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ABSTRACT: Poly(vinyl alcohol)/nano-silica (PVA/nano-SiO2) films were prepared through extrusion blowing with the addition of

water and glycerin as plasticizer. The characteristic properties of PVA/nano-SiO2 films were investigated by differential scanning calo-

rimetry, dynamic mechanical analysis, Haake torque rheometry, and atomic force microscopy (AFM). The results showed that the

mechanical properties of PVA/nano-SiO2 were improved dramatically. The tensile strength of the nanofilms increased from 62 MPa

to 104 MPa with loading 0.3 wt % nano-SiO2 and the tear strength was improved from 222 KN/m to 580 KN/m. The crystallinity of

the films loaded with 0.4 wt. % nano-SiO2 decreased from 32.2% to 21.0% and the AFM images indicated that the amorphous region

of nanofilms increased with increasing nano-SiO2 content. The storage modulus and loss modulus increased to two and nearly three

times with 0.3 wt % nano-SiO2 loading. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

In recent years, poly(vinyl alcohol) (PVA) incorporated with

nanoparticles have drawn much attention because of the excel-

lent properties of nanofillers. The properties of the PVA nano-

composites, such as mechanical and thermal properties, have

been improved dramatically due to the nano-size structure, sur-

face characteristics of nanofillers, and the interactions between

PVA matrix and nanofillers. Many kinds of nanoparticles have

been added into PVA matrix, such as metal,1 metal oxide,2–4

metal sulfide,5–7 silica,8 montmorillonite,9,10 carbon-based nano-

particles,11–13 and organic nanoparticles,14,15 to improve the

properties of PVA.

Among the nanoparticles mentioned above, oxide nanoparticles

have good applications on modifying PVA. Sirirat Wacharawi-

chanant et al.2 prepared PVA/vanadium pentoxide (V2O5) nano-

composites by solution mixing. The results showed the

improvement of the tensile strength, Young’s modulus and stress

at break by adding V2O5. And the degradation temperature of

the PVA/V2O5 nanocomposites increased with increasing V2O5

content. Lou et al.16 prepared PVA/titanium dioxide (TiO2)

nanocomposites with surface-carboxylated nano-TiO2 by a solu-

tion-blend film-casting method. They found a great improve-

ment of tensile strength on the nanocomposites. With increas-

ing carboxylated nano-TiO2 content, the storage modulus

increased and loss tangent decreased. Guo et al.17 studied PVA-

silica nanocomposite membranes prepared under catalyzed sol-

gel reaction of c-mercaptopropyltrimethoxysilane within PVA

matrix. The results indicated that nanoscale silica homogene-

ously distributed in PVA matrix and the thermal stability was

significantly enhanced. D.M. Fernandesa et al.18 investigated the

characterization of PVA/zinc oxide(ZnO) nanocomposite films.

It was found that interactions between PVA and ZnO existed in

some compositions. The crystallinity of PVA increased with UV

irradiation and the presence of ZnO. The roughness of PVA/

ZnO films increased after 96 h UV irradiation. Gandhi et al.19

researched the effect of nickel oxide (NiO) on PVA/NiO nano-

coposite. The resulting PVA/NiO nanocomposite became amor-

phous because of the reactions between NiO and PVA. The

thermal stability of PVA/NiO nanocomposite was improved

with the increasing NiO content.

PVA material has excellent gas barrier properties, flexibility,

transparency, and toughness. Therefore, PVA has been devel-

oped as a barrier film for food packaging application.20–23

Moreover, PVA can be produced through a nonpetroleum route,

which makes PVA very important under the situation of petro-

leum scarcity.24 In this study, nano-SiO2 was selected to
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enhance the properties of PVA due to the unique properties of

nano-SiO2, such as large specific surface area, light weight, high

dispersion into matrix. Furthermore, nano-SiO2 has great

improvement on mechanical properties, storage modulus, and

loss modulus of matrix with lower addition compared with

other nanofillers.

The previous researches mentioned above almost prepared the

PVA nanocomposites by an aqueous solution method. In this

study, PVA/nano-SiO2 films were prepared through extrusion

blowing. And glycerin and water were added into PVA as plasti-

cizer to broaden the temperature window between the melting

point and its decomposition temperature.25–27 Compared with

traditional aqueous solution method, extrusion blowing method

can save much energy and time.28 This article focused on the

thermal behavior, the dynamic mechanical, rheological, and me-

chanical properties, and, in particular, crystalline behavior of

PVA films loaded with different content of nano-SiO2.

EXPERIMENTAL

Materials

A commercial grade of PVA was provided by Kuraray (Japan) in

granule form: PVA 117, degree of polymerization ¼ 1700, hy-

drolysis ¼ 99.0–99.8 mol %, density ¼ 1.19 g/cm3. The nano-

SiO2 was obtained by Guangdong Jibisheng (China) in powder

form: density ¼ 0.04–0.06 g/cm3, hydrophobic nano-SiO2 (HB

215, specific surface area ¼ 115 6 15 m2/g), hydrophilic nano-

SiO2 (HL150, specific surface area ¼ 150 6 15 m2/g). The

industrial glycerin, density ¼ 1.26 g/cm3, which was supplied by

Kao Corporation (Japan), was used as a plasticizer. Deionized

water, which was also a plasticizer, was commercial grade.

Sample Preparation

The PVA raw material was washed with deionized water to neu-

tral and dried in oven at 70�C for 12 h. Then 15 wt % glycerin

and 15 wt % deionized water were added into the dried PVA.

The blends were mixed in a high speed mixer (GH-10DQ, Bei-

jing Plastic Machinery Factory, Beijing, China) for about 10 min

under 70�C. Pellets were prepared by granulating the extrudates

produced by a Haake twin-screw extruder (Haake-Rheocord

9000, Germany) with a 20 mm diameter and L/D ratio of 25.

The screw speed and barrel temperatures of the extruder were 50

rpm and 200–225�C. PVA films were then prepared by a Haake

extrusion blowing machine (extrusion die diameter: 30 mm; die

gap: 1 mm; inflation rate: 1.5) to produce the films with the

same thickness, each with different content of nano-SiO2.

Haake Torque Measurement

The prepared blends (70 g) were mixed in Haake rheometer for

8 min at 50 rpm/min at 200�C. The torque curve changing with

time was recorded.

Mechanical Properties Measurements

The tensile properties and tear strength of the films were mea-

sured by a universal testing machine (Instron 4302). The tensile

properties were measured at a crosshead speed of 20 mm/min

according to ASTM D638, while the tear strength was measured

at a crosshead speed of 200 mm/min according to ASTM

D1004-09. The hardness test was carried out with a Shore Du-

rometer according to ASTM D2240. For all of the above tests, a

minimum of five samples were used for each blend series and

the average values calculated.

Differential Scanning Calorimetry

Thermal properties were investigated by the Netzsch-DSC-204

differential scanning calorimeter (Germany). The samples

weighing 8 mg were placed in aluminum crucibles and were

first kept in the molten state at 250�C for 3 min to erase the

thermal history and then cooled down to room temperature at

20�C/min. The whole process was under nitrogen atmosphere.

The sample crystallinity was calculated as X(%)¼DHf/

DHf
0�100%, where DHf is the melting enthalpy of PVA. DHf

0 is

the melting enthalpy of PVA at 100% crystallization, 168 J/g.29

Dynamic Mechanical Analysis

The sample specimens (30 � 10 � 0.04 mm3) were analyzed by

DMA-2980 dynamic mechanical analyser (TA Instruments). The

scanning temperature range was selected from �20�C to 90�C
at a rate of 3�C/min and the stretching mode was chosen with

1 Hz frequency.

Atomic Force Microscopy

Blowing films with smooth surface and consistent thickness

were selected to observe the crystalline morphology of the PVA.

The atomic force microscopy (AFM) measurements were per-

formed with a NanoScope Multimode SPM (Vecco Instru-

ments). All phase imaging was performed in the tapping mode

to avoid surface damage, and the AFM images (1lm scans)

were acquired by scanning the sample in air under ambient lab-

oratory conditions (25�C).

RESULTS AND DISCUSSION

Processing Properties

The effects of different content of hydrophobic and hydrophilic

nano-SiO2 on the processing properties of PVA were shown in

Figures 1 and 2. The results plotted in Figure 1 indicate that the

processing viscosity of the PVA was hardly influenced by the

addition of the hydrophobic nano-SiO2. However, as shown in

Figure 2, the processing properties of PVA changed greatly with

the increase of hydrophilic nano-SiO2. The balance torque of

the system increased from 24 N�M to 30 N�M by adding 0.05

wt % nano-SiO2. When the content of the hydrophilic nano-

SiO2 was increased to 0.3 wt %, the balance torque increased to

52 N�M. The significant increase of balance torque may be

attributed to the entanglement network, which resulted from

the hydroxyl interactions between hydrophilic nano-SiO2 and

PVA molecules. As the content of the hydrophilic nano-SiO2

increased, the number of junction-point of the entanglement

network increased. Therefore, the viscosity of the system

increased rapidly. In terms of the above observation, the hydro-

philic nano-SiO2 was selected in the following discussions.

Mechanical Properties

Figure 3 shows the effect of nano-SiO2 content on the mechani-

cal properties of PVA/nano-SiO2 films. There was a general

increase in the tensile strength and tear strength of the PVA

films when the nano-SiO2 content increased. The tensile

strength of the nanofilms increased from 62 MPa to 104 MPa

with the increase of nano-SiO2, indicating that the PVA was

strengthened by the improvement of interfacial adhesion, as
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reported by Xiangmin Xu.30 Due to the interactions between

nano-SiO2 and PVA, the nano-SiO2 particles are easily adhered

to PVA molecular chains. As a result, the tensile strength was

enhanced. But the increasing trend slowed down when the con-

tent of nano-SiO2 increased beyond 0.2 wt %. Because the

interactions between nano-SiO2 and PVA gradually tended to

saturation. The tear strength, which was improved from 222

KN/m to 580 KN/m, increased nearly two times. The hardness

increased from 72 to 82 by adding 0.3 wt % nano-SiO2. It has

been reported that an improvement of both the strength and

stiffness result from the existence of an interface structure

between filler and matrix based on both hydrogen bonding and

covalent bonding for silica/nylon 66 composites.30 To the con-

trary, the elongation at break decreased from 230%to 100%

with the nano-SiO2 content increasing to 0.3 wt %. It is

resulted from the rigidity of the inorganic nanoparticles and the

formation of entanglement network. The significant change in

mechanical properties of PVA illustrates that nano-SiO2 plays

an important role in modifying PVA matrix. With increasing

content of nano-SiO2, the hydroxyl interactions and the physical

adsorption between PVA and nano-SiO2 improved simultane-

ously. In other words, the molecular interaction within PVA and

nano-SiO2 was reinforced. This is in agreement with the obser-

vation of the balance torque.

Thermal Properties

To analyze the effect of nano-SiO2 content on the crystalline

behaviors of PVA nanofilms, the melting temperature and the

degree of crystallinitiy of the different samples are presented in

Table I. Compared with the neat PVA, no significant changes in

melting temperatures were observed after adding different

amount of nano-SiO2. The enthalpy of the films decreased from

Figure 1. Curves of torque versus time in the Haake torque rheometer of

neat PVA and PVA/hydrophobic nano-SiO2. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Curves of torque versus time in the Haake torque rheometer of

neat PVA and PVA/hydrophilic nano-SiO2. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Tensile strength (MPa), elongation at break (%), tear strength

(KN/m), and hardness (Shore A) of PVA and PVA/nano-SiO2 nanofilms.

Table I. Melting Parameters of PVA Systems with Different Nano-SiO2

Content.

Nano-SiO2

content (%)
Enthalpy
(J g�1)

Melting
point (�C)

Crystallinity
(%)

0.0 54.2 212.5 32.2

0.1 47.8 211.6 28.5

0.2 38.4 212.9 22.8

0.4 33.3 211.3 21.0
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54.2 J/g to 33.3 J/g with loading 0.4 wt % nano-SiO2. The crys-

tallinity also decreased with increasing nano-SiO2 content. For

neat PVA, the crystallinity was 32.2%. As the content of nano-

SiO2 increased from 0.1 wt % to 0.4 wt %, the crystallinity

decreased gradually from 28.5% to 21.0%. The results obtained

in this study are comparable with those obtained in previous

reports for other matrices.31,32 It has been found that the crys-

tallization process will be obstructed in the presence of nano-

SiO2. The bulk PVA possesses excellent crystallization ability

due to the strongly hydroxyl interactions within the molecular

chains.33 When nano-SiO2 was added into PVA matrix, the

hydroxyl interactions occurred between PVA and nano-SiO2 and

interfered the intermolecular hydroxyl interactions of PVA to

some extent. This would make the regular arrangement of

folded chains to be difficult. As a result, the crystallinity of PVA

decreased.

From the above results, further explanation can be given for the

changes of the mechanical properties of PVA/nano-SiO2 films.

Due to the presence of the entanglement network, two phenom-

ena occurred in the nano-systems. On one hand, the interaction

between the molecules of PVA/nano-SiO2 was reinforced. As a

result, the tensile strength and the tear strength were improved.

On the other hand, the decreased crystallinity would lead to

slightly lower strength. However, the former aspect was presum-

ably greater. Therefore, the mechanical proprieties of the PVA/

nano-SiO2 changed greatly.

Dynamic Mechanical Properties

The dynamic storage modulus, loss modulus and the tan d for

neat PVA and the nanofilms were measured as a function of

temperature, as shown in Figure 4. According to Figure 4(a),

the storage modulus of the PVA films were increased by the

addition of nano-SiO2, as expected. When increasing nano-SiO2

content to 0.3 wt %, the storage modulus of PVA increased rap-

idly from 2480 MPa to 5108 MPa. The value of loss modulus

peak enhanced by nearly two times, compared to neat PVA film

[Figure 4(b)]. The great improvement of storage modulus and

loss modulus owed to a network structure generated in the ma-

trix by adding nanoparticles, this is consistent with related liter-

ature.34–36 Such a crosslink for nano-SiO2 limits the movement

of the molecular chains and raises the storage modulus of the

matrix. This is also the reason why the mechanical properties

changed significantly as the above results showed. Of course,

the crystalline behavior of PVA was influenced greatly by the

entanglement network.

As illustrated in Figure 4(c), the addition of nano-SiO2 made

the glass transition temperature (Tg) of PVA films decrease

from 41�C to 37�C, then to 30�C in the first instance, and

increased to 36�C at last. The Tg of PVA nanofilms decreasing

with increasing nano-SiO2 content was studied in previous

researches.34,37 Sarkar et al.34 thought that the decrease of Tg of

PVA contributed to the decrease of the intermolecular hydrogen

bonds between PVA and nano-SiO2 particles. With increasing

nano-SiO2 content, more and more hydrogen bonds generated

between PVA molecular chain and nano-SiO2. The amount of

intermolecular hydrogen bond of PVA reduced relatively, which

resulted in the decrease of crystallinity of PVA. The decrease in

crystallinity of PVA upon the addition of silica may lead to rela-

tively easier movement of the PVA molecular chain, thus result-

ing in the depression of Tg of PVA. When the content of nano-

SiO2 was increased to 0.3 wt %, the Tg of PVA film increased

back to 36�C. This may be associated with the strong hydroxyl

interactions between PVA molecules and nano-SiO2, which

Figure 4. Dynamic mechanical analysis curves of PVA and PVA/nano-

SiO2 films. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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formed the entanglement structure and restricted the movement

of the PVA chains. Consequently, the Tg of PVA increased. The

similar result was also reported by Wu et al.38

Atomic Force Microscopy Analysis

In the AFM photographs, it was not easy to determine whether

the bright spot were crystals of the polymer or aggregates of the

nano-SiO2. As a result, we discuss primarily the aggregated

structures corresponding to the varied amorphous phases of the

AFM images. As shown in Figure 5, an obvious variation of the

amorphous phase was found. Compared with Figure 5(a), the

amorphous structure present in Figure 5(b) appeared to

increase much. As indicated above, this was induced by the

hydroxyl interactions between the molecular chains of PVA and

the nano-SiO2. The molecules of the formed network can not

arrange into a crystal lattice, causing the increase of the amor-

phous region. Particularly for the composite with 0.3 wt %

nano-SiO2, the intermolecular reactions seemed more intensely

as a result of much more amorphous area shown in Figure 5(c).

Figure 6. Structural representation of the hydrogen bond effect of nano-

SiO2.

Figure 7. Structural representation of the chemical crosslink effect of

nano-SiO2.

Figure 5. The surface phase imaging of PVA films with different content

of nano-SiO2. (a) PVA without nano-SiO2; (b) PVA with 0.1 wt % nano-

SiO2; (c) PVA with 0.3 wt % nano-SiO2. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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All of the observations in the AFM were consistent with the

above discussions.

According to the above discussions, the significant changes in

PVA by incorporation of nano-SiO2 are most probably attributed

to the formed entanglement network. To explain this mechanism

better, two schemes are proposed to show the structures.

The first one hydrogen bond presented in Figure 6. The 99%

hydrolyzed PVA used in this study is a highly polar matrix con-

taining large numbers of hydroxyl group. The hydrogen bond

was likely to generate between hydroxyl and hydrophilic nano-

SiO2. The existence of hydrogen bond between PVA and hydro-

philic nano-SiO2 played an important role in improving the

mechanical properties, such as tensile strength.39 Nath et al.40

explained the formation of hydrogen bond between PVA and

silica in their study on PVA/fly ash composite films. They found

that physically or chemically interactions were more likely to

form between fly ash and highly polar PVA rather than nonpo-

lar polypropene.

Figure 7 presents the other probable structure of the matrix.

Because of the weak acidity of hydrophilic nano-SiO2, a dehydra-

tion reaction may take place between nano-SiO2 and PVA chains

when the system was at high temperature. In consequence, a

chemical crosslink network may be formed between PVA and

nano-SiO2. As a result, the processing viscosity and mechanical

properties, as well as the other properties of PVA would be

changed. This structure has been mentioned in the literature by

Tang et al.41,42 They indicated that a strong chemical bond

(CAOASi) was formed between nano-SiO2 and PVA matrix,

which were prepared through a casting method. In this article, it

is considered that both of the crosslinks occur in the PVA/nano-

SiO2 films and chemical crosslink is the major one because of the

great changes of the properties of PVA nanofilms.

CONCLUSION

The PVA/nano-SiO2 films prepared through extrusion blowing

were studied in this article. The results showed that the viscosity

of PVA increased obviously with the increasing content of hydro-

philic nano-SiO2. With loading 0.3 wt % nano-SiO2, the tensile

strength of the nanofilms increased from 62 MPa to 104 MPa

and the tear strength was improved from 222 KN/m to 580 KN/

m. For the thermal properties, the crystallinity of the film loaded

with 0.4 wt % nano-SiO2 decreased from 32.2% to 21.0%.

According to the AFM figures, the crystallization area of modified

PVA reduced, and the regularity of the crystal decreased. In addi-

tion, the storage modulus and loss modulus increased to two and

nearly three times with 0.3 wt % nano-SiO2 loading. In a word,

the properties of PVA film prepared through extrusion blowing

were greatly improved by adding nano-SiO2 and it will be a good

idea to enhance the properties of PVA.
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