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•	 Effect of TiO2 nanoparticle on the crystallinity of PVA matrix
•	 Oxygen transfer rate and water vapor permeability of nanocomposite films 
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1. Introduction

Food packaging creates and maintains suitable environmental conditions for 
preserving quality, ensuring safety, and increasing shelf life of food products by 
preventing aging and deterioration. Food packaging research, compared to other 
commodity packaging that is mainly used for damage protection, must address 
a much larger spectrum of concerns [1-3], as illustrated in Figure 1. Indeed, a 
myriad of factors such as deficiency, excess moisture and oxygen, the effect of 
light and temperature on food quality, packaging sustainability, and mechanical 
and physical properties to name only a few must be considered simultaneously 
in food packaging research. Food packaging has always been an active area of 
research in order to constantly improve packaging materials [4-6]. One area of 
research that has seen rapid development in the recent years is the use of mixed 
matrix membranes to enhance the properties of packaging materials such as 
improving barrier property by embedding impermeable particles in the polymer 
matrix or making use of the properties of membranes in novel ways to create 
modified atmosphere packaging and active packaging [7]. 

Polymer films have been used successfully for many years as barrier 
materials in food packaging. Barrier properties can be further enhanced by 
incorporating nanoparticles into the matrix of polymeric films [8,9]. Polyvinyl 

alcohol (PVA) as a good synthetic polymer has been widely used in various 
industries because of its water-solubility and great biocompatibility, 
compared to other barrier polymer films [10,11]. PVA has been adopted for 
numerous applications due to its good thermal stability, chemical resistance 
to oils, solvents and grease, and film-forming ability [12]. PVA has been used 
for instance for paper, textile and food supplement coating, adhesive and drug 
carrier. In addition to the above enviable characteristics, PVA has excellent 
physical properties (hardness, strength and flexibility) and it is nontoxic, 
biologically compatible and biodegradable [9,11,13,14]. Furthermore, the 
barrier properties of PVA toward oxygen, aroma and carbon dioxide have 
led to its effective application in food packaging [8,15]. On the negative 
side, PVA films are extremely sensitive to humidity, which has the effect of 
decreasing its stability and durability [16].

The physical and mechanical properties of polymer films, including PVA 
thin films, can be enhanced by various strategies like addition of nanofillers, 
copolymerization and blending. For the approach involving addition 
of nanofillers, carbon fibers, nanoclays, titanium oxide and many other 
nanoparticles have been used until now. They interact well with the polymer 
matrix, thereby favoring their physical binding with the surrounding polymer 
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Nanocomposites made of nanoparticles embedded in the matrix of polymer membranes have been used in the food packaging industry due to their enhanced barrier and mechanical 
properties. In this study, nanocomposite films made of polyvinyl alcohol (PVA) and titanium dioxide nanoparticles (size = 20 nm, 1 and 2 wt%) were prepared by the solvent casting 
method and their mechanical, physical, and barrier properties were determined. Scanning electron microscopy (SEM) and X-ray diffraction analysis (XRD) were performed for 
characterizing the morphology of PVA/TiO2 nanocomposite films. Water vapor permeability (WVP) and oxygen transmission rate (OTR) were measured for mixed matrix PVA 
films for two concentrations of TiO2 nanoparticles. The results revealed that OTR and WVP decreased with increasing TiO2 nanoparticle concentration. Elongation at the break 
point and Young’s modulus both increased whereas strength decreased. XRD measurements confirmed the completely dispersed structure formed in the TiO2 nanocomposites. SEM 
micrographs showed an identical distribution at 1 and 2 wt% levels of TiO2 nanoparticles.
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and they significantly enhance some important polymer properties such as 

thermal, barrier and mechanical attributes due to nanofillers, high surface 

energy and large volumetric surface area [14,17-19].   
 

 
 

 
 

Fig. 1. Different purposes for food packaging material, Adapted from [5]. 

 

 

 
Among the many different types of nano-size fillers, TiO2 nanoparticles 

have attracted significant research interest as nanofillers in polymeric films 
because of their good chemical stability, good refractive index at 600-nm 

wavelength (n =  2.38) [9], and their barrier and physicochemical properties 

[20-23]. In addition, titanium oxide nanoparticles are non-toxic, chemically 
inert, inexpensive, and resistant to corrosion and possess broadband UV filter 

properties. One additional enviable property is their anti-bacterial photo-

irradiation effect [24]. Thin films formed by embedding TiO2 nanoparticles 
within the polymer matrix display high chemo-mechanical permanence and 

can be used to provide protection against foodborne allergens and 

microorganisms in the presence of ultraviolet radiation [25]. The FDA 
approved TiO2 as a “food contact substance” implying that it is safe to 

incorporate TiO2 in polymeric barrier films for food packaging [26]. 

Improving barrier properties of packaging materials against oxygen 
diffusion and water vapor permeability is a major emphasis in food packaging 

and incorporation of inexpensive impermeable nanoparticles within the 

matrix of polymer films appears to be a viable research direction. 
The objective of this study is to investigate the effects of incorporating 

relatively small amounts of TiO2 nanoparticles in PVA-based thin films, with 

high molecular weight, on their structural, mechanical and especially barrier 
properties in comparison with previous studies [27,28]. It was desired to 

particularly examine whether or not accrued protection of oxygen and WVP-

sensitive foods could be achieved, and if the nanoparticles would disperse 
effectively into the polymeric matrix to create tortuous diffusion pathways 

within the thin films to improve their barrier attributes. 

 

 

2. Materials and methods 

 

2.1. Materials  

 

Polyvinyl alcohol (MW=145000 g/mole) was selected for improving the 
properties of food packaging films and comparing the literature results with 

those obtained with five different molecular weights i.e. 70000, 75000, 

90000, 125000 and 145000 g/mole [29]. Polyvinyl alcohol (MW=145000 
g/mole) and titanium oxide nanopowder (TiO2, anatase, 99+%, and 20 nm 

according to the data sheet) used in this work have been purchased from 

Sigma–Aldrich Chemicals. The plasticizer, glycerol in this investigation, was 
purchased from Merck Co. (Germany). 

 

2.2. Preparation of the films  
 

The solution casting method was used to prepare PVA and PVA/TiO2 

nanocomposite films. First, for each sample, PVA (1.8 g) was dissolved in 
deionized water (50 mL) and maintained at room temperature for 24 h. The 

mixture was then brought to a temperature of 90˚C and blended with a 

magnetic stirrer up to 3 h to ensure that PVA was completely dissolved in 
water. The aqueous solution was chilled to room temperature. In parallel, 

various amounts of TiO2 nanoparticles (1 & 2 wt% on a dry polymer basis) 

were added separately to deionized water (50 mL) and stirred for 12 h (500 

rpm), followed by an agitation using an ultrasonic homogenizer for 20 min to 

ensure excellent particle dispersion. TiO2 nanoparticle solution was then 

added to the PVA solution drop by drop under intense stirring (1000 rpm, 5 

min). Finally, the plasticizer (30 wt%  glycerol on a dry polymer basis) was 
added. To eliminate air bubbles from the solutions, vacuum was applied via a 

rotary vacuum pump. The solution was poured into a 15-cm internal diameter 

petri dish having a perfectly flat bottom and adjusted perfectly horizontally. 
Homogeneous films were obtained after drying in an air oven at 40˚C for 72 

h.  

 
2.3. Morphological analysis 

 

The morphology of the cross-sectional area of specimen films was 
analyzed using a Scanning Electron Microscope (FE-SEM, TE-SCAN, 

MIRA3 Model) with an accelerating voltage of 5.0 kV. The cross sections of 

the barrier films were prepared by immersing the samples in liquid nitrogen 
and then breaking them, and finally coating the samples with gold. 

 

2.4. X-ray diffraction analysis 

 

X-ray diffraction (XRD) patterns for undoped and doped PVA films have 

been obtained using an X-ray diffraction spectrometer (Model Explorer, GNR 
Company, Italy) at 40 kV and 30 mA with a filtered 0.154 nm Cu K-α 

radiation. All tests were performed at ambient temperature in the reflection 

mode with 15˚ to 80˚ variation of 2θ.  
 

2.5. Mechanical properties 

 
The mechanical properties of each PVA film were determined using a 

Tensile Testing Machine (H5 KS, Manchester, U.K.). For each sample, three 

replicate measurements of tensile strength (TS), Young’s modulus (YM), and 
elongation at the breakpoint (EB) were performed per ASTM Standard 

Method D882-02 (ASTM, 2002). Strain rate around 50 mm/min and distance 

of 5 cm were was selected for the two jaws of the Tensile Testing Machine 
[30].  

 

2.6. Color and transparency 
 

Barrier materials must have adequate optical transparency and proper 

color in order to meet industry standards. For measuring the color value of 
nanocomposite films, a colorimeter (Colorflex, USA) was used. Samples 

were evaluated for their amounts of red, green, and blue needed to form 

sample color, which provide lightness, chromaticity, and hue of the film 
sample. The information on color is based on International Commission on 

Illumination and is represented by a three-dimensional rectangular color space 

with parameters L, a and b. The parameter L is the lightness axis going from 
zero for black to 100 for white whereas the parameter a is the red to green 

axis with green in the negative side and red in the positive side, and finally 

the parameter b represents the blue to yellow axis with blue in the negative 
side and yellow in the positive side.  

To evaluate the optical transparency of the films, light absorption at a 
wavelength of 600 nm was evaluated following the method proposed by Yan 

et al. [31] and using a UV-Vis spectrophotometer (CAMSPECM550 Model). 

Small rectangular samples were cut out of the barrier films for testing in the 

spectrometer and then their transparency was determined using Eq. 1 [32]: 

 

600A
Opacity

d
=

  
 (1) 

 

where A600 is the absorbance value at 600 nm and d represents the film 

thickness (mm). 
 

2.7. Barrier properties 

 
2.7.1. Water vapor permeability (WVP) 

 

Two test methods are normally used for determination of water vapor 
transmission (WVT) of barrier films. The standard ASTM E96-95 test [33], 

namely the Desiccant Method, was followed in order to determine the WVP 

of barrier films in this investigation. The Desiccant Method with some 
modifications was performed in permeation cells having a mean diameter of 2 

cm and a depth of 4.5 cm. Two grams of anhydrous potassium acetate were 

placed in each permeation cell and the cells were covered with specimens of 
barrier films with different combinations of TiO2. Each permeation cell was 

put in a desiccator containing saturated NaCL solution in a small beaker at the 

bottom, resulting in a constant relative humidity (RH) of 75% at 25°C. 
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Permeation cells were weighed each 3 h over a 2-day period and water vapor 

transport was determined based on the weight increment of the permeation 

cell. WVP measurements were replicated three times. Water vapor 

permeation rate (WVP) was estimated from Eq. 2 [33]:   
 

 
.

md g
WVP

At p mPa s

 
=    

                
(2) 

 

where m is the mass gain of the cells over a given time period t, d is the 
average film thickness, A is the effective film area, and water vapor pressure 

difference is shown by Δp on both sides of the film, respectively. 

 
2.7.2. Oxygen transmission rate 

 

Oxygen transmission rate (OTR) of the barrier films was measured using 
a gas permeation instrument (Model D-80335 Brugger München Corporation, 

Germany) using pure oxygen at 25°C and 1 atm per ASTM D 3985 standard 

of [34]. Oxygen permeance is defined as the ratio of OTR to O2 partial 
pressure difference between the two sides of the barrier films. The neat PVA 

films and the nanocomposite membranes, cast in a 15-cm internal diameter 

Petri dish, were all analyzed for OTR. 
 

2.8. Contact angle measurements 

 
Contact angles of nanocomposite films were determined using a contact 

angle meter (Static/Dynamic/High Temperature instrument, Iran) with the 

sessile drop method. A droplet of deionized water (4 µL) was carefully 
deposited on the top surface of the film and the dynamic contact angle was 

determined by fitting a mathematical equation to the water droplet shape and 

calculating the tangent between the water drop and solid film. Three 

replicates of contact angle measurements were performed for all samples. 

 

 

3. Results and discussion 

 
3.1. X-ray diffraction (XRD) 

 

X-ray diffraction measurements were performed to examine the 
crystallinity of pure PVA and PVA/TiO2 membranes. Figure 2 shows the 

XRD patterns of TiO2 powder, pure PVA membranes and PVA/TiO2 

composite membranes with concentration of 1 and 2 wt% of TiO2 
nanoparticles. Figure 2a presents the XRD pattern of TiO2 nanoparticles 

where characteristic diffraction peaks at 2θ = 26, 38, 37.65, 38.55, 48.7, 54, 

63.08, 75.46, and 75.67° are revealed. The XRD pattern of TiO2 powder 
shows an anatase characteristic structure. Figure 2b gives the XRD pattern of 

a pure PVA membrane showing an important diffraction peak located at 2θ = 

19.37°. This peak is due to strong intermolecular and intramolecular hydrogen 
bonding [35] and it is indicative of a semi-crystalline structure. The 

characteristic peak for PVA agrees with the results reported by many authors 

including the work of Kim [36]. 

By combining a crystalline structure with distinct diffraction peaks found 

in titanium dioxide with a semi-crystalline polyvinyl alcohol structure, the 

resulting film also possesses a semi-crystalline structure as shown in Figure 
2c. Although it is not readily obvious from Figure 2c due to the relatively low 

TiO2 concentration, the XRD software showed peaks at 2θ = 19.96, 25.41, 

36.94, 48.01 and 74.2°for PVA/1 wt% TiO2 nanocomposite films, and peaks 
at 2θ = 20.08, 25.5, 38.22, 48.32, 55.38 and 63.08° for PVA/2  wt% TiO2 

nanocomposite films, which are indicative of the main PVA with the 

existence of embedded titanium dioxide.

 

 

 
                                                  2Ɵ (Degrees) 

 
                                                2Ɵ (Degrees) 

 
 
 

Fig. 2. XRD patterns of (a) TiO2 powder, (b) Pure PVA membrane and (c) nanocomposite polymer films for three different concentrations (0, 1 and 2 wt%). 
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3.2. Morphological analysis 

 

The morphology of cross sections for the specimen films was analyzed 

using SEM to study the distribution and dispersion of TiO2 nanoparticles 

within the PVA nanocomposite films. SEM images of PVA loaded with 1 and 
2 wt % TiO2 are depicted in Figure 3. As it can be seen, evenly distributed 

TiO2 nanoparticles are observed in the polymer matrix of the nanocomposite 

films. This is the reason why no prior treatment of nanoparticles was 
performed. In addition, the method for dispersing TiO2 nanoparticles in PVA 

solution used in this investigation for the preparation of the nanocomposite 

films is appropriate.   
 

3.3. Mechanical properties 

 
The mechanical properties of all nanocomposite films  were evaluated in 

order to assess film performance with respect to mechanical viability. Table 1 

presents the values of elongation at breakpoint (EB), tensile strength (TS) and 
Young ̓s Modulus (YM) for pure PVA and nanocomposite films. The stress–

strain curves of PVA and PVA/TiO2 nanocomposite films are presented in 

Figure 4. The results shown in Figure 4 and Table 1 show that the neat PVA 

membranes have the lowest YM value but the highest TS and EB values. It 

can be hypothesized that incorporation of TiO2 within the matrix of the 

polymer limits the polymer chain movement of PVA because of the strong 
interplay between the nanoparticles and polymer matrix [37]. Moreover, it 

should be noted that TiO2 nanofillers lead to a decrease in polymer network 

resistance against fractures [25]. Based on the results shown in Table 1, 
increase in  nanoparticle loading in the polymer matrix leads to a decrease in 

percentage elongation at the breakpoint, which are similar to the results 

reported by Yun et al. [38]. Furthermore,Young ̓s Modulus increased with an 
increase in the nanoparticle concentration as reported in the literature [39] 

even though some authors have shown inverse trends [13,27]. The results of 

this study show that there is a significant increase in the value of Young ̓s 

Modulus for 1 wt% TiO2 in PVA films, followed by a decrease for 2 wt% 

nanocomposite films. It appears that a particle loading of more than 1% TiO2 

leads to a reduction in resistance of the polymer network. It is possible that 

this decrease is associated with an increase in agglomeration of nanoparticles 
at a higher concentration such that a 1 wt% TiO2 loading could be an 

optimum nanoparticle content for PVA nanocomposite films where a higher 

YM is desired. There are obviously many other parameters to consider and an 
optimum concentration would be the result of a compromise between many 

different thin film properties.  

 
3.4. Color and opacity 

 

Table 2 presents the three-color parameters (L, a, and b) of the three-
dimensional rectangular color space, the whiteness index WI and the color 

difference ΔE relative to the standard plate parameters (L*= 92.62, a*= -1.24, 

b*= 0.60) of neat PVA films and PVA/TiO2 nanocomposite films. ΔE 
measures the color difference to a known set of coordinates and it is defined 

as the square root of the sum of squares of the differences between L, a and b 

values of the tested samples and their associated standard coordinates. To 

better assess the color difference due to addition of nanoparticles, ΔE was also 

calculated using the values of neat PVA membrane and it was reported for 

each sample in Table 2 in the second row element of the ΔE column. 
The results of Table 2 show that all color values are impacted at different 

degrees with presence and amount of TiO2 within the polymeric membrane. 

In general, all color parameters increased with an increase in TiO2 filler 
content. However, before examining each of the color parameters, it 

important to mention that all films made in the laboratory have a very low 

opacity and the results must be analyzed considering the film as being very 
transparent, even though there is a small increase in opacity when 

nanoparticles are present.  
 

 

 

   

Fig. 3. SEM images of (a) 0 wt%, (b) 1 wt%, (c) 2 wt% PVA/TiO2 nanocomposite films. 

 

 

 

 
 

Fig. 4. Typical stress–strain plots for neat and nanocomposite films. 

 

 

 

Table 1 

Mechanical properties for neat and nanocomposite films. 

 

Sample 
Tensile Strength 

(MPa) 

Young’s 

modulus 

(MPa) 

Elongation at 

break (%) 

PVA-0 25.69±6.08 6.65±1.47 347.10±27.58 

PVA-1 19.03±3.05 33.80±2.15 296.00±38.2 

PVA-2 16.80±2.24 12.38±3.68 234.30±30.45 

 

 

The color parameters of neat membranes are close to zero and it is 
considered to be black whereas when TiO2 nanoparticles are incorporated 

within the PVA membrane it becomes whiter with L values in the vicinity of 

40-45%. The parameter a, for the red to green axis, remains essentially 

constant near the value of zero. Parameter b, for the blue to yellow axis, tends 

to decrease slightly to the blue side of the axis. Overall, the color difference 

ΔE measured relative to neat PVA membrane shows a significant increase 
with nanoparticle concentration whereas ΔE values measured relative to the 

standard plate parameters decrease slightly. These results are  generally in 

(a) (b) (c) 
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agreement with the observations made by Goudarzi et al. [40] who stated that 

incorporation of TiO2 nanoparticles in starch/TiO2 bio-nanocomposite films 

led to increases in L and ΔE values whereas a and b were shown to decrease. 

In addition, Zolfi et al. [25] reported that in films of kefiran/whey protein 

embedding TiO2 nanoparticles WI increased while ΔE decreased. The 
difference in the types of polymer, the crystallite type of TiO2 nanoparticles, 

size of nanoparticles, the preparation method, and the membrane thickness are 

some of the reasons that led to different results in polymers and biopolymers. 
PVA is a transparent material and presence of nanoparticles within the 

polymeric membranes leads to a reduction in its transparency. This is in 

agreement with the results usually presented in the literature [30] where it is 
reported that a decrease in transparency is observed when nanoparticles are 

incorporated within the polymer [41]. Transparency of PVA/1 wt% TiO2 

nanocomposite films was around 27%, which is close to the value reported by 
Wu et al. [27] for FK/PVA/Tris/TiO2 nanocomposite films at 600 nm. 

 

3.5. Barrier properties  
 

3.5.1. Water Vapor Penetration (WVP) 

 

WVP is an important parameter for biodegradable films used in the food 

packaging since it is desirable to minimize the moisture migration between 

food and the surrounding atmosphere. The results for water vapor penetration 
(WVP) for neat PVA and nanocomposite membranes with various loadings of 

TiO2 nanoparticles are shown in Figure 5. Addition of TiO2 nanoparticles in 

PVA membranes leads to a decrease in WVP and a larger reduction in 
penetration was observed at higher TiO2 concentrations. The WVP of the 

nanocomposite film reaches a minimum of 0.89 × 10-10 g-1.Pa-1.s-1 when the 

TiO2 content is 2 wt%, which is 27 times less than the results reported by Wu 
et al. [27] who prepared FK/PVA/Tris/MMT/TiO2 nanocomposite films using 

the solvent casting method. The reduction in water vapor penetration is due to 

the increase in tortuosity of the membrane. Since TiO2 nanoparticles are non-

porous and impermeable to migrating species, the diffusion path is further 

increased leading to a decrease in membrane permeability. In addition, 

inhibition of polymer chain movement also contributes to reduction in WVP. 

The results of this study agree with the results of previous studies. For 

example, increasing the amount of TiO2 nanoparticles in the polymeric film 
led to a reduction in water vapor penetration of kefiran-whey protein isolate-

TiO2 films [25], CMC-MMT-TiO2 films [42], and starch-TiO2 films [28].   

 
3.5.2. Oxygen transmission rate (OTR) 

 

Oxygen transmission rate (OTR) was measured for neat PVA and 
nanocomposite membranes and the results are reported in Figure 6. The 

results show that addition of nanoparticles within the matrix of PVA increases 

the barrier properties of films with respect to permeation of oxygen. 
According to ASTM D-3985, oxygen permeability experiments were 

performed under constant feed pressure. OTR of the nanocomposite films 

decreased, respectively, by 20% and 41% for 1 wt% and 2 wt% TiO2 
nanoparticles in comparison with the pure PVA films as shown in Figure 6. 

The presence of nanoparticles in the polymeric matrix offers an 

additional physical barrier to permeation of oxygen through the membranes. It 

is hypothesized that this decrease is mainly due to the restriction in movement 

of polymer chains by the nanoparticles and to the more tortuous path that 

oxygen molecules must take to go around the non-porous nanofillers. Similar 
results for the reduction of the transmission rate of gases were reported 

previously for PBAT/TiO2 nanocomposite thin films [43] and LDPE/TiO2 

films [44]. Also in comparison with the results  reported by Wu et al. [27], the 
OTR measured in this study show a reduction in value by around 22.73% at 2 

wt% TiO2. 
An additional reason for the decrease in OTR is the changes to the 

polymer matrix occurring at the interfacial regions due to the presence of 

TiO2 nanoparticles [45]. 

 

 

 

 

Table 2 

Assessment of color and opacity of various different PVA/TiO2 nanocomposites. 

 

Sample 
Thickness 

(mm) 
L* a** b*** ΔE**** WI***** Opacity (%) 

PVA-0 0.11±0.03 2.89±0.21 0.18±0.13 -0.54±0.04 
89.75±0.21 

0.00±0.28 
2.88±0.21 0.45±0.10 

PVA-1 0.11±0.04 38.67±1.33 0.18±0.04 -10.99±0.08 
55.20±1.29 

61.97±1.33 
37.69±1.30 3.65±1.39 

PVA-2 0.15±0.01 46.44±2.41 0.67±0.24 -15.21±0.73 
48.86±2.08 

75.43±2.53 
44.30±2.14 3.11±0.08 

* Lightness index 

** Red to green index 

*** Blue to yellow index 

**** Color difference index 

***** Whiteness index

 

 

 

 
Fig. 5. WVP for neat PVA membrane and PVA/TiO2 nanocomposite films. 

 

 

 

 
 

Fig. 6. Oxygen transmission rate of neat PVA membrane and nanocomposite 

films measured at 25˚C and with a feed pressure of 1 atm. 
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3.6. Contact angle measurements 

 

The surface hydrophobicity of nanocomposite films is an important factor 

that can affect permeation flux through thin films. It was evaluated via contact 

angle measurements and the results are presented in Figure 7 for different 
nanoparticle contents. The initial contact angle of neat PVA film was 51.1˚. 

By addition of 1 and 2 wt% TiO2 nanoparticles, the contact angle increased to 

53.3˚ and 66.9˚, respectively which demonstrate that addition of TiO2 
nanoparticles can increase hydrophobicity of neat PVA films. In fact, 

incorporation of nanoparticles affects the roughness of film surface, and a 

rougher structure of the film surface is one of the main reasons for increase of 
hydrophobicity [46]. Although our results are in contrast to those reported by 

Ahmad et al. [47] for PVA films reinforced with high content of TiO2, these 

results confirm reduction of water vapor penetration when TiO2 nanoparticles 
are embedded into neat PVA films. Hence, these nanocomposite films are 

good candidates for food packaging. In addition, contact angle images of 

different types of nanocomposite films are presented in Figure 8.  
 

 

4. Conclusions 

 

Neat PVA films and PVA films embedding TiO2 nanoparticles were 

successfully prepared by the solution and casting methods. Their properties 
were investigated from a structure point of view and morphology of the films. 

The results clearly indicate that TiO2 nanoparticles are embedded uniformly 
within the PVA matrix. XRD analysis showed that TiO2 nanoparticles were 

indeed incorporated within the PVA polymer matrix and crystallinity was 

strongly influenced by the amount of TiO2 nanoparticles present. In addition, 
it was seen that by incorporation of TiO2 nanoparticles into the PVA matrix to 

form a thin composite film, the mechanical properties of nanocomposites 

were partly changed. A decrease in transparency and an increase in whiteness 
were observed. Incorporating nanoparticles into the PVA matrix led to a 

decrease in WVP and OTR, thereby resulting in enhancement of the barrier 

properties of nanocomposite films. The observed increase in surface 
hydrophobicity of nanocomposite films confirmed the WVP. PVA films with 

2 wt% TiO2 showed maximum improvement in oxygen barrier properties with 

a 41% reduction in OTR. However, the resistance to water and mechanical 

and barrier properties of neat PVA were improved significantly by adding 

nanoparticles. Additional studies are needed to determine under which 

conditions nanocomposites can be used the best, and to develop methods to 

overcome limitations of these polymeric films under wet conditions.   
 
 

 

 
 

Fig. 7. Effect of TiO2 on the contact angle of TiO2/PVA nanocomposite films. 
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Fig. 8. Contact angle images of (a) neat PVA, (b) 1% TiO2/PVA, (c) 2% TiO2/PVA nanocomposites. 
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