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a b s t r a c t

A criterion based on the energy absorbed by photosensitive species was proposed to describe the
contribution of UV-light to the initiation of the polypropylene photothermal oxidation whatever the light
source. The calculation of this energy was performed using the widely accepted quantum theory. The
criterion was then introduced in two different types of analytical models commonly used to describe the
combined effects of UV light and temperature on induction time, namely: the reciprocity law and kinetic
model. The limitations of both types of analytical models were then investigated: the latter, derived from
a realistic mechanistic scheme, was found to be much more relevant than the former, which is pre-
sumably valid in a restricted range of light intensities, essentially due to its empirical origin.

�

1. Introduction

It is nowwell known that polypropylene (PP) oxidation depends
on both light and temperature in current outdoor aging conditions.
The influence of temperature, commonly described with an
Arrhenius law, was widely investigated in the case of thermal
oxidation, but rarely in the case of photothermal oxidation [1,2].
The quantitative effects of the UV light intensity on the photo-
degradation were studied for various type of polymers including
coatings [3,4], polycarbonates [5e7], poly(vinyl chloride) [8] and
also polyolefins [2,9e14]. Most of these studies were based on
empirical reciprocity laws (usually applied to the induction period
or time to embrittlement), which have been recently reviewed by
Martin et al. for a wide range of materials including polymeric ones
[15]. For polypropylene, the dependence of the induction period
with the UV-light irradiance was In with n ¼ �1/2 for unstabilized
PP using filtered high pressure mercury [12] or fluorescent lamps
[13]. Both references also reported values of n up to �1 for stabi-
lized PP depending on the type of stabilizer and its concentration
[12,13]. However, Philippart [11] also found a dependence of the
induction time with the inverse of irradiance for only weakly

stabilized PP using filtered medium pressure mercury lamps. The
steady-state oxidation rate was found to vary with the square root
of the irradiance in agreement with the analytical solution of the
basic auto-oxidation scheme [9,12,16] Cumulated exposure energy
is usually chosen as the key variable to follow the polymer degra-
dation because it is very convenient for natural weathering where
the exposure parameters undergo temporary fluctuations such as
daily/seasonal temperature or UV light variations.

Nonetheless, not only the light intensity but also its wavelength
and, in particular, the light source spectral distribution must be
considered since specific spectral sensitivities were evidenced for
various polymers (see reviews [17,18]), including polypropylene
[19e21]. This notion of polymer light sensitivity can be correlated
with the first law of photochemistry attesting that only absorbed
quanta can initiate reactions, if they have a sufficient energy to
dissociate a chemical bond [22,23].

As an example, the initiation rate by hydroperoxides photolysis
can be written as:

vPOOH ¼ d½POOH�
dt

¼ �FðlÞPOOH � Iabsv (1)

with [POOH] the concentration in hydroperoxides (in mol L�1),

F(l)POOH the quantum yield of photolysis (in mol Einstein�1,
dimensionless)

and Iabs.v the volumic absorbed energy (in Einstein L�1 s�1)

* Corresponding author. PIMM Laboratory, CNRS UMR 8006, Arts et Metiers
ParisTech, Paris, France. Tel./fax: þ33 1 44 24 64 13/þ33 1 44 24 63 82.

E-mail address: Alexandre.FRANCOIS-HEUDE@ensam.eu (A. François-Heude).

mailto:Alexandre.FRANCOIS-HEUDE@ensam.eu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2013.12.038&domain=pdf
www.sciencedirect.com/science/journal/01413910
http://www.elsevier.com/locate/polydegstab
http://dx.doi.org/10.1016/j.polymdegradstab.2013.12.038
http://dx.doi.org/10.1016/j.polymdegradstab.2013.12.038
http://dx.doi.org/10.1016/j.polymdegradstab.2013.12.038


The quantum yield -or quantum efficiency-F represents the
probability that a quantum absorbed by a molecule causes its
decomposition. The quantum yield is defined as:

F ¼ Number of molecules X having reacted per time unit
Number of photons absorbed per time unit

¼ dX=dt
dnp=dt

¼ d½X�=dt
Iabsv

(2)

with [X] the concentration of molecule X (in mol L�1),

np the number of quanta,
and Iabs.v the volumic absorbed energy (in Einstein L�1 s�1).

However, molecules only absorb photons with a quantum of
energy satisfying the authorized electronic transitions, i.e. if the
incident photon presents a quantum of energy equal to the differ-
ence between a vibrational level of the excited state and the ground
state. The probability of occurrence of this phenomenon is taken
into account through the molar extinction coefficient e or cross
section � in the Beer Lambert’s law. It is thus necessary to consider
a coupling between the emission spectrum of the polychromatic
source and the absorption spectra of the different chromophoric
species. Martin and Lechner [24,25] proposed a formalism for the
light dependence and chose the dose as relevant criterion:

D ¼
Zt

0

Deff tð Þdt ¼
Zt

0

Zlmax

lmin

E lð Þ 1� e�ln 10ð Þ*A lð Þ
� �

F lð Þdldt (3)

with D the dose, i.e. the amount of energy absorbed by the chro-
mophoric species during a duration t (in J m�2), Deff(t) the absorbed
irradiance (in W m�2), F(l) the spectral quantum yield, A(l) the
absorbance, and E(l) the spectral irradiance (in W m�2 nm�1).

Such an approach was previously applied for lifetime prediction
of coatings [26e28]. Yet, the dose calculation requires the knowl-
edge of the concentration of chromophoric species along the course
of degradation. Then, focusing on the dose rate appears to be more
convenient. Indeed, the absorbed energy by a photosensitive spe-
cies (analogous to the dose rate Deff(t)) can be explicated locally. As
an example, in the case of hydroperoxides, it can be written:

Iabsv ¼
Zlmax

lmin

ln 10ð Þ
10

E lð Þ
Na

l

hc
ε lð ÞPOOH Dz POOH½ �

Dz
dl (4)

with E(l) the spectral irradiance of the light source including filters
(in W m�2 nm�1),

Na the Avogadro’s constant,
h the Planck constant equal to 6.623 � 10�34 J s,
c the light celerity (in m s�1), l the wavelength (in m),
ε(l)POOH the spectral distribution of the molar extinction coefficient
(in L mol�1 cm�1),
[POOH] the hydroperoxide concentration (in mol L�1),
and Dz the sample thickness (in m).

In order to suppress the concentration dependence, we decide to
calculate the spectral overlap integral (or so-called in a shortened
form, overlap function) JPOOH (in Einstein mol�1 s�1) chosen here as
the relevant criterion to describe oxidation, and defined as:

JPOOH ¼ Iabsv
POOH½ � ¼

Zlmax

lmin

ln 10ð Þ
10

E lð Þ
Na

l

hc
ε lð ÞPOOHdl (5)

Provided that the quantum yield is a constant in the whole
spectral range � i.e. its spectral distribution can be neglected � the

absorbed energy appears as the relevant criterion controlling the
oxidation kinetics. Such a hypothesis is not unrealistic considering
that the efficient wavelength range is restricted to few decades of
nanometers in current photochemical aging conditions (bandwidth
of the molar absorptivity multiplied by the bandwidth of the light
source, usually filtered below 300 nm).

Such an approach was already used by Carlsson and Wiles in
order to calculate the quantum yields of ketone [29] e according to
Norrish I and II � and hydroperoxide [30] photolysis by an inverse
method. In this article, wewill start from these theoretical concepts
to tentatively explain the oxidation behavior of PP under the
combined effects of temperature and UV light regardless the type of
the UV light source under consideration.

2. Experimental part

2.1. Materials

The reference material was an isotactic homo-polypropylene
injection molding grade (Mw ¼ 250 kg mol�1, Mn ¼ 67 kg mol�1)
supplied by Aldrich. Thin films of 80 mm and 135 mm were pro-
cessed by compression molding and then purified from their anti-
oxidants in Soxhlet with dichloromethane for 48 h prior to aging
experiments. The polymer was checked to be unstabilized with an
Oxidation Induction Time of 27 � 3 min at 140 �C in a pure oxygen
flow. The crystallinity was calculated equal to 45 � 3 wt% from the
melting enthalpy measured by DSC in a TA Q1000 device, taking
DH0

m ¼ 209 J g�1 for crystalline lamellae.

2.2. Light and/or thermal exposure

In order to decouple the light effects from the thermal ones, PP
films were exposed under different UV light intensities and tem-
peratures, always in dry conditions. Photothermal aging experi-
ments were mostly performed on films of 80 mm thickness in a
series of SEPAP devices equipped with 80 W medium pressure arc
mercury lamps having a borosilicate filter. To vary the light intensity,
the number of lamps was changed from 2 to 4 lamps in a SEPAP 12-
24 device, and from 6 to 8 lamps in a SEPAP 50-24 device. Both light
intensity and emission spectrumwere measured using respectively
a IL390C radiometer in the 295e415 nm range and a Avantes
spectro-radiometer (AvaSpec 2048x14-USB2, resolution 0.7 nm) in
the 250e750 nm range. Temperature was fixed at 45 �C, 60 �C or
80 �C according to the apparatus specifications and directly moni-
tored on sample surfaces using a thermo-button temperature
logger. A photothermal aging test was also performed on films of
135 mm thickness in a WeatherO’Meter device (WOM), equipped
with a Xenon Lamp and Borosilicate S/S filters. Black Panel (BPT) and
chamber (wWhite Panel Temperature) temperatures were respec-
tively fixed at 70 �C and 55 �C. The temperature of the sample was
found to be intermediary at 64 �C, whereas the irradiance at 340 nm
was measured at 0.46 W m�2 nm�1, without water spraying. The
thermal oxidation (in the absence of light) was also investigated in
air-ventilated ovens for temperatures ranging from 60 �C to 140 �C.

2.3. Spectrophotometry measurements

The PP oxidationwasmonitored using the carbonyl peak centered
at 1713 cm-1 with a FTIR Nicolet 510 FTIR-spectrophotometer. All
optical densities were normalized by the film thickness and a
global carbonyl concentration was calculated through the classical
BeereLambert’s law using a molar extinction coefficient of
300 L mol�1 cm�1.
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3. Results and discussion

3.1. Impact of exposure conditions on lifetime

As shown in Fig. 1, the results were reproducible for all the tests
in SEPAP. A great attention was paid to the temperature regulation
which was shown to significantly affect the quality of the results.
Indeed, when periodically removing the films from UV chambers
for monitoring the course of oxidation, a certain time (which de-
pends on the exposure conditions) was required to stabilize the
temperature at the sample surface. This is due to the heating
induced by the irradiation although minimized in SEPAP devices
with low infrared emissions. Thanks to the monitoring of the
sample temperature, these durations were subtracted to the global
duration spent by samples in the UV chambers to deduce the
effective duration at the target temperature.

To describe the effect of light on polypropylene photooxidation,
it is conventional to consider as key variable the irradiance between
300 and 400 nmwhich roughly applies to the range of PP sensitivity
under sunlight e or equivalent artificial light sources e exposure.
Considering the irradiances of our tests in WOM and in SEPAP with
two lamps (2 UV-lamps) respectively equal to 55 and 38 Wm�2 (at
close temperatures) the oxidation induction time of the former
would be lower than the latter, but the opposite trend is observed.
The theory previously explained suggests that a fine description
and quantification of the efficient energy to trigger oxidation, i.e.
the absorbed energy, would explain this phenomenon. Among all
the photosensitive species, two were reported to be particularly
critical in the case of PP oxidation and thereby considered: hy-
droperoxides and ketones [29,31].

3.2. Cross sections of photosensitive species and calculation of the
overlap function

Spectral distribution of the molar extinction coefficient e also
called cross section � was compiled from literature for peroxide
(Fig. 2) and ketone (Fig. 3) type’s model compounds.

Tert-butyl hydroperoxide in hexane solution was chosen as
representative of PP hydroperoxides. Its whole spectrum was ob-
tained from two continuous sets of data by different authors in
different wavelength ranges [31,32] and compared to those of other
compounds of the same family, such as hydrogen peroxide [33],
methyl hydroperoxide [34e38], dimethyl peroxide [39] and
ditertbutyl peroxide [23,31], mostly in gas phase. Absorption
spectra have similar spectral distribution and are rather homothetic
with only slight variations depending on the compounds and their

chemical environment. Besides, peroxide type compounds have
cross section usually lower than analogous hydroperoxides, except
t-BuOOH compared to tBuOOtBu above 260 nm. Consequently,
dialkyl peroxides are neglected here as photosensitive species in
comparison with hydroperoxides because these former are
assumed in low concentration.

Absorption cross section spectra were reported for various
ketones:

(i) 4-methyl-2-pentanone accounting for methyl ketones,
which results from the oxidation of methyne units (i.e. ter-
tiary carbon) along PP oxidation [40].

(ii) 2,4-dimethyl-3-pentanone accounting for ketones which
results from the oxidation of methylene units (i.e. secondary
carbon) [40].

(iii) Various model compounds accounting for ketones on non-
branched chains [33,40e42], such as acetone, butanone
and pentanone, some of them being 2-alkanone similar to
so-called end-chain ketones in PP.

(iv) Ketones from polyethylene-co-carbon monoxide which is a
ketone carried by a non-branched macromolecular chains.
The present values are consistent with those previously
published by Guillet et al. [43]. Cross sections of
poly(ethylene-co-vinyl acetate) or poly(ethylene-co-
methalcrylic acid) were also measured experimentally and
shown that both carbonyl species are considerably less
photosensitive than ketones in the investigated wavelength
range.

The first two model compounds, i.e. 4-methyl-2-pentanone and
2,4-dimethyl-3-pentanone, were already chosen by Carlsson and
Wiles as PP substitutes in solid state [29], and found to be similar in
hexane solutions. The spectrum is reported below, but it looksmore
like that of 4-methyl-2-pentanone than 2,4-dimethyl-3-pentanone
in gas phase. Anyway, the former compound is predominant since
oxidation is known to occur mainly on tertiary carbons in PP [44].
The Carlsson’s spectrumwas chosen for this study because it seems
rather consistent with all spectra recorded for ketones, but also
with data measured on polyethylene-co-carbon monoxide poly-
mer. Moreover, aldehyde spectra also reveal high cross sections,
thus indicating that they may also absorb in the wavelength range

Fig. 1. Change in the carbonyl concentration during thermal (at 60 �C) and photo-
thermal oxidation of PP (The temperature and number of UV lamps are indicated for
test in SEPAP).

Fig. 2. Absorption cross section spectra for various peroxide compounds including
hydrogen peroxide [33], methyl hydroperoxide [34e38,72], tert-butyl hydroperoxide
[31,32] (Two sets of data from different authors were required to obtain the molar
absorptivity in the whole range of wavelength under consideration), dimethyl peroxide
[39] and ditert-butyl peroxide from Carlsson [31] and MicMillan (reported in Ref. [23],
p. 443) (colors are available online).
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under study, all the more that their absorption maxima are shifted
towards higher wavelengths [42,45,46]. However, they are
neglected due to their presumed low concentrations owing to their
high reactivity. In contrast, carboxylic acids and esters are neglected
because they are not or very weakly photosensitive to irradiance
above 290 nm. As an example, the molar absorptivity of esters is
depicted in Fig. 3.

As detailed in introduction, the overlap function Jspecies for a
given species, is obtained by integrating over thewholewavelength
range (here 250e800 nm) the product dJspecies of the radiation
source’s spectrum with the absorption cross sections spectrum. It
thus applies to the area under the curve depicted in Fig. 4. Results
are reported in the case of hydroperoxides or ketones as initiating
species for an arc mercury lamp (for a SEPAP 12-24 device), a xenon
lamp (WOM) and sun as radiation sources. According to the theory
developed here, some interesting parallels can be drawn between
the spectral distribution of the molar extinction coefficients (Figs. 2
and 3) and the action spectrum on one side, and between the
spectral distribution of the absorbed quanta (in Fig. 4a and b) and
the activation spectrum of the polymer on the other side. Indeed,
the action and activation spectra represent the wavelength
dependence of a photoprocess effectiveness and of the extent of
degradation (damages) respectively (for further details, refer to the
following reviews [17,18]). Therefore, they only differ from the
spectral distributions of the molar extinction coefficient and
absorbed quanta by the spectral distribution of the quantum yield
for the involved photoprocess. It turns out that the spectral distri-
bution of the absorbed quanta for a Xenon lamp (or sunlight) is
effective in the range 300e360 nm with a maximum at 315e
335 nm. This result is in full agreement with the activation spectra
of the literature reporting quanta activity in the interval 300e
350 nm [19] and 315e360 nm with maximum between 315 and
330 nm [47]. This interval could undergo shifts up to 335e360 in
presence of a photostabilizer [47] or for the highest conversion
degree of oxidation [19]. This later finding can be connected with
relevancy to the fast-decomposing fraction of hydroperoxides
ascribed to peracids by Gijsman [48]. However, these results
corroborate the validity of the present approach (and so the mode
of calculation of criterion J) at least during the induction period up
to moderate conversion degrees of oxidation.

Theoretically, both hydroperoxides and ketones may initiate
oxidation and should be taken into account. Yet, since hydroper-
oxides and ketones have a rather similar absorption cross section,
functions dJ and activation spectra are almost homothetic

Fig. 3. Spectral distribution of the molar extinction coefficient of ketone compounds including acetone [33,40e42], 2-butanone [40,42], 2 and 3-pentanone [42], 5-methyl-2-
hexanone [40], model ketones [29], 2,4 dimethyl-3-pentanone and 4-methyl-2-pentanone [40] and model makroketones for polyethylene [this work] (colors are available online).

Fig. 4. Plot of the overlap function between the spectra of various UV light sources and
the absorption spectra of hydroperoxides (a) and ketones (b).
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comparing both species. One can thus consider a unique initiating
species, in this case hydroperoxides, instead of a linear combination
of both contributions.

Thus, overlap functions for both hydroperoxides and ketones
were calculated for each aging condition (SEPAP and WOM).
Complementary data were also extracted from the literature and
underwent a similar treatment. All the results are reported in
Table 1. To characterize the oxidation behavior, induction time was
considered as the relevant indicator, in a first approach, and was
determined by intercepting the slope of the maximal oxidation rate
with the abscissa axis.

3.3. Interpretation according to an empirical Schwarzschild’s law

As reported in introduction, reciprocity laws are commonly used
to describe the effect of light intensity on hydrocarbon polymers
using empirical parameters. As reviewed by Martin et al. [15], the
dependence is not always with the reciprocal of the irradiance.
Indeed, the law exponent can deviate from its default value of �1

up to values of �0.7, according to a so-called Schwarzschild’s law.
Besides, it has been shown as more relevant to replace the irradi-
ance by the overlap function J, basing on the comprehension of
initiation processes. To correct the effect of temperature in such a
photothermal aging, the induction time is empirically supposed to
obey an Arrhenius law, as kinetically determined for the maximal
oxidation rate [1]. Similar approaches were already proposed to
correlate failure criteria with temperature and light exposure pa-
rameters, but with the irradiance as key variable instead of the
proposed J overlap criterion [28,49,50]. Our improvements lead to
the following empirical relationship:

tind ¼ KJg exp
�
� Eaind

RT

�
(6)

Assuming that this law is fulfilled, the activation energy Eaind
can be determined by regression from a factorial testing matrix
(surface response for different couples of light intensity and tem-
perature) in SEPAP. Using a mean squares minimization criterion,
the activation energy Eaind is found to be equal to 27 kJ mol�1. This

Table 1
Dependence of the oxidation induction times (OIT) with exposure parameters.

Exposure conditions Induction times

T (�C) Light source Irradiance (W m�2)a

between 300
and 400 nm

Overlap with
hydroperoxides
(Einstein mol�1 s�1)

Overlap with ketones
(Einstein mol�1 s�1)

OIT
(in hours)b

OIT calculated at
60 �C (in hours)c

References

45 Xenon lamp 35 9.45E�07 1.47E�05 83.1 55.0 [53]
25 UVA-351 82 2.84E�06 4.75E�05 33.2 11.9 [55]
25 UVA-351 163 5.66E�06 9.47E�05 19.8 7.1 [55]
25 UVA-351 325 1.13E�05 1.89E�04 0.8 0.3 [55]
21 Sunlight. Shanghai 3.0 8.92E�08 1.51E�06 1170.6 365.4 [55]
60 UVA Philips TL 40 W/05 Lamp 68 1.11E�07 1.78E�06 16.6 16.6 [54]
40 UVA Philips TLK 40 W/05 Lamp 6 1.45E�07 2.31E�06 823.1 471.2 [1]
55 UVA Philips TLK 40 W/05 Lamp 6 1.45E�07 2.31E�06 455.2 398.5 [1]
70 UVA Philips TLK 40 W/05 Lamp 6 1.45E�07 2.31E�06 196.6 253.5 [1]
45 Xenon lamp with l > 266 nm 48 1.13E�06 1.77E�05 48.4 32.0 [19]
45 Xenon lamp with l > 289 nm 42 7.87E�07 1.20E�05 51.5 34.1 [19]
45 Xenon lamp with l > 327 nm filtered 34 2.71E�07 2.76E�06 64.9 43.0 [19]
45 Xenon lamp with l > 346 nm filtered 28 1.13E�07 7.24E�07 98.0 64.9 [19]
45 Xenon lamp with l > 366 nm filtered 14 2.39E�08 3.58E�08 131.6 87.2 [19]
45 Xenon lamp with l > 378 nm filtered 6.5 6.17E�9 8.56E�9 138.6 91.8 [19]
45 Xenon lamp with l > 395 nm filtered 1.5 7.64E�10 4.04E�9 139.6 92.5 [19]
45 Xenon lamp with l > 430 nm filtered 0.0 0.00Eþ00 0.00Eþ00 139.6 92.5 [19]
60 SEPAP 14/24 23 2.88E�06 4.27E�05 175.7 175.7 [11]
60 SEPAP 14/24 37 4.68E�06 6.95E�05 107.1 107.1 [11]
60 SEPAP 12/24, 2 Lamps 42 5.34E�06 7.92E�05 72.6 72.6 [11]
60 SEPAP 14/24 66 8.45E�06 1.25E�04 57.3 57.3 [11]
60 SEPAP 12/24, 4 Lamps 84 1.07E�05 1.59E�04 53.3 53.3 [11]
60 SEPAP 12/24, 4 Lamps 84 1.07E�05 1.59E�04 42.7 42.7 [11]
60 SEPAP 12/24, 4 Lamps 84 1.07E�05 1.59E�04 37.4 37.4 [20]
60 SEPAP 12/24, 4 Lamps 84 1.07E�05 1.59E�04 36.4 36.4 [52]
60 SEPAP 14/24 86 1.10E�05 1.64E�04 44.4 44.4 [11]
60 SEPAP 14/24 86 1.10E�05 1.64E�04 39.5 39.5 [11]
65 SEPAP 50/24, 8 Lamps 265 3.39E�05 5.03E�04 24.6 28.0 [20]
60 SEPAP 14/24 86 1.10E�05 1.64E�04 23.3 23.3 [11]
45 SEPAP 12/24, 2 Lamps 38 4.92E�06 7.30E�05 31.9 21.1 This work
45 SEPAP 12/24, 4 Lamps 84 1.07E�05 1.59E�04 19.1 12.7 This work
60 SEPAP 12/24, 2 Lamps 38 4.92E�06 7.30E�05 24.1 24.1 This work
60 SEPAP 12/24, 4 Lamps 84 1.07E�05 1.59E�04 16.5 16.5 This work
60 SEPAP 50/24, 6 Lamps 198 2.54E�05 3.76E�04 5.2 5.2 This work
60 SEPAP 50/24, 8 Lamps 265 3.39E�05 5.03E�04 14.8 14.8 This workd

80 SEPAP 12/24, 2 Lamps 38 4.92E�06 7.30E�05 14.0 22.9 This work
80 SEPAP 12/24, 4 Lamps 84 1.07E�05 1.59E�04 9.5 15.5 This work
80 SEPAP 50/24, 6 Lamps 198 2.54E�05 3.76E�04 2.8 4.5 This work
80 SEPAP 50/24, 8 Lamps 265 3.39E�05 5.03E�04 2.8 4.6 This work
64 Xenon lamp 55 1.45E�06 2.25E�05 56.2 62.3 This work

a Irradiances have been calculated in the interval 300e400 nm by convention.
b Induction times from this work and literature have been calculated using the same method from native points.
c Induction times at 60 �C have been calculated from equation (6) to plot the master curve.
d This condition has been dismissed in applying the analytical models presumably because of an unsuitable control of the temperature.
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activation energy is higher than the value of 15 kJ mol�1 found by
Balaban for aPP [9], but in agreement with an estimation of 25e
50 kJ mol�1 [1] made from the data of Mayo [51].

By using equation (6) with the determined activation energy, a
kind of master curve can be defined at a given temperature from
data obtained at various temperatures. The induction times were
then calculated at 60 �C according to equation (6). Their values are
reported in Table 1. The corresponding master curve is depicted in
Fig. 5.

Following this approach, the parameters of the Schwarzschild’s
law have been determined from the induction times obtained in
our experiments, i.e. under both SEPAP and WOM exposure, but
also from analogous experiments carried out by Gardette and co-
workers in SEPAP devices only [11,20,52]. The two sets of data
showed light dependences with a power of g¼ 0.86, and a power of
g ¼ 0.77 respectively (Fig. 5). So, results obtained by Gardette and
coworkers gave rather comparable dependence on the light in-
tensity while all tests were performed in SEPAP at the unique
temperature of 60 �C [11,20,52]. So, the temperature correction
could be considered as valid in the investigated range. The gap of
about one decade on pre-exponential factors K was ascribed to the
fact that these previous samples were weakly stabilized, as sug-
gested by the aging test of a purified control sample [11] whose
induction time is close to the master curve established from our
results.

At this standpoint, it is notable that the introduction of the
spectral overlap integral in the Schwarzschild’s law enables to
describe the oxidative behavior of our iPP in both SEPAP and WOM
devices. Various results on presumably free-additive poly-
propylenes have been also compiled from the literature in order to
check this relationship ([1,19,53e55]). However, it was only
possible to confirm the trend because of the high scattering of in-
duction periods, which was attributed to various amounts of
structural defaults (such as catalysis residues) or the uncertainty on
input data e e.g. sources’ emission spectra.

Nonetheless, when decreasing the value of J, the induction
period seems to reach a plateau which is not modeled by the
Schwarzschild’s law. This can be connected to the lower activation
energy of photothermal oxidation (i.e. 27 kJ mol�1) in comparison
with thermal oxidation (about 100 kJ mol�1) as observed in this

work and literature [56e59] (appendix A). This fact clearly evi-
dences that this empirical law would be only valid in a restricted
range of aging conditions whose boundaries remain to be
established.

3.4. Interpretation using a semi-empirical kinetic approach

3.4.1. Theory
Audouin et al. [1] used the closed-loop scheme to determine the

expression of the oxidation induction time in the case of the pho-
tothermal oxidation of PP, assuming that both thermal and
photochemical initiation processes were unimolecular:

tind ¼ C

VJ þ k01u exp
�
�Ea1u
RT

� (7)

with C a universal constant depending upon the monitored
chemical species (C ¼ 3 for carbonyl species and C ¼ 0.383 for
hydroperoxides),

F the quantum yield, J the spectral overlap integral, k01u and Ea1u
the preexponential factor and activation energy respectively for
a unimolecular thermal initiation.

Actually, this amounts to consider that the photothermal
oxidation applies to the case of the thermal oxidation, but taking
into account an additional initiation, i.e. the photolysis of a given
chromophore. This approach constitutes a foundation for the gen-
eral kinetic approach initiated by Tobolsky and Mesrobian [60,61].
The induction period before oxidation tind would thus result from
the competition of two modes of initiation: the photolysis and
thermolysis of the relevant photosensitive species (namely hydro-
peroxides in the closed-loop scheme) [62].

It is noteworthy that a correction is implemented here as
compared with the original model [1]: the spectral overlap integral
(i.e. the amount of absorbed quanta) is substituted to the UV-light
intensitymeasured by actinometry. Thereby, the absorbed intensity
is normalized by the concentration in the considered photosensi-
tive species (e.g. hydroperoxide or ketone). In this way, the pho-
toinitiation term is effectively homogeneous to a kinetic rate

Fig. 5. Induction time as a function of the overlap function J accounting for the absorbed energy. The arrows indicate the experimental asymptotic values reached by the induction
times in the case of a pure thermal oxidation. Legend: This work. This work, dismissed value. Gardette [11,20,52], Gardette, purified material [11], Gijsman [53], Elvira
[54], Girois [1], Yang [55], Zhenfeng [19]. Solid lines applies to the Schwarzschild’s law for this work (blue) and Gardette and co-workers (green) (see equation 6). Dotted line
apply to the kinetic model (equation 8) with l ¼ 1 (in orange) and l ¼ 10 (in cyan) (colors are available online).

15



constant for a unimolecular reaction (s�1). This is the reason why
both the thermolysis and photolysis of hydroperoxides are
assumed to be unimolecular. Otherwise, the analytical kinetic
treatment would be significantly complexified. The unim-
olecularity is commonly accepted for the photochemical initiation
(see Ref. [23] for instance). It is also acceptable for thermal initia-
tion since, in this case, the induction time only obeys a reciprocal
dependence with the initiation rate constant (see Ref. [59] for
instance).

It is also important to precise that the kinetic law would be
anyway applicable for modeling the induction times of both hy-
droperoxides and ketones, by only changing the value of the con-
stant C. Indeed, the kinetic law is independent of the specificity of
their accumulation mode in the polymer matrix. It only differs by
the value of C because the formations of both species are finally
correlated, the latter resulting from the decomposition of the
former (the detailed kinetic treatment of the closed-loop mecha-
nistic scheme can be found elsewhere [62]).

The determination of the model’s parameters is operated step-
wise. First, the apparent Arrhenius parameters for k1u were deter-
mined from thermal oxidation experiments (monitoring of
carbonyl species). Their values are: k01u ¼ 2.45 � 10�9 s�1 and
Ea1u ¼ 99.2 kJ mol�1 (appendix A).

Then, the quantum yields were determined from the regression
straight-lines of Fig. 6. They are found equal to FPOOH ¼ 8.5 � 1.7
and FC¼O ¼ 0.57 � 0.1 mol Einstein�1 for hydroperoxides and ke-
tones respectively.

Correlation coefficients are equal for both chemical species,
presumably due to their similar wavelength sensitivities as shown
in Fig. 4.

3.4.2. Comparison of both analytical models
The light dependence described by equation (7) has been

plotted in Fig. 5 in order to compare both the Schwarzschild’s and
the kinetic models. The lower coefficient of correlation (equal to
0.86) indicates that the kineticmodel does not provide a better fit of
our experimental data in photothermal aging (the reverse is even
observed). This is not surprising given the simplifying assumptions
of the model, namely the unicity of the initiation species (hydro-
peroxides) and its unimolecular thermal and photochemical
decompositions.

Instead, it can be considered that the kinetic model offers a
“better” description of the oxidation behavior as far as it is valid
whatever the exposure conditions (in terms of temperature and
UV-light intensity). More particularly, when the light intensity

tends towards 0, it generates a plateau describing the thermal
oxidation regime, whose existence is attested by the asymptotic
experimental value indicated by an arrow. This trend is particularly
well evidenced by the results obtained by Zhenfeng et al. [19] for
very low radiation intensities despite the vertical shift of the trend
curve. This shift would be presumably due to the presence of a
higher content of impurities in the PP samples such as catalysis
residues or prodegradant additives. By assuming that the kinetic
parameters k1u and FJ are proportional to the concentration of
impurities, the equation (7) becomes:

tind ¼ 1
l

C

VJ þ k01u exp �Ea1u
RT

� � (8)

It is thus possible to apply the kinetic model to the experimental
data of Zhenfeng [19] by adjusting the parameter l accounting for
the material variability. This latter kinetic trend is depicted in Fig. 5.
As for radiothermal aging, the polymer lifetime results here from
the competition between two different initiation reactions
respectively induced by temperature (intrinsic mode) and radiation
(extrinsic mode) [63,64].

3.4.3. A powerful investigation tool for the competition of light and
thermal effects

Therefore, the previous kinetic model enables to determine the
ranges of relative predominance of UV-light and temperature to
initiate oxidation in unstabilized PP. Different combinations of
exposure conditions, in terms of light� as described by the spectral
overlap integral J � and temperature, apply to a same balance be-
tween both sources of initiation. These equivalent combinations are
given through the equation (8), for a ratio q between both terms
fixed from 0 to þN:

VJ ¼ q k01u exp
�Ea1u
RT

� �
(9)

According to the kinetic model (equation (7)), the induction
period would be proportional to the reciprocal rate of initiation
(either by thermolysis or photolysis). Thus, aging by thermal and
photochemical oxidation can be considered as equivalent in terms
of mechanisms, at least those concerning primary processes (those
determining the induction period). It is thus possible to plot the
curves of iso-lifetime. Theoretically, this model would also suggest
that the chemistries of thermal and photochemical oxidationwould
be identical, i.e. that a same conversion degree induces the same
alteration level of the polymer properties. If this statement was
always fulfilled, curves of iso-lifetimewould be analogous to curves
of iso-damages.

However, this is not exactly the case and it is generally recom-
mended to maintain the balance between both kinds of initiation
processes (thermal and photochemical). In such conditions, an
accelerated aging test will be considered as representative of nat-
ural aging, which means situated on a same representativity curve.
All the exposure conditions which apply to a same balance between
both kinds of initiation (i.e. representative one another) and plot a
so-called “representativity curve” can be obtained by solving
equation (8) for a given q value.

These operations allow to build an abacus for the relative pre-
dominance of UV-light and temperature on the photothermal aging
of unstabilized PP as depicted in Fig. 7. Domains of predominance
are directly obtained from equation (9) with the corresponding
inequalities. To draw the boundaries, the photochemical and ther-
mal initiations were alternatively considered as predominant so
long as the effect of the minor initiation source on the induction
time would be lower than 10%.

Fig. 6. Kinetic correlation between the photolysis initiation rate and the overlap
function J. The slope of the curve corresponds to the quantum yield.
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The abacus thus allows to evaluate how relevant are the expo-
sure conditions used in a given test method, in terms of light and
temperature. It includes all the experimental conditions of the
tested methods as well as those of common validation ones, both in
artificial and outdoor weathering. For this latter, submitted to
seasonal variations, average values were estimated from the
cumulated light dosage for different reference weathering sites
(there is here a small approximation). According to the represen-
tativity curve applying to 99% of photochemical initiation, the
SEPAP 12-24 method would be more representative of natural ag-
ing conditions than the WOMmethod, which applies to “only” 90%
of photochemical initiation. Practically, both SEPAP and WOM
methods are acceptable because they both belong to the domain of
predominance of photochemical initiation according to the chosen
boundaries.

When moving on the representativity curve, it is possible to
visualize the acceleration factor by using the iso-lifetime curves.
The lifetime in real aging conditions was thus calculated to be about
290� 15 h with equation (7). The acceleration factor would thus be
of 18 � 1 in respect to the experimental value obtained though an
accelerated test in a SEPAP 12-24 device, and 29 � 2 in respect to
the value returned by the model (the gap applies to the error of fit).
These values are of the same order of magnitude as those experi-
mentally determined by Arnaud et al. for unstabilized PP, which are
generally ranged between 8 and 22 [65].

3.4.4. The heuristic value of the kinetic model
The main issue in the proposed kinetic model consists in the

unrealistic value for the quantum yield of hydroperoxide photol-
ysis. This one is found equal to more than 8, whereas it should not
theoretically worth more than unity e i.e. 100% � in the case of
elementary initiation reactions. However, this finding can be
compared to the values determined from photolysis experiments of
PP hydroperoxides in inert conditions. Thus, Carlsson and Wiles
determined apparent quantum yields up to 4.8 (4 � 1 on average)
[30,31] and a value of about 4.2 was calculated from experiments of
Commereuc et al. [66]. Eventually, the experimental quantum yield

of FPOOH ¼ 4 must be considered as the target value since obtained
by photolysis and its excessive value would be due to “internal
effects”, i.e. specific mechanisms induced by hydroperoxide
decomposition itself (and thus strongly correlated) or unsuitable
hypothesis about its photosensitive features. The possible under-
estimation of the spectral cross sections for photosensitive species
has been already envisaged by Carlsson, whose data have been
reused here. It is however unimportant on the results since spectral
cross sections of various hydroperoxides or ketones have been
shown to be homothetic depending on model compounds (Figs. 2
and 3).

However, the factor 2 between themodel’s and the target values
could result from unsuitable simplifying hypotheses used for
determining analytical equation (7):

(i) The hypothesis of unimolecular thermal initiation, while
decomposition of hydroperoxides was shown to be mostly
bimolecular at these temperatures [67];

(ii) The hypothesis of a unique chromophoric species.

It is noteworthy that the model is theoretically designed for
describing the UV-light initiation on a single photosensitive spe-
cies. Practically, initiation is assumed to come from mostly hydro-
peroxide photolysis because of the high cleavability of the
corresponding OeO bond [31]. Theoretically, it would be possible to
consider several sources of photo-initiation provided that the bal-
ance reactions are of a similar form. Therefore, the equation (7)
becomes:

tind ¼ CP
j chromophoric species

VjJj þ k01u exp
�
�Ea1u
RT

� (10)

This condition is fulfilled with the two photosensitive species
under investigation, namely hydroperoxides (or even alkyl perox-
ides) and ketones since:

POOH/2P
� þ inactive products

Fig. 7. Abacus of relative predominance of temperature and UV light on the photochemical aging of unstabilized PP (from the kinetic model in equation (7)). The frontiers of the
photochemical and thermal aging domains are in bold to be differentiated among the curves of representative aging tests. Iso-lifetime (or iso-damage) curves allow visualization of
the acceleration factor between two aging methods. Symbols indicate exposure conditions in reference testing methods or weathering sites.
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P]O/2P
� þ inactive products

Moreover, since the spectral sensitivity of hydroperoxides and
ketones are almost homothetic, equation (10) can be rewritten as:

tind ¼ C

ð1þ bÞVPOOHJ þ k01u exp
�
�Ea1u
RT

� (11)

Finally, the overall quantum yield, which is determined exper-
imentally by an inverse method (see Fig. 7), would be a composite
value accounting for various photochemical initiating species.

Otherwise, explanations would lie in the higher complexity of
the involved reactions and phenomena:

(i) Potential energy transfer reactions via ketoehydroperoxides
complexes e or exciplexes � to benefit from both high
quantum yield (cleavable bonds) of hydroperoxides and high
cross section of ketones (powerful chromophores) [68e71].

(ii) Involvement of other photochemical reactions, not belonging
to the initiation step, would have dramatic effects on PP
lifetime.

4. Conclusion

First of all, the spectral overlap integral J was proposed as a
relevant criterion to describe the effect of the spectral distribution
of light, and so, to establish a heuristic correlation between the
common light sources in artificial and outdoor weathering. This
quantity, derived from the quantum theory (i.e. band gap theory in
electronics), applies to the energy absorbed by the photosensitive
species whose photolysis will produce radicals and initiate photo-
degradation. This was checked to be consistent with the literature
activation spectra defined as the light wavelength domain which
will be efficient for generating damages. The criterion J is defined in
such a way that it is independent of the specificity of the chro-
mophores accumulation mode in the polymer matrix. Therefore, it
can be introduced with relevancy in analytical models (namely the
Schwarzschild’s law and kinetic model) in order to describe the
impact of exposure factors (temperature and UV-light) on the in-
duction period whatever the light source under consideration
(including xenon and medium pressure mercury lamps).

Secondly, this study enables to apprehend the limitations of both
types of analytic approaches in order to describe the competitive
effects of light and temperature. While the Schwarzschild’s lawwas
slightly better for modeling the results in photothermal aging, only
the kinetic model would be valid in the whole light intensity range
under study (including the pure thermal oxidation). In fact, the
kinetic model is particularly indicated for describing the competi-
tion between UV-light and temperature on the initiation of oxida-
tion (at least, in terms of primary processes). This second model
thus allows determination of the restricted domain where the
Schwarzschild’s law is presumably valid, i.e. the domain where
photochemical initiation is predominant. It also constitutes a
powerful tool to compare different aging testing methods in
accelerated and natural exposure conditions. It turns out that, as
expected, the Xenon lamp provides a better description of the effect
of the light wavelength on degradation, but it is finally off topic
provided that this effect is properly described (which is the case
through the spectral overlap integral). What matters is the suitable
description of the competitive effects of UV-light and temperature.

Theoretically, the kinetic model states that temperature and UV-
light would have analogous impact on the PP degradation. This
approximation, coming from simplifying assumptions such as the
unimolecular decomposition of hydroperoxides, the unicity of
initiating species (neglecting ketones) or the neglect of the small

differences in chemistry, leads to a questionable value for the
quantum yield. Indeed, this latter is twice higher than the expected
value although of the right order of magnitude. For these reasons, it
is recommended to position the accelerated testing methods in
representative conditions of natural weathering (i.e. for the same
ratio of photochemical initiation). Clearly, the kinetic model pro-
vides interesting trends for describing the effects of the exposure
conditions on the induction period but another important oxida-
tion indicator, the maximal oxidation rate, has been left aside. It is
also noteworthy that the kinetic model was only established for
unstabilized PP and parameters would probably differ for stabilized
materials (as established for the Schwarzschild’s law in introduc-
tion). Finally, neither its accuracy nor its physical substantiations
lead to recommend this analytical model for lifetime prediction.

Its translation into a numerical formwill allow us to eradicate all
the simplifying hypotheses and check the validity of some complex
phenomena (such as the multiple initiating species, termolecular
processes or energy transfers) as well as the interaction with
additional components, particularly stabilizers.
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