Properties of Poly(vinyl alcohol)—Bentonite Clay
Nanocomposite Films in Relation to Polymer-Clay

Interactions

A. A. Sapalidis, F. K. Katsaros, Th. A. Steriotis, N. K. Kanellopoulos
Institute of Physical Chemistry, NCSR Demokritos, Aghia Paraskevi Attikis 153 10 Athens, Greece

Received 10 November 2010; accepted 7 April 2011
DOI 10.1002/app.34651

Published online 22 August 2011 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: This study describes an effective way for the
preparation of well-dispersed, high-loaded PVA /bentonite
nanocomposites with improved properties, based on nano-
scale interactions. To this end, a series of Poly(vinyl alco-
hol)—bentonite clay nanocomposites have been prepared
via solvent casting technique and their properties were
thoroughly investigated by atomic force microscopy, trans-
mission electron microscopy, X-Ray diffraction, oxygen and
water permeability, water sorption along with mechanical
and thermal studies. Microscopic and XRD techniques
revealed highly organized regions. Clay content up to 10%
led to nanocomposites with high degree of exfoliation. In
addition samples with increased filler content (20%) dem-
onstrated also, apart from the delaminated, well-organized
intercalated regions. The nanocomposites exhibited

increased mechanical, thermal and gas barrier properties,
though they retained their optical clarity. Thus, the Young's
modulus of the sample containing 20% clay was increased
by 193 times, while the oxygen permeability was decreased
about seven times, in regard to the corresponding values of
the neat polymer. The obtained results were explored on
the basis of nanoscale phenomena and it was concluded
that the organized structures and intercalated regions
observed on highly loaded samples are attributed to the
competitive effect between weaker polymer—polymer inter-
actions in relation to stronger polymer—clay ones. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 123: 1812-1821, 2012
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INTRODUCTION

Polymer nanocomposites represent a new class of
material alternative to conventional filled polymers.
In this new class of material, fillers (having at least
one dimension in nanoscale) are dispersed in a poly-
mer matrix offering remarkable improvement in per-
formance properties of the polymer. Among all the
potential nanocomposite fillers, those based on clay
and layered silicates have been more widely investi-
gated probably because the starting clay materials
are easily available and because their intercalation
chemistry has been studied for a long time.'”

Since the properties are strongly related to nano-
scale dispersion, these materials exhibit improved
mechanical, thermal, optical and physicochemical
properties, when compared with the pure polymer
or conventional (microscale) composites.*” Improve-
ments may also include, for example, increased
moduli, strength and heat resistance, decreased gas
permeability and flammability.*''! The combina-
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tion of enhanced properties and weight reduction
has already led to several commercial applications.
Nylon-layered silicate nanocomposites have already
been applied in automotive industry by Toyota
Motor Company, while nanocomposite barrier films
are currently used for food packaging and other
applications. Similar R&D efforts focusing on silicate
nanocomposites are already underway worldwide.
Potential applications include airplane interiors, fuel
tanks, electrical or electronic components, under-the-
hood structural parts, brakes, and tires.!?

Poly(vinyl alcohol)—clay nanocomposite materials
have been investigated in the past'>'® and been syn-
thesized by common solvent film casting method
and in situ polymerization. Several types of clays
have been used to produce these nanocomposite
materials which include pristine clays and organo-
clays."” These materials have been tested for a vari-
ety of applications including wound dressin%18 and
pervaporation membranes for dehydration."” More
recently a highly ordered poly(vinyl alcohol)/mont-
morillonite nanocomposite produced by the layer by
layer (LBL) process exhibited superior mechanical
properties.

The properties of PVA are strongly dependent on
both intra and intermolecular interactions. On the
other hand, bentonite clay particles carry two differ-
ent kinds of electrical charges, the surface hydroxyl
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groups and the structural permanent negative sites,
leading to their cation exchange capacity.” It is well
known that certain metal ions can enter their crystal
lattice,” affecting their surface charge and interlayer
complexation ability.”* In the case of nanocompo-
sites, the formation of hydrogen bonds between the
PVA’s hydroxyl groups and the negatively charged
clay surface, determine the effective dispersion of
the inorganic layers. Thus, the addition of clay par-
ticles in a polymer solution causes the polymeric
chains to adsorb on the solid’s surface via compli-
cated polymer—polymer and polymer—clay interac-
tions.” These interactions enable the chains to
receive certain conformations and to build structures
around the inorganic layers. Depending on the na-
ture of the adhesion (strong or weak) these arrange-
ments lead to the formation of larger assemblies,
like structured intercalated regions. Theoretical and
experimental research results demonstrate that the
adhesive role of a polar polymer between hydro-
philic clay layers, the so called “glue effect,” tends
to strongly prohibit complete dissociation of the lay-
ered structure of the clay, resulting in only an or-
dered intercalated state.**

In previous studies, most authors, targeted to high
matrix-clay interactions, used fully hydrolyzed PVA.
The approach implemented in this study takes addi-
tionally into account the intramolecular interactions
between polymer chains. The presence of acetoxy
groups in the selected polymer (PVA, 88% hydrolysis
grade) will lead to weaker polymer—polymer interac-
tions. Additionally, the presence of metal cations in
the clay lattice is expected to interact with the acetoxy
groups of the PVA, as shown in previous studies,”
promoting the synergetic effect between polymer
chains and clay layers. To this end, a series of poly(vi-
nyl alcohol)/bentonite clay composites were pre-
pared using the common solvent film casting method.
The nanocomposites exhibited high levels of clay or-
ganization inside the polymer matrix, due to favor-
able polymer—particle interactions, leading to unique
properties. The produced materials were thoroughly
characterized by wide angle X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), Atomic Force Micros-
copy (AEM), UV-Visible transmission spectroscopy,
differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA), mechanical strength, oxygen
and water permeability and water sorption studies.

EXPERIMENTAL
Materials and instrumentation

Low viscosity, partially hydrolyzed atactic poly(vinyl
alcohol) Mowiol® 5-88 with a weight average molec-
ular weight 37,000 g/mol was purchased by Sigma.
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Natural bentonite with cationic exchange capacity
(CEC) value of 80 mequiv./100 g from the Milos
island mine was kindly supplied by S and B Indus-
trial Minerals S.A., Greece. Reverse osmosis (RO)
water was used to prepare all aqueous solutions.
XRD patterns were recorded on a Siemens XD-500
diffractometer using Cu Kol radiation with a scan
rate of 0.03°/s. The patterns were collected using
background-free holders. The optical spectra were
collected on a Cary 100 Varian Inc. UV-Vis spectro-
photometer. Surface morphology, was examined
with a Digital Instruments Nanoscope III atomic
force microscope (AFM). All AFM images were
recorded in tapping mode. For the bentonite images,
a clay solution of 100 mg L~" was used to deposit
the clay on a synthetic mica substrate. Electron trans-
mission images were obtained using a Philips C20
TEM instrument. The tensile tests were performed at
room temperature using a Thumler GmbH Tensile
Tester Model equipped with a PA 6110 Nordic
Transducer load cell with a maximum force of 250N.
A crosshead speed of 10 mm min~' was used for all
samples. The width and the length of the specimens
used for mechanical measurements were 3 cm and
12 cm respectively, while the effective length (the
distance between the grips) was 6 cm. Prior any mea-
surement, the samples were pre-equilibrated at 45
and 70% relative humidity. A Modulated DSC Model
2920 Thermal Advantage Instruments was used to
measure the thermal properties of the films. Melting
temperature (T,,) and heat of fusion (AH,) were
determined from the maximum position and the area
of the melting peak respectively, by heating the sam-
ples from 25°C up to 250°C, with a rate of 5°C min ',
using aluminum crucibles. Only the first heating was
measured, due to film decomposition at around 225-
250°C. The sorption isotherms were carried out on a
gravimetric system consisting of a homemade stain-
less steel section for water vapor inlet and a CI Elec-
tronics Ltd® microbalance, equipped with metal vac-
uum enclosure (with a sensitivity of 0.1 pg) and
Disbal® control unit. The mass changes, the vapor
pressure and the cell temperature were continuously
recorded by means of LabVIEW® software. The
water permeability experiments were performed on
a prototype stainless steel apparatus, equipped with
Bronkhorst® mass and liquid flow controllers aloné
with a control evaporator mixer (CEM) and Systech

moisture analyzers (Series 500). In the case of oxygen
permeability a PBI Dansensor OPT-5000 instrument
with a Thermo Fisher DC-10 temperature regulator
was used, in compliance to ASTM F2622-08.2° The
permeability values presented in the manuscript
were the average values of three permeation experi-
ments. In all measurements the error was below 2%.
All samples, prior to their testing, were conditioned
in oven at a temperature of 50 = 2°C for 48 h (ASTM
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D 618 - Procedure B). Thermogravimetric analysis
was performed on a SETARAM SETSYS Evolution 18
Analyzer, in the range of RT - 800°C, with a heating
rate 5 K min~' in a platinum crucible. A blank
experiment was carried out in the same conditions
and all the results are given after correction. The ele-
mental composition for bentonite was determined
through EDXRF measurements using a Philips
PW2400 X-ray spectrometer.

Purification of bentonite

The purity (in montmorillonite) of raw bentonite
clay used in this study was about 76%. The chemical
composition (in wt %) was the following: SiO:
56.28, Al,O3: 14.66, TiO,: 0.87, Fe,O3: 5.03, MgO: 4.2,
CaO: 5.74, Na,O: 2.39, K,0:1.07, while the loss on
ignition was 9.74%. The purification of raw clay was
made through centrifugation, as follows: A 40 wt %
raw bentonite solution in RO water was centrifuged
three times at 4000 rpm for half an hour each time,
and every time the upper part was kept. After the
purification the Cation Exchange Capacity (CEC)
increased to 88 meq/100 g (from initial 80) and the
montmorillonite content ranged 90-92%, while
impurities, such as quartz (~ 4%) and feldspar
(~ 3%), still remained.”® The produced suspension
was found to have 1.52 wt % clay concentration and
was used without any other treatment for the prepa-
ration of the nanocomposite films.

Preparation of the films

A 10 wt % PVA solution in water was produced
by stirring for 6 h at 90°C and used as the basis
for all the samples preparation. The samples were
prepared by mixing the bentonite suspension with
the polymer solution in quantities that gave 5, 10,
and 20 wt % clay loading content on the produced
films namely NO5, N10, and N20, respectively. The
mixture (100 mL) was stirred for half hour at 80°C
and then sonicated for an extra half hour. The sus-
pension (1020 mL in regard to the final film
thickness) was poured in square (12 x 12 cm)
polystyrene Petri dishes and left to dry slowly at
25°C for 15 days. The average thickness of the
samples used for permeability and mechanical tests
was 0.1 = 0.02 mm, while the average samples’
thickness used for optical measurements was 50 *
0.02 um.

RESULTS AND DISCUSSION
Film morphology

Atomic force microscopy (AFM) has also become an
important technique for the characterization of nano-
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particles. Unlike TEM, AFM can provide size charac-
terization in all three spatial dimensions, because it
provides direct information about the height, as well
as lateral dimensions of nanoparticles on surfaces.
AFM has been used to characterize various types of
exfoliated clay platelets.”””*® Figure 1(a) shows the
clay particles. It is clearly shown that the clay plate-
lets have an average width of 70-150 nm. These val-
ues are in agreement with the values, obtained from
literature in which, the layer of silicate clay mineral
is about Inm in thickness with platelets of around
100-200 nm in width.?**° Figure 1(b) shows the cor-
responding AFM image of N20 sample. A structure
of the clay particles oriented on the surface of the
sample is evident. The particles size about 70 nm
account for the clay layers, which are oriented in
plane with the sample’s surface, while the lines
observed in the figure having an approximate width
of 20 nm, could be attributed to polymer chains,
organized, due to space confinement. The same
results are also obtained from TEM. The acquired
images [Fig. 1(c,d)] revealed well dispersion of the
clay particles into the polymer matrix in addition
with well organized intercalated regions. Thus, the
microscopic techniques (AFM and TEM), which in
this study are used complementary to macroscopic
ones, provide useful information about the nano-
composite morphology.

XRD measurements

Figure 2 shows the wide-angle X-ray diffraction pat-
terns of pure PVA film, bentonite powder, and
nanocomposite films prepared in this study. For the
neat polymer a peak at 26 = 19.4° can be attributed
to PVA 101 and 101 crystal reﬂectlons, correspond-
ing to a d spacing of 457 A%! Concerning the puri-
fied bentonite used in this study, the peak at 20 = 7°
corresponds to the 12.63 A basal spacing, 001 reflec-
tion of the montmorillonite, while the peak around
26 = 28.6° assigned to the impurities be presented in
clay (mostly quartz and feldspar). For the N20 sam-
ple a peak was appeared at 260 = 3.2°, corresponding
to a basal spacing of around 27 A Th1s increase in
basal spacing is due to the polymer intercalation in
the clay galleries. These observations are in agree-
ment with the results obtained from microscopic
techniques. It must be noted that intercalated regions
are obtained at lower clay concentrations than previ-
ous studies have reported.'* This effect can be attrib-
uted to the presence of metal cations in the structure
of the «clay, which boost the polymer—clay
interactions.

Conversely, a small shoulder corresponding to the
characteristic peak of the clay basal spacing (20 =
7°) is also present in XRD patterns. This indicates
that a small part of the clay formed aggregates
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Figure 1 AFM images of (a) bentonite clay and (b) composite N20 film respectively, (c), (d) TEM images of N20. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

during film formation. For the samples N05 and
N10 the XRD patterns indicate a very good disper-
sion of the clay in the polymer matrix, since there is
no significant peak evident around the expected 20
angle (3-14°). In addition the increased background
suggesting the existence of exfoliated inorganic
layers throughout the polymer matrix.'* The
obtained results imply that the greatest quantity of
the clay was exfoliated, while only a small amount
of clay platelets was still remained as aggregates.

To investigate the orientation of clay nanoplatelets
in the N20 sample, the film was fragmented into
powder. The diffraction patterns of N20 sample in
powder and film form (Fig. 3), revealed that the 001
peak of the clay is much more pronounced in the
case of the film, giving evidence of well orientation

of clay particles, parallel to the surface of the nano-
composite film. This result is also in agreement with
preliminary neutron diffraction patterns obtained
from lamellar and in-plane sample positions.*

UV-Vis spectroscopy

It is generally accepted that the optical clarity of the
nanocomposites can be related to the dispersion of
the inorganic particles into polymer matrix: well dis-
persion in nanoscale will lead to exfoliated compo-
sites high optical clarity.*>** On the other hand, clay
aggregates, due to their sizes (200-700 nm), will lead
to strong scattering and/or absorption, resulting in
very low transmission of the UV light. Figure 4
shows the UV-Vis transmission spectra of the
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Figure 2 XRD patterns of pure PVA film, bentonite and
nanocomposite films.

nanocomposites samples. The measured films had
an average thickness of 50 pm. The nanocomposites
samples retain the poly(vinyl alcohol)’s high optical
clarity (above 95% in comparison with the pure PVA
film) for the visible region (400-700 nm), due to well
nanoscale dispersion of clay particles into the poly-
mer matrix. It is also important to note that the sam-
ples have high optical clarity even in high clay load-
ings (10 and 20 wt %) contrary to other studies,'
which reported that the clarity of a 20 wt % clay
loading sample was decreased up to 26.5%. Thus,
the high optical clarity in UV-Vis region of the nano-
composite samples prepared in this study can be
attributed to the absence of clay aggregates in the
region of 300-700 nm.

In the ultraviolet region, strong scattering/or
absorption is observed, resulting in very low trans-
mission of the UV light. This is not surprising as the
typical particle sizes are 70-1000 nm. In the limiting
case of 20% loading, there is an almost complete
absorption of UV light below 300 nm, indicating that
the N20 sample can potentially be used as a UV cut
off filter.

Permeability of nanocomposites

The mass transport through a polymeric material is
determined by the potential capacity of the polymer
matrix to adsorb the penetrating molecules and by
the ability of those molecules to diffuse through the
polymeric material. The whole process can be
described by two coefficients, namely:

* Solubility (S) - the partition coefficient of sorbed
in regard to total molecules,

+ Diffusivity (D) - the rate of transport of mole-
cules through the polymeric matrix. The mole-
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Figure 3 XRD patterns of N20 in film and powder form.

cules’ rate of transport through a polymer, as a
result of the combined effects of diffusion and
solubility, can be expressed by permeability
coefficient (P,), which is related to D and S by
the expression®:

P,=D xS, 1)

In this case, P, incorporates both kinetic and ther-
modynamic properties of the polymer-permeant
system.

On the other hand, the mass transport mechanism
in the case of a nanoscale reinforced polymer is simi-
lar to that in a semicrystalline polymer: the transport
mechanism within the polymeric matrix follows the
Fick’s law while the platelets act as impermeable bar-
riers. Therefore, for polymer—clay nanocomposites, a

200 300 400 500 600 700 800

nm
Figure 4 UV-Vis spectra of nanocomposites films.
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TABLE I
Oxygen Permeability at Different Water
Activities at 23°C

Relative humidity

Sample 0.50 0.65 0.75 0.85
O, Permeability (ml cm/m?.day)

PVA 0.0023 0.035 0.215 1.88

NO05 0.0012 0.028 0.200 171

N10 0.0008 0.023 0.185 1.58

N20 0.0003 0.019 0.148 1.54

decrease in solubility, due to reduced polymer vol-
ume, as well as in diffusion, due to more tortuous
path, is expected. In general, three main factors are
affecting the permeability in a nanocomposite: The
volume fraction of the clay, their orientation relative
to the diffusion direction and the aspect ratio of the
platelets. Several models have been developed to pre-
dict the mass transfer within the nanocomposites. A
simple permeability model for a regular arrangement
of platelets has been proposed by Nielsen®:

PP 1-0

— = 2
Pénatnx 1+ 61/2([) ’ ( )

where P, and PMatX are the permeability coeffi-
cients for the composite and pure polymeric film
respectively, a = L/W, is the aspect ratio of the
nanoplatelets and ¢, the volume fraction of the clay
into the composite. The equation is valid up to vol-
ume fraction 10-15%, since at higher concentrations,
the clay particles have a tendency to aggregate.
Although its simplicity, Nielsen model has been
widely accepted and fits the experimental observa-
tions well in several cases, especially for small vol-
ume fractions (below 10%).>>

The results of oxygen permeability experiments,
which were perform on samples having an area of
42 cm? and average thickness of around 100 pm, are
summarized in Table L. It is clear that the permeabil-
ity decreases as the volume fraction of clay in the
composites increases, indicating that the clay par-
ticles are well dispersed and oriented in the poly-
meric matrix.

In Figure 5 it is shown the experimental perme-
ability values at 23°C (square points) at different
%RH, as a function of the clay volume fraction, ¢,
using duay = 2.6 g/c:m3 and dpya = 1.3 g/cm3. The
lines in the corresponding figure present the theoret-
ical values obtained by Nielsen model using the as-
pect ratio values that provide the best fitting to the
experimental results. In the case of 50% RH, a value
of L/W = 70 is derived. This value, which is in
agreement with both the theoretical one for the as-
pect ratio of bentonite platelets and the experimental
one obtained from AFM technique, implies that the
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greatest portion of the clay is delaminated within
the polymer matrix,*” while a small amount may
also form aggregates. This conclusion is in agree-
ment with the results obtained from the macroscopic
and the XRD techniques.

In addition, oxygen permeability measurements at
higher relative humidity (%RH)—relative oxygen
permeability experiments—exhibit a significant
increase in permeability, although the values of
nanocomposite films are much lower than the corre-
sponding of the pure PVA. As relative humidity
increases, the aspect ratio values predicted by the
Nielsen model, gradually decreases—from 70 at 50%
RH to 2 at 85% RH. This behavior can be attributed
to the fact that water acts as plasticizer, increasing
the polymer free volume and reducing the crystallin-
ity of the polymer. The free volume’s increase facili-
tates the diffusion process because of the creation of
easier pathways for the solutes. In addition the crys-
tallites are considered to be impermeable to the gas
molecules. Both effects facilitate the transport of oxy-
gen molecules leading to an increase in permeability.
Thus, the barrier effect of clays becomes less signifi-
cant, reflecting a decrease in the aspect ratio values
estimated by Nielsen model.

Furthermore, the well dispersion of inorganic par-
ticles into the polymer matrix leads to a significant
decrease in water permeability as the clay content
increases. Again, the reduced permeability of nano-
composites at certain relative humidity should
mainly be attributed to the increase in tortuosity
caused by the impermeable platelets while there is
also a reduction in solubility similar to semicrystal-
line polymers. On the other hand, a significant
increase in permeability as a function of %RH is

1.0

0.9 1

comp;yy matrix
PP,
(=}
w
1

0.4 1
© 85% RH
031 a 75%RH
0.2 1 ° 65%RH
o 50% RH 0=70q
o — Nielsen model
0.0 T T T T T
0 0.02 0.04 0.06 0.08 0.1

¢ clay volume fraction
Figure 5 Oxygen permeability ratio of composite films in
relation to pure polymer film (points) at different %RH
and predictions based on Nielsen model.
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Figure 6 Water permeability as a function of water activ-

ity. Insert: water sorption isotherms.

observed for all samples. This trend can be
explained in terms of solubility and diffusivity coef-
ficients. The solubility of water in polymers can be
described either by Henry’s law or by Flory-Huggins
theory. Because of its highly polar nature, two kinds
of phenomena coexist depending on the nature of
the polymer: (a) Diffusion coefficient (D) of water in
hydrophilic polymers generally increases as concen-
tration of water also increases and (b) Solubility
increases exponentially with vapor pressure. Conse-
quently permeation rate increases non linearly with
vapor pressure difference and also becomes depend-
ent on absolute vapor pressure. Therefore, the per-
meability versus water activity curves exhibit a great
enhancement at high %RH, similar to the trend of
water isotherm (Fig. 6).

Generally, in nanocomposites, the presence of
inorganic phase can influence the size and the num-
ber of the free volume holes, especially at the inter-
faces. Consequently, the change in the permeability
of such systems is a balance between the barrier
properties of the impermeable nanoplatelets and the
possible increase of the free volume of the matrix.*!
It has been noticed that the interaction between cer-
tain polymer matrices and nanoplatelets can affect
crystallinity, molecular orientation, and packing of
the molecules near the nanoplatelets.*’ The alteration
of the molecular packing around the nanoplatelets
may further enhance the barrier properties of
polymer nanocomposites. On the other hand, poor
interface interactions between nanoplatelets and
matrix will usually result in decreased barrier
properties.**™**

Thermogravimetric analysis

Figure 7 shows the TGA curves of the PVA /benton-
ite clay nanocomposites under N, flow (30 mL/
min). It is notable that the clay acts protectively
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against the polymer thermal degradation, at temper-
atures above 400°C, where the polymer retains
almost 50% of its initial mass. This enhancement in
the thermal stability is due to the presence of clay
nanolayers, which can act as barriers maximizing
the heat insulation and minimizing the permeability
of volatile degradation products to the material.

Differential scanning calorimetry measurements

The thermal behavior of the samples was also tested
using Differential Scanning Calorimetry. For the
nanocomposites, no thermal transitions were
observed between 50 and 170°C. The absence of
thermal events, in this region, is in agreement with
the general behavior of polymers intercalated in
clays.*® At higher temperatures, two distinct and
overlapping melting peaks were detected: one
around the bulk T, and another one at higher melt-
ing temperature (about 10-15°C) [Fig. 8(a)]. The sec-
ond peak in DSC curves can be attributed to the ex-
istence of new polymer crystalline phase, induced
by the presence of the clays. These findings are in
agreement with the results obtained from the study
of similar polymer—clay systems.'*

To quantify the relative volumes of the two phases
present, we fitted the DSC data with Gaussian func-
tions, to estimate the melting enthalpies at different
clay content. Thus, a plot of the fraction of the two
melting enthalpies versus clay loading was drawn
[Fig. 8(b)]. It seems that the new crystalline form,
increases linearly with the amount of clays in the
polymeric matrix and at the expense of the bulk-like
PVA crystal phase, revealing that the new high-T,,
phase is induced by the presence of the bentonite
layers (Table II). In addition, the linear increase in
the enthalpy of this phase with the clay content,

100
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§ 60 1
= 501
20
s i
z 40
N20
30 1
20 1 NI10
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Temp ("C)

Figure 7 Thermogravimetric analysis of pure PVA and
produced nanocomposites films.
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Figure 8 (a) DSC curves in the melting region. (b) Frac-
tion of the heats of fusion for the two phases (closed sym-
bols: bulklike phase, open symbols: clay induced phase).

suggests that the inorganic layers are well dispersed,
either intercalated or exfoliated, in the polymer. The
calculated clay content, at which the enthalpies of
the two phases are equal, is much lower than the
values demonstrated in previous studies,'* revealing
that in this case the polymer—clay interactions are
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TABLE II
Differential Scanning Calorimetry Results
Enthalpy, Enthalpy,
Sample T;°C J/g T, °C J/g X%
PVA 191.6 40.0 - - 29
NO05 191.3 32.1 214.1 1.5 23
N10 193.0 22.0 211.8 4.5 16
N20 194.8 7.5 209.2 6.5 5

* The crystallinity fraction of the samples was deter-
mined from the first peak’s melting enthalpy (Enthalpy for
100% crystalline PVA 138 J/g). The indexes 1 and 2 refer
to the PVA and clay induced melting peaks accordingly.

more effective. On the other hand, the PVA enthalpy
decreases with the clay content, since the clay par-
ticles prohibit polymer crystals formation by occupy-
ing hydroxyl groups of the PVA.

Mechanical properties

Table III summarizes the results on the mechanical
properties of the samples. The experiments were
performed at ambient humidity (~ 50%) while the
samples were pre-equilibrated at 45 and 70% RH
prior measurement. For 45% RH the Young’s modu-
lus of the samples increased with increasing clay
content and it was around 60% more on 5 wt % clay
addition and 260% more with 20 wt %. The ultimate
tensile strength of the samples was less influenced
by the clay content, reaching a maximum increase of
60% for the N20 sample. On the other hand, at
70%RH, the Young’s modulus was greatly affected
by clay content. Thus, for the NO05 sample, the
increase was more than nine times and for N20
almost 193 times, respectively. This behavior can be
attributed to the fact that, while PVA losses great
percentage of its mechanical properties, clay’s
strength remains unaffected by water. The ultimate
tensile strength was increased in a much larger
extend in regard to the 45% RH samples. For the
N20 sample the corresponding increase was more
than 3.5 times. The main reason for the drastic
improvement in tensile modulus in PVA nanocom-
posites is the strong interaction between matrix and

TABLE III
Mechanical Properties of the Samples

Relative humidity

0.45

0.7

Ultimate Tensile Young’s

Ultimate Tensile Young’s

Sample Elongation (%) Strength (MPa) Modulus (GPa) Elongation (%) Strength (MPa) Modulus (GPa)
PVA 99 + 11.2 40 = 0.8 1.25 £ 0.3 250 + 21.0 14 + 14 0.011 = 0.002
NO05 54 + 4.6 39 £ 1.1 2.00 = 0.5 220 + 18.2 22 13 0.104 = 0.04
N10 18 = 2.1 42 £ 1.3 218 £ 0.2 170 = 155 28 £ 2.6 0.25 = 0.08
N20 9+12 62 + 0.9 325 = 0.3 20 + 1.6 51 £ 15 217 £ 0.5
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Figure 9 Young’s modulus (points) for 45% RH and Hal-
pin - Tsai prediction (line) for aspect ratio o = 8.

silicate layers via formation of hydrogen bonds due
to the strong hydrophilicity of the clay edges.***”
The Young’s modulus data of the nanocomposites
can be fit to models in order to estimate the aspect
ratios of the reinforced particles.*® These models

include the equation proposed by Halpin-Tsai**":

E _142ame 3)
Epb, 1-mo’

where E and E, are the Young’s moduli of the nano-
composites and pure polymer respectively, o, is the
aspect ratio of the particles, ¢, is the volume fraction
of the fillers and n, is a coefficient given by the fol-
lowing equation:

m [l "

(Ef —Ey) +2a
where Ef is the Young’s modulus of the clay plate-
lets, which was taken as 170 GPa.”' Concerning the
mechanical properties, Halpin-Tsai equation is one
of the most versatile and widely used semiempirical
equations for the polymeric composites and
blends.”***

Figure 9 presents the experimental data and the
prediction using the abovementioned model, with
clay particle aspect ratio equal to 8. At higher rela-
tive humidity, due to the samples’ different degree
of swelling, the model can not be effectively applied.

It must be noted, that the aspect ratio calculated
from permeability data (Nielsen equation) should be
in agreement with the value obtained from the me-
chanical strength measurements, using Halpin-Tsai
model. This is not the case in our samples, since the
estimated values differ almost one order of magni-
tude. The incongruity observed may be attributed to
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the specific orientation of the clay particles parallel
to the film surface. Consequently, the intercalated
inorganic layers, being perpendicular assembled to
the direction of flow path, affect significant the per-
meability properties of the composites. On contrary,
their influence, in the case of in plane mechanical
measurements, becomes less important.

CONCLUSIONS

A series of nanocomposite materials that consist of
PVA and bentonite clay were prepared by effectively
dispersing the inorganic nanolayers into PVA ma-
trix, via solvent casting technique. The produced
materials were studied by microscopic and macro-
scopic techniques. Morphological studies using AFM
and TEM, revealed the excellent dispersion of the
clay particles into the polymer matrix in addition
with well organized intercalated regions. These
results are in agreement with the obtained XRD pat-
terns, in which the 001 peak of the clay is much
more pronounced in the case of film, than in powder
form.

Thermal stability, mechanical strength and optical
clarity of PVA/clay composites were also investi-
gated by TGA, DSC, and UV-visible transmission
spectra, respectively. The effective incorporation of
clay nanolayers within the polymer matrix leaded to
an increase in thermal decomposition temperature
and to enhanced mechanical properties. Further-
more, DSC curves demonstrated the existence of
new polymer crystalline phase, induced by the pres-
ence of the clays. This attribute has also been
observed in similar studies. Furthermore, the UV-
visible transmission spectra exhibited that, contrary
to other studies, the samples retained high optical
clarity, even at high clay loadings (20 wt %).

In addition, water and oxygen permeability meas-
urements, revealed the improved barrier properties
of the developed composites. The experimental data
are in good agreement with the theoretical models,
predicting the permeability coefficients in composite
systems.

The final properties of a composite are determined
by the competitive effects of polymer—polymer and
polymer—clay interactions. In our case, the presence
of the acetoxy groups in the PVA, leads to weaker
intrapolymer interactions together with increased
interfacial bonding with the clay. Both effects enable
the formation of organized polymer/clay assemblies,
enhancing the overall material’s performance.
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