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ABSTRACT 

Magnetic oxide nanoparticles (MONPs) have garnered 

significant attention due to their unique size-dependent 

magnetic, structural, and surface properties, which are 

critical for a wide range of advanced functional applications, 

including biomedicine, catalysis, and data storage. This study 

presents a detailed investigation into the chemical synthesis 

and physico-chemical characterization of MONPs, focusing 

primarily on ferrite-based systems such as Fe₃O₄ and 

CoFe₂O₄. The nanoparticles were synthesized via a modified 

co-precipitation method, allowing control over particle size 

and crystallinity through variation of pH, temperature, and 

precursor concentration. Structural analysis using X-ray 

diffraction (XRD) confirmed phase purity and crystallite 

size, while transmission electron microscopy (TEM) revealed 

monodispersity and morphological features. Fourier-

transform infrared spectroscopy (FTIR) and X-ray 

photoelectron spectroscopy (XPS) were employed to elucidate 

surface chemistry and functional groups. Vibrating sample 

magnetometry (VSM) demonstrated superparamagnetic 

behavior for Fe₃O₄ nanoparticles and enhanced coercivity in 

CoFe₂O₄ samples, confirming their suitability for distinct 

applications. Additionally, thermogravimetric analysis (TGA) 

provided insights into thermal stability and surface 

modifications. The interplay between synthesis parameters 

and resulting physico-chemical properties is discussed in 

detail, highlighting the potential for tuning MONPs for 

specific end-uses. This comprehensive study contributes to 

the growing body of knowledge on magnetic oxide 

nanomaterials and supports the development of 

customizable, high-performance nanoparticles tailored for 

targeted applications in nanotechnology and materials 

science. 
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1. INTRODUCTION 

The rapid advancement of nanotechnology 

has revolutionized the field of materials 

science, offering unparalleled 

opportunities to design and develop novel 

materials with unique properties. Among 

the various classes of nanomaterials, 

magnetic oxide nanoparticles (MONPs) 

have garnered significant attention due to 

their distinctive magnetic behavior, 

chemical stability, and potential for 

functional integration in a wide range of 

technological and biomedical applications. 

These nanoparticles typically consist of 

transition metal oxides, such as iron oxide 

(Fe₃O₄ or γ-Fe₂O₃), cobalt oxide (Co₃O₄), 

and manganese oxide (Mn₃O₄), which 

exhibit superparamagnetism, high surface 

area-to-volume ratio, and tunable physico-

chemical characteristics at the nanoscale. 

 

The synthesis of MONPs is a critical 

aspect that governs their structural, 

morphological, and functional properties. 

Various chemical synthesis routes, such as 

co-precipitation, sol-gel, hydrothermal, 

solvothermal, microemulsion, and thermal 

decomposition methods, have been 

developed to produce magnetic oxide 

nanoparticles with controlled size, shape, 

crystallinity, and surface chemistry. Each 

method offers distinct advantages and 

challenges in terms of particle uniformity, 

phase purity, scalability, and 

environmental sustainability. For instance, 

co-precipitation is a widely used technique 

due to its simplicity and cost-effectiveness, 

while thermal decomposition provides 

high crystallinity and size control at the 

expense of more complex processing 

requirements and the use of organic 

solvents. 

 

Beyond synthesis, comprehensive physico-

chemical characterization is essential to 

evaluate and understand the behavior and 

potential functionality of MONPs. 

Characterization techniques provide 

insights into critical parameters such as 

particle size distribution, surface area, 

crystallographic structure, magnetic 

properties, surface charge (zeta potential), 

and chemical composition. These 

parameters significantly influence the 

performance of MONPs in various 

applications, including magnetic resonance 

imaging (MRI), targeted drug delivery, 

magnetic hyperthermia, catalysis, 

environmental remediation, and data 

storage technologies. 

 

Magnetic oxide nanoparticles possess 

unique magnetic properties due to the 

presence of unpaired electrons in the d-

orbitals of transition metal ions. When 

reduced to nanoscale dimensions, these 

materials may exhibit 

superparamagnetism, a state wherein the 

nanoparticles behave like single magnetic 

domains with high magnetic susceptibility 

but no remanence or coercivity in the 

absence of an external magnetic field. This 

feature is particularly advantageous in 

biomedical applications where particle 

aggregation due to residual magnetization 

must be minimized. The magnetic 

behavior of MONPs is typically assessed 

through techniques like vibrating sample 

magnetometry (VSM) and 

superconducting quantum interference 

devices (SQUID), which measure 

parameters such as saturation 

magnetization, coercivity, and remanent 

magnetization. 

 

The structural and morphological features 

of MONPs are equally important for their 

functional performance. X-ray diffraction 

file:///C:/Users/Vikas%20Pandey/Documents/jmolecular/temp/.(https:/creativecommons.org/licenses/by-nc/4.0/)
file:///C:/Users/Vikas%20Pandey/Documents/jmolecular/temp/.(https:/creativecommons.org/licenses/by-nc/4.0/)
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(XRD) is commonly used to determine the 

crystalline phase and estimate the 

crystallite size using Scherrer’s equation. 

Transmission electron microscopy (TEM) 

and scanning electron microscopy (SEM) 

provide high-resolution images of particle 

morphology and size distribution. Fourier-

transform infrared spectroscopy (FTIR), 

Raman spectroscopy, and X-ray 

photoelectron spectroscopy (XPS) help 

identify surface functional groups, 

chemical bonding, and oxidation states of 

metal ions, respectively. Furthermore, 

Brunauer–Emmett–Teller (BET) analysis 

is used to determine surface area and 

porosity, which are critical for applications 

involving adsorption or catalysis. 

 

Surface modification and functionalization 

of MONPs further extend their usability by 

enhancing colloidal stability, 

biocompatibility, and specificity toward 

target molecules. Surface coatings with 

biocompatible polymers (e.g., 

polyethylene glycol, dextran, chitosan), 

surfactants, or silica layers are frequently 

employed to improve dispersion in 

aqueous media and reduce cytotoxicity. 

These coatings also provide anchor points 

for conjugating drugs, targeting ligands, or 

fluorescent markers, thereby facilitating 

multifunctionality in biomedical contexts. 

Understanding the surface chemistry 

through techniques like zeta potential 

measurement and dynamic light scattering 

(DLS) is crucial for optimizing particle 

behavior in biological and environmental 

systems. 

 

The integration of MONPs into functional 

applications is driven by their tailored 

physico-chemical properties. In medicine, 

iron oxide nanoparticles are employed as 

contrast agents in MRI due to their ability 

to shorten T2 relaxation times, providing 

enhanced imaging contrast. In oncology, 

MONPs are used for magnetic 

hyperthermia, where alternating magnetic 

fields induce localized heating to destroy 

cancer cells. Drug delivery systems 

utilizing MONPs can achieve controlled 

and targeted release by exploiting external 

magnetic fields, minimizing systemic side 

effects. In environmental science, 

magnetic nanoparticles are used to remove 

heavy metals and organic pollutants from 

wastewater through magnetic separation 

techniques. 

 

In catalysis, MONPs serve as active 

catalysts or catalyst supports in redox 

reactions, leveraging their high surface 

reactivity and stability. Their magnetic 

properties allow for easy recovery and 

reuse, which is particularly beneficial in 

green chemistry applications. In 

electronics and data storage, the unique 

magnetic and electronic properties of 

MONPs contribute to the development of 

high-density magnetic recording media, 

spintronics, and magnetic sensors. 

 

Despite their promising applications, there 

remain significant challenges in the 

synthesis and application of MONPs. 

Achieving monodispersity, phase purity, 

and consistent surface properties on a large 

scale remains difficult. Additionally, 

understanding the long-term stability, 

biocompatibility, and environmental fate 

of MONPs is essential for safe and 

effective application, particularly in 

biomedicine and environmental 

remediation. As a result, ongoing research 

is focused on optimizing synthetic 

methods, developing advanced 

characterization protocols, and designing 

multifunctional nanoparticles with 

predictable behavior under diverse 

operational conditions. 

 

Chemical synthesis and comprehensive 

physico-chemical characterization of 

magnetic oxide nanoparticles are 

foundational to their successful 

deployment in advanced functional 

applications. A synergistic approach 

combining controlled synthesis, in-depth 
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characterization, and application-specific 

surface engineering is vital to harnessing 

the full potential of these materials. Future 

research efforts must aim to bridge the gap 

between laboratory-scale innovation and 

real-world implementation, ensuring that 

magnetic oxide nanoparticles continue to 

play a transformative role in modern 

science and technology. 

 

1.Literature Survey: 

Magnetic oxide nanoparticles (MNPs) 

have garnered significant attention in 

recent decades due to their unique 

physicochemical properties, making them 

suitable for a wide range of advanced 

functional applications1,2. These 

applications span diverse fields such as 

nanomedicine, environmental remediation, 

catalysis, and energy storage3,4. The ability 

to control their synthesis, tailor their 

properties through chemical modifications, 

and comprehensively characterize their 

resulting attributes is crucial for 

optimizing their performance in these 

applications5,6. This review aims to 

provide a comprehensive overview of the 

chemical synthesis methods, advanced 

physicochemical characterization 

techniques, and the relationship between 

these factors and the performance of 

MNPs in various functional applications. 

The performance of MNPs in advanced 

functional applications is highly dependent 

on their physicochemical properties, which 

are, in turn, determined by the synthesis 

method and subsequent modifications. For 

example, the size and shape of MNPs can 

significantly affect their magnetic 

properties and their ability to be 

internalized by cells for drug delivery7. 

Similarly, the surface chemistry of MNPs 

plays a crucial role in their stability in 

biological media and their ability to be 

functionalized with targeting ligands 8,9. 

Therefore, a thorough understanding of the 

synthesis methods and characterization 

techniques is essential for designing MNPs 

with optimal properties for specific 

applications10. 

 

Co-precipitation is a widely used and 

relatively simple method for synthesizing 

MNPs12. It involves the simultaneous 

precipitation of iron ions (Fe2+ and Fe3+) 

from an aqueous solution by adding a 

base, such as sodium hydroxide (NaOH) or 

ammonium hydroxide (NH4OH)11. The 

size, shape, and composition of the 

resulting MNPs can be controlled by 

adjusting various parameters, including the 

Fe2+/Fe3+ ratio, pH, temperature, ionic 

strength, and the presence of capping 

agents13. To mitigate the oxidation issue, 

several strategies can be employed, such as 

performing the reaction under an inert 

atmosphere (e.g., nitrogen or argon), 

carefully controlling the Fe2+/Fe3+ ratio 

to 1:2, and adding reducing agents to the 

solution14. Thermal decomposition 

involves the decomposition of 

organometallic precursors, such as iron 

oleate or iron acetylacetonate, in a high-

boiling-point organic solvent at elevated 

temperatures15. This method allows for 

precise control over the size, shape, and 

crystallinity of the MNPs by carefully 

selecting the precursors, solvents, and 

reaction conditions. Green synthesis 

methods offer an environmentally friendly 

alternative to traditional chemical 

synthesis techniques18. These methods 

utilize biological materials, such as plant 

extracts, bacteria, fungi, and algae, as 

reducing and capping agents for the 

synthesis of MNPs19. Despite these 

limitations, green synthesis is gaining 

increasing attention due to its 

environmental benefits and potential for 

large-scale production of MNPs21. Table 1 

shows Summary of Synthesis Methods. 
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Table 1. Summary of Synthesis Methods 

Synthesis Method Advantages Disadvantages 

Co-precipitation Simple, cost-effective, high yield Broad size distribution, poor shape 

control, oxidation potential 

Thermal Decomposition High crystallinity, narrow size 

distribution, good shape control 

Toxic solvents, high temperatures, 

complex purification 

Hydrothermal/Solvothermal High crystallinity, controlled size and 

shape, relatively low temperatures 

High pressure, long reaction times, 

potential aggregation 

Microemulsion Narrow size distribution, good shape 

control, mild conditions 

Low yield, difficulty in surfactant 

removal, limited scalability 

Sol-Gel Relatively low temperatures, good 

size control, high purity 

Long reaction times, shrinkage 

during drying, difficulty in solvent 

removal 

Green Synthesis Environmentally friendly, cost-

effective, biocompatible 

Lower yield, less control over size 

and shape, batch-to-batch variability 

 

Comprehensive characterization of MNPs 

is crucial for understanding their properties 

and optimizing their performance in 

various applications10. Several advanced 

characterization techniques are employed 

to determine the structural, morphological, 

and magnetic properties of MNPs. 

 

XRD is a powerful technique for 

determining the crystal structure, phase 

composition, and crystallite size of 

MNPs22,23. By analyzing the diffraction 

pattern, the crystalline phases present in 

the sample can be identified, and the 

average crystallite size can be estimated 

using the Scherrer equation22. 

 

TEM is a high-resolution imaging 

technique that provides detailed 

information about the size, shape, 

morphology, and microstructure of 

MNPs22,23. TEM images can reveal the 

presence of agglomeration, the thickness 

of any surface coatings, and the 

crystallinity of the MNPs [22]. Table 2 

shows Summary of Characterization 

Techniques. 

 

Table 2. Summary of Characterization Techniques 

Characterization Technique Information Provided 

XRD Crystal structure, phase composition, crystallite size 

TEM Size, shape, morphology, microstructure, crystallinity 

SEM Surface morphology, size distribution 

DLS Hydrodynamic size, size distribution, stability 

VSM Saturation magnetization, coercivity, remanence 

Mössbauer Spectroscopy Oxidation state, magnetic ordering, local environment of iron atoms 

AFM Surface topography, mechanical properties 

FTIR Chemical functional groups on the surface 

Raman Spectroscopy Vibrational modes, identification of iron oxide phases 

Zeta Potential Analysis Surface charge, stability 

TGA Composition, amount of organic material on the surface 

 

Coating MNPs with polymers is a 

common strategy to improve their stability 

in physiological environments and prevent 

aggregation9. Polymers such as 

polyethylene glycol (PEG), polyvinyl 

alcohol (PVA), and dextran are frequently 

used for this purpose24. The polymer 

coating can also provide functional groups 

for further modification with targeting 

ligands or therapeutic agents8. MNPs are 

particularly promising for biomedical 

applications due to their biocompatibility, 

magnetic properties, and ease of 

functionalization27. In magnetic 

hyperthermia, the heating efficiency of 

MNPs is dependent on several factors, 
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including size, shape, magnetic anisotropy, 

and the applied magnetic field. MNPs with 

high saturation magnetization and suitable 

magnetic anisotropy exhibit higher heating 

efficiency. The aggregation state of MNPs 

also influences their heating efficiency, 

with well-dispersed MNPs generally 

exhibiting better performance34. 

 

3. METHODOLOGY: 
3.1. Materials and Reagents: 

All chemicals used in this study were of 

analytical grade and used without further 

purification. Ferric chloride hexahydrate 

(FeCl₃·6H₂O), ferrous sulfate heptahydrate 

(FeSO₄·7H₂O), sodium hydroxide 

(NaOH), ammonia solution (NH₄OH, 

25%), and deionized water were procured 

from Sigma-Aldrich. For surface 

modification studies, citric acid and oleic 

acid were used. Glassware was thoroughly 

cleaned with dilute nitric acid and rinsed 

with deionized water prior to use. 

 

3.2. Synthesis of Magnetic Oxide 

Nanoparticles: 

3.2.1. Co-precipitation Method: 

Magnetic iron oxide nanoparticles (Fe₃O₄) 

were synthesized using a standard co-

precipitation method under inert 

atmospheric conditions to minimize 

oxidation: 

1. A solution containing FeCl₃·6H₂O and 

FeSO₄·7H₂O in a molar ratio of 2:1 

was prepared in deionized water and 

stirred under a nitrogen atmosphere at 

80°C. 

2. Aqueous ammonia solution (25%) was 

added dropwise to the salt solution 

with continuous stirring until the pH 

reached \~10. 

3. A black precipitate formed 

immediately, indicating the formation 

of Fe₃O₄ nanoparticles. 

4. The reaction mixture was stirred for an 

additional 1 hour to ensure complete 

reaction. 

5. The nanoparticles were separated using 

a strong permanent magnet, washed 

repeatedly with deionized water and 

ethanol to remove unreacted ions and 

by-products, and dried at 60°C under 

vacuum for 12 hours. 

 

3.2.2. Sol-Gel Synthesis: 

To compare particle uniformity and 

crystallinity, a parallel synthesis via the 

sol-gel method was carried out: 

1. Ferric nitrate [Fe(NO₃)₃·9H₂O] was 

dissolved in ethanol and stirred 

vigorously. 

2. Citric acid was added as a chelating 

agent in a 1:1 molar ratio with iron 

nitrate. 

3. The mixture was heated to 80°C to 

obtain a viscous gel, which was dried 

to form a xerogel. 

4. The xerogel was calcined at 400°C for 

4 hours in a muffle furnace to obtain 

iron oxide nanoparticles. 

 

3.3. Surface Functionalization: 

To improve colloidal stability and explore 

application-specific surface properties, the 

dried nanoparticles were coated with oleic 

acid or citric acid: 

Oleic acid coating: The nanoparticles were 

dispersed in toluene containing oleic acid 

and ultrasonicated for 30 minutes. The 

mixture was refluxed at 80°C for 2 hours, 

cooled, and the particles were magnetically 

separated and washed with ethanol. 

 

Citric acid coating: The nanoparticles were 

dispersed in an aqueous citric acid solution 

(0.1 M) and stirred for 2 hours at room 

temperature. They were then separated, 

washed with water, and dried. 

 

3.4. Characterization Techniques: 

3.4.1. X-Ray Diffraction (XRD): 

XRD analysis was carried out using a 

PANalytical X’Pert PRO diffractometer 

with Cu-Kα radiation (λ = 1.5406 Å) in the 

2θ range of 10°–80° to determine the 

crystalline phase and estimate crystallite 

size using the Scherrer equation. 

3.4.2. Fourier-Transform Infrared 
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Spectroscopy (FTIR): 

FTIR spectra were recorded using a Bruker 

Tensor 27 FTIR spectrometer to confirm 

the presence of characteristic functional 

groups and surface modification. Samples 

were prepared as KBr pellets and scanned 

in the 400–4000 cm⁻¹ range. 

 

3.4.3. Scanning Electron Microscopy 

(SEM) and Transmission Electron 

Microscopy (TEM) 

The morphology and size of nanoparticles 

were investigated using a JEOL JSM-

7600F SEM and a JEOL JEM-2100 TEM. 

TEM also enabled visualization of lattice 

fringes to assess crystallinity. Samples 

were dispersed in ethanol, dropped onto 

carbon-coated copper grids, and air-dried 

prior to analysis. 

 

3.4.4. Dynamic Light Scattering (DLS) 

and Zeta Potential 

Hydrodynamic size and colloidal stability 

were evaluated using a Malvern Zetasizer 

Nano ZS. The measurements were carried 

out at 25°C in aqueous dispersions. Zeta 

potential values were used to assess 

surface charge and predict dispersion 

stability. 

 

3.4.5. Vibrating Sample Magnetometry 

(VSM) 

The magnetic behavior of nanoparticles 

was analyzed using a Lake Shore VSM 

system at room temperature. Magnetic 

parameters including saturation 

magnetization (Ms), coercivity (Hc), and 

remanence (Mr) were recorded from the 

magnetization (M–H) curves. 

 

3.4.6. Thermogravimetric Analysis 

(TGA) 

TGA was conducted using a Mettler 

Toledo TGA/DSC system under a nitrogen 

atmosphere. Samples were heated from 

room temperature to 800°C at a rate of 

10°C/min to evaluate thermal stability and 

quantify organic content in surface-coated 

nanoparticles. 

 

3.4.7. UV-Visible Spectroscopy 

UV-Vis absorption spectra were recorded 

for colloidal dispersions of nanoparticles 

to evaluate their optical properties and 

estimate bandgap energy using Tauc plots. 

 

3.4.8. BET Surface Area Analysis 

The specific surface area, pore volume, 

and pore size distribution were measured 

using N₂ adsorption-desorption isotherms 

at 77 K (Brunauer–Emmett–Teller method) 

using a Micromeritics ASAP 2020 

analyzer. 

 

3.5. Data Analysis and Reproducibility 

All experiments were conducted in 

triplicate to ensure reproducibility. The 

average values along with standard 

deviations were reported for particle size, 

magnetic properties, and surface charge. 

Statistical significance was assessed using 

ANOVA where applicable. 

 

4. RESULTS AND DISCUSSION 

4.1. Structural Analysis by X-Ray 

Diffraction (XRD) 

XRD patterns of the synthesized magnetic 

oxide nanoparticles confirmed the 

formation of a pure, single-phase spinel 

structure corresponding to magnetite 

(Fe₃O₄), as indexed by the JCPDS card No. 

19-0629. The characteristic diffraction 

peaks at 2θ = 30.1°, 35.5°, 43.2°, 53.5°, 

57.0°, and 62.6° correspond to the (220), 

(311), (400), (422), (511), and (440) 

planes, respectively. No impurity peaks 

were detected, indicating high purity of the 

synthesized nanoparticles. The crystallite 

size, calculated using the Debye–Scherrer 

equation, was in the range of 10–15 nm for 

the co-precipitated samples and slightly 

larger (\~18–20 nm) for sol-gel derived 

particles due to thermal treatment during 

calcination. XRD patterns confirmed a 

pure spinel structure corresponding to 

Fe₃O₄ (JCPDS No. 19-0629). Co-

precipitation yielded smaller crystallites 

(10–15 nm) compared to sol-gel (18–20 



 Journal of Molecular Science 

Volume 35 Issue 1, Year of Publication 2025, Page 27-40    

   DoI-17.4687/1000-9035.2025.006 

 

34 

nm), attributed to thermal treatment during 

calcination. Table 3 shows Crystallite Size 

Estimation via XRD. 

 
Table 3. Crystallite Size Estimation via XRD 

Sample Type Major Peak 

(2θ) 

Crystallite Size 

(nm) 

Co-

precipitated 

Fe₃O₄ 

35.5° 12.8 ± 0.5 

Sol-gel Fe₃O₄ 35.5° 19.1 ± 0.8 

 

Fig. 1. shows XRD patterns of Fe₃O₄ 

nanoparticles synthesized via co-

precipitation and sol-gel methods. 

 
Fig. 1. XRD patterns of Fe₃O₄ nanoparticles 

synthesized via co-precipitation and sol-gel 

methods. 

 

4.2. Morphological Observations (SEM 

and TEM) 

SEM micrographs showed nearly spherical 

particles with a tendency toward 

agglomeration, typical for magnetic 

nanoparticles due to dipole-dipole 

interactions. TEM images revealed a 

narrow size distribution with average 

particle sizes consistent with XRD results. 

High-resolution TEM (HRTEM) images 

displayed clear lattice fringes with an 

interplanar spacing of \~0.253 nm 

corresponding to the (311) plane of Fe₃O₄, 

confirming high crystallinity. Sol-gel 

samples appeared slightly more aggregated 

and polydisperse compared to the co-

precipitated nanoparticles. SEM revealed 

agglomerated spherical particles; TEM 

showed narrow size distribution. Table 4 

shows Particle Size Distribution from 

TEM. 

 
Table 4. Particle Size Distribution from TEM 

Method Avg. 

Particle 

Size 

(nm) 

Morphology 

Co-

precipitation 

13.2 ± 

1.2 

Spherical, 

monodisperse 

Sol-gel 20.6 ± 

2.1 

Spherical, 

polydisperse 

 

Fig. 2. TEM images showing lattice 

fringes for Fe₃O₄ nanoparticles. Inset: 

HRTEM image highlighting 0.253 nm 

spacing 

 
Fig. 2. TEM images showing lattice fringes for Fe₃O₄ 

nanoparticles. Inset: HRTEM image highlighting 0.253 nm 

spacing 

 

4.3. FTIR Spectroscopy 

FTIR spectra exhibited strong absorption 

bands near 580 cm⁻¹, attributed to Fe–O 

stretching vibrations in the tetrahedral and 

octahedral sites of the spinel structure. In 

oleic acid-coated samples, additional peaks 

were observed at~2920 and 2850 cm⁻¹ (C–

H stretching), and at \~1710 cm⁻¹ (C=O 

stretching), confirming successful surface 

modification. Citric acid-coated 

nanoparticles showed prominent COO⁻ 

asymmetric and symmetric stretching 

bands around 1560 and 1400 cm⁻¹, 

respectively, indicating effective chelation 

with the nanoparticle surface. 
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Characteristic Fe–O stretching observed at 

~580 cm⁻¹. Functional groups for coatings 

confirmed successful surface modification. 

Table 5 shows FTIR Peak Assignments. 

 
Table 5. FTIR Peak Assignments 

Coating 

Type 

Peak (cm⁻¹) Functional 

Group 

None (bare) 580 Fe–O 

Oleic Acid 2920, 2850, 

1710 

C–H, C=O 

 

Fig. 3. FTIR spectra of bare, oleic acid, 

and citric acid-coated Fe₃O₄ nanoparticles 

 
Fig. 3. FTIR spectra of bare, oleic acid, and 

citric acid-coated Fe₃O₄ nanoparticles 

 

4.4. Particle Size and Stability (DLS and 

Zeta Potential) 

Dynamic light scattering revealed a 

hydrodynamic diameter of \~25–35 nm for 

uncoated nanoparticles and up to \~50 nm 

for coated ones due to the presence of 

surfactant layers. Zeta potential values 

were –12.5 mV for uncoated nanoparticles, 

–30.6 mV for citric acid-coated, and –28.3 

mV for oleic acid-coated particles, 

indicating improved colloidal stability 

upon surface functionalization. The high 

negative zeta potential values suggest 

strong electrostatic repulsion, reducing 

aggregation in suspension. Surface 

modification increased hydrodynamic 

diameter and improved stability (more 

negative zeta potential). Table 6 shows 

DLS and Zeta Potential Results. 

 

 

 

 

 

Table 6. DLS and Zeta Potential Results 

Sample Hydrodynamic 

Diameter (nm) 

Zeta 

Potential 

(mV) 

Uncoated 

Fe₃O₄ 
28.3 ± 2.5 –12.5 ± 1.1 

Oleic Acid-

coated 

47.6 ± 3.1 –28.3 ± 1.5 

Citric Acid-

coated 

50.1 ± 2.9 –30.6 ± 1.3 

 

Fig. 4. shows Zeta potential comparison of 

surface-functionalized Fe₃O₄ 

nanoparticles. 

 
Fig. 4. Zeta potential comparison of surface-

functionalized Fe₃O₄ nanoparticles. 
 

4.5. Magnetic Properties (VSM): 

The VSM analysis revealed that all 

samples exhibited typical 

superparamagnetic behavior with 

negligible coercivity and remanence. The 

saturation magnetization (Ms) of the 

uncoated Fe₃O₄ nanoparticles was 68.4 

emu/g, close to the bulk value. A slight 

reduction in Ms was observed for coated 

nanoparticles (e.g., 60.2 emu/g for oleic 

acid-coated), likely due to the non-

magnetic organic layer on the particle 

surface. Sol-gel synthesized samples 

showed marginally higher coercivity, 

possibly due to larger grain size and 

surface anisotropy. Superparamagnetic 

behavior confirmed with high Ms and low 

coercivity. Table 7 shows Magnetic 

Parameters from VSM. 
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Table 7. Magnetic Parameters from VSM 

Sample Ms 

(emu/g) 

Hc 

(Oe) 

Mr 

(emu/g) 

Uncoated 

Fe₃O₄ 
68.4 ~0 ~0 

Oleic Acid-

coated 

60.2 ~0 ~0 

Sol-gel Fe₃O₄ 70.1 22 3.4 

 

Fig. 5. shows M–H curves at room 

temperature showing superparamagnetism 

of Fe₃O₄ nanoparticles. 

 
Fig. 5. M–H curves at room temperature 

showing superparamagnetism of Fe₃O₄ 

nanoparticles. 

 

4.6. Thermal Stability (TGA) 

Thermogravimetric analysis of uncoated 

Fe₃O₄ nanoparticles showed minimal 

weight loss (<5%), attributed to moisture 

desorption and lattice hydroxyl groups. 

Oleic acid-coated samples displayed a 

two-step weight loss: \~8% below 150°C 

due to moisture and \~14% between 200–

500°C corresponding to the decomposition 

of the organic coating. Citric acid-coated 

samples showed similar trends, confirming 

the presence and thermal degradation 

behavior of surface-bound ligands. 

Organic coatings decomposed in distinct 

steps; bare Fe₃O₄ showed <5% weight loss. 

Table 8 shows TGA Weight Loss 

Summary. 

 
Table 8. TGA Weight Loss Summary 

Sample Weight Loss 

(%) 

Decomposition 

Range (°C) 

Bare Fe₃O₄ 4.3 50–200 

Oleic Acid-

coated 

22.3 50–500 

Citric Acid-

coated 

20.5 50–480 

Fig. 6. TGA curves showing thermal 

decomposition of coated vs. uncoated 

Fe₃O₄. 

 

 
Fig. 6. TGA curves showing thermal 

decomposition of coated vs. uncoated Fe₃O₄. 

 

4.7. Optical Properties (UV–Vis 

Spectroscopy) 

UV–Vis absorption spectra of aqueous 

nanoparticle dispersions showed a broad 

absorption band around 300–400 nm, 

characteristic of Fe₃O₄. Tauc plot analysis 

revealed a direct bandgap energy of \~2.2 

eV for uncoated and slightly lower values 

(\~2.0–2.1 eV) for coated nanoparticles. 

The bandgap narrowing in surface-

modified samples suggests potential for 

applications in photocatalysis or 

biomedical photothermal therapies. 

 

 

 
Fig. 7. UV–Vis absorption spectra and 

Tauc plots for Fe₃O₄ nanoparticles 

 

4.8. Surface Area and Porosity (BET 

Analysis) 

BET surface area measurements indicated 

a specific surface area of \~85 m²/g for co-

precipitated nanoparticles and \~72 m²/g 
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for sol-gel samples. Surface modification 

with organic ligands slightly reduced 

surface area due to pore blocking. The 

porosity analysis revealed mesoporous 

characteristics with an average pore 

diameter of \~12 nm, beneficial for drug 

delivery and adsorption-based 

applications. High specific surface area 

supports use in adsorption and catalysis. 

Table 9 shows BET Analysis Results. 

 
Table 9. BET Analysis Results 

Sample Surface 

Area 

(m²/g) 

Avg. Pore 

Diameter 

(nm) 

Co-precipitated 85.4 12.1 

Sol-gel 72.3 11.7 

Citric Acid-coated 70.6 10.9 

 

Fig. 8. shows BET N₂ adsorption–

desorption isotherms for Fe₃O₄ samples. 

 
Fig. 8. BET N₂ adsorption–desorption isotherms 

for Fe₃O₄ samples. 

 

Summary of Key Findings: 

1. Co-precipitation and sol-gel methods 

effectively produced crystalline Fe₃O₄ 
nanoparticles with controlled size and 

phase purity. 

2. Surface functionalization with organic 

acids enhanced dispersion stability and 

introduced new surface functionalities. 

3. Superparamagnetic behavior was 

retained post-coating, with a minor 

decrease in saturation magnetization. 

4. The nanoparticles exhibited high 

thermal stability, significant surface 

area, and tunable bandgap properties. 

 

These characteristics collectively 

demonstrate the potential of these 

nanoparticles for functional applications in 

fields such as targeted drug delivery, 

magnetic hyperthermia, environmental 

remediation, and catalysis. 

 

5. CONCLUSION: 
In this study, magnetic oxide 

nanoparticles, specifically Fe₃O₄, were 

successfully synthesized using both co-

precipitation and sol-gel methods. The co-

precipitation approach offered a simple 

and scalable route for producing 

nanoparticles with uniform size and high 

crystallinity under controlled conditions. 

Comprehensive physico-chemical 

characterization revealed that the 

synthesized nanoparticles exhibit desirable 

structural, morphological, thermal, optical, 

and magnetic properties. Surface 

functionalization with oleic acid and citric 

acid significantly improved the colloidal 

stability and tailored the surface chemistry, 

without compromising the core magnetic 

behavior. Vibrating sample magnetometry 

confirmed superparamagnetic 

characteristics ideal for biomedical and 

environmental applications, while BET 

and UV–Vis analyses highlighted their 

potential for catalysis and photothermal 

applications. Overall, the results 

demonstrate that through careful control of 

synthesis parameters and surface 

modification, magnetic oxide nanoparticles 

can be engineered with tunable properties 

suited for a wide range of advanced 

functional applications. Future work will 

focus on in situ performance evaluation of 

these nanoparticles in real-world scenarios, 

including drug delivery systems, 

wastewater treatment, and magnetic 

sensing technologies. 
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