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1. Description of the research carried out 

The biodegradable composites are prepared by melt blending method in Poly-lab Rheomix 

internal mixer from Thermo Electron. The high-density polyethylene (90 wt%) and maleic 

anhydride grafted polyethylene (10 wt%) are heat melted at 170 °C under the constant rotors 

speed (60 rpm). After 3 min, maize starch (Gelose 80) 10 parts per hundred (phr), sepiolite, 

stearic acid (1 phr), Irganox 1010 (0.2 phr) and Irgafos 168 (0.1 phr) are added and mixed for 

another 15 min. The sepiolite is varied from 2 to 6 phr in these composites. The PE0, PE2, PE4 

and PE6 identification codes are used to represent composites containing 0, 2, 4 and 6 phr of 

sepiolite respectively. The heat pressed sheets are prepared at 170 
ο
C at 200 bar. These sheet 

are irradiated under electron beam in air at room temperature using UELV-10-10S linear 

electron beam irradiator (NIIEFA, Russia) at 10 MeV and 1mA using 1 kGy/pass. The 

samples are subjected to various doses of electron beam irradiation ranging from 25 to 100 

kGy. 

The structural and morphological analysis of developed composites is characterized by 

Fourier transform infrared spectrophotometer and scanning electron microscope. The thermal 

properties are investigated using thermo-gravimetric analyzer and differential scanning 

calorimeter. The gel content and tensile properties are also measured. 

2. Results 

2.1.Structural Analysis 

The structural analysis of unirradiated and irradiated composites is carried out using infrared 

spectroscopy and the spectra are shown in FIG. 1. The spectrum of PE0 shows stretching and 

bending vibrations of C–H bond in the region 3000-2850 cm
-1

 and 1460-1370 cm
-1

 

respectively. The presence of starch in the composites is confirmed by its characteristic bands 

at 990, 1024 and 1080 cm
-1

. The bands observed at 990 and 1024 cm
-1 

are attributed to the C–

O bond stretching of C–O–C group in anhydrous glucose ring, and those at 1080 cm
-1

 

correspond to the C–O bond stretching of C–O–H group [1-2]. The sepiolite also shows its 

typical band attributed to the Si–O stretching vibrations of Si–O–Si groups at 1020 cm
-1

 [3-4]. 

It is worth noting that the intensity of this band is increased with increase in the amount of 

sepiolite in the composites. The spectra of composites also show all these bands but slightly 

shifted towards lower wave number. This band shifting is attributed to the interaction of the 

silanol groups of sepiolite with the hydroxyl groups of starch via hydrogen bonding [5]. These 

interactions facilitate the better dispersion of additives in the polymer. The irradiated PE6 

composite showed the similar spectra as observed for unirradiated PE6. This shows that the 

structural integrity of polyethylene and incorporated additives remained unchanged during 

irradiation. 
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Fig. 1. FTIR spectra of PE0 (a), PE2 (b), PE6 (c) and 100 kGy irradiated PE6 (d) composites 

from 4000-500 cm-1 (A) and 1250-800 cm-1 (B). 

2.2.Morphological analysis 

SEM micrographs of PE6 composites irradiated at 25 kGy and 100 kGy at different 

magnifications are presented in FIG. 2. The micrographs exhibit the homogeneous dispersion 

of incorporated additives as well as the formation of continuous phase in the polymer matrix. 

The cryo-fractured structure showed the ductile behaviour of composites with the additives 

particles remained attached to the polymer matrix. This good interfacial adhesion between 

polymer matrix and additives is resulted by compatibilizers and support the IR results. The 

improvement in compatibility is further enhanced by the reaction of silanol groups of sepiolite 

with the hydroxyl groups of starch as previously discussed. In addition, the grafted vinyl 

moiety on sepiolite also reacts and produces macro-radicals during irradiation, which develop 

link between polymer and sepiolite [6]. All these interactions and reactions resulted into a 

continuous phase of polymer which covered the particles and improved interfacial interaction. 

Gupta et al. [7] also reported the interactions between the hydroxyl group of starch and the 

maleic anhydride group in polyethylene/starch biodegradable composites. 

The EDX spectra of PE6 (100 kGy) composite is shown in Fig. 2D. The EDX spectrum of 

starch particle also showed a small amount of silicon in addition to carbon and oxygen. The 

presence of silicon around starch particles further confirmed the compatibilizing effect of 

silane in the composites. 
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Fig. 2. SEM micrographs PE6 composites (A) 25 kGy irradiated X500, (B) 100 kGy 

irradiated X500, (C)100 kGy irradiated and (D) EDX spectra of 100 kGy irradiated 

composites. 

2.3.Thermal analysis 

FIG. 3 shows the thermogravimetric (TG) and differential thermogravimetric (DTG) 

thermograms of PE/starch blend and composites irradiated at 100 kGy. It can be seen from 

this figure that all thermograms exhibit mass loss in two steps. The first mass loss mainly 

corresponds to the degradation starch whereas, the second mass loss is mainly due to the 

polyethylene. The DTG thermograms of composites (Fig. 3B) also reveal two peaks 

corresponding to two-step mass loss. The temperature corresponded to the first mass loss is 

almost constant, whereas, the second mass loss is shifted towards higher temperature as the 

sepiolite content are increased in the composites. The incorporation of sepiolite improved the 

thermal stability of PE/starch blend and shifted the decomposition towards higher 

temperature.  The addition of 6 phr sepiolite (in PE6) increased the thermal stability of PE0 by 

45 ºC at 10 % mass loss. These results clearly indicate improvement in the thermal stability of 

composites with the incorporation of sepiolite which hinders the diffusion of volatile 

products. which is attributed to the enhanced molecular interactions between polymer and 

sepiolite as previously discussed. 

The melting temperature of PE0 composite is 129.8 ºC, which remained constant with the 

incorporation of sepiolite and irradiation. Whereas, the crystallization temperature of 

unirradiated PE6 composite is reduced from 115.3 to 113.6 ºC in PE6 irradiated at 100 kGy. 

The reduction in crystallization temperature might be attributed to the less flexibility of 

macromolecular chains resulted by radiation crosslinking, which hinder the rearrangement of 

polymer chains to form crystallites [8]. 
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Fig. 3. Mass loss (A) and mass loss rate (B) of 100 kGy irradiated PE0, PE2 and PE6 

composites. 

2.4.Gel content analysis 

Gel content is a simple and reliable method used to measure the crosslinking density of the 

polymer. Fig. 4 shows the gel content of irradiated samples against absorbed dose. It can be 

seen from this figure that the gel content of PE2, PE4 and PE6 composites are slightly lower 

than PE0. This reduction in the gel content might be attributed to the formation of H
°
 and OH

° 

formed by the radiolysis of water molecules present in the sepiolite structure that might 

enhance the degradation. It can also be seen that the gel content of irradiated composites are 

increased with increase in the absorbed dose. The increasing trend in gel content indicates the 

formation of crosslinked network resulted by radiation. 

 

Fig. 4. Gel content of irradiated composites at different absorbed dose. 

3. Tensile properties 

The tensile properties of composites are presented in Table. It can be seen from this table that 

PE2, PE4 and PE6 composites exhibited higher tensile strength (TS) and modulus as compared 
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to the PE0 composite. The improvement in tensile properties of composites with the 

incorporation of sepiolite is attributed to its better dispersion and good interfacial adhesion 

within the polymer matrix as reported by other researchers [5, 9-12]. Interestingly, the tensile 

strength and modulus of composites are increased significantly with increase in absorbed 

dose. The tensile strength of unirradiated and 100 kGy irradiated PE6 composite is 21.7 and 

25.9 MPa respectively. Similarly, the modulus of unirradiated and 100 kGy irradiated PE6 

composite is 483 and 796 MPa respectively. These improvements are attributed to the 

formation of radiation-induced crosslinking which improved the reinforcing effect of 

additives in polymer matrix [13]. Similar improvements in tensile properties with absorbed 

dose have also been observed in electron beam irradiated poly (ethylene-co-vinyl acetate)/clay 

composites [14]. 

TABLE 1. TENSILE PROPERTIES OF THE COMPOSITES. 

Sample/Dose 

(kGy) 

TS (MPa) Modulus (MPa) Eb (%) 

0 25 100 0 25 100 0 25 100 

PE0 18.0 20.1 20.4 439 497 490 177 251 35 

PE2 19.9 21.0 25.0 650 478 492 598 653 158 

PE4 21.3 22.5 25.3 494 662 711 382 578 119 

PE6 21.7 22.0 25.9 483 616 796 228 416 60 

Higher elongation at break (Eb) is observed for PE2, PE4 and PE6 composites exhibited than 

PE0 composite, which might be attributed to the good compatibility between the polymer 

matrix and incorporated additives. The increased content of sepiolite from 2-6 phr reduced 

Eb, which might be due to the stiffing effect of sepiolite. When these composites are 

irradiated, the Eb first showed increase up to 25 kGy absorbed dose, and further increase in 

dose decreased the elongation at break of composites. The improvement in elongation at low 

absorbed dose is attributed to the less crosslinking of polymer chains that requires large 

elongation to break the sample.  

4. Conclusions 

The biodegradable composites based packaging materials suitable for radiation sterilization 

have been successfully prepared. The maleated polyethylene and silane compatibilizers 

enhanced both the dispersion and interaction of the additives within the polymer matrix. The 

interaction among the incorporated additives is further confirmed by the shifting of IR bands 

in the composites. The EB irradiation of the developed composites at different doses 

improved the tensile strength and modulus by 40.7 and 64.6 % respectively. Both sepiolite 

and EB irradiation also improved the thermal stability of the composites. The increase in gel 

content of composites with increase in absorbed dose indicates the formation of radiation-

induced crosslinked network. This radiation-induced network is responsible for the 

improvement of their properties. The developed composites with improved properties can be 

fabricated into different forms which can be used as packaging materials for radiation 

sterilizable products. 
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