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C O M P O S I T E
M AT E R I A L SArticle

Water soluble nanocomposite films
based on poly(vinyl alcohol) and
chemically modified montmorillonites

Teresa M Pique1, Claudio J Pérez2, Vera A Alvarez2 and
Analı́a Vázquez1

Abstract

Different montmorillonites were added to poly(vinyl alcohol) in order to improve their properties. The used mont-

morillonite’s were: Cloisite Naþ (Na), Nanofil (NF), and Cloisite 30B (30B). Poly(vinyl alcohol)þmontmorillonite films,

obtained by casting, were characterized by means of Fourier transform infrared spectroscopy, differential scanning

calorimetry, thermogravimetric analysis, X-ray diffraction pattern, transmission electron microscopy, water absorption,

contact angle, and mechanical properties. Sodium and organically modified montmorillonites were used. The montmor-

illonite basal peak shifted to a lower angle for composites, with sodium montmorillonites, and the films were exfoliated–

intercalated nanocomposites. Composites with organically modified montmorillonites presented a micro-morphology

and the lowest water absorption. The best mechanical properties were obtained for the composite with sodium

montmorillonites.
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Introduction

Poly(vinyl alcohol) (PVA) is a thermoplastic water-
soluble polymer with high elongation at break and, as
a consequence, it has a small Young’s modulus. It is
known that montmorillonite (MMT) addition to poly-
mers increases, among other properties, its stiffness.1–4

Due to the hydrophilic nature of MMT and PVA, com-
pletely or partially exfoliated PVA/MMT nanocompo-
sites can be obtained.1–5

Applications of PVA/MMT nanocomposites are
being studied in several fields. For example, for: bio-
medical purposes,6 construction industry as an adhe-
sive7 and as a concrete additive.8,9 Since PVA’s elastic
modulus, strength, thermal stability, fire retardancy,
gas barrier properties, and solvent resistance enhance
due to the addition of MMT, this nanocomposites is an
attractive alternative for using in the packaging and
automotive industries.10

MMT is an aluminum layered silicate of 100–200 nm
long with an interlayer space of 1 nm where silica is the
main component. The configuration of the silica sheet is
tetrahedral while the octahedral sheet comprises diverse
elements such as aluminum, magnesium, and iron.11

PVA and MMT in water solution remain in colloidal
distribution.3 Polymer in solution can enter into the
interlayer of the MMT together with water. During
the solution drying at ambient temperature MMT can
be re-aggregated but if the polymer is trapped into the
galleries it can inhibit MMT’s shrinkage.12

Pristine PVA has hydrogen bonds that interact
between themselves in order to create the molecular
structure. When dissolved in water, the water acts as
a plasticizer and increases the free-volume fraction of
its amorphous structure. This interaction increases as a
function of hydrolyzed groups.13
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This study was focused on the addition of different
MMT to PVA to enhance its thermal and mechanical
properties. Nanocomposites with natural MMT in fully
hydrolyzed PVA (98–98.8%) was studied by
Soundararajah et al.10 They used different quantities
of clay and the best results were obtained for 4wt%
of clay. Strength increased 1.6 times and the Young’s
modulus increased 60% respect to the pristine PVA.
However, the use of chemically modified MMT as addi-
tive of PVA has not been fully researched. In this case,
three different commercially available MMTs were
chosen taking into account its different chemical struc-
tures and their interaction with 88% hydrolyzed PVA.
The percentage of clay was maintained constant at
4wt%.10 Morphology, water absorption, mechanical
and thermal analysis in each sample were analyzed.

Experimental

Materials and methods

PVA (Celvol 823, Celanese Chemicals) with 88% of
hydrolysis degree was used. Figure 1 shows its chemical
structure. PVA is an hydrolyzed poly(vinyl acetate)
product, some interaction with the remained acetate
groups in the polymer chain can be expected.12

MMTswereprovidedbySouthernClayProducts, Inc.,
United States. MMTs used were: Cloisite Naþ (Na),
Nanofil (NF), and Cloisite 30B (30B). They were used as
received and their characteristics are summarized in

Table 1. These selectedMMTs have different hydrophilic
characters. Na and NF are the most hydrophilic. Cloisite
30B has two hydroxyl groups but the long tallow chains
make the clay less hydrophilic than the first one.

Nanocomposites fabrication

Polymer solution (4wt%) was prepared as follows:
PVA was dissolved in water at 80�C, sonicated for
30min and poured into an anti-adhesive mold and left
in the oven at 40�C. The films were demolded 3 days
later and stored at dry conditions (into a desiccator).

For incorporating MMT to the solution, it was first
agitated in water at 40�C during 1 h and sonicated for
30min. Then, the temperature was raised to 80�C and
PVA was added to the solution. This solution was soni-
cated for 30min. Again, 100 g of solution was poured
into an anti-adhesive mold and left in the oven at 40�C.
After 3 days, the films were demolded and stored at dry
conditions (into a desiccator).

Characterization

Fourier transform infrared spectroscopy (FTIR) experi-
ments were developed using a Shimadzu IRAffinity-1
spectrometer equipped with a single-reflection attenu-
ated total reflectance accessory. A ZnSe crystal mounted
in tungsten carbide was used. The analysis was carried
out in the frequency range 400–4000 cm�1, using 4.0 reso-
lution and 40 scans were made for each sample.

Table 1. Characteristics of the commercial MMT.

MMT

Organic

modifier

Modifier concentration

(meq/100 g clay)

CEC meq/100 g

clay

d001

(Å)

Cloisite Naþ (NA) None None 92 11.7

Nanofil 116 (NF) None None 116 12.5

Cloisite 30B (30B) 90 92 18.5

MMT: montmorillonite.

T is tallow (�65% C18; �30% C16; and �5% C14).

Figure 1. Chemical structure of PVA obtained by the partial hydrolysis of poly(vinyl acetate).

PVA: poly(vinyl alcohol).
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For contact angle measurements, the films were
placed over aluminum substrates. Static contact angle
determination was made by the sessile drop method.
Drops of doubly distilled water (5 mL) were formed
on the surfaces of plaques of the specimens. The con-
tact angles (q) were measured with a goniometer Ramé
Hart model 500, using DROPimage advanced software
to analyze the images. Between 5 and 10 measurements
were performed for each sample.

Thermogravimetric analysis (TGA) measurements
were carried out using a Shimadzu TGA-50. The films
were heated from 25�C to 1000�C at a heating rate of
10�C/min under nitrogen atmosphere in order to avoid
thermo-oxidative degradation.

Differential scanning calorimetry (DSC) tests were
performed in a DSC Perkin Elmer 7. The films were
first tested from 25�C to 250�C at a heating rate of
20�C/min in order to erase their thermal history.
Then, they were cooled to 25�C and tested again up
to 250�C at a heating rate of 10�C/min. The test was
performed under nitrogen atmosphere (ASTM D3417-
83). The glass transition temperature (Tg) was obtained
from the curves. The degree of crystallinity was calcu-
lated from the following equation

Xcrð%Þ ¼
�Hm

wPVA ��H100
� 100 ð1Þ

where �Hm is the experimental heat of melting, wPVA

the PVA weight fraction, and �H100 the heat of melting
of 100% crystalline PVA and its value is 150 J/g.14

Transmission electron microscopy (TEM) was car-
ried out for small solutions drops which were deposited
on a copper mesh for TEM observations on a Philips
EM 301.

X-ray diffraction patterns (XRDs) were obtained
from a PW1710 diffractometer equipped with a
Cu-Ka generator (� ¼ 1.5406 Å) operating at 45 kV,
30mA, and room temperature. Films and MMT
powder were studied. The specimens were placed in
vacuum oven at 60�C for 48 h and then placed in des-
iccators before used.

Water absorption tests of films were carried out at
controlled relative humidity (65%), simulated from a
solution of water and glycerin. For the MMTs, the
test was carried out at controlled relative humidity
(90%), also simulated from a glycerin solution.

Before tests, all the samples were dried under
vacuum until constant weight. Samples were weighted
at each time and the absorption was calculated as

Mtð%Þ ¼
Mt �M0

M0
� 100 ð2Þ

where Mt is the mass of the sample at a time t and M0

the initial mass of the sample (dried).

Tensile tests were performed in a universal testing
machine Instron 4467 at a constant crosshead speed
of 2mm/min. Samples were prepared according to the
ASTM D882-02 standard. Before tests, all specimens
were preconditioned at 65% relative humidity. Tests
were carried out at room temperature.

Results and discussion

Fourier transform infrared spectroscopy

Representative FTIR spectra of PVA, modified PVA
films with 4wt% MMT and MMT powders are
shown in Figure 2.

PVA polymer has a peak at 1635 cm�1 that is attrib-
uted to the stretching bond of carbonyl group (C¼O).
Vinyl polymers exhibit typical bands at 2800–3000 cm�1

due to stretching vibrations of CH and CH2 groups.
Hydroxyl groups in PVA and PVAþMMT nanocom-
posites exhibit a strong peak at the range 3200–
3650 cm�1. The absorbance at 1091 cm�1 in
PVAþMMT nanocomposites was ascribed to the Si–
O bond that has overlapped with the stretching bond
attributed to C–O bond at 1000–1200 cm�1. The peak
around 1734 cm�1, which appears in PVA spectrum, is
attributed to residual acetate groups in PVA.15

Contact angle

The modified PVA films hydrophilicity was measured
by studying the contact angle of double distilled water
over the film surface (Figure 3). It was observed that
the contact angle increased as follows

PVAþNA5PVAþNF5PVAþ30B5PVA ðTable 2Þ

As itwasobserved, the bigger anglewas theone formed
over pristine PVA film. The addition of hydrophilic
MMTs (Na and NF) produces the lowest contact angles.

Thermo gravimetric analysis

The addition of MMT to PVA influences the thermal
resistance of PVA; Figure 4 shows the thermal degrad-
ation of pristine PVA and the nanocomposites. The
decomposition of PVA occurred from 200�C to
500�C12 and the nanocomposites have also the same
range of decomposition temperature. However, the
addition of MMT improved the thermal resistance of
PVA shifting the degradation temperature to higher
values.4,14,16,17 The weight loss due to the decompos-
ition of PVA is nearly the same until 370�C. After this
point, silicates inhibit PVA’s weight loss, which reaches
a maximum lag of about 45�C for PVAþNa.4 This lag
is smaller for PVAþ 30B and PVAþNa. The same
behavior was found for the residual mass at 800�C.
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In Figure 4, the derivative of the residual mass in
function of temperature can be observed. The area
under the second peak is smaller for PVAþNa and
PVAþNF. This should be because there is much
char when organically modifiers are added to the
MMTs.18

All the samples showed about 4wt% of bonded
water (Figure 5), but the temperature of water desorp-
tion is higher for the PVAþNa due to the increment of
interaction between polymer chain and MMT
surface.17

Figure 2. FTIR spectra of the PVA films in contrast with the modified PVA films and the MMT powder.

FTIR: Fourier transform infrared spectroscopy; PVA: poly(vinyl alcohol); MMT: montmorillonite.

Figure 3. Contact angle of doubly distilled water over a (a) PVA film and (b) PVAþNF film.

PVA: poly(vinyl alcohol).

Table 2. Contact angle of double distilled water over the film

surface.

Sample Contact angle, q

PVA 57 � 1�

PVA þ 30B 46 � 2�

PVA þ NF 42 � 1�

PVA þ Na 34 � 2�

PVA: poly(vinyl alcohol).
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Differential scanning calorimetry

The films were first tested at 20�C/min in order to deter-
mine the thermal properties after the fabrication and
also to erase their thermal history. Then, they were
cooled at 10�C/min and tested again at 10�C/min.
Figure 6 shows the thermograms obtained for PVA
and the composite with MMT at their first melting,
crystallization and second melting. In Table 3, the
values for the glass transition temperature (Tg),

Figure 6. DSC thermograms of the polymer and nanocompo-

site samples: (a) first melting at 20�C/min; (b) crystallization at

10�C/min; and (c) second melting at 10�C/min.

DSC: differential scanning calorimetry.

Table 3. Thermal calorimetric results for the different samples: PVA and composites.

Tm10

(�C)

Tm100

(�C)

�Hm1

(J/g)

Tc

(�C)

�Hc

(J/g)

Tg

(�C)

Tm2

(�C)

�Hm2

(J/g)

Xcr

(%)

PVA 137.5 188.2 136.7 163.4 32.6 66.1 186.7 28.0 19

PVA þ NF 135.9 188.2 158.6 163.8 34.3 68.0 189.4 28.1 20

PVAþNa 136.5 189.0 147.7 164.0 33.0 67.6 184.6 26.7 19

PVA þ 30B 132.9 188.7 136.2 164.0 27.7 69.5 190.1 21.6 15

PVA: poly(vinyl alcohol).

Figure 4. Thermal degradation analysis of PVA and their com-

posites with MMTs and its derivatives.

MMTs: montmorillonites; PVA: poly(vinyl alcohol).

Figure 5. Mass loss due to the evaporation of water.
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crystallization temperature (Tc), and melting tempera-
tures of the first fusion (Tm10, Tm100) and for the second
melting (Tm2) are given as well. It also details the
enthalpy (�H) values of each studied sample and the
crystallinity degree (Xcr). These values are the result of
the scanning of two different samples.

The first melting shows the effect of the film forma-
tion due to water evaporation. Two endothermic peaks
can be found. The first endothermic peak, Tm10, with its
maxima around 132.9–137.5�C, observed for pristine
PVA as well as PVAþMMT is attributed to the
removal of free water, as well as hydrogen bonded
water. The absence of this peak in the thermograms
recorded during the cooling cycle confirms this relax-
ation phenomenon associated with the removal of
water molecules.19 As Tm10 and Tm100 are the same for
the four samples it can be assumed that the formed
crystals are the same for all samples.20

When cooling the samples, after the first melting, the
degree of crystallization (Xcr) was measured. The high-
est degree of crystallization was obtained for
PVAþNF and PVAþNA, whereas the lowest was
for PVAþ 30B. The same occurred with the crystalliza-
tion’s enthalpy values (�Hc). These results showed that
the MMTs NF and Na acted like nucleating agents.

After the crystallization cycle, only one melting peak
was found. The enthalpy (�Hm2) decreased as the glass
temperature (Tg) increased. The lowest �Hm2 and high-
est Tg was found for PVA followed by PVAþ 30B
while the highest �Hm2 and lowest Tg was found for
PVAþNF.4,20 Furthermore, the composite samples
have higher Tg than pristine PVA. This can be attrib-
uted to the confinement of the polymer chains in the
presence of the clay that prevents its segmental
motions.15 These results are consistent with the crystal-
lization degree and TEM results.

X-ray diffraction pattern

One clay granule with a width of 1 mm has 850 layers of
MMT inside. The thickness of each layer is only
approximately 1 nm.1 This means that, when MMT’s
layers are separated, the specific surface area increases,
therefore, MMT becomes more reactive.

When a composite is made with a polymer matrix
and MMT as filler, the morphology of this composite is
determined by the dispersion of the MMT inside the
polymeric matrix. When the MMT’s layers are not
separated enough to enhance the polymer to be intro-
duced in between its layers, the material is called micro-
composite and it has phase separation. MMT’s layers
can be separated enough so one or more polymer
chains can be intercalated into its layers, then the
final morphology is called intercalated nanocomposite.
When the polymer is in between the layers, their

separation is the largest, then, the nanocomposite is
called exfoliated or delaminated. This intercalated or
exfoliated nanocomposite could be obtained by an
effective dispersion of the inorganic nanolayers of
MMT in the organic PVA matrix in a water solution.16

X-ray diffraction of the PVA films with MMT infers
that the MMT were exfoliated–intercalated. The basal
diffractions peaks corresponding to each MMT were
observed: for 30B at 2� ¼ 4.7�, for NF at 2� ¼ 7.0�,
and for Na at 2� ¼ 7.3�. This last peak did not
appear in the film (Figure 7(b)). For these result, we
conclude that Na is exfoliated in the PVA matrix. The

Figure 7. XRD spectrogram of: (a) PVAþNF composite, PVA

film, and NF powder; (b) PVAþNa composite, PVA film, and Na

powder; and (c) PVA þ 30B composite, PVA film, and 30B

powder.

XRD: X-ray diffraction pattern; PVA: poly(vinyl alcohol).
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diffraction peak for NF powder moved from 7� to 4.5�.
A shift in the diffraction peak toward lower angles with
respect to the MMT alone is produced since the poly-
mer chains intercalate between the MMT layers pro-
duce an increment in the basal spacing. Being the
cation exchange capacity bigger for NF MMT that
Na MMT it was expected a better dispersion for NF
MMT. This happened because when a polymer with
polar functional groups were introduced into the clay
gallery the adhesive role of a polar polymer between
hydrophilic clay layers, the so-called glue effect, tends
to strongly exclude the complete dissociation of the
layered structure of clay, resulting in only an ordered
intercalated state. Nevertheless, it is expected an
increase in the mechanical properties.21

The basal peak of 30B was slightly bigger for the
PVAþ 30B film, this means that the MMT is not exfo-
liated either intercalated in the film.22

Transmission electron microscopy

The TEM images are shown in Figure 8. From the
TEM images, it can be confirmed that Na and NF
MMT disperse in the PVA matrix as nanoparticles as
it was inferred from the XRD spectrograms. The dif-
ference is that PVAþNa formed an exfoliated/interca-
lated nanocomposite while PVAþNF formed an
intercalated one. Na had a great degree of dispersion
in the matrix, while NF formed well distributed, but
not well dispersed, nanoparticle in the PVA matrix.
The aggregation of 30B particles in a PVA matrix is
evident from TEM micrographs. It was observed that
MMT accumulated on the edges of the drop forming
microagglomerates.

Water absorption under controlled humidity

Water absorption, such as other properties of the nano-
composites, depends on the interactions between the
polymer–polymer chains and polymer–MMT.12,16

Usually, the unmodified MMT have higher water
absorption due to their hydrophilic character.
However, if there is a strong interaction between the
hydroxyls of the polymer with the surface of MMTs,
the water absorption decreases. In this case, PVA is
partially hydrolyzed and the acetate groups also play
an important role in the interaction between chains.
The acetate produces an interaction between the
metal cation on the surface of MMT, as it was shown
by Sapalidis et al.12

Figure 9 shows the results obtained of the water
absorption for all the studied PVA based materials.
For a MMT with high CEC, the hydrophilic effect is
higher and as consequence, water absorption is greater
for PVAþNF than others materials. This is presented
in Table 4 as NF, the MMT with the higher CEC had
the highest M1, while 30B, the MMT with the lowest
CEC had the lowest M1. The behavior of PVAþNa is
explained on the base of his good compatibility of the
MMT with the PVA. This interaction prevents the
water absorption.23

Figure 8. TEM images of PVAþMMT composite: (a) PVA+NF, (b) PVA+Na, and (c) PVA+30B.

TEM: transmission electron microscopy; MMT: montmorillonite; PVA: poly(vinyl alcohol).

Figure 9. Water absorption vs time for PVA and their com-

posites with MMT.

MMT: montmorillonite; PVA: poly(vinyl alcohol).
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PVAþ 30B absorb less water due to the long carbon
chains and the results showed a lower equilibrium value
than the pristine PVA.

For all nanocomposites, the weight continuously
increased with immersion time until a plateau.
The equilibrium water uptake, M1, was taken as the
maximum value of these curves. The obtained values
are presented in Table 4.

Mechanical properties

It is known that the mechanical properties of polymer/
MMT nanocomposites depend on several parameters,
such as: (a) interphase adhesion between polymer and
the nanoclay, (b) mechanical properties of each compo-
nent: the polymer and MMT, (c) the dispersion of the
MMT inside the matrix, (d) the volume fraction and the
orientation of the nanoclay, and (e) the distribution of
the MMT inside the PVA matrix.11 As a consequence,
different MMTs will produce different reinforcement
effect on the mechanical properties of a neat polymeric
matrix. The elastic modulus (E), as well as the strength
(�), and the deformation at break (") were determined
and the results are presented in Table 5.

Unmodified MMT interacts with the polymer chain
and creates a better interphase. As a consequence,
PVAþNa and PVAþNF have better mechanical
properties (a higher modulus, elongation at break,
and strength) than the pristine PVA.4 MMT Na
increased about 37% the elastic modulus and a 32%

of the tensile strength with respect to plain PVA matrix
whereas the elongation at break is twice than the one
for pristine PVA. MMT NF increased 18% the elastic
modulus, 37% of tensile strength, and has twice the
elongation at break respect to pristine PVA.

On the other hand, as it was expected, the compos-
ites of PVA with organically modified MMT, 30B, has
a slightly smaller modulus and tensile strength and
slightly higher elongation than pristine PVA, this
results are related with the presence of the cation in
the polymer galleries.24

Conclusions

Different nanocomposite films were obtained based on
Na, NF, and 30B MMTs with PVA. The films were
fabricated by casting by water evaporation. The
MMTs had different chemical surface, Na and NF
MMTs had sodium cations and 30B was modified
with alkylamonium.

The nanocomposite films were characterized by
means of FTIR and they did not show any difference in
the chemical structure in comparison with pristine PVA.

DSC thermograms showed the fusion peak after
water evaporation. These films showed two endother-
mic peaks. The first one, at 130�C is attributed to the
evaporation of free and bonded water. When the ther-
mal history was deleted, the thermogram showed only
one melting peak at a higher temperature, around
189�C, reaching the highest temperature for
PVAþ 30B and the lowest for PVAþNa, in agrrement
with the minimum and maximun crystalinity.

TGA showed that the Na nanocomposite lost water
slower than the other specimens, in agreement with
their higher compatibility with PVA. On the contrary,
30B nanocomposites lost the highest amount of water.

The morphology of the nanocomposites were deter-
mined by XRD and TEM showing that the Na MMT
was exoliated/intercalated in PVA, NF MMT was
intercalated in PVA and 30B formed a microcomposites
in PVA due their lack of compatibility.

Water absorption results showed that the NF nano-
composites had the highest water absorption due to
their high CEC and its higher hydrophilicity.

The contact angle meassuremet showed a bigger
angle for pristine PVA, then PVAþ 30B. The smallest
one for PVAþNa.

The best mechanical properties were found for NF
and Na. PVAþNF nanocomposites showed the high-
est tensile strength.
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Table 4. Equilibrium water uptake values by all materials.

Material M1 (%)

NF 18.9 � 0.5

NA 13.0 � 0.2

30B 4.4 � 0.1

PVA 9.0 � 0.2

PVAþNF 10.4 � 0.5

PVAþNA 3.7 � 0.1

PVAþ 30B 6.8 � 0.2

PVA: poly(vinyl alcohol).

Table 5. Mechanical properties of the PVA and their composite

with MMT.

Simple E (MPa) � (MPa) " (%)

PVA 105.0 � 9 31.3 � 3.0 1.15 � 0.14

PVAþNa 143.4 � 12.9 41.2 � 4.2 2.30 � 0.20

PVAþNF 123.5 � 11.5 43.0 � 4.0 2.10 � 0.22

PVA þ 30B 103.0 � 10.3 25.8 � 2.6 1.40 � 0.05

MMT: montmorillonite; PVA: poly(vinyl alcohol).
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