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In this study, a magnetic iron oxide-chitosan composite film is synthesized by one-step method
and thoroughly investigated in order to better understand its inorganic/organic properties. A deep
physico-chemical characterization of the magnetic films has been performed. In particular, the material
composition was evaluated by means of XRD and ATR-FTIR spectroscopy, whereas the thermal stabil-
ity and the subsequent inorganic phase transitions involving iron oxide species were followed by TGA
analyses carried out at different experimental conditions (i.e. inert and oxidative atmosphere). The mag-
netic properties of the films were tested at the bulk and at the surface level, performing respectively

gfg;g;ﬁ&s magnetization hysteresis curve and magnetic force microscopy (MFM) surface mapping. Results indicate
Chitosan films that the synthesized material can be prepared through a very simple synthetic procedure and suggests
Iron oxides that it can be successfully applied for instance to environmental applications, such as the adsorption of
Magnetic materials contaminants from solid and liquid media thanks to its pronounced magnetic properties, which favour
Magnetic force microscopy its recover.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic materials consisting of iron oxide particles (typically
magnetite and maghemite) dispersed in and/or stabilized by a
polymer matrix, have received great attention as a new genera-
tion of magnetic stimuli-responsive materials that combine the
advantages of both components [ 1,2]. Such smartinorganic/organic
system has been proven to be applicable in many fields, in partic-
ular in drug delivery, separation and/or purification of chemicals,
development of shape-memory materials and in catalysis [3-6].
In this context, chitosan (a biopolymer derived from chitin, the
most abundant natural amino polysaccharide), is a very promis-
ing material and has found many applications, such as in the waste
water purification from heavy metals and/or dyes [7,8], in marine
water bioremediation from oil spills [9], in membrane technolo-
gies (water softening process) [10], in the cosmetics industry [11]
and as protecting coatings for oxygen-sensible products [12]. Also,
according to its antibacterial capacity, chitosan can be used in the
biomedical field as biocompatible and bioresorbable material for
sutures [13] and as a smart antibacterial coating, for example in
abdominal surgery applications [14,15].
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There are several chemical species classified under the name
of iron oxides. Among the four known Fe,03 phases [16], the a-
phase or hematite (a reddish antiferromagnetic material with a
trigonal corundum structure) [17] and the «y-phase or maghemite
(a black ferrimagnetic material with a spinel crystalline structure)
[18] are the most important. Maghemite is an unstable phase and
loses its magnetic susceptibility over time [16], even at room tem-
perature (RT). By starting from the most abundant magnetic form
(magnetite, Fe304), a ferrous/ferric oxide mix with a spinel struc-
ture, the maghemite can be formed by topotactic oxidation of the
magnetite and their interconversion depends on the oxidation and
reduction processes. Thus, generalizing, maghemite can be viewed
as a ferrous-deficient magnetite isometric crystalline form [19].

According to the water adsorption capacity and the thermal
properties of chitosan [20], such amino polysaccharide seems to
be a good candidate for the development of magnetic composites
based on iron oxide. In fact, electrostatic attraction mechanisms
between chitosan macromolecular chains and iron oxide may pro-
mote a good dispersion of nanoparticles [21,22]. In particular, the
chemistry of chitosan is due to its polar groups (amino and hydroxyl
moieties) involved in chelation processes [23] and to the interac-
tions of these species with inorganic particles [21,24].

Many works have been focused on the production of
chitosan-stabilized magnetic nanoparticles[1,3,9,25,26], which are
protected by the polymer coating, but only few interesting stud-
ies have been realized on the synthesis of magnetic chitosan films,
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whose potential smart applications in many technological fields are
significantly attractive [21,27]. The most widely used method for
the synthesis of magnetic chitosan composite (MCC) films consists
in dispersing the previously synthesized iron oxide nanoparti-
cles into a chitosan solution and subsequently filming the hybrid
organic/inorganic mixture [28-30]. However, since the chitosan
solution is quite viscous, there is a high risk of aggregation among
the iron oxide nanoparticles due to a not totally homogeneous dis-
persion in the organic matrix. In this context, this work aims at the
in situ preparation of iron oxide by direct co-precipitation method
from the chitosan solution as both dispersant and stabilizing matrix
in a one-step process. Besides a more simple procedure, the higher
uniformity of the magnetic particles dispersion inside the organic
matrix can be obtained.

The morphology was evaluated by scanning electron
microscopy (SEM) coupled with EDS spectroscopy and by atomic
force microscopy in the intermittent-Contact mode (AFM-iC),
whereas gas-volumetric N, adsorption/desorption experiments
were performed for estimating the material porosity. Physico-
chemical properties of the chitosan matrix were investigated
by means of ATR-FTIR spectroscopy, while the presence of iron
oxide particles and the identification of the crystalline phase
were carried out by X-ray diffraction (XRD). Moreover, thermo-
gravimetric analysis (TGA) was performed in order to evaluate
the thermal stability of such material, but also iron oxides phase
transitions induced by heating processes (conducted both in inert
and oxidative atmosphere). Bulk and surface magnetic properties
were assessed by means of magnetization measurement and by
magnetic force microscopy (MFM), respectively. Microgravimetric
adsorption isotherms of water (polar reference molecule) and
toluene (apolar reference molecule) on MCC film were obtained in
order to evaluate its adsorption capacity.

2. Experimental
2.1. Reagents and materials

Iron precursors were anhydrous ferric chloride FeCl; (CAS
7705-08-0, purity >98%) and ferrous sulphate heptahydrate
FeSO4-7H,0 (CAS 7782-63-0, purity >99.5%) both purchased from
Fluka Chemika. Partially N-deacetylated chitosan (DD =75-85%) of
medium molecular weight (M, = 190-310 kDa) with Brookfield vis-
cosity of 200-800cps (from crab shells, Aldrich, CAS 9012-76-4)
was selected as organic dispersant/stabilizing matrix. Ammonium
hydroxide solution (CAS 1336-21-6, NH3 essay 28-30%) was pur-
chased from Aldrich, whereas hydrochloric acid (CAS 7647-01-0,
HCl 37 wt.%) was purchased from Fluka Chemika. All chemicals
were used without further purification.

2.2. Magnetic film preparation

The magnetic chitosan-based film has been synthesized by
means of a modified procedure reported in the literature [31,32]
for the synthesis of coated-iron oxide magnetic nanoparticles sta-
bilized by humic substances. Chitosan was used instead of humic
substances as dispersant and stabilizing matrix. 3.7 g of FeCl3 and
4.17 g of FeS04-7H,0 (molar ratio Fe3*[FeZ* =1.5) were dissolved
in 100 ml of deionized water and heated up to 90°C. Once the
temperature was reached, two solutions were added in sequence:
(a) 10ml of 25vol% ammonium hydroxide and (b) 50ml of a
previously prepared 1.0 wt.% chitosan solution in weak acid envi-
ronment to favour the solubilization (2 vol.% HCl). The mixture was
mechanically stirred at 90°C for 30 min and then cooled to room
temperature (RT). This way a dispersion of magnetic iron oxide par-
ticles in chitosan matrix has been directly obtained in a one-step

process. Such black viscous solution was purified by washing twice
with water and deposited onto glass Petri dishes until solidifica-
tion. Finally, the magnetic solid (magnetic chitosan composite, MCC
in the following) was oven-dried at 75 °C for 8 h, obtaining a soft
and black film with thickness of ca. 3 mm. MCC has been manually
crumbled in order to perform the characterization measurements.

2.3. Physico-chemical characterization

Atomic force microscopy measurements were performed in
the intermittent-Contact (iC) mode by using a modified Nanosurf
Easyscan2 AFM instrument, equipped with a 10 wm scan-head,
high performance anti-vibration platform and a shielded and
acoustically insulated enclosure. Magnetic force microscopy (MFM)
measurements were performed by using the same instrument in a
dual-pass mode. The first scan was for the morphological imaging in
iC-mode, while the second scan was operated at constant-height (Z)
above the same surface with a magnetic probe (Multi75M-G, Bud-
get Sensors; resonant frequency =75 kHz, force constant=3 N/m)
with a tip radius of about 60 nm by monitoring the shifting of the
phase signal [33]. The magnetic tip was magnetized by an external
magnet (magnetization along the tip-axis) and tested on a magnetic
grid (HDD surface) prior to measurements.

Magnetization measurements were carried out with a
LakeShore 7404 vibrating sample magnetometer. The hysteresis
loop of the samples was registered at RT as the magnetic field was
cycled between —2 and 2 kOe.

Scanning electron microscopy (SEM) analyses were carried
out by using a ZEISS EVO 50 XVP microscope with LaBg source,
equipped with detectors for secondary electron collection and
energy dispersive X-ray spectrometry (EDS) probe for elemental
analyses. Since samples are insulating, they were covered with a
gold layer of ca. 15nm of thickness before the analysis to avoid
any charging effect (Bal-tec SCD050 sputter coater). The presence
of gold in EDS spectra (principal signal at ca. 2.2 keV) is due to this
step and will not be evidenced in the following data discussion.

N, adsorption-desorption experiments were carried out by
means of ASAP 2020 instrument (Micromeritics) in order to deter-
mine the specific surface area (BET model) [34] and porosity (DFT
model) of sample. The density functional theory (DFT) for slit pores
at low regularization was applied in order to consider simultane-
ously micro and mesoporosity [35,36]. The magnetic sample (ca.
1g) was outgassed at 60 °C for about 48 h in vacuo (residual pres-
sure 10~2 mbar) to ensure the complete removal of atmospheric
contaminants from the surface before the analysis.

Fourier transform infrared (FTIR) spectra were recorded in
attenuated total reflection (ATR) mode (diamond cell for single
reflection) in a Bruker Vector 22 spectrophotometer equipped with
Globar source, DTGS detector, and working with 512 scans at
4cm~! ofresolution in the range 4000-400 cm~!. ATR spectra were
obtained repeating the acquisition for three times.

X-ray diffraction (XRD) patterns were obtained by using a X'Pert
PRO MPD diffractometer from PANalytical, in Bragg-Brentano
geometry, equipped with Cu anode, ultrafast detector and work-
ing at 40kV and 30 mA, % slit. The acquisition was performed with
an interval step of 0.002° with 30s/step in order to improve the
signal to noise ratio. Qualitative analysis of the spectra has been per-
formed with EVA software using ICSD database. XRD patterns have
been processed with MAUD software in order to produce quantita-
tive data and collect information on microstructure behaviour. NIST
1976a alumina standard has been used to evaluate the instrumental
broadening of the peaks.

Thermo-gravimetric analysis (TGA) was carried out by means
of a TA Q600 (TA Instruments). TGA tests were performed in order
to monitor the chitosan matrix degradation, the iron oxides phase
transitions and quantitative measurements. The thermal analysis
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Fig. 1. N; adsorption-desorption isotherms at 77 K (A) and DFT pore size distribution (B) of the MCC film. Dark symbols refer to the adsorption branch of the isotherm, empty

symbols to the desorption branch.

was performed with a heating ramp of 10 °C/min from RT to 800 °C,
both in nitrogen and air. Two replicas were registered for each
treatment condition.

Microgravimetric adsorption isotherms were obtained at
24.76 +0.04 °C with a microbalance (IGA002 by Hiden), contacting
the MCC (ca. 100 mg) outgassed in vacuo at 25 °C with water and
toluene vapours [37]. The temperature control was guaranteed by
a thermostatic bath.

3. Results and discussion

3.1. Morphological evaluation and magnetic properties
determination

Gas-volumetric tests performed on the material allow to evalu-
ate the porosity of the magnetic composite polymer as mesoporous.
The isotherm and the DFT pore size distribution curve of the mag-
netic sample are shown in Fig. 1: the isotherm is of the type IV, with
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a hysteresis loop of type H2 (from IUPAC classification) in the rel-
ative pressure range 0.6-1. The sample has 49 m?/g of specific BET
surface area and 0.16 cm3/g of mesopore volume (Fig. 1B, dotted
line) with a symmetric pore size distribution in the range 5-20 nm
centred at 12 nm (Fig. 1B, solid line).

The morphology of MCC film was evaluated by SEM-EDS and
AFM analyses. The films present a quite high surface roughness,
whereas EDS spectra (not reported for the sake of brevity) con-
firmed the presence of carbon, oxygen and iron signal elements
(SEM image is reported in the Supplementary Material, SM in the
following).

Supplementary figures related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.apsusc.2015.03.154.

In order to evidence the magnetic domain dimensions, a simul-
taneous morphological and magnetic mapping of the surface was
carried out by means of an AFM instrument performing MFM tests.

AFM images of the MCC films are shown in Fig. 2 (unfiltered
images are reported in the SM section). The derivative image
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Fig. 2. AFM images of the MCC polymer surface: 5 um x 5 um topography (a) and relative 5 wm x 5 m derivative data (b), 0.5 wm x 0.5 wm high-resolution topography (c)
and relative 0.5 wm x 0.5 wm derivative data (d); AFM topography (e) and MFM map (f) of the region selected in (a), respectively. The magnetic properties of the material
surface were obtained on flat regions, by minimizing topographic contributions occurring at lower heights (here Z=75 nm) by working at higher constant-heights above the
surface (100 nm>Z> 150 nm), where only magnetic properties (long-range forces) can be detected.
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Fig. 3. Magnetization curve for the MCC material. Insets show the magnetization curve enlargement in order to highlight the middle section hysteresis loop (bottom) and a
picture showing the magnetic response of the inorganic-organic film versus a commercial neodymium magnet (top).

(obtained as a difference between two consecutive data points)
of the topography signal allows to better evidence the rough-
ness of the surface (root-mean-squared roughness = 38 nm, average
roughness=32nm) [38]. These data are in accordance with the
SEM results. At higher resolution (Fig. 2C and D) the surface of
the polymer is constituted by agglomerated moieties of rounded
shape with dimensions in the 0.1-0.3 um size range, in agreement
with the SEM results [39,40]. The combined morphology/magnetic
properties performed on the more regular and flat selected region
(Fig. 2A), are shown in Fig. 2E and F, respectively. The topogra-
phy of this region has been collected in one scan (Fig. 2E), whereas
the associated magnetic signal has been obtained at a constant
height and sampled in another scan (Fig. 2F). The contribution
due to the morphology, which is due to a short-range interac-
tion, is reduced by increasing the distance between the surface and
the magnetic probe (measurements height). Some morphological
artefacts, produced for measurement height of ca. 75nm, can be
avoided increasing the height to 100-150 nm. In this experimen-
tal condition, the topography cannot be examined anymore since
image contrast is due to magnetic interactions (long-range forces)
between the sample and the magnetic probe. This peculiar contrast
completely disappears at higher distance (ca. 250 nm). The contrast
of Fig. 2F corresponds to the out-of-plane magnetic domains, whose
interaction with the magnetic tip is attractive or repulsive depend-
ing on the direction of the magnetic moment (pointing towards
the surface or in the opposite direction, respectively). The contrast
measured is of irregular shape and size, ranging from ca. 100 nm
to ca. 1 pm, thus indicating a magnetic anisotropy of the polymer
sample, which is associated with the different aggregation state of
the magnetic nanoparticles. Due to the lateral resolution limit given
by the curvature of the MFM probe (curvature radius ca. 60 nm), it
was not possible to illustrate the behaviours of small and isolated
magnetic nanoparticles, but only their irregular aggregation.

The magnetic properties of the MCC film were also investi-
gated with a vibrating sample magnetometer at RT in the applied
magnetic field sweeping from —2 to 2 kOe. The hysteresis loop mag-
netization curve is reported in Fig. 3. The magnetic saturation (M)
of the magnetic chitosan composite film was 38 emu/g and negligi-
ble remainance and coercivity was observed in the magnetic loop
(Fig. 3, bottom inset), indicating that MCC polymer films present

superparamagnetic properties. Moreover, magnetic single domain
state was verified since sample magnetism does not vary across the
magnetic probe. Such excellent magnetic properties indicate that
the polymer composite possesses strong magnetic response and
can be easily recovered by an external magnetic field (Fig. 3, top
inset).

3.2. Physico-chemical characterization, thermal behaviour and
adsorption capacity

Fig. 4 shows the ATR-FTIR spectra of both MCC films (Section A)
and reference chitosan powder (Section B) in the 1200-800 cm™!
range. The presence of a wide band centred at 1050cm~! in
the medium infrared range is certainly due to chitosan finger-
print vibrations of both glycosidic and C-O-C groups [14,20].
The composite material presents less resolved components of the
1050 cm~! band with respect to the reference chitosan spectrum,

0.01 a.u.

Absorbance

1200 1000 800
Wavenumber (cm™)

Fig. 4. ATR-FTIR spectra in the 1200-800 cm~! range of the MCC film (A) and of the
commercial chitosan powder (B).
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probably because the complex interactions occurring between chi-
tosan polar groups and iron oxide nanoparticles [39].

The structural characterization of iron oxide particles was car-
ried out by XRD (Fig. 5). No relevant signals are expected from
chitosan matrix since its XRD pattern presents only two broad and
weak reflections attributable to the amorphous structure with a
short-range order [14,20,41-43].

The diffractogram of the sample as prepared (Fig. 5, curve A)
presents the characteristic maghemite diffraction pattern of a cen-
tred cubic crystalline structure [44| with peaks dueto(220),(311),
(400),(422),(511)and (440) planes. The position of the peaks is
almost coincident with those of the magnetite phase, but the rela-
tive intensity of the most intense ones suggests that maghemite is
present in this sample. A peak at around 26 = 32° could be assigned
to a small amount of hematite phase, although its position is slightly
shifted with respect to the most relevant reflection of hematite.

Quantitative and microstructural information have been
obtained performing a Rietveld refinement of the measured curves
[45], although the low signal to noise ratio of the diffractograms
collected is not optimal for this kind of analysis. Moreover, the dis-
persion of the crystalline phases in the organic matrix of chitosan
and the presence of an amorphous contribution due to the polymer
matrix make difficult the background fitting. The strategy adopted
to overcome the problems was to consider only the most relevant
range of 20 =30-60° inducing an ulterior uncertainty of the refine-
ment due to truncation. Therefore, basing on Rietveld theory, the
average maghemite crystalline size calculated from the selected
range of the diffraction pattern of maghemite species dispersed in
the polymer chitosan matrix seemed to be of ca. 18 + 1 nm diame-
ter. By comparing the XRD results with the previously presented
MFM images (Fig. 2), a big difference between the maghemite
nanoparticles diameters calculated by Rietveld theory (ca. 20 nm)
and the magnetic domain sizes calculated on the basis of the con-
trast(comprised in the 100 nm-1 p.mrange size) is obtained. Basing
on these results, we can probably assume that the observed mag-
netic domains are generated by aggregated particles in the polymer
matrix and not to single magnetic maghemite particle, although the
presence of single and isolated magnetic nanoparticles cannot be
excluded.

The thermal behaviours of the MCC polymer film (and in par-
ticular the action actuated by the polymer matrix) were studied
coupling TGA measurements (carried out both in nitrogen and in
air) and XRD, analyzing the structure of materials submitted to
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Fig. 6. TG curves of: (i) MCC film heated in nitrogen (black dotted line, curve A) or in
air atmosphere (black solid line, curve B); (ii) chitosan reference material heated in
nitrogen (red dotted line, curve C) or in air atmosphere (red solid line, curve D). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

thermal analyses. The TGA curves of the material heated in nitro-
gen (reducing condition) and air (oxidative condition) are reported
in Fig. 6, together with the curves of the reference chitosan.

Chitosan presents two main degradation steps, the first one due
to water evaporation at temperature lower than 100 °C and the sec-
ond one at ca. 300 °C due to the polysaccharide degradation (a more
detailed investigation of chitosan thermal degradation behaviour
in a nitrogen atmosphere is thoroughly discussed in [20]). In nitro-
gen atmosphere (i.e. reducing condition), chitosan leaves at 800 °C
a graphitic residue of ca. 30 wt.% (Fig. 6, curve C), whereas in air
(i.e. oxidative condition) only a negligible residue (less than 1 wt.%)
was obtained at ca. 600°C (Fig. 6, curve D) because of the almost
complete combustion caused by the presence of oxygen.

The thermal degradation of the MCC material follows the trend
of the chitosan polymer matrix showing the most relevant degrada-
tion/oxidation steps of the polymer. The 70 wt.% residue is black and
magnet-sensitive, but the relative diffraction pattern (Fig. 6, curve
B) presents the characteristic wiistite signals (FeO, 84 +5wt.%)
with peaks due to (333), (600) and (6 60) planes, together with
(110)and (200) planes due to metallic iron (15 4+ 8 wt.%), whereas
no detectable peaks due to magnetic phases are visible in the
diffractogram of the more reduced iron oxide form, with a real
composition close to FegggO [46]. The ca. 63 wt.% residue of the
MCC material thermally treated in air (i.e. oxidative atmosphere) is
not magnetic anymore and presents itself as a reddish solid (Fig. 5,
curve A). The XRD pattern of this residue is reported in Fig. 6,
curve C, and presents the characteristic hematite trigonal crys-
talline structure pattern of diffraction, with signals due to (104),
(110), (006),(113),(202),(024),(116),(211),(122),(018),
(214) and (300) hematite planes [47].

According to the results obtained, the hypothesized reactions
of the material are reported in Scheme 1. It is possible to assume
that the reducing atmosphere induces a first reduction of the
maghemite (y-Fe,03) into the wiistite form (FeO), thanks to the
graphitic carbon produced by chitosan (Eq. (1)); subsequently,
since wiistite is thermodynamically unstable above 575 °C, at this
temperature, FeO can disproportionate into metal iron (Fe) and

In nitrogen atmosphere:

v-Fe,0,+C # 2Fe0O + CO” (1)
4FeO » Fe +Fe,0, 2)
Fe,0,+C+»3Fe0+CO” 3)

In air atmosphere:
v-Fe,0; # a-Fe,0, (©)

Scheme 1. Thermally induced reduction/oxidation reactions involving iron oxides
in different chemical environments (reductive vs. oxidant atmosphere).
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magnetite (Fe304) (Eq. (2)); in the presence of carbon, also mag-
netite evolves into wiistite (Eqgs. (2) and (3)) except small amounts
(the heated sample is still magnetic) protected by a carbon coating
and not detectable by XRD.

Otherwise, the oxidative atmosphere induces the complete oxi-
dation of chitosan and its removal as H,O and CO,, with the
consequent formation of the stable hematite phase (a-Fe;03) (Eq.
(4)) for temperature as high as 600°C [17,48].

In addition, the quantity of the inorganic and of the polymer
phases of the native composite material can be estimated. In fact,
considering the weight differences of the residues of the pure
chitosan (negligible) and of the MCC material treated in air (ca.
60 wt.%), the obtained iron oxide/polymer weight ratio is ca. 3/2.

In order to evaluate the adsorption capacity of MCC film,
microgravimetric adsorption experiments of water (polar refer-
ence molecule) and toluene (apolar reference molecule) vapours
on the magnetic film surface have been performed and adsorption
isotherms are reported in Fig. 7. Only adsorption profiles in the rela-
tive pressure range between 0 and 0.5P/Py were discussed, in order
to consider only the interaction of adsorbates with the surface and
avoid the capillary condensation due to the porosity of the mate-
rial. According to the experimental curves observed, the adsorbing
properties of the system are not so important with respect to other
more active materials, nevertheless they are significant. Moreover,
calculating the adsorbed amounts as a function of the chitosan frac-
tion, the coverage at 0.4P/Py increase to ca. 5.5 wt.% for toluene and
ca. 9 wt.% for water vapour. The water vapour adsorption trend con-
firms the hydrophilic character of the MCC film surface (i.e. water
adsorbed amount is twice the toluene coverage), thus suggesting
that it is of potential application as material for adsorbing polar
pollutants. This is an important issue that deserves future research.

4. Conclusions

A simple method for the synthesis of magnetic composite poly-
mer material was proposed.

Magnetic properties of the polymer composite material have
been evaluated by means of magnetization hysteresis curve and
MEFM surface analysis. Both techniques suggested that such mate-
rial presents at room temperature superparamagnetic properties,
extensive and homogeneously distributed magnetic response, with
domain size comprises between 100nm and 1 pwm. This way, it
seemed that magnetic domains have been generated by aggregates
of maghemite particles inside the chitosan matrix and FTIR spec-
troscopy suggests a strong interaction existing between iron oxide
particles and polymer matrix.

The thermal stability of the magnetic composite polymer has
been investigated and different behaviours have been observed

after thermal treatment in reducing or oxidative atmosphere: a
reaction mechanism considering the modification of the iron oxide
has been proposed.

In general, the magnetic composite polymer material presents a
great potential for application in many industrial processes, nano-
technology, and/or other technological fields thanks to the well
known chitosan properties and for its magnetic response.
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