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a b s t r a c t

Superparamagnetic magnetite nanoparticles (mean diameter ∼10 nm) were synthesized using the co-
precipitation route from Fe2+/Fe3+ in aqueous solutions (molar ratio 1:2) by adding a base under
mechanical stirring at 10,000 rpm. This stirring velocity was found to be suitable for obtaining nanoparti-
ccepted 20 August 2009
vailable online 27 August 2009
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cles of this mean size, and a decrease in stirring velocity resulted in a larger size (∼19 nm) and a wider size
distribution. At 18,000 rpm, in addition to magnetite, goethite is also synthesized in the form of nanopar-
ticles and nanorods are found. At higher stirring velocities (25,000 rpm), the solution’s core temperature
increased from 20◦ to 37 ◦C, generating a mixture of non-magnetic iron compounds.

© 2009 Elsevier B.V. All rights reserved.
tructure
agnetic measurements

. Introduction

Synthetic iron oxide magnetite (Fe3O4) nanoparticles have been
idely studied in the last decades, and an increasing number of sci-

ntific and technological applications have been developed, such
s: solid support for enzymes such as cellulase [1], glucose oxi-
ase [2], bovine serum albumin [3] homing peptides [4] and lipase
5]; magnetite bounded to chitosan acts as a nano-absorbant for
he removal of heavy metals [6]; and when using a highly active
eterogeneous Fenton system based on iron metal and magnetite,
e0/Fe3O4 has been used to oxidize synthetic dyes [7]. It also has
een used in biomedicine as a magnetic drug delivery system
MDDS) [8–10], as a contrast agent for magnetic resonance imaging
MRI) [11,12] and as heating mediator for cancer thermother-
py [13,14]. Magnetite remains as the only magnetic nanoparticle
MNP) approved for clinical use to date [15] because it features
ow toxicity effects in cells [16]. It has also been used to make
onductimetric immunosensors for E. coli detection [17].
Numerous and diverse methodologies exist to synthesize mag-
etic nanoparticles of magnetite in order to obtain different shapes
microspheres, nanospheres, nanorods and ferrofluids), sizes and
ith high saturation magnetization (Ms), including oxidation with

∗ Corresponding author. Tel.: +56 41 2207295; fax: +56 41 2207440.
E-mail address: jfreer@udec.cl (J. Freer).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.08.087
H2O2 of a suspension of Fe(OH)2 [2,18,19], reduction of hematite by
CO/CO2 [20], flame spray synthesis [21], microemulsion technology
[22] and thermal decomposition of iron pentacarbonyl [23] or iron
(III) acetylacetonate in tri(ethyleneglycol) [24]. However, the most
common method for producing synthetic magnetite nanoparticles
is the co-precipitation of Fe2+/Fe3+ ions (molar ratio 1:2) by alka-
line solutions [6,25,26], reacting as indicated in the equation below.
This method generally produces particles with diameters of 10 nm
or less.

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O (1)

Although this method to prepare magnetite nanoparticles is
well known, some difficulties still exist due to limited control of the
synthesis process used to obtain pure magnetite with proper size
distribution, shape and morphology. The concentration, molar ratio
of the reactants, pH and temperature are some of the important
factors to control phase and size [27–29].

This work studied the influence of the stirring velocity on the
particle size of the magnetite nanoparticles synthesized by the
co-precipitation method because the dispersed phase should be
largely distributed in a uniform manner over the entire liquid

height for crystallization and solid catalyzed reactions, a condition
that requires both higher stirring speeds and power [30]. Also as the
stirrer speed increases, the reaction solution’s uniformity improves
and smaller particles and narrower size distributions are obtained
[30–32].

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jfreer@udec.cl
dx.doi.org/10.1016/j.jallcom.2009.08.087
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Table 1
Temperature control of the solutions under different stirring velocities.

Stirring velocities TIn (◦C) TFin (◦C)
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76–1821, respectively). The increase in the solutions’ core temper-
ature during synthesis by co-precipitation initially promotes the
partial thermal transformation of magnetite to goethite [34], and
then the dehydroxylation of goethite forms the amorphous Fe2O3
Magnetic stirring 20.0 ± 0.5 20.0 ± 1.0
10 000 rpm 20.0 ± 0.5 21.0 ± 1.7
18 000 rpm 20.0 ± 0.5 22.7 ± 0.5
25 000 rpm 20.0 ± 0.5 37.3 ± 1.5

. Experimental

.1. Materials

All reagents were pro-analysis and used as received without further purifica-
ion. FeSO4·7H2O, FeCl3·6H2O and ammonia 25 wt.% were purchased from Merck.
anopure water (NPW) was used in all the preparations.

.2. Synthesis of magnetite nanoparticles

Magnetite nanoparticles were synthesized using the co-precipitation method.
00 mL of a 0.05 M FeSO4·7H2O and 0.1 M FeCl3·6H2O solution was poured in a
eaker, deoxygenated for 30 min with N2(g) and the solution’s temperature was
aintained at 20 ◦C (TIn). Ammonia was added into the solution at a constant rate

f 35 mL/min using a peristaltic pump in order to reach pH 10 in 2 min under con-
tant stirring. The solution’s final temperature was measured (TFin). The stirring
elocities tested to co-precipitate the Fe2+/Fe3+ ions by ammonia were: vigorous
agnetic stirring (MNP-MS), 10,000 rpm (MNP-10 000), 18,000 rpm (MNP-18 000)

nd 25,000 rpm (MNP-25 000). The last three stirring velocities were obtained using
D-500 Wiggen Hauser Homogenizer with an ER20 rotor/S20F stator system. The

uspensions obtained were aged and digested at 80 ◦C for 30 min under a gentle
agnetic stirring [33] and cooled at room temperature. Magnetic nanoparticles
ere magnetically separated while non-magnetic nanoparticles were harvested by

entrifugation. To purify the products, the samples were washed repeatedly with
PW and ethanol until pH 7. The particles were then dried at 74 ◦C overnight under
acuum.

.3. Characterization

The samples’ crystal structure were analyzed by X-ray diffraction (XRD) with a
igaku D/Max-C model diffractometer using Fe K� radiations (� = 1.93 Å). To con-
rm the synthesis of magnetite rather than maghemite (�-Fe2O3), which has an

dentical XRD diffraction pattern, XPS was used to examine the Fe:O stoichiometry.
he XPS data were obtained with a ESCALAB 220i-XL (VG Scientific) instrument
sing a monochromated Al K� X-rays source for sample excitation. High qual-

ty depth profiles were obtained with an EX05 (VG Scientific) ion gun. Low ion
nergy was used to maximize depth resolution. The base pressure was better than
× 10−9 mbar. The data was collected with a microprocessor interfaced to a PC
omputer. The VG-Eclipse v2.1 data system processed the XPS data. Low-resolution
urvey spectra were first acquired to identify the various surface elements. Each ele-
ent concentration was then calculated from the area of the corresponding peak in
high-resolution spectrum, which is the area of a Gaussian-Lorentzian line fitted

o the high-resolution peak after subtraction of background noise. The size distri-
ution, shape and morphology of the magnetite nanoparticles were determined
sing transmission electron microscopy (TEM). The images were taken using a JEOL

EM 1200EXII microscope at an accelerating voltage of 120 kV. The samples were
e-dispersed in a NPW/ethanol (1:1) matrix, and then deposited on a 200-mesh
arbon-nitrocellulose coated TEM copper grid. To determine the size distribution
nd the mean average size, 100 particles were measured for each sample. The
ydrodynamic diameter for the dispersed samples was determined by dynamic light
catter (DLS) using a Malvern Nano Zeta Sizer at 25 ◦C. The samples’ magnetic prop-
rties were analyzed using a MPMS superconducting quantum interference device
SQUID) magnetometer from Quantum Design, XL model at 300 K in an applied field
20 kOe.

. Results and discussion

High velocity stirring during the preparation of magnetite
anoparticles produces a temperature increase in the Fe2+/Fe3+

olution (Table 1). This increase in temperature is considerable at
5,000 rpm, producing a non-magnetic brown red suspension of

ron compounds instead of the dark brown suspension character-

stic of magnetite.

Fig. 1 displays the XRD pattern of the prepared samples at
ifferent stirring velocities. The diffraction peaks for the samples
NP-MS and MNP-10 000 (Fig. 1(a) and (b)) can be indexed to

ubic phase of magnetite without any secondary phase. The peak
Fig. 1. XRD patterns for the samples (a) MNP-MS, (b) MNP-10 000, (c) MNP-18 000
and (d) MNP-25 000.

positions and corresponding Miller indexes match well with the
values reported for the bulk materials (JCPDS file no. 85–1436).
However, the XRD analysis for the MNP-18 000 sample (Fig. 1 (c))
reveals that in addition to the cubic phase of magnetite (JCPDS
file no. 19–0629), goethite with an orthorhombic phase (JCPDS file
no. 29–0713) is also found. On the other hand, the XRD analysis
of the MNP-25 000 sample (Fig. 1 (d)) shows the formation of a
brown non-magnetic powder that consists in a mixture of hematite,
goethite and iron-oxide (JCPDS files no. 86–0550, 81–0463 and
Fig. 2. XPS spectra for the magnetite sample: (a) entire energy range;
(b) Deconvultion of the Fe 2p3/2 peak.
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Fig. 3. TEM images and diameter distributions for samples with
hase, forming the crystalline hematite phase at higher tempera-
ures [35].

Fig. 2 shows the XPS spectra for both MNP-MS and MNP-
0 000 samples. Fig. 2 (a) displays the XPS spectrum over the
ntire energy range, where the Fe 2p region (Fe 2p1/2 and
g velocities of (a) MNP-MS, (b) MNP-10 000 and (c) MNP-18 000.
Fe 2p3/2 at 723.05 eV and 711.40 eV, respectively) and O 1s
region (530.50 eV) can be observed. The spectral deconvolution
curve of the Fe 2p3/2 peak (Fig. 2 (b)) reveals the characteris-
tic pattern of magnetite with signals of Fe2+ (710 eV) and Fe3+

(711.5 eV). The Fe2+/Fe3+ ratios were 0.58 for MNP-MS and 0.46
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[12] B. Feng, R.Y. Hong, Y.J. Wu, G.H. Liu, L.H. Zhong, Y. Zheng, J.M. Ding, D.G. Wei, J.
ig. 4. Hysteresis loops for samples synthesized at different stirring velocities.

or MNP-10 000, both closely to the 0.5 ratio of pure magnetite
36].

The TEM images taken to determine the morphology, shape and
ize distribution for the particles produced at the different stirring
elocities are shown in Fig. 3. The resulting magnetite nanopar-
icle samples MNP-MS and MS-10 000 are found to be nearly of
pherical/ellipsoidal shape (Fig. 3 (a) and (b)). The synthesis using
agnetic stirring resulted in nanoparticles with a mean size of
19 nm and an ample size distribution (Fig. 3 (a)). Interestingly,

he magnetite nanoparticles obtained with the homogenizer at
0,000 rpm resulted in a much smaller mean size (10 nm) with
narrow size distribution (Fig. 3 (b)). Even though the shear

orces of the mechanical stirring applied with the homogenizer are
xtremely high and occur in a small space, they cannot be compared
o the forces produced by vigorous magnetic stirring [30]. Still,
here is no alteration in the nanoparticles’ morphological structure:
oth are spherical/ellipsoidal at 10,000 rpm and for MS. Also the
anoparticles’ size distribution is controlled by the nucleus growth
rocess, while diffusion-controlled growth is desired. Improved
ize distribution can be accomplished by increasing the stirring
elocities of the chemicals to speed up the transport of the growth
pecies to the nanoparticle’s surface [32]. Fig. 3(c) shows that
tirring the solution at 18,000 rpm produced both nanoparti-
les with different shapes and sizes as well as different sizes
f nanorods. Although magnetite nanoparticles possess magnetic
xes along the directions (1 1 1) and (1 1 0), providing the possibili-
ies for partial one-dimensional (1D) growth along these magnetic
xes [37,38]. Still, they do not grow preferentially by themselves
nd are mainly restricted by the isotropic spinnel crystal structure
nd the strong magnetism [39]. The nanorods formed at 18,000 rpm
ay correspond to partially hydrated goethite nanorods produced

ia the hydrothermal method described by Qiu et al. [40].
The hydrodynamic diameter of the magnetic samples was mea-

ured using DLS. The mean size for the samples MNP-MS and
S-10 000 were 43.8 nm and 29.7 nm, respectively. The mean par-

icle diameter obtained with DLS was about 20 nm larger than
he values obtained by TEM. This difference was caused by the
ggregation of the magnetic particles, due by the mutual magnetic
nteraction between them, which disturbed the DLS measurements.
he magnetic nanoparticles and nanorods obtained by the co-
recipitation method using 18,000 rpm were not suitable for DLS

nalysis.

The magnetic properties were measured at 300 K for the
anoparticles synthesized at different stirring velocities (Fig. 4).
he magnetic curves for the samples MNP-MS and MNP-10 000

[

[
[

Compounds 488 (2009) 227–231

shows no hysteresis loop and are reversible at 300 K. No remanence
and coercivity were observed for these samples, which is indicative
of their superparamagnetic (SPM) behavior. The Ms for MNP-MS
(73.2 emu/g) and for MNP-10 000 (72.0 emu/g) are not far from
the bulk magnetization value for the magnetite [41]. On the other
hand, for sample MNP-18 000, this value reached 28.5 emu/g before
decreasing drastically for the sample MNP-25 000. These results are
in good agreement with the XRD data for the samples at higher stir-
ring velocities, where other phases of iron compounds are observed.
Also, the Ms values obtained for the MNP-MS and MNP-10 000 are
higher than those obtained using the co-precipitation method at
low temperatures (5 ◦C) [42] or using NaOH as precipitator [43],
although they are lower than those obtained by the inverse co-
precipitation method [44].

4. Conclusions

In summary, superparamagnetic nanoparticles of magnetite
with a mean diameter of 10 nm and narrow size distribution were
synthesized by the co-precipitation method using a homogenizer at
a stirring velocity of 10,000 rpm. At this stirring velocity, the mean
diameter of the nanoparticles was smaller than the values obtained
by vigorous magnetic stirring; they also presented different shapes
and morphology form those synthesized with a stirring velocity of
18,000 rpm, which resulted in nanoparticles and nanorods.

The effect of the solution’s core temperature is another param-
eter to take into consideration. An increase in the precursor
solution’s temperature by high stirring velocities initially promotes
the partial thermal oxidation of magnetite to goethite, generating
goethite nanorods by the hydrothermal process. If the temperature
increase is too great, the final product is a non-magnetic mixture
of iron oxide, hematite and goethite instead of magnetite.
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