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ABSTRACT: Polypropylene (PP) samples stabilized by a
hindered phenol (Irganox 1010) were submitted to thermal
ageing at 80�C in air at atmospheric pressure or in pure
oxygen at 5.0 MPa pressure. Both the polymer oxidation
and the stabilizer consumption were monitored by Infra-
red spectrometry and thermal analysis. The stabilizer effi-
ciency, as assessed by the ratio induction time/stabilizer
concentration is almost constant at atmospheric pressure
even when the stabilizer concentration is higher than its
solubility limit in PP (0.4% or 24 � 10�3 mol L�1). In con-
trast, at high pressure, the efficiency decreases almost
hyperbolically with the stabilizer concentration when this
latter is higher than 6.0 � 10�3 mol L�1. The results indi-

cate the existence of a direct phenol-oxygen reaction negli-
gible at low oxygen pressure but significant at 5.0 MPa
pressure. The reality of this reaction has been proved on
the basis of a study of the thermal oxidation of a phenol
solution in a nonoxidizable solvent. A kinetic model of PP
oxidation in which stabilization involves three reactions
has been proposed. It simulates correctly the effect of oxy-
gen pressure and stabilizer concentration on carbonyl
build-up and stabilizer consumption. VVC 2008 Wiley Periodi-
cals, Inc. J Appl Polym Sci 110: 3313–3321, 2008
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INTRODUCTION

Polypropylene (PP) geotextiles have been used in
civil engineering for about 30 years. Applications
range from soil reinforcement, the protection of geo-
membranes under pavements and in tunnels, etc.,
which are structures where the product is inaccessi-
ble. The required service life is often of the order of
100 years.1–3 To be able to produce materials that
can be assumed to meet such requirements, an accel-
erated ageing test is needed.

To assess PP geotextiles durability, a new accelerated
test has recently been proposed.4 It is performed at
80�C, a more moderate temperature than in usual tests
(110�C),5 under a high oxygen pressure with fibers
plunged into a liquid alkaline media. We can reason-
ably assume that oxidative behavior and durability of
geotextiles depends on the efficiency of the antioxi-
dants. Consequently, it seems necessary to investigate
the consequences of this exposure conditions on the
degradation of various geotextiles by studying phe-
nomena in an increasing complexity order.

In this context, we had first investigated on the
simplest case, i.e., the effect of oxygen pressure on
oxidation kinetics of a stabilizer free PP,6,7 thus
establishing the accelerating role of oxygen pressure
on PP oxidation. In these previous articles, a kinetic
model has been proposed to simulate oxygen pres-
sure effect on the oxidation process. In this model,
all parameters have a physical meaning and their
values have been discussed.
Knowing antioxidants are always included in PP

geotextiles, a specific effort is needed to take into
account stabilizer effect during the new accelerated
test using high oxygen pressure. In this article, we
will follow the work of Shiono et al.,8 Mueller and
Jakob,9 Vink and Fontijn,10 and Li and Hsuan11 by
focusing on the effect of oxygen pressure on PP sam-
ples with various amount of Irganox 1010, which is
a widely used phenolic antioxidant.
The stabilization of hydrocarbon polymers by pheno-

lic antioxidants has been widely studied in the last
30 years.12 All the authors agree with the fact that the
primary stabilization process is the abstraction of the
phenolic hydrogen by a peroxy radical. The resulting
phenolic radical displays a low reactivity owing to its
steric hindrance that explains at least partially, the stabi-
lization effect since peroxy scavenging can be assimi-
lated to an unimolecular termination.
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In fact, the phenoxy radical isomerizes very easily
into a cyclohexadienyl radical which can participate
to various processes among which scavenging of
peroxy radicals increases the stabilizing power of
the phenol.

It is also well-known by practitioners13 that addi-
tives of relatively small size (molar mass typically
lower than few kg mol�1), tend to migrate out poly-
mer matrices that limits their performance. Experi-
mental data about their transport properties are
available in the literature.14

In the chosen modeling approach, diffusion-reac-
tion coupling can be taken into account, provided
that chemical (rate constants) and transport (solubil-
ity-diffusivity) parameters are determined sepa-
rately. In the case of the relatively heavy Irganox
1010 molecule, it is easy to find accelerated ageing
conditions in which physical loss by migration is
negligible.

The aim of the present work is to determine the
chemical parameters specific of the stabilization by
Irganox 1010, to simulate the kinetics of PP thermal
oxidation in the aforementioned accelerated ageing
conditions.

EXPERIMENTAL

Materials

The used stabilizer was Irganox 1010, a commercial
antioxidant supplied by Ciba SC (denoted AH in the
following). Its structure is:

The PP is a metallocene grade supplied as 30 lm
diameter manufactured fibers (Bidim Tencate).
Microstructure (average molar mass, crystallinity)
was detailed in a previous article.15 The UV spec-
trum displays an absorption close to 280 nm, which
is characteristic of a phenolic antioxidant stabiliza-
tion.16 The presence of a phosphite is not excluded
since this stabilizer also absorbs in this wavelength
region17 and the combination of phenol and phos-
phite leads to a strong synergistic effect.12,18

Samples were prepared by a two-steps procedure
adapted from previously published ones19,20:

1. PP purification: As received fibers (� 2 g) were
dissolved into refluxing 1,2-dicholorobenzene
(200 mL). After 2 min at refluxing temperature
(i.e., the solvent boiling point, close to 180�C),
solution was hot filtered to eliminate impurities
(carbon black, etc. . .). Methanol was dripped to
selectively precipitate PP. The obtained PP pel-
lets were washed with ethanol and dried.

2. Incorporation of antioxidant in PP: Necessary
quantity of Irganox 1010 to obtain a given
weight ratio was dissolved in THF. Solution
was spilled on the pure PP pellets under N2

flow to quickly evaporate the solvent. The sta-
bilized pellets were pressed under 15 MPa at
180�C during 20 s. This duration was taken as
low as possible to enable a good processing
but limiting the phenol consumption. Thick-
ness of obtained films was of the order of 70
lm, and can be considered as low enough to
neglect oxidation thickness gradients due to
the kinetic control by oxygen diffusion, so
that we can consider the oxidation as homo-
geneous.

Irganox 1010 weight ratios were converted into
antioxidant groups concentration (denoted by [AH])
in amorphous phase by the formula:

½AH� ¼ fAH
1

1� xc
� mAH=MAH

mPP=dPP
� 6:0� xAH

with

fAH being the antioxidant functionality defined as
the number of phenol groups per antioxidant
molecule, i.e., 4 for Irganox 1010. It is important
to distinguish the concentration of phenolic
groups which is the key quantity in chemical
kinetics, from the concentration of antioxidant
molecules which is the key quantity in trans-
port processes.

xC being the crystallinity ratio of films of the
order of 0.5.

mAH and mPP being the masses of Irganox 1010
and PP employed for making the sample.

MAH being the molar mass of Irganox 1010 equal
to 1176 g mol�1.

dPP being the density of PP (0.90 kg L�1).
xAH being the antioxidant weight ratio, in others

words the concentration used by practitioners.

The following antioxidant concentrations were: 0,
0.003, 0.006, 0.012, 0.03, and 0.097 mol L�1. The high-
est concentration is greatly higher than the concen-
tration corresponding to limit of solubility value
(0.4% corresponding to 0.024 mol L�1). Even if it can
be considered as unrealistic, we have used this sam-
ple to highlight physicochemical phenomenon occur-
ring for Irganox 1010 and to observe them more
easily with detection techniques such as Infrared
spectrometry.
In case of exposure of Irganox 1010 solutions (2 g

L�1 that corresponds to 1.7 � 10�3 mol L�1) in a
nonoxidizable solvent, we have employed 1,2-
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dichlorobenzene (analytic grade supplied by VWR).
This concentration was under solubility limit but
enough for satisfying detection by Infrared
spectrometry.

Exposure conditions

Samples were exposed in air under atmospheric
pressure (0.02 MPa) and in pure oxygen at 5.0 MPa.
The temperature was fixed at 80�C. The autoclaves
were thermally equilibrated for 24 h prior to sample
exposure.

Samples characterization

Infrared analysis

FTIR spectrometry was used to characterize the
extent of polymer oxidation and antioxidant con-
sumption using a Nicolet Impact 410 spectrophotom-
eter driven by Omnic 3.1 software. Measurements
were made on spectra resulting from the accumula-
tion of 32 runs, the resolution being 4 cm�1. The car-
bonyl absorbances resulting from PP oxidation were
converted to concentrations using Beer-Lambert’s
law with a molar absorptivity of 300 L mol�1 cm�1

at the peak maximum (1712 cm�1). The ester (1745
cm�1) and hydroxyl (3645 cm�1) peaks were used to
follow the antioxidant consumption.

Thermal analysis

The stabilizing efficiency of the antioxidant was
characterized by measuring the temperature of deg-
radation under oxygen (denoted by Tox). This is the
temperature at which an exotherm appears when a
sample is heated under oxygen at a constant rate of
temperature increase (Fig. 1).

It was shown that this technique allows to evalu-
ate residual stabilizer concentration.21–24 Experi-

ments were carried out on about 5 mg samples
heated from 25 to 270�C at 10�C min�1 rate under 50
mL min�1 of pure oxygen, with a Netzsch appara-
tus. The thermogram shape and the graphical
method for Tox determination are given in Figure 1,
with the curve giving DTox against Irganox 1010
concentration [AH], DTox being defined by:

DTox ¼ Tox� Tox ðadditive free sampleÞ

with Tox (additive free sample) being equal to
186�C.
Later, this curve will be used as a calibration

curve to estimate residual stabilizer concentration
during oxidation.

RESULTS

Experimental data of carbonyl build-up at 80�C
gathered with kinetic modeling data (see in ‘DIS-
CUSSION’ part for explanations about kinetic mod-
eling) are shown in Figure 2 for ageing under 0.02
MPa O2 pressure and Figure 3 for ageing under 5.0
MPa O2 pressure.
The changes of experimental induction time

(denoted by tind) as a function of antioxidant concen-
tration and simulations by kinetic modeling are plot-
ted in Figure 4.
The experimental results call for the following

comments:

1. Under 0.02 MPa O2 (atmospheric) pressure, ex-
perimental induction time (and so the stabiliz-
ing effect of the phenol under study) linearly
increases with AH concentration, even above its
solubility limit (� 24 � 10�3 mol L�1 against
30 � 10�3 mol L�1 maximum concentration
under study).

Figure 1 Changes of DTox against Irganox 1010 concen-
tration including schematization of determination method
of degradation temperature under oxygen (Tox).

Figure 2 Experimental carbonyl build up for additive
free PP (h), and containing 0.003 (�), 0.006 (*), 0.012 (*)
and 0.03 mol L�1 (~) of Irganox 1010 for exposures under
atmospheric pressure at 80�C and simulations by kinetic
modeling for each stabilizer concentration with parameters
given in Tables I, II and III (full lines).
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2. Under high oxygen pressure, induction periods
are considerably reduced compared to air. In
this case, induction period duration remains
almost constant for stabilizer concentration
above 6.0 � 10�3 mol L�1.

Stabilizer concentration has been estimated from
Tox measurements on samples exposed for various
times under 0.02 MPa O2 at 80

�C. Results are plotted
in Figure 5 (with simulations by kinetic model) for
samples containing an initial concentration equal to
3.0 � 10�3 and 6.0 � 10�3 mol L�1. From these
results, one can observe that:

1. For both samples, one can check the total stabi-
lizer disappearance at the end of induction pe-
riod of carbonyl build-up.25

2. For the sample containing initially 3.0 � 10�3

mol L�1, concentration keeps nearly constant
during the induction period (as estimated from
carbonyl build-up) and then dramatically
decreases. For the sample initially containing
6.0 � 10�3 mol L�1, curve also exhibits a strong
drop for exposure time slightly lower than the
induction period but is noticeably scattered
especially during the earlier exposure period
(that could be caused by the numerous experi-
mental uncertainties).

To check an eventual effect of stabilizer loss by
evaporation/diffusion, we have monitored the ab-
sorbance of the ester group at 1745 cm�1 during
thermal ageing. This group is expected to be unaf-
fected by chemical changes occurring during stabili-
zation events but it can, indeed, disappear by
physical loss of stabilizer.26

The results [Fig. 6(a,b) the global trend being
given by dashed lines] show clearly that for dura-
tions of the order of the induction period, the physi-
cal loss can be considered as negligible in the
timescale under study, that is not very surprising
considering the very low diffusivity and volatile loss
of the Irganox 1010 molecule.27

However, significant changes are observed in the
same time by following absorption at about 3650
cm�1 corresponding to AOH bond [Fig. 7(a,b), the
global trend being given by dashed lines]:

Under 0.02 MPa [Fig. 7(a)], AOH bond absorb-
ance also decreases slightly, which suggests
that chemical consumption is not significant in
the considered time range.

Under 5.0 MPa O2 [Fig. 7(b)], nearly all the
hydroxyl bonds of phenol (FTIR measurements)
and residual stabilizer (DSC measurements) dis-
appeared during the earliest exposure period,

Figure 4 Induction period as a function of phenolic anti-
oxidant concentration for samples exposed at 80�C under
atmospheric pressure (~), 5.0 MPa O2 (^), and simula-
tions by kinetic modeling for each stabilizer concentration
with parameters given in Tables I, II and III (full lines).

Figure 5 Antioxidant consumption for films containing
0.003 (^) at 0.006 mol L�1 (l) Irganox 1010 for exposures
under atmospheric pressure at 80�C and simulations by ki-
netic modeling for each stabilizer concentration with pa-
rameters given in Tables I, II and III (full lines).

Figure 3 Experimental carbonyl build up for additive
free PP (h), and containing 0.003 (*), 0.006 (�) mol L�1 of
Irganox 1010 for exposures under 5.0 MPa of oxygen at
80�C and simulations by kinetic modeling for each stabi-
lizer concentration with parameters given in Tables I, II
and III (full lines).
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i.e., less than 100 h [Fig. 7(b)]. We can note that
oxidation induction time measurements made
by Li and Hsuan for PP tape yarns stabilized
with phenolic antioxidants and hindered amine
stabilizers mix suggested similar results.11

These latter results clearly indicate that AOH
groups of phenolic antioxidants are consumed but
the backbone of molecule is not much modified.
There is a wide consensus on the fact that AH reacts
with POO� radicals. There are therefore three possi-
ble origins for AOH groups disappearance:

Reaction with POO�: r1 ¼ kS1[POO�][AH]
This term must tend toward 0 at t ¼ 0 because

we can assume that there are no POO� radicals
when the exposure begins.

Reaction with other species: r2 ¼ k0[X][AH]
Physical loss or exudation depending on temper-

ature T [and negligible according to Fig. 6(a,b)]:
r3(T)

At t ¼ 0, [POO�]0 � 0 so that:

d½AH�
dt

� �
t¼0

¼ r2 þ r3

Since the rate of physical loss r3 is independent of
oxygen pressure, the difference for exposure under
0.02 MPa and 5.0 MPa oxygen pressure can be
explained only by the second term r2 that corre-
sponds to reaction between AH and species able to
react with phenol. By comparing Figure 7(a,b), the
rate r2 is a function of oxygen pressure. The consump-
tion of phenols AOH groups presented in Figure 7(b)
could be explained by a direct interaction between the
hydroxyl group of the phenol molecule and oxygen. It
led us to study the kinetic of the reaction:

O2 þAH ! A� þ � OOH

This reaction has already been proposed in the liter-
ature,28,29 but its role has not, to our knowledge, been
taken into account in kinetic treatments of oxida-
tion.30–32 To quantify the influence of such a process
and if this reaction could take place in the absence of
an oxidizable substrate (thus causing direct phenol
disappearance), the following experiment has been
made: a solution (2 g L�1 corresponding to 1.7 � 10�3

Figure 6 Changes of absorptions at 1745 cm�1 for PP samples containing 0.03 mol L�1 (n) and 0.09 mol L�1 (^) of Irga-
nox 1010 for exposures at 80�C under atmospheric pressure (a) and under 5.0 MPa O2 (b).

Figure 7 Changes of absorptions at 3645 cm�1 for PP samples containing 0.03 mol L�1 (h) and 0.09 mol L�1 (^) of Irga-
nox 1010 for exposures and changes of DTOX for PP samples containing 0.09 mol L�1 (~) at 80�C under atmospheric pres-
sure and under 5.0 MPa O2 (b).
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mol L�1) of Irganox 1010 in 1,2-dichlorobenzene as an
inert media was exposed under 5.0 MPa O2 pressure
at 80�C and the phenol consumption was monitored
by IR spectrometry, using AOH absorbance band sit-
uated at 3640 cm�1 in 1,2 dichlorobenzene.

The observed phenolic AOH groups consumption
obeys pseudo first order kinetics with a rate con-
stant: j ¼ 9.8 � 10�7 s�1 (Fig. 8). Here, it can be rea-
sonably assumed that the temperature under
investigation, there is no oxidation of the solvent, so
that phenol is consumed only by direct reaction with
oxygen. Consequently, this result has to be taken
into account in the kinetic scheme of Irganox 1010
stabilized PP.

DISCUSSION

Elaboration of the kinetic scheme

It has been recently shown6,7 that PP oxidation
kinetics can be adequately modeled by a kinetic
scheme, derived from the standard mechanistic
scheme, in which the predominating initiation event
is the hydroperoxide decomposition. Let’s recall that
reactions 1u and 1b are balance equations that were
completely described in a previously published arti-
cle.33 The corresponding rate constant values at
80�C, given in Tables I and II, were determined by
an inverse method based on the best fitting of exper-
imental results.34 This model remains valid for a rel-
atively wide temperature interval (at least 50–130�C,

as it has been shown in our previous work,35 for any
oxygen pressure lower than 5.0 MPa, in the case of
unstabilized PP.

ð1uÞ POOH ! 2P� þ PC ¼ O k1u

ð1bÞ POOHþ POOH ! P� þ POO� þ PC ¼ O k1b

ð2Þ P� þ O2 ! POO� k2

ð3Þ POO� þ PH ! POOHþ P� k3

ð4Þ P� þ P� ! inactive products k4

ð5Þ P� þ POO� ! inactive products k5

ð6Þ POO� þ POO� ! inactive productsþO2 k6

There is a wide number of publications dealing
with stabilization mechanisms with phenolic com-
pounds.36–43 One can consider that they converge to-
ward the hypothesis that every phenol group could
scavenge two peroxy radicals by the following two
steps process:

ðS1Þ POO� þAH ! POOHþA� kS1

ðS2Þ POO� þA� ! inactive products kS2

Because of 2,6 tertbutyl hindrance, the inactive
compound produced by reaction S2 is probably a
cyclohexadienone:

This is, obviously, a simplified view of the stabili-
zation process. Indeed, the radical involved in the
second process is not the phenoxy radical (A�)
resulting from the first reaction, but rather another
radical resulting from fast isomerization of the for-
mer. Moreover, many secondary processes (for
instance dimerization, polymerization, oxidation,
etc. . . of A�) have been put in evidence.12,36 For
example, A� þ A� is often quoted by authors,25,44

but this reaction is limited in the case of a hindered
4-substituent,41 which is precisely the case for Irga-
nox 1010. On the contrary, reaction between A� and

Figure 8 Kinetic of Irganox 1010 consumption by oxygen
in 1,2-dichlorobenzene under 5.0 MPa of oxygen at 80�C.

TABLE I
Rate Constants Used for the Kinetic Modeling Simulation (Determined in Previous Study)

k1u k1b k2 k3 k4 k5 k6
(s�1) (L mol�1 S�1) (L mol�1 S�1) (L mol�1 S�1) (L mol�1 S�1) (L mol�1 S�1) (L mol�1 S�1)

1.3 � 10�8 5.0 � 10�6 1.2 � 107 6.3 � 10�2 5.0 � 1010 4.0 � 109 1.2 � 104
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POO� should be the main pathway owing to its
high rate.45 In the same way, the peroxide generated
by the reaction POO� þ A� is expected to be unsta-
ble at low temperature but we assume that the ini-
tiation by its thermolysis is negligible at 80�C
compared with POOH initiation by reactions (1u)
and (1b).

The above reactions are to be considered as bal-
ance reactions which will likely be decomposed into
several elementary steps in the future. However, we
will first, in a coarse grain study, assume that phe-
nolic antioxidants stabilize polymers by reactions
(S1) and (S2).

To take into account the results of our study of
direct phenol-oxygen interaction, a new reaction
must be added. O2 molecule, as a diradical, can
abstract hydrogen. However, only very labile hydro-
gens can be attacked due to its low reactivity. In the
case of a (reactive) molecule substrate, the following
reaction could be proposed:

AHþO2 ! A� þ HOO�

HOO� þ PH ! HOOHþP�

The balance equation could be ascribed:

ðO2Þ AHþO2 ! A� þ POO� kO2

Global kinetics is governed by the slowest step:
AH þ O2 ! Al þ HOOl.

In a first approach, it can be written:

� d½AH�
dt

¼ kO2½O2�½AH�

In attempts to estimate kO2 independently of PP
data, an experiment based on a model system consti-
tuted by a well oxygenated Irganox 1010 solution in
orthodichlorobenzene was performed. In the condi-
tions under study, the solvent can be considered inert.

Since the oxygen concentration can be considered
constant here, one expects a pseudo first order
behavior:

� d½AH�
dt

¼ j½AH�

where j ¼ kO2 � [O2].

Indeed, the first order plot of the Irganox con-
sumption showed in Figure 8 exhibits a linear
behavior with j � 10�6 s�1 at 80�C.
Considering that O2 transport properties in ortho-

dichlorobenzene are not very far from benzene ones
and that the O2 solubility coefficient at 80�C is SO2

¼ 10�2 mol L�1 MPa�1,46 one can assess kO2 value at
80�C with:

kO2 ¼
j

SO2 � PO2
¼ 2:0� 10�5 Lmol�1 � s�1

where pO2 is oxygen pressure equal to 5 MPa.
This value of kO2 is the same order of magnitude

as the ones reported in the extensive review by
Denisov and Afanas’ev44 determined by using a
semi-empirical model. kO2 values will be also deter-
mined by an inverse method from our experimental
results by using the kinetic model. The resulting
value will be kept only if it is of the same order of
magnitude as the above ones.
Finally, the mechanistic scheme relative to the oxi-

dation of stabilized polymer could be composed of
10 elementary equations (1u) through (6), and eq.
(S1)(S2)(O2). From the scheme, a system of seven
differential equations constituting the kinetic model
can be derived:

d½POO��
dt

¼ k1b½POOH�2 þ k2½P��½O2�

� k3½POO��½PH� � k5½P��½POO�� � 2k6½POO��2

� kS1½AH�½POO�� � kS2½A��½POO�� þ kO2½AH�½O2�
(1)

d½POOH�
dt

¼ �k1u½POOH� � 2 k1b½POOH�2

þ k3½POO��½PH� þ kS1½POO��½AH� ð2Þ

@½O2�
@t

¼ DO2
@2½O2�
@x2

� k2½P��½O2� þ k6½POO��2

� kO2½AH�½O2� ð3Þ

d½P��
dt

¼ 2k1u½POOH� þ k1b½POOH�2 � k2½P��½O2�

þ k3½POO��½PH� � 2k4½P��2 � k5½P��½POO�� ð4Þ

d½PH�
dt

¼ �k1u½POOH� � k3½POO��½PH� (5)

@½AH�
@t

¼ �kS1½AH�½POO�� � kO2½AH�½O2� (6)

@½A��
@t

¼ þkS1½AH�½POO�� � kS2½POO��½A��

þ kO2½AH�½O2� ð7Þ

TABLE II
Materials Parameters Used for Kinetic Modeling

Simulation

[POOH]0 [PH]0 SO2

(mol L�1) (mol L�1) (mol L�1 Pa�1)

1 � 10�4 24 1.4 � 10�8
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TABLE III
Rate Constants Determined for Antioxidant

Reactions (see Text)

kS1 kS2 kO2

(L mol�1 S�1) (L mol�1 S�1) (L mol�1 S�1)

8 1.0 � 105 5.0 � 10�5

Here, concentrations are given in amorphous
phase of PP.

At every time, in superficial layers: [O2] ¼ SO2 �
PO2, where SO2 is the oxygen solubility coefficient in
PP and PO2 is the external oxygen pressure.

Assuming that the initial hydroperoxide amount
is not too modified by the phenolic antioxidant pres-
ence, the initial (t ¼ 0) boundaries conditions are:

½P�� ¼ ½POO�� ¼ 0

½POOH� ¼ ½POOH�0 ¼ 10�4 mol L�1

½PH� ¼ ½PH�0 ¼ 24 mol L�1

Let’s recall that the model could be modified to
take into account the reaction-diffusion coupling as
well for O2 as for AH and its molecular key products.

All the previously determined parameters are
given in Tables I and II (compared with original
articles, we have done slight modifications on some
values to optimize the fit). kS1, kS2 and kO2 will be
determined by using an inverse approach6,7,47 con-
sisting to solve the system of eqs. (1)–(7) with a
given set of parameters, to compare the kinetic
curves generated by the model to experimental ones,
and to modify the parameter values to minimize the
difference between theoretical and experimental
curves. Commercial software, Matlab, is used for
these calculations.

Comparison between kinetic modeling and
experimental results

Experimental kinetic curves for carbonyl build-up
were compared with those obtained by kinetic mod-
eling. It was assumed that carbonyls (PC¼¼O) are
mainly formed in hydroperoxide decomposition
events, so that [PC¼¼O] is calculated by integrating
the following equation, knowing that [POOH] as a
function of time is obtained by solving the previous
differential equation system:

d½PC ¼ O�
dt

¼ ð1� xCÞðc1uk1u½POOH�

þ c1bk1b½POOH�2Þ

where: c1u and c1b are yields of carbonyl formation
per initiation event. We suppose, in a fist approach,
that alkoxy radicals PO� mainly react by b-scission
so that c1u and c1b are taken equal to 1.
[PC¼¼O] ¼ 0 at t ¼ 0.
[POOH](t) is directly calculated by solving the set

of differential equations (see above).
The best set of values obtained by this procedure

was: kS1 ¼ 8 L mol�1 s�1, kS2 ¼ 105 L mol�1 s�1, kO2

¼ 5.0 � 10�5 L mol�1 s�1 (Table III). On can notice
that kO2 value is in a very good agreement with pre-
ceding ones (see part 1 of this discussion).
The curves for carbonyl build-up and stabilizer

consumption generated by the model, using these
rate constants values (together with the values of
Tables I and II), are shown in Figures 2, 3, and 5.
All the model predictions are in acceptable agree-

ment (see Figs. 2, 3, 4, and 5) with experimental
curves, considering the complexity of the mechanis-
tic scheme and the diversity of error sources. Indeed,
the model cannot be applied to stabilizer concentra-
tion higher than its solubility limit, which is the case
here for 0.03 and 0.097 mol L�1 concentrations.

CONCLUSIONS

Unstabilized and hindered phenol (Irganox 1010)
stabilized PP samples were submitted to thermal
ageing at 80�C, in air (0.02 MPa O2) or in pure oxy-
gen (5.0 MPa O2) pressure according to the standard
EN ISO 13438. The polymer oxidation (carbonyl
build-up) and the stabilizer consumption (ester and
phenol groups) were monitored by IR spectrometry
and thermal analysis under oxygen.
In air, the stabilizer efficiency, as characterized by

the ratio (induction time/antioxidant concentration)
is almost constant up to concentration of 30 � 10�3

mol L�1 i.e., above the solubility limit of the stabi-
lizer in PP. Under high oxygen pressure the stabi-
lizer efficiency decreases almost hyperbolically at
concentrations above 6.0 � 10�3 mol L�1.
A kinetic model based on previously obtained

results on unstabilized PP has been proposed using
first the classical hypothesis of a two steps stabiliza-
tion mechanism:

POO� þAH ! POOHþA� kS1

POO� þA� ! inactive products kS2

This model gave acceptable results in the case of
exposure at low pressure (air at atmospheric pres-
sure) but overestimated considerably the induction
period durations in the case of high oxygen pres-
sure. To take into account this latter result, it was
hypothesized that oxygen reacts directly with
phenol
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AHþO2 ! A� þ POO� kO2

The reality of this reaction was proved by a study
of the phenol consumption, under high oxygen pres-
sure, in solution in a nonoxidizable solvent: 1,2-
dichlorobenzene. Finally, the kinetic model (seven
differential equations) derived from a mechanistic
scheme incorporating the three above processes, sim-
ulates adequately the kinetic curves of carbonyl
build-up as well in air at atmospheric pressure as in
high oxygen pressure. The rate constant values giv-
ing the best fitting: kS1 ¼ 8 L mol�1 s�1, kS2 ¼ 105 L
mol�1 s�1, and kO2 ¼ 5.0 � 10�5 L mol�1 s�1 are
physically realistic.

It is interesting to stress that phenol consumption
processes are qualitatively different in air at atmos-
pheric pressure and under high oxygen pressure
because a direct oxygen-phenol reaction is negligible
in the former case and important in the second one.
In the classical approach of accelerated ageing, this
difference would lead to reject high pressure testing
because it is not a ‘‘good simulation’’ of natural age-
ing. In our approach, this is not an obstacle because
the difference is taken into account in the model.

Authors especially want to thank MM. Mougin and Flacon-
neche (Institut Français du Petrole) for having kindly sup-
plied thermodynamical data on oxygen solubility into
organic solvents.
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