
Journal of 
Environmental 

Research Article Nanotechnology 

J. Environ. Nanotechnology., Vol. 13(4), 47-55 (2024) 
https://doi.org/10.13074/jent.2024.12.243926 

Synthesis and Characterization of Iron Oxide 
Nanoparticles from Coal Fly Ash Waste and their 
Application for the Removal of Methyl Red Dye from 
Aqueous Solutions 

Virendra Kumar Yadav1, Nisha Choudhary2, Pankaj Kumar3* and M. H. Fulekar4 
1Marwadi University Research Center, Department of Microbiology, Faculty of Sciences, Marwadi University, Rajkot, GJ, India 
2Department of Life Sciences, Parul Institute of Applied Sciences, Parul University, Vadodara, GJ, India 
3Department of Environmental Science, Parul Institute of Applied Sciences, Parul University, Vadodara, GJ, India 
4Centre for Research for Development, Parul University, Wagodia, Vadodara, GJ, India 
Received: 22.09.2024        Accepted: 01.12.2024        Published: 30.12.2024 
*pankajb434@yahoo.com

ABSTRACT 

Coal fly ash is a major global challenge for human health and the environment. Tremendous efforts have been 

made to develop value-added materials from coal fly ash (CFA). One such attempt was made in this work to recover crude 

iron fraction from the CFA by the wet magnetic separation method; the extracted crude iron and concentrated HCl were 

subjected to sonication and heating to obtain iron leachate. In the first step, iron extracted from CFA was mixed with 

concentrated HCl, sonicated for 2 hours, and heated at 60 ℃. Then, the acidic iron-rich leachate was utilized as a precursor 

material for forming iron oxides by using NaOH precipitation methods. Then the iron oxide nanoparticles (IONPs) were 

analyzed using XRD, FT-IR, and FE-SEM techniques. The spherical to cuboidal shape of IONPs of size 80-500 nm was 

revealed by FE-SEM. The IR showed typical bands at 444, 601, 1101, 1406, 1742, 2007, and 3127 cm-1, while XRD revealed 

peaks at 31.020° and 44.830° and a small intensity peak at 34.710°, indicating the formation of IONPs. Further, the 

synthesized IONPs were evaluated for the remediation of methyl red (MR) dye from the simulated wastewater. The 

adsorption efficiency of MR dye was about 64.75%. Such techniques for utilizing industrial waste for synthesizing value-

added materials like IONPs and their application for removing dyes from wastewater make the entire process economical.  

Keywords: Fly ash; Methyl red; Iron oxide nanoparticles; Remediation; Transformation. 

1. INTRODUCTION

Nanotechnology and nanoparticles (NPs) have 

played a tremendous role in all fields of science, for 

instance, research, drug delivery, environmental clean-

up, and electronics (Haswani et al. 2024; Miao et al. 

2024; Mehta et al. 2024). The drastic increase in the 

applications of NPs is especially due to the small surface 

area-to-volume ratio (SVR), high efficiency, and 

excellent features (Eker et al. 2024; Patel et al. 2024). 

Among all the NPs, only a few have gained prominence, 

such as zinc oxide NPs (Modi et al. 2022), alumina NPs, 

TiO2 NPs, silica NPs (Nicola et al. 2020) and IONPs 

(Patel et al. 2023; Kumar et al. 2024). Even though all 

these NPs have numerous advantages, their expensive 

synthesis technique, precursor, and characterization 

make them highly expensive. Due to this, NPs are not the 

first choice for various research-based investigations. 

Out of all the metal oxide NPs and magnetic NPs, IONPs 

have gained huge popularity in recent years due to their 

advantageous features, ease of manipulation in an 

external magnetic field, recoverable nature, and low cost 

(Han et al. 2024). Due to all these properties, IONPs are 

being widely used in the remediation of pollutants 

(organic and inorganic), electronics (recording tape, 

sensors), biomedicine (MRI, drug delivery, 

hyperthermia), magnetic ink printing, etc. (Rajendran et 

al. 2023; Perwez et al. 2023). The suitability and 

applications of IONPs in all these fields are governed by 

their size and shape. 

It is very important to have a specific size and 

shape for the IONPs to be used in electronics, magnetic 

resonance imaging (MRI) (Deeraj C et al. 2024; Sun et 

al. 2024), and environmental clean-up. Moreover, the 

IONPs could exist in amorphous or crystalline phases, 

deciding their part in further applications. 

IONPs are synthesized from iron salt precursors 

for all these applications, making them expensive. So, 

there is a need for an economical precursor for the 

synthesis of IONPs. Several researchers have reported 

the formation of IONPs from several industrial wastes 

like red mud (Liu et al. 2018), iron scrap, incense stick 

ash (Gupta et al. 2022), and coal fly ash (Li et al. 2022). 

Out of all these industrial wastes, CFA is the most 

potential candidate due to their high ferrous content (5-

https://crossmark.crossref.org/dialog?doi=10.13074/jent.2024.12.243926&domain=pdf&date_stamp=2024-12-30
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15%) and availability in vast amounts as a waste 

(Marinina et al. 2021). CFA is a heterogeneous material 

that is generated during the burning of pulverized coal in 

thermal power plants at the time of generation of 

electricity (Rafieizonooz et al. 2022). Every year, a huge 

amount of CFA is produced, and the majority of them are 

left unused, leading to water and soil pollution (Mohebbi 

et al. 2022). Using CFA as a source of ferrous materials 

could thus prove to be a revolutionary step in the 

scientific domain. 

IONPs of different shapes and sizes have been 

synthesized by various investigators as per their needs, 

but rarely any attempt has been made for the form of 

IONPs from crude iron from CFA (Zanata et al. 2022; 

Sharma et al. 2022). So, there is a need to fine-tune the 

size and shape of IONPs synthesized from wastes like 

CFA and provide economical IONPs for MRI 

(Besenhard et al. 2021), research, electronics, and 

environmental applications. The useability of such 

waste-synthesized IONPs could be enhanced by 

eliminating their impurities. Previously, Ba-Abbad et al. 

synthesized magnetite NPs of different shapes and sizes 

using the co-precipitation method and finally applied 

them to different applications. The investigators used 

iron precursors to form IONPs (Ba-Abbad et al. 2022). 

Twinkle et al. used iron dust waste (from the 

steel industry) to synthesize IONPs. The surface area of 

the magnetically active IONPs was reported to be almost 

4.5 times more than that of iron dust (Twinkle et al. 

2024). Yadav et al. (2023) extracted ferrous particles 

from CFA, which were further treated with acids to 

obtain the iron leachate. Finally, the investigators 

obtained IONPs by using the precipitation method. The 

investigator further assessed the potential of the 

developed IONPs for the removal of heavy metals (Pb 

and Cr ions) from CFA aqueous solutions (Yadav et al. 

2023). 

The synthesis of IONPs from CFA involves 

three sequential steps - the first step involves the 

extraction of ferrous materials from CFA, followed by 

acidic treatment of ferrous materials to obtain acidic 

leachate, and lastly, the precipitation of iron oxides by an 

alkali. The particle size of the synthesized IONPs varied 

from 30–70 nm, and purity was about 90–93%, as 

confirmed by transmission electron microscope (TEM) 

and electron diffraction spectroscopy (EDS). Further, the 

synthesized IONPs were used to remediate various heavy 

metals, especially Pb and Cr ions, from 20% CFA 

aqueous solutions. The heavy-metal removal efficiency 

of IONPs varied from 40–70%. The developed method 

suggests heavy metal removal from wastewater by using 

an economical and greener route. Each year, a huge 

number of dyes are produced by the textile industries, 

which need to be eliminated by an efficient technique like 

nanotechnology-based adsorption as other approaches 

like precipitation (Wang et al. 2021), coagulation 

(Bahrodin et al. 2021), filtration (Paixão et al. 2024), etc, 

are less efficient. Moreover, utilizing IONPs as an 

absorbent from waste will further reduce the removal of 

dyes from wastewater. Besides this, the IONPs could 

easily be manipulated by using an external magnetic field 

and recovered after the completion of the experiment, 

which will further reduce the cost of the dye elimination 

from wastewater (Gambhir et al. 2022; Tai et al. 2023).  

In the present research, investigators have 

extracted iron from CFA using the wet separation 

method. One of the objectives was to obtain an 

economical iron precursor by acidic dissolution of iron 

from CFA, which was accomplished by sonication. 

Another objective was to synthesize economical IONPs 

from iron precursors from CFA by using a chemical 

route, followed by the characterization of the synthesized 

IONPs for their purity, morphology, and other properties. 

The final objective was to investigate the efficiency of 

the IONPs as an adsorbent for the adsorption of methyl 

red dye from the simulated wastewater. Such approaches 

will provide an economical solution for pollutant 

elimination from the environment. 

2. MATERIALS AND METHODS

2.1. Materials 

Iron particles were recovered from CFA 

obtained from the Thermal power plant in Gandhinagar, 

India. Acetic acid and ferrous sulfate heptahydrate were 

procured from Sigma Aldrich, Germany, concentrated 

HCl from RANKEM, Gujarat, India, ferric chloride from 

Merck, India, ethanol from Shenzhen, China, and NaOH 

pellets from HiMedia, Gujarat, India. All the chemicals 

were of analytical grade with the highest purity and were 

used without further purification. 

2.2. Methods 

2.2.1 Synthesis and Purification of IONPs 

The iron from CFA was treated with 

concentrated HCl under sonication and heating and 

finally cooled, centrifuged, washed, and collected. The 

following steps synthesized iron oxides from iron 

recovered from CFA (Fig. 1).  

2.2.2. Preparation of Aqueous Solution of Methyl Red Dye  

About 25 mg of methyl red (MR) dye powder 

granules were added to an amber bottle of 1000 mL 

double-distilled water to prepare a 25 ppm MR dye stock 

solution. The dye stock solution was kept on a magnetic 

stirrer and agitated to dissolve all the dye granules. It was 

then filtrated using Whatman Filter paper No. 42 to 

eliminate dirt and impurities. The MR dye stock solution 

was kept in the amber glass bottle for further application. 
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Fig. 1: Steps involved in HCl-based extraction of iron and 
synthesis of IONPs 

2.2.3. Batch Study of Adsorption of Methyl Red Dye  

About 200 ml of an aqueous solution of MR dye 

was taken in an Erlenmeyer flask from the stock solution, 

to which 1 mg IONPs was added. The flask was kept in 

an orbital shaker at 30 °C at 150 rpm. Further, an aliquot 

(2-3 ml) was taken out at fixed time intervals - 0, 20, 40, 

60, 120, and 180 minutes, and investigated by the UV 

spectrophotometer for detecting the concentration of MR 

dye in the sample. The UV-Vis absorbance maxima of 

MR dye are near 414 nm. Further, the percentage 

removal of the MR dye by using IONPs was calculated 

by using the following formula: (1) (Swathilakshmi et al. 

2022): 

𝐷𝑦𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
𝐶𝑜−𝐶𝑡

𝐶𝑜
× 100  … (1)

Where, Co=initial concentration of dye, Ct= 

concentration of dye at a specific time. 

3. CHARACTERIZATION OF THE DEVELOPED
IONPS 

The identification of the functional groups along 

with the molecules in the synthesized IONPs was done 

by using FTIR investigation. The investigation was done 

using a solid KBr pellet technique where the KBr (89 mg) 

was mixed thoroughly with IONPs (2 mg) with the help 

of a mortar pestle. Further, a pellet was prepared by 

applying the pellet-making machine. The IR 

investigation of the IONPs was done against a blank 

sample of KBr in the IR range of 400-4000 cm-1 at a 

resolution of 2 cm-1 by S6500 Spectrum instrument 

(Perkinelmer, USA). The phase identification and 

crystallinity of the synthesized IONPs were done by 

using XRD in the 2-theta range of 20-70. The conditions 

for collecting the XRD pattern were step size = 0.02, time 

= 5 s per step, voltage = 40 kV, and current = 30 mA. The 

XRD was collected by investigating the IONP powder 

using a D-8 Advanced (Bruker, Netherlands) instrument 

equipped with an X’celerometer. The surface 

morphological investigation of the developed IONPs was 

done using FE-SEM, carried out by the Novo Nanosem, 

FEI 450 (USA). The dried IONPs were loaded on the 

carbon tape and, in turn, placed on the Al stub holder. 

The elemental analysis of IONPs was analyzed by an 

Oxford Electron Dispersive Spectroscopy (EDS) 

Analyzer fitted with FE-SEM at 20 kV.  

4. RESULTS AND DISCUSSION

The CFA iron has mixed phases of iron oxides, 

for instance, magnetite, maghemite, hematite, and many 

more elements, which are always present as impurities, 

as evident from various pieces of literature. Therefore, 

treatment of iron with concentrated HCl under sonication 

at 60-70 °C causes the dissolution of iron from crude iron 

of CFA into the HCl, leading to the formation of aqueous 

solutions of ferrous and ferric chloride, according to the 

following reactions:  

𝐹𝑒3𝑂4 (𝑠) + 8𝐻𝐶𝑙 (𝑎𝑞) →  𝐹𝑒𝐶𝑙2(𝑎𝑞) +  2𝐹𝑒𝐶𝑙3(𝑎𝑞) +  4𝐻2𝑂   (2) 

𝐹𝑒2𝑂3 (𝑠) + 6𝐻𝐶𝑙 (𝑎𝑞) →  2𝐹𝑒𝐶𝑙3(𝑎𝑞) +  3𝐻2𝑂 (𝑙)                   (3) 

As Fe has a high solubility in the HCl, a large 

amount of iron present on the crude iron surface interacts 

with the acids to form salts of Fe (Valeev et al. 2018; 

Sunjidmaa et al. 2019; Baldo et al. 2022). During the 

reactions, the ferrous oxides in CFA are initially impure 

owing to the presence of Al, Si, C, Ti, Na, etc.; after 

reacting with acids, they form aqueous ferrous solutions. 

The crude iron extracted from CFA also has other alkali 

metals like Mg, Na, Ca, and K, which react with HCl and 

form chloride salts of respective metals in the leachate.  

4.1 Morphological Analysis by FESEM-EDS 

The FE-SEM images show that the size of the 

synthesized IONPs varies from nanometers to microns 

(Fig. 2a-b). The micrographs show the presence of both 

cuboidal and spherical particles, but cuboidal particles 

were dominant. Note: Fig. 2f is adapted with the 

permission of (Yadav et al. 2023). The IONPs show 

aggregation along with granular white color depositions 

on their surface. The size of the agglomerated and 

irregular-shaped particles varies from 300 nm to 1400 nm 

in diameter. Earlier, Yadav et al. (2023) extracted ferrous 

content from the CFA and synthesized IONPs, which 

were generally spherical and aggregated together to form 

a lump. There were two types of particles: spherical-

shaped (40 to 70 nm in diameter) and rod-shaped 

particles (70 nm in length and 10–20 nm in width) 

(Yadav et al. 2023). 

Fig. 2c shows the EDS spot of as-synthesized 

IONPs, while Fig. 2d shows the EDS spectra of the as-

synthesized IONPs. The EDS spectrum shows the 

presence of Fe, O, Al, Na, Cl, and C. The percentage of 
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Fe was 22.91% (wt. %), O (38.89%), Na (17.05%), Cl 

(13.7%), C (7.72%) and Al was just 0.08%. The major 

peaks of Fe and O indicate the formation of IONPs from 

the crude iron from CFA. The investigation by Yadav et 

al. (2023) obtained peaks for Fe, O, and C, where Fe was 

63%, O was 31%, and C was 4%, indicating the high 

purity of the synthesized IONPs from the CFA. Carbon 

was present as an impurity whose source was CFA 

(Yadav et al. 2023). 

Fig. 2: (a-b) FE-SEM images of as-synthesized IONPs, (c) EDS spot, (d) EDS spectra of as-formed IONPs, and (e-f) EDS spot of 
purified IONPs and EDS spectra of purified IONPs 
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The presence of Na and Cl points to the 

formation of NaCl in the reaction and remains with the 

IONPs due to improper washing of the IONPs after 

centrifugation. Al, being amphoteric, was leached out 

from the crude iron surface during the HCl treatment and 

presented as an impurity along with the IONPs. However, 

the Al percentage is just 0.8% in the IONPs. Since crude 

iron has C in its source, carbon was also present in the 

iron precursor material, which remained till the formation 

of IONPs. Fig. 2e shows the EDS spot while Fig. 2f 

shows EDS spectra of the acetic acid-treated IONPs or 

purified IONPs, which clearly show peaks for only Fe, O, 

and C. After purification, Fe was 65.53%, O was 31.53% 

and C was 4.48% in the IONPs. After purification, all the 

impurities were eliminated as Na and Al are acid soluble. 

Moreover, after purification, the percentage of Fe 

increased threefold while the percentage of carbon and 

oxygen decreased. The purity of the final IONPs was 

about 94-96%, suggesting that the treatment with dilute 

acetic acid is an effective approach for eliminating Na, 

Cl, and Al from IONPs and other iron sources.  

4.2 FTIR Analysis of IONPs for the Identification 
of Functional Groups  

A typical FTIR spectrum of the IONPs 

synthesized from crude iron from CFA is shown in Fig. 

3. The spectrum exhibits characteristic bands at 601,

1101, 1406, 1742, 2007, and 3127 cm−1 for the developed 

IONPs. The band at 601 cm−1 was assigned to the 

bending vibrations of the Fe-O bond, while the band at 

1101 cm−1 was assigned to the hydrous ferric oxides. A 

sharp band at 1410 cm−1 could be assigned to the C=O/C-

H bond. Broadband with its center at 3135 cm−1 was 

attributed to the -OH molecule in the sample as ferric 

hydroxide. It has two weak bands at its shoulder around 

3032 cm−1 and 2807 cm−1, which were assigned to the C-

H group (Haile et al. 2015; González et al. 2017; Patel et 

al. 2023). The FTIR confirmed the development of 

IONPs from the iron precursors obtained from crude iron 

of CFA. Earlier Yadav et al. (2023) obtained bands at 422 

cm−1 and 576 cm−1, attributed to the vibrational modes of 

Fe-/Fe-O-Fe (magnetite and maghemite) of IONPs; 

bands obtained at 3400 cm−1 and 1600 cm−1, indicated the 

presence of OH groups of either water molecules or ferric 

hydroxides (Fe-O-OH) (Yadav al. 2023).  

4.3 Phase Identification of IONPs by XRD 

A typical XRD pattern of the IONPs 

synthesized from crude iron of CFA is shown in Fig. 4. 

The XRD pattern exhibits two strong intensity peaks at 

31.02° and 44.83°, which were associated with the 

IONPs (Acisli et al. 2017). Besides this, there are two 

small peaks, one at 27.70° and another at 34.71°, 

indicating quartz and magnetite phases, respectively. The 

absence of other major peaks from the sample indicates 

the purity of the developed IONPs. The pattern was 

matched with PDF No. 03-0746 for IONPs. The XRD 

pattern of purified IONPs exhibits the amorphous phase 

where the broad hump starts at the 2-theta range of 30° 

and ends at 40°. After purification, the crystallinity of the 

IONPs is lost (Mahapatra et al. 2013; Yadav et al. 2020; 

Yang et al. 2023; Kgosiemang et al. 2023). Similar 

results were also obtained by Alshammari et al. for the 

IONPs, whose major peaks were at 27, 29, and 

36°(Alshammari et al. 2020). Previously, Yadav et al. 

(2020) obtained small intensity peaks for the IONPs 

synthesized from CFA-extracted ferrous content at 33° 

and 35°, which are assigned to the hematite and 

magnetite, respectively (Yadav et al. 2023). 

Fig. 3: FTIR spectra of IONPs synthesized from CFA  

Fig. 4: XRD Diffractograms of IONPs: (a) as synthesized and 
(b) after purification  

a 

b 
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4.4. Batch Adsorption Study of Methyl Red Dye 
by IONPs 

MR dye exhibits the highest absorbance at 414 

nm when examined using a UV-Vis spectrophotometer 

(Patil et al. 2016; Jusoh N. et al. 2017; Amari et al. 2023). 

The UV-Vis spectra of the dye absorbance showed that 

the concentration of the MR dye continuously decreased 

from 0 to 180 minutes. The highest concentration of the 

MR dye was at 0 minutes, while the lower value was 

reached after 180 minutes, as depicted in Fig. 5. The 

percentage removal of MR dye was calculated at 

different time intervals: at the start, there was no removal 

of MR dye, while at 20 minutes, the removal was 8.3%, 

which increased to 17.81% at 40 minutes; at 60 minutes, 

the removal percentage reached to 26.95% while at 120 

minutes it was 31.82%, and finally, after 180 minutes, the 

MR dye removal reached 64.75%. The graph shows that 

the MR dye removal percentage increased continuously 

with an increase in the contact time, reaching its 

maximum at 180 minutes (Fig. 6).  

Fig. 5: UV-Vis’s spectra of MR dye at different time intervals 

Fig. 6: Percentage removal of MR dye by IONPs 

Earlier, twinkle et al. developed IONPs, which 

had an active multiphase of iron oxides 

(Fe@Fe3O4@Fe2O3), better mesoporosity, and almost 

4.5 times higher surface area than the iron dust waste. 

Due to these superior features, IONPs were used for the 

efficient removal of organic dyes, namely Reactive 

Green 19, Reactive Orange 16, and Malachite Green dye, 

with the highest removal efficiency of ∼2162.9, ∼2273.1 

and ∼1400.2 mg/g, respectively. Further, the 

investigation of dyes was related to kinetics, isotherms, 

and adsorption thermodynamics to understand the 

mechanism of dye removal. Moreover, the removal of 

dyes was also assessed against temperature, pH, loading, 

and concentration (Twinkle et al. 2024). Table 1 

summarizes the methyl red dye removal by IONPs in the 

present and previous studies. 

Table 1. Removal of methyl red dye by IONPs in the present 
and previous studies 

Types of 

IONPs 
Removal 

Efficiency 
Time 

(minutes) 
References 

Nanorods 62.5% NS 

(Rather and 

Sundarapandian 
2024) 

Fe2O3 94% 90 (Jadhav et al. 2024) 

IONPs 
composites 

~99% NS (Singh et al. 2022) 

Fe NPs 
Higher than 

Cu NPs 
NS 

(Majadleh et al. 

2022) 

α- Fe2O3 Effective NS 
(Bhattarai et al. 

2023) 

Fe3O4 NPs 98.61% 180 (Gritli et al. 2024) 

IONPs 64.75% 180 
Current 

investigation 

5. CONCLUSION

The study exhibits an effective and sustainable 

approach for synthesizing iron oxide nanoparticles from 

coal fly ash, which provides an economical solution for 

environmental remediation. The iron extracted from CFA 

was associated with the elemental impurities of Al, Si, 

Na, Mg, Ca, K, P, S, and C, the precursor materials for 

synthesizing IONPS. The concentrated HCl treatment of 

iron leached out easily soluble iron from the crude iron 

into the acidic medium. The IONPs were synthesized 

from the ferrous leachate by chemical co-precipitation 

method, with more than 90% purity. The IONPs were 

cuboidal- to spherical-shaped, with sizes 10-20 nm for 

spherical and 30-40 nm for cuboidal/rods, as revealed by 

FE-SEM. The removal efficiency of the MR dye was 

64.75% after three hours by the CFA-synthesized IONPs. 

This method utilizes industrial waste and contributes to 

wastewater treatment, making it a promising solution for 

reducing environmental pollutants. The developed 

techniques can successfully extract the ferrous content 

that can be used further to synthesize iron oxide 

nanoparticles in their purest form. 
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