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g r a p h i c a l a b s t r a c t
� Interparticle interactions are
controlled by adjusting the matrix
components.

� Particle aggregation into the matrices
was monitored by the Fractal Aggre-
gate Model.

� Magnetization results were analyzed
by the Interacting Super-
paramagnetic Model.

� Bio-based magnetic nanocomposites
are promising materials in industrial
applications.
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The aim of this work is to study the influence of the polymeric matrix composition on particle aggre-
gation, magnetic interparticle interactions and nanoparticle surface effects, which affect the magnetic
and structural properties of different ultra-diluted magnetite nanocomposites (MNCPs). Bio-based
matrices were selected as a possible response to the increasing demand for renewable materials. To
investigate the influence of different bio-based polymeric matrices on the magnetic behavior, three
different bio-based polymers were used to prepare MNCPs with 1 wt.% of magnetite nanoparticles
(MNPs). One of them was prepared using a tung oil (TO)/styrene (St) weight ratio of 70/30, a second one
was prepared by replacing the styrene with methylester (green comonomer obtained from tung oil, ME,
70TO/30ME) and a third one that incorporated a green modifier, acrylated epoxidized soybean oil (AESO),
using a tung oil/AESO weight ratio of 90/10. Structural features as nanoparticle aggregation state,
nanoparticle and cluster sizes, and fractal dimension were studied and determined from small-angle X-
ray Scattering (SAXS). The experimental SAXS data were analyzed by means of fractal aggregate model.
Results indicate differences in nanoparticle arrangement depending of the containing matrix. The
magnetic characterization of these materials indicates that the matrix strongly affects the physical and
chemical properties of the MNCPs. All samples display superparamagnetic behavior at room
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temperature, but the blocking temperature varies from 75 K (tung oil/styrene with 1 wt.% MNPs) to 126 K
(tung oil/AESO 1 wt.% MNPs). Furthermore, the temperature dependence of the coercive field changes for
all samples, suggesting a strong influence of the polymer properties on the magnetic properties of the
MNCPs.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The production of polymeric bio-based nanocomposites has
become an important area of research and development due to the
potential applications of these materials in different scientific and
industrial fields [1,2] as well as biotechnology and biomedicine [3].
Particularly, in pharmaceutical applications, it is possible to control
the drug delivery by using polymeric materials loaded with mag-
netic nanoparticles which are activated with external magnetic
fields [4e6]. When a magnetic field is applied over a magnetic
nanocomposite, drugs previously loaded into the MNCP can be
released. On the other hand, the bio-based nanocomposites have
numerous applications in the aircraft, automobile and machine
industries, where they can be used for noise reduction and pre-
vention of vibration induced fatigue failure [7].

In order to develop technological applications, cheap and easy-
to-obtain magnetic nanocomposites are preferable. Specifically, the
development of polymeric composites obtained from renewable
raw materials additionally presents several environmental advan-
tages [8,9]. These bio-based nanocomposites can be described as
bio-basedmatrices reinforced withmagnetic nanoparticles [1,3,10].
Even though in the recent years the production of these kind of
materials has grown considerably, few authors use vegetable oils as
raw materials to prepare nanocomposites using magnetite nano-
particles as fillers [11e13].

Physico-chemical properties of this class of MNCPs are regulated
by several factors, such as type of magnetic particles, size, poly-
dispersity, coating and concentration within the matrix, as well as
the chemical nature of the containing matrix, among others. In the
last few years, the ability to control the aforementioned aspects has
led to a number of potential applications. Some of these are
centered on the fact that the magnetic nanoparticles can be ther-
mally activated by an alternating magnetic field, producing a
release of heat, which under specific conditions, can be used to
change the mechanical properties of the MNCPs, e. g. stress for
MNCPs for shape memory or actuators, diffusion coefficient for
MNCPs for drug delivery, etc [14e21]. Such release of heat also can
be exploited for hyperthermia treatment of cancer [22e25], in this
sense and according to latest reports, increase in magnetic in-
teractions between nanoparticles amplifies the specific absorption
rate (SAR) [22,23], which is an important parameter to take in ac-
count for hyperthermia treatments. Usually, to obtain polymer-
magnetic nanocomposites with higher interparticle interactions is
necessary to increase the percentage of magnetic nanoparticles
with respect to the total volume of the composite. However, for in-
vivo applications, such as magnetic hyperthermia, an increase in
the amount of magnetic nanoparticles may not be viable. Thus, it is
necessary to find alternatives that would allow enhancing the
magnetic interparticle interactions without increasing the nano-
particle concentration. Concerning this we explore a way to in-
crease the interparticle interactions by adjusting the matrix
components, but keeping the nanoparticle concentration constant.

In a previous work [12], superparamagnetic polymer nano-
composites were prepared from the incorporation of magnetite
nanoparticles (1 and 9wt.%) into amatrix composed by tung oil and
styrene using a weight ratio of 50/50. We studied the morphology,
dynamic-mechanical andmechanical properties of theseMNCPs, as
well as basic magnetic properties, from which we concluded that
they were significantly affected by the variation of the concentra-
tion of the MNPs.

From previous results, we inferred that it would be necessary to
consider systems with low concentration of MNPs (1 wt.%) in other
matrices, in order to study how the interaction among the MNPs
and the matrices affects the thermal, dynamic-mechanical, me-
chanical and magnetic properties, among others. Considering this
objective, three novel matrices with 1 wt.% of MNPs concentration
were prepared. The same matrices without MNPs were also pre-
pared and previously characterized [26]. The first one was prepared
using a tung oil/styrene weight ratio of 70/30 (called S1). A second
one (called S2) was prepared replacing the styrene monomer for
methylester (ME), which is a green monomer (obtained by trans-
esterification of the tung oil with methanol) in the same weight
ratio (70/30). Finally, a last one (called S3), consisted in the incor-
poration of a green modifier, a commercial acrylated epoxidized
soybean oil (AESO), using a tung oil/AESO weight ratio of 90/10.

Small angle X-ray scattering method was used to investigate the
structure of the MNPs within the non-magnetic matrix. Cluster
formation was followed by means of the fractal aggregate model.
Magnetic experimental results were analyzed by means of the
interacting superparamagnetic model (ISP) [27] that takes into
accountmagnetic interactions of dipolar origin. This model gives an
indirect analysis of MNP aggregations in the MNCPs, obtaining an
excellent agreement for magnetic nanocomposites with low MNPs
concentration (1 wt.%). When the ISP model is used in magnetic
nanocomposites with concentrations higher than 1 wt.% spurious
results appear as a consequence of strongeredipolar interactions
amongMNPs, possibly due to a more compact agglomeration of the
nanoparticles.

The aim of this work is to study more exhaustively the magnetic
and structural properties of bio-based nanocomposites synthesized
from different bio-based polymeric compounds, which were used
as support matrix for magnetite nanoparticles (1 wt.%). Magnetic
results of the three samples synthesized for this work are compared
with those already reported for a sample made from tung oil and
styrene with 1 wt.% MNPs [12].
2. Experimental procedures

2.1. Materials

The vegetable oil used, tung oil (TO), is a triester of glycerol and
fatty acids, being the major fatty acid constituent a-elaeostearic
acid (84 wt.%). The monomers used in the copolymerization with
tung oil were: styrene (St) 99.95% pure supplied by Cicarelli and a
monomer synthesized in our laboratory, methylester from tung oil
(ME) obtained by transesterification reaction [26]. The modifier
was a commercial acrylated epoxidized soybean oil (AESO) pur-
chased from SigmaeAldrich. Boron trifluoride diethyl etherate
(BF3.OEt2) with 46e51% BF3, obtained from SigmaeAldrich was the
initiator of the cationic reaction and was modified with
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tetrahydrofurane 99% pure, (THF) from Cicarelli.
For the magnetic nanoparticles the following reagents (Sigma-

eAldrich) were used as received: ferric chloride hexahydrate
(FeCl3$6H2O), ferrous chloride tetrahydrate (FeCl2.4H2O), ammo-
nium hydroxide (28e30% NH3) and oleic acid (Aldrich). N-heptane
was used as solvent (P.A. grade).

2.2. Methods and techniques

2.2.1. Magnetite nanoparticles (MNPs) preparation
Magnetite nanoparticles were prepared by a co-precipitation

method from an aqueous Fe3þ/Fe2þ solution using excess of
concentrated ammonium hydroxide. Specifically, 0.09 mol of
FeCl3$6H2O and 0.06 mol of FeCl2.4H2O were dissolved in 50 mL of
distilled water and heated at 70 �C. After that, 40 mL of NH4OH
were added and the formation of a black precipitated was imme-
diately observed [28].

The obtained nanoparticles were subsequently coatedwith oleic
acid by adding 0.02 mol of oleic acid and the suspension heated to
80 �C for 30 min. The obtained oleic acid coated magnetite nano-
particles were washed with distilled water and separated by
centrifugation several times until neutral pH was obtained. Finally,
they were dispersed in n-heptane to form a stable ferrofluid and
stored until future use.

2.2.2. Preparation of bio-based compounds and magnetic
nanocomposites (MNCPs)

For the synthesis of the copolymers of tung oil (TO) with styrene
(St) and with methyl ester of tung oil (ME) used in the preparation
of the nanocomposites (MNCP), a weight ratio of 70/30 (TO/
comonomer) was selected (sample S1 and S2, respectively). In the
case of the MNCP prepared with acrylated epoxidized soybean oil
(AESO) the weight ratio (TO/modifier) was selected as 90/10
(sample S3). In all cases, the mixture was stirred for few minutes
before proceeding to the addition of 3 wt.% of modified initiator
(BF3.OEt2 plus 5 wt.% of THF). As it was reported [29,30], due to the
poor miscibility of the catalyst in the oils, it must be modified to
obtain a homogeneous initial solution. A selected percent of oleic
acid-coated magnetite nanoparticles (1 wt. %) was added to the
original mixture. Then, this mixture was sonicated in an ultrasonic
device to obtain a good dispersion of magnetite nanoparticles and
finally, poured into glass plates of 13 mm � 18 mm separated by a
rubber cord of 1 mm of thickness and kept closed with metal
clamps. The reactants were heated first at 25 �C for 12 h, then at
60 �C for 12 h and finally at 100 �C for 24 h. After curing, the
samples were conditioned at room temperature, in a normally
illuminated area, inside a desiccator containing silica gel to main-
tain a dry atmosphere.

Throughout this manuscript the following nomenclature for
samples will be used: bio-based polymeric compounds without
magnetic nanoparticles as S1, S2 and S3 and the corresponding
magnetic nanocomposites with 1wt. % of MNPs as M1, M2 and M3,
respectively. Magnetic nanocomposite 50TO/50St with 1wt.% of
MNP (comparative sample for magnetic analysis) is called MX.

2.2.3. Thermogravimetric analysis (TGA)
Thermogravimetric analysis of MNCPs was performed using a

TGA-50 SHIMADZU at a heating rate of 10 �C/min under air atmo-
sphere. Samples were dried in a vacuum oven until constant
weight, before performing the analysis.

2.2.4. Dynamical-mechanical tests (DMA)
A Perkin Elmer dynamic mechanical analyzer (DMA 7) was used

to determine the dynamic mechanical behavior of the samples
using the tensile fixture and temperature scan mode under
nitrogen atmosphere, with dynamic and static stresses of 50 and
100 kPa, respectively. The sample dimensions were
20� 5 � 0.5 mm3. At least three tests for each sample were carried
out in order to ensure reproducibility of the results. The frequency
of the forced oscillations was fixed at 1 Hz and the heating rate was
of 10 �C/min.

2.2.5. Mechanical tests: microtensile testing
Microtensile testing were performed at 18 �C on tensile speci-

mens of 5 mm � 35 mm � 1 mm cut from the molded plaques,
using a universal testing machine (INSTRON 8501), in accordance
with ASTM D 1708-93 at a crosshead speed of 5 mm/min. Young's
modulus (E), ultimate stress (su) and elongation at break (εu) were
determined from the average values of at least four replicates for
each sample.

2.2.6. Scanning electron microscopy (SEM)
The scanning electron microscopy images were taken at the

LNNano of National Nanotechnology Laboratory (CNPEM, Campi-
nas, Brazil). The samples were analyzed with a FEI Inspect F-50
Field Emission Scanning Electron Microscope (FE-SEM) equipped
with energy dispersive X-ray spectroscopy (EDS) attachment for
elemental analysis. Since the samples are non-conductive, they
were previously coated with a gold layer of about 16 nm in
thickness.

2.2.7. Small-angle X-ray scattering (SAXS)
Small-angle X-ray Scattering (SAXS) experiments were per-

formed on SAXS2 beamline at the Brazilian Synchrotron Light
Laboratory (LNLS), Centro Nacional de Pesquisa em Energia e
Materiais (CNPEM), Campinas, Brazil). The measurements were
carried out at room temperature. The scattering intensity was
measured as function of momentum transfer vector q (q ¼ 4p sinq/
l), in a range from 0.08 to 2.0 nm-1, being q is the scattering angle
and with a wavelength of l ¼ 1.822 Å. Data treatment was per-
formed using the software SASFit (0.94.6 version). All SAXS ex-
periments were conducted under controlled environmental
conditions (20 �C and 45 ± 5% relative humidity).

2.2.8. Static magnetic properties
Magnetic properties of the nanocomposites were studied using

a SQUID magnetometer (Quantum Design, MPMS XL). The mag-
netic field dependence of magnetization was measured with field
up 1600 kA/m (±2T) at various temperatures. Magnetization versus
temperature curves were performed in zero field cooled (ZFC) and
field cooled (FC) modes. In the ZFC mode, the sample was cooled
under a zero magnetic field. Then, a static magnetic field of 4 kA/m
was applied and the magnetization was measured as the temper-
ature was increased to 300 K. In the FC mode, the sample was
cooled in the presence of a magnetic field of 4 kA/m and the
magnetization was measured during warming under the same
field.

3. Results and discussion

3.1. Thermogravimetric analysis (TGA)

TGA analysis of the materials with and without 1 wt.% of MNPs
was performed to evaluate the effect of the addition of magnetic
nanoparticles on the thermal degradation of the composites.

Fig.1 shows the TGA curves of themagnetic (M1, M2 andM3) and
non-magnetic (S1, S2 and S3) samples. MNCPs loaded with 1 wt.% of
MNPs have a similar weight loss than the original matrices in the
temperature range 420e620 K. The most important differences
with respect to the degradation of the original matrices, are



Fig. 1. Thermogravimetric curves for the samples of S1, S2, S3, M1, M2 and M3.

Fig. 2. Tan d vs temperature curves for the S1 and M1 samples.

C. Meiorin et al. / Materials Chemistry and Physics 175 (2016) 81e9184
observed in the range of 770e920 K, where all the curves with
1 wt.% of MNP show a larger weight loss. This behavior could be
attributed to the fact that the polymer layer on the surface of the
magnetic nanoparticles can present a physical conformation quite
dissimilar in comparison to thewell-developed polymeric structure
of the bulk polymer. This last effect was also reported by authors
that have worked with nanocomposites of quitosan and magnetite
where the reduction in the thermal stability of the matrices was
attributed to the fact that the chitosan deposited on the surface of
the magnetic particles has lower crystallinity and lower rigid mo-
lecular structure compared to the free chitosan, requiring less en-
ergy to achieve its thermal degradation [31e34].

In all cases, the sensitivity of the equipment is not enough to
detect significant changes above 920 K between the neat polymer
and the MNCPs at the concentrations of MNP used (1 wt.%), and
thus, TGA results could not be used to confirm the magnetite
content in the MNCPs.
3.2. Dynamical-mechanical tests (DMA)

Fig. 2 shows the variation in tan d (damping or loss factor) and
the storage modulus (E0) as a function of temperature in samples
M1 and S1. The same tendency has been previously reported [12] for
MX sample: two peaks were observed in the loss factor curve, while
the main maximum of the curve, (related to the glass transition
temperature, Tg, of the sample) was shifted toward higher tem-
peratures with the addition of MNPs (increase of about 40 K with
respect to the matrix). The reason for this outstanding increase in
Tg can be explained as the result of the incorporation of magnetic
nanoparticles of high rigidity, together with the good interaction at
the interfaces between polymer matrix and coated magnetic
nanoparticles.

In addition, the considerable changes in the shape of the curves
are attributed to the heterogeneity of the system, where some re-
gions in the sample correspond to the bulk polymer, and other
regions are influenced by interactions with the magnetic nano-
particles. On the other hand, the tan d factor >0.3 over a wide
temperature range, indicates good damping capacity of the mate-
rial [35].

Regarding to the storage modulus, the MNPs addition also in-
creases this property over the range of temperatures tested, but
with greater effect at temperatures above the glass transition
temperature of the copolymer without magnetic nanoparticles.

Fig. 3 shows the dynamicalemechanical curves as functions of
temperature for samples S2 and M2. As it was observed for other
copolymers, the incorporation of MNPs causes a shift of the
maximum in tan d curve at higher temperatures (283 Ke310 K). In
this particular case, a small shoulder also appears between 250 K
and 280 K, which could be attributed to the relaxations of less
reactive components of the methyl ester of tung oil. This sample
shows a small reduction in the vitreous and rubbery modulus (low
and high temperatures) with the addition of MNPs. However, the
drop in the storage modulus (transition region) occurs at higher
temperatures in comparison with the neat copolymer TO/ME, and
thus, the room temperature storage modulus increases with the
MNP addition. As it was previously mentioned, the addition of
MNPs modifies the structure of the material, which leads to the
observed changes in the storage modulus.

Fig. 4 shows the behavior of the samples S3 and M3, with Tg



Fig. 3. Tan d vs temperature curves for the S2 and M2 samples.

Fig. 4. Tan d vs temperature curves for the S3 and M3 samples.

Table 1
Mechanical properties of the copolymers based on TO/St, TO/ME and TO/AESO with
1 wt.%. of MNP.

Sample E (MPa) su (MPa) εu (%)

S1 4.89 ± 0.55 0.52 ± 0.24 10.55 ± 3.55
M1 12.49 ± 4.04 1.64 ± 0.20 17.52 ± 4.93
S2 5.87 ± 0.31 0.49 ± 0.09 8.04 ± 1.41
M2 4.26 ± 0.40 0.32 ± 0.12 8.76 ± 2.26
S3 10.28 ± 2.74 0.54 ± 0.11 8.90 ± 1.16
M3 10.72 ± 0.99 1.14 ± 0.07 12.78 ± 1.98
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increasing from 300 K to 313 K and also showing that the storage
modulus is reduced in the whole temperature range analyzed. The
effect is similar to that observed in the nanocomposite synthesized
with ME, with the modulus reduction resulting from the less
effective network formation, and the Tg increasing because of the
effect of the addition of rigid magnetic nanoparticles with good
interfacial adhesion towards the matrix [36,37]. For MNCPs, as well
as for matrix without MNPs, is noted that tan d > 0.3 at tempera-
tures above (but close to) ambient temperature. Thus, all MNCPs
maintained good damping properties over a range of temperature
wider than the unfilled materials.
3.3. Mechanical tests

Mechanical properties obtained from tensile tests are summa-
rized on Table 1. It can be noticed that the addition of 1 wt.% of
MNPs within the S1 matrix increases the Young's modulus of the
material (M1). Also, there is a significant increase in other me-
chanical properties (su, εu) thus, MNPs act as reinforcement for this
matrix. As already discussed, the addition of the MNPs produces a
large shift of the Tg of the TO/St sample, which results in the
measurement of its mechanical properties at a temperature below
its Tg (test temperature¼ 291 K < Tg of the material); consequently
a much higher modulus than that of the neat polymer is measured.

On the other hand, a decrease in the modulus and strength of
the S2 material is registered when 1wt.% of MNPs is added. In this
case, the shift in Tg is not large enough to compensate for the
observed reduced networking (already discussed in the DMA sec-
tion). Regarding the AESOmodified TO network, the modulus is not
much affected by the presence of the modifier, but the tensile
strength and elongation at break are largely improved. The increase
in strength, compared to the unreinforced matrix, could be related
to the good interaction of the oleic acid coated magnetite nano-
particles with the matrix with high content of tung oil.

Summarizing, it is clear that the MNPs are not inert fillers in all
the MNCPs, since according to the results of DMA and TGA, the
presence of the magnetic nanoparticles would affect the structure
of the polymer network and the spatial arrangement of MNPs in-
side the matrices.

3.4. Morphology

Fig. 5 shows the surface morphology of theMNCPs with 1wt.% of
MNPs. As it can be observed, different morphologies are noticed for
the matrices under study. This can be attributed to the heteroge-
neity of the systems; some regions in the polymer correspond to
the bulk polymer, essentially unaffected by the incorporation of the
MNPs, while others regions are affected by interactions with MNPs.
Inhomogeneities appear in the materials with the addition of
MNPs. In concordancewith results discussed above, MNCPs present
different degrees of dispersion and aggregation. Electron dispersive
spectroscopy, EDS (spectrum not show here), evidenced the pres-
ence of a Fe3O4 phase in low concentrations in all the MNCPs under
study.

3.5. SAXS analysis

From the DMA analysis it became clear that the differences in
the aggregation state are related with the interaction among the
surfactant layer around the particles (OA) and the different com-
pounds of the bio-based polymeric matrices. In this vein, we used
SAXS technique to study the nanostructure of these three magnetic
composites and the aggregation state of the MNPs within the
matrices.

The experimental scattering profiles (symbols), shown in Fig. 6,
are slightly different, however all spectra display a smooth
decreasing q-behavior. In low-q region, all spectra display different
power law behaviors, with values of exponent of �1.1, �1.2
and �1.4 for samples M1, M2 and M3, respectively. These values are
different from the Guinier law (behavior expected for ultra-
dispersed systems) and arise from the scattering interference be-
tween the neighboring iron oxide nanoparticles, indicating and
confirming that magnetic nanoparticle aggregation has occurred
[38,39]. On the other hand, in the high-q region the slope is close



Fig. 5. SEM micrographs of the MNCP's surface. (a) MX, (b) M1, (c) M2 and (d) M3.

Fig. 6. Double-logarithmic representation of SAXS spectra of samples M1, M2 and M3.
Red continuous lines are the fitted curves using the model explained in the text. The
insets show the resulting size distribution of the primary particles.
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to �4 for the three samples, characteristic of Porod scattering from
the smooth surface of the elementary particles. The shoulder in the
central region would correspond to interparticle scattering from
magnetite nanoparticles [40].
In order to perform a quantitative analysis, in addition to

analyze these results with an appropriate procedure, we adopted
an expression suggested by Chen and Teixeira [41]. Briefly, this
procedure considers the use of a structure factor S(q) of fractal
aggregates composed of primary particles of radius r0. This struc-
ture factor is given by:

SðqÞ ¼ 1þ DFGðDF � 1Þ
ðqr0ÞDF

sin
�ðDF � 1Þtan�1ðqxÞ�h

1þ 1
.
ðqxÞ2

iðDF�1Þ=2 (1)

In previous equation GðDF � 1Þ is the gamma function and DF is
the fractal dimension. The parameter x is the finite cluster size that
appears in the hðr0; xÞ cut-off function. Such function describes the
perimeter of the aggregate (in our case hðr0; xÞ ¼ exp½�r0=x�) [42].

The scattered intensity I(q) from a collection of particles can be
described by: IðqÞfPðqÞSðqÞ þ CBKG. Where S(q) is the structure
factor and P(q) is the form factor which describes the scattered
intensity function for single primary magnetic nanoparticles. CBKG
is added in order to take into account the incoherent background,
from the fit was found a constant dependency of CBKG with the
momentum transfer vector q. In this paper we use a form factor for
polydisperse spheres with mean radius size r0, which is given by

PðqÞ ¼
Z ∞

0
K2ðq; r0;DhÞf ðr0Þdr0, when Dh is the scattering length

density difference between magnetic nanoparticles and the matrix



Fig. 7. ZFC-FC measurements of all samples, under a magnetic field of 4 kA/m. Inset:
ZFC-FC experimental data (black symbols) of sample MX and fitting curve (full red line)
by equations (2) and (3).
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and K ¼ 4
3pr

3
0Dh

3sinðqr0Þ � qr0cos ðqr0Þ=ðqr0Þ3. In previous
expression, we assume a lognormal particle size distribution, f(r0),
in order to take into account the polydisperse nature of the ferro-
fluid used in the synthesis of the magnetic MNCPs.

Fig. 6 shows the fit curves (see continuous red line). As can be
observed, fitting curves are in good agreement with the experi-
mentally collected data. For fitting purposes, the parameters CBKG,
DF, and x were taken as free variables. Regarding to r0, it was fitted
first in P(q), then, the obtained value was fixed in the structure
factor expression, i.e. we assume that the aggregates are constituted
by primary particles of mean radius r0. Fitting parameters obtained
are summarized Table 2.

The average particle diameters, estimated from the position of
the maximum (2r0), are 8.6 nm, 8.9 and 8.0 nm for samples M1, M2

and M3, respectively. These values correlate well with the di-
ameters of the magnetic nanoparticles calculated from TEM (TEM
images are available in reference [12]). Despite that the magnetic
nanoparticles come from the same ferrofluid, there are noticeable
differences in DSAXS values. Such differences can be explained from
the interference among neighboring iron oxide particles [38,43].
Clearly, the inter-particle interference effect occurs in different
ways depending on the sample. In addition, it is worth noting that
in low-q region the slope of the linear part is greater in sample M3
than in the other samples (see Fig. 6). Then, greater interference
effects are present in sample M3. Previous results are supported
with x and DF obtained values. Maximum aggregates sizes are
indicating the formation of larger aggregates in sample M3 with
x z 99 nm, while in samples M1 and M2 aggregate sizes of
x z 73 nm and 25 nmwere obtained, respectively. Regarding to DF

values, fractal exponent remains almost constant with values be-
tween 1 and 2, indicating that the aggregates keep a branched
structure [44], rather well defined in all samples. However, it is
observed that the fractal dimension obtained for sample M3
(DF ¼ 1.58) is slightly higher than those obtained for the others two
samples (DF ¼ 1.36 and 1.39 for samples M1 and M2, respectively),
which could indicate a slightly more compact structure in it. Ac-
cording to the above information (shortest distance among nano-
particles that are forming aggregates and bigger aggregates), it can
be inferred that in sample M3, the magnetic interactions between
nanoparticles are more relevant than in others two samples (as
shown in the following sections).
3.6. Magnetic properties

The magnetic properties of the MNCPs were analyzed by ZFC-FC
and magnetization vs. field measurements. As already mentioned,
the magnetic properties of the three systems studied here shall be
compared with the results of sample MX. Magnetic results were
employed to study how the nanoparticle aggregation (which is
directly related to the magnetic interaction strength among
magnetite nanoparticles) affects or distorts themagnetic properties
of the MNCPs while it is kept a constant concentration of magnetite
nanoparticles.

Fig. 7 shows the ZFC-FC results. In a first approximation the
Table 2
SAXS fitted parameters. Constant background CBKG, cluster size x, fractal dimension
DF, standard deviation of the lognormal size distributions s. Mean size was calcu-
lated using DSAXS ¼ 2r0exp(s2/2).

Sample CBKG (10�4) x (nm) DF s DSAXS (nm)

M1 2.3 24.5 1.39 0.36 8.6
M2 2.4 72.9 1.36 0.31 8.9
M3 4.1 99.5 1.58 0.38 8.0
experimental curves of samples MX, M1 and M2 are typical of
superparamagnetic particles whose grain sizes are within the sin-
gle domain limit. On the other hand, the shape of the corresponding
curve for sample M3 presents a wider peak shifted towards higher
temperatures. For this sample, it is also possible to see a flat
behavior in the FC curve. These trends are distinctive behaviors of
systems formed by interacting, not percolated, magnetic nano-
particles. From these data, the blocking temperature (TB) was
determined (corresponding approximately to the maximum of the
ZFC curve), being 70 K, 77 K, 87 K and 128 K for MX, M1, M2 and M3,
respectively. From Fig. 7, the splitting points between ZFC and FC
curves as well as the maximum of the ZFC curves shift to higher
temperatures, indicate an increase in the effective energy barrier
[45]. This behavior can be explained by an increase in the dipolar
interactions. Usually, an increase in dipolar interactions are
attributed to the increase in nanoparticle concentration [46], also
related to wider polydispersity or bigger magnetic nanoparticle
sizes [47]. Since in our case the nanoparticle concentration (1 wt.%),
polydispersity and mean nanoparticle size were kept constant, we
attribute the increase in the dipolar interactions to the nanoparticle
arrangement in the bio-based matrices. These results are in good
agreement with TGA, DMA and SAXS results, which suggest a
preferential interaction of oleic acid coated-MNPs with TO bio-
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comonomer.
In non-interacting systems, N�eel theory is commonly used to

estimate themagnetic anisotropy constant Keff. This constant, called
effective anisotropy, includes contributions from magnetocrystal-
line (bulk), shape, strain, and surfaces anisotropies [48,49]. Then,
the determination of TB allows an estimation of Keff using the
classical formula Keff ¼ 25kBTB/V, where kB is the Boltzmann con-
stant and V the average volume of magnetic nanoparticles. In the
calculations, the volume was determined based on a mean diam-
eter of 9 nm according to previous results [12] and SAXS in-
vestigations. Then, Keff values obtained were: 6.3 � 104 J/m3,
6.9 � 104 J/m3, 7.9 � 104 J/m3, and 1.2 � 105 J/m3 for samples MX,
M1, M2 and M3, respectively. Although the first three values are in
the same order of magnitude that those reported in the literature
for similar systems [46,50,51], one can observe some differences in
that value (and therefore in the energy barrier EB), which is not
expected since the MNPs used to synthesize all MNCPs come from
the same ferrofluid. Thus, it is clear that the effective energy barrier
EB is poorly estimated (especially in samples with higher blocked
temperatures), and must be corrected taking into account the
interparticle interactions.

The Keff value obtained from sample MX, which has weaker
interparticle interactions (Keff ¼ 6.3 � 104 J/m3 and
EB¼ 2.4� 10�20 J) is assumed to be the closest to the real value. This
hypothesis is based on the fact that the ZFC curve of this sample has
the lowest TB value as well as that, the FC curve does not reach a
plateau as soon as TB is reached. Therefore, we decided to fit the
ZFC-FC data of this sample using the superparamagnetic classical
equations presented by Hansen andMørup [52] and by Knobel et al.
[45]. Briefly, in their work, the authors follow the framework of the
superparamagnetic model, in which the initial susceptibility (M/H,
with H much smaller than the anisotropy field) for a single particle
size in superparamagnetic regime is given by cSPM ¼ m0MS

2V/3kBT
for T > TB and in blocked regime cBL¼ m0MS

2/3Keff for T < TB; m0 being
the vacuum permeability. Then, they established that the magnetic
ZFC susceptibility (MZFC/H) of a system of polydispersed magnetic
nanoparticles with a distribution of reduced energy barriers f(y)
with y ¼ EB/EBM being EBM the median energy barrier, is given by:

MZFC

H
¼ m0M2

S
3Keff

2
64EBM

kB

ZT=TBM

0

T�1 yf ðyÞdyþ
Z∞

T=TBM

f ðyÞdy

3
75 (2)

Where TBM ¼ EBM/kBln(tm/t0). In eq. (2) the first term corresponds
to the contribution of superparamagnetic nanoparticles and the
second one corresponds to contributions from blocked magnetic
nanoparticles. Regarding to FC curve, it is assumed that the
contribution from blocked (below TB) magnetic nanoparticles to the
magnetization is not randomly oriented. In this case the FC sus-
ceptibility (MFC/H) is

MFC

H
¼ m0M2

S
3Keff

EBM
kB

2
64

ZT=TBM

0

T�1yf ðyÞdyþ
Z∞

T=TBM

TBðyEBMÞf ðyÞdy

3
75

(3)

In addition, in eq. (3), the first contribution is from super-
paramagnetic nanoparticles, while the second one is from blocked
magnetic nanoparticles [45,52]. We considered f(y) as a log-normal
distribution, defined as f ðyÞ ¼ N=

ffiffiffiffiffiffi
2p

p
ysexpð�ln2y=2s2Þ being s

the standard deviation. For illustration purposes, the inset of Fig. 7
shows the fit of the experimental curve of the sample MX (red
continuous line). Taking H and tm as fixed values (4 kA/m and 100 s
respectively), the fit leads to Keff ¼ 5.53 � 104 J/m3 and
t0 ¼ 4.1 � 10�10 s, respectively. Under this perspective, one can say
that the Keff value is in good agreement with that calculated from
the classical equation (Keff¼25kBTB/V). The obtained t0 value is in
good agreement with the theoretical one, which according to the
N�eel theory is in the range 10�11 s to 10�9 s for superparamagnetic
nanoparticles. Therefore, these results confirm the non-interacting
nature of MNPs in sample MX. Based on this, we can consider this
system closer to an ideal superparamagnet than the others and
thus, as a reference on the magnetic properties interpretations.

Magnetizations vs. field measurements were carried out for
every sample at various temperatures. Fig. 8 shows the reduced
magnetization plotted as a function of MS (H/T) and H/T, usually
known as superparamagnetic scaling laws. These laws are used to
test whether the magnetization process, of a sample measured at
various temperatures, is influenced by dipolar interactions. If the
particles are in non-interacting superparamagnetic regime (SPM),
the curves (related to each temperature) must overlap in a scaling
law M/MS vs. MS(H/T) for T < TB or in M/MS vs. H/T for T > TB
[27,45,53,54].

Table 3 summarizes the coercive field (HC) and saturation
magnetization (MS) values determined from M vs. H curves. In all
samples, the coercive values are close to zero for T < TB and tend to
higher values as temperature decrease. Such values are consistent
with ZFC and FC results.

In our case, we wanted to analyze the effect of dispersion and
dipolar interactions in MNCPs. To achieve this task, we plotted the
experimental M(H) data of each sample at a fixed temperature
(300 K). This procedure was done knowing that: (i) our samples
have the same nanoparticle concentrations (1 wt.%), (ii) they come
from the same synthesis procedure and, (iii) when theMS values are
compared, at a fixed temperature, different values were obtained
(see Table 3). Then, if the magnetic nanoparticles would have the
same random arrangement, one would obtain a single overlapped
curve when the M vs. H data of each sample would be plotted at a
fixed temperature. However, such behavior was not observed in our
systems (see Fig. 8 a and b) confirming that the inter-particle in-
teractions effects are different in each sample. This also indicates, in
a slightly indirect way, that composition matrix affects the spatial
distribution of the MNPs. Better proximity between curves is
observed in Fig. 8 b possibly indicating that at T ¼ 300 K magnetite
nanoparticles are in the unblocked regime.

To gain a deeper understanding on the role of magnetic in-
teractions in our systems, a more quantitative analysis was then
performed. First, we used the standard Langevin equation,
weighted with a log-normal moment distribution, to fit theM vs. H
experimental data. Therefore, the magnetization contribution of
the unblocked MNP nanoparticles, M(H,T), is described by [45].

MðH; TÞ ¼
Z∞

0

mAPL½m0mAPH=kBT�f ðmAPÞdmAP (4)

Where L[m0mAPH/kBT] is the Langevin function, mAP is the apparent
magnetic moment (named apparent since the previous equation
does not take into account possible inter-particle interactions) and
f(mAP) represents the lognormal distribution of the apparent mag-
netic moments. Fit results are graphically presented in Fig. 8 a (for
comparative purposes were plotted following the scaling laws).
From the fit, we could determine the median of the lognormal
magnetic moment distribution (x0) and its standard deviation (s),
the apparent number of magnetic nanoparticles per volume unit
(NAP) and, the mean of the apparent magnetic moments (mAP)
(estimated from mAP ¼ x0 exp[s2/2]). These values are summarized
in Table 4.

Fig. 9 presents the temperature behavior of the apparent



Fig. 8. Reduced magnetization as a function of MS (H/T) and H/T for samples MX, M1, M2 and M3.

Table 3
Best fitting parameter values obtained for M vs. H experimental curves. Calculated from Equation (4). Mean of the apparent magnetic moments mAP values were estimated from
mAP ¼ x0 exp[s2/2].

Mx M1 M2 M3

T (K) NAP (1022 m�3) s mAP (103 mB) NAP (1022 m�3) s mAP (103 mB) NAP (1022 m�3) S mAP (103 mB) NAP (1022 m�3) s mAP (103 mB)

70 7.06 1.08 4.11 9.89 1.33 2.92 30.38 3.03 4.05 52.89 0.92 52.20
120 4.11 1.08 6.82 9.70 1.18 5.76 16.53 1.07 7.18 31.14 0.98 49.95
200 2.85 1.02 9.53 5.40 1.01 9.75 9.96 0.98 11.11 19.82 1.00 44.62
250 3.20 1.10 8.46 5.03 1.04 10.10 6.69 0.84 15.51 15.85 0.99 41.59
300 3.99 1.16 6.87 3.80 0.93 12.47 5.63 0.78 17.42 11.50 0.92 41.66

Table 4
Corrected parameter obtained from ISP equations: mAP ¼ 1/1 þ T*/TmCO and NAP ¼ (1 þ T*/T)NCO.

Mx M1 M2 M3

T (K) NCO (1022 m�3) mCO (103 mB) NCO (1022 m�3) mCO (103 mB) NCO (1022 m�3) mCO (103 mB) NCO (1022 m�3) mCO.(103 mB)

70 3.33 8.72 1.93 14.96 3.45 35.69 3.34 52.20
120 2.54 11.03 2.98 18.73 3.11 38.12 3.40 49.95
200 2.15 12.61 2.39 22.03 2.96 37.30 3.67 44.62
250 2.60 10.43 2.61 19.48 2.53 40.89 3.73 41.59
300 3.37 8.13 2.19 21.63 2.50 39.24 3.40 41.66
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magnetic moment (black symbols). The obtained values increase
with the temperature, which is an unrealistic behavior (observed
in other systems [55]). The expected behavior of mAP is almost
constant for low temperatures and decrease as the temperature
approaches the Curie temperature (analogously to the MS(T)
behavior). In order to obtain the proper dependence of the
magnetic moment, Allia et al. proposed the so-called Interacting
Superparamagnetic Model (ISP) [27]. Such model describes the
behavior of the anhysteretic magnetization curves affected by a
weak, but non negligible, dipolar interaction. This model has
been successfully used on a variety of weakly interacting nano-
particle systems [27,45,53,56e60]. Briefly, the existence of a
dipolar field, which acts by altering in a random way the mag-
netic moments, their directions, sign, and magnitude. This effect
is analogous to the effect produced by the temperature, such that
the temperature in the Langevin function can be written as
TA ¼ T þ T*, when T* is related to the dipolar energy (εD¼kBT
*).

Accordingly, the magnetization is described by a modified Lan-
gevin function.

MðH; TÞ ¼
Z∞

0

mCOL
�
m0mCOH=kB

�
T þ T*

��
f ðmCOÞdmCO (5)

According to the ISP model, the only required parameter to
calculate the corrected magnetic moment (mCO), from mAP, is T*,
which is directly obtained through the ISP analysis (procedure for
calculating that temperature is described in [27]). Through ISP
model the following relations are established.

�
mAP

� ¼ 1
1þ T*=T

�
mCO

�
and NAP ¼

	
1þ T*

T



NCO: (6)



Fig. 9. Real and apparent mean magnetic moment values as function of temperature
for all samples. Symbols represent the values obtained from the fit using Equation (5).
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The magnetic moment was calculated with eq. (6), and the
obtained values are summarized in Table 4.

Fig. 9 shows the temperature behavior of the correctedmagnetic
moment (red symbols). Sample M3 (more interacting sample)
display higher values of mCO, when compared to the corresponding
values of the other samples, and its behavior as function of T is
almost constant. Magnetic moments of the M3 sample are higher
than the expected ones for these sizes of magnetic nanoparticles.
Since this sample is also the one with more interacting particles, it
could be possible that the model considers a group of magnetic
nanoparticles that coherently rotates with a unique effective
magnetic moment. It is also remarkable that the difference mCO�mAP
increases as the magnetic interactions rise, being notable that for
samples M1, M2 and M3, when the mCO values are around one order
of magnitude higher than the corresponding mAP values. All these
characteristics are related to the magnitude of the interparticle
magnetic interactions, such that the more interacting samples are
far from the ISP model, and more complex magnetization processes
are taking place.

On the other hand, for samples M1 and MX, the corrected
magnetic moment, for T � 150 K, has values close to the expected
ones. It is worth mentioning that in the samples with weaker
magnetic interactions and with more dispersed magnetic nano-
particles (MX and M1) the ISP model successfully describes the
magnetic response of these systems for T > 200 K. It is also
remarkable that the mCO value of sample MX at T ¼ 300 K is in very
good agreement with those reported for similar systems [56,57,60].

4. Conclusions

Physicochemical properties of novel synthesized ultra-diluted
green nanocomposites, based on a vegetable oil and 1wt.% of
magnetite nanoparticles coated with oleic acid, were studied.

The glass transition temperature (Tg) of the three nano-
composites increased due to incorporation of 1wt.% of MNP as a
consequence of the different relaxation mechanisms and in-
homogeneities that appeared in the materials because of the
presence of the magnetic nanoparticles. The storage modulus and
mechanical properties were also modified by the presence of the
magnetic nanoparticles. All MNCPs maintained good damping
properties over a range of materials wider than unfilled materials.
The MNPs did not behave as inert fillers in the nanocomposites
studied. Instead, they affected the structure of the polymer network
and the spatial arrangement of MNPs inside the matrices. The
morphology of the nanocomposites allowed showing that MNCPs
presents different degree of MNP dispersion and aggregation.

Furthermore, the nanocomposites presented typical magnetic
behavior of interacting superparamagnetic particles, whose grain
sizes are within the single domain limit. Frommagnetic properties,
significant differences in the magnetic behavior are observed as
consequence of magnetic interactions among nanoparticles and the
formation of aggregates. These last facts were corroborated by
SAXS. Hence, in this work we could demonstrate that keeping
constant themagnetic nanoparticles concentration, magnetic inter-
particle interactions increases only by the different chemical af-
finities between oleic acid and the different components of the bio-
based matrices.
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