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Abstract

Parameters such as temperature, time and presence or absence of microwaves affected the particle size and magnetic properties of synthetic
magnetite. The presence of microwaves during crystallization significantly increased the particle size of magnetite in a short time with improved
magnetic properties. Magnetite samples were characterized by X-ray diffraction, transmission electron microscopy (TEM) and saturation
magnetization measurements. The TEM crystal sizes varied from about 40 to 50 nm at room temperature to greater than 50 nm with wider crystal
size distribution at higher temperatures. The saturation magnetization values of synthetic magnetites ranged from 57.4 to 89.0 emu/g.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

It is well known that magnetite is a naturally occurring
ferrite mineral with magnetic properties and has an inverse
spinel structure. Ferrites are an extremely important group of
materials with a wide variety of applications in many fields.
Among the spinel ferrites, magnetite has been utilized in many
fields [1] such as in biosensors [2], drug delivery [3], ferrofluids
[4], magnetic refrigeration [5], magnetic resonance imaging
[6], magnetic storage media [7], printing inks [8] etc. Spinel
ferrites were previously prepared by the traditional solid-state
process [9], mechanochemical process [9], Pichini process [10],
combustion process [11], coprecipitation [12] hydrothermal
process [13], microwave-hydrothermal process [14], sol-gel
process [15] and ball milling [16], the latter led to ferrite
preparation with controlled nanosize and properties. Among
these methods, only solution-based and hydrothermal methods
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are capable of precisely controlling the particle sizes. The
particle sizes of magnetite required for different applications
are different and hence there are numerous studies dealing with
controlled particle sizes. Si et al. [1] prepared ferrite
nanoparticles of 5-15 nm at room temperature by precipitating
ferrous sulfate in the presence of polyacrylic acid or the sodium
salt of carboxymethyl cellulose at a pH of about 13. Magnetite
nanoparticles of 4-43 nm were synthesized at room tempera-
ture by precipitating ferric and ferrous chlorides with ammonia
solution but without surfactants [17]. Zhou et al. [18] prepared
magnetite nanoparticles from emulsions using ferrous sulfate
and ferric nitrate as precursors and precipitating them using
NaOH or NH,OH. A recent method [19] utilized air oxidation
of Fe(OH), under visible light irradiation in the presence of
trace concentration of ethylenediaminetetraacetic acid (EDTA)
to synthesize magnetite nanocrystals of 11.5 to 30 nm at room
temperature. Kang et al. [20] reported well-defined magnetite
nanoparticles of about 8.5 nm by titrating ferrous and ferric salt
solution into 1.5 M NaOH at room temperature without any
surfactants. Magnetite particles of less than 6 nm were
precipitated at 80 °C by forced mixing of ferrous and ferric
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salts with NaOH [21]. Octahedral nanoparticles of 60-80 nm
were synthesized [22] using ferrous sulfate, sodium nitrate and
sodium hydroxide in a nitrogen atmosphere in the temperature
range of 60-100 °C. Khollam et al. [23] prepared magnetite
powders by reaction of ferrous sulfate and sodium hydroxide in
the temperature range of 90-200 °C under microwave
hydrothermal (MH) conditions. Monodisperse ferrite nano-
particles were synthesized by microwave-assisted heating at
220 °C for 5 min and 250 °C for another 5 min [24]. Caillot
et al. [25] used microwave-hydrothermal flash treatment of
alcoholic solutions of ferrous chloride and sodium ethoxide
solutions to prepare nanocomposite powders of hematite, spinel
phase (maghemite) and magnetite at about 160 °C. Magnetite
was also synthesized using ferric chloride, polyethylene glycol
(PEG-20000) and hydrazine under microwave-assisted condi-
tions at 100 °C for 10 min [26]. Hong et al. [27] prepared
magnetite nanoparticles by the co-precipitation of ferrous and
ferric salts using ammonia and microwave (MW) irradiation
apparently using a domestic oven without any temperature
control. Although all of the above synthesis techniques yielded
magnetite, there is still a need to further explore the synthesis of
magnetite at different temperatures with and without micro-
waves to achieve different sizes and crystallinities or to show
faster crystallization. Therefore, the objectives of the present
research were (a) to develop a simplified synthesis method for
magnetite at room temperature without microwaves (b) to
develop a faster method under microwave-assisted conditions
at higher temperatures and (c) to measure the magnetic
properties of the synthesized magnetites.

2. Materials and methods
2.1. Synthesis of magnetite

(1) Room temperature synthesis

The following chemical precursors were used for
different syntheses: FeCl, (Aldrich, 98%), NaOH (Alfa
aesar, 97%), and ammonia solution (EMD chemical, 28—
30%, w/w), and Na,CO3 (JT Baker, 100.1%). In a typical
synthesis, 0.008 mole of FeCl, was dissolved in 25 ml of
ethanol in a beaker. Then 0.032 moles of NaOH or Na,CO;
was dissolved in 10 ml of deionized water. Under stirring,
the above NaOH or Na,COj; alkaline solution or 0.032 mole
of ammonia solution was added to the FeCl, solution in the
beaker. A blackish precipitate formed immediately. The
resultant solid was washed with deionized water three times
and then finally with ethanol. After washing, it was dried at
room temperature.

(2) Microwave-assisted method

FeCl,, NaOH, ammonia solution and Na,CO5 were used
as above for various microwave-assisted syntheses. After
mixing of the precursors in Teflon vessels as described
above for room temperature syntheses, the vessels were
heated by microwave-assisted conditions using a multi-
mode MARS-5 microwave digestion system (CEM Corp.,
Matthews, NC) at 80-150 °C for 1-16 min. The micro-
waves operated at a frequency of 2.45 GHz with a power of

300 W. The experiments were carried out in double-walled
digestion vessels having an inner non-reactive Teflon PFA
liner and an outer Ultem polyetherimide shell of high
mechanical strength. Temperature and pressure probes
allowed the reaction to be controlled by monitoring the
temperature or pressure within a control vessel. Tempera-
ture of solution was measured by using an established
technique with phosphor sensor in a sapphire thermowell.
The maximum operating temperature and pressure for the
system are 240 °C and 350 psi, respectively. For compari-
son with microwave-assisted conditions of magnetite
syntheses at 150 °C, conventional-hydrothermal experi-
ments were also conducted in Parr reactors (Moline,
Illinois, USA) at 150 °C for 1-16 h. The resultant solids
were washed with deionized water and ethanol, and then
dried at 60 °C prior to characterization by different
techniques.

2.2. Characterization

2.2.1. Powder X-ray diffraction analyses

All synthetic magnetites were characterized by powder X-
ray diffraction (XRD) analyses using a Scintag X-ray
diffractometer with CuKa radiation and particle sizes were
estimated by using the well-known Scherrer’s equation. Each
synthetic magnetite sample was loaded in to the same cavity of
a zero background slide to have about the same weight for
comparison with each other.

2.2.2. Transmission electron microscopy (TEM) analyses

For TEM analyses, the magnetite powders were dispersed in
alcohol or deionized water, dropped on to copper grids and then
dried in air. The TEM images were obtained from JEM-2010 or
JEM-2100 instrument at an acceleration voltage of 200 KV.
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Fig. 1. X-ray diffraction patterns of magnetite synthesized (a) using FeCl, + N-
H4OH at room temperature (YN398), (b) using FeCl, + Na,CO;3 at room
temperature (YN389) and using FeCl, and NaOH at different temperatures
for 15 min under microwave-assisted conditions: (c¢) 80 °C, (d) 100 °C, (e)
120 °C, and (f) 150 °C (the 2.03 A peak corresponds to Fe metal).
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Fig. 2. Transmission electron micrographs of magnetite particles prepared at room temperature with FeCl, and NaOH (YN414) but no microwaves (a) and of
magnetite particles prepared at different temperatures with FeCl, and NaOH using microwave-assisted conditions: (b) 80 °C and (c) 150 °C.

Table 1

Microwave-hydrothermal and room temperature synthesis conditions, phases formed, magnetic properties and particle sizes of synthetic products.

Sample number Precursors T (°C) Duration Phase Saturation Particle size® (A)
magnetization
wp/fu. emu/g
YN383 FeCl, + NaOH 150 15 min Magnetite; trace Fe® 3.69 89.0 >1000
YN384 FeCl, + NaOH 120 15 min Magnetite 2.90 70.0 381(29)°
YN385 FeCl, + NaOH 100 15 min Magnetite 2.87 69.2 300(20)
YN386 FeCl, + NaOH 80 15 min Magnetite 2.94 70.9 241(18)
YN387 FeCl, + NH,OH 80 15 min Magnetite 2.46 59.3 234(21)
YN388 FeCl, + Na,CO5 80 15 min Magnetite ND ND ND
YN389 FeCl, + Na,CO; RT Magnetite 2.53 61.0 186(12)
YN398 FeCl, + NH,OH RT Magnetite 2.38 574 154(9)

# Calculated using d(3 1 1) peak at 2.52-2.53 A based on Scherrer’s equation.

® Standard deviations are shown in the parentheses.ND, not determined; RT, room temperature and no microwaves.

2.2.3. Magnetic properties measurement

The magnetic properties were measured on a Super-
conducting Quantum Interference Design (SQUID) magnet-
ometer (Quantum Design). The magnetic hystereses were
measured at room temperature in a field of +3 T.

3. Results and discussion
3.1. Crystallization of magnetite under different conditions

Poorly crystallized magnetite as determined by XRD
(Fig. 1a and b) was obtained at room temperature with all
the three alkaline sources, Na,CO;, NH4OH and NaOH in the
absence of microwaves. Increasing the concentration of NaOH
from 0.032 M to 1 M also yielded poorly crystallized magnetite
as determined by the breadth of XRD peaks (Figure, not
shown). Transmission electron micrographs revealed that the
magnetite particles prepared at room temperature with FeCl,
and NaOH are about 40-50 nm (Fig. 2a) leading to broad X-ray
peaks (Fig. 1a and b). Table 1 shows the results of magnetite
syntheses from 80 to 150 °C with different alkaline sources

such as NH,OH, NaOH and Na,CO; and using microwaves
during synthesis. Crystallinity of magnetite increased with
increasing temperature under microwave-assisted conditions as
can be seen from XRD patterns which showed sharper and
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Fig. 3. X-ray diffraction patterns of magnetite synthesized using FeCl, + -
NaOH at 150 °C as a function of time under microwave-assisted conditions (a)
0 min (YN422); (b) 4 min (YN425); (c) 8 min (YN426); and (d) 16 min
(YN427).
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Fig. 4. Particle size of magnetite as determined by XRD based on Scherrer’s equation as a function of synthesis time under microwave-hydrothermal conditions at

150 °C (a) and under conventional-hydrothermal conditions at 150 °C (b).

Fig. 5. Transmission electron micrograph of magnetite particles prepared at 150 °C for different durations with FeCl, and NaOH using microwave-assisted

hydrothermal conditions: (a) 8 min (YN426) and (b) 16 min (YN427).

narrower peaks with increased temperature (Fig. lc to f).
Microwave-assisted conditions led to magnetite in all cases
after treatment for 15 min (Table 1; Fig. 1). Transmission
electron microscopy revealed that the particle size obtained at
150 °C is larger than the particle size obtained at 80 °C (Fig. 2b
and c), as expected. The particle size and morphology are not
uniform in the magnetites synthesized at temperatures of
>80 °C (Fig. 2b—c) but appear to be more or less uniform at
room temperature (Fig. 2a). The non-uniformity of magnetite
crystals at higher temperatures could be attributed to a lack of
equilibrium because of short treatment time. In addition, the
magnetite particles appear to have crystallized well at
temperatures of 80 °C and 150 °C but not at lower temperatures
as indicated by faceted crystals at the highest temperature
(Fig. 2¢), as expected. The particles crystallized at temperatures
of 80 °C and 150 °C showed some small aggregated crystals
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Fig. 6. X-ray diffraction patterns of magnetite synthesized using FeCl, + -
NaOH at 150 °C as a function of time under conventional-hydrothermal
conditions: (a)l h, (b) 2h, (¢c) 4h, (d) 8 h and (e) 16 h.
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Fig. 7. Transmission electron micrographs of magnetite particles synthesized for different durations with FeCl, and NaOH using conventional-hydrothermal

conditions: (a) 1h, (b) 4h and (c) 16 h.

(see arrows) along with faceted crystals (Fig. 2b and c). The
presence of these small aggregated particles suggests that the
process of ‘Ostwald ripening’ was not complete with the short
treatment time of 15 min. Small aggregated masses could also
be seen at 80 °C along with nanocrystals of magnetite (see
arrow in Fig. 2b). Crystallinity as a function of time was
investigated at 150 °C under microwave-assisted hydrother-
mal conditions and the results of XRD are presented in Fig. 3.
Ramping up the temperature to 150 °C in 5 minutes and
stopping the treatment immediately after reaching 150 °C led
to magnetite with broad peaks (Fig. 3a) and further treatment
for 4 min did not affect the breadth of the peak significantly
(Fig. 3b). However, increasing the treatment time to 8 and
16 min led to higher crystallinity of magnetite as indicated by
sharper and narrower X-ray diffraction peaks (Fig. 3c and d)
and larger particle sizes as calculated from XRD data using
Scherrer’s equation (Fig. 4a). At longer treatment times, a part
of the Fe** was reduced to Fe” metal as can be seen from
peaks at 2.02 to 2.03 A peaks in the XRD patterns (Fig. 3¢ and
d) along with highly crystallized magnetite as indicated by
sharp peaks. Transmission electron micrographs clearly
showed well-faceted crystals with 8 to 16 min of treatment
time at 150 °C (Fig. 5). The effect of treatment time on
crystallinity of magnetite under microwave-hydrothermal
conditions (Fig. 3) was compared to that under conventional
hydrothermal conditions (Fig. 6). To get the same crystallinity
as determined by the sharpness of XRD peaks, conventional
hydrothermal conditions required 8-16 h (Fig. 6d and e) of
treatment time while microwave—hydrothermal (M-H) con-
ditions needed only 8 to 16 min (Fig. 3¢ and d). Particle sizes
determined by Scherrer’s equation using d(3;) peak at 2.52—
2.53A (Fig. 4b) and transmission electron micrographs of
conventional-hydrothermally prepared magnetite (Fig. 7) also
support this observation. For example, only 8—16 min were
needed to get a particle size in the range of 435 to 977 nm by
M-H process (Fig. 4a) while 8—16 h were needed to get the
particle size in the range of 635 to >1000 nm by C—H process
(Fig. 4b). In addition, metallic iron crystallized at 150 °C
under M-H condition (Fig. 3; Table 1) but not under C-H
condition (Fig. 6). These results clearly suggest that M—H

process led to better crystallinity of magnetite as has been
previously observed in many other syntheses of materials by
us [28-30].
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Fig. 8. Hysteresis loops of field dependence of magnetization at 300 K for a
sample prepared at 120 °C, YN384 (a) and for another sample prepared at
25 °C, YN398 (b).
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3.2. Magnetic properties of magnetite crystallized under
different conditions

Saturation magnetization data collected by using a Super-
conducting Quantum Interference Design (SQUID) magnet-
ometer are shown in Table 1 for various magnetites synthesized at
different temperatures. The saturation magnetization of the
sample prepared at 150 °C is the highest with added contribution
from Fe metal (Table 1) in this sample. The saturation
magnetization values of the magnetite samples synthesized here
are consistent with those reported previously [23,24] for
nanophase magnetites. The magnetic hystereses measured at
room temperature in a field of £3 T for a few samples are shown
in Fig. 8. These hysteresis loops of field dependence of
magnetization at 300 K for a sample prepared at 120 °C, YN384
and for another sample prepared at 25 °C, YN398 (Table 1) are
typical for nanophase magnetites [24]. In addition, the magnetic
hystereses shown in Fig. 8 suggested superparamagnetic
behavior, as expected in nanosized ferromagnets.

4. Conclusions

Magnetite nanoparticles of different particle sizes were
synthesized from room temperature to 150 °C with and without
microwaves. The use of microwaves significantly increased
particle size of magnetites as determined by XRD and particle
size calculations by Scherrer’s equation. The saturation
magnetization values of the magnetite samples synthesized
here varied from 57.4 to 89.0 emu/g, which are typical for
magnetites.
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