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We present a novel method for synthesizing highly crystalline superparamagnetic magnetite (Fe3O4)
nanoparticles (particle size about 15 nm) with relatively high saturation magnetization by direct trans-
formation via ball-milling treatment from an amorphous goethite precipitate in a water system at
room temperature. The obtained product was characterized by transmission electron microscopy, X-
ray diffraction, and energy-dispersive X-ray spectroscopy; the particle size was measured by dynamic
light scattering particle size analysis, and magnetic properties were measured by superconducting quan-
agnetic materials
agnetite nanoparticles
oethite
echanochemical reduction

all-milling
agnetic properties

tum interference device magnetometer. The mechanochemical effect induced by ball-milling treatment
generates hydrogen gas, which contributes in reduction of part of the goethite, without addition of reduc-
ing agents, to give ferrous hydroxide. The mechanochemical effect also promotes solid-phase reaction
between ferrous hydroxide and goethite to give magnetite, simultaneously crystallizing the formed mag-
netite nanoparticles while inhibiting particle growth with addition of neither heat nor additives such
as surfactants and organic solvents. Thus, mechanochemical reduction provides an easy route for the

agne
synthesis of crystalline m

. Introduction

Among magnetic materials, magnetite (Fe3O4) is particularly
mportant. Fe3O4 nanocrystal powder has excellent magnetic
roperties and is nontoxic, highly stabile, and promising for bio-

ogical applications such as immobilization of enzymes [1–3] and
roteins [4–6], magnetic separation of cells [7–9], and synthe-
is of a nucleotide [10]. Superparamagnetic Fe3O4 nanoparticles
re important for biomedical applications such as drug deliv-
ry [11–14], magnetic resonance imaging [15–18], hyperthermia
19–21], and immunoassays [22–24].

Various methods have been developed for the synthesis of
uperparamagnetic Fe3O4 nanoparticles in gas, liquid, and solid
hases. Liquid-phase synthesis methods such as coprecipitation
hat use iron hydroxide precursor are practical on an industrial
cale because the chemical reactions are relatively easy to control

25–30]. However, conventional synthesis methods have several
roblems, including high levels of complexity and requirement for
eagents that are incompatible with or toxic to the human body
31,32]. Non-conventional green synthesis methods have also been
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tite nanoparticles from ferric ion solution.
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proposed [33–35]. For example, Lu et al. [35] used glucose as a non-
toxic reducing agent, and used gluconic acid, which is the oxidative
product of glucose, as a stabilizer and dispersant. In such meth-
ods, however, reactions are still carried out under environmentally
unfriendly conditions, such as high temperature or high pH.

To help devise a more environmentally friendly method for
industrial production, we have proposed a simple mechanochem-
ical synthesis method by which superparamagnetic Fe3O4
nanoparticles are prepared by ball-milling a neutral precursor sus-
pension of ferrous hydroxide and goethite (�-FeOOH) at room
temperature in a water system [36]. The obtained results suggested
that ferric ions were reduced in the milling treatment although no
reducing agent was used. In this paper, for simplifying the synthesis
process, a synthesis method in which �-FeOOH is directly trans-
formed to Fe3O4 by means of the mechanochemical reduction effect
has been developed, and the reaction mechanism is discussed.

2. Experimental

All chemicals used in the experiments were of analytical reagent grade and

were used without further purification. The total iron concentration in the initial
solution was the same as for our previous studies [36–38]. 4.5 mmol of ferric chloride
hexahydrate (FeCl3·6H2O) was dissolved in 60 ml of deionized and deoxygenated
water in a beaker. 13.5 mmol of sodium hydroxide (NaOH) was added to the solution
by dropping a proper amount of 1.0 kmol/m3 NaOH solution at room temperature
under vigorous stirring by magnetic stirrer in an argon atmosphere. The pH of the

dx.doi.org/10.1016/j.jallcom.2010.10.029
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Schematic of tumbling ball mill used in this work.

olution was 8.3. The addition of NaOH gives �-FeOOH according to the following
eactions:

e3+ + 3OH– → Fe(OH)3 (1)

e(OH)3 → �-FeOOH + H2O (2)

he reddish-brown initial suspension thus prepared was poured into a milling pot
inner diameter 90 mm, capacity 500 ml) made of 18%Cr–8%Ni stainless steel. Stain-
ess steel balls (diameter 3.2 mm) were used as the milling media; the charged
olume of the balls (including voids among the balls) was 40% of the pot capacity, as
llustrated in Fig. 1. The milling pot was purged of air, filled with argon, and sealed.
he ball-milling treatment was performed at room temperature for a designated
eriod of time by rotating the milling pot. The rotational speed was 140 rpm, which
orresponds to 64% of the critical rotational speed of 220 rpm (determined experi-
entally depending on the actual motion of balls involving the starting suspension).
fter the treatment, the suspension temperature had risen by 3–4 ◦C. The obtained
recipitate was washed with deionized water, centrifuged (centrifugal acceleration
500 × g), and decanted. After this washing operation was repeated three times, the
recipitate was dried overnight at 30 ◦C under vacuum.

The morphology of the sample was observed by field emission transmis-
ion electron microscopy (TEM; JEM-2100F, JEOL). The chemical composition was
etermined by energy-dispersive X-ray spectrometry (EDS; JED-2300F, JEOL). The

ron content was determined by oxidation–reduction titration [39]. The hydro-
ynamic size was measured by dynamic light scattering (DLS; DLS-7000, Otsuka
lectronics) for a sample-redispersed aqueous suspension after ultrasonic irradia-
ion. The median diameter (number basis) was determined from the obtained size
istribution. The powder X-ray diffraction (XRD) pattern was obtained by X-ray
iffractometer (RINT-1500, Rigaku; Cu K� radiation, 2� = 10◦–80◦ , scanning rate
.0◦/min). The average crystallite size was calculated from the full width at half-
aximum (FWHM) of the Fe3O4 (3 1 1) diffraction peak at 2� ≈ 35.5◦ using Scherrer’s

ormula. The lattice constant was determined from several diffraction angles show-
ng high-intensity peaks. The magnetic properties (magnetization–magnetic-field
ysteretic cycle) were analyzed by superconducting quantum interference device
SQUID) magnetometer (MPMS, Quantum Design) at room temperature in a mag-
etic field range of −10 to +10 kOe.

The mechanochemical effect on the synthesis of Fe3O4 was investigated by per-
orming ball-milling treatment of FeCl3 solution to which NaOH was not added at
oom temperature. The solution absorbance was measured at room temperature by
pectrophotometer (Ubest V-530, JASCO). The composition of the gas phase in the
illing pot after the treatment was qualitatively analyzed by gas chromatography

GC; CP-3800, Varian).
. Results and discussion

Fig. 2 shows XRD patterns of samples before and after the ball-
illing treatment. Before the treatment, the sample contained

n amorphous phase of �-FeOOH. As the milling time elapsed,
Fig. 2. XRD patterns of samples (a) before and after ball-milling treatment for (b) 1 h,
(c) 2.5 h, (d) 4 h, and (e) 7 h. The vertical bars at the bottom represent the standard
diffraction data for magnetite (ASTM card #11-614) and goethite (ASTM card #3-
249).

�-FeOOH crystallized and disappeared, and Fe3O4 crystallized
simultaneously. By 7 h, single-phase Fe3O4 was formed and the pH
of the suspension was 6.7. Peaks indicating the formation of other
compounds and contamination caused by wear of the milling pot
and balls were not observed.

EDS analysis, performed to detect small amounts of impurity,
showed that the sample contains only small amounts of contam-
inants: just 1.52 wt% Cr, 0.84 wt% Ni, 0.13 wt% Na, and 0.04 wt%
Cl. Impurity levels can be reduced even further by decreasing the
rotational speed, although doing so may increase the milling time
required to obtain single-phase Fe3O4 [38]. The sample had an
atomic ratio of 43.8% Fe and 56.2% O, which was near the theoret-
ical value for Fe3O4 (42.9% Fe and 57.1% O). Oxidation–reduction
titration showed that the iron content was 72.6 wt%, which was
also near the theoretical value for Fe3O4 (72.4 wt%). In addition, the
lattice constant was 8.392 Å, which was very much nearer to the
standard value for Fe3O4 (8.396 Å) than to the value for maghemite
(�-Fe2O3) (8.345 Å) or for Fe3O4 nanoparticles prepared by conven-
tional coprecipitation methods (e.g., Ref. [28]). The lattice constant
for the formed Fe3O4 phase remained almost constant regardless
of the milling time. These results suggest that the sample consisted
mostly of homogeneous single-phase Fe3O4.

Figs. 3 and 4 show typical TEM images and DLS particle-size dis-
tribution, respectively, for a sample prepared by ball-milling for
7 h The particle size was in the range 10–20 nm, almost in agree-
ment with the average crystallite size (12.0 nm) calculated from
the XRD pattern and the median diameter (17.1 nm) determined
by DLS analysis. The HR-TEM image indicates that the nanoparti-
cles have a single-crystal structure. Thus, it is confirmed that fine
Fe O nanoparticles of high crystallinity can be synthesized with-
3 4
out addition of heat or reducing agents.

Fig. 5 shows the results of magnetization-magnetic field
hysteresis. The sample exhibits ferromagnetic behavior with a rel-
atively high saturation magnetization of 88 emu/g. Its coercivity
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However, the formation of single-phase Fe3O4 discussed earlier
Fig. 3. (a) TEM and (b) HR-TEM images of sample obtained for 7 h.
s about 8 Oe, showing superparamagnetism. In contrast, well-
rystallized bulk Fe3O4 has a saturation magnetization of 92 emu/g
40]. Saturation magnetization is known to be affected by the par-
icle size, crystallinity, and contamination [41], and decreases with

Fig. 4. Hydrodynamic particle size distribution of sample obtained for 7 h.
Fig. 5. Magnetic hysteresis loop of sample obtained for 7 h. The inset shows enlarged
view of the central region of the loop.

decreasing particle size, low crystallinity, and the presence of impu-
rities [42]. Although the sample’s particle size is very small, its
saturation magnetization was close to that of the bulk, indicat-
ing that it was well-crystallized and consisted of homogeneous
single-phase Fe3O4.

Fig. 6 shows the UV spectra of ball-milled FeCl3 and unmilled
FeCl2 solutions. As the milling time elapsed, the typical peaks at
240 and 290 nm, indicating the presence of ferric ion, decreased.
By 3 h, the spectrum of ball-milled FeCl3 solution almost matched
with that of FeCl2 solution, indicating that the ferric ions have
been reduced. GC analysis confirms that the gas phase in the
milling pot contained hydrogen gas, which may be generated
according to the following reaction for the corrosion of iron by
water.

3Fe + 4H2O → Fe3O4 + 4H2 (3)

This reaction occurs readily between iron and steam at high
temperature; it does not normally occur at room temperature.
supports the idea that corrosion of the milling pot and balls by the
mechanochemical effect is possible. These results imply that hydro-
gen gas generated during the ball-milling treatment can reduce part
of the �-FeOOH to ferrous hydroxide (Fe(OH)2) according to the

Fig. 6. UV spectra of FeCl3 solutions (a) before milling and milled for (b) 1 h, (c) 2 h,
and (d) 3 h. The broken line indicates the UV spectrum of unmilled FeCl2 solution.
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ollowing reaction.

�-FeOOH + H2 → 2Fe(OH)2 (4)

urthermore, the mechanochemical effect can promote formation
f Fe3O4 nanoparticles according to the following reaction for the
irect transformation of �-FeOOH to Fe3O4.

e(OH)2 + 2�-FeOOH → Fe3O4 + 2H2O (5)

etails of the mechanochemical reaction mechanisms remain
nknown and are a topic for further analysis.

. Conclusions

Superparamagnetic Fe3O4 nanoparticles with a single crys-
al structure can be successfully synthesized from an aqueous
-FeOOH suspension at room temperature by the ball-milling

reatment. The mechanochemical effect induced by this treatment
auses reduction of ferric ions and promotes the formation and
rystallization of Fe3O4 with neither additives (such as reduc-
ng agents, toxic organic solvents, or surfactants) nor heat. Thus,
his method can be useful for development of environmentally
riendly synthesis processes and for the functionalization of Fe3O4
anoparticles by surface modification and particle compounding.
further benefit is that waste solutions containing ferric ion, such

s plating waste and mine drainage, can be used as the initial solu-
ion.
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