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This study provides a facile single-step coprecipitation method for preparing
size-controlled high crystalline magnetite nanoparticles in water system without
using any organic solvents. In this method, an iron ions solution and an alkaline
solution are simply mixed at room temperature without using any additional
heating treatment. The size of obtained magnetite nanoparticles greatly depended
on the coexisting anionic species in the starting solution because the coexisting
anions greatly influenced both the formation of crystal nuclei and the dispersion
stabilisation of formed precipitates. The size control of magnetite nanoparticles
having high crystallinity and ferromagnetic property could be successfully achieved
by using the effects of coexisting anions. For synthesising finer magnetite
nanoparticles, the presence of lactate ion in the starting solution was effective,
and coarser ones could be synthesised under higher ferrous/ferric ions molar ratios.
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1. Introduction

Magnetite (Fe3O,4) is one of the most useful industrial materials because of its excellent
magnetic properties, and Fe;O4 nanoparticles have been used in various industrial products,
such as recording media, pigments, copying toners, etc. The efficiency of such industrial
products greatly depends on the size of Fe;04 nanoparticles. Thus, the particle size has been
controlled to be suitable for their applications by means of various preparation techniques
using chemical reactions under dry and wet conditions. In biomedical applications,
particularly, precise control of the particle size is required. For example, for drug delivery
system Lin et al. [1] and Zhang and Misra [2] synthesised the Fe;O4 nanoparticles of about
20nm and 5nm using a liquid phase coprecipitation method and a thermal decomposition
method, respectively. Wang et al. [3] applied the Fe;O,4 nanoparticles of about 20 nm
synthesised by an electrochemical deposition method for cancer therapy.

Many preparation methods of Fe;O4 nanoparticles developed so far have several
significant problems. In many cases, the synthesis process is complicated and
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environment-unfriendly organic solvents are often used, resulting in an increase in both
production costs and environmental impact. However, coprecipitation techniques in water
systems without using any organic solvents are promising as a useful preparation method
because the synthesis process can be simplified and the environmental impact is relatively
low. In widely used coprecipitation methods, hydroxides of ferrous and ferric ions, ferrous
hydroxide (Fe(OH),) and goethite («-FeOOH), are coprecipitated as precursors in an
alkaline solution at relatively low temperature. The molar ratio of ferrous ion to ferric ion
is 0.5, corresponding to the chemical stoichiometric ratio of Fe;04 formation reaction [4].
Then the solid phase reaction between the hydroxides results in the formation of Fe;O,.
Recent reports reveal that the size of Fe;O,4 nanoparticles thus formed greatly depends
on the concentration of ferrous and ferric ions [5] and the reaction temperature [6].
These results imply that the synthesis conditions influence greatly not only the Fe;Oy4
formation reaction but also the formation of Fe(OH), and «-FeOOH precipitates.
Accordingly, in order to control the size of Fe;04 nanoparticles, the formation process of
Fe(OH), and «-FeOOH precipitates should be also controlled. Kandori et al. [7,8]
reported that the formation and crystal growth of -FeOOH colloids was influenced by the
anionic species existing together with ferric ions in the solution. Therefore, the coexisting
anions must play an important role in the formation of Fe;O04 nanoparticles, and the
function of coexisting anions should be clarified for controlling the particle size. To our
knowledge, however, there is no research focusing on the effect of coexisting anions in the
synthesis of Fe;O,4 nanoparticles using the coprecipitation method.

Coprecipitation methods for preparing Fe;O4 nanoparticles also have a serious problem.
The formed Fe;O4 nanoparticles tend to have relatively low crystallinity, leading to poor
magnetic property, when the coprecipitation is carried out at low temperature. Thus, a
heating process, such as annealing and hydrothermal treatment is often employed to improve
the crystallinity [6,9]. Unfortunately, this complicates the synthesis process and spoils the
advantages of this method. In addition, it is very difficult to prepare ultrafine Fe;Oy4
nanoparticles with a size of 10 nm or less because the Fe(OH), and a-FeOOH precipitates
and the Fe;O4 nanoparticles tend to aggregate owing to heating even though their size before
heating is less than 10nm [6]. This reduces controllable range of the particle size.
Accordingly, the heating process is unsuitable for the size control of Fe;04 nanoparticles [10].

In this study, for preparing size-controlled high crystalline Fe;O4 nanoparticles
without any heating treatment, a facile single-step coprecipitation process using effects of
coexisting anions has been developed. In this method, an iron ions solution and an alkaline
solution are simply mixed at room temperature. It is expected that the effects can
contribute not only to control the particle size but also to improve the crystallinity because
the reaction rate of Fe;0,4 formation may vary depending on the coexisting anionic species.
Influence of the kind and amount of coexisting anions on the size and crystallinity of
obtained Fe;O4 nanoparticles was examined. The role of coexisting anions in the
formation process of Fe;O4 nanoparticles is discussed.

2. Experimental
2.1. Synthesis of Fe3;0, nanoparticles

All chemicals used in the experiments were of analytical reagent grade and were used
without further purification. In all the experiments, ferric chloride hexahydrate
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(FeCl; - 6H,O) was used as the ferric ion source. As the ferrous ion source, ferrous sulphate
heptahydrate (FeSO,4 - 7H,0O) and ferrous chloride tetrahydrate (FeCl, - 4H,O), which are
often used in many studies on the synthesis of Fe;O4 nanoparticles, were used. In addition,
ferrous lactate trihydrate (Fe(C3Hs0s3),-3H,0) was also used because ferric ion has a
tendency to form a relatively stable complex with lactate ion C3HsO5 unlike sulphate
ion SOﬁ_ and chloride ion CI" [11]. FeCls-6H>O of 2mmol and 1 mmol of one of the
above-mentioned ferrous ion salts were dissolved in 40 mL of deionised and deoxygenated
water. Sodium hydroxide (NaOH) solution of 20mL of 1.0 kmol/m® was dropped into
the solution at room temperature under vigorous stirring using a magnetic stirrer.
The addition rate of NaOH solution was kept at constant of 3.0 mL/min for forming the
precipitates homogeneously. When the NaOH solution was added to the iron salts
solution, Fe(OH), and a-FeOOH were coprecipitated and then Fe;O,4 was formed by the
solid phase reaction between them, according to the following chemical reactions.

Fe’* +20H™ — Fe(OH),

Fe’t +30H™ — Fe(OH),

Fe(OH); — «-FeOOH + H,O

Fe(OH), + 2a-FeOOH — Fe;04 + 2H,0.

After addition of the NaOH solution, the pH value of the suspension was higher than 12.
These operations were carried out under argon atmosphere to prevent the oxidation of
ferrous ion. The resulting precipitate was immediately washed with deionised water
and decanted after centrifugation at centrifugal acceleration of 1500 G. The washing
operation was repeated thrice, and then the sample was dried at 30°C under vacuum
for Sh.

In order to investigate the role of anion (SO3~, CI” and C3H;505) during the formation
of Fe;04 nanoparticles, 1 mmol of sodium sulphate (Na,SO,), 2 mmol of sodium chloride
(NaCl) or 2mmol of sodium lactate (NaC3HsO5) was added to the water before the iron
salts were dissolved. Furthermore, for increasing the reaction rate, the molar ratio of
ferrous ions to ferric ions was increased as 1.0 and 2.0 in the FeSO,~FeCl; system without
adding any additives [12]. The experimental conditions are summarised in Table 1.

Table 1. Experimental conditions.

Ferrous Ferrous/ferric ions
Run # ions source Additive molar ratio
1 FeSOy4 - 0.5
2 FeCl, - 0.5
3 FG(C3H503)2 — 0.5
4 FeSOy4 NacCl 0.5
5 FCSO4 N3C3H503 0.5
6 FeCl, Na,SO,4 0.5
7 FeClz N'dC3H503 0.5
8 FeSO,4 — 1.0
9 FeSOy4 - 2.0
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2.2. Characterisation

The morphology of prepared samples was observed with a field emission scanning electron
microscope (FE-SEM; JSM-6700F, JEOL). The hydrodynamic size distribution (number
basis) was measured by dynamic light scattering (DLS; DLS-7000, Otsuka Electronics)
and the median diameter was determined. The powder X-ray diffraction (XRD) pattern
was measured with Cu-Ko radiation ranging from 26 =10° to 80° at a scanning rate of
1.0°/min using a Rigaku RINT-1500 powder X-ray diffractometer. The average crystallite
size was calculated from the full-width at half-maximum (FWHM) of the Fe;Oy4
(311) diffraction peak at 20=~35.5° using Scherrer’s formula. The lattice constant was
also determined from several diffraction angles showing high intensity peak. The magnetic
property (magnetisation—-magnetic field hysteretic cycle) was analysed using a super-
conducting quantum interference device (SQUID) magnetometer (model MPMS,
Quantum Design) at room temperature in the rage of magnetic field between —10
and 10kOe. In order to investigate the dispersion stability of precipitates in water
containing the anions, the zeta potential of Fe;O4 nanoparticles (synthesised under the
conditions of Run #2) in the solution containing a proper amount of Na,SO,4, NaCl or
NaC;3;Hs05; was evaluated with a zeta potential analyser (Zetasizer Nano ZS, Malvern
Instruments). Furthermore, for evaluating the relative stability of ferric complex with the
anions, the UV analysis [13] for the 0.2 mM FeCls solutions containing 0.2 mM of either
Na,SO4 or NaC3HsO; was carried out at room temperature using a spectrophotometer
(Ubest V-530, JASCO).

Figure 1. SEM images of the samples of Run #1 (a), #2 (b) and #3 (¢).
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3. Results and discussion

Figures 1 and 2 show, respectively, SEM images and XRD patterns of the samples
obtained under the conditions of Run #1-#3. As can be seen in Figures 1(a) and 2(a), when
FeSO, was used as the ferrous ion source, the formation reaction of Fe;O, was
uncompleted and unreacted a-FeOOH (acicular-shaped particles) were contained in the
sample, since the reaction is slow at room temperature. When either FeCl, or Fe(C3H503),
was used instead of FeSQy, however, the reaction rate increased relatively and the single
phase of Fe;O,4 formed. Figures 3 and 4 show, respectively, SEM images and XRD
patterns of the samples of Run #4-#7. In the cases of addition of NaCl (Run #4) and
NaC;H505; (Run #5) in the FeSO4—FeCl; system, similar results to Run #2 and #3 were
obtained, respectively. This reveals that CI" and C3HsO5 can promote the solid phase
reaction between a-FeOOH and Fe(OH), even though FeSOy is used, resulting in rapid
formation of single Fe;O,4 phase. The size of Fe;O4 nanoparticles prepared in the presence
of SO;™ (i.e. in Run #4-#6) was relatively large compared with the cases without SOi_
(Runs #2 and #3). Thus, SOﬁ_ was found to have the effect to increase the particle size. On
the other hand, CI" and C3HsO5 effectively contributed to size reduction of the Fe;O4
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Figure 2. XRD patterns of the samples of Run #1 (a), #2 (b) and #3 (c).
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Figure 3. SEM images of the samples of Run #4 (a), #5 (b), #6 (c) and #7 (d).

nanoparticles, as shown in Figures 1(b), (c) and 3(d). The results suggest that the
coexisting anionic species can be the operational factor to control the particle size.
Subsequently, in order to prepare coarser Fe;O4 nanoparticles, the amount of FeSO, in
the starting solution was increased without adding any additives. Figures 5 and 6 show,
respectively, SEM images and XRD patterns of the samples obtained under the conditions
of Runs #8 and #9. When the ferrous/ferric ions molar ratio was higher than the
stoichiometric ratio (=0.5), the reaction rate increased and the single Fe;O,4 phase formed.
The particle size increased with increasing molar ratio because of the effect of SO;~. At
higher ferrous/ferric ions molar ratios, Fe(OH), remains in the suspension containing
SO?[. In this case, a small amount of oxygen contained in the solution oxidises a part of
Fe(OH), at room temperature, resulting in the formation of «-FeOOH via a green rust
(FefllFeiu(OH)uSO‘;) [14,15] according to the following reactions [16].

5Fe(OH), + Fe** +S03™ + (1/2)0; + H,0 — FellFel"(OH),,S04
Fel'Fell'(OH),,S0, + (3/4)0; — 5FeOOH + Fe** + SO;™ + (7/2)H,0.
The green rust functioned as a buffer and promoted the coprecipitation of Fe(OH), and
a-FeOOH, leading to the growth of Fe;O4 nanoparticles.

Table 2 gives properties of the samples of Run #2—#9. The median size almost agreed
with the average crystallite size. This means that the obtained Fe;O,4 nanoparticles had a
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Figure 4. XRD patterns of the samples of Run #4 (a), #5 (b), #6 (c) and #7 (d).

single-crystal structure, i.e. high crystallinity. In XRD patterns of the samples of Run
#2-—#9 shown in Figures 2, 4 and 6, the diffraction intensity peaks indicating formation of
other compounds were not observed. In addition, the lattice constant was between 8.386
and 8.404 A and close to the standard value of Fe;0,4 (=8.396 A) compared with that of
maghemite (=8.345 A). These results also suggest that the samples had a single Fe;Oy4
phase regardless of the experimental conditions. The samples of Run #2-—#9 exhibited a
ferromagnetic behaviour with a relatively high saturation magnetisation. However, the
value decreased with the particle size and was lower than that of the corresponding bulk
(about 90 emu/g) due to their smaller size [17]. The coercivity also decreased with the
particle size, and the samples with a size of less than approximately 10 nm had very low
coercivity, indicating superparamagnetism.
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Figure 5. SEM images of the samples of Run #8 (a) and #9 (b).

It is well known that ferrous and ferric ions in iron salts solutions form iron
hydroxo-complex ions and/or ferrosic complex ions and in alkaline solutions iron
hydroxides with different crystalline structures, depending on environmental conditions
precipitate [18-20]. If anions in the solution directly take part in the formation reaction of
iron hydroxides as reactive species, part of hydroxide ions OH™ in the iron hydroxides may
be replaced by the anions, resulting in formation of specific iron hydroxides depending on
the anionic species. This leads to formation of iron oxides with completely different
properties. However, many studies demonstrated that uniform Fe;O4 was obtained from
the iron salts solutions containing SOi_ and/or CI'. Inoue and Hatta [21] also reported
that no anions in the solution replaced OH in the formed ferric hydroxides although the
crystalline structure depended strongly on the anionic species. In our experimental results,
single Fe;O, phase was obtained regardless of combination of the anionic species as
mentioned earlier. Consequently, it is considered that lactate ion C3HsO3 also does not
directly take part in the formation reaction of Fe;O4. This means that the formation
process proceeds according to the same chemical reaction regardless of the anionic species.

From the results of Run #2-#5, the size of Fe;O4 nanoparticles obtained in the
presence of C3HsO3 was smaller than those in the presence of CI'. When SOi_ coexisted
in the solution, the effect of C3HsO3 was reduced. Furthermore, when FeCl, was used as
the ferrous ion source, the Fe;O4 nanoparticles obtained in the presence of SO?{ (Run #6)
and C3HsO5 (Run #7) became coarser and finer, respectively, as compared with that
without adding any additives (Run #2). The result of Run #4 almost agreed with that of
Run #6. In addition, the experiments under several combinations of ferrous ion sources
and sodium salts excluding those shown in Table 1 were carried out. For example, when
Fe(C3H5053), was used and either Na,SO, or NaCl was added, the obtained results (data
not shown) were almost the same as those of Run #5 and #7, respectively. The results
reveal that the particle size greatly depends on the coexisting anionic species regardless of
its source. Consequently, it was confirmed that the size of Fe;O,4 nanoparticles could be
controlled by a combination of the coexisting anions.

The values of zeta potential of Fe;O4 nanoparticles in the Na,SO4 NaCl and
NaC;H;s0; solutions were —19.2, —21.8 and -31.2mV, respectively. C3HsO3 was found to
be effective to decrease the surface potential of Fe;O4 nanoparticles. As can be seen in



11:12 15 January 2011

Downl oaded At:

Journal of Experimental Nanoscience 259

L L I L I L I | T 1 T 1 T
ﬂ'/_\
o=
=<
—
- =)
o /-\jr
o e : —
aQ N 8 v A
~ - | F )
— o o BT ~
—i @] - o) L —
= % < O 2
~— o an] PR o 32
= B~ C;L d e ol
(5] = ~—
C;L ;§f &% o ~ Cf?
& / = 2%
[0}
o -
~| @
=
0
2
i
c
g8
=
(b)
1 1 1 1 1 1 1 1 1 ] 1 ] 1
10 20 30 40 50 60 70 80

26 (deg)

Figure 6. XRD patterns of the samples of Run #8 (a) and #9.

Table 2, when anions reducing the zeta potential coexisted in the starting solution, the
obtained Fe;O4 nanoparticles had a tendency to become finer. Therefore, it was clarified
that the decrease in the surface potential by anions, i.e. the increase in the dispersion
stability of FesO4 nanoparticles, contributed effectively to the decrease in the particle size.
This suggests that the effect may also be shown for the iron hydroxides precipitates.
Figure 7 shows the UV spectra of ferric ion solutions containing SO, CI" and C3;H;50;5.
UV spectrum of the ferric ion solution containing both SO?{ and CI" had a strong
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Table 2. Properties of samples.

Average Saturation
Median crystallite Lattice magnetisation  Coercivity
Run # size (nm)  size (nm)  constant (A) (emu/g) (Oe)
2 9.9 10.9 8.402 47.1 3
3 4.9 4.9 8.386 59.4 6
4 15.2 11.4 8.397 56.5 4
5 11.5 7.6 8.390 56.3 3
6 15.0 9.7 8.390 51.8 3
7 6.6 7.4 8.404 62.2 5
8 16.8 14.8 8.388 63.4 12
9 24.6 25.3 8.392 67.9 65

o
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Figure 7. UV spectra of the solutions of (a) FeCls, (b) FeCl; 4+ Na,SO,4 and (c) FeCl; + NaC3;Hs0s.

absorption peak at a wavelength of approximately 290 nm, which was similar to that of the
FeCl; solution without adding any sodium salts. When C3;HsOj coexisted with CI,
however, the UV spectrum greatly changed and the strong absorption peak was observed
at a wavelength of 347 nm. It was confirmed that formation of the ferric complex with CI”
is hardly influenced by SO~ and that C3HsO5 forms the complex more easily with ferric
ion than CI". This result implies that among these anions C3HsO5 forms the most stable
ferric complex and ferric complex with SOﬁ_ has the lowest stability. Accordingly, the
formation mechanism of Fe;O4 nanoparticles in this system containing C3HsO3 may
be as follows. In an alkaline solution, ferric ions tend to form relatively stable complex
with C3HsO5 and OH’, leading to a decrease in the ionic strength of the solution.
This promotes the formation of ferric hydroxides, and then the formation of crystal
nuclei occurs frequently comparing with the particle growth, resulting in the formation
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of finer precipitates. Furthermore, the surface potential of formed Fe;O4 nanoparticles
decreases by adsorption of C3HsO5 onto their surface. This results in promotion of the
dispersion stabilisation in the suspension, leading to inhibition of the particle growth
caused by aggregation. When SO?[ coexists, the precipitates tend to aggregate each other
due to decreasing dispersion stability, resulting in the particle growth. In the presence
of CI', the intermediate phenomenon is observed.

4. Conclusions

A facile single-step coprecipitation method has been developed in order to prepare
size-controlled high crystalline Fe;O4 nanoparticles in water system at room temperature.
In the coprecipitation process, the particle size varied greatly depending on the stability of
iron complex with the coexisting anions in the starting solution and on the surface
potential of anions-adsorbed precipitates, which controlled both the reaction rate of
formation of the precipitates and the particle growth. It was concluded that the effects of
coexisting anions on the formation of finer FesO,4 nanoparticles increased in the order,
C3;Hs0;3, CI, SO2~, corresponding to the stability of iron complex and the surface
potential. Therefore, it was confirmed that the size control of Fe;O4 nanoparticles could be
easily carried out by this method and that the proper selection of coexisting anions
according to a desired size was essential. For example, in the synthesis of finer Fe;Oy4
nanoparticles, the use of Fe(C3Hs03), as the ferrous iron source was effective; on the other
hand, coarser ones could be synthesised under higher ferrous/ferric ions molar ratios. The
particle size can be controlled more precisely by adjusting both combination and
concentration of the coexisting anions.
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