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Abstract  Magnetism being one of the oldest scientific disciplines has been continuously studied since 6th century BC, 
which still offers scientific innovations today in realm of nanomagnetism. Iron oxide nanomaterials have been growing 
excessive importance because of their magnetic characteristics and wide applications. Iron oxides magnetic nanoparticles 
with appropriate surface chemistry are prepared either by wet chemical method such as colloid chemical or sol-gel methods 
or by dry processes such as vapour deposition techniques. This review summarizes comparative and brief study of the 
methods for the preparation of iron oxide magnetic nanoparticles with a control over the size, morphology and the magnetic 
properties. Applications of microwave irradiation for magnetic particle synthesis are also addressed. 
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1. Introduction 
Magnetic nano materials are highly pursued during the last 

two decades because of their improved thermo-physical 
properties in diverse engineering applications globally[1, 2]. 
This manipulation of matter, with control at nano-meter 
dimensions, produces new structures, materials, and devices. 
Nano-particles promise an unprecedented advancement in 
many sectors, such as medicine, energy, materials, consumer 
products, and manufacturing[3 - 5]. The synthesis of discrete 
magnetic nanoparticles with sizes ranging from 2 to 20 nm is 
of significant importance, because of their applications in 
multi-terabit magnetic storage devices[6]. The unique mag-
netic property of the nano-particles arises mainly due to the 
reduced sizes of isolated nano particles and contributions 
from inter particle interactions are negligible. Several key 
issues of nanoparticle synthesis are: uniformity of particle 
size, size control, crystal structure, shape - control and 
alignment for device applications[7] . Particle size dominates 
the magnetic behaviour of individual magnetic nanoparticles 
resulting in new phenol mena such as superparamagnetism, 
high field irreversibility, high saturation field, extra anisot-
ropy contribu tions or shifted loops after field cooling[8]. 
Frenkel et al. [9] in 1930, suggested that a particle of fer-
romagnetic. Material, below a critical particle size (<15 nm 
for the common materials), would consist of a single mag-
netic domain. Domains are the regions in which all the 
atomic moments point in the same direction so that within 
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each domain the magnetization is saturated, attaining its 
maximum possible value[10].The magnetic behaviour of 
these particles above a certain temperature, i.e. the blocking 
temperature, is identical to that of atomic paramagnets (su-
perparamagnetism) .At blocking temperature  thermal en-
ergy of particles is greater than the energy of interaction of 
the moments of the particles with the applied magnetic field, 
resulting in the fluctuation of magnetic moments of  the 
particles about the direction of magnetic field and the mo-
ments become disordered. Thus, large susceptibilities are 
involved[11]. 

Iron oxide is found in nature in different forms. Magnetite 
(Fe3O4), Maghemite (γ-Fe2O3) and Hematite (α-Fe2O3) are 
the most common among them. Maghemite and Magnetite, 
contain single domains of about 5–20 nm in diameter. 
Magnetite is a common magnetic iron oxide that posses a 
cubic inverse spinal structure with oxygen forming an ‘fcc’ 
closed packing and Fe cations occupying tetrahedral sites 
and octahedral sites shown in Figure 1. 

Iron oxide magnetic nanoparticles differ with their atoms 
and bulk counter parts in their physical and chemical prop-
erties[12]. As each nanoparticle is considered a single 
magnetic domain, large surface area and quantum size ef-
fects lead to some dramatic change in magnetic properties 
resulting in super paramagnetic phenomena and quantum 
tunnelling of magnetization. Based on their unique physical, 
chemical, thermal and mechanical properties, super para-
magnetic nanoparticles offer a high potential for different 
applications[13-17]. These applications demand nanomate-
rials of specific sizes, shapes, surface characteristics, and 
magnetic properties. Separations (HGMS), fields of high- 
density data storage, ferrofluids, magnetic resonance imag-
ing, wastewater treatment, bio separations and biomedicines, 
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catalysts and electrode materials, and modified anti- corro-
sive coatings are some applications discussed below[18-25]. 

 
Figure 1.  Crystal structures of (a) hematite and (b) magnetite 

2. Techniques for Magnetic 
Nanoparticles Synthesis 

Many synthesis routes have been developed to achieve 
proper control of particle size, polydispersity, shape, crys-
tallinity, and the magnetic properties. Some of them are 
discussed below in figure 2. 

Figure.2. presents the three most important published 
routes or procedures for the synthesis of Iron oxide magnetic 
nanoparticles. Physical, chemical and biological aspects of 
synthesis are shown by graph. Our main focus will be 
chemical synthesis techniques which are better than other 
synthesis routes with respect to the simplicity, inexpensive 
and reproducibility. 

2.1. Liquid Phase Methods 

Well established and probably the simplest methods offer 
a better yield of magnetic nanoparticles and surface treat-
ments[26,27].These methods allow the preparation of mag-
netic nano particles with a rigorous control in size and shape 
in a simple way. Homogeneous precipitation reactions are 
used to form uniform sizes i.e. the process that involves the 
separation of the nucleation and growth of the nuclei[28, 29]. 

The classical model proposed by LaMer et al.[30], in 
which nuclei so obtained are allowed to grow uniformly by 
diffusion of solutes from the solution to their surface until the 
final size is attained. For monodispersity achievement, nu-
cleation should be avoided during the period of growth. 

Co precipitation from aqueous solutions has been used in 
most of the methods, although other liquid solvents can also 
be used. A range of 30 to 100nm Spherical magnetite parti-
cles can be obtained by the reaction of a Fe(II) salt, a base 
and a mild oxidant (nitrate ions) in aqueous solutions[31]. 
The phase and size of the particles depend on the concen-
tration of cations, the counter ions present, and the pH of the 
solution[32].By altering the pH and the ionic strength, mean 
size of the particles can be controlled (from 15 to 2 nm) 
[33-35].Nano particles are likely to aggregate because of 
large surface-area to volume ratio, to reduce their surface 
energy[36]. The suspension of nanoparticles can be stabi-
lized by adding anionic surfactants as dispersing agents[37, 
38]. Stabilization can also be achieved by coating the particle 

surfaces with proteins[39-41],starches[42,43], non-ionic 
detergents[37], or poly electrolytes[36]. Adsorption of such 
substances stabilizes the particles at electrolyte concentra-
tions that would otherwise be high enough for coagulation to 
occur[44, 45]. 

The first controlled preparation of superparamagnetic iron 
oxide particles using alkaline precipitation of FeCl3 and 
FeCl2 was performed by Massart[46].In the original synthe-
sis, magnetite (Fe3O4) particles were roughly spherical, and 
their diameter measured by XRD was 8 nm.[47] The pa-
rameters of this process were carefully studied to demon-
strate the influence of the base (ammonia, CH3NH2, and 
NaOH )[47,48] of the pH value, of added cations[N(CH3)4 +, 
CH3NH3 +, Na+, Li+, K+, and NH4 +] and the Fe2+/Fe3+ ratio 
on the yield of the coprecipitation reaction and the diameter 
and polydispersity of the nanoparticles. When all of the 
separameters are modulated, it is possible to obtain particles 
with a size ranging from 16.6 to 4.2 nm[48]. 

2.2. Two- Phase Methods (Microemulsion) 

The particles obtained with the co precipitation method 
have a broad size distribution; numerous other methods are 
currently being developed to produce nanoparticles with 
more uniform dimensions. Water-in-oil (w/o) microemul-
sion consisting of nano sized water droplets dispersed in an 
oil phase and stabilized by surfactant molecules at the wa-
ter/oil interface[49-53]. The surfactant-stabilized nano cavi-
ties (typically in the range of 10 nm) provide a confinement 
effect that limits particle nucleation, growth, and agglom-
eration[54]. The main advantage of the reverse micelle or 
emulsion technology is the diversity of nanoparticles that can 
be obtained by varying the nature and amount of surfactant 
and co-surfactant, the oil phase, or the reacting conditions. 

Salazar-Alvarez[55] in Figure 2 has reported the synthesis 
of iron oxide nanoparticles by the use of reverse emulsions. 
The nanoemulsion system consisted of AOT-BuOH/cHex/ 
H2O, with a surfactant/water molar ratio of 2.85 and a sur-
factant/ co surfactant molar ratio of 1. 

A sequential synthetic procedure was used to prepare the 
nanoparticles. One nano emulsion containing the iron source 
and another containing a solution of sodium hydroxide were 
mixed to form the magnetite nanoparticles. The nano emul-
sion was lysed with acetone to remove the particles from the 
surfactant and washed several times with ethanol. The 
colloidal nanoparticles exhibit super paramagnetic behaviour 
with high magnetization values. 

The oil and water phases often contain several dissolved 
components, and therefore, the selection of the surfactant 
(and co surfactant) depends upon the physicochemical 
characteristics of the system. Several types of surfactants, 
such as cationic, anionic, or non-ionic, can be used. 
Difficulty in their scale-up procedures and adverse effects of 
residual surfactants on the properties of the particles are the 
main disadvantages of microemulsion method. Figure 3 is 
showing TEM images of nanomaterials prepared by different 
chemical techniques[56]. 
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Figure 2.  A comparison of published work (up to date) on the synthesis of SPIONs by three different routes. Sources: Institute of Scientific Information[5] 

 
Figure 3.  Schematic representation of nanoparticle synthesis in microemulsion (a) by mixing two microemulsions (b) by adding a reducing agent, and (c) 
by bubbling gas through the microemulsion[55] 
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2.3. Sol-Gel Method 

The sol-gel process is a suitable wet route to the synthesis 
of nanostructured metal oxides[57–59]. This method is based 
on the hydroxylation and condensation of molecular pre-
cursors in solution, originating a “sol” of nanometric parti-
cles. The ‘‘sol’’ is then dried or ‘‘gelled’’ by solvent removal 
or by chemical reaction to get three-dimensional metal oxide 
network. Gel properties are very much dependent upon the 
structure created during the sol stage of the sol-gel process. 
The solvent used is generally water, but the precursors can 
also be hydrolyzed by an acid or base. Basic catalysis in-
duces the formation of a colloidal gel, whereas acid catalysis 
yields a polymeric form of the gel[60]. These reactions are 
performed at room temperature; further heat treatments are 
needed to acquire the final crystalline state[61,62]. Figure 5 
is showing a reaction mechanism of magnetite formation by 
sol-gel technique. 

 
Figure 4.  Magnetic nanoparticles prepared in solution by: (a) Coprecipi-
tation (maghemite). (b) Polyol process (Fe-based alloy). (c) Microemulsions 
(maghemite)[56] 

Parameters that influence the kinetics, growth reactions, 
hydrolysis, condensation reactions, and consequently, the 
structure and properties of the gel are solvent, temperature, 

nature, concentration of the salt precursors employed, pH, 
and agitation.[63-66]. Magnetic ordering in the sol-gel sys-
tem depends on the phases formed and the particle volume 
fraction, and is very sensitive to the size distribution and 
dispersion of the particles[67]. This method offers some 
advantages, such as (i) the possibility to obtain materials 
with a predetermined structure according to experimental 
conditions, (ii) the possibility to obtain pure amorphous 
phases, monodispersity, and good control of the particle size, 
(iii) the control of the microstructure and the homogeneity of 
the reaction products, and (iv) the possibility to embed 
molecules, which maintain their stability and properties 
within the sol-gel matrix[68]. 
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Figure 5.  Scheme showing the reaction mechanism of magnetite particle 
formation from an aqueous iron (III) solution by addition of a base 

Iron oxide-silica aero -gel composites have been prepared 
by the sol-gel method[69-71] and found to be 2-3 orders of 
magnitude more reactive than conventional iron oxide. The 
increase in reactivity was attributed to the large surface area 
of iron oxide nanoparticles supported on the silica 
aero-gel[72, 73]. Commercial precursors (TEOS and Fe (III) 
solutions) were dissolved in an alcoholic aqueous medium, 
and the gels formed after a few days were heated to produce 
the final materials[74-76]. 

 
Figure 6.  Hydrolysis and condensation of molecular precursors result in a 
wet gel, composed of a three-dimensional network of manometer-scale 
oxide particles surrounding an interconnected network of pores that are 
filled with fluid, typically the solvent. Allowing the pore fluid to evaporate 
under ambient pressure leads to pore collapse and a highly densified xerogel. 
Exchange of the pore fluid with a low polarity solvent followed by evapo-
ration leads to minimal pore collapse and an ambigel that retains 80-90% of 
the porosity of the wet gel.  Exchange of the pore fluid with liquid CO2 
followed by supercritical drying leads to an ultra high porosity and low 
density material known as an aerogel 

Erin Camponeschi et al. studied sol-gel processing method 
by the addition of common surfactant i.e. Sodium benzene 
sulfonate (NaDDBS), resulted in the decrease of the free 
energy system and allowed the creation of stable nano sized 
iron oxide particles without generating a 3D gel net-
work[77].The Fe (NO3) 3 • 9H 2 O and FeCl 3 • 6H 2 O pre-
cursors gave rise to a gel with nano sized primary particles, 

Wet gel 
Aerogel 

Ambigel 

Xerogel 



 S. F. Hasany et al.:  Systematic Review of the Preparation Techniques of Iron Oxide Magnetic Nanoparticles 152 
 

 

according to the classic sol-gel process. NaDDBS addition 
prior to gelation, affected the particle size of the resulting 
iron oxide particles. The Fe(NO3) 3 • 9H 2 O did not form a 
gel in the presences of the NaDDBS, but  still able to the 
formation of nano sized particles, similar to the nano scale 
particles formed the gel counterpart. 

Sol-gel synthesis provides an extremely easy method of 
creating a large variety of metal oxides from their metal salts 
at ambient conditions and at low temperatures. Sol-Gel 
methods include contamination from by-products of reac-
tions, as well as the need for post-treatment of the products. 
The drawback of the method is that it generates 3D oxide 
networks, and hence, it is limited in its efficiency regarding 
the formation of independent, disconnected nano sized par-
ticles. 

2.4. Gas/ Aerosol - Phase Methods 

Spray and laser pyrolysis have been shown to be excellent 
techniques for the direct and continuous high rate production 
of well-defined magnetic nanoparticles under exhaustive 
control of the experimental conditions[78]. 

In spray pyrolysis, a solution of ferric salts and a reducing 
agent in organic solvent is sprayed into a series of reactors; 
where the aerosol solute condenses and the solvent evapo-
rates[79].The resulting dried residue consists of particles 
whose size depends upon the initial size of the original 
droplets. Maghemite particles with size ranging from 5 to 60 
nm with different shapes have been obtained using different 
iron precursor salts in alcoholic solution[80]. 

 
Figure 7.  Experimental setup for flame synthesis of iron oxide nanoparti-
cles[88] 

Laser pyrolysis of organometallic precursors[81-84] is 
based on the resonant interaction between laser photons and 
at least one gaseous species, reactant or sensitizer. A sensi-
tizer is an energy transfer agent that is excited by absorption 
of CO2 laser radiation and transfers the absorbed energy to 

the reactants by collision[85]. The method involves heating a 
flowing mixture of gases with a continuous wave CO2 laser 
to initiate and sustain a chemical reaction until a critical 
concentration of nuclei is reached in the reaction zone, and 
homogeneous nucleation of particles occurs[86].The nucle-
ated particles formed during the reaction are entrained by the 
gas stream and are collected at the exit[87]. Benjamin and 
Kozo[88] studied the synthesis of Iron oxide by using 
gas-phase, laminar diffusion flame process for the synthesis 
of reduced iron oxide nanoparticles shown in figure 6. 

Gas /Aerosol phase methods yield high quality products 
but the percentage yield is usually low enough, Variables 
such as oxygen concentration, gas phase impurities, and the 
heating time must be controlled precisely to obtain pure 
products. The equipments used in these methods are also 
expensive. 

2.5. Polyols Method 

A very promising technique for the preparation of 
well-defined shapes and size controlled nanoparticles that 
could be used in biomedical applications[89] .By controlling 
the kinetic of the precipitation, non agglomerated metal 
particles with well-defined shape and size can be obtained. A 
better control of the average size of the metal particles can be 
obtained by seeding the reactive medium with foreign parti-
cles (heterogeneous nucleation). In this way, nucleation and 
growth steps can be completely separated and uniform par-
ticles result. Iron particles around 100 nm can be obtained by 
dis-proportionation of ferrous hydroxide in organic me-
dia[90]. 

The solvents as polyols for example, polyethylene glycol, 
offer interesting properties: owing to their high dielectric 
constants, they act as solvents able to dissolve inorganic 
compounds, and owing to their relatively high boiling points, 
they offer a wide operating-temperature range (from 25 °C to 
the boiling point) for preparing inorganic compounds[91]. 
Polyols also serve as reducing agents as well as stabilizers to 
control particle growth and prevent inter particle aggrega-
tion. 

Joseyphus et al.[92] evaluated several factors governing 
the production yield of Fe particles like type of polyols, 
ferrous salts, ferrous ion concentration, hydroxyl ion con-
centration, and reaction temperature. He found out the yield 
and size of Fe particles varied depending upon the reduction 
potential of the polyols. 

Hong-Ling Liua[93] studied the one pot polyols synthesis 
of iron oxides with sizes sub-5 nm as shown in figure 7. 

TEM images of two samples obtained by reacting 
Fe(acac)3 with 1,2-hexadecanediol in the presence of the 
PVP polymer surfactant in octyl ether. The nanoparticles 
from the two samples are well distinct as individual entities, 
with little aggregation. Both of them show tight size distri-
butions and Samples I and II have an average dimension of 4 
and 5 nm, respectively, which are comparable to the estima-
tions by Scherrer’s formula[94]. 

By inspecting single nanoparticles by HRTEM, as shown 
in figure Y(c) for Sample I, displays distinct lattices of {220} 
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faces, representing the (1 1 1) projection of the highly crys-
talline magnetite structure[95,96].The nanoparticle is almost 
encompassed by the circle, which defines the boundary be-
tween the bulk and the surface. Inside, the arrangement of the 
motifs is crystallographically positioned, while disorder can 
be detected outside. The image also reveals the coating layer 
of the polymer molecules on the nanoparticle surface. 

 

 

 
Figure 8.  TEM images (a) sample I and (b) Sample II with (c) HRTEM of 
a single magnetite nanoparticle[93] 

2.6. Hydrothermal Reaction Methods 

These reactions are performed in aqueous media in reac-
tors or autoclaves where the pressure can be higher than 2000 
psi and the temperature can be above 200 °C. Hydrothermal 
methods rely on the ability of water to hydrolyze and dehy-
drate metal salts on elevated conditions, and the very low 
solubility of the resulting metal oxides in water at these 
conditions to generate supersaturation[97]. Hao and Teja,[98] 
conducted a detailed investigation of the effects of precursor 
concentration, temperature, and residence time on particle 
size and morphology in this method. 

The particle size and size distribution increased with 

precursor concentration. However, the residence time had a 
more significant impact on the average particle size than feed 
concentration. Monodispersed particles were produced at 
short residence times[99,100].Figure 8 showing schematic 
presentation of experiments. 

 
Figure 9.  Schematic diagram of the apparatus used by Teja for 
hudrothermal method[99] 

 

 
Figure 10.  TEM images of iron oxide nanoparticles obtained in (a) ex-
periment S1(100,000X) and (b) experiment S2 (140,000X)[99] 

The effect of changing the precursor (ferric nitrate) 
concentration from 0.03 to 0.06M (with all other variables 
kept constant) is studied in Figure 9, which shows TEM 
images of particles obtained in experiments S1 and S2. In 
experiment S1, the precursor concentration was 0.03M and 
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small, spherical particles with an average particle radius of 
15.6±4.0 nm were obtained. A few larger rhombic particles 
were also obtained. In experiment S2, the ferric nitrate 
concentration increased to 0.06 M, and average particle size 
increased to 27.4±7.0 nm. However, the particles were now 
mostly rhombic, and there were few, if any, smaller spherical 
particles. 

3. Sonolysis 
Iron oxide can be prepared by the decomposition Sonoly-

sis of organometallic precursors. Polymers, organic capping 
agents, or structural hosts are used to limit the nanoparticle 
growth[101,102].Figure 10, is representing general steps of 
iron oxide synthesis by Sonolysis technique. 

 
Figure 11.  Flow chart of sonochemical synthesis of iron oxide[103] 

 

 
Figure 12.  (a) SEM image of sonochemically prepared Y-Fe-O displaying 
aggregates of nanoparticles. (b) TEM image and corresponding SAED 
pattern showing that aggregates are composed of approximately 3 nm sized 
particles having the amorphous nature[109] 

Ultrasonic irradiation caused cavitations in an aqueous 
medium where the formation, growth and collapse of micro 
bubbles occurred[103,104] .Cavitation can generate a tem-
perature of around 5000 ◦C and a pressure of over 1800 KPa, 
which enable many unusual chemical reactions to occur[105, 
106]. In many cases thermally induced processes provide 
crystalline nanoparticles. In contrast, ultrasonic-driven reac-
tions yield amorphous materials that are produced in col-
lapsing cavitations bubble as enormous cooling rates (1010 
K/s) prevent their crystallization during quenching, thus 
calling for heat-treatment after synthesis[107,108]. 

Jiri Pinkas et al.[109] studied the sonochemical synthesis 
of yttrium iron oxide nanoparticles embedded in Acetate 
Matrix, resulting in approximately 3 nm sized particles as 
shown in figure 11. On the basis of the SEM and TEM im-
ages, it was proposed that the globular agglomerates formed 
by the sonochemical process are composed of ultra small 
nanoparticles of corresponding amorphous iron yttrium 
oxide that are embedded in an acetate matrix. The simple 
control of the Stoichiometry was achieved by the starting 
molar ratio of the Y and Fe precursors. 

4. Microwave Irradiation 
Microwave chemistry has received great attention in re-

cent years, as its use has been started in preparative chemis-
try and material synthesis since 1986[110,111]. 

The greatest advantage of microwave irradiation is that it 
can heat a substance uniformly through a glass or plastic 
reaction container, leading to a more homogeneous nuclea-
tion and a shorter crystallization time compared with those 
for conventional heating. This is beneficial to the formation 
of uniform colloidal materials. Norihito Kijima reported 
synthesizing ultrafine α-Fe2O3 nanoparticles with an ex-
tremely narrow distribution by microwave heating. As 
compared with other previously reported iron oxides, ul-
trafine α-Fe2O3 nanoparticles a significantly high electro-
chemical performance because of their uniformity and 
size[112]. 

Figure 12 displays the TEM images of the α-Fe2O3 
nanoparticles. Most primary particles had ellipsoid shapes, 
and these primary particles connected to each other. Ag-
glomerations would occur when the TEM. The average di-
ameter of the primary particles was less than 10 nm. The 
electron diffraction pattern and fringes in some particles 
showed that these nanoparticles were single crystals.J.G. 
Parsons et al.[113] studied the microwave-assisted synthesis 
of iron oxide/oxyhydroxide nanoparticles by using a stan-
dard microwave oven, and high concentrations of the starting 
materials. The nanoparticles formed from the slow titration 
of FeCl3 with sodium hydroxide have controlled growth and 
controlled crystal structure dependent on the temperature of 
the synthesis. As shown in figure 13. It was also investigated 
that the nanoparticles synthesized using this techniques have 
similar growth on three different axes of the crystal structure 
as the anisotropy in the crystals is low indicating that the 
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nanoparticles are spherical in nature, as shown by TEM in 
Figure 14. 

 

 
Figure 13.  TEM images of the α-Fe2O3 nanoparticles generated by mi-
crowave irradiation[112] 

 
Figure 14.  Size of nanoparticles formed at 150–250 °C varying the initial 
iron (III) chloride concentrations using microwave-assisted synthesis for 30 
min reaction time[113] 

 
Figure 15.  TEM micrograph of iron oxide nanoparticles synthesized at 
100 oC, with 30 min of pulsed microwave irradiation[113] 

5. Conclusions and Perspectives 
The major focus of current research on Iron oxide mag-

netic nanoparticles synthesis is finding new methods or 
improving the conventional ones in order to obtain reli-
able/reproducible superparamagnetic nanoparticles with 
optimum surface charge, shape, size, colloidal stability in a 
biological environment, biocompatibility and saturation 
magnetization. The synthesis of magnetic nanoparticles, 
covering a wide range of compositions and tuneable sizes, 
has made substantial progress, especially over the past dec-
ade. Different kinds of mono-disperse spherical nano crys-
tals with controllable particle sizes and compositions have 
been synthesized by a wide range of chemical synthetic 
procedures: co precipitation, microemulsion, sol-gel reac-
tions, aerosol methods hydrothermal decomposition of 
metal-surfactant complexes, polyols processes and sonolysis. 
A new method has also been reported i.e. microwave syn-
thesis (MW). Rapid heating is one of the key features of 
microwave heating. Microwave irradiation synthesis is get-
ting importance in other fields of research as well because 
this method is environmental friendly and a domestic mi-
crowave can be used for research purpose as well. Future 
studies should also aim to address different challenges faced 
in iron oxide magnetic nanoparticles synthesis and applica-
tions. A major challenge for all methods is the design of 
magnetic nanoparticles with effective surface coatings that 
provide optimum performance in vitro and in vivo biological 
applications. Additional challenges include scale-up, toxicity, 
and safety of large-scale particle production cost and proc-
esses. 
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