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Abstract:Ferrofluids are colloidal suspensions of magnetic nanoparticles in carrier liquids that exhibit
unique magnetorheological properties. Kerosene-based ferrofluids containing oleic acid-coated
magnetite (FesO4) nanoparticles have gained attention due to their excellent thermal stability, low
volatility, and superior dispersion characteristics. This review examines the synthesis methodologies,
characterization techniques, and diverse applications of oleic acid-coated kerosene-based FesOa
ferrofluids.

We analyzed chemical co-precipitation and thermal decomposition methods for FesOs nanoparticle
synthesis, emphasizing oleic acid's role as a surfactant in achieving stable colloidal dispersions.
Characterization approaches discussed include X-ray diffraction (XRD) for phase identification,
transmission electron microscopy (TEM) for morphological analysis, Fourier transform infrared
spectroscopy (FTIR) for confirming oleic acid coating, vibrating sample magnetometry (VSM) for
magnetic property evaluation, and rheological measurements for assessing flow behavior. The chemical
bonding mechanisms between oleic acid and magnetite surfaces are critically analyzed.

The review highlights how oleic acid surface modification prevents particle agglomeration and enhances
long-term stability in non-polar kerosene carriers. Characterization reveals distinct patterns in XRD
peaks, magnetization curves, and viscosity-temperature relationships governing ferrofluid performance.
Kerosene-based ferrofluids demonstrate superior performance in heat transfer enhancement for cooling
systems, damping applications in shock absorbers and vibration control, and magnetic fluid sealing
technology for rotary seals and vacuum feedthroughs. Emerging biomedical applications include drug
delivery and magnetic hyperthermia therapy.

This review synthesizes current knowledge on oleic acid-coated kerosene-based FesOa ferrofluids and
identifies future research opportunities in nanoparticle size optimization, surface chemistry modification,
and application-specific formulations, serving as a resource for researchers working on ferrofluid
development across technological domains.

Index Terms - Ferrofluids, Magnetite nanoparticles, Oleic acid, Kerosene, Chemical co-precipitation

|. INTRODUCTION

Ferrofluids represent a unique class of smart materials that combine the fluid properties of liquids with
the magnetic characteristics of solids, creating colloidal suspensions that respond to external magnetic
fields while maintaining their fluidity [1]. These magnetically controllable fluids consist of nanoscale
ferro or ferrimagnetic particles, typically 10-15 nm in diameter, dispersed in a carrier liquid with the aid
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of surfactant molecules that prevent particle agglomeration through steric or electrostatic repulsion
mechanisms [2].

Since their development by Papell in the 1960s for NASA's space program, ferrofluids have evolved into
sophisticated functional materials with applications spanning thermal management, mechanical
engineering, electronics, and biomedicine [3]. The selection of both the magnetic nanoparticle core and
the carrier fluid significantly influences the performance characteristics and application domains of
ferrofluids. Magnetite (FesO4) nanoparticles have emerged as the preferred magnetic component due to
their high saturation magnetization, biocompatibility, chemical stability, and cost-effectiveness compared
to other magnetic materials such as cobalt or nickel ferrites [4].

The carrier fluid selection is equally critical, with options including water, organic solvents, mineral oils,
synthetic esters, and hydrocarbons. Among these, kerosene-based ferrofluids have gained prominence for
industrial applications due to several advantageous properties: low volatility, good thermal stability
across wide temperature ranges, excellent electrical insulation, chemical inertness, and commercial
availability at reasonable cost [5]. Kerosene, a mixture of hydrocarbons primarily in the C10-C16 range,
provides an ideal non-polar medium for applications requiring thermal management, electromagnetic
shielding, and mechanical damping under varying environmental conditions.

Surface modification of magnetite nanoparticles is essential to achieve stable dispersion in non-polar
kerosene carriers, as uncoated nanoparticles tend to aggregate due to van der Waals attractive forces and
magnetic dipole-dipole interactions. Oleic acid (cis-9-octadecenoic acid, CisH34O:) has become the
surfactant of choice for kerosene-based ferrofluids due to its long hydrophobic alkyl chain, which
provides excellent compatibility with non-polar solvents, and its carboxylic acid functional group, which
forms strong chemical bonds with the hydroxyl groups on magnetite surfaces through chemisorption or
complexation mechanisms [6], [7].
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Figure 1. Structure of a ferrofluid showing FesOs nanoparticles coated with oleic acid dispersed in a
kerosene carrier

The stability of ferrofluids depends on surfactant-mediated interactions between FesOa nanoparticles and
carrier molecules (Figure 1). The oleic acid monolayer creates a steric barrier that prevents particle-
particle contact while simultaneously rendering the nanoparticle surface hydrophobic and compatible
with the kerosene medium. This surface engineering approach results in ferrofluids with enhanced
colloidal stability, reduced sedimentation, improved magnetic responsiveness, and optimized rheological
properties for specific applications [8], [9].

This review provides a comprehensive analysis of oleic acid-coated kerosene-based FesO. ferrofluids,
with emphasis on three critical aspects: (1) synthesis methodologies including chemical co-precipitation
and thermal decomposition routes, with detailed examination of oleic acid coating mechanisms; (2)
characterization techniques encompassing structural, morphological, chemical, magnetic, and rheological
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analyses; and (3) applications with particular focus on heat transfer enhancement, damping systems, and
magnetic sealing technology, while also addressing emerging biomedical uses.

I1. SYNTHESIS AND SURFACE MODIFICATION TECHNIQUES

The synthesis of oleic acid-coated kerosene-based FesOa ferrofluids involves two primary stages: (1)
preparation of magnetite nanoparticles with controlled size, morphology, and crystallinity, and (2)
surface modification with oleic acid to achieve stable dispersion in kerosene. This section examines the
principal synthesis routes, surface chemistry, and factors governing ferrofluid stability.

Chemical Co-precipitation Method

Chemical co-precipitation is the most widely employed synthesis route for magnetite nanoparticles due
to its simplicity, cost-effectiveness, ambient temperature operation, and ability to produce large
quantities of nanoparticles with reasonable size control [10]. The method involves the simultaneous
precipitation of Fe?" and Fe** ions in an alkaline aqueous medium, typically using ammonia or sodium
hydroxide as the precipitating agent.
The stoichiometric reaction for magnetite formation via co-precipitation can be represented as:

Fe?* + 2Fe3 + 8OH™ — Fes0s4 + 4H20
The synthesis typically begins with the preparation of agueous solutions containing iron(ll) chloride
(FeClz) and iron(III) chloride (FeCls) in a molar ratio of 1:2. The mixed iron salt solution is then added
dropwise to a vigorously stirred alkaline solution (pH > 9) maintained under an inert atmosphere
(nitrogen or argon) to prevent oxidation of Fe** to Fe*". The black precipitate of magnetite forms
instantaneously and can be separated magnetically or through centrifugation [11].
Critical parameters affecting particle size, morphology, and magnetic properties include: (a) Fe?'/Fe’*
molar ratio - the theoretical 1:2 ratio yields pure magnetite phase, deviations lead to maghemite (y-
Fe20s) or other iron oxide phases; (b) pH value - higher pH (>11) promotes smaller particles but may
reduce crystallinity, while moderate pH (9-10) balances size and crystal quality; (c) temperature -
elevated temperatures (60-90°C) enhance crystallinity and increase particle size through Ostwald
ripening; (d) stirring rate - vigorous agitation promotes uniform nucleation and prevents local
concentration gradients; (e) addition rate of reactants - slower addition rates allow controlled nucleation
and narrow size distribution [12], [13].
Recent advances in co-precipitation methodology include the use of organic-bases such as
tetramethylammonium hydroxide, which produce smaller and more monodisperse particles, and
continuous flow reactors that enable better process control and scalability [14]. Microwave-assisted co-
precipitation has also been explored to achieve rapid heating, reduced reaction times, and enhanced
crystallinity [15].

Thermal Decomposition Method

Thermal decomposition of iron precursors in high-boiling organic solvents represents an alternative
synthesis route that typically yields magnetite nanoparticles with superior size monodispersity,
crystallinity, and magnetic properties compared to co-precipitation. This method involves the pyrolysis
of iron-containing organometallic compounds, such as iron pentacarbonyl [Fe(CO)s], iron
acetylacetonate [Fe(acac)s], or iron oleate, in the presence of surfactants and high-boiling solvents like
octadecene, benzyl ether, or trioctylamine.

The thermal decomposition process occurs through several stages: (1) decomposition of the iron
precursor at elevated temperatures (typically 200-320°C), (2) nucleation of iron oxide nanocrystals, (3)
growth of nuclei through diffusion of solubilized iron species, and (4) Ostwald ripening where smaller
particles dissolve and larger particles grow [16]. The presence of surfactants such as oleic acid and
oleylamine during synthesis serves multiple functions: capping agent to control particle size, stabilizer to
prevent aggregation, and shape-directing agent to influence morphology.

A typical thermal decomposition synthesis involves mixing iron acetylacetonate with oleic acid,
oleylamine, and a high-boiling solvent, followed by heating to reflux temperature (280-320°C) under
inert atmosphere for 1-4 hours. The reaction mixture is then cooled, and nanoparticles are precipitated
by adding ethanol or acetone, followed by magnetic separation [17]. The resulting nanoparticles are
inherently coated with oleic acid, making them directly dispersible in non-polar solvents including
kerosene.
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Table 1.Comparison of chemical co-precipitation and thermal decomposition methods for FesOs
nanoparticle synthesis

Parameter Chemical Co-precipitation Thermal Decomposition
Reaction medium Aqueous Organic (high-boiling solvent)
Temperature (°C) 25-90 200-320

Particle size control Moderate Excellent

Crystallinity Moderate High

Cost & scalability Low, scalable High cost, limited scale
Surfactant requirement Post-synthesis coating In-situ coating possible

Both synthesis routes have specific advantages and limitations, as summarized in Table 1. Key
advantages of thermal decomposition include: excellent size control through manipulation of reaction
temperature, time, and precursor concentration; high crystallinity due to elevated synthesis temperatures;
narrow size distribution (polydispersity index < 5%); and direct formation of oleic acid-coated
nanoparticles eliminating post-synthesis surface modification [18]. However, this method requires more
expensive precursors, high temperatures, and organic solvents, limiting its industrial scalability
compared to aqueous co-precipitation.

Oleic Acid Surface Modification and Coating Mechanisms

The surface modification of magnetite nanoparticles with oleic acid is critical for achieving stable
dispersion in non-polar kerosene carriers. Freshly synthesized magnetite nanoparticles possess
hydrophilic surfaces rich in hydroxyl groups (-OH) and exhibit strong tendency toward agglomeration
due to magnetic dipole-dipole interactions and van der Waals forces. Oleic acid, with its amphiphilic
structure comprising a hydrophilic carboxylic acid head group (-COOH) and a long hydrophobic alkyl
tail (C17H33-), serves as an ideal surfactant for rendering magnetite surfaces hydrophobic and

compatible with non-polar solvents [6].
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Figure 2. Stepwise schematic representation of oleic acid coating on FesO« nanoparticles showing
carboxylate bonding to surface Fe?"/Fe?*" sites and hydrophobic tail orientation

The coating process typically involves mixing magnetite nanoparticles (synthesized via co-precipitation
or thermal decomposition) with excess oleic acid in an appropriate solvent, followed by heating (60-
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80°C) with continuous stirring for several hours. The coating process involves chemisorption and
bidentate coordination of carboxylate groups with Fe ions (Figure 2). During this process, oleic acid
molecules adsorb onto the magnetite surface through various interaction mechanisms: (a) chemisorption
- the carboxylic acid group forms covalent or coordinative bonds with surface Fe?'/Fe3* cations; (b)
hydrogen bonding - COOH groups interact with surface hydroxyl groups; (c) electrostatic attraction -
ionized carboxylate groups (-COO") bind to positively charged surface sites [19].

Multiple studies have investigated the binding mode of oleic acid on magnetite surfaces using
spectroscopic techniques. FTIR analysis reveals characteristic changes in the carboxylate stretching
vibrations: the asymmetric COO~ stretch shifts from ~1710 cm™ (free oleic acid) to ~1540 cm™
(adsorbed oleate), while the symmetric stretch appears at ~1440 cm™, indicating bidentate coordination
of carboxylate groups with surface iron atoms [20]. The separation between asymmetric and symmetric
stretching frequencies (Av = 100 cm™) suggests a bridging bidentate configuration where both oxygen
atoms of the carboxylate group coordinate with surface Fe atoms.

The surface coverage and packing density of oleic acid molecules depend on several factors: (a) oleic
acid concentration - excess oleic acid (typically 2-10 times the stoichiometric requirement) ensures
complete monolayer coverage; (b) temperature - elevated temperatures enhance molecular mobility and
facilitate reorganization of the surfactant layer; (c) pH - carboxylic acid groups dissociate at pH > 5,
promoting binding to magnetite surfaces; (d) washing procedure - thorough washing with ethanol or
acetone removes excess physisorbed oleic acid, leaving only chemisorbed monolayer [21]. Surface
coverage is significantly affected by oleic acid concentration and temperature (Table 2).

Table 2.Summary of parameters influencing oleic acid coating efficiency on FesO« nanoparticles.

Factor Influence Optimal Condition

Oleic acid concentration Surface coverage 2—10x% stoichiometric excess
Temperature Molecular mobility 70-80 °C

pH Carboxylic acid dissociation >5

Washing solvent Removes unbound oleic acid Ethanol or acetone

Particle size Surface area Smaller = higher coverage

Thermogravimetric analysis (TGA) provides quantitative assessment of surfactant loading on
nanoparticle surfaces. For oleic acid-coated magnetite, weight loss between 200-500°C corresponds to
decomposition and desorption of surface-bound oleic acid, typically ranging from 5-15 wt% depending
on particle size and coating conditions. Smaller particles exhibit higher weight loss percentages due to
larger surface area-to-volume ratios [22].

Ferrofluid Preparation in Kerosene Carrier

Following oleic acid surface modification, the hydrophobic magnetite nanoparticles can be dispersed in
kerosene through simple mixing or sonication. The ferrofluid preparation process typically involves: (1)
drying the oleic acid-coated nanoparticles to remove residual water and polar solvents; (2) adding a
measured amount of dry nanoparticles to kerosene (typically 1-10 vol%); (3) ultrasonication for 30-60
minutes to break up soft agglomerates and achieve uniform dispersion; (4) magnetic decantation to
remove any undispersed large particles or aggregates [23].

The stability of kerosene-based ferrofluids depends on the balance between attractive forces (magnetic
dipole-dipole interactions, van der Waals forces) and repulsive forces (steric repulsion from oleic acid
coating). The Stokes-Einstein equation governs Brownian motion of nanoparticles, preventing
sedimentation despite the density difference between magnetite (~5.2 g/cm?3) and kerosene (~0.8 g/cm3).
Well-prepared ferrofluids should exhibit no visible sedimentation for months, magnetic responsiveness
under applied fields, and smooth flow characteristics [15].
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I11. CHARACTERIZATION METHODS

Comprehensive characterization of oleic acid-coated kerosene-based FesO. ferrofluids requires multiple
analytical techniques to assess structural, morphological, chemical, magnetic, and rheological properties.

X-ray Diffraction (XRD) Analysis
X-ray diffraction serves as the primary technique for determining the crystal structure, phase purity, and
crystallite size of magnetite nanoparticles. Magnetite (FesO4) exhibits an inverse spinel crystal structure
with characteristic XRD peaks at 20 values of approximately 30.1°, 35.5°, 43.1°, 53.4°, 57.0°, and 62.6°,
corresponding to the (220), (311), (400), (422), (511), and (440) Miller indices [24].

Fe,O, nanoparticles
5000¢r
(220)
5 4000r (400)
2 422
S 3000} 42 (a0
2000+

20 30 40 50 60 70
20 (degree)

Figure 3.Representative XRD pattern of FesOs nanoparticles showing diffraction peaks corresponding
to (220), (311), (400), (422), (511), and (440) planes of the spinel structure.

The characteristic peaks at 20 = 30.1°, 35.5°, 43.1°, 53.4°, 57.0°, and 62.6° confirm the spinel Fe;O4
structure (Figure 3). The Scherrer equation enables estimation of average crystallite size from XRD peak
broadening. For magnetite nanoparticles synthesized via chemical co-precipitation, typical crystallite
sizes range from 8-25 nm depending on synthesis conditions [25].
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Transmission Electron Microscopy (TEM)

Figure 4. TEM images of oleic acid-coated FesO. nanoparticles showing uniform spherical morphology
and narrow size distribution.

TEM micrographs reveal quasi-spherical nanoparticles with average size of 10-20 nm (Figure 4). TEM
provides direct visualization of nanoparticle morphology, size distribution, and core-shell structure.
Well-synthesized nanoparticles typically exhibit quasi-spherical morphology with average diameters of
10-20 nm. High-resolution TEM reveals lattice fringes with the (311) plane spacmg of 0.253 nm
characteristic of magnetite [26]. "
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Figure 5.FTIR spectra of (a) pure oleic acid and (b) oleic acid-coated FesO+ nanoparticles, highlighting
COO" asymmetric (~1540 cm™) and symmetric (~1440 cm™) stretching vibrations.

FTIR spectroscopy provides crucial evidence for successful oleic acid coating. FTIR peaks at 1540 cm™
and 1440 cm™ confirm the formation of Fe—carboxylate bonds (Figure 5). The characteristic Fe-O
stretching band appears around 570-630 cm™'. Upon oleic acid coating, C-H stretching vibrations appear

IJCRT2603386 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | d221



http://www.ijcrt.org/

www.ijcrt.org © 2026 IJCRT | Volume 14, Issue 3 March 2026 | ISSN: 2320-2882

at ~2920 and ~2850 cm™', while asymmetric and symmetric COO™ stretches at ~1540 and ~1440 cm™
indicate carboxylate coordination with surface Fe atoms [27].

Vibrating Sample Magnetometry (VSM)

VSM characterizes magnetic properties including saturation magnetization, remanence, and coercivity.
For single-domain magnetite nanoparticles, superparamagnetic behavior is observed with zero coercivity
and remanence at room temperature. Saturation magnetization typically ranges from 40-80 emu/g
depending on particle size and oleic acid content [28].

Rheological Characterization

Rheological measurements assess flow behavior and viscosity. Kerosene-based ferrofluids exhibit
Newtonian behavior at low concentrations with viscosity increasing under applied magnetic fields.
Temperature dependence follows an Arrhenius relationship with viscosity decreasing exponentially at
elevated temperatures [29].

IV. APPLICATIONS

Heat Transfer Enhancement

Ferrofluids demonstrate 20-40% thermal conductivity enhancement for 2-5 vol% magnetite in kerosene.
Applications include electronic cooling, transformer cooling, automotive radiators, and heat exchangers.
The superior thermal conductivity of magnetite nanoparticles compared to base fluids enables efficient
heat dissipation [27].

Damping and Vibration Control

Magnetorheological properties enable adaptive damping where damping force varies with applied
magnetic field. Applications include automotive suspension, seismic dampers, precision machinery
isolation, and aerospace landing gear. Kerosene-based systems offer broader operating temperature
ranges than water-based alternatives [15].

Magnetic Fluid Sealing

Ferrofluids held by magnetic field gradients create frictionless seals around rotating shafts. Applications
include hard disk drives, vacuum feedthroughs, and chemical process equipment. Kerosene-based
ferrofluids provide low vapor pressure, thermal stability, and chemical inertness essential for sealing
applications [3].

Emerging Biomedical Applications

Oleic acid-coated magnetite nanoparticles in biocompatible carriers enable magnetic hyperthermia

cancer therapy, targeted drug delivery, MRI contrast enhancement, and magnetic biosensing. These

applications leverage superparamagnetic properties and biocompatibility of magnetite [30], [31]. The

multifunctional nature of ferrofluids enables diverse industrial and biomedical applications (Table 3).
Table 3.Summary of key applications of oleic acid-coated kerosene-based FesOq ferrofluids.

Application Area Function Key Property References
Heat transfer systems Cooling, heat exchangers Enhanced thermal conductivity [32]
Damping systems Vibration absorption Magnetorheological response [33]
Magnetic sealing Rotary vacuum seals Low volatility, stability [3]
Biomedical Drug delivery, hyperthermia Biocompatibility [30]

Future Perspectives

Research opportunities include size optimization through advanced synthesis methods, exploration of
alternative surfactants, development of multifunctional ferrofluids, comprehensive long-term stability
studies, computational modeling for predictive design, sustainable green chemistry approaches, and
establishment of standardized characterization protocols.
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Conclusion

Oleic acid-coated kerosene-based FesO. ferrofluids represent a mature yet evolving class of functional
materials with diverse industrial applications. Chemical co-precipitation and thermal decomposition
methods enable controlled nanoparticle synthesis, while oleic acid surface modification ensures stable
dispersion in non-polar carriers. Comprehensive characterization through XRD, TEM, FTIR, VSM, and
rheological measurements enables optimization for specific applications including heat transfer,
damping, and sealing. Future research in synthesis optimization, surface chemistry modification, and
application-specific formulations will expand ferrofluid technology impact across diverse technological
domains.
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