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Abstract

Industrial dye pollution poses a threat to ecosystems, but semiconductor photocatalysis offers a sustainable solution. In this study, Sm doped
ZnFe;04 with g-CsN, composites were produced with co-precipitation for the environmental degradation of RhB dye. The composites were
characterized using different methods. The synthesised samples' crystal structure was clearly visible through X-ray diffraction, with an
average crystallite size of 20-30 nm and a cubic structure. The basic composition of the materials, as determined by EDX, indicates that the
composite was prepared correctly. The micrographs of SEM indicate average grain sizes of 10 nm for SGZ1, 14 nm for SGZ2, and 23.14 nm for
SZG3 nanocomposites. FT-IR measurements in the 4000-400 cm-1 range showed the O-H, C-N, and C=N functional groups are present.
Analysis of UV-Vis spectrums showed the optical band gap value from 1.24 to 1.41eV. The ideal conditions for for photocatalytic At a pH of 8,
degradation was seen, and the dosage of the photocatalyst of 60mg/50mL, and an dosage of H.0. 10 mM, used a SZG3 composite. In these
conditions, efficient RhB dye degradation was accomplished at 98.3% using this SZG3 composite within 70 min. Over five cydles, the
reusability of the nanocomposite was also assessed.
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Introduction

The textile industry's massive expansion has caused a notable rise in water contamination, primarily because of the release of industrial
wastes like various inorganic and organic dyes into water sources. According to Konstantinou and Albanis, between 1 and 20% of the globally
produced dyes are disappearing during the dyeing process and end up in textile effluents. The waste products from the dyeing process in
these industries are highly toxic, impacting the metabolism of living organisms. They also present serious risks to human health, the
environment, and natural processes such as eutrophication. The textile industry, which mainly uses synthetic dyes, is one of the major
sources of these persistent organic compounds (Ebrahimi et al., 2021). Many of these dyes are dangerous to humanity and aquatic life
because they are not biodegradable (Bera et al., 2018). Therefore, it is essential to break down non-biocompatible organic compounds and
purify the water to preserve the ecosystem (Faheem et al., 2022). The RhB is recognised as among the most toxic dyes found in textile
wastewater. It holds significant value in the textile industry as a colourant due to its exceptional stability and non-biodegradability. When
RhB is used extensively, it can be toxic to the thyroid, eyes, and skin. It can also be harmful to the throat and liver (Mousavi et al., 2024). In
this present work, the focus is on the degradation of RhB. Conventional wastewater treatment techniques like sedimentation, coagulation,
chemical flocculation, ozonation, filtration, and so on are used in removing dyes from textile effluent (Abdulhamid & Muzamil, 2023). But
these methods have a number of drawbacks, including energy consumption and toxic by-products.

Among them, photocatalysis has generated a great deal of interest because of the expense effectiveness, high efficiency, and simplicity of
use. Since the 1970s, hydroxyl radicals have been used an efficient technique in oxidation processes purifying water, to reduce organic
pollutants that are not biodegradable. In photocatalysis, reusable photocatalysis, along with an active source of light like sunlight and an
oxidising agent like air or oxygen, are employed to degradation the organic pollutants such as dyes. Particle size reduction in this process
increases the quantity of active sites and their surface area, which improves reactivity. With an increase in the number of active sites, the
adsorption of pollutants on surface of the catalyst also increases (Mamba & Mishra, 2016). During the previous 20 years, research has focused
on using semiconductors as photocatalysts.

Among various semiconductors, ZnFe»O, is considered particularly important due to their ability to remove organic dye contaminants,
thanks to their physical and chemical properties, environmental friendliness, and stability (Shahraki et al., 2023). However, their
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photocatalytic activity is only activated by UV-visible irradiation. Rare earth elements are also used in photocatalysis process due to their
unique electronic properties, which boost the performance of photocatalytic materials (Rabiee et al., 2021).

The polymeric without metal photocatalyst graphite carbon nitride (g-C3N,) has drawn more interest because of its non-toxicity,
appropriate electron band gap (about 2.7 €V), and consistent stability. But the restricted absorption of visible light and the quick efficiency of
Pphotogenerated electron-hole pair complexation greatly limit the applications of g-C3N4 (Rawal et al., 2013).

For the first time in this process, g-C3N,4 heterojunction with Sm-doped ZnFe»O,4 according to reports, as a supported electron mediator.
In this work, a photocatalyst Sm-doped ZnFe,O, with different amounts of g-CsN, (2%, 3%, and 4%) was created and utilised to break down
rhodamine B (RhB) dye in the presence of regular sunlight. The analysis of prepared material using FTIR, XRD, UV-Vis spectroscopy
SEM/EDX, was used to define the functional group, crystalline structure, morphology, optical characteristics, chemical composition and
purity of the created samples. The results indicate that Sm-supported ZnFe»O, with g-C3N, increases surface area and that photo-induced
charge carrier separation significantly improves the photocatalyst's response to visible light.

Experimental Work
Synthesis of g-C3N,

The process of to create g-CsN,, thermal polymerisation was employed. After adding ten grams of melamine to the crucible, it was
heated to 550 °C for three hours. The melamine was burned out in the furnace to produce the yellow-colored g-C3N, (Fuet al., 2018).

Synthesis of Dy-ZnFe>0,

A stoichiometric ratio of Zn 1xSmxFe-O4, X = 0.03, was used to dissolve nickel nitrate (NOs3)..6H-O, Samarium nitrate (SM
(NO3)2.6H20), and ferric nitrate (Fe (NOs)..6H20) in 50 ml of distilled water. Throughout the process of synthesis, solutions were
constantly stirred to attain homogeneity, and drops of the precipitating agent (NaOH) were added to reach and maintain pH 8. After that,
the solution was elevated to 80 °C for one hour. The brown color precipitate that formed due to these processes was centrifuged two
times, initially with double-distilled water and then with ethanol, to eliminate the impurities and nitrate ions. After being dried for 12
hours at 70 °C, the resultant byproduct was examined. The final product was converting into tiny nanoparticles using a mortar, and the
muffle furnace was used to calcine the powder at 500 °C for three hours. Several characterization techniques were used to analyze the
properties of prepared material (Ullah, 2023).

Synthesis of Sm-ZnFe,04/g-CsNy

The Sm-ZnFe,0,/g-C3N, binary composite was synthesized by a simple co-precipitation method. First, 0.2g of Sm-ZnFe,O, and 0.2g of
g-C3N, were individually dissolved in 50 mL of water to obtain homogeneous solutions, which were then combined, stirred on stirrer for 15
minutes, and subsequently sonicated for 15 minutes to form a well-dispersed suspension. Then g-C3N, solution was added dropwise in Sm-
ZnFe;0, solution with burette and stirred for 30 minutes at room temperature. The resulting solution was sonicated for 15 minutes. This
mixture was then heated in an electric oven, collected by centrifugation, and dried at 70°C in an oven. The conclusion by-product was
crushed into fine nanoparticles using a mortar, and the resulting nanopowder was then burned at 500 °C within furnace for 3 hours, and
collected In brown color shown in Figure 1 made in canva. By changing the g-C5N, content to be 20, 30 and 40 mg, the samples were named
as SZF/GCN-X (X = 20, 30 and 40 mg) and their properties were analyzed by different characterization (Karthik et al., 2017).

Fig. 1: illustration of the synthesis of
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Activity of Photocatalytic

For the purpose of evaluating the activity of photocatalytic, 50 ml of the RhB solution was added to a 250 mL beaker flask and it was
mixed at 180 rpm. To find the equilibrium of desorption and adsorption between the photocatalyst and dye solution, 20 mg/50 ml and 30
mg/50 ml were distributed in the 50 ml RhB solution and exposed to darkness for 30 minutes. After 30 minutes in the dark, an oxidant
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(H20-) solution was added. After that the whole setup was exposed in sunlight. By using a LUX meter, the intensity of sunlight which was
1080 Wim? was measured. After centrifuging for 15 minutes the solution of 5mL volume was taken out from beakers and using of UV-Vis
spectroscopy absorbance was determined (Sudha & Sivakumar, 2015). The efficiency was determined by using the following Eq. (1)
(Jouyandeh et al., 2021):

Photocatalatic efficiency () = (1 — (C:—;) x 100 1)

The dye concentration is indicating by Ct after time 't." Co indicate the dye's initial concentration, and "t" indicate for time.

Characterization

The structural features of ZnFe,O, and ZnFe.O, samples doped with Sm were analyzed through X-Ray Diffraction employing CuKa (A =
1.54056 A). The scanning angle ranged 20° to 80° (26), and the scanning rate was set at 2°/min. The structure of the creating samples was
examined using a scanning electron microscope to analyze their morphology. The absorption bands were identified and checked using a FTIR
spectrometer. Optical measurements in the wavelength (A) range of 200-800 nm were conducted using a UV-Visible spectrometer (Singh et
al., 2020).

Results and Discussion
XRD Analysis

XRD analysis was used to estimate the phase and fundamenta information of synthesized Sm doped ZnFe.O, with g-C3Ny
nanocomposites. XRD widely used method to investigate structural properties as well as crystal solid sample's lattice parameters in
powder form. The XRD results were taken with CuKa radiations with a 1.54056 wavelength at room temperature and angles ranging
from 20° to 80°. Fig. shows the pattern of XRD of Sm -doped ZnFe.O, with g-C3N, with different concentrations of g-CsNs. In XRD
spectra the Diffraction peaks were seen at 260 = 29.69°, 35.88°, 43.19°, 53.3° 57.25°, 62.91° where were indexed to (220), (311), (400),
(422), (511), (440) crystal planes of Sm doped ZnFe.O4 with g-CsN, with the JCPDS card data 89-1012, which showed the cubic structure
respectively shown in Figure 2. The Sm doped ZnFe.O4 with g-C3N, structure was successfully obtained, as demonstrated by the strong
interaction between g-CsN, and ZnFe»0,. As the mass percentage of g-C;N, increased, g-CsN, diffraction peaks gradually increased (Bai et
al., 2018). Doping with Sm ions indicate in a decrease of the crystallite size. The large surface area will be enhanced by the reduction in
size. The crystallite size was calculated 30 nm, 26 nm and 24 nm. The crystallite size of a Sm doped ZnFe.O4 with g-C3N4 composite was

estimated using the Debye-Scherrer equation (Karthik et al.,, 2017).
KA

= BcosO

The variables in this equation are the average size of crystallets (D), (FWHM) in radians (), the angle of diffraction (0), or Bragg's

angle (measured from the 20 scale), and a constant of proportionality called Scherer’s constant that is shape-dependent and size distribution
of the crystallite structure. In most cases, this constant is taken to be k = 0.9.

2)

SEM-EDX Analysis

The SEM images show Sm3* morphology for zinc ferrite with g-CsN, having some agglomeration with uniform distribution of particles;
nonmetal (samarium) doping in the zinc ferrite lattice resulted in The SEM images demonstrate Sm3* morphology for zinc ferrite with g-
C3N4 having some clustering with uniform particle distribution; nonmetal (samarium) doping in the zinc ferrite lattice led to enhanced
particle aggregation, possibly because of a decrease in surface area caused by the formation of interstitial spaces from samarium doping and
with varying amounts of g-C3N, enhanced aggregation of particles, which may be owing to an reduced in surface area as a result of formation
of interstitial spaces due to doping of samarium and with different amount of g-CsN,. The average grain size of manufactured SZG1, SZG2,
SZG3 nanocomposites was stimate to be 0.08 nm, 0.13 nm, 24.15 nm, as demonstrated by using Image j software. Using energy-dispersive
spectroscopy, the element contained in the prepared Sm3* doped ZnFe»O, with g-CsN, was examined. Zn, Fe, and O elements show that the
composite was prepared. Certain impurities in the sample are revealed by a small amount of other elements (Karthik et al., 2017; Kannan et
al., 2020).

FT-IR Analysis

For identifying functional groups in prepared nanomaterials FTIR is the most effective and dynamic method available. FTIR can be used
to determine the bonding that is present in the material. The FTIR characteristic peaks of Samarium-doped zinc ferrite with g-CsN, in the
range of 400-5000 am’* (Yang et al., 2014). The Fe-O and Zn-O vibrations in the Sm- ZnFe,0, appear in the 400-600 cm™ range, confirming
the ferrite structure, with potential peak shifts because of Sm doping. The triazine ring appears around 812 cm™ for the g-C;N, component,
while C-N and C=N stretching vibrations are detected between 1200-1600 cm .. Chemical bonding can be indicated by shifts in the C=N or
Fe-O peaks caused by interactions between the two components.

4.5.2 UV-Visible Spectroscopy Analysis
The optical properties of semiconducting nanomaterials are investigated using UV-visible spectra. The optical bandgap (Eg) of a material
can be computed using a Tauc plot. The band gap, absorption spectrum, and absorption edge for the synthesized Sm doped ZnFe,O, with g-CsN,
(Manohar et al., 2021). It can be seen that the The absorption peak typically shifts towards a longer wavelength as the g-C3N, concentration in the
Sm doped ZnFe;O, increase. The equation mentioned as was utilized to determine the optical band gap (Wang et al., 2019).
ohv = A (hv-Eg'" 3)
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The (o) absorption coefficient is estimated in cm™, while characteristic parameter represents (A). Planck’s constant denotes (h), show
frequency (v), optical band gap energy represents (Eg) and A variable unique to the transition process is (n). The respective band gap values
at different contents of g-CsN, nanocomposites are determined as 1.41 eV, 1.32 €V and 1.24 €V respectively. It confirms that the hybrid ferrites
nano-composite has superior visible light absorption capacity.

4.3 Dielectric Properties

Determining how the dielectric parameters of nanocomposites, specifically the tangent loss (tan §) and dielectric constant (¢'), affect
their electrical properties. The tangent loss evaluates the amount of energy lost as heat throughout an electric field's cycle, whereas the
dielectric constant shows a material's ability to hold electric field-containing electrical energy. These parameters are play a vital role in the
field of nanocomposites (Koops, 1951). The increased capacity of nanocomposites with a higher dielectric constant to store electrical energy
makes them advantageous for energy storage devices like capacitors. On the other hand, tangent loss values represent the amount of energy
dissipated as well as the possibility of effective dielectric properties of heating. Increased tan & values indicate potential uses in fields such as
microwave heating and flexible electronics development.

The ability of the material to retain electric polarization is indicated by the real part of dielectric permittivity ('), whereas the imaginary
part (¢") indicates its ability to dissipate power through electric loss. The formula is used to calculate € (Ansari et al., 2018):

g = ﬁ 4)

Here, "c" and "t" indicates for the samples' capacitance and thickness, respectively, and "A" indicate for the pellet's surface area and the
permittivity of free space, which has a value of 8.85 x 10 m™3 kg™ s* A% The loss factor of a dielectric material, €", is calculated by the
equation: (Muhammad & Igbal, 2016)

g =tandx ¢ 5)

Here, €" denotes the loss factor, while & indicate the loss angle. The dielectric constant (g') throughout all samples varies with applied
frequency, Compared to the substituted samples, the pure sample (x = 0.0) notably shows a lower frequencies and a lower dielectric
constant. Impact of various parameters on the degradation of RhB

Effect of pH

The ability of the photocatalyst to degrade RhB under sunlight is depends upon the pH level of the solution. The research was conducted
to examine the impact of pH on the degradation of RhB. For this purpose at various pH ranges 2-10 the ability of the photocatalyst
degradation of RhB checked. Diluted HCl or NaOH was used to change the pH of the solution. The highest photo degradation of RhB using of
Sm doped ZnFe-O, with g-C3N, at different concentrations were attained at pH 9 and 8. It was found that more degradation was seen at a
particular dye solution pH. Using of Sm doped ZnFe»O, with g-C3N, at different concentration composites the effectiveness of degradation of
RHB was 98.3% at pH 8 in 70 minutes. At this pH, positive holes are important oxidising species, and the nanocomposite also functions as a
photosensitizer. Hydroxyl radicals (OH) can be produced by the photogenerated hole in the valence band of the nanocomposite due to its
sufficient positive redox potential (Pattnaik et al., 2018).

Effect of Catalyst Concentration

The photocatalyst's quantity in the dye solution determines how effective it is for the degradation process. As the dosage of the
catalyst was enhanced from 10 to 80 mg for 50ml dye solution at pH 8 and irradiated for 70 min, the percentage degradation of the Rh B
dye was analyzed to enhance for all the catalysts. Maximum degradation of Sm doped ZnFe>O, with g-C3N, at different concentration was
observed at 60 mg was enhanced from 72 to 98.3%. Increased active sites on the catalyst's surface are considered to be the cause of the
increased degradation because they increase the formation of hydroxyl radicals, which further accelerates the degradation process.
Additionally, it was noted that a continued rise in photocatalst dosage led to a decrease in degradation efficiency in all samples (Abdellah
et al., 2018). The cause of this is that as the catalyst dose increases, the number of active sites enhanced so penetration of light slow due
to shielding effect.

Effect of H.02 Dose

Oxidants (H20-) are essential in photo-degradation as they prevent the recombination of (e” -h*) pairs by capturing electrons. When a
catalyst and an oxidant (H-0-) are present, Rhodamine B dye undergoes complete oxidation. To optimize the oxidant dose, the concentration
of Hz0. was varied from 2 to 14 mM. The graph indicates that increasing the oxidant dose causes degradation to increase, but only to a
certain point, after which it begins to decrease (Soleimani & Rahmani, 2022). In order to optimise H202, the following experimental
parameters were used: pH = 8 = 60 mg for Sm doped ZnFe,O, with g-C3N, at different concentration 10 ppm RhB dye concentration, and
7omin irradiation time maximum degradation occurs which is 98.3%. The effects of varying H.O. concentrations from 2 to 14 mM on RhB
photo degradation (Kumar et al., 2009)

Effect of Irradiation Time

The effect of irradiation time on removal (%) at optimum conditions was analyzed and represented. In the early stages of irradiation, a
pronounced rise was noted in the RhB degradation. With time, the rate of degradation slows down. The catalyst's active site needs a certain
amount of time to completely degrade RhB. This is because OH radicals are produced influenced by the solution's pH, the degradation rate in
removal processes gradually slows down. The catalyst's active site is inhibited by the reaction of hydroxyl ions with ferrous, which suppresses
the Fenton-like reaction (Singh et al., 2020).
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Reusability

It is vital to look into a photocatalyst's stability and reusability from an environmental and economic point of view. When the completion
of the degradation reaction, the magnet was used to restore the composites, which were then cleaned three times in distilled water and oven-
dried at 80 °C before being used again for a later cycle. Every composite undergoes a reusability study under the same ideal circumstances,
i.e., pH 8, oxidant dose 10 mM, composite dosage 60 mg/50 mL for different concentration of Sm doped ZnFe,O, with g-CsN,. With little loss
in product yield, the photocatalyst can be reused up to five times while maintaining 85% photocatalytic activity (Kannan et al., 2020).
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A photocatalytic mechanism is illustrated in Figure 3. Both Sm-ZnFe,O,

and g-CsN, can be excited and generate light-induced e~ and h* when
exposed to visible light. The Sm-ZnFe,0, valence band (VB) readily absorbs
photo induced e~ in the g-CsN,4 conduction band (CB). Consequently the O-
anion reacts with H20> to generate the hydroxyl radical, which efficiently
degrade the RhB dye. RhB degrades into CO., H-0. Hence, it proposes the
Sm doped ZnFe,O, with g-C3N, composite as a photocatalyst, possessing
effective photocatalytic activity, prolonged charge carrier lifetime, and
increased charge separation efficiency (Raza et al., 2020). Specifically, Sm
can encourage the flow of electrons from ZnFe.O, to g-CsN4 and suppress
movement in reverse of electrons to ZnFe.O,. Consequently, photoactivity of
Sm doped ZnFe»O4 with g-C3N, was significantly improved. Some steps are
involved in this process from eq (6-15) (Fatima, et al, 2024). In
photocatalysis, materials absorb photons denoted as hv, where h is Planck's
constant and v is the frequency of light with energy equal to or greater than
their bandgap. This absorption excites electrons from the valence band to
the conduction band, generating electron-hole pairs. These pairs can
migrate to the material's surface, where they participate in oxidation and
reduction reactions, leading to the degradation of pollutants or other
chemical transformations.
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Conclusion

This study introduces the novel application of Sm doped ZnFe»O, supported by g-CsN, as an electron mediator for the first ime. Sm
doped ZnFe,O, with g-C3N; was found to be an effective photocatalyst. For the environmental degradation of dyes in solar light irradiation
Sm doped ZnFe;O4 with g-C3N, composite was fabricated successfully using a simple co-Precipitation strategy and was clearly defined by
comprehensive analyses using UV-Vis spectroscopy, SEM-EDX, XRD, DIELECTRIC and FTIR techniques. Sm doped ZnFe,O4 with g-C5N,
(SZG3) composite exhibited 98.3% improved photodegradation of RhB in 70 min at ideal conditions such as pH (8), composite dosage (60
mg/50 mL) and H>0. dosage (10 mM). Compared to SZG1, SZG2, the SZG3 composite demonstrated enhanced photocatalytic activity. Key
attributes of the Sm doped ZnFe,O, with g-CsN, composite include its straightforward synthesis process, excellent photocatalytic capabilities,
magnetic recoverability, and notable durability. This work proposes a novel approach to improving the photo efficiency and recyclability of g-
C3N, based photocatalysts through the Sm doped ZnFe.O,4 with g-CsN, composite.
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