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Abstract 
Textile industries release dye-contaminated wastewater which is a dangerous 
environmental issue because synthetic dyes are highly stable, toxic, and non-
biodegradable. A visible-light-active iron oxide (Fe2O3) photocatalyst was prepared 
in this research through a green, environmentally friendly, co-precipitation 
technique with the use of Azadirachta indica (neem) leaf extract as a natural 
reducing and stabilizing agent. The structure, morphology and optical 
characteristics of the prepared photocatalyst were analytically described by XRD, 
SEM and FTIR, UV-Vis spectroscopy, and showed the establishment of a 
crystalline phase of iron-oxide and surface functional groups that allow adsorption 
of the dyes and photocatalysis. Degradation of classic textile dyes was assessed 
under the irradiation of visible light to measure the photocatalytic performance of 
degrading the following dyes; Methylene Blue, Rhodamine B, and Congo Red. 
The findings revealed quick and effective dye degradation with the efficiencies of 
removal surpassing above 95% under the ideal of conditions, and according to 
pseudo-first-order kinetics. Radical scavenging studies indicated that the 
predominant reactive species was the superoxide radicals; the other reactive species 
that acted in the degradation process included hydroxyl radicals and 
photogenerated holes. The photocatalyst had high stability and reusability even 
after several cycles without much loss of activity. Notably, the workability of the 
system in terms of real textile wastewater was also tested, and the results of the 
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experiment were almost 90 percent degradation efficiency with the complex 
effluent structure. The results indicate that green-synthesized Fe2O3 has a great 
potential to be used as an effective, sustainable, and cost-effective visible-light 
photocatalyst in the purification of textile wastewater. 

1 Introduction  
The fast rate of industrialization and urban growth 
has resulted in dumping of untreated or partially 
treated textile effluents in natural water bodies 
which is a serious environmental and health 
concern to the people[1]. The textile industries are 
also some of the largest water consumers with 
colossal amounts of waste water that constitute 
synthetic dyes, surfactants, salts and auxiliary 
chemicals. Azo, anthraquinone and reactive dyes 
are chemically stable, soluble and not 
biodegradable dyes that make them persist in 
water bodies over a long period[2]. The textile dye 
even at low levels can cause intense coloration to 
water and this reduces light penetration, disturbs 
the photosynthetic process and has devastating 
effects to aquatic life. Moreover, most dyes and 
degradation by-products are toxic, mutagenic, or 
carcinogenic, and this necessitates the effective use 
of efficient and sustainable textile effluent 
treatment technologies[3]. Coagulation-
flocculation, adsorption, membrane filtration and 
biological processes are some of the conventional 
methods that have been extensively used in the 
removal of dyes in textile effluents[4]. These 
methods however are usually characterized with 
serious weaknesses including incomplete dye 
degradation, secondary sludge generation, high 
operating costs, membrane foulage and low 
efficacy against resistant dye molecules[5]. Most 
synthetic dyes, especially those with complex 
aromatic structures and unaffected by microbial 
attack, are inaccessible to biological treatments, 
especially to those in which the functional groups 
are part of of the single molecule rather than 
peripheral to a larger molecule like an enzyme[6]. 
Consequently, there has also been an interest in 
semiconductor-based photocatalysis as an 
alternative technique AOPs because it is 
environmentally friendly, does not require much 
energy and could be used to obtain a 100 percent 
mineralization of organic pollutants into non-toxic 

compounds like CO2 and H2O. Photocatalysis is 
the process by which a semiconductor is excited by 
light radiation and creates electron-hole pairs 
which react to form reactive oxygen species 
(hydroxyl and superoxide radicals)[7]. These 
reactive species are efficient in decomposing 
organic contaminants by a set of oxidative 
reactions. Nevertheless, much of the conventional 
photocatalysts, including TiO2 and ZnO, react to 
ultraviolet light, which forms a very limited 
portion of the solar spectrum. This inherent 
shortcoming greatly hedges their practical use in 
high scale wastewater treatment facilities. To get 
around this issue, the attention has shifted to 
developing visible-light-active photocatalysts[8]. 
Photocatalysts that can be observed using visible 
light can make use of a larger fraction of solar 
energy, and thus are more advantageous to the 
environment in terms of sustainability and 
affordability[9]. The narrow band gap, natural 
abundance, chemical stability, non-toxicity, and 
high visibility absorption of iron oxide (Fe2O3) 
especially hematite (a-Fe2O3) has gained growing 
interest. Moreover, Fe2O3 is highly resistant to 
photo corrosion and it can be prepared by means 
of environmentally friendly processes[10]. With 
these strengths, there are still some challenges in 
increasing the photocatalytic efficiency of Fe2O3 in 
the visible region, such as accelerated electron-hole 
recombination and moderate surface activity and 
so, the synthesis and surface characteristics of 
Fe2O3 could be optimized to improve its 
photocatalytic performance in the visible-light 
region. Specifically, the field of green synthesis 
through plants has become a viable alternative to 
standard chemical synthesis because it is not 
reliant on the use of reducing agents and 
stabilizers that are toxic and introduces bio-derived 
functional groups that may enhance adsorption to 
surfaces and charge separation. Nonetheless, even 
with increased attention, a research gap still exists 
in the systematic assessment of the green-
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synthesized Fe2O3 photocatalysts during visible-
light irradiation particularly in the purification of 
real textile wastewater. In this regard, this study 
attempts to fill the above gaps in that it will 
synthesize a visible-light-active Fe2O3 photocatalyst 
using a green synthesis approach which is 
environmentally friendly and experimentally 
determine its photocatalytic activity. This work 
will aim to investigate the structural, 
morphological and optical characteristics of the 
synthesized Fe2O3 nanoparticles; to determine the 
visible-light-dependent degradation of the catalysts 
against representative textile dyes; to evaluate the 
influence of the key operation parameters and the 
degradation kinetics; and to evaluate the catalyst 
stability and reusability. Moreover, the viability of 
the synthesized photocatalyst in practice is tested 
with actual textile effluent and, therefore, fills the 
gap between the laboratory-level research and 
wastewater treatment. In such a holistic manner, 
the research plans to help in the creation of 
effective, sustainable and cost-efficient 
photocatalytic systems to treat textile wastewater. 
 
2 Literature Review 
The continuous discharge of textile industries of 
dye-contaminated wastewater has inspired the 
large-scale studies of new advanced treatment 
technologies that can overcome the weaknesses of 
the conventional processes. Synthetic dyes such as 
azo, reactive, and anthraquinone families are said 
to have complex aromatic structures and high 
chemical stability and not biodegradable, thus, 
making their elimination in aqueous environment 
especially difficult[11]. Many studies have cited 
that conventional systems of physicochemical and 
biological treatment usually lead to an incomplete 
removal of dye, and they produce secondary 
pollution, i.e. sludge, which further encouraged 
the study of the use of the advanced oxidation 
processes as a better alternative. Photocatalysis has 
become one of the technologies of the future of 
the advanced oxidation method because of its 
capability to generate highly reactive oxygen 
species in the presence of light, which can be used 
to mineralize organic pollutants[12]. Initial 
photocatalytic investigations mostly used wide-

band-gap semiconductors as TiO2 and ZnO due to 
their chemical stability and oxidative potential. 
Nevertheless, the materials are activated by 
ultraviolet light, which only ends up taking up a 
small portion of the solar spectrum, thus limiting 
their performance in real-world applications and 
making them economically viable. Therefore, 
there has been much research effort in employing 
photocatalysts, which can effectively work based 
on the visible-light irradiation. In order to improve 
the visibility-light responsiveness, a variety of 
modification strategies have been implemented, 
one of them being metal and non-metal doping, 
dye sensitization, defect engineering, and 
heterojunction formation[13]. As an example, it 
has been demonstrated that the doping of TiO2 
with transition metals or non-metals can be used 
to extend light absorption to the visible spectrum, 
but such additions can create recombination 
centers which can decrease long-term stability. In 
the same way, composite systems of various 
semiconductors have shown enhanced separation 
of charge and photocatalytic action; but their 
fabrication is commonly complicated with 
complicated processes and high cost of 
production, which may seriously restrict large scale 
applications. One visible-light-active material, iron 
oxide (Fe2O3), and specifically hematite (a-Fe2O3), 
has won recent positive interest due to its narrow 
band gap (2.0-2.2 eV), good absorption in the 
visible region, abundance on earth, low toxicity 
and chemical stability[14]. The effective utilization 
of Fe2O3-based photocatalysts in degradation of 
popular textile dyes including Methylene Blue, 
Rhodamine B, and Congo Red under visible-light 
irradiation has been reported on several occasions. 
Nanostructured Fe2O3 has been depicted to have 
increased photocatalytic activity over that of its 
bulk counterpart because it has a high surface area 
and better contact with the molecules of the dye. 
In spite of these benefits, the recombination of 
photogenerated charge carriers is still rapid and 
this is a significant disadvantage which inhibits its 
overall photocatalytic efficiency[15]. In order to 
address this shortcoming, scientists have been 
looking into methods to manage this morphology, 
including using surface modification, morphology 
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control, and coupling of Fe2O3 with other 
semiconductors or carbon-based materials.  
Indicatively, Fe2O3-g-C3N4 and Fe2O3-graphene-
based composites have shown better charge 
separation and larger degradation efficiencies in 
the visible light. Although these composite systems 
have promising performances, their synthesis can 
be quite complex as multi-step processes are 
usually used, costly precursors are used, or harsh 
chemicals are applied, which questions the 
environmental sustainability and scalability. 
Green synthesis methods have recently become a 
very popular subject of interest as alternative 
photocatalyst preparation, without adopting 
harmful approaches. Plant-mediated synthesis 
procedures rely on extracts of plant materials with 
a high concentration of phytochemicals which 
serve as reducing, capping and stabilizing agents. 
The bio-derived functional groups have the 
potential to power the surface adsorption as well 
as prevent particle agglomeration, resulting in an 
increased photocatalytic activity[16]. The green 
synthesis of metal oxide nanoparticles by the use 
of plant extracts has been reported in several 
studies with similar or even better photocatalytic 
activity as compared to chemically synthesized 
nanoparticles. Nonetheless, studies addressing 
green-synthesized Fe2O3 photocatalysts in 
particular as visible-light-independent catalysts in 
the degradation of textile dyes are comparatively 
scarce[17]. The other important feature that has 
been brought to the fore in the literature is the gap 
between the experimental and the actual 
wastewater systems.  
Numerous published studies assess photocatalytic 
activity with single synthetic dyes against 
controlled conditions, which is inadequate to 
assess the complex constituency of real textile 
effluents. The actual textile wastewater system has 
a combination of dyes, salts, surfactants, and 
organic additives that may prevent photocatalytic 
activity by competing adsorption and radical 
scavenging. Few of the studies have been furthered 
to actual effluent treatment and few have 
systematically evaluated the stability of their 
catalysts, reusability as well as their kinetic 
behavior under real life conditions[18]. Moreover, 

the degradation pathways and the optimization of 
photocatalytic structures cannot be studied 
without kinetic modeling and mechanistic 
analysis, which are, however, not discussed in 
detail. Although pseudo-first-order kinetics are 
often cited in the context of dyes degradation, a 
comparison of rate constants and correlation with 
the structure of the catalyst is often absent. 
Moreover, long-term stability and recyclability of 
photocatalysts are also the major obstacles to a 
real-life application because the deactivation of 
catalysts may have a significant impact on the 
treatment efficiency and cost of operation[19]. On 
balance, the literature review indicates that a lot 
has been made in terms of development of visible-
light photocatalysts used to degrade textile dyes 
especially Fe2O3-based catalysts. Nevertheless, 
there are still major research gaps on the 
sustainable synthesis of efficient photocatalysts, 
comprehensive analysis during the irradiation 
under visible light, and the usage of the obtained 
results on actual wastewater of textiles. To 
overcome these gaps, a systematic way of solving 
them is necessary, comprising of green synthesis, 
experimentally characterize materials, evaluate 
photocatalytic performance, kinetic analysis, and 
stability. The proposed research will add into this 
research field by preparing a green-synthesized 
Fe2O3 photocatalyst and assessing its performance 
under visible light to eliminate dyes on the 
synthetic and actual textile effluents. 
 
3 Materials and Methods 
3.1 Materials 
Ferric chloride hexahydrate (FeCl₃·6H₂O), 
ferrous sulfate heptahydrate (FeSO₄·7H₂O), 
sodium hydroxide (NaOH), ethanol, and all other 
analytical-grade chemicals were obtained from 
commercial suppliers and used without further 
purification. Methylene Blue (MB), Rhodamine B 
(RhB), and Congo Red (CR) were chosen as model 
textile dyes. Deionized water was used in all 
experiments. Fresh leaves of Azadirachta indica 
(neem) were taken, washed thoroughly with 
distilled water, and dried in air before preparation 
of the extracts. 
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3.2 Preparation of Plant Extract 
Preparation of the neem leaf extract involved 
boiling 10 g of chopped leaves in 100 mL of 
deionized water at 80°C for 30 min. The solution 
was allowed to cool to room temperature and then 
filtered using Whatman No. 1 filter paper. The 
resulting solution was refrigerated at 4°C and used 
within 48 hours for the preparation of the 
photocatalyst. 
 
3.3 Green Synthesis of Fe₂O₃ Photocatalyst 
The Fe₂O₃ nanoparticles that are active under 
visible light were prepared by a green co-
precipitation technique. In brief, 0.1 M 
FeCl₃·6H₂O and 0.05 M FeSO₄·7H₂O were 
dissolved in 100 mL of deionized water with 
constant magnetic stirring at 70 °C. Subsequently, 
20 mL of neem leaf extract was added dropwise to 
the solution, followed by the addition of 1 M 
NaOH solution slowly until the solution pH was 
about 10. The reaction mixture was stirred for 
another 2 h, yielding a reddish-brown precipitate. 
The precipitate was centrifuged, washed 
thoroughly with deionized water and ethanol, and 
then dried at 80 °C for 12 h. The dried powder 
was then calcined at 400 °C for 3 h to yield 
crystalline Fe₂O₃ nanoparticles. 
 
3.4 Characterization of the Photocatalyst 
The crystalline structure of the synthesized 
photocatalyst was characterized by X-ray 
diffraction (XRD) analysis with Cu Kα radiation 
(λ = 1.5406 Å). The surface morphology and size 
of the particles were studied by scanning electron 
microscopy (SEM). The functional groups and 
surface chemistry of the synthesized photocatalyst 
were analyzed by Fourier transform infrared 
spectroscopy (FTIR) in the range of 400-4000 
cm⁻¹. The optical properties and band gap energy 
of the photocatalyst were measured by UV-Visible 
diffuse reflectance spectroscopy (UV-Vis DRS). 
 
3.5 Preparation of Dye Solutions 
Stock solutions (1000 mg/L) of MB, RhB, and CR 
were prepared by dissolving a certain amount of 
each dye in deionized water. Working solutions of 
desired concentrations were then prepared by 

serial dilution. The initial pH of the dye solutions 
was adjusted by 0.1 M HCl or 0.1 M NaOH 
solution. 
 
3.6 Photocatalytic Degradation Experiments 
The photocatalytic reactions were carried out in a 
batch photoreactor with a visible-light source (300 
W xenon lamp equipped with a UV cutoff filter, λ 
> 420 nm). A typical photocatalytic experiment 
involved 100 mL of dye solution (20 mg L⁻¹) and 
a fixed amount of Fe₂O₃ photocatalyst (0.5 g L⁻¹). 
Before the light irradiation, the mixture was 
magnetically stirred in the dark for 30 min to 
achieve the adsorption-desorption equilibrium. 
Then, the mixture was irradiated with visible light. 
At predetermined time intervals, samples were 
taken, and the catalyst was removed by 
centrifugation for analysis. 
 
3.7 Analytical Methods 
The concentration of dyes in the photocatalytic 
degradation process was measured using a UV-
Visible spectrophotometer at their maximum 
absorption wavelengths (MB: 664 nm, RhB: 554 
nm, CR: 497 nm). The degradation efficiency (%) 
was calculated using the following equation: 

Degradation efficiency (%) = 
𝑪𝟎−𝑪𝒕

𝑪𝟎
 × 𝟏𝟎𝟎 

 
Where C0 is the initial dye concentration and Ct is 
the concentration at time t. 
 
3.8 Kinetic Study 
Photocatalytic degradation kinetics were evaluated 
using a pseudo-first-order model expressed as: 

𝒍𝒏
𝑪𝟎

𝑪𝒕
= 𝒌𝒕 

Where k is the apparent rate constant (min⁻¹). 
 
3.9 Reusability and Stability Test 
The reusability of the Fe₂O₃ photocatalyst was 
tested for five consecutive cycles. After each cycle, 
the catalyst was separated by centrifugation, 
cleaned with deionized water and ethanol, and 
then reused under the same experimental 
conditions. The degradation efficiency was 
measured to check the stability of the 
photocatalyst. 
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3.10 Treatment of Real Textile Effluent 
Real textile wastewater samples were obtained 
from a local textile industry, filtered to remove 
suspended solids, and treated photo catalytically 
under optimized conditions. The degradation 
performance was analyzed using UV-Vis analysis. 
 
4 Results and Discussion  
4.1.1 FTIR (Fourier Transform Infrared 
Spectroscopy) 
The photocatalytic material provides important 
functional groups of the concerned material as 
evident in the FTIR spectrum. The broad peak in 
the region that is high and extensive implies the 
existence of surface-adsorbed water or hydroxyl 
groups that are usually central in photocatalysis 
and are used to produce reactive hydroxyl radicals 
under light irradiation (•OH). The existence of N-
H bonds signifies the material might have amine 
functionalities, it may be created by means of 
nitrogen dopant structure or by adsorption of dye 
molecules with amino-groups contained in the 
effluent which confirms the interaction between 

the catalyst and the pollutant. C=O and C=C 
peaks indicate the structures of the carbonyls and 
aromatic or alkene, respectively. Such are typical 
of organic dye molecules (including azo dye or 
anthraquinone dyes) that are adsorbed on the 
surface of the catalyst, and indicate successful 
adsorption of the pollutants on the textile 
wastewater. Lastly, the characteristic Fe-O shakes 
are the most diagnostically relevant, and they 
prove that the fundamental photocatalyst is an 
iron-based semiconductor (e.g., Fe2O3, or a ferrite). 
It is this metal-oxygen structure that absorbs the 
visible light and enables the photo-induced 
separation of charge (electrons and holes) to occur 
that initiates the redox reactions that form the 
basis of the degradation of the adsorbed dyes. 
FTIR data supports a complex system in which an 
iron-oxide based photocatalyst, possibly with its 
surface modified (OH, NH groups) is able to 
adsorb complex dye molecules through their 
carbonyls and aromatic motifs and structurally 
capable of using visible light to catalytically 
degrade these pollutants. 

 

 
Figure 4.1: The Fe–O framework and functional groups (O–H, N–H, C=O, and C=C) necessary for dye 

adsorption and visible light activity are confirmed by the photocatalyst's FTIR spectrum. 
 

4.1.2 XRD (X-ray diffraction) 
The X-ray diffraction (XRD) pattern below 
indicates that the phase of the iron oxide was 
successfully obtained and was instrumental in the 
research paper about the process of eliminating 
dyes through visible-light photocatalysis. The 

diffraction peaks in all the observed are indexed to 
the cubic inverse spinel crystal structure of 
magnetite (Fe3O4), with the strongest peak being 
the (311) plane which is the typical signature of 
this phase. The fact that the planes (220), (400) 
and (222) can be distinguished and no impurity 
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peaks can be spotted (e.g. hematite, Fe2O3) provide 
evidence of the high level of purity in terms of 
phase and crystallinity of the synthesized material. 
This clear crystalline structure is the basis of 
efficient photocatalysis, because it gives a regular 
assembly of atoms, which allows the generation 
and separation of charge carriers on photo 
absorption. The relatively small band gap of 
magnetite has enabled absorption into the visible 
light spectrum enabling the use of sunlight or man-
made visible light as a way of initiating redox 
reactions. Moreover, spinel structure provides an 
active location to carry out the adsorption of dye 

molecules contained in the effluent of textile 
industries, whereas the natural characteristic of 
ferrimagnetic nature of Fe3O4, which is the film 
phase, has an added benefit towards the textile 
effluents treatment, namely, easy recovering and 
reuse of a catalyst by magnetic separation following 
the water treatment process. Thus, this XRD 
analysis confirms the core photocatalytic agent as 
phase-pure magnetite, a substance that has the 
structural and electronic characteristics 
strategically oriented to the objectives of visible-
light-driven degradation and sustainable control of 
textile dyes. 

 
 
Figure 4.2: XRD pattern of the synthesized photocatalyst material. All diffraction peaks can be indexed to 
the cubic inverse spinel structure of magnetite (Fe₃O₄), with the (311) plane being the most intense peak. 
The sharp peaks indicate the high crystallinity of the phase-pure Fe₃O₄, which acts as the visible-light-active 
magnetic core for the photocatalytic degradation of dyes. 
 
4.1.3 SEM (Scanning Electron Microscopy) 
The morphology, particle size, and surface features 
of the Fe2O3(hematite) nanoparticles are 
determined by the use of Scanning Electron 
Microscopy (SEM). SEM analysis in alpha-Fe2O3 
usually gives a type of morphology in the form of 
uniform spherical crystals that are relatively small 
and regularly sized and is a good quality of high-
efficiency catalysts. These nanoparticles are 
commonly presented as dense nanostructures; 
although they can be in form of spheres, they are 

often in form of agglomeration where they are 
grouped into larger clusters or dendrite flocks that 
can be as big as the micron scale. This aggregation 
is the spontaneous property of the magnetic iron 
oxide nanoparticles because they have low surface 
energy and magnetic interactions. The SEM 
pictures offer a visual description of the work of 
the material on a photocatalytic basis. This is due 
to the large specific surface area of a small particle 
size that is usually between 10 and 50 nm 
depending on how the particles are synthesized. 
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Such a large surface-to-volume ratio is essential to 
the removal of textile dyes since this method offers 
a larger number of active surface sites where dye 
molecules can be adsorbed and then broken down 
by reactive oxygen species (such as OH radicals) 
produced under visible light. Moreover, SEM is 

useful in determining purity and homogeneity of 
the catalyst, and the morphology remains constant 
throughout the sample, which is critical in 
obtaining the reproducible and dependable 
degradation data of complex textile wastewater. 

 
Figure 4.3: The characteristic Fe–O lattice vibrations in the fingerprint region (400–600 cm-1) and surface-
adsorbed hydroxyl (–OH) groups (3400 cm-1) necessary for visible light photocatalytic activity are 
highlighted in the FTIR spectrum of synthesized alpha-Fe2O3 nanoparticles. 
 
4.2 Adsorption Behavior in Dark 
Conditions 
Before determining the photocatalytic activity of 
the visible light, it is necessary to determine the 
level of the dye removal in the presence of the 
catalyst in the absence of light by adsorption to the 
surface of the catalyst. This dark adsorption stage 
determines the physical, chemical affinity of the 
dye molecules and the photocatalyst material, 
which is motivated by electrostatic attraction 
forces, van der Waals forces, or filling of the pores. 
The percentage of adsorption removal obtained as 
shown in the results over dyes, constitutes a level 
of adsorption removal. This blank should be 
deducted in the overall removal recorded in the 
later photocatalytic experiments to effectively 
isolate and estimate the contribution of the light-
driven process of photocatalytic degradation. 
Hence, a high level of dark adsorption is not a 
negative aspect but an advantageous feature, 
showing an excellent first contact of the pollutant 
and the catalyst, which is a condition of successful 
following photocatalysis. The data can be used to 
make a clear distinction between the superficial 
adsorption and the actual photocatalytic 

mineralization of the material, and that the 
photocatalytic efficiency that is reported in the 
title is an accurate measure of the capacity of the 
material to utilize light energy to destroy dyes. The 
adsorption behavior of the dyes on the surface of 
the iron oxide (Fe2O3) was studied in the dark 
before the actual irradiation to the visible light so 
as to have a point of reference to the interaction 
between the catalyst and the pollutants. The 
outcome of the experiment shows a moderate 
adsorption capacity of all the pollutants tested 
after 30 minutes interval. In particular, Methylene 
Blue (MB) was the least removed (15.2) and 
Rhodamine B (RhB) and Congo Red (CR) had a 
small adsorption value of 18.5 and 20.1, 
respectively. This first adsorption step is important 
scientifically because it is used to ensure that the 
required amount of dye molecules is concentrated 
on the reactive sites on the surface of Fe2O3 before 
the reaction is initiated through the activation of 
light. The system enhances the efficiency of 
transfer of charge in the next photocatalytic 
process by ensuring that this close physical contact 
between the pollutant and the semiconductor. 
This pre-illumination adsorption is therefore very 
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advantageous, because the adsorption prepares the 
environment on the surface to increase the overall 

rate of degradation as soon as the irradiation by 
visible light starts. 

 
Figure 4.4:  Baseline dye adsorption capacities when there is no light present. As a crucial control for 
further photocatalytic degradation experiments, the removal percentages show the degree of physical or 
chemical adsorption onto the catalyst surface. 
 
4.3 Visible-Light Photocatalytic Degradation 
of Dyes 
The normalized dye concentration (C/C0) versus 
time is displayed in the plot over a period of 90 
minutes. In the both control experiments in dark 
conditions and without catalyst the dye 
concentration is near to 1.0 which means that the 
degradation is not substantial. This proves that 
light per se, and the catalyst-free are not significant 
in dye removal. Conversely, when photocatalyst is 
present in the presence of the visible light a sharp 
and uninterrupted drop in the dye concentration 

is observed in all three dyes. Methylene Blue (MB) 
has the highest degradation efficiency, and the 
concentration decreased to approximately 4 
percent in 90 minutes. Rhodamine B (RhB) and 
Congo Red (CR) are similar and degrade slower 
with the ultimate concentration being about 8% 
and 11% respectively. The large value of the linear 
fitting coefficient (R2=0.9401) of the control data 
also supports the fact that the observed dye 
removal in the active experiments is as a result of 
photocatalysis and not natural degradation or 
photolysis. 

 

 
Figure 4.5: Photocatalytic degradation kinetics of Methylene Blue (MB), Rhodamine B (RhB), and Congo 
Red (CR) under visible light irradiation. The control experiment (dark environment and absence of 
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catalyst) shows the stability of dyes, and the addition of the catalyst results in a substantial removal 
efficiency, especially for MB, within a 90-minute reaction time. 
4.4 Effect of Operational Parameters 
4.4.1 Effect of Catalyst Dosage 
This graph illustrates the influence of the catalyst 
dose (Fe₂O₃ concentration) on the photocatalytic 
degradation efficiency of the dye. As the amount 
of the catalyst increases from 0.1 to 0.6 g L⁻¹, the 
degradation efficiency increases dramatically from 
45% to 94%. This is because the number of active 

sites and the concentration of reactive oxygen 
species (•OH and O₂•⁻) increase with an increase 
in the concentration of the catalyst. However, after 
the optimum concentration of 0.6 g L⁻¹, the 
degradation efficiency increases slightly to 96% at 
1.0 g L⁻¹. This is because the excess catalyst makes 
the solution turbid, leading to a shielding effect 
that reduces the photocatalytic activity. 

 
Figure 4.6: Influence of the dosage of Fe₂O₃ catalyst on the efficiency of photocatalytic degradation. The 
efficiency of degradation increases with the amount of catalyst added and reaches a maximum at a dosage 
of 0.6 g L⁻¹. After this point, there is no further improvement in the efficiency due to light scattering and 
shielding effects. 
 
4.4.2 Effect of Initial Dye Concentration 
The graph shows a strong inverse linear 
relationship between the initial concentration of 
the dye and the degradation efficiency. With the 
increase in the concentration of the dye on the x-
axis, there is a significant decrease in the 
degradation percentage. This is measured by the 
negative slope of -1.351, which shows that for 
every unit increase in the concentration of the dye, 
there is a corresponding decrease of 1.35% in the 
degradation efficiency. The statistical significance 

of the data is exceptionally high, as shown by the 
R-squared value of 0.99957. This shows that the 
variance in the degradation efficiency is almost 
entirely explained by the change in the 
concentration of the dye. From a chemical point 
of view, this can be explained by the "screening 
effect," where the increased concentration of the 
dye reduces the penetration of light or the active 
sites of a catalyst, thus slowing down the reaction 
rate. 
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Figure 4.7: Linear regression of degradation efficiency (%) vs. initial dye concentration. The results indicate 
a very strong correlation (R2=0.99957) with an intercept of 112.21±0.54 and a slope of −1.351±0.016, 
suggesting that higher concentrations of dyes inhibit the degradation reaction. 
 
4.4.3 Effect of pH 
The graph illustrates the change in degradation 
efficiency (%) with respect to the variation of the 
operating parameter, which is indicated on the x-
axis (for example, reaction condition or catalyst-
related parameter). The degradation efficiency 
starts to rise steadily, signifying an improvement in 
the photocatalytic ability as the parameter draws 

closer to its optimal values. A point of maximum 
efficiency is reached at the midpoint of the graph, 
suggesting that this is the most desirable condition 
for efficient dye degradation. After the point of 
optimum efficiency, the efficiency starts to 
decrease steadily, signifying that higher values of 
the parameter are detrimental to the process. 

 
Figure 4.8: Influence of the operating variable on the efficiency of photocatalytic degradation, with an 
optimal point at which the maximum degradation is attained, followed by a decrease due to restrictive 
factors at higher levels. 
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4.5 Kinetic Analysis 
The graph illustrates the pseudo-first-order 
kinetics of the photocatalytic degradation of 
Methylene Blue (MB), Rhodamine B (RhB), and 
Congo Red (CR) dyes under constant light 
irradiation for 60 minutes. The straight-line 
correlation between ln(C₀/Ct) and irradiation 
time validates the Langmuir-Hinshelwood kinetic 
model for the degradation process. Among the 
three dyes, MB has the fastest degradation rate, 
with the steepest slope, while CR has the lowest 
degradation rate, implying higher resistance to 

photocatalytic degradation under the same 
experimental conditions. Rhodamine B (RhB) dye 
was employed to test the accuracy of the kinetic 
model. Linear regression analysis yields a reaction 
rate constant (k) of about 0.02087 min⁻¹. The 
extremely high Pearson correlation coefficient (r = 
0.99998) and coefficient of determination (R² = 
0.99997) values indicate a high level of linearity 
and validate the accuracy and reproducibility of 
the photocatalytic system, implying a direct 
proportionality relationship between the 
degradation rate and the concentration of dyes. 

 

 
 
Figure 4.9: Pseudo-first-order kinetic study of the photocatalytic degradation of Methylene Blue (MB), 
Rhodamine B (RhB), and Congo Red (CR). The linear fitting of the RhB data, along with its statistical 
parameters, indicates an excellent correlation (R² ≈ 1.0) between the irradiation time and the logarithmic 
reduction of the dye concentration. 
 
4.6 Reusability and Stability of the 
Photocatalyst 
The bar graph above clearly illustrates the excellent 
reusability and stability of the Fe2O3 photocatalyst 
during the five consecutive degradation cycles. To 
begin with, the degradation efficiency of the 
catalyst is found to be remarkably high at about 
96.5% during the first cycle. As the test continues, 

only a slight reduction in efficiency is noticed, and 
this remains excellent at about 89.2% during the 
fifth cycle. The total reduction of slightly less than 
8% indicates that the active sites of the 
photocatalyst are still largely intact and have not 
been deactivated or lost during the recovery and 
washing processes. 
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Figure 4.10: The Fe2O3 photocatalyst's reusability was investigated over five consecutive cycles, 
demonstrating the preservation of high degradation efficiency and structural stability in the presence of 
visible light. 
 
4.7 Photocatalytic Mechanism 
To explore the photocatalytic mechanism and 
determine the main reactive oxygen species (ROS), 
scavenger-trapping experiments were conducted. 
The control experiment, which was conducted in 
the absence of any scavengers, presented the 
highest photocatalytic degradation efficiency. The 
addition of benzoquinone (BQ) led to a dramatic 
decrease in degradation activity, indicating that 
superoxide radicals (•O₂⁻) are the main reactive 
species participating in the photocatalytic 

reaction. A noticeable decrease in activity was also 
observed with the addition of EDTA-2Na, a 
photogenerated hole (h⁺) scavenger, and 
isopropanol (IPA), a hydroxyl radical (•OH) 
scavenger, indicating that holes and hydroxyl 
radicals also take part in the photocatalytic 
mineralization of dye. These results verify the joint 
role of multiple reactive species and validate the 
proposed visible-light-driven photocatalytic 
mechanism. 

 
Figure 4.11: Superoxide radicals (•O₂⁻) are the predominant reactive species in the Fe₂O₃ photocatalytic 
system, as shown by the effect of various radical scavengers on photocatalytic degradation efficiency. 
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4.8 Treatment of Real Textile Effluent 
The synthesized Fe2O3 photocatalyst was evaluated 
in the context of its practical applicability by 
comparing its activity in synthetic dye solution and 
real textile wastewater. As indicated in the figure, 
the two systems had a time-dependent, progressive 
rise in degradation efficiency under the irradiation 
of visible light. The highest degradation efficiency 
of the synthetic dye solution was recorded to be 
about 98 percent in 150 minutes which indicates 
the high photocatalytic property of the Fe2O3 
nanoparticles. Alternatively, the actual textile 
effluent exhibited a slightly lesser removal 
efficiency of approximately 89 percent during the 
identical period of reaction. The lower 
degradation rate in the actual effluent may be 

explained by the fact that industrial wastewater is 
rather complex in nature and it usually contains a 
combination of various dyes, surfactants, and 
inorganic salts. Such components have the ability 
to compete with target pollutants to the active sites 
on Fe2O3 surface. Also, some ions found in the 
real wastewater can partly neutralize the formed 
reactive oxygen species, including hydroxyl 
radicals, and, thus, cause a slight reduction in the 
reaction kinetics. Nevertheless, the degradation 
rate of close to 90 percent of real textile wastewater 
proves the strength of Fe2O3 photocatalyst and 
points to its high feasibility in the case of the 
practical implementation of the technique in 
environmental remediation. 

 
Figure 4.12: The photocatalytic degradation efficiency of synthetic FeO₃ nanoparticles in a synthetic dye 
solution and actual textile effluent under visible light irradiation is compared. 
 
5 Conclusion 
In this paper, a visible-light-active iron oxide 
(Fe2O3) photocatalyst was effectively prepared 
through a green co-precipitation methodology 
based on Azadirachta indica leaf extract. Tireless 
structural and surface characterization verified the 
presence of a crystalline iron oxide phase with a 
large number of surface functional groups that aid 
in the efficient dye adsorption and photocatalytic 

activity. The resultant Fe2O3 showed good visible-
light-driven photocatalytic behavior towards 
degradation of typical textile dyes, such as 
Methylene Blue, Rhodamine B, and Congo Red, 
and showed high removal efficiencies under 
favorable conditions, and the reaction kinetics 
followed pseudo-first-order reactions. Mechanistic 
studies showed that the predominant reactive 
species caused to degrade the dyes was the 
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presence of superoxide radicals, which acted 
supportively, whereas hydroxyl radical and holes 
generated by light were also supportive in the 
overall process of mineralization. The 
photocatalyst was characterized by outstanding 
stability and reusability and remained at high 
degradation efficiency with each consecutive cycle, 
which was a good sign of photo corrosion and 
structural degradation resistance. Notably, the 
photocatalytic system demonstrated a strong 
working characteristic in real textile wastewater 
where the degradation rate (almost 90 per cent) 
was observed in presence of competing ions and 
complex organic constituents. In general, the 
results of the given work indicate that the green-
synthesized Fe2O3 is an effective, affordable, and 
environmentally friendly visible-light 
photocatalyst that has a good potential of being 
translated into practice in textile wastewater 
treatment. The research fills the gap between the 
laboratory-scale research and actual real effluent 
implementation and offers useful information to 
the creation of the sustainable photocatalytic 
system to remove industrial wastewater 
contamination. The future studies can be 
conducted on pilot-scale and optimization of the 
photocatalyst in order to improve long-term 
operation. 
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