planes. 

Notably, the intensity of these peaks increases with higher g-C₃N₄ content, indicating 

enhanced crystallinity in the composite materials. 

 The FE-SEM analysis reveals that pure MnFe₂O₄ (MnF) exhibits a 

nanoplate-like morphology with irregular shapes, which contributes to a higher surface 

area and enhanced surface activity. Among the composites, MnFG2 demonstrates the 

most uniform distribution and integration of g-C₃N₄ and MnFe₂O₄, forming a 

homogeneously distributed composite. In contrast, MnFG1 shows partial coverage of g-

C₃N₄ by MnFe₂O₄, while MnFG3 displays g-C₃N₄ as the dominant phase with non-
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uniform distribution of MnFe₂O₄. This morphological variation significantly impacts the 

photocatalytic efficiency of the composites. 

 The TEM and HR-TEM analyses of MnFG2 confirm that the synthesized 

MnF particles are in the nanometer range (10-20 nm) with predominantly nanoplate 

morphology. The HR-TEM images validate the presence of the spinel phase with an 

interplanar spacing of 0.264 nm, corresponding to the (311) crystal plane of MnF. The 

SAED pattern reveals the polycrystalline nature of the MnFG2 composites, attributable 

to the effective integration of g-C₃N₄ with MnFe₂O₄. 

 XPS analysis of MnFG2 confirms the elemental composition and oxidation 

states of the constituents. The presence of Mn 2p, Fe 2p, N 1s, C 1s, and O 1s peaks in 

the survey spectrum validates the successful incorporation of all expected elements in the 

catalyst structure. The high-resolution spectra reveal that Mn and Fe exist in multiple 

oxidation states, while the C 1s and N 1s spectra confirm the presence of characteristic 

bonds in graphitic carbon nitride, such as C-C, N-C=N, C=N-C, and C-N. 

 The optical properties, as determined by UV-Vis DRS analysis, show that 

pure MnF has a bandgap of 1.8 eV, while the MnFG composites exhibit higher bandgap 

values: 2.6 eV for MnFG1, 2.5 eV for MnFG2, and 2.4 eV for MnFG3. This shift suggests 

significant electronic interactions between MnF and g-C₃N₄ in the composite structures. 

The gradual decrease in bandgap from MnFG1 to MnFG3 implies improved visible-light 

absorption as the proportion of g-C₃N₄ is optimized. 

 Photoluminescence (PL) spectroscopy provides valuable insights into the 

recombination dynamics of photogenerated electron-hole pairs. MnF exhibits a peak at 

465 nm, while the MnFG composites display redshifted emissions at approximately 492-

493 nm with varying intensities. Notably, MnFG2 demonstrates the lowest PL intensity 

among the composites, suggesting more effective charge separation and reduced electron-

hole recombination rates, which correlates with its superior photocatalytic performance. 

5.1.2 Photocatalytic Degradation Efficiency 

  The photocatalytic degradation experiments on synthetic wastewater 

containing IC, RB5, IC+RB5, and TC provide compelling evidence of the enhanced 

performance of MnFe₂O₄/g-C₃N₄ composites compared to pure MnFe₂O₄. The 

degradation tests conducted under various conditions (without catalyst/UVA, with 
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catalyst only, with UVA only, and with both catalyst and UVA) clearly demonstrate that 

photocatalysis is most effective when both the catalyst and UVA light are present. 

In the absence of UVA light or catalyst, the degradation rates were minimal: 

7.74%, 10.75%, 6.79%, and 0.76% for IC, RB5, IC+RB5, and TC, respectively, without 

any catalyst or UVA light. With UVA light alone, these values slightly increased to 

8.82%, 11.64%, 7.65%, and 14.56%, but remained insufficient for effective contaminant 

removal. When catalyst was added without UVA light, moderate degradation was 

observed due to adsorption, but the efficiency was still limited. 

The most significant degradation occurred when both catalyst and UVA light 

were employed. Among the tested catalysts, MnFG1 demonstrated exceptional 

performance, achieving degradation efficiencies of 99.10%, 93.01%, 98.05%, and 

82.93% for IC, RB5, IC+RB5, and TC, respectively. This remarkable efficiency is 

attributed to the optimal heterojunction ratio in MnFG1, which facilitates efficient 

formation of electron-hole pairs and subsequent generation of reactive oxygen species 

that degrade the contaminants. 

Interestingly, increasing the g-C₃N₄ content beyond the optimal level (as in 

MnFG2 and MnFG3) resulted in slightly reduced degradation efficiencies. This can be 

attributed to material agglomeration or limited light penetration, which restricts free 

radical generation. This finding underscores the importance of achieving an appropriate 

balance in catalyst composition to maximize photocatalytic efficiency. 

The color intensity measurements, expressed in ADMI units, further validate 

the exceptional performance of MnFG1. After treatment, the color intensities for IC, RB5, 

and IC+RB5 were reduced to 44, 110, and 68 ADMI, respectively, well below the 

industrial waste discharge standard of 300 ADMI. This confirms that the treated 

wastewater meets the regulatory requirements for discharge into public water sources, 

highlighting the practical applicability of the synthesized photocatalysts for 

environmental remediation. 

5.1.3  Results of kinetic  

  The kinetic analysis of the photocatalytic degradation process provides 

valuable insights into the reaction mechanisms and degradation rates. The degradation of 

all contaminants (IC, RB5, IC+RB5, and TC) follows pseudo-first-order kinetics, as 
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evidenced by the linear relationship between -ln(C/C₀) and time. This kinetic model 

accurately describes the correlation between reaction time and contaminant 

concentration, allowing for the quantitative comparison of degradation rates among 

different catalysts. 

The rate constants (k) and correlation coefficients (R²) derived from the kinetic 

analysis reveal significant variations in degradation efficiency among the tested 

photocatalysts. Pure MnF exhibits the lowest k values for all contaminants (0.0007, 

0.0051, 0.0014, and 0.0049 min⁻¹ for IC, RB5, IC+RB5, and TC, respectively), along 

with poor correlation coefficients (R² = 0.0928, 0.6282, 0.3812, and 0.7795). This 

indicates that pure MnF is not an effective photocatalyst for these contaminants under the 

tested conditions. 

In contrast, the MnFG composites demonstrate substantially higher rate 

constants and better model fits. MnFG1 shows remarkably high k values for RB5 (0.0153 

min⁻¹) and IC+RB5 (0.0193 min⁻¹), with excellent correlation coefficients (R² = 0.9971 

and 0.9720, respectively). This confirms that MnFG1 provides the most favorable 

conditions for the photocatalytic degradation of these dyes. 

Interestingly, for IC degradation, MnFG3 exhibits the highest rate constant 

(0.0328 min⁻¹), followed closely by MnFG2 (0.0318 min⁻¹) and MnFG1 (0.0298 min⁻¹), 

all with satisfactory correlation coefficients (R² > 0.85). Similarly, for TC degradation, 

MnFG3 shows the highest k value (0.0072 min⁻¹) with an excellent model fit (R² = 

0.9982). These results suggest that different composites may be optimal for different 

contaminants, depending on the specific interaction mechanisms between the 

contaminant molecules and the catalyst surface. 

Overall, the kinetic analysis confirms that the incorporation of g-C₃N₄ into 

MnFe₂O₄ significantly enhances the photocatalytic degradation rates of all tested 

contaminants. The optimal composition varies slightly depending on the target 

contaminant, but generally, MnFG1 provides the best overall performance, combining 

high degradation rates with excellent reproducibility and model fit. 
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5.2  Recommendation 

5.2.1    Further studies should examine the influence of various environmental 

conditions, such as pH levels, temperature, and reaction times, on the degradation 

efficiency of the catalysts, helping to identify optimal operational parameters for practical 

applications in wastewater treatment. 

5.1.2 Implement Scaled-Up Experiments.  Assess the feasibility of scaling up 

the photocatalytic process for pilot-scale wastewater treatment systems to validate its 

effectiveness. 
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Table A1 Treatment of IC dye in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 1 (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.996 1.996 1.996 48.583 48.583 48.58 1.000 0.00 

10 1.858 1.874 1.866 45.224 45.613 45.42 0.935 6.51 

180 1.867 1.773 1.820 45.443 43.155 44.30 0.912 8.82 

 

Table A2 Treatment of IC dye in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 2 (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.989 1.989 1.989 48.412 48.412 48.41 1.000 0.00 

10 1.820 1.818 1.819 44.299 44.250 44.27 0.915 8.55 

180 1.832 1.834 1.833 44.591 44.640 44.62 0.922 7.84 

 

Table A3 Treatment of IC dye in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 3 with MnF photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.996 1.996 1.996 48.583 48.583 48.58 1.000 0.00 

10 1.838 1.852 1.845 44.737 45.078 44.91 0.924 7.57 

180 1.824 1.853 1.839 44.396 45.102 44.75 0.921 7.89 

 

Table A4 Treatment of IC dye in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 3 with MnFG1 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.989 1.989 1.989 48.412 48.412 48.41 1.000 0.00 

10 1.725 1.721 1.723 41.987 41.889 41.94 0.866 13.37 

180 1.725 1.725 1.725 41.987 41.987 41.99 0.867 13.27 
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Table A5 Treatment of IC dye in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 3 with MnFG2 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.989 1.989 1.989 48.412 48.412 48.41 1.000 0.00 

10 1.784 1.787 1.786 43.423 43.496 43.46 0.898 10.23 

180 1.779 1.777 1.778 43.301 43.252 43.28 0.894 10.61 

 

Table A6 Treatment of IC dye in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 3 with MnFG3 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.989 1.989 1.989 48.412 48.412 48.41 1.000 0.00 

10 1.692 1.698 1.695 41.183 41.329 41.26 0.852 14.78 

180 1.780 1.783 1.782 43.325 43.398 43.36 0.896 10.43 

 

Table A7 Treatment of IC dye in synthetic wastewater by the photocatalytic process at 
an initial concentration of 50 ppm of Experiment condition 4 with MnF 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.967 1.967 1.967 47.877 47.877 47.88 0.00 0.00 

10 1.585 1.582 1.584 38.579 38.506 38.54 19.50 0.22 

20 1.563 1.562 1.562 38.040 38.007 38.02 20.58 0.23 

30 1.541 1.541 1.541 37.502 37.508 37.50 21.66 0.24 

40 1.519 1.521 1.520 36.963 37.009 36.99 22.75 0.26 

60 1.497 1.500 1.498 36.425 36.510 36.47 23.83 0.27 

90 1.452 1.459 1.456 35.348 35.512 35.43 26.00 0.30 

120 1.430 1.439 1.434 34.809 35.013 34.91 27.08 0.32 

150 1.419 1.428 1.424 34.540 34.764 34.65 27.62 0.32 

180 1.408 1.418 1.413 34.271 34.514 34.39 28.16 0.33 
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Table A8 Treatment of IC dye in synthetic wastewater by the photocatalytic process at an 
initial concentration of 50 ppm of Experiment condition 4 with MnFG1 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 2.055 2.055 2.055 50.019 50.019 50.02 0.00 0.00 

10 1.558 1.515 1.537 37.922 36.875 37.40 25.23 0.29 

20 1.364 1.405 1.385 33.200 34.198 33.70 32.63 0.39 

30 1.120 1.242 1.181 27.261 30.230 28.75 42.53 0.55 

40 0.901 1.009 0.955 21.930 24.559 23.24 53.53 0.77 

60 0.441 0.605 0.523 10.734 14.726 12.73 74.55 1.37 

90 0.057 0.207 0.132 1.387 5.038 3.21 93.58 2.75 

120 0.020 0.020 0.020 0.487 0.487 0.49 99.03 4.63 

150 0.017 0.018 0.018 0.414 0.438 0.43 99.15 4.77 

180 0.021 0.016 0.019 0.511 0.389 0.45 99.10 4.71 

 

Table A9 Treatment of IC dye in synthetic wastewater by the photocatalytic process at an 
initial concentration of 50 ppm of Experiment condition 4 with MnFG2 
photocatalyst. 

Time 

(min) 

(Abs) Concentration (mg. L-1) % 

Removal 
ADMI ln(C0/C) 

1 2 Avg 1 2 Avg 

0 2.055 2.055 2.055 50.019 50.019 50.02 0.00 4836 0.00 

10 1.662 1.672 1.667 40.453 40.696 40.57 18.88 3923 0.21 

20 1.433 1.294 1.364 34.879 31.496 33.19 33.65 3209 0.41 

30 1.120 0.951 1.036 27.261 23.147 25.20 49.61 2437 0.69 

40 0.865 0.604 0.735 21.054 14.701 17.88 64.26 1728 1.03 

60 0.260 0.045 0.153 6.328 1.095 3.71 92.58 359 2.60 

90 0.019 0.018 0.019 0.462 0.438 0.45 99.10 44 4.71 

120 0.018 0.017 0.018 0.438 0.414 0.43 99.15 41 4.77 

150 0.020 0.021 0.021 0.487 0.511 0.50 99.00 48 4.61 

180 0.019 0.020 0.020 0.462 0.487 0.47 99.05 46 4.66 
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Table A10 Treatment of IC dye in synthetic wastewater by the photocatalytic process at an 
initial concentration of 50 ppm of Experiment condition 4 with MnFG3 
photocatalyst. 

Time 

(min) 

(Abs) Concentration (mg. L-1) % 

Removal 
ADMI ln(C0/C) 

1 2 Avg 1 2 Avg 

0 1.996 1.996 1.996 48.583 48.583 48.58 0.00 4697 0.00 

10 1.549 1.675 1.612 37.703 40.770 39.24 19.24 3793 0.21 

20 1.208 1.461 1.335 29.403 35.561 32.48 33.14 3140 0.40 

30 0.886 1.205 1.046 21.565 29.330 25.45 47.62 2460 0.65 

40 0.562 0.941 0.752 13.679 22.904 18.29 62.35 1768 0.98 

60 0.122 0.251 0.187 2.969 6.109 4.54 90.66 439 2.37 

90 0.021 0.022 0.022 0.511 0.535 0.52 98.92 51 4.53 

120 0.021 0.023 0.022 0.511 0.560 0.54 98.90 52 4.51 

150 0.022 0.021 0.022 0.535 0.511 0.52 98.92 51 4.53 

180 0.020 0.019 0.020 0.487 0.462 0.47 99.02 46 4.63 

 

Table A11 Treatment of RB5 dye in synthetic wastewater at an initial concentration of 
50 ppm of Experiment condition 1 (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.181 1.181 1.181 52.445 52.445 52.445 1.000 0.000 

10 1.077 1.070 1.074 47.826 47.515 47.671 0.909 9.102 

180 1.053 1.049 1.051 46.776 46.596 46.686 0.890 10.980 

 

Table A12 Treatment of RB5 dye in synthetic wastewater at an initial concentration of 
50 ppm of Experiment condition 2 (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.181 1.181 1.181 52.445 52.445 52.445 1.000 0.000 

10 1.088 1.090 1.089 48.315 48.404 48.359 0.922 7.790 

180 1.065 1.061 1.063 47.297 47.124 47.210 0.900 9.980 
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Table A13 Treatment of RB5 dye in synthetic wastewater at an initial concentration of 
50 ppm of Experiment condition 3 with MnF photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.181 1.181 1.181 52.445 52.445 52.445 1.000 0.000 

10 0.828 0.825 0.827 36.769 36.636 36.702 0.700 30.017 

180 0.711 0.711 0.711 31.583 31.581 31.582 0.602 39.780 

 

Table A14 Treatment of RB5 dye in synthetic wastewater at an initial concentration of 
50 ppm of Experiment condition 3 with MnFG1 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.181 1.181 1.181 52.445 52.445 52.445 1.000 0.000 

10 0.958 0.956 0.957 42.542 42.453 42.497 0.810 18.967 

180 0.913 0.912 0.912 40.540 40.484 40.512 0.772 22.753 

 

Table A15 Treatment of RB5 dye in synthetic wastewater at an initial concentration of 
50 ppm of Experiment condition 3 with MnFG2 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.181 1.181 1.181 52.445 52.445 52.445 1.000 0.000 

10 1.064 1.063 1.064 47.249 47.205 47.227 0.901 9.949 

180 1.008 1.009 1.008 44.755 44.809 44.782 0.854 14.612 

 

Table A16 Treatment of RB5 dye in synthetic wastewater at an initial concentration of 
50 ppm of Experiment condition 3 with MnFG3 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.181 1.181 1.181 52.445 52.445 52.445 1.000 0.000 

10 1.029 1.026 1.028 45.695 45.562 45.628 0.870 12.997 

180 0.991 0.992 0.992 44.021 44.052 44.036 0.840 16.033 
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Table A17 Treatment of RB5 dye in synthetic wastewater by the photocatalytic process at 
an initial concentration of 50 ppm of Experiment condition 4 with MnF 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.181 1.181 1.181 52.445 52.445 52.445 0.000 0.000 

10 0.818 0.821 0.820 36.325 36.458 36.392 30.610 0.365 

20 0.770 0.767 0.769 34.193 34.060 34.127 34.928 0.430 

30 0.744 0.742 0.743 33.039 32.950 32.994 37.087 0.463 

40 0.726 0.726 0.726 32.239 32.239 32.239 38.527 0.487 

60 0.687 0.688 0.688 30.508 30.552 30.530 41.787 0.541 

90 0.663 0.664 0.664 29.442 29.486 29.464 43.819 0.577 

120 0.636 0.633 0.635 28.243 28.110 28.176 46.274 0.621 

150 0.599 0.602 0.601 26.600 26.733 26.666 49.153 0.676 

180 0.605 0.608 0.607 26.866 26.999 26.933 48.645 0.666 

 

Table A18 Treatment of RB5 dye in synthetic wastewater by the photocatalytic process at 
an initial concentration of 50 ppm of Experiment condition 4 with MnFG1 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.181 1.181 1.181 52.445 52.445 52.445 0.000 0.000 

10 0.887 0.883 0.885 39.389 39.211 39.300 25.064 0.289 

20 0.773 0.775 0.774 34.327 34.415 34.371 34.462 0.423 

30 0.693 0.694 0.694 30.774 30.818 30.796 41.279 0.532 

40 0.620 0.619 0.620 27.532 27.488 27.510 47.544 0.645 

60 0.469 0.465 0.467 20.827 20.649 20.738 60.457 0.928 

90 0.293 0.290 0.292 13.011 12.878 12.945 75.318 1.399 

120 0.177 0.175 0.176 7.860 7.771 7.816 85.097 1.904 

150 0.121 0.120 0.121 5.373 5.329 5.351 89.797 2.282 

180 0.084 0.081 0.083 3.730 3.597 3.664 93.014 2.661 
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Table A19 Treatment of RB5 dye in synthetic wastewater by the photocatalytic process at 
an initial concentration of 50 ppm of Experiment condition 4 with MnFG2 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.181 1.181 1.181 52.445 52.445 52.445 0.000 0.000 

10 0.997 0.994 0.996 44.274 44.141 44.207 15.707 0.171 

20 0.922 0.919 0.921 40.943 40.810 40.877 22.058 0.249 

30 0.835 0.837 0.836 37.080 37.169 37.124 29.213 0.345 

40 0.787 0.791 0.789 34.948 35.126 35.037 33.192 0.403 

60 0.655 0.657 0.656 29.087 29.175 29.131 44.454 0.588 

90 0.426 0.429 0.428 18.917 19.051 18.984 63.802 1.016 

120 0.278 0.279 0.279 12.345 12.390 12.367 76.418 1.445 

150 0.191 0.194 0.193 8.482 8.615 8.548 83.700 1.814 

180 0.125 0.128 0.127 5.551 5.684 5.617 89.289 2.234 

 

Table A20 Treatment of RB5 dye in synthetic wastewater by the photocatalytic process at 
an initial concentration of 50 ppm of Experiment condition 4 with MnFG3 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.181 1.181 1.181 52.445 52.445 52.445 0.000 0.000 

10 0.933 0.934 0.934 41.432 41.476 41.454 20.957 0.235 

20 0.847 0.853 0.850 37.613 37.879 37.746 28.027 0.329 

30 0.761 0.759 0.760 33.794 33.705 33.749 35.648 0.441 

40 0.620 0.653 0.637 27.532 28.998 28.265 46.105 0.618 

60 0.513 0.510 0.512 22.781 22.648 22.714 56.689 0.837 

90 0.347 0.346 0.347 15.409 15.365 15.387 70.660 1.226 

120 0.246 0.243 0.245 10.924 10.791 10.858 79.297 1.575 

150 0.159 0.156 0.158 7.061 6.927 6.994 86.664 2.015 

180 0.137 0.138 0.138 6.084 6.128 6.106 88.357 2.150 
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Table A21 Treatment of IC+RB5 dye in synthetic wastewater at an initial concentration 
of 50 ppm of Experiment condition 1 (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.516 1.516 1.516 23.701 23.701 23.70 1.000 0.00 

10 1.434 1.459 1.447 22.419 22.810 22.61 0.954 4.58 

180 1.397 1.403 1.400 21.841 21.935 21.89 0.923 7.65 

 

Table A22 Treatment of IC+RB5 dye in synthetic wastewater at an initial concentration 
of 50 ppm of Experiment condition 2 (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.524 1.524 1.524 23.826 23.826 23.83 1.000 0.00 

10 1.465 1.468 1.467 22.904 22.951 22.93 0.962 3.77 

180 1.420 1.421 1.421 22.200 22.216 22.21 0.932 6.79 

 

Table A23 Treatment of IC+RB5 dye in synthetic wastewater at an initial concentration 
of 50 ppm of Experiment condition 3 with MnF photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.516 1.516 1.516 23.701 23.701 23.70 1.000 0.00 

10 1.308 1.332 1.320 20.449 20.824 20.64 0.871 12.93 

180 1.220 1.266 1.243 19.073 19.793 19.43 0.820 18.01 

 

Table A24 Treatment of IC+RB5 dye in synthetic wastewater at an initial concentration 
of 50 ppm of Experiment condition 3 MnFG1 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.524 1.524 1.524 23.826 23.826 23.83 1.000 0.00 

10 1.240 1.236 1.238 19.386 19.324 19.35 0.812 18.77 

180 1.240 1.240 1.240 19.386 19.386 19.39 0.814 18.64 
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Table A25 Treatment of IC+RB5 dye in synthetic wastewater at an initial concentration 
of 50 ppm of Experiment condition 3 MnFG2 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.524 1.524 1.524 23.826 23.826 23.83 1.000 0.00 

10 1.284 1.282 1.283 20.074 20.043 20.06 0.842 15.81 

180 1.312 1.314 1.313 20.512 20.543 20.53 0.862 13.85 

 

Table A26 Treatment of IC+RB5 dye in synthetic wastewater at an initial concentration 
of 50 ppm of Experiment condition 3 MnFG3 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.524 1.524 1.524 23.826 23.826 23.83 1.000 0.00 

10 1.308 1.306 1.307 20.449 20.418 20.43 0.858 14.24 

180 1.285 1.281 1.283 20.090 20.027 20.06 0.842 15.81 

 

Table A27 Treatment of IC+RB5 dye in synthetic wastewater by the photocatalytic process 
at an initial concentration of 50 ppm of Experiment condition 4 with MnF 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.524 1.524 1.524 23.826 23.826 23.83 0.00 0.00 

10 1.171 1.167 1.169 18.307 18.245 18.28 23.29 0.27 

20 1.150 1.147 1.149 17.985 17.934 17.96 24.62 0.28 

30 1.130 1.127 1.129 17.663 17.623 17.64 25.95 0.30 

40 1.109 1.107 1.108 17.340 17.313 17.33 27.28 0.32 

60 1.089 1.088 1.088 17.018 17.002 17.01 28.61 0.34 

90 1.047 1.048 1.048 16.373 16.381 16.38 31.27 0.37 

120 1.027 1.028 1.027 16.050 16.070 16.06 32.60 0.39 

150 1.016 1.018 1.017 15.889 15.914 15.90 33.26 0.40 

180 1.006 1.008 1.007 15.728 15.759 15.74 33.92 0.41 
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Table A28 Treatment of IC+RB5 dye in synthetic wastewater by the photocatalytic process 
at an initial concentration of 50 ppm of Experiment condition 4 with MnFG1 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.588 1.588 1.588 24.827 24.827 24.83 0.00 0.00 

10 1.189 1.104 1.147 18.589 17.260 17.92 27.80 0.33 

20 1.061 1.064 1.063 16.588 16.635 16.61 33.09 0.40 

30 0.924 0.930 0.927 14.446 14.540 14.49 41.62 0.54 

40 0.858 0.849 0.854 13.414 13.273 13.34 46.25 0.62 

60 0.695 0.694 0.695 10.866 10.850 10.86 56.27 0.83 

90 0.342 0.363 0.353 5.347 5.675 5.51 77.80 1.51 

120 0.181 0.191 0.186 2.830 2.986 2.91 88.29 2.14 

150 0.089 0.102 0.096 1.391 1.595 1.49 93.99 2.81 

180 0.032 0.030 0.031 0.500 0.469 0.48 98.05 3.94 

 

Table A29 Treatment of IC+RB5 dye in synthetic wastewater by the photocatalytic process 
at an initial concentration of 50 ppm of Experiment condition 4 with MnFG2 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.588 1.588 1.588 24.827 24.827 24.83 0.00 0.00 

10 1.200 0.956 1.078 18.761 14.946 16.85 32.12 0.39 

20 1.007 1.029 1.018 15.743 16.087 15.92 35.89 0.44 

30 0.838 0.870 0.854 13.101 13.602 13.35 46.22 0.62 

40 0.704 0.746 0.725 11.006 11.663 11.33 54.35 0.78 

60 0.436 0.460 0.448 6.816 7.192 7.00 71.79 1.27 

90 0.182 0.167 0.175 2.845 2.611 2.73 89.01 2.21 

120 0.071 0.071 0.071 1.110 1.110 1.11 95.53 3.11 

150 0.051 0.049 0.050 0.797 0.766 0.78 96.85 3.46 

180 0.036 0.039 0.038 0.563 0.610 0.59 97.64 3.75 
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Table A30 Treatment of IC+RB5 dye in synthetic wastewater by the photocatalytic process 
at an initial concentration of 50 ppm of Experiment condition 4 with MnFG3 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.516 1.516 1.516 23.701 23.701 23.70 0.00 0.00 

10 1.177 1.169 1.173 18.401 18.276 18.34 22.63 0.26 

20 1.001 1.021 1.011 15.650 15.962 15.81 33.31 0.41 

30 0.901 0.884 0.893 14.086 13.820 13.95 41.13 0.53 

40 0.770 0.754 0.762 12.038 11.788 11.91 49.74 0.69 

60 0.503 0.484 0.494 7.864 7.567 7.72 67.45 1.12 

90 0.219 0.203 0.211 3.424 3.174 3.30 86.08 1.97 

120 0.101 0.101 0.101 1.579 1.579 1.58 93.34 2.71 

150 0.063 0.054 0.059 0.985 0.844 0.91 96.14 3.25 

180 0.059 0.044 0.052 0.922 0.688 0.81 96.60 3.38 

 

Table A31 Treatment of TC in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 1 (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.607 1.607 1.607 47.810 47.810 47.81 1.000 0.00 

10 1.576 1.543 1.560 46.888 45.906 46.40 0.970 2.96 

240 1.390 1.356 1.373 41.354 40.342 40.85 0.854 14.56 

 

Table A32 Treatment of TC in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 2 (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.649 1.649 1.649 49.059 49.059 49.06 1.000 0.00 

10 1.607 1.605 1.606 47.810 47.750 47.78 0.974 2.61 

240 1.635 1.638 1.637 48.643 48.732 48.69 0.992 0.76 
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Table A33 Treatment of TC in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 3 with MnF photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.649 1.649 1.649 49.059 49.059 49.06 1.000 0.00 

10 1.535 1.530 1.533 45.668 45.519 45.59 0.929 7.06 

240 1.431 1.430 1.431 42.574 42.544 42.56 0.867 13.25 

 

Table A34 Treatment of TC in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 3 MnFG1 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.649 1.649 1.649 49.059 49.059 49.06 1.000 0.00 

10 1.535 1.530 1.533 45.668 45.519 45.59 0.929 7.06 

240 1.431 1.430 1.431 42.574 42.544 42.56 0.867 13.25 

 

Table A35 Treatment of TC in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 3 MnFG2 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.649 1.649 1.649 49.059 49.059 49.06 1.000 0.00 

10 1.580 1.579 1.580 47.007 46.977 46.99 0.958 4.21 

240 1.471 1.469 1.470 43.764 43.704 43.73 0.891 10.86 

 

Table A36 Treatment of TC in synthetic wastewater at an initial concentration of 50 
ppm of Experiment condition 3 MnFG3 photocatalyst (Control). 

Time 

(min) 

Abs Concentration 
C/C0 

% 

Removal 1 2 Avg 1 2 Avg 

0 1.649 1.649 1.649 49.059 49.059 49.06 1.000 0.00 

10 1.608 1.607 1.608 47.840 47.810 47.82 0.975 2.52 

240 1.572 1.568 1.570 46.769 46.650 46.71 0.952 4.79 
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Table A37 Treatment of TC dye in synthetic wastewater by the photocatalytic process at 
an initial concentration of 50 ppm of Experiment condition 4 with MnF 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.590 1.590 1.590 47.304 47.304 47.30 0.00 0.00 

10 1.010 1.013 1.012 30.049 30.138 30.09 36.38 0.45 

20 0.996 0.999 0.998 29.646 29.734 29.69 37.24 0.47 

30 0.983 0.986 0.984 29.243 29.331 29.29 38.09 0.48 

40 0.956 0.959 0.957 28.438 28.524 28.48 39.79 0.51 

60 0.902 0.905 0.903 26.828 26.910 26.87 43.20 0.57 

90 0.794 0.796 0.795 23.607 23.682 23.64 50.02 0.69 

120 0.739 0.742 0.741 21.997 22.068 22.03 53.42 0.76 

150 0.685 0.688 0.686 20.387 20.454 20.42 56.83 0.84 

180 0.631 0.633 0.632 18.777 18.840 18.81 60.24 0.92 

240 0.577 0.579 0.578 17.166 17.226 17.20 63.65 1.01 

 

Table A38 Treatment of TC in synthetic wastewater by the photocatalytic process at an 
initial concentration of 50 ppm of Experiment condition 4 with MnFG1 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.564 1.564 1.564 46.531 46.531 46.53 0.00 0.00 

10 1.444 1.451 1.448 42.960 43.169 43.06 7.45 0.08 

20 1.331 1.338 1.335 39.599 39.807 39.70 14.67 0.16 

30 1.234 1.300 1.267 36.713 38.676 37.69 18.99 0.21 

40 1.233 1.161 1.197 36.683 34.541 35.61 23.47 0.27 

60 1.079 1.135 1.107 32.101 33.767 32.93 29.22 0.35 

90 1.001 0.972 0.987 29.781 28.918 29.35 36.92 0.46 

120 0.890 0.928 0.909 26.478 27.609 27.04 41.88 0.54 

150 0.776 0.802 0.789 23.087 23.860 23.47 49.55 0.68 

180 0.720 0.561 0.641 21.421 16.690 19.06 59.05 0.89 

240 0.534 0.000 0.267 15.887 0.000 7.94 82.93 1.77 
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Table A39 Treatment of TC in synthetic wastewater by the photocatalytic process at an 
initial concentration of 50 ppm of Experiment condition 4 with MnFG2 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.576 1.596 1.586 46.873 47.468 47.17 0.00 0.00 

10 1.449 1.489 1.469 43.102 44.292 43.70 7.36 0.08 

20 1.340 1.360 1.350 39.851 40.446 40.15 14.88 0.16 

30 1.253 1.263 1.258 37.285 37.583 37.43 20.64 0.23 

40 1.157 1.179 1.168 34.429 35.084 34.76 26.32 0.31 

60 1.044 1.068 1.056 31.053 31.767 31.41 33.41 0.41 

90 0.907 0.927 0.917 26.984 27.579 27.28 42.16 0.55 

120 0.787 0.809 0.798 23.408 24.075 23.74 49.67 0.69 

150 0.653 0.695 0.674 19.432 20.687 20.06 57.47 0.86 

180 0.491 0.601 0.546 14.615 17.888 16.25 65.55 1.07 

240 0.273 0.276 0.275 8.129 8.219 8.17 82.67 1.75 

 

Table A40 Treatment of TC in synthetic wastewater by the photocatalytic process at an 
initial concentration of 50 ppm of Experiment condition 4 with MnFG3 
photocatalyst. 

Time (min) 
(Abs) Concentration (mg. L-1) 

% Removal ln(C0/C) 
1 2 Avg 1 2 Avg 

0 1.607 1.607 1.607 47.810 47.810 47.81 -1.07 -0.01 

10 1.468 1.512 1.490 43.674 44.984 44.33 6.29 0.06 

20 1.348 1.381 1.365 40.104 41.086 40.60 14.18 0.15 

30 1.210 1.289 1.250 35.999 38.349 37.17 21.42 0.24 

40 1.155 1.124 1.140 34.362 33.440 33.90 28.33 0.33 

60 1.006 1.003 1.005 29.930 29.840 29.88 36.82 0.46 

90 0.899 0.796 0.848 26.746 23.682 25.21 46.70 0.63 

120 0.720 0.654 0.687 21.421 19.457 20.44 56.79 0.84 

150 0.625 0.494 0.560 18.594 14.697 16.65 64.81 1.04 

180 0.511 0.393 0.452 15.203 11.692 13.45 71.57 1.26 

240 0.316 0.249 0.283 9.401 7.408 8.40 82.23 1.73 
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