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Introduction 

To preserve their functionality over a long period, polymer 
materials are combined with a plurality of additives 
including antioxidants, ultraviolet absorbers, thermal 
stabilisers and metal deactivators, which can have a 
positive or negative synergistic effect depending on the 
combination added.

As polymer additives, phenolic antioxidants are 
indispensable for scavenging peroxy radicals. At the 
same time, however, diverse factors such as heat, 
humidity, NOx, and residual catalyst are active in 
transforming phenolic antioxidants to coloured quinonoid 
compounds [1-10]. Figure 1 shows a reaction mechanism 
typical of the discoloration of phenolic antioxidants. The 
same antioxidants may also experience oxidation and 

yellowing in the polymer matrix [11-13]. The extent of 
yellowing has been discussed in terms of the “yellowness 
index” (YI), which indicates how far the shade of the 
material deviates in the yellow direction from colourless or 
white [11-12]. In contrast, hindered amine light stabilizers 
(HALS) based on the 2,2,6,6-tetramethyl-4-piperidine 
skeletal structure are stable to heat and light and do not 
discolour the polymer. HALS are therefore much used as 
multifunctional stabilisers capable of photostabilisation, 
free radical scavenging, peroxide decomposition and 
heavy metal sequestration. 

While high performance and long service life are the 
obvious targets for materials design, appearance must 
not be impaired in assuring this functionality for a long 
time. Hence, an important aspect of quality control has 
been to prevent discoloration. Systematic studies have 
been made of the discoloration of phenolic antioxidants 
and the phenomenon is now well understood [1-13]. 
However, despite the fact that phenolic antioxidants 
are commonly used together with HALS [14-20], there 
have been few reports on the discoloration that occurs 
in such combinations [21, 22]. 

The present study looked at the discoloration 
phenomena that occur when a phenolic antioxidant and 
HALS are used together. The initial experiments were 
carried out in solution and the controlling factors were 
studied by spectroscopic analysis. An explanation was 
sought for discoloration in polymer materials in the light 
of the results. The effect of titanium dioxide (TiO2) on the 
discoloration phenomena was also examined. Figure 1. Possible discoloration pathways of BHT [1-5]
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Experimental

Test samples

Wako Pure Chemical Industries BHT was used for 
the phenolic antioxidant; BASF Japan bis(2,2,6,6-
tetramethyl-4-piperidinyl) sebacate (abbreviated here 
to HALS1) and bis(1,2,2,6,6-pentamethyl-4-piperidinyl) 
sebacate (HALS2) were used as the hindered amines. 
The titanium dioxide used was Kanto Chemical Co. 
rutile form TiO2 (rutile) and anatase form TiO2 (anatase). 
The additives were introduced to a sealed vessel to 
concentrations of 5 x 10-2 mol/L each in a solvent of 
n-decane and accelerated discoloration tests were run 
at 120°C. Since titanium dioxide is insoluble in solvents, 
the materials were constantly agitated with a stirrer at 
120 rpm.

Analysis of discolouring substances

The discoloration process was monitored visually 
and absorptiometrically (JASCO ultraviolet-visible 
spectrophotometer (UV/VIS) V-530). The test samples 
held for 48 hours at 120°C were applied to Merck thin-
layer chromatography (TLC) plates of silica gel 60F254 
and the plates were developed with n-hexane/ethyl 
acetate (80/20) solvent mixture. The coloured spots 
thus separated were scraped off complete with silica 
gel, dissolved in dichloromethane, and then examined 
by gas chromatography mass analysis (GC/MS; Agilent 
Technology 6890 series 5975 inert, Agilent J&W DB-5 
ms column (length 30 m, internal diameter 0.25 mm, 
film thickness 0.25 µm)). BHT was determined by gas 
chromatography with a hydrogen flame ionisation 
detector (GC/FID; Agilent Technology HP6890). 

Discoloration in polymer materials

The polymer sample used was Japan Polypropylene 
Corp. PP (polypropylene) Novatec PP MA3 from which 
additives had been removed at the production stage. 
Before the PP was used, Soxhlet extraction of the sample 
in its pelleted state was carried out for 16 hours. Table 1 
summarises the PP and additive formulations used. The 

BHT, HALS1 and titanium dioxide were mixed into the 
PP on an open roll heated to 200°C and the compound 
was then press sheeted to a thickness of 2 mm in 3 min 
at 200°C. To achieve accelerated discoloration of the 
PP sheet, the material was heat-treated for a maximum of 
28 days at 90°C with a heat ageing tester of forced air 
circulation type. The colour difference DE* and YI of the 
sample before and after treatment were evaluated using a 
Suga Test Instruments Co. multi-source spectrophotometric 
colorimeter MSC-IS-2DH. In addition, PP sheet was 
reduced to fine powder by freeze pulverisation and 
Soxhlet extracted for 16 hours with dichloromethane, 
and the extract was dissolved in n-decane. UV/VIS 
measurements were made on the extract; the extracted 
PP was air dried, and the Fourier transform infrared 
spectrum was measured (Varian FT-IR FTS-6000, UMA-
500) by the attenuation-total reflection technique.

Results and discussion

Visual observations

Table 2 contains the visual observations from heat 
treatment of n-decane solutions of the various additives. 
Yellowing was seen after 12 hours in the system combining 
BHT, HALS1 and anatase, and after 24 hours in the 
systems combining BHT with HALS1. Discoloration of 
BHT-HALS1 in the presence of rutile, which differs in 
crystal system from titanium dioxide in anatase form, was 
only seen after 24 hours. When BHT-HALS1-anatase and 
BHT-HALS1-rutile combinations heat-treated for 48 hours 
were centrifuged, only the n-decane layer was coloured, 
the titanium dioxide remaining intact as white powder. 
In systems containing a single additive or with titanium 
dioxide alone added to BHT or HALS1, on the other hand, 
no colour change was observed after heat treatment. 
The results show that discoloration develops only when 
BHT and HALS1 are combined, and that titanium dioxide 
acts as a catalyst toward the discoloration.

3.2 Spectroscopic evaluation

Figure 2 shows the UV/VIS absorption spectra of systems 
combining BHT with HALS1 and BHT-HALS1 with titanium 

Table 1. Composition of polypropylene compounds used
Ingredients Weight per hundred polypropylene

PP1 PP2 PP3 PP4 PP5 PP6 P7 PP8
Polypropylene 100 100 100 100 100 100 100 100
BHT - 0.5 - - - 0.5 0.5 0.5
HALS1 - - 0.5 - - 0.5 0.5 0.5
Rutile - - - 1 - - 1 -
Anatase - - - - 1 - - 1
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dioxide after heat treatment for 48 hours at 120°C. 
The spectra before heat treatment are also shown for 
comparison. Regardless of whether titanium dioxide 
was added, shoulders were observed at 397 and 374 
nm, along with absorption maxima at 420 and 446 
nm. No absorption peaks appeared in the wavelength 
range 350 to 500 in the spectra obtained before heat 
treatment. It can hence be concluded that substances 
absorbing in the visible region form when the BHT-HALS1 
systems are heat-treated. No absorption was seen in the 
region beyond 350 nm in the heat-treated single additive 
BHT, HALS1, rutile and anatase systems or the systems 
combining BHT with anatase and HALS1 with anatase. 
The foregoing observations are highly consistent with 
the results from visual inspection in Table 2. 

The intensity of absorption associated with heat 
treatment depended not only on whether titanium 
dioxide was present but also on the crystal form of the 
titanium dioxide. Tetravalent titanium is known to react 
with phenolic antioxidants to form a complex absorbing 
at 500-650 nm, causing discoloration [10]. However, 
the absorption wavelength range of the heat treatment 
products observed here is 350-500 nm, which differs from 
the absorption wavelength range of the titanium complex 
and suggests the substance eliciting discoloration is not 
a titanium complex. 

Figure 3 shows the relation between duration of heat 
treatment and the absorbance at the peak absorption 
wavelength of 446 nm (lmax) in the BHT-HALS1, BHT-
HALS1-rutile and BHT-HALS1-anatase systems: samples 
of absorbance more than 1.0 were diluted with n-decane 
and the absorbance has been plotted after multiplying by 
the dilution factor. The effect of adding titanium dioxide 
becomes clear once heat treatment is continued beyond 
24 hours, and is much more marked for anatase.

Identification of discolouring substances

An n-decane solution of BHT-HALS1-anatase heat-treated 
for 48 hours at 120°C was separated and purified 

Table 2. Visual observation of additive n-decane solutions with naked eye
Heating time

Samples 0 h 12 h 24 h 48 h
BHT-HALS1 clear clear Faint yellow yellow
BHT-HALS1·anatase clear Faint yellow Saffron yellow Saffron yellow
BTH·HALS1·rutile clear clear Faint yellow yellow
BHT clear clear clear clear
HALS 1 clear clear clear clear
Anatase clear clear clear clear
Rutile clear clear clear clear
BHT·anatase clear clear clear clear
HALS1·anatase clear clear clear clear

Figure 2. UV/VIS spectra: (a) pristine (BHT·HALS1), (b) 
(BHT·HALS1) )10-1 dulution) after heating at 120°C for 
48 h, (c) (BHT·HALS1·rutile) (20-1 dilution) after heating 
at 120°C for 48 h, and (d) (BHT·HALS1·anatase) (10-2 
dilution) after heating at 120°C for 48 h

Figure 3. Relationship between absorbance at 446 nm and 
heating time for (a) (BHT·HALS1), (b) (BHT·HALS1·rutile) 
and (c) (BHT·HALS1·anatase)
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by TLC. Yellow spots were identified at positions of Rf 
(rate of flow value) 0.96. 0.91, 0.78, 0.35 and 0.13. 
Specifically, the spots of Rf = 0.96, 0.91 and 0.13 
were deep yellow while the spots of Rf = 0.78 and 
0.35 were pale yellow. The respective yellow spots 
were collected, complete with silica gel, dissolved in 
dichloromethane and examined by GC/MS. The results 
are shown in Figure 4. Compounds detected apart from 
BHT and BHT dimer were 3,3’,5,5’-tetra-tert-butyl-4,4’-
stilbenequinone (here abbreviated to stilbene quinone), 
2,6-di-tert-butyl-4-methylidene-2,5-cyclohexadien-1-one 
(here abbreviated to quinone methide) and 2,6-di-tert-
butyl-4-methylidene-2,5-cyclohexadien-1,4-dione (here 
abbreviated to benzoquinone). Table 3 summarises 
the components detected from the spots. The stilbene 

quinone detected from the deep yellow spot Rf = 0.96 
has lmax 452 nm, and the lmax of benzoquinone in the 
visible region is 443 nm [11], corresponding closely 
with the results of UV/VIS spectrophotometry. Hence, 
it can be concluded that the key factor in discoloration 
when BHT and HALS are combined is the oxidation of 
BHT by heat-treatment, giving rise to coloured substances 
such as stilbene quinone and benzoquinone. This agrees 
with the findings of Ohkatsu that HALS forms nitronium, 
which oxidises BHT [21, 22]. 

BHT did not discolour when heat-treated alone under 
the same conditions, and quinonoid compounds could not 
be detected. The results of GC/MS analysis of BHT-HALS1 
and BHT-HALS1-rutile confirmed the formation of quinonoid 
compounds in the same way as for BHT-HALS1-anatase.

Transformation of BHT

BHT is converted to quinonoid compounds by heat 
treatment at 120°C in the presence of HALS1. Figure 5 
shows the dependence of the residual BHT content on 
time for BHT alone, the BHT-HALS1-rutile combination 
and the BHT-HALS1-anatase combination. For BHT itself, 
the residual BHT content was unaffected by 48 hours of 
heat treatment, but when BHT was combined with HALS1 
the residual BHT content decreased with time. This was 
in close agreement with the experimental results thus 
far presented. On heating in the presence of HALS1, 
BHT is converted to the quinonoid compounds shown 
in Figure 1 rather than acting as a radical scavenger 
as in Figure 6. The residual BHT content also decreased 
with time when titanium dioxide was added to the BHT-
HALS1 system. The decrease was especially marked 
when anatase was used. 

Table 3. Identification of substances, which were fractionated by thin layer chromatography, in an additive slution of 
BHT, HALS1 and anatase after heating at 120°C for 48 h on the basis of gas chromatography-mass spectrometry
TLC yellow spots Identification of substances
Rf = 0.96 BHT

BHT dimer
3.3’,5.5’-tetra-tert-butyl-4,4'-stilbenequinone (stilbenequinone)
2,6-di-tert-butyl-4-methylidene-2.5-cyclohexadien-1,4-dione (benzoquinone)

Rf = 0.91 stilbenequinone
quinone methide
Benzoquinone
3,5-di-tert-butyl-4-hydroxybenzaldehyde

Rf = 0.78 quinone methide
3,5-di-tert-butyl-4-hydroxybenzaldehyde
2,6-di-tert-butyl-4-nitrophenol

Rf = 0.35 quinone methide
3,5-di-tert-butyl-4-hydroxybenzaldehyde
2,6-di-tert-butyl-4-nitrophenol

Rf = 0.13 quinone methide
3,5-di-tert-butyl-4-hydroxybenzaldehyde
2,6-di-tert-butyl-4-nitrophenol

Figure 4. GC/MS total ion chromatogram for a sopot with 
TLC Rf = 0.96 from a sample ((BHT·HALS1·anatase) after 
heating at 120°C for 48 h
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Investigation of HALS concentration

To clarify the effect of HALS1 concentration on the 
formation of quinonoid compounds, the HALS1 
concentration was varied between 1 ×10-2, 5 × 10-2, 1 
× 10-1, and 2 × 10-1 mol/L while the BHT concentration 
was fixed at 5 × 10-2 mol/L, and the mixtures were 
heat-treated for 24 hours at 120°C. Figure 7 plots the 
relation between the peak absorbance due to stilbene 
quinone and the HALS1 concentration. The absorbance 
increased with increasing HALS1 concentration, the 
relation showing that the yield of quinonoid compounds 
is directly proportional to the concentration of HALS1. 

The HALS antioxidant mechanism entails oxidation 
of the piperidine nitrogen (>N-H, >NH3) rather than the 
HALS skeletal structure, the radical scavenging capability 
deriving from repetition of the cycle consisting of formation 
of the nitroxy radical (>NO×) and then nitroxide (>NO), 
hydroxyimine (>NOH) and alkoxide (>NOR) [23-26]. 
However, since the basicity of the HALS skeletal structure 
varies with the N-substituents, the basicity of the HALS 
might also be expected to affect the oxidation of BHT. 
Heat treatment for 24 hours at 120°C was therefore 
carried out using the secondary amine HALS1 and 
tertiary amine HALS2. Figure 8 compares the UV/
VIS spectra after heat treatment of the BHT-HALS1 and 
BHT-HALS2 systems. Although some absorption in the 
visible region was still evident when HALS2 was used 
with BHT, the absorption was quite weak. It may hence 
be argued that oxidation of BHT is promoted the higher 
the basicity of the HALS.

Discoloration in polymer materials

The discoloration mechanism when BHT and HALS1 are 
combined has so far been considered for a model system 
comprising an n-decane solution. The discoloration that 
occurs when BHT and HALS1 are combined in a PP 
matrix was next investigated.

Samples PP1-PP5 showed no change in appearance 
in heat treatment for 28 days at 90°C, but PP6, 
which combined BHT and HALS1, discoloured after 
28 days. PP6 and PP8, incorporating rutile and anatase 
respectively, yellowed after only 72 hours. Table 4 
shows the colour difference of the samples in which 
discoloration was observed. Comparison of YI before 
and after heat treatment shows that yellowing proceeded 
in PP6 (DYI 16.4), PP7 (DYI 31.4), and PP8 (DYI 63.5). 
The dichloromethane extracts of heat-treated PP6, PP7 
and PP8 were all yellow whereas the PP extraction 
residues were white. UV/VIS measurements on the 
heat-treated PP6 extract revealed new absorption in the 
wavelength range 350-500 nm. GC/MS measurements 
identified the discolouring substances as quinonoid 
compounds. 

Figure 5. Time-change of BHT residual ratio after heating at 
120°C for (a) BHT, (b) (BHT·HALS1), (c) (BHT·HALS1·rutile) 
and (d) (BHT·HALS1·anatase)

Figure 6. A mechanism of BHT as a radical scavenger

Figure 7. Relationship between absorbance at 446 nm after 
heating at 120°C for 24 h and HALS1 concentration of 
(BHT·HALS1)

Figure 8. UV/VIS spectra for (a) (BHT·HALS1) and (b) 
(BHT·HALS2) after heating at 120°C for 24 h
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PP is known to discolour by producing chromophoric 
C=O groups (1720 cm-1) when degraded [27]. We 
therefore examined whether degradation occurs by 
making IR measurements on the PP extraction residue. 
Figure 9 shows the IR spectra of untreated PP and heat-
treated PP6, PP7 and PP8. Since no peaks were found 
at 1720 cm-1 in any of the samples, it can be concluded 
that degradation does not proceed in PP itself. It was 
also clear that the rate of development of discoloration 
increased when titanium dioxide was combined BHT and 
HALS1, showing that titanium dioxide has a catalytic 
effect. The discoloration manifested when BHT and 
HALOS1 were used together, and the catalytic effect of 
titanium dioxide, were the same in the polymer as in 
n-decane solution. 

Conclusions

Heat treatment of the phenolic antioxidant BHT in 
combination with an HALS light stabiliser promotes 

oxidation of BHT by the HALS, resulting in discoloration. 
Discoloration of BHT by an HALS is accelerated the higher 
the HALS concentration and the stronger the basicity of 
the HALS. It was further shown that titanium dioxide, 
more especially anatase, has a catalytic effect on the 
oxidation of BHT by HALS, promoting discoloration. It 
was confirmed that the same discoloration behaviour is 
exhibited in polymer materials as in n-decane solution. 
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