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ABSTRACT
In-situ precipitation method is widely used and reported in the literature for the synthesis of iron
oxide nanoparticles based on their applications in many fields. However, the rate of reaction and
rate constant for the production of Magnetite Phase of iron oxide did not study in depth. Reaction
rates are required to design a scale-up of the process. In this study, Magnetite phase of iron oxide
nanoparticles (Fe3O4) are synthesized by the in-situ precipitation method, and the overall reaction
rate is evaluated based on the concentration of Magnetite produced during the process. Further,
X-ray diffraction, energy-dispersive X-ray spectroscopy and Raman spectroscopy are used to
confirm the presence of a higher proportion of magnetite (Fe3O4) in the final product, which is
responsible for more top magnetic properties 74.615 emu. Changes in morphology of these
nanoparticles at different intervals of the reaction are reported by transmission electron micro-
scope. The results showed that spherical nanoparticles synthesized at different intervals of the
reaction have a very narrow range of particle size, i.e. 9–15 nm. Detailed analysis reveals the
presence of a higher share of maghemite (Fe2O3) at the start of the reaction. However, maghemite
eventually is converted to magnetite by the end of the reaction, thereby enhancing the magnetic
strength of the nanoparticles.
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Introduction

There are about 16 different phases of iron oxide
reported to date.[1] All of these iron oxide phases are
crystalline except two, schwertmannite, and ferri-
hydrite.[2] Production of metallic nanoparticles and
using them for their superparamagnetic properties are
quite common in therapeutic and diagnostic applica-
tions, such as magnetic resonance imaging (MRI).[3,4]

These iron oxides find applications as catalysts,[5]

sorbents,[6] pigments,[7] flocculants,[8] coatings,[9] gas
sensors,[10,11] wastewater treatment,[12] and for
lubrication.[13,14] Similarly these nano particles can
also be used in different advanced processes to form
nano reactor, added into polymer films and other pro-
ducts, based on their superior magnetic properties.[15]

These applications make magnetite super magnetic
nanoparticles of iron oxide, and there is a need for
development and modification of such synthesis pro-
cesses with least operational cost.

Based on the magnetic properties of iron oxide crys-
tals, three main phases are well known for their higher
magnetic strength with magnetite being on top of the
list followed by maghemite and hematite.[1] There are
several different methods for production of iron oxide
nanoparticles such as coprecipitation,[16] sol-gel,[17]

hydrothermal,[18] emulsion-precipitation,[19] micro-
emulsion[20] and microwave assisted hydrothermal
technique.[21] However, the focus is on having
a magnetite phase of iron oxide with high purity. In
this case, the solid phase is produced by neutralization
reaction and rapid mixing, which is crucial for control-
ling grain size and magnetic properties.

Precipitation and surface morphology is the result of
several mechanisms, namely, nucleation, molecular
growth and secondary processes such as aggregation/
coalescence and breakage of particles and the driving
force for production of nanoparticles is super-
saturation. Nucleation is the first step for formation of
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nanoparticles and occurs when the critical number of
molecules join together to form an embryo. Stable
embryos from nuclei act as a seed in the solution for
precipitation of other molecules.[22] Aggregation and
growth result in attaching two particles and growth of
these nanoparticles, respectively. The aggregate charac-
terized by slow rates and occur after particles formation
and depends on the force with which two particles
collide. Most of the collisions do not have enough
energy to agglomerate the particles and particles
bounce back into the system.[23] Most of the metal
oxide nanoparticles also have a surface charge, and
the strength of these surface charges also reduce the
chance of aggregation or coalescences of particles.[24]

Break-up of particles depends on different forces acting
on the particles during itsmotion in the fluid. Particles with
sharp edges anduneven surface havemore chance of break-
ing into two or more than two smaller particles, depending
on the forces balance on particles.[25] However, this phe-
nomenon is very rare in metal oxide nanoparticles.
Mechanical forces in the metallic oxides are very high as
compared to surface forces acting on the particles and it can
be assumed zero in case of nanoparticles.[26]

Precipitation of iron salts with the strong basic solution
in a turbulent mixing regime generated super saturation
and caused transport of freshly formed particles into
regionswith super high saturation. In highmixing regimes,
small particles produced by high nucleation rates and
growth of these nanoparticles are dependent on mixing
efficiency. Since the precipitation reactions are very fast,
the effect of mixing is significant down to micro-mixing
level. This phenomenon is more prominent at high mixing
rates and will depend on the flow regime in the reactor.[25]

This study is focused on producing magnetite
nanoparticles by coprecipitation process. One of the
major contributions in the present work is to report
change in magnetite concentration with reaction time.
Coprecipitation reactions between iron salts and pre-
cipitating agent are very fast resulting in different
products formed as soon as first drop is mixed into
the solution. However, Magnetite formation is based
on a slow reaction and required relatively large reac-
tion time. Selectivity of Magnetite production in the
solution is quite sensitive and depends on operating
parameters such as pH, reaction temperature, concen-
tration and iron salt molar ratio.[27] Thus, the objec-
tive of this work is to synthesize super paramagnetic
iron oxide nanoparticles, i.e. magnetite (Fe3O4) with
high purity. Initially, the experimental set-up and pro-
cess of coprecipitation is described. Then nanoparti-
cles are characterized for concentration of different
crystals in the product and finally the size and mag-
netic strength of these nanoparticles are reported.

Experimental procedure

Ferrous chloride tetrahydrate (FeCl2 4H2O) was sup-
plied by R&M chemicals® with 99% purity, ferric chlor-
ide hexahydrate (FeCl3 6H2O) and ammonia solution
(28% NH4OH), were supplied by from Merck®. These
salts and solvents were used without further
purification.

In a typical reaction 100 mL of deionized (DI) water
was added in to a 2200 mL conical glass vessel (reactor)
equipped with four axial blade propellers with a 2ʺ
pitch. Reynolds number for the propeller was calculated
from equation for Reynold’s number of an impeller
defined as in Equation 1:

Re ¼ ρnD2
� �

=μ (1)

The power number for impellers of all sizes can be
calculated from equation 2 given below:

Np ¼ Pimp= ρn3D5
� �

(2)

where Pimp is the amount of power transferred from the
impeller to the fluid. Transitional regime between lami-
nar and turbulent regime exits when the Reynolds
number of the reactor is more than the Reynolds num-
ber describing the transition from laminar to turbulent
flow in Equation 3:

ReTT ¼ 6:370Np�1=3 (3)

For experimental purposes, the reactor was initially
filled with a small quantity of DI water and was stirred
at 500 rpms and 60°C. The iron precursor solution was
prepared by mixing 21.2 g (0.106 mol) FeCl2.4H2O and
57.42 g (0.212 mol) FeCl3.6H2O into DI water and
temperature of the system was maintained at 60°C.
Neutralization reaction starts as soon as the freshly
prepared 1 L solution of 9 M NH4OH was added
gradually into the reactor at a flow rate of 100 mL/
min. The volume of the reactor at this time was 2 L and
reaction was carried out at the transition between lami-
nar and turbulent regime. All the openings of the
reactor were closed carefully, and the reaction mixture
was agitated vigorously at 500 rpm, for 90 min.

Dimensionless mixing time for the reactor is defined
as the product of mixing time for the reactor and
propeller speed (units of time−1). This value is not
dependent on the fluid regime and depends on power
dissipation and selectivity of the reactor in case of
turbulent flows. Details of mixing time will be discussed
based on the selectivity of production of magnetite.

Samples were collected at different time intervals
and were placed on permanent magnetic pads, to has-
ten sedimentation of magnetic nanoparticles. The solu-
tion from the top was decanted, and the nanoparticles
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were washed with DI water until pH reduces to 8. This
step ensured that the completion of the reaction and
the nanoparticles were extracted for characterization
purpose.

Reaction mechanism

The reaction between iron precursor solution and the
precipitating agent is slightly exothermic. The forma-
tion of iron oxide nanoparticles starts as soon as
ammonium hydroxide is added into iron salts and
the mechanism for this process has been reported in
the literature.[28] Reaction for formation of iron oxide
nanoparticles is shown in chemical Equation 4–7.[16]

Fe3þ þ 3OH� ! FeðOHÞ3 (4)

FeðOHÞ3 ! FeOOH þ H2O (5)

Fe2þ þ OH� ! FeðOHÞ2 (6)

2FeOOH þ FeðOHÞ2 ! Fe3O4 þ 2H2O (7)

All of these reactions are pseudo instantaneous making it
difficult to predict the behavior of the reactor. The reaction
for production of magnetite is relatively slower than other
neutralization reactions, and therefore a very low concen-
tration of magnetite is expected to be present at the start of
the reaction. However, oxidation of iron oxide crystals to
magnetite is one of the primary sources for increasing the
concentration of magnetite in the end product as shown by
equation 8. Oxidation of magnetite to ferric hydroxide is
more prominent at higher pH resulting in formation of
intermediate product and more energy consumption.[29]

Therefore, the reaction mixture is mixed in high pH range
and is mixed for a longer time to increase the selectivity of
the process toward magnetite. The reaction is done at
atmospheric temperature, and all the opening of the reac-
tor was sealed to avoid the entrance of oxygen into the
reactor. The oxygen can limit the transformation of mag-
netite to other phases, i.e. maghemite and goethite and
some time to hematite.[30] Another side reaction that
takes place in presence of oxygen is oxidation of Fe (II)
and Fe (III) .[31]

3Feþ2 þ NH4OH
þ þ 3H2O ! Fe3O4 þ NHþ

4 þ 6Hþ (8)

Fe3O4 þ 0:25O2 þ 4:5H2O ! 3Fe OHð Þ3 (9)

Because of the factors as mentioned above, the para-
meters effecting rate of reaction were modified and
controlled to increase the production of magnetite
nanoparticles. Formation of impurities is standard
practice of any chemical reaction, thus specially
designed external magnetic pads at the bottom of the
beaker were used to eliminate the impurities while the
effluent was drained from the top of the beaker.

Reaction rate

The reaction between iron (II), Iron (III) chlorides and
ammonium hydroxide is heterogeneous. The rate of
production of Iron oxide nanoparticles is shown in
Table 1. It can be observed that the weight of nanopar-
ticles production increases with time. The temperature
of the reactor was sustained at 60°C. It can be seen that
there is a higher production rate, i.e. faster reaction rate
at the start of the reaction, but it decreases gradually
during the reaction. It is also important to note that
different phases of iron oxide can be present in the
product as discussed earlier. As it is a neutralization
reaction and depends on the concentration of iron salts,
the rate of nanoparticle production decreases as time
increases. It is based on the fact that as the time lapse,
most of the iron salts are converted into nanoparticles.

Overall rate of reaction equation can be modified
based on the data available in the reaction between iron
(II), Iron (III) chlorides and ammonium hydroxide is
heterogeneous. The rate of production of Iron oxide
nanoparticles is shown in Table 1. It can be observed
that the weight of nanoparticles production increases
with time. The temperature of the reactor was sustained
at 60°C. It can be seen that there is a higher production
rate, i.e. faster reaction rate at the start of the reaction,
but it decreases gradually during the reaction. It is also
important to note that different phases of iron oxide
can be present in the product as discussed earlier. As it
is a neutralization reaction and depends on the con-
centration of iron salts, the rate of nanoparticle produc-
tion decreases as time increases. It is based on the fact
that as the time lapse, most of the iron salts are con-
verted into nanoparticles.

r ¼ 2:074� 10�4½FeCl2�½FeCl3�2 (10)

Table 1. Weight of iron oxide nanoparticles with respect to time.
Time Weight of nanoparticles pH of liquid percentage Magnetite (XRD) Magnetite (103) Reaction rate (103)
(min) gm % gm/m3 gm/m3.min

20 2.164 10.25 4.8 2.5968 0.12984
40 3.178 10.05 15.3 12.15585 0.303896
60 3.295 10 35.6 29.3255 0.488758
80 3.403 9.8 90.3 76.82273 0.960284
90 3.444 9.8 98.2 84.5502 0.939447
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Characterization

The X-ray diffraction (XRD) patterns for all the samples
based on their crystal structure of the nanoparticles are
recorded using Cu Kα radiation on a Rigaku Ru2000
rotating anode diffractometer. The FTIR spectra were
obtained using a Perkin-Elmer 100 spectrophotometer
(Waltham, MA, USA) over the range of 400–3000 cm−1

under standard operating conditions. The structural prop-
erties are also investigated using a Raman microscope,
Renishaw (Gloucestershire, UK), in the range of
100–2000 cm−1. Magnetization saturation for all the sam-
ples are reported as a full magnetization curve of nanopar-
ticles, examined using a vibrating sample magnetometer
(VSM 880, DMS/ADE Technologies, USA). Zeta potential
and particle size are measured using a Zetasizer Nano ZS
apparatus. The Zeta potential and hydrodynamic diameter
of nanoparticles is measured by dispersing 0.005 g of dried
nanoparticles in 10 mL distilled water.

Results and discussion

X-ray diffraction

The XRD pattern of synthesized nanoparticles of iron
oxide is very matched with JCPDS card [19–0629] for
magnetite. The reflection at 2θ values of 30°, 35°, 43°,
57°, and 63° corresponds to lattice planes of (220), (311),
(400), (422), (511), and (440), respectively for magnetite.
Furthermore, the Scherer’s equations with a pseudo-Voigt
Function[16,32] was applied on the peak at 2θ of 35° to
attain the crystallite size of iron oxide nanoparticles,
extracted at different time intervals.

As the process is based on neutralization reactions,
which have high reaction rates and all the reactants are
soluble in water with no mass transfer limitation.
Similarly, the solubility of the iron oxides formed is
almost zero in water. Therefore, the bulk solution is
supersaturated as soon as a precipitating agent is dropped
into the reactor.

Iron oxide produced instantaneously after addition
of initial drops of predicating agent supersaturate the
bulk solution and are responsible for the production of
initial seeds of iron oxide crystals. The number of these
seed increase with time until they are homogenized in
the bulk solution to promote nucleation and growth of
the crystals. Bulk solution is considered to be super-
saturated with iron oxide until all the precipitating
agent is added. As iron oxide is continuously trans-
ferred out from the bulk liquid, the viscosity of the
solution continues to increase, until all the iron oxide
is transferred out of the liquid phase.

Selectivity

Selectivity of magnetite nanoparticle production is depen-
dent on micro-mixing efficiency and energy dissipation of
themixer. Neutralization reaction for maghemite is pseudo
instantaneous as the product is very stable, which is also
evident from an initial 95.5 wt. % of maghemite and 4.8 wt.
% for magnetite at 20 min to reaction (Fig. 1). However,
with time the concentration of magnetite increases and
reaches at 90.3% at the elapsed time of 80 min and finally
becomes 98.2% at the end of the reaction (90 min). This
phase transfer is based on relatively slow oxidation of
maghemite at higher pH of the solution.

Magnetic properties

Magnetic properties of solids are characterized by mag-
netic susceptibility, the permeability and magnetic
moment. These properties are more prominent when
metal oxide crystals placed in a magnetic field.[33]

Magnetic susceptibility (κ) is defined as a function of
magnetic field strength, H and magnetization intensity,
J as shown in Equation 11.

J ¼ H:κ (11)

Magnetic permeability, µ, can be defined as the ten-
dency of the magnetic lines of force to go through any
medium (crystals) relative to their tendency to pass
through a perfect vacuum.[34] This parameter is calcu-
lated from the equation given below:

μ ¼ μ0 1þ kð Þ (12)

This helps in classifying different catalysts as diamag-
netic and paramagnetic materials. Magnetic flux, den-
sity of magnetic lines of forces in a solid located in
a magnetic field (H) is calculated from magnetic induc-
tion (B), Using the equation given below:

B ¼ μ H þ Jð Þ (13)

Magnetic moment (m) of a crystal is also an important
parameter to quantify the magnetic properties of
a crystal (material). It is calculated from the measured
molar susceptibility using the correlation given in
Equation 14

φ ¼ μ0
Nm2

3kT
(14)

where N is Avogadro number and k is Boltzmann
constant for materials. Bohr magneton (β) is funda-
mental magnetic moment and is calculated from
Equation 15. Bohr magneton has a constant value of
9.2734×10−24.
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β ¼ eh
4πmec

(15)

The magnetic moment (µs) occurs due to the spin
moment of the electron and has a units of Bohr
magnetons.

where me in equation 15 is mass of the electron and
e represents the electron charge. Bohr magneton has
a constant value of 9.2734×10−24.

Magnetization saturation (Ms), Coercivity (Hc),
and remanence (Mr) of iron oxide nanoparticles for
samples collected at different time intervals of the
reaction are shown in Fig. 2. In the beginning,
when the concentration of maghemite was higher,
the magnetic strength of nanoparticles recorded was
66.651 emu. While the strength of these particles
improved with the passage of time and reached the
value of 71.332 at the elapsed time of 80 min. We
believe this rise in magnetic strength is due to the
formation of the magnetite phase of iron oxide.
Furthermore, at the completion of reaction (90 min)
the magnetic strength increases to 74.615 emu.
Magnetization curves for all the samples are shown
in Fig. 2. All the samples show same trend with very
little deviation at the origin.

Iron oxide is known for its magnetite and paramag-
netic properties. Randomly aligned, unpaired elec-
trons in iron oxide crystals are captivated in the
presence of an electrical or magnetic field.[35]

Magnetic behavior of these crystals is temperature
dependent and is expressed by the Curie−Weiss Law
as shown in Equation 16.

φm ¼ CM

T � TC
(16)

where CM is Curie constant, T is operating temperature
and, TC is Curie temperature for the nanoparticles.
Increase in the temperaturemay result in thermal vibration
and thereby reducing the alignment of unpaired electron
pairs, resulting in a reduction in overall value for magnetic
strength φm. Coercivity and remanence for all the samples
remain in the low range, and for the final product, the
values are 19.940 and −2.185/2.399, respectively. It is
reported that the magnetic behavior of iron oxide nano-
particles enhances with the decrease in particle size.[36]

Surface charge analysis

One of the interesting property of metal oxides is their
ability to have a surface charge, which enables these
particles to be used in different applications.[37]

Therefore, Zeta potential of nanoparticles is measured
for all the samples, and it is relatively high (−29.6 mV)
from the start of the reaction and increases with time as
shown in Table 2, and indicates that with an increase of
magnetite concentration in the particles, surface charge
of the nanoparticles increases from −29.6 to −41.8 mV.

Figure 1. XRD analysis of iron oxide nano particles with different peaks.
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Coalesces

Surface charge can be one of the reasons behind the small
size of nanoparticles produced in this process.[38] Although
one of the significant advantages of high surface charge is
the ability of nanoparticles to make stable suspensions it
also identifies that the chance of coalesces of nanoparticles
is low.[25,39] The energy required for aggregation (coa-
lesces) is a much higher and negative surface charge on
the particles is also very high and more energy is needed to
overcome charge density on both of the particles colliding
with each other.[40] As the reactor used in this research is
conical in shape, and the flow is moving in only one
direction. Therefore, the chance of collision of two particles
with that high forces to attach can be assumed to be zero,
and all the particles will move back into the bulk solution
after the collision. The collision of nanoparticles with the
wall of the reactor and with the propeller can be neglected
in this process as those nanoparticles remain attached to
the walls of the reactor and are not part of the product.

Break-up

The break-up of nanoparticles can always be a part of
the process for particles with high particle size.[25]

Break-up based on force balance on the surface of the
particle is assumed to be zero as it is impossible for the
mixing regime to overcome mechanical bondage
between the particles. However, the collision of nano-
particles with the propeller and walls of the reactor play
a significant role in breaking the particles into smaller
pieces. Based on the centripetal force, particles will
move toward the walls of the reactor to collide with
the wall of the reactor. The collision of particles with
relatively larger sizes will have significant impact on the
collision with the wall resulting in cracks in the parti-
cles which can lead to break up.

Surface morphology

Shape and size of the nanoparticles produced in this
research are discussed in details in this section. TEM
images of iron oxide nanoparticles extracted at differ-
ent reaction times of 20, 60, and 90 min are shown in
Fig. 3(a–c). Crystal scattering for these samples is
shown in Fig. 3 (d–f, respectively). Size of the nano-
particles produced in this research is in the range of
9–15 nm. The process of nanoparticles production
used in this research is quite complex based on its
reaction and mixing regimes. Reaction and production
of iron oxide nanoparticles depend on the selectivity
of the different reactions at the starting phase of the
process. However, later part of the process is domi-
nated by mixing behaviors of the process with a very
slow reaction for phase change of maghemite to mag-
netite. It can be seen from Fig. 3(a) that the shape of
most of the nanoparticles is spherical with exceptions
of small edges attached to some nanoparticles.

Table 2. Zeta potential of magnetite nanoparticles at
different reaction times.
Time (mins) Zeta Potential (mV)

20 −29.6
40 −24.5
60 −24.3
80 −38.2
90 −41.8

Figure 2. Magnetization curve for nanoparticles at different intervals.
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As mentioned in the earlier section, different phenom-
ena are prominent in the solution which results in the
smaller size of the nanoparticles. Initially, super-saturation
of the solution by the neutralization reaction between iron
chloride and precipitating agent results in the production of
higher rates of mass transfer and nucleation production in
the main solution. Then these grains grow in size and
already have a size of 9 nm at 20 min to the reaction.

Size of the grains continues to grow based on the mass
transfer of iron oxide from supersaturated solution onto the
particles already present in the solution. Based on the size of
the nanoparticles, the nanoparticles will move toward the
walls of the reactor by centripetal forces and will strike the
walls of the reactor, will also reduce the size of the nano-
particles. The surface charge of the nanoparticles makes the
nanoparticles evenly distributed in the solution, which also
results in resistance to agglomeration and coalescence of the
nanoparticles resulting in the smaller size of particles.
Furthermore, all the nanoparticles are spherical with no
sharp edges. This is advantages in the application of these
nanoparticles into different forms.

Conclusions

Iron oxide nanoparticles have been prepared via coprecipi-
tationmethod using precursormixture of iron (II) chloride
and Iron (III) chloride. The nanoparticles are produced in
good yield with high impurity and give the reaction rate
value of 7.5 × 10−4 mol min−1 with the rate constant of
2.074 × 10−4 mol−2min−1. The XRD results supported by
Raman spectroscopy suggests the formation of the signifi-
cant portion of maghemite at the early stage of reaction
while this maghemite converts to magnetite as reaction
proceeds and increase selectivity ofmagnetite nanoparticles
to 98.2%. Furthermore, it is found that Zeta potential of
these nanoparticles is −41 at the end of the reaction which

suggests that the nanoparticles are stable and can be used
for dispersion of these nanoparticles in different solutions.
The surface charge also results in significant resistance
toward aggregation and coalesce of nanoparticles. TEM
analysis shows that the structure of these nanoparticles
are spherical and giving a porous texture. It is believed
that these impurity free magnetic nanoparticles with
round and the porous surface can be used as an additive
in different polymeric materials for its superior magnetic
and mechanical properties.
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