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Abstract

This study investigated the use of polymer derived from oleic acid for coating iron oxide nanoparticles. The
purpose of this study was to provide the magnetic nanoparticles an appropriate surface for stabilization in organic
solution. The magnetic nanoparticles coated were produced by mixing of the polymer solution with the ferromagnetic
fluid by mechanical stir, followed by magnetic separation. These nanoparticles generated a core-shell behavior,
in which the core provides the magnetic properties and the external layer formed by the polymer. The interaction
between iron nanoparticles and oleic acid polymer occurred by the affinity of carboxylic group. This interaction makes
the nanoparticles hydrophobic, moving to the organic media. The carbon content of the coated nanoparticles was
approximately 14%, when analyzed by scattering electron microscopy (SEM-EDX), and 12%, when analyzed by
Elemental Analysis of carbon, hydrogen and nitrogen. This percentage confirms the presence of the polymer on
the surface of magnetic nanoparticles. The average diameter of the coated and uncoated nanoparticles obtained
by transmission electron microscopy was around 13 nm and 11 nm and the average diameter of crystallite by
X-ray diffraction was around 8 nm and 12 nm respectively. Averaging all this values we obtain 11 £ 2 nm. The
thermogravimetric analysis showed the degradation temperatures starting from 200°C to 500°C, attributed to the
polymer, and another one degradation temperature between 650-750°C, relative to the polymer-nanoparticles
interaction. Furthermore, the vibrating sample magnetometer indicated that coated nanoparticles remain magnetic,

with increasing saturation magnetization value, when a magnetic field was applied.
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Introduction

Magnetic materials in nano-scale have been studied because these
materials have a diversity of biomedical applications, such as drug
delivery in hyperthermia, contrast agents for magnetic resonance
imaging (MRI) and bio-separation [1,2]. These magnetic nanoparticles
have dimensions of 1 to 100 nm. The particle size depends of the
synthesis applied to it and can be controlled by the use of stabilizing
agents which act on the surface of the nanoparticles [3,4].

Some preparation methods of magnetic nanoparticles include
thermal decomposition [5], microemulsion [6] or co-precipitation
[7,8]. The co-precipitation method is the simplest and most efficient
for obtaining magnetic particles. By this method, the iron oxides (Fe,O,
and y-Fe,O,) are prepared from the stoichiometric mixture of aqueous
solutions of ferrous and ferric salts in alkaline medium [9]. The
chemical reaction of synthesis of magnetite (Fe,O,) can be described
according to Equation 1. However, magnetite is not very stable and
can be oxidized when exposed to atmospheric oxygen turning into
maghemite (y-Fe,O,), according to Equation 2.

Fe’" + Fe' +8 OH™ — Fe,0, + 4 H,0 @

Fe,0, +2 H" — y-Fe,0, + Fe + H,0 @

In this stage, according to literature [10,11] the oleic acid, in this
case the polymer, is used to coat the magnetic nanoparticles due to its
surfactant action that generates high affinity to the nano-magnetite. The
action of the stabilizer on the surface of the nanoparticles eliminates,
in other words cut out the aggregation process caused by magnetic force
attraction and Van der Waals forces. Furthermore, this facilitates the
stabilization and dispersion of the particles in organic solutions [2,12,13].

Other factors affecting the formation and shape of the nanoparticles
as the salts, the Fe’*/Fe*" ratio, the reaction temperature and the pH
[14]. These particles are low cost, low toxicity and eco-friendliness.
Also, have excellent physical, chemical and magnetic properties as
supermagnetism, high surface area, easy separation under an external
magnetic field and strong adsorption capacity [15].

Oleic acid has been one of the fatty acids most commonly used for
coating of magnetite. The oleic acid is composed by the carboxylic group
and the long chain hydrocarbon, (CH,(CH,),CH=CH(CH,),COOH)
[4]. The carboxylic group interacts with the hydrophilic surface of the
iron oxide and makes it hydrophobic by the presence of the long chain
fatty acid. The same action is expected by the polymers produced by
using oleic acid and different dicarboxylic anhydrides. Polymers that
have functional groups -COOH, -NH,, -OH, are also compatible with
these particles, increasing electrostatic attraction between them [16].
Among the polymers used for this purpose are the gum arabic, dextran,
chitosan, poly(ethylenimine) (PEI) and poly(ethylene glycol) (PEG)
[15,17-19]. Recently, different groups work with the polymerization of
fatty acids products like oleic acid, linoleic acid and linolenic acid and
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others [20,21]. These polymers are synthesized by epoxidition of the
double bond of the fatty acids, and subsequent opening of the epoxide
ring with use of triethylamine (initiator) and differentkind of anhydride,
as phtalic, maleic, succinic or cis-1,2-cyclohexanedicarboxylic.

The aim of this study was to prepare magnetic nanoparticles coated
with polymer, produced by the reaction between epoxidized oleic
acid, cis-1,2-cyclohexanedicarboxylic anhydride and triethylamine,
for stabilizing in organic media. This polymer presents a hydrophilic
part characterized by the structure of carboxylic group that provide
high chemical affinity to the surface of the magnetic nanoparticles.
Moreover, the hydrophobic chain is exhibiting a shell behavior and
causes the movement of the nanoparticles to organic medium.

Experimental Part

Material

The reagents were used as supplied. Ferric chloride (FeCl2+4H20,
99%), and cloridric acid (99.5%) were procured from Sigma-Aldrich,
(Darmstadt, Germany). Ferric chloride (FeCl3¢6H20, 97%),
ammonium hydroxide (NH4OH, minimum assay: 24-26%), sodium
bisulfate (99%), anhydrous sodium sulfate (58,5%) and triethylamine
P.S. (99%) were obtained from Vetec (Rio de Janeiro, Brazil). Oleic
acid P.A, formic acid (85%), toluene (99.5%) and hydrogen peroxide
(30% w/w) were purchased from Synth (Sdo Paulo, Brazil). Cis-1,2-
cyclohexanedicarboxylic anhydride (99%) was purchased from Acros
Organics, (Geel, Belgium).

Synthesis of iron oxide nanoparticles

The magnetic nanoparticles were produced using the co-
precipitation method. The synthesis was carried out by mixing a
solution of iron (III) chloride hexahydrate and a solution of iron (II)
chloride tetrahydrate by alkaline hydrolysis. The molar ratio of Fe (III)
and Fe (II) was 2:1. The solution of FeCl3. 6 H20 was prepared by
dissolving the reagent in 40 ml of solution of HCI (2 mol L-1), while
FeCl2. 4H20 was dissolved in 10 ml of solution of HCI (2 mol L-1).
After, aqueous solution of ammonia to 0.7 mol L-1was added. The
products were stirred mechanically for 30 min. The black precipitate
formed was washed with distilled water and excess water was dropped
by magnetic sedimentation [22]. The sample was heated at 70°C for
30 min to evaporation of traces of ammonia [4]. The black precipitate
formed was kept in water (ferrofluid) for later use.

Epoxidation of oleic acid

The epoxy rings of the oleic acid were produced by the substitution
of the double bonds of the oleic acid. Thus, oleic acid was stirred with
toluene and formic acid. After that, the hydrogen peroxide was added
dropwise to the reaction for 1 h. The molar ratio of hydrogen peroxide/
formic acid/unsaturation was 20/2/1.The reaction continued for 3
hours at 80°C [23]. Finally, a solution of sodium bisulfite 10% was added
under stirring for 10 min at room temperature. The aqueous phase was
discarded and the organic phase was separated and washed until the pH
6.0-7.0. Anhydrous sodium sulfate was added to remove moisture. The
system remained at rest overnight. The epoxide was filtered off and the
solvent (toluene) was evaporated in rotary evaporator at 80°C [24,25].
The obtained product was named Epoxidized Oleic Acid (EOA).

Polimerization reaction

The polymerization process occurred by mixing 20 g of epoxidized
oleic acid, 10 g of cis-1,2-cyclohexanedicarboxylic anhydride, 160 ul
of triethylamine (TEA) as initiator. The reactants were stirred for 3h

30 min at 150°C. The polymer obtained was presented as a yellowish
and translucent product [23,26]. This material was named as oleic acid
polymer (OAP).

Interaction between magnetic nanoparticles and oleic acid
polymer

The magnetic fluid was mixed in the toluene polymer solution.
The suspension was mechanically stirred for 1h at room temperature.
The coated magnetic nanoparticles were separated by magnetic
sedimentation. The samples were dried at 70°C to constant weight.
The resulting product was named Iron oxide nanoparticles—Oleic acid
polymer (INP-OAP), as indicated in Figure 1.

Characterization

The morphological images of the particles were obtained
by scanning electron microscopy (SEM) on a JEOL, model JSM
5800, operating at 20kVand coupled with energy dispersive X-ray
spectroscopy (EDX), model Norman SistemSix. The preparations of
samples were carried out by deposition of the nanoparticles, with and
without coating, in aluminum holders and subsequent metallization
with gold. The average diameter of the particles and nano-scale
images were obtained by transmission electron microscopy (TEM) in
a Libra microscope, operating at 120kV. The interaction between the
magnetic nanoparticles and the polymer was investigated by Fourier
Transform Infrared spectroscopy (FTIR) and Thermogravimetric
Analysis (TGA). The equipment used for the analysis of infrared
spectroscopy was carried out on Shimadzu FTIR-8300. The spectra
were obtained by measurements of transmittance in the range 4000-
500 cm-1land averaged over 32 scans. The samples were prepared in
KBr pellets. The equipment used for thermogravimetric analysis was
a Universal analyzer V2.6D (TA Instruments). Samples (10 mg) were
heated from room temperature to 900°C at a heating rate of 20°C/min
under N2atmosphere. The equipment used for the analysis of X-ray
diffraction was a X-ray diffractometer of Rigaku brand, model DMAX
2200, operating at 40 kV, 17.5 mA, 200 V, equipped with copper tube
(A=1.54178 A). The angular range was set at 20° to 75°. The magnetic
properties were measured from a vibrating sample magnetometer
(VSM), Microsensebrand, model EZ9, at room temperature.

Results and Discussion

The behavior of the iron nanoparticles in water or toluene can
be observed in Figure 2. The pure magnetic nanoparticles remain
suspended in aqueous medium due the presence of the hydrophilic

- )

0 NC2Hs)3
o
[,/\\ [(}O
_ T C:O
o 0
v v
0
AN CZO
L ~c-0 n
o-
Figure 1: Oleic acid polymer coated magnetite.
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Figure 2: Behavior of the pure nanoparticles (a) and coated nanoparticles (b)
in water-toluene system.

surface of the material, as shown in Figure 2a. The Figure 2b
demonstrates the suspension of iron nanoparticles coated by oleic acid
polymer in toluene. As we can see, the coating with polymer makes
them to leave from the water in to organic solvent. This stabilization
of the modified nanoparticles in toluene confirmed the chemical
interaction between the polymer and iron oxide nanoparticles [27].

The Figure 3a shows the SEM images of pure magnetic
nanoparticles, Figure 3b shows morphology of the polymer and Figure
3c shows nanoparticles coated by the polymer. The corresponding EDX
results are presented parallel to these images. The results of percentage
of carbon element for nanoparticles uncoated, pure polymer and
nanoparticles coated presented values of 1.3, 83.4 and 14.1, respectively.
In the case of the iron element the values were 98.7, 16.6 and 85.9,
respectively. These results confirm the coating of the nanoparticles by
the polymer, because the percentages of carbon, present in chain of the
polymer, increased approximately 10% after coating.

The carbon percent on the surface of the nanoparticles coated was
also determined from the elementary analysis of carbon, hydrogen
and nitrogen (CHN). This technique showed a percentage of 12.9% of
carbon, 2.4% of hydrogen and 0.1% of nitrogen. The carbon content
in the sample is derived from oleic acid polymer, confirming the
interaction of the nanoparticles with the polymer. The CHN analysis
showed an organic mass content of 19.0% from the chemical formula
of the compound.

The TEM micrographs of the pure nanoparticles and the coated
nanoparticles are shown in Figure 4a and 4b respectively, and the
respective histograms. The image show that the particles have a
reasonably spherical shape, where in the obtained average diameter of
the particles was approximately 11 nm for the uncoated and 14 nm
for the coated, setting them as nanoparticles. However, it is worth
to observe that the distribution of the particles is not the same. The
coating makes the distribution wider in comparison to the uncoated
nanoparticles.

The analysis of X-ray diffraction confirmed the existence of iron
oxide particles as shown in Figure 5a. The XRD pattern showed values
of 20 at 30.3°, 35.7°, 43.1°, 53.6°, 57.4° and 62.6° concerning plans
reflection of the crystal structure of magnetite (220) (311), (400), (440),
(531) and (533), respectively [28-30]. The same can be observed for
the magnetic nanoparticles coated with polymer (Figure 5b). The
broadening of width of half maximum of the peak in the INP-OAP can
be seen in all the peaks in the Figure 5b, as well as the amplified signal
relative to the crystallographic plane 311 (Figure 5c¢).

The average diameter of the crystallites of pure and coated
nanoparticles were obtained from the half height of the peaks 311
XRD diffraction and calculated according to the Scherrer equation.
The values found were 12 nm (INP) and 8 nm (INP-OAP). This
difference of the magnitude can be explained by the method used in
the preparation of the coated nanoparticles. The coated nanoparticles
are submitted in a new heating treatment, which is related to a selective
process, selecting the smaller nanoparticles to be coated. However,
the process needs more studies. The polymer possesses a lower optical
density compared to the pure magnetite, thus, the size of the crystalline
refer only to the magnetic core.

The FTIR spectra of Figure 6 shows a comparison of the pure
polymer (OAP), the pure nanoparticles (INP) and the iron oxide
coated by polymer (INP-OAP). The asymmetric and symmetric
stretching of CH groups present in the polymer chain can be checked
at 2925 and 2856 cm’!, respectively [31]. The band at 1724 cm'is related
to the stretching of the carbonyl group of the carboxylic anhydride and
generates an overlapping of peaks (C=0) [32,33]. The band in 1170
cm''is a characteristic one for the group C-O-C, present in the ester of
the polymer [23]. The nanoparticles of iron oxide (INP) showed bands
in the region of 620 and 571 cm™' characteristic of the Fe-O group. The
bands at 3400 and 1630 cm™ assigned to the vibration of OH group
coated on the surface of iron oxide [34]. A shoulder at 1540 cm™ can be
related to the bond of the carboxylate with the structure of magnetite
[35,36]. These results confirm the interaction between the oleic acid
polymer and the nanoparticles of the Iron oxide [32].

Thermogravimetric analysis was employed to determine the loss
of mass of the polymer used in the coating of the nanoparticles (Figure
7). The degradation curve of pure nanoparticles demonstrated a loss
percentage of approximately 1%, under the temperature of 100°C,
which can be related to the water adsorbed on the surface of magnetite.
In relation to the mass loss of the pure polymer, it was observed two
significantlosses. The first loss is between 150-300°C and the second loss
is between 300-400°C [32]. This two-step degradation is a characteristic
of the polymers produced by plant oils. Observing the mass loss
curve of the iron nanoparticles coated with the polymer, we see three
degradation stages: the two stages characteristic of the polymer and the
third one that is related to the interaction between them, which can be
observed at a temperature between 600- 800°C [30,37].

According to the Figures 8 and 9, it is possible to make a comparison
of the degradation temperature of the pure polymer and coated
nanoparticles with it. The two main degradation of the polymer are
around 260 and 370°C (Figure 8). The Figure 9 indicates in the region
between 200°C and 500°C more than five degradation superposed
processes. However, what differentiates the Figures 8 and 9 is the mass
loss at temperature 713°C and percentage of the loss of 7.55%. This
is an additional argument which proves the interaction between iron
nanoparticles and polymer obtained using oleic acid.

The presence of magnetic property in the nanoparticles coated
was tested by the application of an external magnetic field [38]. The
magnetic attraction of these nanoparticles has shown that the magnetic
properties are maintained even after coating. This can be seen in
Figure 10a where the nanoparticles coated by polymer are suspended
in organic phase (toluene), without external magnetic field and Figure
10b shows the same composition is suspended under an external
magnetic field. It can be observed the attraction of the nanoparticles
under the magnetic field.

The magnetic behavior of the Iron oxide nanoparticles and the
same nanoparticles coated with the polymer can also be observed
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Figure 4: TEM of INP (a), INP-OAP (b) and the histogram of average particle diameters, respectively.
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Figure 5: The XRD pattern of iron oxide nanoparticles pure (a), iron oxide coated with oleic acid polymer (b) and amplification of the signal 311 (c).
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Figure 7: TGA thermograms of Iron nanoparticles (INP), oleic acid polymer

(OAP) and the nanoparticles coated by the OAP.

from the measurements of the magnetization at room temperature, as
shown in Figure 11. According to the magnetization curves could be
observed that both of the samples possess typical superparamagnetic
behavior. The saturation magnetization of the uncoated particles was
17.7emu/g and the corresponding value, for the nanoparticles coated
with polymer, was 21.1 emu/g. This can be explained by the size and the
broader distribution of the coated the nanoparticles, as well as, the fact
that the nanoparticles uncoated when exposed to the environment may
undergo oxidation and consequently losing magnetism. The uncoated
nanoparticles show smaller diameter and, consequently, smaller
protection against oxidation [39].

Conclusion

Nanoparticles of Iron oxide (Fe,O,) were prepared by using the
method of co-precipitation. The prepared nanoparticles were by the
coating with a polymer produced by Epoxidized Oleic Acid and cis-1,2-
cyclohexanedicarboxylic anhydride using triethylamine as initiator.

The core-shell behavior of the coated particles was proved by the
stabilization of the nanoparticles in organic medium. By the TEM was
possible to obtain particles with diameter average around 11 nm for the
uncoated and around 13 nm for the coated nanoparticles however with
a broader distribution for the second. XRD confirmed the structure of
magnetite due to the presence of their crystallographic planes and the
same XRD pattern was obtained for the INP-OAP nanoparticles. The
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Figure 10: Application of an external magnetic field. (a) INP-OAP in toluene
stabilized without external magnetic field and (b) with an external magnetic field.
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Figure 11: Magnetization (M) versus applied magnetic field (H) for INP and INP-
OAP, at room temperature.

broadening of the XRD peaks, compared to the magnetite, indicates the
interaction between magnetite and polymer. The FTIR of the product
polymer-particle showed characteristic bands of separate samples, such
as C=0 and CH, referring to the polymer chain, as well as the Fe-O,
present in the iron oxide. Both materials, uncoated and coated, indicate
magnetic properties, however, the magnetization curves showed the
presence of superparamagnetic behavior. The coated nanoparticles
showed the magnetization value of 21.1 emu/g and the uncoated the
value of 17.7 emu/g.
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