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Abstract

A chemiluminescence study on photo-irradiated isotactic polypropylene in the presence of three new HALS compounds, mercapto-1,3,5-
triazinic phenolic stabiliser (antioxidant T) and Tinuvuin 770 as standard was carried out. The oxidation prevention was assessed by the
calculation of the main kinetic parameters of thermal degradation process (oxidation induction time and maximum oxidation rate). Supple-
mentary stability tests were performed on i-PP containing four stabiliser couples (triazine1 HALS) and the cooperative factors resulting
from the synergistic activities of oxidation prevention couple were determined. A kinetic treatment of the chemiluminescence data obtained
from thermal ageing of stabilised isotactic polypropylene is presented.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is a considerable interest in the thermal stabilisa-
tion of commercial polyolefins, for example polypropylene,
because their service life depends on a large extent by the
stabilisation efficiency of additives. The expansion of poly-
mer market and the progress in the synthesis of new thermal
stabilisers involve sustained tests on the thermal behaviour
of protected materials.

Several studies have been performed on the thermal stabi-
lisation of polyolefins. Various stabiliser classes and assay
methods have been selected for the evaluation of structural
changes that occurred in degrading materials. One of the
most sensitive procedures used for the determination of
antioxidative ability is chemiluminescence. The pioneering
chemiluminescence studies on solid polymers [1–3] have
provided reliable information on exothermal termination
reactions of alkyl peroxy radicals.The kinetic treatment of
polymer stability were also reported [4–10]. The protection
of polymers to UV light and thermal degradation can be
satisfactorily achieved by various long-term antioxidants
during the application stage.

The photodegradation of polymers is another essential
problem in the science and technology of polymers.
Hindered-amine light stabilisers (HALS) are the most

known efficient compounds largely used in photooxidation
prevention [11–14]. The polymer materials like various
sorts of polyethylene and polypropylene undergo a fast
ageing process when they are exposed to sunlight. The
improvement in their chemical resistance is promoted by
HALS; they are two to six times more effective than nickel
chelate light stabilisers and four to ten times more effective
than ultraviolet absorbers [15].

The inhibition of polymer oxidation via free radical reac-
tion with molecular oxygen is the main goal of the increase
in material durability when the fabricated polymer products
are subjected to various environmental conditions. Conse-
quently, this paper presents a study on the photo and thermal
oxidation of isotactic polypropylene containing various
oxidation prevention systems. The chemiluminescence
procedure was selected for an accurate determination of
process characteristics (oxidation induction time, maximum
oxidation rate, cooperative factors).

2. Experimental

The polymer used in this investigation was isotactic poly-
propylene (Moplenw, Himont, Italy). It was purified by
precipitation with cold methanol poured from a hoto-xylene
solution. After the removal of the remaining solvent, the i-
PP powder was washed with acetone and dried in vacuum at
room temperature. The additives were brought into the
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polypropylene mass by thorough wet grinding. An appro-
priate solution of additive was poured on purified polypro-
pylene powder in order to obtain a concentration of
0.5 wt%. The mixtures were dried at room temperature for
24 h before melting on aluminium trays (0.02 g of sample;
40 s at 1808C). Thin and homogenous films of 350mm were
obtained.

The tested stabilisers belong to the hindered amine
compounds: AO 1: bis(2,2,6,6-tetramethyl-4-piperidinyl)
sebacate (Tinuvin 770, Ciba Geigy) and AO 2–AO 4:
three new HALS [16]. Their molecular structures are
shown in Fig. 1. They were individually added. For syner-
gistic assay the four antioxidants were accompanied by a
mercapto-S-triazine (AO 5) (Fig. 1). Both additive concen-
trations were 0.5 wt%.

UV irradiation was carried out using a laboratory type
medium-pressure mercury lamp operating without a glass
envelope (250 W). The total ultra-violet output expressed in
units of Nhn at wavelengths shorter than 380 nm was of the
order of 5× 1025 s=cm the arch length. During UV exposure
the sample temperature did not exceed 308C.

Isothermal chemiluminescence measurements were
performed in air at 1808C in an laboratory equipment,
Oxyluminograph OL-94; the details on chemiluminescence
unit were previously presented [18]. The stabilised isotactic
polypropylene and the purified polymer (control) samples
were placed inside an oven provided with the electronically
controlled temperature device (mean error:^0.58C). Thus
the dependencies of counts on oxidation time could be

recorded. The polymer samples were immediately analysed
after the end of the exposure.

3. Results and discussion

The proportionality between the photon numbers and the
accumulation of peroxy radicals allows us to follow the
progress in oxidative degradation of polymers by chemilu-
minescence. UV radiation supplies enough energy to a poly-
mer matrix that excites chemical bonds. Free radicals are
generated, their reaction with molecular oxygen follows and
the accumulation of excited carbonyls will accompany the
degradation of material. The photon emitted by the triplet
state of oxygen can be measured and the increase in counted
photons number describe the evolution of material ageing.
The dependencies of CL intensity on measuring time may
be divided into three stages: the induction period when the
count number is quite small so it is impossible to detect
photons, the propagation stage characterised by a constant
oxidation rate and the end of process when maximum
chemiluminescence intensity is attained. The longer the
induction time the higher the stabilisation efficiency. At
this early stage of oxidative degradation the antioxidant
depletes. After the shorter induction periods a larger amount
of stabiliser remained unconsumed. It becomes available for
the second step of oxidation and a higher maximum inten-
sity, which is lesser, is determined.

Fig. 2 presents the chemiluminescence curves for
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Fig. 1. The chemical structures of the tested hindered-amine light stabilisers.



isotactic polypropylene stabilised with AO 4 (HALS) and/or
AO 5 (mercapto-S-triazine derivative). This example is
representative for this study that intends to demonstrate
the cooperation potential of these classes of antioxidants
during the degradation of i-PP. It can be remarked that the
oxidative protection of these two stabilisers is noteworthy.
An analogous behaviour was displayed by the other stabili-
sation systems checked in this paper (Table 1). In the case of
the simultaneous presence of AO 3 and triazine (AO 5) in
polymer samples a simple addition could be calculated. In
the cases of AO 21 AO 5 and AO 41 AO 5 we suppose
that this synergistic activity would be due to the regenera-
tion of phenoxy radicals by the hydroxylamine derivatives
resulting from oxidation of piperidine. The results listed in
Table 1 prove that over the early stage of oxidation (oxida-
tion induction time) the cooperation in material stabilisation
is less efficient than during the propagation step. In addition,
the sterically hindered amines AO 1–AO 4 displayed a
weaker effect on oxidative protection in the presence of

the second compound, mercapto-triazine (Table 1, last two
columns). The chain break reaction between nitroxy units
and alkyl radicals would decrease the efficiency in oxidation
inhibition of the tested amines.

In the literature these kinds of heterosynergistic effects
showed by HALS either with the chain break antioxidants or
with the prevention ones have been reported. Thus, during
the thermal oxidation of polypropylene (testing temperature
1308C) Tinuvin 770 exhibits synergistic effects with Irganox
1010 �uVmax

ox
� 1:71�; Topanol CA�uVmax

ox
� 2:20�; Goodrite

3114�uVmax
ox
� 3:14� or Weston 618�uVmax

ox
� 1:68�; an addi-

tivity in oxidation prevention behaviour with Cyanox 2246
�uVmax

ox
� 1:00�; Cyanox 1790�uVmax

ox
� 0:98� or Irganox 1076

was established. An antagonistic activity was found for the
systems consisting of sterically hindered amine and Plasto-
max STDP�uVmax

ox
� 0:69� [19,20].

The chemiluminescence emission intensity presented by
the polymer is proportional to the rate of the bimolecular
reaction for the peroxy radical recombination [21]:

ICL � GFkII C
2
RO2

�1�
where ICL represents the chemiluminescence intensity,G
the geometry factor,F expresses the quantum yield,kII is
the rate constant of the bimolecular reaction andCRO2

symbolises the peroxy radical concentration. According to
Billingham [22], the geometry factor,G; is the multiplica-
tion of the number of photons that reach the photocathode
and the emitted photon fraction that are caught by the photo-
cathode; the quantum yield,F; is the multiplication of the
reaction fraction that generates excited states and the
process fraction that expels the excess energy as light
emission.

The UV irradiation of polymers in the presence of oxygen
is characterised by the formation rate of the peroxy radicals
that can be expressed as follows:

dCRO2

dt
� RUV 2 kII C

2
RO2

�2�

whereRUV denotes the rate of the photoinitiating reaction
involving peroxy radicals. In Eqs. (1) and (2) we have
assumed thatICL increases with the UV irradiation time. It
attains a saturation value because of the balance between the
rate of generation of the peroxy radicals and their rate of
decay. In this condition, the left member of Eq. (2) equals
zero. During the propagation stage of degradation

I0 � GFRUV �3�
whereI0 is the saturation chemiluminescence intensity. Eq.
(3) proves thatI0 is proportional to the initiation rate of the
photoinduced peroxy radicals.

The degradation step that occurred on the descendant
region of sigmoidalI � f �t� may be characterised by the
following relationship:

dCRO2

dt
� 2kII C

2
RO2

�4�
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Table 1
The main kinetic parameters of thermal oxidation (1808C, air) obtained for
stabilised i-PP

Additivea t i
b (min) Vmax

ox
b (r u g21 min21) Cooperative factor

uti

c umax
tV

d

Free of stabiliser 4 5071 – –
AO 1 6 1954 – –
AO 2 11 1586 – –
AO 3 14 965 – –
AO 4 19 920 – –
AO 5 172 1609 – –
AO 1 1 AO 5 201 1335 1.13 2.67

AO 2 1 AO 5 260 1059 1.42 3.02
AO 3 1 AO 5 195 934 1.05 2.76
AO 4 1 AO 5 302 1157 1.58 2.19

a The concentration for all additives was 0.5 wt%.
b The parameters calculated from chemiluminescence records.
c The values calculated from oxidation induction times [21].
d The values calculated from oxidation rates [21].

Fig. 2. The chemiluminographs of i-PP (1808C in air) stabilised with
0.5 wt% AO 4 (K), 0.5 wt% AO 5 (W) and 0.5 wt% AO 41 0.5 wt% AO
5 (A).



and after integration this last relationship provides:

1
CRO2

2
1

C0
RO2

� kII t �5�

But the concentration of the peroxy radical can be obtained
from Eq. (1):

CRO2
�

���������
ICL

GFkII

s
�6�

Eq. (5) becomes:

1���������
ICL

GFkII

s 2
1���������
I 0
CL

GFkII

s � kII t �7�

or, under the other form:

1����
ICL
p �

������
kII

GF

s
t 1

1�����
I 0

CL

q �8�

Eq. (8) emphasises that the reciprocal square root of chemi-
luminescence is proportional to the UV exposure time.

Fig. 3 presents the dependence of 1=
����
ICL
p

on the post-

irradiation heating time carried out in air at 1808C for isotac-
tic polypropylene stabilised with AO 4, AO 5 and their
couple. The straight line dependencies (correlation factors
0.96–0.98) proves the validity of Eq. (8).

Table 2 lists the chemiluminescence intensityI0
CL of all

the specimens that were recorded after the elapse of the UV
irradiation time (90 min). This table emphasises that theI0

CL

values for the stabilised polymer samples were smaller in
comparison to the similar values obtained for unprotected
polypropylene. On the other hand, a notable decrease in the
CL saturation intensity,I0

CL; for i-PP stabilised with triazine/
HALS couples could be also observed. The use of triazine as
an antioxidant is justified by its double function: scavenger
of radicals by the phenolic units and decomposer of hydro-
peroxides by the –SH groups. These kinds of compounds
may offer a self-synergism effect [17,23]. It is well known
that the HALS compounds display a lower activity at the
early stages of photooxidation; they act more efficiently in
the hindrance of the propagation reactions involving free
radicals [13]. The third column contains the cooperative
factors obtained for the tested couple. All the four values
of uI0

CL
are greater than unity. It means that cooperative

effects could be demonstrated and these values�uI0
CL
�

1:55–3:32� are noteworthy for their further application in
polymer industry. This synergism is somewhat surprising
if it takes into account the situation of antagonism between
the antioxidants containing sulphur and HALS [24,25].

The cooperative efficiencies of tested HALS (AO 1–AO
4) and triazine (AO 5) determined for the photooxidation of
i-PP can be placed in the following order:

AO 3 . AO 1 . AO 4 . AO 2 �9�
After the end of the UV irradiation, i-PP containing couples
AO 5/AO 1–AO 4 become yellowish. This colour change
was not observed after the experiments on isotactic poly-
propylene free of AO 5 (triazine). This behaviour is
expected to be brought about by the reaction between the
phenol triazine compound with nitroxy radicals when
coloured quinone structures would be formed.

Fig. 4 illustrates the increase in the oxidation induction
time (t i) of i-PP obtained at different exposure times by
chemiluminescence in air at 1808C on the samples stabilised
with AO 5 (triazine) and AO 4 (HALS). Similar results were
found for the other triazine/HALS couples (Table 3). It
proves the involvement of various antioxidants in specific
reactions and, simultaneously, the stabiliser depletion
during the photooxidation stage of the experiments [26].

The relationship that correlates the oxidation induction
time of the thermal degradation performed after the UV
irradiation on the UV exposure time is:

ti � k e2et �10�
whereti represents the remnant oxidation induction time,k
a material constant,e the consumption factor of the stabi-
liser andt the UV irradiation time. The slopes calculated
from ln t vs t curves may be considered as a criterion of the
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Fig. 3. The postirradiation time dependencies 1=
����
ICL
p � on time for i-PP

stabilised with 0.5 wt% AO 4 (K), 0.5 wt% AO 5 (W) and 0.5 wt% AO
4 1 0.5 wt% AO 5 (A) (exposed for 90 min and CL tested at 1808C in air).

Table 2
Chemiluminescence intensity attained at saturation by i-PP in the presence
of tested compounds

Additivea I0
CL (r u g21) Cooperative factor�uI0

CL
�

Free of stabiliser 12600 –
AO 1 8244 –
AO 2 8613 –
AO 3 8769 –
AO4 4525 –
AO 5 4000 –
AO 5 1 AO 1 3800 3.22
AO 5 1 AO 2 8125 1.55
AO 5 1 AO 3 3850 3.32
AO 5 1 AO 4 4200 2.03

a All concentrations were 0.5 wt%.



stabilisation ability during photooxidation. The greater the
value of the consumption factore , the more efficient the
photodegradation inhibitor. Taking into account this factor
of oxidation protection under UV exposure a series of tested
compounds can be written:

AO 4 . AO 1 . AO 3 . AO 2 �11�
In a previous paper[16] it has been reported that the stabi-
lisation effect of tested HALS by spectroscopic determina-
tions (carbonyl absorbency as a function of UV irradiation
time) on PP films containing 0.3 wt% is the same HALS as
used in this study.The following order was found:

AO 3 . AO 1 . AO 4� AO 2 �12�
This sequence is in a good agreement with the results
describing the photostabilisation efficiency based onI0

CL

(Eq. (9)).

4. Conclusion

The individual and synergistic effects of triazine and

HALS were assessed by chemiluminescence measurements.
The kinetic treatment of degradation data allowed us to
emphasise the consequences of UV exposure on the post-
irradiation behaviour of the stabilised isotactic polypropy-
lene. The comparison of various cooperative factors
calculated for the initial stage of postirradiation degradation
and for the propagation step of this ageing process reveals a
difference in the stabilisation effectiveness. Thus, suitable
parameters for oxidation prevention may be oxidation
induction time and/or saturation chemiluminescence inten-
sity. The durability of polypropylene can be successfully
assured by the antioxidant couples of triazine and HALS.
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Fig. 4. The decrease in oxidation induction time determined for i-PP (1808C
in air) stabilised with 0.5 wt% AO 4, 0.5 wt% AO 5 and 0.5 wt% AO
4 1 0.5 wt% AO 5 at various UV exposure times.

Table 3
The remnant induction time of thermal oxidation after UV irradiation of the
tested stabilisation couples

Stabiliser couples Oxidation induction time after UV
exposure (min)

e a

0 30 60 90

AO 5 1 AO 1 201 142 93 75 0.0128
AO 5 1 AO 2 260 206 151 9 0.0091
AO 5 1 AO 3 188 113 107 7 0.0094
AO 5 1 AO 4 302 120 67 31 0.0251

a Stabiliser consumption constant, Eq. (10).


