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1. Introduction 

 
 Plastics represent an important part of our everyday life; they are 

present in everywhere from our home to our professional activities. A huge 

diversity of plastics is available on the market and their number is increasing. 

The majority of plastic products used today is still prepared from commodity 

plastics, from polyethylene (PE), polypropylene PP, poly(vinyl chloride) 

(PVC) and polystyrene (PS) and its derivatives and their position on the mar-

ket will not change for many decades to come. Commodity plastics are versa-

tile materials produced in very large quantities and they are very cheap as a 

consequence. No other structural material can compete with them at the mo-

ment. Polyethylene occupies a special position even among commodity plas-

tics with about 40-50 % of the total consumption. 

 Polyethylene, like all commodity plastics is converted to products by 

thermoplastic processing technologies during which it is exposed to the effect 

of heat, shear and oxygen. In spite of its apparently neutral structure and lack 

of functional groups, PE takes part in chemical reactions during processing, 

but also during its use, which usually result in changes in its structure and 

deterioration of properties. Phillips type polyethylenes contain a chain-end 

double bond on each molecule, which reacts during processing forming long 

chain branches. Long chain branches cause decreasing in the number of vinyl 

groups and in the melt flow rate of the PE. As a consequence, polyethylene 

must be protected against such changes by the use of stabilizers. The develop-

ment and use of efficient additive packages is one of the key aspects of the 

production of a successful commodity polymer. 
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The degradation and stabilization of polymers is studied for a long 

time1. Basic processes were revealed and efficient stabilizer packages devel-

oped. The combination of a hindered phenolic primary antioxidant and a sec-

ondary, processing stabilizer, very often a phosphorous compound, is routinely 

used for the stabilization of polyethylene.  

Nevertheless, several questions are completely unclear or have not 

been dealt with at all. Our laboratory has been working on the degradation and 

stabilization of polymers for decades. The work and our commitment to the 

topic were strongly supported by the three-way cooperation among TVK, 

Clariant and our laboratory. However, the situation changed drastically at the 

beginning of the previous decade when Clariant decided to stop doing research 

and development work on plastics additives. As a consequence, we had to 

decide on the future of research in this area. Ongoing projects had to be com-

pleted naturally and the fruitful cooperation with TVK continued, as well.  

Current projects at that time were the study of the behavior and per-

formance of additive packages in products exposed to the effect of extractive 

media, i.e. water pipes, and the investigation of the mechanism of phosphorous 

secondary stabilizers. These projects paved the way and pointed out the new 

direction of our research, as well. Studies carried out on water pipes indicated 

that some of the transformation products of traditional phenolic antioxidants 

might present a hazard to human health. The study of Brocca et al.2 created 

much interest at that time and the questions raised have not been answered 

satisfactorily, yet. Taking into account these uncertainties, and in search of a 

new direction, the group turned its attention towards naturally occurring com-

pounds with antioxidant effect. Many substances and compounds have known 

to be beneficial to health with proven antioxidant, antiviral and anti-

                                                
1 Zweifel, H. Stabilization of Polymeric Materials. Berlin: Springer, 1998. 
2 Brocca D, Arvin E, Mosbæk H. Identification of organic compounds migrating from polyeth-

ylene pipelines into drinking water. Water Res 2002;36:3675-80. 
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inflammatory effect in the human body. Several of these compounds are used 

as additives in the food industry and the stabilizing effect in polymers was also 

indicated for some of them. However, apart from Vitamin E3, their possible 

use as stabilizers has never been studied in detail and their advantages as well 

as drawbacks explored. 

Two of outrunning projects are reported in the thesis: the study of the 

behavior of pressure pipes under the effect of extractive media and the detailed 

investigation of a completely new, experimental secondary stabilizer, an alkyl-

aryl phosphine. The rest of the thesis reflects the paradigm change in our phi-

losophy and focuses on the use of natural compounds for the stabilization of 

polyethylene. 

  

2. Materials and methods 

The experiments were carried out with ethylene/1-hexene copolymers 

of the Tisza Chemical Group Public Limited Company (TVK), Hungary, pol-

ymerized by Phillips catalyst. In the pipe project the additive packages con-

tained five phenolic antioxidants and five application stabilizers (hindered 

amine light stabilizer or a sulfur-containing antioxidant). Reactions of 

bis(diphenylphosphino)-2,2-dimethylpropane alkyl-aryl phosphine (PMP; 

Clariant) were investigated. In the natural antioxidant projects Irganox 1010 

(Ciba) was used as a reference phenolic antioxidant and a hindered aromatic 

phosphonite, Sandostab P-EPQ (Clariant) was used as secondary antioxidant. 

Quercetin (Sigma-Aldrich), curcumin (Sigma-Aldrich), β-carotene (Sigma) and 

α-tocopherol (Hoffmann-La Roche) were investigated as natural antioxidants. 

                                                
3 Al-Malaika S, Ashley H, Issenhuth S. The antioxidant role of α-tocopherol in polymers. I. The 

nature of transformation products of α-tocopherol formed during melt processing of LDPE. J 

Polym Sci A-1 1994;32:3099-113. 
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The polymers were pelletized by six consecutive extrusions at 260 °C 

except for compositions with β-carotene, where single extrusion was carried 

out at 190 °C. Samples were taken after each extrusion step. Plates of 1 mm 

and films of 100 m thickness were compression molded at 190 °C for charac-

terizing the polymer. Pressure pipes with 32 mm outer diameter and 3 mm wall 

thickness were produced from the pellets at Pannonpipe Ltd and soaked in 

warm (80 °C) water for 3, 5, 7, 12 months. 

The chemical structure of the polymer, the consumption of phosphorous 

antioxidant during the processing of polyethylene and the products of the 

phosphine stabilizer formed in model reactions were analyzed by Fourier 

Transform Infrared (FT-IR) spectroscopy. The thermal and thermo-oxidative 

characteristics of polyethylene and additives were studied using differential 

scanning calorimetric (DSC) and thermogravimetric (TGA) measurements. 

The rheological properties of the polymer were characterized by different 

methods: Melt flow index (MFI) was measured at 190 C with 2.16 kg load; 

creep compliance was determined at 190 °C, 500 Pa mean stress and 300 s 

creep/600 s recovery phase times, creep viscosity (0) was derived from the 

compliance measured in the creep phase. The color of the samples was meas-

ured and the yellowness (YI) was calculated as characteristic parameter. The 

residual stability of the stabilized samples was determined by measuring the 

oxidation induction time (OIT) in oxygen at 200 °C. The resistance of pipes 

against mechanical failure was characterized by the rate of slow crack propa-

gation. The thermal stability of the investigated phosphine and its reaction with 

molecular oxygen were studied at 200 and 240 °C under argon and oxygen, 

respectively. The reactions of PMP with carbon-centered, peroxy and oxy 

radicals, as well as with hydroperoxide were studied at 200 °C. The reaction 

products were analyzed by FT-IR spectroscopy and by solution-state Nuclear 

Magnetic Resonance (NMR) spectroscopy. The dispersion of the quercetin in 
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Fig. 1 Effect of the chemical structure of the 

polymer chains (vinyl content) on the rate of 

crack propagation in pipes stabilized with all 

25 additive packages. 

polyethylene was checked by light microscopy, the light stability of curcumin 

was studied by aging the material in powder form and in different solutions 

(ethanol, methanol, acetone, acetonitrile, toluol, chloroform) in natural light 

(behind a window) and in dark and analyzed by UV-VIS spectrophotometer in 

the wavelength range of 190-820 nm. The concentration of β-carotene in poly-

ethylene processed with α-tocopherol/phosphonite/β-carotene additive combi-

nations was also determined by UV-VIS spectroscopy. 

3. Results  

 Pipes prepared with a wide range of additive packages were stored in 

warm water for a year and the study of their properties showed that chemical 

reactions take place both during processing and soaking. The chain structure of 

the polymer seems to be 

modified only during pro-

cessing, but not during 

storage, at least in the time 

scale of the study. The 

direction and extent of 

changes during processing 

are determined mainly by 

the type of the application 

stabilizer, but primary 

antioxidants also influence 

them to some extent. 

Soaking modifies the 

physical, but not the chem-

ical structure of the poly-

mer. On the other hand, 
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the chemical reactions of the additives determine color and stabilizer loss thus 

the residual stability of the polymer. The chemical structure of the polymer has 

a larger effect on final properties, on the rate of slow crack propagation and 

failure than the physical structure of the pipes (Fig. 1.). As a consequence, the 

application stabilizer plays an important role in the determination of the per-

formance of the pipes. The exact chemical reactions taking place during pro-

cessing and soaking, the mechanism of crack propagation and the influence of 

the chain structure of the polymer on it need further experimentation and 

study. 

 

 The thermal- and thermo-oxidative stability and reactions of an aryl-

alkyl phosphine, bis(diphenylphosphino)-2,2-dimethylpropane (PMP), were 

studied at the temperatures of polyethylene processing in the absence of sol-

vents. The phosphine was reacted with carbon centered, peroxy and oxy radi-

cals, as well with hydroperoxide.  The results proved that the investigated 

phosphine has high heat-stability; its thermal- and thermo-oxidative decompo-

sition is relatively slow above 200 °C and influenced only slightly by the pres-

ence of volatile reaction products. Any oxidizing agent, including molecular 

oxygen, reacts with PMP. Phosphorous esters did not form in reactions run at 

200 °C, and side products of PMP were found only in traces. The high melt 

stabilizing efficiency of PMP in polyethylene during processing can be ex-

plained by its sufficient heat-stability and fast oxidation. Its reaction with mo-

lecular oxygen always present in small concentrations in the processing ma-

chine has vital importance, because it hinders the initiation reaction of the 

auto-catalytic thermo-oxidative degradation of the polymer.   
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Fig. 2. Effect of the number of extrusions and 

quercetin concentration on the melt flow index  

of PE. Symbols: ( )0, ( )5, ( )10, ( )15,  

( )20, ( )50, ( )100, ( )250, ( )500, ( ) 

1000 ppm quercetin and 2000 ppm P-EPQ. 

 The study of the 

melt stabilization effect of 

quercetin, a flavonoid type 

natural antioxidant, showed 

that it is a very efficient 

stabilizer in polyethylene. 

Quercetin prevents the 

formation of long chain 

branches already at a con-

centration as small as 50 

ppm (Fig. 2.) and its dos-

age at 250 ppm renders the 

polymer sufficient residual 

stability. The efficiency of 

quercetin is considerably 

larger than that of Irganox 

1010, the hindered phenolic antioxidant used as reference stabilizer. The dif-

ference in efficiency might be explained with the dissimilar number of active 

OH groups on the two antioxidant molecules, but the stabilization mechanism 

of quercetin might be also different from that of I1010. Quercetin interacts 

with the phosphonite secondary stabilizer used, which presumably improves 

dispersion and thereby increases efficiency. The mechanism of stabilization 

and interactions need further study in the future. Besides its advantages, 

quercetin has also some drawbacks, it has a very high melting temperature, its 

solubility in polyethylene is very small and it gives a strong yellow color to the 

product. These disadvantages might be overcome by the use of colorless deriv-

atives and the use of a solid support to help dosage. 
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 Curcumin, a natural antioxidant, is stable as a crystalline solid at am-

bient temperature in air. It keeps its stability in different kind of solutions 

when stored in dark, but decomposes in light. Its rate of decomposition de-

pends on the solvent used. Curcumin is thermally stable up to 190 °C, but the 

interaction with a phosphonite stabilizer results in some decrease in the starting 

temperature of thermal decomposition. Curcumin is a more efficient melt and 

thermo-oxidative stabilizer of polyethylene than the synthetic phenolic antiox-

idant used as reference (I1010), and the addition of a phosphonite secondary 

stabilizer improves its efficiency further. Although the number of vinyl groups 

participating in chemical reactions during processing is similar in the case of 

the two phenolic derivatives, changes in the rheological properties and color of 

the polymer reveal that the mechanism of their stabilization reactions differs. 

The synthetic phenolic antioxidant used cannot hinder reactions leading to the 

formation of long chain branches. In the presence of curcumin the melt flow 

index of the polymer increases and its color decreases with increasing number 

of extrusions. These changes indicate that besides the phenolic OH groups also 

the linear linkage between the two methoxyphenyl rings of curcumin partici-

pates in the stabilization reactions. 
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Fig. 3. YI of 1 mm thick PE plates contain -

carotene of 0 (), 250 (), 500 (∆), 1000 (○), 

1500 (), and 2000 (□) ppm, stored at ambi-
ent temperature in light. 

 Studies of the 

effect of -carotene in 

polyethylene stabilized 

with a combination of -

tocopherol and phosphonite 

reveals that the additive 

with its eleven conjugated 

double bonds colors the 

polymer significantly but 

does not reduce the stabi-

lizing efficiency of antioxi-

dants either during pro-

cessing or in the course of 

storage at ambient tempera-

ture. -Carotene reacts 

with molecular oxygen both at high and ambient temperatures. It hinders the 

oxidation of polyethylene completely under the processing conditions which 

cannot be avoided with the usually applied phenolic/phosphorous antioxidant 

packages. The direction of reactions of -carotene at ambient temperature is 

controlled by the absence or presence of light, as well as the concentration of 

oxygen. The molecular structure of polyethylene is primarily determined by 

the stabilizing efficiency of antioxidants and is not affected significantly by the 

reactions of -carotene during storage at ambient temperature. The color of the 

polymer depends on the nature of the reaction products of -carotene. Deepen-

ing of orange color occurs in dark, while the polymer fades rapidly in light 

after an induction period (Fig. 3.). This special character of color changes 

could be utilized in developing functional packaging materials with indicator 

function. 
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4. New scientific results, theses 

1.  As a result of the study of a large number of industrially relevant additive 

combinations we found that the chain structure of the polymer is modified 

only during processing, but not during storage in the time scale of the 

study. Contrary to expectations, the direction and extent of changes is de-

termined mainly by the type of the application stabilizer and not by the 

primary antioxidant [7]. 

 

2. We pointed out the first time the surprising fact that the chemical structure 

of the polymer has a larger effect on the final properties, on the rate of 

slow crack propagation and failure of PE pipes stored in water than their 

crystalline structure. Chemical structure is determined by reactions occur-

ring in the first processing step and depends mainly on the type of the ap-

plication stabilizer used [7]. 

 

3. In the study of the stabilization mechanism of a new, experimental phos-

phine secondary stabilizer we proved that its large melt stabilizing effi-

ciency in polyethylene during processing is the result of its good heat sta-

bility and large reactivity. Its reaction with molecular oxygen hinders the 

initiation reaction of the autocatalytic thermo-oxidative degradation of the 

polymer [1]. 

 

4. In the study of the melt stabilization effect of quercetin, a flavonoid type 

natural antioxidant we showed that it is a very efficient stabilizer in poly-

ethylene. It prevents the formation of long chain branches already at much 

smaller concentration than reported in the literature and than that of syn-

thetic phenolic antioxidants used in industrial practice. The drawback of 

the additive (color, high melting temperature, solubility) must be over-

come before practical use [9]. 
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5. We used curcumin another natural antioxidant for the stabilization of 

polyethylene for the first time. We showed that the melt flow index of the 

polymer increases and its color decreases with increasing number of ex-

trusions in the presence of curcumin and conclude that besides the phenol-

ic OH groups also the linear linkage between the two methoxyphenyl 

rings of curcumin participates in stabilization reactions [6]. 

6. We used the first time the combination of the natural compounds of -

tocopherol and -carotene together with a phosphonite secondary stabi-

lizer for the stabilization of polyethylene. The combination hinders the 

formation of long chain branches because of the reactivity of -carotene 

towards molecular oxygen, which also prevents the formation of carbonyl 

groups. The additive combination opens up several possibilities to develop 

active packaging materials with indicator functions [8]. 

 

5.  Application of the new scientific results in practice 

The research partly was carried out in cooperation with Clariant additive 

producer and TVK polyolefin producer. Although the research and develop-

ment at Clariant was stopped in this field, the cooperation with TVK has been 

continued. The knowledge accumulated in the studies conducted for several 

years on basic and applied research levels is utilized in developing new addi-

tive formulations for different application fields. As natural antioxidants are 

promising substitutes for synthetic antioxidants in polyethylene, the research is 

continued and also TVK is involved in the work. The coloring antioxidants can 

be applied in products like food packaging materials, children toys, school 

equipments (pens, pencilbox), etc., or in any product where the color is not a 

requirement. For widening the possible application fields of natural antioxi-

dants and overcoming the color problems further studies are in progress. 
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