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Abstract: The use of nanotechnologies in water purification and recycling presents a theoretically and 

potentially promising solution that may help prevent future water shortages. Nanocomposites made 

from iron oxide nanoparticles exhibit excellent properties, including optical and physicochemical 

characteristics, magnetic recovery, and recyclability. This article highlights the role of pH in the surface 

charge density of nanoparticles and its effect on salt adsorption properties, which make these 

nanocomposites useful for the removal of total dissolved solids (TDS) and hardness from wastewater 

treatment. Synthesis of surface-engineered charged iron oxide nanoparticles by a simple co-

precipitation method provides strong negatively charged surfaces that aid in the attraction and 

immobilization of oppositely charged ions in water, thereby facilitating desalination. The study involves 

characterizing the prepared magnetic nanoparticles using Fourier transform infrared spectroscopy (FT-

IR), UV-Vis spectroscopy, dynamic light scattering (DLS), X-ray diffraction crystallography (XRD), 

and vibrating sample magnetometry (VSM). At room temperature, synthesized nanoparticles had an 

average size of 83 nm, high magnetization saturation (65.4 emu g-1), and high total dissolved solids 

(TDS) and total hardness reduction capabilities (up to 50%). Nanoparticles can also selectively capture 

cations, such as Ca2+, Mg2+, etc., from the effluent, removing the ions responsible for hardness. A 

comprehensive analysis was conducted over a pH range of 2-10 to understand their influence on the 

chelation ability of the binding salts. After treatment, the magnetic nanoparticles can be easily separated 

from the effluent using a strong external magnet. The pre-treatment of wastewater using nanoparticles 

from our research can help achieve zero liquid discharge (ZLD) in effluent treatment plants.  

Keywords: iron oxide nanoparticles; surface charge; cation removal; desalination; water purification; 

total hardness; zero liquid discharge. 
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1. Introduction 

The scarcity of fresh water is becoming more severe due to increasing global population 

demands and exacerbated by climate change [1]. Water-related challenges, such as pollution 

from various sources, are projected to worsen in the coming decades. As industrialization, 
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population growth, and natural disasters continue to impact water quality, the need for effective 

purification methods becomes increasingly urgent. Among the contaminants found in 

wastewater, heavy metals pose a significant threat to both the environment and human health. 

Traditional water treatment methods are insufficient to address contamination from pollutants 

introduced through rainfall and surface runoff [2,3]. Green nanotechnology has the potential to 

deliver the benefits of nanomaterials across various stages of commodity production, without 

the end products themselves being entirely based on nanotechnology [4,5]. Nowadays, deep 

learning applications are available in urban water systems, including water demand forecasting, 

leakage and contamination detection, sewer defect assessment, wastewater system prediction, 

asset monitoring, and urban flooding [6,7]. Saline water, naturally occurring and produced by 

various industries, including oil and gas, textiles, food, and pharmaceuticals, was traditionally 

disposed of but is now viewed as a valuable resource due to its environmental impacts. A new 

approach advocates shifting from disposal to resource recovery. Brine contains freshwater, 

salts, minerals, metals, chemicals, bioactive compounds, and energy potential. Minimal Liquid 

Discharge (MLD) and Zero Liquid Discharge (ZLD) systems are used to treat and recover these 

resources [8,9].  

Nanotechnology also offers innovative nanomaterials to purify surface water, 

groundwater, and contaminated wastewater from various sources. Its advancements have 

revolutionized fields like engineering, physics, and chemistry. The primary applications 

include nano zero-valent iron, nanofiltration, nanoclays, nanobiocides, nanoadsorbents, etc. 

[10]. Nanomaterials, such as nano-adsorbents, photocatalysts, nano-metals, and 

nanomembranes, have demonstrated their effectiveness in removing toxic metallic ions, 

organic and inorganic solutes, and microorganisms from surface, ground, and wastewater 

[11,12]. Researchers are actively working on water purification methods to improve water 

quality and enable reuse, particularly in agriculture. Various techniques, including 

nanofiltration, reverse osmosis, ion exchange, membrane filtration, evaporation, and such 

treatments, have been explored [13]. 

Magnetite nanoparticles (MNPs) serve a diverse array of purposes, including magnetic 

separation [14] in various industries and the creation of polymer suspensions for biomedical 

and life science applications [15,16]. Modifying MNPs with different stabilizing agents results 

[17] in the production of uniform nanopowders and facilitates tailored interactions with 

molecules [18], thanks to specific functional groups [19], catering to a range of application 

needs [20,21]. Various conventional techniques for wastewater treatment using nanoparticles 

include chemical precipitation, membrane separation, foam separation, reduction, and ion 

exchange. Each of these methods has its own limitations. However, the most versatile and 

widely used method for wastewater treatment is adsorption [22]. Adsorption is favored for its 

cost-effectiveness, simplicity, effectiveness, and ease of use. Researchers have been motivated 

to investigate different adsorbent materials to improve the efficiency and cost-effectiveness of 

wastewater treatment processes [23]. 

Patent WO2013074669A1 describes the formation of films and filters from 

nanoparticles having a core surrounded by a ligand [24]. These films are made by using a 

nanoparticle solution after evaporating the liquid. The film primarily focuses on the rejection 

of larger particles from the membrane pores. Patent WO2015177391A1 describes a new 

nanostructured electrolyte based on magnetic iron oxide nanoparticles that provides high 

osmotic pressure for use in seawater or continental water purification processes through 

direct/forward osmosis [25]. Liu et al. have developed humic acid-coated Fe3O4 Magnetic 
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Nanoparticles for the efficient removal of heavy metals from wastewater [26]. The article 

describes the absorption of heavy metals, especially divalent or trivalent ions, in small 

quantities, i.e., only 10 % w/w of the nanoparticles. Patent CN102423696A describes the humic 

acid-modified nano-ferroferric oxide, which can be applicable for the treatment of oil-

containing wastewater. The patent discussed methods for separating water from oil-containing 

wastewater by treating the wastewater with humic acid-modified nanoferric oxide [27]. 

This research paper aims to explore the potential of functionalized iron oxide 

nanoparticles as an innovative approach for removing TDS and hardness from wastewater. This 

study investigates the impact of pH on the functionalization of magnetic nanoparticles for the 

removal of TDS and hardness from wastewater. By functionalizing the nanoparticle surface 

with specific functional groups, we hypothesize that their adsorption and ion-exchange 

capabilities can be tailored to selectively target and remove dissolved cations and hardness-

causing ions from wastewater streams. Through systematic investigations and optimization of 

nanoparticle synthesis, surface modification, and adsorption/ion-exchange mechanisms, this 

study aims to develop an efficient, cost-effective solution to address the challenges posed by 

TDS and hardness in wastewater treatment. In this paper, we have developed, to the best of our 

knowledge, a chemical process-based nanoparticle system that operates without external 

energy to remove positively charged ions (i.e., cations) from effluent. The nanoparticles in the 

present study have characteristics such as small size, negative surface charge, high negative 

surface charge density, magnetic properties for easy separation, and good binding affinity for 

ions, making them efficient at removing a large number of ions at once. Also, the nanoparticles 

can be regenerated and reused, making them cost-effective for industrial and seawater 

desalination. In addition, the nanoparticles in the present study are easy to manufacture, 

scalable, and user-friendly.  These characteristics make them novel for their use in wastewater 

treatment [28]. 

2. Materials and Methods 

2.1. Materials and instruments. 

Iron salts such as Crystalline Anhydrous FeCl3 (98%), FeSO4 x 7H2O (97%) were 

purchased from Chemdyes Co. NaOH (97%) was purchased from Molychem. EDTA disodium 

salt (98%) was purchased from Fisher Scientific, India. Distilled water was collected from an 

in-house double distillation unit. All the Glasswares were calibrated before use. Instruments 

such as Magnetic stirrer (REMI-5MLH, Mumbai, India) and micro-pipette (VAR VOL 100–

1000 µl, Kasablanka-Mumbai, India), Microwave Oven (frontline Instruments, New Delhi, 

India), Weighing Balance (Scale tech, Pune, India), pH meter and Conductometer (Systronics 

Instruments, Ahmedabad, India), Centrifuge (REMI-5000 RPM, Mumbai, India) were 

calibrated before their use. 

2.2. Synthesis of ethyl diamine tetraacetic acid (EDTA) coated iron oxide nanoparticles 

(IONPs). 

2.2.1. Synthesis of Iron oxide nanoparticles (IONPs).  

The bare iron oxide magnetic nanoparticles were synthesized using a simple co-

precipitation method modified from references [29,30], as illustrated in Figure 1. A solution 

containing a 1:2 ratio of Fe2+ and Fe3+ ions was gradually added to double-distilled water while 
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stirring constantly. 1.0 M NaOH was slowly added under continuous stirring, and the solution's 

pH was adjusted between 10 and 11. The mixture was stirred for 1 hour for homogenization 

and completion of the reaction. The resulting IONPs were separated using a permanent magnet, 

washed multiple times with deionized water, and then dried in an oven at 70°C for 24 hours. 

The dried sample was stored in an airtight container at ambient temperature for further analysis 

[31]. 

 
Figure 1. Schematic presentation of the synthesis of coated IONPs. 

2.2.2. Surface modification of IONPs with EDTA.  

After the temperature of the synthesized nanoparticles was reduced to 40°C, 10 g of 

EDTA-disodium salt was added and stirred for 3 hours at room temperature using a magnetic 

stirrer. Surface modification of the nanoparticles was performed by neutralizing them with 0.01 

M HCl under continuous vigorous stirring at room temperature [32,33]. 

2.3. Activation of nanoparticles. 

Synthesized EDTA-coated IONPs were washed multiple times with double-distilled 

water. The nanoparticle suspension was activated for wastewater treatment by maintaining total 

dissolved solids (TDS) at 30 ppm and pH at 3. pH adjustment is crucial to maintain optimal 

conditions for adsorption, while characterization and optimization ensure effective surface 

modification. Overall, activation processes to obtain nanoparticles with low TDS and pH can 

effectively treat wastewater, offering a promising solution for water remediation in challenging 

environmental conditions. 

2.4. Spectroscopic studies. 

2.4.1. UV-Vis spectroscopy for iron concentration determination. 

UV-Vis spectroscopy (Shimadzu UV-1900, Kyoto, Japan) was performed to determine 

the ion concentration using FeCl3; the known amount of particles was dissolved in concentrated 

HCl and incubated for 2 hours at 50° to 60°C. The spectrophotometric measurements were 

performed at 334 nm using a UV-Vis spectrophotometer [34].  

2.4.2. Fourier transformed infrared (FTIR) spectral studies. 

The EDTA coatings on IONPs were analysed by FT-IR spectroscopy to confirm the 

successful attachment of EDTA to the NP surface. This technique provides detailed 

information about molecular vibrations and chemical bonds within a sample, verifying the 

presence of specific functional groups associated with the polyacid coating [35]. 
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2.5. Characterization of IONPs. 

2.5.1. Measurement of particle size. 

The particle size of the different nanoparticle samples was determined by dynamic light 

scattering (DLS) using a HORIBA Scientific nano PARTICA SZ-100 (HORIBA Scientific, 

Kyoto, Japan). The samples were prepared by dispersing NPs in double-distilled water to form 

a stable colloidal suspension, and sonication was applied as needed to ensure uniform 

dispersion. During the measurement, a laser beam was centered on the sample, and different 

angles of scattered light were measured. The hydrodynamic diameters of the NPs were 

determined by analyzing the intensity variation of the scattered light. The particles were then 

processed to generate an accurate size distribution profile [36].  

2.5.2. X-ray diffraction.  

XRD studies were done with dry crystalline nanoparticles using (Philips-PW1800, 

Eindhoven, Netherlands) with CuKα radiation (λ = 1.54184 Å) - range of 20°-80° with a step 

size of 0.02°. For XRD studies, finely powdered NPs were prepared and pressed into a flat 

sample holder to ensure a smooth and even surface. As the X-ray interacted with the crystalline 

planes of the NPs, a diffraction pattern was recorded, consisting of peaks corresponding to 

different crystallographic planes. The intensities and positions of different peaks provided 

detailed information about the crystalline structure and phase composition of the NPs. The 

crystal size, d, of the synthesized samples was calculated using the Scherrer equation [37].  

2.5.3. Vibrating sample magnetometry. 

VSM analysis of the magnetic properties of nanoparticles was performed using a Lake 

Shore (7410 Series VSM 2019, Cryotronics, Westerville, USA) at room temperature. A 

variable magnetic field was applied to the sample, and the resulting magnetization was 

measured as a function of the applied field. Magnetic properties, including saturation 

magnetization (Ms), Coercivity (Hc), and remanence magnetization (Mr) from the hysteresis 

loop, were determined using the VSM technique [38].  

2.6. TDS and Hardness removal studies. 

2.6.1. Sedimentation studies. 

Studies of IONPs sedimentation were carried out to investigate the influence of a 

magnetic field on their settling behavior. Two sets of experiments were performed: one with 

the application of a magnet and the other without it. 10% w/v nanoparticle samples were placed 

in a 200 ml beaker, and their settling behavior at the bottom was monitored over time [39]. 

2.6.2. TDS and Hardness Reduction Studies. 

To assess desalination capability, an effluent with TDS around 4000 ppm, hardness 

around 300 ppm, and an alkaline pH between 9 and 11 was treated with NPs. pH of the 

nanoparticle system was around 3.0 (i.e., below the pKa values of ionizable groups in the 

EDTA). 
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2.6.3. TDS and Hardness Reduction Experiment. 

To evaluate the effectiveness of EDTA-IONPs in removing TDS from effluent, an 

experimental setup was designed using synthetically prepared effluent. The effluent was 

prepared by dissolving 3 g of NaCl in 1 L of water to achieve a TDS of 3000 ppm. Experiments 

were conducted with 100 ml effluent samples treated with various concentrations of 12% w/v 

EDTA-IONPs (at 10 to 50 ml). Experiments were performed in duplicates to ensure accuracy 

and reproducibility. To verify results at a larger scale, 500 ml of effluent was treated with 100 

ml of nanoparticles, mixed for 10 minutes, and allowed to settle for 60 minutes. After treatment, 

the nanoparticles were separated by using an external magnet. This experimental setup aimed 

to assess the efficiency of EDTA-IONPs in TDS reduction. 

An effluent with 300 ppm hardness was prepared by adding 0.4 g of CaCl2 x 2H2O and 

0.6 g of MgCl2 x 6H2O to 1 liter of water and used for further hardness removal experiments. 

Different concentrations (10 to 50 ml) of EDTA-IONPs were added to separate aliquots of 

hardness effluent, thoroughly mixed, and allowed to interact with the hardness-causing ions, 

ensuring uniform distribution and interaction with the hardness-causing ions. The pH was 

adjusted to around 9 to optimize the chelation process, which involves the binding of EDTA 

with Ca2+ and Mg2+ ions. 

2.6.4. Regeneration and reuse of nanoparticles. 

The regeneration process restores the nanoparticles' functionality after they have 

captured TDS and hardness from the effluent, enabling reuse and enhancing economic 

viability. After the effluent treatment, the nanoparticles were separated from the treated effluent 

using a magnetic separator. The captured salts, calcium and magnesium ions, were then 

removed by washing the nanoparticles with 0.01 M HCl, which protonated the EDTA groups 

and released the bound positively charged ions. The nanoparticles were subsequently rinsed 

with deionized water to remove any residual acid and desorbed ions [40]. 

2.6.5. Effect of pH of nanoparticles and effluent.  

The effect of pH on both the effluent and NPs was systematically varied from 2.0 to 

10.0 to investigate its impact on TDS removal by nanoparticles. To achieve the desired pH 

levels, 0.1 N hydrochloric acid (HCl) and sodium hydroxide (NaOH) solutions were used. This 

study examined the correlation between pH variation and the efficiency of NPs in removing 

TDS [40,41]. 

2.6.6. Effect of concentration of nanoparticles. 

In this study, different concentrations of NPs were used to investigate their effect on 

the removal of TDS from effluent. Specifically, NPs volumes ranging from 10 mL to 50 mL 

were added to a 100 mL sample of effluent. The initial effluent concentration was 4000 ppm, 

and pH was maintained around 10 to optimize interaction with the NPs, with a pH range of 1 

to 3. 

3. Results and Discussions 

IONPs were synthesized by the simple co-precipitation method using an initial 

precursor solution of iron salts such as FeCl3 and FeSO4. After synthesizing IONPs, they were 
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coated with EDTA-disodium salt to enhance their stability and functionality in TDS and 

hardness removal. The coating of EDTA involves the strong interaction between the surface of 

IONPs and EDTA molecules. EDTA, being a hexadentate ligand, has four carboxylic and two 

amine groups capable of binding to metal ions. The pKa values of EDTA play a crucial role in 

the binding efficiency of nanoparticles to different salts of opposite charge. Adjusting the 

wastewater solution to an alkaline pH (10-11) facilitates the deprotonation of the carboxylic 

group and increases the negative charge density on the EDTA molecules. EDTA forms multiple 

coordinate bonds with the iron and oxygen atoms present in IONPs. The chelating effect of 

EDTA stabilizes the nanoparticles, preventing aggregation and enhancing their dispersibility 

in aqueous solution. This EDTA coating not only stabilizes the IONPs but also introduces 

functional groups that can interact with positively charged ions from the effluent. After coating, 

EDTA-IONPs were washed multiple times with double-distilled water and activated by 

adjusting the pH to 3 using 0.01 M HCl and TDS at 30 ppm. The EDTA-IONPs, when added 

to water with high TDS, bind to the positively charged ions present in the effluent. The 

nanoparticles can then be separated by filtration, sedimentation, magnetic separation, 

centrifugation, or other methods, leaving behind water with significantly reduced TDS. 

3.1. Spectroscopic analysis. 

FTIR spectra as given in Figure 2 were employed to analyze the coating of EDTA on 

the nanoparticles: IONPs, EDTA-IONPs, and EDTA. The FTIR spectra showed distinct bands 

corresponding to Fe-O bond vibrations, observed at lower wavenumbers (≤700 cm−1). 

Particularly, the band at 550 cm−1 corresponded to the stretching vibration mode of Fe-O bonds 

in magnetite nanoparticles (IONPs). 

 
Figure 2. FTIR spectra of (a) IONPs; (b) EDTA-IONPs; (c) EDTA. 

A broad absorption band in the range of 2800-3300 cm-1 suggests the presence of O-H 

stretching and bending vibrations, likely originating from water molecules and the O-H group 

of EDTA. An absorption peak within the 2800-2900 cm-1 range is attributed to the stretching 

vibration of C-H bonds. Two sharp peaks at 1724 and 1637 cm-1 correspond to C=O and C-O 

bonds, indicating the presence of carboxylic acid groups, as reported by Liu et al. [42]. 

b 

c 

a 
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The UV-Vis spectroscopy results given in Figure 3 demonstrate the successful 

quantification of iron content in IONPs. The reliability of the iron determination method was 

confirmed by a linear calibration curve with a high correlation coefficient in a standard FeCl3 

solution. The iron content was confirmed to be above 90% of the original iron salts in 

nanoparticle samples. The measured iron concentrations in the nanoparticle samples are 

consistent with the expected values, indicating efficient synthesis and coating processes. 

 
Figure 3. (a) UV-Vis spectroscopy of IONPs; (b) Standard curve of Anhy. FeCl3. 

3.2. Particle size analysis.  

Particle size analysis of IONPs and EDTA-IONPs was determined using dynamic light 

scattering (DLS), as shown in Figure 4. It is a powerful technique used to determine the size 

distribution and stability of NPs in suspension. In this study, DLS was employed to measure 

the hydrodynamic diameter of IONPs and EDTA-IONPs by monitoring the intensity 

fluctuations in scattered light caused by the Brownian motion of nanoparticles in suspension. 

The size of the IONPs was to be around 82 nm. After coating the IONPs with EDTA, the 

hydrodynamic size increased substantially to 272.5 nm. This increase in size suggests that the 

coating material adds layers by modifying the nanoparticles' surfaces, making them highly 

hydrophilic. EDTA molecules adsorb onto the nanoparticles' surfaces, forming a protective 

layer that stabilizes the particles and prevents agglomeration. 

 
Figure 4. Particle size distribution of (a) IONPs; (b) EDTA-IONPs. 

https://doi.org/10.33263/LIANBS144.221
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS144.221  

 https://nanobioletters.com/ 9 of 19 

 

3.3. X-ray diffraction. 

The crystallite orientations of the iron oxide nanoparticles were investigated using 

powder X-ray diffraction (XRD) in Figure 5. The X-ray diffraction pattern of the calcined 

powder synthesized by this method shows a clear, distinctive signature, confirming the 

successful formation of IONPs [43]. The size of crystalline nanoparticles was calculated using 

the Scherrer equation.  

d =
Kλ

βcosθ
   (1) 

Where K = Scherer constant (0.89); λ = x-ray wavelength (λ = 1.54184 Å); θ (°)= Bragg 

diffraction angle. 

The characteristic diffraction peaks of anatase at 33.4°, 36.5°, 43.7°, 58.7°, and 62° 

correspond to the reflections from the (002), (113), (004), (115), and (044) planes, which were 

observed, and no rutile peaks were detected (Crystallographic card number JCPDS 96-900-

2322). 

 
Figure 5. X-ray diffraction spectra of IONPs. 

The cubic spinel structure was observed to align with the expected crystallographic 

configuration. No additional phases or impurities were identified in the analysis. Particle size 

analysis was determined using the Scherrer formula, based on the most intense peaks, yielding 

an average particle size of 28.98 nm. 

The controlled manipulation of the rate of NaOH mixing with the salt solution is crucial 

for determining particle size variation. Specifically, faster mixing rates lead to the generation 

of larger particles, as the growth rate surpasses the nucleation rate under these conditions. This 

nuanced control over particle size is significant for tailoring the material's properties, making 

it a valuable aspect in materials science. 

3.4. Vibrating sample magnetometry. 

Magnetization curves at room temperature of the iron oxide and EDTA-coated Iron 

oxide nanoparticles are illustrated in Fig. 6. Magnetic nanoparticles exhibit superparamagnetic 

behavior at room temperature due to their low coercivity and remanent magnetization. The 

saturation magnetization of these nanoparticles was measured and found to be around 65.4 
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emu/g. The superparamagnetic property of magnetic nanoadsorbents is a crucial characteristic 

for their potential use in aqueous solutions. EDTA-IONPs functionalized magnetic 

nanoparticles demonstrate comparable paramagnetic properties to regular uncoated 

nanoparticles and show a strong response when subjected to an additional permanent magnet. 

This enables the rapid separation of the magnetic nanoparticles from water, making them 

highly effective for various applications [44]. However, no difference in saturation 

magnetization values was observed between EDTA-IONPs and uncoated IONPs. 

 
Figure 6. Magnetic hysteresis curve of IONPs. 

3.5. Sedimentation studies of EDTA –IONPs. 

The sedimentation study highlights the effects of magnetic fields on the sedimentation 

behavior of IONPs, as shown in Table 1. In this experiment, two sets of 200 mL nanoparticle 

suspensions were prepared and subjected to two conditions: with and without a magnet. When 

the nanoparticles were placed on the magnet, the sedimentation volume was measured at 1, 3, 

5, and 7-minute intervals. The rapid aggregation and settling were observed in the presence of 

an external magnet. At 7 minutes, the sediment volume reduces to 30 ml. In contrast, without 

a magnet, the sedimentation rate was slower compared to the magnet-assisted condition (Table 

1), and it took about 35 min to completely settle the particles [19,45]. 

Table 1. Sedimentation study of EDTA-IONPs using a magnet. 

Sedimentation with a magnet Sedimentation without magnet 

Time (minutes) Sedimentation (mL) Time (minutes) Sedimentation (mL) 

0 200 0 200 

1 80 9 100 

3 60 15 70 

5 50 20 50 

7 30 35 30 

3.6. TDS reduction from effluent. 

The potential of nanoparticles as a promising technology for TDS reduction in effluent 

treatment is shown in Figure 7. Optimization of nanoparticle dosage, pH conditions, and other 

treatment parameters can further enhance treatment efficiency and improve the quality of 

treated effluent. 

https://doi.org/10.33263/LIANBS144.221
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Figure 7. Application of nanoparticles in TDS and hardness removal. 

100 ml of effluent samples with initial TDS values ranging from 4000 ppm to 4400 

ppm were taken for the TDS reduction study. The pH of the effluent was kept around 10. 

Different volumes of nanoparticles (NPs) having a concentration of 12% w/v were added to 

the effluent samples for treatment, ranging from 10 ml to 50 ml. The pH of the nanoparticles 

was maintained between 1 and 3. After treatment with nanoparticles, the final TDS values 

decrease, indicating the effectiveness of the treatment using NPs. The percentage reduction in 

TDS relative to the initial TDS is calculated for each sample, and the reduction ranges from 

7.3% to 53% depending on the process parameters (Figure 9b). This study highlights the 

importance of optimizing both the NPs dosage and pH conditions to maximize TDS removal 

efficiency. The results showed that adjusting these parameters can achieve significant 

improvements in the quality of treated effluent.  

3.7. Hardness reduction from effluent. 

The results indicated a significant reduction in hardness level upon treatment with 

EDTA-IONPs, as shown in Figure 8. The reduction in hardness can be attributed to the high 

affinity of the deprotonated carboxylic group of EDTA for calcium and magnesium ions. By 

optimizing pH and nanoparticle concentration, binding efficiency with cations can be 

increased. The percentage of hardness reduction compared to the initial hardness was 

calculated depending on such parameters. Up to a 30% reduction in hardness, and a positive 

correlation between nanoparticle concentration and hardness removal efficiency, underscore 

the importance of optimizing these parameters in practical applications to achieve the desired 

reduction in hardness. 

 
Figure 8. The graphing representation of the percentage of total hardness removal vs concentration of NPs (in 

millilitres). 

https://doi.org/10.33263/LIANBS144.221
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS144.221  

 https://nanobioletters.com/ 12 of 19 

 

3.8. Effect of pH on TDS and hardness removal. 

The pH of EDTA-IONPs directly affects the ionization state of the functional group of 

EDTA, as shown in Figure 9. The pKa values of the four carboxylic groups (-COOH) of EDTA 

are 2.0, 2.7, 6.2, and 10.3, and two amine groups (-NH2) with pKa values around 6.2 and 10.3. 

At pH below the lowest pKa of the polycarboxylic acid, the nanoparticle surfaces have the 

maximum negative charge. In contrast, at higher pH levels, carboxylic groups lose their protons 

and become deprotonated, enhancing their chelating or binding properties to capture positively 

charged metal ions (Ca+2, Mg+2), sodium ions (Na+), etc. These highly negatively charged 

nanoparticles can easily attract the cations. This binding occurs through the formation of stable 

complexes between negatively charged carboxylic groups and metal ions. The pH of the 

effluent significantly influences the efficiency of TDS and hardness removal using EDTA-

IONPs [46,47]. Effluent with an alkaline condition (pH 7-11) promotes better interaction 

between NPs and salts. Under acidic conditions (pH 2-6), the efficiency of TDS removal may 

decrease due to the protonation of EDTA’s functional group, leading to weaker binding with 

metal ions and other dissolved species. In this experiment, synthetic effluent at 3000 ppm was 

treated with varying concentrations of nanoparticles (10-50 ml) at different pH levels. It was 

observed that effluents with alkaline pH (8-10) exhibited the highest salt reduction compared 

to neutral (pH 7) and acidic (pH 4-6) conditions (Figure 9) [48-50] This is due to the 

nanoparticles' negative surface charge in alkaline conditions [51,52], which enhances the 

adsorption of positively charged ions such as Ca2+ and Mg2+ Additionally, the formation of 

metal hydroxide complexes and increased nanoparticle aggregation in alkaline environments 

promote more efficient TDS removal. Thus, adjusting the effluent pH to alkaline levels 

optimizes the performance of EDTA-IONPs in TDS and reduces hardness.  

 
Figure 9. The graphic representation of a) percentage of TDS reduction vs pH of NPs; b) percentage of TDS 

reduction vs Conc. of NPs (in millilitres). 

3.9. Effect of concentration on TDS and hardness removal. 

The concentration of EDTA-IONPs used for effluent treatment significantly impacts 

the TDS removal efficiency. Higher NPs concentration increases the availability of chelation 

sites, improving TDS removal efficiency, but excessive amounts can cause aggregation. Figure 

9 shows a positive correlation between EDTA-IONP concentration and the percentage of TDS 

removal in synthetic wastewater [53]. As the concentration of NPs increases from 10 mL to 50 

mL, the TDS removal efficiency improves significantly (up 50%) (Figure 9). Higher 

concentrations result in greater TDS removal due to increased surface area, active NPs, 

aggregation, and synergistic effects. As the concentration of NPs increased, it was observed 
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that the TDS reduction efficiency also increased. The TDS reduction was 53% with 50 ml (12% 

w/v) NPs, whereas it was only around 7.3% with 10 ml (12% w/v) NPs. Optimizing 

nanoparticle concentration and pH conditions is essential for maximizing treatment efficiency, 

offering a promising approach to enhancing the effectiveness of nanoparticle-based wastewater 

treatment processes [54,55]. 

3.10. Regeneration and reuse of NPs. 

In Figure 10, the graph of TDS Removal Efficiency (%) vs. Regeneration Cycle 

illustrates how the efficiency of EDTA-IONPs in removing TDS from a 4000 ppm solution 

changes over 10 regeneration cycles. Initially, the nanoparticles achieve a 49% TDS removal 

efficiency. As the number of regeneration cycles increases, this efficiency gradually decreases, 

reaching 44% by the 10th cycle. This reduction in efficiency is partly due to the loss of NPs 

and a potential decline in their active surface area over time, driven by the loss of loosely bound 

EDTA molecules, if any. However, even with this decrease, the nanoparticles still maintain 

significant TDS removal capability. By enabling multiple uses of the same batch of 

nanoparticles, the regeneration process substantially reduces the need for fresh nanoparticle 

synthesis, thereby saving on material production and resource consumption costs. Additionally, 

the ability to reuse nanoparticles minimizes waste generation and supports environmentally 

sustainable practices in water treatment applications. 

 
Figure 10. Graph showing the percentage of TDS removal vs No. Regeneration cycle. 

In this study, iron oxide nanoparticles (IONPs) were synthesized using a co-

precipitation method [56], in which metal ions were precipitated with a base at an appropriate 

pH. The solution was stirred to ensure thorough mixing, and the nanoparticles were 

magnetically separated, washed, and dried. For surface modification, the nanoparticles were 

treated with a chelating agent, stirred, and neutralized with an acid. The modified nanoparticles 

were then washed and activated for wastewater treatment by adjusting the total dissolved solids 

(TDS) and pH to optimal levels, enabling effective adsorption and removal of salts. The pH of 

EDTA-IONPs affects their charge and binding ability. At low pH, the carboxylic groups on the 

nanoparticles are deprotonated, and when mixed with alkaline effluent, these carboxyl groups 

get deprotonated. In this way, a negative charge is generated on the particle surfaces, which 

enhances the binding of positively charged metal ions. In this study, it was observed that 
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alkaline conditions (pH 7-11) improve the efficiency of TDS and hardness removal. By 

controlling the pH, the ionization state of EDTA can be tailored to enhance the nanoparticles' 

ability to bind and remove harmful cations, such as calcium, magnesium, and sodium, which 

contribute to high total dissolved solids (TDS) and water hardness. This provides a cost-

effective, scalable, and efficient solution for industries, reducing operational costs. 

4. Conclusions 

This study demonstrates the significant potential of functionalized IONPs for the 

removal of TDS and hardness from wastewater. The synthesized nanoparticles, with an average 

size of 83 nm and high magnetization saturation (65.4 emu/g), were shown to be effective in 

reducing TDS and hardness by up to 50%. Surface modification of these nanoparticles with 

EDTA enhanced their ability to selectively capture cations, such as Ca²⁺ and Mg²⁺, which are 

responsible for water hardness. Characterization of nanoparticles using various techniques 

confirms their size, nature, composition, magnetism, and functional properties. Experimental 

results highlighted the influence of pH and nanoparticle concentration on the efficiency of TDS 

and hardness removal. The findings reveal that the pH of the NPs and the effluent significantly 

influences the chelation ability of EDTA, with optimal performance observed at slightly 

alkaline conditions, where EDTA is fully deprotonated. At these higher pH levels, the 

nanoparticles effectively bind and remove calcium and magnesium ions, resulting in a 

substantial reduction in water hardness and TDS. Regeneration studies showed the NPs 

retained their effectiveness over multiple cycles. Increased nanoparticle concentrations further 

improved TDS removal efficiency, demonstrating a direct correlation between nanoparticle 

volume and treatment efficacy. Overall, this research underscores the viability of EDTA-

IONPs as a cost-effective and efficient wastewater treatment solution. The ability to easily 

separate the nanoparticles from treated effluent using a magnetic field enhances the practicality 

and sustainability of this approach.  

The outcome of this research work can be utilized in a number of industries, including 

textiles, chemicals, pharma, dyes and pigments, ceramics, etc. These industries discharge 

effluent high in dissolved organic matter, inorganic salts, and other harmful substances. In this 

research, we have synthesized nanoparticles for wastewater treatment that desalinate high-

salinity water cost-effectively. The treated water obtained from these nanomaterials may be 

used as process water in industry or for irrigation. The treated water can also be converted into 

potable water by processing it through reverse osmosis, where our pre-treatment method using 

nanomaterials will enhance water recovery and significantly reduce the reject stream volume. 

No such effluent pre-treatment technology is currently available. Once implemented, it can be 

a game-changer for the water treatment industry and for areas where high-salinity water is 

abundant.  

By efficiently removing cations and hardness from wastewater, these nanoparticles can 

help reduce the load of organic and inorganic contaminants, which also has the ability to 

influence Chemical oxygen demand (COD) and Biological Oxygen demand (BOD) levels. The 

improved water quality supports biological processes in ecosystems, promoting healthier 

aquatic environments. Future work will focus on optimizing nanoparticle synthesis and surface 

modification processes to further enhance the performance and scalability of this technology 

for real-world applications. The use of these nanoparticles would enable the effluent treatment 

plant to desalinate wastewater and make it suitable for reuse in the process, thereby supporting 

water recycling. This can also help desalinate salty and brackish water, remove water hardness, 
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remove toxic heavy metal ions, and purify sea, lake, and river water. This can greatly help 

restore depleted water sources and enable the nation to meet its clean water requirements at an 

economical cost. 
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