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Introduction

Chapter 1

1.1 General introduction
The environment has a negative influence on the properties
of articles made from polyolefins. During their service life,
these articles age, which results in impairment of the mechanical
properties 1 • 2 • 3 · • · 5 • 6 • 7 •
Because
of
this
environmental
degradation the lifetime of articles made from polyolefins is
limited. Examples of indoor applications of polyolefins, for
which stability is required, are parts of vacuum cleaners,
coffee makers, washing machines, dish washers and tubes for
floor heating. Some outdoor applications are bottle crates,
containers, bumpers, dashboards, films for covering greenhouses
and fibres for robes. The lifetime required for a polymer
depends on its application (for required lifetimes see table

1).
Table 1. Lifetime requirements for several application areas.
Packaging

1 year

Automotive

10 - 15 years

Building

50 years

Civil Engineering

"Eternity" (200 years)

The degradation of polymers during their service life is
caused by reactions of the polymer with air oxygen. The
degradation

rate

meters•,9,10,11,12,13,14,

depends
on
polymer
on
the
environment

structural
parain
which
the

used1s,16,J.7 ,ia,i.9,20
the
polymer
is
and
on
use
of
1 2 3 4 5
stabilizers • • • • • The most important polymer related parameters
are
polymerization catalyst residues•• 9 • 10 • 11 , the amount of

branching12 • 13 • 14 and the amount of unsaturation13 • 21 •

For articles

which are exposed to sunlight the most important environmental
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parameters
are
the
UV-irradiation,
oxygen,
temperature,
7
6
humidity and the amount of rain' - ' • The degradation in this
environment is called photo-oxidative degradation. For most of
all other applications temperature and oxygen are important
parameters. This type of degradation is called thermo-oxidative
degradation.
Polyolef ins can be used in the applications mentioned
above due to the addition of stabilizers. Without stabilizers
the thermo-oxidative degradation of polypropylene (PP), even at
ambient temperature, is so fast that the lifetime of an article
is less than one year. By using a small amount of stabilizer
the lifetime can be increased enormously1 " . The same is the
case for the outdoor lifetime of polyolefins. The lifetime of
polyethylene (PE) and polypropylene (PP) in outdoor applications

can

be

increased

from

less

than

one year to several

years 2 · " 5 •
The mechanism on which the environmental degradation of
polyolef ins is based has been a subject of discussion in many
publications 22 • 2 ' · 2 •· 25 •
These mechanisms are mainly based
an auto-oxidative model developed by Bolland and Gee 26 • 27 •
this
original
mechanism
many
variations
have
proposedn· 23 " • · 25 , but it is still a topic of discussion.

on
To

been

One of the problems in determining the changes resulting
in the deterioration of the polymer is to specify the chemical
changes which cause the degradation. One of the reasons why
these analyses are difficult is that the converted polymer
molecules can not be separated from the polymer. Another reason
is that the chemical changes resulting in the deterioration of
a polyolefin are so small that many analytical techniques are
not sensitive enough to detect these changes. For instance the
same amount of oxidation resulting in a change of 1% of all
molecules of a low molecular weight hydrocarbon (molecular
weight 100) causes every molecule of a polyethylene with a
molecular weight of 100,000 to be oxidized 10 times. Thus, low
conversions can have tremendous influences on the properties of
a polymer.
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The determination of the changes in the polymer under
environmental conditions are in many cases too time consuming
to be realistic. This is the case for determination of the
period
of
time
a
polymer
will
fulfil
its
function
satisfactorily as well as for the determination of the
mechanistic changes which result in the deterioration of the
polymer. To make the ageing time more practical, several
accelerated ageing tests have been developed. The constraints
on such an accelerated test are in many cases contradictory. On
the one hand, the accelerated degradation process has to
correspond to the real situation, which means that the
conditions must be as close as possible to those used in
practice. The consequence is that this ageing takes a very long
period. On the other hand, there is the constraint that the
ageing has to be completed in an acceptable time period. In the
past many accelerated tests have been developed, but the
reliability of these tests is still a topic of discussioni6 ' 28 •
1.2 Ai• of this thesis.
Environmental degradation limits the lifetime of articles
made from polyolefins.
Nevertheless these
lifetimes are
generally too long to be determined in tests which operate
under environmental conditions. As a result, most of the
investigations on the degradation of polyolef ins are done under
accelerated conditions. Accelerated ageing is not only used to
determine the stability but also to determine the mechanisms
causing the degradation of polyolefins. In this thesis the
influence of acceleration of the degradation on the mechanism
causing failure as well as the mechanisms causing stabilization
and degradation are described.
1.3 Survey of this thesis.
An overview of the literature on the long-term degradation
and stabilization of polyolefins together with the connection
between this literature and the different chapters of this
thesis is given in chapter 2.
Chapters 3 and 4 deal with the
thermo-oxidati ve degradation mechanism of PP. In chapter 3 it
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is shown that the degradation mechanism at low temperatures
differs from the mechanism assumed in the literature. In
chapter 4 it is shown that polymerization catalyst residues
have a big influence on the oxidation rate, but only at low
temperatures. The mechanisms described in chapters 3 and 4 are
used in chapter 5 to explain why hindered amine stabilizers
function only well at low temperatures. In chapter 6 it is
shown that, besides chemical parameters, physical parameters
are also relevant for the long-term heat stability of polypropylene. It is shown that the stability determining factor
changes from degradation chemistry to stabilizer volatility,
when the degradation temperature is decreased from 150 to so·c.
In chapter 7 it is shown that the mechanism causing the photooxidative degradation of polyethylene and the mechanism of
action of hindered amine light stabilizers differ from the
mechanism generally accepted. In chapter 8 and 9 it is shown
that for polyethylene the degradation mechanism outdoors
differs from the degradation mechanism in the mostly used
accelerated ageing tests, namely those involving the use of a
xenon lamp.
This thesis is based on a collection of papers, which have been
published29 • 30 • 31 "

2

•

33

or are accepted for publication"·"".
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overview of the literature.

Chapter 2

2.1 llecbanis• of degradation
2.1.1 'l'b.ermo-oxidative degradation.
The lonq-term thermal deqradation of polyolefins is due to
an auto-oxidative processl.• 2 • It is shown that polyolefins in
an environment without oxygen do not degrade significantly•"
and that the amount of oxygen uptake by the polymer can be
correlated with mechanical and morphological changes in the
polymer3. In many publications this auto-oxidative process is
described by the mechanism known for the auto-oxidation of low
molecular weight hydrocarbons (Scheme 1). Bolland and Gee were
the first to apply this mechanism to the degradation of
polymers. Already in 1946 they used this mechanism to describe
the oxidation of rubber 5 • 6 • since then this mechanism has also
been
applied
successfully
to
other
polymers
such
as
polyethylene (PE) and polypropylene (PP) 1 • 2 , although many
variations have been proposed7 ,a, ...
Initiation :
Propagation

RH
R"+

o,,

R0 2 '+
Chainbranching

Termination

-

ROJ-1
RO"
(OH")
2R0 2 '

RH-

-

R

.

[ 11

R0 2 •

[2]

R· +
RO'

+

ROJ-1

[3]

OH'

[4]

+ RH - - - R O H + R"

[5]

(H 2 0)

Inert

[6)

SCheae 1. Basic oxidation mechanism for polyolefins (R

polymer chain).
The auto-oxidation mechanism of polyolefins is a free
radical chain oxidation comprising four stages (Scheme 1) • In
the initiation step free radicals are generated. It is assumed

8
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that these radicals are formed thermally or through the
combined action of heat and mechanical stress. However, this
reaction has not been fully clarified yet. The propagation
reactions (reactions 2 and 3) have been studied in more detail.
The rate of the reaction of oxygen with alkyl radicals is very
high10 ;
therefore the rate of the propagation is largely
determined by the ease of hydrogen abstraction in the second
step of the propagation. Substrates having a lower carbonhydrogen bond strength form stabler radicals and consequently
these substrates are more easily oxidized. Thus, allylic
hydrogens are oxidized faster than tertiary ones, which in turn
are oxidized faster than secondary ones. This is the main
reason why polypropylene degrades faster than polyethylene. The
propagation reaction is a repeating reaction; the average
number of propagation cycles (kinetic chain length) have been
studied
by
a
number
of
researchers11 • 12 • 13 • 14 • 15• 16 " 7 •.,., 19 • 20
These studies were done in model hydrocarbon systems1 "•"°,
polymer solutions17 »• and in polymers11 • 12 • 13 • 14 • 1 " " " · In these
studies external radical sources such as y irradiation or
peroxides, are used to initiate the oxidation. Mayo 1 ' found that
the propagation rate was influenced by the mobility of the
molecules. The influence of the mobility on the kinetic chain
length is much smaller. Radicals which are formed in pairs can
stay under each other's influence for a long time and give cage
reactions. One of the problems encountered in determining the
kinetic chain length is the occurrence of these cage reactions.
Mayo13 showed that only 16% of the peroxy radicals formed escape
the cage and cause propagation reactions. Garton et al.'""
described the existence of a secondary cage, which causes the
amount of free propagating radicals to be much smaller. They
published that only 4. 5% of the radicals escaping the primary
cage also escape the secondary cage. These cage reactions do
not influence the overall kinetic chain lengths found. However,
the radicals which escape both cages will show a larger kinetic
chain length than the calculated mean value. According to
calculations by Garton et al. 1 " taking secondary ca9e reactions

g
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into account, the kinetic chain length for radicals
escape both cages increases from 800 to 1.75 10 4 •

which

•

1

Time

Fig. 1.

Schematic representation of the oxygen uptake and
formation of hydroperoxides during the oxidation of
PP.

The mechanism causing the degradation of polyolefins is
autoaccelerating. This is due to the reactions described in the
chain branching reaction (Scheme 1). The hydroperoxides formed
in the propagation reaction can decompose, which leads to the
formation of radicals causing an increase of the oxidation rate
(see Fig. 1). The decomposition of hydroperoxide can be
described with several mechanisms 21 • 22 • 2 ' .
The unimolecular
decomposition (as described in Scheme 1) has a rather high
activation energy, which makes this reaction less likely at low
temperatures. In the oxidation of polypropylene the propagation
can take place according to an in-chain reaction2 • (Scheme 2) •
This reaction causes the formation of adjacent hydroperoxides.
These adjacent hydroperoxides can decompose according to a bifunctional reaction 2 • (Scheme 3) , which has a lower activation
energy than the unimolecular decomposition. For many years it
has been believed that only the intra-chain propagation takes
place, but more recently this has come under discussion
again 25 • Another decomposition reaction of hydroperoxides with
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CH 3
CH 3
~I /CH2"' I /

c
I

c
I

0

H

CH 3
CH 3
~I /CH2"' I /

c

I

I
0
I

o.

0

c

I
H

Scheme 2. In-chain propagation reaction of PP.

CH 3

CH 3

c

c

~I /CH2"' I /

I

I

0

0

I

I

0

0

I

I

H

H

~

CH 3
CH 3
I /CH2"' I /

c
I
0

I

c
I

o.

o.

Scheme 3. Decomposition of adjacent hydroperoxides in PP.
a lower activation energy is the decomposition catalyzed by
metal ions
(Scheme 4) 26 " 7 •
Metal ions which can act as
catalyst are e.g. Fe 2 +/Fe'+, cu+ /Cu 2 + and Ti>+ /Ti•+.
Alkoxy radicals can abstract hydrogens from the polymer
chain or disproportionate to a ketone and an alkyl radical (see
Scheme 5). It is generally assumed that this reaction is
important for the embrittlement of polyolefins 28 •
Termination reactions are bimolecular. In the presence of
sufficient air, which is normally the case for the long-term
degradation of polymers, only the reaction of two peroxy
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M""'i+ +ROJ-1
M.,./ M.,.*
2 ROJ-1

RO" + R02" + Hp

Scheae 4. Transition metal catalyzed decomposition of
hydroperoxides.

R2

R2

I
R,-y-o· + RH
4

R3

I
' I

R -C-0-H + R4 '

R3

Scheae 5. Possible reactions of alkoxy radicals.
radicals has to be considered1 • The reaction depends on the type
of peroxy radical present. For tertiary peroxy radicals (as
present in PP) the termination reaction leads to dialkyl
peroxides 1 , while secondary peroxy radicals (as formed in PE)
react according to the Russel mechanism to an alcohol and a
ketone~".

Extensive research has been performed to determine the
mechanism causing the degradation of PP. Most of these
investigations were done at high temperatures (above 100°c),
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which are
unrealistic for
environmental degradation.
In
chapters 3 and 4 of this thesis it is shown that the autooxidation mechanism at more realistic temperatures differs
strongly from that at high temperatures. In chapter 3 it is
shown that at low temperatures the acceleration of the
oxidation after the induction period is due to the formation of
peracids. In chapter 4 it is shown that at low temperatures the
induction period is influenced by polymerization catalyst
residues, which is probably due to their influence on the
decomposition of hydroperoxides as shown in Scheme 4, while at
higher temperatures this is not the case.

2.1.2 Photo-oxidative degradation.
reviews30,31,32,3i,3•,3s,:s6
In
a
number
of
it
is
shown
that the photo-oxidative, like the thermo-oxidative degradation
due to a free radical chain mechanism consisting of initiation,
propagation, chain branching and termination (shown in Scheme
1) , al though there are important differences. The propagation
and termination reactions involved in photo-oxidation are
believed to be comparable with those in thermo-oxidation, but
due to the influence of sunlight the radical forming reactions
(initiation and chain branching) are different.
The sunlight causes the photodegradation of polyolefins to
be faster than the thermal degradation. This can not be due to
the direct absorption of sunlight by the polymer, because
hydrocarbons do not absorb sunlight wavelengths that reach the
earth35 (>290 nm). Thus the increase of the oxidation rate under
the influence of sunlight has to be due to the absorption of
other species. conceivable other these species are degradation
products which are formed during processing or storage
(hydroperoxides or ketones), polymerization catalyst residues
and
charge transfer complexes
between the
polymer and
oxygenu,>s.

Hydroperoxides and ketones can
initiate the photooxidation•o,n,>5,"". Photo-chemically hydroperoxides can decompose
homolytically into alkoxy and hydroxy radicals. The quantum
yield of this reaction is very high31 ' 36 • However, for PE it has
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been shown
oxidative
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that the hydroperoxides
degradation
do
not

formed during a thermoini tiate
the
photo7 38 39
oxidation' ' ' •
Several
hydroperoxides
decomposition
mechanisms have been proposed some of which lead to chain
scission•0 ·u and others do not' 7 ' 38 • The ketones formed can
decompose photolytically according to the Morrish I or Norrish
II reaction (Scheme 6).

0

0

II

R,-C-R 2

___,.
hp

II

R,-c• +

0

[ 11

0

II

R 1 -C-CH 2 -CH 2 ~CH 2 _,

Schelle 6. Morrish I

"F(2

hp

-----;..

R-~-CH
1
3 +

[2]

CH 2 :::::CH-

[1] and Morrish II [2] reaction.

Both reactions cause chain scission, but only the Morrish I
reaction leads to radicals. For both decomposition reactions
the quantum yield depends on the mobility of the excited
ketone. In systems with a high mobility the quantum yield of
the Morrish I reaction is higher than that of the Morrish II
reaction, while in systems with a low mobility it is the other
way around 30 •
In 1965 Chien• 2 suggested that the photochemical oxidation
of alkanes can be initiated by charge transfer complexes
between the substrate and oxygen. Later this reaction was
ignored as being relevant to the initiation of the oxidation of
polymers"', but recently it gained interest again•• ....
In chapter 7 of this thesis it is shown that charge
transfer complexes play a role in the initiation of the
photochemical degradation of PE. This is especially the case
for stabilized samples.

2.2 Heterogeneity of the degradation.
Although there is sufficient evidence that the degradation
of polyolefins is heterogeneous• 5 ·• 6 , in many studies it is
assumed that the degradation is a homogeneous process•7 ·•s.<9 •
The heterogeneity of the environmental degradation of
polymers is due to the following factors:
The degradation is due to the reaction between a solid and
a slightly soluble gas.
- Polyolefins are semi-crystalline polymers consisting of
crystalline parts which are surrounded by amorphous
material.
The mobility of molecules is restricted, which implies
that bimolecular reactions are retarded and cage reactions
are favoured.
Because oxygen is only slightly soluble in polyolefins50 ,
an oxidation rate faster than the oxygen diffusion rate might
lead to a limitation of the oxidation rate or a change in the
oxidation mechanism. As a result, oxygen diffusion limitation
has been a subject of discussion for many years now. In several
publications'"· 51 •""• 53 it
is
shown that the
photochemical
degradation of polymers leads to a profile of oxidation
products through the polymer. This profile has been ascribed to
the existence of oxygen diffusion limitation, but other
explanations are also given 5 • .
The crystallinity also plays an important role in the
degradation of polyolefins. In 1976 Billingham'"' reviewed the
literature on the influence of the morphology on the oxidation
of polyolef ins and concluded that PE and PP do not oxidize in
the crystalline phase. Nowadays this conclusion is generally
accepted 52 •
Because of the restricted mobility the reaction rates in
polymers are lower than in a low molecular weight hydrocarbon'"·
It is known that the propagation and the termination reaction
rate decrease with decreasing mobility13 • For instance the
reaction rate in bimolecular reactions of polymeric radicals is
reduced by a factor 10• relative to fluid solution reactions.

overview of the literature

15

The degradation of the polymer can lead to low molecular weight
products with a higher mobility, which may cause a change in
the termination rate during the degradation. Because the
diffusion rate of radicals is limited and because the radical
is not spread through homogenization (steering), which normally
is done in the case of the oxidation of fluids, a heterogeneous
initiation of the oxidation of polyolef ins will always lead to
heterogeneous degradation.
For PP it has been shown that the degradation is a
heterogeneous process 45 ' 46 • In 1969 Richters.,, showed that so2
treatment of an oxidized PP results in a heterogeneous
discoloured polymer. He suggested that this is due to a
heterogeneous initiation by iron particles. Knight et al. 46
showed that the UV picture of a preoxidized PP treated with
DNPH
(di-nitro-phenyl-hydrazine)
is
heterogeneous.
They
suggested that this is due to the initiation by the Ti
polymerization catalyst residues.
In chapter 4 of this thesis it is shown that the
polymerization catalyst has a strong influence on the oxidation
rate of PP and in chapter 3 it is shown that the restricted
mobility of molecules does not only influence the oxidation
rate but can also influence the reaction mechanism.
2.3 stabilization.
2.3.1 Stabilization against the thermo-oxidative degradation.
Stabilizers
against
the
thermo-oxidative
degradation

(antioxidants) are very important for PP and PE. These two
polymers are responsible for 58% of the total antioxidant
consumption 2 • Because PP is also used as an engineering plastic
and because PP degrades faster than PE, the importance of
antioxidants is greater for PP than for PE. This is also the
reason why the long-term heat ageing of PP is studied most and
PP is used as a model in many studies.
The increase in stability which can be achieved with
stabilizers is enormous. It has been shown that after 20 years
of storage of stabilized PP at ambient temperature the polymer
has not degraded significantly56 , while an unstabilized PP
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looses its mechanical properties within a year. The stabilizers
against the thermo-oxidati ve degradation can be divided into
two important classes: the radical scavengers or primary
antioxidants and the hydroperoxide decomposers or secondary
antioxidants.
The most
important group of
the
primary
antioxidants are the phenolics. They act by interrupting the
propagation reaction cycle (reactions 2 and 3 of Scheme 1) and
cause an enormous decrease of the kinetic chain length of the
propagation cycle.
Transformation mechanisms of the most
important classes of phenolic antioxidants are given in two
extensive reviews by Pospisil"7 ' 58 • These transformations are
schematicaly summarized in Scheme 7. The secondary antioxidants

Y--6X+
R

o·

R'O;
R

R

Scheme 7. Schematic mechanism of the transformation of phenolic
antioxidants.
act by decomposing hydroperoxides which are formed in the
propagation reaction. In this way the hydroperoxides formed can
not decompose into radicals. The most important classes of
secondary antioxidants are phosphi tes and thioethers. For the
long-term heat stabilization the thioethers are the most
important. They can decompose several hydroperoxides into
alcoholic products~. The first reaction which can take place is
shown in Scheme 8.
The lifetime of articles which are subjected to thermooxidative degradation is influenced by several factors. The
most important parameters which determine the stability of PP
are:
the stabilizer system,
the thickness,
the testing
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0
R-S-R'+ R"0{1

II
R-S-R'+ R"OH

Scheme 8. Decomposition of hydroperoxides by thioethers.
temperature and the presence of fillers and/or pigments. The
influence of the first three items on the long-term stability
of PP is discussed in chapter 6 of this thesis.
Of late, hindered amines have been promoted as long-term
heat stabilizer2 ' 59 • They function best at temperatures below
100 ·c. In chapter 5 of this thesis it is shown that this is
due to a difference in the degradation chemistry at 150 and
below l00°c.
2.3.2 Stabilization against the photo-oxidative degradation.
The
photo-degradation
rate
can
be
influenced
by
UV-stabilizers. UV-stabilizers can prolong the lifetime of
polyolefins enormously and make these polymers useful for
outdoor applications.
For instance,
with stabilizers the
lifetime of PE and PP can be prolonged more than 5 times60 •
UV-stabilizers can act in several ways. They can act by
quenching excited states, by absorbing the UV-light, by
decomposing hydroperoxides or by scavenging radicals 35 • 36 • The
mechanism of action of several UV-stabilizers was recently
reviewed by Gugumus61 • For polyolefins the Hindered Amine Light
stabilizers (HALS) are the most important. The chemistry behind
their action has been the subject of numerous publications and
is still a subject of discussion 35 ' 36 • In most theories, the
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stabilizing species is thought to be a nitroxide. This
nitroxide is formed during the degradation, out of the added
amine, and is capable of scavenging radicals through a reaction
cycle. According to the original stabilization mechanism an
alkyl radical is scavenged by a nitroxide radical and an
alkyloxyamine is formed. This alkyloxyamine is capable of
scavenging
a
peroxy
radical,
thereby
regenerating
the
nitroxide. This cyclic mechanism with the nitroxide is known as
the Denisov cycle (Scheme 9).

""
/""
/

N-O• +

R •

N-0-R + R0°
2

/""'

N-0-R

/""

N-o• +ROJ=i

scheme 9. Nitroxide regeneration cycle (Denisov cycle).
Several mechanisms have been suggested for the formation
of the ni troxide. Sedlar et al. •2 proposed a reaction of a
hydroperoxide with the amine to form an alkyloxyamine, which
reacts with a peroxy radical to form a nitroxide (Scheme 10).
Carlsson et al.'" published a mechanism involving an aminyl
radical which is oxidized to a nitroxide (Scheme 11).
Geuskens & Nedelkos 64 suggested that the reaction of an amine
with a peroxy radical leads to the nitroxide and an alcohol
(Scheme 12).
The oxidation of alkanes leads to aldehydes. Toda et al.""
and Felder•• suggested that the formation of the nitroxide is
related to the oxidation of the aldehydes formed. Toda"" assumed
that the ni troxide is formed by a reaction of a peracid with
the amine and Felder•• suggested a
reaction between an
acylperoxy radical and the amine to form the nitroxide and an
acid (Scheme 13).

overview of the literature

/"""

19

N-H + ROOH

Scheme 10. Formation of nitroxide according to Sedlar et al. 62

/""'

+ ROf1

RH/0 2
N•
""'
/

Schema 11.

No
""'
/

N-H + RO•
2

/""'

N-0°

Formation of nitroxide according to Carlsson et
al. 63.

Recently Zahradnickova et al. 67 showed that the ni troxide can
be formed by the reaction of the amine with oxidized
polypropylene containing peracids.
Besides the regeneration mechanism shown in Scheme 9 other
regeneration mechanisms have been proposed 68 ' 69 ' 70 ' 71 ,
but all
these mechanisms are based on the nitroxide as the stabilizing
species. Recently Gugumus• 3 ·•• published a mechanism in which the
HALS acts as a quencher for the complex between oxygen and the
polymer; in this mechanism the HALS itself is the stabilizer.
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Formation of nitroxide according to Geuskens &
Nedelkos 64 •

Scheme 12.
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Formation of the nitroxide according to Toda et
al. 65 [ 1] and Felder66 [ 2] .

In chapter 7 of this thesis it is shown that the HALS
stabilizer acts as a quencher and as a radical scavenger.
2.3.3 Physical loss of stabilizers.

While doing their job stabilizers are consumed. However,
this is not the only mechanism that causes a decrease of the
concentration.
The concentration of
stabilizer can also
decrease by physical processes. The physical loss rate of
stabilizers depends on the solubility and the diffusion rate of
the stabilizer in the polymer,
the volatility of the
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environment.
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(thickness)

of

the

The literature on the physical loss has
Luton7 • and more recently by Billingham5 • .

article
been

and

reviewed

the
by

In chapter 6 of this thesis it is shown that especially at low
tempertures (< so"c) the oxidative stability of the polymer
depends on the physical loss rate of the stabilizer.

2.4 Ageing of polyaers.
Small

changes

in

additive

formulation,

polymerization

catalyst recipe or processing technique can have a strong
influence on the lifetime of a polymer. Determination of these
influences on the stability of articles in their application is
too time consuming to be realistic. For this reason a variety
of accelerated tests have been developedH• 51 • 7 • . The reliability
of all these different accelerated tests is still a subject of
discussion 36 • 51 • In many cases the reliability depends on the
acceleration factor which is reached in the test. In some of
these tests the acceleration is so high that the reliability as
a lifetime forecasting test is doubtful 74 •
The requirments for an accelerated test are in many cases
contradictory. On the one hand, the reliability of accelerated
tests is expected to be highest if the test conditions are
close to the real life circumstances, but these kinds of tests
are time consuming. On the other hand, an accelerated test
should give results as soon as possible. As long as the
processes which are responsible for the deterioration of
polyolefins are not known, it seems reasonable to determine the
lifetime in not too highly accelerated tests. This means that
the conditions in an accelerated test should be as close as
possible to the environmental conditions under which these
polymers are used in practice. In many cases this is impossible
because such a test would take too much time (for required
lifetimes see chapter 1, table 1) • In the authors' opinion
reliable accelerated tests with a higher acceleration factor
can only be developed with a better understanding of the
processes resulting in environmental degradation. An other
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possibility to get results within a reasonable period is to
study
separately
the degradation
and
the
stabilization
chemistry.
In
general
the
environmental
degradation
of
unstabilized polyolefins proceeds so fast that it can be
studied under conditions close to environmental conditions
within a reasonable time period.
This is not the case for stabilized polymers. For instance
for stabilized PP the thermo-oxidative degradation is so slow
that it has to be accelerated. There are several ways to
accelerate the degradation.
The way the degradation is
accelerated depends on the type of degradation to which the
polymer
is
subjected
(e.g.
thermo-oxidative
or
photooxidati ve) •
The acceleration technique mostly used to determine the
thermo-oxidative stability of polymers is to increase the
degradation temperature 74 ' 75 ' 76 • The question always is how big
the increase of the temperature can be without causing a change
of the degradation mechanism. It is generally accepted that an
ageing test done at temperatures above the melting temperature
of the polymer does not correspond to what is happening in the
solid state 77 • At the moment the ageing temperatures most often
used are chosen just below the melting temperature of the
polymer. For instance, the influence of parameters (such as
effectiveness of stabilizers) on the stability of PP is mostly
determined at 150°C. This method is doubtful. In chapter 6 it
is shown that the most effective phenolic antioxidant at 150°C
is not the most effective at so·c. In chapter 5 it is shown
that the change of the degradation chemistry due to a decrease
of the temperature causes hindered amine stabilizers to be
effective at low temperatures while they are not at high
temperatures.
The lifetime estimations of polymers are mainly based on
extrapolations of the data for two or more high temperatures to
the environmental temperature using an Arrhenius plot78 • 79 •
These lifetime estimations are also very doubtful.
For
unstabilized and stabilized PP it has been shown that the
degradation does not follow Arrhenius law1 ·•0 • In chapters 3 and

overview of the literature

23

4 of this thesis it is shown that the chemistry at temperatures
between 50 and 90 • c is different from the chemistry above
120°C. Besides the chemistry the rate of physical losses
depends on temperature. In chapter 6 of this thesis it is shown
for stabilized PP that the stability determining factor changes
from chemical to physical with decreasing temperature.
The photodegradation rate of polyolefins is higher than
the thermo-oxidati ve degradation rate, as a results of which
the lifetime is not too long to be studied under environmental
conditions 35 , especially if the degradation takes place in the
severest climates on earth51 ' 81 • Nevertheless, the lifetime in
these climats is still too long for the determination of the
degradation phenomena. That is why most of the photodegradation
evaluations
are
done
in
artificial
weathering
devices.
Artificial weathering is done in a variety of different
apparatuses
(e.g.
Weather-OMeter,
Xenontester,
Suntester,
36
UVCON, QUV, SEPAP etc. ) . The main differences between all
these apparatuses are the light source used, the temperature at
which the degradation takes place, the possibility of spraying
the samples with rain and the relative humidity. Light sources
used are for instance filtered and unfiltered mercury arcs,
fluorescence lamps, carbon arcs and xenon arcs. The filtered
spectrum of a xenon arc comes closest to the spectrum of the
sun"1 • 73 • Temperatures used during artificial weathering vary
between room temperature and temperatures up to ioo·c.
Depending on the apparatus there are possibilities to have a
rain
cycle
and
to
vary
the
relative
humidity.
The
correspondence of ageing in artificial weathering devices to
natural ageing is doubtful for many devices 7 • . As long as the
processes causing the photodegradation are not known, it is
advisable to keep the conditions in the accelerated test as
close as possible to the outdoor conditions. An apparatus
containing a filtered xenon lamp which operates at not too high
temperatures (up to 50°C), with a rain cycle and a relative
humidity close to that of the environment can expect to
correspond best to natural ageing. However, even for these
tests the correspondence to natural ageing is only found for
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specific samples and is not general s i .

ChApter 2
In chapter 8 and 9 of

this thesis it is shown that the chemistry in accelerated tests
with a filtered xenon lamp and performed at a temperature
between 30 and 50 °C differs from the chemistry outdoors.
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'l'he wechanism of the
low-temperature
oxidation of polypropylene*

Smmary:

The peroxides (as detected by an iodometric
titration) formed by the oxidation of polypropylene (PP)
between 50 and 90°C consist of two types: fast-decomposing
and slow-decomposing. It is shown that when both of these
peroxides are present the oxidation rate is controlled by
the fast-decomposing peroxides.
In the induction period the slow-decomposing
peroxides are formed initially~ the decomposition of these
peroxides leads to primary oxidation products. Due to the
restricted mobility, these oxidation products will
preferentially be oxidized, which leads to fastdecomposing peroxides. Chemical analyses show that these
peroxides are peracids. In the latter stage of the
oxidation the peracids determine the oxidation rate. This
causes a tremendous increase in the oxidation rate. Thus,
the increase in the oxidation rate of PP after the
induction period between 50 and 90 ·c is not, as generally
accepted, due to the accumulation of hydroperoxides, but
can be ascribed to the faster decomposition of peracids,
which result from the oxidation of primary oxidation
products.

3.1 Introduction.

The service life of polypropylene (PP) is determined by its
oxidative stability. Due to an autoxidative process the molecular
structure of the polymer changes, which results in an impairment
of the mechanical properties1 • The mechanism leading to the
deterioration of polypropylene is still a topic of discussion.
The oxidation of unstabilized polypropylene shows an
autoxidation behaviour 2 • In many publications3 ·• this behaviour is

"Pieter Gijsman, Jan Hennekens, Jef Vincent, Polym. Deg. & Stab.,
42 (1993) 95.
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explained by the mechanism for the autoxidation of hydrocarbons
(Scheme 1) postulated by Bolland and Gee"• 6 • several variations
on this mechanism are proposed'·"·", but in none of them is the
restricted mobility of molecules in a polymer taken into account.
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Scheme 1. Basic oxidation mechanism for polypropylene.
In the mechanism proposed by Bolland and Gee5 ' 6 peroxides
play the key role. This mechanism describes how after the
initiation most radicals are formed due to the decomposition of
peroxides. It also describes how the concentration of peroxides
and thus of radicals increases, which causes the autocatalytic
behaviour. Thus, the chain-branching reaction is the crucial
reaction in the Bolland and Gee mechanism.
One of the possibilities of looking at the chain-branching
reaction (Scheme 1) is to study the decrease in concentration of
the peroxides of oxidized PP in an inert medium or in the
presence of a radical scavenger. Chien and Jabloner10 , Zolatova
and Denisovu and Shlyapnikov et al . 12 have carried out this type
of work at relatively high temperatures.
In this paper a study into the decomposition of peroxides
at relatively low (50 - 90 "c) temperatures as well as the
influence of the decomposition on the rate of oxidation is
reported. The results of this study are used to show that due to
the restricted mobility of molecules in a polymer the low
temperature degradation mechanism for polypropylene deviates from
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the mechanism proposed by Bolland and Gee and that the autoacceleration of the oxidation is not due to the accumulation of
hydroperoxides.

3.2 Experimental.

The polymer studied was an additive-free ex-reactor polypropylene
powder with an isotacticity of more than 95 % and a melt index
of 1. 8 dg/min.
The oxygen uptake experiments were done in a closed vessel
in pure oxygen. In the closed vessel a molecular sieve (5-A) was
included in order to adsorb low molecular weight polar oxidation
products. The oxygen uptake was monitored with a connected
mercury pressure device and the temperature was controlled with
an oil bath at ± 0.2 ·c. The oxygen pressure was kept above 200
mm Hg for all experiments. In one experiment the calculated
oxygen uptake was corrected
for the evolution of gases, by
determining the amount of oxygen left by gas chromatography. For
more details see reference 13.
All oxygen uptake data are
expressed in mmol oxygen uptake per kilogram of PP (mmol/kg).
The peroxide concentration was determined using a standard
iodometric titration at room temperature. The oxidized PP was
mixed with acetic acid, chloroform and potassium iodide; after
50 h of reaction the iodine formed was titrated with
thiosulphate, with careful exclusion of oxygen. The reaction time
of 50 h is necessary in order to determine the limiting amount
of peroxide (Fig. 1). With this method hydroperoxides, peracids,
peresters and hydrogenperoxide are titrated. These determinations
were done in three-fold; the standard deviation was within 5%.
The peroxide concentration data are expressed in mmol per
kilogram PP (mmol/kg).
The peroxide decomposition experiments were carried out with
oxidized polymer. The oxidation and decomposition were carried
out at the same temperature, and decompositions were carried out
in nitrogen and in oxygen together with a radical scavenger.
Before starting the experiment in nitrogen, the vessel was
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1.

The titrated amount of peroxide after several reaction
times with acetic acid and potassium iodide in
chloroform at room temperature; for samples which had
taken up 1000 (A) and 1500 ( +) mmol oxygen per kg
polymer.

evacuated and filled with nitrogen three times. In the experiment
with the radical scavenger, octadecyl-3-( 3, 5-ditertbutyl-phenyl )propionate (Irganox 1076) was first diffused out of a saturated
hexane solution into the oxidized polymer. The treated polymer
was washed three times with hexane and dried in vacuum at room
temperature. After this treatment the oxidized polymer contained
approximately 2% (40 mmoljkg) of the stabilizer. The decomposition experiments with this material were performed in oxygen.
The concentration of peracids was determined according to
a method described by ZahradnH~kova et al. 10 • The peroxide
concentrations were determined before and after treatment with
dimethyl sulphide,
the difference is ascribed to the
concentration of peracid.
The computer simulations were done by solving differential
equations numerically with the Euler method.
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3.3 Results and discussion.
The rate of oxidation of PP at 70 ·c was determined in two
different experiments. In the first experiment the pressure drop
was used as a measure for the amount of oxygen taken up by the
polymer. The main disadvantage of this method is that when
gaseous products are formed the calculated oxygen uptake is too
low. In the second experiment all the gas was taken out of the
closed system (after each oxidation time) and the amount of
oxygen in this gas was determined by gas chromatography (GC).
This method gives more reliable figures but is more time
consuming. Both methods show that in the beginning the oxidation
is very slow (Fig. 2).
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The oxygen uptake and peroxide formation of PP at
10°c. 0 2 uptake determined by measuring the pressure
drop ( +) during the oxidation; 0 2 uptake determined by
analyzing the residual amount of oxygen (with GC)
after each oxidation time (A) ; titrated amount of
peroxide ( O).

After an induction period of 200 h the oxidation
accelerates. In contrast to what was found for the UV-degradation
of polyethylene•3 , up to an oxygen uptake of 1800 mmol/kg the
pressure drop method gives reasonable results. Above this oxygen
uptake the results of the two methods start to deviate. This is
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mainly due to the formation of carbon monoxide and carbon
dioxide. The induction period for the formation of peroxide is
comparable to that of the oxygen uptake. The maximum peroxide
concentration appears after 450 h. This maximum depends on the
oxidation temperature: at higher temperatures the maximum is
higher and at lower temperatures it is lower15 • 16 •
The decomposition rate of peroxide was studied by
determining the decay rate of several preoxidized PP samples. At
70°C this was done in nitrogen and in oxygen in the presence of
a radical scavenger (which was diffused into the polymer after
the preoxidation). There is no difference in the decomposition
rate according to the two methods (Fig. 3). During the
experiments in the presence of the radical scavenger there was
no measurable oxygen uptake; the oxidation was completely
stopped. This means that the radical scavenger trapped all the
radicals and that the decomposition of PP peroxide is not induced
by radicals.
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The decomposition of polypropylene peroxide at 70 °C,
in nitrogen (O) and in oxygen in the presence of a
radical scavenger(40 mmol/kg Irganox 1076) (+and A).
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The decomposition takes place in two stages. Initially a
fast decomposition is observed, which is followed by a slow
decomposition. This type of decay cannot be described by firstor second-order decay kinetics (Fig. 4). Both the first-order
plot (ln (peroxide] versus time) and
the second-order plot
(1/(peroxide] versus time) show a deviation from a straight line
relation. Assuming that the titrated concentration of peroxides
consists of two fractions (both decomposing according to first
order) , the drop in the concentration of peroxide can be
described according to the following equation:
d CPeroxide 1utrat..i
dt
[Peroxide lutrat..i= [Peroxide] f-t + [Peroxide] aiow= titrated amount
of peroxide
[Peroxide]faat
concentration of fast-decomposing peroxide
[Peroxide].1 _ = concentration of slow-decomposing peroxide
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The decay of polypropylene peroxide in nitrogen at 70
c, according to first (+) and second (A) order
reaction kinetics.
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Calculated (lines) and experimental (points) results
for the decomposition of polypropylene peroxide at 70
·c for various concentrations. concentration of
peroxide after the oxidation:
421 mmoljkg (A), 354
mmol/kg (O), 278 mmol/kg (+), 239 mmol/kg (+), 129
mmol/kg (v), 79 mmol/kg (o).

This model is confirmed for six separate experiments by the
similarity between the experimental values and those calculated
in accordance with it (Fig. 5).
The calculated k values are 4. 2 X 10, s-1 for the fast and
1. 8 x 10-7 s-1 for the slow-decomposition reaction. Besides the k
values, the amounts of fast- and slow-decomposing peroxides at
the beginning of the decomposition are calculated with the model.
Because the peroxides are introduced into the polymer by first
oxidizing the polymer, these concentrations are equivalent to the
concentration of both when the oxidation is stopped. In Fig. 6
the concentrations of slow- and fast-decomposing peroxides formed
during the oxidation are plotted. The ratio between these
peroxides depends on the total concentration of peroxide and thus
on the oxidation time. Figure 6 also shows that extrapolation of
the data to low concentrations of peroxide results in a relative
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The calculated amount of fast- versus slow-decomposing
peroxide
as formed during the oxidation of PP at

7o·c.

enhancement of the concentration of slow-decomposing peroxides.
The samples containing small concentrations of peroxides are from
the beginning of the oxidation. This leads to the conclusion that
at the beginning of the oxidation (induction period) mainly slowdecomposing peroxides are formed.
The peroxide decomposition experiments were also carried out
at 50 and 90 ·c, with polymer first oxidized at the same
temperature as that at which the decomposition was done. As
expected the decomposition is at 50 °C slower (Fig. 7) and at 90
°C faster (Fig. 8). The shape of the decomposition curves are the
same for all temperatures. Calculations with the above described
model gives also good agreement with the experimental data (Figs.
7 and 8). The calculated k values for the slow and the fast
reaction at 50, 70 and 90 ·c are shown in an Arrhenius plot (Fig.
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In spite of all the calculations done with the data the
Arrhenius plots give a straight line, which gives confidence in
the model used. The calculated activation energies are 81.5
kJ/mol for the fast reaction and 93. 7 kJ/mol for the slow
reaction.
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for the decomposition of polypropylene peroxide at 90
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Because of the relatively constant ratio between fast- and
slow-decomposing peroxides (Fig. 6) it is difficult to determine
their influence on the rate of oxidation separately. A way to
change the ratio between the two types of peroxide is to subject
them to a decomposition experiment. During this experiment the
concentration of fast-decomposing peroxides drops faster than
that of the slow-decomposing ones, which results in a change of
the ratio. After 500 h of decomposition only the slow-decomposing
peroxides are left. The influence of both peroxides on the
oxidation rate is determined in an oxidation (0 2 ) - decomposition
(N2 ) - oxidation(02 ) experiment (Fig. 10). During the oxidation
the concentrations of both peroxides are built up, after 380 h
of oxidation the oxidized powder is placed in nitrogen and a
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Oxygen uptake of PP at 70 ·c after 380 h of oxidation
at o (-), 25 (- - -), 50 (- -), 100 (-), 250 (- - -)
and 500 (- -) h of peroxide decomposition in nitrogen
atmosphere. Also shown the concentration of the fastdecomposing component (+) and the total amount (a) of
peroxide, after the above-mentioned decomposition
times.

decomposition experiment is started. After o, 25, 50, 100, 250
and 500 h of decomposition a sample is taken out. Because of
their higher decomposition rate the concentration of fastdecomposing peroxides drops more rapidly than that of the slowdecomposing ones. After a total time of 480 h (100 h
decomposition) the amount of fast-decomposing peroxides left is
reduced to 22 % of its initial value and after 880 h (500 h
decomposition) there are no fast-decomposing peroxides left at
all. The amount of slow-decomposing peroxides drops gradually,
after 480 h the amount left is still 95 % and after 900 h 72 %.
In the last stage of this oxidation-decomposition-oxidation
experiment, the influence of varying the ratio between the two
types of peroxide on the oxidation rate is determined. The
oxidation rate diminishes with decomposition time. The first
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three samples (25, 50 and 100 h decomposition) initially show a
slower oxidation rate, increasing after a short period (Fig. 10).
The last two samples ( 250 and 500 h decomposition) show an
induction period. The induction period of the last sample is
comparable with the induction period of the virgin powder,
although there is still 132 mmoljkg slow-decomposing peroxides
left. It is clear that the oxidation rate can be correlated with
the fast-decomposing peroxides; the slow-decomposing peroxides
only have a minor influence on the oxidation rate.
ChemilUJ11.inescence studies on preoxidized polypropylenes,
which are comparable to the samples used in this study, also show
that the titrated amount of peroxides contains a high reactive
fraction 47 •
Summarizing, the titrated amount of peroxides consists of
two fractions - one fast-decomposing, one slow-decomposing - and
the oxidation rate is mainly determined by the fast-decomposing
peroxides. The question remains to be answered: what is the
chemical difference between the two types of peroxides?
Recently Zahradni~kova et al." published a specific
determination method for peracids in PP, using dimethyl sulphide.
This method is based on a difference in reaction rate of dimethyl
sulphide with different types of peroxides. They showed that the
reaction rate of dimethyl sulphide with peracids is orders of
magnitude higher than with adjacent and isolated hydroperoxides
as well as with peresters and hydrogen peroxide. This means that
treatment of a preoxidized polypropylene with dimethyl sulphide
will mainly result in a reduction of the concentration of
peracids. In the present authors' study it was found that the
treatment of PP, oxidized for 500 h with dimethyl sulphide
results in a reduction of the total concentration of peroxides
from 440 to 174 mmoljkg. Although these values do not
quantitatively correspond to the calculated values of fast- and
slow-decomposing peroxides, it shows that preoxidized PP contains
a significant amount of peracids. It is reasonable to assume that
the peracids are the fast-decomposing peroxides.
There are several reaction paths which can lead to peracids.
In the first one an oxidation of the methyl group of
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Scheme 2. Formation of peracids by the oxidation of the methyl
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radical.
polypropylene according to Scheme 2 is assumed. This reaction
path is not very likely because the hydrogen abstraction reaction
for a tertiary hydrogen is 20 times faster than for a primary
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Scheme 4. Formation of peracids by the oxidation of primary
oxidation products {X· can be every radical formed
during the oxidation).
alkyl radical. The second possibility is that the primary alkyl
radical is formed by an intra-molecular hydrogen abstraction of
a tertiary alkoxy radical according to Scheme 3. This primary
alkyl radical can react to form a peracid according to Scheme 2.
This reaction path is more probable than the first path, but
still the abstraction from a tertiary hydrogen is expected to be
faster than the intra-molecular abstraction of a primary
hydrogen. The third possible reaction path is that the peracids
are formed from the oxidation of oxidation products according to
Scheme 4. This reaction path is very long and negligible for the
oxidation of low molecular weight hydrocarbons. However, it is
known18 • 19 that the degradation of PP is a heterogeneous process.
This means that locally the degree of oxidation is higher than
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expected on the basis of the overall oxidation level. This
observation makes it more reasonable to assume that there is more
secondary oxidation than expected on the basis of homogeneous
oxidation. It is also shown (Fig. 6) that the peracids are
probably formed after the initially formed slow-decomposing
peroxides, which is in accordance with what is expected from
reaction path 3 (Scheme 4) • Thus in the authors' opinion reaction
path three is the most important reaction path leading to
peracids. However, reaction path two can not be totally excluded.

M"+/ M1n+t)+
2 R0 2H -------"" R0° + Ro2• + H20

Scheme 5. Transition

metal

catalyzed

decomposition

of

hydroperoxides~.

In the induction period the oxidation is slower than after
this period. In this period the oxidation rate is determined by
the slow-decomposing peroxides. What exactly is happening in this
period is difficult to determine. However, for comparable samples
it was shown that at low temperatures the Ti polymerization
catalyst influences the induction period and the titrated amount
of peroxide'6 • This was explained assuming that the Ti catalyzed
the decomposition of hydroperoxides, resulting in a shorter
induction period and a lower concentration of peroxide. The
peroxides initially formed at low temperature are probably
hydroperoxides and their decomposition might be catalyzed by the
Ti polymerization catalyst~ according to Scheme 5.
The combination of all these results lead to a new view on
the low temperature auto-oxidation of PP. The low temperature
oxidation of PP comprises two stages (Fig. 11). In the first
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Two-stage model for the oxidation of polypropylene. In
stage
one
the
oxidation
is
controlled
by
hydroperoxides, in stage two by peracids.

stage the "normal" oxidation takes place. In this period the rate
of degradation is controlled by the rate of decomposition of
hydroperoxides, which might be catalyzed by the Ti-polymerization
catalyst. During this period oxidation products are formed. Due
to the restricted mobility these oxidation products will
preferentially be oxidized, which leads to peracids. rt was shown
that the rate of oxidation in the presence of peracids (fastdecomposing peroxides) is orders of magnitude higher than in the
presence of hydroperoxides (slow-decomposing peroxides) alone.
Thus, when there are enough peracids present this will result in
an increase in the oxidation rate. This means that at low
temperatures the sudden increase of the oxidation rate is not due
to the accumulation of hydroperoxides as expected from the
Bolland and Gee mechanism (Scheme 1}, but due to the formation
of peracids which start to determine the rate of oxidation.
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3.4 Conclusions.
The peroxides (as detected by an iodometric titration)
formed by oxidation of PP between 50 and 90°C consist of two
types: a fast-decomposing and a slow-decomposing one. The
activation energy for both decompositions is between so and 100
kJ/mol. When both of these peroxides are present the oxidation
rate is controlled by the fast-decomposing peroxides, while the
slow-decomposing type has only a minor influence. The fastdecomposing peroxides are probably peracids and the slowdecomposing ones hydroperoxides.
In the induction period the slow-decomposing peroxides
(hydroperoxides) are formed initially, which means that in this
period the oxidation mainly takes place according to the expected
Bolland and Gee mechanism and the oxidation rate is controlled
by the decomposition rate of the slow-decomposing peroxides. This
decomposition might be catalyzed at low temperatures ( 50 - 90 • C)
by the Ti-polymerization catalyst. During this period other
oxidation products are also formed. Due to the restricted
mobility these oxidation products will preferentially be
oxidized, which leads to fast-decomposing peroxides (peracids).
In the latter stage of the oxidation the peracids begin to
determine the oxidation rate, which causes a tremendous increase
in the oxidation rate. Thus, at low temperatures the increase in
the oxidation rate is not due to the accumulation of
hydroperoxides as expected from the Bolland and Gee model (scheme
1) , but due to the formation of peracids. This means that at low
temperatures the auto-oxidation of PP comprises two stages: an
induction period, in which the oxidation is controlled by the
slow-decomposing peroxides (hydroperoxides), followed by a fast
oxidation, controlled by the fast-decomposing peroxides
(peracids) •
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The influence of temperature and catalyst residues on
the degradation of unstabilized polypropylene*

Summary:

The influence of temperature and of residues of a
TiCl 3 -based polymerization catalyst on the oxidation rate
of polypropylene was determined. The plots of the
logarithm of the induction period versus the reciprocal
temperature (Arrhenius plot) are curved. The influence of
the concentration of the polymerization catalyst on the
stability depends on the degradation temperature. At 50°C
polymers containing less than 2 or 8 ppm of a killed Ti
polymerization catalyst show a longer induction period
than polymers containing 64 and 180 ppm Ti. At 130°C there
is almost no difference in the stability of these four
different polymers.
The different influences for the different polymers
at high and low temperatures as well as the curvature of
the Arrhenius plots can be explained assuming a change in
the
hydroperoxide
decomposition
mechanism.
The
hydroperoxide decomposition is probably thermal at high
temperature and Ti-catalyzed at low temperature.

4.1 Introduction.
The degradation of polypropylene (PP) is caused by
autoxidative process 1 • This autoxidative process causes

an
an

impairment of the mechanical properties. Without stabilizers the
rate of degradation of PP is so fast as to make this polymer
unsuitable for most purposes.
Even at room temperature
unstabilized PP looses its mechanical strength within a year.
However, the addition of stabilizers to PP can lead to a
tremendous improvement of the stability, making PP useful as an
engineering material. For stabilized PP, lifetimes of over 20

*Pieter Gijsman, Jan Hennekens, Jef Vincent, Polym. Deg. & Stab.,
39 ( 1993) 271.
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years at ambient temperatures have been reported 2 • Besides
stabilizers, there are also other factors that influence the
stability of PP, such as the environment, e.g. oxygen pressure
and temperature, the chemical structure of the polymer, e.g.
catalyst residues.
The enormous increase in stability caused by stabilizers
makes it necessary to evaluate the stability of polymers under
accelerated ageing conditions. The method most frequent used for
determining the lifetime of a polymer at service temperature is
based on extrapolations of high-temperature ageing data according
to Arrhenius' law. However, if the influence of temperature on
the degradation rate does not conform to Arrhenius' law, the
calculated lifetime can be totally wrong. For unstabilized PP it
has been shown that the oxidation rate does not obey Arrhenius'
law3·•.
It is known that catalyst residues influence the oxidation
rate of polypropylene5 ' 6 " ' 8 ' 9 " 0 • The influence of the catalyst
residues on the oxidation rate depends on the activity of the
catalyst during polymerization9 • 10 • Allen et al. 9 showed that the
negative influence of polymerization catalyst residues depends
on the type of catalyst. At 140°C polypropylene polymerized in
the gas phase was less stable than polypropylene polymerized in
a diluent phase process, although in this case the gas phase
polymerized PP had a higher concentration of Ti. More recently
it has been shown that the oven stability of PP containing about
2 ppm of a high-activity Ti polymerization catalyst is lower than
that of a polypropylene polymerized with a second generation Ti
catalyst and containing 42 ppm Ti 10 •
In this study the negative influence of residues of a TiC13
polymerization catalyst (low activity) on the stability of
polypropylene was examined at temperatures between 50 and 130°C,
using oxygen uptake and peroxide titration methods.

4.2 Experimental.
The degradation of four different slurry polymerized
polypropylene homopolymers containing less than 2, B, 64, and 180
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ppm Ti from a TiCl, based polymerization catalyst (low-activity
polymerization catalyst) was studied. The samples containing 64
and 180 ppm Ti were obtained using different concentrations of
Ti for the polymerization. To keep the concentration of Ti high
these polymers were not killed. The samples with the lower
concentrations, less than 2 and 8 ppm Ti were obtained by
reducing the Ti concentration after the polymerization by first
killing the catalyst with an alcohol, subsequently followed by
an acidic and a basic extraction.
All polymers were unstabilized powders with an isotacticity
of more than 95 %.
The oxygen uptake experiments were conducted in a closed
vessel in pure oxygen. In the closed vessel a molecular sieve
(5-A) had been installed to adsorb low molecular weight polar
oxidation products. The oxygen uptake was monitored with a
mercury pressure device, while the temperature was controlled at
± 0.2°C using an oil bath.
The oxidation experiments were
performed at temperatures between 50 and 130°C. In all
experiments the oxygen pressure was kept above 200 mm Hg. All
oxidations were performed in duplicate. The oxygen uptake data
are expressed in millimoles oxygen uptake per kilogram of PP
(mmol/kg).
The peroxide concentration was determined using a standard
iodometric titration at room temperature. With this method the
concentrations of hydroperoxides, peresters and peracids are
determined (dialkyl peroxides are not titrated). The oxidized PP
was mixed with acetic acid, chloroform and potassium iodide, and
after 25 h of reaction the iodine formed was titrated with
thiosulphate. During this procedure oxygen was carefully
excluded. These determinations were done in triplicate, with a
standard deviation of 5%. The peroxide concentration data are
expressed in millimoles per kilogram PP (mmol/kg).

4.3 Results.

The oxygen uptake of the samples containing less than 2, s, 64
and 180 ppm Ti was determined in duplicate at temperatures
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between 50 and 130°C.
In

Fig.

1

the

oxygen

uptake

curves

are

shown

for

the

different samples at 10°c. During the first period there was no
oxygen uptake. This period is called the induction period. After
this induction period the rate of oxygen uptake by the polymer
first increased and then became constant. The induction period
for the polymers containing 64 and 180 ppm Ti is shorter than
that for the polymers containing less than 2 and 8 ppm Ti. The
oxidation curves at the other temperatures showed the same
behaviour, although the time span of the total experiment
depended on the temperature. At 50°C the entire experiment took
6000 h, while at 130°C it was finished within 4 h.
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Fig. 1.

The oxygen-uptake of polypropylene at 70°C
(in
duplicate) containing: <2ppm Ti (+,+), 8 ppm Ti (A,•),
64 ppm Ti (O,I) and 180 ppm Ti (v,Y).

For all samples the induction period and the oxidation rate
after the induction period were calculated, using linear
regression on the data points between 400 and 1700 mmol/kg. The
intercept of this calculated line with the time axis was used as
the induction period and the slope of this line was used as the
oxidation rate after the induction period (see Fig. 2) • The
calculated induction periods are presented in Table 1 and the
oxidation rates after the induction periods in Table 2.
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Induction period
Time (hours)

Fig. 2.

Calculation of the induction period and the oxidation
rate after the induction period.
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The concentration of peroxide after an oxygen uptake of
about 1800 mmol/kg as a function of temperature, for
polypropylene containing: <2ppm Ti (+), 8 ppm Ti (•),
64 ppm Ti <•> and 180 ppm Ti (t).
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Table 1. Induction
period
(h)
measured
in duplicate at
temperatures between 50 and 130°C for samples containing
different amounts of Ti catalyst residues.
Temperature
(°C)

Sample containing:
<2 ppm Ti 8 ppm Ti

64 ppm Ti

180 ppm Ti

50

4552
3978
2441
2972
1460
1710
852
733
349
310
101
91
19
24
7.2
7.5
1.7
1.5

1245
1275
781
818
594
480
332
332
115
108
39
36
13
13
3.9
3.1
1.6
1.7

1197
1172
649
732
480
504
237
233
113
85
28
31
13
14
4.6
4.8
1.0
1.3

60
70
80
90
100
110
120
130

4898
4861
2898
2886
1688
1560
850
670
324
309
68
62
19
16
4.6
4.7
1.0
1.3

Table 2. oxidation rate after the induction period (mmolfkg h)
measured in duplicate at temperatures between 50 and
130°C for samples containing different amounts of Ti
catalyst residues.
Temperature
(°C)
50
60
70
80
90
100
110
120
130

Sample containing:
8 ppm Ti
<2 ppm Ti
1.6
1. 7
5.5
8.7
15.1
15.4
30.3
36.8
78.1
62.4
152
106
368
431
466
616
720
695

2.2
3.9
8.3
5.9
14.5
15.6
39.4
51.0
99.2
87.5
257
234
498
589
611
842
1067
1321

64 ppm Ti 180 ppm Ti
3.0
2.8
6.9
8.0
26.3
14.9
35.6
38.0
115
101
233
255
528
509
492
402
721
695

2.3
2.5
6.0
6.2
10.l
14.1
40.8
35.7
112 .8
100.7
202
232
329
528
460
528
1068
1321
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After an oxygen uptake of about 1800 mm.ol/kg of oxygen the
peroxide concentrations of the different samples were determined
by titration. Values found were plotted as a function of the
oxidation temperature (see Fig. 3) • For all the samples an
increase in the oxidation temperature led to a decrease in the
concentration of iodometrically determined peroxide after an
oxygen uptake of about 1800 mmoljkg. For the samples containing
the higher amounts of Ti (64 and 180 ppm) the measured
concentrations of peroxides were lower than for the samples with
a lower Ti concentration (less than 2 and 8 ppm).

4.4 Discussion.

The oxygen uptake figures were calculated from the pressure
drop during polymer degradation. The possible formation of
gaseous degradation products might influence the pressure drop
and cause an error in the calculated oxygen uptake data. However,
with GC analyses of the gas phase after several oxidation times
It was shown11 that below a value of 1800 mmol/kg the oxygen
uptake measured on the basis of the pressure drop does not
deviate significantly from the real oxygen uptake. This means
that in these experiments the influence of the formation of
gaseous degradation products may be neglected below an oxygen
uptake of 1800 mmol/kg.
For all the degradations the induction periods were
calculated (Table 1). The logarithms of these induction periods
were plotted versus the reciprocal temperature in an Arrhenius
plot (Fig. 4). As found earlier by Tamblyn and Newland' and by
Richters•, these Arrhenius plots are curved. For the four
polymers studied, the induction period at a low temperature is
shorter than expected on the basis of the high-temperature data.
It is remarkable to note that the curvature depends on the
polymerization catalyst residues in the polymer. At high
temperatures the induction periods are almost independent of the
Ti concentration in the polymers. However, at the lower
temperatures the polymers with the reduced Ti concentration (<2
and 8 ppm) have a longer induction period than those with the
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higher Ti concentration (64 and 180 ppm). For the polymers with
the high Ti concentrations the Arrhenius plots start to deviate
from a straight line at a higher temperature. There seems to be
a relationship between the catalyst residues and the curvature
of the Arrhenius plots.
The oxidation of PP can basically be described by a mechanism
postulated by Bolland and Gee12 • 13 for the oxidation of
hydrocarbons. In this mechanism hydroperoxides are the key
intermediates (Scheme 1).
In all cases the peroxide concentrations were determined
after an oxygen uptake of about 1800 mmol/kg.
These
concentrations depended on the Ti in the polymer and on the
temperature at which the oxidation was performed (Fig. 3). The
higher the temperature, the lower the measured peroxide
concentration. At 50°C the peroxide concentrations were higher
for the two polymers with the reduced Ti concentrations than for
the two polymers with the higher Ti concentrations. At higher
temperatures the difference in the peroxide concentrations became
smaller.
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Scheme 1. Basic oxidation mechanism for PP.
A lower concentration of peroxide at the same amount of oxygen
uptake can be caused by a lower formation rate (reaction 3 of
Scheme 1) or a higher peroxide decomposition rate (reaction 4 of
Scheme 1). According to the autoxidation mechanism, it can be
expected that the amount of peroxides formed is related to the
amount of oxygen reacted. For all the polymers of which the
peroxide concentrations were determined the amount of oxygen
reacted was 1800 mmol/kg, and therefore the amounts of peroxides
formed can be expected to be equal. Thus the differences in the
peroxide concentration after an oxygen uptake of 1800 mmolfkg
have to be due to differences in the decomposition rates of the
peroxides.
It is known that the decomposition rate of peroxides can be
increased by means of transition metals such as Ti, as described
by the Haber-Weiss mechanism1 • (Scheme 2). The activity of Ti as
a catalyst for the decomposition of hydroperoxides depends on the
type of Ti present7 •
For the polymers with the higher Ti concentrations a lower
concentration of peroxides was measured after an oxygen uptake
of 1800 mmol/kg at low temperature. This is probably due to an
increase in the decomposition rate of the peroxides on account
of the Ti as described above.
The influence of Ti on the peroxide concentration after an
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Scheme 2.

Transition metal
hydroperoxides.

catalyzed

decomposition

of

oxygen uptake of 1800 mmol/kg decreased with increasing
temperature. At 130°C the amounts of peroxides after an oxygen
uptake of about 1800 mmol/kg were only slightly influenced by the
Ti in the polymer. At this temperature the peroxide decomposition
is probably thermal rather than Ti-catalyzed.
At low temperatures peroxide decomposition is accelerated by
the polymerization catalyst residues, while at high temperatures
the decomposition is thermal.
This change in peroxide
decomposition mechanism is probably also the reason for the
curvature of the Arrhenius plot for the induction period.
Although the polymer containing only a small amount of Ti (<2
ppm) also showed a curved Arrhenius plot.
Besides the induction periods the oxidation rates after the
induction periods were calculated (Table 2). These oxidation
rates were also plotted as Arrhenius plots (Fig. 5). In contrast
with the Arrhenius plots for the induction periods, the Arrhenius
plots for the oxidation rates after the induction period are
straight. Figure 5 also shows that the Ti concentration of the
polymers has no influence on the oxidation rate after the
induction period.
In an earlier publicationl.1 was shown that the iodometrically
determined amount of peroxides consists of two fractions: a
slowly decomposing and a fast decomposing fraction. The fast
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Arrhenius plot for the oxidation rate after the
induction period of polypropylene containing: <2ppm Ti
(+), 8 ppm Ti (•), 64 ppm Ti (0) and 180 ppm Ti (+).

decomposing peroxides are mainly formed after the induction
period. When they are present, they determine the oxidation rate.
on the basis of the comparison of the decomposition rates for
both peroxides with those for model compounds, we suggested that
the fast decomposing peroxydes were peresters and the slowly
decomposing peroxides hydroperoxides. More recent studies by
Zahradnicova et al. •5 showed that during the oxidation of PP
reasonable amounts of peracids were formed. The presence of
peracids as the fast decomposing peroxides might also explain our
earlier results. The slowly decomposing peroxides are probably
hydroperoxides.
From the above mentioned study we learned that the oxidation
rate in the induction period is determined by the slowly
decomposing peroxides (hydroperoxides) and that the oxidation
rate after the induction period is related to the fast
decomposing peroxides (peresters or peracids). As discussed
above, an increased hydroperoxide decomposition rate at the
lower temperatures caused by the presence of Ti explains the
results for the induction period. However, there is no linear
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relationship between the amount of Ti present and the measured
induction period. The polymers with the low Ti concentration were
made by killing and extraction of the polymerization catalyst.
This procedure also influences the activity of the Ti remaining
behind in the polymer and might explain the findings that the
polymers containing less than 2 and 8 ppm Ti show the same
stability. A difference in the activity of different forms of Ti
for the decomposition rate of hydroperoxides might also explain
the lower oven stability of polymers containing a high-activity
polymerization catalyst10 • This high-activity polymerization
catalyst
may
also
be
very
effective
in
decomposing
hydroperoxides, causing a lower stability.
After the induction period the oxidation rate is determined
by the fast decomposing peroxides.
It seems that the
decomposition rates of these peroxides are only marginally
influenced by Ti. A marginal effect of Ti on the oxidation rate
after the induction period will result in straight Arrhenius
plots, as found.

4.5 Conclusions.
The plots of the induction periods versus the reciprocal
temperature (Arrhenius plot) are curved. Extrapolation of the
high-temperature data to low temperatures, according to
Arrhenius' law, results in a longer induction period than
measured. When the Ti concentration is lowered by killing the
catalyst with an alcohol and extracting the catalyst, polymers
are obtained which show a longer induction period at a low
temperature
( 50"C) • However,
the reduction of the Ti
concentration by killing and extraction of the polymerization
catalyst does not lead to polymers having a longer induction
period at high temperatures. For the polymers with the highest
Ti concentrations the deviation from a straight Arrhenius plot
appeared at a higher temperature than for the polymers with
reduced Ti concentrations.
The concentration of peroxides measured after an oxygen
uptake of 1800 mmol/kg depends on the temperature and the
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polymer. At 50°C the polymers with reduced Ti concentrations
showed higher concentrations of peroxide after an oxygen uptake
of 1800 mmol/kg. At 130°C the reduction of the Ti concentrations
of the polymers did not lead to higher concentrations of
peroxides after an oxygen uptake of 1800 mmol/kg.
These results can be explained assuming a temperaturedependent hydroperoxide decomposition mechanism. At lower
temperatures the decomposition of hydroperoxide is catalyzed by
Ti, while at high temperatures the decomposition is thermal. It
is expected that the activation energy for the Ti-catalyzed
decomposition will be lower than for the thermal decomposition,
resulting in a curved Arrhenius plot.
A catalyzed decomposition of the peroxide at low temperatures
versus a thermal decomposition at high temperatures also explains
the influence of the Ti concentration on the peroxide data. At
the lower temperatures the amounts of peroxides after an oxygen
uptake of 1800 mmol/kg are higher for the polymers with a reduced
Ti concentration, due to a diminished amount of hydroperoxides
that decompose catalytically. At the higher temperatures the Ti
concentration has no influence on the measured concentrations of
peroxides, while peroxide decomposition is thermal.
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The mechanism of action of hindered maine
stabilizers (HAS) as long-term heat stabilizer•.

SW1111ary:
Hindered Amine Stabilizers (HAS) are promoted as
long-term heat stabilizers. A difficulty for this
application is that at low temperatures (below 1oo·c) the
effectiveness of HAS is more pronounced than at high
temperatures
(150°C).
In
order
to
measure
the
effectiveness of HAS, prolonged experiments are necessary.
Another
difficulty
is
that
for
HAS:-containing
polypropylene
(PP)
the mechanical properties drop
gradually, while for phenolic antioxidants a fast decline
of the mechanical properties is observed after a long
period of no change. These two difficulties are due to
different mechanisms of action for phenolic antioxidants
and HAS and to a change of the degradation mechanism of PP
with temperature.
At high temperatures the degradation of PP is mainly
due to the oxidation of the polymer itself, while at low
temperatures the oxidation of oxidation products is more
important. This secondary oxidation results in peracids,
via aldehydes, which determines the oxidation rate at low
temperatures. Model experiments show that HAS are capable
of preventing this aldehyde oxidation, thereby giving good
performance at low temperatures. These experiments also
show that HAS are not able to prevent the oxidation of
hydrocarbons, which takes place at high temperatures. The
slow decline of the mechanical properties of HAScontaining PP is due to the oxidation of the polymer
itself, which is not stopped by the HAS.

5.1 Introduction.
Hindered Amine stabilizers (HAS) are well known uvstabilizers and many publications deal with the mechanism of
action of HAS 1 ' 2 ' 3 ' 4 •
More recently HAS have also been promoted as stabilizers
against the thermo-oxidati ve degradation of polymers'"". The
effectiveness of HAS as long-term heat stabilizers for

"Pieter Gijsman, Polym. Deg. & stab., 43 (1994) 171.

64

Chapter 5

polypropylene (PP) depends on the ageing temperature. It was
shown that HAS can be more effective than antioxidants at low
temperatures,
while at high temperatures the phenolic
antioxidants outperform the HAS""'.
Most PP applications are below 80°C. Hence, the low
temperature ageing data are the most relevant for practice.
However, the ageing of PP at low temperatures is very slow.
Lifetimes of well-stabilized PP of up to 10 years at so·c are
reported7 • This long time period makes it practically impossible
to evaluate the stability at low temperatures. At 150°C the
lifetime of a standard PP is diminished to about 500 hours, but
the relevance of this test as a measure of the stability in a
given application is doubtful'. Nevertheless, most oven ageing
experiments are carried out at high temperatures. The long
lifetime of PP at low temperatures and the relatively bad
performance at high temperatures make the introduction of HAS as
long-term heat stabilizers difficult.
In the authors' opinion the only possibility to introduce
HAS as long-term heat stabilizers is acceptance of the available
low temperature results.
The mechanism of degradation and stabilization of polymers,
especially at low temperatures, is still a topic of discussion.
A better understanding of these chemical processes might lead to
more faith in HAS as long term heat stabilizers and a better
acceptance of the available results at low temperatures.
Another difference between polymers containing HAS and
phenolic antioxidants is the rate of decline of the mechanical
properties during ageing. For PP containing phenolic antioxidant
the drop of the mechanical properties is sudden. After a long
period in which almost no change of the mechanical properties is
observed, suddenly a fast drop appears which results in total
embrittlement (Fig. l). Because of this fast drop of the
mechanical
properties and
the easy way to determine
embrittlement, most oven ageings are done until embrittlement
appears"' 6 ' 8 ' 9 • For HAS containing PP the drop of the mechanical
properties is different; from the beginning the mechanical
properties gradually decline (Fig. 1) 5 • This might result in a
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Schematical representation of the drop of the
mechanical properties of phenolic antioxidant (--)
and HAS (- -) containing PP.

very long embrittlement time, while the mechanical properties may
drop below the level required for a given application at a much
earlier stage. This is not the case with the drastic failure type
which appears for PP containing a phenolic antioxidant. Thus, for
the PP containing phenolic antioxidant it is not so important to
know the mechanical property demands after ageing, while for HAS
containing PP it is very important.
A better insight into the chemical processes causing the
impairment of the mechanical properties of polypropylene might
also explain this difference.
Recently it was clarified why the degradation mechanisms for
polypropylene at low and at high temperatures are different~. In
this paper the results of this study as well as the author's and
literature results 11 from oxidations of model compounds are used
to explain why at low temperatures the performance of HAS is
better than expected on the basis of high-temperature
experiments, and why the mechanical properties of HAS and
phenolic antioxidants containing PP decay in different ways.
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5.2 Experimental.

The influence of 0.03 mmol of bis(2,2,6,6-tetramethyl-4piperidinyl)-decanedioate (amine) (Tinuvin 770, Ciba-Geigy), Noxyl-bis(2,2,6,6-tetramethyl-4-piperidinyl)-decanedioate
(nitroxide) prepared according to Ref. 12 and butylated hydroxy
toluene (BHT, Aldrich) on the
(Baker)

and

a

laurylaldehyde

mixture

of

(Aldrich)

oxidation of 0.08 mol decaline

0.08

was

mol

decaline

studied.

The

and

0.01

reactions

mol
were

initiated with 0.8 mmol t-butylhydroperoxide (Aldrich). For the
chemical structure of the two nitrogen-containing stabilizers see
Fig. 2.
This was done in a closed system containing a cooler. The
top of the cooler was connected to an electrochemical cell, which
starts to produce oxygen (by hydrolyzing acidic water) when there
is under pressure in the system. The amount of oxygen produced
is recorded. In contrast to methods which use the pressure drop
as a measure for the oxygen uptake, with this method the oxygen
pressure is constant throughout the experiment.
The mixture was continuously stirred with a magnetic stirrer
(210

rpm).

All

experiments

were

carried

out

at

l00°C.

The

oxidations were.done in air and in pure oxygen. In order to fill
the system with pure oxygen the system was three times evacuated
and filled with oxygen.
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3.3 Results.
The oxygen uptake of a t-butylhydroperoxide initiated
oxidation of decaline in air is linear with time (Fig. 3). After
50 hours the total oxygen uptake was about 350 mmol per kilogram
of decaline. The effect of the amine on the oxidation rate is
negligible, while a conventional phenolic antioxidant (BHT)
reduces the rate of oxidation enormously (Fig. 3). The nitroxide
is expected to be a good radical scavenger, but in this case the
ability of this compound to reduce the rate of oxidation is only
small. When air was substituted by pure oxygen the oxidation rate
increased (Fig. 4). However, the effect of the nitroxide even
diminished. The amine as well as the nitroxide had no influence
at all on the oxidation rate of decaline in oxygen.
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Influence of bis(2,2,6,6-tetramethyl-4-piperidinyl)decanedioate (b),
N-oxyl-bis(2,2,6,6-tetramethyl-4piperidinyl )-decanedioate (O) and BHT (0) on the
oxidation of decaline (+) in air.

Klemchuk and Gande" found comparable results for the
oxidation of tetraline in oxygen. They also found that hindered
amines and nitroxides were more effective in reducing the
oxidation rate of aldehydes than BHT. Comparable results were
found for decaline containing about 10 wt% lauryladehyde {Fig.
5). The mixture of decaline and laurylaldehyde was oxidized in
pure oxygen. In oxygen the mixture of decaline and laurylaldehyde
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Influence of bis(2,2,6,6-tetramethyl-4-piperidinyl)decanedioate (6) and N-oxyl-bis(2,2,6,6-tetramethyl4-piperidinyl)-decanedioate (0) on the oxidation of
decaline (D) in oxygen.

oxidized four times faster than decaline alone. This is due to
the higher oxidizability of laurylaldehyde. In contrast to what
was found for the oxidation of decaline in pure oxygen, the amine
and the nitroxide reduce the oxidation rate of this mixture.
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Influence of bis(2,2,6,6-tetramethyl-4-piperidinyl)decanedioate (6) and N-oxyl-bis(2,2,6,6-tetramethyl4-piperidinyl)-decanedioate (0) on the oxidation of a
mixture of decaline and laurylaldehyde (D) in oxygen.
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3.4 Discussion.
In 1946 Bolland and Gee postulated a mechanism which
describes the oxidation of hydrocarbons and aldehydes13 • 14 (Scheme
1). stabilizers are assumed to interfere in this mechanism by
trapping the radicals formed or decomposing the hydroperoxides
formed.
Initiation :
Propagation

RH
R"+

o,.

R0 2 ·+
Chainbranching

Termination

-

RH-

RO:J-1
Ro·
(OH">

R

-

+ RH

.

[ 1]

RO,(

[2]

R· +

RO,,H [3]

Ro·

OH·

+

[4]

_ _ ROH+ R•
(H?O}

[5]

R0 2 R

[6]

2Ro 2 •

Scheme 1. Basic oxidation for hydrocarbons
aldehydes (RH= -~=O).

+

02

(RH

-CH-)

and

The poor effect of the amine on the oxidation rate of
decaline cannot be ascribed to a very slow conversion of the
amine into the nitroxide, because the nitroxide itself also had
a small influence on this oxidation rate. The poor performance
of the two stabilizers has to be ascribed to the poor radical
scavenging ability of the nitroxides for alkyl, alkoxy, hydroxy
and peroxy radicals.
\

\

N-O· + R·
I

I

N-0-R

( 1)

(2)
It is believed that the stabilizing activity of the
nitroxide is caused by reaction of this compound with an alkyl
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radical (reaction (1)). This reaction is in competition with the
reaction of an alkyl radical with oxygen (reaction (2)).
A decrease of the concentration of oxygen favours reaction (1).
Indeed, for the oxidation of decaline it is found that the
ability of the nitroxide to scavenge radicals in air is higher
than in oxygen.
Decaline and polypropylene are hydrocarbons containing
tertiary and secondary hydrocarbons. At first sight it is strange
that the amine and the nitroxide act as thermo-oxidative
stabilizers in polypropylene, while their activity in decaline
is rather poor.
The ability of the amine and the nitroxide to reduce the
oxidation rate of the mixture of decaline and laurylaldehyde is
much higher than for decaline alone. The influence of the amine
and the nitroxide on the oxidation rate is comparable, which is
probably due to a fast conversion of the amine to the nitroxide.
Thus the effect of the amine and the nitroxide on the
oxidation rate of a model compound for PP is rather poor, while
the effect of the two stabilizers on the oxidation rate of a
mixture of the model compound with an aldehyde is much higher.
Comparable results were found by Klemchuck and Gande 11 • Klemchuck
et al. also postulated a radical-trapping mechanism which
explains this difference 11 " 5 •
The above-mentioned results are all valid for model
experiments in the liquid phase. The question is still: what is
the relevance of these results for the stabilization mechanism
in polymers? With the above-mentioned mechanism, the stabilizing
effectiveness of HAS (as thermo-oxidative stabilizers in
polymers) can only be explained if aldehydes play a major role
in the oxidation mechanism of PP.
It was showni that at low temperatures (between 50 and
90°C) the increase in the oxidation rate of PP after the
induction period is not, as generally accepted, due to the
accumulation of hydroperoxides, but is caused by peracids. These
peracids are formed due to the restricted mobility of polymer
molecules, which causes preferentially oxidation of the primary
oxidation products. From this study it is learned that the
0
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presence of peracids in the polymer causes a tremendous increase
of the oxidation rate. It was also shown16 that the Tipolymerization catalyst has an influence on the stability at low
temperatures. The Ti-polymerization catalyst has a big influence
on the induction period at low temperatures. However, it does not
influence the stability at high temperatures. These results were
explained assuming that at low temperatures the decomposition of
hydroperoxide is Ti-catalyzed, while at high temperatures this
decomposition is thermal. These two studies lead to the
conclusion that at low and high temperatures the degradation of
PP occurs by different mechanisms. At high temperatures the
mechanism of oxidation can be described by the autoxidation
mechanism of Bolland and Gee13 .i•, but at low temperatures the
oxidation mechanism is different. At low temperatures the
acceleration of the oxidation after the induction period is not
due to the accumulation of hydroperoxides but due to the peracids
formed.
The conclusions on the oxidation mechanism of PP are based
on oxygen uptake and peroxide titration results, which tell
something about what is happening with the polymer at macroscopic
level. It is also known that the oxidation of PP is a
heterogeneous process17 • 18 • George at al . 1 • showed that the
normally observed overall oxidation is the sum of a lot of
heterogeneous oxidations on micro scale. They also showed that
the changes on macro scale are probably due to the sum of changes
on micro scale and might also take place in the induction period.
Thus, what is observed macroscopically after the induction period
might also take place on micro scale within this period. Thus,
on micro scale peracids can already determine the oxidation rate
in the induction period.
From the experiments with laurylaldehyde and decaline it is
learned that HAS prevent the formation of peracids very
effectively, but do not stop the oxidation of hydrocarbons. Thus,
the effectiveness of HAS as long-term heat stabilizers is
probably due to its ability to prevent the formation of peracids,
which are responsible for the acceleration of the oxidation.
However, the HAS do not stop the slow oxidation of the polymer
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itself. Therefor in the presence of a HAS the polymer is
oxidizing continuously, but the HAS prevent the acceleration of
the oxidation. This causes a gradual decline of the mechanical
properties as shown in Fig. 1. The main advantage of HAS is that
they do not lose their radical scavenging capability. The
stabilizing ability of the HAS is due to the nitroxide which is
formed out of the HAS; in radical scavenging radicals this
ni troxide is formed back in a regeneration mechanism11 • 15 , and thus
never consumed.

It was also shown that phenolic antioxidants

prevent the oxidation of hydrocarbons completely. This means that
only a very limited amount of oxidation takes place. Thus, no
peracids are formed.
The main disadvantage of phenolic
antioxidants is their being consumed while they are doing their
job. Therefor, in the presence of a phenolic antioxidant the
oxidation is very slow until the phenolic has been consumed.
After this period a fast oxidation will take place, which causes
the drop of the mechanical properties as shown in Fig. 1.
The difference in performance of HAS at low and at high
temperatures is caused by a difference of the degradation
mechanism of PP at high and low temperatures. At high
temperatures the degradation is mainly due to the oxidation of
the polymer, while at low temperatures secondary oxidation
(formation of peracids) plays a major role. The HAS are capable
of preventing the formation of peracids, but can not stop the
oxidation
of
the
polymer
itself.
Hence,
the
relative
effectiveness of HAS in comparison with phenolic antioxidants is
higher at low temperatures than at high temperatures.

3.5 conclusions.
Hindered Amine Stabilizers are capable of preventing the
oxidation of aldehydes, but do not influence the oxidation rate
of hydrocarbons. Nevertheless, HAS perform well as long-term heat
stabilizers for polypropylene at low temperatures. At high
temperatures their performance is much poorer. This is due to a
difference

in

the

oxidation

mechanism

at

low

and

high
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temperatures. At high temperature the degradation is mainly due
to the oxidation of the polymer itself, while at low temperatures
the oxidation of oxidation products is more important. This
secondary oxidation results in peracids, via aldehydes, which
determines the oxidation rate at low temperatures. HAS are
capable of preventing this aldehyde oxidation, thereby giving a
good performance at low temperatures. However, HAS are not able
to prevent the oxidation of the polymer, which takes place at
high temperatures.
The gradual decline of the mechanical properties of HAScontaining PP during low-temperature oxidation is also explained
by this mechanism. Because the HAS only stop the oxidation of the
aldehydes formed, the oxidation of the polymer itself still takes
place, which causes a slow decline of the mechanical properties.
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The
influence
of
stabilizer
foraulation,
thickness and temperature on the long-ter:a beat
stability of polypropylene.•

summary:
The long-term heat stability of polypropylene (PP)
is influenced by the stabilization system, the ageing
temperature and the thickness of the sample. The
effectiveness of several commercial stabilizers was
measured, at four temperatures between so c and 150°C and
at five thicknesses between 0.07 mm and J lDlD, during a
time period of ten years.
At 1so c the samples containing pentaerythrityltetrakis-[ J-( J, 5-di-tert. -butyl-4-hydroxyphenyl )propionate (A0-1) shows by far the best thermal stability.
However, at 80°C 1,J,5-tri-(J,5-di-tert.-butyl-4- hydroxyphenyl)-isocyanurate (A0-3) is more effective than A0-1.
At all temperatures the combination of di-stearylthio-dipropionate (PD-1) with a phenolic antioxidant shows
a higher stability than the phenolic antioxidant alone,
although the influence of PD-1 on the long-term heat
stability at 150°C is more pronounced than at so 0 c.
For most samples the influence of temperature on the
stability does not follow Arrhenius law. Extrapolation of
high-temperature data to lower temperatures, by using an
Arrhenius plot, leads to longer lifetimes than measured.
These results imply that the accelerated evaluation of the
effectiveness of stabilizers and the stability of PP
samples at high temperatures (140-150°C) has no predictive
value for the lifetime of an article nor for the ranking
of stabilizers at service temperature.
The relation between thickness and stability depends
on the temperature and the stabilizer system. In some
cases the relation between stability and thickness is
linear (type I), in other cases the stability does not
increase above a certain thickness (type II). An increase
in the stability by adding stabilizer or by decreasing the
ageing temperature leads to a change in the relation
between stability and thickness from type II to type I.
The curved Arrhenius plots and the temperature
0

0

*P. Gijsman, J.M.A. Jansen & J.A.J.M. Vincent, Presented at the
Fourteenth International Conference on Advances in the
Stabilization and Degradation of Polymers, 1992.
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dependence of the relation between thickness and stability
can be explained assuming that at high temperature (150°C)
the degradation rate is determined by the chemistry and at
low temperature (80°C) by the volatilization rate of the
stabilizer.

6.1 Introduction.
The lifetime of polypropylene (PP) is determined by its
oxidative stability. An auto-oxidative process causes changes of
the molecular structure of the polymer, which results in a
decline of the mechanical properties•. Due to this oxidation,
unstabilized polypropylene will embrittle within a few months,
even at 50°C2 • This is unacceptable for the majority of the
applications. The addition of stabilizers to PP makes it possible
to produce articles that retain their properties for many years
at ambient temperature 3 •
The best way to determine the lifetime of an article and the
effectiveness of a stabilizer is to test it under service
conditions, but this takes unrealistically long times. so,
evaluations and predictions of the lifetime are based on
accelerated techniques. In many cases the estimation of the
lifetime of an article at service temperature is based on the
extrapolation of the results of two or more high-temperature
(around 140°C) oven ageing experiments to service temperature,
according to Arrhenius law4· 5 • Literature data show that Arrhenius
plots may be curved6 and that small deviations of the Arrhenius
plot can lead to large errors 7 • This means that estimations of
the lifetime at ambient temperature based on high temperature
experiments may be very unreliable. The predictions become more
reliable when the ageing temperature is close to the service
temperature.
Evaluations of stabilizer formulations in PP are mainly based
on oven ageings at 150°C8 • Implicitly it is assumed that a
ranking of the stabilizer formulations is not influenced by the
temperature. Literature results suggest that this assumption is
doubtful""", but insufficient data are available to support this
conclusion.
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Sample thickness also has an influence on the long-term heat
stability of polymers'. The influence of thickness on the
stability depends on the stabilization system and the
temperature'.
In this chapter the influence of several commercial
stabilizers, temperature and sample thickness on the stability
is reported on basis of ten year ageing evaluations.
The stabilizer formulations cover:
1.
Three phenolic antioxidants with a difference in
chemical
structure,
solubility
and
diffusion
coefficient.
2.
The influence of the concentration of these phenolic
antioxidants.
3.
The combination of these phenolic antioxidants with a
sulphur-containing synergist.
The degradations were done at four temperatures between 80
and 150°C, with samples of different thickness between 0.07 and
3mm.

6.2 EX:periaental.
The polymer studied is a PP homopolymer with an MI of 1.1
dg/min (ISO 1133, at 230°C and 21. 2N), a flexural modulus of 1600
N/mm2 (ISO 178, 3 point loading), an Izod impact strength of 5.0
kJ/m2 (ISO 180/4A, at 23°C) and an isotacticity of more than 95%.
Ten different stabilizer formulations (table 1) were made by
first dry mixing the different stabilizers and the unstabilized
PP powder in a high-speed mixer followed by palletizing on a
laboratory
extruder.
All
compounds
contained
0.1%
calciumstearate, as a chlorine scavanger. and 0.1% BHT
( 2, 6-di-tert-butyl-4-methyl-phenol) as processing stabilizer.
Three different phenolic antioxidants (AO's) (Fig. 1)):
pentaerythrityl-tetrakis-[3-(3,5-di-tert.-butyl-4-hydroxypheny
I)-propionate (A0-1), octadecyl-3-(3,5-di-tert.butyl-4-hydroxyphenyl)-propionate
(A0-2),
1,3,5-tri-(3,5-di-tert.-butyl-4hydroxy-phenyl )-isocyanurate (A0-3), at different concentrations

78

Chapter 6

OH

V~

CH2-CH2-C-0-C.J-I.,

A0-1

A0-2

PD-1
A0-3
Fig. 1. Structure of the stabilizers used.
were evaluated. The first AO at three concentrations (0.05, 0.1
and 0.15%) and the last two AO's at two concentrations (0.05 and
0.1%). As sulphur containing synergist di-stearyl-thio-dipropionate (PD-1) (Fig. 1) was used. This thio synergist was
evaluated in combination with the three different AO's mentioned
above. These formulations contained, besides 0.15% of the thio
synergist, 0.05 % of the AO. Compression molded plaques with
thicknesses of 0.07, 0.2, 0.5, 1.0, and 3.0 mm were used in the
ageing experiments. These plaques were aged in threefold in a
Ceast oven (forced air circulation oven) at 150, 135, 100 and
80°C. During the degradation the polymers discolour before they
become brittle. After the first discolouration the degradation
goes that fast that within a short period the polymers become
totally brittle. As degradation criterion the time until 10% of

1. 0.05% A0-1
Temp.
thickness
oc
3mm
lmm
150
155
97
135
740
670
100
10600
8100
48000
25000
80

o.5mm
47
370
5300
8680

2. 0.05% A0-1 + 0.15% PD-1
thickness
Temp.
"C
3mm
lmm
0.5mm
150
1100
550
320
135
1950
1850
4200
8100
100
50000
12200
>82000
35000
23500
80
3. 0.05% A0-3
Temp. thickness
•c
3mm
lmm
<24
150
39
135
90
115
100
3390
2300
80
40000
25000

o.5mm
<24
60
2300
15700

4. 0.05% A0-3 + 0.15% PD-1
. Temp. thickness
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0.5mm
3mm
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245
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2650
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135
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48000
35000
>82000
67100
80

o.2mm
<24
370
1400
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670
4800
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4600
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47
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6030

0.07mm
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2300

0.07mm
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2400
4600
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0.07mm
24
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3500

6, 0.05% A0-2 + 0.15% PD-1
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thickness
oc
3mm
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7. 0.1% A0-1
Temp.
thickness
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0.5mm
350
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0.2mm
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thickness
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the sample is discoloured was used, this time is defined as
brittle point.

6.3 Results.
The oven ageing experiments were done at four different
temperatures, with five different sample thicknesses and several
stabilizer formulations. These data are presented taking one item
at the time.
6.3.1 The influence of stabilizer system on the stability.
The influence of three different phenolic antioxidants (AO's)
on the stability was determined (Table 1). This was done at three
concentrations of A0-1 (0.05, 0.1 and 0.15%) and at two
concentrations of A0-2 and A0-3 (0.05 and 0.1%).
At 150 and 135°C and at all thicknesses A0-1 is the most
effective AO. At these temperatures the effectivenesses of A0-2
and A0-3 are comparable. The effect of the increase of the
concentration of stabilizer depends on the ageing temperature.
For the A0-1 containing compounds the relation between stability
and concentration of stabilizer is almost linear at 80 °c, while
at 1so c the difference between the stability of the samples
containing 1000 and 1500 ppm of A0-1 is less than between the
samples containing 500 and 1000 ppm. For A0-2 and A0-3 an
increase of the concentration of stabilizer from 500 to 1000 ppm
causes an increase in the stability at all temperatures. Higher
concentation of these two AO's were not evaluated.
At 100°c and a thickness of 3 mm A0-1 is more effective than
A0-3, but at a thickness of 0.07 mm A0-3 performs better than
A0-1.
At so 0 c and thicknesses of 1 and 3 mm the stabilities of the
compounds containing 500 ppm of A0-1 or A0-3 are comparable.
However, at the lower thicknesses the stabilities of samples
containing A0-3 are higher than the stabilities of the samples
with A0-1. At a concentration of 1000 ppm, A0-3 performs better
than A0-1 at all thicknesses (apart from the 3 mm sample, these
samples have not failed yet). At so and 100°C the effectiveness
0
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of A0-2 is less than the effectiveness of A0-1 or A0-3.
The synergistic effects of PD-1 with phenolic AO's also
depends on the temperature, thickness and the phenolic
antioxidant. At all thicknesses the combination of A0-1 and PD-1
gives the best performance at 135 and 150°C. At lower
temperatures the relative performance depends on the thickness.
At 80 and 100°c and at thicknesses of 0.5 and 1 mm the samples
containing the combination of A0-3 and PD-1 are more stable than
the samples containing the combination of A0-1 and PD-1. The
performance of the samples containing A0-2 in combination with
PD-1 is in most cases in between that of the combination of PD-1
with A0-1 and that of the combination of PD-1 with A0-3.
6.3.2. The influence of teaperature on the stability.
The estimation of lifetimes of polymer samples is in most
cases based on the extrapolation of high-temperature data
according to Arrhenius law". The ageing data for the samples are
presented in Arrhenius plots (Figs. 2-11).
The Arrhenius plots for the samples containing A0-1 are
curved (Figs. 2, 3 and 4) • The curvature depends on the thickness
of the sample and the concentration of this stabilizer. An
increase in the concentration of A0-1 causes a change of the
shape of the Arrhenius plot from curved to linear.
The Arrhenius plots for the samples containing A0-2 are also
curved (Figs. 5 and 6). This curvature is almost independent of
the thickness and the concentration of A0-2.
At 0.07 and 2 mm, for both concentrations of A0-3 the
Arrhenius plot is curved. However, above these thicknesses the
Arrhenius plots for the samples containing 500 ppm of A0-3 are
straight (Fig. 7) , while the Arrhenius plots for the samples
containing 1000 ppm of A0-3 are curved (Fig. 8). Unfortunately
this can not yet be judged for the 3 mm sample, because this
sample has not yet failed at 80°C.
The influence of the thio synergist was studied in
combination with 500 ppm A0-1, 500 ppm A0-2 and 500 ppm A0-3. The
80°C data for the 3 mm sample containing A0-3 and PD-1 are not
available yet. This makes it difficult to judge whether the
Arrhenius plot for this sample is straight or not (Fig. 11). All
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Fig. 2.

Arrheniusplot of times until brittle point of PP
samples containing 500 ppm A0-1, at thicknesses of 0.07
mm (v), 0.2 mm (A), 0.5 mm (0), 1.0 mm (0) and 3.0 mm
(0).
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Arrheniusplot of times until brittle point of PP
samples containing 1000 ppm A0-1, at thicknesses of
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Arrheniusplot of times until brittle point of PP
samples containing 1500 ppm A0-1, at thicknesses of
0.07 mm (v), 0.2 mm (A), 0.5 mm (O), 1.0 mm (0) and 3.0

mm

(0).

10000

!.....
c:

·s.

1000

QI

...

-.:;

iii
100

10~~~~~~-~~--~~~~~~~~~--"'-~~~~~~-----'

0.23

0.25

0.27

0.29
<E-2)

1/T [1/K)

Fig. 5.
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(0).
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Arrheniusplot of times until brittle point of PP
samples containing 1000 ppm A0-2, at thicknesses of
0.07 mm (v), 0.2 mm (A), 0.5 mm (0), 1.0 mm (0) and 3.0
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Arrheniusplot of times until brittle point of PP
samples containing 1000 ppm A0-3, at thicknesses of
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Fig. 10. Arrheniusplot of times until brittle point of PP
samples containing 500 ppm A0-2 and 1500 ppm PD-1 at
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mm (0) and 3.0 mm (0).
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the other PD-1 containing samples show curved Arrhenius plots
(Figs. 9, 10 and 11). This means that the stability at 80°C is
lower than, according to Arrhenius law, will be calculated on the
basis of higher temperature data.
For the samples containing A0-3, the influence of the
temperature on the stability depends on the thickness and the
concentration of the stabilizer (Figs. 7 and 8).
6.3.J The influence of thickness.
For the different stabilization systems the thickness
was plotted versus the lifetime at 80, 100, 135 and 150°C (Figs.
12-21). The relation between thickness and stability depends on
ageing temperature and stabilization system. Two different
relations were observed. Type I is a linear relation between the
stability and the thickness and type II is a relation in which
the stability at higher thicknesses is limited (see A and D in
Fig. 22).
For the compounds containing A0-1 the relation between the
thickness and the stability depends on the ageing temperature and
the concentration of the stabilizer (Figs. 12, 13 and 14). A
decrease of the ageing temperature causes a change in the
relation between the thickness and the stability from type II
into type I. The temperature at which the change of the relation
appears depends on the concentration of A0-1. At higher
concentrations the above-mentioned change appears already at
higher temperatures. In this respect the behaviour of the A0-3
containing samples is different (Figs. 17 and 18). At 80°C the
type of relation between the stability and the thickness is
difficult to judge for the samples containing 1000 ppm A0-3,
because of the limited number of data points. However, at all
other temperatures, the relation between thickness and stability
is according to type II. The compounds containing 1500 ppm PD-1
and 500 ppm phenolic antioxidant show a linear relation between
thickness and stability (Figs. 19, 20 and 21). For the
combination of A0-1 and A0-3 with PD-1, the influence of
thickness on the stability at 80°C is difficult to judge, because
of the limited number of data points.
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6.4. Discussion.
The ranking of stabilizer systems depends e.g. on the ageing
temperature. At high temperatures A0-1 shows by far the best
thermal stability, but at 80°C A0-3 performs better. This cross
over effect was also found for A0-1 and l,3,5-trimethyl-2,4,6tri(3,5-di-tert.-butyl-4-hydroxy- benzyl)benzene 9 and suggested
for A0-1 and ethyleneglycol- bis-(3,3-bis(J'-tert.-butyl-4'hydroxyphenyl (butyrate) ) 10 •
The addition of PD-1 to an AO causes in all cases an increase
of the stability, but the quantity depends on the temperature.
The influence of thickness on the stability depends on the
temperature and the stabilization system. It has been reported
that physical losses of stabilizers might play a major role in
the lifetime of a polymer12 • A first-order relation between
stability and thickness is expected if the lifetime is determined
by the rate of volatilization of the stabilizer
this
corresponds to a type I behaviour. A second-order relation
between stability and thickness is expected for a diffusioncontrolled loss mechanismu.
No influence of the thickness on the stability is expected
if the stability is determined by the degradation chemistry only.
A mixed behaviour is expected if the stability determining
factor at a certain thickness changes from physical to chemical.
In this case the thin samples show a first- (volatilitycontrolled) or a second-order (diffusion-controlled) relation
between stability and thickness, while above a certain thickness
no influence of thickness on the stability will be seen. This
type of curve corresponds to a type II behaviour (for a schematic
representation see Fig. 22).
For some samples a linear relation is found (type I), while
for other samples the stability shows no increase with thickness
above a certain thickness (type II) (Figs. 12-21).
A decrease in the ageing temperature results for the A0-2 and
A0-1 containing samples in a change of the relation from type II
to type I (Figs. 12-16). Increasing the stability, by increasing
the concentration or adding a secondary antioxidant (PD-1),
already causes this change to appear at a higher temperature
1

•;

(Figs. 12-16, 19 and 20). For the 500 ppm A0-3 containing sample
at all temperatures a type II behaviour is found (Fig. 17). An
increase in the stability by increasing the concentration of
stabilizer results in a change from type II to type I at 80°C
(Fig. 18). An increase in stability by adding a thio synergist
results in a change of the behaviour already around 135°C (Fig.
21). An increase in the concentration of stabilizer causes a
change of the relation between thickness and stability. A higher
stabilizer concentration will cause a slow down of the
degradation chemistry. An increase of the chemical stability can
lead to a change of the relation between stability and thickness.
If the crossover point is shifted to thicknesses above 3 mm a
change in relation from type II to type I is observed (Fig. 22).
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Fig. 22. Different relations between thickness and stability:
lifetime determined by the rate of volatilization of
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behaviour as mentioned in the text;
lifetime determined by the rate of diffusion of the
B:
stabilizer (- - -);
lifetime determined by the degradation chemistry(···):
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o: for thin samples lifetime determined by the rate of
volatilization of the stabilizer while for thick
samples the lifetime is determined by the degradation
chemistry (-• ·-· ·-· ·-), this corresponds to type II
behaviour as mentioned in the text.
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It was also observed that a decrease of the ageing
temperature led to a change in the relation between thickness and
stability. At 150°C this behaviour is mainly type II, while at
80°C mainly type I behaviour is observed. A lower activation
energy for the physical loss of a stabilizer from a polymer than
for the degradation chemistry might explain this behaviour.
The samples that show a change of type I to type II behaviour
also show a curved Arrhenius plot. For these samples the
activation energy at high temperatures is between 30 and 40
kcal/mol and at low temperatures between 10 and 20 kcal/mol.
The activation energy for the degradation chemistry is
expected to be comparable to the calculated high-activation
energy. The activation energy for the volatilization of a
stabilizer out of a polymer is equal to the difference between
the activation energy for volatilization of the pure stabilizer
and the activation energy for dissolution of the stabilizer in
the polymer. Literature reports low-activation energies for the
volatilization of additives from polymers. Depending on the
additive this activation energy can vary between 13.5 and 24
kcal/mol
This is comparable to the calculated low- activation
energy.
This leads to two conclusions:
1. The different relation between thickness and stability at
high (type II relation) and low temperatures (type I
relation) is due to a difference in the activation energy.
At high temperatures the stability (above a certain
thickness) is determined by the degradation chemistry,
causing a type II behaviour. At low temperatures the
stability is determined by the volatilization of the
stabilizer, causing a type I relation.
2. The curvature of the Arrhenius plots is caused by a change
in the stability limiting factor from degradation chemistry
to stabilizer volatilization.
1

'.

The only compound which does not show a curved Arrhenius plot
( 500 ppm A0-3) also does not show a change in the relation
between thickness and stability with temperature. For this
compound there is no change of the stability-determining factor
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within the temperature range covered.
oven ageing experiments at 150°C lead to a ranking of the
stabilizers. This ranking does not forecast a ranking at lower
temperatures. The best way to rank stabilizers is to do the
ageing at service temperature, but this takes unrealistically
long times. Ageings can be done at higher temperatures, but
changing of the stability determining factor has to be taken into
account. At 80°C the volatility seems to be the stabilitydetermining factor.

6.4 conclusions.
The stability of a compound depends on the stabilization
system, temperature and thickness. A change in one of these
parameters will cause a change of the stability.
At 150°C A0-1 shows by far the best antioxidant performance,
but at so c A0-3 is more effective than A0-1. At all temperatures
a thio synergist increases the stability. The influence of the
concentration of the stabilizer varies with temperature. In all
cases the stability increases with the concentration of
stabilizer. For A0-1 the increase of the stability depends on
the temperature. At 80°C the stability increases linearly with
the concentration, while at 150°C above 1000 ppm the increase of
the stability is limited.
Most Arrhenius plots are curved. This curvature makes it
difficult to forecast the lifetime of an article at service
temperature.
Two types of thickness-stability relations were found. In
some cases the relation between stability and thickness is linear
(type I). In other cases the stability increase is limited above
a certain thickness (type II). A change from second to first type
relation is observed if the stability is increased by adding
stabilizer or lowering the ageing temperature. This change in
behaviour and the curvature of the Arrhenius plot is probably due
to a change of the stability controlling factor. At higher
temperatures the stability is determined by the degradation
chemistry and at lower temperature by the physical loss of the
0
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stabilizer. At the lower temperatures the volatility of the
stabilizer from the polymer seems to be the stability-limiting
factor. This change in the stability-limiting factor also causes
the curvature of the Arrhenius plot.
The evaluation of stabilizer formulations and the stability
of samples at 150°C has no predictive value for the lifetime of
an article nor for the ranking of stabilizers at service
temperature. The change observed in the stability controlling
factor makes it difficult to evaluate the stability and to
forecast the lifetime of articles at service temperature.
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Chapter 7.

The mechanism of action of Hindered Amine Light
Stabilizers (HALS)•

SWllJllary:

Since the discovery of hindered amines as effective
stabilizers against the photodegradation of polymers, the
stabilization
mechanism
of
Hindered
Amine
Light
Stabilizers (HALS) has been a subject of discussion.
Nevertheless, a complete mechanism has not yet been
formulated.
In this paper, the degradation of an unstabilized and
two HALS-stabilized polyethylene (PE) films is described.
The degradations are characterized by measuring: the
oxygen uptake, the formation of co and co 21 the FT-IR
spectra, the stabilizer concentration and the oxygen
content.
The oxygen uptake of the unstabilized PE film led to
the expect~d changes in the IR spectra and to the
embrittlement of the film. The oxygen uptake by the HALSstabilized films caused only minor changes.
At an oxygen uptake of 900 mmol per kg of polymer the
HALS-stabilized PE films showed only minor differences in
their IR spectra and in their mechanical properties, while
the unstabilized material showed an enormous change in its
IR spectrum and became totally brittle.
Thus, for the HALS-stabilized materials and for the
unstabilized materials, the mechanism of oxygen uptake
must be different. The difference between the results for
the unstabilized and the HALS-stabilized polymers are
explained
assuming
that
the
initiation
of
the
photodegradation of PE is due to charge transfer
complexes.

7.1 Introduction.
Since the introduction of hindered amines as light
stabilizers, the mechanism of action has been a subject of
discussion 1 • 2 • Nevertheless, a complete mechanism has not been
formulated yet.
The UV-degradation of polymers is due to oxidation. A
characterization technique most used to study the chemical
*Published slightly modified: P. Gijsman, J. Hennekens & D.
Tummers, Polym. Deg. & stab., 39 (1993) 225.
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changes in polymers during degradation is FT-IR spectroscopy'.
However, the most direct way to study this oxidation is to
determine the rate of oxygen uptake by the polymer, but this
method is experimentally more difficult. In many studies this is
done by measuring the drop in pressure in a closed system•. In
these experiments the assumption is implicitly made that the drop
of the pressure corresponds quantitatively to the consumption of
oxygen. This method can lead to errors if, due to the oxidation,
gaseous products are formed. The problem can be overcome by
determining the amount of oxygen left after each degradation
period. To the authors' knowledge only Rose & Mayo5 have used
this method to determine the rate of photooxidation of
polyolefins. They found that for embrittlement of HALS-stabilized
polypropylene twice as much oxygen was necessary as for
embrittlement of an unstabilized PP.
This paper describes the photooxidation of PE with and
without HALS-stabilizers. The degradation was followed by
measuring the real oxygen uptake (determination of the reduction
of the amount of oxygen in the gas phase), the changes in the
FT-IR spectra, the oxygen content of the film, the mechanical
properties and the consumption of HALS. The combination of these
techniques led to new insights.

7.2 Experimental.

A comparison
unstabilized and

was made between the
two HALS-stabilized

degradation of an
LDPEs (M,.=91 OOO,

CH,/1000C=20, C=C/l0 5 C=55). As stabilizers were used a low
molecular weight
(molecular weight 481)
HALS
(LMW-HALS)
(bis(2,2,6,6,-tetra-methyl-4-piperidinyl)-decanedioate)
at a
concentration of 0.5% (10 mmol/kg polymer) and a high molecular
weight (molecular weight between 2500 and 4000) HALS (BMW-HALS)
(poly{[6-[(1,1,3,3-tetramethylbutyl)-amino)-1,3,5-triazine-2,4
-diyl]-[(2,2,6,6-tetramethyl-4-piperidinyl)-imino]-1,6-hexanediyl[(2,2,6,6-tetramethyl-4-piperidinyl)imino]} at a concentration of 0.15% (2.5 mmol of the repeating unit per kg polymer)
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(for structures see Fig. 1). The unstabilized PE was prepared
from the LMWH-containing PE by extracting the stabilizer with
CHC1 3 • The degradation was studied on blown films of 150-µm
thickness.

HvfW-HALS

LMW-HALS

Fig. 1. Chemical structure of the LMW-HALS and the HMW-HALS.
The UV degradation experiments were done in a SuntesterR (GMBH
Instrument, Hanau, Germany) (filtered xenon lamp, intensity
(340nm) 0.3 W/m2 , temperature 30 - 40 °c).
The ageing tests were performed in a closed Durethan glass
system. This type of glass lets through all light with a
wavelength above 290 nm. All experiments were done in an air
atmosphere.
Oxygen uptake, CO and C0 formation were determined by
analysis of the gas phase after different oxidation times with
gas chromatography (GC) (oxygen analysis: column: molecular sieve
5-A (Chrompack), 3 m length, 4 mm diameter; temperature 100°C;
carrier gas: argon; flow rate 5 cm/sec; detection: katharometer
(Hewlett Packard); co analysis: precolumn porapack (Chrompack),
3m length, column: molecular sieve 13-X (Chrompack), 3 m length,
2 mm diameter; temperature 60°C; carrier gas: hydrogen; flow rate
5 cm/sec; detection: Flame Ionization detector (Interscience);
co2 analysis: column: porapack (Chrompack), 4 m length, 2 mm
diameter; temperature 60°C; carrier gas: hydrogen; flow rate 5
cm/sec; detection: Flame Ionization Detector (Interscience)). The
data are presented as mmol oxygen uptake or CO/C0 2 formed per kg
of polymer.
The calculation of the total concentration of reacted and
unreacted HALS was based on the determination of the total amount
2
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of nitrogen, by luminescence. The analysis of the concentration
of unreacted LMW-HALS was done with GC on the chloroform extract
of a part of the oxidized film. The data are presented in weight
percentages. The concentration of the unreacted HMW-HALS was not
determined, because of its insufficient extractability.
The chemical changes in the films were measured with FT-IR.
All the absorptions are corrected for baseline changes using the
absorption at 1860 cm-1 • Besides the chemical changes the changes
in mechanical properties were determined using the elongation at
break as criterion (in absolute percentages). The amount of
chemically bound oxygen was determined according to the method
of Unterzaucher• (anaerobic burning of the polymer, reaction with
carbon and detection of CO).

7.3 Results and Discussion.
The oxidation of the unstabilized LOPE started immediately after
the beginning of the exposure (Fig. 2). After 3000 h the
unstabilized film had an oxygen uptake of 900 mmol/kg. For the
unstabilized film this amount of oxidation led to a totally
brittle film. The oxidation of the LMW-HALS-stabilized film
started after an induction period of 2000 h (Fig. 2). After this
induction period the oxidation rate increased and became constant
until a degradation time of 8000 h. After this period another
increase in the oxidation rate was found. After 9000 h of
oxidation the LMW-HALS-containing film had an oxygen uptake of
3 mol/kg. As in the case of the unstabilized film, the oxidation
of the BMW-HALS-containing film started from the beginning.
However the oxidation rate of the BMW-HALS-containing film was
lower than that of the unstabilized film. The HMW-HALS-containing
film showed an increase in oxidation rate after 5000 h of
exposure. A second increase in oxidation rate of the HMW-HALScontaining film was found after 11000 h. At an oxidation time of
almost 12000 h this film had an oxygen uptake of 2700 mmol/kg.
The first increase in oxidation rate occured for the LMW-HALS-
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oxygen uptake as a function of the degradation time
for the unstabilized (v), the LMW-HALS-containing (0)
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Formation of co and co2 as a function of the
degradation time for the unstabilized (CO; •, C0 2 ; A),
the !...MW-HALS-containing (CO; +, C02 ; 0) and the HMWHALS-containing (CO; •, C0 2 ; 0) PE.
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containing sample earlier than for the HMW-HALS-containing
film. This difference caused a crossing of the oxygen uptake
curves. The oxidation rates of the two HALS-containing films in
the second stage were comparable.
The curves for the formation of co and C0 2 (Fig. 3) showed
about the same behaviour as the oxygen uptake curves; there are
only small differences. For the unstabilized sample the formation
of co, showed a small induction period, probably because co2 is
not a primary oxidation product. For the LMW-HALS-containing film
a constant rate of co, formation was found, after the induction
period, while the co formation showed a second increase in
formation rate after 8000 h. For the HMW-HALS-containing film the
ratio between the amounts of co and co2 formed is higher than for
the other two samples.
The amount of oxygen needed to embrittle the unstabilized
film was 900 mmol/kg. The IR-spectra of the unstabilized,
!..MW-HALS-stabilized and HMW-HALS-stabilized materials before the
oxidation started and after an oxygen uptake of 900 mmol/kg were
recorded (Fig. 4). After uptake of the same amounts of oxygen,
these IR spectra showed remarkable differences.
The oxidation of the unstabilized material led to the
expected changes in the IR spectrum•. A large and broad carbonyl
band at 1720 cm-• and an increased absorption between 800 and
1400 cm-• and between 3300 and 3500 cm-i.
For the two HALS-containing films the same amount of oxygen
uptake led to only minor changes (Fig. 4). For the HALSstabilized materials, the oxygen uptake gave small changes around
1720,
1645 and 910 cm- 1 •
However, these absorptions were
negligible small in comparison with the absorptions of the
unstabilized film that had taken up the same amount of oxygen.
After the reaction of the HALS-containing films with the same
amounts of oxygen, the carbonyl peak for the HMW-HALS-containing
film was smaller than for the LMW-HALS-containing film. This is
probably due to the absorption of the ester group of the
LMW-HALS. The absorption at 910 cm-• is probably due to
end-unsaturation7 and the band around 1645 cm-• might be due to
trans-vinylene groups 7 • For the LMW-HALS- and the HMW-HALS-
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IR absorbance at 1720 cm-• base line corrected with the
absorption at 1860 cm-• (carbonyl absorbance) and the
oxygen uptake as a function of the degradation time
for the unstabi 1 i zed ( • , A ) , the LMW-HALS-containing
(t,O) and the HMW-HALS-containing (•,D) PE.

containing films, the oxygen uptake of 900 mmol/kg led to the
same absorption at 910 and 1645 cm-'. The differences in the
relation between absorptions in the IR spectra and the oxygen
uptake, which were found when comparing the unstabilized and the
HALS containing films, did not only appear at an oxygen uptake
of 900 mmol/kg, but also appeared at a lower oxygen uptake.
The carbonyl absorbance (absorption at 1720 cm-1 baseline
corrected using the absorption at 1860 cm- 1 ) was plotted together
with the oxygen uptake figures (Fig. 5). For the unstabilized
material the carbonyl absorbance curve followed the oxygen uptake
curve. This was not the case for either HALS-stabilized material.
For the LMW-HALS-containing film the carbonyl absorbance first
dropped a little and then increased, while a second increase in
the carbonyl formation rate was found at the end of the
oxidation. In the early stage of the oxidation the carbonyl
absorbance of the LMW-HALS-containing film is due to the
absorption of the ester group of the HALS. The above mentioned
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drop of the carbonyl absorption was accompanied by an increase
of an absorption around 1740 cm-•. Carlson & Wiles• showed that
the ester absorption of the I.MW-HALS depends on its physical
state. The ester of the LMW-HALS crystals absorb at 1720 cm-• and
in solution the absorption is at 1739 cm-•. Doping of the non
oxidized I.MW-HALS-containing film with chloroform indeed caused
a drop of the absorption at 1720 cm-•. The drop of the carbonyl
absorbance and the increase of the absorption around 1740 cm-1 is
probably due to an increase of the sol~bility of the stabilizer
during the experiment.
For the HMW-HALS-containing sample, the carbonyl absorbance
is low during the first 6000 h. After this period the rate of
formation of carbonyl groups increased. For both the LMW-HALSand HMW-HALS-containing film a second increase in the rate of
carbonyl formation was found at the end of the oxidation.
For the unstabilized material, the amount of oxidation
necessary to bring a certain impairment of the mechanical
properties was smaller than for the HALS-stabilized materials
(Fig. 6). For a drop in elongation at break to 50% of its
original value, the HALS-stabilized samples needed a two times
higher oxygen uptake than the unstabilized (1100 mmol/kg versus
500 mmol/kg). The decline in mechanical properties was less
sudden for the HALS-stabilized films than for the unstabilized
film. Before either HALS-containing film completely embrittled,
the elongation at break remained constant for a short period at
a level of about 200%.
In the HALS-stabilized samples the change of the
concentration of stabilizer was followed. The amount of unreacted
I.MW-HALS was determined by first extracting a part of the film
with chloroform, followed by GC analysis of the extract. For both
the I.MW-HALS- and the HMW-HALS-containing film the al!lount of
nitrogen was followed as a function of the degradation time. The
measured amount of nitrogen was used to calculate the percentage
of stabilizer (with the assumption that the nitrogen content of
the stabilizer did not change if the stabilizer is converted).
A drop in the amount of nitrogen could only be due to physical
losses. For the HMW-HALS-containing film, the oxidation only led
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Drop in the elongation at break and oxygen uptake as
a
function of the degradation time
for the
unstabilized (•,A), the LMW-HALS-containing (+,O) and
the BMW-HALS-containing (•,D) PE.

to a small decrease in the total amount of nitrogen (Fig. 7). The
volatility of the LMW-HALS is expected to be much higher, but the
degradation of the LMW-HALS-containing film showed only a small
drop in nitrogen content (Fig. 7). This was probably because the
ageing tests were done in a closed system. In practice the
lifetime of thin polymer articles is longer with the HMW-HALS
than with the LMW-HALS 9 • This is mainly due to the relatively
fast physical loss of the LMW-HALS. The amount of unreacted
LMW-HALS dropped directly from the start of the oxidation (Fig.
7) . It is remarkable that the oxygen uptake of this sample
started when all the LMW-HALS had reacted.
From the IR results (Fig. 4 and 5), it is clear that the
oxygen uptake by the HALS-stabilized films and that by the
unstabilized films are caused by different oxidation mechanisms.
The oxygen uptake of the unstabilized film led to different
degradation products from the oxygen uptake of both HALSstabi li zed films.
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The development of the concentration of HALS as well
as the oxygen uptake as a function of the degradation
time determined with GC (concentration of unreacted
HALS) and by detecting the total concentration of
nitrogen (concentration of reacted+unreacted) • ( •)
reacted+unreacted BMW-HALS, ( 0) reacted+unreacted LMWHALS, (+) unreacted LMW-HALS, oxygen uptake for the
LMW-HALS-(0) and HMW-HALS-(A) containing films.

For the HALS-stabilized materials the amount of oxygen
chemically bound to the polymer was determined after several
oxidation times (Table 1).
Table 1. Amount of oxygen chemically bound to the polymer,
for both HALS-stabilized films.
oxidation
time

oxygen uptake
(mmol/kg)

oxygen

0
1024
453

n.a.

(h)

0
6718
6972

n.a.

(02 ) content of the film
(mmol/kg)
LMW-HALS
BMW-HALS

90

n.a.

< 60

n.a.
< 60

no data available

For the HALS-stabilized materials, the oxygen content data and
the IR spectra showed that the reacted oxygen is not chemically
bound to the polymer. For the HALS-stabilized materials about 20%
of the reacted oxygen was converted into co and co, (see Fig. 3).
The results of the oxygen content measurements (Table 1) showed
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that the remaining 80.% was not chemically bound to the polymer.
The oxygen uptake was expected to cause a pressure drop. For the
unstabilized material, especially at the beginning of the
oxidation, a pressure drop was indeed found. At later stages the
oxidation of the unstabilized material led to only minor changes
of the pressure, probably due to the formation of gaseous
secondary oxidation products. For the HALS-stabilized samples the
development of the pressure was different. Instead of a pressure
drop, the pressure rose from the beginning of the oxidation. This
means that during the oxidation of the HALS-stabilized material,
gas was formed. For the LMW-HALS-containing film, after an
oxidation period from 6910 h to 7336 h, a GC-MS analysis of the
gas phase was performed. This analysis showed a minor amount of
carbon-containing products. Less than 5% of the reacted oxygen
was converted into carbon-containing gaseous oxidation products.
Water is a non-carbon-containing product that might be
formed. The oxidations were done with air having a relative
humidity of about 60%. If the assumption is made that all the
reacted oxygen is converted into water, the expected amount of
water is still small in comparison with the amount of water in
the air. The oxidations were done in all-glass systems, which
made it even more difficult to analyze the total amount of water
formed. However, in my opinion water is the only possible
oxidation product that can explain the results. The assumption
that for the HALS-stabilized materials water is the main
oxidation product leads to the question: Why does the oxidation
of unstabilized PE give all kinds of oxidation products and the
oxidation of the HALS-stabilized PE mainly water? In the
following section an attempt is made to answer this question.
Gugumus' 0 ' 11 suggested that the initiation of the oxidation
of PE is due to charge transfer complexes (CTCs) between oxygen
and the polymer. The CTCs lead to the formation of trans-vinylene
groups and hydrogen peroxide, through a six-membered ring. The
hydrogen peroxide can directly decompose into hydroxy radicals
or subsequently photolyse. The hydroxy radicals formed are
converted into water by the abstraction of one hydrogen from the
polymer chain. The polymeric alkyl radicals formed initiate the
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oxidation.
Also other CTCs
are possible.
Instead of
trans-vinylene groups, end-unsaturation or crosslinks can be
formed (Scheme l).

hv

-CH-CH I

-CH=CH-

-_;;a.

2

H -----· 0

H0°

2

-CH-CH -CH -CHI

+

2

H --------- 0

2

2

---------

I

-CH-CH
-CH 2 -CHo
2
0

!

H

+
H 0 <*> ____,,. 2 H0°
2
2

-9H-CH2H ·----- 0 2 ·----- H

~

I

-CH2-CH-

-CH-CH 2

I

-CH 2 -CHH 2 0 2 1* 1

-_;;a.

2

+
HO

0

Scheme l. Possible reactions of oxygen-polymer charge transfer
complexes.

The only clear absorptions in the IR spectra of both HALSstabilized oxidized PE films are due to unsaturation (Fig. 4).
The absorption at 910 cm·• is due to the end-unsaturation, while
the absorption at 1645 cm· 1 is also due to unsaturation 7 •
Unfortunately cross linking {Scheme 1) cannot be determined by IR.
Thus CTCs can lead to the formation of water and to the
initiation of the oxidation. In the case of the unstabilized PE
the initiation will lead to the expected oxidation, and besides
water all the other expected oxidation products will be formed.
For the HALS-stabilized materials the CTCs also cause the
reaction of oxygen with the polymer leading to water, but in this
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case the radicals formed do not initiate the oxidation due to the
presence of the stabilizer (nitroxide and/or other HALS
derivatives). The stabilizer traps the formed radicals and
prevents the oxidation from starting. water and unsaturation or
crosslinks will be the main reaction products.
For the oxidation of the film containing the I.MW-HALS an
induction period was found. This induction period seems to be
related to the amount of unreacted I.MW-HALS. During the induction
period there was no initiation. If the initiation is due to CTCs
the only way a HALS could stop the initiation is by quenching
these CTCs10 • 11 • When the unreacted I.MW-HALS was consumed the
polymer started to pick up oxygen. The quenching ability is
probably related to the amine function of the HALS. The HMW-HALScontaining sample showed no induction period, but the oxidation
rate increased after 5000 h. The lower oxidation rate during the
first 5000 h can also be explained with the proposed quenching
mechanism. The difference between the oxidation rates of the
I.MW-HALS-and the HMW-HALS-containing films in the first period
might be due to the difference in mobility or due to the
difference in concentration. For both HALS-containing films, a
second increase of the oxidation rate was found before the
samples embrittled. Analyses showed that at this point in the
oxidation, HALS derivatives were still present in the film. This
increase of the oxidation rate was accompanied by an increase in
the amount of carbonyl groups and embrittlement of the film. It
seems that the HALS derivatives, still present, were not capable
of retarding the oxidation any more, so that the autoxidation was
started.
7.4 conclusions.
The oxygen uptake of the unstabilized PE film led to the
expected changes. oxidation of the unstabilized material led to
large IR bands between 3300 and 3500 cm-1 , around 1720 cm-• and
between 800 and 1400 cm-1 • At an oxygen uptake of 900 mmol/kg of
polymer, this film became totally brittle.
The oxygen uptake of the HALS-stabilized films led to only
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minor changes. An oxygen uptake of 900 nunol/kg led to only minor
changes in the IR spectra for both HALS-stabilized films and had
no influence on the elongation at break.
The oxygen uptake by the HALS-stabilized films and by the
unstabilized films is caused by different oxidation mechanisms.
Twenty percent of the oxygen that had reacted with the HALSstabil i zed polymer was converted into co and co 21 while the other
eighty percent was not chemically bound to the polymer, nor
converted into carbon-containing oxidation products. The most
plausible product of the reaction between oxygen and the polymer
is water.
Water can be formed by the initiation of the oxidation of
PE by charge transfer complexes (CTCs) 10 ' 11 • CTCs can lead to the
formation of unsaturation and hydrogen peroxide. The hydrogen
peroxide can directly decompose into hydroxy radicals or
subsequently photolyze. The formed hydroxy radicals react with
hydrogens from the polymer chain to give water and polymeric
alkyl radicals.
The unsaturation was also found in the IR spectra of the
oxidized unstabilized film.
The higher conversion of oxygen to water for the HALSstabilized as compared to the unstabilized film can also be
explained with this mechanism. For the unstabilized material the
radicals formed initiate the oxidation and all expected oxidation
products are formed, while for the HALS-stabilized materials the
formed radicals are trapped and the "normal" oxidation is
stopped. So when adopting the CTC mechanism, for the unstabilized
material, water plus a great many other oxidation products are
expected, while for the HALS-stabilized material water is
expected as main product.
The oxidation of the I.MW-HALS-containing film showed an
induction period. The conclusion that the oxygen uptake of both
HALS-containing samples is due to initiation by a charge transfer
complex, also led to the conclusion that the unreacted HALSstabilizer acts as a CTC quencher.
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Comparison of UV degradation chemistry
in accelerated (Xenon) aqinq tests and
outdoor tests (I)*

SUJlllllU'Y:

As expected it is found that oxidation (oxygen
uptake) durinq accelerated weatherinq is faster than
during outdoor weatherinq in Geleen (The Netherlands) .
This faster oxidation leads to a more rapid drop of the
elongation at break, increased CO, C0 2 formation rates and
changes in the IR spectra.
A comparison of the data for the accelerated and
outdoor ageing at the same degree of oxidation shows
unexpected differences. Especially the differences in the
IR spectra and in the mechanical properties at the same
oxidation level are unexpected. For the outdoor weatherinq
a hiqher oxyqen uptake (about two times higher) is
necessary to give the same drop of the elongation at break
and to form the same amount of carbonyl groups and
unsaturation as for the accelerated weathering. Thus, the
oxygen uptake mechanism during outdoor weathering differs
from the oxygen uptake mechanism during accelerated
weathering.
The results are explained assuming different ratios
between oxygen uptake by initiation due to charge transfer
complexes (CTCs) and oxygen uptake due to the propagation
reaction. During most of the outdoor weathering the
temperature is lower than durinq the accelerated
weathering. A decrease of the temperature leads to an
increase of the CTC stability; thus during the outdoor
weathering CTC will be more stable than during the
accelerated weathering. The higher stability of CTC at low
temperatures leads to a higher conversion of oxygen via
CTC during the outdoor weathering than during the
accelerated weathering. A possible improved accelerated
test is discussed.

8.1

Introduction.
Polyolefins degrade under the influence of UV light, which

•p. Gijsman, J, Hennekens,
publication in Adv. Chem. Ser.

K.
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can lead to failure .of articles in outdoor applications. The
outdoor use of polymers becomes more an more important and the
requirements more stringent. The lifetime of articles used
outdoors has to be more than ten years in many cases. These long
lifetime requirements make the determination of the stability a
problem in itself. In general outdoor ageing of articles takes
too much time to be useful for the development of stabilizer
recipes or for quality control. This has led to the development
of several accelerated weathering tests. one of the main problems
of all these accelerated weathering tests is the translation of
the stabilities determined with these tests to the application.
The geographical location determines the rate of outdoor
weathering. In countries around the equator the degradation rate
is higher than in the northern countries. This can be attributed
to the temperature and the amount of sunshine hours.
The studies on the correlation between the stabilities
determined in accelerated and outdoor weathering are mainly based
on comparisons of results of accelerated tests with results from
standard outdoor weathering. In many studies Florida (USA) is
used as outdoor weathering site,.· 2 " · ' · " · 6 , but other sites are also
used (e.g. Arizona (USA) and Bandol (France)). In this study
Geleen (The Netherlands) is used as outdoor weathering site.
Most accelerated weathering devices (e.g. Weather-OMeter,
Xenontester, Suntester, UVCON, QUV, Sepap etc.) show a lack of
correlation between the stabilities measured with them and those
measured outdoors.
Gugumus 1 showed that for polyolefins the correlation between
results obtained with accelerated weathering devices and outdoor
weathering results are poor and depend on the polymer, the
stabilizer used and the accelerated weathering device. The
temperature at which the accelerated ageing is done is a very
important factor 7 " ' . For PP containing nickel stabilizers a
reasonable correlation was found between stability results from
an accelerated ageing device (Xenontester 450) and outdoor
weathering when the accelerated ageing device was operated at a
temperature of 25°C, while a poor correlation was found when the
accelerated ageing was done at 50°C8 • The correlation between
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outdoor weathering and accelerated weathering results can also
be influenced by the stabilizer used9 •
In general it can be stated that there is a lack of
correlation between the stability results of accelerated and
outdoor weathering tests. Only a few correlations are found for
specific samples.
It can be expected that the correlation between the
stability results of artificial and outdoor weathering tests is
at best if all the determining factors are accelerated by the
same degree.
Filtered Xenon lamps have a UV spectrum which is comparable
to the UV spectrum of the sunw. Devices containing this kind of
light sources and operated at not too high a temperature are
expected to represent outdoor ageing best, but even for these
kind of tests the correlation with outdoor ageing is not
general 10 •
Recently, Tidjani & Arnaud'' showed that this lack might be
due to differences in degradation mechanisms in accelerated
testing and outdoor testing. In their study the changes due to
degradation were measured with FT-IR.
The most direct way to study the oxidation of polymers is
to determine the rate of oxygen uptake by the polymer, but this
method is experimentally difficult. In many studies the rate of
oxygen uptake is determined by measuring the drop in pressure in
a closed system12 • 13 • In such experiments the assumption is
implicitly made that the drop of the pressure corresponds
quantitatively to the consumption of oxygen. This method can lead
to errors if, due to the oxidation, gaseous products are formed.
The problem can be overcome if the amount of oxygen left is
determined after each degradation period"• 15 •
This chapter describes the photooxidation of P~ in an
accelerated (Xenon) test and in outdoor weathering (Geleen, The
Netherlands). The degradation was followed by measuring the real
oxygen uptake (determination of the reduction of the amount of
oxygen in the gas phase), the changes in the FT-IR spectra and
the mechanical properties. The combination of these techniques
led to new insights.
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8.2 Experimental.
A comparison was made between the degradation in an
accelerated weathering device and outdoors for unstabilized LOPE
(M,. = 91,000, CH~/lOOOC = 20, C=C/lO"C = 55). The degradation was
studied on blown films of 150µ thickness. Different PE samples
(PEI and PEII) were made by processing the polymers in the
presence
of
a
stabilizer
(bis(2,2,6,6-tetra-methyl-4piperidinyl)-decanedioate) and extraction of the stabilizer with
refluxing chloroform. PEI was extracted for 25 hand PEII for 150
h.
The accelerated weathering was done in a suntester• (GMBH
Instruments, Hanau, Germany) (filtered xenon lamp, intensity
(340nm) 0.3 W/m2 , temperature 30 - 40 °C). The outdoor exposures
were done in Geleen (plaques facing south at an angle of 45°),
The Netherlands. The outdoor weathering of PEI was started on 29
January 1989 and of PEII on 14 February 1989. The ageing tests
were performed in closed Durethan glass systems. This type of
glass is transparent to light with a wavelength above 290 nm. The
mean monthly temperature outdoors and in the closed system varied
with the season (Fig. 1). All experiments were done with air to
which 0.83% He was added to detect any leakage.
oxygen uptake, co and co2 formation were determined by gas
chromatography (GC) analysis of the gas phase after the different
oxidation times
(oxygen analysis: column: molecular sieve 5-A (Chrompack), 3 m
length, 4 mm diameter; temperature l00°C; carrier gas: argon;
flow rate 5 cm/sec; detection: Katharometer (Hewlett Packard);
co analysis: precolumn porapack (Chrompack), 3m length, column:
molecular sieve 13-X (Chrompack), 3 m length, 2 mm diameter;
temperature 60°C; carrier gas: hydrogen; flow rate 5 cm/sec;
detection:
Flame Ionization detector (Interscience); co 2
analysis: column: porapack (Chrompack), 4 m length, 2 mm
diameter; temperature 60°C; carrier gas: hydrogen; flow rate 5
cm/sec; detection: Flame Ionization Detector (Interscience)). The
data are presented as mmol oxygen uptake or CO/C0 2 formed per kg
of polymer.
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Fig. 1.

Mean monthly outdoor temperature as a function of the
exposure time inside (--) and outside ( - - - ) the
closed system.

The chemical changes in the films were recorded with FT-IR.
The IR absorptions are calculated as the difference between the
peak absorption and the absorption at a base 1 ine. For the
absorptions at 1712 and 1642 cm-• the base line was drawn between
1840 and 1600 cm-1 and for the absorption at 908 cm-1 between 950
and 860 cm-•.
The absorption at 1712 cm-1 is due to carbonyl stretching,
at 1642 cm-• it is due to unsaturation (total) stretching and at
908 cm-• it is due to deformation of the end unsaturation.
Besides the chemical changes the impairment of the
mechanical properties was determined using the elongation at
break as a criterion (in absolute percentages).
For PEI and PEII the accelerated weathering was done singly,
while the outdoor weathering was done singly for PEI! and in
duplicate for PEI.

8.3 Results and discussion.
The accelerated and the outdoor weathering of the polymers
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resulted in an impairment of the mechanical properties (Fig. 2).
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Elongation at break (%) as a function of the exposure
time (h) for the accelerated weathering of PEI (A) and
PEII (O) and for the outdoor weathering of PEI (0,+)
and PEII ( 0) •

For the accelerated weathering the drop of the elongation at
break started after an exposure of 1500-2000 h, within 3000 h the
polymers became totally brittle. For the outdoor weathered
samples the reduction of the elongation at break started after
12000 h and after 20000 h of exposure all polymers were brittle.
The time until the elongation at break had dropped to 50% of its
original value was 6-8 times longer for the outdoor weathering
than for the accelerated weathering.
During the accelerated weathering the oxygen uptake started
immediately and varied almost linearly with time (Fig. 3). During
the first 1000 h the oxygen uptake figures were comparable for
the two PE's, but after that a small deviation was found. After
3000-4000 h of accelerated weathering the polymers had an oxygen
uptake of almost 1 mol/kg.
During the outdoor weathering the oxygen uptake curves
showed a totally different behaviour (Fig. 3). The exposures of
these samples started in January and February, the samples
started to take up oxygen in the early spring. During the summer
the rate of oxidation became constant and slowed down at the end
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oxygen uptake (mmol/kg) as a function of the exposure
time (h) for the accelerated weathering of PEI (A) and
PEII (O) and for the outdoor weathering of PEI (0,+)
and PEII ( 0) •

of the summer. During autumn and winter there was almost no
oxygen uptake and in the early spring a second increase of the
oxidation rate took place. After 22000 h of outdoor weathering
the total oxygen uptake of the three samples was about 1. 5
mol/kg. The reproducibility of the oxygen uptake during the
outdoor weathering was good.
In the accelerated weathering the formation of co and co2
showed an induction period (Fig. 4) . For both gases the formation
rate increased after 1000 h. During the outdoor weathering the
rate of formation of CO and co 2 is related to the time of the
year (Fig. 5), as was found for the oxygen uptake.
During the degradation the changes in the IR spectra were
also recorded. For the accelerated weathering the increase of the
carbonyl absorption ( 1712 cm-1 ) was almost linear in time and
became 0.8 after about 3000 h of degradation (Fig. 6). During the
outdoor weathering the development of the carbonyl absorption is
different (Fig. 6). However, the shape of the curves is
comparable to the shape of the oxygen uptake curves (Fig. J).
After 20000 h the carbonyl absorption is almost 0.5.
The changes of the amount of unsaturation during weathering
were also recorded. The change of the concentration of total
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End unsaturation (abs. at 908 cm-•) as a function of
the exposure time (h) for the accelerated weathering
of PEI (~)and PEII (O) and for the outdoor weathering
of PEI (D,+) and PEI! (0).

unsaturation
( IR absorption at 1642 cm-•)
and of the
concentration of end unsaturation (IR absorption at 908 cm- 1 ) is
plotted versus the exposure time (Fig. 7 and 8). The two curves
show the same development as the plot of the carbonyl absorption
versus the exposure time.
As expected, the accelerated weathering rate is higher than
the outdoor weathering rate. However, the rate of oxygen uptake
for the outdoor weathering during the summer period is only 2.5
times slower than for the accelerated weathering. The mean rate
of oxygen uptake of three summer periods is 0.2 mmol/kg.h and the
oxygen uptake rate during the accelerated weathering is o. 5
mmol/kg. h. The acceleration factor is even smaller if it is taken
into account that the outdoor degradation only takes place during
a part of the day, while the accelerated degradation is
continuous. The assumption that outdoor degradation only takes
place for 10 h a day leads to the conclusion that the outdoor
oxidation rate in this period is comparable to the oxidation rate
during accelerated weathering.
The rates of formation of carbonyl and end unsaturation
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during accelerated and outdoor summer weathering differ more than
the rates of oxygen uptake. For the accelerated weathering the
formation rate of carbonyl groups is 7. 5 times and for end
unsaturation 10 times higher than the mean formation rate for
three summers of outdoor weathering.
External factors such as light intensity and temperature
have an influence on the degradation rate during exposure.
Differences in these factors can lead to differences in oxygen
uptake, co and C0 2 formation, changes of the IR spectra and
impairment of the mechanical properties. A good correlation
between an accelerated test and outdoor ageing will be found if
the different degradation determining factors are accelerated in
the same way. The degradation is due to oxidation, resulting in
a great variety of products. If the degradation mechanisms for
the accelerated and the outdoor weathering are the same the
conversion of oxygen into these products should be equivalent.
For the accelerated and the outdoor weathering the relations
between the oxygen uptake data and the data for the different
products formed are plotted.
The impairment of the mechanical properties is expected to
be due to the oxidation of the polymer. Nevertheless a difference
is found between the accelerated and the outdoor weathering in
the relationship between the amount of oxygen reacted with the
polymer and the elongation at break (Fig. 9). For the accelerated
weathering the drop of the elongation at break started at an
oxygen uptake of about 350 mmol/kg, while for the drop of the
elongation at break for the outdoor weathering an oxygen uptake
of 700 mmol/kg was necessary.
The amount of oxygen converted into CO tends to be a bit
higher for the outdoor than for the accelerated weathering,
although the differences are small (Fig. 10). The conversion of
oxygen into co, shows the opposite behaviour (Fig. 11). For the
accelerated weathering the conversion of oxygen into co, is
higher than for the outdoor weathering. The conversion of oxygen
into co, is in all cases higher than the conversion of oxygen
into co (see Table 1). Table l also shows that only a small part
of the oxygen reacted is converted into co and co,.
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Elongation at break ( %) versus the oxygen uptake
(mmol/kg) for the accelerated weathering of PEI (A)
and PEII (O) and for the outdoor weathering of PEI
(0,+) and PEII (0).
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Table 1.

Conversion of oxygen into co and C02 at an oxygen
uptake of SOO mmol/kg (mmol/kg co or co2 per mmol/kg

for the accelerated weathering of PEI (A) and PEil (O)
and for the outdoor weathering of PEI (0,+).

o.. ).

co.
Accelerated weathering
outdoor weathering

co

.15-.20

.03

.10

.03-.045

The IR spectra for the different samples having an oxygen
uptake between 350 and 450 mmol/kg are shown in Figs. 12 and 13.
Although for the accelerated and outdoor weathering the samples
had taken up about the same amount of oxygen the differences are
remarkable. The oxygen uptake led to larger changes of the IR
spectra for the accelerated weathering than for the outdoor
weathering.
The relationship between the carbonyl groups and the oxygen
reacted with the polymer depends on the kind of exposure. The
conversion of oxygen into carbonyl groups is higher for the
accelerated than for the outdoor weathering (Fig. 14). The same
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Carbonyl absorption (abs. 1712 cm- 1 ) versus the oxygen
uptake (mmol/kg) for the accelerated weathering of PEI
(A) and PEII (O) and for the outdoor weathering of PEI
(0,+) and PEI! (0).

difference is found for the relation between the oxygen uptake
and the IR absorption at 1642 and 908 cm-1 (Figs. 15 and 16) •
These differences show that there is a difference in degradation
chemistry during accelerated and outdoor weathering.
Because mechanical property measurements are destructive a
lot of polymer has to be exposed to determine the time until
mechanical failure. In literature a relationship is assumed
between the amount of carbonyl groups formed and the mechanical
properties'. The carbonyl groups can be measured using a nondestructive method such as IR, so when using IR as degradation
detection technique only a small amount of polymer has to be
exposed to determine the stability. This has led to an increased
use of the rate of change of the IR absorption at 1712 cm- 1 to
determine the stability of a polymer. A plot of the elongation
at break versus the carbonyl absorption (1712 cm- 1 ) shows that
this relationship is not as universal as expected and depends on
the kind of exposure (Fig. 17). During outdoor exposure an
increase of the carbonyl absorption led to a larger drop of the
elongation at break than in the accelerated exposure. The
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Unsaturation (abs. 1642 cm-1 ) versus the oxygen uptake
(mmol/kg) for the accelerated weathering of PEI (A)
and PEII (O) and for the outdoor weathering of PEI
(D,+) and PEII (0).

0.16

I

0.12

E
u

ro

0
O'I

0.08

(f)

<'l

0.04

0.00
0

400

800

1200

1600

Oxygen uptake (rrrnol/kg)

Fig. 16.

End unsaturation (abs. 908 cm-1 ) versus the oxygen
uptake (mmol/kg) for the accelerated weathering of PEI
(A) and PEII (O) and for the outdoor weathering of PEI
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relationship between the amount of end unsaturation (IR
absorption at 908 cm -•) and the elongation at break does not
depend on the kind of exposure (Fig. 18). Instead of using the
change of the IR absorption at 1712 cm- 1 it is better to use the
IR absorption at 908 cm-1 to determine the stability of a
polymer.
The relationships between different IR absorptions occuring
during weathering also depend on the kind of weathering. The
relationships between IR absorptions at 908 and 1712 cm-1 are
plotted in Fig. 19. The ratio between the amount of end
unsaturation and carbonyl groups is higher for the outdoor than
for the accelerated weathering.
The basic mechanism of the photodegradation of PE is known
(see Scheme 1). However, there still are discussions about the
importance of the different reactions.
Recent publications show that in PE the initiating
capability of added ketones and hydroperoxides formed through a
thermal oxidation, is low1"• 17 ' 18 • It has been suggested that in PE
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hydroperoxides do not initiate the photooxidation, because they
decompose without the formation of radicals, Gugumus•• 5 • 6 published
an alternative mechanism leading to radicals. He suggests that
the main source of new radicals is hydrogenperoxide which is
formed through a CTC of the polymer with oxygen. The CTCs lead
to the formation of trans-vinylene groups and hydrogen peroxide,
through a six-membered ring. The hydrogen peroxide can directly
decompose into hydroxy radicals or subsequently photolyse. The
hydroxy radicals formed are converted into water and an alkyl
radical by the abstraction of a hydrogen from the polymer chain.
The polymeric alkyl radicals formed will react with oxygen in the
propagation reaction. Other CTCs are also possible. Instead of
trans-vinylene groups, end-unsaturation or crosslinks can be
formed (Scheme 2) • In the IR spectra of the exposed polymers the
absorptions for unsaturation are found. The absorption at 908
cm-1 is due to the end-unsaturation, while the absorption at 1642
19
CJD-1 is also due to unsaturation1 "
• Unfortunately the IR spectra
were not clear enough to detect the IR absorption of the
trans-vinylene groups. Besides unsaturation the CTCs might also
lead to crosslinking (Scheme 2), which can not be visualized with
IR.
In an earlier study15 comparing the accelerated weathering
of unstabilized and Hindered Amine Light stabilized (HALS) PE,
it was found that for the HALS stabilized PE the main part of the
oxygen taken up by the polymer was converted into gaseous
products, while the degradation of the unstabilized PE resulted
in all kinds of oxidation products. These results could be
explained assuming that the initiation of the oxidation is due
to CTCs of oxygen and the polymer, giving water and radicals. In
the case of the unstabilized PE these radicals initiated the
autoxidation, while for the HALS stabilized the formed radicals
were trapped by the stabilizer and did not initiate the
oxidation. For the unstabilized PE this results in part of the
oxygen being converted via the CTC into water, but the main part
of the oxygen is converted in the normal oxidation process. For
the stabilized PE the in the CTC reaction formed radicals are
trapped, so the normal oxidation will not start and thus the
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major part of the oxygen is consumed in the CTC reaction,
yielding water 15 •
As for the accelerated weathering of.the unstabilized and
HALS stabilized PE, the accelerated and outdoor weathering of the
unstabilized PE gave different oxidation products. For the
accelerated weathering of the HALS stabilized PE and for the
outdoor weathering of the unstabilized PE the oxygen uptake only
led to small changes of the IR spectra and the mechanical
properties. For accelerated weathering of the HALS stabilized PE
.this was explained by assuming that the main part of the oxygen
is converted into water through a CTC initiation mechanism. This
mechanism might also explain the differences between the results
for the accelerated and the outdoor weathering of the
unstabilized PE. Probably the differences between the accelerated
and outdoor weathering are due to a higher oxygen conversion into
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water through a CTC for the outdoor weathering and a higher
conversion of the oxygen in the normal oxidation process during
accelerated weathering.
The ratio between the during exposure formed amount of end
unsaturation and carbonyl groups is higher for the outdoor than
for the accelerated weathering (Fig. 19). This may be due to a
difference in the rate of formation of end unsaturation through
the Morrish II reaction (Scheme 1) or the CTC initiation reaction
(Scheme 2). At the same oxygen uptake level the concentration of
carbonyl groups is lower for the outdoor than for the accelerated
weathering. Morrish II reaction of aldehydes and methyl ketones
can result in gaseous products and cause a drop in the
concentration of carbonyl groups in the polymer, while for all
other ketones the Morrish II reaction does not cause a drop in
the concentration of carbonyl groups. A higher efficiency of the
Morrish II reaction during the outdoor than during the
accelerated weathering, resulting in gaseous products, might
explain the higher ratio between the amount of unsaturation and
carbonyl groups formed, and the higher conversion of oxygen into
undetected (gaseous) products. However, a higher efficiency of
the Norrish II reaction should also cause a faster decline of the
mechanical properties, which is in contrast to what was found.
Experimentally it has been found that oxygen uptake leads to a
faster decline of the mechanical properties in the case of
accelerated than in the case of outdoor weathering. Thus, a
higher efficiency of the Norrish II reaction in outdoor than in
accelerated weathering resulting in gaseous products, does not
explain all results.
The other possible reason for a higher ratio between the end
unsaturation and the carbonyl 9roups, compairing outdoor and
accelerated weathering, is that the initiation by a CTG is more
efficient in outdoor than in accelerated weathering. This might
be due to the difference in temperature during degradation. The
stability of a CTC increase with decreasing temperature~. The
lower temperature during outdoor weathering (the mean monthly
temperature between o and 25°C) in comparison with accelerated
weathering (between 30 and 40°C) might be the reason for a higher
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efficiency of initiation through CTCs in outdoor weathering.
It seems that the major part of the end unsaturation in
accelerated ageing is due to the Norrish II reaction, while in
the case of outdoor ageing the major part is due to CTC
initiation. The initiation by a CTC can be attributed to several
reactions (Scheme 2) • In outdoor weathering a lower ratio between
the amount of end unsaturation and the reacted oxygen is found
in the case of accelerated weathering. This means that the mayor
part of the CTCs results in other products (trans-vinylene or
cross-linking).
\
The oxygen uptake in outdoor and in accelerated weathering
is probably due to different reactions. The results can be
explained assuming that in accelerated weathering the main part
of the oxygen is consumed via the propagation reaction, resulting
in ketones and chain scission and that in outdoor weathering the
major part of the oxygen is converted through a CTC into water
and only a minor part of the oxygen is consumed in the
propagation reaction resulting in ketones and chain scission.
When it is taken into account that the summer outdoor
degradations only take place during part of the day (e.g. 10 h)
it can be concluded that the oxygen uptake in this period of time
is as fast as in accelerated weathering. Thus, an accelerated
test which resembles summer outdoor weathering can show about the
same oxygen uptake rate as the accelerated weathering test used
in this study. However, this alternative test will show smaller
rates for the formation of carbonyl groups and end-unsaturation,
but will give a better correlation with outdoor weathering.
The differences between accelerated and outdoor weathering are
probably due to a difference in ageing temperature, as a decrease
of the temperature during accelerated weathering might lead to
an accelerated weathering test which gives a good correlation
with outdoor weathering.
Probably a better correlation between accelerated and
outdoor weathering will be found if during accelerated weathering
more oxygen is consumed through the CTC initiation mechanism. The
stability of a CTC of oxygen with a polymer depends on
temperature and the oxygen pressure. A decrease of the
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temperature and an increase of the oxygen pressure will result
in a higher stability of the CTC. Thus a decrease of the
temperature and/or an increase of the oxygen pressure can lead
to more initiation through a CTC. In this case an accelerated
weathering test will probably correlate better with outdoor
weathering.

8.4 conclusions.
Accelerated degradation is a faster process than outdoor
degradation, leading to a more rapid drop of the elongation at
break, higher oxygen uptake and CO/C0 2 formation rate as well as
faster changes of the IR spectra.
The outdoor ageing mainly takes place in spring and summer;
in autumn and winter the polymers do not degrade at all. Thus,
part of the acceleration is attributed to the circumstance that
outdoors the polymers degrade only during part of the year. A
comparison of the rate of degradation during accelerated and
during summer outdoor weathering shows that the acceleration
factor depends on the degradation parameter measured. For oxygen
uptake this acceleration factor is only 2. 5, which is small
especially because outdoors the polymers only degrade during part
of the day. For the carbonyl and end-unsaturation formation rates
the acceleration factor is larger (7-10).
The conversion of oxygen into other products depends on the
kind of exposure. A higher oxygen uptake is necessary to bring
about the same drop of the elongation at break (twice) and to get
the same changes of the carbonyl and end unsaturation absorptions
in the IR for outdoor and accelerated weathering.
Thus, in the case of outdoor weathering the oxygen uptake leads
to other oxidation products than in the case of accelerated
weathering.
The differences between accelerated and outdoor weathering
are probably due to a change of the mechanism leading to oxygen
uptake. It has been suggested that in accelerated weathering the
main part of the oxygen is consumed through the propagation
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reaction, giving all expected products, while in outdoor
weathering the main part of the oxygen is consumed by the
initiation reaction caused by a CTC of oxygen and the polymer,
yielding water. A higher conversion of oxygen during the outdoor
weathering by a CTC is probably due to a higher stability of
these complexes at low temperatures.
Probably a decrease of the temperature and/or an increase of the
oxygen pressure during accelerated weathering lead to more
initiation through a CTC and thus a better correlation with
outdoor weathering.
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Comparison of UV degradation chemistry
in accelerated (Xenon) aqinq tests and
outdoor tests (II)*

Summary:

Compared with
outdoor weathering,
accelerated
weathering of polyethylene (using a filtered xenon lamp)
leads to a more rapid decrease in elongation at break,
higher oxygen uptake and a higher CO/C0 2 formation rate, a
faster decrease in the concentration of UV-stabilizer (2hydroxy-4-octoxy-benzophenone) and faster changes in the
IR spectra. The accelerated degradation rate depends on
the type of filter used to filter the xenon lamp. With a
UV-filter (wavelengths >290 nm) degradation is faster than
with a glass filter (wavelengths >310 nm).
A comparison of the data for accelerated (with a
glass filter and a UV-filter) and outdoor ageing at the
same degree of oxidation shows unexpected differences,
especially in the IR spectra. These differences are
explained by assuming a change in the ratio between oxygen
uptake by initiation due to charge transfer complexes
(CTCs) and oxygen uptake due to normal autooxidation.
An increase in the cut-off wavelength of the filter
from >290 nm to >310 nm causes a higher conversion of
oxygen to carbonyl. This is because the absorption of the
CTCs above 290 nm decreases with increasing wavelength,
which means that when a glass filter is used (wavelength
> 310run) oxygen uptake via the CTC mechanism becomes less
important and normal oxidation becomes more important.
The conversion of oxygen to carbonyl during outdoor
weathering is even lower than that during accelerated
weathering using a UV-filter. This is probably because
outdoor weathering takes place at a lower temperature than
accelerated weathering, which results in a higher
stability of the CTCs, so that during outdoor weathering
more oxygen is converted via the CTCs and less through
normal oxidation.

*For number I see Chapter 8, Ref. 1 and 2: P. Gijsman, J.
Hennekens & K.Janssen accepted for publication in Polym.
Deg. & Stab.

9.1

Introduction.

In many cases accelerated weathering is used to predict the
lifetime of polymers under service conditions. The degradation
can be accelerated by increasing the temperature or the intensity
of the light"•'". However, acceleration might also influence the
degradation mechanism and could lead to totally wrong estimates
of the lifetime of polymers. A good correlation between
accelerated and outdoor aging will be found if the various
degradation-determining factors are accelerated in the same way.
These factors are from chemical and physical origin. Different
studies show the importance of chemical and physical factors for
the relation between accelerated and outdoor weathering of
polymers6 ' 7 ' 8 • However data for good comparisons of these factors
between accelerated and outdoor weathering are limited.
A few years ago a programme was started to make a comparison
of the degradation chemistry during accelerated and outdoor
weathering. For the accelerated test an apparatus with a filtered
Xenon lamp was chosen, because the spectrum of this lamp best
resembles the spectrum of the sun on earth. The comparison is
made for unstabilized, UV-absorber type stabilizer and Hindered
Amine Light Stabilizer containing PE. The results for the
unstabilized PE have already been published1 ' 2 • They show large
differences between accelerated and outdoor weathering. These
results are explained assuming different ratios between oxygen
uptake by initiation due to charge transfer complexes (CTCs) and
oxygen uptake due to the 'normal' autooxidation, which is used
in many publications to describe the UV-degradation of PE 3 ' 4 ' 9 ' 1 o,:u.
The HALS containing PE is so stable that there are not yet
enough data available to make a good comparison between outdoor
and accelerated weathering.
In this paper the first results for the UV-absorber
containing PE are reported. A possible difference between outdoor
weathering (Geleen, The Netherlands) and standard accelerated
weathering is the cut-off of the sunlight. This is probably
higher in Geleen than in the standard accelerated test (>290
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nm)'. The influence of the cut-off of the sunlight was studied by
comparing results from accelerated weathering using a UV-filter
(>290 nm) and using a glass filter (>310 nm).
9.2 Experimental.

A comparison was made of the degradation of two stabilized
LDPEs (M., = 91, OOO, CH3 /lOOOC
20, C=C/l0 5 C = 55) • As UV
stabilizer 2-hydroxy-4-octoxybenzophenone (UVA) (for structure
see Fig. 1) at concentrations of 1100 and 1750 ppm was used. All
samples contained 1500 ppm pentaerythrityl-tetrakis-[3-(3,5-ditert.-butyl-4-hydroxyphenyl )-propionate]
as
processing
stabilizer.

,,

0

c:
OH

Fig.

1.

Chemical structure of UVA.

The ageing tests were performed in a closed Durethan glass
system. This type of glass is transparent to light with a
wavelength above 290 nm. All experiments were performed with air
to which 0,83% Helium had been added to detect possible leakages.
The accelerated weathering tests were performed in a
suntester (GMBH Instruments, Hanau, Germany) (filtered xenon
lamp, temperature 40 - 50 °C). The light of the xenon lamp was
filtered with a UV (wavelength > 290nm) or a glass (wavelength
> 310 nm) filter. The outdoor exposure tests were performed in
Geleen, The Netherlands (plaques facing south at an angle of
45°). The tests were started on 26 September 1989. The mean
monthly temperature outdoors and in the closed system varied with
the season between o and 25°C (for details see ref. 1).
oxygen uptake and co and co2 formation were determined by
gas chromatographic (GC) analysis of the gas phase after the
various oxidation times (oxygen analysis: column: molecular sieve
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5-A (Chrompack), 3 m length, 4 mm diameter: temperature 100°c:
carrier gas: argon: flow rate 5 cm/s: detection: Katharometer
(Hewlett Packard): CO analysis: precolumn Porapack (Chrompack),
3m length, column: molecular sieve 13-X (Chrompack), 3 m length,
2 mm diameter: temperature 60°C: carrier gas: hydrogen: flow rate
5 cm/s: detection: Flame Ionization detector (Interscience): C02
analysis:

column:

Porapack

(Chrompack),

4

m

length,

2

mm

diameter: temperature 60°C: carrier gas: hydrogen: flow rate 5
cm/s: detection: Flame Ionization Detector (Interscience)). The
data are presented as mmol oxygen uptake or CO/C0 2 formed per kg
of polymer.
The UVA concentration was measured by performing HPLC on the
chloroform extract of a part of the film. The data are presented
in parts per million (ppm).
The chemical changes in the films were recorded with the aid
of FT-IR. The IR absorptions were calculated as the difference
between the peak absorption and the absorption at a base line.
For the absorptions at 1712 and 1642 cm-1 the base line was drawn
between 1840 and 1600 cm-1 and for the absorption at 908 cm-1
between 950 and 860 cm-1 • The absorption at 1712 cm-1 is due to
carbonyl

stretching,

at 1642 cm- 1

(total) stretching and at 908 cmthe end-unsaturation 12 •
Besides the chemical

1

changes

it

is due

to unsaturation

it is due to deformation of
the

deterioration

of

the

mechanical properties was determined usir:ig the elongation at
break as a criterion (in absolute percentages).
The accelerated weathering test was performed once, while
the outdoor weathering was performed in duplicate.

9.3 Results.
1. Elongation at break (Fig. 2).
The accelerated weathering of the polymers resulted in a
deterioration of the mechanical properties. The UVA concentration
has only a small influence in the rate of degradation. The time
it takes for the elongation at break to drop to 50% of its
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original value (HLT) is 1200 h for the polymer containing 1100
ppm UVA and 1500 h for the polymer containing 1750 ppm UVA. The
influence of the wavelength used during the degradation is
greater. The use of a glass filter instead of a UV filter caused
an increase in the HLT by a factor 2.
After 25000 h outdoor exposure the decrease in the
elongation at break is still small and within experimental error.
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Fig. 2.

Elongation at break (%) as a function of exposure time
(h) (PE containing 1100 ppm UVA: accelerated test
using a UV filter (+), accelerated test using a glass
filter (A), outdoor test (O,+); PE containing 1750 ppm
UVA: accelerated test using a UV filter(•), outdoor
test ( •, v) ) •

2. oxygen uptake (Fig. 3).
During accelerated weathering the oxygen uptake started
immediately and was an almost linear function of time. Again, the
influence of the concentration of stabilizer was smaller than the
influence of the kind of filter used. After 1800 h of aging using
a UV filter the polymer containing 1100 ppm of UVA had an oxygen
uptake of 2100 mmol/kg, compared with 1800 mmol/kg for the
polymer containing 1750 ppm UVA, while 1800 h of aging using a
glass filter led to an oxygen uptake of only 600 mmol/kg for the
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polymer containing 1100 ppm UVA.
During outdoor weathering the oxygen uptake curves showed
a totally different behaviour. The exposures of these samples
started in September. During the following autumn and winter
periods no oxygen uptake was detected. The samples started to
take up oxygen in the next spring. During the summer the rate of
oxidation became constant and it slowed down at the end of the
summer. During autumn and winter there was almost no oxygen
uptake and in the early spring a second increase in oxidation
rate took place. After almost 3.5 years the oxygen uptake was
about 1 mol/kg. The concentration of stabilizer did not have any
influence on the oxygen uptake figures. The reproducibility of
the oxygen uptake during outdoor weathering was good.
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Fig. 3.

oxygen uptake (mmol/kg) as a function of exposure time
(h) (PE containing 1100 ppm UVA: accelerated test
using a UV filter(+), accelerated test using a glass
filter (4), outdoor test (O,+); PE containing 1750 ppm
UVA: accelerated test using a UV filter(•), outdoor
test (•, v)).

3. Formation of CO and co, (Fig. 4 and 5).
During accelerated ageing the formation of CO and C0 2 is
almost linear in time. The influence of the stabilizer
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concentration and the type of filter used on the rate of co and
C02 formation is comparable to the effect on the oxygen uptake.
After 1800 hours of ageing with the UV filter the polymer
containing 1100 ppm UVA had formed amounts of CO and C02 of 110
and 360 mmol/kg respectively and the polymer containing 1750 ppm
UVA 90 and 350 mmol/kg respectively, while 1800 h of aging using
a glass filter for the polymer containing 1100 ppm UVA led to 30
m:mol/kg of CO and 120 mmol/kg of C02 •
For the outdoor weathering test the shapes of the curves
representing the formation of CO and C02 are comparable to the
shape of the oxygen uptake curves, although the PE containing
1100 ppm UVA formed a little more CO and C02 after 35000 hours
degradation.
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Formation of C02 (mmol/kg) as a function of exposure
time (h) (PE containing 1100 ppm UVA: accelerated test
using a UV filter (+), accelerated test using a glass
filter (a), outdoor test (O,+); PE containing 1750 ppm
UVA: accelerated test using a UV filter(A),· outdoor
test (e,v)).

4. IR absorptions (Fig. 6,7 and 8).
During degradation the changes in the IR spectra were also
recorded. For the accelerated weathering test the increase in
carbonyl absorption (1712 cm-') shows an induction time (Fig. 6).
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Carbonyl absorption at 1712 cm-1 as a function of
exposure time (h) (PE containing 1100 ppm UVA:
accelerated test using a UV filter (+), accelerated
test using a glass filter (A), outdoor test (O,+); PE
containing 1750 ppm UVA: accelerated test using a UV
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Unsaturation (absorption at 1642 cm-1 ) as a function
of exposure time (h) (PE containing llOO ppm UVA:
accelerated test using a UV filter (+), accelerated
test using a glass filter (A), outdoor test (O,+): PE
containing 1750 ppm UVA: accelerated test using a UV
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This induction time is independent of the concentration of UVA
and of the type of filter used. After the induction time a
smaller increase in the rate of oxidation is found with a glass
filter than with a UV filter. The amount of stabilizer has almost
no influence on the increase in carbonyl absorption after the
induction time. During outdoor weathering the increase in
carbonyl absorption is only marginal (Fig. 6). Only for the
sample containing 1100 ppm UVA was a small increase of the
carbonyl absorption found after about 3 years.
The changes in the amount of unsaturation during weathering
were also recorded. The change in the concentration of total
unsaturation (IR absorption at 1642 cm-1) (Fig. 7) and of the
concentration of end-unsaturation ( IR absorption at 908 cm-1 )
(Fig. 8) is plotted versus the exposure time. These plots show
the same curvature as the plot of carbonyl absorption versus
exposure time.
5. UVA concentration (Fig. 9 and 10).

The decrease in UVA concentration is plotted versus exposure
time in Fig. 9. For all exposures this decrease is first order
with respect to the stabilizer concentration (Fig. 10). For the
accelerated degradation in the presence of a UV-filter the
decrease rate constant is independent of the concentration. This
is not the case for the outdoor weathering test.

9.4 Discussion

As expected, during accelerated weathering the degradation
rate is higher than during outdoor weathering. During the summer
period the oxidation rate is 13 times as low as during
accelerated weathering using a UV filter and 7.5 times as low as
when a glass filter is used. These acceleration factors are much
higher than those found for unstabilized PE (accelerated only 2. 5
times faster than outdoors) 1 ' 2 , al though in the latter case the
accelerated weathering was performed at a temperature which was
about l0°C lower.
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During accelerated and outdoor summer weathering the
carbonyl and end-unsaturation formation rates differ more than
the oxygen uptake rates (> 20 versus 13).
The degradation rate depends on the conditions in which
the polymer is aged, which makes it difficult to compare data
relating to different exposures. Because the weathering of PE is
believed to be due to oxidation, comparing the data at the same
oxygen uptake eliminates the influence of the degradation rate.
For this purpose plots were made of the results of different
measurements versus the oxygen uptake.
As was found for unstabilized PE1 • 2 , the amount of oxygen
converted to C02 tends to be somewhat higher for accelerated
weathering than for outdoor weathering, although the differences
are small (Fig. 11). The conversion of oxygen to CO is
independent of the stabilizer concentration and the type of aging
(Fig. 12). Figs 11and12 it can also be concluded that only 10 20% of the reacted oxygen is converted to CO and C02 •
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Formation of co2 (mmol/kg) as a function of the oxygen
uptake (mmol/kg)
(PE containing 1100 ppm UVA:
accelerated test using a UV filter (+), accelerated
test using a glass filter (a), outdoor test (O,+): PE
containing 1750 ppm UVA: accelerated test using a UV
filter(•), outdoor test (•,v)).
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Formation of CO (mmol/kg) as a function of oxygen
uptake (mmol/kg)
(PE containing 1100 ppm UVA:
accelerated test using a UV filter (+), accelerated
test using a glass filter (6), outdoor test (O,+); PE
containing 1750 ppm UVA: accelerated test using a UV
filter(•), outdoor test (9,v)).

The elongation at break of the compounds weathered outdoors
did not start to decrease until the oxygen uptake was 500
mmol/kg, while for the sample subjected to accelerated ageing a
linear decrease was found (Fig. 13). However, for a good
comparison more outdoor weathering data are necessary.
The IR spectra between 1840 and 1600 cm-1 and between 940
and 850 cm-1 of the various samples having an oxygen uptake
between 850 and 1050 mmol/kg are shown in Figs. 14 and 15.
Although in the accelerated and outdoor tests the samples had
taken up about the same amount of oxygen, the differences in the
IR spectra are remarkable, especially between 1840 and 1600 cmThe PE containing 1100 ppm UVA that was subjected to accelerated
ageing using a glass filter shows the largest absorptions. A
change of the filtering of the UV-lamp from a glass into a UV
filter caused a lower conversion of oxygen to products absorbing
in this region of the IR spectrum. The difference found for the
samples containing 1100 and 1750 ppm UVA that were subjected to
accelerated ageing is probably due to the difference in oxygen
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test oxygen uptake 1034 mmol/kg (g, - - -).
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uptake between these samples (863 versus 995 mmol/kg).
Outdoor weathering causes the lowest conversion of oxygen to
products absorbing around 1712 cm- 1 • This conversion is small for
the samples containing the lowest concentration of UVA and is
negligible for the samples containing 1750 ppm UVA. The
differences in the IR spectra between 940 and 850 cm- are
smaller (Fig. 15).
1
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IR-Spectra between 940 and 850 cm- of weathered PE
having taken up between 850 and 1050 mmol/kg oxygen
(PE containing 1100 ppm UVA: accelerated test using a
UV filter, oxygen uptake 863 mmol/kg (a, --);
accelerated test using a glass filter, oxygen uptake
931 mmol/kg(b, - - -); outdoor test oxygen uptake 995
mmol/kg (c,
- ) and 992 mmol/kg (d, • • • ·). PE
containing 1750 ppm UVA: accelerated test using a UV
filter, oxygen uptake 962 mmol/kg( e, -· ·-· •-); outdoor
test oxygen uptake 850 mmol/kg(f,- - ) : outdoor
test oxygen uptake 1034 mmol/kg (g, - - -).
1

The above-mentioned differences are found not only for an
oxygen uptake around 1000 mmol/kg, but also at other oxygen
uptake levels. The relationship between the absorption at 1712
(carbonyl), 1642 (total unsaturation) and 908 (end-unsaturation)
cm-1 and the oxygen uptake are shown in Figs 16, 17 and 18
respectively. Samples containing 1750 ppm UVA subjected to
outdoor ageing show the lowest absorption at 1712 cm-• over the
whole oxygen uptake range. The outdoor ageing results for one of
the two samples containing 1100 ppm UVA show some spread, while
the other sample does not. However, for the second sample the
ratio between carbonyl absorption and oxygen uptake is very low.
The highest ratio is found for the sample containing 1100 ppm UVA
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Carbonyl absorption at 1712 cm-1 as a function of
oxygen uptake (mmoljkg) (PE containing 1100 ppm UVA:
accelerated test using a UV filter (+), accelerated
test using a glass filter {A), outdoor test (O,+): PE
containing 1750 ppm UVA: accelerated test using a UV
filter(•), outdoor test (e,v)).

subjected to accelerated ageing using a glass filter. For all
ageings the increase in carbonyl absorption is observed only
after a certain oxygen uptake: for accelerated ageing with a
glass filter after an oxygen uptake of about 100 mmol/kg and for
accelerated ageing with an UV-filter after about JOO mmol/kg. Due
to the spread in the results of one of the two samples with 1100
ppm UVA it is difficult to exactly determine the oxygen uptake
before the carbonyl absorption increases, but it is probably
between 400 and 800 mmol/kg. The sample containing 1750 ppm UVA
does not show an increase in carbonyl absorption not even after
an oxygen uptake of 1000 mmol/kg. For these samples no increase
in absorption at 1642 and 908 cm- is found either (Figs. 17 and
18). All other samples show an increase in these absorptions
after an oxygen uptake of about 400 mmol/kg.
The ratio between the oxygen uptake and the decrease in UVA
concentration is independent of the type of degradation {Fig. 19)
In practice the deterioration of mechanical properties is
in many cases the most relevant. The corresponding tests are
destructive, which means that a lot of material needs to be
1
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End-unsaturation (absorption at 908 cm-1) as a function
of oxygen uptake (mmol/kg) (PE containing 1100 ppm
UVA: accelerated test using a UV filter (+),
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exposed. In the literature 13 a relationship is assumed between
the number of carbonyl groups formed and the mechanical
properties. Since IR measurements are not destructive, this
relationship might make it possible to reduce the amount of
material to be aged. However, for unstabilized PE it was found
that the relationship between elongation at break and carbonyl
absorption depends on the ageing method used (accelerated versus
outdoor) 1 ' 2 • In this case a better relationship was found between
end-group absorption {908 cm-1 ) and elongation at break. The same
seems to be the case for the UVA containing PE, although the
decrease in the elongation at break during outdoor weathering is
still relatively small (Figs 20 and 21).
The relationships between different IR .absorptions occurring
during weathering also depend on the weathering method applied.
The relationships between IR absorptions at 908 and 1712 cm-1 are
plotted in Fig. 22. The ratio between the amount of endunsaturation and carbonyl groups increases as one shifts from
accelerated weathering using a glass filter, through accelerated
weathering using a UV filter, to outdoor weathering.
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As is shown in Fig. 19 the ratio between the oxygen uptake
and the stabilizer concentration is independent of the weathering
method. However, the ratio between the increase in carbonyl
absorption and the decrease in stabilizer concentration does
depend on the weathering method (Fig. 23). For the samples
subjected to accelerated ageing the decrease in UVA concentration
causes a bigger increase in carbonyl absorption than for the
samples aged outdoors. This is most clear for the samples
containing 1750 ppm UVA.
From all these data it is clear that the mechanisms of
accelerated and outdoor ageing differ. The oxygen uptake during
outdoor weathering leads to smaller amounts of detectable
products than the oxygen uptake during accelerated weathering
using a UV filter, which leads to less detectable products than
the oxygen uptake during accelerated weathering using a glass
filter.
As early as 1965 Chien" suggested that photochemical
degradation is initiated by charge transfer complexes between the
substrate and oxygen. Later this reaction was dismissed as being
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1

irrelevant to the initiation of the oxidation of polymers 15 ,
because the absorption of these charge transfer complexes in the
sunlight wavelengths that reach the earth9 is very low. However,
low absorptions over a very long period might still be important.
Oxygen uptake can be due to different mechanisms. One of
them is 'normal autooxidation' as first described by Bolland and
Gee' 6 " 7 , which has been used in many publications to describe the
UV-degradation of PE'• 4 • 9 • 10·u. This mechanism should lead to the
expected oxidation products, such as carbonyls. Another mechanism
which might cause oxygen uptake is the direct reaction of oxygen
with the polymer through a charge transfer complex18 • 19 • 20 • 21 • This
mechanism leads to water, unsaturation and crosslinks (Scheme 1) •
The differences between the results for unstabilized PE in
accelerated and outdoor tests was explained by asswaing that
during outdoor ageing more oxygen is consumed by the CTC
mechanism than by the normal autooxidation, while during
accelerated weathering it is the other way around.
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Scheme 1. Possible reactions of oxygen-polymer charge transfer
complexes.
In the accelerated test on UVA containing PE the ratio
between carbonyl absorption and oxygen uptake is higher than in
outdoor tests

(Fig. 16). The use of a glass filter causes a

higher ratio than the use of a UV filter. This means that during
accelerated

weathering

using

a

glass

filter

the

'normal'

autooxidation is more important than for accelerated weathering
using a UV filter, while for both types of accelerated weathering
the normal oxidation is more important than during outdoor
weathering. This also means that the importance of oxygen uptake
by

the

charge

transfer

mechanism

decreases

from

outdoor

weathering through accelerated weathering using a UV-filter to
accelerated weathering using a glass filter. Thus, a cut-off
wavelength of 310 nm for the glass filter results in the CTC
initiation becoming less important, which can be expected on the
basis of the absorption spectrum of these CTC complexes 11 • 22 •
The products which can be formed due to the CTC mechanism
are unsaturation, crosslinks and water. The degradations were
performed in all-glass systems, which made it difficult to
determine the conversion of oxygen to water. Crosslinks cannot
be visualized with IR and unfortunately the IR spectra were not
clear enough to

detect

the

IR absorption

of

trans-vinylene

groups. The only product detected was end-unsaturation, but this
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product may also have been formed due to the Norrish II reaction
(Scheme 2). However, the ratio between the absorption at 1712 and
908 cm- (Fig. 22) depends on the type of exposure. This cannot
be explained assuming a change in quantum efficiency of the
Norrish II reaction, because a higher efficiency of this reaction
should also cause a faster deterioration of the mechanical
properties, which is in contrast to the findings. Thus there must
be a second mechanism which leads to end-unsaturation. This is
probably the CTC mechanism.
1

0

0

II

II

-CH 2 -C-CH 3 + CH 2=CH-

-CH 2-C-CH 2-CH 2-CH 2Scheme 2. Norrish II reaction.

The decrease in UVA concentration can be due to
evaporation•, photolysis of the stabilizer2 ' or reactions with
radicals 2 ' · 2 • . The ageing tests were performed in a closed system,
which makes it very unlikely that stabilizer was lost due to
evaporation. Pickett & Moore showed that the photolysis of UVA
is only important in very slowly degrading polymers, while in
degrading matrices the destruction of the stabilizer is probably
due to reaction with radicals. Gugumus 24 showed that the decrease
in the concentration of UVA in PE is due to UVA's radical
scavenging ability. Irrespective of the mechanism ('normal'
oxidation versus CTC initiation) oxygen uptake leads to radicals,
which means causing that the ratio between oxygen uptake and the
decrease in UVA concentration is independent of the type of
weathering.
The relation between the decrease in UVA
concentration and the increase in carbonyl absorption depends on
the type of weathering (Fig. 23); during outdoor weathering this
relation decreases faster than during accelerated weathering.
Thus a decrease in stabilizer concentration causes an oxygen
uptake which is independent of the weathering method used and a
carbonyl absorption which does depend on the weathering method
used. From these results it can be concluded that the consumption
of stabilizer is due to different reactions during outdoor and
2

'
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accelerated weathering. The radicals scavenged during outdoor
weathering also cause the increase in carbonyl absorption and
probably originate from the normal autooxidation. However, the
radicals destroying the UVA during outdoor weathering do not form
carbonyl groups. These radicals are probably the radicals formed
via the CTC.
The differences between accelerated and outdoor weathering
of unstabilized1 • 2 and UVA containing PE are probably due to a
change in the mechanism leading to oxygen uptake. It has been
suggested that during accelerated weathering the oxygen is for
the greater part consumed through normal oxidation, giving all
expected products, while during outdoor weathering the oxygen is
for the greater part consumed by the initiation reaction caused
by a CTC of oxygen and the polymer.
In Europe the cut-off wavelength of sunlight reaching earth
depend on the time of the year and might be above 300 nm3 •
However, a difference in cut-off wavelength of sunlight does not
explain the results, because an increase cut-off wavelength in
the accelerated test from 290 nm (using a UV filter) to 310 nm
(using a glass filter) resulted in even less oxygen being
consumed via the CTC mechanism.
Another difference between accelerated and outdoor
weathering is the ageing temperature. During accelerated
weathering the temperature is higher than during outdoor
weathering. The oxygen solubility and the CTC stability decrease
with increasing temperature. Thus, a higher conversion of oxygen
during outdoor weathering by a CTC is probably due to the higher
stability of these complexes at low temperatures. Probably a
decrease in temperature and/or an increase in oxygen pressure
during accelerated weathering will lead to more initiation
through a CTC and thus to a better correlation with outdoor
weathering.
9.5 Conclusions.
Accelerated degradation (using a filtered xenon lamp) leads
to a more rapid decrease in the elongation at break, a higher
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oxygen uptake and a higher CO/CO,. formation rate, a faster
decrease in the concentration of UV-stabilizer and faster changes
in the IR spectra than does outdoor weathering. The accelerated
degradation rate depends on the type of filter used to filter the
xenon lamp. With a UV filter (wavelengths >290 nm) the
degradation is faster than with a glass filter (wavelengths >310
nm). The degradation rate in Geleen (The Netherlands) depends on
the season: during autumn and winter the degradation rate is
negligible. The degradation mainly takes place during spring and
summer.
The conversion of oxygen to other products depends on the
kind of exposure. Accelerated ageing using a glass filter leads
to a higher carbonyl absorption due to oxygen uptake
than
accelerated ageing using a UV filter, which in turn leads to a
higher carbonyl absorption than outdoor ageing. These differences
are probably due to a change in the mechanism causing oxygen
uptake. This change does not result in a change in the amount of
oxygen leading to a reduction of the concentration of stabilizer.
However, it results in different ratios between the amount of
end-unsaturation and the number of carbonyl groups, and between
the amount of stabilizer consumed and the number of carbonyl
groups.
It has been suggested that oxygen uptake can be the result
of normal autooxidation (leading to, for example carbonyl) or of
a CTC reaction between PE and oxygen, causing a conversion of
oxygen to water. The results can be explained assuming that
during accelerated weathering the oxygen is for the greater part
consumed through normal autooxidation, while in outdoor
weathering the oxygen is for the greater part consumed by CTC.
The difference between outdoor (Geleen) and accelerated
weathering (using a UV filter) is not due to a higher cut-off
wavelength of sunlight in Geleen, because an increase in cut-off
wavelength from 290 nm into 310 nm causes even more of the oxygen
to be converted by normal oxidation and less by the CTC complex
mechanism. The higher conversion of oxygen during outdoor
weathering by a CTC is probably due to the higher stability of
these complexes at low temperatures.
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Summary

Environmental degradation limits the lifetime of articles
made from polyolefins. These lifetimes are generally too long
to be determined in tests which are performed under
environmental conditions. As a result, most investigations on
the degradation of polyolef ins are done under accelerated
conditions. Accelerated ageing is not only used to determine
the stability but also to determine the mechanisms causing the
degradation of polyolefins. In this thesis it is shown that
the mechanism causing the long-term degradation of polyolefins
highly depends on the experimental method used and that the
use of incorrect methods can result in inaccurate lifetime
predictions. As long as the processes which are responsible
for the deterioration of polyolefins are not understood,
lifetime determinations have to be done in not to much
accelerated tests. However, when these processes are known an
attempt can be made to develop an accelerated test from which
the lifetime of a polyolefine under environmental conditions
can be forecasted.
In this thesis the influence of acceleration of the
degradation on the mechanism causing failure as well as the
mechanisms
causing
degradation
and
stabilization
are
described, starting with a general introduction (chapter 1)
and an overview of the literature (chapter 2).
In chapter 3 it is shown for unstabilized PP that at high
temperatures (above 100°c) the oxidation mechanism is as
expected,
while
at
lower
temperatures
the
degradation
mechanism is different. It is shown that for oxidations
between 50 and 90 ·c the increase in the oxidation rate of PP
after the induction period is not, as generally accepted on
the basis of high-temperature experiments,
due to the
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faster decomposition of peracids, which
oxidation of primary oxidation products.

result

from

the

In chapter 4 it is shown that the plots of the logarithm
of the induction period versus the reciprocal temperature
(Arrhenius plot) of unstabilized PP are curved. The curvature
of these Arrhenius plots depends on the concentration and type
of polymerization catalyst. At 50°C polymers containing less
than 2 or 8 ppm of a killed Ti polymerization catalyst show a
longer induction period than polymers containing 64 and 180
ppm Ti. At 130°C there is almost no difference in the stability
of these four polymers. The different influences for the
various polymers at high and low temperatures as well as the
curvature of the Arrhenius plots can be explained assuming a
change in the hydroperoxide decomposition mechanism. The
hydroperoxide decomposition is probably thermal at high
temperatures and Ti-catalyzed at low temperatures.
In chapter 5 the mechanisms described in chapters 3 and 4
are used to explain why hindered amine stabilizers (HAS)
function well only at low temperatures. As mentioned above, at
low temperatures peracids cause the increase of the oxidation
rate after the induction period, while at high temperatures
the increase of the oxidation rate is due to the accumulation
of hydroperoxides. In model experiments it has been shown that
HAS are capable of preventing the oxidation of aldehydes
(which gives peracids), while they are not able to prevent the
oxidation of hydrocarbons. This is the reason that HAS
function well at low temperatures, but do not function at high
temperatures.
The acceleration of the degradation also has an influence
on the stability-determining factor of stabilized PP. In
chapter 6 it is shown that the stability-determining factor
shifts from degradation chemistry to stabilizer volatility,
when the degradation temperature is decreased from 150 to
ao·c. This shift in stability-determining factor results in
curvature of the Arrhenius plots and makes the ranking of
stabilizer recipes and the relation between temperature and
thickness temperature dependent.
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Besides the thermo-oxidative degradation, photo-oxidative
degradation has also been studied. In chapter 7 it is shown
that the mechanism causing the photo-oxidative degradation of
polyethylene and the mechanism of action of hindered amine
light stabilizers (HALS) differ from the generally accepted
mechanisms.
It is shown that the oxygen uptake of an
unstabilized PE film results in expected changes in the IR
spectra and in embrittlement of the film, while the oxygen
uptake by the HALS-stabilized films causes only minor changes.
This difference can be explained by assuming that the
initiation of the photo-degradation of PE is due to charge
transfer complexes.
Chapters 8 and 9 show that the outdoor degradation
mechanism for unstabilized and UV-stabilized polyethylene
differs from the degradation mechanism in the mostly used
accelerated ageing tests, using a xenon lamp. A comparison of
the data for accelerated ageing and outdoor ageing at the same
degree of
oxidation
(oxygen uptake)
reveals unexpected
differences. Especially the differences in the IR spectra and
mechanical properties at the same oxidation level are
unexpected. For outdoor weathering a higher oxygen uptake is
necessary to give the same drop of the elongation at break and
to form the same amount of carbonyl groups and unsaturation as
The results are explained
for the accelerated weathering.
assuming different ratios between oxygen uptake by initiation
due to charge transfer complexes (CTCs) and oxygen uptake due
to the propagation reaction for accelerated and outdoor
ageing.
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De

levensduur van uit polyolefinen gemaakte artikelen
wordt voornamelijk bepaald door de snelheid waarmee het
polymeer tijdens gebruik oxydeert. Over het algemeen duurt dit
zo lang dat bij onderzoeken naar de degradatie en ultieme
leeftijd van polyolefinen gebruik gemaakt wordt van degradatie
versnellende
omstandigheden.
In
dit
proefschrift
wordt
aangetoond dat het mechanisme dat de degradatie veroorzaakt
sterk afhangt van de gebruikte verouderingsmethode, waardoor
het gebruik van een niet met de praktijk overeenkomende snelle
verouderingstest kan leiden tot verkeerde levensduurvoorspellingen. Zolang de mechanismen, die de veroudering van polyolefinen veroorzaken, nog onvoldoende bekend zijn kunnen
betrouwbare levensduur voorspellingen alleen gedaan worden
m.b. v. resultaten van niet te sterk versnelde verouderingen.
Echter, wanneer het mechanisme bekend is, kan mogeli jk een
versnelde test ontwikkeld worden waarmee experimenten gedaan
kunnen worden die wel leiden tot betrouwbare levensduurvoorspell ingen.
In dit proefschrift wordt de invloed van de versnelling
van de degradatie op het mechanisme van degradatie en
stabilisatie van polyolefinen beschreven, beginnende met een
algemeen overzicht (hoofdstuk 1) en een overzicht van de
literatuur (hoofdstuk 2).
In hoofdstuk 3 wordt beschreven dat voor ongestabiliseerde polypropeen (PP) het oxydatiemechanisme bij hoge
temperatuur (> l00°C) overeenkomt met vigerende literatuur
modellen, terwijl bij lagere temperatuur dit mechanisme anders
is. Bij temperaturen tussen de 50 and 90 ·c is de verhoging
van de oxydatiesnelheid na een inductieperiode niet het gevolg
van de accumulatie van hydroperoxiden (zoals algemeen geaccep-
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teerd op basis van hoge temperatuur experimenten) , maar het
gevolg van de vorming van snelontledende perzuren.
In hoofdstuk 4 wordt beschreven dat voor ongestabiliseerde PP de grafieken van de logaritme van de inductietijd
versus de reciproke temperatuur (Arrheniusplot) niet linear
zijn (helling bij hoge temperatuur groter dan bij lage
temperatuur). De mate van kromming is afhankelijk van de
hoeveelheid polymerisatiekatalysator (Ti), die in het polymeer
aanwezig is.
Polymeren met een kleine hoeveelheid van een
gedeactiveerde polymerisatiekatalysator (minder dan 2 of 8 ppm
Ti) hebben bij 50°C een langere inductietijd dan polymeren met
64 en 180 ppm Ti, terwijl bij 130°C de inductietijd van deze
vier polymeren vergelijkbaar is. Het verschil in gedrag van
deze polymeren en de kromming van de Arrheniusplots worden
veroorzaakt doordat het hydroperoxide ontledingsmechanisme
temperatuur afhankelijk is. Deze is bij hoge temperatuur
thermisch en bij lage temperatuur Ti gekatalyseerd.
In hoofdstuk 5 worden de mechanismen uit hoofdstuk 3 en 4
gebruikt om te verklaren waarom "hindered amine stabilizers"
(HAS) alleen bij lage temperatuur goed werken. Bij hoge
temperatuur is de versnelling van de oxydatie het gevolg van
de accumulatie van hydroperoxiden, terwijl bij lage temperatuur dit het gevolg is van de vorming van snelontledende
perzuren. M.b.v modelexperimenten is aangetoond dat HAS de
degradatie van aldehyden ( leidt tot perzuren) kan vertragen,
terwijl ze de oxydatie van koolwaterstoffen niet kunnen
onderdrukken. Hierdoor werkt HAS wel als stabilisator bij lage
en niet bij hoge temperatuur.
De versnelling van de degradatie heeft ook invloed op de
stabiliteitsbepalende factor voor gestabiliseerde PP.
In
hoofdstuk 6 wordt beschreven dat verlaging van de verouderingstemperatuur
een verandering van
de degradatiesnelheidsbepalende factor veroorzaakt. Bi j hoge temperatuur ( 150 • C)
wordt de degradatiesne1heid bepaald door de snelheid waarmee
de
chemische
veranderingen
optreden,
terwijl
bij
lage
temperatuur (80°C) de verdampingssnelheid van de stabilisator
factor
verandering
de
snelheidsbepalende
is.
Deze
in
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snelheidsbepalende
factor
heeft
een
kromming
van
de
Arrheniusplot tot gevolg en zorgt er tevens voor dat de
ranking van stabilisatoren en de relatie tussen stabiliteit en
dikte van het materiaal temperatuursafhankelijk is.
Naast de thermo-oxydatieve degradatie is de fotooxydatieve degradatie bestudeerd.
In hoofdstuk 7 wordt
beschreven dat het mechanisme dat de stabilisatie van
polyetheen
en
de
werking
van
"hindered
amine
light
stabilizers" (HALS) verklaart, verschilt van bet algemeen
geaccepteerde. De zuurstofopname van ongestabiliseerde PE
blijkt te resulteren in de te verwachten veranderingen in het
IR spectrum en verbrossing van de film, terwijl de zuurstofopname van met HALS gestabiliseerde PE films slechts kleine
veranderingen veroorzaakt. Dit verschil wordt veroorzaakt
doordat de initiatie van de foto-degradatie van PE vanuit
charge transfer complexen plaats vindt.
Hoofdstuk
8
en
9
beschrijven
dat,
zowel
voor
ongestabiliseerde (hoofdstuk 8) als voor gestabiliseerde
(hoofdstuk 9) polyetheen, het degradatiemechanisme tijdens
buitenbelichting verschilt van dat in de meest gebruikte
versnelde test (met een xenon lamp). Vergelijkinging van de
data
bij
eenzelfde
zuurstofopname
geeft
onverwachte
resultaten. Vooral het verschil in de IR spectra en de
mechanische eigenschappen van monsters met vergelijkbare
zuurstofopname is opvallend. Ti jdens bui t;enbelichting is een
hogere
zuurstofopname
noodzakelijk
om
vergelijkbare
veranderingen in de mechanische eigenschappen en in het IRspectrum te krijgen dan tijdens de versnelde veroudering. Dit
verschil wordt waarschijnlijk veroorzaakt doordat voor de
buitenveroudering relatief meer zuurstof via charge transfer
complexen opgenomen wordt terwijl in de versnelde test
relatief meer zuurstof via de 'normale' oxydatie opgenomen
wordt.
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CurriculWll vitae

De schrijver van dit proefschrift is op 14 juni 1959 in
Vlaardingen geboren. Na het behalen van het Atheneum-S diploma
aan de scholengemeenschap Casimir te Vlaardingen in 1977,
begon hij zijn studie Scheikunde aan de Rijksuniversiteit te
Leiden. Het kandidaatsexamen S4 (tweede hoofdvak wiskunde)
legde hij in februari 1980 af. De doctoraalstudie omvatte het
hoofdvak organische chemie onderleiding van Prof. Dr. c.
Altona, het eerste bijvak chemische technology aan de TU Delft
en het tweede bijvak nummerieke wiskunde. Het doctoraal examen
legde hij in mei 1982 met lof af.
Vanaf 1 september van datzelfde jaar is hij werkzaam bij DSM
Research op het gebied van degradatie en stabilisatie van
polymeren.
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Op deze plaats wil de schrijver van dit proefschrift DSM
Research bedanken voor het geven van toestemming, de vermelde
resultaten te publiceren en te gebruiken voor dit proefschrift.
Bovendien bedank ik alle collegae die bijgedragen hebben
in de totstandkoming van dit proefschrift. Met in het
bijzonder Jef Vincent en Jan Hennekens, die in de begin jaren
bij DSM voor de begeleiding en inwijding in het veld van stabilisatie van polymeren gezorgd hebben.
Ik bedank mi jn ouders, die er in belangri jke mate toe
bijgedragen hebben dat ik zover gekomen ben.
steun

Als laatste wil ik mijn vrouw, Wilna, bedanken door wiens
het mogelijk was dat ik menig 'vrij' uurtje in de

totstandkoming van dit proefschrift kon steken.

st.e.1.1.i:nge:n
behorende bij proefschrift :
"The Long-Term Stability of Polyolefins"
van P. Gijsman.
1.

Het gebruiken van computer modellen voor het voorspellen
van de buitenduurzaamheid van polymeren (Sommersall,A.C. &
Guillet,J.E. in "Polymer stabilization and Degradation•,
ed. Klemchuk,P.P., American Chemical Society Symposium
Series No. 280, 1985, pp. 211-234.) is onmogelijk zolang
bet mechanisme dat tot falen leidt niet bekend is (dit
proefschrift hoofdstukken 8 en 9).

2.

Het verlengen van de levensduur van (polymere) artikelen
middels stabilisatie is veel effectiever (dit proefschrift
hoofdstukken 6, 7 en 9) dan het aanpassen van de vorm van
bet artikel (Schoolenberg, G.E., Proefschrift 'l'U Delft
1988; de Bruijn, J.C.11.., Proefschrift TU Delft, Delft
1992).

3.

Het beAindigen van onderzoek met de constatering dat
vertalingen van versnelde testen naar praktijk
omstandigheden slecht zijn (Davis, A. & Si111S, D., in
•weathering of Polymers", Applied science Publisher,
London, 1983; Gugumus, F. in "Develop111ents in Polyaer
St;abilisation•, Vol. 8, ed. Scott, G., Applied Science
Publisher, London, 1987, pp. 239-289) is een
onderschatting van bet belang van dit soort testen.

4.

De werking van stabilisatoren is i.t.t. wat in veel
studies impliciet aangenomen wordt sterk afhankelijk van
de toegepaste verouderingsmethode (Rabek, J.F. in
•Photostabilization of Polymers•, Elsevier Applied
Science, London and Bew York, 1990; dit proefschrift
hoofdstukken 5 en 7).

5.

ondanks dat algemeen geaccepteerd is dat de degradatie van
kunststoffen een heterogeen proces is (Knight, J.B.,
Calvert, P.D. & Billingham, B.c., Polymer, 26 (1985) 1713:
Billingham, N.C. in •oxidation Inhibition In Organic
11.aterials•, Vol. II, eds. Pospisil, J. & Klemchuk, P.P.,
CRC Press, Inc. Boca Raton, Florida, 1990, pp. 249-297;
Dit proefschrift hoofdstukken 3 en 4) zijn er nog vele die
de degradatie m.b.v. kinetische modellen proberen te
beschrijven. (Vassil'ev, R.F., Prog. React. Kinetics, 4
(1967} 305; Zlatkevitch, L.J., Polym. Sci., Polym. Phys.,
23 (1985) 1691).

6.

Het subsidiAren van publikaties uit de industrie zal
leiden tot een grotere openheid van industriAle research.

7.

Afbreekbare polymeren voor verpakking is zonde van de
energie die in de verpakking opgesloten zit.

8.

De degradatie van kunststoffen leidt er toe dat (polymere)
kunstobjecten tot as vergaan.

9.

Dat niet algemeen bekend is dat kunststoffen permeabel
zijn, blijkt uit het advies van de consumentenbond om
gebruikte verfkwasten verpakt in plasticfolie in de
koelkast te bewaren (Consumentengids oktober 1994, blz
629).

10.

Het oefenen in bet bestrijden van ongevallen wordt steeds
belangrijker voor laboratoria waar zodanig veilig gewerkt
wordt dat er bijna geen ongevallen optreden.

11.

Voor het bereiken van researchdoelstellingen is het hebben
van de juiste expertises veel belangrijker dan de
organisatie.

12.

De voorspellingen dat de PP matten, die de ondergrond van
de oosterscheldedam bij elkaar moeten houden, 200 jaar
meegaan zijn gebaseerd op drijfzand.

