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a b s t r a c t

Superparamagnetic iron oxide nanoparticles were synthesized by thermal decomposition of iron–oleate
complex using triethylene glycol monobutyl ether (TREGBE) as solvent for the first time for more mass of
the nanoparticles. The effect of TREGBE on the properties of the nanoparticles was compared with that of
1-hexadecene. The impact of oleic acid concentration on the properties of the nanoparticles was also
studied. On the use of TREGBE as compared with 1-hexadecene, the average crystal size reduced from
9.172.1 to 8.270.7 nm whereas the saturation magnetization (Ms) increased from 53.6 to 58.0 emu/g.
Moreover, more products can be synthesized using TREGBE. Besides, the interactions between particle
surfaces and TREGBE are weaker than that of 1-hexadecene according to gravimetric analysis results.
X-ray diffraction analysis revealed that crystallinity and particle size scaled up with increasing oleic acid
amount in TREGBE. The electron microscopy showed that dot-shaped particles turned into irregular
particles with increasing amount of oleic acid molecules using TREGBE. The results disclosed that
TREGBE is quite a suitable solvent to synthesize the superparamagnetic iron oxide nanoparticles with the
desired size and Ms for more mass production at low temperature.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic iron oxide nanoparticles (γFe2O3 and Fe3O4) have
gained considerable attention in the past decade driven by their
broad technological applications, including single-bit elements in
high density magnetic data storage arrays [1], ferrofluids, mag-
netic refrigeration systems, photocatalysts, photoelectrodes, bat-
tery electrodes, magnetic inks for jet printing [2], contrast
enhancement agents for magnetic resonance imaging [3], and
magnetic carriers for drug targeting [4]. Among the synthesis
methods of the iron oxide nanoparticles, thermal decomposition-
based synthesis has proved a great success for the preparation of
monodisperse nanoparticles [5–7]. This can also be done with
high-temperature hydrolysis method [8,9]. This method is also
suitable for mass production [10]. In thermal decomposition, many
factors such as the nature of the precursor [11,12] and capping
group [13], the concentration of precursor [14] and the decom-
position temperature [10,15] affect the properties of the resulting
particles. In some cases, a reducing or oxidizing agent may be
required to obtain Fe(II) ion in the formation of magnetite. For

instance, an alcohol is preferred in order to produce the partial
reduction of the Fe3þ in case of iron (acetylacetonate) precursor
[6]. In recent years, triethylene glycol molecules have been used
for this purpose. In fact it has performed triple roles as a high-
boiling solvent, reducing agent and stabilizer [16–18] which made
this process easy to scale up for mass production. Generally, the
polyol molecules are proposed for the preparation of easily
reducible metals such as Pt, Ag, Au or Co [19]. However some
metal oxide nanoparticles were also obtained by the polyol
process [20] but the method is limited to polar precursors such
as metal oxalate and metal acetates. The reducing agents are not
required for iron–oleate complexes since a trace amount of CO, H2,
and carbon produced by the thermal decomposition of the com-
plex is enough for the reduction of Fe3þ to Fe2þ[15]. But they can
alter decomposition ratio of the complex and thus they can affect
the product amount and particle size [10,15]. For instance, when
the solvents with low boiling temperature such as hexadecene are
used relatively poor decomposition occurs, resulting in less pro-
duct and smaller particles [13].

This study presents a new solvent, triethylene glycol monobutyl
ether (TREGBE; see Fig. 1), for mass production of iron oxide
nanoparticles at low temperatures. The study investigated the
properties of the resultant particles in TREGBE and compared them
to those prepared in 1-hexadecene which has the same boiling
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point (280 1C). Besides, a series of nanoparticles were synthesized
and characterized varying the concentration of oleic acid and the
reaction time in the solvent of TREGBE. The results revealed that
TREGBE provided higher magnetization and smaller particle size
compared to 1-hexadecene probably due to its reducing character.
Moreover, it is very suitable for mass production at low tempera-
ture, which provides efficient energy use for potential electronic
and magnetic applications.

2. Experimental

The iron–oleate complex precursors were prepared using a
published procedure [21]. In a typical experiment of this study,
2.7 g of FeCl3 �6H2O (Merck, 99%) was dissolved in 50 mL of
methanol (Merck, 99%) and then 3 equivalents oleic acid (Sigma-
Aldrich, 99%) was added (9 mL) to the ferric salt. A solution with
1.2 g of NaOH (Merck, 99%) in 100 mL of methanol was dropped
into this solution under magnetic stirring. The observed brown
precipitate was washed with methanol 4–5 times and dried at
40 1C for 24 h.

By thermal decomposition of the iron–oleate complex, the
magnetic iron oxide nanoparticles were synthesized in the different
solvents with approximately the same boiling temperature:
1-hexadecene (Sigma-Aldrich, 92%) and TREGBE (Fluka, 70%). 0.9 g
(1 mmol) of the iron–oleate complex and 10 mL of the chosen
solvent were combined in a two-neck round-bottom reaction flask.
The reaction mixture was then heated to about 274 1C using a
temperature controller and with the temperature set at 300 1C it
was refluxed for atleast 30 min. The initial reddish-brown color of
the reaction solution turned brownish-black. The resultant solution
was then cooled down to room temperature. In the use of
1-hexadecene solvent, a mixture of 10 mL of hexane (Merck, 95%)
and 40 mL of acetone (Merck, 99%) was added to the reaction flask
to precipitate the nanoparticles whereas the nanoparticles pro-
duced in TREGBE were precipitated by using water. All nanoparti-
cles were separated under the magnet and washed 3 times by a
mixture of hexane and acetone. After washing, they were collected
using a magnet and dissolved in chloroform (Merck, 99%) to avoid
aggregation in a liquid during storage time. All reaction conditions
are listed in Table 1.

For the analysis of the Fourier transform infrared (IR) spectra,
the samples dried by evaporating the chloroformwere mixed with
KBR powder and then recorded on a Perkin-Elmer spectrometer.
X-ray diffraction (XRD) patterns were collected using a PANaly-
tical's X'Pert PRO X-ray diffractometer systemwith a Cu-Kα source
(1.54 Å). A high resolution transmission electron microscope
(HRTEM, FEI TECNAI G2 F30 model) with an accelerating voltage
of 200 kV was used to obtain information of particle shape and
size. Thermo-gravimetric analysis (TGA) was carried out using
powder samples (�10 mg) with a heating rate of 10 1C/min using
a Perkin-Elmer TG-DTA analyzer in air atmosphere up to 600 1C.
Magnetic measurements were measured by a vibration sample

magnetometer (VSM-ADE EV9 Model) at 720 kOe. All measure-
ments were carried out at room temperature.

3. Results and discussion

The properties of iron oxide nanoparticles prepared in the same
experimental conditions but in different solvents, 1-hexadecene
and TREGBE, were investigated comparatively. The effect of oleic
acid amount on the properties of iron oxide nanoparticles pre-
pared in TREGBE is discussed.

XRD patterns in Figs. 2–4 reveal a phase formation of magnetite
or maghemite without contamination of other iron oxide phases.
However, since their XRD patterns are very similar, it is difficult to
distinguish the two phases simply from their XRD patterns.

The peak intensities in Fig. 2 indicate that the particles in
1-hexadecene have a higher crystallinity than the ones in TREGBE.
This difference can be attributed to different mechanisms in the
growth of crystals due to intervention of solvent molecules.

Fig. 3 presents a comparison of the XRD patterns of iron oxide
nanoparticles prepared with various oleic acid concentrations. An
increase was observed with addition of oleic acid in terms of
crystallinity. Moreover, this trend is more pronounced at the highest
oleic acid concentration (T5). Thus, it can be concluded that oleic
acid causes the formation of more crystalline nanoparticles.

Average crystallite size of particles was calculated on the basis
of the Scherrer equation [22] using the half maximumwidth of the
intense peaks. For this, diffraction profile was fitted by a pseudo-
Voight function [23] using the XFit program [24] and a line profile
was obtained as shown in Fig. 4. The peaks used for size calcula-
tions were selected from those that have the best fit percentage.
For example (220), (311), (511) and (440) peaks were used to
calculate the average crystal size of T5 sample (see Fig. 4).

Fig. 1. Chemical structure of a TREGBE molecule.

Table 1
Synthesis conditions and results of the analysis.

Sample Solvent
type

Oleic
acid
(mL)

Reaction
time
(min)

HRTEM
diameter
(nm)

Crystallite
size (nm)

Ms

(emu/g)

H1 1-hexadecene 0 30 9.972.0 9.172.1 53.6
T1 TREGBE 0 30 8.671.6 8.270.7 58.0
T2 TREGBE 0.4 30 9.571.7 8.570.9 62.7
T3 TREGBE 0.9 30 9.272.0 8.370.8 68.2
T4 TREGBE 1.3 30 9.172.2 8.470.9 66.4
T5 TREGBE 2.2 30 11.472.3 10.070.2 31.6
T6 TREGBE 0.4 180 10.371.6 9.071.1 65.9

Fig. 2. XRD patterns of nanoparticles prepared in the 1-hexadecene solvent
(sample H1) and TREGBE (sample T1).
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The HRTEM micrographs of the nanoparticles were also taken
for comparison, and the particle sizes from the HRTEM and X-ray
analysis, which are in good agreement, are summarized in Table 1.
In comparison with the results of the methods, the average
particle sizes from electron microscopy are larger than the crystal
sizes estimated from X-ray analysis.

According to the XRD, the average crystal size was reduced when
TREGBE was used as solvent instead of 1-hexadecene. As seen in the
micrographs of sample H1 and sample T1 in Fig. 5, the decrease in
particles size also was confirmed and the particles turned out to be
dot-shaped in sample T1. Besides, narrower size distribution was
observed for sample T1. It is also noticed that more product (0.32 g)
can be synthesized using TREGBE when compared to the use of
hexadecene (0.18 g). TREGBE was employed as a high-boiling solvent
and reducing agent, as well as surfactant to prevent interparticle
aggregation. This has allowed obtaining fine magnetic nanoparticles
in shorter time.

It is disclosed that TREGBE increases decomposition of iron–
oleate complexes since it is a reducing agent; thus a large number
of nuclei are available in the nucleation stage. TREGBE is also a
surfactant; thus the nucleus particles enlarge very little in the
growth stage. Consequently, smaller particles are obtained in large
quantities.

When the reaction time was increased in the TREGBE solvent,
the particles enlarged and size distribution broadened as can
be seen in Table 1 and Fig. 5. Electron microscopy images also
revealed irregular angled particle shapes with increase in the
reaction time. This trend which was reported many times for other
solvents [12,15,21] is explained by the ripening process of the
crystal particles in the solution [25].

Effect of surfactant concentration on particle size was examined by
varying quantities of oleic acid and maintaining all other conditions in

TREGBE. The size results in Table 1 and Fig. 6 showed that the particle
size remained unchanged for a range of 1–3mmol of oleic acid, but
then increased remarkably with addition of 5 mmol oleic acid. The
studies [11,13,26] show that oleic acid works as a mild catalyst and
provides an effective steric barrier during the reaction. However, its

Fig. 3. XRD patterns of nanoparticles synthesized at various oleic acid concentra-
tions (T1: no oleic acid, T2: 1 mmol, T3: 2 mmol, T4: 3 mmol, T5: 5 mmol oleic acid)
with TREGBE.

Fig. 4. XRD pattern and the fit profile line of synthesized T5 sample.

Fig. 5. HRTEM micrographs of iron oxides prepared in 1-hexadecene (sample H1)
or in TREGBE (sample T1) at 30 min or in TREGBE at 180 min (sample T6).
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molecules form a complex with iron species giving rise to intermedi-
ate complexes and this causes a delay in the nucleation, which results
in more particles with larger sizes [13]. For example, 11 nm,12 nm and
14 nm iron oxide nanocrystals were synthesized using solutions with
oleic acid concentrations of 1.5 mM, 3mM and 4.5 mM, respectively,
by Park et al. [10]. Hyeon et al. [5] and Yin et al. [13] declared that
when the molar ratio of Fe(CO)5 to oleic acid was higher than 1:5,
nanocrystals did not form due to hindered nucleation. Thus, it can be
said that the trend of increasing size with increasing amount of oleic
acid was not observed up to 4 mmol owing to probably the TREGBE
molecules which accelerate the nucleation and hinder the formation
of the complex giving an esterification reaction with carboxyl head of
oleic acid (see Fig. 7). As oleic acid concentration was increased,
particle size distribution was broadened according to electron micro-
scopy results in Table 1. Besides, HRTEM micrographs in Fig. 6 also

indicated that the shapes of nanoparticles were not uniform. In
particular, iron oxide nanoparticles (T5) prepared with the highest
oleic acid amount have highly irregular shapes. It seems that excess
amount of oleic acid gives rise to a small nucleus but longer growth of
crystal and thus there are rearrangements on the crystal surface for
favorable energetic faces such as {111}, {110}, or {100} [27].

Fig. 7 presents the IR spectrum of iron oxide nanoparticles
prepared without oleic acid in the different solvents, as well as pure
TREGBE solvent. It is obvious that the characteristic band of the
TREGBE at 1116 cm�1(–R–O–R) is present in iron oxide nanoparti-
cles, indicating the binding of TREGBE to iron oxide nanoparticles
[28]. However, the strength and sharpness of characteristic free OH
band at 3423 cm�1 in spectrum of TREGBE reduced whereas a new
band at 1734 cm�1 appeared in the spectrum of the nanoparticles.
The reason is that a carboxylic acid group combined with alcohol
group of the TREGBE molecule by a typical esterification reaction
and hence the long surfactants including an ester group formed on
the surface of nanoparticles. Besides, while asymmetric vibration
[29] between the carboxylate head and the metal atom was
observed only at 1454 cm�1, a very broad band was seen in the
symmetric vibration region of carboxylates (1650–1510) because of
overlapping with O–H bending [30] at 1643 cm�1 attributed for
water and the TREGBE molecules adsorbed to the particle surface
[16–18].

To better understand the interactions of capping agents on
surface of the particle, thermal gravimetric analysis of sample
H1 and sample T1 was carried out and is presented in Fig. 8. Two
distinct weight losses for both samples between room temperature

Fig. 6. HRTEM images of iron oxide nanoparticles prepared with various oleic acid amounts (mmol) samples T2: 1, T3: 2, T4: 3, and T5: 5.

Fig. 7. IR spectrums of pure TREGBE and nanoparticles (sample T1 and H1)
prepared without oleic acid in TREGBE.
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and 600 1C can be seen in Fig. 8(b). However, the first weight loss
(10.0%) of sample T1 is higher than that (5.6%) of sample H1, but the
second weight loss (5.6%) is lower than that (10.4%) of H1. More-
over, the second transition temperature (370 1C) of the sample
T1 with TREGBE is lower than that (420 1C) of sample H1 too.
Consequently, it can be said clearly that the interaction between
particle surface and TREGBE is weaker than that of 1-hexadecene.
Additionally, for sample T1, the first step which represents the most
significant weight loss could be attributed to the removal of residual
TREGBE in the sample whose boiling point is around 280 1C. Thus, it
is also seen that the presence of TREGBE on the surface of the iron
oxide nanoparticles is supported by the TGA measurement.

Magnetization curves of the nanoparticles illustrated at 720
kOe are shown in Fig. 9 since they reached the saturation values.
As the magnetic field intensity reversed, the magnetization
decreased from the plateau value and reached about zero. The
saturation magnetizations are listed in Table 1. It is revealed that
the magnetite nanoparticles have superparamagnetic properties
with zero coercivity, Hc.

In comparison with solvents, the Ms value of sample T1
prepared in TREGBE was found to be higher than H1 sample's in
1-hexadecene whereas the Hc value of T1 sample is lower than
that of sample H1 as seen in Table 1. As clearly explained in the
TGA analysis, the weaker interactions on nanoparticles with
TREGBE can allow magnetic arrangement easily, which leads to
higher magnetization. Thus it can be concluded that TREGBE has
better magnetic properties than that of 1-hexadecene.

When the amount of oleic acid was increased gradually, the Ms

increased up to 68 emu/g and then decreased to 32 emu/g (see Fig. 9

and Table 1). It is already known that oleic acid molecules are bonded
to the Fe(II) or Fe(III) on the particle surface through carboxyl group
that has a strong influence on its magnetic behavior, particularly a
positive effect on the saturation magnetization [31,32]. This effect
can be observed at low oleic acid concentrations; however, the
magnetic moment per gram measured by the VSM diminishes since
the number of nonmagnetic long surfactants (see the IR spectrum)
on the particle surface increases with more addition of oleic acid.
Thus, the effect of high oleic acid amount on the magnetization was
masked by nonmagnetic long surfactants caused by esterification
between TREGBE and oleic acid.

As the reaction time increased, Ms value slightly increased from
62.5 emu/g to 65.9 emu/g (see Table 1). This result can be
attributed to the increase of particle size [6] (Fig. 5).

4. Conclusions

In this study, the first time use of TREGBE as a solvent was
performed to synthesize superparamagnetic iron oxide nanoparticles
by thermal decomposition method. It was observed that usage
of TREBGE led to obtaining 15% smaller particles and 8% higher
magnetization in comparison with those prepared in 1-hexadecene.
Furthermore, the product amount also increased up to 78% with the
use of TREGBE. Thus, the TREBGE procedure was found to be more
useful for mass production of nanoparticles and also an easier way
than the one obtained with current possible methods. These advan-
tages can be attributed to be high nucleus number as a result of
increase of the decomposition rate by TREGBE.
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