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Abstract

:

Globally, efforts are being made to upgrade and improvise the current wastewater treatment technologies. Industrial wastewater is being generated exponentially, owing to the expansion in chemical industries and civilizations necessitating remediation to prevent further environmental damage and lower associated human risks. In this work, iron oxide nanoparticles (IONPs) have been developed and employed as an efficient nanocatalyst for heavy metal adsorption via the chemical route. The shape, absorbance optical, crystal phase, and magnetization of as-prepared magnetic nanostructures were characterized using XRD (X-ray diffraction), UV-Vis (ultraviolet-visible), HRTEM (High-resolution transmission electron microscopy), FTIR (Fourier transfer infrared spectroscopy), and VSM. Further, the adsorption ability of iron oxide to remove the bulk metallic elements considering cadmium (Cd), lead (Pb), zinc (Zn), chromium (Cr), copper (Cu), and nickel (Ni), present in industrial effluents, were studied. The Maghemite Fe2O3 crystal phase having an R-3c group is observed in the XRD results. An identical shape of spherical nanostructures is determined using TEM including ≈21 nm for pure Fe2O3. A removal % was studied by using ICP-OES, and showed a Cr (61.2%), Cd (98%), Cu (66%), Ni (64%), Zn (97%), and Pb (98%) removal ability. The application of such monitored nanomaterials to effluent cleaning and sewage discharge emitted via labs and petrochemical industries could be expanded.
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1. Introduction


Wastewater is produced in massive quantities by dye, textile, and other chemical-based industries, and it contains dangerous transitional ions, raw components (aromatics), and intermediate products, in addition to colors [1,2]. Such toxic waste-generating sectors are constantly looking into improved, more environmentally friendly methods of detoxifying wastewater pollutants [3,4]. Many scientists and researchers have concentrated on material engineering at the nanoscale because dye production, textile preparation, and dye industries are currently required to eliminate toxic substances due to hydrocarbonic chemicals and stabled dye pigments including soluble hazardous components of sludges [5]. Water scarcity has become an inevitable concern for mankind owing to the release of improperly treated wastewater containing hazardous organic and inorganic contaminants into the surface water, which has impacted living beings and the environment overall [6,7]. Globalization of petrochemical and raw ingredient companies emitting aromatic cyclic hydrocarbons, as well as hazardous intermediates and molecular, inorganic, metallic, and biological pollutants discovered in wastewater, has raised serious concerns about water quality and related discharge criteria [8]. Inorganic heavy metals and molecular dye components impose a detrimental effect on the environment by releasing toxicants into the water, soil, and air. As a result, scientists and research professionals were intrigued by employing efficient desired approaches for introducing the ecosystem-based challenges mainly related to chemical and fabric productions [9,10]. Numerous studies have been conducted in the industry and academia to remediate toxic heavy metal ions from wastewater or effluents. Ni, Pb, Cd, Cr, Zn, and Cu form most toxic minerals present within wastewater [11,12,13]. These toxic discharged metals can cause dangerous diseases in animals, plants, and environmental components such as water, air, and soils, and hence the solution to these issues has become an important topic for the several researchers. Recently, scientific groups have praised the adsorption of chemically reactive ions or elements in wastewater employing semiconductors, photocatalysis, and bioremediation techniques. High-weighted metals and poisonous compounds have been removed utilizing a range of methods, including physicochemical, biological, and electrochemical processes, as well as the use of appropriate nanocatalysts [14,15]. Moreover, metals, metal oxides, and hybrid nanostructures have been employed to improve the chemo-adsorption and catalytic efficiency by modifying the morphological and structural orientations of such materials [13,16,17]. The increased active surface sites in the nano-sized stable catalysts, which include semiconducting TiO2, ZnO, iron oxides, and 2D nanomaterials like graphene and graphene oxides, make it easier to chemosorb heavy ions or metals [18,19]. Given the rapid electron recombination in holes and electrons and efficient electron transport, these modified structures are commonly found. Although many nanocatalysts were researched for the elimination of toxic substances from effluents with induced catalytic performance, stability, and functionality, there is still much to be accomplished in the field of hybrid catalytic nanostructure synthesis and engineering. The most common in situ bioremediation and chemical reduction methods have been observed to compete with iron-based nanostructures. In comparison to other metal oxide remediation strategies, iron oxide nanoparticles offer better potential in toxic metal adsorption owing to their infinite surface area, better magnetic character, and precise diameters [20,21]. The iron oxide NPs have a strong superparamagnetic and magnetic susceptibility, therefore employed in the fabrication of magnetic nano-adsorbents. Furthermore, magnetic NPs are involved in an external magnetic field but lose their magnetism on the removal of the external field; thus, recycling their recovery is found to be easier and more convenient in our study. These features make iron oxides realistic nanocatalysts to remove heavy metals from pollutants. With the intent of adsorbing hazardous metals generated from industries, specific selective adsorption characteristics of iron oxide were studied. In nanoscience and associated advances, iron oxide in a controlled and functionalized form was employed to maximize adsorption efficiency. Interestingly, the catalysts’ capability to adsorb contaminants is influenced by the structure, surface, crystal phase, and type of the intended chemical and organic contaminants [11]. In this study, a controlled IONP was constructed using a straightforward Sonochemical method [22,23]. After morphological and structural confirmation, the stabilized iron oxide nanostructures were used as an efficient nanocatalyst to absorb pollutants from the sample. According to the results provided by ICP-OES technology, the Zn, Cr, Cd, Ni, and Cu, with the Pb, were selectively eliminated from industrial wastewater.




2. Materials and Methods


Chemicals such as Iron (III) chloride (FeCl3), Ferrous sulfate heptahydrate (FeSO4 · 7H2O), and Sodium Hydroxide (NaOH), required in the study were obtained from Sigma Aldrich.



2.1. Preparation of Iron Oxides


The sonochemical method to synthesize magnetic NPs was conducted under defined magnetic stirring, using 0.1 M of FeCl3 with FeSO4 · 7H2O (50 mL) (Sigma Aldrich, St. Louis, MO, USA, 99%) was employed as a precursor. The precursors in the molar ratio of 1:1 (Solutions A and B) were mixed in distilled water (30 mL). Solutions A and B were homogenized at 650 rpm on a magnetic stirrer, following which a reduction reaction was conducted by dropwise addition of ≈12 mL of 0.01 M NaOH in the reaction mixture, which was around 12 mL until the production of black precipitate in the reaction mixture. In addition, 9–11 values of optimized pH for reaction formulation were maintained using NaOH under room temperature. A Digital Ultrasonic bath QLDUC2.5 (QuickLab, Chennai, India) with 120 W of ultrasonic power operated at 40 kHz was used during the synthesis procedure. The formation of black precipitate during the end of the process directed a complete synthesis of iron oxides NP. Further, the synthesized magnetic nanoparticles were separated using a hand magnet, followed by multiple cleaning of suitable polar solvents (ethanol) which was then treated at 25 °C. Finally, the prepared magnetic nano powder was characterized for its structural and morphological features using advanced instruments.




2.2. Fundamental Techniques Used in Characterizations


Fundamental instruments employed to characterize the magnetic nanoparticles are as follows: Spectro 2060 plus UV-Vis Spectroscopy spectrophotometer (200–800 nm) for assessing the optical absorption study. However, the X-ray Diffraction of Bruker (Billerica, MA, USA), having λ = 0.15408 nm at a scanning rate of 0.02°/s, was used to identify crystal phases; the morphological and surface images of the magnetic particles analyzed using FE-SEM, JSM-7800F JEOL), and high-resolution transmission electron microscopy (HRTEM) JEOL, JEM 2100F. The function group of the possible composition was determined by applying FTIR, Perkin Elmer, Waltham, MA, USA) in the range of 4000–400 cm−1 [24].





3. Result and Discussions


3.1. Crystalline Confirmations: XRD Study


The XRD data of the iron oxide is examined particularly for determining the crystal phase of prepared magnetic samples. The XRD profile is shown in Figure 1. The obtained powder diffraction data were compared with the database containing references (using Match software). The Fe2O3 maghemite crystal phase is confirmed with the highest peak positions at 30.54, 32.09, 35.98, and 63.23 2θ values were well matched with PDF no. of 96-901-2693 (Figure 1). The fitted XRD data revealed crystalline phases of the magnetic nanoparticles (shown in figure with PDF numbers) corresponding to (2 2 0), (104), (3 1 1), (4 0 0) crystallographic planes and 2.9, 2.7, 2.4, and 1.4 (Å) d-spacing, respectively [25]. There are various phases of magnetic nanostructures, and after matching the diffraction date with the database in Match software, we found the maghemite Fe2O3 phase [26]. These diffraction angles and d-spacing (Å) also matched well with the JSPDS card no. (JCPDS code: 01-076-7166) for the maghemite phase, the standard diffraction angles for maghemite found to be 30.241, 35.630, 43.284, 53.733 57.271, and 62.925 2θ values which corresponded to 2.953, 2.517, 2.088, 1.704, 1.607, and 1.475 d-space (Å), respectively. However, the standardized values for magnetite ferrites were found to be (30.095, 2.967), (35.422, 2.532), (43.052 2.099), (53.391, 1.714), (56.942 1.615), and (62.515 1.484) (JCPDS code: 01-076-7166). Therefore, maghemite Fe2O3 NPs were confirmed for the as-prepared samples, which have a closed diffraction angles and d-spacing values that match with standard data as compared to other ferrite states.




3.2. Optical Absorbance Study (UV-Vis Spectra)


The optical absorbance feature for the IONPs in the ranges of 200–800 nm wavelength showed in Figure 2. The UV-Vis spectrophotometer technique is a fundamental tool to determine the synthesis of nonmaterials because of particular optical absorbances spectra. A certain position of absorption spectra gives a clear information for the formation of metal and metal oxide nanoparticles at fixed wavelength (26). The absorbance spectrum shows a primarily visible absorption wavelength at around 366 nm, confirming the formation of iron oxide, which is synthesized under the Sonochemical method at RT. The observed absorbance peak occurs due to the valance band-free electronic excitation of the IONPs under the electromagnetic spectrum [27].




3.3. Functional Group Confirmations: FTIR Analysis


Figure 3 shows the functional group of the magnetic nanoparticles at room temperature in the region of 4000–400 cm−1, which was determined using FT-IR spectroscopy. The vibrionic frequency associated with the Fe-, O-, and OH-linked functional groups is confirmed by characteristic vibrational modes in FTIR spectra. In the bare magnetite lattice, the vibrational stretching of the Fe-O bond is clearly visible as prominent spectra near 551 cm−1. However, a peak at around 3400 and 1627 cm−1 suggests that the vibrational modes for the hydroxyl (OH) assembly may be due to the adsorbed water molecules (H2O) [28].




3.4. Morphological Studies: HRTEM Investigation


A HRTEM image of iron oxide nanostructures confirming the morphology and elemental compositions is displayed in Figure 4. The microscopy indicates that the nanoparticle is spherical, with a minimal particle diameter of roughly 10 nm and a maximal average dimension of 20 nm (Figure 4a). The d-spacing has also been measured and shown to be approximately 0.24 nm (Figure 4b), which was additionally validated by XRD analysis. The Selected Area Diffraction Pattern (SAED) of the produced nanoparticles demonstrated that it is partly crystal in form (Figure 4d). However, after employing a Sonochemical approach, the electron microscopic figure depicts some aggregation since these nanoparticles of metal oxide prefer to associate more with one another, so the capping agent was not included in the process [29]. The resulting object’s EDX plot suggests the spikes of Fe and O in acceptable element proportions (see Figure 4c).




3.5. Vibrating Sample Magnetometer (VSM) Study of Iron Oxides NPs


VSM measures the magnetism quality of particular substances (Figure 5). A used electromagnetic field H is affected more by magnetism M, which could be calculated using the Langevin equation mentioned below [30]:


   M   =    M s   (  C o t h y  1 Y   )  ,    and   Y   =     m H   k B T     











Ms is the saturation magnetism and kB stands for the Boltzmann constant. The magnetic behavior of IONPs also depends upon the morphologies of the nanostructures. The shown hysteresis displays a superparamagnetic character of generated magnetic materials at 25 °C, revealing characteristic lenient ferromagnetics [30,31].





4. Remediation of Industrial Effluents


Synthesized Fe2O3 samples are employed to adsorb the bulk metals discharged by the chemical resources due to their strong magnetic character. The sample effluent was directly collected from dye manufacturing industries before being circulated to a common effluent treatment plant (CETP) for their treatment using conventional methods. The S1–S5 denotes the different points of a plant (five sites in total were chosen for collecting samples) and the initial concentration was determined using AAS (Table 1). The removal of pathogens, organic contaminants, and heavy metals was carried out using synthesized nanoparticles owing to their heavy metal removal efficiency attributed to the unique properties of the material, which includes magnetic impacts, large surface-to-volume ratio, shape, and size (under 40 nm).



The atomic absorption spectroscopy, AAS (model: ICE3300; make: Thermo Scientific) and ICP OES were performed to measure high-weight ions available initially within a sample. An aqueous solution of iron oxide nanoparticles with known concentration was prepared to conduct a heavy metal removal study. The experiment was carried out for 45 min in a rotary shaker at 32 °C under ideal conditions (25 °C and 1 atm). The specimen was repeated at 15 min intervals by separating IONPs using an external magnetic field. AAS and ICP OES (model: 7300 DV; make: Perkin Elmer) were used to further analyze the heavy metal content in relation to the starting concentration. The experiment was repeated with three different concentrations of IONPs (10 mg, 20 mg, and 30 mg). The elimination potential of the used sample is determined by applying equation as denoted below [13]:


  R  ( % )    =      C 0  −  C e     C 0    × 100  











R (%) denotes to removal percentage, C0 is the preliminary Conc. (mg/L), and Ce is the concentration (mg/L).



4.1. Removal of Heavy Metals Using Iron Oxide Nanoparticles


The samples were collected and stored by adding nitric acid. Before testing using the ICP or AAS technique, we need to form complete ionization of metal ions because in bonded form (complex), metal cannot be detected by these techniques with exact concentration. Hence, we treated sample with the nitric acid so that the metal ions could be ionized and the ionic metal could be easily tested by ICP or AAS. The toxic elements were analyzed employing AAS and ICP-OES. AAS was considered for sensing the Cr and Ni, whereas cadmium, copper, lead, and zinc that were found at low concentrations were detected using ICP–OES. The AAS technique is used for knowing the initial metal ion concentration for the makeup samples (S1–S5); however, for the determining removal percentage of metal ions using our samples, only the ICP technique is performed. Table 1 shows the amount of hazard ionic elements present under the chosen effluent.



Heavy metal concentrations in industrial wastes were found, and they were eliminated by employing IONPs. Mixed sewage was used in the study to eliminate the heavy metals, and it was discovered that their extraction efficiency (R%) grew as the IONP content was raised. Since the R% was calculated every 15 min, the concentration of sample catalysts in mg (10 mg, 20 mg, and 30 mg) (not mass) was used to determine the ideal amount for the removal. The experiment was performed using a conical flask (250 mL) at 150 rpm.




4.2. Chromium (Cr) Removal


A necessary mineral called chromium may cause cancer if consumed in excess (0.05 mg/L). The oxidation number of the metals affects how poisonous Cr combinations are. Cr exists within trivalent conditions in both animals and humans. Because toxic metals are not biodegradable and are found in dyestuff as a chromophoric component, they build up in the body’s key organs and cause a variety of clinical manifestations [32]. IONPs were used to remove excess Cr, and the degradation rate was determined. A range of 0.117–0.423 mg/L of Cr was discovered. An improved R% was obtained at the dosage of 30 mg IONPs, according to the elimination investigation, as shown in Figure 6.



Three distinct doses of IONPs were used to remove the Cr. The maximum removal was evaluated and reported to be 61.2% applying 30 mg of IONPs, which produced an improved outcome compared to the other two concentrations.




4.3. Cadmium (Cd) Removal


Nearly all groundwater samples contain a quantity of toxic metals, notably cadmium. Wastewater is frequently used as a dyeing medium. In collected samples, Cd ranges from 0.001–0.006 mg/L, which does not specify an instant threat to lifeforms. In higher concentrations, it can damage the kidney and cause itai-itai disease [13,33]. Iron oxides were used to absorb the highest quantity of cadmium, and it was discovered that 98% was eliminated in under 30 min.



The absorption of cadmium by IONPs is shown in Figure 7, and the elimination of sewage sludge that included a low amount of cadmium was also verified by the preliminary and final concentrations of the component in the sewage. The elimination of toxic Cd elements at 30 mg of IONP is what causes the level to decrease, according to the amount versus time graph plot.




4.4. Elimination of Copper (Cu)


A copper concentration from 0.083 to 0.032 mg/L was observed. Excessive Cu concentrations cause gastrointestinal problems as well as a green line on the gums. Cu buildup in the abdomen is linked to the disorder heptoleuticular degeneration as a hereditary abnormality. Hazardous metallic reduction might also result in the recovery of groundwater for commercial and home usage [12]. Cu subtraction is accomplished by applying magnetic particles, showing a max. 66% elimination and 24% (minimum). Increasing the dose for IONPs provides an increased deduction percentage (Figure 8).




4.5. Nickel (Ni) Removal


Medicinal symptoms including skin inflammations, renal disorder, and lung blockage are caused by the excess of Ni ions [11,34]. The concentration of Ni was observed in the range of 0.039–0.008 mg/L within the tested water solution. Nickel subtraction was attained at a max. of 94% in 30 mg of sample (30 min), Figure 9. The remaining dosages possess comparably lower efficiency for the same study. The removal work was carried out for max. 45 min to optimize the adsorption mechanism, which showed ideal conditions at 30 min reaction.




4.6. Zn Elimination Study


The amount of zinc, a vital trace element, ranged between 1.67 to 0.096 mg/L. The current investigation found reduced Zn concentrations throughout all specimens. Increased Zn concentrations could induce astringent flavor and opalescence in groundwater [35,36]. An elimination of Zn was accomplished using three distinct IONP doses. Figure 10 demonstrates the decrease in ion concentrations with the passage of time. Taking 30 mg of INOPs, the discharge percentage was estimated to be 97% after 30 min. The content versus time figure shows that Zn is present at first, but disappears within 30 min.




4.7. Lead (Pb) Removal


The lead appearance in the tested water ranges from 0.063 to 0.005 mg/L. Pb’s harm to ocean organisms, notably fishes and humans, is widely known. Pb poison in humans could result in lassitude, gastrointestinal issues, anemia, mental retardation, and hypertension [37,38].



Figure 11 reveals a considerable sample amount with adsorption time—the various quantity of samples displayed a maximum (98%) and minimum (34%) removal at 30 and 10 mg concentrations.



Adsorption, which is typically used for the filtration of water and wastewater, is a mass transfer process where contaminants in a solution are carried to a solid adsorbent according to the ion exchange, hydrophobic interaction, and H bonding theories. Iron oxide hydroxyl is frequently generated in aqueous solutions as a result of the atomic Fe’s coordination with water. Iron oxide surface atoms coordinate with compounds that give away lone-pair electrons by acting as Lewis acids. These hydroxyl radicals can interact with bases or acids because they are amphoteric. Heavy metals from wastewater could be removed by the adsorption of these ions based on the physicochemical characteristics of magnetic particles and as a result of chemisorption. Generally, metal ions in an aqueous solution can exist as steady moieties or hydrolyze in order to produce a string of single and multiple hydroxyl assemblies, shown in the reaction below.


   M +  +   nH  2   O    ↔    M   (  OH  )  n ( m −  n 2  +   nH  +  )  











M simply used to mention metal. The mechanism could be displayed as given below:


   H 2  O + Fe −  O −  ↔    Fe  −  OH    ↔ Fe −   OH  2 +   











Therefore, electrostatic interaction may be the valid reason for the adsorption of metallic ions towards the negatively enriched surfaces of the Fe2O3 nanoparticles. These research findings were also supported by the reported experimental and theoretical simulations, which are a fundamental procedure to carrying out nanoscopic and modern technical studies [39,40,41,42,43].





5. Conclusions


Iron oxide nanostructures were prepared to employ the simplest and most cost-effective Sonochemical pathway. Shape, sizes, and magnetic behavior of manufactured iron oxides were confirmed using advanced instruments considering as XRD, UV-Vis, FTIR, HR-TEM, and VSM instruments. The optical absorption peak located at 360.15 nm revealed successful preparation for maghemite Fe2O3 nanostructures associated with XRD sizes having a maximum 21.3 nm average crystal size. HRTEM results depict an almost spherical shape of 20 nm magnetic NPs. The heavy metals were adsorbed from the industrial effluents using a maximum of 30 mg of iron oxides and the removal % was studied by ICP-OES, demonstrating a Cr (61.2%), Ni (64%), Cu (66%), Zn (97%), Cd (98%), and Pb (98%) removal. It can be concluded that the maximum 30 mg of IONPs was found more effective for Cd, Zn, and Pb, with over 97% removal from industrial waste. Such a heavy metal removal process could be applied for other metal extractions from various textiles, dye industries, and chemical laboratories using structurally modified IONPs.
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Figure 1. XRD Profile of iron oxides (Fe2O3). 
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Figure 2. UV-Vis spectra of IONPs. 
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Figure 3. FTIR Spectra of IONPs. 
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Figure 4. (a) Shape and size for IONPs by TEM. (b) HRTEM image for F3O4 NPs, (c) EDX spectra. (d) The SAED pattern of IONPs. 
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Figure 5. VSM measurement of IONPs. 
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Figure 6. Removal % of Cr using IONPs at different concentrations and their removal. 
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Figure 7. Removal of Cd using IONPs at different concentrations and their removal%. 
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Figure 8. Removal of Cu using IONPs at different concentrations and their removal%. 
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Figure 9. Removal of Ni using IONPs at different concentrations and their removal%. 
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Figure 10. Removal of Zn using IONPs at different concentrations and their removal%. 
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Figure 11. Removal of Pb using IONPs at different concentrations and their removal%. 
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Table 1. The concentration (mg/L) of identified metallic ions present in the effluents.
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Elements

	
S-1

	
S-2

	
S-3

	
S-4

	
S-5




	
Conc.

	
Conc.

	
Conc.

	
Conc.

	
Conc.






	
Cr

	
0.423

	
0.311

	
0.287

	
0.316

	
0.117




	
Ni

	
0.013

	
0.020

	
0.017

	
0.008

	
0.039




	
Cd

	
0.001

	
0.003

	
0.006

	
0.004

	
0.001




	
Cu

	
0.05

	
0.032

	
0.652

	
0.083

	
0.054




	
Pb

	
0.013

	
0.01

	
0.015

	
0.063

	
0.005




	
Zn

	
1.670

	
1.34

	
0.096

	
0.87

	
0.56
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