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Abstract-

 

Metal Oxide Nanoparticles are of interest in modern 
research and applications.  Fe3O4

 

nanoparticles have 
interesting properties that can be manipulated in a various 
applications,some of these applications represent an 
advanced technology to biological and medical sciences  [1-
5], drugs and gene mapping [6-9], Detection of proteins 
moieties  [10],Tumour removal  [11,12] bioanalysis  of 
pathogens [13],  Tissue analysis [14],monitoring of DNA 
structure[15,16],and Magnetic Resonance

 

Imaging resolution 
improvement [18-23] chromatographic separation and 
purification of molecules and  biological cells [24].The purpose 
of this review is to summarize the different methods of 
preparations of

 

Fe3O4

 

nano

 

particles

 

and describes these 
methods

 

of preparation allowing control of the size, 
morphology,

 

and  surface treatment. These

 

nanoparticles can 
be prepared

 

by different methods such as Gas, liquid, two-
phase methods, Sol-gel methods, High pressure hydrothermal 
methods and Co-precipitation Method.

 
I.

 

Introduction

 
ron(III)oxide Fe3O4a ferromagnetic

 

metal oxide

 

is one 
of several iron oxides and a member of the spinel 
structural group (of inverse type)[25,26]. The 

systematic name is iron (II, III) oxide. Also known as 
magnetite mineral whose chemical formula

 

can be 
written as FeO•Fe2O3, a composition of wustite (FeO) 
and hematite (Fe2O3). This formular

 

eflects  the different 
oxidation states of the iron in the spinel inverse type 
structure.

 

The dimensions of iron oxide nanoparticles

 

are 
generally described by its diameters that are between 1 
and 1000

 

nanometers. The forms

 

magnetite (Fe3O4) and 
its oxidized form

 

Maghemite (Fe2O3

 

) are synthesized , 
well characterized, and attracted a number of research 
groups due to their

 

magnetic

 

properties and potential 
for use in

 

many technical applied sciences. These 
mineral do not pose any toxicity threats and environment 
friendly type of oxides with respect to other transition 
metal oxides,

 

which are highly magnetic materials, 
known to be toxic and easily

 

oxidized. 

 

Row quality

 

Fe3O4, usually called synthetic 
magnetite, can be prepared using by processing 
industrial wastes, and scrap iron or solutions containing 
iron salts (by-products of  industrial processes such as 
the acid treatment

 

of steel, through the following steps:

 

1.

 

Oxidation of Fe metal by the Lucas process.  
Treatment of nitrobenzene

 

with iron metal in 
presence of iron chloride, FeCl2

 

as a catalystto form 
in Fe3O4

 

C6H5NO2

 

+ 9Fe + 2H2O →

 

C6H5NH2

 

+ Fe3O4

 

2.

 

Oxidation of Fe2+

 

compounds, to precipitate iron(II) 
salts as hydroxides followed by oxidation by 
aeration and the oxide produced determined by 
careful control of the pH.

 

3.

 

Reduction of Fe2O3

 

with hydrogen [28]: 

 

3Fe2O3

 

+ H2

 

→

 

2Fe3O4

 

+H2O

 

4.

 

Reduction

 

of Fe2O3

 

with CO: 

 

3Fe2O3

 

+ CO

 

→

 

2Fe3O4

 

+ CO2

 

Production of nano-particles can be done 
chemically by mixing

 

salts of FeII

 

and FeIII

 

and followed 
by addition of alkali to precipitate Fe3O4incolloidal form. 
Control of the conditions of the reaction are important to 
the determination of  the particle size desired.

 

Magnetite exhibits a cubic inverse spinel 
structure in which oxygen forming a face centered cubic 
closed packing structure (Fig 2.6). With, the tetrahedral 
sites are occupied by Fe3+

 

and octahedral sites are 
occupied by both Fe3+

 

and Fe2+

 

ions.

 

Maghemite and 
Magnetite minerals are different structurally from each 
other.    In Magnetite mineral most of the iron ions are 
trivalent (Fe3+) accompanied by the presence of cationic 
vacancies within the

 

octahedral sites. Maghemite

 

mineral exhibits a cubic unit cell, each cell contains 32 O 
ions, 21 1/3 Fe3+

 

ions and 2 1/3 vacancies. The iron ions 
are distributed randomly over the 8 tetrahedral and 16 
octahedral sites.
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Fig. 2.6: Crystal structures of magnetite, Adapted from ref [27]
 

Fe3O4 is ferromagnetic with a phase transition at 
120K, the so-called Verwey transition, in which there is a 
discontinuity in the structure, conductivity and magnetic 
properties. This effect has been extensively investigated 
with a number of  explanations were proposed, however  
it is not fully clear. Fe3O4exhibits electrical conducting 

property with conductivity significantly higher (x 106) 
than that of Fe2O3, this is due to electron exchange 
between the FeII

 and FeIII
 centers. Physical and 

magnetic properties for Magnetite are summarized in 
Table 2.3. 

Table 2.3: Physical and magnetic properties of iron oxides 

Property Oxide (Magnetite) 
Molecular formula 
Density(g/cm3) 
Melting point (oC) 
Hardness 
Type of magnetism 
Curie temperature (K 
MS at 300 K (A-m2/kg) 
Standard free 
Crystallographic 
Structural type 
Space group 
Lattice parameter(nm) 
 

Fe3O4 

5.18 
1583 
5.5 

Ferromagnetic 
850 

92-100 
_1012.6 
Cubic 

Inverse spinel 
Fd3m 

a=0.8396 
 

It is well known fact that iron atom has a strong 
magnetic moment as a result of four unpaired electrons 
in its 3dorbitals. Formation of  crystals of iron atomsis 
due to different magnetic states as shown in Fig. 
2.7.The paramagnetic state, usually arise paired 
electons in its 3d orbitals of the individual atomic 
magnetic moments randomly aligned with respect to 
each other, so the crystal has a zero net magnetic 
moment.  However, if this crystal is exposed to an 
external magnetic field, some of these moments align, 

and the crystal will attain a small net magnetic moment. 
In the case of ferromagnetic crystal, all the individual 
moments are aligned without an external field effect. The 
ferromagnetic crystal, however has a net magnetic 
moment result from two types of atoms with moments of 
different magnetic strengths arranged anti parallely                  
(Fig. 2.7). When anti parallel magnetic moments are 
similar in magnitude, the crystal is known as anti 
ferromagnetic and possesses net magnetic moment  of 
zero. 
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Bulky ferromagnetic material, in which the 
magnetization M is the vector sum of all the magnetic 
moments of all the atoms per unit volume of the 
material. The magnitude of M is generally less than its 
value when all atomic moments are totally aligned, 
because the bulk material consists of domains, with 
each domain is having its own magnetization vector 
resulting from the alignment of atomic magnetic 

moments within the domain (Fig. 2.8). The 
magnetization vectors of all the domains in the material 
may not be aligned, and this leads to a decrease in the 
overall magnetization (Fig. 2.8). During the length scale 
of the material becomes small, the number of domains 
decrease until there is a single domain at which the 
characteristic size of the material is below some critical 
size dC [27]. 

Fig. 2.7: Alignment of individual atomic magnetic moments in different types of materials. Adapted from ref [27] 

Fig. 2.8: Magnetic domains in a bulk material 
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Whenever an external applied magnetic field of 
H is introduced to a ferromagnetic materials of magnetic 
strength M, the magnetization curve obtained, Fig. 
2.9showing that M increases with H until a saturation 
value MS is reached. The magnetization curve displays a 
hysteresis loop, because all domains do not stabilize to 
the original state of orientations when H is decreased 
after the saturation magnetization value is attained. 
Consequently, when H returns back to zero, there is a 

remnant magnetization MR which can only be removed 
by having a coercive field HC applied in the opposite 
direction to the initially applied field. A single domain 
magnetic material does not show similar loop and is 
said to be super paramagnetic. Iron oxide nanoparticles 
of size smaller than about 20 nm often display super 
paramagnetic behavior at room temperature a character 
usually demanded in nanoparticle materials. 
 

Fig. 2.9: Magnetization M as a function of an applied magnetic field H 

Ordered arrangement of magnetic moments 
decrease with increasing temperature due to thermal 
fluctuations of the individual moments. Beyond the Neel 
or Curie temperature, the material in this case becomes 
disoriented and loses its net magnetization. The 
transition temperature is known as the Curie 
temperature TC

 for ferromagnetic substances, and the 
Neel temperature TN

 for anti ferromagnetic substances. 
Super paramagnetic particles are usually ordered below 
a blocking temperature, TB. Magnetite is ferrimagnetic at 
room temperature and has a Curie temperature of 850 
K. Magnetite particles smaller in size than 6 nm are 
super paramagnetic at room temperature, although their 
magnetic properties depend strongly on the methods of 
preparation used in their synthesis. 

Tartaj
 

and co-workers.,
 

reported that the 
magnetic properties of Nano sized magnetite depending 
strongly on changes in the crystal morphology[29]. The 
crystal morphology has coercivity

 
factor in the order of: 

spheres < cubes <octahedra with increasing the 
number of

 
magnetic axes along this series of shapes. 

Magnetite particles with coercivities ranging from2.4 to 
20 kA/m have been produced by controlling their 

synthetic conditions. 

Surface effects influence the magnetic 
properties of iron oxide nanoparticles. As a result, iron 
oxide nanoparticles net magnetization decreases at a 
fast rate with increasing temperature higher than that of 
the corresponding bulk material because a large 
number of the atoms near the surface where the 
exchange field is low.  Modifications of the surface by 

chemical treatments enhances the coercivity of oxide 
nanoparticles. This is due to the dependence on size 
and surface treatment, and nano structuring of magnetic 

materials through the method of preparation can be 
used to improve magnetic properties, this will be  
discussed below. 

II. Applications of Fe3O4 

The magnetic properties of iron oxides have 
been used in a wide range of applications including, 
catalysts, magnetic seals and inks, magnetic recording 
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media, and ferro-fluids, in addition to contrast agents for 
magnetic resonance imaging (MRI) and therapeutic 
agents for cancer treatment. These applications require 
nanomaterials of specific sizes, shapes, surface 
characteristics, and magnetic properties. 

Usage in data storage applications, the 
particles must have a stable, switchable magnetic state 
that is unaffected by temperature variations. For high 
performance in recording, the particles should exhibit 
both high coercivity and high remanence, and they 
should be uniformly small, and resistant to corrosion, 
friction, and temperature changes [27]. 

Magnetite used in ferro-fluids was proposed to 
optimize performance seals in space technology 
applications. Ferro-fluids is composed super 
paramagnetic nanoparticles dispersed in aqueous or 
organic solvents. This type of fluid has net magnetic 
moment when subjected applied field. An external field 
is therefore able to trap the fluid in a specific location to 
become a seal. Ferro-fluids exhibits properties such as 
magnetic field dependent optical anisotropy proved to 
be useful in optical switches, and tunable diffraction 
gratings. They are usually used in sealing computer disk 
units, and in vibrating environments in place of regular 
seals. Ferro-fluids are also use in NMR probes for  
receiving and transmitting coils, they have also been 
suggested for use in eye surgery to repair damaged 
retinas. Ferro-fluids are shown to have a high degree of 
colloidal stability in a magnetic field gradient. One of the 
keys to improving their performance in these 
applications is to make the particles smaller and more 
uniform, which requires an optimum method of 
preparation. 

The application of magnetite nanoparticles 
received significant interest in last decade specially  in 
magnetic resonance imaging contrast agents, and 
targeted drug delivery vehicles, as well as in magnetic 
hyperthermia. These applications demand particles that 
exhibit super paramagnetic property at room 
temperature. Magnetization is controlled to desired 
levels as excess magnetization  sometimes lead to 
agglomeration of these nanoparticles, and this could 
lead to blockage of blood vessels. In addition, 
applications in biology and medical diagnosis require 
stable magnetic nanoparticles in water at neutral pH and 
physiological conditions. The colloidal stability of 
magnetic fluids depends on the size of particles, which 
should be sufficiently small to minimize precipitation due 
to gravitation forces, and on the charge and surface 
chemistry. Magnetite is the most commonly employed 
materials for biomedical applications[30]. 

Focused attention on the use of Magnetite in 
biomedical applications due to their biocompatibility and 
lower toxic effect in the human body.  A major area of 
applications has been in the field of bio-assays where 
the magnetic properties have been exploited in vitro to 
manipulate magnetite nanoparticles with an external 

magnetic field. Wang andco-workers have developed 
extremely sensitive magnetic microarrays using 
ferromagnetic sensors to detect binding of target DNA 
and proteins [31]. 

Magnetic nanoparticles have been used in vivo 
as magnetic resonance imaging (MRI)contrast agents 
for molecular and cell imaging. Super paramagnetic 
magnetite is used as the core in these agents which are 
used to differentiate between healthy and unhealthy 
tissues and cells. The superparamagnetic nanoparticles 
are coated with a polysaccharidic layer for colloidal 
stability and better sensitivity. In vivo MRI cell tracking 
has been successfully performed by Song and co-
workers[32]. Magnetic nanoparticles with a polymer 
coating have been used in cell separation, protein 
purification, environment and food analyses, organic 
and biochemical syntheses, industrial water treatment 
and biosciences. Encapsulation of magnetic 
nanoparticles with organic polymers is used to enhance 
their chemical stability, dispersability and functionality 
[33]. 

Another important application of magnetic 
nanoparticles is hyperthermia in cancer therapy. Super-
paramagnetic magnetic nanoparticles when exposed to 
an alternating magnetic field can be used to heat tumor 
cells to 41-45oC, where tissue damage of normal tissue 
is reversible while the tumor cells are irreversibly 
damaged, a process constitutes a giant step in 
irradiating cancerous cells.     

Magnetite is used industrially as catalysts for a 
number important reactions, including the synthesis of 
NH3 (the Haber process), the high temperature water 
gas shift reaction, and the desulfurization of natural 
gas[34].  Other reactions include the dehydrogenation 
of ethyl benzene to styrene, the Fisher-Tropsch 
synthesis for hydrocarbons, the oxidation of alcohols, 
and the large scale manufacture of butadiene. 

Magnetite is semiconductors and can catalyze 
oxidation/reduction reactions. Iron oxides can be used 
as acid/base catalysts and to catalyze the degradation 
of acrylnitrile-butadiene-styrene copolymer into fuel oil.  

Magnetic iron oxide is commonly used in 
synthetic pigments in paints, ceramics, and porcelain. 
Pigments made from magnetite are also used in 
magnetic ink character recognition devices, and super 
paramagnetic magnetite particles are used in 
metallography for detecting flaws in engines[35]. 

As noted above, many of the useful attributes of 
iron oxides depend on the preparation method for the 
nanomaterials. The preparation method plays a key role 
in determining the particle size and shape, size 
distribution, surface chemistry and therefore the 
applications of the material. In addition, the preparation 
method also determines the degree of structural defects 
or impurities present in the particles, and the distribution 
of such defects. Many synthetic routes have been 
developed to achieve proper control of particle size, 
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polydispersity, shape, crystallinity, and the magnetic 
properties. Some of these methods are described in the 
following sections. 

III. Methods of Preparation 

a) Gas phase method of preparation of metal oxide 
nanoparticles 

These methods of preparations of 
nanomaterials depend on thermal decomposition 
(pyrolysis), reduction, hydrolysis, disproportionation 
reactions, oxidation/reduction, and other reactions to 
precipitate solidnano materials from the gas phase form. 
Chemical Vapor Deposition (CVD) process, allows for  a 
carrier gas stream with precursors to be delivered 
continuously by a gas delivery system to a reaction 
chamber under vacuum at high temperature, above            
900oC. This type of reaction  takes place in the heated 
reaction chamber and the precursors combine to form  
nanoparticles. Growth and agglomeration of the 
nanoparticles are mitigated through rapid expansion of 
the two-phase gas stream at the outlet of the reaction 
chamber (Fig.2.10). A follow-up heat treatment of the 
synthesized nano powders in various high-purity gas 
streams allows for compositional and structural 
modifications, including nanoparticle crystallization, and 
transformation to a desirable size, composition, and 
morphology [36].This process employed to deposit iron 

oxide through  the reaction of iron halide, such as iron 
trichloride, with water,  heated to 800-1000oC. The 
success of this method depends on control of 
concentrations of precursor in the carrier gas, as well as 
rapid expansion and quenching of the nucleated 
clusters or nanoparticles as they exit from the reactor 
[37].  The use of organometallics as precursors in the 
MOCVD process, allows reactions to take place at lower 
temperature range 300-800oC and at pressure varying 
from less than 1torr to ambient conditions. Iron oxide 
thin films have been producedvia reaction of thermal 
decomposition of acetylacetonate at 400-500oC, and 
iron trifluoro-acetylacetonate at 300oC in oxygen(Singh 
et al .2008) [38a]. Precursors include tris(2,2,6,6-
tetramethyl-3,5-heptadionato) Fe(III) and tris-t-butyl-3-
oxo-butanoato Fe(III) were also used.  Recently, Park et 
al. [38b] deposited magnetite thin films using Fe(II) 
dihydride complexes H2Fe[P(CH3)3]4 at 300oC in oxygen 
by direct growth of magnetite has been achieved by a 
low-pressure CVD using metal-organic ferric dipivaloyl-
methanateas a precursor. Upon oxidation, these films 
were converted to maghemite. Another MOCVD reaction 
uses microwave plasma to decompose either iron 
cyclopentadienyl in an oxygen atmosphere at 300-500oC 
and 1-20 Tor pressure. 
 

Fig. 2.10: Schematic diagram of a CVD apparatus 
(Adapted from ref [39]). 
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Laser pyrolysis of organometallic precursors 
based on resonant interaction between laser photons 
and gaseous species, reactant or sensitizer. Either of 
these energy transfer agents tha is excited by 
absorption of CO2 laser radiation and transfers the 
absorbed energy to the reactants by collision [40].  The 
method involves heating a flowing mixture of gases with 
a continuous wave CO2 laser to initiate and sustain a 
chemical reaction until a desired concentration of nuclei 
is reached in the reaction, which leads to homogeneous 
nucleation of particles. A schematic representation of a 
CO2 laser pyrolysis device is shown in Fig.2.11. The 
nucleated particles formed during the reaction are 
driven by the gas stream and collected at the exit [29]. 

Well-crystallized and uniform iron oxide 
nanoparticles, including nanoparticles of hematite and 
maghemite, were obtained through one step using laser 
pyrolysis. Iron pentacarbonyl is usually used as a 
precursor in this method and ethylene is used as the 

carrier gas to transport the carbonyl vapor to the 
reaction chamber, this is because ethylene does not 
absorb radiation at the laser wavelength. The iron penta 
carbonyl breaks to iron and carbon monoxide 
molecules, followed by oxidation using air, then 
introduced into the system with the iron pentacarbonyl 
vapor or mixed with argon. Iron particles with 14 nm 
mean diameter and about 4 nm oxide shell thickness 
have been produced by this procedure of iron 
pentacarbonyl and ethylene mixtures followed by a 
controlled step-by-step passivation process [41]. 

The effect of process conditions on the 
structural and magnetic properties of maghemitenano 
particles produced by laser pyrolys is have been studied 
by Verdaguer et al.(2002) [42]. They reported that the 
particle size depends on the oxygen content of the gas 
phase and is independent of the laser conditions, and 
suggested that the amount of oxygen be used to 
optimize the size and crystallinity of the particles. 

Fig. 2.11: Schematic diagram of a CVD apparatus  (Adapted from ref[29]) 

Although gas phase methods are able to deliver 
high quality products, the yields are usually low and 
scale-up can be maintained. Variables such as oxygen 
concentration, gas phase impurities, and the heating 
time must be controlled precisely to obtain pure 
products.  

b) Liquid phase methods of preparation of metal oxide 
nanoparticles 

Liquid phase methods are more practical, 
generally affordable, and offer better yields of products 

as well asease of surface modifications. Most 
nanoparticles prepared by such methods have been via 
coprecipitation from aqueous solutions, although other 
organic solvents can also be used. It has been shown 
that magnetite particles with mean diameters ranging 
from 30 to100 nm can be achieved by the reaction of a 
Fe (II) salt, a base and a mild oxidant (nitrate ions)in 
aqueous solutions. Stoichiometric amounts of ferrous 
and ferric hydroxides can also be reacted in aqueous 
media to yield homogeneous spherical particles of 
either magnetite ormaghemite. The phase and size of 
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the particles depend on contents of cations, the counter 
ions present, and the pH of the solution. However, it is 
possible to control the mean size of the particles by 
adjusting the pH and the ionic content. 

Due to the large surface-area to volume ratio, 
nanoparticles formed by liquid phase coprecipitation 
tend to aggregate in solution in order to reduce their 
surface energy. The suspension of nanoparticles can be 
stabilized by adding anionic surfactants as dispersing 
agents. The nature of the counterions, pH, and ionic 
strength can then be used to stabilize the charged 
particles via interactions between electrical double 
layers. Increasing the concentration of inert electrolyte in 
the system compresses the double layer and promotes 
coagulation. However, suspensions of iron oxide that 
are stabilized entirely by electrostatic repulsion are too 
sensitive to external conditions such as pH and ionic 
strength to offer any flexibility in engineering the surface 
properties of the particles. 

Stabilization can also be achieved by coating 
the particle surfaces with proteins, starches, non-ionic 
detergents, or polyelectrolytes. Adsorption of such 
substances stabilizes the particles at electrolyte 
concentrations that would otherwise be high enough for 
coagulation to occur. Charles [43] prepared water-
based magnetic fluids by dispersing magnetite particles 
in water containing oleic acid. Khalafalla & Reimers 
(1980) [44] also produced stable aqueous magnetic 
fluids using dodecanoic acid as a dispersing agent. 
Usage of saturated and unsaturated fatty acids to 
stabilize magnetic fluids has been intensively studied. 

Better quality monodisperse and 
monocrystalline iron oxide nanoparticles can be 
produced by the thermal decomposition of organo 
metallic precursors in organic solvents containing 
stabilizing surfactants such as oleylamine, oleic acid, 
and steric acid. Precursors that have been investigated 
include iron acetylacetonate, iron carboxylate, iron 
cupferronates and iron carbonyls. High quality 
magnetite nanoparticles with diameters ranging from 3 
to 20 nm were synthesized via thermal decomposition of 
Fe(III) acetylacetonate in phenyl/benzyl ether and 2-
pyrrolidone. 

Recently, Novak et al.[45] investigated the 
synthesis of maghemite by thermal decomposition of 
some complex combinations of Fe(III) with carboxylate 
type ligands obtained from the redox reaction between 
polyols and ferric nitrate. Maghemite was obtained at 
250-300oC and hematite at 400-500oC. 

Sun and co-workers [64a] have reported the 
preparation of mono disperse iron oxide nanoparticles 

by the thermal decomposition of iron acetylacetonate. 
They also proposed a simple method to transform 
hydrophobic nanoparticles into hydrophilic ones by 
adding bipolar surfactants and produced 4 nm 
magnetite nanoparticles by decomposition of Fe(III) 

acetylacetonate
 

in a mixture of phenyl ether, 1,2-
hexadecanediol, oleic acid, and oleylamine . It has also 
been reported that 6-7 nm maghemite nanoparticles can 
be produced via the reaction

 
of iron cupferronates with 

trioctylamine at 300oC. Maghemite nanoparticles with 
sizes

 
ranging from 4 to 16 nm have been produced by 

decomposition of iron pentacarbonyl in octylether and 
oleic acid or lauric acid. These results show the 
effectiveness of the thermal

 
decomposition method for 

the synthesis of iron oxide nanoparticles. However, the 
presence of

 
residual surfactants may hamper the 

efficiency of subsequent surface modification of the
 synthesized nanoparticles. In addition, the use of toxic 

solvents and surfactants may be
 

detrimental to the 
biocompatibility of the product [46b].

 
c)

 
Two-phase methods of preparation

 
of metal oxide 

nanoparticles
 Water-in-oil microemulsions consisting of 

nanosized water droplets dispersed in an oil
 
phase and 

stabilized by surfactant molecules at the water/oil a 
method interface usually used to

 
obtain iron oxide 

nanoparticles. The surfactant-covered water pools show
 a unique microenvironment for the production of 

nanoparticles and limiting their growth.
 
The size of the 

microemulsion droplets is determined by the water to 
surfactant ratio, although

 
the overall size of the 

nanoparticles may also be influenced by factors such as 
concentration of

 
reactants, and flexibility of the 

surfactant film [47].
 Pialli and co-workers [48] studied a number of 

ways to manipulate
 

microemulsions to synthesize 
nanoparticles. They

 
reacted A and B by dissolving in the 

aqueous
 

phases of two identical water-in-oil
 microemulsions and

 
formed AB precipitate upon mixing 

(see Fig. 2.12a). The precipitate from droplets, hence 
limiting the size and shape of the particle formed as 
targeted. Alternatively, nanoparticles are produced by 
the addition of a reducing agent to

 
a microemulsion 

containing the primary reactant in the aqueous phase 
(Fig. 2.12b).

 
Fig. 8c outlines the formation of oxide, 

hydroxide or carbonate products
 
by passing gases like 

O2, NH3, or CO2

 
through a microemulsion containing 

salts of the
 
cations [48].

 Water-in-oil microemulsions have been also 
used to produce iron oxide,

 
metallic iron nanoparticles, 

magnetic polymeric iron oxide nanoparticles,
 
and silica-

coated iron oxide nanoparticles. Various surfactants 
have been used when preparing these materials, 
including bis(2-ethylhexyl) sulfosuccinate,

 
sodium-

dodecyl sulfate, cetyltrimethylammonium bromide,
 polyvinylpyrrolidone,

 
diethyl sulfosuccinate[49].
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Fig. 2.12: Nanoparticle synthesis in microemulsions (a) by mixing two microemulsions, (b) using a reducing agent, 
and (c) by passing gas through the microemulsion [48] 

d)
 

Sol-gel method of preparation of
 

metal oxide 
nanoparticles

 

Sol-gel methods,
 
well developed methods for 

preparation of metal oxides nanoparticles,
 
it refer to the 

hydrolysis and condensation of metal alkoxides or 
alkoxide precursors, resulting in dispersions of oxide 
particles in a sol.  The sol is then dried

 
or gelled by 

means of solvent removal or by chemical hydrolysis. The 
precursors can also be hydrolyzed by an acid or base 
media. Basic catalysis leads to the

 
formation of a 

colloidal gel, whereas acid catalysis produces a 
polymeric gel.

 
The rates of hydrolysis and condensation 

are the parameters that control the properties of
 
the end 

products. Usually smaller particle sizes are obtained at 
lower controlled hydrolysisrates. The particle size also 
depends on the solution mixtures, pH value, and 
temperature. Magnetism

 
of the sol-gel system relies on 

the resulting phases formed and the particle volume
 

fraction, and is sensitive to the size distribution and 
dispersion of the naonparticles. Nanocomposites 
extracted from gels, structural parametersm and 
material porosity are

 
determined by how fast the 

hydrolysis and condensation gel precursors, and by 
other

 
oxidation-reduction side reactions that occur 

during the gelling and subsequent heat treatment [36].
 

 

Iron oxidesilica aerogels  have been prepared 
by the sol-gel methods mentioned above,

 
and found to 

be more reactive than conventional iron oxide. The
 

increase in reactivity most likelydut to the large surface 
area of iron oxide nanoparticles supported

 
on the silica 

Aerogel.
 

Precursors, TEOS and Fe(III) solutions
 

are
 

dissolved in an alcoholic aqueous media, and the gels 
produced after a few days calcined to

 
produce the final 

desired materials. Ferric nitrate, ferric acetylacetonate 
and ferricchloride are the candidate metal oxide 
precursors,

 
even

 
though the use of the metalliccomplex 

FeNa(EDTA) and a mixture of this metallic complex with 
ferric nitrate has also been

 
reported. Experimental work 

with pure metallic complex resulted in iron oxide 
nanoparticles in the size

 
range 20-160 nm. Low solubility 

of EDTA salt in the solvent prevented
 
the synthesis of 

high iron content aerogels when this complex is used as 
a precursor [50].  Aerogels generated from both pure 
ferric nitrate and its mixture with the metallic complex

 

show low saturation magnetization values of 14 and 8.5 
emu/g, respectively. This compares

 
with bulk 

maghemite values of 74-76 emu/g. The low 
magnetization values suggest that

 
the aerogels may not 

be suitable for magnetic applications, although they 
may still be useful in

 
catalysis and other applications.
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Generally, methods of preparing iron oxide-
silica supported reagents, iron oxide precursors were 
mixed with silica precursors in a solvent to form a ‘‘sol’’. 
Recently, Popovici and co-workers [51] produced iron 
oxidesilica supported reagents using a synthetic 
procedure that implements impregnating silica gels with 
anhydrous Fe(II) precursors followed by drying of the 
gels using ethanol. Maghemite dispersed nanoparticles 
doped in silica aerogels were yielded in a single-phase 
process. The nanocomposites showed a high saturation 
magnetization value and were superparamagnetic at 
ambient temperature. The success of his process is due 
to the impregnations of precursors after gelation, the 
exchange of water with ethanol before impregnation, 
and finally use of the anhydrous ferric salt. 

 Deng et al., reported that sol-gel method has 
also been used to synthesize magnetite and maghemite 
thin films, transparentiron-doped titanium oxide thin 
films, ferroelectromagnetic bismuth iron oxide films, 
mixed iron oxides, and iron oxide-alumina 
nanocomposites[52]. 

Disadvantages of the method of sol-gel 
approach, the contamination targetd product by 
byproducts of reactions, and the need for post-
treatment of the products. 

e) High pressure hydrothermal methods of preparation 
These methods depend on the ability of water 

at elevated pressures and temperatures to hydrolyze 
and dehydrate metal salts, and the low solubility of the 

produced metal oxides in water at these conditions to 
generate required super saturation [39].  The higher 
temperatures favor higher dehydration rates, and so 
does the high diffusivity of reactants in water at these 
conditions. High super saturations is achieved by this 
process because of the low solubility of metal 
hydroxides and oxides, to obtain the desired fine 
crystals. Variables such as pressure, temperature, 
reaction time, and the precursor product system can be 
adjusted for high nucleation rates and to control growth. 
The process is environmentally favored and versatile, 
since it does not demand organic solvents or post-
treatments such as calcination. Consequently, high 
pressure hydrothermal processes have been widely 
investigated for the synthesis of metal oxides as 
powders, nanoparticles and single crystals [53].  

Xu and Teja reported that the hydrothermal 
synthesis of iron oxides can also be performed in situ 
within porous structures. They also have successfully 
deposited hematite in the pores of activated carbon 
using supercritical water. The hematite nanoparticles 
were 16-36 nm in diameter and were uniformly 
distributed throughout the carbon pellets (see Fig. 2.13). 
The resulting activated carbone iron oxide nanoparticles 
were used as catalysts in the oxidation of propanal at 
rates that were an order of magnitude higher than those 
for activated carboncatalysts solely[54]. 
 

Fig. 2.13:
 
Distribution of hematite nanoparticles deposited (a) on the surface and (b) in the interior of activated 

carbonpellets by supercritical water[54].
 

Darab and Matson [55] succeeded inusing the 
hydrothermal method to synthesize fine iron 
oxidenanoparticles in a continuous flow reactor. Their 
method involves fast heating of flowing solutions by 
contact with supercritical water at residence times of 5 
to 30s in the reactor to control growth. A schematic 

roadmap of their experimental procedures is shown in 
Fig. 2.14. Hematite nanoparticles less than 10 nm in size 
were obtained from ferric nitrate and ferric ammonium 
sulfate solutions using this method. Magnetitenano 
particles were also synthesized using ferrous sulfate and 
urea reaction. It was observed that the particle size and 
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morphology were dependent on operating temperature 
and processing time. The particle size increased 
dramatically as the operating temperature increased 
and different forms of iron oxide were produced from the 
same precursor by elevating the temperature. For 
instance, mixtures of 6-line ferrihydrite and hematite 
were formed at 250-350oC, while pure hematite was 
obtained attemperatures higher than 350oC [55]. 

Adschiri and coworkers [56a] also introduced 
another flow technique, it used rapid and thorough 
mixing of the water stream with the precursor solution in 
a T-mixer. High super saturation rates were resulted in 
the T-mixer due to the low solubility of metalhydroxides 
in supercritical water. Hematite, magnetite, and other 
oxides were achieved in a size range of 1 nm to 1onm at 
temperature of 400-490oC and pressure of 30-40 MPa. 
The residence time of the precursor solutions was nearly 
2 min in the experiments accomplished. 

Cabanas and Poliak off, also studied the 
process of hydrolysis of metal acetates in supercritical 
water. They produced a number of oxides, including 

magnetite, in the size range 3-105 nm at 200-400oC and 
25 MPa [56b]. Teja and Koh also produced a Uniform 
particles of hematite using two variations of the 
continuous hydrothermal technique [57]. Hawa and co-
workers [58], successfully synthesized 50 nm magnetite 
nanoparticles without the addition of a strong base 
using the continuous technique. The mixture of ferric 
ammonium sulfate, ferric nitrate, ferric sulfate, and 
ferrous chloride were used for the synthesis of hematite, 
while ferric ammonium citrate was used as a precursor 
for magnetite. In the magnetite experiments, Fe(III) 
reduced to Fe(II)by carbon monoxide.  In this 
experiment CO was produced via the thermal 
decomposition of ammonium citrate. Since CO gas is 
miscible in supercritical water, it provided a uniform 
reducing atmosphere throughout the reaction. This 
implies that the product form can be managed by the 
control of an oxidizing or reducing gas during 
continuous hydrothermal process using above 
mentioned conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.14:
 
Schematic diagram of the apparatus of Darab et al. 1998

 
Lester and his group[59]reported a design that 

takes advantage of differences in the densities of 
supercritical water and precursor solutions by using a 
nozzle mixer to improve mixing inside the reactor. The 
reactor diagram is shown in Fig. 2.15.  The diagram 
shows supercritical water is introduced into the reactor 
from the top and the precursor metal salt stream from 
the bottom, upon mixing of the two streams allows for 
making use of buoyancy induced eddies to produce 
‘‘ideal’’ mixing conditions. This leads to short residence 
times and limits subsequent particle growth. Lester and 

his group synthesized a variety of metal oxides, for 
which size range from 6 to 64 nm, there by 
demonstrating the effectiveness of separation of 
nucleation and growth steps in continuous hydrothermal 
process. The continuous hydrothermal process offers 
various opportunities for controlling particle size and 
morphology, and this done by maintaining residence 
times low and mixing processes worthwhile. However, 
deign of particle surfaces cannot be accheived in situ 
and requires additional post-processing steps. 
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Fig. 2.15: Schematic of the nozzle mixer [59] 

f) Co-precipitation Method of preparation of metal 
oxide nanoparticles 

Co-precipitation method is a well-developed 
method and widely used in the preparations of 
nanoparticles metal oxides. The method takes 
advantage of the low solubility of an element in the soil 
solution than predicted by the solubility product, in 
addition to the solubility of an ion is lower in mixed ionic 
solution than in pure ionic solutions. The reason for the 
reduced solubility is due to co-precipitation. Co-
precipitation process is as a result of incorporation of 
trace element into mineral structure during solid solution 
formation and recrystallization of minerals. This process 
will reduce the mobility of the trace elements that are 
incorporated into the mineral.  

Minerals will only incorporate isomorphs 
elements into their structure through replacement of 
elements, these elements must have similar ionic radii 
for changing of the composition of the mineral. For 
example, during the formation of calcite, Mn2+, Cd2+, 
and Fe2+

 can possibly be incorporated into the mineral 
structure. In the formation of Fe and Al-oxides, Cr3+, 
Mn3+, and V3+

 may be incorporated into the structure. 
Mn and Fe-oxides have more possibility for co-
precipitation than Al-oxides and aluminosilicate minerals 
such as clay and zeolites. Co-precipitation reactions are 
also controlled by the rate of soil mineral dissolution. 

Wei and Viadero concluded that in order to 
achieve  the precipitation of magnetite, the molar ratio of  
[Fe3] / [Fe2] should be 2:1 at high pH [60]. Synthesis 

system was used for this study at molar ratio of 1:2:8 for 
the Fe (II): Fe (III): OH and also de-oxygenated. This is 
to achieve phase purity of magnetite without the 
presence of impurities such as goethite and iron 
oxyhydroxide [61].  In this regard the green precipitate 
was observed when the Fe2 ion initially added to the 
system followed by a brown precipitate was also 
resulted with the addition of Fe3 ions in 1:2 ratio, as 
discussed earlier. When the alkaline NaOH was added 
into the mixed precursor of Fe2 and Fe3 ions, a thick 
black precipitate was observed and this was 
subsequently shown the resulting product is magnetite, 
as discussed by Schwertmann and Cornell [63]. 
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Schematic diagram of synthesis system with solenoid .  1, Thermometer. 2,Condenser port. 3, N2 gas. 4, Dropper. 
5, Stirrer. 6, Reactor. 7 Cushion. 8, Electromagnetic solenoid. 9, Hot water bath. 10, Sealed rubber[62]. 

IV. Conclusion 

This review article describes a substantial 
progress has been made in methods and applications 
of iron oxides nanoparticles, with emphsis on advances 
in nanotechnology and biotechnology. Several methods 
have been reported to show developements that 
implement control over physical properties, such as 
size, size distribution, shape, crystal structure, defect 
distribution and surface structure.Among the methods 
reviewed, Continuous Supercritical Co-precipitation 
method technique assures process control and 
scalability. Furthermore, this method is environmentally 
suitable, andthe surface treatment of nanoparticles, 
however, requires additional steps. The method has 
been found to be very simple ,easy to carry on, low cost, 
and higher yield and  without the use of organic 
reagents. 

The 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 processes. Numerous progress were made 
in the synthesis Fe3O4  Nanoparticles. 

The aim in various industrial applications and 
technologies remain in the optimization of the processes 
leading to desirable nanoparticles, nevertheless 
technical complexity does not prevent access to 

chemicals with high quality applications and 
specifications. The physical and chemical 
characteristics associated with these materials are often 
determined by the type and nature of the method used 
in the preparation, There is a disparity between the 
methods used depending on the economic cost and 
production capacity of each method. The differences in 
the use and application of prepared nanomaterials are 
also an important basis for different methods of 
preparation. 

The increasing demand and advances for these 
materials since its inception has led to a wide range of 
methods for the production of high quality and 
quantitative materials, especially in the industrial fields 
(electrons and telecommuni-cations), medical fields 
(different treatments and the manufacture of human 
alternatives). Or a huge economic cost. One of the most 
common features of all methods is to deal with the 
atomic scale (atom towards another atom) for the 
purpose of reaching a design that is considered in 
advance to obtain desired results The difference in the 
scale of the mass of a single substance leads to 
different chemical effectiveness. The smaller the scale, 
the greater the chemical effectiveness due to the 
increased chemical impact of this substance. 

On this basis, nanoscience and nanoscale 
preparation techniques are improving in accordance 
with the requirements of the global technological 
advances and expansion in various sectors. This allows 
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for great global competition to continue to arrive at the 
best results for better safe technology and quality of life. 
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