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Abstract In the present work, micro and nano compos-

ites based on poly(vinyl alcohol) matrix reinforced with

cellulose (micro) and bentonite (nano) were obtained by

film casting. The resulting composite materials were

characterized by means of differential scanning calo-

rimetry, thermogravimetric analysis, X-ray diffraction,

FTIR spectroscopy, water absorption, permeability, and

mechanical tests. The effect of the micro and nano fillers

on the thermal, mechanical, and water absorption proper-

ties of the matrix was determined. The effects of polymer

molecular weight and processing steps were also studied.

Based on the results of the work, the potential biodegrad-

ability and the low cost of the starting materials, it can be

concluded that the produced materials may be promising

for packaging applications.

Introduction

In the last decades, poly(vinyl alcohol) (PVOH) has

received great attention due to its unique physical and

chemical properties [1, 2]. PVOH is a well-known non-

toxic, water-soluble, and biocompatible synthetic polymer.

As it is a polyhydroxy polymer, PVOH is characterized by

a strong hydrophilic and hydrogen bonding character [3, 4].

It has an excellent film-forming ability; thermal stability;

chemical resistance, good transparency, and flexibility, and

because of them, it is widely used in several applications

such as paper coating, packing, biomedical devices, and

membrane preparation [5, 6]. The properties of the PVOH

are affected by the molecular weight and the degree of

hydrolysis [7, 8], because it is obtained by the hydrolysis of

poly(vinyl acetate). Depending on the degree of hydrolysis,

different types of PVOH can be produced, leading to

different amounts of hydroxyl groups in the polymer.

Although there are several works related to this polymer,

there are no systematic studies of the effect of the molec-

ular weight on the mechanical properties and water

absorption of PVOH films. However, some applications are

still restricted because of its high degree of swelling and

solubility in water, as well as its limited mechanical

properties [9]. Some of these properties can be enhanced by

the incorporation of reinforcement. Concerning packaging

applications, several parameters, including the moisture

content, the degree of crystallinity, and the presence of

additives or reinforcements, affect the mass transport

properties of the polymers. In addition to the barrier

properties, the thermal and the mechanical properties of the

final material are of great importance for both the pro-

cessing and efficient use of these materials. The preparation

of a composite material that incorporates both biocom-

patibility and improved physical properties, by use of

natural fillers, is of great importance for packaging and in

food industry [10].

The use of microcellulose (MC), which is a natural

polysaccharide with excellent mechanical properties and

high aspect ratio, as reinforcement is attractive due to

environmental and economic concerns [11]. Improvements

on thermal stability, tensile strength, and water resistance
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by different whiskers incorporation were reported but the

literature is still limited and incomplete [12–14].

Clay minerals, which are a diverse class of layered sil-

icates, are also popular fillers for various polymeric

materials. Their crystalline net consists of bi-dimensional

layers where a central octahedral layer of either alumina or

magnesia is joined to two external tetrahedrons of silica in

such a way that the oxygen ions of the octahedral layer also

belong to the tetrahedral layers [15, 16]. Among these

reinforcements, the use of bentonite (montmorillonite-

based layered silicate clay) is interesting because added to

their environmental and economic importance, their natural

abundance, swelling properties, and their mechanical and

chemical resistance makes them very useful as polymeric

reinforcements [17]. Dispersing clays in polymers at the

nanoscale, even at loadings of only 1–5 wt%, provides

considerable improvements in polymer properties com-

pared with conventional micro particle fillers including, for

example, higher modulus both in solid and melt state,

increased strength and thermal stability, decreased perme-

ability, and increased biodegradability [15, 18]. The main

reason for these enhanced properties in nanocomposites is

the stronger interfacial interaction between the matrix and

layered silicate, compared with conventional filler-rein-

forced systems. In order to achieve these better properties it

is necessary to obtain a totally exfoliated structure (this

means that the silicate layers are completely and uniformly

dispersed in the continuous polymeric matrix).

As most of the polymers are hydrophobic, it is necessary

to make a previous treatment to the polymer or the filler so

as to make them more compatible. Usually, the hydrophilic

silicates are transformed to organophilic ones by means of

cation exchange reactions. In fact, in previous works we

have analyzed the effect of a commercial organo-modified

montmorillonite (Cloisite 30B) [19] and a laboratory org-

ano-modified bentonite [20] on the morphology and

mechanical properties of polycaprolactone (PCL)/clay

nanocomposites prepared by melt intercalation and casting

for packaging applications. Besides, Casco et al. [21] car-

ried out several treatments: alkaline-treatments; acetyla-

tion, and esterification with stearic and lauric acids on

cellulose fibers previous to mixing them with PCL matrix.

Despite the fact that these chemical treatments may be

simple, they are time consuming because of the additional

steps, they make the preparation procedure more compli-

cated, and they also elevate the final cost of the composite

material. All these factors are extremely important, espe-

cially in industrial applications. However, PVOH/bentonite

and PVOH/microcellulose composites can be easily pre-

pared because, as all of them are very hydrophilic, they can

be incorporated into the PVOH without any need for pre-

treatment by simply dispersing the two components in

distilled water, which is another remarkable point. In

addition, a highly hydrolyzed PVOH is used in order to

have a good compatibility with the fillers [6]. Thus, a

composite material of PVOH and cellulose or clay with

improved mechanical properties is likely to obtain in a

cost-effective way [22].

The aim of this work was, first, to analyze the effect of

the molecular weight of the polymer on the final properties

of the materials and to select the most adequate of them for

the subsequent composites; then, to obtain PVOH/cellulose

microcomposites and PVOH/clay nanocomposites and to

analyze the effect of the filler on the behavior of the neat

matrix. In the case of nanocomposites, only a low silicate

loading was studied (5 wt%), which is relevant for a

potential application. Different processing steps were

studied because in this kind of materials the final properties

depend on the type of produced composite (i.e., micro-

composite, intercalated nanocomposite, or exfoliated

nanocomposite) and the developed morphology is also

dependent on the processing variables. In the case on

microcomposites, MC loadings between 5 and 20 wt%

were used. The composites exhibited high levels of filler

dispersion inside the polymer matrix, due to favorable

interactions. The obtained materials were characterized by

X-ray diffraction (XRD), scanning electron microscopy

(SEM), UV–Visible spectroscopy, FTIR spectroscopy,

differential scanning calorimetry (DSC), thermogravimet-

ric analysis (TGA), mechanical and impact tests, water

vapor transmission, and water absorption studies. The

research work was carried out to evaluate the potential use

of these novel composite materials as packaging films.

Experimental

Materials

PVOH of different molecular weight Mw (PVOH1:

31000–50000 g/mol; PVOH2: 89000–98000 g/mol; PVOH3:

124000–186000 g/mol) with a degree of hydrolysis higher

than 98 % were purchased from Sigma-Aldrich.

Microcrystalline cellulose powder from Sigma-Aldrich

was used as received to prepare the microcomposites.

Bentonite, supplied by Minarmco S.A. (Neuquén, Argen-

tina), was used as received to prepare the nanocomposites.

Preparation of the films

PVOH and PVOH/MC, PVOH/bentonite films were pre-

pared by casting technique, adapted from Sharaf et al. [23].

PVOH solution was prepared by dissolving 2 g of PVOH

in distilled water (98 ml) and maintained for 24 h at

room temperature to allow the swelling process. Then, the

solution was heated to 90 �C and stirred using a magnetic
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stirrer for 4 h to ensure the complete dissolution of the

polymer. The solution was then poured into glass plate

dishes and it was dried in an oven during 48 h at 40 �C.

Homogeneous films of 0.1–0.2 mm of thickness were

obtained.

In order to analyze the effect of molecular weight, the

PVOH with different molecular weights previously men-

tioned were used following the described procedure. The

material with the most adequate properties for packaging

applications was chosen as the matrix for the subsequent

composites.

In the case of microcomposites, three different amounts

of cellulose were used: 5, 10, and 20 wt%. The cellulose

microfibers were previously placed in distilled water

(proportion: 1 g cellulose/100 ml distilled water) and the

suspension was incorporated before stirring the PVOH

solutions; the rest of the procedure was the same.

In the case of nanocomposites, 5 wt% of bentonite was

employed. In this case, different incorporation steps were

studied: (i) PVOH ? Clay (swelling 24 h in water at room

temperature in separated flasks), named NA; (ii) PVOH

(24 h in water at room temperature) ? Clay (dried), named

NB; (iii) PVOH ? Clay (swelling together 24 h in water at

room temperature), named NC.

Methods

Thermogravimetric Analysis (TGA) measurements were

carried out by using a Shimadzu TGA-50 thermal analyzer.

The samples were heated from 25 to 1000 �C at a heating

rate of 10 �C/min under constant nitrogen flow.

Differential Scanning Calorimetry (DSC) tests were

performed in a DSC Perkin Elmer 7 differential scanning

calorimeter from 25 to 250 �C at a heating rate of 10 �C/

min under nitrogen atmosphere (ASTM D3417) in alumi-

num pans. The glass transition temperature (Tg) and melt-

ing temperature (Tm) of the samples were obtained from

the curves. The degree of crystallinity (Xcr) was calculated

from the following equation:

Xcrð%Þ ¼
DHf

wPVOH � DH100

� 100 ð1Þ

where DHf is the experimental heat of fusion obtained from

the area of the melting peak, wPVOH is the PVOH weight

fraction, and DH100 is the heat of fusion of 100 % crys-

talline PVOH and its value is 150 J/g [24].

X-Ray Diffraction (XRD) patterns of bentonite and

nanocomposites were obtained from a PW1710 diffrac-

tometer equipped with a monochromatic CuKa radiation

source (k = 1.5406 Å) operating at 45 kV, 30 mA, at a

scanning rate of 2�/min, and a step size of 0.02�.

Tensile tests were performed in a universal testing

machine Instron 4467 at a constant crosshead speed of

2 mm/min and a load cell of 100 N. The test specimens

were prepared according to the ASTM D882 by cutting

films into dog-bone shapes using a template. The sample

length was 63 mm, the width was 16 mm, and the distance

between clamps was 28 mm. Before tests, all the samples

were dried under vacuum until constant weight. Tests were

carried out at room temperature. All measurements were

done in at least four replicates, and the values were

averaged.

Impact tests (Puncture tests) were conducted on 30-mm-

diameter samples cut out from a molded film. These tests

were performed in a falling weight Fractovis of Ceast at

1 m/s. From these tests, load–displacement curves were

obtained. The total energy required to penetrate the

specimen completely, Etot, is the total area under the load–

displacement curve also normalized by the sample thick-

ness. All measurements were done in at least four replicates,

and the values were averaged.

Scanning electron microscopy (SEM, model JEOL JSM

6460 LV) was used to observe the morphology of micro-

cellulose fibers and PVOH/MC microcomposites after they

had been coated with a thin layer of gold, at an accelerating

voltage of 10 kV. All microcomposites were previously

fractured in liquid nitrogen in a direction perpendicular to

the stretch direction.

Infrared Spectroscopy (FTIR) spectra were obtained on

a Perkin–Elmer Spectrophotometer model Spectrum 100 in

attenuated total reflection (ATR) mode. Spectra, averaged

over 16 scans, were taken in the range of 4000–600 cm-1

at a resolution of 4 cm-1. It is important to note that the

spectra of both sides of all the films displayed the same

number of peaks and the positions and relative intensities

of these peaks were identical.

Ultraviolet–Visible (UV–Vis) spectra of the polymer

films were recorded on an Agilent 8453 photodiode array

spectrophotometer. The samples were prepared by cutting

pieces of the cast films.

Water absorption tests were carried out in an environ-

ment at room temperature, with controlled relative

humidity (RH), simulated from a solution of water and

glycerin. Before tests, all the samples were dried under

vacuum until constant weight. All conditioned samples

were weighed at prefixed times and the moisture absorption

values at each time were calculated using the following

equation:

Mtð%Þ ¼
Mt �M0

M0

� 100 ð2Þ

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

initial mass of the sample (dried).

Water vapor transmission rates (WVTR) were studied

following a gravimetric technique from Razzak et al. [25].

Samples with a diameter of 28 mm (without physical
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defects such as cracks or bubbles) and a thickness of about

0.1 mm were cut and then put as a cap at the mouth of a

bottle with a diameter of about 25 mm containing 20 ml of

deionized water. Once, the films were secured, each bottle

was placed in a chamber for 10 days at constant tempera-

ture of 22 �C and 65 % RH. All samples, prior to their

testing, were conditioned for 3 days at the same relative

humidity. The WVTR of each sample was calculated using

the following equation:

WVTR
g

h�m2

� �
¼ Wi �Wf

240� A
� 106 ð3Þ

where A is the area of bottle mouth (mm2), Wi and Wf are

the weight of the system (bottle and film cap) before and

after placing in the chamber, respectively. The perme-

ability values presented in the manuscript were the average

values of three permeation experiments.

Results and discussion

Effect of molecular weight on the behavior

of PVOH films

Table 1 summarizes the results of thermal and mechanical

characterization for PVOH as a function of molecular

weight. First of all, it can be noticed that an increase in the

molecular weight produced a clear decrease on the elastic

modulus and a reduced tensile strength which could be

directly related with a reduced crystalline phase (the values

of this parameter are shown in Table 1) which has better

mechanical properties than the amorphous phase. The

increment on the molecular weight produces an increase on

the chain disorder, increasing the amorphous content and

so, reducing the mechanical properties. Pure PVOH is

partially crystalline and consists of crystalline layers or

lamellas of folded chains joined together by tie molecules,

which form amorphous regions between the lamellas [26].

Thus, an increase of molecular weight will lead to a higher

degree of disorder.

The effect of polymer molecular weight on the impact

behavior of PVOH is also displayed on Table 1. It is clear

that the increase of the polymer molecular weight produced

enlarged impact properties, which is in accordance with the

decrease on the tensile strength [27].

Based on the obtained results, PVOH2 was selected to

prepare the micro and nanocomposites and to analyze the

effect of the fillers in the general behavior of the matrix

because it exhibits a good balance between the mechanical

and impact properties, and an intermediate value of crys-

tallinity degree.

Effect of filler incorporation on the behavior

of PVOH films

Microcomposites

The MC fibers have a crystallinity index of 65 %, obtained

from XRD (from this study, it was also determined that

they were Cellulose I). The maximum temperature of

degradation (obtained from TGA) was around 363 �C; they

absorb 6.3 % of moisture in 24 h at 90 % RH. From

Fig. 1a it was determined that the average length and

diameter of the microfibers were: 144.3 ± 18.6 and 65.5 ±

37.0 lm, respectively.

Regarding PVOH/MC films, although all the produced

films were transparent, which is important for packaging,

for high cellulose content this transparency was reduced.

From the observation of Table 2, it can be observed that for

lower contents of MC (5 and 10 wt%) the differences in the

crystallinity of microcomposites are included between the

dispersion of the measurements, so no important varia-

tions were detected. The slight increase of crystallinity for

20 wt% MC composite is possibly related to the nucleating

effect of cellulose fibers, which was previously observed in

literature for PVOH/MC films [28]. On the other hand, it is

clear that the glass transition temperature (Matrix: 102.5 �C)

increased not only with the incorporation of MC but also as

a function of cellulose content, which could be related with

the PVOH–MC interactions which restrict the capability of

the matrix to move [29]. Regardless the composition, there

are no important changes on the melting temperature with

the incorporation of cellulose microfibers; a similar trend

was observed in literature [28].

Table 2 also presents the values of water uptake once

equilibrium is reached at long times (M?), which is the

maximum water absorption that each material can incor-

porate. It is known that moisture affects the integrity of

plastic packaging. Besides, one of the major drawbacks in

Table 1 Characteristics of PVOH films as a function of the molecular weight

Sample Mw (g/mol) Xcr (%) Tg (�C) Tm (�C) E (MPa) r (MPa) Eimpact (J/mm)

PVOH1 31000–50000 39.4 110.4 190.8 85 ± 8 21 ± 1 1.7 ± 0.2

PVOH2 89000–98000 35.8 102.5 228.3 68 ± 7 17 ± 1 3.6 ± 0.2

PVOH3 124000–186000 27.1 99.0 223.4 49 ± 6 16 ± 1 4.3 ± 0.3
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the use of PVOH-based materials is its water absorption

tendency. Therefore, the knowledge of the moisture–water

uptake of the materials and any improvement in water

resistance is of great importance. The table shows that the

microcomposites absorbed less water than the matrix; and it

decreased with the increase of cellulose content. This result

is related to the interactions between cellulose and PVOH

through the hydroxyl groups, decreasing the possibility of

water absorption with the increase of cellulose content.

Water vapor is one of the main permeants studied in

packaging applications, because they may transfer from the

internal or external environment through the polymer

package wall, affecting the product quality and shelf-life

[30]. The WVTR of neat PVOH and PVOH/MC micro-

composites were calculated and the results are shown in

Table 2. It can be observed that the presence of crystalline

fibers along the polymer matrix is thought to increase the

tortuosity of the permeation path leading to slower diffu-

sion processes and, hence, to lower WVTR values [31]. No

important changes were observed as a function of cellulose

content.

The FTIR spectra of PVOH, MC, and PVOH/MC micro-

composites are presented in Fig. 2a. The broad absorption

band at 3700–3100 cm-1 in the FTIR spectra of MC corre-

sponds to the –OH groups present in cellulose and at

2897 cm-1 due to CH stretching. The absorbance intensity at

1428 cm-1 is assigned as CH2 bending; CH2 wagging is

localized at 1316 cm-1; the peak at 1281 cm-1 is due to CH

deformation; OH in-plane bending occurs at 1202 cm-1; the

peak at 1161 cm-1 is assigned to C–O–C asymmetric

stretching; C–O stretching absorbs at 1030 cm-1; and the

peak 897 cm-1 is assigned as b-glucosidic linkage for the

cellulose I [32]. The pure PVOH sample shows a broad band

at 3100–3600 cm-1 due to the –OH stretching; the dual

absorption peaks of symmetrical and asymmetrical stretching

vibration of CH2 appear at 2940–2904 cm-1; and the peaks at

1418 and 1093 cm-1 are due to C–O group [33]. The addition

of MC to PVOH has a slight effect on different regions of the

FTIR spectra. Compared to the neat matrix, the peak of OH

stretching vibration (situated at 3276 cm-1 for PVOH) shifted

to 3284, 3288, and 3286 cm-1 for samples with 5, 10, and

20 wt%, respectively. The presence of MC in PVOH com-

posites is also evidenced by the peak at about 1063 cm-1,

which is not present in the spectra of neat PVOH. Moreover,

the peak at 1418 cm-1 for MC-free PVOH shifted to 1427,

1429, and 1426 cm-1 with the incorporation of 5, 10, and

20 wt% MC , respectively. All these changes can be explained

in terms of the interactions between the host polymer chains

and the reinforcement which alter the frequency of vibration of

certain bonds.

The effect of microcellulose content on the mechanical

properties, Young’s modulus (E) and tensile strength (r),

of PVOH microcomposites is displayed on Fig. 3a, b,

respectively. All properties were normalized by the mea-

sured bulk PVOH value (extracted from Table 1). It can be

Fig. 1 SEM micrographs of a MC fiber with diameter distribution

curve of MC fibers (inset); b cross-section of PVOH/10 wt% MC

microcomposite

Table 2 Water absorption after

20 days at 90 % RH, WVTR

values and thermal

characteristics of PVOH matrix

and microcomposites

a DTg = Tgcomposite
� Tgmatrix

Cellulose

content (wt%)

M20 days at

90 % HR (%)

WVTR

(g/h/m2)

Tdegradation

(�C)

Xcr (%) DTg
a (�C)

0 23.5 ± 2.0 14.0 ± 0.9 280 43.7 ± 2.0 –

5 18.5 ± 2.0 11.9 ± 0.9 288 42.2 ± 1.2 3.4

10 17.3 ± 1.9 12.9 ± 1.1 327 40.8 ± 2.2 16.0

20 16.4 ± 1.8 11.4 ± 0.5 346 44.3 ± 1.5 18.1
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noticed that the Young’s modulus increased as a function

of cellulose content. One explanation for this effect could

be related to the formation of a networked structure

resulting from hydrogen bonding [34, 35]. To explain the

increment on this property several factors have to be taken

into account: the relative modulus of the filler compared

with the matrix, since Young’s modulus for MC is much

higher that for PVOH; the hydrogen bonding between the

PVOH chains and the cellulose microfibrils and so, the

interfacial adhesion (Fig. 1b); the increase on the degree of

crystallinity and finally the cellulose content. On the other

hand, the tensile strength decreased as a function of cel-

lulose content [29].

Nanocomposites

The cation exchange capacity of the natural bentonite, which

was determined with BaCl2 compulsive exchange method

developed by Gillman and Sumpter [36], was 28.73 meq/

100 g of clay. The interlaminar spacing was 1.28 nm and the

absorbed moisture after 24 h at 90 % RH was 19.71 % [20].

By casting from an aqueous solution, the obtained

PVOH matrix was a transparent and flexible film and the

PVOH/bentonite nanocomposites still showed flexibility

while maintaining the optical transparency of the matrix.

Figure 4 displays XRD curves of bentonite, PVOH, and

PVOH/bentonite nanocomposites in the region from 2h =

2–35�. The d001 values, corresponding to the (001) crys-

tallographic plane in the crystal structure of the clay were

calculated by using the Bragg’s equation:

n � k ¼ 2 � d � sin h ð4Þ

where n = order of reflection (1), k = wavelength of the

source, h = diffraction angle, and d = interplanar distance.

The XRD curve for neat bentonite showed a peak angle at

Fig. 2 FTIR spectra of a pure PVOH, MC, and microcomposites;

b pure PVOH, bentonite, and nanocomposites Fig. 3 Mechanical properties of PVOH/MC microcomposites rela-

tive to the matrix as a function of MC content a Young’s modulus and

b tensile strength
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2h = 6.71� with a corresponding d-spacing of 1.28 nm.

From the observation of Fig. 4 it is clear that all nanocom-

posites exhibited an intercalated–exfoliated structure due to

the increase in the basal spacing of the clay [15]. This is

because the hydroxyl groups of PVOH interact directly with

the Na? cations and water molecules that are present

between the clay platelets, as well as with the hydroxyl

groups of the negatively charged layers of bentonite, leading

to a high compatibility [37]. This enables the entrance of

PVOH chains into the interlayer galleries, along with an

increase in d-spacing between clay platelets. Another dif-

fraction peak is observed at 2h = 19.5�, corresponding to

PVOH crystal reflections [38].

The FTIR spectra of PVOH, bentonite, and PVOH/ben-

tonite nanocomposites are presented in Fig. 2b. The spectra

of neat bentonite has an important peak at 3621 cm-1 cor-

responding to the structural OH groups of the clay whereas

the peak at 1658 cm-1 corresponds to free water adsorbed by

the clay (OH stretching). The strong absorption at 993 cm-1

is attributed to Si–O–Si in-plane vibrations [39]; the

absorption peak of stretching vibration of Al–O–H appears at

917 cm-1, whereas the peak at 879 cm-1 is due to Mg–O–H

vibration [40]. The interactions between bentonite and

PVOH in the nanocomposites are evidenced in different

zones of FTIR spectra. In general terms, these changes are

more evident for the NA and NC composites. The O–H

stretches, which appear at 3280 cm-1 for neat PVOH, shif-

ted to 3318, 3299, and 3316 cm-1 for NA, NB, and NC,

respectively. Another shift is observed for the peak at

1418 cm-1, which appears at 1435, 1428, and 1429 cm-1 for

NA, NB, and NC. An additional indication of the presence of

bentonite in PVOH is the observation of the peaks situated at

about 1024, 807, and 792 cm-1 which are not present in the

spectra of pure PVOH. The above analysis suggests that

PVOH structure is altered by the interactions with the surface

of bentonite platelets as a result of some additional peaks and

shifts in frequencies of certain bonds when compared with

pure PVOH.

One important issue is the increasing demand for trans-

parency for certain applications where product visibility is

required [41]. Figure 5 shows the UV/Visible characteriza-

tion of pure PVOH and PVOH/bentonite nanocomposite

films. Neat PVOH practically does not absorb above 250 nm,

due to the very high hydrolysis degree of the polymer.

Because of the nanoscale dispersion of the bentonite in the

PVOH matrix, the nanocomposites samples retain the PVOH

high optical clarity, in all cases. Indeed, the spectra show that

the visible region, between 400 and 700 nm, is not affected

by the presence of the clay and the high transparency of the

PVOH is retained [42, 43], thus reflecting that there is no

scattering due to the clay. These observations are in agree-

ment with the results obtained from XRD patterns.

Table 3 presents the thermal characterization of PVOH

nanocomposites. From TGA experiments it was observed

that the first weight loss takes place between 55 and 160 �C

due to the loss of adsorbed moisture; the major weight loss

is at the second step between 200 and 500 �C, which cor-

responds to the structural decomposition of the PVOH [44,

45]. The change in thermal stability due to the incorpora-

tion of bentonite was not significant [46]. After 600 �C, the

main products are mainly inorganic residues.

DSC experiments reveal a decrease in the degree of

crystallinity of PVOH with the incorporation of the nano

reinforcement in all cases. Furthermore, compared with the

neat matrix, the Tg PVOH/bentonite nanocomposites shif-

ted slightly toward higher values, indicating that bentonite

platelets decrease the segmental motion of PVOH chains

[47]. However, the neat PVOH has a melting temperature

Fig. 4 XRD patterns of neat bentonite and PVOH/bentonite

nanocomposites

Fig. 5 UV–Visible spectra and visual observation (inset) of pure

PVOH and PVOH/bentonite nanocomposites
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of 229 �C and this parameter was practically not affected

with the addition of bentonite.

Water absorption of nanocomposites after 20 days at

90 % RH is also shown in Table 3. An important fact is

that the addition of clay reduces the absorption of moisture,

which is one of the important drawbacks of PVOH as we

have previously said. This could be related to the fact that

the clay platelets dispersed in a nanometric scale signifi-

cantly increase the tortuosity of the path for the permeation

of water molecules through the polymeric matrix [43, 48].

It can also be noticed that WVTR was diminished by the

incorporation of clay particles in the case of NA (20 %

lower that neat PVOH) and NC (11 % lower than neat

PVOH), whereas NB displayed no significant effect on the

WVTR values in comparison to the matrix, possibly due to

the worst dispersion of the clay nanoplatelets. Again, the

reduced permeability of nanocomposites is mainly attrib-

uted to the increase in tortuosity caused by the imperme-

able platelets distributed in the polymer matrix as well as to

the strong interfacial interaction [49].

Figure 6 shows the effect of the incorporation of ben-

tonite on the mechanical properties of matrix and nano-

composites. For comparison, the all properties were

normalized by the measured bulk PVOH value. It can be

noticed that the modulus of NA and NB remained almost

constant compared to the matrix, whereas the modulus of

NC was improved probably due to the method of prepa-

ration of the composite. The same behavior is seen in the

resistance of materials. So the best results were obtained

for the compound NC. This can be attributed to better

distribution of clay in the matrix.

Conclusions

In this work, it was found that the increase in the molecular

weight of PVOH produced a decrease on the tensile

mechanical properties which was attributed to the decrease

on the degree of crystallinity associated with the higher

disordered phase content. Based on these findings, an

intermediate molecular weight of PVOH was selected to

prepare the polymer composites.

Furthermore, it was possible to obtain PVOH/cellulose

microcomposites and PVOH/bentonite nanocomposites

films, with good filler dispersion, by casting technique

using water as solvent. Both fillers produced an increase in

the glass transition temperature that can be mainly asso-

ciated with the existence of filler–PVOH interactions,

which was confirmed with FTIR measurements, and to a

decrease the segmental motion of PVOH chain by the

presence of filler. Additionally, a slight increase on the

crystallinity of the microcomposites was registered only for

higher contents of MC fibers; whereas the addition of

bentonite caused a reduction on the crystalline phase in all

cases. The incorporation of cellulose produced an increase

on modulus but a clear decrease on tensile strength, which

is related with the possible agglomeration of MC; whereas

clay platelets were able to improve both, the tensile mod-

ulus and strength. Both fillers were also capable to reduce

Table 3 Water absorption after 20 days at 90 % RH, WVTR values

and thermal characteristics of PVOH matrix and nanocomposites

Material M20 days at

90 % HR (%)

WVTR

(g/h/m2)

Tdegradation

(�C)

Xcr

(%)

DTg
a

(�C)

Matrix 26.8 ± 1.0 14.0 ± 0.9 280.4 52.7 –

NA 22.6 ± 1.0 11.2 ± 0.2 288.4 46.5 4.5

NB 21.8 ± 0.9 13.9 ± 0.9 279.8 41.4 6.1

NC 22.5 ± 0.6 12.5 ± 0.8 279.3 41.1 3.9

a DTg = Tgcomposite
� Tgmatrix

Fig. 6 Mechanical properties of PVOH/bentonite nanocomposites

relative to the matrix: a Young’s modulus and b tensile strength
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the water absorption and the water vapor transmission rate

of the neat matrix, being the effect higher in the case of

cellulose. Although all the produced films were transpar-

ent, which is required for packaging, for high cellulose

content this transparency was reduced.

Regarding PVOH/bentonite nanocomposites, indepen-

dently of the processing steps, all the materials exhibited an

intercalated–exfoliated mixed structure, as it was revealed

from XRD patterns. In general terms, the best results were

obtained in the case where the matrix and the clay were

swelled together, which can also be related with the dis-

persion of the clay inside the matrix. On the other hand, the

less significant changes were obtained for the sample NB,

where the clay was not previously swelled.

All the obtained results seem to indicate that both

materials could be used in a future for packaging applica-

tions but further studies should be carried out in order to

confirm that.
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