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Superparamagnetic Fe3O4 nanoparticles were synthesized via a modified coprecipitation method, and
were characterized with X-ray diffraction (XRD), vibrating sample magnetometer (VSM), Zeta potential
and FT-IR, respectively. The influences of different kinds of surfactants (sodium dodecyl benzene sul-
fonate, polyethyleneglycol, oleic acid and dextran), temperatures and pH values on the grain size and
properties were also investigated. In this method, Fe3* was used as the only Fe source and partially
reduced to Fe?* by the reducing agent with precise content. The following reaction between Fe3*, Fe?*
and hydroxide radical brought pure Fe;04 nanoparticles. The tiny fresh nanoparticles were coated in situ
with surfactant under the action of sonication. Comparing with uncoated sample, the mean grain size and
saturation magnetization of coated Fe;04 nanoparticles decrease from 18.4 nm to 5.9-9.0 nm, and from
63.89emug-! to 52-58emug-! respectively. When oleic was used as the surfactant, the mean grain
size of Fe304 nanoparticles firstly decreases with the increase of reaction temperature, but when the
temperature is exceed to 80°C, the continuous increase of temperature resulted in larger nanoparticles.
the grain size decreases gradually with the increasing of pH values, and it remains unchanged when the
PH value is up to 11. The saturation magnetization of as-prepared Fe;04 nanoparticles always decreases
with the fall of grain size.
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1. Introduction

As a kind of important magnetic materials, superparamagnetic
iron oxide nanoparticles can be widely used in many fields, such as
cell separation, magnetic resonance imaging, ferrofluids, recording
materials, chemical sensors, catalysis, magnetic targeted therapy
and so on [1-6]. For future highly sensitive magnetic nanode-
vices and biological applications, iron oxide nanoparticles with
controlled-shape, -size, and a narrow size distribution are urgent
[7,8]. In recent years, investigations on preparation and applica-
tion of nano-Fe304 crystal are receiving particular attention. For
example, Zhang et al. [9] synthesized magnetite nanoparticles with
improved magnetic properties by using sonochemistry method.
Wang and co-workers [10] reported a preparation method for
mesoporous Fe304 via citric acid-assisted solid thermal decompo-
sition of ferric nitrate. Chen et al. [7] demonstrated the controlled
synthesis of Fe304 nanosheets via one-step pyrolysis of EDTA
ferric sodium salt. Among the numerous preparation methods,
chemical coprecipitation process had the advantages of simple
operation, low cost and mass production [11]. However, it also
shared some flaws and deficiencies such as impurity of produc-
tion, poor dispersity, and nonuniform particle size, and so on.In
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order to solve these problems, in this paper, firstly, Fe3* was
adopted as the only Fe source, the anhydrous sodium sulfite with
the designed content was used to reduce Fe3* to Fe2* up to the
needed content, so as to avoid the oxidation of Fe2* when being
directly added, which was the main reason to cause the impurity
of Fe304 production. Secondly, sonication was adopted to keep
the tiny Fe304 nanoparticles separately. Thirdly, the separated
fresh nanoparticles were encapsulated in situ by surfactant imme-
diately. The above methods could avoid the agglomeration and
gained the uniform and fine Fe30,4 nanoparticles. Meanwhile, the
influences of different kinds of surfactants, temperatures and pH
values on the grain size and superparamagnetic performance of
Fe304 nanoparticles were also investigated.

2. Experimental procedures
2.1. Preparation of samples

All reagents used in our experiments were analytically pure grade. A typical
preparation process of Fe304 nanoparticles encapsulated with surfactant was car-
ried out as follows: 5g FeCl;-6H,0 and 0.85g Na,SO; were dissolved in 50 mL
deionized water which added suitable surfactant with vigorous stirring at 50°C. In
our investigations, sodium dodecyl benzene sulfonate (SDBS), polyethyleneglycol
(PEG)-6000, oleic acid (OA) and dextran were used as the surfactant, respectively.
Then 100 mL NaOH solution (0.8 mol L-) was injected into the above solution slowly
with stirring at 1200 rpm by a mechanical stirrer, after finishing the addition of NaOH
solution, kept the temperature at 80 °C for 60 min. During all the time, the reaction
was under ultrasonic condition (40 KHz, 200 W). Finally, the magnetic nanoparticles
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Fig. 1. FT-IR spectra of as-prepared nanoparticles without modification (a), with
coatings of SDBS (b), PEG-6000 (c), oleic acid (d), and dextran (e), respectively.

were isolated from the liquid by magnetic decantation and washed with deionized
water and ethanol for several times, respectively. Then dried in a vacuum oven at
70°C and stored in a desiccator for the next investigations.

2.2. Characterization

The as-prepared nanoparticles were characterized by a Rigaku Dmax-2000 X-
ray diffractometer (Cu-Ka; =0.154056 nm, 40 kV, 250 mA), and the mean grain size
of sample was calculated with the Scherer’s equation using X-ray diffraction (XRD)
data. Lake Shore 7407 vibrating sample magnetometer (VSM) was used to measure
the magnetic hysteresis loop. The Zeta potential of the magnetic nanoparticles was
determined using Malvern Nano ZS90 apparatus at 25°C. For the Zeta potential
measurements, each sample was dispersed in deionized water by sonication. FT-
IR measurements of nanoparticles were carried out with Bruker Tensor 27 Fourier
transformed infrared spectrometer.

3. Results and discussion
3.1. Influence of surfactants on Fe304 nanoparticles

All the samples discussed in this section were prepared at the
same conditions except surfactant: pH value was controlled by the
same NaOH concentration; temperature was at 80 °C. Fig. 1 shows
the FT-IR spectra of samples modified with surfactants. There are
three obvious peaks at 3420cm~!, 1630 cm~"! and 580 cm~! in the
spectrum of all the synthesized nanoparticles. The first two peaks
basically represent the vibrations of O-H stretching and H-O-H
bending, respectively [12]. The last peak can be attributed to Fe-O
stretch vibrations [13]. In the curve b, the characteristic peaks of
SDBS at 1393cm~! and 1047cm~! can be assigned to bending
vibration of C-H and stretching vibration of SO, respectively. In the
curve ¢, C-O-C stretching vibration peaks of PEG is observed at
1111cm ! and 1161 cm~!. The peaks at 1568 cm~! and 1520 cm ™!
in the curve d are the symmetric and asymmetric COO-stretch,
respectively, which indicate that oleic acid was bonded to the sur-
face of nanoparticles through covalent bond between COO- and Fe
atom [14-16]. Curve e is the FT-IR spectroscopy of the nanoparti-
cles modified with dextran, of which the peaks around 2922 cm™!
and 2852 cm~! were regarded as the asymmetric and symmetric
vibrations of C-H in —-CH2-, respectively [17,18]. These FT-IR results
imply that the nanoparticles were coated with the surfactants suc-
cessfully.

Fig. 2 shows the XRD patterns of samples. The measured diffrac-
tion angles are consistent with those from the standard XRD
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Fig. 2. XRD patterns of the as-prepared nanoparticles.

patterns of magnetite (Fe304, JCPDS65-3107) with no extra peaks
observed. In fact, the XRD pattern of magnetite (Fe304) is very simi-
lar with that of maghemite (y-Fe,03). In order to distinguish them,
the difference between the lattice constant should be considered.
Lattice constant ‘a’ of magnetite (Fe304) and maghemite (y-Fe,03)
was reported as 0.839 nm and 0.835 nm, respectively [19]. In our
experiments, based on the six most intense peaks: (311), (440),
(220), (511), (400) and (422) the calculated value of lattice
constant ‘a’ of all the samples was about 0.838 nm-0.839 nm, it indi-
cates that the phase is magnetite, not maghemite. The mean grain
size of uncoated nanoparticles is 18.4nm, and that of the coated
samples are 9.0 nm, 7.4 nm, 6.4 nm and 5.9 nm for SDBS, PEG-6000,
OA and dextran modification, respectively. The results indicate that
the growth of grain could be restrained effectively by in situ cov-
ering treatment with surfactant under sonication. This could be
attributed to the cavitation and thermal effect of ultrasound and
the dispersing effect of surfactants. Compared with the pure Fe304
crystal spectra, the broadening of the peaks in the patterns of the
modified Fe304 nanoparticles might be due to the decrease of grain
size, the magnetization relaxation from superparamagnetism and
the nonmagnetic layer covering the nanoparticles [20].

The magnetic hysteresis loops of as-prepared nanoparticles are
shown in Fig. 3. From which all the nanoparticles with surfactant
modification exhibit better superparamagnetic performance than
that of uncoated nanoparticles. Because the remanence (Mr) value
of uncoated sample is 1.456 emu g~!; while, that of the other sam-
ple is less than 0.7emug~!. This could be attributed to the fact
that, the covered nanoparticles were so small that they might be
considered to have a single magnetic domain [21]. However, the
mean grain size of uncoated Fe304 nanoparticles was 18.4 nm,
greater than the critical size for superparamagnetic determination
of Fe304 nanoparticles, which was just about 15nm [22,23]. The
saturation magnetizations (Ms) of uncoated Fe;04 nanoparticles
is 63.89emug!, and that of the other sample is 57.38emug!,
54.43emug-!, 52.29emug-! and 19.08emug-! for SDBS, PEG-
6000, oleic acid and dextran modification, respectively. The Ms
value of covered nanoparticles is lower than that of uncoated Fe30,4
nanoparticles, which might be attributed to the smaller crystalline
size and a non-magnetic shell formed by the covering layer around
the Fe304 nanoparticle [24]. From the above studies, the oleic acid
modification could gain the second smallest grain size and a high
Ms value, which had more usefulness and versatility than the other
surfactant modification. So, in the next section, oleic acid modifica-
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Fig. 3. Magnetic hysteresis loop of the as-prepared Fe3;04 nanoparticles, the inset
is the enlargedview near the origin of coordinates.

tion was selected as the example to discuss the influence of reaction
temperatures and pH value on the properties of nanoparticles.

Zeta potential as a function of pH values of the prepared Fe304
nanoparticles are shown in Fig. 4. The pH value at isoelectric point
(pHigp) of the unmodified Fe304 nanoparticles was determined as
about 6.4, that of Fe304 nanoparticles with PEG-6000 modification
was determined as about 6.9 due to that PEG-6000 is non-ionic sur-
factants. The pHigp of the SDBS, OA and dextran modification Fe304
nanoparticles was determined as about 6.0, 6.2 and 4.2, respec-
tively. Because the negative charged groups hydrolyzed from the
SDBS, OA and dextran were around the Fe304 nanoparticles, which
resulted in the pHjgp of the three samples shifting to acid. The above
Zeta potential results also indirectly proved that the success of
cover treatment of Fe304 nanoparticles.

3.2. Influence of temperature on Fe304 nanoparticles

In this section and the following, Fe304 nanoparticles with oleic
acid modification were choosed as the example to discuss the influ-
ence of reaction temperature and pH value on the properties of
nanoparticles.
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Fig. 4. Relationship between Zeta potential and pH values of prepared Fe;04
nanoparticles.
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Fig. 5. XRD patterns of Fe304 nanoparticles with OA modification at various tem-
peratures.

Fig. 5 shows the XRD patterns of Fe304 nanoparticles with oleic
acid modification at various temperatures when the pH value was
11. The phase could be determined as magnetite Fe304 (JCPDS
No. 65-3107) according to the XRD patterns. The mean grain size
of sample is 7.9nm, 7.3nm, 7.2nm, 6.0nm and 6.9 nm, accord-
ing to preparation temperature of 50°C, 60°C, 70°C, 80°C and
90°C, respectively. It could be seen that the grain size of Fe304
nanoparticles firstly decreased with the increase of temperature,
until the temperature was up to 80°C, then it began to rise when
the temperature was up to 90 °C. Because oleic acid could not cover
the nanoparticles completely when the temperature was less than
80°C, the uncoated part of nanoparticles could grow up freely. The
degree of cover integrity increased gradually with the temperature
rising, when it was up to 80°C, oleic acid could cover the nanopar-
ticles completely, which restrained the growth of crystallite grain
successfully. When temperature was above 80°C, oxidization of
oleic acid could be found, which affected the covering effectiveness,
so as to the growth of crystalline grain.

The magnetic hysteresis loop of Fe304 nanoparticles with oleic
acid modification at various temperatures were shown in Fig. 6. It
indicates that all the prepared nanoparticles possess superparam-
agnetic behavior. However, the Ms changes with the variation of
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Fig. 6. Magnetic hysteresis loop of Fe304 nanoparticles with OA modification at
various temperatures, the inset is the enlargedview near the origin of coordinates.
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Fig. 7. XRD patterns of Fe;04 nanoparticles with OA modification at various pH.

temperature. Firstly, Ms decreases with the increase of tempera-
ture, the value reached to the minimum when the temperature is
80°C, then it increased with the increase of temperature which
warmer than 80°C. Considering the relationship between crys-
talline grain size and Ms, it seems that Ms of nanoparticles would
increase with the increase of grain size.

3.3. Influence of pH on Fe304 nanoparticles

Fig. 7 shows the XRD patterns of Fe304 nanoparticles with
oleic acid modification at various pH values when the temperature
was 80°C. These XRD patterns indicate that all sample are mag-
netite (JCPDS No. 65-3107). The mean grain size calculated with the
Scherer’s equation is 7.6 nm, 7.0 nm, 6.8 nm, 6.0 nm and 6.1 nm for
pHvalue 8,9, 10, 11 and 12, respectively. When pH value is less than
11, the grain size gradually decreases with the increase of pH val-
ues; while pH is over 11, the grain size remains unchanged nearly,
because absolute value of Zeta potential of the Fe304 nanopar-
ticles with oleic acid modification increases with the increase of
pH (Fig. 4). Higher the absolute value of Zeta potential, better dis-
persibility of the nanoparticles. Which means that the fresh crystal
grains formed from precipitation reaction are difficult to grow up
depend on grain merging. When the pH value is over 11, the influ-
ence of pH increase on the dispersibility is not notable as that of
lower pH, so that the grain size remains unchanged nearly.
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Fig. 8. Magnetic hysteresis loop of Fe304 nanoparticles with OA modification at
various pH, the inset is the enlargedview near the origin of coordinates.

Fig. 8 shows the magnetic hysteresis loop of samples, in which
the nanoparticles exhibit superparamagnetic behavior. When pH
is less than 11, the saturated magnetization of Fe304 nanoparticles
gradually decreases with the increase of pH values; while pH is
over 11, the saturated magnetization basically keeps unchanged.
The results indicate that the influence of grain size on the value of
saturated magnetization is the same as that in Section 3.2.

4. Conclusions

(1) In the investigation, Fe3* was adopted as the only Fe source
and partially reduced to Fe?* via adding reducing agent with
precise content, the pure Fe304 crystal grains could be gained
under the precipitation action of hydroxide radical. Then the
fresh tiny nanoparticles formed from precipitation reaction
were coated in situ with surfactant under the action of sonica-
tion. All the nanoparticles with surfactant modification exhibit
better superparamagnetic performance than that of uncoated
nanoparticles. Comparing to the uncoated sample, the mean
crystal grain size of modified Fe304 nanoparticles decrease
from 18.4nm to 5.9-9.0 nm, and their saturation magnetiza-
tion also decrease from 63.89 emu g~! to about 52-58 emu g!,
respectively.

(2) Using oleic acid as the surfactant, the mean grain size of Fe304
nanoparticles firstly decrease with the increasing reaction tem-
perature until the temperature is up to 80 °C, and then begin to
rise when the temperature increase. Because oleic acid could
cover the nanoparticles completely only at 80°C and restrain
the growth of crystal grain successfully.

(3) Using oleic acid as the surfactant, the grain size of Fe304
nanoparticles gradually decrease with the increasing pH when
it is less than 11; while pH value is over 11, the grain size
remains unchanged. The mainly reason was the influence of the
pH on the Zeta potential of nanoparticles, which could control
the growth of crystal grain.

(4) In the investigations, decreasing of the crystallite size can
reduce the saturation magnetization of as-prepared nanosized
Fe304 samples.
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