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ARTICLE INFO ABSTRACT

Keywords: This work investigates the structure and magnetic properties of chitosan based films with different contents of
Nanocomposite films magnetic nanoparticles (MNPs) of around 10 nm as well as the effects of the addition of glycerol as plasticizer.
Chitosan

Synthesized MNPs were dispersed in the chitosan film forming solution by ultrasonication and then composite
films were obtained by casting. From the morphological analysis, a bimodal distribution of clusters was detected;
the larger ones seem to be present mostly in the plasticized samples. Regarding the mechanical behavior of the
samples, for the non-plasticized samples the outstanding increase in modulus and strength with the increasing
content of MNP was explained by a strong interfacial adhesion and very good particles dispersion into the
chitosan matrix. This fact was also supported by the model applyed to the strength as a function of the volume
fraction of MNP.

Regarding magnetic properties, all nanocomposite films evidenced systems with particles of strong dipolar
interactions that lead to blocking and irreversibility temperatures close to room temperature (RT). Even though
the isothermal magnetization results showed that the particles in the nanocomposite films behave as super-
paramagnetic at the highest analyzed temperature (RT). Langevin model as well as FESEM and SAXS analysis
supported the hypothesis that the formation of aggregates with different features dominates the magnetic re-

Iron oxide nanoparticles
Magnetic properties

sponse through collective behavior, mainly in the plasticized films.

1. Introduction

The study and use of nanocomposites based on biopolymers with a
magnetic disperse phase is an important area of research in constant
growth due to potential applications, including uses in biomedicine,
biotechnology and wastewater treatment [1,2], for example. The choice
of a polymer with chelating properties such as chitosan has shown very
promising results in the treatment of contaminated water with heavy
metal ions, herbicides and dyes [3-5]. Chitosan is a biodegradable
polymer extracted from the deacetylation of the chitin, major compo-
nent of crustacean's shells and fungal biomass. This cationic poly-
saccharide, composed by [-(1,4)-2-amino-2-deoxy-p-glucopyranose
units and small quantity of N-acetyl-p-glucosamine residues [6,7], dis-
plays interesting properties including biocompatibility, non-toxicity,
good film forming ability, antibacterial and antifungal activity [8]. It
contains several reactive groups that interact with metal ions through
various mechanisms depending on the involved ion, the pH, and solu-
tion composition [9], acting as an excellent adsorbent agent.
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The incorporation of iron oxide nanoparticles (NPs) as a disperse
phase allows obtaining a nanocomposite that could provide interesting
properties. For example, these nanocomposites could be easily removed
from water with the help of an external magnet [10], while remaining
environmental friendly due to the low toxicity and biocompatible
characteristics of the iron oxides [11]. The magnetic properties of the
composites will be determined principally by the nanoparticle magnetic
properties and their interactions. When the size of the iron oxide NPs is
below a critical size (< 15nm [12]), they could exhibit super-
paramagnetic behavior and thus, even embedded in a polymeric matrix,
the magnetic moment of each NP will follow the direction of the ap-
plied magnetic field allowing to move or attract the nanocomposite
with an external magnetic field. In this line, Zhuang et al. [13] have
synthesized Fe;04—SiO,— SrHAp microspheres for the immobilization
of Pb (II), which were simply collected from water by magnetic se-
paration.

The interaction between chitosan and iron oxides NPs is explained
through complex mechanisms of electrostatic forces and interactions
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occurring between polar groups [14-18]. Different methods of synth-
esis have been applied to obtain chitosan/iron oxide nanocomposites.
For instance, Bezdorozhev et al. [19] have reported the synthesis of
magnetite-chitosan nanostructures by the chemical precipitation of
magnetite NPs in the presence of chitosan. In that work, the authors
vary some synthesis parameters to study their influence on the nano-
particle morphology. Singh and co-workers [20] fabricated nano-
composite films based on hydrothermally prepared hematite (a-Fe,03)
NPs and chitosan using glycolic acid as organic surfactant. According to
the authors, the obtained NPs had an irregular spheroidal shape with a
mean diameter of 110 nm. The coating of magnetic particles has been
extensively used to control or tune their agglomeration and to assist the
size control of particles due to cross-linking among NPs with chitosan,
fact extremely important in order to achieve the desired physical or
chemical behavior. A good example of this is the work published by
Bhatt et al. [21], where iron oxide NPs were synthesized separately (via
the hydrothermal process) and then dispersed into the chitosan solution
by ultrasonication, resulting in materials with new electrical and
magnetic properties.

However, and depending on the application envisaged for the
magnetic nanocomposite, the formation of clusters from individual
nanoparticles could present some advantages in comparison with sys-
tems containing more homogeneously dispersed magnetic nano-
particles. The magnetic response of the clusters is different than that of
the individual particles. When the particles are close enough, the
magnetic moment of each particle will be affected by those of the
neighbor ones due to magnetic dipolar interactions. Thus, the magnetic
moment of an agglomerate of magnetic nanoparticles will be different
from the individual magnetic moment of each nanoparticle [22].
However, results regarding the most efficient nanoparticles configura-
tion (agglomerated or totally dispersed) are still controversial. While it
is expected that fully dispersed nanoparticles should be the best na-
noparticle configuration, several reports show that inter-particle dipole
interactions in clusters can contribute positively to magnetic hy-
perthermia or magnetic heating properties [23].

On the other hand, the method of preparation not only changes the
dispersion and size of the particles and/or clusters into the matrix.
Different methods of synthesis lead to different degrees of interaction of
the particles with the matrix and the amount of plasticizer that can be
retained into the film. The synthesis of magnetic particles and posterior
incorporation into the chitosan solution could lead to a weaker inter-
action between matrix and particles/clusters than the “in situ” synthesis
[24] and in this way, the magnetic entities would be freer to react in the
presence of an external magnetic field. In addition, this last method
allows a better control of the amount of plasticizer required in the films
that can significantly affect some specific properties (for example,
mechanical properties) in comparison with that of the nanocomposite
films prepared by the “in situ” method.

In a previous work, we reported the obtaining of chitosan/MNP
nanocomposite films via “in situ” synthesis of magnetite [25]; both
mechanical and magnetic properties were discussed and explained in
terms of the matrix composition and nanoparticle concentration. In this
work, magnetic iron oxides NPs were incorporated to a chitosan solu-
tion and dispersed by ultrasonication to obtain magnetic nanocompo-
site films. NPs were obtained by a simple iron oxide alkaline pre-
cipitation method, followed by washings and solvent elimination via
lyophilization. The effects of the glycerol (plasticizer) and magnetic
nanoparticles concentration on the physical, morphological, mechan-
ical and magnetic properties of the films are presented and discussed.
Besides, the information about these nanostructured materials was
complemented by SAXS analysis by means of fitting experimental re-
sults with appropriate models.

203

Polymer Testing 72 (2018) 202-213

2. Experimental procedures
2.1. Materials

Chitosan in powder form (degree of deacetylation 98%,
Mv = 1.61 x 10° g/mol) was supplied by Parafarm. Glycerol (G), pur-
chased from DEM Mar del Plata, was used as plasticizer. Ferric chloride
hexahydrate  (FeCl5.6H,0), ferrous sulphate  heptahydrate
(FeSO,4.7H20) and ammonium hydroxide (25% NH3) were obtained
from Aldrich. All the samples were prepared using commercially
available reagents.

2.2. Methods

2.2.1. Synthesis of magnetic iron oxides nanoparticles

The iron oxide NPs were obtained by an alkaline co-precipitation
method adapted from that developed by Massart and Cabuil [26]. In
brief, 4.8g of FeSO,.7H,0 and 9.32g of FeCl3.6H,O (molar ratio
Fe*%Fe™3 = 1:2) were dissolved in approximately 40 mL of distilled
water. Once the solution was perfectly homogenized, 15 mL of NH,OH
was added drop by drop in order to avoid or minimize the MNPs ag-
gregation. The suspension was stirred for 15 min, allowing the complete
precipitation of MNPs. After this time and with the help of a magnet
placed out of the flask, several washes with distilled water were made
until neutral pH. Then, the wet particles were placed into a Petri plate
and lyophilized to eliminate the water. Finally, the obtained powder
was kept into a dark colored glass container.

2.2.2. Preparation of composite films

Chitosan solution (2% w/v) was prepared by dissolving chitosan
powder in aqueous acetic acid solution (1% v/v) by magnetic stirring at
room temperature. Glycerol, in a weight ratio glycerol/chitosan equal
0.3, was also added to the solution when applicable. Selected amounts
of MNPs were incorporated to the polymer solution to prepare nano-
composite films. Film forming suspensions were obtained by manually
mixing MNPs with chitosan (or chitosan/glycerol) solution, followed by
ultrasonication for 2h (Elmasonic P60H sonicator with a frecuency of
37 kHz and a power of 150 W). As it is know that ultrasonication can
cause some degradation of the bio polymer, neat chitosan and chitosan/
glycerol solutions, used to prepare control films (0% MNPs), were also
sonicated. Then, the suspensions were poured into Petri dishes (dia-
meter = 14 cm) and dried in a convective oven at 35 °C for 24 h (sol-
vent casting). The actual MNP content of the films was determined by
thermogravimetric analysis, as indicated in the following sections.

The obtained films, with thickness in the range of 200-300 um, were
kept in a closed container containing dried silica gel at room tem-
perature (23 * 2°C) until testing. Non-plasticized film samples were
labeled as SO, S1, S2, S3, S4, S5, while a “G” was added at the end of the
acronym for plasticized samples (i.e. SOG, S1G, S2G, S3G, S4G and
S5G).

2.2.3. Characterization of MNPs and composite films

2.2.3.1. Film thickness. The thickness of the films was measured with a
0-25 mm manual micrometer with an accuracy of + 0.01 mm at least at
five random locations for each film. The reported values are the average
of those individual measurements.

2.2.3.2. X-ray diffraction (XRD). The crystal structure of the MNPs was
investigated using CuKa radiation (A = 1.5418 A) in a PANalytical
X'Pert Pro diffractometer operated at 40 kV, 300 mA and 0.6 °C/min.

2.2.3.3. Transmission electron microscopy (TEM). TEM analysis of the
MNPs was performed on a TEM-FEG (JEM 2100F) field-emission gun
transmission electron microscope (voltage: 200 kV). The images were
acquired using a Gatan, Orius SC600/831 camera at different
resolutions. The particles were dispersed in Milli-Q water and
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sonicated during 15 min. The samples for microscopy observation were
prepared by drying a drop of this suspension during 24h at room
temperature on a Ted Pella ultrathin cooper film on a holey carbon. The
obtained images were analyzed using ImagelJ free software.

2.2.3.4. Small-angle X-ray scattering (SAXS). SAXS experiments were
performed on SAXS1 beamline at the Brazilian Synchrotron Light
Laboratory (LNLS), Centro Nacional de Pesquisa em Energia e
Materials (CNPEM), Campinas, Brazil. The measurements were
carried out at room temperature. The scattering intensity was
recorded as function of momentum transfer vector g (q = 4 sin6/A),
in a range from 0.1 to 5.0 nm ™, being 6 the scattering angle and A the
wavelength = 1.822 A.

2.2.3.5. Thermogravimetric analysis (TGA). Thermogravimetric tests of
the films were performed in a TGA-40 Shimadzu Thermogravimetric
Analyzer at a heating rate of 10 °C/min under air atmosphere (35 mL/
min) from room temperature to 900 °C. Samples tested were previously
dried in a vacuum oven during 2 h at 60 °C followed by 22 h at 40 °C, to
remove traces of water absorbed during storage.

2.2.3.6. Field emission scanning electron microscopy (FESEM). The
cryofractured surface (thickness) of the films were analyzed with a
Carl Zeiss Supra 40 Gemini, Field Emission Scanning Electron
Microscope (FESEM) equipped with an energy dispersive X-ray
spectroscopy (EDS) attachment for elemental analysis.

2.2.3.7. Tensile properties. Tensile tests were performed at room
temperature (23 = 2°C) using an Instron Universal Testing Machine
model 8501. The specimens were cut into strips of 5 X 25 mm. Five
specimens from each film were tested from a minimum of three films
per sample. Crosshead speed was set at 10 mm/min. The ultimate
strength (o,), elongation at break (e,) and elastic modulus (E) were
calculated as described in ASTM D638-94b (ASTM, 1994). Prior to
running mechanical tests, films were conditioned for 72h at 65 + 5%
relative humidity at room temperature.

2.2.3.8. Magnetic characterization. The magnetic properties of the
composite film were obtained using a commercial SQUID
magnetometer (Quantum Design, MPMS XL). Both isothermal
magnetization curves (M vs. H) as well as the temperature
dependence of magnetization (M vs. T) were obtained. The M vs. H
curves were recorded at 2 and 300 K in a magnetic field range of + 1T.
The M vs. T curves were recorded under the zero-field-cooling and field-
cooling (ZFC/FC) protocols with a static magnetic field of 50 Oe.
Samples used for these tests were previously conditioned in a closed
container with silica gel until they reached their equilibrium moisture
content (about 5-7 wt.%).

3. Results and discussion
3.1. Structural studies of the magnetic particles

Fig. 1 shows representative transmission electron micrographs of
the synthesized iron oxide NPs; the inset of Fig. 1(a) shows the size
distribution obtained by counting more than one hundred particles.
From the analysis of the histogram, an average particle diameter of
9.5 = 2nm with a narrow size distribution was calculated (full line
represents the best fit according to a lognormal size distribution).

Fig. 1(a and b) reveals a moderate agglomeration of the particles, as
can be expected for a set of magnetic NPs without surface treatments/
surfactant [27]. It is also noticed that not all the particles have a
spherical shape, some of them presenting shape irregularities. Fig. 1(c)
shows a HR-TEM image of a selected nanoparticle. Fast Fourier
Transform (FFT) was used to estimate the Bragg plane distances on the
HR-TEM image allowing to identify the (113) and (044)
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crystallographic planes corresponding to the magnetite (Fe30,4) and/or
maghemite (Fe,O3) spinel-inverse [28].

X-ray diffraction pattern of the synthesized particles was also ana-
lyzed (Figure S1, supplementary information). The positions and re-
lative intensities of the diffraction peaks agree with those of a pure face-
centered cubic (fcc) spinel-inverse iron oxide phase corresponding to
the standard crystal of magnetite and/or maghemite [29-31]. The
crystal size (D) was determined using Scherrer's equation [32-34], from
which a value of D = 9.5 nm was obtained.

Despite that “crystallite size” is not necessarily synonymous of
“particle size”, this method gives an estimation of the diameter of the
magnetic particles [27]. Notice that the obtained value is close to those
determined from TEM images.

Small-angle X-ray scattering (SAXS) technique was used to analyze
the morphological features of magnetic NPs before they are loaded into
the chitosan matrices. Figure S2a in supplementary information pre-
sents the SAXS scattering patterns obtained from the synthesized NPs.
According to the range of g parameter selected for the measurement,
the NPs that could be characterized have sizes ranging between 1/
Qmax = 1 nm to 7t/qui, = 30 nm. From linear Guinier law at low g re-
gion (Figure S2b, supplementary information) the radius of gyration,
Rg, was calculated as 6 nm [35,36].

Then, if the NPs are mostly spherical, an average diameter, Dg, of
15.4nm was estimated indicating that possibly small aggregation of
primary particles occurs when they are in a colloidal suspension. The
scattering intensity in the Porod region presents a slope close to —4,
which corresponds to individual particles with smooth surfaces [36,37].

3.2. Characterization of the nanocomposites films

Thermogravimetric measurements were carried out in air atmo-
sphere in order to determine the content of MNPs effectively in-
corporated into the films and to study the thermal degradation of the
nanocomposites. From the residual mass left at 800 °C, the iron oxide
content was obtained considering that the residual char corresponds to
chitosan (or chitosan + glycerol) and ferric oxide, since oxidation
process of magnetite into ferric oxide due to heating occurs in the range
of 130-330 °C, as was reported elsewhere [38,39]. The residual mass,
corresponding to the matrix, was subtracted proportionally from the
residual char of the composite samples and the difference was con-
verted to magnetite mass. These calculations are listed in Table 1, as
actual magnetite content. It should be mentioned that during the pre-
paration process not all the MNP could be successfully loaded in the
film forming solutions (i.e. forming a stable colloidal suspension), thus
part of the magnetic solute remained at the bottom of the flask where
the suspension was prepared, not being transferred to the Petri dish
(mold).

Fig. 2 presents the TGA curves for selected composite films prepared
from neat and plasticized chitosan (SO, S3, S5, SOG, S3G, S5G). Both
matrices (films without MNP) exhibit three main stages of weight loss.
The first one is attributed to loss of absorbed water due to the hydro-
philic character of the chitosan and, in the case of the plasticized
sample, also to the loss of the free glycerol. For this reason, the loss of
weight of the plasticized samples at relatively low temperature is larger
than the corresponding to neat chitosan films. The second step of
weight loss, with maximum degradation rate at around 270 °C corre-
sponds to the chemical degradation and deacetylation of chitosan [40].
The last step observed between ~480 and 630 °C corresponds to the
oxidative degradation of the carbonaceous residue, which is formed
during the second step [16].

Table 1 presents the temperature at the maximum degradation rate
and the initial decomposition temperature of the last degradation step.
It is clear that the plasticizer produces a movement of the third step to
higher temperatures. Higher thermal stability with the presence of
glycerol in films of chitosan was also reported in the works of Debandi
and co-workers (2016) [41] and Fundo et al. (2015) [42]. In the last
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Fig. 1. (a)-(b) Transmission electron microscopy at different magnifications (right corner inset of Fig. 1a), size distribution of these MNPs), (c) HR-TEM of selected

MNP, (d) FFT of the HR-TEM on figure (c).

Table 1

Actual content of MNP of the films, initial temperature (Ti) and temperature at
maximum degradation rate (Tm) of the 3rd thermal degradation step. All data
were obtained from TGA analysis in air atmosphere.

Sample MNPs actual content (wt.%) Ti (3rd step) (°C) Tm (3rd step) (°C)
SO 0.00 532.0 + 16.9 574.0 + 22.6
S1 1.2 = 0.2 481.5 * 17.7 510.0 = 14.1
S2 2.2 + 0.3 467.5 + 2.1 489.0 + 1.4
S3 3.0 + 0.5 437.5 + 2.1 459.0 = 1.4
S4 3.7 £ 0.2 409.7 = 8.0 436.3 + 14.6
S5 5.8 + 0.4 398.0 £ 7.2 416.3 * 4.0
S0G 0.00 552.0 + 22.6 589.5 + 19.0
S1G 1.3 = 0.0 509.0 + 5.6 531.0 = 2.8
S2G 1.6 = 0.3 489.0 + 7.1 510.0 = 18.3
S3G 3.0 + 0.4 517.5 + 0.7 528.0 + 8.4
S4G 3.6 = 0.4 452.5 * 3.5 469.0 = 11.3
S5G 4.7 + 0.3 408.0 = 8.4 430.5 * 0.7

case, authors reported that plasticizer addition increased the melting
enthalpy, i.e., increases the samples crystallinity, and attributed this
effect to glycerol interaction with chitosan chains indicating that the H-
bonds stabilize chitosan crystals. They also noticed that the main peak
shifted to higher melting temperatures when increasing plasticizer
concentration, which correlated well with other published results [43]
and may be also related with an increase of the strength of the H-bonds
stabilizing chitosan crystals in the presence of plasticizer, as indicated
by Okuyama et al. (1997) [44]. Thus, although part of the glycerol is
lost in the first stage of degradation, as was mentioned above, a high
percentage remain retained in the polymer structure because of these

strong intermolecular interactions developed with chitosan. As a con-
sequence, plasticized samples are not only more crystalline than un-
plasticized films, but also contain more stable crystals that start to
degrade at higher temperature. Moreover, due to the different initial
structures of plasticized and non plasticized films, there should be dif-
fusive changes in the volatile products and pyrolysis wastes generated
in the second step of degradation that also could affect the degradation
pattern of the last step.

Regarding magnetic composite films, it can be observed that the
addition of MNP only slightly affects the degradation at the first and
second steps. However, the temperatures related with the third step
(temperature at the maximum degradation rate and the initial decom-
position temperature) decrease significantly as the iron oxide content
increases (Table 1). This effect was also noticed in other related works,
for example, in our previous work we associated it with the changes in
the conformation of the chitosan surrounding the particles in compar-
ison with the chitosan in bulk [25]. Soto et al. (2018) [45] also reported
a decreased thermal stability, in comparison with that of the neat
polymeric matrix, in their nanocomposite films based on a commercial
shape memory polyurethane and different contents of magnetic iron
oxides, which was associated to the increase in the thermal conductivity
and thermal diffusivity of the material due to the addition of MNP.
Additionally, Bertolino et al. (2018) [46] found that their nano-
composites based on chitosan and halloysite nanotubes, also prepared
by casting, did not present any thermal stabilization effect due to the
presence of particles. They related this fact to the adsorption of positive
biopolymer on the halloysite external surface, also with positive charge.
In our case it should be noticed that chitosan - MNP suspensions were
prepared in acetic acid solutions (i.e. acidic pH) and in this condition
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Fig. 2. TGA curves of nanocomposite films: (a) non-plasticized; (b) containing 30 wt% glycerol.

both, chitosan and Fe;04 nanoparticles, are also positively charged (i.e.
the isoelectric point of the MNP is around 6.85 as reported in Xu et al.
(2006) [47], Regazzoni et al. (1981) [14] and Kloster et al. (2017)
[48]). Moreover, Moeini et al. (2018) [49] indicated for chitosan based
microbeads cross-linked by using sodium tripolyphosphate (TPP) that
some domains in which the electrostatic repulsion prevailed could
trigger a less packed structure more prone to the thermal degradation,
which match exactly the present case. In this sense, these changes in the
macromolecular backbone structure of the polymer would induce the
weakening of the attractive intra-inter-molecular hydrogen bonds and
thus, chitosan macromolecular chains would result more exposed to the
random splitting of the glycosidic bonds that takes place during the
thermal degradation process. Additionally, Ziegler-Borowska et al.
(2016) [50] indicated that a slight decrease in the initial decomposition
temperature of the magnetite-modified chitosan nanocomposite parti-
cles, in comparison with the respective chitosan derivatives (including
unmodified chitosan), was observed in all cases and attributed to the
presence of Fe304. They concluded that magnetite exhibited a catalytic
action on the thermal degradation of chitosan and its derivatives, but
did not outline any explanation for this behavior. Moreover, in a pre-
vious publication (Ziegler-Borowska et al., 2015) [51] they emphasized
that magnetite NPs enhances thermo-oxidative degradation of poly-
mers. In brief, we believe that the decreased thermal stability of the
nanocomposites, in comparison to those of the corresponding neat
matrices, is due to several complex and interrelated factors.

The direct observation of the non-plasticized and plasticized films
(images not shown) denotes that the samples become darker with the
increase of the content of iron oxides, due to the strong coloration of the
added magnetic particles. However, inhomogeneous color was de-
tected, indicating the existence of zones with more concentration of
magnetic solute. In comparison to other methods, the synthesis protocol
used in this work to incorporate MNP into the matrices (synthesis of
MNP and posterior dispersion by sonication in the film forming solu-
tion), seems to promote the cluster formation, resulting in lesser
homogeneous films, when they are compared to those synthesized using
"in situ" procedures [25,52].

FESEM analysis was performed to characterize the morphology of
the composites. Fig. 3 shows images from the cross section of plasti-
cized and non-plasticized films obtained by fragile fracture under liquid
air. Different sizes of structures related to iron oxide particles can be
observed, ranging from small agglomerates to relatively large clusters
formed by collapsed individual particles. As expected, the images show
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a clear increase in density of white particles (associated to dispersed
magnetic entities) as the content of particles increases. On the other
hand, although the images presented in Fig. 3 seem to denote bigger
structures for the plasticized films, the technique did not allow de-
termining an unequivocal trend regarding the size of agglomerates.

Tensile properties of the films are summarized in Table 2. Both,
modulus and strength of the non-plasticized films increase with the
increment of MNP content. As an example, the addition of MNP into
non-plasticized matrix in the sample S5 generates a 52.8% of increase
in the modulus and 37% in the ultimate stress respect to the neat ma-
trix. The increase of modulus is related with the high rigidity of the
MNP in comparison with that of the polymeric matrix and can be ex-
pected if the particles or their clusters are homogeneously distributed
and no pores or bubbles are generated during drying of the composite.
On the other hand, the increase in ultimate stress of nanocomposites in
comparison with that of the neat matrix is expected only when the filler
acts as reinforcement, which normally takes place for fillers highly
compatible and/or interacting with the polymeric matrix [53,54].
Anyhow, the standard deviation of both measurements is high for some
of the samples and thus probably the unique significant difference can
be found by comparing S5 composite with the neat matrix.

Pukanszky and co-workers [55] assumed that the yield stress of a
filled polymer is determined by the decrease of the effective load
bearing cross section of the matrix due to filler and by the polymer-filler
interaction. They proposed the following equation to relate the strength
of the particulate composite with the volume fraction of filler:

1 — Vune

-exp(B-V}
1+2~5'VMNP) p (B-Vaunp)

Ofilm = Umatrix(

(€8]

where 0Og1, and Opaix are the ultimate stresses of the nanocomposite
film and the unfilled matrix, respectively, Vynp is the volume fraction of
the magnetic solute into the film (MNP in this case) and B is a para-
meter related with the specific area and density of the filler as well as
the thickness and strength of the interface characterizing the interfacial
interaction filler-matrix, which serve also as a measurement of the re-
inforcement efficiency of the filler [40].

If B = 0 the filler acts as a void and no adhesion and no stress
transfer take place at the filler-matrix interface. For B > 3 the filler-
matrix interface is good, and an effective reinforcing effect is obtained.

The volume fraction of MNP (Vjnp) can be calculated, assuming
additivity of the volumes (v) as follow:



G.A. Kloster et al.

Polymer Testing 72 (2018) 202-213

Fig. 3. FESEM micrographs of the nanocomposites for three selected films.

Table 2

Tensile properties of the films.
Sample E (MPa) o, (MPa) ep (%)
SO 1098 + 337° 22.7 + 7.6° 14.8 = 11.6%
S1 1215 + 328" 25.8 = 6.4° 17.5 + 11.6*
S2 1025 + 509° 27.5 + 6.1% 11.6 = 5.3
S3 1229 + 46° 27.9 + 3.3% 11.9 = 6.1°
S4 1482 + 4012 30.4 + 9.4° 141 = 7.3%
S5 1677 + 108* 31.1 = 4.3 11.3 = 6.3
S0G 69 + 14° 7.5 + 1.9™ 15.5 + 5.1%
S1G 73 + 14° 5.2 + 0.8° 8.6 + 2.4°
S2G 79 * 16° 5.6 = 1.6™ 8.6 + 2.9°
S3G 77 + 15° 8.3 + 21° 12.1 = 2.3°
S4G 60 + 14° 7.1 + 1.5 14.3 = 0.9?
S5G 79 + 22° 7.7 + 3.3% 12.5 + 6.5%

ab< Different letters in the same column indicate significant differences
(p < 0.05). Reported values correspond to the mean * standard deviation.

Wunp
Viwp = VMNP _ - PMNP :
Vﬁlm ‘MNP Winatrix
PMNP Pmatrix

®))

The density of the unfilled matrix (pparix = 1.3g/cm®) was ex-
perimentally determined as the ratio between the weight and volume of
rectangular specimens, and the density of the filler (pymwp) was taken as

5.175 g/cm?® [56].
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Fig. 4. Experimental (symbols) strength and theoretical (dash line) values
calculated from the Pukanszky model as a function of MNP volume fraction.
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Fig. 5. Small angle X-ray scattering intensity (I) as a function of the momentum transfer vector (gq) for non-plasticized (a) and plasticized samples (b).

Fig. 4 shows the evolution of the ultimate stress as function of vo-
lume fraction of MNP for non-plasticized films. In the same figure, the
calculated fitting curve (equation (1)) is displayed. According to the fit
results, a value of 26 was found for the B parameter, being this much
larger than 3, meaning that the interface is strong and an effective re-
inforcing effect was obtained [57].

On the other hand, the strong plasticizing effect of the glycerol is
clearly denoted by the important decrease of the rigidity of plasticized
samples with respect to non-plasticized ones, resulting in lower mod-
ulus and strength values (Table 2). However, these properties do not
present a clear trend with MNP concentration. Particle agglomeration
could affect the effective stiffness of the particles and the load transfer
at the matrix-particle interface, facts related with modulus and strength
of the nanocomposites, respectively. This behavior could be attributed
to the heterogeneity of the films regarding MNP concentration and
probably associated with less compatibility between particles and
plasticized matrix than the observed for the non-plasticized samples.
This fact could be directly associated to the presence of higher ag-
glomerates in the nanocomposites with glycerol as was previously
mentioned in the analysis of FESEM images.

The ultimate deformation does not present a clear trend, neither
with respect to magnetite concentration, nor with respect to glycerol
content (i.e. comparing S samples with SG samples at fixed magnetite
concentration).

From FESEM images analysis, it became clear that composite sam-
ples contain aggregates of individual particles. Thus, the SAXS tech-
nique was used to complement the structural information, as well as to
follow the cluster formation into the chitosan based films. The range of
analysis of the SAXS measurements is restricted with respect to the size
of particles or structures loaded into the matrix (i.e. depends on the
selected g range). Thus just some general information about nanos-
tructures will be obtained and used as a comparative tool. Firstly it
should be noticed that even when the FESEM images suggest the pre-
sence of at least a bimodal distribution of cluster sizes, the measured g-
range in SAXS covers only those scattering objects matching the smaller
ones.

Fig. 5 shows the Log-Log representation of scattering intensity, I(q)
versus the momentum transfer, g, for the magnetic nanocomposites. As
can be noted, the SAXS experimental curves display similar trends,
where three different scattering regions can be highlighted. In low-q
region, all spectra exhibit similar power law trends, indicating a de-
viation from the Guinier behavior characteristic of non-interacting

208

individual particles (i.e. ultra-dispersed systems). This deviation can be
attributed to the scattering interference between the neighboring iron
oxide NPs, denoting their aggregation into the films [58,59]. In this
zone (Guinier region), for g-values lower than 0.1 nm’l, a power law
of I~ q~2* was found for all samples. In the high-q region, the scat-
tering intensity behavior can be described with a power law I(q) ~ ¢ 74,
being f the Porod exponent, whose values were found between — 3 and
—4 for all samples, characteristic of Porod scattering from smooth and
sharp interfaces among iron oxide NPs and polymer matrix [60-62]. At
intermediate g-values (0.2 nm~ ! < q < 0.95 nm 1), the absence of
oscillations suggests a moderate polydispersity of the MNP loaded into
the chitosan matrices.

To perform a quantitative analysis, experimental SAXS curves were
evaluated using the unified exponential/power-law postulated by
Beaucage and based on hierarchical structures [63]. The phenomen-
ology behind this model implies to consider a combination of the Porod
and Guinier regimes to describe the scattering intensity of any systems
composed by entities of complex morphology, which can contain
multiple levels of related structural features. In our case, to describe
two interconnected structural levels (aggregates and individual NPs),
the following equation was used:

Df
[
)P

(erf(qR,/v/6)’
q

where G and B correspond to the Guinier and Porod pre-factors of those
larger structures detected in the measured q range (aggregates); G and
B; are the Guinier and Porod pre-factors of the smaller structures (in-
dividual particles); Ry is the radius of gyration of aggregates with fractal
dimension Dy, and whose architecture is defined by small particles of
size R;. P is the exponent of the power law assigned to the smaller
structures and erf is the error function. Notice that the first term of
equation (3) describes the large-scale structure of size R, while the
second one refers to the mass-fractal regime with two structural limits.
The last two terms are related with the structural information of smaller
substructure (primary MNPs).

The Beaucage approach was successfully applied to describe the
scattering intensity from those polydispersed NPs that interact forming
clusters of larger sizes into the selected matrices. The curves obtained

(erf(qRy//6)

—q2R? —2R2
(q E)+ exp( qu)

3

I(q) = Gexp B

_g2R2
+Gsexp( R +Bs(
3 ©)
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Fig. 6. Experimental data (empty symbols) and fitting of equation (3) with SASfit package (solid line) and the different contributions of Beaucage model. 1) Guinier
aggregates, 2) Porod aggregates, 3) Guinier individual particles, 4) Porod individual particles.

Table 3
SAXS parameters obtained using equations (3)-(5).

G: Guinier pre-factor of larger structures, B: Porod pre-factor of larger structures, G;: Guinier pre-factor of smaller structures, B: Porod pre-factor of the smaller
structures, Rg: radius of gyration of aggregates, Dy fractal dimension, Ry: radius of individual particles, P: exponent of the power law assigned to the smaller
structures, & radius of the agglomerate, PDI: polydispersity index, Z: grade of aggregation.

Sample G B [ By Rg (nm) R, (nm) Dy P & (nm) PDI V4

S1 5.03E7 1.22E6 4.47E7 8.88E5 21.92 4.792 2.99 4.01 55.56 6.5 9.7
S2 2.24E7 2.95E6 1.20E8 2.38E6 21.51 4.757 2.98 3.82 55.55 6.3 9.5
S3 1.69E7 3.79E6 1.55E8 2.95E6 21.79 4.770 2.92 3.99 56.26 6.1 9.2
S4 6.89E8 2.10E7 3.37E8 5.62E6 21.17 4.795 2.46 3.98 54.65 5.5 6.2
S5 4.95E9 1.16E7 3.87E8 8.60E6 21.04 4.776 2.99 3.72 51.43 7.1 9.2
S1G 3.77E6 2.84E6 5.87E7 1.05E6 21.317 4.795 2.61 3.98 55.04 5.8 7.0
S2G 2.70E8 3.43E6 1.34E8 2.53E6 21.11 4.795 2.88 3.98 54.51 6.2 8.5
S3G 2.80E8 3.38E6 1.40E8 2.89E6 21.38 4.794 3.04 3.98 55.20 6.7 9.7
S4G 5.31E8 6.23E6 2.65E8 5.55E6 21.16 4.793 3.04 3.97 54.63 6.8 9.5
S5G 6.08E8 7.82E6 3.45E8 7.26E6 21.30 4.792 3.06 3.97 55.00 6.8 9.8
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Fig. 7. (a) and (d) Magnetization as a function of the temperature recorded under ZFC and FC protocols for samples S and SG, respectively. ZFC and FC curves are
normalized and vertically displaced for better understanding. (b) and (c) Magnetization vs. magnetic field curves at 300 and 2K for samples S. (e) and (f)
Magnetization vs. magnetic field curves at 300 and 2 K for samples SG. Continuous lines at M vs.H recorded at 300 K represent the Langevin fits. Magnetization values

are presented in emu/g of magnetic material.

by fitting the model are in good agreement with experimental data, as
can be observed in Fig. 6 for the samples S1, S5, S1G and S5G. The
individual contributions of the Guinier and Porod component curves of
aggregates (curves 1 and 2) and primary particles (curves 3 and 4) are
also included in the plot (dashed lines).

Thus, equation (3) allows modeling the experimental SAXS results
and determining the fitting parameters, such as Ry, Dyand the pre-factors,
G, B, G, and B, for different chitosan/MNP films (Table 3). The P ex-
ponent and the single nanoparticle radius (Rs) were set as 4 and 4.8 nm
(this last one, according to TEM information), respectively, although a
relative small variation of + 10% was allowed for fitting purposes.

Fitting parameters G, B, G, and B; (see Table 3) increase with MNP
content for both, plasticized and non-plasticized samples as was ex-
pected, because they are directly related with the relative amount of
iron oxide NPs (G, and B,) and agglomerates (G and B). As the amount
of individual particles rises, an increase in the amount of agglomerates
is expected. In addition, the pre-factors are higher for the non-plasti-
cized samples with the most important differences in G and B para-
meters, fact that could be related with differences in the electronic
contrast between the matrix and particles, when the former is plasti-
cized or not: the presence of glycerol can modify the dispersion length
densities of the matrix and consequently the electronic contrast of
particular zones of the composite.

Table 3 also presents the polydispersity index, PDI, and the grade of
aggregation,  (defined as the amount of particles of mean radius R;
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contained by an aggregate of radius R,) calculated by the following
equations [64].

R4
PDI = ﬂ
1.62-Gs ()]
,Df
L (&) h
R, (5)

Since Dy is a parameter of the fractal dimension, their values, quite
similar for all films, indicate that in all the samples the agglomerates of
individual particles have similar structures. Their values are mostly
close to 3, indicating tridimensional smooth and compact clusters [65]
with a tridimensional architecture. On the other hand, R,, which stands
for the aggregate sizes, does not suffer significant variation with the
concentration of MNP. Assuming that the shape of the agglomerates is
spherical, their sizes can be calculated using & = 2(5/3)"°R,.

Fig. 7 shows a general overview of the DC magnetic properties in the
investigated nanocomposite films. The temperature dependence of
magnetization for different samples is displayed in Fig. 7 (a) and (d);
these curves were recorded at a low DC field of 50 Oe under the zero-
field-cooling and field-cooling protocols. As can be noted, all the ZFC/
FC curves show a similar behavior, where the ZFC magnetization curves
progressively increases without a defined maximum in the range of
analyzed temperatures, while, the FC curves show a monotonous



G.A. Kloster et al.

Table 4
Best fitting parameters according to equation (6) and coercive fields obtained
from the M vs. H curves recorded at 2 K.

o: variance, [, magnetic moment per magnetic entity, N the number of
monodomain entities per unit mass, H¢: coercive field.

Sample o iyt (10%ug) N (107em~3) Hc (Oe) at 2K
S1 0.3 11.8 2.2 280
S2 0.4 11.9 2.1 290
S3 0.6 12.4 2.2 295
S4 0.6 12.6 2.2 298
S5 0.5 12.5 2.2 297
SG1 1.0 6.7 1.5 260
SG2 0.8 10.7 1.6 265
SG3 0.8 11.1 1.6 276
SG4 0.8 13.1 1.4 278
SG5 0.9 14.3 1.6 290

decrease as temperature rises. Moreover, ZFC and FC joint near to
300K, which indicates that both blocking and irreversibility tempera-
tures are probably close to room temperature. These are characteristics
for highly or moderate interacting nanoparticulated systems, with a
broad size distribution and where not all the NPs become unblocked at
300K [66].

Isothermal hysteresis loops were measured in all nanocomposites at
two different temperatures (2K and 300 K). According to our results,
every M vs. H curve obtained at 300 K (Fig. 7(b) and (e)) displays a S-
shape with an almost null coercive field (H) i.e., absence of hysteresis.
This is a typical feature of granular systems composed by monodomain
NPs, as explained by Allia et al. [67] and Knobel et al. [68]. Besides, the
magnetization values obtained at 2K are larger than the ones measured
at 300 K. Despite that the magnetization curves of both systems (plas-
ticized and not plasticized) share some similarities, there are differences
in the magnetization saturation (Mg) values. For instance, comparing
the M vs. H curves measured at 300 K, those films loaded with lowest
NP concentrations, i.e., S1 and SG1, take values of Ms around ~21
emu/g and 18 emu/g (normalized per MNP mass), respectively. On the
other hand, in samples S5 and SG5 (nanocomposites films with highest
NP concentration), the Ms have values of 27 and 35 emu/g, respec-
tively. Thus, for both sets of analyzed magnetic nanocomposite films
one can distinguish an increase of Mg as the concentration of magnetic
solute rises from samples 1 to 5.

This behavior seems to be dependant on the NPs concentration,
where aggregates features, such as size and compactness degree, are
directly influenced by the amount of magnetic solute (as was inferred
from SAXS and FESEM analysis). In addition, the aggregate formations
lead to different collective behaviors among NPs, which should be re-
lated to cluster features. These facts can reveal the formation of systems
with differences in dipolar interactions and effective anisotropies,
which affect the magnetization dynamics, and, consequently, the cor-
responding macroscopic parameters (such as Ms and/or Hc) [69]. It is
worth noting that all the M vs. H curves display lower values of Ms,
when compared to those reported for bulk magnetite [70]. This beha-
vior can be understood considering the disorder on the nanoparticle
surface [71]. Comparing the magnetization behavior of the two sets of
systems, differences between the Mg values of samples S and SG for a
specific concentration can easily perceived, suggesting different ag-
gregation of the NPs. This effect can be affected by the interaction
among the functional groups of the matrix and the active chemical
groups located at the interface of the nanoparticle, as suggested in
previous works [52,72]. Table 4 listes the coercive field values (Hc)
extracted from the M vs. H curves obtained at 2 K. For both systems (S
and SG) it can be noticed that H¢ tends to higher values as the tem-
perature decrease, which is an experimental evidence that the NPs are
in the blocked regime at 2 K consistent with ZFC and FC results [59,73].
Furthermore, for each nanoparticle concentration, lower values of H¢
can be observed for plasticized samples (SG) in comparison to the other
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ones. This behavior could indicate the formation of aggregates with low
compactness degree.

In order to perform a quantitative analysis of the above discussed
facts, we applied the Langevin formulation to fit the M vs. H curves
measured at 300 K. Briefly, the magnetization response as a function of
the magnetic field for granular nanoparticle systems can be described
by the Langevin function M = ML(uH/kgT), being p the magnetic
moment per monodomain entity, kg the Boltzmann constant and Mg the
saturation magnetization, that also can be expressed as Ms = Ny, N
being the number of monodomain entities per unit mass. To take into
account the moment distribution (related to the presence of a particle
size distribution), Langevin function was weighted by a lognormal
distribution function f(i) with median py; (= 1 exp(c?/2)), being o the
standard deviation. Then, the M vs. H data were fitted by:

“ H
M(H) =N ,uL('u—)f(,u)d,u +C,
{ kT 6)

where the last term C is a constant that contains the paramagnetic
contributions that come from the nanoparticle surface disorder. The
fitted curves are displayed as full lines in Fig. 7 ((b) and (e)) and the
fitted parameters are summarized in Table 4. To interpret the fitting
results, it must be considered that the framework behind the Langevin
formulation is based on ideal systems, i.e., non-interacting and mono-
domain entities with moderate size distribution. However, a re-
interpretation of the obtained results can support the hypothesis that
the formation of aggregates with different features (each one acting as a
magnetic entity) dominates the magnetization response. Accordingly,
the obtained parameters, o and N, do not vary widely, while for the two
investigated sets of samples, the mean magnetic moment per magnetic
entity (uy) present an increase as the nanoparticle concentration in-
crease; for instance, piy of 11.8 pg and 6.7 up were obtained for samples
S1 and S1G, respectively, while for the most concentrated samples (S5
and S5G), values of 12.5 ug and 14.3 up were found. The observed
variance of yy can be understood from the NP arrangement (size and
compactness degree) that forms each aggregate.

On samples with lower magnetic solute, it seems that the NPs are
randomly arranged to give rise to structures of shorter magnetic size.
On the contrary, in samples with high nanoparticle concentration, it
seems that the NPs that form the aggregates are organized so that their
magnetic moments are forming cooperative magnetic systems, leading
to more compact structures with a bigger net magnetic moment. Theses
hypothesis could suggest a cooperative-type arrangement of those
magnetic moments that belong to the percolated NPs (high nanoparticle
concentrations). Such hypothesis also implies that for larger NP con-
centration, the super-paramagnetic features of the system can be lost,
which result in a magnetic response governed by the aggregates char-
acteristics.

4. Conclusions

A procedure to obtain magnetic nanocomposite films using a bio-
polymeric matrix (chitosan) and magnetic nanoparticles was reported.
The nanoparticles of iron oxides were synthesized by an alkaline co-
precipitation method that leads to the formation of magnetite and/or
maghemite particles of less than 10 nm average diameter. FESEM mi-
crographs, tensile tests, magnetic properties and SAXS analysis were
used to evaluate film specific properties, but also to obtain indirect
information regarding film's nano and microstructure.

The mechanical behavior under uniaxial tensile tests was associated
to a good interaction nanoparticles-matrix, mainly for the non-plasti-
cized samples where a clear reinforcing effect was observed.

Magnetic results showed that the nanoparticles within the films are
super-paramagnetic, with blocking temperatures close to room tem-
perature. Generally speaking, the magnetic response was dominated by
the collective behavior of interacting dipolar nanoparticles associated
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with the presence of aggregates with variations in sizes and compact-
ness degree. The aggregation of individual magnetic particles in the
composite films was corroborated from FESEM images, with the larger
ones found in the plasticized samples. SAXS data were successfully
fitted with the Beaucage model and the calculated parameters denoted
the existence of volume fractal dimensions in the smaller clusters.

In conclusion, these nanocomposites are excellent candidates for a
wide range of applications, owing to (i) easy access and low cost of raw
materials and processing, (ii) the low toxicity of chitosan, MNP and the
solvent used (water), (iii) the chelating characteristics inherent to
chitosan and magnetic nanoparticles.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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