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Abstract

The photodegradation technique has been identified as the most effective
Article History . . . . .
Volume 6. Issue Si4, 2024 environmentally friendly approach for removing organic dyes from contaminated water.
Received: 1 July 2024 In this study, waste foundry sand- ferrite (WFS-Fe304) composites were synthesized using
g‘;‘i:fepted: 20 July 2024 co-precipitation method.The composite was characterized by X-ray diffraction (XRD),
10.48047/AFIBS.6.5i4.2024.4757-4771 Raman spectroscopy, scanning electron microscopy (SEM), Fourier transform infrared

spectroscopy (FT-IR), zeta potential, and particle size analysis. FT-IR confirmed the
presence of strong chemical bonding and functional groups at the interface of WFS and
Fes0s. The photocatalytic activity of these catalysts was assessed through the
degradation of methylene blue (MB) dye under visible light irradiation. The results
demonstrate that the synthesized composites exhibit significant magnetic and
photocatalytic performance.
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1.Introduction

Our environment is impacted by numerous hazardous human activities, making the elimination of
harmful materials and pollutants an urgent necessity for mitigating human pollution in the twenty-
first century [1, 2]. This involves transforming harmful substances into safer, less polluting forms.
Semiconductor nanoparticles are an important class of self-cleaning photocatalysts, utilized to
degrade harmful dyes in wastewater [3, 4]. Recent studies have leveraged photocatalysis to
decompose carcinogenic and aromatic residues into less harmful byproducts [5, 6].

A clean environment is essential for sustaining life on Earth and promoting health, providing
critical resources such as food, air, and water for all living organisms [7, 8]. Therefore, it is crucial
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for everyone to contribute to protecting the environment from various pollutants [9, 10]. Organic
pollutants and hazardous chemicals from the chemical, agricultural, culinary, and textile industries
pose constant threats to water and air, essential resources for life [11, 12]. These compounds can
be toxic and carcinogenic, obstructing sunlight penetration in water bodies, thus hindering
photosynthesis and harming aquatic life [13, 14]. Dyes also pose public health risks by
accumulating in living organisms, leading to organ damage [15, 16]. Azo dyes, extensively used in
the food, cosmetic, and pharmaceutical industries, are the most studied commercial organic dyes
due to their high toxicity and prevalence in the textile industry, comprising 70% of the dyes used
[17]. The removal of these pollutants through environmentally safe and effective methods is
crucial.

The scientific community has proposed various wastewater treatment techniques, such as solvent
extraction, ultrafiltration, evaporation, and reverse osmosis [18]. However, these methods remove
contaminants from water without converting them into harmless byproducts [19]. The detrimental
effects of pathogens and wastewater contamination on humans, crops, and animals have made
wastewater treatment increasingly important. Effective wastewater treatment at both personal and
governmental levels is necessary to protect the environment from pollution [20]. Traditional
technologies like chemical oxidation, membrane filtration, biological degradation, and plasma
ozonization have been insufficient due to inefficiency, complexity, lengthy processes, disposal
issues, and economic non-viability [21, 22].

Solar energy is often considered the most effective, accessible, and sustainable energy source on
Earth. Visible light accounts for 43% of the sun spectrum's energy, while the UV region contributes
only 4% [23]. For photocatalysis to efficiently utilize solar energy, designing effective
photocatalysts sensitive to visible light is essential [24]. The general mechanism of photocatalysis
involves the formation of active electron-hole pairs in a semiconductor's valence band, which are
then transferred to the conduction band in the presence of light energy [25, 26]. These charged
species facilitate species adsorption and generate superoxide and hydroxide radicals, which
participate in oxidation-reduction degradation processes, making them vital in photocatalysis [27].
Our research aims to remove pollutants from contaminated water in an environmentally friendly
manner. We focused on removing a model azo dye pollutant from polluted water using a
synthesized WFS-Fe304 catalyst. The photocatalytic activity of the catalyst was investigated by
optimizing essential reaction parameters, such as concentration, solution pH, anddye
concentration, for improved pollutant degradation.

2. Materials and methods

In this study, reagent-grade compounds were used without further purification. The following
materials were employed: Waste Foundry Sand (WFS): Collected near Kolhapur, Maharashtra, India.
Ferric Nitrate [Fe (NO3)s3 - 9H20] 98% purity. Sodium Hydroxide (NaOH): 97% purity.

2.1. Synthesis of WFS-Fe304 by co-precipitation method

Initially, 3 g of Waste Foundry Sand (WFS) was combined with 25 ml of distilled water containing
dissolved ferric nitrate. The mixture was stirred for 1 hour at room temperature while 10 ml of
sodium hydroxide (NaOH) was added dropwise until the pH reached 10. The resulting product was
then washed and centrifuged, followed by calcination at 400 °C for 2 hours to enhance interaction.

2.2. Characterization
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The prepared sample was characterized using various techniques. The morphology was examined
by scanning electron microscopy (SEM) with JEM-2100 200 kV (Japan) and TESCAN MIRA3 XM
(Czech Republic) devices. The crystal structure and phase identification were investigated by X-ray
diffraction (XRD) analysis using a Bruker D2-Phaser X-ray diffractometer. Fourier transform
infrared (FT-IR) spectra were recorded on a JASCO FT-IR 4600 type A (Sr. no. D044761786) in the
range of 400—4000 cm-'. The vibrational properties were studied using a Confocal Raman
Microscope System (Model: INCIAO120-20, Make: Renishaw). The photodegradation percentage of
methylene blue (MB) was determined using an ultraviolet-visible (UV-Vis) spectrophotometer
(EQIP-TRONICS, Digital Spectrophotometer, EQ 825) at A_max = 664 nm, with a wavelength range
of 400 to 800 nm. Zeta potentials of the magnetic ferrite nanoparticles were measured in aqueous
dispersion based on their electrophoretic mobility.

2.3. Photocatalysis experiments.

The photocatalytic performance of the synthesized WFS-FesOs4 was evaluated through the
degradation of methylene blue (MB) and methyl red under sunlight. The photocatalytic experiments
were conducted between 9:30 a.m. and 2:30 p.m. on weekdays. A 100-mL solution of MB (25
mg/L) was prepared in distilled water and stirred magnetically for 20 minutes. This solution was
then treated with 50 mg of the synthesized catalyst. To achieve adsorption-desorption equilibrium
between the photocatalyst and dye solution, the suspensions were stirred continuously and kept in
a dark chamber for 30 minutes before exposure to sunlight. Subsequently, the solution was
exposed to sunlight, and samples were extracted at regular intervals. The initial pH of the solution
(approximately 7) was adjusted to a suitable level using 0.1 M NaOH and 0.1 M HCI as needed. The
photodegradation efficiency of MB was calculated using the following equation:

Photodegradation efficiency (%) = ( COC:)“ )X 100 % = (Aol::t )X 100%

Where, Co is the initial concentration of MB, Ct is the concentration of MB at time t, Aois the initial
absorbance of MB, and At is the absorbance at time t, in accordance with the Beer-Lambert Law.

3. Result and discussion

3.1XRD analysis

Figure.2, illustrates the successful synthesis of a composite sorbent consisting of waste foundry
sand (WFS) and Fes0a4, confirmed by X-ray diffraction (XRD) analysis. The presence of Fe (Il) oxide
was also detected in the WFS-Fe304 composite. Characteristic peaks corresponding to silicon (Si)
were identified at 20 values of 18.3° (111), 23.7° (210), and 26.1° (211), while peaks characteristic
of Fe304 were observed at 35.6° (311) and 43.2° (400). These diffraction peaks are consistent with
the WFS-Fe304 composite, as referenced in the PDF 00-039-1346 standard [28, 29].
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Figure 2. X-ray diffraction pattern of WFS-Fe304and WFS

3.2. FT-IR analysis

Figure.3,represents the Fourier-transform infrared (FTIR) spectrum of the WFS-Fe304 composite,
recorded over the spectral range of 400 to 4000 cm-'. This analysis reveals several characteristic
vibrational bands that provide insights into the functional groups and bonding interactions within
the composite material.The broad bands observed at approximately 3200 cm-! and 3500 cm~' are
indicative of the presence of adsorbed water molecules and hydroxyl (OH) functional groups [30].
These bands are typically associated with the stretching vibrations of O-H bonds, suggesting that
the composite material contains moisture and hydroxyl groups, which can be attributed to surface
interactions or intrinsic hydroxyl content within the material. A distinct band at 1619 cm-!
corresponds to the Fe-O-H stretching vibrations. This band signifies the interaction between iron
and hydroxyl groups, further confirming the presence of hydroxyl functionalities within the
composite structure. The Fe-O-H stretching is a critical marker for identifying hydroxylated metal
oxides, which play a vital role in the material's chemical behavior and reactivity. Additionally, the
absorption peak in the region between 400 and 600 cm~! is characteristic of Fe-O ion oscillations
[31-33]. This range is typically associated with the stretching vibrations of Fe-O bonds in various
phases of iron oxide. The presence of these peaks indicates the formation of iron oxide (Fe30a4)
within the composite, as these vibrational modes are specific to the lattice vibrations of iron oxide
structures.
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Figure.3. FTIR spectrum of WFS- Fe304,

3.3. Raman analysis

The Raman spectroscopy analysis provides critical insights into the structural and compositional
characteristics of the WFS-Fe3O4 composite. The Raman spectrum reveals several distinctive peaks
that are indicative of the material's phase and molecular interactions. The observed Raman peaks
at 228 cm™', 401 cm™', and 482 cm~! are characteristic of the WFS-Fe3s04 composite [37, 38].
These peaks correspond to the vibrational modes specific to iron oxide within the waste foundry
sand (WFS) matrix. These particular peaks are signatures of the FesOs4 phase, confirming its
presence in the composite material. WFS ferrites, including WFS-Fe304, are known to exhibit an
inverted spinel-type crystal structure. This structure influences the Raman spectral features,
particularly in the range of 600-730 cm~'. Within this range, the main Raman feature is composed
of two distinct bands associated with the stretching vibrations of the tetrahedral cages in the
spinel lattice. One of these bands, occurring at lower energies around 660 cm-', is attributed to
the Fe-O bonds [34-38]. The presence of this band is a clear indication of the FesO4 phase, as the
Fe-O stretching vibrations are characteristic of this iron oxide's tetrahedral sites. These bands
reflect the internal lattice dynamics and confirm the structural integrity of the Fe3Os within the WFS
matrix. The Raman peaks and their corresponding assignments are consistent with previous
studies and literature references, providing a reliable verification of the composite's composition.
The distinct vibrational modes observed in the Raman spectrum are crucial for understanding the
bonding environment and the crystallographic nature of the synthesized composite.

-1
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Figure.4. Raman spectrum of WFS-FesOsand WFS.

3.4. SEM analysis

The field emission scanning electron microscopy (SEM) images captured in Figure 5 (c, d) provide
valuable insights into the microstructure and morphology of the synthesized composite material,
highlighting its surface features and particle distribution.

The observed micrographs reveal that the structure exhibits rough surfaces, sharp corners, and a
compact regular pore structure. This morphology is characteristic of the waste foundry sand (WFS)
substrate, which possesses a high surface area and a unique structure conducive to the deposition
of materials such as Fe3Oas. The irregular surface morphology and well-defined pore structure of
WEFS provide sample sites for anchoring and immobilizing FesO4 nanoparticles [39, 40].

Upon closer examination, it is evident that the magnetic iron particles are evenly distributed across
the surface of the WFS substrate. This uniform distribution indicates successful integration of the
FesOa4 particles onto the WFS matrix, leading to a homogeneous composite material with magnetic
properties. This distribution is essential for ensuring effective utilization of the magnetic
properties of Fes04 in applications such as magnetic separation and targeted drug delivery.

The SEM images also provide a closer look at the morphology of the FesOas particles themselves.
The images depict FesOs particles with semi-spherical shapes, exhibiting virtually uniform
distribution on the WFS substrate. However, some agglomeration of particles is also observed,
indicating potential interactions and bonding between neighboring FesOs particles. This
agglomeration phenomenon can influence the material's properties and behavior, particularly in
terms of its magnetic and catalytic activities [41, 42].
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Figure.5.SEM images of(a, b)WFS and (c, d) WFS-Fe304

3.6. Zeta potential

The typical Zeta potentials observed in our analysis indicate positive surface charges, which can be
attributed to the deprotonation of hydroxyl groups present on the surface of the composite
material [45, 46]. The presence of hydroxyl groups plays a crucial role in influencing the surface
charge properties of the material. These groups undergo deprotonation in aqueous solutions,
resulting in the generation of positively charged sites on the material surface. The hydroxyl groups
serve dual functions in the composite material. Firstly, they contribute to the enhancement of
dispersibility by imparting a hydrophilic (polar) nature to the particles. The presence of hydrophilic
groups promotes effective dispersion of the particles in aqueous media, preventing agglomeration
and facilitating homogeneous distribution [47]. This improved dispersibility is crucial for various
applications, including catalysis, where the accessibility of active sites is essential for reaction
efficiency. Secondly, the hydroxyl groups contribute to increased electrostatic attraction between
the particles. The positively charged surface sites generated by the deprotonation of hydroxyl
groups promote electrostatic interactions with negatively charged species in the surrounding
medium. This leads to enhanced stability of the colloidal system, as electrostatic repulsion
between particles is minimized, preventing aggregation and sedimentation. Average particle size
of ferrite-WFS particles was approximately distributed in the range of 761 nm [438].
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Figure.6. (@) Zeta potential (b) Particle size of WFS-Fe304

3.7. Surface area study

The determination of surface area is a crucial aspect of characterizing adsorbent materials, as it
directly influences their adsorption capacity and efficiency. In our study, we employed nitrogen
adsorption-desorption analysis, utilizing the Brunauer-Emmett-Teller (BET) technique, to
investigate the surface area properties of the WFS-Fe304 composite. The specific surface area, pore
volume, and average pore size radius of the composite were determined through the BET analysis.
The specific surface area of the WFS-Fes04 composite was calculated to be 23.3268 m2/gm. This
parameter reflects the total surface area available for adsorption and interaction with adsorbate
molecules, providing valuable information about the material's adsorption capacity and efficiency.
The pore volume measurement indicates the total volume of pores within the material, which
influences its capacity to accommodate adsorbate molecules. The average pore size radius
provides insights into the size distribution of pores, affecting the accessibility of adsorbate
molecules to the internal surface area of the material.
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Fig.7.Brunauer-Emmett-Teller (BET) surface area of WFS-Fe304, composites

3.8. Parameters affecting photodegradation of MB

3.8.1. Effect of irradiation time

The photodegradation of methylene blue (MB) exhibits a progressive increase with extended
irradiation periods, reaching after a certain duration [48, 49]. Concurrently, the absorptive
intensity of MB at 664 nm shows a consistent decrease as reaction time advances. The reduction in
MB dye concentration depicted in the image confirms the escalating degradation rates associated
with prolonged irradiation periods [50].
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Figure.7. absorbance spectra of WFS-Fe30.4

3.8.2. Effect of catalyst dosage

The degradation rate was determined by introducing varying quantities of catalyst (ranging from
0.05 to 0.45 g) into a 100 mL solution containing 10 mg/L of dye at pH 8. The degradation rate
exhibited a linear increase with catalyst loading up to 0.3 g, beyond which it declined. This trend
can be ascribed to the escalation of turbidity and agglomeration of catalyst particles, impeding
light penetration and activation [51]. Collisions between active molecules and composite ground-
state molecules resulted in the deactivation of catalyst particles. Consequently, the optimal dosage
of catalyst was identified to be 0.3 g [52].

3.8.3. Effect of initial dye concentration

Experiments were conducted using methylene blue (MB) dye at concentrations ranging from 10
mg/L to 40 mg/L to explore the impact of initial dye concentration on a fixed catalyst weight (0.3
g) and pH 8. The findings are presented in Fig. 8 (b). It is observed that the degradation rate of MB
dye escalates at the concentration of 10 mg/L. However, due to the capping effect, the catalyst
deactivates with increasing dye concentration. Consequently, there is a decline in the rate of MB
degradation [53, 54].

3.8.3. Effect of pH

As the pH value varies, the surface charge of the adsorbent (catalyst) also changes. Methylene blue
(MB), being a cationic dye, tends to adsorb onto a photocatalyst with a highly negative charge [55].
In basic solutions, the photocatalyst tends to acquire a negative charge due to increased
electrostatic attraction, thereby enhancing the adsorption of positively charged dyes [56]. In lower
pH (acidic environments), the cationic MB dye competes with H+ ions, which are the dominant
species, leading to a reduction in the ability of MB molecules to bind to the surface of the
photocatalyst (Fig. 8(c))
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Figure.8 a) effect of catalyst dose b) effect of initial concentration c) effect of pH on
degradation of MB dye.

3.9. Kinetic study of WFS-Fe304

The photodegradation of MB in the presence of WFS-Fe;0. catalyst may be modelledusing the
Langmuir-Hinshelwood kinetic model, which establishes a relationship between the degradation
rate and the starting dye concentration [34]. Since the initial MB dye concentrations employed in
this study were quite low, pseudo first-order kinetics modelling was used to analyse the data. The
following formula can be used to express the kinetics:

C=Co.e Kt (equation 3)

where ,C is the concentration of MB at time t, Co is the initial concentration of MB and k
(min-1) is the degradation rate constant. The integration of Eq. 3 results in Eq. 4:

IN(C/Co) = =Kt oo (equation 4)

Based on Eqg. 4, a plot of (-In(C/Co) versus irradiation time represents a straight line
showing in Fig. 5.11.
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Fig. 5.11.Kinetic graph of WFS-Fe304 (a), (b) effect of concentration (c), (d) effect of pH
The value of MB degradation rate constant at each pH was shown in Table 1. From the pseudo-
first-order constant, the contribution of adsorption and oxidation in the photodegradation of MB

could be estimated by the equation of Langmuir-Hinshelwood model [35, 36].

Table 1.kinetic data of WFS-Fe304

pH R2 K(min-1)
2 0.94 1.35

4 0.96 0.01531
6 0.98 0.01357
8 0.99 0.00154

3.9.1. Recycle study of catalyst

The reusability of the WFS-Fes04 composite was evaluated through four performance cycle tests.
Following each photocatalytic test, the material underwent isolation, washing with distilled water,
filtration, and drying. Additionally, stability tests were conducted to evaluate the material's ability
to withstand prolonged use across multiple photocatalytic cycles.
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4. Conclusion

In this study, we successfully synthesized WFS-Fes0s4 composite using the co-precipitation
method. The synthesized composite exhibited several favorable characteristics, including a
relatively narrow band gap energy, small crystallite size, and high surface area. Through extensive
experimentation, we determined that the photocatalytic activity of the WFS-Fe3s0s4 composite
yielded optimal results in degrading methylene blue (MB) dye under specific reaction conditions.
These conditions included a pH of 8, a catalyst dosage of 0.3g, and an initial dye concentration of
10 mg/L. Based on the aforementioned findings, we conclude that the WFS-Fe3s04 composite holds
promise as a highly effective material for mitigating water pollution caused by organic dyes. Its
superior photocatalytic performance, coupled with its favorable characteristics, underscores its
potential as a valuable tool in environmental remediation efforts.
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