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Abstract: Textile industry effluents contain several hazardous substances, such as dye-containing
effluents, which pose environmental and aesthetic challenges. Presently, the microbial-based re-
mediation process is in use. This study investigated the application of ferrous—ferric oxide (Fe3Oy)
nanoparticles, a readily formulated nanoadsorbent, to remove scattered dye molecules from industrial
effluents. The ferrous—ferric oxide nanoparticles were prepared using a chemical co-precipitation
method. The nanoparticles had 26.93 emu g~! magnetization, with sizes smaller than 20 nm, and
possessed a highly purified cubic spinel crystallite structure. The catalytic activity of the iron oxide
depended on the dose, photocatalytic enhancer, i.e., HyO;, level, pH of the reaction medium, and dye
concentration. We optimized the Fenton-like reaction to work best using 1.0 g/L of ferrous—ferric
oxide nanoparticles, 60 mM oxalic acid at pH 7.0, and 60 ppm of dye. Iron oxides act as photocatalysts,
and oxalic acid generates electron-hole pairs. Consequently, higher amounts of super-radicals cause
the rapid degradation of dye and pseudo-first-order reactions. Liquid chromatography—mass spec-
trometry (LC-MS) analysis revealed the ferrous—ferric oxide nanoparticles decolorized and destroyed
Disperse Red 277 in 180 min under visible light. Hence, complete demineralization is observed using
a photo-Fenton-like reaction within 3 h under visible light. These high-capacity, easy-to-separate next-
generation adsorption systems are suggested to be suitable for industrial-scale use. Ferrous—ferric
oxide nanoparticles with increased adsorption and magnetic properties could be utilized to clean

environmental pollution.

Keywords: magnetic iron oxide nanoparticles; photocatalysts; dye degradation; Fenton-like reaction;
Fe304 nanoparticles

1. Introduction

The textile industry in India is one of the country’s oldest, dating back several centuries.
The fundamental strength of India’s textile industry is its large production base of natural
and synthetic fibers and yarns. The current demand for colorful clothes necessitates the
use of a large number of synthetic dyes to enhance the aesthetic value of the textile. Azo
dyes account for approximately 70% of all dyes, making them the most widely used type
of dye on a global scale due to their stability, color variety, and low cost of synthesis.
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Textiles use over 3000 types of azo dyes to create various colors [1]. As a result, the textile
industries produce a large amount of colored effluent. Textile industry effluents, laden with
toxic metals and high in COD are unfit for environmental discharge [2]. Excessive dye-
laden wastewater negatively impacts the growth of aquatic plants and algae by reducing
their photosynthetic activity. Azo dyes are widely used in the textile printing and paper
industries due to their ability to directly stain fibers without a mordant (fixative) but pose
a significant environmental concern [3]. Furthermore, because of their vibrant colors,
affordable price, and resistance to bleaching and repeated washing, azo dyes are widely
used in the textile industry to color cellulosic fibers such as cotton and wool. The majority
of azo dyes have the potential to be toxic, carcinogenic, mutagenic, or allergenic. Most
textile industries in India lack specialized facilities for treating dye-laden wastewater. As
a result, such industrial units transport waste to centralized and shared treatment plants
managed by government agencies. Various methods are used to treat industrial wastewater,
including chemisorption and physisorption, membrane filtration, ion exchange, chemical
oxidation, and biological treatment [4]. Finally, effluent treatment raises costs due to
transportation or multiple treatment technologies.

Disperse azo dyes are polar molecules containing anthraquinone or azo groups. Due
to their non-ionic properties in nature and being partially soluble in water, dispersed dyes
are not easily removed from the conventional treatment process [5,6]. Chemical oxidation
or biological treatment typically decolorizes dyes, but these methods may not reduce their
toxicity. The traditional approaches for removing dyes are not viable since they are costly,
cumbersome, non-destructive, and ultimately ineffective because they convert pollutants
into sludge, giving rise to new pollution that necessitates additional clean technologies.

There is a rising demand for a low-cost, sustainable technique of pollutant removal as
chemicals from pharmaceutical and agricultural products, as well as hazardous waste from
industrial sources that do not naturally decay, end up in the environment. Photocatalysis is
an environmentally beneficial technique that is capable of targeting multiple types of pollu-
tants [7]. The photochemical breakdown of harmful compounds into simple and non-toxic
species owing to exposure to light is an advanced oxidation process (AOP) currently used
for pollution cleanup. Photocatalysis with nanoparticles shows great promise for treating
industrial effluent because of its low-cost, environmentally friendly method, effective an-
tibacterial capability [8], lack of secondary contamination, and non-selective degrading
of diverse organic dyes into CO, and H,O. Fe30y is a viable choice for photocatalytic
applications due to its lack of secondary pollution, n-type semiconducting behavior, and
2.1 eV bandgap, which advanced visible light photocatalysis [9]. When visible light strikes
Fe304, photons with sufficient energy can excite an electron from the valence band (VB) to
the conduction band (CB), generating an electron-hole pair (exciton). The exciton acts as
the initial spark in photocatalysis. Its separation into energetic electron and hole carriers
drives the redox reactions that drive the photocatalytic magic [10]. AOP can degrade
organic pollutants without discrimination because the free radicals produced by adding
strong oxidants speed up the degradation process. For powerful oxidants and adsorbents,
however, these approaches can cause secondary pollution issues [11]. Superoxide and
hydroxyl radicals generated by photosensitization can non-selectively destroy the structure
of the most recalcitrant organic pollutants in wastewater [12,13], making the photocatalytic
oxidation technique a green way to degrade organic pollutants. The photocatalytic method
requires only photocatalysts and does not pollute the environment [14]. Graphene, metal
semiconductors, and precious metals seem to be the mainstays of photocatalysts [15,16].
However, there has been limited exploration of Fe30,4 nanoparticles. Fe3O4 with oxalic
acid forms ferrioxalate photoactive complexes. They are highly photocatalytic and cause
the photodegradation of dye. Therefore, we need an eco-friendly photocatalyst for efflu-
ent remediation, such as a solid-phase Fe30,4 nanoparticle, which can be separated from
heterogeneous systems using magnetic separation [17]. As a result of these benefits and
suitability, Fe;0,4 nanoparticles would be a good candidate for removing textile dye in an
aqueous liquid medium.
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Fe;04 nanoparticles have emerged as excellent nanomaterials for developing func-
tional materials with various surface functions such as degradation, adsorption, and simple
separation due to magnetism, and they have already demonstrated promising results in
bioremediation processes. Fe3O, nanoparticles can remove color and break down BR
46 azo dye well in ideal conditions and at high dye concentrations [18]. Furthermore,
magnetic nanoparticles can easily be combined with other metals to form spinel ferrite
nanoparticles, less expensive magnetic materials that remain stable under various condi-
tions [19]. Magnetic mesocrystals of iron oxide formed by bacteria are helpful for industrial
effluent treatment and have the potential for bioremediation. The recovery and recycling of
magnetic nanoparticles in wastewater treatment are features of these nanoparticles that
make them suitable for industrial applications [20].

The current study used a simple, one-step method to prepare a magnetic Fe3O, photo-
catalyst. SEM, TEM, XRD, UV-Vis, and VSM were used to characterize the photocatalysts.
A photo-Fenton-like reaction is optimized using several variables to achieve the max-
imum Disperse Red 277 degradation. The research contributes to applying nanoscale
Fe;0y as a promising future application in the photodegradation of azo dyes in wastewa-
ter remediation.

2. Materials and Methods
2.1. Chemicals

FeCl; (Ferric chloride), FeSO, (Ferrous sulfate), HCI (Hydrochloric acid), H,SO4
(Sulfuric acid), NH4OH (Ammonium hydroxide), HyO, (Hydrogen peroxide) 30% v/v, and
CyH,0O4 (Oxalic acid) were used in the experiment. All the chemicals were of A. R. grade
and purchased from HiMedia Laboratories Private Limited, Mumbai, India. Disperse Red
277 (C24H23N50) (CAS No. 70294-19-8, Molecular weight 397.47) (Figure 1) was purchased
from the regional textile manufacturing market of Surat, Gujarat, India.

N(C2Hs), CN-

Figure 1. The chemical structure of Disperse Red 277 (Cp4H»3N50).

2.2. Synthesis of Magnetic Ferrous—Ferric Oxide Nanoparticles

Co-precipitation was used to create metal oxide nanoparticles [21,22]. In a typical
synthesis, the co-precipitation of various metal salts (nitrates, sulfates, or chlorides) using
aqueous NHj3, NaOH or NaHCOj3 solutions results in the precipitation of the corresponding
metal hydroxide. The precipitate was washed twice with double-distilled water to remove
SO4~2,NO;~, and Cl~ ions. Co-precipitation often results in nanoparticles with increased
interoperability and chemical homogeneity.

For the co-precipitation method of production of magnetic nanoparticles, 3.7 g of
FeCl; (Ferric chloride) and 9.54 g of FeSO, (Ferrous sulfate) were combined separately in
500 mL of sterile deionized water. Later, both were added to a 1000 mL Erlenmeyer’s flask
and swirled for 10 min at 80 °C. After mixing, 20 mL of NHj solution was added to see the
color change from orange to black [21-23].
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2.3. Characterization Study

Various techniques were used to characterize formulated nanoparticles. Using Cu-K
irradiation in an X-ray diffractometer, powder XRD patterns were determined (Xpert MPD,
Philips, Almelo, The Netherlands) with the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) (JCPDS Card No. 019-0629) [24] powder diffraction structural designations.
The functional group of nanopowder was determined using Fourier transform infrared
spectroscopy (FTIR, SPECTRUM GX, Perkin Elmer, Waltham, MA, USA). In secondary and
backscattered electron modes, surface morphology was studied using scanning electron
microscopy (SEM, Nova Nano FEG-SEM 450, FEI, Hillsboro, OR, USA). Energy-dispersive
X-ray analysis (EDX) (TEAM EDS, FEI, Hillsboro, OR, USA) connected to the SEM was
used for elemental analysis. The surface morphology and size were also examined using
transmission electron microscopy (TEM, TECNAI 20, Philips, Almelo, The Netherlands).
The particle magnetism was analyzed using a vibrating-sample magnetometer (VSM).
Particle and dye spectra were determined using UV-visible spectroscopy.

2.4. Photo-Fenton Reaction for Photosensitized Dye Degradation

The decolorization of the Disperse Red 277 dye in an aqueous solution was assessed
to determine the photocatalytic activity. The studies were conducted in visible light (light
intensity approx. 2500-3000 Lumens) with ferrous—ferric oxide nanoparticles in the photo-
catalytic reactor. The reaction was initiated by dissolving 0.1 g of the synthesized powder
in 100 mL of dye solution (50 mg/L) in a beaker, then magnetically stirring the suspension
for 30 min in the dark with 60 mM H,O,. This 30 min time is to saturate the reaction and
will consider the start of the reaction, i.e., zero minutes. Afterwards, the solution was kept
at room temperature during the process, and the lamp was placed 9 cm away from the
solution to illuminate the beaker after achieving the adsorption/desorption equilibrium.

Ten milliliters of the solution were taken every 30 min after illumination for 180 min.
Before measuring absorbance, the suspension was centrifuged at 5000 rpm for 10 min,
and a filter was used to remove the catalyst particles of the supernatant. For quantitative
analysis, the absorbance of the supernatant was determined at a wavelength of 570 nm.
Visible light was generated using an incandescent bulb with a specific power of 220 V, 27 W,
and 50 Hz. The following Equation (1) was used to calculate the percentage degradation of
Disperse Red 277 dye.

Degradation (%) = (AOA_OAt) x 100 (1)
where A is the absorbance (570 nm) of Disperse Red 277 measured at the beginning, and
Ay is the absorbance of Disperse Red 277 measured at time t.

2.4.1. Optimized Conditions for Dye Degradation

Several parameters affect the degradation of Disperse Red 277, including dye con-
centration, oxidizing agent H,O, concentration, ferrous—ferric oxide nanoparticles, and
pH. Each parameter was evaluated to find the optimized conditions for Disperse Red 277
degradation and the percentage degradation as measured in Equation (1).

2.4.2. Mimicry of Photo-Fenton Reaction Using Oxalic Acid

Being an oxidizing agent, 60 mM oxalic acid was used in the photo-Fenton reaction
above to replace the HyO, in dye degradation in the presence of light. This mimicry-
reaction-mediated dye degradation was then subjected to chromatographic analysis to
check the dye removal. Control reactions were also performed without the nanoparticles
using 60 mM oxalic acid, 60 mM H,O,, and 50 ppm dye.
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2.5. Liquid Chromatography—Mass Spectrometry (LC-MS)

LC-MS is advantageous for the fast detection and structural identification of com-
pounds. A solvent gradient was set up as an initial water and acetonitrile ratio of 40:60,
and then the amount of acetonitrile was linearly raised to 100% within 16 min. The ace-
tonitrile concentration was maintained at 100% for 9 min to clean the C18 column; the
re-equilibration time was 5 min. The flow rate of the mobile phase was 1 mL min~!, and
the volume for the injection was 40 mL. Direct injection was used for each component to
optimize MS parameters, such as the declustering potential and the collision energy. The
following were the optimized ion source parameters: curtain gas pressure (CUR) at 18 psi,
ion spray voltage (IS) at 5000 V, nebulizer gas pressure (GAS1) at 40 psi, turbo heater gas
pressure (GAS2) at 50 psi, and temperature at 500 °C. High pressure was applied to the gas
for collision-activated dissociation (CAD).

3. Results
3.1. Synthesis of Magnetic Ferrous—Ferric Oxide Nanoparticles

Magnetic ferrous—ferric oxide nanoparticles were prepared using a chemical co-
precipitation method [22]. These nanoparticles are also known as iron oxide black nanopar-
ticles due to their characteristic black color. The maximum absorption peak at 333.50 nm in
the UV-visible spectrum indicated the synthesis of magnetic ferrous—ferric oxide nanoparti-
cles in water (Figure 2). The narrow, bell-shaped appearance of the graph suggests the very
controlled synthesis of the nanoparticles.
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Figure 2. The UV-visible spectrum of synthesized magnetic ferrous—ferric oxide nanoparticles. A
sharp, heightened, and narrow peak at 333.50 nm indicates the Fe304 nanoparticle formulation.

3.2. Characterization of Ferrous—Ferric Oxide Nanoparticles
3.2.1. XRD

The X-ray diffraction patterns of the synthesized magnetic ferrous—ferric oxide nanopar-
ticles were analyzed to confirm the composited component’s impact on the overall crystal
structure (Figure 3). The heating temperature for samples was 250 °C. The prepared ferrous—
ferric oxide nanoparticles revealed diffraction peaks at 20 = 30.11°, 35.66°, 43.38°, 53.84°,
57.28°, 62.64°,71.43°, and 74.52° from crystalline planes indexed to (220), (311), (400), (422),
(511), (440), (620) and (533), miller indices, respectively (Table 1), which are represented to
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the crystalline phase of magnetite. The (210) and (211) peaks were not seen in the diffraction
pattern which is more obvious in maghemite [25]. The peaks are the characteristics of a
ferrous—ferric oxide crystal with a cubic spinel structure, consistent with the database’s
JCPDS file No. 19-0629 [24,26]. The particle size is small, and the average diameter is
20.66 nm, estimated from Scherrer’s equation.

150

100 (311)

Counts

Position 26(Degree)

Figure 3. XRD patterns of ferrous—ferric oxide nanoparticles.

Table 1. XRD data of synthesized ferrous—ferric oxide nanoparticles.

Position = FWHM * d-Spflcing Height Relative Sienificance Miller Structure Particle
[°26] [°26] [A] [eps] Intensities [%] 8 Indices hkl Size (nm)
30.11 0.4428 2.95412 23.78 27.02 2.4779 220 19.41
35.66 0.4920 2.52352 88.01 100.00 5.9428 311 17.72
43.38 0.4428 2.10187 20.00 22.73 2.3232 400 20.18
53.84 0.6888 1.70288 13.86 15.75 2.0597 422 Cubic 13.52
57.28 0.3936 1.61336 42.46 48.25 2.1600 511 spinel 24.08
62.64 0.3444 1.47759 71.86 81.66 1.3618 440 28.22
71.43 0.5904 1.32271 6.60 7.50 1.3419 620 17.32
74.52 0.4200 1.27388 17.73 20.15 1.0193 533 24.84

* FWHM: full width at half maximum.

The highly intense dominating reflection peaks of the XRD pattern used in the line
broadened the analysis of the samples. The Williamson-Hall plot fitted near a straight line
supporting the crystallite size and lattice strain measured by XRD (Figure 4). Here, the
X-axis represents a function combining the diffraction angle (theta) and the sine of theta,
and the Y-axis represents a function combining the full width at half maximum (FWHM) of
the diffraction peak, corrected for instrumental broadening, and the cosine of theta.

3.2.2. FTIR

The FTIR spectrum of ferrous—ferric oxide nanoparticles showed peaks near 597 cm~ 1
which was related to the existence of magnetic component (Fe-O) stretch vibrations
(Figure 5) [27,28]. It also denotes the purity of the magnetite particle.
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Figure 4. The Williamson-Hall plot (fcos6 vs. sinf) of ferrous—ferric oxide nanoparticles obtained
from XRD.
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Figure 5. FTIR spectrum of ferrous—ferric oxide nanoparticles. Peaks at 597.1 cm~! indicate (Fe-O)
stretch vibrations of nanoparticles.

3.2.3. SEM and EDX

Because of the high dipole-dipole interactions among the uncapped nanoparticles
(Figure 6A) and the inherent agglomeration and minimum dimension of ferrous—ferric
oxide nanoparticles, it seemed challenging to estimate the particle size from scanning
electron microscopy (SEM) images. EDX was used for the elemental analysis of ferrous—
ferric oxide nanoparticles. The spectrum showed two significant peaks in which elements
Fe and O had a maximum atomic percentage of 22.25% and 45.11%, respectively. The
presence of a small peak of sulfur was obvious due to the use of ferrous sulfates in the
synthesis process of the nanoparticles. During the synthesis, unreacted sulfate ions, or
partially formed iron sulfide, were detected as impurities within the final product (Table 2).
The characteristic peaks of Fe and O suggested the presence of high-purity ferrous—ferric
oxide nanoparticles. (Figure 6B).
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0.0 2.0 40 6.0 8.0 100 120 14.0 16.0 18.0
Energy (keV)

Figure 6. (A) SEM image of ferrous—ferric oxide nanoparticles; (B) EDX spectrum for ferrous—ferric
oxide nanoparticles. The arrow in (A) indicated the small and delicate agglomeration of the ferrous—
ferric oxide nanoparticles.

Table 2. Raw data of EDX spectrum for ferrous—ferric oxide nanoparticles.

Element Weight % Atomic % I Ne.t . Error % K Ratio V4 R A
ntensities
Fe 52.47 22.25 2910.82 1.77 0.46 0.86 1.05 1.01
(@) 30.48 45.11 1691.59 7.57 0.12 1.11 0.93 0.36
C 16.26 32.06 303.43 8.95 0.05 1.16 0.91 0.28
S 0.79 0.58 124.30 9.65 0.01 1.00 1.00 0.78

3.24. TEM

The TEM image showed the varied morphology of monodisperse ferrous—ferric oxide
nanoparticles from irregular non-spherical to quasi-spherical shapes (Figure 7). They
appeared as black, loose, and monodisperse nanoparticles.

Figure 7. TEM image of ferrous—ferric oxide nanoparticles. The circled one is a quasi-spherical shape
(particles vary in size, ranging from approximately 2.0 to 12.0 nm).
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3.2.5. Magnetization

The magnetization of the ferrous—ferric oxide nanoparticles was investigated using
VSM and analyzed at room temperature. The mass magnetization curve of ferrous—ferric
oxide nanoparticles under the applied magnetic field is shown in Figure 8. The saturation
magnetization was 26.93 emu g~ ! for ferrous—ferric oxide nanoparticles.

Moment (menu)

-600

600

— Moment (memu)

500
400
300 -
200
100

-0 BB

-100
-200
-300
-400
-500

-20000

10000 20000
Field (G)

Figure 8. Vibrating sample magnetometer (VSM) measurements of ferrous—ferric oxide nanoparticles
(mass: 0.021 g; magnetization: 0.56566 emu; number of points: 151; retentivity: 0.048862 emu; time
constant: 1 s; sensitivity: —6.5000 emu).

3.3. Photocatalytic Dye Degradation

The photocatalytic dye degradation activity of ferrous—ferric oxide nanoparticles was
evaluated using 50 ppm Disperse Red 277 under visible light (light intensity 2500-3000 Lumens).
A UV-Vis spectral analysis was performed at the 400-700 nm range, and an absorption
peak at 570 nm was observed. It was due to the excitation of surface plasmon vibrations in
the ferrous—ferric oxide nanoparticles (Figure 9).

3.4. Optimized Conditions for Dye Degradation

Several parameters affect the degradation of Disperse Red 277, including dye con-
centration, oxidizing agent concentration, pH, and catalyst dose. Each parameter was
evaluated to find the optimized degradation conditions for Disperse Red 277.

3.4.1. Effect of Dye Concentration

Ten different concentrations of dye solutions (10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 ppm) were used at a fixed ferrous—ferric oxide nanoparticles (1.0 g/L) concentration.
The results showed that the degradation rate decreased when a higher dye concentration
was used (Figure 10). The degradation of Disperse Red 277 by ferrous—ferric oxide nanopar-
ticles occurs by the adsorption of the dye onto the surface of the nanoparticles in the
presence of a light source. The increased dye concentration would exceed the absorption
capacity of ferrous—ferric oxide nanoparticles in a fixed concentration. The excess amount
of dye molecules would not be adsorbed onto the surface of nanoparticles, leading to a
decrease in the dye degradation percentage of higher dye concentration.
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Figure 9. The UV-visible spectrum of photodegradation of 50 ppm Disperse Red 277 by ferrous—ferric
oxide nanoparticles. The absorption peak is at 570 nm.
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Figure 10. The degradation efficiency of Disperse Red 277 in different concentrations. The concen-
tration of ferrous—ferric oxide nanoparticles was 1.0 g/L, and the reaction was performed at pH 7.0
(Zero-minute time is 30 min of incubation in the dark to saturate the reaction). A concentrated dye,
ie., 60, 70, 80, 90, and 100 ppm solution, was dissolved by heating at 80 °C temperature for 20 to

25 min.

3.4.2. Effect of HyO, Concentration

A sequential 20 to 100 mM of H,O, was added to provide a robust oxidizing condi-
tion to accelerate the dye degradation. The results showed that the dye degradation rate
increased with an increased concentration of HyO;, especially in the initial 30 to 90 min
(Figure 11). It indicated that a robust oxidizing condition was helpful in the Disperse
Red 277 degradation efficiency of ferrous—ferric oxide nanoparticles. Ferrous—ferric ox-
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ide nanoparticles would need longer to remove dye when a mild oxidizing condition
is provided.

120
.g 80 ——40 mM
o
o —o—80 mM
o 40
- —e—100 mM
a 20

o

0 30 60 90 120 150 180 210

Time (min)

Figure 11. The degradation efficiency of Disperse Red 277 (60 ppm) with different concentrations
of HyO,. The concentration of ferrous—ferric oxide nanoparticles was 1.0 g/L, and the reaction was
performed at pH 7.0.

3.4.3. Effect of Ferrous-Ferric Oxide Nanoparticles Concentration

Since dye degradation occurs at the interface between ferrous—ferric oxide nanoparti-
cles and water, the total area of the surface of the ferrous—ferric oxide nanoparticles would
undoubtedly be one factor affecting the dye degradation rate. An increase in ferrous—ferric
oxide nanoparticle concentrations would concurrently increase the surface area of ferrous—
ferric oxide nanoparticles to react with dye molecules, leading to increased dye degradation.
The results showed that dye degradation increased with an increase in ferrous—ferric oxide
nanoparticles (Figure 12). However, 1.0 g/L was found to be best for dye degradation in 2
to3 h.

3.4.4. Effect of pH

The pH of the solution changes the ionization state of the surface of ferrous—ferric
oxide nanoparticles, which may affect the dye degradation efficiency. The results showed
that the ferrous—ferric oxide nanoparticles exhibited higher dye degradation efficiency
under neutral and acidic conditions (Figure 13). Moreover, it was suggested that the
growth of the hydroxide layers on the surface of ferrous—ferric oxide nanoparticles could
gradually reduce their interaction with Disperse Red 277 molecules, thereby decreasing
dye degradation efficiency.

3.5. Photo-Fenton Reaction Mimicry Using Oxalic Acid

Oxalic acid can act as an oxidizing agent and is also helpful in dye degradation in the
presence of light. To evaluate its effect on the dye degradation efficiency of ferrous—ferric
oxide nanoparticles, 60 mM oxalic acid, compared with 60 mM H,O,, was used for the
investigation (Figure 14). The results showed that oxalic acid increased dye degradation
efficiency, like HyO,, shown in Figure 11. It indicated that an oxidizing condition generated
by oxalic acid was as efficient as H,O, for degrading Disperse Red 277 by a ferrous—ferric
oxide nanoparticles-mediated Fenton-like reaction. Within 3 h, the complete removal
of color was observed. Furthermore, the reaction was found to be a pseudo-first-order
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reaction. The control reaction using 60 mM H;,O; indicated only 16.21% dye degradation
within 3 h; whereas, using 60 mM oxalic acid indicated 20.27% degradation (Supplementary
Tables S1 and S2).
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Figure 12. The degradation efficiency of Disperse Red 277 (60 ppm) with different concentrations of
ferrous—ferric oxide nanoparticles (0.25 to 1.25 g/L). The concentration of H,O, was 60 mM, and the
reaction was performed at pH 7.0.
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Figure 13. The degradation efficiency of Disperse Red 277 (60 ppm) under various pH conditions.
The concentration of ferrous—ferric oxide nanoparticles was 1.0 g/L, and the concentration of H,O,
was 60 mM.
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Figure 14. The degradation efficiency of Disperse Red 277 in the absence or presence of 60 mM
oxalic acid. The concentration of ferrous—ferric oxide nanoparticles was 1.0 g/L, and the reaction
was performed at pH 7.0. (A) 1: Control: dye only (60 ppm), 2: Fenton-like reaction containing
dye (60 ppm), oxalic acid, and ferrous—ferric oxide nanoparticles, 3-9: 10, 30, 60, 90, 120, 150, and
180 min, respectively. (B) The degradation efficiency of Disperse Red 277 by the ferrous—ferric oxide
nanoparticles in the presence of oxalic acid. (C) The amount of dye removed per unit mass of the
synthesized sample (gt) was calculated using the (Cy—C;) V/M equations, where Cy and C; are the
concentration of dye at the initial stage, and after time ¢, V is the volume of the dye solution and M is
the mass of the synthesized material.

3.6. LC-MS Analysis of Dye Degradation

LC-MS analysis was used to study the degradation of Disperse Red 277 by ferrous—
ferric oxide nanoparticles. The results revealed that Disperse Red 277 was not degraded by
ferrous—ferric oxide nanoparticles in the dark (Figure 15A), and the fraction was collected
at a retention time of 23.66 min. It was confirmed by subjecting the fraction to present a
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signal with an ion of a mass-to-charge (m/z) ratio of 383.25 detected by LC-MS analysis
(Figure 15B). After exposure to the light, a Fenton-like reaction was mediated by ferrous—
ferric oxide nanoparticles to degrade Disperse Red 277 in the light after 180 min (Figure 15C).
The absence of a peak at the retention time of 23.66 min indicated the complete degradation
of Disperse Red 277 by ferrous—ferric oxide nanoparticles.
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Figure 15. LC-MS analysis of (A) Disperse Red 277 before the Fenton-like reaction in the dark;

(B) mass-to-charge (1m/z) ratio analysis of Disperse Red 277 at retention time (RT) 23.66 min of (A)

7

(C) Disperse Red 277 after the Fenton-like reaction under the light for 180 min. The concentration

of ferrous—ferric oxide nanoparticles was 1.0 g/L, and the reaction was performed at pH 7.0 in the

presence of 50 mg/L Disperse Red 277.
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4. Discussion

The properties of adsorption, combined with magnetic separation, were effectively
applied in the treatment of environmental wastewater and pollutants [28,29]. The saturation
magnetization of synthesized ferrous—ferric oxide nanoparticles was determined to be
26.93 emu g~ . It was adequate to separate them magnetically using a magnet [30]. In
addition, organic pollutants, including dyes and other chemicals, were useful magnetic
adsorbents to adsorb ferrous—ferric oxide nanoparticles via surface exchange [30-32].

The loading of catalyst ferrous—ferric oxide nanoparticles is crucial since it considerably
affects the dye degradation reaction. Increased catalyst addition can result in a more rapid
decolorization of the organic component, such as dispersing 277 textile dye. However,
until a specific saturation level is reached, the decolorization process is wholly slowed
down or even halted. The degradation of dyes rises with increasing H,O, concentration,
as the concentration of H,O, is proportional to the amount of OH™ radicals, which are
critical in the oxidation process. The added concentration of HyO; should be maximized
for dye degradation efficiency. Excess HyO, did not particularly or ultimately affect the
deterioration [33].

In addition, the pH condition also significantly affects the degradation of dyes [34-36].
The scavenging effect decreases at a higher pH due to the slow generation of radical
hydroxyl molecules. It resulted in the regeneration of Fe*? and the synthesis of Fe(OH),,
which was then oxidized to Fe(OH)3 precipitates in the reaction. However, the ideal pH
for ferrous—ferric oxide nanoparticles to increase degradation efficiency is essential. In the
Fenton-like reaction, Fe*? was oxidized to Fe*? in the light to generate hydroxyl radicals
to remove dyes. Numerous studies have demonstrated that the ideal pH range for dye
removal is between 3 and 11 [37]. This study’s optimum condition for dye removal was pH
7.0, which concurred with the published research. Oxalic acid is a better option to offer a
reaction in a wider pH range with less production of iron sludge after the reaction.

It was demonstrated that a Disperse Red 277 was degraded in 180 min utilizing
economically active ferrous—ferric oxide nanoparticles. The addition of H,O, or oxalic
acid was shown to enhance the degradation efficiency. Many studies have established
that hydroxyl radicals are the primary source of Fenton reactions; these molecules were
adsorbed on the surface of the nanoparticles [38,39]. Moreover, hydroxyl radicals adsorbed
on the surface of ferrous—ferric oxide nanoparticles effectively enhanced dye degradation
by acting as the primary oxidative species to attack Disperse Red 277 molecules. Another
mediator, oxalic acid, was investigated because H,O; is cytotoxic and causes cell death. A
photo-Fenton-like reaction was established with ferrous—ferric oxide nanoparticles of oxalic
acids. The ferrous—ferric oxide nanoparticles operated primarily as photocatalysts, while
oxalic acids were stimulated to form electron-hole pairs [40,41]. It was shown that the
ferrous—ferric-oxide-nanoparticle—oxalic-acid complexes might exhibit a strong potential
for charge transformation from ligand to metal. The oxalic acids were initially adsorbed
onto the surfaces of ferrous—ferric oxide nanoparticles, forming iron-oxide—oxalic-acid
complexes with [Fel(C,04)n]@ 3~ or [Fe'l(C,04)n_1]* 2" that were significantly more
photoactive than other ferric species, generating the radical oxalate molecules, C,04°~;
then, a fast decarboxylation reaction occurred. The oxalate radicals were converted to the
carbon-centered radical CO,°*~ and lastly to the superoxide anion radicals (O,°~). Finally,
O,°~ disproportionately created hydrogen superoxide (H,O;) and O,. The hydroxyl
radicals (*OH) were produced during redox reactions by the consumption of H,O, and
were required for photodegradation [42].

The radical chain process may occur when ferric-oxalate complexes are photolyzed to
generate HyO, and Fe3*. The photochemical reduction of the ferric complexes is coupled
with the Fenton reaction and produces reactive oxygen species, such as O,*~, HyO,, and
*OH [43]. This reaction can be accomplished by using natural materials, such as ferrous—
ferric oxide nanoparticles and oxalic acids, to generate hydroxyl radicals to replace the use
of HzOz [44]
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This study confirmed that the Disperse Red 277 dye was degraded after treatment, and
LC-MS confirmed the color-removing property of ferrous—ferric oxide nanoparticles. This
is the first report determining the ion chromatogram for [M+H]* at m/z 383.25 for Disperse
Red 277. The iron oxide nanomaterials could be used as nanoadsorbents in dye-containing
water treatment to increase dye removal efficiency. However, the effectiveness of metal-
oxide nanoparticles depends on various parameters including types of metal nanoparticles,
sources of light, types of dyes and the reaction time (Table 3). The contaminants could be
transformed into lesser hazardous materials by the photocatalytic reactions. After 180 min,
the Disperse Red 277 was almost entirely degraded and demineralized by ferrous—ferric
oxide nanoparticles. Fortunately, most textile effluents contain acidic color molecules,
making the Fenton or photo-Fenton method ideal for removing color and COD in acidic
environments [45]. The oxalic acid-assisted photo-Fenton catalytic process effectively de-
graded the dye completely within 180 min. This demonstrates the successful overcoming of
the limitations associated with the traditional Fenton process, namely its poor degradation
efficiency due to sludge formation and restricted pH range [46].

In summary, photocatalysis is considered a state-of-the-art photochemical approach,
and it has been incredibly effective in the photodegradation of organic contaminants in
wastewater [47]. The ferrous—ferric oxide nanoparticles with magnetic properties have
the potential to be excellent photocatalysts capable of absorbing visible light. In addi-
tion, with properties such as cost-effectiveness, high capacity of adsorption and stability,
and ease of separation, ferrous—ferric oxide nanoparticles are ideal for industrial effluent
treatment [48,49]. Moreover, ferrous—ferric oxide nanoparticles may exhibit exceptional
excellence as nanoadsorbents and appear to be the most promising material for effective
metal ion removal from wastewater [31]. However, to fully elucidate the thermodynamic
and structural changes, as well as the stability of the nanoparticles as a catalyst, pre- and
post-reaction analysis of the nanoparticles using XRD and TEM is crucial. This analysis is
essential for optimizing the photodegradation process towards continuous operation and
reusability for industrial viability.

Table 3. Photocatalytic dye degradation using different metal-oxide and metal-doped metal-
oxide nanoparticles.

Sr. No. Nanoparticles Light Sources Dye ?;ﬁ?g&tif? Degr(e(l)/il)a tion References
1 Zn0O UV light Methyl orange 180 89.6 [50]
2 ZnO UV light Methylene blue 200 69.0 [51]
3 CeO,/CoWOy4 Visible light Methylene blue 105 92.5 [52]
4 MgO UV light Methylene blue 120 75.0 [53]
5 ZnMgO UV light Methylene blue 60 87.0 [54]
6 CaO-MgO UV light Methylene blue 100 44.0 [55]
7 Co-CeO, Sunlight Methylene blue 180 29.0 [56]
8 AgyS-MgO-GO UV light Rhodamine B 60 98.8 [57]
9 NiO and Fe-NiO Visible light Rhodamine B 40 73.0 and 99.0 [58]
10 Ag-Fe;O3 Visible light Phenol red 8 78.0 [59]
11 Fep O3 Xenon arc lamp Methylene blue 120 63.6 [60]
12 Hematite (x-FepO3) Sunlight Bromophenol blue 240 87.9 [61]
13 MoO3 Xenon lamp Alizarin 120 74.0 [62]
14 TiO, Sunlight Crystal violet 45 90.5 [63]
15 TiO, Mercury lamp Sudan black B 100 96.0 [64]
16 SnO, Mercury lamp  Eriochrome black T 270 77.0 [65]
17 CuO Sun light Methyl red 135 85.0 [66]
18 7ZrO, Sun light Reactive yellow 160 120 94.0 [67]
19 NiO Sun light Congo red 160 84.0 [68]
20 Fe30y4 Visible Light Disperse red 277 180 100 Present work
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5. Conclusions

The catalytic efficacy of ferrous—ferric oxide nanoparticles is dose-dependent and in-
fluenced by H,O,, oxalic acid content, and pH. This photocatalyst is suitable for continuous
decolorization and degradation processes, with optimal results achieved at a neutral pH
and a nanoparticle concentration of 1.0 g/L. The nanoparticles can replace H,O, with
oxalic acid in a Fenton-like reaction, leading to visible light-dependent photocatalysis of
textile dye. Complete removal of dye within 3 h suggests industrial applicability. Oxalic
acid-mediated enhanced adsorption capabilities and the magnetic characteristics of ferrous—
ferric oxide nanoparticles can help to complete the removal of Disperse Red 277 dye. These
nanoparticles could lead to the development of new adsorption nanomaterials with high
absorption capacity and efficient separation, offering more cost-effective environmental
remediation options for industrial effluent treatment. The pseudo-first-order kinetics nature
of the dye degradation offers predictable rates and easier control and facilitates continuous
treatment systems. Nanoremediation using nanoparticles, offers a cost-effective and effi-
cient solution for large-scale contamination cleanup, though careful assessment is crucial to
prevent environmental harm. Improved understanding and utilization of nanoparticles in
environmental applications show promise for future advancements.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemengineering8040067/s1, Table S1: Base reaction experiment to
degrade 50 ppm dye using 60 mM H,O,; Table S2: Base reaction experiment to degrade 50 ppm dye
using 60 mM oxalic acid.
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