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Abstract. In this study, solid polymer blend films based on chitosan (CH) and methylcellulose (MC) were prepared in
various compositions by the solution cast technique. The features of structure and complexation of the blend polymer films
were studied using X-ray diffraction (XRD) and Fourier transform infrared (FTIR) analysis. The shift of FTIR peaks of the
amino groups of CH and the hydroxyl groups of MC reveals the formation of interchain hydrogen-bonding between CH and
MC chains in blend films. From the XRD pattern, the semi-crystalline structure of CH was depressed with the addition of MC
and shows the CH:MC blend system with ratio 75:25 has the minimum degree of crystallinity. The highest room temperature
conductivity was found to be 0.05 x 10~° S cm~! for 75CH:25MC blend polymer composition. The dc conductivity exhibits
Arrhenius-type behaviour with temperature. The drastic increase in conductivity up to 37.92 x 1070 Scm™! at 373 K, can
be explained by free volume model. The highest value of electrical conductivity for all prepared samples was associated

with the minimum value of activation energy.
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1. Introduction

In the last few decades, much effort has been devoted
to develop environmentally-friendly biodegradable poly-
mer electrolytes based on natural polymers, such as chi-
tosan (CH), cellulose, starch and poly(e-caprolactone) (PCL)
as host materials, instead of using not-eco-friendly and
non-biodegradable synthetic polymers such as polyethylene
oxide, polyvinyl chloride, polymethylmethacrylate, polyvinyl
acetate (PVA), polyacrylonitrile and polyvinyl pyrrolidone
(PVP) that impose several ecological issues [1-3].

It has been well reported in the literature that the ion
transport in polymer electrolyte is predominant through amor-
phous phase rather than the crystalline phase [4]. Thus to
modulate the conductivity of the polymeric system, many
investigations have been focussed on increasing the amor-
phous phase of the polymer host material [5,6]. For this
purpose, several methods and techniques were used such as
copolymerization, blending and addition of salt, plasticization
or ceramic nano-fillers [7-9]. Among these methods, poly-
mer blending has received ever-increasing interest [10]. The
polymer blends or polymer mixture often exhibit improved
physical properties and better processing characteristics com-
pared to the properties of pure polymer components [11]. The
primary points of interest of the poly-blend systems are the
simplicity of preparation, low basic cost and efficient con-
trol of physical properties via compositional change [10,12].

Polymer blend films; degree of crystallinity; electrical conductivity; activation energy.

However, the manifestation of superior properties of blend
polymers depends on the degree of miscibility of the com-
ponents of blends on the molecular scale [13]. The basis of
polymer—polymer miscibility may originate from any specific
interaction, such as hydrogen-bonding, charge transfer com-
plexes and dipole—dipole interactions [14,15]. In the present
study, CH and methylcellulose (MC) have been chosen to pre-
pare polymer-blend systems due to the excellent mechanical
strength and good miscibility with each other [16]. Moreover,
among all popular polymer electrolyte systems, a biopolymer
electrolyte based on CH and MC has special significance in
view of its potential applications in solid-state electrochemi-
cal devices, due to its many advantages such as water-soluble,
biodegradable, biocompatible, non-toxic, environmentally-
friendly, abundant and good film-forming properties [17-19].
A literature search and intensive surveys reveal that a rel-
atively small number of studies have been reported on the
development of CH:MC blend-based polymer electrolyte sys-
tems [20].

Hamdan and Khiar [21] prepared a solid polymer elec-
trolyte based on CH:MC blends with an arbitrary fixed ratio
of 50:50 complexed with different amounts of ammonium
triflate (NH4CF3S0O3). Whereas, Misenan et al [22] have
reported the effect of adding cellulose nanocrystal on the con-
ductivity of CH:MC blend in the ratio of 60:40. This report is
concerned with the structural and electrical properties of CH
and MC blends in different concentrations to find the optimal
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blend composition (the maximum amorphous domains). The
electrical conductivity behaviour of the CH:MC poly-blend
films are also reported.

2. Experimental

2.1 Preparation of the polymer blend films

In the present study, films of CH blended with MC were
prepared using the solution cast technique at various weight
ratios (100:0), (75:25), (50:50), (25:75) and (0:100). CH and
MC were dissolved separately in 2% acetic acid and distilled
water, respectively. The two solutions were stirred continu-
ously for 2 days until the polymer powders were dissolved
completely. After that, the two solutions were mixed accord-
ing to desired weight ratio and the mixture was stirred at room
temperature for 45 min. Finally, the obtained homogeneous
solutions were poured onto cleaned plastic Petri dishes and the
solvent was allowed to evaporate slowly at ambient temper-
ature to obtain free-standing films. The prepared films were
then kept in desiccators with silica gel to eliminate all traces
of the solvent.

2.2 Characterization techniques

Chemical modifications of the polymer due to blending
were recorded using a Fourier transform infrared (FTIR)
Spectrophotometer (Frontier spectrometer) in the wavelength
range of 4000400 cm~'. The X-ray diffraction (XRD)
studies were conducted using (X’PERT-PRO) X-ray diffrac-
tometer with CuK o radiation of wavelength 1.5406 A and
a graphite monochromator, in the angle 10° < 20 < 70°
with a scan step size of A26 = 0.1°. The electrical conduc-
tivity of the prepared films was measured using a Precision
LCR Meter (Agilent/HP 4284A) in a frequency range of
100 Hz—1 MHz, and in the temperature range, 295-373 K.
Here the polymer films were sandwiched between two alu-
minium electrodes under spring pressure (electrode—specimen
contact area = 4.91 cm?) and the measurements were car-
ried out in the conduction mode. The average thicknesses of
these films were determined to be in the range 126260 pm.
The real part of ac conductivity (o,.) was calculated from the
measured values of conductivity (G) using: o,.(w) = Gd /A,
where d is the thickness of the sample and A is the electrode—
specimen contact cross-sectional area.

3. Results and discussion

3.1 FTIR studies

Infrared spectral analysis monitors a wide variety of
vibrational energy levels in the molecules [23]. The FTIR
spectra of pure CH, MC and their blends with different com-
positions recorded at room temperature are given in figure 1.
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The FTIR spectrum of pure CH film shows a broad O-H
stretching absorption band between 3419 and 3289 cm™!,
which is overlapped to the stretching vibration of N-H in
the same region. The C—H stretching vibration bands occur
between 2931 and 2925 cm~!. More major absorption bands
at 1645 and 1564 cm™! represent the C=0 stretching amino
group I, and —-NH bending amino group II of glucosamine,
respectively [16]. The vibration modes at 1416, 1373 and
1152cm™! are respectively assigned to CH, bending, -CH
bending and anti-symmetric stretching of the C—O-C bridge
[24].

From the FTIR spectrum of pure MC, it is observed that a
strong broadband observed at 34593457 cm ™! is assigned to
the stretching vibrations of hydroxyl groups (O-H). More-
over, the observed bands at 29342900 cm~! indicate the
presence of C-H stretching of CH, and CHj groups. The
observed strong band centred at 1647 cm™! corresponds to
C=0 stretching vibration and the observed band at 1412 cm™!
can be ascribed to the C—H bending in CH, [25,26], whereas
the observed bands at 1374 cm™~! are assigned to —CH bending
vibration. The band corresponding to the ether groups (C—O-
C) occurs at 1117 cm™! [17], and the asymmetric vibrations
of CO appear at 1087-1055 cm™! [27].

The FTIR spectra of CH:MC blends shown in figure 1 con-
tains no distinct additional absorbance peaks compared to
those for pure CH and MC. This suggests that there is no
chemical interaction between the components [28], whereas
the shift of some observed peaks suggests the physical
interaction phenomena (i.e., ionic/hydrophobic interactions)
between CH and MC chains. The shift in the position of
the peak at 1564 cm~' for CH amino groups (figure 1b) and
peak at 3459-3457 cm~! for MC hydroxyl groups (figure 1c),
is due to hydrogen-bonding interaction between the positive
charge of amino groups (—NHZ) of CH and negative charge
of hydroxyl groups (—OH™) of MC [29,30]. Figure 2 shows
the possible hydrogen-bonding between CH and MC. The
formation of a hydrogen bond between two polymers CH
and MC upon blending proves miscibility between the two
polymers at the molecular-level. Ragab [31] also attributed
the miscibility between the two polymers PVA/PVP blend to
the hydrogen-bonding between hydroxyl groups of PVA and
carbonyl groups of PVP monomeric units.

3.2 XRD studies

The XRD is a versatile, non-destructive technique that reveals
detailed information about the nature of polymer blend films
and their crystallographic structure [32]. The XRD patterns
of pure CH, MC and their blend membranes were determined
to correlate their structure with other properties. Figure 3
shows the diffractograms of CH, MC and their blends. The
pure polymers films show a peak around 26 = 21.1° which
usually characterizes the semi-crystalline phase of these poly-
mers [33,34]. Previous studies addressed that intra- and
inter-molecular hydrogen bonds are responsible for the semi-
crystalline structure of both CH and MC membranes [35,36].
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Figure 1. FTIR plots of CH:MC polymer blend films at different weight ratios in the wavenumber ranges:
(a) 400-4000 cm™~", (b) 1500-1600 cm~" and (¢) 28003800 cm™".

The observed diffraction peak of CH:MC blend films is less
intense when compared with those of pure MC films, which
indicates that the blending of CH and MC causes a reduction
in the degree of crystallinity and a simultaneous increase in
the amorphicity of the system. It was quoted in the literature
that the crystallinity fractions are directly proportional to the
peak intensity and inversely related to the full-width at half-
maximum of the peak [37,38]. The intensity of XRD peaks
decreases as the amorphous nature increases [39,40], and this
amorphous nature facilitates the ionic diffusivity resulting in
the increase of the electrical conductivity [41,42], as it will
be seen later on.

Resolution of crystalline peaks, together with an integration
of the scattered intensities, provides a method for estimation
of crystallinity. The degree of crystallinity (X.) of the samples
were determined by deconvoluting peaks due to crystalline
and amorphous phases, using Fityk software [43], and accord-
ing to Hermans and Weidinger equation [44,45]:

C

Xe=—°—
Ac + A,

x 100%, (1)

where A, and A, are the area under crystalline peaks and
amorphous haloes, respectively. The calculated data of degree
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Figure 2. Possible mechanism for hydrogen-bonding between
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Figure 3. XRD patterns of CH:MC polymer blend films at dif-
ferent weight ratios: (a) 100:0, (b) 75:25, (¢) 50:50, (d) 25:75 and
(e) 0:100.

of crystallinity for CH and MC blend samples of different
compositions are shown in figure 4. It is observed that the
degree of crystallinity for blend samples lies in between the
values of two pure polymers, which may be assigned to the
incorporation of side branches [46]. As can be seen from
figure 4, the degree of crystallinity of the 7SCH:25MC poly-
mer blend system is the lowest with a value of (20.46%),

suggesting that this composition has the maximum
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Figure 4. Degree of crystallinity of CH:MC polymer blend films
vs. MC wt%.
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Figure 5. The variation of electrical conductivity vs. MC
concentration at different temperature range: (a) 295-333 K and
(b) 343-373 K.

amorphicity. The increase in the amorphous nature causes
a reduction in the energy barrier to the segmental motion of
the polymer blend resulting in the increase in conductivity

[47].
3.3 Electrical conductivity studies

The electrical conductivity of CH:MC bio-polymer blend
has been investigated, with an aim to understand the origin
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and nature of the charge transport prevalent in this material
system. The low-frequency plateau region of electrical con-
ductivity describes the electrode—specimen interface phe-
nomena is attributed to the space charge polarization at the
blocking electrode and is associated with the dc conductiv-
ity (oq4c) of the polymer system [48]. Thus the frequency
dependent electrical conductivity measurements can be used
to obtain the dc conductivity (og.) of the polymer blend
films at different temperatures by extrapolating the plateau
region on the electrical conductivity axis to zero frequency
(not shown here). The variation of the dc conductivity (ogc)
vs. MC concentration at different temperatures is shown
in figure 5. The obtained conductivity values for pure CH
(1.2 x 1078 Scm™), and pure MC (2.6 x 1078 Scm™!) are
respectively in accordance with the results reported by Ng and
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Mohamad [49] for CH, and the results reported by Shuhaimi
et al [50] for MC. The maximum conductivity of CH:MC
bio-poly blends was obtained for a composition ratio 75:25,
which is ascribed to the increase in the amorphous nature
of the polymer blend at this concentration, which is well
consistent with the XRD results. Also, it is evident that the
electrical conductivity of polymer blend systems increases
with increasing temperature. The value of dc conductivity
for the 75CH:25MC membrane was found to increase with
increasing temperature from 0.05 x 107%Scm™! at ambient
temperature, to 37.92 x 107°Scm~! at 373 K. The signif-
icant increase in dc conductivity with temperature can be
explained by means of the free-volume model. According
to this model, the increase in temperature results in an increase
in the fraction of free volume [51]. This will facilitate the
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Figure 6. Temperature dependence dc conductivity of CH:MC polymer blend films at different weight ratios: (a) 100:0, (b) 75:25,

(c) 50:50, (d) 25:75 and (e) 0:100.
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segmental motion of polymer chains, which helps the
migration of charge carriers by hopping from one site to
another and sequentially increase the electrical conductivity
[52,53].

The temperature dependence dc conductivity followed an
Arrhenius behaviour in the studied temperature range. The dc
conductivity (og.) as per Arrhenius relation can be expressed
as [54]:

Odc = 00 CXP(—Ea/kBT) (2)

where oy is a proportionality constant related to the number
of charge carriers in the films, E, is the activation energy, kg
is the Boltzmann constant and 7 is the temperature in Kelvin
[55].

The activation energy (combination of defect formation
energy and ion migration energy) corresponds to the energy
required for conduction from one site to another [56-58]. For
calculating E, for dc conductivity, the effect of temperature
on the oy, was studied. Figure 6 elucidates the linear depen-
dence of logarithm of dc conductivity with inverse absolute
temperature for CH:MC poly-blend films. The regression val-
ues (R?) of the plots using linear fit have been found to be
close to unity suggesting that the temperature dependent dc
conductivity for all prepared films obey Arrhenius relation-
ship. The activation energies were evaluated for individual
pure polymers and their blend by considering the slope after
linear fitting the data, using the relation [59]:

3)

] k
E, = 2303 ( 8 "“) il

1T ) e’

The variation of activation energy (E,) and room tempera-
ture dc conductivity (oq.) as a function of MC concentration
is shown in figure 7. It is clear that the minimum value of E,
(in the order of 0.81 eV for 7SCH:25MC poly-blend sample)
is associated with the highest dc conductivity. The decrease in
activation energy for polymer blend samples is attributed to
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Figure 7. The variation of dc conductivity and activation energy
as a function of MC wt% concentration.
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the reduction of the energy barrier to the segmental motion of
polymer matrix. It is worth mentioning that the polymer elec-
trolyte with a low value of activation energy is desirable for
practical applications [60]. The inverse relationship between
conductivity and activation energy was also reported earlier
by Yousf et al [61] for starch—CH blend biopolymer films,
and by Hafiza et al [62] for carboxyl MC—CH blend polymer
electrolyte.

Generally, the electrical conductivity is controlled by the
concentration of mobile charge carriers and its mobility. In
the present system, the increase in conductivity with increas-
ing temperature should be mainly ascribed to the increase in
the carrier mobility, due to the increment in the amorphous
nature of the blend system (as confirmed by XRD analysis),
which arises from the coordination and interaction between
the amino groups of CH with hydroxyl groups of MC (as
proved by FTIR analysis).

4. Conclusions

The perfect composition of MC:CH bio-poly-blend system
for electrical conductivity was depicted using FTIR and XRD.
The FTIR study indicates that CH can be effectively blended
with MC due to the formation of hydrogen bond between
functional groups of two polymers. The XRD pattern of blend
samples reveal that the semi-crystalline structure of both CH
and MC is reduced upon blending and the poly-blend sam-
ples with compositions of 7SCH:25MC showed the maximum
amorphous content. The dc conductivity of this membrane
increased with increase in sample temperature and followed
Arrhenius equation. The highest electrical conductivity at
395 K has been found to be 0.05 x 107°Scm™! for the
75CH:25MC sample; the activation energy was found to be
inversely proportional to the dc conductivity and was in the
range 0.81-1.07 eV.
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