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Abstract In this work, the optical and mechanical proper-
ties of Fe,0; nanoparticles (NPs)/chitosan nanocomposite
films have been investigated. Nanocomposite films of dif-
ferent weight ratios of Fe,0; NPs/chitosan (0, 1, 5, 10, 20
and 30 wt%) were fabricated using casting technique. The
optical properties of colloidal Fe,O; NPs and Fe,O; NPs/
chitosan nanocomposite films were recorded using UV-
visible spectrophotometer. As the ratio of Fe,0O; NPs to
chitosan increases from O to 30%, the energy band gap of
Fe,0; NPs/chitosan films decreases from 3.16 to 2.11 eV.
This decrease is due to quantum confinement effect. The
mechanical properties of the nanocomposite films as a
function of sweeping temperature were measured using a
dynamic mechanical analyzer. An enhancement in stor-
age modulus, stiffness and glass transition temperature
(T,) has been observed as the ratio of Fe,O; NPs/chitosan
increases. T, of Fe,O; NPs/chitosan nanocomposite film
shifts towards higher temperature side with respect to pure
chitosan film from 152.1 to 166.3°C as the ratio of Fe,0,
NPs/chitosan increases from 0 to 30 wt%. The increase in
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T, is mainly attributed to the decrease in free volumes and
vacancies in the nanocomposite films as the weight ratio of
Fe,O5; NPs/chitosan increases.

1 Introduction

Currently, polymers nanocomposites films possess attrac-
tive considerable research aspects due to the ability of con-
trolling their optical, electrical and mechanical properties
[1, 2]. This new class of materials can play an important
candidate in many applications, especially in optoelec-
tronic, technological and medical ones [3-5]. Nanocom-
posites have been investigated for possible applications
in photovoltaic cells [6], sensors [7], transport layers and
light emitting diodes (LED’s) [8]. Chitin and chitosan are
biopolymers and consider to be one of the most impor-
tant natural polymers of the world [9, 10], because of their
abundance, biodegradability, absorption and non-toxicity
[4, 10]. Chitosan as a biopolymer that derived from chitin
can be used for many industrial and medical applications;
such as water purification from wastes as dyes and heavy
metals, drug delivery carrier, protecting coaters from oxy-
gen sensible products and others [11-13]. Many studies
were carried out using chitosan as a host material for many
uses [11-13]. Prabaharan [11] used chitosan as nanoparti-
cles (NPs) matrix for drug delivery carriers for cancer ther-
apy. Wan Ngah et al. [12] have utilized chitosan as adsorb-
ing material to get rid of dyes and heavy metals from waste
water.

Recently, transition metal oxides as NiO, MnO,, Fe;0,
and Fe,0O; were studied to be used as supercapacitors elec-
trodes materials [14, 15]. At ambient conditions, Iron oxide
(Fe,0;) is stable, low cost, non toxic, easily to prepared and
environmentally safe material [16]. Fe,O; has an energy
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band gap of 2.1 eV, which makes it as good candidate in
absorbing solar visible spectrum [17, 18]. Enhancements
of the optical, electrical and mechanical properties of poly-
mers using fillers were the purposes of many researches for
different applications [1, 6, 19-21]. In our previous work
[1], we enhanced the optical and mechanical properties of
PMMA polymer by dopping CdSe quantum dots. Mazov
et al. [22] showed that thermal conductivity of multi walled
CNTs/polypropylene (PP) is improved about three times
higher, as compared with pure PP matrix.

In this study, we have prepared Fe,O; NPs/chitosan
nanocomposite films of different weight ratios of (0-30
wt%) using the simple casting technique. The optical
properties of colloidal Fe,O; NPs and Fe,O; NPs/chi-
tosan nanocomposite films have been investigated. Also,
the effect of Fe,0; NPs ratio on the mechanical properties
(the storage modulus (E'), loss modulus (E"), stiffness and
loss factor (tan 8)) of the nanocomposite films using the
dynamic mechanical analysis (DMA) technque is studied.
Moreover, the glass transition temperature (T,) of the pre-
pared films is also deduced.

2 Experiment
2.1 Synthesis of Fe,O; nanoparticles

Iron oxide (Fe,0;) nanoparticles (NPs) were prepared using
the method of Mehdizadeh et al. [23] and discussed briefly
as follows: 3.0 g of ferric nitrate (Fe (NOs);-9H,0) were
dissolved in 200 ml of distilled water. 15 g of NaOH were
added slowly to the ferric nitrate solution under continu-
ous stirring. After 15 min, the precipitated ferric hydroxide
suspension was transferred to 300-ml Teflon-lined stainless
steel autoclave. The autoclave was heated to 170 °C under
magnetic stirring (180 rpm) for 20 h, and then cooled to
the room temperature. The resultant products of Fe,0; NPs
were washed with distilled water several times before dry-
ing at 100 °C for 24 h.

2.2 Preparation of Fe,O; NPs/chitosan nanocomposite
films

Nanocomposite films of Fe,O; NPs/chitosan with differ-
ent weight ratios of Fe,0; NPs were prepared using a sim-
ple solution casting technique as the method discussed in
Singh et al. [24]. Briefly, chitosan solution was prepared by
dissolving chitosan powder (Sigma-Aldrich) into 100 ml of
0.1 M acetic acid in continuous stirring for 24 h. Nanocom-
posite films of Fe,0; NPs/chitosan were prepared by add-
ing the desired weight (wt) of Fe,O; NPs powder to the pre-
vious chitosan solution and stirring for 4 h on a magnetic
stirrer. Then, the produced mixture casted in Petri dishes
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and left in a ventilated fuming hood until it completely dry
and solidify. Nanocomposite films were obtained of x wt%
of Fe,O; NPs/chitosan (where x=1, 5, 10, 20 and 30 wt%)
in addition to a pure chitosan film. The dried films were
reasonably homogeneous and clear.

2.3 Measurements

The morphology of the synthesized Fe,O; NPs powder
was measured using a transmission electron microscope
(TEM) (JEOL JEM-2100 operated at 200 kV and equipped
with Gatan CCD higher resolution camera). The structural
properties of the prepared samples were performed using
an automated X- ray diffractometer (Bruker D8-advance
diffractometer), at a step of 0.02° from Cu X-ray tube
(wavelength kol =1.540598). The absorbance, transmit-
tance and reflectance of the colloidal Fe,O; NPs and Fe,0,
NPs/chitosan nanocomposite films were measured using
UV-visible-NIR spectrophotometer (JASCO V-670) in
the wavelength range from 200 to 900 nm. The mechani-
cal properties (E’, E”, stiffness and tan d) of the prepared
Fe,0; NPs/chitosan nanocomposite films were recorded
using a dynamic mechanical analyzer (TA instrument
Q800). The samples were adjusted to the tension mode.
In this mode, a 1 Hz frequency of oscillation was applied,
where the nanocomposite film undergoes a tension between
a moveable and fixed clamp using film tension cantilever. A
0.01 N static force is applied in order to prevent buckling.
The films were cut to be about 6 mm in width and 25 mm
in length. The thickness of the films was about 0.27 mm.
A temperature-sweeping mode of a rate of 3 °C/min in the
range from 30 to 200 °C was applied. A 15 pm strain ampli-
tude was applied.

3 Results and discussion

3.1 The Morphological and structural properties
of Fe,O; NPs/chitosan nanocomposite films

Figure 1 shows the transmission electron microscope
(TEM) micrograph of colloidal Fe,0O; NPs using JEOL
JEM-2100 microscopy. The estimated size of Fe,0; NPs is
about 50+ 2 nm.

Figure 2 shows the X- ray diffraction (XRD) patterns of
pure chitosan, pure Fe,O; NPs, 5.0% Fe,O; NPs/chitosan
and 30.0% Fe,O; NPs/chitosan nanocomposite films. It is
easily seen from Fig. 2(a) that there isn’t any distinguish-
able peaks, which emphasizes the amorphous structure of
chitosan polymer. While Fig. 2(b) shows the crystalline
structure of Fe,O; NPs. For low ratios of Fe,O; NPs/chi-
tosan (as in Fig. 2(c)), there is no peak evidence due to the
homogeneous dispersion of Fe,O; NPs in chitosan matrix
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Fig. 1 TEM micrograph of hydrothermally synthesized Fe,0; NPs
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Fig. 2 X-ray diffraction patterns of: (a) pure chitosan, (b) pure Fe,0,
NPs, (c¢) 5.0% of Fe203/chitosan and (d) 30.0% of Fe,O;/chitosan
nanocomposite films

and low concentrations of Fe,O; NPs. While three domi-
nant peaks are observed in Fig. 2(d) at 20=33.14°, 35.58°,
and 54.05°, corresponding to the hexagonal Fe,O; struc-
tures (104), (110), and (116) phases respectively (JCPDS
No. 33-0664) [25] due to the aggregation of Fe,O; NPs.

3.2 The optical properties of Fe,O; NPs/chitosan
nanocomposite films

The absorption (A), transmittance (T) and reflectance (R)
spectra of colloidal Fe,O; NPs and different weight ratios

0, 1, 5, 10, 20, 30 wt%) of Fe,O; NPs/chitosan nanocom-
posite films have been measured using a UV—-visible spec-
trophotometer. These measurements were recorded in the
wavelength range from 200 to 900 nm. Figure 3a, b shows
the absorption spectra of the colloidal Fe,0O; NPs and differ-
ent weight ratios of Fe,O; NPs/chitosan nanocomposite films
respectively. From Fig. 3a, it is clearly seen that the absorp-
tion peak of Fe,O; NPs is about 400 nm (corresponding to
3.10 eV) which is blue-shifted with respect to bulk Fe,O5
(E;=2.1 eV [17]) due to the quantum confinement effect,
which caused by the decrease in Fe,O; NPs’ size. It is obvi-
ous that the absorption of Fe,O; NPs/chitosan nanocompos-
ite films increases as the weight ratio of Fe,O; NPs/chitosan
increases from O to 30% as shown in Fig. 3b. Moreover, the
absorption edge is red-shifted to higher wavelength with
respect to Fe,0; NPs peak (400 nm), due to the increase of
Fe,0; NPs size because of aggregation. Our result is in agree-
ment with others’ findings [29, 30]. Al-Hosiny et al. [29] con-
cluded that CdSe quantum dots (QDs) size increases with the
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Fig. 3 The absorption spectra of a colloidal Fe,0O; NPs and b differ-
ent ratios of Fe,0; NPs/chitosan nanocomposite films
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increase of its’ concentration in PMMA polymer that cause a
decrease in CdSe energy band gap. Mthethwa et al. [30] con-
cluded that the absorption of CdS QDs/PMMA nanocompos-
ite films increases as the amount of CdS QDs increases.
Additionally, the energy band gap (E,) of the colloidal
Fe,0; NPs and the prepared Fe,O; NPs/chitosan nanocom-
posite films were deduced from the transmittance (T) spectra
measurements using the following Eq. [32-34]:

ahv = B(hv — E,)" (1)

where, @ = 2.303% is the optical absorption coefficient [33],
d is film’s thickness, h is Planck’s constant, B in a constant,
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m value depends on the type of optical transition. “m” takes
values: 1/2, 3/2, 2 or 3 for direct allowed, direct forbidden,
indirect allowed and indirect forbidden transitions, respec-
tively. For allowed direct transition, “m” value is chosen to
be 1/2 since Fe,0O5 is a direct band gap semiconductor. E,
values are estimated by extrapolation of the linear region of
the curves to ahv=0. Figure 4a—f shows (ahv)? of colloidal
Fe,0; NPs and different weight ratios (1-30%) of Fe,O;
NPs/chitosan nanocomposite films respectively as a func-
tion of the incident energy (hv). The estimated E, values
of colloidal Fe,O; NPs and different weight ratios (1-30%)
of Fe,O; NPs/chitosan nanocomposite films are listed in
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Fig. 4 (ahv)? versus hv of a colloidal Fe,0; and b—f different weight ratios (1-30%) of Fe,O; NPs/chitosan nanocomposite films respectively
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Table 1 Energy band gap of colloidal Fe,O; NPs and different
weight ratios of Fe,O; NPs /chitosan nanocomposite films

Ratio of Fe,0; NPs/chitosan Energy
band gap
(eV)

Colloidal Fe,0O; NPs 3.16

1.0 wt% 3.14

5.0 wt% 2.80

10 wt% 2.67

20 wt% 2.56

30 wt% 2.11

Table 1. It is clearly seen that the estimated E, value of
colloidal Fe,O5 NPs is 3.16 eV, which is consistent with
that obtained from the absorption spectra measurements
as shown above. In addition, the E, value of Fe,O; NPs
is blue-shifted with respect to its’ bulk value (2.1 eV) due
to the quantum confinement effect. The estimated E, val-
ues of Fe,0; NPs/chitosan nanocomposite films are ranged
from 3.14 to 2.11 eV as Fe,O; NPs/chitosan weight ratio
varies from 1 to 30%. This decrease in E, value is mainly
attributed to the increase in the size of Fe,0; NPs due to
aggregation. Our results are in good agreement with other
researchers [29, 34]. Abdullah et al. [34] showed that Eg
value of CuO NPs doped in PVA polymer decreases as the
concentration of CuO NPs increases. They attributed the
decrease in E, value to the modification of the electronic
structure of PVA.

Moreover, the effect of Fe,O; NPs/chitosan weight
ratio on the refractive index (n) of the prepared Fe,O;
NPs /chitosan nanocomposite films is also studied. The
n values of the prepared films were estimated from the
reflectance (R) spectra measurements and extinction
coefficient (K) data in the wavelength range from 200 to
850 nm using Fresnel formula as follows [35, 36]:

1/2
=<1+R>+[ 4R —KZ] @
1-R (1-R)?

where, R is the reflectance, K (=aA/4w) [35] is the extinc-
tion coefficient. Figure 5 shows the refractive index (n) of
the plain chitosan and different weight ratio (1-30%) of the
prepared Fe,O; NPs/chitosan nanocomposite films in the
wavelength range from 200 to 850 nm. It is clearly seen
that at any wavelength in the range from 200 to 850 nm,
the refractive index (n) value increases as the weight ratio
of Fe,0; NPs/chitosan increases up to 30%. For example,
Fig. 5b shows the linear behavior of the refractive index (n)
at wavelength A equal 600 nm as a function of the weight
ratio of Fe,05 NPs/chitosan. This result is mainly attributed
to the increase in the reflectance with increasing the weight
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Fig. 5 a The refractive index (n) of the plain chitosan and different
weight ratio (1-30%) of Fe,O; NPs/chitosan nanocomposite films
versus the wavelength, b the refractive index (n) at A=600 nm as a
function of the weight ratio of Fe,0O; NPs/chitosan

ratio of Fe,0; NPs/chitosan. Our result is in good agree-
ment with others [3, 34].

3.3 Dynamic mechanical analysis of Fe,O; NPs/
chitosan nanocomposite films

The analysis of the dynamic mechanical properties (the
storage modulus (E’), stiffness, loss modulus (E") and loss
factor (tan d)) of plain chitosan film and different weight
ratios of Fe,O; NPs/chitosan nanocomposite films are stud-
ied. A dynamic mechanical analyzer (DMA: TA instru-
ment Q800) is used to measure the mechanical proper-
ties of the prepared films by sweeping temperature mode
from 40 to 200°C at an oscillation frequency of 1 Hz. The
DMA mechanical response is composed of two parts: the
storage modulus (E’) which is related to the stored energy
and film’s stiffness, while the loss modulus (E"”) which is
related to the dissipated energy during the cycle of motion.
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The general formula of the dynamic (complex) modulus
(E*= stress /strain) is given as [37, 38]:

E*= E +iE’ 3)
oy cos(&)’ and E// — M
€0 €o
the stress and strain amplitudes respectively. O is the angu-

lar shift between the stress and it’s corresponding strain.
Figure 6a shows the storage modulus (E') as a function
of temperature of plain chitosan film and different weight
ratios (5, 10, 20 and 30 weight %) of Fe,O; NPs /chitosan
nanocomposite films at a frequency of 1 Hz under a static
force of 0.01 N. It is clearly seen that the storage modu-
lus (E') is strongly affected with the filler material (Fe,O;
NPs) and temperature. Each curve of E’ as a function of
sweeping temperature is mainly divided to three regions;
the first is the glassy region, where E’ remains stable upto
about 100°C. The second region is called glass transition
region, where E’ decreases sharply. The third region is
called rubbery region, where the film performs in elastic
behavior. At any temperature (T), E' for all weight ratios
of Fe,0; NPs /chitosan nanocomposite films is larger than

where E' = . where, o, and g, are
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Fig. 6 a The storage modulus (E’) and b the stiffness as a function
of temperature of plain chitosan and different ratios (5, 10, 20 and 30
wt%) of Fe,O; NPs/chitosan nanocomposite films, obtained from a
DMA at 1 Hz frequency
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E’ of plain chitosan film. Also any T degree, E’ increases
as the weight ratio of Fe,O; NPs /chitosan increase in the
film. The increase in E’ is mostly due to the reduction in
the volumes of vacancies in the nanocomposite films
[39]. This behavior causes an increase in the stiffness of
the nanocomposite films as shown in Fig. 6b. For exam-
ple, at T=100°C, the stiffness of 30 wt % of Fe,O; NPs
/chitosan nanocomposite film (13400 N/m) is about twice
of that of plain chitosan film (7000 N/m). As the quantity
of the vacancies’ filler (Fe,O; NPs) increases, the vacan-
cies and free volumes reduce in the nanocomposite films.
The decrease in the vacancies makes the nanocomposite
films becoming denser and stiffer than that of bare chitosan
film. The decrease in the vacancies volumes restricts the
motions in the polymers’ chains, then limits the energy dis-
sipation, hence increases E' and stiffness. Our result is in
good agreement with others, findings [40—42]. In our previ-
ous works [1, 38], we studied the mechanical properties of
different weight ratios of SWCNTs and CdSe QDs/PMMA
nanocomposite films using a DMA. We concluded that at
any T degree, E’ of the nanocomposite films is larger than
that of plain PMMA film. Huang et al. [41] concluded that
adding 4.76 wt% of modified MWCNTs in PMMA polymer
generates enhancement of 184% in E’. They attributed this
enhancement to the stiffening effect of MWCNTs.

The loss modulus (E”) of plain chitosan and different
weight ratios (5, 10, 20 and 30 wt%) of Fe,O; NPs /chi-
tosan nanocomposite films as a function of temperature is
studied. E” measurements show the role of the dissipated
energy in the films. Figure 7 shows E” obtained from the
DMA of the prepared nanocomposite films at an oscillation
frequency of 1 Hz. It is obviously seen that E” depends on
the sweeping temperature and the concentration of Fe,0;
NPs in the chitosan host matrix. For each film and up to
approximately 150°C, E” remains within the same level,
and then decreases as the temperature increases up to

2000
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30 wt.%

1600 —
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[=3
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Fig. 7 The loss modulus (E") versus temperature of plain chitosan
and different weight ratios (5, 10, 20 and 30 wt%) of Fe,0; NPs /chi-
tosan nanocomposite films, obtained from a DMA at 1 Hz frequency
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chitosan nanocomposite films as a function of temperature, obtained
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Table 2 Glass transition temperature (T,) for plain chitosan and dif-
ferent ratios of Fe,O; NPs /chitosan nanocomposite films

Sample T, (°C)
Plain chitosan 152.1
5 wt% of Fe,0; NPs/chitosan 154.4
10 wt% of Fe,05 NPs/chitosan 158.2
20 wt% of Fe,0; NPs/chitosan 161.4
30 wt% of Fe,05 NPs/chitosan 166.3

200°C. More over at each temperature value, as the weight
ratio of Fe,O; NPs /chitosan increases from O to 30%, E”
value decreases. This result is due to the decrease in the
vacancies and free volume as the weight ratio of Fe,0O;
NPs increases, which leads to the decrease in the dissipated
energy and hence decreases in E".

Additionally, the loss factor (Tan ) of the prepared films
is another important property since the glass transition tem-
perature (T,) can be deduced. Tan & is the ratio between
the storage modulus and the loss modulus per cycle of the
applied force, and given as [38, 43]:

4

tan (6) = % 4

The glass transition temperature (T,) is the temperature
at which tan & reaches its’ maximum value [42, 44]. It is
the temperature at which a polymers or composite converts
from its’ glassy state to its’ rubbery state. Figure 8 shows
tan O measurements of plain chitosan and different weight
ratios (5, 10, 20 and 30 wt%) of Fe,O; NPs/chitosan nano-
composite films as a function of temperature. It is clearly
noticeable that the magnitude of tan O at it’s peak is the
maximum for plain chitosan film compared with those
of different ratios of Fe,O; NPs/chitosan nanocomposite

films. In addition, as Fe,O; NPs/chitosan weight ratio
increases from O to 30%, the magnitude of tan § decreases
from 0.29 to 0.21. The low tan & value at its’ maximum
peak is mainly represented the elastic character of the pre-
pared films. While the high value of tan & shows the vis-
cous character. This novel result improves that the mobil-
ity of chitosan molecules is significantly restricted after
adding Fe,0; NPs. The results of tan 8 is consistent with
the data related with E' and E". The deduced T,’s values
of plain chitosan and different weight ratios of Fe,O; NPs
/chitosan nanocomposite films are listed in Table 2. It is
clearly seen that T, value of Fe,O; NPs/chitosan nanocom-
posite films is shifted towards higher temperature side with
respect to plain chitosan film from 152.1°C to 166.3°C
as the weight ratio increases from O to 30%. This increase
in T, value is mainly due to decrease in the vacancies and
free volumes as discussed before. Our results are in good
agreements with others [38, 42, 45]. In our previous study
[38], we concluded that Tg value increases from 91.2to
99.5°C as the weight ratio of SWCNTs/PMMA increases
from 0 to 2.0%. Also, Dueramae et al. [42] concluded that
an enhancement in the glass transition temperature (T,) of
polybenzoxazine (PBA-a) filled with 30 wt% of SiO, NPs
films with an increase of 16°C. They attributed enhance-
ment in T, of the nanocomposite films to the restriction of
the motion of PBA-a polymer’s chains with the addition of
the filler SiO, NPs.

Table 2: Glass transition temperature (T,) for plain chi-
tosan and different ratios of Fe,0; NPs/chitosan nanocom-
posite films.

4 Conclusions

Different weight ratios (1, 5, 10, 20 and 30 wt%) of Fe,O;
nanoparticles (NPs)/chitosan films have been prepared
using casting technique. The optical and mechanical prop-
erties of the fabricated nanocomposite films are studied.
An enhancement in the absorption and refractive index (n)
of nanocomposite films are achieved as the weight ratio of
Fe,0; NPs/chitosan increases from O to 30%. A decrease
in the energy band gap (E,) of the prepared nanocomposite
films from 3.16 to 2.11 eV is observed as the weight ratio
Fe,0; NPs/chitosan increases up to 30%, due to the quan-
tum confinement effect. The mechanical properties (storage
modulus (E’), stiffness, loss modulus (E”) and tan d) of the
nanocomposite films as a function of temperature are meas-
ured using a dynamic mechanical analyzer. An enhance-
ment in the storage modulus, stiffness and glass transition
temperature (T,) are achieved for different weight ratios
of Fe,O; NPs/chitosan nanocomposite films, compared
with those of plain chitosan film. Also, T, value of Fe,0O;
NPs/chitosan nanocomposite films shifts towards higher
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temperature side with respect to plain chitosan film from
152.1 to 166.3°C as Fe,O; NPs/chitosan ratio increase
from 0 to 30 wt%.
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