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Abstract The objective of the study was to investigate
the effect of different amounts of iron oleate precursor with
different oleic acid amounts on the properties of the syn-
thesised nanoparticles by thermal decomposition. The iron
oleate precursors which formed from oleic acids in the
order of 0.5, 1.0, 1.5 and 2.0 g, and 0.1 g iron powder was
prepared under 200 °C seperately, using a facile solvo-
thermal method under study. Thermal analysis of iron oleat
precursors by a thermogravimetric analysis (TGA) revealed
that the different amount of oleic acid was seen to have an
impact on the thermal properties of iron oleat complexes.
During the synthesis of nanoparticles, iron oleate complex
in 1-hexadecane kept refluxing for 3 h under air atmo-
sphere resulting in the formation of nanoparticles. The
fourier transform infrared spectra measurements and the
TGA analysis disclosed that nanoparticles were coated
with oleic acid. To the X-ray diffraction patterns, all
samples are iron oxide nanocrystals and their crystal sizes
increased from 6.4 to 9.8 nm with decreasing oleic acid.
Also, the sizes of nanoparticles were found to be in same
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range as confirmed with the surface observation by a
transmission electron microscope. The magnetic properties
obtained from a vibrating sample magnetometer revealed
that all nanoparticles are superparamagnetic at room tem-
perature. Also, their saturation magnetizations were up to
33.2 emu/g. It is seen that the nanoparticles are super-
paramagnetic with the desired structural and corresponding
magnetic properties and therefore, they could be thought to
be convenient for biomedical applications as the particles
can be transferred to aqueous phase.

1 Introduction

Since the novel physical and chemical properties of
nanosized particles differ from the bulk materials, they
become suitable for broad range of disciplines, including
magnetic fluids, data storage, catalysis and bioapplications
[1-4]. When the size of nanoparticles is below a critical
value, the thermal energy, kgT exceed the magnetic
anisotropic energy barrier and consequently nanoparticles
become superparamagnetic [2, 5]. Nanoparticles can also
be modified with some coating agents, therefore their sizes
can be kept with desired values and become soluble in
different solvents and avoid agglomeration which makes
them preferable for specific applications such as drug
delivery, molecular detection, contrast agents in magnetic
resonance imaging [6, 7].

Magnetic nanoparticles can be mostly synthesized with
several methods such as thermal decomposition [8], co-
precipitation [9], microemulsion [10] and hydrothermal
synthesis [11]. Among them, the thermal decomposition is
one of the most used method and can be addressed to
control of size, shape and monodispersity during synthesis
of the nanoparticles [2, 12]. Therefore, the method is useful
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to prepare high quality oxide, metal and ferrite nanoparti-
cles compared to other techniques [2]. With the technique,
the nanoparticles have been synthesized using decompo-
sition of organometallic precursors i.e. metal oleate
(M(oleate),), metal acetylacetonates (M(acac),), metal
cupferronates (M*Cupy), or carbonyls in the presence of
surfactant with a high boiling point organic solvent [2, 13].

Iron oleate precursor can be synthesized in several ways
according to the published procedures [13—15]. NaOH
solution in methanol was dropped into the solution which
including FeCl;.6H,O (or FeCl,.4H,0) and oleic acid in
methanol under magnetic stirring conditions. And, the
precipitate of iron oleate was washed with methanol 4-5
times [14]. In another study, the solution of FeCl;.6H,O
and sodium oleate in a mixture of solvents composed of
ethanol, hexane, distilled water was heated to reflux for 4 h
under stirring, and also, the iron oleate phase was washed
several times to eliminate by-products including NaCl [13].
Bronstein et al. investigated a solution containing the same
chemicals [13] was heated to 70 °C and stirred at this
temperature for 4 h under an argon flow [15]. The current
way for synthesizing precursor was simply obtained from a
mixture of different amounts of oleic acid and the iron
powder (0.1 g) in hexane under 200 °C temperature for
3 h. To the thermal analysis by thermogravimetric analysis,
the different amounts of oleic acid were seen to affect the
thermal properties of iron oleat precursors. The work done
by now has demonstrated more complicated ways of iron
oleat precursor synthesis than that of the current investi-
gation which uses a simple way.

The ways of improving electromagnetic devices are the
improving the properties of existing materials or develop-
ing a new class of magnetic materials by considering the
experimental conditions. The nanoparticle properties vary
depending on the synthesis conditions such as the reaction
time, reaction temperature and type of the surfactant and
precursor, and especially the ratio of precursor and sur-
factant[2, 13], which remains challenging. Thus, it would
be significant to carry out a study of iron oleat variation
using a thermal decomposition synthesis to enrich and
better understand the influence of the different amounts of
oleic acid on the chemical, crystal and magnetic charac-
terizations of these nanocrystals.

Therefore, upon the study of the effect of oleic acid
variation on iron oleat precursor, the present investigation
focuses on the properties of nanoparticles synthesised by
thermal decomposition method to understand and control
superparamagnetic nature of the nanoparticles at the atomic
level through the amount of oleic acid manipulations. The
iron oleates, obtained from oleic acid ranging from 0.5 to
2.0 g, were used as precursor. The magnetic iron oxide
nanoparticles, in crystal diameter decreasing from 9.8 to
6.4 nm with increasing oleic acid from 0.5 to 2.0 g, were
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easily synthesized using the current precursors. It is also
disclosed that, saturation magnetizations of the nanoparti-
cles obtained from magnetic measurements were found to
be compatible with the chemical and physical changes
caused by the iron oleat precursors synthesized at different
amounts of oleic acids. Thus, it can be said that the
nanoparticles with the desired magnetic properties were
coated with oleic acid molecules, and hence they could be
protected from oxidation and agglomeration.

2 Experimental

Oleic acid (Sigma-Aldrich, 99 %), hexane (Merck,
95 %) and iron powder (Merck) were used for the syn-
thesis of iron oleate. 1-Hexadecane (Aldrich, 92 %) was
used for the synthesis of iron oxide nanoparticles. All
reagents in this work are in analytical grade.

The iron oleate complexes were prepared only by using
iron powder and oleic acid in hexane at high temperature
under study. The oleic acid in the range of 0.5, 1.0, 1.5 and
2.0 g were dissolved in 10 ml hexane, separately. And,
each solution and 0.1 g iron powder transferred into a
Teflon-lined stainless steel autoclave. Then, the autoclave
was put into oven and kept at 200 °C for 6 h, and then
cooled to room temperature, naturally. This is followed by
removing the remaining iron powder from the iron oleat
with a magnet. Finally, hexane was evaporated in the air.

The iron oleate precursors were obtained from 0.5, 1.0,
1.5 and 2.0 g oleic acids and were used for the synthesis of
iron oxide nanoparticles (labeled as samples N1, N2, N3
and N4), respectively. Also, the last precursor acquired
from 2.0 g. oleic acid was washed several times with eth-
anol and acetone, and then dried in an oven at 40 °C. After
extraction, the product was seen to be a waxy solid [15]
and used for the production of nanoparticles (N5).

The iron oleat precursors with the order of 0.5, 1.0, 1.5
and 2.0 g oleic acid were added to 10 ml 1-hexadecane,
seperately and each solution was heated to the reflux and
then kept at that temperature for 3 h. It is observed that the
colour of solution turned black. This is followed by cooling
the solution to room temperature. Then the nanoparticles
were precipitated with 40 ml acetone and 10 ml hexane
together to complete the synthesis process of the nano-
particles, and at the end, they were dispersed in
chloroform.

The samples were characterized by Fourier transform
infrared spectroscopy (FTIR, Perkin Elmer-1600 Series).
For iron oleate samples, the solid sample was prepared by
pelletizing with KBr powder while for the FTIR study of
the nanoparticles, first nanoparticles dispersed in chloro-
form solutions were dropped on KBr disks, and then the
chloroform evaporated in the air, finally dry pellets with
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nanoparticles were obtained. And, TGA was performed
with diamond series from Perkin Elmer Instruments. The
crystal structure of nanoparticles was identified by using
X-ray powder diffraction (XRD, PANalytical’s X’Pert
PRO) with angle ranging from 20° to 80°. Beside, the size
and shape of the nanoparticles were obtained from trans-
mission electron microscope (HRTEM, FEI TECNAI G2
F30 model) images. For obtaining TEM images of the
nanoparticles, the samples were prepared as dilute chlo-
roform solutions were dropped onto copper grid and dried
in air. The magnetic properties of nanoparticles were
obtained by vibration sample magnetometer (VSM, ADE
EV9 Model) in the field range up to £20 kOe with 1 Oe
increments.

3 Results and discussion

Iron-oleate complexes were obtained using an easy way of
production and used as precursor, and a standard procedure
by the thermal decomposition technique [12, 15] was
conducted to synthesize the nanoparticles. Since individual
iron oleate complex consisted of free oleic acid, no extra
stabilizer was used during the synthesis of the nanoparti-
cles. All results are presented in Table 1.

3.1 Characterizations of iron oleate precursor

The effect of the oleic acid on the properties of iron oleat
precorsor was studied using the FTIR and TGA. The
structures of all iron oleate samples were identified with the
FTIR spectroscopy. First two FTIR spectrums of the iron
oleates synthesized with low (0.5 g) and (b) high (2.0 g)
oleic acid were presented in Fig. la, b, respectively. And,
the spectrum of the washed iron oleate obtained from 2.0 g
oleic acid was presented in Fig. lc. For comparison, the
FTIR spectrum of pure oleic acid sample was added as
Fig. 1d. As observed in pure oleic acid spectrum in Fig. 1d,
the carboxylic acid dimers displayed a broad and intense
O-H stretching absorption in the region of 3,300-
2,500 cm ™! [16]. The iron oleates synthesized with 0.5 and

2.0 g oleic acid in Fig. la, b displayed narrower and less
intense O—H stretching absorption in the same region than
that of the FTIR spectrum of pure oleic acid in Fig. 1d.
However, for the washed iron oleate obtained from 2.0 g
oleic acid in Fig. lc, the O-H stretching absorption dis-
appeared but a new band at 3,468 cm™! was observed,
probably due to the washing process [15]. Two sharp bands
at 2,924 and 2,854 cm_l, which were superimposed on the
O-H stretching band, were attributed to the asymmetric
CH, and the symmetric CH, stretches, respectively [17].
All samples had v(=C-H) stretching band at 3,004 cm™" as
in [18] irrespective of the amount of oleic acid. For iron
oleat samples, the carboxylate ion gives rise to two bands:
around 1,650-1,510 cm™! for the asymmetrical stretching
band and at about 1,400 cm™' for the symmetrical
stretching band [16]. Due to the extraction of the iron
oleate, the bands of 1,596 and 1,522 cm™! overlapped and
hence became less evident in Fig. 1c. The interaction
between the carboxylate and metal atom is categorized as
four types: ionic, monodentate, bidentate(chelating), or
bridging [18]. The coordination type can be interpreted
from the wavenumber separation, A, between the anti-
symmetric, v,(COO7), and the symmetric, v,(COO™),
stretching bands. For A > 200 cm ™' a monodentate ligand
is expected, and for A <110 cm~! a bidentate. For a
bridging ligand, A is between 140 and 200 cm™' [18].
Comparing the spectrums of the iron oleate with 0.5 and
2.0 g, and the pure oleic acid sample, two new peaks were
appeared around 1,522 and 1,596 cm™' which corresponds
to the antisymmetric, v,(COO™) bands. However, the band
at 1,445 cm™! was the symmetric, vs(COO™), stretching.
As A =1596-1,445 cm '=151 cm™' and A = 1,522~
1,445 cm™ ! = 77 cm_l, these were indicating that oleic
acid was attached bridging and bidentate fashion, respec-
tively. The C=O group absorbs in the region of 1,711 cm™"
and this band points to presence of free oleic acid [15].
Accordingly, Fig. 1a, b showed that the iron oleates with
0.5 and 2.0 g contained free oleic acid. However,
1,711 ecm™" peak nearly disappeared for the washed sam-
ple, see Fig. 1c. This indicated that a large part of free oleic
acid removed after the washing process.

Table 1 Preparation conditions of iron oleate and properties of iron oxide nanoparticles

Nanoparticle samples Oleic acid (g)

Nanoparticle sizes

Magnetic parameters

dxrp (nm) drgym (nm £+ Anm) M; (emu/g) H; (Oe)
N1 0.5 9.8 10.2 £ 3.2 6.0 1,918
N2 1.0 9.5 - 17.2 2,608
N3 1.5 6.9 - 194 4,835
N4 2.0 6.4 7.6 +29 22.5 6,606
N5* 2.0 7.7 82+22 332 4,538

* After the iron oleate precursor was washed several times with ethanol and acetone and dried in an oven at 40 °C
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Fig. 1 FTIR spectra of iron oleates prepared with a 0.5 g, b 2.0 g
oleic acid, ¢ the washed iron oleate obtained from 2.0 g oleic acid and
d pure oleic acid

The thermal properties of the synthesized iron oleate
complexes were obtained with TGA. The TGA spectrums
of the iron oleat samples presented the similar types of
peaks with slightly different percentage mass losses which
are near to each other. The TGA spectrum of iron oleate
complexes synthesized with 1.5 and 2.0 g oleic acid and
the washed iron oleate synthesized from 2.0 g oleic acid
were presented in Fig. 2a—c, respectively. To confirm the
existence of free oleic acid in the iron oleate complex, the
TGA of pure oleic acid was also measured and shown in
Fig. 2d. In the figure, the decomposition temperature of
pure oleic acid was found to be between 200 and 300 °C.
But, there were two derivative peaks in the TGA curves of
samples in Fig. 2a, b. In Fig. 2a, first peak was at 260 °C
with the percentage mass loss of 52 %, which correspond
to decomposition of free oleic acid and refers to the weakly
bounded oleic acid [19]. These findings were also sup-
ported by the FTIR analysis. With the percentage mass loss
(37 %), the second peak at 357 °C probably indicates the
decomposition of iron oleate precursor. In Fig. 2b, the first
peak with the percentage mass loss of 58.7 % was at
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294 °C while for the second peak with the percentage mass
loss of 34.5 % was at 353 °C. For sample in Fig. 2b, free
oleic acid moved the peak a little forward since the sample
contained more free oleic acid than that of sample in
Fig. 2a. According to the weight losses for sample shown
in Fig. 2c, the first mass loss occurred at 210 °C is prob-
ably due to the removal of the surface adsorbed ethanol,
acetone and free oleic acid, and therefore the loss was
around 10 %. With the percentage mass losses (32 and
41 %), the second and third peaks, indicating the decom-
position of iron oleate complex, were at about 361 and
556 °C and, respectively.

3.2 Effect of iron oleat precursors on the synthesis
of iron oxide nanoparticles

The influence of oleic acid on the properties of iron oxide
nanoparticles was studied using the structural (FTIR, TGA,
XRD and TEM) and also magnetic (VSM) measurement
techniques. The FTIR spectrums for all samples were
obtained. The spectrum of samples N1 and N4 (obtained
with low (0.5 g) and (b) high (2.0 g) oleic acid) and sample
N5 (obtained from the washed iron oleate from 2 g oleic
acid) were given in Fig. 3a—c, respectively, see also
Table 1. The main difference between these samples was
that the peak intensity of the patterns of sample N1 and N4
were higher than that of sample NS5. First two sharp bands
at 2,923 and 2,852 cm™" were ascribed to the asymmetric
CH, stretch and the symmetric CH, stretch, respectively, as
indicated in [17]. Beside, no band observed at 1,711 cm™!
indicated that there were no free oleic acid, and oleic acid
molecules covalently bounded to the nanoparticles surface
as shown in Fig. la—c. In the spectrums, the peaks in the
range from 1,600 and 1,400 cm ™! are ascribed to the car-
boxylate group of oleate ion coordinated to Fe ion [19]. In
the samples, the A (1,637-1,465 cm™ =172 cm_l) was
attributed to the bridging effect between these two peaks.
Final broad band observed at 595 cm™" corresponds to the
vibration of the Fe—O functional group [13]. The spectrums
confirmed that the surface of all magnetic nanoparticles
was capped by oleic acid.

Figure 4 showed of the TGA curves of oleic acid coated
nanoparticles (sample N5). Two derivative peaks were
observed in the TGA curve. The first peak with the per-
centage mass loss (6 %) was at 244 °C due to the
decomposition of weakly bounded oleic acid. The weight
loss (20 %) measured for the second peak between 310 and
550 °C represented the loss of the covalently bonded oleic
acid molecules. Due to the removal of the surface coating
oleic acid and adsorbed ethanol, acetone and free oleic
acid, the total loss of the sample was >20 %.

The XRD patterns of the nanoparticles (samples N1—
N5) were measured. The samples N1, N4 and N5 were
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Fig. 2 TGA/DTA curves of iron oleates prepared with a 1.5 g, b 2.0 g oleic acid, ¢ the washed iron oleate obtained from 2.0 g oleic acid and

d pure oleic acid

presented in Fig. 5a—c. In the XRD patterns of the nano-
crystals, the (220), (311), (400), (422), (511), (440)
reflections at around 26 ~ 30°, 35°, 43°, 53°, 57° and 63°
were assigned to the spinel structure of the magnetite,
Fe;04 (JCPDS no. 19-0629) or maghemite, y-Fe,O3
(JCPDS no. 39-1346) since their XRD patterns are nearly
identical [9]. The rest of the samples (N2 and N3) were
also seen to have the same patterns. The average crystallite
sizes, dxrp, calculated by Scherrer’s equation [20] from
the most intense (311) peak of the XRD patterns, decreased
from 9.8 nm to 6.4 nm as the amount of oleic acid
increased.

The TEM images in Fig. 6 revealed that iron oxide
nanoparticles were independently dispersed and they have
the narrow size distribution. The mean sizes, drgm,
obtained from the TEM images for samples N1, N4 and N5

were 10.2 £32nm, 7.6 £ 29 nm and 8.2 &+ 2.2 nm,
respectively. The sizes are found to be consistent with the
XRD values. The shapes of the nanoparticles were spher-
ical. Besides, the iron oxide nanoparticles in Fig. 4c have
less spherical surface shape than the nanoparties in Fig. 6a,
b due to probably the removal of the oleic acid.

Up to now the iron oxide nanoparticles have different
properties. As for magnetic properties, room temperature
magnetisation measurements were conducted to analyse
the properties obtaining the magnetisation parameters as
saturation magnetisation, My, saturation field, Hg, rema-
nence, M; and coercivity, H, from magnetisation curves. In
Fig. 7, the magnetization curves of all the samples are
shown at +10kOe. It is seen that the M, and H, obtained
from the curves are zero and hence all samples were
identified as superparamagnetic. The My (6.0-22.5 emu/g)
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Fig. 3 FTIR spectra of nanoparticles, samples a N1, b N4 and ¢ N5
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Fig. 4 TGA/DTA curves of nanoparticles of sample N5

and H, (1,918-6,606 Oe) increased as the oleic acid
increased from 0.5 to 2.0 g. These indicate that the easy
axis of magnetisation is the direction of decreasing Hy due
to the decrease of oleic acid. Therefore, it is harder to
magnetise the samples at high oleic acid than the low one.
The M; of all samples were found to be lower than that of
the bulk maghemite (73.5 emu/g) and magnetite (92 emu/
g) which were most likely due to the existence of organic
coating agents and smaller size of particles [21, 22]. Also,
in our study, more effective explanation for obtaining low
M; may have come from the oleic acid coating agents on
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Fig. 5 The XRD pattern of iron oxide nanoparticles for samples
a N1, b N4 and ¢ N5

surface of the nanoparticles since the magnetic moment
obtained from the VSM is divided by the whole sample
mass to calculate the M, values. Thus, the washed nano-
partiles from oleic acid (sample N5), exhibited relatively
high Mg = 33.2 emu/g. This result indicates that capping
agents, which have negative effect against saturation
magnetization, have removed during the washing process.
The absolute M, of the samples could be calculated using
the TGA findings. As an example, the M, for iron oxide
core of N5 was calculated as 45 emu/g since the weight
percentage for iron oxide core was 74 % according to the
TGA results. It is disclosed that the increase of Hg is a
result of a decrease in the crystalline sizes caused by oleic
acid amount.

4 Conclusions

The study investigated the effect of the newly developed
precursors on the properties of the nanoparticles synthes-
ised by thermal decomposition. The iron oleate precursor
was formed from oleic acid and iron powder under high
temperature. To the structure of iron oleat complexes by
the FTIR, the A = 151 ecm™! and A = 77 cm™", indicate
that oleic acid was attached bridging and bidentate fashion,
respectively. The chemical and thermal analysis of the
precursors by the FTIR and the TGA, respectively have
disclosed that the different amount of oleic acid have an
impact on the properties of iron oleat precursors. As for the
nanoparticles, the physical and magnetic caharcterisations
were studied with respect to amount of oleic acid. Also, the
nanoparticles were chemically characterized by the FTIR
and the TGA. The FTIR measurements indicated that
surface of the nanoparticles were capped with oleic acid,
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Fig. 6 TEM images of iron oxide nanoparticles, samples a N1, b N4, ¢ N5
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Fig. 7 The magnetization curves of all samples of nanoparticles at
room temperature

and the bridging modes were observed. The XRD analysis
disclosed that all samples are iron oxide nanocrystals and
their crystal sizes were in the order of 6.4-9.8 nm with the
decrease of oleic acid. Transmission electron microscope
images showed that the nanoparticles were spherical in
shape, and the mean size of nanoparticles decreased from
10.2 &£ 32 nm to 7.6 £ 2.9 nm as the amounts of oleic
acid increased. The magnetic properties were also studied
in accordance with the changes of structural properties
caused by the oleic acid. Synthesised nanoparticles were
superparamagnetic at room temperature and their satura-
tion magnetizations increased up to 33.2 emu/g with the
increase of oleic acid. The saturation field increased with
decreasing crystalline sizes caused by oleic acid.
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