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Abstract

This study involved preparation of hybrid polymer systems based on chitosan-poly(vinyl alcohol) (PVA) blends and modified
Montmorillonite. These structures were characterized through microscopy and infrared spectroscopy; swelling measurements were
performed to explore polymer absorbency. The behavior of polymer systems was studied through steady and oscillatory shear
rheology. Results showed that more stable blend membranes were formed due to the strong interaction between chitosan and PVA.
The membranes exhibited appreciable water uptake and were sensitive to saline solution with a slight shrinking.

Shear viscosity was described by Cross model to characterize non-Newtonian behavior of all polymer solutions, the shear thinning
increases with PVA content, while viscosity increases with chitosan extent. In oscillatory experiments, it was observed that all measured
viscoelastic properties were influenced by blends composition and clay content. For all samples, results show a typical behavior of
an entangled system in the case of semi-dilute macromolecular viscoelastic fluids. The dynamic moduli exhibited higher values for
blends, compared with values of neat polymers, which are an indication of a good stability and a tendency of gel formation. Therefore,

the prepared chitosan-PVA systems, which exhibited high swelling degrees and suitable viscoelastic properties, have promising

applications in tissue engineering and membrane processes.
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1 Introduction

Biopolymer membranes offer excellent biocompatibil-
ity and degradability; however, because of the signifi-
cant sensitivity to water, their mechanical properties after
swelling are poor. In order to reduce this weakness, the
biopolymers used can be modified by physical blending
[1], chemical grafting [2], crosslinking [3] and by for-
mation of polymer-clay nanocomposites [4]. Polymer
blending with distinctive molecular structures or dif-
ferent mechanical properties has become a technique of
choice to produce materials with high characteristics.
Blends of chitosan and poly(vinyl alcohol) (PVA) have
been reported to provide suitable mechanical properties
for drug release control [5], food packaging films [6] and
liquid mixtures separation [7, 8]. These valuable proper-
ties are due to inter-molecular interactions between the
blended polymers chains. However, most of the blend
hydrogels are brittle and do not show high viscoelastic
performance and thermal stability. To overcome these

intrinsic weaknesses, polymer based nanocomposites
have been developed by dispersing fine ratio clay particles
in the polymeric matrix [9]. The most widely used filler in
such nanocomposites is Montmorillonite (MMT), a com-
mon clay mineral from the smectite family. Therefore, it
is believed that well-combined nanocomposites of MMT
and chitosan / PVA blends could find many potential appli-
cations, particularly in biomechanical engineering and
membrane separation. Although characterization of bulk
properties like swelling and diffusion rate is essential,
most biomedical applications of blend polymers require
a detailed perception of flow behavior and local mechan-
ical properties. Understanding the polymer responsive-
ness to environmental changes is essential for the design
of materials with suitable characteristics on macroscopic
and microscopic scale. For this, rheological properties of
polymer solutions need to be controlled in order to initiate
steady and dynamic flow in favorable conditions.
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Previously we have studied the flow properties of
poly(acrylamide-co-acrylic acid) and poly(acrylamide-
co-itaconic acid) hydrogel suspensions and related them
to their swelling behavior [10, 11]. In order to explore the
potential of chitosan / PVA blends as absorbent biomate-
rials, the present paper focuses on how addition of MMT
fillers affects the swelling and rheological behavior of
these polymers. Fourier transform infrared spectroscopy
(FTIR) and scanning electron microscopy (SEM) were
used to get information about the structural characteristics
of the polymer nanocomposites. Effect of the blends com-
position and presence of fillers on the swelling of the pre-
pared membranes was studied. Detailed rheological anal-
ysis was carried out to assess dynamic viscoelastic and
steady flow properties of polymer solutions.

2 Experimental

2.1 Chemicals and Materials

PVA powder (Molecular weight 85.000-124.000 and
89 % hydrolyzed, Art. No. 363081) and Chitosan powder
(Molecular weight of 190.000-300.000 and 85 % deacetyl-
ated, Art. No. 448877), were supplied by Sigma-Aldrich.
Both powders were used without further purification. Acetic
acid 99.8 % purity from Fluka Chemicals and NaCl from
Panreac (Spain) were used as received. Deionized water was
used for preparation of polymer solutions and in swelling
experiments. The pristine clay used in this work was the
Montmorillonite from Maghnia (west Algeria) purified by
successive washings with deionized water; and the fraction
with particle size smaller than 2 pm was obtained after care-
ful aqueous decantation of the natural clay. The same frac-
tion was then converted to Na-MMT form with dilute NaCl
solution. Its cation exchange capacity was 90 meq / 100 g.

2.2 Preparation of polymer blends

Chitosan solution (2 % w/v) was prepared by dissolv-
ing chitosan in 1 % (v/v) aqueous acetic acid solution at
room temperature under continuous stirring for over-
night. PVA solution (5 % w/v) was prepared by dissolving
the polymer powder in deionized water at 80 °C under
stirring until complete dissolution had occurred (~ 4 h).
Both polymer solutions were filtered using sintered glass,
degassed in a vacuum and then carefully mixed at differ-
ent weight ratios of Chitosan and PVA. The weight com-
position percentage chosen were 100/0 (chitosan), 70/30,
50/50, 30/70 (chitosan / PVA) and 0/100 (PVA). The mix-
tures were stirred for 24 h at room temperature to obtain
homogeneous solutions.

2.3 Preparation of the nanocomposite polymers

For nanocomposites, suitable amount of sodium montmo-
rillonite (Na-MMT) was dispersed in deionized water to
form suspension of 5-wt% concentration with respect to the
total mass of polymer. The clay suspension is sonicated for
120 min at room temperature and 37 kHz in an Elmasonic
P bath (Schmidbauer GmbH, Germany). Next, the prepared
suspension was added thoroughly to the previously prepared
chitosan / PVA solutions and the mixtures were vigorously
stirred for 24 h. In membranes preparation, the mixtures
were poured into a petri-dish and allowed to dry at room
temperature for 48 h. In the desiccator (silica gel replaced
every 24 h); then further dried in vacuum for additional 24 h
at 40 °C to remove the residue of water and acetic acid.

2.4 Measurements procedure
2.4.1 Characterization
e The microstructure of the membrane biopolymers
was studied using a Philips XL 30 ESEM scanning
electron microscope (SEM).
* The spectroscopic characterization of the mem-
branes was performed by a Thermo Scientific Nicolet
IS 10 Model Spectrophotometer equipped with ATR
Thermo Scientific Smart iTR module. Analysis was
carried out with 40 scans and 2 cm™ of resolution,
in the range of 4000-600 cm'.

2.4.2 Swelling measurements

The swelling behavior of the polymer membranes was
examined in deionized water and saline solution at room
temperature. For several applications, in particular in the
medical and pharmaceutical fields, it is significant to know
the behavior of absorbing materials in the physiological
solution, usually simulated by aqueous 0.9 % NacCl solu-
tion. Prior to measurements, the membranes were cut into
5 x 5 cm? and dried in a vacuum oven at 40 °C for 24 h
to fix their dry weight (M,). For the procedure, dried pre-
weighed membranes were immersed into vials (500 mL)
filled with deionized water (or saline) and removed at reg-
ular time-intervals, wiped superficially with filter paper to
extract surface-bound water, weighed and then dipped in
the same liquid. The mass swelling percentage was calcu-
lated from the following equation [12, 13]:

Mr _MO

S, (%)= %100 )

0

where M and M, are initial dry mass and mass at different
time-intervals, respectively. The amount of water absorbed



by the polymer membranes is characterized quantitatively
by the equilibrium water content (EWC) which can be cal-
culated using the following equation:

Moo _MO

EWC(%) = x 100 @

M, and M are the mass of dry gel and mass of swollen gel
at equilibrium.

All the experiments were carried out in triplicate and
the average values have been reported in the data.

2.4.3 Rheological Measurements

The rheological tests of polymer solutions were carried out
under controlled shear rate mode, with AR-2000 Advanced
Rheometer from T.A. Instruments (Newcastle, DE, USA),
using a cone and plate sensor geometry (cone angle 2°,
40 mm diameter and 56 pm gap). The range of the shear
rate for steady rate sweep test was from 0.1-400 s. As the
PVA solution is of very low consistency, flow curves were
completed with a Couette fixture using a pair of coax-
ial cylinders with 15 mm of external diameter and gap
of 2.5 mm. Silicone oil was added to the surface to pre-
vent evaporation during measurements. For dynamic vis-
coelastic determination, the frequency spectra were con-
ducted in the linear viscoelastic regime of the samples, as
determined in preliminary tests by dynamic stress sweep
measurements. The frequency sweeps were done over a
range of 0.62-62.8 rad/s (0.1-10 Hz) at 20 °C and constant
oscillating stress amplitude.

3 Results and discussion
3.1 Characterization
* The polymer membranes prepared at different per-

centages of chitosan were studied by SEM. In Fig. 1,
the SEM micrographs presented very similar mor-
phological aspects for surfaces of PVA, chitosan and
chitosan / PVA, showing the formation of uniform
and continuous membranes. Nevertheless, some
effect of phase separation was detected with drop-
let-like forms onto these Chitosan / PVA membranes
after blending. Similar results were observed by
E. S. Costa-Junior et al. for Chitosan / PVA blends
and attributed to chemical bonds effects [14]. Prior to
blending, the macromolecular chains are mainly
entangled in the polymer network; after mixing,
PVA and chitosan develop physical and chemical
bonds that are responsible of these droplet effects.
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Fig. 1 SEM images of PVA (a); Chitosan (b); chitosan / PVA 30/70 (c)
and chitosan / PVA 30/70 + 5 % Na-MMT (d).

» Spectroscopic analysis: FTIR spectroscopy is a use-
ful technique for characterizing the specific intermo-
lecular interactions between the chemical groups in
polymer blends and for investigating the formation of
associations from the blends with clay. These inter-
molecular interactions refer mainly to hydrogen
bonding interactions; they result in either frequency
shifting or band broadening of specific functional
groups. Fig. 2 shows the FTIR spectra relative to the
chitosan, PVA and Chitosan / PVA blends. For PVA
(Fig. 3a) all major peaks related to hydroxyl and ace-
tate groups were observed, the broad band detected
between 3330 and 3230 cm is associated with the
stretching of O-H from the intermolecular and intra-
molecular hydrogen bonds [15]. The vibrational
band at 2930 cm™ is associated with the C-H stretch-
ing from alkyl groups. The peaks at 1725 cm! and
1088 cm! were due to the stretching C = O and C-O
from acetate group. The characteristic bands of chi-
tosan (Fig. 3e) were located at 3350 cm™! for stretch-
ing band of OH group overlapping with N-H stretch-
ing band, and at 1635 cm” (NHCOCH,), 1550 cm™
(-NH, group), 1350 cm™ (C-O stretching of primary
alcohol groups) for amide I, amide II and amide III,
respectively [16, 17]. The spectrum also shows peaks
around 896 and 1146 cm™ (-C-O-C- glycoside links)
corresponding to saccharide structure and peaks
at 2800 and 2900 cm™ are the typical C—H stretch
vibrations. Spectra of Fig. 3(b), 3(c) and 3(d) show
the absorption bands of the chitosan / PVA blends
(30/70; 50/50; 70/30) respectively. As can be seen
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Fig. 2 FT-IR spectra of PVA (a); Chitosan / PVA blends [30/70 (b);
50/50 (c); 70/30 (d)] and Chitosan (e)

from the spectra, with increasing PVA content in the
blended polymers, the absorption peaks at 1635 cm!
(NHCOCH,) and at about 1550 cm™ for the -NH,
group of chitosan decreased. The spectra region
from 3200 cm™ up to 3500 cm™! was wider than pure
PVA, mostly attributed to the overlapping signals
from two groups: hydroxyls (-OH in chitosan and
PVA) and amino (-NH, chitosan). The association
or dissociation of hydrogen bonding between these
groups might cause such results [18].

Fig. 3 shows the FTIR spectra relative to change in
polymer membranes filled with 5 % Na-MMT clay.
In order to show the polymer-clay association, the spectra
were focused on the region 1100-800 cm™ characteristic
of stretching and bending vibrations of layered silicates.
Na-MMT spectrum (Fig. 3a) shows the vibration bands
at 1480 cm™ for H-O-H bending, a large band between
1094 and 1008 cm™ characteristic for Si-O-Si stretching
vibration of silicates, and finally bands at about 953 and
842 cm™! for AIAIOH, AlFeOH and AIMgOH bending
vibrations [19]. Spectra of Fig. 4(b), 4(c), 4(d), 4(e) and 4(f)
show the absorption bands of the PVA / Na-MMT, blends
of chitosan / PVA / Na-MMT and chitosan / Na-MMT
respectively. The spectra show the combination of char-
acteristic absorptions due to the polymers and MMT
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Fig. 3 FT-IR spectra of Na-MMT (a) and PVA (b), Chitosan / PVA
blends [30/70 (c), 50/50 (d), 70/30 (e)], Chitosan (f) filled with
5 % Na-MMT.

groups. The peak at 1550 cm™ of the -NH, group in the
starting chitosan and chitosan / PVA (70/30) was shifted to
1508 cm™! in the polymers / Na-MMT spectra, correspond-
ing to the deformation vibration of the protonated amine
group (-NH,") of chitosan. This -NH," group interacts with
the negatively charged sites of MMT [20]. The character-
istic stretching band of Si-O appears clearly; it was shifted
over the interval 1110-970 cm™! for the filled polymers.

3.2 Swelling behavior

Polymers' swelling is governed by several parameters,
which include presence of hydrophilic groups, proper-
ties of external solution and polymer network elasticity.
The swelling is usually evaluated by the amount of liquid
absorbed according to time up to saturation. Therefore, for
polymer membranes the equilibrium swelling degree (S,,,)
is the most important parameter with respect to their bio-
medical applications where a fast and large water absorp-
tion capacity is required [21]. Based on experimental
results, several authors have proposed a second-order
kinetic equation to determine S, of polymer [22, 23].
Considering the second-order kinetics, the swelling rate at
any time may be expressed as:

v =K (S, -S,) 3)



where S,,_ is determined by fitting Sw to time data for a sec-
ond order equation of the form:

1

r Lo
K.S;

S O @

1
—t
S,
where S (¢) is the polymer swelling at time ¢ (min) and
K ((g gel / g water) / min) is the second order swelling rate
constant. All membranes exhibit a very fast response to
liquids absorption and reach swelling equilibrium after
60 min; the equilibrium water contents (EWC), which
ranged from 60 % to 72 %, were high. The values of swell-
ing parameters are given in Table 1 for water absorption
and Table 2 for saline solution. As seen from the value
(~ 1) of the correlation coefficients, the second order
kinetic equation follows quite well the experimental data
for all membrane compositions, showing a swelling kinet-
ics of the second-order for all samples. Swelling is pro-
duced by the osmotic pressure resulting from difference in
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concentration of mobile ions between the internal polymer
network and external solution. In addition, the behaviour
of our blend membranes depends upon the composition of
the polymer system, particularly when at least one constit-
uent contains hydrophilic groups. In this case, the increase
in hydrophilic polymer (PVA) within the matrix produces
an enhancement in its swelling capacity due to increased
chain relaxation as well as osmotic pressure. Moreover,
due to its large number of hydroxyl groups, PVA is a more
hydrophilic polymer than chitosan. This latter, in turn,
contributes to reducing the membranes swelling due to
intra- and inter-molecular hydrogen bonds established
between the hydroxyl and acetate groups. Our membranes
were prepared without any crosslinking and are physi-
cally entangled, therefore, the degree of swelling for blend
membranes, which was higher than that of PVA and chi-
tosan membranes, increased with increasing PVA content.
This behavior has been observed by several authors and

Table 1 Swelling parameters of Chitosan / PVA membranes in deionized water

Pristine polymers

Polymers
S, (%) K107 (g/g) EWC (%) R?
Chitosan 163.13 0.34 61.73 0.998
Chitosan / PVA 70/30 216.92 0.52 68.25 0.999
Chitosan / PVA 50/50 261.10 0.23 72.06 0.999
Chitosan / PVA 30/70 269.54 0.43 72.78 0.999
PVA 181.16 0.38 64.24 0.998
Polymers + 5 % Na-MMT
Chitosan 138.12 0.32 57.65 0.998
Chitosan / PVA 70/30 148.81 0.23 63.96 0.999
Chitosan / PVA 50/50 181.16 0.23 57.65 0.999
Chitosan / PVA 30/70 25773 0.12 69.36 0.998
PVA 157.98 0.19 58.93 0.998
Table 2 Swelling parameters of Chitosan / PVA membranes in saline solution (0.9 % NaCl)
Polymers Pristine polymers
S, (%) K107 (g/g) R?

Chitosan 148.81 0.49 0.998

Chitosan / PVA 70/30 189.03 0.48 0.999

Chitosan / PVA 50/50 232.02 0.30 0.999

Chitosan / PVA 30/70 257.73 0.55 0.999

PVA 164.20 0.54 0.999

Blend polymers + 5 % Na-MMT

Chitosan 132.80 0.49 0.998

Chitosan / PVA 70/30 145.14 1.05 0.999

Chitosan / PVA 50/50 166.11 0.79 0.999

Chitosan / PVA 30/70 256.41 0.17 0.999

PVA 146.84 0.79 0.998
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attributed to the lower crystallization and less dense struc-
ture of the blends compared with Chitosan and PVA mem-
branes [24, 25]. Moreover, as seen in Table 2, the swell-
ing is reduced in presence of saline solution: this decrease
results from the counter ions effect of Na* around the poly-
mer, which induces a collapse of its internal network by a
decrease of the osmotic pressure difference between the
copolymer and the external solution when the ionic strength
increases [26]. Both equilibrium swelling and water con-
tent (EWC) show similar decreasing trends in presence of
filled membranes, this decrease can be interpreted by the
fact that clay play a role of crosslinking agent for nanocom-
posite membranes, fixing and reducing polymer mobility,
which resulted in a lower swelling rate [27]. The plasticizer
effect of nanoparticles was reflected by acquiring a more
compact polymer network.

3.3 Rheological analysis

3.3.1 Viscosity behavior of polymer solutions

Steady rate sweep test gives the shear viscosity of poly-
mer solutions as a function of shear rate. The typical
behavior of pseudoplastic fluid is confirmed for all sam-
ples as a function of increasing shear rate. The apparent
viscosity of polymer solutions decreases gradually with
increase in shear rate, and was a strong function of poly-
mer composition; the zero-shear viscosity (,) increases
with increasing chitosan content. This rise is due to the
increase in intra-chains hydrophobic bonds in chitosan
and intermolecular interactions between chitosan and
PVA molecules, thus improving the H-bonding between
the two polymers. At low shear rates, all polymer solutions
show a higher viscosity, which decreases with increasing
shear rate: in the low shear rate, the stretching polymer
molecules intertwined to form aggregates, the high vis-
cosity is due to large resistance against flow. Increasing
shear rate destroys aggregates; macromolecules arrange
along the flow direction, consequently the flow resis-
tance declines resulting in a decrease of apparent viscos-
ity. This shear-thinning behavior of polymer solutions is
a consequence of the uncoiling and aligning of polymer
chains when exposed to shear flow [28]. This effect is in
agreement with behavior of biopolymer solutions, espe-
cially polysaccharides, which exhibit Newtonian flow at
low-shear rates with a constant zero-shear viscosity (1,)
over a limited shear range that is followed by a shear-thin-
ning range (non-Newtonian) where viscosity decreases in
accordance with power law; and finally reaches a limiting
and constant infinite-shear-viscosity (5 ). Because most

biopolymer solutions show the well-known shear-thinning
behavior, a number of rheological models can be used to
describe the shear rate-apparent viscosity data. The Cross
equation (5) for non-Newtonian fluids was developed
based on the assumption that the pseudoplastic flow is
related to the formation and rupture of structural linkages
of the materials [29].

_ i (Uo—flw) )
T @) ]

Inthis model, # (Pa.s) is the apparent viscosity of polymer

®)

solution, y the shear rate (s), a_(s) a time constant related
to the relaxation time of the polymer and m is a dimension-
less exponent indicating the viscosity degree dependence
on shear rate in the shear-thinning region. A value of 0 for
m implies a Newtonian behavior, with m tending to 1 for
increasing shear-thinning behavior. PVA solution shows
shear-thinning behavior but a Newtonian domain (7 )
is reached at the highest shear rates, we tested the Cross
model with four adjustable parameters, including the lim-
iting viscosity at "infinite" shear rate (7_), this four-param-
eter model provided excellent fits to the data and 5_ was
easily measurable. The infinite shear viscosity values were:
7, =0.032 £ 2.10* Pa.s for pure PVA,
7, =0.056 = 7.10"* Pa.s for PVA + 5 % Na-MMT systems.
For chitosan and chitosan / PVA solutions, values
of 7 are at a very low level and very difficult to deter-
mine experimentally. Despite the good fits to the data,
the model gave negative values of »_. At high shear rate,
Newtonian viscosity was never approached; therefore, to
avoid consequent errors in estimation of the other Cross
parameters, #_ has been neglected for these polymer solu-
tions [30]. Consequently, for our experimental data, con-
sidering that 5 << N, WE used Cross model with three
adjustable parameters, assuming #_ = 0 for chitosan and
chitosan / PVA solutions [31, 32]. The flow parameters are
shown in Table 3. For PVA the zero shear viscosity and
Cross parameters decreased in presence of clay confirm-
ing the role of the Na-MMT as a plasticizer, the clay parti-
cles have caused the decrease in the resistance of polymer
solutions against the flow. The polymeric chains entrapped
between the clay layers are highly oriented and flow easily
due to the loss of their entanglements with the neighbor-
ing chains. In these conditions, the local frictions decrease
and thus facilitate the chain movements in the direction of
flow. However, the plasticizer effect of clay gives a more
compact hydrogel network with better mechanical and
thermal properties. For Chitosan the increase in 7, could
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Table 3 Cross model data analysis for Chitosan, PVA and blends solutions

Nature of polymer solution n, (Pa.s)

a (s) m R?

Pristine polymer solutions

Chitosan 0.38 +0.2.10° 0.45.10 0.84 +3.6.10° 0.999
Chitosan / PVA 70/30 0.89 +0.4.10° 0.84.10 0.66 £ 0.7.10° 0.999
Chitosan / PVA 50/50 0.60 +0.3.10° 0.27.10° 0.60 +0.9.10° 0.999
Chitosan / PVA 30/70 0.31+0.3.10° 0.59.10 0.73 +£1.6.10° 0.999
PVA 0.18 £2.5.103 3.51 0.97+£9.2.103 0.999
Polymer solutions + 5 % Na-MMT
Chitosan 0.87 £2.6.103 1.12.10° 0.51 £9.8.10° 0.997
Chitosan / PVA 70/30 0.39+0.9.10° 0.04.10° 0.50+9.9.10° 0.991
Chitosan / PVA 50/50 0.36 +0.8.10° 0.08.10 0.54 +7.2.10° 0.993
Chitosan / PVA 30/70 0.25+0.7.10° 0.12.10° 0.65+9.1.10° 0.991
PVA 0.14 +2.6.10° 2.08 0.73+£9.5.10° 0.996

be attributed to a more limited molecular motion because
of the higher degree of entanglement usually found in
solutions of this polysaccharide.

3.3.2 Dynamic shear of polymer solutions

The viscoelastic properties of polymer solutions were
described in terms of two dynamic mechanical properties
as a function of frequency (w): elastic modulus, G' and vis-
cous modulus, G". Another measure is the loss tangent,
tan o, which is defined as tan 6 = G" / G', where ¢ is the
phase angle between the viscous and elastic moduli during
one deformation cycle. G' and G" are usually determined
as function of frequency at constant amplitude, in the lin-
ear viscoelastic range. In our experiments, the frequency
sweeps were conducted over a range of 0.628-62.8 rad/s
at a stress within the linear viscoelastic region as deter-
mined from the stress sweep curves. Fig. 4 and Fig. 5 show
frequency sweeps for chitosan, PVA and chitosan / PVA
blends solutions respectively. Figures plots display a typi-
cal behavior of an entangled system in the case of semi-di-
lute macromolecular viscoelastic fluid as expected: the
spectra develop an increasingly elastic shape as frequency
increases and observation time decreases [33]. Magnitude
of G' and G" increased slightly with increase of w over
the all range of frequency. For all samples G" exceeds G'
at low frequencies, and there is a crossover between the
two moduli. Afterwards, at high frequency, G' become
larger than G". At low frequencies the polymer solutions
exhibited liquid-like behavior as expected (G" > G'), after
an initial lag time, both moduli increase, but G' increases
faster than G". Gelation occurs when G' becomes higher
than G" in relation with the increasing number of physical

junctions responsible for the formation of polymer network.
Thereafter, structure will behave predominantly as a more
concentrated macromolecular solution; such behavior is
typical of a weak macromolecular gel. In these "weak gels",
there is a higher dependence on frequency for the dynamic
moduli, suggesting the existence of relaxation processes

10 T T 10
(a)
UE
o
14 HD
)(**%** o &
K ox x O m
= ¥ % g 0w
& DD-‘>°<">0<>.< w
= i a n ¥ i l, =
001 o " " * x 1£
e g o "
&} o ¢ [ ]
u} .'
n
001 , ®
1E-3 T T 0.1
100 T T 10
(b)
n
a®oC
a
10+ pior°
DH
= %x*** iﬂi
[ X % oy u]
= DEE.E***X O:
o '3 oa" ***x 'lg
o Df. **x
D. *¥
DI
014 "®
0.01 T T 0.1
1 10 100

Angular Frequency (Rad/s)

Fig. 4 Mechanical spectra of the PVA (a) and Chitosan (b) solutions:
G' filled symbol, G" open symbol



1 86 Amri et al.
Period. Polytech. Chem. Eng., 63(1), pp. 179-189, 2019

100 T T 10
(@
n
10-% .;D
*
x**** m O
X x ul
* x a]
**EH
a
14 DE. )(*x F1
DD. **
o w" * %
o n
o n
o n
01{ o ® =
n
"

0.01 T T 0.1
100 T T 10
®) -

L=
[
0 | DDUD
Kok ox oy g H
— * x O nm
£ cH gl
o (=]
=7 u} [ ] *
EDl' DDDII **¥* F1g
o L] * =
_- g o . * %
O o - *
01-'..

0.01 T T 0.1
100 T T 10
© .

b =}
104 Jmoo
mg D
| O
***%x DHD
****RD
19 = K% Fl
a) *
o * %
o Q" X x
DDII *X*
o n
0.1".
0.01 T T 0.1
1 10 100

Angular Frequency (Rad/s)
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50/50 (b), 70/30 (c), (G' filled symbol, G" open symbol)

occurring even at short time scales, and lower difference
between moduli values, indicating that a lower percentage
of the stored energy is recovered. On the other hand, for all
samples, the polymer solutions become increasingly more
viscoelastic as chitosan ratio is increased; as evidenced by
the shift of the crossover point to lower frequencies.

The transition from the viscous to the predominant
viscoelastic behavior occurs at a crossover frequency of
39.65 rad/s for PVA and 12.54 rad/s for chitosan. For the
blend polymer solutions, the crossover occurs at 19.87, 15.78
and 6.28 rad/s for chitosan/PVA with 30/70, 50/50 and 70/30
composition respectively. As expected these crossover fre-
quencies correspond to very short characteristic relaxation

times (¢ = 2z / @ at G' = G") ranging from 0.1 to 1 s indi-
cating the onset of the growth of interconnected networks
within the polymer solutions. The crossover frequency
decreases as chitosan concentration increases because of
increasing relaxation times. Moreover, the dynamic mod-
uli exhibited higher values for blends compared to values
of PVA; this fact is an indication of a good stability and a
tendency of gel formation. The blends showed viscoelastic
behavior of a predominantly gel character, becoming more
compact with increasing chitosan content. As known, the
storage modulus (G') can be considered as a measure of the
extent of gel network formation, i.e. the higher G' value
means the stronger gel intensity. The effect of chitosan or
PVA content on the gelation process indicates that when
chitosan content is increased, the gel intensity is enhanced.
Conversely, for an increase of PVA content in the given
blend solution, the value of storage moduli (G') was seen
to decrease, i.c., viscoelasticity is reduced in favor of vis-
cosity. These results are consistent with the gel mecha-
nism: chitosan is responsible for the hydrophobic interac-
tions, the increase in chitosan lead to intensification of the
chains entanglements, which in turn increase gel intensity.
PVA content is related to hydrogen-bonding interactions;
with higher PVA content, longer gel time is needed to pro-
duce enough energy in order to reduce the hydrogen bonds
and promote gel formation. Such results confirm those
described by Tang et al. for blend of Chitosan / PVA [34].
These observations were further evidenced by the decrease
in tan o for all polymer solutions, indicating the shift of
the materials towards increased elasticity as frequency and
chitosan amount increased. For all samples, tan J was seen
to decrease: to 0.83 for PVA and to 0.51 for chitosan; for the
blends tan ¢ decreases to 0.59, 0.57 and 0.54 for the 30/70,
50/50 and 70/30 Chitosan / PVA solutions respectively. The
influence of clay on the dynamic behavior of the polymers
is illustrated in Fig. 6. The figure depicts frequency sweeps
for Chitosan, PVA and Chitosan / PVA blends (Fig. 6a) and
same polymers filled with 5 % Na-MMT clay (Fig. 6b),
the data have been vertically shifted by 10* with the given
a(@=0,1,2,3, 4), to avoid overlapping. As seen in the
plots the dynamic behavior of polymer nanocomposites
is similar to that of neat polymers. However, addition of
clay into polymers results in an increase in the interparti-
cle interactions, weakly at first and then rather strongly as
the clay concentration becomes higher and higher, in these
conditions the dynamic moduli of nanocomposites exhibit
higher values than neat polymers. Interestingly, addition
of clay particles into these polymer solutions leads to a
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decrease in tan J, indicating that the elastic properties are
raised more strongly than the viscous properties with poly-
mers / Na-MMT. In presence of clay, values of tan 0 were
decreased from 0.83 to 0.45 for PVA, and from 0.51 to 0.31
for chitosan. For polymer blends tan J was seen to decrease
from 0.59 to 0.41 for 30/70 Cs / PVA; from 0.57 to 0.36 for
50/50 Cs / PVA; and finally from 0.54 to 0.32 for 70/30 Cs
/ PVA respectively. For these entanglement networks at
low frequency the relaxation critical exponent # at critical
gel point was determined using the Winter and Chambon
criterion (G' ~ w? and G" ~ w) from the power depen-
dence between dynamic moduli and w [35]. Addition
of Na-MMT produces pseudo-solid-like behavior and
slower relaxation behavior of polymers. For all samples,
the dependence of dynamic moduli on @ shows nontermi-
nal behavior with power law dependence of G' and G". For
G' the values of n are lower than that predicted from the
Winter and Chambon criterion (n ~ 1.2 — 1.7), while for
the loss modulus (G") the values remain rather constant
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close to 1 (n ~ 0.86 — 1.1). Furthermore, the value of n
was reduced with increasing chitosan concentration; this
decrease of n was attributed to entanglement effects [36].

4 Conclusion

A suitable polymer system for biomaterial use in mem-
brane separation and biomechanical engineering was
successfully prepared by physical blending and incorpo-
rating Na-MMT clay particles; this system was achieved
through hydrogen bonds between PVA and chitosan, and
hydrophobic interactions of chitosan chains. FTIR spec-
troscopy clearly shows that all spectra of polymer nano-
composites exhibit the presence of characteristic related
absorptions due to the organic and inorganic groups,
i.e. the characteristic stretching band of Si-O appears
clearly in the nanocomposite material. Chitosan / PVA
and Chitosan / PVA / Na-MMT systems have been showed
significant absorption capacity. However, this swelling
has been reduced in presence of clay due to their plasti-
cizer effect. In steady and dynamic shear, these polymer
systems exhibit an effective variety of rheological proper-
ties. The shear flow measurements showed that the zero
shear viscosity is influenced by polymer composition and
incorporation of clay particles. The shear thinning behavior
increases with increased PVA concentration, polymers vis-
cosity increases with chitosan concentration, as expected.
The data were analyzed by using conventional flow Cross
equation known as the model describing the flow behavior
of the polymer solutions very well. The model was more sat-
isfactory to describe the flow behavior of chitosan, PVA and
chitosan / PVA blends with good fits to the data. Viscoelastic
properties were investigated using oscillatory deformation
tests. It was observed that all measured viscoelastic prop-
erties, including G', G", and tan J, were influenced by poly-
mers composition and presence of clay. With increase in
chitosan amount, the gel intensity is enhanced. Conversely,
the PVA content is related to the hydrogen-bonding interac-
tions: higher PVA content promote viscosity at the expense
of elasticity. In presence of fillers, the dynamic moduli of
all polymer nanocomposites exhibit higher values than neat
polymers indicating that elastic properties are raised more
strongly than viscous. The study advised that these poly-
mer systems showed high swelling degrees and suitable
viscoelastic properties, suggesting their application in bio-
technology as membrane separation processes. Because of
their biocompatibility and high water content, surface of the
prepared polymer systems is highly hydrophilic and able to
simulate some properties as of natural tissues.
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