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Abstract 18 

Pea starch (S) and poly(vinyl alcohol) (PVA) blends with different ratios were produced 19 

in order to elucidate the possible advantages of blend films to overcome the common 20 

drawbacks of starch films. Starch, poly(vinyl alcohol) and blends (S:PVA ratios of 2:1, 21 

1:1 and 1:2) were obtained by casting and microstructure and thermal behaviour were 22 

characterized. Moreover, barrier, mechanical and optical properties were evaluated 23 

after 1 and 5 storage weeks at 25 ºC and 53 % relative humidity in order to study the 24 

effect of poly(vinyl alcohol) on the ageing process of starch. The incorporation of PVA 25 

into pea starch films implied the formation of interpenetrated networks of both 26 

incompatible polymers with partial solubilisation. S-PVA blend films were much more 27 

extensible and stable during storage, with improved water barrier properties and 28 

reduced water sorption capacity especially when the S:PVA ratio were 1:1 and 1:2. 29 

Starch-poly(vinyl alcohol) blend films are environmentally friendly, low cost materials, 30 

with good functional properties. 31 

 32 

Keywords: Crystallization, glass transitions, mechanical properties, water vapour 33 

permeability, microstructure, polymer blends. 34 

 35 
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1. Introduction 37 

The reduction in petroleum reserves and the great environmental impact of petroleum-38 

derived plastics have led to the development of biodegradable materials that may be 39 

used in packaging applications. Bioplastics are biodegradable or compostable 40 

products, from renewable sources or synthesis, whose global production has increased 41 

considerably in the last few years. They have hydrolytically or enzymatically labile 42 

bonds or groups (Lu, Xiao & Xu, 2009). These biodegradable materials provide 43 

opportunities to reduce the waste through biological recycling in order to achieve a 44 

sustainable ecosystem.  45 

Starch is considered as a bioplastic and is one of the most abundantly-occurring 46 

natural polymers, second only to cellulose (Ramaraj, 2007). It is also especially 47 

attractive because of its biodegradability and low cost (Chen, Cao, Chang & Huneault, 48 

2008; Han, Seo, Park, Kim & Lee, 2006; Lafargue, Lourdin & Doublier, 2007). Starch 49 

has the ability to form films that are odorless, colourless, transparent, and with very low 50 

oxygen permeability (Jiménez, Fabra, Talens & Chiralt, 2012a; Vásconez, Flores, 51 

Campos, Alvarado & Gerschenson, 2009). Native starch has a granular structure and 52 

presents different properties depending on its amylose/amylopectin ratio. Gelatinized 53 

starch shows a great film-forming capacity and, as is well known, its two 54 

macromolecules are responsible for starch recrystallization, which leads to changes in 55 

the mechanical response of starch-based films (Cano, Jiménez, Cháfer, González & 56 

Chiralt, 2014; Jiménez, Fabra, Talens & Chiralt, 2012a; Talja, Helén, Roos & Jouppila, 57 

2007). Besides their poor mechanical properties, starch films are highly hydrophilic in 58 

nature, which confers a great water vapour sensitivity and poor water barrier 59 

properties. Some authors have tried to overcome these aspects by blending starch with 60 

other compounds, such as sodium caseinate (Jiménez, Fabra, Talens & Chiralt, 61 

2012c), sorbitan esters of fatty acids (Ortega-Toro, Jiménez, Talens & Chiralt, 2014), 62 
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soy protein isolate (Galus, Mathieu, Lenart, & Debeaufort, 2012; Galus, Lenart, Voilley, 63 

& Debeaufort, 2013) or biodegradable synthetic polymers (Arvanitoyannis, 1999).  64 

Poly(vinyl alcohol) (PVA) is a synthetic water-soluble polymer, widely used in different 65 

industrial, commercial, medical and food applications (Ramaraj, 2007). PVA has been 66 

extensively studied because of its biocompatibility and interesting physical properties, 67 

which are due to the presence of OH groups and the hydrogen bond formation (Alexy, 68 

Bakos, Hanzelova, Kukolíkova, Kupec, Charvátová, Chiellini, & Cinelli, 2003; Bonilla, 69 

Fortunati, Atarés, Chiralt & Kenny, 2014). Films obtained from PVA are fully 70 

biodegradable, odourless, transparent, non-toxic and have useful physical properties, 71 

such as high tensile strength and flexibility, good oxygen and aroma barrier properties 72 

and transparency (Ramaraj, 2007).  73 

Different studies into starch-PVA blends have been carried out, focusing on 74 

biodegradability studies (Gupta et al., 2014; Lu et al., 2009; Siddaramajah et al, 2004) 75 

or the effect of the incorporation of different additives to the blends, such as citric acid, 76 

glutaraldehyde or urea (Gupta et al 2014; Luo et al, 2012; Shi et al, 2008; Ramaraj et 77 

al., 2006), calcium chloride (Jiang et al., 2012), poly(methyl methacrylate-co-78 

acrylamide) nanoparticles (Yoon et al., 2012) for different purposes (compatibility 79 

enhancement or development of biomedical and packaging materials). 80 

Chen et al., (2008) studied the effect of pea-starch nanocrystals (PSN) and native pea 81 

starch (NPS) on the structure and physicochemical properties of the PVA films. They 82 

found that PSN were more homogeneously dispersed in the PVA matrix than the NPS, 83 

resulting in stronger interactions with PVA and better mechanical behaviour. 84 

Sreekumar et al. (2012) found a partial miscibility of the polymers in blends of corn 85 

starch and PVA, by analyzing X-ray diffraction and thermal and mechanical response. 86 

Polymer compatibility and PVA crystallinity greatly decreased when the starch content 87 

rose, which affected the mechanical response of the films.  88 
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Mechanical and optical properties, wide-angle X-ray scattering, and biodegradation of 89 

PVA films containing a small ratio of corn starch (0-10 %) were analyzed by 90 

Siddaramaiah et al. 2004. Although they report an increase in the haze and diffusion of 91 

light, there was only a slight change associated with the tensile behaviour of PVA films, 92 

which could be explained in terms of the changes in the crystalline structural 93 

parameters.  94 

Pea starch is highly available and one of its advantage is its high amylose content 95 

about 24% to 65%, depending on variety (Hoover and Sosulski 1991; Han et al., 2006). 96 

In most of the cases the amylose/amylopectin ratio is higher than in corn starch. The 97 

high amylose content contributes to improve the tensile strength and gas barrier 98 

properties of starch based films (Wolff, Davis, Cluskey, Gundrum, & Rist, 1951; 99 

Lourdin, Della Valle, & Colonna, 1995; Palviainen, Heinämäki, Myllärinen, Lahtinen, 100 

Yliruusi, & Forssell, 2001; Cano et al., 2014). The very low oxygen permeability of high 101 

amylose starch films make them very useful for preservation of foods sensitive to 102 

oxidation process, such as meat and fish products or nuts. No studies have been found 103 

into the effect of PVA on the properties of gelatinized pea- starch films and on their 104 

ageing behaviour, which is one of the main drawbacks to the practical use of starch 105 

films as food packaging material. Although it could be expected a relatively close 106 

behavior of pea-starch-PVA blend films to that obtained for corn starch blends, 107 

differences in starch sources (tubercles, cereals or legumes) can imply notable 108 

changes in the film’s properties (Fredriksson, Silverio, Andersson, & Eliasson, 1998; 109 

Hoover & Ratnayake, 2000). Likewise, to prove differences and similarities between 110 

starch behaviour from different sources in the films is interesting in order to their 111 

possible substitution in the industrial uses.  112 

The aim of this work was to analyse the effect of blending different ratios of PVA and 113 

pea starch on the structure, thermal behaviour, physical properties and ageing of blend 114 

films, in order to elucidate possible beneficial effects in the starch film properties.  115 
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 116 

2. Material and Methods  117 

2.1 Materials 118 

Pea starch (S) was purchased from Roquette Laisa España S.A. (Benifaió, Valencia, 119 

Spain), poly(vinyl alcohol) (PVA)(Mw: 89,000-98,000, degree of hydrolysis > 99 %, and 120 

viscosity: 11.6-15.4cP) was obtained from Sigma Aldrich Química S.L. (Madrid, Spain) 121 

and glycerol and magnesium nitrate-6-hydrate were provided by Panreac Química S.A. 122 

(Castellar de Vallès, Barcelona, Spain). 123 

 124 

2.2. Preparation of film- forming dispersions and S:PVA blend films 125 

Films were obtained by solvent casting procedure after the preparation of film- forming 126 

dispersions (FFDs). 127 

Starch (1% w/w) was dispersed in an aqueous solution at 95 ºC for 30 min and, while 128 

stirred, to induce starch gelatinization. Thereafter, the dispersion was homogenized 129 

using a rotor-stator homogenizer (Ultraturrax D125, Janke and Kunkel, Germany) at 130 

13,500 rpm for 1min and 20,500 rpm for 3 min. Finally, glycerol was added at a 131 

starch:glycerol ratio of 1:0.25, on the basis of previous studies (Jiménez et al., 2012b). 132 

PVA (2% w/w) was dispersed in an aqueous solution and maintained at 90 ºC for 30 133 

min until complete dissolution. For S-PVA blends, PVA was incorporated into the 134 

previously gelatinized starch dispersion by using S:PVA ratios of 1:2, 1:1 and 2:1 135 

(named as S1:PVA2, S1:PVA1 and S2:PVA1, respectively). Afterwards, glycerol was 136 

also added (ratio starch:glycerol, 1:0.25).  137 

To obtain the films, the FFDs were stirred for 30 minutes and poured into petri casting 138 

plates, in the amount which would provide a density of solid of 145 g.m-2. Films were 139 

dried at 40 ºC in a convection oven for 48 h and afterwards, peeled off the casting 140 

surface. Films were conditioned at 53 % RH at room temperature (25±2) ºC until further 141 

analysis. 142 
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 143 

2.3. Characterization of S:PVA films 144 

2.3.1. Fourier transform infrared spectroscopy (FT-IR) 145 

Structural analysis was carried out by using the Fourier transform infrared spectra (FT-146 

IR, Jasco FT-IR 615 spectrometer, Easton MD, USA). For the measurement, a few 147 

drops of solution were cast on a silicon plate for each formulation and investigated in 148 

transmission mode over the 400-4000 cm-1 range. Two replicates per formulation were 149 

measured. 150 

 151 

2.3.2. Film thickness 152 

The film thickness was measured at six random positions with a micrometer 153 

(MicrometerStarrett) to the nearest 0.001 mm. 154 

 155 

2.3.3. Microstructure of films 156 

The microstructural analysis of the cross-section and surface of the films was carried 157 

out using field emission scanning electron microscopy (FESEM) (SupraTM 25-Zeiss, 158 

Germany). To this end, films were equilibrated at 53 % RH in desiccators by using 159 

Mn(NO3)2 solution. Two replicates per formulation were fixed on copper stubs, gold 160 

coated, and observed using an accelerating voltage of 2 and 5 kV, for the surface and 161 

cross-section observations, respectively. 162 

 163 

2.3.4. Thermogravimetric analysis (TGA) 164 

A thermogravimetric analyzer (Seiko Exstar 6300, Italy) was used to obtain the thermal 165 

weight loss (TG), and the derivate (DTG), of samples. To this end, the samples were 166 

heated from 30 ºC to 600 ºC at 10 ºC/min, using a nitrogen flow (250 mL/min). Prior to 167 

the analyses, the samples were conditioned at 25 ºC and 53 % RH. The thermal 168 
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degradation temperature was obtained at the maximum of the DTG curves (Tmax). The 169 

measurements were taken in triplicate. 170 

 171 

2.3.5. Differential scanning calorimeter (DSC) 172 

Differential scanning calorimeter (TA Instrument, Q200, USA) measurements were 173 

carried out in triplicate under nitrogen flow in the temperature range of −25 to 250 ºC, 174 

at 10 ºC/min, by performing two heating and one cooling scan. Firstly, samples were 175 

heated from room temperature to 250 ºC at the selected heating rate and maintained 176 

for 5 min at 250 ºC. Then, samples were cooled down to -25 ºC and heated again until 177 

250 ºC. Data were recorded during both the cooling and second heating steps. From 178 

the cooling step thermograms (heat flux vs. temperature), the crystallization 179 

temperatures (Tc) and enthalpy (∆Hc) values were obtained. Likewise, from the second 180 

heating step, the glass transition temperatures (Tg) and melting temperatures (Tm) and 181 

enthalpy values (∆Hm) were obtained. Prior to the analyses, the samples were 182 

conditioned at 25 ºC -53 % RH.  183 

The crystallinity degree of PVA was calculated as shown in equation 1:  184 

 185 

   (1) 186 

Where , is the melting enthalpy of the sample,  , the melting enthalpy of a 100 % 187 

crystalline PVA sample (161.6 J.g-1; Roohani, Habibi, Belgacem, Ebrahim, Karimi & 188 

Dufresne, 2008) and XPVA, the mass fraction of PVA in the film.  189 

 190 

2.3.6. Moisture content 191 

The moisture content of the films (MC), equilibrated at 53 % RH and 25 ºC, was 192 

analysed by drying the samples in a vacuum oven at 60 ºC for 24 h. Later on, the pre-193 
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dried samples were placed in desiccators containing P2O5 until reaching constant 194 

weight. Five replicates were analysed per film formulation. 195 

 196 

2.3.7. Water vapour permeability  197 

Water vapour permeability (WVP) was evaluated in films equilibrated at 25 ºC and 53 198 

% RH after 1 and 5 storage weeks, following the ASTM E96-95 gravimetric method by 199 

using Payne permeability cups (Payne, elcometer SPRL, Hermelle/sd Argenteau, 200 

Belgium) 3.5 cm in diameter. Deionised water was used inside the testing cup to reach 201 

100% RH on one side of the film, while an oversaturated magnesium nitrate solution 202 

was used to control the RH on the other side of the film. The top surface of the film 203 

during drying was exposed to 100 % RH. A fan placed on the top of the cup was used 204 

to reduce resistance to water vapour transport. Water vapour transmission rate 205 

measurements (WVTR) were performed at 25 ºC. These conditions were chosen to 206 

simulate the storage conditions of intermediate moisture foods exposed at high relative 207 

humidity and at room temperature. To calculate WVTR, the slopes of the steady state 208 

period of the curves of weight loss as a function of time were determined by linear 209 

regression. For each type of film, WVP measurements were replicated four times and 210 

WVP was calculated according to Cano et al (2014). 211 

 212 

2.3.8. Mechanical properties 213 

The mechanical properties were measured using a Universal Test Machine (Digital 214 

Lloyd instrument, West Sussex, UK), following UNI ISO 527-1 (ISO, 2012), by using 5 215 

cm min-1 and a load cell of 1.5 N. The film samples (1 x 5 cm) equilibrated at 25 ºC and 216 

53 % RH (1 and 5 storage weeks) were analysed. These conditions were chosen to 217 

simulate the storage conditions of intermediate moisture foods exposed at high relative 218 

humidity and at room temperature. Film samples were mounted in the film-extension 219 

grips (A/TG model), which were set 20 mm apart. Stress-Hencky strain curves were 220 
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obtained and the tensile strength at break (TS), percentage of elongation at break (E, 221 

%) and elastic modulus (EM) were calculated. The measurements were taken at room 222 

temperature and eight replicates carried out per formulation. 223 

 224 

2.3.9. Ultraviolet-visible spectrophotometry  225 

Film samples (1 x 1 cm) equilibrated at 25 ºC and 53 % RH were analysed by means of 226 

a UV–VIS spectrophotometer (Perkin Elmer Instruments, Lambda 35, Waltham, USA), 227 

by using a wavelength range between 250 and 1000 nm.  228 

 229 

2.3.10. Internal transmittance 230 

The transparency was determined by applying the Kubelka–Munk theory for multiple 231 

scattering to the reflection spectra obtained in a spectrocolorimeter CM-3600d (Minolta 232 

Co., Tokyo, Japan) with a 30 mm illuminated sample area. This theory assumes that 233 

each light flux which passes through the film is partially absorbed and scattered, which 234 

is quantified by the absorption (K) and the scattering (S) coefficients. Transparency 235 

(K/S) was calculated, as indicated by Hutchings (1999), from the reflectance of the 236 

sample layer on a white background of known reflectance and on an ideal black 237 

background. Measurements were taken triplicate in samples equilibrated at 25 ºC and 238 

53 % RH for one and five weeks, using both a white and a black background. 239 

 240 

2.3.11. Gloss 241 

Gloss was measured using a flat surface gloss meter (Multi- Gloss 268, Minolta, 242 

Langenhagen, Germany) at an angle of 60 º with respect to the normal to the film 243 

surface, according to the ASTM standard D523 (ASTM, 1999). Prior to gloss 244 

measurements, films were conditioned at 25 ºC and 53 % RH for one and five weeks. 245 

Gloss measurements were carried out over a black matte standard plate and were 246 
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taken in triplicate. Results were expressed as gloss units, relative to a highly polished 247 

surface of standard black glass with a value close to 100. 248 

 249 

2.4. Statistical analysis 250 

The results were analysed by means of analysis of variance (ANOVA), using the 251 

Statgraphics Plus 5.1. Program (Manugistics Corp., Rockville, MD). Fisher’s least 252 

significant difference (LSD) was used at the 95 % confidence level to distinguish the 253 

samples. 254 

 255 

3. Results and discussion 256 

3.1. Structure of the films 257 

Polymer interactions in the blends lead to nano and microstructural features which are 258 

relevant in the final functional properties of the films. FTIR analyses of the samples 259 

were carried out in order to analyse particular interactions between the chains’ 260 

functional groups through the shift of their specific IR bands. In this sense, hydroxyl 261 

groups of both starch and PVA chains can form hydrogen bonds, as reported by 262 

Ramaraj (2006).  263 

Figure 1 shows FT-IR spectra for S, PVA and S:PVA blends, showing the wavenumber 264 

values corresponding to the main peaks in each sample. For every film, the broad band 265 

located between 3200-3400 cm-1 corresponds to the stretching vibration mode of 266 

hydroxyl groups from the absorbed water and from the polymers themselves (Chen et 267 

al., 2008; Fortunati, Puglia, Luzi, Santulli, Kenny & Torre, 2013; Jiménez, Sánchez-268 

González, Desorby, Chiralt & Tehrany, 2013). In S and PVA films, the peak 269 

wavenumber was higher than for blend films, which showed a significant peak shift 270 

(about 40 cm-1), in agreement with the promotion of hydrogen bond formation between 271 

the hydroxyl groups of both polymers. The peak associated with the bending vibration 272 

mode of hydroxyl group appears between 1400-1460 cm-1 and was slightly displaced 273 
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for S and PVA (1455 and 1420 cm-1, respectively). In blend films, this peak was also 274 

shifted towards a lower wavenumber in agreement with the formation of hydrogen 275 

bonds, as mentioned above. The peak located between 2910-2935 cm-1 is related with 276 

C-H stretching (Fortunati et al., 2013; Jagadish & Raj., 2011; Jiménez et al., 2013) and 277 

appeared with different intensities for S and PVA films. In the blends, this peak was 278 

shifted to a higher wavenumber. The peak at 1731 cm-1 has been assigned to the C-C-279 

O stretching in starch films (Jagadish & Raj., 2011). In PVA and blend films, this peak 280 

greatly decreased in intensity despite the high ratio of starch in the S2:PVA1 film. 281 

Moreover, this peak shifts to a lower wavenumber in blend films. The stretching 282 

vibration of C-O in C-C-O and in the glucose ring in starch corresponds to the peaks at 283 

1024 and 860 cm-1, respectively, and also appeared with lesser intensity and a slight 284 

shift in the blend films. For PVA films, C-O stretching vibration appeared at 1094 cm-1, 285 

according to Chen et al., 2008. These results highlight the formation of hydrogen bonds 286 

to some extent between the hydroxyl groups of the starch polymers and PVA chains, 287 

and point to a certain degree of polymer miscibility.  288 

Figures 2 and 3 show the FESEM images of the surface and cross section of the 289 

different films. S films had a smooth surface and a homogeneous internal structure, 290 

typical of gelatinized starch, as was found in other studies (Cano et al., 2014; Chen, 291 

Liu, Chang, Cao & Anderson, 2009; Wu, Liu, Chen, Chen, Anderson, & Chang, 2010). 292 

Nevertheless, the presence of a heterogeneously-fractured layer near the film surface 293 

reveals the progress of crystallization in this zone, probably due to the greater 294 

molecular mobility associated with the diffusion of water vapour to the film surface 295 

(Cano et al., 2014).  296 

PVA films also exhibited a smooth surface. Nevertheless, the cross section images 297 

revealed the presence of zones with different morphology which could be attributed to 298 

the coexistence of amorphous and crystalline regions in the film. The chain 299 

associations in crystalline regions will define a different morphology from that of the 300 
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amorphous zones, coinciding with that reported by other authors (Bonilla et al., 2013; 301 

Chen et al., 2008; Fortunati et al., 2013). Blend films (Figure 2) showed rougher, 302 

irregular surfaces, especially when the proportion of PVA in the blend was equal or 303 

higher than that of the starch. This indicates polymer incompatibility and the formation 304 

of two phases: one PVA-rich phase and another starch-rich phase, which emerge to 305 

the surface in a differentiated way when starch is present at equal or lower ratio than 306 

PVA. For the highest starch ratio, this polymer forms a more continuous phase and no 307 

particles were observed at the film surface. The cross section images of blend films 308 

also exhibit this phase separation, which gives rise to two interpenetrated networks of 309 

both polymers where the zones with different morphology for PVA can also be 310 

appreciated. The phase separation of both polymers in corn starch and PVA blend 311 

films has also been reported by Sreekumar et al (2012). 312 

 313 

3.2. Thermal behaviour 314 

The thermal behaviour of the films was analysed by TGA and DSC measurements, in 315 

order to find out the thermal stability of polymers (Adbelrazek et al., 2010) and to 316 

highlight the effect of the different S:PVA ratios on the thermal degradation pattern, as 317 

well as the phase transitions in the films in the processing/handling temperature range.  318 

Figure 4 shows the weight loss (TG) and derivate (DTG) curves for S, PVA and S:PVA 319 

blend films obtained by thermogravimetric analysis while the temperatures for the main 320 

degradation step of the films are summarized in Table 1. For pure starch films, two 321 

weight loss steps were observed. The initial weight loss (first peak),up to about 100 ºC, 322 

can be attributed to the loss of bonded water in the film (Luo, Li & Lina, 2012). In the 323 

second step, between 170-450 ºC, about 70 % of the sample weight was lost, which is 324 

related to the main degradation process (peak temperature: 315 ºC). For PVA films, 325 

three weight loss steps were observed in Figure 4. As in the S films, the initial step, up 326 

to about 100 ºC, can be attributed to the loss of adsorbed and bound water (Bonilla et 327 
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al., 2013). The second step occurs between 200-400 ºC, in which the dehydration of 328 

the PVA takes place, followed by chain scission and decomposition (Frone, 329 

Panaitescu, Donescu, Spataru, Radovic & Trusca, 2011; Li, Yue, & Liu, 2012). The 330 

third step occurs between 400 – 500 ºC and it can be attributed to the degradation of 331 

the by-products generated by PVA during the thermal process (Bonilla et al., 2013; 332 

Lewandowska, 2009). Similar three-step weight loss behaviour was observed for the 333 

S:PVA blends, except for the film with the lowest PVA ratio (S2:PVA1), where a second 334 

weight loss step was observed after the first water loss, at relatively low temperature 335 

(150-200 ºC). This could indicate either that PVA starts to degrade at very low 336 

temperatures when it is present in the blend at the lowest ratio, or that the PVA 337 

hydroxyl groups react with those of starch chains through the formation of oxi (-O-) 338 

groups with subsequent water loss. Sreekumar et al. (2012) also observed similar 339 

behaviour when analysing corn starch PVA blend films obtained by casting. 340 

Mean values exhibit significant differences (p<0.05) for the different formulations, 341 

indicating that PVA films degrade at the lowest temperature (279 ºC), although S:PVA 342 

blends with the highest PVA ratio showed slightly greater thermal stability, with higher 343 

values of the degradation temperature, similar to that of the starch (Table 1). The blend 344 

with the lowest ratio of PVA exhibited anomalous thermal behaviour, showing the first 345 

small degradation peak at 172 ºC. 346 

Tables 1 and 2 show the results obtained from the DSC analysis, in terms of glass 347 

transition (Tg), crystallization (Tc) and melting temperatures (Tm), enthalpy of 348 

crystallization (ΔHc) and melting (ΔHm) and percentage of crystallinity (X) of PVA. 349 

The cooling scan of the samples showed different peaks associated with the 350 

crystallization of PVA. Starch films do not show crystallization peaks or crystallite 351 

melting. The crystallization temperature (Tc) values for the different crystallization 352 

peaks of PVA are shown in table 1. Two peaks at 140 (secondary peak) and 201 ºC 353 

(main peak) were observed for PVA films, which could be due to the fact that the 354 
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crystallization of some molecules is delayed by steric hindrances at the end of the 355 

crystallization process. This usually occurred in complex mixtures, when the molecular 356 

mobility of the polymer chain segments was limited. Likewise, some trends were 357 

observed in the crystallization behaviour of PVA, due to the incorporation of starch. As 358 

in PVA, two crystallization peaks were observed for the blend films with the highest 359 

PVA ratio, but at a higher temperature for the secondary peak (178 ºC). For the 360 

greatest PVA ratio in the blend, three crystallization peaks were observed. The greater 361 

the starch ratio in the blend, the higher the Tc values of the main peak (at 209 ºC), with 362 

two secondary peaks at 200 and 178 ºC. These results suggest that starch enhanced 363 

the crystallization rate of PVA, since less undercooling was required.  364 

The melting temperature of PVA is 227 ºC, without the split observed in crystallization. 365 

This value coincides with those reported by other authors (Bonilla et al., 2013; Mailo, 366 

Gonzalez, Hoppe & Alvarez, 2011). No differences in the Tm of PVA were observed for 367 

blend films with the lowest PVA ratio. However, in the other blends with a higher ratio 368 

of PVA, two melting peaks were observed at 226 and at about 210 ºC. This suggests 369 

that PVA polymorphism was promoted when a high proportion of starch was present in 370 

the film, thus showing two melting intervals. The differences between crystallization 371 

and melting behaviour are explained in terms of kinetic hindrances which take place 372 

during the crystallization process. In this sense, notable differences can be found 373 

between the obtained Tc and Tm temperatures; the latter is the equilibrium value and 374 

the former is affected by crystallization kinetics.  375 

The crystallization and melting enthalpies of PVA in the different films are shown in 376 

Table 2, expressed as J.g-1 of sample and J.g-1 of PVA in the film, and deduced from 377 

the additive integration of all the melting peaks in the thermogram. As expected, the 378 

greater the PVA content in the film, the higher the enthalpy value. No significant 379 

differences were observed between the ∆Hm and ∆Hc values, which indicates that no 380 

undercooling occurred during the cooling step. The crystallinity of PVA was obtained 381 
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from the ∆Hm values (J.g-1 PVA), taking the ∆Hm reported (Roohani et al., 2008) for 382 

100 % crystallized PVA (161.6 J.g-1 PVA) into account. The crystallinity values are 383 

shown in Table 2, where the inhibition of PVA crystallization brought about by the 384 

starch blend can be observed for films containing the same ratio of starch and PVA. An 385 

increased variability in the values can also be observed in blend films, which can be 386 

attributed to a kinetic control of the polymer chain interactions during crystallization. 387 

Taking the variability into account, it is remarkable that no significant inhibition of PVA 388 

crystallization occurs in the other blend films with different ratios of PVA and S.  389 

As far as glass transition is concerned, starch films showed the highest Tg value (160 390 

ºC), which was similar to that reported by other authors for starch films (Ortega-Toro, 391 

Jiménez, Talens, & Chiralt, 2014b), while the PVA amorphous phase showed lower Tg 392 

values (79 ºC) in agreement with that previously reported (Fortunati et al., 2013). Two 393 

glass transitions were observed in thermograms of blend films, one for each polymer 394 

phase, in agreement with the phase separation of the polymers commented on above. 395 

The Tg of the PVA rich phase did not significantly change with respect to the pure PVA, 396 

except for the S1:PVA1 blend, where an increase in the Tg value can be observed. 397 

This indicates that starch (with a higher molecular weight) partially solubilises in the 398 

PVA phase, thus promoting an increase in the Tg in the blend with the same ratio of 399 

polymers. On the contrary, the Tg values of the starch rich phase decreased when the 400 

PVA (lower molecular weight) was solubilised in this phase, and this effect was more 401 

intense at the highest ratio of starch in the film. So, the partial compatibility of the 402 

polymer was dependent on the polymer ratio, as reported by Sreekumar et al. 2012; 403 

the highest degree of starch miscibility in PVA films occurred at the ratio of 1:1, while 404 

the PVA solubilizes in the starch phase at all the tested starch ratios. 405 

An analysis of the thermal behaviour of S:PVA blends, as compared with non-blend 406 

polymers, indicates that both polymers show partial miscibility, which depended on the 407 

polymer ratio, and which affected the behaviour of PVA crystallization and the glass 408 
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transition of the different phases in the films. In blends with the S1:PVA1 ratio, PVA 409 

crystallization was significantly inhibited while the Tg of amorphous PVA significantly 410 

increased with respect to pure PVA. This indicates that, at this ratio, interactions of 411 

starch molecules in the PVA phase were enhanced, and the blend effects were 412 

intense. However, the starch rich phase is affected by PVA molecules (lower Tg), 413 

especially at the highest S ratio. 414 

 415 

3.3. Water vapour barrier properties of the films 416 

Table 3 shows the water vapour permeability values (WVP) of the films at 25 ºC and a 417 

53-100 % RH gradient, together with their equilibrium moisture content and thickness. 418 

The moisture content of the films ranged between 5 and 8 %, the S films exhibiting 419 

higher values (p<0.05) than the PVA films, coherent with their more hydrophilic nature 420 

(a higher ratio of hydroxyl groups). PVA is water-soluble and starch is water-sensitive, 421 

which leads to their blends being water sensitive (Chen et al., 2008). S:PVA blends had 422 

moisture contents that were more similar to S than to PVA films, showing significant 423 

differences (p<0.05) with respect to the latter. The higher the starch contents in the 424 

films, the greater their equilibrium moisture content. The moisture content of the 425 

samples tends to increase throughout 5 storage weeks, but only S and PVA films 426 

showed significant differences (p<0.05) after the storage time. This fact indicate that 427 

films equilibrate slowly with the conditioning relative humidity, approaching equilibrium 428 

value after 5 weeks’ storage. 429 

The WVP values define the final application of a film in contact with food systems and 430 

they must be as low as possible so as to avoid water transfer (Ma, Chang & Yu, 2008). 431 

Significant differences between the WVP values of the different films are found after 432 

the two different storage times, which coincides with results found by other authors 433 

studying pea starch films (Cano et al., 2014; Han et al., 2006; Ma et al., 2008) and PVA 434 

films (Bonilla et al., 2013). Pea starch films showed the highest WVP (5.03 g.mm.kPa-435 
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1.h-1.m-2), while PVA films were less permeable (2.2 g.mm.kPa-1.h-1.m-2) and S:PVA 436 

blends had intermediate WVP values. The higher the starch content, the more 437 

permeable the films are to water vapour. After five storage weeks, the WVP only 438 

significantly changed for S films, a fact which could be related with the increase in 439 

moisture content and the structural changes which occurred in the starch matrix. 440 

Several authors reported that starch microstructure changes throughout storage time in 441 

line with the progress of the recrystallization process or chain aggregation, thus giving 442 

rise to changes in barrier and mechanical properties (Cano et al., 2014; Jiménez et al. 443 

2012b). In this sense, PVA incorporation into the starch matrix seems to limit structural 444 

changes, as deduced from the stability of water vapour permeability values. 445 

The differences in the WVP values of S and PVA films are related with the different 446 

hydrophilic nature of the polymers. In both, hydroxyl groups favour water affinity but 447 

their distribution and density in the chains establish relevant differences in the water 448 

sorption capacity and the mass transfer rate of water molecules. As previously 449 

commented, RH gradient used was chosen to simulate the storage conditions of 450 

intermediate moisture foods exposed at high relative humidity and at room 451 

temperature. In this sense, it is remarkable that, due to the water sensitivity of polymer 452 

blend, at lower RH conditions better water vapour barrier of the films can be expected, 453 

in line with the reduced mean water content of the film and the subsequent diminution 454 

of molecular mobility and diffusion properties. 455 

The different polymer and water interactions also affected the film thickness. Table 3 456 

shows these values, where the lower thickness values for starch films than for PVA 457 

films can be observed. This indicates that a best chain packaging occurs in starch 458 

matrix, whereas PVA chains are less densely packed. For blend films, intermediate 459 

thickness values were obtained, regardless of the polymer ratio. No significant changes 460 

(p>0.05) in film thickness were observed throughout storage time, despite the increase 461 

in moisture content in some cases. The small differences in the film thickness could 462 

18 

 



affect the obtained values of barrier and mechanical properties of the films, although 463 

this parameter is included in the models used to determine these properties. In fact 464 

Yeun et al., 2005 found that oxygen permeability tend to decreased when the film 465 

thickness increased in PVA hybrid films. 466 

 467 

3.4. Mechanical properties 468 

Figure 5 shows the typical stress-strain curves obtained for all the films after one and 469 

five storage weeks under controlled conditions (53 % RH and 25 ºC), where the 470 

different mechanical behaviour of the matrices and the effect of ageing can be 471 

observed. Although starch films exhibited the typical mechanical behaviour of a brittle 472 

material, without plastic deformation and with very low extensibility at break, the great 473 

resistance to break of PVA is highlighted.  474 

Elastic modulus (EM), tensile strength at break (TS) and percentage of elongation at 475 

break (E, %) are the parameters used to describe the mechanical behaviour of films. 476 

Table 4 shows the mean values of these parameters for the S films, PVA films and 477 

S:PVA blend films. The obtained values are coherent with those reported by other 478 

authors working on pea starch films (Cano et al., 2014; Da Matta, Silveira, de Oliveira 479 

& Sandoval, 2011), PVA films (Chen et al., 2008; Fortunati et al., 2013) and S:PVA 480 

blend films (Shi, Bi, Zhang, Zhu, Chen, Zhou, Zhang & Tian, 2008; Yoon, Park & Byun, 481 

2012). The S films were stiffer than the PVA films, but the latter showed highest break 482 

strength and stretchability values.  483 

In the case of the S films, every parameter significantly changes during storage. The 484 

films become harder, more resistant to break, but more brittle and less stretchable, as 485 

previously reported by Cano et al. (2014). The stiffness of the PVA films also slightly 486 

increased, but their resistance to break and extensibility did not change, the latter being 487 

much higher for PVA than for the S films. The blend films were the least stiff, with no 488 

significant differences between blends; the elastic modulus slightly increased during 489 
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storage, especially when the S ratio was the greatest. These films also exhibited the 490 

lowest resistance to break, while maintaining high values of stretchability. Both 491 

resistance and extensibility decreased when the S ratio increased in the blend. 492 

The effect of storage time on these parameters was only appreciated at the highest S 493 

ratio where the films underwent a significant loss in extensibility. The changes in 494 

mechanical behaviour during storage are related with the structural changes in the film 495 

associated with the progressive formation of hydrogen bonds, reinforcing the interchain 496 

forces (Myllärinen, Buleon, Lahtinen & Forssell, 2002; Rindlav, Hulleman, & 497 

Gatenholm, 1997). This increase in the interchain forces could be related with a 498 

potential glycerol migration throughout the storage time, which would lead to the 499 

establishment of the hydrogen bonds between chains, thus increasing the film 500 

toughness and reducing their extensibility. However, these effects were observed in all 501 

samples, included the neat PVA films which do not contain glycerol. So, the 502 

progressive chain aggregation throughout storage time occurred in all cases, thus 503 

affecting mechanical behaviour. Nevertheless, the incorporation of PVA into starch 504 

films seems to limit these changes, giving rise to more stable films from the mechanical 505 

point of view, while conferring better flexibility and extensibility to the blend films, with 506 

high values of hardness and mechanical resistance.  507 

The mechanical behaviour of blend films is coherent with the formation of two 508 

interpenetrated networks of both polymer phases with partial chain miscibility, as 509 

deduced from the microstructural and phase transition analyses. 510 

 511 

3.5. Optical properties 512 

The optical properties, UV-VIS spectra, transparency (Ti) and gloss of the films are 513 

also directly related with their microstructure, respectively and are affected by the 514 

surface and internal heterogeneity of the structure (Jiménez et al., 2012a).  515 
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The UV-VIS spectra of the pea starch, PVA and S:PVA blend films are shown in Figure 516 

6. The S, PVA and the blend with the ratio of 1:2 S:PVA exhibit higher values of 517 

transmittance (T) in the visible light range (400-800 nm) than in the UV range (200-400 518 

nm), according to what is reported by Chen et al., (2008) for PVA films. In the range of 519 

visible light, the T values are over 90 %, indicating a good transparency. The blend 520 

films with S:PVA ratios of 1:1 and 2:1 showed the highest values of T, while the S and 521 

PVA films and 1:2 blend films exhibited lower T values, especially in the UV range. 522 

Therefore, in terms of light transmission no additive behaviour of the polymer contents 523 

in the blends can be inferred from visible spectra. In the UV range, differences between 524 

the spectra grew and the blends with S:PVA ratios of 1:1 and 2:1 had the highest 525 

transmittance values. These results confirm the interactions between the PVA and S 526 

chains that greatly modify the UV-light interactions of the blends, as compared with the 527 

PVA or S films. 1:1 and 2:1 S:PVA blends were more transparent to UV radiation, 528 

which represents a drawback in terms of the protection of food against oxidative 529 

processes or other UV induced reactions.  530 

In terms of internal transmittance at 450 (Ti) nm (Table 5), all the films showed a similar 531 

degree of transparency which did not significantly change during storage time and the 532 

differences in the film structure did not notably affect the film appearance. As for the 533 

film gloss, the PVA films are the glossiest, while the blend films exhibit the lowest gloss 534 

values due to the appearance of surface roughness associated with the presence of 535 

the two polymer phases, as commented on above. In general, except for the S films, 536 

the gloss values were quite stable during storage (Table 5). A reduction of the gloss in 537 

starch films during storage was previously reported and attributed to crystalline 538 

formation at surface level, where water sorption occurs, inducing molecular mobility 539 

(Cano, et al. 2014; Jiménez et al 2012b).  540 

 541 

4. Conclusions 542 
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The incorporation of PVA into pea starch blends implied the formation of 543 

interpenetrated networks of both incompatible polymers with the partial solubilisation of 544 

each one in the other polymer phase, depending on the polymer ratio. This has 545 

beneficial effects on the mechanical properties of the films, these becoming much more 546 

extensible and stable during storage. The water barrier properties were also improved 547 

by PVA blending at a S:PVA ratio of under 50%, when films also reduced their water 548 

content as compared to the S films. The blends did not lead to a notable loss of 549 

transparency or gloss as compared to starch films and maintained their optical 550 

characteristics during storage, which did not occur in pure starch films. So, 551 

incorporating PVA to the S films at a ratio of around 1:1 represents a good strategy for 552 

improving the functionality of starch films without a notable increase in cost.  553 
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Table 1. Crystallization, glass transition and melting temperatures of S, PVA and S:PVA blend films obtained by DSC and the degradation 711 

temperatures (Tmax) obtained from TGA analysis. 712 

 713 

 Cooling scan Second heating scan 

 Tc1 (ºC) Tc2 (ºC) Tc3 (ºC) Tm1 (ºC) Tm2 (ºC) Tg1 (ºC) Tg2 (ºC) Tmax (ºC) * 

S       160±3a 315±2a 

PVA 140.7±1.7a 201.52±0.06a   227.3±0.4a 79.3±0.2a  279±3b 

S1:PVA2 178.4±1.2bc 196.9±1.3b   226.4±1.3a 76±4a 124±2a 374.3±0.4c 

S1:PVA1 179±3b 200±2ab 209.1±0.2b 212.2±1.9a 226.2±1.4a 89±11b 124±10a 307±5d 

S2:PVA1 175±2c 199.8±0.7a 209.2±0.2b 207±4a 226.43±0.06a 78±3a 113.1±0.8b 304.6±1.6d 

(*) A previous peak with smaller weight loss at 172.09±0.54 ºC was observed. 714 

Tg: glass transition temperature; Tc: crystallization temperature; Tm: melting temperature and Tmax: temperature at maximum decomposition rate. 715 

a,b,c,d different letters in the same column indicate significant differences among formulations (p<0.05). 716 
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Table 2. The crystallization and melting enthalpy of S, PVA and S:PVA blend films 717 

obtained by DSC. 718 

 719 

 Cooling scan Second heating scan 

 ΔHc (J g-1) ΔHc (J g-1PVA) ΔHm (J g-1) ΔHm (J g-1PVA) X (%) 

S      

PVA 72±2a 77±2ab 73.8±0.2a 78.6±0.3ab 49.7±0.3a 

S1:PVA2 30±3b 49±4c 49±7b 79±11b 49±7a 

S1:PVA1 31±8b 69±19c 21±1c 47±2c 29.2±1.4b 

S2:PVA1 27±5a 87±16b 18±5c 61±19c 43±4a 

ΔHc: enthalpy of crystallization; ΔHm: enthalpy of fusion and X: crystallinity. 720 

a,b,c different letters in the same column indicate significant differences among formulations (p<0.05). 721 

722 
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Table 3. Moisture content (MC), water vapour permeability (WVP) and thickness of S, 723 

PVA and S:PVA blend films after 1 (t0) and 5 (tf) storage weeks. Mean values and 724 

standard deviation. 725 

 726 

 MC (%d.b.) WVP (g.mm.kPa-1h-1m-2) Thickness(mm) 

 t0 tf t0 tf t0 tf 

S 6.9±0.2a1 8.0±0.3a2 5.3±0.3a1 6.77 ±0.09a2 0.078±0.008a1 0.081±0.007a1 

PVA 5.03±0.06b1 5.3±0.2b2 2.2±0.2b1 2.32±0.15b1 0.13±0.03b1 0.13±0.03b1 

S1:PVA2 6.6±0.8a1 6.7±0.3c1 3.5±0.3c1 3.4±0.2c1 0.11±0.03cd1 0.104±0.014c1 

S1:PVA1 6.7±0.8a1 7.3±0.4d1 4.97±0.10d1 4.7±0.2d1 0.124±0.015bc1 0.12±0.02d1 

S2:PVA1 6.9±0.5a1 8.2±0.9a1 5.7±0.4e1 5.2±0.2e1 0.11±0.03d1 0.10±0.03c1 

a,b,c,d,e different letters in the same column indicate significant differences among formulations (p<0.05). 727 

1,2 different numbers in the same row indicate significant differences between storage times (p<0.05). 728 
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Table 4. The elastic modulus (EM), tensile strength at break (TS) and percentage of 730 

elongation at break (ε, %) of S, PVA and S:PVA blend films after 1 (t0) and 5 (tf) storage 731 

weeks. Mean values and standard deviation. 732 

 733 

 EM (MPa) TS (MPa) E (%) 

 t0 tf t0 tf t0 tf 

S 420±40a1 940±90a2 14.2±1.3a1 24±3a2 11±2a1 5.7±1.9a2 

PVA 430±90b1 580±80b2 31±5b1 33±3b1 170±50b1 168±19b1 

S1:PVA2 210±60c1 340±50c2 14±2a1 16±3c1 161±16b1 151±30b1 

S1:PVA1 280±60c1 340±70c2 10.5±1.9c1 13±3cd1 80±20c1 93±231c 

S2:PVA1 272±13c1 420±80d2 9.5±0.9c1 10±2d1 58±9c1 33±8a2 

a,b,c,d different letters in the same column indicate significant differences among formulations (p<0.05). 734 

1,2 different numbers in the same row indicate significant differences between storage times (p<0.05). 735 

736 
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Table 5. The internal transmittance (Ti) at 450 nm and gloss values at 60º of S, PVA 737 

and S:PVA blend films after 1 (t0) and 5 (tf) storage weeks. Mean values and standard 738 

deviation. 739 

 740 

  Ti (450 nm) Gloss 60 o 

  t0 tf t0 tf 

S 84.38±0.14a1 83.9±0.2a1 27±12a1 18.9±1.4a1 

PVA 85.9±0.7b1 85.1±1.0b1 153.9±0.9b1 145±8b2 

S1:PVA2 85.27±0.03b1 85.4±0.3b1 18±3c1 20±3a1 

S1:PVA1 85.5±0.2b1 85.09±0.14b1 14.0±1.4c1 17±2a2 

S2:PVA1 85.53±0.09b1 85.77±0.06b1 13.2±1.6c1 12.9±1.2a1 

a,b,c different letters in the same column indicate significant differences among formulations (p<0.05). 741 

1,2 different numbers in the same row indicate significant differences between storage times (p<0.05). 742 

743 
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FIGURE CAPTIONS 744 

Figure 1: FTIR spectra for S, PVA and S:PVA blend films. 745 

Figure 2: FESEM micrographs of the surface and cross section of S and PVA films. 746 

Figure 3: FESEM micrographs of the surface and cross section of S:PVA blend films. 747 

Figure 4: a) TG and b) DTG curves of S, PVA and S:PVA blend films. 748 

Figure 5: Typical strain-stress curves of S, PVA and S:PVA blend films at different 749 

storage times: a) one and b) five weeks. 750 

Figure 6: UV-VIS spectra for S, PVA and S:PVA blend films. 751 

752 
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Figure 1.  753 
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Figure 2. 759 
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Figure 3. 764 
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Figure 4. 766 
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Figure 5.  771 
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Figure 6. 774 
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