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Highly stable Fe3O4 liquid was synthesized by thermal decomposition using
poly(acrylic acid) (PAA) as a phase transfer ligand. The crystalline structure,
morphology, and magnetic properties of the as-prepared samples were thor-
oughly characterized. Results demonstrated that the magnetic Fe3O4 nano-
material was formed in liquid phase with a spinel single-phase structure,
average size of 8–13 nm, and high saturation magnetization (up to 75 emu/g).
The PAA-capped Fe3O4 nanoparticles displayed high stability over a wide pH
range (from 4 to 7) in 300 mM salt solution. More importantly, the heat-
generating capacity of the nanoparticle systems was quantified at a specific
absorption rate (SAR) of 70.22 W/g, which is 35% higher than magnetic
nanoparticles coated with sodium dodecyl sulfate (SDS). These findings sug-
gest the potential application of PAA-coated magnetic nanoparticles in mag-
netic hyperthermia.
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INTRODUCTION

Magnetic nanoparticles have been widely used in
various fields including information technology,
environmental treatments, catalysis, and biomedi-
cal applications.1–4 In several of these applica-
tions—for instance, hyperthermia treatment of
cancer—it is beneficial to have magnetic nanopar-
ticles with uniform small size (D ca. 10 nm), good
dispersion, high stability, and high saturation mag-
netization (MS > 70 emu/g), so that they can
respond sensitively to a small external magnetic
field or enhance the efficiency of magnetic induction
heating.5,6 Among these magnetic nanomaterials,

Fe3O4 is most favored for biomedical applications,
thanks to its biocompatibility and facile synthesis.

Many methods have been proposed for the syn-
thesis of Fe3O4 nanoparticles, including co-precipi-
tation, sol–gel, and hydrothermal and thermal
decomposition techniques.7,8 Thermal decomposi-
tion is among the most widely used methods, given
its ability to generate uniform particles with high
saturation magnetization.9,10 In our previous
work,11 Fe3O4 fluid was prepared by thermal
decomposition using sodium dodecyl sulphate
(SDS) as phase transfer agent. The magnetic heat-
ing study of that system demonstrated its relatively
high specific absorption rate (SAR), but this value
was not stable over time. Recently reported works
have noted that the stability of magnetic fluid might
be improved by coating magnetic particles with an
organic layer.12–15 The presence of such a layer may(Received January 23, 2016; accepted May 11, 2016)

Journal of ELECTRONIC MATERIALS

DOI: 10.1007/s11664-016-4650-y
� 2016 The Minerals, Metals & Materials Society

http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-016-4650-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-016-4650-y&amp;domain=pdf


create a core–shell interaction between the mag-
netic core and organic shell to maintain the stability
of the magnetic fluid while at the same time
enhancing its magnetic properties. For instance,
magnetic properties can be enhanced by hydrophilic
ligands carrying dopamine (DPA) with strong bonds
between two –OH groups of DPA molecule and the
surface of magnetic nanoparticles.16 In this paper,
we describe a new, convenient thermal decomposi-
tion-based approach for the synthesis of Fe3O4

liquid using poly(acrylic acid) as the phase transfer
ligand. This hydrophilic coating should improve the
stability of magnetic nanoparticles in aqueous solu-
tion. In addition, this organic coating layer may give
rise to enhanced magnetic behaviors and heating
magnetic induction of magnetic nanoparticles.

EXPERIMENTAL

Chemicals

Iron (III) acetylacetonate (Fe(acac)3), oleylamine
(OLA), oleic acid (OA), poly(acrylic acid) (PAA), and
triethylene glycol (TEG) were purchased from
Sigma-Aldrich.

Synthesis of Fe3O4

The protocol for the synthesis of magnetic
nanoparticles was described in our previous work.11

Briefly, Fe(acac)3 (4 mmol), oleic acid (20 mmol),
and oleylamine (20 mmol) were placed in a flask
containing 40 ml of dibenzyl ether. This mixture
was then stirred for 30 min, before heating to
different reaction temperatures (265�C, 285�C,
298�C) over the same reaction time of 2 h. The
obtained solutions were then cooled naturally to
room temperature, washed with ethanol, and cen-
trifuged, after which they were dispersed in n-
hexane. They were then dried and denoted as M1,
M2, and M3, corresponding to the increasing reac-
tion temperatures.

Synthesis of Fe3O4 Magnetic Fluid

Two grams of PAA was dissolved in 40 ml TEG
solution, and the mixture was heated to 110�C, at
which point 5 ml n-hexane solution containing 100-
mg magnetic nanoparticles was quickly added to the
reaction mixture. The reaction temperature was
increased to 280�C and was then kept constant for
6 h.

After completion of the reaction, the obtained
product was cooled to room temperature. The PAA-
capped magnetic nanoparticles were separated from
TEG by adding an excess amount of diluted
hydrochloric acid solution. The nanoparticles were
then precipitated by centrifugation. After removing
the supernatant, the residue was dispersed in water
using ultrasound. These magnetic fluids were labeled
L1, L2, and L3, correspondingly, for M1, M2, and M3.
Figure 1 represents the transformation of the

magnetic nanoparticles from a non-aqueous to aque-
ous phase.

Characterization of Magnetic Nanoparticles

X-ray Diffraction and Fourier Transform Infrared
(FT-IR) Spectroscopy

The crystal structure of the samples before and
after coating with PAA was determined using the
Siemens D5000 diffractometer with Cu-Ka radiation
(k = 1.5406 Å) at room temperature. The average
crystal size was acquired with X’Pert HighScore
Plus commercial image analysis software. The
shell–core bonds were analyzed by Fourier trans-
form infrared spectroscopy (FT-IR; Nicolet 6700).

Transmission Electron Microscopy (TEM)

The morphological properties (size and shape) of
the particles were obtained using transmission
electron microscopy (TEM; JEOL JEM-1010).

Vibrating Sample Magnetometer (VSM)

The saturation magnetization of the samples at
room temperature was measured under the highest
magnetic field of 10 kOe using a vibrating sample
magnetometer (VSM) (home-made).

Size Measurement

The size distribution and stability of the magnetic
fluids were examined using the Zetasizer (Nano ZS-
Malvern-UK).

Magnetic Induction Heating

The effect of magnetic induction heating on the
magnetic fluid was determine based on the Fe3O4

nanoparticles with the highest saturation magneti-
zation and uniform particle size (sample L3) under
an alternating magnetic field in a range of 50–80 Oe
and frequency of f = 178 kHz, provided by the
commercial generator (RDO HFI 5KW).

RESULTS AND DISCUSSION

Morphology and Particle Size

The morphology and particle size of the magnetic
nanoparticles before and after phase transfer were
evaluated by TEM, and TEM images of the trans-
ferred magnetic nanoparticles are presented in
Fig. 2.

As is evident in Fig. 2, the magnetic particles
were well dispersed in liquid form, with relatively
narrow size distribution. Here, the use of a coating
material with a hydrophilic nature, such as PAA,
helped to improve the dispersion of the magnetic
nanoparticles in aqueous phase,11 a feature that is
extremely important for biomedical applications of
magnetic particles.

In addition, the size of the magnetic particles was
almost the same before and after phase transfer, as
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Fig. 1. Schematic of the ligand exchange process using PAA.

Fig. 2. TEM images and particle size distribution of post-transfer samples (L1, L2, L3) and a pre-transfer sample (M3).
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the synthesized outer layer was quite efficiently
exchanged by the transferring PAA material.

FT-IR

FT-IR spectroscopy was performed to confirm the
interaction between PAA and iron oxide nanoparti-
cles (Fig. 3). The samples were washed several
times with water to remove free molecules before
characterization.

The characteristic vibration of Fe–O bonding was
clearly observed on FT-IR spectra at 538/cm (Fig. 3).
The FT-IR spectrum of sample L3 also showed
vibration peaks at 1635 and 1160/cm, assigned to
C=O and C–O–C in PAA molecules. The positions of
these peaks compared to the bare PAA sample were
shifted toward a longer wavelength, since the PAA
molecules were no longer free, but were deposited
on the surface of the magnetic particles. The
occurrence of vibration peaks characteristic of the
carboxyl group (1412/cm) on the FT-IR spectrum
again confirmed the presence of the PAA coating
layer.11,17,18

Magnetic Properties

Figure 4a presents the hysteresis loops of the
three samples L1, L2, and L3 at room temperature,
from which it is evident that the phase transfer

played an important role in enhancing the magne-
tization of the samples, by approximately 5% (com-
pared with pre-transfer samples in Fig. 4b). The
improvement in the magnetic properties of the
magnetite particles is clearly due to the action of
organic functional groups (i.e., COOH, OH, etc.) on
the outer layer. These ligands have somehow ori-
ented the magnetic domains near the surface of
particles toward the same direction as magnetic
moment of the magnetite core.16

The M(H) curves of the samples were also ana-
lyzed using the Langevin theory, as described in our
previous work.11

With small magnetic nanoparticles, it is difficult
to observe magnetic saturation with an external
magnetic field of 10 kOe. This may be associated
with the particle size effect, in which small particles
need a larger magnetic field in order to reverse the
spins at the particle boundaries toward the direc-
tion of the external magnetic field. Therefore, to
determine the true MS, we used an extrapolation
according to the ‘Law of approach to saturation’
(LAS)19 as expressed in the equation:

MðHÞ ¼ MS 1 � a

H
� b

H2

� �
þ vdH;

where MS is the saturation magnetization and vd is
the high-field differential susceptibility.

The results are shown in Fig. 4c and Table I. The
magnetization of the magnetic nanoparticles in pre-
transfer (sample M3) and post-transfer phases
(sample L3) was 70 emu/g and 75 emu/g, respec-
tively. This slight increase in magnetization of
magnetite particles is assumed to reflect the vari-
ation in the nature of the outer coating layer.

Compared to those in previously reported works,
the aqueous magnetic particles prepared using our
approach showed better magnetic properties. For
example, the magnetization of magnetic nanoparti-
cles with a poly(styrene-co-acrylic acid) shell pre-
pared by co-precipitation was only 70 emu/g, even
with larger-sized particles.20

Stability

The stability of particles in a physiological envi-
ronment is essential in biomedical applications.
Thus, the hydrophilic exteriors of these particles
must be designed to be stable in aqueous solutions
within a certain range of pH and salt concentration.
Here, the dispersion of magnetic nanoparticles in an
aqueous environment was tested at pH 5–9 and
NaCl salt concentrations of 100–300 mM. The sam-
ple prepared at a high temperature (298�C) with the
narrowest size distribution and highest saturated
magnetization was chosen for this experiment.

Figure 5 shows optical images of magnetic
nanoparticles dispersed in aqueous solutions at
different salt concentrations and pH. The PAA-
capped magnetic nanoparticles are visibly well-

Fig. 3. FT-IR spectra of L3, poly(acrylic acid) (PAA) and M3 sam-
ples.
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dispersed in a physiological environment (salt con-
centration = 100–300 mM and pH = 5–7). Such
high stability of ferrofluid under physiological con-
ditions renders it suitable for many biomedical
applications. At higher salt concentrations and
lower pH, the magnetic particles were aggregated
and formed visible precipitate at the bottom of the
flask. As evidenced by zeta analysis, the particle
size was increased tenfold with an increase in salt
concentration to more than 500 mM or a decrease in
pH to 3 (Fig. 6).

Magnetic Induction Heating

The highly stable sample (L3) was used to further
investigate the magnetic heating effect. The

maximum temperature (Tmax) and the specific
absorption rate (SAR) of the samples were deter-
mined at different sample concentrations and dif-
ferent magnetic field amplitudes.

The SAR is defined as the variation in tempera-
ture with time (DT/Dt) of the ferrofluid in the ac
magnetic field, as follows:

SAR ¼ C
msample

mmnp

DT
Dt

� �
;

where C is the specific heat of the fluid per mass
unit (C = 4.18 J/gK), msample/mmnp is the nano-
particle concentration in the fluid (with
msample = 1000 mg; mmnp = 1,2, 3,4, 5 mg), and DT/
Dt is the initial slope of the heating curves.

Fig. 4. M(H) curves of (a) post-transfer samples (L1, L2, L3), (b) pre-transfer samples (M1, M2, M3), and (c) fitted by the LAS method. The
symbols show measured data. The solid lines show the fit of the Langevin function or LAS method.

Table I. Average nanoparticle size (DTEM) and saturation magnetization determined from measured M(H)
curves (M�

S) and from the LAS method (MS)

Sample DTEM (nm) M�
S (emu/g) MS (emu/g)

L1 8 58 60.9
L2 11 69 69.1
L3 13 75 77.2
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Fig. 5. Photo images of the L3 sample at different salt concentrations (a) and pH (b).

Fig. 6. The particle size distribution patterns of L3 at different salt concentrations (a) and pH (b).

Fig. 7. Heating induction effect for the L3 sample. (a) Magnetic heating curves measured for suspensions of the L3 sample at different particle
concentrations; (b) SAR determined at different particle concentrations of the L3 sample. Magnetic field amplitude is 50 Oe. Magnetic frequency
is 178 kHz.

Oanh, Lam, Thu, Lu, Nam, Tam, Manh, and Phuc



Figure 7 illustrates the magnetic heating curves
of ferrofluids at different concentrations (1–5 mg/
ml). The amplitude and frequency of the external

magnetic field were 50 Oe and 178 kHz, respec-
tively. As can be seen in Fig. 7, the increase in
ferrofluid concentration resulted in a slightly
improved magnetic heating effect. The maximum
temperature reached 39.6�C, and the SAR was only
28.4 W/g at a particle concentration of 5 mg/ml.
This weak heating induction is not sufficient for
biomedical applications of magnetic fluid in MRI
and hyperthermia treatment.

Figure 8 represents magnetic heating curves
measured at different magnetic field strengths.
The ferrofluid concentration was 5 mg/ml and the
magnetic field frequency was 178 kHz. Unlike the
ferrofluid concentration, the amplitude of the mag-
netic field strongly affected the magnetic heating
behaviors of the material. Both the maximum
temperature and SAR increased sharply with
increasing magnetic field amplitude (Table II).

Compared to Fe3O4 nanoparticles coated with
SDS in our previous work,11 the magnetic particles
with a PAA shell showed much better magnetic
heating induction (Fig. 9). The SAR value was
increased 35% by changing the outer shell from
SDS to PAA. A relatively high temperature of
70.22�C was obtained at a magnetic field amplitude
of 80 Oe.

Fig. 8. Magnetic heating curves measured for suspensions of samples (L3) at 5 mg/ml at different values of magnetic field strength (a) and the
specific absorption rate (SAR) versus magnetic field strength (H2) square (b).

Table II. Maximum temperature (T1500 s), specific absorption rate (SAR), and initial heating rate (DT/Dt) of
the (L3) ferrofluid sample at 5 mg/ml concentration at different magnetic field strength values

Sample Magnetic field (H [Oe], f [kHz]) T1500 s SAR (W/g) DT/Dt (�C/s)

L3 (5 mg/ml) 50, 178 39.6 28.4 0.034
60, 178 49.1 39.3 0.047
70, 178 57.5 47.7 0.057
80, 178 84.1 70.22 0.084

Fig. 9. Comparison of the specific absorption rate of Fe3O4 mag-
netic nanoparticles coated with SDS11 and coated with poly(acrylic
acid) at different magnetic fields.
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The PAA molecules (1800 g/mol) are able to bind
strongly to the surface of magnetic nanoparticles
thanks to their carboxyl groups. Here, we demon-
strated that Fe3O4 nanoparticles capped with PAA
molecules showed better dispersion and higher
stability in aqueous solutions, whereas Fe3O4 mod-
ified with SDS is unstable and can be easily
precipitated. In addition, the PAA coating appeared
to increase the saturated magnetization. For these
reasons, Fe3O4/PAA exhibited better magnetic heat-
ing induction compared to Fe3O4/SDS.

The intrinsic loss power (ILP) is defined as (SAR/
H2Æf), where H and f are the field and the frequency
of the field, respectively. The maximal intrinsic loss
power (ILP) was determined to be 9.6 nHm2/kg,
which is much higher than that reported in previous
works11,21 (Table III). This high ILP value once
again confirms the good dispersion of magnetic
particles in aqueous medium with the assistance of
the PAA outer coating.

CONCLUSIONS

In this work, high-quality magnetic fluid was
synthesized by thermal decomposition using poly(-
acrylic acid) as phase transfer ligand. The addi-
tional organic coating layer improved the stability of
the magnetic particles in aqueous solution. These
highly stable magnetic particles also exhibited good
magnetic heating induction. The highest tempera-
ture (70.22�C) was obtained for the sample concen-
tration of 5 mg/ml when applying an alternative
magnetic field with amplitude of 80 Oe and fre-
quency of 178 kHz. These results appear promising
for the application of nano-sized Fe3O4 fluid in
hyperthermia cancer treatment and MRI.
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