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Introduction

The studies are mainly related to fi nd new biodegrad-
able materials for packaging the products (especially 
food) predicted for radiation decontamination/ster-
ilization. 

The materials based on biopolymers and syn-
thetic biodegradable polymers involved a growing 
interest in the recent past due to the tendency for 
reducing the use of polyolefi ns, in particular for 
packaging purposes. Together with the develop-
ment of new “green” technologies, this promotes 
environmental protection. 

Natural polymers (polysaccharides or proteins) 
originated from renewable resources are relatively 
cheap and reveal a good fi lm forming ability; how-
ever, manufacturing of the materials that might fi nd 
practical application needs elaboration of special 
methodologies. Use of the systems composed of 
biopolymers and synthetic biodegradable polymers 
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is one of the possible strategies. Biodegradable 
and biocompatible materials are often intended for 
food packaging and edible packaging for food and 
pharmaceuticals. 

Films and foams based on starch or PVA are 
already offered in the market for packaging pur-
poses [1, 2]. Starch:PVA composition is the other 
possible alternative [3–17]. It was already found 
that the fi lms obtained in mixed starch:PVA system 
have advantages of both substrates while reducing 
their disadvantages [3, 6, 8]. 

The development of sterilization/decontamina-
tion methods that apply radiation techniques causes 
the need for suitable packaging that retains good 
properties after irradiation [18–20]. The additional 
advantage of the radiation process consists of ob-
taining sterile packaging material. Thus, it becomes 
of high importance to determine the stability of 
both the packaging materials already present in the 
market and the newly developed materials under 
treatment with ionizing radiation. The possible im-
provement of the materials after irradiation might 
appear as additional merit of the “green” radiation 
processing. 

The doses allowed for decontamination of food 
generally does not exceed 10 kGy [21–23]. Such 
dose can be applied only for dry foodstuffs such as 
spices, herbs, mushrooms, whereas in the cases of 
“moist” food (e.g. chicken, shrimps, vegetables), 
doses applied are limited to 1–3 kGy. However, 
some special types of food (so-called durable food) 
can be treated with a sterilization dose of 25 kGy 
[24]. Additionally, some products with a very special 
destination (i.e. for immunocompromised patients) 
can be treated with doses even in the range of 70 kGy 
[24]. The other issue is application of high doses for 
radiation modifi cation of foodstuffs [25–27]. High 
doses can be also applied for modifying the radiation 
of packaging material itself. 

Accordingly to possible use for packing the 
products predicted for radiation treatment and an 
additional desirable modifi cation of the material 
properties, an effect of irradiation should be tested. 
Mechanical properties and interaction of the fi lms 
with moisture (especially swelling behaviour in 
water) appear as very important factors. It is worth 
mentioning that till now only a few studies deal with 
the effect of ionizing radiation on starch:PVA [8, 10, 
15–17], with more information on starch fi lms or 
PVA-polysaccharide fi lms [28–31], and that these 
studies were performed mainly concerning potential 
modifi cation of the materials. 

Our previous results have shown that it is possible 
to modify the functional properties of the starch:PVA 
fi lms by modifying the fi lms’ composition (such as 
starch:PVA ratio or the type of substrates) and irra-
diation [8, 10]. The infl uence of ionizing radiation 
on the particular fi lms’ properties are varied for the 
individual compositions [8, 10] and depending on ir-
radiation conditions. However, this observation con-
cerned only irradiation performed in gamma chamber 
or e-beam with the use of absorbed doses of 25 kGy. 

Based on our previous results, it could also be 
concluded that using the composition characterized 

by starch:PVA ratio in the range from 50:50 to 40:60 
enables manufacturing of the fi lms (non-irradiated 
and irradiated) characterized by the best properties 
[8]. Moreover, these data show that mechanical 
properties were better in the case of starch:PVA 
(40:60) fi lms, when starch:PVA (50:50) fi lms re-
vealed lower hydrophilicity. It was also noted that 
irradiations (performed with doses of 25 kGy) in-
duce some increase in strength of the (50:50) fi lms 
(improvement) while the decrease of this parameter 
was observed in the case of the fi lms having the 
ratio 40:60. In contrast, the swelling parameter 
shows slight deterioration in the fi lms with the ratio 
50:50 (increase in swelling) but improvement in the 
fi lms having the ratio 40:60 (decrease in swelling). 
However, all these fi lms, non-irradiated and irradi-
ated with gamma rays as well as with fast electrons, 
were characterized by properties that enable them 
to be used for packaging purposes. 

Our present studies focused on the infl uence of 
the irradiation dose on the properties of the selected 
starch:PVA fi lms. The composition with starch:PVA 
ratio equal to 45:55 was selected based on the previ-
ous data (see above) and the results of UV-VIS diffuse 
refl ectance spectroscopy (DRS) that were carried out 
in the fi rst stage of current work for the starch:PVA 
fi lms characterized by various starch:PVA ratios. The 
effects of electron and gamma irradiation conducted 
with doses in the range of 5–75 kGy on the mechani-
cal properties of the fi lms and swelling in water were 
recognized. 

Experimental 

Materials and irradiation

Materials

Cornstarch (Sigma product S412) and poly(vinyl 
alcohol) PVA (Merck 8148941001) with a mean mo-
lecular mass of 145000 kDa, analytical grade glycerol 
(Chempur, Poland), and deionized water were applied. 
The solid starch specimen was pre-irradiated before 
the fi lms’ syntheses with a 60Co gamma rays in the air 
with the absorbed dose of 10 kGy, applying a dose rate 
of 5.0 kGy (see below). 

Films preparation 

A series of starch:PVA fi lms were prepared by solu-
tion casting according to the procedure described 
in [8]. The fi lms were characterized by starch:PVA 
ratios of 100:0, 80:20, 60:40, 50:50, 45:55, 40:60, 
20:80, and 0:100 (PVA content equal to 0, 20, 40, 
50, 55, 60, 80, and 100%, respectively) with the ad-
dition of glycerol (30% in terms of the total polymer 
mass: altogether starch and PVA). PVA solution 
(1.64 wt%) was obtained by heating accompanied 
with vigorous mixing in water for 4 h at 90°C. The 
matter dispersion of starch and glycerol (1.96% in 
terms of starch mass) was obtained by heating at 
90°C for 40 min. The starch was pre-irradiated with 
a dose of 10 kGy in purpose to obtain starch gels 
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with adequate concentration and low viscosity that 
enable to cast homogeneous fi lms. Highly viscous 
gels obtained from the non-irradiated starch lead to 
the preparation of non-homogeneous fi lms. Then, 
PVA solutions were introduced slowly into the ge-
latinized starch dispersions with continuous stirring 
and then heated subsequently for 1 h. Afterward, 
the fi lms were cast onto polystyrene Petri dishes, 
dried for 20 h in the heating chamber at 50°C, then 
allowed to dry at ambient temperature, and fi nally 
cast from the substrate. 

The fi lms were conditioned before irradiation 
and testing at room temperature (25°C) at a relative 
humidity of 43%. 

Irradiation

Irradiations of the fi lms were carried out at ambient 
temperature with fast electrons in air and with gamma 
rays (60Co) in nitrogen. Irradiation with fast electrons 
was carried out in the Elektronika 10/10 accelerator 
generating 10 MeV electron beam at an average dose 
rate of approximately 3 kGy/min for the fi lms packed 
in polyethylene bags. Gamma irradiation was realized 
in the gamma chamber GC 5000 applying a dose rate 
of 5.1 kGy/h for the fi lms closed in a glass vessel. 

The absorbed doses were equal to 5, 10, 15, 20, 
25, 30, 50, and 75 kGy. 

Methods 

Diffuse refl ectance spectroscopy

DRS measurements were carried out applying 
Jasco V-670 spectrophotometer equipped with the 
refl ection device (Model ISN-723 with an integrat-
ing sphere 60 mm). Prior to the measurements, 
the fi lms were irradiated with gamma rays in air 
at ambient temperature with the absorbed dose of 
25 kGy. Measurements were taken for the individual 
irradiated fi lms against the corresponding reference 
non-irradiated fi lms. 

Mechanical properties

Mechanical tests were performed using an Instron 
5565 testing machine applying the ramp velocity of 
20 mm/min. Tensile strength and Young’s modulus 
values were determined based on eight measurements 
done for the pieces of material with dimensions ca. 
60 mm × 10 mm cut from separate fi lms. The low 
value of Young’s modulus shows high elasticity of 
fi lms. 

Swelling behaviour

Square pieces of the fi lms (with dimensions of 
10 mm × 10 mm) were weighed and immersed 
in distilled water for 24 h at 25°C. Afterward, the 
fi lms were drained using fi lter paper, reweighed, and 
dried at 110°C till constant mass (“dry mass”) was 
achieved. The increase in the mass of the samples 
was related to the initial mass or the fi nal “dry” 

mass of the sample. Swelling parameters (A and B) 
were determined as percentages (wt%) applying the 
following formulas: 

A: Swelling (initial) = 100 × (Ws – W0)/W0 

B: Swelling (dry) = 100 × (Ws – Wd)/Wd 

where W0, Ws, and Wd mean the weight of the initial 
sample, the weight of the swollen sample (solid fi lm 
with the captured water), and the weight of the dried 
sample (after the swelling experiment), respectively. 

Moreover, total mass loss after the above swelling 
experiment was evaluated for each sample according 
to the formula: 

Mass loss = 100 × (W0 –Wd)/W0

Accordingly, the change (increase) in the solubil-
ity of the material after irradiation was calculated 
using the following formula: 

Increase in solubility = mir – m0 

where mir and m0 are average values of total 
mass loss determined in the case of the particular 
irradiated sample and the non-irradiated sample, 
respectively. 

No effect of irradiation on the moisture content 
in the samples was observed. The moisture con-
tent in all the samples was similar (11.35 ± 0.85) 
and independent of the dose. 

Three repetitions were done for each sample. 

Results and discussion

UV-VIS diffuse refl ectance spectroscopy

DRS spectra present the formation of various ra-
diolysis products in the starch:PVA compositions 
differing in the starch and PVA contents (Fig. 1). 
No regular dependence was noticed when increasing 
or decreasing the content of PVA or starch in the 
fi lms (Fig. 1) and the intensities of the particular 
bands in the patterns. 

Fig. 1. DRS of the starch:PVA fi lms varying in composition 
(shown in terms of PVA percentage).
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Similar radiolysis products were observed in the 
cases of the starch (100%) and PVA (100%) fi lms. 
Two strong overlapping bands in these patterns 
(peaks at ca. 241–271 nm) were attributed to the 
presence of carbonyl and carboxyl groups [32, 33]. 
The peaks at ca. 210 nm (Fig. 1) were assigned to 
the presence of peroxides and hydroxyperoxides 
[34, 35]. 

It is known that radiolysis of both components 
(starch and PVA) occurs with the formation of carbon-
yl and carboxyl derivatives. Sontag (2001) described 
the formation of various carbonyl products in polysac-
charides due to substitution of some OH groups by 
C=O groups [36]. This occurs due to the disruption of 
glycosidic bonds and ring-opening processes followed 
by the rearrangement of macromolecules [36, 37]. 
Conducting the processes in the presence of oxygen 
additionally leads to carboxylic products and probably 
increases the oxidation effi ciency [38]. 

Głuszewski et al. [33] have suggested that the 
band with maximum at ca. 245 nm (Fig. 1) is related 
to vibrations of the C=O groups placed in the middle 
of the polymer chain (ketone groups). Although as-
signments of the bands at the wide range of higher 
wavelengths (Fig. 1) is still not clarifi ed, these bands 
might be connected to vibrations of the C=O (and 
COOH) groups in various positions (at and near 
the chain endings). Following the above-postulated 
allocation [33], it can be supposed that the increase 
in the intensities of these bands corresponds to 
an increase in chain ends resulting from the macro-
molecules scission. However, these bands can also 
originate due to the creation of C=C bonds [39]. 
Akhter et al. [40] and El Savy et al. [41] described 
the processes of crosslinking PVA in the irradiated 
fi lms via dehydroxylation and formation of C=C 
linkages, in addition to the formation of C=O, 
COOH, and C–O–C (ether) groups [42]. 

Differences in the profi les of the patterns recorded 
for the blended fi lms concerning the starch and PVA 
fi lms indicated strong interaction between these two 
components possibly leading to the formation of the 
specifi c network in the case of each composition. 

In the case of the composition containing 20% of 
PVA, bands in a wide range of higher wavelengths 
appear (maximum at ca. 387 nm) in addition to 
the pair of bands at 240–280 nm. In the cases of 

compositions with PVA content of 50% and 80%, 
the relative intensities of the “ketone” peaks (at ca. 
258 nm and ca. 249 nm, respectively) was even lower 
as compared to the intensities of the bands at high 
wavelengths (348 nm and 343 nm). 

In the cases of the fi lms containing 40% and 60% 
of PVA, only the bands in the region of high wave-
length (shoulders with maxima at ca. 343–346 nm) 
were recorded in the range above ca. 240 nm, with 
a lack of the band at 241–271 nm (or only a weak 
shoulder). However, simultaneously the bands at 
200–212 nm (attributed to peroxides and hydroxyper-
oxides) were observed. 

Occurrence of specific processes can be de-
duced in the case of films with PVA content 
of 55% (starch:PVA ratio 45:55). DRS pattern of 
this composition differs from all the other patterns 
(including those of the fi lms with 50% and 60% of 
PVA). It shows a strong band with the maximum 
at ca. 287 nm accompanied by the bands in the 
range of higher wavelengths (i.e. the shoulder at 
360–460 nm) and simultaneous lack of a band 
assigned to the peroxides/hydroxyperoxides. This 
composition was selected for present experiments. 

It can be presumed, based on DRS results, 
that all radiolysis products formed in the cases of 
starch:PVA systems contain carbonyl (and possibly 
carboxyl) compounds; however, the effi ciency of 
the formation of the C=O (and COOH) groups at 
a particular position in macromolecules differs for 
each composition. 

Mechanical properties 

The values of the tensile strength (Table 1) show an 
adequate strength of the initial and the irradiated 
fi lms for packaging purposes. The low values of 
Young’s modulus indicated a high elasticity of fi lms 
(Table 1). 

No effect of irradiation in e-beam (air) as well as 
in the gamma chamber (nitrogen) on tensile strength 
could be concluded after using doses in the range 
5–75 kGy (Table 1). Simultaneously, no differences 
were observed between the Young’s modulus values 
determined in the case of the samples irradiated 
using various doses and the respective non-irradi-

Table 1. Mechanical properties of the non-irradiated and the irradiated fi lms 

Dose 
(kGy)

E-beam, air Gamma chamber, nitrogen

Tensile strength 
(MPa)

Young’s modulus 
(MPa)

Tensile strength 
(MPa)

Young’s modulus 
(MPa)

  0 12.42 ± 0.47   370 ± 29 15.04 ± 0.44 385 ± 44
  5 12.90 ± 0.44   363 ± 18 nd 267 ± 12
10 12.33 ± 0.64   429 ± 23 14.65 ± 0.53 373 ± 28
15 12.50 ± 0.72   403 ± 76 15.53 ± 0.45 265 ± 24
20 12.41 ± 0.62 420 ± 7 13.38 ± 0.45 298 ± 37
25 13.10 ± 0.55   325 ± 11 13.29 ± 0.54 287 ± 13
30 12.26 ± 0.33   367 ± 36 14.36 ± 0.29 330 ± 26
50 12.67 ± 0.55   325 ± 11 13.74 ± 0.76 316 ± 25
75 12.27 ± 0.24   390 ± 61 14.46 ± 0 77 234 ± 15
Irradiations were performed with gamma rays in nitrogen or with fast electrons in air using doses in the range 5–75 kGy. 
nd – not determined. 
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ated reference samples (Table 1). All the irradiated 
samples were still characterized by a high elasticity. 

Swelling behaviour

Swelling parameters A (Tables 2 and 3) were simi-
lar to those determined for starch:PVA systems by 
Mathew et al. and Tack et al. [13, 14] and somewhat 
lower compared to the results of Priya et al. [9]. 
Simultaneously, Tang et al. and Zhou et al. [4, 5] no-
ticed a similar mass loss in the case of the starch:PVA 
after immersion in water at similar conditions. 

No effect on both swelling parameters A and B was 
noticed after radiation in e-beam in the air with doses 
in the range of 5–75 kGy (Table 2). Simultaneously, 
the mass loss after immersion in water connected to 
the swelling experiment has increased after irradiation 
and was higher when the radiation dose increased 
(Table 2). 

In the case of the sample irradiated with gamma 
rays no change of swelling parameter B (related to 
the fi nal “dry” mass) was observed (Table 3). How-
ever, a negligible decrease after irradiation could 
not be excluded at the higher doses for the swelling 
parameter A (related to the initial mass) (Table 3). 
At the same time, a similar increase in mass loss 
after the experiment was observed (increasing with 
a dose rise), as in the case of samples irradiated in 
the accelerator (Table 3). 

Greater mass loss observed after swelling experi-
ments in the case of the irradiated samples showed 
the increased solubility caused by irradiation (Tables 

2 and 3). A similar increase in solubility occurred 
after treatment with fast electrons (air) as after the 
action of gamma rays (nitrogen) after the use of 
doses in the range 5–75 kGy. Simultaneously, it can 
be stated that irradiation with doses till ca. 25 kGy 
causes a relatively low increase in the fi lms’ solubility. 

Conclusion

Different radiolysis products can be observed in the 
starch:PVA compositions with respect to differing 
starch and PVA contents. No regular dependence has 
been noticed between the composition of the fi lms 
and the intensities of the particular bands in the 
UV-VIS DRS after irradiation. The results indicated 
strong interaction of the starch and PVA components 
in the fi lms and the occurrence of specifi c reactions 
in each composition upon irradiation. 

No special differences were observed between 
mechanical properties (tensile strength and Young’s 
modulus) of the non-irradiated fi lms characterized 
by starch:PVA ratio equal to 45:55 and the fi lms ir-
radiated using doses in the range of 5–75 kGy. This 
concerns irradiation carried out both in e-beam 
under air and in gamma chamber under nitrogen. 
Similarly, no differences were observed between the 
swelling capability of the non-irradiated and the 
irradiated fi lms. However, it can be deduced that 
solubility in water increased when the radiation 
dose increased. 

It can be concluded that using doses in the range 
of 25 kGy does not cause an essential change of all 

Table 2. Swelling behaviour of the starch:PVA (45:55) fi lms after irradiation performed with fast electrons in air using 
doses in the range 5–75 kGy: parameters of swelling A and B (related to the initial and the fi nal mass, respectively), 
mass loss after the experiment and the increase in solubility caused by irradiation 

Dose 
(kGy)

Swelling A 
(wt%)

Swelling B 
(wt%)

Mass loss after 
the experiment (wt%)

Increase 
in solubility (wt%)

  0 196 ± 5   341 ± 29 27.46 ± 1.00 0.00
  5 185 ± 3   306 ± 14 28.93 ± 0.86 1.47
10 213 ± 4   355 ± 24 29.65 ± 1.31 2.19
15 208 ± 9   344 ± 24 30.60 ± 1.76 3.14
20 183 ± 3 304 ± 7 30.13 ± 1.25 2.67
30 199 ± 5   350 ± 25 31.56 ± 0.83 4.10
50 208 ± 6   370 ± 14 34.73 ± 1.95 7.27
75   183 ± 16   341 ± 28 35.73 ± 2.13 8.27

Table 3. Swelling behaviour of the starch:PVA (45:55) fi lms after irradiation with gamma rays performed in nitrogen 
using doses in the range 5–75 kGy: parameters of swelling A and B (related to the initial and the fi nal mass, respec-
tively), mass loss after the experiment and the increase in solubility caused by irradiation 

Dose 
(kGy)

Swelling A 
(wt%)

Swelling B 
(wt%)

Mass loss after 
the experiment (wt%)

Increase 
in solubility (wt%)

  0 231 ± 2   370 ± 16 29.40 ± 1.93 0.00
  5 229 ± 8 360 ± 3 31.66 ± 2.47 2.26
10 225 ± 7 368 ± 4 32.98 ± 1.68 3.58
15 212 ± 9   363 ± 27 32.12 ± 4.86 2.72
20 214 ± 4   364 ± 11 32.70 ± 0.89 3.30
25 217 ± 3 365 ± 4 32.11 ± 1.44 2.71
30 225 ± 9   386 ± 10 33.82 ± 0.79 4.42
50   218 ± 17   364 ± 10 35.13 ± 2.54 5.73
75   200 ± 15 365 ± 8 37.67 ± 2.28 8.27
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the examined properties of the starch:PVA (45:55) 
fi lms. 

The results show that the starch:PVA (45:55) 
fi lms might appear suitable for packing of food pre-
dicted for radiation decontamination. 
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