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Summary 

This paper presents the effect of gamma irradiation on polyethylene stabilized with 
two derivatives of carnosic acid. LDPE-stabilized samples were subjected to high 
energy radiation on three doses (5, 10 and 20 kGy) on the sterilization range of 
polymers. The stability of radiochemically degraded LDPE was achieved by oxygen 
uptake at 1900C under isothermal and isobaric conditions. Antioxidant concentration 
of 0.25 % w/w was selected to demonstrate the availability of these compounds for 
delaying oxidative degradation under hard service circumstances. The influence of 
substitution in antioxidant molecules on the kinetic parameters of thermal stabilization 
is discussed. Some mechanistic aspects in relation to the intermediates of additives are 
assumed. 

Introduction 

The radiation sterilization of polymer materials is an advantageous procedure through 
which biological contaminants are totally inactivated by the exposure to the action of 
high energy radiation. It is obviously recognized that in polymers the accelerated 
electron, γ- or X-rays induce bond scission, which is followed by certain chemical 
modifications [1-4]. In spite of beneficial aspects of the efficiency of radiochemical 
treatment, the radiation sterilization causes either a slight variation in molecular 
weight, or degradation. In any case, the presence of an active antioxidant is required 
for the prevention of oxidation during irradiation processing. 
Even though considerable research effort has been devoted to the study on the 
stabilization of polymers, high number of papers is issued [for example, 5-9] on this 
topic. After the application of radiation treatment, exposed material becomes more 
reactive to oxygen due to the activity of new formed free radicals. The addition of 
efficient compounds, which can delay the start of oxidation, is the most convenient 
solution for the extension of material lifetime. 
According to the international standards applied in the area of radiation sterilization 
[10-12] the conditions and requirements under which this operation must be practiced 
have to follow certain recommendations. The application of these regulations on the 
preservation of high stability on oxidation is the goal of several academic papers [for 
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example 13-15], where the authors have emphasized the practical advantages offered 
by this kind of processing. The investigations on radiation resistance of polymer must 
be depicted because this property represents the most important characteristic that 
determines the durability of products. In this paper the capability of low density 
polyethylene stabilized with two carnosic acid derivatives is discussed. 

Experimental 

Materials and sampling 

Low density polyethylene, K322 sort, was provided by Brazi Chemical Enterprise 
(Romania). This pristine material presents some characteristics, which are listed in 
Table 1. 

Table 1. The main characteristics of pristine low density polyethylene 

Density 0.920 
Crystallinity 45.5 % 
Number of CH3 per 100 carbon atoms 3.1 

LDPE was previously purified by sohxlet boiling for 10 hours in o-xylene, followed 
by the precipitation with cold methanol. The separation of supernatant was done when 
the system was still hot in order to prevent the adsorption of the any trace of 
antioxidant, which would exist in liquid phase. The raw polyethylene was dried in an 
air-circulating oven at 300C till the solvent was totally removed. 
The compounds used as antioxidants are the derivative of carnosic acid. Their 
structures are presented in Figure 1. Their preparation was previously reported [16] 
being commercially named CS 84 and AM 138. 

HO
OH

CH2OH a             

OH
HO

COOH b 
Figure 1. Molecular structures of studied additives. (a) CS 84 and (b) AM 138. 

The addition of antioxidants at a concentration of 0.25 % w/w was performed by 
vigorous grounding in a mortar of CH3Cl-wetted and fresh polyethylene, till a high 
homogeneity was attended. The obtained powder was also dried at room temperature. 
Aliquots of 20 mg were taken for further steps of investigation (irradiation and 
thermal characterization). 
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Irradiation 

γ-Exposure ageing of modified and control LDPE specimens were done in air at room 
temperature in an irradiator GAMMATOR 220 (USA) provided with 137Cs source. 
Dose rate was 0.4 kGy/h; the selected total doses were 5, 10, 20 kGy. All the oxygen 
uptake determinations were promptly done, because it must avoid any errors brought 
about by the storage of samples. 

Measurement 

Oxygen uptake investigations on various sample formulations consisting of control – 
and modified – low density polyethylene were carried out in a device designed in our 
laboratory [17]. Determinations were performed in air as oxidant environment at 
1900C and normal pressure. This temperature was properly chosen, because the 
oxidation takes place to an appropriate rate and it is usually applied in several 
manufacture technologies of polyethylene-made products. However, the thermal 
stability investigation on polyethylene samples would not be performed on solid-phase 
material due to the too long experiments (several weeks). 

Results and discussion 

The radiochemical consequence of the high energy radiation exposure of LDPE is the 
formation of free radicals on the first stage of irradiation [18]. The lifetime of 
radiolyzed materials depends on the behavior of radicals [19]. It is generally accepted 
that polyethylene belongs to the class of radiation crosslinkable polymers, which 
exhibits a satisfactory radiochemical stability [20]. However, the reaction of free 
radicals with molecular oxygen occurs, but at a minimal level. The appearance of 
peroxyl radicals denotes the start of oxidation and they will initiate a subsequent 
degradation by a chain process. The presence of antioxidants minimizes the 
probability of the early beginning of oxidation [21, 22]. The higher the efficiency of 
radical protection by scavenging of a radical, free hydrocarbon moiety or peroxyl 
intermediate, the longer the durability of polymer. The oxidative degradation must be 
stopped on the first stage by chain breaking antioxidants, because any peroxyl radical 
becomes further an oxidation promoter. 
The oxidation behavior of purified low density polyethylene is illustrated in figure 2 
by the progress of oxygen consumption (a) and the change in the oxidation rate (b) of 
LDPE free of antioxidant. 
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Figure 2. The dependencies of oxygen uptake (a) and of oxidation rate (b) obtained for purified 
LDPE at various doses. (■, □) unirradiated sample; (●, ○) 5 kGy; (▲, Δ) 10 kGy; (♦, ◊) 20 kGy. 
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The accumulation of oxygenated intermediates occurs faster at higher doses, because the 
local energetic transfer is larger and, consequently, the specific number of split bonds is 
greater in the absence of oxidation inhibitor. From the figure 2b, it is easy to remark that 
the increase in the rate of oxidation for purified LDPE happens at the start of thermal 
oxidation; it means that the long life radicals previously trapped in the crystalline phase 
(45.5 %) are involved in the fast oxidation of radiation sterilized polyethylene. If the 
unirradiated LDPE specimen attends a pseudoplateau on the dependence of oxidation 
rate on time for the first 50 minutes, the unstabilized LDPE sample irradiated at 20 kGy 
reaches a maximum oxidation rate after first 30 minutes. The maximum oxidation rate 
may be attended faster, if the dose rate will be higher due to the higher rate of bond 
scission, followed by oxidation of radical intermediates. The diffused oxygen provided 
from the outer layers toward the inner part of polyethylene bulk will be faster consumed 
and the degradation of radiation-processed material will be happened earlier. The 
oxidation curves (figure 2a) present various oxidation induction times for the different 
irradiation doses absorbed by LDPE powder patterns. However, they are not so unlike 
that the oxidation rates are, because on the first step of degradation (initiation) the 
concentration of free radicals does not determine sharply propagated oxidation. 
The addition of antioxidants brings about a significant improvement of oxidation 
resistance for similar irradiation doses. Figures 3 and 4 illustrate the oxygen 
consumption and the modification occurred in oxidation rates for the both stabilized 
formulations of low density polyethylene samples. 
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Figure 3. Oxidability curves (a) and the dependencies of oxidation rate (b) on degradation time 
for LDPE stabilized with AM 138. 
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Figure 4. Oxidability curves (a) and the dependencies of oxidation rate (b) on degradation time 
for LDPE stabilized with CS 84. 
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Though a certain initial amount of molecular oxygen pre-exists in polyethylene 
material from manufacturing step, the presence of antioxidant does not allow material 
to be fast degraded. On the initial stages of thermal degradation in γ-irradiated LDPE, 
the antioxidant activity is more efficient in the presence of AM 138 than it has been 
observed in the case of CS 84 (figures 3a and 4a). After the propagation step is 
attended, the thermal degradation of the two modified LDPEs advance differently. 
This aspect may be explain by the differences in the chemical reactivities of initial 
structures and, may be, of the antioxidant intermediates that are formed on various 
moments of investigations. The oxidation induction time, which defines, in the first 
approximation, the thermal stability of irradiated specimen [23] is the most relevant 
kinetic parameter that characterizes the sensitivity of polymer materials to oxidation. 
Because of the very low concentration of peroxyl radicals, it is difficult to evaluate 
accurately the start moment of oxidation. But, by the intercept of the tangent drawn at 
the uptake curve on the propagation stage, it can be established the theoretical term of 
induction. The ratios between the oxidation induction times (OIT) for stabilized and 
control LDPE samples illustrate suggestively the high efficiency of studied 
antioxidants in the thermal stabilization of LDPE (Table 2). 
 

Table 2. The OIT ratios for irradiated and control samples at various doses 

τstabilized LDPE/τvirgin LDPE 
Antioxidant 

Dose 
(kGy) 

AM 138 CS84 
0  5.62  3.91  
5  6.04  4.67  

10  5.90  5.20  
20  6.00  4.82  

These results can be evaluated as a proof of the possibility for the formation of 
intermediates. Previous research on the oxidative protection activity of these 
compounds has suggested this hypothesis [24]. On this basis, a mechanism of the 
antioxidant action of the derivatives of carnosic acid may be presumed (figure 5). 
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Figure 5. Suggested mechanism involved in the stabilization action of the derivatives of 
carnosic acid. 
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The tested compounds would present quinone intermediates, whose stabilizing activity 
was demonstrated for the hindered phenolic antioxidants [25]. The reactive site is 
influenced by the substitutant on C16 and the stability of this structure is ensured by 
the participation of delocalized electrons belonging to benzene ring. As the result of 
this kind of coupling, the electronic density is not significantly modified, but a radical 
position is created by the neighbor units: the benzene ring and the saturated cycle. 
The experimental results demonstrate the satisfactory efficiency in the stabilization of 
radiation-sterilized polymers that are degraded through a mechanism based on radical 
intermediates like polyethylene. The high testing temperature, which is usually chosen 
for the processing of polyethylene (extrusion or pressing) is additional argument by 
which the these compounds can be considered very good antioxidants for polyolefins. 

Conclusion 

This study on the prevention of oxidative degradation initiated by free radicals 
presents the high efficiency of carnosic acid derivatives. On the dose range that is 
characteristic for radiation sterilization, the oxidation induction periods of irradiated 
LDPE are more than four times longer than the controls investigated under similar 
conditions. The propagation rate of oxidation is also significantly diminished due to 
the capability for the formation of alternative structures, which present certain 
antioxidant activity. 
Due to the existence of this derivative in nature, being used as curative agent in cancer 
treatment, it may be emphasized that these derivatives are proper antioxidants for 
ecologica stabilization of low dose irradiated polyethylene without any dangerous 
consequences. 
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