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ABSTRACT 

 A natural antioxidant, quercetin, was adsorbed on the surface of halloysite nanotubes 

in various amounts to prepare a controlled release device. The combined additive was added 

to polyethylene providing antioxidant levels of 250, 500, 750 and 1000 ppm. All polymer 

samples contained 1000 ppm Sandostab PEPQ phosphonite secondary antioxidant as well. 

The stabilizing efficiency of quercetin was determined in processing experiments and by 

accelerated ageing. Quercetin proved to be a very efficient stabilizer of polyethylene. The 

use of the halloysite nanotube support resulted in more homogeneous dispersion and 

facilitated the dissolution of the compound in the polymer. Because of the high energy of 

halloysite surface, the stabilizer adhered to it very strongly and did not dissolve in 

polyethylene below a critical concentration. The melt stabilization efficiency of quercetin 

did not decrease in the presence of the halloysite support. The efficiency of long term 

stabilization decreased somewhat, but halloysite nanotubes pretreated with the stabilizer 

possessed a controlled release function, ageing was slower in their presence than with 

separately dispersed components or in the absence of the halloysite. 

 

KEYWORDS: polyethylene, quercetin, halloysite, accelerated ageing, residual stability, 

controlled release 

 

1. INTRODUCTION 

 Most polyethylene products are routinely stabilized by the combination of a 

synthetic phenolic antioxidant and a secondary, processing stabilizer, usually a phosphorous 

compound. Stabilization in this way is the current state of the art and an accepted technology 

used at industrial level. Such and similar stabilization packages proved to be very efficient 

and cost effective thus in the last few decades very little attention was paid to the 
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development of new stabilizers. As a consequence, no alternatives are available to replace 

traditional hindered phenolic antioxidants in spite the fact that some time ago concerns 

emerged about the potential health and environmental hazard of these compounds [1], and 

the questions have not been answered satisfactorily yet. However, because of several 

reasons, lately the interest increased in the use of natural compounds including antioxidants 

found in various plants and fruits. 

 Such natural compounds might present an obvious solution to replace synthetic 

antioxidants. A large number of natural compounds proved to be beneficial for the human 

health because of their antioxidant, anti-inflammatory, antiviral or other effects and many 

of them are being used for therapy for a very long time. Some attempts have been made to 

use several natural compounds for the stabilization of polymers, and specifically of 

polyolefins as well. Vitamin E proved to be a very efficient stabilizer [2-5] and it is presently 

used as antioxidant in ultrahigh molecular weight polyethylene implants [6-8]. Because of 

its polyaromatic structure lignin also stabilizes polymers in some extent as proved by several 

studies both in polyethylene and in polypropylene indeed [9-11]. Flavonoids, like quercetin 

or dihydromyricetin are very efficient antioxidants and some of them are used already in 

food [12], but attempts are made to apply them in polymers as well [13-16]. The number of 

potential natural compounds which might be used as antioxidant in polyolefins is very large 

and only several of them have been studied in stabilization experiments up to now. The 

antioxidant effect of curcumin [17], quercetin [18] and dihydromyricetin [19] was studied 

in a Phillips type polyethylene in the presence of a phosphorous secondary stabilizer and 

the stabilization efficiency of all three exceeded considerably that of the synthetic phenolic 

antioxidant routinely used in large quantity in industrial practice. The efficiency of another 

natural antioxidant, silymarin, a flavonolignan compound with the same basic structure as 

quercetin proved to be much less efficient [20]. 
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 Most of the natural antioxidants studied as polymer stabilizers up to now have 

several advantages. Besides being natural, they are also very efficient, quercetin, for 

example, protected PE from degradation during processing already at 50 ppm additive 

content and improved long term stability at 250 ppm compared to the 750-1000 ppm 

synthetic compound used routinely in industrial additive packages. However, natural 

antioxidants, including quercetin, have some drawbacks as well. The melting temperature 

of the compound is 316 °C, thus it does not melt under the normal processing conditions of 

PE, it is very polar resulting in extremely limited solubility in PE, and it gives the polymer 

a very strong yellow color. The use of a support or a carrier material to disperse quercetin 

homogeneously in PE might solve at least some of these problems. 

 Halloysite nanotubes offer an obvious choice for a carrier or support material. 

Halloysite is a naturally occurring mineral, which is mined in acceptable purity and used for 

various purposes including the controlled release of active substances, mainly drugs [21-

33]. Besides the solution of separation problems and water treatment [34-37], halloysite 

nanotubes were used as carrier material for a stabilizer as well [38, 39]. Fu et al. [39] used 

halloysite as carrier for N-isopropyl-N'-p-phenylenediamine antioxidant to increase the 

stability of styrene-butadiene rubber. The approach resulted in improved homogeneity and 

stability, but at rather large, 2-3 wt%, antioxidant content. With these results in mind, we 

thoroughly characterized a commercial halloysite product and checked the release of 

quercetin from it into various solvents [40, 41]. The analysis of the results allowed us to 

draw conclusions about competitive interactions and their role in the release of the stabilizer 

into polyethylene. [40] 

 Subsequently preliminary stabilization experiments were carried out to check the 

stabilization efficiency of quercetin adsorbed on halloysite and its possible controlled 

release behavior. A few compounds with a limited number of additive contents were 
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produced in an internal mixer, films were compression molded, subjected to accelerated 

ageing and the residual stability of the films was estimated by the determination of the 

oxidation induction time (OIT). The results were promising and indicated that controlled 

release might be achieved by the use of the nanotubes indeed. However, because of the 

sample preparation technique used, OIT values were very short, below 6 min, and not very 

reliable [40]. As a consequence, the decision was made to carry out a more thorough study 

to determine the efficiency of quercetin adsorbed on halloysite support as stabilizer and the 

possible controlled release action of the device. The samples were prepared by extrusion 

this time, quercetin was added in a wider composition range including a number of reference 

compounds, and besides OIT the samples were characterized more thoroughly with a 

number of techniques. The most important results are presented in this paper together with 

considerations about consequences for practice. It must be emphasized here as well that 

quercetin was compared to a traditional additive package (Irganox 1010) in an earlier project 

[18]. Quercetin proved to be much more efficient than Irganox 1010 and we did not expect 

to lose any of this efficiency here either. The goal was to study the dispersion and controlled 

release effect and not the development of an industrial package. All our studies on natural 

antioxidants showed that flavonoids usually are much more efficient than traditional 

phenolic antioxidants currently used in industrial practice [17-20]. 

 

2. EXPERIMENTAL 

2.1. Materials 

 The polymer used in the experiments was the Tipelin FS 471 grade ethylene/1-

hexene copolymer (melt flow rate: 0.3 g/10 min at 190 °C, 2.16 kg; nominal density: 0.947 

g/cm3) polymerized by a Phillips catalyst. The additive free polymer powder was provided 

by Mol NyRt., Hungary. The halloysite nanotubes (Dragonite XR) were supplied by 
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Applied Minerals, USA. Quercetin (95 %) was purchased from Sigma-Aldrich. The 

chemical structure of quercetin is presented in Fig. 1. Irrespectively of its form, the 

antioxidant was added to the polymer in 250, 500, 750 and 1000 ppm, to study the effect of 

additive content on stability. Reference compounds contained 500 ppm quercetin. 1000 ppm 

Sandostab PEPQ (PEPQ, Clariant) phosphonite secondary stabilizer was also added to each 

polyethylene sample. 

 

Fig. 1 The chemical structure of quercetin. 

 

 

2.2. Sample preparation 

 Quercetin, was loaded onto the surface of the tubes from ethanol solution. The 

quercetin content of the pretreated halloysite was 7.4, 15.2, 21.2 and 30.3 wt%. The 

halloysite content of the suspension was kept at 10 g/dm3 in all treatments. The suspension 

was treated with ultrasound for 60 min to separate the tubes and then evacuated to remove 

air from within the tubes. After evacuation the suspension was agitated with ultrasound for 

another 15 min and then ethanol was removed by evaporation. The samples were kept in a 

vacuum oven at room temperature overnight. The amount of adsorbed quercetin was 

determined by thermogravimetry (TGA). 
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 The polymer and the additives were homogenized in a high speed mixer. The dry 

blend was processed and pelletized at 50 rpm speed and 260 °C barrel temperatures using a 

Rheomex S ¾” type single screw extruder attached to a Haake Rheocord EU 10V driving 

unit. For further studies, films of about 100 µm thickness were compression molded at 190 

°C and 5 min using a Fontijne SRA 100 machine. 

 Besides the polyethylene compounds containing the halloysite nanotubes pretreated 

with quercetin (P,Q/H) several reference compounds were also prepared. Polyethylene not 

containing any additive was also extruded (PE), as well a compound stabilized only with 

the phosphonite secondary stabilizer (P). The effect of halloysite on stabilization was 

checked by the preparation of a compound not containing the mineral, but only the two 

stabilizers (P,Q), while the effect of pretreatment was compared to the simultaneous addition 

of the components (P,Q,H). The abbreviations in the parentheses will be used in figures to 

differentiate the compounds and facilitate understanding.    

 

2.3. Characterization 

 The halloysite was characterized very thoroughly by several methods. The 

morphology of the mineral was studied by scanning (SEM) and transmission (TEM) 

electron microscopy. The average size of the particles was determined by a Horiba Partica 

LA950V2 particle size analyzer. The specific surface area of the tubes, pore size and volume 

were determined by nitrogen adsorption using a NOVA2000 (Quantachrome, USA) 

apparatus. The measurements were done at -195 °C after evacuating the sample down to 10-

5 Hgmm at 120 °C for 24 hours. The dispersion component of surface tension was 

determined by inverse gas chromatography (IGC). The filler was agglomerated with water 

and the 250-400 m fraction was used for the packing of the column. The dispersion 

component of surface tension was determined by the injection of n-alkanes at various 
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temperatures between 160 and 300 C because of the high surface energy of the mineral.  

 The melt flow rate (MFR) of the polymer was determined according to the ASTM 

D 1238-79 standard at 190 C with 2.16 kg load using a Göttfert MPS-D MFR tester. 

Residual thermo-oxidative stability was characterized by the oxidation induction time (OIT) 

measured at 180 °C in oxygen atmosphere with constant, 20 ml/min flow rate in open 

aluminum pans using a Perkin Elmer DSC 2 apparatus. The functional groups of polyethylene 

were determined by FTIR spectroscopy on the 100 m thick compression molded films in 

transmission mode using a Tensor 27 (Bruker) spectrophotometer. The concentration of 

vinyl groups was determined from the intensity of the adsorption at 909 cm-1 wavenumber. 

The absorption of PE appearing at 2018 cm-1 was used as internal reference [42, 43]. Five 

parallel measurements were carried out on each sample between 4000 and 400 cm-1 

wavelengths at 2 cm-1 resolution by 16 scans. FTIR spectroscopy was used also for the 

determination of residual PEPQ content. The P(III)-O-C band of phosphites and 

phosphonites absorbs at 850 cm-1 and after calibration allows the quantitative determination 

of the residual amount of the secondary antioxidant [44]. The same vibration of PE 

appearing at 2018 cm-1 was used as internal reference as before. The color of the samples 

was described by the yellowness index (YI) and the optical L* parameter measured on a 

Hunterlab Colourquest 45/0 apparatus. Accelerated ageing was done in an air circulation oven 

(Memmert UFE 600) at 100 °C for 5 and 10 days. The homogeneous distribution of the 

halloysite nanotubes was checked by optical microscopy on 5 m thick slices cut from the 

samples with an ultramicrotome. Micrographs were recorded using a Keyence VHX 5000 

digital optical microscope.  
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3. RESULTS AND DISCUSSION 

 The results of the study are reported in several sections. The characteristics of the 

active halloysite nanotubes containing the stabilizer are discussed first and then the 

stabilization efficiency of the device is described in the next section. Long term stabilization 

and controlled release are presented in the last section of the paper together with some 

discussion on practical consequences. 

 

3.1. Characterization of active nanotubes 

 The detailed study of the release characteristics of the quercetin/halloysite complex 

has shown that numerous factors must be considered, which are often partially or completely 

neglected [40, 41]. Very few attempts are made to determine the surface energy of the 

nanotubes, their pore size and volume although these determine both the amount of active 

molecules accommodated inside the tubes as well as the kinetics and amount of released 

material. The detailed characterization of halloysite nanotubes done earlier [40, 41] showed 

that their average length is 203 ± 119 nm, external diameter 50 ± 23 nm and internal 

diameter 15 ± 6 nm accompanied by a pore volume of 0.039 cm3/g. The specific surface 

area determined by nitrogen adsorption is 57 m2/g. The surface energy of halloysite is very 

high, the dispersion component of surface tension is 278 mJ/m2, while a value larger than 

1000 mJ/m2 was obtained for the polar component. Detailed investigations showed that the 

energy of the internal and external surfaces is different, the energy is larger inside the tubes 

leading to preferential adsorption. The critical concentration of adsorption inside the tubes 

is around 4 wt% quercetin, below this amount all the active molecules are located within 

the tubes [41]. The large surface energy results in strong adhesion and slow or no release at 

all below this concentration, especially into an apolar medium like the polyethylene matrix 

used in these experiments. 
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 Based on the results obtained in the previous stage of the research, quercetin was 

adsorbed on the surface of halloysite in amounts exceeding this critical value (4 wt%) 

considerably. The active nanotubes were characterized by FTIR spectroscopy. The spectra 

of selected compositions, some of them from the previous study, are presented in Fig. 2. 

The spectra of the halloysite tubes and that of quercetin are also included as reference. The 

spectra clearly show that at and below 3 wt% quercetin content, the absorption bands of the 

active molecule do not appear in the spectrum, because of the very strong adhesion of this 

latter by the internal surface of halloysite. At larger concentrations the characteristic 

vibrations of quercetin can be detected in the spectrum, in which the main peaks of the 

mineral and the stabilizer are seen simultaneously. 
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Fig. 2 Fourier transform infrared spectra of halloysite (H), quercetin (Q) and halloysite 

nanotubes loaded with different amounts of the natural antioxidant. The spectra 

were recorded on powder samples embedded in KBr pastille. 
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 Preferential and very strong adhesion of quercetin within the tubes is demonstrated 

even better by the correlation between the intensity of the vibration appearing at 1563 cm-1 

and the amount of quercetin adsorbed on the surface of the tubes. As the correlation 

presented in Fig. 3 shows, the intensity of the band belonging to the aromatic skeleton 

vibration of quercetin is zero below 4 wt% quercetin content and increases only above this 

amount. The results prove the preferential adsorption of quercetin inside the tubes and 

predict smaller stabilization efficiency below this level. 
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Fig. 3 Changes in the intensity of the characteristic absorption band of quercetin at 

1563 cm-1 wavelength (skeleton vibration of the aromatic rings) plotted as a 

function of the amount of the quercetin adsorbed on the halloysite nanotubes. 

Symbols: () previous measurements, () this work. 
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3.2. Processing stability 

 One of the expected advantages of using halloysite as support for the stabilizer is 

better homogeneity and dispersion of quercetin in the PE matrix. The adsorption of the 

stabilizer on the surface of the mineral prevents its crystallization and the large surface area 

facilitates dissolution. Two micrographs are compared to each other to check this hypothesis 

in Fig. 4. Well-developed large crystals appear in Fig 4a recorded on a polymer sample 

containing 1000 ppm quercetin [18]. The micrograph in Fig. 4b shows the distribution of 

halloysite particles covered with quercetin. The distribution is homogeneous and quercetin 

crystals are absent indeed thus justifying the approach at this stage. 

 Quercetin proved to be a very efficient processing stabilizer in an earlier study [18]. 

It protected the polymer against degradation already at very small additive contents. In 

Phillips polyethylene processing stabilization is mainly about the prevention of the 

formation of long chain branches through the radical reactions of chain-end vinyl groups. 

The vinyl group content of our polymer is plotted against quercetin content in Fig. 5. 

Unfortunately halloysite also absorbs in the region of the vinyl groups, thus to facilitate 

comparison halloysite absorption was deducted from the spectra. All samples have the same 

vinyl content which allow the drawing of several conclusions. The stabilizer package used 

in the experiments protects the polymer efficiently at all quercetin contents. The secondary 

stabilizer plays an important role in stabilization, since vinyl content does not decrease 

during extrusion even when it is used as the only stabilizer. The interaction of quercetin and 

PEPQ is important in stabilization. 
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a) b) 

Fig. 4 Distribution of quercetin without and with halloysite support in polyethylene. 

a) 1000 ppm, no halloysite, b) 1000 ppm, halloysite support. 
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Fig. 5 Effect of quercetin content on the number of vinyl groups in polyethylene after 

extrusion. Symbols: () PE, () P; () P, Q; () P, H; () P, Q, H; () P, 

Q/H; the explanation of the abbreviations are given in the experimental part. 
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 The consumption of the secondary antioxidant demonstrates this interaction well. 

The amount of residual PEPQ is plotted against quercetin content in Fig. 6. Considerable 

amount of PEPQ is consumed during extrusion when the primary stabilizer, quercetin is 

absent, while the levels are much higher when the combination of the two stabilizers is used. 

The concentration of the remaining PEPQ is basically the same independently of the amount 

of quercetin added. The form of addition does not influence significantly PEPQ 

consumption, maybe the separate introduction of the three components (quercetin, PEPQ, 

halloysite) leads to somewhat smaller residual secondary antioxidant content. The large 

consumption might be the result of competitive interactions and adsorption of the two 

additives on the surface of the mineral, but this tentative explanation needs further study 

and proof. 

0 200 400 600 800 1000 1200
0

40

80

120

160

200

 P

 P, H

 P, Q/H

 P, Q, H

 P, Q

 

 

R
es

id
u
al

 P
E

P
Q

 (
p
p
m

)

Quercetin content (ppm)

 

Fig. 6 Dependence of the amount of residual PEPQ on the quercetin content of PE 

and on the technique of homogenization. Symbols are the same as in Fig. 5 
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 Changes in the viscosity of the polymer indicate very sensitively the possible 

formation of long chain branches, i.e. degradation during processing. The MFR of the 

samples is plotted against quercetin content in Fig. 7.  
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Fig. 7 Effect of quercetin content and homogenization technology on the MFR of the 

polymer. Symbols are the same as in Fig. 5. 

 

A strong increase is observed in the viscosity of the neat polymer not containing any 

stabilizer. The secondary stabilizer protects the polymer quite efficiently even when it is 

applied alone, as indicated already by  the vinyl group content of the sample. It is interesting 

to note that MFR is even larger in the presence of the halloysite (P, H). The increase 

probably does not result from the primary effect of the mineral, since the combination of 

the phosphorous antioxidant and quercetin without any halloysite leads to the same viscosity 
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as in the presence of the mineral. The observation is interesting, but an unambiguous 

explanation needs further study. However, the results clearly show that the combination of 

quercetin and PEPQ efficiently protects the polymer against degradation during processing 

independently of the form of addition (adsorbed, separately introduced) and halloysite does 

not influence viscosity at the amount used. 

 As mentioned in the introductory part, one of the disadvantages of quercetin as 

stabilizer is its strong yellow color; one hoped for less discoloration when quercetin is 

adsorbed inside the halloysite tubes. The effect of quercetin content on the color of the 

polymer is presented in Fig. 8.  
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Fig. 8 Correlation between the yellowness index of the PE compounds studied and 

quercetin content. Symbols are the same as in Fig. 5. 
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According to the results, the discoloration effect is very strong and independent of the 

homogenization technique; all compounds containing quercetin have a very strong yellow 

color. We must consider here, however, that quercetin was added always above the critical 

level of 4 wt%, since below this concentration the stabilizer would not have been active. 

Obviously weaker color and efficient stabilization cannot be achieved at the same time, and 

quercetin can be used only in applications in which color is not an issue. 

 Residual stability is an important characteristics of PE compounds in long term 

applications, like pipes or automotive parts. The OIT of the compounds measured at 180 °C 

in oxygen is plotted as a function of quercetin content in Fig. 9. The correlation is different 

from those presented in previous figures. Vinyl group content, residual PEPQ, MFR or color 

practically did not change with increasing quercetin content, while OIT depends 

considerably on it. In fact, 250 ppm adsorbed quercetin does not render the polymer 

sufficiently stable, stability reaches acceptable levels only above this additive concentration. 

Both the presence of the halloysite and adsorption seem to decrease stabilization efficiency 

under the conditions of the OIT test. Separate addition of the three components increases 

residual stability and considerably larger value is obtained when the polymer does not 

contain the halloysite tubes. Obviously further experiments must be carried out to verify 

these results, a single composition is not sufficient for drawing unambiguous conclusions, 

but the results are rather unexpected and not very favorable for long term stabilization. 
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Fig. 9 Increasing residual stability (OIT) of PE with increasing quercetin content. 

Effect of homogenization technology. Symbols are the same as in Fig. 5. 

 

 Besides stabilization, the question of secondary effects, such as mechanical 

properties or processing behavior, might arise as well deciding if the approach is worth or 

can be used in practice. At an earlier stage of the research, the effect of the halloysite device 

on those properties was checked and was found not to be important in our case. The results 

presented above on MFR show that this property is not influenced practically at all by the 

presence of the halloysite and no difficulty was encountered during the processing of the 

samples either. Mechanical properties were characterized by tensile testing and the complete 

lack of any influence was observed in this case again. Consequently, mechanical properties 

were not determined in the second stage of the project, because they do not offer any 

information. 
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3.3. Long term stabilization, controlled release 

 Long term stability is an important requirement in a number of applications 

including the automotive industry. The efficiency of stabilizer packages under such 

conditions can be checked by accelerated ageing. The results of this test are presented in 

Fig. 10, in which residual stability is plotted against quercetin content. The correlation is 

very similar to that shown in Fig. 9. 
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Fig. 10 Effect of quercetin content and accelerated ageing on the residual stability of 

PE compounds. Symbols:  

(  P;  P, H;  P, Q, H;  P, Q/H;  P, Q) 0 day, (  P;  P, H;  P, 

Q, H;  P, Q/H;  P, Q) 5 days, (  P;  P, H;  P, Q, H;  P, Q/H;  

P, Q) 10 days ageing. 

Compounds not containing the primary antioxidant, quercetin, do not have any stability, 
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while OIT increases more or less proportionally with quercetin content. The correlation is 

not linear, at least not at small quercetin contents, showing the effect of the halloysite carrier 

on stability, as mentioned above. The absence of the halloysite, or the separate addition of 

the components leads to increased residual stability, while increased ageing time decreases 

stability as expected. Information about the time dependence of ageing or controlled release 

cannot be drawn from the figure in this representation. 

 Residual stability is plotted against ageing time in Fig. 11 and the representation is 

much more informative about the time dependence of ageing. Compounds which do not 

contain quercetin have very limited stability, which further decreases during ageing, 

however, the differences are not significant. 500 ppm quercetin renders the polymer 

sufficiently stable and the comparison of the technique of addition indicates considerable 

differences exceeding 30 min. The presence of halloysite obviously decreases the efficiency 

of the additive package quite substantially. The most efficient is the quercetin/PEPQ 

combination without halloysite. The mineral obviously adsorbs the additives on its high 

energy surface even from the melt. Since adsorption is competitive, both quercetin and 

PEPQ is attached to the surface, thus more quercetin remains in the polymer and stability 

decreases somewhat less than in the third case, when quercetin is absorbed prior to the test, 

in a separate step. Moreover, the adsorption of the polymer cannot be excluded either, 

although it develops much weaker interactions with halloysite than the two additives. The 

compounds containing quercetin adsorbed on the halloysite carrier possess the smallest 

residual stability; adsorption apparently decreases the activity of the stabilizer, hinders its 

diffusion and/or reactions. 

 Here one might consider the possible role of impurities present, especially Fe that 

could readily chelate to quercetin thereby increasing the adsorptive power of the inner-side 

of the nanotubes. However, several evidences indicate that the role of contaminations, if it 
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exists at all, is small. Vinyl group content and MFR are the same as that of the reference 

samples, in fact the sample containing halloysite has somewhat larger MFR than that 

prepared only with PEPQ (see Fig. 7). Residual stability decreased indeed and probably the 

adsorption of the stabilizer, maybe also chelation, is the main reason. However, more 

experiments must be carried to prove this tentative explanation. Moreover, the supplier of 

the halloysite sample claims that its product is very pure, much more than that of the 

competition and contains only insignificant amount of impurities.  
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Fig. 11 The influence of ageing time and homogenization technology on the residual 

stability of PE compounds. Symbols are the same as in Fig. 5. Quercetin 

content was 500 ppm. 

 

 The presence of the halloysite carrier seems to be disadvantageous for stabilization. 
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On the other hand, the slope of the correlations indicates slightly decreased ageing rate in 

compounds containing halloysite. The slope seems to change inversely with stabilizing 

efficiency; stabilizer consumption, i.e. ageing, is the fastest in the absence of the halloysite 

nanotubes and the slowest for the pretreated mineral. The effect of addition technology on 

ageing is demonstrated well by Fig. 12 in which the change of OIT is plotted as a function 

of ageing time. 
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Fig. 12 Effect of ageing time on the extent of OIT change compared to the non-aged 

sample. Symbols are the same as in Fig. 5. 

 

The reference is the OIT of the samples before ageing. A slight increase can be seen in 

stability at short ageing time, which can be explained by the dissolution of surplus stabilizer 

at the high temperature of ageing, but OIT decreases sharply at the longer ageing time. The 
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decrease is the largest for the quercetin/PEPQ combination, in the absence of halloysite, 

while the smallest for the compound containing the pretreated mineral. Apparently, 

degradation is slower in the presence of halloysite and some controlled release is achieved 

indeed in agreement with the experience of Fu and Lvov [39]. 

 Although not directly related to stability, it is interesting to follow the change of the 

color of the samples during ageing (Fig. 13). Color decreases with ageing time, which might 

be surprising at first, but was explained with the consumption of quercetin having a stronger 

discoloration effect than its degradation product.  
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Fig. 13 Changes in the color of the PE compounds studied as a function of ageing time; 

effect of the homogenization technology. Symbols are the same as in Fig. 5.  

 

The color of the compound containing the quercetin/PEPQ combination without halloysite 
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and that of the one into which the three additives were added separately decreases 

considerably slower than that of the third compound containing the pretreated controlled 

device. Apparently the release of well dispersed quercetin from the surface of the carrier 

results in more reactions, larger decrease in color and larger stability. In spite of the smaller 

absolute value of stability, decreased rate of ageing is gained through the use of the 

controlled release device prepared from halloysite nanotubes. 

 

4. CONCLUSIONS 

 The natural antioxidant, quercetin, used in these experiments is a very efficient 

stabilizer for polyethylene. In the presence of a phosphonite secondary stabilizer it protects 

the polymer against degradation during processing already at 50 ppm concentration and 

renders it stable during use at 250 ppm. Since its solubility in PE is very limited, it forms a 

separate phase at very small concentration. The use of a halloysite nanotube support results 

in more homogeneous dispersion and facilitates dissolution to the polymer. Because of the 

high energy of the halloysite surface, the stabilizer adheres to it very strongly and does not 

dissolve in polyethylene below a critical concentration. Only stabilizer added above this 

amount, which is around 4 wt% calculated for the halloysite, stabilizes the polymer resulting 

in a loss of active additive. Nevertheless, the melt stabilization efficiency of quercetin does 

not decrease in the presence of the halloysite support. The efficiency of long term 

stabilization decreases somewhat, but halloysite nanotubes pretreated with the stabilizer 

possess controlled release function, ageing is slower in their presence than with separately 

dispersed components or in the absence of the halloysite. It is a question of decision if 

controlled release and slower ageing are compensated by the loss of efficiency and smaller 

OIT in long term use. 
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