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Composite films based on chitosan and nanomagnetite
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Highlights

� Magnetic chitosan nanocomposite films were prepared by a simple one-step method. � Glycerol was added to some
formulations to increase the deformability of the composite films. � Magnetite particles formed inside chitosan films were
spherical with diameters in the nanoscale. � Film morphology and mechanical behavior were greatly affected by nanoparticles
concentration. � Composite films containing more than 2 wt% magnetite exhibit magnetic behavior.
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25Magnetic chitosan nanocomposite films were prepared by a simple one-step method based
26on the in situ co-precipitation of nanomagnetite. Both plasticized and no-plasticized films
27were obtained and characterized by means of X-ray diffraction (XRD), transmission elec-
28tron microscopy (TEM), scanning electron microscopy (SEM), Fourier Transform infrared
29spectroscopy (FTIR), thermal gravimetric analysis (TGA) and mechanical (tensile) and
30dynamic mechanical characterization. Nanomagnetite particles formed inside chitosan
31films were spherical with diameters ranging from 5 to 13 nm. The film surface and mor-
32phology and mechanical behavior were greatly affected by nanoparticles concentration,
33leading to increasing roughness, stiffness and fragility as the iron oxide content increases.
34The nanoparticles interact strongly with the chitosan matrix, as was corroborated by TGA,
35FTIR and DRX. Even though, particles retain their magnetic characteristics and thus, com-
36posites containing more than 2 wt% NMP exhibit magnetic behavior.
37� 2015 Published by Elsevier Ltd.
38

39

4041 1. Introduction

42 Magnetic nanoparticles are being extensively studied
43 due to their interesting magnetic properties and techno-
44 logical applications [1,2]. In fact, small iron oxide nanopar-
45 ticles have been applied in biomedical applications for
46 about 50 years [3,4]. This is due to their high saturation
47 magnetization, high magnetic susceptibility, non-toxicity,
48 chemical stability, non-carcinogenic character, biodegrad-
49 ability, inherent biocompatibility, ease of synthesis, rela-
50 tive ease to functionalize, less sensitivity to oxidation and
51 reactive surface [4,5]. Moreover, these nanoparticles can
52 be easily modified with biocompatible coatings as well as
53 targeting, imaging, and therapeutic molecules [6].
54 Meanwhile, polymers have traditionally been consid-
55 ered as excellent host matrices for composite materials.
56 Several advanced polymer nanocomposites have been syn-
57 thesized with a variety of inclusions such as metals, semi-
58 conductors, carbon nanotubes and magnetic nanoparticles
59 [1,7]. In fact, polymer matrix based nanocomposites has

60become a prominent area of current research and develop-
61ment not only due to their potential application in biome-
62dicine but also because the incorporation of nanoparticles
63into polymeric matrices provides opportunities to engineer
64flexible nanocomposites that exhibit distinctive properties,
65such as magnetic, electric and antistatic. Accordingly, com-
66posite materials of polymer and magnetic nano-particles of
67iron oxides have attracted considerable attention of the
68scientific community in recent years because they often
69encompass the desirable features of both organic and
70inorganic compounds [1,8], and the very important reason
71for that seems to be the fact that these materials present
72high potential of technological applications in several
73fields. Magnetite nanoparticles were incorporated into
74polymers such as poly(vinyl alcohol), poly(ethylene gly-
75col), poly(acrylic acid), DNA, protein and poly-saccharide
76matrices to improve the biocompatibility or bioactivity
77for biomedical application, such as magnetic cell separa-
78tion, target drug delivery system and magnetic resonance
79imaging of clinical diagnosis [9].
80Among the various polymers, the biopolymer chitosan
81[10], has an excellent film forming ability, high mechanical
82strength, biocompatibility, non-toxicity, high permeability

http://dx.doi.org/10.1016/j.eurpolymj.2015.02.042
0014-3057/� 2015 Published by Elsevier Ltd.
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83 toward water, susceptibility to chemical modifications,
84 cost-effectiveness, etc. [9]. Chitosan is produced from
85 N-deacetylation of chitin, a major component of crus-
86 tacean shells and fungal biomass and it is readily available
87 from seafood processing wastes [11]. This biopolymer pro-
88 motes wound healing and has bacteriostatic effect and due
89 to its positive charges at physiological pH [9], is also a
90 bioadhesive, which increases retention at the site of appli-
91 cation [4]. Chitosan is widely used in tissue engineering
92 and hyperthermia region [4,12] but also, because of its
93 high amino content, it has been found to possess good
94 sorption capacity for many heavy metal ions through com-
95 plexation with the amine groups and has been widely used
96 as biosorbent for removing various metal ions from waste-
97 water [11].
98 Many attempts have been made to improve the bio-
99 compatibility and activity of chitosan by combining it with

100 metal oxide nanoparticles [9,13]. Due to the magnetic nat-
101 ure of these iron oxide–magnetite nanocomposites, they
102 can be used for magnetically targeted cancer therapy
103 [9,14] or may even improve the delivery and recovery of
104 biomolecules for desired biosensing applications [9,15].
105 In addition, the nanoparticles have a unique ability to pro-
106 mote fast electron transfer between electrode and the
107 active site of an enzyme, further improving the scope as
108 a biosensor [9,16]. Moreover, magnetic chitosan resins
109 have been used in biological applications such as purifica-
110 tion of enzymes and cell separation [16]. However, most of
111 the research efforts in this area were focused to the prepa-
112 ration and characterization of composite particles [11,18]
113 while the behavior of magnetic/chitosan composite films
114 were scarcely studied despite the good film forming prop-
115 erties of the biopolymer. Zhang et al. [1] indicates that
116 magnetic nanocomposite is difficult to prepare by simple
117 blending or mixing in solution or melt form, and thus a
118 great deal of attentions have been placed on block copoly-
119 mer-nanoparticles nanocomposites since block copolymer
120 can self-assemble into a wide range of ordered nanostruc-
121 tures and nanoparticles can then be sequestered into spe-
122 cified domains to form ordered nanocomposites
123 [1,17,19,20]. In spite of this, Bhatt et al. [10], dispersed
124 magnetite nanoparticles into a chitosan solution by ultra-
125 sonication, obtaining composite films that could reach a
126 saturated magnetization value of 10.31 emu/g with 50%
127 doping of magnetite. In the same line, Li et al. [21] made-
128 up chitosan/magnetite nanocomposites by in situ
129 hybridization induced by a magnetic field, using a pre-pre-
130 cipitated chitosan hydrogel membrane as chemical reactor.
131 In the present work we selected a simple one-step in situ
132 co-precipitation method to prepare nanomagnetite–
133 chitosan composite films. Moreover, not only the magnetic
134 behavior of the films was proved, but also their physical,
135 thermal and mechanical behavior was studied.

136 2. Experimental

137 2.1. Materials

138 Chitosan (CH) (degree of deacetylation 98%,
139 Mv = 1.61 � 105 g/mol), supplied by PARAFARM, Mar del

140Plata, Argentina was used as received. Glycerol (Gly) pur-
141chased from SIGMA Aldrich was used as plasticizer. The
142ferric chloride (FeCl3�6H2O), the ferric sulfate
143(FeSO4�7H2O) and ammonium hydroxide (28–30% NH3)
144were obtained from Aldrich.

1452.2. Methods

1462.2.1. Preparation of composite films
147The films were prepared by casting, some of them con-
148taining glycerol in a wt ratio glycerol/chitosan = 0.2 and
1490.3. Chitosan solutions (2 wt%/v) were prepared in aqueous
150acetic acid (1% v/v), by magnetic stirring during 1.5 h,
151adding the glycerol (if applicable) in the initial mixture.
152A 0.2 mol/L ferric salts solution was prepared by dispersing
1539 g of ferric chloride with 4.62 g of ferric sulfate
154(Fe2+:Fe3+ = 1:2 M ratio) in 250 mL of aqueous acetic acid
155(1% v/v). An appropriate volume of the ferric salt solution
156(to obtain final films with 2–10 wt% nanomagnetite) was
157then dispersed into the CH solution, by magnetic stirring
158during 10 min. The film-forming dispersions were
159defoamed under rest for one hour at room temperature
160and then they were poured into Teflon Petri dishes
161(diameter = 14 cm) and dried in a convective oven at
16235 �C for 24 h, and kept under hood at room temperature
163for another day. Subsequently, the obtained films were
164peeled off from the plates and immersed in a NaOH aque-
165ous solution (5 mol/L) during 0.5 h to induce the chemical
166co-precipitation of Fe2+ and Fe3+ ions, and then washed
167several times with distilled water until neutralization.
168Finally, the films were dried again under hood at room
169temperature and then kept in a closed container containing
170dried silica gel at room temperature (23 ± 2 �C) until
171testing.

1722.2.2. Characterization of composite films
1732.2.2.1. Thermogravimetric analysis (TGA). Thermogravi-
174metric tests were performed in a TGA-50 Shimadzu
175Thermogravimetric Analyzer at a heating rate of 10 �C/min
176under air atmosphere (35 mL/min) from room temperature
177to 900 �C. Samples tested were previously dried in a
178vacuum oven during 2 h at 60 �C followed by 22 h at
17940 �C, to remove the water moisture absorbed without
180degrading the film.

1812.2.2.2. Infrared spectroscopy characterization. FTIR spectra
182of the films were recorded by the attenuated total reflec-
183tion method (ATR) using a Thermo Scientific Nicolet 6700
184Fourier transform infrared spectrometer. Films used in
185the infrared tests were about 100–150 lm thick and were
186previously dried in a vacuum oven at 40 �C for 48 h. The
187spectra were recorded over a range of 500–4000 cm�1 with
188a resolution of 2 cm�1 and averaged over 32 scans.

1892.2.2.3. X-ray. The crystal structure of the nanocomposites
190was characterized by X-ray powder diffraction (XRD),
191using Cu Ka radiation (k = 1.5418 Å), using a PANalytical
192X’Pert Pro diffractometer operated at 40 kV, 300 mA and
1930.6 deg/min. Film samples were milled into powder before
194the tests.
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195 The average crystal grain sizes was calculated from the
196 Scherrer equation with XRD line broadening assuming
197 crystals are spherical [18],
198

s ¼ 0:9k
b cos h

ð1Þ
200200

201 where s is the mean size of the ordered (crystalline)
202 domains, k is the wavelength of the X-ray (1.54056 Å), h
203 is the diffraction angle in degrees, and b in radians is the
204 measured full width at half maximum intensity. The
205 diffraction peak at 2h = 35.4�, which corresponds to the lat-
206 tice plane (311), was used for calculation because this
207 peak is well resolved and shows no interferences.

208 2.2.2.4. Transmission electron microscopy
209 (TEM). Transmission electron microscopy (TEM) was used
210 to determine the morphology, size and distribution of the
211 magnetite particles in the composite films. A JEOL 100 CX
212 II (JAPAN, 1983) operating at 100 kV was used. The com-
213 posite films were cut using a ultra-cryo-microtome and
214 then placed onto the copper grids.

215 2.2.2.5. Scanning electron microscopy (SEM). The surface and
216 the cross-section of the films (obtained by cryo-fracture
217 after immersing samples in liquid air), were analyzed using
218 a scanning electron microscope (JEOL, model JSM-6460
219 LV). For this purpose, the pieces of the films were mounted

220on bronze stubs using a double-sided tape and then coated
221with gold, before being observed under the microscope.

2222.2.2.6. Contact angle. The surface hydrophobicity of the
223films was estimated by the sessile drop method, based on
224optical contact angle method. Contact angle measurements
225were carried out with a homemade instrument. A droplet
226of ethylene–glycol (Aldrich Co.) (5 lL) was deposited on
227the film surface with an automatic piston syringe. The drop
228image was photographed using a digital camera after
2293.5 min of the drop deposition. An image analyzer was
230used to measure the angle formed between the surface of
231the film in contact with the drop, and the tangent to the
232drop of liquid at the point of contact with the film surface.
233All the samples were conditioned at 65% RH for three days
234before the test. Three parallel measurements were per-
235formed for each side of the films at 24 ± 2 �C.

2362.2.2.7. Moisture sorption. The films, dried at 40 �C for three
237days in a vacuum oven, were placed inside an environmen-
238tal chamber maintained at 95% relative humidity (RH) and
23923 ± 2 �C, to obtain water sorption kinetics. Samples were
240taken out of the chamber at regular time intervals and
241weighed with a precision of ±0.0001 g. The equilibrium
242moisture content (EMC) of the films was calculated relat-
243ing the weight of the samples when reached equilibrium
244(W1) with its initial (dry) weight (W0), as follows:
245

EMC ¼W1 �W0

W0
� 100 ð2Þ 247247

248To ensure the reproducibility of the results, four speci-
249mens of each sample were tested. The absorption curves
250of the films were fitted according to Fick’s diffusion equa-
251tion for the unidimensional diffusion of a solute into a
252sheet [22]:
253

Mt

M1
¼ 1� 8

p2

X1
n¼0

1

ð2nþ 1Þ2
exp �D

ð2nþ 1Þ2p2t

12

" #
ð3Þ

255255

256where M1 is the amount of water absorbed at equilibrium,
257D is the effective diffusion coefficient, t is the time, Mt is
258the amount of water absorbed at time t and l is the average
259thickness of the film. To ensure the reproducibility of the
260results, four specimens for each sample were tested.

2612.2.2.8. Tensile properties. Tensile tests were performed at
262room temperature (23 ± 2 �C) using an Instron Universal
263Testing Machine model 8501. The specimens were cut
264according into strips of 5 � 25 mm. Five specimens from

Fig. 1. Non-plasticized nanocomposite films (before inducing the chemical precipitation of the magnetic particles using NaOH). From left to right: 0 (a), 2
(b), 5 (c), 7 (d) and 10 (e) wt% nanomagnetite (nominal) concentration.

Table 1
Magnetite content determined from thermogravimetric measurements.

Nominal
magnetite
content

Glycerol
content
(wt%)

Mass left
at 900 �C
(%)

Mass of
Fe2O3 left at
900 �C (%)

Magnetite
concentration
(wt%)

0 0% 4.42
2 6.41 1.99 1.93
5 10.33 5.91 5.71
7 11.12 6.70 6.48

10 15.27 10.85 10.49

0 20% 3.15
2 5.65 2.50 2.42
5 7.34 4.19 4.05
7 9.45 6.30 6.09

10 12.67 9.52 9.20

0 30% 1.64
2 5.84 4.20 4.06
5 7.89 6.25 6.04
7 11.40 9.76 9.44

10 15.24 13.61 13.15
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265 each film were tested from a minimum of three films per
266 sample. Crosshead speed was set at 10 mm/min. The ulti-
267 mate strength (rb), elongation at break (eb) and elastic
268 modulus (E) were calculated as described in ASTM D638-
269 94b (ASTM, 1994). Prior to running mechanical tests, films
270 were conditioned for 72 h at 65 ± 5% RH at room
271 temperature.

272 2.2.2.9. Thermomechanical characterization. Dynamical
273 mechanical analysis was carried out in a Perkin Elmer

274DMA 7 equipment. An uniaxial static stress of 800 kPa
275was superimposed to an oscillating uniaxial mechanical
276stress of 450 kPa and impressed on filmstrips at 1 Hz.
277Temperature scans (from 15 to 220 �C) were performed
278at a heating rate of 10 �C/min. The set up was used to
279determine the storage modulus E0, the loss modulus E00

280and the ratio of these two parameters, tand = E00/E0. Films
281were conditioned for 72 h at 65 ± 5% RH at room tem-
282perature prior testing.

2833. Results and discussion

284Fig. 1 presents the images of the non-plasticized
285nanocomposite films obtained with different contents of
286iron salts, before inducing the chemical precipitation of
287the magnetic particles using NaOH. It is clear that the
288fragility of the films increases as the iron salts concentra-
289tion increases, leading to totally brittle materials that
290break easily and cannot be manipulated without cracking
291for concentrations of 7 wt% and higher. This behavior was
292also observed for the films plasticized with 20 and
29330 wt% glycerol, although the particle concentration
294threshold increased, leading to quite flexible films until 7
295and 10 wt% magnetite, respectively.
296The final iron oxide particle concentration of the com-
297posite films was determined from thermogravimetric mea-
298surements. From the residual mass left at 900 �C, the
299inorganic particle content was calculated considering that
300the residual char corresponds to chitosan (or chi-
301tosan + glycerol) and ferric oxide (Fe2O3). The residual
302mass corresponding to the matrix was subtracted from
303the residual char of the composite samples and then, the
304difference was converted to magnetite mass. The results
305obtained are presented in Table 1. It is clear that the actual
306concentration of nanomagnetite differs from the nominal
307ones with no clear trend, neither respect to the magnetite
308concentration nor the glycerol addition, sometimes under-
309estimating but other overestimating the real values.
310The complete TGA curves, shown in Fig. 2, also provide
311other interesting information: from Fig. 2a, which shows
312the thermal degradation curves of the composites prepared
313without glycerol, it is noticed that all samples loose mass

Fig. 2. TGA curves of nanomagnetite composite films: (a) non-plasti-
cized; (b) containing 20 wt% glycerol; and (c) containing 30 wt% glycerol.

Fig. 3. FTIR spectra of the films.
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314 at low rate until reaching 250 �C, with weight loss of about
315 7 wt%, which might be due to the loss of the residual impu-
316 rities [11] plus structure water not eliminated during the
317 pre-conditioning of the samples (drying step in vacuum
318 at low temperature). The second (�32%) at 250–310 �C
319 and the third (starting from 310 �C) weight loss steps are
320 considered to arise from decomposition of the chitosan
321 matrix [23]. However, it should be noticed that the behav-
322 ior of the composites during this last step of thermal degra-
323 dation differs completely from the response of the neat
324 chitosan film: the composites lost most of their mass in a
325 narrow range of temperature (between 310 and 400 �C)
326 while the matrix exhibits another change in the degrada-
327 tion rate at about 520 �C to finally converts in residual char
328 at about 660 �C. These differences indicate clearly that
329 there were strong interactions developed between the
330 magnetic nanoparticles, which, in this case, reduced the
331 thermal stability of the matrix. In this respect, Belessi
332 et al. [24] and Hritcu et al. [25] indicated that the reduction
333 in the thermal stability of the matrix could be attributed to
334 the fact that the chitosan deposited on the surface of the
335 magnetic particles in the framework of the hybrid struc-
336 ture has lower crystallinity compared to the free chitosan
337 with a well-developed polymeric structure. A highly crys-
338 talline material has a more rigid molecular structure and

339thus, more energy should be applied to achieve its thermal
340degradation [26].
341Fig. 2b and c, which correspond to glycerol-plasticized
342composites, present essentially the same behavior than
343Fig. 2a, confirming essentially that there is not loss of free
344glycerol and that the interactions developed between the
345plasticized matrix and the inorganic particles are similar
346to those developed between nanomagnetite and neat
347chitosan.
348The FTIR spectra of films are shown in Fig. 3. The spec-
349trum of the neat chitosan film (CS-0gly-0MNP) shows a
350broad band centered on 3250 cm�1 assigned to AOH
351hydrogen bonded with contribution of the ANH2 group-
352stretching vibration [27,28]. No evidence of free OH bond
353stretch (3600 cm�1) appears in this spectrum. The peaks
354at 2920 and 2876 cm�1 correspond to CH2 and CH (ter-
355tiary), respectively [23]. The two bands appearing at
3561630 and 1515 cm�1 are characteristic to the ammonium
357side chains [29]. They can be assigned to the dasNH+ and
358dsNH+ bending modes, respectively. The characteristic
359band at 1730 cm�1 observed in chitosan films obtained at
360low pH is lacking (C@O stretching, at low pH the amide
361is protonated, which breaks up the conjugated system of
362the amide group resulting in a ‘‘normal’’ C@O group), indi-
363cating that the amide is not protonated in the neat film.
364The band centered at 1375 cm�1 as well the shoulder
365observed at 1333 cm�1 are assigned to the vibrations of
366CH3 in amide group and CH/CH2 stretching vibrations in
367the pyranose ring, respectively [27]. In the wavenumber
368range of CAC and CAO stretching, two the typical bands
369at 1090, 1065 and 1120 cm�1 are observed [29]. The small
370peak at 900 cm�1 corresponds to the b linkage of the glu-
371coside rings [23]. There are, however, several differences
372between the spectra of the neat and magnetite-containing
373samples. In the spectra of the magnetic samples, the rela-
374tive intensities of the bands at 3000–3600 cm�1, which
375can be related to concentration of amino groups of chi-
376tosan and those assigned to the ammonium side chain
377(1630 and 1515 cm�1) decreased [29,30]. The intensity of
378the bands at 1300–1400 cm�1 also decreases for composite
379samples, and a new small peak at 990 cm�1 is noticed
380(shoulder in neat chitosan FTIR spectrum), revealing strong
381interactions between the nanomagnetite and the amide/
382amino groups of the chitosan. Moreover, the spectra of
383the nanocomposites show a broad absorption band in the
384region of 700–500 cm�1 due to the iron oxide skeleton
385[24,31]. This pattern is consistent with the magnetite
386spectrum since the band located at 570 cm�1 is typical of
387Fe3O4 and could be useful to distinguish it between other
388Fe oxides [31].
389The spectra of the plasticized samples (Fig. 3) present
390almost the same characteristics than these of glycerol-free
391samples, although the bands due to glycerol contribute to
392the absorption in the corresponding regions, increasing
393the intensity of the bands located at 3400–3300, 2933–
3942880, 1625, 1500–1200 and 1110–650 cm�1.
395XRD patterns of pure Fe3O4 and selected magnetic chi-
396tosan films with and without glycerol are shown in
397Fig. 4. The existence of iron oxide particles (Fe3O4) in the
398films is only clearly revealed by this technique in the films
399containing 10 wt% magnetite, in which the characteristic

Fig. 4. XRD patterns of selected magnetic chitosan films (10 wt% MNP)
with and without glycerol.

Fig. 5. TEM micrography of the unplasticized film with 10 wt% of MNP.

G.A. Kloster et al. / European Polymer Journal xxx (2015) xxx–xxx 5

EPJ 6789 No. of Pages 12, Model 3G

5 March 2015

Please cite this article in press as: Kloster GA et al. Composite films based on chitosan and nanomagnetite. Eur Polym J (2015), http://
dx.doi.org/10.1016/j.eurpolymj.2015.02.042

http://dx.doi.org/10.1016/j.eurpolymj.2015.02.042
http://dx.doi.org/10.1016/j.eurpolymj.2015.02.042


400 peaks for Fe3O4 at 2h = 30.1, 35.5, 43.3, 53.4, 57.2 and 62.5,
401 62.71, which can be indexed to (220), (311), (400), (422),
402 (511) and (440) planes of magnetite [9,10,18], respective-
403 ly, are detectable. Evidently, the strong signals of crys-
404 talline chitosan film, mainly represented by the peak
405 centered at 20� [31], masked the magnetite contribution.
406 However, the reflection peaks obtained in this figure are
407 in good agreement with the standard magnetite file
408 (JCPDS card number 19-06290), indicating that the sample
409 has a cubic crystalline structure [9,18] and that the resul-
410 tant nanoparticles were Fe3O4 with a spinel structure
411 [18]. The average crystallite sizes obtained from the

412Scherrer equation ranged from about 5 to 13 nm for both
413the unplasticized and plasticized films. Similar XRD pat-
414terns were also reported for PVA-nanomagnetite films
415obtained by precipitating in situ the nanoparticles [32].
416Although the ‘‘crystallite size’’ determined by DRX pat-
417terns is not necessarily synonymous of ‘‘particle size’’, in
418this case the values calculated from the Scherrer equation
419are similar to the particle diameters obtained from TEM
420images. The TEM image of the unplasticized sample with
42110% MNP showed in Fig. 5 denotes that the composite film
422is formed by numerous magnetite nanoparticles integrated
423in the chitosan matrix. It is worth noting that they do not

Fig. 6. SEM micrographs of the nanocomposite cross-sections (a) and surfaces (b), as a function of the magnetite concentration.
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424 aggregate inside clusters to the point where they would
425 cancel their individual magnetic moments.
426 Fig. 6a and b shows the morphology of the nanocom-
427 posite, cross-sections and surfaces, respectively, as a func-
428 tion of the magnetite concentration. It is clear that the
429 addition of iron nanoparticles to the chitosan films causes
430 severe changes in the film morphology. From Fig. 6 it is
431 observed that the roughness of the cross-sections increases
432 when the particle concentration increases, indicating
433 increased energy dissipation during fracture [33]. The
434 advancing crack must change path (deflection) because of
435 the presence of the rigid filler material, in this case the
436 magnetite nanoparticles. The higher the particle concen-
437 tration, the greater the density of crack deflection sites,

438producing smaller and denser ripples and ridges.
439However, the main modification is observed by comparing
440plasticized or non-plasticized chitosan films without mag-
441netite with the corresponding films containing just 2 wt%
442iron particles. The neat chitosan films behave in a fragile
443mode when frozen at liquid nitrogen temperature, even
444when glycerol was added and thus, they exhibit a quite
445rougher cross-section, which roughness decreasing as the
446glycerol concentration increases. Nevertheless, the fracture
447path becomes smoother with the addition of a low concen-
448tration of iron particles and thus fracture surface of the
4492MNP containing 30 wt% glycerol is almost featureless, a
450characteristic expected for a monolithic homogeneous
451material. This behavior confirms the existence of strong

Fig. 6 (continued)
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452 interactions between the chitosan and the iron oxide.
453 Fig. 6b serves to reinforce this assumption: the mor-
454 phology of the film surfaces changes from the correspond-
455 ing to a monolithic homogeneous material exhibiting a
456 rather smooth and continuous surface (0MNP, 0% glycerol;
457 0 and 2MNP, 20% glycerol; 0 and 2MNP, 30% glycerol) to a
458 globular one, with a co-continuous structure (2MNP, 0%
459 glycerol; 5MNP, 20% glycerol; 5MNP, 30% glycerol) to final-
460 ly reaching a totally globular morphology with the glob-
461 ules connected among them, instead having a continuous
462 connecting matrix (ex. 5, 7 and 10MNP, 0% glycerol; 7
463 and 10MNP, 20% glycerol; 7 and 10MNP, 30% glycerol).
464 The amount of globules increases as particle concentration
465 increases, while it size decreases. For the non-plasticized
466 or containing 20 wt% glycerol and 10% nanoparticles, the
467 globule shape becomes somewhat irregular and these for-
468 mations seems to collapse into larger domains.
469 Table 2 presents the results of contact angle measured
470 on the upper film surfaces (side in contact with air during
471 the drying step). The contact angle is one of the basic wet-
472 ting properties of materials that reveal the hydrophilic/hy-
473 drophobic character of the film surface. In our case,
474 measurements were performed using ethylene glycol, a
475 polar solvent and thus, an increase in the contact angle
476 indicates a density reduction of polar groups on the film
477 surface. It can be noticed that plasticized film surfaces
478 are more hydrophilic than non-plasticized ones and that
479 nanocomposites containing intermediate concentrations
480 of inorganic particles exhibit the more hydrophobic surface
481 characters. Evidently the important changes in the
482 microstructure of the film surfaces with increasing concen-
483 trations of nanoparticles (Fig. 6b), could also affect its wet-
484 tability by the solvent. As previously stated, the film
485 surface evolves from a continuous chitosan matrix with
486 included nodules (neat or low particle content samples)
487 to a quite porous structure (intermediate particle concen-
488 trations) with increasing roughness to finally reach a less
489 porous morphology due to increased connections between
490 globules. This last effect became quite important for the
491 10 wt% MNP films and thus the contact angles significantly
492 decrease for this composition.

493Fig. 7 shows the moisture absorbed by the different
494films as a function of the time of storage in a container
495maintained at 95% RH. The sorption pattern of all the sam-
496ples is quasi-Fickean, presenting an overshoot at lower
497times that flattens for longer times, a behavior that was
498observed for other films based on chitosan.
499Table 3 presents the equilibrium moisture content and
500the effective diffusion coefficient of all samples. It is
501noticed that both values decrease as magnetite content
502increases, indicating that nanocomposites are less

Table 2
Magnetite content determined from thermogravimentric measurements.

Nominal magnetite
content

Glycerol content
(wt%)

Contact angle (air)
(�)

0 0% 78.0 ± 2.6
2 70.8 ± 4.7
5 91.5 ± 8.0
7 91.1 ± 3.3

10 72.4 ± 3.9

0 20% 71.3 ± 3.4
2 71.5 ± 5.0
5 76.0 ± 4.1
7 79.7 ± 5.1

10 65.7 ± 4.0

0 30% 67.4 ± 4.0
2 66.6 ± 6.3
5 71.7 ± 4.6
7 75.1 ± 3.5

10 65.3 ± 6.0

Fig. 7. Moisture absorption of films as a function of magnetite and
glycerol concentration and time of storage in a 95% RH ambient. (a) 0 wt%
glycerol, (b) 20 wt% glycerol and (c) 30 wt% glycerol.
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503 hydrophilic than the unfilled chitosan films and that the
504 presence of particles also complicated the path for water
505 diffusion by increasing the tortuosity. The decrease in the
506 affinity for water of the films with the addition of
507 magnetite can be attributed to interactions between
508 matrix and particles. The formations of complexes
509 FeAchitosan have been previously reported in the
510 scientific literature [21,34]. It was established that in the
511 presence of OH-moieties (last step of composite films
512 preparation, immersion in NaOH solution) the ferric
513 and ferrous ions chelated by the amino groups
514 [(chitosanANH2)2AFe2+, (chitosanANH2)2AFe3+] provided
515 nucleation sites for magnetite crystals growth [35]. The
516 postulated mechanism could justify the results from FTIR.
517 Moreover, Lassalle et al. [31] found, from Z potential mea-
518 surements, that the magnetite–chitosan composite
519 nanoparticles exhibited a positive charged surface, which
520 indicates that electrostatic interactions between chitosan
521 and magnetite cannot be discarded and would contribute
522 to the iron oxide linkage on polymeric networks. On the
523 other hand, the behavior regarding glycerol concentration
524 it is not clear. On one side the equilibrium moisture con-
525 tent seems to decreases slightly with the increase of glyc-
526 erol content, while the effective diffusion coefficients are
527 almost unaffected (notice the large error bars associated
528 to samples without magnetite).

529Since glycerol is a hydrophilic plasticizer, the expected
530behavior was that it facilitates and increases water absorp-
531tion. However, conformational changes of the polymer
532chains when the films were formed from solutions con-
533taining both glycerol and water can justify this behavior
534because some of the chitosan hydrophilic sites resulted
535blocked by hydrophilic groups of glycerol. In other words
536it seems that glycerol and chitosan interact more favorably
537between them than with water molecules.
538Table 4 presents the results of the tensile tests per-
539formed on the films. The complete stress vs. deformation
540curve was only obtained from the more deformable sam-
541ples (i.e. those containing low particle concentration or
542high amount of plasticizer), since the other samples were
543too fragile to cut in the dumbbell shape required by the
544ASTM standard. Even though, in some cases only the ten-
545sile modulus could be calculated, since specimens failed
546before reaching the ultimate deformation. From Table 4 it
547can be noticed that the average values corresponding to
548the tensile modulus of the composite films decreased as
549the magnetite concentration increases if non-plasticized
550chitosan is used as matrix. However, the standard devia-
551tion of these values is quite high and thus, there are not
552really significant differences between samples. On the
553other hand, the tensile modulus increases as the concen-
554tration of iron oxide particles increases if the matrix is
555based on chitosan plasticized with glycerol, which is the
556expected behavior since inorganic particles are much more
557stiff than the polymeric matrix. The ultimate strength does
558not exhibit a clear trend, neither respect to magnetite con-
559centration, nor respect glycerol one, but the ultimate
560deformation clearly decreases with increasing concentra-
561tions of particles, another expected behavior since the
562mobility of the matrix polymer chains is restricted by the
563rigid particles that strongly interact with them.
564Fig. 8 shows the thermo-mechanical behavior of com-
565posite films prepared with 30% glycerol. In all cases
566(including composites made with 0% and 20% glycerol),
567the storage modulus of nanomagnetite-reinforced films
568resulted higher than that of the corresponding matrices,
569in the whole range of temperatures analyzed. Moreover,
570as the particle concentration increases the storage modu-
571lus also increases, confirming the reinforcing effect of

Table 3
Equilibrium moisture content and effective diffusion coefficient of
nanocomposite films, measured at 95% RH.

Nominal
magnetite content

Glycerol
content (wt%)

EMC (%) Def (m2/s)
(�1014)

0 0% 33.09 ± 0.74 33.2 ± 10.4
2 29.50 ± 1.33 8.81 ± 1.04
5 23.91 ± 1.42 10.3 ± 2.46
7 22.04 ± 2.99 8.44 ± 1.69
0 20% 29.91 ± 0.18 36.4 ± 2.80
2 29.69 ± 1.30 22.9 ± 2.92
5 26.17 ± 1.97 15.9 ± 2.87
7 25.78 ± 1.90 32.2 ± 6.49
0 30% 31.68 ± 1.53 32.1 ± 7.72
2 29.35 ± 1.35 27.0 ± 2.54
5 28.12 ± 1.83 26.8 ± 5.07
7 25.81 ± 1.88 12.6 ± 1.83

Table 4
Tensile properties of nanocomposite films.

Nominal
magnetite
content

Glycerol
content
(wt%)

E (MPa) rb (MPa) eb (%)

0 0% – – –
2 1480.4 ± 363.9 48.0 ± 3.2 10.1 ± 4.5
5 1187.9 ± 376.4 47.7 ± 4.9 9.8 ± 1.4

0 20% 1015.8 ± 243.1 35.6 ± 4.1 10.7 ± 2.7
2 1432.6 ± 162.7 44.7 ± 5.3 19.4 ± 4.1
5 1876.5 ± 436.8 41.9 ± 3.2 6.5 ± 1.3

0 30% 1155.8 ± 289.6 34.5 ± 2.7 19.0 ± 4.4
2 1389.6 ± 436.1 36.2 ± 5.4 15.6 ± 6.0
5 1318.8 ± 198.5 35.0 ± 1.7 8.7 ± 1.8
7 1920.8 ± 446.1 42.9 ± 6.4 6.9 ± 2.4 Fig. 8. Thermo-mechanical behavior of selected composite films.
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572 magnetite. Moreover, in general the storage modulus
573 increases as the temperature increases, due to the loss of
574 moisture of the samples that were previously conditioned
575 at 50% RH, but the differences in the values corresponding
576 to low (i.e. 50 �C) and high (i.e. 200 �C) reduces as iron
577 oxide concentration increases, due to the reduced hydro-
578 philic character of composite samples. Moreover, chitosan
579 based films exhibit strain hardening up to the point of rup-
580 ture in tensile mechanical tests (Ref. [23], own results) and
581 this behavior could contribute to increase the storage mod-
582 ulus as the test progress, since a tensile static stress super-
583 imposed to an oscillating one cyclic were applied.
584 The magnetic behavior of composite samples was
585 qualitatively evaluated. Fig. 9a shows the behavior of the
586 un-plasticized nanocomposite film with 10% MNP while
587 it approaches a magnet and Fig. 9b its final situation, clear-
588 ly confirming that the composite has magnetic behavior.
589 This performance was also shown by all the non-plasti-
590 cized nanocomposite films, except the one containing just
591 2% MNP and by reinforced samples based on chitosan plas-
592 ticized with 20% glycerol, although in these last cases the
593 magnetic character seems to be lower, as if the plasticizer
594 interferes with the ordering of magnetic moments of the
595 particles.

596 4. Conclusions

597 Complex chitosan-plasticized and non-plasticized films
598 reinforced with nanomagnetite precipitated ‘‘in situ’’ were
599 successfully obtained by solvent-casting. The content of
600 iron oxide in the final films was estimated by thermo-
601 gravimetry, with results differing from the nominal ones
602 without a clear trend. Nanoparticle size estimated from
603 DRX measurements agreed with TEM observations, indi-
604 cating that individual nanoparticles, instead of cluster,
605 were precipitated inside the polymeric matrix. Moreover,
606 TG analysis together FTIR and moisture sorption tests indi-
607 cated that different kind of strong interactions between
608 nanomagnetite particles and chitosan matrix were devel-
609 oped and thus, composites are less thermal stable but also
610 less hydrophilic than the corresponding matrices. The
611 addition of nanomagnetite to the chitosan matrix causes
612 important changes in both the superficial and global
613 microstructure of the films that led to different contact
614 angles and to a more fragile but stiff behavior as particle
615 concentration increases. Finally, composites with

616magnetite content higher than 2 wt% exhibited magnetic
617behavior, which corroborated the well dispersion of the
618particles into the polymeric matrices.
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