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Abbreviations: EDTA, Ethylene Diaminetetra Acetic Acid; 

VSM, Vibrating Sample Magnetometry; MRI, Magneto Resonance 

Imaging; PEG, Polyethylene Glycol; PVA, Polyvinyl Alcohol; FCC, 

Face Centered Cubic

Introduction

Nowadays, preparations of stable nano-magnetic fluids are of 
renewed interest, due to its application in Hyperthermia, targeted 

drug delivery, cell separation and magnetic resonance imaging 

(MRI). Magnetic fluids, or ferro-fluids consist mainly of nanosized 
magnetic particles, typically magnetite (Fe

3
O

4
) suspended in a liquid 

carrier. Most of these applications require a high quality control in the 

production of these magnetic nanoparticles to be nontoxic, chemically 

stable, and uniform in size, well dispersed under physiological 
conditions, insensitive to oxidation and agglomeration in the body 

fluids. The biocompatible magnetite nanoparticles are not toxic at all, 
and they can be accumulated in different tissues depending on the 
particle size, which can increase the contrast between the different 
organs in living systems .1-3 These medical applications require super 

paramagnetic magnetite with particle sizes ~20 nm .4 The efficacy, as 
MRI contrast agents, of magnetite nanoparticles depends to a large 

extent on their physicochemical properties, particularly their size and 
surface chemistry .5

But one property of being sensitive to oxidation and agglomeration 

has lemmatized its use. The solution to this problem is, to protect the 
magnetic nano particles by various types of coatings and stabilizers. 
Various coatings have been developed using biocompatible molecules 

such as dextran, polyethylene glycol (PEG), polyvinyl alcohol (PVA) 

and phospholipids. Recently coatings with dendrimers and silica have 

also been designed .6

Magnetite (Fe
3
O

4
) is a common magnetic iron oxide, and it has 

a cubic inverse spinel structure with oxygen forming a FCC closed 

packing and Fe cations occupying the interstitial tetrahedral sites and 

octahedral sites .7 The electrons can hop between Fe2+ and Fe3+ ions 

in the octahedral sites at room temperature, rendering magnetite an 

important part of half-metallic materials.8 Magnetite nanoparticles 

have been widely studied because of their applications in ultrahigh 

density magnetic storage media .9 biological labeling, tracking, 

imaging, detection, and separations .10 and ferrofluid .11 Some of the 

physical and magnetic properties of magnetite are summarized in 
Table 1.

Hyperthermia is a promising therapeutic method in the cancer 

healing. The super paramagnetic particles can heat the surrounding 

area if an alternating (AC) magnetic field is used. If the used 
frequency is properly chosen, the nanoparticles can be induced only 

without affecting the iron content of the hemoglobin in the blood. 
One of the key points of the therapeutic use of hyperthermia is to 

selectively transport enough magnetic particles to the intended target 

tissue to generate enough heat locally by exposure to a tolerable level 

of magnetic fluid that does not in itself cause any undesirable side 
effects .12,13

Table 1 the properties of magnetite .14 The super paramagnetic 

magnetite can be incorporated into embolic materials to enable MRI 

detection and thus find a practical application in embolotherapy. In 
this respect, magnetite nanoparticles are required to be water-soluble, 

monodisperse, super paramagnetic and easily to produce in large scale. 

It has been demonstrated that the physical and chemical properties of 

magnetite nanoparticles greatly depend upon the synthesis route .15 and 

the synthesis of magnetite particles that can meet all above mentioned 

requirements remains a challenge. The magnetite can be synthesized 
by various methods, including: thermal decomposition and co-

precipitation. The thermal decomposition route relies on the pyrolysis 

of organic precursors of iron, such as Fe(CO)
5
 .16,17 and Fe(acac)

3
.18,19 

Recently, synthesis of magnetite by thermal decomposition of 

[Fe(CON2H4
)

6
](NO

3
)

3
 .20 was reported. Co-precipitations based on the 

hydrolysis of a mixture of Fe2+ and Fe3+ ions are used to fix the molar 
ratio in the inverse spinel structure.21 In this method, Fe2+ and Fe3+ ions 

are generally precipitated in alkaline solutions, such as ammonium 

hydroxide, potassium hydroxide or sodium hydroxide. In most cases, 

the syntheses are performed at 70-80°C or higher temperatures .22
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Abstract

Magnetite nanopowder was synthesized by co-deposition of iron salts in the presence of 
ethylenediaminetetraacetic acid (EDTA) using sodium hydroxide as a precipitating agent. 

The iron chloride underwent complex formation reaction with (EDTA) followed by co-

precipitation of the iron complex by boiling to produce the magnetite powder. The prepared 

powders were investigated by high magnification SEM and XRD to identify the particle 
shape and size of the obtained magnetite nanoparticles and its chemical composition. It 
was observed that the produced magnetite powder has spherical like particle shape with 

~30 nm particle sizes and face centered cubic crystal structure. The magnetic properties of 
the obtained powder were measured using vibrating sample magnetometry (VSM). It was 

revaled that the obtained nanomagnetite particles have super magnetic character which of 

saturation magnetization 88.1 emu/g and squarness ratio of 0.14 which has the ability to 
used as a contrasting agent in magneto resonance imaging (MRI) diagnosis.

Keywords: Nanosized magnetite, Ethylene diaminetetra acetic acid (EDTA), Co-
precipitation, Magnetic properties, Superparamagnetic materials
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Table 1 The properties of magnetite14

Property Magnetite

Molecular formula Fe
3
O

4

Density (g/cm3) 5.18

Melting point (oC) 1583-1597

Hardness 5.5

Magnetism (bulk) Ferrimagnetic

Curie temperature (K) 850

Ms at 300 K (A.m2/kg) 92-100

Magnetism (nanoparticles) Superparamagnetic

Standard free energy of 
formation ΔGof (kJ/mol)

-1012.6

Crystallographic structure Cubic

Molecular structure Inverse spinel

Space point group Fd3m

Lattice parameters (nm) a = 0.8396

The main aim of the presence work was to prepare well stabilized 
magnetite nanoparticles using ethylene di amine tetra acetic acid 

(EDTA) as stabilizers to protect the particles from the aggregation 
under application conditions. Magnetite nanoparticles of size ~30 nm 
are successfully synthesized via thermal decomposition method using 
iron chloride salt and EDTA as starting materials. The present route 

is easy to control during the reaction processes with considering Fe 

(II)/Fe (III) molar ratio control and basic condition. It also studied the 
ability to control the overall size of produced nanoparticles in order 
to provide super paramagnetic properties, the relative value of size 
distribution, the ability to manage morphology, spherical shape which 

is the most preferable. The chemical composition, crystal structure 

size, particle size and shape and magnetic properties of the produced 
magnetite nanoparticles were carefully characterized by XRD, SEM 
and vibrating sample magnetometer (VSM).

Experimental

High pure chemicals of iron (II) chloride, iron (III) chloride, 

sodium hydroxide and Ethylene di amine tetra acetic acid (EDTA) 

are purchased from El Naser Chemical Ltd; Egypt. Distilled water 

is also used for preparation of the solutions. An aqueous solution of 

Fe ions with a ratio of Fe(II)/Fe(III) ~0.5 was prepared by dissolving 
appropriate amounts of iron (II) chloride, iron (III) chloride distilled 

water as a source of iron under vigorous stirring of 500 rpm at room 
temperature (25°C). As a second step, solution contains EDTA was 
combined with the first solution and a homogenous mixture was 
formed by stirring. An aqueous colloidal solution of black particles 

dispersed in water was obtained just after adjusting the pH by sodium 

hydroxide and boiling of the contents. The obtained Black particles 

were washed free of anions with deionized water. Then the colloidal 
solution was washed by distilled water for several times until it is 

neutral. The obtained colloidal solution was filtered and dries.

Scanning electron microscopy of the model (JEOL, JSM-T20) 
was used for investigating shape and size of the prepared powder. 
The phase structures of magnetite nanoparticles were characterized 
by powder X-ray diffraction using (BRUKER D8 ADVANCE) at 

room temperature. The XRD data were collected between 10° <2θ 
<80° using the Cu-Kα radiation filtered by Ni. The magnetization 
loops for obtained magnetite nanoparticles were measured at room 

temperature using a vibrating sample magnetometer of model VSM 

9600-1 LDJ. The measured magnetic properties included saturation 
magnetization, retentivity, coercivity and squareness. Because the 
magnetization saturation and the retentivity changes with weight and 
volume of the sample, the results were divided on sample’s weight. 

Magnetization versus applied field was measured at room temperature 
for all samples. The magnetometer was calibrated with standard 

nickel sphere. Analyses were carried out using a maximum applied 

field of 1.5 Tesla.

Results and discussion

Synthesis of nanoparticles

Co-precipitation is a facile and convenient way to synthesize 
magnetic nanoparticles from aqueous salt solutions by the addition 

of a base as a precipitating agent at room temperature or at elevated 

temperature. The main advantage of the precipitation process is that 

a large amount of nanoparticles can be synthesized. However, the 
control of particle size distribution is limited, because only kinetic 
factors are controlling the growth of the crystal. Nanoparticles 

of Fe
3
O

4
 were synthesized by hydrolysis of an aqueous solution 

containing iron salts and a base at room temperature in ambient 

atmosphere. Fe
3
O

4
 magnetic nanoparticles were prepared on the basis 

of co-precipitation Fe2+ and Fe3+ with a ratio of 1:1.

In this study, Ethylene di amine tetra acetic acid (EDTA) was used 

as stabilizing agent to allow more particles to escape the aggregation 
process and generally lowering the mean particle size. It is well known 
that Fe(OH)2 and Fe(OH)

3
 formed at pH~8 by the hydroxylation of 

the ferrous and ferric ions. When (NaOH) was used as precipitating 

agent, a precipitate was immediately produced. Consequently, the 

formation of Fe
3
O

4
 nanoparticles occurred with black precipitation. 

The reaction is fast, with a high yielding and magnetite crystals are 

seen instantaneously after addition of precipitating agent of iron from 

its salt. The possible reaction for the formation of Fe
3
O

4
 nanoparticles 

is as follows:

                         Fe3+ + 3OH- → Fe (OH)
3
                                        (1)

                       Fe(OH)
3
 → FeOOH+H2O                                     (2)

                         Fe2+ + 2OH- → Fe(OH)2                                     (3)

                 2FeOOH + Fe(OH)2→ Fe
3
O

4
↓+2H2                           (4)

Phase identification and particle morphology

Figure 1 shows the XRD patterns of the obtained magnetite 
nanoparticles. It was observed that there is only one physical phase 

due to the presence of magnetite. In addition, there is no any other 

diffraction peaks corresponding to ferric chloride or other iron oxide, 
such as Fe2O3

, was detected. This reveals that the resultant particles are 

mainly pure Fe
3
O

4
 of the face-centered cubic (FCC) crystal structure.

Figure 1 XRD pattern for the synthesized magnetite powder by 
co-precipitation from (FeCl2/FeCl

3
) EDTA stabilized solution using 

sodium hydroxide as precipitating agent. Figure 2 illustrate the SEM 
micrograph for the produced magnetite powder. SEM images show 

that the samples consist of particles with a nearly spherical shape. 

They are approximately 30 nm in size, indicating that homogeneous 
magnetite nanoparticles can be synthesized. The magnetite particles 
are less agglomerated. It may be due to the formation of monolayer 

coverage of magnetite was reached in the presence of Ethylene di 
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aminetetra acetic acid (EDTA) by coordinating-FeOH sites via one 

or two of their carboxylate functionalities through a water bridge with 

an outer sphere chemisorptions complexation. It is a good agreement 

with previous reports related to the addition of citrate ions in the co-

precipitation solution of Massart process allowed for a decrease in the 

diameter of citrate-coated nanoparticles from 8 to 3 nm.23-25

Figure 1 XRD pattern for the synthesized magnetite powder by co-
precipitation from (FeCl

2
/FeCl

3
) EDTA stabilized solution using sodium 

hydroxide as precipitating agent.

Figure 2 SEM images with different magnifications show the particle shape 
and size distribution for the synthesized magnetite powder by co-precipitation 
from (FeCl

2
/FeCl

3
) EDTA stabilized solution using sodium hydroxide as 

precipitating agent.

Magnetic Properties

The iron atom has a strong magnetic moment due to four unpaired 

electrons in its 3d orbitals. When crystals are formed from iron 

atoms, different magnetic states can arise. In a bulk ferromagnetic 
material, the magnetization M is the vector sum of all the magnetic 
moments of the atoms in the material per unit volume of the material. 

The magnitude of M is generally less than its value when all atomic 

moments are perfectly aligned, because the bulk material consists 

of domains with each domain having its own magnetization vector 
arising from an alignment of atomic magnetic moments within the 

domain. The magnetization vectors of all the domains in the material 
may not be aligned, leading to a decrease in the overall magnetization. 
When the length scale of the material becomes small (nanoscale), 

however, the number of domains decreases until there is a single 

domain when the characteristic size of the material is below some 
critical size. If an external magnetic field of strength H is applied to 
a ferromagnetic of magnetic strength M, the magnetization curve 
of Figure 3 is obtained showing that M increases with H until a 

saturation value M
S
 is reached. The magnetization curve displays a 

hysteresis loop, because all domains do not return to their original 

orientations when H is decreased after the saturation magnetization 
value is attained. Thus, when H returns to zero, there is a remnant 
magnetization M

r
 which can only be removed by applying a coercive 

field Hc in the opposite direction to the initially applied field. A single 
domain magnetic material has no hysteresis loop and is said to be 

super paramagnetic. Iron oxide nanoparticles smaller than about 20 
nm often display super paramagnetic behavior at room temperature.

Figure 3 The B-H Magnetic hysteresis curve for the synthesized Fe
3
O

4
 powder 

by co-precipitation from (FeCl
2
/FeCl

3
) EDTA stabilized solution.

The B-H Magnetic hysteresis curve for the synthesized 
Fe

3
O

4
 powder by co-precipitation from (FeCl2/FeCl

3
) EDTA 

stabilized solution (Figure 3). The magnetic properties were 
measured by using vibrating sample magnetometer. The hysteresis 

loops of the Fe
3
O

4
 nanoparticles measured at room temperature are 

illustrated in Figure 3 and the magnetic properties values were listed 

in Table 2. The magnetization curve for the synthesized magnetite 
nanoparticles reported show a very small hysteresis behavior for the 

samples and exhibits small values of coercivity field and remnant 
magnetization. This confirms that the synthesized particles exhibit 
super paramagnetic properties at room temperature. This is due to the 

magnetite nanoparticles exhibit super paramagnetic properties when 

they are smaller than the critical size of the magnetic domain size.26-

28 The nanosized magnetite samples display superparamagnetism 
and saturation magnetization (M

s
) values smaller than the bulk 

magnetite value, 92emu/g.14 The saturated magnetization values of 
Fe

3
O

4
 nanoparticles obtained at magnetic field of 1.5 Tesla was 88.1 

emu/g. Several explanations have been provided on the decrease of 
the saturation magnetization with the reduction of the particle size of 

https://doi.org/10.15406/jnmr.2017.05.00118
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magnetite. One factor concerns the entity of the spin disorder layer, 

which increases with a decrease in crystallite size. Another factor for 
the reduction of the magnetic moment can be also explained through 

the effect of a dipolar interaction between magnetite nanoparticles. 
The irregular morphology of magnetite particles might influence 
the value of saturation magnetization as a contribution from surface 
anisotropy. As all the synthesized samples are almost spherical 
in shape, a zero contribution from surface anisotropy must be 
expected. A further reduction of Ms could be attributed to incomplete 

crystallization of magnetite after the reaction synthesis. The decrease 
in the saturation magnetization can be also due to changes in A and B 
site population.29-31

Table 2 Magnetic properties values were listed

Magnetic Properties Value

Saturation Magnetization (B
s
), emu/g 88.1

Retintivity (B
r
), emu/g 12.65

Coercivity (H
c
), Oe 214

Br/Bs Squarness ratio 0.14

Figure 3 shows that hysteresis disappeared with a little retentivity 

of 12.65 emu/g and coercirvity (Hc) of 214 Oe, indicating the 
absence as a long range magnetic dipole-dipole interaction among 

the assemblies of super paramagnetic nanoparticles. This means the 

prepared magnetite readily displayed magnetization when subjected 
to a magnetic field. It was found that there was a small retentivity 
of 12.65emu/g. One possible mechanism for this unique form is the 
independent thermal fluctuation of small ferromagnetic domains 
inside the particles. The boundaries of the small crystallites within the 

particles may contain lattice defects that impede the propagation of the 

magnetic order. In addition; for the produced magnetite nanoparticles 

of average diameter <30nm the retentivity and coercivity are very 
small so that producing a super paramagnetic behavior of magnetic 

nanoparticles. The values of retentivity and coercivity are shown 

almost zero. It was observed that the coercitivity Hc of the particles is 
near to zero within the experimental error. This value of Hc is within 
the (broad) range reported for nanostructured iron oxide nanoparticles. 

The retentivity to saturation ratio R = B
r
/B

s
 measured at 1.5 Tesla is 

0.14. Thus, the presented R=0.14 value suggests that the interparticle 
interactions are of antiferromagnetic nature.

Table 2 the magnetization saturation (B
s
), retentivity (B

r
), and 

the coercivity (H
c
) for the synthesized magnetite powder by thermal 

decomposition of (FeCl2/FeCl
3
) EDTA complex solution.

Conclusion

A co-precipitation chemical synthesis route was used to produce 

magnetite nanoparticles redispersible in water. This study reveals 

that the produced magnetite nanoparticles have an average diameter 

~30 nm of a spherical particle shape. XRD showed the crystalline 
phase of iron oxide could correspond to face centered cubic magnetite 

(Fe
3
O

4
) crystal structure. Measure of magnetization as a function of 

the field showed a superparamagnetism behavior in material because 
there were small coercitivity for the hysteresis cycles. The average 

diameter of the produced magnetite nanoparticles revealed to be ideal 

for in vitro studies and using in biological applications. The property 

of superparamagnetism determined by magnetometry allows the 

produced magnetite nanoparticles to be used in the monitoring and 

tracking by MRI technique, as well as in the Magneto Hyperthermia 

technique. We believe the synthesized magnetite nanoparticles have a 
potential for biomedical applications. Nonetheless, it is clear that both 

in vitro and in vivo studies are necessary to determine the applicability 

of this sample. Various tissues that could be expected to image with 

the produced magnetite nanoparticles due to its small size of 30 nm 
such as arteries, veins, capillaries and lung sacs.
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