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ABSTRACT

In this study, to improve the dispersity of Fe;O; nanoparticles, dispersion properties were considered with various types of
functionalization of Fe;O, nanoparticles. Due to its high surface area, the electrically neutral state of its surfaces, and its mag-
netic momentum, Fe;O, nanoparticles are easily aggregated in solution. In order to prevent aggregation, Fe;O, nanoparticles
were functionalized with carboxyl and amine groups in the form of a polymer compound. Carboxyl and amine groups were
attached to the surface of Fe;O, nanoparticles and the absolute value of the zeta potential was found to be enhanced by nearly 40
eV. Furthermore, the morphology and the magnetic property were analyzed for the application of Fe;O, nanoparticles as a mag-

netic fluid.

Key words : Fe;0, Magnetic nanoparticle, Functionalization, Zeta potential, Dispersion

1. Introduction

he properties that a magnetic material has have, with

the development of the relevant technologies, been
applied to various industrial fields, ranging from electronics
to arts and medical care."® In particular, the high satura-
tion magnetization value and coercive force, which are
superparamagnetic properties that are expressed when fer-
romagnetic substances are downsized to nanoparticles, and
the absence of a residual magnetization value,” have been
applied to various fields including magnetic fluid-based
nonferrous metal separation, focusing on convenience in the
control of nanoparticles.>*® The difficulties involved in par-
ticle recovery that are caused by the high dispersive force
required by conventional nanoparticles, as well as the small
particle size, may be overcome by applying a magnetic
attractive force generated by an external magnetic field,
which allows for rapid recovery of the particles. This finding
has been applied to drug delivery systems, DNA separation
and purification, and magnetic resonance imaging (MRI) to
enable targeting or rapid recovery.”” Studies have been
conducted on superparamagnetic properties that enable not
only rapid recovery of superparamagnetic nanoparticles but
also re-dispersion of the recovered particles, as well as on
particle aggregation control using the high saturation mag-
netization value.>® However, in the absence of an external
magnetic field, despite the absence of a residual magnetiza-
tion value, the magnetic moment for the expression of the
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magnetic properties still affects the surroundings, resulting
in the generation of a local attractive force. Therefore, after
particle recovery by means of an external magnetic field,
some particles may not be re-dispersed and overall aggrega-
tion of the particles may occur in the absence of an external
magnetic field, imparting a negative effect on the particle
dispersibility.

Such exacerbation of the dispersibility impedes the reali-
zation of uniform nanoparticle properties and decreases the
surface characteristics. In addition, in the functionalization
of superparamagnetic nanoparticles through the introduc-
tion of an amphiphilic material to the surfaces, formation of
a coating layer on individual particles becomes difficult due
to the formation of core-shell type particles.'"” The coating
layer formed on the aggregated particles spoils the advan-
tage of the nanoparticles, the high specific surface area, and
thus reduces the overall efficiency of the functional groups.
Many studies have been conducted to solve this problem. >V
In previous studies, efforts have been made to improve the
dispersibility by focusing on steric hindrance and electro-
static hindrance, which are the major mechanisms of dis-
persion. With regard to steric hindrance, studies have been
conducted to hinder the physical contact between particles
by forming a bilayer or by attaching an amphiphilic mate-
rial.*'? Due to the hydrophobicity of Fe;O, superparamag-
netic nanoparticles, these attempts to hinder physical
contact have been realized by using an organic solvent and
an organic dispersing agent, which may cause environmen-
tal pollution and which have limitations in application
because of low biocompatibility. With regard to electrostatic
hindrance, experiments have been conducted for the surface
treatment of Fe;O, nanoparticles using an acidic or basic
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solution and for the formation of hydroxyl groups on the
surface through the formation of an SiO, layer.®'? These
experiments have shown that the surface modification of
superparamagnetic nanoparticles may improve the dispers-
ibility. The negative charges existing in the hydroxyl groups
may provide a dispersion environment in an aqueous solu-
tion, which may enable more environment-friendly prepara-
tion of superparamagnetic nanoparticle dispersion solutions
that may be used for various purposes. Studies have been
carried out to investigate how the dispersion of superpara-
magnetic nanoparticles is affected by the introduction of
amine groups and carboxyl groups, which are representa-
tive functional groups having both positive and negative
charges.

The purpose of the present study is to establish an envi-
ronment showing more appropriate dispersion properties
based on the electrostatic effects achieved by the surface
modification of Fe;O; superparamagnetic nanoparticles
with positive and negative charges. Nanoparticles having
surfaces functionalized with carboxyl groups and amine
groups were successfully prepared by modifying the sur-
faces using polymer compounds having functional groups.
The dispersibility of the particles improved using the posi-
tive and negative charges was evaluated and discussed.

2. Experimental Procedures

2.1. Synthesis of Fe;O,nanoparticles

Clustered Fe;0, nanoparticles were prepared by the poly-
ol method. First, 0.4 M of iron (III) chloride hexahydrate
(FeCly:6H,0; 99%, Daejung Chemicals & Materials Co.,
Korea), the Fe precursor, was dissolved in 100 ml of distilled
water, and 0.05 M sodium acetate (> 98.5%, Samchun Pure
Chemical Co., Korea) was added to the resulting solution
and completely dissolved. Then, the resulting suspension
was added to 100 ml of ethylene glycol (EG; 99%, Daejung
Chemicals & Materials Co., Korea), and the mixture was
heated and refluxed at 150°C for 24 h. After the completion
of the reaction, the powder produced was purified from the
suspension using a 5000 gauss magnet. The residual organic
and inorganic byproducts were removed from the purified
powder by performing ultrasonic washing several times
using a mixture of distilled water and ethanol (50:50).

2.2. Surface treatment of Fe;O, nanoparticles with
polymer compounds

The prepared cluster-shaped Fe;0,, with a weight of 0.1 g,
was re-dispersed in 100 ml of distilled water through soni-
cation. The dispersion solution was poured into a 500 ml
three-neck round bottle flack (RBF) and stirred at 300 rpm
for about 30 minutes. Then, either 0.3 g of polyacrylic acid
(PAA, Mw 26,000, Sigma-Aldrich, USA) or 0.25 g of polyeth-
ylenimine (PEI, Mw, 25,000 branched, Sigma-Aldrich, USA)
was added. Subsequently, while stirring at 300 rpm, the
solution was heated at 60°C for about 24 h and then cooled
naturally. After the completion of the reaction, the suspen-
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sion was purified using a 5000 gauss magnet. The residual
organic and inorganic byproducts were removed from the
purified powder by performing ultrasonic washing several
times using 200 ml of distilled water.

2.3. Evaluation of properties

The surface functional groups of the recovered product
were analyzed using FT-IR (IRAffinity-1S, Shimadzu,
Japan). The particle size distribution and the zeta potential
were measured (Zetasizer Nano ZS, Malvern, UK) to evalu-
ate the dispersion and the electrostatic dispersibility of the
individual samples. The shape of the particles was analyzed
by high-resolution transmission electron microscopy (HRTEM;
Tecnai G2 F30 S-Twin, FEI, USA). The magnetic properties
of the individual samples were measured in the presence of
an external magnetic field ranging from —-10 to 10 kOe by
using a vibrating-sample magnetometer (VSM; Lake Share
7400, USA).

3. Result and Discussion

Figure 1 shows the FT-IR spectra of the Fe;O, particles,
the Fe;0, particles surface-treated using PEI, and the Fe;0,
particles surface-treated using PAA. An Fe-O peak at 540
cm™ was commonly found in all the three samples. A C-H
peak was found in the range of 1350 to 1480 cm™ in the
Fe;0, particles surface-treated using PEI and PAA because
of the carbon chains included in PEI and PAA. The amine
group included in PEI resulted in an N-H peak found at
1650 cm ™. The sample treated with PAA showed a similar
peak from 1670 to 1820 cm™’; this is a peak representing the
C=0 bond existing in the carboxyl groups. Other peaks
found at 3000 to 3600 cm™ in the FT-IR spectra of the two
samples that underwent surface modification are peaks
caused by water, mostly representing the O-H groups. How-
ever, the peak generated by the stretching of the N-H bond
was found to be stronger in the PEI-treated sample, where
the N-H peak was merged with the O-H peak, than that in
the PAA-treated sample.'? These results show that func-
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Fig. 1. FT-IR spectra of Fe;O, specimens.
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Fig. 2. Particle size distribution of Fe;O, specimens.

tional groups that were not originally on the surface of the
Fe;0, particles were formed, modifying the surface proper-
ties.

The size distribution of the Fe;O, particles (Fig. 2) treated
with each of the polymer compounds was measured. The
raw Fe;0O, particles showed the largest mean particle size
and the widest particle size distribution. The particle size
distribution curves of the particles treated with PEI and
PAA were shifted to the left, and the size distribution was
narrower in comparison with that of the raw Fe;O, parti-
cles. The particle size distribution of the raw Fe;0, particles
was in a range from 500 to 4000 nm, but changed to a range
of 130 to 700 nm through PEI treatment or to a range from
130 to 500 mm through PAA treatment. The particle size
distribution was narrower in the PAA-treated particles

Table 1. Dispersion Properties of Fe;O, Samples
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than in the PEI-treated particles. The mean particle size is
about 1327 nm for the raw Fe;O, particles, 308 nm for the
PEI-treated particles, and 263 nm for the PAA-treated par-
ticles. The polydispersity index was 0.792 for the raw Fe;0,
particles, 0.427 for the PEI-treated particles, and 0.214 for
the PAA-treated particles. This indicates that the overall
particle size decreased as the aggregated raw Fe;O, parti-
cles were dispersed. The absolute value of the surface
charge (zeta potential), which may be the driving force of
dispersion, was 4 eV in the raw Fe;O, particles, but it
increased by about 10 times to 37 and 40.3 eV for the PEI-
treated and PAA-treated particles, respectively. Assuming
that dispersion occurs at a surface charge higher than 20
eV, the dispersibility of the particles may have been
improved by the surface treatment with PEI and PAA.'>'9
Figure 3 provides TEM images of the individual Fe;O;
particle samples. The raw Fe;O, particles were found to be
almost spherical, with a diameter of about 200 nm. The par-
ticles had an uneven surface because they were clusters
consisting of smaller nanoparticles. The PEI-treated parti-
cles included a thin layer on the surface, which relieved the
unevenness of the surface, but the overall particle shape
was not significantly different from that of the raw parti-
cles. On the contrary, the PAA-treated particles included
damage on the particle surfaces. The damage was not so sig-
nificant that the overall spherical shape could collapse, but
the smaller nanoparticles included in the clusters were
damaged and showed outstanding surface unevenness. This
damage penetrated to the inside, which was verified by the
brighter internal regions of the particles. However,
although the particles treated with PEI and PAA were dam-
aged on the surface and on the inside, the overall particle
shape did not change so much that the cluster shape could

Raw Fe;0, PEIl-treated Fe;O, PAA-treated Fe;0,
Mean size (nm) 1327.6 308.3 263.3
Polydispersity index 0.792 0.427 0.214
|Zeta potentia1| V) 4 37 40.3

Fig. 3. TEM images of Fe;O, specimens: (a) raw Fe;0,, (b) PEI treated Fe;O4, (c) PAA treated Fe;O,.
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Fig. 4. Hysteresis loop of Fe;O4 specimens.

be lost.

The magnetic properties shown in Fig. 4 indicate that the
superparamagnetic properties of the raw Fe;O, particles did
not change due to the presence of PEI or PAA. The hystere-
sis loops show that the overall residual magnetization val-
ues and coercive force values were low, indicating that the
particles may be easily aggregated or re-dispersed by apply-
ing or removing an external magnetic field. However, treat-
ment with PEI and PAA changed the saturation magneti-
zation values of the raw Fe;O, particles. The initial satura-
tion magnetization value of 118 emu/g was reduced to 102.3
emu/g for the PEI-treated particles and to 98.9 emu/g for
the PAA-treated particles. This may be the result of the
decrease of the ratio of the magnetic particles due to the
presence of PEI and PAA.® The saturation magnetization
value of the PAA-treated particles was lower than that of
the PEI-treated particles, because the ratio of magnetic par-
ticles was lower in the PAA-treated particles due to damage
on the particle surface. However, Fig. 4 shows that the satu-
ration magnetization values and the superparamagnetic
properties of the samples were still high enough to cause
aggregation and re-dispersion, indicating that the magnetic
properties of the starting materials were not significantly
decreased by the introduction of the external substances.®'?

4. Conclusions

The surface of raw Fe;O, particles was treated with PEI
and PAA, which are representative polymer compounds
having functional groups; the presence of functional groups
on the Fe;0, particle surface, as well as the change in the
dispersion properties, was investigated. The peaks found in
the FT-IR spectra of the samples verified the presence of
amine functional groups on the surface of the PEI-treated
particles and the presence of carboxyl groups on the surface
of the PAA-treated particles. The electrostatic repulsive
force that these functional groups have decreased the mean
particle size and the polydispersity index of the particles.
The dispersion was more uniform in the PAA-treated parti-
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cles. The shapes of the particles partially changed after sur-
face treatment using the polymer compounds, resulting
even in damage to the PAA-treated particles. However, the
change of the magnetic properties due to the loss of some of
the nanoparticles was negligible, and thus the magnetic
properties of the PAA-treated particles were not signifi-
cantly different from those of the PEI-treated particles.
Therefore, surface treatment of Fe;O, particles with PAA,
which may form carboxyl functional groups on the particle
surface, may be more useful than surface treatment using
PEI for particle dispersion.
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