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ARTICLE INFO ABSTRACT

Keywords: The rapid industrial growth has led to increased production of wastewater containing pollutants
Nanocatalyst like heavy metals and organic compounds. These pollutants pose risks to human health and the
Fe304

environment if not properly treated. Engineered nanocatalyst materials (ENMs) are a burgeoning
technology that show promise for treating industrial wastewater. Metal oxide ENMs, such as
Fe304@p-cyclodextrin and FegO4@TiO2, have demonstrated efficient removal of heavy metals
and methylene blue from wastewater. Fe304@TiO3 was found to be more effective than Fe3O4@p-
cyclodextrin in removing these pollutants. The highest removal efficiencies were observed at a
concentration of 40 mg/g and pH 8. Copper showed the highest removal efficiency (160.5 mg/g),
followed by nickel (77.09 mg/g), lead (56.0 mg/g), and cadmium (46.05 mg/g). For methylene
blue, the highest removal efficiency was also observed at a concentration of 40 mg/g and pH 8
(91.16 %). Lead (90.5 %), copper (90.48 %), nickel (83.34 %), and cadmium (77.58 %) were also
efficiently removed. These findings highlight the potential of Fe304@TiO2 as a promising ma-
terial for industrial wastewater treatment, offering cleaner and safer water for human health and
the environment. ENMs have the potential to revolutionize wastewater treatment processes.
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1. Introduction

Untreated wastewater poses a significant global environmental challenge, with an estimated 80 % of effluent lacking proper
treatment and reuse. This issue directly impacts 1.8 billion people who rely on water sources contaminated with harmful microbes and
pathogens [1]. The aquaculture industry, known for its high-water consumption, further exacerbates this problem by generating
substantial wastewater containing heavy metals, non-degradable materials, and organic pollutants [2]. These challenges necessitate
the development of effective and environmentally friendly purification methods for sustainable wastewater treatment.

Advanced oxidation processes (AOPs) have emerged as a promising solution to address these water contamination issues. AOPs
generate highly reactive hydroxyl radicals (OHe) for effective decontamination while producing minimal toxic byproducts [3,4].
Nanomaterials, with their unique properties, have significantly enhanced the efficiency of AOPs in wastewater treatment. Nano-
photocatalysts, in particular, have gained considerable attention due to their chemical stability, economic viability, and abundant
availability. Their layered band gap structure, strong light absorption, and optimized band edges for catalysis facilitate efficient
pollutant degradation and contribute to groundwater purification [5].

Among various nanomaterials, iron oxide nanoparticles (NPs) and titanium dioxide (TiO:) have shown great promise in
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photocatalytic applications. Iron oxide NPs offer low cost, low toxicity, and unique magnetic properties, making them attractive for
catalytic applications [6]. TiOz, known for its chemical stability and effectiveness as a photocatalyst, has garnered significant interest
in addressing environmental problems [7]. Environmentally synthesized Fe-Os and TiO2 nanoparticles have demonstrated efficacy in
photocatalysis applications, with Fe:0s showing decontamination effectiveness against methylene blue (MB) and TiO: efficiently
removing Zn(II) and Pb(II) from water [8].

Recent advancements in nanocomposite materials have further expanded the potential for addressing water contamination chal-
lenges. Studies have explored various nanocomposites, such as ZnO-Fes0a/TiOz, which demonstrated superior photocatalytic
degradation of Reactive Blue 21 dye compared to MIL-125(Ti) [9]. Environmentally friendly synthesis methods have produced
nanocomposites like y-Fe20s/MWCNT/Ag from waste materials, showing high sulfamethazine adsorption capacity and antibacterial
activity [10]. Another eco-friendly nanoadsorbent, y-Fe-0s/MWCNTs/Cellulose, derived from waste tires and natural cellulose,
exhibited efficient malachite green removal from aqueous solutions, following pseudo-second-order kinetics and the Langmuir
isotherm model [11].

As research in this field continues to advance, the development of more efficient and environmentally friendly nanomaterials for
wastewater treatment holds great promise for addressing global water contamination challenges and promoting sustainable water
management practices. The integration of these innovative materials and technologies into advanced oxidation processes and pho-
tocatalytic systems offers a path forward in tackling the pressing issue of untreated wastewater and its impact on global health and
environmental sustainability.

2. Material and methods
2.1. Samples

All of the chemicals and reagents were acquired from Sigma Aldrich (Burlington, MA, USA) and utilized at a high level of purity
(>99 %). Industrial wastewater samples were randomly collected from the main effluent sources of three ceramic factories, prior to the
water entering their respective treatment units. The samples were obtained using specialized containers designed for this purpose.
Subsequently, the physical and chemical properties of the wastewater were analyzed at room temperature. The analysis revealed the
following characteristics: a pH value of 6.12, indicating a slightly acidic nature; Total Dissolved Solids (TDS) of 547.78 mg/L; Electrical
Conductivity (EC) of 1472.06 pS/cm; and a Conductivity measurement of 121.43 mS/cm. These measurements provide a compre-
hensive profile of the untreated industrial wastewater, serving as a baseline for subsequent treatment processes and efficacy
evaluations.

Following the synthesis of all nanomaterials and the preparation of formulations 1 and 2, comprehensive characterization mea-
surements were conducted to analyze their chemical and physical properties. Adsorption experiments were then performed using
varying concentrations of the nanocomposites. For both nanocompost 1 (FesO4@p-cyclodextrin) and nanocompost 2, concentrations of
20 mg/L, 30 mg/L, and 40 mg/L were tested. The experimental procedure involved mixing 20 mg of nanocomposite 1 with 1000 mL of
sample solution, stirring at 200 rpm for 1.5 h at ambient temperature under sunlight exposure. The solution’s pH was adjusted using
phosphoric acid or sodium hydroxide as needed. Heavy metal concentrations were determined before and after treatment using
inductively coupled plasma optical emission spectroscopy (ICP-OES). The adsorption capacity was calculated using the equation:
Adsorption capacity (mg/g) = [(Co - Ce)/m] x V, where Co is the initial concentration (pg/mL), Ce is the concentration after treat-
ment, m is the adsorbent mass, and V is the solution volume containing the solute.

2.2. Synthesis of FesO4 magnetic nanoparticles

Fes04 magnetic nanoparticles were synthesized using the co-precipitation method, following the procedure described by Ref. [12].
A 3:2 M ratio of Fe®* to Fe>* was employed, with tetraethylammonium hydroxide (0.3 mol L-!) serving as the precipitating agent. The
process began by dissolving 0.015 M each of iron (II) chloride tetrahydrate (FeCl.e4H-0) and iron (III) chloride hexahydrate
(FeClze6H20) in 100 mL of deionized water under vigorous stirring and nitrogen protection. Tetraethylammonium hydroxide solution
(0.3 M) was then slowly added to the mixture until a pH of 11 was reached. The reaction mixture was maintained at 50 °C for 30 min
under continuous stirring, followed by heating at 80 °C for 1 h. Finally, the resulting FesO4 magnetic nanoparticles were washed several
times with deionized water to remove any residual tetraethylammonium hydroxide, yielding the purified nanoparticles for further use.

2.3. Syntbhesis of (Fe304/TiO2) nanocomposites

A two-step process was employed to synthesize the nanocomposite material. In the first step, a homogeneous mixture A was
prepared by combining 0.1 g of Fes04 nanoparticles with 4 mL of titanium isoperoxide (TIP) as the titanium source, and 70 mL of water.
This mixture was subjected to ultrasonic treatment in a water bath for 1 h. Concurrently, a homogeneous mixture B was prepared by
mixing 3 mL of acetic acid with 90 mL of distilled water. In the second step, solution B was added to solution A and stirred at 50 °C for
30 min. The resulting solid material was then separated from the suspension via centrifugation, rinsed with ethanol, and dried at 70 °C
for 6 h. The final step involved heating the dried solid under atmospheric pressure at 300 °C for 1 h, yielding the desired nanocomposite
material.
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2.4. Synthesis of Fes04@ f-CD

To synthesize the FesO.@p-cyclodextrin nanocomposite, a precise procedure was followed. Initially, 2 g of p-cyclodextrin (CD) was
dissolved in 100 mL of distilled water. Subsequently, a co-precipitation method was employed using Fe** and Fe?* ions in a 3:2 M ratio.
FeCls-6H20 (5 g) and FeCl2-4H20 (2 g) were slowly added to the CD solution and vigorously stirred at 80 °C until a clear solution was
obtained. Aqueous ammonia was then added to adjust the pH to 11-12, followed by continued vigorous stirring at 80 °C for an
additional 30 min. The resulting precipitate was collected using an external magnet, washed multiple times with water and methanol,
and dried in a vacuum oven at 60 °C for 6 h. The dried solid was then dispersed in water, and its pH was adjusted to 5 using hy-
drochloric acid. After 30 min of stirring, the final product was washed with water in the presence of an external magnet, yielding the
Fes04@p-cyclodextrin nanocomposite.

2.5. Synthesis TiO2

The synthesis of ideal TiO2 powder was achieved through the preparation of titanium citrate, utilizing a reaction between citric acid
and titanium (IV) isopropoxide at a fixed molar ratio of 3:1. The process began by dissolving citric acid in water under increased
stirring at approximately 70 °C. Titanium isopropoxide was then gradually added to the solution in 10 mL increments while main-
taining the temperature and agitation conditions. This careful addition resulted in the formation of a clear, stable titanium citrate
solution. The mixture was continuously stirred for several hours to ensure complete reaction and homogeneity. Following this
extended stirring period, the solution was filtered to remove any undissolved particles or impurities. The final step involved gravi-
metric determination of the titanium content as TiO2, providing a quantitative measure of the synthesized product.

2.6. TEM (transmation electron microscope)

The morphological characteristics, including size and shape, of the nanomaterials synthesized in this study (FesOs and TiOz) were
directly observed and analyzed using Transmission Electron Microscopy (TEM). The TEM imaging was conducted using equipment
manufactured by JEOL (U.K.) LTD., England.

2.7. XRD (X-ray diffractometer)

The crystalline phase composition of the synthesized nanomaterials was quantitatively determined using Rietveld analysis, per-
formed with an X-ray diffractometer (PA Nalytical B.V. Almelo, the Netherlands). The diffraction data were collected using Cu-Ka
radiation with a wavelength (1) of 0.154060 nm. The measurement parameters were optimized for high-resolution data acquisition,
with a step time of 10 s, a step size of 0.05°, and a 260 angular range spanning from 5° to 95°.

2.8. Thermogravimetric analyzer (TGA)

Thermal analysis of the samples was conducted using a Shimadzu thermogravimetric analyzer DTG-60 H equipped with TA 60
software (Tokyo, Japan). Aluminum oxide served as the reference material. Experiments were performed in platinum crucibles, with
samples heated up to 1000 °C under varying heating rates (5, 10, 15, and 20 °C min~') in a dry nitrogen atmosphere flowing at 20 mL
min~!. For each experiment, approximately 3 mg of sample was used.

2.9. Fourier transform infrared spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) spectroscopy analysis was conducted using a Shimadzu IR-460 Spectrometer to characterize the
functional groups present in the synthesized nanomaterials. Sample preparation involved thoroughly mixing 50 mg of the sample with
200 mg of potassium bromide (KBr). This mixture was then compressed under high pressure to form a thin, transparent pellet suitable
for FTIR analysis. A background spectrum was collected using a pellet made solely of anhydrous KBr to ensure accurate baseline
correction.

2.10. ICP-OES (inductively coupled plasma optical emission spectroscopy)

The quantitative analysis of selected heavy metals, including cadmium (Cd), lead (Pb), cobalt (Co), copper (Cu), and nickel (Ni),
was performed using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The instrument employed for this purpose
was a Thermo Scientific iCAP 6000 Series ICP-OES, manufactured by Thermo Fisher Scientific (Cambridge, UK).

2.11. UV-vis spectrophotometer

The concentration of methylene blue dye (MBD) in the samples was determined using UV-visible spectrophotometry. A Jenway
6850/115V double beam UV-vis spectrophotometer was employed for this analysis. Measurements were taken at a wavelength of 664
nm, which corresponds to the maximum absorption peak of methylene blue. A calibration curve was constructed using standard
solutions of known concentrations, allowing for the accurate quantification of MBD in the experimental samples.
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3. Result and discussion
3.1. Characterization of nanomaterial

The physicochemical properties of Fe304 nanoparticles were characterized via TEM imaging (Fig. 1A and B). The images of the
synthesized magnetite nanoparticles revealed a cubic shape with an average particle size of 12.7 nm.
TEM imaging of TiO, (anatase) nanoparticles revealed a spherical shape, with an average particle size of 25 nm.

3.2. X-ray diffraction (XRD)

The X-ray diffraction (XRD) pattern of TiO2/Fe304 shows that the anatase TiO5 phase is the predominant crystalline phase present
in the composite. The peaks are located at 25.2°, 37.7°, 48.1°, 53.8°, 55.2°, and 62.6° corresponding to the (101), (004), (200), (105),
(211) and (204) planes, respectively (Fig. 2).

The X-ray diffraction (XRD) analysis provided critical insights into the structural characteristics of the synthesized nanocomposites.
For TiO2/Fes0a, the results confirmed the successful TiO: coating while preserving the FesO4 phase structure [13]. The peak positions
and intensities aligned well with standard XRD patterns for FesO4 (JCPDS card No. 01-1111) [14], maghemite and magnetite (JCPDS
card No. 39-1346) [15], TiOz anatase (JCPDS card no. 21-1272) [16], and TiO: rutile (JCPDS card no. 21-1276) [17]. The
Fes04@p-CD composite exhibited significant y-Fe:Os diffraction peaks, indicating successful surface modification of iron oxide
nanoparticles. The lower peak intensity compared to pure FesO. suggested the embedding of FesOs within the amorphous $-CD
structure, further corroborated by the presence of f-CD diffraction peaks at specific 20 positions (15.6°, 22.22°, 26.3°, 29.44°, 31.5°,
39.6°, 47.1°, 52.4°, and 55.3°). This B-CD pattern aligns with the cage-like molecular structure [18]. Overall, the XRD patterns
confirmed the successful synthesis of both TiO2/FesOs and Fes0+@p-CD composites, with the former showing anatase TiO2 phase and
the latter exhibiting y-Fe20s phase, providing valuable information about their phase structure and morphology.

3.3. FTIR

The FTIR Spectrum of the TiOy-coated sample showed a shift in peaks from 668 to 693 cm to 710 and 780 cm™?, respectively
(Fig. 3). These peaks are attributed to the vibration modes of Fe-O and Ti—O-Ti, respectively, indicating the presence of both TiO; and
Fe304 in the m-TiO2/Fe30,4 sample. The FTIR spectrum is consistent with the data provided in the image. The peak at 3490 cm™*
corresponds to the O—H bonds of p-cyclodextrin. The peaks at 3200 cm ™! and 1770 cm ™! are attributed to the C-H stretching vibration
and the C-C stretching vibration of glucose molecules units (Oligosaccharide), respectively.

The peak at 1491 cm ™! is attributed to the C=O stretching vibration of the ester group. The peak at 1180 cm ™! is corresponds to the
asymmetric stretching vibration of the C-O— C bond. The peaks at 710 cm ™, 780 cm ™, and 860 are attributed to the Fe-O bond,
Ti-O-Ti bond, and Ti-O-C bond, respectively. The FTIR spectrum and the data provided in the image are consistent with the presence
of both TiO; and Fe3O4 in the TiO2/Fe304 sample [19].

The FTIR spectrum exhibited a broad band in the 500-700 cm-! region, characteristic of Ti—O-Ti stretching vibrations. The
broadness of this band can be attributed to the overlapping of Ti-O and Fe-O peaks, suggesting the successful incorporation of both
titanium and iron oxides in the nanocomposite structure. This observation aligns with previous studies on similar materials [20].
Furthermore, the spectrum revealed distinctive peaks associated with p-cyclodextrin, as reported by Banisharif et al. (2013) and
Sakinah and Rohaida (2009) [21,22]. These peaks include C-H bending at 690 cm‘l, C-C bending vibrations at 644 crn‘l, and C-H
stretching vibrations for substituted aromatic compounds at 695 cm™'. The presence of these characteristic p-cyclodextrin peaks
confirms its successful integration into the nanocomposite structure, providing strong evidence for the synthesis of the Fes0s@p-CD
composite and corroborating the findings of previous studies in the field [20-22].

3.4. TGA

TGA results revealed distinct thermal behaviors for the two compositions, FesOs@p-CD and Fes04/TiO: (Fig. 4). For Fes04@p-CD, a
7 % weight loss occurred between 50 and 140 °C due to water evaporation and decomposition of residual solvents in the

Fig. 1. (A&B): TEM imaging of the prepared NPs revealed the shape of the particles, with an average size for Magnetite and titanium dioxide.
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nanocomposite, followed by a 15 % weight loss from 140 to 248 °C attributed to the two-stage dissociation of p-bonding organic
groups. In contrast, FesO4/TiO: exhibited a 5.78 % weight loss from 70 to 185 °C due to water evaporation and oxidation of magnetite
to hematite, followed by a 5.2 % weight loss between 183 and 485 °C attributed to the transformation of remaining maghemite
particles into hematite. Finally, a minimal weight loss of 0.71 % was observed from 485 to 800 °C, indicating molecular stability at
higher temperatures.

These results suggest that Fes0.@TiO: exhibits greater thermal stability compared to Fes0.@p-CD. This enhanced stability could be
attributed to stronger bonding between FesO4 and TiO2, or to the formation of a protective TiOz layer on the surface of the FesOs
nanoparticles [23].

The thermal stability of Fe304@/TiO3 is crucial for its potential applications as a nanocatalyst, particularly in high-temperature
catalytic reactions. A thermally stable nanocatalyst can maintain its activity under elevated temperatures, which is essential for
many industrial processes. Indeed, the TGA results indicate that FesO0.@TiO: is a promising nanocatalyst with favorable thermal
stability characteristics [24].
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3.5. Adsorption capacities for heavy metals at different concentration of FesO4@ f-cyclodextrin (mg/L) at different PH values at ambient
temperature

The adsorption capacity of FesOs@p-cyclodextrin for heavy metals showed a consistent increase with rising pH, as evidenced by the
data presented in Tables 1-3. This trend can be attributed to the increasing negative charge on the FesO.@p-cyclodextrin surface at
higher pH values, enhancing the electrostatic attraction towards positively charged metal ions. Notably, Table 3 demonstrated the
highest adsorption capacities, with copper exhibiting the maximum value (149.81 mg/g), followed by nickel (69.14 mg/g), lead
(56.44 mg/g), and cadmium (36.88 mg/g). These variations in adsorption capacities likely stem from the different affinities of these
metals for the FesO.@p-cyclodextrin surface. The superior adsorption capacity for Cu can be explained by the stronger affinity between
Cu ions and the -cyclodextrin rings. Cyclodextrins are known to form stable inclusion complexes with various organic and inorganic
molecules, including metal ions. The particularly stable inclusion complex formed between Cu ions and cyclodextrin rings accounts for
the higher adsorption capacity observed for Cu compared to the other three pollutants, aligning with previous findings in the literature
[25].

Fe304@ B-cyclodextrin is also a material that shows promise for the adsorption of heavy metals from wastewater treated by in-
dustry. Adsorption capacity may be influenced by a variety of parameters, such as the characteristics of the pollutant, such as size,
charge, and solubility, and the characteristics of the adsorbent, such as surface area, porosity, and chemical composition. Fe3O4
nanoparticles are frequently employed as adsorbents to remove different types of contaminants from wastewater that is utilized in
industry. Fe304 nanoparticles provide chemical processes an active surface, which catalyzes the reaction. Because of their enormous
surface area, Fe304 nanocomposites offer additional surface area for catalytic processes. The outcomes concur with the results that
have been reported [26,27].

3.6. Adsorption capacities for heavy metals at different concentration of Fe30,@ TiO» (mg/L) values at ambient temperature at different
PH

Results presented in Tables 4-6 reveal the adsorption capacity of Fe304@TiO3 for various heavy metal pollutants at different pH
levels and ambient temperature. Following a similar trend to the results shown in Tables 1-3, the adsorption capacity increases with
increasing pH for all pollutants.

Likewise, Copper showed the highest adsorption capacity (160.5 mg/g), followed by nickel, lead, and cadmium (77.09, 56.0, 46.05
mg/g) (Figs. 5-7). This is likely due to the different affinities of these metals for the surface of Fe304@TiO5 The adsorption capacity of
Fe304@TiO2 for all pollutants is higher than that of Fe304@p-cyclodextrin, probably due to the different surface properties of the two
materials. Furthermore, the results suggest that Fe304@TiO is a promising material for the adsorption of heavy metals from industrial

Table 1

Adsorption capacities for at concentration 20 mg/L heavy metals (mg/g) at different PH values at ambient Temperature.
PH at ambient temperature Lead (Pb) Nickel (Ni) Cadmium (Cd) Copper (Cu)
2 33.65 + 0.225 52.43 +£1.03 17.61 + 0.051 113.56 + 1.66
4 36.08 + 0.173 56.4 + 0.876 20.04 + 0.077 119.1 + 1.42
6 37.01 + 0.209 58.71 £ 1.11 23.27 £0.12 133.7 £ 2.16
8 37.77 + 0511 63.05 + 0.744 27.25 £+ 0.085 141.05 + 2.03
10 33.7 £ 0.261 61.7 £1.07 19.11 + 0.14 122.3 +1.72

LSD 6.6.
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Table 2

Adsorption capacities for at concentration 30 mg/L heavy metals (mg/g) at different PH values at ambient temperature.
PH at ambient temperature Lead (Pb) Nickel (Ni) Cadmium (Cd) Copper (Cu)
2 38.22 £ 0.155 52.88 + 0.65 20.1 +0.187 117.01 £ 1.76
4 41.18 £ 0.118 58.12 + 0.47 25.5+0.23 124.6 + 2.07
6 45.76 £ 0.063 63.2 +0.38 29.07 £ 0.311 128.9 +1.53
8 48.05 + 023 66.08 + 0.61 34.12.40.168 146.31+1.92
10 33.7 £ 0.191 61.7 +1.07 19.96.40.22 126.0 + 1.88

LSD 7.62.

Table 3

Adsorption capacities for at concentration 40 mg/L heavy metals (mg/g) at different PH values at ambient temperature.
PH at ambient temperature Lead (Pb) Nickel (Ni) Cadmium (Cd) Copper (Cu)
2 43.065 £ 0.065 58.1 £ 0.023 23.5 £ 0.062 121.31 £ 1.06
4 47.31 + 0.031 64.36 + 0.056 28.1 £+ 0.028 128.07 +£1.23
6 52.1 £ 0.07 67.0 + 0.021 34.41 + 0.061 135.16 + 1.09
8 56.44 + 0.048 69.14 £ 0.173 36.88.40.09 149.87+1.34
10 48.3 £ 0.112 62.88 + 0.07 21.07.40.064 126.86 + 1.52

LSD 7.93.

Table 4

Adsorption capacities for at concentration 20 mg/L heavy metals (mg/g) at different PH values at ambient temperature.
PH at ambient temperature Lead (Pb) Nickel (Ni) Cadmium (Cd) Copper (Cu)
2 37.88 + 0.08 54.12 + 0.087 25.21 £ 0.14 121.07 £ 2.05
4 38.56 + 0.031 58.03 + 0.049 26.87 £ 0.181 126.4 + 2.16
6 40.21 + 0.06 65.2 + 0.141 29.02 £+ 0.22 138.9 +1.88
8 43.02 £ 0.013 67.34 + 0.076 36.08 + 0.166 148.67 £ 1.79
10 36.44 + 0.04 57.88 + 0.18 26.03 + 0.28 130.4 + 1.64

LSD 6.89.

Table 5

Adsorption capacities for at concentration 30 mg/L heavy metals (mg/g) at different PH values at ambient temperature.
PH at ambient temperature Lead (Pb) Nickel (Ni) Cadmium (Cd) Copper (Cu)
2 37.23 £ 0.11 61.08 + 0.31 25.89 + 0.245 123.43 £1.22
4 41.06 + 0.18 63.12 + 0.46 29.34 + 0.64 129.1 +1.48
6 45.33 £ 0.08 69.0 £+ 0.37 32.1 £0.38 144.04 £ 1.16
8 51.3 £ 0.24 72.15 + 0.32 41.55 + 0.202 152.3 +1.28
10 43.26 + 0.26 59.62 + 029 30.17 + 0.55 132.07 £ 1.09

LSD 8.22.

Table 6

Adsorption capacities for at concentration 40 mg/L heavy metals (mg/g) at different PH values at ambient temperature.
PH at ambient temperature Lead (Pb) Nickel (Ni) Cadmium (Cd) Copper (Cu)
2 39.03 £ 0.76 62.9 £ 0.56 27.01 + 0155 131.01 +£2.13
4 45.16 £ 1.01 66.42 + 0.46 33.5+0.24 135.1 +1.85
6 48.28 + 1.032 74.11 £ 0.28 37.26 £ 0.28 153.0 + 2.04
8 56.0 + 0.654 77.09 £+ 0.77 46.05 + 0.171 160.5 +£ 1.79
10 42.76 £ 1.11 61.87 + 0.83 33.01 £0.131 136.11 + 2.03

LSD 10.06.

wastewater [28].

In addition, Fe304@TiO5 has demonstrated greater effectiveness in removing a wider range of heavy metals compared to Fe304@{-
cyclodextrin. This superior performance can be attributed to TiO5’s ability to interact with heavy metals through various mechanisms,
including electrostatic attraction, chemisorption, and ion exchange [29].

Data illustrated in Figs. 4-6 reveal that the removal efficiency (catalytic activity) of Fe304@BCD for lead (Pb), nickel (Ni), cadmium
(Cd), and copper (Cu) at concentrations ranging from 20 mg/L to 40 mg/L. The removal efficiency is measured as the percentage of
pollutants removed from industrial wastewater.
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Fig. 6. Removal Efficiency (%) using Fe304@pCD at 30 mg/1

The removal efficiency (catalytic activity) of Fes04@BCD varies depending on the pH and chemical reaction with pollutants. The
highest removal efficiency is observed for Methylene Blue (91.16 %) followed by lead (90.50 %), copper (90.48 %), nickel (83.34 %),
and cadmium (77.58 %). This suggests that Fe304@BCD is more effective at removing lead and copper than nickel and cadmium at a

concentration of 40 mg/L. Finally, the graph revealed that Fe304@BCD is a promising material for the removal of chemical pollutants
from the industrial wastewater [30].

3.7. Photocatalytic activity of nanocatlysit composites: removal efficiency (%) of nanocatlysit composite (Fe304@TiO2) for heavy metals
and dyes

According to results from Figs. 8-10, Feg04@TiO, at 40 mg/L demonstrated the highest removal efficiency among all photo-
catalysts across various pH and temperature conditions. The removal efficiency of Fe304@TiO, at 40 mg/L remains relatively stable
under different pH and temperature conditions, indicating that it is a promising photocatalyst for the removal of pollutants from
wastewater. The high and stable removal efficiency at different pH and temperature conditions. The high and stable removal efficiency
of Fe304@TiO, at 40 mg/L is likely due to the synergistic effect between Fe3O4 and TiO,. Fe304, a magnetic material, can help
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Fig. 7. Removal Efficiency (%) using Fe304@pCD at 40 mg/1
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Fig. 8. Removal Efficiency (%) using Fe304@TiO, at 20 mg/1

concentrate pollutants on the surface of the nanocatalyst. TiO2, a semiconductor, can generate photocatalytic reactive oxygen species
(ROS) under sunlight irradiation. These ROS can then oxidize and degrade the pollutants.

The synergistic effect between Fe304 and TiO is also responsible for the stability of the removal efficiency across different pH and
temperature conditions. Fe3O4 is a basic material, while TiO; is acidic material. This combination allows the Fe3O4@TiO, surface to
maintain a relatively neutral pH even when the solution is acidic or basic. This is significant because the photocatalytic activity of TiO2
is highest at neutral pH [27]. Fe304@TiO4 at 40 mg/L proves to be a promising photocatalyst for the removal of pollutants from
wastewater, demonstrating high and stable removal efficiency under various pH and temperature conditions [31].

3.8. Catalytic activity mechanism

TiO4 absorbs photons of light with energy greater than its band gap (3.2 eV). This energy excites electrons from the valence band to
the conduction band, creating electron-hole pairs. The electrons in the conduction band react with adsorbed oxygen molecules to form
superoxide radicals (0?~*). These superoxide radicals then react with organic pollutants, degrading them into carbon dioxide and
water (Fig. 11). Simultaneously, the holes in the valence band react with adsorbed water molecules to form hydroxyl radicals (OH®)
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Fig. 9. Removal Efficiency (%) using Fe304@TiO, at 30 mg/1
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[32].

Fig. 10. Removal Efficiency (%) using Fe;0,@TiO, at 40 mg/L.
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The hydroxyl radicals are highly reactive and can also degrade organic pollutants. Metal ions and dye molecules are adsorbed onto
the surface of Fe304@TiO,. The Fe3O4 nanoparticles absorb photons of light with energy greater than the band gap of TiO5 (3.2 eV).
This energy excites electrons from the valence band of TiO3 to the conduction band, creating electron-hole pairs. The electrons in the
conduction band of TiO, then react with adsorbed oxygen molecules to form superoxide radicals (¢027). These superoxide radicals
react with protons in water to form hydroxyl radicals (OH®).

The hydroxyl radicals are highly reactive and can degrade metal ions and dyes. This degradation of metal ions and dyes by
Fe304@TiO; is a promising photocatalytic process for environmental remediation. Fe304@TiO2 photocatalysts can be used to purify
water as well as air, and to degrade pollutants on surfaces [33].

4. Conclusion

The synthesis method of engineered nanocatalyst materials significantly enhanced their stability and applicability across various

10
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Fig. 11. Catalytic activity mechanism for Catalytic and photocatalytic of tow Nano composites: Fe304@pCD and Fe304@TiO,

environmental conditions. The use of tetraethylammonium hydroxide, rather than conventional bases like ammonia or sodium hy-
droxide, improved the stability of magnetite (Fe304) and prevented its transformation into bulk form. Combining p-cyclodextrin with
magnetite increased the compound’s efficiency in attracting and absorbing pollutant ions and heavy metals. Similarly, the magnetite
(Fe304) and titanium dioxide (TiO,) composite at 40 mg/L concentration demonstrated remarkable photocatalytic performance. While
both compositions yielded promising results, the titanium-based composite is recommended for future applications. These findings
have potential for large-scale industrial implementation, where the volume of wastewater can inform the preparation of appropriate
concentrations of nanoformulations.
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