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A B S T R A C T

In this work, sodium alginate was used as the polymeric matrix of magnetic nanocomposite films
where iron oxide particles, in percentages varying from 2 to 10 wt.% (respect to alginate con-
tent), were synthesized “in situ”. The effects of the nanoparticle concentration and the addition of
30 wt.% of glycerol as plasticizer on the properties of the composite films were analyzed by X-ray
diffraction, scanning electron microscopy, infrared spectroscopy, tensile tests, zero field cooling/
field cooling measurements and isothermal magnetization as function of applied fields at dif-
ferent temperatures. The presence of residual salts formed during the synthesis process, the film
microstructure and the interactions developed between magnetic particles and between particles
and matrix were the most important factors that affected the film properties. All the synthesized
composite films showed super paramagnetic behavior, while the recorded blocking and irre-
versibility temperatures were lower for the plasticized ones, indicating that the size of the
magnetic particles/particle agglomerates formed in these samples was smaller and the particle
dispersion in the polymeric matrix better than those obtained in films prepared without glycerol.

1. Introduction

The use of magnetic polymeric nanocomposites for the remediation of wastewater and soil has been studied with a lot of interest
in the last years because of the special advantages obtained from the combination of these two types of materials. If the polymer is
biodegradable, the benefits are even greater because at the end of the useful life of the material, it does not cause posterior pollution.
The presence of a magnetic phase or component offers important new properties to the composite: i.e. during an adsorption process
the adsorbent material is in contact the aqueous solution to be purified but after that, it could be difficult to separate both phases and
consequently the adsorbent could not be recovered to be used again. In order to solve this problem, separation technologies em-
ploying magnetic adsorbents are an alternative method for treating water/wastewater that has received considerable attention in
recent years [1].

Among a variety of biopolymers, alginate presents a combination of abundant and attractive features such as low-cost, biode-
gradability, biocompatibility [2], renewability, and excellent binding ability [3]. It is a linear copolymer composed of (1–4)-linked β-
D-mannuronic acid (M) and its C-5 epimer α-L-guluronic acid (G) [4] arranged in a block-wise fashion, constructed not only of homo-
polyuronate blocks (MM or GG) but also of alternating blocks (MG). This natural-occurring polyelectrolytic polysaccharide is found in
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all species of brown algae and some species of bacteria [5,6]. It has a large number of fields of applications, including medicine,
agriculture, drug carrying and release and packaging fields including encapsulation of herbicides, microorganisms and cells [7].
Other of their interesting uses is for the adsorption of certain types of heavy metal ions and dyes in wastewater [3]. Specifically in the
case of alginate, the presence of the carboxyl groups gives this biopolymer the ability to form complex with variety of multivalent
ions. In aqueous solution (at pH > 3.4), alginate is negatively charged, due to the prevalence of carboxyl groups in both G and M
subunits, where the carboxyl groups become deprotonated except at very low pH. The use of alginate as exchanger for heavy metal
ion has been tested in many metals such as Co, Cu, Cd and Zn [8–11].

On the other hand, using iron oxides like magnetite, hematite and maghemite as reinforcements for the polymeric matrices, the
resultant composite would incorporate new and interesting characteristics. If single domain iron oxides particles are below a critical
size, super-paramagnetic behavior could be observed, which means that the particles, even embedded in a polymeric matrix, can be
oriented in the direction of the applied magnetic field like paramagnets, but with a much larger susceptibility. Thus, the size of the
particles has special interest because it will determine if the particles are on the super-paramargentic regime or not (i.e. it can provide
a sudden spatial magnetization in front of a magnetic field when they are on the super-paramagnetic regime). Iron oxides particles at
room temperature tend to behave like super-paramagnetic materials if their size is below 15 nm [12].

In order to incorporate magnetite nanoparticles into different polymeric matrix or environments, the way of synthesis is very
important since it affects their final magnetic properties. For example, one of the more reported difficulties during the synthesis of
this type of material is to avoid the agglomeration of nanoparticles when they are synthesized prior to being included within the
matrix. The in situ co-precipitation of magnetic nanoparticles seems to avoid the formation of large agglomerates. Also, electrostatic
repulsion between the nanoparticles makes them stable and prevents the aggregation. Pardoe et al. [13] investigated the magnetic
properties of magnetite and maghemite particles synthesized in the presence of dextran or polyvinyl alcohol and verified that su-
perparamagnetic blocking temperature depends on the polymer nature. Moreover, different attempts of synthesis of iron oxide
nanoparticles/alginate systems have been proposed [5,14–16]. Some of the methods involve the gelation of alginate and ferrous ion,
the precipitation of ferrous hydroxide by the alkaline treatment of alginate and the oxidation of ferrous hydroxide with an oxidizing
agent. Any of these methods have their own difficulties, and usually results in a nonmagnetic form of iron oxide. Ma et al. [6]
proposed a two-step co-precipitation method that involved the synthesis of magnetite from Fe+2 and Fe+3 in alkaline solution and
then the combination of the particles obtained with alginate by dispersion using ultrasonication. Mohammadi et al. [17] prepared
superparamagnetic sodium alginate-coated Fe3O4 nanoparticles as a novel magnetic adsorbent, by in situ co-precipitation method, in
which Fe3O4 nanoparticles were precipitated from FeCl3 and FeCl2 under alkaline medium in the presence of sodium alginate. They
suggested that the alginate coating of nanoparticles could be due electrostatic attraction between carboxylate groups of sodium
alginate and Fe2+ and Fe3+ ions of Fe3O4 nanoparticles.

The interactions between alginate and iron oxides have been studied and found to be pH dependant [2]. The isoelectric point of
Fe3O4 nanoparticles was around 6.85 [2,18]. At pH below isoelectric point, the Fe3O4 nanoparticles surfaces are positively charged
due to the formation of –FeOH2

+ groups, while at pH above isoelectric point, they are negatively charged due to the formation of
FeO− groups [19].

We have already studied the synthesis of chitosan-nanomagnetite composite films using an in situ co-precipitation method [20].
In the present work, we propose to adjust this simple one step co-precipitation technique to prepare alginate nanocomposite films
with various concentrations of iron oxide nanoparticles. The effect of magnetic nanoparticles concentration on their physical, che-
mical and mechanical properties, and especially on their magnetic response is presented.

2. Experimental

2.1. Materials

Sodium alginate (SA) in powder form supplied by Sigma Aldrich (moisture content ≤ 14.1%; viscosity (1% in water) = 19 cps;
pH (1% in water) = 7.6) was used as received. Glycerol (gly) purchased from DEM Mar del Plata was used as plasticizer. Ferric
chloride (FeCl3·6H2O), ferrous sulphate (FeSO4·7H2O) and sodium hydroxide were purchased from Aldrich.

2.2. Methods

2.2.1. Preparation of composite films
The films were prepared by casting. Alginate solution (2 w/v%) was prepared by incorporating alginate powder in an aqueous

sodium hydroxide solution (0.3 mol/L) and applying magnetic stirring during 1.5 h. Glycerol, in a 30 wt.% respect to the alginate
mass was also added to the solution when applicable. A 0.2 mol/L aqueous iron salt solution was made using a molar ratio of
Fe2+:Fe3+ = 1:2. The alginate and iron salts solutions were mixed in the appropriate proportions to obtain films with 0, 2, 5, 7 and
10 nominal wt.% of magnetic nanoparticles (MNP) (calculated with respect to the mass of alginate). The resulting suspensions were
poured into Petri dishes (diameter = 14 cm) and dried in a convective oven at 40 °C. The obtained films (thicknesses ∼100–150 μm)
were kept in a closed container containing dried silica gel at room temperature (23 ± 2 °C) until testing.

2.2.2. Characterization of composite films
2.2.2.1. Infrared spectroscopy characterization. FTIR spectra were obtained in transmission mode from samples in KBr pellets over the
range of 4000–600 cm−1 using a Thermo Scientific Nicolet 6700 Fourier transform infrared spectrometer. Films were previously
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grounded using liquid nitrogen and then mixed with KBr to prepare the testing samples. The spectra were recorded with a resolution
of 2 cm−1 and averaged over 32 scans.

2.2.2.2. X-ray diffraction. The crystal structure of the nanocomposites was characterized by X-ray powder diffraction (XRD), using Cu
Kα radiation (λ = 1.5418 Å), using a PANalytical X’Pert Pro diffractometer operated at 40 kv, 300 mA and 0.6°/min.

2.2.2.3. Transmission electron microscopy. Microscopy analysis was performed on a TEM-FEG (JEM 2100F) field-emission gun
transmission electron microscope (voltage: 200 kV, spot size 3). The images were acquired using a Gatan, Orius SC600/831 camera at
different resolutions. To prepare the test samples first a selected nanocomposite film was dissolved in distilled water, leading to the
precipitation of the nanoparticles that were then separated from the solution by centrifugation. These particles were subsequently
intensively washed with distilled water in order to eliminate most of the remaining polymer and finally dried by liophilization. Then,
the particles were dispersed in milli-q water and sonicated during 15 min. The samples for microscopy observation were prepared by
drying a drop of this last nanoparticle suspension during 24 h at room temperature on a Ted Pella ultrathin cooper film on a holey
carbon. The obtained images were analyzed using ImageJ free software.

2.2.2.4. Scanning electron microscopy. Selected cross sections (obtained by cryo-fracture after immersing samples in liquid air) of the
films were examined using a scanning electron microscope (JEOL, model JSM-6460 LV). The pieces of the films were mounted on
bronze stubs using a double-sided tape and then coated with gold, before being observed under the microscope.

2.2.2.5. Mechanical characterization. Tensile tests were performed at room temperature (23 ± 2 °C) using an Instron Universal
Testing Machine model 8501. At least four specimens from each film (strips of 5 × 25 mm) were tested. Crosshead speed was set at
10 mm/min. The ultimate strength (σu), elongation at break (εu) and elastic modulus (E) were calculated as described in ASTM D638-
94b (1994). Prior to running mechanical tests, films were conditioned for 72 h at 65 ± 5% relative humidity (RH) at room
temperature.

2.2.2.6. Magnetic characterization. The magnetic properties of the composites were obtained using a commercial SQUID
magnetometer (Quantum Design, MPMS XL). Both isothermal magnetization curves as well as Zero Field Cooling/Field Cooling
(ZFC/FC) measurements were performed in order to characterize the magnetic properties of the nanocomposite films. The ZFC/FC
cooling measurement protocol was carried out as follows: the sample was first cooled down from 300 to 5 K in zero magnetic field.
Then, a static magnetic field at 50 Oe was applied and the magnetization was measured while increasing the temperature up to 300 K.
Subsequently, the sample was cooled down to 5 K under the same applied magnetic field (50 Oe) and the magnetization was
measured while warming up the sample from 5 to 300 K. Also, isothermal measurements were carried out at different temperatures
between 2 and 300 K.

3. Results and discussion

3.1. Physical, chemical and mechanical properties of the nanocomposite films

Photographs of the plasticized films are shown in Fig. 1. It is clear that with the increase of the content of iron oxide, the films
become darker. In addition, the visual observation of the films surfaces allowed us to detect a white solid, which is probably barely
visible in the pictures, that could correspond to salts (NaCl, Na2SO4) formed by combination of the Na+ coming from the sodium
hydroxide used in the synthesis of the films as precipitating agent for iron oxides, and the Cl− and SO4

2− coming from the ferric and
ferrous salts. From the images it also can be noticed that the flexibility of the films does not change very much (i.e. no cracks or
fissures created during drying or demolding are noticed) as the iron oxide content increases. The non-plasticized films present a
similar appearance.

FTIR spectra of selected films are shown in Fig. 2. The presence of the iron oxide in the composite samples should be observed in
the region of 700–500 cm−1 [21,22], as two absorption bands at about 636 and 592 cm−1 [23,25], which could be attributed to the
FeeO vibrations in octahedral and tetrahedral sites [2,23–25]. However in our case only a slightly increased intensity in the zone
about 620 cm−1 is noticed for samples containing MNP (respect to the spectra of the neat matrices), which cannot provide enough

Fig. 1. Plasticized nanocomposite films. From left to right: 0, 2, 5, 7 and 10 wt.% MNP concentration.
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evidence about the successful incorporation of iron oxide particles into the alginate matrix. The carbonyl vibrations of carboxylate
and carboxylic acid groups and the NeH vibrations of amines and protonated amines occurred in the 1400–1750 cm−1 range [26],
and can be used for discriminating the different states of protonation of alginate before and after the interaction with iron oxide
nanoparticles. The position, width, and the intensity of FTIR peaks provided qualitative insights into the effect of the physical or
chemical interactions/binding with alginate. However, quantification of the individual component from the FTIR results was difficult
when the vibrational bands overlap as observed in this and other related studies [26]. The typical absorption bands at
3600–3200 cm−1 of alginate, assigned to the OH stretching vibrations [26], are higher in the plasticized samples, which contain a
larger amount of contribution to this band due to the presence of glycerol, as indicated elsewhere [27]. The asymmetric and sym-
metric aliphatic CeH stretching bands were observed at 2940 and 2880 cm−1, respectively. The bands at 1615 and 1450–1420 cm−1

were attributed to the asymmetric and symmetric stretching vibrations of carboxylate groups of alginate, respectively [17,26,28]. The
absorption band due to the symmetric stretching vibrations of carboxylate groups of alginate shifts to lower frequencies with the
addition of either nanoparticles or glycerol. The bands at 1037 and 947 cm−1 were attributed to the CeO stretching vibration of
pyranosyl ring and the CeO stretching with contributions from CeCeH and CeOeH deformations [29]. The former band shifted
towards higher frequencies as the glycerol content increased, as indicated in related works [27]. On the other hand, the band at
1710–1730 cm−1 that is due to symmetrical stretching vibration of carbonyl (eC]O) in eCOOH groups [2] is absent in all the
spectra because alginate based films were prepared in basic media. This band was assigned in some papers to carboxylate groups
bonded onto the surface of Fe3O4 [17], and used as a proof of the presence of magnetite nanoparticles in the composite sample. On
the other hand, Kondaveeti et al. [30], who synthesized hybrid beads composed of magnetite nanoparticles and alginate and in-
cubated them in dopamine solution at pH 7.4, proposed that at this pH the magnetite particles are attracted towards alginate beads by
ion–dipole interactions between deprotonated OH groups on the magnetic particles surfaces and OH groups of alginate.

The XRD patterns of plasticized and non-plasticized alginate films containing 10% iron oxide nanoparticles are shown in Fig. 3.
Again the typical peaks corresponding to a crystalline phase of iron oxide, i.e. maghemite or magnetite, which crystallizes in the
inverse spinel structure, can be barely seen. Besides, because maghemite is isostructural with magnetite it is difficult to rule out the
formation of a second phase in the samples. Moreover, XRD patterns also show diffraction peaks coming from the alginate phase, as
was also found in some related papers [31], probably in addition to signals coming from the sodium salts contained in the film
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forming suspensions that complicate both, the identification of the species present in the samples and the calculation of the particle
size of the precipitated iron oxides by this technique. It should be taken into account that most related publications deal with iron-
oxide-alginate core–shell particles or composite beads, and thus, the concentrations of iron oxide and alginate phases in the sample
are similar. On the contrary, in our case the films forming suspensions were prepared to obtain a maximum nominal concentration of
iron particles of 10 wt.% (i.e. 90 wt.% alginate) and accordingly, the signals coming from the magnetic phase are lower than those
coming from the polymeric matrix. Thus, to further analyze this behavior, the XRD patterns of neat sodium alginate powder (raw
material used to prepare the films), control films (without iron salts) neat and plasticized with glycerol and iron oxide particles
extracted from the 0gly-10MNP composite film (by dissolving the film in distilled water) and deposited onto a glass surface, are
presented in Fig. 4. Alginate powder exhibits two broad peaks with central positions at 2θ = 13.5° and 21.6°, respectively, which
indicates two different amorphous regions, as was reported in literature [27,32]. For both alginate films (without magnetic particles),
the intensity of the peak at 2θ = 13.5° decreases, indicating a lower proportion of the amorphous structure with larger chain dis-
tances as a result of the water and glycerol disruption during the processing/film forming steps. It is also noticed that for the non-
plasticized alginate film, the peak at 21.6° is sharper than for the neat alginate powder due to the likely rearrangement of the alginate
chains. Such phenomenon was also observed in plasticized chitosan samples obtained by thermo-mechanical mixing [27,33]. Ad-
ditionally, the peak at 2θ = 21.6°shifted to slightly higher angle values for the formed films. On the other hand, control films were
prepared in basic media and thus they could show signals coming from NaOH crystals, being the strongest ones those appearing at
2θ= 15.6°, 31.4°, 38.2°, 53.9° and 55.6°, corresponding to planes (020), (040), (111), (200) and (151), respectively [34].
However, as can be noticed from Fig. 4, the contribution of NaOH crystals solely, if any, could not explain the complex patterns found
for both control films. On the other hand, the X-ray spectrum obtained from the iron oxide particles extracted from the 0gly-10MNP
film shows the typical peaks corresponding to a crystalline phase of iron oxide (maghemite or magnetite) [31,35,36], which indicates
clearly that the iron oxide particles were formed inside the alginate films by this simple one step co-precipitation technique, but also
that the selected conditions for obtaining these materials lead to alginate films with unexpected characteristics.

Fig. 5 shows TEM images of the nanoparticles extracted from the 0gly-10MNP film at different magnifications. Some dashed
circles or ovals were added on some individual particles on figures (b) and (c) to better visualize them. Due to the sample preparation
method (see experimental section), the observed sizes could not be representative of all the samples. However, in the images shown it
is easy to notice that the nanoparticles are less than 10 nm in all the cases. In addition, it can be noticed that not all the nanoparticles
are spherical since some of them show some irregularities. Even after the intensive washing experienced by the nanoparticles after
being extracted from the polymer solution, some organic phase remains on them, making it difficult to obtain better transmission
electron microscopy images. This can be clearly seen on Fig. 5(a) where several nanoparticles seem to be contained on an organic
phase. Fig. 5(e) shows a HT-TEM image of a selected nanoparticle from Fig. 5(d). Fast Fourier transformer (FFT) was used to quote
the planes distance on the HT-TEM image (Fig. 5e) allowing to identify the (113) and (022) crystallographic planes corresponding to
the Fe3O4 cubic space group Fd3m. Summarizing, TEM analysis allowed us to confirm the formation of nanomagnetite particles with
sizes in the order of 10 nm inside alginate matrix.

Selected SEM micrographs corresponding to cryo-fractured cross-sections of both unreinforced films and selected nanocomposites
are shown in Fig. 6. The presence of needle crystals with different shapes is perfectly seen in all cases, with some differences
according sample composition: in the neat matrix (without glycerol, Fig. 6a, magnification = 1000×), the crystals are formed mainly
on or near the surface of the films (0gly-0MNP) while they are more homogeneously distributed through the thickness in the case of
samples containing 30% glycerol (30gly-0MNP, Fig. 6b). The size of the crystals is also different, being those formed in the plasticized
matrix larger but more heterogeneous regarding their forms and also more randomly distributed in the surface of the film (figures not
shown) than those grown in the neat matrix. Sodium alginate is a natural, water-soluble polysaccharide polymer which is not known
so far to crystallize spontaneously [37]. However quite recently, Haidara et al. [37] demonstrated that the controlled drying of
wetting films of the alginate aqueous solution can lead to the formation of large-scale self-assembly and crystallization structures.
More recently, Feng et al. [38] showed that alginate film forming solutions prepared in a pH = 7 buffer and treated by different
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ultrasonic frequencies exhibited needle crystallization during drying on the silicon wafers; in some cases the needle crystals highly
overlapped causing aggregation. The authors attributed this behavior to the change of interfacial activity while Hosseini et al. [39]
also indicated that the sonication process promotes alginate-alginate interactions. In our case, neither controlled drying nor ultra-
sonication were applied to obtain the films. However, the film forming solutions were prepared in a very basic media (pH = 13–14)
in contrast to what is indicated in most publications (normally prepared in distilled [40], dionized [27], ultrapure water [37] or in
buffers of pH∼ 7 [38]). Hence, reports about alginate crystallization in these unusual conditions could not be found in bibliography,
although the overall analysis of the results obtained from X-rays and SEM microscopies lead us to conclude that this is what is
happening. Regarding composite films (Fig. 6c and d), it is interesting to notice that these crystalline structures are also present,
although the concentration of crystals is lower and their size smaller (notice the magnification = 2500×) than in the corresponding
matrices. This effect could be attributed to both, the lower pH of the composite film forming suspensions (the pH of the iron salts
solutions is about 2 and thus, the suspensions resulting from mixing different amounts of iron salts and alginate (or alginate/glycerol)
solutions have lower pH than that of the last solution) and the presence of iron oxide particles that limits crystallization of the matrix
by disturbing the regularity of the structure.

Fig. 7 shows SEM micrographs of the cross sections of composite films that were obtained at higher magnification (× 10,000) in
order to observe zones without crystals. The analysis of the composite samples is even more difficult due to possible presence of
different inorganic salts, alginate crystals and iron oxide nanoparticles since all these inputs might contribute in different ways to
increase the irregularity and roughness of the fractured cross-sections, effects that in other cases would be attributed solely to the
presence of magnetic nanoparticles. Moreover, both Fe2+ and Fe3+ cations could induce cross-linkage of the alginate phase [40–42]
and thus, the microstructure of the composites could differ even more from that found from the polymeric matrices. However, this
effect, if present, is not significant (i.e. very low cross-linking degree), since even the films containing 10 wt.% nominal iron oxides
can be almost completely solubilized in water, leaving a black solid dust in the bottom of the flask. What is clear from Fig. 6 is that the
fracture of the plasticized matrix (30gly-0MNP) is more ductile than the corresponding to the non-plasticized one (0gly-0MNP) that
presents ripples and ridges that might contribute to increased energy dissipation during fracture. Regarding composite samples, the
fracture pattern changes with iron oxide concentration, presenting complex morphologies that go from smooth fracture paths to
particulate, needle or flake-like structures. In fact, a clear relationship between the structures obtained and the nanoparticles content
cannot be established from SEM observations.

Table 1 summarizes the results of the tensile tests performed on the films, showing the tensile modulus (E), ultimate strength (σu),
ultimate deformation (ɛu) and toughness (calculated as the area under the stress–strain curve) for all samples. As expected, the
addition of glycerol to the film forming solutions leads to a significant decrease in tensile stress and Young’s modulus, in perfect
agreement with results from related studies [27]. Regarding the elongation at break, different trends were observed. First, the
plasticized matrix (without MNP) showed decreased elongation in comparison with its non-plasticized counterpart, which is quite
unexpected. According to Gao et al. [27] the decreased elongation for samples with high glycerol content might be due to segre-
gation/exudation phenomena with a significant reduction of intermolecular and intramolecular bonding in the alginate network.

Fig. 5. (a)–(d) transmission electron microscopy at different magnification, (e) HT-TEM of selected nanoparticles of figure (d), (e) FFT of the HT-TEM on figure (d).
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Since in our case no exudation of glycerol from plasticized films was observed, the segregation or phase separation in glycerol-rich
and alginate-rich domains, as was found in chitosan based systems [43] could explain the observed behavior. But also the formation
of alginate crystalline structures that lead to the obtaining of a kind of “in situ composite” (i.e. alginate matrix reinforced with
alginate crystals) should be considered as a factor that influences the mechanical behavior. On the other hand, the tensile modulus of
the composite films decreases as the MNP concentration increases. The ultimate strength and deformation reach a maximum for the
film with 0 wt.% of MNP and 0% wt.% glycerol. This behavior could be attributed to the interactions developed between negatively
charged magnetic nanoparticles (since they were prepared by in situ co-precipitation in basic media) with the negative charged
carboxylate functions of alginate that reduced polymer–polymer interactions and thus, weaken the film tensile response. According to
Xu et al. [2] positively charged Fe3O4 changed to be neutrally or negatively charged with the increasing pH levels, which rendered
the interactions between nanoparticles and alginate changing from attraction to repulsion. The results for the plasticized films show a
similar trend, but with reduced values of modulus and tensile strength. As an effective plasticizer, the low Mw of glycerol increases
the interchain spacing and reduces interchain interactions of polysaccharides [44], favoring in particular the reduction of inter-
molecular and intramolecular hydrogen bonding in the alginate network [45], which leads to films with lower mechanical strength.
In this sense it was quite unexpected to notice that glycerol and MNPs cause the same effect on the mechanical behavior of the
composites. Regarding the deformation at break of composites, they showed similar values (if the standard deviation of the mea-
surements is taken into account), becoming only a function of the magnetic particles concentration and independent of the glycerol
content: films with 2% MNP present the lowest deformation values while for higher content of magnetic particles, film deformability
increases with filler concentration. Again this behavior is believed to be due to the complex morphology developed by the samples
prepared from basic film forming suspensions. Regarding toughness, unreinforced matrices exhibit higher values than composites and
non-plasticized samples present higher values than plasticized ones, as the result of the combination of the different factors discussed
previously.

a) 0% gly -0% MNP b) 30% gly -0% MNP

c) 0% gly -10% MNP d) 30% gly -7% MNP

Fig. 6. SEM micrographs of cryo-fractured cross-sections of neat and plasticized matrices and selected nanocomposite films.
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3.2. Magnetic behavior of the nanocomposite films

Composite materials have at least two contributions that define their magnetic properties. The polymeric matrix is diamagnetic,
which means that under the influence of an external magnetic field, the material magnetizes in opposition to it, i.e., has a negative
magnetic susceptibility. Iron oxide nanoparticles have ferromagnetic properties, but when the particle size is small enough, the
energy for domains formation is larger than the one need for the formation of a monodomain. The magnetic moments on the particles
rotate coherently (as a unique magnetic moment) with an applied field and hence the nanoparticles can be considered as if they had a

Fig. 7. SEM micrographs of the nanocomposite cross-sections as a function of the magnetic nanoparticles and glycerol concentrations. Magnification = 10,000×.
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single “super” magnetic moment. When the particles are a monodomain can present super-paramagnetic or ferromagnetic (also
named blocked regime) behavior with positive magnetic susceptibility. The super-paramagnetic or blocked behavior is related to the
size of the particles (i.e. should be below a critical size, which is ∼25 nm for magnetite particles [43]) but also depends on the
measurement time (τm), in comparison with the relaxation time (τ) of the system. When τm ≫ τ, the nanoparticles behave like a
paramagnetic material, with no hysteresis and high (super) magnetic moment. This is because the relaxation occurs faster allowing
the system to reach thermodynamic equilibrium. Because τ is also temperature dependant, according to Néel-Arrhenius law
(τ = τ0exp(KaV0/kBT), where τ0 is a pre-exponential factor, Ka is the anisotropy energy density, V0 is the magnetic volume of the
nanoparticles, and kB is the Boltzmann constant) for a specific τm, and varying the temperature is possible to crossover from blocked
regime (lower temperature) to super-paramagnetic regime (higher temperature). If the temperature is low enough, τm will be shorter
than the average relaxation time and the system will be on the blocked regime. As the temperature increases, for certain temperatures
τm will be larger than the average relaxation time and the system will be on the super-paramagnetic regime. The blocking tem-
perature (TB) is the temperature that for a fixed τm separates the blocked regime from the paramagnetic one. At this temperature
τm = τ, i.e. the temperature above which the thermal energy overcomes the energy barrier related to the change in the orientation of
the magnetic moment [46–48]. The TB for a SQUID-Magnetometer measurement can be derived directly from the Néel-Arrhenius law
considering that τm is about 100 s [49] being:

≈

∗

T K V
k25

,B
a

B

0

therefore TB increases with increasing particle size, anisotropy constant, or the energy barrier product U = KaV0. Above the blocking
temperature the nanoparticles behave like a paramagnet with temperature dependence of the magnetization according Curie law
(inverse temperature dependence of magnetic susceptibility) and a “super” magnetic moment.

To study the magnetic response of the nanocomposites, Zero Field Cooling (ZFC) – Field Cooling (FC) magnetization tests were
made. The curves obtained are display in Fig. 8. All the films present a maximum in the ZFC curve, which is taken as the TB and
shown in Table 2 as a function of nanoparticle concentration. It can be seen that the non-plasticized films exhibit higher TB than the
plasticized ones. For both series (with and without glycerol), TB increases as the MNP content in the films increases. According to the
last equation, the increase in TB could be due to an increment in the size of the particles or to the formation of agglomerates, which
act as larger energy barrier, U. Since TEM observations from nanomagnetite particles extracted from the 0gly-10MNP film indicate
that their individual size is less than 10 nm, this behavior should be related with the formation of agglomerates of larger size in the
non-plasticized alginate matrices as compared with the alginate-glycerol matrix, probably due to the higher difficulty of the particles
to disperse themselves in these more rigid (in comparison with plasticized ones) films. However, there are also other factors that
should be taken into account, for example we found in a previous work [43] that the size of the precipitated MNP is strongly
influenced by the phase where it grows. Moreover, the interaction between the polymer and the iron ions could be explained by a
site-binding model [6]. The low Mw of glycerol favours the reduction on intermolecular and intramolecular hydrogen bonding in the
alginate network [45], allowing in this case the formation of a larger number of centres of nucleation for the iron oxide particles that,
according to the results presented in Table 2, grow less than in the non-plasticized alginate matrix.

On the other hand, evidently the negatively charged magnetite particles prefer to interact with other particles instead of being
surrounded by the negatively charged alginate molecules when there is no plasticizer in the film forming solution. Mascolo et al. [36]
indicated that several factors including the alkali selected for the precipitation of nanomagnetite, pH of the solution, reaction
temperature, concentration of precursors and slow or fast mixing of reagents are known to control the nucleation and growth of the
magnetite nanoparticles and can influence the magnetite properties, e.g., particle size and saturation magnetization (Ms). In this
work, the concentration of precursors of the film forming solution for plasticized or non-plasticized films were different (lower
concentrations for the glycerol containing solutions since the iron oxide precursors concentration was based on neat alginate, instead
of alginate + glycerol, weight). Moreover, the pH of the suspensions leading to the different concentrations of iron oxides are
different, as indicated previously. Thus, these factors could also contribute to define the number as well as the final size of the
nanoparticles/agglomerates formed in both polymeric matrices. Moreover, the magnetic behavior of the material is strongly influ-
enced by nanoparticle agglomerates in which inner particles display inter-particle interactions and only those located in the external

Table 1
Tensile properties of nanocomposite films.

Nominal MNP content (%) Glycerol content (wt.%) E (MPa) σu (MPa) ɛu (%) Toughness (MPa)

0 0 673 ± 321 20.0 ± 3.5 22.1 ± 2.9 2.64 ± 0.30
2 528 ± 159 13.6 ± 2.9 6.9 ± 2.3 0.52 ± 0.33
5 232 ± 60 8.7 ± 1.0 12.3 ± 1.7 0.64 ± 0.12
7 165 ± 28 9.5 ± 1.4 13.4 ± 2.2 0.73 ± 0.19
10 216 ± 20 12.8 ± 1.3 15.2 ± 1.1 1.04 ± 0.07

0 30 113 ± 9 6.3 ± 0.6 11.9 ± 1.5 0.45 ± 0.10
2 107 ± 12 5.1 ± 0.4 7.6 ± 1.1 0.16 ± 0.03
5 48 ± 5 2.4 ± 0.1 10.1 ± 0.2 0.10 ± 0.02
7 39 ± 3 3.3 ± 0.5 14.1 ± 1.8 0.25 ± 0.06
10 25 ± 3 2.3 ± 0.7 14.8 ± 5.0 0.17 ± 0.10
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shell of the agglomerate can interact with the polymeric matrix or with other magnetic particles/agglomerates.
The irreversibility temperature (Ti) is the temperature where the difference between the ZFC and FC ((dMFC-dMZFC)/dT) curves is

less than 10 %. The differences between TB and Ti are indicative of the size/anisotropy distribution and dipolar interaction between
the nanoparticles. When TB and Ti are the same, there is a narrow particle size/anisotropy distribution and absence of magnetic
dipolar interaction between the nanoparticles [50]. As we can see in Table 2, for all the non-plasticized films Ti and TB are very
different, corresponding to polydispersed systems or strong interaction between the nanoparticles. For the plasticized samples Ti and
TB are closer, which correspond to a relatively narrow size distribution of particles and low interactions between them. Also from ZFC
measurements for temperatures higher than TB it can be noticed that the plasticized samples show a Curie type behavior whereas the
non-plasticized films are apart from this, confirming the existence of interaction between the nanoparticles in the last case.

To complement the ZFC-FC analysis, the isothermal magnetization (M) as a function of the applied magnetic field (H) was
measured at 2 K and 300 K. Fig. 9a-b shows isothermal curves of magnetization (M) versus applied magnetic field (H) for non-
plasticized films at two different iron oxide compositions (5 and 10 wt.% MNP) at 2 and 300 K. At 2 K, both curves confirm the

Fig. 8. Zero Field Cooling/Field Cooling measurements for the non-plasticized and plasticized films.

Table 2
TB and Ti obtained from the ZFC-FC tests.

Nominal MNP content (%) Glycerol content (wt.%) TB (K) Ti (K)

2 0 15.8 50
5 34.4 130
7 80.4 155
10 72.6 190

2 30 8.3 30
5 14.4 40
7 16.4 45
10 18.8 50
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blocked regime due to the presence of hysteresis, as it was mentioned before. The obtained coercive fields at 2 K are summarized in
Table 3. At 300 K the measurements showed typical super-paramagnetic behavior with no hysteresis when the isothermal tests are
performed. The results of the curves at 300 K show zero or negligible coercive field. The magnetization at high field (± 20 kOe) value
decreases as the temperature increases, which is consistent with the superparamagnetic regime at 300 K in comparison with the
blocked state at 2 K. As the content of nanoparticles increases, M (H = ±20 kOe) also increases due to the increased amount of
magnetic material in the sample. Even so, for all the tested samples and in concordance to what literature mentioned for some types
of magnetic nanocomposites, the values of magnetization at high fields are very small in comparison with the value of the bulk of
magnetite [36,51–54]. It is also important to remark that the results shown in Fig. 9 and Table 3 denote that the values of M at 20
KOe are far to be the saturation magnetization. This fact could be associated to the paramagnetic contribution due to the presence of
Fe (II) and Fe (III) (from the iron salts solutions used at the initial step of the composite preparation) that could not precipitate into
iron oxides and thus would decrease the percentage of particles with magnetic properties into the films, and also to the effect of
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Fig. 9. Magnetization (M) vs applied field (H) curves at 2 K and 300 K for non-plasticized samples containing 5 (a) and 10 wt.% MNP (b) and plasticized samples
containing 5 (c) and 10 wt.% MNP (d).

Table 3
Magnetization (M) at H = 20 kOe and coercitivy fields (Hc) at 2 and 300 K.

Nominal MNP content
(%)

Glycerol content (wt.
%)

M(H = ±20 kOe) at 2 K (emu/g) M (H = ±20 kOe) at 300 K (emu/g) Hc at 2 K
(Oe)

Hc at 300 K
(Oe)

2 0 0.68 0.03 514 50
5 1.02 0.10 670 6
7 – 0.47 – 7
10 3.61 1.39 526 10

2 30 0.80 0.0245 365 49
5 1.01 0.11 1000 10
7 2.04 0.265 1005 6
10 2.95 0.81 1037 11
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others salts like NaCl and Na2SO4 formed during the film synthesis (as was indicated previously). Moreover, the presence of glycerol
provokes a significant increase in the coercive filed at low temperature (2 K) because of changes in the anisotropy distribution, as can
be noticed from Fig. 9c–d and Table 3.

4. Conclusions

Magnetic nanocomposite plasticized and non-plasticized films based on alginate and iron oxide particles with different amounts of
nanoparticles precipitated “in situ” were successfully obtained. The way of synthesis was a simple one step in situ co-precipitation
method, followed by solvent-casting. However, the understanding of the final response of these systems resulted more complex than
expected due to the presence of plasticizer, residual salts and ions, crystalline regions attributed to alginate crystallization and
repulsive interactions developed between both negatively charged phases (alginate and iron oxide particles). Any of these factors
affected in different ways the final properties of the composite films, i.e. the X-ray patterns and FTIR spectra of composite samples did
not allow us to identify the iron oxide/s formed but the former revealed polymer crystallization, which was further confirmed by SEM
micrographs. The decrease of the modulus and tensile strength with particle concentration was mainly attributed to both the glycerol
content in the films but also to the repulsion between particles and matrix. Moreover, size of the magnetic particles/agglomerates
formed in the films depended strongly on the concentration of iron precursors and glycerol, as was inferred from the measured
magnetic properties. The larger and more polydisperse magnetic particles/agglomerates were formed in the non-plasticized films
while relatively small, separated particles grew in the plasticized ones. All the films containing iron oxide particles presented super
paramagnetic behavior, which ensures that they could be recovered by using a magneto after used in an adsorption process.
Nevertheless, we can infer that the plasticized samples reproduce the magnetic behavior of a system nearer the ideal well dispersed
super-paramagnetic one than the non-plasticized films.
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