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ABSTRACT. Comparison of protection effect of additives in liquid paraffins and polypropylene (PP) irradiation 
under pure oxygen atmosphere has been carried out. Gas product analysis and mechanical properties measurement 
of PP films indicate that the presence of additives reduces 0 2 uptake, gas evolution and molecular degradation. These 
facts are attributed to energy and charge transfer, and radical scavenging action of the additive molecules regardless 
the physical state difference of the substrates. Oxidation pathway in liquid paraffin is shorter than that in solid PP, 
and the main part of the consumed 02 are converted into carboxylic acids. The excess of H2 evolution observed in 
PP oxidation is produced during the oxidation step, and transformation of the additives in their function as protector. 

INTRODUCTION. 
The presence of either antioxidant or energy and charge scavengers in the 

polypropylene (PP) matrix is known to have improved its mechanical strength after irradiation 
and to suppress the oxidation during storage of the irradiated PP1. The improvement of 
mechanical strength and reduction of the gas evolution have been attributed to energy and 
charge transfer as well as radical scavenging by the added molecules, as those observed in 
the model compounds2. 

Although the presence of additives either in PP matrix or the liquid paraffins give the 
same effect, the protection mechanism in both substrates are supposed to be different due to 
the difference in their physical states. In the PP matrix, additives are only distributed in the 
amorphous phase. On the other hand, in the liquid paraffins which are considered the model 
of amorphous polymers, the additives are well mixed. 

The purpose of this paper to present the comparison of protection mechanism in both 
substrates. Product analysis has been carried out to evaluate the protection mechanism. 
Vacuum radiolysis is discussed as the basic protection mechanism. 

EXPERIMENTAL. 
Samples. Liquid n-hexadecane (QgH^, C), squalane (CJQU^, S), and additives: tetralin (T), 
naphthalene (N), octahydrophenanthrene (OP), and phenanthrene (P) have been described in 
the previous publications2. The concentration of each additive in n-C^H^ (C^Hgj) was 200 
mM (ca. 4wt%). Each sample of 5.0 ml was put in a glass ampoule having a breakable seal, 
evacuated, filled hi with 600 torr of pure 02 , and sealed off. Polypropylene (PP) sheets with 
97.9% tacticity were received from Nippon Oil Co.Ltd.(E130G Nippon Oil). The additives 
incorporated in the PP were Irganox 1010 (1-1010), butylated hydrotoluene (BHT), 
octahydrophenanthrene (OP), and propylfluoranthene (Antirad)1. Their concentration in the 
matrix were 0.5 and lwt%, and the film thickness were about 0.6-0.8 mm. The films were 
cut into dumb-bell shape specimens, put in the glass tube having breakable seal, evacuated, 
filled with 300 torr pure Oa, and sealed off. Samples, which were irradiated under vacuum, 
were sealed off without filling of 02. 
Irradiation. Gamma rays irradiation with ^Co source was carried out at room temperature. 
The irradiation on liquid was carried out with a dose rate of 7kGy/h, and rotated during 
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irradiation. PP films were irradiated with 0.7kGy/h, and those irradiated under vacuum with 
a dose rate of lOkGy/h. The total absorbed dose was measured by alanine dosimeter3. 
Analysis. Gas products. The pressure of the evolved gas was measured and analyzed by gas 
chromatography (GC). The schematic diagram and details of the analysis were described 
elsewhere4. Analysis was carried out isothermal at 50° C, and the carrier gas was He 
(30ml/min). The detectors were TCD (Thermal Conductometry Detectors). 
Mechanical properties. Tensile strength, modulus, and elongation at break of PP samples 
were measured at room temperature by an INSTRON 4301. The cross head speed was 200 
mm/min. The values were determined as an average of four measurements. 
Liquid products, (a). Total acid content, The carboxylic acids present in the irradiated 
sample was determined by titration. A mixture of 0.50±0.02g of sample and 5.0ml of 
alcoholic (IPA) 0.1N KOH was diluted to 50 ml by a toluene/water/isopropanol(IPA) (4/1/5) 
solution. The neutralization reaction was carried out at 65° ±1° C for 20 min to accelerate the 
neutralization reaction. The remained KOH was then back-titrated after cooling to room 
temperature with a standard alcoholic (IPA) 0.1N HC1. The end point of titration was 
potentiomerrically determined by an automatic titrator. (b). Total carbonyl content. The total 
carbonyl content was spectrometrically determined. Condensation reaction with DNPH (2,4-
dinitrophenylhydrazine) has been carried out, and the procedure was adopted from ref.5. For 
quantitative analysis, butanone-2 and a-tetralone were used as the standard compounds, (c). 
Total hydroperoxides content. The total hydroperoxide content was determined by 
iodometry6. The standard compound was H202. 

RESULTS AND DISCUSSION. 
I. EFFECT OF ADDITIVES ON THE VACUUM RADIOLYSIS OF POLYMER MATRIX 

AND ITS MODEL COMPOUND. 
Under vacuum condition, H2 formation in the radiolysis of polymer matrix and its 

model compound are similar. The GOHj) of PP (2.9) is almost the same as that of squalane 
(QoHgj, 3.0), and both are lower than that of n-C16H34 (3.5). It is suggested that H2 evolution 
depends on the chemical structure rather than the physical state. Linear polymers produce 
larger amount of H2, but undergo less main chain scission than the branched ones. It might 
be due to the localization of energy at C-H bond which breaks it,but is delocalized at the C-
C bonds along the main chain of linear alkane. The presence of tertiary carbons in branched 
alkanes weaken the main chain , and causes bond rupture which induces more chain scission. 

The presence of additives reduces the H2 evolution as well as main chain soission, and 
the latter one results in the retardation of the PP deterioration. Aromatics are more effective 
than hydroaromatics in the liquids, and the antirad is more effective than antioxidants in PP 
(Fig.l). Energy and charge transfer to the added molecules take place both in the liquid and 
solid phase, due to the difference in the ionization potential (IP) and excited state (S\) level 
between the solvent (matrix) and the additives2. The protection efficiency depends on degree 
of aromaticity, or concentration of aromatic rings in the matrix. 

II. RADIATION INDUCED OXIDATION OF POLYMER MATRIX AND ITS MODEL 
COMPOUND. 

The reaction of molecular 0 2 with the formed free radicals is determined by the 
physical state as well as the geometry of the substrate such as film thickness and 0 2 pressure, 
since oxidation is a diffusion controlled reaction regardless of its initiation mode. 
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Fig.la. Effect of additives on gas evolution of 
n-QsBj,, ( • ) pure, and in the presence of(A) F iS- l b- Effect of additive concentration on GCHj) 
Decalin, (%) Tetralin, ( o ) Naphthalene, in the vacuum irradiation ( • BHT), ( A 1-1010) 
( • ) Octahydrophenanthrene, «>) phenanthrene. ( o OP), ( v Antirad). (open:0.5wt%, solid: lwt%) 

Table I. G-values of Oz uptake and gas products of pure substrates 

02 uptake 

Products 

CO 

C02 

H20 

H> 

CH< 

liquid 

n - C 1 6 H 3 4 

5.7 

0.02 

0.30 

0.30 

3.0 

0.02 

QjoHra 

6.5 

0.05 

0.25 

0.25 

2.6 

0.07 

PP' 

0.6mm 

48.0 

0.12 

0.17 

>0.20 

2.9 

0.14 

0.3mm 

73.0 

2.1 

3.1 

>0.50 

2.9 

0.24 

*)initial 0 2 pressure: 300 torr, G-values are calculated at 25kGy (0.7 kGy/h) 

Table I shows that G-value of 0 2 uptake in PP oxidation is very high (48-73) 
compared to that in liquid paraffins (ca. 6.0) despite of their same G-value of alkyl radical 
(G(R-) « 3.5 at 77K). The value becomes larger when the film thickness is reduced (0.3mm, 
G(-0^) « 73.0), which means that the oxygen diffusion into the film controls the over all 
oxidation. These data indicate that the oxidation step in PP is a long chain reaction, whereas 
in the liquid paraffins the chain is very short. Seguchi et al. assumed a "neighboring" 
oxidation in the solid phase to induce large 0 2 uptake7. The evolved energy in the oxidation 
will induce free radical formation of the neighboring molecules and promotes the 0 2 uptake. 
The existence of trapped radicals in PP might induce post-irradiation oxidation due to its 
migration to the crystalline surface with time. Since there are no trapped radicals in the liquid 
phase, no post-irradiation effect is observed. 

Molecular H2 is a radiolysis product in both substrates. The G(JA^) of n=C16H34 and 
C30H62 are lower than those under vacuum (3.5 and 3.0,respectively). On the other hand, 
G(KJ) in irradiated PP is not affected by oxygen (Table II). Then, Q2 is an energy and 
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electron scavenger in the liquid phase. 
Table IT. G-values of H 

film thickness (mm) 

Pure PP 

PP + BHT (lw/%) 
PP + 1-1010 (lwt%) 
PP + OHP (lwt%) 

PP + Antirad (ln*%) 

Vacuum 
(10 kGy/h) 

0.6 

2.9 

2.6 
2.6 
2.6 

2.2 

2 evolution 

in 300 torr 0 2 

(1.0 kGy/h) 

0.6 

2.9 

2.9 
2.9 
2.9 

2.4 

0.3 

2.9 

3.3 
2.9 
2.9 

2.8 

Only less than 10% of the consumed 02 are involved in the gas products as CO, C02, 
and I^O. Condensed products analysis of oxidized PP has been carried out by Lacoste et al8 

The oxidation products are converted into their derivates by gaseous reactions before the 
infrared (IR) analysis. The main product is reported to be tert-PP hydroperoxide, because 
this compound is stable enough at room temperature. The carbonyl compounds detected at 
1710 cm"1 are mainly ketones. On the other hand, liquid product analysis of the paraffins 
shows that hydroperoxides and ketones are minor, but more than 90% of the consumed 02 

are converted into carboxylic acids (G(acids)= 5.0). 
Since the detected products in the liquid phase and PP are quantitatively and 

qualitatively different, it is suggested that the reactions in the oxidation step in both substrates 
are different. This difference is due to the physical state of the substrates (solid & liquid). The 
deterioration of the irradiated PP is enhanced by chain scission during oxidation. 

HI. PROTECTION IN THE RADIATION INDUCED OXIDATION. 
Since H2 evolution is assumed to be parallel with the alkyl radical formation, the 

presence of additive also reduces the alkyl radical formation. Table III shows the G-values 
of H2, 02 uptake and oxidation products of n-C^E^, systems. The reduction of H2 evolution, 
acid formation and 02 uptake are almost proportional, except for hydroaromatic compounds. 
The order of gas and acid reduction are similar to the order of gas reduction under vacuum. 
The reduction of H2 evolution indicates the occurrence of energy and charge transfer. 
Hydroaromatics suppress the oxidation of paraffins, but they themselves are oxidized, 
therefore the 0 2 uptake becomes larger. The hydroaromatic donates its allylic hydrogen, and 
the allylic radical itself is scavenged by 02 molecule?. This hydrogen donating effect agrees 
with that reported on inhibition of radiation degradation of polyolefins by Kubo and 
Otsuhata9. 

Unlike the reduction of 02 uptake in the liquid, the reduction in PP is less dependent 
on the degree of aromaticity of the additive (Fig.2). Antioxidant (BHT) is more effective than 
Antirad and OP. The protection effectiveness is determined by the compatibility of the 
additive with the substrate. Although the additives reduce the 0 2 uptake, they loss their 
protection effect at higher doses because they might be consumed by irradiation. The 
reduction of 0 2 uptake is not proportional to that of H2. Table II shows that H2 evolution 
becomes larger in the presence of additives and if the oxidation condition becomes severe. 
It means that the additives evolve H2 during their transformation under oxidation condition. 
Moreover, the reduction of 02 uptake is more obvious in PP than in the liquid phase despite 
the less effective H2 reduction. The effect of BHT is more obvious in PP .than in the liquid 
phase. All the differences observed may be caused by the difference in the reactions of the 
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oxidation step. The peroxyl radicals are very mobil in the liquid phase, but not in the semi-
crystalline polymers. Therefore, those in the semi crystalline ones are easier to be scavenged. 
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Fig.2. Effect of additives on the 02 uptake 
(lkGy/h, 300 Torr 02, 0.6mm films) 
Pure PP(©), PP in the presence of l\v% 
(DBHT) (11-1010) (OOP) (•Antirad) 
(O 0.3mm pure PP) 

350 

Dose (kGy) 
Table 1M. G-valucs of O, uptake and products of irradiated n-C,f,l-l„ in the presence and absence of additives. 

Pure C^rl* 
(Q 

C + N 
(200m M) 

C+ P 
(200mM) 

C + T 
(200mM) 

C + OP 
(200mM) 

C + BHT 
(108mM) 

G(H,) 

3.0 

2.2 

2.2 

2.4 

2.4 

2.3 

G(-02) 

5.7 

3.8 

3.8 

6.2 

7.4 

4.4 

G(CO) 

0.02 

0.02 

0.02 

0.02 

0.03 

0.07 

G(COJ 

0.30 

0.20 

0.20 

0.20 

0.20 

0.10 

G(H20) 

0.30 

0.20 

0.20 

0.25 

0.25 

0.25 

G(carbonyl) 

-

-

-

6.5 

5.1 

-

G(acids) 

5.0 

3.0 

3.1 

3.7 

4.3 

4.0 

Sample voUubc: 5.0ml/100ml, 600 torr O,, 600 kGy (6-7 kGy/h) 

CONCLUSION. 
02 uptake in radiation induced oxidation of liquid paraffins are lower than that in the 

PP matrix, and the main oxidation products are carboxylic acids. The presence of additives 
reduces molecular degradation of both PP and its model compound, but the reduction 
efficiency depends on the physical state of the matrix. 
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